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ii Foreword 

erator, which has resulted  in a Conceptual Design Report for 
such a machine  (SLAC-372), as well as the continuation  and 
refinement of the  theoretical  and  experimental work in SLAC- 
353. This work was carried  out in the  context of a Workshop 
on Physics and Detector Issues for a  High-Lum*nosity  Asym- 
metric B Factory at SLAC which held  four  plenary  meetings 
from  January  through  June of 1990. The first two two-day 
sessions were held at SLAC, the  third two-day  meeting  a.t 
Nevis Laboratories of Columbia  University and a week-long 
summary week was held at SLAC. At each of these meetings 
there were reports  from  other efforts  aimed at establishing a 
B Factory elsewhere; the  number of such  efforts  ahtests to 
the substantial scientific interest in the  detailed  study of the 
conistency of the Kobayashi-Maskawa matrix. 

Nine Working Groups were formed at  the Workshop. These 
groups  and  their  Coordinators were: 

Interaction Region 

Vertex  Detection 

Tracking 

Particle Identification 

H. DeStaebler 

V. Luth/M.  Witherell 

A. Boyarski/P.  Burchat 

B. Ratcliff/N.  Roe 

Electromagnetic  Calorimetry G. Godfrey/M.  Tuts 

Computing 

Trigger and Data Acquisition 

F. Porter 

A. Lankford 

Two-Photon Physics D. Bauer 

Physics and  Simulation S. Komamiya/Y.  Nir/A. Snyder 

These  groups held regular  meetings  both at the plenary 
sessions and between them,  and  reported  to  the Workshop 
at the plenary sessions. The goals of the Physics and Sim- 
ulation  Group were to explore new methods of measuring 
CP violation in B meson decay, in  order to  extend  the  range 
of measurement  and to reduce the  integrated  luminosity re- 
quired to establish the effect; in this  they succeeded  admirably. 
This  group also simulated a number of decay  modes to es- 
tablish the effective  sensitivity of various  techniques. The 
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... 

groups  concerned  with  specific detector  subsystems  explored 
the  requirements  placed by physics  concerns  on detector  per- 
formance  and  investigated in detail  the  potential of specific 
experimental  techniques  in  meeting  these  requirements.  In 
this  context, several interesting R&D projects were spawned. 
This Proceedings is comprised  mainly of reports  from  the 
Working Groups. The  format of the  reports varies. In some 
instances, the  entire  group  produced a unified summary, while 
in other cases the  summary is accompanied by individually- 
authored  contributions which deal with  specific  questions in 
further  detail. No attempt was made  to design a single de- 
tector;  this  task will be  undertaken at a new Workshop, the 
Workshop on the Design of a  Detector for a  High-Luminosity 
Asymmetric B Factory, which is now underway. The  study 
of theoretical issues and  their  relation  to  detector design will 
also  continue  in  this new Workshop. 

The  participants  at  the Workshop on Physics  and  Detec- 
tor Issues for a  High-Luminosity  Asymmetric B Factory  at 
SLAC, together  with  their  institutional affiliations, are listed 
below. Thanks  are  due  to  the  many people who have  helped 
with the organizational  aspects of this series of four Work- 
shops.1 would particularly like to  thank  Sharron  Lankford, 
Anamaria Pacheco, Bill Wisniewski, and  the  st& of Nevis 
Labs.  Ray Cowan produced the  Wformatt ing macros  for 
this  document as well as for  SLAC-353. 

Pasadena,  California  David  Hitlin 
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INTRODUCTION 
DAVID HITLIN 

D espite more than a quarter  century of investigation, the 
phenomenon of CP violation remains a tantalizing mys- 

tery.  One of the deepest attributes of weak interactions (it is 
responsible for the predominance of matter over antimatter  in 
the universe), it has  been  directly observed only in the K me- 
son system. No unique  explanation of the effect presently ex- 
ists. Ongoing experiments in the I< system promise to  attain 
sufficient precision to tell  us  whether the superweak model of 
Wolfenstein  is ruled out,  but  are unlikely to  further enlighten 
us as  to  the origin of the phenomenon. The six-quark Stan- 
dard Model naturally  incorporates CP violation through  the 
phase of the Cabibbo-Kobayashi-Maskawa quark-mixing  ma- 
trix,  but we know  very little  about  the  imaginary  part of the 
matrix . 

The B meson system  can serve as a laboratory  both for 
deepening our  understanding of CP violation and, potentially, 
for performing quite  stringent consistency tests of the  Stan- 
dard Model, by providing an overconstrained set of measure- 
ments of the Cabibbo-Kobayashi-Maskawa matrix elements. 
The CP-violating  asymmetries in the B system are large (tens 
of percent),  and for those decays  involving CP-eigenstate fi- 
nal states,  are  thought  to  be cleanly interpretable in terms 
of CKM matrix elements. B meson  decays to CP eigenstates 
typically have small  branching  ratios, however, making it nec- 
essary to produce of the order of lo8 B mesons to make the 
measurement. The best way to make such a measurement 
appears  to be to produce BB pairs in the decay of the 'Y(4S) 
resonance at an asymmetric e+e- collider.  Sufficient  design 
work  on such an  asymmetric  storage ring has now been done 
(see SLAC-372, for example) that  there is reasonable confi- 
dence that such a machine is practical, and likely to produce 
the 30 fb-' per year  needed to cover the allowed range of 
CP-violating  asymmetries. The purpose of this Workshop is 
therefore to explore both  the  outstanding physics  issues in this 
area  and  the technologies available to us to build a detector 
capable of doing the physics. 



2 Introduction 

In the  area of physics, there are a number of interesting 
questions,  many of which are addressed in these Proceedings: 

1. Are there modes  other than  the “classical” ones such as 
Bo + J/$K$ and Bo -+ 7rIT+7rT-, which are useful  for 
measuring the angles of the CKM  Unitarity Triangle 
through  measurements of CP-violating  asymmetries? 

2. If so, what techniques are  required to exploit  these new 
modes? 

3. Can these new modes, if they  exist, be used to reduce 
the  integrated luminosity required to establish a non- 
zero CP-violating asymmetry? 

4. How can different decay modes, which purport  to mea- 
sure  the same angle of the Unitarity  Triangle, be used 
to test for breakdown of specific Standard Model as- 
sumptions? 

5. Can our assumptions about  the direct connection be- 
tween measured asymmetries and angles of t he unitar- 
ity  triangle be  tested?  That is, can we be sure that 
the decays of interest are  dominated by a single weak 
phase? 

Much more work is required to provide detailed answers 
to these  and  other physics questions, but some of the answers 
are now clear: 

1. There  are several other useful modes, which fall into 
distinct categories: 
(a) Other CP eigenstate modes, such as D+D-, are 

measurable. 

(b) Decays to  states which are  not CP eigenstates  them- 
selves, but which decay to C !  eigenstates, such as 
J/$K*O + J/$K:7ro are analyzable. 

2. Moments analysis and transversity  analysis  can be used 
to  separate decays of the Bo to two vector particles  into 
partial waves with definite CP, making  them useful for 
asymmetry  measurements. 

3. Decays to non-CP-eigenstates which are nonetheless self- 
conjugate collections of quarks  can be extremely useful 
for asymmetry  measurements. 
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4. “Penguin  pollution”,  that is, the potential presence of a 
second weak amplitude, can be tested for, both  through 
comparison of isospin-related final states and  through 
detailed analysis of time development. 

Simulations of several of these  modes  are discussed herein. 
Others  are  the  subject of current investigation. 

One of the central objectives of the Workshop, albeit one 
which  is not treated explicitly here, is the development of 
improved Monte Carlo tools, both for the purpose of improv- 
ing physics simulations, and for studying specific detector de- 
signs. This development is, and will be, ongoing. 

A B Factory, while it is primarily aimed at  the  study of 
CP violation in the B meson system, is also a rich source of 
many  other  types of physics. Studies of charmed  particles 
and T leptons, of transitions between the T resonances and 
of two-photon physics are all possible at  new  levels of preci- 
sion. Many of these  capabilites  are treated in  SLAC-353, the 
precursor to  this document.  These Proceedings do, however, 
contain  a study of the capability of an  asymmetric B Factory 
in the  area of two-photon physics. 

A high-luminosity, asymmetric e+e- storage ring presents 
new and challenging detector design questions. Trigger rates 
are such that pipelined data acquisition architectures  are re- 
quired.  Masking of the  detector against  synchrotron  radiation 
and lost beam particles is of crucial significance. Radiation 
damage to vertex detectors,  drift  chambers and calorimeters 
becomes a serious issue. Very large data samples will have to 
be acquired,  stored and analyzed.  These issues are discussed 
in  some  detail in these Proceedings. 

High-precision vertex measurements along the  beam di- 
rection,  are  central to  the measurement of CP-violating asym- 
metries. Both single-and double-sided silicon strip detectors 
and  the new pixel devices currently under development are 
attractive candidates for this  function. It will be necessary 
to balance concerns about  detector thickness, the  amount of 
dead  material, power consumption, resolution, robustness of 
pattern recognition and radiation  hardness in reaching a de- 
cision about  the final configuration. 



4 Introduction 

Tracking chambers provide the  primary  momentum mea- 
surement for charged particles. In choosing a magnetic field 
value, it is necessary to balance momentum resolution at  the 
highest momenta  against efficiency for low pt  tracks. Both 
jet cell and small cell drift chambers have been considered in 
some  detail.  Total  radiation dose to  the chamber is an issue 
at a B Factory; margins seem  adequate,  but not luxurious. A 
major advance in the context of the Workshop has been the 
development of helium-based gases with six ties the  radiation 
length of conventional argon-based drift  chamber gases.These 
afford a  substantial  reduction in the multiple  scattering con- 
tribution to momentum resolution. 

Given the wider range of laboratory  momenta  due  to  the 
moving center-of-mass, and  the  importance of kaon and lep- 
ton tagging in CP asymmetry  measurements,  particle identifi- 
cation takes on increased importance for a B Factory  detector. 
We have studied dE/ds ,  time-of-flight and  both ring-imaging 
and aerogel threshold Cerenkov techniques for particle  identi- 
fication, spawning several ongoing R&D projects  in the area 
of Cerenkov counters. A ring-imaging counter provides the 
best coverage, but is complicated and expensive. There  are 
also questions about  the  amount of material which can be tol- 
erated in front of the high-quality electromagnetic  calorimeter 
which  is also a crucial part of the  detector. Aerogel counters 
potentially provide adequate coverage with less material, if it 
can be demonstrated that they yield a sufficient number of 
detectable  photons. 

A high-resolution, highly segmented electromagnetic calor- 
imeter, efficient  for  low-energy photons, is  likely to be the 
single most expensive component of a new detector. Of the 
scintillating  crystals, CsI(T1) appears  to  be  the best choice. A 
readout  system for the crystals in a magnetic field  which pre- 
serves the low-energy photon resolution and efficiency is the 
subject of several ongoing investigations. It  appears  that sub- 
stantial improvement over current  capabilites can be achieved. 
Some questions as to  the radiation-hardness of CsI(T1) re- 
main,  although much progress has been made in this  area. A 
liquid krypton calorimeter has also been investigated.  This 
device provides advantages of stability,  ease of calibration and 
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radiation  hardness, but  the inevitable  material  in the dewar 
seems to present a problem for low-energy photons. 

It may  be useful to segment the iron flux return of the 
solenoidal magnet to allow identification of low- momentum 
muons by range. A substantial extension of the lower  mo- 
mentum cutoff appears possible. 

While  it was not the purpose of this Workshop to make 
final decisions as to  the design of a detector for the SLAC 
asymmetric B Factory, it has proved useful to provide a ‘straw 
man” design to focus the  study of tradeoffs, coverage, cost, 
etc. This design in shown in the accompanying figure. In or- 
der to maximize laboratory solid angle coverage at minimum 
cost, the  detector is asymmetric,  emphasizing the boost di- 
rection. The scale can  be  ascertained from the  drift chamber 
outer  radius, which  is 80 cm. Further progress on  detector 
design  is ongoing in the Workshop on the Design of a De- 
tector for a High-Luminosity Asymmetric B Factory which is 
currently underway 

-~ 
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How TO EXTRACT CP-VIOLATING 
ASYMMETRIES FROM ANGULAR CORRELATIONS 

I. DUNIETZ, H. J. LIPKIN, H. QUINN, 
A. SNYDER  AND w. TOKI 

1. INTRODUCTION 

0 ur  ability to  study CP violation in neutral B decayslis 
considerably broadened if we can include modes in  which 

different partial waves contribute  to  the decay with different 
C !  parities.2-6 Many such modes exist; for example, those 
where the Bo decays to two particles  with  spin, such as $I<*' Many  modes C a n  be used to 
.or D*+D*-. The  asymmetry in the  total  rate from such a tract model pa- measure CP violation and ex- 

channel suffers from a partial cancellation or dilution of the rameters. 
asymmetry  from  the two different CP contributions. Hence 
such modes require an angular analysis of the decays of the 
spinning  particles to separate  out definite CP contributions 
and  thus  obtain  asymmetry  measurements  that  probe  the ba- 
sic Standard Model  prediction^.^ Of course, if nature is kind 
and a single CP channel dominates the decay, then  the CP 
asymmetry  may  be  approximately measured without any  an- 
gular analysis. However, in  these cases, an angular analysis 
can be performed without any loss  in statistical accuracy and 
without  any  error from the small opposite CP contribution to 
yield a more precise measurement of the CP asymmetry. 

The particle content of all the modes discussed here is 
such that one can construct CP eigenstates from a superpo- 
sition of helicity states, without invoking a different particle 
content.  Thus, for example, the modes $K$ro  and D*+D*- 
are considered here, but not  modes such as D*+p-. This 
report  presents several different approaches to  the angular 
analysis. All are based on standard helicity formalism.8-10 
The merits of the various approaches depend on a  number of 
factors,  many of which are not yet known, such as the rel- 
ative  strengths of the different helicity amplitudes. By the 
time sufficient data is accumulated to  attempt any of these 
analyses, a  great deal more will be known about  these factors. 

7 
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Transversity  provides  the  sim- 
plest angular analysis capable 
of isolating definite CP contri- 
butions. 

When data from  isospin-related 
channels is available  maximum 
likelihood fits to dl channels 
and to angular  distribution 
provide  the  most  accurate CP- 
asymme try measurement. 

For any given channel the preferred method will be clear. We 
present here four approaches and briefly discuss the  merits of 
each. 

The first approach analyzes events in terms of a quantity 
we call transversity, which characterizes the spin  projections 
of a  three  body  intermediate  state in a direction  transverse to 
the plane of the  three  body ~ y s t e m . ~  This approach requires 
the minimum  amount of angular  analysis to arrive at definite 
CP quantities. We show that, in certain cases, moments of 
the  data with respect to a single polar  angle  can achieve the 
required separation.  This method has the advantage that it 
allows  us to  sum resonant and non-resonant contributions to 
certain final states, whereas the  more detailed  angular analy- 
sis requires reconstruction of a specific two-body  parent sys- 
tem for the three-body state. For another simple method 
applicable for some modes, see Ref. 4. 

The second method uses a more  complete  angular anal- 
ysis and forms all possible independent  angular  moments of 
the  data.  This allows the  study of additional channels not 
amenable to  the transversity treatment. Like the transver- 
sity  moment analysis, it allows asymmetries to be  extracted 
without a priori knowledge of the relative strengths of the dif- 
ferent helicity contributions. In both cases, this  can  be done 
by combining results from both Bo and Bo decays. 

The remaining two methods use a maximum-likelihood fit 
to  the angular structure of the CP-violating decay and  to a  set 
of isospin-related channels which are not influenced by CP- 
violating effects. This can be done with  either the transversity 
polar angle distributions or the full angular  distributions. For 
a transversity analysis of this  type  one needs to know the rel- 
ative  strengths of the contributions for each possible absolute 
value of the transversity. This can  frequently be determined 
from isospin-related channels." The full angular analysis re- 
quires determination of the full set of helicity amplitudes  and 
their relative strong-interaction phases. Data from isospin- 

related channels may make  this possible, providing the most 
accurate measure of the  asymmetry for those  modes where 
sufficient data is available to well-determine all the necessary 
quantities. 
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The plan of this  report is as follows. In Section 2 we 
introduce  some general notation  and review the dilution of 
asymmetry  that occurs when  two  different CP channels con- 
tribute to a given final state. Section 3 presents a discussion 
of transversity  analysis, Section 4 reviews the many channels 
for which it can be used, and Section 5 presents as an ex- 
ample  the transversity analysis for the case of two spin  one 
particles.  Results  from  more complete angular analyses are 
discussed in Section 6. Section 7 reviews the accuracy of the 
asymmetry  measurements  obtained by each of the  methods 
and discusses the relative advantage of maximum-likelihood 
'methods compared to moment analyses. Section 8 contains 
some concluding observations. Appendix A contains a proof 
that transversity is a  projector for definite CP, Appendix B 
contains the details of the full angular analysis, and Appendix 
C presents a summary of an analysis of the sensitivity of re- 
sults  to various measurement' errors. 

2. PRELIMINARIES-DILUTION OF cp VIOLATION 

T his section introduces some notation  and discusses the 
dilution in the CP violating asymmetry when the final 

state is a mixture of different angular  momenta which con- 
tribute with different parity  and hence different CP. One can 
most readily treat these processes using the helicity formal- 
ism, which  gives a correct relativistic  analysis of the angu- 
lar  momentum in the decay process. This is a well estab- 
lished formalism which provides the basis for analysis of an- 
gular structure in the subsequent decays of the two spinning 
particles.2~8J0 

We begin by discussing the results  obtained for such pro- 
cesses without  any  angular analysis. We  show that  the asym- 
metries  thus measured depend on the  ratio of CP-even to 
CP-odd  contributions and  are  diluted, that is, reduced in 
magnitude, relative to  the  asymmetry of a  pure CP state. 
We denote a time-evolved, initially  pure Bo as B;hys. Any 
rate difference between the process, B:hys t f ,  and  the CP 
conjugated process, B;hys -+ $, signals cp violation. The 
rate difference  comes about because the processes have each 
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two interfering  contributions to each partial wave or helicity 
amplitude, see Figure 1. 

Figure 1. Schematic 
representation of two paths (a) 
from Bo to the  final state f, 
direct or via mixing to the B o  
followed by decay, and (b) from 
Bo to the  final state f ,  the CP 5-90 (a) 
conjugate off, via  direct  decay 
or via mixing to Bo followed by 
decay. 

(b) 6648A2 

The CP violating interference term is denoted by I ~ X K M .  
The  rate of a Bo to f is 

and for the Bo to f is 

The  CP-even  and CP-odd rates  are parametrized by the 
widths I?+ and I?-, respectively. The parameter a is propor- 
tional to ImXKM, and would be  the  asymmetry if the CP- 
even state dominated. The rates of Eqs. (2.1)-(2.2) could be 
time  dependent or time  integrated. In the former case’ 

and I?+ and r- contain a factor e-rt, where I? is the width of 
the Bo.* In  this case the analysis of angular  distributions  must 
be  made for each time bin separately, since the asymmetry is 
different at  different times. Because the angular  dependence 
and  the  time dependence factorize this  introduces no partic- 
ular complication for the  extraction of the CP asymmetry 

* We here  make the  approximation  that  the heavy and  light  mass 
eigenstates of the BOBo system  have  the  same widths, expected  to 
be correct to within 

~~ 
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from  the  angular information; the method is the same for ev- 
ery time-bin data set. For an  experiment which measures a 
time-integrated  asymmetry the prediction is 

where x E Am/I') and I?& denote time-integrated quantities. The asymmetrymeasured with- 

The measured  asymmetry is out angular  analysis  may be  di- 
luted by cancellation  between 

(2 .5 )  
The last factor gives a dilution when the final state f is an 
admixture of CP-even and  CP-odd parities. No information 
currently  exists  on the ratio I'+/l?- and large dilutions could 
occur. Study of angular  distributions allows us to avoid such 
dilutions regardless of the l?+/I'- ratio. 

3. TRANSVERSE PROJECTION  AS  AN ANALYZER OF cp 
PARITIES 

C onsider the decay of a spinless neutral particle Bo into 
unstable particles A and C. (We require A and C to 

be  unstable so that spin information can be learned  from 
their  subsequent decay.)  All the subsequent discussion holds 
equally for decays of any  neutral  spin zero particle, in par- 
ticular for B, and Do which we will discuss later. Let the 
particles A and C have spins sa, sc, helicities X,, X,, and in- 
trinsic (reflection) parities ra) rc, respectively. We consider 
cases where C is  seen  in a two body mode C + CIC2, with 
spins SI and sa. 

BO -, AC 

A simple  example to keep  in mind is the case A = 1c, ) C = 
I(*' , C1 = K$ , C2 =' TO. 

Let us define the transverse axis as  the normal to  the 
plane  containing the  three particles, AClC2, in either  the 
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Bansversity measures  the  spin Bo or C rest frame (or in the  A  rest  frame where the plane 
component along the trans- is  defined  by the particles C1 and Cz). The CP-parity 
verse axis in the rest frame Of eigenstates of the  mode AC1Cz can be classified by the spin 
the  particle. 

projection of the particles along this  transverse  axis, which 
we call the transversity. The  state of transversity ~i of each 
particle is defined as that linear combination of helicity states 
which represents a spin component Ti along the transverse 
axis in the rest frame of particle i. This definition is invariant 
with  respect to boosts between the C rest  frame, in which we 
analyse C decay, and the particle's own rest  frame, which  will 
be used to analyse its decay. 

In Appendix A we prove, using the helicity formalism, 
that projection  onto states of definite transversity T = 7, + 
TI + 72 projects out  quantities of definite CP. The following 
argument gives a  more  intuitive  understanding of this  result. 
First consider three  particles moving in a plane, and let the 
y-axis be chosen transverse to  the plane. A reflection about 
that plane can be written  as a product of a space inversion P 
and a 180' rotation  about  the  transverse axis. 

where Pint denotes the  total intrinsic  parity of the  three par- 
ticle system, Jy denotes the projection of the  total angular 
momentum of the  three particle state on the y axis and T 

denotes sum of the transversities of the three particles.12 The 
three  body  state can  be viewed as a product of three one- 
body plane wave states,  the reflection acts independently on 
each particle. 

The operator I$ has been used extensively in applying the 
consequences of space-time symmetries to four-point func- 
tions; i.e. processes ~haracterizedl~ by three independent 
momenta. In a  relativistic  group-theoretical  description, the 
operator Rp is seen to be  the  generator of the "coplanar  lit- 
tle group";  i.e. the subgroup of the inhomogeneous Lorentz 
group which  leaves three  momenta invariant.14 

To evaluate the action of the reflection operation  on any 
one particle we can use the fact that reflection commutes  with 
boosts in the plane. We thus go to the rest  frame of the par- 
ticle under  consideration.  In that  frame one  readily sees from 
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the definition of the reflection operator  that  its eigenvalue 
for the  particle j is the product of intrinsic  parity  times eiTSj, 
where 79' is  defined as  the spin projection along the transverse 
axis. Equation (3.2) simply combines the result for each of 
the  three particles to give the eigenvalue for a  three  particle 
state of definite transversity. 

In decays like Bd -+ J/$l($no and Bd -+ q c K g x o ,  each of 
the  three particles in the final state has a definite intrinsic CP. 
For such cases one can define the operation of the  product of Because the system has zero 
charge conjugation and  the reflection in the plane. total angular momentum, the 

quantity R c p  is equal to CP. 

R~~ C R ~  z CPeirJV = CP = ( C P ) ; , , ~ ~ ~ ~ ~  (3.3) 

where (CP);,, denotes the  product of the intrinsic CP of the 
three  particles. The first  equality of Eq. (3.3) is true since 
the  initial  state has spin zero, hence the final state  must also 
have spin zero and  be invariant under  rotations in the center of 
mass system,  and  the second equality follows from Eq. (3.2). 

For example, any J = 0 state of the  type 
((cE)K:7ro; J = 0)  in which the (cC) has a definite intrinsic 
CP and is in an eigenstate of transversity T can be shown to 
be a CP eigenstate  with  CP-parity given by the relation 

The relation (3.4) applies to any three-body system  with 
a well defined intrinsic CP for  each particle. It also applies if 
particle A does not have definite intrinsic CP but decays to a 
state of definite CP, for example Do -+ n+?r-. In this case we 
define the intrinsic CP of particle A to  be  the CP of its decay 
channel. This allows a considerable extension of the class of 
channels that can be used  for CP analysis. Modes such as 
q c K g ~ o ,  with three spinless particles have T = 0 and  the CP 
is the intrinsic CP of the  three particles. For the final state 
J/$K$7ro, for which the intrinsic CP is odd,  the  total CP is 
odd if T is zero and even if T is f l .  Note also that similar 
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Polar  angular distributions about 
the transverse axis can be used 
to isolate !Til. 

Table 1. The CP parity 
for the  mode AC1C2 with 
transversity r .  The  first 
column defines possible classes. 
The  symbol X - X denotes 
that particle X is either a CP 
eigens tate or is observed via 
its decay into  a CP eigenstate. 
q ( X )  denotes the intrinsic CP- 
parity of particle X .  

results  apply also to all  radial  excitations of the charmonium 
states. 

For each of the  three particles, the  polar  angular distri- 
bution of its decay with respect to  the transverse axis can be 
used to separate  contributions for each 17; 1, integrated over all 
other decay angles. From each set of IT, /  one can then  extract 
a measurement of the undiluted  asymmetry.  These measure- 
ments  can  be combined to give an improved value but  their 
errors are highly correlated and  must  be  treated correctly, as 
is discussed  in Section 7. 

When  particles C1 and C2 are spinless, two further classes 
of decays can be analysed using transversity.  Table 1 summa- 
rizes the  situation, similar  results for the full angular analysis 
have been tabulated by Dell’Aquila and Nelson.2 The first 
column of Table 1 defines the classes of decays of a spinless 
neutral  particle  that can be analysed for CP asymmetries us- 
ing transversity projections. For each class, Table 1 defines 
the  quantity S such that  the CP is  given  by 

CP = S ( - l y  (3.5) 

Examples for each  class of decay defined  in Table 1 are shown 
in Tables 2-4. Whenever decays of the spinning particles 
allow projection of the  magnitude of the  transverse  spin,  the 
data can be  separated  into  definite CP classes. The errors 
on the various transversity  projections are  correlated, so care 
must be taken when combining results. 
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For Class 1, the CP does not  depend on the spin of parti- 
cle  C. Thus,  it is not necessary to determine that C1C2 arise 
from the decay of a well-defined particle C. Hence, in this 
class of decays, the resonant and non-resonant production of 
ClC, can be combined in the  data sample, since all events 
of a given T contribute with the  same CP. This  may allow 
the transversity analysis for such a channel in  cases where the 
full angular analysis cannot be reliably used because of wrong 
spin backgrounds. This will probably be the most useful ap- 
plication of transversity analysis. In Class 1 the particles C1 
and C2 may have any integer spin as long as their  subsequent Resonant and non-resonant 
decay allows reconstruction of their transversity. production of the  system ClC2 

In &,ss 2, c1c2 must have a well-measured total spin proc~esandysedus ing  transver- 
can be combined for Class 1 

(modulo 2)) but not necessarily a unique parent  particle C. sity 
In  this  situation the helicities of particles C1 and C2 are inter- 
changed as well as sign-reversed under CP. Hence, we must 
require that particles C1 and C2 have spin zero in order to 
form definite-CP  quantities using transversity  projections. 

For Class 3, particle C must  be identified as the  antipar- 
ticle of A, and again the transversity analysis can only  be 
applied when both C1 and C;! have spin zero. 

One  last  comment on Table 1. Whereas X H x de- 
mands  that X is  seen  in a CP eigenmode, Y = X puts no 
constraints on the decay products of either X or Y .  For ex- 
ample, Class 3 allows any decay mode for particle A provided 
it atlows transversity projections to be  made,  and requires 
only that C decay to two spinless particles. 

4. SOME MODES WHICH CAN BE ANALYSED USING 
TRANSVERSITY 

E quipped  with  Table 1 and its  interpretation, we can in- 
crease the number of modes that can be used  for CP 

violation studies,  without dependence on any specific model. When a final state Do is 
The particle  content of all the modes discussed here is such cp state order present it must decay to a 

that one can construct CP eigenstates  from  a  superposition to use these modes, but see 
of helicity states, without invoking a different particle con- Table 4. 
tent.  Thus, for example, the modes +Kgno and D*+D*- are 
considered here, but not modes such as D*+p-. The pure CP 
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eigenmodes Of  &, such as $I<:, DSD-, Dopa, and DOT', can 
now be  augmented by the  many modes given in  Table 2. This 
Table is not  exhaustive, the reader will see obvious extensions 
of the list presented here. 

In the  Standard Model with three generations of quarks, 
we can study  the  three angles of the  unitarity triangle, see 
Figure 2. Modes of B d  driven by the quark subprocesses 

are all governed by sin(2P). The b + s transition  via a pen- 
guin is denoted by b + s + ijq. The interference term is 
sin(2cr)  for  processes  governed by the b --+ u + Gd quark sub- 
process. Again, several modes can be analysed. However,  for 
this  quark subprocess, because only light quarks  occur  in the 
final state,  there may  be  competing  contributions from pen- 
guin amplitudes which have similar CKM strength  but dif- 
ferent CKM phases.15 These  must  be considered in assessing 
the  Standard Model prediction. 

Figure 2. The  unitarity tri- 
angle for the  three  generation 
standard model, showing the 
definitions of the angles a, /3 
and y and  some processes that 
could be  used to measure each 
angle. 

5-90 
6648Al 

For the Class 1 processes, it is irrelevant whether the K;xo 
arises from I<*' or non-resonant production, as discussed 
above. In fact, for any three-body  mode of Class 1, ACICZ, 
there is no  need to find a pseudo-two-body mode AC. The 
C1C2 could come  from non-resonant as well as resonant pro- 
duction. 
For Class 2, the D*O of the mode D*Op0 must  be seen in  a CP 
eigenmode. Either of two decay chains qualify: To use these modes one must 

have good  separation of 7 and 
?yo contributions. 

where f~ denotes  any CP eigenstate  produced from Do decay. 
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Both processes occur  through L = 1, because of parity con- 
servation. Note, however, that  it is important in such cases 
to  be able to  distinguish between the  photon  and the T O  as 
these have opposite  intrinsic CP, and hence give opposite CP 
contributions for the  same transversity.6 

I I I 

Full Angular Analysis 

WW 

a r a r ,  ayay 

waC;', AA 

Some 
follow : 

further comments on the processes listed in Table 2 

In the Class 3 processes D*+D*-, D*OD*O the D*'s can be 
studied in all  decay  modes. We do  not require the  neutral D o ,  
which  could arise in the decays D* -+ TDO or D* -+ 7 D o ,  to 
decay to a CP eigenmode.  However, we do need at least one 
of the D*'s to decay to two spin-zero  particles  (usually xD). 

The final column of Table 2 lists a few of the many  addi- 
tional modes that can be analysed using full angular analysis, 
which we discuss in Section 6 .  The modes listed here are  not 
accessible  via transversity analysis alone. In  contrast,  any 
quasi-two- body  mode that can be analysed using transver- 
sity  can also be  treated by the more complete  angular analysis 
which we will discuss later. 

Table 2. Examples of 
Bd modes, which are  mixtures 
of CP eigenstates, that can 
be studied with an angular 
analysis.  Here fo denotes 
any CP eigenmode of Do and 
(C,Cz)c denotes  particles Cl 
and Cz corning from a parent 
particle C. 

- 
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Table 3 presents a similar list for the decays of the Bs. For 
all  modes of Bs of the  type  studied here that  are driven by the 
quark subprocesses of Eq. (4.1), the CP asymmetries are pre- 
dicted to  be tiny in the  Standard Model. In contrast, modes 
mediated by the b + uud subprocess have a C !  asymmetry 
proportional to sin(2y) which could be large. Any modes of 
the  type XoY0Ks or XoYo(KE7ro)~* belong to Class 1 of 
Table 1 and can be used to  study CP violating  asymmetries. 

3' Of BJ Here X o Y o  is any  pair of light neutral mesons of zero total 
modes which  are  admixtures 
of cp eigenstatw that cBn strangeness which decay in such a way that transversity can 
be  stucfjed  wit6  an  angular be  reconstructed. The transversity  analysis  can thus also con- 
an dysis. 
denotes  any CP eigenmode of Here fD'a(fD) siderably enrich the possibilities f i r  a measurement of sin(2y). 
D * O ( D O ) .  Here again, however, the  contributions of penguin  amplitudes 

may  complicate the theoretical  predictions. 

Quark-subprocess 

W(P°Kg)K1 I PoIcl I a l lcl  I * .  w n ° K ~ ,  po~oK:l  alr°K; b 3 uiid 

d'(P0K:)K1 $?r°Ki, +"?roK: b -+ cCd 

(7fD )Do" (PoK; )K ,  f p a  no Kg b -+ ciid 
(7WIl:+(7D&:- 44 $(lc+lc-)$ 1$"4, . *4r0 b -+ cCs, s 

Full  Angular  Analysis Class 3 Class 2 Class 1 

ww K; I wpo K; 

Consider now Bo decays which are driven by b -+ ciid 
and  produce a neutral D. Such modes can be used for CP 
violation studies1t6 when this  neutral D decays into a CP 
eigenstate. It is therefore  advantageous to increase the  data 
sample for Do decays into CP eigenstates.  Hence in Table 4 
we list modes that can be analysed by applying the  same 
type of transversity analysis to  the Do decay itself. This 
may in turn allow significant increase in  the analyzable data 
sample of B decays. The Mark I11 collaboration  has  already 
determined that  the Do -+ pol(*o is dominated by the S- 
and D-waves. That means that this  mode is dominated by a 
single CP when the I<* decays to K g x o ,  and hence  this  mode 
can be readily treated with this analysis  without significant 
loss  of statistical accuracy compared to a  pure CP channel. 
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Class 2 Class 3 Full Angular 

Analysis 
K * O ~ * O ,  K*-K*+, p+p- 

4 ( T + 7 r - ) p o  , p O ( K + K - - ) +  ,w(h'+K--)o ww 

PO P O  
I 

5. EXTRACTION OF DEFINITE c .  QUANTITIES FROM 
Table 4. Do Modes which  are 
admixtures of CP eigenstates 
that can be separated by TRANSVERSITY 
angular analysis. 

e now turn  to  the  transversity analysis which we present 
for the case of  spin. one for particle A. For higher spins 

the  method is similar; the separation of each 171 can always 
be  made from the polar  angle  distribution about  the transver- 
sity axis. If particles C1 or C2 have spin a similar analysis is 
needed also for their decays. 

Group 

or 
I + ? + ;  1 

D * + y D  3 (1 + cos2 e) 

cos2 e 

3 4 sin2e 

Table 5. Angular structure 
as a function of the  polar angle 
about  the transverse axis. 

To analyse the decay of A we  go to  the A rest frame. In 
Table 5 we present the results. The first column defines  two 
readily analysed groups of possible decays. Group (a) includes 
all decays of a spin 1 particle to two spinless particles and 
also decays of a vector particle to  three pseudoscalar ones. 
Group (b) includes the decay of an axial-vector particle to 
three pseudoscalars, the decay of any spin 1 particle  to a 
photon plus a spinless particle,  and the decay of a spin one 
particle to a  pair of negligible mass  spin 1/2 particles via a 
vector or axial-vector coupling. The second column presents 
examples for decays of particle A. (We implicitly assume that 
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this decay proceeds through  parity conserving interactions.) 
Columns  3  and 4 present the angular  distributions for each 
171 , rl-(6),  normalized so that 

Here, 8 is an angle that describes the angular  distribution of 
the decaying particle A,  in the rest frame of A ,  relative to  the 
transverse axis. When A decays into two particles the angle 
8 is the polar angle for one of the particles.  When A decays 
to  three spinless pa.rticles the angle 8 is the polar angle of the 
norma1 to  the plane  containing the  three decay  product^.^ In 
all cases all other decay angles have been integrated  out. 

Using the angular  distributions ~ ~ ( 8 )  one can then define 
the quantities 

where 5 is  given in Table 1. The  rate for a decaying to 
fe can be written as 

r(q = r(B;h,,s 3 fe) = r+(1 t ++(e) + r-(l- +-(e) , 
(5.3) 

where a and I'k may be time-dependent or time-integrated 
quantities (see Eqs. (2.3)-(2.4)). Let us  now define the 
weighted integrals, 

and 
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where wk are defined by 

Wk E j cos p2(c0s . 
-1 

Similarly the  rate for a B:hys to 10 is 

The  state lfg) means the  state CP I f @ ) .  Hence in Eq. (5.7) 
'the  quantity 6 is sometimes T - 6 and sometimes 6 depend- 
ing on the particle  content of the  state. Since the angular 
dependence is such that T ~ ( T  - 6) = ~ ~ ( 6 )  this  introduces no 
complication in the analysis. Thus we can extract 

Mo E dcoser (e)  = r+(i - a )  + r-(1 + a )  , (5.8) 
-1 i 

and 

n;i2 E j dcos o P2(c0s e )  q e )  = r+(l- ++ +r-(1 t a)w- . 
-1 

(5.9) 
The moments Mo, Bo, M2, derived from both  the Bo 

and Bo data samples, can be combined  in many different ways 
to construct  ratios which each give an undiluted measurement 
of the CP-violating asymmetry a. First  construct the combi- 
nations 

from the B data  and  the similar quantities W k  obtained from 
the B data.  These  then allow  two determinations of the asym- 
metry a, 

(5.11) 

Note that neither of these  results requires prior knowledge of 
the  ratio of I?+ to r-. Furthermore, each measures the intrin- 
sic CP asymmetry of the underlying quark process without 
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dilution. To obtain  the most accurate value of asymmetry 
from  this analysis one  takes a linear  combination 

a = aa+ + (1 - a)a -  (5.12) 

with a chosen to minimize the  error on the  result.  The op- 
timal choice of cy does depend on the actual values of the 
I”s. We  will return to a discussion of the best choice of a in 
Section 7. 

With a limited amount of data  one could alternatively 
begin by dividing the angular  distribution  into two angular 
bins, commonly called polar and  equatorial,  with a cut at 
some appropriate angle. Let  us cut at 8 = 7r/3 where cos 8 = 
1/2  and define the  equatorial  and polar  components E and P 
by the relations 

r(0) = r+(i + a)e+ + r-(l - a)e- (5.13) 
0 

where the numbers e* and pk are defined by 

(5.16) 

The quantities Wk and w* can now be  extracted using E and 
P and  the corresponding quantities E and p constructed  from 
the Bo data sample, just as was done above using Mo, M2, 
M o  and f i 2 .  The asymmetries a& can  then  be  determined as 
before. The only differences between the two procedures will 
be in the errors on the  estimates of a, which  will be reduced 
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by the moment  treatment. However, the simpler binning pro- 
cedure could be used  for a preliminary look. If a CP-violating 
effect is present,  it should show up'as a statistically significant 
nonvanishing value for a even in this simpler analysis. Once 
such an  asymmetry is found, the  treatment of the  data can 
be refined. 

In either of these analyses the result for the  asymmetry a 
does not  depend  on I?+ or I'-, or, in principle, on the choice 
of a. However the  error on a can be minimized by choosing CY 

in a way that depends on I'+ and r-. The values of r+ and 
r- can be  determined  from  examination of channels related 
to  the channel under study by isospin symmetry. In many 
cases these channels will provide much  more data  than  the 
channel used for the CP analysis and so the errors on I'+/I'- 
will have little effect on the error on the asymmetry. 

6. FULL ANGULAR ANALYSIS 

F or classes (2) and (3) a full angular analysis will usu- 
ally prove superior to  the simple moment treatments de- 

scribed above, since the error  on the  asymmetry measurement 
from a given set of data can be reduced by more fully exploit- 
ing the known angular structure  to  extract several measure- 
ments of the asymmetry a with different correlations among 
their  errors. Such analysis also  allows study of modes for 
which the transversity treatment is not applicable, for exam- 
ple modes where neither  particle A nor C decay to two spin 
zero particles. 

Appendix B presents the general helicity formalism and 
develops a method based on using the x,,, functions to per- 
form angular  projections. The  treatment of the case of AC = 
$I<*' is given as an example. The results for D*o* are also 
tabulated. The angular analysis of the decay of each particle 
is most simply carried out in the rest frame of that particle. 
One needs to specify a choice of coordinates for each decay 
of a  spinning  particle.  Once  this is done, the angular projec- 
tions can be used to  separate  out  the combinations of helicity 
amplitudes that have a definite CP and hence to measure 
asymmetries.2 As in the case of the transversity analysis, this 
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can be achieved  by combining Bo and Bo data,  without  any a 
priori knowledge of the various amplitudes involved. One can 
obtain  an  asymmetry measurement for each possible combi- 
nation of helicities. These  results  can  then  be combined for 
an improved measurement as discussed in Section 7. 

This analysis can be applied for any of the modes dis- 
cussed previously,  provided the  system (C,  C2) has a well  de- 
fined total  angular momentum.  In addition, modes where the 
transversity  analysis  cannot  readily  be used can also be anal- 
ysed; some such modes are listed in Tables 2-4. For example 
consider the case 

BO -+ AA 

where each A subsequently decays to a proton  and a pion. 
Although the  proton spin  cannot  be  measured it is  still pos- 
sible to use the  angular projections of these decays to extract 
quantities of definite CP. This analysis is also presented in 
Appendix B. We find for this case that two definite CP quan- 
tities ReG3p+GiI2, and ReG3/2-G;12- where G,u = JZ 
can  be isolated using angular  projections.  Each of these pro- 
vides a possible measurement of the intrinsic CP asymmetry. 
This result applies for any  pair of spin  3/2 resonances, both 
of which decay to pw (or p ~ ) .  For the case of two spin 1/2 
resonances which both decay to pw (or PT)  the averaging over 
the proton  spins removes all possibility of separating  the dif- 
ferent CP contributions by angular  analysis as only a uniform 
angular  distribution survives. 

A x f A - x  

7. MINIMIZING THE ERROR ON THE MEASURED 
ASYMMETRY 

T he  methods described above  each give more  than  one 
measurement of the asymmetry. With  the transversity 

analysis we had a& or in the more  general case one measure- 
ment for each set of 1Til. Consider, for example,  integer-spin 
particles A and C, the full angular  analysis gives  effectively 
( ~ + 1 ) ~  measurements,  one  from the  square of each of the  2s+l 
definite CP combinations of helicity amplitudes  and one from 
each interference term between any two such amplitudes  with 
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the  same CP. Here s = min(s,,s,). Interference terms be- 
tween opposite CP contributions  depend only quadratically 
on the  asymmetry and hence do not provide as sensitive a 
measurement.  Furthermore, as can be  seen from the example 
of 

ImG1+$- = e-rt Re(Gl+G;-)qReXKM sin Ami [ 
( 7 4  

+ Im(Gl+G;_) cos Ami] 

derived in Appendix B the  separation of the weak phase de- 
pendence from the  strong phases is not as clean in this case. 
For the  pure CP terms such as 

Ql+G;+ = IG1+I2[1 - rl I m ( k M )  sin(Amt>] e -rt 

the time and  asymmetry dependence is  much simpler. From 
such a term  one  can readily form the combination 

In  either  analysis  the  errors on the various measurements 
of the  asymmetry  are correlated, and these correlations must 
be  treated properly in determining the error on any value 
of the  asymmetry  extracted by combining them. All this is 
standard  statistical analysis, we review it briefly here for com- 
pleteness. 

Consider first the case where we have  only the two mea- 
surements a& extracted from the single moment  transversity 
analysis. We choose* 

a = aa+ + (1 - a ) a -  . (7 .3 )  

Minimizing the x 2  with respect to a yields, for small asym- 

* In Eq. (7.3) we have restricted  the possible  value of cr to lie 
between  zero and one. This  restriction actually excludes the “best” 
value  when a single CP contribution  dominates. Since the errors 
on a* are  anticorrelated the fit actually prefers to overshoot and 
choose CY less than zero or greater than one in these cases. However 
the value thus chosen  is extremely sensitive to a precise  knowledge 
of the  ratio of r+ to r-, and hence unreliable. 
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Figure 3. The ratio 
of the expected error on 
the CP-violating asymmetry 
extracted using transversity 
from  the m‘xed CP state $IC* 
to that obtainable with an 
equal number of decays to a 
pure CP state. The curve 
labelled “CY = 1/2” is based on 
equal  weightings of a*, while 
that labelled “a fit” uses the 
optimal choice for each c. The 
lowest curve  is  obtained from a 
maximum likelihood fit to the 
asymmetry, assuming r+/I’- 
is known. 

met ry, 

where o& are  the  standard  errors  on W* and p measures the 
correlation of these  errors. The result of this  treatment is 
shown as the solid curve in Figure 3 as a function of 

r+ - r- 
r+ + r- € =  (7-5) 

for the case of two spin  one  particles, one of which decays to 
two spin zero particles while the  other decays to  an e+e- pair 
e.g.+K**. We plot the  ratio of the expected  error from this 
analysis to  that obtainable  with  an  equal  number of decays 
to a pure CP state.16 For comparison, we also show the errors 
obtained for a fixed value a = 4, this gives the  upper curve 
on Figure 3. One sees that, in the worst case, where I?+ and 
I?, are equal,  this analysis requires approximately  nine times 
more data  than a pure CP channel to achieve equal  accuracy 
for the  asymmetry measurement. 

4 t  Fixed a 1 

\ 
b 
b 

0 
-1 .o -0.5 0 0.5 1 .o 
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This  situation can be improved by making a maximum- 
likelihood fit for the  asymmetry using expression for the 8- 
angular distribution given by Eq. (5.3). This analysis re- 
quires further  parameters, namely the quantities I?* which 
we assume a n  be  extracted  from isospin-related channels. 
The result of this  treatment for the error on the  asymmetry 
is  shown as the dashed curve in Figure 3. 

Another way to improve the result is by making a more 
complete angular analysis. Again we have two options, an 
analysis based on  moments that does not require knowledge 
of the relative strengths  and phases of the various amplitudes, 
and a maximum-likelihood fit to  the full set of parameters. 
Where suflicient information is available, the  latter  method is 
superior. Figure 4 shows the result for the errors on the asym- 
metry from using a maximum-likelihood fit to  the angular de- 
pendence of the  data where it is assumed that  the quantities 
GI* and Go , defined in Appendix B, are all known 

Transversity ---- sio = o 
GI+ = Go -.-. Go =iGl+ 
G,+ = 0 

0 
-1 .o -0.5 0 0.5 1 .o 

-A4 

Figure 4. The ratio of ex- 
pected error on asymmetries 
obtained using maximum lik- 
lihood fits for a mixed CP 
(41P) channel to that for a 
pure CP channel with equal 
number of decays.  The top 
curve is the transversity based 
result, shown also on Figure 
3. The remaining curves rep- 
resent different assumed  values 
for &+/GO, with GI+ and GI- 
taken to be relatively real. 

from measurements on isospin related channels. For simplic- 
ity, we assumed a <( 1 in making .this error analysis. For 
comparison, we plot the result against the  same combination 
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of variables as were available in the transversity analysis. The 
various cases  shown are chosen to indicate  the range of pos- 
sibilities. It can be seen that even in the worst case that we 
studied  this type of analysis provides a more  accurate value 
for the asymmetry  than  the best  transversity treatment. Fig- 
ure 4 also  shows that in the  fortunate  situation where a single 
CP contribution  dominates  either treatment gives accuracy 
comparable to  that  obtained for a pure CP channel. 

We have also carried out a study of the sensitivity of the 
asymmetry measurement in a maximum-likelihood fit proce- 
dure  to errors in the  estimated values and phases of the var- 
ious amplitudes.  This analysis is summarized  in  Appendix 
C. The results are encouraging, the  asymmetry  measurement 
errors will most likely be dominated by the  statistics of the 
channel for  which the  asymmetry  measurement is made  and 
is relatively insensitive to small errors  in the  amplitude values 
or phases. However, if these  quantities  are poorly determined, 
one can fall back to  the moment  analyses to  extract asymme- 
try measurements that do not  depend  on  them. 

To summarize  the  situation, we again  emphasize that 
the value of the transversity  analysis is greatest  in  the chan- 
nels described by Class 1 of Table 1, namely three CP-self- 
conjugate  particles, where it allows combination of resonant 
and non-resonant production of the particles C1 and C2. It 
also has the  feature of being particularly insensitive to  the 
non-CP-violating asymmetries of the  amplitudes,  that is to 
asymmetries between B and B data  that arise from interfer- 
ence between the CP-odd and CP-even contributions. How- 
ever, whenever there is not a single dominant CP contribution 
the most accurate results for asymmetries will come from the 
use of a maximum-likelihood fit to  the parameters  that de- 
fine the angular distributions, rather  than any of the analyses 
which depend on projecting  out specific moments to identify 
definite CP contributions.  Whenever possible, such a treat- 
ment will include isospin-related channels in the fitting proce- 
dure. Since the isospin-related channels typically have higher 
rates  than  the CP-eigenstate channels the  additional parame- 
ters needed for this  type of analysis will be well-measured for 
many modes by the  time one  has sufficient data  to measure 
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the asymmetry, so this  method will be  the one used  for most 
channels. 

8.  SUMMARY AND CONCLUSIONS 

W e have shown that  there  are many channels for  which 
one  can study CP violations in Bo decays if one uses 

angular analysis to  separate  the different CP contributions 
which arise from different  helicity terms. Some of these  modes 
will compete in accuracy with the modes with unique CP 
which have already been  much  discussed. In general, to carry 
out  the  angular analysis accurately  somewhat  more data is 
needed for these modes than for the unique CP modes; in the 
worst case that we have analysed this requires approximately 
ten times  as much data for an equally accurate  measurement 
of asymmetry, the  degradation will  possibly be even greater 
for  higher spin channels. 

We have presented several different approaches to  the  an- 
gular  analysis, each of which has  merit in  different situations. 
To summarize: 

Transversity analysis is most useful in the case of decays 
to three self-conjugate particles, Class 1 of Table 1, where it 
allows the combination of resonant  and non-resonant produc- 
tion of the particles C1 and C2. If the relative strengths of the 
two CP contributions (I?*) are not known, then a moment 
analysis of the  type described in Section 5 should be used. 
Whenever the values of rs can be determined using data 
from isospin related channels then a maximum-likelihood fit 
to  the transversity  polar  angle  distributions will provide a 
more  accurate  result. 
For all other modes, including those listed as Class 2 and 
3 in Table 1 which  could be analysed using the transversity 
method,  the full angular  distribution analysis will prove supe- 
rior. Again there  are two  choices, a moment analysis of the 
type described in Appendix B or a maximum-likelihood fit 
to  the full angular  distributions. Wherever sufficient informa- 
tion on the various helicity amplitudes can be  extracted from 
data on isospin-related channels, the latter  method will again 
give more  accurate  results. Clearly, what this  means is that 

7lansversity analysis will be 
mast useful  for modes with 
three  self-conjugate  particles. 

In other modes the  most 
acurate results will come  from 
maximum-likelihood fits to 
angular  distributions and to 
isospin-related  channels. 
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in such cases one should make a global fit of all parameters, 
the helicity amplitudes  and the asymmetry, to  the  data from 
all related channels, to  obtain  the  most  accurate  asymmetry 
measurement. 

This discussion makes no distinction between a time- 
integrated experiment or one that measures  time  dependen- 
cies of the B and B decays.  In the  latter case, the angular 
structure  and  the time  dependence  factorize  in a simple way, 
as demonstrated in Appendix B. In a time-dependent exper- 
iment one simply performs the angular  analysis for each time 
bin separately, or in  a maximum-likelihood fitting  procedure 
one includes the predicted time  dependence in  the  fitting pre- 
scription, and  treats  the  data as a  function of time as well as 
angles. 

However, the angular analysis so enriches the sample of 
modes to  study  that we expect it will  play an  important role 
in the  extraction of the CP-violating physics at a B factory. 
Among the many channels listed in Tables 2 and 3 there 
well may be some that provide as accurate or more  accurate 
asymmetry  measurements as the unique CP modes. Since we 
do not yet  have much information on branching  fractions to 
the various modes it is too early to  be certain which of the 
many modes will provide the best  measurements. Hence, we 
have simply presented summary tables of some of the modes 
which, according to  the  Standard Model, will measure  the 
various angles of the Unitarity Triangle. We have not found 
any one mode for  which the  currently  measured branching 
fractions suggest it would be markedly superior to  the unique 
CP modes, but several may be comparable, especially in the 
fortunate  circumstance that a single CP channel  dominates 
the process. Our knowledge of these  branching  fractions will 
certainly be much better by the  time any B factory capable 
of measuring CP asymmetries is built, so at  that time  it will 
be obvious  which of these  modes is most readily  used,  and 
which method of analysis to apply  to  it. 
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APPENDIX  A 

HELICITY AND TRANSVERSITY 
This Appendix gives the general proof that transversity 

projections can  be used to  elect definite CP quantities. When 
a spin zero particle B,  at rest, decays into two particles (A and 
C),they must have equal helicities (X). Now  we consider the 
case where the particle C decays to two integer spin particles 
C1 and C2, which have spins SI and s2 and helicities X1 and 
X2 . In  the rest frame of particle C we can  write the state 
formed by the decay of B as 

where we define 

IA,AI,XZ;~) = IA(X;o,o),c~(X,;~,o)C2(X2;a - e , ~ ) ) .  

We use Jackson conventions to define our angles and  axes8 
In  addition we have chosen to define the C-decay angles so 
that 4cl = 0, thus Rc = (O,S,O). The choice 4cl = 0 is 
made event by event without  any loss of generality. It is 
a convenient choice for the transversity discussion since it 
identifies the y-axis of these  coordinates  with the direction 
transverse to  the plane. In  Appendix B we will use a different 
convention for q5 in the full angular analysis. These choices 
are, of course, merely a matter of convenience for each analysis 
and have  no physical content. 

( A 4  

It is important  to  note that for three self-conjugate par- 
ticles we can here avoid the assumption of a specific particle 
C and simply sum over all possible angular  momenta for the 
system C1C2 in its  rest  frame, in which case X is the projec- 
tion of this  angular  momentum along the direction  opposite 
to particle A. Then Eq.( A .l) generalizes to 
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We now wish to use the decays of A,C1 and C2 to analyse 
their transversity. To do this  for each particle, we go to its 
rest frame. The transversity  for each particle is  defined as the 
spin component along the y-axis in the particle’s rest frame. 
With  the choice dc, = 0 all three y-axes are parallel. We 
must, however,  choose the  same direction for the definition of 
transversity  for all three  particles, so that we can define the 
total transversity as the  sum of the  three projections. We  will 
fix this as the direction of the positive y-axis  for the decay of 
particle C. Then we can relate  transversity states  to helicity 
states for a particle of integer spin s by 

x {Is, X),  + ( - 1 y r  Is, -X),} . 

The rotations  are defined with  respect to  the axes just de- 
scribed, and IC = l for  particle C1 and K. = -1 for particles 
A and C2 in order to achieve the required matching of posi- 
tive  transversity  direction. The phase  factor on the negative 
helicity term arises from redefining the D-function for -X in 
terms of that for X. 

Now let us first consider decays in which the  three  parti- 
cles A, C1 and C2 all are  neutral bosons self-conjugate under 
CP (Class 1 in Table 1). Then 

cp I &  X1, A2;  8) = [(-I) I-x, -X17 4 2 ;  6) , 
(A.5) 

S,+Sl+S2-x-x1-x2 

where 6 is the product of the intrinsic  CP-parities of the  three 
particles. Notice that  the angle 8 is unchanged under CP, 
since it is defined to  be  the angle between particle C1 and the 
direction opposite  particle A in the C rest  frame,  and hence 
is unaltered by the reversal of all momenta. Now we use the 
property of the D-function 
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to rewrite Eq. (A.3) as 

where 

and we have introduced  the  amplitudes 

which correspond to definite CP contributions. Under CP 

where we have used Eq. ( A .5) .  

Now let us project out  the contribution  obtained by re- 
quiring the transversities T ~ ,  ~ 1 ~ 7 2  for the particles A,  C1, C2. 
We can  write the result in the form 

= (1 + (- l)S+')G+ + (1 - (-l)s+r)G-) 
(A. l l )  
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Here p is 

(A.12) 

Equation ( A  .11) shows that each 7 projects out a definite 
CP contribution.  Combining Eq. ( A .12) and Eq. ( A . l o ) ,  
we see that  the non-vanishing contributions  all have CP par- 
ity [( -1)‘. 

Examination of Eq. ( A . l l )  clearly shows that only the 
absolute values  of T ,  7 1 , 7 2  need be definite, since they are all 
integers. This  then  indicates that  the simplest experimen- 
tal procedure to  separate definite CP quantities will be to 
integrate over the  azimuthal dependence of the decays with 
respect to  the transverse axis and  to project for definite IT;! 
using the polar  angle  distribution about  this axis. We thus 
need only take non-trivial moments of a single angular de- 
pendence for each particle to reconstruct the  magnitude of 
its  transversity. We then can combine B and B data to ob- 
tain a measurement of the CP asymmetry for each set of 
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1~1,1~11,172(, as discussed for the example in Section 5 .  These 
results can then  be combined to yield an improved estimate 
as discussed in Section 7. 

If C1 and C2 are not self-conjugate particles, as in classes 
2 and 3 of Table 1, then Eq. ( A .5) does not apply since 
C !  interchanges particles. However, if we require both C1 
and C2 to  be spin zero particles,  then the transversity of par- 
ticle A will again allow separation of CP-odd  and CP-even 
contributions. The proof can readily be seen from the case 
discussed above, with the sums over J reduced to  the single 
term J = sc and  with s1 = X1 = 0 and s2 = X2 = 0 . 
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APPENDIX B 

FULL ANGULAR ANALYSIS AND TIME DEPENDENCE 
In this  Appendix we will present a method for using the 

full angular  distribution to define a set of moments  from which 
all  measurable  combinations of helicity amplitudes can be ex- 
tracted. The  method is a standard helicity analysis which we 
present here for completeness. We analyse  here the Bo de- 
cays into two spin-one  particles, one of which decays to two 
spin zero particles and  the  other  to  an e+e- pair, for example 
the  mode $IC* where $ --t e+e- and I{* --+ I{:ro. A simi- 
lar analysis for Bo decays into two spin 1 particles which  each 
subsequently decay to two spin zero particles is also presented. 
An analysis for the case of two spin 3/2 particles is also briefly 
discussed. We further present here the explicit structure of 
the  time dependence of the various quantities  that can be 
measured and discuss the extraction of time-dependent CP 
asymmetries. For more  details on this  analysis, see W. Toki." 

Kos 

Z 

Figure 5. Schematic  draw- 
ing of the  kinematics of Bo pr6 
duc  tion and  decay  showing  de$ 
initions of the various axes and 
angles. Each decay is consid- 
ered  in  the  rest-frame of the 
parent  particle. 

8-00 e- 6648A6 

The first step in  this analysis requires the definition of 
some conventions. We use here the conventions of Jackson for 
the definition of the  rotation D-functions. The decay angles 
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for the process B --+ 1c, I<*', II, + e+e-, I<*' 4 I(:.rr' are 
shown in Fig 5. We assume the B,  T(4s), J/$ and  the K* 
are  in  the plane of the paper. The 2 axis in the respective 
helicity frames are  opposite to  the  parent particle. The Y 
axes are in the direction of the cross product of the 2 axis of 
the  parent  and  the 2 axis of the helicity frame. This causes 
the Y axis of the I<* to be  out of the  paper  and  the Y axis 
of the 1c, to be  into  the  paper. Hence the X axes are  both 
pointing upward. This will cause the 9 angle of the e- and 
the  no to be going in opposite directions such that their  sum 
will  yield the relative angle between the two decay planes.  In 
this drawing neither the e+, e-, no nor the K O  need to lie in 
the plane of the  paper. 

The  matrix element of the decay of B + II, I(*', I(*' 3 
Kgno can be wri 

I M I 2  = 

tten using the helicity formalism as 

The amplitudes Ax in ( B .l) contain implicit time depen- 
dence which we will  discuss later. The  important point is that 
the  time dependence  and the angular  dependence factorize in 
this way, so one can perform the  angular analysis for each 
time bin and  thus  extract time-dependent asymmetries. For 
the Jackson convention R = ($,e,  0), which  differs from the 
Jacob-Wick8  convention in which R = ($,8, -4). Expanding 
Ea. ( B .l) gives 

Changing the charge  conjugate to real 
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and  inserting the double D summations 

gives 

After a little  rearranging, we have 

X (10,lO I JRO) I ( l X ,  1 - X '  I JRA - A ' )  D$-x)o(l?,~) 

The JL = 1 terms vanish because of the  sum over a on  the 
Clebsch-Gordan  coefficient (la1 - a I JLO) and  the JR = 1 
terms vanish because of the coefficient  (1010 I JRO). We now 
simplify with the following relations 

03.5)  

where YiM = ( - l ) M Y ~ - ~  and j'Y,'m(R)Gtmt(R)dR = 
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6etS,,t, to  obtain 

2 

l W 2  = -2 (;) 
X,X'=O,fl 

Let us now  define the moments 

and  thus 

(B.8) 
and TJ, J ~ - M  = TjLJRM. The relation between the helicity 
amplitudes  and  the moments is 

-9 1 
TJ, JR-M = - 2 s  J 2 m  d i n p i  l c  X , X ' = O , f l  
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0 0 0  

0 2 0  

2 0 0  

2 2 0  

2  2 -1 

2 2  -2 

Table 6. Moments for Bo -+ 
(e+e-)+(.K;aO)p in terms of Depending on the relative strengths of different CP con- 
helicity amplitudes. tributions  the various moments TJ, J ~ M  will  show  different 

asymmetries. Linear combinations of moments  can always be 
found which  give undiluted  asymmetry  measurements. The 
various moments are given  in Table 6, where we have de- 
fined the definite CP quantities GA* = (Ax f A-x) /& and 
GO = &+/d = Ao. Table 7 presents the results of a similar 
analysis for the decay into two spin 1 particles which each in 
turn decay to two spin zero particles; for example,  the mode 
D*+D*-, where both D*)s decay to Dr. Clearly in either 
case we can extract  the quantities 

and 

The first four of these are each definite CP quantities, combin- 
ing B and B data they can each be used to give an asymme- 
try measurement. The  last two quantities  represent interfer- 
ence  terms between CP odd  and CP even amplitudes, which 
have a more complicated time  dependence. They  depend only 
quadratically on the CP asymmetry and so are less sensitive 
for small asymmetries. 
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0 0 0  

0 2 0  

2 0 0  

2 2 0  

2  2 -1 

2  2 -2 

To display the time-dependent phase structure explicitly Table 7. Moments for 
the Bo decay to two spin 
one particles, each of which we introduce the parametrization 
subsequently decays to two 
spin zero particles. 

Gx&) = 9 Gx* e f iq XKM sin - 2 
(B.lO) 

where q = < (- 1)" and is  given  in Table 1. For the  mode 
$I<:ro we have 7 = -< = +1 The quantity g is the phase 
of the CKM matrix elements and the  quantity Gj contains 
any phases from final-state  interactions  and other strong- 
interaction effects as well as the magnitude of the time-zero 
amplitude. The CP-violating quantities are contained in the 
XKM, in the  standard model XKM = e2id where 4 = -p or CY 
or -7 is one of the angles of the  unitarity triangle, see Figure 
2. 

The equivalent quantities for the Bphys decays are 

One  then sees that 

lGX*l2 = IGx2Cl 2 ,-rt (1 'f VImAKM sin Amt) (B.12) 

and the equivalent quantity  extracted from %decays give a 
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simple time  dependent  asymmetry. For example 

(B.13) 
Similarly, the interference term between two same-CP ampli- 
tudes gives a direct asymmetry  measurement, for example 

Re&+G{ = Re(GI+G;)(l - 7 ImXKM  sin Amt) e-" . 
(B.14) 

Thus we have several asymmetry  measurements, one for  each 
possible pair of same-CP contributions. A best  asymmetry 
can be  obtained by minimizing the error on an  arbitrary linear 
sum of these values. This requires some knowledge of the 
relative sizes of the various G's. The even-odd interference 
terms  are less readily used. We find 

which  is not particularly useful for extracting  the value of 
X K M .  

Experimentally, we obtain  the  moments by weighting the 
experimental events by the Yem. For example, the T222 mo- 
ment is extracted  from the  data by calculating 

(B.16) 

The M = 1 ,2  terms will have a $4 + $K dependence,  with  our 
definition of axes this is the phase between the planes of the 
two two-particle decay states in the B rest frame. To predict 
the  time dependence of the  moments one needs to  substitute 
Eq. ( B .lo) in Eq. ( B .9). The relevant time-dependent 
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expression has the form 

AxA;, = $e-"{ [Gx+G;,+ + Gx-G;,-] 

+ [Gx+G;,- + Gx-G;\,+] cos(Amt) 
+ iq[Gx+G*,,- - G~-G!,+]R~(XKM)  sin(Arnt) 

- 7 [Gx+Gf, ,+ - Gx-G; ,-]Im ( X K M )  sin(Amt)} , 
(B.17) 

where Go+ = &Go. Thus, we see that  the general moment 
has three  terms  with  distinct  time  dependent behaviors e-rt ,  
e-rt cos(Amt), and e-rt sin(Amt).  Extracting  the moments 
requires convolution with the relevant resolution function. 

A similar analysis for the decay 

can be  carried out. In this case the proton (or antiproton) 
helicity is not observed. Summing over the possible helicity 
values once again  eliminates odd values for JL and JR. The 
distinct  moments are given in Table 8, in addition T-00 = 7'020 

and T220 = & Tooo. From  this one can identify the definite CP 
quantities 

and  thus  this mode can be used to measure the C !  violating 
asymmetry. A similar analysis can be applied to any spin 3/2 

channels. For  two spin 1/2 particles which  each  decay strongly 
to a nucleon and  a spin zero  meson only Too0 survives after 
summing over  nucleon and antinucleon spins, hence one can- 
not construct  undiluted CP asymmetries in these cases. We 
have not studied  the  situation for weak decays of such parti- 
cles. 
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Table 8. Mornen ts for 
Bo -+ ( p 7 r ) A ( ~ 7 r h  in terms of 
helicity amplitudes. 
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APPENDIX C 

SENSITIVITY ANALYSIS 
For the maximum-likelihood fits, we have assumed that 

the amplitudes of the decay, except for the CP-violating part, 
are  understood from  study of the untagged and isospin related 
channels. The question of the sensitivity of the results  to  this 
assumption  naturally arises; specifically an error  on the even 
to  odd  ratio (I?+/I'-) in the transversity case or the ampli- 
tudes (&+, 60, GI-) in the case of the full angular-distribution 
analysis will lead to  an error  in the measured value of asym- 
metry. 

The transversity analysis is relatively simple. We param- 
eterize the error as follows: 

where E = (r+ - I'-)/(I'+ + I?-). Evaluating the derivative 
numerically we find l(l/a)(du/dc)l < 1.2  for all E .  

For +IC*, one can estimate that  the  data sample which 
will be available for evaluating E from untagged and isospin- 
related channels will be M 20 times larger than  the tagged 
sample. This implies that typical errors on e will be M f i  
smaller than  the error on a. Thus considering Eq. ( C .1), it 
is clear that  the effect of a typical S E  on SA is  negligible. 

In  the case of the full angular analysis the  situation is 
more complex. Three amplitudes (61+, 90, GI-) are needed. 
Two of the amplitudes (GI+ and Go) are CP even and  the 
third (GI-) is C !  odd. We parameterize the errors on these 
amplitudes by rotations between the magnitudes of two am- 
plitudes and by errors on the relative phases. For example, 
our  estimate for the magnitudes of the GI+ and Go amplitudes 
might be related to  the  true values as follows: 

\&+I = IG+lI cos(z) + IGol sin(z) (C.2) 

where the @s represent the  estimated values and the plain 
G's represent the  true values. Similar relationships can be 
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Figure 6.  The fractional 
derivative of the  asymmetry 
witb respect to an angle, (z), 
which describes the confusion 
between the amplitudes.  The 
derivative was obtained numer- 
ically. 

used to  quantify  the possible experimental confusion between 
161+1 and IG1-1, and between and 161-1. Figure 6 shows 
(l/a)(du/dz) for  each possible angle of confusion. Note that 
confusion between the two CP-even  states (GI+ and Go) has 
little  effect but  that confusion between either  CP-even  and 
the  CP-odd amplitudes typically produces noticeable effects. 
Thus  it  appears  that  the overall CP-even  to  CP-odd  ratio 
is the  most sensitive parameter. As seen above it should be 
possible to determine  this  parameter to  an accuracy much 
better  than needed using the untagged and isospin-related 
channels. We have also investigated the effect of phase errors 
in 6 ~ *  and we find them  to  be small. For example, a phase 
error of 30 degrees changes the  asymmetry by only 0.003 when 
the  true  asymmetry is 0.15 and I?+ = I?, (the worst case). 

8-90 

-.-.------ 

-I 

-2 I I I I 
-1 .o -0.5 0 0.5 1 .o 

c+- r- w++ r, WAS 

The final analysis will probably be a maximum-likelihood 
fit of all the  parameters  (the  three  amplitudes  and  the CP- 
violating asymmetry) to all the  data samples  (tagged, un- 
tagged,  isospin-related). This analysis of sensitivity of the 
measured asymmetry  to assumed values of the  parameters in- 
dicates that  the resulting  errors will be only marginally worse 
than single-parameter analysis used in this  paper for illustra- 
tive purposes. 
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GETTING THE MAXIMUM INFORMATION FROM 
B DECAYS INTO CP EIGENSTATES 

HARRY J. LIPKIN 

ABSTRACT 

B decays into CP eigenstates have low branching  ratios and 
low  efficiencies for complete  reconstruction of final states. 
Statistics  can  be improved by using as many different decay 
modes as possible and by using incompletely reconstructed 
decays.  We  discuss such improvement by partial-wave analy- 
ses and missing-mass techniques. 

1. THE SEARCH FOR USABLE CP EIGENSTATES 

M any of the proposed methods for finding CP-violation 
effects  in B decays involve the use of final states which 

are CP eigenstates.' Since the dominant decay of the b quark 
is to  charm,  the  dominant decay modes of B mesons into 
CP eigenstates  must contain a charmed quark-antiquark  pair. 
The Cabibbo-favored vertex for creating the  additional charm- 
ed antiquark also creates a strange  quark.  Thus  dominant CP 
eigenstates are produced by the following  weak transitions at 
the quark level: 

& - + c + W + - - + C + E + S  ( l . l b )  

These weak vertices have been noted to be AI = 0 transitions, 
which satisfy isospin  relations'  useful in the analysis of data. 

For the Bd and B d  decays, these  transitions (1.1) lead to 
a strange final state, which can only be a CP eigenstate if 
it contains a neutral kaon. Thus  the first state considered' 
was J/$K:.  However,  since this  state  and all similar states 
have very low branching  ratios, it is advantageous to consider 
accumulating data  on decays into all possible CP eigenstates. 

49 
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There  are also the  nonstrange final states resulting  from 
the Cabibbo-suppressed transitions: 

b + c + W - + c + E + d  (1.lc) 

- 
b + z + W + - + c + E + l   ( l . l d )  

These can be CP eigenstates  without the requirement of con- 
taining  a  neutral kaon. 

The charmed quark-antiquark  pair can be present either 
in a single charmonium state  or in a pair of charmed  hadrons. 
Since the pair is produced at a very short  range on the scale 
of the W mass, only S-wave charmonium  states  are  expected 
to  be appreciably produced; namely  the J / $  and vc and their 
radial  excitations. The other  orbitally excited states have 
wave functions that vanish at  short distances because of the 
centrifugal barrier. 

Although many of the decays into final states containing 
these other S-wave charmonium  states  may have branching 
ratios comparable to those of the decays into corresponding 
states containing the J / $ ,  the  detection efficiency for these 
other  states is  much smaller, and  there is probably little  to  be 
gained over the use  of J/$.K: unless some tricks are used to 
enhance the detection efficiency of these  other decays. One 
such trick is to use missing-mass kinematics to include decays 
which are not completely reconstructed.  This is discussed in 
detail below. 

Another possibility to  be considered is the use of decay 
modes containing I{!. For every CP eigenstate which  con- 
tains a K g  the corresponding state with the replaced by 
K t  has the same branching ratio  and  the  opposite CP eigen- 
value.  In an experiment where both  types of states can be 
detected  and  distinguished, the CP asymmetries will be  equal 
and opposite and the effective statistics will be doubled. 
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2. GETTING  INFORMATION FROM INCOMPLETELY 
RECONSTRUCTED  DECAYS 

2.1. Additional  Decay  Modes into CP Eigenstates 

I nclusive I-! spectroscopy has been suggested3r4 for detect- 
ing and using quasi-two-body decay modes of the form 

Bd -+ XI<$, where X denotes  a narrow state like a char- 
monium or charmed meson state which  is not easily detected 
directly because of  low branching  ratios to observable final 
states  but which can be identified by missing mass. In these 
quasi-two-body decays the  momentum of the I<$ is uniquely 
defined in the rest frame of the decaying B and rough esti- 
mates indicate that if it is produced in the decay of a slowly 
moving B from T(4S) decay, the smearing of the momen- 
tum may not be excessive. Therefore such decays might be 
observable as a signal in the inclusive K g  spectrum. 

Some  particular decays suggested for CP tests are: 

(2.1 b) 

. The three-body decay 

which includes the case where the I<$ - ?ro can be in a I(* 
also leads to a CP eigenstate and can be observed by the 
inclusive method, if only the I<$ and ?ro are detected and  the 
vc is identified by missing mass. This decay mode can be 
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expected to have a branching  ratio  comparable to  that of the 
corresponding decay 

which has been suggested5 as a candidate for CP violation 
experiments.  This decay mode  can also be observed by the 
inclusive method if only the I{: and xo are  detected  and  the 
J /+  is  identified  by  missing mass. The qc decay mode  (2.2a) 
has  the advantage over the J / $  decay mode (2.2b) in that 
the three-pseudoscalar state is a CP eigenstate  with  the  same 
eigenvalue  for all partial waves and  can  therefore be used  di- 
rectly in experiments  without further analysis. The vector- 
pseudoscalar-pseudoscalar state  has  partial waves with both 
eigenvalues of Cf, and  some partial wave analysis is needed 
for its use in CP  experiment^.^ 

Any  inclusive experiment which looks at final states con- 
taining  charmonium can also look for vc as well as J / $ .  The 
Cf eigenvalue  is the ~ a r n e ~ ? ~  for the qC@ decay as in J /$K:  
and also  for all correspopnding states containing radially ex- 
cited  charmonium states. Although the vc and J / +  have 
opposite  intrinsic CP eigenvalues, the qCK: decay is  S-wave 
while the J/+I<: is P-wave, thus giving the  same overall CP 
eigenvalue for both  states; namely odd.  Thus  the Bd -+ qCK: 
decays can also be used  in  inclusive decays where the qc is not 
observed, and  data from all the decays Bd -+ (cZ)@ can be 
combined to improve statistics in an experiment which tests 
CP by observing asymmetries in the decays of a tagged Bd 
into a CP eigenstate.  It may not even be necessary to resolve 
the missing mass distribution  to  separate different charmo- 
nium states if the background is not  too  high. 

The inclusive spectrum  technique  can  be applied to all 
the decays (2.1) with narrow states recoiling against the kaon. 
The Bo 4 $'I<: signal might be  sharpened by observing the 
two charged pions emitted in the decay $' --+ J/+xSn- which 
has a branching  ratio of 33% and placing the  appropriate 
constraints on the missing mass of the unobserved J / $ .  For 
the case of the Bo --+ qcI<g, where direct  detection of the qc is 
difficult, this method  might be  the  best way to either  detect 
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this  mode or to  put a reliable upper limit on the branching 
ratio. 

The decay Bo --+ D°K; may  be  more easily detected in 
this way than directly because of the higher energy of the 

and  the consequently lower background in the inclusive 
spectrum. If this decay mode  turns  out  to  be appreciable, 
it may offer interesting possibilities since it is also a mixed 
state. It could be used in exclusive spectroscopy with events 
selected for Do decays into CP eigenstates. 

The decays 

B --$ +/'I{ t ODIC ( 2 . 3 ~ )  

have not yet been observed but may have a significant branch- 
ing ratio, since6 

B{B+ -+ $J(ZS)K+} = 0.22 f 0.17 X (2 .3  b) 

This implies by isospin2 

However, the branching ratios for detecting D's would make 
the direct observation of this mode with fully reconstructed 
events extremely difficult. The question is whether the 
$"Kg + ODIC: decay mode can be  detected without fully 
reconstructing the event because of the unique momentum of 
the kaon emitted  from  the decay of a B at  rest, which  will 
hopefully not  be  too smeared by the initial B momentum,  and 
because of the large branching ratio for the D's into  strange 
particles. The inclusive branching  ratios6 for D .--) K X  are 
244~8% and 16&5% for D* + K i X  and Do .--) KgX respec- 
tively, and 47 f 9% and 66 f 8% respectively, when charged 
kaons are included as well as IC; but decays are not de- 
tected.  This gives a good probability for observing a D D K ;  
event as K K K g X .  One can look at  the kaon momentum 
spectrum in events  containing two or three kaons and see if 
there is a signal at  the  appropriate  momentum corresponding 
to $J''K! decay. 
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The  same considerations apply to  the case where there 
an additional T O  is observed; i.e. to decays of the form Bd --+ 

Xl":.rro, where X is identified by missing mass as charmo- 
nium.  This would include the Bd -+ vcK:xo and Bd t 
J/$K:7ro decays. 

2.2. The Signal-to-Noise Ratio 

The crucial point which determines the feasibility of this 
method is the signal-to-noise ratio. Using the inclusive spec- 
trum clearly increases both signal and noise. The signal is 
improved because it includes all  events  with the desired final 
state recoiling against the kaon, with  no loss due  to branch- 
ing ratio of the  detectable  signature, detection efficiencies, 
etc. The noise  level is increased because of the presence of 
other decay modes which can produce a K g  in this momen- 
tum range, and because of the smearing of the  momentum  due 
to  the initial  momentum of the decaying Bo. The question 
is whether the increase in  noise can be controlled sufficiently 
by judicious cuts to eliminate background so that  the overall 
effect  is an improvement in signal to noise. 

Consider an experiment which tests CP violation by mea- 
suring the  asymmetry in the decay of a Bo - Bo pair where 
one decays into J /$ I ( ;  and  the  other  into a mode  with  either 
a positive or a negative lepton. Let N f t denote  the num- 
bers of events in a particular  experiment in  which this decay 
occurs with a positive or a negative lepton, respectively. 

We compare two possible ways to determine  the asymme- 
try parameter [ which measures the  extent of CP violation. 
The conventional method uses only events  with a fully  de- 
termined J / $  decay.  Let B denote the branching ratio  to 
the observed final state and 7 the detection efficiency for this 
state.  The difference denoted by De,, between the number of 
exclusive events observed with positive and negative leptons 
is then given  by 
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The fractional  statistical  error is therefore 

However, one  can also look at  the inclusive IC: spectrum 
in the  momentum bin  which contains all the Bo + J /$K:  
decays and  determine  the difference  between the number of 
events observed with positive and negative leptons. Here the 
efficiency is 100% for detecting  these decays, but  there is also 
a background denoted by B so that  the number of events 
observed in the inclusive spectrum bin with positive and neg- 
ative  leptons is now N -+ B f [. For this case 

and  the fractional  statistical  error is 

Which method gives a better result depends upon  the  ratio 

The question is, therefore, which is greater,  the detection 
efficiency x branching ratio 7 B in the conventional exclu- 
sive method or the signal to background ratio ,& in the 
inclusive method. In the case where 7 - B M 1/10) a reason- 
able value for the detection of the J / $  via the leptonic decay 
mode, the inclusive technique will be competitive even  if the 
background is ten times bigger than  the signal. Combining 
the exclusive and inclusive data can give  improved statistics 
as well as a consistency check. 

One can also examine inclusive J / $  spectroscopy where 
the J / $  is completely determined and look at  the  momentum 
range  for the J / $  relevant to  the J/+rC; decay. Here one 
loses the  product of detection efficiency X branching ratio 
7 - B for the J /+  in comparison with the case of inclusive K g  
spectroscopy, but gains both  the efficiency of IC: detection 
and a factor of four because these events include both  the 
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events and the K* events from decays of B* produced 
equally with Bo in T(4S) decays. This gives good  statistics 
for the determination of the branching  ratio. However, the 
determination of CP asymmetries  without observing the kaon 
is probably  not feasible, since the Kg and K l  events have 
opposite CP and give opposite CP asymmetries when used to 
tag  another B decay,  while decays tagged by the K* events 
should show  no CP asymmetries. 

2.3. Using Cuts to  reduce  Background 

All possible cuts for reducing background should be inves- 
tigated, with particular attention paid to  the search for better 
cuts possible in future experiments  with improved technolo- 
gies. 

A principal contribution to  the background of inclusive 
K g  events comes from decays into  charmed mesons  which 
then decay into a mode  containing a I-:. Possible cuts  to 
eliminate  these events are: 

1. Semileptonic decays of either a B or D could, be elim- 
inated by cutting  out all decays with a lepton present in ad- 
dition to  the K g ,  while  keeping those  with  a  lepton pair from 
J / $  decay. 

2. The B .--) DT decay should give a monoenergetic high 
energy pion  which can be used as a signature for background 
to be eliminated. 

3. Background events from charm can be identified if all 
the particles from the D decay are  detected. These can be 
found by searching for events in which the invariant mass of 
some combination of particles  together  with the I{: is equal 
to  the D mass and corresponds to a decay mode of the I). 

4. Charm events can also be identified if there is  suffi- 
ciently accurate  time information from  vertex  detectors indi- 
cating that  the K g  was not emitted from the  prompt B decay 
vertex but from a secondary vertex of charm decay. 

5.  Charm events can also be identified if all the particles 
emitted originally before the D decay are detected.  These can 
be found by searching for events  in which the missing  mass 
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recoiling against some combination of particles is equal  to  the 
D mass. 

Events which escape such detection  must have a t  least 
two unidentified particles in the final state, with one missing 
from the original B + 0 + X decay and  the  other from 
the  charm decay. Monte Carlos seem to  indicate  that decays 
into  charm which produce a I<: in the  momentum region 
investigated involve low multiplicity B decays or D decays. 
In such low multiplicity  events, the probability of having a 
large number of missing particles may not  be so great,  and 
the  cuts suggested above may help reduce background. 

The remaining  events  with  more unidentified particles 
might be examined to look for differences in signatures be- 
tween these  events and  the events for the desired modes; e.g. 
in  their multiplicities, missing masses, missing  energies and 
angular  distributions. 

In the case, for example, where a K g  is observed with 
a momentum  corresponding to the Bd + qcKg decay, one 
can examine  the remaining  particles in the rest  frame of the 
system (hopefully qc)  recoiling against the I<$. In this  frame 
the energy of the is 3146 MeV, while the  total energy 
of the remaining  particles is just  the qc mass of 2980 MeV 
distributed  among several particles. The angular  distribution 
of the qc decay must be isotropic having no correlation  with 
the kaon momentum.  In background events in which the I<: 
comes from a charm decay, the remaining particles  can be 
expected to  be correlated  with the kaon. 

We also note  that for multi-pion decay modes of the J / $ ,  
the  number of neutral pions is required to  be  odd by G- 
parity, while there is no such restriction for the  charm back- 
ground.  One  might  expect the  dominant  unreconstructable 
background from  charm decay would have one no emitted 
in the original B decay and one no emitted in charm decay. 
This  might lead to  a very  different missing-mass and missing- 
energy spectrum from the  dominant unreconstructable J / $  
decay  which  would have three  undetected T O ’ S .  

Additional cuts  can  be based on time  information ob- 
tainable  with  vertex  detectors having a high resolution. In 
experiments where the T(4S) is produced in  flight by e+ - e- 
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annihilation with unequal energies, it is  in principle possi- 
ble to resolve the vertices for the decays of the two mesons 
and also the secondary vertices for the decays of any  charmed 
particles produced in the primary B decay. 

Since charmonium decays are  either  strong or electro- 
magnetic, all B decays of the form Bo -+ (cc)K: where 
(cc)  denotes a bound  charmonium state below the naked- 
charm  threshold are  prompt  and  all observed hadrons  are 
emitted  from a single vertex. Decays to a bound charmo- 
nium state above the naked-charm  threshold will have two 
additional vertices corresponding to  the decays of the two  sec- 
ondary charmed particles. Thus,  in principle, B decays can 
be  separated  into  three groups  depending  upon  the  number 
of charmed particles in the final state. 

1. Decays with no  charmed  particles in the final state 
include mainly decays into  charmonium,  and a small number 
of charmless B decays  which probably will not  produce kaons. 

2. Decays with a single charmed  particle  in  the final state 
are  the main source of background for the  detection of IC'$ 
charmonium final states via the inclusive spectrum. If these 
can be  separated  out by the presence of the secondary  vertex, 
the background will be reduced considerably. 

3. Decays with two charmed  particles in the final state 
will include events where charmonium is produced above the 
00 threshold  and will be interesting  in  their own right. 

3.1. The Transversity Analysis 

A difficulty  arises  in considering more  complicated states 
containing either  additional  particles or replacing the 

pseudoscalar kaon by a strange resonance which has nonzero 
spin. Most of these decays have more  than  one  partial wave 
allowed. Thus, even though  all  the  final-state particles are 
eigenstates of charge conjugation, states of both  orbital  par- 
ities can be allowed,  giving rise to  states having components 



with  both CP eigenvalues. The different partial waves can  be 
separated by analysis of angular  distribution^.^ 

A general treatment of the problem of using symmetries 
and  angular  distributions to separate  quasi-three-body final 
states containing several partial waves into  their  components 
which are CP eigenstates is  given  elsewhere  in these proceed- 
ings.  We note here a, general property of a B decay into a 
three-body or quasi-three-body final state which can be used 
in several ways. The  three final-state  momenta define a plane 
and  are invariant  under the  transformation of reflection in the 
plane. The reflection can be  written as a product of a space 
inversion P and a 180' rotation  about  an axis normal to  the 
plane, which we choose as the zcy plane.7 

R,, E PeirJz = Pint . e i r S ,  (3.1) 

where P;nt denotes the  total intrinsic  parity of the system, J ,  
denotes the projection of the  total  angular momentum of the 
three  particle  state on the z axis and S,  denotes the projection 
of the  total spin angular  momentum of the  three particle state 
on the z axis. This projection of the  total spin on the axis 
normal to  the plane is conventionally  called transversity, by 
analogy with helicity  which is the projection on an axis in 
the direction of momentum. The equality follows  since all 
three  momenta in the center of mass system remain invariant 
under Rzy and therefore it  acts  only  on  the  internal degrees 
of freedom. 

Since the initial state has  spin zero, the final state must 
also have spin zero and  be invariant under  rotations in the 
center of mass  system. For any J = 0 state ] J  = 0) 

Thus for a state in  which all particles have  well-defined  in- 
trinsic  parities, a measurement of the transversity S, deter- 
mines the  parity of the  state; i.e. whether the  state is 0- 
or O+ coming respectively from parity-conserving or  parity- 
violating weak  decays. 



60 Getting the Maximum Information from B Decays into CP Eigenstates 

In decays  like Bd --.) J/$.Kg7ro and Bd --+ vcKg7r", where 
each of the three particles in the final state has a definite in- 
trinsic  parity  and  intrinsic  charge  conjugation the C !  eigen- 
value of the  state is given  by 

and a measurement of the transversity S, determines the CP 
eigenvalue of the  state. 

3.2. The Decay Bd --+ ( c E ) K ~ x o  

The relation  (3.2b) applies to any  three-body or quasi- 
three-body state with a well defined (CP);,,. For the final 
state vcJ":7ro, where (CP);,, is even and S, is always zero 
for three spinless particles, we find that CP is always even 
for all possible partial waves in the final state, including all 
the  states where the K - x system is in any K* resonance. 
This can also be seen by examining all allowed partial waves. 
The K g  has even intrinsic CP, the vc and x' are  both  odd 
(even C, odd P) .  There  are two independent relative orbital 
angular  momenta for this  three-body  system, but they  must 
both be equal in order to couple to  the spin zero required by 
angular  momentum conservation. Thus  although all values of 
this  equal  orbital  angular  momentum are allowed, and  there 
can be many  partial waves, all have even orbital  parity  and 
even intrinsic CP. They  are therefore all even CP. This holds 
also for all radial  excitations of the qc. 

For the final state J/$K;no, where (CP);,, is odd,  the 
total CP is odd if S, is zero and even if S, is f l .  Note also 
that these  results  apply also to all  radial  excitations of these 
charmonium  states. 

Further  applications of the result  (3.2b) to decays into 
states containing several partial waves with different CP are 
discussed elsewhere. 
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3.3. The Decay Bd --$ D*+D*- 

The final state D*+D*- contains several partial waves 
which have both CP eigenvalues.  However, a transversity 
measurement  can  be used to separate  the different CP eigen- 
states. 

Consider a D*+D*- state in which the D*+ has momen- 
tum $ and  the D*- has momentum -X: and the spins of the 
two  mesons are coupled to  total spin S with S,  = M 

+ 

lD*+(z)D*-(-z); s, M )  

ml ,mz 

(3.3) 
where Dk*(z) denotes the  state of a D** meson with momen- 
tum (IC) and spin projection S, = m and ( l l m l m ~ ( 1 l S M )  is a 
Clebsch-Gordan coefficient.  Since CP reverses the charge and 
the  momentum direction of a D* meson while leaving the spin 
unchanged, the  net effect of CP on the wave function (3.3) is 
a spin exchange. Thus 

4 

CP p * + ( i ) D * - ( - i ) ;  S , M )  

= (llm1m2IllSM) I%;(-z)D;:(z)) , (3 .44  

= (-1y lD*+(z)D*-( - i ) ; s ,M)  
ml , m  

where we have used the  symmetry of the Clebsch-Gordan co- 
efficients under spin exchange. The final state in B decay has 
total angular  momentum J = 0 and therefore orbital  angular 
momentum L = S. Thus 

CP ID*+D*-; L = S, J = 0) 

= (-1)' ID*+D*-; L = S,  J = 0) 
= (-l)L )D*+D*-; L = S,  J = 0) (3.4b) 
= P [D*+D*-; L = s, J = 0) 

The CP eigenvalue for this  state is therefore equal  to the 
parity eigenvalue P.  The parity eigenvalue can be  obtained 
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by the relation (3.2a) where we consider the plane defined in 
the center-of-mass system by the  momenta of the D*+ and the 
D and T coming from the decay of the D*-. Since the intrinsic 
parity of the D*+ - D - T system is negative, eq. (3.2a) shows 
that  the  total CP is odd if S, is zero for the D*+ and even if 
S, is f l .  The same result is obtained from the correponding 
analysis using the spin of the D*- and  the transversity plane 
defined by the momenta of the D*- and the D and T coming 
from the decay of the D*+. 

4. B DECAY MODES WITH AN qc IN THE FINAL  STATE 

Bd -+ K g  + no + qc --+ IC; + ro + + T + 77 (4.lb) 

where the Ii': and all the pions are observed but  the q is not. 
This is analogous to  the decay 

where the IC; and the two pions are observed but  the $ is 
not. In  all these cases an  additional  kinematic  constraint is 
imposed if the initial B meson is at  rest by the condition that 
the missing  mass  recoiling against the IC! + nr system  must 
have a definite value, either the mass of the q or the mass of 
the J / $ .  

Consider the principal decay modes of the qc of this  type 
which can be detected  with no more than  one missing particle. 
The total branching ratio into such modes6 is about  15% . 
These include: 

B(qc -+ qnn) = 5.0 f 1.1 (4 .34  

B(qc -+ ~ ' ( 9 5 8 ) ~ ~ )  = 4.1 f 1.7 (4.3b) 

B(qc --+ KRn) = 5.5 f 0.8 (4 .34  
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B(qc --t 2~+27r-) = 1.2 f 0.3 (4.3e) 

The decays (4.3a) and  (4.3b)  are  already in the category 
of decays with only one missing particle when the 77 or 77') 
respectively, are not observed at all. Additional constraints 
can be used to reduce background since many decay modes 
of the q or 77' produced  in  these decays can either  be  detected 
completely, or detected  with only one missing particle.  In 
particular, 

B(q' + TT+T'-) = 44.1 f 1.6 (4.4a) 

B(q' 4 poy)  = 30.1 f 1.4. (4.4b) 

These can give an  additional  kinematic  constraint on the 
events. This suggests that it will be useful to  investigate 
B-decay modes involving the qc as well as the J / $ .  

It is therefore of interest to investigate B decays into CP 
eigenstates  containing a K g  and an qc. This  can proceed as 
follows: 

1. Detection and  determination of the branching ratios 
of these modes. This can be most  easily  achieved  by the use 
of the corresponding charged decays modes, with charged B's 
and charged kaons. These  are uniquely related to  the neutral 
decays by isospin, and will have a higher branching ratio  into 
detectable  particles. The values of these branching ratios are 
in themselves of physical interest as the ratio of the branching 
ratios  into corresponding decay modes involving J/$ and vc 
are  predicted  in a simple way  by theoretical models as  the 
ratio  depends only upon helicity factors and  the magnitudes 
of the  charmonium wave functions at  the origin. 

2. Investigation of the use of decay modes with one miss- 
ing particle. This requires examination of background either 
from real data or Monte Carlo simulations. 
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5.  REVIEW OF FLAVOR  OSCILLATIONS AND ISOSPIN 
RELATIONS 

e review for the  the record the following description of 
Bd - B d  oscillations for general using the 

notation of ref. 9: 

(5.ld) 

where JBd(t)) and lBd(t)) denote the  states  at time t of states 
which  were respectively IBd) and 1 8 d )  at time t = 0, IB1) and 
I&) denote  the CP eigenstates, I' denotes the mean decay 
width of the mass eigenstates and Am the mass difference 
between them. 

These expressions (5.1) can be seen to be equivalent to 
those given in the  standard treatments1j8 for the case where 
the difference  between the widths of the two eigenstates AI' 
is set  equal to zero. Our CP-violation  parameter 8 is given 
in terms of the parameters q, p and c in the conventional 
notation by the relation 

q '--E ie ---- - - e  ( 5 . 2 ~ )  
p 1 i - 6  

This is consistent only if 
q 
P 

I - I= 1. (5.2b) 

The consistency condition (5.2b) is seen in conventional treat- 
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ments to follow from the requirement that  the two states 
IBo(ct)) and lao(t)) remain  orthogonal for all times t .  

5.2. Isospin Considerations 

The branching  ratios for the decays Bd(6d)  + (cZ)K0no 
and Bd(b2) + (cC)I?On0 to  neutral final states  are related 
to corresponding decays to charged final states by  isospin 
considerations,2  because  these decays are dominated by the 
AI = 0 transitions  (1.la-b).  The I< - n system  must be in a 
state of isospin l /2 ,  not only for final states where the I< - n 
system is in a known I = 1/2 I<* resonance, but also for 
nonresonant backgrounds. 

B{Bd -+ (cC)I<ono} = (1/2)B{Bd -+ (cz)I<+n-} ( 5 . 3 4  

B{Bd 4 (ce)K~nO} = (1/2)B{Bd f (cc)IC-n+). (5.3b) 

Since the I<" is usually detected experimentally in the 
I<: -+ n+n- decay mode, it is convenient to write 

B{Bd + (CC)I<$7rO +(cc)7r+n-7r0} = 
(1/6)B{Bd + ( c C ) l i + ~ - }  (5.4~) 

where we have taken the branching  ratio B(I<$ 4 a+?r-) = 
2/3. The factor of six in the relations (5.4) can be used to 
improve the  statistics in any analysis of these decays where 
the  neutral decay  is of interest by including charged-mode 
data together  with the  data for the decay  in the  neutral mode. 

We  now apply  the general treatment of ref. 2 to the  pair of 
charge-conjugate final states (c~) I<+n-  and (cC)I<-n+. The 
Bd decays only to (cZ)K(+r- and  not  to (cC)I<-n+ and vice 
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versa for the &. Then we can  write 

where K denotes the  ratio of the observed branching ratios 
into the decays of the relevant Bd states  into  the two de- 
cay modes (c~)K+r- and (e )K;ro .  This includes the  factor 
six of eqs. (5.4) and any  corrections due  to  additional dif- 
ferences in detection efficiencies for the charged  and  neutral 
final states. 

For the decays of the oscillating Bd - B d  system  into  these 

I A l2 (5.6~) 

I A l2 (5.6b) 
I A l2  (5.6~) 

B[Bd(t) --t (c?)K+r-] = nF"'I''(1 - cosAmt) I A l2 (5.6d) 
We note that a function of the decays to  the neutral final 

states  (cZ)I<+r-  and  (cZ)I<-r+  has the  same  time depen- 
dence as the CP-violating interference terms in eqs. (5.1), 
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Thus 

This  relation gives the CP violation parameter  Im(Fpf) as 
a  time-independent  constant  function of the experimentally 
determined decays to  the final states (cC)K;ro, (cC)K+r- 
and ( cE)K-T+  which are all themselves individually functions 
of time. A plot of the  quantity (5.7b) as a function of time 
then gives the CP violation parameter Im(fpf) by finding the 
best constant fit, without the necessity of fitting with a given 
time dependence and knowledge of the value of Am. We also 
note that 

- 4 sin( Amt) P - 
K ( l +  I Pf 1 2 >  I sin(Amt) I * W - p f )  (5.7c) 

4 

where g(t) is any arbitrary weighting factor and the integrals 
are  taken over an interval in  which sin(Amt) does not change 
sign. Thus in any experiment limited by statistics in which 
large time bins are used in accumulating data,  and in which 
there  may  be variations in acceptances  as a function of time, 
the value of Im(:pf)  is still  obtained directly from eq. ( 5 . 7 ~ )  
provided that  the binning and acceptance variations are  the 
same for all  measurements. It is also possible to use  weighting 
factors g(t)  to optimize signal to noise, since the signal has a 
sinusoidal variation with  time, which  is absent in the noise. 
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CP VIOLATION USING NON-CP EIGENSTATE 
DECAYS OF NEUTRAL B MESONS 

R.ALEKSAN,  I.DUNIETZ,  B.KAYSER AND F.LE DIBERDER 

ABSTRACT 

Neutral B meson decays into  non-CP eigenstates  are con- 
sidered as a  means for observing CP nonconservation. We 
show that sizable CP-violating  asymmetries  and clean mea- 
surements of the phases of the CKM matrix elements can be 
obtained using these decays, provided that they satisfy certain 
experimentally  viable conditions. It is also argued that two 
meson final states, in which the quark  content of one meson 
is the CP conjugate of the quark content of the second one, 
fulfill these  requirements and  are  a  particularly  fertile and 
promising ground  for  studying CP violation. Two interesting 
examples, B + p*rr'f and B + a;aF, are  studied in de- 
tail. Their reconstruction efficiencies and  their backgrounds 
are discussed for a generic asymmetric B Factory detector. 
It is found that, within  this framework, those decay modes 
can give a better  opportunity for observing CP violation and 
measuring the CKM phases than  the B t n+r- decays. 

1. INTRODUCTION 

0 bserving CP violation in the b sector and confronting 
it with  our present understanding' of this  phenomenon 

is  going to  be one of the most challenging issues  in parti- 
cle physics during  this decade. The experimental problem is 
compounded  by  the  fact  that  CP-violating effects are small 
for those  decay  modes which have relatively large branching 
ratios, while channels in which potentially large effects are  to 
be seen have small branching  ratios2. Among this second class 
of channels, CP eigenstate final states such as Bo + 
or Bo -+ r+.n- * are  the most promising but  the expected 
number of such events at  the  future B factories running at 
the Y(4S) is not very large. It is therefore very important to 
study as many B decay modes as possible in order to get the 
best chances to observe CP violation. 

69 
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In this paper we shall  concentrate on specific neutral B 
decays into final states  that  are  not CP eigenstates. Section 2 
describes how CP violation can be observed using these decay 
modes. In Section 3, we shall discuss what  are  the  particular 
conditions that these  final states should fulfill  in order to  be 
useful. The discussion will be  illustrated with a  typical and 
interesting example, Bo -+ p * d .  Finally in Section 4, the 
reconstruction efficiencies of this  particular final state as well 
as for Bo 4 a f x ?  and their  backgrounds will be studied for 
a generic B factory  detector. 

2. CP VIOLATION  USING BO DECAYS INTO NON-CP EIGEN- 
STATES 

I n the  standard model, every CP-violating effect  is the result 
of an interference between different amplitudes for the  same 

process. When  a  final state f can come both from  a  pure Bo 
and  a  pure 5, the amplitudes for the direct - decay Bo -+ f 
and  the mixing-induced sequence Bo --+ Bo -+ f interfere. 
A time-dependent  CP-violating effect can thus  appear '. We 
shall focus in the following on B meson decay modes that 
can be reached from  both a Bo and 9 meson and  that  are 
not CP eigenstates.  Examples of decays to such final states 
are given in the next section where they  are  studied in more 
detail. Let  us  for the moment  write  any such states as f, and 
suppose that n amplitudes  contribute in the decay of a Bo 
(5) into f. The overall transition  amplitude can be  written 
as : 

Here, <pj and <p; are the phases coming from the Cabibbo- 
Kobayashi-Maskawa (CKM) matrix  and  are  at  the origin of 
CP violation in the  Standard Model, and ai and a> are  the 
phases due to  the strong final state  interactions. Finally, M j  
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and Mj are  the magnitudes of the decay amplitudes. In equa- 
tions (l), the  terms with different j are meant to denote  am- 
plitudes  with different CKM phases. Thus, distinct Feyn- 
man  diagrams involving the  same CKM phase are  summed 
into a single amplitude.  It should be  noted that one could 
easily  recover the case where f is a CP eigenstate by writing 
a'. = @ .  M' = M .  and a'. = aj or a'. = aj + K according 
to  the  nature of f (CP-even or CP-odd). We have used the 
convention CP 1110) = + I@). 

3 37 3 3 3 3 

The time-dependent  amplitudes for the decay of - a neutral 
B meson created at the  time to = 0 as a pure Bo or as a 
pure Bo are, respectively, 

d(RO+f) = 

and 

d (BO --+ f) = 

We have defined : 

where I?; and  mi  are  the  width  and  the  mass of the  neutral 
B mass  eigenstates, Bi. @ M  is the CKM phase that  appears in 
the mixing mechanism. We have assumed AI' = rl- I'2 << I' 
and AI' << Am. 

It is straightforward to derive the time-dependent decay 
probabilities using formulae (1) and (2) : 

(+I R x cosAmt - D sin ( 2 @ ~  + P + P') X sinAmt 

(3) 
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where 

M A2 = M 2  + MI2 and p = - MI 
Let us now focus on  the CP conjugate final state, 7. The 
decay amplitudes for Bo 7 and 3 + f are : 

These  are  obtained  from the amplitudes  for 3 -+ f and 
Bo --+ f by applying a CP transformation,  under which only 
the signs in  front of @j and @: change, since CP is conserved 
in the strong  interactions. The decay probabilities are : 

x cosAmt - D sin ( 2 9 ~  + p  +?) X sinAmt (+I - 

(3') 
where 

-2  -2 -12 
- 
M 
M 

A =A4 + M  , a n d p  = 7 .  

CP invariance demands that  the probabilities of CP conjugate 
processes be identical. Thus, if CP invariance  holds, we must 
have Pr (5 t 7)  = Pr (Bo + f) and Pr 
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Pr (Bo + 7). These  relations  must hold for the time-dependent 
rates  and  thus for the number of events corresponding to  the 
time-integrated rates (where, for  simplicity, equal  production 
of Bo and 3 is assumed) : N (3 + 7) = N (Bo + f) 

and N (3 4 f )  = N (Bo + 7). Thus, CP conservation 
requires : - 

M = M  

s = s i n ( 2 ~ M  + p + p’) = -3 z -sin(2~M + p + 3‘) (4.c) 

CP violation occurs if any of these  three  equations is not sat- 
isfied. Violation of either of the first two equations is known 
in the  literature  as direct CP violation ‘. The  third equa- 
tion tests CP violation generated by the interference of the 
direct decay Bo -+ f and  the mixing-induced decay Bo --+ 

Bo + f. From the ratios N (9 4 f )  / N  (Bo + f) and 

N (3 --f 7) / N  (Bo 4 7))  and from the  shapes of the four 
time-dependent decay rates given in  equations (3) and (3‘)) 
one  fits for the four unknowns, p ,  7, S and 3. In addition, 
the  ratio A 2 / X 2  can be  extracted from the  time-integrated 
measurements. This  ratio is nothing else but [ N  (B” -+ f) + 
N (BO --+ ~ ) I / [ N  (B” --+ T ) + N  (BO -+ 7)l. Since M ‘ ~ / M  = 

A2(1 +3j2)/x2(1 + p 2 )  and M 2 / g 2  = M‘2 /%I2 X p 2 / p 2 ,  both 
equations  (4.a)  and  (4.b) can be verified experimentally. Dif- 
ferent values for p and ;ii and/or different  values for A2 and 
A would  show direct CP violation ’. It would  also mean that 
several amplitudes  with different CKM phases and with dif- 
ferent  strong  interaction phases have comparable  magnitudes 
in  the  sums over j in equations (1)  and (1’). This would 
complicate the measurement of the CKM phases and  thereby 
obscure the origin of CP violation. It should be noted that 
finding that p = ;ii and A2 = A does not exclude the possibil- 
ity  (which, however, is unlikely) of having several competing 
amplitudes  with different CKM phases but with almost equal 
strong  interaction  phases (see Appendix A). 

- 

4 2  

-2 

-2 
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However, let us  now suppose that one amplitude dom- 
inates in the unmixed 3 + f decay, and  one in Bo + f 
decay. In  equations (l), we may then keep, say, the  term 
with j = 1. By applying a CP transformation, we conclude 
that  the  same amplitudes will dominate  in  the CP conjugate 
decays. In such a scenario, one  gets the following equalities : 

Here, we have defined @f @I, a E a1, @> G @;, and 
a1 E a 

The four previous unknowns have now become only three: 
- p = 7 = M / M 1 ,  S = s i n ( 2 0 ~  + @f + @) + Aa) and 
s = s i n ( 2 @ , ~  + @f + @) - Aa) ,  where Aa = a -a’. The sine 
of the CP violating phase 2@ E 2 @ ~  + @f + @) can be ex- 
tracted from the measurements of S and ??, up  to a four-fold 
ambiguity, using : 

I 
1- 

Here, one of the signs on the right hand side gives the  true 
sin22@, while the  other gives  cos2 Aa. How do we resolve 
this ambiguity? Consider modes where a theoretical bias for 
ACY = 0 or 7r exists,  and where one solution is measured to be 
compatible with 1. Then, one could attempt to resolve the 
ambiguity by identifying cos2 Aa with that solution. Fur- 
thermore,  one can always  use other decay modes (such as CP 
eigenstates) which  yield perhaps a less precise but unambigu- 
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t 
ous value for  sin22@. Different time-dependent  distributions 
for the Bo + f decay and  its CP con juga teF  ---f f decay, or 
for the Bo + f decay and  its CP conjugate go + f decay, 
would demonstrate in a model independent way that CP 
is not conserved in the B meson decays. CP violation  can  be 
simply  exhibited  experimentally by adding both final states, 
f and f. From (3) and (3‘) one  gets (when one  amplitude 
dominates) : 

Pr Bo+ f + Pr Bo-+ f o( A2e-N C-) ) t-) ) 

Figure 1. Evolution, in 
proper time units, of the decay 
probabilities for the sum of the 
reactions Bo 4 f and Bo 4 - j on one  hand, and reactions 
B O  4 f and go 4 f on the 
other hand. Here f = p+r-  
and f = p-& are  chosen 85 

an example. 

Since the  sinAmt  term in  these  formulae  distinguishes be- 
tween Bo and B” decays, this  term violates CP conservation. 
We show in Figure 1 this CP violating  asymmetry for a  par- 
ticular  set of values for p,  s i n ( 2 Q ~  + @f + Q;) and Aa. At 
this  stage,  one  can  make  the following remarks. 
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1. The asymmetry between Bo and 9 decay probabilities 
will be larger as M and M' tend  to  be equal. However 
the  asymmetry  is  not  diluted  dramatically as the  ratio 
M/M'  differs sensibly from 1 (see Figure 2). 

2. If the B mesons are pair-produced at  the 'Y(4S), t has 
to be replaced, in  sinArnt  and cos Amt, by At = t 2  - t l  
and by Ct = t l  + t 2  in e-r' (note  that, after  integration 
over E t ,  the exponential term is simply e-rlAtl). Here, 
tl and t 2  are  the  times at which the Bo and  the 2 are 
decaying. One of these decays is the final state f of f, 
while the  other  one is used to  tag  the flavor of the par- 
ent B. It is therefore necessary to know, at  least, which 
of the B mesons has decayed first in order  to observe 
the CP violation effect exhibited by equations (7) (ie. 
through the BOBO mixing). This can be achieved at  an 
asymmetric B factory 3 9 8 .  Furthermore,  after  integrat- 
ing over Ct and ignoring the  time order (i.e. using !At1 
instead of At)  equations (3) and (3') yield 

Thus without the  assumption  that  one  amplitude dominates, 
one  can  probe direct C !  violation in a simple way  by measur- 
ing independently p and 7 either  from the shapes  and/or  the 
relative normalisations of equations (8) and (8') respectively 
(Figure 3). 
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Figure 2. The CP violating 
asymmetry  dilution factor D 
as a function of p. 
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Figure 3. Evolution,  in 
proper  time units, of the decay 
probabilities for the reactions 
B O  -+ f and Bo + f. Here, 
f = p-x+ is chosen as an 
example. 
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3. DECAYS TO CP-SELF-CONJUGATE  COLLECTIONS OF 
QUARKS 

S uppose that  the final state f is a pair of mesons a1 and 
5 2  in which the two mesons differ in J p c  or mass, so that 

ulZ2 is not  a CP eigenstate.  Suppose, however, that  at  the 
quark level, alE2 = (qzqy) (qzqy), so that f is made up of 
a  CP-self-conjugate collection of quarks  and  antiquarks (for 
example f = D*+D-,p+w-, u;f?r-,K*+K- ...) . Then, as 
we shall  argue, f is sufficiently close to being  a CP eigenstate 
that CP violation in (B)' + f is expected to  be large. 

As has  been  said in Section 2, CP violation is the result 
of several interfering  amplitudes. If the interference is to be a 
- large effect, then  the  magnitudes M and M' of the interfering 
Bo and Bo decay amplitudes  in  equations (2) must  be of 
comparable size. The  quantity D in the decay rates will then 
be  near its  maximum  possible value. Now as pointed out 
some time ago5t9, when f is a CP eigenstate  and I(f(T( Bo)[ 
is dominated by one CKM factor, M and M' are of equal 
size. This is one of the reasons why decays to CP eigenstates 
are of particular  interest. 

When f is not a CP eigenstate,  but is a final state of 
the  type a1E2 = ( q Z a )  ( i jzqg),  the CP-self-conjugacy of the 
quark  content has  the consequence that - for each diagram for 
Bo + a1Z2, there is a  related  one for Bo + u1Z2 which is just 
the'CP conjugate of the Bo --+ a152 diagram  except for the 
way in which the  final  quarks  are joined  up to make  hadrons. 
This is illustrated  in  Figures 4 and 5 .  Because the Bo -+ al-it2 
diagram and  its BO --+ a152 partner  are almost CP conjugates, 
one expects that in general  these two diagrams are of compa- 
rable size. If some  single  diagram  dominates Bo + u1Z2, then 
- its  ".almost-CP-conjugate" partner is expected to dominate 
BO -+ u1-it2, and the  amplitudes for these two  decays should 
be of comparable size, as desired*. As discussed earlier, when 

* Using the heavy  quark techniques''*" in addition to factoriza- 
tion,  it has been s h ~ w n ' ~ . ' ~  that  the  diagram which dominates 
Bo --+ D*-D+ and  the "almost-CP-conjugate"  one which  domi- 
nates BO --+ D*-D+ are of equal size.  Furthermore, since only 
one universal form  factor governs the B d  -+ D' and B d  -+ D 
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one diagram dominates Bo -+ f and  one dominates B" -+ f, 
equations (5) apply, and  the weak phase 2@ = 2 c P ~  + @f + cP> 
can be  extracted from the  data using equation (6). Since the 
"almost-CP-conjugate"  diagrams  dominating Bo -+ a1Z2 and 
Bo + a17f2 have  equal and opposite weak phases (see, for 
example,  Figure 5 )  @> = @f. 

A promising example of the final states of the  type 
(qz i jy )  ( i jzqy)  is p*,F. The CKM phase involved in this final 
state is the  same  as  the one involved in the T+T- mode. This 
latter  mode was considered, up  to now, as the practical  candi- 
date for measuring this  particular phase. Since the branching 
ratio for Bo -+ T+T- is expected to  be small (- 2 x 

- 

- 
a2 

Figure 4. Related diagrams 
for Bo -+ a l z  and BO --+ 

'1 in which the find quarks are 
- a l z .  Except for the way 
a 2  - 

L 
- joined up to  make hadrons, the 

diagrams  are CP conjugates of 
each other. 

CP - conJugatc proccsss 

it is important  to find other competitive channels. This is 
one of the reasons why we are focussing our study on p*,F 
(and U?TT, which is a similar mode) in the following. The 
diagrams  expected to  dominate  the decays into p + r -  are  the 

quark decay diagrams shown in the  top row of Figure 5 
(comments on the complications that arise from other dia- 
grams will be  made in Appendix A). Henceforth, we assume 
that  the (8' decay diagram  dominates and  that  the  rescatter- 
ing processes such as Bi --+ D*-D+ + p - ~ +  are negligible. 
Let us discuss the p parameter.  Under  the previous assump- 
tions, the factorization appro~imationl~ ought to hold  for the 
~ * T T  and T+T- decay modes. One  predicts that 

( a' 

transitions  and since the D and D' decay constants are  related, no 
difference in final state phases is expected, Le. cos2 A a  = 1. Those 
modes, then, would measure the  same CKM phase as D+D- and 
$K,, and complement them. 
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Figure 5 .  - Diagrams for 
Bo + p+?r- and BO -+ per-. 
In the penguin  diagrams (bot- 
tom row), q runs over all the 
positively charged quarks, t ,  c,  
and u. The+ product of CKM 
elements to which  each dia- 
gram is proportional  is writ  ten 
beneath i t .  All  the  products 
in this figure are of order A3, 
where A is the Wolfenstein  pa- 
rameter.  Replacing  the quark 
u(Z) by the quark c(Z) wher- 
ever it is written explicitly, 
leads to another interesting fi- 
nal state,  namely D'+D-. 

Here, the p- meson is made from the virtual W boson, Fp 
and fir are  the decay constants of the p and  the pion, and 
the relevant vector form factor for the + .ir+ transition is 
denoted by f+. Only  factorization is required to obtain the 
quoted numerical value for this  ratio,  since  the decay constant 
3'' is measured from r 3 p r  decay, and  the vector  form 
factor f+ ought to  be  the  same for the two light scales q2 = mi 
and q2 = m,. 2 

b 
a 

vub  vud vub 

r(G -+ p+'n-) r(zi*+ p+n-) " ~ 2  

r(G -+ ?r+a-) r(G + p + )  "2 - p and therefore - - -  2 - 
will be kept as unknown in the following.  However, using 
many additional  assumptions, we estimate  the  ratio 
I'(B"1 3 p+r-)/I'(B: -+ 'n+r-) as being  either 10 f 4 
or 31 f 7 in Appendix B. 

While we have allowed for final state phases, we believe 
that  there  are no such phases involved in the decays of a 
heavy neutral B meson into two charged light particles. In 
the factorization approximation, the qij system issued from 
the virtual W is created at  the  same space-time point. B e  
cause of its pointlike creation, the qq pair  starts  out as a color 
singlet without any color dipole  moment.  It is a light system 
which flies off with a large Lorentz boost factor 7 15. Only 
after having flown a distance of a few Fermis from its cre- 
ation point does the qq system develop a sizeable color dipole 
moment  through which strong  interaction could have been 
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felt. But by that time  the qij system is too  far away from the 
other quark  pair to  interact appreciably with this other light 
particle.  Furthermore,  this  latter  particle has also travelled 
a sizeable distance in the opposite  direction. In short, no fi- 
nal  state interactions are expected and,  thus, no  final state 
interaction phases. 

We have seen that  the  ratio of rates 

is theoretically well-established and not very model-dependent. 
With  this in mind,  let us study  the error on the  measurement 
of sin2Q using the decay mode B + p*rr as  compared to 
B --+ r + ~ - ,  where B stands for the  sum of the Bo and BO 
mesons. This  error,  a[sin2Q], depends on the value of the CP 
violating asymmetry (cf. equation 7) and the  total  number 
of available events. Therefore, neglecting for the moment the 
relative selection efficiencies and backgrounds, one  gets : 

where N,t,- and N+r are  the numbers of observed B --f 
T+T- and B -+ p*rF decays, respectively, and d = [2p/(p2 + 
l)] X cos ACY is the dilution  factor for B -+ p*rT (this fac- 
tor is 1 for B -+ ?r+r-). If we suppose, as we have argued 
previously, that Acu = 0 and acknowledging that 

We  show this  ratio as a function of the value of p2 in Fig- 
ure 6. It can be seen from this figure that  the  error  on 
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Figure 6. The expected er- 
ror on sin2@ using the four re- 
actions B O ( B O )  -+ p * , ~  rela- 
tive to the error obtained using 
the two reactions B o ( s )  -+ 

,+x- as a function o f r ( 5  -+ 

p+,-)/r(Bo ---+ ,cT+). 

sin2Q as measured in the B + p * r F  channel is smaller than 
the one  obtained  from the B --+ x+r- channel as long as 
p2 E I'(z + p+r-)/I '(z  + p- r+)  is larger than 1/7. 
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4. ANALYSIS r(Go jP- x+) 

w e now address the issue of the experimental feasibil- 
ity of using the p*rT and the a f r F  decays of the B 

mesons to  study CP violation at  an asymmetric e+e- collider 
whose center of mass energy is set to  the T(4S) mass. 

The T(4S) decay into a B : q  pair involves a P-wave final 
state which ensures a definite correlation between the decay 
times of the two mesons2. Having observed at time tl  the 
decay of one of the B mesons into a final state tagging the 
flavor of a B , and the decay of the second B into  the final 
state f at time t 2 ,  the time difference At = t 2  -t1 follows the 
distribution given by equations 3, where t is replaced by At 
in the sine and cosine terms  and by lAtl in the exponential 
term.  (We assume that tl + t 2  is not measured.) 

( - l o  
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The use of an asymmetric e+e- collider  is prompted by 
the need of a moving T(4S) system in the  laboratory frame in 
order to  facilitate  the measurement of At. More precisely the 
determination of sin2Q is performed on the basis of the event 
distribution  with respect to  Az,  the distance along the  beam 
axis between the vertex of the B : ( q )  + f disintegration and 
the decay vertex of the tagged B: or B:. The two quantities 
are related according to 

_. 

Az = yycm/3cAt f yy /? ccos fl!jm(t2 + t l )  c m  cm (13) 

where c is the velocity of light and 
1. ,Ll and y define the boost which links the T(4S) rest 

frame to  the  laboratory frame. For the high energy 
beam of the machine we assume in the following 
&(e-) = 9 GeV, which  gives p = 0.49 and y = 1.14. 

2. pcm = 0.066 and ycm 1 define the boost which links 
the B rest frames to  the T(4S) rest frame. 

3. is the polar angle of the B decaying at time t2 in 
the "(4s) rest frame. 

Although the second term in equation (13) spoils the 
ideal one-to-one correspondence between AZ and  At  that 
one would obtain with pcm = 0, its  impact on the sin2Q 
measurement turns  out to be very small. This  results  from 
< cosOgm >= 0 and from the sin2flim angular  distribution 
which favors small values of C O S O % ~ .  Moreover, the f final 
state being completely reconstructed, the value of is  avail- 
able and can  be used to limit even further  the dilution of the 
information. A detailed analysis shows that  the increase on 
the resolution a[sin2@] induced by the non zero  value of Pm 
is  given  by the factor 

for P m x  << p, where x = Am/F is the Bi mixing parameter. 
For x = 0.7 one gets the negligible correction C p m  = 1.002. 
Hence, one can safely ignore the non zero value of pcm and 
use the  approximate relation Az = PycAt. 
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Using Td = 1.18 x 10-I2s for the Bd lifetime, the aver- 
age  longitudinal  distance between the two B decays is Llab  5 
AZ >= PYCTd N 200 pm. For a typical3  detector resolu- 
tion a[Az] = 55 pm,  the inequality Llab >> ~ [ A z ]  is not 
satisfactorily satisfied. However, the  quantity which  governs 
the measurability of the CP-violating effect is not Llab but 
the wavelength of the C !  violating  component of the AZ- 
distribution, Xcp = ,Llab N 1800 pm. For a 9 GeV  high 
energy beam  (but also for a smaller machine  asymmetry) the 
relevant inequality Xcp >> ~ [ A z ]  is satisfied. Hence, the 
quality of the vertex resolution of the  detector is not  critical 
for an experiment at an  asymmetric collider.  Accordingly, the 
algorithm used to measured AZ will not be discussed (details 
can be found in Ref. 3). 

2% 

For small values  of sin2Q (2 0.5) and assuming that 
cos ACY w 1, equation (6) simplifies to : 

sin22@ = ((S + 3) /2  cos Aa) 2 
(15) 

with cos A a  N fi - ((S - 3)/2)2. 
~~~ ~ 

The measurement of sin2Q is obtained  from  the  shape of the 
four distributions (3 and 3') using the likelihood method. The 
overall resolution is : 

where 

d = r  
P 4-1 

tion  three. 

2p cos Act is the dilution  factor defined  in  sec- 

0 N is the  total number of selected B!z events. 
0 r is the  ratio of the number of selected background 

events over the number of selected signal events. 
0 qz is an effective rejection factor  resulting  from the 

shape differences between the AZ distributions of back- 
ground and signal events. The vz value depends on the 
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resolution a[Az]. For example,  with a[Az] = 55 pm, 
one  has qz N 0.20  for the continuum q7j ba.ckground. 
The conservative value 7, = 0.5 is used  below. 

w represents the fraction of B:Bj events where the fla- 
_. 

vor of the tagged B is  wrongly  identified. 
0 The exponential term accounts for the loss in resolution 

due  to  the finite  vertex resolution, expressed in unit of 
Llab : crt = a[Az]/Ll,a N 0.3, with our numerical values. 
For 2 = 0.7, the vertex resolution correction term  on 
a[sin2@,] is ,then very small ; 4%. 

The contribution to a2[sin2@] of the measurement  error on p 
enters in the  O(sin22@)  term of equation (16). For x = 0.7, 
a [ p ] / p  goes from - 4% when p = 1 to - 12% when p = 5 (for 
N = lo3 events). 

The  study presented below  was carried out using the 
Monte-Carlo  program  simulating a generic B detector as  de- 
scribed in Ref. 4. The most relevant detector  characteris- 
tics  assumed in the simulation are  the following. The track- 
ing device consists of a drift  chamber completed with a sili- 
con vertex detector. The transverse  momentum resolution is 
a(p~)/p:  = (0.232 + 0.272/(p&)2(pz/p1)3)1/2 (% GeV-l), 
where p l ,  p,  and p, are  the transverse, total  and longitu- 
dinal  momenta of the charged particle and PC is its veloc- 
ity. The vertex resolution in the longitudinal  direction is 
a = (172 + 252/(ppc)2(pz/p1)5)1’2 (pm).  The calorimeter 
is made of 18 radiation-length CsI crystals. The angular and 
energy resolutions for the electromagnetic showers are .(e) = 

112 
a(q5) = 10 mrad  and a ( E ) / E  = ((0.02/E’/4)2 + 0.Ol2) 
( E  in GeV), respectively. Both the tracking device and  the 
calorimeter cover the polar angle region I cos 0 I <  0.95. For 
the sake of simplicity the particle identification capabilities 
are assumed to  be perfect in this analysis. More details  can 
be found in Ref. 4. 

Although the analysis implies the use of p+n- together 
with p - r +  events and a t r -  together with n;n+ events, as 
a matter of convention we refer to these final states as p - ~ +  
and air+ in  the following. In  distinction to  the  notation used 
in the previous sections, we will denote the generic  final states 
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p * d  and u f r ?  by f in this section.  In both final states,  the 
observed signal consists of 4 particles; 2 charged pions and 2 
photons for the p-n+ mode, 4 charged pions for the a;"+ 
mode. In the  latter case, we have restricted the analysis to 
the charged-pion decay of the a1 (a; + 7r-po + 7r-n+7r-) 
because events from the single charged-pion decay of the a1 
involve two T O  and are much more difficult to  extract exper- 
imentally. Both final states involve a T+ with a well  defined 
high-momentum in the Y' rest frame : P,t 21 M ~ ( 4 ~ 4 / 4 .  Be- 
cause of this  particularity, the background coming from B 
decays  is  very  effectively suppressed. The most important 
background to these final states is due  to continuum qij events, 
which,  accordingly, are  the only ones considered below. 

In addition to  the previously quoted values, the following 
numbers have been  used  in our analysis : 

0 qq continuum cross-section at the Y(4S) 
center-of-mass energy : cqq = 2.7 nb. 

0 e+e- + Y'(4S) cross-section : q ( 4 . q  = 1.2 nb. 
0 Branching ratios 

1) T(4S) into Bdoe pairs : B(B:) = 50%. 
2) B: into T-T+ : B(T-T+) = 2 X 

3) B: into p-7rr+ or p+w- : B ( p T r * )  = 6 X lod5. 
4) B: into ayn+ or U ~ T -  : B(U:T*) = 6 X lov5. 
5 )  UT into p o d  : 50%. 

0 Dilution factor : d = 0.94 ( p  = 1/ f i  and ACY = 0). 
The quoted values for B ( p T r * )  and B(uTn*) are chosen 

as  an example. The dependence of a[sin2@]  on these  branch- 
ing ratios is presented at the end of this section. 

The following quantities  are used to select the p-x+ and 
aln+ final states: 

0 SWf = I  Wf - MB 1, where W f  is the invariant mass 
formed by the four particle  4-momenta,  and MB is the 
B mass. The experimental  resolutions  on Wf are o[Wf] = 
31 M e V  for the p*nF events and a[Wf]  = 17 MeV for 
the a fnT  events. The larger p*rrf  resolution results 
from the angular and energy resolutions attached  to 
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the two photons o f  the a* decay which are significantly 
poorer than  the ones of the charged pions. 

0 b w f  =I vf - M B  I with W f  = M;(,s)/4 - pzm and 
where pcm is the  total  3-momentum of the four particles 
in the T(4S) rest frame. The experimental resolutions 
on wf are essentially determined by the  beam energy 
spread of the machine (assumed to  be o[Eb(e*)] = 7 X 

x &(e*)). The resolutions are therefore almost 
the same, a [ w f ]  N 3 M e V ,  for both  the pf7r-f: events 
and a:aF events. 

-2 

0 Sp =) W,, - mp 1, where m,, is the p mass and where 
W,, is the invariant mass of the two  pions  which should 
originate from a p decay : p- -+ 7r-7ro, for the p*7rF 
events and p' + R+T-,  for the af7rF events. 

0 Sal = I  W,-p~ -mar I (defined for the a;"+ final state), 
where ma, is the a1 mass and where W,-,,o is the in- 
variant formed by the 7r- and a pair of charged pions 
attributed  to a po decay. 

0 ST' = I  W7, - m,o I (defined for the p-n+ final state), 
where m,o is the mass of the 7ro and where Wrr is the 
invariant  mass formed by a photon  pair,  candidate for 
a T O  decay. The experimental resolution is a[Wr,] = 
7.5 M e V .  The typical value of the smallest of the two 
photon energies is EL,,, N 0.4 GeV (cf Figure 7) and is 
well within the expected capabilities of future B factory 
detectors. 

0 P; the x2 probability of the fit constraining the charged 
particles of the final state f to share the  same vertex. 
This  quantity is particularly useful in the case of the 
afaF final state, where four charged particles are in- 
volved. For example, the  cut P; > 0.05 rejects 45% of 
the qij background to this final state. 

0 Nc the number of charged particles detected in addition 
to the charged particles of the final state f .  

0 cos = I  u - 4 - 4  .uSph 1, where u'-t- is the unit vector along 
the direction of the high-energy 7r+ and where i i sph  is 
a unit vector pointing along the sphericity axis of the 
final state  (the four particles of the final state f are 
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excluded). For qq background events, the high energy 
w+ direction  tends to  be close to the sphericity axis 
(cos N l), while the two directions are uncorrelated 
for the signal events. 

a 

Figure 7 .  Energy 
spectrum of the softest p h e  
ton issued from the cascade 
decay B a ( S )  -+ pfrT -+ 

K + r - r o  ---$ r+r--/y.  

The preselection  is obtained by applying the following 
cuts : 

/I-"+ : 

SWf < 100 MeV, 6wf < 10 MeV, Sp < 300 MeV 
S,O < 20 MeV , P; > 0.05 , N,  >_ 3 

a p +  : 

SWf < 50 MeV, 6mf < 10 MeV , SP < 300 MeV 
bU- < 660 MeV , P; > 0.05 , N, 2 3 

The overall  efficiencies of these cuts are epr = (58.5 f 0.5)% 
and culr = (30 f 0.3)%, respectively. The  latter value in- 
cludes the 50% reduction factor coming from the a; -+ p'n- 
branching  ratio. The rejection factors on  the qij background 
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events are qpx = (1.7 f 0.1) X and q a l x  = (1.8 f 0.1) X 
respectively. The errors  quoted above reflect the limited 

Monte-Carlo  statistics used (2 X lo6 generated q7j Monte-Carlo 
events). At this stage of the preselection, the  detectable signal 
events have  been  almost completely preserved. 

In  addition,  the remaining N ,  charged particles not asso- 
ciated with  the final state f must allow a B : / q  tagging. This 
tagging is done by requiring the presence of either  one high- 
energy lepton  (electron or muon) or one charged Kaon. The 
minimum  lepton energy in the T(4S) rest frame is taken as 
ELin = 1.4 GeV. The lepton-tagging efficiency is E' = 11%. 
The fraction of the lepton-tagged B's which are wrongly iden- 
tified is w1 = 4%. The rejection factor on the qi j  background 
associated  with a lepton-tagging is taken as q' = 1%, al- 
though, in the limit of a perfect particle identification, the 
Monte-Carlo  simulation gives q' = (0.3 f O.l)%., The corre- 
sponding  tagging efficiency  using  kaons, including the losses 
due  to  the decays in flight, is eK = 35%. The fraction of the 
kaon-tagged B's  which are wrongly  identified  is uK = 7%. 
The background rejection factor associated with the kaon- 
tagging is qK = 25%. Depending on the lepton or kaon- 
tagging mode of the Bj,  the background/signal  ratios are 
rpx 1 = 1, T: = 8, T,,, 1 = 2 and r g ,  = 16. 

To optimize the  a[sin2@] resolution one must improve the 
rejection factors and, inevitably, one  must accept also a re- 
duction of the selection efficiencies.  For a given tagging mode 
and a given  final state, let  us  define E* and v* as the efficiency 
and  the background rejection factor associated with the final 
cuts of the selection, and r0 as the backgroundlsignal  ratio 
obtained at  the preselection level,  before these final cuts  are 
applied.  In  order to optimize  a[sin2@], it can be seen, from 
equation (16), that  the final cuts must minimize the quality 
factor : 

Five distributions  are available for  this  purpose,  the C O S O $ ~  
distribution  and  the S invariant mass distributions. The shapes 
of the  latter  distributions  and  the correlations between the 
variables have not been used in the preselection. However,  for 
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most of the selected qij events, at  least  one of the &invariant 
masses is  close to  the preselection cut.  This is in contrast 
with the signal events, for  which all the &invariant masses 
tend to be close to zero. This  information can be used to 
reduce the rejection factor.  In  order to perform easily the 
optimization of Q, we express the 5-dimension distribution in 
term of a single variable distribution as follows. For a given 
event i, let us define f', the fraction of Monte-Carlo signal 
events for  which all  the variables cosB$*, SWf, b m f  6p and 
ST' (or S a l )  have a larger value than  the corresponding ones 
of the i-event. Having calculated f', we define for the same 
i-event, the Rharity variable as being the probability, for a 
Monte-Carlo signal event, to  be associated  with a smaller 
f'. Hence, the smaller the Rharity, the  more likely the i- 
event is to be  a background event.  In other words, the RRari ty  

provides a definition of the probability for an event to  be a 
signal event. The RRar i t y  distribution of the q?j background 
events for the p-x+ channel is shown in  Figure 8 (lepton- 
and kaon-tagged events are combined). The dashed line in- 
dicates the signal-event distribution;  it is flat by definition of 
the RRarily variable. Both background and signal  distribu- 
tions correspond to  an integrated  luminosity of 50 fb-' (970 
selected p * ~ 7  signal events). The  shape of the RRari ty  dis- 
tribution of the q?j background for U ~ T T  events turns  out  to 
be very similar. 

Depending on the tagging mode of the B;, the minimal 
values of Q are  found to  be : Q'(pn) = 1.2, QK(pz )  = 
1.9, Q'(al7-r) = 1.4 and Q K ( p r )  = 2.5. The corresponding 
sin2Q resolutions, for an integrated  luminosity of 50 fb-', are 
a[sin2@] =0.15, 0.11, 0.23 and 0.18, respectively. The various 
numerical values obtained in our  analysis are  summarized in 
Tables 1 to 4. We also give in  these  tables the corresponding 
values  for the T+T- mode for comparison. 
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. 
p*7rF w+r- a p  

E 43% 30% 58% 

1.7 x 10-4 1.8 X 10-~ 

Figure 8. The distribution 
of the qq background events 
contaminating  the p*aF chan- 
nels as a function of the 
RRarily variable (see text  for 
definition). Events tagged 
with leptons  and kaons are 
combined. The dashed line 
shows the  distribution for the 
signal-events and is Aat  by 
definition of the R ~ ~ ~ i t ~  vari- 
able.  Both background and 
signal  distributions  correspond 
to  an  integrated  luminosity of 
50 !%-I (970 selected pfrT sig- 
nal events). 

Table 1: Preselection effi- 
ciencies and background rejec- 
tion factors for the three decay 
modes. 

Lepton-tagging kaon-tagging 

€ 

7% 4% w 

25% 1% 17 

35% 11% Table 2: Lepton and kaon tag- 
ging efficiencies, background 
rejection  factors and wrong 
identification  probabilities. 
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Table 3: Background/signal 
ratios at the  preselection level(ro), 
effective background/signd  ra- 
tios (ref! = rgqzq+/c*), se- 
lection efficiencies of the final 
stage of the selection (E, )  and 
increase on u[sin2@] due to the 
background (a - 1). 

Table 4: Overall selec- 
tion efficiencies (€tot), assumed 
branching ratios (B), numbers 
ofsignal  events for a 50 fb-' in- 
tegrated luminosity (Ntot) and 
the  corresponding  resolutions 
a[sin2Qi]. 

r; 
a[sin2@] 0.09 0.14 

- 
kaon 

0.18 

0.09 

1 

5% - 
-1 

20% I 
2 X 10-~ I 

240 I 
0.14 I 

Combining the measurements using the lepton-  and kaon- 
tagging modes, onegets n[sin2@](p7r) = 0.09 and  a[sin2@](alx) = 
0.14. These  results should be compared with the resolution 
expected  with the 7r+7r- events. The 7r+7rr- event selection is 
similar to  the  one described in Ref. 4, and close to  the p*xq 
and af7rF selection. It yields c x x  = 0.43 and v x x  = loe6, 
which  give a(sin2@j(ww) = 0.14. A much smaller reduc- 
tion  factor qxr can be achieved at the price of a significantly 
smaller selection efficiency.  However, the quality factor, which 
has not been optimized here, is close to  one  and would increase 
with the use of more stringent  cuts. 

Hence, for the  particular values of the branching  ratios 
assumed above, the measurement of sin2@ using the p*7rF 
final states is more  accurate  than  the  one using the X+T- 

mode. Combining the above resolutions, one  gets 

a[sin2@](7rS7r- -I- p*7rF + a:7r') = 0.07 . (17) 

Compared to  the a+n- resolution only, it represents a factor 
of four improvement on the luminosity needed to reach a given 
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level of precision on  sin2Q. The expected resolutions on sin2Q 
as a  function of the branching  ratios B ( p * r F )  and B ( a f r F )  
are shown in Figure 9. The  dotted lines indicated the reso- 
lution that would be achieved in  the absence of background 
( Q  = 1). 

0.01 I I I I I I l l  I I I I I I I I I  I I I I I I l l  

10 -6 10 -5 10-4 10-3 

Branching ratio 

5 .  CONCLUSION 

W e have shown that  neutral B mesons decaying into 
non-CP  eigenstates are very interesting  reactions for 

studying CP violation in  particular when these final states 
are  made  out of two mesons for which the  quark content of 
one meson is the CP conjugate of the  quark content of the 
second one. Provided this  condition is fulfilled, sizeable CP- 
violating asymmetries  can  be  expected and  the measurement 
of the CKM phases is possible. Two interesting examples of 
such decays, B t p*rrf and B -+ a f r S ,  have been studied 
in detail in terms of their  reconstruction efficiencies and  their 

Figure 9. The  expected 
experimental  resolutions on 
sin2Q as a  function  of  the 
branching  ratios B ( p T r * )  and 
B ( a r x " )  for p = 1 / 4  and 
for an  integrated  luminosity 
of 50 fb-'. The  dotted 
lines  indicated  the  resolution 
that would be achieved  in the 
absence of background. 



I 

94 Non-CP Eigenstate Decays 

background using a generic asymmetric B Factory  detector. 
It is found that these two modes  can indeed be efficiently 
used for probing CP non-conservation and for measuring the 
CKM phases. Furthermore,  these  reactions can turn  out  to 
be  better candidates than  the final state B + T+T-. 
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APPENDIX A 
In the main  body of this  paper, we neglected rescattering 

and  penguin  diagrams (see the  bottom row of Figure 5 ) .  This 
appendix discusses some physical  effects arising when those 
diagrams are  not negligible. When the magnitudes of these 
diagrams are comparable to  the  magnitude of the b quark 
decay one, we would expect that direct CP violation occurs, 
i.e. M # M and M‘ # MI. The reason  is that different 
CKM phases are involved, and  there is no reason to believe 
that  the final-state phases of the rescattering  and  penguin di- 
agrams  and the (6) decay one should be the same. In Section 
3, we argued that  the final state phase of the (6’ quark decay 
diagram vanishes, but  this argument by no  means suggests 
that  the  same is true of other diagrams. However, if for some 
reason the final state phases of the rescattering  and  penguin 
diagrams  do vanish, then ai = CY: = 0 for  all j in equations 
(1) and (1’) and we have M = MI and = M’. Neverthe- 
less, since the various contributing  diagrams have  different 
CKM phases, when one measures the time-dependent asym- 
metry for, say, Bo -, p+a- versus Bo -+ p- r+ ,  one does not 
measure s i n k *  but  rather a different, unknown combination 
of CKM elements. To guard  against such a wrong interpreta- 
tion of the measurements (that is in terms of sin2a), one  must 
be  able to disentangle penguin and rescattering  contributions 
from the ‘8’ quark decay  ones.  Such  efforts  have recently 
begun to appear in the  literature 17. 

( -) 

_. 

* Where Q is one of the angles of the  unitarity  triangle 16, 
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APPENDIX B - 
We  now estimate  the decay rate for I'(B: -+ p+a-) rela- 

tive to  the I?(% + x + ~ - ) .  Neglecting penguin and rescatter- 
ing contributions,  factorization  ought to hold  for  color-allowed 
two-body B decays into light mesons 14. With  this assump- 
tion, the  ratio of rates is  given in terms of form factors. 

and 

The 4-momenta of the B and p mesons are  denoted by PB and 
Pp respectively, The  numerator of equation (B.1) depends 
upon  axial form factors of the transition B; + p+ whereas the 
denominator  depends  on the vector form factor for B: 4 a+. 
All the form  factors are evaluated at very low q2 = m:. Many 
assumptions and indirect pieces of information are used to 
estimate  this  ratio to  be 1 0 f 4  or 31 f7. Let us first list them 
and then discuss how they are used to obtain  our estimate. 

- 
- 

1. We use the work of Isgur and Wise where they show  how 
the unknown  form  factors of B -t I<* can be related to 
the measured ones of D -+ I<*, when the 4-velocity 
transfers of the two transitions  are  the  same '*. 

2. A universal q2-dependence is used  for the form  factors 
in  all the B + X  transition^'^, where X denotes  any 
light meson p ,  a, I<*, I<. 

B+X 2 f o r m  factor ( q  = 0) B-X 2 
f o r m  factor (4 ) = 

1 - 4  
m B  

(B.4) 
3. Factorization is assumed valid for the decays B -+ I<*$ 
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and B --+ K$. That yields information on the  form 
factors for B -+ I(* and B + K at q2 = m2 l4 * '  

4. ARGUS found that, for large $ momenta,  the decay 
B t $X proceeds mainly through  its helicity zero 
amplitudelg. 

5. SU(3) invariance holds  when relating B --+ K* to B + p 
form factors, if the two transitions have the same' 4- 
velocity transfer : 

Whereas the vector form factors of D 3 I( and D -+ I<* 
are in agreement with theory, the axial-vector form  factors of 
D -+ K* are  not. Experiment E691 measures amongst  others 
the axial-vector form factors, f and a+, and finds them  to  be 
lower than what existing theoretical models predict 20. 

Our  objective is to numerically estimate the ratio in equa- 
tion (B.1). The denominator depends on  the vector form 
factor ff4*. As no inconsistencies between theory and ex- 
periment have yet  been found for the vector form  factors, we 
use the theoretical  estimate of Ref. 14. Conditional support 
for this choice  comes from the B + I<$ decay. Under as- 
sumption (3), only one form  factor  -that of the vector f$+K- 
is involved  in the B t IC$ decay. The form factor f f + K  can 
thus be estimated from the B -+ K$ ratez1 and agrees well 
with the predictions of Ref. 14. What is even more  fortunate 
is that we measure f f + K  at a  rather low q2 = m$,. This 
B -+ IC form factor is  closely related to  the ff-CT at q2 = 0, 
which must  be known in order to estimate the denominator 
in the  ratio of equation (B.l).Thus, we have some confidence 
in using the result of Ref.  14  for this vector form factor and 

, use ff'"(q2 = 0) = 0.333. 
In contrast,  the numerator depends on  the axial form fac- 

tors a + f, where experiment and  theory disagree. Thus, to 
estimate  the form factors in the  numerator, we wish to max- 
imize experimental  and minimize theoretical input. We start 
by utilizing assumption (1) and  relate f and g for the B + I<* 
transition at qi = 16.5 GeV2 to  the D -+ I<* one at q2 = 0. 
This step is fairly sound22. However, scaling the form  factors 
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f and g from q: down to q2 = m$, with  hypothesis (2), is 
riskier, but not  absurd as the value *:/mi 21 0.6 and is not 
too close to  the poles. 

Assuming factorization  (assumption (3)) the  rate mea- 
surement of B --t I<*$ involves all the  three  form  factors f ,  g, 
and a+. Only a+ is unknown, and is obtained by solving a 
quadratic  equation, and  thus two solutions  are  obtained23. 
Having a+, f, and g at q2 = m;, hypothesis (2) scales them 
down to q2 = 0. From assumption ( 5 ) ,  i.e. SU(3) invariance, 
we obtain  the form factor a + f for the B + p transition. 
Hypot hesis (2) yields this form factor at the desired q2 = 0 
scale. 

This analysis assumes that  the errors  are gaussians and 
uses the  inputs below: 

The D -+ IC* measurements2') : 

V(0)  = 0.9f0.3f0.1 , A l ( 0 )  = 0.46f0.06f0.03  (B.6) 

where V and A1 are proportional to g and f respec- 
tively, up to different  mass factors. 

The B + I<*+ rate  and  the B meson lifetime24 : 

B ( B  --+ I<*$) = 0.11 x f 35% (B.7) 

Without incorporating  assumption (4), we get for the 
ratio of equation (B.l) either 4 f 4 or 20 f 9. This 
prediction allows tiny values  for this  ratio  and is not 
much of a prediction at all. 

We can do better  than  that by incorporating the infor- 
mation from ARGUS (assumption (4)). Even though  the 
B I{:+ component always has X = 0, we still  note that 
the  rates for B -+ I<*$ are larger than B I{:$ and  take 
the finding of ARGUS as indicating that X = 0 dominates 
B + IC*$ decays. Incorporating  this  fact in a standard way, 
one gets the numerical estimates 10 f 4 or 31 f 7. 
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Some of the assumptions involve larger uncertainties than 
others. We cannot  justify the use of hypothesis (2)) as many 
poles ought to be included. However, a recent calculation 
by J.L.Rosner hints that when one fits the b + c transi- 
tions to one universal pole, this universal pole  is  lower than 
expected12. That is the reason why our pole was taken as 
m i  and not at a higher mass. As for hypothesis (3)) rescat- 
tering from color-allowed processes, which have a much larger 
branching rate, such its B: -+ D$D*- -+ I<*'$ can invalidate 
it.  Assumption ( 5 )  probably holds to 20%) that is supposedly 
the level where SU(3) breaking terms become important25. 

It should be noted that were the K and IC* treated  as 
heavy mesons, the Isgur-Wise symmetry limit" applied to 
the B + I<(*) transition  and were assumption (3) made,  one 
would predict : 

and 

Since equation (B.lO) disagrees with the ARGUS measure- 
ment  (assumption (4))) this approach was not used in esti- 
mating  the  ratio of equation (B.1). 
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CP ASYMMETRIES IN Bo DECAYS 
BEYOND T H E   S T A N D A R D  MODEL 

c. DIB, D. LONDON AND Y. NIR 

ABSTRACT 

Of the  many  ingredients of the  Standard Model that  are rel- 
evant  for the analysis of CP asymmetries in Bo decays, some 
are likely to hold even beyond the  Standard Model while other 
are sensitive to new physics. Consequently,  certain  predic- 
tions  are  maintained while other may  show dramatic devi- 
ations  from  the  Standard Model. Many classes of models 
may  show clear signatures when the asymmetries  are  mea- 
sured:  four  quark  generations,  2-mediated  flavor-changing 
neutral  currents,  supersymmetry  and “real superweak”  mod- 
els. On  the  other  hand, models of left-right symmetry  and 
multi-Higgs  sectors  with natural flavor conservation are  un- 
likely to modify the Standard Model predictions. 

1. INTRODUCTION 

M C P  
easurements of CP asymmetries in Bo decays into 

eigenstateslare  guaranteed  to provide  us with most 
valuable  information.  They will address  three  fundamental 
quest ions : 

(i) Is the Kobayashi-Maskawa  phase of the  three 
generation  Standard  Model (SM) the  only  source 
of CP violation? 

So far, CP violation has been clearly observed only in the 
measurement of the  €-parameter in the K O  system.  While the 
experimental  value of E can  be  accommodated in the SM, it The  measurement of the CP- 
does not by itself test  this model. CP asymmetries in Bo violating 6 parameter KO 
decays will provide us with  an  observation of CP violation of the Standard Model 

decay  does not provide  a  test 

in a different  system  and  are  subject to a clean theoretical 
interpretation.  Thus,  they will clearly test whether the single 
phase of the CKM matrix is the only  source of CP violation. 

103 
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(ii) What are the  exact values of the CKM parame- 
ters? 

The  parameters of the CKM matrix  are  important phys- 
ical quantities that merit  careful measurement.  The  deter- 
mination of Vub and &d or, equivalently, of ~ 1 3  and 6 in the 
standard  parametrization, is limited  in  accuracy  due to  the- 
oretical  uncertainties in modeling b --+ u transitions  and in 

CP asymmetries in the Bo 
system  are largely free of hadronic  matrix eIements ( f ~ ) .  CP asymmetries in Bo 
hadronic  uncertainites decays provide us with a unique way to  measure  the CKM 

parameters.  They  measure  relative  phases between various 
combinations of CKM elements. A s  these  asymmetries  are 
expected to  be sizable, systematic  errors will probably  not 
obscure  the signal. Various consistency checks will further 
reduce  such  errors. Most important,  theoretically, CP asym- 
metries in Bo decays are free of hadronic  uncertainties. 

We emphasize that even in the case that  the answers to 
the  above two questions are  consistent  with  the SM, we will 
still  gain  most  valuable  information. However, in this work 
we are  interested in the following question: 
(iii) Is there new physics in the quark sector? 

CP asymmetries in Bo decays test those  aspects of the 
quark sector which are most  sensitive to  the possible  existence 
of new physics: CP violation,  mixing  in the  neutral meson 
systems,  and  unitarity of the  CKM  matrix. 

We first describe the  ingredients of the SM which are rel- 
evant to  the analysis of CP asymmetries  in Bo decays. We 
study  the  prospects of these  ingredients  being modified in the 
presence of new physics. In the second part, we list those 
classes of asymmetries which can be cleanly interpreted,  and 
give the SM predictions for these  asymmetries. We then ex- 
plain which of the predictions are likely to  be modified with 
new physics and which are  maintained.  Finall, we survey 

Specific extensions  of  the Stan- specific models: Four quark  generations;  2-mediated flavor- 
dard Mode] produce specific changing neutral  currents  (FCNC);  Left-Right  Symmetry 
patterns of CP violation  in Bo (LRS);  Supersymmetry (SUSY); Multi-Higgs  Doublets  with 
decay natural flavor conservation (NFC); Real  superweak  contribu- 

tions to B mixing. We investigate for each  model  whether 
it is likely to modify the SM predictions  and  discuss  whether 
these  modifications  have  unique  properties. 
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Previous  general discussions of CP asymmetries  in Bo 
decays beyond the SM can be found in refs. 2 - 4. References 
to studies of specific models will  be  given  in Section 3. A 
comprehensive analysis of B - B mixing beyond the SM is 
given in ref. 5. The present status of the SM predictions for 
CP asymmetries in Bo decays is described in refs. 6 - 7. 

2. THE STANDARD MODEL ASSUMPTIONS 

T he CP asymmetry in neutral B decay, ACP,  is the  ratio 

BPhYS (‘1 [B:hys(t)] is a is a time-evolving initially pure BO [BO] 
state. fcp is a  final CP eigenstate. r(t) is the time-dependent 
decay rate. Two ingredients of the SM are essential for any 
clean interpretation of a measurement of A’‘. (By “clean in- 
terpretation’’ we mean that  the measured value of the asym- 
metry can be  translated  into a value of a basic parameter 
of the electroweak sector or its extension with no significant 
hadronic or other uncertainties.) 

0 In the  neutral B system  the difference in width between 
the two mass  eigenstates is much smaller than  the dif- 
ference in  mass, r12  << M12. 

0 The direct decay is dominated by a single combination 
of CKM parameters (or by a single strong  phase).  This 
means that  the  asymmetry is a result of the interference 
between a direct decay B + f c p  and a process that 
involves mixing B 4 B + fcp. 

Under  these  two  conditions, ACP depends  on only two 
properties of the decay process: The  type of the decaying 
neutral B ,  whether Bd or B,, and  the quark sub-process in- 
volved in the direct decays. Therefore, we denote an asym- 
metry in a B, decay through a quark sub-process i by A$. 
Under the  same conditions, the asymmetries have a simple 

A clean  connection  between 
measured CP asymmetries in 
Bo decay and parameters of 
the  electroweak  sector  depends 
on  the  direct  decay  being 
dominated by a single strong 
phase, an assumption which 
can be  tested 
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time-dependence: 

Am, is the mass  difference in the B, system, defined to  be 
positive: 

Am, m[Bq(heavy)] - m[B,(light)]. (2.3) 

Im Ai, is the  amplitude of the sinusoidal  time-oscillation, to 
be  determined by experiment; Xi, is a pure  phase. To show 
what  ingredients of the SM are  further used to  calculate X;,, 
we derive the specific prediction: 

where 7 is an  angle  in  the  unitarity  triangle (see Figure 1). 
The list of ingredients goes as follows: 

0 The direct  decay 6 + iiud is dominated by the W -  
mediated  tree level diagram.  This gives: 

0 The mixing in the Bf system is dominated by a box 
diagram  with  virtual  t-quarks.  This gives: 

0 The mixing in the K O  system is dominated by box di- 
agrams  with  virtual  c-quarks. (As Bf produces a 
and Bt produces a K O ,  interference is possible  only  with 
K - I? mixing.) This gives: 

The result is: 
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0 The following unitarity  constraint holds: 

Udb  VldVub + VSVcb + q z % b  = 0 - (2.11) 

Geometrically, this  relation  can be represented by a tri- 
angle (see Figure 1) with angles CY, P,7 that  are given 
by: 

Thus, we derive the prediction of eq. (2.4): 

Im x(B,O 3 PIC:) = -sin 27. 

(2.12) 

(2.13) 

6 6 4 8 ~ 1  Figure 1. The UnitZUitJ' 5-90 

triangle.  Relevant classes of 
CP asymmetries are indicated 
for each angle (see Tables 1 and 

v 

2). 
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There are five  distinct  groups 
of assumptions  within  the 
context of the  Standard  Model 

The 1.h.s of this  equation will be  experimentally  determined: 
it is the  amplitude of the sinusoidal  oscillation  in time of ACP. 
As for the  r.h.s,  the SM allowed range for sin 27 will be de- 
termined using information  on the  length of the sides of the 
triangle.  Thus we need to assume, €or example: 

0 Mixing in the E$ system is dominated by a box diagram 
with  virtual t quarks  and,  therefore,  proportional  to 
I&d%bl- 

For any of the asymmetries that we discuss, the analysis 
goes along  similar  lines to those  presented  above. To discuss 
the sensitivity of the analysis to new physics, we divide the 
various ingredients  into five groups,  and comment on each of 
them  in  turn. 

a. In neutral BO systems, r12 << M12. 

Within  the SM, one  can  explicitly calculate  the two rel- 
evant  quantities  (assuming that a quark-level  description is 
appropriate): 

(2.14) 

f2(yi) is a slowly varying  function of yt m;/Mb, which 
assumes values in the range {3/4,1/4} for yt in the range 
( l , m } .  However, it seems that  the order of magnitude es- 
timate holds  far  beyond the SM3. For I'12 to  be enhanced, 
one needs a new decay  mechanism which significantly domi- 
nates over the W mediated decay. This is most  unlikely; there 
seems to  be no  viable  model that suggests  such a situation. 
Therefore,  a ratio r12/M12 significantly  higher than in the 
SM is possible  only in models  where is significantly  sup- 
pressed.  This  requires  fine-tuning to cancel the known top 
contribution  with some new physics  mechanism.  Again, we 
know of no model where a cancellation to two  orders of mag- 
nitude is predicted. The  argument is particularly solid for 
the B: system,  as  it is supported by experimental evidence: 
A M / r  N 0.7, while (upper  limits  on)  branching  ratios  into 
states which contribute  to r12 are  at  the level of low3. 
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b. The relevant decay  processes are dominated by 
the SM W-mediated  amplitudes. 

Within  the SM, there  are  contributions from  penguin  dia- 
grams  as well. If the  matrix elements for the penguin operator 
are  not significantly  enhanced, then  these  amplitudes  are  sup- 
pressed by a factor of (aS/ l2n)  In(rn:/rni) compared to  the 
tree-level amplitudes.  The  situation is particularly  promis- 
ing in the b -+ CcS processes, where the CKM combinations 
for the  W-mediated  and penguin  amplitudes  carry  the  same In  the  standard Model, pen- 

guin  amplitudes  are unlikely 
phase. It seems reasonable that for other processes (except to be larger than 10% of the 
for ?J --+ tius which we do not consider here)  the effect  is within corresponding tree-level ampli- 
10% or 

" 

t u  des 

In models  beyond the SM, violation of this SM assump- 
tion is possible if there is a new decay  mechanism which com- 
petes  with the  W-mediated tree-level decay. Unlike our dis- 
cussion of r12, the effect  will be  important even if it is  com- 
parable to the SM diagram  (and  not necessarily dominating 
over it). However, experimental  measurements of rare pro- 
cesses (e.9.  B - i? mixing or B --+ X C + P  decays)  typically 
constrain  the couplings or the scale of the new physics in a 
way which renders  the  contribution  from the new physics to 
tree-level processes very small. For example,  amplitudes  from 
new physics at  the 1 TeV scale  typically give 2 1% of the SM 
amplitude. 

c.  IC-E mixing is dominated by box-diagrams with 
virtual c quarks. 

Even within the SM there is a non-negligible long-distance Mlz  and r12 for K O  meSORS 

contribution. The  important ingredient is that the relevant have  the Same phase in most 
CKM combination is arg(2) = arg(vdcs) .   The validity of models 
this  assumption holds  far  beyond the SM: Although 2 may 
be modified with new physics, arg(2) is not.4  Consider the 
condition  on  mixing in the I( system  from  the  measurement 
of the E parameter: 

arg(Ml2/I'l2)(mod T )  = 6.6 x (2.15) 
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independent of the model for mixing. A new mixing mech- 
anism will not be revealed through CP asymmetries  in Bo 
decays as long as 

Within  any  three  generation  model,  eq.  (1.16) holds to  an 
excellent approximation due  to  unitarity  constraints. Even 
within  extended  models, eq. (1.16) is likely to hold, but with 
contrived models it could be violated. 

d. B-B mixing is dominated by box diagrams with 
virtual t-quarks. 

The SM box diagram is suppressed by being  fourth  order 
in the weak coupling  and by small  mixing  angles (the GIM 
mechanism).  Thus,  it is not unlikely that new physics con- 
tributions, even when suppressed by a high energy  scale, will 

Bo - go fixing is sensitive to compete  with or even dominate over the SM diagram. In- 
new  physics contributions deed, in many models, a new such  mechanism for mixing of 

neutral B's is suggested. If this is the case, there are two 
possibilities: 

A new  mixing mechanism 
could have a different phase 
than  the CKM amplitude, 
producing  dramatic effects  in 
CP-violating  asymmetrks 

(i) The phase of the new mixing  mechanism is the  same 
as that of the SM mechanism.  Consequently, the SM 
predictions  for ACP will not  be  violated, even though 
there is  new physics in the relevant  processes. 

(ii) The phase of the new mixing  mechanism is different 
from  the SM mechanism.  Consequently, CP asymme- 
tries  in Bo decays may be very different from the SM 
predictions.  They no longer measure  the  relative  phase 
between the CKM combinations that  determine  the de- 
cay and  the mixing. Instead  they  measure  the rela- 
tive  phase  between the CKM combination  that  deter- 
mines the decay and  the  phase  from new physics that 
determines  the mixing. As these new phases  have no 
experimental  constraints,  their effect could be  rather 
dramatic, e.g. give maximal  asymmetry where the SM 
predicts zero asymmetry. 
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e .  The three  generation CKM matrix is unitary. 
The relevant unitarity  constraints are: 

3 

Uqb G VkbViq = 0; q = d, S. (2.17) 
k=l 

We  would like to argue that  there is a connection between 
the  three  generation  unitarity  constraints  and mixing in  the 
B system. More specifically, if U,b # 0 [Udb # 01, there will 
be significant contributions  from beyond the SM to B: - B: 
[B: - Bj]  mixing.4 If the full spectrum of colored fermions 
consists of the  three known generations of quarks,  the 3 X 3 
CKM matrix  is  unitary,  and all the constraints  hold.  There 
are two basic ways to extend  the  quark  sector,  thus allowing 
a violation  of the  unitarity  constraints: 

i. Adding  sequential  quarks,  namely  left-handed  doublets 
and  right-handed  singlets.  With n generations,  the CKM 
matrix  is a sub-matrix of an n X n unitary mixing matrix. 
The relevant unitarity  constraints of eq. '(1.17) are replaced 
by: 

n 

(2.18) 

At the  same  time,  the Uk quark  contributes to Bi - Bi mix- 
ing through  box-diagrams  proportionally to (VkbVk*,)2. This 
contribution is enhanced by milmi. 

ii. Adding  non-sequential  quarks. The charged-current 
mixing matrix is non unitary; consequently there  are flavor- 
changing neutral  currents.  The best-known  example is the 
model  with an SU(2),5 singlet of charge -1/3 quark. In this 
case, the  unitarity  constraints  are modified to 

where UP* is a flavor-changing coupling of the 2' gauge  boson. 
At the  same  time,  there is a contribution to I?: - B: mixing 
from tree-level 2-mediated  diagrams,  proportional  to ( I !Y*~)~ .  
This  contribution is enhanced  because it appears at tree-level. 



11 2 CP Asymmetries  Beyond  the  Standard Model 

Small violations of the  unitar- The conclusion is that a small  violation of the  unitarity 
jtY constraints can give rise constraints  usually gives a significant new contribution  to 
to large  changes in the  Stan- 
dard Model predictions for CP- Bo - Bo mixing, For CP asymmetries in Bo decays,  this 
violating  asymmetries second effect  is the one that may give substantial  deviations 

from  the SM predictions. 
To summarize:  When we survey  models of new physics for 

possible  violation of the SM predictions for CP asymmetries 
in Bo decays, the  main questions to be  asked  are: 

1. Is there a possibility of a new mechanism for mixing of 
neutral B’s? 

2. Does this mechanism  carry new phases? 
We also check the following aspects: 

3. Is unitarity of the 3 x 3 CKhf mat,rix  violated? 
4. Are there significant new contributions  to  the  direct 

B -+ fcp decays? 

3. MODIFICATIONS OF THE SM PREDICTIONS 

0 ur  study involves those classes of asymmetries for which, 
within the SM, the  direct decay is expected to  be dom- 

inated by a single combination  of CICM parameters.  The 
asymmetries  are  denoted by Im Ai*. The index i = 1,. . . , 5  
denotes the  quark  sub-process. The index Q = d,s denotes 
the type of decaying meson, B,. In  Tables 1 and 2 we list 
CP asymmetries  in €I: and B: decays, respectively. The 
list of hadronic final states gives examples  only;  other  states 
may be more  favorable  experimentally. We always quote  the 
CP asymmetry for  CP-even  states, regardless of the specific 
hadronic state listed. 

From our  general  analysis  in the previous  section, it fol- 
lows that in most  models of  new physics: 

0 X;, is of the  form (lAiql = 1): 

The X;-factor  depends  on the  quark  sub-process ampli- 
tude.  The Y,-factor depends on the mixing amplitude of 
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the decaying  meson. The  Zq-factor (which differs  from 
1 only for  final  states  with  an odd  number of neutral 
kaons) depends  on  the Ir' - I? mixing amplitude. 
The X ;  factor is given by 

x1 E X ( 6  + ccs) =vc*vc*s, 
x2 = X ( &  + E d )  =I$$& ( 3 4  
x3 X ( b  Gus) =Vu*V,*d. 

IClass I Quark I Final  state I SM I 
(iq) sub-process I (example) I prediction 

Table 1. CP Asymmetries in 
B: Decays 

I I I I I 

~~ ~ 

Class SM Final state Quark 
(zq) prediction (example) sub-process 

- 
1s 

b -+ ccd 2s 

0 D$D, b + CcS 

sin 2 p  w: 6 + ssd 5s 

0 vlvl 6 + sss 4s 

- sin 27 P I - ;  6 +  uua 3s 

0 w: - 
Table 2. CP Asymmetries in 
Bt Decays 

For classes i = 4,5, the  dominant  direct decay  mechanism 
within the SM is the  penguin  amplitude. We include them 
in  the  tables  for completeness, but will not discuss them in 
detail. A detailed  analysis is given in ref. 11. 

The Z;, factor is given by: 
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On  the  other  hand: 
0 arg[Yd] and arg[Y,] may differ significantly from the SM 

values, if there  are new contributions to  the mixing of 
neutral B's, and if these  contributions  carry new phases. 

0 The  unitarity  constraints  on U d b  and Usb may be signif- 
icantly violated in models of extended  quark sector. 

Within  the SM, the asymmetries measure angles in the 
complex plane between various combinations of the charged 
current mixing matrix, as those determine  both b decays and 
B: - B: mixing. These angles are calculated  within the 
SM on  the basis of direct measurements  and  unitarity of the 
CKM matrix.  Within models of new physics, unitarity of the 

Through  the  effect on mixing, charged current mixing matrix  may  be  lost,  but  this is not the 
Of unitarity affects ''- main reason for the asymmetries  being modified. The reason violating  asymmetries  primar- 

ily because the asymmetries is rather  that, when B: - B: mixing  has significant contri- 
than  measure  different  angles butions from new physics, the  asymmetries  measure different 

quantities,  namely angles between combinations of elements 
of the charged current mixing matrix  determining b decays 
and elements of mixing matrices in sectors of new physics 
(squarks, multi-Higgs, etc.) which determine B: - B: mix- 
ing. 

In view of these  observations, let us examine which of the 
predictions of Tables I and I1 are likely to hold and which 
may be violated with new phy~ics.~1" 

The predictions 

Im X l d  = Im X2d, Im XI, = Im X2,, (3.4) 

do not depend  on  the mixing mechanism for neutral B's. In- 
stead,  they  depend only on the mechanism for tree-level de- 
cays and for K O  - I?' mixing. They will hold as long as 
arg[X1] + arg[Zlq] = arg[X2] + arg[Zzq]. As explained above, 
this  relation will hold in all but  some very contrived models 
with  both new mechanism for K O  - I?' mixing  and extended 
quark sector. 

The predictions 

Im Xld = Im X4d, Im XI, = Im X4,, (3.5) 

do not depend on the mixing mechanism for neutral B's. In- 
stead,  they  depend only on  the  mechanism for  direct decays 
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and  the  unitarity  constraint Usb = 0. They  are likely to  be 
violated  in  any  model  with USb # 0. Similarly,  certain  rela- 
tions  between  asymmetries  in classes i = 2 , 3  and i = 5 will 
be violated if U d b  # 0. 

The prediction 
Im XI, = 0 (3.6) 

depends  on  the mechanism for tree-level decays,  on the uni- 
tarity  constraint Usb = 0 and on the mechanism for Bt mix- 
ing.  It  is likely to  be violated  in models with new phases  in 
B,O - B,O mixing. 

The predictions 

Im X2d = - sin(2P), Im A3d = sin(2tr), (3.7) 

depend  on  the mechanism for tree-level  decays,  on the  unitar- 
ity  constraint = 0 and on the mechanism for Bd mixing. 
They  are likely to be violated  in models with new phases  in I?: - Bj mixing. 

Finally, we note  that  the  three angles deduced  from  mea- 
surements of the Im X l d ,  Im X 3 d  and  Im A3s will sum up to 
180' whenever the  amplitude for B: - l?: mixing is reaL4 
This is independent of whether  they  correspond to  the angles 
of the  unitarity  triangle or not. 

4. MODELS OF NEW PHYSICS 

W e now briefly survey  relevant models of new physics. As 
explained  in  previous  sections, we look  for violation of 

the  unitarity  constraints: 

and, more important, for new contributions  to B:-B: mixing 
which are  at least  comparable to  the SM contribution: 
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1. Four  quark  generation^'^-'^: 
There  are  no new tree-level contributions  to b decays. 

Thus, r 1 2  remains unmodified and  the  direct tree-level decays 
are still  dominated by the  W-mediated  diagrams.  Unitarity 
of the CKM matrix is violated: 

A fourth  quark  generation 
There could be significant new contributions  to B: - B: mix- 

could significantly  alter B ing. For example, a box diagram  with  virtual t’ quarks 
mixing contributes: 

The full (4 x 4) mixing matrix  has  three  independent  phases, 
which could appear in M 1 2 .  

2. 2-mediated flavor-changing neutral  currents 
(FCNC)? 

There are tree-level 2-mediated  contributions  to b decays. 
Experimental  constraints  imply that  they  are below 10% of 
the W diagram for i = 1, but could be as large as 20% for . 

Left-right  symmetric  models 
are  unlikely to  modify  the i = 2,3.  Although I‘12 has new contributions  from 2 medi- 
pattern of CP violation ated  diagrams, it is not  expected to  be  enhanced.  The  direct 

decays are still  dominated by the  W-mediated  diagrams,  but 
the theoretical  analysis of b -+ d processes may be less solid. 
Unitarity of the CKM matrix is violated: 

where Uqb is a non-diagonal 2-coupling.  There could be sig- 
nificant new contributions to B: - B: mixing  from tree-level 
diagrams: 

There  are new independent  phases  in the  neutral  current mix- 
ing matrix which could appear in M 1 2 .  
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3. Multi-Wiggs doublets with natural flavor con- 
servation (NFC): 

There axe tree-level  q)+-mediated  contributions to b de- 
cays. Experimental limits  on the mass of the charged Higgs 
imply that  they  are negligible. Thus,  there is no significant 
effect on  and  on  the direct decays. Unitarity of the CKM 
matrix is maintained.  There could be significant new contri- 
butions to Bi - B: mixing  from  box-diagrams  with  charged 
Higgs. In a general  n-doublet  model  with NFC, the couplings 
of the physical  charged  scaIars to quarks  are given by:17 

+(Y2k/Y21)VMd(l t 75) ]D  + h.c. (4.7) 

Y is the  matrix  that  rotates  the mass  eigenstates of charged 
scalars to  the  interaction eigenbasis. Without loss of general- 
ity we took @ to be  the  Goldstone boson. The  Y-matrix  in- 
troduces new phases which are not  related to those of VCKM. 
However, the leading  contribution  from 4:-exchange diagrams 
to "8 - Bi mixing comes from the  term  proportional to mt. 
This gives ( Y 1 k K d ) ( Y l k l & ) * ,  and  has  exactly the  same  phase 
as the SM W-exchange  contribution.  Consequently,  arg(M12) 
remains  unmodified. 

It is amusing to  note  that in the  multi-scalar models 
with NFC and with  spontaneous CP violation (SCPV), where 
~ K M  = 0 (so that  the  unitarity  triangle becomes a line), CF 
asymmetries  in classes i = 1 ,2 ,3  all  vanish. (This was  shown 
in detail for B: -+ in ref. 18. A more  general discussion 
of the ~ K M  = 0 case is given in ref. 2.) However, it seems 
that  with  the new limits  on  scalar masses from LEP, this class 
of models is phenomenologically excluded. 

4. Left-Right Symmetry (LRS)'9-20: 
There  are tree-level WR-mediated contributions to b de- 

cays. Experimental  limits  on  the mass of W J ~  imply that  they 
are negligible. Thus,  there is no significant effect on r12 and 
on the direct  decays.  Unitarity of the CKM matrix is main- 
tained.  The  experimental  limits on M(WR) from K O  - li" 
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mixing and  the  relations between the mixing  matrices for WL 
and WR interactions  imply that  there could be  no signifi- 
cant new contributions to B: - I?: mixing. The only way to 
evade  these conclusions is  by giving up  the left-right  symme- 
try (namely, a model of su(2),5 x S [ / ( ~ ) R  X U ( ~ ) B - L  gauge 
symmetry  but no discrete L H R symmetry),  and even then 
one needs to fine tune  the  quark  sector  parameters. 

5. Supersymmetry ( s u s Y ) ~ ~ :  
There  are no new tree-level contributions  to b decays. 

Thus, r12 remains unmodified and the direct  tree-level  decays 
are  still  dominated by the  W-mediated  diagrams.  Unitarity 
of the CKM matrix is maintained.  There could be signifi- 
cant new contributions to Bi - Bi mixing from box  diagrams 
with  intermediate gluinos and  squarks.  Whether  these box di- 
agrams carry phases that  are different from  those of the SM 
box diagrams  depends  on the specific SUSY model. In the 
minimal SUSY model,  only  left-handed squarks (namely,  su- 
perpartners of left-handed quarks)  contribute.  The couplings 
jiLiJLj are  proportional to  the CKM element V , j  and  thus 
no new phases are  introduced: 

The  function AS, can  be  found, for example, in ref. 5. Thus 
CP asymmetries  are  not modified in  minimal SUSY models. 
However,  in  less restrictive SUSY models, there  are  contribu- 
tions  from box diagrams with right-handed  squarks  as well. 
The mixing  matrices  are  not  related  to VCKM and carry,  in 
general, new phases.22 We emphasize that (unlike  our  discus- 

Extended susy models can sion of LRS models),  the difference between  minimal and 
modify Bo - Bo mixing extended SUSY models is only in simplicity and  predictive 

power, but  not in the basic  theoretical  principles,  and  thus ex- 
tended models are not less motivated than  the minimal ones. 

Although in superweak models 
B j  + $ K g  and Bj  -+ mr This generic  framework  assumes that A B  = 1 processes 
no longer  measure a and P ,  
the angles deduced from the are  dominated by the SM amplitudes,  but AB = 2 processes 
measurements sum with may have significant new contributions. The only  assump- 
(from B: -+ p K i )  to 1800 tion  additional  to  our discussion in  Section 1 is that these 

6. “Real Superweak” models2: 
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new contributions  are  real.  This  means  that  the  phases  from 
the direct  decays (arg X )  remain the  same as in the SM. As 
for the mixing, while the  phase in Bt mixing (arg Ys) remains 
the  same,  the  phase in Bj mixing (arg yd) is reduced. Conse- 
quently, this model  predicts  no  modification of the SM predic- 
tion for asymmetries  in Bt decays; a reduction in the asym- 
metry in Blf --f +I{;; and a modification  (in  either  direction) 
of the  asymmetry in B: --+ aSar-. This model demonstrates 
a general feature  noted in ref. 4: Even though the measure- 
ments of B: --+ $1'; and B: + n+x- do not  measure @ and 
a anymore,  the angles  deduced  from  these  measurements will 
sum  up  with 7 (deduced  correctly from Bt 4 PI(!) to 180'. 
This is guaranteed by the B: mixing amplitude  being  real. 

A summary of our conclusions is given  in Table 3. The 
second column  describes, for each model,  whether unitarity of 
the  three  generation CKM matrix is maintained (a triangle) or 
violated (a quadrangle).  The  third column gives an  example 
of a new contribution  to Bi - Bt.0 mixing. Unless otherwise 
mentioned, the contribution could be large  and  carry new 
phases. 

The measurement of CP asymmetries in Bo decays should 
constitute a whole program: the more classes of asymmetries 
measured, the  better we understand  the detailed nature of 
new physics which may  account for deviations  from the SM 
predictions. 
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Four Quark 
Generations 

Z-Mediated 

"Real  Superweak" 

CKM 
Unitarity 

8 - B  
Mixing 

No  New 
Phases 

a - R  Small 

I I  

s" 
No New Phases 

SM  Predictions 
for ACP 

Modified 

Unmodified 

All As mmetries 
&ish 

Modified 

Unmodified 

Modified for Bd 
Unmodified  for B, 

8-90 6708, 

Table 3. Effects of new 
physics on CP asymmetries 

A1 
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DYNAMICAL MODELS O F  B + J / $ K *  

B.F.L. WARD 

ABSTRACT 

An issue of some  interest in the general  theory of CP 
violation  in B meson decay is the relative admixture of even 
and  odd  final CP eigenstates  in Bo J/$J,IT'*~. For example, 
dominance of one  sign of CP in this decay would increase 
the available  modes for measuring the CP violation  in the 
respective B meson decays in a B Factory by a factor - 2.5 
and, hence, would decrease the luminosity  requirements for 
such a Factory  from the CP violation  perspective.  Here, we 
therefore  study  this  relative  admixture in several  dynamical 
models of the respective decay. We are encouraged by our 
findings. 

1. INTRODUCTION 

T here  is  currently  considerable  interest' in exploring the 
phenomenon of CP violation  in the B meson system. For 

the respective  CP-violating  asymmetries  are  expected to  be 
large and, hence,  present a unique window  on the possible  dy- 
namical  origins of the phenomenon  itself, for example.  Fur- 
ther,  the decay  mode Bo + J / $ K $  has  already  been  observed 
and,  based on the observed BR, one may guesstimate the re- 
quired  number of B's in  a B Factory if one  wants to  probe 
CP violation  in this  mode  via the  standard  asymmetries.  The 
result of this exercise is  well-known to  be - lo8 B's. 

Such a number of B's, if it is to be  obtained in a reason- 
able (- 3 year)  period would then necessitate  luminosities of - 3 x - 1034cm-2s-1, well-beyond those achieved at  any 
previous  colliding  beam device. Accordingly, it is  imperative 
to explore  other possible B physics avenues which may  help 
to reduce the luminosity  required to  probe CP violation  in the 
B system.  Thus, in this  paper, we explore the potential of 
the Bo + J / $ K * O  decay  for the measurement of CP violat- 
ing  asymmetries  in B decay. Indeed,  elementary  arguments2 
would suggest that  its BR is - 3 times that for B: 4 J / $ K $  
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and measurements3  in B+ -+ J /$K*+ are  consistent  with 
this  expectation. Hence, it is indeed appropriate  to explore 
such a mode  as Bj --+ J/+Ii'*' as a potential  additional  mode 
in  which to study CP violation  in B decays. 

Specifically, the primary  issue4  can  be  summarized as fol- 
lows. In ---f J / ~ K * ' ,  there  are  three possible orbital  an- 
gular  momentum  quantum numbers, L = 0 , l  and 2. The CP 
eigenvalue of the final state is (-l)L(-l)2(l) = (-l)L. Thus, 
the even values of L have  positive  (even ) CP and the odd Val- 
ues of L have  negative (odd) CP. Hence, the  expected CP vi- 
olating asymmetries are  opposite in sign for the even and  odd 
L cases. Thus,  the  important question is what is the  relative 
amount of even or odd L in the decay B: -+ J/+li'*': if either 
type of L dominates, the mode  can be used as another avenue 
to CP violation  in B decay  without  further qualification. If, 
on the  other  hand,  the  ratio of L even to L odd  contributions 
in  the respective  final states is near 1, a detailed  moments 
analysis of the various subsequent  decay  distributions' will 
be necessary to isolate  the respective CP violating  asymme- 
tries.  Such  analysis is discussed in detail  in Ref. 5. Hence, 
in  what fQllows, we wish to explore the  expected  ratio of CP 
odd  to CP even final states in B: + J/+K*O in dynamical 
models of this decay. 

The models  with which we shall work are  the model of 
Wirbel,  Stech  and  Bauer  (BSW)2,  the  model of Isgur, et al. 
(ISGW),' the  methods of Lepage and Brodsky and  the re- 
cent  heavy  quark  limit  methods of Isgur,  Wise  and B j ~ r k e n . ~  
These models  and  methods  are, of course,  not a complete  list 
of all  published  approaches to  the decay  under  consideration. 
Rather,  they represent a reasonable span in the  types of as- 
sumptions which are involved in the various  approaches so 
that we can  get a quantitative  estimate for the effect of these 
various  assumptions  on  any conclusions we may wish draw by 
considering  these  four  examples. 

Our work  is organized as follows in this  paper. In the 
next  Section, we present the expectation of Bo -+ J/$K*O in 
the BSW model and,  at  the same  time, we set  our  notational 
conventions.  In  Section 3, we consider the  method of Lepage 
and  Brodsky  in  our present  context. Ln Section 4, we consider 
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the predictions of the ISGW model for our decay. In Section 
5, we discuss this decay from  the  standpoint of the recent 
heavy quark mass  limits  methods of Wise, Isgur and Bjorken. 
Section 6 contains  some summary remarks. 

T B; 
he prediction of the BSW model for the process 

-+ 5/$~1<*O as to  the  ratio of CP odd  to CP even 
final  states is presented in  this Section. We begin by setting 
our notational  and  kinematical conventions. The process of 
interest to us is illustrated  in  Figure 1. 

-+eK* 8- 

P- R' K' 

We then follow the theory of BSW, working,  as they  do, in the 
point-like limit for the W propagator;  for rn;/M& is indeed 
small  compared to 1. Taking into  account  the  standard QCD 
corrections, BSW identify, then,  the effective interaction La- 
grangian 

where a1 and a2 are  determined by the standard QCD short- 
distance  corrections, GF is the Fermi constant, h.c. denotes 
hermitian  conjugation and b' and SI are  the  usual CKM ro- 
tated  Gxtures of the d, s, b mass  eigenstates. The values of 
a1 and a2 are well-known if one  takes  them  from  the  perturba- 
tive QCD theory (in conjunction  with the partial differential 
equations of QCD); here we leave a1 and a2 as  parameters; 
for, we will not need their values in what follows. 

Figure 1.  The  process 
B 3 J / + K *  to lowest order 
in the s U ( 2 ) ~  x U1 electroweak 
theory. PA is the  4-momentum 
of A,  A = B ,  J/+, l?*, 
and EA Pj .  
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To proceed, BSW then invoke the current-field  identity 
(and  the general neglect of final state  interactions between 
J/+ and I<*') to  arrive  at  the  amplitude 

where we have now introduced  the  further  notations 

and 
Jf""  = O Y p (  1 - 75)s'  (4) 

The complete  prediction for the process  in  Figure 1 then re- 
quires a systematic  analysis of the  transition  matrix element 
( E * l J p  (0)JB). For this,  in  general, a model is necessary at 
the present state of our knowledge of the  strong  interaction. 

Indeed, a model-independent  decomposition of the respec- 
tive transition  matrix element is afforded by writing (following 
BSW and  suppressing trivial  kinematical  factors) 

(b's') 

--E;(*oq 

q2 
( 2 T P + l p A 3 ( q 2 ) )  + i (E;( .0q/q2)(2mK*O)4pAo(42)  

( 5 )  
for some invariant  functions V ,  A; of q2 = mJ/$ where 
q = f B  - fK.o. The  strategy is to make a pole  approxima- 
tion to  the V and Ai, of the form 

2 

for masses and residues (m,  Po) which are, in the BSW model, 
determined from a relativistic  harmonic  oscillator  potential 
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model  with a gaussian  transverse  momentum  distribution  char- 
acterized by a scale w - .35 GeV. In this way, then,  one may 
arrive at a prediction for the  ratio 

r EE r ( C P  = odd)/(r(CP = even) + r (CP = odd)) (7 )  

for the process in  Figure 1, where we  now define I'(CP = s) 
to  be  the  total  width of Bo + J/+k*' into final states with 
C P  = s, s = even, odd. 

Indeed,  specializing to the specific results for the V and 
Ai of the BSW model, we first  observe that  the respective 
J / $  - I(* helicity  amplitudes  are 

' -+ 
where P (PK+ - PJ/4) /2  in the B rest  frame. Standard 
methods may now be used to conclude that 

' 

r = 2(4mg/(mg 2 + mp)2)$21V12 I 

-2mBP 2 '  2Az/(mR.mJ,+(mg + mK,)) /2 
+2(4m~/(mg+m~.)2)~2~V~2+2(m~.+mg)z~A~~2] . (10) 

On substituting in (10) for the Ai and V from the BSW 
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relativistic  harmonic  oscillator  model, we find 

This is encouraging. We note also that I'(OO)/r(AII) !Y .57; 
the latter result  means that  the original  idea of Kayser4 to 
focus on I'(O0) in the I<* decay is not  completely  excluded. 
We understand, however, that such an isolation of I'(O0) is 
difficult. (r(O0) is the  rate  associated  with M(0 ,  O).) 

Nonetheless, it is necessary to recall that  the BSW frame- 
work is a model. The  question  naturally arisises as  to  the sen- 
sitivity of (11) to the details of the model.  Here, we address 
this  question by considering other models. Thus, we turn  next 
to the  methods of Lepage and  Brodsky for the analysis of T .  

3. LEPAGE-BRODSKY APPROACH TO Bo -+ J/$IC0 

I n this Section, we present the prediction of the  methods of 
Lepage and Brodsky' for the process 2'' + J / $ I t o  Inso- 

far  as  the  quantity r is concerned. We emphasize that these 
methods  are relativistically  invariant and  represent  perturba- 
tive QCD corrections to  the  spectator  model of the respective 
transition; in fact,  this  accounts for the response of the would 
be  spectator  the decay of the b quark. We begin by recalling 
the elements of the Lepage-Brodsky  theory. 

Specifically the  method of Lepage and  Brodsky is explic- 
itly  illustrated by Figure 1 if we use for example  their dis- 
tribution  amplitudes for the incoming and  outgoing  hadrons 
and follow their calculational methods.  The  transition will be 
handled in the framework of the effective Lagrangian  in  (1); 
this means that we continue to  take  the point-like  limit of the 
W propagator in Figure 1. We will always do  this. Hence, 
we can interpret  the prediction of the Lepage-Brodsky  theory 
for our process in Figure 1 in terms of its  implications for V ,  
AI and A2 in (5). On doing this  here, we simply  adapt  our 
results in the Lepage-Brodsky theory for the D t IC* tran- 
sition  in Ref. 9 to Bo t I<*; thus we find the distribution 
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amplitudes 

where 

and fg is the B meson decay constant  (its precise value is 
not  important for present  purposes, but, for definiteness, we 
note  that  potential  model  estimates would suggest f~ N .136 
GeV).  In  arriving at zg, the masses mu = md N .33 GeV, 
mb N 5.1 GeV and rng = 5.28 GeV have been used. On 
repeating  the  steps in our analysis of D --+ I<* in Ref. 9 
with  the  results  (12) for the Bo -+ I - *  transition, we get 
the predictions (the  superscript on Ai and V denote the I{* 
polarization) 

where the functions FH ( 4  , H = I, t t ,  are  the generalizations 
to Bo -+ I<* of the  corresponding functions  in D -+ I-* in 
Ref. 9 and will be  presented  in  detail elsewhere." Here, the 
gA,V are  the  usual axial-vector and vector  form  factors which 
we treat  with  the  standard pole  approximation  from the BSW 
model for example.  In  this way,  we get the predictions 

Again, the value which we find for r is encouraging and we 
see further that I'(O0) is substantially enhanced  in the Lepage- 
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Brodsky theory. We turn next to  the  potential model of Isgur, 
et al. 

4. MODEL OF ISGUR, ET.AL. 

H ere, we consider the Cornell-type  potential  model of Is- 
gur, et aL6 with the idea of illustrating  what  one expects 

in a non-relativistic  potential  model for our ratio r .  Again, we 
make  contact with the model by focussing on  its predictions 
for the form-factors A; and V in ( 5 ) .  

Specifically  following the  methods in  Ref. 7, we may iden- 
tify the form factors Ai and V as 

and 

where 

with 

p-. = ( l /ms  - l/mb)-', K = .7, 
mg = mb + ma, f i p  = m, + md , 
Pg = .41, PK* = .34, &K* = - (pi  + & e ) ,  

1 
2 

mb = 5.12 GeV, m, = .55 GeV, md = .33 GeV . (18)  

Here, 

t = mJ/+ and t ,  = ( m g  - m p )  . 2 2 

In this way, we get 

r = I'(CP = odd)/I'(ALL) = .516 ( 1 9 )  
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Thus,  not unexpectedly, the  non-relativistic  model dis- 
agrees  with the relativistically  invariant  methods of BSW and 
Lepage and Brodsky  in the  ratio of r(CP = odd) to I'(al1). 
Indeed, the dominance of the CP even modes  means that 
the D-wave and  relativistic corrections to  the S-wave are in- 
deed important:  the non-relativisitic  model will naively tend 
to omit  both of these effects. Here, we have  corrected for 
the  kinematical  aspects of the  relativistic corrections via the 
manifestly  covariant  representation in (5).  The  dynamical as- 
pect of these corrections then is still  significant. In another 
way of looking at this  matter, we may say that even when 
we use a model  which  suppresses the kind of large values 
of t as we clearly  have in Bo + J /+K* ,  we still  find that 
r(CP = odd)/I'(ALL) - .52. Hence, there is a strong possi- 
bility that  the  further relativisitic effects, which may enhance 
the S and D waves for  example, but,  due to the invariance of 
E ( & )  to boosts along P p ,  which should have a reduced effect 
on the P-wave,  do indeed suppress I'(CP = odd) compared 
to r(cP = even). 

To look more deeply into  the  expected value of r ,  we  now 
turn to the more  model  independent  methods of Isgur and 
Wise and Bjorken. This we do in the next  Section. 

5 .  WISGUR-Bj THEORY 

T he basic  idea of this  approach to B decay is to work in 
the limit of infinite heavy quark masses. Here, this would 

mean infinite values of r n b  and rn, for fixed velocities i$, and 
v,. Already one  has to ask an  immediate question: How far 
is rn, from  infinity? 

4 

The  situation is not  entirely hopeless if one  expands  our 
amplitude in the  constitutent  quark masses; in this  case, the 
dominant corrections of size hQco/rn, N 100 MeV/500 MeV 
= 20% are  expected.  Thus, we may expect that 
WISGUR-Bj theory might work at the 20% level in the  am- 
plitudes for Bo -+ J/$I(*O. Let us keep this  expectation  in 
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Figure 2. LepageBrodsky 
approach to B --* J / $ K * .  
G is a QCD gluon of four 
moment  um PC. 

mind. It means that we cannot  hope  to prove anything in pre- 
cise detail for our  particular B decay but  that 20% amplitude 
statements  may  be possible. We  will  now proceed with  the 
analysis of the  WISCUR-Bj  theory prediction for our  ratio r .  

First, we note that from  the  standpoint of the Lepage- 
Brodsky theory, the diagrams  in  Figure 2 allow us derive the 

+ 

result of Bjorken for our decay.  Specifically,  in the WISGUR- 
Bj limit, so long as Zb and v', are such that  the gluon 4- 
momentum  transfer squared in Figure 2, P$, satisfies 

where rhadron - 1 fm is the typical  hadron size, that partic- 
ular gluon is already included in the Lepage-Brodsky distri- 
bution  amplitudes,  as we show in  Figure 3, due  to  the pres- 
ence of the collinear projection  operator PQ as we illustrate 
in Figure 3. Such small momentum transfer glue is all col- 
lected by PQ to  form  the respective Lepage-Brodsky distri- 
bution amplitude +~*(q, 5 2 ,  Q) at scale Q - { m B ,  mJ/+} in 
our transition.  Thus  from  the Lepage-Brodsky equations  for 
the  distribution  amplitudes 4~ and $K* we see that, in the 
WISGUR-Bj limit, the  matrix element M ,  in (5) becomes, 
when Ip&I 5 I/r;4adron,  

(22) 
which is precisely the result of Bjorken (and Georgi)' for such 
matrix elements. The  advantage of (22) is that it  already in- 
cludes QCD corrections in +K* and 4 ~ .  The issue of whether 
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or not P,$ satisfies  (21) is of course  delicate. Specifically, we 
have 

(.1973)2GeV2 2 

or 

3- Figure 3. Lepage- 
Brodsky  equation for the K *  

the collinear projection  opera- 
= E  G distribution  amplitude. PQ is 

From (22) it seems that such values of y2 are  not favored. 
In fact, when Pi violates (23)) the gluon  propagator in Fig- 
ure 2  has the behaviour l/Pi so that  the region y2 5 .057 
would correspond to N 20% of the  total  contribution of the 
y integration in (12) for both d e ,  and 4 K ; .  Thus we expect 
that (22) may have  sizable (bound-state) QCD corrections. 

Indeed, when we compute  the values of Ai and V which 
follow from  (22) we get 

so that we find 

and 
r(oo)/r(Au) .x18 (26) 

Thus,  the comparison of (25) and  (26)  with (14) and  (15) is 
consistent with  the existence of sizeable QCD corrections to 
the WISGUR-Bj theory for the Bo -+ K’ transition.  This is 
consistent  with  general  expectations. 
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Nonetheless, it is reassuring that in spite of the relatively 
large  QCD-binding  corrections, the results  (25)  and (26)  still 
indicate that I'(CP=odd) is a small  fraction of r(ALL). Thus, 
they  support  the use of B: + J/+IC*O as a mode for B 
Factory  exploitation in CP violation experimentation. 

6. CONCLUSIONS 

I n this  presentation we have  explored  dynamical models of 
the process Bo + J/+K*O from the  standpoint of CP vio- 

lation  experiments at a B Factory  type e+e- colliding-beam 
device. We have been encouraged by what we have  found,  in 
general. 

Specifially, we have  considered  four different views of the 
dynamics of such Bfl + J/$IC*O decays: the model of Wirbel, 
Stech and Bauer; the  model of Isgur, e t  al.; the  methods 
of Lepage and Brodsky; and,  the recent  approach of Wise, 
Isgur and Bjorken (WISGUR-Bj theory). As  we expected, 
the  relativistic  nature of the IC*' in the  transition causes the 
Isgur, e t  al. model to  deviate  substantially  from  the,  other 3 
approaches in its prediction for r ( C P  = odd) /r (ALL)  T 

for the decay in question. The  other 3 approaches  all give 
r < 0.2, whereas the  non-relativistic  Isgur, e t  al. model gives 
r N 0.5. Thus, we feel we have  found  strong  support for 
the use of Bj --t J /+K*o decays as an  additional model  for 
exploration of CP vi.olation in B Factory  type colliding-beam 
devices. Such modes may apparently  be used to reduce the 
luminosity  requirement for such  machines by a factor of N 2.5 
relative to  estimates based on  the  use of the  mode B: -+ 

J / + K t  alone.'' This,  then, is the  primary conclusion of our 
theoretical  analysis. 

Recently12 we have  learned that the Argus  Collabora- 
tion  has  measured  the  polarization of the J / +  in the decays 
Bj + J/+K*O. What they find is completely  consistent  with 
our  result that r (CP = even) dominates  the decay. This 
then gives experimental  support  to  the  main conclusion of 
our work. 
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MONTE CARLO S T U D Y  OF T H E  
Bo + $I<: MODE AND Bo/Bo TAGGING 

S. KOM AMIYA 

1. INTRODUCTION 

A Monte  Carlo study of the $IC: channel  and  B-tagging 
has been performed  using the ASLUND Monte  Carlo 

program for event  generation  and  detector  simulation.  This 
study is totally  independent of the previous study  as  de- 
scribed  in SLAC-353.' The conclusions of the previous study 
are  mostly confirmed. 

2. EVENT SELECTION 

A ssuming a branching  fraction B(Bo -+ $I<;) = 4 x 
the number of observed events of the  type 

for a luminosity of 30 fb-l, is 

x Br(B0 + $I<;) x B Y ( $  --f e+[-) x €$,KO, 

=(30 x lo6 nb-') x 1.2 nb x 0.50 x 2 
X (4 X X 0.14 X E$K; 

x2016 X C ~ K ;  

where ! is e or p and E ~ K ;  is the detection efficiency of the 
$I<$ events. 

The Monte  Carlo  simulation is based  on the ASLUND 
package. We assume  asymmetric  energy collisions at f i  = 
MT(4~) with the higher beam energy of 9 GeV. The polar 
angle acceptance  cut for charged  particles  and  photons is 

137 
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I cos 61 < 0.95. Energy resolution, momentum resolution or 
position resolution of each detector  component are assumed 
to  be  just  the  same as those used in SLAC-353 ( p p .  36-49), 
unless the values are explicitly given.* 

The selection criteria for events with B -+ $K:, followed 
by short  comments on each criterion, are listed below. 

(1) + -+ l+l- are selected by the  cut IMf+c- - M+ I < 
0.05 GeV. The detection efficiency of + 4 est-, taking 
into account lepton  identification  probabilities, is 78%. 
The M+ resolution is 25 MeV (FWHM) (see  Figure 1). 

X 103 

Figure 1. J / $  mass 
resolution for the J / $  + .ttt- 
decay mode. 

3-91 

Z w > 
W 

3.00 3.05 3.1 0 3.1 5 3.20 
M ~ + Q  - (GeV) 

6828A1 

(2) I{: --f w+w- are selected by the  cut IM,+,- - MK;/  < 
0.02 GeV (see Figure 2), I,, > 0.002 m  (see  Figures 3a 
and 3b) and lz+ - 2-1 < 0.005 m  (see  Figures 4a and 
4b), where l,, is the reconstructed IC; decay  length pro- 
jected  onto the r-4 plane and .* is the reconstructed 
z-coordinate for x* at  the crossing point of the two 
tracks. The MK; resolution is 5 MeV (FWHM) and 
the background is negligible after  the  cuts (nuclear in- 
t,eractions in the beam  pipe and  surrounding  material 
are not simulated,  but they  are  estimated  to  be low). 

* The analysis of the +I<: mode in SLAC-353 is based  on the Monte 
Carlo  generator  and  detector  simulation  described  in Ref. 2 , not 
on  the ASLUND package  which was used for the  other  studies in 
SLAG353. 
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(2’) Kg + nono are selected by the  cut [M,o,o - MpsI < 
0.03 GeV,  where no’s are selected by lAf-,-, - M,o[ < 
0.02 GeV. To reduce  combinatorial  background, p i ( K : )  > 
0.25 GeV is required,  where p t ( K $ )  is measured  with 
respect to the  beam  direction.  The M,o resolution 
is 11 MeV (FWHM) and  the  signallbackground  ratio 
in the accepted  mass  range of Mr-, is 1.1 (see Figure 
5 ) .  The M p  S resolution is 25 MeV (FWHM) and  the 
signal-to-background ratio in the accepted  mass  range 
of is 0.73 (see Figure 6). The peak is on the 
slope of the relatively high combinatorial  background. 

(3) For the charged  decay  mode of rC; (IC: + 7r+a-), Bo 
(or Bo) 4 $Kg are selected by the cut Iit4+,,Ki-MpI < 
0.05 GeV (see Figure ?a) and 0.22 GeV < I$;K!) < 
0.45 GeV (see Figure  7b), where is the momen- 
tum of $Kg system  boosted back to  the Y(4S) CMS. 
The Mp resolution is 35 MeV (FWHM). After this 
cut, 0.3% of accepted  events  have  more  than  one $IC: 
combinations. The overall efficiency of Bo 4 $IC: + 
e+e- + T+T- is 55%. 

Figure 2. K! mass 
resolution for the K! + K+K-  

decay mode. 
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Figure 3a. Distribution of 
the  projection of the Kg decay 
length in the  transverse  plane 
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(3') For the  neutral decay mode of K g  (I(! + roxo) ,  Bo (or 
Bo) 4 +Kg are selected by the  cut JM+KD, - MpI < 
0.15 GeV (see Figure Sa] and 0.22 GeV < I j ' ;K i (  < 
0.45 GeV (see Figure 8b), where $:K: is the momen- 
tum of the +Kg system boosted back to T(4S) CMS. 
The Mp resolution is 66 MeV (FWHM). After this 
cut, 19% of accepted  events have more than  one +I{: 
combination. This is because a + is combined  with sev- 
eral combinatorial K: and  it falls near MBO. Since this 
background is due  to combinatorial including particles 
from  real +K;, non-combinatorial background is actu- 
ally very low. The overall efficiency of Bo -+ $I{: 4 

e+&- + xono is 54%. 

X 103 

- 0  10 20 30 40 50 "0  10 20 30 40 50 

3-9 1 Iz' - z-1 (mm) (z' - z-1 (mm) 6828A4 

Figure 4 
The combined overall efficiency of Bo -+ $I<: is 55%. a. Distribution of the z 

The  main background comes from $I(*' with a decay of coordinate differences for tbe 
K*O 3 Ksxo.  0.30 f 0.04% of Bo -+ +IC*' (with II, -+ l+l-) K: - T+T- decay  mode 

survive after  all the cuts.  More  than 80% of this background z-l o.oo5 indicated. 
signal, with the cut at Ir+ - 

is for the K: 3 ?yo?yo decay, and hence background for the b. Distribution of the z 

Kg -+ &x- decay is very  low. Other background sources coordinate differences for the 
like B+B- --+ $Kg + X are  estimated  to  be small. No back- Kg -+ r+ u- decay mode 
ground  events are found in the sample of 2 X lo6 BOBo plus background,  witb  the cut at 

- z- I < 0.005 m indicated. 
B+B- events (excluding events  with $I<:) or in the  sample 
of 2 x lo6 UG + dd+ ss + cz events. 
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Figure 5. ro mws 
resolution for ro 'e from K: -+ 
ror0 decay. 
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Figure 6. Kg mass 
resolution  in Kg -+ r0ro 
decay. 
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Figure 7. 
a. $Kg maSS resolution, and 
b. $Kg momentum in 
tbe T(4S) center-ohass for 
Kg 4 X + X -  decay. 

Figure 8. 
a. $K: mass resolution, and 
b. $Kg momentum in 
the T(4S) center-of-mass for 
Kg -+ TOTO decay. 
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The efficiency  is a function of the boost  factor  and the 
detector  acceptance. In Figure  9a,  the overall efficiency is 
plotted as a function of higher beam energy and  the  maximum 
I cos 61 of the detector  acceptance  (both for charged tracks 
and for photons). Similar plot for the  partial efficiency of the 
charged mode 

Number of accepted  events with $K,! -+ .f+l-n+w- 
Number of generated  events with +I<: -+ l + l - w + r  or 7r07ro 

is plotted in Figure  9b. As can be seen from the figure, we 
definitely need the coverage down to I cos81 = 0.95, if the 
higher beam energy is more  than 9 GeV. 
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Figure 9. 
a. Overall t jK; detec- 
tion  efficiency as a function of 
I cosfll,,, for  three  asymmet- 
ric  configurations, and 
b. $K; detection efficiency 
for the charged pion mode 
only as a function of I co6 f l l m a z  
for  three  asymmetric  configu- 
rations. 
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3. Bo/Bo TAGGING 

11 the particles  except for the particles from the (CP 
A e i g e n s t a t e )  are coming  from the  other B meson. High 
momentum leptons as well as charged kaons are used for sign 
determination of the tagged B. This problem is independent 
of the  particular decay mode of CP eigenstate. 

3.1. Lepton Tag 

Leptons (e* or p*)  with  momentum larger than 1.4 GeV 
in the T(4S) CMS are used for the tag. In Figures loa, b and 
c, the  momentum  spectrum of leptons in the T(4S) CMS (&) 
is plotted for primary leptons  from B decay,  for secondary 

Figure 10. Lepton 
spectra in the T(4S) CMS. 
a. Primary  leptons  from 
B decay, 
b. secondary Jeptons, and 
c. leptons which do not come 
from B decay. 
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leptons,  and for leptons which do  not come from B decay, 
respectively. Tagging efficiency ( e )  for an event to have  only 
one such lepton is 11.8%. Wrong-sign-tag  probability (w E 

[number of wrong-sign-tag events]/[number of all the lepton- 
tag events]) is 4.4%. In SLAC-353, the  lepton  tag efficiencyis 
larger  (14%) but  the wrong tag probability is also  larger  (6%). 
The difference is partially  because  they  assumed  larger solid 
angle (I cos 01 < 0.98) and  partially  because  they  accept low 
momentum  leptons (0.8 GeV< p t  < 1.4 GeV) if there are 
more  than  one  reconstructed vertices in an event. We stick 
to high momentum  leptons  because we can  statistically  gain 
very little if we also use the low momentum  leptons,  and we 
prefer simpIer cuts in order to reduce the bias in the AZ mea- 
surement. 

3.2. Kaon Tag 

The sign of B is tagged if there is only one charged kaon 
or two same sign charged  kaons in an event. For perfect kaon 
identification  with an ideal detector,  the  tagging efficiencies 
after  cuts  are listed in Table 1. 

I 

Cut w(K* + K*K*) c ( K *  + K*K*) Cut Definition 

1 0.065 0.473 no cuts 
I I I I 

Table 1. The kaon tagging 
efficiency after  cuts. 

2 

0.086 0.416 p~ > 0.2 GeV 3 

0.078 0.428 I cos 01 < 0.95 

We have also studied  the  tagging efficiency and wrong tag 
probability  with a slightly  more  realistic detector  simulation. 
For example, we use a combination of CRID  (with  index of 
refraction 1.277 corresponding to the kaon momentum  thresh- 
oId of 0.63 GeV) and dE/dz in the  tracking  chamber (assum- 
ing & = 0.075). The following two criteria  are used to 
identify  charged kaons from  other  charged particles. 

(1) If > 0.G3 GeV, CRID is used. The x2 probability 
to be kaon relative to  the  sum of x2 probabilities to  be 

U d E  dz 
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e*, p*,  T*, IC*, p or p is larger than 0.5: 

(2) If p~ < 0.63 GeV, and if no signal is seen in the CRID, 
a  similar  condition  as for (1) is required for the dE/da:  
measurement: 

The tagging  probability  after  the  above  requirement is 
shown in the  table  with or without  taking  into  account IC* 
decay within the tracking  detector. Each kaon is weighted 
by the decay  probability  within  the  outer wall of the  tracking 
chamber. This is a rather conservative  estimation  since it 
might be possible to identify  some  fraction of the  tracks  with 
kinks due to the kaon decays in the chamber. 

I Modes I € W 

I Kf I 0.399 I 0.083 I 
~ 

I{* I+ - < 0.001 0.013 

Sum 0.080 0.412 

Modes 

0.051 0.01 1 I+ 

0.101 0,316 IC 

W € 

Sum 0.100 0.327 

Table 2a. The kaon 
tagging efficiency using CRID 
and d E l d x ,  when I( decay is 
NOT taken into account. 

Table 2b. The kaon 
tagging efficiency using CRlD 
and d E l d x  with K decay  taken 
into account. 

The simulation of I{* identification by CRID  might be 
optimistic  since  the x2 is calculated  from the resolution of 
the radius of the Cerenkov rings but background hits  near 
the rings,  overlap of the rings or dead  space  (boundaries)  are 
not  considered. 
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The tagging efficiency using kaons in SLAC-353 is 41%; 
the wrong  tag  probability is 6% (kaon decays are  not consid- 
ered). 

In combining the  lepton-tag  and  the  kaon-tag, we used 
the lepton  tag if it was available, and  the kaon tag for the 
rest. Efficiencies are listed in Table 2c. 

Modes W € 

tag 

0.104 0.278 K* and not t? - tag 

0.044 0.118 

Table 2c. Tbe tagging 
efficiency using CRlD and 

into account. 
0.088 0.407 Sum if available. K decay  is taken 

d E l d z  Tbe lepton  tag is used 
0.051 0.01 1 K*K* and not e - tag 

The overall tagging efficiency  in SLAC-353 is 48% with 
a wrong tag probability of 8% (kaon decay is not taken  into 
account), which  is consistent with our numbers. The main dif- 
ference is that charged kaon decay and low momentum leptons 
are not used  in this analysis. 

4. MEASUREMENT OF AZ 
Figure 11. The  difference 
of the reconstructed rC, decay 
point and tbe  decay point of 
the CP ei enstste in the r - 4 

a. Component of d& '- 
paraJJel to CL'l-, and the Y(4S) CMS. The decay point of the CP eigenstate is 
b. transverse component. reconstructed using the decay point of II, -+ .f?-l-. The 

T he difference  between the z coordinate of the decay vertex 
of the CP eigenstate ( z c p )  and  that of tag-B (ztag) is f 

plme,(d,, 'L L-). approximately  proportional to tCP - ttag, where tcp and ttag 
- +  are  the decay time of the CP eigenstate  and  the  tag-B in 
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difference of the reconstructed 11, decay point and  the decay 
point of the CP eigenstate in the r - plane (J,'+[-) is shown 
in Figure 11. In the figure, the component of &$'- parallel to 

is plotted in Figure l l b .  The  distribution of the transverse 
component is wider because the opening angle of .!+e- is typ- 
ically larger than 90" in the r - 4 plane. For the z-component, 
the  width of 6zcp  zc+c-(reconstructed) - .zCp(true) is 
55 pm FWHM (+ o(6zcp) = 24 pm) as shown  in Figure 
12. 

$+C- is plotted in Figure l l a  and  the transverse  component 

X 103 
1.2 I I I 

E 
0 0.8 

3-91 

++ 

+ +  
+ + 

+ + 
0 + + + 

I +,++ I 'e** *,* - lution of the z component of 
Figure 12. The res& 

0 1 

-0.2 -0.1 0 0.1 0.2 the  reconstructed J/$ vertex: 
u = 24 pm. 

6828A12 

The  tag-B vertex is reconstructed by fitting all the charged 
particle  tracks  with  momentum larger than 0.3 GeV,  except 
for 1) the particles  coming  from the CP eigenstate and 2) 
tracks  with  impact  parameter larger than 800 pm  from  the 
reconstructed $ point in r - $ plane. The impact param- 
eter cut is necessary to get rid of tracks from I<:-, A- or 
ii-decays, which shift the  tag-B vertex towards the boost di- 
rection  (direction of the high energy beam). Since the BOBo 
oscillation time scale is rather slow, D-meson decay does not 
significantly affect the Az ( E  zcp  - %tag)  measurement. The 
width of ~ A z ( E  Az(reconstructed)   -Az( true))  is 147 pm for 
FWHM (+ a(6Az)  = 64 pm).  The  distribution of 6Ar is 
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shown in Figure 13. Note that we treat lepton-tag  events  and 
kaon-tag events in the  same way in the calculation of Az. 

8o07 
600 h 

t 

I- z 
W > 

200 

Figure 13. The reso- 
lution in the  difference of the 
reconstructed z coordinates of 
the tag and  the CP eigenstate: 
u = 64pm. 
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5. DETECTOR EFFECTS FOR $I<; MODE 

T o study  the allowed parameter  range of the detector com- 
ponents,  parameters  are varied from the default values 

and  the effects are investigated for . 
0 detection efficiency of $I<:, 
0 widths of Szcp and SAZ, 
0 fraction of events with lSAzl > 400 pm or > 800 pm. 

5.1. Vertex  detector 

We assumed three layers of silicon strip vertex  detector 
each with a thickness of 300 pm.  The thickness was varied 
from 300 pm  to 600, 1500 and 3000 pm in order to  study  the 
effects. The detection efficiency of $1'; does  not significantly 
depend on the thickness as shown in Figure 14a. Effects for 
6zcp and SAZ are mild as shown in Figure 14b. The frac- 
tion of events with 1SAa/ > 400 pm or > 800 pm increases 
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rather  rapidly  with increasing the thickness due  to  multiple 
scattering (see Figure 14c). 

The intrinsic  resolution of the Si strip  detector is assumed 
to be 10 pm (a) for the default value. The effects due  to tex 

Figure 14. Variation of ver- 

the variation of the resolution are shown in Figure 15a, b rnents with si detector thick- 
and c. The width of 6Az increases  rapidly  with  increasing Si ness. 
resolution, on  the  other  hand  the fraction of the  tails is rather a* 

stable. b. ~ A Z ,  and 
c. the percentage of tails. 
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Figure 15. Variation of ver- 
tex detector-related rneasure- 
rnents  with  intrinsic  resolution 
of the Si detector. 
a. efficiency, 
b. 6At, and 
c. the percentage of tails. 
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5.2. Drift Chamber 

Detection efficiency of the + K g  mode  and Az measure- 
ment  are insensitive to  both  the  intrinsic  resolution of each 
wire (from 150 pm to 300 pm)  and  the  radiation  length of the 
gas (600 m/Xo to 100 m/Xo), as shown in Figure  16. 
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Q, 
0 
.- 
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2oo Ib)l 
E - 100 
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0 200 400 

3-91 
6-16 DC Resolution (pm) DC Resolution (pm) DC Resolution (pm) 

Figure 16. Variation of 
a. $Kg detection effciency 
and b. Az 
with intrinsic wire resolution of 
the drift chamber 
c. variation of detection ef- 
ficiency for $Kg + e+e-roro 
with  calorimeter resolution. 5.3. EM Calorimeter 

The  partial efficiency of +I{! -+ t + l - ~ ~ x ~  as a func- 
tion of calorimeter  resolution is plotted in Figure 16c. The 
horizontal  axis of the plot is gintrinsic. Here the calorimeter 
resolution is assumed to be 

where E is the  photon energy in GeV. 



Detector effects for $I<! mode 153 

5.4. Particle Identification 

We have studied several options for particle  identification, 
especially for the kaon tag. We considered TOF counters, 
dE/dx measurement in the tracking  chamber and  CRID. 

If we want to identify K* by TOF counters alone,* we 
need resolution better  than M 100 ps. For TOF counter of 
75  ps  resolution!  we can  identify tag-K*'s with more than 

90% efficiency $ with negligible background. If the resolution 
is 150 ps, the I<*-purity is only 60% for 90% kaon  efficiency. 

We cannot use d E / d s  alone for the kaon identification. If 
the resolution is 7.5%, the  K"-purity is less than 60% for 90% 
kaon efficiency. dE/ds  is useful for identifying low-energy 
kaons; hence it should be combined with other devices which 
can identify high-energy kaons, like CRID. 

Our simulation of CRID is slightly optimistic,  because ef- 
fects of noise hits or dead  spaces are  not  taken  into  account. 
We assume  liquid  radiator ( C ~ F I ~ )  with  index of reflection 
1.277 (just as SLD CRID).  Except for near the threshold re- 
gion ( p ~  x 0.63 GeV), kaon identification and rejection of 
pions are almost  perfect. 

We have also  studied the aerogel threshold Cerenkov de- 
tector. Indices of refraction between 1.0008 and 1.13 are 
now available, corresponding to threshold kaon momenta of 
12.3 GeV and 1.01 GeV, respectively. The threshold  mo- 
menta for r, K and p in the Bo 4 events are plotted 
as a function of refractive index in Figure 17. The maximum 
kaon momentum is about 4 GeV with our energy asymmetry 
and  number of high momentum protons are very small. We 
can cover the required momentum  range for kaons with two 
indices: 1.008 and 1.06, which  allows us to identify kaons with 

t Here, we have not used d E f d x  measurement. 
t The averaged  beam-beam crossing timing  and  the averaged posi- 

tion as well as the  fluctuations must  be  known,  since the  timing 
must  be corrected for the  actual decay point of the tagged B ver- 
tex. The  beam has uz 0.7 cm, which adds (in quadrature) an 
uncertainty of 25 ps to  the time-of-flight resolution. 

$ This is just for the kaon identification efficiency and  the geometrical 
acceptance is not  included. 
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momentum between 0.4 GeV and 4.0 GeV. The aerogel de- 
tector  can  be combined with dE/ds  measurement to identify 
kaons over the  entire momentum  range. 

1 

Figure 17. Threshold 
momentum for a, I< and p as 
a function of refractive index. 

2-91 "Aerogel 6828A19 
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RECONSTRUCTION,  VERTEXING A N D  
BACKGROUND FOR Bo -+ D+D- 

A. SNYDER AND S. WAGNER 

1. INTRODUCTION 

W e have  investigated the detector efficiency, backgrounds 
and  vertex resolution for the CP eigenstate Bo + 

D+D- in the decay  modes 

and 

Vertex  resolution was investigated for mode I and for 
(K-n  + + o  n 7r ) ~ + ( K + n - a - n ~ ) ~ -  (mode 111). We have  also 
studied how variations  in the detector  such as those  described 
in BaBar Note # 40 effect these decay channels.' The CP 
asymmetry  in Bo --+ D+D- decay is proportional to sin 2p; 
this mode  can  therefore  potentially be used either to reduce 
the  amount of integrated luminosity  required to establish C !  
violation  in the B system, or to explore  extensions of the  Stan- 
dard Model,  should it  be found that  the asymmetry  found 
here was different from that found  in the final state. 

2. EXPECTED RATES 

T he  branching  fraction for the decay Bo -+ D+D- can  be 
estimated  from  the  branching  fraction for Bo --+ D+D, 

measured by CLEO' since the two  differ only by the  Cabibbo 
angle. We find 

B(D+D-) = B(D+D,) x sin'6, X 6 x lo-* X F (1) 

where F = 0.02/B(D3 --t bn) corrects for the  assumption 
of a 2% branching  fraction for D, t &r used by CLEO. - 10K Bo + D+D- decays 
Using3 F M 2/3.5 yields about 10300 Bo 3 D+D- decays in can be expected in a 30 fb-' 
a 30 fb-' sample. 

sample. 

157 
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Table 1 gives branching  fractions for decay  modes of the 
D+ with no more  than  one T O .  The column  labeled “visible” 
gives the branching  fraction when only the ~ + n -  decay  mode 
of the Kg is used to  detect 9. The efficiencies are  estimated 
using the formula 

Table 1. D+ decay 
modes  which are useful  in this 
analysis. 

Decay  Mode Branching 

Fraction 

7.8% 

0.96% 

3.7% 

2.8% 

7.0% 

8.3% 

4.4% 

34.0% 

- 
Visible 

7.8% 

0.96% 

3.7% 

0.93% 

2.3% 

2.8% 

1.5% 

19.0% - 

X 

2fficiency 

6.0% 

0.74% 

2.3% 

0.70% 

1.4% 

1.6% 

0.77% 

13.5% 

- 
X 

vert  ex 

6.0% 

0.74% 

2.3% 

0.0% 

1.4% 

0.0% 

0.77% 

11.2% - 
E D  = (0.93)Nch(0.80)N~0(0.98)Nvc“(0.98)Ncut 

which has been adjusted using K ~ T  and I(.nmr0 channels 
for the cuts  described  in the  next  section.  The  last column 
(labeled “xvertex”) gives the  result if we assume that  the 
vertex is not  reconstructible for modes that  do not  have at 
least two charged  tracks  coming  from the D decay  vertex. 
When the D+ and D- are combined to make a Bo there is 
additional efficiency factor of 

E B  = 0.89 X 0.98 X 0.93  (3) 

where the first factor is due  to a cut  on  the  momentum in 

155 Bos can  be reconstructed the T(4S) rest frame (see Section 3) and  the second and  third 
in modes  where at least one are due to the  vertex  cut  and  the  mass  cut. Assuming 
of the D vertices  can  be that  the decay modes in which at  least  one of the vertices 
measured. can be  reconstructed  are useful leads to an efficiency of about 

1.5%. If both D’s must be verticized, the efficiency is reduced 
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to 1.2%. This  leads to 155  reconstructed Bo ---t D+D- de- 
cays  in the first case and 113 reconstructed decays in the 
second case for a 30 fb-' sample. We  will study  in de- Figure K+r-. lr-  maSS 
tail reconstruction and background for the B decay channels distribution for 
( K - x  + +  x )o+(K+?r-x-)o- and (K-n+n+)D+ ( K + n - a - x o ) p .  a. signal, 
If only these two channel  are used the reconstruction efficiency b. unbiased BB 
is 0.6% yielding to 61 reconstructed events in 30 fb-'. Only uds events. 

c. E events a d  

vertex reconstruction will be  studied for mode 111. 
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3. ANALYSIS 

F or efficiency and  background  studies we focus  on the two 
decays channels: 

To search for these  decays, we create list of tracks which are 
consistent  with the relevant particle ID hypothesis  (namely 
K/n/7r0). For the charged  particles we will compare  results 
obtained using perfect  particle ID, CRID + d E / d x ,  and aero- 
gel + dE/dz.  r 0 s  are  obtained by taking all yr pairs with 
effective mass within 15 MeV of the T O  mass. We then loop 
through all possible combinations of three  charged  tracks or 
three charged tracks  and a ?yo. Combinations which fall  within 
10 MeV (20 MeV  when a xo is used) of the D' mass  are  en- 
tered in a lists of D+ and D- candidates.  The Kmr and 
K m m 0  mass distributions for signal  events  are given in Fig- 
ures l a  and 2a. D+D- pairs that  are within 20 MeV of the 
Bo mass are considered Bo candidates. The D+D- mass dis- 
tribution is  shown in Figure  3a for mode I. We assume  that 
by using constraints  provide by the T O  mass in our  calculation 
of the D* mass, we can achieve a resolution  on MB in mode 
I1 equal  to  the resolution for mode I. This  assumption  has 
not been  verified by using a kinematic  fitting package, but 
it is reasonable given three  constraints  and only one  'badly' 
measured  track - the T O .  Finally the  momentum of the Bo 
candidate in the T(4S) rest  frame is required to  be between 
0.22 and 0.40 GeV. This  distribution is  shown in  Figure  4a. 
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The first  step in the vertexing process is to fit the  three 
charged  tracks from a D decay candidate  to  a common vertex 
using  SECVTX. The X2-probability of this fit is required to 
be  greater  than 1%. Next the two D vertices are used to form 
a Bo vertex. This is  done  with a program  especially written 
for this  purpose  called  DVERT.  DVERT uses the  approxima- 
tion that  the directions of the D mesons are perfectly known; 
only  errors  on the position of the D vertices  are  used.  Fig- 
ure  5 shows the X2-probability  plot  from  DVERT for mode I, 
which is flat  demonstrating  that neglecting the errors on the 
direction of the D's was a good  approximation. All D+D- 
vertices  with P(x2) > 2.0% are accepted. For mode I11 the Figure 2. K+x-T-nO maSS 
probability  plot is not  quite flat  (see  Figure 5b) which can distribution for 

be  attributed  to  the  large directional  error when the D re- a. signal, 
construction  contains  a TO.  w e  again  require ~ ( x 2 )  > 2%. b- u n b i a s e d ~ z  events, 
In addition, for mode I1 we reject  events  with  more than  one d, uds events. c. cZ events and 

Bo 3 DsD- candidate. 
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Before going on to  the efficiency obtained we summarize 
the analysis  procedure: 

0 Select I(,  x and x' tracks using specific particle ID tech- 
niques. 

0 Find all combinations  within 10 MeV (20 MeV  when a 
x' is involved) of the D+ mass. 

0 Find all D+D- pairs  within 20 MeV of the Bo mass. 
Figure 3. D+D- mass 0 Require the  momentum (pcm) in the T(4S) rest  frame 
distribution (for mode I ) for of the DsD- pair to  be between 0.22 and 0.4 GeV. 
a. signal, 
b. unbiased B B  events, 0 Require that each D form a vertex  with P ( x 2 )  > 2.0%. 
c.  CZ events  and 
d. uds events. 0 Require that  the D+D- form a vertex  with P ( x 2 )  > 

2.0%. 
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4. EFFICIENCY 

he  efficiency of this  procedure for selecting D+D- decays Figure 4. of the T Is 51% for the all  charged K T T  mode  (mode I) and 41% D+D- (for mode I in the 
for the  mode XI using the default ASLUND d e t e ~ t o r . ~  For the T(4S) rest frame for 
all  charged  modes, the kinematic  cuts  alone yield an efficiency a* S i g n a l ,  

of 54% and  the  vertexing  accepts 94% of the decays kinemat- b. unbiased BB events, 
c. cZ events and 

ically reconstructed. For mode 11, the  comparable  numbers d. uds events. 
are 44% and 94%. 

8-90 
p i r n ,  (GeV) 6710A4 
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Figure 5. A X2-probability 0 0.2 0.4 0.6 0.8 1 .o 
distributions for 
a. mode I a n d  9-90 D'D- Vertex Probability 6710A5 
b. mode 111. 

Table  2a. shows the effect of different detector configura- 
tions on the efficiency for mode 1. We varied the  beam  pipe 
radius,  beam  pipe  and silicon thickness,  particle ID technique 
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(30 cuts  are used5 ), drift  chamber  resolution  and calorimeter' 
resolution; the variations (up to three)  are  described in Ta- Table 2a. Effect of detector 
ble 2c. The second  variation for the calorimeter is to  put 0.3 'variations on efficiency for 

decay mode I 
radiation  lengths of material  in  front of it, without  changing Table 2b. Effect of detector 
intrinsic  resolution. The numbers shown are relative the value variations on escjency for 
of 51% obtained  with  the  default ASLUND detector config- decay mode II 
uration.  Table  2b gives the same  information for mode 11. Table 2c. Specification of 

detector variations 

Property varied 

Beam pipe  radius 

Beam pipe  and Si thickness 

Particle ID 

Drift  chamber  resolution 

Calorimeter  resolution 

Variation I -1 
Property varied Variation I11 Variation I1 Variation I - 

Beam  pipe  radius 
- 1 .o 1 .o Beam  pipe and Si thickness 

- 1 .o 1 .o 

Particle ID 

- - 1 .o Calorimeter  resolution 

1.0 1 .o 1 .o Drift  Chamber  resolution 

1.0 0.4 1 .o 

Property varied Variation I11 Variation I1 Variation I 

Beam  pipe  radius 4.0 cm 3.0 cm 1.0 cm 

Beam pipe  and Si thickness - - 2mm/600pm 

Particle ID TOF+dE/dz Aerogel+dE/dz CRIDtdE/dz 
Drift  chamber  resolution 

- 0.3 r.1. 4.0/E1f4 Calorimeter  resolution 

- LRAD = lOOM 300pm 
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The overall conclusion to  be  drawn  from  this  study is that 
the reconstruction efficiencies are nearly independent of the 

Note that mass cuts have been widened to keep the efficiency 
constant when the resolution is degraded;  this will result in 
larger backgrounds. 

Efficiencies are nearly indepen- detector  details as long as the basic geometry is kept fixed. 
dent of detector details. 

The one exception to  the  detector  independence of the ef- 
ficiency concerns the use of aerogel for particle ID. The aero- 
gel detectors suffer from a high inefficiency due  to  the small 
number of photoelectrons  detected. The  standard ASLUND 
detector assumes that a ,O = 1 particle  produces 10 detected 
photoelectrons in the aerogel with  index of refraction of 1.0267 
and 5 detected  photoelectrons in the aerogel with  index of re- 
fraction of 1.008. This corresponds to a detection efficiency of 
about 12.5% for electrons. A detection  system  substantially 
more efficient than  this will be required if aerogel is to be a 
viable particle ID alternative. In Figure 6 the D+D- detec- 
tion efficiency obtained using aerogel relative to  the efficiency 
with perfect particle ID is plotted versus the photo-electron 
efficiency of the aerogel counters. A photo-electron efficiency 
of 35% will increase D+D- efficiency  by about a factor of 2. 
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5 .  VERTEX RESOLUTION 

F igure 7 shows a plot of the difference (zfoUnd - zZhrown) 
between the reconstructed z for Bo -+ D+D- decays (in 

mode I)  and  the  original z of the Bo decay generated by the 
Monte Carlo.' The  width is M 40pm. For comparison the 
same  distribution for Bo -+ x+n- is 27pm wide. The differ- 
ence is not  due to multiple  scattering or due  to  the  extrap- 
olation  along the flight paths of the D mesons, but  due  the 
loss of information  on  the position of the Bo decay along the 
flight paths of the D mesons caused by the non-zero D* decay 
length.  This can be  demonstrated by examining the  vertex 
resolution  for a sample of Bo -+ D+D- decays generated  with 
D* lifetime set to zero. If SECVTX is used to reconstruct the 
vertex  (using the information that all  six  tracks come from a 
common vertex) a resolution of about 25 pm is obtained from 
the Do lifetime  sample. If DVERT is  used (explicitly  ignor- 
ing the  fact  that  all six  tracks come from  the  same  vertex) 
then  the  same resolution is obtained  with TD = 0 (40 pm) as 
was obtained  with realistic D lifetimes. Thus  the loss of res- 
olution  is  not  cause by multiple  scattering (that loss is made 
up by having  more  tracks) or by the  extrapolation along the 
D mesons flight paths,  but by the loss of the  constraint  that 
all six charged  tracks come from a common vertex. The lost 
information comes out  in  the fit as two additional  measured 
quantities,  the decay  lengths of the two D mesons. It is con- 
ceivable that  these two decay lengths could be used to  the 
reject certain  types of background (with some  accompanying 
loss of efficiency, of course),  but  this will not be  investigated 
here. 

The zfound - zthrown distribution for decay mode 111 is 
55pm wide - only  marginally worse than mode I. Mode I1 
(with only  one xo) will be narrower than  mode 111. 

The resolution on Sz between the  tag  and a CP eigenstate 
such as x+n- is about  80pm;  it is dominated by the resolu- 
tion  on  the  tag.7  The marginally worse resolution for DsD- 
decays should  have  almost  no effect on  our  ability to  extract 
CP violations  from this mode. 
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An important issue is the sensitivity of the vertex resolu- 
tion to changes in the  beam  pipe  radius  and  to changes in the 

The degradation in vertex amount of material in the  beam  pipe  and vertex  detector.  The 
resolution with the beam pipe results of these  studies  are  summarized in Figure 8 for vari- 
radius  increased to 4 cm does ations described in Table 2c.  In no case is the degradation 
not  destroy our sensitivity to 
CP violation in Bo + Dt D- serious enough to seriously threaten  our ability to  measure 
decays. the CP-violating asymmetry in these modes. 

6. BACKGROUNDS 

T o estimate backgrounds we widen the mass cuts so as to 
reduce the  statistics in unbiased Monte Carlo  events re- 

quired to see the effect. We increase the D* mass cuts  to 100 
MeV and  the Bo mass  cut to 200 MeV.  We then scale down 
by the ratio of the  true  cut (e.g. 10 MeV for D mesons) 
to these  cuts to  estimate  the background. This increases 
the statistical power of a given sample by a factor of 1000 
for purely combinatorial  background and by factor of 100 for 
background in  which either the D+ or the D- is real. The 
backgrounds studied here are purely  combinatorial. We did 
not have enough statistics to  study  the background due  to 
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one  real D; preliminary  indications  are that it is compara- 
ble to  the combinatorial  background. We generated M 200K 
events  each for uds, cZ and BB production.  Figures lb ,  2b, 
3b and  4b show the mass and PBCM distribution for the un- 
biased BB events. The same  distributions for CZ and uds are 
shown  in  portions c and  d of Figures  1-4. The results  are 
summarized  in  Table 3. 

1 1  Mode  Signal uds CZ BB 

Mode I  has  little background. Mode I1 has substantial back- 
ground  but  not so much  as to make this channel  unusable. 
For mode I1 we have  rejected  events which contain  more than 
one Bo + D+D- candidate;  this selection  retains 80% of the 
signal while reducing the background by a  factor of two. It is 
worth  noting  that employing the no mass constraint to reduce 
the mass resolution for (IC-aSw+ao)~ to  the  same level that 
for (K-?T+T+)D would reduce  these  backgrounds by a  factor 
of about  four.  Note also that IC-tagging favors signal over 
background by about a factor of two. 

Tables  4a and  4b show the effect of detector  variations  on 
backgrounds  for  mode I and  mode I1 respectively. The detec- 
tor variations are  the  same ones specified in Table 2c. The 
numbers given in  Tables 4b and 4c are relative to  the back- 
ground estimates in  Table 3 for the  standard ASLUND detec- 
tor with  perfect  particle ID. The backgrounds  are very sensi- 
tive to detector variations.  It is particularly  important  from 
the background  point of view to keep the  radiation  length of 
the drift  chamber  long  and  to have high qua.lity  particle ID 
such  as  provided by a CRID. 

Table 3.  Signal and combina- 
torial background expected in 
30 fb-' for Bo - D+D' de- 
cays. 

Backgrounds are low for mode 
I .  For mode II background 
are substantial, but not over- 
whelming. 
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Property varied 

Beam  pipe  radius 

Beam  pipe and Si thickness 

Particle ID 

Drift  chamber  resolution 

Calorimeter  resolution 

Property varied 

Beam pipe  Radius 

Beam pipe  and Si thickness 

Particle ID 

Drift Chamber resolution 

Calorimeter  resolution 

Variation I 

1 .o 
1 .o 
1.4 

1.2 

1.0 

Variation I 

1.0 

1 .o 
1.6 

1.1 

2.3 

Variation I1 

1 .o 
1 .o 
0.3 

5.4 

1 .o 

Variation I1 

1 .o 
1 .o 
0.9 

2.7 

1 .o 

Variation I11 

1 .o 
- 

2.6 
- 

- 

Variation I11 

1 .o 
- 

3.0 
- 

- 

Table 4a. Effect of detector 
variations on background for 7.  CONCLUSIONS 
decay  mode I 
Table  4b. Effect of detector 
variations on background for 
decay mode I1 

I t should  be possible to  extract CP violating  asymmetries 
from Bo t D+D- decays. The vertex  resolution is suf- 

ficient and  the background is acceptable, at least  in the all 
charged  track  channel (I<-n+n+)~+ (I<+a-n-)~-  (mode I). 
Our  experience with (I<-x+w+)~-(I(+w-n-wO)D- (mode 11) 
leads  us to suspect that backgrounds may be  unacceptably 
large for channels with more than  three  particles coming  from 
both of the D decays (e.g., mode 111). Kinematic fits con- 
straining  to the D masses as well as  the T O  mass may help 
reduce  these  backgrounds to a workable level. Because of the 
low branching  fraction  and the small  number of decay  modes 
that  can realistically be  reconstructed,  the Bo -+ D+D- 
channel is not as sensitive as  the Bo -+ $I<: channel. It 
is worth  pursuing, however, since in extensions of the  Stan- 
dard Model, the  asymmetry in Bo -+ D+D- need not  be  the 
same as that for Bo -+ 
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TWO-PHOTON PHYSICS AT A B FACTORY 
DANIEL A. BAUER 

1. INTRODUCTION 

I n the  past  decade,  the  study of two-photon  interactions at 
e+e-storage  rings  has yielded significant new results on the 

properties of C=+1 mesons, QCD and  the  nature of virtual 
photon  interactions. However,’ there is still much that can 
be  learned  with  larger  data  sets, including  searches for new 
C=+l mesons and  exotic  particles  at masses > 2 GeV and 
the  systematic  testing of reliable QCD predictions at large 
two-photon  center of mass energies.  While  several  second  gen- 
eration  experiments  are  currently collecting data,  the much 
higher  luminosities  available at a B Factory  should  make it an 
ideal  place to  pursue  two-photon  physics,  as well as the im- A B factory will provide the 

portant B physics  objectives.  This  section  demonstrates the necessm~ jncrease in luminos- 

two-photon  physics which could be done at a B Factory and &,ton physics into higher 
ity required to extend two- 

the resulting  possible  impacts on the machine  and  detector m a s  regions 
design. 

2. THE TWO-PHOTON REACTION 

T he  two-photon  reaction, shown in Figure 1, involves the 
emission of virtual  photons by both  e+and e-. 
These  photons have space-like four-momenta, q; ) and  the 

distribution of q! is strongly  peaked  near 0. Such nearly- 
real  photons couple to  hadrons like vector mesons and vector 
meson dominance (VDM) adequately  explains  the  kinematics 
of the  outgoing  hadrons. However, occasionally  one or both 
of the photons is quite  virtual (q: << 0) and such photons 
couple  directly to  quark loops in ways calculable by QCD. De- 
tection of one of the  scattered e+ or e- ‘tags’  the  correspond- Detection ofthe scattered e+or 
ing’virtual  photon  and  determines q: = 4E; E: sin2 0;/2. e- ‘tags’ the corresponding vir- 
Since the  flux of virtual  photons falls like l / q : ,  such  tagging tual  Photon,  giving kinematic 
must  be  done at small  angles  with  respect to  the  beam di- information and suppressing 

rection to preserve any  rate. Single-tagging  determines Q2 = 
annihilation background 

maz( - q f ,  - q i )  and  greatly reduces  backgrounds  from e+e- 

1 73 
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annihilation at  both trigger and  analysis levels. Double-tagging 
gives an even greater  background  suppression  and allows the 
direct  determination of the final state kinematics  without the 
need to reconstruct  any  final state hadrons. 

Figure 1. Feynman diagram 
of the two-photon reaction 

There  are numerous  difficulties involved in the experimen- 
tal study of the two-photon  reaction. First  and foremost is 
the rapid fall-off of the  virtual  photon flux  with Q2 and W, 
the two-photon  center of mass energy. This makes it very dif- 
ficult to  probe even moderate  mass regions without achieving 
enormous  integrated  luminosities.  Compounding the problem 
of  low rates is the fact that  the 77 system is moving in the  lab 
frame; this  tends  to force tags  and final state particles  into  the 

The two-photon reaction rate forward parts of the  detector where  coverage  has  often  been 
is concentrated at small Q2and incomplete.  Another  problem is the generally low multiplicity 

and in low of two-photon  produced  final states.  Typically  there  are 2-4 
multiplicity final states final state particles,  and  such  signatures  can be very hard  to 

trigger on in the face of significant  backgrounds,  particularly 
those from radiative  Bhabha  scattering  and  beam-gas  inter- 
actions.  These effects often  make it difficult to  reconstruct 
two-photon  induced  events  with  good efficiency. 
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3. TWO-PHOTON PHYSICS 

T wo-photon physics is  now one of the  primary sources of 
information  about meson spectroscopy and QCD, as well 

as a unique  laboratory for identifying  exotic mesons. Charge 
conjugation C=+1 states  are formed which are only  indirectly 
accessible in e+e- annihilation.  Furthermore, the  two-photon 
reaction  probes the  quark  content of hadrons in a different 
manner than in e+e- annihilation;  the  two-photon  reaction 
rate is proportional  to e:, instead of e:. This  enhances  the 
production of mesons  containing  u  and  c  quarks  relative to 
those  containing s quarks  and suppresses the  production of 
gg. Two photons  can also couple to exotic  states such as 
Q Q Q ~  and qQg. The quantum  numbers of resonances are  usu- 
ally relatively  easy to  detect given sufficient statistics in two- 
photon  reactions  primarily  because  continuum  backgrounds 
are  small.  While  hadron colliders and fixed target  exper- 
iments  can  produce  both C=+l mesons and  exotic  states, 
the  experimental  detection is difficult and the presence of 
spectator  hadrons complicates the analysis;  thus huge sam- 
ple sizes and  partial-wave  analyses  are  required  to even verify 
that  the  appropriate resonance has been  seen.  In the  special 
case of spin-1  particles,  two-photon  reactions offer a unique 
method for determining  spin/parity, as first demonstrated by 
the  TPC/2y experiment;2 Yang’s theorem implies that a reso- 
nance detected in single-tagged  reactions and  not in untagged 
reactions  must  have  spin-1.  This is especially  interesting  be- 
cause, if one  can  then  identify  the  parity of the resonance, 
one  can  distinguish between the ls+qq nonet  and possible 
1-+ hybrid  states. 

In  addition  to  the  study of resonances, the measurement 
of exclusive and inclusive hadron  production in two-photon 
reactions allows access to many  aspects of QCD which are dif- 
ficult to  probe in other ways. For example, by measuring the 
reaction  rates  and  kinematic  distributions for the  two-photon 
production of single hadrons  and  hadron  pairs  one  can  de- 
termine  the  distribution of quarks  and gluons  within hadrons 
and  perhaps begin to  understand  the  non-perturbative  realm 
of QCD. At high Q2 and high W, where VDM is no longer 
important,  there  are reliable  calculations from perturbative 

Two-photon reactions provide 
a clean method for the  study 
of C=+l mesons and exotic 
mesons 

Single-tagging facilitates  the 
determination  of spin/pa.tity 
of spin-l resonances at low 
statistics, allowing sensitive 
searches for hybrids 

The combination of exclusive 
and inclusive hadron  produc- 
tion in two-photon reactions 
gives a powerful tool for the 
study of QCD 
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QCD with which one  can  compare. The  study of two-photon 
inclusive reactions allows a measurement of the total two- 
photon cross section, which can shed light on the  hadronic na- 
ture of photons. One can also determine  the  photon  structure 
functions  and  study  jet  production; a t  high Q2,  such inclusive 
measurements  should provide a definitive test of perturbative 
QCD. These  examples serve to  illustrate  the richness of the 
physics which can  be done using the two-photon  reaction. 

4. PRESENT STATUS OF TWO-PHOTON PHYSICS 

M any excellent reviews of two-photon physics results ex- 
ist in the 1iterature.l In this  summary, I will mention 

only a few measurements to illustrate the present status  and 
First  generation  two-photon 
experiments  have  yielded many to establish the context for what remains to  be studied. Most 
results from small data Sam- of the  experiments with  two-photon  results to  date have been 
PJes done  with  detectors  optimized for e+e- annihilation  events 

and  thus  have  had relatively large  systematic  errors  on  their 
two-photon  measurements.  In  addition,  most of the exper- 
iments  have achieved data samples of only 100 - 300pb-', 
and  thus  statistical errors are also large. Finally, very few 
of the detectors have been equipped with  the necessary high- 
resolution, low-angle calorimetry to allow tagging. Neverthe- 
less, there  has been a large physics output  from  these  initial 
measurements. 

Untagged  two-photon  resonance 
studies have yielded rRr7 Val- The emphasis in resonance studies has been on  the mea- 
ues for many low mass mesons surement of the two-photon  widths, r R r r ,  of low-mass, spin-0 

and  spin-2 mesons since this  quantitity is often  predictable 
and gives information about  the  quark  content of the me- 
son. Figure 2 shows the r*, 7, and 7' as seen by the Crys- 
tal Ball3 and  the observation by CLEO4 of the J p c  = 0-+ 
charmonium resonance qc in untagged  two-photon  reactions. 
Note the very sharp fall-off of statistics with  increasing  mass; 
this  limits  the comparison to theoretical  predictions to masses 
< 1.5 GeV. 
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Figure 3 shows measurements of the J p c  = l++fi(1285) TPC/27colJaboration 
meson and  the J p c  = 1?+ X(1420) particle in  tagged  reac- 
tions by TPC/27? Despite  the  paucity of events, the spin 1 
identification is solidly based  on the Yang's theorem  suppres- 
sion  in  untagged  two-photon  reactions.  Recent workshops6 
have  highlighted the present  experimental status of the lowest- 
lying meson nonets  available in  the  two-photon  reaction  and Spin-1 resonances are seen in 

tagged, but not in untagged, 
illustrate how few mesons have  been  experimentally  studied. twephoton  reactions 
Only a few of the lowest-lying mesons  have  been seen with 
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The goals of twephoton reso- 
nance studies are to complete 
the q@ nonets and to find  ex- 
otic particles 

Figure 4. Hadron pair mass 
spectra from untagged two- 
photon reactions 

Exclusive hadron production 
in  twephoton reactions has 
not  yet reached the mass re- 
gion  where it can  be  reli- 
ably compared to perturbative 
QCD predictions 

sufficient statistics such that  the  statistical  errors  are smaller 
than  the  systematic uncertainties.  Upper  limits have been 
established for the  production of a few candidates for  ex- 
otic  states,  but  they  are as yet insufficient to really challenge 
predictions.  Although the focus of resonance  studies  has re- 
cently been concentrated on finding exotic states,  it has been 
pointed out7  that one  cannot  expect to  determine  whether 
one is seeing such states  without a complete understanding of 
the conventional meson spectrum. 

Figure 4 shows recent results  from the  TPC/2y collabo- 
ration on the exclusive production of T+?T-, I<+, 1'- and p p  
in two-photon  reaction^.^^^ 
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Note that,  although the QCD predictions fall considerably 
below the  data in the T+T- and p p  channels,  they fit much 
better in K+K-. The calculations are  not really expected to 
describe the data at such low values of W, but  the agreement 
should  become  much better for W > 5 GeV if QCD is correct. 
There  are  many  outstanding puzzles in exclusive hadron pair 
production such as the enhancement in the cross section for 
77 + popo which  is not seen in 77 .--) p+p-, as shown in 
Figure 4f0 It is vital to obtain high statistics  data samples 
to  understand these discrepancies and  to reach the realm of 
applicability of perturbative QCD. Meanwhile, the present 
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data serves to help refine non-perturbative QCD techniques. 

There  have  been  numerous  measurements of the  photon 
structure  functions  and  two-photon  total cross section. How- 
ever, much of the  data has been  in  kinematic regions where 
its  interpretation involves the use of vector  dominance  ideas 
more than QCD. Another  area of considerable  interest in in- 
clusive analyses is the study of jet  structure in two-photon 
physics. Several  experiments  agree that  there is an excess of 
two-photon  events  containing  jets with intermediate values of 
transverse  momentum.  The  best present  hypothesis  to ex- 
plain  this involves higher-order QCD diagrams.  Thus  further 
data should  help to clarify the QCD calcuIations.  Experi- Currently operating experf 
ments in the near  future at PEP and LEP will  likely con- ments  may  suffice to under- 
centrate  on  the  area of inclusive two-photon physics and may stand two-photon inclusive re- 
answer many of the present  questions well before a B Factory actions, which are difficult to 

study  at  a B Factory 
could be  operational. 

5 .  THE FUTURE OF TWO-PHOTON PHYSICS 

S everal  second-generation  experiments  capable of doing 
two-photon physics are now taking  data.  These  include a 

new version of TPC/2y at PEP, ARGUS at DESY, CLEO I1 
at CESR and  the experiments at LEP and TRISTAN. Most 
of these  experiments  expect  to achieve much larger data  sam- 
d e s  within  the  next 3-5 years than have been obtained  in Upcoming twephoton experi- 
the past 10 years,  due  partly  to improved storage ring per- der of magnitude data rnents should take about an or- 

formance  and  partly  to improved detector efficiency. Current than now exists, with more 
projections  .would give the following approximate  integrated suitable  and complementary 
luminosities  before 1995: 1000pb-' for TPCI27, 700pb-' for detectors 
ARGUS, 3000pb-' for CLEO 11, 300pb-' for LEP and for 
TRISTAN. These  projections  assume  only  modest  improve- 
ments in peak  luminosities but  substantial  running  time (> 6 
months/year). It is likely that, for differing reasons, all of 
these  experiments will have  concluded their present  programs 
before a B Factory could be  built. All of these  experiments 
use detectors which are much better  suited  to  the difficult two- 
photon  kinematics than those of the first  generation. ARGUS 
and CLEO I1 have  particularly good neutral energy  detection 
while TPC/27  has emphasized  particle  identification  and high 
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resolution, low-angle tagging.  Correspondingly, TPC/2y will 
likely concentrate  on  tagged  resonance  production  and  tagged 
inclusive studies,  with a particular  emphasis  on  its  unique 
double-tagging  capability. ARGUS and CLEO I1 will explore 
resonances whose decays involve neutrals  and also hadron  pair 
production,  primarily  in  untagged  reactions. The higher en- 
ergy facilities at LEP and TRISTAN may explore  inclusive 
reactions at very high Q2 and W. 

In order to predict which of the physics questions  might 
be  already  settled  before a B Factory could be online, we 
have developed some  Monte  Carlo  tools to  estimate  event 

A Monte carlo generator ap- rates for some of these  second-generation  experiments. As 
proach with simple  geometric examples, we have chosen to  simulate  CLEO 11, TPC/2y and 
cuts Serves to give crude rate a generic LEP experiment. The basic  tool for predicting the 
estimates; realism is supplied event  rates is a Monte Carlo  event generator which does the by normalization to measured 
reaction rates complete  calculation of the two-photon fluxes and cross sec- 

tions,  as well as decay kinematics for resonances.  Simple cuts 
are used to  simulate  the effects of detector  acceptance.  These 
cuts  are  primarily  in  polar  angle for final state particles  and 
in polar angles and energies for tags.  Except  where  noted, 
the final state particles were required to  be  at polar  angles 
greater  than 0.3 radians, which  is an average detection  angle 
for the experiments  considered.  Tagging  angles and energies 
were chosen as follows: 0.045 < O(radians) < 0.2, E > 4 
GeV for TPCI2-y; 0.22 < 0 < 0.63, E > 0.5 for CLEO I1 and 
0.03 < 8 < T, E > 5 for LEP.* The resulting  answers were 
then normalized by applying a ‘detector/analysis’ efficiency 
which attempts  to account for remaining  detector  and  anal- 
ysis effects. These efficiencies  were determined from  present 
data of TPC/2y  and CLEO; they  vary  somewhat  from reac- 
tion to reaction  but  are typically around 2% for single-tagged 
resonance  production, 5% for untagged  resonance  production 
and 10 - 20% for inclusive processes and  hadron  pair  produc- 
tion. Note that these  estimates  are likely to be lower limits  for 
the second-generation detectors since they were obtained us- 
ing the results  from  older detectors where the acceptance was 
limited. We  wish to empha.size  here that  estimates  obtained 

* It is very unclear whether LEP can do tagging at such low angles 
in the face of backgrounds. 
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using Monte  Carlo  generators such as  these  are necessarily 
crude  and  should  be used only  as  guides to event rates for 
purposes of developing the accelerator  and  detectors.  True 
event rate  expectations will require much more  detailed de- 
tector,  and  particularly  trigger, simulations which can  only 
be done  once a specific design is available. 

Using these  Monte  Carlo  tools, we have studied  three 
representative  reactions  to  determine how  well experiments 
might do. The first of these is untagged yy ---t R(JPC = 
0-+) -+ T+T-T+T- where we have  assumed a branching  ra- 
tio of I%, rRrr = 5 keV and a total  width of 10 MeV. This 
is a measured  decay  mode of vc and a likely decay mode of 
radially-excited  pseudoscalars or pseudoscalar  exotic states.** 
It is also representative of untagged  two-photon  production 
of even-spin  resonances  in  general. Other decay  modes  have 
been studied in less detail  but give rates of the  same  order. 
Figure 5 shows the expected  event  samples.  There is a sub- 
stantial  advantage in  event rate for a given integrated lumi- 
nosity at LEP and TPC/2y as compared to CLEO 11, due 
to  the  increase of the  virtual  photon flux with center of mass 
energy for a given W. However, the  expected  integrated  lu- 
minosities turn the picture  around, leading to  the conclusion 
that  the LEP experiments will not  be  competitive  with  either 
TPC/2y or CLEO 11, except possibly at the very largest res- 
onant masses.  Clearly the low-mass region, and  particularly 
the region 1.5 < MR < 2.0 GeV  which  is poorly  measured 
now, will be  understood much better in a few years. How- 
ever,  none of the experiments will  likely have  more than a 
small  handful of events for resonant masses greater  than 2 
GeV, where many of the glueball and  exotic  states  are  pre- 
dicted to lie. 

We use Monte Carlo tools 
to study untagged and single- 
tagged resonance production 
and exclusive hadron produc- 
tion 

Second generation experiments 
will use untagged two-photon 
reactions to  probe for reso- 
nances up to at least 2 GeV 

** It is likeIy that radially-excited mesons and most of the exotic 
states will have smaller branching ratios for such decay  modes and 
also smaller two-photon widths than  the  standard qQ states. 
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Figure 5.  Expected event 
samples by 1995 at  several dif- 
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The second reaction  studied is the  tagged reaction yy* + 
R(JPC = 1++) t K*K:?rr where we have  assumed a branch- 
ing ratio of l.O:** a coupling parameter f ' ~ ~ ~  = 1.3 and a 
total  width of 50 MeV, which are  the measured values for the 
X(1420) as seen by TPCI2-y: Since little is known about  other 
spin 1 resonances, it is not clear how representative  these pa- 
rameters might be. A p form  factor  has  been  assumed for 
these  studies,  although  not  established by the experiment. In 
contrast to  the untagged  case, single-tagged event rates  are 
quite sensitive to  the form  factor chosen. The use of a p form 
factor will give 'worst case' rate  estimates, since other choices 
would favor higher Q2 which has higher detection efficiency. 
Again, the use of other decay modes does not  substantially al- 
ter  the  rates.  Figure 6 shows the  expected  data samples. The 
tagged rates  are of course  considerably smaller than those 
of untagged production; however, it seems likely that spin 1 
states  up  to 2 GeV  might  be  detected,  and  the lower mass 
states such as  the X(1420) should be  produced in  sufficient 
numbers to  determine  the parity. Clearly the low-angle tag- 
ging of TPC/2y gives an  advantage over the  other experi- 
ments, although  the  expected larger  integrated  luminosity of 
CLEO I1 keeps it competitive. LEP rates  are suppressed be- 
cause the large  center of mass energy causes the tags to lie 

* * * Higher  mass states and exotics may  have smaller individual channel 
branching ratios. 
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samples by 1995 at  several 
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Finally, we have studied  the exclusive  reaction yr -+ 

r+7rr- as a typical  example of an interesting  hadron  pair 
production process. The W dependence of the cross sec- 
tion was taken  to  match present data8 in the limited  range 
1.75 < W < 2.5 GeV and  the Monte  Carlo  generator was 
used to  extrapolate  this  to larger values of W. The Q2 de- 
pendence was taken  to  be  that of a p pole  form factor.  Note 
that, while the  extrapolation  and form  factor  assumptions 
are  rather  uncertain given present data,  they lead to conser- The  next  generation of exper- 

vatively low event rate estimates at higher W and Q2. It is iments begin to study 
perturbative QCD with  exclu- 

expected that higher  masses will be associated  with a ‘flatter’ sive two-photon hadron pre 

form  factor, which puts more  events at higher Q2 where they duction 

are easier to  detect. Given the luminosity  estimates  above, 
Figure 7 details the expected  event  samples. All of the present 
experiments will give roughly  comparable statistics in the in- 
teresting high W region but none of them will extend  the  data 
out  to  the W > 5 region where perturbative QCD theorists 
are completely  comfortable. 
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Figure 7 .  Expected event 
samples by 1995 at several 
different  experiments for the 
untagged process 77 -+ X + 

x+ x- 

Much  will be left to do in 
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Thus, when the second generation of two-photon  experi- 
ments has ended and  the  time for a B Factory  draws  nigh, we 
will be left with much to  be learned.  It is likely that  the C=+l 
meson resonances will have been adequately explored only  up 
to masses of about 2 GeV, short of the  prime  hunting  ground 
for glueballs and exotics.  While the  charmonium region may 
have been examined  somewhat better  than now, many  inter- 
esting questions will remain which  will require  much higher 
statistics, such as spin/parity analyses and measurements of 
the two-photon widths to  the level that  can confront  potential 
models. There may be new candidates for exotics, especially 
in the spin-1  sector, but  statistics will  likely be  too low to 
definitively separate these  from the  quark model  nonets. Ex- 
clusive hadron  pair  production will have  barely reached the 
kinematic region where QCD  predictions  should  apply, and 
there will undoubtedly  still  be puzzles such as the  current 
popo and p p  excesses. Higher statistics would  allow study 
of interesting channels such as $p  and 00. There is also 
the very interesting process y*y* -+ pseudoscalar  mesons for 
which there  are definite QCD predictions" at high Q2,  re- 
quiring  good  statistics in single-tagged and/or double-tagged 
two-photon reactions. Inclusive studies will probably have 
probed the QCD region reasonably well  by then,  with good 
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measurements of the  photon  structure  functions  and  perhaps 
a better  determination of Am In  particular,  experiments 
at  TPC/27, LEP, TRISTAN and even HERA should  have 
extensively studied  the high Q2 regions, which are not  easily 
accessible at low center of mass  energy  machines. 

There  are two  possibilities for extending the  statistics  in 
two-photon physics to higher W, and  thus larger  resonance 
masses. The first is simply (!) to  obtain much  larger e+e- in- 
tegrated luminosities, which  will require  machines  with  larger 
peak  luminosities if we wish to  do  the physics in a finite  time. 
The logical next  step beyond  current  machines is the pro- 
posed B Factory. The  alternative is a true two-photon  factory, 
where  real photon beams are produced  from the backscatter- 
ing of laser  light  from  linear collider electron  beams;  these 
intense  photon  beams  are  then  collided,  and the resulting two- 
photon  luminosities are nearly  equal to e+e- luminosities up 
to &.12 This  latter scheme will be  the only  practical  method 
to  study  the two-photon  coupling to heavy quark  (b,t)  states 
and to search for heavy  exotic  resonances which couple to 
two photons. However, present  estimates for the completion 
of such  a  machine put  it  at least a decade away. Thus  the B 
Factory is the best  hope for two-photon  physics  in the  latter 
half of the 1990’s. 

6. TWO-PHOTON PHYSICS AT  A B FACTORY 

T he obvious  question about doing  two-photon  physics at a 
B Factory is “Can  anything worthwhile be done?” After 

all, the facility will run  at low center of mass  energy and will 
clearly be designed  primarily to  study CP violation  in B de- 
cays. However, the primary need for  two-photon  studies is a 
high-quality detector at a very high  luminosity  machine. The 
proposed  detectors  needed to  do B physics all  have  good  polar 
angIe coverage at least down to 300 mrad with  high  resolution 
ele.ctromagnetic  calorimetry,  tracking and  particle identifica- 
tion.  While this is a much larger  angle for detecting  scattered 
e+ or e- tags  than is usual  in  two-photon  experiments (more 
typical  minimum  angles  are 20-30 mrad),  the low center of 
mass  energy serves to keep the  singletagged  rates reason- 
able. The energy/momentum  range covered by the proposed 

Although backscattered  laser 
beams at a linear  collider may 
be the ultimate twephoton 
facility, there is a clear need for 
a high-luminosity e+e-facility 
like the B Factory in the 1990’s 

A B factory  will be a good 
place to study tw+photon  res- 
onance and exclusive hadron 
production 
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Event  rate  predictions are 
given using simple  geometric 
cuts but with  normalization 
determined from previous  ex- 
periments to add realism.  An 
integrated  luminosity of 
100 fb-’ is  assumed 

Untagged two-photon resonance 
production of even  spin C=+l 
resonances will extend up to 5 
6 GeV at B factories 

detectors  extends  from 50 MeV up to several GeV. Triggers 
are being considered which  will efficiently keep events with 2 
or more  particles,  some of which may be  neutral,  and simple 
extensions of logic to recognize Bhabha  scattering events will 
allow tagged  two-photon  triggering.  These  requirements  are 
just  what  one desires for the  study of resonances and exclusive 
hadron  production in a t  least the untagged  and single-tagged 
modes  from the two-photon  reaction. 

To determine  whether  the event rates will be  adequate, 
we have used the  same  Monte Carlo  tools  described  in the 
previous section and  assumed a B Factory  operating at  the 
T(4S), although  there is little sensitivity to  the  actual energy 
used within the T system. The geometric acceptance of the 
detector is described by the simple cuts e,,,;,, = 0.3 radians 
and Emin = 0.5 GeV. Despite  the simplicity of this  ‘detector 
simulation’, the normalization of the Monte Cad0 predictions 
to results  from  first-generation  experiments, which  were not 
optimized for two-photon events,  makes it likeIy that these 
are conservative estimates of the event rates.  Still, since two- 
photon  rates  are especially sensitive to details of the low-angle 
coverage, precise expected rates  cannot  be  determined un- 
til  the  detector  (and trigger) are  better determined. These 
Monte  Carlo  rates serve as a guide to detector  requirements 
and physics possibilities. We have assumed that  the B fac- 
tory luminosity will be 100 times  present  peak luminosities 
(i.e. 1 x and  our event rate estimates  are based on an in- 
tegrated luminosity of 100 fb-l. Obviously peak  luminosities 
will start lower and  it  may  take several years to  accumulate 
such integrated luminosities. Most of the  two-photon physics 
topics we have outlined  above will benefit already  from lumi- 
nosities at  the 10 fb-’ level. 

Figs. 8-10 give expected event rates  at 2 different B fac- 
tories  [symmetric 5.3 x 5.3 GeV and  asymmetric 3.1 GeV 
(e+)  x 9 GeV (e-)] for the  three representative processes dis- 
cussed in the previous section. Clearly the  quantum  jump 
in integrated luminosity provided by the B Factory signifi- 
cantly  extends the mass range  one can explore, even though 
the event rates  per  unit of integrated  luminosity tend  to  be 
lower than  at larger 6. As seen in Figure 8, the  charmonium 
region will  now be easily accessible in the  untagged  mode  and 
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searches for even-spin, C=+l resonances will be possible up 
to masses of 5-6 GeV. The increased statistics at lower masses 
will  allow the detailed  kinematic  analyses needed to  determine 
spin/parities  and  production helicity  fractions. This informa- 
tion is vital  in  separating  standard qq mesons from  exotic 
states, which will obviously be a major focus of the  program. 
Note that  the  symmetric B Factory gives higher rates at large 
miss  than  the  asymmetric design for untagged  resonance  pro- 
duction. 
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Figure 8.  Expected event 
samples at symmetric and 
asymmetric B factories for 
the untagged process y y  -+ 

I 

I 

R ( J P C  = 0-+) -+ 17+17-17+*- 
This  is  because  the higher mass states  tend  to  be  produced 

nearly at rest  in  the  center of mass  frame of the colliding 
e+and  e-(symmetric case) and  the decay products  are  then 
boosted at the asymmetric  machine so that some of them 
are lost in  the hole  around  the  beampipe of the forward end. 
However, the difference in rates between the two designs i n  
the charmonium region is  less than a  factor of 2. 

Figure 9 shows that the  production of spin 1 mesons using Tagged two-photon  production ofspin-1 resonances will be ex- 
single-tagging will be extended to masses of around 4 GeV, plored up through the 
sufficient to  measure  the xl(3510) and perha.ps cE radial ex- nium region at B factories 
citations. The spin 1 sector may well be  the  best place to 
find hybrid qqg states at lower masses. 
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In the single-tagged  case, the asymmetric B Factory  has 
an  advantage at low masses (about a factor of 5 at 1.42 GeV) 
over the symmetric B Factory  because the boost tends  to 
‘pull’ the  scattered e+ tag  out  into  the  detector  on  the back- 
ward  (low-energy) end, where the single-tagging would occur. 
Another way  of saying this is that a lab angle of 300 mrad 
at  the asymmetric B Factory  corresponds  to a center of mass 
frame  angle of about 170 mrad. Of course, the forward (e-or 
high-energy) tags will not easily  be detected at  an asymmetric 
B Factory  since  they would be  boosted  into  the  detector hole, 
but  this  straight factor of 2 loss is more than made  up  for by 
the rapid  rise  in the  virtual  photon flux  accessible  on the low- 
energy  end. Again it should be  emphasized that  these pre- 
dictions  may be conservatively low for tigher-mass particles 
because of the use of a p form  factor. The  opposite  extreme of 

predicted spin-l rates are a flat form factor will boost the predicted  rates by a  factor of 
probablylowsinceform  factors 20, and  greatly lessen the difference  between  symmetric  and 
for higher Objects asymmetric B factories.  Although  no  detailed  studies  have 
likely  be flatter than the 
assumed p -pole been made,  other  single-tagged  processes  should be measur- 

able as well. Of particular  interest will be 77* 3 no, 7, v’, for 
which there  are  detailed QCD predictions of the Q2 depen- 
dence which  will  allow the direct  determination of the  parton 
distributions  within  hadrons.” 
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Finally, Figure 10 shows that  the exclusive hadron  pair 
production  reactions will easily  reach into  the W > 5 GeV 
region, where the  perturbative QCD predictions are reliable. 
As before, we emphasize that these  estimates for exclusive 
hadron  production  are based on conservative extrapolations 
of present data  and the event rates  at high W (and high Q 2 )  
may be  considerably  larger. 
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It is fair to ask what parts of two-photon physics will 

NOT be readily  accessible at B factories. Our Monte  Carlo 
studies  indicate that double-tagging will  likely be  unprofitable 
at either  type of B Factory due  to  the low rates for detecting 
both  tags at these relatively large  scattering angles. It also 
appears that two-photon inclusive processes will not  be easily 
studied at B factories,  since the low. center of mass energy 
tends  to  push the two-photon  and  annihilation regions close 
together,  as well as  limiting the W and Q2 ranges available. 
It is also  unclear what the  remaining physics questions will 
be in the inclusive area by the  time a B Factory is built. 

We have  done  some specific studies of how the require- 
ments of two-photon physics affect the design of a B I?a.ctory 
and  its  detectors.  Our event rates  to  this point  assumed that 
all  produced  hadrons  had a minimum  polar angle of 0.3 mdi- 
ans.  Figure 11 shows the dependence of one of the processes, 

A B Factory will be a testing 
ground for QCD using two- 
photon  production of hadron 
pairs  at high W 

Figure 10. Expected event 
samples at asymmetric  and 
symmetric B factories versus 
W for the untagged  process 
77 ---* n+n- 

A B factory will likely not 
be a  good place to pursue 
twephoton double-tagged  and 
inclusive studies 
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The two-photon event rates 
are not very sensitive to the the tagged X(1420) production, on this  selection  angle.  While 
minimum detection angle for there is an increase  in rate if one pushes the  acceptance  to 
final state hadrons. smaller  angles, it is not sufficiently large  in  and of itself to 

warrant heroic efforts in that regard. This relative  insensitiv- 
ity  to final state selection  angle is characteristic of two-photon 
exclusive processes. 

Figure 11. Events/pb-' at 
B factories for the tagged r e  
action 77* -+ R ( J ~ ~  = 
I++) -+ K * K ; ~ T  versus  min- 
imum polar angJe for  detection 
of the final state particles 

Figure 12. Events/pb-' at 
B factories for the tagged reac- 
tion 77* -+ R(JPC = 1++) -+ 

K* K ; K ~  versus minimum PO- 
lar angle for detection of a  sin- 
gle tag  (scattered e+or e-) 
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Of much more  importance is the  minimum  tagging angle, 
for which  we also  have used a default of 0.3 radians.  Figure 
12 shows that  the  rates for tagged X(1420) are  quite sensitive 
to this angle. An even more  important  reason for  preserving 
some  tagging  capability at low angles is to maintain accep- 
tance in the low Q2 region, 0.1 < Q2 < 0.5 GeV2, where the 
separation of spin-1  from even-spin mesons, and  the  distinc- 
tion  between  positive and negative parities, is cleanest. The 
Q2 distributions  from  the process yr* -+ B(Jpc = 1++) --+ 

K*l(!?rT are shown in Figure  13  with 0 > 300 and in Fig- 
ure  14  as a function of the minimum  tagging  angle.  Clearly, 
there will be almost  no data  at low Q2 unless  angles less than 
300 mrad  are possible.  Unfortunately, the B Factory  machine 
designs make coverage at small  angles  very difficult as shown 
in Figure  15 for one of the most  favorable asymmetric configu- 
rations.  Present  detector designs assume a minimum angle of 
about 300 mrad largely due to these  machine  constraints  and 
in  fact  are  studying  the  possibility of shielding  against par- 
ticles at smaller  angles to minimize  backgrounds  from stray 
beam  particles. Obviously two-photon physics needs would 
be  best served by extending  the  endcap  calorimetry cover- 
age to  as low angles as possible, even if the energy  resolution 
begins to  be degraded by additional  material. However, it 
might  also be possible to gain  some rate at very low Q2 by 
installing, at small  angles  near the  interaction  point, a com- 
pact  (large  radiation  length)  and  radiation  resistant  detector 
with  good  resolution for electromagnetic showers caused by 
the  scattered e*. At an  asymmetric collider, this would be 
installed  only on the low-energy end of the  detector.  This 
would require  detailed  studies  as  the  ‘real  estate’ is very tight 
in that region and  the backgrounds  might be prohibitively 
large. Presumably such a detector would consist either of 
BGO or one of the newer technologies such as BaF or scin- 
tillating  fibers,  with  the  additional possibility of including a 
proportional  tube layer in  front  to  discriminate e’s from y’s 
and  perhaps a silicon layer at shower maximum to help  with 
e/?r discrimination.  This would be a very small and very 
challenging detector  to  build, especially if was also required 
to supply  information for tagged  triggering. 

I t  is important for spin-1 
studies to preserve  tagging  at 
low angles and thus low Q2 

It might be  possible to install 
a  small detector near the 
interaction  point to supply 
low-angle  tagging for spin-1 
studies 
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Whether or not it is feasible to  construct such a detector, 
further  study needs to go into  the possibility of determining 
spin/parity of produced resonances using angular  distribu- 
tions or by separating  the  contributions of longitudinal and 
transverse  photons.  It  should be emphasized that only the 
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production of spin-1 resonances in the single-ta.gged mode is 
affected by the lack of low Q2 coverage; untagged resonance 
studies and single-tagged form  factor and W dependence  mea- 
surements for comparison to QCD are not significantly im- Lack Of Very low Q2coverage 

pacted. 
will not  harm  the bulk of two- 
photon  physics to be done at a 
B Factory 

100 
Cenlimeters 

It  is clearly desirable to  be able to detect  tags at low en- 
ergy since Q2 is linearly dependent on tag energy. However, 
as seen in Figure 16, the two-photon production rates for 
tagged processes will not be substantially affected unless the 
minimum  tag energies need to  be larger than  about 2 GeV. 
Since the calorimetry is designed with good resolution down 
to  at least 0.5 GeV, only the presence of large backgrounds at  
low angles could necessitate such a large tag energy threshold 
and such backgrounds will likely also cause problems for B 
physics. Note that  the asymmetric B Factory is more sensi- 
tive to  the  tag energy threshold because tagging occurs pri- 
marily on  the low energy end (3 GeV in this case). 

Figure 15. Interaction region 
geometry for a  crabcrossing 
asymmetric B Factory design 
at SLAC 
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Figure 16. Events/pb-’  at B 
factories  for  the  process 77* --+ 

as a  functioo- o f  minimum 
tagging energy 

R ( F  = 1++) -+ K*K;*r 

The cross section of t w e  
photon hadron production  for 
masses > 1 GeV is small 
compared to annihilation cras  
sections  at B Factory energies 

The  triggering schemes envi- 
sioned for B physics  should be 
%exible enough to accomodate 
two-photon  physics as well 

Extension o f  the  trigger logic 
needed to reject Bhabha scat- 
tering  events will allow tagged 
twc-photon triggering 

Minimum Tagging Energy (GeV) 

Another  important issue for two-photon  physics a t  B fac- 
tories is the definition of triggering. The  total cross  section 
for e+e- --f e+e-hadrons at  the Y (4s) is about  lnb, as com- 
pared  to  the  other physics cross sections e+e- --f hadrons of 
4 nb, e+e- --+ leptons of 3 nb  and eSe- 3 e+e- of nearly 
32 nb! Thus  the overall  trigger rate will not  be  substan- 
tially  increased by triggering  on  two-photon  events, as long 
as there is a restriction  to masses  (transverse  momenta) well 
above the &ED range (z 1 GeV). However, as mentioned 
before,  two-photon  events tend  to involve a small  number of 
low momentum  and low polar  angle  tracks. For example, it 
is desirable to  be  able  to trigger efficiently on  such  processes 
as yy + 7r+1r- in the untagged  mode and yy* + 77 in the 
single-tagged  mode.  These are very challenging  topologies  for 
triggering,  especially given the usual  backgrounds  resulting 
from  beam-gas  interactions and  radiative  Bhabha  scattering. 
Recent ideas for triggering at B factories  have evolved along 
the lines of a multi-staged  pipelined  system. At  level 1 
(typically  about lps), one  might  require either a total energy 
from the calorimetry of 2 GeV, or the presence of a t  least 
2 calorimeter  ‘supertowers’  each with at  least 1/2 minimum 
ionizing (about 300 MeV) or perhaps a single  ‘track’  from 
the inner part of the  central  drift  chamber  with  at  least p t  
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of 50-100 MeV. The primary rejection  here would be of cos- Preserving triggering to small 
mics and  beam-gas backgrounds. The precise  definition of angles is vital for tw@Photon 
calorimeter  supertowers is not yet clear but suggestions  have 
ranged from  arrays of 5 x 5 crystals to overlapping  hemicylin- 
ders of the whole  calorimeter. Level 2 triggering (at  the 10 
ps time scale) would then impose tighter  requirements  such 
as either 2 tracks in the  central  drift  chamber(one of which 
could be at low angles) or a total energy of at least 3 GeV  in 
the  calorimetry or the presence of 2 calorimeter  energy clus- 
ters of some  minimum energy. The requirement of localized 
energy  cluster  finding is essential at this  stage  to allow recog- 
nition  and  prescaling of the enormous rate of Bhabha events. 
The  same logic that does this  can,  with simple  extensions, Calorimeter yopologic~’ 
be used for tagged  two-photon  triggering. The final  stage gers should function relatively 
of triggering would then  be a microprocessor farm which di- well for two-photon events 
rects the various topologies into different streams, which can 
be preserved or prescaled as  data acquisition rates  demand. 
We believe, based on experience with present detectors,  that 
such a relatively loose trigger  scheme  should efficiently catch 
most of the two-photon  events of interest,  IF it can be  made 
to function  in the  high-rate B Factory  environment.  Pri- 
marily, the  impact of two-photon physics here is to push very 
hard  to preserve the  endcap  calorimetry  and low-angle drift 
chamber regions in the trigger, especially on  the low-energy 
end at an  asymmetric B Factory,  where  single-tagging will be 
important.  There  are  other issues which need serious study, 
such  as the effects of the  detector  magnetic field which might 
curl up low-momentum  tracks  before  they  reach  central  de- 
tector  triggering  elements.  This may necessitate  the  use of 
chambers  between the central  drift  chamber  and  the  vertex 
chamber to  supply trigger  information. To suppress  beam-gas 
backgrounds, it would be desirable to make use of z informa- 
tion  in  the  trigger. However, one  must be careful with  such 
small  radius  and z trigger  requirements so as not to throw 
away events  with K g .  Such  problems are  more serious for 
untagged  two-photon  studies,  where  one is not aided by the 
relatively  high  energy of the  detected  tag in forming a trigger. 
While it seems premature  to  try to evaluate trigger efficien- 
cies, we have  done  some  preliminary  studies  on the effects of 
the  calorimeter ‘topological’ triggers by studying  the  trans- 

physics 
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verse momentum and  azimuthal  angle differences between fi- 
nal  state  particles in a untagged  process like yy + r + ~ - .  
Although there is a significant impact  at low mass, it appears 
that  the higher-mass regions which  will be of most  interest at  
a B Factory  should  survive  relatively  unscathed.  Note that 
the event rates we have-quoted  are normalized by results  from 
present  experiments  and  thus  include  some of the effects of 
trigger efficiencies already . 

The whole question of backgrounds  from  such  sources  as 
synchrotron  radiation  and  beam-gas  interactions is central  to 

Two-photon  physics  is es- the design of the B Factory. It  appears  that masking solu- 
pecidJy susceptible to back- tions  exist which can keep synchrotron  radiation  to  acceptable 
grounds in low-angle regions levels in the  detector in  present B Factory designs. Particles 

from  beam-gas  interactions  pose a much more serious hazard 
to  the  detector,  both in terms of occupancy  and  radiation 
damage, as well as for triggering.  Monte  Carlo  studies at 
SLAC have already shown a substantial  rate of y’s entering 
the central  drift  chamber  from  beam-gas  scattering  in  the 
high-energy  beam. The  particular  sensitivity of two-photon 
physics to such  backgrounds comes in two areas.  First,  as 
already  discussed, if the backgrounds of low-energy particles 
are  too  great,  the trigger will have to  be  made more stringent 

Singletagging on the low en- and  this may adversely affect some of the  two-photon pro- 
ergy end of an asymmetric col- cesses of interest. Secondly, if the flux of background  parti- 
lider should be reasonably cles is too large  in the  endcap  calorimetry (or in any low-angle 
sensitive to beam backgrounds calorimetry which might be  proposed), it could  limit the abil- 

ity  to  do single-tagged  two-photon  physics.  Fortunately, at 
an  asymmetric B Factory, the tagging would be  done  on  the 
low-energy end of the  detector  and it is expected that the flux 
of particles  there will be much less. Further  studies of these 
impacts await the refinement of the background  calculations 
and  perhaps  actual data from CLEO 11. 

As for the  impact of two-photon physics on  the  rest of the 
B Factory  detector  components,  only  particle  identification 
might  pose a problem above  and beyond what is required to 
do B physics. Figure 17 gives the momentum  spectrum for 
a typical  process, that of untagged  production of a low-mass 
resonance decaying into 4 charged  particles. 
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Final state hadron  momenta  are  mainly in the few-hundred 
MeV range, where dE/dx from  the  central  drift  chamber should 
be quite  adequate. The  upper end of the range,  where dE/dx 
overlaps would occur, would be readily handled by any of 
the proposed Cerenkov techniques needed for B physics. The 
other particle identification need for two-photon physics is 
to  distinguish the  scattered e+ tags  from pions and  from 
photons. The high-resolution central and  endcap calorime- 
try should provide plenty of e/7r discrimination, especially in 
the  important 2-3 GeV region and  the  central drift  chamber 
should allow e / r  discrimination in the  same range. However, 
both of these  are contingent on having full detector coverage 
to  somewhat below the  minimum tagging angle to prevent loss 
of resolution due  to leakage effects. Furthermore,  there  must 
not be increasing amounts of material at small angles which 
could degrade tagging recognition. Subject to these  caveats, 
it  appears  that two-photon physics will have very minimal 
impacts on the detector design. 

Figure 17. Momentum of 
final  state  particles  from  the 
process 77 -+ ~(1450) -+ 
I<* K; n~ 

TrvcFphoton physics requires 
moderately  good hadron parti- 
cle i .d.  over the full angular 
range and good en and e7 dis- 
crimination for tagging 
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7. CONCLUSIONS 

T wo-photon physics is  now a maturing field of investiga- 
tion which promises a wealth of information  concerning 

the fundamental  theory of strong  interactions, QCD. Mea- 
surements on subjects  ranging  from meson spectroscopy to 
hadron  pair  production will provide a many-pronged  challenge 
to the theorists  and may well uncover new physics. Such mea- 
surements will, however, require  orders of magnitude larger 
event  samples than  are available today or even in  the  next few 
years. The high luminosities  available at a B Factory would 
make  such  event  samples obtainable. We believe that  the 
two-photon  production of resonances and exclusive  hadron 
production  can be accomplished at such a facility with only 
small  impacts  on  the  detector coverage, calorimetry  and  trig- 
gering and  with  no  compromise in the  important B physics to 
be done. Thus, a facility  built for the very interesting  study 
of C !  violation  should  serve to  expand  greatly  our knowledge 
of more  conventional hadron physics. 
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INTERACTION REGION CONSIDERATIONS 
FOR A B FACTORY 

H. DESTAEBLER 

ABSTRACT 
Machine-detector  interface issues a t  an  asymmetric B 

Factory  are discussed,  with an emphasis  on detector back- 
grounds. A collection of useful formulae is included. 

1. INTRODUCTION 

T he goal of the B Factory  project is to observe CP vio- 
lation  in the BB system.  In  order to achieve this goal, 

the machine  must truly  operate as a  factory for high energy 
physics,  not an R&D  project  for  accelerator physics. (The 
necessary  R&D is supposed to  be done before the  machine is 
built .) 

A B Factory  operates  at unprecendentedly high beam  cur- 
rents, placing  a  greater than usual  burden on the proper  de- 
sign of masks to shield  against  synchrotron  radiation  and  en- 
ergy  deposition by lost beam  particles.  There  are a number of 
interrelated design issues arising  from the different  desires of 
the  detector  and  the machine,  some of which are listed below. 

A number of background and beampipe issues are men- 
tioned. The emphasis  is  on  calculations. Any satisfactory 
design will combine  measurements on existing  machines  with 
calculations pertaining  to  the measurement  conditions  as well 
as to  the proposed  machine. 

This  article will serve  as a general  introduction to  the 
problemes of masking the  interaction region at a high- 
luminosity  asymmetric-energy B Factory. The following arti- 
cles, by M. Sullivan  on detector backgounds from synchrotron 
radiation  and by D.  Coupal  and C. Hearty on detector  back- 
grounds  from  scattered  beam  particles,  treat  the specific case 
of the SLAC B Factory in more detail. 
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2. DETECTOR REQUIREMENTS 

I t is the limits of the various subsystems of the  detector 
as to occupancy  and  radiation dose which place the most 

stingent  requirements  on the  interaction region design. 

Many events  are  required, which implies  high  luminosity 
(this  means high Lave, not  only high Lpeak), which, in 
turn, implies high current  and  small  spots. High current is 
achieved with customary  bunch  population  but much closer 
bunch  spacing.  Small spots  imply  small ,B* which, in  turn, 
implies short bunches and fairly  large IP angles. 
Good vertex  resolution is required, which implies a small, 
thin  beampipe. The IP beampipe will be  the smallest  phys- 
ical aperture in the machine. 

rn Luminosity  requirements  are  reduced by having a moving 
center of mass, which implies unequal  beam energies, which 
requires two rings. Even with equal energies,  two  rings 
are necessary to  eliminate  the effects of parasitic  bunch 
crossings. 

rn There is competition  between the  detector  and  machine for 
the scarce  real estate  near the IP; cables and  other services 
require  space. 

rn The  detector will have a solenoidal field of ~1 T extending 
over *2 m. 

The detector  must  experience  acceptable  backgrounds  dur- 
ing luminosity running. For the  detector,  this  means a 
design relatively  insensitive to backgrounds. For the  ma- 
chine, this means a number of masks (both near  and  far 
from the IP), an  appropriate  optics design that minimizes 
background  problems, and a pressure profile that reduces 
backgrounds. 

Frequent and  rapid  injection is required to keep Lave high. 
This obviously constrains  the  machine.  The  detector  must 
be insensitive to  radiation  damage  during  injection,  and  it 
must go quickly from  data  taking  to injection  and back 
again. Some kind of rapidly  insertable  and removable 
shielding to protect the  detector  against  injection  and  poor 
machine  performance  might  be useful. 
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Radiation  damage to the detector  from commissioning and 
machine  physics work should  be small  compared  with the 
inevitable  amounts  during luminosity  running. The de- 
tector will undoubtedly  be  absent  during  initial commis- 
sioning, but it will be present  during  the final stages of 
commissioning,  since it is the  best  instrument  to  measure 
backgrounds,  and it will be present  during recommission- 
ing following shutdowns. 

The design of the  detector/machine  should be  flexible, for 
example  to  accomodate different head-on or crossing angle 
geometries at the  IP, or changes in the energy asymmetry. 

Special IR instrumentation is needed. For tuning,  whether 
by operator or by computer,  prompt signals proportional 
to background  and to luminosity  are needed. Radiation 
detectors  near masks and  limiting  apertures would be use- 
ful in identifying  sources of background, as would detectors 
that were sensitive to only  one beam. Since  some  bunches 
might contribute more  background  than  others,  it  might  be 
very educational to be  able to identify  individual  bunches, 
or a t  least  synchronize the background  detectors to  the 
revolution  frequency.  Possibly  special  BPMs and  corrector 
magnets  should  be  added. 

3. SYNCHROTRON  RADIATION  BACKGROUND 

B ends  and  quads  near  the IP are  the  main sources of syn- 
chrotron  radiation  that cause  background  problems. For 

head-on collisions with  unequal  energy  beams,  bends  are  needed 
near the IP to  separate  the  beams  to avoid parasitic bunch col- 
lisions. Bend  magnets  are required to get the  beams  into  the 
arcs; the final  bending should be done at low field to reduce  the 
characteristic  energy of the SR. 

Masks shield the  IP  beampipe from  direct SR as well as from 
scattered SR. Only  the higher  energy  photons that  eventually 
can  cause  problems  in  the  detector  are of interest. The SR back- 
ground can always be reduced by increasing the  inner  radius of 
the  IP  beampipe,  but at the expense of degrading detector reso- 
lution.  Almost  all  the SR photons go through  the  IP  beampipe 
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without  hitting  any masks, but  they  all  eventually  interact some- 
where. 

Appendix A contains a collection of useful synchrotron  radia- 
tion  formulas. 

3.1. Sources of SR 

A bend  magnet  produces a fan of radiation  with  the  extreme 
rays  being the incoming and  outgoing  beam  trajectories. Usually 
the  bend  angle is large  enough so it determines the  width of the 
SR swath.  Perpendicular to  the  bend  plane  the height of the 
swath is determined by the size and  angular divergence of the 
radiating  beam plus the  intrinsic  angular  distribution of the SR 
photons relative to  the  radiating  trajectory. 

A quadrupole  produces a much more  complicated  beam of SR 
than a bend  magnet. A program commonly in  use at SLAC that 
calculates  radiation  from  quadrupoles,  and  traces the  photons 
through a series of masks, QSRAD,l makes  various  approxima- 
tions: (a) each ray of the  beam  emits a flat fan,  (b) a single  value 
of B characterizes the  SR, derived  from an average  offset, and (c) 
the intrinsic  angular  spread in the  beam is neglected. The four- 
dimensional  integral over the  beam  distribution (x, xi, y, 91) 
is reduced to  an  integral over only x, y. Evenly  spaced  rays are 
traced  through  the  system  and  the  photons  from  each  ray  are 
weighted by the chosen beam  density at  that z,y. Or an  exter- 
nal  ray  distribution file from  an  optics  calculation  may  be used as 
input to QSRAD. A partial check on the  approximations  can  be 
made by dividing  physical quadrupoles  into a number of shorter 
quads for computational  purposes. 

The  distribution of photons  from a quad  depends  on  the  trans- 
verse distribution of the  beam, which often becomes more  poorly 
known the  farther  one  gets  from  the  beam  axis (see Section 6). 
This is especially true for the  outer  part of the  photon  beam 
which is most likely to hit  masks and  cause  detector  background. 



Background From Lost Beam Particles 205 

3.2. Masking and Mask  Reradiation 

Masks  shadow the detector  beampipe  from  photons  coming 
directly  from the  magnets.  Unfortunately,  there is no  such thing 
as  a  perfectly black mask; that is, every photon  hitting a mask 
has  some  probability of reradiation,  depending on energy,  angle, 
material,  and geometry. So frequently  secondary  masks  shadow 
primary  masks,  and so on.  Table 1 gives some  representative 
reradiation  probabilities  calculated  with EGS42 for forward  scat- 
tering  from  a  mask. A photon  beam  with kc = l5keV  and  width 1 
cm is incident  on a rectangular  mask,  starting from the edge. All 
photons  are  scored that  scatter  out  with 0 < 11.5'. I<-shell flu- 
orescent radiation is included. All emerging  photons had IC > 30 
keV. 

Material 

Ta 

I cu 
I A1 

3 x 10-6 

4 X 1 0 - ~  

7 x 10-4 

High 2 masks  are  better because  all the cross sections per 
atom increase  with 2, and  in  addition  the  major  absorption cross 
section (photoelectric effect) grows more  rapidly  with 2 than  the 
scattering cross sections. The probability of fluorescence radia- 
tion following photoelectric  absorption  increases with 2. Fortu- 
nately, it is not  as  severe for the softer spectra  characteristic of 
B Factories  as it is at linear  colliders, for example.  Often,  masks 
are coated  with thin layers of lower 2 materials on top of higher 
2 to optimize the competition  between  absorption  and  reradia- 
tion.  This  applies  as well to  the inside of the IP beampipe. 

4. BACKGROUND FROM LOST BEAM PARTICLES 

Table 1. Representative reradia- 
tion probabilities for forward scat- 
tering from a mask 

B eam  particles  hitting  the masks and  beampipe  near  the  de- 
tector will send  degraded shower debris  into the  detector. 

As is well known, there  are no black masks for high-energy  beam 
particles. IR masks  honor a beam-stay-clear that is supposed to 
keep beam  tail particles  from hitting  them.  This means that a 
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distant mask system  shadows the masks close to  the IP. However, 
beam-gas  interactions  relatively close to  the IR may cause  beam 
particles to  hit  the inner  masks  depending  on  details of optics, 
masking, and residual  pressure. 

4.1. Beam-gas  Bremsstrahlung 

The cross section for fractional  energy loss u by radiation is 
approximately3 

do 4 183 - du = 4cu rf Z (Z + 1) -(1 3u - u + . 7 5 u 2 ) ! n ( p )  (4.1) 

k 
E '  

u = -  ( 4 . 1 ~ )  

The Z+1 takes  approximate  account of radiation  from  the  atomic 
 electron^.^ Note that  the  radiated  photons themselves may be 
a noticeable  source of background, even though  their average 
energy is only a fraction of the energy of the  beam.  The  angular 
distribution of the  radiation process is usually  neglected  in  this 
application. The angular  distribution  has  characteristic  angle 
l/r (that is, the  transverse  momentum is about r n ~ ) . ~  

4.2. Beam-gas  Nuclear Coulomb Scattering 

The cross section for Rutherford  scattering at polar  angle 6 
(taken much  less than 1) is3 

( 4 . 2 ~ )  

The screening of the  atomic  electrons is accounted for by the 
angle 81. Any nuclear  form factor effects are neglected, which 
requires q M EO < qnlax = 137 m/A1/3.  The  energy lost by the 
beam  particle is q2/2A which can safely be neglected. 
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4.3. Coulomb Scattering from Atomic Electrons 

This is Rutherford  scattering of the beam  particles  from  free 
electrons.  Changing 2' to 2 (2 + 1) in Eq. (4.2) will roughly 
take  account of this.  One  might worry that  the fractional  energy 
loss on a light target, which is approximately 

might be  a concern. However, calculations show that energy 
losses greater  than  the  natural energy  spread  correspond to  a 
small scattering cross  section. 

4.4. Number of Beam  Particles  Hitting Masks 

The  products of beam-gas  interactions  are  transported 
through the  optical  system  to well beyond the IP. It is convenient 
to use the program DECAY TURTLE' to track the beam-gas 
interaction  products  through  a  system of optical  elements and 
masks.  Note that in SLC calculations  it was found that includ- 
ing  sextupoles  affected the tracking  results,  presumably  because 
large  amplitude  particles  are i m p ~ r t a n t . ~   T h e  source  probability 
is weighted according to  the pressure profile and  the composition 
of the residual  gas. 

The  rate of particles  hitting masks  can be  estimated  as follows: 
Take 6.25 x 1OI2 beam  particles  (corresponding  to 1 A for 1 
ps) traversing 10m of CO (37.42 g/cm2  radiation  length)' at 
a pressure of lo-' Torr, which comes to 4.1 x ra.diation 
lengths.  Consider  all  bremsstrahlung collisions that  radiate more 
energy than 10 times the  natural energy  spread in the  beam, 
taken as lop3. The  rate is (6.25 x 10l2) X (4.1 x X 4/3 X 

en(l00) = 16/A - PS. 
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4.5. Reradiation of Shower Debris into the Detector 

The reradiation  probability into  the  detector is greater for par- 
ticles that  hit near the IP, but  distant sources must  be  evaluated 
numerically. Reradiation is also  greater for particles that hit the 
face or near the edge of a mask. The shower debris also has to 
be  transported  through  the  lattice,  the masks, the detector mag- 
netic field and  into the  detector. EGS42 can  be used to follow 
the shower debris through  the  beampipe  into  the  detector. 

4.6. Lost Electrons from Interactions with Trapped Ions 

The beams ionize the residual gas. The  attractive field of the 
e- beam  traps positive ions, concentrating  them near the  beam 
orbit. The e+ beam repels the ions; the ionization  electrons are 
too light to  be t r a ~ p e d . ~  Techniques are available to  un-trap  the 
ions." For background purposes, the beam-ion  interactions are 
similar to  the  beam-atom  interactions discussed above. 

4.7. Lost Particles from Beam Interactions  with  Thermal  Pho- 
tons 

This effect  is small for B Factory conditions," but is measur- 
able a t  LEP. l2  

5 .  OTHER  SOURCES OF BACKGROUND 

5.1. Injection Shield 

R adiation  damage  during  luminosity  running is  likely to  be 
significant, so it is important  to reduce damage  during injec- 

tion as much as possible. An attractive idea is a massive shield 
that can be quickly inserted  inside the  main drift  chamber to 
provide protection to all the detector  elements except the silicon 
vertex detector.  This would supplement  any  other possible pro- 
tective measures. 



I 

Other Sources of Background 209 

5.2. Multiple  Reflections of Synchrotron  Radiation 

The calculations  in  Section 3 typically take account of 2 or 
3 photon  reflections.  One always worries that  there is  some ef- 
ficient mechanism involving multiple reflections for transporting 
SR over long distances to  the IP.  I do  not know of such a process. 
lotal  external reflection13 requires exceedingly smooth  surfaces 
and only  occurs for photon  energies that  are  quite low by our 
standards.  Multiple forward Rayleigh scattering is diminished . 
by the  competition  with  photoelectric  absorption;  any fluores- 
cence reradiation is isotropic.  X-ray  diffraction scattering from 
the polycrystalline wall of the beampipe is also in competition 
with  photoelectric  absorption. 

5.3. Gas Interactions  near  the IP 

Section 4 dealt  with  beam-gas  interactions  fairly  far  from the 
IP which caused beam  particles to hit  masks  near the IP. There 
are also interactions  near the  IP (within the z acceptance of 
the  detector)  that send  background  particles  directly into  the 
detector.  Consideration of these processes may  set a restrictive 
limit  on the IP pressure. 

(a) Some  convenient  FORTRAN  programs  calculate a num- 
ber of e and y interactions  on nuclei, including  quasi- 
elastic  and  inelastic electron scattering  and various  pho- 
topion r ea~ t i0ns . l~  These  are a useful supplement to  rates 
measured  with  random  triggers on existing  machines. The 
recoil proton cross sections  agree  with  measurements. 

(b) SR photons  can  scatter  into  the  detector by Compton 
or Rayleigh scattering;  photoelectric fluorescence is not  a 
problem  from C and 0 because the K edges are below 
1 keV. For x E k/m < 1, approximate values1' for Comp- 
ton  scattering  per free  electron  are shown in  Table 2: 

15,16 
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Scattered Angle 

(degrees) k'/ k du/dQ (.,"/x) 
0 1 1 

Table 2 .  Approximate 
Compton scattering probabil- 

1/(1 + 22) 1/(1 + 42) 180 ity per free electron 

1/(1 + 4 90 0.5/(1 + 2x) 

Rayleigh scattering in our energy  range  is  a  more  compli- 
cated  function of k and 2. Useful fits to  the cross sections 
based  on  a  Fermi-Thomas atom'' are 

2k k (keV) 
arnZ1l3 1.8652'13 ' 

B =  - - ( 5 . 1 ~ )  

and 

du 
dn 
- -  - Z2r,2 

2 1.186 ( 5 4  

0 
2 U = Bsin-  . ( 5 . 2 ~ )  

The fit ranges  are 0 < B < 10 and 0 < U < 40. The Fermi- 
Thomas model is pretty good for high 2. But, for example, 
Eq. (5.2)  overestimates the cross section for C and 0 by about 
a  factor of 2 at U = 12, and a factor of 5 at U = 40. 

As an  order-of-magnitude  estimate of this background, 
consider a  beam of 1 A for 1 ps with 1 photon  per  electron,  a 
pressure of lo-' Torr N2, an  acceptance of 1 m  and 2a sr, and 
evaluate  the cross sections at 90'. The results  are shown in 
Table 3. A proper  calculation would integrate  the SR fluxes 
from both beams over the  actual cross sections and accep- 
tances,  and  include  absorption  in the beampipe. 
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Number of Scattered  Photons 

k (keV) Tot a1 Comp  t on Rayleigh 
5 1.6 0.7 0.9 

Table 3. Rayleigh- and 

three  different energies, under 
10 Compton-scattered photons  at 1 .o 0.7 0.3 

20 conditions specified in  the text 0.8 0.7 0.06 
A 

5.4. Synchrotron Radiation-Beam  Interactions 

The bunches of synchrotron  radiation  photons  and  the 
charged beam bunches collide at the  IP  and  at sa/2. Most of 
the interactions  are  Compton  scattering, like a back-scattered 
laser beam,lg  although some of the highest  energy photons 
will make  pairs.20 The interaction  rates  are  not  high,  and the 
reaction  products  have low pt  and make  small angles with  the 
beam axis. 

5.5. Photon Radiation from a Transverse  Crab  Cavity 

Both  synchrotron  radiation  from  the  transverse kick, and 
Compton  scattering  from  the RF photons in the cavity21 are 
very weak. 

5.6. Background  from RF  Cavities 

At PEP,  the DELCO detector experienced ba.ckground 
from the  RF cavities  in a nearby straight  section,  apparently 
from field emitted electrons that were accelerated in the cavi- 
ties.  These were eliminated by putting a weak ma.gnetic  bump 
on the  IP side of the closest cavity.22 DELCO was an open  de- 
tector  with  little self-shielding; the  other  PEP  detectors  with 
adjacent RF, MkII  and MAC, had no  such  problem. 
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5.7. Photo-Hadrons  and  Photo-Muons 

Is it possible that  the effects of hadronic/muonic debris 
from lost particles  hitting  near  the  detector  could be more 
severe than  the  electromagnetic  debris, possibly  in  causing 
triggers? It doesn’t  seem likely, but  should  be checked. 

6. BEAM SHAPE 

T he  beam  distribution  near  the IP affects both  the SR 
and lost  particle  backgrounds. The  beam size in the final 

quads affects the  distribution of SR photons in  number,  en- 
ergy, and  spatial  extent  that  the  masks  are designed to cope 
with. The lost  particle  rate  depends  on  the  beam  distribu- 
tion  through over-focusing of low-energy particles  in the final 
quads.  It is useful,  although  somewhat  artificial, to divide  the 
beam  into a central  Gaussian  core  plus a halo or tail  extend- 
ing to many sigma. 

6.1. Gaussian Core 

For a single beam,  the core  size is set by the  emittance 
(SR fluctuations)  and  the optics. However, the  beam-beam 
interaction  increases the core size, especially  in the  vertical 
direction (for flat beams),  and  this is seen in  the l u m i n o ~ i t y . ~ ~  
A simulation of a PEP-like  machine gave an increase in 0 of 
5% in the horizontal and 10% in the vertical.24 

6.2. Halo or Tail 

The halo is generated by beam-gas  interactions,  the  beam- 
beam interaction, nonlinear aspects of the optics  encountered 
at large  excursions, and  the  resonant  and  tune  structure.  (It 
seems to be  the conventional wisdom that when beams  are 
first  brought  into collision after a fill, the backgounds  get 
worse, implying that gas  scattering alone  does  not  set the 
halo.) The halo distribution is in dynamic  equilibrium b e  
tween the processes tending  to kick particles out,  and  radia- 
tion  damping  tending to bring them back. Beam lifetime is 
related  to  the  distribution  near  the  limiting  aperture.25 
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There  are several  approaches to arriving at  a model to use 
for the halo distribution,  but,  to my mind,  none is completely 
satisfactory. This is unfortunate,  because a bold SR masking 
scheme would depend  critically  on the halo  distribution. 

(a) Computer Tracking Simulation 

One  might think  that  the halo  could be calculated  since  all 
the processes are known,  with the possible  exception of non- 
linearities at large  radius.  Simulations for the core  seem  rela- 
tively  satisfactory,  but the present  beam-beam codes are  not 
designed to accurately  predict the small  population ( w  

in the halo. 

(b) Fit a Model to Measurements 

Measurements a t  CESR of the vertical  beam distribution 
clearly showed a tail.26  This was fit to the following forms 

or 

depending  whether y/o is  less than or greater than 5 ,  and 
used for  subsequent SR calculations. 

Background  measurements at PEP, assumed to come en- 
tirely  from SR, were used to  adjust  the  parameters of an as- 
sumed  Gaussian  tail,“ which  was  used for subsequent SR 

The problem  with the first  approach is the basic  assump- 
tion that  the vertical distribution will be  the  same in the new 
machine of interest.  But  the  beam-beam  simulations  indicate 
significant  sensitivity to various machine  parameters. To use 
this  approach  with confidence, one should demonstrate scal- 
ing. 

The second  approach suffers the  same shortcomings as the 
first,  and in addition, it  is  only an integral  measurement. 
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(c) Semiquantitative  (Qualitative?) Approach 
Ritson  argues that the relative  population in the halo 

should be roughly the  ratio of damping  time to  beam life- 
time,  and it should fall off relatively slowly, say, as a power - 4 or so, rather  than  as  an  exponential or Gau~sian.~’  

(d )  Conservative Approach 
Assume a flat background out  to  the  limiting  aperture with 

a population  larger  than is implied by beam lifetime.  Since 
presumably  this is a worst case, it is useful to at least check 
a mask design against  it. What to  do if the worst-case back- 
grounds  are  too high is another  question. 

6.3. Limiting Apertures 

As masks get closer to  the IP, their size in sigma  units 
should  increase. The limiting  apertures should be far  from 
the IP, designed to sha.dow the IP region. 

7. HEATING A N D  COOLING 

H eat loads  on various beampipes,  masks,  and surfaces 
need to  be specified so that  adequate cooling can  be pro- 

vided. Possible problem  areas are cooling the 1P beampipe, 
which will decrease the IP resolution,  and  high SR power den- 
sities. Allowable temperature rises need to  be  established  and 
the consequences of thermal  expansion  investigated. The fi- 
nal  temperature of an  object  depends  on  the  relative  rates of 
heating  and cooling. 

7.1. SR Heating 

SR heating of masks nea.r the IP is usually  small,  since 
a significant heat load would be  an  intolerable  background 
source (1W = 6.25 1015 keV/s). 

Machines w i t h  1lea.d-on collisions and  small  bunch  separa- 
tions (1-2 m)  produce dozens of kW of SR from the bend 
magnets initiating the  orbit  separation  and in beams off-axis 
in common quadrupoles. (The irreducible SR from  the  quad 
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focusing is roughly 10 times less.) This power must  be con- 
ducted  to a water-cooled dump, possibly first going through a 
very thin window in the vacuum pipe. The transverse power 
density  can be high,  and  the  initial  rate of energy absorption 
is also high. 

7.2. Image  Current  Heating 

All beampipes  are  heated  on  the inside by image  currents 
flowing in the skin depth.  This is basically a bunched  beam 
pulse heating.  The  appropriate formula for a  Gaussian  beam 
is3' 

7.3. HOM Heating 

( 7 . 1 ~ )  

A more  serious  source of heating comes from the RF power 
radiated by the beams  as  they  traverse changes in size and 
shape of the beampipe.  This is frequently referred to as higher 
order  mode power (HOM) because  the RF cavities are a ma- 
jor discontinuity in the  beampipe  and  the  radiated energy 
typically has higher frequencies than  the cavity fundamen- 
tal.  There  are two fairly separate  parts  to  the problem: how 
much HOM power  is radiated,  and where is it absorbed. All 
the HOM power is absorbed somewhere. It's just  a question 
of providing  enough cooling at the right places. 

The energy  radiated when a  bunch passes a  discontinuity 
is 

U = k q 2 ,  (7.2) 

where q is the bunch  charge, and IC is a loss parameter  depend- 
ing  on the geometry of the discontinuity and on the bunch 
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length  (frequency spectrum). k is usually given in V/pC. The 
power radiated is 

(7.34 

(1) = f b  q (7.3b) 

Analytic expressions for k are available for simple geome- 
tries. For more  complicated  (realistic)  geometries,  computer 
codes are available  (for example, MAFIA, TBCI, URMEL).31 
These  computer  calculations  are  tending to replace the exper- 
imental  determination of k values. 

Consider a cylindrical pipe of radius a that  abruptly in- 
creases to radius b for a distance g before returning  to a. Ap- 
proximate  expressions for k are 32,33 

( b  - a)2 
20, 

gc 

Equation (7.4)  corresponds to a pillbox, and  Eq. (7.5) to 
a step down  in radius  (there is very little loss for a step  up 
in radius). Reference 32finds quite good agreement  between 
Eqs. (7.4)-(7.6) and  the  code TBCI. Tapering a transition 
reduces k, but  not by more  than a factor of 2. 34 The length 
of the  taper need not exceed 2gc. 34 

These  results  are for a single bunch  traversing a single cav- 
ity. For high enough Q a.nd short enough  bunch  spacing, in- 
terference effects may become important. 32,35,34 
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7.4. Absorption of HOM 

All the HOM energy is absorbed  somewhere,  in  a few skin 
depths  on  the inside  surface of the beampipe. The absorption 
is more  complicated than  the generation,  since  it  depends  on 
the mode and frequency distribution of the energy. High fre- 
quencies  can propagate down the  beampipe. Low frequencies 
are  trapped  in  the cavities or are rapidly attenuated in the 
beampipe. The critical  wavelength is comparable  with the 
diameter of the b e a m ~ i p e . ~ ~ , ~ ~  The propagating  energy is ab- 
sorbed  with a characteristic l / e  length of roughly 

which depends  on  mode  and also on  frequency  relative to 
cutoff. 

The small IP beampipe could have the highest cutoff fre- 
quency, so it might  absorb HOM generated far away. One 
might  contemplate  isolating  the  IP  with  a lossy section of fer- 
romagnetic  stainless steeL3' 

Billing  has  discussed HOM generation  and  absorption  in 
the context of CESR.39 He reports k = O.O9V/pC  for a 
2 inch ID SR mask  in  a 4 inch ID pipe  with 27" tapers,  and 
k = O.O14V/pC for about 3 m of IP beampipe  with  gently 
tapered (2'-5") transitions. He makes the  interesting point 
that configurations  with  large k scale  roughly  as a;', whereas 
those  with  small k scale  roughly as az . Presumably  as 
the scale of the geometrical  irregularities  approaches a*, the 
dependency  on a, becomes stronger; however, for irregulari- 
ties much smaller than az, one  would expect k to  approach 
zero. 

-(2-4) 
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7.5. Acceptable  Tempera.ture  Rise 

Preliminary  calculations  indicate  the  necessity of active 
cooling of the  beampipe at  and  near  the IP.40 0,nce  this big 
headache is accepted,  it’s  just a question of deciding how 
much cooling is needed and how to supply it. It is possible 
that very little of the  beampipe  anywhere  can  be  adequately 
cooled simply by convection to ambient  air. 

Thermal expansion and  stresses  set  limits  to  temperature 
rise. Also, thermal  desorption  increases  with  temperature  (see 
Section 9 on vacuum). 

8. ACCEPTABLE  DETECTOR BACKGROUNDS 

T he  effects of background on the  detector elements are 
usually divided into  three categories: radiation  damage, 

extra  hits  (occupancy) which confuse tracking  and  pattern 
recognition, and false triggers. 

The first is cumulative;  the second two accumulate over 
resolving times of the  order of a microsecond, and  depend on 
the details of the  detector. For radiation  damage,  one might 
design for a useful life of five years (of luminosity  running plus 
injection  and  machine physics) with some  safety  factor  added. 

8.1. Silicon Vertex Detector 

The detector  elements  themselves are relatively insensi- 
tive to radia.tion  damage with acceptable levels of the or- 
der of I ~ I r a d . ~ ~  However, the a.ssociated  electronics, which is 
mounted on or near the  detector  elements, is more  sensitive 
by a  factor of 10 or m01-e.~’ This is presently a field of active 
research for SSC a.pplica.tions and  one  can  hope for increased 
radiation ha.rdness on a. time sca.le of interest to a B Factory.43 

There  are so many  channels  in a pixel detector that occu- 
pancy is not  the  limit,  and even in a strip  detector  occupancy 
is less of a limit than  radiation clamage. To see this, con- 
sider a strip 25 pm wide by 20 cm long,  uniformly irradiated 
by charged  tracks. The flux that produces 0.1 Mrad/107s 
is 3.1 lo5 tracks/cm2-s  corresponding to an occupancy of 
0.016/ps. 
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8.2. Main Drift Chamber 

Avalanches at  the sense wires cause the accumulation of 
deposits that degrade  performance. This only  occurs when 
the HV is on, so this is mainly a concern  during  luminosity 
running,  assuming that a fast HV ramp is provided for injec- 
tion. The  degradation is proportional to  the integrated  charge 
density  on the wire. Present  limits  are  around 1 C / C ~ , ~ ~  and 
encouraging  progress is being  made in identifying the role of 
trace i m p ~ r i t i e s , ~ ~ ~ ~ ~  so I believe one may reasonably take  this 
as a design  value for a B Factory,  Note that 1 C/cm  spread 
over a 1 m wire for five years of 10's each  corresponds to 2 p A  
average current. 

First,  compare  radiation  damage  and occupancy for 
charged  tracks.  Assume that a track at normal  incidence 
gives 0.8 PC at  the wire (for example, 100 ion pairs  with  gain 
5 x lo4; with 30 eV/ip,  this corresponds to 3 keV deposited 
per  track).  Then 2 pA corresponds to 2.5 x lo6 tracks/s or an 
occupancy of 250% per ps. Occupancy thus  sets a much more 
severe  limit than  radiation damage. This result is indepen- 
dent of gas and cell size through  the  assumption of constant 
charge  per hit. Inclined  tracks give more  radiation  damage 
for the  same occupancy. 

For SR photons,  the relationship between radiation  dam- 
age and  occupancy is similar to  that for charged  particles, 
but  there  tends  to  be more  radiation  damage  per  unit  oc- 
cupancy. This arises  from the energy spectrum of the pho- 
tons, which interact mainly by photoelectric effect and,  at 
higher k, Compton  scattering. Low-energy interactions al- 
ways produce  damage,  but  may  not  trip  a  discriminator for a 
hit. High-energy  interactions  can  produce much more pulse 
height  (hence damage)  than necessary for a  hit, Note that for 
a given SR flux,  a  He-based  gas will have many fewer inter- 
actions  than  an Ar-based gas. 

Compton  scattering at low energies is not very effective at 
transferring energy to the recoil electron.  The avera.ge kinetic 
energy is approximately'' 

X k 
( T )  = k 11 7 

x = - .  (S.1) 
1 + 5 X  nz 
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8.3. Calorimeter  and GRID 

One  must consider background effects in other  detector el- 
ements. For example,  CsI, a frequently  considered material 
for an  electromagnetic  calorimeter, seems to  be especially sen- 
sitive to radiation  damage. 

8.4. Rare  Earth  Permanent  Magnets 

For relatively radiation  hard  material  (SmpCol~),  the tol- 
erable  exposure is roughly lo1’ rad.47 

8.5. Triggers 

Triggers require  one or two fairly  high  energy tracks  and/or 
a significant energy  deposition.  These  probably come only 
from  lost  particles. One needs a fairly detailed  model of the 
detector to  estimate  the  rate. 

9. BEAMPIPE PRESSURE/VACUUM 

B earn-gas interactions in the IR set  limits on acceptable 
pressure.  Residual gases are  mostly hydrogen with a 

quarter  to a half of CO:! and CO. The principal  uncertainty 
associated  with vacuum design for a storage  ring is related to 
desorption of gas by synchrotron  radiation. 

9.1. Some  Formulas 

In a system,  the  rate of gas flow per  unit  pressure drop 
defines the c o n d u ~ t a n c e . ~ * ~ ~ ~  (Note: the  quantity of gas is 
measured in Torr-liter,  with 3.3 10” molecules/Torr-liter at 
20° C.) 

Throughput = Pressure  drop x Conductance (9.1) 

Q (Torr-l/s) = A P  (Torr) X F ( l / ~ )  (9.la) 
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Two simple  but useful examples of conductance follow. For a 
small  hole  with area A 

where ii is the average  speed of the molecules. For a 
Maxwellian distribution 

F o - 4  - 1 /= I r M  8 kT = 11.4 (%) /:--. 293K T M 28 (9.3) 

For a round  pipe  with  diameter d and  length L 

The effective conductance of a pump (which conducts the gas 
to a land of no  return) is called its  pumping  speed, S (liter/s), 
so a pump has associated  with  it a pressure drop 

S = -  Q 
AP 

To get the pressure at a particular  point,  add  up  the values 
of AP from  the  pump  to  the  point. 

9.2. Sources of Gas 

(a)  Thermal Desorption 
The  desorption  rate  depends on the  material, how it  has 

been cleaned, how clean it  has been kept,  and  the  tempera- 
ture. A reasonable,  ballpark value (at room temperature) is 

q = 10-l'  Torr-l/s-cm . 2 
(9.6) 

This follows an Arrhenius  temperature dependence. The ef- 
fective  binding  energy  can  range  from  0.1 to several eV,49 
which corresponds to  an increase in desorption  per 10' C from 
15% to a factor of 50. In a mixed AI/SS system corning off 
bake, I observed a factor of 1.6, corresponding to 0.35 eV. 
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Table 4. Relative photdes- 
orption coefficients at several 
angles 

(b)  Photodesorption by Synchrotron  Radiation 
SR photons  desorb gas  from  masks  and  beampipes.  The 

yield of molecules/photon  depends  on  photon energy5’ but 
usual  practice seems to simply use an average  value,  for 
example,51 

7 = 5 x molecule/photon, (9.7) 

where  only  photons  with I ;  > 5-10 eV are  included. 
The value of 77 depends  on  the  angle of incidence of the 

photons (90’ is perpendicular incidence). The angular vari- 
ation of relative 7 measured  on a clean,  lightly scrubbed AI 
surface  using SR with kc = 3 keV is given in  Table 4. 

Angle of 

7 Incidence 

Relative 

90’ 

4.0 5’ 

2.0 16’ 

1.0 

19 mrad 5.6 

11 mrad 7.0 

Continued irradiation by SR photons  (“scrubbing”) re- 
duces 7 approximately as the 2/3 power of the accumu- 
lated expo~ure.~’  Surfaces irradiated by high-flux primary SR 
scrub  faster  than surfaces irradiated by  low-flux scattered SR. 
Hence,  eventually scattered SR can contribute a significant 
gas  load. 

Compact  radial ion pumps using the  detector field may be 
useful inside the  detector. 52 

10. OTHER ISSUES 

10.1. SAFETY FACTOR 

hat degree of conservatism is appropriate in  designing 
the IP region? How much insurance  should  be pro- 
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vided against  tolerances,  misalignment,  our  imperfect  under- 
standing, possible  machine  upgrades,  and the vagaries of the 
real  world?  Should  one take seriously the goal of a  turnkey B 
Factory, which implies a brief detector commissioning period, 
as apparently  has  happened  at LEP? Or should  one  antici- 
pate a period of development following first operation, with 
the possibility of significant  modifications,  as has often  hap- 
pened  in the  past? 

10.2. Approximations 

Approximations  enter in  two ways, and we need to be sure 
they  are  adequate. Approximations are  made in calculating 
a particular background  process,  although a11 the basic cross 
sections are well known. We also  make  approximations in 
deciding which are  the  dominant processes, and which can be 
neglected. 

10.3. Comparison with Actual Experience 

It is valuable, and possibly  essential for a successful de- 
sign, to compare  our  calculational  techniques  and  procedures 
with data from a real  detector at a  real  storage  ring, to check 
whether our understanding is in tune with nature. Accept- 
able  agreement  does  not  assure success at a B Factory, of 
course,  because  scaling  from  one  machine to  another is im- 
perfectly  understood.  But  disagreement  should  surely  cause 
hard  thinking  and  lost  sleep. 
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APPENDIX A 

FORMULAS  FOR  SYNCHROTRON  RADIATION 

11 . l .  Bend  Magnets 

These formulas pertain  to  electrons  in circular 
The average  number of photons  radiated  in  path  length ds  is 

n = (n )  = 20.6 E(GeV)q$ (rad) 
= 0.618 B L(kG - m) . (A.la) 

The  spectrum is a universal  function of the  characteristic en- 
ergy 

= 2.22(keV) ( E ) (7) 1 km , (A.2a) 

= 6.66(keV) ( E ) 2  (L) . (A.2b) 
10 GeV 1 kG 

10 GeV 

The normalized photon energy is 

The normalized  number distribution of the  photons is 

M 0 . 4 1 0 5 ~ - ~ ~ ~ ( 1 - 0 . 8 4 3 8 ~ ~ ~ ~ + 0 . 0 ~ ~ ~ ~ + .  . . )  v << 1 , 

x & % ( l f 7 2  v 
55 1 0.9791 

v 2  +...) v > > 1 .  

Half  of the energy is carried  above v = 1, by only 8.7% of the 
photons. Half of the  photons are above TI = 0.078. 
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For convenience, Table  A.l  lists  some values for the spec- 
trum (A.4) and  its integrals.” fN is the fraction of the num- 
ber of photons  above o, and f~ is the fraction of the energy 
carried by photons  above o. 

V 

0.01 

0.03 

0.1 

0.2 

0.3 

0.5 

1. 

2. 

3. 

5 .  

dn/n dv 

8.50 

3.91 

1.562 

0.863 

0.584 

0.333 

0.1244 

0.0288 

0.00818 

0.00081 

fN 

0.7381 

0.6277 

0.4628 

0.3483 

0.2775 

0.1896 

0.08677 

0.02326 

0.00703 

0.000737 

fE 

0.9979 

0.9912 

0.9502 

0.9052 

0.8485 

0.7369 

0.5000 

0.2150 

0.0886 

0.0142 

The energy loss per  electron  has  average value 

2 
= 1.267 (keV) ( E (A.5a) 

= 140.8  (keV) ( )‘(p) b(rad)(A.5b) 

10 GeV 1 kG 

1 km 
10 GeV 

3 
= ll.17(keV2) ( 10 E GeV )((-U)L(mXA.F.) 1 kG 

= 414 (keV2) ( )7(-7) $(rad) (A.6b) 
1 km 2 

10 GeV 

Table A.l .  Photon energy 
spectrum u for electrons in 
circular motion, normalized to 
the critical energy. f~ is the 
number ofphotons above v and 
f E  is the fraction of energy 
carried by photons above u 

\ I \ I  I 
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where (v) = 0.3079 and (v2) = 0.4074 have been used.53 
Equation (A.6) arises  because  var(U)  depends  on  fluctuations 
in n as well as in k; a Poisson distribution for n has been used. 
The  angular  distribution of t,he radiated  energy  integrated 
over all k is 

1 dU 21 1 + (12/7)w2 
U dw 32 (1 + w2)7/2 -- - - - , --OO 5 w 5 0 0 ,  (A.7)  

w = 7 $ ,  (A.7a)  

where 1c, is the  angle  perpendicular to  the  bend plane. For 
some cases of heating by bend SR, it is useful to have an 
approximate expression for the full double differential  distri- 
bution. For fixed v, approximate  the w dependence  with a 
Gaussian.  Then 

1 dU 1 dU 
U dvdw U dv &aw 2% 
--N N - - *  exp { <} , (A.8) 

0.44 
CTw M (7) 

This  approximation is reasonable at the 10-20%  level for 
0.1 < v < 3. Outside  this  range,  Eq. (A.9) overestimates 
the effective g. 

11.2. Quadrupoles 

A photon  spectrum  integrated over a quadrupole field may 
be derived from (A.4).56 This  spectrum is not very useful for 
background  calculations  because  only the spectrum  hitting 
the mask is interesting,  not  the  spectrum going down the 
beampipe.  The moments of a quad  spectrum may be  inter- 
esting for power reasons. For a Gaussian  beam,  the field scale 
is B,, the quad field at 1 CT of the  beam.  The  number of ra- 
diated  photons  and  the  radiated  energy  in  units of the values 
for a bend  magnet  with B, are, with b the  beam  centroid off- 
set in CT units: 
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Gaussian  Beam I Photon Number  Radiated  Energy I 
1-D 

2-D (round) 1 d m  ( b  = 0 only) I 2 + b2 

11.3. Random  Sampling  from  the  Synchrotron  Ra.diation 
Distribution 

The nicest routine I know for random  sampling  from the 
spectrum Eq. (A.4) is due  to Y ~ k o y a . ~ ~  RN is a  random 
number  uniform between 0 and 1 representing the integral 
number distribution between TI and infinity. The  returned 
values of 2) are within 0.05% of Mack's vaIues,l at least for 
0.001 < 2) < 12. 

IF (RN . GT . .342)  THEN 

Pl=i. 0-RN 

P2=Pl*PI 

v=( ((YA4*P2tYA3)*P2+YA2)*P2+YAl)*P2*F'l 
ELSEIF(RN.GT.O.0297)THEN 

v=( (YB2*RN+YBl)*RNtYBO)/( ((RN+YC2)*RN+YCl)*RN+yco) 

ELSE 

TI=-LOG(RN) 

V=T1t(YDI*Tl+YDO)/((Tl~YEl)*TltYE~) 

Table A.2. Number 
of radiated  photons and the 
radiated  energy in units of the 
values for  a bend magnet  with 
Bo, with b the  beam centroid 
offset in ~7 units. 
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11.4. Short-Bend  Radiation 

A magnet in  which the bend  angle is  less than l /y  is called 
a short  magnet; the  spectrum does not follow Eq. (A.4) and 
depends on the z variation of B. The  amount of energy is 
roughly the  same as given in Section A.2 above, but  the scale 
or characteristic energy is greater,54  where  with kc-long given 
by Eq. (A% 

2 
Y 
- 

kc-short kc-long - - d (A.lO) 

11.5. General SR Spectrum 

The  spectrum in Section A . l  is for kc << E. The general 
Case  is58,59960 

1 dn 3 1 
n d y  57r (1  + t y ) 2  
- -  - - - X 

kc 3 t = (A.13) 

where n is  given by (A . l ) ,  and TI only enters in the combina- 
tion y. For [ = 0, ( A . l l )  reduces to (A.4). Y is frequently 
used as a  measure of k c / E  rather  than t . 5 9 3 s 0  For Monte  Carlo 
sampling of (A.11) see Reference 57. 
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NOTATION 

Radius 
Radius 
V e l o c i t y   o f   l i g h t  
Bunch c ross ing   f r equency ,  fb = c/sb 
HOM l o s s  pa rame te r ,   u sua l ly  pV/C 
Photon  energy,   usual ly  keV 
Sca t te red   photon   energy  
C h a r a c t e r i s t i c   e n e r g y  of s y n c h r o t r o n   r a d i a t i o n  
E l e c t r o n  mass (ene rgy   o r  momentum, i . e . ,  m i s s i n g   f a c t o r s   o f  c) 
Number of r a d i a t e d  SR photons 
Momentum 
Bunch charge 
(Momentum t r a n s f e r )  
Classical r a d i u s  of e l e c t r o n ,  2.82 x cm 
P a t h   l e n g t h   a l o n g   o r b i t  
Bunch spac ing  
Energy loss norma l i zed   t o  E ,  e .g . ,  k / E  
Normalized  photon  energy, k / k c  
Angle  nomalized t o  l / y ,  20 = y x  a n g l e  
Distance a long  beam a x i s  
Atomic  weight 
M a g n e t i c   f i e l d ,   u s u a l l y  kG 
Beam energy 
Beam c u r r e n t  
Magnet l e n g t h ,   u s u a l l y  m 
Synchro t ron   r ad ia t ion  
Kine t i c   ene rgy  
Energy   rad ia ted  
Atomic  number 
377 ohms 
1/13” 

Sk in   dep th ,   u sua l ly  pm 
RF magnet ic   permeabi l i ty  re la t ive  t o  vacuum 
Bend angle 
C r o s s   s e c t i o n  
Rms bunch  length,   Gaussian  parameter  
DC electrical  c o n d u c t i v i t y  of material of  atomic number Z 
S c a t t e r i n g   a n g l e  
Radius of c u r v a t u r e  

El” 
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a 
b 
C 

f b  
k 
k 
kt 
kC 
m 
n 
P 
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DETECTOR  BACKGROUNDS FROM 
SYNCHROTRON RADIATION 

M. SULLIVAN 

1. INTRODUCTION 

T he primary goal of any  synchrotron  radiation masking 
scheme is to prevent radiation  from  directly  hitting the 

detector beam pipe. It is equally important to protect the 
beam pipe from secondary radiation. There  are several sources 
of secondary radiation: 

1) Photons which forward-scatter  from the  tip of a mask 
onto  the  detector  beam pipe (tip  scattering). 

2) Photons which scatter  from a surface upstream of the 
Interaction Region (IP) and  onto  the detector  beam 
pipe (forward scattering). 

3) Photons which backscatter  from masks and surfaces 
downstream of the IP and have a chance of striking 
the  detector  beam  pipe (back  scattering). 

Forward scattering  (Case 2) can usually be avoided by en- 
suring that all upstream surfaces which intercept  synchrotron 
radiation have no solid angle for the  scattered photons to 
reach the detector beam pipe. The remaining two problems 
(tip  scattering  and back scattering)  are generally studied  to- 
gether, since a  mask which generates tip  scattering in one 
direction will usually generate back scattering  in  the  other 
direction. 

2. OVERVIEW 

I n the SLAC APIARY 6 design, both  the incoming and 
outgoing beams have off-axis trajectories in the focusing 

quadrupoles near the IP. This is in  contrast to  the Cornel1 
design, which has off-axis trajectories for only the outgoing 
beams. In particular, for APIARY 6, the low-energy beam 
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(LEB) is off-axis in the  Q1  and  Q3  magnets  and  the high- 
energy beam  (HEB) is  off-axis in the Q2 magnets (see Fig- 
ure 1). The geometry of the APIARY 6 design attempts  to 
minimize the  amount of off-axis induced or ‘bend’  radiation 
which strikes surfaces near the IP. The  LEB bend  radiation 
from Q1 and B1  passes through  the IP, as does the HEB  bend 
radiation coming from Q2 and B1.  However, the bend radi- 
ation generated by the LEB off-axis trajectory in Q3 strikes 
the AB mask  shown in Figure 1. 

-El-- 
\ 

Figure 1. 

I 

-200 

Arrangement of 
magnets and synchrotron  radi- 
ation  masks in the APIARY 6 
design. 

I: 
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- 100 0 

Centimeters 

F 

Q3 

100 200 
APIARY 6 
9/26/90 

The intensity of radiation  striking  mask AB  is mitigated 
by the fact that Q3 is the weakest of the  three  magnets  (Ql- 
Q3). Mask CD in Figure 1 is required to prevent the HEB syn- 
chrotron  radiation  from  directly  striking the detector  beam 
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pipe, which is  assumed  in this example to have a 2 cm  ra- 
dius. The primary source of radiation  striking  this  mask  has 
its origin in Q4 and Q5, the last major focusing elements of 
the HEB. 

Three meters  from the IP, the beams  are fully separated 
and heading into  separate  beam pipes. The surface formed by 
the intersection of the two beam pipes intercepts  a significant 
portion of the generated  synchrotron  radiation. Cooling must 
be provided for this  “crotch” region. The radiation from the 
HEB bend in Q2 strikes the surface on one side of the IP and 
the radiation from the LEB in Q1 strikes the surface on the 
other side of the IP. 

3. CALCULATIONS 

T he synchrotron  radiation calculations start with  a  pro- 
gram called MAGBENDS, which computes the beamline 

geometry and generates information on beam  trajectories and 
displacements. This information is used as input to  the  main 
program SYNC-BKG, which  is a descendent of QSRAD, a 
program  originated by A. Clark of LBL to  study synchrotron 
radiation at PEP. The program  traces  particle rays through 
a series of quadrupole  magnets and generates fans of syn- 
chrotron  radiation  from  the focussing and defocussing bends 
in the magnets.  These fans of radiation are  then tallied as a 
function of photon energy on  the various user supplied masks 
and  apertures. QSRAD uses a gaussian distribution for the 
beam profile. 

The following improvements to QSRAD have been incor- 
porated  into SYNC-BKG: 

1) Nongaussian beam tails. Beams develop nongaussian 
tails when they collide. There is as yet  no definite un- 
derstanding of what  this  tail  distribution should look 
like. The population density of this  beam  tail can be 
important.  The fact that  the particles are  out at large 
distances  from the  beam core generally gives them a 
better chance of directing photons  straight  onto  the de- 
tector  beampipe. Present background studies  are based 
on nongaussian  tails that simulate  detector experience 
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at PEP. The APIARY 6 design has proven to  be insen- 
sitive to the exact  tail  distribution.  This implies that 
the bulk of the background synchrotron  radiation  in  this 
design originates from the core of the beam. 

2) Offset magnets and magnet  segmentation.  Magnets can 
be offset with respect to  the  beam axis. This improve- 
ment was made by s. 'Hertzbach in another version of 
QSRAD developed to  study backgrounds in the SLC. 
In  addition,  the magnet elements can be broken up  into 
sections,  permitting  an improved calculation of the syn- 
chrotron  radiation fans. 

3) Nonzero beam  emittance. Most  versions of QSRAD 
integrate the  beam profile  over only two dimensions, 
x and y. This is equivalent to assigning one  slope to 
one  beam position or collapsing the phase ellipse of the 
beam  to a line. Incorporating finite emittance  beams 
allows the program to integrate  the  beam  distribution 
over four dimensions 2, x', y, y', although this  greatly 
increases computing  time. The correction to  the back- 
grounds  from finite emittance is generally small but can 
become important when beam  particle  tracing involves 
four or more quadrupoles. 

The energy spectrum produced by SYNC-BKG is used as 
input by an EGS (Electron Gamma Shower) interface pro- 
gram called MASKING. This  program is used to calculate 
photon reflection, transmission, or absorption coefficients  for 
various selections of masks, beam pipes and  detector ele- 
ments. The EGS package includes I<-shell fluoresence and 
Rayleigh scattering cross-sections. At present, there is no 
provision in EGS for L-shell fluoresence, which can be  impor- 
tant when elements with a high 2 value are used. The low 
average critical energies of the synchrotron  radiation (5  10 
keV) make high-2 elements the materials of choice for masks. 
For the present study, the masks are assumed to  be coated 
with gold. 

Photons which back-scatter from a surface have a gener- 
aIIy isotropic  angular  distribution. The solid angle  fraction 
of the  detector beam  pipe as seen from the source of back- 
scattered  radiation can thus be  used to predict the number of 
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Photons/  Incident  on  Absorbed in Absorbed  in  Absorbed  in  Incident 

Crossing Be pipe  1st Si layer 2nd Si layer 3rd Si  layer on DC 

3.1 GeV beam 

4 < E, < 100 keV 

Number of photons 0.47 2 . 7 ~ 1 0 - ~   l . 2 ~ l O - ~   5 . 8 ~ 1 0 - ~  8.6x10-’ 

Energy  (keV) 3.61 0.023  1.0 x10V4 1 . 5 ~ 1 0 ~ ~   1 . 3 ~ 1 0 ~ ~  

4 < E, < 20 keV 

Number of photons 0.47 2 . 7 ~   1 . 2 ~   5 . 8 ~   8 . 6 ~  lo-’ 

Energy  (keV) 3.61 0.023 1.0 x ~ O - ~  1 . 5 ~ 1 0 - ~   1 . 3 ~ 1 0 - ~  

9.0 GeV  beam 

4 < E, < 100 keV 

Number of photons 0.55 0.014 1 . 0 ~ 1 0 - 3  1.oX10-3 1 . 2 ~ 1 0 - 4  

Energy  (keV) 8.41 0.32  0.02  0.02 6 . 3 ~  10-3 

4 < E, < 20 keV 

Number of photons 0.43 8 . 3 ~ 1 0 - ~  4 . 7 ~ 1 0 - ~  4 . 8 ~ 1 0 - ~  1 . 4 ~ 1 0 - ~  

Energy  (keV) 4.37  0.071 4 . 6 ~  8 . 0 ~  low5 2 . 6 ~  

Totals 

4 < E, < 100 keV 

Number of photons 1.02 0.017 1 . 0 ~ 1 0 - ~   1 . 0 ~ 1 0 - ~   1 . 2 ~ 1 0 - ~  

Energy  (keV) 12.0 0.34  0.02 0.02 6.3x 10-3 

4 < E, < 20 keV 

Number of photons 0.90 0.011 5 . 9 ~  5 . 4 ~  1 . 5 ~  

Energy  (keV) 7.98 0.094 5 . 6 ~ 1 0 ~ ~  1.Ox 2 . 7 ~  

Table 1. Synchrotron  radiation background  predictions  (per  beam crossing) for APIARY 6.  Multiply by 
2 . 3 8 ~  IOa to  get photons/sec. The energy refers to  the  total  energy of the  indicated  photons.  The beam pipe 
materials  are 25 pm Cu on 1 mm Be. The beam pipe  radius is 2 cm with a 14 cm length for the Be section. 
The  average  angle of incidence is 100 mr for the  radiation  striking  the  pipe.  The silicon layers are 300 pm 
thick. 
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photons  incident on the  beam  pipe from that source. How- 
ever,  when the source of radiation is the  tip of a mask, some 
of the incident photons will forward-scatter  through  the  tip. 
Inspection of angular  distributions reveals the increase in pho- 
ton  rate from forward scattering to  be a factor of 2 or 3 above 
an isotropic  distribut,ion.  Present  studies increase the number 
of tip-scattered  photons by a factor of 2.5. Radiation  hitting 
the  beam  pipe from a mask tip or other surface  has a range of 
incident angles on  the pipe. An average  angle of incidence of 
100 mr is  chosen  in order to calculate  the transmission coeffi- 
cient  for the  beam pipe. The detector  beam  pipe is a cylinder 
14 cm  long with a 2 cm radius. The pipe  materials  are 1 mm 
Be with a 25 pm inside layer of Cu. 

The APIARY 6 background  estimates for synchrotron 
radiation are shown in Table 1. 

Figures 2 and 3 display the energy spectra of the photons 
that  scatter from the masks, are incident on the detector  beam 
pipe and  transmit  through the beam  pipe  and silcon detector 
layers. Figure 2 shows the  photon  spectra from the LEB 
synchrotron  radiation and  Figure 3 displays the  spectra from 
the HEB radiation. 

Investigation of the  synchrotron  radiation which strikes 
the  beam  pipe at 3 meters  has just  begun.  There is no detec- 
tor  beam  pipe solid angle from the 3 meter surfaces on either 
side of the IP. However, the intensity of the  radiation  strik- 
ing these surfaces is very high, which raises the possibility 
of back-scattered  photons  bouncing off surfaces near the de- 
tector  beam  pipe  and  then  directly  striking  the  pipe  (double 
bouncing). In addition,  the high  power  levels produce signif- 
icant  heating at these surfaces. Present  calculations estimate 
the maximum power density  on the surface which intercepts 
the HEB radiation at about 200 watts/mm2.  These issues 
must be more thoroughly  investigated. 
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Photon spectra from the 3.1 GeV beam 
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1-Incident spectrum on AB mask. Total= 1.5~10' 
2-Scattered from AB mask (incident on beam pipe). 
3-Transmitted through  beam pipe (25pm Cu. lmm Be). 
4-Transmitted  through 1st layer of Si (300pm). 
5-Transmitted  through 2nd layer of Si (300pm). 
6-Transmitted through 3rd layer of Si (300pm). 
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Figure 2.  Photon energy 
spectra  (photons/keV) ' from 
the  low-energy  beam. 

For all present B Factory designs under  study,  the  total 

amount of synchrotron  radiation power generated  near  the IP 
is significant; all of this power must  be accounted for in any 

design of absorbing masks and vacuum beam pipes. These 

high power  levels imply high photon fluxes and  the  scattering 

and backscattering of photons  from various surfaces has to be 
carefully traced in order to insure an  adequate  understanding 
of synchrotron  radiation backgrounds. 
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Photon spectra from the 9 GeV beam 

1-Incident  spectrum  on CD mask. Total= 8.0~10' 
2-Scattered  from CD mask  (incident on beam pipe). 
3-Transmitted  through  beam pipe (25pm Cu. lmm Be). 
4-Transmitted  through  1st  layer of Si (300pm). 
5-Transmitted  through  2nd  layer of Si (300pm). 
6-Transmitted  through  3rd  layer of Si (300pm). ..... -. 7-Incident on  the Drift Chamber. 

1 ... ... i 
. . . . . . . . 

25 50 75 100 125 150 

Photon energy (keV) 
9/18/90 

Figure 3. Photon  energy 
spectra (photons/keV) from 
the high energy  beam 



DETECTOR BACKGROUNDS  FROM 
SCATTERED BEAM PARTICLES 

D. P. COUPAL AND C. HEARTY 

1. INTRODUCTION 

T he B Factory design calls for colliding e+e-  beams at 
asymmetric energies of 9 and 3.1 GeV at a minimum 

luminosity of 3 X 1033cm-Zs-1. The design uses the PEP 
tunnel for both  the high and low-energy beams.  Beam  cur- 
rents in the  range 1-2 amperes  are required to achieve this 
high  luminosity. A major concern  with  these  high currents is 
the  detector  backgrounds caused by beam  particles  scatter- 
ing  from  residual gas in the vacuum  pipe.  Coulomb  scattering 
and  bremsstrahlung  create off-axis and off-energy beam  par- 
ticles and, in the case of bremsstrahlung,  photons, which can 
hit  the  beampipe or synchrotron  radiation masks near the in- 
teraction  point (IP). The resulting  electromagnetic  showers 
contribute  background  in  the  detector.  This  report  presents 
some  preliminary  results on a simulation of this  background 
in  the SLAC B Factory  design. 

As of this  writing,  the design is still  in  flux;  this  report is 
thus a review of work in  progress. We present  results for the 
high-energy beam of the APIARY 6.0 design,  with partial 
modelling of the  lattice  around  the  interaction region. 

The  next section  describes the tools and  method of mod- 
elling the beam-gas  scattering backgrounds. The B Factory 
lattice used in this  study is described  in the following section. 
We then  present  the  results for particle  rates  into  the  masks 
and  beampipe  around  the IP for the, high-energy  beam. The 
next section uses these  results to predict the  rates in the differ- 
ent  elements of a generic detector.  The final section concludes 
with a list of the  limitations of this  study  and a discussion of 
open issues. 
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244 Scattered  Beam Particles 

2. TOOLS 

I n  addition  to the high currents, a high  luminosity B Fac- 
tory will require  relatively strong focussing at  the  interac- 

tion  point,  resulting  in a large  flux of synchrotron  radiation 
generated in the  quadrupoles  near  the IP. The first task  with 
any given lattice is to design masks to shield the  beampipe 
around  the IP from  this flux of photons. Given the  inter- 
action region (IR) magnets,  beampipe  and  masks, we evalu- 
ate  the  rate of scattered  particles  into  these  apertures.  This 
study is done  using DECAY TURTLE, a ray-tracing  pro- 
gram based on TRANSPORT, modified by w. Kozanecki 
to model  Coulomb scattering  and  bremsstrahlung  from gas 
molecules along a beamline.  This  program  requires a lat- 
tice  and  apertures specified in TRANSPORT/DECAY  TUR- 
TLE format,  the  number of rays that should be  scattered  and 
traced  through  the  lattice,  the  assumed  pressure  and compo- 
sition of the residual gas in the  beampipe,  and  the  number 
of particles  per  bunch. It  returns  the  number of rays that 
strike each of the  apertures  and a weighting factor which is 
used to convert the  number of traced  rays  into  the  number of 
particles  per  bunch which strike  each  aperture. 

To evaluate  the  resulting  background  in a generic  detec- 
tor,  the  particles  striking  apertures  around  the IP are fed to 
an EGS simulation (see Section 5 ) .  

3. LATTICES 

T he  beams  must  be  in  separate rings due  to  the  asymmet- 
ric energies. Two schemes are  being considered to bring 

the  beams  together  at  the IP and  separate  them  again  after 
the collision. The first method - the basis of the APIARY 
designs - uses a bend  magnet 20 cm  from  the IP, which 
bends  the different energy  beams by different amounts.  The 
second method, called crab crossing, collides the  beams  at 
an angle, using transverse  cavities  before  and  after  the IP 
to  rotate  the bunches so that they effectively collide head- 
on. A more  detailed  description of the crossing geometries 
can be found in reference 3. The  crab crossing  geometry ap- 
pears  to have lower backgrounds  from synchrotron  radiation 
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and beam-gas scattering,  but since this idea is untested,  the 
SLAC design has concentrated on head-on collision geometry; 
the results  presented  here  are for head-on  geometry only. Ta- 
ble l shows some of the  parameters for the different lattices 
being  considered for the B Factory  design. 

I Parameter 

Beam current 3.1  GeV 

9.0 GeV 

unch separation  (m) 

p’ ( 4  3.1 X 

Y 

9.0 X 

Y 

Emittance  (nm-rad) 3.1 X 

Y 

9.0 X 

Y 

I u, :by 

I Tune  shift 

B1 Strength (T) 
Length (cm: 

z (IP  end) (cm: 

Q1 Strength (IC) 
Length  (cm) 

z (IP end)  (cm) 

A PI ARY 

5.1 

2.2 

1.5 

1746 

1.27 

60 

1.5 

120 

3 .O 

98 

2.5 

49 

1.2 

40:l 

.O 3 

3 x 1033 

.5 

20 

20 

-5.57 

40 

62 

APIARY CRAB  CRAB 

6.0  (Oide)  (Raubenheimer: 

2.2 3 .O 2.2 

1.5 3.0 1.5 

1746 1746 1746 

1.27 1.27  1.27 
I I 

37.5 

1.5 

75.0 

3.0 

92.0 39 92.0 

3.6 2 3.6 

46.0 39 46.0 

1.8 I 2 I 1.8 
I I 

25:l 50: 1 25:l 

3 x 1033 1034 3 x 1033 

.64 

20 

20 

- - 

- - 

.- - 

-5.46 -2.63 -2.11 

40 30 80 

62 160 50 

Table 1. B Factory  machine 
parameters. 
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The  lattice used  in  this study is the high-energy  ring of 
APIARY 6.0 - the low-energy lattice did not  exist at  the 
time of the  study.  The  rates for the low energy beam  tend  to 
be lower than  the high-energy  beam for reasons that will be 
explained below. 

Figure 1 shows the  beta  and dispersion  functions  for the 
high-energy  ring of APIARY 6.0 out  to 25 meters  upstream of 
the IP. The  arc  starts at 60 meters  from the IP. In this design 
there  are no vertical  bends  in  the  high-energy  beam.  The 
region close to  the IP is shown in  Figure 2. Both incoming 
and  outgoing  beams go through  the  three  quadrupoles in the 
region within 3 meters of the IP and  the bend magnet 20 cm 
from the IP. Quadrupoles  Q1  and  Q3  are  centered  on the 
high-energy beam; Q2 is centered  on the low-energy beam. 

4. SCATTERED PARTICLE RATES 

e  generate Coulomb scattering  and  bremsstrahlung 
events  in  the region from  the IP to G O  meters  upstream 

of the IP. The vacuum  pressure is taken  to  be lo-* Torr.  The 
scattered rays are  propagated  through  the  lattice  until  they 
either  strike  an  aperture or reach the end of the defined lat- 
tice. , 

Figure  3a shows an z-y plot of beam  particles  Coulomb- 
scattered in the  range 0.2 to 50.0 mrad  at  the  upstream  end 
of the SR mask in B1. Figure 3b shows the  same plot but 
for bremsstrahlung  with  an energy loss in the  range 0.005 < 
SE/E < 0.90. Table 2 shows the  rate of paarticles hitting  the 
various apertures  around  the IP. The results  are  presented  as 
a rate per ps, since  many  detector  components integrate over 
this kind of time  interval. 

Scattered  beam particles hitting  the  beampipe very close 
to  the IP, which are  potentially  serious, come entirely  from 
bremsstrahlung.  Figure 4 shows the energy loss, A E I E ,  and 
the z position of the  scatter for rays hitting  within 10 cm of 
the IP. As there  are no bend  magnets between Q2 and  the  exit 
of the  arc 60 meters  upstream of the IP, the  beam  particles 
which lose energy through  bremsstrahlung - together  with 
the  resulting  photons - continue  along  the  beam  direction 
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Figure 3. Location of 
a. Coulomb-scattered and 
b. bremsstrahlung  electron 
rays  at the entrance to B1. 
The solid line shows the  beam 
1 Oa points. 

until  they hit  the off-axis quadrupole Q2 and B1. The  beam 
particles which have lost energy through  bremsstrahlung  are 
overbent by Q2 and B1 and  hit the downstream  mask  or  the 
IP beampipe. This tail of overbent  particles is seen clearly in 
Figure 3b. Although  most of the  photons  pass  through  the 
IP, a significant fraction  still hits  the  upstream  mask. 
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One way to reduce  this background is to  interrupt  this 
long straight  section  with  bend  magnets,  thereby  creating a 
high-dispersion  point at which the low-energy particles  can  be 
removed. This is the case in  the APIARY designs for the low- 
energy  beam;  vertical  dipole  magnets 4 meters  from the  IP 
bend  the low-energy beam  up  out of the plane of the high  en- 
ergy  beam. The addition of bend  magnets to  the high-energy 
beam is being  studied;  this  can  potentially reduce the  rate 
by as much  as a factor of five. Scatters which occur  between 
these  bend  magnets  and  the IP are still a problem.  Pressures 

Figure 4 a. Fractiond 
energy loss A E I E  and 
b. distance from IP of 
the  production  point of 
bremsstrahlung  electrons which 
hit  the IP beampipe.  The 
dashed  curve in a is the gen- 
erated  distribution. 
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Scattered  Beam Particles 

of lo-’ Torr in the IR may  be feasible; this would reduce 
the background by another  factor of ten.  The  vacuum  pump 
capacity  required  depends  on the  amount of photodesorption 
caused by synchrotron  radiation. 

r Q3 I -226 - -186 

I Q2 I - 164 - - 124 

I Q1 I -102 - -62 

5 Coulomb bremsstrahlung 

0.0 I 1.0 I 0.0 

0.0 

0.1 

0.1 2.7 

0.0 19.2 0.7 

0 .o 6.8 0.0 

42.5 0.0 

5.7 

1 .o 
2.7 

0.1 

6.8 

19.9 

Table 2. Rates for scattered 
beam particles  bitting  aper- 
tures near  the IP for the higb- 
energy  beam of APIARY 6.0. 
A vacuum of loq8 Torr is as- 
sumed.  Entries of 0.0 indicate 
that  the  rate is less than 0.05 
per ps. 

5. BACKGROUNDS IN THE DETECTOR 

T he effects of the lost  particles  are  calculated using EGS, 
run  at  double precision (to  eliminate problems  with parti- 

cles stepping  repeatedly  across  boundaries)  with 10 kev cut- 
offs on  photon energies. The  magnetic fields of the detec- 
tor solenoid, B1 and  Ql-Q3  are  included.  The geometry is 
approximated  entirely by cylinders  parallel to and centered 
on  the z axis. Thus, every object - detector  component, 
shielding, or magnet - is defined by its  inner  and  outer  ra- 
dius,  its  extent in z and  its  material.  The  objects included 
for the background  calculations  for the APIARY 6.0 high- 
energy  ring are listed in  Table 3. Several objects  are  not 
simulated by the correct materials; for example,  the silicon 
strips  are  made of aluminum,  the GRID is vacuum,  and  the 
CsI is lead. The  latter  approximation is incorrect to  the ex- 
tent that the leakage from  CsI is different from that of lead. 
This model includes a substantial  amount of beampipe  and 
magnet  shielding (the magnets  themselves are  approximately 
the density of nickel and  are  not  particularly good  shielding). 
The APIARY 6.01 IR design includes  longer magnets  and  an 
18 cm  radius  support  tube, which are  inconsistent  with some 
aspects of this  design. 



Backgrounds in the  Detector 251 

The DECAY TURTLE output for this calculation  is a file 
of approximately 9100 rays,  each  characterized by a weight 
equal to  its probability of occurrance  per  beam  crossing.  Rays 
are  randomly selected to  be  propagated  through  the  detector 
on the basis of this weight. A typical  job,  simulating 35 ps of 
running  time (w  2800 rays), requires 6200 CPU seconds  on 
the SLAC IBM 3090. 

The actual  planned layout of the IR, and  the geometry 
used by TRANSPORT, is not  cylindrically  symmetric about 
the z axis. This is particularly  true of the masks. The 
TRANSPORT rays  must, therefore, by mapped  from the cor- 
rect  geometry to EGS geometry. This is done to preserve 
the  incident  polar  angle of the  particle with  respect to  the 
surface, the  azimuthal angle of the point of impact,  and  the 
distance of the  impact point in from the edge of the  struck 
mask. Figure 5 is an  example of this  mapping.  The  calculated 
backgrounds from the two cases  in  Figure 5 can be different 
by a  factor of two, but  the typical error is less. 

+ beampipe 
- - - mask - L 

‘ 6  
-z 

Figure 5. A ray  striking a 
mask  in  DECAY  TURTLE (a), 
is represented  in EGS by  a ray 
striking a cylinder @). The 
distance 6 is the  same  in  both 
cases. 

The EGS calculation  finds the energy  deposited  in, and 
the  number of photons  and  electrons  entering each object. 
Electrons  are  counted each time  they loop  through  an  ob- 
ject.  The  results  are summarized in Table 3. Blanks  indicate 
that the object was not scored, not  that  there were no  back- 
grounds. (For “DC first 2 cm”,  photons  entering  are  not 
counted,  but  photons  interacting are included  as  electrons.) 

The background  photons  in the DC and  calorimeter  gen- 
erally  come from  the B1 masks,  where  most of the rays  strike. 
The background in the silicon vertex  detector, which subtends 
a  small  solid  angle  from  these  masks, is caused  primarily by 
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2 (cm) f ( 4  

186 - 226 

2.1 - 6.0  20 - 40 

2.1 - 9.0 62 - 102 

2.1 - 9.0 124 - 164 

2.1 - 9.0 

2.0 - 2.1 20 - 900 

. 161 - 171 50. - 100. 

150 - 161 40. - 50. 

30 - 62 6.0 - 9.0 

35 - 164 9.0 - 11.0 

102 - 124 2.1 - 4.1 

164 - 186 

2.1 - 4.1 226 - 900 

2.1 - 4.1 

40 - 50 2.1 - 6.0 

25 - 47 1.0 - 2.0 

-47 - -25 1.3 - 2.0 

-20 - 20  2.0 - 2.1 

150 - 161 50. - 100. 

-4.5 - 4.5 

18.0 - 18.1 -150 - 150 

2.3 - 10.0  4.5 - 20 

6.9 - 6.93 -4.5 - 4.5 

4.5 - 4.53 -4.5 - 4.5 

2.3 - 2.33 

i 

’ -150 - 150 18.1 - 20.1 

-150 - 150 20.1 - 79.: 

-150 - 150 79.5 - 80.C 

-150 - 150 80. - 94. 

-150 - 150 94. - 105. 

Backgrounds per ps I 
Energy (MeV) 

726 539 6444 8609 1339 1152 

- - 7251 30447 

- - 4091 4351 

- - 767 473 

- - 1936 155 

e* 7 

106  3 - 

66 362 - 

- - 155 541 

- - 132 1086 

- - 709 3237 

- 

- 

1410 152 I - I - I 
4757  277 I - I ~ - 1 
8684 4299 I - I - I 

87794 I - 1 - 

I 

Table 3. Geometry  and  calculated backgrounds of simulated  objects. 
The 9 GeV  electrons  travel in the  direction of increasing z .  Double 
entries in the “Backgroundsf1  columns indicate  that  the  object  appears 
with z < 0 and z > 0. For example,  there is a Q3 with  -226 < z < -186, 
which receives 1936 MeV/ps, and  another  at 186 < z < 226, which 
receives 155 MeV/ps. 
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bremsstrahlung  electrons  hitting  the beampipe. There  are few 
electrons at the larger  radius  objects  because of the  detector 
solenoid field. 

Figure 6 shows the energy  deposited in the middle layer of 
the vertex  detector  and  the  drift  chamber;  the average  energy 
of background  particles is  low. For example, 1945 MeV of 
energy per p s  is deposited in the  barrel calorimeter by - 1400 
photons of average energy 1.4 MeV. The largest radiation dose 
in  the  CsI is in  the  downstream  endcap.  The first 8 r.1. of 
the innermost 10 cm (50 < r < 60 cm) receives a dose of 
190 rad in lo7 s, almost  entirely  through  the  front  face  (there 
is shielding  behind and below the  endcap).  This value, like all 
others  presented  here,  does  not  include  the effects of the low- 
energy  ring or injection. As mentioned  earIier,  backgrounds 
could be reduced by the addition of bend  magnets or by  lower 
pressures. 

6.  OPEN ISSUES 

C onsistent  high-energy and low-energy lattices,  with ac- 
ceptable  synchrotron  radiation levels, are  required  to cal- 

culate  accurate  background levels. .These  lattices may  include 
additional  bend  magnets  and  upstream masks to isolate the 
IR  from  upstream  scatters. In the longer term, a more  accu- 
rate  detector  simulation may be  required,  including showers 
that  start more than two meters  from  the  IP. 

The effects of injection on the CsI and  the silicon and 
the  methods of dealing  with  this  radiation  require  additional 
work. Extra injection  shielding may be needed. 

The reliability of the  methods used in this section will 
be  tested by comparing  calculated  backgrounds  in the PEP 
experiment T P C  with  the observed rates. 
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Figure 6. The  distribution 
of photons  entering  the  drift 
chamber in a. L and b. phi 
of impact  point,  and c. energy 10-1 
(MeV), and  the  distributions 
in d. cos 8 of particle direction 
e. phi of impact  point  and 0.0 10-2 
f. energy (MeV) for electrons -100 0 100 0 50 100 150 
entering  the middle layer of the Phl o f  Electrons I n  SI Enerqy of Electrons I n  S1 

100 

0.5 

- 
silicon strips. Vertical scales 
are in particles  per ps. The 
peak in z in the DC is due  to 
masking  elsewhere; the  peak in 
phi in the Silicon is due to the 
asymmetry of  electrons  hitting 
the  beampipe  (Figure 3 b). 
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1. INTRODUCTION 

A finely-segmented silicon vertex  detector  can  provide  a 
high-precision  measurement of the impact  parameter, 6, 

parallel and b,, transverse  to  the direction of the  beam,  and 
the angles, the azimuth q5 and  the poIar  angle 8, of charged 
particle  tracks close to  the  beam-beam  interaction  point,  and 
can  thereby  complement  the  angle  and  momentum  measure- 
ment  in the main  tracking  chamber. 

At a high luminosity B Factory,  such  a  system will  allow 

0 the measurement of decay distance between the B and 
B and  thereby  permit  the measurement of time-dependent 
effects such as CP asymmetries, 

0 a  reduction  in the background for lepton and kaon tags 
which determine  the flavor of the second Bo or Bo in 
the event, 

0 separation of charm  and  beauty  decays  from  light  quark 
background  events, 

0 a substantial  reduction in  combinatorial  background  in 
B and D decay, and 

0 a reduction  in the hadronic  and  Bhabha  background  in 
r decays. 

This  report summarizes  a study of many  aspects of the 
physics program  that  impact on the design and  performance 
of a  vertex  detector.  Specification for resolution, solid an- 
gle coverage and  lay-out,  and  segmentation  are derived  from 
a variety of analyses of different physics topics that can be 
addressed  with  such a machine  (Section 2). Given the specifi- 
cation  for  position  resolution  and  stereo  read-out, it becomes 

25 7 
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obvious that a vertex  detector  built  from finely segmented sil- 
icon diodes  (Section 3) represents a very suitable, if not  the 
only viable  solution. Different lay-outs  and  strip  and pixel 
segmentations  have  been  investigated  (Section 4). With  the 
help of software  tools  (Section 5 )  developed  during  this Work- 
shop, the resolutions in angle  and  impact  parameter have been 
studied for different lay-outs,  as a function of the  number of 
layers and  their  spacing,  the  radius  and  the  thickness of the 
vacuum pipe  and  the  detectors,  etc.. for particles of differ- 
ent  momentum and angles  (Section 6). No conclusion has 
yet been reached as to  the necessity of an  intermediate wire 
chamber  between the silicon vertex  detector  and  the  main 
drift  chamber  (Section 7), Such a chamber is not  expected to 
improve the resolution for tracks  measured in the two other 
tracking devices, it may, however, enhance  the efficiency for 
the  reconstruction of  low momentum  tracks. Since the perfor- 
mance of the  vertex  detector  depends critically  on the radius 
and thickness of the  vacuum  pipe,  its specifications and de- 
sign are also discussed (Section 8). Tolerance to background 
radiation is a major concerned for all  detector elements at a 
machine that  operates at high currents.  Synchrotron  radia- 
tion  and  electro-magnetic showers caused by lost  beam parti- 
cles increase the  detector  occupancy  and  can cause  radiation 
damage in the silicon detectors  and  the  associated VLSI elec- 
tronics  (Section 9). Electronics for signal  amplification,  sparse 
read-out,  and  triggering have not  been  studied  in  detail; only 
the basic  principles and  options  are discussed  (Section 10). 
Many groups  planning  experiments at  the SSC are involved 
in R&D projects  addressing very similar  performance  crite- 
ria.  Estimates of trigger rates for multi-layer coincidences in 
double-sided strip or pixel detectors look promising for use in 
a secondary  trigger  (Section 11). 

Appended to this  report  are a number of independent 
contributions  on pin diode  arrays (S. Shapiro), on the use 
of microstrip  avalanche  chambers for the forward  direction 
(J. Va’vra),  on  the use of a TPC as a forward detector (G. 
Wormser), on detailed  studies of single  track  measurements 
(D. Stoker),  on  studies of intrinsic  resolution  in silicon for 
tracks  with  large  angles of incidence (V. Luth),  and on ideas 
for beam  pipe cooling (R. Erbacher  and W. Vernon). 
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2. DESIGN  SPECIFICATIONS 

T he  performance of the vertex  detector is central  to  many 
measurements that can  be  performed at an  asymmetric 

B Factory, and a variety of studies  have  been  carried  out to 
set the specifications  for  this device. 

2.1. Position  Resolution 

The primary  task of a  vertex  detector at an  asymmetric 
B Factory  is the measurement of the  time evolution of the 
Bo - Bo asymmetry in  decays to CP eigenstates,  caused by 
interference  between the mixed and unmixed B mesons. The 
relevant time is the difference in  proper  time  between  the  two 
decays, which is proportional to  the difference in  decay  dis- 
tances. The resolution  in  measuring  this difference in decay 
lengths AZ should be good  enough  as  not to significantly  de- 
grade  the measurement of this  asymmetry. 

A number of studies have been  done to investigate the 
specifications for the vertex detector resolution,  simulating 
the process Bo --+ f1 and Bo -+ f2, where fi represents  a CP 
eigenstate,  like $I<;, and f2 is a  decay that  tags  the  identity 
of the B meson, like the semileptonic  decay to D+Z-v. In the 
presence of CP violation,  the decay rate of a Bo or Bo to a 
CP eigenstate f l  is 

R c( ,-rlAtl [l f s in2~s in(zrAt) ]G, (a~t ) ,  

where z = Am/r is the mixing parameter,  and Am is the 
difference in  mass of the two neutral B meson mass  eigen- 
states, r is the inverse of the average Bo decay  time, # is the 
CP phase for the  particular decay  mode. At is the time dif- 
ference  between the decay of the two B's. G, describes the 
resolution of the detector in the measurement of At, which is 
assumed to  be described by a  single  Gaussian  resolution  func- 
tion of width a&. Thus  the  CP-violating  rate  asymmetry is 
represented by a constant  term  sin24  that is modulated by 
a  sine  function of period T = 27r/x and convoluted by the 
Gaussian  resolution  function, G,. The  attenuation of the 
amplitude  sin24 remains  small  as long as a ~ t  << T .  This  ob- 
servation  has  been verified  by analytical  calculations.ly2 and 
Monte  Carlo  simulation. 
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Figure 1 shows that  the  error  in  the CP term  sin24 de- 
pends  only weakly on U&, which is  simply  related to Q A ~ ,  the 
error on the decay distance AZ = zcp  - zing: 

In an  asymmetric  storage  ring  with  beam  energies of 3.1 GeV 
and 9.0 GeV the T(4S) resonance is boosted with @-y=0.56 
along the direction of the high  energy  beam. The distances 
between the decay points of the two B mesons are shown in 
Figure  2 : the averages are < AZ >= 180pm  in  the direction 
along the  beam,  and < Asy >= 32pm in the plane  transverse 
to  the beam. Thus U A ~  < 0.5p-y~~ translates  to UA, < 90pm 
and - compared to a  detector  with  perfect  resolution - causes 
a  dilution of the measurement of the CP asymmetry in Bo 
decays by less than 10%. Monte  Carlo  simulations  have also 
shown that  the resolution UA, does not  depend very critically 
on the  radius of the beam  pipe  and  the innermost  layer of 
the silicon detector for decays to simple CP eigenstates like 
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B: -+ $IC;, and a lepton  from  semi-leptonic decay as  a flavor 
tag.  Best  estimates for C T A ~  are of the order of 65pm for a 
beam  pipe  radius of 20mm, a three layer silicon detector,  and 
an  intrinsic  position  resolution of a; = 10pm.  Consequently 
there is some margin of safety  for the measurement of the 
time  dependent  asymmetry. 
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2ol++ 80 + 
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Z 
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t - +  + + +  
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Good  vertex  resolution is important for many other mea- 
surements, in most cases it helps to  separate charm,  beauty 
and T+T- events  from  light quark background  and  reduces 
combinatorial  background  in mass distributions  since  the  ori- 
gin of most charged  particles  can  be  determined. 

Figure 2. Distance between 
the two decay points of the 
two B mesons (a) in the  plane 
transverse to the beam and 
(b) along  the  direction of the 
beam. 
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2.2.  Solid Angle Coverage 

To obtain high efficiency for complete  event  reconstruc- 
tion, it is essential to cover more  than 90% of the solid angle 
in the center-of-mass  system, i.e. the  rest  frame of the Y(4S). 
In the  laboratory,  this corresponds to -0.75 < cos0 < 0.97. 

Detection efficiencies have been 'studied for a number of 
different production  and decay processes, namely BB events 
with specific decays like Bj -+ $I(: and Bo -+ 1- +anything 

1.0 * I 

0 

0.8 
0 

/ 
0 - 

2. w 
/ 

0 
0 

0.6 - 
0 

0 
/ 

0 - 
LL 
LL 

Y 
0 

0 
/ 

0 
0 

4 

0.4 - e/c - 
40  

/ c O  

40 
-ec 

a _* / H e -  - 'B 

5 0.2 
- --- 

EF - 
Figure 3.  Single 
track detection  efficiency as a 
function of  the  maximum polar 0 
angle 0 in the forward (F) 0.5 0.6 0.7 0.8 0.9 1 -0 
and backward (B) direction for 
tracks horn B decays (generic 
mixture) 

I I i I I I I I I 

10-90 lcose 1 6740A11 

or with a generic mixture of B  decay^.^ Figure 3 illus- 
trates how the acceptance for single tracks  from generic de- 
cays of BB events  drops  as  the  polar  angle coverage in  the 
forward  and backward'  direction is restricted. For a cut-off 
at 1 cos 01 < 0.9 about 25% (5%) of the  tracks  are lost  in the 
forward  (backward)  direction. Good solid angle coverage is 
more  critical for the  reconstruction of complete B, D, or T 

decays. For example,  the geometric efficiency for detecting 
all  tracks  from  the decay B: -+ $I($ --+ e+e-n+x- is 77% 
for a detector  extending  up to cos 0 5 0.95. (compare  Figure 
4a). An additional  cut in the minimum transverse  momentum 
reduces the efficiency further,  though for p?'" = 100 MeV/c 
the  impact is rather modest.  Figure 4b illustrates  this reduc- 
tion in efficiency.  For decays of higher multiplicity the effects 
of limited solid angle coverage are more  severe, for example, 
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2.3. Segmentation 

The average  charged  particle  multiplicity in the decay of 
an T resonance is 5 12, and  apart  from  the effect of the 
small  boost along the  beam  direction,  particles  are  distributed 
rather uniformly. Such  events do  not  require a tracking  device 
with high granularity. The  distribution in opening  angle for 
the decay 4 --+ K + K -  peaks at A$ = 0.200 rad  and does not 
set  any specific requirement  for detector  segmentation. 

The reaction e+e- + T+T- produces  charged  particle 
multiplicities,  angular and  momentum  distributions which dif- 
fer substantially  from the kinematics of the T(4S) decays. 
Studies of three different T+T- decay  topologies were pe r f~ rmed ,~  
one  charged  track  from the decay of one T and  one,  three, or 
five charged  tracks  from the  other T decay. The distributions 
in Figure  5 lead to conclusions similar to  those drawn  from 
the  study of T decays; the geometric efficiency drops  rapidly 
with  polar angle coverage and final state multiplicity, and  the 
minimum  momenta  peak at  rather low values,  in particular 
for decays of higher  multiplicity. A cut in the minimum de- 
tectable  transverse  momentum at 200 MeV/c would reduce 
the number of fully  reconstructed  events to less than 50%. 
The minimum  angle between two tracks  peaks at  about 100 
mrad, large  compared to  the two track resolution of 10 mrad 
which can be  obtained with a silicon detector of 50pm  pitch. 

2.4. Summary 

Performance  requirements for the vertex  detector  are  thus 
well-matched to  a silicon diode array  with  an  intrinsic resolu- 
tion of N 10 - 20pm,  requiring a pitch of - 50pm, for strips 
several  centimeters  long. The requirement that  the B decay 
vertex be well-measured  in the direction  along the  beam de- 
mands silicon detectors  with  coordinate  read-out  transverse 
to  the  beam direction,  in  contrast to all  present  applications 
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of such devices at colliding beam machines.  While  vertex 
detection  along the  beam  axis is mandatory, good  precision 
in the x - y plane is also required.  Thus silicon detectors  with 
read-out  in two orthogonal  coordinates are necessary. This 
can be done  using  pairs of single-sided detectors, double-sided 
strip  detectors or pixel arrays  with  direct  read-out. 

As will be shown in the  studies of track  resolution the 
performance  limits of a multi-layer silicon vertex  detector  are 
not  set by its  intrinsic  resolution,  but by the multiple  scat- 
tering  in the  material of the  beam  pipe,  the  detector  support, 
and  the  detectors themselves. The segmentation  requirements 
are  not  set by the multiplicity of the decay  particles,  but by 
the  additional signals  generated by beam  related  background. 
The choice of segmentation is also influenced by the maxi- 
mum  input  capacitance  per  channel  that is compatible  with 
the design of low noise and low power amplifier circuits. The 
solid angle coverage is obviously an important  parameter for 
all  detector elements.  Tracks emitted at small  angles to  the 
beam  undergo  larger  multiple  scattering  and in many cases 
do  not  contribute  to  the  determination of the  vertex.  They 
may, however, in many cases aid  in  the event  reconstruction 
or background  suppression. 

3. SILICON DETECTORS 

S ilicon detectors  with finely segmented  electrodes  are an 
outgrowth of the semiconductor  counters that have been 

used in nuclear physics for more  than  twenty years. In high 
energy physics, their use as  high  resolution  tracking devices 
was pioneered by  two groups at CERN.5y6 Since then, many 
other  experimenters have built on this experience and have 
employed commercially available silicon detectors. At present, 
several silicon vertex detectors  are  operating in e+e- exper- 
iments at SLC and LEP. Future  detectors of this kind will 
greatly  benefit from  the  experience  that  has been gained in 
their  construction  and  operation. 

Silicon strip  detector vary greatly in their dimensions, 
some have up to one thousand  strips. The minimum  pitch 
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realized so far is 12.5pm;  the maximum length is 90mm,  lim- 
ited by the 4” diameter of the silicon wafer. Digital and  ana- silicon  detectors have high in- 
log read-out  has been used,  depending  on the spatial resolu- CaUSe of their precision fab- trinsic position resolution be- 

tion and  two-track  separation required. Most experiments ricatjon, the short range of 
have used analog  pulse  height  information  and  determined electrons,  the  limited charge 
the exact  position of the  particle  trajectory by a pulseheight diffusion, and large ionization 
weighted mean of the  strip  coordinates.  The  best resolution 
achieved so far is 2.5pm. 

statistics in silicon. 

The advantages of silicon detectors  are the following: 
0 good  localization of the ionization  charges due  to  short 

range of electrons  and  photon  in the material,  limited 
diffusion of the  drifting charges; 

0 large ionization statistics  due  to  the narrow band  gap 
and low ionization potential, 80 electron-hole  pairs per 
Pm; 

0 good  mechanical  rigidity allowing for low mass support 
structures; 

e VLSI technology guaranteeing high precision in the  fab- 
rication of the  strip diodes,  and  a potential of full inte- 
gration of detector  elements with the  circuitry necessary 
for amplification and  read-out. 

The  main  drawback of finely-segmented arrays of silicon 
micro-strip  detectors is the  multiple  scattering in the  detec- 
tors that are typically 300pm thick. The thickness of the 
detectors  determines  the  amount of charge  produced by ion- 
ization and  thereby  the size of the signal. For a thickness of 
300 pm  and a strip pitch of 25 pm  and  length of 8 cm,  typical 
signal to noise ratios of 20:l have been obtained for minimum 
ionizing particles at normal incidence. Given the  expected 
improvements  in  electronics, substantially  thinner  detectors 
may be  feasible in the  near  future.  Thinner depletion depths 
will also  prevent the degradation of the resolution for tracks 
of non-normal  incidence, which is caused by the  spread of the 
ionization  charges over many of the narrow  read-out  strips. 
The  thinner  detectors will reduce the multiple scattering,  but 
will also reduce  the mechanical strength of the  detectors which 
may result  in the need for external  support. 
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3.1. Strip Detectors 

Single-sided silicon strip detec- 
tors have been  used as vertex Single-sided silicon detectors have strip diodes on one side 
detectors in many fixed tar- of the high resistivity wafer while the  other side is covered by a 
get and co''iding beam exper- uniform  ohmic ~ o n t a c t . ~  Double-sided strip  detector  are fab- 
irnen ts. 

ricated by subdividing the ohmic  side  into  strips, placing a p+  
blocking strip between  every two n+ read-out  strips.  The p+  
blocking strips  interrupt  the  conducting  n-type  channel  and 
thus increase the  interstrip  resistance so that full  depletion 
can  be obtained when the reverse  bias  voltage is applied  (see 
Figure 6).8 Based on this  idea, double-sided detectors have 
been built up  to size of 5 X 5cm2  and  are  presently  installed 
in the ALEPH detector at LEP. The  strip pitch is 25pm on 
the  junction side (z coordinate)  and  50pm  on  the  ohmic side 
( z  coordinate) allowing for the insertion of the p+ blocking in 
between the two contiguous n+ strips  On  both sides a bonding 
pad  connects every fourth  strip  to  the  read-out.  The floating 
strips  are coupled capacitively  inducing a signal  on the read- 
out  strip  and allowing for interpolation of the  coordinate in 
between. First  results show that  the devices work, though 
they  are  substantially  more difficult to  fabricate  and  operate. 
The position  resolution was measured  in a test  beam  to  be 
uz = 12.8pm on diode  side  and uz = 18.7pm  on  the  ohmic 
side.g The ratio of the  total signal  for a minimum ionizing 
particle to  the single channel noise has been  measured to  be 

Double sided detectors roughly 121, somewhat less than  the  typical value of 20:1 for 
are  presently  under  study in single-sided strips of similar  dimensions. 
many laboratories, but  at 
present  detectors  that meet the Recently, Hamamatsu Co. has  fabricated  detectors of 
specifications  required  are  not 
commercially available. similar  design, they were successfully tested in a beam at 

FNAL." With a double-sided detector  one  measures two co- 
ordinates  per  detector,  but  ambiguities  due  to  multiple  hits 
are  not necessarily eliminated.  While  for  many  applications 
strips  with small  stereo  angles (5  20') may be  adequate  be- 
cause the vertex  reconstruction is performed in the r-4 plane, 
for an  asymmetric B Factory  the  measurement of both coor- 
dinates is equally important  and  therefore only strip  detectors 
with 90" stereo  angle  are considered  here. 
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Junction Side 

OHMIC Side 67SOA10 
10.90 

Figure 6. Details of the 
strip lay-out for the ALEPB 
double  sided silicon detectors, 
for 
a. the  junction  and 
b. the  ohmic side. 
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3.2. Pixel  Detectors 

Alternatives to  the concept of strip  read-out  are pixel de- 
vices with  truly two-dimensional coordinate  read-out.  Charged 
Coupled Devices (CCD) which store  the  ionization in two- 
dimensional potential wells are commercially  available and 
have been used successfully in a fixed target  experiment at 
CERN. Typical pixel sizes are 22 pm x 22 pm  in  arrays 
of several cm2,  the position  resolution is of the order of 5pm. 
CCD’s are  inappropriate for a high rate  machine like the B 

Pixel devices which provide Factory for a variety of reasons. First,  the  serial  read-out re- 
a space point per layer are sults  in a typical  read-out  time of lOms for a device with lo5 
presently  under  development. pixels. Secondly, the shallow depletion  depth of 12pm re- 

sults  in  only  about 1000 charge  carriers  per  minimum ionizing 
particle  and makes cooling of these devices mandatory; it also 
makes these devices extremely  susceptible to  degradation by 
radiation. 

A number of researchers are  presently working and have 
succeeded in  producing  prototypes of monolithically  integrated 
pixel or strip  detectors, i.e. devices that have the  detector 
diodes and  the amplifier and  read-out  circuit  fabricated on 
the  same silicon wafer.l29l3 Such devices not  only avoid large 
numbers of wirebonds and  connections,  their  small  capaci- 
tance also  leads to a simplification of the read-out  electronics 
and event buffering. 

An alternative  to  this  approach is a hybrid  structure, a 
silicon PIN diode  array  bonded to a mating  array of amplifier 
read-out  circuit^.^^^^^ 

Indium  bump bonding  provides the connections between 
the  detector pixels and the VLSI circuit  via  an  array of aligned 
indium  metal  bumps that  are cold welded under  pressure to 
form  ohmic  contact.16  Figure 7 gives .a schematic  represen- 
tation of such a hybrid detector. The advantage  to  this  ap- 
proach is that the detector  and  the electronics are designed 
and  constructed  as two separate chips,  each  optimized for its 
specific function.  Thinning of the electronics  chip seems quite 
feasible, thus avoiding large  build-up of material. 
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Typical 

Figure 7. Schematic of 
a hybrid pixel detector made 
of a PIN diode array and a 
bump  bonded array of read-ou t 
circuits 

3.3. Silicon Drift Chambers 

Another very challenging  development that aims at full 
two-dimensional  read-out are silicon drift  chambers,  in which 
the  internal field in the silicon forces the charge  created by 
an ionizing  particle to drift over long distances  parallel to  the 
detector  surface. The  transit  time of the electrons  inside the 
detector  measures the  distance of the incident  particle  from 
the  anode.  The  anode is divided  into  short  segments to mea- 
sure  the  coordinate  perpendicular to the drift  direction  as 
illustrated in  Figure  Sa. In a drift field of 500V/cm  a  typical 
velocity is TJ = 4pm/ns.17  In  beam  tests  position  resolutions of 
better  than  4pm have been obtained (see Figure 8b).18 The 
advantages of a silicon drift  chamber over a  strip  detector 
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are  its higher  granularity, the continuous read-out,  and  the 
lower number of read-out  channels. The  anode  capacitance 
is much  smaller than for a strip  detector of the  same dimen- 
sion resulting  in a much smaller  amplifier  noise, which is the 
principal  reason for its  excellent  position  resolution. Its draw- 
backs are  the more elaborate  detector  fabrication,  the need for 
space-time  calibration,  and  the  novelty of the device. Also, 
this device has the  same  left-right  ambiguity as ordinary  drift 
chambers, and  the two particle resolution is expected  to  be 
limited. The drift velocity in silicon depends  on the  absolute 
temperature  as cx T-2*4, and consequently the coordinate 
measurement is sensitive to  temperature  variations of 0.1"C. 
While  it is clearly  impractical to stabilize the detector  tem- 
perature  to  this level, calibration of the electron  drift  velocity 
can be  obtained by measuring the drift  time of a test charge 
injected from an  electrode  on the  detector. 

4. LAYOUT AND SEGMENTATION 

W ith several  years of experience  with silicon vertex de- 
tectors a number of design rules  have  been  developed, 

most of which have  been  incorporated  into  several  layout 
schemes which are presented below. The  principal rules  are: 

0 two or  more  layers,  with the first layer as close to  the 
interaction  point as practical, 

0 maximum solid angle  coverage, 

0 full coverage per  layer, and  small  areas of overlap of 
modules that form  a  layer, 

0 modularity of detectors  and  electronics,  as  imposed by 
fabrication  and  assembly  cost, 

0 a  minimum  amount of material between the interaction 
point  and the first  layer, and 

0 a minimum support  structure inside the active  area. 

The choice of the  segmentation of a  strip  detector is driven 
by the following considerations: 

0 the pitch  should be compatible  with the required posi- 
tion  resolution of about 10pm, 
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the expected  occupancy per strip should  not exceed a 
few percent of all  read-out  channels, 
the  area of an individual strip should be  compatible 
with the signal/noise  and power dissipation  character- 
istics of the amplifier circuit, 
the  dark  currents in the presence of radiation  damage 
should  not exceed a typical  limit of a few nA/channel. 
the density of the amplifier circuits  should  be  compati- 
ble  with the layout for support  and connections. 
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Schematic  layouts for two silicon strip  vertex  detector  are 
given in  Figures 9 and 10 . A typical  layout for a pixel detector 
is shown in  Figure 11 . A summary of the dimensions of the 
detector  elements  and  their  segmentation are given in  Tables 
1, 2, and 3. 
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Figure 9. Layout of a silicon 
strip  detector,  Example 1. All 
dimensions are given in mm 

Parameters 

Central  Detector 

radius of layer (mm) 

active  length of module (mm) 
active width of module (mm) 
size of detectors (mm2) 

no. modules/layer 

no. detectors/module 

no. strips/detector 

Forward  Detector 

distance from IP (mm) 

inner radius of detector  (mm) 

outer  radius of detector (mm) 
no. detectors/layer 

no. strips/detector 

Layer 1 

23 

89.6 

25.6 

25.6 x 89.6 

6 

1 

2 x 512 + 1792 

110 

28 

85.6 

6 

2 x 512 + 1024 

Layer 2 

46 

178 

25.6 

25.6 x 89.6 

12 

2 

2 x 512 + 1792 

140 

28 

85.6 

6 

2 x 512 + 1024 

Layer 3 

69 

178 

25.6 

25.6 X 89.6 

18 

2 

1 x 512 + 1792 

Table 1. Dimensions 
and segmentation of a silicon 
vertex  detector  (Example I) 
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Parameters 

Central Detector 

radius of layer (mm) 
active length of detector  (mm) 

active  width of detector (mm) 

No. detectors/layer 

No. strips/detector 

Forward Detector 

distance  from IP (mm) 

height of detector (mm) 

base of detector (m) 

top of detector (mm) 
no.  detectorsjlayer 

i no. strips/detector 

4 Layer 1 

23 

51.2 

' !  

25.6 

6 

2 x 512 + 1024 

50 

38.4 

14.3 

28.8 

12 

2 x 512 + 768 

Layer 2 

46 

51.2 

25.6 

12 

I x 512 + 1024 

85 

64.0 

16.5 

41.1 

12 

2 x 512 + 128( 

Figure 10 Layout of a silicon 
strip detector,  Example 11. All 
dimensions are given  in m 

Layer 3 

69 

76.8 

38.4 

12 

2 x 768 + 1536 

120 

64.0 

16.5 

41.1 

12 

Layer 4 

155 

64.0 

16.5 

41.1 

12 

Table 2. Dimensions and 
segmentation of the silicon 
vertex  detector  (Example 11) 
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All three  layouts  are cylindrically symmetric  about  the 
beam  direction. The polar  angle  coverage  extends  from cos 8 = 
-0.75 to cos 8 = 0.97, corresponding to  I cos 8* I= 0.91. Any 
particle  emitted  from the  interaction region will traverse  three 
planes, each measuring two orthogonal  coordinates. The de- 
tector sections are composed of individual  detector  modules 
of rectangular or trapezoidal  shape.  This  modularity is im- 
posed by the  detector  fabrication  and assembly  costs. For the 
strip  detectors,  the overall dimensions of the individual  detec- 
tor  modules are chosen as  not  to exceed the  boundary given 
by a 4 inch silicon wafer. The channel  count  corresponds  to 
a segmentation  with  50pm  pitch  in  both  coordinates;  strip 
length varies between 25mm and 45mm. The expected posi- 
tion  resolution for 50pm  pitch is better  than  10pm for tracks 
of normal  incidence. 

The  strip  detectors  are  divided  into a central  section and 
endcaps. The two layouts  in  Figures 9 and 10 differ primarily 
in the design of the  endcap sections.  In the  central section 
the detectors  are of rectangular  shape.  They  are  arranged in 
polygons of 6, 12, and 18 sides. The endcaps  are  made of 
sections that  are arranged to cover the surface of a circular 
disc  (example I) or form a twelve sided  pyramid  (example 11). 
For example I, there  are  only two types of detector modules, 
the rectangular  elements  in  the  central  section,  and  the 60' 
pie sections  forming the  endcap discs.  Example I1 has two 
sizes of rectangular  modules for the central  section,  and two 
sizes of modules of trapezoid  shape for the  endcaps.  The  rect- 
angular  modules  have  orthogonal read-out  strips,  the  endcap 
module have strips measuring azimuthal angles 4; and  the  ra- 
dial  distances r;. Example I is somewhat  simpler  in  concept, 
and  the  central section resembles existing  vertex  detectors at 
SLC, LEP and  the  Tevatron.  There is room for VLSI read- 
out  circuits on both  ends of the  rectangular  modules,  and for 
a thin  endplate  to  support the modules. The  endcap modules 
could be  supported from a ring at the  outer  radius  and/or 
inner ring. 

The  potential problem  with this  layout is the  amount of 
multiple  scattering caused by the material at the end of the 
cylindrical  central  section. Also, complete coverage in the 
transition region between the  central and endcap  sections re- 
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quires a rather  large  radial  extent of the first two endcap  discs. 
Furthermore, the angle of incidence of tracks  on the  detector 
planes for intermediate  polar angles is rather large,  leading to 
somewhat  reduced  track  resolution  and  larger  multiple scat- 
tering.  Example I1 represents  an  attempt  to improve  these 
short  comings of the simpler  layout given in  example I. 

054 ow 
/ /  / 

Dm 

In the pixel detector,  the small quadratic  detector mod- Figure 11. Schematic lay- 
out of a Silicon Pixel  Detector, 
Example III d e s  are  arranged  to form  layers of ellipsoidal  contour.  Each 

pixel  module  holds 256 X 256 pixels of 50 X 50pm2 dimension, 
thus  there are 40,000 pixels per  cm2.  This is to  be compared 
with a segmentation of 50 - 100/cm2 for a  strip  detector  with 
a  pitch of 50pm  and a strip  length of 2 - 4cm. There  are  a  to- 
tal of about 900 individual  pixel  modules  containing  about 60 
million pixels. A summary of the dimensions of the  detector 
elements and  their  segmentation is given  in Table 3. 

Parameters 

5.8 x lo6 18.1 x IO6 10.1 x lo6 4.7 x lo6 No. pixels/layer 

detector (Example 111) 256 X 256 256 X 256  256 X 256  256 X 256 No. pixels/detector 

88 276  154 72 No. detectors/layer 

92 69  46 23 min.. radius of layer (mm) 

Layer 4 Layer 3 Layer 2 Layer 1 

Table 3. Dimensions and 
segmentation of a pixel vertex 
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5 .  SOFTWARE TOOLS 

A number of programs  have  been  developed to  study  the 
performance of vertex detectors of different segmenta- 

tion  and  layout. The most commonly used  programs  are 
ASLUND, adapted by A. Weinstein and  updated by A. Snyder,lg 
GEANT, adapted by D. Aston and A. Breakstone,20 TRK- 
SIM, written by D. Stoker,21 and SITRK and SISIM, writ- 
ten by V. Luth.22123 In addition, several  groups  have adopted 
software  written for other e+e- experiments for study of de- 
tection efficencies and  vertex  resolution. 

5.1. ASL UND - Generator for BB events 

This  set of subroutines serves as a front  end  to  the LUND 
Monte  Carlo  program, it generates the BoBo,B+B-, and 
B:B: events, allows for mixing, CP violation,  etc.. The de- 
tector  response is simulated by a set of simple  simulation  rou- 
tines for tracking of charged and  neutral  particles. Average 
resolution  functions are used for parameter  smearing, efficien- 
cies are based  on  typical values extrapolated  from present 
experience. For the vertex  detector, a three layer cylindrical 
detector of infinite  length and  constant resolution is assumed. 
Multiple  scattering is included in the evaluation of tracking 
errors,  energy loss in the  beam  pipe or wall material is not 
yet incorporated.  Vertex  fitting  routines  have  been  adopted, 
they  take  into  account the full error  matrices  from  the single 
track  reconstruction. 

5.2. GEANT Simulation 

In the  future, more  detailed  detector  simulation will be 
required  for pattern recognition, trigger,  and  tracking  stud- 
ies. In  preparation,  the GEANT Monte  Carlo, developed at 
CERN and used world-wide, has  been  transferred  to SLAC. 
Two versions of GEANT (versions 311 and 313) now exist 
(libraries  GEANT311 and  GEANT313  on  the BFACT 192 
disk) for use with  the VM operating  system  on  the IBM 
cluster.  Both versions use the ZEBRA memory management 
system  and GEISHA, the  hadron  interaction package. Since 
the CERN versions use TV and GKS graphics  routines  (for 
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versions 311 and 313, respectively) David Aston translated 
the TV routines to unified graphics (UG) routines for use at 
SLAC, and Alan  Breakstone  did  the  same for the GKS rou- 
tines.  HBOOK  calls  have  been  replaced by the corresponding 
HANDYPAK routines. 

Currently, the detector  simulation is set-up for the  beam 
pipe and a preliminary version of the vertex silicon detec- 
tor.  The  simulation of the  drift chamber is in preparation. 
More work needs to  be done to interface the GEANT  detec- 
tor  simulation  with event  generators  and  track  reconstruction 
programs. 

5.3. Special Vertex Detector Software 

A number of stand-alone programs  have  been written to 
obtain a fast  evaluation of specific performance data.  TRK- 
SIM and  SITRK  project  individual  tracks of a given momen- 
tum  and angle of incidence  on to a silicon detector of a pro- 
posed geometry  and segmentation. They  evaluate the resolu- 
tion in measured  track angles and  impact  parameters.  TRK- 
SIM calculates  exact  track helices  in a  magnetic field, and 
takes  into  account  the  impact  angles of the tracks  onto the 
exact  detectors geometry, as well as  multiple scattering  and 
the variation of the  intrinsic resolution as a  function of an- 
gle. The results  are  obtained from  averages over many  tracks. 
SITRK assumes strictly Gaussian  error  functions for the mea- 
surement  and  multiple  scattering in the beam  pipe, the de- 
tector walls and  the  detectors themselves. All are of exact 
cylindrical  geometry. The  addition of external  tracking  de- 
vices, like the  main drift  chamber and  a possible intermediate 
vertex  chamber is is provided for, taking  into  account  stereo 
angles and different  resolutions. 

SISIM examines the  intrinsic position  resolution of a  sin- 
gle silicon detector as a  function of the  detector thickness, 
segmentation, the signal/noise  ratio of the  read-out electron- 
ics, and the angle of incidence of a minimum ionizing particle. 
It assumes a Landau  distribution for the charge  deposition, 
including additional  contributions from large delta ray losses. 
It also permits  the  study of different algorithms for centroid 
finding  with  analog or digital read-out. 



280 Report of the Vertex Detector  Group 

6. RESOLUTION 

T he  track  reconstruction  errors  have  been  studied  for a 
three layer silicon detector of cylindrical  geometry as a 

function of detector  spacing,  detector and  beam  pipe thick- 
ness,  intrinsic  resolution, etc.22 The  results were obtained 
from a fit to  the track  parameters  taking  into  account mul- 
tiple  scattering  and  intrinsic position errors, assuming  cylin- 
drical detector geometry. The  track  trajectories  are described 
by a helix  with an axis  parallel to  the B field (z-axis). We 
chose to  parameterize  the  tracks by the following standard 
parameters ai = (&,bzy, 4, bz , s ) ,  where b,, and b, are  the 
components of the closest distance of approach  to  the origin, 
4 = tan-l(p,/p,) is the  azimuthal angle, s is  related to  the 
polar  angle 8 as s = cot 8 = p z / p z y ,  and IC is the  curvature 
K = -O.OSBq/p,,. In the limit of small impact  parameters, 
the predicted  coordinate  measurement at a radius ri can be 
expressed as: 

For n measurements di a t  radii ri with  stereo  angles /ti and 
position  errors a; the track  parameters  are  obtained by a x2 
fit  with 

x2 = C ( d i  - G)Wij(dj - d;) 
43 

where Wij is the inverse of the measurement error  matrix, 
W i l  =< ddiddj >. For m scattering planes at radii r k ,  
k = l , m  the  added  contributions  to the measurement  error 
are: 

k < i , j  

< > refers to  the rms of the  multiple  scattering  angle  in 
layer k. The  sum  runs over all scattering planes  inside the 
measurement  plane. 
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For the  study of the  three layer vertex  detector,  the  track 
momentum  is  assumed to  be measured  in the  outer tracking 
chamber and  not varied in the fit. The detectors  are equally 
spaced  in  radius, 7'1 = 2 3 m ,  7'2 = 46mm, r3 = 69mm.  They 
are assumed to  be 300pm  thick,  have a constant position res- 
olution of 1Opm in the two  orthogonal  coordinates di = ri4 
and Z; = r, cot 8. 

This study ignores the degradation of the position reso- 
lution for non-normal  incidence. This effect is discussed in a Resolution studies are p r e  
separate  note  contributed  to  this workshop.23 The calcula- sented for detectors with a 
tions  assume  cylindrical detector planes of unlimited  length. fixed intrinsic resolution of 

Thus the results  can  be  improved by the  introduction of end- 
10prn. 

cap  detectors that reduce the effects of multiple  scattering  and 
non-normal  incidence.  Some of these issues are addressed  in 
a separate  note by D. Stoker?l Also not included  are  errors 
in  the placement and alignment of the detector  modules,  in- 
stabilities  in  their  position  with  time  and  possible effects of 
temperature changes  during  operation.  Uncertainties  in the 
position of the beam-beam  interaction  point  are  also  ignored 
though, as stated earlier, for the measurement of the  time 
dependent CP asymmetries  in B decay knowledge of the in- 
teraction  point is not  required. 
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6.1. Momentum and  angular  dependence 

Figure 12. nack  
measurement  errors for a three 
layer  silicon vertex detector 
as a function of the  particle 
momentum  p and the  polar 
angle 8: 
a. impact  parameter bzy , 
b. azimuth angle 4, 
c. impact  parameter b , ,  and 
d. polar angle 0 

Figure  12 shows the  errors  on  the  impact  parameters b,, 
and b,,  and  on  the angles $ and 6. In the z - y plane, a track 
of 1 GeV/c momentum  has an  impact  parameter of 3lpm, 
and  an  angular error of 1.2mrad. The  errors  due  to  multiple 
scattering decrease with  momentum as l/p,  and decrease with 
the polar  angle 8: Ab,, 0: sin-3/2 8, A$ cx sin-3/2 19, Ab, 0; 

8, and A8 cx sin-1/2 6. 

I " " i " "1"" -  
o p=o.250 CeV/c 

+ P=1.000  CeV/c - 
x P= 100. GeV/c - 

a )  0 p=o.500 CeV/c 

0 p=0.250  tevjc 
c )  0 p=0.500 Cel"/c 

+ P=I.OOO CeV/c 
x P- 100. GeV/c 

1 - cos 0 
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6.2. Beam pipe and detector  thickness 

We have chosen to place the  detector  outside of the vac- 
uum  chamber  because  this will  avoid problems of assembly, 
access, vacuum  feedthroughs,  etc. and will not  substantially 
increase the  amount of multiple scattering so critical here. 
We have assumed a doubie walled pipe  made of 2x0.5mm of 
beryllium (0.28?%X0). This will  allow  for a cool gas or fluid 
to be pumped in the annulus between the two  walls to carry 
the heat load from  the  beam. Such a pipe will also have the 
skin depth needed to shield the detectors and  their electronics 
from the  beam. In practice,  it is necessary to  add a lining of 
a few pm of copper on the inside, to  absorb soft photons  from 
synchrotron  radiation. 

Figure 13. Resolution 
in the impact  parameter as a 
function of the  thickness of 
a. the  beam  pipe X b p  = 
X/X,(%) (with 300pm detec- 
tors) and 
b. the silicon detectors (with a 
lmm thick  beryllium  beampipe) 
measured in  the x-y plane 
where Ab, = Ab,, and A$ = 
Ad. 

0 P=0.25 CeV/c 0 P=0.25 CeV/c 
0 P=0.50 CeV/c - 4 P = O . f i O  GeV/c 
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The track resolution is domi- 
nated by  multiple scattering in 
the  beam  pipe. 

Figure 14. Resolution 
in  the  impact parameter as a 
function of a. the spacing of 
the layers of a two layer  silicon 
detector and b. the radius r1 
of the  innermost layer for  a 
silicon detector with  two layers 
spaced by Ar = 46mm. The 
beam  pipe  radius  is  kept 3 m m  
smaller than r l .  The beam 
pipe thickness and the detector 
thickness are fixed. 

Figure 13 shows the effect of variable beam pipe and de- 
tector thickness on the error in the  impact  parameter b,. Over 
this  limited  range the resolution varies roughly linearly with 
the beampipe thickness from a minimum of 27pm to 40pm 
for a beampipe of 1.0% of a radiation  length. Doubling the 
detector thickness from 300pm to  600pm, increases the res- 
olution  from 31pm  to  36pm  at  normal incidence, and from 
93pm to  115pm  at cos 8 = 0.8. 

6.3. Radial spacing of layers 

The detector  planes  are  arranged such that any particle 
emitted  from  the  beam center will traverse  three planes, each 
measuring two coordinates. In principle,  one only needs two 
planes to measure positions and angles. In practice,  there 
are inefficiencies due  to  dead channels, edges, and possibly 
support  structures so that  the  addition of a third layer reduces 
detection losses.  Also, pattern recognition in the presence of 
background requires at least  one  redundant  measurement. 
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Figure  14a shows the variation of the resolution in the im- 
pact  parameter b, for different  layer spacings with the radius 
of the  beam  pipe  and inner layer (rl=23mm) fixed. Except 
for the highest momenta,  the  impact parameter  error and  an- 
gular  resolution are not very sensitive to  the layer spacing. 
For a track of 1 GeV/c momentum a reduction in the layer 
spacing from 46mm to 23mm degrades the impact parame- 
ter  (angular)  resolution by 13% (10%). This is  less than  one 
would expect  because again multiple  scattering  dominates the 
resolution. 

6.4. Number of Layers 

While  one  expects the resolution to improve with  the 
number of measurements like 1/&, we observe that  due  to 
the presence of multiple  scattering  this improvement is only 
observable for the highest momenta. In Figure 15 the resolu- 
tion for 1 GeV/c  tracks is plotted as a function of the number 
of detector layers for  different spacings between the layers, 
where the position of the inner layer and the detector 

Figure 15. Resolution in 
impact  parameter b, as a func- 
tion of the number of silicon 
detector  layers a. for different 
spacing between the  layers  and 
a fixed  momen tu rn  of 1 GeV/c 
and b. for a fixed spacing of 
Ar = 23mm and different m e  
menta.  The curves  are calcu- 
lated for  normal incidence, i.e. 
cos 0 = 0, and detector of 
300pm thickness. 
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thickness are kept  fixed.24 Thus, for a given spacing the mea- 
surement  error is determined by the number of measurements, 
the  track  length  and  the  multiple  scattering, for three layers 
and a spacing of 20-25mm the resolution is optimum at  all 
momenta. On the  other  hand  additional layers do  not  hurt, 
even at very low momentum. However, these calculations 
only  include the effects of multiple  scattering; energy  loss, in- 

At least 3 detector layers teractions or absorption,  delta  rays,  etc.  are  not included and 
are required, additional layers deserve separate  consideration. 
do not  improve  the track 
resolution. 6.5. Beam  pipe radius 

Figure  14b shows the resolution as a  function of the ra- 
dius of the inner layer rl (the inner  beam  pipe  radius is taken 
to  be 3mm  smaller than r l )  for a fixed spacing of the two lay- 
ers of Ar = 46mm. It is obvious that  the impact  parameter 

The  track  resolution is most 
measurement is most sensitive to  the radius of the  innermost 

sensitive to the radius of the layer and  the  beam  pipe inside. A reduction of the inner 
innermost  detector layer. radius by  lOmm  would improve the impact  parameter reso- 

lution  from  30pm to  18pm.  Furthermore, for r1 = 13mm 
(23mm)  tracks  with  momenta as low as 280 (510)  MeV/c 
would have a resolution of better  than  50pm  in  the s-y plane, 
and 1 GeV/c  tracks  could  be  measured  to  this  accuracy  for 
cos8 < 0.7(< 0.54).  Here the  beam  pipe thickness  has  been 
held constant, even though,  from  the  point of vacuum  safety 
a smaller beam  pipe  radius would  allow for reduced  thickness. 
However, the  hea€ load  per unit  area increases. 

6.6. Intrinsic  resolution 

The resolution  in the impact  parameter  and angles is  ex- 
pected to  depend linearly  on the single  point  measurement 
error. However, as we see in  Figure 16 and have  noted  previ- 
ously, for a track of 1 GeV/c  momentum,  multiple  scattering 
is dominant. For perpendicular  incidence, the difference be- 
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tween a detector of 10pm resolution and a perfect detector A 10 - 15pm intrinsic  position 
corresponds a change  in the impact  parameter  error from resolution is a good match to 
25pm to 31pm. Clearly, for a thicker beam  pipe or larger an- detector system. overall limitations  of a silicon 

gles the difference is  even smaller. A 10pm  intrinsic  resolution - 
appears  to  be a good match to the layout scheme described 
here. 
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6.7. Conclusions Figure 16. Resolution in 
a. b,, and 

The performance  limits of a multi-layer silicon vertex de- be 4 a function of detector 
tector are  not  set by its intrinsic resolution, but by multiple momentum, where resolution Q; for  tracks of 

scattering in the material of the vacuum pipe, the  detector Ab,, = Ab, and A4 = A(). 
support  structure,  and  the detectors themselves. The most 
important  parameter is the distance of the innermost  detec- 
tor from the beam  and  this will be  determined by the design 
of the  beam  and  the machine  interaction region including the 
shielding to protect  against  radiation background. Based on 
the present  lay-out of the IR region with a vacuum pipe made 
of lrnm of beryllium  with  an  inner  radius of 20mm, a silicon 
vertex detector can  measure  impact  parameters of charged 
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particles of 1 GeV/c  momentum to  an accuracy of 50pm or 
better over a large  fraction of the solid angle. The angular 
resolution is  of the order of 2 mrad or better in azimuth  and 
polar angle. This  can  be achieved with double-sided strip 
read-out or pixel  devices of 50pm  strip pitch or pixel  size. 
The development of  low power, low  noise, high density  am- 
plifiers and  read-out  circuits needs to  be pursued so as to fit 
the detectors into  the limited  space  without loss of solid angle 
coverage, and  without a substantial increase in multiple  scat- 
tering. Precision assembly and alignment techniques need to 
be  studied. 

7. HYBRID  VERTEX  DETECTORS 

I m P  
n almost  all  applications of silicon vertex  detectors at SLC, 

and  the Tevatron a precision  wire drift  chamber or 
TPC was added to fill the radial  space  up to  the large cen- 
tral tracking  chamber (CDC). In  most cases the  intermediate 
tracking devices  were added  as a back-up for the  then new 

D~ we need an intermediate silicon  technology or the silicon  devices  were added to UP- 

tracking chamber? grade  the performance of existing  vertex  detectors. Now 
that silicon strip detectors have proven to  operate well at 
e+e- storage rings, one should question the need and pur- 
pose of an  intermediate  tracking device. In discussions which 
drew from the experience at ARGUS, CLEO and Mark 11, and 
from previous  workshops at SIN (J. Chauveau)  and  Syracuse 
(D. MacFarlane) it was concluded that there  are several as- 
pects of tracking and triggering that would benefit from an 
intermediate  tracking  chamber - intermediate  in resolution 
and  intermediate in radial  position  relative to  the SVD on 
the inside and  the CDC on the outside.  These benefits are: 

- an improvement in the  acceptance  and trackfinding abil- 
ity for particles of  low transverse  momentum, 

- a significant improvement in the measurement of the 
track  angle  and position for particles decaying outside 
the SVD, e.g. I{:, 

- an improvement in the z and 8 measurement for parti- 
cles emitted at small angles to  the  beam, 
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- an improvement in the matching of track segments mea- 
sured  in the SVD and  the CDC. 

- an improvement in the rejection of beam-generated back- 
ground especially in the r - z plane, and 

- an improvement in the efficiency of triggering on charged For the equivalent thickness 
Darticles  Droduced at small angles to  the beam. o f  a single iayer of silicon a 
I " 

drift  chamber with 10-1 5 layers 
Probably none of these reasons is strong enough on  its could be installed. 

own to justify the construction of an additional device, but  it 
was felt that all six reasons together  make a much  stronger 
case and certainly justify further study. While the first two 
items  on the list have been addressed by the physics analysis 
group, the improvements in track resolution were studied for 
an  intermediate  vertex  drift  chamber as a function of the wires 
stereo angle. Very little information is presently available on 
triggering and  pattern recognition. Such studies  require a 
very detailed  Monte  Carlo  generator and a track  reconstruc- 
tion  program, both of which are  not available at this  time. 

7.1. Measurement of low p t  tracks 

Probably  the most important physics argument for an 
intermediate  tracking  chamber is the gain in acceptance and 
resolution for low momentum  tracks, driven principally by the 
need to detect  the slow spectator pion in the decay D*+ -+ 
DOT+. 

Figure 17 gives the transverse  momentum spectrum of  low 
energy pions from  the decay of the D*+ in the semi-leptonic 
decay Bo --f D*+I-v. Also shown  is 1 - E, the fraction of de- 
cays with  a  transverse  momentum below a cut-off  value p t .  Of 
all spectator pions, 14% are below 50 MeV/c. Taking into ac- 
count that pions of less than 38 MeV/c  total  momentum range 
out in the  beampipe and first silicon layer, a cut at p t  = 50 
MeV/c does not cause a large  additional loss. In  a  magnetic A n  jntermedjate tracking cham- 
field of 1 T, particles with 50 MeV/c  transverse  momentum ber would increase the efi- 

curl at a  distance 2p(cm) = 0.667p(MeV/c)/B(T) = 33 crn 
in the tracking chamber. Thus in a CDC with jet cells, such 
a  track will traverse two radial  and two stereo cells and con- 
sequently should be measurable in both  the SVD and CDC. 
On the  other  hand, additional measurements in a VDC would 
enhance  the track finding efficiency of these slow tracks. 

ciency for low p t  tracks. 
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Figure 17. Tkansverse mo- 
mentum  spectrum  of charged 
pions  from  the  decay D'+ --+ 

DOT- for I cos01 < 0.95. The 
distribution is normalised to 
a total  of 1000 decays. The 
curve  gives the fraction of pi- 
ons with transverse momen- 
turn below the cut-off value p i .  

'I'ransverse Mornenturn [MeV/c] 

7.2. Detection of K! decays 

Since many decays of B mesons produce kaons  via the 
cascade to charm mesons, the detection of secondary vertices 
from charged and  neutral kaons is important.  The distribu- 
tion of transverse decay lengths R,, of K$'s  from the decay 
B: + $Kg is given in Figure  18,  both in differential form 
as the number of decays per mm, and in integral form.25 We 
observe that 22% of all Kg decay beyond the  outer layer of 
the proposed silicon detector at 8 cm. For a track of 1 GeV/c 
momentum that is measured only in the CDC, the resolution 
in the x - y plane would degrade by a factor of 6 in impact 
parameter and 1.3  in azimuth angle 4, and in the r - z plane 
by a factor of 30 in impact  parameter  and 3 in polar angle 8. 
On the average the  tracks of the decay  pions  would  have an 
impact  parameter resolution Ab, in excess of lmm, their an- 
gular resolution would of the order of 2mrad, their momentum 
error A p / p 2  in excess of 0.7%. Present  Monte  Carlo  studies 
do not take  these effect into  account,  but it is expected that 
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with  appropriate resolution-dependent cuts  on  the mass  and 22% of  aJJ Kg from the decay 
BS -+ $Kg decay outside a 

angle of the 7rrs7r- pair, efficiency  losses can  be held to a few radius  of8cm. 
percent. Background rejection may, however, get  more dif- 
ficult, in particular for decays such as semileptonic modes, 
which include  a missing neutrino. 
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7.3. Layout of a Vertex Drift Chamber 
Figure 18. The differential 
and  integral  distribution of 
decay distances of IC,: from the - 
decay Bj -+ $Kg.  measured 

The proposed Silicon Vertex Detector (SVD) extends  from in the to the 
the beam vacuum pipe to  an  outer  radius of about 7 - 8cm, beam. 
and  along the  beam direction to about f 1 5  cm. Thus  there is 
a radial  gap  up  to  the  Central  Drift  Chamber (CDC) of about 
10 cm that could accommodate  another  tracking  chamber. 
Figure 19 shows a  schematic layout of such a chamber, which 
could cover a polar angle range up  to 1 cos61 = 0.97. While 
there is an additional  radial  gap of 2 cm on  the  outside,  the 
placement of the first bending  magnet at z = 20 cm may be 
somewhat difficult, in particular if one takes  into account the 
additional  space needed for endplates, preamplifiers, cables, 
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gas lines, etc. While the inner wall can  probably kept very 
A vertex drift chamber with thin,  the mechanical rigidity has to be provided by the end- 
full  polar angle coverage is not 
compatible  with  the  placement plate  and  the  outer wall (4mm of C or Be). Figure 19 shows 
ofdipole magnets at a  distance only the forward half of the VDC, it may not be necessary 
of  20cm fiom the IP. to extend the chamber to  the same  angle  in the backward di- 

rection. Also, most of the connections and supplies could be 
located on that side. 

Figure 19. Layout of  a  VDC 
between  the  SVD on the inside 
and the  CDC on the  outside. 
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7.4. Resolution of a Hybrid Vertex  Detector 

Resolution for the track  parameters a; = (l /p,  bzy, b,, 4, e), 
for momentum  p,  impact  parameter b,, and b,, and angles 4 
and 19, has been studied for individual charged particles mea- 
sured in a combination of tracking  detectors.26 The central 
drift chamber (CDC) has 39 layers, 4' stereo, and 150pm po- 
sition resolution, and  extends  from 20cm to 80cm in radius. 
The silicon detector  (SVD) is assumed'to have 3 layers, at 
radii of 23,  46, and 69 mm radius, 10pm resolution in both 
sy and z. The vertex  drift  chamber (VDC), with 10 layers 
and stereo layers of f45'  alternating,  has a position resolu- 
tion of 50pm. The  CDC is filled with a gas of 450m radiation 
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length, the VDC  has a denser gas of 120m radiation  length. 
The outer  (inner) wall of the VDC is assumed to have a thick- 
ness of 2% (0.3%) of a radiation  length. All other  detector 
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Figure 20. Resolution in 
track  momentum for charged 
particles  measured in either 
the  CDC alone, the  CDC  and 
VDC, or the CDC and  the 
silicon vertex  detector (SVD). 
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walls are less than 0.3%X0. Figures 20 , 21  and 22  show the 
errors in the track  parameters measured in a combination of 
tracking devices. The error on a  track  parameter a is usu- 
ally expressed as a sum of two terms that  are  to  be  added in 
quadrature: 

Aa = A, @ C,/p[GeV/c]. 

The first term A,  describes the geometric resolution and is 
a function of most of the following parameters, the intrinsic 
resolution per layer, the number of layers, the stereo angle of 
the layers, the  total length of the tracking device, and  the po- 
lar  angle of the track. In particular, All, w L-2, where L is 
the track  length. The second term represents the contribution 
from multiple  scattering,  and is dominated by the  amount of 
material  in the beam  pipe and  the detector walls. It depends 
critically on  the polar angle, i.e. C, N 0, where n=5 
for C, (impact  parameter bz ) ,  n=3 for CZy (impact  parame- 
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ter bzy) and C4 (azimuth  angle 4 ), and n=l  for Ce (polar 
angle 8). Table 4 lists the  parameters A,  for combinations 
of different tracking devices. The last row  gives the multiple 
scattering  terms C, for the  CDC combined with the SVD. 

Table 4. Charged  parti- 
cle track resolution  for  com- 
binations of different devices: 
the  CDC  (Central  Drift  Cham- 
ber), the VDC (Vertex  Drift 
Chamber), and the  SVD (Sili- 
con Vertex  Detector).  The last 
line lists the  contributions from 
multiple  scattering for a track 
of 1 GeV/c and cos 0 = 0. 

The measurement of the track  momentum p and angle 4 
relies primarily on the CDC. The addition of the VDC with 
50pm resolution improves the  momentum resolution A p / p 2  
from 0.6% to 0.3%,  half of this improvement is due  to  the 
extension of the track  length  from 60 cm to 70 cm. The 
insertion of the silicon vertex  detector  further improves the 
momentum resolution to 0.2%, it  extends  the track  length 
to 76 cm. The angular  resolution, -1.2mrad/p[GeV/c], is 
dominated by multiple  scattering. The most dramatic im- 
provement achieved  by the  addition of the vertex detectors is 
the resolution in the polar  angle 6 and  the impact  parameter 
b,. This is due  to  the much larger  stereo angles assumed for 
the VDC. The VDC in addition to  the SVD adds  more mul- 
tiple  scattering and does not  enhance  the resolution in the 
relevant momentum  range below 5 GeV/c. In the  study on 
track resolution, we have assumed that  the VDC has 10  lay- 
ers of signal wires of alternating +45O and -45' stereo angle. 
Such a chamber was built and installed by the ARGUS group 
and  has achieved a position resolution of better  than 40 pm 
over  half the drift cell of 5.3 mm width.27 A very large stereo 
angle requires an unconventional wire suspension technique. 
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We have studied the resolution of a tracking system con- 
sisting of the  standard  CDC with f4" stereo angles in 18 
of 39 layers, and a 10 layer VDC described above. If the 
information from  the SVD  is incomplete, then  the VDC no- 
ticeably improves the track  measurement. In this case, the 
resolution in the impact  parameter b, and  the polar angle 
8 depends critically on  the  stereo angle of the wires  in the 
VDC.26 Figure 23 shows the resolution in impact  parameter 
b, and polar angle 0 for different sequences of stereo layers 
with angles fp in the VDC. For a track measured only in the 
VDC with  alternating  stereo layers the error in the impact 
parameter varies as Ab, = 86pm/sinp  and  the polar  angle 
error is A0 = O.7mrad/sinp. If the stereo layers are grouped 
such that the first 5 layers are placed at an angle +p and the 
outer 5 layers have a stereo  angle - p  the resolution degrades 
by a  factor of two. In conclusion, if one wanted to recon- 
struct track elements in the VDC  independent of the  other 
tracking devices, it would be necessary to have wires placed 
at two relativelv large  stereo angles, i.e. l p ]  2 0.2mrad. If we 
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Figure 21. Resolution in 
impact  parameter for charged 
particles  measured in either 
the CDC alone,  the CDC and 
VDC, or the CDC and  the 
silicon vertex  detector (SVD). 

In the  absence of a  good 
measurement  in  the SVD, the 
addition of a VDC improves 
the  track  resolution. 
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combine the VDC and  the CDC measurements, the depen- 
dence on the VDC stereo angle is moderated. For a typical 
stereo angle of p = fO.lrad,  the impact  parameter resolution 
is Ab, = 0.3 mm compared to Ab, = 1.75 mm for the CDC 
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9 No SVD, VDC 5Opm 
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Figure 22. Resol u t ion 
in angles for charged  particles 
measured  in  either  the CDC 
alone, the CDC and VDC, or 
the CDC and  the silicon vertex 
detector (SVD) . 

and a VDC with  axial layers or Ab, = 0.86 mm for a measure 
ment  with a VDC alone. An improvement that will clearly 
help in the association of CDC and SVD track elehents. Al- 
ternating layers with stereo angle * p  require no more  radial 
space than a chamber with a11 layers of the  same orientation 
+p. The change in the radial position of a stereo wire  over 
its  length L at a radius Ti  is given by the simple geometric 
relation: Ar = r;(l - coscr) with tana = L tanp/2r;. If one 
adjusts  the wire length L; as a function of its placement ra- 
dius t; by a conical endplate  then  AT can be held to roughly 
6mm for all radii r;. 
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Figure 23. Resolution 
in the  impact  parameter 6, 

7.5. Forward Time Projection Chamber 
and  polar angle B for tracks 
of 1 GeV/c momentum  and 
cos 8=0 as a  function of 

At small  polar angles, track  reconstruction  may become the  stereo  angle p 'of tbe 
difficult due  to a reduced number of hits  and  the increase wires in the VDCr a. for the 
in  multiple  scattering in the silicon. One  approach to  this b. for a combined tracking VDC  measurement alone, and 

problem is to replace the forward silicon vertex  detector by a system including  the CDC. 
gas filled time projection  chamber (TPC).28 The different curves refer to 

different sequences of stereo 
The proposed layout is presented in Figure 24. The TPC angles (*p) in the layers. 

forms an annulus that extends from zmin = 3 cm to zmaz = 23 
cm, has  an inner  radius rmin = 2.5 cm  and  an  outer radius 
rmaz = 12.5 cm. The TPC is surrounded by a single layer 
of silicon strip  detectors which are assumed to have a po- 
sition resolution of 10 pm. The TPC is operated at  atmo- 
spheric  pressure. The  internal position resolution is  given  by 
a sum of three terms  added  in quadrature, (a) the error due 
to  the longitudinal diffusion ad = Cd&, with diffusion  coef- 
ficient of Cd = 3mm/fi,  (b)  the contribution from the elec- 
tronics which is assumed to  be roughly 100pm for lOOMHz 
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Figure 24. Layout o f  a 
vertex  detector  with  a central 
silicon barrel and a  forward 
TPC 

FADC, and (c) a  contribution  due to  the gap between the 
wires and  the  endplate which  is assumed to  be  lmm wide. 
The  parameters  quoted here are somewhat  optimistic  extrap- 
olations  based on the experience  with the  DELPHI  detector 
at CERN,  and would result in a point resolution of approx- 
imately crr = a,, = 200 - 300pm. There  are 10 z measure- 
ments  per cm  radial  distance. The entrance windows to  the 
chamber are kept to a thickness of 0.1% of a radiation  length. 
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Figure 25 compares the resolution of different detectors 
covering the forward  direction. The resolution is improved by 
15-20pm by the silicon strip  detectors  on  the outside,  though 
this layer covers only up to polar angles of cos0 = 0.80. At 
larger angles the resolution would be improved if the  length 
of the chamber could be  extended beyond z = 23  cm.  Also, a 
thinner  entrance window, a higher electron yield and  smaller 
diffusion  would improve the resolution. Beyond cos0 = 0.90 
the TPC performance is comparable to a three-layer silicon 
strip device of purely  cylindrical  layout,  with radii of 23, 46, 
and 69 mm as presented above. Substantially  better  impact 
parameter  and  angular  resolution can be obtained  with a 
silicon strip  detector  with endcaps of either disc or conical 
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shape.24  In  these  lay-outs the resolution is totally  dominated 
by the multiple  scattering in the beam  pipe, while the contri- 
bution  from the detectors is reduced and largely independent 
of the angle 8. 
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Figure 25. Comparison 
of the resolution in the  impact 

0.7 0.75 0.8 0.85 0.9 0.95 1 0 relative to the  beam for a 
0.0 parameter b, at small angles 

cos 0 variety of detector options. 

7.6. Forward Microstrip Avalanche Chamber 

Another device that could improve the tracking efficiency 
and resolution in the forward direction, is a forward avalanche 
drift  chamber as described by J. Va’v~a.~’ Its basic  layout 
is shown in Figure 26. Such a device is designed to comple- 
ment the  central silicon vertex  detector in the forward angular 
range  from cos 8 = 0.85 to 0.97. It potentially could measure 
50 - 100 points  per  track with a resolution of 40 - 50pm per 
point.  The device operates in proportional  mode and collects 
and amplifies charge on micro-strips that  are vacuum evapo- 
rated  onto a smooth cylindrical insulator surface.30 This rel- 
atively novel idea needs considerable R&D, engineering and 
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Figure 26. Schematic lay- 
out of a micrestrip avalanche 
chamber that  complements the 
central silicon vertex  detector 
in the extreme forward direc- 
tion. 

testing. As for the  TPC, one  expects that it is the multiple 
scattering in the beam pipe and not the intrinsic resolution 
that determines the track resolution in the forward direction. 

The selection of the most su i t a  

cm 

7 0-90 

7.7. Conclusions 

6740M 

lble device will depend on 
how important  the detection of tracks in the forward direc- 
tion will be for the physics analysis. The VDC as well as 
the proposed forward devices are not compatible  with the 
present layout of the interaction region, which  places the first 
dipole at a distance of 20cm from the  interaction point. Also, 
background simulations show that  the  rate of photons  and 
electrons from lost beam particles is of the  order of 5507/ps 
and 65e*/ps in the volume of the TPC. 
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8. DESIGN OF THE VACUUM PIPE 

T he performance of a precision vertex  detector depends 
critically on the design of the vacuum pipe. A vac- 

uum  pipe  must be designed not only to have the mechanical 
strength to  support  the vacuum  load; it  must also maintain 
mechanical and tLermal stability in the presence of the ex- 
pected heat load due  to  ohmic losses and higher order  mode 
rf losses generated by the fields of the beams. Furthermore, 
it must shield the detectors and  their electronics from syn- 
chrotron radiation  photons and  the rf fields of the circulating 
particle bunches. Compared to  the relatively simple metal- 
lic structures that  are presently in use at storage rings, the 
B Factory places much higher demands  on  the cooling and 
shielding because of the considerably higher beam currents. 

From the point of view of the vertex  detector  that is Io- 
cated immediately outside  the vacuum  pipe and might need 
to  be  supported  on  the vacuum  pipe, it is important  to 

0 minimize its thickness in  terms of radiation  length, 
0 minimize its  total radial thickness, and 
0 control its  temperature  and avoid large temperature 

gradients on its surface. 

8.1. Specifications 

The dimensions of the pipe are given by the constraints 
imposed by the design of the  beam interaction region. As a 
working number we have assumed a value of r; = 20 mm for 
the inner radius and a length of L = 40 cm. A maximum 
radiation length equivalent of 1.5 mm of beryllium is  allowed 
for all ,material placed between the collision point and the 
first detector layer. A smaller value is preferred, and most of 
the detector performance studies have used the equivalent of 
I mm Be.  Also, the inside wall of the vacuum  pipe is usually 
coated with a few pm of a heavy metal like copper or titanium 
to absorb soft synchotron  photons. It is desirable to have the 
material  distributed as uniformly as possible to maintain a 
radial  and  axial  symmetry for the whole detector. The radial 
thickness of the vacuum  pipe  should  be held to a few mm, we 
have assumed that 3 mm would be sufficient. 
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It is expected that engineering studies will provide prac- 
tical  constraints for such parameters as temperature  stability 
during  operation at variable  heat  loads,  maximum allowable 
gradients,  maximum velocities and pressures of the coolant, 
etc. No specifications have been set for the maximum and 
minimum temperature of the surface. Ideally, one would like 
to keep the absolute  temperature close to 20"C, since  this 
is the most suitable  temperature for the assembly of detec- 
tor components and would thus keep temperature effects on 
the stability of the  detector elements to a minimum. Likewise 
temperature  gradients should be minimized, though  tempera- 
ture differences of up to 10°C may have to  be accommodated. 

Several studies have been pursued to  attain a working 
model for a beam  pipe that can take a  heat load of up  to 1kW. 
With  this level of power absorbed in the  pipe  heat removal at  
the  pipe ends is not  practical, given the  temperature  gradients 
specified here. 

8.2. The JPL design 

A generic investigation of beam  pipe cooling alternatives 
was carried out  at JPL.31 and engineered further by A. Lisin 
of SLAC.32 (see  Figure 27). The design is largely based  on 
the specification listed above. In  this design the vacuum  pipe 
is made of a double walled beryllium tube with a coolant 
pumped  from  the  ends  through  the  gap in between. A 0.5 
mm inner wall  would hold a pressure of up to 10 atm,  the 
outer wall could be substantially  thinner  and hold the  same 
prbsure.  The wall thickness t depends linearly on the  radius 
of the pipe  and varies with pressure as P1/3. The maintenance 
of the gap over the length of the  tube is obviously a concern, a 
beryllium wire of diameter  equal to  the  gap wrapped  around 
the  outside of the inner tube could serve as a spacer and might 
also separate coolants flowing in opposite  direction, The ma- 
jor problem is the  temperature differential between the  inner 
and  outer  tube.  It will be necessary to  support  the  tube on 
bellows joints to accommodate the  thermal expansion. 
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10-90 

\ Gap for Cooling Fluid \ Figure 27. A sketch 
showing  the key features  and - 
dimensions of the vacuum pipe 

6740A2 designed by JPL. 

The two methods recommended  in the JPL study  are 
water cooling and high-pressure helium or hydrogen  cooling. 
Water cooling is the preferred method, because a water cool- 
ing circuit can be designed that meets the  temperature sta- 
bility and  gradient requirements for heat loads of several kW. A double-wdled Be 
A gap of 0.5 ~~l~ll is sufficient. Such a design represents a water’ or pressurized gas as a 
proven and simple  approach  and while  avoiding  excessive  flow coolant  can  take  heat  loads of 
or pressure  gradients it provides  excellent growth potential 
to higher heat loads and larger pipe diameters. A potential 
problem is the corrosion of the beryllium surfaces  by the wa- 
ter  coolant; a very thin coating of gold and the use of very 
high purity de-ionized water could  avoid this problem. 

more  than one kilowatt. 

A gas  such as helium or hydrogen at 5 to 15 atm. pressure 
is an  alternate choice.  Helium  reduces the amount of mate- 
rial  substantially  and it obviously  avoids  corrosion problems 
provided the gas is of ultra-high purity. For pressures of 5 
atm. or less the limiting  parameter is the gas flow rate, up  to 
500m/s. Such high  velocities are not practical because they 
reduce the mass flow rate  due  to compressibility  effects. Also 
the  radial  gap  has  to  be of the order of 5 - lOmm, ie., a fac- 
tor of 10 larger than for  water, to accommodate the required 
mass flow. 
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8.3. Expansion Cooling 

While the JPL study provides us  with a conservative de- 
sign based on proven technology several discussions have fo- 
cussed on novel ideas  on how to reduce the  total  amount 
of material between the  beam  and  the vertex  detector, to 
increase the conductivity, and  thereby reduce the source of 
heating, and to lower the skin depth  and improve the rf 
shielding capability of the  beam pipe. R. Erbacher  and W. 
Vernon33 have suggested filling the  gap between the two thin 
metallic surfaces with an  extrusion of a porous ceramic called 
cordierite. Nitrogen gas would be  entered at high pressure 
(20 atm) at the inner  radius  and  undergo  rapid  expansion  and 
thereby  undergo a temperature change of roughly  -0.5'Clatm. 
While a few laboratory  tests  are underway, many technical 
problems, like the  containment of the vacuum and  the gas 
coolant, the maximum  pressure load sustainable by the pro- 
posed structure,  the machinability of the  material,  the  attach- 
ment of extremely thin metallic skins, etc. remain unspecified 
and unsolved. 

8.4. Cryogenic Beampipe 

The  total heat  load due  to  the  absorption of higher order 
rf modes and ohmic  heating could be  substantially reduced in 
a cryogenically  cooled vacuum  pipe.I4 At lower temperatures 
the resistivity decreases and  substantially reduces the skin 
depth.  Thus  the metallic walls could be replaced by thin foils 
that provide sufficient skin depth  and serve as a vacuum  and 
gas seal. The mechanical strength would be provided by a 
layer of boron carbide  (B4C) or silicon carbide (Sic) foam34 
which  fills the  gap between the  metal foils.  B4C  is a material 
known  for its extremely high specific  stiffness: 

E / p  = 448.2[GPu]/2.52[g/cm3] = 178. 

B4C is machinable: the  support  structure for individual ver- 
tex detector modules could be built of foam of less than 5% 
of the nominal density. Sic has a thermal coefficient of ex- 
pansion that is similar to silicon. The coolant, cold helium or 
hydrogen gas, would be circulated through  the pores of the 
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foam. The idea that fosters this scheme  is that solid state de- 
tectors  and  circuits perform at substantially lower  noise  levels 
at low temperatures. However, this  advantage  may  be offset 
by the difficulty of building a  detector hybrid and  support 
structure that can survive temperature cycles of more than 
100°C.35 Experience in infrared astronomy with large  arrays 
of solid state detectors may be useful  for this  approach. 

8.5. Conclusions 

In  summary,  substantial engineering and R&D would be 
required to allow  for an evaluation of either of the two ideas 
for composite beam pipe structures  and cooling. A double 
walled beryllium pipe with water cooling at room temperature 
represents a solution based on well understood engineering 
principles. 

9. EFFECTS OF BEAM  BACKGROUND 

A n issue of primary  importance  for the operation of vertex 
detectors is the  rate of background that can be tolerated. 

As outlined in the chapter on machine backgrounds, there  are 
two major sources of background: 

0 synchrotron  radiation from dipole and quadrupole  mag- 
nets  near the interactions  point,  and 

0 photons and  beam particles created by bremsstrahlung 
or Coulomb  scattering on the residual gas upstream of 
the interaction region. These sources produce photons 
and electrons that interact  in the beam pipe or the  sur- 
rounding beam line components or detector elements. 

Two upper limits  are relevant for the operation of a silicon 
detector in the presence of these backgrounds: one is set by 
the maximum  acceptable occupancy of the detector  read-out 
channels, and  the  other by the maximum  radiation dose to 
the detector  and the associated VLSI electronics. 
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Radiation  damage effects are 
caused by displacement of 
atoms  in  the crystal lattice and 
the  accumulation of charges in 
and on the  surface of insulating 
layers. 

VLSI read-out circuits are 
mast  susceptable to surface 
damage. 

Presently available  silicon de- 
tectors are radiation hard to  
doses of several MRad. 

9.1. Radiation  Damage in  Silicon 

There  are two basic mechanisms that  are responsible for 
radiation  damage in  silicon detectors  and VLSI circuitry: 

0 displacement of atoms from the lattice (so-called bulk 
damage),  and 

0 electron-hole pair  creation in the insulator layers by  ion- 
izing radiation (so-called surface  damage). 

The most important surface damage effects are  the build- 
up of fixed, positive charges in the oxide and the genera- 
tion of trapped negative charges at the Si - Si02 interface. 
These are  the principal causes of radiation  damage in MOS 
devices.  Silicon detectors  are relatively insensitive to oxide 
surface charges because the ionization charge is transported 
normal to  the surface. However, the increase in surface 
charge can cause strip interconnection, increase the leakage 
current  and lower breakdown voltages. Passive components 
such as  punchthrough and accumulation resistors will  also be 
affected. 

Bulk damage arises mainly from the displacement of atoms 
from  their  lattice  site  due to collisions with high energy charged 
particles or neutrons. This  can lead to  an increase in leakage 
current and  the creation of charge defects. In high purity 
silicon most of the leakage current  originates  from  excitations 
of electrons or holes across the bandgap. Such transitions  are 
very sensitive to  the presence of energy levels within the  band 
gap. Displacement damage  creates new  levels and  thereby en- 
hances the leakage current. Some of these levels also act as 
traps for mobile charge carriers in the silicon.  Since the field 
inside a depleted  n-type silicon detector is generated by  posi- 
tive charges of the  dopant,  the  dominantly negatively charged 
defect structures  produced by irradiation  tend to compensate 
these doping charges.  Such  effects are expected to change 
the charge collection time, worsen the signal-to-noise ratio, 
and could  also degrade the position resolution, in particular 
in the cases of non-uniform irradiation.  Changes in the effec- 
tive carrier density lead to an  increase  in the bulk resistivity 
and change the depletion thickness. Extensive  studies are 
presently under way by groups  preparing  large silicon strip 



Effects of Beam Background 307 

tracking  systems for the SSC.36 
Photons  and electrons contribute primarily to  the build- 

up of interface charges, a process that depends critically on 
the details of the device processing and geometry, in particu- 
lar,  the effects increase quadratically  with the thickness of the 
oxide or insulating layers. VLSI circuits are more sensitive to 
surface  damage,  one observes threshold shifts in transistors Extensive studies of radiation 
and increased noise in analog circuits.37 Amplifier and read- effects are being pursued in 
out  circuits that  are presently in operation have not been merits. preparation for SSC experi- 

specifically designed to tolerate large amounts of ionizing ra- 
diation.  They fail at doses of 50 kRad or less.  Much higher 
radiation  tolerance is expected from specially designed CMOS 
or JFET circuits. 

Silicon detectors have operated in particle  beams up  to 
total doses of several MRad, and for non-uniform irradiation 
there is clear evidence for  field distortions leading to degra- 
dation of in the position r e ~ o l u t i o n . ~ ~  

Increases in  detector leakage current have been measured 
by several groups  during exposure to  neutrons,  protons  and 
photons. The damage coefficient CY is usually defined as 

CY - # = AI/A * t ,  

where AI is the change in current due  to  irradiation, A * t 
is the depleted volume, and # = N / A  measures the particle 
flux per  cm2. CY not only depends on the  type  and energy of 
the particles, but also on the specification of the silicon, the 
operating  temperature,  etc. Typical values are for protons of 
several GeV  momentum aP = 4 x lO-'nA/cm,  for  slow neu- 
trons (IMeV) CY, = 2 x lO-'nA/cm, and for 20 keV photons 
CY,, = 8 x 10-llnA/cm.  Thus over an  area of 1 a n 2  one ex- 
pects an increase in the detector leakage current of 1 nA or a 
flux of about lo8 protons/cm2 or 4 x 10" y/cm2. AC coupling 
of the  detector  output to the preamplifier avoids saturation 
effects due  to this  dark  current increase. 
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9.2. Estimated  Radiation  Dose 

For the purpose of deriving a maximum background rate 
during data taking, we assume  a dose limit of 100 kRad/year 
and  operation over a period of five years. This  rather conser- 
vative limit is based on the  expectation that  the effort that is 
presently directed towards the development of radiation  hard 
analog circuits for the SSC will lead to a  substantial increase 
in the dose tolerance of circuits and  detector  during  the  next 
few years. The  annual dose limit also takes  into account that 
in addition to  the radiation  absorbed  during data taking  sub- 
stantial doses are  expected to  be accumulated  during injection 
and machine studies. 

For a flux of photons incident on a silicon detector  the 
received dose rate, D, can be expressed as  the energy weighted 
integral over the incident photon  spectrum, f(E):39 

D = c,N < E >  /Apt  

with 

< E >= f(E)E(l - e-t’X(E))dE, J 
where N is the photon flux, c, = lkRad/6.24 X 1013keV/g, 
p = 2.33 g/cm3 is the density, t = 0.03 cm the thickness, 
and A the  area of the silicon detector. X(E) is the  photon 
absorption length of silicon, which can be parameterized as 
X(E) = 0.13mm(E/10  keV)7/2. 

The 9 GeV beam (APIARY 6.0 lattice) produces a syn- 
chrotron radiation spectrum incident on the first layer of sil- 
icon that is approximately flat from 15 keV to about 70 keV, 
it has a large peak at 8 keV from fluorescence in the copper 
lining of the vacuum pipe.40 About 50% of the photons  trans- 
mitted  through the beam  pipe are absorbed in the first layer; 

About 50% of the synchrotron the absorption rate in the second and  third layer is substan- 
photons  transmitted through tially smaller. The  rates  and absorbed energies averaged over 
the  beam  pipe get absorbed the  total detector layer and normalized per  area  are listed in 
in the first layer Of the si’icon Table 5. Clearly, the first layer of the vertex  detector acts as 
detector. an active absorber for synchrotron photons! In this layer the 

photon flux  is 0.04 r/cm2/ps resulting in an absorbed  annual 
dose of 1 kRad  and  an occupancy of less than 0.1%. 
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~~ 

Source E N e  N7 Layer 

[ ~ m - ~ p s - ' ]  [keVcm-2ps-': [ ~ r n - ~ p s - ~ ]  
SR 

8.3 .lo-3 - 7.10-3 3 

13.10-3 - 11.10-3 2 

400.10-3 - 4 2 -  10-3 1 

LP 

0.026 0.27 3 

0.061 0.40 2 

0.20 0.54 1 177 

39 

15 

0.03 0.005 

0.02 0.003 

The average energy absorbed  per  photon  incident  on the 
first silicon layer is approximately < E >= 10  keV, thus  on 
the basis of the calculated synchrotron spectrum  the maxi- 
mum tolerable flux of photons transmitted  through  the vac- 
uum  pipe is 

N,,, = 3.7 - 107D,,,t/ <E >= 4 - 106crn-2s-1. 

Photons  and electrons from lost beam particles showering 
near the interaction region have rather steeply falling spectra, 
with most of the particles in the range of a few MeV.41 Less 
than 0.3% of these photons convert and  their energy deposi- 
tion remains small compared to  that for electrons. Electrons 
traverse the silicon at  rather large angles, curl in the mag- 
netic field, and lose large amounts of energy. Every crossing 
of a spiraling electron is counted as a separate  particle.  Due to 
the axial magnetic field the  rate of electrons decreases rapidly 
with the radial  distance  from the interaction  point, the num- 
ber of photons remains roughly constant  per solid angle. 

The result of an EGS simulation are given in  Table 5. 
There is a rather large energy deposition by the electrons in 
the silicon. As a  result, the annual dose rate is well above the 
stated limit of 100 kRad/y. Assuming that  the EGS shower 
calculations and incident spectra  are correct, the maximum 
tolerable flux of electrons from showers is 

N,,, = 1.3 - 105crn s . 
(n.b. this limit is a factor of 10 lower than  the number  one ob- 
tains  under the assumptions that  the energy loss per electron 

-2 -1 

Table 5.  Background 
rates, absorbed  energies, an- 
nual doses and occupancies in 
a three  layer silicon vertex de- 
tector for syncbrotron  photons 
(SR) and for photons and elec- 
trons (e*) from showers  gen- 
erated  by lost beam  particles 
( W  

The dominant source of back- 
ground is lost  beam  particles. 
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Special  measures  need  to  be 
taken to  reduce  beam  particle 
losses in the  straight  sections 
outside  the IR. 

Most of the  background  hits 
in the silicon are  due  to low 
energy e* generated by lost 
beam particles  showering  near 
the IP. 

is equivalent * to minimum ionization at normal incidence.) 
While these doses are very high, one should keep  in mind 
that the storage ring lattice used  for these  calculations is still 
preliminary in nature,  and one way to reduce this background 
at the source is to introduce  bend  magnets in the long straight 
sections outside  the  interaction region. It is estimated that 
this would reduce the  rate of scattered  beam  particles by at 
most a factor of 5 .  An improvement in the vacuum  pressure 
of lo-' Torr may also be feasible over a limited  length. 

9.3. Occupancy  Estimates 

Synchrotron  radiation as well as  photons  and electrons 
generated from .lost beam particles showering near the  inter- 
action region can  cause signals above threshold in the silicon 
detector. Such signals may  influence the position resolution 
if a hit is close to a particle  track or if hits in  different layers 
line up to fake a track segment and  contribute  to  the trigger 
or affect pattern recognition. Both of these effects become 
severe at a level of strip occupancy of about 1% per  trigger. 

The silicon strip  detector modules are typically segmented 
into 4 cm long read-out strips of 50pm pitch,  thus  the  area 
per strip is S = 4 X 0.005 = 0.02cm2. It is assumed that 
the electronics provides analog pulseheight information for 
every strip  and has  (depending  on the  mode of read-out) a 
sensitive time of up  to 7 = 1ps. This  time can be reduced 
by a factor of 10 if necessary, probably at the expense of 
higher  power dissipation.  Two  hits overlap in space if they 
are  separated by  less than 4 strip widths (for large angles 
of incidence the pulseheight spreads over more strips  and this 
limit is too  tight).  Thus  the occupancy  generated by a particle 
flux N[~m-~ps- ' ]  can be defined as 

where E is the efficiency  for detecting a photon or electron. 
For electrons, we take E = 1.0, even though  one could 

lower E by using pulseheight information to discriminate  against 
large energy clusters  from  particles that range  out.  The ob- 
served  fluxes translate directly  into  occupancies of 1.6% or 
less (Table 5 ) .  
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For photons from showers generated by lost beam parti- 
cles that  hit  the silicon layers the conversion probability is 
small, of the order of 0.3%, translating to  an increase in the 
occupancy rates by 0.01% or less. 

Synchrotron  photons are of lower energy and have a much 
higher probability of converting in the silicon. About 1/2 of 
the  photons incident on  the first layer convert, roughly lJ4 
of them fall below a typical pulseheight threshold of 10 keV, 
thus  the effective detection efficiency is about E = 0.25. So 
synchrotron  photons  cause an occupancy of about 0.08% in 
the first layer, and much  less  in the  others. 

9.4. Summary and Comments 

From the background calculations we conclude that  the 
effects that  are most likely limiting the  operation of a silicon 
strip vertex  detector in the presence of beam background are 

0 the occupancy in the first detector layer, and 

0 the surface  damage in the VLSI electronics. 

At this  time,  the  radiation  damage  appears to be  the more 
severe limit  though there is a very active R&D program  un- 
derway to improve the  radiation hardness of analog  circuits. 
The occupancy  limits are given for a rather long sensitive time The average o c c u p ~ c y  in 
of lps, leaving room for substantial improvement in case the a silicon strip  detector is 
strip occupancy should become the more severe limit. expected to be  below  than 196, 

even if we assume a sensitive 
While  rates have been calculated for strip  detectors of time of u p  to Ips. 

medium length and segmentation,  limiting doses and  particle 
fluxes are much  less stringent  (more than  an order of mag- 
nitude) for pixel  devices that have finer segmentation and 
possibly reduced thickness. 

The  estimates derived from the background simulations 
and  the evaluation of their effect on the performance of a sili- 
con vertex  detector  are relatively crude  and preliminary. The 
numbers presented here should only be used for a first eval- 
uation of the expected  and  acceptable background levels, to 
be followed up by more  detailed  analyses with more  realistic 
detector specifications and simulations. To calculate  realistic 
limits  on occupancy requires a complete pattern recognition 
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algorithm and a Monte  Carlo event simulation to which  back- 
ground hits can be  added, with  rates based on measurements. 
The effect on a charged particle trigger cannot be estimated 
without a conceptual design of the read-out and trigger sys- 
tem,  the detector design and  segmentation. In  addition,  one 
must take  into account collective effects, e.g., beam-gas back- 
ground is likely to generate .a single shower concentrated in a 
limited area of the  detector. 

In summary, background simulations based on  the first 
design of the interaction region indicate that  the dominant 
limitation is not due  to synchrotron  radiation but  due  to 
energy deposition of charged particles  generated in showers 
caused by lost beam particles. Future  lattice designs will 
have to take  this  limitation  more seriously. Furthermore, it 
is important to remember that a large  fraction of the  total 
radiation dose is  likely to  be delivered during injection and 
machine studies. 

10. ELECTRONICS 

T he silicon vertex detector discussed here places about lo5 
read-out channels in a very limited  space imposing severe 

restrictions on the volume occupied by the read-out electron- 
ics, cables and connectors, and on the power consumption. 
A typical front end electronic  circuit for each read-out chan- 
nel includes a preamplifier, a comparator, analog storage cell, 
and  digital  circuitry for time tagging and read-out. A block 
diagram of such a circuit is shown in Figure 28. Typical spec- 
ifications for operation at  a B Factory are: 

0 A signal/noise ratio exceeding SIN = 30 : 1, here the 
signal S is taken to be equivalent to  the charge collected 
for a minimum ionizing particle at normal incidence and 
the noise N corresponds to  the single channel rms noise. 
This  ratio determines the relative setting of the thresh- 
old, and is particularly important for tracks at non- 
normal incidence causing the signal charge to spread 
over many channels. A larger SIN also eases a radi- 
ation  resistant design and operation at high absorbed 
doses, because it  permits a higher threshold  setting. 
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0 The signal rise time should be in the range of 20-50 ns 
to allow for an integration  time of the order of 100 ns. 
This would limit the sensitive time of the detector  and 
thereby reduce noise and background hits. 

0 The read-out should be selective, i.e. only transfer in- 
formation for channels that have pulseheights exceeding 
a preset  threshold. 

De!. 
Input 
Test 
I n p u t  

Time 
Integrator  and 

Differentiator Analog Storage 2, d8 

11 
I I  

Timing  Time 
Buffer 'f f 

674OAl4 
11-90 
i Threshold Figure 28. Block diagram 

Clock  Input 
Comparator of silicon detector read-out. 

Counter 
(one  per  die) 

0 For fast  track finding at  the secondary trigger level bit 
patterns for groups of 32 or 64 strips could be extremely 
useful. 

0 The power dissipation should be as low as practical, 
preferably less than 1 mW/strip or 20 pW/pixel, to 
ease the specifications for the cooling system. 

0 The circuit architecture must have radiation  resistance 
adequate for five years of operation, preferentially longer, 
including periods of machine testing and  beam injec- 
tion. The effects of reverse bias current in the detector 
need to  be accommodated  either by capacitive coupling 
of the  input signal or specific signal shaping. 

0 For analog read-out and comparator  threshold  setting 
signal calibration is  necessary. 

0 The amount of material and its placement need to be 
optimized to reduce the multiple scattering  and evenly 
distribute  the material inside the active volume. Given 
the large number of channels and  the goal of complete 
geometric coverage for each detector layer, packaging of 



314 Report of the Vertex Detector  Group 

the amplifier and read-out  circuits and  the associated 
cable connections will require special design efforts. 

1 0.1 . Preamplifier Circuit 

The design of the amplifier circuit depends  critically on 
the  input capacitance of the channel which by-and-large is 
determined by the  input capacitance. For a strip  detector 
with  strips of up to 4cm  in length,  50pm  pitch, and 300pm 
thickness this  capacitance is typically 5 pF; for a pixel detec- 
tor  stray capacitances associated with signal leads represent 
the dominant  fraction of the  total  input capacitance. A mini- 
mum ionizing particle generates 80 electron-hole pairs  per pm 
of silicon, so for a 300pm thick detector we expect a signal 
of 4 fC. Thus  the front end electronics needs to provide in- 
tegration and charge amplification by about a factor of 1000. 
Elements of the circuit that is schematically laid out in Fig- 
ure 28 are under  study for a vertex  detector at the SSC.42 
The high gain, charge sensitive capacitive feedback preampli- 
fier  is similar to CMOS circuits presently in use a t  SLC, LEP, 
and CDF, however, care  has to  be taken to assure that  the 
low noise performance is compatible  with low current  opera- 
tion. A slow DC restoration loop could be used to  return  the 
preamplifier to  its quiescent state within lops of a hit.  This 
technique makes the amplifier  less sensitive to high frequency 
noise. Also, no external clock signals are necessary for opera- 
tion of the amplifier circuit, i.e. there is no switching activity 
until a signal arrives. Each channel has an auto-reset that 
is activated  after a maximum  anticipated  time to generate a 
trigger. Given an integration  time of 100 ns and a typical de- 
tector leakage current of 1-2  nA per  microstrip the  integrated 
leakage is 0.2 fC, roughly 1/20 of the signal charge. Taking 
into account that  the leakage current  can vary from strip  to 
strip  and also increases with exposure to  radiation it is  neces- 
sary  to  take special precaution.  First of all, it is advisable to 
couple the  input capacitively to  the amplifier input. Second, 
one can either employ a multiple  sample and hold technique 
as in the SVX or Microplex chips or use a passive CR shaper 
at  the  output of the preamplifier with a time  constant of at  
least 100 ns. 
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Analog gain can be calibrated  with the help of test pulses, 
that are selectively injected into  the circuit input via individ- 
ual calibration capacitors. 

10.2. Sparse Readout 

At the  shaper  output  the signal splits  into a fast channel 
with the comparator and a slow channel for analog storage. 
The amplified pulse is compared to a preset threshold, and 
a  latch is set for channels above threshold, the neighboring 
channels are also latched. Following a secondary trigger the 
digital control  circuitry on each chip of 64 or 128 channels 
switches sequentially to those channels which  are latched. For 
each latched  channel the  stored analog voltage is connected 
to a single bus, the channel  address is strobed simultaneously 
to a digital bus. With  this on-chip sparsification feature the 
read-out time of the  detector is set by the occupancy rather 
than  the  total number of channels. Typical  read-out times of 
lps per channel have been achieved. The  detector occupan- 
cies are expected to be  dominated by charge deposition from 
beam related background, occupancies at  the level of a 1/100 
are acceptable. 

At a B Factory with a beam frequency of 250 MHz it 
may be necessary to  mark  the latches by an on-chip  clock 
to distinguish background pulses from  beam crossings that 
are  more than lOOns apart.  The clock information and bit 
patterns could then be stored in a digital pipeline. In the 
event of a primary trigger the  stored latches could be scanned 
and for  each time bin a fast  track search derived from groups 
of 32 or 64 channels in several layers could be performed. In 
the event of a secondary trigger, the read-out would  select the 
channels with signals recorded in the corresponding time bins 
and transfer the pulseheight to  the read-out  bus. 
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10.3. Radiation Hardness 

Several efforts are presently  underway  towards the de- 
sign, fabrication  and  testing of low noise, low power analog 
circuits that can operate  at  total  radiation doses of more than 
10Mrad.  One is based on  1.2pm  radiation  hard CMOS pro- 
cess developed and offered  by UTMC of Colorado, the other is 
based on JFET’s,  n-type  Junction Field Transistors.  JFET’s 
are  majority  carrier devices and  are therefore  not affected by 
the creation of minority carriers by irradiation.  They also 
are  capable of high switching speeds. The only disadvantage 
of JFET’s  appears  to  be the difficulty to  fabricate low noise 
JFET’s  and MOSFET’s on the same wafer. 

Another way to  further reduce the effects of radiation 
and to increase the potential speed of the circuit, is to use 
a bulk insulator to  separate devices on the  same  substrate, 
thus replacing the field Si02 by a gap of insulator, so-called 
silicon-on-insulator, SOI, or silicon-on-sapphire, SOS. Due to 
the absence of the Si02 the effect of so-called oxide charges 
trapped during  exposure to ionizing radiation is expected to 
be much less severe. 

10.4. Cables and Packaging 

Methods for interconnection of the  detector  strips  and of 
the electronics to control and  read-out lines are closely related 
to  the details of the lay-out and  the mechanical design. For 
each detector element there will be one connection to  the am- 
plifier chip. In addition,  individual chips need to  be connected 
to power, clocks, and signal distribution busses carried  on  a 
mounting substrate or the  detector surface, and connected via 
cable feeders to  external control and DAQ systems. 

The large  number of channels make these interconnec- 
tions  a  major  fabrication and  quality control issue. Tradi- 
tional wirebonds for the  detector  inputs may be precluded 
and could possibly be replaced by indium  bump  bonds  with 
the electronics chip placed on top of the  detector surface. In 
such a hybrid assembly the read-out  circuit would be  located 
in the active volume of the detector  and efforts are  under way 
to  thin  the read-out chip to 100pm or less and thereby  reduce 
the  total  material. 
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New interconnection techniques which might apply to sili- 
con tracking  systems are under development in industry.  These 
include high-density tape bonding, and polimide interconnect 
films that carry  traces  and  contact  pads to provide power and 
signal bussing for read-out chips. 

10.5. Summary 

A very active  program for the development of amplifier 
and  read-out  circuits is under way in  several laboratories. 
These efforts are  supported  as  part of the detector R&D pro- 
gram for the SSC. While some of the specifications for  silicon 
vertex detectors at  a B Factory  are different, most of the prob- 
lems are similar. We can expect that much will be learned in 
the next few years. This is particularly true for the basic low 
noise, low power  amplifier and  comparator circuit design and 
problems related to a radiation  hardness. Likewise, problems 
of signal connection and  distribution,  as well as heat transfer 
are similar, and  the B Factory design can expect to benefit 
from the SSC R&D program. 

11. STUDY OF A SILICON DETECTOR TRIGGER 

11.1. Introduction 

A h  
charged  particle trigger based solely on the  central drift we the possibiJity Of 

using the silicon detector in the 
amber may have problems due  to  the lack of z infor- second level trigger. 

mation  and  the  rather large distance between the IP and  the 
chamber’s first layer. The use of the silicon vertex detector 
in a charged particle trigger has been both as an 
adjunct to the central  drift  chamber  and  on  its own. It is in- 
tended to  be  part of the second  level trigger because it appears 
unlikely that the vertex detector information can be accessed 
fast  enough for a primary  trigger. The tolerable  primary rate 
is lo5 Hz and the secondary rate should not exceed 100 Hz by 
very much. Thus the secondary trigger needs to reduce the 
trigger rate by a factor of order lo3. 

No attempt has been made so far to describe such a trigger 
in detail or to model the detector background. Instead, for- 
mulae have been derived  for the trigger rate in the presence of 
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a uniform, uncorrelated background (salt  and  pepper) for sev- 
eral schemes of using the silicon vertex  detector in a  trigger. 
Trigger rates  are calculated for different levels of background 
and  detector resolutions. 

11.2. Segmentation ana‘ Singles Rate 

In the following we assume a three layer silicon vertex de- 
tector. Towers are formed from  detector segments in different 
layers which  have the same angles q5 or 0 to  the IP. Towers 
may be  true q5 - 0 towers or they could be  projected towers 
in q5 or 6. Each tower  is made of up to  three elements in the 
three different layers. These elements cover the  same solid 
angle and therefore  experience the same  rate in the presence 

Ckwm-4~ are grouped to form of a uniform background. Since the background and  the sig- 
towers for trigger purposes. nal tracks are expected to peak strongly in the direction of 

the higher energy beam,  endcap  planes have been added  to 
the central vertex detector in increase the segmentation and 
achieve a more uniform occupancy. The occupancy 0 of a 
tower element is given  as 

0 = (R/4?r)bT3, 

where R is the solid angle of a tower, b is the  total background 
rate per layer, and T~ is the  time resolution of the silicon as 
seen by the trigger electronics. In the following, plausible 
values  for R,  b, and T~ are discussed. 

The useful  tower size is determined by the  beam size and 
stability,  resulting in an effective spot size of about 2 mm in 
the 2 and y ,  and 5 mm in z projection. This  translates  into a 
segmentation of approximately 100 projected towers, in q5 or 
0 ,  or 4 ~ / f k 1 0 , 0 0 0  “true” 0 - q5 towers. 

The anticipated sources of background are synchrotron 
radiation  and  electromagnetic showers due to beam  parti- 
cles  which  have interacted with residual  gas. Recent calcula- 
tions by  Sullivan4’ (synchrotron radiation)  and  Coupal  and 
Hearty41 (off-energy beam  particles)  indicate that  the main 
source is expected to  be shower particles that hit the silicon 
detector at a rate of approximately 25 MHz in the first layer, 

The ’Ominant background is and less in the two outer layers. This  rate  estimate may 
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be too low because shower particles are not followed  below expected to be  caused by lost 
3 MeV. On the other  hand,  the present design has  a total beam particles. 
radiation dose that exceeds the tolerable limit of 100 krad/y 
and therefore techniques for  lowering this background must 
be  pursued. 

Since the dominant background is caused by charged par- 
ticles, the assumption of “randomness” might be called into 
question. However most of these background tracks are of 
low momentum  and originate at  large radius or z and  thus 
are  not likely to produce  hits  in  more  than  one element of a we assume  that  the back- 
tower. Still, there remains a concern because the trigger rate ground hits are uncorrehted. 
estimates rely heavily on absence of correlation. Without a 
detailed  simulation we can only establish necessary but not 
sufficient conditions for the trigger to work. 

The time 7, is the precision to which the  time of a hit 
can be recorded. rs is mainly determined by the design of the 
amplifier and read-out circuit which may be driven by limits 
on the power consumption  and  input  capacitance. While T, = 
100 ns may  be possible for a strip  detector, T~ = 30 ns should A time  resolution of 100 ns is 
certainly  be achievable for  pixel detectors. rs = 100 ns  is well assumed in most  examples. 
matched to  the time resolution obtainable in the  central drift 
chamber. The  time resolution for the primary trigger T~ is 
also assumed to be lOOns or less. 

11.3. Coincidence Rates for Towers 

The probability that two out  three elements of a tower 
will be  hit is 

P2,3 = 3(i2/4a)2b27% 

if 0 = ( i 2 / 4 a ) b ~ ~  << 1. The factor K takes into account 
correlations and tower overlaps, one  expects K. = 2 - 5. If 
the detection efficiency  for minimum ionizing tracks is very 
high one could reduce the coincidence rate for tracks by a 
factor 3 by requiring that two out of two elements were hit. 
The probability that any tower coincidence is satisfied for a 
primary trigger is then 

For a tower size of 47r, a background rate of b = lo7 142, 
and  time resolutions of T = lo-’ s, the  ratio of secondary to 
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primary trigger is 3%, provided the primary trigger is uncor- 
related with the silicon detector. 

This first estimate is encouraging. Next, we look a t  a 
strip detector  with two coordinate  read-out segmented into 
modules. For every q5 tower coincidence we search for a 9 
tower coincidence in the  same module. If b~ 5 1 the  rate for 
an accidental q5 and 6 tower coincidence is small and  the  ratio 
of secondary to primary rate is 

RT = 3(n,/4-ir)(n,/4-ir)b2r~rp rP 2 rS. 

By using both 6 and 
information, we get a trigger A pixel detector would  give the  same result. 

For 100 4 towers and 100 6 towers we have RT = 3 x 

rate reduction of lo4 per track. This  estimate is  valid  for a single track. If we do  not 
permit a hit to  be used in more than  one tower coincidence, 
the two track coincidence rate is obtained by simply squaring 
the single track  rate. 

11.4. Associating SVD Towers with CDC Tracks 

The probability of associating a tower with a track  in 
the central  drift  chamber which only provides q5 information 
can be obtained by simple extension of the formulae derived 
above, and we obtain 

3 N ( R 4 / 4 ~ ) ~ b ~ r ~ r ~  = 3 N  - low4. 

Here N is the number  tracks in the CDC, and we have as- 
sumed that  there  are a4/47r = 100 towers in C#J in the SVD. 
Furthermore, we take b = lo7,  and r9 = rp = The 
probability that a CDC track will match a q5 tower  which  is 
associated with  one of i & 1 / 4 ~  = 100 6 towers  is 

3N(n, /4- ir)2(R, /471.)b2~s~p = 3 N  X 

To obtain  the rejection factor for a two-track trigger, we 
square  these  results, replacing N by N(N - 1).  Thus for 
the most effective trigger, two CDC tracks  matched in q5 and 
associated with a 6' tower in the SVD, we have 

1 8 ( n , / 4 ~ ) ~ ( Q , / 4 ~ )  2 4  b rs 2 T~ 2 X K' = 1.8 - 10- 11 

This is clearly a very encouraging result! For a higher back- 
ground rate, b = lo8, the rejection factor is 1.8 - lo-'. If 
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in addition the tower segmentation is coarser in both 4 and Good rejection factors are ob- 
8,  50 x 50 towers, and also the time resolutions degrades to tained even with ~ n ~ ~ v a t i v e  
T~ = r,, = 200 ns,  then the rejection is 2 X lov4. Since we are 
trying to reduce a primary trigger rate of lo5 Hz to lo2 Hz, 
this  appears  to  be  entirely  adequate. 

assumptions. 

11.5. Correlations 

If we  wish to reject tracks which originate from interac- 
tions in the beam pipe wall we need to define towers  which 
point to only a small fraction of the central beam pipe. Ex- 
amination of the geometry of the SVD in the r - q5 plane 
shows that  the number of towers must be greater than 60 to 
ensure that most of the  beam  pipe will not  be seen by towers 
formed from the  outer two  layers. 

Assuming this  number of towers we can  examine  the mo- 
mentum acceptance of towers of this size. For three  detector 
layers at radii ri with rl : r2 : 7-3 = 1 : 2 : 3 and 7-3 = 69mm, 
operating in a magnetic field of 1 Tesla the minimum  trans- 
verse momentum pt  is 12  MeV/c. Tracks originating in  the 
beam pipe will not be able to form a tower if they  do not 
reach at least one of the two outer layers. The pt  cut off is 
3.3 MeV/c for the second, and 6.6 MeV/c for the  third layer. 

Correlations due  to multiple tracks from the same shower 
can only be  studied by detailed simulation, and  they have 
been ignored here. 

11.6. Conclusion 

Based on presently available estimates of background rates 
and  the assumption that they will dominantly  generate un- 
correlated signals in a three layer silicon vertex  detector, we 
conclude that this device  would be a very  powerful addition  to 
a charged particle secondary trigger. It can be used to effec- The use of the silicon detector 
tively reject tracks originating from outside the  beam-beam in the trigger appears to be a 
interaction region. The major impediment to  its imple- practical problem  rather then 

mentation may be  the additional electronics and connections 
one of principle. 

necessary to transfer the coordinates of the  hits or towers to 
a trigger processor in a few p s .  
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SINGLE-TRACK  RESOLUTION  STUDIES 
IN SILICON  VERTEX DETECTORS 

D. P. STOKER 

1. INTRODUCTION 

M onte  Carlo  simulations of single-track  resolution in sil- 
icon vertex  detectors, which are of use in designing a 

silicon vertex detector for an  asymmetric B Factory are pre- 
sented. A stand-alone  program was written  to  propagate he- 
lical tracks  through  an  arbitrary  geometry of cylinders and 
planes  parallel to  the z-axis, and planes  perpendicular to  the 
z-axis.  Multiple  scattering,  in  the  Gaussian  approximation, 
was performed  as  the  tracks passed through  the  beam-pipe, 
detector  planes,  and  the intervening air.  The  resulting  “hits” 
in the silicon detector were smeared by the  assumed single- 
layer position  measurement  resolutions.  The  program  then 
fitted  the  tracks  to helical track parameters using the  iterative 
Newton’s method.  The  error  matrix used in the fit included 
both  the  correlated  errors  due  to  multiple  scattering  in  the 
beam-pipe  and  detector planes, and  the single-layer position 
measurement  resolutions. The fit assumes that the vertex  de- 
tector is enclosed by a drift  chamber which measures the sign 
of the particle’s  charge and  its momentum (GeV/c)  with a 
resolution o , / p  = [(0.014)2 + (0.0040pt)2]’/2, similar to that 
of the Mark I1 Upgrade CDC, but provides no other informa- 
tion. Unless otherwise  stated,  the  tracks  simulate 1.0 GeV/c 
muons in a 1.0 T magnetic field parallel to  the  beam  direction. 

At an  asymmetric B Factory,  where the T(4S) is pro- 
duced with a considerable  boost  in the direction of the higher 
energy beam,  the  distance between the decay vertices of the 
BB pair is increased  in the  beam direction  relative to  that at 
a symmetric B Factory. The primary concern of this  study 
is therefore the z resolution of silicon vertex  detectors. The 
generated  tracks  originated  from ( r , z )  = (0,O). After fitting 
each track,  the z position of the track’s closest approach to 
r = 0 was determined.  Each z resolution shown in the follow- 
ing figures is the  standard deviation of these z positions for 
500 tracks. 

32 7 
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2. DETECTOR  GEOMETRY 

F igures 1 and 2 show a “default”  detector geometry about 
which several variations were made  as described later. In 

the  default geometry, the  beam-pipe  has  an inner  radius of 
20 mm and a thickness of 2.1 111111, and consists of beryllium 
with an inner  copper coating,and  internal water cooling. This 
corresponds to 0.66% of a radiation  length for particles at nor- 
mal incidence. The 2-y view (Figure 2) of the three silicon 
barrel layers shows 6-, 12-, and 18-sided polygons with min- 
imum distances  from the  beam axis of 2.3 rnm, 4.6 mm and 
6.9 mm, respectively. The barrel layers cover Izl < 6 cm. 
The silicon end planes have  inner and  outer radii of 3 cm 
and 9 cm and  are located at f7.5 cm, f 1 0  cm, f 1 3  cm,  and 
f16 crn. In a real  detector, the region between the  beam-pipe 
and  the inner  edge of the  end planes may be  partially occu- 
pied by support  structures  and cables which are not modelled 
here. Similarly, some  additional  material would extend  in z 
beyond the ends of the barrel  planes  shown in Figure 1.  This 
geometry provides coverage by at  least three  detector planes 
over the  angular  range I cos 1 9 1  < 0.95. The silicon layers are 
assumed to be 200 pm thick (0.21% radiation  lengths)  and 
to have position  measurement resolutions of 11 pm in each 
of two orthogonal  directions on  the silicon surface for normal 
incidence particles. The  dependence of the single-layer po- 
sition measurement  resolution  on silicon thickness and  track 
incidence angle  has been calculated (see the following article 
by Vera Luth);  the  results were used in this  study. 
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study 
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3. STUDY RESULTS 

T he  results of the z resolution  studies are presented  in 
Figures 3-10 is a function of cos 8. Since the  detector 

geometry  described  in the previous  section is symmetric  under 
z -+ -z one  can  take cos 8 to mean I cos 81 in the following 
discussion. 

Figure 3 shows the z resolution for the default geome- 
try described  above (crosses) as a function of cos8. Cases 
where the silicon thickness is doubled to 400 pm (0.43% ra- 
diation  lengths)  and/or the beam-pipe is changed to 1.0 mm 
thick  beryllium (0.28% radiation  lengths)  are also shown. In 
the  thin  silicon/thick  beam-pipe case  (crosses),  multiple scat- 
tering in the  beam-pipe is dominant, while in the thick sili- 
con/thin  beam-pipe case  (squares),  multiple  scattering  in  the 
silicon is the larger. The cases with the thinner  beam-pipe 
have the better resolution  for cos8 6 0.25, while those with 
the thinner silicon layers  have better resolution for cos 8 X . 
0.25. A slight  kink in the curves for the 400 pm silicon cases 
near cos 8 = 0.8 corresponds to  the angle at which the second 
measurement is made by the first  end  plane  instead of the 
second barrel  layer. 

Figure 4 repeats  the  study  in  Figure 3 for a modified 
geometry  in which the  end planes are removed and  the  three 
barrel layers are  lengthened  to provide coverage out  to cos 8 = 
0.95. The results  are similar to  those  in  Figure 3 except at 
cos8 = 0.95 where the “long barrel”  case  has significantly 
worse resolution. As cos8 increases,  multiple scattering ef- 
fects become more severe in the  barrel layers and less so in 
the  end planes. However, as cos 8 increases, the  barrel layer 
z measurement  resolution worsens rather  the corresponding 
8 measurement  resolution, while the increasing  track  length 
between  barrel  planes aids  measurement of the  track direc- 
tion. The  advantage of the  default geometry over the long 
barrel  geometry is probably  more  in  its  shorter  length  and 
less silicon area  than in its  better resolution at  cos8 = 0.95. 

Figure 5 repeats  the  study in Figure 3 for a modified ge- 
ometry in which the  barrel planes are  shortened  from IzI < 
6 cm to Izl < 3.5 cm and  end planes are  added at z = f 5  cm. 
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The  outer  radius of the end  planes is increased to 11 cm to 
retain coverage by at least 3 layers. The “wiggles” between 
cos 8 = 0.6 and cos 6 = 0.85 correspond to  the first two mea- 
surement  planes  changing  from  being  two  barrel  planes to 
one  barrel  plane  and one  end  plane, and  then  to two end 
planes.  Comparison  with  Figure 3 shows better resolution at 
cos 9 = 0.85, 0.90, which are  outside  the coverage of the first 
barrel  plane,  and worse resolution at cos 6 = 0.70, 0.80. 

The resolutions  obtained  in  Figures 3-5 for the  three ge- 
ometries  are  quite similar,  perhaps  surprisingly so., No clear 
advantage over the default  geometry was obtained  in  either 
of the  other cases. 

Figure 6 shows the z resolution  for the default  geometry 
of Figures 1 and 2 (200 pm Si and 0.66% radiation  length 
beam-pipe)  and for the cases where the beam-pipe  radius is 
decreased to 1.5  cm  and  increased to 2.5  cm. The distances of 
the silicon layers  from the beam-pipe  are kept constant.  The 
resolution is best for the smallest  beam-pipe  radius  because 
in  this  case,  the measurements are  made closest to the  beam 
axis. 

Figure 7 shows the z resolution for the barrel  layers as 
the  distance of the second layer  from the  beam  axis is varied. 
This  distance is shown as the  ratio of the  distance between 
the second and inner  layers to  the distance  between the  outer 
and  inner layers. This  ratio is 0.5 for the equally  spaced  barrel 
layers  shown  in  Figures 1 and 2. The z resolution is worse 
when the second layer is closer to  the inner  layer  because  these 
layers then give a poorer  measurement of the track  direction 
as it emerges from the beam-pipe. It should be  noted that  this 
effect is less apparent if the single-layer position  measurement 
resolution  is  improved. 

In  Figure 8, the dependence of the z resolution  on the 
thickness of the silicon layers is shown for the default geome- 
try of Figures 1 and 2. At normal  incidence in the  barrel lay- 
ers (cos 6 = 0), the thinnest silicon (100 pm) gives the worst 
position  measurement  resolution,  and  therefore the worst z 
resolution. At larger cos8,  the  thinnest silicon gives the best 
resolution not only  because it has the least  multiple  scatter- 
ing,  but also  because  the position  measurement  resolution is 
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best,  due  to having the least  track  length  component  parallel 
to  its surface. 

Figure 9 shows the z resolution for single-layer position 
measurement resolutions of 0 pm, 10 pm,  and 20 pm  (at mor- 
mal incidence) in the default geometry. As expected, the z 
resolution improves with better position  measurement resolu- 
tion. 

Finally, Figure 10 shows the z resolution for 250 MeV, 
500 MeV, 1.0 GeV,  and 2.0 GeV  muons for the default ge- 
ometry. The improvement in the z resolution with increasing 
momentum is primarily due  to decreasing multiple  scattering 
which scales as (pP)-' where p and ,B are  the  track  momentum 
and velocity, respectively. 
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SPATIAL RESOLUTION OF SILICON DETECTORS 
A MONTE CARLO STUDY 

V. LUTH 

ABSTRACT 

The  intrinsic  position resolution for minimum  ionizing parti- 
cles traversing a fully  depleted silicon strip  detector is studied 
as a function of the angle of incidence, the read-out  pitch, the 
thickness of the  counter,  the signal to noise ratio,  and  the 
pulse  height cluster definition. 

1. INTRODUCTION 

I n  high  energy physics experiments Silicon strip  detectors 
have up to now been placed in such a way that  the charged 

particles  traverse the  detector  either  almost  perpendicular  to 
the  surface  and  parallel  to  the  internal  electric field, or such 
that  the projections of the tracks  are roughly  parallel to the 
charge  collecting strips.  The charge  generated by ionization 
along the  track in the bulk silicon drifts  parallel to  the field. 
Due to transverse diffusion and  delta rays this charge  distri- 
bution  widens to 5 - 10pm  and  the  signal  spreads over one 
or two strip  electrodes  on  the  surface.  Capacitive coupling 
between neighboring strips also causes the signal to spread to 
adjacent  strips. 

In  future  applications at storage rings  particles will im- 
pact at larger  angles. This is particularly the case for an 
asymmetric B Factory  because a large  fraction of the sec- 
ondary  particles  from B decay are  emitted at smaller  angles 
around  the  direction of the high energy  beam. For non- 
perpendicular incidence, the charge is generated  along  the 
track  and  then  drifts parallel to the field, thus  projecting  the 
track  onto  the  strip surface and  resulting  in a spreading of 
the collected charge over several strips. 

This  note  presents a study of the effects of this  charge 
spread by a simple  Monte  Carlo  simulation of the charge col- 
lection, as a function of read-out  pitch,  detector  thickness, 
and  signal-to-noise  ratio for a given amplifier and  read-out 
circuit. 

33 7 
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2. SIMULATION 

T he  simulation is based  on a very simple  model of a silicon 
strip  detector  as  illustrated in Figure 1.' All parameters 

of the Si detectors  are  assumed  to  be of ideal  uniformity, pos- 
sible  edge and surface effects are  neglected,  and  the  depletion 
region is taken  to  be  constant over the whole device. The de- 
tector surface is segmented into  strip  diodes,  their  pitch P is 
typically 50pm.  The  diode  strips  are  parallel  to  the x axis. A 
minimum ionizing particle  traverses the silicon detector  at  an 
angle CY. CY is measured  in the  plane defined by the  normal  to 
the  detector  surface (y axis)  and a line  perpendicular to  the 
diode strips ( z  axis). Along the  particle  track  on  the average 
80 e--hole  pairs are  generated  per pm of track  length. 

For simplicity of simulation, the bulk of the Si detector is 
divided into N slices of thickness D I N ,  where D refers to  the 
total thickness, D = 200 - 300 pm  and N = D[,um]/lOpm/a. 
In each slice, a cluster of charge is generated at a random 
position along the  track,  the pulseheight proportional  to  the 
pathlength  and it is chosen according to  the  Landau  distri- 
bution  function.  The  width of the  initial charge distribution 
is assumed to be  zero,  except for delta  electrons that range 
out in the silicon. The electrons  and holes drift  parallel to 
the field that is applied  transverse  to  the  detector, typically 
2-3 kV/cm  at  the  surface, falling  linearly with  the  distance 
from the surface. The charge  cluster  generated  in  each slice 
diffuses during  the  drift,  the  width of the Gaussian  charge dis- 
tribution is proportional to f i ,  where t is the  total drift  time, 
a; = d m  = DJ-. The  total charge collected 
at  the  detector  surface is calculated  as a sum of N Gaussian 
distributions of different widths ai and different center posi- 
tions z;.  The charge collected on  each strip is obtained by 
integration of the  sum of the  individual  charge  distributions 
over the  width of each strip.  Random noise is added to  the 
integrated signal on each  strip,  and  the effect of strip  to  strip 
amplifier gain  variations  can be  taken  into  account. Also, the 
primary  charge  per  strip is smeared  due  to  capacitive coupling 
between adjacent  strips. 
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Figure 1. Geometry of a 
silicon strip  detector: 
a. overall view, and 
b. cross section,  illustrating 
the charge  generation by a 
charged  track  ionizing  the 
silicon. 
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Figure 2. Charge  distri- 
bution  on  the  surface of a 
Silicon detector for a mini- 
mum  ionizing  particles travers- 
ing a counter of thickness D = 
300pm at  normal incidence. 

The simulated  spatial  distribution of the charge  collected 
on  the Silicon detector  surface is shown in Figure 2. The 
mns width is 6.7 pm,  though  the  distribution is clearly non- 
Gaussian.  Figure 3 shows the pulse  height distribution for 
minimum  ionizing tracks,  it is normalized to peak at 100. ' 
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3. CENTROID  CALCULATION 

T o determine  the position of impact of a track  traversing 
a silicon strip  detector,  the observed charge distribution 

in  several adjacent  strips is investigated. A number of differ- 
ent  algorithms  have been used to determine the centroid of 
the charge  distribution.  In  the following, the  results of three 
algorithms  are given. 

0 The  standard algorithm  represents an analog  read-out: 
One or several  adjacent  strips define a cluster if each of 
them have a pulseheight (proportional to  the collected 
charge)  exceeding a given threshold, that is typically set 
at  2-4 times  the  rms noise above the zero reading of the 
channel. The centroid for the cluster is then defined as 
the pulseheight weighted mean of the  strip  coordinates: 

where the  sum is formed over all  strips  in a cluster, z; 
is the  coordinate of each strip  center,  and PH; is the 
recorded  pulseheight on each strip. 

0 The second  algorithm  represents  digital  read-out: A 
cluster is defined as above, but  the centroid is calcu- 
lated as the average coordinate of all strips in the clus- 
ter, ignoring the pulseheight  information. 

0 The  third algorithm is designed to improve the  centroid 
estimate for inclined tracks, it assumes that  the angle 
of incidence is known, and  therefore n,  the  number of 
strips  in  the pulseheight cluster, is also known for a 
detector of a known thickness D and  strip pitch P.  

n = rnaz(3 , D t ana lp} ,  

CY is the angle of incidence. The cluster is then chosen 
as the group of n strips  with  the  maximum pulseheight 
sum, S = PH,. A threshold  cut of S > 0.5PHm,, is 
applied,  here PH,,, refers to  the most  probable  pulse- 
height for normal incidence. The centroid for the clus- 
ter is then defined as the pulseheight weighted average 
coordinate of the  strips, as cited  above. 

Centroid  Calculation 341 
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Figure 4. Residual  distribution  for  tracks  at  an  angle CY = 0.8 impacting 
on a  detector of  thickness D = 200pm with  a  pitch P = 25,50,10Opm. 
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In  Figure 4 residual  distributions  are  presented for tracks 
impacting at an  angle Q = 0.8 on a detector  with  thickness 
D=200pm. Clusters of adjacent  channels  are selected by a 
threshold  cut of 0.15 PHma, on each channel, i.e. 3 u above 
zero. for a signal to noise ratio of 20/1. The residual of a 
track  measurement is defined as the difference between the 
reconstructed centroid and  the  actual  position of impact of 
the  track.  The  distributions given represent two algorithms 
described  above, a-c) analog  read-out  with a threshold  per 
channel of 0.15 PHma,, d-f)  digital  read-out  with  the  same 
threshold  per  channel. For a signal to noise ratio of 20/1 
this  threshold  corresponds  to a level of 3 rms  width of the 
noise above zero. The  distributions  are  remarkably  similar 
in width,  though for larger  pitch the analog read-out gives 
substantially  better resolution. 

One needs to emphasize at this  point that  the resolution 
quoted  here is derived by a straight  forward rms calculation, 
bin-by-bin,  including  the  non-Gaussian  tails.  Truncation of 
these  tails or reduced widths  that  measure only the center of 
the  error  distribution will lead to a much smaller  increase of 
the  width of the  error  distributions  with angle. 

4. INTRINSIC RESOLUTION 

I n the following a number of distributions  illustrate  the de- 
pendence of the error in  the centroid determination  on  var- 

ious parameters. 

4.1. Strip Pitch 

At close to normal  incidence the resolution is roughly  pro- 
portional  to  the  pitch  because  the charge  spread is small com- 
pared to  the  strip pitch of 50pm or more. Thus  the resolution 
improves with increasing  angle  because the charge spreads 
over several strips  (see  Figure 5a). Above cy = 0.6 the resolu- 
tion  begins to degrade  because the channel to channel pulse- 
height variations  due to Landau  fluctuations  and single chan- 
nel noise affect the centroid  calculation. Below Q: = 0.7 a 
resolution of better  than  15pm can be obtained  with a pitch 
of 50 pm or less. In  Figure  5b the intrinsic  resolution for a 
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pitch of 50pm is shown for signal/noise  ratios varying from 
10 to 1000. It illustrates  that a signal/noise  ratio of 20 : 1 
is adequate. All curves in Figure 5 have been obtained  with 
the  third centroid algorithm, i.e. assuming that  the angle of 
incidence is known to 3-5 degrees. 
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Figure 5. Intrinsic resolution 4.2. Detector  Thickness 
as a function of a in a detector 
of thickness D = 200pm for Silicon strip  detectors have been fabricated from 3 and 4 
a* different read-out pitch and inch diameter wafers, the  typical wafer thickness is 300pm. 
b. different signal/noise  ratios. For double-sided detector it may be difficult to reduce the 

thickness of the  material  and  maintain a reasonable yield. 
While the signal size increases  linearly with  the thickness of 
the depIetion  region, the charge  spread  increases also linearly. 
Figure 6 shows the  dependence of the resolution on the  detec- 
tor  thickness for different centroid  algorithms. Above a = 0.4 
the resolution  degrades  linearly  with the  detector thickness D, 
and since the  number of channels  per  cluster  increases pro- 
portionally with tana,  the resolution  degrades  rapidly  above 
a=0.7. 
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Figure 6. Intrinsic position 
resolution as a  function of D 
the  thickness of the  depletion 
region of the  detector of a fixed 
signal/noise ratio SIN = 20, a 
pitch P = 50pm as a function 
of the  angle of incidence a for 
a. analog  read-out, 
b. digital  read-out  and 
c.  definite  cluster  width. 
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4.3. Centroid  Algorithms 

The cluster  finding and  centroid  algorithm  can of course 
be  tailored to  the specific application. Analog  information 
leads to  better resolution at nearly  perpendicular incidence of 
the  tracks,  digital  read-out shows very little  dependence of the 
resolution  with  angle Q for thicknesses D = 200pm  and below. 
Analog read-out leaves room for fine tuning of the  algorithms, 
though  the two examples used here give similar  results. For 
large  angles Q Landau  fluctuations affect the  centroid finding 
and lead to large  non-Gaussian  tails.  This  causes the increase 
in the  measured rms width of the residual  distribution. No 
attempt  has been made  to  truncate  these  tails or diminish 
their effect on  the  determination of the rms  width.  The  digital 
algorithm shows much less dependence on angle for depletion 
thicknesses of 200 pm and below and  signal-to-noise  ratio of 
20, larger  thickness or larger  noise  contributions  introduce a 
very similar  results  as the analog  centroid  calculation. 

5 .  SUMMARY 

I n  summary,  the effect of non-perpendicular  incidence on 
the position  resolution for minimum ionizing track  travers- 

ing a Silicon strip  detector  has  been  studied by Monte  Carlo 
simulation. A considerable rise on  the  rms  width  and  the 
tails of the residual distribution is observed. Up to angles 
of l.0rad a resolution of 20 pm is obtainable, at larger  an- 
gles simple  cluster  finding  algorithms may become  unreliable 
in the presence of background,  and  better  signal/noise  ratios 
become essential.  In  most  layouts, this region coincides with 
larger track  fitting  errors  due  to  an  increase in  multiple  scat- 
tering,  and therefore a degradation in  position  resolution  can 
be  tolerated. 
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SILICON PIN DIODE  ARRAY  HYBRIDS 
AS BUILDING  BLOCKS FOR A VERTEX 

DETECTOR AT A N  ASYMMETRIC B FACTORY 

S. L. SHAPIRO 

ABSTRACT 

Silicon PIN  diode hybrid arrays are proposed as the  ideal 
building blocks for a vertex detector at an  asymmetric B 
Factory. The two-dimensional nature of the  detector seg- 
mentation allows for the  maximum  in confusion elimination. 
Fine  spatial  resolution,  on  the  order of 10pm  per layer, is 
more than  adequate  to resolve the displaced  vertices of beauty 
and  charm decays. A high signal-to-noise ratio allows for the 
thinning of the  detectors, reducing  multiple scattering.  Time 
tagging  within the  detector  permits higher  background levels 
than could  otherwise  be  tolerated,  and  on-board  electronics 
which includes zero suppression and ghost  elimination,  eases 
downstream  data  handling  and analysis. 

1. INTRODUCTION 

P ixel devices,  in particular silicon PIN diode  arrays,  are a 
natural choice for vertex  detectors.  These devices provide 

three-dimensional  coordinate  information  with  spatial  resolu- 
tion of a few microns, and so provide efficient trackfinding 
with a minimum  number of layers. 

An architecture which is appropriate for high-energy 
charged particle  detection is that of a hybrid.'12 The charged 
particle.detector, a silicon PIN diode  array,  and  the  readout 
electronics are  constructed  as two separate silicon chips,  each 
optimized for its specific function. The two chips,  indium 
bump  bonded  together, form the  array  hybrid. 

The  indium  bump-bonding process is one in which each 
diode of the  detector  array is bonded to  an  independent  am- 
plifier readout  circuit  on a mating VLSI chip via  an  array of 
aligned indium  metal  bumps  that cold weld under  pressure to 
form  ohmic  contact.  This process allows flexibility in the de- 
tector  and  the  readout electronics  specification.  In the case of 
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the B Factory, this  permits  the  eventual  thinning of both  the 
detector  array  and the electronics  without a change  in their 
design. Figure 1 is a schematic  representation of a hybrid 
detector. 

Figure 1. Schematic repre- 
sentation of a  hybrid  detector 
showing  the two separate sili- 
con chips and their bump bond 
interconnects. 

9-88 
6106A7 

2. EXISTING ARRAYS 

D evelopment of hybrid  arrays  has  been a goal of the  au- 
thor since 19S4. To this  end,  three  hybrid  arrays have 

been designed and  fabricated.  The high  resistivity silicon 
diode  arrays were fabricated by Micron  Semiconductor  Inc., 
and  the  readout  arrays by the Hughes  Aircraft  Company. 
The indium  bump-bonding was also done by Hughes  Aircraft 
Company  with  bumps  measuring less than 15 pm in  diameter. 

A program of laboratory  and high-energy beam line test- 
ing of the  arrays has  been  carried out,  and is nearing comple- 
tion.  Support for this  project  has  been  primarily  from SLAC 
and from generic detector development funds provided by the 
SSC Laboratory. 

The first  array, a 10 X 64 array,  having pixels 120 pm 
on a side, has ten  readout  channels  per  array,  one for each 
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column. The  readout  structure allows random access to any 
pixel. There is no power necessary during  the  time  data is 
being detected  and  stored by the  array; however, during  the 
read cycle 10 mW (1 mW  per  channel) is necessary. The read- 
out electronics is an NMOS VLSI circuit which is radiation 
resistant at the level of 1 MRad of 6oCo gamma rays. 

The second  array, a 256 x 256 array,  having pixels 30 pm 
on a side,  has two readout channels  per  array. Random access 
readout is available  via row and column  shift  registers. Data 
stored in the pixel represented by the  intersection of row and 
column  address is presented to the readout  node. No power 
is necessary  for  storing data,  and only  2 mW is necessary for 
readout.  The  readout electronics is an NMOS VLSI circuit 
which is not  particularly  radiation-hard. 

The  third  array is similar to  the  second, except that  the 
readout electronics, though  identical to  the second  array, is 
implemented  in a PMOS VLSI circuit.  This  variation was 
found  necessary to preserve the  option of using these  arrays 
at room temperature.  The PMOS array is more appropriate 
to collect the holes rather  than  the  electrons  generated by 
the passage of the charged  particle  through  the silicon. The 
PMOS circuit has a much larger  dynamic  range of operation, 
and  dark  current  integrated over the  time necessary to read 
the 32,768 pixels on each readout  node no longer develops 
voltages that drive the circuit to  its  supply rails. 

A description of the  hardware necessary to read out  these 
arrays is published e l ~ e w h e r e , ~ ~ ~  as are  the  results of prelimi- 
nary  laboratory  test^.^. In brief, alpha  and  beta sources have 
been  used on  the first two of the above arrays, confirming their 
ability to  detect charged  particles. The noise level has  been 
measured to be less than 300 electrons rms at room temper- 
ature,  resulting in a signal-to-noise ratio of about 8O:l. The 
spatial resolution for those  particles which share  their charge 
between two pixels has been found to be less than 2 pm. 

In  August 1990, arrays of the  third  type were placed in 
a 250 GeV/c pion beam  at Fermilab.  These  results, unpub- 
lished at  this  time  due  to  the preliminary nature of the  data, 
show clearly the  detection of these high energy  pions,  with 
a signal-to-noise  ratio in excess of 50:l at room temperature. 
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Figure 2 is a three-dimensional  plot of a single  frame of data 
showing a number of particles  traversing the array. 

Figure 2. A three- 
dimensional plot of a num- 
ber of minimum ionizing  par- 
ticles from the Fermilab test 
beam  incident on a  detector 
array, demonstrating  excellent 
signal-to-noise and the  power 
of two-dimensional  arrays to 
eliminate  confusion in complex 
events. 

T he hybrid array being designed and developed for use at 
the SSC has  many  features which are useful and  exciting 

for the asymmetric B Factory. A summary of the design goals 
is presented  in  Table 1. 

There  are  actually  three phases to the design  effort. The 
first phase requires the  implementation of the essential ele- 
ments of the design in a FORESIGHT chip. FORESIGHT 
is a fabrication  capability  similar to MOSIS offered  by the 
Orbit company, which allows circuits to be fabricated on a 
community wafer for quick turnaround.  The  actual pixel de- 
sign, shown in Figure 3, is incorporated  into a 32 x 64 array 
and only  minimal external  support  circuitry is included  on  the 
chip  itself. The goal is to confirm that  the  time between the 
arrival of the charge, and  the DETECT signal  arriving at  the 
periphery of the chip, is about 50 ns. This  feature (called time 
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stamping) requires a discriminator  within each pixel,  and is 
one of the  more exciting  features of this  design. One will also 
be  able  to  test  details of the analog  circuitry of the pixel,  such 
as  linearity, a noise level of less than 300 electrons rms,  and 
pixel-to-pixel  variations. All array  operations will be  under 
external  contro,  rather  than being generated  internally, but 
confirmation of the  random access nature of the  ResdlWrite 
signals  can  be  achieved. The FORESIGHT chip was received 
on  September 20, 1990, and is undergoing  tests at  this  time. 

SPECIFICATION  PROTOTYPE FINAL GOAL 

Pixel size 

Array size 

Noise 

Time  stamping 

Time resolution 

Ghost  elimination 

Nearest  neighbor read 

Readout  time 

Radiation  hardness 

Power 

Technology 

Clock meed 

50 pm x 150 pm 

128 x 64 

< 200 e- 

YES 

50 ns 

NA 

NA 

10 ps 

NO 

NA 

0.8-1.2 prn 

NA 

50 pm x 50 pm 

256 x 256 

< 200 e- 

YES 

16 ns 

YES 

YES 
1.5 ps 

10 R4Rad 

0.1-1.0 W/cm2 

0.5 pm SOS/CMOS 

1 GHz 

After successful operation  and  testing of the FORE- 
SIGHT chip, the PROTOTYPE chip design will proceed. 
The pixel cell will be identical to  that in the FORESIGHT 
chip, differing only  in that  the  feature allowing electronic  test- 
ing of the pixel will be removed: to  test  the PROTOTYPE 
chip one will have to hybridize it  to  an  array of PIN diodes. 
The  support  circuitry will be implemented so that one  can 
read  out  only  interesting data.  The self-timing operation will 
be  tested, confirming the  time-stamping  and  the  time reso- 
lution  with  the chip  internally  generating all of its  control 
signals. The reading of interesting pixels will be controlled 
by a single TRIGGER command. The design of the  support 
circuitry is complete  and is described elsewhere.(j 

Table 1. Parameters of 
proposed PIN hybrid array 



354 PIN Diode  Array  Hybrids 
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Figure 3. Schematic block 
diagram of the  pixel design 
employed in the FORESIGHT 
chip, including  the  input test 
circuit. 
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The  third  phase of the  program is the  reduction in size 
of the pixel to 50 pm x 50 pm by the use of 0.5 pm mini- 
mum  feature size SOS/CMOS technology. The  FORESIGHT 
chip employed 1.2 pm double-metal  technology; however, the 
reduction in minimum  feature size does  not necessarily guar- 
antee a smaller pixel, as  many  features of the circuit  (such as 
capacitors  and  metal  line  width)  do  not  scale  with  this  pa- 
rameter. Lastly, the  implementation of radiation  hardening 
techniques, such as thinning of the  gate oxide to achieve the 
10 MRad  specification, will be  implemented.  Additionally, 
changes in circuitry to  further  harden  the  circuit will be  at- 
tempted  at  this  stage.  The  radiation  hardness specification is 
certainly  not the driving issue for the B Factory that it is for 
the SSC, and  this  step can possibly be  relaxed to 1 MRad  in 
this case. 

A few details are noteworthy  concerning the pixel design 
in the  FORESIGHT  chip.  It has 21 transistors, 5 capacitors, 
and 17 lines comprised of power rails, clocks, biases, and  out- 
puts per pixel. Theoretically,  the noise will be below the 300 
electron  limit,  the power consumption is less than 20 pW per 
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pixel, dead  time is about 400 ns,  the feedback ca.pacitor is 
designed to  be  about 10 fF and  the  open-loop gain of the first 
stage is about 200. These  parameters  are being put  to  the 
test  this  month. A calculation of the fill factor-the area of 
the chip  containing pixels compared to the total  area of the 
chip-for the final 56 x 256 array is 94%. 

4. MECHANICAL  DESIGN ISSUES 

P ixel array  hybrids differ from  microstrips in that  they  are 
not  self-supporting  as  are  microstrip  detectors,  but  must 

be  supported  on a substrate.  The  substrate  must provide 
support,  not only for the  arrays,  but for the  their  support cir- 
cuitry such as  traces,  preamps, ADCs, output  multiplexers, 
and DSPs (if necessary).  Two  candidates for this  substrate 
material  are  foams  made of either silicon carbide  or  boron  car- 
bide.  Boron carbide  has the longer radiation  length, 20.8 cm 
compared to  10.1 cm for silicon carbide.  Both  materials  can 
be foamed to 3% of their density while retaining  machineabil- 
ity. They  are  both electrical  insulators. Silicon ca,rbide has 
superior  thermal  properties when compared to silicon, thus 
allowing one to consider other  than room temperature  opera- 
tion. A number of mechanical design studies  are  under way 
investigating the  proper use of these  foams as support  ma- 
terial for SSC vertex  detectors.  These  studies also deal with 
cooling requirements at the level of 1 W/cm2. 

6 

An  embryonic  mechanical design study of a silicon ver- 
tex  detector for the B Factory  has been r e p ~ r t e d . ~   T h e  pixel 
detectors  described  in  this  note  and  the use of either of the 
foam materials  mentioned would provide the basic material 
for such a vertex  detector. However, much mechanical design 
work remains to  be done. 

5 .  A DESIGN  CHALLENGE 

A number of colleagues have reached the conclusion that 
in the measurement of CP asymmetry  parameters,  one 

should  not  expend heroic efforts  to design a vertex detector 
having the smallest  possible  inner  radius.' The gain in overall 
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precision when one  takes  into  account  large-angle  tracks  and 
the  multiple  scattering in material  interior to  the first detector 
array does not  warrant  the effort. This is true,  up  to a point. 

However, there  are  interesting decay channels that con- 
tain soft pions that will be unavailable to analysis  unless  these 
soft pions and  the decay vertices  from which they  originate  are 
recognized. This can be  accomplished if we place the vertex 
detector  within  the bea.m vacuum.  Pixel  detectors  can sus- 
tain  orders of ma.gnitude  more  background  radiation  than  can 
microstrip  detectors,  due to  their  inherent  two-dimentional 
nature,  the small size of an  individual  pixel,  and  the  time 
stamping of each hit with  its  time of arrival,  and  they  can 
be  fabricated  radiation  hard  to 10 MRad. If one designs a 
Faraday cage between the  vertex  detector  and  the  beam,  to 
provide  a  continuous path for the  beam  image charge, and if 
this  Faraday cage has less material  than a conventional beam 
pipe,  then  one can press the  vertex  detector inward  radially 
to the limits  set by the  machine designers. This would open 
up new physics channels for study  and  increase  the resolution 
in impact  parameter  as well. Philosophically one is doing the 
best job possible of finding  displaced  vertices, while separat- 
ing this  function  from that of tracking by placing the  actual 
beam  pipe between the vertex  detector  and  the  tracking de- 
tector. 

In designing the  Faraday cage,  one  can  combine the cool- 
ing problems  presented by both  the vertex detector  electron- 
ics and  the ohmic and RF heating of the Faraday  cage by 
the beam. The  heating of a beam  pipe by the  beam is pro- 
portional to  the resistivity of the  beam  pipe  material. Thus, 
cryogenically cooling the  Faraday cage would reduce  its resis- 
tivity,  and remove this  source of heating at its source. 

The placement of a vertex  detector  within  the  beam vac- 
uum may  not be the most prudent first step in the design of a 
new machine. However, this design  takes  full advantage of the 
features of pixel a.rrays which have  not  heretofore been avail- 
able, and as such is deserving of further professional study. 
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6.  CONCLUSIONS 

S ilicon PIN diode  hybrid arrays  are serious candidates  as 
building blocks of a vertex  detector for an  asymmetric B 

Factory. The two-dimensional nature of the  detectors provide 
the  optimum in confusion elimination and ease  in  downstream 
software  analysis. The high signal-to-noise ratio allows for the 
thinning of the detector  arrays reducing  multiple scattering. 
Time  stamping allows the  separation of background-induced 
hits  from  those  related to  the event of interest. Much addi- 
tional work is needed to  understand completely the  properties 
of these  detectors  and  to  generate a viable vertex detector  de- 
sign based  on  them. 
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B FACTORY FORWARD-BACKWARD 

MICROSTRIP GAS AVALANCHE CHAMBER 
VERTEX  CHAMBER BASED ON THE 

J . VA'VRA 

C onventional  vertex  chambers may have difficulty in  pro- 
viding  good  measurements for tracks at small  angles. For 

B physics, it  is  important  to  measure even tracks  emitted 
close to a beam pipe. Obviously, the silicon vertex  cham- 
ber will have a few layers placed in the  forward-backward 
region,' but  perhaps  measuring 50-100 points in a gaseous 
device with 40-60 pm resolution per  point  has  some com- 
petitive  edge  compared  to fewer, more precise, measurements 
in a silicon detector.  The device discussed  herein is based 
on the  microstrip idea2-* with strips  deposited  on glass by 
a vacuum  evaporation  technique.  The device operates in the 
proportional  mode.  The proposed device would improve the 
measurement of the  polar angle at small  angles,  constrain 
the  extrapolated z coordinate  to  better  than 200 pm at the 
vertex point,  and  the  azimuthal  coordinate  to a precision of 
several hundred microns, by measuring a charge  induced  on 
strips.  The  polar  angle coverage is between 5 and 30 degrees, 
assuming that  the device is placed 20 cm away from  the in- 
teraction  point,  the  beam  pipe  has 2 cm  radius,  the  chamber 
is 5 cm  long  in z direction,  and that it has  about 10 cm  drift 
in radial  direction. The device could also measure d E / d x  in 
the  nonrelativistic r e g i ~ n , ~  which may help to identify slow 
recoil particles.  This device would require an R&D effort to 
develop appropriate  vacuum deposition  techniques on  curved 
surfaces, and  to  study  the  operation of microstrip  chambers, 
which have  not yet been  tested in actual  experiments. 

A. Oed has shown2 that  one can  amplify on thin 10 ,urn 
wide strips  evaporated  on a glass substrate.  The  thin  strips 
are  surrounded by two nearby  cathode  strips which are biased 
to control the gain  on the thin  strip, i.e., most of the field lines 
are between the  thin  anode  strip  and  the  cathode  strips  (see 
Figure 1). In  this way, the positive ions travel  only a short 
distance  and  do  not  enter the main  drift volume. 

359 
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Figure 1. Field lines in the 
Oed chamber, with 
Vdrift = -1000 v, 
Vcathode = 0 v, 
Vanode = +60 v and 

The horizontal scale is millime- 
ters. 

%a& = -500 v. 

0.3 

d l  

0.1 

Such a device is, in  principle, able to operate at a high 
rate. However, two effects can  spoil  this beautiful  idea.  First, 
the positive  ions  can  land on the glass and  alter  the field. This 
can be prevented by small  gaps between strips  and  appropri- 
ate biasing of the “back”  electrode (which can  be used for 
the second coordinate  readout)  to force the field lines away 
from the glass. The second problem  has to  do  with a very 
high surface  gradient on  the glass (higher than 10 kV/mm!) 
which tends  to  limit  the  operating wire gain to  lo4 or so. It 
remains to be  proven how these  gradients  can be  mantained 
in a real device under  all  sorts of conditions.  Nevertheless, 
it has been  shown by 0thers~3~  that  the idea is worth  pursu- 
ing. A microstrip  chamber was installed in a test beam at 
CERN, using as reference the  spatial  coordiantes provided by 
a pair of silicon strip  detectors.  The plane of the device was 
perpendicular to the  beam. A resolution of about 40 pm was 
achieved with a track  sample  size of 200 pm per  anode  strip 
in a 90% Xe + 10% DME gas  mixture. In this  chamber,  all 
anodes were connected  together  and the cathode  strips were 
connected to charge-sensitive amplifiers. The back electrode 
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was not  made of strips.  This  chamber  demonstrated high 
rate capability,  good  cathode  signals,  and a good "Fe signal 
resolution (18% FWHM) (see  Figure 2). 

? 

Position(silicon-microstrip) [rnm] 

One possible  application of this  idea is for the  interme- 
diate  central region tracker  placed  between the silicon  vertex 
detector  and  the main drift  chamber.  Reconstructing  induced 
charges on  the  cathode  strips,  one could  achieve  good  resolu- 
tion over some  fraction of the solid  angle. Another possibility 
is as a forward-backward  vertex  chamber.  In this  application, 
one would measure  not  only the  cathode  strip  charges,  but 
also drift  time  to  the  anode  strips. To achieve a resolution Of - 60pm,  it is necessary to increase the  sample size to  about 1 
mm  and  to use  a gas with a large  electron  yield,  such as 90% 
Xe + 10% DME. 

Figure 3 shows  our  idea of a possible  application  for the 
forward-backward  vertex  chamber  geometry to  the B Fac- 
tory  experiment.  One  builds the chamber  on a glass  cylinder 
of about 2 cm  radius  and 15-20 cm  length.  This cylinder is 
supported by the beryllium  beam pipe.  Although  there  are 
several alternatives  construction  methods, we mention  only 

Figure 2. Position resolution 
obtained with the 90% Xe 
+ 10% DME gas mixture. The 
resolution is u= 42 pm. 
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one possibility. The first operation is to deposit the back 
strips on a curved  glass  surface. This would be  done in a 
vacuum  tank with a fixed metal  source  and a rotating glass 
cylinder  with a stainless  steel  mask  attached  to it. The back 
strips  are  evaporated in vacuum by heating  the  metal.  The 
next operation is to deposit a layer of glass over the back 
strips, again by the vacuum  evaporation  technique, working 
on the  rotating glass cylinder without  any  mask  except  at  one 
end to allow future  contacts  to  the  strips.  The  exact thickness 
of this layer has to be  determined  experimentally, but  thinner 
layers will yield larger  induced  signals on the back strips. We 
next  deposit 10 pm wide anode  and 50-100 pm wide  nearby 
cathode  strips.  These  strips  are  deposited  with  the  help of a 
mask fixed with  respect to  the  rotating  cylinder:  the  rotation 
mechanism  has to  be very precise in order  to achieve a few 
micron  accuracy, and  must  function in a very good  vacuum, 
The  pattern of these  strips  and a voltage choice define the 
track  sample  size of about 0.5-1 mm per  anode  measurement. 
This choice must  be  studied in detail  from  the  point of view 
of efficiency, drift  arrival  tail, etc.  The  strips  must  be cleanly 
deposited,  with no residual  deposition  between  strips,  in view 
of the  danger  from very high  surface  gradients;  this may be 
the biggest challenge of this type of construction. To  make 
the  metal stick to  the glass surface,  one has first to clean it. 
This is done  in  the  same  tank by argon ion bombardment. 
The chamber needs end flanges with a strip  pattern  and  an 
outer cylinder to  shape  the field, aswell as a feedthrough elec- 
trode  to collect the  anode  charge  and  to define voltages on the 
cathode  strips. The  contact  to  these  strips  must also be devel- 
oped; one  possibility is to use a conducting epoxy. The small 
size of the device lends itself to work under a microscope. The 
feedthrough  electrode  must  have field shaping  strips  to define 
the  drift field properly over a  total  drift  distance of about 
10 cm. 
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There  has recently been an  attempt  to develop amplifying 
structures on a  Kapton film,6 which  would be advantageous. 
Considerable R&D effort is required to  determine  whether 
such  plastic  materials  are  suitable. 

We have  not  pushed the design of this  chamber to its full 
limit  because one  has  to first  establish  a  clear need for such 
a device from  the viewpoint of physics. 
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A FORWARD TPC FOR A N  
ASYMMETRIC B FACTORY DETECTOR 

GUY  WORMSER 

ABSTRACT 

A small TPC surrounded by a layer of silicon strip  detectors 
is proposed to improve the z impact  parameter resolution 
in  the  forward region of an  asymmetic B Factory  detector. 
Substantial  gain  can  be achieved over an  extended  barrel- 
type Si layout  provided the TPC entrance window is less than 
0.1% r.1. thick. 

1. INTRODUCTION 

I n  the forward  region, the z impact  parameter resolution is 
dominated by multiple  scattering in the  beam  pipe  and in 

the first  layer of the microvertex detector.  Therefore,  it may 
be  advantageous  to replace the Si vertex  detector by a gaseous 
detector  with  an  extra-thin  entrance window. Furthermore, 
in the case of the cylindrical  geometry, the position  resolution 
in the silicon degrades at small  angle and  the  angular reso- 
lution becomes of the  order of 1 mrad. A gaseous detector 
can  improve  this  resolution with only a 10 cm lever arm. We 
propose  here to use a small  Time  Projection  Chamber (TPC) 
in  conjunction with a layer of Si detectors  on  the  outside. 
The gaseous detector is expected to be  resistant to  the high 
radiation level foreseen in  this  area. 

2. SET-UP OF THE FORWARD HYBRID SPECTROMETER 

T he  system  geometry  (Figure 1) is described by five pa- 
rameters: 

0 Beam  pipe  radius: rbeam 
0 Inner  radius of the TPC: r;, 
0 Outer  radius of the TPC: rTpC 

0 Coordinate along the  beam of the TPC HV plane: 
ZTPC, and 

0 TPC length: 1Tpc .  
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Forward TPC 
0.70 
/ 0.80 

Figure 1. Schematic  layout 
of the forward TPC. 

Detectors 
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We choose the following values: rb,,, = 2 cm, r;, = 
2.5 cm, and ZTPC = 3 cm. The  beam  pipe thickness has been 
assumed to  be 0.1% r.1.. (Should  this value  not be  reached, 
the resolution will be  degraded  such that  the usefulness of 
covering this region with a microvertex detector is doubtful.) 
The parameter ZTPC determines  the  angular  range covered 
by the TPC. It does not  have a significant impact  on the 
resolution. With the value chosen here, the TPC coverage 
begins at 40’ or cos 8 = 0.8. 

The radius rTpC has to  be large  enough to assure a suf- 
ficient lever arm  and small  enough to ensure that  the  impact 
parameter resolution is not  dominated by the  extrapolation 
error  from  the precise point  measured in the  outer Si layer. 
As will be shown in the next  section, the  optimum is around 
rTpC = 10 cm. 1TPC determines  the smallest  polar angle 8 
covered by the  angular  acceptance of the  detector. It cannot 
be  extended too far for two reasons: the presence of magnetic 
elements along the  beam  pipe causing magnetic field inhomo- 
geneities and the increase of the  contribution  to  the resolution 
of the  longitudinal diffusion. However, the diffusion varies as 
r(lTpc)’l2.  We have cllosen lTpC = 1s cm,  to cover up  to 
case = 0.9s. 
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w 
3. THE TPC PARAMETERS AND RESOLUTION 

e will describe below the  TPC  internal  parameters  from 
which we will estimate  our  resolution. We  will discuss 

here  only z or 0 resolution  as  measured using the drift time 
information by an  array of wires in the  endplate.  There will 
be of course  pad information available  from the  cathode  plane 
which  will be very useful to provide  information  in  the r - 6 
plane. 

The  entrance window thickness, tTpC, is a  crucial  param- 
eter. From a  purely  mechanical view point,  it  can  be chosen 
very small  since  a  small  depression  in  the  chamber will inflate 
the  entrance window. The tension of this  layer will be  ensured 
by a  small  rigid  ring  situated  at  the  corner of the chamber. 
However, this  inner  layer  has  to  ensure the uniformity of the 
electric  drift field and hence some conductor  has to be used. 
Possible choices may include  graphited  mylar, silver painted 
mylar,  etc. The  study of the  electrostatic  properties of such 
a simplified cage  have to  be studied in detail. We have used 
a simple  model to describe the  TPC resolution  on  each wire. 
We assumed  it is the  quadratic  sum of three  terms: 

0 Longitudinal diffusion: adrift 

0 Error on the track  position due  to  the  gap  width: 
OgaP 

0 Contribution of the  drift  time  measurement: ael 

There  are  therefore  several  important  parameters: 
0 Longitudinal diffusion coefficient: c d  

0 Number of ionized  electrons  per mm: Ne- 
0 Gap between wires: Gap 

The  error  on  the z coordinate is given by 
drift  time 

112 
adrift = Cd x 'drift 9 

where hr;ft is the drift  distance  on each wire 

We assumed in the  above formula that with 

the  error  in  the 

sufficiently fast 
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electronics, the  time  arrival could be measured for the first 
electrons and for the  last  electrons to gain a factor of two 
compared to the  time-integrated  resolution.  With fast  sam- 
pling (50 or 100 MHz FADC),  the  error  contribution of the 
electronics, ael, can be  reduced  to 100 pm. 

We have studied  the influence of these  parameters,  taking 
as starting  point values obtained in the DELPHI TPC. Our 
basic parameters  are: Cd = 3 mm/f i ;  Ne- = 7.5 e-/mm; 
Gap = 1 mm; tTpC = 0.1% r.1.. For cd, the  DELPHI value 
is 4 m m / f i ,  but by changing the gas and/or raising the drift 
field, a value of 3 m m / f i  can be reached rather easily. 

3.1. Effect of rTpC 

Figure 2 shows the effect of the  outer  radius of the  TPC 
on the resolution of the  impact  parameter b,. As expected, 
for rTpC = 8 cm,  the  angular  resolution is not good  enough, 
while going to 14 cm  slightly  improves the resolution. 

Figure 2. Effect of the 
TPC outer  radius rTpC : 
PTpC = 8 cm: dotted h e ;  
r ~ p c  = 10 cm: solid line; 
PTPC = 12 cm: dashed line; 
TTPC = 14 C ~ Z :  dash-dotted 
line. 
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3.2. Effect of the gap width 

Figure 3 shows the deterioration of the resolution with 
a 1.5 mm  gap compared  to a 1 mm gap or a 0.75 mm gap. 
For mechanical  and electrical  reasons, going below 1 mm gap 
width seems  unrealistic. 
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3.3. Effect of the gas properties Ne- or C d  

Between cos6 = 0.8 and 0.9, some improvement  can be 
achieved by using a higher electron yield (going to a pressur- 
ized gas for example). Doubling the e- yield ca.n improve the 
resolution from 110 pm to 90 pm. Some work has  to  be  done 
to  investigate  the  different  methods  to  get a higher  electron 
yield in the  least  disturbing way. 

Figure 4 shows the  effect of the diffusion  coefficient that 
can be varied by changing the gas or the drift field E. ( C d  
varies roughly  as l/E1/2.) The solid line corresponds to c d  = 

Figure 3. Effect of the gap 
width gap = 1.5 nun: dashed 
line; gap = 1.0 rnrn: solid line; 
gap = 0.75 rnrn: dotted line. 
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Figure 4. Effect of the 
diffusion coefficient c d :   c d  = 
4: solid line; c d  = 3: dashed 
line; C d  = 2: dotted line. 

4.0, the value used in the  DELPHI TPC. It is clearly prefer- 
able  to work at  Cd = 3.0 or even 2.0, but  this  value will be 
difficult to reach. 
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3.4. Effect of entrance window thickness 

Figure 5 shows the comparison  between the  pure Si lay- 
out,  the 0.1% r.l. case and  the 0.05% r.1. case. All three 
set-ups give comparable  resolution at cos0 = 0.8, but at 
cos 6 = 0.92, the resolutions are  respectively 270 pm, 240 pm, 
and 210 pm. The  dotted  line  corresponds  to 0.05% r.l. case 
with high electron  yield, Ne- = 15. This shows that even 
though the beam  pipe  thickness  has  been  taken of O . l % ,  
there is considerable interest to go well below this  number 
for the TPC entrance window and if one succeeds to go below 
0.1% r.Z., the resolution of a pure Si layout  can  be improved 
by a factor of 1.4. It is very important to note  that  the benefit 
for the physics is a highly non-linear function of the resolution 
improvement. For instance, the  number of events  surviving a 
3 c cut would be  enhanced by a factor of three. 
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3.5. Effect of the Si outer layer 

Finally we have studied  the effect of the resolution of the 
Si outer layer. The TPC does not provide  enough  accuracy 
at large  angles, and  the  outer Si layer is essential in that 
domain. However, its  intrinsic resolution is not  critical  and 
no  significant effect was observed when it was varied from 
15 pm  to 30 pm. 

4. CONCLUSION 

A small  forward TPC combined  with an outer hyer  of Si 
has the capability to significantly improve the resolution 

in the  forward region, provided the  entrance window of the 
TPC can  be  made  thinner  than O . l % ,  and  there is hope to 
get a position  resolution of 200 pm down to a.ngles of cos6 = 
0.92. We also assume  that  the  beam  pipe ca.n be reduced to 

Figure 5.  Effect of 
the  entrance window thickness: 
tTpC = 0.1%: solid line; 
tTpC = 0.05: dashed line; 

dotted line. The  dash-dotted 
line  corresponds to the  pure Si 
layout, with a Si thickness of 
0.15% r.1.. 

tTPC = 0.05 With Ne- = 15: 
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0.1% r.1.. We believe that  the assumptions  used  in the TPC 
modeling are realistic, but R&D work has to  be performed 
in several  areas: the  electrostatic  properties of a TPC with a 
simple and  thin inner  layer,  improvement of the electron yield 
and  drift coefficient, and  fast electronics to help resolve the 
individual  arrival  times for electrons. 



INNOVATIVE  BEAM  PIPE TECHNOLOGY 
R. ERBACHER AND w. VERNON 

1. INTRODUCTION 

E xtremely  good  vertex resolution is the  hallmark of the B 
Factory.  Although for some  purposes  there may not be 

a need to set  complicated  standards  on vertex reconstruction 
abilities,  failing to  do as  good a job as  possible will perhaps 
rule  out  future physics that  otherwise could have  been done 
on  the  same  machine.  There is always room to  improve a 
measurement,  and a need to  do  more physics. Each  new  ma- 
chine should  be of optimal usefulness, and  the  path  to  future 
improvements  should  be  explored  in a reasonably  thorough 
fashion.  Even if the  ultimate vertex  resolution is not incor- 
porated  in  the  initial design, there  are many  reasons to in- 
vestigate new and  future technology to assist in making  some 
early  design choices so that  options  are  kept  open for later 
upgrades. 

In  this  workshop, it has  been  shown that CP violation 
ought  to  be  observable  in  the very clean +Kf. channel  with- 
out  spectacular  vertex resolution. Yet there  may  be  other 
sources of such  violations  from  events  which require full  re- 
construction. If vertex resolution is improved  significantly, 
it would mean a large increase  in the  number of fully recon- many more events to be fully Well-resolved  vertices dJow 

structed events. It could also lead to more  interesting physics reconstructed 
- more  kinds of reconstructed events - in  the  future. 

Ideally, the  total thickness of the  beampipe in the  beam 
interaction region should allow for 10 pm (or less) spatial reso- 
lution  in  vertex  reconstruction.'  With  the need for both  struc- 
tural  integrity  and cooling capability, is it possible to achieve 
such a thin  pipe (< lov3 radiation.lengths)? By choosing 
both  the  material  and  the  structure design carefully, we be- 
lieve that  the effective thickness can be  optimized  to achieve a 
spatial resolution better  than is commonly thought possible. 
We have  tested  one  sample  material/structure  combination 
and  are in the process of testing  another,  hoping  to find a 
way to  meet  all  the  criteria of this Complicated b e a n  pipe 
structure. 
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2. PREVIOUS STUDY 

I n the initial  investigation  on  the feasibility of an asym- 
metric B Factory, the  Jet  Propulsion  Laboratory (JPL) in 

Pasadena did a study'  on cooling possibilities for the  beam 
interaction region, assuming a need for the expulsion of about 
2 kilowatts of heat  from a 50 cm  pipe of radius 1 cm. The 
sources of the  generated  heat were  resistive losses due  to in- 
duced  currents  on  the pipe's inner  surface  (ohmic  heating), 
which come  from the  absorption of higher  order RF modes 
in the  pipe,  and  image  currents  from  the  beam.  They con- 
cluded tha.t the  optimal  structure for cooling was two concen- 
tric pipes with  an  annular region for water flow cooling. The 
pipes were designed to  be 0.5 mm of beryllium  each.  The wa- 
ter region contributed  about 0.5 mm Be equivalent  thickness, 
making  about 1.5m1n  Be total equivalent thickness. Since we 
desire about l / 8  of this, we decided to study gas flow cool- 
ing more closely, using different materials  than JPL had used. 
We were also interested in cooling the  heat  absorbing gas by Clever placement of expansion 

cooling holes can control ther- having  it  expand  into  the region where the electronics sur- 
mal  gradients rounds the  beam  pipe.  Expansion cooling ought  to allow us 

to keep the electronics temperature  as low as possible while 
reducing  the  thermal  gradients seen by the  detector  support, 
perhaps  to only one or two "C over the  length of the pipe. 

3. NEW APPROACHES 

T he first material we tested was a cylindrically-shaped ex- 
truded  ceramic called cordierite,  made of 2Mg0-2A1202- 

5sio2.  It has an approximate 2 equivalent of neon,  and a 
radiation  length of about 28.9 g/cm2  (or 294 cm  extruded, 
70.5 cm in bulk).  The  extrusions  form a grid of squares on 

Low density ceramics have the cross section a.nd long, rectangular  tunnels axially, of  wall 
very long  radiation  lengths thickness O.161nm. Since the  structure walls are  thin  and as- 

sumed  to be porous, our first test was to see if the diffusion 
rate of ga.s through  the  material would allow for enough gas 
flow to cool the  structure.  The  idea was to  send  gas  through 
both  ends of the  structure in the  inner  tunnels  and allow the 
gas to diffuse toward the  outside of the  cylinder,  carrying  the 
heat  with  it. As shown in Figure 1, the cordierite  would  make 
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up  the  annular region of the  pipe referred to in the JPL study, 
and  the  ceramic would be covered by metallic  skins,  capable 
of holding a vacuum for the  beam  interaction region. We used 
nitrogen  gas  for  our  test,  and we assumed a 50 cm pipe of ra- 
dius 2 cm,  carrying a 1 kW heat  load. To properly  cool the 
structure, a flow rate of 4000 cc/s, or 2000 cc/s  on each end, 
would be  needed.  Unfortunately,  our  measurements showed a 
mere 100 cc/s diffusion rate,  not  nearly  enough for our cooling 
purposes. 

An  alternative  to  pure diffusion exists,  however. If we 
were to  drill  tiny holes in  the walls of the  material  to  provide 
for a higher  gas flow rate,  not  only would we be  able  to  obtain 
the needed gas flow for 1 kW of heat,  but we would also  get a 
temperature  gradient  from  the  inner  to  the  outer region of the 
pipe  due  to  Joule-Thomson gas expansion  cooling. The pres- 
sure  gradient  from  the  inner pressurized region to  the  vacuum 
in  the  outer region would  allow the gas to cool as  it  expands. 
Thus,  the gas that travels to  the region of the  detector elec- 
tronics will be  at a lower temperature  than  it would have  been 
with  pure diffusion  cooling.  In this  case,  the  use of helium can 
be  ruled  out,  because for practical  temperatures,  helium  gas 
warms,  rather  than cools upon  expansion. 

To  find the  actual  temperature  change achieved by the  ex- 
pansion of nitrogen  in going from 300 psi to  near  vacuum, we 
interpolated a curve of the second  virial  expansion coefficient3 
to find the value for nitrogen at  room  temperature.  The 
change  in  temperature  with  respect  to  pressure is a.bout 0.456 
deg/atm for nitrogen. Hence, for a  pressure  drop of 20 atm 
(300 psi), we would get a temperature  drop of &out 9 "C. 
This is a definite  plus,  as  it will help  minimize  differential 
expansion and it will help keep the delicate  electronics of the 
detector cooler. 
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Figure 1. Cross-section 
of the pipe, showing relative 
positions of the pieces, but 
not to scale. The detector is 
schematic only. 

TALLIC 

There  are still  tests  to  be  done before  considering this  ma- 
terial  for  beam  pipe use. We must  determine if the needed gas 
flow can  be achieved by punching holes in the  tunnel walls, 
and if so, if the walls of the  cordierite  can  withstand  pressure 
drops of about 6.7 atm.  The  material  must also be  tested 
to see if it  can  withstand high radiation  loads,  and if it  is 
structurally  sound.  In  addition,  the  content of the  metallic 
inner  skins  must  be  determined so as to minimize  ohmic  heat- 
ing and  thermal  expansion while maximizing  electric field and 
x-ray attenuation. 

3.1. Work In Progress 

The  next  material, which is currently  being  studied,  is a 
form of reticulated  vitreous  carbon.  The  material is available 
in several different porosities, and is fairly machinable.  Boron 
carbide  and silicon carbide  can  be  made  in  the  same  form,  but 
for study  purposes, RVC is cheaper  and  more easily obtained. 
We have ma.de an  aluminum  holder for our  sample of RVC 
that allows gas flow through a channel  in  it. We plan  to 
cover the  sample with a thin  aluminum  skin so as to  emulate 
a possible  pipe assembly. We are in the process of testing 
adhesive for the  metal  skin,  and  hope to find one  that will 
hold under  turbulent  temperature,  pressure,  and  radiation 
conditions. We will measure several properties,  including gas 
flow rate through  the  material  and  through a channel in the 
material, diffusion rate, buckling under  pressure,  and  amount 
of pressure  it can withstand. 
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GAS  OUT 0 ATM 

3 

0 GAS FLOWS INTO  CHANNEL (20 ATM) 

o GAS FLOWS OUT OF  CHANNEL 

Figure 2. End view of 
the beam pipe with indicators 
of bow gas Aow would be 
arranged 

4. CONCLUSION 

I t is  our  hope  that  either  one of these  materials,  or some- 
thing  along  these  same lines, will give us our desired combi- 

nation of cooling, thinness,  and  strength.  It may  be, however, 
that  the  thin wall pipe  structure, which must  be  matched by a 
very thin  detector, will then  have  to  run  at low temperatures 
to allow the use of CCD structures.  This would  also im- tion micron thin, for Tektronix is selling an evalua- 

prove the electric field shielding  problem by reducing the RF $750 
skin  depth on the inside of the pipe. In  this case, cryogenic 
problems will come into play, and we will  need to  test  the 
materials for other conditions,  such as the behavior of glue 
joints at liquid  nitrogen temperatures. 
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REPORT OF T H E   C H A R G E D  
PARTICLE TRACKING GROUP 

A.  BOYARSKI, P. BURCHAT, M. KING A N D  A .  WEINSTEIN 

1. INTRODUCTION 

T he  central  tracking device is located  in  the  radial region 
outside  the  vertex  detector  and inside the  particle  identi- 

fication system  and  electromagnetic  calorimeter. The role of 
The role of the central  tracking this device is to measure  the position of charged  particles  em- device is to charped 

anating  from  the  interaction  point.  The  tracking  chamber is particle  momenta. 
placed in  a  magnetic field in order  to  extract  the  momentum 
of the  particle from the position  measurements by measuring 
the  curvature of the  charged-particle  trajectory. 

v 

It is expected that  the  rate of beam-related  background 
signals in  the  tracking device could be high. The tracking 
chamber  should,  therefore, have ample  segmentation  and  suf- 
ficient position  measurements  per  track  to allow robust  pat- 
tern recognition of the real  tracks among the background sig- 
nals. A large  number of position  measurements  per  track 
also increases t h e  precision of the measured track  parame- 
ters, improves the track-finding efficiency at small  forward 
or  backward  angles  where  charged  particles  traverse only the 
inner part of the  central  tracker,  and provides some  particle 
identification  from a measurement of energy loss per  unit dis- 
tance (dE /dz )  through ionization. On the  other hand, the 
number of samples  per  track  cannot  be  too  large  since  the 
radial  size of the device increases with the number of samples 
thus  increasing  the size and cost of the  components  outside 
the  central  tracker. Finally,  this device should have as  lit- 
tle mass as possible  in  order to reduce the  uncertainty on the 
measured  track  parameters of low momentum  particles  due to 
multiple-Coulomb-scattering,  and also to prevent degradation 
in the  measurement of photon energy in the  electromagnetic 
calorimeter. 
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2. TRACKING RESOLUTION AND PHYSICS ISSUES 

T he  central  tracking device provides a measurement of 
charged  track parameters by measuring the position of 

the  particle  at  approximately 40 points along the  trajectory. 
The precision of the  measurement of the  track  parameters is 
determined by two  factors: the  intrinsic resolution with which 
the  track  position is measured at each of the 40 points,  and 
the  amount of multiple-Coulomb-scattering which the  particle 
undergoes while traversing the tracking device. See the vertex 
detector  chapter in this  report  for a thorough discussion of the 
track parameter resolution for various vertex  detector/central 
detector  configurations. 

To evalua.te the  importance of each of these effects on ac- 
tual physics measurements, we considered three scenarios for 
tracking  resolution and  multiple  scattering  and  compared  the 
results of four  representative physics analyses. We assumed 
that  the  track  parameters  are  measured by the  central  tracker 
plus three layers of 50 micron square pixels at radii of 2.5, 4.5 
and 6.5 cm.  This inner silicon detector provides  most of the 
precision €or all track  parameters except the  track  curvature. 

Three  detector  scenarios hav- 
jng a resolution, poorer tracking  resolution are  the following: 

The  three scenarios which we considered for the  central 

resolution, or more  material 0 150 pm  intrinsic  position  resolution for each measure- 
were  used  in physics  studies. ment and a gas with a radiation  length of 600 m, a 

typical  radiation  length for a helium-based  gas. 
0 300 pm intrinsic  position  resolution  for each measure- 

ment and  a gas with a radiation  length of 600 m. 
0 150 pm  intrinsic  position  resolution for each measure- 

ment  and  a gas with  a radiation  length of 100 m. These 
parameters a,re typical for an  argon-based  gas. 

The scenario in which the  position resolution is 150 pm and 
the  radiation  length of the gas is 600 m is considered to be the 
nominal  scenario. All of the physics analyses  discussed in this 
report  assume  this  scenario. In each case, we assumed that 
the wires are ma.de of a  low-2  material such as  aluminum or 
magnesium. 

Four physics analyses were chosen which provide a wide 
range of typical  cha,rged-particle  momentum  spectra  in  order 
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to  study  the effects of intrinsic  position  resolution, which dom- 
inates in  high-momentum  tracks,  and the multiple-scattering 
contribution, which dominates  in  low-momentum  tracks. 

Four representative  physics  ex- 1. At the high-momentum  end, we consider the deca,y amples were studied with each 
B -+ r+r-, the primary  mode  for  measuring  the  angle of &e detector sceneries. 
Q in the  unitarity  triangle.  The  momentum  spectrum of 
the pions  as  measured  in the  laboratory is flat  between 
about  1.5  and 4.5 GeV. The figure of merit for this 
mode is the r+r- mass resolution which determines 
the signal-to-background ratio. 

2. At’the low-momentum end, we consider the decays T + 
57r*v, and T t KKrv, .  These modes are of interest 
for measuring the vr mass. The figure of merit for this 
analysis is the lowest upper  limit  one could place  on the 
Y, mass,  assuming the mass is zero. 

3, We also  compare  the  reconstruction efficiency and  the 
resolution for measuring the distance  between B decay 
vertices for the benchmark  mode B 4 J/$K:.  

4.  Finally, we compare  the signal-to-noise ratio, for con- 
stant  reconstruction efficiency,  for the mode B -+ D+D- 
when both D’s decay to Krr. Like the mode B -+ 

J/$K:,  this mode is sensitive to  the angle ,L? in the 
unitarity  triangle. 

The results of the comparison are shown in  Table 1. In 
each  physics  analysis, the  degradation in the mass  resolu- 
tion or signal-to-background ratio, compared to  the nomi- 
nal case, is worse  when the  radiation  length of the gas is 
decreased (from 600 m  to 100 m)  than when the intrinsic 
position-measurement  resolution is degraded  (from 150 pm 
to 300 pm).  This is true even for the decay B -+ r+r- in 
which the pion  momentum is relatively  high.  Note that  the 
B 3 J / $ K :  analysis is so robust that changing the tracking 
resolution has  little influence on the reconstruction efficiency. 
The resolution of the  separation of B decays is dominated by 
the silicon detector  and hence is not  strongly influenced by 
the resolution of the central  tracking  device. For the analysis 
of B -+ D+D-, with  both D’s decaying to Krx, the selec- 
tion criteria  (cuts on  reconstructed  mass) were modified under 
each scenario to keep the overall  reconstruction efficiency the 
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Table 1. Influence of intrinsic 
wire resolution and multiple 
scattering in the gas on  various 
physics analyses. 

same. The resulting  signal-to-background  ratio is degraded 
by a factor of six when the  radiation  length of the  material is 
decreased by a  factor of six. 

Intrinsic  Wire  Resolution: 

600 m 600 m 100 m Radiation  Length: 

150 pm 300 pm 150 pm 

(He)  (He) ( A 4  
ur m a s  limit 

I- -+ 57r 117: 3.8 MeV 4.1  MeV 5.3 MeV 

7 -+ Ii-Ii-7rvr: 

B ---f T ~ T -  

4.9 MeV  5.9  MeV 7.0 MeV 

f 

Invariant mass resolution: 23 MeV 30 MeV 35 MeV 

B --+ J/$ICs 

Reconstruction efficiency:  44%  42% 40 % 
AZ resolution: 59 pm 62 pm 64 pm 

B -+ D+D-, D -+ I r ' m  

D mass  resolution: 

6.6 MeV 7.5 MeV 12 MeV B mass  resolution: 

4.6  MeV  4.9  MeV 8.1 MeV 

Signal-to-noise  ratio: 40 30 7 

In conclusion, analyses  in which reconstructed-mass res- 
olution is importmt ( in  prticular,  multibody final states) 

Physics analyses are more benefit greatly  from  the lower multiple  scattering of a helium- 
sensitive to scattering based gas. Even if the  intrinsic position  resolution of a 
in thegas  than to intrinsic wire helium-based gas is a factor of two  worse than  an argon-based 
resolution. gas,  all of the  representative physics analyses considered for 

this study benefit from the lower multilple  scattering  contri- 
bution from the gas. Many analyses are  not  strongly  depen- 
dent  on the resolution of the  central  tracking  chamber  because 
the precision of the measurement of most of the track  param- 
eters  (with  the exception of curvature) is dominated by the 
three layers of silicon  close to  the  beam pipe. 
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3. OPTIONS FOR DRIFT CHAMBER GASES 

T raditionally, the noble  gas  used in  tracking devices has 
been  argon  because of its  abundance, relatively low atomic 

number (Z=18), low ionization potential  and high gain. In 
the  “factory”  era of high-luminosity, low-energy facilities, the 
small statistical  errors drive us to decrease  systematic  errors 
to unprecedentedly low values. We must  therfore  consider 
lower-2  noble  gases to reduce the multiple scattering con- 
tribution to  the position  resolution of tracking devices. As 
discussed  in the previous  section, the benefits of using a gas 
based on a low-2  atom such as helium are  substantial. Ad- 
ditives are necessary to “quench” the gas  (absorb  ultraviolet 
and x-ray photons)  and decrease the  characteristic electron 
energy so that  the diffusion component of the resolution will 
not be large. Isobutane is known to  be a good  quencher and 
CO2 is a “cool”  gas (low characteristic  electron energy). 

We have used a computer  program’ to  investigate  the 
electron transport  properties of mixtures of helium,  isobutane 
and C02.  In the program, the Boltzmann  transport  equations 
are solved and  elastic  and  inelastic electron scattering cross 
sections  for  components of the gas mixture  are used to predict 
the  drift velocity,  Lorentz  angle and diffusion coefficient for  a 
particular  gas  mixture.  The predictions of this  program  are 
in  good  agreement  with  the  measured  properties of many gas 
mixtures.  Table  2  lists the properties of an argon-based  gas 
(“HRS gas”) and a helium-based  gas (78% He, 15% C02,  7% Theoretical  studies  indicate 
isobutane)  predicted by this  program for an electric field of that a 78% helium-15% COa- 

7% isobutane  mixture could 
1 kV/cm  and a magnetic field of 1 Tesla. The Lorentz  angle be a choice for a drift 
for the helium-based  gas is half that of the argon-based  gas; chamber gas. 
this is particularly  attractive for a small-cell  drift  chamber. 
The small  Lorentz  angle is primarily due  to  the large C02 

content; the electron  drift  velocity is relatively low and is not 
saturated.  The electron  drift  velocity is plotted versus electric 
field in  Figure 1. The radiation  length is -725 m, compared 
to 110 m for pure  argon. 
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Table 2. Expected  proper- 
ties of a helium-based  and  an 
argon-based  gas.  The  electron 
transport  properties (Lorentz 
angle and drift velocity) are 
predicted by a  computer  pro- 
gram ' for an electric field  of 
1 kV/crn and  a  magnetic field 
is 1 Tesla. The  predicted  num- 
ber of ion pairs  pruduced  per 
cm for each gas mixture is 
based on a  simple weighting of 
the  expected  number for the 
pure gases. 

Gas  Content: 89% argon 

10% co2 
1% Methane 

Lorentz Angle 

45 pm/ns Drift Velocity 

33O 

Primary  ions/cm 

93 Total  ions/cm 

29 

78% helium 

15% CO2 

7% Isobutane 

14' 

24 pm/ns 

13 

34 

The ionization potential of helium is significantly greater 
than  that of argon. A simple  calculation of the  expected 
number of ion pairs  per  unit  length  leads to a prediction of 93 
total ion pairs  per  cm for HRS gas  and only  34 total ion pairs 
per  cm for the helium-based gas. Consequently, we expect the 
mean pulse height for the  helium-based  gas to be 36% of that 
of HRS gas. The number of primary ion pairs/cm is expected 
to be 42% of that of HRS gas, so the  intrinsic resolution will 
not  be as good as the HRS gas,  although  it may be possible 
to improve the resolution by running at a higher  voltage. 

A detailed  study of this  helium-based  gas is being  carried 
out at  SLAC with a prototype  drift  chamber  with  jet cell 
geometry. The initial  results indicate  that  the  mean pulse 
height for the helium-based  gas  described  above is about a 
factor of 2.5 lower than HRS gas at  the  same high voltage 
setting. When we increase the high voltage  on the  chamber 
by 9%,  the pulse height increases to  about 2  times that of 
the HRS gas, and  the  intrinsic wire resolution of the helium- 
based gas is compa.ra.ble to  that of the argon-based gas. We 
also find that  the maximum operable  high  voltage  setting for 
the helium-based gas is about 7% higher than  that of the 
argon-based ga.s. Overa.11, these  studies  indicate  that we can 
be  optimistic a.bout using a helium-based gas. 
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A pressurized TPC has more distortions in the  trajectories of the electrons  drifting to  the 
materid;  spac+chuge effects readout  pads. Finally, a T P C  with a 1.5  meter  drift  path 
may  be severe; readout time is filled with a gas with a n  electron  drift velocity of 20 mmlpus 
prohibitively  long. 

has  a  readout  time of about 75 p s .  With  the pipeline  trig- 
gering  scheme  being  considered, this would require very long 
pipeline buffers for all detector  components so that  the TPC 
data could be used in the  trigger. For these  reasons, we did 
not  study a T P C  for the B Factory. On  the  other  hand, we 
did not  investigate  the a,bove problems in  detail,  and  solutions 
may exist for a T P C  in a B Factory  environment. 

A drift cha.mber does not  have the  above  problems. It op- 
erates  at  atmospheric  pressure, is  less prone  to  space  charge 
degradation,  and  has a short  readout  time (1 - 2 ps). Al- 
though  a single wire in a drift  chamber  only  provides two 
dimensional  coordinates,  there  are ways to achieve three di- 
mensional  tracking. Such chambers are widely used in storage 
ring experiments,  albeit at much  lower beam  intensities  than 
will exist in a. B Factory. Attention will have to  be given to 
the background levels expected  in a drift  chamber,  as well as 
aging effects from the collection of ions at the wire surfaces. 
These concerns are discussed in a later section. 

5 .  GENERAL DESIGN PARAMETERS 

I n this study, we assume a magnetic field strength of 1 .O Tesla. 
The full length of the  drift  chamber is 3.0 m; the inner  ra- 

dius is 18 cm and  the  outer  radius is 80 cm. The drift  cham- 
ber consists of concentric  layers of cells. In a drift  chamber, 

A wire drift  chamber with axial only two space  coordinates  are  determined  per  measurement. 
and  stereo layers is OW choice However, the  third ( 2 )  coordinate  can  be  determined by one 
for a tracking device. of several methods,  namely  charge division (measuring  pulse 

heights at each end of a sense  wire), time  difference  (measure 
pulse  timing at each end), or layers of wires which are  not 
parallel to  the cylindrical axis of the chamber  (stereo  layers). 
The  latter does not  provide  three-dimensional  space  points, 
but allows tracks to be  reconstructed  in  three  dimensions. We 
prefer the  stereo layer approach,  since the  other two methods 
require twice the electronics to  read  out  both  ends of each 
wire. In our  design, pa.irs of stereo layers are  located between 
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A pressurized TPC has  more distortions in the  trajectories of the electrons  drifting to  the 
materid;  SpacechWe effects readout  pads. Finally, a TPC with a 1.5 meter  drift path 
may be severe; readout time is filled with a gas with an  electron  drift  velocity of 20 mm/ps 
prohibitively  long. 

has a readout  time of about 75 ps. With the pipeline  trig- 
gering  scheme  being  considered, this would require very long 
pipeline buffers for all detector  components so that  the T P C  
data could be used in the  trigger. For these reasons, we did 
not  study a TPC for the B Factory. On  the  other  hand, we 
did not  investigate  the  above  problems  in  detail,  and  solutions 
may exist for a T P C  in a B Factory  environment. 

A drift  chamber  does  not  have the above  problems.  It op- 
erates at atmospheric  pressure, is less prone to space  charge 
degradation,  and has  a short  readout  time (1 - 2 ps). Al- 
though a single wire in a drift  chamber  only provides two 
dimensional  coordinates,  there  are ways to achieve three di- 
mensional  tracking. Such chambers are widely used in storage 
ring experiments,  a.lbeit at much  lower beam  intensities  than 
will exist in a. B Factory. Attention will have to  be given to 
the background levels expected  in a drift  chamber,  as well as 
aging effects from the collection of ions at the wire surfaces. 
These concerns a.re discussed in a later  section. 

5. GENERAL DESIGN PARAMETERS 

I n this  study, we assume a magnetic field strength of 1.0 Tesla. 
The full length of the  drift  chamber is 3.0 m;  the  inner  ra- 

dius is 18 cm and the  outer  radius is 80 cm. The drift  cham- 
ber  consists of concentric  layers of cells. In a drift  chamber, 

A wire drift  chamber with axial only two space  coordinates  are  determined  per  measurement. 
and  stereo layers is our choice However, the  third (2) coordinate  can  be  determined by one 
for a tracking device. of several methods, na.mely charge  division  (measuring  pulse 

heights at  each end of a sense  wire),  time difference (measure 
pulse  timing at ea.cl1 end), or layers of wires which are  not 
parallel to  the cylindrical  axis of the  chamber  (stereo  layers). 
The  latter does not  provide  three-dimensional  space  points, 
but allows tracks to  be  reconstructed in three dimensions. We 
prefer the stereo layer approach, since the  other two methods 
require twice the electronics to  read  out  both  ends of each 
wire. In our  design, p i r s  of stereo  layers are  located between 
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axial  layers. The angle of the  stereo wires is 14.0' with re- 
spect to the axial  direction.  Wire  chambers also provide some 
particle  identification by dE/da: when the pulse  heights of the 
signals are  measured. 

6. CELL DESIGN 

T here  are several choices for the cell design of a wire cham- 
ber:  small cells as used by ARGUS a.nd CLEO 11; large 

jet cells as used by OPAL; and segmented jet cells as used in 
the Mark 11, SLD, and CDF detectors. However, the la.rge 
jet cell could suffer from diffusion effects art the larger  drift 
distances, so we avoid considering the 1a.rge jet cell. This 
leaves us  with the small cell and  the segmented jet cell, both 
of which appear  to be possible  candidates. 

A small cell or segmented jet  
cell are both viable, and both 

An electrostatic-simulation  program wa.s run for these cell are studied in this report. 
configurations. The program  accepts  as  input  the  positions, 
radii,  and voltages for a configuration of wires, a.nd calcu- 
lates the resulting charges and  electric fields on the wires. 
For a 20 pm diameter  sense wire, and  a design goal of 5 X lo4  
avalanche  gain,  the necessary charge on the sense wire is about 
13 picocoulombs  per  meter  in an argon-based  gas. We have 
used this  same value for the helium-based gas (a,lthough ini- 
tial  prototype  studies  indicate z 10% larger d u e  may be 
required). A criteria in the design of the cells is that  the elec- 
tric field on  the surface of the field  wires should  not exceed 
20 kV/cm in order to prevent  growth of deposits on the field 
wires. 

Small Cell Drift Chamber In this  design, several cylindrical 
layers of cells are  grouped in superlayers,  with 3 to 6 layers 
per  superlayer  as shown in Figure 2. As the radius increases, 
the  superlayers  alternate between an axial layer and a. pa.ir of 
stereo  layers at angles of $4.0' and -4.0'. For a cell size of 
15 mm  along  the  radial  direction,  there is  room  for a. total of 
10 superlayers (4 axial  and 3 pairs of stereo  layers). All  wires 
within a superlayer  are  parallel to each other except the very 
inner  most layer of field wires, which must be shared  from 
the  neighbouring superlayer at  the smaller mdius.  Within  this 
edge cell, the  relative position of the sense wire and five of the 
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Figure 2. Small Cell 
Configuration.  Sense wires are 
marked by +, field wires are 
circles. Three layers of cells are 
shown. 

eight field wires remain fixed along the  length of the chamber, 
but  the position of the  the  three field wire can vary along the 
length of the  chamber.  This  produces a change in the charge 
density on the sense wire along its  length,  and therefore a 
gain change  along the wire. However, these  layers'still  provide 
useful tracking  informa.tion, and  the dE/dz information may 
be useful if z-dependent  corrections are  applied. 

0 0 0 0 0 0 0 0 0 

0 0 0 + + 0 0 

0 0 0 0 0 0 0 0 0 

+ 0 + 0 + 0 0 + 

o o  0 0 0 0 0 
0 0  

S + O  
+ 0 

O + O  

0 0 o o o D  
0 - O  

A square cell size of fullwidth 15 mm is chosen. Mak- 
ing it smaller quickly increases the  number of wires, while 

The small cell design  consists making it much larger leads to undesirable  distortions in the 
Of l5  mm 'quare ce'ls~ 39 electron  drift trajectory  due  to  spiraling of the electrons in 
samples per  track, grouped 
into 10 super  layers the magnetic field as  they  drift to  the sense wires. 

The radial size of the  chamber allows 39 layers of cells 
with the 15 mm cell size. Figure 3 shows the wire locations 
at the  end  plate for a quadrant of the  small cell configuration. 
The axia.1 (stereo) layers axe labelled with  an A (U,V) and  the 
number of cells per  superlayer is given in parentheses.  Within 
a superlayer, each cell layer has the  same  number of cells, 
and  the sense wires i n  each cell layer are staggered by a half 
cell with respect  to the neighboring layer to allow resolution 
of the  left-right a.mbiguity of a track  within  the superlayer. 
This geometry forces the cell widths to increase in size from 
the  inner  hyers  to  the  outer layers  within a superlayer,  and is 
most pronounced at  the  innermost  superlayer.  The innermost 
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superlayer  has  only  four layers to avoid too large a variation in 
cell width.  Extra  radial space  has  been  added at  the 3 axial- 
stereo  boundaries to accommodate  the  stereo waist (reduced 
radius) for the wires at  the mid-length of the chamber. 

The field wires at  the very inner and outer m d i i  a.re re- 
placed by cathode  pad layers to provide  measurements of the 
z coordinate of tracks a t  these  radii. The  cathode  pads would 
be  made of printed  circuit  planes  along the inner  side of the 
cylindrical walls of the chamber,  with  conducting  strips  run- 
ning  azimuthally  around  the walls. The best  segmentation 
and  width of these  strips has  not been explored in this  study. 

The 20 kV/cm limit  on the electric field at  the surface 
of the field wires constrains the field  wires to be at least SO 
microns in diameter,  and  the voltage on the field  wires to be 
-1830 V with the sense wires at 0 volts. 

The properties of these cells  were studied with a simula- 
tion  program which calculates the  trajectory of drifting elec- 
trons at any  point  in  the cell. In a magnetic  field,  electrons 
drift  along trajectories which are  tilted by the  “Lorentz” an- 
gle, the angle  between the drift  direction  and the electric field 
direction. A Lorentz  angle of 14’ was used for the  simulation. 
Trajectories of drifting  electrons starting  at  points spaced a 
millimeter apart along two sample  particle  tracks  are shown 
in  Figure 4. Spiraling  trajectories  can  be  seen,  but  the  spi- 
raling is not  severe due  to  the relatively small Lorentz a.ngle 
expected for a  helium-based  gas. The  boundaries of the cells 
are also seen to  be “S” shaped  lines  rather  than  stmight lines. 
Tracks  passing  near the edge of one cell will produce a signal 
in the neighbouring  cell. 
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Figure 3. Quadrant of a The sample size &cross the cell has  also been studied in the 
showing simulation. The  sample size is the  length of the track  segment the axial (A) and stereo (U,V) 

super layers and the z pad from which electrons  drift to  the sense  wire  in the  same cell. A 
layers. uniform sa.mple size is required for good d E / d s  performance. 

Figure 5 shows the sample size for straight  tracks passing 
along the ra.dia1 direction a.s a function of the  track  distance 
from  the sense wire. The sample size is qaite  uniform for this 
configura.tion. 
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Figure 4. Electron  drift  tra- 
jectories in a small cell, for 
a Lorentz  angle  of 14' in a 
1 Tesla magnetic field. Tkajec- 
tories  passing  through  points 
every mm along two 'fiducial 
straight lines are shown. 
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Figure 5. Sample size, 
or length of track  segment 
collected by the sense wire, as 
a function of the track  distance 
from  the sense wire for 'the 
-small cell configuration. 
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6.1. Segmented Jet Cell Drift  Chamber 

The  jet cell design discussed here is a modified version of 
that used in the Mark I1 chamber. With  the smaller  radial  size 
of this cha,mber, there is room for only 5 sense wires per cell, 
and S layers of cells. A smaller cell width (25 mrn halfwidth) 
is chosen to avoid loss of resolution due  to diffusion in the 
helium-based  gas. The spacing  between  sense wires is 9.0 mm. 
The sense wires are  staggered  alternately by a few hundered 
microns to resolve the  left-right  ambiguity.  Potential wires are 
placed midway between the sense wires to reduce the signal 
coupling between the  neighbouring  sense wires. A schematic 
of one  jet cell is shown in  Figure 6. 

There  are 4 axial  and 4 stereo  superlayers. All wires 
within a superlayer a.re pa.ralle1 to each other.  Figure 7 shows 
one  quadrant of the  jet-cell  chamber. In order  to minimize 
the space  between  superlayers, while keeping the coupling  be- 
tween superlayers at  a small level, a single  shielding layer of 
wires is placed between superlayers.  This shield layer reduces 
the variation in charge  density,  and  therefore  gain,  along a 
wire due  to  the change in the  relative  position of wires from 
one  superlayer to  the next at a stereo-axial  boundary. A cri- 
teria of 1% maximum  change in the charge  on  the sense wire 
was used i n  determining  the minimum radial  separation be- 
tween a.dja.cent super layers. This minimum is found to  be 
15 mm. A 1% cha.nge in charge  results in < 20% change  in 
gain. 

For a 20-micron dianeter sense  wire, a design  gain of 
5 x lo4  can  be achieved with a cathode  potential of -3220 V 
at the central  radius of a cell. The 20 kV/cm  limit for the field 
at the surface of the field wires then  determines the diameters 
of the wires: 130 microns for the field wires (200 microns for 
each end  most field  wire in a cell),  110  microns for the shield 
wires, and SO microns for the  potential wires. 
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Drift  trajectories  and  sample size (as described in the pre- 
vious section) were also studied for the  jet cell and are shown 
in Figures 8 and 9, respectively. The drift  trajectories illus- 
trate  that  the electric field in the cell is quite uniform for all 
regions except  near the edgemost wire where the trjectories 
are bowed at  the larger  drift  lengths. 

The  sample sizes, shown in  Figure 9, vary as much as 20% 
for the edge wire, and less than 10% for a.11 other cases. 

Figure 6 .  Jet Cell Con- 
figuration. Each  cell has 5 
sense wires (+) spaced 9 rnrn 
apart.  The cell half width 
is 25 rnrn at its mid  radius. 
Circles mark the  field  wires, 
potential  wires  (between  sense 
wires), and shield wires (be- 
tween  super  layers). 
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Figure 7. Quadrant of a 
jet  cell chamber, showing the 
4 axial (A) and 4 stereo (U,V) 
super layers and z pad layers. 



Figure 8. Electron drift 
trajectories in a jet cell, for 
a Lorentz  angle of 14' in a 
1 Tesla magnetic field. najec- 
tories  passing  through  points 
every nun along two fiducial 
straight lines are  shown. Tra- 
jectories  are  quite linear for all 
but  the  end most wire. 

Figure 9. Sample  size across 
a jet cell for the five  wires in a 
cell. The  middle wires (2,3,4) 
axe  very uniform while the edge 
wires (1,s) show  variations up 
to 20%. 
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6.2, Forces on 117‘ ’ Ires 

Wires in a drift  chamber  are  subject  to two kinds of trans- 
verse forces, namely the  gravitational force acting  on  the mass 
in the wire, a,nd the  electrostatic forces between wires due  to 
the charges on the wires. 

The  gravitational force acts  perpendicular to  the wire in 
our  chamber  orientation. For a wire with density p ,  diameter 
d, length L,  tension T ,  and a gravitational  constant 9, the 
deflection 6 as a function of distance z along the wire is given 
by 

d2S 7rd2pg - = _- 
dz2 4T 

which has  the solution 

S(Z) = - 
Td2pg (.” 2 _ -  

8T 

where the  boundary  conditions 6(-L/2)  = 6(L /2 )  = 0 have 
been applied. The maximum  deflection, at  z = 0, is 

Gravitational  sag of wires is For a 20 pn tungsten wire with tension 0.5 N (50 gram 
130 pm at  the Ilighest tension weight) and  length 3.0 m, the  maximum deflection is about 
allowable for t ungs ten. 130 pm. If all wires have the  same  gravitational  sag,  the 

relative shape of the cells remain  unchanged  along the  length 
of the cha.mber, and  the  tracking software  can  easily  make 
z-dependent  corrections to wire coordinates for the ultimate 
tracking precision. In order to achieve equal  gravitational  sag 
for wires of differing dia.meters and  composition, the tension 
for wire f should scale with that of tungsten W as 

Wire tensions scale with the 
T f  = T w ( p f )  (-) df . 

PW dw 
wire’s density and cross sec- 
tional  area. However, we will  see that  electrostatic forces constrain  the 

tension to be greater  than a certain  value. 
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The  electrostatic force per unit  length  on wire i is given 
by 

F; = QiEi 

where Q; is the charge  per  unit  length  on  wire i and E; is 
the electric field at wire i produced by the charges  on  all the 
other wires, not  including wire i. For equilibrium, the  trans- 
verse electrostatic force F l  must be balanced by the  trans- 
verse component of the tensing force: 

d26 
dz2 

T- = -F_c 

where S is the transverse  displacement of the wire along its 
length z. For a  jet cell, the sense wires are staggered  with 
respect to  the centerline of the cell by a  distance f60 at  the 
end  plates. The electrostatic force on  a  sense wire is perpen- 
dicular to  the sense wire plane and under the  assumption of 
an  infinite  plane of sense wires can  be  calculated  analytically 

n 

a s L  

F_L = K ( S  + So) 

where 

and s is the spacing between sense wires, Q is the charge  per 
unit  length  on each sense wire, and €0 = 8.85 X F/m. 

The  solution is 

where the conditions 6(-L/2)  = 6(+L/2)  = 0 have  been 
applied. The maximum deflection at z = 0 is 

1 
SZaz = So 

For a given tension T ,  as the high voltage  on the cham- 
ber  increases, Q increases  and the predicted  deflection grows 
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unbounded as the a.rgument of the cosine in the denomina- 
tor approaches ~ / 2 .  Actually, as  the deflection  increases, the 
wire stretches  and  the  tension increases, thereby prolonging 
the  stable region to  higher  voltages. However, at sufficiently 
high voltage, the tension will exceed the  ultimate  strength 
of the wire and  the wire will break.  Alternately, for a given 
charge Q, a,s the tension is decreased from a high  value there 
is a critical  tension T, given by 

m I -  L~ IC = - 
a2 

Electrostatic forces require ten- 
sions  above a certain  critical at which the wire starts  to becomes unstable. For safe  oper- 
value to avoid large and unsta- ation, a drift  clmnber should be designed with wire tensions 
ble deflections of wires. considerably 1a.rger t11a.n this  critical  tension T,. 

For the  jet cell, s is 9.0 mm. For Q = 13 x lo-' C/m, we 
Critical tension  for a 20 ~ l m  get Ii' = 0.15 N/m/m a.nd T, = 0.14 N. This is  well  below 

wire is *.14 Or the  familiar tension of' 0.5 N used on 20 pm  tungsten sense 
14 g weight,  in a j e t  cell. 

wires. (However, see the  end of this  section for reasons to use 
lower tensions).  The maximum deflection is 6&,, = 0.460. 

The above  calculation was verified  by the  simulation  pro- 
gram.  The  simulation  program  calculates  the charges on  all 
the wires, a,nd so ca.n compute  the  electrostatic force on  any 
wire. The program predicts 0.14 N/m/m for I<, in good  agree- 
ment wi th  the above  calculation. 

For the small cell configuration, it is more difficult to de- 
rive an analytic expression  for the  electrostatic forces, so the 
values given by the  simulation  program  are used  instead. In 
the small cell, the sense wire is approximately  in  the  center 
of the cell formed by its S nearest field wires, so the force on 
the sense wire is approximately  zero. However, if the wire 
is displaced by a small amount 6 in any  direction,  there will 
be a force pointing away from the  center of the cell with a 
magnitude  proportional  to 6 for small values of S. 

The  constant I\' i n  the  jet cell formalism  can  again be used 
for  the small cell case to  relate  the force and  the  electric field 
by F l  = K 6 .  Only the value of Ii' is needed. The simulation 
program  determines I( by calculating the change  in force on 
the wire as it is moved by a distance 6 away from  the  center. 
The critical  tension  can then  be  calculated  once I< is  known. 
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T, = 0.027 N. The critical  tension for the small cell  is about is only 0.027 Newtons, or 3 g 
5 times  smaller than  that for the  jet cell. weight,  which is 5 times Jess 

than  the-jet cell  value. 
It is desirable to use a low-2 materia.1 in the field wires 

to reduce  the  multiple Coulomb scattering. Also, low density 
material requires less tensile force for the  same gra.vjta.tiona1 
sag,  thereby  reducing  the force on  the end plate of the  cham- 
ber. Of all the  normal wire materials,  magnesium has the 
lowest 2 (12) and the lowest density ( p  = 1.74 g/cm3) n1a.k- 
ing it the ideal  material. Aluminum is next best, w i t h  2 = 13 
and p = 2.70 g/cm3,  and  has been used  in drift  cha.mbers. 

In  order  to  match  the  gravitational sag of a tungsten  sense 
wire tensed  with a 50 g  weight, the  stress in a lumin~~m wire 
would have to  be 31,800 psi, while for magnesium  it is 20,400 
psi. The yield strength of hard  drawn  aluminum wire alloy 
56s is rated at 48,000 psi, which meets  the required  stress. 
For magnesium however, the yield strength is only a.bout 
22,000 psi, which is too close to  the required value. How- 
ever, for the small cell case, the critical  tension is so low that 
the  tensions on all wires could safely be reduced by z 50%.* 
Also, since  magnesium  has  only 20% the density of copper (a 
commonly used material for field wires) the force on the end The small cell configuration 
plates  from  the field wires would be a fa,ctor of 5 less with reduced wire tensions~ 
magnesium  than  with copper.  Taking adva,nta*ge of both of on the end using 

thereby  reducing the force 

the  above  reductions in tension,  the  total force on the  end- Jjght-weight magnesium wire 
plate for a magnesium-wired, small-cell chamber would then provides a further reduction in 
be  about 10% that of a copper-wired  cha.mber. This would the force OR the end plates. 
allow for much thinner end  plates  and  inner a.nd outer walls 
of the drift  chamber. 

The critical  tension for sense wires in a jet-cell design puts 
too  large of a corresponding  stress on ma.gnesium wires, but 
not  too  large for aluminum wires. The force on the  end  plate 
with aluminum wires would  be 30% that for copper wires. 

* This will increase the  gravitational sag to 260 pm which is not a 
problem. 
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Small cell and  jet cell  config- 
urations  have about  the  same 
amount of material.  The  jet 
cell  design has fewer sense 
wires, but  the  small cell  design 
will have less  wire  aging, and 
can be supported by thinner 
chamber walls. 

6.3. Comparison of  the two configurations 

A comparison of the two chamber designs is given in Ta- 
ble 3. Both designs have nearly  the  same  number of sam- 
ples per  track although  the  sample size is larger  in the  small 
cell design providing  slightly better dE/dz  performance. The 
dE/dz resolution  listed in Table 3 was calculated for each cell 
configuration w i t h  a. program  developed by J. Va'Vra.3 The 
two designs have a.lmost identical  amounts of wire material 
(the small cell has more field wires, but  the wire diameters 
can be smaller). With more  superlayers  in  the  small cell case, 
the minimum angle for tracks  passing through at least 4 su- 
perlayers is smaller (15.5') than in the jet cell design (17.7'). 

The  jet cell design has  about half the number of wires of 
the small cell design, which means less electronics for the  jet 
cell design. However, the  shorter  drift  time in the small cell 
(0.3 p ,  compared to 1.2 p s  for the  jet cell) may allow sim- 
pler electronics for the small cells. The small cell has a much 
lower critical  tension  requirement, so it allows for lower ten- 
sions on all wires, thereby  reducing the thickness of the end 
plate  and  the wa.lls of the  chamber. Finally, the ionic volume 
collected by a sense wire  in the  small cell  is  half that of the 
jet cell, so the small-cell sense wires should have twice the 
lifetime for the  same  amount of beam-induced  backgrounds 
in the  chamber. 

7. BEAM-RELATED BACKGROUNDS A N D  WIRE-AGING Is- 
SUES 

I t is known t11a.t wire chambers  can lose performance  after 
the accumula<tion of about 0.1 to 1.0 Coulumbs/cm on a 

wire from ion collection. This process is referred to as ag- 
ing. Beam-related ba.ckgrounds can  contribute significantly 
to  the aging process, so we have made  estimates of the maxi- 

Operating over 5 year span, mum  tolerable rate of ba,ckgrounds  in a B Factory wire cham- 
a wire current of 0.6 p A  from ber.  The  estimates conserva.tively assume that  the  maximum 
ion  collection  would deposit charge each wire can tolerate is 0.1 Coulumbs/cm.  With  this 
0.1 C/cm  on a sense wire. assumption, a.nd lmsed on a 3 m wire  length  and a five-year 

chamber lifetime ( 5  X lo7 seconds),  the maximum  average 
chamber  current, during  running is estimated  to  be 0.6 PA. 
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I Comparison of Cell Designs 

Configuration 

Number of samples 

Sample size (mm) 

Half  cell width  (mm) 

I cos 81 coverage 

Min forward  angle 

Number of sense wires 

Number of field  wires 

Total Wires 

Total X0 from, 

Cu field wires 

(Mg field wires) 

Tungsten  sense wires 
He-based gas 

Total  radiation  lengths 

Critical  tension ( N )  
d E / d x  

Resolution (%) 
Plateau/minimum 

Separation (a) 

e/7r p < 0.6 

p = 1.0 

p = 2.0 

p = 4.0 
K J T  p < 0.6 

p = 1.0 

p = 2.0 

p = 4.0 

Small Cell Jet Cell 

39 

25.0 7.5 

9.0 15.0 

40 

< 0.965 < 0.951 

15.5' 17.7' 

6999 2555 
24997 

17912 31996 

15027 

.0027 .0032 

(.0002G) (.00031) 
.00023 

.00053 .00083 

.00008 

.0037(.0013) .0041(.0012) 
0.027 0.14 

6.2 
1.43 1.46 
6.9 

6.6 
6.0 

6.2 

2.8 3.0 
4.0 4.3 
5.5 

< 4.0 < 3.s 
0.0 0.0 

2.2 2.1 

2.3 2.1 

Table 3. Parameters  for 
the small-cell  and jet-cell  drift 
chamber  designs. X0 refers 
to  the  number of radiation 
lengths seen by a  particle 
traversing the  full radial length 
o f  the  chamber, not including 
the walls, at 90'. The d E / d x  
values  are for  tracks  at 90". 
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To relate  this number to existing  chambers, we compare it 
to the observed  current  drawn by the Mark I1 drift  chamber 
at PEP. The wires in the innermost layer (27 cm  radius) 
of the Mark I1 chamber drew about 4 nA each. The  beam 
current  at PEP was e6 mA. If we assume that a B Factory 
detector has  backgrounds  similar to  the Mark I1 at PEP, the 

Extrapolating from  MarkII/FEP chamber  current would scale  with  the  beam  current..  Thus, 
conditions to B Factory con- for a 1.5 A beam  current,  the chamber current would be 0.8 
ditions  leads to a prediction pA/wire, which slightly exceeds the 0.6 pA limit,  but would 
for the wire  current O f o . 8  PA1 be  acceptable. Of course,  some of the sources of backgrounds 
which is slightly  above the life- 
time  criteria, but acceptable. at a B Factory were not  present at PEP. 
However, background  condi- We  now discuss the limits on background  photons and 
tions are not the same. charged  particles  imposed by this  limit of 0.6 pA  per wire. 

We compare  these  limits to  the background rates  predicted by 
simulations  discussed  in  the  chapter  entitled  "Detector Back- 
grounds  from  Scattered  Beam  Particles  in the SLAC B Fac- 
tory Design" in  this Proceedings. We assume a wire  gain of 
5 X io4. 

For synchrotron  photons  with a typical energy of 30 keV 
(as seen  in the Mark I1 drift  chamber at SLC), the maximum 
tolerable  photon  rate  per wire due  to aging would be 0.1 MHz 
interacting  photons, or 0.1 interacting  photons/ps/wire.  This 
is the  same  limitation imposed by pattern recognition ( i l O %  
occupancy). As of this  writing, we do  not have the simulation 
information  necessary  to  compare  this  limit  with the expected 
rate. 

Photons  are also  produced  from beam-gas  interactions 
and  electromagnetic showers in  detector  elements  near  the 
interaction  point. As discussed in the detector-background 
chapter, simulations  predict a rate of 1770 photons/ps en- 
tering  the drift  chamber  gas  volume. A helium-based  drift 
chamber  gas is assumed  in the  simulation.  Then  the  number 
of electrons due  to showers in detector elements and pho- 
tons  interacting in the gas is about 10 electron tracks/ps  just 
inside the inner wall of the drift  chamber  and 0.4 electrons 
tracks/ps  about half way through the chamber. The aver- 
age  energy of these  particles is ~ 3 6  MeV and  the average 
transverse  momentum is ~ 1 3  MeV/c.  Because of their low 
momentum,  these  electrons will spiral  tightly  in the 1 Tesla 
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magnetic field, losing all of their  energy  through  ionization  in 
the neighborhood of a few sense wires. The above  predictions 
for the number of electron  tracks  already take  into account 
the spiralling trajectory of the electrons (ie. , a single elec- 
tron can  produce  more than  one  track in the neighborhood 
of a wire). Assuming that each  charged  track  results  in the 
creation of 100 ion pairs  per wire ( L e .  , approximately 100 
ion, pairs  per  cm of path  length),  the limit (due  to aging)  on 
the charged  track rate is about  0.8/p/wire. Therefore, for 92 
sense wires in  the first  layer, the  limit,  due  to aging,  on the 
number of electron  tracks just inside the  drift  chamber wall 
is 70 electrons/ps, a factor of 7 higher than  the expected rate 
of 10 electrons/ps.  This is not a large  safety  margin espe- 
cially since the  distribution of background  photons is not flat 
in  azimuthal  angle. A rate of 0.1 charged  particles/ps/wire  is 
also the  upper limit for pattern recognition. In general,  these 
low-energy background  electrons  pose a problem  warranting 
further consideration. 

The simulations  discussed in the detector-background  chap- 
ter predict  much lower  levels  for high  momentum  electrons 
(2 100 MeV) than  the maximum rate of 0.8/ps/wire  due to 
aging. For efficient pattern recognition, the background rate 
should be less than O.l/ps per wire (10% occupancy). To 
maintain a reasonable  livetime (ie. , a sufficiently low trig- 
ger rate),  the  rate of high  momentum  charged  tracks  from 
beam-related  backgrounds  in the entire drift  chamber  must 
be  significantly less than 1 MHz. The  exact limit  depends  on 
the details of the trigger  design. 

A number of factors  can  contribute to slowing the nomi- 
nal aging process,45  thereby  prolonging  drift  chamber  lifetime. 
Many of them  are listed below. Although the understanding 
of these  variables  is  generally  qualitative, whenever possible 
and appropriate,  it is suggested that  they  be implemented  in 
the  construction  and  operation of the B Factory wire cham- 
ber. 

1. In general,  high  purity of system  and gas is desirable. 

2. A high  gas flow rate is useful to remove impurities  in 
the  system. In particular, oxygen and  hydrocarbon  radicals 
are volatile  and can be removed bv sufficient gas flow. 

The number of beam-related 
background electrons in the 
gas predicted by Monte Carlo 
studies is one-seventh of the 
limit set by aging. 
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3. The gas tubing should be  made of electro-polished 
stainless  steel or of a nylon tubing such as RISLAN.  Gas tub- 
ing made of molecular chains containing  halogens,  such as 
PVC, teflon, tygon and neoprene rubber, should be avoided. 

4. In general,  impurities to  be avoided are halogens (e.g, 
Freon-11), silicones (e.g., greases and oils, such as might be 
used in  bubblers, raw G-10, etc.)  and soft glues (e.g.,  one part 
RTV,  urethane,  etc.). To avoid silicon contamination, the use 
of good  filters to prevent dust  from  entering  the  active vol- 
ume of the wire chamber is recommended. (Silicon species are 
heavier than oxygen and  hydrocarbon radicals and hence not 
easily removable by gas flow. Consequently, silicon contam- 
ination  may  be  a  more serious problem  than  contamination 
from oxygen and  hydrocarbon radicals.) 

5. Good impurities  include  a  small amount of oxygen 
or oxygen-containing molecules such as H20, alcohols, ether 
and methylal. Oxygen  may  react  with hydrocarbon radicals 
to form  more stable  end  products  that can be removed  with 
sufficient gas flow. Oxygen-containing molecules generally 
have large dipole moments with large  scattering cross-sections 
for electron/molecule  scattering. This implies that  the mean 
value of electron  energy will be decreased in an avalanche. 
The molecules also have  large cross-sections for absorption of 
ultraviolet photons. Also note  that  Hz0 may  increase the 
conductivity of deposits which are otherwise  poorly conduc- 
tive, thereby prolonging chamber lifetime. In  this  context, 
Va’Vra suggests that  the use of nylon tubing  may  naturally 
add  the  appropriate  amounts of H2O. 

6. Chamber wires should be  gold-plated, especially if the 
wire is made of a complex alloy. In particular,  anode wires 
containing  aluminum  or nickel are  more  prone  to react to some 
oxygen-containing molecules in  ways that cause  gain loss. As 
a result, alloys  like Nicotin and  Stableohm should be used 
with  caution. 

7. The  anode wire, where the polymer  building process 
occurs, should be as large  in diameter  as feasible: assuming 
uniform anode deposits, the smaller the  anode wire diameter, 
the larger the gain drop. 

8. If dimethyl ether (DME) is utilized,  it  should be in 
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a purified form to reduce the content of Freon-11. Further, 
its solvent capabilities should be considered in wire chamber 
construction.  Most plastics expand  and swell in its presence. 

9. The wire chamber high voltage should be  turned down 
during  beam  injection to avoid exposing the  chamber  to high 
backgrounds unnecessarily. In a B Factory, injection  as  often 
as every 10 minutes is a possibility. Therefore, the wire cham- 
ber  should be designed and built such that  the high voltage 
can be  ramped  up or down  very quickly (within  approximately 
10 seconds).  In the  past,  drift chambers have not been built 
with  the capability to change voltages this rapidly. However, 
their  limitations  are  apparently  due  to design and construc- 
tion,  not as a result of intrinsic  limitations or difficulties in 
technology. 
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REPORT OF THE  PARTICLE 
IDENTIFICATION GROUP 

P. COYLE, G. EIGEN, D. HITLIN, P. ODDONE 
B. RATCLIFF, N. ROE, J. VA’VRA AND T. YPSILANTIS 

I .  INTRODUCTION 

P article  identification  systems are  an  important  component 
of any  detector at a high-luminosity, asymmetric B Fac- 

tory.In particular, excellent hadron identification is rerquired 
to probe CP violation in Bo decays to CP eigenstates. The 
particle  identification  systems discussed below also provide 
help in separating  leptons  from  hadrons at  low momenta. 

We begin this  chapter  with a discussion of the physics 
motivation for providing particle  identification, the inherent 
limitations due  to interactions  and decays in flight, and  the 
requirements for hermiticity and  angular coverage. A special 
feature of an  asymmetric B Factory is the resulting asym- 
metry in the  momentum  distribution as a function of polar 
angle; this will also be quantified and discussed. 

In the next  section the  three  primary  candidates, time- 
of-flight (TOF), energy loss (dE/dx) ,  and Cerenkov counters, 
both ring-imaging and  threshold, will be briefly described and 
evaluated. Following this,  one of the candidates, a long-drift 
Cerenkov ring-imaging device, is described in detail to provide 
a reference design. Design considerations for a fast RICH are 
then described. A detailed discussion of aerogel threshold 
counter designs and associated R&D conclude the chapter. 

2. PHYSICS REQUIREMENTS FOR  PARTICLE  IDENTIFICA- 
TION 

T his section briefly summarizes  the  particle identification 
criteria which are  dictated by the physics objectives of 

an  asymmetric B Factory. We begin by discussing which 
particle species must  be identified, and  the  momentum  and 

40 7 
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angular  distributions which are  typical at  an asymmetric  ma- 
chine. The limitations  imposed by particle decays  in  flight 
are also  considered. We will then consider  a specific case, the 
“acid test” for any  particle  identification  system: separating 
B + mr from B + KT.’ These  rare  two-body  decays set, the 
maximum  momentum  range.  Finally, we will consider the 
problem of flavor tagging B’s by means of a kaon tag;  this 
will  give us a more  typical  momentum  spectrum. 

In the most  general  case there  are five particle species 
which one would like to  be  able  to  distinguish at a B Fac- 
tory:  electrons,  muons,  pions, kaons and  protons.  Electrons 
and muons will be identified by the electromagnetic  calorime- 
ter  and  the muon system.  There may be  some  difficulty  sep- 
arating muons  from  pions at low momenta, so it would be 
helpful if the  particle identification system could  provide  some 
p/n  separation below about 600 MeV/c.  Fortunately,  the low 
momentum  range is where  most  devices  under  consideration 
work best  and  this  complementarity is easily  achieved. The 
remaining three  particle  species  are all hadrons  and require 
a  device which can  distinguish  between  them  on  the  basis of 
mass.  In  general, the problem of T / K  separation is more dif- 
ficult than  that of ~ / p  or K / p  separation.  Protons  are also 
much  less frequently  produced in B meson  decays than  are 
pions and kaons. We will therefore  focus on 7r/K separation 
as the most important  criterion  for  particle ID performance. 

The momentum  distribution of pions  produced  in B de- 
cays at  an asymmetric  machine  with  beam  energies of 9 on 
3.1 GeV is shown in Fig. la;  the corresponding  distribution 
for kaons is shown in  Fig. lb.  

The  distributions  peak  toward low momenta;  the average 
value for pions is 0.56 GeV/c,  and for kaons it is 0.85 GeV/c. 
Eighty-six  percent of all  pions  have  momenta below 1.0 GeV/c; 
the corresponding  value for kaons is 70%. 
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Figure 1. The  momentum 
distribution for a. pions  and 
b. kaons  produced  in B meson 

Momentum. GeV/c decays for beam  energies of 9 
on 3.1 GeV. 

The  angular  distribution for pions is shown in Fig. 2; the 
angular  distribution for kaons is very similar. 
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The  distribution  is  asymmetric  and forward-peaked due 
to  the  asymmetry in the beam energies. In Fig. 3a the  mean 
momentum  as a function of cos 0 is shown  for pions; Fig. 3b 
shows the  same  thing for kaons. 

Figure 2. The  angular  distri- 
bution for pions produced in 
B meson  decays for beam  en- 
ergies of 9 on 3.1 Ge V. 
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Figure 3. The  mean  momen- 
tum distribution vs cos6 for a. 
pions and b. kaons  produced in 
B meson  decays. 
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In the forward  direction the mean  momentum increases; 
for cos 6' = 1 it  is  more than twice that for cos 6' = -1. 

From Figs. 2 and 3 we see that significantly  more parti- 
cles are produced  in the forward  direction,  with  significantly 
higher  momenta.  Therefore, particle  identification will gener- 
ally be  both more important  and more  difficult in this region. 
For TOF and dE/ds  systems the increased path  length for 
forward  tracks  relative to  central  tracks  results  in improved 
particle  identification  capability. This is especially important 
for the higher  momentum  tracks  in  this region. 

Increased path  length in the forward  direction does have 
the disadvantage of increased  particle  decays. Decays in flight 
will prevent even the very best system  from achieving  perfect 
particle  identification. The decay length  distributions pro- 
jected  onto the plane  perpendicular to  the  beam axis for pi- 
ons and kaons produced  in B meson decays at an  asymmetric 
machine  with  beam  energies of 9 on 3.1 GeV/c  are shown in 
Figs. 4a and  4b. 



Physics  Requirements for  Particle  Identification 41 1 

l o o o h  
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Decay Lenqth. crn in B meson decays. 

Since 7.8% of pions and 24.6% of kaons will decay  inside 
a radius of 80 cm, a particle  identification  device  located out- 
side  this  radius will misidentify a significant  fraction of kaons 
unless the kink  can be  reconstructed.  Since 63.5% of charged 
kaons decay into a muon, this will also  present  a  serious back- 
ground for the muon  identification  system. If we include an 
endcap  particle  identification  system  located at z=150 cm, 
the  fraction of decays is reduced to 6.7% for pions and 21.6% 
for kaons. Using dE/dx  information  from  the  drift  chamber 
has the  potential  advantage over TOF or Cerenkov devices 
of reducing the misidentification  probability  due to decays in 
flight,  although the precise level depends  on the details of the 
dE/dx algorithm  used. 

Next let us consider the specific example of separating 
B t 7r+7r- from B + K+T-.  These processes are  expected 
to  be  rare,  with  calculated  branching  ratios on the  order of 

to A measurement of B --+ 7r+7r- can be used 
to  extract Vub and, if the  other B is tagged,  to  measure C !  
violation, while B t K + w -  proceeds  through  a  penguin di- 
agram  and is sensitive to  the presence of heavy particles in 
the’loop.  These  are  important physics processes to measure, 
and  they  must  be  separated if the underlying physics is to  be 
understood. 
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For the  case of a two-body decay into 7rr+?r- the momen- 
tum  distribution of the pions is shown in Fig. 5, and  the 
average  momentum  as a function of cos 8 is shown in  Fig. 6. 

Figure 5. The momentum 
distribution  for  pions  from  the 
decay B -+ &x- ,  for beam 
energies of 9 on 3.1 GeV. 

Figure 6. The mean  momen- 
tum vs. cos fl for  pions  from the 
decay B -+ ?T+?T-, for beam 
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energies of 9 on 3.1. Ge  V. 

By comparison  with the  corresponding  distributions for 
generic B meson decays  (Figs. 1 and 3) we see that  the pions 
from  the  two-body decay  have much higher  momentum,  and 
they will therefore  pose a much bigger challenge to the  particle 
identification  system. 
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Let us first  consider  whether  these  two  processes  could be 
kinematically separated. For a resolution  on transverse mo- 
mentum given by a , , / ~ :  = 0.23, the reconstructed  invariant 
mass of the KT system  has CTM = 22 MeV/c2. If the K T  

final state is reconstructed  assuming the pion  mass  for both 
particles, the mean of the resulting  invariant  mass distribu- 
tion is 44 MeV below the nominal B meson mass  and  has 
VM = 24 MeV/c2; see Fig. 7.* 

Figure 7 .  The invariant mass 
distributions for a. B + * + x -  
and b. B - KT. The  latter 
was calculated assuming both 

It is clearly  difficult to  separate  these processes kinemat- particles were pions. 
ically. In principle  one could impose  a cut on the invari- 
ant mass  requiring M,, > 5.290 GeV/c2, for example, which 
would reject 99% of the K T  events while retaining 30% of the 
mr events. However, one loses  efficiency in a channel which 
is rare  to begin  with,  and  furthermore one is  forced to rely 
heavily on  Monte  Carlo  simulation of the tails of the invari- 
ant mass distribution. For these rare decays it is desirable 
to have a particle  identification  system  capable of performing 
K T  separation  for  momenta up to  about 4.5 GeV/c. For this 
purpose  it is likely that only  a Cerenkov ring-imaging system 
will  suffice. 

Finally,  let us consider the less stringent  case of R / I <  sep- 
aration for the purpose of  kaon tagging. This  technique,  in 
which the sign of the kaon  is  used to  tag whether  a B or a 
B decayed, is important as a  means of enhancing the  tagged 

t The mass resolution  can be improved by an  order of magnitude if 
one  boosts  back  to  the "f(4S) rest frame  and  uses  the  beam  energy 
constraint;  however, in order  to  perform  the  boost  one  must  know 
the  particle  masses. 
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sample for CP violation studies. The semi-leptonic decays 
are also useful for tagging, but  have a smaller total branching 
fraction. Also, cuts  must  be applied to reduce the contribu- 
tion  from  charmed  semi-leptonic decays. Kaon tagging relies 
on the fact that in the cascade b 4 c + s, a b quark will 
produce  a K S  and a 8 quark a I<-. There is some wrong-sign 
contamination  from  Cabibbo-suppressed decays, which can 
be reduced by rejecting  events with  extra K:’s  or multiple 
charged kaons.2 

To evaluate  these effects we have considered a simplified 
tagging scheme which requires one  charged kaon and no  ex- 
tra K:’s.* Only  those K:’s which decayed to  charged pi- 
ons were used as a veto. All particles were required to have 
I cos 1 9 1  < 0.95 and pt > 40 MeV/c. With  no decays and 100% 
particle ID, 38% of all  events were tagged,  with 94.0% of the 
tags being correct. If we turn on I< decays in flight, 31% of 
events are tagged with 91% being correct. The increased frac- 
tion of wrong-sign tags is due  to feed-down from events with 
multiple charged kaons. The effect of decays in flight is there- 
fore to reduce the tagging efficiency  by 18% while increasing 
the fraction of wrong-sign tags by 50%. 

Next we will include the effect of particle  identification. 
The  momentum  distribution for tagging kaons is shown in 
Fig. 8. It is slightly harder than  the  momentum  distribution 
for all kaons; the  mean is 0.92 GeV/c. 

We will consider three possible particle  identification sys- 
tems; TOF with a resolution of 75 psec; dE/da:  with  a res- 
olution of 7.5%; and a liquid CRID  with the performance 
described in Section 1.4 below. Each device is assumed to  be 
100% efficient for I cos 01 < 0.95.  An identified kaon must  be 
within 3a of the value expected for a kaon and  at least 20 
away from that expected for a pion. The resultant efficiencies 
for a tagging kaon are 90% for TOF, 57% for dE/dz,  and 99% 
for CRID. The dE/da: efficiency is low because the cross-over 
region between T ’ S  and 1 0 s  is around 1 GeV/c, where 7r/K 
separation is poor but  many tagging IPS are found. The 

* The B and D decays  were  simulated  using  the ASLUND decay 
table  described in SLAC-353 
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corresponding misidentification probability for x's is 0.3% for 
TOF, 0.9% for dE/ds and 0.04% for CRID. Given that  there 
are  approximately 6.3 x's per IC in a typical B decay, the 
additional fraction of wrong-sign tags  due to misidentified x's 
would be 2% for TOF, G.4% for dE/dz,  and 0.3% for CRID. 
(This  takes  into account the fact that events with two or more 
charged IC's are not  counted as tags.) Relaxing the particle 
ID  requirements would improve the efficiency, but  at  the cost 
of increasing wrong-sign tags  due to misidentified pions. 

In conclusion, particle identification efficiency must  be 
good in both  the medium  momentum  range, for efficiency in 
kaon tagging,  and  at  the high end of the  momentum range, to 
separate  rare two-body decays. A very good TOF system is 
adequate for the former but  totally  inadequate for the  latter. 
The hypothesized dE/ds  system  has a disappointing perfor- 
mance for both, because the w / K  crossover makes it inefficient 
for kaon tagging while the separation at high momenta is not 
very good. A CRID, which has the disadvantage of being the 
most  expensive and complex device to build, gives the  best 
performance  in  both cases. Other devices, such as  threshold 
counters, or better quality dE/dz ,  remain  to  be  evaluated  in 
this model. 
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3. TECHNOLOGICAL CHOICES FOR PARTICLE IDENTIFI- 
CATION 

T his  section briefly summarizes the basic  properties of the 
candidate technological choices available  for  particle  iden- 

tification at the B Factory. There  appear  to  be only three can- 
didates that could cover a fair  portion of the  momentum  range 
with good performance; (1) time-of-flight (TOF); (2) ioniza- 
tion loss in gaseous detectors (dE/dz  ); and (3) Cerenkov 
counters. Moreover, the choice of technology is constrained 
not  only by physics requirements, but by the machine envi- 
ronment and  the  properties of the remainder of the  detector. 
Thus, a number of properties of each technology, in addi- 
tion to specific performance,  must be considered,  including 
(1) mass; (2) size/space  requirements; (3) decay/interaction 
limits to performance; (4) performance at  high rates; (5) trig- 
gering  considerations; (6) coverage and  hermiticity; (7) con- 
struction  and  operating costs. 

The TOF technique is clearly useful and well understood 
at low momentum,  but above about 1.5 GeV/c requires ei- 
ther that the resolution  reach  unprecedented precision or that 
the flight path  (and  thus  the whole detector)  be  unaccept- 
ably  large.  Modest  quality dE/dz in a central  tracker suf- 
ficient to provide  good  hadronic separation in the l/p2 re- 
gion and  to  help  in low momentum e / r  discrimination is 
likely to exist  in any  modern  tracking device  essentially for 
“free.” However, high momentum R / K  separation  (above 
about 1.5 GeV/c) requires working in the  relativistic rise re- 
gion of the energy loss curves, and leads to a requirement 
for many samples (and  therefore a large  chamber),  and also 
suggests a heavier gas  (perhaps pressurized) than would be 
desired for the  best  tracking resolution. In  addition,  the exis- 
tence of a “cro~s-over’~ between the l /p2 and  relativistic rise 
regions requires that it must  be combined with another tech- 
nology (such  as TOF) if complete  momentum coverage is to 
be  attained. Such a combined system could  perform  the  par- 
ticle ID task  adequately  and does have a number of attractive 
features. The  central  chamber is  much larger  and  more mas- 
sive than a tracking  only device, but it does  “double  duty.” 
Track  matching is simple and  the device is very uniform ge- 
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ometrically. Moreover, the large  dip  angles (with  the highest 
momentum  tracks)  also  have the largest  sample  lengths  and 
thus  the  best resolution,  matching the requirements of the 
asymmetric  design. The particle ID in  such a device starts  at 
the smallest  possible  radius  and thus should be  the least  sen- 
sitive to misidentification due  to  particle decay. Finally, the 
separation  attainable  in  the  relativistic rise region is nearly 
independent of momentum  from 2 GeV/c  to well above the 
maximum  momentum  seen at  the B Factory. 

The  third  (and  leading) contender for hadronic  identifi- 
cation at  the B Factory is the Cerenkov technique. As will 
be discussed below, either  threshold or ring  imaging  tech- 
niques  could  provide adequate performance, in principle,  pro- 
vided that  the efficiency for Cerenkov photon  detection  can 
be made sufficiently  high. The  primary  conceptual  advan- 
tages over dE/dz are  that  the devices (1) are generally rather 
thin radially  (typically  around 20 cm), leading to a smaller 
overall detector size and less expensive  calorimetry; (2) are 
fully  modular  and  separable from the tracking, allowing the 
optimization of the tracking  independent of particle ID con- 
cerns; (3) have  excellent  nominal  separations  (especially for 
the ring  imaging  devices) over the  phase space of the B Fac- 
tory; (4) are  quite robust  against  degradation  in  performance, 
in contrast  to  the requirements  on dE/dz in the relativistic 
rise  region. Conversely, the Cerenkov devices are  probably 
even more  challenging to construct  and  operate,  may  add 
more  mass  in  front of the calorimeter,  and are  probably  more 
difficult to build  in a fully  hermetic  configuration. 

In the following subsections, the general  properties of each 
technology are discussed  in  somewhat  more  detail. The design 
realizations  for a B Factory are presented in the  subsequent 
sections. 
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3.1. The Time-of-Flight Technique 

The time-of-flight (TOF) technique is  well-known; this re- 
view  will therefore be brief.3 It has been extensively applied 
in earlier  experiments to identify low momentum  particles. In 
e+e- collider experiments, a typical system consists of a cylin- 
drical  bank of scintillators positioned so as to maximize the 
flight path, e.g., surrounding  the central  tracker just inside 
the calorimeter. The  time of passage of the particle  through 
these  counters stops a clock  which was started by the  beam 
crossing signal from  the machine giving the time-of-flight (T). 
Photomultiplier  tubes  are generally included on each end so 
as to give two independent measures of the  stop  time,  and 
a f i  improvement in resolution. The length (L) of the par- 
ticle’s trajectory  is calculated with high accuracy from mea- 
surements in the tracking chamber. The velocity (p )  of the 
particle  can  be calculated as f i  = L / c T .  

The TOF technique using scintillation  counters is simple, 
well-understood, and  robust.  The  problem for the B Factory 
is that it is not effective at sufficiently high momentum. The 
fractional  error on a particle of mass ( M )  and velocity p scales 

Figure 9. Maximum like 7’ ( L e .  like 1/(1 - p’)) for p x 1. Thus, for fixed time 
at r / K  resolution, the  path length required to  attain a given separa- 
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Figure 9 gives the  upper limit of the  momentum  range 
over which 3a x / K  separation is possible as a function of the 
radius of the TOF system. The  situation is  shown for the 
shortest  path  length particles in the usual solenoidal geome- 
try,  and assumes a 1.0 T field, although  the  path  lengths for 
fast particles  are nearly  independent of the field. Since the 
path  length L increases  approximately like 1/ cos dd,  where dd 
is the dip  angle,  an  asymmetric collider has a “natural”  path 
length  enhancement  in that  the highest momentum  particles 
which tend  to go forward  get the largest path lengths. On 
the  other  hand, a large  magnetic field  will cause the  softest 
particles to curl  and  be lost  from TOF identification. 

The best  resolutions which can  be  attained  with “con- 
ventional”  scintillation  counters  in a collider environment are 
optimistically  around a=100 P S . ~  This  limits  the n / K  separa- 
tion to momentum below 1.1 GeV/c for a TOF counter  with 
a 1 m radius. More typically, resolutions obtained in experi- 
ments  are  around 110 to 150 P S . ~  In  principle, other  techno- 
logical approaches to fast timing,  such as spark  gap  counters, 
can attain  substantially  better  res~lution.~ However, they  are 
difficult to work with,  and have  yet to be used successfully in 
a large 47r acceptance  detector. If a TOF scintillation  counter 
were  combined with d E / d x  in a tracking  chamber,  the  radius 
of the  counter would need to  be sufficient to cover the 7r/K 
crossover region in ionization loss which extends  from  about 
800 to 1600 MeV/c. This leads to  a minimum  radius  counter 
of about ’2 m,  assuming 100 ps  resolution.  Though  reasonably 
consistent with  the  radius needed for a  good dE/dz  device 
operating in the relativistic rise region, it leads to a large,  ex- 
pensive calorimeter,  and  the large path  lengths before TOF 
ID will lead to misidentification  problems for particles which 
decay. 

There  are a few other issues of B Factory TOF counter 
design which should  be briefly mentioned. First,  the resolu- 
tion obtainable in a scintillation TOF counter  depends  on the 
length of the  counter, mostly due to photon  absorption  inside 
the  scintillator. A typical effective absorption  length  is  about 
2 m, which limits the practical  counter  length to be  around 
4 to 5 m. With a device at a radius of 1.6 m, a 4 m long 
counter  could cover only down to 39’ in the  lab,  necessitat- 
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ing end cap  counters to cover the forward/backward regions. 
Second, the  variation in flight and collection time combined 
in a long counter is of order 15 to 20 ns. So when the design 
machine  bunch  spacing is of this  order or less, a simple,  single 
hit  indication of which bunch to associate  with the track is 
no longer available. Third,  the  start  time of the TOF system 
is determined  synchronously  by the  beam crossing, but  the 
event  can  occur at any  time  within  the colliding beam over- 
lap  time.  Thus,  the  longitudinal size of the B Factory  beams 
provides a “hard” limit to  the resolution  attainable in the sys- 
tem. For example, if each beam is 1 cm  long, the contribution 
to  the resolution  from the  start  time  alone is about 50 ps. In 
principle, this resolution  could be improved  stochastically by 
averaging over the  tracks in the event.  Fourth, a TOF counter 
system is massive,  placing about 15% of a radiation  length of 
material in front of the calorimeter.  On the other  hand,  the 
good  pulse height resolution  necessary to  attain  the best  tim- 
ing resolution also makes it possible to  measure  the energy 
deposited, so the low energy  performance of the calorimeter 
should  not be significantly  affected. 

3.2. The d E / d x  Technique 

In recent  years,  many of the large-scale detectors which 
have been built  have  incorporated a measurement of particle 
energy loss ( d E / d x )  in a gas as a central element of their 
design. The acronyms of some of the  detectors  that have suc- 
cesfully implemented this  technique  are TPC, EPI, JADE, 
CLEO, ARGUS, OPAL, ALEPH, DELPHI, and MARK 11; 
and  this list is far  from exha~s t ive .~   The  energy loss of a par- 
ticle  in a gas is a function of the  properties of the gas and the 
velocity of the  particle,  as shown in Figure 10. It is conven- 
tional to divide this curve into a low velocity region (the 1/p2 
region; the minimum  ionizing region (around (ln(,@) = 1); 
the relativistic rise region; and  the  relativistic  plateau at  high 
velocity. Since the curve of energy loss versus velocity for a 
particular  gas  depends only  on particle velocity and  gas com- 
position, when coupled  with a momentum  measurement in 
the  magnet, it determines  particle  mass. 
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Figure 10. Mart probable 
energy loss (dE/dx ) versus 

0. e 4. 6. 8. 10. In(p7) for several different gas 
mixtures at 1 a h .  pressure 
and 21° c. 
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The identification is not always unique. There  are ambi- 
guities in the so called “cross-over” regions, where two par- 
ticles of different mass but  the  same  momentum  produce  an 
equal energy loss (see e .g . ,  Figure 12 below). In these re- 
gions, another  method of particle  identification is required. 
As mentioned above, a major  advantage of using dE/da: for 
particle identification is that  the  detector  that measures the 
energy loss can simultaneously  measure the track of the parti- 
cle, saving space and greatly reducing confusion in associating 
the energy loss measurements  with  tracks. 

To achieve good hadron-hadron identification in the rela- 
tivistic rise region, the device must be very large (2 150 cm); 
have many samples; operate  at high gas pressure; or, most 
likely, all of the above. There is no “magic gas” choice which 
can  alter  these basic requirements. This can be shown  either 
empirically,’ or using a Monte  Carlo ca lc~la t ion ,~  or using 
a phenomenological calculation.” This  results  from  the fact 
that any single energy Ioss measurement on a thin gaseous 
sample has  large  Landau  fluctuations, and  at  the  same  time 
different particles  do  not yield  very different energy losses, 
with the exception of the nonrelativistic region. Examples of 
experiments with good dE/dz performance  are TPC, ALEPH, 
and OPAL, and they provide some examples of different op- 
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timizations. TPC has  183 4 mm samples over a path  length 
of 73 cm at a gas  pressure of 8.5 atm.;  ALEPH  has 340 4 mm 
samples over a path  length of 136 cm at a gas  pressure of 
1 atm.;  and OPAL has 120 1.3 cm samples over a path length 
of 160 cm at  a gas pressure of 4.0 atm. 

However, dE/da: measurement  can  still be useful for  smaller 
devices, only1 m long,  with 60-100 samples operating at 1 atm. 
In this domain  one  can  perform  hadron-electron  identification 
into  the few GeV/c range,  and  hadron-hadron  identification  in 
the nonrelativistic region (below - 1 GeV/c). If the nonrela- 
tivistic region is the only region of interest,  it is advantageous 
either  to use  heavy gases such as propane or DME, or to  in- 
crease the gas pressure,  in  order to improve the resolution. 
In the  relativistic region, this  trick is not as effective because 
one  also  reduces the  relative height of the  relativistic  plateau 
with  respect to  the minimum  energy loss, thus  negating much 
of the  advantage gained  from  smaller  resolution. An example 
of a detector  optimized  for the  the lower velocity  region is 
ARGUS, which uses propane  gas. 

In understanding  the  relationship of parameter choices 
made in various  designs, it is helpful to use the following ap- 
proximate  empirical  scaling  relationships"  for the resolution 
on dE/dx: 

dE/dx Resolution - (Pressure) -0.32 

- (Sample  Thickness) - (Total Number of Samples) 

-0.32 

-0.43 

The dependence of the resolution  on  gas  composition  can be 
expressed  approximately by the following formula (see the 
notes following the  table below for definitions of variables): 

dE/dx Resolution - (s) -0*32 

In the relativistic  region, the size of the  relativistic  plateau 
can be affected by both  the gas  pressure  and the gas density. 
Figure 10  shows that  the denser  gases  have a smaller rela- 
tivistic  plateau.  Similarly, the pressure  dependence of the 
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relativistic  rise  can  be  parametrized  approximately as follows 
(see the notes following the  table below for definitions of the 
variables): 

Relativistic  Rise (Emaz/Emin) - 1.6 X ( P r e s s ~ r e ) - ~ * * ~  
The incorporation of dE/dz measurement  in a chamber 

requires that a  number of tight  constraints on the tracking 
device  design be enforced.  Although  these are now generally 
understood,  they should  not  be  underestimated. Usually they 
degrade the dE/dz performance achieved in practice.  There- 
fore,  one should  assume that a “minimal dE/dz system”  must 
be  designed  with at least 4a of theoretical  particle  separation. 
A few areas of concern follow: 

1. All mechanical  tolerances  must  be  carefully  controlled 
and  their  stability ensured. 

2. The high voltage power supply  must  be  kept  stable. 
3. The  total gas  gain  should be limited to N 5 X lo4 if a 

jet cell with  charge division is used,  and  preferably to a 
much lower value in a TPC.  This is necessary to reduce 
the track  angle  dependent  corrections due  to  the wire 
gain  saturation effects. 

4. Wire-to-wire  cross-talk  in jet cells should be compen- 
sated by hardware. 

5.  Pulse digitization  techniques ( e.g., flash-ADC’s)  should 
be used to resolve close tracks in the  jet cells. For this 
reason, a chamber design with  small cells may be easier 
to use. 

6. A number of background  problems and associated  space 
charge  effects, efficiency gating,  etc., can distort a track 
and possibly affect the dE/dz sampling. 

7. A dE/dz measurement  must  deal  with  many  correc- 
tions, e.g.,  because of the gain  variation due  to  tem- 
perature,  barometric pressure,  and gas composition; or 
other effects due  to wire staggering,  electrostatic  and 
gravitational deflections,  space  charge effects, etc. 

8. Many  details of the electronic design can also affect the 
performance. Due consideration  must be give to elec- 
tronic noise,  stability,  base  line  shifts, cross talk, dy- 
namic  range,  chamber  termination,  etc. 
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B Factory Design 
From a tracking and calorimetric  perspective, the opti- 

mized tracking device for a B Factory  should be  modest in 
size and low in density. Here, we will consider the dE/da:  
performance of such a  chamber  with 60 (1  cm)  samples  oper- 
ating  at 1 atm. pressure. The performance of helium-based 
gases will be compared with the performance of heavy gases 
like propane or DME. The calculations are done using the 
phenomenological method." A similar method was used in 
the low momentum regime for the Tau-Charm Workshop." 
Here, we extend  the results up  to 6 GeV/c. 

Table 1 shows a brief summary of parameters for a vari- 
ety of gases, including their expected dE/dz  resolution for a 
single 1 cm  sample, and  the size of the relativistic  plateau as 
calculated using the phenomenological method." The dE/dz  

Table 1. parameters of value corresponds to  the most  probable energy loss. The res- 
various which are  relevant to olution is scaled to one  sample  after performing  a "truncated 
d E l d x  measurements. mean"  operation in which about 40-50% of the highest  sam- 

ples are  thrown  out  to get rid of the  Landau  tail. 

GW e I (e.) p(at 21OC and 1 atm.) at 
F W H M ( E - I )  

E 

(g/cm3) 

C3H8 

0.83 1.43  0.93 50.0 5.76 X 1 0 - ~  78% He+15% c o 2 + 7 %  C4H10 

0.94  1.47 0.64  43.8 3 . 3 9  X 1 0 - ~  90% He + 10% DME 

0.59 1.35  2.74  59.8 1.89 X 1 0 - ~  DME 

0.84 1.54  0.89  129.1 1.46 X 1 0 - ~  50% Ar + 50%  C2H6 

0.96 1.67  0.58  191.2 1.57 X 1 0 - ~  90% AI + 10% CH4 

0.55 1.30  3.39  50.3 1.88 X 1 0 - ~  

93.8%  He+6.2%C3H8 [13] 2.73 X 1 0 - ~  42.5  0.53  1.48 0.99 

~~~~ ~~ 

EmaJEmin = e is the  ratio of the relativistic  plateau 
to  the  minimum energy loss; FWHM(I3-l) is the full width 
at half maximum of the resolution for a single 1 cm sample 
divided by the most probable energy loss; I is the  mean ioniza- 
tion  potential of the gas mixture; p is the gas  density;  t is the 
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sample  thickness (1 cm);  and  at=0.153 (ZIA) pt (- MeV ) . 
Figure 11 shows the predicted  performance of this  system 

for r/K separation in the 1/p2 region as a function of different 
gases. Dense gases clearly perform better. Above 1 GeV/c, 
r/K separation is hopeless for such a small dE/da: system 
with  any  gas.  Perhaps  there is some modest, ~ / p  separation, 
as can be seen in  Figure 12. 

dVdx pH( I f (OBI) 
1 cm/sample. 60 umpkr.  1 otm, 21 6.0 C 

Figure 11. Predicted 
7r/K separation in the l/p2 

,ow. ,*. region  for a variety ofgases in a 
Momentum F(w/c] ''small" tracking  chamber  (see 

text).' 

0. 200. 400. m. boo. 

However, as shown in  Figure 13, hadron-electron identifi- 
cation is quite  satisfactory over the  entire  momentum region 
(except for the cross-over regions), even with a relatively  small 
dE/dx system. 

One may ask how to change the tracking design in a min- 
imal way so that  the dE/dx system is capable of doing r/K 
particle  identification  above 2 GeV/c.  There is no  unique 
prescription for such a chamber,  but it  must  have the general 
features discussed above. Here, we consider a device with 200 
samples  each 1 cm long,  running at 2 atm. with  helium-based 
gas. Figures 14 and 15 show the results. 

Clearly, while hadron-electron, ~ / p  and T / K  separations 
are  acceptable, p / K  separation in the region above 2 GeV/c 
is not.  The cross-over regions are very large  and difficult to 
cover with  other techniques. Moveover, such a large device 
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Figure 12. Predicted 
hadron-hadron separation per- 
formance as a function of mo- 
mentum  for a ‘‘small” tracking 
chamber (see text). 

Figure 13. Predicted 
hadron-elec  tron separation per- 
formance as a function of me 
mentum  for a “small”  tracking 
chamber (see text). 

would increase substantially  the size (and  the  cost) of the 
calorimetry, and the increased mass in  the  pressure vessel 
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walls would decrease the low momentum  tracking  resolution 
and  the low energy  photon  detection efficiency and resolution. 

Figure 14. Pre- 
dicted hadron-electron  separa- 
tion  performance as a  function 
of momentum  for  a 200 cm 
B Factory  chamber  design  (see 
text). 

Figure 15. Predicted 
hadron-hadron  separation  per- 
formance as a  function of mo- 
mentum  for  a 200 cm B Fac- 
tory  chamber  design (see text). 
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3.3. The Cerenkov Technique 

Introduction 

The detection of Cerenkov radiation  has  been  an invalu- 
able  tool for measurement of charged  particle velocity since 
its first quantitative  measurements in 1934 by  Cerenkov and 
subsequent  theoretical  explanation by Tamm  and  Frank in 
1937. When  combined with a momentum  measurement of 
the charged  track  in a magnetic field, excellent particle iden- 
tification  discrimination is achievable. In  this section we first 
briefly discuss the  theory of Cerenkov radiation  and collect to- 
gether  some  equations  relevant  for  detector  design. The vari- 
ous choices and  options  available to  the Cerenkov designer are 
then discussed and technologies relevant to B Factory designs 
are considered. A number of excellent reviews cover most of 
this  material  in detai1.12113 

Some  Cerenkov  Theory 

The passage of a charged particle of velocity 2) = p, 
through a dielectric  medium of refractive  index n will induce 
transient dipoles within the  atoms of the medium.  When  the 
particle velocity is greater  than  the velocity of light in the 
medium,  the  radiation  emitted  from  these dipoles adds co- 
herently to give a detectable signal. The Cerenkov radiation 
is confined to a cone of angle 28, about the particle  direction, 
where the cone angle is given by, 

The emission angle is random in the  azimuthal  direction. As 
cos 0, can never be  greater  than  one, Cerenkov radiation can 
only  be emitted if 

1 
n P > -  

The Cerenkov radiation  has  an  energy  dependence ( E )  and 
is detectable between two energies (EL, and E H ) .  It can  be 
shown that  the number of observed photons N D  per  unit  ra- 
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diator  length (L) is given by 

where 2 is the charge of the particle; the energy unit is  elec- 
tron volts; and  the  length  unit is centimeters  (cm).  The effi- 
ciency factor €(E)  parametrizes  the overall  detection efficiency 
and  may  include losses due  to window and  radiator  transmis- 
sions, reflection at surfaces, photocathode efficiencies of the 
detector, etc. The  integration  bandwidth is essentially  the 
range over which E is finite and @n( E )  > 1. 

Under the approximation that  the medium is nondisper- 
sive, it is conventional to clump the efficiency factor  with  the 
numerical  constant to form a new constant No given by 

Thus, for a charged  particle of unit  charge  the  number of 
detectable  photons is 

No is the figure of merit for a  detector  and allows detector 
performances to  be  compared  independently of the  radiator 
length and refractive  index.  Typical NO’S for  useful detectors 
range  from 30 to 200 cm-’. For example,  a  photomultiplier 
tube  operating  in  the visible ( E t  = 2 eV, EH = 3.2 e V )  
with  an  average efficiency of 13% would yield an No of N 
60 cm-l. Assuming a 1 cm thick radiator of index 1.27 this 
would correspond to  about 30 photons for a p = 1 particle. 
Photoionization gas detectors  operating in the UV achieve 
comparable or larger values. 

In practice,  the  available  radiator  media  are all  dispersive. 
This  chromatic  distortion  smears  the emission angle of the 
photons as a function of energy  and becomes a significant 
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effect for imaging Cerenkov counters  operating  in  the  near 
vacuum  ultraviolet region. For energies  beyond the vacuum 
ultra violet, n(E)  becomes  less than  one  and  no Cerenkov 
photons  are  produced. 

Cerenkov Counter Type 
The information  from Cerenkov radiation  can  be utilized 

in two distinct ways. This  has given rise to two different types 
of counters. The first type, called a threshold  counter, is de- 
signed to measure  the light emitted by charged  tracks  with p 
above  threshold  as given by Eq. (1.2). In  its simplest  form, 
it provides a binary flag as to whether the track velocity is 
above or below the threshold.  In  most  modern  counters,  the 
number of Cerenkov photons is also measured  approximately, 
allowing the  separation  range  to  be  extended in momentum 
somewhat  above the threshold for the heavier  particle. The 
threshold  counter is simple, and can be designed to cover large 
acceptance. To provide useful information  for  complex  events, 
the  detector  must  be  split  into many cells  whose size is de- 
termined by the typical track  separation. A counter  with  one 
radiator  can usually  only  distinguish  between  two  particle hy- 
pothesis over a rather  limited  momentum  range.  Additional 
counters  containing  radiators  with different indexes of refrac- 
tion  can  be used to  extend coverage and  distinguish  between 
more  than two particle  types. 

The second type of device, called a focusing  counter, not 
only  counts the  number of Cerenkov photons,  but also mea- 
sures  their emission angle. Before the  advent of position- 
sensitive photodetectors, such  counters were built so that light 
was detected  only when emitted  within a particular narrow 
angular  range.  These devices, called differential  counters, 
have very small  acceptance  in  both  angle  and  momentum 
space,  and are of no  interest in a B Factory  secondary  particle 
detector.  They were used instead  to  identify  particles in high 
momentum  beamlines. 

The development of the gaseous photocathode coupled to 
a position-sensitive gas detector'* has  made  the ring  imag- 
ing focusing detector of the RICH (or CRID) type possible. 
In  these  detectors,  both  the  number of photons  and  their 
emission angles are measured. These devices have very large 
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acceptance  in  both  angle  and  momentum,  and excellent per- 
formance for closely spaced  tracks. The effective resolution 
of an  imaging  counter in the region well above  threshold is 
greatly  superior to a threshold device as given  by the deriva- 
tive of Eq. ( l . l) ,  

Sp(1maging) = - = tan Bc - - - (1.6) 0 6  

P f i '  
where Sp is the percentage  error  on P,  up is the error  on P, 
and ag is the measured  angular  error  on each detected pho- 
ton.  This may be  compared  with  the resolution of a threshold 
counter as calculated  from Eq. (1.5) 

up tan2 e, 
Sp(Thresho1d) = - = - P 2 d R '  

Thus,  the resolution of the imaging  counter 
that of the threshold  counter by a factor R; 

(1.7) 

is better  than 

The precise values of R depend  on a number of factors, 
including radiator,  detector resolution and geometry, parti- 
cle momentum,  etc. In principle, for an optimized  gaseous 
detector it can exceed 250.13 More typically, in  an  existing 
detector,  the SLD CRID, R = 140 for the liquid radiator  and 
40 for the gas.15 Thus,  the  separation in an imaging  counter of 
the SLD type between a light and heavy particle  extends over 
a momentum  range  from  just above the high particle  thresh- 
old to over five times  the threshold momentum of the heavy 
particle. In contrast,  the momentum region of reasonable 
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of a liquid CRlD compared to 
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separation in a threshold  counter  extends from - 20% above 
the light particle  threshold to - 20% above the heavy parti- 
cle threshold.  Figure 16 compares the separation  expected for 
the liquid imaging counter (CRID) described in the following 
section with a threshold  counter filling the  same space. The 
index of refraction n for the threshold  counter is  chosen to 
be n = 1.008 so that  the counter is optimized for 7 r / K  sep- 
aration in the high momentum regime (1-4.5 GeV/c) at the 
B Factory. No is taken to be 60 cm-l and L is 15 cm. The 
number of detected photons is then 14, which is essentially 
the  same as the  standard CRID at 64'. The separation of a 
threshold device is very asymmetric-it depends  on  whether 
the  true particle is below or above threshold-so that trans- 
lating  separation  into  the equivalent Gaussian  sigma (a) ap- 
propriate for the CRID is not well-defined. The shaded  band 
in Figure 16  gives a spread which encompasses two different 
definitions; the highest is based  on a likelihood test  statistic 
and  the lower on the number of standard derivations a true 
7r is separated  from  the I< hypothesis. 
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Clearly, either device can give adequate 7 r / K  separation 
for the higher momentum region at a B Factory, provided that 
the  segmentation of the  threshold  counter is sufficient. How- 
ever,  the CRID also has excellent performance  in the region 
below 1.0 GeV;  can identify protons over the whole region; 
and e’s and p’s at lower momentum  as well. 

Photodetectors 
The development of the vacuum photomultiplier tube in 

the 1940’s led to practical  threshold Cerenkov counters by 
providing efficient (- 20%) detectors of single photons  in the 
visible region. More recent tubes have bialkali cathodes,  and 
special window materials, giving bandwidths  into  the vac- 
uum  ultraviolet  and higher peak efficiency. Phototubes  can 
be very fast devices, so that non-event  associated  background 
is not  usually a problem. On  the  other  hand, conventional 
tubes have  no  position  resolution  (except the  tube  aperture) 
and  they  are very sensitive to magnetic fields. More recently, 
tubes have  been developed which perform rather well in fields 
up  to 1 Tesla provided that  the  tube is oriented  properly  in 
the field. 

Solid state  photodetectors have also become  available re- 
cently. Typically, their efficiency  is quite high (> 25%) at 
longer wavelengths but  cuts off in the UV below about 320 nm. 
Perhaps  the  most promising device for single photon  detection 
is the avalanche  diode,  described below. At  room  tempera- 
ture,  their noise ratio is high. Operation for single photon 
detection  requires low temperatures  and/or coincidence tech- 
niques. The sensitive area of these devices is also very small 
(- 0.1 mm2)  and expensive per  unit  area covered. Somewhat 
larger devices may  become  available soon but flux concentra- 
tion  techniques are necessary if a large area  counter is to  be 
covered with such a photon  detector. 

The development of gaseous photocathodes  contained 
within  conventional time  projection or multiwire  chambers 
has  enabled  the inexpensive instrumentation of large areas 
with  fine  position  resolution (- 1 mm),  and  made  the ring 
imaging  Cerenkov  counter a reality. A number of high effi- 
ciency gases are known,  but  only  those operating at the lowest 
photon energy  [triethylamine (TEA), and  tetrakis-dimethyl- 
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amino-ethyline (TMAE)] are commonly used. Of these two, 
TMAE is the more widely used  since it  has significant ef- 
ficiency (- 40%) for photon energies below - 7.5 eV and 
can  therefore  be used with  quartz windows. TEA requires 
operation in the far vacuum  ultraviolet which makes finding 
appropriate  radiators difficult and  demands that expensive 
materials, such as CaF, and MgF2, be  used  for windows. 

TMAE is a truly  nasty gas. Not only  does it  react very 
strongly with air,  but  it also attacks common  construction 
materials;  and  the  reaction  products  are  quite  damaging  to 
the  chamber.  Thus,  the  detector  materials  must  be carefully 
chosen and  the  host gas must be kept very pure. TMAE 
has a relatively long absorption  length (- 2.5 cm) at room 
temperature,  and  the  detector will therefore be  rather thick 
and slow unless operated at high temperature. Conversely, 
room  temperature TEA detectors  can be  quite  thin since the 
absorption  length is very short (0.6 mm). 

Research aimed at finding suitable  candidates for  position- 
sensitive gas-filled detectors  continue^.'^$^^ Encouraging re- 
sults have  recently been obtained with a CsI  cathode  with  an 
adsorbed TMAE layer. This  cathode  has efficiencies  which 
exceed that of TMAE gas (> 40% below 7.0 eV) and  appears 
to be  stable  and  robust.  This work  is discussed in more detail 
below. 

Radiator Medium 

The  radiator  medium  must conform to a number of crite- 
ria. It should  have the correct  refractive  index for optimum 
particle  identification separation; have low chromatic  disper- 
sion, to reduce the contribution of the  chromatic  error  to  the 
smearing of the emission angle and  the  threshold  momentum; 
have high photon  transmimion over the  detector  bandwidth; 
have good radiation  resistance so that the transmission does 
not  deteriorate significantly on  exposure to  the few kilorad 
dose expected  during  the lifetime of the  experiment; have 
negligible scintillation  light  compared to the Cerenkov light 
emission; have  small  radiation  length, to reduce the proba- 
bility of photon conversions in the  detector;  and should be 
mechanically and chemically robust. 
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The choices available  in  practice are heavily constrained. 
Room temperature gases  have  indices  ranging  from 1.000035 
(He) to - 1.0018 (e.g., CsFlo at 30'). The gas pressure  can 
be varied to give somewhat  higher  indices  but a pressure ves- 
sel is then required. The lowest index  liquids (e.g., C6F14) 

candidates have an index of - 1.27, and  transmit  to  photon 
energies of - 7.0 with  modest  chromatic  dispersion. The in- 
dexes of refraction for solids in the visible  range  from  1.32 
(NaF) to about 6.0. Of the solids, the alkali  halides (e.g., 
NaF, LiF, CaF) have the best  combination of UV transmit- 
tance, low indexes, low dispersion, and  ease of handling for 
use in  imaging  counters; but  they  are generally quite  expen- 
sive. In  any  case,  the best  performing  proximity  counters 
in  the B Factory  environment use liquid radiators primarily 
because the index of refraction and  chromatic  dispersion  are 
less. In the limit of no  dispersion,  it  can be shown that  the 
measurement error on the velocity (p )  scales  with the index 
of refraction (n )  as 

Thus,  ,for a fixed length  radiator (L) and  constant  quality 
factor (No), the resolution scales with n, so that  the resolution 
for a liquid  counter  with n = 1.28 (.C6F14) exceeds that of a 
solid counter  with n = 1.5  (NaF  at 8 eV) by - 15%. 

Indices of refraction between the high  index  gases at - 1.0018 and  the low index  liquids at - 1.27 are  quite difficult 
to  attain. Unfortunately, the indices needed for a B Factory 
threshold  counter  fall in this range as shown in  Table 2. 
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Table 2. Threshold  momenta 
for ?r ’s, K Is and p ’s for several 
indices  of  refraction. 

I I Threshold  Momentum I 
n P K lr 

1.006 1.27 
1.10  1.008 

8.55 4.50 

3.81 2.00 0.57 1.03 
4.7 2.46  0.69 1.02 
6.62  3.48 0.98 1.01 
7.40 3.89 

One approach to reaching these indices is to use  pressur- 
ized gas  counters; the  other is to use a “blown” Si02 ma- 
terial called aerogel. New developments now allow aerogels 
to be  manufactured  with indices ranging between 1.0008 and 
1.126 at 637.8 nm. The  transmittance is thought to be high 
but Rayleigh scattering  leads  to a very short  bulk  scattering 
length  and consequent randomization of the Cerenkov  angle. 
Thus,  these  radiators  are  not useful for ring  imaging devices. 
However, if light collection can be  made efficient, they  might 
be very useful in a threshold  counter  optimized  for the B Fac- 
tory. The design of such a device is discussed in more  detail 
below. 

4. THE CRID-A REFERENCE  DESIGN 

A s discussed in the preceding  section,  ring  imaging  Ceren- 
kov technology promises superior  particle  identification 

perf~rmance.’~ Two different approaches to this technology 
are now under  study-the long drift  device (CRID or RICH)l51l8 
and  the Fast RICH.” Though  they  use  similar principles to 
produce  and focus the Cerenkov image, they differ in their  ap- 
proach to the problem of readout. Several  long  drift devices 
have now been constructed  and  the  body of operation expe- 
rience is becoming quite  substantial.  The  Fast  RICH tech- 
nology is now  in the  prototype  stage,  and  there is an  active 
R&D program in place to investigate  the  problems associated 
with  constructing a full scale  system. 

In this  section, we describe a candidate ring  imaging de- 
vice based on the long drift, Cerenkov Ring  Imaging  Detector 
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(CRID) now being  built for the SLD.15 It is representative of 
the kind of particle  separation  performance  that can be at- 
tained  with a ring  imaging  counter, and  thus can be consid- 
ered as a reference study for imaging  counters.  Large  imaging 
counters  have  operated  in  experiments for several  years, and 
even though  no  large scale 4n acceptance devices are now in 
full  operation, two rather similar  ring imaging Cerenkov de- 
tectors  are now commissioning; (the CRID for SLD and  the 
RICH for DELPHI18) their  performance  in  prototypes is  well- 

and within about a year,  their  operation  in 
the colliding beam  environment  should  be understood; so that 
it will soon be clear if the promise will be  met in practice. 

The concern is that  the long drift technology may not 
translate easily into  the high rate environment of the B Fac- 
tory. This issue will be partially  addressed  in the following 
sections, but  not all  facets are fully solved, and  further R&D 
is required in some cases to prove that suggested  solutions 
are really  viable, or perhaps  to develop a more  robust  ap- 
proach. A CRID is a rather complex device; it  contains a 
significant amount of material which unavoidably affects the 
performance of the  electromagnetic calorimetry. A few sug- 
gestions for improvement are offered, but  large improvements 
will require  major changes to  the technology, such  as the  Fast 
RICH. 

A schematic design for a CRID, a discussion of its  per- 
formance  and  mass,  and a brief discussion of costs are given 
below. For this exercise, we will make use of existing  tech- 
niques developed for the SLD to  the maximum extent possi- 
ble. Changes  in  some of these  features  that might be desirable 
in  a  real  device will be discussed as  appropriate. 
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Figure 17. a. The CRID 
principle for a  liquid  radiator 
device; b. sue and thickness of 
a  ring  image  produced at 90’ 
in a liquid radiator; c. photon 
detector  schematic. 
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Principle of CRID Operation 
As shown  in Figure 17, when a charged  particle passes 

perpendicularly though a thin liquid radiator,  it produces a 
cone of light whose angle  depends  on  the  particle velocity and 
the index of refraction of the liquid. If this  Cerenkov light is 
allowed to  propagate some  distance before hitting  the  photon 
detector,  it will form  an image which is said to  be “proxim- 
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ity focused”  on the detector. For our geometry,  using  liquid 
CGF14 with  an  index of refraction n = 1.277, the proxim- 
ity focused  circle  for  a  relativistic (/3 = 1) particle is around 
17 cm  radius.  There  are typically around 25 photoelectrons 
produced for tracks which cross the liquid radiator  near  the 
normal,  but some  photons  are  lost by total  internal reflec- 
tion for angles exceeding N 13’ so that, more  typically, there 
are  around 14 photoelectrons  observed. The Cerenkov pho- 
tons  from the charged  particle of interest  pass  through  quartz 
windows in the liquid radiator celI and  the  detector box, and 
are converted by photo-ionization of gaseous TMAE  (Tetrakis 
Dimethyl Amino Ethylene), which has a very high quantum 
efficiency in  the  range 170 to 220 nm. The photoelectrons 
drift at constant velocity in a uniform  electric field along the 
box  until  they  arrive at a proportional wire detector. The 
position of the photoelectron conversion must  be measured in 
three-space. Two coordinates come from the drift  time of the 
electrons  and  the wire address of the hit wire, while charge 
division on the proportional wires determines the conversion 
depth in the box. 

Geometry 

Conceptually, a CRID would sit  just  outside  the  central 
tracker,  in  front of a TOF (if any)  and  the  calorimeter  as 
indicated in Figure 18a. The barrel CRID can start at any 
radius (or at any z distance for an end cap device) deter- 
mined  only by the outer dimensions of the tracker. However, 
the thickness of the device is essentially “fixed” at around 
20 cm. That is, the performance of a thinner device will be 
compromised. An end  cap  can  be  re-entrant to make an  ap- 
proximately  hermetic device in  polar  angle. However, cracks 
between the liquid radiator boxes will lead to  approximately 
1-3% acceptance loss in  azimuth. 
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A cross section of the CRID is shown in Figure  18b. Start- 
ing from the inside, a particle first passes through  an  inner 
wall  which  in this design is a 7mm HEXCELL cylinder with 
aluminum  skins.  It  then passes through the 4 mm thick G-10 
back of the liquid radiator tray, through 1 cm of CsF14, and 
out  through the 4 mm thick quartz window of the liquid radia- 
tor  tray  into a 13  cm  drift region  filled with a UV transmitting 
gas with good HV properties (such as a light fluoro-carbon). 
It  then passes through a 3 mm  quartz window into the 4.4 cm 
photon conversion region of the drift box (containing C2Hs 
plus TMAE),  through  the 3 mm back wall of the drift  box, 
and finally through  about 7 mm of epoxy equivalent in a HV 
degrader of the  ALEPH/DELPHI 
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Table 3 summarizes  the  properties  and  parameters of the 
proposed B Factory Cerenkov Ring  Imaging Device. 

r SUMMARY OF CRID PARAMETERS 

1. Solid  Angle  Coverage (reentrant design) 

2. Angular Coverage (Barrel) 

3. Angular Coverage (End Cap) 

4. Radiator Material 

5. Index of Refraction (at 6.5 eV) 

6.  Window Material 

7. Photocathode Material 

8. Focusing Method 

9. Proximity Gap 

10. Cerenkov  Angle  (for p = 1) 
11. Radius of brenkov ring (for p = 1) 
12. Cerenkov Quality Factor No 
13. Number of Photoelectrons (for p 1) 
14. Momentum Threshold (for five Photoelectrons at 90') 

e (cut off by p t )  

P 
x 

K 
P 

15. Particle Separation Range at 64' (30 Level) 

e / x  

P / X  

7r/ I< 
W P  

Performance 

92% 

37'-90' 

18°-370 

C6F14 (1 Cm) 

1.277 

Quartz 

TMAE  Gas at 20'C 

Proximity 

13 cm 

672 mr 

17 cm 

65 

25 (at 90') 

-1 MeV/c 

0.17 GeV/c 

0.23 GeV/c 

0.8 GeV/c 

1.5 GeV/c 

0.2 to 1.200 GeV/c 

0.2 to 0.8 GeV/c 

0.23 to 4.1 GeV/c 

0.8 to  6.9 GeV/c 

Table 3. Summary of CRlD 

The  particle  separation  capabilities of the CRID depend 
primarily  on  the precision  with which the Cerenkov  angle 
is measured, which in turn,  depends on the  angular preci- 
sion of each  photoelectron  measurement  and  the  number of 

parameters. 
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photoelectrons  detected. A detailed  discussion of the various 
sources of measurement  error and  photoelectron  production 
rates is given elsewhere. 15,23 

In general, the number of photons is largest for particles 
that  hit  the  radiator  at  normal incidence. For angles of inci- 
dence  greater  than x 1 3 O ,  some photons  get  cut off by total 
internal reflection in the  radiator.  This  photon loss is  par- 
tially  compensated by the increasing path  length  the  particle 
travels in the  radiator, so that  the typical  number is M 60% of 
the maximum. The number of photoelectrons Np.e. observed 
in the detector for a particle  traveling at normal  incidence is 

Np.e. = NoL sin2 8, 

where No is the Cerenkov quality  factor  (about 65 cm-') for a 
C6F14 radiator  and a TMAE photocathode, BC is the Cerenkov 
angle, and L in the length the particle  travels  in  the  radiator. 
For the configuration  under  discussion, N p . e .  = 25 at  normal 
incidence. 

The  important  contributions to  the  total  error  are; (a) ge- 
ometrical  error, which is dominated by the relative  depth of 
the  radiator  and  the proximity drift space; (b)  detector mea- 
surement  error, which includes  diffusion,  measurement  gran- 
ularity,  and  nonuniformities  in  electron  drift  in the  detector; 
(c)  multiple  scattering  error  in  projecting the track  measured 
in the central  tracking  chamber  out  to the CRID;  (d) momen- 
tum smearing  error due  to  the  bending of the particle in the 
radiator; and (e) chromatic  aberration  error  in  the  radiating 
liquid. 

The  contributions  from various sources as a  function of 
momentum at a track  angle of 64' are shown in the Table 4. 



- 
- 
P 

- 
0.5 

1 .o 
1.5 

2.0 

3.0 

4.0 

5 .O - 

The CRID-A Reference Design 

I Angular  Resolution  per  photoelectron  (mrad) I 
~~ ~~ 

Oc(;lr) Detector Geometry Npe 
W a d )  Measurement 

622.2 

660.0 

5.7 7.3 12.5 

5.7  7.3 14.2 671.4 

5.7  7.3 14.2 671.2 

5.7 7.3 14.2 670.5 

5.7 7.3 14.1 668.8 

5.7 7.3 14.0 666.4 

5.7 7.3 13.8 

Multiple 
Total  Aberration Smearing Scattering 

Total  Chromatic  Momentum 

2.9 

0.3 1.4 

3.2 5.3 0.7 

2.8 4.9 0.1 0.3 

2.8  4.9 0.1 0.4 

2.8  4.9 0.1 0.5 

2.8 4.9 0.2 0.7 

2.9 4.9 0.2  0.9 

2.9 5.0 
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The sizes of each  particular  contribution  depend  on  track 
angle and momentum,  but typically the largest  single  contri- Table 4. Angular resolution 
bution (- 7.3 mr per  photoelectron at 64’) comes from the of momentum at 640. 

(mrad) per photoelectron as a 

geometrical term. Typically, the combined  contribution  from 
all other  terms is about  the same  size, so that  the  error  per 
photon  is - 11 mr. The size of the geometrical term can  only 
be reduced  either by making the  radiator  thinner, which loses 
photoelectrons. or by making the drift  space  longer, which 
makes the overall  counter  thicker. 

The particle  separation  capabilities of the CRID are shown 
in  Figure 19. The Monte  Carlo  particles for results  shown 
here  entered  the  radiator  at a polar  angle of 64’ relative to 
the  beam line, so that  these plots  include the typical loss of 
photons  due  to  total  internal reflection that occurs  when the 
particles enter  the  radiator  at oblique  angles. The vertical 
scales give the separation between different kinds of particles 
in “standard deviations (a).’) It is “saturated” at 100, since 
the “Gaussian”  separation  probabilities  estimated  here will 
surely  be  unreliable  for very large estimated  separations. The 
hadronic  separations  are  generally  excellent, for r /K,  for ex- 
ample,  exceeding 10a from near threshold up  to = 2.3 GeV/c, 
and falling to 3cr around 4 GeV/c. The CRID also  provides 
excellent low momentum  lepton  identification which comple- 
ments the calorimetry  and muon tracking  chambers  very well. 
At the 3 0  level, e / r  separation is achieved up  to 1.2 GeV/c, 
and p / x  separation  up to 0.8 GeV/c. 
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Figure 19. Particle  sep- 
aration  capability of the  liq- 
bid CElID system  at 64’. The 
curves  are  saturated at 100 
(see text). In the dotted re- 
gions of the  curves, only the 
lighter  particle emits light in 
the  liquid.  There  are  thresh- 
olds  shown at low momentum 
below  which  the  lighter  parti- 
cle emits too few  photons  in  ei- 
ther  quartz or liquid to be  reli- 
ably  separated (see text). The 
separation is shown  for; a. e / x ;  
b. p / r ;  c. n /K;  and d. K / p .  
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There  are regions at  the lowest momenta  where  both  par- 
ticles are below threshold.  This  is a significant effect only  for 
the K / p  case. I( threshold  in the liquid is at 620 MeV/c. 
The K / p  separation  extends down to 480 MeV/c  using  ra- 
diation  from the  quartz. For  lower momentum,  the  number 
of photons  produced by the kaon becomes too  small for reli- 
able  separation,  and,  in  any case, below 430 MeV/c  neither 
particle  emits  any  photons. However, in cases where  particles 
are  too slow to  be  separated by the Cerenkov it is very simple 
to  obtain dE/da: separation since  one or both  particles  are 
far  into  the l/P2 region  where even very modest  amplitude 
information  on  energy loss  will provide  excellent separation. 
There is also a low momentum cutoff due  to  particle curva- 
ture  in  the  magnetic field, which depends on the CRID radius, 
the magnetic  field,  and the polar  angle of the particle. For 
example, a device at 80 cm  radius  in a 10 KG field is unable 
to identify a particle traveling  normal to  the magnetic field 
below - 170 MeV/c.  Again, this “hole” in  the CRID cover- 
age can be filled with very modest dE/dz information  from 
the  tracking  chamber in the 1/P2 region. 
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SLD  CRID Technology 
As was shown  above, the performance of a CRID  using 

SLD technology  with  a liquid radiator  matches  the  particle 
ID requirements  for r / K / p  extremely well and also gives sig- 
nificant  help to  the calorimeters for low momentum e and p 
identification. The device, as described  above, is essentially 
a liquid  only  version of the SLD CRID except 

1. there is an  outer volume degrader, which is necessary 
to keep the  space requirements down if a long drift con- 
figuration is chosen for the  detector; 

2. this  CRID can be  run  at room temperature, which makes 
the gas and fluid systems much simpler  with little effect 
on  performance for a  liquid radiator only  system; 

3. a  fast  readout  system is necessary to handle the 1 KHz 
trigger  rates  (see  below). 

The CRID  contains  approximately 20% of a radiation 
length of material  distributed as shown in Table 5. 

RADIATION  LENGTH OF THE 
CRID  COMPONENTS 

INNER WALL 0.018 (LILRAD) 
LIQUID  RADIATOR TRAY 
PROXIMITY  GAP 

0.105 (LILRAD) 

0.036 ( L/LRAD) OUTER WALL 
0.044 ( L / L R A D )  DRIFT BOX 
0.000 (L ILRAD)  

Significant  reductions in this mass inventory are diffi- 
cult so that  substantial effects on precision electromagnetic 
calorimetry seem unavoidable  in  any  detector which contains 
a  CRID of the SLD type. Moreover, the device has  a “bad 
geometry’’ in that much (about 50%) of the mass is located  a 
long way from  the calorimeter. A few possibilities for modi- 
fications to  the technology which could both reduce the  total 
mass in the device and improve  its  distribution are discussed 

Table 5.  Radiation length of 
the SLD CRID components. 
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Table 6. Estimated cost of a 
B Factory CRID. 

below. However, large  improvements  (i.e., - 50% or more) 
seem unlikely in this technology. 

A CRID is a  rather expensive  device to  construct. In 
general, the component  costs  scale  approximately  with the 
area covered,  whereas the electronic  costs  scale  linearly  with 
the  radius. For a given detector size,  costs  can be scaled  from 
actual SLD costs. If we assume a R Factory CRID just  outside 
a  central  tracker of 80 cm radius by 250 cm length,  with  an 
end  cap CRID starting  at  a 30 cm radius, the  estimated costs 
are as given in  Table 6. 

CRID CONSTRUCTION COSTS 

BARREL 

BARREL TOTAL 

END CAP 

END CAP TOTAL 

FLUID  SYSTEMS 
~~ 

ELECTRONICS 

CRID  TOTAL 

VESSEL 

LIQUID  RADIATORS 

DRIFT BOXES 

e- DETECTORS 

SPARES 

E.D.&.I. 

VESSEL 

LIQUID  RADIATORS 

DRIFT BOXES 

e- DETECTORS 

SPARES 

E.D.&.I. 

- 

448 

212 

566 

191 

97 

500 

323 

52 

138 

153 

34 

360 

- 
- 
- 

2014 

1060 

560 

1440 

5074 
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Electronics 

The SLD CRID  electronics are  matched to the  properties 
of the SLC environment: for example,  the trigger rate is slow 
(typically 1 Hz); there  are FZ 5 ms between machine  pulses; 
and  the  particles  are highly  collimated into  jets, so that high 
hit  densities  and  pulse  pair  resolution  are  important issues. 
At the B Factory,  on the  other  hand,  the trigger rate is fast 
(perhaps 1 KHz); there  are z 5 ns  between  machine  pulses; 
the typical  particle  densities  are  relatively low; and  there  are 
only  large  radius liquid rings so that  the number of real hits 
per box will usually  be  small. The  total number of hits  should 
be  dominated by background. 

These differences in  machine  environment  lead  to  several 
modifications  in the electronics.  Conceptually,  the  front-end 
(preamp) electronics  can be  just like the SLD CRID (with 
a different shaping  time)  but a different readout is required. 
Full wave form  digitization (as in the  SLD) is possible, but 
would be expensive at these data  rates,  and it is probably 
unnecessary.  Simple  considerations of hit densities expected 
at the B Factory suggest that four hits  per wire should be 
sufficient (see below). At these  hit  densities,  it is probably 
much cheaper to readout  each wire end by a combication 
TDC/ADC. 

A four  hit version is indicated  schematically in  Figure 20a. 
The TDC portion is quite  straightforward.  There  are a vari- 
ety of ways one  might  implement  the ADC. For example,  it 
could  use a simple  modification of the SLD CDUI5  module  as 
shown in  Figures  20b  and 20c. This is a simple  analog stor- 
age  device  with  parallel-in,  serial-out architecture which has 
4 cells per  channel.  The  exact level of multiplexing into  the 
ADC depends on the  readout  time desired and on the ADC 
digitizing  speed.  In particular,  with  the 32 preamp  multiplex- 
ing  shown  in  Figure 205 an ADC with 1.5 ps digitizing  speed 
leads to 20% deadtime  at a projected 1 KHz trigger rate. 
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(a) 4 Hit 
TDC 

From  Wire 

Preamp ADC 
4 Hit 

- 

Input  Gates 
Hits 1 - 4 

( 4  

Figure 20. Conceptual Preamp {y-[ 
design for CRID readout : a. In 
four-hit electronics for each 
wire end; b. parallel-in, serial- 
out analog memory unit (1 
of 32 channels); c .  preamp 

6.09 In 32 

Output' 
Gate 

,d  Buffer 

Y 

Analog 
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multiplexing  scheme. 
Problems of the CRID Technology 

There  are two major difficulties associated with the  CRID 
technology which we discuss more fully below. First, since 
the CRID is massive and  sits between the interaction region 
and  the calorimeter, it will  affect the low energy performance 
of the calorimeter. These effects are discussed more fully in 
chapter on calorimetry. We  will briefly describe below a few 
ways to reduce  this problem. 

Secondly, photoelectrons in the CRID drift a long dis- 
tance  (taking M 25 p s ) .  Backgrounds from  beam  individual 
crossings add during the  total  drift time, leading to uncorre- 
lated backgrounds. This,  in  turn, leads to questions about  the 
sensitivity of the chambers to average current,  and to possible 
difficulties in identifying tracks. 
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None of these problems seem to  be  fatal  to  the  CRID 
technology described, but they do have uncomfortable impli- 
cations for triggering and operations. 

CRID Mass and Its Distribution. 

A CRID of the SLD type affects the low energy perfor- 
mance of any calorimeter which  follows it because (1) the  ra- 
diation  length of the device is rather  large  (about 20%), and 
(2) the mass is poorly distributed in that much of it is located 
a substantial distance  in front of the calorimeter. Thus,  not 
only does a photon have a  substantial  interaction  probability 
(- 17%)) but  the conversion products can also get lost,  either 
by scattering or by bending in the magnetic field. The scat- 
tering loss  goes  like L (the distance from the conversion point 
to  the calorimeter) while the loss due  to bending24 in the 
the magnetic field  goes  like L2.For a conventional CRID in a 
1 T field, the loss from the magnetic field  becomes significant 
at  around 200 MeV, while that coming from the  scattering 
begins around 25 MeV. Thus,  the low energy performance of 
the calorimeter can be improved by making the CRID  thinner, 
and by either reducing the  total  amount of material or improv- 
ing the overall material  distribution by placing the maximum 
amount of material close to  the calorimeter. It is helpful, in 
addition, to either  make  the counter a good charged particle 
tracker or to place a layer of tracking between the CRID and 
the calorimeter, so that  the energy of converting photons can 
be  corrected, or, at worst, events with converting photons can 
be  cut  from the  data sample. 

A number of suggestions for possible improvements were 
made  during  the B Factory workshop  which deserve further 
study.24~25~26~27 A sample of these are briefly described be- 
low.  However, to  date, all modifications which have been 
suggested  trade-off improved low energy photon  properties 
in the calorimeter for degraded particle identification perfor- 
mance. 
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Figure 21. cross section 
for a CRID with a reflected 
proximity  gap. 

Outer  Wall , Calorimeter 

Proximity Gap 'Freon' 21.2 cm 

At first sight, the scheme shown in  Figure 21 appears use- 

ful  in improving the mass  distribution. A mirrored  surface in 

the liquid radiator  tray reverses the direction of the Cerenkov 

photons so that the most massive element (the liquid tray) 

has been placed near the calorimeter.  Unfortunately,  in ac- 

tuality this  has almost no effect on  the mass distribution, as 

can be seen from the  table above. The  radiator plus wall are 

about 12% LRAD total whereas the TPC plus  degrader are 

9% LRAD; there is little net  gain  from turning  the  system 

around. Moreover, it degrades the  performance  substantially 

compared to  the normal  configuration,  as  can be seen in Fig- 

ure 22, because the number of Cerenkov photons is reduced 

by about 40% by absorption and reflection. The performance 

of the counter in the presence of background will degrade for 

the same reason. 
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Figure 22. Particle s e p  
aration (?r/K) capability  of 
several different liquid CRlD 
systems at 6 4 O  ; solid line 
for the  standard configuration O L  

0 1 2 3 4 (Fig. 18); dashed  line for the reflected proxim’tygap  counter 
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(Fig. 21) and  the “honey- 
moon”  configuration (Fig. 23); 
dot-dash  line  for  the  active 
proximity  gap  configuration 
(Fig. 24). 
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A more  amusing  “honeymoon” configuration which mar- 
ries the detector and  radiator is shown  in  Figure 23. Its per- 
formance is essentially the  same as the  that of the device 
shown in  Figure 21. The mass of one  nontransmitting win- 
dow can be saved, but  this savings is compensated by the 
material needed for an independent reflecting surface. The 
main  advantage is that  the ,proximity gap gets “used” twice 
so that  the overall counter becomes about 14 cm thick rather 
than  about 21 cm. On  the  other  hand,  the  distribution of 
mass is  very bad. 

As a final example,  Figure 24 shows a configuration for an 
active proximity gap counter. The TMAE vapor pressure has 
been reduced to give an absorption  length in the conversion 
gap of 20 cm, which  gives near the  optimum performance for 
this total counter thickness. One quartz window is eliminated, 
but the  material savings are  compensated for by the need for 
an  additional volume degrader. The performance given  in 
Fig. 22 is substantially worse than  that of the normal con- 
figuration. The main  advantage is that  this counter is active 
over  most of its volume so that even low energy conversion 
products can be reliably recognized. However, the sensitivity 
of the single electron detectors to background might keep this 
feature from full exploitation, if restrictive triggers are used 
for the CRID (see the following section). 

Outer  Volume  Calorimeter 
Degrader - 
G-10 Wall 

Combined 
Radiator 
8 Drift Box 
(TPC) 

Figure 24. Schematic 
crms  section for an active 
proximity  gap CRID with a 
combined radiator  tray  and 
detector  and  a  long  absorption ,~ 
length conversion volume. 

\ 
8724N 

21.2 cm 
Conversion Volume TMAE + C, Hg 

Degrader 
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Detector  Performance and Background Sensitivity 
The high rate environment at a B Factory can affect the 

long drift TPC photon  detector of the CRID in a  number of 
ways. The primary concerns are  that positive ions build-up 
in the drift volume will distort  the field and the measured 
positions for the conversion  Cerenkov photons; and  that  the 
single electron  detectors, which in the CRID  are PWCs with 
7 pm carbon filament sense wires operating  with  ethane plus 
TMAE gas, will not have a lifetime commensurate  with  the 
expected time of experimental  operation. 

The distorting effects of positive ion build up in TPCs 
are well known, and generally are  dealt  with by a gate at  the 
detector-drift region interface which collects the positive ions 
before they  enter  the drift region.28 When  gated closed, elec- 
trons from the drift volume are also prevented from  entering 
the avalanche region of the chamber. Since the positive ions 
drift much more slowly than  the electrons, the  gate can  be 
made  to collect 100% of the positive ions (in principle) that 
are  produced by avalanches of electrons which come from  the 
TPC drift volume provided that  the trigger rate is properly 
controlled. However, at  the very  high rates of a B Factory, 
the ions coming from electrons produced by background in 
the  PWC itself  could become troublesome, since they leak 
back into the TPC drift volume  when the  gate switches open. 
In this case, the avalanche gain also needs to  be  gated, as is 
discussed below. 

The addition of TMAE gas to  the usual PWC mixtures 
has been shown to reduce the lifetime of chambers by fac- 
tors of at  least 100 and more typically around 1000.29 Thus, 
the lifetime expected for CRID PWCs in a B Factory is of 
great concern and was discussed extensively during the Work 
shop.27,30,31 A number of approaches were attempted. For 
example, attempts were made to scale the TPC experience 
at  PEP to  the B F a ~ t o r y , ~ ~ ~ ~ '  while other studies looked at 
backgrounds more directly. 

More research in this  area is needed. The  tentative con- 
clusion  is that  the CRID sensitivity can be  made similar to or 
better  than  that of the CDC provided that  the fast (w 2 ps 
or better) trigger rate can be kept under 1000 HZ. With  this 
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gating  ratio,  the  net  charge collected on the sense wire begins 
to be  dominated by avalanches coming from  electrons which 
are initially  produced on the PWC side of the gate.  Thus, it 
is important  to develop a means of lowering the gain  during 
the  time  the  TPC  gate is  off. Since the average multiplicity in 
events at  the B Factory are  rather small, another  factor of 5 
can be gained by gating only those TPCs in the vicinity of 
charged tracks. Finally, since the  gain of the  CRID TPCs can 
be quickly  recovered  by the wire heating technique2’ which 
burns off polymerized deposits  on  the sense wires, it would 
appear, in a sense, that  the CRID is substantially  more ro- 
bust  than  the CDC. Of course, this  does  not  guarantee the 
performance of either device. 

In summary, the single issue of greatest concern in trans- 
lating  the SLD technology to  the B Factory  detector  remains 
the single electron  detection  chamber lifetime. Studies to date 
indicate that  it can be controlled if (1) care is given to  PWC 
chamber gating; (2) the  CRID  gate-on trigger rate can be 
kept under 1000 Hz; and (3) the  CRID  detection  PWC’s  are 
routinely  rejuvenated by wire heating. However, a more ro- 
bust solution would be  to develop a  single  electron  detector 
for the TPC which is less sensitive to ageing effects. Some 
potential  candidates  are now under d e ~ e l o p m e n t . ~ ~ , ~ ~  

Hypothesis Testing and Background Sensitivity 

Both SLD and  DELPHI  studies  have shown that  the hy- 
pothesis testing  method of Cerenkov analysis is quite insensi- 
tive to  rather  large numbers of background hits.  The  readout 
is essentially fully segmented into M lo6 2-D pixels so that  the 
number of hits that can  be well separated  per event is very 
large.  True signal hits.  are  on average  separated by many 
pixels, so that they  are not confused even in the presence of 
large  numbers of background hits. Moreover, analysis is at- 
tempted only after  points  are  correlated  with  tracks  found in 
the central  chamber. No independent  “pattern recognition” is 
attempted.  Instead, points are associated  with  tracks;  tested 
against  all five possible hypotheses; and  the best  one chosen. 
Provided that  the geometry and performance  parameters of 
the device are well understood,  and that  the background  can 
be simply modeled, the results are indeed very robust as is 
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demonstrated briefly  below. These  results are discussed in 
more  detail elsewhere. 33,34 

This  study uses a Monte  Carlo, which throws Cerenkov 
photons for the  true particle and  adds  random  background 
hits. A likelihood ratio  test of the  SLD/DELPHI  type is 
then employed by performing, for each  track, a test for each 
passible  hypothesis. The likelihood ratios  obtained  can then 
be  compared for the possible hypotheses. For simplicity, the 
study performed here only considers the x and I( hypothe- 
sis, and log-likelihoods are used instead of likelihoods. The 
function  calculated for  each hypothesis  has the form: 

N 
LHYP = -NHYP + ln[NHYP x e - ( e i - e H y p ) 2 / 2 0 ?  -I- B(ei )I , 

(1.10) 
i=l 

where N ~ y p  is the number of photons  expected for the h 
ypothesis; 8; is the measured Cerenkov angle for the i th  pho- 
ton; 9Hyp is the expected Cerenkov angle for the hypothesis; 
a; is the error on  the Cerenkov angle measured for the i th  
photon;  and B(9;) is a background function. For simplicity, 
the background as taken to be flat and was normalized so 
that a value of 1 gives 1.0 hit in a f3a road about  the  true 
hypothesis. By way of comparison, if the background is domi- 
nated by interacting soft photons,  then 1 hit is approximately 
equivalent to 10% occupancy in the CDC. 33,34 

The differences  between the log-likelihoods  for 2.5 GeV/c 
particles are shown  in Figure 25 for a variety of different back- 
ground  conditions. At low values of the background, there 
is no overlap between the  true x and  true I( distributions, 
whereas as the background gets very large the overlap be- 
comes much more significant. A clean sample  can then only 
be  obtained by reducing the efficiency  for the wanted parti- 
cle.  However, the highest background level  given (B=40) is 
very large indeed and much more than 10 times the tolerable 
background in the CDC. The efficiency  for IC identification 
(labeling a true K as a IC) is shown  in Figure 26 as a function 
of momentum  and background when the maximum K punch- 
through  probability is limited to 1%) whereas Figure 27 shows 
the relationship between efficiency and background at  a single 
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momentum (3.0 GeV/c). The background is given in  equiv- 
alent CDC occupancy  using the scaling  noted  above. The 
identification  is  affected  very little by  background  well  be- 
yond the  maximum  tolerable  levels  acceptable by the CDC. 
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4.1. CRID Summary 

The CRID technology described above  meets the perfor- 
mance  requirements for particle ID at  a B Factory very  well. 
In addition  to providing superior w/K/p  separation  it also 
fills in the lepton ID  holes  which are left by the calorimetry 
and muon tracking techniques. However, it  adds - 20% of 
a radiation  length of material in front of the calorimeter and 
takes about 20 cm of space. The device using SLD technol- 
ogy is rather insensitive to backgrounds at  the  pattern recog- 
nition level. The integrated  charge  sensitivity  appears to  be 
tolerable but only with a rather restrictive fast trigger, and 
excellent gating efficiencies. New single electron  detectors  are 
under  study which  could make the  hardware less sensitive to 
backgrounds. 

5. A DESIGN FOR PARTICLE ID  USING A FAST RICH 

0 ne very attractive  potential solution to  the problems 
posed by the use of a TPC in an imaging Cerenkov is a 

new type of imaging Cerenkov which is called the Fast  RICH. 
It was proposed some time ago in connection  with the design 
of detectors for the  symmetric B Factory at the  PSI  and for 
LEAR.19j3' 
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A generic schematic of this device is shown in Figure 28. 
The essential difference between this device and  the CRID 
is the replacement of the three-dimensional readout of the 
CRID TPC by a two-dimensional readout via a pad system. 
The photoelectron  drift is kept very short (in the radial direc- 
tion in a solenoidal geometry). The necessity for reading out 
three dimensions is eliminated by using a photocathode with 
a short  absorption  length. Since the photoelectron which  is 
produced by the Cerenkov photon has a short  drift  length, it 
also has a short  drift  time; the device is fast;  and  it has been 
proposed for use at  high luminosity hadron colliders as well 
as B Factories.36 --IA 

e MW Photo  detector 

("L.81) 
lnte rated  electronic I (cathode pad readout) 

' I  NaF windows (3 mm) 

Figure 29. Schematic cross 
section for the BMF (PSI) Fast 
RICH. 
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A schematic of the device proposed for the BMF detector 
at PSI i s  shown in  Figure 29. It includes a number of novel 
features  in  addition to  the fast  photoelectron  readout which 
were necessary implementation  details at the time it was pro- 
posed. In  particular,  the  photocathode chosen is TEA, which 
has the short (0.5 mm) absorption  length required at room 
temperature. The radiator proposed is NaF, since it  transmits 
into the far UV range required by the TEA photo-efficiency 
spectrum. Because NaF has a high index of refraction in the 
UV region where TEA is photosensitive, Cerenkov photons 
emitted by fast  particles traveling at nearly normal incidence 
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are  trapped in the radiator by total  internal reflection. There- 
fore, a section of radiator in the 90" region  is tilted by 10'. 
The device contains  approximately 20% LRAD of material for 
particles at normal incidence. 

A number of issues of design and  construction  must  be 
solved  before such a device can be  built. A major  proto- 
typing effort  is  now  well  underway. In  particular,  the VLSI 
electronics chips for reading out  the  pads have now been made 
and successfully tested;  tests of TEA quantum efficiency have 
been made; and a full scale test of a B Factory  prototype in 
a beam to confirm operations, electronics performance, reso- 
lution,  and speed will be performed in the fall of 1990.16 

This device originally was thought  to provide good T / K  

separation up  to 3 G ~ V / C . ~ ~ ! ~ ~ ? ~ ~  Recent measurements of the 
refractive index of NaF crystals demonstrate that NaF is more 
dispersive than was predicted from the 1-pole fit extrapolation 
used  previously, and  the predicted 3a cutoff of T / K  separa- 
tion is now limited to 2.2 GeV/c.16 This is confirmed by a 
simuIation of the performance of a NaF device, using a differ- 
ent  detector model, by  Coyle33y37 Though such performance 
is marginally adequate for a symmetric collider, such as PSI, 
it is clearly  insufficient  for the  asymmetric machine described 
in this  report. 

Recently, a study of reflective UV photocathodes  with gas 
phase  electron  extraction  has been underway as part of the 
LAA project at  CERN.16117 

A CsI  photocathode with an  adsorbed TMAE film has 
been  observed to have an efficiency equal to or exceeding the 
TMAE gas-phase region of interest  as shown in Figure 30. It 
should be well adapted  to  Fast RICH counters  because of its 
isochronous signals and  room  temperature  operation.  Further 
studies of photocathode lifetime, feedback, and  operation in 
the presence of positive ion build up  are necessary, but results 
to  date  are very  impressive. 
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Figure 30. The rnea- 
sured  quantum efficiency of a 
500 nrn thick Csl photocath- 
ode as a  function of photon 
wavelength X; the solid line 
is the TMAE gas-phase effi- 
ciency; the dashed line is the 
Csl efficiency; and  the  open 
squares give the  efficiency for 
a CsI photocathode (30°C) 
on which an  absorbed film of 
TMAE has been  deposited. 

The existence of this new photocathode leads to a pro- 

posal for a new design for a Fast RICH using a liquid C5F12 

radiator  and a reflective CsIfTMAE  photocathode  as shown 

schematically in Figure 31.16 The CsI + TMAE  cathode oper- 

ates in the 6-7 eV  photon region where fluoro-carbon liquids 

and  quartz windows transmit well, so that expensive, disper- 

sive solids  like NaF are not needed for radiators or windows. 

The VLSI readout chips developed for the BMF NaF+TEA 

Fast RICH discussed above can be used for pad  readout. Hex- 

ane gas is added to  the  methane chamber atmosphere to elim- 

inate  the UV feedback photons above 7.0 eV. 
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Figure 31. Schematic crass 
section for a liquid radiator 
Fast NCH with a reflected 
proximity gap and a CsI plus 
TMAE cathode. 
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The C5F12 liquid is slightly superior to  the C6F1.4 used in 
the CRID, and  the x / K  identification range for this device 
extends well above 4.0 GeV/c  (to 5.5 GeV/c)I6as required 
for an  asymmetric B Factory. However, the device must be 
run at room temperature (or slightly below) to  stay below 
the 28OC boiling temperature of the liquid. A CsF14 liquid 
radiator of the  type discussed in the preceding section would 
also give adequate performance. The amount of material in 
this device also appears  to be less than required for the CRID, 
and a reflected proximity  gap  appears to improve the  material 
distribution. The  estimate for particles at normal incidence 
is about ~ ~ % L R A D  in  total,  and  the  contribution from the 
material  farthest  from the calorimeter, i.e., the detector  and 
readout chips, is about 2 . 5 0 j o L ~ ~ ~ .  

In summary, the Fast liquid RICH is a very promising 
idea which has the performance specifications required at  the 
asymmetric B Factory  without the background and lifetime 
issues that raise concerns for the CRID discussed in the pre- 
ceding section. Additional R&D is  now under way,16 which 
should soon indicate if the promise of this  approach  can be 
met in practice. 
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6. AEROGEL THRESHOLD CERENKOV COUNTERS 

6.1. Introduction 

A lthough excellent K / T  separation  at high momentum is 
the most important requirement of a particle identifi- 

cation  system at a B Factory, such a system has to satisfy 
additional  criteria.  First,  it has to  operate in a magnetic 
field, which limits the choices of read-out  systems. Second, in A particle  identification sys- 
order to design a highly  efficient and uniform detector,  it is tem at an asymmetric Fat- 
necessary to cover almost the  entire solid angle hermetically. tory must provide r/l< sapara- 
Third,  the  entire device should be built with low-density ma- tion to high momentum. 
terials  amounting to a few percent of a radiation  length (r. l .) ,  
in  order to  maintain  the good energy resolution of the elec- 
tromagnetic calorimeter for all photons. Finally, the costs to 
built such a detector have to be acceptable. 

The Cerenkov effect-based particle id systems  under dis- 
cussion can be divided into threshold devices and ring imaging 
devices. The Cerenkov ring imaging counters  certainly pro- 
vide the best particle identification in the required momen- 
tum range. Besides  high costs,  their biggest disadvantage is, 
however, the large  amount of inactive  material in front of the 
electromagnetic  calorimeter. It  amounts  to - 20% of a r.l., 
thus affecting the energy resolution of - 15% of all photons. 
This has motivated us to search for alternatives.  Interest- 
ing candidates  are Cerenkov threshold counters using  silica 
aerogel as radiator, because these low density devices pro- 
vide good K / T  separation up to high momenta. They were 
first proposed by E. Lorenz  for the  PSI and CERN B Factory 
projects . 38 

We will discuss a  particle identification system using sil- 
ica aerogel threshold Cerenkov counters. After reviewing the 
main  properties of silica aerogel, we  will propose different 
cell designs, discuss their light yields and efficiencies, and Candidate cerenkov systems 

present the results from a  Monte Carlo simulation. We also are based on threshold and 
present preliminary test results and address technical issues ring-imaging  techniques 
leading to improvements. We then discuss the particle identi- 
fication performance of aerogel threshold Cerenkov counters 
and  compare  it to  that of CRID/RIC€I counters. Finally, we 
give conclusions and  an outlook on future R&D. 
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Silica  aerogel is produced by 
hydrolysis and condensation of 
silicon alkoxides 

6.2. Properties of Silica Aerogel 

Silica aerogel is a glass-like structure which consists of 
amorphous Si02. In the classical synthesis it is produced in a 
single-step process by hydrolysis and condensation of silicon 

alkoxides: 39140 

Si(OR)4 + 4H20 Si(OH)* + 4ROH (hydrolysis) 
basecatalyst 

Si(OH)4 Si02 + 2H20 
basecatalyst (condensation) 

where R represents an acylgroup (CH3, C2H5, ...). Ammonia 
is typically used as a catalyst.  During  condensation, 3-20 nm 
size clusters of Si02  are formed, which then  partially collapse 
forming a structure of colloidal connected spheres, as shown in 
Figure 32. The sphere sizes are typically 4-6 nm in diameter, 
whereas the  diameters of the pores range  from 30 to 50 nm. 
Since the density range achieved in this  production process 
is rather limited (22 mg/cm3-280 mg/cm3),  a new two-step 
process has been developed at Lawrence Livermore National 
Laboratory (LLL) to produce both lower-density and higher- 
density aerogel.41 In  the first step a partially hydrolyzed, par- 
tially condensed silica is formed. This is achieved by supply- 
ing only 2 moles H20 per moIe of Si(OR)4 for the hydrolysis, 
controlling the reaction by an acid catalyst  and replacing all 
produced alcohol with a non-alcoholic solvent. In the second 
step  both  the hydrolysis and condensation are completed by 
adding  water and a base  catalyst.  The  density is controllable 
by the  amount of non-alcoholic solvent. Due to  the acid cat- 
alyst, silica aerogel produced by the two-step process has a 
different morphology, as shown in Figure  33.42 It consists of 
chains of clusters, where the average chain  diameter is 2  nm. 
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Both reactions proceed through a sol-gel transition 

Si(OCH d 
SI(0CH 3) 30H 

Si(0CH 3' *(OH)* 
Si(0H) I) 

Si(0CH 3' 30H 

Reactants Clusters 
3-20 nm 

Gel 

THE ULTRASTRUCTURE OF THE CROSSLINKED GEL IS 
CONTROLLED THROUGH  SOLUTION  CHEMISTRY I 

Aerogel is dried by a supercritical  extraction to elimi- 
nate  the effects of surface tension,12  which tend to collapse 
the solid. Two  different techniques are in use for the pro- silica aerogel. 
duction of large aerogel monoliths. In the  high-temperature 
technique, the solvent  is evaporated at  260°C in an autoclave 
under a pressures of - 140 atm.  This process, which takes 
up  to 12 hours, produces hydrophobic aerogel. An additional 
heat  treatment  at 450" C, however, is frequently applied to 

Figure 32. Formation of 

remove alcohol groups still  bound to  the silicon. In  this pro- 
cess, aerogel becomes hydrophyllic. , In the low-temperature low-temperature techniques ex- 
technique the solvent  is exchanged with liquid CO2. This kt for supercritical extraction 

High-temperature and 

procedure can take up to a week depending  on the size of the 
monolith. The extraction is then  done at a temperature of 
35" C and a pressure of - 80 atm.  The  extraction, which 
takes 12-24 hours, produces hydrophyllic aerogel. This tech- 
nique is  well suited for the production of aerogels mixed with 
wavelength shifters. 
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1-1 
200A 

TEM of  ULD aerogel (0.008 gm/cm3)  TEM of base/TMOS (0.04gm/cm3) 

Figure 33. Tkansm'ssion Silica aerogel is the lowest-density, transparent,  man-made 
Electron Microscope (TEM) bulk material. Aerogels with  densities p ranging  from 3 mg/cm3 
pictures Of aerogels produced _ .  to 600 mg/cm3,  can be produced. The relationship between 
in a twestep process and in a 
single-step  process. 

-. 
the density and  the index of refraction n is given by: 

p = - (") n - 1  
0.21 cm3 

These  densities  correspond to refractive indices of n=1.0006 
and n=1.126 at  637.7 nm, respectively, which yield thresholds 
of 0.27 GeV/c to 3.47 GeV/c for pions and 0.95 GeV/c to 

with refractive 12.34 GeV/c' for kaons. Since the  production of large homo- indices between  n=1.0006 and 
n=1.126 can be  produced geneous blocks  is straightforward,  it .is interesting to explore 

the use of these aerogels for radiators in threshold Cerenkov 
counters. 

Density fluctuations  are ~ont ro l lab le~~  to  A p / p  5 1%; 
most inhomogeneities occur within a few mm of the edges. 
The uncertainty of the  momentum  threshold  due  to density 
fluctuations is approximately given  by: 

Since both  the  pore  and  sphere dimensions are close to 
wavelengths in the UV, aerogel scatters light like a Rayleigh 
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scatterer. For a homogeneous and isotropic aerogel, the Cerenkov light is Rayleigh- 
Rayleigh  cross section is given  by: scattered in aerogel 

where 6 is the  scattering angle, a is the size of the scattecp 
and k = 2 r / X  is the wave number.  Thus, for low-density 
aerogels (n - 1 << l), the  scattering cross section is basi- 
cally proportional  to (n  - 1)2, XW4 and l + cos2 8.  Since the 
Cerenkov spectrum falls as X-2, the original directionality of 
the Cerenkov photons is lost,  after passing a few centimeters 
of aerogel.  However, in the visible and infrared light region 
aerogel  is highly transmissive as shown  in Figure 34.40 

100 

u 
t- 0 

300  800 1300 1800 2300  2800 

2-91 
6796A24 

Aerogel  is  very  fragile;  pieces  easily break off at edges 
and corners, and cracks may develop inside the aerogel  when 
handled,  since its tensile strength is small. Near the edges, 
stresses caused by the mold, may build up, which eventually 
lead to cracking. However, an  internal “frozen” stress, 
which  is formed in the gelation process due  to  an alignment 
of fine chains of silicon, causes no cracking even  over  longer 
periods of time, since it is small. In our  application cracks 
and broken fragments have little effect on performance. 

42,43 

Figure 34. nanslnis- 
sion spectra  from  a 4 l ~ l ~ l  thick 
sample of aerogel catalyzed 
from  tetramethylorthosilicate 
(TMOS) supercritically dried 
at 27VC and 110 bars and 
from  a 12 mm thick sam- 
ple of aerogel catalyzed  from 
tetraethylorthosilicate (TEOS), 
supercritically dried but  not 
heat treated. 
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Machining aerogel is possible if done carefully. Except 
for lower-density material ( p  5 60 m g / ~ r r , ~ ) ,  aerogel can be 
held in a vise with  appropriate cushioning. Smooth  cuts can 

Aerogelis quitefragik but can be obtained with a diamond  blade  running in a mill at 4200 
be machined rpm. However, it is important  to wear a mask, since fine 

airborne Si02 dust is generated. We have cut 1 inch thick 
pieces with  a 4 inch blade. Cuts  with diamond-covered wire 
provide a less smooth  surface but  may  be  more  suitable for 
cutting thicker pieces. In  order to catch the piece being cut, 
we hang a soft cotton towel behind the mill.  Holes can be 
drilled with an  ordinary  drill  operated at  4200 rpm.  Fine pol- 
ish is obtained  with Kleenex tissue or soft cotton. Machining 
of low-density material is much  more difficult, because it is so 
fragile. A special vacuum chuck  is required  to hold the aero- 
gel. Not much experience has been gathered so far. For our 
application, however, machining of low-density aerogel may 
not be  an issue, since molds of any given shape can be  made 
of glass, anodized aluminum or silicone. 

Aerogel  is affected by most fluids. Hydrophyllic aero- 
gel  exposed to water is destroyed immediately, since Hz0 

Aerogel is most molecules  fill the pores. This  results  in a collapse of the 
gases and liquids aerogel structure which can be  rather explosive. Acetone and 

alcohol have similar destructive effects on any aerogel, turning 
it  into a white  powder immediately. Contact with oil results 
in visible surface damage.  Exposure of aerogel to organic liq- 
uids and gases, even in small  amounts,  must  be avoided, since 
it  may cause structural changes, leading to a density increase 
or other damage. Therefore,  outgassing of paints  and wave 
length shifters, which  cover the walls of the aerogel containers, 
is an important i~sue .4~  So far  only fluid paper (green label) 
does not show visible surface effects. Detailed studies  must 
be performed to find appropriate  materials. 

7. CONCEPTUAL DESIGN OF A CELL 

W e first describe a cell design similar to  that in the PSI 
p r o p o ~ a l . ~ ~ , ~ ~  The principle cell layout is sketched in 

Figure 35. Small cells of aerogel are read out by a fluorescent 
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fiber and an avalanche photodiode. Two cells, with refrac- 
tive indices of n=1.06 and n=1.008, are necessary to cover 
the entire  momentum  range from 0.4 to 4.0 GeV/c . Below 
0.5 GeV/c, dE/dx  is expected to provide good K / T  separa- 
tion. In the forward region of the detector, cells with lower 
refractive indices may be used. For example, the refractive 
index n=1.06 may be lowered to n=1.04 to increase the pro- 
ton threshold such that their observation is  unlikely,  while 
the refractive index n=1.008 may be lowered to n=1.006 to 
increase the kaon threshold up  to 4.5 GeV. For mechanical 
reasons, however, n=1.008 is preferred over n=1.006. In Ta- 
ble 7, thresholds for pions, kaons and protons  are listed in 
addition to  the Cerenkov angles for different refractive indices 
under consideration. 

W A D  HT 1 Cooling Flow \e J 
-4O/-20 Degrees 

2 x 2 cm, Matches 
Crystal Cross Section 

Typical block  sizes are 3 X 3 x 4 cm3 for n=1.06 and 
2 X 2 X 10 cm3  for n=1.008. The blocks are  appropriately 
tapered to provide projective geometry, matching the bound- 
aries of the CsI crystals in the electromagnetic calorimeter. In 
order to optimize the light yield, the lower-density  cell  comes 

Two aerogel cells with  different 
refractive  indices suffice  to 
cover the entire  momentum 
range 

Figure 35. Basic cell design 
for  fluorescent  fiber  plus SPAD 
readout . 
One design uses small cells 
of aerogel  read out with  a 
fluorescent fiber coupled to a 
SPA D 
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Table 7. Momentum  thresh- 
olds and Geren kov angles for 
different refractive indices. 

first,  the higher-density cell second. Each block  is housed 
in a light-tight,  gas-tight, low-density container.  This can 
be achieved with aluminized mylar, covered on  one side ei- 
ther by black paint or black cardboard. The inner walls are 
sprayed with a highly reflecting white paint, which in  addition 
may  be coated with a thin layer of wavelength shifter (WLS), 
such as  p-terphenyl, POPOP or PMP. The wall coating with 
WLS is most effective in a small-cell geometry, since here the 
probability for shifting UV light to higher wavelengths, where 
aerogel  is highly transmissive, is larger than  the probability 
for scattering  and  absorption. An alternative solution for a 
large-cell geometry is to mix a WLS into  the aerogel. This 
idea will be discussed in more  detail below. 

~ -~ 

n Oc pP [GeV/c ] PK [GeV/c 1 P= [GeV/c ] 
1.06 

12.9'  3.9  2.15 0.6 1.026 

10.6' 5.03  2.65 0.75 1.0173 

19.4'  2.7 1.42  0.4 

1.008 I 1.1 7.4 I 7.2'  3.9 I I 
To collect the photons  from the aerogel and transport 

them  to a  photon  detector, a thin fluorescent flux concentra- 
tor  (FFC) of 1 mm  diameter is inserted  into a channel which 
is either drilled or made by the mold. The FFC is basically 
a  transparent unclad plastic fiber which contains several dif- 
ferent fluorescent laser dyes. The emission and absorption 
spectra of these laser dyes are  matched such that light of 
lower wavelengths is shifted into a region where the photon 
detector has optimal  quantum efficiency. Flux  concentrations 
of a factor 10-100 are achievable. 

For the photon  detector, a single photon avalanche diode 
(SPAD) is used, matching the diameter of the fiber. For opti- 
mal coupling of the fiber to  the SPAD, a customized holder is 
mounted to  the SPAD after removing its window (see below). 
The fiber is inserted  through a hole  in the center, minimizing 
the distance between the photosensitive  surface and  the fiber. 
The SPAD, which  works in a magnetic field, is operated in 
the Geiger mode,  thus providing a high gain of > 1 X 10'. 

SPAD's require  quenching The SPAD must be quenched using either  an active or pas- 
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sive circuit,  in  order to prevent a continuous discharge of the 
photodiode.  In passive quenching, the  photodiode is normally 
kept in the non-conducting state by using a large load resis- 
tor RL. An avalanche triggered by a photoelectron or bulk- 
generated  electron  in  the  depletion region discharges the pho- 
todiode  from  its reverse bias VR to a voltage slightly lower 
than  the breakdown voltage VBR. Recharging it back to  the 
operating voltage VR - Ids . RL, where Ids is the surface dark 
current,  has a time  constant CRL of typically 300 ns where 
C is the  total  capacitance including all stray capacitances.  In 
active quenching a circuit  drops the operating  voltage below 
the breakdown voltage for a few 100 ns after an avalanche 
discharge. This allows for a collection of all  remaining elec- 
trons  and holes. When the  operating voltage is reapplied, 
there  are  no electrons  left in the depletion layer to trigger a 
new avalanche. Recharging through a small load capacitor 
or a transistor can  be very rapid. The advantages of active 
quenching are  shorter  dead  times  and a synchronization of 
the  detector  with  the  beam crossing. A slight disadvantage 
is that  the probability of after-pulsing is higher: 10% for 100 
ns delay time compared to 0.6% for 300 ns. 

SPADs are  rather noisy. The noise rate is 10 kHz at room 
temperature. Cooling to -2OOC reduces the noise by a factor 
of 50. Since a thermally-generated  electron may trigger an 
avalanche, noise levels have to be reasonably low.  If the Cooling to -20' C d u c e s  
SPADs are  gated  for 50 ns , one  expects 5 x noise counts 
at room temperature.  Thus, in a system of 20,000 cells, 10 
randomly  distributed SPADS will fire accidentally per  event. 
This is certainly  tolerable. Lower noise occupancies can  be 
achieved by cooling the SPADs. However, this requires a 
cooling system  and  water-tight sealing of the cells. 

noise considerably 

In this design, the region around  the fiber has to  be dis- 
carded,  because charged particles  traversing the fiber or  the 
SPAD produce Cerenkov photons at lower momenta  due to 
larger refractive indices and  thus  create a signal. Although 
such particles  can be located from the projected trajectory 
in  the  drift  chamber,  they  cannot  be identified. In  order to 
reduce inefficiencies the  diameters of the fibers and SPADs 
have to  be  small compared to  the cell dimension. 
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In  order to obtain a very low noise performance  without 
Unambiguous particle identi& cooling and to keep the fiducial volume of the  entire cell  for 
cation is Provided by two ceh most tracks, one can use two 'fibers per cell in coincidence. 
of aerogel read out by three 
fibers Three  rather  than four fibers suffice for two cells, since the 

front cell and back  cell can share  one  fiber, as shown in  Fig- 
ure 36. If we call the fiber in the lower-density cell A, the one 
in the higher-density cell B and  the fiber shared by both cells 
C, the following physical coincidence patterns can occur: 

1. AC,BC: a pion with p r  2 1.1 GeV/c or a kaon with 
p~ >_ 3.9 GeV/c. 

2. AC, BC: a pion with 0.4 5 px 5 1.1 GeV/c  or a kaon 
- 

with P K  2 1.4 GeV/c. 
-- 

3. AC, BC: a pion with px 5 0.4 GeV/c , a kaon with 
p~ 5 1.4 GeV/c, , or a  proton  with p p  5 2.7 GeV/c. 

Since the particle  trajectory  and  its  momentum  are known, 
the observation of a coincidence pattern  together with the 
dE/dz  information provides identification of kaons and pions 
of all momenta inside the fiducial detector volume, while  for 
K / p ,  r / e  and r / p  separation  additional  information is  nec- 
essary. 

- 
Note that the coincidence pattern AC,BC is only ob- 

served if the track misses the front cell, SPAD B does not 
fire due  to  an inefficiency, or SPAD A and SPAD C acciden- 
tally fire. Since the accidental rate is low (1 Hz for 100 ns 
coincidence time),  and a geometric m i s s  can be  detected,  the 

. observation of AC, BC provides a measure for  inefficiencies. 
Since the momentum is known, this observed coincidence pat- 
tern  may still be useful  for particle ID: for p > 1.1 GeV/c, 
SPAD B was  inefficient and  the particle was  very  likely a pion; 
for 0.4 5 p 5 1.1 GeV/c, SPAD B was  inefficient and SPAD 
A was accidentally triggered. To allow  for more  redundancy 
one may  use four fibers where two are shared by both cells. If 
one again calls them A, B, C, and D, where C and D are  the 
shared fibers, then  one can form four coincidences: AC, AD, 
BC and BD, and  analyze patterns similar to those discussed 
above . 

- 
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Figure 36. A two cell 
design for a readout with three 
fluorescent fibers. 

An alternative cell design consists of larger aerogel  cells 
read out by a phototetrode (PT), as shown  in Figure 37. Typ- 
ical cell  sizes are 12 x 12  cm2 for n=1.008 and 13.5 X 13.5 cm2 
for n=1.06. As before, the minimum cell heights are 4 cm and An design uses 
10 cm, but  the cells are  extended to allow for optimal cou- laraer cells read out by  v;tcuum 
pling of the aerogel to  the PT. To provide projective geome- phototetrodes 
try, the cells are  appropriately  tapered. In this  arrangement, 
each aerogel cell covers the solid angle of nine CsI crystals. 
Crucial for this design is the use of aerogel  mixed with WLS 
to achieve large scattering  lengths. The containers housing 
the cells are also fabricated  from  white-painted aluminized 
mylar. Each  cell is read out by  two 2 inch PT’s, which are 
oriented parallel to  the magnetic field. The PT of the front 
and back  cells are interleaved to save space. The PT’s have 
a maximum have a gain of 50; further amplification is thus 

v 
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required. Though  the expected  signals are small, as shown 
in the next  section, preamp noise is tolerable for this  readout 
scheme. The equivalent noise charge of a preamplifier for this 
circuit is  given  by:46 

ENC = Se,-[Cd + C F ~ ]  2 2 1  

At 
(4) 

where: 
e,: rms spot noise of the FET (VI*) 

C p m :  capacitance of FET ( on  the order of 10 p F )  
cd : capacitance of the detector (< 10 p F )  

At: integration  time. 
By integrating  the pulses for a few microseconds, the ENC 
can be reduced to less than 30 rms electrons, although  this 
is state-of-the-art  performance. 

3" Length 

2 Tetrod 

4 - 1 0 c m  

Figure 37. Basic cell design 
for phototetrode readout. 
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In order to keep the  entire cell as fiducial volume, both PT 
must be  put in coincidence. While the small-cell design with 
the  FFC/SPAD  readout provides high granularity, so that  the 
probability of two tracks  in an event hitting  the  same cell  is 
very small, the large-cell design with PT readout reduces the 
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number of channels by a  factor of > 10. Figure 38 shows the 
implementation of aerogel threshold Cerenkov counters into 
the B Factory  multipurpose  detector. The magnified  view 
shows the arrangement of the two cells in the presence of a 
cooling line. 

-Cooling 
Flow 

2-91 
6796A12 

7.1. Light Yield and Efficiency 

A charged particle with a velocity /3 traversing a medium 
of refractive index n radiates Cerenkov photons  under the 
angle Oc = cos-l(l/(np)), if /3 2 l /n .  Assuming that  the cell 
height L is  much larger than  the wavelength X (X << L), the 
number of Cerenkov photons radiated  per wavelength is: 

dN = - L sin2 Bc dX , 27ra 
X2 

where Q denotes the fine structure  constant.  Integrating Eq. 
(5) over X from 220 to 550 nm yields for a 1 cm thick block: 

N = 1.25 x lo3 sin2 Oc photons. (6) 

An increase of the sensitivity range to 200-580 nm gives a 
20% higher yield of Cerenkov  Rhotons. 

We will first discuss the light collection process in the con- 
text of the  FFC/SPAD-readout scheme. The Cerenkov pho- 
tons have to undergo a complex process to reach the SPAD 
and trigger an avalanche. The photon path, consisting of 
several bounces off the container walls,  is altered by several 

Figure 38. Implementation 
of a two-cell aerogel threshold 
Cerenkov  counter system into 
a general-purpose B Factory 
detector. 
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Rayleigh scatterings in the aerogel. Typical values for differ- 
ent cell designs are given in the next section. For  cell designs 
under  consideration, the number of reflections is about 15. 
Before reaching the  detector,  the main losses are  due  to  ab- 
sorption in the aerogel and  absorption on the walls. A photon 
reaching the fiber may be absorbed and  emitted  at a different 
angle with a higher wavelength. If sin8 < l/nfia  the photon 
is trapped in the fiber. Since the fiber contains several laser 
dyes, the photon  may  be  reabsorbed and reemitted a t  a dif- 
ferent  angle  and a higher wavelength. If the new angle does 
not satisfy the condition for total reflection, the photon might 
leave the fiber and eventually be absorbed in the aerogel. Sev- 
eral dyes are necessary to shift the photon to 800 nm, where 
the sensitivity of the SPAD is largest.  Upon reaching the 
SPAD, the photon must create  an electron-hole pair, which 
has to trigger an avalanche. Considering all these effects, the 
expected  number of photoelectrons for the FFC/SPAD read- 
out is  given by: 

Np. = N~~.TA.R~.&W'AFFC.QFFC.TFFC.QF-D.TD.QD 
(7) 

where: 
N p h :  produced number of Cerenkov photons 
TA : transmission in aerogel: 1 - exp(-iiiwpa) - 0.45 
n2: average number of bounces at  the wall (- 15) 

average path length between bounces 
Pa: absorption coefficient,  10-2cm-1 
Rw: reflectivity of the walls, (> 0.95  for X < 300 nm 

and > 0.98for 300 < A < 700 nm) 
Qw: quantum efficiency of WLS on the walls (0.9) 
AFFC: photon  absorption  probability in the fiber (0.9) 
QFFC: quantum efficiency of dyes  in the fiber (0.9) 
TFFC: transmission efficiency in FFC including 

QF-D: coupling efficiency of FFC and SPAD (0.25) 
Q D :  quantum efficiency of SPAD (0.65) 
TD : efficiency  for a photoelectron to trigger an 

- 

W: 
- 

selfabsorption (0.2) 

avalanche (0.6) 
For a 2 X 2 cm2 cell, the efficiency is estimated to be 

e = 1.9%, while  for the 3 x 3 cm2 cell, it is e = 1.3%. 
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Using these  estimates, Table 8 shows the number of produced 
photons and  the photoelectron yield for different refractive 
indices computed for 220 < X < 550 nm  and 200 < X < 
580 nm. 

For the alternative design of large aerogel cells with PT 
readout,  the photoelectron yield  is determined by: 

where: 
Ttet: transmission coefficient of the PT window  (0.95) 
Q t e t :  quantum efficiency of the PT photocathode (0.2) 
For a 15 x 15cm2 cell, the transmission coefficient TA is only 
0.1,  while the average number of reflections at  the walls  is 
10. The efficiency  is estimated to be e = l .S%, which is 
comparable to  the efficiency of the FFC/SPAD readout. The 
yield of Cerenkov photons  and  photoelectrons  estimated for 
a 2 x 2 cm2  for different refractive indices is summarized in 
Table 8 . . 

n 

3.1 (3.8) 3.7 (4.5) 196  (235) 10.0 1.008 

4.0  (4.8) 4.8  (5.7) 250  (300) 4.0 1.026 

6.8  (8.1) 8.0  (9.7) 423  (508) 10.0 1.0173 

8.8  (10.6) 10.5  (12.6) 552  (663) 4.0 1.06 

NIIt P= N;! L [cm] 

t The first set of  numbers  represent yields for the intervd 220 nm 5 
X 5 650 nm, the second set for the interval  200 nm 5 X 5 580 nm. 

7.2. Monte Carlo Simulations 

In  order to,obtain a realistic estimate of all factors  enter- 
ing Eqs. 7 and 8, it is necessary to  study  the photon paths in 
different cell designs in more  detail. For this  purpose a Monte 
Carlo program  has been developed using vector algorithms. 
Cerenkov photons  are generated uniformly in x, y, z inside a 
rectangular box. Assuming that  the  trajectory of the charged 
track is parallel to the z direction, which in turn is parallel 

The overall photon  detection 
efficiency is estimated to be  a 
few  percent 

Table 8. Number of 
Cerenkov photons and photo- 
electron yield for different re- 
fractive  indices, using the cal- 
culated efficiency of a 2 X 2cm2 
cell. 

The Monte Carlo simulation 
includes  the  Cerenkov  spec- 
trum, Rayleigh  scattering and 
wavelength-dependent  absorp- 
tion  and  wall reflection 
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to  the cell height, the direction of the Cerenkov photons is 
generated isotropically in 4 and cos 8, with cos0 limited to 
the interval [l,  COS^, = l/((ln)]. In  addition, a wavelength 
is generated for each photon according to  the Cerenkov spec- 
tral distribution dN/dX 0: 1 / X 2 .  Next the  path length is 
determined, considering diffuse reflection on the walls with 
wavelength-dependent absorption. Both Rayleigh scattering 
znd wavelength-dependent absorption  in  the aerogel are con- 
sidered. The scattered  photon is generated  with the correct 
angular  distribution. If the  photon  hits  the fiber or the PT, 
it is  recorded as a hit. In the  future,  it is planned to include 
wavelength shifting in the aerogel, wavelength shifting on the 
walls plus a detailed simulation of the  transport of photons 
through the fiber. Furthermore, the simulation of different 
geometric shapes, such as trapezoids  and  pyramids will be 
made available. 

With  the current  Monte  Carlo model, samples of 10,000 
events have  been generated both for the  FFCISPAD-readout 
scheme and the  PT-readout scheme for different cell  size^.^' 
The index of refraction has been set to n = 1.06. Figures 39 
and 40 show the resulting distributions for the  number of re- 
flections n,, number of Rayleigh scatterings nsc, total  path 
length l g ,  and  the  path length between reflections Ig/n for 
a 2 x 2 X 10 cm3 cell, read out  with a 1 mm fiber, and a 
15 x 15 X 15 cm3 cell, read out with a PT, respectively. The 
average values for these  distributions  are given in Table 9 
together with the corresponding averages for other geomet- 
ric arrangements. Figure 41 displays the average values  for 

cell heights, h,  of 4 cm and  10 cm in the  FFC/SPAD-readout 
scheme and for 15 cm long  cells in the  PT-readout scheme. 
For the  FFC/SPAD-readout scheme, e, first increases rapidly 
with d because of increasing path lengths. At about d = 4 cm, 
the  path lengths  are so large that  due  to absorption,  the tails 
of the n, distribution are  truncated  and  thus E ,  starts  to fall. 
Since the fiber is parallel to  the cell height, the dependence 

f i r ,  f i s c ,  19, and ls/n, as a function of the cell width, d, for 

The  efficiency  depends strongly of f i r  on d is  weak;  for example the maximum f i r  is  16 for 
on the  transverse cell size and d = 4 cm compared to 5, = 14 for d = 10 cm, being slightly 
weakly on the cell length larger for shorter cells because average path lengths between 

reflections are smaller and thus tails in the nt distribution  are 
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larger. The average number of Rayleigh scatterings increases 
rapidly  with d due  to an increase in f,, whereas f i s c  is basically 
independent of h. The average length between reflections rises 
slowly with d and is obviously larger for long cells than for 
short cells. The efficiency  decreases rapidly  with d, as ex- 
pected, but is independent of h. Since for the  PT-readout 
scheme the average path length is already rather large,  tails 
of the n, and rxSc distributions  are truncated,  thus yielding 
lower averages. Larger  cell  sizes do not alter  this  fact, such 
that E ,  is 10 independent of d and nsc rises only slowly with 
d. The variable ls/n, is about a factor of two larger than for 
the  FFC/SPAD-readout scheme. The efficiency  is rather low, 
but is about a factor of two larger than for similar cell sizes 
in the  FFC/SPAD-readout design. 
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77.9f0.9 
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32.7f0.6 

21.4f0.5 

13.4f0.4 

10.4f0.3 
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Table 9. Monte Carlo results 
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Figure 39. Monte  Carlo dis- 
tributions for a 2 x 2 X 10 cm3 
cell with FFC/SPAD read- 
out: a. number of reflections, 
b. number of Rayleigh scatter- 
ings, c.  total  path length and 
d. path length per number of 
reff ec tions. 

For both designs, the (1 + cos2 0) dependence of Rayleigh 
scattering,  the simulation of the Cerenkov angle and a vari- 
ation of the index of refraction have no effect on  the quanti- 
ties discussed above. The inclusion of wavelength-dependent 
scattering  and  absorption in the aerogel and absorption on 
the walls are  rather  important. For example, if these effects 
are neglected in the  FFC/SPAD-readout scheme, ii, increases 
by about a factor of two and fg by about a  factor of four. 
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for the  FFC/SPAD-readout scheme lies  between 2 and 3 cm, tributionsfora15x15x 15Cm3 
while for the  PT-readout design d should not be larger than cell a 2 inch phototetrode read- 

out: a. number of reflections, 
10 cm. b. number of Rayleigh scatter- 

ings, e. total  path length and 
d. path length per number of 
reflections. 
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Figure 41. Monte Carlo 
distributions as a function of 
cell radii for 
a. the average number of 
reflections, 
b. the average number of 
Rayleigh scatterings, 
c. the average total  path 
length, 
d. the average path length per 
number of reflections, and 
e. efficiency. 
Dots  and  squares show 4 cm 
and 10 cm long cells read out 
by a 1 mm fiber, while stam 
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7.3. Prelimhary Test Results 

Our first aerogel studies  consisted of transmission mea- 
surements  with  an HP spectrophotometer, in order to deter- 
mine the absorption  length A= and  the  scattering  length As. 
For a successful operation of aerogel counters, it is impor- 
tant  to have large  absorption  lengths (A > 40 cm).  Figure 42 
shows the  transmittance measured for three samples manufac- 
tured by Aerglas: a 1.8 mm thick piece with n = 1.032,  which 
has been  cut off a 12 x 12 x 2.5 cm3  thick block (several years 
old) and two recently made 3.0 cm  thick pieces with n=1.025 
and n=1.055. The measured curves can be  fitted  with  an The transmissjon of aerogel 
exponential  function: is well-described by a X-4 

scattering  term and a X-2 

(9) 
absorption term 

where d is the thickness, TO is the  maximal transmission ac- 
counting for reflection and p(X) is the  attenuation coefficient, 
which can be parametrized by a Rayleigh scattering  term  and 
an  absorption  term: 

Figure 42. Transmission of 

100 

50 

0 

- 

p(X) = a/X4 + b/X? 
different aerogel samples from 

(10) Aerglas. 
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The average scattering  and  absorption  lengths for  Cerenkov 
distributed light are given  by: 

where X,,, and Amin are  the  maximum  and  minimum wave- 
lengths  detected by the counter. 

For technical  reasons,  it is more convenient to determine 
the measured values for p(X) first  and  then fit these  with 
the  parametrization in Eqn. 10. The results are listed in Ta- 
ble 10. For comparison,  measurement  from other groups  are 
also shown. Except for our aged samples, all other  data  are 
consistent. We have done several  measurements with sam- 
ples from the aged block, which yielded similar  results. The 
most plausible  explanation is an aging effect, as the aerogel 

I t  is important  to  store  and may absorb  water  and gases from the  air,  thus changing its 
use aerogel under ir-tight properties.  Since similar effects have also been noticed by S. 
conditions S~hindler?~ this implies that proper  storage is absolutely nec- 

essary. In  addition,  the aerogel in a detector cell must be well 
isolated  from  humidity  and a careful choice for the reflector 
must be made. Thus, for a well-handled sample of aerogel, 
the average scattering  length is N 3cm, while the average  ab- 
sorption  length is - 50cm for the interval 300 5 X < 800 
nm. 

Table 10. Absorption and 
scattering length in aerogel. 

sample sensitivity range A, [cm] A, [cm] n thickness [cm] 

CIT 

300-600  2.3 33.9  1.035  2.8 Bonn * 
300-800  6.2 46.0  1.025  3.0 CIT 44 

300-800  3.2 50.0  1.055  3.0 CIT 44 

200-800  3.6 0.4 1.032  0.18 

Novosibirsk 49 - 2-3' > 100' 1.035  2.5 

t Estimated for pure Si02 aerogel 
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Figure 43. Test se tup  for 
-measuring  the  efficiency from 
a l ight  source as function of 
wavelength. 
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Figure 44. Efficiency of a In order to  study  the properties of individual aerogel cells 
x x cm3 the and monitor  their performance the  test  setup shown  in Fig- 

visible-light region. Solid dots 
show the data for the cell with ure 43 was used. Pieces of aerogel housed in light-tight con- 
aerogel, fight dots show the tainers are  attached  to a photomultiplier, which is mounted in 
data for the container itself. a black light-tight box. The containers are  made of a 250 pm 

thick layer of black cardboard glued to a 50 pm thick layer 
of aluminized mylar, which is sprayed with highly-reflecting 
white  paint (Nuclear Enterprise NE 560). For our current 
studies, light from either  a  tungsten or xenon lamp or elec- 
trons from the /? decay of losRu was used. The light,  after 
passing through a monochrometer, was fed via a clear plastic 
fiber  into the cell, in such a way that  the direct beam could 
not hit  the  photocathode. For a selected wavelength inter- 
val, the anode  current was recorded with a digital  ammeter. 
For the measurements with the  lo6Ru source, the  anode sig- 
nal was  amplified (Ortec EG&G 560) and  then passed into a 
peak-sensitive ADC (Ortec EG&G 916) operated by a PC. 
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Figure 44 displays the efficiency of a 3 X 3 X 4 cm3 block 
of aerogel cell for visible light as a function of the wavelength. 
For comparison, the efficiency  for the reflecting box  itself  is 
also shown. For normalization, the intensity of the light beam 
is directly measured with the PM. The  data  are averages of 
three measurements; the errors are given  by the corresponding 
standard deviations. In order to avoid saturation, measure- 
ments were performed at moderate high voltage and  the light 
intensity was reduced appropriately. The  data for the box 
without aerogel give the efficiency after 6, reflections, where 
for this geometry ii, is about 14. Above 420 nm,  the effi- 
ciency depends rather weakly on X, averaging - 65%. This 
implies a reflectivity of - 97%. However,  for the UV region, 
the reflectivity is significantly lower, requiring improvement. 

discussed in the next section. We require a reflectivity of 2 the visible region 
95% at 250 nm, increasing to 98% above 350 nm. The results 
for the aerogel cell  show a  strong wavelength dependence, as 
expected,  due to Rayleigh scattering and absorption. These 
measurements will be extended to  the UV-light  region and 
visible red-light region. This technique can be used to  study 
the dependence  on geometric shapes, the effects of wavelength 
shifters  mixed  into the aerogel, and to monitor the aging of 
aerogel. 

A reffectivity of 97% has been 
The properties of different  diffuse reflecting materials are measured for NE560 paint in 

The test  setup shown in Figure 45 is  used to measure the 
photoelectron yield from Cerenkov light in different aerogel 
cells. Electrons  from a collimated lo6Ru source hit  an aero- 
gel cell perpendicular to the photomultiplier. To trigger, the 
electron  must penetrate  the aerogel and reach a plastic scintil- 
lator. A coincidence between the aerogel and  the scintillator 
generates a gate signal for the ADC. The discriminators have 
an upper and lower threshold, allowing selection of specific 
energy intervals. The analog PM signal from the aerogel cell 
is amplified and fed into the Ortec ADC. In this arrangement 
it is unlikely for an electron itself to trigger. The electron 
energy spectrum is a typical p spectrum with an endpoint 
energy of 3.7 MeV. For n = 1.032 aerogel, electrons above 
2 MeV produce Cerenkov photons. 
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A spectrum recorded with  this  arrangement is shown in 
Figure 46, indicating  the observation of Cerenkov photons 
with a photomultiplier. Schindler has  measured 5(  12) p.e./cm 
in n = 1.025(1.055) aerogel with  photomultiplier  readout.44 
Since the PMs were equipped  with  regular borosilicate win- 
dows, the sensitivity was restricted to photons above 350 nm. 
In order to measure  timing  properties of different readout sys- 
tems, the logic signal from the scintillator starts a TDC which 
is stopped by the logic signal from the aerogel. 
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Initial  tests to determine the efficiency of the  FFC/SPAD 
readout were made by E. Lorenz at  the Max-Planck Insti- 
tute in Munich.50 Figure 47 shows the experimental  arrange- 
ment. A Y7 fiber from  Kuraray was inserted  into a block of 
plastic  scintillator NE 111, which  was read out with an  XP 
2020 PM on one end. On the  other  end  the Y7 fiber was 
attached  to  an RCA SPAD (C 30902). The absorption spec- 
trum of the Y7 fiber in comparison to emission spectrum of 
the NE 111 scintillator is shown in  Figure 48. The  PM sig- 
nal  after passing through a discriminator  with a threshold set 
at 800 keV started a TDC.  This value was chosen to trigger 
on  the  Compton edge of the 1275  keV 22Na line.  Sufficient 
light from this 7 line is produced in the scintillator to trigger 
the  TDC. Some of these  photons were absorbed in the fiber 
and re-emitted at  an angle smaller than  the critical  angle and 
therefore travelled inside the fiber. The scintillator  end of the 
fiber contained a mirror. All photons  thus  eventually reached 
the SPAD, unless they were lost by another  absorption and An efficiency of 99.98% has 
re-emission at  an angle larger than  the critical angle. The been measured for the FFC/SPAD 

SPAD output provided the  stop signal for the TDC. In  addi- der deadtime correction 
readout  combination at -2OoC, 

tion, the SPAD signals coincident with the PM signal and  the 
PM signals themselves were counted both  with  and  without 
a SPAD dead-time veto. The efficiency, the  ratio of the two 
numbers, is 90% at room  temperature. Including a dead-time 
veto for the SPAD, increased the efficiency to 98% at room 
temperature.  Additional cooling to -20" improved the effi- 
ciency to 99.98%. The decay time  spectrum of the Y7 fiber 
is shown in Figure 49. The time resolution for the TDC mea- 
surements was cr = 1.3 ns at room temperature  and 0.9 ns 
at -20' C. These results  obtained in a high statistics envi- 
ronment, look  very encouraging. However, a few deficiencies, 
which  will affect the efficiency of the  readout of a threshold 
Cerenkov counter, need to be\,remedied: a low dye concen- 
tration in the Y7 fiber, a spectral mismatch between the Y7 
fiber and  the SPAD (see Figures 48 and 56), a rather long 
decay time of 9.5 ns of the Y7 fiber, the coupling between the 
fiber and  the SPAD, and area mismatch of the fiber and  the 
SPAD by a factor of four. 
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The Y7-fiber plus SPAD readout was then used in another 
test,  to record Cerenkov photons  in a 2.5 X 2.5 x 2.5 cm3 block 
of aerogel with a refractive index of n=1.038. The  setup is 
shown in Figure 50. The Cerenkov photons are produced by 
traversing electrons, which are  emitted from a loSRu source. 
The aerogel  was housed in an light-tight  container  with  white 
walls coated  with POPOP. A plastic  scintillator,  read  out ;by 
an XP 2020 PM, was used as a reference. The discriminator 
threshold was set at  1.8f0.2 MeV,  which  is the threshold for 
electrons in aerogel with n=1.038. Cerenkov photons were 
then  counted by requiring a coincidence between the SPAD 
and  the plastic  scintillator.  In  this configuration, a coinci- 
dence rate of 3.8% was measured after correction for acciden- 
tals  and  direct  hits. In order to build a successful device, the 
coincidence rate needs to be pushed to nearly 100%. Since 
in this first test  the cell design and  readout were far  from 
being optimal,  there is  much room for improvement, as can 
be seen in Table 10. The largest gains could be  obtained by 
matching the areas of the fiber and SPAD, increasing the wall 
reflectivity from 0.85 to > 0.95, increasing the sensitivity of 
wavelength detection and increasing the dye concentration  in 
an unclad fiber. 

Figure 49. Fluorescent 
decay-time  spectrum of the Y7 
fiber. 
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Figure 50. Test setup for 
measuring the efficiency of an 
aerogel  cell  read out with  a Y7 E - +  Thresh. 
fiber and a  SPAD. 

=: 1.5 MeV 

In order to measure the wavelength dependence of the 
efficiency directly for an aerogel cell read  out  with a fluores- 
cent fiber, E. Lorenz illuminated a 3 x 3 x 4 cm3 block of 
aerogel with n=1.032 in a spectroph~tometer .~~  The aerogel 
was housed in a light-tight  container  with about 90-95% of its 
walls  covered with highly reflective Teflon. The light beam se- 
lected by a monochrometer from a Xe lamp was fed in  through 
a 1 cm2 hole in the container. The aerogel was read out with 
a 1 mm thick unclad Y7 fiber containing  additional BASF 
dyes #84 and #241,51 each with a concentration of 400 ppm. 
The fiber was read out by a 1 cm2 Hamamatsu photodiode. 
For normalization, the direct  photon flux onto  the photodiode 

An efficiency of- 2% has been without the cell  was measured. Figure  51 shows the result- 
for FFC/pD readout ing  efficiency distribution.  In the visible region the efficiency 

plateaus at 2.3% and  drops rapidly below 370 nm to 0.2% at 
250 nm.  The main loss is due  to light backscattered  through 
the hole, since for  lower wavelengths the first scattering oc- 
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curs closer to the hole. It has been shown that a reduction of 
the hole size leads to a considerable increase in efficiency at  
lower wavelengths. Other  factors include a higher absorption 
probability  in the aerogel, because both  the  path length  and 
the absorption cross section become larger, and  an increased 
absorption  probability in the Teflon due  to a smaller reflectiv- 
ity. The cutoff at 550 nm is caused by the absorption cutoff 
of the dyes in  the fiber as shown in Figure 48. The efficiency 
estimate for this  setup was 1.3%, which  is consistent with the 
average of the measured distribution. In more recent mea- 
surements the efficiency was increased by another  factor of 
1.5, still leaving room for further improvements. 

I I I I I I I Figure 51. Efficiency 
of an  aerogel  cell read out 

200 300 400 500 with a Au&escent fiber and 
6oo a photodiode as a function of 

wavelength. x (nm) 1-91 6796A8 
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Table 11. Improvements for 
the FFC plus SPAD readout. 

PMP is a suitable wavelength 
shifter for mixing into aerogel 

item 

all reflectivity 

fiber properties 

fiber dye concentration 

dye self absorption 

absorption in fiber 

average emission 

area fiber/SPAD 

distance fiber to SPAD 

cooling 

optical coupling 

dye  decay time 

present condition 

0.85 

1 mm clad 

none 

0.4 

350< X, < 480 nm 

500 nm 

0.25 

1lTU-n 

-200 c 
n= 1.48 

9.5 ns 

,ossible improvement 

> 0.95 

1 mm unclad 

> 400 ppm 

0.5 

240 < Aa < 580 nm 

600 

1 

0.3 

-40' C 
n= 1.58 

< 5 ns 

- 
gain 

2 

1.2 

4-6 

- 

0.8 

5 

1.3-1.7 

4 

-2 

1.3 

1.1 

1.3 - 

7.4. Technical  Issues 

Aerogel  Mixed with Wavelength  Shifters 
Mixing a wavelength shifter into  the aerogel may yield 

a considerable efficiency increase, since both  the  scattering 
and  absorption  probabilities are reduced and  the wavelengths 
are more closely matched to the  absorption  spectrum of the 
fiber. PMP seems to be a promising candidate for this  pur- 
pose, since it has a rather large Stokes' shift,  it dissolves 
in  alcohol and  the PMP molecules fit well into  the aerogel 
structure (see below). POPOP is  less suitable,  because it has 
a lower Stokes' shift, does not dissolves in alcohol, which  is 
necessary for aerogel fabrication,  and  crystallizes in the aero- 
gel. The efficiency is also  much  lower than for PMP.  The 
absorption and emission spectra of PMP  are shown in Fig- 
ure 52. The absorption  range is from 220 to 370 nm with a 
peak at 290 nm.  The shifted light is in the 380-550 nm region 
with a peak at 410 nm,  thus lying in  the most sensitive range 
of photomultiplier  cathodes (see Figure 61). The efficiency 
for this process is high (> 80%). In the 220-330 nm  range 
the extinction coefficient  is greater  than 7.5 x lo3  1 mole-' 
cm-l. For a concentration of 300 ppm of PMP and a silica 
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aerogel of density p = 0.15 g/cm3,  this yields an  attenua- 
tion  length of A < 0.18 cm. New derivatives of PMP have 
been  developed recently;52 some of them may actually be even 
more suited for our purpose than  PMP because of even larger 
Stokes’ shifts and higher efficiencies. Figure 53 shows the 
absorption and emission spectra of PMP derivatives, where 
PMP 460 is the WLS we are  currently using.  According to 
the figure, PMP 440 may yield a higher efficiency, since the 
emission intensity is largest. 

Figure 52. Absorption and 
emission spectra of PMP. 
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Figure 53. Absorption 
and emission spectra of several 
PMP derivatives. 

2-91 6796A22 

I I I I I 

Figure 54. 7brmnksion 
spectrum  ofaerogel mixed with 
P M P  in comparison to pure 
aerogel. 2-91 
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{nm) 6796A3 
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The production of aerogel with PMP is currently  under- 
way at  Lawrence Livermore Laboratory. We have obtained 
4 pieces: two 0.5 cm thick discs, 4 cm in diameter,  and two 
3.4 cm long cylinders, 1.1 cm and 1.2 cm in  diameter.  Except 
for the smaller cylinder which has a  density of 0.27 g/cm3 
all other pieces have p = 0.15 g/cm3  The refractive in- 
dices for the pieces are n=1.057 and n=1.032, respectively. 
The  PMP concentration of each  piece  is 300 ppm.  Figure 54 
shows the transmission measured with one of the discs. Com- 
paring this  to  the transmission of pure aerogel shows that  the 
aerogel doped with PMP is considerably more  transparent. A 
3 X 3 x 6 cm3 block  of  aerogel containing 300 ppm of PMP 
will be  made in the near future. 

7.5. Reflectivity of Diffuse  Reffectors 

It is important to have highly-reflecting container walls, 
since the average number of reflections  is rather large, es- 
pecially at  low wavelengths, where the number of Cerenkov 
photons is enhanced as 1/X. The reflectivity has to  be  greater 
than 98% in the visible  region and greater than 90-95% in the 
UV region to keep  losses minimal. Table  12  lists the reflec- 
tivity of several materials in the 250-700 nm range. Figure 55 
plots the wavelength dependence of the reflectivity for some 
white reflectors listed in Table 12.44  Most of the samples do 
not  meet our requirements, because the reflectivity is poor in 
the UV-light region or R< 95% in the visible-light region. Kodak  white paint is the  best 

diffuse reflector. but it has 
The Kodak  paint seems to  be  the best candidate,  but  out- problems  with o;teass;lg 
gassing of the organic solvent  may cause problems. We have 
obtained a sample of the Kodak paint to perform extensive 
tests. For comparison, studies with white  paints from Bicron 
and Nuclear Enterprise will be made. Another promising can- 
didate is two layers of 6-SFC millipore paper.  This  paper will 
be  tested to ascertain whether the reflectivity remains above 
90% in the 200-350 nm range. The two  teflon samples shown 
in  Figure 55 do not meet our requirements, though Teflon 
would be ideal, since outgassing and  absorption of humidity 
are  not  an issue. It may therefore be interesting to investi- 
gate  other teflon  films, since it is  likely that some have better 
reflective properties. Furthermore, if the losses are  due  to 
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Table 12. Reflectivity 
of white diffuse  reflectors. 
a. Kodak paint; 
b. 2 sheets of &SFC 
millipore paper 0.45 HAWP; 
c. millipore  pa- 
per 0.45 HAWP; 
d. Bas04 paint; e. Bicron 
millipore paper 6VHP 0.22; 
f. Te%on on linol 
used  by MACRO; 
g. Teflon 11 mils; 
h. one sheet of 6-SFC 
millipore  paper 0.45 HAWP; 
i. Floropore FGLP 0.2; 
j. millipore 0.1 VCWP; 
k. wbite paint; 
1. millipore JVLP 0.1; 
m. m'llipore 6VWP 0.22; 
n. millipore VCWP 0.1; 
0. 2 sheets millipore 
H A W  0.45; 
p. miUipore VCWP 0.1 
q. 6SFC Floropore; 
r. 6SFC Duropore; 

- 
\ [nm 

250 

300 

350 

400 

450 

500 

550 

600 

650 

700 

X [nm 
250 

300 

350 

400 

450 

500 

550 

600 

650 

700 

- 

- 
- 

- 

- 
a) - 

95.0 

96.8 

97.8 

98.6 

99.0 

99.1 

99.2 

99.3 

99.3 

99.3 - 
j) - 

71.0 

73.0 

83.0 

83.8 

82.5 

81 .O 

80.0 

78.2 

77.c 

71 .C - 

- 
b) - 

95.5 

97.0 

97.8 

98.0 

98.0 

98.0 

97.9 

97.9 - 
k) - 
6.3 

6.5 

7.0 

42.0 

76.0 

77.0 

77.c 

76.8 

78.C 

77.c - 

- 
c) - 

j7.0 

55.0 

30.5 

32.0 

34.1 

34.8 

35.0 

34.1 

34.0 

94.0 - 
1) - 

40.8 

43.5 

52.6 

58.2 

65.8 

72.8 

79.2 

83.C 

85.E 

87.C - 

- 
4 - 
72.5 

36.0 

32.6 

33.8 

34.0 

34.0 

34.2 

33.8 

33.8 

93.2 - 
4 - 
6 1  .0 

85.5 

90.5 

91.2 

92.C 

92.C 

92.2 

911 

91.: 

91.( - 

- 
e) - 
39.0 

32.2 

?4.5 

?4 .O 

33.2 

32.6 

32.5 

31.5 

31.0 

9o.c - 
n> - 

50.5 

60.C 

94.5 

95.5 

95.5 

95.4 

95.E 

95.c 

94.c 

93.8 - 

- 
f 

4.9 

4.5 

6.0 

32.0 

36.8 

36.0 

35.0 

34.0 

34.5 

56.C 

- 

- 
0) - 

36.5 

67.C 

83.C 

92.5 

95.5 

96.C 

97.c 

96.2 

96.1 

96.( - 

- 
g) - 
31.5 

34.0 

35.8 

34.2 

32.9 

31.2 

30.0 

57.0 

83.5 

51.0 - 
P) - 

51.5 

81.0 

95.0 

95.5 

96.0 

95.5 

95.5 

94.8 

94.2 

93.8 - 

- 
h) - 

35.0 

36.1 

36.3 

36.3 

36.0 

35.8 

35.6 

95.8 - 
4) - 

- 

84.6 

62.5 

80.8 

79.1 

78.C 

77.c 

75.; 

75.: - 

- 
i) - 

71 .o 
73.0 

33.0 

33.8 

32.5 

31.0 

30.0 

78.2 

77 .O 

71 .O - 
r) - 

81.3 

85.2 

88.0 

89.8 

91.c 

91.4 

91.5 

91 .$ - 
transmission rather  than  to  absorption,  the use of aluminized 
mylar behind the white reflector may increase the reflectiv- 
ity. There  are, however, some  caveats, which  may,  in the 
end, disqualify teflon: if good reflectivity is only obtained 
by increasing the thickness,  background levels from Cerenkov 
photons  produced in the teflon layer may become intolerable 
(,- 6 photons are produced in the 220-550 nm range per 100 
pm thickness). 
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Figure 55. Reflectivity 
measurements of white diffuse 
reflectors as a function of 
wavelength. 

Fluorescent Fibers 
In  order to keep the efficiency high, the properties of the BASF laser are 

fluorescent fiber need optimization. The number of Cerenkov FFc’s 
photons increases with 1/X,  while the sensitivity of the SPAD 
peaks at 800 nm, as shown in Figure 56. Thus,  the  photon 
wavelengths have to  be shifted by several hundred  nanome- 
ters, which requires several shifts. The first  shift to 450 nm is 
accomplished by PMP mixed in the aerogel. The remaining 
shifts have to done with several laser dyes, since  their  typ- 
ical Stokes’ shifts are only 30-50 nm. The  quantum yields 
of fluorescence, however, are typically greater  than 95%. In 
Figure 17 the absorption spectra of the BASF dyes #84 and 
#241 are shown in comparison of the  absorption  spectrum 
of the Y7 fiber. From the figure it is evident that  the dye 
in  the Y7 fiber can be  omitted if the dyes #84 and #241 
are used. But  it is important  to add  one or two more laser 
dyes, to increase the absorption range above 500 nm. Appro- 
priate dyes are made by BASF.51 These dyes are mixed into 

wavelength shifters for the 
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an unclad fiber made of the highly transparent  and  photo- 
chemically stable  plastic  Polymethylmethacrylate (PMMA). 
For cell  sizes of 2-3 cm, the  optimal fiber diameter is about 
1 mm, since this leaves the fiducial volume large enough while 
keeping a moderate average path length.  Dye  concentrations 
of 300-400 ppm  are probably sufficient  for a 1 mm fiber diam- 
eter, as the absorption  length is estimated to  be of the order 
of a few tenths of a millimeter. A thinner fiber would require 
higher dye  concentrations, which  would increase the proba- 
bility for other absorptions. Though a minimum  number of 
absorptions is necessary to achieve the full shifting, too many 
absorptions result in  an efficiency decrease, since photons are 
either lost by self-absorption or a new emission angle allows 
them  to leave the fiber. Thus,  the  transport efficiency may 
be different in the two  cells, since the fiber lengths differ  by a 
ratio of 5 to 2. The fiber end  located in the aerogel will have 
an end reflector made of aluminized mylar. 

Single Photon Avalanche Diodes 
We are curently investigating two avalanche photodiodes: 

the C30902S from RCA and  the S2383 from H a m a m a t ~ u . ~ ~  
Their  spectral response is shown in Figure 56. In order to 
obtain  the best coupling of the FFC to  the SPAD, the FFC- 

The SPAD’s must be mdified SPAD gap  must  be very small (< 1 mm). RCA SPADs have 
to optimize light collection a borosilicate window  which must  be removed and replaced by 

a fiber-holder, as sketched in Figure 57. To ensure a minimal 
gap,without damaging the surface, a stop, which rests  on  the 
non-sensitive Si02 surface, defines a constant  gap. A cross- 
section of the RCA SPAD is shown in Figure 58. 

A major current deficiency is the mismatch of the diam- 
A mismatch between the diam- 
eters of the fiber and the SPAD 

eters of the SPAD and  the fiber. Apparently RCA is having 
causes loss of efficiency problems with fabricating larger area SPADs. Since these 

problems may be intrinsic to the design, it may be impossible 
for tem to fabricate SPAD’s with a 1 mm  diameter. For the 
Hamamatsu avalanche photodiodes,  operation in the Geiger 
mode, which  is crucial for obtaining a high gain of > lo8, 
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remains to  be demonstrated. If, however, a 1 mm SPAD op- 
erating in the Geiger mode is not commercially available, one 
has two options: one can either develop a focussing system or 
use four 0.5 mm thick fibers. For both cases, efficiency losses 
are inevitable; the second option also increases costs. 
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The SPADs work best if they  are cooled to -20°C to 
-40°C. The noise rate drops from -12 kHz at room  temper- 
ature  to - 500 Hz at T= -20" C, as shown in Figure 59a. 
Thus, for optimal performance, a cooling system is required. 
It is certainly  not as involved as a cryogenic system,  but 
proper  insulation is needed, since moisture will condense near Cooling of RCA S P A D ~  con- 

the cooling  lines. Though the noise  level of the RCA  SPADs siderably  reduces noise 
was tolerable at  room  temperature, one may in  fact use cheaper 
SPADs in the real detector, which may  be too noisy at 2 O O C .  
The coincidence technique does not require a cooling system. 
It will be necessary to demonstrate that cross-talk between 
the fibers is negligible. It may,  in any case, be necessary to 
keep the humidity at a low  level  in order to avoid damage  to 
the aerogel. This is achieved with a steady flow of nitrogen, 
which may be cooled to -20°C. 

Improvements  by Hamamatsu 
Due to  the long deadtimes (> 300 ns) required to quench may allow counting 

an avalanche, the RCA  SPAD's can detect only a single pho- Cerenkov  photons 

ton. If enough Cerenkov photons are present and noise lev- 
els are low, the detection of one photoelectron is  sufficient 
for particle identification. However, it would be helpful to 
have some  redundancy by observing more than  one photo- 
electron. This would be possible if the dead time is reduced 
to a few hundred ps. In the RCA SPADs the long dead time 
is needed to reduce the probability for afterpulsing. Fig- 
ure 59b shows the probability for afterpulsing in the' 100- 
300 ns range. The curve indicates that a minimum  dead time 
must  be 300 ns. Hamamatsu, however, claims that  it may 
be possible to achieve dead times less than 1 1x3.'~ Hama- 
matsu  further claims that their avalanche photodiodes show 
a lower after-pulsing rate  at r'oom temperature  than when 
cooled, while noise levels at room temperature  are lower than 
for the RCA SPAD's. Thus  the  Hamamatsu  PDs  may  be 
the ideal photon detectors;  it is expected that  they will soon 
become available. 

of all 
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Figure 59. a. Dark current 
as a function of temperature; 
b. probability of after pulsing 
as a  function of dead  time. 
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Phototetrodes 
A phototetrode (PT) is a 4 stage  photomultiplier, which 

is can operate in magnetic fields up  to 1 Tesla. The gain at  
nominal operation of 1 kV is 50 at  zero  field; it is  12.5 at 1 T. 
The gain is largest if the PT is oriented nearly parallel to  the 
6 field, while it drops to zero if the PT is perpendicular to 6. 
The gain as a  function of the direction of the PT is shown in 
Figure 60. For a 30' angle, the gain is 75% of the maximum 
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Figure 60. Relative gain of 
a  phototetrode versus its angle 
with  the magnetic  field. 
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gain. Since the gain variations are  still relatively small at 30°, 
this seems to  be a suitable  operation  point.  Operation at  45' 
is desirable, even though the gain is still 0.5, as the variation of 
gain with angle is very large. These PTs  are obt,ainable  with 
a multialkali photocathode.  Figure 61 shows the  quantum 
efficiency of a multialkali cathode for a borosilicate and a 
quartz window  in comparison to  the  PMP emission spectrum. 
If PMP is mixed into the aerogel, a multialkali cathode is 
important  but  a  quartz window is not essential. 

An Estimate of Inactive Material 
In order to estimate  the inactive  material in front of the 

electromagnetic calorimeter resulting from  an aerogel Cerenkov 
counter, we have used the cell design described in Section 3. 
Table 13 gives a detailed list of the individual components. 

The inactive material for a We have assumed that  the mechanical support  structure con- 
twGcellmroge1 thredmld & r e n h  sists of two layers of carbon fiber. Thus,  the  total inactive 
detector amounts to '% Of a material amounts  to  about 6% of a radiation  length.  The 
radiation length 

estimate for white  paint is  based on  BaS04. Using  Teflon 
or millipore paper as a reflector reduces the inactive  material 
by about 0.5%. The overall contribution  from the fiber and 
SPAD is  negligible. For the  tetrode readout the inactive  ma- 
terial increases by 1-2%, depending on the mechanical support 
structure. For both designs, this is considerably less inactive 
material than needed for a CRID/RICH particle identification Table 13. Inactive material 

of a two-cell  aerogel threshold system. 
Cerenkov  counter, 

Material 

aerogel 1.008 

aerogel 1.06 

mylar 

cardboard 

white paint 

mech.  support 

thickness  [cm] 

0.286 4 

0.038 10 

density [g/cm3] 

4 x 0.005 1.39 

4 x 0.015 0.6 

4 x 0.0025  4.5 

2 x 0.1 1.2 

x0 [g/cm21 

29.85 

29.85 

39.95 

40.0 

9.91 

40. 

rad. length [%] 

0.09 

0.45 
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7.6. Performance of Threshold Cerenkov Counters 

In concluding this section, we will demonstrate that a 
two-cell threshold Cerenkov counter  with refractive indices of 
n = 1.06 and n = 1.008 provide sufficient particle identifica- 
tion to achieve the physics aims of an asymmetric B Factory. 
The probability for observing a single photoelectron from a 
sample of Cerenkov photons produced by a charged particle of 
mass rn traversing an aerogel  cell with a momentum p above 
threshold ( p  > Pt = l/n) is given by: 

where re is the average number of photoelectrons, which 
is determined from the  maximal 
Nmaz, expected at p = 1, by: 

number of photoelectrons, 

- &) 
Pr 

For the two  cells, Nmaz is assumed to  be 10 and 5 photoelec- 
trons, respectively. 

Figure 62 plots the ~ r o b a b i l i t y ~ ~  for detecting electrons, 
muons, pions, kaons and  protons as a function of momentum. 
Solid  curves correspond to  the n = 1.06 cell  while dashed For an identification  ProbabjJ- 
curves correspond to  the n = 1.008 cell.  False identifications ity above 50%, aerogel cells 
due  to noise and &rays produced by particles below threshold with indices of n=1.06 and 

1.008 provide K/T separation are neglected in this  estimate.  From  our previous discussion between o.4 and 4.2 GeV/c 
we know that noise is small. The production of &rays is 
expected to be also small,  but needs further study. If one re- 
quires an identification probability of > 50%, K/T separation 
is provided in the 0.4-4.2 GeV/c  momentum range; 

For r / e  and ~ / p  separation as well as K / p  separation in 
the 1-1.4 GeV/c region and above 2.7 GeV/c,  one needs addi- 
tional information: lower-momentum electrons are identified 
by.dE/ds, while higher-momentum electrons can be identified 
by pattern recognition in the electromagnetic calorimeter; for 
muon identification a hadronic calorimeter or a muon  range 
out system  has to be used; antiprotons leave a clear signature 
in the electromagnetic calorimeter. A residual problem for 
detecting  protons above 2.7 GeV/c remains unsolved. 
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Figure 62. Probability of 
detecting  particles  in  a  twecell 
threshold Cerenkov  counter 
detector. 

A two-cell aerogel Cerenkov 
detector,  supplemented by d E / d z  
measurement in the drift cham- 
ber,  provides excellent particle 

The performance of a two-cell aerogel threshold Cerenkov 
counter has also been calculated for typical BB events. An 
example is shown in  Figure 63.56 Both  the B and B decay 
semileptonically. The final state consists of vPp+?r-K+n-, 
F,e-?r+K-n+. 
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Figure 64 shows the performance of a dE/dz system, a 
TOF system, a CRID  system  and two-cell threshold Cerenkov 
counters to identify all charged particles in the above event. 
The d E / d z  simulation was based on 32 one  cm samples taken 
in the drift  chamber  operated  with a He/isobutane/COZ gas 
at atmospheric pressure. The resolution was assumed to  be 
7.5% and a plateau to minimum ratio of 1.4. For the TOF 

identification for an z ~ m e t -  system, a barrel and two endcaps of 5  cm thick scintillation 
ric B Factory counters have been assumed, with a resolution of  75 ps  and 

an efficiency of 100%. The CRID  simulation is based on 1 cm 
C&2 liquid radiator (n = 1.277) assuming 36.6 observed 
photons  out of 61 produced. The CRID angle is assumed 
to be measured with 100% efficiency. The simulation of a 
two-cell threshold Cerenkov counter system is based on  the 
parameters given above, 
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Particles 1,3,4 are well-identified by dE/ds.  Both  the 
CRID and  the two-cell threshold Cerenkov counter  do a good 
job in  identifying the remaining particles, while TOF iden- 
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tification is limited to  momenta below 1.5 GeV/c and thus 
cannot classify all of the remaining  particles. A d E / d x  sys- 
tem  and a two-cell threshold Cerenkov counter provide good 
K / T  separation  up to 4.2 GeV. 

7.7. Conclusions and Outlook 

In conclusion, threshold Cerenkov counters using two  cells 
of aerogel with refractive indices of n = 1.06 and n = 1.008 
provide a potential  alternative to  CRID/RICH counters. The 
inactive material for the  entire device is only a few percent of 
a radiation  length, thus leaving the good energy resolution in 
the electromagnetic calorimeter unaffected. Though  the ini- 
tial  test  results look  very encouraging, a lot of work remains 

Aerogeltbreshold  countersmay to be done before this  idea can  be  turned  into a large scale 
provide an interesting aherna- detector  system. The most important issues are whether one tive to ring-imaging devices 

actually can detect enough photons,  whether  the  readout is 
sufficiently reliable and efficient to build a particle identifica- 
tion system and whether aging effects due  to  radiation, hu- 
midity and absorption of organic molecules are serious. Our 
main goal for the near future is to investigate each of these 
issues.  Specific R&D items include: 

0 Both  the absorption and  scattering  length have to  be 
measured in different samples,  examining the depen- 
dence on p ,  monitoring  time  dependence and  study- 
ing the  transmittance  after exposure to various paints, 
wavelength shifters and high doses of radiation.  It is 
important  to  obtain  more  understanding of which  pre- 
cautions are necessary for the construction of a large 
detector. 

e The properties of aerogel mixed  with PMP have to  be 
studied focussing on  questions like: does PMP scintil- 
late?  What is the  optimal PMP concentration? Does 
radiation change the PMP bounds  and therefore  dam- 
age the aerogel? Are there  other long- term aging ef- 
fects? Is the  PMP concentration uniformly distributed? 
In order to find the best  radiator, aerogel containing 
other PMP derivates and  the wavelength shifter HF3 
will also be  made  and  tested. 
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o In order  to optimize the efficiency, it is necessary to Figure 64. performaoce 
conduct various material studies: i) measure the flux ofa, d ~ / d ~ ,  b. TOF, 
concentration in the fiber by testing different laser dyes; c.  CRID/RICH, and 
ii) optimize  the coupling of the fiber and  the SPAD; iii) d- a tw@ce" &enkov 

measure  the reflectivity of white diffuse reflectors; iv) the particles of the decay in 
counter  detector for identifyjng 

find the optimal container; v) test different SPADs and 63. 
PT. 
Both  the photoelectron yield and efficiency have to  be 
measured in several n = 1.032 aerogel  cells with  and 
without PMP. For readout  a UV sensitive PM, a PT and 
a FFC plus SPAD will  be used, for a direct  comparison. 

Once the best  readout is found, a  test  array for n = 
1.008 aerogel will be built and  tested. If this  test is 
successful, we  will build a two-cell prototype  array con- 
sisting of n = 1.008 and n = 1.06 cells and  do a beam 
test using pions and kaons. 
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We have established a collaboration  with L. Hrubesh of 
Lawrence Livermore Laboratory, which  will emphasize the 
production and  testing of aerogel incorporating various wave 
length shifters. 
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CALORIMETRY  GROUP 
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P. FRANZINI, G. GODFREY, D. HITLIN, 

J. LEE-FRANZINI,  M.  MANDELKERN,  H.  MARSISKE 
AND P.M. TUTS 

1. INTRODUCTION 

T he B Factory  detector will include  state-of-the-art elec- 
tromagnetic calorimetry with target energy resolution 

Resolution of this quality can be obtained  only  with homoge- 
nous active  media such as scintillating crystals,  scintillat- 
ing glass or noble liquids; we have not, therefore, considered 
calorimeter configurations based on sampling. We  will as- 
sume  that  the calorimeter begins outside the central  tracking 
chamber  and  particle identification system at a radius of 1.0 
meter,  and  that  it  extends radially outward for a minimum 
of 18 radiation lengths. Access to  the central  tracking cham- 
ber requires the calorimeter configuration to  be a barrel  with 
endcaps. As discussed in SLAC-353, an angular resolution of 
10-20 mr is  required in order to  retain  the intrinsic  energy 
resolution by removing Doppler shifts caused by the boosted 
center of mass of the asymmetric collision. This is particu- 
larly important for the  study of electromagnetic  transitions 
in the T system. The geometrical arrangement should thus 
consist of projective towers pointing at  the interaction  point. 
The transverse size of all towers is made identical. This  makes 
the  sharing of shower energy between  towers independent of 
the location  within the calorimeter. The position resolutim 
at a given photon energy is thus  independent of pol'ar angle. 

51 7 
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2. GENERAL  CONSIDERATIONS 

2.1. Segmentation 

T he desired angular  resolution  can be  obtained by partion- 
ing the  entire 47r of solid angle into approximately 10,000 

elements, providing an  angular resolution of oe,4 NN 10 mrad. 
For more than lo4 elements, the cost of electronics (assum- 
ing $100 -$300 per  channel) becomes an unreasonably large 
fraction of the  total calorimeter cost of approximately $25 M. 
This number of elements is also well-matched to  the  area cov- 
ered by a typical  electromagnetic shower at  the one meter 
radius of the calorimeter. For a material  with a Moliere ra- 
dius of 5 cm,  there  are 8042 (Moliere radius)’ elements in the 
barrel  and 1256 elements  in  each end cap. For comparison, 
this  is similar to  the number of CsI(T1) crystals in CLEO 11 
(SOOO), and is about 14 times  the  number of NaI elements in 
the  Crystal Ball (720).l 

2.2. Active Materials 

Table 1 lists the  properties of a variety of possible calorime- 
ter  materials. Of the crystal scintillators CsI(T1) appears  to 
be  the most desirable: it has the lowest cost (for a calorime- 
ter  with  inner  radius of one  meter), it is only weakly  hy- 
groscopic, it yields the largest  number of photons/MeV,  and 
there is demonstrated  industrial  capacity to produce  the r e  
quired number of large, clear crystals. BGO would have cost 
advantages if the calorimeter were built closer to  the inter- 
action point (and was then scaled down in proportion to  its 
radiation length),  but would cost more than CsI(T1) under 
the constraint that  the calorimeter begins at a radius of one 
meter. No clear 18 radiation  length-long  crystals of BaF2 
have  been manufactured  to  date. NaI(T1) has a longer radi- 
ation  length, is more fragile, and is more hydroscopic than 
CsI(T1). Scintillating glass was  also considered. Compared 
to  CsI(Tl), it costs  more per cubic  radiation  length, makes 
a much thicker calorimeter,  and  has  an  order-of-magnitude 
lower  light output  (thus requiring a higher gain  photomulti- 
plier rather  than a phototetrode or photodiode in order to 
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operate in solenoidal magnetic field). Cryogenic liquid to- 
tal  absorption  (non-sampling)  calorimeter was also considered 
in some detail. Liquid krypton is the medium of choice for 
such a  detector. Liquid xenon has  a shorter  radiation  length, 
but is too expensive; liquid argon  has too long a  radiation 
length. The group  therefore narrowed its considerations to a 
CsI(T1) crystal calorimeter and a homogeneous liquid krypton 
calorimeter. 

Scint 

4.35 

2.41 4.8 

krypton Glass 

Liquid 

60.1 44 

4.7 

16.2 

6.1 

3.44 

440 

70 

300 

3ps/cm 

Liquid Good 

No No 

10 

Good Excellen 

21.9 24.2 

.25-.5 .4 

5-11 10 

Table 1. Properties of 
candidate  radiators.  The main 
volume is taken as a cylinder 
3.2 meters long, with inner 
radius 1 .O meter, and thickness 
18 radiation  lengths 
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2.3. Material in Front of the Calorimeter 

The physics program of the B Factory calls for a detector 
with excellent electromagnetic  calorimetry as well as excel- 
lent particle identification. Choices for the electromagnetic 
calorimeter have been narrowed to either liquid krypton or 
CsI(T1); particle identification options  include a CRID, aero- 
gel or high-pressure Cerenkov counters. 

A major consideration in any choice of particle identifica- 
tion  system is the  amount of material  it  introduces in front of 
the electromagnetic  calorimeter;  this must include the  mate- 
rial in the cryostat  in the case of a liquid krypton  calorimeter 
as well as the  material in the particle  identification  system. 
To evaIuate the effect on  this  material  on the calorimeter en- 
ergy resolution we have performed a  GEANT-based  Monte 
Carlo study which assumes between 5% and 40% of a radia- 
tion  length (7-l.) of material right in  front of the calorimeter. 
This  represents  any part of the particle  identification system 
near the calorimeter, as well as a possible cryostat;  the ma- 
terial in the  beam pipe, the vertex  detector  and in the drift 
chamber  has been neglected. 

Samples of photons  with  three different energies 
(E ,  = 10, 100, and 1000 MeV) and two different polar  an- 
gles (0 = 90' and 35') have been generated.  (Note  that for 
the smaller polar  angle the  amount of material seen by a par- 
ticle is increased by 74%. Figure 1 shows  for some selected 
cases the  distribution of the energy deposited by photons in- 
teracting in the  material placed in front of the sensitive vol- 
ume of the calorimeter. 

Note that  the  distributions  are non-gaussian. This  makes 
it impossible to  estimate  the effect on  the energy resolution in 
the usual way, that is  by adding in quadrature  the properly 
weighted sigmas of the two distributions. Note also that a 
significant fraction of low-energy photons are fully absorbed 
in the front  material.  This  has a serious impact on the ability 
to reconstruct final states with  multiple T O ' S .  Table 2 shows 
the fraction of photons  interacting in the front  material as a 
function of photon energy and angle, as well as the mean  and 
r m s  energy deposited in the front  material. 
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Table 2. The fraction of 
photons which interact (top 
entry in each box) and the 
mean and rms of the energy 
deposited in  the front material 
(in  MeV) for various photon 
energies, polar angles, and 
radiation lengths. 
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Table 3. Mean  and rms 

(in MeV) for various photon 
energies, polar angles, and 
radiation  lengths placed in 
front of the calorimeter 

of (Egenero led  - 
-r Elmeasured ) 

Table 3 shows the  mean  and rms of (E ,  generated-Emeasured 

for E, = 10, 100 MeV with  and  without  material in front of 
the calorimeter. 

7 ) 

Clearly, the effect of the  extraneous material  on the en- 
ergy resolution  can  be  significant. The results for E, = 
10 MeV are  accurate  to - lo%, as a 1 MeV  cutoff in the 
energies of secondaries was used. 

It is possible to detect  the  fact  that a photon  interacted in 
the extraneous  material.  In  this  case the mean of the energy 
deposited in the  material in  front  can be added to  the energy 
in the calorimeter  proper. Since the rms of the deposited 
energy is almost as large as its mean, however, the energy 
resolution of the calorimeter  can  only slightly be improved 
by this  method. One could  do better if the actual energy 
deposition  in the  entrance  material could be measured, but 
this is  difficult to do. 

In summary,  our  studies show that in  order to achieve the 
required energy  resolution of OE/E = (1 - 2)%/*a every 
effort has to  be  made  to keep the  amount of material  in  front 
of the calorimeter below 10% - 15% of a  radiation  length. 
This places a stringent  requirement  on the material in the 
particle  identification  system. It also means that  the intrinsic 
energy resolution of a liquid  krypton  ionization chamber can 
only be fully realized if a very thin cryogenic dewar can be 
designed. 
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If the radiator is not directly in front of the calorime- 
ter,  its effect on efficiency is even more severe because of the 
magnetic field. Essentially all of the electrons  from photon 
conversions which  lie  below  some  cutoff energy are lost. The 
electron and positron from a converting photon may  curl  up 
before reaching the calorimeter, or they  may  curve  enough to 
strike  the calorimeter sufficiently far  from the main  energy 
deposition that they  are not found by the  pattern recognition 
algorithm. For example, suppose a radiator of Lrad radiation 
lengths is 20 cm in front of the calorimeter. In a 1 Tesla field, 
a pt = 60 MeV/c electron has a 20 cm  radius of curvature. 
Thus any E-, 5 120  MeV, or EXo 2 240 MeV is definitely 
lost if there is a conversion. Since the average ?yo momentum 
is - 500 MeV/c, most 7r07s will be lost if one of their decay 
photons converts. The probability of converting a photon is 
gLrad. Either  photon from the T O  may convert; the probabil- 
ity of losing a ?yo is thus !$Lrad. The thickness of the  radiator 
must  be averaged over the polar angle, which results  in a 20% 
increase  in  material in the barrel region. Thus the fraction of 
T O ’ S  lost is 1.8Lrad, which  is 36% for a particle  identification 
system which  places 20% of a radiation  length in front of the 
calorimeter. 

7 

2.4. Trigger 

During the course of this Workshop, it has become clear 
that  the calorimeter can provide the  primary trigger and event 
timing for the experiment.  This may, in fact,  be simpler to 
implement than a tracking trigger (see the section on Trigger- 
ing and  Data Acquisition). The difficulty in  triggering  with 
a drift  chamber is most  easily  seen by scaling the PEP ex- 
perience with a magnetic detector. At PEP the charge  per 
bunch (40 nC) is similar to  the B Factory  charge per  bunch 
(20 nC). However,  crossings at the B Factory (every 4 ns) will 
occur more frequently than crossings at PEP (every 2.4 ps). 
Where as at PEP there was only one crossing in the typical 
1 ps drift  time of the chamber, there will be 250 crossings 
at  the B Factory. If masking can be done  as well at the B 
Factory as at PEP, then  the  central  drift  chamber will have - 
125 times the single hit (soft photons) occupancy as at PEP ! 
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Figure 2. Crystal Ball 
at DOR.lS. The number of 
triggers versus  the total energy 
deposited in the BaU. ECM = 
10.5 GeV. I,- = I,+ = 30 ma. 
The trigger rate  for  events in 
this plot (1.8 GeV  total  energy 
discriminator setting) was 1 
Hz. 

At PEP, hardware road-finders for the trigger were able to 
deal with the typical occupancies of about 10. Unfortunately, 
at the B Factory, with the scaled up occupancy of 1250, the 
road-finders will  likely find tracks  on every beam crossing. 
We are  thus motivated to investigate a calorimetric trigger. 
Expected rates for a total energy calorimetry  trigger  may be 
scaled from the Crystal  Ball at DORIS and from  CUSB at 
CESR. 
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Figure 2 shows the energy distribution of triggers for 
the  Crystal Ball at f i  = 10.5  GeV at DORIS,  with a mini- 
mum energy requirement of 1.8 GeV. Beam gas background 
is just  starting  to  be visible, producing a trigger rate of about 
1 Hz. At DORIS, the beams cross every 1 ps. Scaling this 
to the 4 ns crossing time of the B Factory yields a trigger 
rate of 250 Hz for a similar 1.8 GeV total energy threshold. 
On the T(4S), CUSB  had a trigger rate of .5 Hz for a 1.2 
GeV total energy threshold  (measured  after the first layer of 
calorimeter). Scaling the 350 ns crossing time of CESR to  the 
B Factory yields a trigger rate of 45 Hz. Therefore, all events 
which  leave more than  about 2 GeV in the calorimeter will 
efficiently trigger, leading to a trigger rate of 5 250 Hz. In 
order to trigger on events which  leave  less than 2 GeV in the 
calorimeter (for example p+p- or T+T- events)  combinations 
of calorimeter topology and  drift  chamber roads and lower to- 
tal energy thresholds (- 200 MeV) will have to  be OR'd with 
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the primary 2 GeV total energy trigger. Clearly, the elec- 
tronics of the calorimeter must  be designed to  be able to  sum 
10,000 elements without overwhelming a 200 MeV threshold 
with electronic noise. The greatest  danger is coherent noise 
sources, such as clocks and reset signals from around  the ex- 
periment. To minimize such coherent sources, the calorimeter 
electronics itself should be designed without clock pulses, and 
should use ADC start,  latch  and clear signals which occur 
only after the trigger. The drift  chamber electronics requires 
clocks; grounding, cabling, and rack placement must  be care- 
fully designed to avoid introducing noise from this source into 
the calorimeter trigger energy sum. This also argues for pho- 
totubes  rather  than FET amplifiers as the first element of 
electronic amplification in  the caIorimeter, as a phototube is 
largely immune to low-level coherent noise pickup. 

2.5. Timing 

The earliest repeatable  timing  signal for an event could 
come from a CsI(T1) calorimeter. The rise time of the timing 
siganl is essentially a property of the electronics. The  total 
energy sum in the Crystal Ball had a rise time of x 15 ns. 
With a  constant-fraction  discriminator, the timing resolution 
can be  a small fraction of this rise time. We conservatively 
estimate o = 10 ns for this event timing signal. With a 
liquid krypton calorimeter, the risetime would be the fraction 
(X .l) of the electron drift time (X 6 p ) .  A liquid krypton 
calorimeter with a 600 ns rise time will therefore not yield a 
time resolution as good as that of CsI(Tl), with its 15 ns rise 
time. Thus a CsI(T1) calorimeter can resolve the  time of an 
individual event to one or two beam crossings, which  is quite 
useful  for hardware road-finding in the tracking system. 

3. CRYSTAL CALORIMETRY 

C rystal  scintillators have long  been used as precision  elec- 
tromagnetic calorimeters at e+e- accelerators. They can 

provide the segmentation, depth,  and precision required for 
a B Factory calorimeter at  an acceptable cost with a well 
established technology. A schematic view of such a crystal 
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calorimeter,  in  relation to  the full detector, is shown in Fig- 
ure 3. 

The goal of the electromagnetic  calorimeter design is a de- 
vice  which can provide neutral  particle  resolution  comparable 
to  that expected for charged  particles. This is in  practice  an 
unattainable goal, but  one for which we should  nevertheless 
strive. The weaknesses of existing  detectors  are  particularly 
evident at low photon energies, where poor  resolution influ- 
ences the lowest usable  photon energy, below which photons 
are no longer identified. This cutoff influences 7ro reconstruc- 
tion efficiency,  which  is vital to  the  main goal of efficient B 
meson reconstruction.The low energy photon  resolution plays 
an equally important role in precision spectroscopic  studies.2 

We  will consider several crystal  calorimeter  options. We 
discuss the  material choices, and  then focus on CsI(T1) as 
the  crystal material. We have considered a variety of read- 
out options; we find that in a magnetic field, phototetrode 
readout provides low-energy performance which is superior to 
conventional silicon photodiode  readout. Issues of mechani- 
cal support  are briefly discussed. Calibration  methods for a 
CsI(T1) crystal  calorimeter are considered. Finally,the cru- 
cial issue of radiation  resistance of pure  CsI  and CsI(T1) is 
addressed by a survey of the  literature on the  subject, as 
well as some by specifying a program of new measurements. 
Whatever  the  radiation resistance of the  crystal  material,  it 
will be  important in the  high-radiation environment of a B 
Factory to pay attention to shielding against  beam losses  in 
the IR region at injection or during  accelerator  studies.  This 
can be addressed in several ways. A movable tungsten or mer- 
cury  “injection shield” could be brought into position  during 
those times when radiation losses are  expected  to  be  the high- 
est. Alternatively, masks could be placed in the storage ring 
to intercept off-energy electrons  far  from the  interaction re- 
gion, thereby minimizing any additional  radiation dose to  the 
calorimeter. We have also estimated  costs  and time-scales fm 
the construction of a CsI(T1) crystal  calorimeter. Our con- 
clusion is that such a calorimeter  can be built  with  existing 
technology in a timely manner at  an  acceptable cost. 
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3.1. Material Choice Figure 3. The B Factory de- 

The issue of crystal  material choices  have been summa- tector with a ca’orirne- 

rized in Table 1, which leads one to  the conclusion that CsI(T1) 
is the  best available compromise between performance (radi- 
ation  length,  material  properties,  radiation  hardness,  manu- 
facturability)  and cost. A large CsI(T1) calorimeter has been 
built and  put  into  operation for CLEO I1 at CESR. We have 
therefore based our  crystal calorimeter studies on a CsI(T1) 
crystal  calorimeter.  One of the most important issues to  be 
addressed in choosing CsI(T1) as the detector  material is its 
radiation cesistance. The radiation doses anticipated at  the 
B Factory  during  luminosity  running have  been estimated 

ter. 
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and  appear to  be tolerable. It is important  that large  ad- 
ditonal doses not be produced during  injection or machine 
physics studies. Were these  additional doses to amount to 
many  krad,  they may be unacceptably  large for CsI(T1) unless 
further  steps  are  taken  to  protect  the  crystals,  either  through 
stationary or movable shielding or the use of upstream masks 
in the storage rings. This problem is much less important for 
the liquid krypton  alternative; such shielding may,  howver, 
still  be required by the  other  detector elements. 

3.2. Shielding Requirements 

It is  difficult to  estimate  the shielding requirements for 
a CsI(T1) calorimeter as neither the  radiation resistance of 
CsI(T1) nor the expected  radiation dose at  the B Factory  are 
completely understood. There was a consensus, however, that 
there must be  some  form of radiation shielding for the detec- 
tor.  One approach is to have a M 5 cm thick  tungsten  “gun 
barrel” which can close during injection and machine studies 
periods, when we expect the largest doses, and  be  withdrawn 
for normal  data-taking. The shielding should  extend beyond 
the intersection region, providing protection for the calorime- 
ter from beam losses as  far upstream of the  IR as possible. 
Measurements3 at CLEO TI during two months of normal 
running and injection extrapolate  to a dose from  CESR of 4 
rad/year at a radius of 100 cm. Scaling this by the  ratio of in- 
jected charge at  the B Factory to  that  at  CESR predicts 500 
rads/year at  the B Factory. CLEO  measurements on BDH, 
Horiba, Bicron and Harshaw CsI(T1) crystals showed 5% to 
15 % decreases in light output after 100 rad 6oCo irradiation 
at  the non-readout end of a 30 cm long ~ r y s t a l . ~  This scheme 
presents serious mechanical difficulties, and  as  it unavoidably 
occupies radial space, can increase the cost of components at  
larger radii (cost 0; r 2 ) .  An alternative is therefore to explore 
the placement of masks far upstream of the interaction region 
which intercept  beam  particles which stray far  from  the cen- 
tral  orbit.  The idea is to remove such particles  from the  beam 
in such a way as to prevent them  from depositing energy in 
the interaction region. Such a scheme has been investigated 
in detail at KEK 4and  appears  to  be practical. 
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3.3. Readout and Electronics 

Two constraints have been imposed on the calorimeter 
readout: it must work in a  magnetic field, and  it  must  pre- 
serve the excellent intrinsic  response of the crystal calorime- 
ter down to  the lowest possible energy. The readout  scheme 
adopted  in  the CLEO I1 detector uses four silicon photodi- 
odes on each crystal  with  a  charge  sensitive preamplifier. The 
weakness of this  approach is that  at low energies the energy 
resolution is dominated by electronic noise in the preampli- 
fier. For CLEO 11, the electronic noise has (T 1 MeV rms. 
This noise dominates the energy resolution below N 200 MeV. 
We have studied  a  variety of alternative  readout schemes in 
an attempt  to improve the low energy performance. 

3.4. Readout Types 

The first  approach we have considered employs “flux con- 
centrators”, in which  silicon photodiodes  detect the light  from 
a wavelength shifter which  covers the  entire rear  face of the 
crystal. The advantage of this scheme is that one  can afford 
to cover the  entire rear face of the  crystal, which  would be 
prohibitively expensive with conventional photodiodes. The 
price paid is the  amount of light which finally enters  the pho- 
todiode. 

A schematic view of this  type of readout is shown in Fig- 
ure 4. Recent improvements in  this  technique by E. Lorenz 
have made  this  approach  quite a t t r a~ t ive .~  The second type of 
readout considered is a phototetrode (a two stage  photomul- 
tiplier tube). A typical  phototetrode is shown in Figure 5. 
This scheme has the distinct  advantage that  it employs an 
essentially noiseless amplifier (the  phototetrode) as the first 
amplification  element.  Phototetrodes  are  usable in relatively 
high magnetic fields (see  Figure 6), but  their axis cannot  be 
too  steeply  inclined to  the field (see  Figure 7). 
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Figure 4. Schematic  view of 
"flux concentrator" readout. 

Figure 5. Dimensions of 
a Hamamatsu R2185 p h e  
totetrode. 

i Shielded Preamp 

\ CsI(T1) I '  
The phototetrode  readout scheme requires a more com- 

plex mounting scheme, since those  crystals which are oriented 
at 90' to  the  beam axis (and hence at 90' to the field axis) 
must have their  phototetrodes  mounted at an angle in order 
retain a useful gain. Several solutions to this  problem have 
been considered; they all consist of angling the  phototetrode 
with a plastic wedge (a cookie) attached  to  the  crystal, as 
shown in  Figure 8. In  this scheme it is possible to orient all 
phototetrodes  at angles of 45' or less to  the B field axis. This 
solution may  appear  somewhat  more expensive than  the pho- 
todiode scheme, as phototetrodes  are  more expensive than 
silicon photodiodes, but  the electronics should be somewhat 
simpler, and hence  less expensive. 
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Figure 6. Dependence of 
phototetrode gain on magnetic 
field  strength. The field is 
aligned along the tube axis. 
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Figure 7. Dependence of pho- 
totetrode gain on orientation of 
the magnetic field  relative to 
the tube axis. 
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Figure 8. Sketch of a design 
which tilts  the phototetrodes 
toward the B field axis. 

We have carried out a number of tests of CsI(T1) crystals. 
Besides studies of radiation  damage  with large  crystals the 
main issues are light yield, energy  resolution and homogeneity 
using crystals  from different manufacturers  and  testing var- 
ious readout  systems.  Figure 9 shows four possible readout 
techniques for CsI(T1) crystals. For the B Factory  detector 
the  readout of an angled phototetrode coupled to  the crys- 
tal via a prism and  the  readout  with wavelength shifters  and 
photodiodes are of particular  interest, while the  other two are 
studied for comparison. 

Crystals 
We have collected various crystals  from different compa- 

nies to perform these  tests.  Table 4 lists the different proper- 
ties of the crystals. The  Quartz & Silice crystals were  grown 
using the Kyropoulos method, in which the mold is cooled 
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from the  top, allowing the  crystal  to grow downwards. The 
ingots are typically 19 inches in diameter  and 3 inches thick. 
Depending on the size, several crystals  can be  cut from one in- 
got. The T1 doping is uniformly distributed across the crystal. 
The  other crystals were grown using the Bridgeman method, 
in  which the  crystals  are cooled from the  bottom so that  the 
crystals grow upwards. This technique  introduces a gradient 
for impurities and  the T1 doping  with the highest concentra- 
tion at  the top. 

I Source 

Quartz & Silice 

Quartz & Silice 

Quartz & Silice 

Horiba 

Horiba 

BDH 

BDH 

Bicron 

Harshaw 

Harshaw 

Shape 

block 

pyramid 

cylinder 

pyramid 

block 

block 

block 

block 

block 

block 

2r-s section [cm2] 

3 x 4  

5 x 5 -+ 6.5 X 6.5 

0.79 

3 x 3 - 5 x 5  

5 x 5  

5 x 5  

5 x 5  

2.5 x 2.5 

3 x 3  

3 x 3  

Length  [cm] 

34 

37 

1.0 

18 

30 

30 

15 

30 

12 

21 

Comment 
~~ ~ - 1000 ppm T1 

high T1 concentration 

T1 doping 

TI conc. varies w. length 

Cleo crystal  with 4 PD’s 

T1 doping 

T1 doping 

pure, no T1 

T1 doping 

T1 doping 

The  crystals were wrapped with a teflon film and alu- 
minized black plastic foil.  For the following tests  the crystals 
were read out  with a 56DVP photomultiplier (PM), coupling 
the  crystal  to  the  PM via a silicone rubber cookie. The an- 
ode signal was amplified by an  Ortec EG&G amplifier and 
fed into  an  Ortec EG&G ADC  which  was operated by a PC. 
For most of the measurements a 22Na source was used. All 
test were performed  inside  a  light-tight box. 

Table 4. 
CsI crys t a h .  

Properties of test 
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TEFLON FILM 

a) 
ALUMINIZED 
MYLAR 

ALUMINIZED  BLACK 
PLASTIC  HOUSING 

SILICON-RUBBER 
COOKIE 

MIRROR 

.P D 
4 
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PD 

Figure 9. Cd crys- 
tal readout  techniques; a. di- 
rect  coupling to photomulti- 
plier or phototetrode;b. angled 
coupling via a  prism to a pho- 
tomultiplier or a phototetrode; 
bf c.  direct  coupling  to  photot- 
diodes; d. coupling to photo- 
diodes via fluorescent flux con- 
centrators. 

c 
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Linearity 
In  order to check the linearity of our measurement tech- 

nique, the  system was first  calibrated with the 22Na lines and 
then  tested  with  the 137Cs line  and the lower of the two 6oCo 
lines. The result, shown in  Figure 10, demonstrates that  the 
system is linear. In order  not to  be sensitive to gain  fluctu- 
ations, which may  occur over longer time  periods, the  22Na 
source was used in  all  measurement. 

Comparison of Diflerent Crystals 
The energy  resolution of the different CsI(T1) crystals was 

first  measured  with  a 56DVP photomultiplier. The results 
for the 0.511  MeV and 1.275 MeV 22Na lines are  presented 
in Figure 11. The energy resolution is better for the small 
crystal  (typically 2.9% at E2 = 1.275 MeV and 4.5% at E1 = 
0.511 MeV) than for the large  crystals (4.4% at 1.275 MeV 
and 7.4% at  0.511 MeV). If photon  statistics  dominated  the 
resolution and all  photons  emitted  under angles larger than 
the critical  angle  reached the  photocathode,  one would expect 
a  resolution of N 1.5% at  1.275  MeV from a  crude  estimate, 
assuming  a  15%  photocathode quantum efficiency. 

200 

0 

Figure 10. Linearity of CsI 
readout with a photomultiplier 

0 250 500 750 1000 1250 
ENERGY [ keV] 
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Figure 11. Energy res- 
olution of different CsI(TL) 
crystals with photomultiplier 
readout  using  a  22Na source. 
The crosses are  data for the 
0.511 keV line and  the  squares 
are  data for the 1.275 keV line. 
1) small Quartz & Silice cylin- 
der, 2) Quartz & Silice block, 
3) Quartz & Silice pyramid, 4)  
BDH block, 5) Horiba pyra- 
mid, 6) long  Harshaw block, 7) 
short Harshaw block. 
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Figure 12. Energy 
resolution as a  function of 
crystal  position for a. Quartz 
& Silice block, b. Quartz 
& Silice pyramid, c.  BDH 
block, d. Horiba pyramid, 
e. long  Harshaw block, f. short 
Harshaw block. 
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Figure 13. Light yield 
resolution as a  function of 
crystal position for a. Quartz 
& Silice block, b. Quartz  
& Silice pyramid, c. BDH 
block, d. Horiba  pyramid, 
e. long  Harshaw  block, f. short 
Harshaw block. 
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If all  produced light reached the  photocathode, the res- 
olution would be 1%. Since  for a PM read  out  both noise 
and leakage effects are small, the worsening of the resolution 
results  from both a loss of photons  and  line  broadening,  both 
caused by geometric  effects,  surface  irregularities, light atten- 
uation  and  gain  fluctuations. For the small  crystal  the  ratio 
of resolutions of both lines  scales  closely with d m ,  im- 
plying that here the main source is a loss of photons.  In the 
long crystals, however, geometric effects and surface irregu- 
larities become more important. Therefore,  one  expects line 
broadening to cause  additional worsening of the resolution. 
One  indication is that  the  ratio of resolutions is larger than 
d m .  Further evidence supporting  this  observation will 
be provided below. For the BDH crystal,  the  ratio of reso- 
lutions for the two  lines is larger than for any of the  other 
crystals . 
Homogeneity  Measurements 

Homogeneity studies have been performed for six of the 
large crystals. The results for the energy resolution and light 
yield are shown in Figures 12and 13. The four large blocks are 
rather homogeneous across the  entire length except for edge 
effects. The  Quartz & Silice pyramid is rather homogeneous 
except for the  last inch near the PM, where the resolution 
becomes  worse by about 15%, whereas the Horiba  pyramid 
shows a slight increase in resolution of about 15% between 
front and back. While the  Quartz  and Silice crystal  under- 
went a surface treatment  to  obtain uniform light output,  the 
Horiba  crystal achieves uniformity by increasing the T1 con- 
centration by appropriate amounts. 

Phototetrode  Readout 
The performance of the smaller BDH block has been stud- 

ied with a Hamamatsu 5 cm phototetrode which  was coupled 
directly to  the  crystal with Dow Corning  optical grease. A 
large effective electron signal is produced, which corresponds 
to  an equivalent signal of 87,000 electrons into  the preampli- 
fier for the 0.662 MeV 137Cs y line. Note  this does not  include 
the effects of an angled  coupling (which loses  less than a fac- 
tor of 2), the effect of the field (a factor of 3), and the reduc- 
tion  in  gain of the  phototetrode caused by an off-axis B field 



540 Report of the Electromagnetic Calorimetry Group 

(a factor of 2). Taking into  account  these  additional antici- 
pated losses, the signal into  the  preamp should correspond to 
M 8,000 electrons, while the noise can be kept below 100 rms 
electrons with a several p s  integration  time,  thus allowing  us 
to measure the response to low energy y sources in an individ- 
ual crystal. Such a  radioactive source calibration scheme has 
many advantages, but  cannot  be used if the low-energy per- 
formance of the system is dominated by electronic noise. This 
scheme also ensures that  the low photon energy resolution is 
dominated by photon statistics  and not by electronic noise. It 
should be noted that although the design collision rate is ex- 
tremely high (250 MHz), the singles rate  into any individual 
detector element is not high at all, so that long integration 
times can readily be employed to reduce l /f  noise. 

Photodiode Readout 

The photodiode (PD) readout of  CsI(T1) crystals is  used 
in the Cleo I1 detector. The rear  face of the crystals, which 
is on average - 6 X 6 cm2, is read out by  four 1 X 1 cm2 
Hamamatsu  photodiodes. The measured energy resolution 
is C E / E  = 1.4% at 5 GeV and 3.9% at 100 MeV.‘ The 
equivalent noise is about 700 keV. With  the development of 
new  low-noise photodiodes from  Hamamatsu, significant im- 
provements are expected. E. Lorenz has recently performed 
such  measurement^.^ A pyramidal Quartz & Silice crystal 
(3.5 x 3.5 cm2  front face, 4.5 x 4.5 cm2 back face, 34 cm 
long) has been read out by an 18 x 18 m m 2  Hamamatsu pho- 
todiode (S3204-03) attached  to  the back face. The  crystal was 
wrapped in three layers of Teflon film.  Using a “ C o  source 
a yield of 9700 photoelectrons  per MeV  was measured, which 
is about a factor of two higher than previous measurements. 
The equivalent noise  was 59 keV. The two 6oCo lines could be 
resolved. Other encouraging results  with smaller CsI crystals 
have  been obtained by another group at  MPI.’ 

Another interesting  readout  technique developed by Lorenz 
consists of coupling the crystal to a thin fluorescent flux  con- 
centrator (FFC), which  covers the rear face of the crystal and 
is read out by two rectangular low noise photodiodes located 
on two side faces. The  other two side faces are covered  by re- 
flectors. The  FFC contains several laser dyes  which shift the 
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light from 570 nm  to  about 800 nm, a region where the sensi- 
tivity of the PD's is largest. Light from the  crystal  enters the 
FFC through the large face. The dye concentrations are typi- 
cally a few hundred  ppm,  thus providing a high probability for 
absorbing light within a few mm. The light emitted  with  an- 
gles larger than  the critical angle (- 42') is trapped inside the 
FFC, travelling towards the side faces. With  this technique, 
flux  concentrations of 10-100 have been achieved. Currently, 
the Crystal  Barrel  detector at  CERN uses such a readout sys- 
tem. The measuredg energy resolution is U E / E  = 2.5%/4fi. 
With  the development of new low-noise photodiodes and  more 
efficient flux concentrators, the  FFC/PD system is a promis- 
ing  candidate  for  the CsI(T1) calorimeter readout. 

Study of angled Photomultiplier Readout 
As readout of CsI(T1) crystals  with  phototetrodes (PT) 

in a magnetic field requires tilting of the PT, we have stud- 
ied the light yield and resolution as  a  function of the tilting 
angle. The measurements were performed with a 56DVP pho- 
tomultiplier  in the absence of a magnetic field. The crystal 
was coupled to  the PM via a prism as shown in Figure 9b. 
To obtain good  optical  contact,  siliconerubber cookies  were 
used at all  boundaries; all exterior surfaces were  covered with 
aluminum foil. Prisms with different angles were made of lu- 
cite, wavelength shifter  material  and  plastic  scintillator. The 
light yield and energy resolution measurements for the large 
Quartz & Silice  block are summarized in Figures 14 and 15, re- 
spectively. The light yield drops considerably with increasing 
angle, as expected. While the wavelength shifter  and  lucite 
prisms yield similar  results, the plastic  scintillator prism  are 
slightly better.  The resolution, however, remains  unchanged, 
and is nearly the  same for all three materials. C .  Woody a t  
BNL has found similar results with lucite prisms." We have 
also studied the angular dependence of the small cylindrical 
Quartz & Silice crystal. As shown in Figure 16 for the prisms 
made of wavelength shifter, here the resolution increases 
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Figure 14. Angled readout 
of large  Quartz & Silice block 
showing  the light yield as a 
function of the  angle between 
crystal and photomultiplier 
for prism couplings  made of 
a. lucite, b. green  wavelength 
shifter, c. plastic scintillator. 
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Figure 15. Angled readout 
of large Quartz & Silice block 
showing the energy resolution 
as a function of the angle be- 
tween crystal and photomulti- 
plier for prism couplings made 
of a. lucite, b. green wave 
length shifter, c.  plastic scin- 
tillator. 
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Figure 16. Angled  read- 
out of small  Quartz & Sil- 
ice  cylinder  showing  the  en- 
ergy resolution as a function 
of the  angle between crystal 
and photomultiplier for prism 
couplings made of green wave- 
length  shifter. 
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Figure 17. Angled 
readout of large Quartz & 
Silice block showing  the  energy 
resolution as a function  of 
the  angle between crystal  and 
photomultiplier for different 
couplings: a. air, b. air  and 
mirrors, c.  Fresnel  lens. 
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considerably. We have performed further studies in which the 
prism was replaced by an air gap, a mirror and a Fresnel lens. 
The results for the energy resolution are presented in Fig- 
ure 17. Again, the resolution becomes  worse with increasing 
angles as expected. 

The most plausible  explanation of all  this data is that 
in small crystals  photon  statistics is the main contribution 
to  the energy resolution, while in large  crystals line broaden- 
ing due  to geometric effects and  surface irregularities deter- 
mines the resolution. Only in the case of very  lossy couplings 
does photon  statistics  dominate  the resolution. Therefore, the 
readout  with a lucite  prism  and a phototetrode provides an- 
other promising candidate for the a readout  system of CsI(T1) 
crystals. We still  must verify that these  results hold for a pho- 
totetrode  readout in the presence of a magnetic field. 

3.6. Geometry 

The geometry of the crystals is a tapered  trapezoidal 
prism. An example of a typical  crystal is shown in Figure 18. 
The  entrance face is about 4 X 4 cm2,  the length 34 cm, and 
the exit face about 5.5 x 5.5 cm2. For these typical sizes, we 
are led to a total of 8496 crystals in the barrel and 998 crys- 
tals in each endcap. The calorimeter endcaps would extend 
to 300 mrad on both sides (the minimum angle before being 
shadowed by the first dipole of the  storage  ring),  although  the 
detector itself would be asymmetric with respect to  the elec- 
tron  and positron  directions (reflecting the energy asymmetry 
of the  beams). 

5cm x 5cm 
4cm x 4cm 

I---- 34.0 cm Figure 18. Typical dimen- 
sions of CsI(T1) crystals. 
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3.7. Mechanical Support 

Mechanical support of a large array of CsI(T1) crystals 
presents a state-of-the-art engineering design problem, which 
we have not  attempted to solve at  this Workshop. The advent 
of large  carbon-fiber/epoxy structures allows support of an 
array of 10,000 crystals  with a minimum of dead material 
between the crystals. The superb energy resolution of which 
a single CsI(T1) crystal is capable can rapidly be compromised 
if there is an excessive amount of inactive  material between 
neighboring crystals which share the energy deposited by a 
single photon. 

As a guide to what is possible, we can take the example of 
the BGO electromagnetic calorimeter of the L3 experiment." 
The L3 calorimeter is supported by a carbon fiber composite 
structure which has walls 250pm  thick. At this thickness, it 
is worth noting  that  the fiber sheet is not completely opaque 
to visible light. At twice this thickness, effectively complete 
opacity is achieved. A thickness of 250pm corresponds to 
1.3 x r.Z. No other  structural  material approaches car- 
bon fiber composites in this  regard. The B Factory CsI(T1) 
design is larger than  the L3 BGO device; somewhat thicker 
intercrystal  separators will  likely be necessary. The remark- 
able mechanical properties of carbon fiber composites (mod- 
ulus of elasticity 22,000 daN/mm2, tensile  strength 250-310 
daN/mm2 along the direction of fiber orientation)  make it 
highly  likely that they will be  the primary structural mate- 
rial of the crystal  support. 

Mechanically, CsI(T1) is plastic, rather  than  brittle like 
NaI(T1) and BGO. It  has a compressive strength less than 
1% that of BGO,  and even less than  that of NaI.I2 This could 
mean that a structural design suiting the  latter will not be 
applicable to  the former. The design question comes  down 
to whether the  entire load must  be taken in tension by the 
composite walls, or whether  some of the compressive  load can 
be taken  through  the walls of the individual  compartments to 
the crystals themselves . 
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3.8. Calibration 

After all the  care which  goes into designing a high preci- 
sion, highly segmented calorimeter,  equal  care  must  be given 
to  the calibration.  Existing  detectors have used several meth- 
ods of calibration. For example,  CUSB  has used individual 
"Co sources (which have monochromatic  photon lines at 1.17 
and 1.33 MeV) on each crystal to  maintain cross-calibration 
to better  than 1%; the overall scale is then  adjusted using 
Bhabha  scattering events. The Crystal Ball has successfully 
used 13'Cs (662 keV), a pulser system,  and  Bhabhas to ob- 
tain cross calibrations good to 1% rms. The CLEO I1 CsI 
calorimeter uses Bhabha events to  obtain a relatively long 
time scale (-days) calibration. The energy scale can then 
be checked against the 7ro mass. We propose to utilize all 
three  methods  to  obtain and maintain  the calibration of the 
B Factory calorimeter to  better  than 0.5% rms.. 

3.9. Bhabhas 

At a luminosity of 3 x cmW2 s-', the  Bhabha  rate 
integrated over the  entire detector down to a polar  angle of 
300 m a d  is 90 Hz . Even at 90' the  rate  into a single crys- 
tal  is 0.005 Hz. The high luminosity of the B Factory thus 
makes it possible to employ Bhabha events for intercalibar- 
tion as well as for setting  the overall scale. Maintaining an 
intercalibration  error at  the 0.5% systematic level using only 
the Bhabhas, requires ten  events  per  crystal, which can be 
obtained in a reIatively short  time (NN 30 minutes at  90'). 

3.1 0. Sources 

Another  calibration technique is the use of low-energy ra- 
dioactive sources (e.g. 6oCo) on every crystal,  monitoring the 
source peak position through  a separate high gain channel. 
This  calibration can run simultsaneously with data taking  in 
a self-triggered mode. A few minutes of running  per  crystal 
is required to obtain the desired intercalibration accuracy of 
0.5%. Depending on the level of multiplexing used, this data 
can be obtained  in a fraction of the  time of a single fill, with 
no substantial  impact on data-taking. 
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A light pulser signal distributed to individual  crystals can 
be used to track the cross-calibration of the  crystals in the 
data ADC channels. Since all channels can be pulsed at  once, 
this  method provides a very fast  calibration  technique; it is 
an especially useful method to employ between runs. 

3.12. Radiation  Resistance of CsI(Tl,) and CsI 

The most serious potential problem with  a  crystal 
calorimeter at a B Factory concerns the  radiation-hardness of 
the material. The problem of evaluating the  potential  damage 
is exacerbated by the uncertainty in the expected  radiation 
dose at  the B Factory, and even more by a less than consis- 
tent  set of measurements on the  radiation  damage of CsI(T1). 
This is an area which requires further  study if the decision 
is made to build a  crystal calorimeter. The Crystal Ball re- 
ceived approximately 300 rads  in  its  tunnel modules during 
two years of operation at DORIS 11. This resulted  in  a no- 
ticeable drop of a few percent in the photopeak position for 
a 137Cs source placed at the  opposite end of the 16 inch long 
crystal  from the PMT. The Crystal Ball was opened to 1.5 
meters from the  beam pipe and a 1 inch thick lead shield 
put around the  beam pipe for all injections. A 20 radiation 
length stack of lead was placed around  the  beam  pipe on ma- 
chine physics days. The light transmission  in NaI(T1) for a 
137Cs source was measured by the  Crystal Ball group to  be 
esp(-(DosexThickness/105 rad-inches). The  literature on ra- 
diation  damage to CsI(T1) and  pure CsI  spans  the  past six 
years. It is not entirely self-consistent; in  addition it is  dif- 
ficult to compare results, since differing testing  methods  and 
varying crystal sizes  were employed in the  tests. We  have 
summarized some of the salient features of the measurements 
where known in Table 5. 

Early  studies on CsI(T1) indicated  noticeable  damage at 
modest exposures of a few hundred  rad.  More recent stud- 
ies  have indicated very good radiation  damage  resistance  up 
to  the hundred kilorad range (for 1 cm cubes). The differ- 
ences may be  due  to  the  amount  and  type of impurities in 
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the CsI(T1) samples used. One measurement of the radiation 
damage to pure CsI indicates good radiation  resistance up 
to  the megarad  range for small samples. The measured test 
results13 are shown in Figure 19.  Most of these  measurements 
on the relative light output were done  on 10 cm long crys- 
tals by monitoring the peak position of a 137Cs (0.66 MeV) 
source, except for the Renker and  the Woody measurements 
which  were done  on small samples. 

In  Figure 20 we have attempted  to normalize the measure- 
ments  to  the effect on a 35 cm long crystal uniformly exposed 
to radiation.  This was done assuming that all the  damage is 
due to reductions in the transmission coefficient (thus in ex- 
trapolating from 10 cm to 35 cm we used [meas~rement ]~ .~) .  
Note that  the large correction for the small 1 cm3 crystal mea- 
surements  (Renker) makes the  extrapolation  to 35 cm long 
crystals quite suspect. The problem  with  pure  Csl, which 
may have radiation  resistance  superior to  CsI(Tl), is that it 
produces about a factor of five  less  light than CsI(T1). 

D. Renker at PSI has recently carried out a new study  on 
radiation  hardness of CsI(T1) ~rysta1s. l~ These  results, not 
included in Table 4 or Figures 19 and 20, help to clarify the 
radiation-damage issue. A total of 28 small 1 cm3 crystals 
from several manufacturers with different T1 concentrations 
were exposed up  to doses of 5000 rad.  Both the light yield 
and transmission of green light were monitored  during  expo- 
sure. All crystals were read out with photodiodes.  Only  four 
of the  crystals showed  effects due  to  radiation exposure; af- 
ter 500 rads  the light yield decreased by 3-20%. In  one case, 
the  sample was cut from the  top of an ingot grown with  the 
Bridgeman  method. A sample cut from the  bottom of the 
same  ingot, however,  showed  no reduction in light yield. The 
relative light yield and transmission for  green  light  (565 nm) 
is  shown in  Figures 21 and 22  for both samples. Due to  the 
crystal growing technique, the thallium  concentration differed 
from 260 ppm at  the  bottom  to 980 ppm at the  top. A chem- 
ical analysis  also revealed  higher concentrations of impurities 
(Fe, Rb,  and Ba) in the  top sample. Although specific im- 
purities  are expected to  be  the cause for radiation  damage, a 
study of the  other crystals allowed  no  conclusive answer as to 
the identity of the harmful impurities. 
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Size (cm3) 

Vendor 

Rad. type 

Rate  (rad/hr) 

Exposure 

Readout 

Signal 

Size (cm3) 

Vendor 

Rad. type 

Rate (radlhr) 

Exposure 

Readout 

Signal 

Size (cm3) 

Vendor 

TI doping (%) 
Rad.  type 

Rate  (rad/hr) 

Exposure 

Readout 

Signal 

Bobbink 84 

3 x 3 ~ 1 0  

? 

6OCO 

6,000 

5cm w/PMT 

PMT (R1306) 

137cs 

Kobayashi  87 

1 x l x l O  

Horiba 

6OCO 

M lo4 - lo5 

full  w/o PMT 

PMT (R594) 

137cs 

Woody 89 

2.54 dia x 1  

Hor.,Bic.,BDB 

0 

6OCO 

fast 

full 

PMT (R594) 

'37CS(?) 

Bieler 85 

BDH Korth 

1.5 x 1.5 x 10 1.5 x 1.5 x 10 

Schiigl85 

137cs PETRA 

1.8-3.5 .02 

full  w/oPMT 

PMT (R268) PMT (R268) 

nonuniform 

137cs 207~i  

CLEO I1 85 

1.5 x 5 x 34 

Hori ba 

6oco 

fast 

Full w/o PMT 

Photodiode 

137cs 
Renker 90 

l x l x l  

custom/MPI 

.01-.62 

6o co 
fast 

Table 5. Crystal radiation 
damage measurements 
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In another  study, several small  crystals, which  were  grown 
at the MPI in Munich using the highest  purity raw mate- 
rial, were tested. The  thallium  concentrations varied between 
0.01% and 0.6%. The light yield and energy resolution mea- 

: sured with a 137Cs source bebere  irradiation  are shown in 
Figure 23. The highest data point  corresponds to 48,000 pho- 
tons/MeV. While the light yield increases  rapidly with the T1 
concentration, the decay time of the scintillation  light, 900 ns, 
is independent of concentration. All crystals were exposed to 
high-dose radiation at a special  facility and  then measured 
in the laboratory. The results are shown in Figure 24. For 
an exposure of IO5 rad, only the  crystal with the highest TI 
concentration showed a 5% decrease in light yield. For a lo6 
rad  exposure, slight reductions  in  light output were noticed 
in most crystals, while at  5 Mrad all crystals showed 10-20% 
effects. 

Though  these  results look very  encouraging,  one  has to 
keep in mind that these  results were obtained  with  small crys- 
tals.  It is therefore absolutely necessary to perform similar 
measurements with  large  crystals (15-20 r.l.). We are under- 
taking such a study. 

.- c 
cn 
0 c 
S 
.- 

6 4  ' 260 ' ' 6;ro ' & ' ldoa ' 12100 ' lsbo ' 
Dose (rad) 

BDH. 980 ppm TI i 
' 260 ' 4& ' 6k ' ebo ' ldoo ' 12bo I&' 

Dose (rad) 

Figure 21. Relative light 
yield and transmission for 
green  light  versus  radiation 
dose for a BHD crystal cut off 
the top of an ingot. 
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Figure 22. Relative  light 
yield  and transmission for 
green  light  versus  radiation 
dose for a BHD crystal  cut of f  
the  bottom of the  same  ingot 
used in Figure 21. 

I I I I I t I I I 
0.0 0.2 0.4 0.6 0.8 1 .o 

Tl - concentration ("3) 

Figure 23. a. Relative 
light  yield as a  function of 
Tl concentration for home- 
grown  crystals; b. energy 
resolution as a function  of  TI 
concentration for the home- 
grown  crystals. 
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Figure 24. Relative  light 
yield versus radiation  dase 
for the  different home-grown 
crys t ah. 

Table 6. CsI(TI) calorimeter 
cost estimate 

Dose (krad) 

3.13. Cost and Time  Estimates 

It is difficult to make  firm cost estimates for a CsI(T1) 
calorimeter at this stage,  as  the design.is  still fluid. A rough 
estimate is, however, shown in Table 6. 

4. LIQUID  KRYPTON  CALORIMETRY 

L iquid krypton is being considered for the calorimeter be- 
cause it may  offer advantages in energy resolution, posi- 

tion resolution, ease of calibration,  and cost compared to CsI. 
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It also may have  disadvantages  associated  with the cryogen- 
ics, longer radiation  length,  and  the electronics. Novosibirsk 
has built a 0.17 m3 prototype  and is now building a full size 
14.6 m3 liquid  krypton  calorimeter for the KEDR detector at 
the VEPP-5 B Factory. 

4.1. Charge Collection 

In liquid krypton 20.5 eV is required to produce an elec- 
tron  and a positive ion. CsI requires  approximately 400 eV to 
produce a photoelectron. Thus,  in principle, liquid krypton 
should have a better energy resolution due  to improved statis- 
tics. Unfortunately,  the velocity of the positive ions is very 
low (1 cm/s) compared to  the electrons  (Figure 25), and  the 
positive ions cannot  be collected in a reasonable integration 
time. 

10 io2 lo3 
E .(v.cm'") 

Assume an anode  and a cathode  plate with a spacing d 
between them. If a charge Q is deposited at some location 
between the  plates,  then  the current in an  external  circuit 
connecting the two plates is 

Figure 25. EIec tron 
mobilities in Krypton (Phys. 
Rev. 166, 871 (1968)) 

where the second term is negligible since vp << ve. If this 
charge was deposited  near the  cathode,  then  the  current would 
flow for a time d/ve as the charge  drifted across the  entire gap. 
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Thus  the  external circuit would integrate  the  entire charge Q. 
If the charge were deposited  immediately in front of the an- 
ode, the current would flow for zero time  and  the  external 
circuit would integrate zero charge. Thus  the signal  depends 
on  the position in the  gap  at which the charge is deposited. 
Fluctuations in the location of energy  deposition thus lead 
to a  degraded energy resolution. There  are two possible solu- 
tions to  this problem. First, a grid (Frisch grid)  can be placed 
at some  distance such as d/10 away from  the  anode.  The 
amplifier is connected between the grid and  the  anode  and 
therefore records only the  current flowing in this smaller gap. 
The amplifier thus sees the  same signal,  no matter where in 
the 90% gap  the charge is deposited,  There is still a position- 
dependent  contribution  from the 10% grid  gap; this variation 
can be  important. A second solution, which does  not use a 
grid, is to  integrate  the signal only for 1/10 of the drift  time. 
For 90% of the  gap,  the current is constant  during  the inte- 
gration  time,  independent of where the charge was deposited 
in the 90% of the gap. We  will consider only tl:e shorter  inte- 
gration  time  procedure  (also chosen by KEDR) as it provides 
faster rise times and doesn't introduce  inactive  grid  material 
into  the detector. 

4.2. Mechanical Design 

Figure 26 shows the  central  barrel  calorimeter,  endcaps 
and electronics placement for a model  liquid krypton calorime- 
ter  structure. 

The engineering of supports for the  barrel  and endcaps ' 

has  not been addressed  in this  study.  Cathodes  and anodes 
are  constructed on concentric cyclir within the  barrel. 
An end view of three of the  many cylinders comprising the 
radiator volume is shown in  Figure 27. 
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Figure 26. Layout of 
Lq Kr Barrel1 the  barrel  calorimeter,  end- 

2 cm Gap.- Electronicsl  caps, and electronics of a 
------- 

--_-___ 2 model  liquid  krypton calorime- 
ter . 

I t 1 . W  m X: 3.20 n. x: 1.00 mJI 

- H V  Cylinder / 

Pads 
Gnd Plane 
Traces 
Gnd Plane 
Pads 

-HV Cylinder 

Figure 27. End view of two 
cathode  and  one  anode cylin- 
ders showing the layered struc- 
ture of the  anode cylinder. 

1) Every other  trace is a ground. 

2) Each trace connecls through lhe ground  planes to a pair of pads. 
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The traces  from the pads on  an  anode cylinder run along 
the axis of the cylinder to the  ends of the detector where 
the  appropriate pads are connected  together to form towers 
before going to  the electronics. The pads  are  adjusted  in size 
so that each tower covers the  same size solid angle in  the 
boosted center-of-mass of the asymmetric B Factory. The 
endcap  cathodes  and  anodes  (Figure 28) consist of a  stack of 
disks with the  pad  traces buried in the anode sandwich as was 
done for the barrel. 

In the  endcap,  the  traces  run radially to  the outer circum- 
ference of each disk, where appropriate  pads  are connected 
into towers. Both the  endcap signals and  the barrel signals 
penetrate  the  cryostats  in  the region labelled electronics in 
Figure 26. 

Figure 28. A view of the 
endcap calorimeter. 

I )  Traces come out  radially under  the pads. 

2) Traces are connected a t  the outer radius to form towers. 
(similar t o  the  pad/trace sandwich of the  barrel)  
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4.3. Cryostat 

Liquid krypton  must  be  maintained between 116’K (the 
freezing point)  and 120’K (the boiling point).  This is a  prob- 
lem very similar to  that already solved many  times for large 
liquid  argon  calorimeters. The  cryostat must have a wall to 
contain the liquid  krypton,  a  vacuum  space  insulated  with 
many layers of aluminized mylar superinsulation,  and a sec- 
ond wall to  the atmosphere. The liquid krypton wall at a ra- 
dius of 1 meter must be approximately  5/8”  thick  aluminum 
(- 0.18 radiation  lengths) to withstand  the liquid krypton 
pressure  head. The atmospheric wall at a  radius of 1 meter 
must  also be - 5/8” thick  (another 0.18 radiation  lengths). 
This  thickness is not  dictated by the vacuum  load, but  rather 
by safety  considerations  in the event of failure of the liquid 
krypton wall, unless a means of very rapidly removing kryp- 
ton  gas  from the vacuum  space  can be provided. We shall 
assume that any leak into  this  space will be  rapidly  pumped 
out to  an  alternate  krypton  storage  tank, as it is important 
to recover the expensive krypton;  venting to  the atmosphere 
in an emergency is a  last  resort. Thus we  will optimistically 
take  the  atmospheric wall to  be  1/8” thick  aluminum (.04 ra- 
diation  lengths).  The  total assumed cryostat wall thickness 
of 3/4” (.21 radiation  lengths) could be  further  reduced if a 
design using cryogenic composites were employed, an engi- 
neering task we did  not  undertake. 

A further complication is that  the cylinder  containing 
the 72 metric  tons of liquid krypton  must  be  supported  in 
a  manner which doesn’t  introduce  unacceptable  heat  leaks 
and which can  survive the horizontal  acceleration of a ma- 
jor earthquake.  This problem was  solved  for the  transverse 
degress of freedom of the liquid argon calorimeter of the SLD 
by cradling the cryogenic cylinder in two stainless  steel  slings 
whose ends  extend  out to atmosphere  and connect to exterior 
supports. Axial restraint was provided by a  group of shock- 
absorber-like  “snubbers”. 
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4.4. Krypton St orage 

The 47 m3 of liquid krypton  is costly and  must be recov- 
ered if the cryogenics of the barrel or endcaps fails. There 
must therefore be  an  alternative  krypton  storage vessel. The 
most foolproof scheme would be a large  evacuated vessel 
(30,000 m3)  capable of storing the  krypton in gaseous form 
at atmospheric pressure. This would occupy a cube 31 me- 
ters on a side. This is an absurdly  large  permanent  structure 
(particularly if evacuated),  but  the emergency storage con- 
tainer could be  a  large collapsed balloon which expanded  into 
an empty  area. It would be dangerous to rely on pumps to 
compress the  krypton  into cylinders, since the cryostat fail- 
ure might occur too rapidly. Another  alternative would be a 
second  cryogenic tank  into which the liquid krypton could be 
dumped. Unfortunately, the liquid krypton could be boiling 
away due to a cracked cryostat,  compromised  vacuum in the 
insulating  jacket, or loss of liquid nitrogen refrigerant. The 
gas would not recondense quickly in  the second cryostat and 
the boiling liquid may  not  transfer  rapidly enough. Design of 
a fail-safe, properly engineered capture  system  must be an in- 
tegral part of any realistic liquid krypton calorimeter system. 

4.5. Preamp Electronics 

The  best signal-to-noise ratio can be obtained  with  a 
charge sensitive preamplifier in which the signal is applied 
to  the  gate of an FET. The charge is stored  on the feed- 
back capacitor between the amplifier output and the FET 
gate. A Johnson noise voltage is produced across the channel 
resistance of the FET. This is seen as a charge  fluctuation 

is proportional to  the capacitance of the detector. The an- 
ode and  cathode  plates  are spaced 2 cm  apart so as not to 
introduce  too much inactive  material  into the krypton vol- 
ume. The anode-cathode  plate  capacitance  at  this spacing is 
actually negligible compared  to  the  capacitance  to ground of 
the  trace carrying the  anode signal to  the end of the cylinder. 
Assuming 50 gaps (25 traces)  per tower leads to a capaci- 
tance of about 2 nF per tower. Using a 0 . 6 ~ s  shaping  time 
and a 25 ohm channel resistance for the FET gives an rms 

A Q n o i s e  = C d e t e c t o t   A V n o i s e .  Thus A Q n o i s e  (m Energy noise) 
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noise of 1.6 fC, which converts to  an equivalent noise of 2.7 
MeV/tower. A longer shaping  time could reduce the elec- For a complete  noise  anal- 
tronic noise further,  but  this would only increase the noise ysis of  the  liquid  krypton 
contribution from  krypton radioactivity. calorimeter,  see the following 

paper by P. Franzini 

4.6. Radioactivity 

Krypton has a radioactive isotope "Kr with a half  life 
of 11 years, which is a @-emitter  with a 0.67 MeV endpoint 
and an average energy of 0.25 MeV. This  isotope is a fission 
product produced by reactors and nuclear bomb tests which 
now contaminates  the atmospheric source'of krypton.  KEDR 
has measured 300 Decays/s-cm3 of liquid krypton. Thus one 
tower x 30 m3) has an rms decay noise of 0.14 MeV 
for a 0.6 ps integration  time. A suggestion was made that 
South African mines are a potential source of uncontaminated 
krypton. It should be noted however, that in our design (and 
in essentially any  practical design) electronic noise, not noise 
due  to radioactivity, is the dominant  contribution. 

4.7. Energy  Resolution 

Energy  deposited in: 

Krypton  (Uniform collection region) 

Krypton (Non-uniform collection region) 

AnodeSCathode  Cylinders(  dead) 

Cryostat Wall (3/4 inch  Al)(dead) 

~ ~ 

~ ~~ 

Inc 

10 

.76 

.05 f .08 

.05 f .05 

.14 f .14 

Electronic Noise (9 T Ters=8.1 MeV) I .OO f 3 1  
~~ ~~~~~ ~~~ 

Radioactivity (9 Towers=O.42  MeV) .OO f .04 

Total n n s  noise 

KEDR  Measurement 

.05 f .02 I .05 f .01 I 

i f . 0 9  f.02 

, f . 0 5  f .02 
' Table 7. The fraction of 1 energy  depmited in the various 

parts of the liquid  krypton 
calorimeter 

The fraction of a photon's energy deposited in the various 
calorimeter media is  given  in Table 7 for 10, 100 and 1000 
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MeV photons. Also shown is the r.rn.s. variation in the frac- 
tional  deposition which, of course,  contributes to  the energy 
resolution. It is assumed that  the central tower and  its eight 
neighboring towers are  summed  to measure the energy of the 
photon shower. 

4.8. Cost 

With  the dimensions shown in Figure 26, the barrel con- 
tains 30 m3 and  the  endcaps contain 17 m3 of liquid krypton. 
We have two examples of bulk  purchases of krypton.  First, 
SLAC purchased 20 liquid liters of Kr for $420/liter from 
Liquid Air Products  in 1985. The  krypton is a byproduct 
of liquid nitrogen and oxygen production.  Thus  the price is 
very much determined by supply  and  demand  rather  than 
the  actual cost of production. Secondly, KEDR purchased 
14.6 r n 3  for 490 Rubles/liquid  liter  ($890/liquid  liter at the 
official current  floating  exchange rate of $1=0.55 Rubles). At 
$420 /liquid  liter, the 47 m3 required would cost $20 M. It 
is conceivable, though  uncertain at  this  time, that  the kryp- 
ton could be  obtained  from  the Soviet Union for less, Ta- 
ble 8 summarizes cost estimates for the various components 
of a liquid krypton  calorimeter  system. 

Table 8. Cost estimate for the 
liquid krypton calorimeter 

Item  Estimated  Cost 

Krypton (47 m3 x $42M/m3) 

$ 0.5M Emergency  Krypton Storage 

$ 2.0 M Cryostats + Supports 

$ 2.4M Amps+ADCs(24,000 chan x $100/chan) 

$20. M 

- 
5 .  CSI(TL)/LIQUID KRYPTON COMPARISON 

C learly, these two approaches to high-quality electromag- 
netic  calorimetry  require further detailed  study.  Nonethe- 

less, at  this point the  virtues  and problems of each approach 
are  quite  apparent. For CsI(T1) the problems involve noise- 
free readout  in  a  magnetic field, calibration  and  radiation 
hardness. For liquid krypton,  they involve dewar design, re- 
duction of electronic noise, handling of krypton  and costs. 
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The comparison between CsI and liquid krypton is summa- 
rized in  Table 9. 

Topic Liquid  Krypton CsI(T1) 

Energy  resolution U E / E  5.5% @ 100 MeV; 2.0% @ 1 GeV 3.9% CA 100 MeV; 2.0% CA 1 GeV 

Position  resolution  (photons) 0.5  cm 

Worse (cryogenics) Good Hermiticity 

100 cm 50 cm  with PMTs Calorimeter  thickness (18 r.L) 

Particle ID + -.2 r.1. Particle  ID Entrance  material 

better 

Radiation  hardness Shield desirable Good 

Calibration Bhabhas+sources Bhabhas+pulser 

Analog  energy sum for trigger Easy 
- < 10 ns Fast  timing  resolution 

Difficult: coherent noise 

- < 600 ns 

cost 

Lower: Kr price High: CLEO I1 experience  Cost certainty 

825M $25M 
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SIGNAL AND NOISE IN A HOMOGENEOUS, 
HIGH 2,  LIQUID CALORIMETER 

PAOLO FRANZINI 

1. CHARGE AND CURRENT  SIGNAL FROM A DRIFTING 
CHARGE 

1.1. Introduction 

hen  ionization is produced in “noble”  liquids in  an elec- 
tric field -10 kV/cm,  the  freed  electrons  drift in the 

field at a few pec /cm while the positive ions move  much 
more slowly. The  external  current is given by the charge of 
the  electrons  in  the  gap divided by the  time  to drift  across the 
whole gap.’ While the initial  value of the  current is a measure 
of the  total ionization and  therefore of the energy  deposit  in 
the  gap, the integral of the  current  in  the  external  circuit  de- 
pends  on how the initial  charge is distributed  along  the  gap.2 
A measurement of the  integrated  external  current, i . e .  the 
charge,  increases the sampling  fluctuations.  Measuring the 
current for a short  time T ,  just  after  drift begins,  reduces the 
fluctuations. Since  only a fraction of the charge is measured, 
the electronics noise scales as l / ( T n ) ,  instead of the usual 
l/J?;. In  the following we derive expressions  for  signal and 
noise for this  readout scheme. 

1.2. Basic  Relations 

Consider an ion column of length I, ending at a distance d 
from the positive  electrode, with uniform  charge  density and 
total  charge Q, in a gap of width g with  an  appropriate field 
drifting the electrons  with velocity vd, as in Figure 1. 

565 
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Figure 1. Gap and ion 
col u r n .  

The  external  current is given by: 

Q 
Iez t  =- 

d o < t < -  
vd 

which we write as 

I ( t )  = Io 6 ( t )  - 6(t - t1)- ( t - tl 
6 + 6(t - t2)- t - t , )  S , (1.1) 

and is shown  in Figure 2, where 6 ( x )  = 1 for x > 0 and = 0 
otherwise, tl is the  time for electrons to drift a distance d, t 2  
is the  time  to drift d + 1 and Io = Q / T  with T = g/vd, the 
time  to  drift across the whole gap  and S = t2 - tl . 

While the peak current 10 is a correct measure of the ion- 
Figure 2. Current vs time. ization and therefore of the energy  deposited in the calorime- 

ter,  the charge.from  integrating the current is not.  Depend- 
ing where in the  gap  the energy is deposited the external 
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integrated  current, i . e .  the charge,  can vary between 0 and 
the freed charge Q. One  should  therefore  measure the  initial 
current, in practice  first  integrating  and  then differentiating. 
Below we derive the general  form of the voltage  signal us time 
after  such  manipulations, in order,  ultimately, to  evaluate  the 
noise. The Laplace  transform of the  current in equation (1.1) 

(1.2). 

If this current is fed to a charge  sensitive  amplifier, L e .  an 
ideal integrator for which Vo,t(t) = (l/C) Sli,(t)dt or 
V,,t(s) = ( I / S C > I ; ~ ( S ) ,  where C is the feedback capacitance, 
the  output voltage  signal is given by: 

To control  “parallel”  and especially “series” noise a filter re- 
jecting  both low and high  frequencies is necessary. Only  one 
differentiation is necessary  to remove parallel noise, but a sec- 
ond differentiation is necessary to  measure  the  initial  current 
rather  than  the  integrated charge, which would result in an 
incorrect  measurement of the  electromagnetic shower energy. 
This second  differentiation is best  done by double  sampling 
(also called correlated sampling) and  taking  the difference of 
the  samples. A typical  filter  consists of one differentiation 
and two integrations, all with the  same cutoff frequency a ,  
a = l /rc.   The frequency  response, g(w) ,  and  the  transfer 
function, g(s ) ,  of the filter are:’ 

( a t ) 2  V ( t )  = - 2 
e -at, 

If the charge  in the  gap were collected in a time  short  with 
respect to l / a ,  the signal at  the  output of the filter would be 
given by equation (1.6). V(t) peaks at t = 2/a, with a value 
2 exp(-2) = 0.27 (times  the  magnitude of input  step). For an 
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input  current given by equation (1.1), the  preamp response 
of equation (1.3) and the filter  response of equation (1.5), the 
signal at the filter output is given by: 

&a2 1 
v,ut(s) = - rc (s + a)3 

or 

g(t  - tl)O(t - t l )  g(t  - t 2 ) V  - t 2 )  

(1.7) 

v,,t(t) = - s rc 6 + 
with 

2. NOISE 

F or the  filter described  above and a charge  sensitive  preamp 
using type 2SJ72-2SK147 FET's,  the  input equivalent 

noise charge is:' 
r 

Qnoise = 2650 x e x - 
1 n F  2 / a  (2.1) 

where CD is the detector  (plus  signal  connection)  capacitance. 
In  krypton  one electron-ion  pair is produced for an energy loss 
of  24 eV. Thus for a 1 MeV energy loss, Q(' M ~ V )  = 41700 e, 
where e is the electron  charge. If Q is uniformly distributed 
across the  gap, along a line  normal to  the negative  and posi- 
tive  electrodes,  the  measured charge is &/a. If the drift  time 
can  be neglected, this is the charge to  be compared with the 
noise in equation (2.1). Thus  for a = 2 x lo6 sec-' and 
CD=1 nF, the energy noise is (1 MeV)x(2650)/(41700/2)=0.13 
MeV. If we were to measure  the  initial  current  rather  than  the 
charge, we can  make a guess about noise as in the following: 

1. Choose the signal  sampling  time to  be  about  one  tenth 
of the  total  drift  time, which should  be  large in  order 
to keep the  sampling  time long and  therefore  the noise 
down. 
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2. The filter cutoff frequency a should  be chosen to give 
short  shaping  times, say  equal to  the sampling  time, to 
avoid large slopes  in the signal to  be  sampled. 

There is, of course, a practical  constraint,  the  actual  high 
voltage  applied  across the calorimeter  gap. Few people like to 
go as high as 10  kV and  those who don’t are wise. Assuming 
10 kV and  saturated  drift velocity ( E  = 1 kV/mm) gives 7-3 
ps, in a gap of 1 cm.  Choosing  therefore 2/a = 0.17 = 0.3 ,us, 
increases the  input equivalent  charge noise by l/& - 1.8. 
In  addition, since we are  integrating  the signal for -1/10 of 
the  time we measure  about  1/10 of the charge,  increasing the 
noise by another  factor of 10/2=5.  The  net result is that  the 
energy noise becomes 0 .13~1 .8~5=1 .17  MeV. This in fact is 
not so bad for 1 n F  detector capacitance! 

Before continuing,  one  should  mention  one way to increase 
the  total  drift time: operate  at  non-saturated  drift velocity. 
This  might, however, be even less  wise than going to higher 
voltage. At low fields electron  attachment  rapidly becomes 
a very severe  problem. And at  contamination levels of 0.01 
ppm  and  with  non-saturated charge  collection, it is not even 
conceivable to  attempt  to measure  the charge loss, since  it is 
going to  be different everywhere,  in a large  calorimeter. 

0.503 

0.03161 0.978 
2.5 1.0 0.03233 

9.5 0.03233 1 .o I 
Assuming a 10 mm  gap, a preamp  with a feedback  capac- 

itor C, a filter  with two integrations  and a = 3.333 X 10 6 
s -1, we find  in  Table 1 the signal at 0.6 ps for unit Q/C 
freed along a line 0.25 mm long,  ending at d=0.5, 1.5, ... 9.5 
mm from the positive  electrode. (If the charge is freed at the 
positive  electrode, the initial  current is the same, but since 
the  current  lasts for zero time, no signal is measurable.) 

Table 1. Signal for 0.6 ,us 
shaping and 3 p s  drift  times. 
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Note that  with  this choice of parameters, only 10% of the 
gap  has a severe signal loss. For uniform  charge  deposition, 
the normalized  response is 0.941. More important however, 
is the  fluctuation  in  the response. For an  input  (energy) of 
1, deposited  uniformly  and  randomly, at a  point  in  the center 
of a 1 mm layer of liquid, the normalized output is 0.948, 
with an rms  spread of 0.148. This result is not very accurate 
but  not  terribly wrong either. A better calculation  requires 
merging EGS with the  formulae above. 

Finally, we can come back to noise. The noise increase, 
over the value 0.13 MeV above, is 

( 1 / . 9 4 8 ) ( 0 . 1 5 7 / 0 . 0 3 2 3 ) ~ ~  = 6.61, 

giving an  rms noise of 0.86 MeV. In practical  applications 
it is necessary to  measure the baseline  before the signal of 
interest  appears, the signal, at  the  appropriate t = 0.6 ps and 
take  the difference of the two measurements.  Because of the 
necessary choice of the filter  peaking time for an  input  step, 
the two  samples are  almost completely  uncorrelated. The 
difference therefore  has an  rms noise of f i  x 0.86 = 1.2 MeV. 
An exact  calculation gives about 10% more  noise, which we 
ignore. Scaling of the noise is as a&, because  preamp noise 
grows  as f i  and  the filter output signal  decreases  as l /a,  the 
latter for constant  gap  width  and  drift velocity. 

3. A PROJECTIVE EM CALORIMETER 

3.1. Tower parameters 

I have derived the noise for a relative  large  capacitance, 
because I wanted to find whether a standard, many gap, 

projective structure could deliver reasonable  resolution  with- 
out  too much degradation  from  noise. The read-out  planes 
could be  sandwiches of etched  aluminized plastic and  foam. 
To properly  shield  signal  lines  from pads, four  foam  layers are 
necessary and five plastic  layers:  two outer ones  with  charge 
collecting  pads, two ground  planes and  a center  layer  with sig- 
nal  traces. For a 20 radiation  length X0 thick  liquid krypton 
calorimeter, the sandwiches add  up  to  about 0 . 0 5 h ~  of inert 
material. 



A Projective EM Calorimeter 571 

We assume a structure  with sandwiches  carrying  pads  on 
both sides, alternating with high  voltage  electrodes;  each  pad 
thus views too  gaps. For 0.5 mm foam  thickness the capaci- 
tance to ground of a 3 x 3  cm2  double pad is 31.7 pF. Adding 
a  trace, 0.5 mm wide and 50 cm  long  contributes 8.8 pF, for 
a  total of 40.5 pf per pad. From 1000/40=25, we get that 
1 nF corresponds to 2x25  gaps of liquid. For 1 cm gaps and 
Kr, this  corresponds  to 10.6 radiation  lengths. For a  projec- 
tive tower the  area increases,  approximately  doubling.  Thus, 
3 x 3  cm2 at  the  entrance becomes 4.5~4.5  cm20n  average. 
Four sections  with 1 2 x 2  cm double  gaps  each,  remain below 
1 nF each and correspond to 20.4 radiation  lengths of kryp- 
ton. Noise values per tower are J;? = 2 times  larger than 
for the 1 nF example  above.  Thus the  total noise due  to  the 
preamp is 2.4 MeV per  tower. 

3.2. A crude  estimate of the signal  fluctuations. 

While,  as I have  mentioned, a proper  estimate requires 
marrying EGS and  equation (1.7), I will estimate  the  fluctua- 
tions  using the last  column  in  Table 1, assuming that energy 
(charge) is deposited  in  small (1 MeV) clumps, at  random, 
in 1 mm liquid  layers. Then, for a 100 MeV shower, I find 
that  one measures  on  average 94.8 MeV, with an  rms  spread 
of 1.48 MeV or 1.6%. The average  is, of course, just  the  sum 
of the weights  in  Table 1 and is also the measured  signal for a 
uniform  column of ionization  from one  electrode to  the  other. 
The  estimate of the  fluctuation is, I believe,  an  over-estimate, 
because at 100 MeV there  are  a few electrons  crossing  longer 
portions of the gap. If the energy  clumps in the shower are 
smaller than I have  chosen, the  fluctuations  are again  smaller. 
Typically 1/2 of a shower energy is in  electrons and  photons 
of less than 1 MeV. Finally the  fractional  fluctuation scales 
as l/&: at 20 MeV, the  fluctuation is still  only 3.3% or 0.7 
MeV, quite negligible with respect to noise. 

3.3. Radioactive  noise 

I use the KEDR3 quoted value of 300 decays/s/cc.  In 
terms of the signal V(t) produced by a  randomly  occurring, 



fixed energy  deposit  with  average  frequency f, the  mean  square 
fluctuation F2 of the signal is given by (( V ( t ) )  0):’ 

(3.1) 
In the  equation above one  must  use V ( t )  = Vout( t )  - Vout (t  - 
Ts) ,  where Ts i.3 the sampling  interval  and K,t(t)  is given in 
equations (1.7) and (1.8). It’s quite  straightforward  to do a 
better  calculation, by I just  assume  that all decays happen in 
the middle of the  gap  and  deposit 0.33 MeV, one half of the 
end  point of 85Kr p decay spectrum.  The  thing  one  must 
pay attention is the energy-to-voltage  relation. I write: 

Q E R  
C C /3 o\ 

Signal from shower =K- = K- 

Q ER \O-LI 

Signal noise from  radioactivity =F- = c FC 
where F is given in equation (3.1) above, K is the average 
response to  an  em shower and R is the responsivity of the 
calorimeter,  in  coulomb/MeV. E and Q are  the energy  deposit 
in the liquid and  the charge  producing  the signal. In  this way 
I  find that  the  total noise from  radioactivity  for the  KEDR 
test  calorimeter should be 2.6 MeV. They give 0.6  MeV per 
section and therefore 1.8 to 2.5 for the  total,  depending how 
they  count sections. Pretty good, since I do  not know what Table 2. Sign& and noise 
filter they use. In  Table 2, I give values of various parameters, contribution for a at loo 
for different shaping  times,  2/a. MeV. 

rms  sampling 
fluctuation 

0.3  0.33 

I 1.88 

I 0.9 2.2 
I 1  

yydrift  time 11 6 

Electronics 
Noise 
MeV 

~~ 

6.9 

2.4 

1.7 
1.3 

< 0.26 

Radioactivity 
Noise 
MeV 

0.19 

0.26 
~~ 

0.29 

0.29 

> 0.5 

Max signal 
in units of 

Q/C 
0.0162 

0.0323 

0.0404 

0.0485 

0.270 

Average  sig. 
in units of 

Q / C  
0.0160 

0.0376 

0.135 I 
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4. CONCLUSIONS 

I have shown that only a moderate  amount of fast  shap- 
ing is necessary, in order  to avoid fluctuation  in the signal 

from  a  homogeneous  calorimeter, due  to differences in drift 
paths,  thus  alleviating problems of cross  talk  in  signal  traces. 
The use of drift fields as low as 100 volts per mm, with the 
correspondingly  severe  demand on liquid purity  can also be 
avoided. I have  also shown that  structures  with good  shield- 
ing  do not imply  large  capacitances and  that  capacitances 
in  the nF range  result  in quite  acceptable noise levels, bet- 
ter  than  scintillating  crystals  with silicon diode  readout. I 
conclude that  it is  possible to construct a conventional ge- 
ometry  calorimeter  with  projective tower and  adequate res- 
olution  and noise, even adding  the  capacitance of the cables 
carrying the signals to a  feedthrough  port.  Limitations to  the 
performance of a homogeneous calorimeter  using a cryogenic 
liquid are most likely to come from the wall thickness of the 
cryostat. 
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REPORT OF THE COMPUTING  GROUP 
A. BOYARSKI, T. GLANZMAN, F. A. HARRIS 

AND F. C. PORTER 

1. INTRODUCTION 

T he  triggering  needs, high event rate,  and  large  data  sets 
at a B Factory  imply significant computing  requirements. 

The  anticipated event rate is approximately  two  orders of 
magnitude higher than existing e+e- experiment  rates.  While 
high event rates have  already  been successfully dealt  with 
in  hadronic collisions, the problem at a B Factory is some- The computing environment at 
what  different,  because of the large  fraction of triggered  events a Factory must be 

of dealing with relatively high which are useful for physics. In  this  chapter, we make es- data rates and yery large data 
timates for the event rate  and size and  the  resulting CPU sets. 
requirements. With  these  data  handling  requirements, we 
then  produce a model for the  computing of the B Factory 
experiment. We attempt  to give both  an  “existence  proof” 
given current technology, and  to  speculate  on how things will 
evolve in the  next few years. Finally, we  offer some remarks 
concerning  software  issues and required  development. 

2. EVENT RATES 

e are  interested  here in the  rate at which events  pass 
trigger  and  online  cuts  and hence  must  be saved on 

permanent  storage. A significant fraction of this rate will be 
due  to e+e- collisions; we must  therefore  estimate  these rat.es. 
We will then  add a contribution  from  backgrounds,  based  on 
an  estimate of the maximum  acceptable  background  rate. 

We include the following physical processes in our  event 
rate  calculation: 

1. Hadronic  events: We’ll base  this  contribution on the 
T(4S),  with a total  hadronic cross section of about  4nb. 

2. Bhabha events: The  Bhabha cross section,  integrated 
up  to a given value of f cos e;:,, is given approximately 

5 75 
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by: 

This cross section is about  100nb for cosO&~, = 0.95. 

3. Muons and  taus:  The lowest order cross section for 
p+p- and T+T- pair  production is cpp % cTT z 0.8 nb. 

4. The two-photon physics rate can  also  be a large  contri- 
bution,  depending on physics  goals, and  hence on how 
one  adjusts  the  trigger. We will assume  here  that  this 
rate is adjusted so that  it does  not  dominate  the single 
photon  hadronic  rate. 

We make  the  further  assumption  that it is unnecessary 
to record  all of the  Bhabha  events  within  the  detector solid 
angle. Instead,  the  Bhabhas  accumulated will be prescaled, 
probably in a cos8-dependent  manner, so that a fairly  flat 
distribution of events in the  detector will be  recorded.  Thus, 
we will use OToT X 10 nb  as  our working physics cross section. 

A machine running at 3 X cm-2s-1 = 3 nb-ls-l  has a 
30 Hz trigger rate for physics under  these  assumptions.  With 
backgrounds and possibly  luminosity  upgrades, the  system 
should be designed to  be  capable of handling a data  rate of 
at least 100 events/second to  storage. To provide for further 

A rate Of at least loo luminosity  improvements,  a 100 event/second design  should 
have the flexibility to  facilitate  upgrades  beyond  this  initial 
criterion. 

events/second to storage is a 
design criterion. 

3. EVENT SIZE 

W e have made  an  estimate of the typical  event  size, which 
is required to  determine  the  data  transfer  rates  and ul- 

timate  data  set size. This  estimate is based  on hadronic events 
plus machine  backgrounds,  including  integration over several 
crossings. There is, of course, a great  deal of uncertainty 
in this - the numbers  should  be  interpreted  as a reasonable 
design goal. The components of this  estimate  are shown in 
Table 1. 
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Note that this  estimate is dominated by background  hits. 
This suggests that significant gains  could  be made by pro- 
viding removal of background hits using  elementary  pattern 
recognition  in the  path from the  data acquisition hardware 
to the  permanent  storage.  Presumably in such a strategy  one 
would prescale a fraction of the full  events to permit checks 
and  background  studies. Since the backgrounds  are difficult 
to predict  accurately,  and could turn  out in reality to be worse 
than  expected, it would be wise to  be  prepared  with some  ca- 
pability of this  sort. 

System Total Background Hadron 
(kbytes/event) 

Vert ex I 1 I 10 I 11 I 
Drift  chamber 

Particle ID (CRID) 

Calorimeter s 2  2 4 

I All else I 2 1 2 1  
Table 1. We estimate an 
event size of 25 kbytes. 

The analysis of the  data for a particular physics topic will 
quite likely be  aided by the use of a more  condensed  “mini- 
DST” format. For a “typical” BB event  with ten  charged 
tracks  and  ten  photons, we may estimate  the  mini-DST  event 
size as follows:  For each  charged track, we measure  its mo- 
mentum,  direction,  and  location of closest approach to  the 
beam  line. This  takes five variables. The error  matrix for 
these  measurements  is, in general, another 15 quantities.  In 
addition,  there will be  information  associated  with  particle 
identification,  energy in the  calorimeter,  and possibly  book- 
keeping such  as  vertex links. An estimate of a total of 30 An event 2kbytes is 
words/charged  track is plausible. Similarly, we estimate 15 for m i n i - ~ ~ ~ ’ s .  
words/neutral  track.  Thus, we have 10 X 45 X 4 = 1800 bytes 
per  event  on the mini-DST. Not all  events are BB,  of course, 
but it seems likely that most physics mini-DST’s,  with  reason- 
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ably  complete  event  information, will still  require  this  amount 
of storage. 

This can  lead to  rather  large  datasets for  such  things  as 
inclusive  analyses.  Some of our  estimates in the following 
discussion  on  network bandwidth will assume  the use of such 
a mini-DST for large  sample  analysis. It is possible, how- 
ever, that for certain  physics,  more  heroic  measures,  such as 
compressed  storage formats  and  further  elimination of infor- 
mation, will be used. 

4. DATA SET SIZE 

If we adopt  the now-common convention that a calendar 
year of data-taking  corresponds  to lo7  s, then at a  peak 

luminosity of 3 X cmW2s-’, the 100 Hz event rate corre- 
sponds  to a dataset of lo9 events  accumulated  in  one  year 

A raw data set of the order at a B Factory. At 25 kbytes/event,  this implies  a  storage 
of 25 Tbytes/year should be requirement of 25 Tbytes. 
anticipated. The initial stor- 
age  capacity  goal should be 50 As 25 Tbytes is a  substantial  amount of data, we have 
Tbytes. considered  possible ways to achieve reduction  without  seri- 

ously affecting the information.  One  possibility,  mentioned 
in the previous  section,  is to do sufficient pattern recognition 
on the “good”  events to  further  suppress background hits. 
Also, one could try  to  extract  the  essential  information from 
the raw hits  into  a compressed form  before  storage. We es- 
timate  that  it may be possible to reduce the  dataset size to 
around 10 Tbytes/year,  but  probably  not  to much less than 
that. 

It should be remarked that  the various DST’s and Monte 
Carlo data sets will also be significant,  probably contributing 
a few additional  terabytes of data per  year. For example,  a 
“mini-DST”  with lo8 events at 2 kbyte/event requires 200 
Gbytes.  While  Monte  Carlo datasets  may also be  large, we 
do  not  expect  them to  be  comparable to  the  actual  data, 
since  Monte  Carlo distributions so subtle  as  to  require such 
enormous statistics  are  probably  not to  be  trusted,  and hence 
are  not  worth  generating  (independent of any CPU consider- 
ations). 
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5 .  CPU REQUIREMENTS 

W e  make  an  estimate of the CPU computational power 
required by drawing on the experience of the Mark 

I1 experiment at  PEP. We will assume  that a B Factory 
event and a hadronic event at PEP impose  similar  computing 
needs. Our discussion will be in terms of MIPS (for millions of 
instructions  per  second - one MIPS is one VAX 11/780 unit of 
processing power, as measured with the  Dhrystone  test). We 
caution that actual comparisons of computers on high  energy 
code may not  scale  according to  this  measure. Nevertheless, 
it is a convenient  unit for  the purposes of this analysis. 

A Mark I1 hadronic  event at PEP requires of order 1 sec- 
ond to process on a 25 MIPS CPU (one CPU of a 3090 main- 
frame). By ‘iprocess” we mean taking  the raw  chamber, TOF, 
calorimeter, etc . ,  data, applying  any  corrections  required,  per- 
forming pattern recognition, and  fitting of points to  obtain 
reconstructed  charged  and  neutral  directions,  momenta,  par- 
ticle  identification,  and  vertex  information  (this is known as 
“PASS 1” in Mark I1 parlance).  Thus, we may express the 
computing  load  as  approximately 25 MIPS-s/event.  Taking 
into  account  Monte  Carlo  generation,  reprocessing,  and  var- 
ious data analysis  activities,  this  number  must  be  multiplied 
by a factor of about  three  to  obtain  the  total CPU require- 
ment of the Mark I1 at PEP. 

For a B Factory, we  will also  assume a 25 MIPS-s/event 
requirement for “PASS 1” analysis, and  the  same  factor of 
three for  Monte  Carlo  and physics analysis. In addition,  dur- 
ing data acquisition, significant computing power  is required 
to build  and filter (Level 3 trigger)  events,  pass the  data  to 
tertiary  storage,  and for online  event  sampling. We’ll esti- 
mate  this  additional load at  another 25 MIPS-s/event (this 
is based  on the desire to  maintain  an online  sampling  fraction 
of order 1076, even as  the online event rate  approaches 1 kHz). 
Thus, at a B Factory  with  an  event  rate of 100 events/second, 
the  total CPU power required to keep up with the  data is Weestjmatea1o4 MIPS cpu 
100 events/s x 100 MIPS-s/event = lo4 MIPS.* requirement. 

* Since the 100 events/second  number is a peak  rate (or, alterna- 
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T 
6 .  1/0 BANDWIDTH REQUIREMENTS 

he high event rates  and  large  data  sets suggest the need 
for high 1 / 0  capacity,  both for transferring  the original 

data  to storage,  and for later offline analysis. We have  made 
estimates of these  demands in order  to  evaluate  the network- 
ing and  computer  bus  requirements. 

With  an  event size of 25 kbytes and a rate of 1 kHz from 
the Level 2  trigger,  an  aggregate  bandwidth of 25 Mbytes 
per second is required in  the online system  up  to  the level 3 
trigger. Any devices between Levels 2 and 3 must  be  able 
to  handle  this average rate  both at input  and  output,  with a 

The  data  rate from the Level 2 comfortable  margin for peaks  (possibly achieved with buffer- 
trigger is  estimated  at 25 
Mbytes/second. 

ing).  This will have to be  done  with  individual or  parallel 
channels of sufficient capacity. 

From Level 3 to  storage,  the design rate is 2.5 Mbytes/- 
second (100 Hz a t  25 kbytes/event).  This is within the specifi- 
cation of an FDDI fiber network (2x100 Mbits/s). Assuming 
we keep up with the  data-taking with our PASS 1 analysis, 

The  data  rate from the detec- a similar additional  capacity, from and  to  storage, will be 
tor to tape is estimated at 2.5 required for this  activity. 
Mbytes/second. 

The physics analysis,  Monte  Carlo  simulations, etc., will 
require  still further network bandwidth.  The  desire for fast 
turn-around analysis of large  datasets  imposes significant 1 / 0  
demands. To get an  idea of this  requirement,  let us suppose 
that we have a dataset  with lo8 events  in  “mini-DST”  format, 
with  2  kbytes/event. We assume a distributed  computing en- 
vironment. We take it to  be  acceptable  to do an  analysis on 
such a DST with a turn-around  time of one week. This  trans- 
lates  into an average  transfer  rate of about 1/3 Mbyte/second 
for the week. Several people  could  be expected  to  be looking 
at such a DST at a time;  this  is,  furthermore,  only  one of the 
various activities to  be  anticipated.  It is thus clear that  one 
or more FDDI-type networks will be  required to  handle  the 
physics analysis  demands. 

tively, is a continuous rate for 107s out of a year),  this  calculation 
is at least  superficially  conservative. However, we believe this is 
justified,  because: ( i )  It is expected that  the CPU load  from in- 
teractive  computing will continue to increase as evolution  towards 
sophisticated  graphical  interfaces  progresses; (ii) The load  on  the 
workstation  farm envisioned due  to  the networked computing en- 
vironment  may  be  significant; (iii) There  must  be some flexibility 
occasionally to  redo the “PASS 1” analysis of the  data. 
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7.  COMPARISON OF REQUIREMENTS WITH FERMILAB 
AND ssc 

T o place the computing needs associated with a future 
B Factory  in  perspective, we have checked on  the com- 

puting  experience of CDF for their previous run  and  their 
requirements for the upcoming runs.l 

7.2. Results o€ the 1988-2989 CDF Run 

The following table  summarizes  details of the  last CDF 
run: 

Run  duration 44 weeks 
Useful physics running 33 weeks 
Trigger rate  to  tape 1 Hz 
Nine-track physics tapes 5500 
Events  per  tape 1150 
Tot a1 events 6 million 
Average  event size (raw)  115  kbytes 
Full DST event  size  185  kbytes 
Mini-DST  event size (in  process) 27 kbytes 
Micro-DST event size (in  process) 14 kbytes 
Initial  capacity  (ACP’s) 100 MIPS 
Final  capacity  (ACP’s + 3100’s) 150 MIPS 
Time to reprocess full sample 6 months 
Time  to  reconstruct event 250 MIPS-s 

(most  time is for tracking) 
Disk space available 20 Gbytes 

The raw tapes were processed on the average three  times 
during  the  run  to check the  detector,  strip off about  10% of 
the events for high p t ,  W and 2 physics, and  other  special 
purposes. Most of the published  results so far have  come  from 
this 10% data sample.  When the full sample was processed, 
seven different data  sets  (DST’s) were created,  each corre- 
sponding  to different physics topics. A simple data base  is 
used to  keep track of files associated with each of the seven 
data  sets at each  analysis  stage.  Event  processing is handled 
by the Production  Manager,  written in DCL, and is driven 
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by the  database.  The  Production  Manager  automatically up- 
dates  the  data base when  new  files (or  tapes)  are  written. 
Information  kept in the  database  includes  for each file the 
creation  date,  computer used, tape,  tape drive  used,  quality, 
and a large  comment field. The smallest  DST  set  consists 
of 500 tapes;  the largest of 2500 tapes. Much  use  has been 
made of 8mm  helical  scan tapes,  although  the  numbers of 
tapes mentioned  here are in terms of the number of 9 track 
tapes. In the  future, even the raw tapes will be 8 mm. 

Most of the production  running was done  on ACP farms 
or on  the DEC VAXstation 3100 farm,  all at Fermilab. Much 
of the physics analysis is done at Fermilab,  either locally or 
remotely,  usually  reading disk datasets. DST’s (8 m m )  have 
also been sent to  other  institutions for analysis. 

7.2. Expectations for Summer 1991 CDF Run 

High priority physics to  tape 
Possible  general physics to  tape 
Event  size 
High Priority  data  sample 
Possible  general physics 
Data rate 

CPU requirement - reconstruction 
Disk space  requirement 

1 Hz 
10 Hz 
200 kbytes 
1-2 Tbyte 
10 Tbytes 
200 kbytes/s - 

2 Mbytes/s 

200-300 Gbytes 
500-750 MIPS 

CDF is currently  putting a major effort into switching 
their  system to UNIX, since this is where the  computing ex- 
pansion is to  be  found.  The  total  computing  capacity ex- 
pected at Fermilab in 1992 is several thousand MIPS, in UNIX 
processor farms.  Currently Fermilab  has 300 MIPS and is in 
the process of ordering  another 1100 MIPS of UNIX worksta- 
tions. Silicon Graphics  workstations are being  purchased, but 
other  workstations  are  being  evaluated,  since  Fermilab does 
not  want to  be a single-vendor  shop. 

A major  problem  (as for a B Factory) is the size of the 
data sample. E769 is testing a Summus  8mm  tape  jukebox, 
which holds 55 tapes  and  contains two  drives. A jukebox will 
eventually hold about  1/4  Tbyte of data  and will cost under 
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$50k (in the  future, 8 mm tapes  are  expected  to hold about 
5 Gbytes  and  to have  transfer  rates of 500 kbytes/second). 
Each  jukebox  drive will be able to  process about 5 tapes  per 
day. One possible mode of operation is to play through the 
DST's continuously and let  people  use the  continuous  data 
stream whenever they  are ready. 

7.3. Comparison  with B Factory 

Comparing  our B Factory  projections with expectations 
for CDF's 1991 run, we find that: ( i )  The B Factory  event 
rate is an  order of magnitude higher; (ii) The B Factory  event 
size is an  order of magnitude  smaller; (iii) The B Factory 
dataset size  is  comparable for a  similar  calendar run  period, 
but  the  total CDF storage  requirement is not  as  large  because 
of the relatively low running  duty cycle; (iv) The B Factory 
CPU requirement is at least an  order of magnitude  larger. 
The luminosity at Fermilab will continue  to  improve  in the The computing  requirements 
future, so that  the CDF needs will approach  those of the B those to be faced by CDF in of a B Factory are similar to 

Factory  in  all  respects before the B Factory is running. We the near future. 
conclude that CDF is already  facing  the scale of problems 
that will be encountered at a B Factory. 

7.4. SSC Computing  Projections 

It is also  interesting to compare  the B Factory  computing 
requirements with projections for a major SSC experiment. 
Areti2  quotes a projected CPU requirement at the SSC of 
one million MIPS, two orders of magnitude  larger  than  our 
B Factory  estimate.  The SSC event size is expected to  be 
approximately 1 Mbyte, to  be compared  with the B Factory 
estimate of 25 kbytes. 

Areti  proposes an online  processing farm consisting of 
5000 nodes of single board processors,  each  providing 200 
MIPS of computing. Together  with the  estimate of 100 MIPS- 
second/event for online  reconstruction,  this implies that such 
a farm  can  handle  up  to lo4 events/second, or 10" bytes/- 
second,  provided  each processor can  accommodate 2 Mbytes/- 
second transfer  rates. Lankford3 expects that the events will 
be  filtered by the online  farm so that a rate of 10-100 Hz 
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to  tape is realized. At a 10 Hz rate  to  tape,  and a 1 Mbyte 
event  size, this gives a transfer  rate of 10 Mbytes/second, or a 
dataset size of 100 Tbytes in our  nominal year of lo7 seconds. 

Cottrel14 provides  some estimates for the  Monte  Carlo 
simulations for the SSC. He assumes that a typical  simula- 
tion  takes 5000 MIPS-second/event,  and  generates a 2 Mbyte 
event.  Again, due  to  the lower energy and simpler  detector, 
the  expectations for a B Factory  are  considerably  smaller. 
Cottrell also  notes that the yearly offline storage  requirement 
at the SSC will be “several tens of Tbytes”.  This  number  is, 
in fact,  comparable with our B Factory  estimate, a reflection 
of the  fact  that most of the  data  rate at the SSC may be 
discarded as relatively uninteresting l o w - p ~  physics, while at 
a B Factory  a  large  fraction of the online  triggers  are  worth 
storing. 

The  computing  demands for an We conclude that, with the possible  exception of the data 
SSCex~erjment  will be greater storage  requirements,  computing for a B Factory  presents 
than required at a a considerably less daunting  prospect  than for a major SSC 
Factory. 

experiment. 

8. A POSSIBLE COMPUTING MODEL 

T he  traditional mode of analyzing  current e+e- experi- 
ments largely on a mainframe  computer does not  appear 

practical for the  large CPU requirements of a B Factory ex- 
periment.  In  addition, the large  datasets envisioned  impose 
substantial  requirements  on  both  storage  and data transfer 
capacity.  In this  section, we present a possible  computing 
model, and  make some estimates concerning  practicality. 

A CPU requirement of lo4 MIPS is beyond the present 
or near-term  extrapolations of mainframe  capabilities, such 
as the current six processor IBM 3090-6OOJ mainframe with 
around 180 MIPS. This implies that a solution  using  only 
mainframes is not affordable (the IBM 3090-6OOJ costs  nearly 
$15 million: though  price declines  fairly  quickly for used  main- 

* IBM  has just announced its new mainframe  series,  with  a top-of- 
the-line  performance of 600 MIPS  and 2.5 Gbyte/second  internal 
bus. The list  price  is around $20 million. 
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frames). We are  thus forced to consider distributing  the com- 
puting to a farm of workstations  with a much higher CPU 
performance/price  ratio. We consider the following example 
to  set  the scale in terms of current technology. The IBM 
RISC/SOOO model 320 computer  has a rating of  27.5 MIPS 
(and a floating-point  rating of 7.4 MFLOPS). Thus, if  we 
were to  start ordering  our  farm  today,  and we decided to use 
these  machines, we would have to  order  around 360 of them 
to meet our  requirement (at least  superficially). At  a base list 
price of about $13,000, this implies a purchase  price of order 
$5 million. The  expectation is that  the CPU power available 
in such  machines will  grow  by a factor of order two each  year 
for the next five years,  for  modest  growth  in price. Thus, it 
is reasonable to assert that  the  pure CPU power can be met 
without being the  dominant cost factor. 

Figure 1 is a block diagram of a computing  model  for a 
B Factory,  including both online data acquisition and offline 
analysis. To obtain  the required CPU power, it is based on a 
multi-workstation  environment.  Each of the square-cornered 
boxes in  this  picture  represents a workstation. A desirable 
feature seems to  be  to have them all basically interchange- 
able, a.t least in terms of operating  system, software  facilities, 
and networking support. We note  immediately that the box 
labeled  "storage"  might  contain  a  mainframe,  functioning, at 
a minimum, to manage  the  central  storage. 

Starting at the  detector, we see lines indicating data  trans- 
fer to a set of computers.  These first general  purpose com- 
mercial computers  are  connected to the  data acquisition elec- 
tronics at the  subsystem level. Thus, we envision acomputer 
devoted to  the vertex  detector  subsystem,  another Po the drift 
chamber,  another for the  calorimeter?  one for detector envi- 
ronmental  .monitoring,  and so forth.,; ThGse  comipu,krs arc' 
responsible for transferring  the  subsysten'data  to  the,aext~-- 
higher level, possibly  making- cerrectioy;'  and rd$qng the I" 

data in appropriate ways in the  prices$. ' In  additipni.''bhese 
computers may be used for monitor$yg*f subsystem perfor- 
mance  and  subsystem caliljration. 4'3eslgQgiterion  is^ that i-' '. ,' 

these  computers should be  able  to ond to.&hsy=$em data 
at a 1000 triggers/second  rate 9,:Level { t,rigger. \ ,/ \ \ 

The CPU requirement at a 
B Factory is too large for 
a  mainframe  model to be 
practical. Instead, we consider 
a  distributed  model  with high- 
performance workstations. 

A computer  is  envisioned  for 
each detector  subsystem, capa- 
ble o f  responding at the Level 2 
trigger rate. 
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Figure 1. A possible model for the computing facilities for a B Factory. 



A Possible Computing  Model 587 

The  subsystem  computers  pass  the  data  on  to a “buffered 
switch”, which could either  be a specialized data switch, or 
possibly a computer  with sufficient 1/0 bandwidth  (Note  that 
this  is where the 1/0 bandwidth  requirement of a single  device 
is heaviest,  with a worst case  average rate of as much as 25 
Mbytes/second.  One  should design for a peak  rate  that is 
even higher,  although  the  peaks  can  be  suppressed  somewhat 
with  adequate buffering). The  task of this  switch is to route 
all of the  subsystem  data  from a particular  event  (time  stamp) 
to  one of several output addresses. The  output address  selects 
which of several  online computers  gets  that  event. We have 
not  investigated specific solutions for this  switch, so this is an 
area  requiring  further work (and  this  area of Figure 1 should 
be  regarded as tentative - we have  also come up with other 
possibilities which are  somewhat different in  detail). 

The event level computers  are responsible for actually 
building the  subsystem  data  into whole event  records. The 
number of computers  allocated to  this online activity will be 
flexible, determined by actual  running conditions.  Additional 
data  corrections/reduction, especially anything  depending  on 
inter-subsystem  information may take place  here. The pres- 
ence of a high  trigger level, implemente6 in  software in these The online event level cornput- 
computers, is envisioned in the likely case the background ers perform  the Level 3 trig- 

ger,  provide  online  event  sam- 
rates  cannot  be  adequately  suppressed in the  electronic  trig- pling, and transfer data  to per- 
gering  algorithms. The design goal for these  computers is manent storage. 
that  they will be able to  handle  an  aggregate  input of 1000 
events/second (Level 2 trigger rate),  and  an  output of 100 
events/second (Level 3).  In addition,  these  computers  can  be 
used to  sample  the event stream for online  event  displays and 
histograms.  Our goal is to sample of order 10% of the  output 
events, i .e. , an  aggregate  rate of 10 events/second. 

From the event-level computers,  the  data proceeds to 
permanent  storage via fiber-optic  networking (e.g. , FDDI). 
Many workstations  have access to this  storage,  and the “PASS 1” permanent stor- 
analysis is accomplished by reading  events  from  storage  and age j s  accessed by distributed - 

distributing  them to available  workstations  running the pro- workstations over fiber optic 
cessing code.  When  finished  with  an  event, the workstation networks. 
transfers it back to permanent  storage. The management of 
this  distributed  computing  environment will require deveIop- 
ment. 
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We do  not  think it is practical  to keep events  within  a 
“run”  in  any  particular  time-ordering, even at  the initial  stor- 
age  stage. The difficulty is that  the events  are processed in 

parallel on different  computers  in the online data  stream,  and 
different  events will take different amounts of time  to reach 
the  storage  medium. However, it does appear to be useful to 

keep data from  one  “run”  distinct  from  other runs. The  term 

”run” is somewhat  abstract - it  at least  means  that periods 
with  different experimental  conditions  are different  runs, and, 
in practice,  is likely to  be connected to  the fills of the accelera- 

tor, in which case a run could  require X 10 Gbytes of storage. 
As long as there is ample  time  to flush the buffers between 

runs, the  separation of data by run  should  not pose a problem. 
If it eventually  is  deemed important  to  maintain some form 
of ordering  even  within a run,  there  are various  possibilities 

beyond the nominally straightforward,  but resource-intensive, 
one of maintaining very large buffers (on  disk)  and  sorting to 
tape. For example, if we are  more concerned about sequencing 

for searching and bookkeeping than  about  true time-ordering, 

we could  simply add a sequence  number  to  each event as it is 
written to tape. If, on the  other  hand (or in addition), it is im- 

portant  to have  ready  access to the  true time-ordering, then a 

separate  index file with  this  information could be  maintained. 

It is useful to  take  this model a step  further and try  to 
qome up  with  some  sort of “existence proof” with specific 

technology, and cost estimates as an  indication of practicality. 
The following Table,  together  with  the  notes following it, gives 
some estimates  in  terms of current  (June 1990) technology, 

and  a  projection  five  years  into the  future: 
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Component I Current (1990) technology 

Networking Fiber  optics (e.g. , FDDI) 
( X  25 MBps) 360 X $12k = $4.3M 

Tape  storage 8 mm jukeboxes 
(50 Tbytes) 200 x $50k = $10M 

(3480 cartridge silos 
50TB x O.SM$/TB = $15M) 

Disk storage $1M 
(1 Tbyte) 

Total I $20.3M 

1995 pro-jection 

250 MIPS/CPU at $20k 
40 X $20k = $0.8M 

Fiber  optics 
40 X $12k = $0.5M 

19 mm  jukeboxes 
$4M 

$0.3M 

$5.6M 

Table 2. Estimates of comput- 
1. Prices  are  estimated list prices; to the extent  discounts ing for a B Factory 

are available they may thus  be  overestimates. 

2. We choose the IBM RISC/6000-320 as  our 1990 tech- 
nology CPU, because  it is one of the most  economical 
current  high-performance  workstations. 

3. The 1995 CPU  projection is based on  informal  discus- 
sions with IBM  representatives. 

4. The  current networking cost/node is from Ref. 4. We 
use the  same  cost/node in 1995 even though  this cost 
is expected to decrease significantly with  time  (FDDI 
costs  are  expected  to become  comparable to  current 
Ethernet  costs). We do  this  as  an  expedient way to 
take  into  account  the relatively  greater importance of 
the basic  network  cost  as the  number of nodes decreases. 

5. The 3480 cartridge silo prices are from Ref. 4. The 8 
mm jukebox  price is also in Ref. 4,  and  has been found 
to  be consistent  with estimates  from  other,  informal, 
sources. The 19 mm jukebox  price is estimated  based 
on  informal discussions with a representative of SONY. 
Further specifications for the 19 mm  format  are  included 
in Appendix A. 
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Moving into a distributed 
UNIX environment poses the 
burden of learning a new sys- 
tem, as well as the  opportu- 
nity  for  modernizing our soft- 
ware technology. 

This  new  environment poses 
significant  development chal- 
lenges in  terms o f  networked 
computing  system manage- 
ment. 

6. The disk storage pricing is based  on the discussion  in 
Ref. 4, and  is  an  exception  to  the  stated use of list 
prices. 

9. SOFTWARE CONSIDERATIONS 

A broad  range of software  issues will face a new B Fac- 
tory  experiment. The  architecture of the system is suf- 

ficiently different from  traditional models ( e . g .  , the current 
SLAC environment) that many new concerns  must  be  ad- 
dressed.  Many of the most  basic  system level software com- 
ponents will have to  be carefully  designed to fully  exploit the 
capability of this  system. Moving into a highly distributed 
UNIX-based  system will also  completely  change the “look and 
feel” of the  computing  environment.  This may add  the  bur- 
den of learning  a new system  to  the users  (physicists) while 
simultaneously  providing an  opportunity  to  improve efficiency 
and  productivity  by  employing new software  technologies  such 
as  graphical user interfaces,  graphical  application  builders, 
and visualization  techniques. 

At the system level the single  most important issue may 
be  a scheme to  distribute  production analyses  across  many 
workstations.  Since  workstations  may be  distributed in of- 
fices as well as in isolated  clusters (without  monitors or key- 
boards), such  software  must be  able to dynamically  allocate 
CPU resources  across the network  as  needed to  support pro- 
duction  and  analysis  jobs. 

Another  crucial  element involves network file serving  sup- 
port for the  multi-terabyte  storage facility. Other  system 
level matters include: distributed  database access and  man- 
agement (for access to  experimental  data); network-based  dis- 
tributed  system  management  (resource  allocation, software 
updates, user  accounts,  security,  hardware  fault  detection 
with diagnostics,  backups and network  management);  on-line 
help  and other  utilities;  and  support for  multi-vendor plat- 
forms. 

At the user level new tools will need to  be developed to 
support  real-time  functions  and  interfaces to detector compo- 
nents.  Real-time  capability is a relatively new aspect of UNIX 
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and  must be investigated and carefully evaluated. Access to 
modern  workstations is generally via a local console or remote 
X-terminal  equipment using various graphical user interface 
products. Users will require  tools for editing, processing and 
displaying text  and graphical data in a uniform, friendly en- 
vironment. The choice of a primary  programming  language 
may  depend  upon availability and  functionality; FORTRAN 
may  not be the best choice. We will  need many  support pro- 
cedures and programs for defining coding styles,  code  man- 
agement,  graphics  (including  visualization), documentation 
libraries and  the design of  off-line and interactive analysis en- 
vironments. 

Finally, we must, for the sake of productivity,  manage- 
ability and maintainability, attempt  to avoid mistakes made 
in past  software  projects and  strive  to consider and imple- 
ment relevant modern  ideas in this  area (e.g. , see Ref. 5 ) .  
In particular,  software issues must be identified as early as 
possible to provide ample  time for prototyping  upon which to 
base even the earliest development. 

A significant amount of R&D must  be  done  to  prepare 
for a B Factory  experiment. The software challenges out- 
weigh those of the computing hardware. Software investiga- 
tions  must begin soon to clarify the key issues, identify areas 
requiring significant development and begin to prototype that 
development, seek out existing  solutions to common  prob- 
lems, monitor  the progress of advances in industry  and form 
a core of individuals  with  expertise. 

10. SUMMARY 

T he computing  demands for a B Factory are considerably 
larger than we are used to in e+e- collider experiments. 

We have noted  that  the need  for substantial CPU power im- 
plies a distributed  computing environment.  This, in turn, 
coupled with  the large datasets, implies that a  sustained  and 
significant software development effort will be required. 

The  computing  hardware  demands are summarized in the 
Table below. These  demands  are  somewhat different than 
those in hadron colliders, because of the larger  fraction of 
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useful events. However, the overall  requirements  are  rather 
similar to those  anticipated in the next few years  for a hadron 
collider experiment,  and considerably less than  anticipated 
for a major SSC experiment. By considering the require- 
ments  and  the possible  technologies, we conclude that  the 
support of a full scale B Factory  experiment  with  currently 
available products is possible  with  considerable difficulty, but 
that in the  appropriate five  year time  frame it appears  quite 
tractable. 

~ 

Level 2 trigger rate 

100 Hz Level 3 trigger rate 

1 kHz 

Event size 

1/0 bandwidth 

To level 3 

Level 3 to  tape 

Offline analysis 

25 kbytes 

25 Mbytes/second 

2.5 Mbytes/second 

> 10 Mbytes/second 

I Initial  storage  requirement I 50 Tbytes (per year) I 
Table 3. Summary of B Fac- 
tory computing  requirements 

Large  mini-DST size (10' events) 

104 MIPS CPU power 

200 Gbytes 

i 
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APPENDIX A 

Advanced Tape Technology 
An emerging technology in  magnetic  tape  storage  may 

answer many of the  demands posed by the B Factory. This 
technology is a direct evolution of that used in the broadcast 
television world and is based upon helical scan principles al- 
ready  in wide use for both analog and  digital applications. 
Only  SONY Corporation  currently  markets  an  ultra-high ca- 
pacity tape system. A specification sheet  from  SONY is re- 
produced below as Figure 2. 

These  units  are currently available. The price is $200k- 
250k per drive. At the present time, fewer than a dozen eval- 
uation  units have been shipped.  This product  as delivered is 
not  complete nor completely satisFactory. 

The  guaranteed  error  rate (1 : 10") should improve by 
at least three orders of magnitude  to  compare favorably with 
existing 3480 and 8mm technology. SONY is working on 
a  solution involving wrapping an additional  error  correction 
layer to  the  data. 

A highly-buffered interface is required  for the B Factory 
distributed  computing environment. Both  SONY  and  an un- 
identified third  party vendor are working on solutions. The 
time scale for a product is unknown. 

The B Factory demand for 2 50 Terabytes of storage 
can only be  met by the use of a  robotic  system  capable of 
handling at least 500 of the large tape cartridges.  SONY is 
investigating such a robot  and expects  a product (based upon 
an existing  broadcast video device) within two years. The 
need  for massive storage is not confined to  the B Factory 
project:  In  addition to broadcast video, this  volume of data 
storage is needed by other agencies of the government such 
as the IRS, military, census, Library of Congress, and NASA. 
Although  SONY is the only vendor marketing a product  with 
the,  capacity needed by the B Factory, it is expected  that 
other vendors will appear in this growing market  within the 
next  one to two years. 
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SPECIFICATIONS 
PERFORMANCE 
Recorded  tape  format:  ANSI  X38.6 0-1 Standard 
Cassette  tape: 

LargelMediumlSmall  sizes 
1gmm lvpe 0-1 Broadcast  standard  (Hi-Hc) 

Recording  capaclty:  Max.  770 Gbcts (Lcassette. 1 6 ~ )  
Max.  330  Gbits (McasseRe. 1 6 ~ )  
Max. 100  Gbits  (S-cassette.  16pm) 

- 

____-. - 
_ - ~  

User  date  rale:  256,  128.64.32.  16.  10.7 Mbp 
(Recordlplayback) 
Recording  time/Tape  speed: 

___I______ 

~ - -  - _- _- - .. .-  -. 

Data  rate Recording Time (H: hours, M: minutes) a p e  speed 
(MbPS) Lsue M-size  S-size (mm/sec) 

256 5 0 M  20M 7M 423.8 

128 1 H 40M  45M  15M 21 1.9 

64 3H ZOM 1H  30M  30M 105.9 

32 6 H  40M 3H OOM 1H WM 53.0 

16  13H 3 0 M  6H OOM 2H WM 26.5 

10.7 2 0 H M  9HWM 3HOOM 17.7 - -. - 
Bit  error  rate  (Correcled): 1 x tOE4O 
Data  assurance: Read-after.Write  lor  Data  and  CTL 

........ 

(Data  and  Track Sel  ID) 
.~ -- .- _- ....... ~ 

Tape  loading lime: k s s  than 14 seconds 
Servo lock  lime: 

...... I__- 

Pppra. 10 sec  from stw mode 
horox. 4  sec.  lrom  standby  mode , .  ........ ___ 

Fast  forwardlrewmd tme: Less than 180 sec with LCaSSete 
Less than 90 sec with Mcasselte 
Less than  45 sec with S-cassette 

GENERAL 
Power  requirements:  1OOV-lX)V/22OV-  240V 210%. 50160HZ 
Paver consumption:  Max.  550W 
Operating  temperature: 1 0 T  to 35%  (50'F to 95'F) 
Storage  temperature: 
Operating  humidity: 20% to 80% (non-condensing) 

____-I.-- 

-_ 
-- - 20°C IO + W C  (-4'F IO 140-F) 

.__. 
Storage  humidity:  10% to 90% (non-condensing) 
Weioht: 

- 
b o r a .  67  ka  (147 Ib 11 02)  - e  _- 

Dimensions: 4360 x 432.3H) x 635.3D)mm 

INPUTlOUTPUT  SIGNALS (Connector) 
DATA  INPUT  (D25S): 

(with  clock,  sync.  parity) 
8 line  pairs  for  data  (ECL.  NRZ) 

DATA  OUTPUT (0255): 8 line  pairs  for  data  (ECL.  NRZ) 
(wilh clock. sync. parity and  error flag) 

REF (reference)  INPUT (132%): Clock  and  sync  (ECL) 

ANNOTATION  INPUT + 4dBrn.  @Nohms. balanced 
CH.l/CH-2 (XLR 3-pin.  female): 
ANNOTATION  OUTPUT LOW impedance,  balanced 
CH-l/CH-2 (XLR 3-pin.  male): 
MIC IN (Standard  jack): For ANNOTATION  CH-1 
HEADPHONE  OUT  (Standard  jack): For ANNOTATION  CH-1 
AUX (auxiliary) DATA  INPUTlOUTPUT 01%): RS-422 intexCe 

, _  _ .  

(17'1. x 17% x 25'1a') lncludmg  handles  and  feet 

___ .... __ .. _-- 
_--__I__------ 

-~ 
____I__---- 

_I_. ___-. ____ 
. - ....... - -_--- 

-__.I_ -. --- 

REMOTE 112 (025s): RS-23X inlerface 
R E M U E  3:  IEEE-488  (GPIB) interface 
_I __ 
____ ~ 

REMOTE 415 (D9S): RS-4221485  (Primary) interface 
. .  

--- ._ - -. .- 

SUPPLIED ACCESSORIES 
Rack  angle  assembties  (2) 
AC power cord (1) 

Operation  and  installation  manual (1) 
Plug  hotder (t) 

OPTIONAL  ACCESSORIES 
Cables 

For  data inputloutput signals 
-Digital video cable:  VCD-2D15DllOD/30D  (21511013Om) 

For  annotation input/wtput signals 
-Digital audio cable: ECD-3CIlOCI3W (3/1013Om) 
-Analog  audio  cable:  EG5XLFt2110XLR2  (5nOm) 

-RS-4221485  Remote control  cable: R C G 5 G I l O G ~ ~  W1013Mn) 
-IEEE4BB (GPIB)  interface  cable:  SMK-0032  (2m) 

for remote interface 

Rack mwnt kit 

Tapes 
Digital VIR rack  mount  rail:  RMM-18DV (for use with Rack  angle a W m b h )  

19mm type D-1 cassette  (Hi.Hc): UM size 
. - - 

Design  and  specifications  subject to change wlthwt nOtlCe. 

Figure 2. SONY specifications for a high  capacity tape storage system,  model DIR-1000. 
Copyright 1990 by SONY Corporation. 
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REPORT OF T H E  TRIGGER AND 
DATA ACQUISITION GROUP 

T. BOLTON, D.D. BRIGGS, C. HEARTY, W.R. INNES, 
C.K. JUNG,  A.J. LANKFORD, P.C. ROWSON, P. RUBIN, 

M.H. SHAEVITZ AND W.J. WISNIEWSKI 

1. INTRODUCTION 

T he  Asymmetric B Factory will present a new environ- 
ment for  triggering in e+e- storage rings. The significant 

differences arise  from the greatly  increased bunch crossing fre- 
quency. Some of the differences  from  previous e+e- machines 
are  outlined below: 

e The first level of trigger decision must be pipelined. 
Bunch crossings  will occur approximately every 4 ns., 
compared to every 2.3 ps as in PEP operation  with Any B Factory  detector trigger 
three bunches. Even the fastest  stage of the trig- mustemployapjplioearc~itec- 
ger  decision  will require much more  time than ex- 
ists between crossings. Consequently, the trigger 
must process every successive  crossing  even as prior 
crossings undergo  subsequent processing steps. 

t ure 

e The trigger must identify the  time ( L e . :  bunch crossing) 
of each event candidate. 

Since the  time between bunch crossings is less than 
the response  time of even the  fastest  detector el- 
ement,  the trigger processors must be capable of 
identifying, at least  approximately, the bunch cross- 
ing which  is being  triggered  upon.  This is possible 
since the crossing time is not less than  detector re- 
solving times. 

e The  ratio of triggers on e+e- annihilation  events to trig- 
gers  on background processes must be greatly  improved, 
with no  loss in  trigger efficiency. 

The  rate of real physics events  is  large,  approxi- 
mately 50 Hz at  the T(4S) and  greater at other T 
resonances. Consequently, the trigger  must select 
events  with sufficient purity that  the overall trigger 

59 7 
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rate is not many times  larger than  the physics rate. 
At the same  time, the trigger  must select b events 
with high efficiency since the rare decay modes are 
produced only in  small  numbers. 

0 Sources of potential  background will be  greatly increased. 
The currents in the  storage rings of the Asymmetric 
B Factory are significantly higher than in previous 
eSe- colliders, approximately 3 A as compared to 
approximately 30 mA in PEP. Consequently, back- 
grounds from synchrotron  radiation  and  from de- 
graded  beam  particles are  potentially much larger 
than  in previous machines. 
The very frequent  bunch crossings result in the de- 
tector being live for cosmic ray  backgrounds at all 
times, rather  than only every few microseconds. 

Despite the above differences  of the  Asymmetric B Factory 
from previous e+e- machines, an  important similarity is that 
the average time between annihilation  events at  the Asym- 
metric B Factory is still  small as  compared to  the signal- 
response time of the  detector  and  to the decision times of trig- 
ger processors. In addition,  the  rate of annihilation events is 
sufficiently low that no physics processes must  be rejected by 
the trigger. The modest physics rate distinguishes the Asym- 
metric B Factory from high-luminosity  hadron colliders such 
as the SSC, leaving event selection relatively  straightforward 
although more challenging than in the  past. 

A defining criterion for the trigger system of an exper- 
iment at the Asymmetric B Factory  should  be  that trigger 

The trimer must be designed performance  not  limit the luminosity at which the machine 
SO that 'its performace does can  operate.  This  requirement is particularly relevant in this 
not "mit the effective machine  since  demands for luminosity will drive  accelerator 
i ty 

operation  to  the limits of acceptable  backgrounds. The trig- 
ger architecture  and processing must  be designed such that 
trigger  performance  degrades gracefully in response to back- 
ground levels  much greater  than  expected. 



Overview of the Trigger 599 

2. OVERVIEW OF THE TRIGGER 

T he  purpose of the trigger is to select bunch crossings in 
which an interesting physics process occurred  from the 

large rate of all  bunch crossings. At the Asymmetric B Fac- 
tory, the  rate of interesting physics is in the  range of tens of 
events per second, while the  rate of bunch crossings is about 
250 MHz. The challenge to the trigger is to distinguish the 
interesting physics events from  potentially severe machine- 
related  backgrounds. Unlike triggers in hadron colliders, the 
trigger is not required to distinguish  interesting physics pro- 
cesses from  uninteresting processes, since essentially all pro- 
cesses are of physics interest in the B Factory. 

As in existing  experiments, the trigger of an experiment 
in the Asymmetric B Factory can be  expected to consist of 
event selection decisions  in a sequence of levels. Each trigger 
level  processes a subset of detector signals in order to reduce 
an input  rate of event candidates to a lower output  rate,  thus 
affording the subsequent trigger level additional  time for more 
sophisticated processing of a larger  subset of detector signals. 

three levels  is arbitrary  and could be  adjusted if appropriate. three levels 
Figure 1 sketches ranges of possible trigger rates  to  and from 
each trigger level. These  rates  are given  by the requirement 
that each level of the trigger on average make a decision in 
a time  equal  to one over the  rate at which candidate  events 
are  input (e.9.: an  input  rate of lo5 Hz affords a 10 ps de- 
cision time on  average).  This  rule applies in the case of an 
adequately buffered data acquisition system. The complexity 
of the  data acquisition system drives the trigger towards a 
design with a low output  rate; whereas the complexity of the 
trigger system drives the trigger towards a design with a high 
output  rate. 

Here we refer to Levels I, 2, and 3, although the choice of The trigger  design  employs 

The values  shown in  Figure 1 are loosely based upon ex- 
perience  with trigger processing techniques in prior experi- 
ments  and reflect the flexibility  which is available in  design- 
ing the trigger. The approximately  one microsecond  decision 
time for Level 1 corresponds to the minimum possible time to 
collect trigger signals, perform  rudimentary processing, and 
distribute  strobes, More complex processing can be  done by 
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Figure 1. Digger  rates 
and processing times at each 
trigger level. 

hardware in ten or more microseconds by Level 2. Ten mi- 
croseconds processing time  limits  the  input  rate  to 100 kHz 
from Level 1. Lower rates  from Level I would  afford Level 2 
additional processing times. The lowest conceivable rate from 
Level 1 (as discussed  below) is 1 kHz, which would  afford 

250 MHz 
Crossing 

Rate 

Level 1 
Trigger  Processing 

(-1 psec) 
I 

I 
1 kHz-I00 kHz 

L2 Triggers 

Level 2 
Trigger  Processing 
(- 1 0 psec- 1 msec) - 

IO0 HZ-1 kHz 
L2 Triggers v 

Level 3 
Trigger  Processing 

(- 1-10 msec) 

.-IO0 HZ 
Event  Candidates 

12-90 
6739A2 7 

Level 2 as much as one millisecond processing  time. Such 
a low rate might eliminate the need 'for the  data acquisition 
system to buffer multiple  events  during the Level 2 decision, 
or it could possibly eliminate the peed for a hardware Level 2 
trigger preceding the Level 3 trigger.  Order 100 Hz, which is 
near the physics rate, is the lowest possible rate into Level 3. 
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Since the level 3 trigger is usually conceived as a collection 
of general-purpose microprocessors, its  input  rate is bounded 
at approximately 1 kHz, which  would  allow each processor 
only one millisecond times the number of processors to select 
events. 

I 

I 
Calorimeter 

(trigger  towers) 
Central Drift - Trigger Processing 

(hit cells or segments) c 

More  Central Drift - 
(drift times) 

Silicon 
(possib/y) * 

FULL EVENT DATA 

. Trigger Processing 

f 
More Silicon 1 

Particle Identification ___) 
Level 3 

(dE/dx,M, CRID) 
More Calorimeter -+ 

Trigger Processing 

12-90 
6739A1 

Figure 2. Detector data 
input  at each trigger level. 

Figure '2 illustrates  detector information which is available gers employ energy 
At Level 1, calorimetric trig- 

to  and which may be utilized by each trigger level. At Level 1, measurement or %& patterns 
calorimeter  triggers will operate on energy deposit in trigger of e n e r a  deposition, while 

towers and on total energy. Tracking triggers at Level 1 will tracking triggers 
operate on  either  hit cells or track segments in the central track segments 

terns of hit drift chamber cells 

drift  chamber. At Level 2, more detailed drift chamber data, 
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such as drift  times, will be used. Vertex information  based  on 
OR’s of adjacent strips or pixels may also be used. Data from 

Figure 3. Data flow the finely segmented silicon system  may be difficult to access 
through the trigger and data on the timescales of the Level 2 trigger, and  are impossible to 
acquisition architecture. access in a Level I trigger. At Level 3, data from the full 

B-Factory  Detector  Trigger/Data  Acquisition  Architecture 

I I I - 

---------------- ---------------- 

L2 triggers  at 100 Hz to 1 kHz 
(1 to 10 ms) 

. Global 
!I !I trigger 

r 

I 
I 
I 

- . L2 
r r  

L-- _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _-_-- -- -- -------------- 
(see  section on computing) 

Trigger * 
control L3 

12-90 6739A3 

digitized event is available. This data includes  vertex infor- 
mation from the silicon system,  particle  identification  infor- 
mation such as dE/dz,  muon system  hits,  and  ring-imaging 
or threshold Cerenkov data,  and complete  calorimetry data. 
Time-of-flight data, if it exists, would be available  as early as 
Level I .  The  nature of data used by each level and how the 
data is used  will be  further  described in sections which  follow. 
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Data which  is used by the Level 1 trigger will be  trans- 
ported  to  the trigger processors on  paths which are indepen- 
dent of the  standard  readout  (data acquisition)  paths. Paths 
to Level 2 processors will most likely also be independent. The 
Level 3 processors, which are envisaged to be  general-purpose 
microprocessors, will obtain  their  data  through  the  data ac- 
quisition system. This  data flow architecture is sketched .in 
Figure 3. 

3. TRIGGER GOALS AND EFFICIENCIES 

T he primary goal of the trigger design is to maximize the 
efficiency for all  final states of interest. The annihilation 

cross-sections and  rates for each of the upsilon resonances is 
shown  in Table 1 for luminosities of 3 x and 

Resonance at 3 x lom rate at loM gtot up$ Rto t  Rhod Mass (GeV) 

T(W 

16 Hz 55 Hz 5.5 nb 0.78 nb 7 4 10.58 V4S)  

24 Hz 80 Hz  8 nb 0.81 nb 10 7 10.36 T(3S) 

33 Hz 10 Hz  11  nb 0.87 nb 13 10 10.02 W S )  

72 Hz 240 Hz 24 nb 0.97 nb 25 22 9.46 

The dominant physics signatures at  the "(45) are listed Table 1. Cross-sections 
below : and production  rates of the T 

0 e+e- -+ BB 
0 e+e- -+ e+e- (Bhabha) 
0 e+e- -+ pp 
0 e+e- 3 TT 

0 e+e- -+ e+e-X (two-photon) 
We have considered both tracking-based and calorimet- 

ric triggers; the most challenging final states for the trigger 
are  those  with both low charged  multiplicity and low visible 
energy, such as the TT and two-photon processes. 

resonances. 

The elemental triggers  described  here fall into  one of two 
categories : tracking based or calorimetric. The trigger con- 
figuration actually used would generally be a logical OR of 
some subset of these triggers. 
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The tracking-based  triggers  are: 

2 Track 
At least 2 tracks  with I cos01 < 0.8. These  are 
“central  tracks” which penetrate  to  the outermost 
drift  chamber layer. 

1.5 Track 

At least 1 track  with }cosBI < 0.8, and at least 1 
track  with I cos0( < 0.9. Here, the  “dipped” track 
may pass through only the inner  drift chamber lay- 
ers. 

The 1.5 Track trigger  is  designed to improve  acceptance 
for two-track  events, which may be boosted  into unfavorable 
topologies. Single track  triggers are expected to result in un- 
acceptably high rates  due  to backgrounds. 

The calorimetric  triggers  are: 

Total Energy 
The visible energy in  the calorimeter  (barrel and 
endcap) is required to  be above  a  threshold  typi- 
cally of order 1-2 GeV. A low channel-by-channel 
threshold would be applied  prior to summing. 

2 Supertower 

Contiguous  groups of towers are defined to consti- 
tute a  supertower,  and  the  energy in each super- 
tower must be  at least 50% of minimum ionizing, 
or about 100 MeV. 

Topological 

It may be necessary to implement  a topological 
requirement in the calorimetric  trigger to reduce 
background due to cosmic rays and beam gas, and 
other  beam  related noise. Our Semi-Hemi-Cylinder 
trigger  requires an  adjustable degree of azimuthal 
symmetry  in  the energy  deposition pattern in the 
barrel  calorimeter;  this  trigger is described in greater 
detail in Section 5.4. This trigger would be AND’ed 
with  all other triggers, and therefore  must be as ef- 
ficient as possible for desired  events. 
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We have studied the efficiency of the various triggers for 
physics of interest  with the ASLUND Monte Carlo. Our  study 
included both hadronic final states  due  to e+e- + BB for 
which efficiencies are expected to  be high and  the presumably 
challenging tau pairs. We assume that 3 GeV positrons are 
colliding with  9 GeV electrons. All Monte  Carlo  particles  with 
I cos 6'1 < 0.95 are included, and  the calorimeter  response is 
simply modeled by assuming that for photons  and  electrons all 
energy is visibIe,  for  muons exactly 200 MeV (1 mip) is visible, 
and for hadrons the visible energy is evenly distributed be- 
tween l mip  and the  total energy, or zero and  the  total energy 
depending on whether the hadron is charged or neutral, re- 
spectively. Supertowers with angular size 2 ~ / 2 4 ( 4 )  x x/12(0) 
are defined. These  are registered as "hit" if the visible energy 
exceeds 100 MeV. The Semi-Hemi-Cylinders are segmented to 
match the supertower segmentation; see Section 5 for details. 

A plot of the efficiency of the  total energy trigger for r 
pairs and for the CP eigenstate Bo, +Kg is  shown in  Figure 4 
as a function of the  total energy threshold. 

A summary of our  results for several triggers is given in 
Table 2. The reader is reminded that  the calorimetric  triggers 
are  meant to be OR'ed, except for the final topological trigger 
which  would be required for any trigger. 

Trigger Bo, J/t,bKs T+T- 

Two central tracks 2T 

1 .ooo 0.843 '240' semi-hemi-cylinder SHC 

Table 2. Selected trigger 1 .ooo 0.883 Evis > 1 GeV E 

1 .ooo 0.950 Two supertowers 2ST 

1 .ooo 0.730 One  and "one half" track 1.5T 

0.997 0.530 

efficiencies. 
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Figure 4. Efficiency of the 
total-energy trigger. 
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4. EXPECTED BACKGROUNDS 

w e have considered four sources of background to  the 
trigger: cosmic rays,  beam gas scatters within the de- 

tector volume, synchrotron  radiation, and lost beam particles. 
The flux of cosmic rays  striking  any  part of the calorime- 

ter or inner detector is approximately 3 kHz. The experience 
of the  Crystal Ball detector  indicates that 90% of the cos- 
mic ray events will be single muons; the remaining 10% will 
be showering particles, which deposit more energy than  the 
equivalent of two minimum-ionizing particles  and illuminate 
several calorimeter towers. Requiring the presence of charged 
tracks passing near the interaction point in T- - q5 would  re- 
duce the cosmic ray rate by nearly two orders of magnitude. 
Loose geometric cuts, such as requiring energy deposits nearly 
back-to-back in 4, would also reduce the trigger rate. 

Based on the experience of -the MARK I1 detector at 
PEP, and assuming the vacuum at the interaction point of 
the Asymmetric B Factory to  be  'the same as at PEP, the 
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rate of two-track  triggers from beam-gas  interactions is esti- 
mated to  be 50-100 Hz. Since high vacuum will be difficult 
to achieve with the high-current  beams of the Asymmetric 
B Factory,  beam-gas  backgrounds are potentially  serious. A 
vacuum 100 times worse than  that  at PEP could result  in  a 
beam-gas  trigger rate of 10 kHz, which  would be at  the limit 
of the acceptable Level I rate. It appears possible, however, 
to achieve a vacuum at least as good as that  at PEP, so this 
is unlikely to  be  a  major problem. 

Ongoing calculations of synchrotron  radiation and lost- 
particle  backgrounds  indicate that  lost-particle backgrounds 
are  dominant, even  for low energy photons,  and so will be 
emphasized here. Triggers on high-pl charged  tracks or on 
high-energy  electromagnetic showers in  either  the barrel or 
endcap  calorimeters have been considered.  In each case,  re- 
quirements of a t  least  one or at least two tracks or showers 
have been studied. No geometric cuts  are applied in  this 
study. The results are summarized in Table 3 for luminosity 
of 3x cm-2s-'. There  are two contributions to the trigger 
rates - random overlap from two different background  rays, 
and two significant tracks or energy deposits  from  a  single 
ray. The overlap  calculation assumes a 1 ps trigger window 
for both  the DC and the calorimeter. The  table does not in- 
clude "fake" charged  tracks due  to overlap of background hits 
in the DC. The low-density gas  planned for the DC will help 
to reduce the  rate of fake tracks. 

Charged  particles  with pt < 100 MeV (assuming 94 cm 
calorimeter  radius and .7 T magnetic  field) will not reach the 
caiorimeter, so the trigger level is likely to be somewhat at 
or above that value. A minimum-ionizing  track will deposit 
about 200 MeV in  a CsI(T1) calorimeter, or about 350 MeV 
in  a liquid krypton  calorimeter. 

The background  rates  calculated  for  lost  beam  particles 
are based on the high energy APIARY 6.0 ring  operating at 
luminosity of 3 x and  are extremely  dependent  upon the 
lattice. The limitations of this  calculation are discussed in 
the  chapter on the interaction region. The results are based 
on limited statistics,  the equivalent of 500 ps running  time 
for the calorimeter  trigger and 2.9 m for the charged trigger. 
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Table 3. Calculated charged 
particle and calorimeter trigger The background rates  from  these four sources are man- 
rates due to lost PmtjCles ageable. They  are, however, sufficiently close to  the  target of 
from the '*' high 10 kHz for Level I to be of concern. In particular,  the back- energy ring  during operation at 
lum*nositv of 3 x 10s. The grounds from lost beam  particles  must be reconsidered as the 
limits are 90% C.L. The cut is machine design  evolves. 
on energy per supertower for 
calorimeter triggers, and track 
p t  for charged track triggers. 
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5 .  Level I TRIGGERS 

T he goal for the trigger rate from Level I is order 10 kHz. 
Rates as high as 100 kHz may be manageable architec- 

turally for the Level 2 trigger and for Level 2 buffers;  however, The god for the Level 1 trigger 
higher rates imply greater  system complexity. Level I rates 
as low as 1 kHz  could eliminate the need for multiple event 
buffering during the Level 2 trigger, but such low rates will 
be difficult to achieve. 

is 10 kHz 

In  order to reduce rates to  the 10 kHz  Level, the Level 1 
trigger eliminates backgrounds due  to low energy (below pi 
of 50-100 MeV) tracks and  photons  from  sychrotron  radia- 
tion and from showers of lost beam particles. In  addition,  it 
eliminates most of the background from lost beam  particles 
by requiring that there  be two particles (charged or neutral) 
above the pt cut. The  output of the Level I trigger will then 
be  dominated by  cosmic rays and by coincidences of secon- 
daries from showers of one or two lost beam particles. The 
actual pt cut implemented will depend  upon the resolution of 
the trigger and upon background rates,  but should be suffi- 
ciently low to maintain efficiency for two prong final states of 
annihilation events. 

In  order to assure and  measure efficiency for physics pro- 
cesses, the Level I trigger is comprised of parallel  calorimetric 
and  tracking components (hereafter referred to as “nodes”) 
which implement fully independent selection criteria. Level I 
passes an event candidate on to Level 2 if either  node is sat- 
isfied. 

5.1. Calorimeter Trigger at Level 1 

The electromagnetic calorimeter of the  detector  at  the 
Asymmetric B Factory must be efficient  for  low energy pho- 
tons  from ro decays. Consequently, the calorimeter will have 
very good signal-to-noise for individual minimum-ionizing par- 
ticles, approximately 400:l signal to electronics noise for a 
single calorimeter cell of either CsI(T1) or liquid krypton. 
We have examined the option of a purely calorimetric  trig- 
ger at Level 1 which is efficient for events  with two or more 
minimum-ionizing particles. Such a trigger would accept all 
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cosmic rays which pass through  any  portion of the calorime- 
ter, yielding a background rate of approximately 3 kHz. Al- 
though  this  rate is within the 10 kHz target of Level l ,  it could 
possibly be reduced by requirements on the topology of energy 
deposit in the calorimeter, and it can  be  substantially reduced 
by requiring  tracking in some subsequent  trigger level. 

The Level I calorimeter  trigger  consists of three parallel 
components, or nodes. The principal  node provides a trigger 

The Level 1 calorimeter trigger on two or more  particles, charged or neutral, anywhere in  ei- 
consists of three nodes ther  the  barrel or endcap  calorimeters. This two-supertower 

trigger is accomplished by summing  nearby  calorimeter towers 
into “supertowers” and  then counting the number of super- 
towers above threshold. The second Level 1 calorimeter  node 
provides a trigger on total energy deposit  in the calorimeters 
by summing overall all  calorimeter towers. The  third LeweE I 
node is based on particular topologies. 

5.2. Two-Supertower Trigger 

The goal of the two-supertower  trigger is to trigger effi- 
ciently on any combination of two or more high-pt charged or 
neutral particles  detected  anywhere in the  barrel  and endcap 
calorimeters. 

The  architecture of this  component of the trigger is illus- 
trated in Figure 5. Groups of contiguous  calorimeter towers 

A supertower is a 5 x 5 array are summed into supertowers of about 5 x 5 individual towers. of individual towers 
This reduces the number of calorimeter  trigger channels to The two-supertower trigger 

requires at least two non- about 400 from  order lo4 individual towers. It also reduces 
adjacent supertowers the probability that  the energy of a  particle will be split be- 

tween two trigger channels. The signal-to-noise ratio for a 
minimum-ionizing particle in a  supertower will still  be very 
good,  as high as 80:1, enabling an efficient threshold at  about 
one-half the minimum-ionizing signal. To further improve ef- 
ficiency at boundaries of supertowers, where energy may be 
split between two supertowers, overlapping sets of supertow- 
ers may be formed. We refer to a  complete  set of supertowers 
covering the calorimeters  as a “layer”. The two-supertower 
trigger requires at least two non-adjacent  supertowers  above 
threshold in a single layer as a  means of providing a  trigger 
on two particles  without  double-counting  a single track. 
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Supertower 

Figure 5.  The two- 
supertower  trigger: 

discriminator a. supertowers  formed from 
sums of calorimeter  cells, 
b. block diagram of the two- 
supertower  trigger. 

-To total 
12-90 energy trigger 6739A11 

The good signal-to-noise ratio allows the threshold on 
each supertower to be set at  about half the energy deposit 
of a minimum-ionizing particle ( Em;p).  It is unlikely that 
pileup of low-energy photons will accumulate enough energy 
in a single supertower (or pair of supertowers) to satisfy this 
threshold. The single tower rate due to electronic noise alone 
is: 
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where 
6 = threshold  in units of OE of a tower 

A e f f e c t i v e  = 1 P,  
m = # of towers in a supertower. 
For thresholds of 0.5 Emip, the  rate in an individual  super- 

tower, or all 1600 supertowers in parallel, is negligible. The 
rate of two supertowers in coincidence is much less. 

For supertowers above threshold,  the  time of the event 
can be determined using techniques  equivalent to measuring 
the zero-crossing time of the differentiated  signal. The timing 
resolution of such a trigger at threshold is: 

the resolution improves linearly with  larger  signal. The  tim- 
ing resolution of a single minimum-ionizing particle in a su- 
pertower is expected to  be a few nanoseconds, and can be 
improved with signal shaping  optimized for timing.  The sig- 
nal  time is used to identify the bunch crossing to which the 
event candidate  corresponds.  Two  supertowers providing a 
trigger  candidate must identify the  same crossing. Identifi- 
cation of the bunch crossing also contributes  to knowledge of 
the drift  chamber t o  for use by the Level 2 tracking node. 

5.3. Total-Energy-Deposit Trigger 

The total-energy  component of the calorimeter Level 1 
node provides redundancy,  as well as efficiency for any  anni- 
hilation  events which distribute energy uniformly in neutral 
particles only. The total-energy  signal is formed by summing 
the energy signals of all supertowers; however, we expect to 
apply  a very low threshold (a few a) to each supertower be- 
fore forming the  sum over the  entire calorimeter. Otherwise, 
this trigger component will be  dominated by electronic back- 
grounds, including beam pickup and line-synchronous pickup, - 

and  correlated  beam effects. The tower-by-tower threshold 
The  total-energy-deposit  trig- 
ger requires a total energy can also be  used to make the total-energy-deposit  trigger less 
above threshold of 1-4 GeV sensitive to beam-induced  backgrounds, by eliminating  small 

energy deposits  from low-energy particles and  photons before 
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forming the  total energy sum. With a threshold of between 
1 and 4 GeV, the  total energy deposit trigger is expected to 
add  little  additional  rate  to  the two supertower trigger. 

5.4. A Topological Calorimetric Trigger 

The Semi-Hemi-Cylinder topological calorimeter trigger 
(SHC) is defined as follows : The event must  not  contain 
any “empty” semi-hemi-cylinders in the barrel calorimeter. 
“Empty” is defined as less than  1/2 mip (about 100 MeV), 
and a semi-hemicylinder is slightly more than a hemicylinder The topological calorimetric 
ie., the semi-hemi-cylinder covers  180 + 4 degrees in az- at least 112 

imuth.  Figure 6 defines a SHC. Note that  the noise tolerance rnip in both serni-herni-cyIinders 
of the calorimetric trigger can be improved  by ganging chan- 
nels (to  the level  of - 100) prior to discrimination. That is, 
a per-channel  threshold is set prior to summing. The number 
of semi-hemi-cylinders defined is taken to match the segmen- 
tation used in the supertower definition: 24 azimuthal bins 
for a total of  24 semi-hemi-cylinders. The value of q5 would 
be set by the efficiency for physics events. 

_ _  

The SHC trigger is designed to reduce the primary  trig- 
ger rate  due  to cosmic rays, beam-gas scatters  and off-energy 
beam  particles, for all of these processes will be  characterized 
by relatively asymmetric energy deposition. For example, off- 
center cosmic rays will fail the SHC trigger at a rate which 
depends on the size of the q5 angle (for 4 = 60°, this reduc- 
tion would be  about a factor of 4; see Figure 7,). Analysis 
of off-energy particles also reveals that  the energy deposition 
due  to  this process is peaked in azimuth  towards the  outer 
edge of the ring, so that even  two overlapping events  (during 
the 1 ps primary trigger integration time) would fail the SHC 
trigger about half the time. 

In  Figure 7, the efficiency of the SHC trigger is plotted 
for tau pairs  events as a function of the “slop angle” $. It is 
clear that  tau pairs  are  often  rather  asymmetric ; for $ = 60°, 
the efficiency is only 84%. Our conclusion is that a SHC trig- 
ger, if necessary, would certainly require sacrificing a sizeable 
fraction of tau events  and probably two-photon events as well. 
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Figure 6. The geome- 
try of the  semi-hemi-cylinder 
topological  calorimeter trigger 
(SHC).  The shaded area indi- 
cates  the empty SHC in this 
rejected cosmic ray  event.  The 
“slop  angle”, in this case 30°, 
is  labelled as 4. 

Figure 7. Efficiency of the 
SHC trigger. 
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5.5. Tracking Trigger at Level 1 

The tracking node at Level 1 identifies charged-particle 
tracks above 50-100 MeV pt  which originate from the region in 
which the beams interact.  It discriminates against low-energy 
tracks which arise  from showers of lost beam  particles, and 
from  combinations of random  hits. Random hits may arise 
from  synchrotron  radiation and other low-energy photons or 
from out-of-time  hits arising from other  bunch crossings. 

The volume along the beam line from which tracks appear 
to originate is referred to as the “fiducial” volume for the trig- 
ger. The radius of the fiducial volume is determined by the 
resolution of the track finder and by the radius of the inner- The node recog- 
most  tracking layer  used  by the trigger. Along the  beam line, nizes track segments in the 
i.e., in z, the fiducial volume at Level I is determined by the P - 4 projection of superlay- 
active  length of the innermost tracking layer. Consequently, j n  the drift chamber and 
the fiducial volume at Level I will be a few centimeters in into projected 

then combines the segments 

radius and a couple meters in length. Less than 100 Hz  of 
cosmic rays, but a few kHz of high-pl tracks produced by lost 
beam  particles, will traverse this volume. 

The tracking  node consists of two steps: recognizing seg- 
ments of tracks in the r - 4 projection of superlayers of the 
chamber, and linking segments into  projected tracks. The 
segment-finding step will eliminate most out-of-time  and other 
random  hits  and provide some pt  threshold. The segment 
linking step will further suppress accidental combinations of 
random  hits  and will provide a well-defined pt  threshold. The 
algorithms by  which these steps,  particularly segment finding 
will depend  on whether the chamber superlayers are composed 
of small cells or of jet cells. Figure 8 shows schematically for 
both small cells and jet cells the logical steps  in  the tracking 
trigger. 

The tracking  node at Level I may require either at least 
one charged track or at least two charged tracks,  depending 
on its resolution and upon beam-related background rates. 
If the calorimeter node is  efficient  for events with two mini- 
mum ionizing particles and meets rate requirements,  then the 
tracking node at Level 1 need  only  be  sufficiently  efficient to 
provide a  measure of the efficiency of the calorimeter node. 



616 Report of the Trigger and  Data Acquisition Group 

5.6. Level 1 Tracking Trigger with Small Cells 

The small-cell chamber design allows a flexible, efficient 
trigger that is resistant to random noise.  Use of small cells 
may also allow event time  determination  to  better  than f l  
bunch crossing. 

The small-cell  chamber  design The trigger scheme takes  advantage of the half-cell-offset 
allows a flexible, efficient trig- chamber geometry. Local track segments are formed in 

tracks  with an associated p t .  Crude  stereo information is 
then  added to determine if the track  points at the interaction 
region. Requiring that  the innermost superlayer participate 
in the trigger  limits the cosmic-ray rate. Use  of stereo infor- 
mation suppresses beam-gas events which do notoriginate in 
the interaction region, as well as lowering the cosmic-ray rate. 
Multiplicity and pt restrictions  can be applied to reduce the 
beam-gas rate  further. 

ger each superlayer. Axial layer segments are linked to form 

Each superlayer of the small-cell drift  chamber consists 
of several layers. The four axial  superlayers, moving outward 
radially, have 3, 4, 5 and 5 layers, respectively. In each  case, 
the layers are  rotated clockwise  by a half cell with respect to 
the preceding layer in the superlayer.  This geometry is  shown 
in Figure  8a. 

A particle passing radially through two adjacent sublay- 
ers will deposit  ionization on  the ith wire of inner layer and 
on the  ith or ith-1 wire of the  outer layer. (See Figure sa.) 
The  sum of the times recorded for the two  wires  is a constant 
(the full drift  time for the cell). This allows application of a 
“chronotron” technique. The basic circuit of this technique 
is  shown schematically in  Figure 8b. The coincidence unit 
used can be  constructed  with  shift registers or with tapped 
delay  lines. The  tapped delay line coincidence unit is  shown 
in Figure 8c. Shaped,  discriminated signals from the ith cell 
in the inner layer are fed into one end of the line, while sig- 
nals from the ith cell in the  outer layer are fed into  the  other 
end of the line. Another delay line is used  for the  ith inner 
and  ith-1 outer cells. The delay line has the same  length as 
the full drift  time,  with tap separation corresponding to  the 
inter-bunch spacing. Crossing of the two signals produces a 



Level 1 Triggers 61 7 

signal on  a tap. A beam crossing can then  be associated  with 
this signal. In the  shift register case, signals are fed to op- 
posite  ends of  two equal-length registers which are clocked at  
the crossing rate. The number of register cells corresponds 
to  the  drift chamber cell drift time. Having signals in  “ad- 
jacent” cells of the two registers constitutes  an  acceptable 
pair  with which a  beam crossing can then  be identified. The 
Mark 111, which  used the chronotron  technique  with  crude cell 
geometry,’  achieved better  than 20 ns resolution. The spa- 
tial resolution expected for the chamber  corresponds to  about 
one bunch crossing. Thus  one can safely expect  temporal res- 
olution, at  Level 1, of between one and  three  beam crossings 
(-5-15 ns). 
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Time-stamped  pairs from adjacent layers can now be as- 
sociated  with other pairs  in the same superlayer to form  track 
segments. In the first axial superlayer,  there are two pairs, 
which share  one cell,  which have consistent time  stamps. In 
the second axial superlayer there  are  three such pairs, with 
two of them fully independent. For the  third  and  fourth ax- 
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ial  superlayers, four pairs are available, two of which are in- 
dependent.  Depending  on layer singles rates  and layer dead 
channels,  pairs may be AND’ed or OR’ed to produce the time- 
stamped  track  segment.  The  relation of the chronotron coin- 
cidence unit  and segment-finding logic  is  shown in Figure 9a. 

The  track segments in  the axial  superlayers are formed 
into  tracks by matching the segments  found to legitimate 
track patterns.  The block diagram of the axial  track finder 
is shown in Figure 9b. The  legitimate track patterns  are 
stored  in  fast  digital logic units (e.g. PALS, etc.) .  The  pat- 
tern  matched gives a  measure of the pt of the  track. Tracks 
with  acceptable pt and containing the first and second axial 
superlayers(Al2), the first three axial superlayers(A123), and 
all  axial superlayers(A123q) are counted. The acceptance of 
the trigger in solid angle  can be  tuned by imposing require- 
ments  upon  these  track  counts. This  tuning  depends  on  an 
acceptable event rate  and willingness to  cut  acceptance for T 

pairs. A combination of ,412 > 2 and A1234 2 1 gives the de- 
sired 1.5 track  trigger, while A1234 > 2 corresponds to a two 
track  trigger, which may  be  required to limit the beam gas 
rate.  This track  matching,  counting,  and  selecting process 
can be completed  within 1 ps of the occurrence of the event. 

While the axial  tracking decision is made,  time-stamped 
pairs  and  segments  are  formed  in  the  six  stereo  superlayers. 
There  are U and V superlayers between each axial  superlayer 
set.  Segments  are  matched  with  axial  tracks that emerge 
from  the axial  tracking decision. The block diagram of the 
3-D track  and  vertex  finder is  shown in Figure 9c. As in the 
axial case, the number of 3-D tracks with a minimum mo- 
mentum that point  toward the interaction  point are counted, 
and  cuts  are applied  consistent  with a 1.5 (or 2) track  trigger. 
It is expected that this decision  will not be available  until at 
least 1.5 ps after  the interaction. In order to make an earlier 
z-tracking decision, pads on the inner  and  outer walls of the 
drift  chamber may be used to form  primitive z tracks  and  to 
verify that these  point to  the  interaction region. This would 
be achieved easily by restricting the z range of the inner wall 
pads. However, this  option is sensitive to  random  hits on the 
inner wall, requiring  a  large  number of channels with accom- 
panying  electronics. 
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Figure 9. Chronotron logic for pairs of drift  chamber layers. 
a. Slice in I$ of axial superlayer 1, with  three  layers of sense wires. 
b. Expanded  view of sense wires i and i.- 1 with  discriminator/drivers, 
equal-length  cables and coincidence  unit 
c. Coincidence unit, showing delay line technique and time-stamping. 
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Figure 10. Track-finding 
logic for small cell  chamber: 
a. segment  finder (SF), 
b. axial track finder (ATF), 
and 
c.  3 0  track and vertex  finder. 

5.7. Level 1 Tracking Trigger with Jet Cells 

For a drift chamber with jet cells, logic on  each cell  com- 
municates with the Level 1 tracking  node  (DC L1 node), as 
illustrated in Figure 10. 

The logic on each jet cell searches for track segment can- 
didates. It examines all hits  within the maximum allowable 
drift  time, checks them for consistency with a straight seg- 
ment,  and crudely measures parameters of found segments. 
Segments are identified with a cell ID, a time  stamp,  and a 
coarse measure (approximately 5 bits) of absolute slope in 
d$/dr.  The cell  logic then sends a track-segment message to 
the DC L1 node. A cell  which receives only  one or two hits 
within the drift time sends a track-fragment message to  the 
DC L1 node. 
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The DC L1 node collects messages from segment-finders. 
The  syntax of these messages, for both segments  and frag- 
ments, is  shown in Figure 11. The DC L1 node  then resolves 
fragments  into segments and looks for a set of track segments 
(the  match  set) which: 

1. involve the first four or five layers, 

2. come from cells with similar 4 in each layer, 

3. have similar slope, 
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4. have consistent  time stamps, and 
5. project  into the L1 fiducial volume in 9- - 4. Figure 11. Information A ow 

All jet-cell track segment messages within a drift  time of in the track-finding logic  for a 
the match  set are sent along to  the Level 2 trigger for further central drift chamber with jet 
processing. 

cells. 

Data Flow in the  Drift  Chamber Node of L1 

Track  segment & , 1 - 
fragment  messages  Resolve  segments & 

fragments per layer 
L - =-- 

AMU FADC , 

Time Stamp I 

wr 

Clock 

Rate 
Beam  Crossing - - 

12-90 cI1 Counter 

f 
I 

3 

v 
match No J. message 

Track list 

to L2 

Trash 12-90 

6739A13 

.1 trigger 
nessage 

Track segment  messages  contain: 
counter  value of leading edge; 
absolute  slope I a + l a  rl; 
list of hits in chronological order 

___c 

Track  fragment  messages  contain: 
counter  value of leading edge; 
list of hits in chronological  order 

6739A6 
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Syntax  Diagram for 'Match set' 

Track  fragment  message: - - 
\ ' Leading-edge  Time-stamp  (relative);  Trailing-edge ' 

array (1 :6) of Boolean 
Layer & 
cell ID 

time-  stamp 
(absolute) (absolute) 

time-  stamp ---f 

\ 

Track  segment  message: 1 - 
' Leading-edge 3 5 

Time-stamp  (relative); 
array (1 :6) of Boolean 

' Trailing-edge 
Layer & 

(absolute)  (absolute) cell ID 
time-  stamp time-  stamp --i) 

Figure 12. Syntax of trigger 
messages for  track fragments 6. Level 2 TRIGGERS 
and track segments. 

T he trigger rate  into Level 2 will be  dominated by cosmic 
rays and by coincidences of secondaries  from showers of 

one or two lost  beam  particles.  These  backgrounds  have simi- 
lar two-prong topologies as some  interesting physics processes, 
such as  production of .r-pairs; however, background  tracks in 

Cosmic rays  and lost beam general will not  originate at the  beam  interaction  point. Con- 
particles  dominate the trigger- 
rate into Level 2 sequently, the principal  manner by  which the Level 2 trigger 

a n  reduce the trigger rate is by restricting  the fiducial vol- 
ume for tracks  in r - 4 and in 2. This is accomplished using 
tracking  information of higher  resolution than was  used in 
Level 1. With  the exception of triggers  on  totally neutral 
events,  calorimetric  information is not important  at Level 2 
since it  has  already been used at Level 1. With  adequate 
resolution  near the vertex in Level 2, the trigger rate from 
Level 2 may be dominated by beam-gas  backgrounds  within 
the vertex volume. 

The  rate of cosmic rays  into Level 2, which  may be as 
high as 3 kHz, is based on the large  fiducial volume accepted 
by the Level 1 calorimeter  node. This  rate may be easily 
reduced by requiring  more than one  charged-particle  track 
within a smaller  fiducial volume. For instance, a fiducial vol- 
ume comparable to  that used in the Level I tracking  node, 
which is a, few centimeters in radius  and from ten to a few 
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tens of centimeters in length, would result in a cosmic rate 
of order 50 Hz, or roughly the same as the physics rate with 
a luminosity of . Further  reduction  in rate is possible 
either  with further reduction in the Level 2 fiducial volume 
or by use  of time-of-flight information; however, further re- 
duction at Level 2 is not  critical. The cosmic rate is within 
the overall trigger rate goal of 100 to 1000 Hz for Level 2 and 
is  less than  other  rates  at  that level. If further  reduction  in 
the cosmic rate is necessary, reduction at Level 3, where more 
data  and resolution is available, may be more suitable. 

The background rate  into Level 2 from charged tracks 
produced by lost  beam  particles is expected to  be between 
hundreds of hertz  and  about 4 kHz (see Table 3). It also  can 
be  sharply  reduced by restricting the fiducial volume, particu- 
larly in z. The  rate is expected to drop roughly in proportion 
to reduction in z of the fiducial volume. Thus,  more  than 
one order-of-magnitude  reduction is possible by reducing the 
z acceptance to order five centimeters.  Further  reduction  in 
the z acceptance will be limited by the length of the  beam 
bunches in z; the fiducial volume cannot be made  smaller 
than  the luminous region. Consequently, to  further reduce 
backgrounds  from  lost  beam  particles it will be necessary to 
reduce the fiducial volume in T - 4. Such reduction may be 
possible using  either  drift  time  measurements or by requiring 
that tracks  have  associated  hits in the silicon vertex  detector. 
(See report of the Vertex Detection  Group).  Reduction of 
these  backgrounds  with reduced acceptance in r - 4 has  not 
yet been studied. 

Background from inelastic  scattering of beam  particles 
with residual gas within the vacuum at  the  interaction point 
(beam-gas) do not  dominate  the  trigger  rate  into Level 2. 
However, it may be the most difficult to eliminate  since the 
tracks  originate along the beam  line,  rendering  acceptance 
cuts in T - 4 ineffective. As in\, the case of backgrounds from 
lost beam  particles,  cuts  on  acceptance in z are limited to 
the  length of the bunches. Based on MARK I1 experience at 
PEP, the  beam gas rate may be low, of order 5 - 10 Hz with 
vacuums comparable to PEP. However, if vacuums are two 
orders of magnitude worse than PEP at  the interaction  point 
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due  to  the higher beam  currents  and  the smaller beam  pipe, 
beam gas backgrounds may be serious, of order 500 Hz. 

If beam-gas backgrounds are severe, it may become neces- 
sary to make additional topology cuts  at Level 2. The asym- 
metric  beam energies make cuts on  momentum  balance in z 
unusable; however, cuts  on pt  balance,  acoplanarity,  and if 
necessary multiplicity may be effective. Any such cut will re- 
duce efficiency for detection of T pairs,  but will probably have 
little effect on B events. The  rate of beam-gas background 
and techniques to reduce the  rate have not yet received ample 
study. 

6.1. Identifying Bhabhas a t  Level 2 
Bhabhas will be identified at 
Level 2 to provide a real-time The Level 2 trigger identifies (non-radiative)  Bhabha events 
measure of luminosity and to on the basis of their  kinematic  signature in  the calorimeter. 
~rescaletheBhabharatewhjch The two main goals of recognizing Bhabhas are: 
is written to tape 

1. to report to  the accelerator a real-time  measure of lu- 
minosity, and 

2. to pre-scale Bhabhas  should the event rate  strain  the 
on-line computing power. 

Consequently, Bhabhas  are identified with a set of loose cuts 
for the luminosity monitoring, and a set of stringent  cuts 
for pre-scaling. Other goals include  online  calibration of the 
calorimeter towers, as well as of drift  chamber gas gain and 
drift velocity. The Level 3 trigger might be  to provide to  the 
accelerator an online measure of the position of the interac- 
tion point as determined by Bhabha events. 

Each tower in the calorimeter  has associated with it a 
nominal Bhabha  deposition energy, dependent only on its po- 
sition in 6. If the supertowers are  “squarish”,  the variation 
of nominal Bhabha deposition energies in constituent towers 
is small, and the supertower also has  a well-defined nominal 
Bhabha deposition energy. 

The classification process is initiated if Level 2 candidate 
exhibits: 

exactly two supertowers, whose measured energies are 
near  their nominal Bhabha  deposition; 
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AND the measured energy in no other  supertower in any 
layer (not contiguous to  the supertowers  above) exceeds 
a  small  fraction of the  its nominal  Bhabha  deposition; 
AND the  entire calorimetric energy sum lies near the 
nominal Bhabha value. 

Then  the event is classified as a Bhabha if: 
the 0 - q5 positions of the  participating  supertowers  are 
consistent  with the Bhabha topology) as stored  in a 
look-up  table; 
AND the Level 2 tracking  node  reports  a sufficiently 
stiff track  pointing at each of the two supertowers; 
AND no  other  tracks  are  found. 

7. Level 3 TRIGGERS 

T he  trigger rate  into Level 3 will have approximately  equal 
contributions of cosmic rays, backgrounds from  lost beam 

particles)  and physics events. In  addition)  there will be a have 
The trigger rate into Level 3 

contribution  from beam-gas events which may be  comparable from rays, backgrounds 
to  the other  contributions, or which  may be  either  larger or from Jost beam particles and 
smaller  depending  on the vacuum at the  interaction  point. Physics events 
If all  other  backgrounds  into Level 3 are  comparable to  the 
physics rate,  then it is reasonable to record all  events  without 
further selection at Level 3. However) a Level 9 trigger can 
be  implemented to further  reduce background or to  battle 
beam-gas  backgrounds. 

The Level 9 trigger has available the same data  and  the 
same  processing engines which are available to offline anal- 
ysis. It  differs  from of3ine analysis in that refined detector 
constants are not available and in that interactive choice of 
event  selection  criteria is not possible.  However,  given enough 
processing power in Level 3, it will be capable of performing 
online  nearly  any further event selection done offline. In  par- 
ticular) Level 3 will be capable of doing  refined tracking and 
some vertexing to  further reduce backgrounds which do  not 
come from the interaction  point. It will also be  capable of 
applying complex topological cuts which  may be necessary to 
eliminate  beam-gas backgrounds which originate  within  the 
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interaction volume. The residual backgrounds expected from 
Level 2 are all low multiplicity  backgrounds, which Level 3 
should be  able to reconstruct  and  analyze  with modest com- 
puting power. 

8. CONCLUSIONS 

T his study has focussed on identifying a multilevel trigger 
architecture  that  can  manage  the high-rate environment 

of the Asymmetric B Factory. The challenges posed are all 
related to  the high bunch-crossing frequency in the new ma- 
chine.  Accordingly, greatest  consideration  has been  given to 
understanding how to reduce  machine-related backgrounds to 
acceptable levels, while maintaining efficiency for all the in- 
teresting physics processes available for study. 

Reduction at Level 1 is the most challenging. It confronts 
the highest rates with the least  amount of processing time. 
Backgrounds from  synchrotron  radiation  and soft lost beam 
particles must  be  eliminated at  that level. The high resolution 
of the calorimeter offers the ability to perform sufficient reduc- 
tion at Level 1 with  calorimeter  information only. A Level 1 
tracking trigger would be  capable of providing a lower trigger 
rate,  but would require  considerable complexity of processing 
and connection of nearly  all  central  drift chamber wires. Some 
tracking trigger at Level I will be necessary to determine the 
efficiency of the Level 1 calorimeter trigger. 

The trigger at Level 2 will necessarily be based upon 
tracking to reduce backgrounds of tracks which do not orig- 
inate from the interaction  point. A Level 3 trigger can be 
used to perform  final,  sophisticated event selection, in order 
to make the  amount of recorded data more manageable. 

The biggest uncertainty  in  our  understanding of trigger 
rates is  in the  rate of beam-gas  backgrounds, which depend 
upon the quality of the vacuum at  the interaction point in 
the difficult environment of high-current beams. In addition, 
our conclusions on backgrounds  from lost beam particles are 
sensitive to  the accelerator  lattice.  These conclusions should 
be refined as the acceIerator design evolves. 
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AN  ASYMMETRIC B FACTORY AT KEK 
STUDY GROUP OF THE KEK B FACTORY 

PRESENTED BY T. NOZAKI 

ABSTRACT 
The  status of the Asymmetric B Factory  Project at KEK is 
reported. The design of the  detector for the KEK B Factory 
is mainly discussed. 

1. INTRODUCTION 

I n  this  report we report on the  status of the  asymmetric 
B Factory  project at KEK. 

A Task Force to  study feasibility of an asymmetric B Fac- 
tory at  KEK started in June, 1989. The following important 
dates should be noted: 

Jun’89 : A Task Force started. 
Oct‘89 : The first workshop on asymmetric B Factory was held. 
Dec’89 : The second workshop on  asymmetric B Factory was 

held. 
Feb’90 : The Task Force report was published1. 
Mar’9O : TPAC (TRISTAN Program Advisory Committee) rec- 

ommended the Task Force to complete the conceptual 
design of the machine in 10 months. 

Oct’90 : The International Workshop on Accelerators for Asym- 
metric B Factories was held at KEK. 

April’91 The International Workshop on B Factory  detectors will 
be held at KEK 

Both  the accelerator and  the detector were designed based 
on the following  physics requirements. 

i) CP violation can be measured within several years op- 
eration for 0.1 < sin4 < 0.6. 

ii) The Bf mixing parameter x, can be measured up  to 12 
within a few years operation. 

The design of the accelerator is described briefly in Sec- 
tion 2. Then  the design of the detector is discussed in Sec- 
tion 3. 

629 
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Main Control Room 

Figure 1. Schematic  view of 0 100 200 300m 
a  new B Factory  machine - 



I 
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2. ACCELERATOR DESIGN 

T he beam energies and  the required luminosities were  de- 
termined based on  the physics requirements and  the as- 

sumption of the use of the present 8 GeV accumulation  ring 
for the TRISTAN. 

i) Measurements of CP violation requires 3.5 x 8 GeV col- 
lision at T(4S) with the peak luminosity, L = 1034~m-2s-1. 

ii) Measurements of Bf mixing requires 2.46 X 12 GeV 
collision at T(5S) with L = 1033cm-2s-1. 

The accelerator complex is planned to  be  constructed  in 
two steps. 

Phase 1 : Build a 3.5 and 8 GeV two-ring collider with the  same 
circumference rings in a newly constructed  tunnel. An 
initial  luminosity of 2 X 1033~m-2s-1 is  foreseen and 
then eventually improved to 1034cm--2s-1. 

Phase 2 : Go to 2.46 x 12 GeV by adding a 12 GeV booster ring 
inside the  same  tunnel if necessary. 

The accelerator complex at Phase 1 consists of the up- 
graded 2.5 GeV linac, the 8 GeV accumulation  ring, and 3.5 
and 8 GeV collider  rings. Their  arrangement are shown in 
Figure 1. 

The design parameters of the colliding rings are shown in 
Table 1. The details of the accelerator is described in ref. 2. 

The magnet configuration and beam  orbits at the collision 
point are shown  in Figure 2(a). The requirement to make a 
multi-bunch  operation and a head-on collision brings us the 
present design of the colliding section. Beams are  bent by 
a 0.875 Tesla bending  magnet of 40 cm long  which is placed 
40 cm away from the collision point. A following quadrupole 
doublet helps to  separate beams further by placing quads off 
the center of beam  orbits.  The  septum  magnet  bends  the low 
energy beam  further.  It  has  to  be placed outside the solenoid 
field of the detector.  This requirement strongly  restrains  the 
usable solenoid  volume. The distance between the surface 
of the end yoke to  the collision point has to  be  about 2 m. 
If we have to place a compensation  magnet to reduce the ef- 
fects of the solenoidal magnetic field on the beams, the usable 
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solenoid  volume  is further reduced in the forward. The cur- 
rent  detector is designed for this  magnet configuration, but 
we are also studying  another magnet configuration as shown 
in Figure 2(b) which provides us more  detector space. 

Figure 2.(a) Tbe magnet 
configuration and beam orbits 
at the collision point. a) The 
first version, b) the new version 
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3. DETECTOR DESIGN 

e have studied  the required performance of the detec- 
tor elements and  the possible configuration of them 

for the detection of the  most  important processes such as, 
Bo --+ $I(:) Bo + $ K : T ~ )  and Bs mixing. Because of the 
asymmetric collision of electron and positron beams, the de- 
tector is also asymmetric in the direction of the beam. Since 
the general features of B meson decay, namely particle  multi- 
plicity, momentum  distribution, average momentum in the fi- 
nal state  and so on,  are known relatively well, the designing of 
the  detector is rather straightforward. Study was made  with 
the assumption of the use of a solenoidal magnet  spectrome- 
ter.  (The dipole magnet  option is also interesting because it 
can be used also as a separation  magnet of two beams.) The 
detector consists of a  particle tracker such as a silicon  ver- 
tex  detector (SVD), a precision drift chamber (PDC), and a 
central  drift  chamber (CDC), an electromagnetic calorimeter 
(EMC) such as a CsI crystal  array,  a  particle identifier such as 
a time-of-flight counter (TOF) and a Ring-Image-Cherenkov 
counter (RICH) and  a  muon  detector. All  of the detector 
elements except for the SVD and RICH can be  constructed 
using well established techniques. For the SVD and RICH we 
need R&D. The schematic view  of the detector is  shown in 
Figure 3. 

All the  detector elements cover the angular  range between 
12' and 135' which corresponds to  the center-of-mass angular 
range of  cosO,, between -0.95(-0.86) and O.gO(0.95) for 2.3 
X 12 GeV (3.5 x 8 GeV) collisions. The current  angular 
coverage is optimized for the 2.3 X 12 GeV  collision. If we 
optimize the angular  acceptance for 3.5 X 8 GeV, the angular 
range between 15' and 150' should be covered by the detector. 
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Figure 3. Schematic view of 
the  detector for the  asymmet- 
ric B Factory at KEK.  
a. rq5 view, 
b. rz  view 

p-VTXD TOF Supercpnduct lng Coil 

The Detector  for an Asymmetric B Factory 
I 
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3.1. Beam Pipe and Vacuum 

In order to reduce the effect of multiple scattering in de- 
termination of vertex  points we have to minimize the radius 
and the  radiation length of the beam  pipe at  the interaction 
point. Therefore we use a beryllium beam pipe with 500 pm 
thickness. The  beam Sackground problem may not allow ra- 
dius of the  beam  pipe smaller than 2 cm. 

The vacuum in the  beam  pipe has to  be  better  than lo-’ 
torr in order to  obtain long  life time of the  beam. Good vac- 
uum is also very important  near  the collision point for  keep- 
ing the  beam background in the detector  as low as possible. 
We propose a design of the  beam  duct whose  cross section is 
shown in Figure 4. The  beam  duct 

Pump space 
,Thermal shield 

Figure 4. .Proposed beam 
pipe and pumping  system for 
the azc section of the KEK B 

/ \ Factory 

is divided into two cells,  namely, a beam cell and a pump 
cell. Two cells are connected by a small slit. The electron 
beam  runs  in the  beam cell and the synchrotron light pro- 
duced by the electron  beam goes through the slit and  hits  the 
wall in the  pump cell. The gas produced by the synchrotron 
light is pumped  out by a cryogenic pump placed in the  pump 
cell. Therefore  outgas due  to  the synchrotron light should not 
leak into  the  beam cell. In order to obtain lo-’ torr  vacuum 
we need average distributed  pumping speed of 300 l / s / m  or 
gas desorption coefficient of molecules/photon. 

The  heating-up of the  beam pipe due  to  the ohmic loss 
and  the higher-order-mode loss has to  be also considered. The 
synchrotron  lights  generated  from the  beam separation  mag- 
nets  hit the  beam pipe  around the collision point and increase 
the  temperature of the beam pipe furthermore. As a result 
cooling of about 10 kW/m is needed. The cooling system  has 
to be designed not to interfere the particle  detection. In order 
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to reduce the  heat-up of the  beam  pipe  due  to  the synchrotron 
lights we are considering to use a beam  pipe of baloon shape 
which has a larger  radius  in the region where  synchrotron 
lights hit  than  the residual part.  The feasibility of such a 
shape of beam  pipe is under  study. 

3.2. Silicon Vertex Detector 

Both  the measurements of CP asymmetry  and B: mixing 
require the  accurate measurement of the  distance between 
two B decay vertices (Az) .  For such  experiments we need 
to observe oscillations proportional  to  sin( sdAz/cyp.rd) or 
cos(z ,Az/cy~~,) ,  respectively, where r(,f?) is the Lorentz fac- 
tor (velocity) of the T in the  laboratory  system  and T d ( 7 3 )  is 
the lifetime of r(4s)(r(5s)). Since the value of X d  is equal to 
0.7, accuracy of 4 2  is only required to  be  better  than half of 
the mean decay length, cyP7-d of B: for the CP experiment. 
As a result the CP measurement requires 150pm and 70pm 
resolutions of AZ for the  beam energies of 2.3 x 12 GeV and 
3.5 X 8 GeV, respectively. Since the value of 2, is considered 
to  be  one order  larger than  the X d  value, we  need to have 
much better accuracy of AZ for the B: mixing experiment. 
According to  the Monte  Carlo  simulation we have to have 40 
pm resolution of AZ to observe x ,  value up  to 5 (12) for the 
beam energies of 3.7 x 8 GeV (2.5 x 12 GeV) for the  total 
integrated  luminosity3 of 1040cm-2. 

In  order to achieve such a good AZ resolution we need 
to measure  track  coordinates  with precision better  than 10 
pm for normal incidence and 20 pm for  inclined incidence at  
the radial  distance of a few cm from the  interaction point us- 
ing a micro vertex detector. Among the presently available 
devices, the silicon strip  detector provides the best position 
resolution, several pm for normal incidence. If such a high 
resolution tracking device is used,  uncertainty of the mea- 
sured vertex position is dominated by the error  introduced 
by the  extrapolation of the  reconstructed  track  to  the colli- 
sion region. Therefore every  effort has  to  be  made  to reduce 
the  beam  pipe  diameter  as well as thickness of the  beam  pipe 
and silicon detectors. This requires careful protection of the 
detector  against the beam backgrounds and  readout of two or- 



Detector Design 637 

thogonal  coordinates  from  one  plane, which can  be achieved 
by using double-sided silicon strips.* 

Inclined Angle Dependence of Position  Resolution 
The position resolution of a silicon detector  deteriorates 

as a particle  enters  the  detector with large inclined angle  be- 
cause ionization energy deposition  per strip becomes smaller 
in this case. Correctly  evaluating  this effect  is important in 
the case of a B factory  experiment because a large  fraction of 
the charged tracks go forward. We measured the inclined an- 
gle dependence of the position resolution and  compared the 
result  with an  estimate which  was obtained using a Monte 
Carlo  simulation. 

The measurement was performed in a setup shown in Fig- 
ure  5(a), where a double-sided detector  with 100 pm strip 
spacing was placed between  two one-sided devices with 25 
pm  strip spacing. 

The double-sided type was  used  only because  this mea- 
surement was done  as a part of evaluating the performance of 
this  type of silicon detector. The two  25 pm devices provide 
the reference position and  the measurement was done at  two 
inclined angles, 6 = 30°, and 60'. Then we compared the 
measured resolutions with the Monte  Carlo  prediction. 

The Monte  Carlo signal in each strip is generated by first 
assigning a mean signal which  is proportional to  the pass 
length. It is then smeared according to the Landau  distribu- 
tion  and a noise signal is added. We  used  two  different types 
of noise signal.  One is a Gaussian with the (I= 6 KeV and 
the  other with (1=3.6 KeV, corresponding to  the noise signal 
observed for VLSI (MX3)6 and for Hybrid (Lecroy HQVSlO), 
respectively. The energy deposit of 6 KeV  is equal to  that of 
a minimum ionizing particle  with 25 pm pass length.  Figure 
5(b) shows examples of the simulated signals. The  strips in an 
area between two star marks are  the ones  fired  by a particle. 
The number of those fired strips is counted  under the assump- 
tion that  the incident  angle of the particle is known.  Such a 
group of consecutively fired strips is defined as a cluster. If 
more than  one cluster are found, the  one with  largest total 
charge is  chosen as the correct cluster. The hit  position is de- 
termined by two  different  methods: a) Using the pulse heights 
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Figure 5. a. A setup 
that was used to measure 
the inclined-angle dependence 
of the  position resolution of 
a double-sided silicon strip 
detector. 

of the two edge strips  the center of the  cluster is calculated, b) 
The average position is calculated by weighting all fired strips 
with  their  pulse  heights. The distribution of the difference of 
the calculated  position  from the  true position  determines the 
resolution. The two methods of calculating the  hit position 
in the silicon detector give a  similar  resolution.  Comparison 
of the measured  resolutions  with the  Monte Carlo  prediction 
is shown in Figure 5(  c). 

The  data  are fairly well reproduced by the Monte  Carlo 
prediction. It should be noted that  the analog data from 
every strip have to  be recorded to achieve the above reso- 
lutions. Also should be noted is that  the above  resolutions 
can be achieved only  when the incident  angle of the  particle 
is known from the  other detectors.  More  measurements are 
needed before we can  make a definitive statement. However, 
it  appears  that we can  have a space  resolution of better  than 
25 pm  at  an inclined angle 0 = 10". 

I C e V / c .  x -  

! r e i c r t n c c  system 
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0 Angle : 10 

-20 

600 1000 1600 2000 2500 
Figure 5. b. Simulated sig- 
nals for penetrating particles Poslllon b m ]  
at inclined incidence. rllch : IOU ~/IIu], ~ o l s e  ! e.0 [KeVJ 

Figure 5. c. Comparison 
of the measured position  reso- 
lutions with the Monte Carlo 
prediction. In the simulation 
the flatness of the silicon strip 
is assumed to be 2 pm. 
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Required Rt3D 
As described in the previous section,  in  order for the sil- 

icon strip  detector  to  perform as a high precision vertex de- 
tector  at a -8 Factory  experiment, it must provide the two- 
dimensional readout from one  plate  and it must  be equipped 
with a readout electronics which  is fast  enough  not to cause a 
significant dead-time to the experiment.  Providing a fast  out- 
put signal is also important  because  adding  the signal from 
the silicon detector to  the fast  trigger would be  quite powerful 
to reduce the background trigger  rates. 

A group of Nagoya university is  cooperating  with  Hama- 
matsu Photonics  Corporation in developing a double-sided 
silicon  device and several prototypes of such detector were 
manufactured and t e ~ t e d . ~  In  these  samples,  isolation between 
neighboring n-strips is  achieved  by placing a,dditional  p-strips 
between adjacent  n-strips. A schematic  layout of this  type 
is  shown in Figure 6. They  obtained  samples of 6.4 mm X 
6.4 mm x 300 pm size with the  strip spacing of 25 pm, 50 
pm,  and 100 pm. So far various measurements for evaluating 
their  properties were done  mainly  on the 100 pm sample. The 
results  indicated high enough  resistance between n-strips  and 
between a n-strip  and a bias ring. The pulse height corre- 
lation between the two sides for 1 GeV T beam is  shown  in 
Figure 7. 

The bias voltage was  70V and Lecroy HQV8lO was  used 
as a readout amplifier. The noise  level of this amplifier is 
about 900 electron equivalent and the peak of the signal dis- 
tribution  corresponds to 22,000 electron  equivalent. Clear 
correlation between p and n-side can be seen. Work  will be 
continued on this type of the two-dimensional readout device. 
A KEK group is cooperating  with P. Weilhammer (CERN) 
in  developing another  type of double-sided silicon  device  in 
which isolation of n-strips is achieved  by a bias applied to 
n-strips. 

Various readout electronics for the silicon vertex  detector 
have been  developed  using CMOS type VLSI, for example, 
MX3 at RAL,' CAMEX at MP17 and SVX a t  LBL.* The 
first two  VLSI's are already used in the LEP and SLC exper- 
iments. Three ways of reading out the silicon detector signals 



Detector Design 641 

which could be  pursued for the B Factory  detector  are being 
developed. 

i) Improve the  current CMOS type VLSI  by reducing num- 
ber of reset using an amplifier with large  dynamic  range 
as well as by using analog switching capacitor  technique 
for sample-and-hold  circuits.  Another possibility for 
avoiding dead time is to  prepare several sets of am- 
plifiers and sample-and-hold  circuits and switch to  the 
other when an amplifier is reset.  This scheme seems 
difficult and need more investigation. 

ii) Use a bipolar  current preamplifier followed  by a  shaping 
am~l i f ie r .~  Only  discrete hit information  via discrimi- 
nator is read out.  The rise time of this  type is faster 
than 10 ns. In  this case, getting  fast  trigger signal from 
output  hit  pattern is straightforward. The  spatial res- 
olution is given  by (strip spacing)/*. Therefore,  in 
order to have 10 pm resolution, the  strip spacing of N 

35 pm is required and  this imposes a tight  requirement 
for size of electronics chip. With present technology, 
bipolar IC requires larger transistors  and resistors than 
CMOS and  it is difficult to achieve required size. 

iii) Store  output of a current amplifier in CCD, then read- 
out  the content when a trigger  occurs. In this  case,  it is 
quite difficult to get fast  output signal for trigger. The 
current  problem is a poor efficiency to  store charge from 
a silicon detector  to CCD memory and is under investi- 
gation.  Application  for the B Factory  detector  requires 
further investigation. 
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p' bias contact,  n' bias cr>nt,act, . 

Figure 6. Schematic view 
of a double-sided  silicon strip 
detector 

&g$J 

p* 1 so 1 a t   i o n  
n-s i I icon n-s i I icon 

i m p l a n t a t i o n  

a. n-strip  side b. p-strip  side 
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P-side pulse height [ADC counts] 

In  order  to minimize the  material of the silicon detector, 
signals from  z-strips have to  be readout  through the lines par- 
allel to the +-strip. Double-sided silicon  devices with such a 
readout scheme will be  made  and  their properties and possible 
problems like cross talk will be studied.. 

iii) Store  output of a  current amplifier  in CCD,  then  read- 
out  the content when a trigger occurs. In  this case, it is 
quite difficult to get fast output signal for trigger. The 
current  problem is a poor efficiency to store  charge  from 
a silicon detector to CCD  memory  and is under investi- 
gation. Application for the B Factory detector requires 
further investigation. 

In order to minimize the material of the silicon detector, 
signals from z-strips have to  be readout  through the lines par- 
allel to the  +trip. Double-sided  silicon  devices with such a 
readout scheme will be  made  and  their properties and possible 
problems like cross talk will be  studied.. 

Figure 7 .  Pulse height 
correlation  between p- and  n- 
side signals from a  double- 
sided  silicon strip  detector for 
a 1 Gev/c x beam 
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3.3. The Precision Drift Chamber  (PDC) 

In order to keep good momentum resolution  and good 
dE/dz measurement down to small  angle, to detect low pt 
tracks efficiently, to  extrapolate  tracks  to  the silicon detectors 
with  a good precision, and to provide a fast trigger  signal 
including  a z trigger, the inner part of the tracker should 
have better position resolution and  be  more finely segmented 
than  the  outer  part of it.  Therefore we locate  a precision drift 
chamber (PDC) just outside the silicon detectors.  The PDC 
has  position  resolutions better  than 100 pm  in r4 and  a few 
100 pm in z and is located between radius of 8 cm  and 20 cm 
as seen in Figure 8. 

Tracking Sytem  at  an Asymmetric B Factory 
I 

I- I m  

I 

Figure 8. Schematic view 
of the tracking detector for the 
KEK B Factory 

The fast  measurements of r$ and z coordinates allow  us to 
perform r$ and z trigger. The z trigger is needed to reduce 
the trigger rate by excluding the background  contributions 
from  the  beam gas and  beam wall events which might be 
significant at  the B Factory  because of the small  radius of 
the  beam pipe and  the high beam  current. 
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We are considering the following detectors as candidates 
of the  PDC. 

i)  The small cell drift  chamber or induction  chamber for 
rq5 measurements  and  cathode  pads for z measurements. 

For rq5 measurements a small cell drift  chamber or an 
induction  chamber is used. The former is a conventional  drift 
chamber with square  shape drift cells  which is the  same  type 
of chamber as used in the vertex  chamber of CLEO 11.". 
The r+ resolution  is  about 100 pm and  there is no essential 
problem  in  building it.  The z coordinates are measured using 
stereo wires as well as cathode  pads. The  latter is a  chamber 
which consists of alternating  anode  and  potential wires in the 
symmetric  plane with cathode  planes  on  either side." The rq5 
coordinates are measured using the  ratio of the  total charge 
of the  anode  and  the difference of the induced charges on the 
potential wires to  the left and right of the  anode as seen in 
Figure 9. 

'+ A 
Figure 9. Schematic view of 
the  induction  chamber 

The ~4 resolution is 25 pm for normal  incidence, but dete- 
riorates for inclined incidence. This chamber was proposed  as 
a PDC candidate by the PSI group.12 This chamber  has  ad- 
vantages such as high spatial resolution, high rate capability, 
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Figure 10. Schematic  view of 
the ARGUS microvertex drift 
chamber 

good double  hit  resolution,  short  response  time  and simplicity 
of the  readout  as mentioned in ref.12. The z coordinates  are 
measured using cathode pads. In  order to  obtain z trigger 
signals with  reasonable rate we need to place at  least 4 layers 
of cathode  pads.  Although  the z resolution for the cathode 
pads is a few 100 pm for normal  incidence, it deteriorates  up 
to about 1 mm when particles  enter the  detector with  large 
inclined angles. Detailed Monte  Carlo study is needed to de- 
termine if such a worse z resolution for inclined incidence can 
still meet the requirements for the PDC. The cell  size is cho- 
sen to be 8 mm and 10 layers are assembled in the space 
between r=8 cm and 20 cm. 

ii) The ARGUS type micro vertex  chamber. 
The micro vertex drift chamber of ARGUS (pVDC)13 pro- 

vides not only good rq5 resolution of a few tens of pm  to 100 
pm  but also  same  order of z resolution by using f45" stereo 
wires. The schematic view  of the chamber is shown in Figure 
10. 



Detector Design 647 

It has to be modified to be used at  the B Factory in the 
following way as proposed by the  PSI B Factory group.12 

i) The gas pressure is changed from 4 atm  to 1 atm  to 
minimize the  materials. 

i i)  The slow gas is replaced by the fast one of Ar/Ethane 
to provide  fast signals. 

The expected resolution under  these  conditions is about 
100 pm. If we can  string  stereo wires with 90' stereo  an- 
gles we can  measure z coordinates  directly and  obtain  fast 
z signals to be used for fast z trigger as proposed by the 
PSI group.12 However, it seems to  be practically impossible 
to  support such  stereo wires  in a reasonable way.  We have 
heard  in this workshop that  the z trigger is included only 
in  the second level trigger in the ARGUS experiment since 
there  are so many  combinations for defining z tracks that de- 
cision of trigger  takes an order of l ps. Therefore we have to 
study whether it is still possible to obtain fast  trigger  signals 
by increasing the number of segmentations.  In  order to re- 
construct  tracks using the PDC data alone, the  PDC should 
have at least 5 layers for each of the axial and stereo wires. 
The  detector has a hexagonal shape in the rq5 plane and  the 
stereo wires are  supported by the six Be vanes. Wire  lengths 
increase together with the radial  lengths as shown in Figure 8. 
The cell size is chosen to  be 8 mm and 10 layers are assembled 
in  the space between r=8 cm  and 20 cm. 

iii)  Drift tubes  with  cathode  pads for z measurements. 
If  we can  produce  drift  tubes  with polygonal shape using 

conductive  plastic  with good precision, we can apply cathode 
pads  to z measurements for such drift  tubes. Since the gas is 
not pressurized the expected rq5 resolution is about 100 pm. 
One of advantages of drift  tubes is that broken wires will not 
destroy  a  large  portion of the  detector. Various R&D projects 
are needed to  study  the feasibility of such a detector. 
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3.4. The Central Drift Chamber (CDC) 

Just  outside  the PDC is placed the  Central Drift Cham- 
ber (CDC). The  major tasks of the CDC are shown below. 
i) Reconstruction of tracks.  ii)  Measurements of momentum 
with a resolution better  than 0.5-1 % and dE/dx  with a res- 
olution better  than 5-7 %. iii) Association of the track  with 
the Cerenkov ring image of the RICH detector. 

Radial  length of 60 cm was chosen to  obtain good momen- 
tum resolution and good dE/dz resolution, and at the  same 
time to minimize the radius for the following two expensive 
detectors of RICH and CsI calorimeter. As a result the CDC 
occupies the radial  space between 20 cm  and 80 cm  as seen 
in Figure 8. Since the average momentum of particles  from 
B decay  is relatively low, for example, 0.7 GeV/c for T*, 1.1 
GeV/c for K* and 2 GeV/c for leptons,  multiple  scattering 
plays an  important role in determination of the  momentum 
resolution. 

Cell  Structure 

Jet cell structure is  chosen to minimize uncertainty of mo- 
mentum  measurements due to multiple  scattering in  wires. 
The CDC consists of several cylinders which are  arranged in 
super-layers of increasing length as shown in  Figure 8. Each 
super-layer consists of several axial or stereo wire layers. It 
provides a local determination of the  track vector, which en- 
ables quick estimation of multiplicity and  momenta of parti- 
cles  for triggering the  data acquisition  system and facilitates 
the recognition of tracks in the off-line analysis. We are con- 
sidering to choose the wire arrangement used for the  central 
drift  chamber of SLD 14. We arrange eight super-layers (four 
axial, four stereo),  each  with six sense wire layers spaced at 5 
mm, as shown  in Figure 11. 

The average drift  distance is 2.5 cm. As a result we have 
48 measurements by the CDC. Combining it with 10 measure- 
ments by the PDC, in total, 58 measurements  can be used for 
determination of space  coordinates and dE/dz.  
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CENTRAL DRIFT CllAMBER 

cm 
A 1  S1 52 A 2  S3 A 3  S4 A 1  

z measurements 

z coordinates are measured using stereo wires with  about 
2 mm precision. In  addition, direct z measurement with a 
2 cm precision is also possible if we use the charge division 
method. But  the charge division method will not be  adopted 
since we want to place preamplifiers only in the backward 
z sides for reducing materials in the forward direction. In 
order to associate the CDC track with the RICH data we 
assemble cathode  strips  just outside the CDC for measuring 
z coordinates  with a few 100 pm precision. 

Gas 

Figure 11. cell structure of 
the  central drift chamber 

In  order to minimize the uncertainty of momentum mea- 
surement due  to multiple scattering a low density gas should 
be used. Presently considered gas is mixture of helium, COz 
and  isobutane, or mixture of helium and DME. The expected 
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momentum resolution for such a design is 

- 6Pt = 4(0.005pt(GeV/~))~ + 0.0032. 
Pt 

The second constant term is the  contribution  from multiple 
scattering in gas and wires. If we use Ar and CH4 gas the 
term for multiple  scattering increases up  to 0.8 %. 

3.5. The Ring Image Cerenkov Detector (RICH) 

The B meson decays into a D meson  with a high branch- 
ing ratio  and  the D meson decays into a I( meson, via follow- 
ing decay chain; 

Bo(Bo) +D(D) + X ,  
D(D) + K + ( K - )  + x. 

As a result,  the charge of the K meson can be r'sed for 
identification of the  mother B meson. Major source of back- 
grounds in this  method is I( mesons originated from light 
hadrons. However, this  contribution is found to  be small 
based on  a  study using a  Monte  Carlo ~ i m u l a t i o n . l ~ 1 ~ ~  

According to  the simulation we can identify B flavor with 
a  purity of more than 95% and  obtain efficiency of about 40 
% for B flavor identification if we can identify the kaon with 
100 % efficiency  below 3 GeV/c.  This value is about 3 times 
bigger than  that obtained from the lepton  tagging.  There- 
fore, it is  very important for a CP violation measurement to 
accommodate the best possible detector (or detectors) that 
can identify I( mesons. The conventional methods of parti- 
cle identification using combination of Time-of-Flight (TOF) 
and  momentum  measurements or combination of dE/dx and 
momentum  measurements allow separation of pion and kaon 
in the  momentum range below 1 GeV/c  and above 3 GeV/c. 
The installation of a Ring Image Cerenkov counter (RICH), 
or equivalently powerful device is needed for the kaon identi- 
fication between 1 GeV/c  and 3 GeV/c. RICH detectors  are 
placed just  outside  the CDC both in the barrel and endcap 
regions as seen in  Figure 3. 
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The  RICH uses the newly developed technology17 as de- 
scribed below. The velocity of a  particle can be  estimated 
accurately using precise measurements of the radius of the 
Cerenkov ring image in the photon  detector which  is located 
a few tens of cm away from the  radiator. We are considering 
the following different types of RICH  detector. 

CRID(SLD)/RICH(DELPHI) type 
The RICH  detectors which  were constructed for DELPHI1* 

and SLD1’ are using both  the liquid and gas  radiators along 
with the high precision mirror to reflect  Cerenkov light from 
the gas into  the photon  detector to identify particles up  to 
30 GeV/c. TPC is used for  detection of photo-electrons so 
that  the response of the detector is quite slow. This  type of 
detector  has the following advantages. i )  It has been fully 
tested. ii) The  total number of readout channels is relatively 
small. iii) It is not so expensive. On the  other  hand  it has the 
following disadvantages. i )  It has a mechanically complicated 
structure.  ii)  It  demands careful control of temperature of the 
photoionizing gas of TMAE around 28OC. iii) TPC has  a long 
drift  distance so that purity of the gas has to be  maintained 
to  be  constant. iv) TPC can not be used  for the endcap  RICH 
due  to  the axial  magnetic field. 

PSI type fast RICH 
We can design a simpler and easily maintained  RICH for a 

B Factory because particle identification only up  to 3 GeV/c 
is needed for  this machine. We  follow the design  shown in 
the B Factory proposal of PSI 12.  It will be possible to have 
a required capability of particle  separation according to  the 
results of the Monte  Carlo simulation by the PSI  group. The 
major modifications from  the RICH’S of DELPHI  and SLD 
are listed below: 

i)  A crystal  radiator (NaF) is used. 
ii) A MWPC with Tri-Ethyl-Amine (TEA) is used for a 

photon detection. 
These modifications lead to  the following advantages. i) 

A mechanical structure is simple because the  radiator is solid. 
A quartz window is not needed to  separate a radiator  from 
air so that a light loss  is smaller. ii) TEA works in room 
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temperature  and  no need of careful temperature control. iii) 
The detector can be  made  thin (20 - 30 cm). iv) A MWPC 
works  in the  endcap region  (i.e., not affected by a magnetic 
field). This  type of detector  has  the following disadvantages. 
i) The  total number of readout channels is very large. ii)It 
is  very expensive due  to use of NaF as well as many  readout 
channels and costs more than $15 M. iii) Because of new type 
of detector extensive R&D is required. 

Multi-Anode  Photomultiplier 
It might be possible to use multi-anode photomultipliers 

(MAPT) for detection of Cerenkov lights. In  this case liquid 
can be used for the  radiator.  The  MAPT is a  photomultiplier 
equipped with many  anodes. If the  anode segmentation is 
1 cm2 we can determine the radius of a Cerenkov ring with 
enough precision to be  able to identify kaon of 3 GeV/c with 
90 % purity. 

This  detector  has the following many  advantages. i) Use 
of photomultipliers is a reliable technique. ii) Efficiency  for 
light collection is high. iii) Fast trigger signal is obtained. 
iv) Chromatic  aberration is small. The disadvantages of this 
detector  are  as follows. i)  The MAPT is  very expensive and 
costs at least $ 100 per  cm2.  The  total  area where the endcap 
RICH covers  is about 35,000 cm2. So if we assume  that  the 
size of one anode is cm2  then  the  total cost only for the endcap 
RICH  amounts  at least $ 3.5 M. ii) The materials of MAPT 
amount  about 6% of radiation  length. 

Necessary RkYD 
In order to detect Cerenkov rings unambiguously the pho- 

ton window of a MAPT has  to have a polygonal shape  and 
the  area of photocathode  has  to  be at least 60 % of the  total 
area of the photon window. The presently available 3 inch 4 
MAPT of square  shape just satisfies the above requirements. 
However, it is desirable to increase the  portion of the photo- 
cathode by either reducing the thickness of the glass  wall or 
producing a larger size MAPT without increasing the thick- 
ness of the glass wall.  Also required is to reduce the price 
of the MAPT. At present we plan to choose type 2 or 3 for 
the endcap RICH and  type 1 for the barrel  RICH. Since the 
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expected  number of kaons from T(4S) decay in the  endcap 
region  is about 4 times  as  many as in the barrel region, major 
effort will be  made for the R&D of the  endcap RICH. 

3.6. The Time-of-Flight counter (TOF) 

Time-of-flight (TOF) is a conventional, however  very  pow- 
erful, rnethod of the particle identification at low energies 
where most of particles  from the T decay lie. TOF coun- 
ters  are placed between the RICH and  the electromagnetic 
calorimeter, at r=1.2 m for the barrel part  and x=1.7 m  for 
the  endcap  part  as shown in Figure 3. Monte Carlo simu- 
lations for T(4Sj -+ Bx events were performed for a TOF 
system  with the time resolution of 100 ps and 50 ps. The 
results  indicate that  about 89% of all I( reaches the TOF. 
Also indicated is that  the purity in the K candidate when 
they  are selected with 90%  efficiency  is 88% below 2 GeV/c 
for the 100 ps resolution and 92 % for the 50 ps resolution 
below 3 GeV/c. 

At present,  one  can build small size (few cm2) plastic scin- 
tillation  counters  with a better  than 100 ps  timing resolution. 
However, general  purpose  detectors require large  area coun- 
ters, typically 2 to 3 m long, and  the achievable resolution is 
150 to 200 ps. This worsening  is due  to variation of light prop- 
agation path  length along the counter  and  variation of orig- 
inating  position of the light along the  depth of the counter. 
One possible solution which circumvents the above limitation 
is to  construct a segmented plastic  scintillation  counter  with 
independent  readout at different depth.  Plastic scintillating 
fibers are  suitable for construction of such segmented counter. 
The  timing  jitter of the read-out  photomultipliers can be re- 
duced by using multichannel  plates (MCP). The  total  transit 
time of multichannel based photomultipliers is of the order of 
300 ps with a jitter of less than 30 ps. Preliminary  results of 
Monte  Carlo  simulation of a counter  with MCP read-out in 
ref. 20 indicate that 50 ps timing resolution can be achieved 
for 3m long and 10 cm thick counters. 
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3.7. The  Electromagnetic  Calorimeter (EMCAL) 

An electromagnetic  calorimeter plays an  important role 
in a B Factory  detector in the following three aspects: 

i )  Detect energy and  position of photons with good resolu- 
tion and high efficiency for reconstructing the B meson. 

ii)  Detect  electrons  with high efficiency and low background 
for tagging the B meson. 

iii) Contribute  to  the trigger especially for events in  which a 
large  fraction of the energy is carried away  by photons. 

Among various types of electromagnetic shower counters, 
the inorganic scintillation  crystal, such as NaI or CsI, pro- 
duces large enough light yield so that  the light detection  can 
be  done by the  photodiode  rather  than  with  the high gain 
photomultiplier.  This makes these  crystals  an  ideal electro- 
magnetic shower counter for a B Factory  detector because in 
order to  detect low energy  photons efficiently, the detector 
must be located inside the magnet coil. Comparing CsI with 
NaI, light signal from CsI has  better  spectral  matching  to  the 
silicon photodiode.  Handling of CsI  crystals is much easier 
because this  material is only weakly hygroscopic. One of dis- 
advantages of CsI is its long decay time of scintillation (850 
ns,  about 10 times longer than  the plastic  scintillator).  This 
makes it difficult to use the  output signal of CsI as a part of 
the fast  trigger. However, it is possible to extract  the  at=50 
ns signal by using an amplifier with a fast  shaping  time of 
250 m . 1 2  Another  disadvantage of CsI is an inferior radiation 
resistance  as compared to BaFz or  Lead-Scintillator sandwich 
counter (Pb-SC). 

The barrel part of the calorimeter is placed at r=125-155 
cm and  the endcap part is placed at z=240-270 cm. 

CsI has about 5  times better energy  resolution than  Pb- 
Sc. Since the energy spectrum of photons  from B decay is 
peaked at around 70 MeV for 2 . 3 ~  12 GeV collision a calorime- 
ter is required to have good resolution and  detection efficiency 
down to low energy region. Energy  resolution (all?) of 6% - 
9% is expected at 50  MeV for CsI. In case of Pb-Sc, 50MeV 
corresponds to  the minimum detectable energy, while CsI can 
detect down to 30 MeV. For a CsI calorimeter one can use 
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Bo --f $ K g ( - +  7r+7r-)7ro 21 and Bo -+ $ K g ( - +  TOTO) in ad- 
dition to  the basic decay channel of Bo -+ + K g ( +  n+x-) 
for CP measurements. A Monte  Carlo  simulation shows that 
the yield of CP events can be increased by 50 to 80 % corre- 
sponding to  the 50% to 100% probability of helicity  zero state 
of $I(* as  compared to  the case where only the basic channel 
is used. But if  we use a Pb-Sc  detector such improvement is 
not obtained  due  to  its worse resolution. 

3.8. The Muon Detector 

Muons do  not  interact  strongly  and  this  characteristic is 
used  for identification of them.  The muon detection  system 
usually consists of muon chambers for position measurement 
and  muon filter (Fe) for hadron  reduction and is located out- 
side of the electromagnetic calorimeter. Most of charged x 
and K cannot  penetrate  the muon filter and only p can  pen- 
etrate.  The main background in the muon detection comes 
from  punch-through  and decay of charged hadrons.  When we 
increase the thickness of muon  filter (Fe), background  from 
charged K can be reduced. But  an efficiency  for detecting the 
low momentum muons from the primary B decay is decreased. 
To solve this problem,  one can segment the muon filter (Fe) 
into several  layers and  insert muon chambers in between as 
seen in Figure 3. For this  study, we used a simulation  program 
for hadron  and  electromagnetic shower, GHEISHA.22 The 
punch-through  probability of hadrons was evaluated when 
particles  incident the following  simplified muon detector  nor- 
mally. The simplified  muon detector consists of a 57 cm iron 
shield  followed  by the six  layers of 5 cm gap plus 15 cm iron 
shield and it is  placed  100  cm  away from the interaction  point. 
The resulting  punch-through  probability of hadrons is found 
to be 0.3 to 0.9 ?6 depending on the muon momentum when 
detection efficiency of muons is required to  be 96 %. 

Leptons  from the  the semileptonic decay of B meson are 
used  for tagging the B meson  in CP and B, mixing exper- 
iments.  When the  mother B meson includes a b quark,  it 
decays into 1- and when the mother B meson includes a 
quark, it decays into 1+. We studied the tagging efficiency of 



656 An Asymmetric B Factory at KEK 

this  method in the process 

BOBO -+ ($x;) +x + ( l + r  + 7r+7r-) +x 
We also studied how the vertex  information and  the muon 
filter  segmentation affect reduction of the background  in the 
lepton  from the primary B meson decay. The main physics 
background in the lepton event in which the lepton  originates 
from b 3 1 comes from 

B -+ D --+ I, and 
B + r - + l .  

The lepton  momentum for such processes is much lower 
than  that for the primary B decay. In the tagging method 
using the  lepton, B 3 D, T and  the decay of K and 7r to p 
become  main background. In the former case, a primary B 
decay vertex should be present upstream of the vertex which 
contains a lepton. If the existence of the  upstream B vertex 
can be found,  this type of background can be rejected.  It is 
the  same for the  latter case because there  are many charg ed 
particles from the secondary decay vertices. z If the differ- 
ence, Az, z for the lepton minus z for the charged particles, 
is positive, the existence of second decay vertex upstream of 
a vertex containing a lepton  candidate can be confirmed. 

A Monte  Carlo  simulation was performed for 12 X 2.3 
GeV beam energies using the punch-through  probability cal- 
culated above and the vertex information. As a result we 
obtained  an  lepton  detection efficiency of 64 % and a. purity 
of B +l of 94 % when we require that  pP>0.8GeV/c, p ,  >0.5 
GeV/c, p*1>1.2 GeV/c,  and Az < 150pm for at least two 
charged particles  with  momentum larger than 0.25 GeV/c. 
Herep, and pe are  the  momenta in the  laboratory system, of 
the muon and electron candidates, respectively and p*j is the 
lepton .momentum in the T(4S) rest  system. The electron 
identification probability is assumed to  be 100 % for p e  > 0.5 
GeV/c. 
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3.9. Solenoidal Magnet and Compensation  Magnet 

There  are two options for a magnet, a solenoidal magnet 
and a dipole  magnet. We compare  features of the two options 
below. 

Solenoidal magnet 

A solenoidal magnet  has the following advantages. i) Small 
dead  space. Only 2 % dead  space for the polar  angular ac- 
ceptance of 6 > 12". ii) Wires are  strung parallel to  the  beam 
axis so that they  can  be  supported by endplates. It helps 
to reduce  materials in the barrel region. iii) Symmetry  with 
respect to  the beam axis is kept.  iv) Many detector  analysis 
programs are already existing. 

The disadvantages of the solenoidal magnet are listed below. 
i) Additional  magnets are needed  for separating  beams at the 
interaction region. ii) Compensation  magnets  might be re- 
quired and  they  reduce  the available volume for the  detector. 

Dipole magnet 

A dipole  magnet  has the following advantages. i) It can be 
used as a beam  separator. ii) No compensation  magnet is 
needed. 

The disadvantages of the dipole magnet are listed below. i) 
Wires of tracking  chambers have to  be  strung perpendicular 
to  the  beam axis so that  the wires have to be  supported by a 
barrel  outer cylinder. As a result we expect a large  amount of 
materials  in  front of the barrel  electromagnetic  calorimeter. 
ii) Large dead space, about 15 %. iii) Developments of various 
detector  analysis  programs are required. 

As a result of the above comparison we prefer a solenoidal 
magnet to a dipole one. 

The higher  magnetic field  provides better  momentum res- 
olution while low pt  charged tracks  do not reach the  detector. 
The  optimum fieId strength is between 1 and 1.5 Tesla and at  
present we design the detector for 1 Tesla field. In the detec- 
tor design given in Figure 3 we assumed to use the VENUS 
solenoid and modify the  return yoke to raise the field strength 
from the  current value of 0.75  Tesla up to 1 Tesla. 
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Compensation Magnet 
Beams are  separated by using two sets of magnet configu- 

ration each of which consists of a separation  bend,  a  quadrupole 
and a septum magnet as seen in Figure 2. Since beams pass 
through  these  magnets off the axis the affects of the field of 
the solenoidal magnet on the  beams have to be minimized. 
At the moment we assume that  the solenoid field is required 
to  be less than .1 T around the  beam  separation magnets. In 
order to achieve  such a field we need to place a compensation 
magnet between the  separation  magnets  and  the solenoidal 
magnet. The above requirement is satisfied if a compensa- 
tion  magnet of 1 M  A-turn is placed between the PDC and 
the  return yoke ( z  = 80 - 200 cm). The solenoid field can be 
reduced to less than a few hundred Gauss around  the  beam 
line at z=80-200 cm. If  we have to place such a compensation 
magnet of about 10 cm  radial thickness, the very forward part 
of the detector configuration shown in Figure 3 has to  be re- 
moved so that angular  acceptance of the  detector is reduced. 
Therefore we are going to study  the effects of the solenoid 
field on the beams in order to check whether the effects are 
really so strong that a  compensation  magnet is indispensable 
or not. 

3.10. Trigger and  Data Acquisition System 

The event rate  and  the  beam  repetition  rate are very 
high  in the proposed B Factory. Thus,  the requirements for 
the read-out electronics and data-taking  system  are much 
different from those at  traditional e+e- experiments. We 
consider these requirements for the maximum  luminosity of 
1034/~m2/s since it is the most severe case for them. In this 
case the  beam repetition period will be 1.8 ns and  the  beam 
totaI  current will be  about 1 A. The expected event rate is 
about 200 Hz  which consists of 75 Hz  for physics events, 100 
Hz for the cosmic ray background, and 20-30 Hz for back- 
grounds associated with  beams. Here Bhabha events are as- 
sumed to be scaled down by factor 100. The  data size of 
one event is assumed to be  about 30 KB. As a result the 
data-acquisition  system is required to have overall through- 
put larger than 15 MB/sec. 
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The architecture of the high speed electronics and the 
data acquisition system  has been studied at  HERA, SSC and 
other B Factory  experiments,  and the general scheme has 
been almost established. Trigger signals generally require 
about lps  to  be generated, because they have to wait for 
signals from  the drift chambers. Since the period of the  beam 
crossing at the B Factory is much smaller than  this time, the 
traditional  gate-and-clear  method can not  be applied. The 
analog signals from the detectors need to  be stored  until the 
trigger is generated. For this  purpose  a  fast analog memory 
(10 ns  for read/write) is needed. The analog memory consists 
of multiple  sample-and-hold  circuits and switched capacitors, 
which are formed on a very large scale integrated circuit chip 
(VLSI).23 We are also considering another way to  store analog 
signals by using a Surface Acoustic Wave  (SAW)  delay line. 
The delay line is made of a single crystal where the surface 
is manufactured  with  super accuracy along the lattice of the 
crystal. A super acoustic wave is induced on the surface by the 
Piezo effect and  it travels along the surface with 3.9 mm/p 
speed . When  a trigger is generated, only the signals stored in 
the memory or in the delay pipe line which correspond to  the 
triggered events  are digitized and stored again in the digital 
buffer  memory. At this  stage  it is possible to  apply the sec- 
ond level trigger or event selection by delaying those data by 
digital  shift registers. By this  method, signal-to-noise ratio 
will be significantly improved and  the load of the  data  tak- 
ing system will be reduced. However, the second  level trigger 
requires the  data of all the electronics channels to  be kept in 
shift registers of the next  step.  This makes the system very 
complicated and  the cost will be large. Therefore, we propose 
to improve the first level analog trigger and to gain the  time 
needed for that by making  the capacity of the analog memory 
larger. 

Signals of the TOF counters can be used to enable  match- 
ing between stored signals and  the triggered events as shown 
in Figure 12. 
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Figure 12. Monte  Carlo s i m  
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In order to get rid of a pile-up  problem the level 1 trigger 
is needed to  be fast (100 ns) and of  low rate less than 10 kHz. 
Such a fast trigger can be  obtained by using PDC, CsI and/or 
SVD signals. 

The amount of the  data stored  in the buffer will be large 
as mentioned before, and  it is not  realistic to transfer  these 
data  through a single bus. The most natural solution to this 
is the parallel data transfer  on a detector-by-detector basis. 
The event builder converts these data  to parallel data sets 
on an event-by-event basis. It is possible to write  the  data 
built here on a mass storage device through  the online com- 
puter,  but  the mass storage device and  the  data analysis will 
be big problems. To solve these two problems, an idea of 
online-computer-farm plays an  important role. This analyzes 
the  data  to  the level of data-summary-tapes on real time, 
and  outputs only background-free summarized data  to  the 
mass storage device. By employing this  idea,  the  data can be 
transferred to  the  large  computer directly, which was  proven 
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by the  TRISTAN experiments to  be a very  effective method 
of data handling. The CPU power needed at an experiment 
of B Factory is about 3000 Mips. This CPU power can be 
achieved  by using 200  chips of 15Mips microprocessor which 
are  already commercially available. Transfer of digitized data 
is carried out using the VME  bus due  to  the following advan- 
tages. Microprocessors can  read data of any other modules 
without overhead for  initialization so that  data transfer  with 
high speed of 4MB/sec is feasible. Another  advantage is that 
many  kinds of microprocessor boards, memory boards and 
program development environment are commercially available 
at low prices. 

4. SUMMARY 

vv e have discussed the design of the  detector for an asym- 
metric B Factory at KEK after  the brief description of 

the design of the accelerator. All of the  detector elements 
except for the silicon strip  detector  and RICH can be con- 
structed using well established techniques. We have presented 
the R&D effforts  which have been performed and planned for 
the double-sided silicon strip  detector. All the detector ele- 
ments cover the angular  range between 12' and 135'  which 
is optimized for the 2.3 X 12  GeV  collision.  We have shown 
several new ideas such as use of multi-anode  photomultipliers 
for the  RICH  detector  and use of surface  acoustic wave  delay 
lines  for storing  analog signals in the  data acquisition. We 
have also noticed that it is very important  to check if we need 
to place  compensation  magnets to reduce the effects of the 
beam  separation  magnets on the beams since they  reduce the 
angular  acceptance of the  detector in the forward direction 
significantly. 
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