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I 

PREFACE 

The SLD Collaboration  met at Kirkwood,  California  during  the week of July 31 to 
August 4, 1989 to  discuss  the  physics  program of the SLD detector  at  the SLAC Linear 
Collider ( the SLC). This  volume  contains  the  talks  presented  at  this  meeting. 

The discussions at Kirkwood  were  based  on  the  physics  studies  carried  out over the 
past  year by the SLD Physics  Working  Groups.  These  groups  and  their  leaders  were 
the following: 

1. Electroweak  Parameter  and QCD Tests 
T. Hansl-Kozanecki  and T. Burnett 

2. Heavy  Quark  Spectroscopy 
I. Peruzzi  and M. Witherell 

3. B E  Mixing  and CP Violations 
R. Schindler  and G. Gladding 

4. Search for Supersymmetry 
R. Dubois  and S. Whitaker 

5. Higgs  Search 
P. Mockett 

6. Search  for  Technicolor 
U. Nauenberg 

7. Search  for New Quarks,  Leptons  and Z’s 
P. Rowson  and J. Brau 

8. Neutrino  Counting 
U. Nauenberg 

The  agenda for the week at Kirkwood  and  the  list of attendees at the meet.ing  are 
included at the  end of this  volume.  The  agendas for the  various  sessions  were  developed 
by the  working  group  leaders. 

This  volume  is  organized  into  nine  sections.  The  first  is a general  overview  and  summary 
of some of the  most  interesting  physics  topics for SLD. This  is followed  by a section 
for the  topics of each of the  eight  working  groups.  The  working  group  leaders served 
as  the  editors for each of these  sections. 



Many  interesting  and  beautiful  analyses of the  various  physics  topics  emerged.  Most of 
these  were  based  on  the SLD Monte  Carlo  and  event  reconstruction  software  package. 
It was  very  gratifying to  see that,  although  with  some  problems  and  rough  spots,  the 
software  package  more or less  was in  working  and  useable  shape,  and  is  even  becoming 
moderately  user  friendly  as  evidenced  by  the  fact  that  many  new  graduate  students 
who  joined  the  collaboration  just  recently  were  able  to  use  the  package  in a short  time. 

It should  be  emphasized that this  Kirkwood  meeting  was  the  first SLD physics  meeting. 
Therefore  the  articles  in  this  volume  should  be  regarded  as  preliminary  progress  reports. 
Also, emphasis  was  placed  on  speedy  publication of this  volume  rather  than  meticulous 
care  in  completeness of references,  drafting of figures,  etc. The  physics  studies  are 
continuing  and  more  complete  reports will be  presented  at  later  meetings. 

We would like to  thank  Juanita O’Malley  and  Karen  Krieger for making  all of the 
arrangements for the  meeting  and for  making  sure that the  meeting was  not  only 
operating  smoothly  but was  enjoyable  as well. Our special  thanks go to  Mary  Kraus 
for putting  this  volume  together for us. 

Charlie Baltay 

Marty  Breidenbach 

Photographs  in  this  volume  were  taken by Karen  Krieger  and  Ginny  Baltay. 
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An Overview of the  Physics  Potential of SLD 

C. Baltay 
Yale University 

1 Introduction 

An impressive  amount of very  nice analysis  on a wide range of physics  topics that  are 
relevant to  the SLD detector  running  at  the SLAC SLC has  been  presented at  this 
meeting.  This overview  is not  intended  as a review or  summary of all of the topics 
that were  discussed  here.  Instead  the  aim  is  to  concentrate  on  those  topics  where, 
because of the special  features of the SLD detector  or of the SLC collider, we expect 
the SLD physics  program  to  be at some  advantage  compared  to  other  detectors  running 
at ete- colliders  in a similar  energy  range.  Thus  some  topics will not  be  discussed  in 
this overview at all; for these  the  reader  is  referred  to  the  detailed  articles in the  rest 
of these  proceedings. 

1.1 Most likely SLD turn on scenario 

In  order  to focus the physics  discussion that follows, we have  assumed  the following 
scenario for the  initial  running of the SLD: 

0 SLD will move onto  beamline  some  time  during  the  summer of 1990. 

0 During  the  first  year of SLD physics  running, we expect lo6 Z’s/year  with 45% 
polarized  electron  beams. 



0 We expect that during  this  year  the LEP collider at CERN will be  running  with 
about lo6  Z’s/year but  with  no  polarization. 

0 During  later  years,  the SLC event rate will be  increasing slowly, and  the  beam 
polarization will be  improved  to a possible  maximum of 90%. The LEP event 
rate will also  be  increasing slowly, but  polarization will remain a very difficult, if 
not  impossible,  problem at LEP. 

1.2 Comparison  with  other  detectors 

1.2.1 Mark I1 at  the SLC 

The  main  advantage of the  Mark I1 over SLD is that the  Mark I1 is a well-tested  and 
understood  detector  that is now actually  on  beamline  taking  data.  The  advantages of 
the SLD are: 

0 Finely  segmented,  projective tower hadron  calorimetry  (the  Mark I1 has  no 
hadron  calorimetry at all) 

0 Better  vertex  detector  (three  dimensional CCD detector of the SLD, silicon strips 
at  the  Mark 11) 

0 Particle  identification  with  the  Cerenkov  Ring  Imaging  Detector (CRID) 

0 Better  acceptance: - 47r muon  detection,  forward  drift  chambers,  and  similar 
technology  in the  forward  and  barrel  regions 

1.2.2 Comparison  with  the LEP program 

The LEP program will have  some  considerable  advantages  compared  to  that  at SLC: 

0 Higher  luminosity 

0 4 state of the  art  detectors 

0 Better  resolution for electrons  and  muons  in  the L3 detector 

The  advantages of SLD at the SLC are: 
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0 Polarized  beam  at  the SLC 

0 The SLD has  better  hadron  calorimetry  than  any of the LEP detectors 

0 Better  vertex  detection,  due  to  the very small  beam sizes at  the SLC and  the 
three-dimensional  space  points of the SLD CCD vertex  detector.  Thanks  to  the 
small SLC beampipe  the SLD vertex  detector  can  be  placed a factor of 3 to 4 
times closer to  the  interaction  point  than  is  possible at LEP. 

The various  features of all of these  detectors  are  summarized  in  Tables I and 11. The 
way in which the  advantages  mentioned  above for the SLD translate  into physics is the 
main  topic of the  rest of this overview. 

1.3 Summary of physics  topics  relevant to SLD 

The  special  features of the SLD at  the SLC discussed  above  help  in the physics  analysis 
in  many  ways. 

a) Good  hadron  calorimetry  is  important  in  searches for new particles  decaying  into 
qij jets  (jet-jet effective mass  reconstruction)  and  missing  energy  signatures 

b) Polarized  beams allow much  higher  precision  in the  measurement of electroweak 
parameters  and  tests of the  standard  model 

c )  Good  vertex  resolution  is  crucial for B decay  studies  where  the  detection  and  sepa- 
ration of secondary  vertices  is  essential 

d)  The  combination of polarized  beams  and  good  vertex  detection is important  in 
several  areas  such as the  study of t.he time  development of B - B mixing 

The physics  capabilities of SLD relative  to  the  other  detectors  is  summarized briefly 
in  Table 111. The  checkmarks  in  the  last  two  columns of this  table  indicate  the  topics 
where SLD has  some  advantage over other  detectors. 

2 Vertex  Detection 

Good  vertex  detection  is very important  in  the  study of 2" decays  because  many of 
the  most  interesting  decay  products,  such  as  the r lepton  and  the b and  the c quarks 
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have  lifetimes  in the  range of lo-’’ to  seconds. The  mean decay  length of these 
particles  is  thus  in  the  range of a hundred  microns  to a few millimeters. To detect 
and  separate  these  secondary  vertices  from  each  other,  spatial  resolution of the  order 
of tens of microns  is  required. 

Of the  detectors  under  discussion  here silicon detectors  provide  the  highest  resolution. 
These  come  in  various  geometries  (see  Fig. 1). Silicon strips  (Fig. l a )  running in  one 
direction  only  (usually  axial)  measure  only  one  coordinate, which  is not very good  in a 
high  multiplicity  environment.  Strips  running  in  two  directions  (Fig. l b )  provide two 
coordinates,  but  ambiguities  in  associating 2 hits with y hits  are a problem in a high 
multiplicity  jet  environment.  Charge  coupled devices (CCD chips)  have  a  large  number 
of individual pixels  which are  independently  read  out, so that  actual two  dimensional 
points  are  measured.  The  readout  time for CCD’s  is slow (- 50 msec)  but  this is not a 
problem  at  the SLC. Furthermore  the  availability of high  quality  CCD  chips is limited 
and  they  are  expensive.  The  small  radius  beampipe  at  the SLC allowed SLD to have 
a unique CCD vertex  detector. 

The  properties of the  vertex  detectors  at SLC and LEP are  summarized  in  Table 11. 
The  unique  advantages of the SLD vertex  detector  are  apparent: i t  has  high  spatial 
resolution,  three  dimensional  points,  and is close to  the  interaction  point.  Figure  12 
shows an  actual  event  in a prototype of our CCD vertex  detector  in CERN Experiment 
NA32. The  advantages of the high  resolution  three  dimensional  readout  are  apparent. 

The  impact  parameter  resolution up is the  resolution  in  the closest approach  to  the 
interaction  point of a reconstructed  track  extrapolated back to  the  interaction  point. 
This  resolution  has  been  extensively  studied for the SLD vertex  detector  and is a 
complicated  function of the  momentum  and  angle of each  track.  It  can  be roughly 
parametrized  as 

up - 6 @ for a 16 mm  radius  beampipe 

up - 10 @ 9 for a 25 mm  radius  beampipe 

where ap is  in  microns, p is the  momentum of the  track in GeV/C, and  the CE denotes 
addition  in  quadrature. 

This  result  can  be  qualitatively  understood  in  terms of the  extrapolation  distance l 
from  the  innermost  detector  layer  to  the  interaction  point  (see  Fig. 2). The dominant 
term is 

up - e x 58 
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where 68 is  the  error  on  the  angle of the  track, which  is measured  in  the  outer layers 
of the  vertex  detector  and  the  central  drift  chamber. At infinite  momentum 68 - 1 / 3  
milliradian. At lower momenta  multiple  scattering  dominates 68, 

where t /z , ,  the  thickness of material  traversed,  is of the  order of 0.01 up  to  the first 
layer for  all of the  detectors. 

where 8 is the decay  angle of the  detected  track.  From a monte  carlo  study of 2" 4 bb 
events,  typical  parameters of B decay are: 

PB - 35 GeV 

average 8 - 8" 

typical  momentum of decay product - 5  GeV/C,  and  m  is  the  mass of the B. 

Thus, for the 25 m m  beampipe, 

up - 14 microns,  and 

cd - 100 microns 

This  is  to  be  compared  to  the  typical decay length X = (P / rn )  c r  - 2500 microns for a 
B decay. To get  clean vertex  separation  a  cut of around 3 a d  or 300 p might  be  required, 
which  allows  fairly  high efficiencies. However, if the  vertex  detector were a factor of 3 
or 4 further  from  the  interaction  point,  and  the  resolution were linear  in  this  distance, 
the  vertex  finding efficiency would suffer considerably. 

3 Precision  Tests of the Standard Model 

One of the  most  precise  tests of the  standard  model in ese- collisions at the 2" mass 
come from  the  measurement of the various  asymmetries.  The  various  asymmetries can 
be defined in  the following way. 

5 



3.1 Definition of the asymmetries 

a) The  forward-backward  asymmetry AFB for the process e+e- -+ ff, where ff is 
any  fermion-antifermion  pair  is defined as 

A F B  = u(f forward)+u(f backwar4 
u(f forward)-u(f backward 

where 0 (f forward)  is  the  cross  section for the  fermion f to be  produced in the 
forward  hemisphere  with  respect  to  the  incident e-, and cr (f backward) is the 
cross  section for f to  be  produced  in  the  backward  hemisphere.  Two  points  are 
worth  noting: 

0 AFB is nonzero even with  unpolarized  beams  due  to  parity  violation in zo 
decays 

0 AFB is  much  larger with polarized  incident  electrons 

where CL (forward)  is  the cross  section for producing  the  fermion  forward  with  left 
handed  incident  electrons, U R  are  the cross sections  with  right  handed  incident 
electrons,  etc. 

c) The  left-right  asymmetry AI;R 

where CTL, CTR are  the  total ese- cross  sections  with  left  handed or right  ha.nded 
incident  electrons,  respectively.  Note  that  this  asymmetry  can  be  measured by 
summing all  final states. 

Fermion aj ” f A j ( s i ~ 2 ~ 6  = 0 .23)  - - 

vi -1 $1 -1 .o 
e ,  P ,  7- +I -1 + 4 sin26 -0.16 
u, c ,  t -1 +1 - 8/3 sin26 -0.68 
d,  5 ,  b +1 -1 + 4/3 sin26 -0.94 
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In the  last  column, A ,  is  an  abbreviation for a  frequently  occurring  combination of the 
couplings 

in  particular, 

Without  polarization, we have,  for eSe-  ----f ff 

The  other  asymmetries  are  zero  without  polarization. 

With  polarization, if we write P for the  polarization of the  incident e- beam, we have 

ALR = $t%P = AeP 

A F B  = 314 l + A e P  a j + $  - 1 + A e P  
A,+P x +.t!!.c - 3 / 4 A d Z  x A,  

Note  that ALR depends  on  the  incident  electron  couplings only, AI,, on the final state 
fermion  couplings  only,  while AFB depends  on  both. 

3.2 Measurement of the left-right asymmetry 

In  terms of the  Weinberg  angle, ALR can  be  written  as 

~ ( 1 - 4  sin2@) 
l+(l-4sinZB)2 P 

Near  sin2@ - 114, ALR is  very  sensitive to  sin2@  (see  Figure 10) 

&in2@ = 1/86A, 
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In  addition, ALR is very easy to  measure  since  it  depends  on  the  total cross  sections 
only, so that  systematics  connected  with  final  state  selection  are  minimized  and all 
events  can  be  used. For N 2" decays, 

We can thus  expect  the following precision  as a function of the  total 2" sample,  with 
45% beam  polarization: 

N Z  6PIP 6A, 6sin28 
lo4 3% 0.022 0.003 
lo5  2% 0.008 0.001 
lo6 1% 0.0027 0.0003 

-~ 
~~ ~~~ 

We have  assumed  here  that  as  time goes on the  systematic  error  on  the knowledge of 
the  polarization will improve  from  around 3% to 1%. 

The  tests of the  Standard Model that can  be  performed  with  this  high precision mea- 
surement of sin28  can  be  formulated  in a number of ways. The  Standard Model has 3 
basic  free  parameters which  can be  taken  to  be 

a ,  G F ,  and M z  

or 

a ,  G F ,  and  sin28 

Thus  measuring  sin28  and M z  to a corresponding  high  precision  and  comparing  the 
two  measurements is a critical  test of the  model.  One way to  do  the  comparison is via 
the  Standard Model  relation 

The  most  precise  measurement of h.1~ will come from SLC/LEP, and will probably be 
limited  to 6Mz - 30 to 50 MeV by systematic  errors.  The  precision  on  sin28  that 
corresponds  to  this  is  (see  Fig. 11) 

6sin28 = 0.0003 



3.2.1  Sensitivity  to  the  top and the  Higgs masses 

Because of loop  corrections  large masses  for the  top  quark or the Higgs boson will 
induce  deviations  from  the  above  Standard  Model  prediction.  These effects can be 
parametrized as a deviation AT 

where 

Figure 4 shows the  dependence of Amon  the  top mass. 

It is possible that by  the  time  this  measurement  is  done  the  top  quark will have been 
discovered and  its  mass  measured  at  hadron  colliders. In that case a difference between 
the  t  mass  inferred  from  our A L R  measurement  and  the  direct  measurement of the  top 
mass would be  an  indication of new physics. 

3.2.2  Sensitivity to New  Physics 

The  existence of various new particles  beyond  the  Standard  Model will induce  shifts 
in  the left  right  asymmetry from the  predictions of the  Standard Model. A precise 
measurement of A L R  is  sensitive  to nasses in the several  hundred GeV mass  range 
which  would otherwise  be  beyond  the  kinematic  reach of SLC or LEP. Examples of 
such new particles  are new heavy  quarks, new heavy  leptons,  scalar  quarks or leptons, 
new Z"s,  etc.  The  sensitivity  attainable  with a sample  of l o 5  2" decays  and 45% beam 
polarization  are  shown in Figs. 5 to 9. 

3.2.3  Comparison  with e+e- collisions  without  polarization 

If polarization  were  not  available  in e+e- collisions at  the 2" mass,  then, of course. the 
left right  asymmetry  vanishes, by definition. The  most precise  measurement of sin'r3 
for tests of the  Standard Model  then would probably  come  from  the  measurement o f  
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the  forward  backward  asymmetry.  In  this  measurement a specific  final state must be 
used; ese- -, psp- would probably  be  the  most  precise  because i t  is  the cleanest 
systematically. 

The  disadvantages of this  measurement  compared  to  the A L R  measurement is that AFB 
is  much less  sensitive to  sin2@,  as shown  in  Figure 10, and  since a unique  final  state  has 
to  be used  only -3% of the 2 decays  are  useful. 

A comparison of the  total  number of 2 decays  needed to reach a similar precision in 
sin28  in  the  two cases  is as follows. 

Precision  Total  no. of 2 decays  needed 
6sin28 with P = 45% with P = 0 

0.003 104 2 lo6  
0.001 105 > 107 
0.0003 1 o6 

- 

Thus  having  beams  with 45% polarization gives more  than a factor of 100 adva.ntage 
in  luminosity to reach a similar  precision.  This  comparison  is  shown  in Figure 11. An 
additional  factor that the  above  numbers  do  not  include  is  that  the  systematic  errors 
could  be  quite a problem  without  polarization  since  the  asymmetry  being  measured 
is a lot  smaller,  and  there  must  be  larger  systematic  errors  due  to efficiencies and 
backgrounds  associated  with  the  selection of a unique  channel  such  as ese-  + p+p- .  

3.3 Measurement of the couplings af, uf 

The various  asymmetries,  as  discussed  above,  are a. sensitive way to  measure  the axial 
vector and  the vector  couplings af and vf of the  fermions  to  the 2. 

3.3.1 The couplings of the  electron  to  the 2 

The  most  sensitive way to  measure  the  electron  couplings  is via the  left-right  polariza- 
tion  asymmetry 



For sin20 = 0.23, we expect a, - 1, v, - 0.08. With a sample of 1052'3 with a beam 
polarization of 45010, we expect a precision  on v, of 

6v, = 0.004 

which  is expected  to  be very small, A>B - 0.02 for sin2@ - 0.23, and  therefore not 
easy to  measure. A total of 2 lo7 2 decays  would  be  needed to reach the precision of 
6v, - .004 which  can  be  achieved  with lo5 2'3 with 45% polarized  beams. In addition 
the  systematic  errors  associated  with  using  the  single  channel e+e- 4 e+e- (event 
selection efficiencies, interference  with  Bhabba  scattering,  etc.)  could  be  quite  serious. 

3.3.2 Couplings  of  the  other  fermions to  the 2 

With polarized  beams  one  can  measure  the  couplings of the  fermions  to  the 2 in 
the processes e+e- -+ 2" + ff via  the  "improved"  polarization  forward-backward 
asymmetry defined  above: 

AFB = 314 x 3 x p 

These  have  the  advantage of being  large and  independent of the  electron  couplings. 

Without  polarization  one would  have to use the  usual  forward-backward  asymmetry 

which are  much  smaller  and  depend  on  both  the e and  the f couplings. 

The  relative  luminosity  needed  to achieve the  same  precision  with or without  polariza- 
tion  is  roughly 



The sizes of these  asymmetries  and  the  luminosity  advantage  due  to  polarization  are 
as follows: 

A F B  with A F B  with  Luminosity  advantage 
Fermion 45% polarization  no  polarization  with  polarization ~ _ _ _ _ _ _ _  

7- 0.054 0.019 
u,  c 0.23 0.082 
d, s, b 0.32 0.113 

8 
8 
8 

In  reality  the  advantage  due  to  polarization will be  much  larger  because  there will be 
non-negligible  errors  in  selecting  the  fermion final states  such  as cC, bb, etc.  and  these 
systematic  errors will hurt much  more  in  measuring the  smaller  forward  backward 
asymmetry  with  no  polarization. 

4 Heavy Quark Spectroscopy 

B spectroscopy,  i.e.  the  study of mesons and  baryons  containing a b quark, will be a 
very interesting field in  the  next few years.  Because of this  interest  there have  been 
and will be  in  the  future  a  large  number of facilities  involved in b studies.  These 
include  the CLEO and ARGUS detectors  at  the lower energy e + e -  colliders at Cornel1 
and DESY respectively.  These  detectors  have  already  done  some very  nice things. 
One of the  limitations  they  have  is  that  their B’s are  produced  essentially at rest, 
which  make  it difficult to  study some  topics  such  as  lifetimes and  Dalitz  plot  analyses 
of semileptonic  decays.  They  make B* and B d  mesons prolifically, but have  much 
lower rates for B, mesons and  baryons.  Thus  on  many  interesting  questions  the  higher 
energies in 2 decays  provide a considerable  advantage.  There  are  plans  at  hadron 
accelerators  and colliders to  do B studies,  and  there  is  much  talk  about B fa.ctories. 
However the  time  frame  in which these facilit,ies will make a contribution  is very likely 
to  be  beyond  the  next  two or three  years which are of interest  in  this  discussion. 
Other  detectors  studying 2 decays  are  the  Mark I1 at the SLC and  the  four  detectors 
at  LEP. For  detailed  studies of B decays  good  vertex  resolution  and  good  particle 
identification (;.e., K/7r/p  separation)  are very important.  With  the  combination of 
the  superior CCD vertex  detector  and  the  ring  imaging  Cerenkov  counters SLD should 
have a considerable  advantage over the  other  detectors for many  interesting topics 
in B spectroscopy. An actual  event  recorded  in a “prototype” of our CCD vertex 
detector  in  experiment NA32 at CERN is shown  in  Figure 12. The  advantages of high 
resolution  three  dimensional  readout  is  apparent.  Track  3, whose vertex  assignment is 
ambiguous  in  the  first  projection  (Figure  12a) is unambiguous  with  three  dimensional 
points  (Figures  12b  and  12c).  The  density of points  shown  in  one  square  millimeter 



of Figure  12c is similar to  what we expect  in a jet  in 2 decays. The  potential for 
ambiguities  and confusion without  high  resolution  three  dimensional  readout could be 
quite  large.  The SLD Cerenkov  counters  provide  good  particle  separation over most 
of the  momentum  range of interest,  as  shown  in  Figure 13. The K-.rr separation  at a 
momentum of 11 GeV/C  that was measured  in  an SLD CRID prototype is shown in 
Figure  14. 

4.1 Topics in B spectroscopy 

Considering  the  special  features of SLC and SLD, the following  list  provides  some 
examples of the  topics  in B spectroscopy  where SLD should excel. 

a) B*, B:, B,” lifetimes and lifetime  ratios 

b) Measurement of the K-M matrix  element b:b by analysis of the  Dalitz  plot for the 
decays B ---f Dev 

c) Measurement of l/ ,b by analysis of the  Dalitz  plot for B -+ pev 

d) Rare  hadronic  decays like B --+ .II, + z 

e )  Study of B, and  baryons 

All of these  topics rely  heavily on the following features 

0 B’s produced  with  high velocity in 2 decays 

0 Good  vertex  resolution  with  CCD’s 

0 Good  particle  identification  with CRID’s 

4.2 Comparison with  other  detectors 

4.2.1 CLEO and ARGUS 

As mentioned  above, CLEO and ARGUS have  already  done  some  beautiful work on 
B mesons,  and  are  in a good  position  to  continue  that  in  the  future.  Their  major 
limitations  are  in  two  areas  where SLD will have  an  advantage: 

1 3  



a) The B mesons  are  produced  essentially at rest at  the y(4s) resonance.  This causes 
severe systematic  problems  in 

0 Lifetime  measurements 
0 Dalitz plot  analysis  in  semileptonic  decays like B --f Dev and B + pev 

b) The  high cross  section  running at the y(4s) resonance  is below threshold  for  pro- 
ducing  the B, and  baryons. The cross sections  above  the y(4s) are  much  smaller 
and  the  backgrounds  are  thus  much  more  severe. 

4.2.2 Mark I1 

The effectiveness of the  Mark I1 detector at the SLC in  studying B spectroscopy will 
be  limited by 

a) Poor  particle  identification  compared  to  the  CRID’s in SLD 

b) Poorer  vertex  detection  due  to  ambiguities  in  their silicon strips,  compared  to  the 
CCD detectors of SLD 

4.2.3 The LEP Detectors 

a) The SLD has  considerably  better  vertex  detection  than  any of the  four LEP detec- 
tors,  as  has  been  discussed  in  section 2 above  (see  Table 11). This  should give at 
least a factor of 3 to 5 advantage  in  vertex  detection efficiencies. 

b) Of the  four  detectors  only DELPHI has  good  high  momentum K / r / p  identifica.tion 
in  their RICH counters. However, at least  at  the  present,  they  have only a one 
dimensional silicon strip  vertex  detector  which will lead to  much lower vertex 
finding efficiencies. 

c )  ALEPH has a silicon vertex  detector  with crossed strips,  but  they  have  much  more 
limited  particle  identification ( K / r / p  separation)  without a Cerenkov  counter, 

d) SLD has  significantly  better  vertex  resolution  and  particle  identificaiion  than  the 
other  two LEP detectors, which  have  chosen to sacrifice these  features  in favor of 
others  where  they excel (see  Tables  I  and 11). 

It is not  easy  to  evaluate  the  luminosity  advantage that the  above  features give the SLD 
detector for the  physics  topics  in B spectroscopy  listed  above,  but  an  order of magnitude 
seems  plausible,  i.e.,  the SLD with lo5 2 ’s  should  be  able to  compete  favorably with 
LEP with lo6 2 ’ s .  
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5 B" - B" Mixing 

The  quantum  mechanical  mixing of the Bo and Bo states  is  one of the  most  important 
topics  in B physics. The mixing  has  been  observed for Bz in  the ARGUS, CLEO, and 
UA1 detectors. However the  time  evolution of BS mixing  has  not  been  studied  and 
there  have  been  no  studies of B," mixing.  Because of the availability of polarized  beams 
at SLC and  the good  vertex  resolution  and  particle  identification, SLD is  in a uniquely 
advantageous  position  to  study  all of these effects. 

5.1 Summary of the  Nomenclature for B - B Mixing 

The  quark  content of the six B meson  states of interest  are 

BS - bu B- - bii 
B: - bd B; - b d  
B," - 6s B," - bs 

The decays of the B mesons  proceed  via the weak interactions.  The weak eigenstates 
of the B d  and  the B, are  (assuming  no CP violation for this  discussion) 

B1 = l / J i ( B o  +Bo) 
Bz = l / J Z ( B o  - Bo) 

The  time  dependent  amplitudes for these  states  can  be  written  as 

Then we have  the  amplitudes 



where Am = m2 - ml is the  mass difference  between the B2 and  the B1 states.  This 
produces Bo - B o  oscillations  with  a  frequency v = 27r/Am,  as  shown below. 

r 
t 

If we do  not  measure  the  time  dependence  but  integrate over time,  the  intensities  are 

where r = 1/2(r1 + r2). Later  on we will also  use A r  = r2 - Fl. 

The mixing parameter X is defined  as 

where  Mixed  is the  intensity of Bo when we start  with  a  pure Bo state.  Then 

X =  

It is  usually  assumed  that A r / r  << A m / r .   T h e  expression  for  the  mixing  parameter 
then simplifies to 



We can see that for large A m / r  the mixing  parameter  approaches  its  asymptotic value 
of 112. 

The  parameter of physical  interest  is Am/r .  It is  related  to  the KM matrix  parameters 
V,, and &d in  the following way. The two  box  diagrams  responsible for the  mixing  are 

b & O r  s W b 

Since the  strength of these  diagrams  depend on the  square of the  mass of the  interme- 
diate  quarks,  they  are  expected  to  be  dominated by the t quark  contribution 

where &b etc  are  the K-M matrix  elements, 78 are  the  lifetimes, Mf is the  mass of the 
top  quark,  and  the .... stand for other  factors  expected  to  be  similar for B d  and B,. In 
that case,  and  assuming  that  the Bd and  the B, lifetimes are  similar,  one  might  expect 
that the B, mixing will be  larger  than Bd mixing 

since we expect  that V,, > V t d  because  is  one  generation  gap closer than &. From 
the ARGUS and CLEO measurement of Bi - mixing we infer that 

(Am/r>B, - 0.7 

and,  using  the B lifetime of - lo-'' sec, Am(Bd) - 3 x lo-'' MeV.  Accordingly we 
would expect for the B, mixing 



However, at this  time  nothing  is  known  experimentally  about B, mixing. 

The  dependence of the mixing  parameter X on Am/r is shown  graphically  in  Figure 
15. As discussed  above, X can  be  measured  experimentally  without  measuring any 
time  dependence,  i.e.,  integrating over time like the ARGUS and CLEO measurements. 
However, as  the  mixing is large, X -+ 1/2,  and  a  measurement of X gives a very poor 
determination of the physically interesting  parameter Am/r.  Thus for large  mixing, 
as we expect to be the case  for the B,", measuring  the  time  dependence of the B - B 
mixing is the only good way to  measure Am/r .  

5.2 The conventional  method to look for B - B mixing 

Both ARGUS and CLEO used the  double  lepton  tag  method  to  observe B; - mixing 
using the  reaction e+e- + Bo + Bo. In  this  method  one uses  only those  events in which 
both B's  decay into  an e or a p. The sign  of the  lepton  determines  whether  the B was 
a Bo or a Bo at  the decay point, since Bo + e+ or pf and Bo + e- or p- , as can be 
seen from  the  diagrams below. 

Like sign dileptons, i.e., leptons  with  the  same sign from  both B decays  in  the event  is 
evidence  for  mixing.  This  can  be easily  seen by considering  for  example  the case  where 
one  side  decays  into  an e-, indicating a Bo decay. Then  the  other  side  must have  been 
a Bo, and  should decay into  an e+ if there is no  mixing. An e- on  both sides means 
that  on  one or the  other  side  mixing  occurred.  The  mixing  parameter,  aside from  small 
corrections,  then is 

x'= l + l +  +1-1- l + l -  $ C + l +  +c -1 -  

The  problem  with  this  double  tag  method  (where  both  sides  are  tagged by a flavor 
specific  decay mode)  is  that  the  lepton  tag efficiency comes  in  squared, giving a very 
low event  rate. ARGUS and CLEO observed  three  to five hundred like  sign  dilepton 
events  in  samples of 100,000 to 200,000 total B B  events.  These  numbers  are given 
in  Table IV. The  lepton  tag efficiency on  each  side  was around 5 to 6%, which comes 



in  squared.  The 5 or 6% can  be  understood  as  the  product of the  leptonic  branching 
ratios, ( B  -+ e )  + ( B  -+ p )  2 22010, the  lepton  detection efficiency, and  the  fraction of 
the  leptons  that  survive  the P 2 1.5 GeV/C  cut  to  separate  leptons  from B decays 
and D decays,  as  shown  in  Figure 16. 

5.3 B B  Mixing in 2 Decays 

We expect  the  process ese- + 2" -+ bb to  be  about 14% of all 2 decays. We thus 
expect a total of 14,000 bb pair  events  in a sample of lo5 2 decays. If we then  assume 
that a 6 hadronizes  to  mesons  and  baryons  with  the following probabilities 

b -+ BS - 40% 
BZ; - 40% 

e - 10% 
baryons  - 10% 

we expect  the  numbers of pairs  summarized  in  Table V. 

5.3.1 Using  the  conventional  double  lepton  tag  method 

Consider  using  the  double  lepton  tag  method  described  in  section 5.2 with a sample of 
lo6 2 decays.  From  Table V we then  expect 

78,000 events with B, + B , , d , o r s  + charge  conj 
78,000 events  with Bd + B , , d , o r  + charge  conj 
23,000 events  with B, + B u , d , m ,  + charge  conj 

If we assume a single  lepton  tag efficiency of 6% as  in ARGUS or CLEO, we expect 

280 B, events  with  double  lepton  tag 
280 Bd events  with  double  lepton  tag 
80 B, events  with  double  lepton  tag 

These  numbers  are  smaller  than  what  has  already  been  published by ARGUS or CLEO. 
However, there  are  two differences. The ARGUS And CLEO samples did not  contain 



any B, events,  and  the B ' s  from 2 decays  have  high  momentum so that in  principle 
time  dependences  can  be  studied.  The  trouble  is that the B,, Bd, and B, events  are 
not  distinguished  from  one  another by the  lepton  tags. To separate  out  the B, sample 
requires  cuts  that will reduce  the 80 event  sample by a factor of 5 or so. To study  time 
dependence  one  has  to find  vertices; with the  expected  vertexing efficiencies the  sample 
once  again will be  reduced  to a small  number. 

We thus conclude that  the  usual  double  lepton  tag  method  does  not  produce  an  inter- 
esting  number of events even with a sample of lo6 2 ' s .  We have  considered B deca.y 
modes  other  than  the  leptonic  one  to  use  in a double  tag  method. However all useful 
decay modes we could  think of have  branching  ratios  smaller  than  the  leptonic one 
(which  is 22%) and  thus  are even  less  promising. One  might  do  slightly  better by 
summing over  several  flavor  specific  decay  modes. 

5.3.2 Method  using  polarization  and  inclusive  vertex  tagging 

Availability of polarized  beams  and very  good vertex  resolution allows us  to  consider 
a different method of studying  the  time  evolution of BE mixing, which was proposed 
for SLD by Bill Atwood. The  large  forward  backward  asymmetry for ese-  --f 2 + bb 
with  polarized  electrons  can  be used to  tag  the flavor of the B at t=O. One  can  then  do 
an  experiment  looking  at only one B in  the  event  decaying  in a flavor  specific way. To 
maximize  the useful number of events  and  to allow study of the decay time  evolution 
of the mixing  an  inclusive  vertex  tagging  scheme  can  be  used  that  consists of looking 
for  two separated  secondary decay  vertices  corresponding to  the B decay followed by 
a D decay. 

The  forward-backward  asymmetry  in  this case can  be  written  as 

where e -  direction  stands for the whole forward  hemisphere with respect  to  the  incident 
e - .  This  asymmetry  is  predicted by the  Standard Model to  be  (see  section 3.1) 

A F B  = 71% for 100% polarization 
= 42% for 45% polarization 

These  standard  model  predictions  can  be verified by using e + e -  -+ 2" -+ B+B- events 
where  there  can  be  no  mixing. For Bo, mixing will dilute  the  asymmetry 



A F B ( B " )  (1 - 2 X ) A F B ( B * )  

where A F B ( B " )  is the  forward-backward  asymmetry  measured  with Bo,  A F B ( R *  is 
the  asymmetry  measured by B*, and X is  the  mixing  parameter for Bo - Bo mixing. 
Thus  the  mixing  parameter  can  be  measured by the  asymmetry  dilution.  The  time 
dependence of the  mixing  can  be  measured by looking at A F B (  B o )  in  bins of the Bo 
proper  decay  time.  The  asymmetry  should  exhibit  decay  time  dependent  oscillations 
with  frequency u = 27r/Am as  discussed  in  section 5.1 and shown  in  Figures 17 to 19. 

The inclusive  vertex tag consists of looking for a chain of two decay  vertices 

a) The  observation of two  such  vertices clearly  identifies the event as a B decay. 

b) The  multiplicity  at  the B decay  vertex  is  expected  to  be  around 3.5 charged  tracks 
so that counting  the  charge  should  be  fairly  reliable  and B* can  be  separated 
from Bo decays. 

c )  Looking for a charged  lepton  from  either  the B or the D vertex will identify  the 
decay  as a Bo or a go  (a Bo will give an ts at  the B decay  vertex or an e- at  the 
D decay  vertex).  Thus  instead of having  to  make a momentum  cut  (with a large 
loss of efficiency) to  separate  leptons  from B and D decays, we can get a high 
efficiency by using  both  the B and  the D decay  leptons by seeing  which  decay 
vertex  they come from 

d) One  can  separate B," from B: decays by counting  the  number of kaons in  the decay 
chain. B," should  often  produce  two  kaons,  one  from  the 6 -, C ---f S decay chain, 
the  other  from  the  "spectator" s in  the B,". The B: will usually  have  only  one K 
in  the decay  chain. 

We are now in  the proces-s of developing  algorithms  and  doing  Monte  Carlo  calculations 
to  estimate  the efficiencies for steps a) to d) above. Our ability  to  estimate  some of the 



efficiencies at  this  time will be  limited by the  fact  that  the B," has  not been  observed 
yet and  thus  there  are  no  experimental  measurements  about  any of its decay  modes or 
branching  ratios. For the  purposes of this  discussion we make  the following plausible 
estimates for the efficiencies of the  steps a) to  d)  above: 

a) Double  vertex  finding 40% 

b) Charge  counting 90% 

c) Lepton  tag 

2 x (12% + %+18%) 2 x 0.9 z 45% 
where the  factor of 2 is for sum of e* and p* 

12% is the B + e or p branching  ratio 
~~ 7%t1s% - is the average Do or D+ -+ e or p 

2 

0.9 is lepton  detection efficiency 

d)  Double K tag for B, 20% 

0 or 1 K tag for B d  80% 

For a sample of lo5  2 decays, we expect  the following numbers of B produced 

We thus  expect 

11,000 x .4 x .9 x .45 = 1800 Bi or & 
2800 x .4 x .9 x .45 = 450 Bz or Bz 

which are  separated  from B*, and Bo or B o  flavor identified. If we need to separa.te 
B, from B d  we expect 

1800 x 0.8 2 1400 B d  

450 x 0.2 2 100 B, 
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Note: If the efficiencies turn  out  to  be different from  the  above  assumptions by a factor 
of f, we will need (l/f) x lo5  2 decays to collect these  samples of events. 

With  these  samples we can  carry  out a variety of measurements: 

a) With 1400  clean Bi events we can  measure  the  time  evolution of Bz - mixing. 
Figure 17 shows a Monte  Carlo  simulation of the  time  dependence of AFB for Bd 
with  1000  events. 

b) We can  do  measurements of the  time  evolution,  and  thus Am/ r ,  for B," - B," mixing. 
Consider  two  possible  scenarios: 

1. As expected, B, mixing  is  much  larger  than B d  mixing  i.e., 

then  the  asymmetry  oscillations for B, will have a much  higher frequency 
than .the B d  oscillations.  In  this case we can  use the full 450 event B, and 
1800  event B d  samples  (which  are  not  separated  from  each  other)  since  the 
high  frequency B, - B, oscillations  can  be  clearly  observed  on  top of the 
slowly varying B d  - Bd oscillations. The case  for (Am/I')Bd 2 0.7 and 
(Am/r)B. E 7 is  shown  in  Figure 18. The  expected  precision  in (AAd/F)B, 
from  this fit is 

2. If the  unexpected  should  occur  and (Am/r),. is  closer to (Arn/r)Bd, we 
can  use the 100 event B, sample which is  separated  from  the B d  sample. 

3. It may  be  better  to  be  between  the  two  extremes given above, i.e., use 
milder  cuts  to  separate B d  from B,. For example we might get a factor of 9 
reduction of B d  with a 40% efficiency for B,. This would give a sample of - 200 Bd and - 200 B,. The fit in  this case  is  shown in  Figure  19. 

5.3.3 Conclusions about B - B Mixing 

a) The  capabilities of the SLD with a 45%  polarized e- beam  should allow us to 

0 measure  the  time  dependence of Bd mixing  with lo5  2 ' s  or less 

0 measure  the  time  dependence of B, mixing,  but we need at least l o5  2 ' s  or 
slightly  more. 

b) Comparison  with LEP 
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0 A sample of lo7 2 ’ s  or more  are  needed  to look at the  time  development of 
B, mixing  without  polarization  using  the  double  lepton  tag  method. 

0 The  method using A F B  with  polarized  beams  is  much  more  advantageous. 
We do  not know all of the efficiencies very well at this  time. However some 
of the  relative  factors  in  the  luminosity  required  at SLC or LEP seem  clear. 

i )  Vertexing efficiency at SLC due  to  the close in CCD vertex  detectors 
should  be  better by a factor of 3 to 5 for the two  vertex  chain. 

i i )  A F B  without  polarization  is - lo%,  with 45% polarization i t  is  around 
42%. The  number of events  needed to  obtain  the  same precision in 
A m / r  goes like ( l /ApB)’ ,  so this  is  an  advantage of a  factor of 16 in 
luminosity. 

iii) We thus  expect that SLD can  do a similar  measurement by this  partic- 
ular  method with a factor of 50 to 80 less luminosity  than LEP. 

c) As Am/r  increases the frequency of the A F B  oscillations  in  proper  time,  and  there- 
fore  decay  distance,  increases,  requiring  increasingly  better  vertex  resolution  to 
see the effect. Figure 20 shows the  resolution  required  to  observe AFB oscilla- 
tions  as a function of Am/r. The  better  vertex  resolution of SLD will allow us 
to  explore a larger  range of this  parameter,  up  to A m / r  = 15 or 20. 

6 Summary and Conclusion 

There  are a set of interesting  and  forefront  areas of physics,  such  as 

0 Precision  tests of the Electroweak  Theory 

0 B Spectroscopy 

0 BB Mixing 

where SLD at the SLC with lo5  2 ’ s  per  year  with  polarization  can  compete  favorably, 
and  in  some cases do  better,  than LEP with l o 6  2 ’ s  per  year  without  polarization. 

Many  interesting  and  beautiful  analyses were presented  here  throughout  this week. 
However, we should  remember that this  is  the  first SLD physics  meeting,  and  many of 
the  results  are  preliminary. We have to  continue  these  physics  studies  in  the next year, 
and  most  important, we have to  complete  the  assembly  and  commissioning of SLD so 
we can move onto  the  beamline  next  summer. 



Table I. Summary  of  Z-factory  Detectors* 

Vert ex 
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Tracking 
Device 
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*Taken  from  the  1985  HEPAP  Study  at  Coolfont 



I 

Table 11. Vertex  Detector  Comparison 

Vertex  Detector 

Type:  Initial 

Later 

Beam  Pipe  Radius 
Initial 

Later 

Beam size 

Vertex det.  pitch 
or pixel size 

Resolution: 4 
€3 

Two track  resolution 

ALEPH 

Silicon 
strips 

8 cm 

6 cm 

“ Z m m  1 

250 p* 

25 p* 
25 p* 

- 500 p 

DELPHI 

Silicon 
strips 

8 cm 

6 cm 

rv 1- 
2 

25 P 

5 P  
- 

OPAL 

Drift 
chamber 

Silicon 
strips 

8 cm 

6 cm 

-;mm 

50 P 
300 p 

2 m m  

L3 

TEC 

8 cm 

6 cm 

-;mm 

30 P 
m ’ S  

500 p 

SLD 

CCD’s 

2.5 cm 

1.6  cm 

1 ; P  

2.2 x 22 p 

5 P  
5 P  

40 P 

*1983  Design  report 
has  it  changed  since? 



Table 111. Physics  Topics of Interest for the SLD 

Physics  Topic 
~~~ ____ .- 

1. Electroweak  Tests 
.Precision  tests  ALR  vs. M Z  
.Precision  meas of rz via  Bhabbas 
~Measuremens of 2 --+ ff Couplings 

via 

2. B Spectroscopy 
B* , Bo Lifetimes 

.I&, Vub meas.  via 
semileptonic  decays 

mB, and  B-baryons 

3.  B - B Mixing 

4.  Supersymmetry 

5 .  Higgs Search 

6. Technicolor,  extended Higgs 

7. New Quarks,  Leptons, Z’s  

8. Neutrino  Counting 

Some SLD Advantage 
Over  Mark I1 

X 
X 

X 
X 

X 

X 

X 

X 

X 

X 

Over LEP 

X 

X 

X 
x 
X 

X 



Table IV. Bd - Bo Mixing  Samples  in 
the  ARGUS and CLEO Detectors 

ARGUS CLEO 
I N(T(4S))- I ~ -96000- 220000 1 

~ ~~ 

.~ 

Like - sign  dilepton  candidates 

Fakes 
Secondaries 

Unlike - sign  dilepton  candidates 
Tot a1 
Fakes 

Secondaries  6.4 
431 24 

r 0.22 f 0.10 0.18 f 0.08 I 



Table V. B - B Pairs  Produced  in lo5 2" Decays 

Pair 

BuB, + C.C.  

Bd  Bd 
Bu Bd 
BUBO 

Be B e  

Bd B e  

Bu B baryon 
Bd B baryon 
B, B baryon 
Bbar B b a r  

% Events/105 Z 

16 
2200 16 
2200 

4500 32 
8 1100 
8 1100 
1 140 
8 

1 
280 2 

1100 8 
1100 

140 
-. . ._~__________~~ 

Tot  als 

B, - 11,000 

Bd - 11,000 

B, - 2,800 
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Figure 1. Silicon vertex  detectors. a) One dimensional  strips. b) Crossed X and Y 
strips. c )  CCD chips. 
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Figure 2. Common vertex detector  geometry. 



Figure 3. Dependence of cd, the resolution  in  the decay distance d, on cp, the resolution 
in the  impact  parameter. 
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Figure 4.  Dependence of ALR on the  top mass. The dependence on t h e  
Higgs mass is small (Figure from  Traudl Hans1  Kozanecka) 
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Figure 5. The shift  in  the  left-right  asymmetry  caused by new heavy  quark  doublets 
of various  masses. The solid horizontal  line  indicates  the  experimental  precision  that 
can  be  obtained  on A L R  with lo5 2’s .  Figure  from  article by Morris  Schwartz. 
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Figure 6. The shift  in  the  left-right  asymmetry  caused by new heavy  leptons wi th  
various  masses. The solid horizontal  line  indicates  the  experimental  precision  that can 
be  obtained  on A L R  with lo5 2’s.  Figure from article by Morris  Schwartz. 
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Figure 7. The shift  in  the  left-right  asymmetry  caused by new heavy scalar quark dou- 
blets of various  masses. The solid horizontal  line  indicates  the  experimental precision 
that can  be  obtained  on A L R  with lo5 2 ’s .  Figure  from  article by Morris  Schwartz. 
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Figure 8. The shift  in  the  left-right  asymmetry  caused by new heavy  scalar  lepton dou- 
blets of various  masses. The solid horizontal  line  indicates  the  experimental precision 
that can  be  obtained on ALR with 10' 2's .  Figure  from  article by Morris  Schwartz. 
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Figure 9. The effect of a new heavy 2' boson on the  left-right  asymmetry  as  a  function 
of the 2' mass.  Figure  from  outside by Morris  Schwartz. 
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Figure 12. A typical  event  in a two  plane CCD vertex  detector  in  experiment NA32 at 
CERN. a) side view. b) top view. c) beams eye view of one  square  millimeter. 
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Figure 14. Separation of kaons and pions at 11 GeV/c  in a prototype of the SLD CRID 
detector. 
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Figure 15. Dependence of the  mixing parameter X on the parameter Arn/r. 
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Figure 16. Momentum  distribution of the  electrons  and  muons  from  the  semileptonic 
decays of D mesons  (solid  curve)  and B mesons  (dashed  curve) in the CLEO detector. 
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Figure 17. The  forward-backward  asymmetry A F B  as a function  of  proper  deca,y  time 
for a sample of 1400 BZ and Bs decays  with ( A m / r ) B d  = 0.7. 
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Figure 20. Resolution  needed  in  the Bo decay length  to  observe Bo - Bo oscillations as 
a function of Am/r. 



The Electroweak  Parameters at the 2" 

T. Hansl-Kozanecka 

1. Introduction. 

This  note is organized as follows. In  section  2 we recollect some  basic formu1;ts for elec- 
troweak  parameters.  In  the  subsequent,  sections we discuss  t.he  measurements of electroweak 
parameters in three  groups: 

0 Measurement of the  mass of the 2'; 
0 Measurements of the  type ( u 2  + a ' ) :  cross section,  partial  widths  and  total  width. 

Lifetime  measurements, which  also  belong in this  cat,egory, will not be discussed. 
0 Measurements of the  type zm/(v'+a2); these  are  the  various  asymmetry  measurements 

and the 7-polarization.  These  are in fact  measurements of the ra.tio v/a and could 
be  combined  with  the (v2 + u 2 )  measurements  to  ext.ract v and a ,  the vector  and  axial 
vector  couplings,  separately. 

Throughout  this  paper we will restrict  ourselves to the st.andard  model  with fi1.e fla\.ours. 
assuming nai > M z / 2 .  The accuracy of the different measurements will be  sum~narized in 
the final Table  12. 

2. The elect'roweal; parameters 

The  standard  model of the electroweak  interactions [l] is a gauge  theory based on the 
Group sV(2)~ x U(1). Its  interaction  Lagrangian 

L(90, 9b, uo, x o ,  9:) (2.1) 

is a function of go and gh, the coupling  constants  associat.ed  with SI'(2) and IJ(1). respec- 
tively; vo is related  to  the  vacuum  expectation  value of t,he Higg. field.  which  gi\.es  rise t c )  

mass terms for three  out of the four SU(2)xU(l )  ga.uge  fields. 

The unification  condition 

eo = goso =  go^ (SO = sinOw) 

relates the electric  charge eo to the SU(2) coupling  and  the weak mixing  angle.  In  the case 
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of Higgs doublets,  the p parameter,  typifying  the  strength of the  neutral  current  interactions 
relative  to  the  charged  current, is unity: 

By comparing wit.h the Fermi  theory of the muon  decay  one  has 

The  index “0” indicates  the  bare  parameters of the processes: 

The La.grangian (2.1) has  three  fundamental  parameters go. gb and 2ro. There  are 
many  more  parameters, like the fermion  masses n?f  = gf 0 . 210 and the e1emcnt.s of the 
Kobayashi-Maskawa  mat.rix.  These  are the  subject of other  studies in these  proceedings. 

The  three  parameters g, g’ and t~ cannot,  be  mea.sured  direct,ly,  nor  are the  bare  quanti- 
ties directly  accessible to  experiment.  The  experiments  measure  the  renormalized phJrsical 
quantities: the electron  charge  e  (from  Thomson  scattering).  the  Fermi  constant G, ( from 
muon decay),  the  masses of the intermedia.t.e  vector  bosons Mpt. (a t  p p  colliders or LEP2) 
and Mz (at SLC/LEP), and  the weak mixing angle Opt- from v(V) scattering  experiments 
and asymmetries: 



For the  measured quantities  the  bare  relations  are  modified [SI, 

1 - -  Gp - -(1 + AT)  AT = A ~ ( e , G , , h f ~ , m ~ , m ~ ,  . . .), Jz 2v2 

(2 .2)  

To calculate  the  physical  quantities,  contributions of the  type shown in Fig. 1 have to 

box diagrams 

Figure 1. Electroweak  radiative  corrections  to e+e-  -.. ff 

be  taken  into  account.  The  contributions  from  vacuum  loops  and  vertex  corrections  are 
most  important,  contributions  from box diagrams  involving weak bosons  have  been shown 
to be very  small [9]. Vertex  and box diagrams  involve  virtual W*, Z and  Higgr  bosons. 
Corrections  due  to  the  vacuum loops  (gauge boson self energy)  are  often  referred t,o as 
“oblique”  corrections.  They  are  responsible for the large  shifts in 147 and 2 masses. To 
these  loop  diagrams  contribute  any  particles  coupled t,o the vector  bosons.  Results  become 
dependent  on  other  parameters like top-quark  mass 77?1 and Higgs mass n?H . 

G, and o = e2/47r are  the  most  accurately  measured  electroweak  constants. SLC/LEP 
will soon  measure M z  to 4 significant  digits. The  appropriate  choice of parameters at 
SLC/LEP is therefore (cy, G,, Mz). These  can  be  ta.ken  t,o  define the theory.  Then sin’Brr- 
and Mw can  be  predicted in terms of cy, G, , and h!z , eqns. (2.2). The precise  measure- 
ment of sin28w or Mw then becomes a test of the  standard  model  and a  measurement of 
the  two  main  unknown  parameters, r n l  and mH . 

There  exist  other choices of parameters: for example  the choice (eo, Gi, si), which is 
suitable for low energy  processes [lo]. The so-called “starred  scheme” fixes si by A!; [9]. 
A generally  accepted  scheme is the on-shell renormalization  scheme  based on the boson 
masses Mw , Mz together  with  the  electromagnetic  fine-structure  constant, Q [ll].  The 
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different schemes  should  predict the  same values for physical  quantities. In practice  the 
results differ because the calculations  are not. carried  out  to all orders. A large effort has 
been made  in  recent  years  to  reach  the  theoret,ical accura.cy that, will be  comparable with 
the  expected  experimental  accuracy  at SLC/LEP [3- 71. 

We return now to  eqns. (2.2). If one  replaces a and G, by their  running value5. njnl; ).  
G, (Mi 1, since all values  are now evaluated a.t the  same scale. the bulk of the  radiative  effect.s 
is accounted for [12, 91. G, is approximately  independent of the  scale, G',(;Vg) z G,,(O). 
such that the  main effect is due  to Acr = c r ( A l $ )  - a ( 0 ) .  

The contribut,ions to  A0 from  the  photon  vacuum  polarization  can  be  computed  exactly 
in the case of lepton  loops. The  contribution  from light quarks was evaluated  through 
dispersion  relations that  are  integrals of the  measured  t.otal cross section of e+€-  -+ hadrons 
~ 3 1 ,  

AcL,,-J,~~(s = Af;) = 0.0288 f 0.0009, 
A Q , ~ , , ~ + , ~ , , ( s  = AfS) = 0.0602 f 0.0009. 

(2 .3)  

The error  in 40 corresponds to an uncertainty in the  prediction of sin'&\. of 

x 0.36Aa x f0 .0003 

and will ultimately  limit  the  high-precision  measurements. Having absorbed  the  large effect.s 
in a(A4$) ,  the  dependence on masses rn 2 Alz becomes  more  explicit. 

The  remaining Ar(2)  = - P A P  contains the  dependence on the t,op  mass  and  the Higgs 
mass [I11 

2 

W 

Ar is quite  sensitive to r n t  but  rather  insensitive  to n z H  . Indeed,  the  variation of A r  w i t h  
r n t  is  quadratic while its  dependence  on mH is only  logarithmic. 

The  amplitude for 2" exchange  expressed  in  bare  quantities  (tree  level) is 

where i = initial, f = final  fermion  and D ( s )  = s - Mg - iMzrz. The effect of elect.roweak 
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radiative  corrections  can  be  absorbed in “effective parameters”. 

so 2 _t sin 2 ee f l  = ksg,  

which are in general  process-dependent  and different for init.ia1 and  final  states, 

(2.5) 

which is equivalent to 6p f 0. Sin28L has  a different  value and different functional 
dependence  on, for example  the  top  mass,  than  sin?Oe8,  where  the  latter is det,ernlined  from 
the measurement, of the  asymmetries or the  partial decay  width of a decay  channel 2 -, ff 

Sirltn) 

Two  examples  may  illustrate  the  above  discussion. 
Example 1: The  Mark I1 Collaboration has recently  published the first  high  accuracy  mea- 
surement  at  an  e+e-collider of the  mass of the 2’ boson [15], 

Mz = 91.17 f 0.18 Gel’/c2. 

This  measurement  corresponds  to a range of sin28bi. values. The sin-BW,. 9 ( S l s l t n )  is shown in 
Fig. 2 as function of the  top  mass  and for two values of the Higgs mass. A value of sin20\,. 
can only  be  extracted,  when  also r n t  and nlH are  specified: 

2 ( S i r l i n )  sin 8, = 0.2307 f 0.0013 for n11 = 100 Geb’/c2, 
mH = 100 GeV/c2.  

Example 2: The  partial  width for 2 + ff shows an  increase  with  increasing  top  mass 
due  to  the  quadratiq  top mass term  in (2.4). An  exception is the 2 + bb decay. The 
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Figure 2. Value  of sin28$r1i" as function of t.he t80p mass, for  Higgs  masses of 100 
and 500 GeV.  The widt.h of each  band  represents  the  uncertainty in sin?& 
corresponding to the  uncertainty in Afz (141 (curves  from  Expostar). 

Figure 3. Corrections  for  the 2 -+ & vertex. 

reason  for  this is the  additional  top  dependence of the vertex  corrections in 2 -+ bb [15]? 
see Fig. 3. This  vertex  contribution  cancels  partly the top  contribution  from  the  vacuum 
loop. As a consequence the  partial  width 2 -+ bb is constant  within 2 hleV in the whole top 
mass range  up to 250 GeV,  Fig. 4.  For non-b  decay  channels 2 ---t ff , f # b, the vertex 
contributions  are  practically  independent of m i  and  no  cancellation of the vacuum loops 
occurs. A parametrization of the effective couplings is given in [16], which is instructive for 
t h e   r d e  of sin20eg, 

sin20e8 = sin28w + c o s 2 6 ~ ~ 6 p i  + - [ln( - + 1) - 21 
CY mH 

4 7  17.3 
1 
3 c$ = I{ - 2Qpin20,f+ 6b-6pt (2.6) 

(6b  = 1 for b quarks, = 0 otherwise).  In  general  one  can  expect  the  corrections  entering via 
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Figure 4. The dependence of the  partial  widths rr and  the  forward-backward  asymme- 
tries on the  top  and Higgs  masses. The  measurement  accuracy  expected for a 
tagging efficiency of 20%. for b-quarks  is  indicated  also.  Curves:  approximate 
equations [16], see text;  points: full  one-loop  calculation  from [15]; 

the Z-Z and  the Z-7 propagators  to  be  identical for different  decay  channels 2 -+ fJ , 
whereas the  vertex  and  quark  self-energy  diagrams yield  different  corrections. 

3. Measurement of the Mass and Width of the Z boson. 

One of the basic  measurements  at  the eSe- colliders SLC/LEP is the  determination of 
the 2’ resonance.  This  provides  two of the  important  electroweak  parameters:  the ma.ss 
and  the  width of the  neutral vector  boson. The  mass is one of the basic  parameters for 
the prediction of electroweak  physical  quantities as was discussed in the previous  section. 
The width is related  to  the funda.menta1  question of the  number of generations.  Being a 
prediction of the  standard  model  after  the Z mass is known,  the  width  serves as a test of 
the theory. The  partial  widths for 2 + ff will allow the  investigation of the weak coupling 
constants of the various  fermions.  Because of its  importance,  detailed  studies  have been 



made of the line  shape.  The  theoretical  predictions  are  accurate  to 10 hle\' in the  shape 
(position  and  width of the  peak);  the  absolute scale is determined  within 0.3% [lS]. 

We  discuss  first the line  shape  measurement  and  the  measurement  errors  and  turn  then 
to the  theoretical  predictions  and  the QED and QCD corrections. The effect of electroweak 
corrections,  which were already  explained in t,he  introduction. will be  summarized  for  the 
special  case of mass  and  width  measurements. 

3.1. SCANNING STRATEGY AND MEASUREMEKT  ERRORS 

The mass  and  width will be  measured  using  all  visible final  sta.t,es 2 -, f , f  , except 
electrons (f # e). Analytic  formulas  exist  tha.t  describe  the ZO-line shape in terms of the 
three  shape  para,meters  position,  width  and  height (Mz  , Tz , I'int. or number of neutrinos). 

(3.1) 

More  details of the  presentation of a(&) and  the  radiative  corrections (1 + 6(s)) will  be 
discussed  below. 

The  Mark I1 group  has  developed a scanning  strategy  that chooses the scan  points in 
energy  steps  around  the  (approximately  known)  position of the Zo peak  such that  the  errors 
of the  parameters  and  their  correlations  are  minimal [19]. These  conditions  are satisfied if 
the  scan  points  are chosen at  the  points of maximum  sensitivity. Fig. 5 shows the  points 
and  the  sensitivity of the cross  section  for the  three  parameters.  The  positions of optimum 
sensitivity  to M z  are at -0.8 and $1 GeV; to measure  the  width,  the  optimum scan  positions 
should be chosen at 2 GeV; rinv depends  direct,ly  on the absolut,e  normalization  and all 
information  comes from a scan  point close to   the pea.k. 

This  method allows a direct  estimat.e of the  errors. For a five-point  scan  with  spacing 
of -750 MeV and  luminosity L m  o< a i ( E m )  the  errors  are [19] 

2 6hfz = - Gel'. fi 

N is the  number of visible 2' events  collected at   the scan  points; the  number of equivalent 
2' events  produced  at  the  peak  with  the  same  luminosity is about 15% higher. %:it11 
2500 visible 2' events  the  mass  can  be  determined  to 40 MeV and  with 30 k events  the 
width will be determined to 35 MeV. The  measurements will not, be  limited bj' st.atistics 
but by the  systematic  errors,  especially  the  accuracy  with which the  beam energy  can  be 
determined,  Table 1. 
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Mass sensitivity 

. .: 

Figure 5.  The sensitivity of t,he cross section ( 3 . 1 )  to the Zo mass, Z" width and the 
partial  width rinv of the invisible  (neutrino) cross  section. 

Sensitivity  to  the 2" width 

Sensitivity  to  the  invisible  width 

1 

Number of events 

Systematic  errors 
The experimental  accuracy in the  determination of the  line  shape is limited by uncertainties 
on the collider  energy  scale  and the  normalization of the cross  section  measurement. 

Beam  energy  measurement. 
The  determination of weak parameters  requires  absolute  and  relative  measurements of the 
center-of-mass  energy to high  precision  over  long  periods of time.  Spectrometers have 
been  installed in both  the  electron  and  positron  extra.ction  lines of the SLC. The  method 



Table 1 
Syst.ematic  errors of the  beam energy  measurement a t  SLC [21, 151 

Size of error 
Source of error (h4eV) 

Magnetic  measurement 
10 Detector  resolution 
5 

20 Total  (per  beam) 

5 Survey 
16 Magnet  rotation 

of measurement is to  observe  indirectly  the  deflection of charged beams via the narrow 
beams of synchrotron  radiation  they  emit. [20]. The  systematic  errors in each beam  energ). 
measurement  are 20 Me\’. Including  an  allowance for offset beams  and  a fi1lit.e dispersion the 
absolute  error  on E,, is 40 MeV, the relat.ive  error  relevant for the  line-shape  measurement 
is 35 MeV [21]. The energy  spread wit,hin ea.ch beam is at present  about &0.3%, il5]. 

The polarization  facility at SLC [ E ]  will eventually  give a complement,ary  measurement 
of the  electron  beam energy  with  comparable or slightly  better  accuracy.  This  provides  an 
important  systematic check [23]. 

Normalization. 
The cross  section  normalizations  are  dominat.ed by the  systematic  uncertainties on the  lumi- 
nosity  measurement. For the line-shape  scan of the 2 only the  relative  luminosity  between 
different  energy  points is of importance. 

Table 2 
Energy  resolution  and  readout,  geometry of the SLD Luminosity  monitors 

calorimeter 

18 (6 + 17)zr,d 1 x 1 c m 3  0.6 m r a d / d y  2s t,o 6.5 LMSAT e.m. 
(e.m.  only) xrad Of Aabs (%) (absorber) 

a ( p 0 s )  tower  size depth a( E ) f l  

MASC e.m. 18 (6 + 17)zrad 1 x 1 c m 3  2.8 m.rad/@ 6.5 to 190 
( 3.5 mm  tungsten ) Ad - 6 mrad 

( 7 mm  tungsten ) A8 - 30 mrad  

The paramenters of the SLD luminosity  monitors  are  summarized in Table 2 [ N ] .  At 
small  angles, the differential cross section for Bha.hha  scattering is given to a veq. good 



approximation by 

(3.2) 

3 2 n d  2 
k=-- - 0.251 (z) nb (&em in GeV ). 

S Ebe am 

The  Bhabha  rat.e  recorded in the SLD luminosity  monit.or (Lh4SAT + hlASC'). is - 4 times 
the peak rate of visible Z's. The stat,istical  error of the  Bhabha  rate is therefore  small 
compared  to  the  statistical  error of the  event  rate. 

Systematic  errors of the luminosity  measurement  are of three  sources: 

0 The differential  cross  section  predicted by theory:  The cross  sect.ion for Bhabha scat- 
tering  has  been  computed  to 0 ( o 3 )  [25]. Several  Monte  Carlo  programs  exist for small 
angle  Bhabha  scattering  and  agree in their  results [as].  Electroweak  effects  are small 
(- 0.2%). 

0 The detect'or  acceptance : The fiducial  volume ha.s to  be well understood i n  t.erms of 
angular  resolution,  positioning  accuracy of the det.ect.or and  monitoring of the  beam 
position. The small  size of the int,eraction  point ( o ~ , ~  = 1.8 p m )  and short bunch 
length (a, = 0.4 mm) make  monitoring of the  Bhabha  rate  easier  at SLC than LEP. 

0 The count.ing  rate:  Because of the  steep  dependence on the polar  angle, t.rigger  condi- 
tions  and  reconstruction efficiency have to  be  understood  very well. A det.ailed  study 
has  still to  be  done. 

3.2. THE 2" LINE-SHAPE 

At lowest order,  the  partial  width of a 2 decaying int.0 a  fermion  pair is given by [37] 

It can also  be  expressed as (replacing a )  

i='>,ff turns out to be a sufficiently good approximation, at. least for m i  < 150GeV. including 
already  the  major  part of the weak one-loop  correction [27]. 
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The total width is  given  by 

In the massless  fermion  case the  partial  width  reduces to 

the -,+ sign  refers to   the helicity of f, the helicity of f being  opposit'e. The total cross 
section in terms of the 2" width  and  the  partial  widt,hs ca.n be written [lS] 

with 

( 3 . 5 )  

There is general  agreement  that the tree level cross  section (3 .4)  has  to  be  corrected for 

0 electroweak  effects to  first  order  (vacuum  and vert.ex  loops as described in section 1) .  

0 QED initial  bremsstrahlung  to  second  order (a?), 

0 QCD effects to  first  order (cys). 

The electroweak effects can  be  taken  into  account 

0 by  replacing a in the  tree level formula (3 .4)  by its  running  value a.t the 
2" 7 a("$); 

0 by using  effective  coupling  constants when calculating  the  partial  widths; 

0 by replacing r z  by the s-dependent  width s r z / i Z l ~  . which is the  width of a 2' w i t h  
mass J3 [30]. 

The  resulting cross  section for massless  fermions is 

(with I as in eqn. (3.5)). It describes the  exact elect,roweak corrected cross section  within 
0.2% in the  range ( M z  - FZ,Mz + rz) [ls]. Introducing  the  s-dependent  width  shifts  the 
position of the peak  maximum  to lower values  by - 35 MeV. The  partial  widths  calculated 
in different  schemes [27, 28, 291 agree to wit.hin 0.1% . 
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Final  state  QED  and  QCD  corrections broa.den the widt.h by a  factor 
(1 + ~ Q E D , ~ ; ~ ~ [ )  or (1 + 6 ~ ~ 0 ) :  respectively.  Final  state  QED  corrections  are  small 

( 3 . 7 )  

The QCD corrections for quark  decays  are [31] 

3 
~ Q C D  = - + (:)2 (1.986 - 0.115nj) + (?) (70.985 - 1.2t7f - o.oo5n;). 

7r 

where a, = a , (Mi ) ,  n f  = number. of quark  flavours. 

In view of the  error on a, the second  and  third  term  are at present of no importance. The 
value  for ~ Q C D  measured a.t PEP/PETRA/TRISTAN and  extra.polated to the Z” mass is 

S~c~((92Ge1’) ’ )  = 0.046 f 0.005. 
1321 

The  error of this  correction is  in general negligible compared to  the  measurement  errors, 
except  in  the  case of very  heavy top  masses,  where the  QCD  correction  becomes a sizeable 
fraction of the  top  mass correct,ion 1331. 

Tab le  3 
The  total cross section for e+e- -+ p+p- and e+e- 4 hadrons 

for hfz = 92 GeV, mH = 100 Gel’  and 
two values of mt (all corrections  included, values from  Zsha.pe). 

I I 1 I 
e+e- + p + p - 

92.095 90.732  93.755 2.607 1.464 230 
92.094 90.751 93.728 2.567 1.453 90 

eSe- -, h,adrons 2.56’7 30.054 92.095  90.770 93.709 
2.601 30.23s 92.097 90.751 93.736 I 

In  Table 3 are  listed  the  position  and  the values of the  maximum of the cross  section  and 
the half maxima. for two  values of the  top  mass.  The  dependence of the  maximum position 
J s G  on  the unknown  model  parameters mi , r n ~  is insignificant (< 2hIc.V). This is 
important for the  experimental  determination of hfz , which  is required to be free of model 
assumptions.  The  width is sensitive to  the  top mass:  the  resonance  becomes  broader b ~ ’  
40 MeV going  from mt = 90 to r n t  = 230 GeV;  the  half-maxima of the cross  section  are 
farther  apart for muons  than for hadrons.  This is due  to  the  one-photon  exchange. which 
is proportional  to Q i  and  hence  more significant  for muons  than for ha.drons. 



The change of the unpolarized  cross  section  with  the  top  mass is too  small to be  mea- 
surable (0.8%). But polarized  cross  sections  are  much  more  sensitive to  the  top  mass. as 
is shown  in  Table 4. The effect of a heavy top  mass is measurable  absolutely,  though  the 
relative  measurement  with ALR = ( U L  - U R ) / ( O L  + O R )  will be  much  more  sensit,ive to m f  , 

Table 4 
Unpolarized  and  polarized cross sections for E . + € -  --$ p+p- a.nd M z  = 92 GeV 

(all  corrections  included, values  from Expostar) 
4 

m t  ALR OR OL u 
GeV nb nb  nb 

I l l  90 1.468 1.720 1.216 
230 1.468 3.781 1.155 

QED  radiative  corrections. 
QED  corrections  consist of those  diagrams  with a n  estra photon  added to  the  tree level 
diagrams,  either as real  bremsstrahlung  photon  or  virtual  photon  loop. QED corrections 
depend on experimental  cuts  and  hence on the  details of the  esperiment.  The  aim will he 
to  understand  QED effects  sufficiently well and  correct,  the  experimental  data such that  the 
results  can  be  presented  with QED effects  removed. 

The contribut.ions to  QED correct,ions  are  initial  state  radiation, final state ra.diat.ion 
and  the  interference  between  initial  and final state  radiation.  The final state  radiat~ion ( 3 . 7 )  
is negligible as long as only loose cuts  are  applied.  The  same is true for the interference 
term.  But  both  contributions  can  become of order few percent if tight. cuts  are  applied [ 3 3 ] .  
Initial  state  radiation lowers the  center-of-mas  energy  and  introduces  huge  corrections. 
Around the 2" peak the  radiation is limited by the 2' width  and  therefore  dominantly  soft. 
Soft radiation  does  not  change the helicity state of the incoming  electrons (or positrons)  and 
has  therefore  negligible  influence on the  beam  polarization.  Although  considered not very 
interesting  with  respect  to t,he underlying  theory, a lot of attention  must be given to QED 
radia,tive  corrections for practical  purposes.  Three  roads  have  been followed to  calculate 
these  corrections: 

0 exact  second  order  calculations [34], 
0 structure  function  approach [35] and 

0 soft-photon  exponentiation [36]. 

Examples of the corresponding  analytic  calculations or Mont'e  Carlo  generators  are ZSHAPE 
[37], EXPOSTAR. [29] and MOE [38], and YFS2 [39], respectively. ZSHAPE has been 
adopted as the analytic  calculation to which other  analytic  calculations  and hgonte  Carlo 
generators  are  compared  to  judge  their reliability. The Monte  Carlo  genera.tor YFS2 is 
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considered  as the  potentially  best  Monte  Carlo  generator  because  it  produces  multiple  photon 
final states. For more  extensive  reviews of existing  programs  see [26]. 

The effect of QED radiative  corrections is summarized in Table 5. The  main  features 
itre a decrease of the peak  height by approxima.tely 

a shift of the peak  position by 

and a shift of the half  maxima  positions t.o higher  values. An approximate  analytic  formula 
for the QED corrections  exists  t,hat is. to  within 0.4%, a good approximation I O  the line 
shape  in  the region ( M z  - 3rz. hfz  + r z  ) [ 181. 

Table 5 
Effect of QED corrections on the line  shape 

decrease of shift of half maxima shift of peak 
process 

(hie\') (hie\') (Me\') by factor 
A&+ A&- position peak  height 

e+e- -, p+p- (nr)  
112 60 432 0.740 e+e- + hadrons (n r )  
112 50 448 0.745 

4. Asymmet.ries of the 2" cross sect ion 

4.1. DEFINITIOK OF ASYMMETRIES 

For  simplicitmy we will introduce  the  asymmet,ries on the Z pole  and at. lowest older. 
The  asymmetries  are  simple  combinations of the fermionic  coupling  constants up  to  small 
terms x (I'z/Mz)2 coming from pure y excha.nge. The ingredients in all  expressions  are t.he 
combinations 

A, is equal to the  "natural  polarization of t,he 2")' and A f  is the polariza.tion of the final 
state fermion. 



At the 2” peak the differential  cross  section  is 

where c = cosd is the angle  between the incoming E- and  the  outgoing  fermion f.  P, -  (PC+)  
is the  longitudinal e- (e+ )  beam  polarization. 

The first  expression  in the curly  bra.ckets is the unpolarized cross section.  Without po- 
larization  only the  combination of production  and  decay  vertex ( A , A f )  can  be  measured via 
the forward-backward  asymmetry of the different,ial cross section.  The second  expression 
in the curly  brackets is present  only for 1ongit.udinally  polarized beams.  They give access 
to   the couplings at  the  production  vertex ( A ,  ) and  the decay  vertex ( A f  ) separat.el3.: t h e  
normalized differenc.e of the cross  section  taken  with left- and  right-  polarized electron 
beams  measures A,  ; the  normalized  forward-backward difference of the polarized  part of 
the cross  section  measures A f  . 

Table 6 
z -+ Jf vertex  factors 

cv = I 3  - 2Qsin’O~~ 

Family 

ve, v p ,  v r , .  - 
e-,p-,r-, . . .  

U , C , t . .  . 
d , s ,b  . . .  

Before  discussing the  asymmetries, we will examine  the  asymmetry  factors A f  in more 
detail.  The  vertex  factors  and  their values are  listed  in  Tables 6 and 7.  The asymmet.ry 
factor A,  is small for the electron  family (e, p ,  7 )  due  to  the  small  vector form  factor C ~ J .  

lArl is much  larger for the u-family and is  close to  one for the d-family:  going  from the e- 
to u- to d- family  the helicit,y properties  become  more  neutrino-like.  This  simply reflects 
the fact that the influence of sin2Bw  decreases  with  decreasing  charge. For the  salne reason. 
the e-family  is  very  sensitive to sin26w , whereas the  d-  family is an  order of magnitude 
less sensitive,  though  its  polarization is very  large  (Table 8). Fig. 6 illustrates  t.he different 
behaviour of the  asymmetry  factors. 
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Table 7 
Values of the 2 + ff vertex  factors  (sin28W = 0.23) 

vertex  factors asymmetry helicity  factors 
Family A f  C R  C L  C A  C\/ 

U 1 1 
2  2 
- - 0 1 -1 

e-  -- 
2 -0.04 

-0.307 0.693 L 2 0.193 U 

-0.160 0.46 -0.54 
-0.673 

d -- -0.347 -0.937 0.1.53 -0.S-17 

0.4 

0.2 

0.0 

mlrl 

Figure 6.  The  asymmetry  factors for quarks and  lepton  families  e. u ,  d as function of 
the t.op mass and for three different  values of the 2' mass (from  Expostar). 

Table 8 
Sensitivity of the vert.ex  factors Af to sin2Bpv 

sin'8w = :(I - 6) 

Without  beam  polarization  the  only  asymmetry  that  can  be  measured is the  forward- 
backward  asymmetry , 



Table 9 
Sensitivity of A i B  = $AeAf to  sin20&. and  sin28L 

~ A F B  = $[AfdAe + A , d A f ]  (sin20ct. = 0.33) 

sensitivity to overall  sensitivitl, 
production  vert,ex I decay  vertex 

Family dsin'th 
I 

I l5- I 
11 

5.70 7.49 0.1 1 d 
4.49 5.38 0.61 

* 

With  polarization  several  additional  asymmetries  can  be  explored: 
The left-right  asymmetry , 

the forward-backward  asymmetry  with  polarization, 

and  the  forward-backward  polarization  asymmetry 

( 4 . 2 )  

The above  equations  use  the  generalized  polarimtion P and  the  polarization of t.he 2" 
boson, A z .  

4.2. MEASUREMENT ERRORS OF THE  ASJ'MhlETRIES 

Statistical  errors. 
The detector  geometry  and  the  accepta.nce of trigger and reconstruction  limit,  the  events to 
a polar  angular  region [cos191 5 x. The  number N of a.cc.epted events is then, using the cross 
section (4.1),  

x (3  + 22) N (  (cos291 5 x) = No 
4 



The variance of the  asymmetry  measurement A is 

Variance(A)  = -(1 - A ? ) .  1 

N 

Smaller  measurement  errors  can  be  achieved  when  the  analytic  form of the  angdar  distri- 
bution  is  assumed  and a moment  analysis or log likelihood fit is performed [40]. 

If the  asymmetry A is  derived  from the experiment,ally  measured  asymmetry Ae*p 

1 6 k  9 then Variance(A)  = -(1 k? ,q; - A2)  + ( - ) - A 2 .  
k 

In the list. of examples below, k may  be  a  factor  due t.o accepta.nce. 
F ( r )  = 4 ~ / ( 3  + r 2 ) ,  or the degree of longitudinal  electron bean2 polariza.tion, 
P = -PC- or the  product of both: 

The effective  number of events  becomes k 2 N .  The  quantity k 2 / ( l  - A') may  be  considered 
as "figure of merit"  in  the  case  that, A is small. For a large  number of events A-? becomes 
the "figure of merit". In the case of limited  acceptance,  the  effective  number of events for 
forward-backward  asymmetries is Nerr = & N o .  The  error  on  the  acceptance  function 
F, ( 6 F / F ) ,  enters as well in (4.6), but is less important for a small  value of the  asymmetry. 
Typical values  for the  acceptance  function F and  the effective number of events  are 1ist.ed i n  
Table 10 . They  clearly  demonstrate  the  importance of the  endcaps.  In  t,he  case of b-quarks. 
the effective  number of events is in  a.ddition  reduced b!. a factor of - 2 due to  mixing (1 
mixing  parameter). 

Systematic  errors of the  asymmetries. 
Errors due  to  background processes. 
For the  measurement of the left-right  asymmetry  to  reach  the  ultimate  accuracy of 
~ A L R / A L R  = 176, contributions  from  production  channels  other  than €+e- + 2, -/ -+ .rf 
have to be 5 1%. A moderate  cut on the  total visible  energy (to reject  2-photon  processes) 
and  the  rejection of Bhabha  events  should easily achieve  this goal. 

3 

Backgrounds  are  more  severe for the measurement of the forward-backward  asymme- 
tries , where the final state  fermion  and  its  charge ha.ve to  be  identified.  Ba.ckgrounds are of 
four  types: 
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Table 10 
Typical values for the  accept.ance of SLD 

detector A’/A’o I F(x)  I Neff/.A’o C O S I ~ ~ ~ ~  

Calorimetry 0.970 0.990 0.951 0.98 
Drift  chambers 

loose  track  quality  cuts 

0.611 0.802 0.393 0.70 Vertex  detector (2 2 hits) 
0.791  0.913  0.660 0.85  tight  track  quality  cuts 
0.927 0.974 0.879 0.95 

CRID particle ident,ifica.t,ion 
barrel 

0.970 0.990 0.951 0.9s barrel + endcap 
0.589 0.786 0.363 0.68 

same  asymmetry,  same sign charge; 
same  asymmetry,  wrong sign charge; 
different  asymmetry,  same sign  cha.rge; 
different  asymmetry,  wrong sign charge. 

Assuming that  deviations from the  standard  model  are  small,  one  can  cafculate the 
fraction of background that is acceptable for the  aimed-at  accuracy in the asJmrnet,rJ. 
measurement.  Such  an  analysis  has  been  performed  in [41]. 

Qther  error  sources. 
Errors due  to  the accuracy of the polar  angle  measurement.  should  be  negligible for p’s and 
7’s. For quarks AFB is  modified by QCD effects by ~ A F B ( Q C D )  5 4% (more  details  below). 

For polarized  beams, the luminosity difference  from bunch  to  bunch is expected to  be, 
on  average,  negligible. The correlation  between  position  and  energy of the  beam part.icles at  
the  interaction  point  leads  to  a  correlat,ion  between  position  and  beam  polarization. Beam 
polarization  changes  rapidly  with  deviation from the nominal  energ)-. Ape-  - co..:(y5(li:). 
The energy  spread  within  one  lmnch is expected to  be A E / E  = iO.2%. . Precise  head-on 
collisions of the  beams  at  the  interaction point are  therefore  important,  to avoid offsets and 
errors in the polarizat,ion, that  are  not  detectable by the hl0ller and  Compton  polarimeters. 

4.3. MEASUREMENT OF THE ASYMMETRIES A N D  THEORETICAL UNCERTAINTIES 

We discuss now the  measurement of the asymmetries in more  detail. 

The left-right  asymmetry . 
The jewel  among the  asymmetries  is  the  lefbright  asymmetry ALR which is the normalized 



difference  between the polarized  cross  sections, 

The measurement of ALR could well  1ea.d to   the most.  precise  test of t.he  standard  model . 
dong  with  the  measurement of M w . To arrive at, a  sta.tistica1  error of 3 .  ahout 3 .  lo5 
events  are  required. 

A few general  remarks  are  relevant, which will be followed by a  more  detailed  discussion. 
ALR is much  larger  t,han AFB and  therefore less prone  t,o  syst,ema.tic  errors. It. is very  sensitive 
to sin’0w , ~ A L R  N -86sin’Bw. It  is independent of the final state  and  therefore all the 
hadronic final states  with  their  large  production  rat.e  can  be  used.  The  energy  dependence 
of ALR is small  around  the  peak,  hence  the effect of QED radiative  corrections is small. For 
symmetric  detector  acceptance A L R  is independent of the  experimental cu t  (cosdl 5 x, tvhich 
can  be  different for different.  final state species. The  normalization  should not introduce any 
error as the  number of electrons  per e -  bunch is independent of polarization at SLC. A 
discussion  in  more  detail follows. 

Theoret.ica1 uncertainty. 
The total cross  section is subject  to  large QED corrections. For the left-right  a.s~-lnrnetq. 
the  situation  is  much  more  favourable. At, the peak  t.he dominant  Z-exchange  term  leads  to 
ALR = A ,  , independent of the final state.  The  photon  exchange  term  contrihut.es differently 
to ALR depending  on  the final state,  but  this effect amounts  to O(( I ‘ z /A fz )?)  and is thus 
below the  planned accuracy. 

Initial  state  radiation  smears  the effective energ3. and  raises  the energ3- of minimal sensi- 
tivity to a slightly  higher  value M z  + 224 hlei’,  about, 130 hie\' higher  than  the  maximum 
of the cross  section ( M z  + 94 MeV) [33]. The  asymmetry is practically  unchanged  at  the 
energy of minimal  sensitivity  as long a.s only  t.he initial stat.e radiation is taken  into  accolmt. 
The  addition of the  pure s-channel  photon  contribution  changes the  asymmetq’  depending 
on  the final  stat’e  species. However a  sizeable  fraction of this effect originates  from final 
states  with a very  hard  photon.  This  contribution is easil3- eliminated by a rather loose cut 
on the phot.on  energy (IC 5 0.9) [33]. The difference  between  different  final sta.tes is still  small 
enough at the peak  such that all channels  can  be used to  measure A L R  . The contribution 
from  the 2 - y interference  cannot  be  neglected away from the peak  and  predictions for the 
asymmetries  depend  on  the final state (Fig. 7) .  

A potential  limit for the  interpretation of ALR follows from the uncertaint.y in  the 
hadronic  vacuum  pola.rization.  The  error 6Ar ,  eqn. (2.3) corresponds to an error EALR z 
0.003. This  should  be  compared  with  t,he  possible effect. of the variation of the Higgs mass 
from 10 to  1000 GeV, 6A,, (Higgs)  - f0 .009 [9]. 



Figure 7. Influence of inif.ia1 state  radiation  on A i R  including  the  one-phot.on  exchange 
The arrow indicates  the  energy of minimal  sensitivity  (from 1321). 

In  conclusion, the  dependence of ALR on the final state (or the  uncertainty on how to 
correct  for i t )  is below the  measurement  accuracy of A L R  . The  measurement of A L R  should 
be  performed  about 130 MeV  above the peak  value of the cross section. 

Experimental  error. 
The  experimental  error  on  the  left-right  asymmetry is (4.6) 

Fig. 8 shows the error as function of the  number of detected 
of the  measurement  error of the  polarization, 

2” events  and for two values 

6P - =5% (hlsller  Polarimeter)  and P 
6P 
- =I% (Compton  Polarimet,er). P 

Msller  and  Compton  polarimeters  are  installed  in  the  elect,ron  beam  extraction  line 
of SLC. The  measurement by the  Mdler  polarimeter, which detects  the  beam  elect,rons 
scattered  from  magnetized  iron foils,  is limited by background  from  electron  sca.ttering on 
the  iron  nucleus ( A P  x &2% ) and by the accumcy  with  which the magnetizat.ion of the 
iron  can be determined ( A P  X *2% ). Compton  polarimetry, for  which  polarized  laser 
light is scattered  on  the  electron  beam,  is  expect,ed to be  limited by the accura.cy of the 
measurement of the laser  polarization (1%). The  measured  asymmetries  are  much  larger 
for the  Compton  polarimeter (2 75%) than for the hloller  polarimeter (2%) [21]. With 
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ber of events  used.  The  corresponding  uncert.ainty  on s i n 2 b  and on the mass 
of the 2" is also  shown.  The  expected  precision  on  sin2&  from  a  measuren~ent 
of the  muonic  forward-backward  asymmetry  with  zero  polarization is  shown 
for comparison. 

2000 2" events  the A L R  measurement gives a  better  result  than  the  existing  determination 
of sin28w  from vN scattering (R"). Once M z  is  precisely measured ALR can  be used t,o 
put  limits  on  the  top  mass  (Fig. 9a). Sixni1a.r limits  can  be  extracted  from h4w~ (Fig. 9h) .  
Fig. 10 illustrates  the  sensitivity of ALR and Mw to  the  main  unknown  parameters: m i  

and ma , once M z  is  known. It clearly  shows that  the  information  from M w :  and A L R  are 
complementary  and that the  measurement of ALR is not  an  alternative  to  the  measurement 
of Mw . ALR is the  quantity that may  be  most  sensitive to the Higgs mass,  once  the  top 
mass is known. 
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The forward-backward  asymmetry AFB 
0 

j g d c -  J %de 
Aezp 

FB = z 0 
-I 

J %de+ J %dc 
0 --z 

A few general  remarks  are  relevant.  The  forward-backward  asymmetry  (also called  charge 
asymmetry)  depends  on  both  the  elect,ron a.nd the final state fermion  couplings, see eqn. 
(4.2).  The  asymmetry is small  because A,  is a  small  number. 

The  experimental  value  depends  on  the  acceptance.  About  an  equal  amount of informa- 
tion  comes  from  t,he  endcap (29 < 40') and  the  barrel (29 > 40") regions of the  detector.  The 
charge of the final state  has  to  be  determined, which restricts  the  number of useful decay 
channels or dilutes  the signal  through wrongly  tagged channels. AFB is a  rapidlj.  varying 
function of fi and is therefore  strongly modified by initial-st.at,e QED radiation.  the effect 
of which has  therefore to  be very  accurately  determined.  The  unavoidable  uncertainty on 
M z  ( f40MeV)  will,  for  the  same  reason,  limit  the  accuracy  on AFB to  0.25%. Compared 
with the case of ALR the  sensitivity  to  sin28w is small; for quark final states AFB is mainly 
sensitive to   the electron  coupling at  the  production  vertex,  see  Table 8. 
AFB with  quarks as final  states. 
For quarks as final states  the  quark  direction is infered  from the  jet  axis or the  thrust axis. 
The ra.diation of gluons  changes the original  quark  axis  and  dilutes the  asymmetry. The 
QCD corrections  are of order crS/r ( plus  additional  mass  terms  that  are  negligible for light 
quarks)  and  reduce  the  asymmetry, 

(4.8) 

The fa,ctor k reflects the  dependence on the  algorithm used to determine  the  jet  axis [42]. 
b quarks  are of special  interest for two  reasons:  They  can  be efficiently  tagged and  t'he 

asymmetry  factor Ab has a value  close to 1 with  small  dependence on sin2Bh.,  (see  Table 8). 
This  makes  the  b  quark  channel  an  analyzer for the elect,ron  vertex. For a tagging efficiency 
of 20'% the  rate of accepted  b  decays is 35% of the  total cr0s.q section,  comparable to the rate 
of 2 + p+p- , but  the  measured  asymmetry AkB - :Ae x 0.93 - 0.084. is much  larger than 
the  asymmetry  measured  with  muons, AFB = iA,,4,  = 0.011. The sensitivity to sin'611. is 
6AkB = 5.6 6sin28w. Assuming t,hat  b-quarks  are  tagged  through  the  semi-leptonic  decays 
of B-hadrons, the  mixing of neutral B's reduces the signal to A i B  = (1 - 2x),4$B. is 
the averaged  mixing  parameter, X = 0.12f0.05 [43]. If we assume  that 2 is known i n  future 
to lo%, then  the  error  contribution  from  mixing  becomes 

b e r p  

which  is  small  compared to  the  expected  measurement,  error.  The  effective  number of events 
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Figure 11. a) Dependence  on sin20rz; for ALR , A F B  and AkB (including QCD correc- 
tions  and  mixing). Also shown is the  combined  uncertainty  from QCD and 
mixing [17]. b) Dependence  on  sin2& of .4FB measured with polarization 
( 'Pe- = f0.45 and f l ) .  

is (1 - 2 x ) 2 N  - 3 N .  The  importance of AkB at nmchines  without  polarization  has  been 
stressed in (171. Fig. l l a  shows AkB and  the effect of mixing in comparison  with A$B and 
ALR 
AFB with  polarized  electron  beams 
With  polarized  electron  beams  the 2" polarization is under  the  control of the  experimenter 
and  much  larger values of AFB can  be  achieved  (Fig l l b ) ,  

A,  = 0.11 A Z  = -t = -0.53 f o r  Pe- = -0.45. 
1 + A,?,- 

= 0.33 f o r  P,- = 0.45. 

With increasing  beam  polarization  the  sensitivit.y  to  the  decay  vertex  increases,  whereas  the 
sensitivity  to  the  production  vertex  decreases  until  it  vanishes for P,- = f l .  In the realistic 
case,  where < 1, the  asymmetry will still  depend  on  both,  the  initial  and final state 
couplings. It is obvious that AFB becomes a much  more powerful tool  when  pola.rization is 
available. 



The forward-backward  polarization  asymmetry A$$ 
One  can  simplify the above  situation by defining  (for  every  final state  species) [41] 

At the Z peak  these  asymmetries  measure  the  couplings of the final state fermion f to the Z. 
and  are  thus  complementary  to  the  left-right  asymmetry . This  indicat,es  a  rather  unbiased 
way of testing  electron-heavy  lept,on ( p , ~ )  universality.  In the case of t,he T 1ept.on the 
same  information  can in principle  be  obtained  from  a  measurement of the T polarization: 
the forward-backward  polarization  asymmetry . however. makes  use of the full statistics 
of 7 pair  production  and  does  not  require  assumptions  about  the  charged  current  couplings 
of the r .  

A;: has a very  smooth  dependence on fi near  the Z pole.  Similar to A L R  , QED effects 
that result,  in  an effective  shift of the center-of-mass  energy  should be of no  relevance.  This 
has  been  confirmed by [29]. 

Weak corrections  (vertex  and  oblique)  contribute to  the renormalization of the final state 
couplings but  do  not  introduce  any  dependence on the  initial  sta.te  couplings. The oblique 
corrections  can  be  simply  related at   the Z pole to  the  corresponding  oblique  corrections of 
the left-right  asymmetry . This 1ea.ds to  expressions 191 

showing that in the case of quarks  these  corrections  are  relati\.ely  much  smaller  than i n  the 
case of leptons.  One  can  redefine  asymmetries that  are  a  combination of -4,5~ and 
A$$ , which  are  independent of oblique  corrections  and  are  specially  interesting to probe 
for  physics  beyond the  standard  model [45]. 

The  hadronic  uncertainty (2.3) due to Ao is totall!. negligible [13], 

6 ( a ) ~ ~ ,  Po1,b 1 . 10-4, ~ ( ~ ) A P O ’ J  FB - 1 . 10-3 .  

Strong interaction effects will occur  in Ai$’’ when f is a quark, 

AF$(q) + AF$(q)(l  - IC:). 

The correction  is  indeed  similar to   the  correction (4.8) of AFB and  the  same discussion as 
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Figure 12. The energy  dependence of A F B  (polarized  and  otherwise), A;: . and A L R  
for  several  final state fermions.  Note  that  the  forward-backward  asymmei  ries 
are  much  more  sensitive to   the center-of-mass  energy  than  the  left-right 
asymmetry  and  the  forward-backward  polarizat.ion  asymmetry . 

in reference [42] applies. 
Fig. 12 summarizes  the  main  features of the various  asymmetries  consjdered:  theil 

magnitude,  their  variation  with  beam  polarization  and wi th  energy. 



5.  r Polarization 

2 -+ T+T- is the only 2" decay for which the spin  polarization of the final stat'e fermion 
can  be  measured. For quark final stat,es,  even for heavy  quarks,  t.he  helicity of the original 
quark is lost in the process of hadronization [46]. The  average T polarization is 

The degree of the spin  polarization of the T- as a  function of the polar  angle is, at  the 2" 
pole (see eg. [47]), 

( A z  as in (4.4)). The average T polarization is due  to  the  coupling of t'he 2" t,o the T and 
is independent of the  beam polarizat.ion. The  asymmetry of the T polarization is due  to 
the  polarization of the 2' and  depends  therefore on the  beam  polarization  and  the "na tura l  
polarization" of t.he 2" , A ,  . The  asymmetry of the T polarizat.ion  increases  significantl?. 
with the  beam polariza.tion. 

The degree of T polarization  can  be  measured by the  moment,um  distribution of its 
decay  products  (see  eg. [2]). The normalized  energy of a given  decay product is  defined  as 

E d e c o y  u = -. 
&I2 

The average ii is a linear  function of the T polarization 

The  best  suited  decay  mode for the  measurement of P, is the T --$ 7rv decay  as  can  be seen 
from  Table 11 that summarizes  the values for uo and u p  for different  decay  channels. 

A ,  can  be  extracted  from  the  normalized  energies,  avemged over I cos 2 9 1  5 x, 

(5.1) 
-2 

The difference of the energies  averaged  over  forward  and  backward  directions  measures the 
2' polarization A Z  and  hence -4, , 

where F,(z) < 3 is a geometry  factor.  The T polarization is low in the backward  hemisphere. 
In the analysis of [48] it was therefore  proposed to exclude  part. of the ba.ckward hemisphere 



Table 11 
Parameters of the average  energy  distribution 

of the T decay  products [(5.1)] 

Decay  mode uo 1 U P  

0.35 -0.05 

(cost9 < -0.35). This  increases the sensitivity to A, by about a factor of 2 at. the expense of 
loosing  50% of the  events. 

5.1. QED AND QCD CORRECTIONS 

7 polarization  changes weakly with the center-of-mass  energy . The  direct influence 
of the  initial  state QED radiation is therefore  negligible [4S]. 

Final  state QED radiation  has also little  influence  on the T polarizat,ion  because it '  is 
dominated by soft  photon  radiation.  But  both  initial  and final radiation lower the energy 
of the T and  therefore  soften  the T decay  spectrum.  Final  state  radiation  from  the T or the 
decay  particle is responsible for the bulk  (75%) of the  distortion of the energy  distribution. 
To eliminate  part of it,   the  extreme energy  values  have  been  removed  by  cuts  in the analysis 
of (481, which reduces the correction of Pr to  6Pr = 0.013. 

The 2 + T+T- decay is potentially a very  interesting  decay  because  it allows one  to 
measure A, , which contains  the  top  mass  dependence  and A ,  , where  this  dependence is 
not  present.  The T- decay  contains  in  addition  information  on  the M' - T coupling, which 
is not well known. But 2 -+ T+T- suffers from low statistics  such  that it is difficult to 
make  important  improvements  in the knowledge of the weak parameters  with less than lo5 
produced 2" 's (Table  12).  The  situation  can  be  s0mewha.t  improved  when  the T direction is 
reconstructed  in  (1-3)-prong  events,  using  the  3-prong  vertex  and  the  precise knowledge 
of the interaction  point [49]. 

Table 12 

Mpawrement accuracy tha t  can be achieved  with lo4 or 10' 2" events 



6. Conclusions 

Longit,udinally  polarized  electron  beams will be an  extremely  valuable  tool in measuring 
the elect.roweak  parameters at   the 2' . They allow significant  measurements  with a factor 
of 5 to 10 less statistics  than would be  needed for measurements  without  polarizaiion.  The). 
allow a full  and  precise  determina.tion of the  fermion  couplings  without  further  assumptions 
about the standard  model . Measurements  with  longitudinally  polarized  beams  are  more 
sensitive  and less prone to  systematic  errors. 

lo4 events allow already  measurements of sin'8wt- tha.t  are  bett,er  tha.n  existing  measure- 
ments,  but  the  advantages of polarized  beams will become  significant  with  statistics of the 
order of lo5 2' events (Table 12). 

Tagging of quarks will be  important, especially  tagging of b  quark  events.  The  endcap 
regions of the det.ect,or will play an  important role for t,agging; the  larger  the  polarization of 
the electron  beams,  the  greater  this  importance will be. 
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Abstract 

The role of the QED radiative  corrections at the 2' energy is briefly  reviewed. 
Although i l ~ ~  and  the  other  polarization  asymmetries  are  rather  insensitive  to  these 
corrections,  measurements of 2' (un)polarized cross section(s), of Bllabha  rates in 
the  luminosity  monitors  and of other  asymmetries  require a good  understanding of 
QED effects even if polarization is available. We also  overview  the  various  Monte 
Carlos  that  have  been  developed in the  last few years  and  are  available in order  to 
implement  these  corrections in the  experiments. 



1. Introduction 

When a high  energy  electron collides with a high  energy  positron  and  the  two 
annihilate,  both  particles,  traveling  at  about  the  speed of light in the  other  charge 
field,  undergo a strong  acceleration  and must emit  electromagnetic  radiation. i.e. 
photons.  Due  to  the  emitted  radiation,  the  energies of the  incoming  particles  are 
modified: if the cross  section  rapidly varies with  the  c.m.  energy,  like  in  the  vicinity 
of a resonance,  the  effective  annihilation cross section will be  correspondingly  modified 
and  the  resonance  shape  distorted. 

These  basic  facts  have  important  implications  on  the  precision  measurements 
that will be  performed at the 2' to  test  the  validity of the  Standard  Model: in 
order  to  compare  the  experimental  results  with  the  electroweak  predictions  one  must 
carefully  take  into  account  the QED corrections.  It  turns  out in fact,  that  these 
corrections at the 2' are  much  larger, - 30%, t,han  the  electroweak effects. O( l%) ,  
one is int,erested  to  measure.  It  then follo\vs that  accurate QED predictions  are  badly 
needed:  otherwise it will not be  possible  to  perform  precise  electroweak  measurements 
at  the Z o .  

The size of these  corrections is intrinsically  dependent on the  experimental  char- 
acterist,ics like the  acceptance or the  cuts  applied to remove  the  background:  when 
detailed  predictions  are  needed,  only  a  Monte  Carlo allows one  to  take  into  account 
these effects. 

In  the  last few  years,  the  needs of 2' physics  have  motivated a lot of work on QED 
radiative  corrections (RC): more  precise  calculations  have  been  made  available  and 
implement,ed  in  Monte  Carlo  programs,  reaching a much  better level of accuracy  than 
before.  In  this  paper we summarize  the level of understanding of the RC problem: 
we will approach QED RC from  the  experimentalist  point of view,  briefly  discussing 
their effects on  some of the  quantities  that will be  measured  at  the 2' energy,  both 
with  and  n-ithout  polarized  beams. 

2. QED RC at  the 2' energy 

The  fact  that  each  annihilating e+e- pair  radiates  before  (and  after)  the colli,' SlOI1. 

translates  to  the  fact  that  t,he  higher  order  corrections  to  the  Born -level Feynman 
diagrams  (Figure 1) cannot'  be of O ( a )  but  must  be  much  larger. For a long time  it 
has been 1inon-n' that  their  size  depends on  how stringent is the  request  to  measure 
the exclusive  cross  section e+e- -+ ff wit,hout  photons in the final state 2 - 4 .  

e I C I 

Figure 1. First  order  Feynman  diagrams for the reaction e+e-  - if. 
85 



I 

In a "gedanken"  experiment  with  infinite  energy  resolution.  these  corrections  are 
large  enough to cancel  exactly  the  first  order  result,  that is: the  strictly  exclusive cross- 
section is zero.  However,  realistic  experiments  cannot  count  photons, in particular soft 
photons': in fact a given  experiment,  due  to  its  finite  angular  and  energy  resolution 
and  limited  acceptance,  can  only  measure  the  inclusive  cross-sections for e+e- + 
f J'+ (unknown number  of)^. Each  experiment will then  measure a different  inclusive 
reaction  and  the  comparison  between  the  various  measurements  can  only  be clone 
using QED calculations  that  take  into  account  the  experiment'al  cuts. 

We can  write  the  one  loop  radiatively  corrected  result  (Figure 2) in  term of the 
maximum  photon  energy that the  experiment  cannot (or will  not!) resolve: 

where = ,B + --( 3 - i )  arises  from effects due  to  the 7:irtual photon c l o ~ ~ d s  and 

account  the  real  radiat'ion: in the  case  where no cuts are applied  this  term is eqllal 
to zero  but  can  be  very  large if X:,,, << Ebeam and  can  even  drive o1 negative! 

3 CY l r 2  

9 = " ( 1  ~ , og+ - 1) is the so called  "Bond"  factor '. The  logarithmic  term  takes inro 

[ 11 

Figure 3. O ( n )  corrections to the  Born crcc!: section. 

In  addition  to effects due  to  the  esperiment.al  cuts, at t.he Z!' there is an  intrinsic 
cut  due  to rz, leading  to  a  large  correction $'log% - -38%: due t,o the  rapidly falling 
cross  section, it is very  unlikely to  emit.  near  the 2'. photons  having  an  energy larger 
than - half of the  width! -At the 2' the  t,erm 61 = +S.TSi;.  and then  the  minimal 
correccion  (without  esprrimental  cuts)  that  one  should appi;. :o the Born term is 
about -30%. 

Higher  order  corrections  are  also not negligible if one  aims  to  reach (I 1% 
experiment.al  accuracy:  the  second  order  corrections  are  still at the level of + A %  



mainly  due  to  the  real  photons'  contribution.  It  has  been  shown4  that,  in  the limit. 
IC,,, << Eaeam (good  approximation in the  case of the Z0) ,  it is possible  to  take 
into  account  the  emission of real  photons  by exponent iat ing their  contribution.  In 
fact  it is possible to  write  the  total cross section  in  the  form: 

r 1   r 1  r r 
(7 = ~o(l+~l+S~)(l+pzog-+-~2zog2-+-p310g3-+...) + a o ( l + S 1 + s z ) i &  

2E 2! 2E 3! 2E 
1 9 )  \ " I  

where we neglected  small  terms of order lod4 due  to  third  order  virtual  contribut.ions. 
One  should  note  that  the  resummation  done in Eqn. 2 takes  care of the disease of 
the total cross  section  becoming  negative if kmaz  << Ebeam: now the  total cross 
section  smoothly goes to zero if very  stringent  cuts  on  the  visible  photon  energy 
are  applied.  Equation 2 takes  into  account only soft phot~ons  and  the  hard  photon 
contributions  (true O(CY"),  n = 1: 2 terms)  must  be  added  through  explicit  calculation 
of the relevant  Feynman  diagrams.  as is done in  Ref. 7 for the O(a')  correction  to 
the  initial  state. 

The  result of Eqn. 2 has  been recentl;? generalized  taking  into  accomt  the 
exponentiation of both  initial. final and  interference  contributions.  including also 
collinear  hard-photon  effect,s  resummed  to all orders.  Excluding  the  hard  photon 
emission.  the  accuracy of this  prediction is.  in the  case of the  total  and  differential 
cross  sections, of the  order of 0.5%'. 

Another  approach to exponentiation  makes  use  the  structure  function for- 
malism  developed for QCD13. With  this  formalism it is possible to  include in the 
calculation also most of the  leading  contributions  due  to  hard  photon  emission:  the 
accuracy of these  calculations is very  good: at  the  level of 0.3%" and  this  technique 
appears well suited for use  in a Monte  Carlo  generator15.  One  should  note  that effects 
due  to  interference  between  initial  and final photon  emissions  are  not  (yet)  taken  into 
account in this  approach.  In  Figure 3 are shown the  results of the  calculation for the 
normalized  total  cross-section  made in Reference 12: from  the  figure  the  relative size 
of the various  contributions  can  be  appreciat,ed. 

A t,hird  approach16 to the RC problem ma!;es use of the  (esclusivej  esponen- 
t,iation fol!owing the YFS4 theory.  The result, is a very  accurate  description of RC 
treating on equal  grounds  both  the soft and the hard  part of the  photon  spectrum: 
its  implementation  in a Monte  Carlo17 is particularly effectiT-e. and gives the  best 
available  simulation of multiple  photon  effects,  including  the  correct  angular  and 
momecturn  distributions. 

The interference  between  initial  and final state  photon  emission deserxyes a spe- 
cial  comment.  There is a general  argument  suggesting  that  these  effects  should  be 
small  when  running  at  the  peak  and  without  applying  strict  energy  cuts.  The  finite 
2' lifetime (T - $--) lets  the  initial  and final states  be  separated in time. Gix-en that 
interference is a quantum effect goxTerned by the uncertaint;.  principle l E A /  2 1 .  if 
the  u:lcertainty  on the energy of the  iI~termediare Z o  state. JIZ. starts  to he c:orn- 
parable or smaller  than I'z. because  of  experimental  cuts.  then  the  initial  and h a 1  
states  are no longer  distinguishable  and  interference  effects  are  important. As Ive \vi11 
see  in  the  following,  due  to  t,he  antisymmetric  nature of the QED interference conec -  



Figure 3. a ( e + e -  - hadrons) calculated  using  the  structure  function  formalism of 
Ref. 12. Dashes - Born cross section; dots - O ( a )  corrections:  dotdashes - O(a2) ;  solid - 
O(a')+esponentiation. 

tions,  this  fact  has  important  consequences for the  measurement of forward-backward 
asymmetries  (much less in  the  case of total cross sections),  and  it is not  yet  properly 
taken  into  account  in a Monte  Carlo  treatment. 

The  above  list of calculations is clearly  incomplete,  but  the  bot,tom  line  should 
now be sufficiently  clear: a number of accurate  calculations  on QED RC are avail- 
able,  and  their  predictions for the  total e+e- + ff cross  section  (even  with  some 
experimental  cuts)  do  agree  within a fraction of a percent.  When  calculating differ- 
ential  cross  sections,  as  in  the  case of the  forward-backward  asymmetries,  the e x i s h g  
predictions  are  less  accurate  because of QED interference effects. often not, included 
in  the  calculations:  at  the 2' peak  these effects are  small  but  can  become  important 
when  the  esperimental  cuts  are  taken  into  account. 

3. QED versus  e lectroweak RC 

In  the  previous  section, we discussed  only  photonic  corrections to the lowest ordrr 
Feynman  diagrams. However.  in the unified electroweal; theory.  all  gauge bosons pia;.- 
a  similar  role  and  should  be  treated on equal  grounds. For example,  corrections to  
the lowest  order  coming  from  diagrams  where  virtual/real  photons  are  emitted  form 
virtual W's, should  in  principle  be  included in the  calculation.  Similar  diagrams 
appear  in  the  complete  electroweak two - loop corrections.  but  such  a  calculation 
does  not  exist  (and  probably wi l l  not  exist for a. while.  because of its  complexity). 

It is fortunate  that  these effects are  small  at  the 2' energ: (e.w. gauge boson. 
other  than  the  photon  have  masses 2 :Z.Iz) and  it is possible  to  neglect  them"!  This 
will not  be  the  case  at  higher  energies. 

It then follows: that   at  tihe 2" it is possible to treat  the  large  photonic  corrections 
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independently  from  the  pure e.w. corrections.  This  has  important  consequences on 
the  implementations of RC in the  experiments:  one  can  develop QED dresser l lon te  
Carlos  to  take  into  account  experiment-dependent effects and  correct  the  data for 
efficiency and  acceptance,  without  bothering  to  include  in  the  generators  the  e.w. 
effects. These  may be taken  into  account in an  experiment-independent way at  later 
stages of the  analysis;  the  overall  accuracy of the  theoretical  prediction is expected 
to  be  better  than 0.5%19, 

4. Experimental  implementation of QED RC 

In  this  section we give  some  examples of the influence of experimental  cuts on 
the size of RC.  Cuts  are  unavoidable in an  experiment for two main  reasons: 

1. limited  angular  coverage 
2. background  rejection. 

One  may  be  surprised  to  find  that also  in the  case of simple final states like 
e e  + - ---f Zo + p+p- one  should  apply  cuts  to  eliminate  the  background. In  Figure 4 
we see that  in  order  to  eliminate  the t - channel contamination  t,hat is very  large 
at  low p-pair  masses, we must  apply  a  cut  on pz ,  which will affect the way the RC 
influence the  data.  This is illustrated  in  Table 1 where we  list partial  widths  and 
cross  section  changes,  as the cut  on  the  dimuon  mass is varied  from m,, 2 1 to 
2 82 GeV/c2. If very  severe  cuts  are  applied,  then  the p+p- cross  section  changes by 
-6%, or about 0.5 u families;  the  result of a direct  measurement of the  tvidth is one 
order of magnitude less sensitive  to  this  cut.  Similar  arguments also apply for other 
cuts  like  the  minimum  azimuthal  angle  cut  due  to  the  acceptance of the  apparatus 
or the  acollinearity  cut  between  the  two  particles  in  the  final  state. 

Due  to  interference  between  initial  and final states:  the  influence of cuts on 
is much  more  important.  Table 2 shows the effect of a  cut  on E-, . the  radiated energ:-. 
on the  measured  value of A:B: one sees that for low energy  thresholds  the  corrections 
due  to  the  interference  term  can  he  larger  t,han  the a.symmetry. The resu!ts presentecl 
in Table 2 were  obtained  semianal>-tical  calculations:  a satisfactor:: Jlonte Carlo 
approach is not  yet  available. a,nd it is clearly  needed if we wa.nt to measllre 

Another  example of the  importance of RC is the case of A ; " [ .  It  has been  shonn 
in Ref. 23 that  the  corrections  to -4io, are very small ( 2 1  2.:3% j .  as one  expects  from t h c  
fact  that .4;01 = . ~ L R :  the ani!. problem is that  esperiments  do not measure direct!?. 
this  quantity,  but  they  extract  it  from  the T* energy  distribution.  The r * s  do  radiate 
photons,  and  their  energy  spect.rum is modified  accordingly:  this efftxt changes the 
prediction by 22% (no  cuts on E-;).  about  three  times  the exprc:ed experimental 
error! 

The onl?- n-Yay to proper!:,- sirnulaIe  these  effects in the t.:<i)ei'i!:lt':l: i b  !j>. illcall 01' 

a Monte Carlo. As we have  shown in the  second  section. varioils formalisms  exist  to 
compute RC to  the  Born  result: it is then not  surprising t h a t  different a.lgorit!Im.; 
have  been  developed t,o perform  1Ionte  Carlo  simulat,ions. 
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s' (GeV') + 
Figure.4. p pair  invariant mass distribution for different  contributions to the  reaction 
e+e-  + p+p- + X! above  the Zo ( d s )  = 100 GeL'). 2+3 and 4A correspond to 
s - channel contributions  (signal), while 4D ( t  - channel) and 4BC (s  - t interference)  
are  spurious  contributions ' O .  

Table 1. Influence  on  the  line  shape of a cut  on m:, . 20 

Although  the goal of these QED dresser is the  same: that is to simulate  the 
experiment-dependent effects due  to RC, and  the  agreement  between  them is increas- 
ingly  goodz3,  the  strategies  that  are used  in the  algorithms  are  often  very  different. 
Examples of two  very  different  approaches  are  the  cases of XlOEl'and J7FS217(or 
KORXL-Z24 that  also treats  the case of T pair  production).  In  thf. fir.:  cit.s(: the 
formalism of the  structure  function is used to  simulate  iterativel? t h e  eslission of' 
(many)  photon(s)  from  the  part.icles in the  initial  (final)  state,  while in the second 
the rigorous YFS theory is used in the  generation  algorithm.  Both  programs  are ahle 



Table 2. Initial,  final  and  interference QED corrections to AFB for  different photon 
energy  cuts  (units 10-2)~~. 

to  produce  multiple  real  photons. whichis important  to  simulate  subtle  experimental 
effects: MOE is the  fastest  Monte  Carlo  generator  available  but YFS2 is more ro- 
bust  from  the  point of view of its  theoretical  foundations. Howex-er. given  their good 
agreement  with  the  existing  analytical  calculations  (better  than 1% for the p-p- 
total cross section),  the choice to use  one or the  other is probably a matter of taste. 
Other  Monte  Carlo  like DYMU225 and FPAIR26 use  the  available O(CY’) exact cal- 
culation  in  the  initial  state  and  are  useful for cross  checks  because  one  knows  exactly 
which  terms  are  included in the  Monte  Carlo. 

The  situation is different  in the case of angular  distributions.  Given  the  impor- 
tance of the  interference  between  photon  emission  in  the  initial  and  final  states in the 
case of the  asymmetries,  one  absolutely  needs  a  Monte  Carlo  including QED inter- 
ference. A multiphoton  Monte  Carlo  taking  into  account  these effects  would then  be 
extremely  welcome in the club! 

Before  leaving  this  section, we must  spend  a few words to discuss the  situation 
in  the  Bhabha  sector. precise  knowledge of the  Bhabha cross vction is needed for 
at least  two  reasons: 

1. small  angle  luminosity  measurement 
2. accurate  measurement of . r e r  27 

In  the  first  case  one need O( l%)  accaracy in the vert. forn-z.,:.c! direction. ~ v h e r e  
the t - chan,nel dominates:  while in the second  case  one  need a “v 3 le7;el of 
accuracy  at  larger  angle  where  both  the t - channel and  the s - c!)annel contributes 
to   the cross  section. 

The  studies  performed in the  case of small  angle  Bhabhas. sh(>T:; a good agr(mmc.!:r 
( E  1%) between  existing O ( a )  lfonte  Carlos.  in  the  simplilied ca>c where symmet:.ic, 
angular  cuts  are  applied 2 3 .  The first  order  corrections  and  the effects of exponextia- 
tion  have in this  case a small  influence  when  simulating  esperii:lental effects ( rna in l t .  



edge  effects). The  situation is less clear if asymmetric  cuts  are  applied.  However,  in 
order  to  calculate  the  absolute  normalization  one  needs  to go above  the first  order. 
For  these  purposes a multiphoton  Monte  Carlo  like BHLUM12' (YFS algorithm). 
should  be  very  useful. 

Much less  work has  been  done  at  larger  angles  where  one  could  measure  with 
high  precision % through  the  Z/Bhabha  ratio.  The  existing U ( a )  calculation  and 
Monte  Carlo2'  are  not  sufficiently  accurate.  The  analytic  formulae of Ref. 8 contain 
the  exponentiation of all  large  contributions  including  interference  effects,  both for 
soft and  hard  collinear  photons:  however, a Monte  Carlo  including  these  formulae is 
not  yet  available.  Our  group  started  recently  to work on  this  subject,  with  the goal 
of developing  a  large  angle  Bhabha  Monte  Carlo in the  next  future. 

5 .  QED RC and  polarization 

When e -  polarized  beam  are  available, QED  RC corrections will still  be  impor- 
tant  when  measuring  the  luminosity  and  polarized  cross-sections.  However, as shon-n 
in Ref. 30. it is possible  in  this  case  to  define  clever  observables  (polarization asym- 
metries)  that in addition  to  being  very sensit ive to  the E&- virtual  corrections  are 
also very insensi t ive  to  QED (and QCD) RC. 

The  basic  reason for that  is that  photon  emission is insensitive  to  the  electron 
polarization: ALR and  other  polarization  asymmetries  are  ratios of cross sections 
where  only  the  electron  spin is flipped.  In  addition, at the  peak A L R  is independent 
of the  properties of the  final  state,  including  photon  emission.  The effect due  to  initial 
state  radiation is simply  to  smear  and lower the effective energy of the  annihilation 
as  shown  in  Fig. 5. The  presence of the  photon  propagator  (the yZ interference  term 
is zero at the  resonance)  induces a small  flavour  dependence of A L R  (Figure 6) that 
can  significantly  be  reduced  by  suitable  cuts  on  the  visible  photon  energy.  Similar 
arguments  also  apply for other  polarization  asymmetries like .4,,. 

It' is then  very  fortunate for SLD that the most. important  measurements wit11 
polarized  beams  are  almost  insensitive  to QED (and QCD) R,C! 

f 

6. Conclusions 

In  this  paper we discussed  the QED RC to various  measurements performeci 
at  the Zo energy.  The  understanding of RC has improved  dramatically in the last  
few years?  and  at  least for the cases  where  initial-final  interference is negligible. the 
agreement  between  the  different  predictions  and  Monte  Carlos is now very  good. 

However,  progress  needs to  be  made  in  at  least  two  areas: 
0 Monte  Carlo  implementation of the  interference  between  initial and f i n a l  

states,  important for asymmetries  other  than . 4 ' f ) ~ ~ :  
0 analytical  and  Monte  Carlo  development  on  large  angle  Bhabhas:  importallt 

for the  measurement of and (at high  statistics) for t.he  overall  cross-sectioll 
normalization. 
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Figure .5. Influence of the  inital  state  radiation  on - -ILR> excluding  the  contribution of 
the  photon  propagator . 31 

I " '  1 

Figure 6. Effect of the photon  propagator  on 
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Precision  measurements of electroweak  observables 
and testing of the  Standard  Model 

R. BATTISTOS 

Abstract 

We  discuss to  what  extent  the  measurement of various  physical  observables  at 
the Zo peak will test  the  Standard  Model,  with  two  parameters  still  unknown, M t 0 ,  

and M H ; ~ ~ ~ .  In  particular we concentrat,e on the role of i l ~ ~  and Tee/rz. We show 
how a precise  measurement of ree/I'z corresponds to  an  accurate  test of the  Standard 
Model that  is independent of the value of the two  unknown  masses.  This  variable is 
also  useful to  disentangle po < 1 from M t o p .  

Presented  at the SLD Physics Retreat. July 31- .August. 4. 19S9. IGrkwood.  Ca 

9 6  



1. Introduction 

One of the most  important goals of 2' physics  is the  accurate  test of the 
electroweak  part of the  Standard Model. A precise  measurement of the 2' mass 
(6Mz/Mz N= 20 + 40 M e V )  will reduce  to  two the number of unknown  quanti- 
ties  still  present  in  the  model, Miop and M H ; ~ ~ ~ ;  the  test will then  correspond to 
the  exploration of this  two  dimensional  parameter  space. Unless the Higgs is light 
(5  50 GeV/c2) ,  we will not  be  able  to  produce  these  particles at the Zo, and  the 
measurement of their  masses will only  be possible through  virtual effects  affecting 
the physical  observables  (electroweak  radiative  corrections).  These  corrections  are 
rather  small:  the  more precise the  measurements of the physical  observables. the 
deeper will be our understanding of the validity of the  Standard Mode!. It follon-s 
that the following question  can  be  addressed: given the  expected  experimental  accu- 
racy,  what will be  the  ultimate precision  in the  test of the  minimal Shil with  two  free 
parameters ? 

In  this  paper we try  to answer  qualitatively  this  question. M'e overview  both  the 
sensitivity  and  the  (ultimate)  experimental  accuracy of many  physical  observables 
that will be  measured in the  next few years  and  discuss the  rather  extraordinar?, role 
that  three of them will play  in the high  precision test of the Shl: . ~ L . R .  ree/Tz. and 
Mw (or Mbv/Mz).  The consequences for the physics  with the SLD detector  are also 
discussed. 

2. Electroweak  physical  observables  and  the  test of the  SM 

Table 1 lists the  main electroweak  physical  observables that will be accessible 
to the  experimentalists in the  next few years. The second  column  in  Table 1 shows 
the  minimal ( P O  = p t r e e  = 

Mtop = 100 GeV/c2  and M H ; ~ ~ ~  = 100 Gel/*. 3 - 1 1  

In  order  to  evaluate  the sensitizlify of each  observable S to  the two ilnlino\:-n 
masses ( M t o p  and : ~ . I H ; , , ~ )  we calculated  the  theoretical  uncertainty. ~ 5 5 ~ h .  that is 
the difference  between the  estreme values that X takes  when _ I f t o p  and A \ f ~ l g , q S  var>- 
between 60 and 200 GeV/c2 and  between 10 and 1000 GeV/c' respectively  (column 
2 and 3 of the  table). .Also the corresponding  esperimental  error is reported: co1111nn 
5 and 6 show the precision  a.lready  obtained while  column T and S give the best guess 
about  the  ultimate  accuracy  the  experimenh will reach in the  nest few years. 

The ratio  between  the  experimental  error  and  the  theoretical  uncertainty gives an 
idea of the role  each  variable will play  in the test, of the Skl. That is shown  in collm1n 
9: a large  value of the  ratio (>> 1) indicat.es  variables  that will  ha.ve a  sufficient1~- 
good  experimental precision to measure .\Jtop and/or  On  the  other side. 
small  ratios  indicate  quantities  that will test the Shl with a precision  of the order of 
their  relative  experimental  error,  independently  from  the  exact  value of the unknown 
masses. 

.vl; cos2ew = 1) S3I prediction 1 . 2  for -112 = 91 Ge\-/c'. 
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Table 1. Measurement of electroweak  observables and  the  test of the  Stan- 
dard Model: the SM predictions  (column  2)  correspond to Mz = 91 Gel;, 
Mtop = 100 GeV, M H , ~ ~ ~  = 100 GeV. 

A& 

40% 0.05 0.13 A;* I 

6.8 6% 0.005(") - - 38% 0.034 0.089 A6FB 

3.6 11% 0 . 0 o W )  - - 40% 0.025 0.063 ACFB 

4.7 &E 0 . 0 o W )  - - 3&% 0.034 0.0&9 A5B 

2.5 16% O.OIO(ll) - - 40% 0.025 0.063 A b  

30% 0.0035(6' - - 60'% 0.009 0.012 3 I 

ALR 

3 gz 0.010'6) - - 
40 17 0.0013(6) - - 40%! 0.05 0.13 

-4s one  can  see  from  the  Table.  one can classif>- the  observabies  in +J\-CJ categories. 
depending  on  their  sensitivity: 

To  the first  category  belong all  t,he  asymmetries:  their  relative s e n s i t i r i f y  is 
large.  However.  in  most  cases. the  experimental  accuracy  t,hat will be reached  (often 
after  many  millions of ZO's),  will not ,zllow one  to  exploit all :he sensiti\-i:.- avai1aI)Ie. 
It follo\vs that these measurements :viil only  represent O(lO'?,j tests of the SJI .  This 
is less true for A $ B :  the  experimental  error  on ,4gB quoted  in  Table 1 comes  from 
a study of the DELPHI Collaboration  and  depends  on  the  b-tagging  capability of 
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the  experiment.  Due  to  its  superior  vertex  detector  and  particle  identification. SLD 
could  eventually  achieve a better  result. 

The  important  exception  to  the general  behavior of the  asymmetries is repre- 
sented by A L R ~ ’ ,  which exhibit  an  extraordinary  ratio of 40 between  its  sensitivity 
and its ultimate  experimental  accuracy. In addition  this  ultimate  accuracy  can  be 
reached  with  relatively  small  statistics;  in  fact  after  only - lo5& the  statistical  error 
is already  dominated by the  systematics on the  beam  polarization. As one  can see 
from  a  comparison  with  all  the  other variables listed  in  Table 1 A L R  is  really the 
”queen”  not  only .of all  asymmetries  but also of all  observables. That is the reason 
why ALR is the  most  important measurement, of SLD at  polarized SLC. 

To the  second  category  belong all 2’ (partial)  width(s)  and  branching  ratios 
and also  two other observables  included in the  table  but.  not  measurable at  SLC. 
Mrv ( k f ~ ~ / M ~ )  and R:. Again, most.  observables  in  this  category will have  an  error 
comparable  with or larger  than,  the  theoretical  uncertainty:  their  measurements will 
then  correspond  to O( 1%) tests of the  minimal SA1 tha.t  are  independent of - I f t o p  and 

One  exception is the  case of Mrv: in fa.ct: at LEP I1 it will be  possible  to 
measure  the W mass  with  an  accuracy  about  one  order of magnitude  bett’er  than at 
the colliders (there  one will measure  with good accuracy M J ~ / M ~ ) .  If \viii 
be  measured  with  this  accuracy:  its value will be  very  sensitive  to  the un1;non.n 
parameters of the SM. When  high precision measurements of both ALR and L’MZ are 
available,  they will  give the  most  accurate  limits  on  both Mtop and M H ~ ~ ~ ~ .  Figure 1 
shows what  this  result  could  eventually look  like. 

w Y i g g . 9 .  
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The case of ree/rz deserves  particular  comment:  as we have shown'', in SLD 
it will be possible to  measure  this  quantity  with  an  accuracy  limited  only by the 
statistics  available ( < 1% -or < 0.15 v families-  with - 2 . 105Z0). The  ultimate 
experimental  limit is probably  in  the  range,  and  it  matches  the  corresponding 
theoretical  uncertainty. It then follows that an  accurate  measurement of this  quantit2- 
will allow a test of the SM that is independent of Mtop and M H ~ ~ ~ ~ ~  at  the level 
of precision.  This is probably the most  accurate  parameter-independent  test, of the 
SM that will be  available  in the next few years.  Figure 2 illust,rates  this by showing 
the hypothetical  result of combined high  precision  measurements of both ree/I'z and 
of A L R .  The figure shows clearly that the e+e- branching  ratio is very  insensitive 
to the unknown  masses, at the level of accuracy. 

3.40 
< t t 1 a t v a 1 + 1 + t 1 1 1 n t  

3.38 - i 

p,=o.99 - . - . a  M,=91.17 

- D . B . ~ - - . - .  
d - .  - .  

100 " o , , . . " T '  / 
200 p o = l  

. . .o 

LJ u ' Y '  
--a - 

L? 
\ 
La 

c 

3.36 - M,=60 80 - 

- 

0.1 0.12 0.14 0.16 

Am 
Figure 2. Hypothetical  result of the  combined  precise  measurements of -4LR ( u  = +15%) 
and of ree/I'z ( u  = *O.l%). We  used M Z  = 91.17 Geb-/c?, po = 1 and M H l g g s  = 
lO(dots), 100 (full)  and 1000 Gef.'/c' (dashes).  The  case po 0.99. - \ I H ~ ~ ~ ~  = 100 Ge\,/'c? 
is also shown  (dotdashes).  The  error  bar corresponds to bL\fz = &20 z\J~\ . /c3 

From  Fig. 1 it  appears  that, when an  asymmetry is combined  with -1111, (o r  R: 
high top masses  can  counter-balance  the effect of deviations from the minimal SA1 
charact,erized by po < 1. The use of the e+€-  branching  ratio. which is sensiti1.e 
t,o the  vertex correct.ions13 to t,he bb decay of the 2". \vi11 be  extreme!!- ~ f ~ i  IO 

disentangle  the  two  effects, as  shown  in Fig. 2. 
As shown  in  Table 2 the e+€- branching  ratio is the  best  physical  observable for- 

this  purpose:  due  to  larger  experimental  errors,  both rz, r b b  and  the  other  branching 
ratios will be  (much) less sensitive  to p < 1. 

3. Conclusions 

In  this  paper we have reviewed the role of the various  electroweak observahlt~.~ i ~ !  
testing of the S M  wit,h two  unknown  parameter: LL!tol' and - 1 l ~ i ~ ~ ~ .  The most  accuratc 
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Table 2. Sensitivity of electroweak  observables to  po 

I RO, 0.31 0.008 

r , , ( M e V )  - 1.6 1 82 

ree/rz(10-2) 0.003(10) 0.007 3.364 

0.012 0.0035(6) 

0.03 0.0013‘6) 

A;*, 0.03 O . O l O ( 6 )  

constraints  on  these  masses will come by the  future  measurements of ALR and -14~1, 
(LE,P 11) or Mw/Mz (SPS,TEVATRON) combined. The  measurements of the  other 
asymmetries will in  general  contribute  only  marginally  to  the  test.  The  importance of 
the  role of a measurement of AkB will crucially  depend  on  the  experimental  capability 
of efficiently tagging bb events. 

The precise  measurement of the e+e- branching  ratio will allow the most  ac- 
curate  test of the Shis that is independent of the values of hltop and L U ~ i 9 g 3 :  in 
addition it will be very  important in order to disentangle -71top from deviat,ions  from 
the  minimal SA1 with po < 1. 

In  conclusion,  with - lo5 polarized  events, SLD will have a unique possil>ilit~- 
to  contribute  in a decisive way to  the  test of the Shl. In addition  to  the  accurate 
measurement of the  ”queen” of the electroweak  observables. A L R ,  the good angular 
coverage of the tracking  system will allow a precise  measurement, of r r e / T z  and H 

correspondingly  good  parameter-free  test of the SM. Finally,  using a superior  vertex 
detector and an excellent  particle  identification  system, SLD should  also  be  able to 
perform a good measurement of AgB even  with  limited  statistics. 

I thank A .  Blonde1 for a ride from Brighton to  Paris. during which I learned a l o t  
about  the  subtleties involved in the  test of a two  parameter SA.1. I thsllk also B.F.L. 
Ward for drawing  my  attention  to  the plans to  improve  in  the  future  the  measurement 
of AgB at LEP. 
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High-precis ion  measurement  of rz in SLD using  large-angle  e+,- events  

R. BATTISTON, M.  P X U L U Z Z I ,  L. SERVOLI A N D  A .  SANTOCCHIA 

Dipartimento d i  Fisica  and  Sezione I-VF-V 
I - O G l O O  Perugia.  Italy 

Abs t rac t  

The accuracy of the  measurements of the 2' width  at SLC will be limited by the 
error on the  normalization from the  small-angle  luminosity  monitors  at  the level of 
a few per  cent. We show how the  measurement of large-angle e+e-  events  produced 
near to  the 2' pole will enable  a  much  more  accurate  measurement of I'z or ree /rz  
to  be  made by SLD, as soon as the  integrated  luminosity is  larger  than - 1 pb- l .  
This  measurement is free  from  most systematic errors affecting the  other proposed 
techniques. Using this  method,  the  expected  relative  accuracy on ree/I'z after - 
2.4 IO5 2' is - 1 lom2 (1.5 - lo-' neutrino  families),  with a systematic  limit which 
is about  one  order of magnitude  smaller. 

Presented by Michele Pauluzzi at  the SLD Physics Retreat, July 31- August I, 
1989, Kirkwood. Ca 



1. Introduction 

One  important physics  goal of SLD is the  accurate  testing of the validity of 
the  Standard Model of electroweak  interactions, looking for the presence of new, 
unexpected  physical effects. 

After a precise  measurement of the 2' mass  is  available,  precise  measurements of 
other  physical  quantities like the 2' width  and  (un)polarized  asymmetries will help 
the  understanding of the  particle  content of the  theory  and of the role of s in28w.  
The more  precise the  measurements of these  quantities,  the  deeper will be  our  un- 
derstanding of the validity of the  Standard Model: it follows that every effort should 
be  made  to  reach  the  best possible  accuracy. However it is foreseeable that, in many 
cases, systematic  errors will fairly quickly dominate over statistical  errors,  thereby 
setting  the  limit  to  the  ultimate precision. 

The case of the  measurement of the 2' width is very instructive. 
It  has  been  shown' that,  after - 4 pb-l the  statistical  errors  on rz, obtained in 

the fit of the  line  shape using dimuons, will be < 15 -Vel;', while the corresponding 
systematic  error,  mainly  due  to  quadratic  terms in the  uncertainties on the luminosity 
measurements  across  the  resonance, is expected  to  be in the  range of a few tens of 
M e V ,  thus  dominating  the overall error.  Similarly  the  measurement of rz through 
the  determination of ap+p- at  the peak will be  affected by an  error of about 2 - 3%, 
again  due  to  the  uncertainty  on  the knowledge of the  luminosity  measured by the 
small  angle Bhabha  detectors.  Finally,  the  measurement of the invisible 2' partial 
width,  both at the peak  and  above,3 will also  reach a similar  level of precision. 

In  this  paper we show how, at or close to  the  peak,  the  study of the reaction 
e+e- + e+e- at large  angles  may give precise information on the 2' width.  The 
basic  idea is the following: the large  angle e+e- events  are a mixing of 2' + e+e- 
decays  and t - channel large  angle  Bhabha  scattering, plus contributions  (small at 
the 2' peak)  due  to various  interference  terms. It is easy to  show that  in a detector 
like SLD, covering the region  above 0 21 13", the 2' and  the y contributions  are 
about  the  same. By  choosing suitable  variables,  it is possible to build  luminosity- 
independent  quantities  that  depend  on  the 2' propagator  and  then on rz. As soon 
as  the  integrated  luminosity is larger  than 1 pb-' the  statistical  accuracy on rz 
starts to be  better  than 2%, the typical  systematic  limit of other  methods using the 
luminosity  measurement. 

The variables we use are  ratios of e+e- rates  measured  within  the  same  detecting 
device so that  systematics  due  to  detection efficiency tend  to cancel. In  addition,  the 
error  induced by the  uncertainty on the  absolute  scale of the  c.m.  energy can  be 
made negligible  by running at energies  very  close to  the 2' peak. To  exploit  fully 
the  intrinsic  accuracy of this  method, i t  is important  to  understand  the size of the 
QED radiative  correction  to  the variables we introduced: we show how an  accuracy 
on  the  radiative  corrections of a few should  induce  an  error  on rz smaller than 

In  fact,  it  turns  out  that rz or Tee/rz can  in  principle  be  measured  with  an 
ultimate  overall  accuracy of one  part in after - 10' 2' . The  accuracy  that  can 
be  obtained is then  one  order of magnitude  better  than  with  other  methods discussed 
in the  literature. A nice  feature is that one  needs  only to  run  at (or very close to)  the 
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peak:  thus,  this way of measuring l?z with  high precision takes  advantage of the  total 
luminosity delivered without affecting other  measurements that need the  maximum 
available  statistics. 

This  method  can be used at SLC only by SLD, because of the need for accurate 
electron  tracking  in  the  forward regions (above N 13"), that is not possible  with the 
MARK I1 detector. 

2. The e+e- cross sect ion at the 2' peak .  

The differential e+e- cross section,  calculated  from the  four  Feynman  diagrams 
shown  in  Fig. 1 , contains  ten  contributing  amplitudes:  due  to  the  presence of the 
diverging t - channel the  total cross section  depends  strongly  on the  minimum  an- 
gle, O m i n  chosen  in the  integration.  Figure 2 shows the lowest order  total cross 
section  together  with  the  ten  different  contributions for the case Omin= 1.5". Un- 
less otherwise  specified. we use throughout  the  paper  the following S l I  parameters. 
Mz = 92 GeVfc',  sin'6\~,= 0.2290, M t O p  = 63 GeV/C1. I'z= 2.493 Gel/-. 

Figure 1. Lowest order  Feynman  diagrams for the  Bhabha  scattering.  Through- 
out  the  paper we number  the  ten  corresponding  contributions  to  the  total 
cross section as follows: #1?(s)?(sj, #2y(s )y( f ) .  # 3 - , ( t ) y ( t ) ,  # - l y ( . s ) Z ( t ) ,  
#.%y(t)Z(t), # G Z ( t ) Z ( t ) ,  # ~ Z ( & ) - ( ( S ) ,  # S Z ( s ) : j t ) .  # 9 Z ( s ) Z ( t )  and # 1 O Z ( s ) Z ( s ) .  

In Fig. 2 we note  that at the peak most of thc terms are  small or negligible. At 
the Born  level,  all  interference terms  with  the Zjs) diagram (#'7.S and 9) ,  vanish 
because the real part of the 2' propagator goes to zero. One  should  note  that 
these  cont,ributions to  the  total cross section  become  non-negligible  when we move 
slig!ltly away from t.he pole. Of the  remaining  contributions. only three  contribute 
significantly to  the  total cross section:  these  are T ( f ) T ( f ) j #  13)> Z ( s ) Z ( s )  (# 10) and 
(one  order of magnitude  smaller) r ( t ) y ( s )  (# 2 ) .  As shown in Fig. 3 , at  the pole the 
relative size of the first two terms  depends  on O m i n .  A t  lowest order,  they  are  equal 
for emin= 13": at smaller Om;,,  y ( t ) - ; ( t )  dominat,es, xhile  at larger O m i n ,  Z(s )Z (s )  
is the most  imp(2rtar;t. The -t( t)- i( . . ;)  t,erln is aln-a>.c muci; qma!ler. 

The  total cross secLion as a function of the energ>- is sl1on.n i n  Fig. for differen: 
values of O m i n .  

Throughout the paper, we show,  where  relevant. the  radiatively correct,ed  distri- 
butions  obtained using the  analytical  formulae discussed i n  Ref. 4 that  include  esact 
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Figure 2. Lowest order  total  Bhahha cross section  (labelled 15') together 
with  the  ten  contributions versus the  c.m. energy.  Dashed  lines  correspond 
to  negative  contributions  from interference terms.  Minimum  angle 1.5'. 
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Figure 3. Relative size of the cont:ibutii:g t e r m  to the total CI'O.SL; section 
at the  peak versus O m i n .  Lowest order  calculation. 

analytical  expressions for all one loop diagrams,  and soft and collinear hard-photon 
effects resumed to all orders. We use the following choice of parameters: energy 
threshold for photon  detection 3 = = lo-' and  angular rer;ol\lrion of the 
calorimeter 6 = lo. These  formulas  include all double  logarithmic terms of t.he form 
( g > ~ n ( s > ~ n ( ~ ,  e g), (:)Z~,S'Z~A. simple logs as ( : ) ~ n ( s ) ,  e ( : ) l n ( ~ .  2. 6'1, re- 
sumed to all orders and  all  finite  terms of order (z): they  are  correct  up to O(l%>). 
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Figure 4. Lowest order  Bhabha cross section  versus the  c.m. energy, for 
different  values of Onin .  For two values of B m i n  the radiativel?;  corrected 
result is also shown (dotted lines) ' 

and  are  then  useful for a first  comparison with the  Born  results. In the  paper we did 
not  include hard (visible)  photon  emission to  any  order,  in  particular  terms of order 

We may build  different  quantities that are  sensitive to  the 2" cross section, 
using the fact that t - channel Bhabha's have a different angular  distribution  than 
2' + e+e-. We investigated  four  quantities  having the above  property 5 ;  

(:>(A, 6)- 

where z = cos0, x is the e- diEerelltia1 cross-section whi i r  ci- 1s the sum of the da in' . 

differential  cross-section for e -  and e+,  and .rl = cosOl = co.iH,,,,> x 2  = cos& > 0. 
In this  analysis we use O m i n =  15'. AkB makes use of the charge measurement, of 
the final state  electrons while t,he others rely on the  use of an additional angular 
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cut  in  the  central region. All variables are  characterized  by  the  property of hav- 
ing a maximum  (minimum) very close to  the 2' peak;  they  map  the 2' shape in 
a luminosity-independent way. The size of this  maximum  (minimum)  depends on 
O1 =Omin , 02 and  on  the  ratio Z' / t  - channelBhabha, while its  location  depends on 
the 2' mass;  both size and  location  are affected by QED radiative  corrections. For a 
given variable chosen,  when running at the energy  where it reaches  its  extreme value. 
the  measurement will be  insensitive to  the error on the  beam  energy,  another  kind of 
systematic  that could affect the  measurement of the  width. 

In the next  paragraphs  the  sensitivity  that can be  reached by this  kind of mea- 
surements is discussed in greater  detail. 

3. Sensitivity  to  the 2' propagator  and  to the width. 

The  quantities defined in the previous  sect,ion, Xi(x1, x2) ,  i = A>B, R1,  Rz,  R3. 
depend  on ~ Z O ,  the  contribution  to  the cross-section relative to  the Z ( s ) Z ( s ) .  At 
lowest order: 

If we assume  the  validity of the  minimal SM, apart for electroweak  effects  depending 
on Mtop and M H ~ ~ ~ ~  (the  dependence of rz on  these  parameters is discussed in 
another  contribution  to  these  proceedings6),  once Mz is known  with  an  accuracy 
of a few tens of M e V ,  then uzo does  not depend  on  additional  parameters  (i.e. 
Fee = ree(Mz), I'z=rz(Mz) and so on). If instead  the  minimal SM is not valid 
then  the value of uzo obtained by a measurement of X i  will be different  from the 
prediction.  This  could  be  due  to  deviations for the Shl that affect only I'z (like  the 
presence of additional v's, light SUSY particles7  and so on) or the  ratio I" = & 
(like  unexpected  virtual  corrections). A precise measurement of X ;  will then provide 
a powerful way to  test  the ShI. 

If we call AV(xl) = Lt,ta(zl)  the  number of e+e- events seen by a detector 
covering down to cosOm;n= x1 after  an  integrated  luminosity L t o t ,  then  the  statistical 
errors  on the above  quantities  turn  out  to  be: 
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We note  that  these  statistical  errors decrease substantially when we accept  events 
at very small  angles  where the cross section  diverges.  However,  in that case  also the 
sensitivity to  the 2' term vanishes due to the  dominance of the  Bhabha  contribution. 
It easy to show that  the gain in accuracy on the  measurement of the 2' contribution 
when O m i n  is below N 13" is marginal: in addition,  to  exploit  this  additional  accuracy 
we must  be  able  to  control  the  systematics at the level of the (very  small)  statistical 
errors.  In  other words to perform  our  normalization we do  not need a t - channel 
cross-section much  larger  than crzo. If we decide to go to  smaller Bmin we will at most 
gain a factor fi in statistics  at  the  espense of being  far  more  sensitive to  systematic 
errors. 

The  result of our  study is that a good compromise for SLD is to use O m l n -  15"; if 
Bmin is larger than 30" then  the  sensitivity of this  method  starts  to  be  uninteresting, 
because in this way a  too  small  fraction of t - channel cross-section is collected. 

We turn now to  the sensitivit.y of X, to  the various parameters (-11~. rz and 
ree) that  appear in Eqn. 5 .  If we run  at  the energy  where the  (radiatively  corrected) 
quantity X ;  has  its  extreme value, then 3 is zero. Because of the very  similar 
dependence of Eqn. 5 on Mg and s it follows that also # will be close to zero: 
and  then we are not  sensitive to  the  error  on  the value of Mz when  doing  this 
measurement.  Assuming  the  validity of the SM, it then follow that  the  sensitivity 
to  other  parameters like sin20w, ree, rz also vanishes at that energy ( i . e . s  N 

On  the  other  hand, if the ree or I'z deviates  from the  minimal ShI predictions. 

Let us discuss the case of the  width. After introducing S*rz = l ? i f s A ' f  - 

N 0). a rZo 

the effects on X ;  may be  rather  large. 

we note  that  the  sensitivity e I 1 5 o  is weakly dependent  on when running 
at energies close to  the  peak:  the  radiative  corrections  change  its value b- a few %I. 

In Fig. 5 we show the  sensitivity  expected for X i  after 1 pb-' integrated  lumi- 
nosit,y, as a function of 8 2  for fised Bmin= 15". The following  choice of O2 optimizes 
the  sensitivity for R2 and R3: 82 = 43.7", 32" and 34.2" respectively. From the 
plot  it  appears  that  the  most  sensitive  quantity is R2(S*rz/rzlclpb-l) = 2.5 lo-') 
followed by AFB and R3 (3.1 In Fig. 5 we also show the  sensitivity  to S*rz of 

a x  sltf 3 

where we use the  ratio of p+p- (or T + T - )  over e+e- cross sections  (without  mea- 
surement of the charge  sign) in the  same  angular region.  From a statistical  point of 



view R ,  is  even better  than R2 (6*I'Z/I'Z((lpb-l) = 1.7 lov2)  but,  because R,  is the 
ratio of two  different final states, it will be  more  sensitive to  the  systematics on  the 
detection efficiencies, ee and e,, to  an  extent  that  could possibly limit  its use in a 
very  high  precision  measurement of I'z (see  also the next  paragraph).  In  Fig. 6 the 
statistical  accuracy S*I'z/rz is plotted versus the  total  integrated  luminosity.  In  the 
case of R2, after  an  integrated  luminosity  larger  than - 1 p b - l  the  statistical  accuracy 
is better  than 2.5%; the  typical  systematic  error  that affects the  other  measurements 
of the  width.  Extrapolating  to L N 3 . 102pb-' (- 10' visible 2''s) we obtain  the 
ultimate  statistical  accuracy of this  method, S*I'z/rz = S*r'&'L N that is 
equivalent to 1.5  additional  neutrino  families. 
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Figure 5. Accuracy on the  total  width versus 0 2  for the various quantities 
defined in the  test ( O m i n =  15"): (O)AFB? (1)R1, (3)R2, ( 3 ) &  and ( p ) R p .  

4. Systematics 

The  systematics  that !vi11 affect the  measurement of X, come  from  three possible 
sources 

- knowledge of the  machine  parameters, 
- u.;derstanding of the experiment 
- understanding of the  theory. 
From  Eqn. 6 to  Eqn. 9 it follows that in order  to  reach  the level of precision 

on the  total  width, we have to keep the  systematics on X; below - 5 . 

a) Machine  parameters  (luminosity,  beam  energies). 
A strong  point in favor of the use of the variables we introduced is that, being 

the  ratio of cross sections  measured  within the  same  detector.  they  are  luminosity- 
independent  quantities. 

.I 10 
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Figure 6. Statistical  accuracy on the  measurement of the  total  width as a 
function of the  integrated  luminosity  with Omin= 15" and 0 2  as discussed in 
the  test: (O)A",, ( l )RI ,  (3)R2, (3)& and ( p ) R p .  

The  dependence of R2 on the  c.m. energy is shown  in  Fig. 7.  The  maximum 
value of R2 is very close to  the pole  for the choice of O m i n  and 02 discussed  above. 
The  distance  between the maximum  and  the pole A E  = fi - Mz is 100 MeV 
at lowest order  and  becomes 150 M e V  after  the  radiative  corrections  are  applied. 
When  running  at  that  energy,  the  systematic  error  on  the  beam  energy,  that would 
otherwise severely limit  the  accuracy of the  width  measurement,  can  be  substantially 
reduced.  Recalling that the  radiative  corrections  move the peak of the p+p- cross 
section by N 100 M e V  above the 2' pole we note  that  this  requirement does not 
affect significantly the 2' production  rate. A simple  calculation shows that: when 
running 150 h1eV above  the pole, the error  induced by a systematic  uncertainty 
li$ = 50 MeV(25MeV) is SR2/R2 N S*Tz/T 2: l.10-3 (2.5 lo-*). We would like 
to  stress  the  importance of running where R2 (or X, )  takes  its  extreme  value; as  soon 
as we move  from this  energy by  few tens of M e V  (the  machine  energy  resolution) 
the sensitivit.y to  the  width is dominated by li&. We note  that in the case of R, 
this  requirement  on AE has  significant  consequences on  the cross section  collected. 
In  this case the  radiatively  corrected AE is much larger 2 600 MeV: by running  at 
that energy, one would then loose 'v 30% of the  total cross  section 

The above  arguments  apply for all X i :  they  are  insensitive  to  the two  main 
sources of error  that affect the  direct  measurement of the  total  width,  i.e.  the sys- 
tematic  error  on  the  luminosity  and  on  the  beam  energies. 

b) Experimental  parameters  (detection efficiency, charge  measurement. O m i n ,  

In  order to  measure  the  ratio of two cross sections we must  correct  the  number of 
two-photon  background) 



Finally,  suitable  cuts (for instance  on e+e- acollinearity or invariant  mass)  must 
be  studied to reject  two  photon  events  where  only  two  electrons  are  detected  in  the 
detector. 

The case of R, deserves further  study:  from  one  side  this  quantity  has  the 
best  statistical  sensitivity  but  from  the  other side the  systemat,ics  on  the  detection 
efficiency do  not  cancel  and could limit  the precision on  the  width  measurement. 

c )  Theory (QED, QCD  and electroweak radiative  corrections). 
As one  might  expect, QED radiative  corrections  play  an  important role in the 

precise  measurement of the  width. A detailed knowledge of QED  corrections is im- 
portant  in  order: 

- to build  an  accurate  QED  Monte  Carlo  needed  to  correct  the  measured value 
of R2 (Xi) for  experimental effects, (for instance  detector  acceptance  and effi- 
ciency  effects); 

- to obtain  the  radiatively correct,ed  predict.ion for R2(-Yr).  As we see from Fig. 7 .  
both  the  location  and  the size of M a a : ( R 2 ( f i ) )  are modified 15-ith respect  to 
the Born  prediction; 

- to  take  into  account  the effects on I'z(I '~)  due  to final state  photon  radiationg. 
Also the electroweak  and,  more  importantly,  the  QCD  corrections  to  the  widthg. 

have  to  be  applied before the  resulting I'z (I") can  be  compared  with  the  minimal 
SM prediction. A more  accurate  measurement of as would also improve  the  ultimate 
accuracy  on  the  width:  in  fact  the  present  uncertainty lo induces on error on l?z of 

In  order  to  fully  exploit  the  sensitivity of this  measurement,  the QED radiative 
corrections  must  be precisely  known. If we try  to  extrapolate  the  results  obtained 
with  the  analytical  formulae of Ref. 4 we obtain  that  an  accuracy of 3 parts in 
on the knowledge of the QED radiative  corrections  should  induce a relative  error on 
the  width  smaller  than  This precision is what  one  could espect from a complete 
O ( a )  calculation  including  exponentiation of the  large  soft  and collinear logarithms: 
a  Monte  Carlo based on such a calculation would then  be  essential  to properly take 
into  account  the  detector-dependent  corrections. U'e are  planning  to work on this 
subject  during  the  coming  months. 

The above  results  are in general valid for all quantities we introduced. H o w  
ever the numerical  results, for instmce  the  effects of the  radiative  corrections, clearly 
depend on the  quantity chosen. In Table 1 the  main  properties of AFB, R2 and 
R, are  given,  that is the effects of the  radiative  corrections on the  location of 
M a x ( X ; )  ( M i n ( X i ) )  with  respect to  the  (uncorrected) Zo pole and on its size (6aYi/aYi), I 

the 1 pb-' statistical  accuracy on the  width  and  the  sensitivity  to O m i n  . We note  that 
the  radiative  corrections shift the position of A d u r ( S ; )  (Afin.(-Y-i))  in a different waJ': 
depending  on  the  variable:  the choice of the  variable will then  determine  at which 
c.m.  energy  the  experiment should take  data. As we have seen in this  paper,  that 
is  very important in order  to  minimize  the  systematic  error  due t,o the knowledge of 
the  beam energy. We recall that  the  formulae used in this  paper do  not  contain O(Q) 

4.6 10-3. 
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radiative  corrections  relating  to  hard  photon  emission:  the  results shown in Table 1 
must  be  recalculated using a full O(a)  calculation,  in  order  to  obtain  more  reliable 
values for AERc. 

Table 1. Properties of A $ B ,  R2, R, 

Xi X,d,g,; ,  1150 2 Ilph-’ ~ ( R C - B ~ ~ , , )  a E R C ( M e V )  A E B o T ~ ( M c . V )  
1 a,Yl 

A>B -7.7 3.1 lo-? -3.7 lov2 265 325 

R2 

5.3 lo-’ 1.7 lo-’ 10.2 600 500 RP 

6.9 lo-’ 2.5 lo-’ 4.7 150 100 

5 .  Conclusions 

In  this  paper we have shown how it is possible to  perform a precise measurement 
of the Zo width in SLD by using e+e- produced at large  angles. M;ith the  statistics 
expected  at SLC in the next few years  the  sensitivity we can obtain will be  much 
better  than  what  one  expects  with  ot,her  methods,  reaching  already  the 1% level after - 6 . pb- l  of integrated  luminosity.  This  method  can  be used  only if an  accurate 
electron  tracking  in  the  forward  directions is available  as  in the case of the forward 
drift  chambers of our  detector. We introduced various quantities  that  can  be used and 
we showed how they  are  insensitive  to  many  experimental  systematic effects. We also 
discussed the effects of the  electromagnetic  radiative  corrections  to  intermediate angle 
Bhabha  scattering,  and we concluded that a calculation of the  Bhabha cross  section 
in this  angular region  having an  accuracy of a few l ov3  is needed in order  to  exploit 
the  accuracy of this  method.  Due  to  the  importance of a very accurate  measurement 
of the  width,  any effort to improve the knowledge of the  radiative  corrections  to  the 
Bhabha  differential cross section below the 1% level, either  analytically or using a 
Monte  Carlo: is then  well-motivated. 

IVe thank  hl.Greco  and B.F.L. W’ard for stimulating discussions on QED ra- 
diative  corrections  to  Bhabha  scattering.  One of the  authors (R.B.) also thanks 
R.Barbieri for his  useful  suggestions. 
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A Test of Electron-Muon  Universality  Using 
Polarization  Cross  Section  Asymmetries. 

John M. Yamartino 

Introduct ion 

measurement of the  left-right  polarization  cross  section  asymmetry, 
ALR, to  be  measured at the SLC1 !*. This  quantity  depends  only upon 
the  electron  vector  and  axial-vector  coupling  constants v, and a,. 

One of the most precise  determinations of sin28, will come from a 

All events  (except e+e- -> e+e-) can be used giving it  a great 
statistical  advantage.  In  addition, ALR is very sensitive  to s i d e ,  

A measurement of a  similar  quantity, 

- 2vpap 4sir-1~0, - 1 

v,? + a,? 1 - 4si n20, t 8si n40, 
A, = - - 

can  be  made by a  different method (to be described)  using only e+e- 
-> p+p- events2. A comparison of A, to A e = A ~ ~ ,  or sin28, 
extracted  from A, and A, respectively, is a  test of electron-muon 
universality.  (Notation: S,2 and Se* will  be used to denote sin28, 
extracted  from A, and A, respectively.) 



Differential  Cross  Section  Asymmetries 

= M, with  longitudinal  electron  polarization  p is: 
The (Born level)  differential  cross  section  for e+e- -> p+p- at 4 s  

where  
= d( 1 r , 1, = v i  + and h, = v: + a: 

4rg sin28, 

This  is  plotted  for  various  values of p in fig. 1. 

The  forward-backward  asymmetry, AFB , as  a  function of 
polarization is given by the  following  expression. 

We  see  that  it  depends  on  both A, and A,. Because  this  quantity  is  a 
product  of A, and A,, it  is much less  sensitive  to sin28,. 

Another  quantity,  known  as the improved  forward-backward 
asymmetry, 

$9 

is only dependent  upon A,. 

We can now compare A, to A, (ALR). A, is  determined by 
measuring  the  polarization  cross  section  asymmetry. 

Where  TOTAL  refers  to  all  events  (except e+e- -> e+e-). 
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The  Ratio of A, to A, is then independent of polarization  and 
therefore  free of error  due  to  polarization  uncertainty. In addition, 
much of the  radiative  corrections will cancel. The change in A,/A, 
due  to  radiative  corrections  is  less than 1%, well below the expected 
experimental  accuracy  in  measuring A,/A,. See  table 1 of reference 
3 for  details of radiative  corrections  to A, and A, 

Precis ion 

given by 
The precision in measuring A, and A, is shown in fig. 2 and is 

AAe = ,/= 
Where Ap is the  uncertainty  in  p, N, is the  total  number of observed 
Zo's and N,, is the total  number of observed Zo -> p+p- decays 
( ~ 4 %  of Nz). The corresponding  precision  in  measuring S,2 and S,2 
is shown on the  right hand  scale.  The  improved  forward-backward 
assymetry  will  have a  small ( -3%) correction  due  to  the SLD muon 
angular  acceptance. The polarization  cross  section  assymetry  will  not 
have  any  acceptance  correction  (assuming  symmetric  cos0 cuts). 

The  resulting  precision in measuring A,/A, is given by 



This is  shown in fig. 3 for relevant  values of sin%,,,  (0.004 
increments) and p=+-0.45. 

The  ratio of A, to A, is very sensitive to the ratio of S,2 to S,2 . 
This  is  shown  in  fig. 4 and is given by 

Combining  equations (10) and ( 1   1 )  we  obtain the  expression  for the 
precision  in  measuring S,2 / S e 2  . This is shown in fig.  5. 

As is evident  from  fig. 5 a  comparison of sin20, from the 
electron and muon  couplings  at  the  level of a  few  percent will be 
achieved  with 105 20's and 45 percent  polarization. A 1% 
measurement  will be achieved with about 6x105 2 0 ' s .  
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Prospects of Tau Physics  with  the  SLD  Detector 

U . Schneeklo t  h 

Physics  topics that  can  be  addressed by studying T pair  events  can  be  divided  into 

the  study of T pair  production,  e.g.  total cross section,  partial 2' width, differential cross 

sections and various  asymmetries  (left-right,  forward-backward),  and  the T decay, e.g. T 

lifetime, T branching  fractions,  and Michel parameter. Most importantly,  the T decay 

products  can  be used for studying T production  properties, namely, the T polarization. In 
this  note, we will briefly describe  the event signatures  and selection criteria for T events at 

the 2' peak,  and look at  the T physics  prospects of the SLD detector. 

At PETRA and PEP energies it was relatively difficult to  obtain T data samples  with 

high efficiency and low background,  due  to  large  Bhabha  and two-photon cross sections 

relative to  the 7 cross section. The efficiency for selecting T pair  events varied from 6% 
to 50% for different experiments, while backgrounds were typically about 5%. The most 

important  detector  requirements were good charged  particle  tracking,  calorimetry  and 

muon  identification over the full solid angle. The signal to noise ratio is greatly  improved 

at the 2' peak.  The  background for T pairs at the 2' peak can  be  roughly  estimated by 

simply  scaling the background at PETRA energies by the  ratios of the  total cross sections. 

It is expected to  be of the  order of 1%. The rat,e of hadronic 2' decays is larger, but due 

to more  distinctive event signatures, higher  particle  and  jet  multiplicities  and  larger jet 

masses,  the  resulting  hadronic  background  should  be  small. 

The following selection criteria were applied  to 7 Monte  Carlo  events,  generated by 

using the LULEPT program of D. Stoker  and  subjected  to  the  fast  simulation  program 

of the SLD: 

1) The  number of charged  tracks was required to be  at least 2 and less than 10. 
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2) The  tracks were combined into 2 jets  (at  least one  track  in  each  jet),  and all  tracks 

were required to lie within a cone of 40' opening  angle  with  respect  to  the  jet  axis. 

3) The  total visible energy.,  including  tracks  and all calorimeter  clusters,  had  to  be 

greater  than 0.2 of the  center of mass energy. 

4) The energy  measured  in the electromagnetic  part of the calorimeter was required 

to  be less than 0.8 of the  beam energy (Eb), and  the  energy of the highest electro- 

magnetic shower less than 0.9 Eb. 

5) The  invariant  mass of all tracks  and  clusters  in each hemisphere  (jet)  had  to be 

smaller than 3 GeV. 

6) For 2 prong  events,  the  acoplanarity angle was demanded  to  be  greater  than 

10 mrad. 

74% of all T Monte  Carlo  events  passed  these selection criteria,  without rejecting 

ee und p,u events.  Applying the  same  cuts  to LUND Monte  Carlo  events,  the  reduction 

factor was 3.5 x resulting  in a background of 1%. 

It  should  be  straightforward  to  obtain  an  almost  background  free  data  sample with 

high efficiency of about 70%. We  will therefore  be  able to  do  the  same physics as  with p 

pair  events  with  similar  statistical  errors  and  slightly different systematic  errors.  This was 

covered in the  talks by T. Hansl-Kozanecka/2/ and J. yarn art in^/^/. 

Due to  its excellent particle identification  capabilities, the SLD detector is very 

well suited for studying  the T decay  properties.  One of the  most  import.ant issues is 

the so-called  missing  one-prong p u ~ z l e / ~ ? ~ / ,  which has not yet been  resolved. In order 

to achieve statistical  errors  comparable  to existing e+e- experiments, which have data 

samples  corresponding  to up to lo5 produced 7 pairs,  the  required  number of produced 

2 ' s  is IO6 to lo7  events,  because of the  small 2' + T+T- branching  fraction of about 3%. 

This will not  be considered  any further 

The  same  statistics  are needed  in  order to improve the existing  measurements of 

the charged current coupling of the T (Michel parameter).  The  sensitivity can be improved 

with  polarized beams,  as  has been  shown in a LEP  study  report/6/.  The  parameter K = 

-2gvga/(g:  + g,"), which is  linearly  proportional to  the Michel parameter K = i p  - 1, has 

been  measured by using the  electron  and muon  energy distributions  in T decays. The 



present value of K. is  0.95 f 0.19 17/ .  It  has been estimated  that  experiments  at  the 2' peak 

can get a statistical  error of 0.03  with an  integrated  luminosity of 100pb-' corresponding 

to  about IO5 7 pairs.  The  same  statistical  error  can  be achieved with half the  data sample 

(50pb-') and  an electron  beam  polarization of 50%/6/. 

The 7 lifetime  has  been  determined by several  experiments  either by reconstructing 

the 3-prong 7 decay  vertex  or by using the  impact  parameter of all  tracks.  The most 

recent world average is (3.04 f 0.09)10-13s 1 7 / .  It is interesting  to  note  that while the 

decay length e grows with 7 ( e  is 2.3  mm  at  the 2' energy) the  error  on  the decay length 

6! also increases  proportional  to y ,  because of the  small  opening angle between the decay 

products.  Thus,  the  sensitivity is to first  order  independent of the center of mass energy, 

6!(,/Z)/t(&) = constant. The T lifetime  measurement  can  only  be  improved  with  better 

vertex  resolution, which makes SLD the best  detect,or to  do  this  measurement, or with 

significantly  improved statistics. 

T Monte  Carlo  events  that passed the selection criteria  mentioned  above were used 

for  the following analysis.  Only  events were considered  where  one T decayed into one and 

the  other T decayed into  three charged  particles (1-3 topology). The cos 8 was required to 

be less than 0.7 (I cos 81 < 0.7) to ensure  full solid angle coverage of the vertex detector. 

The 3-prong decay  vertex was reconstructed by using the  vertex  finding  program.  The 

reconstructed decay length  distribution  and  the  true decay length  are shown in figures 1 

and 2, respectively. The resolution was estimated by taking  the difference of the recon- 

structed  and  true decay lengths, see figure 3, since the  present version of the vertex  finding 

program does  not yet provide  the full  error  matrix.  The  sigma of the  distribution is 0.72 
mm, resulting  in a relative  error of st/! = 0.32. This is  considerably  better  than  the 

errors achieved by present  experiments, which have st/! values from 1.6 to  3.9. Scaling 

the relative  error of the MARK I1 7 lifetime measurement at PEP by the rat.io of the 

AlARIi II/PEP/'/  and SLD impact  parameter  resolutions,  the  expected  error is 0.3, n.hich 

is in  agreement  with  this  analysis. 

The  statistical precision of the T lifetime measurement is given by: P = - -, where 

N is the  number of reconstructed vertices. The required number of vertices  reconstructed 

in  the SLD is 100, in  order  to make a measurement of the  same precision (3%) as the present 

world average.  Taking into  account  the 7- brmching  ratios, 0.25 for the 1-3 topology, and 
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the vertex  reconstruction  and event selection efficiencies, also 0.25, the required number 

of produced 7 events is 1600, corresponding to 50,000 produced 2's. It  should  be  pointed 

out  that  the  systematic  error is  expected to  be  small  compared  to  the  statistical  error. 

One can easily obtain a practically  background  free data  sample  and  the  uncertainty of 

the  beam  position  and  the  beam size of the SLC is very much  smaller  than  the vertex 

resolution,  and  considerably  better  than  at  any e+,- storage  ring. 

The T polarization  and  the polarized  forward-backward  asymmetry  are  defined as: 

where oh and  are  the cross  sections for right  and left handed 7's. Note that  the 7 

polarization  has  the  same  dependence on the coupling constants  as  the  left-right  asymmetry 

( A L R )  with  beam  polarization.  Whereas  the  left-right  asymmetry is sensitive only to  the 

electron  coupling, the T polarization is sensitive only to  the coupling of the  final  state,  the 

T . Since ALR and P' have the same  sensitivity to  sin2 O w  (Ssin2 Ow = i6P' = i S r l ~ ~ ,  
the ,T polarization  measurement offers the  best  tool for precision measurements of sin' 6cv 

at  the 2' peak, if beam  polarization is not  available. This  has  been discussed by several 

authors. For the most  recent review see reference 9. 

Experimentally, the T polarization is studied using the energy distributions of the T 

decay products (e, p ,  T and p )  and  their  forward-backward  asymmetries. A study  done by 

the MARK I1 group /lo/  concludes that by combining the  four decay  modes, a statistical 

error  in  sin2 of 0.009 can  be  obtained with a data  sample of lo5  produced 2' events. 

The  systematic  error will be  dominated by uncertainties  in  the  detector efficiencies and 

backgrounds  due  to  particle misidentification. The MARK I1 analysis shows tha,t  it should 

not  be difficult to achieve background levels such that  the  systematic  error will be less than 

one-third of the  stat,istical  error,  assuming l o5  2"s. An analysis  using the ALEPH detector 

simulation  Monte  Carlo  claims /11/ that  the  expected overall systematic  uncertainty in the 

measurement of the T polarization is 0.006, leading to a systematic  error in the sin2 Oil 

determination of 0.OOOS. 

It is very likely that  the T polarimtion  measurement will be  limited by systematics. 

Due to  its  better  particle  identification  capabilities,  the SLD will be  able  to identify  the 



decay channels  with  higher efficiency and lower background than  the MARK I1 detector. 

This will, however,  not give a significant  advantage. There is currently work in  progress on 

an improved method by trying to reconstruct  the T direction  and using  it  simultaneously 

with  the  energy of the decay products. 
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Figure  Captions 

1. Reconstructed decay length. 

2. True decay length. 

3. Difference between reconstructed  and  true decay length. 



A  GEOMETRIC  METHOD OF TAGGING 
B FLAVOR EVENTS 

D. C .  WILLIAMS 
L. S. OSBORNE 

Massachusetts  Institute of Technology 
Laboratory for Nuclear  Science 

1.Int.roduction 

The  unique,  double decay  topology of the  b-hadron suggests that geometrical 

reconstruction  may pose a powerful method of b tagging. This  paper describes 

how the  impact  parameter  and  track  distance of closest approach  can be used for 

b  tagging,  and how they  perform  in the SLD and in a typical LEP vertex  detector. 

In a typical 2' + bz event,  two  b-hadrons  are formed  and travel  some  distance 

before  decaying  into  one or two  c-hadrons  and  other  fragments. The c-hadrons  then 

travel  further away from the  interaction  point  and decay  themselves,  releasing  more 

fragments.  The  result is a collection of particle  tracks that originate  from several 

decay vertices.  Since the lifetimes of the  b  and  c-hadrons  are on the order of 0.04 

cm, a good vertex  detector  can resolve these  vertices  and  identify the flavor of the 

event. 

There  are  other  types of vertices,  however, that may pose a potential back- 

ground. C flavor events  produce  secondary  vertices  as  their c hadrons decay. Light, 
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semi-stable  hadrons, such  as Ks and A ,  created  in  abundance in any  hadronic  event 

during  fragmentation, also produce vertices. C events, however, only produce  one 

secondary  vertex  per jet,  and  most light hadrons  have  far longer lifetimes  than  the 

c  and  b.  Thus,  with  care,  these  backgrounds  can  be  reduced. / 

Fig. 2. Background  events  that  appear like a b event.  (a) A c flavor event 
with two secondary  vertices  and  (b)  the  decay of an  ordinary  semi-stable  meson 
forming an unrelated  vertex. 

2. Monte Carlo Used 

To  develop  and  test  geometric  tagging of b  events,  a  simple  simulation of the 

SLD vertex  detector was added  to LUND 6.3. The  primary  function of the  simu- 

lation was to  calculate  particle  tracking  errors  due  to Coulomb multiple  scatt,ering 

and  vertex  detector  resolution.  These  errors, only now being added  to  the SLD 
Monte  Carlos, were crucial in calculating  the x2 distributions  and in understanding 

the  vertex  detecting  resolution of SLD. 

The  simulation  approximates  the  vertex  detector as a  thin,  finite  length cylin- 

der  covering a thin  cylindrical  beam  pipe  (Fig 3). The relevant parameters of the 

SLD vertex  detector  are shown in  Table 1. Based on this  model,  analytic  expres- 

sions for the  multiple  scattering errors in the  particle  tracks were developed.  These 

errors were  used to  smear  the  track  parameters  and  to  calculate  the  errors in the 

quantities  needed for geometric b tagging. 



earn Pipe 

Fig. 3. Geometry used  in the  simple  simulation of the  vertex  detector. All four 
layers of the  vertex  detector  are condensed into  one  thin  cylinder. 

Table 1. Vertex  detector  characteristics used for the SLD vertex  detector  and a 
typical LEP vertex  detector. 

beam p i p e  
radius 

thickness 

radius 
pixel size 

radiation  length 

vertex  detector 

SLD 

2  cm 
1 mm 

2.5 cm 
22 pm 

.0037 

LEP 

8 cm 
2 mm 

8.5  cm 
100 pm 

.0037 

As a check of the  model,  samples of several hundred  electrons were sent  through 

SLD’s GEANT vertex  detector  simulation,  and  their deflection due  to  multiple 

scattering  measured.  When  these deflections were compared to  the  vertex  detector 

simulation,  they agreed within  the  statistical  errors for track  angles  as low as 20 

degrees from  the  beam  axis. 

In  order t,o predict how this  method will work at LEP, the  approximate  pa- 

rameters of a LEP vertex  detector were entered  into  the  simulation  (see  Table l).  

Since  these  parameters  are a rough estimation,  the  simulation  can give only  a first 

approximation of a LEP detector’s  performance. 
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3. Tagging Method 

The  b tagging  method involves three  steps.  First, identify and remove K s ,  A ,  
and  other  ordinary decays  from the  event.  Second,  tag  both  c  and  b  events by 

looking for  any  secondary  vertices.  Third,  separate  b from c  events by looking for 

more  than  one  secondary  vertex  per  jet. 

The first  step uses standard  methods of particle  reconstruction,  and won’t be 

discussed further.  These mesons  have  lifetimes on the  order of several centimeters 

and  should  be easy to distinguish. 

The second step  consists of searching for a track in the  event  that did  not 

originate  from  the  interaction  point  as  evidence of a b or c  hadron decay. This is 

most  efficiently  accomplished by checking the error weighted impact  parameter. If 
the  impact  parameter  squared of one or more  tracks is greater  than  some  sigma 

cut,  the  event is tagged  as  either a b or c flavor event. 

The  advantage of using an  error weighted cut in the  impact  parameter  cannot 

be over emphasized. For tracks  from the  interaction  point,  the  impact  parameter 

distribution  has a long tail (see Fig.  4a). Because of this tail,  there  is  no clean place 

to  make a cut in the  impact  parameter.  The weighted impact  parameter  squared, 

however, has  no tail (see  Fig.  4c).  Because of the  shape of this  distribution,  tracks 

of greater  than 2a nearly always originate  from a secondary vertex. 

If track  errors  are  accurately  predicted,  the  major  source of background comes 

from  unidentifed Ks and A. If, however, track  errors  are  underestimated,  tracks 

from  the  interaction  point will begin to wander  outside  the  sigma  cut. Checks for 

underestimated  errors can be  made by using a more  sophisticated  Monte  Carlo like 

GEANT, or by using impact  parameter  distributions from actual  uds flavor events. 

The  final  step involves a search for the  extra vertices that  characterize a b jet. 

To begin,  it is necessary to  obtain a sample of tracks  that  origina.te only  from  one 

of the  b or c  decays.  To  do  this,  all  particle  tracks that have a weighted impact 

parameter  squared  greater  than 2a are  selected  and  divided  into  two  jets.  Those 
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Fig. 4. The  impact  parameter for b flavor events  in  microns  for  (a)  tracks  from 
the  interaction  point  and (b) tracks  from  secondary  vertices (b and  c-hadron 
decays). The weighted impact  parameter  squared  in v for  (c)  tracks  from  the 
interaction  point  and (d) tracks  from  secondary  vertices.  The lack of a tail  in 
the weighted impact  parameter allows for cleaner  cuts. 

tracks  that  cannot be unambiguously assigned to a  jet  are  discarded.  The two sets 

of tracks left  can be checked to see  whether  they  each  are  consistent  with  a single 
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vertex. If they  are  not,  then  the  event is  tagged  as a b flavor event. 

To determine  whether  there is more  than  one  vertex,  the weighted distance of 

closest approach (WDCA) is checked for each  pair of tracks  (see Fig 5). If the 

WDCA of one  or  more  pairs  is  greater  than  some  sigma cut,  then  the two  tracks 

are  not  consistent  with a single vertex,  and  a  b-hadron  has been  identified. If a 

b-hadron is identified  in either  jet,  then  the event  is  tagged. 

IO=WOAO 

500 {{I 
WEIGHTED O.C.A.: B TRACKS 

4 t 

D.C.A. (SIGMA) 
IO=WOAZ ( c )  WEIGHTED O.C.A.: D ON B TRACKS 

HANOYPAK 15: 10:  19 17&&sh. ('IGMA1 
O.C.A. (SIGMA) 

Fig. 5. Weighted  distance of closest approach for (a) two tracks  from  the b 
decay  vertex, (b) two tracks  from a c decay vertex, (c) one  track  from a b vertex 
and  one  track  from a c  vertex,  and (d) tracks  from different  c  vertices. 

Backgrounds  from  c  events  appear  when  a  track not originating from a c- 

hadron decay  gets  included  in the selected track  sample.  This  rogue  track will not 

1 3 4  



intersect  the c  decay vertex  and will be seen as evidence for the secondary  decay 

of a b-hadron. To  reduce  this  background,  more  stringent  jet  cuts  can  be  made or 

more  than  one exclusive  pair of tracks of large WDCA can be  required as a tag. 

Both  methods, of course,  decrease the tagging efficiency. 

The calculation of the weighted impact  parameter  squared  and  the WDCA is 

too involved to describe  here.  Those  interested  are  referred to SLD SOFTWARE 
NOTE 89-3 which describes the  method  and  routines  in  detail. 

4. Results 

Table  2.  B  tagging efficiencies and  background.  (a)  The  fraction of b and  c 
events  tagged  using  the  weighted  impact  parameter for the  SLD  and (b) for a 
typical  LEP  detector.  The  background  is  due  primarly  to  misidentified Ks and 
A and  is  not  simulated. (c) The fraction  and  background of b from c separation 
for  SLD and  (d) for a typical  LEP  detector.  Because  some b and  c  decay  vertices 
include  no  charged  tracks,  there is a limit to  the efficiency. (e) An example of b 
tagging efficiency and  background  using  various  cuts. 

(a) (b) 
r- 

Weighted Efficiency Weighted Efficiency 
Impact  para. 

. 2  tracks 1 track Impact  para. 2  tracks 1 track 

2.00 0.89 

0.44 0.61 2.50 0.75 0.86 2.50 
0.48  0.64 2.25 0.77 0.87 2.25 
0.51  0.68 2.00 0.79 

cutoff (a) > cutoff > cutoff cutoff (a) > cutoff > cutoff 

(c) ( 4  
Efficiency, Signa1:Noise 

WDCA 2  tracks 1 track WDCA 
Efficiency, Signa1:Noise 

2  tracks 1 track 
cutoff (a) 

0.16, 33:l 0.33, 13:l 2.00  0.52, 51:l 0.70, 1O:l 2.00 

> cutoff > cutoff cutoff (u) > cutoff > Cutoff 

2.25 
0.10, 50:l 0.23,  33:l 2.50  0.42,  141:l 0.63, 37:l 2.50 
0.13,  63:l  0.28,  20:l 2.25 0.47, 79:l 0.66, 19:l 

Best  possible efficiency Best  possible  efficiency 
I 0.80, I 0.72, I 0.80, I 0.72, 

Efficiency, Signa1:Noise 

.49,  37:l  .12,  33:l 
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The efficiencies and  background for this  method,  measured by the  simulation, 

are shown in  Table 2, for both SLD and a fictitious LEP detector.  The efficiency 

and  signal to  noise are  found to  be 49% and 37:l for SLD and 12% and 33:l for 

LEP. Because of two weaknesses in  the  Monte  Carlo, however, these  results  should 

be viewed as  only a preliminary  measure of the b tagging’s performance. 

First,  identification of Ks , A, and  other  ordinary decaying  mesons are  not  sim- 

ulated.  Thus  the  backgrounds  in  the b and  c selection step could not  be  measured. 

Such  backgrounds  are  expected to  be on the  order of a few percent. 

The second  problem is that  the  Monte  Carlo, lacking a proper  jet  finder, uses 

privileged  information  from LUND to  separate  the  event  jets.  This  probably  results 

in optimistic  predictions for b from  c  event  separation. Since b jets  are generally 

well collimated, however, the use of a true  jet finder is not  expected  to  drastically 

decrease efficiency. 

Despite  these  problems,  there is still  optimism  about  the  high  performance 

and low background of this  method. A more  realistic  test of the  method will be 

conducted when the  true  track  error  matrices  are  added to the SLD fast  simulator. 



CHARGED  TRACKING  ACCEPTANCE FOR HADRONIC  EVENTS 

Gregory J. Baranko 

Physics Department 
University of Colorado 

SLD’s ability  to  make  charge  asymmetry measurements for quarks  depends  greatly 

on  the charged  tracking  acceptance. Given a production, crl and  an  integrated luminos- 

ity, L, the  statistical significance of an ideal  forward-backward asymmetry measurement 

1s approximately: 

i for an acceptance a. Thus,  evaluating  the  acceptance for a given signature gives a figure 

of merit  for  the  detector’s  hardware  and  reconstruction  as  applied  to  this  measurement. 

It is an advantage of SLD to have charged  tracking  in the  endcap region a.s well as 

in  the  central  detector.  This  extends  the  acceptance for signatures using only inclusive 

charged  tracking  into  the  small  polar  angles,  where  the  production  and  sensitivity  are 

the  highest. For example,  the  endcap  drift  chambers geometrically cover 20% of 47r, 

but  the  acceptance for the  approximately 1 + c0s26 production is 27% (for perfect 

efficiency). This  added  acceptance improves the  statistical significance above by 60%. 

The  endcap charged  tracking  also  aids in SLD’s lepton  and flavor tagging at low angles, 

and hence  increases the  acceptance for these  types of signatures.  Finally,  although these 

advantages  in  acceptance will yield better  statistical  errors,  the  ultimate limit to  the 

measurement’s  accuracy will come from the  systematic  errors.  The  endcap charged 

tracking will afford smaller  uncertainties  in  estimates of backgrounds to signatures 

involving lepton  and flavor tagging,  and  thus reduce  a  large part of the  total  systematic 

error  as well.  We present below a first estimate for the  polar  angle dependence of the 

inclusive charged  track  acceptance in hadronic  events. 

The acceptance is defined as  the average of the  total  detection efficiency, €(X), for 

a given production process. If the  production  is described by a normalized  probability 
1 3 7  



distribution, f(x), for a set of n  physical  variables, x, then  the  acceptance, a, can  be 

written: 111 

a = 1 €(X) f(x) dnx vx E 0. 
0 

The  total  detection efficiency can  be  factored  into  more specific efficiencies (assuming 

here that they  are  uncorrelated): 

where these  are for the  trigger, event selection,  geometry, hardware,  reconstruction, 

and  analysis, respectively. 

In  our present study, we have only evaluated  the  acceptance for eg(x). cr(x>. Since 

the  tracking Monte  Carlo and  reconstruction  are  still  under  development,  the  results 

shown here  are only a rough  outline of our coverage. 

Hadronic  events were generated using the LUND Monte Carlo  with SLD’s present 

default parameters.  The choice of generator  for  the  radiative  corrections is not imporant 

for the  present  study.  The charged  tracks were swum through  the  detector geometry 

and  the  hits were digitized  uisng the expected  resolution  functions of the drift  chambers. 

The  reconstruction was then  done  starting from the raw data banks  as expected for 

real data.  This  reconstruction includes the swim-fitting  for tracks in the  central drift 

chamber. The fitting efficiency is not  included for the  endcap  tracks,  but  this is expected 

to  be  uniform  and high. 

The polar  angle distribution of the  generated  tracks is shown  in  Figure 1, for a sam- 

ple of 1000 events. The acceptances  are  calculated  bin by bin by dividing the accepted 

distributions,  as  functions of the measured  angles, by this  generated  distribution.  The 

acceptances for the  inner  and  outer  endcap  drift chambers are shown in Figures 2 and 

3 respectively. The  acceptance of the  central drift  chamber is shown  in  Figure 4. Some 

tracks  have  segments  reconstructed in both  the  central  chamber  and  the inner  endcap 

chamber. The acceptance for these  tracks is shown in Figure 5. It should be noted 

that  the  acceptance  near  the edges of the  chambers is a strong  function of the track 



definitions used there,  and  the success of the inter-chamber  track  merging  algorithm. 

This work is still  in  development. 

In conclusion, we have shown the charged  tracking  acceptance for hadronic  events, 

given the present level of development of the tracking  swimmer and  reconstruction. 

These  Monte Carlo studies could now be used to evaluate the acceptance for specific 

signatures  in  the  asymmetry  measurements. 
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QCD  at the Zo 

P.N. Burrows 

Introduction 

I give a  brief overview of issues in QCD physics,  with particular  emphasis on  areas which 
could be  studied  during  running  at  the Zo energy. I choose (arbitrarily)  to divide this huge 
field into  the following sections: 1) QCD as a background; 2) fundamental  tests of QCD; 
3) ‘standard’ QCD physics.  Section 1 gives a brief outline of QCD and  fragmentation 
calculations  with  examples of how such  calculations  have  been  used to search for new 
particles by looking for deviations  from the QCD predictions. The many  QCD-inspired 
Monte  Carlo  models and  their  current  status  are  listed.  In section 2 I indicate  aspects of 
QCD which remain to be  tested  or  demonstrated conclusively by experiment.  There is a 
review of the  experimental search  procedures and  the  current  status of the  results.  This is 
the most important section  in terms of testing  the QCD part of the  Standard Model. In 
section 3 I discuss the more standard issues of jet  fragmentation, comparison  with QCD 
+ fragmentation  models  and  hadronisation.  There is a brief summary  in Section 4. 

1. QCD  as a Background and  QCD  Calculations 

1.1 QCD  as a Background 

For those  interested  in QCD physics in its own right,  this is the least  interesting  section of 
this review. However, for those  interested  in  searching  for new particles,  such  as  the  top 
and b’ quarks,  the Higgs boson,  sequential heavy leptons,  supersymmetric  and  technicolour 
particles,  this is a very important topic. New physics will stand  out  as  a deviation of the 
data in  some distribution from the predictions of the  Shndard Model. If the new particle 
decays  hadronically, it will  show up a.s some escess of events/tracks compared  with the 
expectation  from  production of coloured u,d,s,c,b  quarks according to  the electroweak 
theory, and  their subsequent  fragmentation  into  observable colourless hadrons according 

1 4 2 



to  Quantum Chromodynamics. 

For example,  consider the process e+e- + ti. If the  top  quark  has a  much  larger  mass 
than  the known  five flavours of quarks,  it will tend  to give rise to more spherical events 
because its decay products will have large  transverse  momentum  relative to  its line of flight. 
Event shape  distributions such as sphericity [l], thrust [2], aplanarity or acoplanarity will 
then reflect the presence of top by an excess of spherical  events  compared  with  the five- 
flavour expectations.  The TRISTAN experiments  have all used this technique to set lower 
mass limits for the  production of the  top  quark [3] and for sequential  heavy  leptons [4]. 

100 
90 VENUS T 

AcoDlonarl ty  4ngle  (Degree)  

Figure 1. 

Fig. 1 (a) shows the first results  from VESUS on the  top  quark  search: a top quark 
of mass - 25 GeV would give an excess of low thrust  events  in  the  range 0.6 5 T 5 0.85 
and  an excess of events of high acoplanarity A > 0.1 (dashed  lines);  the solid line 
is the  expectation for five-flavour production.  The  histograms  are  the  results of Monte 
Carlo calculations  comprising  an eSe- -+ hadrons event generator  and  a  detailed  detector 
simulation.  There is clearly no evidence in the dar;a for production of a new heavy q11ark. 

Shown in  Fig. 1 (b) is the result of a search for a sequential heavy lepton by TOPA4Z: 
where the expected  signal is an excess of events with  high  acoplanarity-angle (dashed 
line; solid line: five-flavour hadronic events). In both of these  examples.  comparison of 
the  number of observed  events in t h e  sensitive region with that expected  from the hIont,e 
Carlo  calculations  enables  an  upper limit to be placed upon  the  production cross-section 



of the new state.  The  latest  results from  TRISTAN  using  these methods were presented 
recently [5]. 

Note that such  signals are complimentary to searches  in other  channels,  such  as  the 
value of R, the  ratio of the  total  hadronic cross-section to  the lowest order  muon  pair cross- 
section, and  depend for their accuracy  upon the reliability of the calculations of the  ‘stan- 
dard’ five-flavour hadronic event properties.  In  practice  these  calculations  are  performed 
using  Monte  Carlo  models  incorporating a. perturbative QCD calculation of parton-level 
processes,  combined  with  a  phenomenological  ha.dronisation  model to represent the non- 
perturbative  transformation of the coloured partons  into  the colourless hadrons observed 
experimentally  in  the final state. 

1.2  Perturbative  QCD  Calculations 

These  calculations may be loosely divided into two classes: matrix elements and  parton 
showers. 

1.2.1 Matrix Elements 

To date, parton-level  calculations  complete to O(cy:) have  been  performed,  although the 
task is complex and difficult: the  amplitudes for all the Feynman  diagrams shown in 
Fig. 2 must  be  summed  and  squared.  There  have  been  several  independent  calculations 
in  the  past decade  (Table 1) which have evoked some controversy and  disputes,  although 
the differences between the  results of the various  groups are now understood. 

Matrix  elements 

FKSS [6] 

GKS [7] 

GS P I  
ERT [9] 

KL [lo] 

Table 1: Matrix  Element  Generators 

Comments event  generator 

mistakes  origimlly private  interface to Lund 

incomplete  correcttion to FKSS 

private  interface to Lund complete,  practical  limitations 

private  interface to Lund  almost  complete 

official interface to  Lund 

complete program now available 

These  generators  are  discussed  in  more  detail  in [ll]. In  summary,  there were mistakes 
in  the original FKSS calculations.  Some, but not  all, of these  mistakes were corrected by 

944 



Figure 2. Feynman diagrams to O(cr5). 

a < 5  
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GKS; however, these  incomplete GKS calculations are  the only matrix elements  presently 
available in  the official Lund  Monte  Carlo package. A later  analytic  calculation by GS is not 
quite complete  in that  not all soft/collinear terms could be  integrated analytically,  although 
a working package exists which has been  interfaced  privately to  the Lund Monte Carlo [ll]. 
The ERT calculations are complete,  although  there are some  practical  limitations  in  that 
only discrete values of the  parton resolution cutoffs are allowed;  private  interfaces to Lund 
exist.  Finally, the KL calculations  are  complete,  but  the  code is lengthy  and complex; the 
authors have just  prepared a more useable  program. 

Very recently three different groups [12,13] have calculated  all tree-level matrix ele- 
ments  contributing  to  the cross-section for e+e- + 5 partons  at O(cr:). There is found 
to  be good agreement  between the calculations [ll] and all three  groups have programs 
available upon  request.  (This  subject will be discussed further  in Section 2.6). 

Figure 3. Rates of multijet  events  as  a  function of y,. 

Complete matrix element  calculations to O(cua) for e+e- --+ 4 partons  thus  exist, 
and now also do tree-level  calculations up  to O(crz) for 5 parton  production. However, 
there is already  evidence  from PETRA [14,15,16,17] that the O(cr:) calculations severely 
underestimate  the  rate of 4-jet events observed in the  data (Fig. 3 (a) [16,17]), and  do 
not  reproduce the event shape observables related to  gluon emission out of the event 
plane [1'7,18,19]. However, calculations  based upon the  Leading  Logarithm  Approximation 
(LLA) in QCD are able to describe well the 4-jet rate  (Fig. 3 (a)) and give a better 
description of the  p~,,,-like observables. A reasonable interpretation of these  facts is that 
higher  order  corrections beyond O(cu:) are needed t,o describe  the  data  already  at PETRA 
energies around 35 GeV. This implies that  the  situation for the O(cra) calculations will 
be even worse at  the Zo energy, where we expect more gluon radiation  to  be resolvable 
experimentally, so that  the missing higher order terms will be even more  noticeable. The 
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LLA-inspired  calculations are expected to perform better because they include soft and 
collinear  gluon  emission  in  principle to infinite order,  although  in  an  approximate way. 
These  calculations will be briefly reviewed in the next  section. 

A very interesting  recent  development  has  been  the  use of so-called  ‘optimised’  per- 
turbation theory,  in which the renormalisa.tion  scale p2 is chosen so as to minimise  (in 
principle) the unknown  higher  order  terms  in a perturbative series  calculated  only  up  to 
finite  order.  In  practice this mea.ns finding  simultaneously p2 and A m  values which  give 
the best  agreement  between the O(cri) rnatris elements and  the  data  in  terms of the 2,3 
and 4-jet rates. Analyses with  the Mark I1 [20] and AMY [21] data have shown that A m  - 100-200 MeV and p2 - 0.002 x s are preferred  (Fig. 3 (b) [20]), but  it should  be  noted 
that  there is a strong correlation between these two fitted  parameters. 

The significance of these  results is not  clear:  on  one hand  the  procedure is theoretically 
respectable (see [22] and references therein); on the  other  hand, however, the calculation 
of physical  observables  should  not  depend  upon the choice of renormalisation  scale,  it only 
does so because we have a finite,  rather  than infinite,  number of terms  in  the  perturbative 
series.  One  can  ask  what is the physical significance of the fact that  the renormalisation 
scale turns  out  to  be  as low as 1-2 GeV? 

Another  concern is that  the  third  (a,nd  higher)  order  terms,  as yet uncalculated com- 
pletely,  in the  perturbative series for the  jet  rates may be  large  relative to  the second  order 
terms. Such  behaviour has been seen in the recent  calculation of R to O(a:) [23]. Writing: 

R = 0 0  + (a1 + a2 + a3) oew 

where 00 is  the  quark-parton model  electromagnetic  cross-section, uew represents  the elec- 
troweak effects, and a l ,  a2, a3 are  the  first, second and  third  order QCD corrections  respec- 
tively. One  finds that a1 : a2 : a3 = 1 : 0.09 : 0.26. The fact that a3 is three times 
larger than a2 has raised doubts as to whether the  perturbative QCD series converges. One 
might  argue that  the  third order  terms could also be  large for the  jet  rate calculations, 
and  that  the  results of optimising the  theory  to second order  may  not  be  reliable or mean- 
ingful.  Until the  third  order  terms  are calculated  one  can  only  speculate and conjecture. 
The fact  remains that from a phenonlenologica,l  point of view, O ( a i )  matrix elements give 
an excellent description of the 2,3 and  4-jet rates  (Fig. 3 (b)) if the  renormalisation scale 
is optimised  along  with A m  

1.2.2 Parton Shower Calculations 

As I have just described, the exact matrix element  calculations are difficult and have 
only  been  performed  completely to second order  in as, allowing production of up  to 4- 
parton final states. An alternative  perturbative treakment is provided by the LLA. In 
this  approach  the  quarks produced  in  e+e- -+ qq may  be very much off mass-shell  and 
are allowed to  radiate gluons, which ma71 themselves  branch into  parton  pairs. A parton 



A typical parton cuce.de, showing the angular ordering 
of successive branching% 

Figure 4. Representation of a parton shower or cascade. 

shower thereby develops (Fig. 4 ) until  virtualities become small and branching is stopped. 
The probability for each branching is  given  by the Altarelli-Parisi  equations [24], and  the 
total cross-section for a shower is assumed to  be  proportional  to  the  product of independent 
probabilities,  one for each  branching, namely, no interference between Feynman  diagrams 
for each tree-level branching is taken  into  account.  Formally such showers are therefore 
iterative classical Markov processes and  are amenable to Monte  Carlo  simulation. 

Many parton shower  hdonte Carlo event generators have been devised; an escellent 
review and comparison is  given in [ll]. In  Table 2 I give a brief list of the most widely 
used programs (see [ll] for  references and details of other  programs). 

HERIVIG (formerly  BIGWIG for e+e- annihilation)  contains  an  elaborate  treatment 
of azimuthal correlations  due to  the gluon spin and of the coherent emission of soft gluons. 
The  BIGWIG version has been extensively compared  with data by Mark I1 and T-4SSO 
and found to be  in generally good agreement. The JETSET parton shower is matched  on 
to  the O(cy,) matrix element and gives an excellent description of most features of the  data, 
in particular of the 2,3,4 and 5-jet rates seen at T,4SSO (Fig. 3 (a)). NLLJET is a relatively 
young program which  is still in development. It has  the  attractive  feature of implementing 
the  nest-to-leading  order  logarithmic  calculations of parton emission. Comparison by the 
authors indicates generally g o d  agreement  with data from PEP. PETR-4 and TRIST-AN. 
ARI-ADNE provides an  alternative  approach  to  perturbative QCD cascades in  that it is 
formulated  in  terms of colour dipoles rather  than esplicit  quarks and gluons. Soft gluon 
coherence and correlations  are  automatically  included  in a natural way. The  authors show 
good agreement  with  Mark I1 da.ta.  Finally, the Caltech-I1 model was shown by Mark I1 
to  describe the data poorly compared  with  BIGWIG and JETSET. 

http://cuce.de


Table 2: Parton Shower Generators 

Program 

next-to-leading LLA NLLJET 

O ( a s )  matrix element JETSET 

azimuthal  correlations HERWIG 

Features 

ARIADNE 

elaborate  hadronisation Caltech-I1 

colour  dipoles 

Hadronisation 

clusters 

Lund string 

Lund string 

Lund string 

string + cluster 

Comparison  with Data 

Mark I1 [lS], TASSO [17,19] 

Mark I1 [18], TASSO [17,19] 

authors [25] 

authors [26] 

Mark I1 [18,27] 

Although parton shower models have been around for almost a decade and have  reached 
a level of high  sophistication, some outstanding  theoretical  uncertainties  remain.  Firstly, 
values must  be  assigned to  the  arbitrary  parameters.  There  are two of these common 
to all  cascades: the QCD scale  in the LLA, ALLA,  and  the  virtuality cutoff used to  stop 
the  parton  branching, Q o .  Other  uncertainties  include:  the  Q2-scale is not well-defined, 
the physical significance of the QCD scale ALLA is unclear,  and  there  are various  options 
for handling  the kinematics of the  parton branchings and choosing the  splitting variable 
in the Altarelli-Parisi kernels. Each  program author chooses a particular solution to  the 
problems, which adds  another layer of difficulty to  the comparison of the results between 
different models,  since the choice of solution influences the results [28]. 

1.2.3 Hadronisation  Models 

An excellent review of this  subject was published  recently [29], so only very brief details 
are given here. Once partons have been produced by a perturbative QCD  event  generator, 
either  matrix element- or parton shower-based,  they  must  be  fragmented into colourless 
hadrons so that the calculations ca,n be  compared  with the  data. It is generally  accepted 
that hadronisation  occurs at a Q2 sca.le of around 1 GeV2,  where the  strong coupling is 
so large that  perturbation  theory breaks down and we are  unable  to  do QCD calculations. 
Phenomenological schemes are therefore by necessity invoked to transform  the  partons  into 
observable hadrons. These  have been implicitly  assumed  in the preceeding  sections. 

A widely used  hadronisation  model  (see  Table 2) is the  Lund  string [30]. Basi- 
cally, a colour  triplet  string is stretched  between  quark  and  antiquark,  the  gluons  being 
momentum-carrying  kinks  on  the  string. More than one piece of string can  occur if a 
gluon  converts into a qq pair  (analogous to  e+e-  pair  production by a  photon  in  QED). 
The  string is then  fragmented according to  a  particular recipe to give final state hadrons. 
Heavy flavour and  baryon  production is controlled by a  large  set of parameters,  although 
such  particles  play a relatively  minor role in the global  properties of the final state.  The 
parameters which have the  greatest influence are a,b in the  symmetric  Lund  fragmentation 



function: 

1 b m$ 
f(2) = - (1 - 2)' exp(--) 

2 2 

I .  

which control the  longitudinal momentum distribution of particles  in  jets,  and 0, which 
controls the  transverse  momentum  distribution. 

In HERWIG [31], at  the  termination of the  parton cascade  colourless  clusters  are 
formed  from  nearest  neighbour partons in colour index.  Large  mass  clusters are split  into 
two by a  string-like  mechanism, then clusters are decayed according to phase  space, via 
resonances, to produce  the known spectrum of stable particles. The only parameter is  in 
principle the  cluster-splitting mass A d c .  

Caltech-I1  employs a hybrid scheme [32], whereby the  multiparton system is broken  up 
into smaller  mass colourless subsystems by a  string mechanism.  These  clusters are  then 
decayed according to  a  parametrisation of  low energy data. A large  number of parameters 
is involved, although it is claimed that many of these  are  either  redundant or constrained 
by the low energy data. 

Other  hadronisation  models,  such  as  independent  jet  fragmentation,  are less popular 
today  as  they  cannot  reproduce  important,  features of the  data such  as the  string effect 
[33], although  they  are  important  historically.  These  issues  are covered in  detail  in  the 
review of Sjostrand [29]. 

Suitable values for the model arbitrary  parameters  are  obtained by comparison  with 
experiment (see eg. [17,18,19]). Results  quoted  using the models will normally  indicate the 
parameter values used;  in  addition,  the influence of varying the  parameter values should 
be  investigated before drawing  firm  conclusions. 

1.2.4 Summary 

Some indication of the  current  status of these perturbative QCD + fragmentation models, 
when confronted  with the  data, is  given in  Table 3, where total x 2  values are given by Mark 
I1 and TASSO for a wide spectrum of event shape observables and single  track  quantities. 
The x 2  value for ARIADNE was calculated by the  authors themselves. 



Table 3: x2 values for comparison of QCD models  with data 

c.m.  energy  (GeV) 

# data points 

Program 

HERWIG 

JETSET shower 

ARIADNE 

CALTECH-I1 

JETSET O(cr:) 

Mark I1 

29 

450 

2870 

960 

1200 

6830 

1230 

TASSO 

35 

245 

942 

367 

- 

658 

It  cannot  be  emphasised  too  strongly  that  these  numbers  are  not  absolute values with 
precise statistical meaning,  in that they  depend  upon which observables were fitted  and 
do  not  take into account the correlations between these  observables.  In other words, if a 
model  describes  one  observable  badly,  it will probably  automatically  fail  to  describe  the 
many other observables which are correlated  with that one.  Nevertheless, the x2 values 
do  indicate  qualitatively  the  trend of the agreement  between  models and  data. 
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Figure 5 .  Sphericity and  thrust  distributions from T-ASSO comparing  the 
data with three QCD + fragmentation  models. 
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Figure 6 .  Aplanarity  and  jet  multiplicity  distributions  from  Mark I1 at  the 
SLC comparing the  data with QCD + fragmentation models. 

sample  distributions  are shown  in  Fig. 5 [17,19], where three models are compared  with 
the high statistics  data  sample collected by TASSO in 1986 (31176 hadronic  events). To 
a  good  approximation  all  models  describe  the data well, although one  can  discern some 
discrepancies  in the fine details. Some  very latest  results  from  Mark I1 at  the SLC [34] 
are shown in Fig.  6 , where the models,  with the  parameters  optimised  at W = 29 GeV, 
desribe the  data well within  the limited statistics collected so far (184 hadronic  events). 

One  can  only reiterate  the  importance of having  sound  QCD-based  models which are in 
good agreement  with the PEP/PETRA data, for new physics at  the Zo will manifest itself 
as deviations  from  the model  predictions beyond the  variations which can  be  produced by 
different choices of the  parameter values. 

2. Fundamental  Tests of QCD 

2.1 Introduction 

The essential  features of QCD may  be summarised [35] as: 

(i)  quarks  with  spin 1/2 exist as colour triplet's 

(ii)  gluons  with spin 1 exist as colo,ur octets  

(iii) the coupling qqg exists 1 5 2  



(iv) the  couplings  ggg  and  gggg  exist 

(v) the  above  couplings  are  equal 

(vi) the   coupl ing  s trength  decreases   l ike  In Q2 

where the  items  in  italics  are those  features which have yet to  be convincingly demonstrated 
experimentally.  Clearly QCD needs to be  tested  more  rigorously to  put  these  features on 
a firm  experimental  footing.  In my opinion  it is unfortunate  that  'testing  the  Standard 
Model'  has come to mean  testing  the electroweak sector by precision  measurements; QCD 
is a vital  component of the  Standard  Model and  needs to  be  tested  too! I shall 
briefly  mention the  experimental evidence for the non-italicised  items, and  then review 
in  detail  the  status of the  attempts  to verify the  other  features,  with  indications of the 
measurements which need to  be ma.de. 

The first  direct  evidence for the existence of quarks  came  from  the observations at 
SLAC in  the  late 1960's that  in electron-nucleon scattering  experiments, at high  momentum 
transfers  the electron scatters from  quasi-free  pointlike  particles  carrying  roughly  one third 
of the nucleon  mass.  These  particles were identified  with the  quarks which had been 
postulated by Gell-Mann and Zweig in 1964 as a calculational device to explain the  spectra 
of mesons and  baryons  in  terms of bound qq and qqq (or qqq) states respectively  [36]. If 
the  quarks  are assigned  spin 1/2, possess the fla,vour quantum  number (f = u,d,s,c,b)  and 
are  triplets in terms of the colour quantnm number ( c  = r,b,g)  then a consistent  picture 
of the existence and  quantum  numbers of virtually  all known hadrons  can  be  created,  (the 
only exceptions  being  a few resonances which may be  candidates for glueball states).  The 
colour quantum  number is required to explain the existence of states such  as A++ (=UT 
UT UT) or R- (=ST  ST ST), which otherwise  should  not  exist  as  they  contain three  quarks 
in  identical  quantum  states,  thereby violating the principles of Fermi-Dirac statistics. 

To explain the measured  charges of the  hadrons  the  quarks  are assigned  fractional 
charges: u(2/3),  d(-1/3),  s(-1/3),  c(2/3),  b(-1/3) in units of the electron  charge.  Note that 
alternative models  with  integer  charged  quarks  have  been  proposed [37] and have  not yet 
been totally excluded  experimentally (see [38] and references therein)  although  as  this is 
not really a QCD feature of the  quarks I s l d l  not discuss it further here. 

The  number of colours N ,  can  be  determined  experimentally, for the decay width of the 
reaction T O  + yy should  be  proportional to N: within the  quark model, and measurements 
yield N,  = 3  [39]. N,  = 3 is also needed to explain the measured  value of R. 

The assignment of spin 1/2  to  the  quxks, in  a.ddition to providing a consistent  expana- 
tion of all known hadron  spins,  has been verified experimentally  in terms of the  distribution 
of the angle 8 between the  jet axis  and the e+e-  beam  axis  in  two-jet  hadronic  events. 
For single  photon  production of two massless spin-1/2  particles,  neglecting electroweak 
interference effects, the  distribution of the  jet axis is predicted [40] to  be  proportional  to 
(1 + cos2@),  and  has been  measured to  be so [41].  Feature (i) is thus established  experi- 
mentally  beyond  any  reasonable doubt. 

Evidence for the existence of massless electrically neutral  particles  within  the nucleon 



first  came  from the discovery that in the electron-nucleon scattering  experiments  mentioned 
earlier,  only  about 50% of the nucleon momentum was carried by the charged  quarks. The 
remaining  momentum  can  therefore  be  assigned  to  the  gluons which mediate  the  strong 
interactions  between  the  quarks. More direct  evidence  came  from the observation of three- 
jet events  in  e+e- annihilation, which are  understood  in  terms of the  radiation of a  hard 
gluon by either  the produced  quark  or antiquark [42]. Gluon jets have  also been observed 
in  high  energy proton-antiproton collisions [43]. The existence of the gluon and  its coupling 
to  quarks  are  thus beyond  reasonable doubt. Measurements of the topologies of three-jet 
events  have  also demonstrated [44] that  the gluon is a spin-1  particle. 

The fact that gluons  exist  as colour octets  (part of feature (ii)), and  features (iv) - 
(vi), have yet to  be directly demonstrated from an  experimental  point-of-view. Of course 
the fact that QCD calculations  including  these  features  do  describe the  data,  and  that 
alternative possibilities  beyond the theory which we have are difficult to imagine from 
a  theoretical  viewpoint,  lend  indirect  support  to QCD as  it is formulated.  The  features 
which remain  to  be verified are mainly  related  to  the  non-Abelian  nature of the theory,  in 
other words that  the gluons  themselves  carry colour charge and  interact  strongly  (feature 
(iv)),  that  the charge is of a  certain  magnitude  and different from the  quark colour  charge 
(features  (ii),(v))  and  that  this leads to a coupling strength which increases  as the  separa- 
tion  between partons increases (feature  (vi)).  It is possible to  construct  an Abelian  form 
of QCD, but  not so easy to rule it  out experimentally,  as we shall now  see. 

In  the  remainder of this section I shall  discuss the &'-dependence of cys, the ggg 
coupling, the flavour-blindness of as ,  the colour charge of the gluon and  perturbative 
calculations of multijet  cross-sections. 

2.2 The &'-dependence of as 

There have  been  many  measurements of as in  the  last decade  from hadron-hadron, lepton- 
hadron  and e+e-  interactions; see [45] for a recent review. In  particular  the measurements 
from  e+e-  experiments  have been controversial;  large  systematic differences are seen in  the 
measured values according to which matrix elements  (see  Section 1.2.1), which fragmen- 
tation scheme  (see  section 1.2.3) and which observables were used  in the  determination. 
These  results  are  summarised  in  Fig. 7 [46], which I shall  not  discuss  as  it is by  now a 
familiar  diagram. 

The expected  decrease  in the value of cy, as TY increases is small  compared  with the 
systematic  errors  in  these  measurements. For example,  using the first  order  formula [47] 
as an  illustration: 

and  taking A = 150 MeV as a reasonable value [45]: 
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Figure 7. Compendium of CY, measurements  in  e+e-  annihilation  scaled to 
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where 14 5 W 5 44 GeV spans  the PETRA energy region. However from  Fig. 7 , there 
are systematic  shifts by a  factor of roughly 1.5 between  measurements at  the s a m e  energy 
(34 GeV). 

I 

Figure 8. Compendium of a ,  measurements  in eie-  snrlihihtion as a func- 
tion of W .  

This is reinforced in  Fig. S , [4S], where a compendium of measurements of as llsing the 
asymmetry of the energy-energy  correlation [49] at PETR-4, PEP and TRIST-0  shows 
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Figure 9. Compendium of a3 measurements  as  a  function of W .  

the  magnitude of the  systematic  uncertainties. Any attempt  to see CY, running by direct 
measurement seems therefore hopeless. 

The  experimental  situation is summarised in Fig. 9 (a), compiled by Altarelli [45]. The 
theoretical  curves of a?) for different values of A m  indicate that  the  data  are in  agreement 
with a  coupling which decreases  with Q2. The same data  are shown in  Fig. 9 (b) with the 
suggestive theoretical curves removed and a flat  line  drawn by eye so as to pass through 
as  many  data  points  as possible. From these  measurements there is clearly no evidence for 
an energy-dependent  coupling  strength  as  opposed to a constant one. 

A few years  ago  a  method of measuring the running of CY, without  being concerned 
with  measuring  the  actual value at a given energy was proposed [15]. To O(ad) the  rate 
of three-jet  events is calculated  in  perturbative QCD to  be 

where CI,C-, are  independent of s .  Studying  the energy-dependence of E3 is thus effectively 
studying  the energy-dependence of a,. A complication  arises in  that C1 a,nd C:! do  depend 
upon  the  jet  resolution  criteria. Using the well-known JADE cluster  algorithm [14], all jet 
pairs i, j are required to have  invariant  masses which satify: 

where yc is a dimensionless jet resolution parameter.  Provided yc is chosen large enollgh 
that  the  ratio of R3's  at different energies does not  depend  upon yc, no  variation  in R3 as 
a function of s is int,roduced by the  jet  algorithm.  In  detailed  studies [15,16,17] yc >_ 0.08 



Figure 10. The three-jet  rate as a function of W ,  defined using the J A D E  
cluster  algorithm  with yc = 0.08. 

was found to  be a suitable  range at PETRA energies, corresponding to a jet-pair mass 
resolution of 2 10 GeV/c2 at W = 35  GeV. 

Several analyses  have  been  performed at PETRA [15,16,17,50], PEP [20] and TRIS- 
TAN [5]; results for yc = 0.08 are compiled in Fig. 10 (a) [48]. At first sight the  data 
give a strong  indication of R3 decreasing with  increasing W ,  in good agreement  with the 
O(a;)  prediction of Gottschalk  and  Shatz. Some caution is necessary however. Firstly, 
the TASSO study showed [16,17], by using the Lund parton shower model, that a decrease 
in R3 between 22 and 35 GeV  is evident also for the case where as is  fixed (Fig. 10 (b)), 
presumably  because of fluctuations  in  the  hadronisation  process  at  this relatively low en- 
ergy. The TASSO and JADE data points at 22 GeV in  Fig. 10 (a) should thus  be ignored. 
In  addition,  the large  errors  (due  to low st,atist,ics) on  the TRISTA4N data points between 
50 and 60 GeV do not give much of a lever arm.  The case thus  rests on the high-st,atistics 
data points from JADE, TASSO and Mark I1 in the'range 29 5 W 5 44 GeV. These data 
are clearly consistent  with an energy-dependent strong coupling, but  the case  is hardly 
conclusive, and a constant coupling strength cannot be excluded. 

There is hence a pressing need  for high-statistics data points  from TRIST-43 and 
SLC/LEP. In  this case, high-statistics  in fact means only a few thousand events. Shown 
in Fig. 10 (b) are  error  bars at 60 GeV and  around  the Zo mass, indicating  the  statistical 
precision  which could be  obtained  from a sample of only 5000 hadronic  events. C1ea-i~- real 
measurements at those energies with such a modest number of events would demonstrate. 
or otherwise, the energy  dependence of a ,  with a significance of many standard del-intions -~ 

relative  to the fixed as case. In view of the continuing  accumulation of events at TEIST-43, 
and  the successful operation of SLC and LEP, one can look forward  to  those  measurements 
in the  near  future. 
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2.3 The Triple Gluon Vertex 

The gluon self-coupling is a manifestation of the non-Abelian nature of QCD.  Methods to 
verify its existence  have  been  proposed and involve studying  the Q2 evolution of the longi- 
tudinal  structure  function  in  lepton-hadron collisions and  the kT spectrum of back-to-back 
jets  in  hadron-hadron collisions. The theoretical and  experimental  uncertainties  are un- 
fortunately  larger  than  the effects being  investigated [51]. An ideal  place to look would be 
the  hadronic decay of a  heavy  quarkonium  resonance into  three gluon jets.  Unfortunately 
the only known system is the Y, which is too light to produce  narrow,  well-separated  jets. 
The  remaining  search-ground is thus  at high energy e+e- colliders. 

Figure 11. Feynman diagrams for production of four partons  in second order 
perturbation theory. 

Feynman diagrams for production of four partons  at O(Q:) are shown in  Fig. 11 . The 
gluon self-coupling appears for the first  time  in  these second order  diagrams. It is clear that 
tests of the  three gluon  vertex will  involve four-jet  events. The  task is to find  a  property 
of the so-called ‘QCD-like’ events  (Fig. 11 ( c ) ) ,  containing  the g ---f gg coupling, which 
distinguishes  them  from  events involving two-gluon emission by the  quarks (Fig. 11 (a,b)) 
or gluon conversion into a q s  pair  (Fig. 11 (d)), the so-called ‘&ED-like events’. 

An Abelian  form of QCD can  be  constructed in which three coloured quarks  interact 
via colour singlet  vector  gluons,  with  a coupling constant a* = 4 as .  The colour factors 
are also different and  enhance  the  probability for g + qCj by a factor of about eight 
[52], so that g -+ gg in  the non-Abelian model is  effectively replaced by g -+ qa in t,he 
Abelian  model.  Searches for the ggg vertex are  thus based  upon the different jet  angular 
distributions which result when a gluon splits into two spin-1  bosons  (gluons) as opposed 
to two spin-l/:! fermions (quarks). 
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Figure 12. Definitions of measures proposed  for  searching for the  triple 
gluon  vertex  in 4-jet events. 

Three different measures  have  been  proposed  based  upon  the  jet toplogies in 4-jet 
events [53] .  These  measures  are  detailed  in  the  original  papers  and  compared  in  the review 
by Bengtsson [52]. I shall briefly explain the observables,  using the  notation  that  the  jets 
be  ordered  1,2,3,4  in  order of decreasing energy, jet 1 being  the highest  energy  jet in the 
event. The  Korner, Schierholz,  Willrodt  angle, ~ K S W ,  is defined in  Fig. 12 (a) [52] as the 
angle between the  normals  to  the planes containing jets 1,3 and  jets 2,4. Gluon alignment 
in the  splitting process g + gg tends  to force these two planes to be  parallel, whereas g --+ 
qtj prefers the  planes  to  be  orthogonal.  The  Nachtmann-Reiter angle, Q>R (Fig. 12 ( l~ ' ) ) ,  is 
that between the  momentum vector sums of jets 1,2 and  jets 3,4. Using helicity  arguments. 
NR showed that Q>, N 0 is favoured by g -+ gg and - 90' is favoured by g -+ qq. 
Finally  Bengtsson  and Zerwas define the angle x (or Osz) as  that between the p h e s  
containing  jets 1,2 and  jets 3,4 (Fig. 12 (c)). Linear  polarisation of the  gluon  in  e+e- -+ 
qqg results  in  quite different distributions of x for Abelian and  non-Abelian  QCD. 

Results of Monte  Carlo  studies [52] of these three  measures  are  summarised in Fig. 13 ~ 

where large differences between non-,4belian and Abelian  models  remain  after  hxdronisa- 
tion  accordingto  the  Lund  string model. The  current  status of esperimentnl measl1rcments 
is given in  Fig. 14 . JADE  results [15] at VV = 44  GeV (Fig. 14 (a,b)) show no power 
to discriminate  between  Abelian  and  non-Abelian  models; some indication that  the data 
prefer QCD is given in  a very recent ,4MY study [5] (Fig. 14 (c,d)), although  the signifi- 
cance is only at  the level of a few standard  deviations  and  the Abelian model is clearly not 
ruled out.  The  latter  results, based on a few thousand  hadronic  events, are very promising 
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Figure 14. Experimental  results from JADE and AMY on  testing  the non- 
Abelian Nature of QCD. 

in t ,hat  they indicate  that a precise test should be straightforward  with the large event 
samples expected at SLC/LEP. 



2.4 The  Flavour-Independence of the  Strong  Coupling 

The  idea  that  the  strong  interaction between quarks  does  not  depend  upon  the  quark 
flavour is so implicit in  the  foundations of QCD that  it is not  usually even mentioned, 
and  the  thought  that  this may not  be so would be  considered outrageous by theoreticians. 
Nevertheless, a skeptical  experimentalist may ask if there is any  hard evidence to  support 
this  notion.  What  little evidence there is  is summarised  in this section. Of course a theorist 
might argue  that  the fact that QCD, as it is formulated, describes data well indicates  that 
our  assumptions  are  correct,  but  in my opinion such  arguments  are  not compelling. 

T,4SSO has measured the  ratio: as(f)/as(uZZ), where the  numerator is for a data 
sample  enriched with heavy quark events of flavour f and  the  denominator is for all flavours, 
for the cases f = charm [54] and f = bottom  [55], using the  same  technique  in  both cases. 
Firstly, a,(uZZ) was determined by fitting  the ilEEC distribution  with  an O ( Q ~ )  matris 
element + hadronisation Monte  Carlo model, allowing as to vary to  obtain  the best fit. 
The very high  statistics  data  sample above W = 30 GeV (around 60000 hadronic events) 
gave a  small  statistical  error. Samples of events enriched with  b-quarks  or  c-quarks were 
obtained  in  separate analyses using tagging procedures [54,55]. The  percentages of the 
enriched  flavour  events and  the remaining flavour events were estimated from Monte Carlo 
calculations. a S ( f )  was allowed to vary in fits to  the AEEC distributions of the enriched 
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Figure 15. TASSO Fits  to  the ilEEC distribution for  enriched  samples of 
charm (a)  and  bottom  (b) events to  determine as for the heavy 
flavour events  separately. 

samples (Fig.  15 ), with cys for the background  events  being fixed to as(uZZ). The  statistical 
errors  on  these values were much larger  because of the relatively  small  number of tagged 
events. By taking  the ratio a g ( f ) / ~ 3 ( u Z Z ) ,  many of the  systematic effects discussed in 
Section 2.2 cancel out  and  the measurement is less biased. The results  are: 
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as(c)  = 0.98 f 0.38 f 0.15 
&(all)  

indicating  no  flavour  dependence  within  the  (lasge)  errors. 

Many of the  experiments  at  SLC/LEP will have  high-precision  vertex  detectors,  al- 
lowing the  potential for tagging heavy flavour events  with  a  higher efficiency than was 
possible at TASSO, aided by the fact that  at  the 2’ energy the deca.y lengths of charmed 
and  bottom  hadrons  are much longer than  at  PETRA energies  because of the Lorentz 
boost. Given the expected  high  luminosities, there is a  tremendous  opportunity  to make 
high-precision tests of the flavour-independence of the  strong coupling. 

2.5 The Colour  Charge of the Gluon 

It was pointed  out  many  years  ago [56] that  the  strong coupling constant of the gluon to 
separating colour octets is 9/4 times the coupling  constant to  separating 3 and 3 .  Loosely 
speaking,  one  may  rephrase  this  statement  as that  the colour charge of the gluon is 9/4 
times the colour  charge of the  quark. A leading  logarithm  bremsstrahlung-type  calculation 
predicts [56] that in  the  asymptotic limit s -+ 00, the multiplicity of soft gluons  in a gluon- 
initiated  jet is 9/4 times the multiplicity  in  a  quark-initiated jet. Assuming  proportionality 
between  gluon  multiplicity and  the ensuing  hadron  multiplicity  leads to  the prediction that 
the  particle multiplicity  in  gluon jets should  be T = 9/4 times that in  quark  jets,  and hence 
that  the former will be  softer by roughly the same  factor. Using the  same  arguments, it 
was also shown [57] that  the  angular  widths of gluon and  quark  jets  are  related by: Ss = 

6;” (S in  radians, < 1 by construction), i .e. that gluon jets  should  be wider than quark 
jets. 

Many  experimental  searches for these effects have  been  made;  I give a brief  summary 
below.  However, it is worth  noting  first  that  there  are several  caveats to  the above  argu- 
ments which tend  to  dilute  the  factor r. First  and foremost the searches at  PETRA  and 
PEP were at energies a little  short of 00, in  fact around 30 GeV. Finite energy  corrections 
up  to second order  in as reduce T from 9/4 to N 2 (see [58] and references therein). Heavy 
quark  and  fragmentation effects further reduce T to  around 1.3 [58]. The differences in 
particle  multiplicity,  width and  hardness of fra.gmentation  may thus  be less apparent  than 
naively expected. 

Experimental  investigations of these effects are  usually  based  upon obtaining  a sample 
of symmetric  three-jet  events,  interpreted as quark,  antiquark  and gluon jets of roughly 
equal energy. The least  energetic  jet (jet  3) is found to  be most  probable to originate from 
the gluon. JADE  reported [59] that particles coming from the lowest energy jet  tend  to 
have  larger  transverse  momentum  w.r.t.  the  jet  axis:  averaging over jet energies between 
6  and 10 GeV (Fig. 16 (a)) they  found < p~ >3 / < p~ >2 = 1.16 f 0.02, indicating 
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Figure 16. Searches for  differences  between quark  and gluon jets by PE- 
TRI&, PEP and TRISTAN experiments. 

wider gluon jets. HRS found [60] essentially no differences  in particle  multiplicity between 
quark and gluon jets within  experimental  errors  (Fig. 16 (b)): < n >s / < n > q  = 
1.29?::2; i 0.20. Mark I1 found [61] some evidence for a softer fragmentation of inclusive 
charged  particles  in gluon jets  (Fig. 16 (c)),  although  their analysis involved extrapolating 
lower energy data from  other  experiments,  with  the possibility that  there may  be some 
systematic  bias.  Other  preliminary  results from TPC and CELLO show no differences [58]. 

Recent results  from T-ISSO [58] also show no evidence for a difference in the frag- 
mentation  spectra of inclusive charged particles  in  quark and gluon jets  (Fig. 16 (d))  and 
suggest an  explanation of the  Mark I1 results  in  terms of the selection cuts applied to  the 
jet  samples. The &est contribution to this  subject is provided by AMY at TRISTAN [62], 
which  claims Do observe effects in the variables 'mean core energy fraction'  and  'mean  ra- 
pidity of leading particle' (Fig. 16 (e)). Note that quark  and gluon jets  must  be compared 
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at  the same  energy, as  particle  multiplicities and flows within  jets  change with energy. In 
Fig. 16 (e)  there is only  one data point  in each distribution where the  quark  and gluon 
jets overlap in energy. For that particular  jet  energy  the  gluon  jets  appear  to  be wider 
and have a softer fragmentation function. A greater  overlap in  sample energies would be 
needed to make a more conclusive statement. 

In  summary, the  experimental  situation concerning the different fragmentation  prop- 
erties of quark  and gluon jets, reflecting the different colour charges of quarks  and  gluons, 
is confused. Some experiments claim to see an effect, whilst others  do  not.  It is certainly 
true  that  any effect is much smaller  than  the 9/4 factor  expected  in  the  naive QCD limit. 
The field  is therefore wide open for definitive measurements to  be  made  at SLC/LEP. A 
problem which must, however, be addressed if differences between quark  and gluon jet 
fragmentation  are  observed, is whether  the different properties  arise from the  perturbative 
QCD processes of multiple soft gluon  bremsstrahlung, or whether  they may be  explained 
by non-perturbative  hadronisation models. For example,  it is well-known that  the Lund 
string  hadronisation model alters  the particle flow and  multiplicity  around  the  directions 
of the  parton  parents of hadron  jets.  In  particular,  a  hard  gluon,  represented  as  a kink 
on the  string  stretched between quark  and  antiquark, may be  expected  on average to 
fragment into a  softer, higher multiplicity  jet  because two string-sections  are  associated 
with the  energy-carrying  kink, compared with one  section for the  quark  and  antiquark. 
The  untangling of these effects will require careful, systematic  study of high-statistics  data 
samples. 

2.6 Tests of Higher Order QCD: Multijet Cross-Sections 

-& 

Figure 17. 
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As mentioned  in  section 1.2, tree-level matrix element calculations of five parton  production 
to  order a: in  perturbation  theory have recently  been  performed [12,13]. The relevant set 
of Feynman  diagrams is shown in Fig. 17 (a) [13]. In  Fig. 17 (b)  the 5-jet calculations of 
[13] are  compared-with  the JADE and  TAGSO  data  at 35  GeV and  found to  be in good 
agreement. 

Note that  just  as  the ggg vertex first appeared  at second order, now the gggg vertex  ap- 
pears  at  third  order, so that  to  test  the existence of the  four-gluon coupling  one would need 
to  study 5-jet events. Very low rates of such events were observed at PETRA [14,15,16,17], 
but resolvable multiple  gluon emission should  be more observable at SLC/LEP in the form 
of multijet  events. 

Figure 18. 

For example, shown in  Fig. 18 [17,63] are  the  rates of n-jet  events, defined using the 
JADE algorithm  with r n ; j  fixed at 7 GeV/c3, as a function of W .  The TASSO data lie 
between 14 and 44 GeV, but  the QCD model calculations are  extended  up  to 200 GeV. 
The O(cys) model (GKS in  JE,TSET) curves tend to saturate  at high M i ,  indicating  that 
the  jet  structure is more-or-less fully resolved in these  finite  order  predictions.  The LLA 
model (BIGTF71G) and LLA + O(cys) model (JETSET shower)  calculations show a much 
richer jet  structure however, with 2- and 3-jet rates which decrease at  large W as 4,s and 
6-jet rates 'switch  on'.  In other words, as I/V increases, even though as decreases, more 
gluon  bremsstrahlung is resolved as separate  jets. From Fig.  18 , parton shower models 
predict rates of 5 and 2 6-jet events of 7% and 1% respectively at  the Zo energy, though 
of course  these  numbers  depend  upon the choice of jet-jet  mass  resolution. 

The obserT.-ation of such  multijet final states at, SLC/LEP will thus provide both qual- 
itative  and  quantitative  tests of higher order QCD. 



3. ‘Standard’ QCD Physics 

In this section I have arbitrarily collected topics  which,  though  still  interesting and impor- 
tant, do  not  represent  ‘fundamental’ tests of QCD in  the same  sense  as  those  discussed  in 
Section 2. I shall  mention  general  features of jet  fragmentation  expected at  the Zo, with 
emphasis  on  the  fragmentation  properties of the  bottom  quark; as these  comprise about 
20% of all  hadronic  events at  the Zo, SLC and LEP will  effectively be  ‘b-factories’.  Other 
subjects briefly  outlined  are QCD coherence effects, intermittency  and local parton-hadron 
duality. 

3.1 Jet Fragmentation 

In the last  decade  a  wealth of information  has  been collected at  PETRA,  PEP  and TRIS- 
TAN on hadron  production  in  high  energy  e+e-  annihilation.  The data have  been  studied 
in  terms of observables  such  as  sphericity, thrust,  aplanarity, << pgin >>, << pgOut >>, 
p ~ ~ ,  , mout, xp, rich, rapidity, M i ,  M,?, Mi - M,?, energy-energy  correlations and so on. 
Exclusive studies of strange,  charmed,  vector  and  tensor meson production  and baryon 
production,  rapidity correlations and Bose-Einstein  correlations  have  all  shed  considerable 
light  on the processes by which hadrons  are  produced. Much has a.lso been  learned by 
interpreting  the observations  in terms of the family of perturbative QCD + hadronisation 
models. For an overall review  see [64]. Hadronisation is (presumably) a manifestation 
of QCD, but  in  the low-energy regime where perturbative calculations  break down. Just 
because we do  not yet have  a  respectable  theory of such non-perturbative processes does 
not  mean that  the physics issues should  be  neglected:  hadronisation is probably  the least- 
understood  part of the  strong  interaction sector of the  Standard Model. 

All of the above-mentioned  topics  can  be  studied further  at SLC/LEP. Initial  studies 
will  check that the general  features of hadronic  events  are  as  expected  from  the energy 
evolution of the low energy data. QCD model predictions of event  topologies  have been 
made by Mark I1  [18] for the Z energy,  and by Burrows [63] for W up  to 200 GeV. Just 
four  examples  from [63] are shown in  Fig. 19 . << p$in >> and < < p$out > > are shown 
(Fig. 19 (a)) as a function of W between 12 and 200 GeV for three  fragmentation  models, 
compared  with a compilation of PETRA/PEP data spanning  energies up  to  about 42 GeV. 
A similar  plot is shown (Fig. 19 (b)) for the mean  charged  particle  multiplicity  in  hadronic 
events, < n,h >. The  first  thing  to  note is that  the models  describe the  data well, using 
parameter  sets optimised at 35 GeV [17,19]. However, at  the Zo energy and beyond,  large 
differences begin to open up between the two shower models and  the O(cr:) model: the 
shower models show higher < < pgOut > > but lower < < pgin > >, reflecting  multiple gluon 
emission out of the event plane and  the softer nature of the  radiation  in  the plane than 
that calculated to O(a3).  The shower models also predict  higher  multiplicities by 3 units 
at the Zo and  about  7  units at W = 200 GeV,  in  qualitative  agreement  with  what  one 
would expect if there is some proportionality  between  the  number of soft gluons  in an 
event and  the  resulting  hadron multiplicity. 
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Figure 19. 

The differential multiplicity and rapidity  distributions  are shown in Figs. 19 (c,d) 
respectively. The lower O(a:) model multiplicity is reflected in a smaller peak value 
(Fig. 19 (c)) and a lower rapidity  plateau  (Fig. 19 (d)). Note also that  the shower  models 
show a larger  dispersion (width) of the multiplicity distribution  (Fig. 19 (c)). 

Such differences  between models, which  will be almost  impossible to  tune away 
whilst still  preserving agreement with the  PETRA/PEP  data, present the possibility for 
great  discriminating power with high statistics data  at  the Zo energy, and even greater 
power at PIT.' = 200 GeV. -411 estimate of this power of discernment  can. be ;I1.t.de  by noting 
that  the  error  bars on the T,GSO data derive from a sample  comprising 31176 hadronic 
events  with a mean charged multiplicity of 13.6 at 35 GeV. In  addition  to  the models 
already  tested extensively at PETRA, PEP  and TRISTAN, the newcomers NLLJET and 
ARIADNE can be  confronkd with the 2' data to shed new light on the  jet fragmentation 
process. 
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3.2 b-jet Physics 
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Figure 20. 

The  fragmentation  properties of jets  initiated by b quarks were studied recently by TASSO 
[55] and  are summarised  in  Fig. 20 , where samples of jets enriched with b events by a 
tagging  procedure  are compared with average jets of all flavours. Tr-1SSO used  a  sample 
of roughly 400 tagged jets,  with  a b  purity of 68%. 

Due to  its large  mass  relative to  the  c.m. energy studied (35  GeV) and  its  hard frag- 
mentation  function [65], the b  quark is expected to have somewhat different fragmentation 
properties  compared  with  those of the light  quark  flavours. The  majority of the particles 
in  a bb event come from the decay of the  initial B hadrons, which each takes  roughly 70% 
of the  beam energy [65], leaving only a  small  phase  space for additional  fragmentation  par- 
ticles. The  large B hadron  mass  ensures that  its decay products will typically have large 
transverse  momentum  relative  to  its  line of flight, so that b  jets will tend to be  fatter, 
i .e.  the  events  are more  spherical in nature  (Fig. 20 (a)). The  hard  fragmentation of the 
B, combined  with the high p~ of its decay products,  produces  a depletion of particles  at 
low rapidities  (Fig. 20 (b)).  The high decay multiplicity of B ha.drons, about 5.5 charged 
tracks  per decay 1661, gives higher overall particle  multiplicity  in b events than in light 
flavour-initiated  events  (Fig. 20 (c)). 

Further  studies of these  properties at  the Zo will be  extremely useful. As men- 
tioned in Section 2.4, the SLC/LEP experiments will have  high-resolution  vertex  detectors 



which should  be very  efficient at tagging  b-jets  compared  with  what was achieved at PE- 
TRA/PEP. Given high  luminosity delivered by the colliders,  large  samples of ta.gged b-jets 
may  be  expected to yield precision measurements of their  properties. For one thing, it will 
be  interesting  to discover whether  these  fragmentation differences persist at high energies, 
or whether at  the scale of 91 GeV the  b of mass about 5 GeV becomes like a ‘light’  quark. 

3.3 Miscellaneous  Topics 

In  this  section I shall  not even attempt  to do justice to several  topics which are very worthy 
of detailed study  at SLC/LEP, but ment’ion  them briefly for the sake of completeness. 

Intermittency is a relatively new subject which is difficult to explain briefly. Essen- 
tially,  large  density  fluctuations have been observed in  (pseudo)-rapidity  distributions in 
cosmic ray  events [G7], hadron-hadron [GS] ,  hadron-nucleus,  nucleus-nucleus [G9] and e+e- 
collisions [70,71]. These  fluctuations  are significant beyond purely statistical variations 
and  are analysed in terms of quantities known as ‘scaled factorial  moments’ [72]. The 
moments  exhibit an inverse power  law dependence  upon the size of the  rapidity bins used 
in  the  distribution,  and it is this  property which is known as  ‘intermittency’. 

The two most  interesting  features of the  intermittent behaviour are  that  it occurs in all 
of the reaction  channels  mentioned  above, in particular  its  appearance in e+e-  annihilation 
excludes certain  proposed  explanations based upon  hadron  reaction  mechanisms,  and  that 
it is not  reproduced well  by any of the  current  perturbative QCD + fragmentation models 
[71], even though  these models describe the vast majority of the  other known features of 
hadronic  events. It is therefore possible that we may have to modify somewhat  our  present 
picture of parton  hadronisation  to  take  into  account  the  intermittency effects. 

Two further related  topics  worthy of study  are local parton-hadron  duality (LPHD) 
and colour coherence effects (see [73] and references therein).  The former  concept states 
that  the  distribution of final state  hadrons follows rather closely the  distribution of the 
initial  partons, with  non-perturbative effects being absorbed into a normalisation  constant 
relating the  hadronic  and  partonic  amplitudes.  The coherence effects refer to  the  patterns 
of inter-  and  intra-jet gluon radiation which are  a direct  manifestation of quantum effects 
in colour fields. For both of these  topics. observables and theoretical  predictions have 
been proposed [73]  which can  be  tested  against the experimental  evidence.  In particular, 
the  inter-jet coherence has been suggested a.s a  perturbative QCD explanation of the 
string effect [33],  although  it is  well known that  this effect can  also  be well-explained at 
PETRA/PEP energies by an O(a,)  matrix element calculation + string  hadronisation [74]. 
This may  no longer be true  at SLC/LEP energies [ll], providing  a strong  test of the idea 
of colour coherence, which up  until now has been considered elegant  from  a  theoretical 
point-of-view, but almost  irrelevant phenomenologically [28,75]. 



4. Summary 

By  way of summary I list  in  Table 4 the  experimental  tests of QCD covered in  this survey. 
As it is considered of some interest by experimental  collaborations, I have  also  listed two 
numbers of events  for  each  observable,  representing my estimate of the  number of events 
needed at the Zo to make a ‘poor’ and  a ‘good’  measurement.  These  estimates  are  clearly 
highly  subjective,  and  depend  upon one’s definition of ‘poor’ and ‘good’. By ‘poor’ I 
mean  a  measurement of comparable precision to what has  already  been achieved to  date, 
and by ‘good’ I mean  a  much better measurement than already  exists  or a conclusive 
demonstration of the existence of the phenomenon. The ‘good’  measurements  invariably 
require  a  factor 10 more statistics  than  the ‘poor’  ones. The  actual  numbers themselves  are 
based  upon my  own experience of analysis at TASSO and on the  quality of measurements 
which have  been  made at  the PETRA, PEP, TRISTAN and SLC experiments  to  date, 
with  appropriate  extrapolations  to  attain a. ‘good‘  measurement at  the Zo. 

Table 4: Estimated  numbers of hadronic  events at  the Zo for testing  aspects of QCD 

0 bservable 

Running of a,  

Gluon self-coupling 

Flavour-independence of a,  

Colour  charge of gluon 

Multijet states 

Standard  jet  fragmentation 

Poor meas. 

1000 

5000 

400 b-jets 

10000 

5000 

1000 

Good meas. 

5000 

50000 

4000 b-jets 

100000 

50000 

50000 

I reiterate that these  numbers axe personal  estimates  and  should  be  regarded in 
that light.  The only thing which  is certa,in is that  the more  events  collected, the  better 
the analysis will be. 
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Introduction 

The goal of each of the SLD physics groups is to identify compelling physics issues 
which  SLD  is  well suited to study. For B physics, the advantages of the  detector  are clear: 
a powerful vertex  detector  with  small  beam  pipe, and good particle  identification  with the 
CRID.  In this  area of physics there is obvious competition  from  CLEO in the next few 
years. There  are some physics topics for which  SLD  does have unique  advantages, but 
they all require  a  reasonable  number of 2’s. 

The  strategy of our  group  has  therefore been to identify the  subset of physics topics 
which require the lowest integrated luminosity. We then have tried  to make an honest 
estimate of  how many 2’s it will take  to make an  important  measurement. These  estimates 
are based on the present status of the  detector  simulation in the  fast Monte  Carlo,  and 
should improve as the simulation  matures. 

Present  Experimental  Status 

The largest  sample of BB events is from  CLEO, which has 3 - lo5 events now. They 
should collect about lo6 events  with the upgraded CLEO I1 detector in  1990. They have 
no precise vertex  information, and modest  particle  identification, but will have a very large 
sample of BS and Bd decays. It will take special runs  to  study  the Bs, and  there  are no 
plans to go above threshold for the Ab. 

The  major experimental  results  on B decays come from  CLEO, ARGUS, and  the 
continuum  experiments at  PEP  and PETRA.’ The mixing measurement is r(Bz) = 0.205 

0.07, where  r is the fraction of mesons created as a  B which decay as a B. The lifetime, for 
the  continuum  mixture of B+, Bd, and B,,  is (11.8 f 1.4) - 10-13s. The  ratio of lifetimes 
has been measured  from the  ratio of semileptonic decays, and  the average of CLEO  and 
ARGUS measurements is T + / T O  = 0.9 f 0.2. The inclusive semileptonic decay rate is 
fairly well measured, B(B --+ Xb) = (10.9 f 0.6)%, but  the individual exclusive rates  are 
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only measured to  about 30-40%. Finally, the  ratio of K-M matrix elements, V,b/Vcb, 
has  an  upper limit of 0.13. There is a recent 2 standard deviation excess from CLEO at 
the  endpoint of the electron spectrum, which can  be  interpreted as first signs of charmless 
decays, with V,b/Vcb = 0.04 - 0.12. 

One  can identify fairly easily the  important  results which will be sought in the near 
future: 1) Mixing, especially B,; 2) Lifetimes for  Bd, B+, B,, and Ab; 3) Vcb, measured 
in B + Dev and D*ev; 4) Vub measured in B + pev; 5) hadronic decays, especially 
decays such as B + mr, KT, and GK,, which are  important for probing  where to look 
for CP violation; 6) rare decays, starting with the benchmark  mode  B + Kpji;  and 7) 

spectroscopy, including  properties of the B, and Ab. Of these, all but  rare decays offer 
some opportunities for SLD, because of the advantage  from the vertex  detector  with  small 
beam  pipe and Cerenkov identification of hadrons.  The crucial  question is  how many 2’s 
are  required to do  the physics in each case. 
Charm Identification for B Decay Physics 

The  rates for observing B decays using conventional techniques are  at first discouraging. 
With 100,000 produced Z’s (75,000 visible Z’s), there  are 14,000 bi; events, which include 
11,000 B, (and B,) decays and  a  similar  number of  Bd decays. This gives a total of 
1500 B d  4 D*+l-D decays. Putting in the branching  ratios, B(D*+ + T’DO) = 0.5 and 
B(Do -+ K-T+) = 0.04, and  an efficiency times  acceptance of 20%, one expects 6 observed 
events. The lesson from this exercise is that we must  be very  efficient in reconstructing 
charm,  and use more than  the single mode Do -+ K-x+. In addition, we cannot afford 
the usually high cuts on  minimum  momenta for the D and  the  lepton. Our studies tell 
us that it will be possible to satisfy  these  requirements  because of the VXD and CRID 
performance. 

Figure 1 shows the mass spectra for the decay Do -+ K-T+ in  bi; events.  These 
are unremarkable in appearance, showing clear signals with  signal-to-background  ratios of 
about 1.5 or so. What is unusual is the relatively large efficiency achieved, because only 
minimal  kinematic cuts were applied.  With good particle  identification from  the CRID 
and good vertex  separation  with  the VXD, there is no need to  do more than exclude tracks 
with P < 0.5 GeV/c. An  efficiency of 40% is obtainable in the Do + K-T+ mode, as an 
example. 

The goal is to assemble a reconstructed  charm  list,  containing the largest  fraction of Do, 
D+, D i ,  and D*+ + 7rr+Do possible. The modes used for Do will be K-T+, K-T+T-T+, 
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b6 events. The vertex cuts are  very  loose to achieve  high 
efficiency. The large collection of events with mass less than 
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useful  for B decay studies. 
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K-?r+r0, and K:n+n-, with  a total branching ratio of about 30%. We should  be  able 
to reconstruct  about 30% of these, for a total Do efficiency of about 9%, with  somewhat 
smaller  numbers for D+ and DZ, and larger for D*+ -+ ,+Do. These  numbers  are  about 
5x the usual charm efficiencies, because of the lack of kinematic cuts  and  the use of more 
modes. In a  related paper from Strauss, McHugh and Browder, the  status of the  charm 
reconstruction is detailed. 

Physics Example 1: B Lifetimes 

Some of the most important measurements needed to  study  the weak decays of the 
B mesons are  the lifetimes of individual  particles. In particular,  the  ratio T+/T'  = 
T(B+) /T(B~)  is important for three reasons: 1) to measure the size of the correction 
to  the simple spectator model (recall r(D+)/.(Do) N 2.5!); 2) to measure B(BS + 

XeSv)/B(Bo --f Xe+v) = T + / T O ,  which is necessary for mixing measurements;  and 3) 
to measure  relative exclusive decay rates for Bo and B+ decays modes, so as to compare 
with  existing models. 

Recent measurements of T + / T O  using the semileptonic branching  ratios are 0.85-0.26 +0.30 

from CLEO2 and 1.00 f 0.27 from ARGUS.3 Thus,  the  ratio is consistent  with 1, but also 
with 0.5 or 1.5. We expect  deviations  from 1 at  the level of 20% or less, so there is little 
help from the  experimental  results. Moreover, the  systematic  errors  are  about 20%, and 
are  probably  not  reducible to  the 10% level with  existing  experiments. 

We need to measure the lifetimes to  an accuracy of 10%. The  error in lifetime is 
given by the rule or = ~ / f i  in the limit that  the resolution in decay time is much 
less than  the lifetime and  the background is small. Thus 100 events are required for a 
10% measurement. Keeping the  systematic  errors  to 5% is a  formidable  problem, however. 
This requires obtaining clean signals without severe cuts on the B vertex separation, which 
might  be difficult to model. The  systematic problems in the lifetime ratio  are less severe 
than those in the  ratio of semileptonic rates, however. 

There  are many  methods available to measure the lifetimes. In an inclusive approach, 
one can resolve the five vertices typical of bi; events, and  separate  the  three B mesons by 
charge and st ran genes^.^ This may be difficult, because the efficiency is small for completely 
separating all vertices. In addition,  the effect of such  vertex cuts on the  timedependence 
of the efficiency  is very sensitive to Monte  Carlo models of the underlying  event. 

We have concentrated  on using exclusive decays, in particular  the semileptonics, which 
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have large  branching  ratios and  are easy to identify. In addition,  the species of charmed 
meson tags  the B meson type.  The major decay modes are: 

B- + (Do, D*O) !!-D 

B d  + (D', D*+) !!-D 

B, --+ (D:, Dl+) t - D .  

Separating B- from B d  requires simply tagging the charge of the D meson. Of course, we 
can check the lifetime ratio by measuring the  ratio of exclusive branching  ratios. 

The  rates for exclusive semileptonic decays are acceptable, even for a total of 100,000 
Zo's produced.  In that case there  are  about 2400 B- -+ Xtv decays, and  an equal  number 
of B d  decays. Assuming a 9% efficiency for detecting  charm  and  a 50% efficiency  for 
detecting the lepton and B vertex cuts,  the expected  number of observed semileptonic 
decays is 110 for each meson. Figure 2 shows the  D*tv signal and background  from the 
Monte  Carlo  simulation,  with cuts  appropriate  to lifetime studies.  This  represents 10% 
measurement of each lifetime, and 14% measurement of the  ratio. A measurement of the 
lifetime ratio with  comparable  statistical accuracy is possible using the  ratio of branching 
ratios. 

The use of exclusive D decays makes the  separation by charge relatively easy. The D*O 
always decays to a Do with accompanying neutral;  the D*+ decays about 1/2 to Do + ?r+ 

and 1/2 to Do + ro or 7. Thus if one can tag  the D*+ 4 r + D 0  decay with good efficiency, 
and correct for the pions not seen, one can  separate  the decays reliably. It will also be 
possible to measure the small  contribution  from  D**tv decays. 

The sources of possible systematic  error for the lifetime measurement are fairly straight- 
forward.  One  must  correct for the Do decays that come from D*+, as discussed already. 
One  must  measure  the  relativistic  factor 7/3 = P/M  to  about f15% (d = rpct). There 
are two independent sources for this measurement.  Figure 3 shows the  momentum spec- 
trum of the B mesons, which is peaked near 37 GeV/c and  represents  a  measurement of 
about f25%. One  can also use the  momentum  and mass of the De (or D*e) system  to 
measure the B momentum to  better  than f20%, for a combined error of about f15%. 
Reconstruction of the missing neutrino will only improve this  result. 

The  other issue in measuring lifetimes is to  study  the efficiency as a  function of time. 
It is important  to  obtain clean signals using minimal  vertex cuts.  The  present  studies show 
that  the D*ev signals are  very.clean  with  almost  no  cut on the B decay time. Similarly 
clean signals should  be attainable for Dev, since clean D  signals are used. 
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Fig. 3. The  momentum  spectrum of B mesons resulting  from Zo decay. 



The  studies on  measuring the lifetimes using semileptonic decays have been carried 
out by Tom Browder. A separate  paper in this volume gives details  and  results. 

Other B Physics Topics 

The most important source of information  on the weak decays of the b  quark is semilep- 
tonic decay. The Kobayashi-Maskawa matrix elements Vcb and Vub are two of the fun- 
damental  parameters in the  Standard Model still  not well measured, which can only be 
done  in exclusive semileptonic decays. These  elements are also crucial in determining the 
expected level for CP violation in B decays. 

There is also important information on the  hadronic  structure of mesons that come 
from exclusive semileptonic decays. The weak current serves as a point-like probe of the 
meson wave function,  similar to electroproduction in the case of nucleons. There is a  great 
amount of theoretical work, using both analytical and  lattice gauge techniques,  on models 
of these  form  factors. Such models are needed to reliably extract Vcb and Vub from the 
measurements. 

The problem in determining v,b is fairly straightforward.  The decay B --+ D*tv 
is relatively easy to measure, but  hard  to  interpret, because of three form  factors that 
contribute.  The decay B -+ D l v  is easier to  interpret,  but much harder to measure, 
because the D signals are  not as clean as the D*+. The decay B + plv needed to measure 
Vub is both  hard  to measure and very hard  to  interpret.  The most important lesson in this 
area is this: The entire kinematic range must be measured to  determine the  form  factors 
accurately. 

Of course, CLEO and ARGUS have already  measured B t Dlv ,  for example. ARGUS 
sees 120 D+l-v  events on 200 ba~kground,~ of which about 1/2 are from D*+lv with an 
undetected  neutral. CLEO sees 58 f 10 DO4-v events,  after subtracting  about 150 D+tv 
events.6 In both cases, the  results suffer from large background and large contamination 
from D*lv. Because there  are severe cuts on PD and P, in the B rest  frame, it is  difficult 
to use the different kinematic dependence of the D* decays to  separate  them from the D 
decays. Finally, the limiting  systematic  uncertainty is an unknown amount of D**lv decay, 
since it is impossible to observe the low momentum pion from the D** often enough to 
measure  its rate well. 

The SLD environment  has many advantages for this problem. The VXD and CRID 
make it possible to  obtain a high charm efficiency and  thus reasonable  semileptonic rates, 



as pointed out above. Because the signal is clean without severe kinematic cuts, especially 
if one cuts on the vertex, full coverage of the Dalitz  plot is possible. This is necessary 
for determining  the  form  factors  and useful  for separating  the D* contamination to  the D 
signal. Finally, there is  good sensitivity to   D**b decay, because  one  can easily identify an 
extra charged pion from the B decay vertex. 

In the  area of  B, and Ab physics, there is presently no  experimental  information. 
Starting  with 300,000 Zo7s, there also are 2500 produced B, --+ (y)D$.f!-v decays, of which 
60 or so should  be observed. This would be enough to measure the B, lifetime to  about 
20% and  to  compare  the semileptonic decay with  those of the B- and B d .  One  should 
gain first evidence of B, decays with as few as 100,000 Zo’s, along with  a  rough lifetime 
measurement. The first work on observing the D, decays modes is reported in Gerald 
Eigen’s talk. 

There  are a  number of hadronic decays of B mesons for which the detailed  vertex 
information of SLD is useful. Ida Peruzzi reports  on  a first look at  studying B --f +X 
decays. In that case it is possible to locate the charged  tracks attached  to  the + --f p+p- 
decay vertex  quite cleanly, but  the expected rate is  low.  High multiplicity decays are also 
much cleaner using precise vertex  information, but  this case has  not yet been studied. Lou 
Osborne discusses the prospects for tagging B decays with high efficiency using the vertex 
informat ion. 

Analvsis Tools 

The preliminary physics studies  summarized  here are  at  the end of a long program 
of developing Monte  Carlo and analysis programs which  give a  reasonable  description of 
the real  environment. Much additional work  is needed to improve the simulation and  the 
analyses. 

The two detectors which are  particularly crucial for B physics are  the CRID and  the 
VXD. A small  subgroup of the CRID analysis effort conducted  a pre-Kirkwood study of 
the fast and slow Monte  Carlos, which is reported in the  paper of Pierre Antilogus. Much 
work has been done  on the  proper description of vertex  errors and on developing useful 
vertexing  algorithms.  Gary  Gladding  reports on the vertexing status in his paper for the 
B mixing group,  and Jeff Richman’s paper describes a fast program to calculate  error 
matrices. 

The existing Lund description of D and B decays is not  satisfactory, even for present 
planning  purposes. A number of people, especially Jon Labs, Peter  Kim,  and Tom Browder 



developed the model of D and B decays used. It is very detailed and realistic for D decays, 
but needs more work for B’s. Jon Labs describes the present status  and Gerald Eigen a 
new version for B decay modes, which is not yet complete. 

All  of this development of analysis and Monte  Carlo  programs was done in cooperation 
with  the B mixing group. In particular, Rafe Schindler and  Gary  Gladding led the push 
in the few weeks before Kirkwood to pull the many pieces of software  together and make 
it possible to achieve the preliminary  results that exist. 

Summarv 

One of the first  topics for  SLD  in B physics will be  the lifetime measurements.  The 
sources of possible competition are  the Fermilab fixed target  program, LEP, and CLEO I1 
(for the  ratio only). It is probable that  the fixed target experiments will not collect clean 
samples of 100’s of B’s before the 1992 run.  The LEP experiments will have large  samples 
of B’s, but  the  beampipe  and vertex  detectors for the early runs  are  not  adequate for a 
precise lifetime measurement. The CLEO I1 experiment will improve their  measurement 
of the  ratio of semileptonic branching  ratios, but  it is unclear whether  the  systematics can 
be reduced much below the level of 25%. 

Similar  comments  apply for the  study of the semileptonic decay matrix elements. The 
main  question is whether CLEO I1 can  do much better in studying B --+ Dlv  then  the  past 
experiments. This will require relaxing the kinematic cuts  that  they now use, without 
increasing the already large background  contamination. 

With lo5 Zo’s, it will be possible for SLD to  study lifetime ratios  either  directly or 
through  the  ratio of semileptonic branching  ratios,  with clean samples of 100’s of events. 
The  same  sample  can  be used to  study  the form  factors and  extract Vcb more reliably than 
it is  now known. The first observation of B, decays will also be possible, with a rough 
lifetime measurement. 

With more running, to  about 3 - 10 Z ’s, other physics opens  up.  Accurate lifetime 
measurements for B, and Ab would be possible, along with  mass  measurements.  Other 
physics that would be accessible at this level are measurement of complicated  hadronic 
decays, and  determination of Vub, if it is not  too  small. 
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SEMILEPTONIC DECAYS AND MEASUREMENT OF  THE B-MESON LIFETIMES 

T.E. Browder 
Stanford Linear Accelerator Center 

MS.  Witherell 
University of California, Santa  Barbara 

Introduction 

The most  fundamental  measurements in understanding  the weak decays of the B 
mesons are  the lifetimes and  the semileptonic  branching  ratios. It is from  these mea- 
surements  that one extracts  the value of Vcb, which  is not yet very precise. The present 
experimental  information  consists of an average B lifetime, for a continuum  mixture of 
B+, Bd, and B,, of (11.8 f 1.4) x and a  semileptonic decay rate of (10.9 f 0.6)%,' 
averaged over the mix of B+ and Bd at  the T(4s). 

The  next  step in measuring lifetimes is, of course, to measure the lifetimes of the  B+, 
Bd, and B, individually. In the simplest spectator  quark  picture,  the  three lifetimes are 
expected to  be  equal, because the light antiquark  has  no effect. In the  charm  system, 
the lifetimes violate this  picture very badly (7(D+)/7(D0) = 2.5), primarily due  to in- 
terference  effects in the  D+. Simple scaling of this  picture leads to  the  expectation  that 
1 5 T(B+) /T(B~)  5 1.2. 

It is important  to measure the lifetime ratio  with sufficient precision to observe an 
effect of l0-20%. This precision will be needed to measure Vcb precisely and  to  compare 
the  strong  interaction  corrections  to  the existing models of the weak decay. The derived 
ratio X B(B' --+ Xe+v)/B(B0 -+ Xe+v)  is equal to 7+/r0 ,  and  this  ratio  must  be 
known  well to  extract  the mixing rate from the measurement of the  rate of wrong-sign 
dileptons. All present mixing experiments  assume X = 1. 

The  other  important  measurements in determining the K-M matrix element are  the 
semileptonic decay branching  ratios. Because of the limits of theoretical models for the 
inclusive decay, this requires precise measurement of the exclusive decays, which are  not 
yet available. In addition,  the best sources of information  on the  hadronic  structure of 
mesons are  the  form  factors measured in semileptonic decay. 

Fortunately,  the  best way to measure the lifetimes is to use semileptonic  decays, because 
of the large branching  ratio  and relative ease of separating BS, Bd, and B,. Thus we 



will be  able  to use the  same  sample, with  slightly different cuts,  to  measure .(Bo) and 
B(B0 4 D+e-D). 

Lifetimes 

The  ratio rr = .(B+)/.(B0) can  be  measured  indirectly by CLEO and ARGUS, using 
the  relationship rT = X. The present  results are rT = .85 f 0 . 2 0 f ~ : ~ ~  for and 
tT = 1.00 f 0.23 f 0.14  for  ARGUS.3 Thus  the results are consistent  with rT = 1, but 
the  errors  are  about 30%. The  systematic  errors  are large, and  are  not likely to improve 
quickly, as can  be seen by looking at  the  data from which these  numbers  are  extracted. 

Figure 1 shows the CLEO  sample of decays B + DOt-p. The (missing mass)2 is 
calculated of the unseen particle(s)  other  than  the Do and t - ,  and should be zero for 
DOt-D. The resolution is about 0.4 GeV2, coming from the 0.3 GeV/c  momentum of the 
B at  the Y (4s), in an unknown direction. The  data points shown result  after  a  continuum 
subtraction,  the size of which can be estimated by the  errors on the  points.  There is a 
large peak due  to semileptonic decay, but it is centered at  M M 2  = 0.3 GeV2,  because the 
hadronic  component is a mixture of Do, D*O, and D*+. From a fit to  this  spectrum  the 
component which is (D*O+D*+) is determined,  from which the D*+  is subtracted.  The 
ratio  B(B- + D*'C-D)/B(Bo -+ D*+t-D) is then used to measure tt, with relatively large 
statistical  error.  There is a significant systematic  error  from  the D * * b  decays which might 
contribute as much as 20% of the signal. 

At SLD the lifetime ratio  can  be measured in two ways using the semileptonic decay 
sample. The lifetimes can be measured directly, using the precise vertex  information 
from the VXD.  Also, the semileptonic  branching  ratios can be  measured for B+ and Bo 
separately. The vertex  information  can  be used to cleanly separate pions that come from 
D** -+ D*n decay, and  to measure the bachelor pion from D*+ decay with high efficiency. 

The observed event rates for the semileptonic decays in  SLD can  be  estimated from 
the completed  Monte  Carlo  studies. In 100,000 produced Zo events, there  are 14,000 b6 
events, which provide 11,OOO B, and B, decays, with  a  similar  number of  Bd and B d .  The 
inclusive semileptonic decay rate is 10.9%. (Although the  sum of the measured exclusive 
rates is  less than  this,  the  errors  are much larger.) This gives about 2400 B- -+ Xl-G 
decays, about 60% D*, 30% D, and 10% D**. The efficiency for detecting  the  charmed 
meson in one of the few exclusive modes should  be about 9%  on  average, and  the lepton 
can  be  detected  with  a good vertex  about 50% of the  time.  Thus  the  number of detected 
semileptonic decays is about 110 for each of the B- and B d .  
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Fig. 1. Missing maSs  squared distribution for Doe- events from CLEO, with continuum 
subtracted. The dashed  line is D*Oe-fi and D*+e-fi, the shorter solid is DOe-P, and the 
dotted line is D*+c-fi. 
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The  statistical  error on the lifetime, for a  signal with low background, is 67 = [r2 + 
(6t)2]'/2/N'/2, where 67 is the  error on the lifetime and  6t is the  error on proper  time for 
each event. If the resolution is good, 67 < 7, and 67 = r/N'12. Thus 10% measurements 
of each lifetime, and a 14% measurement of the  ratio, is possible with lo5 Zo's. 

The  error on  proper decay time comes from two sources, the  measurement of decay 
length and  the  measurement of B momentum.  Monte  Carlo  simulations show that bL, 
the  error  in decay length L, is about 200 pm, while L = 2.3 mm, so 6 L / L  N 0.09, which 
is small. The  proper decay time is t = L/7Pc, where 7/3 = P / M ,  and  the  error on the 
momentum will dominate. 

The difficulty with using semileptonic decays is that  the missing neutrino  momentum 
is not  measured. It is clear that  one does not  do  too badly  estimating  the B momentum, 
however, simply by looking at  the B momentum  spectrum  (Fig. 2). The peaking  near 
37 GeV/c due  to  the  hard  fragmentation of the b  quark  corresponds to a  momentum 
measurement of about f25%. One  can  do better by using the  formula 7~ = ED/& where 
ED is the  total energy of the D (or  D*)  and  electron,  and Eo is the energy of the  same 
system in the B center of mass: Eo = ( M i  + M i ) / ( 2  x M B ) .  Figure 3 shows the  ratio of 
gamma  calculated this way to  the  true  gamma as a  function of MD.  It gives an  estimate 
of 7P with 19% error, which is  even better for high M D .  The resolution  on qP can  be 
improved further by using the measured B direction to solve  for the  neutrino  momentum. 

Monte  Carlo Study of B + D*+e-P 

As an example of an exclusive semileptonic decay, we studied B + D*+e-D extensively. 
The decay mode Do + K-T+ was used to  start; we can  do  equally well with  a  number 
of Do decay modes, but  with  tighter  cuts  and lower effi~iency.~ With basic requirements 
on particle  identification, and requiring each track to have P > 0.5 GeV/c,  one  gets  the 
Do + K-?r+ signal shown in Fig. 4. The efficiency  is  very high, because the  cuts used are 
very open,  but  the background is quite low. The collection of events with mass less than 
1.72 GeV is not  background,  but Do + K-n+?ro events, which are also usable for D*+ 
studies.  Ifwe now add these Do's to pions, and calculate Q = M(Dor+) -M(Do) - M ( T + ) ,  
we get the  spectrum shown in Fig. 5, with  a very clean D* signal. 

Finally, we combine  these D*+ candidates  with  electrons,  both  right  sign  (D*+e-  and 
c.c.) and wrong  sign (D*+e+ and c.c.). The electron is identified with very good efficiency 
for P > 2 GeV/c and  partially identified down to 0.5 GeV/c. We should  do  comparably 
well with muon efficiency. We also require the electron and  the bachelor pion from the 



t 

t 
c 

150 I- 
t 
L 
I r 
c 

i O O  + 
t 
i 
L 

i i 
J 

7 
r' - 

1 

i 
- 

c 

c 

i s 
I 
I 
I i 

Fig. 2. Momentum  spectrum o f  B's from Zo decays. 

3.0 

1 



Fig. 4. The K-T+ mass spectrum from 68 events. 



D*+ decay to form a good vertex, closer to  the  primary  than  the D ---t KT vertex. 

The D*e maas spectrum gives a good indication of the signal. The  spectra for right 
sign and wrong  sign  samples .% shown in Fig. 6,  for 50,000 Zo + bi; events. For this  plot, 
with a lower cut  at M(D*e) = 2.6 GeV, the signal is 32 events and  the background is 4, 
which probably  indicates the  cuts  are  tighter  than they need to be. The full efficiency  for 
this  mode is about 50%. 

The  systematic  error on the lifetime measurement  should  be  quite  small.  One prob- 
lem in lifetime measurements is the difficulty in measuring the  production  point,  and in 
modeling this process with  the Monte  Carlo. The small  beam spot  at SLC reduces this 
problem significantly. A second problem is the effect of vertex cuts used to clean up  the 
signal  on the  time  spectrum.  Figure 7 shows the  proper  time  spectrum for a  large  sample 
of accepted D*c events.  (Actually the  plotted variable is c t ,  in units of centimeters.) Even 
uncorrected,  the  time  spectrum follows the exponential decay  law  well after about 0.02 cm. 
Following the  procedure developed in measuring charm decays, we will define a  minimum 
decay time t,in, which is outside  the region of partial vertexing efficiency. One  can then 
fit the  time evolution with  exp[ (t - tmin)/.r] and need only minor  corrections  for efficiency. 

We have completed this  study using the mode which is simplest to  study,  but we should 
be  able to  obtain similar  results  summing over many  charm  channels.  The  backgrounds 
should  be  comparable in the D*e or De spectrum, as long as the  charm signal is larger 
than background before being combined with the electrons. Other  studies show this is 
possible for a wide range of modes. The individual  particle lifetimes will be  calculated 
from three samples: D*+e-, Doe-, and D+e-. The B d  lifetime will be  measured using 
the D*+ and D+ samples. The B- lifetime will  use the Doe- sample,  with  a  correction 
for the D*+ + 7r+D0 decays in which the bachelor pion is missed, which is  unlikely. 

An independent  measurement of the lifetime ratio, r(B+)/.(Bo), is possible using the 
ratio of semileptonic decays. Here one uses the  number of events in the  three  samples, 
corrected for  efficiency: 

T(B+) N(Doe-)-f  N(D'+e-) 
.(BO) - N(D+e-)+N(D'+e-) 

where N for each channel  represent the observed number of events  divided by the efficiency, 
and f represents  the  fraction of D*+ events in which the bachelor pion is missed. There is an 
additional  correction for possible D**e-G decays since the various D** mesons decay with 
equal  probability to D*+ and D*O, or D+ and Do. These  contributions will be  measured 
directly  quite well in SLD, because the only extra charged pions coming  from  a  semileptonic 
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Fig. 6. The D*c mass spectrum in GeV, for (a) D*+e- and  charge  conjugate and (b) 
D*+e+ and C.C. 
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decay vertex will be  from  this source. If the  systematic  errors  can  be reduced sufficiently, 
this  method will  give a second measurement of the lifetime ratio  with  about 14% accuracy. 

SemileDtonic Decay Studies 

The  same  sample of exclusive semileptonic decays used for the lifetime sample  can be 
used for studying  the semileptonic decay process. There is great  interest in measuring 
the K-M matrix elements Vcb and Vub precisely, since they  are two of the  fundamental 
parameters in the  Standard Model which are  not very well known. This will be useful in 
checking whether CP violation can be described as a  product of the mixing angles. 

To extract  the  matrix elements reliably, however, it is necessary to  understand  the 
form  factors of semileptonic B decays. In the semileptonic decay, the weak current serves 
as a point-like probe of the meson wave function. The form  factor  measurements  are 
therefore important in their own right.  There is presently  a  great  deal of theoretical effort 
in calculating the  form  factors, using both conventional and  lattice gauge  techniques. 

Figure 8 shows the electron  momentum spectrum in the  endpoint region from CLEO. 
There  has  already been a  continuum  subtraction, which leads to  the large statistical  errors 
on the  data  points, even where there is no B decay signal. The  spectrum in this region, 
especially 2.30-2.60 GeV, is used to find the  contribution  from b + ue-p decays. On  the 
basis of this  data,  they  reported  the first significant excess of charmless B decays. The 
plot  demonstrates  the  importance of understanding  the form factors  and relative rates for 
Dev and D*ev decays. It also shows how difficult it is to  obtain precise results in inclusive 
measurements. 

In our  picture of semileptonic B decays, the b  quark decays primarily  to ce-D, and 
the c quark combines with  the light antiquark to form the  hadronic decay products. By 
isospin, r(B- -, Doe-,) = r(B0 -, D+e-v), and a  similar  relation holds for D* and 
D** hadronic  states. All strong  interaction effects are contained in the form  factors that 
describe the  hadronization process for the cq meson. One  critical issue is to  what  extent D 
and D* mesons saturate  the inclusive rates, since some models depend  on  this  hypothesis. 
In the ISGW  model, the  rates  are 60% D*, 30% D, and 10% D**. Another issue is the 
dependence of the form  factors on q2 = A4&. For the D*ev, which is the one  most accessible 
experimentally, there  are  three  separate  form  factors, which contribute different amounts 
in different regions of the Dalitz  plot.  Measurement of the complete  kinematic region is 
needed to discriminate between models. 

The present situation  can  be  summarized in two statements.  The B + D*ev channel 



Fig. 7. The  spectrum of c t ,  where t is the  proper  decay time of the B, in centimeters. 
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Fig. 8. The electron  momentum  spectrum  from CLEO, in GeV, with continuumsubtracted. 
The  endpoint  spectrum  for D + ue-P decays is at 2.6 GeV.  The  histogram  shows  the 
contribution  from b + ce-P decays. 195- 



is easy to measure, but  hard  to  interpret;  the B + Dev channel is easier to  interpret  but 
hard  to measure. The D*+e-v  signal is easy to observe at CLEO and ARGUS, but they 
need to measure  the polarization and  rate over the  entire Dalitz  plot to determine  the  three 
form  factors, in order  to  extract Vcb. Figure 9 shows a  Dalitz  plot for this process. The 
experimental  information is very weak at  low electron energy because the backgrounds are 
very severe there. 

Figure 1 shows the D'e-g signal seen by CLEO. After sideband  subtraction  there  are 
330 f 30 events above background, which is equivalent to 100 clean events.  These 330 

consist of 58 Do, 133 D*O, 70 D*+, and 70 background events,  according to  their fit. This 
is  why the  statistical  error of the DOL-t, component is &35%, equivalent to 8 clean events. 
It should  be possible to  separate D from D* more reliably because the Dalitz plots for the 
two decays are  rather different, but  the  cuts  on electron  momentum and D  momentum 
necessary to see even this  signal leave only about 1/4 of the Dalitz  plot to work with. 

The advantages for  SLD come primariIy from the vertex  detector  and  the  fact that  the 
laboratory  momenta of the decay products  are  not  directly  related to  the kinematic region 
in the B center-of-mass. As we have shown, there is good efficiency for detecting  charm, 
by using many  modes  with  vertex  cuts. Thus  this  measurement will become feasible with 
relatively few produced B mesons. The low backgrounds for  D'eu and  D+ev samples 
further improve the effective  statistics. 

More importantly, for the purpose of disentangIing the form  factors  and  the  relative 
amounts of D and D*, the acceptance covers the  entire Dalitz  plot.  Figure 10 shows the 
accepted  electron spectrum in the B c.m.s. which looks very much like the  generated 
spectrum down to  about P,* = 0.1 GeV/c. Typically studies  are  done with cuts on this 
variable of 1.0-1.4 GeV/c.  There is a  similarly good acceptance for Pb, since cuts in the 
laboratory  frame  are  smeared in the B c.m.s. 

The  rates  from 100,OOO produced Zo's are  quite  good, as we show above. One would 
get  samples of about 120 Doe- events, 70 D+e-, and 50 D*+e-. For comparison,  the 
CLEO  sample is statistically equivalent to 40 clean events, and  they have shown no D+e- 
signal. CLEO  does have statistics in their D*+e- sample  comparable  to  those  obtained in 
such an SLD sample. 

In summary, SLD could have better  statistics in the DOe-9 and D+e-G samples then 
existing  experiments.  The  acceptance over the  entire kinematics  range will make it pos- 
sible to measure  the form  factors  for  Dev  and  D*ev decay directly. The analysis of the 
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Fig. 9. The expected Dalitz plot for B -+ D*eu. (z = * * / M i  and y = Ee/MB, where Ee 
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theoretically  preferred Dev channel  depends  critically on separating  the  true Dev events 
from  the larger  D*ev  contribution,  and  an unknown contamination of D**ev. We would 
be  able  to use good signals in the  three samples to disentangle D and D*: the fractions 
of Dcv in each sample  are  about 50% (D+), 35% (DO), and  l00%(D*+). In addition,  the 
different kinematic  dependence of the D’s from D* + TD decay would make  it easier to 
measure. 

The  ultimate goal in semileptonic decays is to  measure B- 4 poe-g, to  extract a 
reliable  number for Vub. This  shares  the problems of B -+ Dev and B + D*ev: it is hard 
to measure  and  hard  to  interpret. B + pev  is an  extreme example of dependence  on 
theoretical models, with differences of factors of 4 or more at  different points in the Dalitz 
plot. Thus one cannot measure Vub reliably with  stringent  kinematic  cuts, which is the 
only way it could be  done  operating at T(4s) with  no  vertex  information.  On  the  other 
hand, it will take at least 300,000 Zo’s to obtain  measurable  signals in this channel.  This 
is a good example of important physics which takes a good vertex  detector  operating at  
the Zo to do well. 

Conclusions 

To understand  the weak decay process in B mesons, precise measurements of the 
individual lifetimes and  the  rates  and  spectra for semileptonic decay modes are needed. 
These goals can  both be reached using the exclusive semileptonic decays, B -+ DLv and 
B + D*Lv. Present  estimates show that with about 100,000 Zo’s produced it will be 
possible to  obtain clean signals of about 240 exclusive semileptonic decays. This will 
enable us to measure  the individual B+ and Bd lifetimes to 10% each. In addition, we 
will be  able to measure the lifetime ratio independently  with  comparable  accuracy and 
different systematics by measuring the  ratio of semileptonic branching  fractions. 

These  same  events  can  be used to measure precisely the relative  branching  ratios  into 
(D, D*, D**)cY. The good acceptance and low background over the  entire Dalitz  plot will 
make it possible to measure the form  factors for Deu and D*eu decay. These will be used 
to refine the form factor models and  to  extract Vcb with good precision. 

All  of this physics can  be  done with about 100,OOO Zo’s. With  about 300,000, one could 
do  comparably well with B, meson, observed in + D,(D,+)ev. It would also be enough 
to measure Vub in the decay B + p L v ,  if the present  indications of the  approximate  range 
for Vub hold up. 

These physics topics  demand  a powerful vertex  detector. Using only R-4 measure- 
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ment in the vertex  detector decreases the efficiency for measuring exclusive charm decays 
by a  large  factor, and costs an  additional  factor  due to  the requirement that  the B de- 
cay products form  a good vertex which  is  well separated  from  the  primary interaction 
point.  Comparable losses are expected using a  beam  pipe of large radius, even if a three 
dimensional  vertex  detector is used,  because  tracks  from  one  vertex are consistent  with 
passing through  the  other more often. 
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INTRODUCTION 

The B decays  into a. J / , $  have  been mea,suretl by hot11 t,he CLEO"] and t.he 

ARGUS['] collaboration; alt11ough t,lle  inclusi\:e llranching  ratio is rougllly of onlJ, 

1%, these  channels  provide  a  ra.ther  large  fraction of the  completely  reconstruct,ed 

B mesons. The  J / $  is  identified through  its  decay  into  an  electron  or a muon  pair 

(combined Br is 14 % ) , has a rather hard moment~um  distribution.  compa.tible 

with  mostly  two-body  production,  and is usually  a.ccompanied  by a strange  meson, 

I' or I{* ; the final state is therefore  quite ea.sy to identify. 

B studies  usually  start  with D or U' tagging  and  the  presence of a tertiary 

vertex  from the D decay  considerably  complicates the analysis; the  complete decay 

chain  can  be  reconstructed  in a very  small  number of cases. The  B + J / +  decays 

lead  instead  to final  st,at.es  where all B deca>v products  originate  at  the  same  point; 

the B charge  is  determined by simply  counting  t,he  vertes prongs: its  rnonlentunl 

is well approximated b?. summing o\'er the chargetl tracks i n  t,he vertex. 

At  the 2' energy, these channels  plovide a powerful B tag,  since a J / t l  in a 

secondary  vertex  can  only  be  produced 11>. a b-part,icle, and  the  leptons  from the 

J / $  decay  can  be easily  identified lxcause their  moment,um is typically scveral 

GeV/c.  The  excellent  vertex  detection  and pa.rt.icle identification  capabilities of 

the SLD detector,  together  with  the  small size of the SLC vacuum  pipe, will allow 

an  almost  background  free  identification of t,llese decays. 
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The  aim of this  study is to  evaluate  the  acceptance  and  the  background  level 

for  measuring  these  channels  with  the SLD , and to  assess  which  physics  topics  can 

be  addressed  in  the  first  year  or  two  of  running,  when  the  collected  data  sample is 

expected  to  be of the  order  of 100,000 Zo ’s. 

1. THE B --+ J / $  X DECAYS 

The B meson  decays  into a J / $  proceed  through  the color m a t c h e d  diagrams: 

B 

the  color of the E quark  from  the Vv’ decay has to  match  the color of the c quark 

from the b decay;  the  amplitude is therefore 3 times  smaller  than 

corresponding  modes: 

the  the DD, 

D s  

D 

In the  naive  spectator  model  the  branching  ratio  suppression is therefore of 

a factor 9 ; when  comparing  the Br’s for the  actual  particles,  the QCD effects 

due to gluon  radiation  and  to  final  state  interaction  between the quarks  should 

be taken  into  account;  theoretical  prediction  vary by large factors  and  accurate 

measurements of several  final  states  would  be  necessary  in  order  to  shed  some  light 

on the mechanism of color  suppression.  The b system  is  the  most  suitable for these 

studies,  since  contributions  from  non-spectator  diagrams  should  be  small. 



The final state also  contains at least  one  kaon,  due  to  the  presence of a s quark 

in  the 14' decay;  in  the B, decay  an  additional s qua.rk is present. A J / v  in a 

detached vertex  together  with  two  opposit'e sign kaons , from a CP decay or non 

resonant, would. be a clean  signature for it B, deca;, a.nd even few events  should be 

enough  to  measure  the  mass of this  yet  uuidentified  particle. For this  experiment  to 

be possible,  both  vertex  detection  and  part,icle  ident.ification  up  to  high  mornenta 

and over a large solid angle  are  essential  features  required to the  detector. 

Once a J / $  has  been  identified away from  the  interact,ion  point,  the  mult,iplic- 

ity of the tra.cks  in the  vertex  determines  t,he  charge of the  decaying B particle: 

given  enough  events,  the  lifetime for t,he  different B species  could  be  measured. 

The  ratio T : / T ~  has  been  measured  from t1he B semilept,onic  branching  ratios at 

the Y(4S) ) assuming  that  the  semileptonic  widths  are  the  same for charged  and 

neutral B mesons.  The ARGUS (1.00 f 0.23 f 0.14) , is presently 

the  most  accurate,  and  doesn't  exclude a difference of 20 % or more;  the  theoretical 

prejudice is that  the  two  lifetimes  should differ by 20% at most. A precise  mea- 

surement of the  sepa.rate  lifetimes is one of the  outshnding  topics in B Physics; 

the SLD at the SLC is ideally  suited for this difficult. experiment;  the  number of 

events  required is however  large,  and i t  will be  useful to  exploit  as  many  decay 

channels  as  possible. 

2. THE h'fc ANALYSIS 

MTe have  genera.ted a sa.mple of 1000 b6 events i n  ~vl1ic11 one B meson was forced 

to decay  into  a J/C,  and all J / $  's were only  allowed  t,o deca,y into  lepton  pairs. 

The Fast  Montecarlo  simulation of the SLD detector was then  used  to  smear t.he 

parameters of the  produced  pa,rticles  and  to  simula.te,  at  least a t  a. crude  level,  the 

detector effects. Such a sample was used to  st~udy  the  kinematics  a,nd  the  \-ertex 

topology of the signal events  and  to test. the  vertex  finding  algorithm  presently 

available  in  the Fast Montecarlo.  Large  sa.mples of bb and cC 2' events  were  then 

used to study  the  background level for  different, analysis  strat,egies. 
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The  tracking efficiency in the fast. hlont.eca.rlo is pra.ctically 100 %: so that all 

particles  produced  within  t,he  geometric  accept,ance  are  found in the  det,ector;  the 

identification efficiency is very high for both  electrons  and  muons  with  momentum 

above 1 GeV/c as shown in figure 1. In our  sample of 1000 produced  leptons  pairs. 

720 are  tracked  and  correctly  identified;  even if this  simulation is rather  crude  and 

many effects  which are likely to  worsen the efficiency are  not  taken  into  account. 

this  result is probably  only  slightly  optimistic: a pair of high  momentum  leptons i n  

the  same  jet  can  hardly  be  missed in the SLD for  rca.sons other  t.han t.he geomet,ric 

a.ccep t ance. 

Once  the  lepton  pairs  are  identified. t.heir invariant  mass  can  be  calculated: 

a fit to  the  distribution for the s ignnl  m7ent.s gives a r.m.s. of 26 Mev/c' ; 660 

events  lie  between 3.0 and 3.2 Ge\'/c". which ]vi11 be  used in the following ZLS t.he 

J / $  region. 

The  production  point of the J / $  is distinct  from  the  primary  vertex  and  this 

provides a powerful  tool  for  separa.ting  this  process  from  the  background: the algo- 

rithm now available  in  the Fa.st Montecarlo  allows  vertex  identification for tracks 

with  momentum  above 500 Mev/c  and  distance of at  least. 500 pm  from  the  inter- 

action  point.  Applying  this  algorithm we find tl1a.t 438 lepton  pairs  out of 720 are 

found  in a secondary  vertex;  figure 2 shows the decay  path  distribution for all of 

the  the B 's and for the  events  where  the  lepton  pair is identified in the  detector 

and  assigned to a. secondary  vert,ex:  t,he efficiency is zero for decay  paths helow 

500 p z  and rises to  z SO % at 2 mm. 

The  dist,ribution of the differences  between the  coordinates of the protluctd and 

the measured vertices  are  shown in figure 3: the  r.m.s. of these  distribut.ions are 

60-70 pm.  It  seems  therefore  possible t,o reduce  the  cut on the  minimum  distance 

ot the vertex  from  the IP to 300-300 pm. thus  increasing  the efficiency for short.er 

decay  paths. 

The  charged  tracks  multiplicity i n  the B vert'ex is quite low, and  in 76% of the 

B --f J / $  decays all the  charged pa.rtic:les produced  were  found  in the  detector; 



the  fraction of cases  where the correct,  charge  would  be a.ssigned to the  parent, 

B is =:SO 76 , higher  because  in few cases  two  tracks  are  lost.  These  decay  modes 

are  therefore  very  suitable for measuring  the  parent B 's charge,  even for pa.rtia1 

B reconstruction. 

A complete B reconstruction  even for few events  would  be  very  important in 

order to  measure  the  yet  unknown B, nmss and t,o  mea.sure 1ifet.ime with  no  bias: 

a large  fraction of these  decays ( ~ 6 0  '% for B, and Bd , S3 rC for B, ) lead t,o final 

states which  contain  only  charged  prongs or charged  prongs  plus K s  's, a large 

fraction of which  can  be  detected  through  the T + T -  decays. 

In  summary, 40 % of the B t J / $  -+ 1+1- events will ha1.e the J / $  identified 

and  assigned  to a secondary  vertex  and in approximately half of the cases the R 
meson will be  fully  reconst,ructed. 

3. THE LIFETIME  MEASUREMENTS 

The B meson  lifetime,  avemged  over  the  produced  species, ca.n be  evaluated 

from  the  momentum  and  the  vertex  distance of the J / $  's. A correction is needed 

because  the  detection efficiency varies wid1 the B deca.y path,  as  previously  pointed 

out,  and  the J / 4  's r,B factor is  not, the  same  as for the  parent B ; t,his meaure-  

ment,  however,  would  have a, smaller  systematic  uncertainty  than  yelded by the 

impact  parameter  method which must  rely on the hlC modeling of B production 

and deca,y. The SLD vertex resolut.ion  is much  smaller than the  average B decay 

p a t h   ( M m m ) ,  so a. good  lifet,ime  nleasurement call be  done  with  el-en a rela.tive1). 

small  sample of events,  the  sta.tistica1  error  scaling as l / J G  . 

In  order  to  evaluate  the  separa.te  lifdimes for neutral  and  charged B mesons. 

a further  step is needed in the  vertesing  algorithm: given the pa.ir of lepton  tracks 

from  the J / +  decay,  one  should  be  &le t.0 identify  which ,if any,  additional  tracks 

originate at the  same  point.  These  events do not ha.ve a  tertiary  (charm)  \*ertex 

in the same  emisphere, so this  assignenlent. will be  more  reliable  than for channels 



containing  a D meson,  where  it's  more difficult to  correctly  assign  t'he right. tracks 

t o  each vertex. 

The  B charge  assignement will be  correct if all  the  tracks  from  the B decays 

are found  in the  same vert.ex  t,ogether  with the lept,on pair,  or if two of theln  are 

missing;  it will be wrong if one  track is missing. Using the  current Fast  Montecarlo! 

66 % of the J / $  in  a  secondary vert.ex have all the rema.ining  charged  tracks 

from  the B deca,y  identified  as  belonging to  the same vert,ex; we don't  have  yet a 

tool  to  discriminate  among various  vertices  hypothesys  on the basis of nmsimum 

likelihood, so that.  the  best guess  for the J / , &  vertex  multiplicity  can  be  deternlined. 

We  should  however be able to  identify t,he correct  charge  in ~ 7 0  %l of the cases. 

4. BACKGROUND STUDIES 

Since  no  physical  process  other  than 11-11art'icles deca_\-s  can  produce J / $ *  's in 

a secondary  vertex,  the  possible  background  sources  are  limited to  : 

u)- events  where  the B and  the D in the  same  jet  both  decay  semileptonically in 

a muon  or  an  electron. 

b)-  one of the  tracks  is a lepton from a heavy  quark  semileptonic  decay  while 

the  other  is a misidentified  ha.dron. 

c ) -  events  with  two  opposite cha.rge hadrons iderhfied a.s a muon  or  an  electron 

pair. 

Events of the  type  a) ha.ve t,o  be bb ; the second  catmegory  includes  both bb and 

cE events, while for the  third  case also light cluarl; event,s can  contribute.  Light 

quark  events  can be quite easily sepa.ratec1 from bb a,nd c? using  vertex  and/or 

impact  parameter  tagging  techniques, so the  only  significant  background will come 

from  heavy  quark  events. 

We have  run  our  analysis  pr0gra.m  using MC events  where  the  inital  quark 

flavor, bb or cc , was  known;  we  used a sample of 90,500 bb events  where 231 B -+ 



J / $  -+ P I -  events  were  present and a sample of 36,500 cT eve11t.s. In  the  invxiant 

mass  distribution of the  lepton  pairs a. J / $  signal is barely  visible in the bb events 

and it practically  disappea.rs  when  the cC events  are  a.dded.  The J / +  pea.k st,ands 

out  clearly  when  the  lepton  pair is required to belong to  a  secondary  vertex.  The 

separate  distributions  are  shown i n  figure 4, the sha.ded  area  under  the J / $  peal; 

is the  contribution of the  background. 

In  the bb sample we find 120 1ept.on pairs i n  a seconda.ry  vertex  having inx’ariant, 

mass  between 3.0 and 3.2 GeV/c’ , 92 of these  are  genuine  events,  while 2s are 

background. In the cC events we find 2 events  sa.tisfying  our  cuts; i n  both cases the 

lepton tra.cks a.re misidentified  hadrons. ’The signal i n  this AilC sa.n~plc is %SO ‘% of 

wha.t we  would  expect on t,he  basis of the CLEO and ARGUS measurements,  since 

a total  branching &io of 1 %, was a.ssignec1 t.0 cC deca3.s of the B mesons. which 

include,  other  than  the J / $  , the 1 st,at.es, the 9, etc. 

5. SUMMARY 

In a sample of 100,000 hadronic Z events , z 7 0  events of the  t,ype B - 
J $  -+ lsl-  , will be  present,  according  to  the  Br(B + J / $  X)  measured by 

CLEO and  Argus. SLD will be  able  to find “N 28 of these  lepton pa.irs in a separate 

vertex,  plus  approximately 7-S background  events.  without  using  any  kinematical 

cuts.  We  expect  in  this  sample: z l 3  Bd , z l 2  B, , z 3  B, . More work on 

the  vertexing  algorithm  could  lead  t,o a substantid  improvement i n  t’he  signal  to 

background  ratio,  since in most ca.ses the tra.cl<s  which fake  the  signal  don’t  have 

the  same  origin.  In  at lea.st 70 5% of the cases \ye should  he  able  to  correctly  assign 

the  mass of the B meson  produced. and about half of the  t ime  the B particle will 

be  completely  reconstructed. 

With  some luck the B, could  be  identified  even  in  such a. relatively  small size 

sample of events;  in 2-3 J’ears running  time,  the  aaalysis of these  channels will 
allow  us to: 

- Measure  the B, mass 



- Measure  the B lifetime 

- Have a first  shot at t8he 7: - T: separate  lifetime  measurements. 

In  view of the  crucial  importance of the  vertex  detector  in  this  analysis, we 

will study a more  specialized  vertex  a.lgorithm t>o increase  the efficiency of vertex 

finding  and  improve  the  track  assignement  to ea.ch vertex; we also  plan  to  study 

the improvement  tha,t  could  be  obta.ined if a  smaller  beam  pipe (1.6 cm  radius ) is 

used. 
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FIGURE  CAPTIONS 

1) Momentum  distribution of a)  electrons , b) muons  from  the J / $  decay ; the 

shaded  areas refer to  the  tracks  correctly  identified  a.ccording  to  the Fa.st. MC. 

2) Distance  from  the I.P. of the  lepton  vertices for all J / $  ' s ;  and for the  lepton 

pairs  in a measured  seconda.ry  vertes  (shaded  area) 

3) Distribution of the  differences between the  coordinates of the produced and 

the measured vertices 

4) Lepton  pair  invariant  mass  dist,ril)ut,ions for b& (left)  and cC (right)  events. 

a) All pairs; b) pairs in a, secondary  vertex 
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Tagging D, Mesons  in b?; Events Produced in Zo Decays* 

GERALD EIGEN A N D  MICHAEL H.  KELSEY 

California  Institute of Technology 
Pasadena, Californ,ia 91126 

ABSTRACT 

A study of tagging D, mesons  from B decays in the all-charged  hadronic final 

states K + K - T +  , K+T+T- , and 7r+rr-7r+ is presented,  using  samples of - 68,000 
Zo+bz Monte  Carlo  events for the first  two  topologies and 153,000 for the  latter. 

For three final states,  reconstruction efficiencies of about 14%, 41%, and 14%, wi th  
tagging efficiencies ( E  B) of about 0.6%, 0.5%, and 0.1% are  found,  respectively. 

Background levels are  reasonable,  except for the .x+,-,+ topology. 

* Presented  at   the SLD Physics  Retreat,  Kirkwood,  CA,  July  31-August 4, 1989 
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1. Introduction 

The tagging of D, mesons is an  important  tool for the  study of B, mesons 

which  originate  from Zo decays.  Since the B, has  not  been  detected  in  current 

experiments,  an  initial goal  is its  observation  and  the  measurement of its  mass. 

The  next  step is to  perform a detailed  study of B, decay  modes i n  order to test 

the  predictions  made  by  different  models of heavy flavored meson  This 

study  requires  a  large B, sample. D, tagging  plays a major role  since - SO% of 

all B, mesons  decay to  D,, whereas - 15% of the Bo and B- mesons  decay to 

D,. Although  the  study of exclusive B, decays  may  be  preferred,  it  may  not be 

practical  due  to  small B, and D, branching  fractions  and low detection efflciencies 

for individual  channels.  The  solution  may  lie  in a semi-exclusive method.  But,  in 

any  case it is important  to  identify  many D, decays  with  high  detection efficiency. 

In  the  present  study we have  focussed  on D, decays  which  contain  only  charged 

particles.  Modes  which  contain T O ’ S ,  17’s or y ’s  will be  studied  later.  Table 1 gives 

a detailed  list of all  modes  studied  including  branching  fractions,  final  stat,es  and 

final  “visible”  branching  ratios - the  product of the D, decay  mode  branching 

fraction  and  the  branching  fractions of the  resonance  decays  int,o  the  particular  final 

state. For this  study 67,870 Zo+b$ Monte  Carlo  events  have  been  analyzed, which 

contained a total of 56,221 D, mesons.  This  sample  corresponds  to  (with Zo+b$ - 14%)  about 485,000 produced 2”s. These  events  were  generated  using the Lund 

Monte  Carlo[41  together  with a heavy  meson  decay  program  written for SLD!51 The 

branching  ratio B(D, + q h )  is assumed  to  be 3%; all other D, branching  fractions 

are  scaled  to  this  value. 

For background  estimates, 33,942 Z0+cZ events  were  generated  using  the  same 

software  package.  Background  is  expected  from CC events  which  contain a D,, from 

D, mesons  originating  from B decays  containing 3 charged  particles  plus  photons! 

from D’ or Do decays  containing  photons, or from u ,  d,  or s jet  events:  where 

the first  two  sources  are  probably  the  major  ones. 

One  must  remember that this  study is based  on a specific D, decay  model. 



. .  

Since few D, decay  modes  have  been  observed,  many  surprises  may  await us. 

Table 1. D,' Decay  Modes  Studied 

Decay  Mode 

1.48 Ii-+Ii--r+ 3.00 $ ( 1 0 2 0 ) ~ +  

B [%I Final  State B [%] D,+ -+ 
Visible Observed 

- 
Ii-'OIi-+ 1.94 Ii-+Ii--r+ 2.90 

(Ii-+Ii--T+)Nx 0.89 Ii-+Ii-(-T+ 0.89 

Total Ii-+Ii--7r+ 4.31 

2. Analysis of D, Decay Modes 

In  our  present  study, we have  selected  events  using a common  prescription for 

all studied final states.  First, all tracks in a candidate final state  must  extrapolate 

to a single secondary  vertex  which is separated  from  the  primary  vertex  (interaction 

point) by at least  500pm.  Second,  each of the  three  tracks  must  have  momenta 

exceeding 500 MeV/c  (except for the 7r+n-.n+ final state, see below).  Finally, for 

the final states involving  one or more kaons the  track  must  be identified as a I{*? 
which  imposes a polar  angle  cut of I cos 81 < 0.75 since  the SLD detector, for this 

exercise,  does  not  have  particle  identification  in  the  endcap regions. With  these 

requirements we find a  total of 2,762 candidate  vertices  in all  final states. 



For the  decay  modes  involving  resonances, we compute  the  mass of the t\vo- 

body  final  state of each  resonance,  and  require that it fall  within 3 a  of the  peak, 

where a is the  width of the  resonance, fit to  a  Gaussian. We  fit the background 

in the two-body  mass  distributions  to  a  polynomial. The  results of this  exercise, 

the  measured  peaks,  widths,  and  identification  mass  cuts, for the resonances we 

studied  are  shown  in  Table  2.  The  mass  distributions  are  shown  in  the  sections on 

each  final state. We have  made  no  attempt  to  model  the various  backgrounds i n  

any  systematic way, since  this is  only a preliminary  analysis. 

Table 2. Reconstructed  Resonance  Paramet,ers 

Two  body 
( P e a k  & 30) Peak  Width(a)  Final  State  Resonance 

h4ass Cut  Fit  Parameters  (hIeV/c2) 

$q 1020) 

480 - 520 4.4 f 0.19 497.3 5 0.2 T+T- IC; 

1005 - 1035 3.9 f 0.19 1019.0 f 0.2 K + K -  

Ir‘*O(896) 820 - 970 22.9 f 5.1 898.4 f 3.8 K*TT 

fo (975) 940 - 1060 20.2 & 2.4 999.6 f 2.5 r+,- 

For the  “non-resonant”  three-body  decay  modes  marked IVR in  Table 1, we 

accept all candidate  vertices  with  two-body  masses  outside  the  resonance  regions 

for that  final state. For example,  in  the K+K-r+ final state,  the  non-resonant. 

candidates  are all those  in which m(K+K-) # m($) and r n ( K - ~ + )  # nz(K*’). 

Finally, we present a brief summary of the  same  analysis for a  sample of 33,942 

Z ’ t c c  events.  In  order  to  measure  the  background  from  these  events in our 

analysis  package, the  same  cuts  on  resonance  masses  and  on  the D, vertex mass 

are  used  as for the bb events.  In  each  section  below, we present  only  the D, 
vertex  mass  distributions  from  this  background  sample,  for  comparison  with  the 

G “signal”  events. 
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2.1.  THE I<+K-r+ FINAL STATE 

The D, decay  model  used in our  Monte  Carlo  contains  three  decay  modes 

which  can  lead to  the final state K+K-r+) listed in Table 1 above.  The  plots 

below show the  three-body  mass  and  two-body  submasses for all  candidates of this 

final state  obtained  from  the b, Monte  Carlo  sample.  The D, signal stands out, 

clearly, with a mass of 1971.5f0 .9  MeV/c2  and a peak  width of 24 .5h2 .0  fi4eV/c2. 

The resonances $(1020) from K + K -  and K*o(89G) from K-r+ also show up well 

above  background  in  the  submass  plots;  comparing  the K - T +  plot  to  the I<+T+ 
plot shows the  shape of the K T  background clearly. 

x10 = A l l  KKn Vertices 
1.4 1 ' 1 . 1 "  

i 

500 

400 

Q 
$300 
V 
0 
N 

0 200 
\ 

2 100 
.- 
d 

0 

r 

1.6 1 8 2.0  2.2  2.4 

W K n )  

All KKn Vertices 
I ' I ' I ' I ' I  

t 

6 .8 1.0 12 1.4 
M( K+n+) 

." .e 1.0 1.1 1.2 1.3 
Y( K'K-) 

All KKn Vertices 

6 .8 1.0 12 1.4 
M( K-n&) 

Figure 1. hlass Plots of I<+I<-r+ Can.didates. 

To identify a candidate  vertex  as a D, we require  that  its  invariant  mass fall 

within  roughly 30 of the  peak value; specifically, we cut on  t.he  mass  range 1935- 



2000 hileV/c2.  Using  this  criterion  and  fitting  the D,  mass  plot  to a Ga.ussian  peak 

plus a cubic  background, we find a total of 504 vertices, of which 143 are  estimated 

to  be  background.  The efficiency for  finding D,+I<+I(-.ir+ (after  subtracting 

background) is 14.9%. The  ratio of signal-to-background is 2.0 : 1. 

Below  we show the  two-body  invariant  masses for those  candidat,es which  sat,- 

isfy the D, mass  cut. A prominent $(1020) signal  as well as a prominent IC*' 
signal  are  visible.  The  two  strong  peaks  in  the m(K-r+) and ~ ( K + T + )  plots  are 

kinematic  reflections of the q5( 1020). 
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require  that  the  mass of the K + K -  
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Figure 4. Mass  Plot o f  p I i +  Candidates. 

this  plot gives an efficiency of 13.0% and  a  signal-to-background  ratio of 4.7 : 1. 
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Figure 5 .  Mass Plot o f  Ii'+K-s+ Non-Resonant 
Candidates. 

Finally, we collect  all the  remaining 

candidate  vertices,  those  in which 

neither  two-body mass meets the 

appropriate  resonance  cut,  into  the 

K+A'-T+ Non-Resonant  mode.  Be- 

cause  this  mode  certainly  contains 

candidates  from  the  tails of res- 

onances  (especially I(*') it has  a 

somewhat  higher efficiency, and a 

much lower signal-to-background  ra- 



tio  that  might  be  expected.  The fit indicates  that  the efficiency (corrected for back- 

ground) is  21.5% and  the  signal-to-background  ratio is  only  1.2 : 1.  The  slightly 

higher efficiency for the I<+I<-n+ channel is due  to  two  facts:  first  events  from 

the  tails  in  the qhr and K * ' K  channels feed into  the  non-resonant  mode  (Gaussian 

versus  Breit-Wigner  distributions);  second  due to kaon decays,  events  are lost  in 

the  two-body  decays which partly  end up  in  the  non-resonant I<+I<-z+ sample. 

25 7 
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7 / , I  / ' l ' : /  

~ 

The first  section of Table 3 summarizes  our  analysis of the I<+I<-z+ final state 

candidates  in b$ events. We compute  the  number of expected vertices i n  each decaJ- 

mode  using  the  visible  branching  ratio (D, decay  fraction  multiplied by resonance 

--f f inal   s tate  fraction) for that mode,  as  listed  in  Table 2. The  total  number of 

D, mesons  generated  in  our  sample is  56,221. As noted  above, we estimate  the 
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background by fitting  each  mass  plot  with a cubic  polynomial  outside  the D, peak 

region,  and  integrating that polynomial over the  range of the mass  cut  used for 

the D,. 

In  Figure 6 we  show the  mass  distributions for the I<+I<-T+ final state 

and  each of the exclusive decays we studied for our  sample of 34,000 Zo-tc? 

events.  In  this final state,  the  dominant  source of candidates  is  clearly  the  decay 

D+ +K+K-T+, which  contributes  strongly  in  all  three exc1usi;re modes. How- 

ever,  the D+ peak,  at - 1870 MeV/c2, is well outside  our D, identification  cut 

and  does  not  contribute  to  background. We  find that  in  the K + K - T +  final state 

from cC events,  the  reconstruction efficiency is roughly  comparable  to  that for b6, 

and  the  signal-to-background  ratio is significantly higher,  being  17.4% and 10.5 : 1 

for the 4~ mode  and  8.2%  and 6.5 : 1 for K * O K .  The background  analysis is 

summarized  in  the  first  section of Table 4. 

- 

2.2. THE K+T+T- FINAL STATE 

In  analyzing  the final state K+T+T-, we select the two exclusive two-body 

decay  modes K ~ K +  and I<*',+. We  neglect  several other  modes  which  could 

lead to  the K+T+T- final state,  because  the  branching  ratios  imply  that less than 

10 decays  in  each  mode would be  present,  and  with  the  average  reconstruction 

efficiency we have, we would be unlikely to find any of them.  The  three-body mass 

distributions  and  the  two-body  submasses  are shown in  Figure  7 for all  candidate 

vertices. 
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Figure 7. Mass  Plots of K+r+r- Candidates. 

A ~ I  K:K Vertices 
40 We find a total of 518 vertices  in  the 

decay  mode I{gK+. Of these 24 are 

Q three-prong  vertices  reconstructed 
% 

x 
2 10 

30 

0 
0 - 20 according to  the  prescription  de- 
> scribed  earlier,  using li'+n+n- par- 
w ticle  identification,  and  are shown 

0 in  Figure 8 . We  reconstruct  the 

- 

1.6 1.8 2.0 2.2 2.4 
M ( K N  remaining  vertices  using a software 

packageL6' optimized for finding K g  
vertices  far  from  the  primary  vertex 

(R(Ks )  > 5cm). We then  pair  each  candidate K g  with  every I<* track  in  the 

event.  Requiring  that  the K-Ks opening  angle  have I cos 1 9 1  > 0.5 to  help  reject 

combinatoric  background, we  find 494 candidates,  as  shown  below.  Fitting  this 

Figure 8. Mass Plot of ICgIir (Ktr t r - )  Candi- 
dates.  
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plot to  a Gaussian  plus  polynomial  background  (as  described  above) we estimate 

that 276 of the  candidates  are  background.  Combining  these  plots, we find a total 

of 518 candidate  vertices of which  about 300 are  background.  The efficiency for 

the KgI(+ decay  mode  is  38.6%,  and  the  signal-to-background  ratio  is 0.73 : 1. 

All K.K Vertices x10 = All K,K Vertices 
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Figure 9. Mass Plots of I<;K (VEEFIX) Candidates. 

120 
AU K O ' ~  Vertices For the decay  mode I<*'T+ we re- 
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M(Ko'n) ' and  no  background), of which we 

Figure 10. Mass Plot of K * O 7 r T +  Candidates. 
estimate  that 164 are  background 

(left).  This decay  mode  has  an efficiency (after  correcting for the  background) 

of 67.8% but a signal-to-background  ratio of only 0.24 : 1. 

The second  section of Table 3 summarizes our analysis of the K+7r+7rlr- final 

state, and shows that we have  an overall reconstruction efficiency (including  both 

methods of finding  the Ds+ K g r C  decay  mode) of 48%,  and a signal-to-background 

ratio of 0.23 : 1. 
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Figure 11. Mass Plots of I<+,+,- From CZ Events. 

In  Figure 11 we show the  mass  distributions for the I<+T+T- final  state  and  its 

exclusive  decay  modes,  from  our Zo+cZ sample.  For  this  plot, we have  added  the 

two ICgK histograms  to  produce  the  single  plot  shown.  This  final  state  has  little 

contribution  from cT events,  because of the  small  branching  ratios  for  the  various 

decay  modes  combined  with the  small  production  rate of D, mesons.  Neither of 

the exclusive  modes  shows  any  clear D, signal.  Our  results for this  background of 

the K+n+.rr- final state  are  summarized  in  the  second  section of Table 4. 
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2.3.  THE T+T-T+ FINAL STATE 

x10 All 3n Vertices (no cuts) 
3. 

Our  analysis of the T+T-T+ final 

state involves a larger  event  sam- 

ple than for the two  final  states 

discussed  previously.  We  analyzed 

152,856 Zo-+b't; events  containing 

1 ' 1 ' 1 ,  

w 

n I I I I I I  
a  total of 126,776 produced D,  

ground  which  results  without  particle ID cuts is extreme  and must be  reduced 

if we are  to  make any  use of this final state. 

We  expect  that  the  major  contribution  to  this  channel is from  the decay D,-t 

fo(975)n+  whose  branching  ratio  (in  the  model  used) is 1.51%.  The  fo(975)  decay 

to  n+n- is  78%.  In  order to  reduce  the  background,  both  from  combinatorics  and 

from  other  decays, we restrict  the  momenta of the  three pions to  be  greater  than 

2 GeV/c.  This  cut is included  in all of the analysis  (and  the  plots  shown)  below. 

In our  analysis of the T+T-T+ final state we have  not  looked at  the  non-resonant 

three-body  decay,  where  background  cannot  be  suppressed  by  use of the T+T- 

resonance  requirement. 

I. 

1.4 1.6 1.8 2.0 2.2 
W3n) mesons. The initial  distribution of 

Figure 12. Mass  Plot of All a+rr-7r+ Candidates n+n-n+ vertex masses 
(no cuts). 

from  this  data  set is  shown  in Fig- 

ure 12. The  combinatoric  back- 
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Figure 13. Mass  Plots of mr Pairs From T+T-T+ Candidates. 

After  restricting  the  pion  momenta  as discussed above,  the  distribution of two- 

pion  masses  (both 7r+7r- and n+7r+) from 7r+7r-r+ candidates  in  Figure 13 does 

not  indicate  any  structure  near  the fo(975) peak  (0.975  GeV/c2).  In  Figure  12 

there is a slight  excess in  the D, mass region (just below 2.0 GeV/c2),  and  when 

we plot  two-pion  masses  from  candidates  in  this  mass  region  (1.93 5 m(D,)  5 2.00 
GeV/c2), we  find that a reasonable fo(975) signal appears  around  1.0  GeV/c2,  as 

the  plots below indicate  (we  have  not  studied  the  additional  structures  in  these 

plots  in  any  detail). 

D,-3rr (P. cut) D , - 3 n  (P. cut) 

.4 .e .E 1.0 1.2 1.4  .4 .E . B  1.0 1.2 1.4 
M(n+n-) M(n'n') 

Figure 14. Mass  Plots of ~ 7 r  Pairs From 7r+n-r+ Candidates  (after P, and D,cut). 
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300 7 
All 3n Vertices (f,,. P. cut.) By  fitting a Gaussian  to  the  pre- 

sumed fo(975) peak  in  the r+r- 

mass  plot, we find a mass of 999.6 f 

2.5 MeV/c2and a width of 20.2 f 

2.4 MeV/c2. As Table  2  indicates, 

we identify  an fo candidate  by re- 

stricting  the r+x- mass  to  the re- 

gion 940-1060 MeV/c2.  The  masses 

of 7r+x-7r+ candidates  using  both 

fo identification  and  restricting  the 
pion momentum  are shown  in  Figure 15. A D, signal is now clearly  visible, and  the 

background  has  been significantly reduced. Using the  same fit as  before  (Gaussian 

peak  plus  polynomial  background) we find that  the D, mass  in  this final state 

is 1972.0 f 2.2 MeV/c2,  and  the  width of the  peak is 31.9 f 5.1 MeV/c2.  The 

reconstruction efficiency is  14.4%,  and  the  signal-to-background  ratio is 0.48 : 1. 

The  third  section of Table  3  summarizes  our  analysis of the 7r+x-n+ final state 

candidates  in bz events. 

2.4. SUMMARY OF D, RECONSTRUCTION STATISTICS 

Table  3  summarizes  our  results  on D, exclusive decay  modes  in  the  all  charged 

hadronic  decay  modes K+K-r+, I(+r+n-, and r+r-r+ for the Zo+b$ Monte 

Carlo  sample.  Table  4 shows our  preliminary  results of Zo+cZ background,  which 

has  only  been  performed  in K+fK-r+ The  number of vertices  expected  in  each 

mode  are  computed  using  the known number of D, mesons  produced  in  the  Monte 

Carlo  sample  and  the  net  branching  ratio  to  produce  the final state  from  that 

mode.  Background  is  estimated  in  each  mode  and for the  total final state by 

fitting  the  vertex  mass  plots with a cubic  polynomial  plus a Gaussian  centered  on 

the D, mass. For this fit, the  mass region of the D+ meson is excluded to minimize 

distortions of the  background  polynomial.  Besides the reconstruction efficiencies 

we also quote  the  tagging efficiencies for each  individual  mode  as well as for the 
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entire  final  state.  The  signal-to-background  ratio for each  decay  mode  and  the 

significance of the signal, are shown in  the last two  columns of each  table.  and 

K+T+T-  final  states. 

Table 3. Reconstruction of D, Decay  Modes. 

Decay Mode 
( S i g l m )  Bkg [%1 (E) [%I (Obs-Bkg) Background Vertices  Vertices D,+ + 
Significance Signal C-B Efficiency Signal Estimated Observed Expected 

. 

*I<+I---T+ m(D,)  = 1971.5 rfr 0.9 MeV/c2, 0 = 24.5 f 2.0 MeV/c2 

q5( 1020)T+ 

11.58 1.24 0.191 21.5 108 87 195  502 ( K + K - T + ) N R  ,: 

25.74 4.70 0.252 13.0 141 30 171 1088 Ii-*OK+ 

21.97 4.31 0.200 13.5 112 26 138 83 1 
__ 

All l<+K-.rr+ 30.19 2.52 0.644 14.9  361  143 504 2421 

*I<+T+T- m(D,)  = 1968.0 f 2.1 MeV/c2, Q = 36.9 f 5.0 MeV/c2 

I<; K 

3.12 0.24 0.075 67.8 40 164 204 59 IC*%+ 

12.59 0.73 0.390 38.6 218 300 518 565 

All I<+.rr+7rT- 11.98 0.56 0.465 41.3 258 464 722 624 

t.rr+n-~+ m(D,) = 1972.0 k 2.2 MeV/c2, u = 31.9 f 5.1 MeV/c2 

fo(975)~' 8.27 0.48 0.114 14.4  144 303 447 1002 

All 7r+7r-.rr+ 8.27 0.48 0.114 14.4 144 303 447 1002 

* Sample  contains 67,870 Z o t b $  events, 56,221 D, mesons. 

t Sample  contains 152,856 Z 0 4 $  events, 126,776 D, mesons. 

0 The  summed  tagging efficiency CE; - Bi is 1.2%. 



Table 4. Background  From cZ-+D,X. 

Decay Mode 
( S i g / m )  Bkg ( E )  [%,I (Obs-Bkg) Background Vertices Vertices D,+ -+ 

Significance Signal Efficiency Signal Estimated Observed Expected 

*K+IS'-7r+ m(D,) = 1974.6 f 4.5 MeV/c2, FWHM = 34.5 f 9.6 MeV/c2 

(b( 1020)7r+ 14.84 10.50 17.4  21 2 23 121 
- 
K * O K +  9.19 6.50 8.2 13 2 15 159 

(K+l i ' -T+)NR - - - 0 18  18 73 

All li+K-7r+ 7.25 1.50 9.6 34 22 56 353 

*1<+7r+7rlr.- m(D,) = 1946.3 f 15.1  MeV/c2, FWHM = 68.8 f 12.3  MeV/c2 

,reg I< 3.43 0.29 50.0 41 143 184 82 

Ii''OT+ 

3.76 0.30 52.2 47 156 203 90 All K+7r+7r- 

1.35 0.46 75.0 6 13 19 8 

3. Conclusions and  Outlook 

In  this  report we have discussed the reconstruction of D, mesons  in  the all- 
charged  hadronic  final  states K+K-r+, Ii'+nS7r-, and 7r+7rlT-7r+, using a sample 

of 68,000 Zo+b& Monte  Carlo  events for the first two topologies and 153,000 events 

for the  third.  In  particular, we have  determined  reconstruction efficiencies, tagging 
efficiencies ( E ~ B ) ,  and  signal-to-background  ratios for the exclusive  two-body  decay 

modes $7r, K*OI<, K'K, and for as  summarized  in  Table 3. 

The 1<+1<-7r+ final state is best  suited  to tag D, mesons.  Even  though  the 

reconstruction efficiency (14%)  is lower than for I<+7r+7rA (41%),  which is mainly 

a consequence of requiring  two identified kaons (- 50%) and  tight  selection  criteria 

on  the  three-prong  vertex,  our  analysis yields the  largest  value for E . B (0.64%) 

and  the  highest  signal-to-background  ratio  in  this final state.  In  particular, for the 



two-body  decays #m and K * ' K  the  background levels are  rather  small.  This,  in 

turn, will help  to  minimize  the  number of falsely reconstructed B, mesons. 

For the K+7r+7rr- final state  the  highest  reconstruction efficiency (41%) is ob- 

tained,  which  compared  to KSK-7;+, is due  to  two facts:  first, this final state 

contains  only  one kaon  which  enhances the efficiency by a factor of - 1.5 ; second, 

this  final  state  consists of two  consecutive  two-particle  vertices  which  are recon- 

structed  with  high efficiencies, thus  gaining  another  factor of - 1.5.  However, the 

resulting  tagging efficiencies (0.47%) are lower than for the  I<+li'-r+final  state; 

in addition,  the  background levels are  considerably  higher. 

The  three-pion final state is the least  promising  channel:  high  conlbinatoric 

background  greatly  suppresses  the  signal,  and  the low resolution of the fo(975) 

makes  it difficult to  separate  the  background.  The efficiency for the   fo(975)~  

channel  (14%) is comparable  to  the  value for K+K-?r+, but  without  the fo mass 

cut, a D, peak is barely observable. The  tagging efficiency is only 0.11%. 

Our  analysis clearly  shows that ideally one would  like to  use the K+Ii'-7r+ final 

states for D, tagging. However,  for B, selection  this will be  not sufficient because 

of a small B, production cross section  in Zo decays,  small B, decay  branching 

fractions,  and  the low value of 6.B for the K+1<-7r+ final state.  Even a combination 

of the  three final states discussed above,  which  yield &;B; N 1.2%, will not suffice 

to do  the job: a sample of lo6  2''s contains  approximately 140K bx decays,  which 

in  turn would produce - 40K B, or B, events if both a B, and a B, were  always 

produced (if decays  patterns  such  as B,B-K+ dominate,  the  number of produced 

B, events is closer to 20K);  assuming a branching  fraction of B(B,+D,X) N 80% 

we would  optimistically  obtain 32K D, mesons, of which  only - 380 could be 

reconstructed  in  the  three final states.  Since  the  predicted  branching  fractions for 

exclusive B, decays  are at the few percent level, only a handful of events  can  be 

expected  in  any exclusive B, decay  mode.  Therefore  it  is  absolutely  necessary  to 

increase  the D, tag  sample significantly,  which requires an improved  three-prong 

vertex  reconstruction for the all  charged  decay  modes  as well as  studies of further 



decay  modes  containing T O ’ S  and q’s,  as  e.g. K * + K g ,  rpr, and 7 ‘ ~ .  

Another  important  issue  concerns  the  background  sources  feeding  into  the  tag 

sample.  Backgrounds  originating  from bb events  are  included  in  our  analysis  (see 

Table 3). To estimate  the  contribution  from CZ events,  the K+tK-.n+ and K+T+T-  

final  states  have  been  analyzed,  using 34,000 Zo+cZ Monte  Carlo  events.  The 

background  resulting  from  this  sample is only  slightly  higher than  that  from bb 
events.  This is due  to a requirement that   the secondary  vertex is at least 500 
pm separated  from  the  interaction  point.  By  requiring  both a secondary (B,) and 

tertiary ( D s )  vertex we expect  to  considerably  reduce  the cz background,  although 

we have  not  performed  a  detailed  study,  nor  have we studied  the  background 

contributions  from u, d,  or s jets. However, we expect  that  the 500 pm  cut 

and  requirements  on  secondary  and  tertiary  vertices will reduce  these  background 

sources  considerably. 

The  analysis discussed is the first step  in  studying B, decays.  However,  many 

more  studies  are  needed  to  complete  the  job.  The  next  steps will consist of: 

0 detailed  background  studies  from u, d, s, decays  as well as cZ events for  all 

final states; 

0 analyses of final states  containing  neutrals,  such  as .no’s, 7’s and K i ’ s ;  
0 reconstructions of B, mesons by pairing D, candidates  with  separate .n* 

tracks  and T O ’ S ;  

In  the  long  run we also plan  to  study  other B, decay  modes  such  as  semileptonic 

decays  and Els--+ $X. 
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Particle identification with the CRID 
Kirkwood, August Td 1989 

by Pierre Antilogus. 

We present  here the kind of particle  identification that you can obtain using 

the CRID. 

We underline also the basic points that  the user has to know  if he  wants to 

reproduce  these  results  with the CRID Montecarlo t .  

from a work done inside  the CRID pre-Kirkwood group by: 

Pierre  Antilogus,  Sridhara  Dasu, Dave Muller. 

1. Outline of the Slow and the Fast CRID Montecarlo. 

1.1. THE SLOW MONTECARLO. 

The Slow CRID Montecarlo produces a  full  simulation of the Cherenkov pho- 

tons  and  performs the reconstruction of the Cherenkov rings. 

Detector  simulation: The simulation of the CRID detector ['I can be divided into 

the following steps : 

(a) Cherenkov photons are generated along the  path of each charged track 

which goes through  the liquid and/or  the gas radiators (cf fig. 1). 

(b) All the Cherenkov photons are tracked.  In  this way the full  geometry of 
the detector is taken  into account (cf  fig. 1). 



(c) The point of production of each photo-electron is calculated (cf fig. 2). 

(d)  The electrons are smeared  from their production  point to  the TPC wire 

plane (cf fig. 2). 

(e) As an  option,  the  digitization of the signal (electronic noise , pulse de- 

convolution...) is simulated. 

At the end of this simulation we have a reconstructed  production  point for 

each  photo-electron (Raw Data X,Y ,Z ) ,  

Event  reconstruction. The main  ideas of the reconstruction are : 

(a) By using the informations  from the drift  chamber, each track is extrap- 
olated  into  the CRID. 

(b) For each photo-electron a Cherenkov angle is calculated. 

(c) A likelihood is calculated 12] for each  hypothesis (e,,u,7r,.K,p) using the 

Cherenkov angles. 

PMOTONS  FROM 

Liquid Radiator \ t 

Figure 1: Production by a charged  track  of the 
Cherenkov  photons inside the CRID (cf text). 

Figure 2: Production and detection of the 
photo-electrons (cf text). 



1.2. THE FAST MONTECARLO. 

The Fast CRID MonteCarlo uses a simplified simulation  and  reconstruction of 

CRID events: 

(a) As for the Slow MonteCarlo, the  number of Cherenkov photons  expected 

(nyezp)  and  the Cherenkov angle expected (Oyez,) are calculated for each 

charged track. 

(b) nyezp is corrected to  take  into account the geometrical effects. 

(c) To take  into account the problems due to  the overlap of the gas Cheren- 

kov rings, the region of intersection of two rings is ignored (=reduction 
of nyczp , this version i31 is not in production  yet). 

(d) From n y e z p  and Oyez,, the observed quantities  are  generated : 

(i) Poisson distribution (nyezp) 3 ny 

(ii) Gaussian distribution (cr,Oyezp) -+ 0; for i = 1 -+ nr. 

(e) The likelihoods are calculated with these 0; and  the of the extrap- 

olated  track from the drift chamber for the five hypotheses ( e , p , r , K , p ] , .  

Using this  method (which supresses for example the tracking of each Cherenkov 
photon), the Fast MC is faster by a factor - 15 than  the Slow MC. 

2. What the User has to know. 

2.1. A FEW NUMBERS. 

To understand the variation of the CRID information as a  function of the mo- 
mentum for a given particle , you have to know the different Cherenkov thresholds. 

P R Ir: P 

Liquid 0.1  0.2 0.6 1.2 GeV 
Gas 1.8 2.4 8.4 16.0 GeV 
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The CRID information can be found in the PHCRID bank. This bank exist 

for each track seen  by the CRID (if the track is not seen, the bank doesn't exist -+ 

check  for a 0 pointer !). Sometimes the analysis of the track  can't be done (e.g ,a 

geometrical reason) , in  this case the content of the  PHCRID bank  must  not to be 
used ! This  situation is  flagged  by the  return code PHCRID%RC , if this  return 

code  is negative , DON'T use the content of the  PHCRID bank. 

The useful information for the particle identification can be found in  PHCRID%LLIK 
(= log(likelihood) ) for the five hypotheses ( e , p , x , K , p ) .  Those  numbers  are the 

combined information from the liquid and the gas radiatordn  the next  chapter 

you can  find out how to use this information for the particle identification. 

60- 

50- 

40- 

30- I 
20- 

30- 

0 '  1 
I 

I , 1 I 

0 lh 1'6 20 
e momentum in GeV 

Figure 3: Momentum  distribution of electrons Figure 4: Momentum  distribution of electrons 
produced by the process, B e t v t D . produced by the process B 3 D -+ e t X . 

- 236 



3. Paxticle ID with the CRID . 

3.1. AN EXAMPLE : e/x SEPARATION. 

Lund events : In b6 events, the leptons  can  be used both  to  separate  the b  and 

c quarks  and to give the sign of the quark wich has  produced this  lepton.  In such 

a study,  electron identification is fundamental. The momentum  spectrum of the 

electrons  in b6  events show that for 

B - + e + v + D  

-40% of the electrons have a momentum lower than 5 GeV (cf fig. 3) and for 

B - , D - + e + X  

-SO% of the electrons have a momentum lower than 5 GeV (cf fig. 4). 

As you will see  in figure 7 the CRID in  this  momentum region has good e / n  
separation. 

Study of log(likelihood,) - log(Zikelihood,) : After  those physical motivations, 

we give here  more  detail on the identification itself. 

For the  study of the  e/x separation  with  the  CRID, we have  generated 10000 
single e- and 10000 single x-  with the Fast Montecarlo  in  the  barrel in the 

momentum  range 0.4 Gev to 10 GeV. 

The  probability  to  be an  electron, for a given track, is proportional to likelihood, 
and the probability  to  be a ?F is proportionnal to likelihood,. Therefore  the dif- 

ference log(liEelihood,) - log(likelihood,) (cf fig. 5) is simply the logarithm of 

the  ratio of those probabilities. If fact,  due  to some non Gaussian  error in the 

Cherenkov angle  measurement,  this is only true  in first approximation. 

The way to perform the  ejn separation, is to make a cut on log(Zikelihood,) - 
log(IikeZihood,). This  cut has to suppress the common events  between the log(libe!ihood,)- 

log(libelihood,) distributions for e generated  and thelog(ZikeZihood,)-log(likelihood,) 

distributions for n generated (cf  fig. 5). 

2 3 1  
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0 Ptot - 6. to 9. tev 
0 Ptot - 7. to 8. Cev 

0 Ptol = 5. to 6. Gev 

m Ptot = I .  to 2. GW 0 
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Figure 5: log(likelihood,) - logjlikelihood,) Figure 6: The A contamination in % of a 
distribution  for 3 GeV 5 P 5 4 Gev. For this sample of e as a function of the  cut on 
momentum the sample of e and  the sample of log(likelihood,) - log(Iikelihood,). To give 
x are clearly separated. a  realistic  meaning to this  contamination we 

have  taken a sample of K 20 time  larger  than 
the sample of e (contamination = number of 
A /(number of e + number of A)). ' 

Figure 7: Probability to identify an e as 
an e as a function of the momentum. We 
test only the e / x  hypothesis with the  cut : 
log(Zikelihood,) - log(likelihood,) L -5 .  

2 3 '8 



Cut on  log(ZikeZihood,) - log(Zikelihood,) : In figure 6 you can see that if you 

ask €or 
log(likeZihood,) - log(ZikeZihood,) 5 -5. 

you reduce the contamination of a e sample by 7r to practically zero . 
As figure 6 shows, for higher  values of log(ZikeZihood,) - log(ZikeZihoode), the 

contamination increases quickly. In the region of quick variation,  estimation of the 

T contamination is difficult . It is better to do a "clear" cut on log(Zikelihood,) - 
bg(!ikdihoode) . 

This  remark is related in fact to one of the interesting  proprieties of the particle 

identification with the CRID : when you are  able to do  an identification, it is in 

general related to a  strong rejection of the contamination . 

Conclusion : With the cut log(Zikelihood,) - log(likelih0ode) 5 -5. , we obtain 

for the electron identification with the Fast MC (cf  fig. 7) : ;. 
(a) below 3 Gev a full efficiency, 

(b) at 5 GeV an efficiency - 50 %, 

( c )  on 10000 7r with P 5 10 GeV , only one is identified as an electron. 

Since the  the LAC e /a  separation becomes efficient at around 3 Gev, SLD will 
be able to perform e/a separation for the full electron spectrum. 

3.2. p,7r,I<,p IDENTIFICATION 

We present here the separation obtained between different hypotheses using 

the CRID. To obtain these curves, we have generated 10000 single track events in 

the barrel for each kind of particle, using the Fast Montecarlo. 

p/r separation : The CRID can contribute  to  the  identification of low momentum 

,u . As you can see in figure 8 , we can  perform the p identification using the same 
cut, 

log(likeZihood,) - log(likeZihood,) 5 4 ,  



If c r i t  

Figure 8: Probability to identify a p as a p as 
a function of the momentum. We test only the 
p / r  hypothesis  with the cut log(likelihood,)- 
log(likelihood,) 5 -5. 

40 H 

20 1 

40 il 

Figure 9: Probability t o  identify a Ii as 
a IC as a function of the momentum. We 
test only the K/r hypothesis  with  the  cut : 
log(Iikelihood,) - log(ZikelihoodK) 5 -5. 
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with an efficiency higher than 50% below 1.4 GeV using the liquid  radiators 
and between 2.2 and 3. GeV using the gas radiators.  In  those region the pion 

contamination  stays at a low level (- This CRID contribution  can  complete 

the WIC information wich becomes fully efficient for tracks  with a PI > 2 GeV in 

the barrel. 

a/IC separation : One of the nicest possibilities of the CRID is its  capacity  to 

perform the Ii: identification.  In figure 9 you can see that  the n/IC separation is 

fully efficient below 20 GeV and  stays higher than 50% up  to 30 GeV.For 10000 x 

generated between .4 and 30 GeV only one has been identified as a IC. 

K / p  separation : To perform the li: identification we have to  add  the K / p  sepa- 

ration. As you can  see in figure 10 this  separation works to a high momentum, in 

fact  the efficency decreases to 50% only around 50 GeV. But for this  separation 

and in the p / K  separation as well  (cf figure 11) you can  observe a hole in the 
efficiency arround S GeV due to a non complete overlap between the liquid  and 

the gas identification. On the  other  hand,  the efficiency in  this region stays higher 

than 50%. 

4. Conclusion. 

The CRID h5onteCarlo continues to  be under  developement, but we are actu- 
ally testing  the ”secondary  type effect” , which means that  the  hlonteCarlo already 

produces realistic outputs. 

We have presented here the  status of what  kind of particle  identification you 
can obtain using the Fast CRID Montecarlo. It’s clear that it’s not enough to 

take  the best CRID hypothesis (actual content of the  PHPART  bank) , you have 

to perform a cut  on  the probability connected to this  hypothesis to really use the 
CRID identification. 

We have underlined  here the CRID contribution to  the electron  identification. 

The CRID has for the e / x  separation an efficiency higher than 50% below 5 Gev 
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with an extremely low contamination specific to all CRID identification (5  

Using the different contributions to  the e,p,r separations, the SLD detector has 
an unique possibility to perform the e identification in the full momentum range. 
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CALCULATION OF TRACK-ERROR  MATRICES  FOR THE 

SLD FAST MONTE CARLO 

Jeffrey D. Richman  and  Laurent  Mathys 

Department of Physics 

University of California 

Santa  Barbara, CA 93106 

1. Introduction 

The SLD physics program relies heavily on the charged-particle  tracking information 

that will be provided by the CCD Vertex Detector. The  tracks used to find vertices will  each 

have two or three vertex-detector  hits;  these will be linked with the corresponding central- 

drift-chamber  track,  and  the information will then  be combined in an overall fit. To use the 

resulting  information,  it is essential to know both  the uncertainties (“errors”)  in all track 

parameters  and  the correlations between these errors. For example,  large  impact-parameter 

tracks are best tagged using b l o b ,  where the  impact-parameter  error O b  is calculated from 

the error matrix of the track  parameters. 

The track-error  matrices  are normally computed  during the combined vertex-detector 

and  central-drift-chamber  track fit. In the fast Monte Carlo, however, a  short  cut is taken: 

track  parameters  and  their  error  matrices  are  simulated  directly  from  the  generated four- 

vectors. That is, without generating any raw data or performing any track  fits, we must 

compute  the  error  matrix and  fluctuate the track  parameters so that  they reflect the errors 

and correlations contained in the error matrix.  The error matrix  must include all multiple- 

scattering  contributions  and correlations induced by different types of measurements, such 

as those from stereo-angle wires. 

We have written new software to compute the error  matrices  as a function of track angle 

and  momentum.  The following sections briefly describe the algorithm and various tests  that 

we have performed.  It should be emphasized that these programs are  quite general and can 

be used to compute error matrices for most collider tracking  systems given a description of 

the  detector. 
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2. Definition of the Track-Error Matrix 

The track-error matrix is  defined  by 

where a p ( R r e f ) ,  p = 1, . . . , 5 are  the helix parameters. In SLD the convention is to specify 

the set G’ = { q5=, z,  c j P ,  X, :} on a reference cylinder of radius R r e f  in the zy plane.  The 

azimuthal angles q5= and d p  are the angles between the z-axis  and the z y  projections of 7 
and  at  the point where the track  intersects the reference cylinder. The dip angle X is 

measured with respect to  the s y  plane, so that  tan X = p , / p t .  The charge of the particle in 

the last helix parameter, Q / p t ,  has the effect that none of the error matrix elements change 

sign when Q does. 

3. Calculation of the Track-Error Matrix 

The  main idea for the  error-matrix  computation comes from P. Billoir[l]. Suppose that 

measurements are performed at radii r l ,  . . . , r,, and consider first the subset of measure- 

ments  at radii r;,  . . . , rn. This subset of measurements leads to an inverse error matrix, or 

weight matrix, on the helix parameters  at radius ri ,  which we temporarily assume is  known. 

We use the  notation 

where the reference cylinder now has radius r; and the radii of the measurements so far 

incorporated  are explicitly shown. 

We then  transport Wp,  inward to  the radius ~ i - 1 .  (Multiple  scattering will be considered 

later.)  The  transport is done using the derivatives 

which can  be  determined using simple geometrical methods. The  transported W,, is 
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which  is the weight matrix on Z(~i-1) resulting only from the measurements at ri ,  . . . , T,. 

The essential  point is that  there  are now two independent sources of information  about 

cy ( T ~ - ~ ) :  the local measurement at ri-1 and  the  transported  parameters  and errors  from 

measurements at ~ i ,  . . . , r,. If the locally measured  quantities  are ck, the corresponding 

local contribution to  the weight matrix is 

A 

In the simplest  case, the measurements Ck(r) directly provide one or more of the helix 

parameters  at  that  radius, such as T $ =  or z. A drift-chamber  axial wire measures T $ ~ ,  

charge division provides z ,  and  a  stereo-angle wire measures a linear  combination of z and 

T $ ~ .  The  vertex  detector provides uncorrelated  measurements of T$=  and z at one  ra- 

dius. It is important  to  note  that  the weight matrix exists even before there  are enough 

measurements for V [ G ]  to  exist, since the absence of information-about, say, the  track 

curvature-corresponds to a zero weight but an  infinite  error. 

The  total weight matrix  at ri-1 is given by 

This  simple  additivity of the weight matrices is the generalization of the result that when 

two independent  measurements with Gaussian errors 01 and 02 are  combined,  the  error is 

or 

w = w 1 + w 2  . 

We have discussed how the weight matrix is transported  and how the information from 

additional  measurements is included. In contrast to measurements, which give an  additive 

contribution to  the local weight matrix,  multiple  scattering gives an  additive  contribution  to 

the local e3rroT matrix. We treat  multiple  scattering with the following procedure: 



1. Transport the weight matrix to  the radius rMcs of the multiple  scattering layer, 

which is assumed to  be a  thin cylinder (or a surface approximately  tangent to  the 

local radius vector). This calculation yields W , , [ G ( r ~ c s ) l r i  > r ~ c s ] .  

2. Invert the weight matrix to obtain  the local error matrix, which we denote by 

v,,[qQ4cs)Iri > wcsl. 

3. Calculate a local multiple-scattering  matrix reflecting the errors  induced in the local 

track-direction angles. We denote this  matrix by ~ V , , [ Z ( ~ M C S ) I M C S ] .  

4. Sum the results from steps (2) and (3), 

5 .  Invert V, , [~(TMCS)IT:  > r ~ c s ;  M C S  at ~ M C S ]  to obtain the weight matrix  at 

r M C S  including multiple  scattering. (If there is a measurement at rMCS as well, a 

weight matrix  contribution as defined  by Eq. ( 5 )  must  be  added.) 

6. Transport  the resulting weight matrix inwards to  the next measurement or multiple- 

scattering layer. 

4. Tests of the Track-Error-Matrix Calculation 

The  error-matrix calculation was tested by comparing it with  results  obtained by running 

the Geant Monte Carlo with full track  reconstruction  and fitting. Two  methods were used. 

First, we studied the  error-matrix elements without  multiple  scattering.  This procedure 

tests  the measurement  contribution to  the weight matrix  and can be regarded as the high- 

momentum  limit. Table 1 lists the square  roots of the  error-matrix diagonal elements (;.e., 

the sigmas) for a p = 10 GeV/c,  X = 0 track.  The  predicted values agree quite well with the 

values obtained from the CDC track  fit. The worst disagreement is 12% for &, but  other 

values agree to better  than  about 1%. In Table 2 we compare the off-diagonal terms, first 

dividing each element by a(o,)c~(a,) in order to  obtain  the correlation terms normalized 



Table 1. CDC %ack Errors: p = 10 GeV/c, X = 0, no MCS 
(from  error  matrix  at f i e f =  4.16 cm) 

4 % )  4 4  
Geant MC + CDC fit Predicted Value 

1.54 mx 

898 pm 

1.53 mr 

1.53 mr 1.53 mr 

0.22 mr 0.25 mr 
888 pm 

~~~ 

Cable 2. CDC Track  Error  Correlations: p = 10 GeV/c, X = 0, no MCS 
(&om error matrix  at Rrer = 4.16 cm) * 0 a@ 0 a,) -m 

Geant MC + CDC fit Predicted Value 

0.222 

-0.200 -0.207 

-0.916 -0.918 

-0.212 -0.218 

-0.959 -0.965 

0.216 

-0.953 

0.209 0.213 

0.989 0.983 

0.203 0.211 

-0.19s -0.202 

-0.950 
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from -1 to 1. As expected,  large  correlations  are  present between d X  and $p, q$x and 5.2. z 

and X, and q5p and E. P t  ’ 

The comparisons  presented thus  far have  not tested  the multiple-coulomb-scattering 

contribution to  the error  matrix.  The  natural method would simply be  to  compare  predicted 

and CDC-fit error  matrices  with  multiple  scattering,  but at the  time of this  paper  the CDC 
track fit did  not  include  multiple-scattering  errors. We therefore  use a different approach. 

Because the  Geant Monte Carlo  correctly  multiple scatters  the  tracks, we can  perform 

Monte Carlo  “experiments” to generate  distributions of (measured  minus  true)  track  param- 

eters  and fit them  to Gaussians. Specifically, tracks measured  in the CDC are  extrapolated 

back to  the  outer layer of the vertex  detector. We then  compute  the difference between 

the coordinate  obtained by extrapolation  and  the  true  coordinate  at  the  vertex  detector. 

This difference has contributions  both  from  the CDC measurement  error and  from  the mul- 

tiple  scattering between the vertex  detector  and the CDC. Figure l shows the difference 

distributions for the z and r& coordinates ( p  = 1 GeV/c ,  A = 0). These differences are 

particularly  interesting since they  determine  the  initial search area when CDC  tracks  are 

linked to vertex-detector  hits. 

Similar  distributions  are  obtained for higher momentum  tracks,  and the resulting a ( r ~ $ ~ )  

and a ( z )  are  obtained for each momentum (at X = 0) by fitting to a Gaussian.  Figure 2 

shows a(r$,) and ~ ( z )  as a  function of track  momentum in comparison with  the predicted 

values (curve).  (These  plots  assume  an 80 pm CDC resolution, which is the average over 

a  drift cell.) Figure 3 shows the variation of r$z and z errors  with the dip  angle X, at 

constant  momentum p = 1 GeV/c.  The agreement between the Monte Carlo  points  and  the 

predictions  (curves) is quite good as a function of both p and X. 

We see that at p = 1 GeV/c  and X = 0, a 3 0  error ellipse at layer 4 of the  vertex  detector 

has an area of T( 3 - 972 p m ) ( 3  .355 pm) M 10 mm2, which corresponds to  about 20 k pixels. 

After the CDC track is linked to a candidate  hit in  an outer  vertex-detector  layer,  a  further 

extrapolation is performed to  an  inner layer of the vertex  detector. The error ellipse from 

this secondary  extrapolation  has  an  area covering only 40 pixels (at p = 1 GeV/c,  X = 0) .  



GEANT MC : CDC track  extrapolated  to VXD L4 
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a(r4) for CDC track  extrap t o  VXD LA: p = l  GeV/c 
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a(rq5) for CDC track extrap to VXD L4: p=15 GeV/c 
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Figure 4 also shows the variation of p.& and z errors  with X, but  this  time at p = 

15 GeV/c. The ~ 4 %  error is substantially  smaller  than at low momentum  (Fig. 2), where it 

is dominated by multiple  scattering. The z error is roughly ten  times worse than  the rdz 
error at high  momentum, and it is only  slightly better  than  the low-momentum z error. 

5 .  Conclusions 

We have developed and  tested software to provide simulation of SLD tracking  error 

matrices that agree  with  Geant  results to better  than 10%. We plan additional  tests and 

implementation  in the fast Monte Carlo in the near future. 

Reference 

1. P. Billoir, NucZ. Inst. Meth. 225 (1984): 352. 
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I. PurDose 

It is  clearly  desirable  to  be  able  to  extract  as  much 

information  as  possible  out  of  each Z decay  event.  This  starts  with 

measuring  the  momentum  and  identity  of  each  stable  final  product  but 

also  determining  the  parentage  of  each  particle  whether  it be  from  a 

fast  decay (II , q  , J/$, etc.)  or  a  "slow"  decay (B,D,K etc.). This 0 0  0 

noble  goal  is  frustrated  by  the  large  number  of  stable  particles in 

the final  state  and  the  many  particle  combinations  that  may  be  formed. 

Typically  the  final  state  will  contain  about 25 stable  particles.  For 

a b-6 event  the  final  state  (according  to  LUND)  will  have  about 5 11' s 

0 

S' 

in  each  charge  category, 1 K in  each, 1 charged  lepton  and 1 neutrino. 

A rough  guide  to  the  source  of  these  particles  is  that  1/3  come  from 

each  of  the B and is decays  and  the  remaining 1/3 from  the  residual di- 

jet hadronization.  Reconstructing  ideally  is  out of the question  yet 

much can  be  done  given  the  power  of  the  SLD  as  a  detector  with  its 

high  precision  momentum  measuring  capability,  particle  identification, 



and  vertex  detection.  This  paper  aims  to  evaluate  what  might be done 

using  all  this  artillery  with  particular  reference to reconstructing 

B-mesons . 
We  list  below  some  specific  physics  results  obtained  by B 

reconstruction: 

A.  Event  Identification  i.e.  separation of b from  c  from u, d, s 

quark  events. B identification  is  possible  by  other  methods, 

such as use of high  p  leptons, Below,  we  consider 

vertex  finding  as  another  technique  not  requiring 

reconstruction. 

T 

B. Separation  of B from E and D from 5 jets to  get  angular 

distributions  and  through  this  the Z to  quark  coupling. 

Again  reconstruction  is  not  necessary. 

0 

C.  Separation of charged  from  neutral B and D mesons and 

measuring  their  lifetime  differences.  This  sheds  light on 

the  decay  mechanisms. 

D. Separation  of B and B mesons.  Again  full  reconstruction  is 

3 
d S 

not  necessary  (see  Attwood ) .  
E. Study of the  Mechanism of Weak  Decay.  The  prime  candidate 

for  the  elementary  quark  decay  is  shown  in  Figure l(a). It 

is  the  counterpart  of  p-decay  and  the  quark  kinematics  are 

predictable.  However,  the  resulting  quarks  must  then 



hadronize  somewhat  as  shown in the  figure.  The 

"annihilation"  diagram  (Fig.  lb)  is  disfavored,  unlike 

D-decay, at  the  higher  energies of the B-meson mass. The 

pairing of the  quarks  as  shown  to  form  jets  is  favored  over 

crossed  pairing  since  the  color  match  is  automatic. However, 

one  can  certainly  not  rule  out  more  complex jet-jet or 

quark-quark interactions.  Reconstructed B-decays  will  shed 

light on the  true  mechanisms. 

F. Measurement  of  the K-M matrix  element, . Though  semi- 

leptonic  decays  to  a  strangeness  zero  state is cleaner in 

'ub 

interpretation,  decays  to  a  pure  hadronic  state  will be more 

plentiful. 

G. C P non-invariance.  Measuring  the  difference  in r between B 
+ f and E + is  cleanest  for 2 particle  final  states;  one 

can guess  the  quark  diagrams  and  compare  with  expected 

differences '. However,  such  states  have  small  branching 

ratios.  One  might  see CP non-invariance  in  more  complex  and 

more  plentiful  final  states. 

We  allude  to  other  methods  for  performing  the  same  tasks  in A-E 

above;  this  is so but  B-meson  reconstruction,  when  possible,  certainly 

leads  to  a  cleaner  interpretation  and  may  be  statisticaly  more 

powerful. 



11.  The  Tools 

A. Vertex  Finding 

The  use  of  the  impact  parameter  to  'find  particles  as 

candidates  for B-meson products  is  well  explored.  We  wish  to 

restate  the  more  useful  concept of the  "normalized"  impact 

parameter  which  is  fundamentally  the x for  a  particle 

trajectory  being  associated  with  the  main  production  vertex. 

The  expected  error  is  computed  from  the  expected  multiple 

scattering  in  beam  tube  and  vertex  detector  and  the  measuring 

error  in  the  vertex  detector.  The  methodology  is  discussed 

by D.C. Williams '. A plot  of  this x from  events  generated 

by a  a LUND Monte  Carlo is known  in  Figure 2. We  use  this 

method  to  extract B-decay particle  candidates,  This  method 

is  also  used  to  find  the  presence  of a  second  "long"  lived 

particle  (the D meson)  thus  separating b and d  events  from u, 

d, s events.  Included  in  this  analysis  is  the  finite 

coverage  of  the  vertex  detector.  We  have  assumed  it  to  be 

located  at  a  radius  of 2.5 cm.  and  extending k 5.5 cm. in z .  

2 

2 

B. Secondary  Vertex  Finding 

We  also  examine  track  pairs  from  the  candidates  found  in A 

and  calculate  the  distance  of  closest  approach (DCA). This 



is  the  length  of  the  line  with  direction al x a2; (al  and  a 
are  the  direction  vectors of the 2 tracks)  and  passing 

through  lines a and a2; it, in  turn,  is  divided  by  its 
expected  error. 

- 
2 

1 

The  results of this  analysis  are  shown  in  Figure  (or  Table) 

3 .  One  may  pick  the x* cut  and  the  number of  tracks  that  do 

not  intersect  within  this x* and so tune  the  percentage of  

double  vertices  found  and  degree  of  contamination.  Note  that 

one  need  only  find  a  double  vertex  in  either  B  or jet to 

identify  a b-quark event. 

C .  Rapidity  Cuts 

It is  well  known  that  heavy  meson  production  from  e+e- -+ 

heavy  quarks  results  in  mesons  with  large X and, therefore, 

high  rapidity.  When  these  mesons  decay  the  products  occur 

centered  about  this  high  rapidity. A rapidity  plot of 

particles  from  a  b-i;  event  is  shown  in  Figure 4 .  We have, 

F 

then,  a  further  means of selecting B-decay  particle 

candidates.  This  is  the  only  selection  tool  we can  use  for 

neutral  particles. 



111. Results 

We use   t he   c r i t e r i a  above t o  se lec t   candida te   par t ic les   as  

B-meson decay  products. The  Monte Carlos were done under  the 

following  conditions: 

x2 c u t   i n  impact  parameter of  2.0 o r  

Charged p a r t i c l e   r a p i d i t y   c u t  > 2 . 0 .  

Neut ra l   par t ic le   rap id i ty   cu t  > 1 . 7 .  

Gluon radiation  turned  off.   This i s  a temporary  convenience 

obviating removal  of low sphercity  events  and/or  adjustment 

of  the  rapidi ty   cut  on an  event by event   basis .  

Perfect  K-7r separat ion.  

Jets  with  charged  leptons and therefore   neutr inos were 

included.  This  source of  background is easily  excluded by 

removing je ts  with  charged  leptons. 

Perfect  momentum measurement. This was done i n i t i a l l y  so 

t ha t   t he   co r rec t  B-mesons would give  the  ident ical ly   correct  

mass. We add  measuring e r r o r   l a t e r .  

KoLfs detected by the  calorimeter.  

The c u t s   i n  1) - 3 )  have  been  varied t o  opt imize  the  resul ts .  



The.results of this  analysis  are  shown  in  Figure 5 .  By virtue  of 

7 )  correct  identification is demonstrated  by  the  spike  at  the  correct 

mass.  One  finds  that  one  has  correctly  reconstructed 11% of the 

B-mesons and  a  comparable  number  for  E-mesons. 

With  this  amount  of  success  one  may  then  consider  whether an even 

more  detailed  reconstruction  were  possible.  For  example,  the  debris 

from  the  secondary D-mesons must  all  be  included  among  the  candidate 

particles.  Again,  it  might  seen  trivial  to  locate  these but one  still 

faces  a  large  number  of  combinations  to  find  these  correctly.  As  a 

quick  perfunctory  test  we  examine  those  events  where  a  charged K was 

included  in  the B debris  and  assume  it  marks  the D-decay  vertex; we 

lose  half  of  our  events  thereby.  We  then  use  the x* test  for  the  DCA 

to  find  charged  particles  which  do not  fit  that  particular  vertex.  We 

add to these  one  or  two n o ' s  reconstructed  from  the  high  rapidity 

gamma  rays.  We  use  all  these to reconstruct  a D-meson. If we  get  a 

D-meson (or F-meson)  mass  we  again  examine  the  reconstructed B-mass. 

The  results  are  shown in Figure 6 .  Our  percentage of  reconstructed 

B-masses is now  down  to 4% but  the  background  has  been  reduced  by  a 

greater  factor. 

One  cannot  legitimately  quote  a  signal  to  background  number  from 

the  plots in Figure 5 and 6 .  When  momentum  measuring  errors  are 



included  the  spike of t rue  B's w i l l  spread  over more than one b in  and 

w i l l  g ive  the  t rue  s ignal  t o  background r a t i o n  on a per   b in   bas i s .  

This i s  i l l u s t r a t ed   i n   F igu re  7 where w e  have  redone  the  analysis  but 

including a smear i n  momentum measurements given by 6. . 

u/p = .002 p (Gev/c) f o r  charged  par t ic les  

u(E) = .08 d E ( G e v )  fo r  gammas 

o(E) = 0 . 5  dE(Gev) for  K O L  

Final ly  it i s  worth  noting  to what degree  the  vertex  detector was 

a he lp   in   th i s   recons t ruc t ion .  We have  redone the Monte Carlo  using 

only  rapidi ty   cuts   for   charged  par t ic les .  The r e s u l t s   a r e  shown i n  

Figure 8 .  The reconstruction  efficiency  decreases  to 6 . 5 %  from 11%. 

The equivalent  of  finding  the D-meson cannot  be done however;  the 

ver tex  detector  was needed t o  separate  tracks  of  the D-decay point  

from the B-decay point .  



I 

IV . Conclusions 

This  analysis  shows  the  potential  strength of the SLD using 

all  its  features  in  reconstructing B-mesons.  To  be sure, a  Monte 

Carlo  such  as  this  without  all  the  real  factors  (noise,  efficiencies, 

etc.)  gives a rosier  picture  than  reality.  Nevertheless  the  study 

suggests  that  we  can  make  a  significant  contribution  to  the 

understanding  of  B  physics  and  weak  interactions  in  general. 

Also  to be  noted - -  a B factory  near B - z  threshold will  lose the 

reconstruction  capability  obtained  by  rapidity  separation  as  used 

here. 

This work supported in part by the US Department  of  Energy 

contract DE-AC02-76-ER03069. 



I 

REFERENCES 

1. S .  Wagner, et al., Proceedings  of  the  Second  Mark I1 Workshop 
on SLC Physics, SLAC-Report-306, November  1986. 

2. W.T. Ford, ibid 

3. W. Atwood, "B Meson  Physics  with  Polarized e Beams  at  the 
SLC", SLAC-Pub. 4 6 6 8 ,  September  1989. 

4 .  For  example - -  I. Dunietz  and L. Rosner, Phys. Rev. D 3 4 ,  1404 
(1986).  The  appendix  points  to  one (of other)  problems  for 
more  than 2 body final  states  for  measuring  CP  non-unvariance. 

5. D.C. Williams, SLD Software  Note 89-3 

6. SLD Design  Report - -  SLAC-Report-273, May 1984. 

- 252 I 



Figure  CaDtions 

Figure 1 A simple  diagram  for B-meson decay (a). The  "annihilation" 
diagram  (b)  is  less  favored. 

Figure 2 A lot  of  the  distribution  in  normalized  impact  parameters 
(x distribution)  for  tracks  from  a B-B event. B 

Figure 3 A table of correct/incorrect  separations of b-quark from 
c-quark events  by  measuring  whether an extra  vertex  (from 
D-meson decay)  is  found  from  a B-meson decay.  This 
efficiency  is  shown  as a functioq  of  the  number of extra 
tracks  (lines)  desired  and  the x cutt-off. 

Figure 4 A rapidity  plot  for  tracks  from b-quark events.  The 
"horns"  at  high  rapidity  come  from B-meson decay  tracks. 

Figure 5 A plot  of  reconstructed B-meson masses.  The  spike at the 
correct  B  mass  indicates  the  number of 
true-reconstructions. 

Figure 6 A plot of reconstructed B-masses  where  a D-mass is  also 
reconstructed  successfully.  See  text  for  details. 

Figure 7 A redo of Figure 5 with  measurement  error  included.  See 
text  for  details. 

Figure 8 As in Fig. 6 but  without  use of vertex  information 
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Figure 1 A simple  diagram for B-meson decay (a). The "annihilation" 
diagram (b) is  less  favored. 
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Table o f   e f f i c i e n c y  of b from c f l a v o r   e v e n t  selection 
Output from BDSEP v e r  2.1 made: 13-JAN-89 w i t h  1000 b and 1000 c events 

Method: I f  N d i f f e r e n t   p a i r s  of t racks   have  a weighted  dis tance of closest 
approach   (d . c . a .1   g rea t e r   t han  t h e  c u t o f f   i n  EITHER j e t ,  than  
the e v e n t  is  i d e n t i f i e d   a s  a b f l a v o r   e v e n t .  

.Each e n f r y :   ( f r a c t i o n   c o r r e c t ) , ( f r a c t i o n   b a c k g r o u n d )  
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Figure 3 A t ab le  of correct / incorrect   separat ions o f  b-quark from 
c-quark  events by measuring whether an ext ra   ver tex  (from 
D-meson decay) is found from a B-meson decay.  This 
e f f ic iency  is shown as a funccioq  of  the number o f  e x t r a  
t racks   ( l ines)   des i red  and the  x c u t t - o f f .  
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Introduction 

The SLD  detector will be a valuable tool to study b-quark physics due to its high 
resolution vertex detector and its ability to identify particle types using the CRID. In the 
first year of operation, we hope to produce 105 Zo particles which will decay to about 
14,000 bE events. In order to effectively compete with the detectors at LEP, it is essential 
that we reconstruct as many B mesons and baryons as possible. Since most non-leptonic 
decays of B mesons produce D mesons, one way to increase our reconstruction efficiency 
is to reconstruct as many D decay modes as possible. In this paper, we will investigate our 
efficiency for reconstructing various exclusive D decay modes. 

The data for this paper was produced using the LUND Monte Carlo, and the stan- 
dard  SLD Fast Monte  Carlo.  We have used 15,000  b6  events, 1 1,000 cE events,  and a 
total of 42,000 uti, da, and SS events for background studies. We have studied efficiency 
for reconstructing the following decay modes, (including their charge  conjugates), as well 
as signal to background ratios as a function of D momentum: 

where the Do to K* x mode is a subset of the Do to KO, K+ x- mode. 
Charged track vertices  were found using the standard vertexing routines developed 

by Bill Atwood and modified by Gary Gladding and Tom Browder. Since this vertexing 
package is still under development, it is important to realize that the results of this paper 
have been obtained using the package as it existed at the end of July,  1989.  The only 
exception to this is that we have also used the new KO, finding routine which had  not been 
implemented as  the  default  package  as of August 1 , 1989. Geometric  vertices are recon- 
structed using all  combinations of charged tracks which come  from any common vertex. 
Various cuts are made in order to define these common vertices. First, each charged track 
must have a momentum greater than 500 MeV/c. Second the reconstructed vertex must be I 



greater than 500 microns  from the primary interaction point. Finally, the reconstructed 
vertex must satisfy a x2 test. The x 2  value for a two prong vertex is defined by, 

where Z., is the position of the reconstructed vertex, 571 and 22 are the positions of the two 
tracks at their closest approach to ZV, and 01 and 02 are the error on the track position at 
X,. 

For a two prong vertex x* e 1.6. Similar expressions for x 2  are defined for multipronged 
vertices. 

-e 

For each D decay mode we have tried to optimize efficiencies and signal to back- 
ground ratios using bb events then apply those cuts to cC and light quark events. Figures l a  
and 1 b show the momentum distribution of D mesons coming  from a subset of the b6 and 
cC events, respectively. Throughout this paper, backgrounds are quoted in a region of * 
35 MeV/c2 around the D mass  peak.  The total number of D mesons  produced by the 
Monte Carlo were approximately 30,000 Do's, 16,000 W's and 12,000 D**'s . 

Analysis and Results 

For each decay mode we have determined the reconstruction efficiency as a function 
of D momentum for bb and CE events separately. The results, as well as invariant mass 
plots,  are shown in Figures 2 through 4. Figure 2 shows the reconstruction efficiency as a 
function of D momentum for D decays to charged tracks. For each of these modes we have 
required that one charged track be identified as a kaon from the CRID particle identification, 
as reported in PHPART. For Figure 2b and 2c we have also required that b/q, > 3 where 
b is the distance  from the reconstructed vertex to the next closest charged track, and o b  is 
the error on the track position at  the distance of closest approach. Finally, for Figure 2c we 
have also required  that each track  have a momentum  greater  than 1 GeV/c. 

Figure 3 shows the results  ftom our reconstruction of the D* meson. We look for 
the D* decaying  into a Do and a charged x. Figure 3a shows  our D* results when the Do 
decays to a Kx combination, and Figure 3b shows our results when the Do decays to one 
charged K and three charged pions. The D* is interesting since it can be reconstructed with 
a minimal number of cuts. For D* reconstruction, we have not used vertexing, but have 
made only  two  cuts. First, one track must be identified as a kaon by the CRID. Second, 
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we plot the value of Q against the invariant mass of the DX combination, with Q defined 
as, 

Q = MD* - MDO - Mx+ 
where M, is the mass of the various particles. A clustering occurs at the mass of the D* in 
a region of 0.004 < Q < 0.010. Signal to noise ratios  for D* reconstruction are actually 
determined by making a cut on the mass of the D* and projecting on the Q axis since this 
gives a cleaner signal. 

Figure 4 shows the results of our D reconstmction when the D decays to a neutral 
KO, and charged pions. We reconstruct  the KO, by combining  two  charged  pions, and 
requiring that the reconstructed vertex is more than 5 mm from the primary vertex. Figure 
5 shows our KO, signal. The KOs is reconstructed with an efficiency of 48%. Next, we 
extrapolate the KOs back to another charged track vertex (see Figure 6). The distance of 
closest  approach between the KOs direction and that vertex (b,) must be less than some 
value which has been tuned for different D decay modes. Other cuts are made on the dis- 
tance between the reconstructed vertex and the interaction point (d), the distance between 
the extrapolated momentum vector (p,) of the charged track  vertex  and the interaction point 
(b'), and the ratio of b/q,, as defined in the charged D decay modes. Figure 4a shows the 
results  for the Do to KO, K+X- decay. Cuts used for these histograms are b, c 0.1 cm, PK 
> 2.5 GeV/c, p, > 2.0 GeV/c, d > 0.05 cm, b/Ob > 2.0, and p~ > 5.0 GeV/c, where PK is 
the magnitude of the KO, momentum, p, is the magnitude of the vector momentum of the 
charged track vertex, and p~ is the magnitude of the D momentum. Since many of the Do 
to KOs x+ x- decays  occur  via a K* decay, we have tried to improve  the  signal shown in 
Figure 5a by cutting on the K' mass. We require that the invariant mass of the KO, and 
one charge pion be between 0.84 and 0.94 GeV/c2. We also change the above cuts slightly 
requiring b, < 0.125 cm, and blob> 2.5. With these constraints the signal to noise ratio 
is significantly increased, as can be seen by the results in Figure 4b. Figure 4c shows our 
results in reconstructing the D+ to KO, x+ x+ K -  decay.  Cuts used for this mode are b, < 
0.1 cm, PK > 2.0 GeV/c, p, > 4.0 GeV/c, d > 0.1 cm,  b/q, > 4.0, p~ > 5.0 GeV/c, and b' 
> 0.005 cm. A small peak of about 2 standard deviations above background appears in  the 
invariant mass plot. 

Summary and Conclusions 

We have investigated the ability of the SLD to reconstruct decay  modes  of the D 
meson as a precursor to doing B physics. A summary of our results for all bb and cC 
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events is shown in Table 1. In Table 1, we list efficiencies, .total branching fractions, sig- 
nal to background ratios, and the number of decays reconstructed for 100,OOO Z's. We are 
able to reconstruct a number of different decay modes with reasonable efficiencies and sig- 
nal to background ratios. In order to optimize our D finding algorithms, there is still work 
to be done. First, we must add D decays involving neutral II mesons to our list, as well as 
investigate  other charged decay  modes, particularly multiple prong  decays.  Second, we 
must further investigate background from uii, dd, and sS events. Initial results show that 
backgrounds from  light  quarks  contribute about 20% more background than reported in 
this paper.  Using  geometric  cuts,  as well as  cuts on the  total number of vertices in the 
event, these backgrounds should be able to be minimized. Next, we plan on writing these 
found D decays to a bank  in the DST. This will allow anyone interested in doing B or D 
physics to access a generic list of optimized D decays. Finally, we intend to repeat and 
verify this analysis as the SLD vertexing package is further refined and improved. 

2'76 
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Abstract 

A Monte  Carlo  study of the  reconstruction of D and F mesons  in BB events 

is presented.  Charmed  mesons  are  reconstructed exclusively in charged 

modes  and in modes  with a single T O .  CRID information is used to distin- 

guish F and D+ vertices  with  missing  neutrals. The decay distance of a 

charmed  meson  from  its  parent B can  be  reconstructed for around ,5096 of 

correctly  reconst,ructed  charm  mesons. 

Neutral Bd and B, mesons  are  expected to  mix with  their own antiparticles. 

CLEO and ARGUS have  detected B mixing by observing the signs of leptons  and 

charm  mesons  in  decays of the T(4S). They  observe  only Bd mixing  since the 

T(4S) lies below B,B, threshold. In  decays of the Z o ,  both Bd and B, mesons  are 

present which makes  distinguishing B,B, from BdBd mixing a challenge.  Com- 

plete  reconstruction of Bd or B, would be  ideal:  but sma,ll hmnching  ratios  and 

reconstruction efficiencies make  this  unrealistic a t  SLC luminosities.  Partial recon- 

struction  using a secondary B vertex  and  eit,her  a D or F meson is more  promising. 

The B, meson  decays  predomina.ntly to  states  containing an F meson.  Spectator 

decays of the Bd meson  contain an F only if the W mediating  the  decay couples 

to  a (cs )  as in  figure 1. Hence,  an F meson among  the  daughters of a B meson 

with no  other  accompanying  charmed  particle  can  be used to  tag a B, decay. 
I 
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It is possible to distinguish D+ from F S  decays by the  number of charged kaons 

coming  from  the  decay  vertex.  Figure 2 shows bar  graphs of the charged kaon 

multiplicity for DS and FS decay. The Ds prefers states  with  an  odd  numbers 

of charged kaons, and  the FS prefers  states  with  and even number. It is the  three 

and five prong  decays which are  most  important for this  analysis  since  they can 

be reconstructed  as a secondary  vertex  with  a  reasonably high efficiency. The 

lifetimes of DS and F+ mesons  are 10.7 X and 4.4 X respectively. The 

distribution of decay  times  according to  these values are shown in  figure 3. If the 

proper  decay  length of a  secondary  vertex is measured,  then  a  cut a,t one or t,wo 

F S  lifetimes  selects F+ decays  while  rejecting D+ decays. 

In addition to its  charged  prongs,  a  charm  vertex ma.y have  one or more recon- 

structable  neutrals  associated  with  it.  Figure 4 shows bar  graphs of the  number of 

7ros in DS and F S  decays.  Approximately two thirds of the decays  contain at  least 

one a'. The  ability  to  use  both r o s  and  charged  tracks when reconstructing F S s  
would increase the FS full-reconstruction  tagging efficiency. This is made  clearer 

by  figure 5 which shows the  relative  numbers of n / l l  only  and T / K +  one T O  decays. 

In addition,  there  are  the  reconstructable decays F+ 3 7'+ n7rTT? 7' -+ p'y,  po -+ mr 

which contain  charged  pions  plus  one  photon. A short look into use nos for recon- 

structing  heavy  mesons is appropriate. 

Photons  are  detected in SLD using the LAC calorimeter.  Figure 6 shows tshe 

invariant  mass of pairs of photons  from  the  Kirkwood BB tapes. All photmons  with 

E, > lOOMeV are  used. A clear TO t yy signa.1 is present. A search for T,J ---f yy 

is made. First, photons which belong to a pair  with  mass  in the T O  region of 

figure 6 are  removed? and then  the  invariant  mass of the rema,ining photon pairs 

are  formed as shown in  figure 7. The 7 signal  is  lost  in a h rge  combinatorial 

background. A benchmark for 7r0 reconstruction is the Do t II'-T+T* decay. 

Combinations of a two prong I?T+ vertex  (with CCD and CRID information. 

VTX%DCARMS<2) and  a  reconstructed TO ( E ,  > 100hleV7 1OOMeV < M,? < 
165MeV) are  formed.  Combinatorial  backgrounds  are  reduced  with  two  sets of 

cuts.  First, use is made of the  resonant  struture of the li-n'no deca.y by  removing 
I 
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events  from the nonresonant,  central region of the Dalitz  plot  (cut  events  with 

either 1.4GeV < MirTo < 2.0GeV or 0.8GeV < M&, < 1.4GeV). Much of 

the  remaining  background comes from soft .nos from the  fragmentation process. 

These  are  suppressed  with a cut  on the cosine of the angle  between  the TO and 

the Do direction  as  calculated in the Do rest  frame ( C O S ~ ~ O - ~ O  > -0.5). The 

invariant  mass of these  combinations  (figure  Sa) shows a  clear  enhancement  at  the 

Do mass. The two  body Do -+ signal  (figure 8b) is shown for comparison. 

As expected, the D*+ --+ Do,+ signals formed  from  these Do samples (figures Sc 

and  8d)  are  quite  clean. 

Next,  three  prong  vertices  from the Kirkwood BB tapes  are used to recon- 

struct D+ and FS decays. The  same CCD, CRID and  vertexing  requirements 

used for the Do study were used. All vertices  in VTX banks  are  at least, 500 p 

from the origin,  but  no  further  cut is used. The  invariant  mass of K-.n+.n+ ver- 

tices  are shown in figure 9. The  correctly  reconstructed  (solid) Ds vertices  have 

a small  background  from  Cabbibo  suppressed F S  decays  (hatched),  but  the  dom- 

inant  backgrounds is  coming  from  incorrect  vertex  combinations. The  situation 

is better for FS 4 K-IC+n+ reconstruction  (figure 10). A small  improvement 

in  the  vertexing  algorithm,  perhaps  with  resonance  cuts  on the # and Ii" will 

permit inclusive F+ tagging with K-n+n+ vertices.  Exclusive  reconstruction of 

FS --+ K-IC+nSn0, even with the  current  vertexing  scheme (figure 11). Three 

pion n-n+n+ vertices  (figure 12) do  not look promising; the background  from 

incorrect  vertices is very  large. 

Five  prong  vertices  are  quite  promising.  Backgrounds  are  very low for 

I<'-KSnSn+n- vertices  (figure 13) and  exclusive F' --+ l i ' - I i + ~ + ~ ~ ~ - . n ~  de- 

cays (figure 14). All-pion five prong  vertices  (figure 15) ha,ve a large  background 

from  incorrect  vertices  but may be  useable  with  improved  vertexing  techniques. 

The vertices are clean  enough that  they  can be used to produce a suhsta.ntia1 

F+ --+ T+~-T+T+T-T' signal  (figure 16). 

This  survey  demonstrates  that SLD will be  able to  supplement  completely re- 



constructed F+ -+ K - K + n  decays with five prong  tags  and  with  modes  containing 

a T O .  Decays of DS mesons  are  not a serious  background to FS tags;  incorrect 

vertices are  the  main challenge. Our  vertexing  algorithms  can  bear  some  improve- 

ment.  All-pion  vertices  have  the worst  backgrounds,  and it may  require  a 1.5 cm 

beam  pipe  with  the  original SLD vertex  detector design if we are  to  make use of 

?r+~+n- vertices  as  an F+ tag. 

Once  an FS decay  has  been  tagged, the question of whether  it  can  be  associated 

with a B vertex  arises. In the following  exercise, correctly  reconstructed D+ or F+ 
vertices from the Kirkwood BB tapes  are  used. Vertices in the  same  hemisphere 

as the tagged  decay are  considered.  Two  alignment  cuts  are  designed to reject,  fake 

B vertices. The most  troublesome  are B t D F  + X decays  where the second 

charmed meson  produces a genuine  vertex  which  can  fake a B. The cosine of the 

angle  between the (origin --+ “E” vertex)  and  the (“B” vertex -+ “charm  vertex”) 

vectors  must  be  greater  than 0.8 and  the  perpendicular  distance of the “B” vertex 

from the flight path of the tagged  charm meson must  be less than 0.6 mm. If 
more  than  one “B” candidate is found,  a decision among  them is made based on 

the  least  reliable  track in the  vertex.  The  reconstructed  and  true  decay  lengths 

(laboratory  frame)  obtained by following this  procedure  are shown  in  figure 17. A 
“B” vertex is found for about half of the  tags; when no “B” vertex is found,  the 

measured  decay  length is entered  as zero.  When the “B” vertex is located,  the 

decay  length is correctly  measured. 

I 



Figure Captions 

Figure 1. The decay Bd + D-Ft 

Figure 2. Charge kaon multiplicity for D+ (a)  and F+ (b) mesons. 

Figure 3. Proper decay time ( CT in  cm) for D+ (a) and F+ (b) mesons. 

Figure 4. Multiplicity of 7ros in Ds (a) and F+ (b) decay 

Figure 5 .  Frequency of all-charged final states for Ds (a) and F+ (b) mesons  and 

one 71-o final st,ates for D+ (c)  and F+ (d) mesons 

Figure 6. Invariant  mass of yy pairs in the T O  region. The background  consists of 

photons  pairs  that  do  not  originate  from  the  same TO. 

Figure 7. Invariant  mass of yy pairs in the 7 region. Photons  forming a pair in 

the 71-o region  have  been  removed. The background  consists of photons  pairs  that 

do  not  originate from the  same r,?. 

Figure  8a. K-T+T' invariant  mass, 

Figure  8b. K - T +  invariant  mass. 

Figure 8c. M D O ~ +  - M D o  for Dos formed from I<-n+*O. 

Figure 8d. M p x t  - M p  for Dos formed  from K-7r+no. 

Figure 9. Invariant mass of K - T + T +  vertices. The solid histogram  are  recon- 

structed D+s. The hatched  histogram are  reconstructed F+s. 



Figure 10. Invariant  mass of K-K+n-+ vertices. The solid  histogram  are  recon- 

structed F+s. The  hatched  histogram  are  reconstructed D+s. 

Figure 11. K+K-7rSno invariant  mass. 

Figure 12. Invariant  mass of 7r+7r-rS vertices. The solid histogram  are recon- 

structed F+s. The  hatched  histogram  are  reconstructed Dfs .  

Figure 13. Invariant  mass of K-K + T + ~ - T +  vertices. The solid histogram are 

reconstructed F+s. The  hatched  histogram  are  reconstructed D+s. 

Figure 14. h'+lr'-n+n-nSn0 invariant  mass. 

Figure 15. Invariant  mass of nSn-r+7r-7rf vertices. The solid histogram  are  re- 

constructed F+s. The  hatched  histogram  are  reconstructed D+s. 

Figure 16. K S K - ~ + n - ~ + 7 r 0  invariant  mass. 

Figure 17. True vs measured  decay  lengths  (cm) for for D+ (a) and F+ (b) mesons 
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PRELIMINARY  REPORT OF THE BB MIXING 
AND  CP VIOLATION GROUP 

T. Browder,  G.  Eigen,  G.  Gladding, J .  Izen, P. Kim 
J.  Labs, R. Schindler, C .  Simopoulos 

BOBo MIXING  PHENOMENOLOGY 

A neutral  strong-interaction  (flavor)  eigenstate will oscillate  between  particle  and  anti- 

particle reflecting the fact that it is not a definite  weak-intera.ction  eigenstate - the process 

by which it decays.  Examples  are of course the K ° K o  system,  the DODO system,  and the 

BOBO system. 

Formally, the  time evolution is given by: 

Assuming CPT and T invariance:” the  matrix  has four  real parameters r, r12, M ,  and 

M12. Diagonalizing the  matrix  and solving for the eigenvalues and  eigenvectors (the  states 

B1 and B2, of definite  mass  and  lifetime)  one finds: 

1 Bl(t )  = - [Bo@) + Bo@)]  Jz 

1 & ( t )  = - [BO(t )  - BO(t )]  
J“i 

M~ = M + M~~ r2 = r + r12 

AM = M~ - M~ = 2iw12 ar = r2 - rl = 2r12 

If a pure Bo state is produced at t = 0, the  resulting  time  evolution is given by: 

w 9 9 e. :i 



I ( B o ( t ) )  = -(e-']' + e-r2t + 2e-rt cos A M t )  1 
4 

Oscillations  are  thus  induced by A r  from differences in the real  decay widths, or from 

A M  from  the  mass  matrix  itself. For experiments  that  do  not  measure  time  evolution, one 

integrates  the  expressions for intensity over time, yielding: 

J 1 1  1 2r I ( B 0 )  = I ( t ) d t  = -{- + - + 
4 rl  r2 r2 +  AM)^ I 

.I 1 1  1 2 r  I ( B 0 )  = f ( t ) d t  = -{- + - - 
4 rl  r2 r2 +  AM)^ 1 

Then,  the mixing  probability x is defined: 

I ( B O )  mixed ( A W 2  + ( T I  A r  2 

x = I ( B 0 )  + I ( @ )  unmixed + mixed 2 ( A r 2  + - - - - 

Defining x = A M / r  and y = A r / 2 r  then 

x 2  + y2 
2(x2  + 1) 

Often,  the  variable r is used in  place of x: 

I (  Bo)  mixed x2  + y2 
I ( @ )  unmixed 2 + x 2  - y2 

r = -  - - - - 

The variable x ranges  from 0 to  1/2 and r ranges  from 0 to 1. 



I 

THEORETICAL  UNDERPINNINGS - THE IMPORTANCE  OF BOBo MIXING 

The  importance of the  measurement of BdBd and BsBs mixing lies in  the  fact  that 

mixing  probes the effect of heavier  quarks  in the 2nd order weak interaction - box graphs, 

that couple to  the  b-quark,  as shown in Figure 1. 

Using the Maiani  representation of the CKM matrix  to  order X3, we define 

where X = sin6, M 0.22. 

Mixing directly  probes Kd, V,, and Mt. Strange,  charm  and  beauty decays  provide 

information  on  other  elements of the  matrix.  The  upper left corner is probed by charm  and 

strange  decays  and give us X M 0.22 to  about 15% precision.  By  combining the average  B 

lifetime (78 X l . l l f 0 . 1 5  p s )  with  the  average B semimuonic  branching  ratio (- O . l O & O . O l )  

and a guess at  the  mass of the  b-quark,  the value of AX2 is accessible; by dividing by A', we 

obtain A = 1.05 f 0.17. Finally, the  limits  from CLEO and ARGUS on charmless B decays 

(H 5 0.13) give Xp which then  imply p 5 0.6. The recent  observation of excess  events 

in the  endpoint  spectrum of semileptonic B decays  from CLEO and ARGUS suggest that 

rn I v b u l  - 0.1 f 0.03. This  implies a value of p - 0.45 f 0.15. We will return  shortly  to  the 

implications of these values for mixing of Bd and Bs mesons. 

EXPECTATIONS  FOR  MIXING 

For mixing  arising  from the mass  matrix (AM),  the twelve box diagrams of Figure 1 

must  be  evaluated for Bd and B,. The result  may  be  expressed"] for the mixing of the 6': 
meson (q=d or s) as: 

The terms in the expression  above  have the following origins  and  uncertainties for B, and 

Bd : 

'4- 995 



1) The species  lifetimes, 7~~ and T B ~ ,  probably  deviate less than  about 20% from the 

average B lifetime of about 1.11 ps  since the  spectator  picture of heavy quark decay 

probably is more  accurate a representation of B decay, than D decay. The values of 

the lifetimes will be  independently  measured by SLD and  perhaps by LEP, by the  time 

a B, mixing  measurement is made.  The value of the  relative Bd and B, lifetimes will 

be known from CLEO, through  their  relative  semileptonic  branching  ratios,  probably 

within 1.5 years.  This will already  help  to assess how large a difference in Bd and B, 
lifetimes, to  expect. 

2) The masses of the species (MB,)  will be  accurately  determined  either by CLEO: SLD 
or LEP. This  factor of mass comes  from the evaluation of the second order weak matrix 

element  (see  item (3),  below). 

3) The  quantity BB,~;,  [.....I comes  from the  evaluation of the second order  hadronic 

weak matrix  element  (the  matrix  element of the  product of two  hadronic  currents J p )  

under  the  vacuum  insertion  approximation: 

The B parameter, BB,, is just  the  ratio of the  true  matrix  element  to  the  matrix 

element  evaluated  under  the  vacuum  insertion  approximation.  The B parameter ef- 

fectively  represents  the  internal QCD corrections  in the  box-diagrams.  The  vacuum 

insertion  approximation leaves us  with  the  square of the  axial  vector  current of the 

meson to  the  vacuum;  this is evaluated  from  the Van Royen - Weisskopf definition of 

the weak decay constant f~ of a meson Mq appearing in the  pure  leptonic decay of 

the meson. The  pure  leptonic  decays of heavy  mesons will thus  ultimately  provide us 

with  information  on  the fM. 

No pure  leptonic  decays of any  heavy  meson  have  yet  been  experimentally  measured 

in  spite of their  great  theoretical  interest.  The  partial width for these  decays is pro- 

portional to  the product of the weak hadronic  current ( J h a d )  and  the  leptonic  current 

(JI). The  axial  vector  current J h a d  is fully defined by the Van Royen - Weisskopf 

equation for the D+, for example by < 0 I Jradronic I D+ >= iV,dP" fD in terms of 

the weak decay  constant fD. The weak decay constant fD is thus a fundamental con- 

stant  characterizing  the  overlap of the  c  and  d(s)  quarks  in the D+(Ds)  and  contains 



the QCD corrections  which  modify the decay vertex.  In  potential  models it is easy to 

write f D  in terms of the wavefunctions of the heavy and  light  quarks  and the meson 

mass: 

Precision  measurements of the  leptonic decays of the Ds and D, are  most likely to 

be  made  earliest,  and will allow the  unambiguous  determination of f D  or f D , :  [31 

where M D  is the meson  mass, mp the muon  mass, Vcd the KM matrix  element, GF 
the  Fermi  constant,  and T D  the lifetime of the Ds. Naively, the decay constants 

scale  like the  square  root of the inverse of the heavy quark  mass  (the ~ / M D  term) 

times  the  reduced  mass (ped) to a power  between  one and two, (8( 0) term). This 

~ / M D  dependence  already  appears  to  be  reproduced  in  Lattice  calculations for the D 
mesons!] Thus, by measuring  two  distinct  decay  constants to  adequate precision, say 

fD and f D , ,  it will be possible to distinguish  among  models  and reliably extrapolate 

to  the B system for which  precise measurements  are  probably  unobtainable because 

of the small  value of that leads to branching  fractions of less than  The  same 

Lattice  calculations for B mesons  are  considerably  more  difficult than for D mesons, 

(see Figure 2) making  the  early  comparison of precise charm  measurements of both 

f D  and f D ,  important  benchmark  tests in the development of Lattice QCD. Table I 
summarizes  the  theoretical ranges for decay  constants!51 

Most  recent  estimates of the B -parameter for D and B mesons  place  it close to unity, 

unlike the Kaon  system  where values close to 0.5 are  expected.  Thus we take, B B ~  N 1.0. 

For the  purpose of our  estimates, we take B B ~  f g d  N (140540)2  MeV2,  and  assume  that, the 

decay constant of the B, will be slightly  larger,  in  analogy to  the predictions for D, and Ds. 

4) The  term y ,  where ( = comes  from the calculation of the box  diagram, and 

is a slow function of the  top  quark  mass (Mi ) .  The  function is shown  in  Figure 3, and 

can  be  estimated  to  be 0-.65 f 0.10 for 85 < Mt < 200 GeV. 



Table I. Theoretical  Estimates of Weak Decay  Constants 

Author Year Type f D  f D s  f B d  f B / f D  

Mathur  and Yamawaki (81) QCD SUM RULE 192 232 241 1.3 
Aliev and  Eletskii  (83)  QCD SUM RULE 170 - 132 0.8 
Shifman  (87)  QCD SUM RULE 170 - 110/130 0.7/0.8 
Narison (87)  QCD SUM RULE 173 - 187 1.1 
Dominguez  and  Paver  (87)  QCD SUM RULE 220  270 140/210 0.6/1.0 
Reinders (88) QCD SUM RULE 170 - 132 0.8 
Kraseman (80) POTENTIAL 150 210 125 0.8 
Suzuki  (85)  POTENTIAL 138 - 89 0.6 
Godfrey  and Isgur  (85-86) POTENTIAL 234  391 191 0.8 
Bernard (88) LATTICE 174 234 105 0.6 
DeGrand  and Loft (88) LATTICE 134 157 
Golowich (80) BAG 147 166 

5)  The  term ~ Q C D  contains  the lowest order  short  distance  corrections to  the weak hamil- 

tonian.  Formally, ~ Q C D  can be  written for k f b  < k f t  < kfw: 

The value of ~ Q C D  is about 0.83 f 0.03 over most of the plausible  range of M t .  For 

k f t  > Mw, both q and  appear  smooth  functions  and we expect  that  the  product 

of x ~ Q C D  will thus  remain  correct (see ref. 2). 

7) The  remaining  terms are the CKM  parameter  products.  The  leading  terms l/ibl ,$:  or 

l&K; go like X4 and X6, respectively. The  other coefficients, already discussed are of 

order  unity.  Q  represents  the  sum of nonlea.ding contributions: 

which take  on values of about X X4 for q = s and lov3  X X6 for q = d. The Q 
term  can  therefore  be  dropped  without loss of experimental  generality. 
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Thus,  mixing  from  the  mass  matrix can be  written: 

The  contribution  from  the  width Ar,  is suppressed: 

and  thus,  can  usually  be  ignored. 

Thus, by taking  the  ratio of for B d  and B, mixing, we achieve a simplication: 

Thus  the  remaining  uncertainties  (largely SU(3) breaking)  are  about 20%. 

Subtituting  from  the  Maiani  representation for the CKM parameters  and  taking  the 

extreme value  for cos q5 = -1 

This gives us: 

ARGUS and CLEO have  measured  mixing  in  the B d  system,  with a value  presently of 

r = 0.21 f 0.0616' Using the conversion for r to get X d ,  assuming Y d  << X d ,  we obtain 



Xd = 0.73 f 0.10, hence: 

xd 
5 3  2 - 0.12 

= 5.9 

Figure 4 shows a plot of y ( B 3 )  versus cos 4 for contours of p. With no  restriction on cos 4 
we see the lower limit of 5.9 at cos 4 = -1. If p - 0.45 as  suggested by the recent CLEO 
and ARGUS results  on Vju, then  then  the lower limit is raised to  about x, > 7. 

What about a constraint  on  the  upper  end?  From  the box diagram for Bd we can  get 

a limit  taking  the safe extreme values Mt = 200 GeV  and B ~ ~ f i ~  = (240)2  hleV2. Using 

Another way to  constrain  the  upper  limit is by use of the K decay measurement of I t I= 
(2.3 f 0.02) x Using this value of E ,  and  the  central value of A=1.05, one can  plot  the 

value of cos 4 as a function of the  top  quark  mass,  and p. This is shown in Figure 5 (from 

G. Altarelli et  aZ.) where we see that for p = 0.45, the value  from  recent measurements, 

one  obtains  some  constraint on cos 4, away from the  extremes of kl .  We note however that 

as the  top  quark  mass  increases,  the  constraint  on cos 4 away from the  extremes  diminishes. 

In conclusion,  measuring  mixing  in the B, system will provide  direct  information on 

the CKhl matrix  element x,. Information on this  matrix  element could  also be  obtained 

from the  Penguin class of decays of the B meson ( b  + (9  or 7 )  + s). These  decays  have 

considerably  larger  theoretical  uncertainties,  since  they  are  generally  subject to large QCD 
corrections,  as well as  to  the presence of identical  amplitudes  occurring  through  rescattering 

processes. To evaluate  the  matrix  element  through  measurements of Penguin  decays would 

probably  require  concurrent  measurements in the  charm  sector,  to  establish in detail an 

understanding of the  rescattering  and QCD corrections.  Such a measurement could  only be 
done at a Tau-Charm  factory.  The  constraints  from  current  measurements of Xd, suggest 
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that  the value of xs is greater  than - 6. It is only loosely bounded  from  above  to  a value 

of between 60 and 100. 

THE  EXPERIMENTAL  CONFRONTATION  WITH B, MIXING 

Two  classic  techniques are used experimentally  to  observe  mixing  oscillations: 

1) double  arm  correlations: Flavor tag  both B mesons in an  event,  and  compare  the 

expectation for mixing  versus  no-mixing. 

2) single  arm  correlations: Flavor  tag  one B meson  in an  event,  and  use some addi- 

tional piece of information such  as  polarization to  establish  the  initial  state. Flavor 

tagging  can  take on several  forms  such  as leptons at high ( p , p ~ )  from the B-jet axis 

(from b + I -  + X ) ,  or the  reconstruction (or partial  reconstruction) of charm from 

the B meson  decay  cascade ( b  + c + X ) .  

As we will show,  in the  limit of full  mixing, the  measurement of r or x will not  be  able 

to  determine q. Only time evolution  information coupled with flavor tagging that gives 

II: = directly, will be  sensitive to values of x greater  than  about 2. 

The first attempt  to  measure BB mixing  in the eSe- continuum,  at d s )  = 30 GeV 

was by JADE"] They looked for the dilution of the  forward-backward  asymmetry (AFB)  of 

leptons  from B decay. Briefly, the existence of AFB # 0 due  to  interference of the  photon  and 

2' propagators  can  be used to look for mixing,  because the presence of mixing  reduces  the 

observed  asymmetry. It is trivial  to show"] that AFB(observed) = (1 - 2 ~ ) A ~ ~ ( p r o d u c e d ) .  
Thus in the  limit of complete  mixing ( x  = 0.5), any  produced  asymmetry is reduced to an 

observed  asymmetry of zero. 

On  the 2' resonance the differential  fermion  anti-fermion cross section  can  be  writt,en: 

This cross  section is shown in Figure 6 for different values of A g B .  The  term in  cos(0) 

introduces a forward  backward  production  asymmetry whose magnitude  can  be  written in 

terms of the  product of the left-right  asymmetries for quarks  and  leptons: 

A$B = qA,RA?R 
3 f  

Note that the  maximum  forward  backward  asymmetry is 0.75, for left-right  asymmetries of 
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unity.  Figure 7 shows the left - right  asymmetry for quarks  and  leptons  versus  sin’(&{-). 

Typical values are 0.13 for leptons  and 0.95 for charge 1/3  quarks,  yielding a small  natural 

AFB - 0.09. If the  electron  beam is longitudinally  polarized to a polarization < P >, t,hen 

the left-right  asymmetry of the electron is enhanced  to: 

Figure 8 shows what the  resulting values AFB are for a q=1/3  quark  versus  sin2 ( U t t , )  for 

different values of < P >. For sin2(Uw)=0.233,  Table I1 shows the values of A F B  obtainable 

(no radiative  corrections). 

Table 11. AgB versus Polar izat ion 

(for sin2(Bw)=0.233) 

Values of polarization of 0.45 are  expected  to  be  obtained in the SLC, implying  reasonably 

large  forward-backward  asymmetries. 

One  can  think of the forward-backward  asymmetry  as a way of automatically  tagging 

Bo meson parentage, with some known error  rate or purity.  Figure 9 shows the signal 

to background  ratio R, defined below, for a detector  tha,t could tag Bo mesons  within a 

certain  (polar) solid  angle I cos(8) I. The rat,io R is defined as the differential cross sect,ion 

integrated  from 0 to cos(8) divided by the cross  section  integrated  from -cos(O) to 0. In 

essence, it is the  direct Bo signal  in  one hemisphere,  divided by the leakage  signal of Bo 
mesons  from the  other  hemisphere.  In SLD, with vertexing  extending  to I cos(8) I<  0.75, 

the value of R M 2 for 45% polarization. 

Since  asymmetry  dilution  measurements  are in  principle the easiest measurements  to 

make, we examine  the  requirements on the  error  in x or r to  determine x E to  a certain AM 



precision.  Since x and x are  related, we can  write 

Figure 10 shows the consequence of this conversion  from x to  x.  Once x is above about 2, 

the  error  in x must  be very small, to  get  reasonable  errors in x. Since x, 2 5 or 6, x 2 0.4s 
is expected.  Figure 11 shows the  relationship  quantitatively,  where  the  fractional  error on 

z is plotted  as a function of x, in  contours of the  fractional  error  in x. 
To ascertain  whether  dilution  type  measurements  can  be used to  measure z a simple 

Monte  Carlo  is  run  to see how many  events  are  required  to  achieve  a  certain  error in 2 

for a fixed  value of x and a fixed polarization ( A F B ) .  Figure 12a and  12b show two of 

these  plots.  Figure 13 attempts  to  summarize  the  information for the two cases of 45 '% 
polarization  versus  no  polarization at two  values of x, (xd = 0.2 and x s  = 0.4). One 

concludes that if x, is as  small  as 0.4,  (we  believe that 0.47 - 0.48 5 xs 5 0.50),  then  with 

polarized e- beams at 45%, we could observe an  asymmetry  with fewer than 100 events. 

Without  polarization, it would require  about 1000 events,  to observe an  asymmetry. Here 

we have  defined observe as a 2.5  standard  deviation effect, or about a 40% error. Similarly, 

to  make a 5 standard  deviation effect (20%)  error, would require fewer than 300 events 

with polarization  and  about 4000 events  without. Thus 45% polarization gives about a 

factor of ten  improvement  in  establishing  asymmetries. If x is as large  as 0.5, then 

somewhat fewer events  are  required (only about 200 with 45% polarization yield an error 

of 20%) to  establish a signal. 

ESTIMATES FOR DIRECTLY  ESTABLISHING B, MIXING 

Several  techniques will be discussed  in this  section,  and  where  available,  the present, status 

of our work will be reviewed. First we will look at the double  and single arm  measurements 

that  may  be used to  establish  the  presence of B, mixing, in the presence of smaller Bd 
mixing. As we have  shown,  this will not measure mixing if x is close to  saturation,  but it 

can  directly  establish  the  presence of a large  mixing  signal  from B,, which  has hitherto not 

been  done. 

Then we will look at the question of whether  time-evolution  measurements  are possible 

in SLD, to  directly  measure  the value of y. The  errors  leading to  the  measurement will 
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be  addressed  in  detail, as will factors  leading to  uncertainties in the  result. 

For the  purpose of our studies we have used (see  Table 111) the following picture of Z o  
decay  based on the  assumption of 100K Zo produced. 

We see that  there  are 2800 B, mesons and 11200 Bd mesons in the  sample,  suitable for 

B mixing  studies, if a single - arm technique can be  utilized. 

Table 111. Assumptions of Z o  and B Fragmentation 
Scaled to  100 K Z o  -+ all  Events 

Channel  Fraction  Event: 

Z o  --f bb 0.14 14000 
20 -+ cc 0.11 11000 
5 -+ B, 0.40 11200 
5 -+ Bd 0.40  11200 
5 -+ B, 0.10 2800 
!I -+ Bp 0.10 2800 

Zo -+ B,B, + X 0.16  2240 
zo -+ BdBd + x 0.16 2240 
zo -+ BuBd +x 0.32  4480 
Zo -+ BuB, + X 0.08 1120 
zo -+ BdBs + x 0.08 1120 
Zo -+ B,B, + X 0.01 140 
Zo -+ BuBp + X 0.08 1120 
zo -+ BdBp 0.08 1120 
zo -+ ByBp + x 0.02  280 
zo -+ BpBp + x 0.01 140 

A)  Double-Arm  Measurements: Double-arm  measurements  provide  the  benchmark for 

understanding  all  aspects of the  detector. To overcome the  problem of acceptance,  the most 

inclusive  measurement  possible for B decays  must  be  examined.  The first technique we 

discuss is the  benchmark  di-lepton  measurement. We look for lepton  pairs  originating from 

the B semileptonic decay, which tag the  parentage of the decay (Bo or Bo).  The  rate for 
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l * F  is compared  with I*Z* to  establish  mixing. For incoherent  production  the  dilepton 

ratio  measured, is trivially  related  to  the  measured  mixing  probability X M  as follows: 

This  expression is not  entirely  correct  because  dilepton sources  such  as Z o  -+ BOB+ + X 
and 2' + B-B+ + X  are  not  included.  In  practice,  since  these  events  cannot  be  separated, 

and we observe  (with  the obvious notation) a weighted sum 

The complications  begin  when  one looks at what  the  measured  mixing  probability ( x h f )  

really is. A dilepton  signature  can  come  from  either Bd or Bs mixing, or from  backgrounds 

from  light  quark  (u,d,s,c)  jets  and  misidentification. Ignoring the  experimental  sources, we 

see that X M  can be  written: 

Here, f (B , )  is the  fraction of B, mesons  produced at  the Z o ,  the  ratio >2<::, is the  ratio 

of semileptonic  branching  fractions of the B, meson, to  the average  semileptonic  branching 

fraction,  and x ,  is the  usual  mixing  probability.  In  principle, f (B , )  is measured by recon- 

structing a few discreet  final  states of Bp,B: and B+. The value of X d  = 0.17 f 0.03 will 
become  better  and  better known as CLEO-I1 comes up.  The  ratio of li€etimes of specific 

final states of B:,Bi and B+ will provide the  ratios of semilept,onic  branching  fra.ctions. 

These will be  done at SLD, or directly  at CLEO-I1 and perhaps even at LEP. 

If we assume the fractions  from  Table 111, then X M  = (0.4 x 0.17 x 1) + (0.1 x ys x 1) = 

0.07 + O.lxs. How many  events  do we expect?  The  dilepton  rate is the  product: 

where we have  assumed B r ( b  -+ 1 + X )  =0.21, E S L  = 0.8, and  the loss due  to  cuts  rejecting 

secondary  and  primary  charm, ecE = 0.5. 

396 



Table IV summarizes  the  expectations for dilepton  measurements: 

Table IV. Dilepton  Measurements 

x, X M  S X M  from ~ X M  from 
105 zo 106z0 

0.5  0.12 f 0 . 0 3  f O . O 1 O  
0.4 0.11 rf0.03 f O . O 1 O  
0.3 0.10 h0 .02   f0 .007  
0.2 0.09 f0 .02   f0 .007  
0.0 0.07 

If the signal to background is about 1:l as is the case typically in CLEO and ARGUS: 
then we see that to  establish  the  presence of B, mixing at the 3 - 3.50 level, if xs = 0.5 
by the  method of seeking deviations of X M  from 0.07, would require a minimum of l o 6  2'. 

This is not  an easy measurement for SLD or LEP. 

B) Single-Arm  Measurements  Exploiting  Polarization: Here we use the inclusive 

lepton  signature  from b --+ I + X to again  gain efficiency, but  do  not  use a second  lepton to 

tag it. Instead, we use  polarization to tell if it should  have  arose  from a B or meson. We 

measure  the  dilution of the forward  backward  asymmetry in  t.he  presence of BB mixing. 

Again, X M  comes  from the  admixture: 

and XM M 0.07 + 0 . 1 ~ ~ .  The single lepton  rate is given: 

Thus,  one  obtains  about 2500 events in lo5 2'. It may  be possible to  improve  the signal to 

background  here by use of further  vertexing  on  the  hadron  tracks,  to  enrich  the B meson 

content of the  events,  in  addition  to  the  vetoing of charm  events by p and pt cuts.  One 

could  even try  to  enrich  the B, content by additional flavor requirements  on  the  hadrons. In 

general,  this is in  the  realm of B - t u g g i n g  as  opposed  to B - v e r t e x i n g ,  our  ultimate goal. 

Table V summarizes  the  expectations for single lepton  measurements: 



Table V. Single Lepton  Measurements 

N e v t  X ,  X M  F B  Aobserved  Aobserved 

(<P> = 0.) (<P> = 0.45) 

0.5 0.12 0.084 f 0.023 0.306 f 0.0211 

0.4 0.11 0.087 f 0.022 0.314 f 0.0214 

2 x lo3 0.3 0.10  0.088 f 0.022  0.322 f 0.0211 

0.2 0.09  0.092 & 0.022 0.330 f 0.0210 

0.1  0.08 0.093 f 0.022 0.337 f 0.0207 

0.0 0.07 0.095 f 0.023 0.346 f 0.0207 

0.5  0.12 0.084 f 0.010 0.306 f 0.0097 

0.4  0.11 0.086 f 0.010 0.314 f 0.0094 

1 x lo4 0.3 0.10  0.088 f 0.010  0.322 f 0.0095 

0.2 0.09  0.091 f 0.010 0.330 f 0.0095 

0.1  0.08 0.093 f 0.010 0.337 f 0.0093 

0.0 0.07 0.095 f 0.010 0.346 f 0.0094 

F B  

The change  from x, = 0 + 0.5 represents a 12%  change  in the observed  forward  backward 

asymmetry.  Without  polarization, even lo4 leptons (a few x106 2') fails to establish  a 

signal at  la, while  for the 45% polarization  case,  only  two  thousand  events  are  required  to 

establish a 20  level effect; these  can  be  obtained  from a sample of about lo5 2'. With 1OK 

events  and  polarization,  one  can  establish a 3 - 4 a  effect. Thus,  the single arm  measurement 

with  polarization  should  provide  an  unambiguous  signature of Bs mixing  with a fewx l o 5  2'. 

C) Exclusive  Single Arm  Measurements: In the general  dilepton  and single lepton 

case,  there is always the problem of admixtures.  That  is,  leptons  come  from  mixing  and 

non-mixing  sources.  One way to  address  this is to  tag  with  a  lepton  on  one  side,  and a D 
or D, on the  other. Again we would look at the  ratio of like sign to unlike  sign, but now 

take  advantage of the  fact  that Bd, B, and B, go to specific final states,  preferentially as 

shown in  Table VI: Table VI should  be  considered as lying  on the  optimistic  side, since 

more  sophisticated  models  (see  later  sections) would predict  that  internal  quark loops will 

create a more  uniform  blend of D+ and Do than is indicated for Bd decays.  In  particular, 
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B, -+ D, + X may  be  as  small as 55%. 

Table VI. Estimates For Tagging B Decays  Through  Charm 

Channel  Branching 
Ratio (%) 

Bd -+ D- + x 63% 
Bd -+ Do + x 37% 
B, -+ D, + X dominant 
B, -+ Do + X 80% 

The  measured  parameters  are: 

where X M  has the usual  definition  used  in  sections (A) and (B). 

To estimate  the  rates we again assume  that 0.025 x NZO leptons can be  reconstructed 

from  the 2'. We assume  that 

D, + qh+, K * K + ,  K 0 K + ,  S*T+ z (7%) X t z 2% 

Using the values in Table I11 for production of different B,, we obtain: 

N ( D ,  + I) = ( 2 . 5  X lo4)  X (0.02) x (0.1) = 50 events / (106 2') 

N ( D -  + I) = (2.5 X lo4)  X (0.06) X (0.4) = 600 events/(106 2') 

In  passing, we note  that given these efficiencies,  one  might  consider B tagging  using  charmed 

particles,  in  conjunction with the polarization to look for dilution of the forward  backward 



asymmetry of the B. If the D- is used to  tag Bd and  the D,  to  tag B, then we would 

expect in lo6 2' decays: 

Bd + (D-  + X)iagged z 4250  (1340 background f r o m  B,) 

B, -+ (D, + X)tagged % 560 (equal  background f r o m  B,: Bd) 

Note that the D, background will be wrong-sign, and  assumes 10% for B, or Bd -+ D,  

D) Conclusion of Exclusive and  Semi-Inclusive  Techniques: 

The  results of the  past  sections  lead us to several  conclusions. First, only the most 

inclusive  analysis,  namely the single lepton  with  polarization  can  establish a signal for 

B, mixing of more  than 3 standard  deviations significance, with  about lo5 2'. &'it,hout 

polarization, all of these  techniques  require in  excess of lo6  2' to  get  to  the  same significance, 

however it is likely that with poorer  vertexing  and  calorimetry, the  number will in fact be 

somewhat  greater  than IO6. 

THE GENERALIZATION:  TOPOLOGICAL  TAGGING  TECHNIQUES 

The conclusions of the previous  section  lead  us to believe that  in  order  to  increase  statis- 

tics, a more  general  technique is required that allows both  the  tagging of parentage by 

polarization, and a higher  reconstruction efficiency for the B vertex  itself.  Such a technique 

must  isolate  the B vertex, to  get the decay length,  and  the  charm  vertex  to  tag  the B flal7or. 

It is clear that such a technique  must  not specialize  on semi-leptonic  events,  but  must  try 

to  partially-reconstruct  the B vertex with charged  tracks  (and  perhaps  some  neutrals).  The 

first  experiment  to  apply  partial  reconstruction  techniques  to B decay was CLEO"'. Figure 

14 shows in  detail  the various patterns of B decay and  the  finite  number of cases that one 

must  consider.  Figure 15 abstracts  this,  and  Table VI1 summarizes  the 5 possible cases of 

interest. 

If we specialize  on the B, exclusively, then it is easy to  make a naive  estimate of the 

required  vertexing efficiency to  obtain -100 B, events in lo5 2'. We see that: 

33.8 
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Here, the  ED^ is the  charm  vertexing efficiency times  the  tagging efficiency for D,. The 

most likely applicable  tag for a D, is a multi-kaon  requirement, which preliminary  data 

suggest  occurs  in less than  one  quarter of the D,  decays.  Thus, CD= M 0 . 2 5 ~ ~ )  where tv is 

the  vertexing efficiency for a D,, assuming  the B is vertexed.  The  average  multiplicity of 

B decays is 5.8 charged  tracks. The average  multiplicity of D, decays is 2.5, thus leaving 

an  average of 3.3 tracks at the B, vertex. We can  take  about 20% for the  number of 

B, + D,+one  prong,  leaving E B ~  E 0 . 8 ~ ~ .  Thus very  roughly, we need cv, the single 

vertex  geometric efficiency (for two  or more  tracks)  to  be 2 ~(100/2SOO/O.S/0.25) M 0.42. 
Requiring all tracks  from a D or B decay to pass  through  the  vertex  detector places  an 

upper  limit of 65-70% on E V .  Since cuts will no doubt  be  required  to  improve signal to 

background  and  to  separate B and D, vertices, it is more likely that efficiencies of about 

one half those  required  above, will be  obtained.  Tha.t  means  that  to  achieve a signal of 

about 100 events, we will require a single vertex efficiency of about 0.2-0.30 and  realistically 

about 2.5 x lo5  2’ events. 

Table VII. Reaction Summary For B + D Cascades 

FOR THE PRIMARY REACTIONS 
Meson Charge at Charge at Flavor Flavor 

Species B Vertex D Vertex Tag X Tag Y 

FOR THE SECONDARY REACTIONS 
a,+ Q B  = +2 Qc = -1 
BdO Q B  = 0 Q c  = 0 X = Do Y =non-st,rangc 

B.? Q B = O  Qc = 0 X = Do Y =non-strange 

In  the  next  sections we examine  the  current  status of our  understanding of the problem 

of multi-vertexing,  and  the sources of error that lead to  our  ultimate  sensitivity in y. 
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There  are (at least) seven elements  contributing  ultimately  to  the  uncertainty in mea- 

suring  the  decay  length in SLD: 

i. Measuring  error  in the  starting point of the B flight path. 

ii. Measuring  error  in the decay point of the B 

iii. Measuring  error  in  returning  to  proper  time. 

iv. Pattern recognition of primary, B and  charm  vertices. 

v. Uncertainty  from  model  dependence. 

vi. Error in the assignment of X and Y 

vii. Background  from  erroneous  assignment of parentage (Bd background,  and  polarization 

limited  to  45%). 

Let  us  consider  these  items in turn,  starting  with  the flight path  errors. Recall that  the 

proper decay length of the B meson is about  360f72pm,  the  central  value  from  the average 

species  lifetime  and the 20% error owing to  uncertainties  in  the  lifetime of any  particular 

species,  which,  however,  should  become better  measured in the  future. 

Measuring  error in the  starting  point. 

The average bb event at  the 2' produces  about  12  charged  tracks  in  the  hadronization 

process accompanying  the  b - quarks.  The  distribution of non-B meson  tracks is shown in 

Figure  16a.  These  tracks  have a momentum  distribution shown in Figure  16b (a mean of 

about 1.2 GeV),  and  on  average, 3.6 of these  tracks  have  momentum  greater  than 1 GeV, 

in  each  event  (see  Figure  16c). At  PEP and PETRA (and LEP) the  production  point of 

the B mesons is somewhere in the  beam envelope (about 100 x 400pm).  In SLC, the spot 

size of less than 5 x 5 p m  implies  an  error on the  starting point  which contributes  to  the 

error  in  the  proper flight path of less than  about l p m .  In fact,  the  event  to  event  jitter in 

the  beam  position  determination  dominates. If that number  is  30pm,  then  since y,B E 7.4 

(more  on  this  shortly),  the  error is still  reduced  in  proper  length to less than  5pm. 

If as  in LEP, the  spot size is large,  then  the  primary  vertex  on  an  event  to  event basis 

should  have  an  error of 6roper M= 6dca X f/&%/7.4  where f is a fudge  factor accommo- 

dating  the  fact that the  error  along  the  track is worse than  the  error  orthogonal  to  the  track 



by some  factor (f - 5 in SLD). Thus, if the  error on distance of closest approach ( S d c a )  

is about 50 pm at 1 GeV, the  contribution  to  the  proper flight path  error is still less than 

about  10-15prn. For the  purpose of estimates, we take  the SLD error  from  the  primary 

vertex  to  be SPr;(c7) = 10pm. 

Measuring error in the decay  points of D and B. 

The  fragmentation of the B mesons is hard,  with 2 = p ~ / ( M z 0 / 2 )  peaking  at  about, 0.8 

(see  Figure  17a). For x=0.8, the boost  factor for B mesons is thus r,B = 7.4. Taking  the 

proper  lifetime of 1.2  ps, we thus  expect a decay length in the  laboratory of 2.7 mm  (Figure 

17b).  While  the  boost  factor is large  compared  say to  an  asymmetric B factory (rP 5 l ) ,  

one  still  has the problem of an  equal  number of hadronization  tracks  as B meson tracks,and 

the  jettiness of the  events  making all the vertices  (and  tracks)  line  up. 

The average  multiplicity of charged  tracks  in B mesons is 5.8 f 0.3  (see  Figures  18a-c). 

When  the  charmed  particle  vertex of average  charged  multiplicity 2.5 is removed,  that 1ea.ves 

on  average 3.3 charged  tracks at the B vertex. If both  vertices  charmed  and B vertices are 

required,  then  the  charm by itself must  reduce  the overall efficiency because of the prong 

counts: Do 0-prongs  account for lo%, while Ds or D, have  about 40% of their  tracks in 

1-prongs. 

The D and D, from B decay  have a softer x distribution  (see  Figure 19), with  an average 

x=0.3. Since the  mass is lower, this 13.8  GeV  average momentum  corresponds  to a r,B = 7.3, 

very  similar to  the B meson. The D+ is then  expected  to  separate  from  the B by 2.2 mm 

(for a lifetime of 1.07 ps),  the Do by 0.95 mm, (for a lifetime of 0.43  ps)  and  the D, by 1.02 

mm, (for a lifetime of .47 ps). 

Figure 20 shows the  longitudinal  error  on  reconstructing  the B meson vertex  as  a  function 

of the B meson vertex  multiplicity. The errors  are  summarized in Table VIII. 

Three  features  are  apparent  in  these  numbers;  first,  the  non-gaussian  tails on the low 

multiplicity  vertices  are  larger.  Second,  the  errors  diminish  roughly  as  the - 4 3 0 p m  as  might 
naively be  expected.  Third,  the  longitudinal  error  should  be  compared  with  the  transverse 

errors  on  individual  tracks ( w  -). Since these  tracks  average  greater  than 1 GeV, we 

see that the effective longitudinal  error is about 8-10 times  larger  than  the  transverse  error. 

For the  purpose of discussion, We will use a B vertex  error of 200prn  since the average 

d7 

57pm P o l  



Table  VIII.  Longitudinal  Error  in B Meson  Vertex 

, " 

Multiplicity UL 

multiplicity is about 4 when unusable 0 and  one  prong  vertices  are  removed. For the D and 

D, meson,  the  proper value is about 250p,rn. 

If the average  value of 200prn is taken for the  error  in  the flight path in the  lab,  then we 

can  divide  this by 7,b' = 7.4 to  obtain  an  error on SfP(c7) = 27prn. 

Measuring  error  in  the  boost (rP) of the B. 

For B mesons  produced at the Zo, the  kinematic  limit on momentum  implies a maximum 

boost of about 7,b' 8. The  distribution is shown in Figure 21 for the  true  (produced)  boost. 

While  the  average value is 5.8, an x cut on B mesons  raises the average to  about 7.4. In 

the  cascade  vertex  reconstruction, we have  not  associated  neutrals to  the B meson. If the 

neutrals  are  not  accounted  for,  the  measured  boost  from  the  charged  tracks  deviates  from 

the  true  boost,  leading  to  an  error S y p ( c ~ ) .  The simplest  method  to  estimate r,b' is to use 

the  total  momentum  that is visible  in the charged tracks,  divided by the visible mass in the 

charged  tracks.  The reason this works is shown in Figure  22a-b,  where  one sees that,  the x 

carried by the visible tracks is about 0.65 times  the  true x, while the  reconstructed  mass is 

about .61 times  the  true  mass.  The  ratio is close to  unity. 

The  measuring  error in the boost is most  dramatically shown in Figure  21b,  where  the 

measured  boost  is  plotted  against  the  true value. The residual is shown  in Figure 21c, and 

is seen to  have a FWHM of about 0.5-0.6 which for a mean  boost of 6 gives and average 

fractional  uncertainty of 8 - 9%. 

The  most  naive  correction  one  can  make  to r,B is to  set all events  having values greater 

than  the  kinematic  limit,  to a value of the  kinematic  limit.  This  reduces  the tail somewhat 

(see  Figure  22),  and  improves  the  resolution  somewhat.  Figure 23 shows the residuals in 
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bins of 7,B. Table IX summarizes  the  preliminary  fractional  error  in  t,he  boost. 

Table IX. F'ractional Error in yp(Pre1iminary) 

I r,B Fractional Error 
Range  From FWHM (%) I 

I 0-2 13.0 
2-4 10.6 
4- 6 11.0 
6- 7 9.7 
7- 8 8.5 

2-4 10.6 
4- 6 11.0 
6- 7 9.7 
7- 8 8.5 

Because of the long tails, we will take 10% as  the  average  fractional  error on 7P. This 

means that at one  proper  Zifetime, the error  on r,B will contribute - 3 6 p m  to  the proper 

decay length. As a fractional  error,  it  means  that  the  smearing  introduced by the 7 P  error 

will be  larger at longer  decay lengths,  hence  making  the  early decay events  most  important 

for measuring  the  frequency of oscillations. To properly  model  this  in  fits, the  production 

z distribution  should  be  included. 

The  error in the boost  is  probably the area  where we can make  some  improvements. For 

example, if a B meson were fully  reconstructed,  then  this  error would vanish.  Alternately, 

we can try  to  constrain  parts of the cascade  sequence: 

1.) Evaluate  the  quadratic  ambiguity for the  entire B meson. We have  tried  to use the 

B-jet  direction  (&)as  an  estimator of the  true B direction  and  the  momentum vector 

of the  tracks assigned to  the B (Fibs)  to  calculate a missing longitudinal  momentum 

(PL)  component. We conserve B mass  and  transverse  momentum of the B meson 

to  the  jet  axis,  and  calculate a new longitudinal  momentum ( F L ) .  This  requires an 

assumpt ion  about  the missing mass,  and  then  results in a quadratic  ambiguity. If 
the event  were a semileptonic  decay,  then the missing mass could be  set  to  zero, 

and  the  fast  solution chosen most of the  time.  Figure 24 shows this  from  an  earlier 

study. We find however that for hadronic B decays, the  resulting  missing  mass is 

large  (typically 1-1.5 GeV) and  has a broad  distribution,  making  the  selection of the 

solution  unreliable.  Presumably  the  B-jet  direction  as  an  estimator of the B direction 

is in  part to blame. 

+ 



2.)  Constrain  the  charm  vertex  tracks  to  the D or D, mass. This has not  been  tried  yet, 

but  may  improve  the -y,b error.  It  may also be possible to  include  direction  information. 

by tying  the B and D vertices  together to get  further  improvement. 

Pattern  recognition of primary, B and D Cascade  vertices. 

The single most  important  feature of this  technique is the  requirement  that  the  three 

vertices  be  reliably  separated,  and  track confusions  be  reduced to a minimum. N'ith the 

previous  vertex  chamber  geometry (16 mm  radius)  and  more  optimistic  errors'111  it was 

possible to  separate  primary,  secondary  and  tertiary  vertices.  This allowed about 2x ket,ter 

separation power in the  detector  than we are now obtaining  because of the recent decision 

to move the  vertex  chamber  out  to 25 mm. In  addition, a more  realistic  assessment, of 

material in the  detector is incorporated in the  Monte  Carlo.  These changes are still under 

study by the  group  and we do  not  want  to  draw final  conclusions at this  time. \lie point 

out  the following issues  however: 

The  primary  vertex lies 2.4 mm  from  the B and is separated by about 10 u in laboratory 

vertex  errors  with  the  current  vertex  chamber  configuration.  The  jettiness of the events  and 

the  large  multiplicity,  tends  to  mix  the  primary  tracks  and  the B meson  tracks. However, a 

cut on the two-dimensional  normalized  impact  parameter''']  can  eliminate 95% of the tracks 

from the  primary  vertex while  removing  only 35% of the  tracks  from  secondary  vertices. 

We find that 46% of the B vertices  have at least  two  tracks which pass  through  the  vertex 

detector  and which  also  pass the above  requirement  on  the  two-dimensional normalized 

impact  parameter.  The  hope  then is to first  find these  vertices  and  then  try  to assign 

the previously  cut  tracks  to  these  vertices  to  make  the  identification of the B complete. 

Unfortunately, the main difficulty with this  plan is that  tracks  from  the B vertex  and  the 

daughter D vertex  often  make  (false)  vertices of good quality.  In  particular, we find that 

an  algorithm which retains 90% of the  true  two-particle  pairings  from  the B and D deca.ys 

also  creates  false  pairs at a rate of 1.5 x that of the  true  pairs.  Furthermore, unIike the 

primary/  secondary  separation, we do  not know the position of the B vertex;  therefore, we 

cannot  simply  require  tracks  from  the D vertex  to  be well separated  from  the B vertex. 

Disentangling the B and D vertices is a challenging  problem  for SLD (and  an  impossible? 

one for LEP). The final report will detail  the SLD capabilities for both the 25mm  and  16mm 

beampipe  options,  since  the differences could be  quite significant (corresponding  to M 3 0  -+ 

3%6 



50 in the  secondary/  tertiary  vertex  separation,  respectively). 

We are  planning  the following strategy  to  understand  the  sources of problems: 

1.) Restore  original  geometry at 16 mm  and  repeat old analysis. 

u . )  compare  with  the 25 mm  geometry  currently  in  place. 

b.) try  to decouple  changes  in  material,  modeling  and  geometry  (increased  radius), 

to  understand differences. 

2.) Rewrite  pattern  recognition  and  incorporate a vertex  fitting  program. 

u . )  fit primary  vertex  and  extablish  candidate list of primary  tracks 

b.) remove  all  pairs of seconday  vertices  forming  long lived K O  and A .  

..) form  all  pairs of secondary  vertices that  are  distinct  from  the  primary,  and fit 

their  positions. 

d.) combine  and fit all  possible multiprong  geometric  vertices 

e.)  make  an  ordered  list  (in x2 order) of mutually exclusive  event hypotheses using 

the  geometric  vertex  fits,  demanding a cascade  vertex  topology  constraint. 

This  program of detailed  analysis of the vertexing is now underway. 

Uncertainty from model  dependence. 

While  our  current  understanding of Do and D+ decays is adequate for predicting  the 

reconstruction  rates of Bd and B,, we have little knowledge of the D, decays  and hence 

the  ultimate efficiency for reconstructing or partially  tagging B,. Table X summarizes  the 

current knowledge of D, branching  fractions relative to D, + q h + .  We also anticipate  that 

the  semileptonic  branching  fraction of the D, is about 8% for electrons  and 8% for  muons 

inclusively,  based on the  assumption that the  partial  leptonic  width of the D, is the  same 

as the D+ or Do,  and  the  lifetimes  are  taken  from  the E691 measurements.  Thus, less than 

50% of the D, decays  can be accounted for.  

3 1.7 
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Table X. D, Branching Ratios  Relative to &r 

Decay  Mode 

D, -+ I<OI(+ 

D, -+ v'n+ 

D,  -+ wn+ 
D, -+ If*OK*+ 
D, -+ $n~' 

Experimen 

MKIII 
CLEO 
CLEO 
E691 
ARGUS 
MIQII 
CLEO 
E69 1 
E691 
E691 
MarkII 
MarkII 
NA14 
E69 1 
NA32 
E69 1 
NA14 
E69 1 
NA32 
E691 
E69 1 
E69 1 
NA32 
ARGUS 
E691 
E69 1 
N A32 

Result or Limit 

0.92 f 0.32 f 0.20 
0.99 f 0.17 f 0.06 
1.2 f 0.21 f 0.07 
0.S7 f 0.13 f 0.05 
1.44 f 0.37 
0.84 f 0.30 f 0.22 
1.05 f 0.17 f 0.06 
< 0.08 at 90% CL 
0.28 f 0.1 f .03 
< 1.5  at 90 % CL 
3.0 f 1.1 
4.s f 2.1 
5.7 f 1.5 
< 0.5 at 90 CL% 
2.3 f 1.2 
2.4 f 1.0 f 0.5 
< 2.6 at 90% CL 
0.25 f .07 f .05 
0.96 f 0.32 
0.29 f .09 f .03 
< 0.29 at 90% CL 
0.42 f 0.13 f .07 
0.39 f 0.17 
0.41 f 0.13 f 0.11 
< 2.4 at  90% CL 
< 0.32 at 90% CL 
0.11 f 0.07 

Very preliminary inclusive measurements  from MARK111 suggest that  the visible  multiplic- 

ity of D, decays is about  one  third  one-prong,  one half three-prong,  and  the  balance to 

five-prongs.  Surprisingly, the D, decays only 20 - 25% of the  time  to  one or two  charged 

kaons. This is not  unlike the D+, which also  has a small  charged kaon fraction. 

In  any  partial  reconstruction  technique, we will have to separate  the X vertex going to 

D, from D+ in order  to  separate  the B, from Bd, respectively. The  separation of cascade 



vertices (X) for D+ and D, will be  complicated by the  fact that the  preliminary  da.ta of 

Mark111 suggest  similarities  in  inclusive D+ and D,. The only  options  that we would retain 

to  separate  them  are: 

1. full reconstruction of D+ or D, - resulting in too low an efficiency. 

2. requiring  two  opposite sign kaons  (for D,) - resulting in the loss of - 70% of the D,. 

3. requiring  one  and only one kaon of correct  charge - eliminating  only - 75% of the D+. 

4. requiring  short  decay  length to reduce D+ contamination. 

The  results  from  trying  each of these  options will be presented  in  final  report of the group. 

To account for the effects of these  observations, we have  constructed a model for D+, Do 
and D, decay. For the B physics  groups, the new exclusive  models of the D o ,  D+ and D,  
were inserted  into  the  Lund  Monte  Carlo  generator, version 6.3.  Each  model was adjusted 

such that the charged  track  multiplicity  distributions  and  total  momentum  distributions 

which  were generated  complied  with  the  distributions  observed  from  real  data  sets. 

In the  last  ten  years  the Do and D+ mesons  have  been well studied; for both  particles  the 

modes that have  been  observed  account for approximately 90% of the  total  branching  ratio. 

These  measurements  have  been  incorporated  into  the Do and D+ models. The Do model 

contains 78 exclusive  final  states, while the D+ model  contains 55. Figures 25a-f show the 

charged  multiplicity  and  total  momentum  distributions for the Do.  

For the D, meson, the world data is still  rather  limited;  the  observed  modes  account for less 

than half of the  total D, branching  ratio.  Consequently  the D, model is more  theoretical. 

The following procedure was used to  construct  the  model: 

1) Assuming r(s2) to  be  the  same for Do,  D+ and D,, the inclusive  branching  ratio for 

the D, semileptonic  modes was constrained  to 16%. 

2) The inclusive  branching  ratio for the D, leptonic  modes was constrained  to 2%. 

3) The  hadronic  branching  ratios were set  relative  to BR(D, -+ $T+),  BR(D, t &r+) 
becoming  an  adjustable  parameter. 

4) Branching  ratios  for all two  body  modes, which include D, -+ Pseudoscalar + Pseu- 

doscalar, D, + Pseudoscalar + Vector, D, -+ Vector + Vector, were obtained from 



a phenomenological model by Bauer,  Stech  and Wirbe11131. The BSW model con- 

tains  two  quantities, a1 and U S ,  which are  treated  as  free  parameters. For the  hlonte 

Carlo  model, a2/a l  was determined  from  measurements of relative  branching  ratios 

for D, --+ K 0 K +  and D, -+ K * ' K + ,  while a1 is determined by the value given for 

BR(D, -+ &r+). 

5 )  Three  body  modes for D, --f PPP and D, --+ VPP were selected  from the  quark 

diagrams for spectator  and  annihilation  decays.  The  relative  branching  ratios were 

set  proportional  to  phase  space.  Cabibbo  suppressed  modes were  reduced by tan2 0,. 
VPP modes  were  enhanced by a factor of three. 

6) The  branching  ratio for D, --f $x+ was set to 3.0%. 

To adjust  the  model  essentially  three  parameters were used: VVFACT,  3BOD, and 4BOD. 
VVFACT is a suppression  factor for the decay modes D, --+ V V ,  for which the BSW model 

predictions  and  real  measurements  disagree. 3BOD and 4BOD are scaling factors which 

were used to scale the  sum of the branching  ratios to 100%. Figures  26a-d show the effect 

of adjusting  the VVFACT parameter on charged  multiplicity  distribution.  Figures 27a-e 

show the charged  track  and  momentum  distributions for the D,. The D, modes  inserted 

into  the  model,  along  with  their  branching  ratios  and  the  parameters used to  determine  the 

values, are  listed  in  the  Appendix.  After  correction,  the  true  branching  ratios for the modes 

that  have been measured were inserted. 

The B model we have chosen was revamped  after Kirkwood to  accurately reflect all our 

current knowledge of B meson  decays.  Again  it is based on the philosophy of a dictionary 

of exclusive  final  states, chosen to  reproduce  the  measured  inclusive  fractions, B r ( B  ---t Do + 
X)=48.3%, Br(B --+ Ds + X)=22.1%,  Br(B --+ D, + X) =17.5%, Br(B --+ A, + X)=7.8'%, 
Br(B -+ IJI + X)=2.0%,  and  the average  charged  multiplicity of about 5.8 tracks.  The D 
and D, decays are  handled by their  respective  models.  The  properties that are conserved 

are shown  in Table XII: 



Table XII. B Decay  Model 

Channel  Property Value 
in  Model 

multiplicity 
t Do 
t D+ 
-+ D.9 
t baryon 

multiplicity 
--+ Do 
t D+ 
--+ D s  

t baryon 
multiplicity 

--+ Do 
t D+ 
+ D s  

t baryon 

5.2 
66% 
18% 
16% 
a% 
5.1 

41% 
39% 
18% 
10% 
5.0 

28 % 
13 % 
55 % 
8.5% 

Error  in  the  assignment of X and Y .  This  area  has  not  been covered  yet by the group. 

Background  from  erroneous  assignment of parentage (Bd background,  and po- 

larization  limited  to 45%). This  area  has  not been covered yet by the  group.  Some of 

the effects are discussed  in the  paper by T.W.Reeves etal. in  these  proceedings,  when the 

errors  are  introduced  into the unfolding procedure for the oscilla.tion frequency. 

Summary of vertexing  errors. In  Table XIII, we summarize  the  expectations for the 

vertex  error  contributions  as we presently  understand  them. 

We note  that while the errors  in LEP detectors  having silicon two or three  dimensional 

vertexing  may  ultimately  reach the high end of the  total error in  TabIe  XIII,  (when  smaller 

beam  pipes  are  employed),  the  error  associated  with  Pattern  Recognition will remain sig- 

nificantly worse1141 



Table  XIII.  Summary of Errors  Contributing to  cr 

Assume < rP > =7.4, cr(B,) = 3 6 0 p m  

Quantity  Error  in  Error  in 1 Lab 1 cr 

Event 
Origin 

4 p m   3 0 p m  

Pattern ? ? 
Recognition 

Total 
at 17 Error 

4 5 p m  

77pm 

PRELIMINARY  CONCLUSIONS 

In the  accompanying pa.pers by T. Reeves etal.,  several  techniques  are  explored to ext,ract 

the oscillation  frequency  from a finite  number of tagged  events (of any  origin). A detailed 

discussion of backgrounds is included  in that  report, however all detector effects and  analysis 

cuts  are  not  yet  considered. 

We have also  looked at the question of fitting  in a way that allows full utilization of the 

information in the event,  namely  the  assumed  polarization,  the  measured cr of the B vertex, 

the observed  beauty (Bt  or B:) and  the  polar  angle of the B. For a given  polarization (or 

A;,), we fit the two  two-dimensional  plots of cos(0) versus cr:  

322 



da AMt da AMt 
dR BO r dRBO r r  Ngo = - x cos (--) + - x sin (--) 

da AMt da AMt 
dR BO r r d R p  r r  N~~ = - x cos (--) + - x sin (--) 

An  example of the  distribution is shown  in Figure 27 for = 5, and  the  projections 

in  Figure 28. Any  real detector will have  acceptance losses both in proper  lifetime, (7 = 

5OOpm/yp 5 7 0 p m ) ,  and in polar  angle, (cos 0 5 0.75). 

Figure 29 shows the effect of smearing in cr as  described in Table XI, and  the  cut at, 

5 0 0 p m  in the  lab for = 0.7,5,10, and 15. For small values of y, the resolution 

is obviously  not  very  important;  the  polarization  provides  the  separation of forward  and 

backward B making  an  extraction of an oscillation  possible. For about 100 detected  events 

and = 5 we can use this  technique  to  obtain  an  error of about 5-10%  on the oscillation 

frequency. An example fit is shown  in Figure 30. To obtain a similar  error for = 10 

will require  considerably  more  statistics  and is considerably less certain,  because resolution 

effects and  background levels start  to  become  more  important,  as  can  be seen in Figure 29 . 

In conclusion then, we believe we can  establish  a  non-zero xs  using a single arm  technique 

with 45% beam  polarization  from a sample of lo5  2 ” s .  Without  polarization,  more  than 

lo6  Zo’s would be  required. It is quite possible, though,  that  CLEO-I1 will make  this 

measurement  before we run. However, a measurement of x s  does  not  automatically  translate 

into  the  theoretically  important xs (T), AM if x s  0.5, as expected. In this  case, x, 

can  only  be  determined  from  a  direct  time  evolution  measurement.  The  small  beam size. 

the  beam  polarization,  and  the excellent  resolution of the SLD  vertex  detector  all  combine 

to give SLD a significant advantage in this  measurement.  Pattern  recognition  problems 

(the confusion of tracks  from  the B and D vertices)  are severe and  must  be  addressed 

quantitatively  to  determine  whether  the  measurement is possible, independent of luminosity 

considerations.  Further,  the  vertex  resolution effectively limits  the  value of x, which can 

be  probed. We estimate  our  resolution  limit  to  be on the  order of xs X 15. At this limit, 

several  thousand  observed  events would be  required,  while if xs X 5 ,  a few hundred observed 

events will be  needed  to  determine xs. 



REFERENCES 

1. The case of CP violation  in  the  Standard  Model is treated  separately by S. Manly, in 

these  proceedings. 

2. G. Altarelli, Particle Physics, ed.  Maurice Levy et  al., Cargese  (1987). 

3. E. D. Commins  and P. H. Bucksbaum, W e a k   I n t e r a c t i o n s  of L e p t o n s   a n d  Quarks. 

(Cambridge  University  Press,  Cambridge,  UK,  1983),  pp. 155-156. 

4. A. Soni,  private  communication  and 

C.  Bernard e t  al., Phys.Rev. D3S (198s) 3540. 

5 .  H. Krasemann,  Phys.  Lett 96B  (1980) 39i. 

E. Golowich,  Phys.  Lett. 91B  (1980) 271. 

V. Mathur et  al., Phys.  Lett. 107B  (1981)  127. 

T. Aliev e t  al., Sov. J. Nucl.Phys. 38 (1983) 6. 

M. Suzuki,  Phys.Lett.  142B (1984) 207. 

S. Godfrey e t  al., Phys.  Rev. D32 (1985)  189. 

S. Godfrey,  Phys.  Rev. D33 (1986) 1391. 

C. Dominguez e t  al., Phys.  Lett. 197B  (1987) 423. 

L. Reinders,  Phys.  Rev. D38 (1988) 947. 

C. Bernard et  al., Phys.  Rev. D38 (1988) 3540. 

T. DeGrand et  al., Phys.  Rev. D38 (1988) 954. 

6. M. Danilov,  Talk  presented at the  International  Symposium  on  Lepton  Photon 

Physics,  Stanford  CA,  August  (1989). 

7. Jade  Collaboration,  Phys.  Lett.  146B, 437 (1984). 

8. R.H.Schindler,  Talk  presented at the SLD Physics  Retreat,  Kirkwood, CA (1989). 

9. CLEO used  partial  reconstruction to look for B --+ Dp and  other  two-body  and quasi 

two-body  decay  modes. 

10. J. Richman,  these  proceedings. 



11. W.  Atwood,  SLAC-PUB-5047  (1989). 

W. Atwood,  SLAC-PUB-4827  (1988). 

W. Atwood,  SLAC-PUB-4668  (1988). 

12. G.  Gladding, Talk  presented at the  at  the SLD  Physics Retreat,  Kirkwood, CA (1989). 

13. Bauer,  Stech  and  Wirbel, Z. Phys. C 34, 103 (1987). 

14. P. Roudean,  Preprint LAL89-21,  May 1989. 



APPENDIX 

D,  Decay Model 

Paramete r s   i n  De Model: ....................... 
a2/al :   -0 .550 

PhiPiBR: 3.000 
vvfac t :   0 .200  

3bodl:.204E-2 
3bod2:.840E-3 

4bod:  1.200 
t an2 th :   0 .052  

vpp: 3.000 

PP Modes: 
1 ETA PI+ 
2 ETA’ PI+  
3 KO P I+  
4 K+ KOBAR 
6 K+ P I0  
6 ETA K+ 

PV Modes: 
17 ETA R H O +  
18 ETA’ R H O +  
19 PHI PI+  
20 KO RHO+ 
21 KO* PI+ 
22 K+ KOB* 
23 K+* KOBAR 
24 K+ OMEGA 
26 K+* P I0  
26 ETA K+* 
27 ETA’ K+* 
28 PHI K+ 

4.500  4.600*  PhiPiBR 
4.600  16.200  PhiPiBR 
0.288  0.630*  PhiPiBR 
2.441  2.760  PhiPiBR  a2/al 
0.044  PhiPiBR  a2/al 
0.022  PhiPiBR  a2/al -___-_ 

sum = 11.795 

6.880 
1.688 
3.000 
0 .555  
0.159 
2.908 
1 .118  
0.076 
0.026 
0.075 
0.088 
0.001 ------ 

8Um I 16.673 

2.790 

PhiPiBR 
PhiPiBR 
PhiPiBR 
PhiPiBR 
PhiPiBR 
PhiPiBR a 2 / a l  
PhiPiBR a 2 / a l  
PhiPiBR a 2 / a l  
PhiPiBR a 2 / a l  
PhiPiBR a 2 / a l  
PhiPiBR a2 /a l  
PhiPiBR a2 /a l  



I 

PA Nodes: 
40 F0975 PI+ 
50 ETA Al+ 
61 KO Al+ 
62 K+ A10 

W Modes: 
65 PHI RHO+ 
56 KO* RHO+ 

58 K+* RHO0 
59 K+* OMEGA 
60 PHI K+* 

57 K+* KOB* 

SL Modes: 
70 ETA E+ NU 
71 ETA' E+ NU 

73 KO E+ NU 
72 PHI E+ NU 

74 KO* E+ NU 
75 ETA MU+ NU 
76 ETA' MU+ NU 
77 PHI MU+ NU 
78 KO MU+ NU 
79 KO* MU+ NU 

1.512  0.840 PhiPiBR 
1.428 PhiPiBR 
0.203 PhiPiBR 
0.029 PhiPiBR a2/al ------ 

sum = 3.173 

3.780 PhiPiBR vvf act 
0.216 PhiPiBR vvf act 
1.246 PhiPiBR a2/al vvfact 
0.032 PhiPiBR a2/al vvfact 
0.031 PhiPiBR a2/al vvfact 
0.024 PhiPiBR a2/al vvfact ------ 

sum - 5.328 

1.880 
1.920 
3.800 
0.200 
0.200 
1.070 
2.740 
3.800 
0.200 
0.200 

sum = 16.010 
------ 

L Modes: 
sum - 2.000 

PPPCA Modes: 
90 PI+ K+  K- 
91 PI+  KO KOBAR 
92 P I 0  KOBAR K+ 
93 ETA K+ KOBAR 

0.924  0.960* PhiPiBR 3bodi 
0.907 PhiPiBR 3bodl 
0.921 PhiPiBR 3bodl 
0.298 PhiPiBR 3bodl ------ 

sum = 3.050 



PPPCS Modes: 
103 KO P I +   ' P I 0  
104 K+ PI+   PI -  
105 K+ P I 0   P I 0  
106 K+ KO KOBAR 
107 K+  K- K+ 

PPPAN Modes: 
110  PI+  PI0  PI0 
111 PI+  PI+   PI -  

VPPCA Nodes: 
120 PHI P I +   P I 0  
121 K-* K+ P I+  
122 K+* K- P I+  
123 RHO+ KO KOBAR 
124 R H O +  K+ K- 
125 KO* KOBAR PI+  
126 KOB* KO PI+  
127 RHOO KOBAR K+ 
128 OMEGA KOBAR K+ 
129 KOB* K+ P I 0  
130 K+* KOBAR P I 0  

WPCS Modes: 
131 RHOO PI+ KO 
132 RHOO K+ P I0  
133 RHO+ KO P I 0  
134 RHO+ K+ PI-  
135 RHO- K+ P I+  
136 OMEGA K+ P I0  
137 OMEGA KO P I+  
138 PHI KO P I+  
139 PHI K+ P I 0  
140 K+* PI+  PI-  

0.084  PhiPiBR  3bodi  tan2th 
0.085  PhiPiBR  3bodl  tan2th 
0.085  PhiPiBR  3bodl  tan2th 
0.019  PhiPiBR  3bodl  tan2th 
0.020  PhiPiBR  3bodl  tan2th --_--- 

sum = 0.293 

1.022 PhiPiBR  3bod2 
1.016  0.870  PhiPiBR  3bod2 ------ 

sum = 2.038 

1.434 
0.758 
0.758 
0.210 
0.226 
0.745 
0.745 
0.218 
0.193 
0.769 
0.755 --_--- 

sum = 6.810 

0.064 
0.066 
0.065 
0.064 
0.064 
0.063 
0.062 
0.019 
0.020 
0.109 

PhiPiBR  3bodi  vpp 
PhiPiBR  3bodI  vpp 
PhiPiBR  3bodi  vpp 
PhiPiBR  3bodl  vpp 
PhiPiBR  3bodl  vpp 
PhiPiBR  3bodl  vpp 
PhiPiBR  3bodl  vpp 
PhiPiBR  3bodl  vpp 
PhiPiBR  3bodl  vpp 
PhiPiBR  3bodl  vpp 
PhiPiBR  3bodl  vpp 

PhiPiBR  3bodi  vpp t a n 2 t h  
PhiPiBR  3bod1  vpp t a n 2 t h  
PhiPiBR  3bod1  vpp t a n 2 t h  
PhiPiBR  3bodi  vpp  tan2th 
PhiPiBR  3bodi  vpp  tan2th 
PhiPiBR  3bod1  vpp t a n 2 t h  
PhiPiBR  3bodl  vpp t a n 2 t h  
PhiPiBR  3bodi  vpp  tan2th 
PhiPiBR  3bodi  vpp  tan2th 
PhiPiBR  3bodi  vpp  tan2th 



141 K+* P I 0   P I 0  
142 K+* KO KOBAR 
143 K+* K+  K- 
144 KO* PI+   P I0  
145 KO* K+ KOBAR 
146 KOB* K+ KO 
147 K-* K+ K+ 

WPAN Modes: 

0.110 
0.002 
0.002 
0.110 
0.002 
0.002 
0.002 ------ 

sum = 0.826 

150 
161 
152 
153 
154 

MB 
200 
20 1 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 

RHO+ P I0   P I0  1.188 
OMEGA PI+   P I0  1.147 
RHO0 PI+   P I0  1.181 
RHO+ PI+   PI -  1.174 
RHO- PI+   PI+  1.174 -----_ 

sum = 5.864 

Modes : 
PHI PI+   PI -   PI+  1.512 
ETA PI+  PI -   PI+  2.232 
ETA’ PI+   PI -   PI+  2.232 
PHI P I +   P I 0   P I 0  2.232 
ETA PI+   P I0   P I0  2.232 
ETA’ P I +   P I 0   P I 0  2.232 

K+ KOBAR P I 0   P I 0  1.224 
K+ KOBAR PI+   PI -  1.224 

PHI PI+   PI -   PI+   PI0  0.756 
ETA PI+   PI -   PI+   PI0  1.116 
ETA’ PI+   PI -   PI+   PI0  1.116 
PHI P I +   P I 0   P I 0   P I 0  0.756 
ETA PI+   PI0   PI0   PI0  1.116 
ETA’ P I+   P I0   P I0   P I0  1.116 
K+ KOBAR PI+   PI -   PI0  0.612 
K +  KOBAR P I 0   P I 0   P I 0  0.612 ----__ 

m u m  = 22.320 

T o t a l   M u l t i p l i c i t y  = 2.436 
Tota l   Branching   Rat io  = 95.079 

PhiPiBR 3bodi vpp t a n 2 t h  
PhiPiBR 3bodl vpp t a n 2 t h  
PhiPiBR 3bodi vpp t a n 2 t h  
PhiPiBR 3bodl vpp t a n 2 t h  
PhiPiBR 3bodl vpp t a n 2 t h  
PhiPiBR 3bodi vpp t a n 2 t h  
PhiPiBR 3bodl vpp t a n 2 t h  

PhiPiBR 3bod2 vpp 
PhiPiBR 3bod2 vpp 
PhiPiBR 3bod2 vpp 
PhiPiBR 3bod2 vpp 
PhiPiBR 3bod2 vpp 

1.230* PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
PhiPiBR 4bod 
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Figure 1. Box diagrams for BOBo and DODO mixing. 
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Figure 5. c o s ( + )  versus the mass of the top-quark;  contours of p 

for A=1.05, (from  the  measurement of c in K decays, see 

Altarelli etal) .  333 
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Figure 10. x versus zI .  Note the log scale. 
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Figure 11. The hactional error in 2,  ($), versus x; contours of frac- 

tional error in x ,  (9) 
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Figure 15. Schematic of the cascade  vertex  problem. 
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Figure 16. 

( 0 )  Multiplicity of non-B meson tracks in BB 

( b )  Momentum of non-B meson  tracks. 

(c) Multiplicity of non-B meson  tracks  with p 2 1 GeV. 
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( a )  X distribution of B mesons. 
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Figure 22. 

( a )  Ratio of x(reconstructed) to x(produced) for B 
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Figure 24. Illustration of improvements  to -yP possible  in  semilep- 

tonic decays. Fractional  error in -yP for semileptonic de- 

cays (a) with no correction for the missing v, and (b) after 

solving the  quadratic  ambiguity,  and selecting the faster 

solution. This  Monte  Carlo  calculation  does not include 

resolution  smearing or efficiencies of SLD. 
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vector  component  in  the  model. 
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B,B, Oscillations  Seen from e+e- --+ 2' + bb with  the S L D  at. the SLC t 

T.W. Reeves,  R.S. Panvini, G.B. Word 
Vanderbilt  University,  Nashville,  Tennessee 37235 

ABSTRACT 

We  present  results  from  a  study of simulated B, B, oscillations as might  be  expected in the 
reaction e+e- + 2' + bb, where the b-quark jet  contains a B, meson. The  ability  to  measure  the 
oscillation  parameter x, is studied as a  function of the average  detector  resolution,  the  number 
of events,  background  levels,  and the frequency of the oscillations. 

t Work supported b y  the  National  Science  Foundation. 
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1. Introduction 

We estimate  the likelihood of measuring the B, B, mixing  parameter,  x, , over an  interesting 
range of values.  Maximal B,B, mixing  is  expected  in the  standard  model, since B d B d  mixing  has 
already been found to  be  large, Ed = 0.66f0.17!’]  The  results of our study  are based  entirely on 
simulated  measurements. We assume the  anticipated  measuring  capability of the SLD detector 
at the SLC with precision vertex detection, charged  particle,  identification over a wide range of 
momenta,  near 4s calorimeter  coverage,  and  high  resolution  momentum  measurmement.‘21 The 
B, (or B,) mesons that are  simulated in this  study  orginate  from  the b(b)-quark jets in the 
reaction e+e- + 2’ -+ bb. 

- 

The frequency of B, mixing  oscillations  is  determined by the  parameter  x,  and  the lifetime 
T,. The value of x* is  determined  from  a  “box  diagram”  calculation that leads to  the expression 

where fB is a decay constant, Bg is a bag  factor, g is a  factor  that  depends on the t-quark  mass 
(g = 1 for mt << Mw and  about  0.6 for mt = 2Mw),  and V Q C D  is a QCD correction  factor of 
about 0.85. From this expression we see that a measurement of x, leads to a determination of the 
K M  matrix element I&, I. (We  assume l & b l  M 1.) A similar  expression  for xd-obtained from 
B d B d  mixing-allows the  determination of II/’dl. The value of  xd is already  indirectly  measured 
from  the CLEO and ARGUS measurements[’] of r d .  The  parameter r d  is defined as follows: 

- 

with a similar expression  for P,. The  parameters rg and zg are  related by the expression rg = 
x 3 ( 2  + x;,. 

Because of uncertainty in the  top  mass  and in the QCD correction factors in the  above 
equation for x, (and in the  corresponding expression for xd) the  determination of I&,] from  the 
equation for x,  is in doubt.  On  the  other  hand, we may  reasonably  assume  these  uncertain  factors 
will cancel if  we measure  both Ed and x, so that  the  ratio will be given by x,/xd x I\/r,12/1Gd12. 

In  the  standard  model  with  three  generations,  this  ratio is  predicted to  be much  greater than 
one. However, for  four  generations  this  ratio can  range  from  values  between to lo3. The 
possibility that  the  ratio is less than one is unique to  the  fourth  generation:  supersymmetry, 
charged Higgs bosons and  left-right  symmetric  models all give values greater  than  unity for this 
ratio!31 

The goal of this  simulation  study is to  consider all the  parameters  that affect the measurement 
of x, and  to observe the sensitivity of this  measurement  to  variations in the values of the key 
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parameters. We determine  typical values of these  parameters  from  simulations of the  reaction 
ete-  4 2' + Tb with  the L U N D " ]  (version 6.3) event  generator  together with the S L D  
parametric  Monte  Carlo.  A  separate  computer  code, controlled soley by these  parameters, is 
used to  simulate  many  samples of B,B, oscillation data.  The  input  parameters  are varied about 
the expected  values to  anticipate  results  obtained  with  better or worse detector  performance. 

The next  chapter of this  paper includes  all the basic  ideas of this  study.  Results of the  data 
analysis  are discussed in Chapter 3 and we summarize  and conclude in Chapter 4. 

2. Simulation  and  Analysis Methods 

We begin with a discussion of the basic  concepts of an  oscillation  measurement.  This is 
followed by a discussion of tagging-i.e., how B, decays  are  found from  among  the  tracks in 
a jet  and how we determine  the  particle/antiparticle  identity  at  time t = 0. We then discuss 
the factors which limit  the resolut.ion for measuring  the  proper  time of the decay. The chapter 
concludes  with a description of the  procedure for simulating  the B,B, oscillation data  and of the 
subsequent  analysis of this  data for the  determination of I,. 

2.1 .  BASIC CONCEPTS OF OBSERVING B,B,  OSCILLATIONS 

Two  complementary  methods  are used for observing  oscillations in B, decays. The first 

employs a maximum likelihood fit and will henceforth be referred to as the  Maximum Likelihood 
Method.  The second method employs  an asymmetry  calculation  and will be referred to  as called 
the  Asymmetry  Method. For simplicity,  these  methods  are first illustrated for the ideal case 
where there  are  no  background  distributions  and  the  measuring resolution is perfect. The affect 
of more  realistic  conditions  are discussed in the subsequent  sections. 

Maximum Likelihood  Method 

To  illustrate  this  method, we assume that  at  time t = 0 we have a pure  sample of B, 
mesons-i.e., no B, at t = 0. The proper  time evolution of B, will have the  form I51 

where r, is the B, lifetime. Likewise, 

We can then  perform a maximum likelihood fit for x, with the  probability  functions l a  and l b  
and a set of proper  time  measurements { t i } .  We shall see from discussions below that modified 
versions of the above  two  equations  are needed for non-ideal data. 



Asymmetry  Method 

We may also define an  asymmetry between the cosine-squared and  the sine-squared  distri- 
butions given in equations l a  and  lb. 

Note that  this is the forward-backward  asymmetry, AkB, if the  direction of the e- beam is  used to 
statistically  tag  the  particle/anti-particle  nature  at t = 0. A straight-forward  calculation shows 
that 

A,, = cos ($) . 

2 . 2 .  TAGGING B, 

There  are two  aspects of B, tagging that we need to 

( 2 )  

consider for our  studies.  One of these 
is  due to  the requirement that  the  particle/antiparticle  identity of the B, be  determined  at  time 
t = 0. The  other  results  from B, and Bd decays which are  improperly identified as B, decays. 
We discuss  in this section  various  tagging methods  and we estimate  their effectiveness. What 
will emerge  from  this discussion are two of the key parameters which are used for simulat.ing  the 
sample of data for the 2, measurement. 

t = 0 particle/antiparticle  tagging  methods 

An  important  feature of the  reaction e+e- + 2' --$ bb is that  the  particle-antiparticle 
identity at time t = 0 can  be  correlated  with the polarization of the 2'-which, in turn,  may 
be  enhanced by using a polarized beam!] The electron  polarization  method h a s  the  highest 
efficiency for retaining  good  events since the  polarization  direction will be known on  an event- 
by-event  basis. However, the effectiveness of this  tag is limited by the  fact that  a practical goal 
for  electron  polarization at  the SLC will be 49%, and  the SLD vertex  detector will not cover the 
small-angle  forward-backward  direction. With these  restrictions, the expected  number of correct 
to  incorrect t = 0 tags is about 2 : 1. 

Another  method for tagging the ident,ity of a B,(B,) at t = 0 is to find a Ii+(I<-) that 
emerges in the  same  jet. More explicitly, the  fragmentation process is such that when a B, is 
produced  from a & and  an  s-quark,  the  s-quark will be produced  along  with a S-quark which will 
often  combine  with a u-quark to form  a I<'+. (This also  includes I<+ mesons that come  from I<* 
decay.) This establishes the B, identity at t = 0. The  same  is, of course, true for the B,-I<- 
correlation at t = 0. The goal  is to look for the I<* that is  consistent  with  having  come  from 
the  same  part of the  fragmentation chain as did the B,. From  Monte  Carlo  studies, we find that 
these  kaons  associated  with the  production of B, mesons tend  to have a  larger  momentum  and  to 
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be  travelling  more  nearly in the  same direction as the B meson than  fragmentation kaons which 
come from  other  parts of the  fragmentation chain!” 

This  K-tag  method requires the good  particle  identification  cabability of the S L D  detector. 
It also relies heavily on excellent  vertex  detection to  separate  fragmentation kaons  from  those 
produced  in the decay cascade of B mesons  since  these  kaons  have kinematic  characteristics  that 
are  similar  to  the  fragmentation kaons  associated  with the  production of B, mesons.  With these 
contraints we find that  this  tag gives a ratio of better  than 5 : 1 for the  correct/incorrect  identity. 
The price that  must  be paid  for  this good  tagging  ratio is that by requiring a charged kaon 
(rather  than a neutral)  and by requiring  other  minimal  cuts  on  the  kaon, less than one  half of 

the  potential B, events  survive. 

A third  method for tagging at  t = 0 requires  simultaneously  tagging  the  opposite  jet for a B, 
meson.  Since B, and z, do  not  mix,  establishing  the sign of the charge of the B, also  establishes 
the  particle/antiparticle  identity of the B, at t = 0. However, estimates of the fraction of events 
that can be positively  identified as a charged B meson are  at  the level of a few percent, at  most.16] 
Since statistics is  crucial,  this  method is not as good as the  previous two. 

Tagging the decay of a B, 

To measure the B, decay point  and  to  estimate  the B, momentum,  it is necessary to find 
as many of the final state particles as possible. The chief background is from B, a n d  Bd mesons 
which together  are  produced  about  ten  times  more often than B,. A clean tag, in general, for B 
mesons  is via  their  semileptonic  decays.  Moreover, a B, is  expected to decay most  often  into  a D, 
meson, which subsequently will decay often into Ss mesons-including 4’s and 17’s. Unfortunately, 
D mesons  from B, and B d  decays  also decay into 4’s and 9’s often  enough to  produce a significant. 
background. Hence, tagging the B, decay cleanly  is very difficult. It requires  reconstruction of 
as much of the final state as possible. 

We have  made a number of studies of B, decay and find that  the semileptonic  modes  are 
particularly useful.  In particular] we have  studied B, --$ D;l+v (and  the charge conjugate), with 
D; -+ 4X- and 4 --$ K+K-.  The  details of this  study will be discussed elsewhere.‘” A tent.ative 
conclusion  is that 0(105) BB or 0(106) 2’ events  are needed to produce  about 100 correctly 
identified B, decays  with a signal-tebackground of about 3 : 1. By extending t.he number of 

final states  included]  it  should be  possible to increase the correctly  identified B, decays to two 
or  three  times  this  number. 

2.3.  PROPER TIME MEASURING  RESOLUTION 

Two  factors  limit  the accuracy of the proper  time  measurement:  the  uncertainty in t,he B, 
decay length  and  the  uncertainty in the  momentum of the B,-which limits  the precision in the 
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determination of 7P needed to  compute  the Lorentz  boost  between the  laboratory  frame  and  the 
B, meson frame for the proper  time  calculation. 

Although  the  absolute  uncertainty in the proper time  measurement increases with increasing 
decay length, we use the average  value  in this  study. We estimate  that  this is not a problem if 
one  does not require a minimum decay length to  tag B, candidates.  But if one uses a  tagging 
method which does  require a minimum decay length for the B, candidates,  the average  measured 
error will increase.  (We  estimate  that uct will increase by about 15% if a minimum decay length 
of 500pm is required.) For large x,, this effect can  be  significant. 

At S L D ,  the decay length will be  determined  from  track  measurements  made  with  a precision 
vertex  detector  and  from  the narrow beam  location as provided by the SLC.  An estimate"] of 
the  uncertainty in the decay length for the S L D  detector at  the SLC is about  170pm.  This 
translates  into  an  uncertainty in (ctproper) of 170/(yp), or about  25pm, since the average 7/3 for 
a B meson  from 2' decay is  expected to  be  about 7. 

Most B, decays will have  some  unmeasured  final stat.e  particles.  In  the case of semileptonic 
decay, it will be  impossible to measure  the  momentum  accurately  due  to  the missing neutrino(s). 
This  contribution  to  the proper  time  uncertainty  depends crucially on the final state analyzed. 
We estimate[g]  that  an  uncertainty in the  measured value of yp of about  1.3  can  be  obtained. 
This contribut,es  an  uncertainty in (clproper) of about  40pm. 

The  total  uncertainty in (ctproper) resulting  from both of the above  contributions is esti- 
mated by taking  the two in quadrature. Hence, we estimate  that  the  total average  error  in the 
measurement of the B, proper  time when using the S L D  detector  should  be  about  45pm. 

2.4.  SIMULATION TECHNIQUE 

Our goal is to  determine  the  range of 2, values which can  be  measured for a given set of 
measurement  conditions. The  method used is to  simulate B, mixing data with a short  (two  page) 
FORTRAN  program which has seven input  numbers.  These  are: 

0 X d l  the known B d  mixing  parameter; 

0 x,, an  assumed value for the B, mixing  parameter  (varied); 

0 CT, the average b-hadron lifetime (0.03cm); 

0 uct, the proper  time resolution (50pm for x, = 1 and 2, = 5; 35pm for 2, = 10); 

NB,/NB,+B~, the  ratio of the  number of tagged B, mesons to  the  number of B, and B d  
mesons  incorrectly  tagged as B, mesons(varied); 

0 Cor./Incor.,  the  ratio of correct to incorrect t = 0 tags-(varied); 
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Finally,  from z,, we compute r, and  apportion  the  relative  numbers of particle vs antiparticle 
generated  accordingly. 

The ideal  proper  time  measurements  are  then  generated  according  to  Eqns. l a  and  lb.  The 
measured  proper  time is then  computed by smearing each  ideal  value  according to  a gaussian 
probability  distribution  with u = 50pm.  (Note  that  although we estimated u = 45pm in the 
studies discussed above, we use u = 50pm  to be  conservative.) 

The  net effect of imposing  factors which simulate real  conditions  is to change the form of 
the expected  proper  time  distributions  from  those in  Eqns. la,b  to  the following: 

and 

The  added  exponential  term with the coefficient a accounts for the misidentified B, back- 
grounds,  incorrect t = 0 tags,  and finite  measuring  resolution.  (For  simplicity, we have made 
the  approximation  that  the lifetime of the backgrounds  are  the  same as for B, decay.fo1 Note 
that  the worst  background will come  from  those cases where the  particle/antiparticle  at t = 0 is 
improperly  identified.  In these cases a sine-squared  variation  cancels a cosine-squared  variation 
thereby  reducing the visible  cosine-squared amplitude. 

In  determining A,, from  equations 3,  the effect of these  backgrounds is to  decrease the 
amplitude of the oscillations. Also note  that misidentifying Bd as B, will yield two  superimposed 
oscillations of the form 

The generated data  samples  are  then used as input  to  the two fitting  techniques. The first, 
uses MINUIT  to  obtain a maximum likelhood (MLH) fit to  the  parameters r,, x , ,  and a in 
equations  3a,  b. Note that in this case no choice of binning is required  since  only the  individual 
measurements  are  used.  The second  technique  requires  a choice of binning in order to  subtract 
the cosine-squared and sine-squared histograms  to  produce  a  histogram of the quantit,y A,, to 
which a minimum x’ fit  with  equation 4 is made. We choose for simplicity to  fix r, = T B ,  where 
the  latter is the average B lifetime.  Also, we input  and fix the measured  value of x d  obtained 
from CLEO and ARGUS measurements. 



3. Results 

A realistic  example is  one  based  on  the possibility of achieving the kind of measurements 

discussed above  in  the section on  tagging. The simulated data  sample size is 100 correctly  tagged 

B, mesons.  Also, we must  include  the effects of finite  resolution (taken here as 50pm),  the  ratio of 

correct to  incorrect 1 = 0 particle/antiparticle  identity  tagging is 2.5 : 1,  and  the assumed  signal- 

to-background of B, to Bd or B, is 3 : 1. The  input value of 2, is set  equal to  5.  The expected 

distributions  are of the form  indicated in Equations 3 for the first method  and  Equation 4 for 

the second method.  The simulated data  and  the fits for the two methods  are shown in Figures 1 

and 2,  respectively. The  fitted values of x, are  compatible  with  the  input value of I~ = 5, as 

indicated  in  Table l b  for the  parameters  corresponding  to  Figures 1 and  2. 

Figure la. Histogram of Z(B,(t)) for a sample of 100 correctly  tagged B, mesons  with 
c, = 5, uCt = 50pm, B,/(B, + Bd) = 3, and  Correct to  Incorrect t = 0 tag is 
2.5 : 1. The values from  the fit are CT = 0.031 zk 0.003cml 2, = 5.1 + 0.6 - 0.5, 
and o = 0.81 + 0.81 - 0.35. 



ct,,(cm) 

Fzgure 16. Histogram of I ( Z ( t ) )  for a  sample of 100  correctly  tagged B, mesons with 
x, = 5,  bct = 50pm, B, / (B ,  + Bd) = 3,  and  Correct t = 0 tag to Incorrect. t = 0 
tag is 2.5 : 1. The values  from the fit are CT = 0.031~0.003cm, x, = 5.1+0.6-0.5, 
and Q = 0.81 + 0.81 - 0.35. 
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Figure 2. Histogram of A,, for a  sample of 100  correctly  tagged B, mesons  with x, = 5 ,  
b , t  = 50pm, B,/(B, + B d )  = 3,  and  Correct t = 0 tag to Incorrect t = 0 tag 
is 2 .5  : 1. The values  from the fit are x, = 5.1 & 0.4, A ,  = 0.36 & 0.33,  and 
A d  = 0.25 f 0.33. 

Tables 1 and 2 include  the  results of fits for various  other values of the  assumed conditions- 
some  more  and  some less favorable  than  the cases  shown in the  Figures.  Table  1 gives examples 
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where the  number of correctly  tagged B, events  is 100 and u,t, the proper  time  resolution. 
is 50pm, while Table 2 is for 400 such  events  with uct = 35pm.  The  table  entries  are broken 
down further  into levels of tagging effectiveness. We consider the possibility of improving the 

correct to incorrect t = 0 tag from 2.5 : 1 to 5 : 1. This  improvement could  be achieved at  SLC 
if the electron  polarization were increased  significantly  above 49%. We also  vary the  ratio of 
correct to incorrect B, tags for three cases: 1 : 1, 3 : 1, and 5 : 1. Fitted values of x, are given 
for both  methods. 

T a b l e   l a .  Fitted values of x, under  the following conditions: x, = 1, uct = 50pm,  and 100 
correctly  tagged B, mesons. 

T a b l e   l b .  Fitted values of x, under the following conditions: x, = 5, uCt = 50,um, and 100 
correctly  tagged B, mesons. 



Table 2. Fitted values of x, under the following conditions: x, = 10, uct = 35pm.  and 
400 correctly  tagged B, mesons. 

4. Discussion and Conclusions 

The results of this  study  depend on a  number of plausible  assumptions for studying X B ,  
oscillations.  They  are based  on  assuming the S L D  detector at  the SLC, with  some  variation in 
the assumed level of performance. We have used two  complement,ary  methods for determining 
the oscillation parameter x,. A  summary of some  observations follow: 

0 With 100 correctly  tagged B, decays, if x, = 1.0 the  maximum likelihood fit to  the 
cosine-squared and  sine-squared  distributions reliably  estimat,es the correct  value while 
the  asymmetry  method (ACS)  often  fails.  (However, if x, were to  be  this  small,  comparable 
to  xd, one  could  also  resort to a time-integrated  measurement  to  extract r ,  from which 2, 
could  also be  determined.) 

0 When  the  maximum likelihood fit converges (or when the x 2  fit is acceptable),  the  statis- 
tical  errors  on  the I, values are relatively  insensitive to  the background levels. 

0 Obtaining a reliable determination of x, if it is 10 or  larger will require  either substantially 
more  than 100 tagged B, decays,  greatly  improved  resolution,  or  some  combination of the 
two. We find that Nc,,, = 400 events  with uct = 35pm would suffice for all cases within 
our  range of assumptions. 

0 We use an average  value  for the  proper  time resolution in this  study.  Although we do not 
expect the results  presented  in  this  paper to  change,  using  a  simulation of the proper  time 
resolution that depends  upon the decay length is an  important effect for large x, when 
the  tagging  method requires a minimum decay length  for the B, candidates.  This effect 
will be included  in a subsequent  study. 
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On the Use of Charged  Fragmentation  Kaons for Tagging B, Mesons 

T .W.  Reeves,  R.S.  Panvini 
Vanderbilt  Universiiy,  Nashville,  Tennessee 37235 

ABSTRACT 

We present a study of the  utility of using  charged  kaons  produced  in  the  fragmentation 
process of 2’ -* 6b decay to  tag B, mesons. We find  it is possible to  obtain  a  good  signal-to- 
noise  ratio  with a high efficiency if one  assumes that charged  kaons  from  the  decay  cascade of 
b-hadrons  can  be  separated  from  fragmentation  kaons  originating  at  the e+e- interaction  point. 

1. Introduction 

Measuring B,B, mixing  oscillations  is  arguably  one of the  most  important  measurements 
that  could  be  done  with  the S L D  detector  at  the SLC!” To  make  this  measurement,  it is 
paramount  that a method of cleanly  tagging B, mesons  be  determined.  Two  aspects‘” of B, 
tagging  that  strongly influence  one’s  ability to  measure B,B, mixing  are:  the  requirement  that 
the  particle/antiparticle  identity of the B, be  determined  at  t,ime t = 0,  and  the  requirement 
that  B, and Bd decays  not  be  identified as B, decays.  It is the  purpose of this  study  to  examine 
the  feasability of a  tagging  technique  that  involves  looking for charged  kaons  that.  are  produced 
along  with B, mesons  in  the  fragmentation  process of Zo -+ 6b!’ 

We begin  first  by  describing the  fragmentation  kaon  that is associated  with  the  production 
of the B, meson.  Next, we describe  the  method by  which we select  these  associated  kaons. 
Finally, we examine  the  results of a Monte  Carlo  study of the  performance of this  technique.  In 
an  example, we show  how  this  technique  might  improve  one’s  ability  to  tag  not  only  the  decay 
of the B, meson,  but  also  its  particle/antiparticle  identity  at  time t = 0. 
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2. The Associated Kaon 

This  method of tagging B, mesons is to  find a K + ( K - )  that  emerges  in  the  same  jet as the 
B,(Ba) meson.  The  momentum  and  angle of the  fragmentation K* relative  to  the B, should  be 
consistent  with  its  having  coming  from  the  same  part of the  fragmentation  chain as did the B,. 
More  explicitly,  the  fragmentation  process is such that when a B, is produced  from a b-quark 
and  an  s-quark,  the  s-quark will be  produced  along  with  a :-quark which  will often  combine 
with a u-quark to  form a K+.  (This  includes K +  mesons  from h” decay.)  This  establishes  the 
particle/antiparticle  identity of the B, meson when it is created.  The  same is, of course,  true for 
the B,--K- correlation. We will hereafter refer to  these  fragmentation  kaons  associated  with 
the  production of B,(B,) mesons as the  associated  kaons. 

3. Method 

We use L U N D  6.3‘”  to  generate a sample of Zo + bb. We  do  not  study  light  quark  events 
since we expect  to use this  technique in conjunction  with  other  techniques  that will already  have 
removed  these events!51 Furthermore, we do not  simulate  the  detector  response as the S L D  is 
expected  to  have  excellant  momentum  resolution  and  to  be  able  to  cleanly  identify kaons.’6’ We 
do,  however,  require  that  the  momentum of the K* be greater  than 1 GeV/c  since  the C R I D  
system will not  be  able  to effictively identify  these very slow kaons. 

Given the  location of the  associated  kaon in the  fragmentation  chain, we expect  that  it 
will,  on  the  average, follow the  direction of the B, meson  and  have a higher  momentum  than 
other  fragmentation  kaons.  Therefore, we search for these  associated  kaons by first  finding  the 
fragmentation K’ in  the  same  hemisphere as the B meson  (assumed  to  have  already been tagged 
as a B,) with  the  highest  momentum.  We  then  require  that  the  angle  between  the  momentum 
vector of this  associated  kaon  and  the  momentum  vector of the B meson  be below some  maximum 
value. 

For  this  study, we assume  that  kaons  from  the decay cascade of B mesons  have  already been 
identified  and will not  be a source of noise. If this  requirement  cannot  be  met,  the effectiveness 
of this  kaon  tag will diminish  substantially. 

4. Results 

If we compare  the  momenta of the associated  kaons  with  the  momenta of other  fragmentation 
kaons, we find that  the average  momentum of these  kaons is 3.5GeV/c;  whereas  the  average 
momentum  for  all  fragmentation  kaons in the  same  jet as a B, meson is 3.1 GeV/c. For B, and 
B d  mesons,  the  average is 2.4GeV/c. As expected,  the  average  momentum of the associat,ed 
kaons is higher  than  that of fragmentation  kaons  from  othe  sources. 



One  can  then  select  the  fragmentation  kaon  in  the  jet  with  the  highest  momentum. \Ye 
show  in  Figure 1 a plot of the  fraction of events  kept  versus  the  maximum  angle  between  the 
fragmentation  kaon  and  the B meson  in  the  jet.  This  plot  indicates  that  associated  kaons  are, as 

expected,  produced  at  a  smaller  angle  relative  to  the B meson than  other  fragmentation  kaons. If 
one  sets  a  maximum  angle  between  the  highest  momentum  kaon  and  the B meson of 30 degrees, 
80% of the B, mesons will be  retained,  but  only 60% of B, and Bd events will be  retained. 

1 .o 

0.8 

0.0 
0 0.2 0.4 0.6 0.8 1 

Maximum sin OBKt 

Figure 1. Fraction of events  kept  versus  the  maximum  angle  between  the  highest  momen- 
tum  fragmentation  kaon  and  the B meson in the  jet ,  kaons  are  required t,o have 
a t  least 1 GeV/c in order  to  be  identifiable by the C R I D  system 

We  illustrate  the  potential power of this  tagging  method  with  a  simple  example.  Suppose 
that  one  has  already  applied a B, tagging  technique  that  results in a  sample of 1000 B, mesons 
and 1000 B,,/Bd mesons.  Assume  further  that  this  technique  does  not give one  any  information 
on the  particle/antiparticle  nature of the B, mesons at  the  time of their  creation.  The  results 
after  applying  the  kaon  tag  are  summarized in Table 1. The  “Correct t = 0 tag”  and  “Incorrect 
t = 0 tag”  entries refer to  the  number of times  that  the  charge of the  fragmentation  kaon  correctly 
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or  incorrectly  determines  the  particle/antiparticle  identity of the B, meson at   t ime t = 0. After 

applying  this  associated  kaon  tag  to  the  sample of 2000 B mesons, we find that  the  ability t,o tag 
the  particle/antiparticle  nature of the B, at its  production  is now 345/49 = 7.0. The  ability  to 
reject B, and Bd is now 3941142 = 2.8. 

Table 1. Summary of results  after  applying  fragmentation ICf technique 

Cut Applied B u  + B d  B, 
Correct t = 0 tag 

142  394 49 345 sinOBK* < 0.5 

242 495  83 412 Highest  Momentum I<* 

1000 1000 500 500 No K* Tag 

Total Total  Incorrect t = 0 tag 

5 .  Summary 

This  K-tag  method will require  the  good  particle  identification cababi1it.y of the S L D  detec- 
tor.  It will also rely heavily  on  excellent  vertex  detection  to  separate  fragmentation  kaons  from 
those  produced  in  the  decay  cascade of B mesons  since  these  kaons  have  kinemat,ic  characteristics 
that  are  similar  to  the  associated  kaons. 

If one  can  ensure  that  kaons  originating in the  fragmentation  process of e+e-  -+ 2' 4 bb can 
be  separated  from  kaons  originating  from B meson  decay,  this  technique will provide  a  ratio of 
better  than 5 : 1 for the  correct/incorrect  identity.  This is to  be  compared to a correct/incorrect 
ratio of 2 : 1 provided by using  the  intrinsic 6 b  asymmetry  that  results when the  electron  beam 
has 49% polarization.['] The price that  must  be  paid  for  this  good  tagging  ratio is that less than 
one  half of the B, meson  sample will survive  this  technique. 
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Aspects of B Physics from eSe- + 2’ + &bt 

L-P Chen,  R.S.  Panvini,  T.W. Reeves, G.B. Word 
Vanderbilt  University,  Nashville,  Tennessee 37235 

ABSTRACT 

The  study of “B Physics’’ from  the process e+e- -+ 2’ -+ bb has  several important  features. 
These  include: a large  cross-section for bb production  relative to  the Y(4S); high momentum 
production of B mesons  in jets  leading  to clear secondary  and  tertiary  vertices;  accessibility to  
high-mass b-flavor states;  and  the  ability  to  produce  polarized 2’ bosons. As a specific example 
of an  important physics measurement  that  requires  the full power of the SLD detector  and a 

polarized  electron  beam  from SLC, we discuss B,B, mixing as determined  from  observing b- 
flavor oscillations. We conclude that  some of the  most  important  measurements  in B physics  can 
only  be  made  with  the  features  that  are  peculiar  to B’s that  are  produced  from 2 ’ s .  In  addition, 
the B physics  accessible from 2 decays will complement  studies at  lower  energies. This  report 
is not  meant  to  be a comprehensive study of B decays, but  rather  a  subjective overview of the 
subject  with references to  the  literature  and  comments  relative  to  what  may  be achieved  wit,h 
the S L D  detector at  the SLC. 
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1. Introduction 

The  importance of physics of the b-quark as a prime  testing  ground of aspects of the  standard 
model-and of “new  physics”  beyond the  standard model-is reflected in the  large  number of 
papers  on  this subject!’] Our  purpose  here  is  to  gain a perspective  on  those  aspects of B physics 
which can  be  done  particularly well when studying B mesons  resulting  from  electron-positron 
interactions at the Zo pole  with the  resulting Zo decaying  subsequently  into bb jets. 

“B Physics” is a  phrase we use to  describe  all  physics that derives  from  studies  involving 
the b-quark.  There  are  two  main  categories:  the  properties of mesons  and  baryons  that  contain 
a  b-quark,  and  b-hadron  tagging as a signature for processes that involve the b-quark-such as 

Higgs decays,  fourth  generation  (e.g., b’-quark) decays,  and  couplings of bb pairs  to  the Z o .  

Both SLC and LEP should  be  able  to  make  major  contributions in the  area of B physics. 
LEP has  the  potential  to achieve sufficiently high luminosities  to  produce as many or more B’s 
than will be  produced at the T(4S) by the  upgraded C E S R  at Cornell-and  therefore to have 
special  value for rare  processes.  Note  that  the cross section  for x b  production is 1.2 nb  at  the 
T(4S) and is 6.3 nb  from Zo decay. 

SLC, together  with SLD,  provides  two  features of special  importance:  one  is  the  ability 
to  polarize  the  electron  beam,  the  other  is  the  small  beam size combined  with  a  short duty 
cycle  which  allows instrumentation of a high  precision  vertex detector. B mesons  can  be  cleanly 
isolated  from  other flavors by their  secondary,  and  sometimes  tertiary,  vertices.  When  studying 
BOBO mixing  it  is  obviously  important  to know whether  the Bo meson  was  originally  a  particle 
or  an  anti-particle. By polarizing  the  electron  beam,  large  forward-backward  asymmetries  can 
be  produced which  allow the  experimenter to  make  a  statistical  statement  about  the  probability 
that  the  original Bo meson  was a particle  or  anti-particle.[21 A forward-backward  asymmetry can 
also  be  used  in the  study of the bb quark  couplings  to  the Zo which can  be used to  test  the  neutral 
current  couplings in the  Standard Model. 

- 

We use the  Standard Model (SM) as a guide for addressing  the  most  important B physics 
issues  which  can  only  be  resolved  with  additional  experimental data. T h e  charged  current  cou- 
plings  in  the weak  sector of the SM are  described by the Kobayashi-Maskawa ( K h l )  mixing 
matrix. We discuss  below  which matrix  elements need to  be  determined  and how measurements 
involving B mesons  (b-quarks)  are  particularly  important. 

The  neutral  current  couplings in the  standard  model  include Zo + bb. The  branching  ratios 
into specific fermion/antifermion  pairs  depend  on  the  value of the Weinberg angle-sin’ O W .  The 
fact  that  the left- and  right-handed  couplings of fermions to  the Zo are  different  causes  the Z o  
to be  polarized. The  asymmetry  in  the  total cross section  measured at  the Zo pole,  obtained by 
changing  the  longitudinal  polarization of the electron beam, will most likely give the  best  value 



of sin’ Ow. However, a rigid  testing of the S M  will also  require  measuring the  forward-backward 
asymmetry of each  fermion-antifermion  pair, ( A i B ) ,  including bb. 

There  are  other  aspects of B physics that  should  be  best  studied  with 2’ decays.  While 
studies at the T(4S) and 5s states will provide the  best  mass  resolution  for a wide  variety of 
exclusive  decays, the 2’ is of special  value for studies of states  too  massive  to  be  produced in T 
decays. 

We  discuss  potential B physics topics in more  detail  in  Chapter 2,  assorted B decays in 
Chapter 3, states  requiring a B tag  in  Chapter 4, and we discuss  in  some  detail  the  subject of 
B,B, mixing as determined by  b-flavor oscillations  in  Chapter 5 .  The  oscillations  measurement 
is a particularly  interesting  example of important physics that requires the full capability of the 
S L D  detector  combined  with  special  features of SLC-electron  beam  polarization  and  a  small 
beam  pipe.  In  chapter 6 we include  a  summary of existing  and  future e+e- accelerators  capable 
of doing B physics  and  summarize  the  present  status of various B physics  measurements as well 
as the  future  goals for these  measurements. 

- 

2. Electroweak Aspects of B Physics 

Decays of B mesons  yield  essential  information  on  electroweak  parameters in the  context 
of the  standard  model.  Extracting  these  parameters is obscured by the  fact  that  the  strong 
interactions  between  the  quarks  are  not well understood  and  they  mask  the  interesting  electroweak 
effects. We summarize  some of the key issues in “B physics”  in this  chapter. 

2.1. KM PARADIGM-THE STANDARD MODEL FOR THE WEAK CHARGED  COUPLINGS 

The “KM Paradigm”  is  the  six  quark,  or  three  generation,  extension by Kobayashi  and 
Maskawa (KM) of Cabibbo’s  original  mixing  hypothesis. The KM formulation  includes CP- 
violation  in weak decays as a natural consequence of a non-trivial  phase  angle  that  appears in 
this  matrix.  The  phase  angle  must  be a non-integral  multiple of s for C P  violation  to  occur.  The 
challenge  for  experimentalists  is to  measure each of the  matrix  elements of the 3 x 3 KM matrix, 
which must  be  unitary if the SM is correct.  There  are  several  conventional  formulations of this 
matrix,  but for  three  generations  and  the  unitary  constraint,  a  common  feature  is  that  there will 
be a total of four  independent  parameters-three  angles  and  the C P  violating  phase  angle. 

I 
Unitarity  applied  to  the  first  and  third  column of the KM matrix give the following approx- 

imate  relationship: 

vlb - Sl’v, + & d  = 0. 

This  relationship  can  be  expressed  in  terms of a triangle in the complex  plane  with  two  sides 
being  the  matrix  elements v,6 and & d ,  and  an  internal  angle which  is the  CP-violating phase 



(see Ref. 1). The  area of this  triangle is a measure of the size of the CP violating effects-in the 
context of the  standard  model.  Failure  to close the  sides of this  triangle will be a sure  indicat,or 
of “new  physics.” 

The two matrix  elements  in  the KM matrix  that will be  most  important for closing the 
triangle  are &d and Vua. These  two  matrix  elements  are  the  ones  furthest  from  the  diagonal of 
the  matrix  and  are  expected  to  be  the  smallest in magnitude. 

The quest for C P  violation  in B decay 

The observation of CP-violation in  other  than  neutral  kaon decay remains a central  challenge 
in  particle  physics.  Unfortunately, while the  standard  model  predicts  the level at  which CP 
violation  should  be  observed  in B meson  decays,  estimates have  shown that  the  order of 10’ BB 
pairs  are needed  for  such a measurement.  The  enthusiasm for B-Factories  that would  be capable 
of producing sufficient B’s for this  purpose  is to  a large  extent  motivated by the desire to observe 
CP violating effects in B decays.lsl Short of measuring CP violation in the b-quark sector,  it will 
be  highly  informative to  know whether  the  standard  model for the  charged  current  sector of the 
weak interactions  is  correctly  described by the KM  paradigm-which  conveniently carries  with 
it the CP violating  phase  angle. 

Mixing  between  particle  and  antiparticle  states for B d  and B, 

The ARGUS and CLEO measurements show strong  mixing in the decays of B d  mesons!’] 
Mixing  can be  measured by observing the  fraction of produced  neutral BB pairs which are 
observed to decay as BB or BB. In  particular,  one  can  measure  the  relative  numbers of like  sign 
to  unlike  sign  leptons. 

A convenient  measure of mixing is a parameter r which  is  defined as 

- 
Bo + Bo ---+ Xl+u 

B j X 1 - u  
r =  ---o 

The value of rd obtained by averaging  measurements  from  the ARGUS and CLEO collaborations 
is 0.18 f 0.05. 

The intensity of oscillations-assuming a B, meson at  t = 0 and  ignoring CP violation-will 
be given  by the  expressions 

and 

where z, = r, x Am, and Am, is the  mass difference between  the  two B, mass-eigenstates 
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Note that  the key to  observing  oscillations  is  that x ,  is large  compared to  one.  This  ensures 
that  the  period of the  oscillations  is  significantly  smaller  than  the  mean  lifetime of the B,. If the 
opposite  is  true,  the  particle  decays before it  has a chance to  be seen to  oscillate. 

The x ,  mixing  parameter is given by 

where fg is a decay constant, Bg is  the  bag  factor for B mesons, g is a factor  that  depends  on 
the  t-quark  mass (g = 1 for mt << Mw,  g x 0.6 for mt = 2Mw) and V Q C D  is a QCD correction 
factor of about 0.85. 

Because of uncertainties in the  constants  and QCD correction  factors  in Eqn. 4, a  determi- 
nation of x ,  alone will likely be insufficient to  determine  accurately.  The  same is true for 
l h d l  since  it would be  determined  from a similar  expression for xd. On  the  other  hand, we may 
reasonably  assume  these  uncertain  factors will cancel if  we measure  both xd and 2, so that  the 
ratio will be  given approximatley by 

This  ratio is expected  to  be  greater  than  one  with  three  generations in the  standard  model. 
However for four  generations  this  ratio  can  range  from  values between to lo3. The possibility 
that  x d / x ,  may  be less than  one is  unique to  the  fourth  generation.  Supersymmetry,  charged 
Higgs  bosons and left-right  symmetric  models all give  values  greater than  unity for this ratio!51 

These  two  mixing  parameters, P and x ,  are  related by the expression 

The value of I d  is therefore  determined  from  the  measured  value of Pd and is xd = 0.66 f 0.17. 

Theoretical  considerations,  based  on  box-diagram  calculations,  predict  that  mixing in B, 
should  be  maximal,  meaning  that T, will be close to  one  and  that b-flavor oscillat,ions  could  be 
observable for B, decays!] Furthermore,  with I-, expected  to  be close to  unit>y,  the value of x, 
will be  large  and  poorly  determined  from  the  value of P, as determined  from  Eqn. 5. Thus,  the 
direct  measurement of x ,  from b-flavor oscillations  may  be the  only way to  determine x , .  

b - + u / b - + c  

An  estimate of b -+ u / b -+ c has been determined  from  model  dependent  studies of the 
lepton  momentum  spectrum  in  semileptonic B decay at the "(4s) by CLEO and ARGUS. They 
quote  the  ratio Ivubl/lv&l = 0.10 f 0.03 (see Ref. 4). Because the  limits  placed by studying  the 
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lepton  spectrum  are very model  dependent  and  are  subject to  a sensitive  background  subtraction, 
the  best  measurement  may  ultimately  be  obtained  from  the  studies of charmless  semileptonic B 
decays,  e.g., B ---* plv and B -+ alv. A positive  identification of these  simple  final  states would 
be a sure  indicator of a  non-zero b -+ u transition. By contrast,  non-leptonic  charmless  decays 
are  not  necessarily  indicators of b --+ u transitions  since  diagrams  with  internal  loops  ("Penguin 
diagrams")  that  contain b + c transitions  are  possible. 

The decay B -+ TV would  also be  excellent,  provided that  the  branching  ratio is not  too 
small  to  measure.6  The expression for the  branching  ratio is 

where  estimates of the decay constant fB, unfortunately,  have  ranged  from 75 to 480 MeV (see 
Ref 6)-though it may be  argued  that  most  estimates give a  value  near 100 MeV. 

The  detection of the T from  this decay mode could  only  be made using  a  decay  mode of 
the T into  at  least  three  charged  particles.  This  inclusive  branching  ratio is about 13%. The 
reconstruction efficiency'" for a three-prong T decay from  the decay 2' + T+T- is  expected 
to  be  about 25%. Since the T fermions  from  two-body E decay will be  accompanied by many 
other  particles  from  the 2 decay, the  reconstuction efficiency will certainly  decrease  in  attempts 
to  reduce  the  backgrounds. If the  branching  ratio is on  the  order of then  at  least IO7 B 
mesons will be  needed to  measure  this  branching  ratio. 

where fq is  a  phase  space  factor  depending  on  the  quark  mass  and 77 is a QCD correction  factor 
estimated  to  be 0.87*0.05.[8'  Since lvubl is  much  smaller than I v c b l ,  this  method serves primarily 
to  determine  the  latter  quantity. 

The  matrix  element in this  formula is similar  to  the  one  that  applies for muon  decay,  and  it 
depends  on  knowing  the  mass of the b-quark  raised to  the fifth power.  Since the free  quark  model 
is an over  simplification of B decays,  it is necessary to rely on  models which account for strong 
interaction effects. Many  papers  have been written  recently on this   ~ubject . '~]  These  studies 
suggest how best to  measure  the  relevant KM matrix  elements  in view  of the  strong  interaction 
uncertainties. 

The decay that  can  be  analyzed  most  cleanly  from  an  experimental  viewpoint is @d -+ 

D*+lv. Four  independent  variables  are needed to  completely  describe  this  process  and  there  are 



also  four  form  factors to  be specified (see Ref 9). Three of the  four  form  factors  are  reasonably well 
understood,  but  the  fourth  is  not. However, this  undetermined  form  factor  can  be  parametrized by 
studying  the decay  correlations-in particular,  the  relative  amounts of longitudinal  and  transverse 
polarization  in  the D’ decay as a function of the  lepton  momentum or some  other  equivalent 
variable!”] 

On  the  other  hand,  semileptonic  decays  with a D rather  than  a D’ are  better  understood 
theoretically  since  there is only  one  form  factor  that  has a well defined  dependence  on the vari- 
ables. However, it  is difficult to  unravel  final  states  with  only a D from  those which  have a D* 
that  subsequently  decays  into a D and  an  undetected T O  or y. There  may  also  be D” states 
that  further  complicate  matters,  although  it is thought  that  the  contribution of such  states is 
not  more  than at the 10% level. Hence there  is  much work that is  needed to  understand  these 
decays  from  both a theoretical  and  experimental viewpoint-and in particular,  there will be  some 
advantage  to  having B decays  with  identifiable  secondary  and  tertiary  vertices. 

2.2.  THE STANDARD MODEL FOR THE WEAK  NEUTRAL COUPLINGS 

Right-  and  left-handed  fermions  couple  differently  to  the 2’. Though  a  measurement of the 
asymmetry  between  the  total cross section  with left- and  right-handed  polarized  electrons, A L R ,  
will be  the  most  sensitive  asymmetry  measurement for determining  the  Weinberg  angle in the SM, 
measurements of the various  forward-backward  asymmetry, ALB, associated  with each  possible 
outgoing  fermion, f, (both  leptons  and  quarks)  is  essential for checking the SM thoroughly. If 
we assume  that a B meson  can  be  used to  stand in  place of its  constituent  b-quark,  then AkB 
can  be  determined  from a measurement of the  asymmetry of final  st,ate B (or B) hadrons. 

With  an  unpolarized  beam,  the SM predicts AkB = 0.167. A polarized  electron  beam 
will enhance  the asymmetry!”’ For example,  with  an  electron  beam  that is 45% polarized  the 
asymmetry will be  increased[”to 0.34. This  amount of polarization  is  expected  to  be achieved at 

the SLC. 

Various methods of measuring  the  forward-backward  asymmetry for each of the  principal 
kinds of B mesons (B,, Bd, and B,) have  been studied.  These  studies  include  the effect of mixing 
for the  neutral  states  and  include  measuring  the  mixing  parameters. U’ith  only 5 x lo4 bb pairs 
produced  with a 45% polarized  electron beam  and a B, tagging efficiency of 7.476, S L D  should 
be  able to  measure”]APB to within f0.03. 

Measurements of the  branching  ratios of the 2’ into  the  various  possible  fermion-antifermion 
pairs will be  an  important consistency check of the  SM.  In  particular, bb jets will be  the  next 
easiest to  measure  after  lepton  pairs.  The  standard  model  predictions for the  branching  ratios of 
the 2’ into  various  quark  pairs  and  lepton  pairs  (assuming  sin2 6~ = 0.226  and rn t  = 40 GeV) 
is as fol1ows:’la1 



Branching  Ratios  for 2 + f? Based on  Standard Model - 
r(GeV) 

0.087 

0.172 

0.298 

0.383 

0.379 

0.060 

0.072 

Branching ratio (%) 

3.3 

6.5 

11.2 

14.4 

14.3 

2.3 

2.7 

Note that since  the  partial  width  contributed by a 40 Gelr  t-quark is so small (2% of the 
total),  the exclusion of the  t-quark  from  the  calculation of the  total widt,h will not  significantly 
change  the  branching  ratio of the 2' into bb quark  pairs.  The exist.ence of a  fourth  generation, 
however,  could appreciably  change  these  branching  ratios if the  mass of any  member of the  fourth 
family is less than M z / 2 .  While  a heavy fourth  generation  electron-type  lepton will not have a 
significant  effect, we note  that a fourth  generation  neutrino would add  another 0.172 GeV  to  the 
total  width  and  that  a  fourth  generation  d-type  quark  of,  say, 40 GeV  would add 0.162 GeV. 
If either of the  later  two is produced  in 2' decay, t,hen B(2' --+ bb) will be reduced by about 
1%. Since the efficiency for  tagging b-quark jets is expected to be  greater  than lo%, a  sample of 
about lo4 20 decays  should  be sufficient to reach this  level. 

3. Assorted B Decay Studies 

3.1 .  B, MIXING V I A  FLAVOR OSCILLATIONS 

This  section  summarizes  a  study of what could plausibly  be  expected  from  the S L D  detector 
aft,er a large  sample of 2' decays is accumulated-and the  data is analyzed  for  observing B, 
oscillations.  This  study is a good  model  to  explore  the  potential of B physics from 2 decays 
because  it  requires  all of the  features of a powerful detector,  a polarized electron  beam,  and  good 
statistics.  We  summarize  in  this  chapter  results discussed in detail elsewhere.'l3] 

Basic  Concepts 

To illustrate  this  procedure,  assume a pure  sample of B, at  time  t = 0. The  proper  time 
evolution of B, will have  the  form given by Eqn. 2 and  the  form of the  time  evolution of p, 
will be given by Eqn. 3. A maximum likelihood method  can  be used to  simultaneously fit these 



two  distributions for the  parameter I , .  In  practice,  the  data is more  complicated  because of 
backgrounds. 

The net effect of simulating  real  conditions  is  to  change  the  form of the  expected  proper  time 
distributions  from  those  in  Eqns. 2 and 3 to  the following: 

I (B , ( t ) )  = + cos2 -), r s x s t  
2 

and 

I (B , ( t ) )  = +sin2 L). 
r x t  

2 

The  added  exponential  term  with  the coefficient cr accounts for misidentified B, backgrounds, 
incorrect t = 0 tags,  and  finite  measuring  resolution. 

Tagging B, 

Two  methods  are  found  to  be  most useful for particle/antiparticle  tagging  at  time t = 0. 
One  method is to  use the  forward-backward  asymmetry  that  can  be  enhanced  with  a  polarized 
electron beam.  The  other  method is to  use a  charged  kaon that is produced  in  the  jet  along  with 
the B, meson.  (Note  that  the B, uses an  s-quark  popped  from  the  vacuum. Its S-quark  partner 
often  makes  a K+ by combining  with  a  u-quark.  This  correllation  tags  the B, identity at  t = 0.) 
For more  details, see  Ref. 13. 

To  measure  the B, decay length  and  to  estimate  its  momentum, it is  necessary to  find as 

many of the final state  particles as possible. The chief background is from B, and Bd mesons 
which together  are  produced  about  ten  times  more  often  than B,. A clean tag, in general, for 
B mesons  is via their  semileptonic  decays.  Moreover, a B, will decay most  often  into a D, 
meson,  which  subsequently  decays  often  into Xs mesons-including 4’s and 7’s. Unfortunately, 
D mesons, which are copiously  produced in B, and Bd decay, also decay into 4 and 7 mesons 
often  enough  to  provide a significant  background.  Hence,  tagging  the B, decay  cleanly is very 
difficult. It requires  reconstruction of as much of the final state as possible. M’ork on  improving 
our ability  to  tag B, mesons  is in progress. 

Measuring  Resolution 

Two  factors  limit  the  accuracy of the  proper  time  measurement:  the  uncertainty  in  the B, 
decay point  relative to  the 2’ decay point,  and  the  uncertainty in the  momentum of the B,- 
which limits  the precision in the  determination of -yP to  compute  the Lorentz  boost for the  proper 
time  calculation. 

Although  the  absolute  uncertainty in the  proper  time  measurement  increases  with  increasing 
decay length, we use the average  value. This is valid if a minimum decay length  to  tag B, 
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candidates is not  required.  If, however, the  tagging  method  requires  a  minimum decay length for 
the B, candidates,  the average measured  error will increase.  We  estimate  that  u(ctproper) will 
increase by about 15% if a minimum decay length of 500pm is required. For large x,, this effect 
can  be  significant. 

The  total  aveiage  error in the B, proper  time  measurements  for  the S L D  detector is estmated 
to be about 5Opm. 

Simulation of Data 

B, mixing  data is simulated  with  a  short  (two  page)  FORTRAN  program which has seven in- 
put  numbers.  These  are:  the  mixing  parameter xd (determined  from rd measurement of .4RGCTS 
and CLEO);  an  assumed value for the E ,  mixing  parameter, x,; the (generic) B meson lifetime: 
the  proper  time  resolution:  the  ratio N s S / ( N ~ .  + A'sd); the  ratio :;;:- t = 0 tag;  and  the 
number which controls  the  statistical  accuracy of the sample-we fis the  number of "correctly 
tagged" B, events. From x, we compute  the  expected value of r ,  and accordingly apportion  the 
relative  numbers of particle vs antiparticle  generated.  The  generated  data  samples  are  then used 
as input  to  two  fitting  methods. 

Conclusions  from E ,  Simulation  Study 

A more  complete discussion along  with  plots of fits  and  tables of results is included in a 
separate  paper  on  this  subject (see Ref.  13). We summarize key points  here. 

Our  studies were made  with values of x, equal  to  one, five and  ten.  (The  best guess for I, 
within  the  context of the  standard  model is about five, although  it could  also be much  larger  and 
still  be  consistent  with  the  standard model!"l) With lo5 BB pairs, we should be able  to find 
about  100 E ,  decays  and  measure x, to an  accuracy of about  15%,  with E ,  = 5 .  However, for x s  

equal  to  ten  or  larger, we find that  a  measurement  error of about  50pm in ct will be  unacceptable. 
Of  course,  with sufficient additional  statistics,  the  oscillations will become  statistically  significant 
again. 

3.2. LIFETIMES FOR  SEPARATE B SPECIES 

The  B lifetime  normally  quoted is determined by averaging over all species of b mesons  and 
baryons. For charmed  hadrons  the  lifetimes differ  by a t  least  a  factor of two over the various 
species. One would expect  the  lifetimes to be  equal  for  each  kind of charmed  particle decay if 
the  spectator  model were unmodified by strong interactions-i.e., QCD effects. The first  direct 

of the Bd lifetime (as distinct  from  an  average B lifetime)  has been made recently 
by the Mark11 collaboration, based on B's produced  in  the  continuum  at P E P  energies. The 
result, TBO = 1 . 2 1 2 ~ : ~ ~ ~ ~ : ~ ~ ,  suggests that  the  lifetimes  are probab!y not  too  different.  Improved 



lifetime  measurements by the  same or similar  techniques will apply for the high momentum B ' s  
which emerge  from 2 decays. 

CLEO and ARGUS are  beginning  to  provide  measurements  that  are  complementary  to 
comparative  lifetime  measurements.  They  measure  the  relative  branching  ratios of neutral  to 
charged  semileptonic B branching  ratios at the Y(4S) which they find to  be 1.00 f 0.23 z t  0.14. 
(See  Ref. 4.) Hence, it does  not  appear  that  there will be  any  surprises  in  this  area. 

3.3.  BEAUTY BARYONS 

Beauty  baryons  should  be  produced  relatively copiously-a few percent of the  rate for pro- 
ducing B mesons.'161 Semileptonic  decays of b-baryons  should  be  relatively  easy to  find if one 
can  correlate  a  baryon of the  correct  particle/antiparticle  type  with  an  identified lepton-while 
the two  are  consistent  with  coming  from  the  same  vertex  and  are  also  kinematically  consistent, 
with  having  come  from a b-baryon parent.  The available  energy  should  permit  production of 
b-baryons in various  combinations:  buu,  bud, bdd, bsu, bsd, bss,  etc.  The  final  states  may  be 
difficult to  reconstruct  because of undetected decay products,  but  t'hey  should  be  characterized 
by copious  proton  and A production.  Vertex  detection  and  good  particle  identification  should  be 
of particular  value  in  isolating  such decay modes. 

3.4.  B,-PROSPECTS AND POSSIBILITIES 

The B, meson  is  interesting  from  several  points of view. It is a  heavy b? (or  charge  conjugate) 
system  that can  be  treated  in  non-relativistic  models like bb and CC systems.  The weak decays 
should  be  interesting  because  either  the b- or the  c-quark will decay. The  relative  amounts of 
one  type  versus  the  other will be  influenced  by the way the  quarks  interact.  One  particularly 
interesting decay mode for tagging  purposes involves a b -+ c transition: B, -+ Qlv. Another 
interesting  final  state  occurs  when  the b- and  z-quarks  mutually  annihilate  and yield a virtual 
W .  A  distinctive decay of this  kind would  be B, 4 TV,. 

While  there  are as yet no published  calculations  for B ( Z o  + B,X),  the  rate  has been 
estimated[171 by extrapolating a calculation"" of the  total  rate for the  process e+e- 4 B , S ,  
while taking  into  account  the differences between 7 and 2 couplings to  quarks.  The  branching 
ratio  estimate is B ( Z o  + B i * ) X )  = 5 x of the  total Zo width,  where B:*) is  meant  to 
indicate  all  possible  radially  exicited  states  and  spin  states. 

The inclusive  rate B(B,  -+ QX) has been estimated1191 by scaling  the  rate  from Bd decay, 
with  the  result B(B,  -+ \EX) X 2%. As is the case for lighter B meson  decay to J/Q, the 
remaining  hadronic  state is predicted to  be of  low multiplicity  with  the  dominant J/\EX final 
states of B, decay expected  to  be J/\Ex, J/Qp, and J /Qa l ,  resulting in signatures for B, decay 



being a J / 9  with  one,  two or three  pions.  While  the B, would be  able  to  be  fully  reconstruct,ed 
through  these decay modes, we expect  that  combinatoric  backgrounds will probably  be  prohibitive 
without  superior  vertex  resolution. 

Preliminary  calculations[201  have  been  made of semileptonic B, meson  decay  using  t,he quark 
potential model!ll Some of the  results  are shown in the following table,  where  the KM matrix 
element  values lVct,l = 0.045  and lVc81 = 0.974  have  been  used. 

G i  Branching  Ratio? 

Process r(iolos-l) 
c -+ X e +  u, 

12.71 B: + A'e+u, 

5.60 b -+ Xe+v,  

7.11 

For the  case  that  the c quark  decays  semileptonically,  calculations of additional  radially ex- 
cited  states  and  other  spin  states  appear  to converge  quickly with  the  two lowest states  accounting 
for about 98% of the  semileptonic  decays to  B,. The  calculations of the  states  possible when the 
b quark  decays  semileptonically  does  not converge at  the 2 s  level,  however, and  calculat,ions  at 
the 3s level are in order. 

Note  that.  these  results  suggest  that  the  semileptonic decay rates for the b and c quark  are 
nearly  equal. 

Probably  the  most  interesting  result of these  preliminary  calculations is that  the B, pro- 

duction  is  comparable to  the 9 production.  While  it  may  turn  out  that  cleanest  signature 
of a semileptonic B, decay will be a ?Tre or iDp vertex,  another  possibility will be  the decay 
B, -+ B,tv followed by the decay B, -+ D,tv. In  order  to  approximate  the  number of Z o  
decays  required to  produce even of a few of this decay chain, we need to  estimate  the B,  semilep- 
tonic  branching  ratio. As in  lighter B meson  decay, we estimate  that  the  semileptonic  branch- 
ing  ratio is about a quarter for the e and p channels. Using the  measured  branching  ratios 
B(J/\E -+ e t e - )  + B(J/Q -+ p t p - )  M 14%  and  the  above  estimate for the B, production  rate, 
we estimate  that  on  the  order of 5 x lo6 Zo decays will be  required. As pointed  out by \Veiler, 
however,  non-perturbative effects would be  more likely to increase than decrease  the  ratre. 



3.5.  RARE B DECAYS: TESTING STANDARD  MODEL OR NEW PHYSICS 

The  most  interesting  rare  decays  are  those which are  “signatures of new  physics.” For 

example, a branching  ratio  that is too  large  to be  explained in terms of conventional  particle 
exchange could  be an  indication of a fourth  generation or of a  supersymmetric  particle  exchange 
within a loop  diagram. We discussed BB mixing which is explained  in  terms of a  box  diagram- 

which contains a loop-and may  be modified by non-conventional  particle  exchanges,  although 
this  process  could  not  be classified as a rare decay. Rare  decays  are  typically  those  that  do  not 

decay into  final  states  with  charmed particles-since the  prominent weak transition is b -+ c .  

Any charmless decay of B mesons or baryons will be of considerable  interest. CLEO and 
ARGUS have  placed  upper  limits for a variety of decays that would be  expected by Penguin 
diagrams-these  give  final  states  where  a b + s transition  occurs,  through  the  emission  and 
reabsorbtion of a W .  (See  Ref. 4.  ) The  experimental  upper  limits  are  on  the  order of for 
penguin  decays of the  form b ---+ sy, and  for  decays of the  form b + sg”. These  limits  are 
now getting close to  the  experimental predictions!”’ 

Although ra.re decays  must  be  studied  with  the  largest  possible  statistics,  there will be  some 
problems  unraveling  rare  final  states  from  decays  produced at  the Y(4S). Such  decays  produced at  
high momentum will not suffer from  the  combinatoric  backgrounds  associated  with  B’s  produced 
at rest.  Excellent  particle  identification  and  good  vertex  finding  can  be  extremely  important for 
this  application.  Since  there  are  many decay channels  that could  be expected,  a  sample of the 
order of lo5 B’s which can  be cleanly  isolated  can  provide  some  interesting  limits if not  a few 
examples of these  rare  decays. 

4. Survey of Existing and Future B Physics Experiments 

Here we attempt  to  summarize in tabular  form  the  current  stat,us of B physics  and  the  goals 
for the  future.  The  table below summarizes  the B meson  count  starting  with  the  current  numbers 

accumulated at C E S R  and DORIS and  projecting  the  numbers  expected  through  the mid-‘gO’s 
at C E S R  and DORIS with guesses for LEP and SLC. We also  include  a  B-Factory  entry 
without  prejudging  what  kind of machine  it will be.  A  B-Factory  is  assumed  to  be a machine 
designed to  have sufficient luminosity  to  observe C P  violation in the  context of the  standard 
model. 
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Estimates of B Yields  from  Current  and  Future e+e- Accelerators 

Accelerator 

CESR 

DORIS 

LEP 

SLC 

B-Factory 

Present, 1989 I Early 1990’s 

0.7 x lo6 106-107 

0.3  x lo6 x 106 ? 

> 105 ? - 

> lo6 - 

- - 

- 

- 

LHC era ? 

The  next  table  includes  most of the  important B physics  topics  with a summary of current 
numbers  and  with  estimates of needed improvements in the  measurements. Brief comments  are 
made  to  indicate  where,  for  example,  high  momentum B’s with  separated  vertices would be 

essential for a certain  measurement. 



B Physics  Topics-Present Status  and  Future  Goals 

Topic 

:P violation 

llectroweak Parameters: 
AFB 

Br(Zo -+ b6) 

CM Parameters: 
K d :  BdBd mixing 
K,: B,B, mixing 

vub:  

End-point of pi 
B, -+ ptu 
B, -+ rv 

B -+ F P 4 . )  
V c b :  

Bd -+ D ' b  
Bd -+ D*'& 

+Spectroscopy: 
Exclusive Final  States 
MB,  - M B I  (MeV) 

R =  Bm 
Separate T B , , ~  (10-'2s) 

B, 

b-baryons 
BC 

Rare B decays: 
b -+ ST, sg 

See Ref. 23. 

Present 

Status 

Not seen 

l+$ - 0.1 f 0.03t I" I - 
Not  seen 
Not  seen 
Br < 

Account  for x 20% 
AM = 0.4 0.6 

R = 1.0 f 0.4 

TB = 1.15 f 0.14 
- 

Preliminary  CLEO  result. See Ref.  4. 

Goal 

Meas. ACP 

AFB to f 0 . 0 3  

Br to  fO.O1 

Pd to   f0 .02t  
E ,  to f 1 5 %  

Meas. Br 
Meas. Br 
Meas. Br 

> 50%t 
AM to  *O.lt 

R to  f O . l  

TB,, T B ~  to   f0 .05  

Meas. m, TB, ,  
and  Br's 

Meas. m's & Br's 
Meas. m 

Minimum 

Requirements 

5 x 1 0 4 2 0  

10420 
with P ( e - )  = 45% 

106Zo if z, < 5; 
2' polarization  helps 

5 x 1 0 5 ~ ~  
107 B, 

High p~ or 107Bd 
High p g  or 107Bd 

Beam  constrained fit 
Beam  constrained fit 

Preferable  at T(4S) 

High P B  

Secondary B vertex  helps: 

High  energy and 1O6Z0 
High  energy and  107Z0 

T(5S) possibile 



5. Summary  and Conclusions on B Physics from 2 Decays 

2’ decays  into bb jets is  seen to  be a fruitful process for studying a variety of B physics 
topics.  Many of the key features of both  the charged  and  the  neutral  current  predictions of the 
standard  model  may  be  tested.  Deviations  from  these  predictions  can  be  interpreted as signatures 
of “new  physics”  which may  be  the  only  probe of certain  high  mass  states  prior  to  their  act.ual 
discovery with  higher  energy  colliders. 

A good  case can  be  made  that  the  best process for studying B physics  is  from 2 decays 
produced  in e + e -  interactions.  The cross  section for bb production at the 2’ pole is about,  a 
factor of five times  the  value  at  the T(4S). The chief disadvantage  relative  to B’s produced  near 
threshold energy-at the T 4s or 5s resonances-is the  reduced  mass  resolution. Near threshold, 
the  beam  energy  constraint is extremely  important for isolating  most of the final  states  and 
determining  the  relative  branching  ratios. However, for many  other  studies,  the  ability  to  isolate 
decay  vertices will be crucial-and the  higher  energy affords the  possibility of accessing  high mass 
b-quark states. Specific examples of such  physics studies  are  summarized  in  the  previous  chapter. 

The challenge for SLD and SLC will be to fully  utilize the two important  features  where 
it  has  an  advantage over LEP:  electron  beam  polarization  and  high  precision  vertex  detection. 
Naturally,  overwhelming  statistics  coupled  with  future  detector  improvements  (and/or  improve- 
ments  in  specific data analysis  procedures) at  LEP could  outweigh  the  special  advantages of 
SLDISLC. Indeed, if LEP sustains  an  instantaneous  luminosity of the  order of 1032cm-2sec-1 , 
and  with  the  factor of  five improvement  in bb cross section  over  the T(4S), it could  serve as a B 
factory  that could  challenge the  utility of some of the  proposed  dedicated B factories. 

We  conclude  from our preliminary  simulations of SLD data  that  the  potential  exists for 
timely  studies  based  on  the  special  advantages of SLDISLC. An important  part of our con- 
clusions  is that B physics with SLD will require at  least lo5 BB pairs for the  most  significant 
work. 
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C P  Violation at the Z"* 

S .  Manly 
) a l e  Univers i ty ,   New  Haven ,   Connect icu t ,  06511 

Abstract 

The prospect of observing CP violation in the decay of the Z" boson at SLC and 
LEP is briefly  reviewed. Particular  attention is given to pointing o u t  ways i l l  w h i c h  
the SLD detector at SLC can contribute to studies of CP violation. 

I INTRODUCTION 

CP violation  was  found at the level in  the K" system  in 1963 [l].  In the  last 25 years 
much  progress  has  been  made  toward  developing  an  understanding of this  phenomenon, 
both  theoretically  and  experimentally.  However, CP violation  is  still  not  fully  understood. 
This  year, SLC and LEP have  started  producing 2" bosons  in a clean  environment.  It 
is  appropriate  to review the  subject of CP violation  and  discuss  the  potential  impact of 
measurements that can  be  made at these  two new accelerators. 

This work  was  undertaken  as  part of a larger effort to  identify  those  areas of physics 
that are  particularly  well-suited  to  be  investigated by SLD. So, throughout  this  paper 
special  mention  is  made of ways that SLD might contribute  toward  an  understanding of  
the  physics of CP violation.  Potential  contributions of SLD are  contrasted  to  potential 
contributions of other  detectors  where  appropriate. 

In  Section 11, some  standard  model  phenomenology  concerning CP violation is re- 
viewed.  Also, the  expectation that CP violation  is  most  easily  observable  in  the B meson 
system  is  discussed.  Section I11 describes  the  various  types of CP violation that might 
be  observed at the Z". In  Section IV, estimates of the  sa.mple size necessary to  observe 
CP violation in Z" decays  are  given.  In  Section IT, the  search  for CP violation  in Z' 
decays  is briefly compared  to  other  experimental  techniques.  Finally,  the  conclusions of  
this review are  presented  in  Section VI. 

*Presented at the SLD Kirkwood Physics  Meeting in  Kirkwood, California, J u l y  31-August 4 ,  1980 
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I1 PHENOMENOLOGY 

CP violation  can  be  understood  in  terms of the  standard  model ( s U ( 2 ) ~  X U( l ) , - )  of the 
electroweak  interaction  with  three or more  generations. For three  generations  there a.re 
three weak isospin  doublets of quarks, 

u, c,  and  t  are  mass  eigenstates. d’, s’, and b’ are weak interaction  eigenstates  that, 
transform  to  the  corresponding  mass  eigenstates  d, s, and  b  via  the 3 x 3 unitary K-hl 
(Kobayashi-Maskawa) matrix [2] 

This  matrix is completely  determined by three  mixing  angles  and a complex  phase. A non- 
zero  value of the  complex  phase  in  the K-M matrix gives rise to  CP violation.  This will be 
covered  in  more  detail  in  Section 111. There  are  many  possible choices  for parameterizing 
this  matrix  that  do  not  change  the physics  content. A short review of the different 
parameterizations  in  use  in  the  literature is given in reference (31. 

The  three  angles  and  phase of the K-RI matrix  must  be  experimentally  determind 
since  they  are  free  parameters of the  standard  model.  Presently,  they  are  constrained by 
measurements of the values of the  nine  elements of the K-hl matrix  and the  need to satisfy 
unitarity [3]. Accurate  measurements of the various K-M matrix  elements  are  critical  to 
studies of CP violation.  Such  measurements  test  and refine the  three  generation  standard 
model,  which  is  generally  assumed  in  predicting  the size of CP violating effects. 

In  the  standard  model, CP violation  and flavor mixing  are  expected  to  occur in all 
the  heavy  quark  systems.  These  phenomena  have  been  extensively  studied  in  the kaon 
system [4]. It  is  hoped  that  their  observat,ion  in  an  analogous  system will help resolve 
many of the  remaining  questions. 

In  general,  the  hadrons  containing  b  quarks  are  thought  to  hold  the  most  promise  to 
exhibit  observable CP violation  in  their  decays.  This is due to several (not completely 
independent)  reasons.  First, CP violation  can  only  occur  in a process that involves more 
than  three K-M elements,  no  three of which are chosen  from  the  same row or column 151. 
This is necessary to bring  out a relative CP violating  phase  in  the  decay  amplitude  that 
cannot  be  rotated away. B meson  decays  start  in  the  third  generation  and work down, 
easily  bringing  in  matrix  elements  from  all over the K-hil matrix. Also, B deca.ys are  



necessarily K-M suppressed  to  first  order.  This  enhances  the  relative  abundance of rare 
decays  (which  might  exhibit CP violation).  In  addition,  there  is a much  richer  spectrum 
of states  in which a B meson  can  decay  relative to a D or K meson.  This weakens 
constraints  due  to CPT which  is  generally thought  to hold  even  in CP violating  decays. 
Finally,  flavor  mixing is required to  bring  about  many  types of CP violation. The degree 
of mixing is  thought  to be  larger  in the Bo-Bo systems  than  in  the Do-Do system [ 5 ] .  

There  are  several  reasons  to  be  optimistic  about  the  eventual  observation of CP  
violation  in  the B meson  systems.  The B lifetime  is  long  enough ( h l O - l 2  seconds)  to be 
observable  using  current  vertex  detector  technology. A large  value for Bi-B: mixing  has 
been  observed 161. Finally,  a  recent  measurement of E'/€ in  the kaon system is consistent 
with  the  standard  model [ 7 ] .  

I11 TYPES OF CP VIOLATION 

CP violation  in the B meson  system  potentially  can  occur  in  many  different  ways. It 
can  occur in either  in  the  decay  amplitudes or because  the  mass  eigenstates  are  not  CP 
eigenstates or both.  Some  possibilities  involve  mixing,  some  do  not. In some cases the 
time  integrated CP asymmetry  is  small  relative  to  the  time  dependent  asymmetry. In 
other cases  this  is  not  true. For clarity  the  different  possibilities  are  broken down into 
four classes  in  this  review. 

Class I - Mixing  where  the mass eigenstates are  not CP eigenstates. 
Assuming CPT, the B meson  states  with  definite  mass  (ml  and  m2)  and  width (I', and 
I',) can  be  written  as  linear  combinations of the  strong  interaction  eigenstates [8] 

I BI( t )  >= P 

I B20)  >= P I 
p  and  q  are defined  by 

where eB is the  degree of CP violation.  After  eliminating  the weak interaction  eigenstates 
from the  above  equations,  the  time  evolution of the  strong  interaction  eigensta.tes  can he 
written  as 

rt  Amt q Smt - 1 B ( t )  >= e 2 [cos - 1 B(0) > Si- sin - 1 B(0) >] _ -  
2 P 2 



and 
-- rt p Amt  Amt I B(t) >= e 2 [i-- sin -- I B(0) > +cos ~ - -  I B(0) >I, 

9 2 2 
where 

m1+ m2 
2 

m =  , I?= rl - r2 ,  and A m = m l   - m 2 .  

From these  expressions we get 

Prob[B(O) + B(t)]  = 
2 

and 

Prob[B(O) -+ B(t)] = 
2 

If I p / g  I # 1,  then  the  system  violates CP. The CP asymmetry  is  given by 

Prob[B(O) -+ B(t)] - Prob[B(O) -+ B(t)] I p l 4  - 1 q l 4  
Prob[B(O) -+ B(t)] + Prob[B(O) + B(2)] I p l 4  + I q l 4  - - 

An experimental  example of such  an  asymmetry is the  charge  asymmetry  in  same  sign 
dilepton  production given by 

This  asymmetry  is  no  larger  than lo-' in  the K-M ansatz  [9]. 

Class I1 - Mixing  with  interference  to  non-flavor-specific Anal states. Be- 
cause  the  final  state, f ,  is  non-flavor-specific  (;.e., both B-f and -+f can  occur), mixing 
provides  two  separate  paths  to f. 

Amplitudes  for  these  decay  chains  can  interfere  causing  an  asymmetry  between r(B -+ f )  
and r(B -+ f ) .  

Suppose f is a CP eigenstate  such  as $ K ,  or $rt7r-. Then (91 

l?[Bo(go) --+ f ]  - e-"[l zk sin( Amt)Im( P - p ) ] ,  
9 

c .  



where p is the  ratio of the  amplitudes for B-tf and B-tf. The CP asymmetry is given by 

Since f is a CP eigenstate,  the  ha.dron  dynamics  tends  to ca.nce1 out of p.  This  means  the 
CP asymmetry is relatively  easy to  calculate in the  standard  model. It is estimated  to 
range  from 10% to 60% depending  on  the  final  state. 

If f is not a CP eigenstate  things  get a little  more  complicated.  In  this  case,  the 
interference  between B-1 f and B-t f can  be of opposite  sign  to  that for B-t f a.nd 
€3-1 B-1 f .  The CP asymmetry  takes  the  form 
- 

A physical  example of this  process is BZ(B:)+ D-lrt, D t x - ,  shown  in  Figure 1. In  this 

interference 
\ 

7 
CP asymmetry 1 

interference 
H 

Figure 1: A possible  example of a Class I1 CP asymmetry  where f is not a CP pigenstate. 

case  the  ratio of the decay  amplitudes [ lo] ,  

B - f  
P=B - 1 f '  



depends  on  hadron  dynamics.  Thus,  the  theoretical  expectation for the size of the  CP 
asymmetry  is  uncertain. 

Class I11 - Interference  in  decays to flavor-specific final states. In  processes 
where  two  diagrams  contribute  to  the  same  final  state,  interference  terms  can  arise  that, 
contribute  oppositely  for r(B 4 f )  and r(B -+ f). Figure 2 shows  several  examples of 
this  type of CP violation.  It is important to note  that  mixing is not  necessary for CP 
violation to occur  in  this wag. It  can  happen for charged  mesons as well as  neutral  ones. 
This class of CP asymmetries  are  thought  to  be  fairly  large  (-10%);  but  the  theoretical 
estimates  are  uncertain [9]. 

- 

Class IV - Time  dependent CP violation. Up  to  this  point, all the CP asym- 
metries  discussed  in  this review are  time-integrated  asymmetries. However many of the 
asymmetries  that involve mixing  have  a  time  dependence that  can  be  quite  striking [ l l ] ,  
[12]. As an  example,  recall  that  in  Class I1 CP violation  where f is a CP eigenstate, 

r[B"(B") -+ f] -- eCrt[l * sin(Amt)Im(-p)]. P 
Q 

Figure 3, taken  from  reference  [12],  shows  the  time-dependent  asymmetry for the  process 
B:(Bi) 4 + K d .  The solid line  represents  what  happens  when  the  initial  state is a BZ, 
while the  dashed  line  represents  what  occurs if the  initial  state is a Bi. A m / r  is 0.78 in 
this  example.  Another  even  more  dramatic  example is given in  Figure 4 taken  from  the 
sa.me  reference.  Here  the solid  lines represent  an  initial  state BZ decaying  into p K ,  and 
the  dashed  lines show what  happens  when  an initia.1 B: goes into  the  same final state. 
The  three figures differ only  by the value of A m / r   t h a t  was used for the  calculation.  In 
Figure  4a,  Am/I'=l, while in  figures  4b  and  4c, Am/r=5  and  15,  respectively.  Looking 
at figures  4b  and  4c, i t  is  easy to  imagine  the  time-integrated CP viola.tion  asymmetry 
washing  out  completely.  Since  the  values of Am/r used in  these  plots  are  quite  plausible, 
it  is  conceivable that  that   the only way CP violation  could  ever  be  observed  in the B:-B: 
system  is  through  its  time  dependence. 

IV  EXPERIMENTAL ESTIMATES 

In  order  to  determine  the feasibility of studying CP violation at   the Z" i t  is necessary 
to  determine  the  amount of data  required to see an effect. To establish  an effect of s 
standard  deviations for an  asymmetry of the form 



interference of cascade  processes 

interference of quark  decay  and weak annihilation 

interference of penguin  and  spectator  decay 

Figure 2: Examples of decays to  a given flavor-specific  final state where  interferences  can 
give  rise to a CP asymmetry. 
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Figure 3: Time-dependent CP asymmetry in the B:(Bj) -+ $K8 system.  The solid line 
is for an  initial Bi .  The  dashed  line is for an  initial Bi. 
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Figure 4: Time-dependent CP violation  in  the BZ(BZ) 4 $ p  system.  The solid  line  is for 
an  initial B:. The  dashed  line  is for an  initial E:. 



requires  a  sample of size 
2 

N = (:) . 

To  get a realistic  estimate  for a given physical  process, efficiencies and  branching  ratios 
must  be  folded  in.  Thus  the  number of BB events  required  is given  by [9] 

where k is 1 or 1 /2  depending  on  whether or not  opposite  side  tagging is required, t tag is 
the  tagging efficiency, if required, BR(B+f) is  the  branching  ratio of the B meson  into 
the CP violating deca.y mode, f ,  BR(f+ x-,,) is the  branching  ratio for f into final state 
particles  that  can  be  detected,  and F(B)  is  the  fraction of events  produced  containing 
the B meson  species of interest. 

Table 1 gives predicted  numbers of BB events  required to give a three  standard  de- 
viation effect at   the SSC for a given  mode of CP violation.  This  table was taken from 
reference [9] with only small  changes. The most  notable  thing  about  this  table is the 
shear  magnitude of the  estimated  numbers of events  required to  see a CP violating effect. 
A t  least lo7 events BB are needed to see an effect in  any given mode. This is driven by 
the  fact  that when the CP asymmetry  is  large,  the  branching  ratio  is  small  and  when  the 
branching  ratio  is  large,  the CP asymmetry is small.  This  ‘conspiracy of nature’  occurs 
because a large CP asymmetry  requires  the  involvement of all three  generations  in  the 
amplitude,  thus  bringing  in  small K-M matrix  elements.  This,  in  turn,  leads to a small 
branching  ratio. 

The following is a  list  some of the  assumptions  used  in  constructing  Table 1 as well 
as a few points  relevant to  SLD: 

0 The list of modes  in  this  table is not  exhaustive. A creative  graduate  student  might 
find a better may to  look  for CP violation. 

0 Many of the  branching  ratios  listed  in  the  third  column  are  theoretical  estimates. 
They  have  not  been  measured  yet. 

0 The  estimates  do  not  take  into  account  detection efficiencies except  for which 
is the efficiency for tagging  the  accompanying B meson. This is not relevant for 
Class I11 where the decays  are  self-tagging.  Background effects are  also  not  taken 
into  account. 

0 The  magnitude of the CP asymmetries  are  estimates.  Many  are  uncertain even if 
the  assumed  standard  model of CP violation  is  correct. The  predictions rely on 



Class 

I.  Mixing  with  Mass 
Eigenstates  Not  CP 
Eigenstates 

11. Mixing  with  Inter- 
ference  in  Decays  to  Non- 
Flavor  Specific  States 

f = cp  eigenstate 

f # cp  eigenstate 

HI.  Interference  in 
Decays  to  Flavor-Specific 
Final  States 

cascade  decays 

spectator us 
annihilation 

spectator us 
penguin 

Modes I Branching  Ratio 

1- 
B -+ * K g  

B -+ DDK, 
2 X 10-3 B -+ $K,X 
5 X 10-4 

5  x B -+ rtr- 
5 X 10-3 

B -+ D'+ D-,D+D-,D*D' 3 ~ 1 0 - 3  
I 

6 x 
6 x lo-' 
3 X 10-4 

B -  -+ D'K- + X 10-6 
L K , + Y  

B -  -+ D'OD- 3 X 10-3 

I 

~-____ 

Asymmetry 

10-3 
10-4 

0.05-0.3 
0.05-0.3 
0.05-0.3 
0.05-0.5 

0.05-0.03 

0.001 
0.01 
0.5? 

0.1? 

0.01 

0.1 
0.1 

# BB Events 
Required 

6 x l o 9  
2 x 10'2 

(1-34) X 10' 
(2-85) x 107 
(3-100) x l o 7  
(0.3-32) x l o *  
(0.7-26) x l o 8  

2 X 109 

1 x 108 
1 x 108 

Table 1: Predicted  numbers of BB events required to see CP violation. 



knowing the  magnitude of the various K-M matrix  elements,  the  mass of the  top 
quark,  and  something  about  hadron  dynamics  in  decays  that  have  not yet  been 
observed. A change  in  the  asymmetry  estimate  can  have a. large effect because  the 
number of required  events goes as the inverse  square of the  asymmetry. 

0 F(B) was taken  to  be 0.38 for B i  and B+ and 0.15 for BZ. 

One way to  reduce  the  number of events  required to  see a CP violating effect is to 
sum over many  different  decay  channels or look at  inclusive  decays.  This  must  be 
done  with  care.  The  sign of the CP asymmetry  can  vary  in  different  decay  modes, 
washing  out  the  overall  asymmetry. For example,  one  might  be  tempted  to look a.t 
the  inclusive  decay B(B)--+ $X [13]. One  problem  with  this  search  strategy is that 

Asym(B -+ $ K S )  = -Asym(B --+ $ K L ) ,  

giving 
Asym(B + 11, + X") - 0. 

0 These  estimates  are for complicated SSC events.  The  calculations  assumed D and 
D, detection  in  all  charged  particle  modes.  The  events will be  considerably  cleaner 
in SLD at the Z". With  good  vertex  detection,  one  might  imagine  using  D  tagging 
in  modes  that  contain  neutral  particles as well. 

0 There could  be  surprises.  The  estimates  are  based  on  the  three  generation  standard 
model.  Models  containing  a  fourth  generation of quarks,  supersymmetric  models, 
theories  with  multiple  Higgs,  and  left-right  symmetric  models all predict  some effect 
on CP violation [14]. It is  also  possible that  there is some  surprise  that even the 
theorists  have  not  foreseen! 

0 Classes I and I1 require  tagging  the B meson  on the  other side of the event to 
determine if the B of interest  is a B or a E. For the  listed  estimates,  the  tag of 
choice  was the semileptonic  decay B ---t D + 1 + X, where 1 is an  electron or muon. 
The  tagging efficiency used was BR(B+ D 1 X). BR(D+ all  charged  particles) - (0.2).(0.2) - 0.04. This is considerably  smaller  than  the  comparable  tagging 
efficiency that  might  be  expected  at SLD. To get some  idea of how SLD might  do, 
it is more  appropriate  to look in  reference [15]. Aleksan e t  al. have  done a careful 
study of the possibility of observing CP violation  in  the J/$+K system using a 
detector  with  good  vertexing  and  particle ID at  an  asymmetric e t e -  collider. Thry  
combine  lepton  tagging  with  charged kaon tagging  to get a. tagging efficiency o f  
48%. This is an  order of magnitude  better t h a n  the efficiency used in the SSC 
study. So, the estimates  listed  in  Table 1 for  Classes I and I1 are  a  factor of 10 too  
high for SLD. 



0 Polarized  beams  can  also  help by reducing  the  need for tagging [16]. Atwood e t  al. 
estimate  this  can  reduce  the  number of events  necessary to  establish CP violation 
in  Classes I and I1 by an  order of magnitude.  One  can  ima.gine  using  tagging  when 
available  and  information  from  polarized  beams  when  tagging  is  not  possible  to 
gain  the  largest  usable  sample. 

V POSSIBILITIES 

There  are a number of different  techniques  being  considered to  look  for CP violation  in 
the B system.  It is important  to briefly  review and  contrast  these  different  methods i n  
order  to fully grasp  the  potential of searching for CP violation  in e+e- collisions at  the 
Z". This  discussion  concentrates  on  methods  involving e + e -  collisions. The  immediate 
future for. studying high  statistics B physics  in fixed target  experiments [I73 or in ep [ I  81 
or pp  [19] collisions is  not  good;  although  this  may  not  always  be  the  case. Six different 
techniques for looking for CP violation  in e+e -  collisions  were considered  in a careful 
study  at  Snowmass '88 [20]. Brief descriptions of each of the  methods  along  with some 
of their  advantages  and  disadvantages  are  listed below: 

0 Symmetric ese-  collisions at  the T(4s) .  This is the  simplest  case.  The  ad- 
vantages  are  multiple.  The final state  consists of B:B: or B t  B, pairs  created at 
rest  in the  center-of-mass.  The  resonant  cross  section for b6  production is 3 to 4 
times  higher  than  in  the  surrounding  continuum. Also the  beam  energy  constraint 
is  useful  in  improving the  mass  resolution  and  reducing  backgrounds.  The  primary 
disadvantage of looking for CP violation  using  this  technique  is that  it  is  not pos- 
sible to  measure  the  time  development of the BB system. B and B mesons  are 
produced  as  coherent  pairs  at  the Y(4s). The  asymmetry varies  with the difference 
in  the  decay  time.  The  rate goes as 

R(BB + f) - e ~ ' ( ~ - ~ ) [ l  f s inzr ( t  - X)]. 
Since the CP asymmetry  is  odd in (t-t)  it  integrates  to  zero if no  time  information 
is  used.  Also, the fact that  the B's are  produced  at  rest  increases  the  combinatoric 
background. 

It should  be  noted  that  even  without  time  information,  this  technique  can  be used 
to  look for CP violation  in  dileptons  and  in  charged B decays.  In the case of t,he 
dileptons,  the CP violation  occurs  in  the  mass  matrix  and  is  time  independent. 
However, the  a.symmetry is expected  to  be  small. For the  charged B's there is no 
mixing  involved.  Therefore  there  is  no  time  dependence.  The  asymmetry can he 
large  but  the  calculations  are  uncertain. 



0 Asymmetric e+e- collisions at the Y(4s). Colliding  beams of unequal  energies 
at  the T(4s) is a technique  that  creates a BB system  with a moving  center-of-mass 
in  the  laboratory.  The  moving  center-of-mass allows the  time  development of the 
system  to  be  measured  while  retaining  the  advantages of running  on  the Y(4s). 
The  primary  disadvantage of this  method  is  the  potential difficulty in  building  the 
accelerator  and  detector [ Z l ] .  

0 Symmetric e+e- collisions  above  the Y(4s). In  this  method  the  center-of-mass 
energy is above that for B:'Bl and below that for B:"E*. In  this  case,  the  time- 
integrated  asymmetry is nonzero.  Thus,  it  is  possible  to  use  this  method  to  study 
CP violation  using  neutral  B's.  The  disadvantage  with  this  method  is  that  the bb 
production  cross  section  is  down by a  large  factor  from  that  at  the Y(4s).  

0 Symmetric ese- collisions  in  the  continuum. At higher  center-of-mass e n -  
ergies  (20-30  GeV) the B's have  a sufficient  velocity  for the  time  development o f  
the  asymmetry  to  be  measured. However  all of the  advantages of running on the 
Y(4s) are  lost.  Other  disadvantages  are  that  the  production  cross  section falls as 
E-2 and  the final state is more  complicated.  Also,  there is enough  energy  to  crea.te 
many  different  species of B mesons  and  baryons as well as to  create  other  particles 
coming  from the  primary  vertex. 

0 Z" decay  without  polarization. At the Z'resonance the  production cross  sec- 
tion for bb  pairs is 5 times  that  at  the Y(4s). In  addition,  the  large  transverse 
momentum of the B mesons  helps  in  reconstruction  because the B's travel  further 
in  the  laboratory  and  the  multiple  scattering is decreased for the B decay  products. 
In  this  case,  as  in  continuum  production,  there is a mix of b-containing  ha.drons 
created.  This is a disadvantage  in  that  there is increased difficulty in  tagging each 
species. However it  is a distinct  advantage over production  at  the Y(4s) if one 
wants  to  study  the  heavier  hadrons, i.e., the BY. The high  multiplicity of the  events 
is a potential difficulty.  However the use of a 3-dimensional  vertex  detector (like 
that  in SLD) should effectively eliminate  this  problem. 

0 Z" decay  with  polarization. As mentioned  in  Section  IV,  longitudinal  electron 
polarization  leads  to a large  forward-backward  asymmetry for the  b  and  b  created 
in a Z" decay. This  can  be  used effectively  for B tagging,  reducing  the  required 
sample  size for a CP violation  measurement. 

In  the  Snowmass '88 report [20], the  relative difficulty of searching for CP violation 
in a specific B decay  mode (B-t $KY) was  evaluated  using  each of the  methods  listed 
above. The conclusions of the Snowmass  study  are  presented  in  Table 2, which is  taken 



I 

Factor/Case 
Asymmetric Symmetric 

~ ~~~ 

T(4S) 6 = 16 GeV f(4S)+ 

b6 cross section, o (nb) 

0.35 0.34 0.43 Fraction of Bo, jo 

0.1 1 0.3 1.2 

$K, reconstruction efficiency, c, I 0.61 I 0.61 I 0.61 

Tag efficiency, c( 0.30 0.48 0.48 

(and method) ( I?  D) ( t?  K )  ( t ,  K )  
0.08 0.08  0.08 

Wrong tag fraction, w 

Asymmetry dilution, d 1 0.61 1 0.63 I 0.45 

I t d t  needed for 30 

effect ( 1 0 ' ~  cm-2) 

18-640 2.1-77 0.45-16 

1 .o 40 4 .7  
Relative I t d l  needed 

- 
Z 

P = 0.9 P=O 
Z 

(T'  = 0.45) 

6.3 

0.61 0.18 

0.46 0.46 

0.3.5 0.35 

6.3 

D) (Are )  
0.08 

(0.27) 

0.1 25 

0.45 0.6 1 

0.68-25 0.14-5.0 

(0.37-13) 

1.5 0.3 

(Q.8) 

'peak luminosity needed in units of cm-2 sec-' for lo' seconds of fully efficient running at peak luminosity. 

Table 2: Comparison of B-factory  techniques. 



directly  from  their  report.  The  main  result of their  investiga.tion is shown  in  the last 
line of the  table.  This  line gives the relative  integrated  luminosity  needed  to  observe a 
CP violating effect. Note that  the  technique of e+e- collisions at   the Z" with  a  large 
polarization  requires  the  smallest  integrated  luminosity by a factor of 3. 

VI CONCLUSIONS 

The  standard  model of CP violation  predicts that  CP violation  occurs  in all of the 
heavy  quark  systems that  can  be  observed in Z" decays. It is thought to he  most easily 
observable  in B mesons.  Estimates of the size of CP violating effects are  dependent 
on  knowledge of the  mass of the  top  quark,  the  magnitude of the various K-M ma.trix 
elements,  and  the size of the different B meson  branching  ratios. It is estimatcd t h a t  
it will take  a  sample of at  least, 106-107 BB pairs  to  observe  a  statistically  significant 
effect. The  shear size of this  number  makes i t  unlikely that CP violation in the B's will 
be  observed at  SLC or LEP in  the  near  future.  It is also doubtful  that  any  other  current 
generation  accelerator/detector  can  observe  such  an effect. 

The  most powerful  method to  look  for CP violation  in  the B system is to  use  polarized 
e t e -  collisions at  the Z". The  advantages of running  at  the Z" with  polarization  coupled 
with  the  good  vertex  detection  and  particle ID of SLD would make SLD/SLC the  ideal 
place  for  observing CP violation if SLC could  provide sufficient luminosity. 

In  the  near  future,  it is important  to  make careful  measurements of the  magnitudes of 
BZ and BZ mixing, B branching  ratios,  and K-M matrix  elements.  Such  measurements will 
help  refine CP violation  estimates  and  detection  strategies.  With  good  vertex  detection, 
particle ID, and  polarized  beams, SLD will be  able  to  make a significant  contribution 
to  this  database.  In  addition,  these  same  characteristics  put SLD in a good  position to 
look  for surprises. SLD should  take  advantage of this.  After  all,  surprises  do  happen in 
physics . CP violation  was  discovered! 
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Abstract 

This  paper  presents  a brief overview of the concept of Supersymmetry  and  its  experimental 
implications that  are relevant to  the physics  regime of the SLD. 



Introduction 

The principle of supersymmetry (SUSY) holds that the  spectra of fundamental scalars 

and fermions are  related  by a discrete  symmetry. SUSY is  attractive  because it offers solu- 

tions to some bothersome  problems common to  the  Standard Model and  many  other  theories: 

0 the hierarchy  problem, or why should  scalars be  as  light  as  they  must  be  in  order  to 

avoid strong self-coupling: scalar masses are  related  to fermion  masses  by the SUSY 
symmetry,  and fermion masses are  small  due  to  chiral  symmetry. 

0 the  naturalness  problem, or how to avoid quadratic divergence of the scalar  masses: 

scalar  loops  enter  with  the  opposite sign from  fermion  loops in  radiative  corrections,  and 

SUSY guarantees  the loop contributions come in  pairs tc cancel  one another. 

0 unification: SUSY offers a means to  incorporate  gravity  into  particle physics. 

SUSY has  been the  subject of - 104 publications; for reviews see references [l-31 and  the 

references therein.  The  purpose of the present  paper  is to briefly review the low energy 

phenomenology that is  relevant to  the physics  regime in w5ich the SLD will operate. To 
that  end,  signatures  and  rates for the  production of SUSY particles,  current  limits  on SUSY 

particle  masses,  and SLD’s advantages  in searching for SUSY particles  are discussed below. 

SUSY comes in  many guises. The  number of SUSY generators  can vary, as  can  the 

method by which SUSY is  broken to reach the present  energy  scale.  There  can  be mixing 

among  various SUSY particles. The present  discussion will be  restricted  to considering N = 1 

SUSY (a single generator)  with  the  minimal low energy  phenomenology. Polarization will 

not  be  considered;  see  reference [3], Appendix F for a discussion. 

The SUSY Particle Spectrum 

For each  familiar spin-l/2 fermion, SUSY provides a spin-0  boson partner. For each 

helicity state of the fermion there  corresponds a scalar  particle, so there  are  equal  numbers 

of fermionic  and bosonic states.  The  scalars  are  labeled  with a tilde  to  denote  their SUSYness 

and a subscript to denote  the  fermion helicity state with which they  are  associated.  The 

scalar  name  is  the fermion name preceeded with  an ess. 

The gauge  bosons give rise to  spin-l/2  partners, which are  denoted  by a SUSY tilde over 

the  usual  symbol  and for which.the  name  is  formed  by  adding “ino” to  the familiar  name. 

This  nomenclature itself  is  refered to  as a “slanguage” (M. Gell Mann) or a “languino” (S. 
Weinberg). 



The Higgs particles of the  Standard Model  have  SUSY partners  too. A special  feature of 

SUSY is that at  least  two complex  scalar  doublets are  required for the Higgs mechanism to 

give masses to  both  up-type  and  down-type  particles.  The  minimal SUSY Higgs sector  after 

symmetry  breaking  then  includes  two  charged higgs scalars  and  three  neutral higgs scalars, 

and  the higgsino  spin-1/2 partners of each. 

Rates and Signatures 

Manifestly,  SUSY  is a broken  symmetry.  In the unbroken  symmetry  the  sparticle masses 

are  equal to the  particle masses, and we do  not  observe  scalar  electrons  or spin-1/2  photons  in 

our  experiments. How much we don’t see them will be discussed below. However, the discrete 

nature of the SUSY symmetry  means  that even in  the broken symmetry  the  sparticles  retain 

their  quantum  numbers.  Thus  the couplings of SUSY  particles  are  completely specified 

(modulo  mixing,  which we are ignoring here). For example,  the  ratio of branching  fractions 

for Zo decays to sleptons  compared to  leptons  is given by 

where it is  assumed that  the left and  right SUSY particles  are  degenerate  in  mass.  The 

factor of 1/2 is  related  to  the  angular  distribution du/dfl- sin’(8). The p9 term  is  the  usual 

phase-space  term for the  production of scalars; it is  plotted  in figure 1 versus  the  ratio of 

the  slepton mass to  the 2 0  mass. It is clear from these  general  considerations that SUSY 

particles  can be produced  in ZO decays rather copiously for masses up to of order 80% of the 

beam energy. 

Conservation of angular  momentum,  baryon  number,  and  lepton  numbers gives rise to 

a multiplicatively  conserved  quantity  in the  production  and decay of SUSY particles.  This 

quantity, called “R-parity”, is expressed for a given particle  as R = There  are 

two important consequences of the conservation of R-parity: 

o sparticles are  produced  in  pairs; 

o the  lightest SUSY paticle, called the LSP, is  stable. 

We know from experimental  constraints  that  the  LSP  is  electrically  and color neutral,  and so 

a  massive  LSP will interact only weakly with  matter. SUSY  particles  produced  in a collision 

or a decay will rapidly  undergo a decay  cascade to regular  particles  and  the LSP. The 

LSP will carry away energy  from the  detecting  apparatus, giving the  characteristic “missing 



energy signature’’ for the  production  and decay of SUSY particles.  In a contribution  to  these 

proceedings, R. Dubois studies  the  exploitation of this missing  energy signature  in  the SLD 
to search for decays of the Zo to  sparticle  pairs. 

In the Higgs sector, SUSY predicts  that Zo decay to Higgs scalars is possible and  may 

be  kinematically allowed.[4] This decay, interesting  because it is  predicted  within  the SUSY 
framework but  lacks  the  characteristic missing energy  signature, is discussed in  these  pro- 

ceedings in  contributions  from s. Whitaker  and  from C. Baltay, s. Manly, and J.l Turk. 

The decay of the 2 0  to  sneutrino  pairs, Z -+ G ,  could  represent  a  contribution to  the 

invisible  decays of the 2 0 .  This decay  occurs  with a branchi-1.g fraction of 1/4  to  1/2 of the 

- 6%  branching  fraction  per  family for Z -+ VD, depending on the masses of the  sneutrinos. 

The  sneutrino, if not  the LSP itself,  is likely (but not  guaranteed  [5])  to  decay  to  neutrinos 

plus the LSP and  to  escape  detection.  It will be of considerable  interest to  push  the  limit 

on the  number of neutrino  generations  as close to  the  bound of 3 as  possible to  extend  the 

search for neutral  scalar  production  in ZO decays. 

Present Limits on Masses of SUSY Particles 

There  is  no  experimental  evidence for SUSY particles.  From  the  non-observation of their 

production  in  electron-positron  annihilation,  mass  limits for the smuon  and  the  stau  are  near 

the available beam  energy; the  limits  are  presently - 20 GeV and  should  increase soon as 

TRISTAN  limits  are  reported. Higher limits  can  be placed on the masses by considering 

more  complex  production  processes; however, the  limits  are  usually  model  dependent  and 

may  be  in  the  form of a bound  on some  combination of sparticle masses.  For example,  the 

ASP experiment  studied  the  radiative  production of photino  pairs,  mediated by selectron 

exchange. The  rate is  determined by the selectron  mass, which appears  in  the  propagator, 

and  by  the  photino  mass, which determines  the  find  state  phase space. The  results of that 

experiment,[6]  shown  in  figure 2, are  in  the  form of a bound  in  the  selectron-mass u s  photino- 

mass plane. If the  photino  mass  is  small,  the  selectron mass  is greater  than  about 60 GeV; 

for increasing  photino  mass the selectron  mass limit drops.  Similar results  are shown in  the 

figure for the  bounds  on  the wino and  the  sneutrino masses. 

SUSY particles  with color charge,  such  as  squarks  or gluinos, can be  produced  in  hadron- 

hadron collisions. The analysis  is  complicated by the difficulty of calculating  production 

cross-sections and  by the model  dependence of the decays. Rcsults  from  the UA1, UA2, and 

CDF(1987)  experiments give lower limits for squark  and  gluino masses in  the vicinity of 76 



to 107 GeV.[7] Higher limits from the  CDF should be  forthcoming  soon. 

For the higgsinos, the  photino,  and  the  sneutrinos,  the  best  limits available  come  from 

astrophysical  arguments. See reference [2] for a discussion. The higgsino and  photino masses 

are believed to  be  either  greater  than  about 2 GeV,  or, if they  are  stable, less than  about 

100 eV. Similarly, sneutrino masses should be  greater  than 10 MeV  or less than 100 eV. 

What Can the SLD Do? 

The mass  limits given above  do  not  rule  out SUSY. Rather,  they  are a sort of “lamp 

post”  result - we set  limits where we can,  but  not necessarily  where we expect  to find the 

SUSY  particles.  In  order to accomplish the desired  cancellations,  SUSY  particles  should 

have masses below the TeV  scale. There  is clearly  still  some  room for SUSY  particles  yet  to 

appear  within the reach of the SLD. 

The missing  energy  resolution of the SLD is  discussed in  the  contribution  to  these  pro- 

ceedings  from Richard Dubois. To  exhibit  the  strength of the SLD detector  in  this  respect, 

We have  done a study of the  importance of hadronic  calorimetry for the missing  energy res- 

olution of a Zo detector. Using the Lund  Monte  Carlo codes to  simulate  the  hadronic decays 

of the zO, we find that 22% of the events will contain at least  one  neutrino  in  the final state. 

For events  with at  least  one  neutrino,  the average total  energy  carried away by neutrinos 

is  8  GeV.  This  sets  the limit on  performance that could be expected  from  any  detector - 

but  note  that  in 78% of the decays of Zo to  quarks  there  are  no  neutrinos  in  the final state. 

However, neutrons  or K ~ ’ S  are  produced  more copiously; 89% of the events  have at least  one 

neutrino,  neutron, or K~ in  the final state,  and  the average neutral  energy  in  those  events is 

over 12 GeV. In  order  to  exploit  the missing  energy signature,  it  is  crucial for a detector to 

be  as  hermetic  as possible and  to able to observe neutrons  and KL’s .  

Some of the energy of neutrons  and K L ’ S  will be  deposited  in  the  electromagnetic 

calorimeter;  in  the SLD the EM calorimeter is 21 radiation  lengths  thick, or 69% of a hadronic 

interaction  length. To assess the value of the  hadronic  calorimeter, we analyzed  hadronic 

decays of the Zo both  including  and excluding the energy  deposited  in the  hadronic section 

of the calorimeter.  Figure 3 shows the difference of the missing  energy - what would be 

observed without  the  hadronic  calorimeter  minus  what would be  observed  with  the  hadronic 

calorimeter - on an event-by-event  basis.  Almost  80% of t h t  events  have a significantly  in- 

creased  missing energy. The average  increase  in  missing  energy  is  7  GeV,  and  there  is a long 

tail of events  out  past 30 GeV.  Clearly, the  hadronic  calorimeter  is  essential for acceptable 
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performance  in missing  energy  resolution. 

Conclusion 

Supersymmetry  remains  an  attractive  feature of particle  theories,  and  experimental  re- 

s u l t s  do not seriously restrict  the  range of the masses of SUSY particles.  There  is  still room 

for discovery of SUSY particles  in Zo decays, and  the SLD is  well-equipped for the  task.  The 

hadronic  calorimetry of the SLD proves to  be  particularly  important  in  the  characteristic 

missing energy  signature.  To  the  extent  that SUSY can  exemplify the  features of other new 

physics that might  arise  in Zo decays, our  studies  demonstrate  the  strength  and  the flexibility 

of the SLD. 
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Figure 3. Energy deposited in the SLD hadronic  calorimeter in hadronic Zo decays. 
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Abstract 

It is expected that SLD will be  able to set  limits on slepton  production  above 
about 45 GeV. Squarks  are more demanding of the  detector  capabilities,  but  similar 
limits  to  the  sleptons  should  be  obtained. 



1. O u t l i n e  

This  talk  describes  searches  performed  using  the SLD Fast  Monte Carlo 
(FASTMC) to  determine possible  limits that  SLD might  be  able  to  set  on  slepton 
and  squark  masses.  An  outline follows: 

1. SUSY properties 
2. Relevent  variables 
3. Backgrounds  and  Cuts 
4. Efficiencies and  Limits 
5 .  Conclusions 

2. SUSY Properties 

One of SUSY’s appealing  features is that  the  hypothesis of a symmetry  linking 
fermions  and  bosons  determines the couplings  and  properties  (except for mass!) of 
the sparticles. The  sleptons  and  squarks  are  scalars, so that  they  exhibit a sin28 
angular  distribution,  and a p3 suppression.  This  means  that  our  sensitivity  drops off 
as the  sparticle  mass  approaches  the  kinematical  limit,  just over 45 GeV. 

It is assumed  that  the  lightest  supersymmetric  particle (LSP) is the  photino (5) 
and,  to choose a mass, weighs in at 6.8 GeV in these  studies.  Sparticles  are  assumed 
to  decay  exclusively to their  particle  partners  and r. Such  decays  are  illustrated in 
Figure 1. 

Figure 1. Sample of Sparticle  Production.  The  diagram for the  production 
and  decay of smuons is  shown. The  smuons  are  produced in pairs  and  decay 
to muon  plus  photino. 

Limits  from  Tristan were presented at   the 1989 SLAC Summer  Institute  indicat- 
ing that slepton  and  squark  masses were above  about 25 GeV. For that reason,  this 
study  has  been  limited  to  looking at 40 GeV masses. For such  masses,  one  expects 
from 100-300 sparticles for 2.5 pb-’ or about lOOk 2 ” s .  Numerology will be discussed 
in more  detail  when  limits  are  presented. 



3. Relevent Variables 

Since the  photino behaves  like a massive  neut.rino,  characteristic  signatures of 
large  missing  energy  and p t  imbalance  result.  Additionally  one  can see that  the final 
state  particles  are  not collinear  nor  coplanar  (for  squarks,  one  could look at  the jet 
axes to  see this),  illustrated in Figure 2. Typical  examples of such  distributions  are 
shown in Figure 3. 

Figure 2. Event  Displays of Typical  Squarks  and  Smuons. The observed 
particles  are  very  acollinear  and  acoplanar  due to  the  photino. 

4. Backgrounds: Sleptons 

Backgrounds  are  quite  different for the  slepton as  opposed to  the  squark  channels. 
Sleptons  have  very  striking  signatures of large  momentum  lepton  pairs which are 
acoplanar  and  acollinear.  The  only  backgrounds  to  these  channels  are  radiative  pair 
production of their  particle  partners  and 7’s. 

Initial  cuts  are 
1. exactly  two  tracks  and  two  calorimeter  clusters, 
2. each  track is associated to  a calorimeter  cluster, 
3. combined  particle ID from the calorimeter  and CRID indicate good probability 

that the particles  are the right  sleptons  (checking that the  quality code is 4 or 
greater in PHPART; see G.Gladding,  Analysis & Techniques, 5/5/89) leading 
up  to  cuts on acollinearity  and  acoplanarity  and C p , .  Figure 4 shows plots 
of these  variables for the various background  processes,  and  indicates the  cuts 
used. 

Backgrounds of 7500 events in each  channel were generated:  MCBREh15 was 
used  for  s-channel  Bhabhas; MCLEPT was used for p’s and 7’s. After  these  cuts  (the 
most  effective of which was the acollinearity  cut in almost all cases),  no  background 
events  survived.  Two  thirds of the signal  events  passed. 

5. Backgrounds: Squarks 

Hadronic 2’ decays are  the  principal  background  to  this  search.  Though it  has 
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Figure 3. Various  Kinematic  Quantities. a) Smuon p t  imbalance.  b)  Smuon 
acollinearity.  c)  Smuon  acoplanarity.  d)  Squark pi imbalance  e)  Squark 
total  energy f )  Squark  sphericity. 

not  been  explicitly  studied, it is expected  that a minimum  multiplicity  and pi imbal- 
ance cut would  effectively eliminate  the y - y background. The  study  concentrated 
on  hadronic  decays as the  only  background. 

The large  mass of the  squarks  should  lead  to  large  sphericities in their  decays. 
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acoplanari  ty. 

The  signature for these  decays is expected to be  large  missing  energy,  large p t  imbal- 
ance  and  large  sphericity.  Examples of these  distributions for the background event.s 
are shown in Figure 5 .  Cut values are  indicated. 

Figure 5. Yquark Background  Dist,ributions. a) Z o  + All pi imbalance  b) 
Total  Energy  c)  Sphericity.  Note  the  semilog  scales. 

Initial  studies  found  that  there was a long tail in the  total  energy  distribution 
from the calorimeter.  This was traced  to  energy lost  in the vicinity of the  beam pipe: 
at this  stage of simulation in the FASTMC, the luminosity  monitors  had  not been 
taken in account.  It was found that  the tail could be  significantly  reduced by their 
inclusion, as shown  in Figure 6. Table 1 gives an  energy  audit of where  energy goes 
in the  simulation. It is  possible to  recover the  energy  within  about a GeV of the  total 
(neutrino  and  muon  energies were not  corrected for in this  test.).  It is worth  noting 
that the  simulation  still  does  not  include  intermodule  gaps in the calorimet.er,  nor  the 
overlap region of the  barrel  and  endcap. 

For lOOk background Zo  events, 8 passed the  cuts  applied. 

6. Efficiencies and L imi t s  

Table 2 lists the  production  cross-sections,  and efficiencies for  seeing the  sparti- 
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Table 1. 

I Energy  Audit 

Description  Energy  Deposit (GeV)  

dead regions 

beam  pipe  (no LUM) 6.5 

beam  pipe 

uncorrected  KAL/no LUM energy 

2.2 

77 

corrected  KAL  energy 

6 width of Zo peak 

84.5 

cles. The  striking  nature of the sleptons  leads to  very  high  eficiencies of about  2/3. 
while the  hard  cuts on the missing  energy  tail  leads to a squark efficiency of about 
1/3. One  expects  then  to see from 100-200 sparticles  after the search is done. Using 
the p3 scaling to  find where we would see 3  events  leads to  limits on all sparticles 
searched for of over 45 GeV. 

7. Conclusions 

SLD should  be  able to  easily  set  limits of up  to  about 45 GeV for the sleptons. 
and Z (and  probably 7 also,  though  not  studied  here).  However,  Mark I1 and  the 

LEP detectors  should  have  about as easy a time  as well. 
Squark  limits  are  more difficult to  set;  tails of the missing  energy  distribution 

are important. It may  be  that  other  cuts  may  make  the  dependence on the missing 
energy less important ( eg  number of jets,  jet-jet  acollinearity  and  acoplanarity).  These 
remain to be  investigated.  Mark I1 would have difficulties due  to  their lack of solid 



Table  2. 

I Efficiencies and  Limits 

Sparticle # Expected Efficiency #/2.5pb-' cr (pb) - 
c1 95 0.67 143 57 

e 

232 0.32 725 290 21 

151 0.67 225 90 
- 

angle  coverage  and  hadron  calorimetry. I t  is not so clear that  the LEP detectors 
would be  at a serious  disadvantage,  since  other  handles  may  be  available  to  help out 
the  missing  energy. 

It would also be worthwhile to  study the problem  with  the full Monte Carlo  and 
reconstruction to  verify whether  the  tails  are  believable  from  the FASTMC or not. 



Production of Supersymmetric  Higgs Scalars in Zo Decays 
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Abstract 

Supersymmetric  scalar Higgs particles  could  be  produced  in  association  in Zo decays  with 
branching  fractions  as  high as several  percent. If sufficiently massive, each of these  scalars 
would decay to a b and a 6 quark,  leading to an  event  signature of four b-quark  jets.  The 
SLD's high acceptance  and good calorimetric  resolution will allow us to  reconstruct  the  jet- 
jet masses.  By  using the SLD's excellent particle  identification  and  vertexing  capabilities, 
background  four-jet  events  from  hadronic ZO decays  can be  dramatically  reduced,  leading  to 
an observable  signal for SUSY Higgs production in as  little  as 50,000 observed ZO decays. 



Introduction 

Supersymmetric  particle  theories  require at least two Higgs scalar  doublets,  in  order 

to give mass to  both  up  and  down-type  quarks.[l]  In  minimal  theories  with  two  doublets, 

the  particle  spectrum  after  symmetry  breaking  includes  two charged and  three  neutral  scalar 

particles.  In  the  notation of reference [l], in  this  minimal  scenario  the  scalar H1 is  necessarily 

heaver than  the Zo and  the  scalar H 2  is  lighter  than  the Zo. The  third  neutral Higgs particle, 

H3,  is distinguished  from H1 and H 2  in having  pseudoscalar-like  couplings to fermions. The 

E3 is heavier than H 2 ,  but  it may  be  lighter  than  the Zo. In  fact,  it  is possible that  the 

masses of H~ and I f 3  are sufficiently low that  the decay r(zo -+ H2H3)  can  be  kinematically 

allowed. At tree level, the couplings of the  neutral Higgs particles  are  determined by their 

masses. In  this case, the  ratio of the  partial  width for Z 0 - + H 2 ~ 3  to  the  partial  width for Zo 

decay to  neutrinos (of one generation)  can  be expressed  as 

where M2,3 are  the masses of the Hz and H 3  scalars. The branching  fraction for Zo ---t H2H3 

approaches 3% for nearly  equal H 2  and H3 masses lower than 20 GeV  or so, but  can  be of 

order half a percent  or  larger for masses different by up  to 15  GeV. 

If they  are sufficiently massive, H~ and H 3  will each  decay to a b quark  and a 6 quark. 

The  signature of the ZO -+ ~ 2 ~ 3  decay would then  be a final state  with four b jets,  with  jet-jet 

masses that reconstruct  to  the H 2  or H 3  masses. This process is the  subject of the  remainder 

of this  paper. It is  distinguished  from ZO decays to  the usual  supersymmetric  particles  in 

that it lacks the  characteristic missing energy  signature.[2]  In the case  where the H 2  or the 

H 3  mass were less than  about eleven GeV but  more  than four  GeV, that scalar would decay 

to CE or to rt. The final states involving 7 's  would be very  distinctive  and will be  the  subject 

of a separate  study. 

The  usual  limits  on Higgs masses (the relevance of which is unclear for supersymmetric 

theories)  lie below the roughly 11 GeV  threshold for b6 decays. Thus we are  confronted 

with the possibility that  the only ZO decays to  supersymmetric  particles could  lack the usual 

missing energy signature  but would be  characterized  by the presence of four b jets  in  the 

final state.  The work below will attempt  to  demonstrate  that  the  particle  identification  and 

vertexing  capabilities of the SLD will allow it to perform a very  sensitive  search for this 

process. 
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Monte Carlo Simulation 

Hz as production  and decay were simulated  using the SLD FASTMC  Monte  Carlo. The 

masses were arbitrarily  set  to Ma = 16 GeV and Ms = 30 GeV,  corresponding to a 0.5% 

branching  fraction of the 2 0 .  Three  hundred Zo + Hz& events  (appropriate for a data  sample 

of 50,000 visible ZO decays) were generated  with the sinz(8) distribution  characteristic of scalar 

production. The Hz and R~ were each  decayed to b6 isotropically  in  their  rest  frames,  and 

the  quarks were passed to Lund for hadronization.  Detected  particles were then  simulated  in 

the  FASTMC  fashion, which uses knowledge of the SLD geometry  and  detector  performance 

to  apply  experimental  acceptance  and resolution  smearing to  the  Lund-generated  particles. 

To study  backgrounds  to  the signal  process, the Lund codes were used to  generate 43,000 

Zo decays to  quarks according to  the  usual couplings. These  events were passed through  the 

FASTMC  simulation  as  described  above.  A beam’s-eye view of a representative Zo + H z H s  

event is shown in  Figure 1. 

Event Analysis 

The  same code was used to analyze  both signal and  background  events.  Jets were  found 

using the YCLUS  algorithm  with  the  “detected”  particle  bank  PHPART  as input.  The yclus 

parameter was set  to 0.01, a value  selected to provide  high efficiency for  finding  four  jets 

in  the signal  event  sample while keeping the  fraction of background  four-jet  events  from 

hadronic Zo decays  small. Efficiencies will be  tabulated below. With  this  value for yclus, the 

YCLUS algorithm’s  four-jet  event  fractions in  both  the signal and  the  background samples 

were in good agreement  with  the  results from  applying  the LUCLUS jet-finding  algorithm 

with its default  parameters. 

Only  four-jet  events were kept for further analysis. A cut  on event  sphericity was found 

to  be effective in  improving  the signal to background  ratio.  Further  analysis was done  using 

the  jet  parameters; see the  contributions of JefTl Turk  and  Steve  Manly  to  these proceedings 

for further  details. 

The  thrust a x i s  of the event was found by determining which jet-jet  pairing gave the 

maximum  value for I@pai+ - Ppair zl. For Hz and H~ masses low enough that the branching 

fraction for their  production would be  acceptably  large, of order half a percent,  the  quarks 

from the Hz will be closer to  each  other  than  they  are  to  the  quarks  from H~ decay. The 

thrust  axis  is  then  an  estimator of the axis of the original Zo decay, and  the  jet-jet  pairing 

- 



that has the  maximum  thrust  is likely to  be  the right  combination  out of the  three possible. 

Selection of the pairing  with  maximum  thrust  eliminates  the  combinatoric  background  to 

the  jet-jet mass  plots. 

A cut  on  the angle of the  thrust a x i s  of ICOS(@Thtu,t)l < 0.7 was applied.  The  principal 

motivation for this  cut  is  to  require  that  the  jets  be  directed  into  the  central  acceptance of 

the SLD, where  particle  identification  in  the CRID and  vertex finding in  the CCD vertex 

detector  can  be used to  tag b quark  jets. Since the signal  is distributed  as  sin2(@) while 

the  background  hadronic Zo decays  are  mostly  distributed  as  l+cosz(e),  there is also some 

enhancement of the signal to background  ratio. 

At this  point,  accepted  events  have identified jet-jet  pairings,  and  the lower and  higher 

jet-jet masses MJJJ-  and MJJ,high can  be  separately  plotted for each  event.  Figure  2a shows 

the  distributions  in MJJ,l- and MJJ,h;gh for the 144 surviving  events  from the Zo --t Hz& 

sample  (with  thrown masses M2 = 16 GeV and Ms = 30 GeV). The  reconstructed masses 

peak up  about 15% lower than  the  thrown masses. This is due  to  neutral  particles  that 

overlap in  the calorimeter  with  charged  particles;  charged  particle  tracking  has  priority  in 

the  particle  detection process and so these  neutrals  are  lost. 

Energy  and  momentum conservation  can be used to improve the  jet-jet  mass resolu- 

tion.[3] Multiplicative  constants for the  momentum of each jet can  be  determined  by  requir- 

ing that each  momentum  component  sum  to zero and  the  total energy (calculated  assuming 

the b quark mass for each jet)  sum  to  the Zo mass, i.e. by solving 

for the  constants A; for the  jets i = 1,2,3,4.  This  technique  improves the  jet-jet mass  resolution 

by a factor of two, as shown in figure 2b. This  Monte  Carlo  study  did  not  include  initial 

state  radiation,  final  state  radiation, or  finite 2 0  width, so the  actual  improvement by this 

technique  may  be less in  practice. 

Figure  3 shows the  distributions  in MJJJ-  and MJJ,h;gh for the 2,606 background  events 

that have  passed the analysis  cuts.  Figure  4 shows the signal  events  superposed on the 

background  distribution.  While  the signal  events are well resolved, the background  events 

are sufficiently numerous that  detection of the signal in  the presence of background would 

require a very large  event  sample. 



The background  can  be  reduced by tagging b quark  jets.  Two schemes are possible: 

search for high  energy  kaons, and  search for secondary  vertices.  A  requirement that  an 

event  have at least  two  charged kaons with  momentum  above 3 GeV gave a factor of two 

improvement  in the S/B ratio  but at the cost of a  reduction of the  number of signal  events by 

a factor of three.  The mass  plots  after  this  cut  are shown in figure 5 ;  signal and  background 

are  superposed. This cut  has  the  virtue  that  the  FASTMC does an  adequate  job of simulating 

it,  but it is  clearly  expensive in  terms of statistical sensitivity.  A  signal at the 0.5% level is 

at the margin of detectability  in  this  event  sample. 

The  alternative  approach of vertex  tagging is difficult to  quantify now because the codes 

for vertex finding are  not  advanced  enough to simulate the performance of the  vertex  detector. 

However, reasonably  careful  estimates of the performance to  be  expected have  been  done; 

see the  contributions  to  these proceedings  from  David  Williams and  from Jeff Richman. 

A back-of-envelope calculation will serve to  demonstrate  the power of vertex finding. Let 

the probability that a b quark  jet is correctly  tagged  be  denoted € b + b ,  and  similarly  denote 

the probability that a non-b jet is incorrectly  tagged  as a b quark  jet by € q + b .  Reasonably 

conservative values for these  performance  parameters  are €b+b x 0.7 and €q+b x 0.1. Using 

these  values, the efficiency for signal  events to pass a requirement of 2 3 tagged b jets is  then 

Of the  background  events  that have  passed the  cuts so far, 20% are bkq events;  since €b+b is 

large  compared to € q + b ,  these  events will dominate  the  background  event  sample passing  a 

three-&tag  requirement.  The  fraction of the event  sample that passes this  cut  can  then  be 

estimated as 

€backptmmd = .2 x ef-,b(c:,b + 2 € 9 + b ( l  - eq-b) )  0-O2 * 

The very salutary effect of requiring at least  three  tagged b jets is shown in  Figure 6, which 

presents  distributions  in lower and higher jet-jet masses after  this  cut  is  applied;  the signal 

has  been  superimposed on the background. The signal  events stand  out very  clearly  above 

the  background - so clearly in  fact  that a smaller  event  sample would suffice to establish  the 

presence of a signal. 

Summary of the Analysis 

Efficiencies and  event  counts  are shown in  Table 1 for the analysis of a data  set corre- 

sponding to 50,000 visible 2 0  decays with  the process 20 + a2as occuring  with a branching 



fraction of 0.5%. While  the  tracking  and  calorimetry  performance  are clearly important,  it 

is the  particle  identification  and  vertexing  capabilities of the SLD that are  crucial  to  the 

detection of this  supersymmetry signal. 
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Table. The  number of events  in  the  Signal class, Zo -+ H2H3 with M2-16 GeV and M3=30 
GeV, and  in  the  Background  class, Zo 3 Quarks, at each  stage of the  analysis.  The 
final two cuts  are  mutually exclusive: either  the  charged  kaon  requirement  the 
tagged  b-jet  requirement  is  imposed. 

Zo + H2H3 Z o  + Quarks 
tot al events 

4,322 156 sphericity > .1 
8,485 226 4-jet  events 
43,408 300 

ICOS(~Th,,.t)l < .7 2,606 144 
- > 2 K* at > 3 GeV 506 46 

2 3 tagged b je ts  58 98 

433 
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Search for Higgs  Bosons  using  a Missing Energy  Signature 

A.S. JOIIKSOK 

Bos fon  L~nivt r s i t y  

Abstract 

A missing  energy  analysis ha.s  beell used as a lnethod of searching for e\-idence 
of Higgs  Boson deca,ys  in the SLD detector.  Pa,rticular  attention  has  heen  given  to 
combining  information  from  the  tracking  and  calorimetric  detectors in order to fully 
exploit  the  advantages of the SLD. 



Missing  energy is a clear  signat'ure for a numher of possible  new  particles. in 
particular SUSY particles a.nd Higgs bosons.  In  this  paper we will st,udy how t,he 
SLD detector  can  be  used  for  missing  energy  studies i n  general.  and  in  particular to 
search  for  evidence of a  standard Higgs  boson by way of the rea.ction 

SLD has  very  good  solid  angle  coverage \{.it11 both  calorimetrx  (electromagnetic and 
hadronic)  and  tra.cking  chambers.  Whilc  the good calorimetry is essential for the 
detection of neutral  particles the tracking  cllalnbers  can  also  be  used as an  important 
tool  in  missing  energy  studies  since t,he!- give  generally  superior  energy  resolution for 
charged  particles.  In  this paper we will be  particularly  interested  in  finding  an  opt,imal 
way to combine  information  from t'he calorimetric  det)ect,ors  and  t.racking  chambers. 

To  study  ba.ckgrounds  to  process (1 ) a sample of approximat,ely 100,000 events 
were  generated  using  the LUND generator.  These  events  were  fed  through  the SLD 
paramet,erized FASTMC program t,o simulate  their  detection by the SLD detector. 
The  FASTMC used  for  this st,udy differed from  the  standard SLD FASTMC in  that 
the  simulation of the  calorimeter was  improved  in a number of areas  important for 
the  study of missing  energy'. The improvements  were  in  the  following  area.s: 

0 The luminosity  monitor wa.s included in the  sjmuhtion of t,he  calorimetry. The 
luminosity  monit,or  extends  the covera.ge of calorimetry  down t.o 28 nzrud which 
is  important for  vetoing  event's  wherc  significant  energy is scattered at small 
angles. 

0 The  material in the coil has  been  treated as the first  sampling  layer for the 
WIC. 

0 The effects of the  bar~.el/endcap  overlap region in the LAC have  been  sin1ulat)ed 
using a paramet,erizat,ion of the effect seen using  t,he  detailed  GEANT  Monte- 
Carlo  program.  The effects of the  int.ermodule gaps in Q were also simulated. 

A standard  algorit,hm is build  into  t,he FASTh4C to  build a list of detected 
particles  (stored  in  the PHPART banks) and assign energies to  them.  The  algorithm 
works  as follows: First' a.ny particles found by one or more  tracking  chambers  (vertex 
chamber,  central  drift  chamber  and  endcap drift, chambers) a.re  ha,ndled. The  tracks 
are  extrapola,ted  to  the  point. of closest, approach to  t,he  int.eract,ion  point,  and  the 
moment'um  here ( p c h o r g e d )  is calculat,ed  based on the mea.sured rnomentum  after  a 
correction  for  t.he effect of dE/cl,r ellerg!' loss. The  energy of the  particle I S  then 
calculated as 

E = K r y a d  + 771;ID (3) 
where m p r g  is  the ma.ss of the pa.rt,icle  c;rlculat.ed  from the  result of a  particle  iden- 
tification  a.lgorithm  using  input  from  the CRID and the  calorimetry.  The  correction 
due  to  different  particle  masses  does not significa.ntly effect, the  missing  energy  stud- 
ies  presented  here so cha.rged  particle  ideutification is  not, strictly  necessary  for  this 
analysis. 

Once  all of the  cha,rged tra.cl;s have been found  the  clust~ers of energy  found in 
the calorimeter  are  treat.ed. Ea.ch charged  track is oxtrapolaked to  its  point of entry 
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Figure 1. Energy  Flow a s  a. Function of 8. The avera.ge energy flow for a 
large  sample of generated  Lund  events ( a )  together  with  the  energy flow 
after  simula.tion by t.he FASTMC ( I . ) ) .  The difference  between  t,hese  two 
distribut,ions ( c )  shows the  average  missing  energy. 

into  the  LAC. If the  angle of the  track i n  0 and b; is consist.ent  with an37  of t,he  energy 
clusters  (taking  into  account  the  errors on 6‘ and 4 of the  cluster)  then  that,  cluster is 
“associated”  to  the  charged  tra.ck. The energ). of t,he  charged  track is not  adjust,ed 
from  the  previously  calculated  value  however.  After  all  the  charged  tracks  have  been 
extrapolated  then  any  remaining  unassocia.ted  energy  clusters arc: assumed  to ha.ve 
been  formed  by  neutral  particles. These neutral  part.icles  are  then  added t o  t,he  list of 
charged  tra.cks  alrea.dy in PHPART. The  energy  measured 1 ~ ~ 7  the  calorimeter (E,,,,,) is 
corrected  for e / r  ra.tio  based  on a pa.rameteriza.tion of the  calorimet,er’s  ability,  based 
on  longitudinal  shower  profile,  t,o  differentiate ShO\Vw5 caused bJ- ha.drons from t,l~ose 
formed by elect.romagnet ic particles. P’or elect rorna.gnetic showers the  energy  assigned 
to  the particle is  given by E,,, = E,,,,. while for hadronic  showers Ecal = E,,,,,/0.&5. 
This is then  the  energy  assigned  to netltjrill particles. 

The  average  energy flow as a function of 0 is shown in  figure 1 for  Lund  events 
as generated,  and  for  t’he  same  events  after simulat~ion using  the FASTMC‘ algorithm 
discussed  above.  Subtracting the second  plot  from  the  first  gives  the  third  plot, 
which  shows  where  the  missing  energy  goes on a.\.erage a.s a function of 8. As  would 
be expected  some  energy ( a  little  over 2 G t  1 ’ on a.verage) is lost  down the beampipe, 
and the effects of the barrel/endcap  overhp region  can  also be seen at cos 8 = f0.85. 



but as the plot. shows, another 6 GeV of energy is lost  spread  evenly  over  all 8. Further 
study of the  events shows that  tlhis  energy loss  is primarily  due  to  energy  clust,ers in  
the calorimeter  formed  from a. charged  particle plus one  or  more  overlapping  neutral 
particles.  Using  the  algorithm  described above only  the  cha,rged  particle  energy is 
used.  while  the  neutral  particle(s)  energy  gets  "lost". 

-5 0 5 

2. Excess Calorimeter  Energy.  The  excess  calorimeter  energy, - 

EeZCeSS ,  is shown  for t h ~ e e  classes of calorimeter  clust,er: (a )  -4 cluster  formed 
from a. single  cha.rged  t,ra.ck, ( b )  A clust,er  formed  from a single  neutral  t'rack 
and (c) A cluster  formed  from a cha.rgec1 t.racl; and  one  or  more  overlapping 
neutral  tra,cks. 

In a.n att,empt to recover  this  energy we can  define  an  "excess  calorimeter  energy". 
E e z c e s s -  as 

where  the  calorimeter  resolution, a(Eca l ) ,  ca.n be  a.pproxima.ted as 0.6/d-. 
Figure 2 shows the excess  energy  for  three cla.sses of calorimetry  showers,  those  formed 
from single  charged  tracks,  those  formed  from  single  neutral  tracks  (where  by  defini- 
tion E = Ecal) ,  and  those  formed  from one charged t n c k  and one  or  more  overlapping 
neutral  tracks.  The  assignment of clusters  into  these  ca.tegories  is  based  on 3lont.e- 
Carlo  information. 

It can be seen that for the  third  category of tra.cks  there is a tail at large Eercess 
which  suggests  that  much of the lost energy caa  be recovered by making a suitable cut. 
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Figure 3. Correct'ed  Missing  Energy  Flow as a function of 0. This  figure 
shows the  same  plot as figure l ( c )  hut.  aft.er  applying the  correction for 
charged-neutral  overlap  described in the  text. 
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Figure 4. Total  Event  Energy.  The t'ot.al event  energy  a.fter  application of 
the  algorithm  described in the  text. for a sample of 100,000 Luncl events. 
Only 197 events  rerna.in  after  application of a cut Etof < 40 GeV. 

on  this  quantit.y,  while at the sa.me  tirne  only  slightly  dist,orting  the  energy  measured 
for  non-overlapping  clusters.  Figure 3 shows the new' missing  energy flow after  the 
energy of pa.rticles  ha.ve  been  corrected  using  the  following  prescriptio~l: 

Figure 4 shows  t,he  total  event, energ!.. Etor. formed bj- summing  the  energy of all 
particles  in  an  event,  after  applying  the  nlethod  described  above for calcula.ting  t,he 
energy of each  particle.  After  applying a cut, 

only 197 of the  original 100,000 events  rema.in. 
When (5) was  applied to samples of Higgs events  genera,ted2according  to (1) for 

various  Higgs  masses  between 8 a.nd 20 G ' f  1,' all of t,hem  passed t,he cut.  Figure .5 and 
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Figure 5 .  Net pf for events  containing 8.12.16 and 20 GeV Higgs and for 
background  Lund  events.  Each  dist,ribution has been  normalized  to  corre- 
spond  to 100,000 visible 2’ decays. 

figure 6 compare  the  total  transverse  momentum, Pt, and  the  folded  cosine of the  event 
axis, cos A ,  for  each  sample of Higgs events  compared  to  the  remaining  background 
events  where 

and 

where  the  sums a.re  over all part,icles in the event  and pZ,py and p z  are  the  components 
of the  particle’s  momentum  derived from E,,,.,.. As can be seen  from  the  plots it 
is then a comparatively  easy  job  to e1iminat.e the  remaining bac1;ground events by 
applying  the  cuts: 

Pi > 4 Gel’/(:; cos A < 0.98 (8) 

These  cuts  are at least SO% efficient  for each  sample of Higgs  events  but  eliminate 
all  but  three of the  background  events.  Finally  figure 7 shows the  invariant  mass 
distribution for each  sample of events  a.fter  the  above  cuts  have  been  applied.  The 
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Figure 6. cos A (see  text) for  events  containing 8,12,16 and 20 GeV Higgs 
and for  background  Lund  events.  Each  distribution  has  been  normalized to  
correspond to  100,000 visible zo decays. 

invariant  mass  peaks  for  the Higgs events itre now easily  distinguished  above  the  three 
remaining  background  events. 

The  entire  analysis  presented  here ha.s used the SLD F44STMC.  This MC is only a 
relatively  crude  parametrized  Monte-Carlo, and nmny  effects  which  may be important 
for  successfully  isola.tsing a missing  energy  signal  are  not' well handled by the  current 
FASTMC. Effects  which  should  certainly  be  studied  further  include: 

0 Inefficiencies and  mistmcking  in  the t,racl;ing chambers.  The FASTMC cur- 
rently  assumes  a 100% efficiency  for finding  charged  particles  provided  they 
traverse a sufficient. length of the  act,ive  region of the  chamber, and does  not 
simulate confusion due  to noise 01 close tracks. 

0 Energy loss  in discreet  chunks of material  such as the CRID ribs. In the  current 
FASTMC structures  such as t,he CRID are  trea.ted a.s homogeneous  as  far  as 
energy loss is  concerned, so effects  such  as  certa.in  part,icles  losing  significant 
energy  due to  ribs  etc. is not  simulated. 

0 T h e   d o r i m e t e r  response in the FASTMC is  fa.irly  idea.lized.  Effects  such as 
the  variation of e / r  suppression  as a function of energy  are  not  included. 

The  above  items  can  be fa.irly  easily simulated  by  using  the  detailed SLD Mont,e- 
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Figure 7. Invariant  Mass  for  events  containing 8,12,16 and 20 GeV Higgs 
and  for  background  Lund  events.  Each  distribution  has  been  normalized  to 
correspond  to 100,000 visible zo decays. 

Carlo  in the future.  This is clearly  desirable  since  the  FASTMC  is  also not to be 
trusted  in  predicting  ba.ckgrounds  as  small a.s t,hose  studied  here  since it, is  clear  that 
the  tails of distributions  siInulat,ed  by the FASTR'IC are  not  reliable  at.  this  level. 

There  are  other  types of inefficiencies and  backgrounds  which will be  much  harder 
to  simulate,  for  example  the effects of dead  wires  and  towers,  beam-ga.s  background 
and  background  noise,  especially in the luminosity  monitor  and  tracking  chambers. 
Effects  such  as  these will proba.bly  have t,o wait  unt'il we have  real  data  before  the 
can be realistically  studied. 

Finally if we do  ever  see  an  anomalous  missing  energy  signal  it will be  very 
important  that  we ha.ve  confidence in our hardware. If we see 10 events  with  missing 
energy will we be  able  to show without  doubt  that,  the HV was turned  on  on  for  all 
of the calorimeter  modules? 

CONCLUSIONS 
By combining  the  information  from  the  tra.cking  chambers  with  t.he  ca.lorinletry  it 

has  been  possible to  elimina,te ba.ckgrouncls while  mainta.ining a very  high  efficiency for 
detecting Higgs  deca.ys.  Initial  studies  indicate  that, SLD could  easily  det,ect sta.nc1a.rd 



Higgs  Bosons up  to 20 Gel7 and  beyond,  but  more  detailed  studies  need  to  be  done 
with a more  complete  Monte-Carlo  program.  While it seems  unlikely  t.hat MARK I1 
will be  competitive  in  this  kind of analysis  due  to  their 1a.c.k of a hadronic  calorimeter. 
the  capabilities of the LEP detectors  are  more difficult to  predict,  again  needing a 
detailed  Monte  Carlo  study  to  provide  meaningful  results. 
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Overview of Technicolor 

1.1 THE MOTIVATION FOR TECHNICOLOR 

The present  standard version of the electroweak  theory  depends  on  the exis- 

tence of the Higgs, a neutral  scalar  particle.  Within  our  present  understanding. 

such  scalar  particle  theories  are  beset by a fundamental flaw which up t,o now 

has  no  satisfactory  solution.  The  calculation of the  mass of the  scalar  particle is 

subject  to  major  divergent  corrections  due  to  the  vaccum  polarization  type  Feyn- 

man  diagrams shown in  Fig.  1.  The  diagram  l(b) is only  present in the field 

theory of scalar  particles,  not  in  fermion  based  theories.  This  diagram gives  rise to 

quadratic  divergences which are,  apparently,  non-renormalizable.  The  expression 

for the  mass  correction is the  order of 

6rn2 - 8g2 
d4 k 

. ( k 2  - m 2 )  

Arguments  concerning  the  size of this  mass  correction  lead  to  fundamental issues 

that  are  usually  discussed  under  the  heading of “The Mass  Hierarchy  Problem”: 

namely,  the  correction is  given  by - (grc)2 where rc could be of the  order of the 

Planck  scale (grc N to 10’’ GeV).  Since  the  mass of the Higgs can  be at most - a TeV,  there  must  be  very  delicate  cancellations  between  the  bare  mass  and 

the corrections.  This “fine tuning” is  difficult to  comprehend  and is one of the 

difficulties  with  scalar theories!’] 

Solutions to  this  problem  divide  into  2  cat,egories: 

1) One of these  is  the  Supersymmetry  theory  which  states  tha.t for every  particle 

whose  existence is  known or suspected  (like the Higgs) there is a partner. For each 

fermion  there is a scalar  partner  and vic,e versa.  Under  these  conditions  the  mass 

correction  Feynman  diagrams  are shown in  Fig. 2. The  mass  correction for diagram 

2(c) exactly  cancels  the  corrections  due  to  the  diagrams  in  Fig. l (b)  or 2(b) and we 

are left  only  with  the  corrections  due  to  the  diagrams of Figs. l(a) or  2(a) which 



are  logarithmic in nature.  These  corrections  are very insensitive to  the  magnit,ude 

of the cut-off IC and  hence  are  manageable. 

2) The  other is the Technicolor  theory. It  states  that  there  are  no  fundamen- 

tal  scalars  (Higgs) in the electroweak  theory. The  mass of the  gauge  bosons  are 

generated by vaccum  polarization  diagrams of the  nature shown in Fig. 3 asso- 

ciated  with  the  existence of a new scale of massive  quark  anti-quark  pairs  bound 

by a new  force. It predicts that this new dynamics would produce new massive 

scalar  particles !]The scalar  particles  that  are  generated  and  remain  observable  are 

known as  technipions.  Because  the  theory  must  satisfy  the  known  experimental 

features of the  Electroweak  theory  it is constrained  to  have  the  same “group and 

gauge  structure’’ as the electroweak  theory. For example,  the  mass  generated for 

the  W  and Z gauge  bosons  must  satisfy  the  Weinberg  angle  relation 

MW cosew = - 
M Z  

The calculation of the  mass of the  W  gauge  boson follows from  Fig. 3; namely, 

M& = Mg,, + -F, 922 2 
4 

where F, is the  technipion  analog of our ordinary pion 

associated  with  the  pion  decay  as shown  in  Fig. 4. 

structure  (decay)  constant 

Because  the  bare  mass of 

the W is 0, in accordance  with  the  electroweak  gauge  theory,  the full mass is the 

result of the corrections  due  to Fig. 3. The coupling  constant g2 must  satisfy  the 

electroweak  relat,ion 

Using these  results  one  can  determine  the  dynamical scale of the  technicolor  theory. 

This is discussed  in the  next  section 

One of the faults of the  present version of the  technicolor  theory is that ,  given 

the  requirements  that it generate  the  gauge boson masses, it can  not, at the  same 



time?  generate  correctly  the  masses of the  quarks  and  leptons.  The  extensions of 

the  theory  that  attempt  to correct  these  defects  run  into difficulties in  the form of 

results  that  contradict  experimental  observations.  This  problem is, so far,  unsolved 

and  remains a negative  cloud  on the theory. 

1 .2  THE TECHNICOLOR MASS  SCALE 

The value of the  ordinary pion  decay  constant, f,, as  determined from a mea- 

surement of the pion  lifetime  time, is 93 MeV. If we equate F, to ;his  value  and 

we use the above  equations for Mw, we obtain  that  the  mass of the W should  be 

30 MeV. This is far  short of the  measured value of 80.4 GeV ?To accomodate this 
larger  value we must  require  that F, be considerably  higher.  This  value follows 

from  the  relation 

F -  80GeV fx = 250 GeV * - 30MeV 
Because of this  larger  value, we expect  the technicolor  scale to be  much  higher  and 

the  particles  produced by this  dynamics to  be heavier than  the regular  pion. We 

need to  remark  that  the  results we have  obtained  apply  only  to  the  case  where 

we have  one  techniquark,  anti-techniquark  pair. If the  number of families of such 

particles  increases  then  more of these  contribute  to the mass  corrections  shown in 

Fig. 3 and  the value of F, decreases  accordingly, 

F, = - 250 GeV J1- 
where  r is the  number of such  techniquark families. 

The gauge fields that  produce  the  technicolor force are called  technigluons  in 

analogy to  the regular  gluons  which  are the carriers of our  regular  strong  force.  In 

the  same way as  the low energy  theory  predicts the existence of glueballs,  techni- 

color predicts  the  existence of techni-glueballs.  These  are  discussed at the  end of 

this  report.  The  masses of both  technipions  and  techni-glueballs  could  be in the 

SLC energy  range (10-50 GeV). Hence t,he 2' could  decay into  them.  The decay 

modes  and  the  possibility of their  observation is the  main  topic of this  report. 



1.3 POSSIBLE  SIGNALS IN T H E  SLC ENERGY REGIME 

In the decay of the Zo into  technipions, a possible matrix  element is given by'41 

M 0: ( 1 3  - ~ Q S Z T Z ~ ~ , , }  

This  matrix  element  describes  the  most likely  decay modes  into  technipions.  Var- 

ious  technipion  scenarios  predict different,  families of technipions; we describe the 

two  most  often  discussed  cases.  In  the  case  that  only  two  neutral  singlet  technipion 

exist ( to ,  to ' ) ,  we do  not  expect  that  the Zo will decay  into  them  because  both 13 

and Q are 0 for these  and  the  main  matrix  element  vanishes.  In  the case t,hat there 

exists a triplet of technipions (t$, t:, t;), we expect  that  the Zo will decay  into a 

pair of these  charged  technipions.  It  can  not deca.y into a pair of neutrals  because 

the  spin-statistics  argument  forbids such  decays. 

The  technipions  are  expected  to  decay  mainly  into  the  heavy  members of the 

lepton  and  quark  families  because  the  coupling is thought  to  be  proportional to 

the masses of the particles  the  technipion  decays  into.  This is in  analogy  with  t,he 

decay  properties of the  fundamental  scalar of the electroweak  theory, the Higgs. If 
so, the  main decay  modes  would be['] 

t: + 7+ + VT 
t;S --f b + c  

t : - - f s + c  

In  the case of Zo decays  into  techni-glueballs we expect  the  main  decay  to  be 

into  the  techni-glueball  and a photon  because  a  decay  into a pair of neut,ral  tcxhni- 

glueballs is forbidden by the  same  spin-statistics  argument  that  applies to neutral 

technipions. 

The  main (- 100%) decay  mode of the  techni-glueball is into a pair of photons, 

because  the decay into a quark-antiquark  pair is  heavily  suppressed by a helicity 

suppression  factor  and by the  large  mass of the  extended  technicolor  scale .!'These 

facts  make  the signal  for  techni-glueball  in  the SLD very  striking.  Nevertheless, 



this  decay of the Zo into  techni-glueballs is expected  to  be  rare  and will be difficult 

to  observe. 

Hence,  the  signals for  t.he  technicolor  states we have  discussed are  divided  int,o 

the following patterns: 

ZO --+ 4 jets 

Z o  + 2 jets + T + missing  energy 

Z O  --+ 2 T S  + missing  energy 

Z O  -+ 2 ys + 1 monoenergetic y 

1.4 PRODUCTION RATES OF TECHNICOLOR PARTICLES IN T H E  SLC EN- 
ERGY REGIME 

In  Fig. 5 we  show the  Feynman  r~les[~]which  can  be used to  calculate  t.he  ex- 

pected  technipion  production  rates  in e+e- ma.chines.The  differential cross section 

is  given  by 

do a2 

dR ss - (€+e- --+ y + t;t,) = --sin2(8)/!?3 (1.4.1) 

This  leads  to  the  integrated  rate 

Rate(e+e-  --+ 7 t t; f t;)  1 
Rate (€+€-  --+ y t p + p - )  4 

= -p3 (1 .4 .2)  

and 

Rate(e+e-  + y --+ t z t ; )  
Rate(e+e- --+ y + a l l )  = 3.6%p3 (1.4.3) 

where /!? is the velocity of the  technipion  in  units of the velocity of light.  Sim- 

ilarly,  in the Z energy  regime 
- 453 



Rate(e+e-  t Z t t z t ; )  - _  1 (1 - 2sin28,)2 
Rate(e+e-  t Z + p + p - )  2 (1 - 4sin28, + 8sin28,) 

- P3 (1.4.4) 

(1.4.5) 

Given  these  results, in general, we can  expect  the  technipion signal to  appear 

at  the level of 1 % of Z’s produced. In the  Table 1 below we present  the  number 

of charged  technipions  produced  as a function of the t,echnipion ma.ss for a sample 

of 105 z ’ ~ .  

TABLE 1 

Number of Technipions  per lo5 Z’s 

10 

20 
30 

40 

45 

0.98 

0.90 
0.75 

0.48 

0.15 

0.93 1.9 

0.73 1.5 

0.42 0.8 
0.042 0.08 
0.0012 0.002 

The  estimates for the  technipion  branching ra t i~s[~]are   qu i te  varied. A reason- 

able  average of these various estimates is about  15% for the 7 decay  mode, 50% 

for the decay into Zc quarks  and 35% into Sc quarks.  It is clear from  the  table  and 

from the  expected  branching  ratios  that  the  upper  mass  limit  that we can  reach is 

about 40 GeV/c2. 
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In  the  case of the  search for techni-glueballs  the signal is quite  unique  and  hence 

we do  not  expect  any  background.  There  could be both  scalar  and  pseudoscalar 

techni-glueballs.  The  rate  into  these is such that it would be difficult to observe 

them.  The  calculations of the  production process[']shows that  the  branching  ratio 

is  expected to  be 

Even  though  the  rate is small,  the  signat,ure 

few events in a sample fo lo6 Zs may signal 

is so unique  tha.t  the  observation of a 

their  presence. 

1.5 PRESENT  STATUS OF TECHNICOLOR SEARCHES 

All of our  present  limits on  Technipions  come  from the  experimental searches 

at PEP and PETRA fiV8]  As shown in Fig. 6 the lower limits on the  mass of the 

technipions is presently  about 19 GeV/c2.  Although  no  results  have  been present.ed 

by the  experiments at Tristan, we can  expect  that  they  are  sensitive  to a technipion 

signal up  to  a  mass of z 25 GeV/c2. 

Study of Technicolor  Signals  in the SLD Detector 

A Monte  Carlo  study was performed in order  to  determine  the  sensitivity of 

the SLD detector  to  the  production of charged  technipions, t:, in Z" decays. In 

this  study,  as in the  searches  described  above,  some  general  characteristics of the 

production  and  decay of technipions  had to be  assumed.  These  characteristics  have 

been  presented in the  previous  chapter. For this work the following assumptions 

were made: 

1. a(e+e- t Z O  -+ tz t ; )  - 1% /I3 

2. - sin26, 

3. the t: lifetime is so short that only  the  decay  products  can  be  seen in the 

detector, 



4. the t$ couples to  the  mass of fermion  decay  products. 

Because of the coupling to  fermion  mass,  the  technipions  are  assumed  to  decay 

into  the  heaviest  available  fermion  pairs,  i.e.,  cE(Eb), cS(Es), or TV. The  exact 

branching  ratios  are  highly  model  dependent. For this  study,  it was assumed  that 

BR[tz -+ c6(Eb )] = 70 %, BR[t.: -+ cS(& )] = 15 %, and  BR[t$ -+ T+v,(T-V,)]= 

15%. 

It should  be  noted  that  these  general  assumptions  are  identical to those  that 

could be  made in a  study of charged Higgs pair  production  at  the Z". The conclu- 

sions  derived  from  this work are  applicable  to  charged Higgses as well as  charged 

technipions. 

For the purely  hadronic  modes of decay, the  signature for charged  technipion 

production is quite  striking.  The  technipions  are  produced  back-to-back  since  the 

Z" is at rest.  They  each  decay  into a quark  and a different  flavor  antiquark. 

The  fragmentation of these  quarks  produces 4 jets  in  the  detector.  The  main 

background to  this process  comes  from the  standard Z" decay  into  two  quarks 

with  gluon  bremsstrahlung.  The  general  method for an  experimental  search  that 

maximizes  the  signal  above  background follows: 

1. Find 4 jet  events. 

2. Pair  the  jets  and plot the  jet-jet  invariant  mass for the  separate  combinations. 

A peak  should  appear at the mass of the  technipion. 

3. Reduce  the  background by angular  cuts  and  heavy  quark  tagging. 

For this  study, -300 Z" decays  into  technipion  pairs  were  generated  at  each of 

six  masses,  ranging  from 15 to  40 GeV/c2.  The  technipions  were  generated  with 

a sin26' dependence.  They  were allowed to  decay into  cb(cb), cS(Cs), or T V  with 

the  branching  ratios  given  above.  The  decays  into  fermions  were  isotropic in t,he 

center-of-mass  frame of the  technipion.  The  quarks  were  fragmented  by  the LUND 
Monte  Carlo  package which  uses string  fragmentati~n'~].  Finally,  the  detector 

simulation was accomplished  by  the SLD Parameterized  (or  Fast)  Monte  Carlo''']. 



The  background  sample of 35,000 Z’decays into q?j pairs was also generated by 

LUND. The  detector was simulated by the SLD Parameterized  Monte  Carlo for 

this  sample  as well. 

Having  generated  the  necessary  samples,  only  those  events  with 4 jets were 

chosen. The  techniques  that were used for finding jets  and  reconst,ructing the  

jet-jet  invariant  mass  are  described in the work of Baltay  et  al.[’IIPrior to  the 

4 jet  event  selection,  the  expected  number of signal events at the Z” for differ- 

ent  technipion  masses  (normalized to 35,000 ZO’s) is shown  in Table 2 below. 

TABLE 2 

Number of Technipions for 35 E; Zs 

15 296 

20 256 
25 207 

30 152 

35 96 
40  42 

The signal to background for 30 GeV/c2  technipions is 0.004. Fig. 7 shows 

the  reconstructed  jet-jet  invariant  mass  spectrum for the 30 GeV/c2  technipion 

sample  after  the  4  jet  event  selection. For this case, 4 jet  events were chosen with 

the  “ycut”‘ll]parameter  set  to 0.03. The  combinatoric  background  from  the  jet- 

jet invariant  mass  reconstruction was  removed by requiring  the  4-momenta of t,he 

reconstructed  technipions to lie  along  (or close to)  the  thrust  axis for the  event. 

This  method works well for technipion  masses below N 35 GeV/c2,  since for low 

masses  the 2 jets  associated with a given technipion  are  thrust  forward in  t.he 



direction of motion of the technipion. For larger  masses,  it  often picks the wrong 

combination of tracks  because  the  thrust  axis is no  longer well defined.  Information 

from  both  tracking  and  calorimetry was used.  The  4-momentum of each of the 4 

jets was rescaled  individually so tha,t  energy  and  momentum  were  conserved.  The 

signal is normalized to  35,000 2" decays.  Fig.8  shows the  corresponding  plot for 

the background  sample  normalized  to  the  same  number of Z" decays. At this  stage, 

the signal to  background  ratio for the 30 GeV/c2  mass  da,ta  sample is 0.12. There 

were  several  other  cuts  that were  useful to  improve  the signal t,o background in t.his 

search.  The  first  took  advantage of the fact, that  charged  technipions  produced by 

the Z" have the  same  mass.  Requiring  the  reconstructed  jet-jet  invariant  mass of 

one  pair of jets  to  be  within 2.0 GeV/c2 of the  other  pair's  mass in a given event 

increased  the  signal to  background  ratio  to 0.23. Another useful cut  made use of the 

fact  that  the  technipions  are  spin-0  particles  with  an  angular  dependence  that goes 

as  sin28  while  the  background  comes  from  the  production of spin-1/2  particles 

with a 1 + cos28  dependence.  An  angular  cut of 60" < 8 < 120" increased  the 

signal to  background  to 0.39. Finally,  one  can  take  advantage of the fact that  the 

technipions  decay  into  heavy  quarks.  Requiring  the  presence of at least one  charged 

kaon with a momentum  greater  than 3.5 GeV/c  in  the  event  increased  the  signal 

to  background for the 30 GeV/c2  sample  to 0.64 while 27 events of the original 

300 remained  in  the  signal  peak.  Additional  cuts  making  use of vertex  detector 

information  might  be useful as well, although  no  use of that  information was made 

here.  Figs. 9 and 10 show the 30 GeV/c2  signal  and  the  background,  respectively, 

after  the  three cuts described  above.  The  technipion  detection  efficiency  after all 

these  cuts was N 9%. In  Figs. 11, 12, 13, and 14 the  normalized  signal  added 

to  the background for 35,000 2" decays is given for 4 different  technipion  masses. 

The  events  in  these  plots  met  the following requirements: 

1. there  are 4 jets  (ycut=0.03), 

2. the  jet-jet  association is 

combinations  lie closest 

chosen to  be  that  where  the  4-momenta for the two 

to  the  thrust  axis, 
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3. the  thrust  axis for the  event satisfies 60" < 8 < 120°, 

4. the difference between  the  reconstructed  invariant  masses  on the two sides is 

less than 2 GeV/c2, 

5. there is at least  one  charged kaon with PK > 3.5  GeV/c. 

The search for charged  technipions  becomes  more difficult as the  mass of the 

technipion  approaches  the  kinematic  limit.  There  are  two  reasons for this.  First, 

there is a p3 factor in the  production cross section;  as  one  approaches  the  kinematic 

limit  there  are fewer and fewer Z" decays  into  technipions.  Second, it becomes 

harder  to  associate  the  correct  jets with the  correct  technipion that produced 

them, forcing one  to keep the  combinatoric  background.  This  occurs bec.ause t,he 

technipions  from  the Z" decay  have a smaller  boost  in  the  lab.  In  addition,  the 

quark  jets  have a larger  boost in the  center-of-mass of the  decaying  technipion. 

This  means that the  quark  jets  come  out at a larger  angle  than in the case  where 

the  technipion  has a smaller  mass. As the  technipion  mass  increases,  the  two  jet 

pairs  tend  to  merge  into  one  another,  making  it  hard  to choose the  correct  jet 

pairing.  Therefore,  one is forced to  accept  the  jet-jet  combinatoric  background. 

On  the  other  hand,  the  increased  distance  between  the  jets allows the  "ycut" 

parameter in the  jet  finding["]to  be  increased with no loss of signal.  This decreases 

the  background  from  standard 4 jet qQ events. Figs.  15, 16, 17 show the  normalized 

signal on  background for technipion  masses of 30, 35, and 40 GeV/c2, respectively. 

The  events in these  plots satisfy the following cuts: 

1. There  are 4 jets (ycut=O.O8), 

2. the difference  between the  reconstructed  invariant  masses on the two  sides is 

less than 2 GeV/c2, 

3. there is at least  one  charged kaon with PK > 3.5 GeV/c. 

Recapitulating, we can safely say that we can  detect  the  presence of the Zo 
decay  into  charged  technipions in the SLD detector.  This is an  easier  task t,he 

lower the  mass of the  technipion. 



Search for Charged  Scalar  Particles  Decaying  into r Leptons 

The  existence of charged  scalar  particles, Sf, is predicted in a  number of mod- 

els,  e.g. supersymmetry,  technicolor, or  electroweak  models with a non-minimal 

Higgs sector.  Charged Higgs particles or technipions  are  assumed  to  decay  predom- 

inantly  into  heavy  particlesrli.  e.  decay  into 7 leptons  are  favored  among  leptonic 

decays, (Sf t 7*vT(Yr)).  In  this  section, we present  the  prospects for searching 

for charged  scalar  particles with the SLD detector.  The  analysis is restricted  to  the 

case where  both  scalars  particles  decay  into 7’s: e+e- t S+S- t ( T + v ~ ) ( T - ~ ~ ) .  

It is assumed  that  the  scalar  particle  has a short  lifetime,  and in the case of a su- 

persymmetric  model,  where S is replaced by a stau ( f ) ,  that  the  photino (7 -+ 7 7 )  
or the  goldstino (? t 7e) mass is zero and  the  particle is stable. 

S’S- events  can  be  searched for by applying  cuts  similar  to  the  selection of 

7 pair  events.  The following selection  criteria were applied  to  a  data  sample of 7 

pair  and S pair  Monte  Carlo  events: 

1) The  number of charged  tracks was required to  be at least 2 and less than 10. 

2) The  tracks were combined  into 2 ‘jets’ (at least  one  track in each jet),  and all 
tracks were required to lie within a cone of 40’ opening  angle  with  respect 

to  the  jet-axes. 

3) The  total visible  energy, including  charged  tracks  and all calorimeter  clust,ers, 

had to  be  greater  than 0.2 of the  center of mass energy. 

4) The energy  measured in the  electromagnetic  part of the  calorimeter wa.s 

required to  be less than 0.8 of the  beam  energy (E*) ,  and  the  energy of the 

highest  electromagnetic shower less than 0.9 Eb. 

5) The  invariant  mass of all  tracks  and  clusters in each  hemisphere  (jet)  had  to 

be  smaller  than 3 GeV/c2. 

6) For 2 prong  events,  the  acoplanarity  angle was demanded  to  be  greater  than 

10 mrad. 
4FO 



74% of all 7 Monte  Carlo  events  passed  these  selection  criteria.  The  back- 

ground of qq and  two-phot'on  events was estimated  to  be of the  order of 1%. The 

detection efficiency  for scalar  particles of 40 GeV/c2  with  subsequent 7 decay was 

67% as  determined by the  Monte  Carlo  simulation.  After  these  cuts,  the  only 

significant  background to S pair  production is expected  to  be 7 pair  production. 

Experimental  variables  that  can  be  used  to  distinguish  between  both  processes  are 

cos 8 (0 is the angle  between the  jet  thrust  axis  and  the  beam  direction)  and  the 

acoplanarity  angle. A cut  on  cos0  is,  however,  only effective for small ms. The 

sin'B distribution is smeared  out for large S masses,  since  the  neutrinos  are  not 

observed.  The  acoplanarity  distribution of 7 pair  and S pair  Monte  Ca,rlo  events 

with a. mass of 40 GeV/c2 is shown  in  Fig.  18  and  Fig. 19, respectively. An acopla- 

narity  cut of 30" removes  all T pair  events,  while  keeping a considerable  fraction 

of S pair  events;  notice  the overflow at  acoplanarities  greater  than 100" in Fig. 

19. The efficiency after  all  cuts was calculated for S masses  from 25 to  45 GeV/c' 

in  5  GeV/c2  steps  and for 43 GeV/c2. It varied  from 38% a.t low to 57% at high 

masses.  The  statistical  error was typically 5%. 

If no  event is observed  after  applying all cuts, a limit  on  the  branching  ratio 

of the scalar  particle  decaying  into 7 ,  BR(S* -+ T*vT(Tr)), can  be  calculated. 

Assuming the  ratio of the cross sections to  be: 

a region  in the BR(S* t 7*Vr(T,-)) r n ~ *  plane  can  be  excluded.  The  result 

for  1,000  produced 7 pair  events,  corresponding  to 30,000 produced Zo events 

(& = rnzo = 91 GeV/c2), is shown  in  Fig. 20. One  can  conclude  that  scalar 

particles  with  masses  up  to 43 GeV/c2 ca,n be  excluded  at 95% CL, if the  branching 

ratio is equal  to  one,  e.g. a stau.  Table 3 shows the 95% CL mass  limit  that  can 

be obtained  as a function of the  number of produced Zo events. 



TABLE 3 

Number of Zs Needed to  Obtain  the Given  Mass  Limit at 95% CL 
for BR(S -+ TV,) = 1 

Mz = 91 GeV/c2 

r n ~  ( GeV/c2) NZO ( x l o3 )  

25 
30 
35 
40 
43 
44 

45 

1.8 

2.7 
3.1 
8.0 

20.0 
44.0 

233.0 

The Effect of Technicolor  on  Angular and Polarization  Asymmet’ries 

The basic idea of Technicolor‘l’is to replace  the Higgs sector  with a dynamical 

mechanism  to  generate  the  masses of the  gauge bosons.  However, that leaves the 

fermions  massless  and flavour changing  neutral  currents [FCNC] are  almost  un- 

avoidable in these  simple  models.  Generally  fermions  are  given  mass by inventing 

a new gauge  interaction  linking  the t,echnifermions to  the  ordinary  fermions [Ex- 
tended  Technicolor Models]!17]In ETMs  the  FCNCs  still  cause  problems,  but  with 

ST1  [Standard  Theoretician’s  Ingenuity]  they  can  be  overcome.  There  are a variety 

of approaches  to  create  “realistic))  technicolor  models.  One,  about  which a num- 

ber of publications  have  come  out, is the  composite  technicolor  standard  model 

[CTSM]!’21A11 these  “realistic”  models  have a tendency  to  be  rather  complicated. 

In CTSM, for instance,  quarks,  leptons  and  technifermions  are  composite  and  the 

basic  gauge g r ~ u p ‘ ~ ~ ] i s  (SU(3)c  x SU(2)w X U ( l ) y  X S L r ( n ) ~ c )  x ( S U ( 3 )  x [[(I)). 



Actually , it is possible, that the  preons involved respect a symmetry as large as 

SU( (45) + 4 4 .  

All these  models  are, at present, in the  “experimental”  stage. As there is no 

hint  as  to which of these  models is correct, it is difficult to decide which direction 

to pursue  experimentally.  Statements like “Compositeness is not  an  essential in- 

gredient of composite  technicolor  standard  models”[lzlseem  to  indica.te a degree of 

confusion in this field. 

Very undershndably,  it is rather  hard  to find firm  predictions,  but general137 

all the technicolor models  predict a variety of new particles in the 10 Gel?  to 10 

TeV range.  Light  particles accessible to SLC/SLD are  not  a necessity  at all for 

technicolor  models.  Even in the  simplest technicolor model  with 2 techniquarks  the 

technipions  are  eaten by the  gauge  bosons  and  the  lightest  particle is the  technirho 

around 2 TeV. As technicolor was invented to replace  the Higgs sector,  it  has  to 

recreate all the benefits of the Higgs. In doing that,  it might  mimic a Higgs. Many 

models  contain a O+’ state,  that  might look exactly like the  standard H0!] 

Given that  the  predictions of these  models  do  not  make it, certain  that we may 

observe  the  expected  particles, it behooves  us to look for other effects of technicolor, 

such  as in polarization  and  angular  asymmetries. 

Two asymmetries  that  can  be  measured  on  the 2’ peak  are  the  forward  back- 

ward  asymmetry AFB and  the left right  asymmetry ALR. As LEP will most, likely 

not  have  longit,udinally  polarized  beams for the  next  couple of years, ALR is some- 

thing  that  can exclusively be  done at SLC. 

The  standard  model  has firm predictions for the  asymmetries in lowest order 

and  the  radiative  corrections  are well understood. However,  as  discussed  else- 

where in these  proceedings,  the  radiative  corrections  are  dependent  on a number 

of input  parameters [ m ~ ,  M H ,  mz ,  sin28w], some of which are  not  known  at  this 

point in time.  Therefore  there is a range of predictions for the  standard  model. 

[13,141 

Let us define SALR : 



where A L R ~ O  is the  leading  order  calculation in perturbation  theory. 

There  are two  types of contributions  to ~ A L R :  so called oblique  and  direct 

corrections.  Oblique  corrections  are all those  corrections  that  do  not involve any 

external  particles.  Direct  corrections involve external  particles.  In all theories 

(including  the  standard  model) SALR is calculated  separately for the two classes 

of corrections.  Generally it is easier to  calculate  the  oblique  corrections. For 

technicolor  models  with  no light extra  particles,  there  are  only  oblique  corrections. 

With  the  above  mentioned  uncertainties in the  input  parameters for the stan- 

dard  model  the  uncertainties in the  standard  model  predictions  are a couple of 

percent.  However,  the  contributions  from new  physics  could very well be  large. 

Whatever  phenomenon  might show up in the  asymmetries, it will show up  much 

clearer in ALR than in A F B .  As recent  measurements  tell us that mz is around 

91 GeV, for one  loop  corrections, SAFB is only  about 15 % of SALR. That  makes 

SLC/SLD comparable with LEP even with substantially lower luminosity. 

In  technicolor  models  the  symmetry-breaking  produces a model  depen- 

dent  number of pseudo  Goldstone bosons. These influence the  vacuum  polariza- 

tion  amplitudes  and  thus  cause  radiative  corrections different) from  those  predicted 

by the standard  model.  The  pseudo  Goldstone  bosons  are  described by effective 

Lagrangians which are  only valid well below the  relevant cutoff ATC of t.he model 

considered. All calculations  done  are cutoff dependent.  The effective theory of tech- 

nicolor  bosons is actually  not  renormalizable  from  the  point of view of Sc ' (2)  x U (  1 )  

which  leads to large  radiative  corrections of the  order of Z72(Agc/mi). In  addi- 

tion  the  mass  matrix of the  usually  rather  large  variety of pseudo  Goldstone  bosons 

should  break global SU(2) rather  badly,  as  some  particles  have  to  verj'  heavy while 

the  others  are  restricted  to  be  the  longitudinal  components of the W* and 2'. The 

resulting values for ~ A L R  can  be  as high as 10% . 

[13,151 

In CTSM another effect[121could indirectly influence ~ A L R .  CTSM could  in- 



troduce a correction to GF of the  order of a few percent.  Then GF would not 

accurately  describe  the scale of electro-week  symmetry  breaking.  This also  would 

lead to  large  deviations in SALR from  the  predictions of the  standard  model. How- 

ever,  this effect is only a possibility in CTSM and  not a prediction. 

Other new  physics like SUSY or SUGRA or  extra  generations  potentially also 

have large effects on SALR. In case there is a deviation  from  the  standard  model 

prediction it will not at all be  easy to  determine  what  causes  it. However, the left 

right  asymmetry is definitely the  place  to look for the effects of new  physics that 

is not  directly accessible because  the  masses ma.y be so large  that  they  can  not  be 

produced  at  present  accelerators.  That  may  be  the case with  technicolor. 

[13,161 

The  Production  and Decay of Techni-glueballs 

The  standard  model of electro-weak  and  strong  interactions  has  proven to be a 

remarkable  phenomenological success. The only  aspect of the  theory that has  not 

been verified experimentally is the  mechanism of electro-weak  symmetry  breaking 

and  fermion  mass  generation.  The  standard Higgs model, which relies on  the 

existence of elementary  scalar fields to break  the  symmetry  and  to  generate  fermion 

masses, is known to suffer from serious theoretical  problems.  Elementary  scalar 

theories  require  unnatural fine tunings of parameters  to  maintain hierarchies!']This 

has  motivated  investigations of alternatives  to  the Higgs method of symmetry 

breaking.  Technicolor  theories are  among  the  most  promising of such  alternatives!'] 

In  these  theories,  symmetry  breaking is assumed to come  from a new non- 

abelian  gauge  interaction,  technicolor, a d n g  among a new  set of fermions,  techni- 

quarks.  The  techni-gauge force is exactly like QCD, but it becomes  strong  at a scale 

much  higher  than 200 MeV. The chiral flavor symmetry  breaking in technicolor 

theories  leads to Goldstone  bosons which are techni-quark/anti-techni-quark bound 

states. 

In a generic  technicolor theory with SU,5(2) doublets of techni-quarks,  the 

techni-Goldstone boson  decay constant F, must  be 250/& GeV to give the W* 



and 2’ their  measured  masses  (see  the discussion in sections 1.1 and 1.2). In QCD, 
the  non-abelian  gauge  theory we know best,  the pion decay  constant f,, and  the 

confinement  scale  are  roughly  the  same. If the  same holds true for technicolor, 

then  the  techni-confinement scale must  be  hundreds of GeV.  Therefore,  such  tech- 

nicolor theories  are  indistinguishable  from  the  standard Higgs theories of symmetry 

breaking at energy scales within  the  reach of existing  particle  accelerators. 

In  the  standard  model  the  only  observable  excitation  coming  from  the  sym- 

metry  breaking  sector is the Higgs scalar.  In  technicolor  theories we can  excite 

techni-mesons,  baryons,  and also  glueballs once we pass  the  confinement scale. 

Therefore,  once we have  particle  accelerators  with sufficient energy  to  probe  the 

technicolor  confinement scale, we can  definitely test  the validity of the technicolor 

hypotheses. 

To generate  masses for quarks  and  leptons  within  the  framework of technicolor 

one  must  assume  the  existence of an  extra set of interactions,  Extended Tech- 

nicolor (ETC)f”]at a scale of order 1000 TeV. Below this scale the effect of the 

ETC interactions  can  be  summarized by a set of effective  4-fermion interactions 

among  techni-ordinary,  techni-techni,  and  ordinary-ordinary  quarks.  These  inter- 

actions  generate flavor changing  neutral  currents  among  ordinary  quarks. To be 

consistent  with  the  experimental  limits on such processes, the ETC scale must 

be  above  approximately 1000 TeV.  In  earlier discussions, technicolor was deemed 

phenomenologically deficient because METC = 1000 TeV generated  ordinary  quark 

masses  much  smaller  than  observed.  More  recently,  technicolor  theories  with walk- 

ing coupling  st,rengths  have  been  proposed[181which resolve t.his problem. It  has also 

been  noted  that  when  the  4-fermion  coupling  among  techni-quarks is sufficiently 

strong  to  directly affect the chiral  symmetry  breaking of techni-quarks,  the ordi- 

nary  fermion  masses  are  automatically  enhanced!”]Either of these  two possiblities 

can  be  utilized in building  viable  technicolor  models. 

Physics will be  more  interesting if it is possible to build  such  models  with con- 

finement scales much  smaller  than 250 GeV. Several approaches  leading  to  this 



conclusion  have  been  discussed  recently.  Eichten  and  LaneL201have  entertained the 

possibility of putting  some  techni-fermions in representations  higher  than  the  fun- 

damental  representation ( N )  of S U ( N ) ,  where S U ( N )  is the  techni-gauge  group. 

As pointed  out by MarcianotZ1]such  an  assumption  leads to the generation of a 

hierarchy  between  the  confinement scale A, and  the  Goldstone boson  decay con- 

stant F,, with F,/A, > 1. Therefore, in  such  technicolor  models  it is possible 

to have A, in the 10's of GeV with F, = 250 GeV,  provided  that  the  quadratic 

Casimir Cz(R) of the  fermion  representation R is large  enough.  Another possi- 

bility, pointed  out by Appelquist,  Einhorn,  Takeuchi,  and Wi je~a rdhana ;~~] i s   t ha t  

the 4-fermion  couplings  among the  techn-quarks  generated  at  the ETC scale  can 

dominate  the  technicolor  chiral  symmetry  breaking  when  the  couplings  exceed  some 

critical value. This  tends  to  push F, towards A ~ E T C ,  allowing the possibilitJ- that 

F,/A, 10 with F,/METc << 1 and F, = 250 GeV. 

If we have a theory  with  small A,, then we have  the  possibility of light techni- 

glueballs.  Here we assume that some technicolor theory  predicts  techni-glueballs 

lighter  than  the 2'. Without considering the specific details of that  theory we can 

calculate  the  production of these  techni-glueballs at the 2' resonance  and  their 

subsequent  decays.  In  this discussion we also assume  tha.t  techni-quarks  do  not 

carry  ordinary color. 

First we calculate  the  decay  rate 2' + 4-y for a techni-glueball 4 at  the  one 

techni-quark loop  level. This  decay  proceeds  via a virtual  techni-quark loop. We 

make  the  approximation that the effective coupling 9' of the t-echni-glueball to 

the  techni-quark is point-like  and of strength g'2/47r = 0.1. For the  purpose of 

this  calculation we also assume  that  the  techni-quark  mass is a hard  mass (ie., we 

neglect the  dynamical  variation of the  mass with momentum).  Then  the  calculation 

is straight-forward  and  the 2' radiative  decay  widths  into  scalar  and  pseudo-scalar 

techni-glueballs ( d S  and 4,s) are: 



(5.1) 

and 

where 

Here we have  used NTC to  denote  the  dimension of the  techni-quark represent ation 

and N F  to  denote  number of techni-quark famililes. MT is the  techni-quark  mass, 

which we have  assume  to  be  independent of techni-quark flavor. 

Once  it is produced,  the  techni-glueball  must  decay  predominantly  to  two  pho- 

tons  via a techni-quark  loop. As the  techni-glueball  carries  no  ordinary color, 

it couples  predominantly to  techni-quarks. We assume  that  techni-quarks  and 

techni-pions  (pseudo-Goldstone  bosons)  are sufficiently massive  that  they will not 

appear  as  techni-glueball  decay  products.  The  decay of techni-glueballs to  ordinary 

quark/anti-quark  pairs (of opposite  helicity)  proceeds via the effective  4-fermion 

interaction  with  coupling  strength z l/MiTc. Because of the  magnitude of METC 
the  resulting  decay  width is highly suppresssed,  and is small  compared  to 4 t 73. 

The decay  width for 4 + yy can  be  estimated by calculating a triangle  di- 

agram. For the  pseudoscalar  case  the  calculation is similar  to  that of 7ro t yy 
and is straightforward. For the  scalar case the  calculation is similar to  that of 

H t yyfZ1After  summing over all the techni-quarks  and  including the appropriate 
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Jet-  Jet Invariant Mass Reconstruction 

C. Baltay, S. Manly, and J.D. Turk 

Department of Physics, Yale University, New Haven,  Connecticut 06520 

ABSTRACT 

A Monte  Carlo  study was undertaken  to  determine  the  mass  resolutions  at- 

tainable,  using  the SLD detector, in the reconstruction of events  where  a Z decays 

into spinless  particles  that  decay to quark  pairs.  Preliminary  results  indicate  that 

for equal  mass  part,icles, a,/m - 1%. For unequal  masses, the resolution is - 5%.  



A powerful  tool  in the search  for new particles is the  technique of jet-jet in- 

variant  mass  reconstruction.  This is particularly  useful in searches  for  particles 

presumed  to  decay  into  quark  jets,  such as neutral Higgs scalars  and  technipions. 

The e.vents of interest  have  four  well-separated  jets.  This  topology  comes  about 

by the Z decaying  into  two  back-to-back  spinless  particles,  not  necessarily of the 

same  mass.  These  particles  are  then  assumed  to  have  sufficient  mass  to  cause good 

separation of the two  jets  from  their  quark-antiquark  decays. An invariant  mass 

can  be  constructed for each  scalar by taking  the  norm of the  sum of the  4-momenta 

for its  correct  pair of decay  jets.  This  study  examines  methods of scaling the jets, 

using  constraints  from e'e- precision  and Z decay  kinematics, so that  the best 

resolution of the  scalar  masses is achieved. 

1 

2 3 

The Z bosons  for  this  study  are  made  to  decay  with  a sin26' distribution  into 

spinless  particles, for both  equal  and  unequal mass particles. For the  equal  mass 

particles  (assumed  charged  scalars),  sarnples were produced for six  masses  from 

15 to 40 GeV/c2 .  For unequal  masses  (assumed  neutral  scalars),  only  one  sample 

was produced. In this  sample  the Z decays to two  scalars,  one at  20 and  the 

other  at 30 GeV/c2. In  both  the  equal  and  unequal  mass  cases  the  scalars  are 

decayed  isotropically in their own center-of-mass  frame.  The  charged  scalars  are 

assumed  to  decay  into be (cb) quark-antiquark  pairs - 80% of the  time, and the 

remainder  decay  to c and s pairs.  The  neutral  scalars  are  assumed  to  decay only 

to bb pairs. At  this  point  4-momenta  are  generated for  each of the four  quarks. No 

radiative  corrections  are  done.  The  quarks  form  jets  via  string  fragmentation in 

the LUND4 Monte  Carlo  package.  The  standard LUND package for heavy  quark 

deca.ys  has  been  used in this  analysis.  The  hadronized final state  particles  are 



passed  through the SLD Fast  Monte  Carlo  detector  simulat.ion.  This  simulation 

uses simple  algorithms for detector  components,  and  does  not  model effects for 

tracking inefficiencies. The overall  simulation,  however, is adequate for this  study. 

An important  consideration is what  detector  subsystem  information  should 

be used.  This  study  starts by using  only  calorimeter  information.  The  benefits 

of using  particle ID and  tracking for the charged  track  momenta  are  then  made 

clear  by the  improved  resolution.  The biggest problem  with  using  tracking is 

that  60% of the of the  charged  tracks  with  momentum over 3 Geb'/c have  neutral 

particles  within 5". Since  tracks  bend by - 10°/p in  the SLD magnetic  field,  and 

the  calorimeter  segmentation is - 3O, there  can  be  an  overlap of the  calorimeter 

signals  for  charged  and  neutral  particles. If the charged  track  momentum is taken 

from  tracking,  then  that  hidden  neutral  energy is lost.  One  correction  that  can  be 

done is to  use  tracking  information if the  tracking  and  calorimetry  agree  within 

errors,  but  use  the  calorimeter  information if it shows energy  larger  (beyond  the 

errors  involved)  than  that  from  tracking. 

It is interesting  to  consider how much  the  resolution  benefits  from hadronic 

calorimetry.  Since  photons  are  stopped  within  the  electromagnetic  portion of t,he 

calorimeter,  and  hadronic  signals  associated  with  charged  tracks  are  ignored (if 

tracking is used),  the only  particles that  require  hadronic  calorimetry  are  neutrons 

and long-lived  neutral kaons. Since  heavy  quarks  tend  to  produce  many  kaons, 

these  account for more  than 8% of the energy  in  these  samples. As a simple way 

to estimate  the effects of not  having  hadronic  calorimetry,  particles  tagged as K ~ s  

can be removed  from  the  analysis  (neutrons or any  other  track  with  more  than 1 

GeV of energy  in the  hadronic  calorimeter,  unassociated  with a charged  track,  are 



tagged as K i s ) .  There  are  problems  with  this  simple way of estimating  the loss 

in resolution.  One is that  50% of the  photons  with  energy below 1 GeV are also 

tagged as kaons. Another  problem is that even  particles  that  interact  hadronically 

c m  leave a substantial  amount of energy in the 0.7 interaction  lengths of t.he 

electromagnetic  calorimeter. 

Once  the  particle  momenta  are  det,ermined,  the  Yclus  algorithm is used to 

group  them  into  jets.The  algorithm works by iteratively  combining  tracks  with low 

invariant  masses  between  them,  where  the  invariant  mass is the  norm of the sum 

of the  4-momenta of the two tracks.  The  combining of tracks is done by simply 

adding  their  4-momenta  to define a new track.  Jets  are  formed in this way. The 

combining of jets  continues  until  the lowest invariant  mass ( M )  between  any  two 

jets satisfies: ( M / E , )  > Ycu t ,  where  Ycut is a variable  input  parameter to the 

algorithm,  and E, is the  total visible  energy  in the  event.  The  Ycut is chosen to 

pick the lowest invariant  mass allowed between  jets.  Ycut is set  between 0.015 and 

0.030 to get  good  four-jet  events  from  the  generated  samples in this  study. 

5 

Having  four-jet  events,  reconstruction  begins.  In fig. 1 is plotted  the  average 

reconstructed  mass for each of the  three possible pairings of the four jets.  The 

reconstructed  mass is simply  the  norm of the  sum of the  4-momenta of the two jets 

taken  as  pairs  on  one  side of the  event. An invariant  mass is calculated  similarly 

for the  opposite  two  jets,  and  the  two  invariant  masses  are  averaged.  The  sample 

used is of 30 GeV/c2 equal mass charged  scalars which  decay to bc (80%) or cs 

(20%) quark-antiquark  pairs.  The  Ycut in the  jet-finding  algorithm was set to 

0.030. Fig. 1 uses only  calorimeter  information for particle  4-momenta.  To  reduce 

the combinatorics ( two of the  three entries per event in fig. 1 are  from  incorrect  jet 



pairings),  the  thrust axis of the  event is used to pair  the  jets  into  combinations  that 

maximize  the  longitudinal  momenta of the pairs. The  result is fig. 2. This  method 

always  selects the lowest invariant  mass  pairing of jets.  This works well for scalar 

masses below 35 GeV/c2, but selects the wrong  pairing for higher  masses,  becoming 

useless. Because  the  measured  jet  energies  tend  to  be low, the  reconstructed  masses 

fall well below the 30 GeV/c2 original  mass. To correct for this,  the  reconstructed 

masses  can  be scaled by half the  true  event  energy  divided by the  sum of the 

measured  energies of the two jets used in the  reconstruction of the  mass.  This 

simple scaling is justified  only  when  assuming  equal  masses for the  scalars  from 

the Z decay. Each then  takes half of the  event energy. The much  improved  results 

are in fig. 3.  To further  improve the peak,  another  method of reconstruction  can  be 

employed in  which  all of the  kinematic informat.ion available for the  event is used. 

The  jets  are scaled individually so that  the  sum of the  momenta of each of the  jet 

pairs is equal  to half of the  true  event energy, and  the  sum of the  3-momenta of the 

four  jets is minimized  (should  be  zero).  An  initial  state  hard  photon lost  down the 

beampipe would  weaken these  assumptions,  but  these effects were not  considered. 

The scaling  factor  distribution for this  method is shown in fig. 4. The  mass  peak 

is plotted in fig. 5 .  Fig. 6 is the  same  plot,  except  that full particle  identification 

was implemented  and  tracking  information was used for charged  particle  momenta. 

The resolution is very  much  improved  and is about 1/3 of a GeV/c2. As an  att.empt 

to  determine  the  resolution  without  hadronic  calorimetry,  the  same  analysis is run 

with  particles  tagged as K ~ s  removed.  The  resulting  peak is shown in fig. 7. The 

resolution is worse by roughly a factor of two. 

For the  study of unequal  mass  scalar  pairs, a sample of 20 and 30 GeV/c’ 



..; 

neutral  particles  is  used.  Momentum  conservation is again  required  in  the  recon- 

struction,  but now the energy  conservation  constraint is  weakened  by  not  having 

equal  masses.  Since  the  energy will not  be  shared  equally by the  two  scalars,  the 

equal  mass  constraint  that  each  side  have half of the  true  event  energy now only 

requires  that  both  sides  added  together  have  the full  energy. A solution  can  still  be 

found for the  scaling  factors for each  jet.  The scaling  factor  distribut.ion is depict,ed 

in fig. 8. The  two  mass  peaks for this  sample  are  plotted in fig. 9. For this  analysis. 

Ycut is set to  0.020, the  thrust  axis is again  used to  select the  correct  pairing of 

jets, full particle  identification is implemented,  and  tracking is  used for the charged 

particle  momentum  determination.  Because  these  neutral  scalars  are  assumed  to 

decay to  bb pairs,  the b mass can  be used  in the energy  constraint: E2 = p 2  + mi. 

The  improved  results  are shown in fig. 10. The  resolution is between 1 and 2 

GeV/c2 for the  two  peaks. If particles  tagged as K ~ s  are removed to  simulate  the 

lack of hadronic  calorimetry,  the  resolution is degraded by roughly a factor of two, 

as is  shown  in fig. 11. 

The conclusions of this  study  are  that  resolutions of grn/?n - 1% for equal  mass 

pairs of particles,  and Um/m - 5% for unequal  mass  pairs,  can  be  achieved by the 

SLD detector  using  jet-jet  invariant mass reconstruction  and  the  precision of e+€-  

kinematics in Z decays. The loss of hadronic  calorimetry  hurts  the  resolution by 

roughly a factor of two, as indicated  by  the  approximate  simulation  used.  Possible 

refinements to  this  study  include  modelling  the effects of initial  state  radiation. 

using the  more  precise Slow Monte  Carlo,  and  implementing a more  accurate  heavy 

quark  decay  package.  This work  would not  have  been  possible  without  the  software 

assistance of Richard  Dubois  and Tony Johnson. 
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Introduction 

A primary  function of any  colliding  beam  experiment  at a new energy  range is 

to  search for  new states  and  to  extend  limits in the  event  that  these  states  are not 

seen. For an  e+e-  experiment  operating  in  the Zo resonance  region,  assumming  it 

is kinematically  allowed, a variety of new  particles  are  expected  to  be  produced co- 

piously and  with  distinctive  experimental  signatures;  examples  include  top  hadrons 

and  hadrons  due  to  the  production of a fourth  generation  down-type q u a r k  (0'). If 
favorable  decay  mechanisms  are  assumed,  significant  mass  limits  can he e s m c t d  

for these  particles from very  small data  sets,  as  the  Mark I1 collalmratjoll has 

demonstrated  with fewer than 400 2' decays.  At the  other  extreme.  there are 

hypothetical  states for  which  direct  detection will be  challenging  even for  event 

samples of lo4 ZO's, and  states that will require  high  precision  measurements to  

observe  indirectly.  Exotic  leptons  produced  via  potentially  small  mixing effects or 

weak couplings  are  an  example of the  former, while  massive  neutral  vector  bosons 

are  in the latter  category. 



Presumably, by the  time  the SLD begins  its  physics  run  the h4ark I1 w i l l  11a1.e 

already  studied  the  most  accessible  topics  and  the  focus of new  particle  searches 

at the SLC and LEP will be  on  the  more  exotic  species.  However,  in  the follow- 

ing  report  our  working  group  has  examined  several  topics of interest  with a11 e ~ . e  

towards  clearly  establishing  the  capabilities of the SLD in  bot,h the low and high 

statistics  realms.  Due  to  the  multiplicity of models that predict  new  fermions  our 

study is not  exhaustive,  nevertheless  the  chosen  topics  are  representative of both 

minimal  extensions of and  phenomena  beyond  the  Standa.rd  Model. 

Sequential  Quarks and Leptons 

For the  purpose of this  study, we will assume  that  the top quark is above 

threshold at the  SLC. In fact,  the  best  available lower mass limit  from  the CDF 
experiment  at  the  Tevatron is r n l  > 76 GeV a t  95% confidence'. The recent 

e+e-  result  from  the  Mark I1 is more  directly  interpretable  in  terms of the SLD 
experiment  and is r n t  > 40.7 GeV  at 9596 confidenc,e2;  fairly  close to half the 

2' mass  (45.6  GeV)3. M:ith the  top  quark ina.ccessible to  our  esperiment: ne\\. 

sequential  fermions  must  derive  from a fourth  generation. 

A well known  free  parameter of the Standard  Model is the  number of gener- 

ations of wea.k isodoublets of fermions; at SLC and LEP the effort, to  determine 

this  parameter will proceed on several  fronts. A precision  measurement of t,he 2" 

resonance  width is sensitive  to  the  production of new particles, as are proposed 

"neutrino  counting"  measurements  that  are  capable of detecting 11<3\v \vc.al;l~. i l l -  

teracting  neutral  states.  Our  concern will be with  direct  searches,  though we w i l l  

make  reference  to  the  limits  that  are  expected  to  derive  from  other  analyses. 

Within  the  minimally  extended  standard  model all  couplings to   the Z", both 

vector  and  axial  vector,  are  uniquely  specified.  These  couplings  are  given  in  Tahle 

1 where  the  right-hand  column  refers  to  hypothetical  heavy  charged  leptons ( L * ) :  
neutrinos (vL), top-type  qmrks ( t )  and  bottom-type  quarks ( b ' ) .  



Final  State Vf a f  New Heavy  Fermions 

e+e-, p + p - ,  7+7-  -$[1 - 4sin26pv] -- 

uu; cc 2[1 1 - g s i ? z 2 6 ~ ]  

1 
” 2 L* 

2 2 V L  
- 
ve v e  G v p ,  V T v r  

1 1 - - 

- 8 - 1 t 
- 
dd, Ss, zb  - 3sin2ew] -z b‘ 1 4 1 

Table 1: fermion  couplings 

Pair  production of heavy  fermions is suppressed by the  phase  space  factor  gi\.en 

below,  where ,/3 is the  fermion  speed. 

From  this  expression  one  can  see how the  production of weak isospill - f  I ferlniolls 

is more severely  limited than  it is  for the $3 weak  isospin partners;  near  t,hresl~oltl 

one  has, for example, BR(L+L-)  - p3 while BR(vLI/L) - B .  Relative to the 

leptons,  quark  production is enhanced by a factor of M 3 due to color  statist.ics. 

Hence,  compared  to  other  sequential  fermions,  the  largest  data  samples will he 

needed  to  set  limits  on  the  production of new  charged  leptons. 

1 

Sequential  Leptons 

The  decays of new  sequential  leptons  proceed  via  the  charged \veal; current. 

where  the allowed  modes  depend on the  relative  masses of the charged  and  neutral 

leptons  and  on  possible  lepton  generation  mixing  effects.  Several  scenarios  are 

possible: 

0 l n L  > m V L  and both are < mz/2  
L- -+ W-VL decays  occur. 

v~ is stable in the  absence of mixing  and  detectable  via  neutrino  counting. 

With  mixing, VL --+ W+2- with  rate  proportional  to  mixing  parameter I P L , ~ ’ .  
515 



0 Only mvL OR m L  is < mz/2 

L- + W-vl via  mixing,  or ... 
vL + W+I- via  mixing, 

where  in  both  cases  the  decay  rate is proportional  to  mixing  parameter l l T , g 1 2 .  

For our  studies we have  chosen the following complementary  cases for  cllarged 

and  neutral  leptons: 

L- -, M / ’ - ~ L  without  mixing,  and v~ + W’I- via  mixing 

For the  charged  lepton  decays,  the  difference r n ~  - n2,,[ is assumed  to 13,e large. 

and for the  neutral  decays, t,he charged  lepton is taken  to  be  too  massive to be 

produced  at  the 2”. 

The  best  available  limits on heavy  charged  lept,ons  are n 2 ~  > 31 Ge\’ /c‘ f ro~n 

the UA1 collaboration4,  and n 1 , ~  > 28 GeV  /c2  from  the TRISTAN e~perin1ent .s~.  

We have  taken  the easily  interpretable eSe- result  as  a  benchmark;  our studies 

consider r n ~  2 30 GeV / c 2 .  For the charged  lepton  analysis  three  methods 11a1.c 

been  studied.  The second  and  third  techniques  require  respectively  a  single  isolated 

lepton  in  the  event  and a final state “ep” signature; we will not  discuss  these 

methods  here,  and  instead refer the  reader  to  the  chapter  on  sequential  leptons 

written by Tim  Bolton. The method  best  suited  to  the  analysis of data  samples 

of lo4 2” events  does  not  require  lepton  identification,  and  thus  does  not suffer 

the  statistical loss due t’o the  lept,onic  decay  rate of x 15%. In this a p p r o a c l ~ ,  a 

measure of the  non-planar  topology of an  event,  the  “acoplana.rity”, is calculated 

for each  event,  and is  defined b y :  

Here i is the  thrust  direction used to  divide  the  event in half,  and  the ii, are x-isible 

energy  unit  vectors on the  two  sides of the  event.  The  electromagnetic  and  hadronic 

calorimeters  are  used  to  determine  both  the  energy  vectors  and  the  thrust: \\.it11 

the  addition of drift  chamber  data used  for  minimum  ionizing  tracks. 



Our  monte-carlo  studies  generated  heavy  leptons of masses  from 30 t o  45 

GeV/c2,  as well as  conventional  quark  production  hadronic,  two-photon  and  tau 

lepton  events. The massive  lepton  decays  produce  highly  acoplanar  events; for 

properly  chosen  cuts  backgound  from  conventional  sources  is  entirely  due t,o de- 

tector  acceptance  limitations. We have  chosen a cut  at 0~ > 0.3  radians, s u p  

plemented by the  requirement  that  the  polar  angle of the  thrust axis satisf). 

1 cos OlhTusll < 0.8. Due  to  the high  degree of hermiticit?, in the SLD, the b;tcl;- 

ground  has  been  found  to  be  small. For lo4 produced ZO's ,  7.5 background  e\.ent,s 

are  expect'ed, all due  to  hadronic  events.  The efficiency  for the signal is 0.51. in- 

dependent of the  lepton  mass,  and  the  number of detected  events is found to  he 

53, 31 and 9.6 for n 2 ~  = 30, 35 and 40 GeV/c2  respectively.  The  conclusion of this 

study is that  with lo4 2' events  the SLD should  be  able  to  set  mass  limits 011 t.he 

production of sequential  charged  leptons  at  about 40 Gel'/.'. We ha1.e also used a 

parameterized  simula.tion of the  Mark I1 detector6  to  estimate  that  with a similar 

calorimetric  analysis  the  Mark 11 could  set  mass  limits a t  < 35 Gel' /c ' ,  M . I ~ c ~ c  
the  optimal  cuts were  found to  be  relatively  tight (0, > 0.5  and I c o s O ~ ~ , , ~ ~ ~  < 0.5) 

due  to  the  limited  acceptance of this  device  and  its  lack of hadronic  calorimetry. 

The  search for  heavy  fourth  generation  neutrinos  assumes  tshat  decays  occur via 

lepton  family  mixing. As mentioned  earlier, we have  assummed  that  the  charged 

lepton  partner is heavier than  the  neutrino. We  therefore  can  expect  the  follo~vi~~g 

experimental  signatures: 

where  the  purely  leptonic  mode  occurs z 25% of the  time.  Due to the  fact  that 

the hea.vy neutrino  lifetime  scales  as 

lifetimes  are  very  short  and  decay  vertices  are  not  visible  unless the mixing  param- 



eter IUI2 < lo-'. The  interesting  case  where  the  heavy  neutrino  decax  can be secn 

has  not  been  studied  in  detail,  however  such  behavior is  likely to  give a spectacular 

signature. 

Theory  provides  little  guidance  for a choice of mixing  senarios,  though a reaso11- 

able  assumption is I L J L ~ I  < I U L ~ (  < ~ U L ~ I .  We  have  focused on the  experiment.all~- 

most  challenging  case  where  mixing is entirely  to T leptons. O u r  procedure \vas 

then  to  at tempt  to cover  as  large a region of the mvL versus l b i '  plane as possihlc. 

Complementing  any  direct  search for heavy  neutrinos,  measurements of the 2" 

resonance  width will provide  limits which are  independent of mixing  angles. For a 

sample of lo5  events,  the  width  measurement  should  exclude new heaq-  neutrinos 

with  masses of < 41 GeV / c 2 .  Neutrino  counting  measurements,  by  virtue of the 

fa,ct that  stable  neutral  objects  are  included by the  search,  are  sensitive  to the 

small  mixing  region,  but  are  limited in mass  reach.  Together.  these  methods \vi11 

eventually cover the  kinematically  available  parameter  space. 

Our  preferred  method  to  search for a fourth  generation  neutriuo is to look 

for isolated  electrons  or  muons  opposite  to a jet ,  since  this  mode will  constitue 

44% of all decays  and is a fairly  clean  signature.  Additional  cuts on the  event 

are  designed  to  assure  that  the 1ept.on side of the  event  contains  only  the  espect,etl 

decay  products of a leptonic  neutrino  decay,  and  that  the  opposite  side of the 

event is consistent with semi-leptonic  neutrino  deca,y;  the  reader is referred to T .  

Bolton's  chapter  for  details. It is found that efficiencies vary  from  around 15% 

at  the  smallest  masses (5 GeV / c 2 )  to 1% at  the  kinematic  limit,.  Backgrourlds 

for lo4 2"'s are  estimated  at 1.7 events  from  hadronic  production.  and less t l r a ; ~  

1.0 event  due  to  two-photon processes.  Due to   the high  production r a k s  of hca\-~.  

neutrinos,  this  allows  detection of neutrinos with masses  just over 40 Gel' /c', 

and  with  the  limit  improved if mixing  to  electrons  and muons is allowed. The best 

available  limit is based  upon a search for isolated  tra.cks;  the  Mark I1 collaboratio~~ 

has  announced 95% C.L. limits  at 42.4 GeV/c"  using 310 hadronic 2" deca).s', 

where  full  mixing to  T leptons is assummed.  It is clear that  the  Mark I1 and L,EP 
experiments  may  exhaust  the  topic of heavy  neutrinos,  and  it is possible that  this 



topic will no  longer be of interest  by  the  time SLD begins  data  taking. 

Sequential  Quarks 

The  possiblity  exists that  the  fourth  generation weak  isospin - l / 2  quark, u s w  

ally  known  as the b’ quark, is  less massive than  the  t,hird  generat,ion  top  quark. I f  

this is the case b’b’ production will be  cupious  at  the 2” resomnce,  and  their deca>.s 

will be  distinctive. For this  reason  it  is  evident  from  the  start  that  the  search  for h’ 

quarks will most  likely  be  accomplished  by the Mark I1 or by LEP. Nevertheless, 

we have  undertaken a study of the SLD’s capabilities  in  this  measurement for the 

purposes of comparison,  and  with  an  eye  towards  any  possible  decay  processes t h a t  

might  require  the  unique  capabilities of our detector. 

We are  assuming  that mi > M z / 2  so that  top is not  produced, a n d  t l ~ a t  

nzb < AJz/2. If this  unusual  mass  hierarchy  occurs,  then the b’ n i l 1  undergo the 

KM suppressed  charged  current  decay  to  charm 

In the plausible  circumstance  that  the K M  matrix  elements sa.tisfy 

IVbZ’IITib’t’I 

effective  flavor-cha.nging  neutral  currents 

< lo-?, 

(FCNCs), which  occur  at t8he 011e loop 

level, ma?. Le the  dominant  modes  (here,  the t’ refers to the  massi\.e \veal; isospill 

partner of the b’). The effective FCNC modes  include,  for  example, 

b‘ + b gluon, and b‘ -+ b?, 

where  the first  channel  would  lead to  multi-jet  events  and the second to isolated 

high  energy  photons. 



The  production cross  section  for b' is  large,  about 6% of the  total 2" cross 

section  for b' masses of 40 GeV/c2, allowing  one to  establish good ma.ss l i~ni ts  

with  small  data  sets.  The  Mark I1 lower limits  on m b t  range  from a high of 4.5 

GeV/c2 if purely  charged  current  decays  to  charm  are  assummed,  or if one  takes 

BR(b' ---f by) > 40%, to a low of 41 GeV/c2 if the decays  are  purely b' + b g l u o ? ~ ' .  

Our studies  show that the SLD cannot  improve  significa,ntly  on  these  results for 

the case of the charged  current  decay.  Details of an  analysis  based  on  an  isolated 

lepton  signature  are given  in the  chapter by A. Weidemann  and C. Zeitlin.  where 

it is found that background  contamination  can  be  held below 5%, L v i t h  better t l ~ a n  

10% efficiency  for the signal. It may  possible to  exploit  the superic,r cal)al)ilities 

of the SLD with  respect  to  bottom  hadron  detection in the h' + 1) gluor2 c l ~ a n ~ ~ e l :  

this  avenue  has  not  yet  been  investigated. 

Non-standard Leptons 

Various  extensions of the  Standard Model  require  the  exist,ence of esotic IIW 

leptons;  grand unified theories (GUTS) ,  supersymmetr~~ (SUSU),  composite ~nodels  

and  left-right  symmetric  theories  are a few prominent  examples.  The lien. leptolls 

suggested by these  models  are  characterized by non-standard  productiol~ mcc1r;l- 

nisms at 2" energies  and  unusual  deca,y  properties. We have  choosen to  study tn.o 

specific  classes of new  leptons  in  order to  ascertain  the  capabilit.ies of the SLD for 

a set of widely  different  experimental  challenges. 

Singlx-produced  Neutral  Heavy  Leptons 

If weak isospin singlet neutral  leptons  exist;  and  they  couple  to ordinar?. 1 ~ 1 1 -  

tons  via  mixing,  the GIM mechanism  that  forbids flavor changing  neutral  currents 

at tree level no  longer  applies  (this is true  because the GIM mechanism will 0 1 1 1 ~ 7  

work if all neutral  leptons  belong  to the same  representation of weak isospin). U n -  
der  these  circumstances,  neutral  heavy  leptons  (NHLs)  can  be  singly  produced. 

and  it is possible to  probe  lepton  masses  up  to Mz. A new feature of this  proccss 

is that  the  production  process 2" -+ Lou is supressed by a phase  space  term and 



l ~ y   t h e  mixing  parameter : 

O(ZO -4 LOV) = O(ZO ---f vrT) ( l  - mi/s )” l  + m;/2a)2)UL[12. 

Pair  production of these NHLs is  doubly  suppressed,  a,nd was ignored in this  study. 

The decays of singlet NHLs may  occur  via  charged  currents  or FCNCs, 

in the  ratio 1 : 2 where  in  both  cases  the  matrix  element is proportional t o  l l’ l , /12.  

Hence if production is reduced by small  mixing,  the  lifetime of the N I I L  is nec‘es- 

sarily  increased. 

In  our  analysis we have  taken  advantage of two useful experimental  signatures: 

1) single  production of NHLs will,  for NHL masses up  to  SO GeI,’/c’  or so. lead to 

a distinctive  “monojet”  topology  as  the  decay of the heavy  lepton recoils agail~st 

the  unseen  neutrino,  and 2) the class of charged  current  deca>.s  where  the 14. I I O S O I I  
decays  ha.dronically ha,ve small  missing  energy  and  ma).  be used to  reconstruct a 

NHL mass peak if r n ~  < M z / 2 .  Present  limits  are  due  to  beam  dump  experiment,^' 
which  exclude  masses below 1.5 GeV / c 2 ,  fixed target  neutrino  experiments’ 

which  exclude  the  region IUI2 > 3 x low4 for low masses up  to  IUI’ > IO-‘ for 

m~ = 10 GeV / c 2 ,  and  “monojet”  searches at the  e+e-  storage  rings PEP and 

PETRA’ that  exclude a region up  to  masses  just below 20 Ge\’/c’ for l b ‘ l ’  > IO-’. 

Mixing  above 1 0 ’ 1 ’  x is ruled  up by precisioIl beta  decaj. measure~rle~l ts .  

The  details of our  monte-carlo  study  are given i n  the  chapter 113. A .  B ~ z ~ I ~ I < o  

and  M.  Sha,evitz.  To  summarize,  events  are  selected by the following three classes 

of cuts: 

0 Monojet  cuts,  that  require a jet  opposite to very  small  visible  energy. 

0 Acceptance  cuts,  which  are  fairly loose  owing to  the SLD’s good hermiticit!.. 

particularly  at  small  angles  with  respect  to  the  beam  direction. 



0 T+T-  and  two-photon  cuts, which  require a minimum  track  multiplicit~. a 1 1 d  

jet  invariant  mass. 

Both  the  case  where  mixing  occurs  equally  to all lept,on  families  and  onlj. 

to 7 leptons  were  studied.  The  signal efficiency peaks  at  about 60% for n z L  - 
20 GeV  /c2,  dropping  to 10% for  masses of either a few GeV/c2  or N SO GeV / c 2 .  

Backgrounds  due  to  hadronic  events,  tau pa.ir production  and  tivo-photon  e\.ents 

are  small;  the  total  background is less than 5 events  per lo5  Z"'s .  Clean 11lass 

peaks  were  reconstruct,ed for r n ~  = 25 GeV  /c2  even i f  mixing \\'as e s c l l ~ s i \ ~ ( ~ l ~ .  t o  

7 ,  a,lbeit  with 30% the efficiency of the  "democratic  mixing"  case. 

It, is found  that  significant  improvements  on  existing  limits for N H L  masses 

above 10 GeV/c'  are  possible with a. sample of lo5 2"s. Due  to  improved  angular 

coverage  and  calorimetry,  the SLD is found to  have a slight ( Z  20%) adivantage i n  

efficiency  over the Mark I1 for data  samples of lo5 events. No advantage o\.er a 

typical LEP detector is expected. 

Excited  Muons 

The  idea  that  leptons  are  composite  objects that exhibit a spectrum of excited 

states follows a line of reasoning  dating  back  to  atomic  physics.  Without  recourse 

to a specific  constituent  model,  one  can  appeal  to  general  principles and stud!. a 

class of models of excited  leptons  via  an effecive Lagrangean.  where a constant \ \ . i t a l l  

the  dimensions of m a s  incorporates  what is  unspecified about the 1necl1anis1-11 of' 

composit,eness. 'The l,agrangeau descri1:)es spiil 1/L'  f e ~ x ~ i o n s  \ \ . i t 1 1  eflr)cti\.c, I I I ~ I I ( : ~ ~ ( .  

dipole  coupling  to  the  vector fields'': 

L,jj  = -f*gpv(l - y5)fdpT% + 12.c. 
e- 
A 

V 

Here  the  sum is over  vector  fields (A,W:Z) and A is the  compositeness  scale i l l  

TeV. 
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I 

We  have  examined  the  special  case of the  electromagnetic  decays of an escitecl 

muon, p * ,  singly  produced  as  in 

where  one  searches for a py mass  peak.  The  experimentally  clean p p ~  final s ta te  

simplifies the  analysis  and  results in a well understood  background  that is entirely 

due  to QED processes,  after  our  cuts. The best  available  limits on the prod1lction 

of excited  muons  are  from  the TRISTAN experiments’’,  \\hich ha1.e presentl>. 

excluded  the region  in the  mass  versus  coupling  plane  from m,,. < 55 Ge\’ /.‘ 
with A < 10-3TeV to A < 3 x lO-’TeV for masses  just  above the pair  production 

t,hreshold  (about 30 GeV / c 2 ) .  Below threshold,  pair  production  analyses escludc> 

excited  muons for all values of A ,  since  pair  production  occurs  at  full  strength. 

The  analysis  proceeded by demanding  that  only psp-2 is det,ected. wit , l l  a11 

additional  requirement  that  the  missing  energy  in  the elvent be less than 11 C : c - b \ ’  

in order  to  elimina.te  the  expected r r y  background;  details ma?. be foulld i n  t.llc. 

chapter by C. Arroyo  and R. Steiner.  The QED background was s i~nu la t ed  ivit11 t l ~ e  

R4CBREMUS monte  carlo.  The  invariant  mass was formed for ea.ch py pair, and 

the resulting  mass  spectrum was studied  for  several  values of mLL* up to 80 GeV / c ‘  
and for integrated  luminosities  from lo4 to lo6 2”s. A significant  improvemcl~t 

in  mass  resolution  from 3 GeV / c 2  to  0.2 GeV / c 2  was made by  applying a beam 

energy  constraint  on  the  final  state  4-vectors.  The  background due to T T ~  and 

hadronic  events was found  to  be  negligible  over  the f u l l  range of s a ~ l l ~ ~ l c  sizc-s tI1;lt 

were st.udied. 

The  absence of any  signal will allow the SLD to  e x d u d e  a large region of the 

A versus mp* plane  for lo4 2”s ;  for lo5 events  masses  up  to SO GeV /c‘ with A 
approaching 1 TeV are  ruled  out. A measurement of this  type,  particularly  due 

to  the  fact  that  the  beam  energy  constraint  provides  much of the precision, is  not, 

expected  to show  significant  dependence on the  apparatus.  Our  study  reveals onl!. 

a small  advantage  over  the  Mark I1 for the SLD; LEP experiments  can  be expectvtl  

to  do  as well as we can. 



Additional 2 Bosons 

Various  models  postulate  gauge  symmetries  beyond  the S U ( 3 )  x S U ( 2 )  x U (  1) 

of the  Standard  Model;  examples  include  left-right  symmetric  theories, E6 ba.sed 

GUT’S and  minimal  modifications of the SM in  which  quarks  and  leptons  transform 

under  separate  gauge  groups12.  In  general,  additional 1!(1) symmetries in tllese 

models 1ea.d to  additional  vector  bosons  with  non-standard  coupling to  Standard 

h4odel fermions,  and  these new couplings  modify  measurable electro\z.eal; para11-1- 

eters. New neutral  vector  bosons “2’” will have  the  same quan tum n u m l ~ e r s  as 

the  the  Standard Model 2” and  can  therefore  quantum  mechanically  mix  with  the 

2”; the  strength of the  mixing  can  be  characterized by a model  dependent n1ixi11g 

a.ngle O r n i x .  Expected  experimental  effects  include: 

0 Shifts of A4z and rz. 

0 hleasurable effects on the  forward-backward (FB) and  and  polarized I c f t  -right 

(LR) production  asymmetries. 

Present  neutral  current  data allows a region  in hfz, versus Omiz space from 

about’ 130 GeV/c’  for  large  mixing to  just below 400 GeV/c’  for 10niirl > 0.0’13. 

Unless the  the 2’ boson is light  enough to  be observed directl!. at the SLC or LEP 
(a possibility that is  essentially  excluded by present  data), onl!. high l )~~x i s ion  

measurements of the  type  listed a,bove  can  reveal the presence of additiol~.  d 1 V K t  0 1 ’  

bosons  at^ present  eSe-  colliders. The  experimehl  picture is complicat,ed 11). t11c. 

effects of radiative  corrections,  particularly  those  effects  due to a hea\-y top qua rk .  

Until  the  ma,gnitude of these  electroweak  loop  corrections  are  known (for esam- 

ple  once  the  mass of the  top  quark  has  been  mea.sured),  any sea.rch for 2’ bosons 

based on a determination of electroweak  parameters will be  beset b ~ r  ambiguities. 

However, it  has  been  recognized for some  time  that  one sllould  be  able  to n ~ i l ~ i ~ ~ l i z o  

the confusion by a. propitious  choice of a set of observables  and a measuremel~t of 

their  correlation^'^. By an  appropriate  linear  combination of observables,  one can 



construct a mea.surable  quantity for  which the  troublesome  "oblique"  radiati1.e  cor- 

rections  due  to  top  quark  vacuum  polarization  loops  nearly  cancel. For example. 

it  may  be  possible  to  combine  measurements of the LR asymmetry  with  measllrc- 

ments of the polarized FB asymmetry  since  their  respective  oblique  corrections arc. 

the  same up to  a known  proportionality  constant.  The  reader is referred to t,llc 

chapter b). P.C. Rowson  for  deta,ils. 

One's  ability  to  make  precision  measurements of electroweal; paran~ctc\rs s u c l ~  

as  the  the 2" mass,  width,  partial  widths  and LR asymmetries  depmds 111orc 

strongly  on  the  performa.nce of the  accelerator  (luminosity,  energ).  spread and  

pola.rization)  then  it  does  on  the  detector  used.  Thus  the SLD w i l l  enjoy a n  

advantage  over  the LEP experiments  only to the extent  that  the SLC w i l l  pro\yicle 

longitudinally  polarized beams and LEP wi l l  not.  The  advantage of polarizat  io11 

is equivalent to a factor of M 100 in  effective  luminosity. 

1. Observation  of  non-standard 2" partial  widt,hs  (e.g. rppL: I ' f l a d r o n s ,  and  their 

ra.tio). A dramat,ic  signature allowed  in some  models is a. downs1~i.f ted tot.al 

widt,h. 

2. Establishment of a less ambiguous effect by precision  measurements of \veal; 

asymmetries  using  polarized  beams.  At  this sta.ge, specific ~nodels  call I ) ( ,  

distinguished a.nd their  pa.rameters  determined. 

It, should be possible to probe  mixing  angles 10lnizl less than  0.02 w i t h  10,' 

events  using  the LR asymmetry.  Shifts of hfz will be  detectable for Mz! u p  to 

perhaps 400 GeV/c2,  though  these  results will be  hard  to  interpret unt.il  precise 

Afz - A4rv measurements  and  the  mass of the  top  quark  are  a\.ailablc fro111 tire 

hadron  colliders.  Mixing  angles  smaller  than 0.01 will be  probed \Tit11 IO '  e\.ents. 



Summary 

The following table  summarizes our findings for  all  new particles  that \yere 

studied;  sensitivities for the  indicated  sample  sizes  are  shown. A star(*) indicatc,s 

a. possible  adva.nta.ge  for the SLD over the LEP experiments. 

New Particle # Z O ' S  Sensitivity 

L- 

10'1 m b t  < 45 Gel: /c' b' 

10" m u ,  < 40 GeV / e 2 ,  T mixing  only V L  

104 nzL < 40 GeV / e 2  

- 

LO 

105 M Z I  < 400 Gel' / e 2  for (Qmiz(  > 0.02 * 2' 
10 j mcl* < 80 GeV / c 2 ,  A < 1 TeV / e 2  P* 

IO5 m~ < 10,50 GeV/c2 ,  JUI2 > lo-' 

Table 2: New particle  searches  with  the SLD 
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Fourth  Generation  Sequential  Lepton  Searches at SLD 

T. BOLTON 

Department of Physics,  Columbia  University, IVY, IVY 1002i  

1. Fourth  Generation  Leptons 

A simple  extension to the st,andard model is the a.ddition of a  fourth doul~let  of 

leptons (vq, L 4 ) .  The  existence of such  leptons  with ma.ss < 45 GeV/c' \vi11 likely 

be  decided  by 2' experiments. 

SLD is well suited  for  these  studies.  However, LEP will most likely blow our 

doors off if Mark I1 and CDF don't  do it first. 

2. Charged  Sequential  Leptons 

2.1. BASIC FORMULAE 

To first  order: 

Since gC2 = ( %  1 - 2sin' N 0.002 << gf -  = 0.5', the  rate falls off a.s /J3 3 

over  most of the  range. 

Assuming a heavy  top  quark  and  neglecting KM suppressed  transitions,  the 

L4 decay  width is: 
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' 7 5  

F L ,  = G q 4  (1 + 1 + 1 + 3 + 3), 192T 

where  the  three  lepton  and  two  quark  families  contribute  as  shown.  Thus B,,, = 

Budv = 3B,,, = 3B,,, = 3B,,,. The event,  topologies  break up  into  three classes. 

lepton-lepton,  lepton-jets,  and  jets-jets, in the  approxima,te  ratio 1:4:4. 

2.2.  EXISTING AND  PROJECTED  SEARCH RESULTS. 

A UA1 result''] of rn l ;*  > 41 GteV/c2  is the  best  published  limit; ho\\ever, the 

methodology  employed is complicated. A more  unambiguous  result. is 1 7 7 ~ ~  > '38 
GeV/c3  by  the  Tristan  experiments.'*]  Tristan  should  have  little  trouble  prob- 

ing  lepton  masses  up  to half the  center-of-mass  energy, which might  be 1 7 7 ~ ~  2 
35GeV/c2 by the  time SLD runs in 1990. 

Mark I1 projects a sensitivity  to L4 masses of 20,25,30 and 35 GeV/c'  with a. 

data  sample of - 1000, - 1500, - 2500, and - 4000 Z o ,  respectively. They wi l l  

As will be  shown, SLD can  do  better  than Mark I1 with 104Z0. I t  is. ho\ve\.er, 

difficult to see how any of the LEP experiments will do  much worse than  SLD. 

UA1,  UA2, or CDF could  also  preempt  this  topic by 1990. 

2.3. MONTE CARLO DETAILS 

\Ye have  used  the  Monte  Carlo  generator TIPTOP, written 1)). S. Jadach  a n d  J .  
Kuehn[*]  and SLD-ized by A .  Wiedeman,  to  simulate hea.vy leptjon  production and 

decay. This  program, called MCTIPT in SLD,15' includes  the  standard production 

and  decay  matrix  elements, effects from  initial  state  radiation,  beam  polarization. 

finite  fourth  generation  neutrino  masses,  and  W-propagator  effects. 

MCLUND was  used  for  simulating  hadronic  event  backgrounds. Specifically. 

the - 9OII events on the data sets DSTUDS, DSTC, and DSTB were  used.  These 



events  were  generated  with  the  Parton Shower option  and  the  Peterson  c a.nd b 

quark  fragmentation  functions  with tC = -0.075 and tb = -0.03. For two-photon 

simulation,  the  generator MCTWOG,"] SLD-ized  from  Mark 11's GGDEPA via a 

TPC intermediate  state by C. Zeitlin was used.  Tau  backgrounds  were  generated 

using MCLEPT,"] an SLD-ized  version of Mark 11's LULEPT.[81 

Detector  simulation of SLD was performed  using FSIM. A parametric version 

of a Mark I1 simulator was  also  written  and  used  for  comparison p~rposes !~ ]  

2.4. INCLUSIVE ANALYSES 

The  main  analysis  focuses in on the 88% of the topologies that ha1.e jets i n  the 

final state. As a backup, we have  also  performed separate  analyses of the clean all- 

lepton  final  state  topologies  and of the  lepton-jet topology.  Onl~7 m ~ ,  > 30GeV/c2 

was considered. 

The  key ingredient in these  analyses is a  cut on event c ~ c q ~ l c ~ n c ~ r z t y ! ~ ~ ~  n.hich is 

defined by: 

Here, t̂  is the thrust  axis, which  is  used both to divide  the  event  into t x o  halves 

and t,o define  planes in the  two  halves;  and l i l  and f i 2  are  the visihle energ!. JTectors 

in  each half of t,he event. 

The thrust  axis  and  visible  energy  vectors  are  calcula.ted usiug the  calorimeter 

cluster  information,  supplemented with the  drift  chamber for  minimum  ionizing 

tracks!111 The calorimetry  particle  identification is used,  when  available, to correct 

for the T / e  ratio  (taken  as 0.85). If a cluster  cannot  be  identified  as  hadronic 

or  electromagnetic,  then the energy  in the first  two  sections of the  calorimeter is 

treated as electromagnetic, a.nd the  remaining  energy is treated  as  ha.dronic. 

5'3 



We also  determined  the  thrust  axis  and visible  energy  only  from  particle (PH- 
PART) information,  using  the  drift  chamber  for  charged  tracks  and  the  calorimeter 

for photons  and  neutral hadrons.[121 

The  Mark I1 detector  would  have  to follow this  latter  kind of procedure,  except, 

that no  neut,ral  hadrons would be  detected.  This lack of neutral  particle  detec- 

tion,  coupled  with  their  reduced solid angle  coverage  should  reduce  their  ability to  

reject  hadronic  backgrounds.  To  attain a quantitative  comparison,  the 14A4R.1<11 
simulator was 

Table I shows the  number of background  events  passing  different  acoplanarity 

cuts  from  various qq final states,  assuming 10,000 produced 2”. **Par”  implies  that 

quantities  were  calculated  only  from PHPART “particle”  properties;  “kal”  means 

that PHKAL calorimeter  clusters  were  used.  Figures 1 and 2 show some  important 

kinematic  distributions for Lund  events  passed  through FSIR4 and  the RIARKII 
simulator,  respectively. 

Y U ,  dd, ss 

cF 

bb 

Table 1.Background  Est’imates for L l L T  

Several  interesting  features  emerge  from  the  table.  First, a thrust  axis  cut is neces- 

sary  to  keep  events  with  large  missing  energy down the  beam  pipe  from  domil~ating 

the background.  Relaxing  the 1 cos Otll I < 0.8 requirement  increa,ses the background 

level by a factor of 4-5 for SLD. The MARK I1 detector,  mainly  because of its  in- 

ability  to  measure  charged  particle  energy  outside  its  drift  chamber  acceptance, is 



much  more  susceptible  to  high  acoplanarity  events  caused by lack of acceptmce. 

To get  the  Mark I1 background to  the level of SLD, the  thrust  axis cut,  had to he 

reduced  to I cos Othl < 0.5. For SLD, the PHPART and PHKAL methods yield 

similar  total  backgrounds;  however, the PHPART based  cuts allow  in more  light 

quark  background.  These  extra  background  events all contain a high  energy  neu- 

tral shower that overlaps  with a charged  particle.  The  neutral  shower is associated 

with  the  charged  track, but the  particle  energy is taken  from  the  drift,  chamber 

momentum.  The  net  result is a spurious  high  missing  energy/momentum.  hlark 11 
will suffer the  same  problem,  but even  more so since  they  cannot pick u p  the  neu- 

tral  hadrons. To compensate,  the  acoplanarity  cut had to  be  boosted to  0,1 > 0.5 

for  Mark 11. 

For the analysis of the signal, the  cuts I cos Oihl < 0.8 and t 9 ~  > 0.3 were 

adopted.  This  resulted  in a detection efficiency of 0.51 for m,r, > 30 Ge\’/c’, 

essentially  independent of mass.  The  “Mark 11” cuts, I cos Q l j r  I < 0.5 and On > 0.5. 

yielded  an  average efficiency of 0.18. These  numbers  and  the  branching ratio 

formula yield Table 11, which  gives the  number of detected  events vs. mass for 

10,000 produced 2’ events. 

Table 1I.Inclusive LzLT Analysis 

30.0 

32.5 

35.0 

37.5 

40.0 

42.5 

45.0 - 

produced/1O4Z0 

5 3 .  105 

detected-SLD 

0.9 2 

4.6 9 

9.6  19 

20. 39 

31. 60 

43. 84 

det,ected-hl‘ 

19. 

15. 

11. 

7.0 

3.9 

1.6 

0.3 



A few  checks  were  performed to  see  whether  the  background  estimates were sen- 

sitive  to  Lund  fragmentation  parameters. No significant  differences  were  obser\,ed 

between the estimate  obtained  from  the  default  Lund values and  three  other ca.ses: 

Lund  parton shower  with A raised to  0.75 GeV,  second  order QCD matrix  elements 

with A raised to 0.75 GeV, and  default  shower  parametrizations  but  the  Peterson 

fragmentation  parameters lowered to cc = -0.03 and t b  = -0.01. 

To  conclude  this  section, SLD could have a statistically  significant obsenxtion 

of LzLT pair  production  with 104Z0 up to  40. GeV/c2 in mass. If hlark I1 were to 

attempt  this  sort of calorimeter  based  analyses,  they would be  limit,ed to masses 

< 35 GeV/c2 for the  same  number of 2’. 

2.5. LEPTON- JET ANALYSIS 

A possible  problem  with the inclusive  search for L z L ,  based on high a c o p l a ~ a r  

events is the  dependence  on  the  estimate of the  background. A real  analysis requires 

a, careful  study of the effects of fragmenta.tiou  model parar~e ters  011 the f i m l  ~ I I S \ V ~ I . .  

A way to  avoid  this  problem is to  search for events  in  which on L4 decays to I vv  

and  the  other  to j e t s  + v. This topology  is  preferred by Mark 11. 

For this  analysis,  the  thrust  axis is  first  used to  divide  the  event i n  half.  Next, 

a search is performed  for  isolated  leptons ( e  or p )  The  isohtion  criteria are that, 

the  lepton  be  identified  as  such in PHPART, that  its  energy be greater  than 3,. 

GeV,  and  that  it  be  at  least 12.8’ from  any  other cha.rged track or neutral clustcr. 

The half of the  event  containing  the  highest  energ).  leptou is co~~sidtrcxl  as 1 1 1 ~  

“lepton” half. The  lepton half of the  event is required to  ha.ve at least half of 

its  visible  energy  taken  up by the  lepton.  The  opposite  “jet” half is required to 

have at least 5 GeV of visible  energy  and at least 5 total  particles  from PHPART. 
The  reason that the  lepton half is  allowed to have  more  than  just  t,he  charged 

lepton is to  take  into  account  that  the  two  event halves  can  mix  with  each other 

at the masses of interest ( m ~ ,  > 30 GeV/c2).  This  selection  procedure  results in 

detection efficiencies and  number of detected  events  shown in Table 111. 
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The  estimated  background is 1.9  events  from 2' hadronic  decays  and S 1 e\rent 

from  two-photon  interactions  per lo4  produced 2'. 

Table 1II.Lepton  vs. Jet LZLT Analysis 

mL4 

0.115 45.0 

0.126  42.5 

0.138 40.0 

0.149 37.5 

0.161  35.0 

0.175 32.5 

0.187  30.0 

efficiency detected/104Z0 

19.6 

14.7 

9.6 

5.8 

2.6 

1.1 

0.2 

The  sensitivity  at SLD in  the  lepton-jet  mode is - 37.5  GeV/c'  with 104Z0. 
Mark I1 should  have a slight.ly lower sensitivity  due  to  their  smaller  acceptance, 

particularly  for  muons;  however,  the  lepton-jet  mode is their  preferred  search  strat- 

egy. 

2.6. ALL LEPTON MODES 

The classic  search mode  for new charged  leptons is the ep  final  stat.e. Tllis 

mode ca.n he detected w i t h  high  efficiency and no background.  The  problc~m is 

that,  only 2/S1 of t,he L$LT events will appear  as e p .  Act.ually, the  number is a bit 

higher,  since e7 ,  p~ and T T  topologies all have e p  components.  The  total  observed 

e p  branching  fraction is 3.4%  rather  than 2.5%!"] 

The requirements  were that  there  be  exactly  one  identified  electron  and  one 

identified  muon in the  event, that each  lepton  have an energy of 2 Gel'  or  greater, 

and that the two  leptons be a.colinear by at least 25.5". The  detection efficient!,. 
determined  almost  entirely  by solid angle  coverage, was 0.8 for all masses  above 30 



GeV/c2.  The  predicted  number of detected  events  are  given in Table I\..  N’itl1i11 

the  limit of Monte  Carlo  statistics,  no  backgrounds  were  detected  from ( ~ ) ) T T  or 

yy sources. 

Table IV.Al1 Lepton L l  L4  Analysis 

mL4 

30.0 

32.5 

35.0 

37.5 

40.0 

42.5 

45.0 

efficiency 

0.80 

0.so 

0.80 

0.so 

0.so 

0.80 

0.80 

detected/104Z0 

3.1 

2.3 

1.7 

1.1 

0.G 

0.2 

0.05 

2.7. OTHER POSSIBILITIES 

The  possibility that  the  fourt,h  generation  neutrino may have a non-zero mass 

has  not  been  considered. As long as m ~ ,  - mv4 is large  compared to t,he hea\.iest 

decay  products, m, + m, or m,, nothing  important wi l l  change. The L z L L  exmts 

will look even  more  distinct  since  the  neutrinos will carry  away more energ).. As the 

neutrino  mass  approaches  the cha.rged lepton  mass,  phase  spa.ce effects will modif!. 

the decay patterns of the Lq. This is the  “close-mas-pair”  case Considered first by  

Mark I1 at PEP.“” SLD should do well in  this  type of search for low multiplicity 

final states  with  high  missing  energy,  especially  since we should  be less susceptible 

to  the  dominant  two-photon  backgrounds. 
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2.8. CHARGED  SEQUENTIAL LEPTON SUMMARY 

The SLD should  be  able  to discover a charged  sequential  lepton  with a mass 5 
40 GeV/c2  with a sample of 104Z0. With  this  sample,  our  mass  reach is probably 

3-5 GeV/c2  higher  than  Mark 11. However, the p3 threshold  behavior  mandates a 

sample of > 105Z0 to  push up to  the  kinematic  limit.  Unfortunately, LEP has a 

virtual lock on  this  topic. 

3. Sequential  Heavy  Neutrinos 

3.1.  BASIC FORMULAE 

To leading  order: 

We use the notation “v4” rather  than “ v ~ ”  because  the  neutrino  mass  eigenst.ates 

may differ from  the  neutrino flavor  eigenstates.  Neutrino  mixing  can  thus  occur, 

which  allows the v4 to  decay. The  rate is analogous to  the charged  particle  case: 

The new feature is the  mixing  element: 

If there is no  mixing,  the  neutrinos will be  stable  unless v4 is heavier than L q .  

This  unusual  case  has  not  been  studied in detail  here.  The  unique signat’ure of 

a pair of heavy  stable  “muon-like”  particles would be  hard  to  miss. We  assume 

henceforth that v4 is less massive than L4, with  the  most  interesting  situation  being 

mL4 > mzo/2. 
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Searches for v4 probe  different  regions of a plane of mixing  angle vs. n1a.s. 

usually IUe4I2 or IUP4I2 vs my,. The best  point  on  existing  limit  plots  corresponds 

to  IUP4I2 - mv4 = 15 GeL'/c2. Since the  neutrino  branching  fractiou  per 

species is large  at  the Z 0 ,  the  threshold  behavior is a mild  linear p dependence, 

and  the  mass  reach  large, a vast area of mixing vs mass  can Le explored. 

3 .2 .  DIRECT  SEARCHES vs. INDIRECT  SEARCHES 

We are  concerned  with  directly  observing  heavy  neutrinos which clcca!. in tllc 

detector.  Width  measurements of the 2' and  neutrino  counting  measurements  also 

test for the  existence of v4. 

Neutrino  counting  measurements  generally  probe low v4 mass  and  small \ [ T I 2 ;  

a. neutrino  which  decays  in  the  detector  obviously  ruins  the  usual  single  photon 

signature.  Width  measurements  are  independent of mixing.  Hence, in the  absence 

of new  physics, the v4 mass  limit will eventually  be  pushed  up m p / f ! .  

An estimate  has  been  made of the  sensitivity of the various nleasurement,s. 

This is summarized in Fig. 3 ,  along  with  the  best  existing  limits.  Ob\.iousl>. t l l c  

width  measurements  are  most  powerful. Any measurement of a fractional  number 

of neutrino  generations  requires a. direct  search to identify  the  source of the  extra 

widt,h. In this  case,  direct  searches  complement  neutrino  counting. 

3 .3 .  MONTE  CARLO  GENERATORS 

There  are a couple of subtleties for v4 decay  generators.  First, low ma.sses 

are  still of interest, so some  attention  has  to  be  paid  to  thresholds.  Second,  small 

mixing  can  lead  to  long v4 lifetimes. A generator  call MCNHL has  been  writteu 

to  take  care of both  these effects!''] This  generator  uses  formulae  taken  from  a 

paper  on  close-mass  lepton pairs"'] to  adjust v4 branching  fractions  as a function 



of mass. The branching  fractions  are  then  fed  into SLDPDG and  the  Lund Monte 

Carlo is then allowed to  manage  the  decays.  Correct  production  distributiolls 

are  incorpora,ted,  including  an  allowance for polarization.  However,  the  generator 

does  not  include  initial state  radiation,  production-decay  spin  correlations! or 14’ 

propagator  effects. 

3.4. DECAY SIGNATURES 

High  mass v4 will decay to l-!+’v or ! -Qq in the  ratio 1:3. Analogous to 

the charged  lepton  case, 11% of the  events will be all  lepton, 44%, lepton 1’s. jet,s, 

and 44% jets vs jets. ,411 events w i l l  have at  least two  leptons, hut  the t~rljes of 

leptons  depend on the  unknown  mixing. \?’e assume  that 1/4 mixes 011ly \vi t , l l  7 

since  mively  that  possibility is the  most likely and  since  experimentall>.  it is tlle 

worse  case.  Because of this  assumption,  the very  distinct e+e-e+e-,  p + p - p + p - ,  

eSe-e*pT ,  p+p-p*e’, and pLSp-eSe- final states  constitute  in  sum on137 0.9%’ of 

the  total v 4 ~ 4  final  states. 

The  jets vs jets final state will be  harder  to pick out  than  the  analogous  mode i n  

the  charged  lepton  case  because  large  missing  energy/momentum is not  guaranteed. 

High  mass v41/4 events will be  spherical,  however, lower mass v4I/4 w i l l  appear 

similar  to bb or cc final states. 

The preferred  search  topology is thus the leptons vs jets  mode.  Candida.te 

events  are  required  to ha.ve I cos OlhJ < 0.8 and  to  have at least  one  “isola.ted” e or 

p .  The isolatjon  criteria  are  that  the lept,on has  an  energy of a t  least 2 Gel: and 

that  it  be  separat.ed  be  at  least 12’ from the nearest  charged and neutral  particles. 

An isolation  criteria  based  on  nearest  jets  might  be  better,  but  the  technique was 

not  developed  for  this  study. 

The  event is then  divided in half with the  thrust axis. The half \z.itll the 

highest  energy  lepton is  called the  “lepton half”, and  the  other half  is  called the 

“jet half”. The  lepton half must  have  exactly 2 charged  particles  and  at  most 3 
neutral  particles.  The  extra  neutral  particles  are  to allow  for the two  event  hal\.es 
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mixing  with  each  other  at high v4 mass.  The  jet half  is required to  have  at  least 5 

particles  and at least 10 GeV of visible  energy. 

Table  V.  shows  the  number of produced  events, detectioll e f f c i e ~ ~ c ~ . ,  aud 1 1 ~ 1 1 1 -  

ber of detected  events for  different v4 masses,  assuming lo4 produced 2". 

Table V. v4V4 Event  Selection  Results 

mVs produced/104Z0 efficiency 

0.148 

0.110 

0.062 

0.008 

detected/lO4Z0 

90 

50 

20 

0.8 

The  estimated  background  from  hadronic Z o  events  is 1.7/104Zo and  that  from 

yy events 5 1.o/1o4z0. 

We conclude that with 104Z0 v4 up to mass 40 Ge\'/c' tllat clcc.a~.ecl p ~ . o ~ l l p t l ~ .  

and  mixed  mainly  with T could  be  discovered at  SLD. If the misillg Ivith p or e is 

significant, the  sensitivity would be  even  greater. 

In  the  event  that  the  mixing is small  enough to  give the  neutrinos a finite 

lifetime,  the  analysis would probably  be  unaffected if the 214 decayed  before  reaching 

the  drift  chamber. If the v4 decayed i n  the  drift  chamber  or LAC, the  signature 

would be so spectacular  that a single  event  would  constitute a major clisco\rerT. 

One  small  concern is that  the SLD maj' uot be a.ble to triggt.1. 011 r r o ~ ~ - i ~ ~ t c v . ; ~ c . t  i11g 

neutral  particles which  live long  enough  to  reach  the LAC or even the \4:lC. 

With lo5  Zo ,  it  is fairly  clear that  the  majority of the mass range for 114 can 

be ruled  out. 



4. Conclusion 

With 104Z0, SLD should  be  able  to  discover Lq and vq with  masses up  to 40 

GeV/c2.  With  this  data  sample, we would be significantly better  than hlark I1 

for  these  topics.  However, 105Z0 will allow any detector  to find heavy  sequential 

leptons up to nearly  the  kinematic  limit. It is  very  likely tha.t Mark I1 \vi11 get a 

good start  on  this  physics  and LEP will finish it before SLD takes m y  da ta .  
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FIGURE CAPTIONS 

1) Acoplanarity vs cos 0 t h )  E v i s  vs cos 0 t h )  thrust  axis  distribution,  and  acopla- 

narity  distribution  after I cos 0 th l  < 0.8 cut  for lo5  Lund  event,s  passed 

through FSIM. 

2) Acoplanarity vs cos Oth ,  Evis vs cos O t h )  thrust  axis  distribution, arid acopla- 

narity  distribution  after  Icos6th) < 0.7 cut  for lo5  Lund  events  passed 

through MARK11 simulator. 

3) Estimate of sensitivities of different  methods of searching for v4. The solid 

line  shows the  existing  excluded region (assuming IU12 = IU,4I2). The dashed 

lines  show the  excluded regions  based  on  width  measurements  with 10'' a n d  

lo5  2'. The  dotted  lines show the  excluded  regions  from  neutrino  counting 

for the  same  event  samples.  The  dot-dashed  line  shows  the  region  excluded 

from  direct  searches for lo4 and lo5 2'. 
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A Fourth-Generation  Charge -: Quark at SLD 

ACHIM W. ~ V E I D E M A N N  
University of Tennessee,Iinosville i 

GARY J .  ZEITLIN 
University of Oregon,  Eugene 

I. Introduction 

A fourth  generation of quarks  and  leptons is not  presently  excluded by astro- 

physical  arguments or theoretical  prejudice.  The  possibility  that  the  mass of a 

fourth-generation  quark  is  below  the  top  cl~arl;  mass  opens  the  (however  remote) 

possibility t o  observe  the  former  at SLC energies,  which is considered in this  note. 

In  Section 11. known limits on such  new  quarks  a.re  given,  in  Sect. 111. possible 

reactions  and  signatures.  Sect.  IV gives  some  hlonte  Carlo  results  indicating how 

some of these  signatures  would  look a.t SLD, and ho\v they could be distinguished 

from  background. 

11. Nomenclature and Known Limits 

Following  Barger e t  al. we  label  the  fourth-generation  quarks  here a,v, where 

a has  the  charge +: and 2r, -;. These  authors  write  that  ”this  notation .._. is  sug- 

gested  by  the  alphabetic  labels  used for the  other  quarks (viz. a,b,c,d, .... ,s,t,u,v)” 

and  furthermore  that  ”the  names  audio  and  video  have  been  proposed for these 

quarks,  after  the  gods of the  present  generati~n!~”  Other  authors refer to  the 

u,v quarks  as b’,t’; in L u N D , ~ ~  they  are  called A a.ncl I. 

T h e  top quark mass is known  to  lie  between ’iG GeV  and 200 GeV, w11e1.e the 

lower limit  comes  from CDF”, and  the  upper one from  loop  corrections  (different 

for NC and CC, and  excluded by experiment). 
~~ 

t Address: Bin 94, SLAC, P.O.B. 4349,  Stanford, CA 04309.  Bitnet: ACfIIRl @ SLACVRI 
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For m,, UA1 gives 34 GeV a,s lower limit,  and VENUS' ,  27.5 GeV ( Ak1y7, 27.2 

GeV).  Combined  Cello,  Jade,  Ma.rk J and Tasso  data gave 22.i  GeV.'  Theoretical 

prejudice ( i . e .  the  renormitlization group equations of N = l  s u p e r g r a ~ i t y ~ ,  assum- 

ing that  couplings  remain  perturbat,ive up to   the GUT scale of 10l6  GeV)  suggests 

the  upper  bounds ma 5 140 GeV, 773v 2 135 GeV  (and also mL 5 70 GeV,  where 

L denotes a fourth-generation  lepton). 

i. 

111. R e a c t i o n s  and S i g n a t u r e s  

III.1 Cross-section and Decays. 

The  production  cross  section for u at  the Zo , o(e+e-  ---f Zo + v.), is about 

3 nb  for m, = 40 GeV,  about 1 nanobarn  more  than  that  for a t of the  same 

mass (that for a 4th generation  lepton, L or its  neutrino, v ~ ,  is about 312b). For 

comparison,  the p production  cross  section at   the  Zo is 1.8 nb.  As o(e+.e- --+ 

Zo --f anything)  M 30nb, the  u production  cross  section is appreciable;  one  would 

expect  about  1,000 vV events  in 10,000 Zo events. 

III.2 Threshold in hadronic  cross-section.? 

The  existence of the knowll  heavy  quarks was  shown by a resonance  and 
Q e+e-+hadrons) 

step  in = : ( e + e - - p + p - )  - The  ratio R increases  by 3e.i * (electro - 
weak and  QCD corrections) as the energy  is  increased  above the  threshold  for 

production of a new quark q. The  corrections  lead  to  a  step  in R by only 1.0 

for a w, 0.6s for a t-quark of m y  = 40 GeV.  Without a new quark, R is already 

almost 16 at SO GeV, so the  relative  change is small  and is getting  smaller as  you 

approach  the Zo peak.  Fulthermore,  the vcluark signature  at  the Zo peak is clear 

with  relatively few events, as will be shown  below. Thus,  we do  not  intend  to look 

for  wquarks  by  enhancement of R. 



111.3 W e a k  Charged Current (CC) Decays of the v-Quark. 

Fig. 1. CC decays of the  uquark. 

The  condition rn, < mt (and  assumption nz, > nzU) makes  the  charged  current 

(CC) decays v -+ t+W- and 2, -+ a+ W- kinematically  forbidden;  in  that  case  the 

transition v -+ c+W- dominates,  but is strongly Iihd suppressed (as the decay  goes 

from  4th to 2nd  generation  with  the  squa.re of the  mixing I/,,, which is espected 

to  be  small).  From the 2' -+ c and v + CSC decay  modes, a high  multiplicity 

of charmed  particles is expected.  The  fraction of vV events  with  2,3,4  charmed 

particles  is - 100%,44%) ll%, unlike bZ events  with  fractions - 10076, I?%,, $%, 
as b -+ cs? is phase  space ~ u p p r e s s e d . ~  

111.4 Flavor-Changing Neu.tra1 Current (FCrYC) Decays. 

Fig. 2. FCNC deca.y of the +quark ( q =  t,a,c,u) 

The vquark  decays  may be dominated  by  the  decay v + b + g which  proceeds 

via a loop  involving a W- and  an a or 2 quark  (which  radiates a gluon), as the  rel- 

evant CIiM matrix  elements, Va,l/zb and l&l{+b, are  espected  to be less  suppressed 

than V,,, and also  as  the  loop  amplitude g r o w  with  the  mass of the  virtual a or 

t quark  in  the loop. The  branching  fraction 2, -+ b + g may  be as large  as 5 to  

10%. The  ra t io  of the  branching  fractions  for FCNC to CC decays is proportional 

to  but  these  CKM  matrix  elements  are  unknown. The distinctive  decay 
CV 

3 b + y might also have a detectahle  branching  fraction. 
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111.5 CC S i g n a t u r e  1: J e t   B r o a d e n i n g .  

Fig. 3. A: hadronic CC decay of the ucpark; B: Schematic  signature. 

The  large  energy  release  in ZI decay  should  produce jets which  a.re  broader  than 

those of qij events  for  lighter  quarks  (escept  for  those  with  several  non-collinear 

gluons).  These  events will have low thrust, T < 0.9 for > S5% of the  events. 

The  broadening of jets  from a heavy  quark  can  be  used to  measure  the  quark 

mass.  According  to  Barger5, < cp', >% (7r/4)m9, where p i  is the  momentum of 

the z t h  particle  transverse  to  the  jet axis. In the real world, missing  neutrinos \ r i l l  

reduce  the  sum a bit. 

111.6 CC S i g n a t u r e  2: S e m i l e p t o n i c   d e c a y s  of t h e  v. 
. C 

Fig. 4. A: Semileptonic CC decay; B: Schematic  signature. 

Semileptonic  decays  provide a convenient  ta.g for heavy  flavor  production. At 

the Zo , t he  average  number of electrons  per  hadronic  event is expected  to  be 0.14; 

the  existence of a 40 GeV II quark would increase  this  average  to 0.17, a small  but 

observable  difference. I so la t ed  lepfons from v decay will be much  more  common 

than  those  coming from either b or c decays.  Adopting  Barger's  definition of an 

isolated  electron  being  one  with p > 10 GeV .and less than 8 GeV of hadronic 

energy  within 15"' 1G-19% of vV events  are  expected  to  have an isolated  lepton, 

compared  to 1% (< 0.1%) for b5 ( E ) .  
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III. 7 FCNC signatures. 

Fig. 5. FCNC schematic  signatures A: 4 jets; B: Isolated  photon. 

The  signature for the FCNC decay v + b + 9 (and  similar  for  the E )  would be 

four  back-to-back  planar  jets; for -+ b + y, a high-energy  isolated  photon. 

111.8 Decay  vertices for  long-lived  v. 

Due  to   the  CKM suppression of both CC and FCNC decays,  the v lifetime 

might  be  quite  long  and of order  to lo-'?. The decay  length of a with 

rn, = 40 GeV would be  190pm  and could be resolved by the  vertex  detector.? 

IV. M o n t e  Carlo R e s u l t s  

IV.1 Generation of events. 

We  studied  the  generation  and  decay of uquarks  using  the L U X D ~ ~  and 

LULEPT~'  generators.  Whereas v (1 ) quarks  can be generated  directly  in L,UND, 
LULEPT includes  the  polarization  and  spin  correlation  in  the  production  and  decay 

of these  quarks  and  is  therefore  preferable. 

We  studied so far  only  the  charged-current  decays of a uquark  with m, = 
40 GeV  (and rn, = 200 GeV,  mt = 42.5 GeV)  and  assumed  the  ususal  branching 

ratios 
--f ce-6, : 11% 

4 cp-i& : 11% 

4 CT-& : 11% 

4 ciid : 34% 

4 cEtl : 33%. 

1000 such  uquark  pair  events  were  generated  with LULEPT; and  simulated 



lvith the SLD Fast  Monte  Carlo FsIhr .  For the  background, we took 10000 events 

from the 5-flavor LUND data  set  DSTUDSCB. (for  the  figures  shown;  as  part of 

the  data  set  was  unavailable  later, I tool< the  6793  events  still  available  to  find  the 

efficiencies of the  cuts,  and  scaled 111) to  10000 events).  Event  shape  quantities were 

calculated  using  routines  origina.lly  written  by T. Bolton,  which  in  turn use the 

LUND routines LUSPHE and LUTIIRU? An over-all  cut of I cos(;, thrus t  nm's)l < 
0.S was  applied;  this  cut  was  passed by S3.4% of the  vquark  events  (or SrJd out 

of the 1000 generated)  and  73.1% of the  5-flavor LUKD events.  Below, we give 

always the  number of events  passing a given cut for 1000 generated vquark evknts 

and 10000 5-flavor LUND events  analysed  (or 834 vcluark  events, 7305  S-flavor 

LUND events  which  passed  the  above  cut  on  the  cosine of the  thrust  axis). 

IV.2 Event shape  variables a n d  suggested cuts. 

I V .  2.1 Thrust 
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Fig. 6. Thrust. A: For 1000 CC 21 deca.ys; B: for 10000 5-flavor LUND events. 

A cut  at  thrus t  < 0.9 (combined  with  the  over-all  cut) will keep S22 of the 

vquark  events,  but  only lGO0 of the 5-flavor LUND events. 



IV.2.2 Aplanarity 
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Fig. 7. Aplanarity. A: For 1000 CC c decays; B: for 10000 5-flavor LUND events. 

Fig. 8. Aplanarity  vs.  Thrust. A: For 1000 CC v decays; B: for 10000 5-flavor LVXD events. 

The  above  aplanarity  cut  eliminates also all  background  events  with thrus t  > 
0.9. 
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IV.2.3 Sphericity ID- b 
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Fig. 9. Sphericity. A: For 1000 CC v decays; B: for 10000 5-flavor LUND e\*ents. 

LUND events. 

IV.Z.4 Oblateness 
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Fig. 10. Oblateness. A: For 1000 CC E decays; B: for 10000 &flavor LUND events. 

Requiring oblateness > 0.2 leaves 456 vquark,  and  only 517  5-flavor 

LUND events. 

IV.3 Isolated  leptons 

A lepton is considered  isolated, if the  angle Q between the lepton's  and a.ny 

other  (charged or neutral)  track  obeys cos(a) < 0.9.5 (or cu > 1S.2'). 
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Fig. 11. Isolated  electron  energy. 

A: For 1000 CC decays; B: for 10000 5-flavor LUND events. 

In  the 1000 (10000) generated  uquark (5-flavor LUND) events,  there  are a 

total of GSO (6411) electrons  (after  over-all  cut), of which  174 (275) fit  the  above 

definition of isolated-ness.  However, 126 of the  isolated  electrons from uquark 

events,  but  only 3 of those  from 5-flavor LUND events  have  an  energy of more 

than 5 GeV. 
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Fig. 12. Isolated muon energy. 

A: For 1000 CC v decays; B: for 10000 5-flavor LUND events. 

Similarly,  there  are a tota.1 of 904 (5090)  muons  (after  over-all  cut), of which 

177 (42s) fit the  above  definition of isolated-ness.  And  again, 120 of the  isolated 



muons  from v-quark events,  but 0111~ 5 of those  from  5-flavor LUND events  have 

an  energy of more  than 5 GeV. 

Another  measure of isolation is t h e   m i n i ~ n u n ~  half-angle  of a cone  around  the 

direction of the  lepton  momentum, which  contains a visible  energy of, my, 10 GeV, 

excluding  the  lepton  energy.  This  angle wi l l  be  larger for isolated  leptons.  Fig. 13 

below shows a scatterplot of this a.ngle 21s. energy for electrons  with thrust  < 0.9. 
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Fig. 13. O ( l 0  GeV)  vs.  electron  energy. 

A: For 1000 CC v decays; B: for 10000 5-flavor LUND events. 

One  sees  that  the  background is  in the lower  left-hand  corner;  a  possible  cut 

requiring O(1OGeV) > (SO. -4* (E/GeV)) '  (the  straight  line  from E = 0,O = 80' 

t o  E = 20,O = 0') leaves  from  the 145 (IS) electrons  from  the 673 (1354) electrons 

with thrust  < 0.9 produced  by  vquark (5-flavor LUND) events. 

IV.4 Conclusion from M o n t e  Carlo results. 

The  cuts  on  shape  variables  and  isolated  leptons  shown  above  indicate,  that a 

uquark  decaying by CC should ea.sily be  seen by SLD (or any  other  detector  with 

reasonable  efficiency).  Nonobserva.tion of a signal  (no  events  above  the  background 

using the  above  cuts)  would  allow  to  set a lower 1na.ss bound of 40 GeV 011 a 2; 

quark  which  decays  by CC: the  esistence of FCNC decays is ignored  here  and could 

change the  limits7. 
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V. Conclusion 

It is  easy  for SLD to  find  a  uquark  dominantly  decaying  by CC, if its  mass 

allows its  production at SLC; unfortunately,  however, we expect a *quark of less 

than 40 GeV  already  to  be  escluded by CDF or MarkII and also LEP before 

SLD turns  on.  The  scenario of dominant FCNC has not yet  been  investiga.ted  as 

throroughly,  but  the SLD detector is well suited to  measure  this  decay  mode as 

well. 
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Singly  Produced  Neutral  Heavy  Leptons 

and 

the Search for Monojets 

A.O. BAZARKO & M.H.  SHAEVITZ 

D e p r t m e n t  of Physics,  Columbia  University, IVY, IVY 10027 

The  search for a weak  isospin  singlet  neutral  heavy  lepton is motivated by mod- 

els  beyond the  standard  model.  These  models  include GUTS, left-right  symmetric 

models,  and  mirror  lepton  models. [I1 121 

A weak isospin  singlet  can  couple to  the  standard Zo because of mixing \\it11 

the  standard  neutrinos,  with a mixing  strength  factor I l i ~ o ~ l ~ .  Since the  standard 

light  neutrinos  and  the  heavy  neutral  lepton  belong to two  different  representations 

of weak isospin,  there is no GIM mechanism  and flavor changing  neutral  currents 

are allowed. At the SLC, the Lo ca.n be produced by the process Z o  + Lo*/ ,  where 

the  standard  neutrino  does  not  interact  in the detector  and  the Lo decays  via  both 

charged  or  neutral  current.  The  decay of the Lo produces a one  sided  jet  opposed 

by a quiet  hemisphere. 

Lo  production  depends on the  mixing fa,ct.or a.nd the  phase spacc factor: 

Analysis 

Our  present  analysis  uses FSIM to  simulate  the SLD, assuming  charged  particle 

tracking for lcos8l < 0.96 and  particle  veto for 8 < 0.037 radians. \?'e  stud!. the 



cases  where Lo mixes  with  all  three  lepton  flavors  and  where Lo mixes  only  with 

tau  neutrinos. 

The  analysis  implements  the following cuts: 

0 Monojet  cut: 

Divide the  event  into  two  hemispheres by finding the  plane  perpendicular t.o 

the  thrust  axis  and  demanding  that  there be a quiet  hemisphere wi t11  \.isiblc 

energy below a specified  value.  We  perform the  analysis  demanding  that  the 

quiet,  hemisphere  have  eit,her Evis < 1 GeV or Evis < 5 GeV. 

0 Acceptance  cuts: 

The  angle of the  thrust  axis: Icos(&h,)l < 0.8 
Total p l  > (Ecrn - E v ~ s ) s i ~ ~ O v , ~ ,  (To  eliminat,e  missing  energ).  near  the  beam) 

The  visible  energy of the  monojet: Evis > 10 GeV 

0 Background  cuts: 

Charged  track  multiplicity 2 2 (A visible  track  has ptot > 100 MeV  and 

lcosf3l < 0.96) 
Invariant  mass of the  monojet > 2 GeV 

For the decay of a neutral  particle  one would expect a.n even  number of charged 

tracks.  However,  since it is easy to  “lose” a track, a less strict  requirement of 2 
two  charged  tracks is employed. 

The signal  analysis for a 25 GeV/c2 Lo is shown  in  figures 1 - 8. Histogrammed 

quantities  are  presented  with  cuts  superimposed.  The  a.ngular  distribution of the 

monojet  events is fairly  flat, so the thrust  axis  cut  does  not  unduly effect t,he 

signal. The E v i s  and p l  acceptance  cuts  do  not  remove  much  signal. Lo events 

often  have a relatively  large  charged  track  multiplicity  and  effective  mass,  and the 

final  background  cuts  do  not  decrease  the  signal by much. 
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Backgrounds 

Possible  backgrounds  to  this  signal  which  were  studied  are qq,  T + T - ,  and t,wo 

photon  processes  going to  hadron  or 7+7-  final  states.  Ordinary qi j  events  (figures 

9-10) may  fake a monojet if half of the  event is  lost  down the  beampipe.  This 

background is almost.  eliminated  by  the  thrust  axis  acceptance  cut.  The r+r- 

background  (figures 11-12); where  one or more  neutrillos c a r r ~ .  a\\.d!. ~ r r o . \ t  0 1  t I I ( ~  
associated  tau  energy, is characterized by a low invariant  mass. h)lost of Lhis 

background is eliminated by demanding  that  the  monojet  invariant mass be  at 

least 2 GeV. Of the six  background  events  tha.t  remain  from  our  study of .5.6 x 
lo4 7-+r- events, five  would  be  eliminated by raising the final  mass  cut to 3 GeV. 
Two  photon processes  (figures 13-14) produce a background  at a ra,te of 2 events 

per 106Zo. These  background  events  have  invariant  mass below 10 GeV so that 

if the  search is  for h4~0 greater  than  this,  then  two  photon  background  can be 

eliminated. For low MLO searches,  two  photon  background  must  be  accounted  for, 

albeit  at a very low rate. 

Background  summary 
I I I 

background I MC events  generated I Zo equiv. I background  events  observed 

r+r- 

0 2.5 x 104 0.7 x 104 yy + hadrons 

6 3 .2  x lo6  2.7 x 104 yy + T + T -  

6 1.7 x 10' 5.6 x io4 

Other  possible  backgrounds from beam-gas or cosmic  ray  events  are  expected 

to be  small  and  can  be  eliminated  by  requirements  on the event  vertex. 

Signal  efficiency  and  experimental  sensitivity 

The signal efficiency  over the  range of neutral  lepton  masses is plotted i l l  figure 

15. The  peak efficiency  is approximately GO% near A f ~ 0 = 1 7  GeV,  falling  to ap-  

proximately 10% at M L o  = 80 GeV. The efficiency  falls off above hfz0/2 because 

heavy Lo masses  produce  more  spherical  decays. At  low MLo the efficiency  also 



I 

falls due  to  the 2 GeV  mass  cut.  Without  this final  mass cut,   the efficiency  would 

remain at its  plateau  value.  In the case of a search for low mass Lo ,  the  monojet 

would be tightly  collimated,  making  it  improbable  that a track  would  be lost. i n  

the  quiet  hemisphere, allowing a. tighter  even  number  track  cut  to  eliminate  the 

one  and  three  prong  tau  ba.ckground. 

This  analysis is fairly  insensitive to  detector noise  as  indicated by our studies 

of Evis cuts  between 1 and 5 GeV. 

The  region of experimental  sensitivity is plotted in the I U L O ~ ~ ~  vs. A f L o  plane 

(figure 16). The  straight  limit  line  on  the  left follows from  the  requirement  t,hat  the 

Lo decay  within  the  detector.  The  rest of the  curve follows from Lo production, 

with  signal efficiency  folded in,  and  the  requirement  that  there  be  at  least five 

observed  decays. We can  begin to significantly  extend  t,he  present  experimental 

limits  with > 105Zo. 

Mass  measurement 

For Lo masses below J 4 ~ 0 / 2 ,  the  invariant  mass  distribution of the monojet 

hemisphere  would  show a mass  peak  due  to  the  charged  current  decay  mode Lo --+ 
1qq which  has  little  missing  energy  and a high branching  ratio (- 22%). After 

the  basic  analysis  cuts,  two  additional  cuts:  demanding  tha.t  there  be  one  cllarged 

lepton  track  and a monojet  visible  energy  greater  than 40 GeV, allow for a sharp 

mass  peak  to  emerge.  The  peak is formed  from  about 25% of the of the analysed 

events  (figures  17-1s). 

If the Lo mixes  only  with  tau,  the overall  efficiency of our  analysis  remains  the 

same.  However, i t  is more  rare  to  produce  events  with low missing  energy. The  

mass  peak is not  as  sharp  and is gathered  from  only  about 9% of the  a.nal~'sed 

events  (figure  19-30). 

A heavy  lepton  search  using  the SLD relies  heavily on la.rge particle  acceptance 

and  uniform  hadronic  calorimetry. A comparison  with  MarkII was studied  using  a 

parametric  MarkII  and  with  the  analysis  cuts  changed  to: I cos (O~~~ , ) l  < 

5 6 2  



0.7 and  charged  particle  tracking  for lcosOl < 0.85. For this  analysis,  h4arkII's 

relative  signal efficiency  is 85% of SLD's with  comparable  backgrounds. 

Summary 

The  SLD is sensitive  to  singlet  neutral  heavy  lepton  production  for 5 < M L o  < 
80 GeV with  mixing < < Extensions  to  present  experimcntal 

limits  can  be  made  with 105Z0. 

The  backgrounds  to  this  search  are  small. 

If a. signal is observed  then we can  search for a ma,ss  peak,  ta.king a.dva.nt,age 

of the  decay  mode Lo .--f lqij. Also,  polarized  beams  would allow the  study of Lo 
production  deynamics. 

A slight  advantage  over AlarkII is evident  from  this  analysis. 
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Fig. 1 - Evis of the  quiet  hemisphere.  Fig. 2 - E v i s  of the  monojet.  Fig 3. - p l  
of the  monojet.  Fig 4. - cos(OTh,) of the  monojet.  Fig 5 .  - after the  acceptance 
cuts,  the  invariant  mass of the  monojet.  Fig. 6 - the  number of visible  charged 
tracks.  Fig. 7 - after  demanding that there  be at least 2 visible  charged  tracks,  the 
invariant  mass of llle monojet.  Fig. 8 - after  demanding  that  the  invariant  mass 
be > 2 GeV, the  number of visible  charged  tracks. 
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Fig. 9 - qi j  background, E v i s  of quiet  hemisphere.  Fig. 10 - cos(B~hr) of 
monojet.  Fig. 11 - ~ $ 7 -  background, Evi s  of quiet  hemisphere,  the  peak is due 
to  the  energy  deposited  in  the  endcap  calorimeter  by  minimally  ionizing  particles 
without  endcap  tracking  information.  Fig.  12 - after  acceptance  cuts,  monojet 
invariant  mass.  Fig. 13 - 77 -+ T + T -  background,  after  acceptance  cuts, visi1)le 
charged  track  multiplicity.  Fig. 14 - after  visible  charged  track  cut,  monojet 
invariant  mass. - 565 
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Fig.  17 - the  monojet  invariant m a s  after  the  analysis.  Fig. 18 - after  de- 
manding  that  there be one  charged  lepton  track  and E v i s  > 40 GeV,  the  monojet 
invariant  mass for M L O  = 25 GeV.  Fig. 19 - the  monojet  invariant  mass for Lo 
coupling  only to tau. Fig. 20 - after  demanding  lepton  track  multiplicity = 1 and 
Evis > 40 GeV,  the  monojet  invariant  mass. 



Search For Excited Muons in SLD 

C.G. ARROYO & R.V. STEINER 

Department of Physics,  Columbia  University, NY, NY 10027 

1. Introduction 

In  spite of the success of the SU(2)xU(l)  electroweak  theory,  it is  believed 

that a threshold  for  new  physics  exists  at  about.  the 1 TeV  energy scale. The t.wo 

scenarios  generally offered are: (1) supersymmetr~predic t i l lg  a large  number of 

new  particles  and  interactions;  and (2) compositeness --predicting a substructure 

to  the  quark  and/or  lepton.  The  compositeness  scenario  leads  naturally  to  the 

prediction of excited  quarks  and  leptons.  Considerable  experimental  effort  has gone 

into  searches  for  these  objects.  Unfortuna.tely,  the  value of the  mass  scale \vhich 

characterizes  the  strength of the  binding  interactions  within  the  quark/lepton is 

unknown.  Hence,  the  experimental  limits  that  have  been  set  generall?.  depend 

upon  the  assumed  mass  and  couplings of these  objects  to  normal  fermions.  In  this 

note, we report on the  capabilities of SLD to  search for excited  muons  under  t\vo 

different  production  scenarios. 

There  are  several  different  possibilities for excited  lepton  production i n  general. 

summarized  in  the  set of diagrams of Figure 1, which  is  taken  from a revielv by 

Hagiwara  and  Komamiyal. As indicated  by  that  figure,  excited  leptons ma!’ be 

either  singly  or  pair  produced in e+e- interactions.  Note  t,hat, if lept,on  number 

is conserved,  only  excited electrons may  appear  in  the  t-channel  dia.grams of t , h a t  

figure. The  open  circle of Fig. l (a)  represents  the  possible  existence of a form 

factor,  while  the solid  circle  vertex is described  by  the  Lagrangian 

i 



where A is  the  scale of compositeness.  Hagiwara  and  Komamiya  note  that  elec- 

tronic  chirality is preserved  only  when cy = dy = f l .  One  must look closely a t  the 

assumed  couplings  in  studying  the  literature,  as  most  analyses  do in fact assu~ne 

the  non-chiral  coupling d, = 0. 

As indicated,  both  single  and  double  excited  lepton  production  are  possible. 

For both  cases,  theory  provides  little  guidance  as  to  the  expected  masses  or  cou- 

plings of these  objects  to  normal  fermions.  Hence,  the  predicted  cross  sections for 

these  processes  are  highly  model-dependent. The current  experimental limits on 

these  process  are  summarized in Figure 2. We note  that while the  single  excited 

lepton  processes ha.ve a higher  mass  reach  than  the  corresponding  double  excited 

lepton  process, the backgrounds  are  generally  more  severe. 

2. Single  Excited  Muon  Production 

2.1. SIMULATION 

Event  Simulation 

Simulat.ed  events of the  type eSe- --+ p*p,   p*  t p~y were  generated  according 

to the  model of Hagiwara et aL2 This  model  assumes  the  occurrence of charged and 

neutral  excited  leptons  within  weak  doublets,  assumes that SU(2)xU( 1) invariance 

is preserved  for  both  left  and  right-handed  excited  fermions  and  assumes no  anoma- 

lous  magnetic  moments of the  excited  leptons.  The  coupling  used  corresponds  to 

A = 1 TeV, and  excited  muon  masses of 40, 60 and 80 GeV  were  studied.  The 

excited p was  assumed to  decay  immediately  via p* t py with 100% branching 

fraction.  For  further  details,  refer  to  section I11 of Hagiwara et  al. 



Background  Simulation 

For  single  excited  muon  production,  the  principal  backgrounds  are  from  third 

order  electroweak  processes  in which a  photon  is  emitted  from  either  the  initial or 

final state,  yielding a final state  consisting of two  oppositely  charged  muons  and 

one  photon.  Such  processes were simulated  using  the  BREMh4US  generator for 

radiative  lepton  pair  production.  Detector  acceptance  cuts  to  simulate  the  beam 

pipe were applied  to  this  sample, but no  further  attempt was made  to  interface 

BREMMUS to  the SLD detector  geometry.  From  the  generated  events,  kinematic 

quantities of interest  (muon  and  photon  energies,  angles,  etc.)  were  plotted in 

order  to  determine which data  cuts could  be  used to  distinguish  between  the signa.1 

and  background  samples. 

.4 background  also  exists  from  radiative  tau  pair  production,  in wllich both 

taus  decay via T -+ pvrVP,  with  a  photon  radiated  somewhere in the process. 

This processes  were  simulated  using  the  generator  LULEPT. In addition possible 

backgrounds  from  quark-antiquark  pair  production were studied  using hlCLUND. 

Detector  Simulation  and  Event  Reconstruction 

The SLD detector  simulation  used GEANT to  simuhte  the  detector  geome- 

try  and  tracking,  the  fast shower parameterization  to  simulate  the showering of 

electrons  and  photons  and  the  standard  calorimeter  and  event  reconstruction  pro- 

grams.  However,  as will be described  later  in  this  paper,  use of the bea.m energ!. 

constraint  made use of the  detector  energy  information  only  in  a  marginal way.A 

parametrized  simula,tion of the MarkI13  was  used to  estimate  the  performance of 

this  detector  in  an  excited  muon  search. 

2.2. DATA ANALYSIS 

Candidates  for e+e- -+ p*p ,  where p* -+ puy, were required to satisfy the 

following data cuts: 

(1) Exactly  one  photon of energy > 0.1 GeV and  two  muons of opposite  charge 

in the final state. 



(2) The missing  energy Emissing < l lGeV, where Emissing = 2 * Eleam - (E,+ + 
E,- + E y )  with Ebeam = 46.5GeV,  and  the p and y energies  determined  from 

the  output  data  banks of the  Monte  Carlo. 

(3) cos(Opr) < -.98, where cos(Opy) is the  angle  between  the  photon a.nd eitller 

of the  two  muons. 

The first requirement  assured  high  detection efficiency  for the  photons of the 

data sample.  The  second  cut was  used to  exclude  either  undetected or p o o r l ~ ~  

measured  particles,  and  was  also  used  to  reduce  background  contributions  from 

radiative 7 pair  production  and  from  Lund  backgrounds.  The  third  cut  stemmed 

from  the  fact  that for  high  mass p* (greater  than 20 GeV) the cos(Op-,) d i s t r i l ~ u t i o l ~  

of the  radiative  muon  pair  background,  which is highly  peaked near cos(O,,,) = -1 .  

can  be  effectively  isolated  from  the  signal. 

Although  the  muon  and  photon  angles  are  relatively  well-mea.sured by SLD; 
considerable  improvement  can  be  attained  in  the  excited  muon  mass  resolution 

through  use of the  beam  energy  constraint.  Hence,  an  event  passing  the  above 

cuts was subject  to a redetermination of the  energies of the  particles  using only 

the  angles  measured  with  the  detector,  assuming a possible  missing  photon  emitted 

along  the  beampipe  direction  and  using  energy-momentum conserlTation to  obtaill 

the four  unknown  total  momenta. 

where  the Ps are  the  four  momenta  and E,, = 2 * Eleam. A consistance check 

chi square  was  constructed  using  the  redetermined  and  detected  values of the total 

momenta  and  using for the  standard  deviations  the values  found i n  the SLD desigll 

report.  The  energy  redetermination was considered  acceptable for values of chi- 

squared less than 30. 

The existence of p* is signaled  by a mass  peak  in the py invariant  mass.  Each 

event  contributes  two  entries  to  the  invariant mass histogram,one for each p~ . 



It was  found  that  our  cuts  reduced  the  background  to: 

BREMUS 5208 events/106Z0 

LULEPT with 95%CL 1 events/106Z0 

LUND with 95%CL 122 events/106Z0 

Invariant  mass  plots  showing  both  signal  and  background  are sholvn i n  Fig. '2 

for the  limit  case  with 95%CL. for  excited  muon  masses of 40, 60 and 80 Ge\'. I n  
the absence of evidence of the  existence of p* we will be  able  to  discard a region 

in the A-Mass of the  excited  muon  plane. 

3. Pair  Production of Excited Muons 

The  event  selection for pair  production of excited  muons, e'e- + p * p * ,  i n  

which each excited  muon  decays  via p* --+ py was the  requirement of only two 

photons  and  two  opposite  charged  muons  in the final state. The production of a pair 

of excited  muons is equivalent  to  that of muons of the  corresponding  masses.That 

is there is no A dependence. 

The  double  mass  constraint  provides a distinctive  signature  for  this  process 

in which  both p-y invariant  mass  combinations  are  plotted in a scatter plot.Tlle 

dominant  background is from  fourth  order QED and  leptonic decal. of t a u  ])airs, 

where  the  taus  retain  most of the  event  energy. We expect  these  backgrounds to 

be  small  but  did  not  have  at  our  disposal a generator  to  study  them  in  dehil. 

The  contribution of this  mode  to  Figs.3  and 4 is  the  steep  line at, the  beam 

energy. 
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4. Summary 

We have  examined  here  only a small  subset of the various  modes i n  \vhich 

excited  leptons  may  appear.  Depending  upon  the  masses  and  couplings,  copious 

production  could  be  seen  in a sample of as  little as 10,000 2' decays. On the 

basis of the  preliminary  study  done  here, SLD would appear  to  have  only a. slight, 

advantage  over  Mark I1 in  its  detection  ability for single  excited  muon  production. 

It should  be  noted that a beam  energy  constraint  significantly  enhances  the  ratio 

of signal to background in the  invariant  mass  (typically 15 times). 

We would  like to  thank  the  other  members of the SLD New Leptons/Quarks 

Group for many helpful  contributions to  this work. 
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7.  Figures 

1. Feynman  diagrams for excited  lepton  production 

2. p7 invariant  mass .p* masses of 40,60 and  80GeV.  Case of 1O6Z0. 

3. Excluded  region 95% CL. for SLD. 

4. Excluded  region 95% CL. for MKII. 
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Additional  Neutral  Vector Bosons 

P . C .  ROWON 

Department of Physics,  Columbia.  University, NY, N Y  1002'i 

Introduction 

New neutral  vector  bosons  beyond  the  familiar 2" arise  in  several  models  char- 

acterized  by  extended  gauge  symmetry  groups.  Theories  which  incorporate gauge 

symmetries  beyond  the S U ( 3 )  x SU(2)  x U(1) of the  Standard Model  include 

left-right  symmetric  t,heories, E6 based  grand unified theories  and  minimal  mod- 

ifications of the  Standard Model  in  which  quarks and leptons  transform under 

separate  gauge  groups . 1 

Basic  Phenomenology 

We will here  describe  the  simple  phenomenological  consequences of an  addi- 

tional 2' boson,  where for definiteness we will refer to  a specific  model  with es-  

tended  gauge  symmetry. A grand unified theory (GUT)  based on the  exceptional 

Lie group E6 has  been  extensively  studied in the  context of 2' phJ.sics'. The E(l 
symmetry  breaking  pattern is given by : 

The U(1)  groups  are ea.& aasociated with a neutral  vector  boson: 

where 2 is  the boson of the  Standard  Model.  The new 2' is in  fa.ct a linear 
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combina.tion of the 2, and 24, 

where  the new  weak current  couplings of the 2' to  the known  fermions  are specified 

uniquely  for  the E6 model. 

Since the 2' will have  the  same  quantum  numbers  as  the  the  Standard Model 

2, quantum  mechanical  mixing will  occur.  The  physical 2" and 2"' ( the '9na.ss 

eigenstat,es") wi l l  a.ctually  be a linear  combination of the 2 and Z' discussed abo\re. 

The  mixed  states  are  found by diagonalizing  the ma.ss ma.trix, 

where  the size of the off-diagonal  element of the  mass  matrix specifies the  strength 

of the  mixing.  The off diagonal  element  depends  on  the  deta.iIs of the Higgs mecha- 

nism that is responsible for the 2 and 2' masses,  and on the weak mixing  parameter 

sin Ow. For s n d  nixing,  the 

an  angle 

diagonalization is achieved v i a  a rotation through 

The  mass of the Zo will be  downshifted  from  its  Standard  Model  value  (the 2"' 

mass  increases by the  same  amount),  where for small  mixing  the  mass  shift is  gi\,en 

by : 

Since  the  coupling  constants g z  and g i  are also  mixed by a rotation  through 6(1,222.,  



the  total  and  partial  widths of the 2” are  shifted  as well. In general, 2 - 2’ mixing 

e$ects modify  measurable  electroweak  parameters. 

Experimental Issues 

The  expected  experimental effects due  to 2 - 2’ mixing  include: 

0 Shifts of hilz and rz. 

0 Modifications of the  hadronic  and  leptonic  partial  widths  and  cross  sections 

in Z decays. 

0 Measurable effects on the  forward-backward (FB) and  and  polarized  left-right, 

(LR) production  asymmetries. 

Unless the  the 2’ boson  is  light  enough to  be  observed  directly  at  the SLCl or LEP 
(a possibility that  is essentially  excluded by present  da.ta),  only  high  precision 

measurements of the type listed  above  can  reveal the  presence of additional  vector 

bosons at  present e+e- colliders. The  experimetal  picture is complicated  by  the 

effects of radiative  corrections,  particularly  those  effects  due  to a hea.vy top  quark. 

If we take CY, GF and AIz as  the  fundamental  parameters of the  electroweak  model. 

the M’ boson mass is given  by4 

where 01- contains  what is  known about loop  corrections arid is dominted by COIF 

tributions  due  to  the  top  quark. We take  the  definition of the weak mixing  angle 

to  be 

Thus  shifts of hilz will not  be  interpretable  until  precision  values for A ~ M I  and 

A r  become  available.  Figure 1 illustrates  the  relationship  between Mz and ?14,1. 

5 8 0  
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Figure 1. 

From  figure 1 i t  is c1ea.r that  significant  information  about  the  top ma.ss wi l l  require 

much  better hfw measurements. 

The best  available  limits  on 2’ bosons  derive  from  neutrino  scattering  neutral 

current  data.7 which  allow a region in Mzt versus Qmzz  space from about, 130 Ge\’/? 

for  large  mixing to just below 400 GeV/c2  for ( O m i z l  > 0.0’3. The allowed regiou is 

shown  in  figure 2. 
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We  can  illustrate  the  present  limits by comparison  with  the  expected mass 

shifts of the 2' due  to 2 - 2' mixing;  here we have  taken  the  "premixingii 2" 

mass  to  be 92 GeV/c2, 

Mass Shifts due t o  Z-Z'  Mixing 
94 I , , ,  , , I ,  I , , ,  , , I (  I , , ,  ( I , /  

4ux 

Figure 3. 

From  this  figure, we see that for large 2' masses,  large  mass  shifts  are  ruled  out 



for  all but  the  smallest  mixing  angles. As hadron  colliders wi l l  probabl~.  excludc 2' 

masses  up  to  just  over 300 GeV/c' in the  near  future8,  it is not likely that a searcll 

for small 2' mass  shifts will be  the  most effective  approach at   the  SLC. A better 

technique is to exploit  the  high  sensitivity  to weak parameters  made  available lvith 

a polarized e- beam.  The  search for 2' bosons  might  proceed in two  stages:  as 

successively  larger data  samples  become  available: 

1. Obser\ration of non-standard 2" partial  widths  (e.g. rpLl)  rjladrons, and their 

ratio). A dra.matic  signature allowed  in some  models is a dozmshi f ted total 

width. 

2. Establishment of a less ambiguous effect by precision  mea.surements of \veal; 

asymmetries  using  polarized  beams. At  this  stage,  specific  models  can  he 

distinguished  and  their  parameters  determined. 

In  figure 4 ,  the variation of the LR asymmetry  versus  the  ratio of' t h e  Z" 

leptonic a.nd hadronic  partial  widths' is shown as a  function of bot11 the L'ti n~is ing  

angle  and emir. Also  shown  is the  Standard  Model  variation  expected for top 

masses  from 40 to lS0 GeV/c2.  The  measurement  errors shown  correspond  to a 

data sample of lo5  events  and a 5% polarization  error; if pola.rization  measurement 

errors  are  reduced  from 5% to 1%) the  error for the LR asymmetry will be  reduced 

proportionately. 5 8 3  



Figure 4. 

As evidenced by figure 4, t.he  det.ection of effects due  to  small  mixing \ \ . i l l  1 x 3  

challenging.  Until  the  nmgnitude of electroweak  loop  corrections are knou.11 (for 

example  once  the  mass of the  top  quark  has  been  measured),  any search for Z’ 

bosons based on a determination of electroweak  parameters wi l l  he beset b). amlji- 

p i t i e s .  It lms been  recognized for some  time  that  one  should be able to minimin! 

the confusion by a propitious  choice of a  set of observables  and a nleasuren-lcIIt of 

their  correlations. By an  appropriate  linea,r  combination of obsen~a11lc.s. 0 1 1 ~ :  C ~ I I  

construct  a  measurable  quantit3. for which the  troublesome “obl iq~~e”  radiat i1.v c o t ’ -  

rect.ions due  to  top  quark  vacuum  polariza.tion  loops nea.rlJ. cancel. A 1 1  c : x a n l l > l t r  o f  

tllis  idea is due  to  Lynn,  Renard  and  Verzegnassi”.  These  authors  consider  the 1 , R  

as>.nlmetr?; ( 1 1 ~ ~ )  and  the polarized FB asymmetry for bottom quarks (-4>7f1 ). I O / (  11) 

where P = -Pe- (the  positron  beam is unpolarized) 



Both ALR and AYZb) are  particularly useful due  to  their  insensitivity  to QED 
and  strong  interaction  corrections.  The  oblique  corrections for these  two asymme- 

tries  are  proportional: 

suggesting  the  construction of a "correction-free"  quantity, 

The  experimenta,l  difficulties  associated  with  properly  identif~*ing  the Ilot,tom jet (as  

opposed  to the anti-bottom  jet)  have  not  been conclusively  studied:  hut  preliminary 

work within  the SLD collaboration''  indicates  that.  it  should  be  possible t,o mea.sure 

Apo'(b) to  within 7-8% with lo5 events.  At  the  moment  it is unclear  whether 

or  not  the  techniques  suggested by Lynn e t  a / .  will be  practical. 
FB,oblique 

Comparisons and Conclusions 

One's  ability  to  make  precision  measurements of e1ectrowea.k parameters s u c l ~  

as  the  the Zo mass,  width,  partial  widths  and LR asymmetries  depends more 

strongly on the  performance of the accelerator  (luminosity,  energy  spread and 

polarization)  then  it  does  on  the  detector  used.  Thus  the SLD will enjoy an 

advanta.ge  over the LEP experiments  only  to  the  extent  that  the SLC will provide 

longitudinally  polarized  beams  and LEP will not. 

At  the SLC, it should  be  possible  to  probe  mixing  angles IO,,,,j less tl1a11 0.02 

with lo5  events  using  the LR asymmetry.  Mixing  angles  smaller  than 0.01 w i l l  

be  probed  with 10' events.  One  studyI2  has  estimated  that  the LEP experiments 

will be  sensitive  to 10mizI 2 0.025 with lo6  events,  and  that  nearly 10' events w i l l  

be needed  to  achieve  precisions  comparable  to  those  possible  with lo6 events  and 

polariza.tion. The advantage of polarization is equivalent  to a factor of : 100 i n  
effective  luminosity. 
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1. Introduction 

Ever since the 1970’s when the  “standard  model”“’ began to emerge, one 
of the interesting questions which arose was whether there were more than  the 

known three families or generations (doublets) of leptons and quarks. The neu- 
trinos are each a member of a lepton  generation.  These  neutrinos are assumed 

to  be  the only particles  among the leptons and  quarks to be  very light, even 
massless; certainly, the measured upper  limits on the masses are  quite small . 
Given our present understanding of the particle  generations pattern, a measure- 

ment of the number of types of neutrinos would tell us the number of lepton  and 
quark  doublets. This  number is a crucial element in  the  understanding of the 

structure of matter.  In  addition,  the number of light neutrinos is an important 

parameter  in  the  determination of the  abundance of light chemical elements in 

the universer3] . In fact,  the best upper limit on the  number of neutrinos, derived 
from  these calculations is . 

121 

Because the known neutrinos are light,  a  reasonable  assumption is that new 
generations of these are also light. Since the 2 0  can decay into  pairs of neutrinos, 

its decay rate  into  them measures the number of generations. Obviously, we can 

only determine the  number of neutrino  generations  with masses  less than half 

the 2 0  mass. Since accelerators are being built that will produce a very large 

number of Zo’s[*] , this experiment is  feasible. This measurement  can  be done in 

one of four ways,  each depending on a comparison with theoretical expectactions 

based on the “Electroweak Theory”“] . The four methods are: 

1. Compare  the expected integrated decay rate of the 20 (its mass width): 

based  on the  number of neutrino  types,  with  the measured value. 

2. Measure  directly the fraction of the 20 width  due  to  its decay into neutrinos 
and compare it  with  the expected value. 

3. Measure the cross-section of the process e+ + e- + 20 v + V + 7’5 and 
compare it with the predicted  dependence  on the number of neutrino  types. 
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4. Compare  the  rate of the process e++e- -+ 20 -+ v+V+y’s with the process 

e+ + e-  3 20 3 p+ + p- + 7’s and compare the  ratio with the predicted 
dependence  on the  number of neutrinos. This  method is the least sensitive 
to errors  that  appear  in  the calculation of the  rate since they appear equally 

in both processes and hence cancel out in the  ratio. 

It is the purpose of this  note  to discuss, in detail,  the difficulties encountered 

in making  these  measurements; namely, the expected  limits of the accuracy in 

the  determination of the number of neutrinos from each type of measurement. 
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2. Determination of Nv from the 20 Width 

2.1 THE EXPECTED 20 WIDTH  AND ITS DEPENDENCE ON THE NUMBER 
OF NEUTRINOS. 

The determination of the number of neutrinos by studying  the properties of 

20 decays depends cruciahy on the correctness of the “electroweak” theory”] . 
Based on the electroweak lagrangian that describes the 20 decay‘‘] , 

one  can  calculate the decay rate of the 20 into  any fermion anti-fermion  pair of 

the  lepton and  quark families. The decay rate is  given 

where the color factor c=l for leptons and 3 for quarks. 
In Table 1 we define the various parameters  in (2.1.2) and we relate  the values of 

 VU^ and a f  to sin2 8,; we also calculate the decay rates,  and  the branching ratio 

of decays into various final states. 

Radiative effects can alter  the observed results  quite  markedlyf6] , but we as- 
sume that these corrections will be  understood at  the  time  that  the measurements 
will take place. In any case, we discuss these in  various sections of this work and 
point out where uncertainties  still exist and  additional  calculations need to be 

done. 

We can  summarize  the  results  presented in Table 1 by the following expression 

describing the dependence of the 20 width  on Mz,N,, and sin2& in  the limit 

mf=O: 

(2.1.3) 

Using the values of the  parameters presented in Table 1, the dependence on N ,  
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alone can be expressed by: 

I'z = 2.65 + 0.172 x ( N ,  - 3) GeV (2.1.4) 

The effect of an  error in the known d u e  of sin2& (f.OO1) on the value of M z  
is 0.15 GeV and  on  the expected value of rz is 6rz = .017  GeV or about O.lNu 

which can be neglected for the purpose of determining  the  number of neutrinos. 

A good figure of merit on  the accuracy needed in the  determination of the 20 
width is the requirement that we know Nu to  about 0.2 N,. This implies a 

measurement  error 6rz = 0.035 GeV. 
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TABLE 1 

20 Decay Rates 

Find State "f af I'(GeV)  Branching Ratio (%) 
per final state 

-- 1 

1 

1 

1 

1 

1 

2 0.087 
2 0.172 

2 0.298 
2 0.383 
2 0.379 
2 0.060 

- 

- 

_ -  
_ -  
- 

0.072 

3.3 
6.5 

11.2 
14.4 
14.3 

2.3 
2.7 

Total 2.65 100.0 

We used the following parameters: 
sin2& = 0.226 

Mz = JZGF 1 *(IR 112 x 1 
sinOwCosBw = 92.2GeV 

a ~ - '  = 137.036 - 171/67r 
mi = 40.0GeV 

mb = 5.0GeV 

GF = 1.166 x 10-5GeV-2 

20 + cqig = .04 20 + Q;qi 
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2.2 EFFECT OF  THE  UNCERTAINTY IN THE MEASUREMENT OF  THE LUMI- 
NOSITY  AND BEAM ENERGY SPECTRUM. 

The beam energy spectrum of the SLC at  the collision point  is  expected to 
have a low energy tail owing to  the beam  spectrum at  the  end of the  linac and the 
bremmsstrahlung of the beam going around  the  arcs. A typical spectrum  at  the 

end of the linac, provided by the accelerator  group,  is shown in Fig. 1. Like the 

initial  state  radiation corrections in  the individual collisions, the  non  gaussian 
tails shown in  the figure will cause an upward shift in the measured peak center 
and  an increase  in the measured width. These effects must be corrected for. 

The  uncertainty  in  the  luminosity  measurement will not  induce a systematic 
shift in  the peak center,  but will increase the measured  width  due to  the relative 

uncertainty at  the various energy scan  points. Of course, an absolute  error in 
the luminosity will have no effect on  these matters. We assign an  error  to  the 

luminosity of 3%, as suggested by other studies. 

The above effects were included in an extensive Montecarlo  simulation of an 

energy scan over the 20 peak of the process e+e- + ff. Various beam energy 

spectra of the  type shown in Fig. 1 were used to smear the  initial energies 

of the colliding beams. The  total  number of events recorded was equivalent 

to  an integrated  luminosity of 1.6 x 1037c772-2, approximately a 1 year run  at 

expected SLC beam fluxes. At each scan  point we generate the number of events 

equivalent to a given value of the luminosity  (t,he  integrated  luminosity divided 

by the number of scan  points). Also, at each scan  point we randomly smear 

the beam energy a few hundred  times,  simulating  the  non-gaussian  beam energy 

spectrum, as shown in Fig. 1. We determined the cross section expected at the 

calculated  center of mass energy using the values of the  parameters given in Table 

1 and recorded the expected  number of events using the luminosity  determined 

after  it was varied randomly by 3%. This  number of events found at each scan 
point was saved and used in a 2 dimensional Chi-square fit in which the 20 mass 

and  width were  allowed to vary. These  fits were done for different number of 
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scan  points, anywhere from 6 to 16 such points.  The results of the fit varied 

only slightly as the  number of scan points across the resonance were varied. The 
results of the fit were Mz = 92.35 GeV and I'z from 2.52 to 2.80 GeV. The  error 
of the fits were 6Mz z 0.02 GeV and 6rz X 0.03 GeV. The  Chi-square of the fit 
usually was between 0.7 and 1.5 per degree of freedom. The conclusion of this 

preliminary study is that a non-gaussian low energy tail  in the beam spectrum 
can shift upward the value of Mz by 0.15 GeV and affect the value of rz  by 
M f0.15 GeV. From the  Chi-square of the fit we cannot tell that  the beam has a 

low energy tail. Hence, knowing the energy distribution of the  interacting  beams 
is essential in  this  study. 

We need to note that we did  not  include  beam  bremmsstrahlung  distortions of 

its energy spectrum nor radiative correction effects on the  shape of the resonance, 
which  will  affect the measurement of the mass and  width of the 20 in this  study 

in a similar  fashion. This is discussed later  on. 

2.3 EFFECT OF THE  UNCERTAINTY IN THE MASS OF THE T O P  QUARK 

In Fig. 2 we show the decay rate of 20 3 tt as a function of the  top  quark 
mass,  assuming the electroweak parameters shown in Table 1. The  latest results 
from the UAl experiment  indicate that  the  top  quark mass is greater  than 40 

GeV"] . As seen from Fig. 2, this implies at best an  uncertainty in the number of 

neutrinos,  due  to  the decay into a possible heavy top  quark  pair(Mt 2 40 GeV), 

of 0.3 neutrino  generations. 

In addition, even if the  top quark  mass is larger than Mz/2  it will still have 
an effect on th Z width because the 2 propagator will be modified by loop (also 

called oblique) corrections. The  magnitude of these corrections have been already 

described elsewhere"] and is shown in Fig. 2 also. As can  be seen, this correction 

increases the width of the Z and for a top mass of X 100 GeV it corresponds to 
about .09 N,. 
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2.4 EFFECT OF  THE  PRESENCE  OF TOPONIUM AT THE 20. 

Because Toponium, the  bound  state of the  top  quark  anti-quark  pair,  has  the 
same quantum  numbers as the 20, we can expect to observe  interference effects 
in  the e+e- annihilation process into these find  states.  This effect has been 
studied  in detail'g1 . The Feynman  diagram that describes the process for the 
interference  is shown in  Fig. 3. This phenomena  leads to changes in the mass 

and  width of the 20. The effect on the mass has been  determined to be small 
w l l e  it is significant on the  width if 

The analysis of the off-diagonal elements of the mass matrix, which are respon- 

sible for the mass and  width changes, indicate  that 

Most of the effect on the  width changes is due  to  the 3S1 (n=1,2,3 .....) states but 

not  the corresponding P states.  The shift in the 20 mass and  width  due  to  the 

3S1 states  depends on the value of the wave function at the origin which  is not 

negligible. On the  other  hands  the  contribution from the P states depends on 

the  radial derivative of the wave function at  the origin which has a much smaller 

d u e .  Hence, the P states  do not  contribute significantly to these effects. 

If the M,; is very close to  the Mz then  the shift in  the  width  due to the n=l  

3S1 state is -18 MeV. If one adds  the  contribution from d l  the  radial excitations 

(n=2,3, ....) one  gets a net  shift of -40 MeV or about 1/4 of a neutrino generation. 
This shift  is significant and needs to  be considered in  the  study of the number of 
neutrino generations in nature. 



2.5 DEPENDENCE OF THE 20 WIDTH  ON DECAYS INTO  SUPERSYMMETRIC 

PARTICLES. 

If supersymmetric  particles exist and their mass is small enough such that 
the 20 can decay into  them,  then we can expect an increase in the nominal 20 
width. The magnitude of the  contribution  to  this  width  depends  on the masses of 
the particles involved due mainly to  the phase  space  factor p = (1 - 4m2/s)lI2. 

Possible supersymmetric  particles that can  add significantly to the  width  are 

the  sneutrinos which contribute 3p3% (1/2 of a neutrino generation for p = 
1) of the  standard  width;  neutralinos  (neutral  supersymmetric gauge bosons) 
which can contribute as much as w 10%; sleptons that contribute M lop3% 
of the  leptons  contribution or .3p3% of the nominal width;  and  squarks with a 

similar  contribution.  The  contribution from photino or gluino  production  is much 

smaller[101 . Hence, the  contribution to  the  total 20 width from such final states 

can  be  quite significant and could be equivalent to a few neutrino  generations. 

2.6 DEPENDENCE OF THE 20 MASS AND  WIDTH  ON  RADIATIVE  CORREC- 

TIONS. 

In  this section we discuss the effects of radiative  corrections  on the determi- 

nation of the 20 mass and  width.  The effect of gluon emission in the final state 
in which quarks  are  present increases the width of the 20. This  has already been 
pointed out  in Table 1 and we will not discuss it  any  further here. The effect of 

loop corrections involving the  top  quark on the 20 propagator  and  its effect on 

the 20 width has been discussed briefly  in Sect. 2.3. In general,  this effect is of 

the order of .1 N,  and we  will not discuss them in this  section. Our main topic of 

discussion in  this section is the effect of the electromagnetic  radiative  corrections, 

both  internal  and  external, on the  shape of the 20 resonance and how it affects 
the  determination of the 20 mass and  width. 

One effect, that we neglected to include  in  Table 1, is the correction to  the 
Zo width  due to  the  contribution  to  the  total decay rate of processes with an 
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external  photon in the final state. In general  this  requires a contributing  factor 

for each charged final state of‘’’ 

1 + % ( Q ; / e ) 2  47r 

This leads to a width  increase of M 0.005 GeV  which can  be neglected for our 

purposes. The  fact  that final state  radiation does not  contribute  to  large loga- 
rithmic corrections like initial  state  radiation is due to  the cancellation between 
the  internal  photon exchange processes and the  photon emission processes‘’’] . 
In addition,  radiation  from final state particles does not affect the  shape of the 
resonance and, hence, the measurement of the 20 mass and  width. 

Hence, the main  topic of this section is the change in the 20 mass and  width 

due  to  the  radiation by the incident  electron and positron. In Fig. 4 and 5 we 

present the  line  shape as predicted by the electroweak theory“] with the  param- 

eters  in  Table 1. The figures show the  distortion generated by the  initial  state 
radiation.  The “radiative” curves were generated using the technique of Kuraev 
and Fadin“’] and described by  Cahn”’] but  without Cahn’s  approximations. We 
have included the renormalization of crem due  to  the  propagator loop corrections 
in the main process. We use crem = 128 to describe the electromagnetic coupling 
in the  annihilation process but not in the  photon emission process that  distorts 
the resonant line shape.  This renormalization just changes the  magnitude of the 

cross section but does not change the  distortion of the shape. 

The  net effect of these  distortions is to shift upward the location of the peak of 

the cross section by 0.115 GeV while the  width increases by 0.056 GeT’, equivalent 

to 1/3 of a neutrino generation.  In addition,  the  magnitude of the cross section 
at the peak decreases by a factor of 0.735. These  results are only slightly different 

from those  in Cahn’s paper. Of course,  in  principle,  these effects can  be corrected 
if we know the beam  energy spectrum. Hence, the  ultimate  errors can be much 

smaller. 
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3. Determination of Nu by Directly  Measuring the 
Fraction of the 2 0  Width  due  to 2 0  + v + V Decays. 

Recently it  has been pointed out‘l’’ that  one can achieve a reasonable mea- 
surement of the number of neutrino  generations by directly  measuring the dif- 
ference between the  total 20 width and  that  fraction of the width due  to 20 
decays into charged leptons and hadrons.  This difference is a  direct measure- 

ment of the  contribution  to  the  width  due  to 20 decays into  neutrinos.  This, of 
course, assumes  there are  no new 20 decays into  particles that leave no signal in 
the  detector, like decays into some types of supersymmetric  particles. One can 
show, that with a few thousand 20 decays, one  can reach an  error limit of 0.5 
of a neutrino  generation(for 90% c.f.). It is difficult to reach error limits below 
this level because other  non  statistical  errors, like the luminosity  error, become 

significant. 



Measuring the cross section for 20 directly into  neutrinos would be  the most 

definitive way to determine the number of neutrino  generations,  but  the  neutrinos 
are defacto  undetectable. However, the  radiative process produces at least  one 

detectable  photon, as has  been pointed out by several authors‘”] . Thus, the 

presence of a single photon in the detector signals the  annihilation  into  neutrinos. 
We have to include the observation of more than 1 +y in order to reduce  the 
uncertainty  in  the  calculation of the cross section. This  uncertainty is due to the 
radiative c ~ r r e c t i o n ~ ~ ’ ~ ~ ~  . This is discussed in more detail  later  on. 

In the following sections, we discuss this process and  the possible sources of 

background affecting this  measurement.  In particular, we derive the  statistical 

and  systematic  limitations of the measurement of N,,. 

4.1 THE CROSS SECTION AND EXPECTED NUMBER OF EVENTS 

The process with 1 7 is described by the Feynman  diagrams shown in Fig. 

6. The  major  contributor  to  this process is the  annihilation  via  the 20 channel, 

diag. (a). Only this  diagram  depends  on  the  number of neutrinos in nature.  The 
other  contributors  to  this process is the W exchange term, diag. (b),  and  the 

interference between these two. The  double differential cross section has been 

~alculated‘’‘~  and is  given by 

d2a G$a ~ ( 1  - x) 
dxdy 6 x 2  ~ ( f  - y2) 
--- - [(l - 4 2 ) 2  + Z2Y2/4I 

where 



5 = E T / E b e a m  

s = 4Eteam 
y = cos8, 

ve = -+[I - 4sin2&] 
a, = -- 1 

2 

Recently a more accurate  treatmentr151 of the W exchange diagram in Fig. 6 
has lead to a more accurate expression for eq. 4.1.1. Nevertheless, the differences 

are no more than 2 - 3% at Ecm = M z  and even  less at 96 GeV.  Hence, all our 
results have been determined using the expression above. 

Using these  results we display in Figs. 7,8 the cross section of the process for 

the case where there  are 3 or 4 neutrinos and for various cuts  on  the  detected 

photon.  These cuts describe the geometrical and sensitivity cuts of the SLD 
detector.  In  Fig. 7 we cut on the transverse  momentum and  the angle of the 

photon  relative to  the  beam direction.  In  Fig. 8 we cut  on  the energy and angle of 
the  photon.  The  importance of these cuts, especially the  transverse  momentum, 

as we will discuss in the next section,  is that they  reduce the background from 
radiative  Bhabha  scattering.  In Figs. 9,lO we display the  photon energy and 

angular  distribution for various center of mass energies and for a cut  in  the 

transverse  momentum of the photon. 

The following observations  can be made from these  distributions: 

1. The cross section for 4 neutrinos is M 27% higher than  the cross section for 

3 neutrinos. This difference varies a few percent as one varies the center of 

mass energy. It also varies slightly depending  on  whether  one cuts on the 

photon energy or the  photon transverse  momentum. 

2. The  angular  distribution of the  photon is fairly broad showing a substantial 

flux of photons at large angles to  the beam  direction. The energy distri- 

bution of the  photon shows that most of the  photons  are very low energy 

(5  2 GeV) unless the center of mass energy of the collisions is around 96 

GeV. 
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3. A cut  on  the  photon  momentum  instead of the transverse  momentum at 1 

GeV leads to  an cz 125% increase  in the cross section at a center of mass 
energy of 92.2  GeV and  an = 45% increase at 96 GeV; hence, it results 
in a better  statistical  separation between the existence of 3 or 4 neutrinos. 

Nevertheless, as we will discuss later  on,  it leads to a substantially  larger 

background from radiative  Bhabhas. 

4. The cross section for radiative  neutrino  production  has a marked energy 

dependence on the center of mass energy between 91 and 95  GeV.  Hence, 
to distinguish between the existence of 3 or 4 neutrino  generations from 

measurements  in  this energy regime requires a precise knowledge of the 
collision energy ( X  .1 %). Above the 20 mass, at = 96 GeV, the cross 

section becomes relatively large and less sensitive to variations in the center 

of mass  energy;  therefore, this becomes a more  propitious region in which 
to carry  out  this  measurement. 

Assuming a 1 year run with a luminosity of lo3' cm-2sec-1 and a 50 % data 

logging efficiency we can collect data with an  integrated luminosity of 18pb-'. 

Using Fig. 8 and including a correction factor of .78 for radiative corrections 

(see next  section) we can  deduce the  number of observed events for the case of 

3 neutrinos. We expect 1500 single photon  events at a center of mass energy of 

92.2 GeV and 3200 events at a center of mass energy of 96  GeV. This number is 

= 27% higher for the case of 4 neutrinos. 

4.2 THE EFFECT OF RADIATIVE CORRECTIONS ON THE RELIABILITY OF 

THE  CROSS  SECTION  CALCULATION. 

Recently, a series of studies'''] have pointed out  that, at the 20 energy, 

the existence of additional box and  triangle Feynman  diagrams  in  the e+ + e -  

annihilation process, as shown in Fig. ll, lead to sizable corrections that reduce 

the cross section anywhere from 10 to 40 %. Nevertheless, recently"" it was 

pointed out  that if one  includes the corrections due  to  the emission of a second 
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soft photon  these corrections can be reduced. The result of these calculations 

show that  the cross section can  be  written in the form 

80 
dxdy  dxdy T 
- = (""> (1 - -zn(s/m~)zn(s/4w;)) 

cy 
(4.2.1) 

where (&)o is equation (4.1.1) and wo is the maximum energy of the second 
soft photon. For wo = 1 GeV this expression leads to a correction of 22 % 
at E,, = Mz. Except where explicitly stated  this correction  has  not been 
included. Recently, a more accurate  treatment of these corrections[151 using 
kinematical cuts  that  are more realistic conclude that these corrections reduce 
the cross section by 17%. It is expected that these corrections become even 

smaller if one includes the observation of multi-photon (N>2) events. Hence, it 

is important  that SLD's solid angle coverage be large  enough that we can record 

these  multi-photon events. 

Because these corrections are large at these energies, the present first and 

second order calculations may not be  accurate  enough.  This is particularly im- 
portant  in  the  study of neutrino  counting since the corrections are of a magnitude 

similar to  the differences in  the cross section between 3 and 4 neutrino genera- 

tions. Hence, it is necessary to calculate the higher order  corrections to determine 
their  contribution  to  the cross section. This work is now in progress'''' . 

4.3 LIMITS ON THE ACCURACY OF Nv OBTAINED  BY MEASURING T H E  AB- 
SOLUTE CROSS-SECTION. 

A Montecarlo study was carried out  to  determine  the  degradation in the 

statistical significance of the observed number of events given: (1) a non gaussian 

low energy tail  in  the  beam energy distribution, as shown in Fig. 1; (2) a 3 % 
random  error in the luminosity  measurement. The conclusions are shown in Fig. 
12. It shows clearly the quick degradation of the resolving power in the energy 

region below 96 GeV due  to  the sharp energy dependence of the cross section. 
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It also shows that  the resolving power at 93 GeV is only 5 standard deviations 
without  including other  errors like those due  to background and resolution of 

the  detector for.Iow energy photons (M 1 to 2 GeV). This  degradation  due  to 
the  detector  photon energy resolution and  the effect of the background due  to 

radiative  Bhabhas is discussed in the next section. All the effects that relate  to 
the resolution  in the  separation between the signals due  to 3 and 4 neutrinos  are 

discussed in  detail  in section VI. 

In order to  understand  and determine how the energy resolution of our de- 
tector affects our  ability to distinguish between 3 and 4 neutrino generations we 

display the change in the  radiative  neutrino  pair cross section as we change the 

minimum allowed photon energy, Fig. 13, or as we change the minimum allowed 

transverse  photon  momentum, Fig. 14. We determined the effect of the SLD 
detector  calorimeter resolution (6E = 9@%, 68 = 1") on the observed number 
of events. This was done at E,,=92.2  GeV and for the  cuts on the  photon of 

E m i n = l  GeV or Pt,;,=l GeV, and 8 = 10'. Using Montecarlo techniques we 

generated  the events according to  the differential cross section and  determined 
how many events were observed above the  cuts assuming a perfect resolution and 

assuming the resolution given above. We found that,  due  to  the finite resolution 

of the calorimeter, there was a 0.6% increase  in the  number of observed events 
both  in  the case of cuts  in  the  photon energy or transverse  momentum. Given 
that one extra  neutrino generation increases the cross section by 27%, this effect 

gives rise to a 0.02 neutrino generation. Hence it can be neglected. The size 

of this effect can be surmised to  be even smaller at Ec,=96  GeV. Because the 

radiative  Bhabha  background  can  be reduced substantially  relative  to  the vi72 

signal if  we cut  on  the  photon transverse  momentum  instead of the energy, the 
transverse  momentum  is  the variable that should be used. 

These  results  are an indicator that  the determination of the number of neu- 

trinos is best  done at a center of mass energy near 96 GeV instead of near  the 

20 mass. The improvement in  the resolution at 96 GeV as compared to 93 GeV 

is shown in section VI. 



4.4 THE BACKGROUND DUE  TO  RADIATIVE BHABHA SCATTERING 

Several processes may  produce single photons  with  characteristics similar to 
the 7 ' s  from the v77y final state. Such a situation can occur for the y associated 

with the final states e+e-y (Radiative  Bhabha), ~ ~ p - 7 ,  and T + T - ~  when the 

charged particles  may escape undetected down the beam  pipe or into inefficient 

areas of the detector. The transverse  momentum ( P I )  of the observed -y must  be 
balanced by the p l  of the unseen particles. If efficient particle detection occurs 
down to small angles around  the beam axis, the p l  of the observed y is limited 
by the  maximum angle that  the charged particles can have without triggering the 
veto counters which, in  our case, is the luminosity monitor.  This limit is given 

by the relation 

(4.4.1) 

Previous neutrino  counting  experiments at PEP and PETRA"91 have shown 

that  eficient photon detection above several hundred MeV and efficient charged 
particle  detection down to small angles ( x  10's of mrads.) is  sufficient to achieve 
the desired hermiticity. 

The SLD detector  has luminosity monitor coverage down to 22 mrad. For 

this veto angle and Ecm = Mz=92.2 GeV we get p l y  5 2.02 GeV.  Because the 
photon  transverse  momentum is almost always balanced by either the electron or 

positron alone instead of by both simultaneously, most of the  photons have p l  5 
1 GeV. Also, the radiative  Bhabha process has a large " t " channel contribution 

to  the cross section at small angles which  is not present in the  other processes 

mentioned above. Hence it is by far the dominant background. In fact, given a 

&to angle of 22 mrad,  the p+,u-y and T + T - ~  backgrounds are totally suppressed 
and  are neglected here. 

A recent Montecarlo program by Mana  and Martinez (MM)""' was optimized 

specifically to calculate the cross section and generate e+e-y events with the e* 

at small angles to  the beam axis and  the y satisfying the experimental detection 
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cuts.  The MM Montecarlo has been successfully cross checked”’] against  other 

calculations‘221 . In Fig. 15 we show the differential cross section as a function 

of Pl-, of radiative  Bhabhas for different  photon cuts  and for E,7m=95 GeV. 

The bins at  the very highest gamma transverse  momentum suffer from poor 

Montecarlo statistics  and only should be used as trends of the  total cross section. 

The -radiative Bhabha cross section for single photons  drops only  slowly with 

increasing energy”’’ . Hence, to avoid  excessive CPU usage, the  distributions for 

E,, = M z  and 96 GeV  were estimated by suitably scaling a sample of events 
corresponding to a luminosity of 62.6 pb-I generated by the MM Montecarlo 

program at 95  GeV. Comparison of a statistically  smaller  sample generat’ed at 
these three energies showed no significant differences. 

The energy and  angular resolution of the SLD liquid Argon calorimeter, bE = 

9-% and 68 = lo, will smear out  the  photon  transverse  momentum in  the 

observed events. We generated  events  smeared  with  this  resolution. The effect 
of the smearing at these energies is to increase the  number of observed radiative 

Bhabhas for a p l  cut of 1 GeV  by 2% at 95 GeV.  Hence the resolution effects 

are small and  can  be easily corrected for in  the analysis  stage. 

In Fig. 16 we show the cross section as a function of the minimum  photon 

transverse  momentum  cut for both  the vVy and  the e+e-r final states. Using 

these, we calculate the  number of expected y’s of each type  in a data sample cor- 

responding to a luminosity of 10 p b - l .  This  data  sample corresponds to 4 . 1 ~ 1 0 ~  

Z’s at Ecm=92.2 GeV and 9 . 1 ~ 1 0 ~  Z’s at 96 GeV. The results are presented in 

Table 2. In the calculation of the  number of vVy events we reduce the calculated 

number  from  eqn. 4.1.1 by a factor of .78 (see sect. 4.2) to account for the 

radiative  corrections. The numbers  in  Table 2 show that  the background from 

radiative  Bhabhas  can  be  substantial except when  you make a photon  transverse 

momentum  cut above 1.5 GeV.  Also, it shows that  it is best  to  take  the  data  at 

Ecm=96  GeV instead of at M z .  

A similar study was done cutting  on  the  photon energy instead of the  trans- 

? 



verse momentum. In Fig. 17 we present the cross section  dependence on a 

minimum  photon energy cut for the vi77 and  the e+e-7 final state.  The re- 
sultsjndicating  the signal and background, are shown in  Table 3. They  indicate 

that  the background is much more severe when we use the  photon energy instead 
of the  photon transverse  momentum. 



TABLE 2 

Signal and Background for Pi, Cuts. 
Integrated Luminosity = 10 pb-' 

Ecm Min. 8, Veto Min.Pl, Nvyr Ne+,-, 
GeV deg. mrad . GeV 

92.2 10 22 0.8 480 640 

92.2 10 22 0.9 450 310 

92.2 10 22 1 .o 390 54 

92.2 10 22 1.5 234 - < I  

96.0 10 22 1 .o 1250 51 

96.0 10 22 1.5 940 < 1  - 



TABLE 3 

Signal and Background for E, Cuts. 
Integrated Luminosity = 10 pb-' 

E,, Min. 8, Veto  Min. E, NvF7 Ne+e- ,  
GeV deg. mrad. GeV 

~ 

92.2 10 22 1 .o 900 5940 

92.2 10 22 1.5 430 3870 

92.2 10 22 2.0  270 2540 

92.2 10 22 2.5 195 1700 

96.0 10 22 1.0 1760 5460 

96.0 10 22 2.5 1130 1570 
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4.5 THE BACKGROUND DUE TO THE 3 y’S FINAL STATE. 

We determined  the single photon  background for this process. The only 

Feynman  diagram that  contributes is the  one where we have a t-channel electron 

exchange. The 20 s-channel exchange can  not contribute because a spin 1 particle 

can not decay into 2 photons. We determined  the cross section  under the following 

conditions: The high energy photons  angle  has  to  be less than 22 mrad relative 

to  the beam,  the soft photon  has  a  transverse  momentum  greater  than 1 GeV, 

and an angle  greater  than 10 deg. relative to the beam. The cross section was 

determined using the Montecarlo program developed by Berends and Iileiss. The 

calculation shows that  the cross section,  with  these cuts, is less than 2 pb.  This 

cross section is small when compared with our signal cross section of 40 pb at 

E,, = Mz.  Using the results  from  Table 2 we note that this background is about 

one third as large as the background  from  radiative  Bhabhas. 

4.6 THE MEASUREMENT OF Nv WITH A POLARIZED e- BEAM. 

The schedule for SLC improvements calls for the availability of longitudinally 

polarized electron  beams  near the  time  the SLD is  installed. It is  expected that, 

initially, the polarization “P” will be x .45 f .02, with future improvements 

approaching  perhaps 100 % with an  error of 1 %. 

We discuss here the advantages and disadvantages of using a polarized e- 

beam[231 . We assume  throughout  this discussion that  the luminosity, energy 

stability,  and reliability of the SLC will not change in the presence of accelerated 

polarized electron  beams. 

In  the case where the electron and positron helicities are explicitly included, 

with he and h, taking  on  the values fl for the two possible values of helicity of 

the electron and positron,  the  same cross-section expression given in eq. (4.1.1) 

becomes: 

- %fa 
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-- @ u p 0 1  G$Q s(1 - z) - (I - hehp)- [(l - z/2y  + z2y2/4] dxdy 6r2 ~ ( 1  - y2) 

Since the positron  beam in the SLC is unpolarized, we must average over 
h, which  is equivalent to setting  it to 0. We replace h, with PI E -0.5, the 

polarization of the beam when the helicity is negative, h$ with P2 +0.5 and 

the luminosity for each case as L1 and L2 = 1/2L, where L is the luminosity of the 

full run. We can calculate the expected number of events, for each longitudinal 
polarization of the electron beam, in a 1 year run with an integrated luminosity 

of 18 pb-l. These are shown in Fig. 18 for the same conditions discussed with 

an unpolarized beam. 

The following comments can be  made  about the advantages and disadvan- 
tages of measuring the number of neutrino  generations using this technique: 

1. The advantage of using polarized beams is that  the background due to  the 

QED radiative  Bhabhas  and 777 processes cancels out when one takes the 

difference in the observed rates due to  the possible longitudinal polarization 

states of the incident electron beam.  The helicity dependent 7 / 2 0  interfer- 

ence contribution is expected to be smaller than  the dominant QED term 
by ==: lo4. This is the reason for considering this avenue in measuring the 

number of neutrino generations. 

2.  One  disadvantage derives from the fact that  the difference in the observed 

number of events leads to a small signal with a larger associated statistical 

error.  This can be determined  from Fig; 18. Comparing the  statistical 

error associated with the difference in the signals with that associated with 
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3. 

the signal from an unpolarized  beam we can see that, for a center of mass 

energy of 96 GeV, the  statistical percentage  error increases by a factor 

(2024 f 45) - (1640 f 40) 384 f 60 
3665 f 61 

- - 
3665 f 61 

= 9.4 

The  study based on the difference of the  rates  depends on how  well we 

know the polarization of the electron  beam. Hence, the error in  the ob- 
servation will include a contribution  from  this  uncertainty which could be 
5%. This is smaller than  the  statistical  error from the observed number 
of events  after  one year of running (13%) with an integrated  luminosity of 

18 pb-' .  Nevertheless, it becomes significant if further  running  takes place. 
Reducing the  uncertainty in the polarization to 1 % is significant for this 

measurement. 

4. The signal due  to  the difference in  the cross section for the two polarization 

states of the electron  beam is more sensitive to the value of than 
the cross section due to an unpolarized  beam. This is shown in Fig. 19, 

where we plot  these two cases as a function of sin2&,. Curves (a) refer to 

the unpolarized  beam  condition while curves (b) refer to  the difference in 
the number of observed events  from the two longitudinally polarized beam 

conditions. The  contributions  to  the  statistical  error in the signal due  to 
the expected  number of events and  due  to a value of sin28, = 0.220 f .002 
are shown in Table 4 for two data gathering  conditions. We can observe 

that in  the case of the unpolarized  beam  condition the  contribution  to  the 

total error due  to  an error in sin2@, is negligible, while in the case of the 

polarized beam  conditions the  contribution  from  this  error is noticeable. 
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TABLE 4 

Statistical Errors in a 1 Year Run 

sin20w = 0.220 f .002 

Signal Type  and Ecm=93 GeV Ecm=93 GeV Ecm=96 GeV ECm=96 Gel- 

Associated Errors Nu =3 Nu =4 N,=3 N ,  =4 
~~~ 

N (unpol.)  per year 
Error = N 5  

dstn2ew L J s i n 2  8, 

N- (neg.  pol.)  per year 

N+ (pos. pol.) per year 

1 

N- - N+ 
6 ( N -  - N+) = (N- + N+)3 
%!L.3!d6Sin20w 

dsin2eW 

2143 
46.3 

3.3 
1178 
965 
213 

46.3 
17.3 

~~ 

2718 
52.1 
4.6 

1501 
1218 
283 

52.1 
21.8 

~~ 

4284 
65.4 

7.9 
2394 
1889 
505 

65.4 
33.7 

5209 
72.2 

9.4 

2912 
2297 
614 
72.2 
51.2 

In conclusion, in  order to distinguish between 3 and 4 neutrino  generations 

(27 % difference in the observed number of events) using the difference  between 

the observed number of events of the two longitudinal  beam  polarizations, we 

need to use the  data collected  over a 3 year period and  the value of sin29, 

needs to be known with an error of M &.001. This conclusion  is made t.enuous 

by the observation that  the  statistical  error is increased by the background of 

radiative  Bhabhas included in the observed number of events in each state of 

beam polarization. 
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4.7 LIMITS ON THE ACCURACY OF Nu OBTAINED  BY MEASURING THE 

BRANCHING RATIO CS+E-+pt+p-:r. 
e++e--+u+F+ 

We have  discussed the  statistical  error  limits,  the dependence of the  rates 

on various  parameters,  and  the  reliability of the  radiative corrections. We still 

need to confront the  error  limits  that  result from understanding  the detection ef- 

ficiency of  low energy  single  photons in the SLD detector.  This  last  study will be 

presented  in a latter section. Here we investigate the sensitivity that  the relative 

branching  ratio of radiative  annihilation  into  neutrinos to radiative  annihilation 
into muons  has to  the value of sin2@, and  to  the  photon detection efficiency. 

The premise is that, since both processes may have a similar  dependence on 

the electroweak parameters  and on the photon spectrum,  the value of this rel- 

ative  branching ratio would be  insensitive to  the electroweak parameters or to 

the  photon detection efficiency. In addition,  and most important,  the radiative 

corrections  due to  the  virtual  photon exchange  diagrams are  quite large  and not 

well calculated  in  these processes . They are expected to be quite  similar 

for both  neutrino  and muon radiative  final  states; hence  they  should cancel in 

the expression  for the relative  branching  ratio.  These  facts  are  the  main reason 

why a measurement of this  relative  branching ratio  has  the  greatest  potential 

to achieve the lowest total  uncertainty  in  the  determination of the number of 

neutrino generations. 

I16J71 

We first  describe the process e+ + e -  ---f p+ + p- + y and  then  discuss hon- 

' insensitive the relative  branching  ratio  to v+V+y is to various effects. In Fig. 20 

we present the cross . We describe the  contribution from the  radiation 

of the incident  electrons, the  contribution  from  the  radiation of the outgoing 

muons, and  the  total cross section which includes the interference effects  between 

the  radiation  from  the incident and outgoing  particles.  It is clear from the figure 

that  the  major  contribution  to  the  total cross section is due  to  the  radiation from 

the muons. This  surprising  result is due  to 2 effects: 1) The  photon emission 

from the muons  does  not  change the  sharp rise  in the cross  section  due to  the 
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20 pole unlike the effect of photon emission from  the incident  particles;  this is 

clearly seen as the difference in the energy dependence of the two cross sections 

shown in the figure. 2) The cross section has a sin-28 dependence, where 8 is the 

angle between the  photon  and  the  emitting  particle. Since we can only observe 

photons  with an angle greater  than 10' to the beam  direction,  this  cut reduces by 
2 the observed contribution  from  initial  state  photon emission relative to the 

final state emission where no such cut  relative to the muon  direction is applied. 

The effect of this angle cut on the  initial  state  radiation is also observed in Fig. 
8. Hence, the number of events that we can expect from  this final state can be 

quite  substantial  and  it will have a strong energy dependence that is different 

from the V F ~  channel. 

We studied  this  angular dependence to determine  whether, by making se- 

lective cuts, we could reduce the differences in  the various spectra between the 

case when there  are  neutrinos in the final state  and muons in  the final state. 

Such a reduction would improve the accuracy in the  determination of neutrino 

generations using the  method being described in this section. The effect of the 

dependence is best shown in  Fig. 21 where we show the cross section after 

we require that  the angle between the  photon  and  either muon be  greater  than 

20'. The decrease in  the  contribution  to  the  total cross section from the final 

state muons  radiation  has decreased markedly, while the initial state  radiation 

contribution is only slightly lower. 

In Fig. 22 and 23 we show the  photon energy distribution from the  contribut- 

ing  initial  and final states. In Fig. 23 we see clearly the effect of the 20 pole 

increasing the cross section for higher energy photons  radiated by the incident 

particles. No such effect is seen  for the photons radiated by the outgoing muons. 

In Fig. 24 we plot the  ratio of the cross sections as a function of the center of 

mass energy for different cuts in the angle between the  photon  and  either muon 

(0' and 20°), but for one value in  the  cut of the minimum  photon energy (1 GeV). 
In  Fig. 25 and 26 we plot  this  same ratio for a particular value of the center of 
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mass energy, but varying the allowed minimum value of the  photon energy. This 

is done for two values of the minimum angle between the  photon  and  either  muon. 
It is clear that  this  ratio is most stable  to  errors in the minimum  photon energy 

at a center of mass energy of 96 GeV as compared to 93 GeV. It is also  noted 
that a cut  in  the angle between the  photon  and  either muon of  20' improves the 

separation in the expected signal for 3 and 4 neutrino  generations by a factor M 

1.7. 

Finally, in Fig. 27 and Fig. 28  we show, for two values of the center of mass 
energy, how the cross section ratio changes as we vary the value of sin%,. For 
a value of .226 the variation is substantial  at 93 GeV and much less so at 96 

GeV. Again, a cut in the minimum angle between the  photon  and muon of 20" 

improves the  separation in the 3 and 4 neutrino  generation signal by a  factor of 

z 1.5. 

We can determine  the effect of errors in the center of mass  energy,the  mini- 
mum  photon energy, and  the value of sin2€), on the  determination of the number 

of neutrino generations  using this  method. An error of .1 GeV (z  .l%) in  the 

center of mass energy gives rise to an uncertainty of .3 N,, at Ecm=93 GeV and 
.08 N,, at Ec,=96 GeV. For the SLD detector resolution in  the  photon energy 

of .09 0 we obtain  an  uncertainty of .02 Nu at 93 GeV and .01 Nu at 96 GeV. 

Similarly, for sin28,=.226 with an error of .001 we have an  uncertainty of .3 
N, at 93 GeV and .1 N, at 96 GeV. These are the  results for no  cut in the 
angle between the  photon  and  either muon. Making such a cut reduces these 

uncertainties  further as discussed before. 

The background  from  radiative  Bhabhas is reduced substantially when one 

makes a cut  on  the  transverse  momentum of the  photon  instead of the energy. 

This was discussed in  the section decribing  this  source of background. Because 

of this we also did the  same  study based on  the requirement that  the  photon 

t.ransverse momentum  be 2 1 GeV. 

I&&ng such a cut  reduces the difference in  the signal between 3 and  and 
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4 neutrinos.  This  deterioration is due  to two effectxl)  The  total cross  sections 

decrease, and  2)  The  part of the cross section due  to  radiation from the  initial 

state decreases  more than  the  part  due  to  radiation from the final state in the 

case of the ppy final state  and  this degrades the comparison  with the v v y  final 

state as discussed before. 

In Fig. 29 through 36  we present the various distributions as before but 

making the  cut on the  photon  transverse  momentum.  The various distributions 

are  similar  to  the previous  ones. 

In  general,  the  measurement of the  number of neutrinos using this  method 

is best  done at  96  GeV where we are less sensitive to variations  in  the  center 

of mass  energy, to  the  determination of the  photon energy given the calorimeter 

resolution,  and  to  the value of sin2&. Using either  the  photon energy or the 

photon  transverse  momentum  has very similar effects on the  determination of N ,  
as a result of the measurement  errors . Using the  photon  transverse  momentum 

leads to a lower number of p+p-y events  observed and we would have to collect 

data for a larger  period of time; at  the  same  time  it  leads  to a lower number of 

Radiative  Bhabhas  and hence  reduces the background due  to these  events. The 

effect of all the  errors  on  the  determination of the  number of neutrino generations 
is  presented  in  detail  in  section VI. 



4.8 THE EFFECT OF  THE  PROCESSES e+ + e- --t Zo + V + + 7's A N D  

e+ + e- -, ;i. + ?. + 7's. 
The differential cross section for the  radiative  sneutrino  pair  production 

has been calcu1atedIz6] . In  the center of mass energy  domain of 

the SLC the  main process that  contributes is the  s-channel 20 exchange  with a 

small  contribution from the  t-channel  Wino  (Supersymmetric  partner of the W 
Boson)  exchange. The expression for the cross section, if we neglect the small 

Wino exchange contribution, is'z61 

where (&>, is eqn. 4.1.1 
with  the W exchange  contribution  excluded. 

2 = E y / E b e m n  

= cosey 
Hence, for sneutrino masses  small  compared with  the available  center of mass 

energy and  assuming  there  are as many  sneutrinos as neutrinos, we expect the 

cross  section for single y to increase by 50%. 

The process e++e- t ;i.+T+y's can only occur  via a t-channel  selectron (the 

supersymmetric  partner of the  electron) exchange. In  general,  this cross section 

is small  compared  to  the  one for a gamma  together  with  neutrino  pairs 

center of mass energies within z 5 GeV of the 20 mass.  Therefore,  this process 

should  not  contribute significantly to  our signal. 

P 7 1  for 



5. Photon  Detection  in  the SLD Calorimeter. 

In order to  understand  the response of the  detector  to  photons with  energy 

less than E 5 GeV  we have  studied  method by  which we can  calibrate  the SLD 
calorimeter's  behavior to these  photons.  This  chapter  discusses  our  rather  super- 

ficial understanding of this issue. 

5.1 ANGULAR RESOLUTION OF  THE SLD CALORIMETER  FOR LOW ENERGY 
PHOTONS. 

The  position  and  angular resolution for 2 GeV photons  has been studied 

using the EGS4 photon shower simulator  in an approximate  geometry of the SLD 
electromagnetic  calorimeter.  This  geometry  includes  the  correct  thickness for the 

lead,  the liquid  argon, and  the  aluminum dewar wall. The calorimeter cells or 

towers are  assumed  to be  square  with 6 cm.  sides. We assume  photons from the 

interaction  point  are  incident normal(90") to  the calorimeter  towers while those 

coming from possible  background  sources, = 1 meter  from  the  interaction  region, 

are  incident at  20". This  angular  separation  represents  the  realistic  situation 
when the  photons  strike  near  the  middle of the  barrel  calorimeter.  This  angular 

separation becomes much  smaller  when  the  photons  are  incident  on  the  end  cap 

calorimeters. Hence the  results  presented in this  study refer to  the  best  situation 

in which to  separate  the signal from the background by determining how  well 

they  point to  the  interaction region.  In addition,  the effect of electronic noise 

is  investigated by adding  simulated noise of various amounts  to  the deposited 

energies. 

The position  resolution  is  determined  with an  algorithm that uses the relative 

energies  deposited  in  adjacent  towers  in  the  first few layers of the calorimeter 

(EM1) and  the next  series of layers (EMZ). By looking at  the energy  deposited 

to the  right  and  to  the left of the  main tower one  can  determine  the  central 

position of the energy  deposition  in EM1 and EM2. This position  resolution in 

EM1 and EM2 are  then used to determine  the  photon  angular  resolution.  The 
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position  resolution  for  2 GeV photons  in  EM1  and  EM2  is  found to  be 9.6 mm 

and 7.6 mm respectively. The longitudinal  separation  between  the  showers in 

EM1 and EM2  is 68 mm. Using these  results we determine that  the  angular 

resolution of 2 GeV photons is 9.6'. These  results were obtained in the case that 
the electronic noiose is  equivalent to 8 MeV of energy  deposited  in a given cell. 

If no noise had been  included the resolution would have  been 9.0'. 

In  Table 5 we show the  results  indicating  what  fraction of the signal and of 

the background are kept  depending  on  the  angular  cut  applied to  the observed 

photon.  This angle  cut is indicative of how  well this  photon is  required to point  to 

the  interaction region.  These results show that if we have a sizable  photon  back- 

ground  it could  lead to a significant  contamination of the signal. The  magnitude 

of this background  can  be  determined by determining  the  number of kinemati- 

cally  uncorrelated  photons  observed  in  events in which there is also an electron 

or muon  pair  in the final state. 

TABLE 5 

Study of Photon  Detection Efficiency 

Angular  Cut Efficiency for 90' Photons Efficiency for 20' Photons 

deg . % % 

5.0 

6.5 

8.5 
10.5 

13.5 

17.5 

40.0 

50.0 

60.0 

70.0 

80.0 
90.0 

2.7 

5.0 

8.4 

13.7 

23.0 

36.0 



We should  note that a 20' error  in  the  photon  direction  translates  into a 

f35 cm. error  in  the  interaction  point while the  nearby MASKS are  located as 

close as f 2 0  cm. Hence, the  photon background  problem will need to  be  studied 

carefully. 

5.2 ENERGY RESOLUTION OF THE SLD CALORIMETER  FOR LOW ENERGY 
PHOTONS.  

The energy  resolution of the SLD calorimeter is expected  to be Sa%. This 

expectation  must  be  determined  under  actual  running conditions. We have stud- 

ied the possibility of determining  this  resolution  using  radiative  electron  pair 

(Bhabhas)  and muon pair  production. From  Tables 6 and 10 of the  next  chapter 

we can  tell that in a standard  run we expect to have thousands of such evends. 

Most of these have low energy  photons ( a few GeV)  associated. Using the  angu- 

lar  and  momentum resolution of the  drift  chambers we can  calculate  the  expected 

photon energy  associated  with the charged  lepton pair. Given the expected  an- 

gular resolution of 0.1 mrad  and a charged  particle  momentum  resolution of 3.2 
GeV (for 46 GeV charged  particles), we can expect to determine  the  photon mo- 

mentum  with an error of z 10%. Using a constrained fit we can  reduce this  error 

substantially. Hence we can calculate  the  expected  magnitude  and direction of 

the  photon with a resolution which is smaller than  that of the calorimeter.  These 

photons  can  be used to  map  the response of the calorimeter to  the  type of low 

energy photons which are used in the  study of the  number of neutrino genera- 

tions.  In  section 4.3 we have already discussed the implications of the predicted 

resolution; namely, it will have a very small effect on  our ability to  determine  the 

number of number of neutrino  generations in nature. 

A detail  Monte  Carlo  study of this issue  can  be  carried out  with  the BREM- 

MUS and YFS radiative  muon  pair  generators.  Such a study  has  not yet been 

carried  out  but will be. 



5.3 BEAM  RELATED  PHOTON  BACKGROUND. 

A major concern of a single photon  counting  experiment is the possibility that 

beam  gas  interactions or off beam  electrons  striking a beam line  component could 

produce  photons  that  can  enter  the SLD detector.  These  photons become the 

background of the  experiment. To model this process by computer techniques is 

very difficult and  can  not  be  trusted. Nevertheless, past experience  with the MAC 
and ASP detectors which studied single photon  events is valuable  in  determining 

an expectations for the  magnitude of this  background. 

In  the ASP experiment  the  beam gas interaction  background of single pho- 

tons, as determined  from  the  reconstructed  source  distribution of these  photons, 

was slightly less than  the single photon  from  the  three  neutrino  generation sig- 

nal.  This  should imply that  the background  from the SLC beam gas interactions 

should  be  much smaller since the cross section for the signal  increases substan- 

tially while the  beam gas  cross section should  not  change  much. The experience 

of the MAC detector was similar. 

In the case of both ASP and MAC, photons from off beam  electrons  hitting 

mask  elements  in  the  beam line were observed by noting  that  the  reconstructed 

source  position of these  photons  had  peaks away from the  beam crossing region. 

In the case of SLD the  masks are closer to  the  beam crossing region so that  it will 

be  more difficult to eliminate  this  background  source.  This  type of background 

will have to  be  studied  in  detail by observing photons present  with  electron 

and  muon  pairs  that  do  not fit kinematically  with the  hypothesis  that  this is a 

radiative  lepton  pair case. 

5.4 COSMIC RAY  RELATED BACKGROUND. 

.024Hz/crn2 x (600)2cnt2 = 104Hz 



The SLC duty  factor ( 3 p e c  per 5 msec = 6 x reduces this  rate  to a few 

hertz. Making a cut  requiring that  there  be  no  tracks  in  the  outer  muon cham- 

bers,  that  no  more  than 30% of the  photon energy be  deposited  in  the  hadrom 

calorimeter,  and that  the  photon energy  deposition pattern describe  a  photon 

coming  from the  interaction region should  reduce this source of background to 

a very low level. In  the case of the MAC detector  these  simple  requirements 

reduced the cosmic ray  background to insignificant levels. 

5.5 V E T O  EFFICIENCY OF THE LUMINOSITY MONITOR. 

The luminosity  monitor  can  detect  particles down to  an angle of 22 mrad. By 

this  means we can  detect  the  electron  and  positron  from  the  radiative  Bhabha 

process and, by this  means,  reduce  substantially  the single photon  background 

from this process. The  radiative  Bhabha background is described in Tables 2,3 

and shown in  Figs. 15,16,17. It is clear that  this background is very sensitive 

to the veto  angle. Hence determining  the  angle at which the luminosity  monitor 

begins to detect  the secondaries becomes crucial. It is likely that  the luminosity 

monitor  may  not  be very efficient down to such a small  angle; it  may even be 

possible that  the  present design may need to  be modified because of beam  related 

constraints such that  the lowest veto  angle  may  be  larger. We have calculated the 

increase  in the cross section of the radiative  Bhabhas as the  veto angle increases 

from 22 to 28 mrad. If we require that  the  photon  transverse  momentum be 

greater  than 1 GeV, the cross section increases from  3.8 pb for a veto angle 

of 22 mrad,  to 19.4 pb for an angle of 24 mrad,  to 36.1 pb for an angle of 26 

mrad,  to 38.2 pb for an angle of 28 rnrad. Hence, increasing the  veto angle 
by a couple of mrad  substantially increases the single photon background  from 

radiative  Bhabhas.  On  the  other  hand,  the background can be reduced an equal 
amount by increasing the  minimum  transverse  momentum  cut  from 1.0 to 1.2 

or 1.5 GeV. The signal, under  these new cuts, would only decrease by X 30%. 
A $ 1 ,  I ailed study of the  luminosity  monitor effiency versus  angle will need to  be 
dc’11. with the various  detector  elements  in  place to determine  the most  effective 
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sets of cuts  to maximize the signal versus the background and  to keep the amount 

of data needed to a minimum. 

I 



6 .  Resolution in the  Determination of N,, Based 
on Various Cuts  and  Running  Conditions. 

Making  use of the  results discussed in the previous sections we have  calculated 

how  well we can  determine  the  number of neutrino  generations.  These  results 

are  obtained  under  the following assumptions: 

1. The effective average  luminosity is 0.5 x 1030crn-2sec-'. 

2. The cross section  for e+ + e- -+ p+ + p- at E,, = Mz is 1.34 nb.  This is 

shown  in  Fig. 5. The  branching  ratio is 3.27%. 

3. The  beam energy distribution is gaussian and  the center of mass energy 

resolution is 50 MeV. 

4. The calorimeter  in  the SLD detector  has a photon energy resolution given 

by 6E = 9 a % .  

5. The  angular  resolution of the calorimeter is good  enough that  it does not 

contribute  to  the overall error. 

6. The  ratio  in  the cross section for e+ + e-  -+ v + 5 + y between the case for 

4Nu and 3Nu is 1.30 at E,, = M z  and 1.23 at E,, = 96.0 GeV. 

7. The theoretical  uncertainty  in  the  magnitude of the cross section for e+ + 
e- .--) v + V + y is 5%. This is an  optimistic  assumption since, at present, 

the  radiative corrections are large (z 22%). Nevertheless, we expect that 

the  third  order corrections will be  calculated soon and will reduce the  un- 

certainty  in  the  magnitude of this cross section. 

8. The theoretical  uncertainty  in  the  magnitude of the cross section for e+ + 
e + e+ +e- + y (Radiative  Bhabha) is 1%. - 

9. The theoretical  uncertainty  in  the  magnitude of the cross section for e+ + 
e- --+ p+ + p- + y is less than 1%. 

10. The  uncertainty  in  the luminosity  measurement is 3%. 
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11. The  veto angle for radiative  Bhabhas is 22 mrad. 

The  results of this  study  are shown in  Tables 6 to 13. The results  are  obtained 

assuming that we run for the  same  integrated luminosity at a given run  setting. 

We conclude that  the best determination is achieved running  at a center of mass 

energy near 96 GeV,  requiring  that  the  photon  transverse  momentum  be  greater 

than 1 GeV, and using the  ratio  method.  When we are in  the regime of low 

statistics (60 day  running or less) the resolution is limited  mainly by statistics. 

In Figs. 37 and 38 we show the  limits achievable under  various running conditions 

given the  running  time at an average luminosity of 0.5 X 1030crn-2sec-'. 
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TABLE 6 

Method used is Comparison of the Observed  Number of uuy Events  with  the  Expected. 

Run  Conditions: E,, = M z ,  E, 2 1 GeV, No Pt Cut , @,beam > - 10". 

For 1 Additional  Neutrino Sola = 30%. 

All Errors Stated in Units of N,.  

Running  Time  (days) 0.6  6 30 60 600 

# of 20's Ev. iX103 iX1o4 5X104 1 ~ 0 ~  1x10~ 
# of uuy Ev. 2 21 103 207 2070 
# of Rad.  Bhabhas Ev. 13 134 670 1340 1.34 x 104 

Sa 6.4 2.0 0.92 0.67 0.29 
(due  to number of events) 

Sa 0.14 0.14 0.14 0.14 0.14 
(due  to  beam energy  resol.) 

60 0.02 0.02 0.02 0.02 0.02 
(due  to  photon energy  resol.) 

Ssin28, 0.001 0.0003 0.0003 0.0002 0.0001 
Sa 0.31 0.09 0.09 0.06 0.03 

(due to 6sin26,) 

6U 0.17  0.17 0.17 0.17 0.17 

(due  to  Rad. Corr. Uncertainty) 

60 0.10 0.10 0.10 0.10 0.10 

(due to Luminosity Uncertainty) 

Sa Total 6.4 2.0 0.95 0.72 0.38 



TABLE 7 

Method  used  is  Comparison of the Observed  Number of uuy Events  with  the  Expected. 

Run  Conditions: E,, = M z ,  Pi, 2 1 GeV, 2 10'. 

For 1 Additional  Neutrino 6a/a = 30%. 

All Errors  Stated in  Units of N u .  

Running  Time  (days) 0.6 6 30 60 600 

# of 20 'S Ev. lX1o3 lX1o4 sX1o4 lX1o5 1x10~  

# of uuy Ev. 1 9 44 88 879 

# of Rad.  Bhabhas Ev. 0.1 1 7 13 134 

6a 3.5 1.0 0.50 0.35 0.12 

(due  to  number of events) 

6U 0.13 0.13 0.13 0.13 0.13 
(due  to  beam energy  resol.) 

60 0.02 0.02 0.02 0.02 0.02 

(due  to  photon energy  resol.) 

&sin2& 0.001 0.0003 0.0003 0.0002 0.0001 

60 0.34 0.10 0.10 0.07 0.03 

(due to Ssin26,) 

Sa 0.17 0.17 0.17 0.17 0.17 

(due  to  Rad.  Corr.  Uncertainty) 

60 0.10 0.10 0.10 0.10 0.10 

(due  to Luminosity Uncertainty) 

60 Total 3.5 1 .o 0.57 0.42 0.27 



TABLE 8 

Method  used  is  Comparison of the Observed  Number of v v y  Events  with  the  Expected. 

Run  Conditions: E,, = 96.0 GeV, E, 2 1 GeV, No Pi Cut , 2 10'. 

For 1 Additional  Neutrino 6a/a = 23%. 

All Errors Stated in  Units of N,. 

~~ 

Running  Time  (days) 0.6 6 30 60 600 

~~~ 

# of 2 0 ' s  Ev. 186 1860 9290 18600 1 . 8 6 ~ 1 0 ~  
# of vuy Ev. 4 43 218 436 4360 
# of Rad.  Bhabhas Ev. 13 130 640 1290 1 . 2 9 ~ 1 0 ~  

60  4.5 1.3 0.59 0.43 0.18 
(due  to  number of events) 

6U 0.04 0.04  0.04 0.04 0.04 

(due  to  beam energy  resol.) 

6U 0.01 0.01 0.01 0.01 0.01 

(due  to  photon energy  resol.) 

6sin28, 0.001 0.0003 0.0003 0.0002 0.0001 
6U 0.10 0.03 0.03 0.02 0.01 

(due to 6sin20,) 

60 0.22 0.22 0.22  0.22  0.22 

(due  to Rad. Corr.  Uncertainty) 

60 0.13 0.13 0.13 0.13 0.13 

[due to Luminosity Uncertainty) 

60 Total 4.5 1.3 0.64 0.50 0.32 



TABLE 9 

Method used is Comparison of the Observed  Number of uvy events  with  the  Expected . 

Run Conditions: E,-, = 96.OGeV, Pt,  2 1 GeV, Orbeam 2 10". 

For 1 Additional  Neutrino Su/u = 23%. 

All Errors  Stated  in  Units of Nv. 

~ ~~~ 

Running  Time  (days) 0.6  6 30 60  600 

# of 2 0 ' s  Ev. 186 1860 9290 18600 1 . 8 6 ~ 1 0 ~  
# of uuy Ev. 3 30 150 300 3000 

# of Rad.  Bhabhas Ev.  0.1 1 7 13 130 

SU 2.6 0.81 0.36 0.25 0.080 
(due  to  number of events) 

~~ 

0.01  0.01  0.01 0.01 0.01 
(due  to  beam energy  resol.) 

SU 0.01 0.01 0.01  0.01 0.01 

(due to photon energy  resol.) 

Ssin20, 0.001 0.0003 0.0003 0.0002 0.0001 

SU 0.03 0.009 0.009 0.006 0.003 
(due to 6sin26,) 

bo 0.22 0.22  0.22  0.22  0.22 

(due  to  Rad. Corr. Uncertainty) 

SU 0.13  0.13  0.13  0.13  0.13 

(due  to Luminosity Uncertainty) 

Su Total 2.6 0.85 0.45 0.36 0.27 



TABLE 10 

Method used is Comparison of the Observed  Number of v v 7  with ppy Events. 

Run Conditions: E,, = M z ,  E, 2 1 GeV, No Pt Cut , Orbeam 2 10". 

R = N(vTy)/N(p+p-y), For 1 Additional  Neutrino 6R/R = 44%. 

All Errors Stated  in  Units of N v .  

Running  Time  (days) 0.6 6 30 60 600 

# of 2 0 ' s  Ev. lX103 lX104 sX1o4 lX105 1x10~  
# of v v y Ev. 2 21 103 207 2070 
# of Rad.  Bhabhas  Ev. 13 134 670 1340 1 . 3 4 ~ 1  O4 
# of ppy Ev. 4 43 214 428 4280 

6R 4.7  1.4 0.65 0.47 0.20 
[due  to  number of events) 

6R 0.08 0.08 0.08 0.08 0.08 
(due to beam energy resol.) 

6R 0.02 0.02 0.02 0.02 0.02 
[due  to  photon energy resol.) 

6sin20w 0.001 0.0003 0.0003 0.0002 0.0001 

SR 0.84 0.25 0.25 0.17 0.08 
(due  to 6sin20w) 

6R 0.0 0.0 0.0 0.0 0.0 
[due  to  Rad.  Corr.  Uncertainty) 

6R 0.0 0.0 0.0 0.0 0.0 
{due to Luminosity  Uncertainty) 

6R Total 4.7 1.4 0.70 0.51 0.23 



TABLE 11 

Method  used  is  Comparison of the Observed  Number of v v y  with ppy Events. 

Run  Conditions: E,, = M z ,  Pt ,  3 1 GeV, Oybeam 3 10'. 

R = N(vT~)/N(p+p-r), For 1 Additional  Neutrino SR/R = 48%. 

All Errors  Stated in  Units of N u .  

Running  Time  (days) 0.6 6 30 60 600 

# of 2 0 ' s  Ev. lX103 lX104 5x10~ ~0~ 1x10~  
# of v v y  Ev. 1 9 44 88 879 
# of Rad.  Bhabhas  Ev. 0.1 1 7 13 134 

# of pp-y Ev. 4 37 185 3 f 0  3700 

6R 2.4  0.82 0.37 0.26 0.08 
(due  to  number of events) 

SR 0.06 0.06 0.06  0.06 0.06 
(due  to  beam energy  resol.) 

6R 0.02  0.02 0.02 0.02 0.02 

(due  to  photon energy  resol.) 

&sin2$, 0.001 0.0003 0.0003 0.0002 0.0001 

6R 0.94 0.28 0.28 0.19 0.09 

(due  to 6sin28,,) 

6R 0.0 0.0  0.0 0.0 0.0 
(due  to  Rad.  Corr.  Uncertainty) 

6R 0.0 0.0 0.0 0.0 0.0 
(due  to Luminosity Uncertainty) 

6R Total 2.6 0.87  0.47  0.33  0.14 

I 



TABLE 12 

Method used is Comparison of the Observed Number of v v y  with ppy Events. 

Run Conditions: E,, = 96.OGeV, E, 2 1 GeV, No Pt Cut , Bybeam 2 10". 

R = N(v i77) /N(p+p-7 ) ,  For 1 Additional  Neutrino 6R/R = 30%. 

All. Errors  Stated  in Units of N,.  

~~~ ~~~~ ~~~ ~ ~~ ~ ~~ ~~~~ ~ ~~~~ ~~ ~~~~~ ~ 

# of 2 0 ' s  Ev. 186 1860 9290 18600 1 . 8 6 ~ 1 0 ~  
# of uvy Ev. 4 43 218 436 4360 
# of Rad. Bhabhas Ev. 13 130 640 1290 1.29~10~ 

# of pp.ly Ev. 1 11 56 113 1130 

SR 5.0  1.4  0.64  0.46 0.17 
(due  to  number of events) 

SR 0.02 0.02 0.02 0.02 0.02 
(due  to  beam energy resol.) 

SR 0.01 0.01 0.01 0.01 0.01 
(due  to  photon energy resol.) 

Ssin20w 0.001 0.001 0.0003 0.0003 0.0001 

bR 0.06 0.06 0.02 0.02 O.OOG 

(due to 6sin20w) 

6R 0.0 0.0 0.0 0.0 0.0 
(due  to  Rad. Corr. Uncertainty) 

6R 0.0 0.0 0.0 0.0 0.0 
(due  to Luminosity Uncertainty) 

6R Total 5.0 1.4 0.64 0.46 0.17 



TABLE 13 

Method  used  is  Comparison of the Observed  Number of vv7 with ppy Events. 

Run Conditions: E,, = 96.0 GeV, Pi, 2 1 GeV, , Oybeam 2 10". 

R = N ( v i 7 7 ) / N ( p + p - 7 ) ,  For 1 Additional  Neutrino 6R/R = 28%. 

All Errors  Stated in  Units of N,.  

Running  Time  (days) 0.6 6 30 60 600 

# of 2 0 ' s  Ev. 186  1860 9290 18600 1 . 8 ~ ~ 1 0 ~  
# of u z q  Ev. 3 30 150 300 3000 
# of Rad.  Bhabhas Ev. 0.1 1 7 13 130 

# of ypy Ev. 1 9 45 91 914 

6R 4.6 1.4 0.60 0.42 0.13 

(due  to  number of events) 

6R 0.03 0.03 0.03 0.03 0.03 
(due  to  beam energy  resol.) 

6R 0.01 0.01 0.01 0.01  0.01 

(due  to  photon energy  resol.) 

6sin20, 0.001 0.001 0.0003 0.0003 0.0001 

6R 0.14 0.14 0.04 0.04 0.01 

(due  to 6sin28,) 

6R 0.0 0.0 0.0 0.0 0.0 
(due  to  Rad.  Corr.  Uncertainty) 

6R 0.0 0.0 0.0 0.0 0.0 

(due to Luminosity Uncertainty) 

6R Total 4.6 1.4 0.60 0.42 0.13 
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FIGURE CAPTIONS 

1. A possible  beam  energy spectrum  with a low momentum  tail. 

2. The expected 2 decay rate  into a pair of charge 2/3 e quarks as a function 

of the  quark  mass. For the case of a top  quark mass of 40 GeV the decay 

rate is equivalent to a 0.3 neutrino  generation. 

3. The Feynman  diagram that describes the process that leads to  the  inter- 

ference between 20 and  Toponium  production. 

4. The  shape of the resonance  as  a  function of the  center of mass  energy before 

you include  initial  state  radiation  and  after. 

5 .  Detail of the  shape of the resonance around  the  peak. 

6. The Feynman  diagrams  that describe the process e++e- -+ 20 -+ v+F+y. 

7. The cross  section for the process e+ + e- -+ 20 ---f v + V +  7 for the ca.se of 3 

and 4 neutrino  generations  and for cuts  in  the  photon  transverse  momentum 

and angle. 

8. The cross section for the process e+ + e- + 20 + Y + V + y for the case 

of 3 and 4 neutrino  generations  and for cuts  in  the  photon  momentum  and 

angle. 

9. The  photon energy distribution  in  the process e+ + e- + 20 -+ Y + V + 
for various  conditions. 

10. The  photon  angular  distribution  in  the process e+ + e- -+ 20 -+ v + V + Y 
for various  conditions. 

12. The  number of standard  deviations away from the expected  signal for 4 

neutrinos  after 1 year of running  with an integrated luminosity of 18 pb-’ 

assuming  that  the observed  signal comes from the 3 neutrino case. Curve 



(a) assumes that  the beam energy distribution is gaussian  with a cr = 250 

MeV and  there is no  error in the luminosity. Curve (b) considers the case 

that  the  beam energy distribution  has a low energy tail like in Fig. 1. Curve 

(c) is for the  same conditions as (b)  and,  in  addition,  has a 3 % statistical 

error  in  the value of the luminosity. 

13. The cross  section for'the  radiative  neutrino  production process as we vary 

the  minimum  acceptable  photon energy. The  parameters used are those in 

Table 1. For the case of 4 neutrinos we increased the 20 width accordingly 

(2.82 GeV). The  photon angle  relative to  the  beam is greater  than 10" 

14. Same as in Fig. 13 but now  we vary the  minimum allowed transverse  photon 

momentum. In addition we still  require that  the  photon energy be  greater 

than 1 GeV. 

15. The differential cross section of the  Radiative  Bhabha process as  a  function 

of the  photon  transverse  momentum for various photon  cuts  at a center of 

mass energy of 95 GeV 

16. A comparison of the cross section  dependence on a minimum  photon  trans- 

verse momentum  cut from  Radiative  Bhabhas at  a  center of mass energy of 

95 GeV and  from  the vVy process at 92 and 96 GeV. Since the  Radiative 

Bhabha process  only varies slowly with energy, the  characteristics at 95 
GeV apply  equally to all energies in  the vicinity. 

17. Same as Fig. 17 but using a minimum  photon  energy cut. 

18. The  number of events  expected  in a 1 year run  with  an  integrated luminos- 

ity of 18pb-I. Curve (a) refers to  the case of an unpolarized  beam and curve 

(b) represents  the difference in  the signals  with the two possible longitudi- 

nal  polarization  states of the electron  assuming we used  equal  integrated 

luminosity (1/2 the  total  luminosity)  in  obtaining each  signal. 

19. The sensitivity  in each of the signals to  the value of sin2&,. Curve (a) is the 

case of an unpolarized  beam  and  curve  (b) refers to  the case of the difference 



in  the signals  from the two longitudinally  polarized  electron  beams. 

20. The cross  section for the processe+ + e- -+ p+ + p- + y. We show the 

total cross  section for E, > 1 GeV; the  contribution  to  it from radiation by 

the incoming  electron and  positron  and  from  the  radiation by the  outgoing 
muons. 

21. The cross  section for the processe+ + e- -+ p+ + p- + y. after we require 

that  the angle  between the  photon  and  either  muon  be  greater  than 20". 

The effect of this  cut is to reduce  markedly the  contribution from the final 

state  radiation, as expected. 

22. The  photon energy spectrum  in  the process e+ + e- -+ p+ + p- + y at  the 

center of mass  energy of 92  GeV. We show the  total energy spectrum  and 

that  spectrum of the  photons coming  from the  radiation of the incident 

electron  and  positron,  and  the  radiation from the  outgoing  muons. 

23. The  photon energy spectrum  in  the process e+ + e- ---t p+ + 1-1- + y at  the 

center of mass energy of 96  GeV. We show the  total energy spectrum  and 

that spectrum of the  photons coming from the  radiation of the incident 

electron  and  positron,  and  the  rasdiation from the  outgoing  muons. 

24. Expected value of the  ratio e++e-+pt+p-:r e++e-+v+F+ as a function of the center of 

mass energy for two cuts  in  the  angle between the  photon  and  either  muon. 

25. Dependence of the  ratio e t + e -  on the  cut of the  minimum  photon e++e--v+F+r 
+p+  +p- +y 

energy  acceptable at a center of mass  energy of 92 GeV. 

26. Dependence of the  ratio e ~ : ~ ~ ~ ~ ~ ~ ~ ? : y  on the  cut of the  minimum  photon 

energy  acceptable at a  center of mass energy of 96 GeV. 

27. Dependence of the  ratio e++e-+p++p-+, e+-te---vSvSr on the value of ~ i 1 2 * & ,  at a  center 

of mass energy of 93 GeV. 

28. Dependence of the  ratio e++e--pt+p-+y e++e-+v+v+y on the value of sin2& at a  center 

of mass energy of 96 GeV. 
6 4 1  



29. The cross section for the processe+ + e- + p+ + p- + y. We show the  total 

cross section for Pi, > 1 GeV; the  contribution  to  it  from  radiation by 

the incoming  electron and  positron  and from the  radiation by the outgoing 
muons. 

30. The photon  transverse  momentum  spectrum  in  the  process e+ + e- --t 

p+ + p- + y at  the center of mass energy of 92 GeV. 

31. The  photon  transverse  momentum  spectrum  in  the process e+ + e- --t 

p' + p- + y at  the center of mass energy of 96 GeV. 

32. Expected value of the  ratio e++e--p++p-+y et+e--+v+Ti+y as a function of the center of 

mass  energy for the  photon  transverse  momentum  greater  than 1 GeV. 

33. Dependence of the  ratio e++e--p++p-:y e++e--+v+F+ on the  cut of the minimum  photon 

transverse  momentum  acceptable at a center of mass energy of 93 GeV. 

34. Dependence of the  ratio et$'--'+F+y -p++p-+, on the  cut of the  minimum  photon 

transverse  momentum  acceptable at a  center of mass energy of 96 GeV. 

35. Dependence of the  ratio e:>?-4v+F+y -+p++p-+-7 on the value of sin26, at a center 

of mass energy of 93 GeV. 

36. Dependence of the  ratio e++e-4 - r t+p-~y  on the value of sin26, at a center e++e-+u+F+ 

of mass  energy of 96 GeV. 

37. Limit on the achievable accuracy of the value of the  number of neutrino 

generations  from  the observed number of radiative  neutrino  pair events at 

(a) E,, = M z  = 92.2 GeV and  (b) E,, = 96.0 GeV  when compared  with 

the theoretical  expectations.  These curves follow from the  results presented 

in Tables 6 to 9. 

38. Limit on  the achievable accuracy of the value of the  number of neutrino 

generations when comparing  the  number of observed  radiative  neutrino 

pairs  and  radiative  muon  pairs at (a) Ecm = M z  = 92.2 GeV and  (b) 

E,.,, = 96.0 GeV. These curves follow from the  results presented  in  Tables 

10 to 13. 
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Coffee 

SLD Overview 
Status of SLC 
Plans for TLC 

Coffee 

New Final Focus for SLC 
Polarization  at SLC 

Installation & Commissioning 
Electroweak & QCD Overview 

Coffee 

Neutrino  Counting Overview 
B Spectroscopy 

Agenda for SLD Overview 
Monday AM / July 31,  1989 

Conference Room  8:30  a.m. - 9:00 a.m. 

M. Breidenbach/C.  Baltay 9:00 a.m. - 9:45 a.m. 
E. Paterson 9:45 a.m. - 10:45 a.m. 
E. Paterson 10:45 a.m. - 1 1 : O O  a.m. 

K.  Brown 
R. Prepost 

Overview Talks 
Monday PM j July 31, 1989 

M. Shaevitz 
T. Hansl-Kozanecka 

U. Nauenberg 
M. Witherell 

Overview Talks 
Tuesday AM j August 1, 1989 

Coffee Conference Room 

Higgs Search Overview P.  Mockett 
Technicolor Search Overview U. Nauenberg 

Coffee 

Supersymmetry Search Overview S. Whitaker 
Overview of Search for New Quarks & P. Rowson 
Leptons 

11 :OO a.m. - 11:30 a.m. 

11:30 a.m. - 12:OO p.m. 
12:OO p.m. - 12:30 p.m. 

2:OO p.m. - 2:45 p.m. 
2:45 p.m. - 3:30 p.m. 

3:30 p.m. - 4:OO p.m. 

4:OO p.m. - 4:45 p.m. 
4:45 p.m. - 5:30 p.m. 

8:30 a.m. - 9:00 a.m. 

9:00 a.m. - 9:45 a.m. 
9:45 a.m. - 10:30 a.m. 

10:30 a.m. - 11:OO a.m. 

1 1 : O O  a.m. - 11:45 a.m. 
11:45 a.m. - 12:30 p.m. 



Software Discussions 
Tuesday  Eve J August 1, 1989 

General  Philosophy of SLD Software T.  Schalk 8:OO p.m. - 8:30 p.m. 
Discussion 8:30 p.m. - ? 

SLD Phvsics ToDics 
Wednesday AM / August  2,  1989 

(T. Hansl-Kozanecka) 

Coffee Conference Room 8:30 a.m. - 9:00 a.m. 

Asymmetries  in psp- J .  Yamartino 9:00 a.m. - 9:20 a.m. 
T Physics  at  the 2' U. Schneekloth 9:20 a.m. - 9:40 a.m. 
Comments on the 2" Width Measure- R. Battiston 9:40 a.m. - 9:50 a.m. 
ment 
Large  Angle Bhabha  Scattering M. Pauluzzi 9:50 a.m. - 1 O : l O  a.m. 

Coffee 10:15  a.m. - 10:45 a.m. 

Tagging B and C Quarks  D.  Williams 10:45 a.m. - 11:05 a.m. 
QCD at  the 2" P. Burrows  11:05 a.m. - 11:50 a.m. 
QED  Radiative  Corrections R. Battiston 11:50 a.m. - 12:lO p.m. 
Acceptance for Charged  Particle G.  Baranko 12:lO a.m. - 12:20 p.m. 
Tracking for Hadronic  Events 

SLD Physics ~ - _ _  Topics ~~ ~~ 

Wednesday PM / August 2,1989 
(Gladding/Schindler) 

Overview and Issues R. Schindler 2 : O O  p.m. - 2:30 p.m. 
Vertexing Issues G.  Gladding 2:30 p.m. - 2:50 p.m. 
Monte  Carlo Overview and DID, De- J. Labs 2:50 p.m. - 3:OO p.m. 
cay Models 
B Decay  Models G. Eigen 3 : O O  p.m. - 3:lO p.m. 
Estimating  Sensitivity  to Bd and B, T. Reeves 3:lO p.m. - 3:25 p.m. 
Mixing 



Coffee 3:30 p.m. - 4:OO p.m. 

General  Double  Vertex  Technique P. Kim 4:OO p.m. - 4:25 p.m. 
(topological) 
Distinguishing D+ and 0,' (use of J. Izen 4:25 p.m. - 4:40 p.m. 
neutrals) 
Single Semileptonic Tag with  Polar- T. Browder 4:40 p.m. - 4:55 p.m. 
ization 
Double  Tag  Method  Employing Dilep- C. Simopoulos 4:55 p.m. - 5:lO p.m. 
tons 
Kaon  Tagging R. Panvini 5:lO p.m. - 5:25 p.m. 
Prospects for CP Violation S .  Manly 5:25 p.m. - 5:40 p.m. 

__ SLD Physics ~ -. Topics ~- .- 

Thursday AM / August 3, 1989 
(M. Witherell/I.  Peruzzi) 

Coffee Conference  Room 8:30 a.m. - 9:00 a.m. 

Charm  identification M .  Strauss 9:00 a.m. - 9:20 a.m. 
Particle  identification  with  the  CRID P.  Antilogus 9:20 a.m. - 9:40 a.m. 
B Physics  Using rE Decays I. Peruzzi 9:40 a.m. - 1O:OO a.m. 

Coffee 10:15 a.m. - 10:45 a.m. 

Measuring B"/B+ Lifetimes Using T. Browder  10:45 a.m. - 11:15 a.m. 
Semileptonic  Decays 
Analysis of Exclusive Semileptonic M.  Witherell 11:15 a.m. - 11:35 a.m. 
Decays 
Tagging Ds Decays to  Study  the Bs G. Eigen 11:35 a.m. - 11:55 a.m. 

SLD Physics ToDics 
Thursday  Eve / August 3, 1989 
(U. Nauenberg/P.  Mockett) 

Reconstruction of Jet  Jet Masses for J. Turk 7:30 p.m. - 7:50 p.m. 
Technicolor 
Study of Technicolor Signals S. Manly 750 p.m. - 8:lO p.m. 



Effect of Technicolor on  Polar Asym- I.  Abt 
metries 
Study of Technipions Using the T De- U. Schneekloth 
cay Modes 
Production & Decay of Techni- R. Webber 
glueballs 

Break 

Standard Model Higgs Detection  in E. Vella 
e+e- -, Hvii 
Higgs Search in e+e- --f H"qq H. Kim 
Jet Mass  Correction  to  Magnetic  Field  M. Ji 
Deflection 
On the  Trail of Lost Energy A. Johnson 
Detection of 2 + Hvii P. Mockett 

8:lO p.m. - 8:20 p.m. 

8:20 p.m. - 8:30 p.m. 

8:30 p.m. - 8:50 p.m 

8:50 p.m. - 9:lO p.m. 

9:lO p.m. - 9:30 p.m 

9:30 p.m. - 9:50 p.m. 
9:50 p.m. - 10:05 p.m. 

10:05 p.m. - 10:15 p.m. 
10:15 p.m. - 10:30 p.m. 

__-. SLD Physics - Topics 
Friday AM / AugustT1989 

(Rowson/Dubois) 

Coffee Conference  Room 8:30 a.m. - 9:00 a.m. 

Sequential  leptons T. Bolton 9:00 a.m. - 9:15 a.m. 
Excited  muons C.  Arroyo 9:15 a.m. - 9:30 a.m. 
Singly produced  NHL's A. Bazarko 9:30 a.m. - 9:45 a.m. 
4th  Generation  quarks A.  Weidemann 9:45 a.m. - 1O:OO a.m. 
Comments on 2' Bosons P. Rowson 1O:OO a.m. - 10:15 a.m. 

Coffee 10:15  a.m. - 10:45  a.m. 

Muon  id T. Hansl-Kozanecka 10:45 a.m. - 1 1 : O O  a.m. 
Electron /ao/r id R. Dubois 11 :OO a.m. - 11:20 a.m. 
SUSY Higgs S. Whitaker 11:20 a.m. - 11:40 a.m. 
Selectrons,  smuons,  and  squarks R. Dubois 11:40 a.m. - 12:OO p.m. 

Summary Session 
Friday PM / August  4,  1989 

Physics  Overview & Summary C.  Baltay 2:OO p.m. - 3:OO p.m. 
Discussion 3:OO p.m. - 3:30 p.m. 
Discussion continued over  coffee 3:30 p.m. - 
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