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Chapter 1

Introduction

1.1 Development of Electromagnetic Theory

Unii} the end of the last cenlury, all observed electromagnetic phenomena counld
be successfully described by Maxwell’s unified theory of electricily and magnelism.
In Maxwell’s model, charged parlicles are sources of continuous fields that move
with them and the forces between charged particles arise from the interaction.
of these fields with the charges of other particles. Disturbances in these fields
result in electromagnelic waves that propagate at the speed of light, the value of
which was a prediction of the theory. While this picture seemed to explain all the
known phenomena at that time, it also gave rise to other questions relating to the
nature of the fields. Do they have a physical reality or are they just a convenient
working eoncept? What is the medium through which ihe electromagnetic wave
propagaies?

A feature of Maxwell’s theory is the prediclion of the existence of electromag-
netic waves that propagate through free space. In 1887, Hertz showed that a spark
between two gaps al the ends of an induclion coil caused a spark between a similar
gap placed at a distance. This was well explained as being caused by the electro-
magnetic waves of Maxwell's theory propagating from one gap, initiating the spark
at the other. But this still left the question about the nature of ether, the medium
for the electromagnetic wave propagation, unanswered. Such a medium will causc
the light going perpendicular and parallel to the direction of the earth’s molion

through the ether to be diflerent, something that can be measured by interference
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technique. The negative observation of such a diflerence in the Michelson-Morley
experiment in the same year contradicled the existence of such a medium.

The energy density distribulion for blackbody radiation presented another
problem for the classical electrodynamic theery. While experimental observations
" show that the energy density decreases rapidly at small wavelenglhs, the contitu-
ous electromagnetic waves theory suggests that it should increase indefinitely. In
1900, Planck found thai by introducing the concept of quanta he was able to find
good agreement between theoretical calculalions and the experimental data. This
implied that radiation was not emitted and absorbed by atoms continuously, but
only in discrete amounts, the size of which is proporiional to the wave’s frequency,
Finsiein expanded the idea even further, proposing that eleciromagnetic radiation
was composed of particles called photons. The photoelectric effect, in which the
maximum energy of the electron emitied from the sorface of metal is determined
by the frequency of the incident light but not by its intensily, can be well ex-
plained by this concept. This theory finally become widely accepled in 1923, when
Compton showed that the frequency shifl of photon scattered from electrons can
be interpreted by the mechanical scatiering of two particles, which required that
ithe pholon behave like a particle.

In 1927, Dirac established the foundation for the modern quantum field theory
with his famous paper The Quanium Theory of the Emission and Absorplion of
Radiation [1]. According to Dirac’s theory, classical particles and fields are closcly
interrelated. A particle could be regarded as the quanta of a field. Quanium
Electro-Dynamics (QED) is the best example of such a concept. The quanta of
the electromagnetic field is the photon and the interactions beiween charged par-
ticles is mediated by the exchange of photons. On the other hand, electrons and
positrons can be thought of as the quanta of an electron-positron fiecld. The num-
ber of such particles can decrease due 1o the annihilation of electron-positron pairs
into photons and increase via photons converting into electron-positron pairs. An
important characteristic of QED is that the interactions are between charged par-
ticles only, photons do not interact among themselves. This, plus the smallness of

the ‘interaction strength’, allows the use of perturbation methods for calenlations.
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p1 - m: k
Pz
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gB gg gB
P:

(a) (b)

Figure 1.1: Feynman diagram representations for the QED interactions between
charged particles and photons.

These calculations were hopelessly complicated until Feynman devised a simple
sct of rules-and showed how to represent the complicated interactions by ‘pictures’
now called Feynman Diagrams.

Figure 1.1 illustrales the interactions between charged particles and photoen
represented by Feynman Diagrams. The lines represent the interacting particles
in momentum space, and the vertices where the lines meei represent the interac-
tion of the particles. Each vertex thus associates with the ‘interaction strength’ of
QED, which is formally called the coupling consiant {g.). 1t is usually expressed
in terms of dimensionless consiznt a, the fine struciure consiant, as g, = +idna
{a = e*/he ~ 1/137). Following a simple set of rules, the ‘picture’ car be con-
verted into an equation representing the amplitude of the whole process. Upon
squaring the amplitude, the differential crose section, the measurable quantity by
experiment, i obtained. Therefore in the cross section relation for QED processes,
the fine slructure constant appears in power form, where the power reflecls the
number of photons and e*e~ pair invelved in the process. For example, the ‘single
photon annihilation’ interactions ete™ — ete™,ete” — ptu~,ete” — rtr- or
ete” - 94 as represented by Fig. 1.1b are a® processes; whereas the two-phoion

interactions, which is the subj)ect of this thesis and nre represented by the diagrams
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Experiment [| A, (GeV) | A_{GeV)

AMY 130 330
CELLO 74 150

JADE 178 200 -
Mark J 165 2315
PLUTO 184 162
TASS50 435 590
HRS 154 220

Table 1.1: Comparison of QED cut off parameter for e¥e™ — ete™ process.

in Fig. 1.2, are a* processes. This, in effect, scales their importance relative to
the tola) reaction cross seclion of the ete™ interaction. In fact, a standard way of
tesling QED is to measure the cross sections of these a?® processes in ete” collider.
One can fit the observed resulls with a QED cross section modified with form

factor :
2

F(¢,==)=1—q—:j(—‘}\-iET)2 (1.1)
where ¢ is square of the four-momentum transfer to be detailed later, and Ay are
the cul offl parameters which will be infinitely large if QED is correct. Table 1.1 (3]
shows Lhe lower bounds of As for the ete™ — ete™ process from various experi-

mental groups ai SLAC, Petra and Tristan. These large limits of A indicate that

QED remains valid down to distances of order 107" cm.

1.2 The QED Production of Four-lepton Final States

Ancther test of QED can be done through the study of the process at higher
order of @. The QED interactions producing four-lepton final states is a common
choice. These interactions involve the exchanges of two pholons, thus making
them o processes, and the reactions ete™ — ete~ete” and ete” — eteptp”
are iypical examples. The a* processes are substantially more complicaled than
the o processes. For et{p,)e(p_) — (g ) (g-)L*(k,)L~(k-), where I, L

may be e or g, the differential cross section at center-of-mass energy /3 can be

16
wrilten as:
at 2 d*q,d*q_Lk 4k
da:'gz“__‘alii:Mllé‘(p+ +P—'_Q+_9—'—k+'_kk} nggkgkq_ . (12)

The p's, ¢'s, k's represent the 4-momenta of the particles, and the quantities M; is
the amplitude of ihe contributing processes represented by Feynman diagrams. In
Feynman diagrams, the I's and L’s can be interchanged as long as the conservation
rules (lepton number, charge, etc) are obeyed. Each distinct change leads to a new
Feynman diagram. This results in 36 Feynman diagrams for the ete™ — ete ete”
process, and 12 for the ete~ — ete p*p~ process. These diagrams are usually
classified into 4 groups, multiperipheral (Fig. 1.2a), bremsstrahlung (Fig. 1.2b),
annihilation (Fig. 1.2c) and conversion (Fig. 1.2d).

In general, the multiperipheral group provides the dominant contribution to
the four-lepton total cross section. It is conventionally referred to as the two-
photon diagram and plays an essential role in the sludy of two-photon physics.
A unique feature of these diagrams is the existence of a pair of leptons thal are
coupled to two pholons; the types of physics involved are intimately linked to the
characleristics of the photons in this system. Referring to Fig. 1.2(a) where [ is
the electron, the photons"l-momenta. are equal to the momentum transfer of the
incoming and outgoing electron: g, 3 = p: —gs. One defines the guantity Q= -qf

as the negative mass square of the photon. Neglecting the electron mass,
2 0 0 - 7 b
Qi = dpiginn (‘f b

where 8, is angle between py and gs. The mass of a real photon is zero, therefore,
for Q? different from zero, the phoion is virtual and is regarded as “off-the-mass-
shell”. For a space-like photon, as the one under discussion, QF is positive; il is
negative for a time-like photon {e.g. the photon at the vertex of e*e™ annihi-
lation). Other important kinemalic variables in the two-photon syslem are Lhe
two-photon invariant mass squared W2 = (g; + q2)%, and the polarizalions of the
photons. The cross section for ete™ — ete™X (X= anything) can then be writlen

as the combinations of the photon flux factors {L) and photon cross section in the
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trensverse(t) and longitudinal(l) polarization [5]:
Oete-—ete-X = Luou+ Laou+ Lo+ Luoy + interference terms between ! and ¢.
(1.3)
1.2.1 Low Q? processes
etip,) ¢ (q,) r
* . * In real experimental situations, both of the final et e~ are usually unobserved in the
: L+( k) o detector because they emerge at a small angle relative 10 the beam axis where the
& — & deteclor coverage is incomplete. In this case both photons are near the mass shell,
Ltk_) i.e. g2, g3 — 0, and only {he transverse polarizalion term remains in equation 1.3,
It can then be simplified using the equivalent-photon-approximation (EPA) [6):
ep) e1q.) ¢ e
Oetp—aete=X = | Loypfw)oy, . x(w)dw, 1.4
(a) Multiperipheral (b) Bremsstrahlung * e X j m{w)onx(@) (1.1)
where w = W?/s is the scaled cenler-of-mass energy squared. The faclor L, is
et it I et It the luminosity function and. is expressed as [7] :
- Ly = (5075 f(w) (1.5)
r L = 27]_ dm? w ;
* flw) = —[(2+m)2 n——2 1-w)(3+w)
o itnl, (16)
- - - w w
e ! e /
: as w — ). To complete the calculation, all one needs to know is the cross section
(¢) Annihilation : (d) Conversion

for vy — X Using the approximation that o.,_.,+,- = 4wa® /W2, the cross section
for ete™ — ete~utu~ is simply
ol 3 s

1 :
O'E+¢A_.=+,-‘,+u— = ?lﬂ(ﬁg)’ﬂ(a‘z)i—n—g (1.{)

For resonance production of a particle of mass My and spin J # 1, one may use
Figure 1.2: Feynman diagrams for the a' processes. Permutation of the lepton
P . . . +- _ . _ _ r
lines gives rise to 36 diagrams for e*e"e*e™ and 12 diagrams for ete pu? p. Oopyen = 82T + 1)‘#:;.5(141’ — M), (1.8)

and the two-pholon cross seclion becomes

Mk,

Tete ete- R -20:2!112(———)(2.)' + 1) ( . (1.9)
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Multiperipheral | Bremestrahlung | Annihilation | Canversion
2 irecks ~ 100% ~ 0% ~ 0% ~ 0%
3 tracks ~ B3% ~ 17% ~ 0% ~ 0%
4 tracks ~ 10% ~ B0% ~ 4% ~ 6%

Table 1.2: Relative contribution Lo the cross sections for the four-lepton pro-
cesses under different experimental tagging condition(by requiring number of vis-
ible tracks above 20°). The interference among the different Feynman groups is
not included.

The two-photon system creates a state with charge conjugation C = +1,aqgquantum
number which is conserved in electromagnetic and strong interaction. Because the
pholons are almost real, by Yang’s theorem [8] the resonance can only have spin
D or 2. Such rules thus limit the production of the resonances to J = 0 or 2,
C = 41 states; and the untagged two-photon processes has been used to study the
propertics of the 0% or 2% particles such as x°, 7, 7', {(1270), n.(2980), etc.

1.2.2 Three-track and Four-track Events

The siluation becomes quite different when one or both of Lhe outgoing ete™ are
observed at large opening angle with respect to ihe beam axis [4]. In these cases,
the observed electron {positron) from the incident electron (positron} line is called
the tagged electron {positron), and the events are commonly referred to as ‘single-
tag’ or ‘double-tag’ events depending on whether one or both of the bea-m particles
are observed. As one or both of the values are significantly different from zero, the
EPA formulation is no longer sufficiently accurate for cross seciion calculations.
Moreover, the contributions from ether Feynman-graph groups become significant.
One has to resorl Lo the full calculation using Monte Carlo methods, which will
be described in detail in Chapler four. Table 1.2 show ihe relalive contributions
from the different Feynman-graph groups when one requires diflerent numbers of
tracks > 20° from the beam axis. The resulls are based on the calculations used
in this thesis and interference among the diflerent Feynman-graph groups are not
included.

While there is a relatively large cross section for the detection of untagged
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events, which can provide for high-statistics measurements of order o' QED pro-
cesses, they tend to populate an uninteresting region of phase space. On the other
hand, with one or both scattered electrons at large opening angles, the three-irack
and four-track events produce highly virtual photons, which can provide sensitive
tests of QED at very small distence in a relatively background free environment.
This is especially true for the four-irack events in which all final state particles
are identified. Furthermore, Yang’s theorem is not applicable o the highly virtual
photons in the two-photon system. The cteation of spin-1 even-C tesonance state
become possible. Therefore, these high Q2 events may reveal interesting physics
inaccessible in ordinary e*e” annihilation processes.

In the AMY experiment, a number of ete~ete™ and ete p*pu~ events are ob-
served to have with three or four final state particles visible at wide angles relative
to the beam direction. In this thesis we describe & detailed study of such events
and compare their rate and properties with the predictions of QED. The remainder
of this thesis is organized as follows. Chapter two provides a general description of
the equipment used for these measurements, namely the TRISTAN e*e™ storage
ring and the AMY detector. Chapler three describes the event selection and data
analysis. Chapter four is devoted to the discussion of the results of QED calcu-
lations using computer programs provided by different authors. We compare the

measurements with the theoretical predictions in Chapler five.
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Chapter 2

The AMY Detector

2.1 The TRISTAN ete~ Collider

AMY is one of the three major experiments using the TRISTAN e*e™ collider
at KEK (Kou Enerugii Buisuri-gaku Kenkyuu-jyo, or National Laboratory for
High Energy Physics) in Tsukuba City, Japan. TRISTAN (Transposable Ring
Intersecting STorage Accelerator in Nippon) is made up of 2 400 meter long linac,
an accumulalor ring (AR) 377 meters in circumference, and the 3 km circumference
Main Ring (MR) (See Fig. 2.1.).

Positrons, generated by bombarding 200 MeV electrons onto a Tantalum tar-
get, are transferred into the linac, where they are accelerated to 2.5 GeV and
injected into the AR. After the accumulation of a sufficient number of particles,
{beam currents of ~20 mA) the AR accelerates the positron beam up to 8.0 GeV
and injects them into the MR. This process is repeated four times, producing two
diametrically opposed bunches each containing ~ 2 x 10" positrons a few cen-
timeters in length and cireulating counter-clockwise in the MR. Subsequently, iwo
similar bunches of clockwise circulating elecirons are introduced in the MR us-
ing the same linac and AR. The beams are then accelerated to high energy and
brought into collision. The electron and positron bunches are arranged to collide
8t four inlersecling points, each of which are surrounded by detector sysiems for
studying the products of the collisions. With a total RF power of 25 MW, the
MR can accelerate and store beams up Lo energies of ~ 32 GeV, providing ete-

collisions with a center-of-mass energy of 64 GeV.
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Figure 2.1: An overview of the TRISTAN acceleralor complex. The AMY deleclor
is located al the OHO experimental hall.
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Figure 2.2: Average daily Integrated luminosities from January 1987 to summer
of 1989,

Tristan first produced electron-positron collicions in the November 1986, with
a center-of mass energy of 50 GeV. It has been operating successfully since that
time, with the center-of mass energy increasing o as high as 61.4 GeV. The design
luminosity of TRISTAN, ~ 1 x 10* em~%sec™?, has been achieved and the daily
integrated luminosity has been improving continuously to the point where it has

exceeded 300 nb~! /collision point/day (Fig. 2.2).

2.2 The AMY Detector

The AMY detector {Fig. 2.3) [11), is a general-purpose detector with special em-
phasis on lepton identification. Cylindrical tracking chambers and an electromag-
netic calorimeter are inside a superconducting solencidal coil which generates a 3
tesla magnetic field. This high magnetic ficld provides for good charged particle
momentum resolution in a rather compact system, There are also celorimeters
at each end of the solencid for providing electromagnelic energy measurements,
resulting in a lotal detection coverage of 96% of the solid angle. These are all
contained within the iron magnetic flux return yoke, which also serves as a hadron
absorber. Qutside of the iron yoke ate large area drift chambers and scintillation
counters that identify tracks that penetrate the iron, a signature for muens. These

devices are also used to climinate cosmic rays. The characteristics of each of the
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major components of the detector are described in some detail in the following
sections.

The AMY detector is coaxial with the ete™ beam line and is centered at the
ete™ collision point. The eleciron beam direclion is taken as the direction of
positive z, and the y-axis points vertically upward and the x-axis points radially
outward from the center of the Tristan ting. Other spatial coordinates such as ¢,

9, etc., follow the standard (right-handed) conventions.

2.2.1 The Inner Tracking Chamber(ITC)

The innermost component of the AMY detector is the Inner Tracking Chamber,
ITC. It is located radially outside of the beam pipe, is 55 cm in length, and
extends in radiue from 12.2 cm to 14.2 cm. The 1.5 mm ihick Aluminium beam
pipe corresponds to 1.7% radiation length. The small size and pr'oximity to the
interaction point enables the ITC to give a precise measurement of the vertex
position of the charged tracks in an event. It is also used to provide a fast trigger.

The ITC (Fig. 24) consists of four staggered layers of aluminized plastic drift
tubes, each approximalely 8 mm in diameter. Inside each tube there is a 16 pm
diameter anode wire streiched along the axis. The gas mixture (50% Ar, 50%
C,Hy) is pressurized to 1.48 kg/em? and the operating voltage is 1.7 kV. The
spatial resolution is o ~ 80 pm. Signals [rom the anode wires are processed by a
series of amplifiers and discriminators. The arrival time of the signal relative to
the beam crossing ia measured in & Time to Analog Coaverter (TAC) and Analog
to Digital Converter (ADC) system. The charged track’s position is inferred from
the time it takes the ionization electrons to drift to the anode wire. In order to
optimize the spatial resolution, the threshold for the discriminaior used to trigger
the TAC-ADC system is sel very low. A separate ADC system is used to measure

the pulse height of the anode signal for use in the rejection of noise pulses.

2.2.2 The Ceniral Drift Chamber(CDC)

Immediately outside of the ITC is the central drift chamber CDC (Fig. 2.5). It

has six disks varying in length from 93 cm at the innermost disk to 180 cm for
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Figure 2.3: An overview of the AMY detector. For the 50 and 52 GeV runs, trigger
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the outermost disk, and extends 1o a radius of 65 cm. The angular coverage is
| cos 8] < 0.87.

Each of the outer five disks consists of Lthree cylindrical layers of stereo sense
wires and four of axial sense wires; the first (innermost) disk has five layers of axial
wires. The axial wires run paralle] to the beam axis and delermine the position of
the trajectory points in the » — ¢ plane; the stereo wires are al a small angle (typi-
cally 5°) relative to the beam direclion and to provide small angle stereo measure-
ments that are used Lo infer z-coordinates. Each sense wire (20 um diameter gold-

plated tungsten) is surrounded by six field wires (160 pm diameter gold-plated alu-
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minum) arranged in a hexagonal cell unit approximately 6 mm in radius (Fig. 2.6}.
The CDC was originally filled with HRS gas (Ar 89%, CO; 10%, CII, 1%) at ai-
mospheric pressure and is currently filled with a Neon-Ethane mixture (Ne 50%,
C.Hs 50%), which has improved X-ray transmission characteristics. For optimized
performance, cach CDC cylinder is operated at slightly different voltages with ihe
average being 1.8 kV for HRS gas and 2.1 kV for Neon-Ethane. Signals from
the sense wires are processed by preamplifiers mounted direcily on the CDC end
plates. The preamplifier output signals are amplified again, and discriminated in
electronic units Jocaled just outside of the iron yoke of the detector. The discrim-
inated signals are transmiited via 30 m long ribbon cable to a TAC-ADC system
that is located in an electronics hut that is adjacent to the detector. This system
measures the arrival time of the signals which, in lurn, is used to infer the drift
distance. The calibration constants for each TAC-ADC channel is delermined by
a pulsing sysltem and are nutomaf.iéa]ly updated in the data taking software. A
detail description of the CDC electronics and calibration can be found in Ref. [12]

The disk structure of the CDC is designed to provide local determinations of
track vectors (pesition and direction), which can be used to make estimates of the
multiplicily and momenta of the charged particles for purposes of triggering. These
vectors also facilitate fast track finding in complicated high multiplicity events.
The hexagonal shape of the cells, in addilion to realizing the high granularily
needed for resolving closely spaced tracks and providing for the fast resolution of
the left/right ambiguities, is essential for achieving a good spatial resolution in the
3 tesla magnetic field, which severely distorts the drift trajectories of Lthe ionization
electrons, The Lorentz angle, the angle between an electron’s drifi irajectory and
the local electric field direction, can be as large as 80°.

The spatial resolution of the CDC in HRS gas, as estimated from Bhabha
scatlering events (e*e™ — e*e”), is o ~ 170 pm (Fig. 2.7). This translates into
a charged particle transverse momenturm resolution of Ap,/p, =~ 0.7% p,(GeV/c).
The measured angular resolution in ¢ and @ are 2.1 and 7.1 mrads respectively.
The track reconstruction efficiency for particles in multi-hadronic events with p, >

500 MeV/c ihat originate within 5 cm of the interaction peint is 97%. In the
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Figure 2.7: The average CDC spatial resolution in HRS gas based on Bhabha
events

Neon-Ethane gas mixtures, the average spatial resolution is about 230 pm for the
axial layers and 250 pm for the stereo layers. The calibration is described in detail

in Appendix B.

2.2.3 The Shower Counter(SHC)

The purpose of the Shower Counter (SHC), [13] is to detecl and delermine the
directions and energies of eleciromagnetically showering parlicles (e* and 4's).
The SHC is located radially outside of the CDC and covers the angular region
jeos @] < 0.73. The SHC consists of cylindrical shells {220 cra in lengih, 79 cm
to 110 cm in radii) divided into six individual sextants each c/mrering GO® in 4.
Each sexiant is made up of twenty layers of lead sheets and resislive plastic tube
gas proportional counters (Fig. 2.8). The total radial thickness corresponds to 15
radiation lengths. The tubes are filled with gas (HRS gas for the 55 GeV data run
and a Ar 49.3% + C,H; 49.3% + C,H;OH 1.5% mixture for the other cnergies)
al atmospheric pressure. At its operating vollage of 2.15 kV, the SHC operales
in the gas proportional mode. The plastic cathode tubes have sufficient electrical

conductivity to provide the DC bias voliage bul are of sufficiently high resistivity
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p = 42 — 81 klcm? 1o permit the fast (decay-time ~ 100 ns) proportional signals
to be registered on the cathode planes of G-10 etched with copper strips that are
located outside of the plastic tubes. The induced chatges measured on the cathode
slrips provide precise measurements of the shower location (¢ = 3 mm,~ 4 mrad
in angle}.

The integrated charge of the signals from the anode wires and the cathode
strips are measured directly by an ADC system. The anode signals from the last
four layers are preamplified and discriminated. These discriminated signals are
used to provide irigger information for minimum jlonizing tracks. During dala
taking, ithe ADC syslem is frequently calibreted and the individual pedestals for
each channel are automatically subtracted electronically. In each sextant there are
{four monitor tubes with radicactive 5% Fe sources embedded in them. Pulse height
data from these tubes are constantly monitored and used 1o correct for varialions
of the gas gain caused by fluctuations in atmospheric pressure, temperature, and
gas composition.

The cathode signals are ganged together radially every four layers. The results
from different = .lial gangs provide information about the longitudinal develop-
ment of the shower which is useful for e/r discrimination. The anode signals in
each cylinder are ganged together in groups of 10 to form towers that sublend
a widith in ¢ of A¢ = 7.5° and provide iwenty depth samplings of the shower.
The znode signals are mainly used for riggering and for noise elimination during
data analysis, while the cathode signals are mainly for shower energy and position
analysis. The energy resolution of SHC is delermined {rom studies of the reac-
tions, ete™ — ete™, ete” — 77, ete™ —+ ete v, and ete” — etecte, Lo be
og/E ~ 23%/\/E(GeV) + 6%. For clectrona with energy greater than 2.5 GeV,
the identification efficiency ranges from 87% for isolated tracks to 70% for tracks
inside jets of other particles. The pion rejection factor is approximately 100 for

pions with momentum between 1 to 5 GeV [14].
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igure 2.9: The AMY Magnet

2.2.4 The Superconducting Magnet

The AMY magnet(Fig. 2.9) produces a 3 Tesla magnelic field at the center of the
detector. This strong magnetic field makes possible the precise measurement of
the charged particle momentum while maintaining a small size. It also enables the
identification of electrons by the sychrotron X-rays that their) emil while bending
in the strong magnetic field.

The magnet is an eight layers solencidal coil wilh a radial thickness of 10 cm,

a lengih of 154 cm and an inner radius of 119 cm. The ceil is made of Nb/Ti
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superconducting cable embedded in a copper channel. Included in the copper
channel is a strip of high purity aluminum to provide extra slablization. Ii is cooled
by immersion in a bath of boiling liquid helium at 4.2°K, which is maintained by a
300W refrigeration system. The 3 tesla field is generated by a 5000 ampete current
and the energy stored in the B field is 40 MJ. To conlain the magnetic ficld, the
whole magnet is placed inside a 650 ton hexagonal iron return yoke [15].

Fig. 2.10 show the variation of the Z-component of the magnetic field inside of
the detector. This varialion affects the performance of CDG both for the position
measurements and the inference of the momentum of charged tracks. A complex
calibration procedure, which takes into account the effects of variatians in Lhe ficld
strength, was employed in order to achieve the resolutions described in the previous

gection.

2.2.5 The Muon Detector(MUO)

The Muon Detector (MUQ) is mounted radially outside of ihe hexagonal iron
return yoke. Ii consisis of four layers of large area drift chambers used for the
location of charged particle tracks and a plane of scintillation counters used for
time measurements. The angular coverage is |cos@| < 0.74. The Muon drift
chambers (Fig. 2.11) have four staggered layers of aluminum cells each of which
is 5 em x 10 cm in cross-section with lengths renging fromn 2.9 to 6.5 m. The
cells are filled with P-10 gas (90%Ar + 10%CH,) and has an anode wire (100 gm
diameter Au-plated tungsten) which is biased to 3.1 kV. The spatial resoluiion is
about 1 mm and the irack segment reconstiruction efficiency is more than 98%. The
Muon scintillation counters have a timing resolution of 2.7~3.5 ns. The primary
purpose for these counters is to distinguish cosmic rays, which have a random time
distribution and a transit lime across the detector of sbout 25 ns, {rom muons
from the reaction ete™ ~» ptp~, which pass through the scintillators aboul 13 ns
after the beam crossing and have ar apparent transit time of zero.

The materials of SHC, AMY Magnet and the iron reiurn yoke amount to ~%
nuclear absorption lengths. Thus most hadrons are absorbed in the iron; charged

particles that penetrate this amount of material are most likely muons. Trajectories
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of charged particles, determined from the measurements of the ITC and CDC, are
extrapolaled through the iron assuming the particle to be a muon. If the dislance
between the extrapolated track position and the tzack segment measured by Muan
drift chambers is less than 1 m, and the timing of ithe {rack with respect 1o beam
crossing, a5 measured by the the Muon scintillation counters, is between 0 and 35
ns, ihe track is identified as a muon. The hadron filter peneiralion probability
of & 5 GeV/c (10 GeV/c) w-meson is estimaled to be 0.2% (0.5%). Due to AMY
deteclor’s compact size, the probability of misidentification due to the decays-in-
flight of 7* and K* mesons is minimized; it is ~ 1.3%/p(GeV/c) for x mesons and
~ 6%/p(GeV/c) for K mesons. The efficiency of the muon identificalion criteria
is about 96% for p > 3.0 GeV/c (82% for p > 2.0 GeV/c).

2.2.6 The Endcap Detectors

The detectors described previously cover Lhe region of large opening angle with
respect to the beam axis. The small angular region is covered by the Ring Shower
Counters (RSC) (0.74 < | cos 8| < 0.90) and the Pole Tip Counter (PTC) (0.90 <
|cos f| < 0.96)(Fig. 2.12).

The RSC consists of two allernating layers of lead and scintillator with a total
thickness of 3.6 radiation lengths. The shower energy resolution is about 30% for
28 GeV /¢ electrons. When combined track information from the ITC and CDC,
it can be used to distinguish between electrons and minimum ionizing particles.

The PTC [17] is made up of two layers of lead/scintillator calorimeters for
energy measurement, and a plane of proportional tubes sandwiched between Lhem
for position measurement. The calorimeters have a total thickness of 14 radiation
lengths and an energy resolution of 11% for 28 GeV/c electrons. The proportional
tube is made of resistive plastic. Omn both sides of the Lubes there are G-10 cathode
boards elched with copper strips that serve a similar funclion as ihe cathodes of
the SHC. The proportional tubes are operated at 2.28 kV (just below the streamer
mode) for efficienl detection of minimum jonizing periicles, and provide a position
resolution ~ 0.2° (0.8°) in @ (¢) direction. The primary function of the PTC is

to determine the luminosily by delecting Bhabha scatlering events in the angular
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region 15° < § < 24°. The overall systematic error on the luminosity measurement
15 4.2%.

In addition, there is calorimeter made of BaF, crystals in the angular r-cgion
4.0° < @ < 6.0°. These are delect Bhabha scattering and serve as an online instan-

taneous lominosily monitor.

2.2.7 The X-Ray Detector and the Trigger Counters

Originally, there were twelve scintillation counters in the space between CDC and
SHC to provide event trigger and background discrimination. In the summer of
1987, these counlers were replaced by the X-Ray Detector (XRD). The XRD is
a radial drift chamber filled with a Xenon-Propane gas (95% Xe, 5% propane).
Its purpose is Lo detect synchrotron X-rays emitted by electrons bending in the 3
Tesla magnetic field. This information will be combined with the SHC data give
a better electron ideniification. The data from XRD was nol yet available for the

analysis reporled here.

2.2.8 Trigger and Data Acquisition System

At TRISTAN, the beam crossings occur at a rate of 200 kHz. The trigger sys-
tem is designed to accept events with potential physics inlerest at a manageable
rate(< 3 Hz) for the data acquisition system. The trigger decision is made by
using various signals from the detector to address memory lookup units that have
preprogrammed patlerns which decide whether or not lo accept the event. There
are two major types of triggers: track triggers which based on the information [rom
ITC, CDC and MUQ; and energy triggers based on SHC, PTC, RSC. Since there
are many redundancies in the various triggers, the efficiencies for most physics
processes of interest are close to 100%.

Signals from each of the detector components are processed and digitized in
& computer conirolled FASTBUS system. A CAMAC system is used lo monilor
and to control the operational hardware (e.g. voltage supplies, calibration system,
environmental monitors, elc.) of the deteclor and to do the triggering logic. All the

digitized data are sent via an interface (VAX FASTBUS Processor Interface) Lo the
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Figure 2.13: The AMY data acquisiiion sysiem.

VAX 11/780 computer where the data are temporarily stored. The online program
in the VAX controls the data taking and monitors the operational status of the
entire sysiem. The daia are sent from the VAX to a FACOM M362 computer,
situated in the KEK computing center, via a fasi optical link (DACU). In the
FACOM, the original data are rewritten into TRISTAN Bank System format and
stored in a Cassette Tape Library for later analysis. Figure 2.13 illustrates the

data acquisilion system of the AMY deteclor.
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Chapter 3

Data Selection

The date used in thiz analysis were taken between the fall of 1986 and the sum-
mer of 1989. The center of mass energy ranges from 50 GeV io 1.4 GeV, The
accumtiated luminosities at different energies are shown in Fig. 3.1. The evenis
used for the analysis reported here are selected in a sequence of slages in order Lo

eliminate background events while retaining events of interest with high efficiency.

3.1 First Stage Selection

The triggering requirements for the AMY detector are kept as loose as possible,
consistent with the maximum data acquisition rate of about 3 Hz, in order to ensure
a high triggering efficiency for a broad range of processes. As a result, most of the
triggers are caused by uninteresting background processes such as interactions of
stray beam particles with malerial in the vicinity of the storage ring (beam-wall
evenis), beam particle interaciions with the residual gas of the vacuum system
{beam-gas events), cosmic rays, electronic noise eic. To select interesting events
and eliminate these backgrounds, an elaborate offline eveni-filtering procedure was
developed.

For the purpose of economizing on computing time and handling procedures in
the subsequent analysis, the raw data is first passed though a fast reconstruction
and filtering program that eliminates about 70% of the triggered events. This
procedures involves estimating energy in SHC with a rough calibration, and the

determination of charged track momenta and multiplicily using the reconstructed
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Figure 3.1: accumulated luminosity at different center of mass energies.

track segments in CDC. The evenl is accepted if it has more than 2.8 GeV of
energy in SHC, or at leasl one track with transverse momentum greater than 1.5
GeV/c?. Evenls with two or more.charged tracks and more than 1.5 GeV in SHC
are also accepted.

The events that survive this firsl filter are subjecled to a more elaborate anal-
ysis. The information in the SHC, R5C and PTC are processed using their more
accurate calibrations {o obtain the posilions as well as energies of showering par-
ticles. In addition, the liming information in 1TC, CDC, MUOQ are converled to
positional information Lo reconstruct the irajectories of charged particles. The
track momenta are delermined from the CDC information using a fast tracking
rouline {(ACE) [18] for finding and reconstructing charged tracks. Afierward, the
dala are divided inilo several calegories for further physics analysis. Fignre 3.2
illusirates the fillering procedures.

The data in this analysis come primarily from the Low Multiplicity sample,
which are all the events with at least two good reconstrucled charged tracks in
CDC. A good reconstructed track are those with measured momentum greater
than 0.75 GeV/c?, and a vertex position wilthin 10 ¢m in lz] and 2 em in [R] of the

origin.
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Figure 3.2: Data filtering procedures
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3.2 Second Stage Selection

To further reduce the data sample, events from the Low Muliiplicity sample are

selected according to the following criteria:
» CDC track

— no more than 8 CDC charged tracks;

— total momentum of the tracks ¥; |p:| > 3.0 GeV/c;
# Cosmic Ray cut

— no more than one MUO iracks outside the timing limit defined for muon

track(c.f. The Muon Detector section in Chapler 2);

These criteria are established in order to cut away most of the beam-wall,
beam-gas, cosmic ray and high multiplicity hadronic events. However, they are
loose enough to retain all events with the characteristics of those we wanl lo
siudy. The criteria are set so that no events of interest are lost due Lo inaccuracies
resulling from the still crude level of the reconstruction algorithms used at Lhis
stage. Roughly 37% of the Low Multiplicily sample are selected by this stage. To
test Lthe efficiency ol this selection, we subjected all of the ete™ — 7177, ete™ —
ptp~ and almost all ete~ — ete” candidates from the 50 < E,, < 55 GeV data
samples to these selection criteria. These data samples are obtained from other
physics groups specializing in the study of those particular processes. In general,
the data are selected either by requiring significant energy deposited in SHC or
high momentum charged tracks in CDC. The few events from these samples that
failed to pass this selection stage were examined individually and are found to be
due io cosmic rays Fig. 3.3.

The events that survive to this stage are then processed by 2 more sophisticated

CDC tracking algorithm, catled DUET [18] [19).
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Figure 3.3: Example of event induced by cosmic ray that was rejected at the second
stage of data selection. The iron return yoke is not shown in the picture.

3.3 Third Stage Selection

At this stage, the remaining data are divided inlo different samples according Lo
whether they had three or four charged tracks. For the three irack sample, the

events are selecled according to:
e CDC track

~ only 3 CDC charged tracks present;

— total momentum of the iracks ¥;|p:| = 10.0 GeV/c (if the irack is
reconsiructed using less than 5 axial or 3 slereo hil wires, their momen-
tumn information is not used for seleclion because of the potential for

large error);

— at least 2 tracks must originate from within 5 cm in |z] and 1 ¢m in | 8]

of the inleraction point;

— al least 1 track with opening angle ¢ > 43°;

e Cosmic Ray cut
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— all MUO times are between 0 and 35 ns.

The four-track sample is similarly selected with the exception of requiring four
charged tracks.

These samples ase further divided into four groups. The three and four-track
ete”ptp~ groups are selecled by requiring at least one MUOQ hit in the event. The
remaining events form the three and four-track e*e~ete” groups. These groupings

are used for the final selection and analysis of the ete~ete™ and ete putp~ evenis,

3.4 Final Selection

A visual inspection of computer generated displays of events from the four selected
groups revealed that they are mostly efe~ — multi-hadron annihilation events,
ete™ — 747~ evenls, radiative Bhabha events (ete~ — e*e~) where the photlon
converted into an ete™ pair in the material of the beam pipe or the inner part of
the detector, or evenis where the reconstruction software had produced two tracks

from the hits lelt by a single particle.

Particle identification

To eliminate these backgrounds, we first apply a sel of particle identification selec-
tion criteria Lo the evenis. These consist of comparisons of the energy deposited by
the charged track in the SHC, RSC or PTC electromagnelic calorimeters (E) with
its momentum measured in the charged particle tracking system (p). In addition,
the MUO system is used to provide positive ideniification of muons as described

in Chapter 2. Specifically, we assign particle identifications as follows:
¢ electron : Efp > 0.5+ p > 1.0 GeV/c, or E > 5.0 GeV
¢ non-electron : Efp < 0.5+ p > 1.0 GeV/g;
s muon: Efp <05+ MUO hitl + p > 2.5 GeV/c.

Because the average energy deposited by a minimum ionizing particle in SHC,

RSC and PTC is between ~100 Lo 300 MeV, the greater than 1 GeV/c momentum
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requirement is needed to ensure a definite identification. An ete pip~ eventis
required to have at least three identified tracks, with at least one identified as
an electron and at least one as & muon. At least three identified eleclrons are
required for an ete~ete™ event. Furthermore, at least one of the identified muons
or elecirons has to be within the angular region of |cos 8] < 0.707. Deteclor-
simulated two-photon untagged events are used to study the efficiency of eleciron
identification using the above criterin. Beiween 135° > 4 > 45°, the eleciron
identificalion efficiency is about 98%, while roughly 13% of minimum jonizing

particles are misideniified as electrons.

Kinematic fitting

The angles of the charged tracks in the CDC are generally well measured. We can
improve Lhe determination of the track momenta further by adjusiing the kinematic
information of the tracks 1o satisfy the conservation of 4-momenium with minimal
deviation from the original measurements. This method is generally referred to
as constrained kinematic fitting. Obviously, events with all the final particles well
measured will have small errors while events with missing particles will have large
errors under the fit. Because events like ete~ — 7477, ete” — ete"rtr™ haveat
least two unobserved neutrinos in the final state (decay products of the 7), they are
usually eliminated by the kinematic fitling procedure. A version of SQUAW §22],
adapled for the AMY detector environment, is used for the kinematic filting.

For the four-track events, we use all of the charged tracks and require the
quality of the fit to be good. Since there is one track missing in the three-lrack
evenis, we use ihe missing momentum together with ihe three charged tracks
{1-C fit). In addition to a good fit quality, we reguire the fitted value for Lhe
miseing momentum vector points outside of the efficient detecling region (| cos o >
0.906). To delermine the cuts, we compare the fitted results between the detector-
simulated Monte Carlo events for the ete~ — 77~ and ete” — eveptp
processes. These events are generated with three or four charged tracks within
the acceptance region of the detector and ate selected by ihe same criteria as the

real data. A more extensive discussion of these Monte Carlo events is presented in
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chapter 4. For the four-tracks events, the background are eflectively reduced while
remaining sensitvie to Lhe signal by requring the x* of the fit to be < 100 (Fig. 3.5).
The same is true for the three-tracks events if we place the cut at x* < 50 and

8iae = 0.906 (Fig. 3.6).

Tnvariant mass of ete” pair

A potential background for the four-lepion processes are the radiative events
ete~ — ete™y, ete — ptp~+ with the v converted to an ete” pair in the
malerials surrounding the interacting region. In real photon conversion, the in-
variant mass of the ete™ pair tends Lo be very nearly zero. Therefore, we require
the minimum invariani mass of any e*e~ pair in any of the evenis to be greater
than 1 GeV/c?. With the current CDC spatial resolution, the error in the invari-
ant mass measurement for a pair of oppositely charged iracks is typically 20% for
ete~ masses below 1 GeV/c?. Therefore, the ete™ invariant mass requirement
effectively cuts away background from real photon conversion. As a result of this
cut, 18 events are lost in the 4-tracks sample where ihe expecled number of events
from the ete~ — ete~y, ete™ — p*p~y processes is about 15. We don’t apply a
similar cut to the ptp~ pair because the prohability for a real photon converting to
a utp~ pair is more than four orders of magnitude smaller than that for conversion
to ete™ pairs. Since the probability for photon conversion to e¥e™ is measured lo
be 3% [3), it is safe to neglect the probability of real pholon conversion lo ptp~
pairs in this analysis.

Examples of events thal fail the consirained kinematic filling procedure and

the e*e™ invatiant mass cul are shown in Fig. 3.4.

3.5 Summary of Selected Events

The event seleclion cuts are summarized in Table 3.1, Computer generaled
displays of all of the events that passed these cuts wese carefully inspecied to ensure
that there was no error in any of the seleclion procedures. In total, there are seven
four-track ete~ptp—, sixtecn three-track ete~ptp~, one four-track ete”ete™, and

sixleen three-irack ete~e*e” eventis selected. Table 3.2 summarizes these results.
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Figure 3.4: Examples of failed events. (a) x* of kinematic fitting too big; (b)
invarianl mass of ete™ pair too small.
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Event type: Selection Cuts
four-track |} 4 charge iracks |cos 8] < 0.906;
ete~utpy~ = 3 identifiable Lracks;

al least T p: 135° > 4, > 45%;
at least 1 ¢: 135° > 6, > 45%;
minimum M,, > 1 GeV /%
three-irack || 3 charge iracks | cos 8| < 0.906;

ete ptp 3 identifiable tracks;

at least 1 p: 135° > 8, > 45°;
minimom M,.. > 1 GeV/e2.

four-track | 4 charge tracks |cos 8] < 0.906;

eteete > 3 idenlifiable tracks;

el least 2 e : 135° > 4, > 45°;
minimum M,, > 1 GeV/c?

three-irack || 3 charge tracks |cos 8] < 0.906;
ete—ete~ 3 identifiable tracks;

at least 1 e : 135° > 6, > 45°;
minimum M, > 1 GeV/c%.

Table 3.1: Summary of the seleclion cuts for the four-lepton events.

of the evenis will be discussed in detail and compared with theorelical expectations
in Chapter 5.

3.6 Backgrounds

To check the effectiveness of the selection criieria for eliminating the beckground
processes such as ete~ — gg — hadrons, ete™ — ete gy, etem — THr~ and
ete” — ete r*r~, similar criteria are applied to the delector-simulated events.
For the ete™ — gg — hadrons and ete™ -+ T+7~ events, we used the samples
prepared for different measurements [20] [21]. The ete™ —» e*e~rt7~ eveats
are generated by the Vermaseren program with a p > 0.3 GeV/c? cut. Although
Vermaseren program only includes the multiperiplieral and bremsstrablung dia-
grams, it is sufficient for the ete r+r~ study because ihe contribution from ihe
conversion and annihilation are at least 4 orders of magnitude smaller than the
multiperipheral for the same kinemnatic regions. The number of background evenls

generated are equivalent to an integraled luminosity of 2d4pb=? for the hadronic
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V3(GeV) 5052 [ 54 | 55-57 | 57.25-59.5 | 60-61.4 | Total
Integrated 4.62 0.54 | 14.65 2.57 11.36 33.714
luminesity(pb~!) || £0.04 | £0.02 | +0.08 +0.03 +0.06 | £0.11
Event type:
ete ptu 2 3 2 7
etptp 2 1 2 5
e ptp” 2 6 2 10
ete pt 1 1
ete p~
etevet 1 3 2 6
ete e 7 ' 10
ete ete 1 1

Table 3.2: Number of events vs center-of-mass energy

generated are equivalent io an integrated luminosity of 244pb~! for the hadronic
events, 500pb~" for the £+~ events, and 383pb! for the ete"71 7™ evenls.

The effects of the cuts on the background event sample are summarized in
Table 3.3. Most of the background evenis are cut away by Lhe data filler used in the
3 stages of selection for the real data. Those remaining are effectively removed by
the kinematic filting requiremeni. Because of the missing momentum and energy
in tile Tt~ and ete~r*r™ events, they tend to result in poor guality kinemalic
fits. Figure 3.5 shows that the x* distribution for the four-track ete”p*p~ events
peaks at much smaller values than that for r+7~ events. By applying 2 cut at
x® = 100, the event pumber is reduced to the same as thai for the QED four-
track ete~p* i~ event. Nome of these remaining evenis pass the electron/muon
requirements (see Table 3.1 for the real data). For the ete"r¥7r~ background, the
x? cut alone is enough Lo keep it to essentially zero.

On the other hand, cuts on x? alone are not enovgh Lo reduce the background
for the three-track event to negligible level while maintaining the sensitivity for
the real events. Here, we further require thal the polar angle of the missing
momentum(fy,,) returned from the fitting procedure point outside of the ellective
deteciion region, i.e. 8\, < 25°. With this requirement, background from these
processes is at the 10% level. This is demonstrated by Fig 3.6, which shows a

scaller-plot of x? vs 8,,,, for signal and background events.

52
Original Data | Kinematic e, p # Expecled
# events filter | Fitting | requirement* | at 33.8pb~*
four-track ]
99 36653(244pb~1) | 93 0 0 0
Tk 20000(500pb~1) | 2331 33 0 ]
ete s~ 70000(383pb_1) 97 0 0 0
three-track
99 36653(244pb~1) | 28 2 0 0
rtr- || 20000{500pb~1) | 774 11 2[1} 0.1[0.1]
ete-r+r- || 70000(383pb~1) | 114 34 9[4) 0.8[0.4)

Table 3.3: Effect of data selection cuts on backgrounds event. Numbers in paren-
theses are the integrated luminosity of the amount of background events generaled
and the numbers in square brackels refer to ithe background events passing the
ete~utp- seleclion. * Similar momentum and angular requirements for e and p
as listed in table 3.1.
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Figure 3.5: Comparison of the ¥? distribution from kinematic fils to sitnulated
four-track e*e~ptp(solid line) and r+r~(dashed line) events . The cut value of
x* < 100 is indicaled by an arrow.
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Figure 3.6: Scatterplot of kinemaltic fitting x® vs 8,,.;,. for the events with 3 CDC
tracks. (a) Simulated 7+~ events; (b) simulated ete p*p~ events. The cul
regions are indicated by ihe dashed lines.
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real data. Events with 3 charged tracks are required to have at least one elec-
tron or one muon with § > 45° from the beam axis and p > 2.5 GeV/c. An
additional electron track is required to be within the same angular range for the
events with 4 tracks. The minimum e*e™ invariant mass cut is also applied for 1he
ete"ete” background study. This is done by assuming that all the charged iracks
are eleciron. The last set of requirements virtually eliminates the backgrounds
from ihe four-irack ete~ete~, ete ptp~ event samples. The background for the
three-track e¥e~ete™, ete g+ pu~ are reduced to the few percent level.

We also investigated the probable contamination from ete™ — ete g7 evenls
by looking at & smaller sample of evenis (luminosity ~ 5.5pb~!) generated by
Vermaseren program with Lund 6.3 fragmentation algorithm [23]. None of the
events pessed the date filter. A similar study by Petradza [37] also shows that the
contamination from the ete~ — e*e~gg lo the four-track events are negligible.
Therefore, we are confident thal the AMY dala sample are quite clean and they

should be good representation of the four-lepton events.
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Chapter 4

Theoretical Calculation

4.1 Calculation of the Four-lepton Processes

4.1.1 The Monte Carlo programs

Three independent programs, written by Vermaseren [24], Berend, Daverveldt and
Kleiss [27], and Kuroda [28], are used lo caleulate the cross sections for the four-
leptor processes and generate events. The results from the different calculations

are nsed as a cross check and to compare with the experimenial data.

Vermaseren and Kuroda programs

Vermaseren’s program is widely used. It was the fisst program to calculate the
four-leplon cross section using Vegas [25], an adaplive Monte Carlo integralion
routine that automatically concentrates the evaluations in the regions where the
integrand magnitude is large. In evaluaiing the cross section, it achieves numerical
stability by changing the inlegration variables so as to avoid the numerous poles
that occur in the integrand. The results are quite accurate under most experimen-
tal conditions. However, since the program only calculates the multiperipheral and
bremssirahlung groups and their mutual interference, it is adequate only when the
contribution from the other processes can be safely ignored. Such a situation is true
in Lthe case of untagged events. In the case of tagged evenls, where three or all final
state parlicles are observed at large opening angles(8), il is nol a-priori reasonable

to neglect the efiects of the annihilation and conversion groups. To evaluate Lhe
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coniribution to the e¥e~ptu~ process from these two groups, we used the Kuroda
program. This program calculates the combined cross seclion of these latier two
groups including the effects of their interference. It uses an approach that is similar
to that of Vermaseren for achieving numerical stabilily. The integration and event

generalion are performed by means of the programs Bases&Spring [29).

The Berend, Daverveldt, and Kleiss programs

The resulis from the Lwo above mentioned calculations are then compared with
those detived from the BDK program, which includes a full evaluation of all four
groups of diagrams, including Lheir interference. BDK uses an approach lor eval-
ualing the cross seclions and, thus, differs from Lhe approach of Vermaseren and
Kuroda. First of all, the events are generated in each of the groups according
io approximale expressions for diflerential cross sections that can be integrated
analylically. The interference terms among the diagrams within the groups are ac-
counted for by assigning the generated event a weighting factor(W) that is equal
to the ratio of the exact differential cross section{de)} Lo the approximaie one {do"),
ie. W= % At a Jater stage, this W is multiplied by another factor X to form
a final weight(#T). The factor X includes the interference among the four groups

of Feynman graphs and is delermined by
2

X= I}?\Zlﬁll’ (4.10)
where M;’s is the matrix element for each of the Feynman graph groups. The sig-
nificance of the generated evenl is then determined. Events that fail the kinematic
selection requirements simply have their weight W set to zero. In the end, the
final weight{FT') is compared with a random number that is generaled within the
boundary of an estimated maximum weight value to delermine whether the event
will be accepied as an unweighted event. The exact cross seclion for each group
is simply its average weight multiplied by ils approximaie cross section. Similarly,
the tolal exact cross section is just the product of the average final weight{ ¥FT)
and the lotal approximate cross seclion, which, in turn, is just the sum of the

approximate cross sections of the four groups of Feynman graphs:

o =< FT > (d:nul!ipcﬂ'phtral‘ + Ui'vremulmMuny + a::anu:uim + ol:nnl'ﬁiluﬂnn)' (4] ])
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In the actual calculation, the approximate cross sections contain 2 sets of tuning
perameters for maximizing the program efficiency. Such a method gives accurate
results efficiently if the approximate equations have peaking structures that are
similar to those of the actual integrands. There are in total three versions of
the programs for the four-leplon studies, specialized for the untagged [30}, single-
tag [31], end double-tag experimental conditions. For the last case we use the latest
version that was specially modified for the double-tag condition by R. Kleiss. It
includes the effect of Z° exchange and is corrently being used in CERN by J. Hil-
gart. Although the calculations are complete, the programs are not very eflicient
for generating unweighted events in the region of phase space being studied in
this experiment, In addition, in the evaluation of the bremsstrahlung group of
diagrams, the BDK program for single-tag (three-track) evenis generates muon
pairs from the positron line only. The authors instruct the users to symmetrize
the final results ‘by hand’. Such a built-in symmetry is not appropriate for study-
ing possible experimental asymmetries atising from the interference between the
different groups of diagrams. Therefore, we can only use the program {o evaluale
the individual and total cross sections from which we can deduce the significant of
interference, bul not for detailed comparison of parlicle asyminetries. The situa-
tion is worse for the ete~ete~ events where no program exists for the single-tag
case and the calculation for double-iag events is extremely slow. Therefore, we
setile for less accurate results from BDK as a check on the Vermaseren program,

which we use to compare {0 our resulls.

4.1.2 Resnlt of the calculation

The calculation and event generation are first performed using looser seleclion
criteria than those that are applied to the experimental data. This allows room
for smeating effecls due o deleclor resolution. Because the Monte Cazlo programs
were wrilten by different authors and each uses different methods for epplying
kinematic constraints, making direct comparisons of their resulis is difficult. In
order to make a meuningful comparison, tighter kinematic cuts are subscquently

applied 1o the events generated by the three programs. Table 4.1 gives a summary

three-track four-track three-track four-track
ete ptp~ ete ptp- ete“ete” ete—ete
BDK only 3 tracks all tracks all tracks
|cos 8| < .94; | |cosf| <.94; |cos 6] < .9¢;
r2.3 r2.3 P2.3;
M, > .5; M. > .5 M. > .5
at least 1 p at least 1 ¢
{cosf) <.73; | |cosf| <.73; .
Verma- [} only 3 tracks all tracks only 3 tracks all tracks
seren lcos 8| < .94; | [cosf| < .94; | |cosf] < .96; | |cos8] < .96;
r2.3 p=.3 p2.3 P=.3
at least 1 p el Jeast 1 p at least 1 e st least 1 ¢
|eos8| £.73; | |cosf| £.73; | |cos 8| £.73; | |cosf] < .73;
Mz: pd -1; Mu 2 15
Kuroda | cos 8,| < .95;
| cos 8, < .95;
2.3
Uniform || only 3 tracks all tracks only 3 tracks all tracks
Culs |[cos 8| < .91; | |cos 8] < .91; | |cosf| < .91; | |cosd| < .91;
P2l pe 2 .5 p21 P21
at Jeast 1 ¢ | atleast 1 e at least 1 e al leasi 2
|cos 8| < .71 | |cos 8| < .71 | |cosB,| < .71; | {cos8,| < .T1;
+p. 2 2.5; +p. > 2.5; +pe = 2.5;
M. 2 1; M 2 1; M. >1; M.z

68

Table 4.1: Kinematic constrainis and cuts epplied to the Monte Carlo calcnlations.

M, = ete” invariant mass in GeV/c*, p = momentum (GeV/c) of the particle.

of the cuts.

Table 4.2 and Table 4.3 list the cross sections for the four-leplon processes
calculated by BDK program and Vermaseren program respectively. 14 shonld be
noted that the BDK single-tag program requires the angle of the electron to be less
than the angle of the positron, calculated results have to be suitably symmetrized.
Thus, the listed cross section for the single-lag et e~ p*u~ events has been multi-
plied by a factor of 2. Also, the sitnation where boith ete™ ave at large opening
angles and the missing track is a s has not been propesly taken into accouni. But
such case are eslimaied to occur less than 3% of the {ime and, therefore, do not

significantly affect the result.

The resulls of all the calenlations show reasonable sgreement. A direct com-
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Cross Multi- Brems- Anni- Con- Total
Section(pb) || peripheral | strahlung | hilation | version
four-track 0.0203 0.1633 0.0087 0.0120 0.1831
ete ptpy +0.0004 | +0.0013 | +0.0002 | +0.0003 | +0.0013
(1137) | (1763) | (a19) | (632) | (9951)
three-irack 1.4615 0.2938 0.0011 0.0040 | 1.7521
ete ptu~ +0.0119 | +0.0066 | £0.0003 { +0.0004 | +0.0147
(4716) | (989) (2) (0) | (5717)
four-track 0.02585 0.1365 0.0027 0.0052 0.1497
e+_e‘e+e‘ +0.0012 | +0.0018 | +0.0003 | £0.0005 |} +0.0022
(293) (1689) (35) (75) || (2092)

Table 4.2: Cross sections for the four-lepton processes calculated by the programs
of Berend et al. The total cross section includes the interferences among all groups.
Figures in parentheses are the number of unweighted events generated.,

Cross Seclion(pb) Multiperipheral | Bremsstrahlung Total

four-track ete-ptpu~ | 0.0200 +.0004 | 0.1631 +.0010 || 0.1808 +.0016(30000)

three-track ete~ptpu~

1.4848 +.0255

0.3023 £.01056

1.7691 -+.0090{30000)

four-track ete"ete™

0.0444 1+.0002

0.1836 +.0004

0.2286 +.0006{10000)

three-track ete"ete~

2.9510 +.1101

0.7392 +.0292

3.7953 £.0581{20000)

Table 4.3: Cross sections for the four-lepton processes calculated by Ver-
maseren program. Figures in parentheses are numbers of events generated. The
Bremssirahlung resull are actually the diflerence of the matrix elements square of

the 6 diagrams and the the multiperipheral diagrams.

G0

parison can be made between the Vermaseren and BDK resulis for the ete
events, since they are calculated under similar kinematic conditions. The agree-
ment between the bremssirahlung and multiperipheral groups are very good. To
check the calculations of the conversion and annihilation groups for the four-track
ete-ptp~ events, the same kinemalic seleclion requirements used in the BDK
program are applied to Kuroda calculation. The cross section for ihis cendition is
0.0193 pb, in reasonable agreement with the combined cross section (0.0207 ph)
for the same groups calculated by BDK program. However, the combined cross
section of Vermaseren and Kuroda, as well as the sum of individual cross seclions
calculated by BDK, is grealer than the tolal cross seclion listed in Table 4.2 by
roughly 15%. This is due to destructive inlerference between the multiperipheral
and bremsstrahlung groups with the conversion and annihilation groups, which is
not handled properly for the Vermaseren/Kureda case. The effect of destruclive
inlerference is also apparent in the calculation for the four-irack ete”ete™ eveuls.

The total cross seclions from the different programs are summarized in Ta-
ble 4.4. Since the programs are writien independently, their resulls provide a good
cheek against errors in the compuler programs; their consistency substantiates the
reliability of the calculations. In the following sections, we describe the properlies

of the different groups based on the resulls of these calculations.

4.2 Properties of the Four-lepton Processes

As mentioned in Chapler 1, the Feynman diagrams for the four-leplon processcs
can be divided inlo multiperipheral, bremsstrahlung, annihilation and conversion
groups. Each group has different kinematic characleristics and their contributions
depend on the region of phase space covered by an experiment. Of course, what
is actually measured is the sum of all the contributing diagrams and their mu-
tual inlerference, and we actually can not precisely link a particular event to a
particular group. But each group has different general characieristics so observed
events can indicate the dominance of a particular group or the effect of interference
among cerlain groups. Therefore, it is insiructive to have a good idea of how each

group behaves as a guide toward the understanding of the events observed in the
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Type of Monte Carlo | Original o After
evenis Program o (pb) | uniform cuts(pb)
four-track | Berends et al. | 0.1831 0.0733
ete-ptp~ +0.0013 +0.0008
Vermaseren 0.1808 0.0723
+0.0016 +0.0010
Kuroda 0.0750 0.0106
. +0.0003 +0.0001
three-track | Berends et al. | 1.7521 0.6549
ete ptpu- 40.0147 +0.0030
Vermaseren 1.7691 0.6635 -
+0.0090 +0.0055
four-track || Berends et al. | 0.1497 0.0467
eteete” +0.0022 +0.0012
Vermaseren 0.2286 0.0482
+0.0006 +0.0003
three-track | Vermaseren 3.7953 0.6718
ete—ete +0.0581 +0.0244

Table 4.4: Summary of the total cross sections oblained from diflerent programs.
experiment.

4.2.1 Muliiperipheral group

In general, the multiperipheral group dominates. Its total cross seclioni is of order
100 nb at /s = 30 GeV, while that for the bremsstrahlung group is two orders of
magnitude smaller [32]. The main characteristic of this group is that both of the
pholons are in the t-channel. This gives the group a large production cross section
for small values of the momentium transfer(Q?). Both photons lend to align with
the incident colliding electrons. Furthermore, in the yv center-of-mass system the
diflerentiial annihilation cross section looks like
da{py — ﬁ) - 1+ cos?é
dcosf# T 1-—cos?f’

and, thus, the lepton pair (I*{~) is strongly peaked along the photon direction. As

(4.12)

& resull, only small fraction of the lotal cross section is within the acceptance of
a typical experiment. The above equation also specifies that the angular distribu-

tion of the produced leplon pairs should be symmetric in the forward-backward
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direction with respect to the incoming electron. The small opening angles of the
outgoing ete™ make il very difficull to detect all the final state particles and usu-
ally only the produced lepton pair are observed. In this case, the visible cross
section roughly increases with ln s. However, if one of the outgoing elecirens in
ete utu~ events is reqguired to be seen al sowe relatively large angle, the cross
section will vary as ?, aclually decreasing with increasing beam energies [24).
Figure 4.1 show the #-angle distribulions of Lthe final state leptons for the four-
track ete putp~ process. The muon forward-backward symmelry and the tendency
for the parlicles coming out at small angles are quite clear. Because the mass of
the virtual photon increases with @2, requiring one or two of the oulgoing electron
detected at large angle will generally resull in a lepton pair of large invariant mass.

Figure 4.2 show the invariant mass distribution of the produced lepion pair for the

cases where one or both of the electrons are sbove 20 degrees.

4.2.2 Bremsstrahlung group

Although the bremsstrahlung group is the second-most impoertanti group for four-
lepton processes, its contribution to the cross seciion is usually much smaller than
that of the multiperipheral groui:. The contribution from this group is significant
only in those regions of phase space where the contribution from the multiperiph-
eral group is very small, as is the case for the ihree-track and four-track ete~ete™,
ete p¥p~ events. Both the BDK and Vermasecren programs indicale that the con-
tribution to the ete~ptp~ visible total cross section from this group is about 15%
if one requires 3 charged tracks within the accepiance of AMY detector. 1t is ihe
dominani contributor (80 to 90% of the lotal cross section) of the four-track events
(Table 4.2). The calculations for the e*e~e*e™ processes also display a similar re-
lationship between the multiperipheral and bremssirahlung groups (Table 4.3).
Similar to the multiperipheral group, the outgoing e*e~ from the bremsstrahlung
group have small opening angle (Fig. 4.4) due to the its single photon exchange
nature. Here the two-leplon system has charge parity ' = —1 as opposed to ithe
C = +1 of leplon pairs from the mullipenpheral process. Because the leptons

are pair produced by the virtual phoion radiated from one ol the incident elec-
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Figure 4.1: Distributions of the opening angles of the outgoing lepions {rom the
multiperipheral group for the four-track ete~ptp~ events. These resulls are de-
termined using the Vermaseren program.
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Figure 4.2: Invariant mass of the produced lepton pair for the three-lrack events
where one electron is required to be > 20° (a); and the four-track events where
both electrons are > 20° (b). These results are determined using the Vermaseren

program.
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Figure 4.3: Comparison of p*u~ juvariant mass distributions of the multiperiph-
eral group (dashes line} and bremsstrahlung group (solid line) for the four-track
ete~ptp~ events. These resulis are delermined using the Vermaseren program.

tron/positron lines, they tend to collimate with either the oulgoing elecizon or
positron and have a smaller invariant mass(M) distribution than those from the
multiperipheral group. This is illustrated in Fig. 4.3 for the four-track ete ptp-
events.

Since the produced lepton pair should come from the eleciron or posiiron line
with equal probability, the angular distribution of the leptons, though highly cor-

related, should be symmetric in the forward-beckward direciion Fig. 4.4.

4.2.3 Annihilation group

The annihilation group involves the exchange of  virtual photon in the s-channel
between the incoming electron pair and the outgoing lepton pair, in conlrast to
the i-channel exchange of the bremsstrahlung group. For this reason, their 6-
angle distributions are less peaked in the ete™ beam direction (Fig. 4.5), and the
cross seclion varies as ~1/s. However, because the produced lepions pair are
crealed by the same mechanism, they have similar characterisiics as those of the

bremsstrahlung group.

do/dg (107* pb/deg)

do/d6 (107* pb/deg)
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bremsstrahlung group for the four-track e*e-p*p~ events. These resulis are de-
iermined using the Vermaseren program.
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Figure 4.6: ptp- invariant mass distribution of the arnihilation group for the
four-track ete—ptpu~ events. These resulls are determined using Lhe double tagging
program of Berend et al.

Putting all of these together, one can see that, even though the annihilalion
group contribules relatively little to the untagged events, il cannol be readily
neglecied in large-angle tagged events where the phase space is unfavorable for the
multiperipheral and bremsstrah]-ung groups. Thé resulis in Table 4.2 indicate that,
while its contribution to AMY’s three-track evenis is slill less than one percent,
it is roughly one half that of the multiperipheral group for the four-track events.
Another point worth noting is that since {he outgoing leplons come from the same
verlex, they can be either ete™, ptu~, v*r~, or quark-antiquark pair. Thus, in
addition Lo events of the type ete~ete™, eteptp~, ete~r*r~ and etegg, they
can also produce events of the type ptp—ptp~, ptp~r+r-, etc. Because one of
the vertices is associaled with the photon originating from the annihilation of the
incident e*e™, the invariani mass of the oulgoing pair can be as large as /5. This
resulls in a small bump around M,+,- = /5 in the invariani mass distribution of

the gt u— pair(Fig. 4.6).
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Figure 4.7: p'p~ invariant mass distribution of the conversion group for the
four-track ete"ptp~ events. These results are delermined using the double tag-
ging program of Berend et al.

4.2.4 Conversion group

The conversion group is characterized by the production of two lime-like virtual
photons, which can convert into any ete”,utu~,7+7~ and quarks pairs. This
favors the production of low invariant mass leptons pair{Fig. 4.7). However, a
peak also appears around /5 in the ete™ invariant mass distribution and, with a
smaller magnilude, in the gt u~ distribution.

All the charged tracks are equally likely to go forward or backward relative
to the e~ beam direction, and a sizable proporiion have large opening angles
(Fig. 4.8). Therefore, this group makes & nontrivial contribulion to ihe large
angular tagged evenis. Its contribution to the AMY three-track and four-track
ete~p*u~ event samples is roughly 1.5 1o 3 times bigger than that of the annihi-

lation group.

4.2.5 Summary

Referring to Fig. 4.9, the calculated differential cross sections for the three-track

ete putp~ events from the Vermaseren and BDK programs agree quite well over

do/d@ (107* pb/deg)

do/d6 (107* pb/deg)
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Figure 4.9: Companison of ptpu~ invariant mass distributions from Vermaseren
(solid line) and BDK (dashed line) programs for three-track ete p*p~ evenls.

the entire range of p*p~ invariant mass. The differences between their resulling
cross sections, listed in Table 4.4, is within the statistical error of the calculation.

Thus, it is reasonable to neglect ihe conversion and annihilation coniributions
in the study of three-track evenis. The multiperipheral group dominates, while
the contribution from the bremsstrahlung group is small, but significant. In the
case of the four-track events, bremssirahlung becomes Lthe dominant process and
the multiperipheral’s contribution reduces to the level of that from 1he conversion
group.

Referring to Tables 4.2 and 4.3, one can see that the individual cross sections
from the diflereni contributing groups vaties widely. For each set of kinematic
requirements, the eflect of the dominant group is almost an order of magnitude
larger than that of the next most significant group. Thus, the interlerence be-
tween the different groups, which must be less than the geometric mean of their
malrix elements, will be smaller than the cross seclion due to the dominant group
alone, The lotal cross sections therefore are quile close to the algebraic sum of
the individual conttibulions, as indicated in the {ables. This also means that the
kinematic distributions of the ete"ete™, ete~p*p~ processes reflect mainly the

characieristics of Lhe dominant group of diagrams. Figure 4.10 shows the calcula-
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Figure 4.10: Comparison of the u*p~ invariant mass distributions with interference
(FT weighted) and without interference (X weighted) for four-track ete ptp”
events. See text for the definitions of FT and X.
tion of the differential cross section for the four-track ete~pu*p~ process with and
without interference between groups included. The interference eflects decrease the
differential cross section, especially at region of low p*p~ invariant mass where the
value is reduced by about 12%. However, the distribution still reflects the general
characteristics of the bremsstrahlung group.

Due to opposite charge conjugation, the interference between the multiperiph-
eral and the other groups may produce a charge asymmelry of the produced lep-

tons [36] [27]. The charge asymmetry(A} for muon can be defined as:

+ - + -
_ Nb':zd:ward + N;‘nrwdl'd - N;‘orwurd' - N-:kward (4 ]3)
- - + - ? M
Nb‘:z:l:wnrd + N;oﬂm:rd + N,jf‘urwnrd + Nbpnchward

where N indicates the number of pt in the forward/backward hemisphere wilh

A

respect to the electron beam. From the four-track ete ptp~ calculation, il is
found to be statistically consistent with zero asymmetry(1.2 & 2.1%). For the
three-track e*e~putp~, the resull from Vermaseren program gives an muon charge
asymmetry of 4.541.0%. In the case of muon polar angle distribution regardless of

charge, all the results show a symmetric distribuiion in the forward and backward

direction.



Cross Original After
Section(pb) selection culs
four-track
ete"ptp~ || 0.183140.0013 | 0.057340.0007
ete"ete™ || 0.149740.0022 | 0.04021+0.0011*
three-track
eteptp || 1.769120.0090 | 0.4856-0.0047
ete~ete” | 3.7953+0.0581 | 0.4638+40.0203
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Table 4.5: List of the cross sections for the four-lepton processes. All the errors
are statistical. * The four-track ete~e*e~ cross section after Lhe selection cuts is
estimated assuming similer selection efficiency as the four-irack ete ptp~ events.

4.3 Detector Simulation

To account for the finite resolution of the detector, 2 computer algorithm that
simulates the various responses of the AMY detector is applied to events generated
by the Vermaseren, BDK, and Kuroda programs. Because the analysis is primarily
based on the reconstruction of charge tracks, a “full simulation’ is done only for the
CDC and ITC components of the detector in order to economize the computing
effort. Such ‘simulated’ events are then subjected to the same reconstruction and
selection progress that are used for the actual data and discvssed in Chapler 3,
except in particle identification. To study the seleclion efficiency with the muon
identification requirement, a sample of untagged e*e~ptp~ events observed in
AMY deteclor are used [33]. The identification efficiency for muon tracks belween
45° and 135° with p > 3.0 GeV/c is 85.6%. Since we typically have two muons
in each event and require the positive identification of only cne, the overall muon
identification efficiency is 97%. The selection efficiency with electron ideniification
on {he shower counter is estimaled 1o be very close to 100% and no correction is
applied to the ete~ete~ cross seclions.

The results of the seleciion cuts for the different processes are summarized in

Table 4.5.
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Chapter 5

Conclusion

5.1 Comparison of AMY data and theoretical calculation

The numbers of three-track and four-track ete™ — ete~ete,ete uvpu~ evenls
observed in AMY detector during the /s = 50—61.4 GeV runs are compared wilh
the QED calculations, normalized to the same luminosity, in Table 5.1.

Except for the four-track ete~ptp—, the observed number of events are in
general agreement with the QED calculation. 7

Various kinematic distributions of the three-irack everis are shown.in Pigs.
$.1-5.2. The distributions are normalized to the number of events at the luminos-
ity of 33.74 pb~'. The observed events generally have large ut = or e*e~ invariant
masses and large particles transverse momenta in agreement with the QED calcu-
lation. The distributions of @?/s, which is defined as p, sin*(% )/ Epearm, also agree

with the QED resulis. In the three-track ete~p* u~ sample, while 1here is no clear

Event type || Observed by AMY | QED Calculation
three-track

ete ptp 16 16.4 + 0.2
ete ete 16 156 £ 0.7
four-track

ete~utp~ 7 1.53 £ 0.02
ete"ete 1 1.36 + 0.04

Table 5.1: Number of events observed in AMY as compared with the QED caleu-
lation at integrated luminosity of 33.74 pb-'.
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muon charge asymmetry as defined in Chepter 4, there is some asymmetry on
the polar angle distribution of muons, as opposed to the symmetric distribution
expected from QED (Fig. 5.1.c). On the other hand, although the polar angle
distributions of electron/positron display asymmetries similar to the QED distri-
butions, there are more e~ p*p~ (10) events then etptp (5) events. Nevertheless,
all of these effects are within the limits of statistical uncertainty.

Fig. 5.3 shows the minimnm e*e~ invariant mass distribution for the 4-irack
ete~ete™ events, where we have included those events that failed the M...- =
1.0 GeV/c? selection requirement; of the 16 events in the plot, 15 fail this re-
quirement. Based on the photon conversion probability of 3% (c.f. Chapter 3)
and the number of radiative Bhabha events observed in AMY [35], the expected
background from the radiative Bhabha process is 12 events. The single remaining
event with M.+.— > 1.0 GeV/e? is consistent with the QED expectation of 1.36
events.

On the other hand, the disagreement between the QED calculations and the
observed number four-track ete~ptp~ events appears to be more than just a
statistical fluctuation. Using Poisson statistics for the number of events involved,
the probability that T events or more are observed when 1.9 are expected is 0.34%.
The excess is concentrated at very low u+p~ invariant masses; 5 events have M,,,, <
1 GeV/c? (Fig. 5.4) where 0.73 events are expected, Other than the excess in rate,
the general characteristics of the events are similar to that expected for ordinary
QED four-lepton processes (Fig. 5.5.a-d); the scattered e*, e~ display the polar
angle asymmetry that is characteristic of the four-lepton processes (Fig. 5.6.a,b).
However, the ¥, p~ exhibit a peculiar distribution in polar angles as shown
in Fig. 5.7. Of the 14 observed p* tracks, only 1 is in the hemisphere of the
incident e~ beam direction, while 13 are in the opposite hemisphere. A betier
definition will be A’ = %%m which will give the asymmetry value A’ =
—85.7 &+ 32.0%. Realizing that the muons come in low-mass pairs and thus are
correlated in direction, one finds & probability that such an asymmelric distribution
happens by statistical chance is at the 2% level.

The measured values of the kinematic variables of the particles for the four-
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Figure 5.1: Kinematic Distributions of the three-track e*e™p*u~ events observed
in AMY detector.
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Figure 5.3: Minimum invariant mass of et e~ pair of the four-track ete~ete~ events

observed in AMY detector.
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track ete~p* p~ evenis are listed in Table 5.2, and their kinematically fitted values
are listed in Table 5.3. Computer generated graphic displays of Lhese evenis are
shown in Appendix A (Figs. A4 to A.10).
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5.2 Discussiou

As pointed out in the previous chapter, the agreement among the results [rom
the different programs, in addition to ruling out the probability of an error in the
computing processes, strongly support the reliability of the QEID calculation. The
observed data for the three-track ete~ete™, ete ptp~ and four-track ete ¢'e”
samples show good agreement with QED. Only the four-track ete~ptp~ data
sample has a statistically significant deviation. As discussed in Chapier 3, the
even! selection criteria effectively reduced the total backgrounds for the three-
track events to less than 5%, and to virtually zero for the four-irack ete p*p-
events. One may dilule the statistical significance of the observed asymmetry by
combining the four-irack and three-track ete~utp~ data together. But the three-
track and four-track evenis are each dominated by two distinct processes with
opposile charge conjugation and this categorization is a natural one 1o usc for 1his
study.

Due to the AMY dete(;tor’s compact size, the probability of misidentification
due to ihe decays-in-flight of #* and K* mesons is only ~ 1.3%/p{GeV/c} for =
mesons and ~ 6%/p(GeV/c) for K mesons. In light of the small number (~ ) of
tagged ete"hTh™ events (h = hadron), selecled under less restrictive criteria, the
backgrounds due to mesen misidentification cannot be significant. Moreover, 5 out
of the 7 four-track ete~ gt~ events have both muons positively identified. Thus,
it is extremely unlikely ihatl ihe observed excess is due to mesons decay-in-flight.

A possibility exists that the disagreemeni is due lo the inaccurate evajuation
of bremsstrahlung diagrams at small g u~ invariant mass. One may check this by
comparing to the observed number of e*e™ — ete hth~ events, where we assume
the hadrons to be pions. The bremsstrahlung cross seclions for the ete~p*p~ and
ete™ — ete~wta~ differ only in time-like photon exchange term, thus we cun
calculale the ratio(R) of ete”ptpu~ to ete wtr= cross sections by comparing the
ete” — ptp~ and ete” — wtn cross sections:

R = wo(ete™ — ptu”)

glete — w3m-)

a8 2 514
jmm(a)] wds (5.14)



EVENT # | ID | p(GeV /c) | B(deg) | d(deg) | M,ﬂr(GeV/cQI
R2B1LELDIA || 1 | e 334 54.34 | 287.71 r_ 021
2 p- 48 132.32 | 109.94
V3=50GeV ] 3 | et 148 | 123.94 | 105.62
4| pt 7.0 132.25 | 109.96
R3157 E630 || 1 | et 6.6 136.98 | 10.79 087 |
2| e 20.7 68.48 | 194.45
Va=52GevV | 3| pt 7.7 98.86 | 15.98
4|lp- | 181 |10294( 1596
R5024 E19906 || 1 | e 337 48.12 | 208.39 032
2| et 140 | 14422 373
VE=56Gev Il 3 |p- 8.9 116.78 | 43.39
L 4 | pt 45 114.96 | 44.57
R5042 6832 || 1 | e 25.8 55.11 | 120.93 1.22
2 | 3.0 125.64 | 293.18
Vi=56GeV | 3 pt 21.8 121.04 | 301.45
4| et 1.1 145.80 | 312.15
R5675 E67 | 1 [ pt 8.7 | 137.29] 241.09 0.37
2| p- 3.1 134.16 | 242.85
V3=56GeV [ 3| et 19.8 | 104.8% | 1B6.57
4| e 18.4 61.04 | 23.18 ]
R6085 E2268 || & | et 208 23.02 | 169.17 9.07
2| e 34.6 08.36 | 346.89
V3=60GeV [ 3 [pt 4.2 01.44 | 193.35
| 4 | - 5.0 87.90 | 31.10
R7144 B4172 || 1 [ ot 5.7 134,07 | 355.44 028
2| e 21.1 84.01 | 111.24
VE=608GeV || 3 | 1.9 133.71 | 358.99
4| et 26.5 87.36 | 278.71

Table 5.2: Measured values of the kinematic variables for the four-track gte gt~

events,
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EVENT # | 1D | p(GeV/c) | 8(deg) | H(deg) [ Q% GeV7)
R2811 E1014 1|e 25.0 52.78 | 287.49 4931
V3 = 50GeV 2| p 4.7 132.20 | 109.96
X! =411 3| et 13.7 123.13 | 105.67 311.0
M- =021GeV/c* | 4 | pt 6.6 132.07 { 110.00
R3157 E630 1| ef 6.9 136.99 | 10.74 92.2
V3 = 52GeV 2| e 25.5 68.99 | 194.79 851.0
x? =382 3| pt 7.6 99.05 | 15.85
My~ =085CeV/ct || 4 | p- 12.0 103.98 | 15.74
R5024 E1996 1] e 271 48.19 | 20834 505.0
V3 = 56GeV 2| et 14.3 144.26 | 3.76 151.1
x? =119 3| p 9.9 116.82 | 43.42
My, =033GeV/c? | 4 ] p* 46 115.01 | 44.59
R5042 E6832 1]e 27.9 56.30 | 120.92 | 696.4
V3 = 56GeV 2 | p- 3.0 125.82 | 293.18
x? = 48.6 3| pt 23.8 122.26 | 301.48
My, =120CeV/c? || 4 | et 1.2 145.84 | 312.17 11.9
R5675 E67 s 8.7 137.25 | 241.99
/3 = 56CGeV 2 | p 3.1 134.14 | 242.85
x? =382 3] et 18.5 104.48 | 186.59 788.8
Moo =037GeV/c2 | 4 | e 26.8 60.74 | 23.15 781.6
R6085 E2268 1] et 25.3 82.60 | 169.35 | 1324.1
V3 = 60GeV 2 |e 25.9 97.41 | 346.61 | 13554
x? = 38.6 3| ut 4.3 91.27 | 193.37
M, =8.62CGeV/ct || 4 | p- 46 87.75 | 31.06
R7144 E4172 L[ g+ 6.1 133.91 [ 355.44
/3 = 60.8GeV 2| e 27.4 82.44 | 11088 | 14465
x? = 66.0 3| u 1.9 133.66 | 358.99
My, =0.29GeV/c? | 4 | et 25.4 8550 | 278.88 | 14242

Table 5.3: Fitted values of the kinematic variables for the four-track ete= ptp~
events,
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dglcfg—_,e+e—”+"—1
dM -
S / rr—te o S(Mury- — a)dM,ep i (5.15)
aM whp—

where # = pion velocity = /1 — ‘—'f;, and F,(s) is the pion form faclor al cenier-
of-mass energy(s). We restrict our comparison to the invariant mass < 1 GeV/c?,

where the excess number of p*u~ events is found, and where the #ta~ sysiem
is dominated by the well known p(770 MeV) meson. Using the pion {orm factor
as paramelerized by Gounaris and Sakuorai [36] in the integration, we evaluate
R over the s = 0 — 1 GeV? region lo be R= 1.41, which indicates that more
ete~x 7~ events are expecled in the low mass region than ete~p*pu~ evenls. A
similar comparison can be done in the case that the hadrons are kaons, Ilere,
however, the ¢(1020 MeV) meson resonance, which dominaies kaon production,
has a very narrow width (4.22 MeV), and does nol make a significant contributiou
to the ete h*th™ cross section. Using the ete~ptpu~ selection requirements with
the muon identification reversed, we find no four-track ete~A+A~ event candidates,
consistent with the QED prediclion.

Similar analyses have been done by other ete~ collider experiments in Pe-
tra [4] and PEP. However, those studies had either a minimum g*g~-invariant
mass requirement of M, > 1 GeV/c® [37),(38] or & minimum track-to-track an-
gle requirement of 10 degrees [39]. Table 5.2 summarized the recent results from
the Petre and PEP experiments and AMY data under similar cuts. In the Cello
analysis [37], the four-track (double-tag) events are categorized according to where
the tagging electrons were observed by the detector which has 2 angular coverage
down to 150 mrad. The category closest to the cuts adopled for this AMY study
are the CYCY events which required ali charge tracks within |cos §| < 0.92 and
at least two of them satisfying |cos | < 0.85. This gives them 8 evenls between
/8 = 35 — 46.8GeV at integrated luminosity of 130 pb~!, in agreement with QED
expectation of 10 events. In the recent analysis on the PEP experiments {38], both
Mark 11 and HRS data are shown to agree with QED calculation ai the region
where the minimum invarianl mass of any opposite charge pairs is greater thun
1.0 GeV/c2. Although both the Mark II data and HRS data are shown before

the invariant mass cdt is applied, they are the combination of both ete ete-
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Figure 5.8: The smaller of the ete~ or ptu~ invariant mass for the reaction
ete” — ete~ptp~ from the publication of JADE experiment.

and ete"ptu~ evenls and any excess in g4~ invariant mass cannot be readily
observed. Instead of the minimum invariant mass requirement, a 10 degrees track-
to-track angle cuts is used in the JADE double-tag analysis [39] and the resull is
in general agreement with QED expeclatlions. But within statistical unceriainty,
there is an excess in the lowest bin of minimum ete~, ptp~ invariant mass/Eucan
distribution (Fig. 5.8) for the e¥e~p*p~ evenls. Furlhermore, the muon angular
distribution (Fig. 5.9) also suggesis an asymmeiry similar to the one cbserved in
AMY. If a similar M,+,- > 1 GeV/c? invariant mass cul is applied to the AMY
data, only 2 events survive, consistent with the QED expeclation of 1.17 £+ 0.02
events. Also, if we use a minimum track-to-track opening angle requirement of
10°, 1 event sutvives compated with the QED expecilation of 1.24 £+ 0.02 events.
However, there is no pariicular reason to apply such cuts; unlike the case for
the e*e"ete™, there is no special background and the detector has no particular
problem detecting such low mass pairs. In addition, the QED celculations are

unambiguous for low p*p~ mass values,



B7

No.of evenls
f o ch o
1 T

N

10 -05 00 05 10
cosvu

Figure 5.9: The polar angle distribution of the muons in e*e~ptp~ final state
from the publication of JADE expeniment.

Experiment AMY Cello Mark II HRS JADE
V5 (GeV) 50-61.4 | 35-46.8 29 29 28.8-46 .8
JLdt (pb™") s 130 205 290.7 95
| cos 8| all tracks | all tracks | all tracks | all tracks | all tracks
< .91, < .92, < .04, < .91 < .97
at least 2 | at least 2 | at least 2
< .71 < .85 < .71
My 2 B 10 24
> 1 GeV/el
> 10° 1 8
tracks sep.

Table 5.4: Number of four-track ete~p*p~ events observed in AMY, Cello, Mark
I1, BRS and JADE experiments under similar cuts on p*p~ pair.
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EVENT #T D] p(GeV/c) | {deg) | J{deg) | Q*{GeVE)]
R4625 E1192 lie 143 103.32 | 270.06 6153
/2 = 56GeV 2| p 13.8 38.69 8.00
x* =109 3 6.3 37.62 5.28
Mo, = 0.39GeV/c? || 4 | e 21.5 125.6 | 135.26 503.9 |
R5644 E694 1| et 27.20 123.58 | 249.96 692.8
V3 = 57GeV 2| e 14.63 79.35 | 79.61 679.9
¥ =41 3|p-| 486 | 3517 5276
Mui,- =021GeV/ | 4 | p+| 1031 | 3523 547

Table 5.5: Fitled values of the kinematic variables for the addilional four-irack
ete ptp~ candidates.

5.2.1 The Possibility of a New Particle

In addition to the seven four-iracks evenls, there are two more events (Figs. A.11,
A.12) that passed all the selection criteria except that boih of the minimum jonizing
particles are lying outside the MUQ coverage and cannot be positively identified.
However, the tracks clearly register as minimum lonizing in the endcap deleclor.
There is no possibility that they could be electrons. Their kinematics are listed
in Table 5.5. If we relax our angular acceptance for positively identified muon
to |cos 8| < 0.82 to include these two evenis and assume the minimum ionizing
particles to be muons, we have in tolal 9 events while the QED only expecled
2.1 events, Theit M+, distribution in figure 5.10 shows that 6 of the events arc
below 400MeV. A gaussian fit lo Lthese six events centers at 322MeV with an rms
width of 60MeV.

A Monte Carlo study on the invariant mass resolution of two close tracks as
reconstructed by the CDC tracking algorithm was performed. The invariant mass
obtained from the original generator-level information is compared with the re-
constructed mass value obtained from applying our reconstruction program on the
simulated detector response. The results are plotted in Fig. 5.11 as mass resclution
vs invariant mass. The mass resolution is roughly constant at aboul 50MeV for
ptp~ masses below 1 GeV/c? and gradually increases 1o 230MeV for p* 4~ masses
of 9.5 GeV/c?. Thus, it is within the capabilily of AMY detector to diflerentiate

the mass on a reasonably fine scele in the low mass region.
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A plausible explanation of the excess evenis in the low mass region is the
existence of a new parficle with mass about 322 MeV /c?, that has not yet been
observed by other experiments. We have discussed previously that all previous
experimental studies of high @* 4-lepton events required My, > 1 GeV/c? or
track-lo track separations of 10°. The existence of any resonance below 1 GeV/c?
produced in these reactions would go undetected.

However, it would be remarkable for such a resonance to go undeiected in
other processes. One possibility would be if this particle had the quantum numbers
J€ =1%. A C = +1 particle is not produced in single- photon annihilation processes
and Yang's theorem prevents a spin 1 particle from eoupling to two rerl photons. In
two-photon studies are based on the uniagged events, where both of the interacting
photons tend 1o be almost real, the production of such states would be hidden by
more prominent hadronic resonances.

On the other hand, the coupling of J¥ = 1% parlicle to two-photons would
increase as either or both of the pholons become more virtual as is the case in the
present analysis. All of the double-tag events are characterized by very high Q2
values : the maximum @7 ranges from 493.1 to 1446.5, with an average at 827.2
GeV? (see tables 5.3 and 5.5). If all the excess events are indeed produced by
the two-pholon processes, both pholons in the system will be highly virtual and
the production of a J® = 1* state may be possible. We hope to confirm such
an effect in future Tristan runs and from detailed analyses of other ete” collider

experiments.



Appendix A

Displays of Four-lepton Events
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Figure A.1: Example of a three-track ete"ete™ event.
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Figure A.2: Example of a three-track e*e~ju* - event. Figure A.3: Example of a four-track ete~e*e™ event.
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Figure A.4: Four-track ete gt p~ event. Figure A.5: Four-track ete~ptp~ event.
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Figure A.6: Four-track ete~utp— event.
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Figure A.T: Four-track e*e~utp~ event,
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SQWK_4TRK_EEMMN_EG0-81 DAT; Ech: 49.00eV , Esh: 41.40e¥ , Eec:88].0MaV.

RObit: B,19.22, ¥ed: 3{A 48,D508) , Vah: B22 BH_cur Off
EThlL: 1, 2,9, 7.9, IT_T_cut Off
T_A_cul OIf
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01 1 gl s
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Figure A.8: Four-track ete~ptp~ event.
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‘un: 66765, Ev: 87, Ebsam: 28.50(QsV), BNd: 3.03(T), Dale:BB-DT-Z8, Time:20:40:4Eph: 40.20a¥ , Elh: 44.13eV , Es: 33.5CeV

Ech: 40.90eV , Esh: 41.40eV Eee;ﬂﬂl.BMu\"AMY
¥Yed: 3{A 48.D508) . Vah: 522

‘BQWE_4TRK_EENN_ES0~81.DAT;
Robil: 8,19.22,

SH_cut Oif
‘ETbit. 1,2, 3, 7. 8,

T_T_euL arr
1T_A_cul ofr
Anal:CSPRM

0iath FIote cBoa F
L, +, B.808.,242 .0
5.88, -6.38 -0.73, Y
£reor -2:98:24%3 U0
811 1R:38: 1R%: R g A
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Figure A.9: Four-track ete~putpu~ event.
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un: 7144, Ev: 4172, Kbeum: 30.40{Ge¥), Bfl4; 3.03(T), Date.09—00-06, Time:13:20:08ph: 24.8CeV , Eth: 28.0CeV . Ea: 23.4Ge¥ AMY
¥

un: 5844, BEv: 604, Ebeam: Z8.80(GeV). BN4: 3.03(T), Dale:56~07-28, Time:]14:00:6Eph: 36.40eV , Eth: 40.20a¥ , Ea: 30.0GeV ;

‘BQWEK_4TRK_EEMM_E60—81 DAT; Ech: 656.3deV , Esh: 35.80¢V . Eec; 0.0Ke! QWK_4TREK _EEMM_NOMUHT.DAT; Ech: 80.7GeV , Eah: 40.30eV , Esc:TBE.aHeVAMY

RObit: B6,13.15,17,19,29,24, Ved: 3(A 49,D507) . Vah: b22 SH_cut Off RObIL 819,22, Yod: 3(A 48.D503) , Vsh: 514 BH_cul Off

EFbL 1, 2.3, 8,78, IT_T_qut O EThit: 1,2 7.9, IT_T_cut off
IT. A_cul Off IT_A_cul Off
AnalCB N Anal:C3 R

to. Ch Ptot

'?l’ll\l Bish :cgﬂ‘l ?.Fagg Fi::’i

I L 13051 15250,

Bien: éiéﬂ:aaéiii 05 '3:20: 3M8:

jzaf: 51;§?;5§éas 3:03: 183 8204

3:s3; 2034, 3%3: d2d; 03 83,

Figure A.10: Four-track e*e t - event. Figure A.11: Possible four-track e*e~p*p~ event. Energies on the RSC are com-

patible to those deposited by minimum ionizing particles.
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Appendix B

wn: 4625, Ev: 1162, Fresm: 28 00{GeV), BfId: 3.03(T), Date:88-02-01, Time:08:13:28ph: 20.00eV , Eth: 39.0CsV . Ea: 20.2CeV AMY

' DAT; - T1.20eV , : 33.80eV , Eec:255.8Me . - .
o eaanagmee Ve, 3 A o S b et O Calibration of the AMY Central Drift

Efwic 1,2, 8,7, 8, IT_T_cul anf

IT_A_cul oif
Anal:CE R
’ ' Chamber
Riene Plong cBus
1, +, 10.45.210-
B 14, ~2.4%,-0.
§:¢a- 18:3%: o:'ri
ot - »

34 4?'?:5':%6 The calibration of the CDC system consists of two parts. The first pari is the
3!z3-24.02.-0. 4

calibration of the electronic insiruments 1o obtain an accurate measurement of
clectron drift time, i.e., the time-of-arrival of the ionization elecirons relatlive to
the beam crossing time. This involves adjusting the zero-time channel-by-channel
to be coincident with the beam-crossing time and bringing the time scales of each
channel into the same time interval units, The second parl is the determination of

the drift function, i.e. the relation between the measured drift time and the actual

position of the track relative to Lhe sense wire. In the following, we discuss these

two parts separately.

“ % I B.1 CDC electronic calibration system
J= TsukuB .

j ———— o B.1.1 The Hardware

Signals from each sense wire in the CDC are processed by a chain of electronic
circuits as illustrated in Fig. B.1. First in the chain is & current sensing hybrid
Figure A.12: Possible four-irack e*e~ptu" event. Energies on the RSC are com- preamplifier with a gain of 8 mV/pA and a rise lime of 5 ns, The preamp produces a
patible 1o those deposited by minimum jonizing particles. differentially driven signal which propagates through 6 m of unshielded twisted-pair
woven ceble to an amplifies-discriminetor circuit located just outside the magnet

yoke. Transformer coupling at the amplifier input suppresses common mode noise.
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When a sense wire signal exceeds approximately 1 gA, the discriminator fires
and sends a differential ECL signal over 25 m of unshiclded twisted pair ribbon
cable {o a time-to-digital conversion aystem (TDC) located in an “electronics hut”
immediately cutside the radiation fence. The TDC in & single hit system composed
of time-to-amplitude-converter (TAC, Repic DOllé) and scan analog-to-digital-
converter (ADC, Repic PPF-020) modules in seven FASTBUS crates. The arrival
of a CDC signal in the TAC siops the discharge of & capacitor that was iniliated
bya co'mputer generaied START pulse. The voltage remaining in the capacitor is
then read and digitized by the scan ADC. '

The CDC time information is represented as a number of counts. The relation

of number of counts to time is in the form:

Time=a;x N+ b

where N = number of counts and a; and b; are calibration constants for the ith
channel. The quantities a; are related to the discharge rate of the capacitor which
is determined by the capacitance and the initial voltage, and is approximately
constant over short periods of time. The quantities b;, on the other hand, are re-
lated to the propagation delay of the signal. Because of variations in capacitances,
applied voltages, and the electrical path lengths, the a’s and b's are different for
different channels. The purpose of the calibration is to find the a's and ¥’s for each
of the 9048 CDC channels,

Figure B.2 depicts the electronic system used for the delermination of the
calibration constants a; and b; for each channel. During the calibration procedure,
the liming elecironics, under computer contrel, sends signals to 2 pulser (BNC
model BL-2) which will then generates 2 50 ns wide pulse with 2 5 ns risetime.
This pulse is fanned out (LeCroy 428F) and sent to a CAMAG analog swilch
swilching unit (Phillips 7145). The swiiches route the pulses to the axial bands
and stereo bands under computer control, thus allowing for their independent
calibration. The outputs of the switches are fanned out again and are coupled, via
capacitors, to the High Voltage busses, which are construcied as 50 ) transmission

lines for transporting the signals to the different CDC bands.

o
»

E

®

Figure B.1: Overview of CDC Signal Processing Electronics.
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Figure B.2: Overview of CDC Electronics Calibration System.
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In each CDC band, the pulses propagate along one of two transmission lines
within high voltage distribution boards mounted at the ends of the sense wires of
the CDC. Each transmission line is connected to aliernating inputs, onc line feeding
even channels, the other feeding odd channels. This arrengement allows for the
independent pulsing of even or odd channels for checking the proper electrical
connections as well as testing the status of individual electronics components.
(Fig. B.3). In order to prevent noise from getting on to the preamplifier inputs
during the normal operation of the CDC, the calibration inputs are disconnected
when the calibration sysiem is not operating. This ie accomplished by turning
off the Calgate buffers circuit on each High Voltage Distribution Boards as shown
in Fig. B.4. The buffer circuit, shown in Fig. B.5 has an inpul impe‘da.nce of
about 10 k? and drives 16 preamp inputs through 2 kfl resistors (the preamp
input impedance is 18 {2). The power for the CAL-GATE buffer is supplied by
gate circuitry in the down stream electronics, which, in turn, is controlled by the
computer via an electronic switch (Fig. B.2). When the even(odd) CAL-GATE
buffer is turned on, it distributes the calibration pulses to the set of even{odd)
preamplifier inputs. Except for the traces between the sense wire bushings and
the preamplifiers (2 printed circnit board trace of length ~ 10 e¢m), these pulses
go through the same electronic path as do the real signals.

In iotal, the transit time of the calibration pulses consists of three components:
1) the delay time of the pulse routling system up to the inputs of the HV busses
mounted on the chamber ptopet; ii) propagation times around the HV busses on
the enda of the CDC; and iii) the propagation time from the preamplifier input to
the Fastbus TAC. In establishing the pulse routing system, care was taken lo ensure
that the timing pulses arrived at the different CDC HV busses at the same time
(to within 0.1 ns). The propagation times around each HV buss were individually
measured to a precision of 0.2 ns with a fast oscilloscope. Thus, by subtracting off
the appropriate propagation time from each channel, the TAC/ADC response can
be nsed to measure the relative zero-time of each channel (b;). From the variation
of the TAC/ADC response for different delay times for the calibration pulse, ihe

time scale of channel (a;) cen be determined.
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Figure B.4: Electrical circuitry of the CDC High Voltage Distribution Board for
Figure B.3: Distribution system of the calibretion pulses.

the axial layers.
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Figure B.5: Circuitl diagram of the buffer circuit{Calgate) for calibration pulse.
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Figure B.6: Linear fitting of the TDC counts against pulsing time delays.

B.1.2 The Software

In practice, each channel is pulsed 20 times at 10 difierent time delays. A straight
line is then fit through the average number of TAC counts at each of the dillerent
delays as in Fig. B.6. The slope (4;) of the fitted line is equal to 1/a,. The offsct
(B) on the y-axis is to related to b by

b.-=-%+b:)<A,-

Here, the ¥, is the constant delay time mentioned in the lasi section.

Typical values of A; correspond io 0.36 ns/TDC count. Although these values
vary from channel-to-channel, they are quile stable with lime (~ 0.1% in varialion
over the period of 3 months). However, the values of B; fluctuate with time due to
variations in temperature and supply voltages. Figure B.7 displays this variation
over a period of three months. Since the resolution of the CDC depends on the
accuracy of Lhe time measurement, il is crucial to keep track of such variations.
An online program that does a briel timing check is used frequenily to monitor
variations of the 4; and B; values. If the average values change more than 1.5%, a
major calibration is done and the values of ¢; and b; are updated. This procedure

keeps the precision of the time measurement at the one nanosecond level.
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Figure B.7: Variation of B from experimental run 3703-4280 over a period of
roughly 3 months.

B.2 Drift time-to-distance relation

B.2.1 Finding the T;

During actual operation, the data from the CDC corresponds to the total Lime
interval between the TAC “start” signal, derived from the beam crossing signal,
and the “stop” caused by the first CDC signal to arrive (after the start pulse).
To obtain the electron drift time, we have to subtract the measured time for Lhe
particle’s time-of-flight, the propagation time along the sense wire in the chamber,
and the time between the start gate and the actual beam crossing, commonly
referred to as Ty. While the first two faclors can readily be taken caze of by the
position of the hit wire (the z position is estimated by matching the corresponding
axial and stereo wires) the T; has to be sorted out within the data itself. One can
eslimate the Ty from the position in time of the edge of the distribution of drifi
times, & method that we used for a first-order estimate. We subsequenily used an
iteration process to improve our knowledge of Ty and to determine the drift lime-
lo-distance relation, the so called drift function. The accuracy of this method is

limited to 1~2 ns. A more sensilive method can be applied after a reasonably
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precise drifi function is determined. Letting

D, iz = the distance between the reconstructed track and the hit wire

V, = saturated velocity of the gas mixture used by CDC (=44 um/ns for HRS
gas)

3 = the correct drift funclion { = measured time, §Ty = error in Tp,

we then have

Volt — Ta) — Dipesics = Vo(t — To) ~ ${t = (T + 6T1)). (B.16)

At distance close to the sense wire, ¢ — Vt,

%(t - Tﬂ) - -Dyredl'l:l- = %ETO- (BIT)

Therefore, if the predicted distance are closed enough to the true value, a plot of
(Vot - Dyredict) ¥v5 Dpredier Will be very sensilive Lo small errors of Ty; the correction
to Ty will be equal lo the gap belween the stationary points and the y=0 line
divided by V5. Such plots (Fig. B.11) are made for the axial and stereo layers
to obtain their Ty's, which are found to be -662.5 ns and -664.0 ns respeclively.
Note that we use the stalionary points because this is where the ¥ = V, and
-g:i—:_"; ~+ 00 85 Dppegice approaches zero. Since the Tp used here is the average Tp
of all axial or stereo layers, it is useful only if the CDC electronics are carefully
calibraled so that channel-lo-channel variations have been eliminated. If the CDC

electronics were not constantly monitored and calibrated, we would need 5048 Tp's!

B.2.2 Calibration of CDC in Neon gas

The calibration of the CDC in HRS gas has been described in ref. [40]. Here we will
describe the calibration result in Neor-Ethane mixture (Ne 50%, C.115 50%). The
CDC in the Neon-Ethane gas iz calibrated using roughly 500 wide angle bhabha
scatlering events nccumulated at /s = 60.8 GeV. The drift functions ere obtained
using Lhe same iteration procedures as used for HRS gas. The corrected measured
time vs the predicied distance (i.e. distance between reconstrucied tracks and hit

wires) scatierplots are fit with the funclion:
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.
J

Vi ' 11 t<t,
{ Vit + (F(2) — F{e))(1 + a.(B By t>t,

F(t) = \[alt + ﬂ.:t: + ﬂgta (Blg)

(B.18)

where
{ = corrected measured time, {. = 5.0 ns

B, = 3.03 Tesla

B = the magnelic field around z a.n?ls based on the empmcal equalion ob-
tained from a field calculation.

Vo = saturated velocity in Neon-Ethane gas = 42 pm/ns.

Because of the strong magnetic field (3 Tesla at the center) used by the AMY
deteclor, the drift path of the electron are sensitive lo variation in electric field.
This results in a differenl time-to-distance scatterplot between the left and right
hand side of a sense wire {Fig. B.8). When operating in HRS gas, it was found out
that in each disk, Lhe Jeft side of outer layer have similar drift path as the inner
layer and vice versa. We therefore assume the sume effect in Neon gas and allow

for four different sets of a;s for the 6 axial disks:
s right side of layer 1 and lefi side oféfa.yer 4(5 for disk 1) : XIROL
e right side of layer 2 and left side of layer 3 : XMIROL
e left side of layer 1 gnd right side of layer 4(5 for disk 1) : XILOR
o left side of layer 2 and right side of layer 3 : XMILOR

{note : layer 3 of disk 1 used the average of XMIROL and XILOR);

and three sets for the 5 stereo disks:

» right side of layer 1 and left side of layer 3 : SIROL

e left side of layer 1 and right side of layer 3 : SILOR
&

¢ layer2: SMID oL Y
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Signed Displacement {cm)

4 Time {(ns)

Figure B.8: Scatterplot oﬁ':the measured time vs signed Dpregice. The difference
between the +/--(left/righit)side is due to different path length.

where the layers are numéered i:@'{hs order of increasing radii. (¥ig. 2.6).

The overall resolul.ion#f()r lth?n@]mlayets is about 230 pm and 250 pm for
the slereo layers (Fig. Bé) And the Bclution varies with measured lime and
predicted distance in a spbon-Tike fashion (Fig, B. 10) as seen in the HRS gas.

The Ty values, obtamgi uéing the metliod &st:nbed ahove, were found to be
-666.7 ns for the axial ln.!ers and -666.0 ns for the stereo layers. These should
be compared with the cogrespondmg Tu of -662.5 ns and -664.0 ns in HRS gas
from the 52 GeV Bhabha, event sample. Since the value of Ty depends only on
the timing of beam crossing and the AB pedestals of CDC electronics, one or the
other must have changed. Fig. B.11 shows that the slationary points of the curve
is ~ 50 pm diflerent betwéién the +/—(lefifright) sides of Dp,cqict, indicating either
an inaccuracy of the drifi function or a bias in the track reconstruction. The effect
is more pronounced for t@q ‘cﬁ tal Wezs G 80 o). Such 2 disagreement is
not seen for the stereo layéts WILMI) l.he @Eﬁfﬂstghstgal precision. In HRS gas,
such effects were zero witlifn fheiﬁ@ahshl’éhl uné%rtamtygaf 10 pm.
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Figure B.9: The CDC spatial resolution in Neon-Fthane gas bascd on Bhabha

events

Figure B.10: Tle variation of spaiial

Predicted Distance(cm)

resolulion with lime and distance
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Figure B.11: (Vo ~ Dyredia) ¥5 Dpredice plot for 1he Neon-Ethane gas

There is still considerable spread in the time-distance scatter plots for longer
drift times, even after being separated according lo the above schemes for drifl
function fitling. Fig. B.12 illustrates this for the layers 1 and 4 of the axial disks.
Separate scaiter plols for the different layers show that the lefl side of layer 1
and right side of layer 4 do nol overlap as well as in the HRS gas. This indicales
that the path length of slower drifling electrons are mozre sensitive to variation of
magnetic field, probably due io multiple scattering and diffusion. Therefore, we
may need separated a;'s for the left side and right side of individual layers in each
disk (at least for layer 1 and 4), or better still, different funclions for each of the
40 CDC layers.

B.2.3 Further Improvement

One can further improve the spatial resolution of CDC by making corrections to
the drift function using the following method. Here we use the same variables as

before and define
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Signed Displacement {cm)
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Figure B.8: Scatterplot of the measured time vs signed D, .4iy. The difference
between the +/—(left/right)side is due to different path length.

where Lhe layers are numbered in the order of increasing radii. (Fig. 2.6).

The overall resolution for the axial layers is about 230 pm and 250 pm for
the stereo layers (Fig. B.9). And the resolution varies with measured time and
predicted distance in a spoon-like fashion (Fig. B.10) as seen in the HRS gas.

The T, values, obtained using the method described above, were found to be
-666.7 ns for the axial layers and -666.0 ns for the stereo layers. These should
be compared with the corresponding T; of -662.5 ns and -664.0 ns in HRS gas
from the 52 GeV Bhabha event sample. Since the value of Ty depends only on
the timing of beam crossing and the AB pedesials of CDC electronics, one or the
other must have changed. Fig. B.11 shows that the stalionary points of the curve
is ~ 50 pm different between the +/—(left/right) sides of Dy, gie, indicating either
an inaccuracy of the drift function or a bias in the track reconstruction. The eflect
is more pronounced for the inner axial layers {(~ 80 pm}. Such a disagreement is
nol seen for the stereo layers within the available statistical precision. In HRS gas,

such eflects were zero within the statistical uncertainty of 10 pm.



120
¥ T
’%1 T EC T
1.0 r1r 7 IIiITIlI_I.I“lI T T T T
0.8 — —]
,-é X ]
g 0.6 — .
o - ’ ]
g - .
8 04— —
.2 - ]
_ - ]
0.2 — —]
0-1Ill3_llllll_||lllr|illl
-200 0 200 400 600 800
Measured Time (ns)
Figure B.12: Drift time ve drift distance for the Neon-Ethane gas
3’ = drifi funclion obtained by calibration
&' = error in drift funclion
&1 = measured drift time afler corregtin;n
Dreasure = the distance calculated by the drift fanetion = P'al
Dprudl'ct = 'l’ﬁt = (1]1' - 6¢')5t.
In the first order approximation,
Dmea-ure = Yprediet = ¢’6t - ('l,b' —- 6’¢I‘)5t
= &§P'8L
= J8e) (B.20)
Therefore, by fitling an appropriate funclion to the {(Dyneapure ~ prediet} V5

&t plot(Fig. B.13), one can use the fitted result to make corrections to the drilt
functlions. Applying sqch.‘:;orrections to the Neon gas;jiajrifl functions, ihe spatial
resolution for the axial layers s improved to 215 ft’;n, ind is improved o 242 pm
for 1he stereo layers, However, since it is obvious that the layer-to-layer variations

are still a dominant component of the CDC 6patial resolution, improvements using
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techniques that do not aJ.low for layer-to—layer variations of the parameters will

only be marginal.
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Appendix C

List of the AMY Collaborators

The AMY Collaboration

Y.H. Bo," Y. l(uriham.h T. Omuri,b P. Auchincloss,” D. Blanis," A. Bodek,” H. Budd,"
M. Dickson,® S. Enc," C.A. Fry,™® H. Harade," B.J. Kim," Y.K. Kim," T. Kumita,®
T. M, S.L. Olsen,™ N.M. Shaw,® A. Sill" E.H. Thorndike," K. Ueno,® C. Velissaris,"
G. Watls,* H.W. Zheng," K. Abe,” Y. Fujii,® V. Higashi,® S.K.Kim,® A. Maki,® T. Noraki,”
H. Sagawn,h Y. Snkai,b Y. Sugimoto,b Y. 'I‘QI'.;\iwn,h s Tera.da,b R. Wnlk:r,b" R. Imiay,®
P. Kirk,® 3. Lim,® R.R. McNeil,® W. Metealf," S.5. Myung,” C.P. Cheng,® P.Gu,” 1.Li,°
YK Li* MH Ye,” YC Zhu,® A. Absshian,” K. Gotow," K.P. Hu,® E.H. Low,®
M.E. Mattson,” L. Pillonen,” K.L. Sterner,” 5. Lusin,' C. Rosenfeld,” A.T.M. Wang,'
5. Wilﬁm-:,r M. Frautachi,®* H. Kegan,® R. Kass,® C.G. Trahern,® R.E. Brcedon.h'b
G.N. Kim,h'b Winsion Ko," R.L. Landcr.h K. Maeshima.h R.L. Mnlt:lu:n».-,h 1.R. Smith,h
D Sluart.h F. l'(njilw,j D. Per!.iccme,II R. Poling,' T. Thomu,h Y. l:‘hi,| K. Miyatm,l
H. Miyata,' T. Sesaki, Y. Yameshita,™ A. Bacala,™® J. Liu,” LH. Park,” F. Sannes,”
S. Schneteer,” R. Stone," J. Vinson,” H. Ichinose,” §. Kobayashi,* A. Murakami,®
JS. Keng,” HJ Kim,” M.H. Lee,® D.H. Han,” EJ. Kim,” D. Son," T. Kojima,'
5. Matsumoto," R. Tanaka,” Y. Yamagishi," T. Yasuda," T. Jahizuks," and K. Ohta"

* University of Rochester, Rochester, NY 14627
. KEK, National Laboratory for High Enesgy Physics, Ibaraki 305
® Louisiana State University, Baton Rouge, LA 70803
* Institute of High Energy Physics, Beijing 100039
® Virginia Polytechnic Institute and State University, Blacksburg, VA 24061
f University of South Carolina, Columbia, SC 20208
® Ohio State University, Columbus, OH 43210
® University of California, Davis, CA 85616
" Tsukuba University, Ibaraki 305, 7 Konan University, Kobe 658
Y Uni versity of Minnesota, Minneapolis, MN 55455
! Niigata University, Niigata 950-21, ™ Nihon Dental College, Niigata 951
" Rutgers Universily, Piscataway, NJ 08854
® Universily of the Philippines, Quezon City, 3004
F Saga University, Saga 840, 9 Korea University, Secul 136-701
' Kyungpook National University, Taegu 702-70.1
* Chuo University, Tokyo 112, " Saitama University, Urawa 338

123

Bibliography

[1] P.A.M. Dirac, Roy.Soc.Prac., 4, Vol 114, 243 (1927).
(2} S.L. Wu, Phys. Report 107, 59 (1984).
[3] S.K. Kim, Ph.[3. thesis, Korea University, {1988).

[4] Cello Collaboration, DESY Report 84-104 (1984);
Pluto Collaboration, 2. Phys. C 27, 249 (1985);
Jade Collaboration, Z. Phys. C 30, 545 (1986);
Cello Collaboration, DESY Report 88-086, LAL 88-27 (1988);
Mark-J Collaboration, Phys. Rev. D Val 38, No.9, 2665 (1988);
Cello Collaboration, DESY Report 88-192, (1988);
Cello Collaboration, Z. Phys. C 43, 1-14, (1989).

[5] V.M. Budnev et al., Physics Reports 15, 181-282, {1975);

{6] Ch. Berger and W. Wagner, Physics Reports 146, 1-134, (1987);
[7} F. Low, Phys. Rey 120, 582 (1960);

[8] C.N. Yang, Phys. Rew 7T, 242 (1950);

{9] F.A. Berends, P.H. Daverveldt and R. Kleiss, Phys. Leit. Vol 148B No.8,
489 (1984);

[10] TRISTAN Project Group, “TRISTAN Electron-Positron Colliding Beam
Project”, KEK Report 86-14, March 1987. ‘

[11] AMY Collaboration, Propasal TRISTAN-EXP-003, November, 1984.
{12] T. Mori, Ph.D. thesis, Univ. of Rochester, Appendix A (1988).

[13] F. Kajino, A. Abashian, and K. Golow, Nucl. Instrum. Methods A245, 507
(1986).



124 125

[14] 8.5. Myung, Ph.D. thesis, Korea Univeristy, (1988). [34] S.L. Glashow, Nucl. Phys. 22, 579 (1961);

[15] Y. Doi et al., KEK Preprint 88-22 (submitted to Nucl Insirum. Methods). 5. Weinberg, Phys. Rev. Lett. 19, 1264 (1967).

[16] M. Gyr and C. Iselin, POISSON, CERN (1976). [35] S.K.Kim et al., Phys. Leit. B223, 476, (1989).

[17] B. Asakura et al., Reports of the Facully of Science and Engineering, Saga [36} G.J. Gounaries and J.J. Sakurai, Phys. Rev. Letl. 41, 244-247 {1968).
Univ. Vol 16, No.2 (1988) [37] H.J. Behrend et al., Z. Phys. C 43, 1-14, (1989).

(18} T. Mori, Ph.D. thesis, Univ. of Rochester, Appendix B (1988). (98] A. Peteadza, Ph.D. thesis, Univ. of Michigan, (1089).

[19] D.G. Cassel and M. Ogg, “DUET ~ a Track-Finding Program for Cylindrical [39] W. Bartel et al., Z Phys. Cbf 30, 545-549, (1986).

Geometries”, CLEQ Internal Report, December 12, 1983, .
{40] T. Mori, Ph.D. thesis, Univ. of Rochester, Appendix A (1988).

{20] A. Bacala et al., Phys, Lett. B218, 112 (1889),
{41] S. Behrends, Ph.D. thesis, Univ. of Rochester, Appendix 1 {1987).
(21] T. Mori et al., Phys. Lett. B218, 499 (1989).
(22] O.1. Dahl et al., SQUAW, LBL Group A note P-126 (1968).
[23] T. Sjostrand et al., Com. Phys. Comm. 43, 367 (1987).

(24] J.AM. Vermaseren, Prec. Intl. Workshop on Gamma Gamma Collision |
35-46 (1980).

125) G.P. Lepage, J. Comp. Phys. 27, 192 (1978)
[26] J.AM. Vermaseren, Nucl. Phys. B220, 347-371 (1983).

[27] F.A. Berends, P.H. Daverveldt and R. Kleiss, Nucl Phys. B253, 441-463
(1985).

[28] M.Kuroda, Meji Gakuin Univ. {Tokyo) Research Journal 424, 27 (1988);
M. Kuroda, Meji Gakuin Univ. preprint MGU-DP 7 (1888}, unpublished.

[29]) S.Kawabata, Computer Phys. Comm. 41, 127-153 (1986).

{30] F.A. Berends, P.H. Daverveldt and R. Kleiss, Comp. Phys. Comm. 40,
285-307 (1986).

[31) F.A. Berends, P.H. Daverveldt and R. Kleiss, Comap. Phys. Comm. 40,
309-326 (1986).

[32] R. Bhattacharya, J. Smith, and G. Grommer, Phys. Rev. D15, 3267 (1977},

[33) Y. Kurihara et al.,, AMY collaboration, XIV Inl. Sym. on Lepton and
Photon Interactions, (1989)





