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ABSTRACT

This thesis describes an experiment at the electron positron storage
ring PETRA, using the TASSO spectrometer.

The spectrometer is described and a detailed description of the
construction and performance of the lead-scintillator shower counters is
given.

The QED reactions e'e” + e*e™ and ee™ + yy are analysed at centre
of mass energies in the range 12 < W £ 36.6 GeV. A comparison of the data

with the predictions of QED is made.



PREFACE

The experiment described in this thesis was performed by a collabor-
ation of physicists from Aachen, Bonn, DESY, Hamburg, Imperial College,
Oxford, Rutherford, Weizmann and Wisconsin, using the TASSQO spectrometer.
The author became a research student at Imperial College in October 1978
and worked with this group at DESY from July 1979, returning to Britain
in February 1981 to analyse the data.

The author was not involved in the general planning of the experiment
but was involved with the construction, installation, commissioning and
some of the testing of the lead-scintillator shower counters and subse-
quently in the off-line analysis of experimental data.

Chapter 1 contains a brief summary of the physics studied in efe”
interactions. This is followed by a description of the PETRA accelerator
and the TASSO spectrometer in Chapter 2 and by a description of the trigger
system, data acquisition system and the off-line data reduction procedures
in Chapter 3. The authors contribution starts in Chapter 4 with a
description of the shower counters., Chapter 5 is a short chapter listing
the separate data reduction procedures uﬁed for the shower counters and
the liquid argon barrel counters. The analysis of Bhabha scattering
(efe” > ete”) is presented in Chapter 6 and the analysis of electron
positron annihilation into gamma rays (e'e” -+ vy) is presented 1in

Chapter 7.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

In recent years the study of e'e” annihilation processes has pro-
vided a great deal of information on the fundamental constituents of
matter and their 1nteractions(1). The reason for this is that e'e”
annihilation proceeds via the exchange of a time 1ike virtual photon
which can couple to all flavours of quarks and leptons, which are pro-
duced at comparable rates.

The importance of the results obtained from ete” experiments has Ted
to a rapid growth in the numberoand size of e*e” machines. Table 1.1
gives a summary of past, present and future e'e” colliders.

In this chapter a brief summary of the physics studied in e'e”
interactions is given. Bhabha scattering and electron-positron annihi-

lation into gamma rays are also discussed.

1.2 Hadron production

Hadron production proceeds via the one photon annihilation channel .
shown in Fig 1.1. The intermediate virtual photon has the quantum
numbers (JPC = 1) and can couple directly to vector mesons which have
the same quantum numbers. At centre of mass energies, W, below ~ 1 GeV
the cross-section is dominated by the production of p, w and ¢ mesons(z).
At higher energies, W ~ 5 GeV the total cross-section was found to have
a very weak energy dependence. The discovery of the J/y at BNL(3) and
SPEAR(4) at a mass of 3.1 GeV and of related states at higher energieéS)
was explained by interpreting the new states as bound QQ systems of a new
heavy quark Q. The most natural choice was to identify Q with the
charmed quark c,which had been proposed to achieve symmetry between

(6)

quarks and leptons and to explain the absence of strangeness changing
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(7).

neutral currents via the GIM mechanism This was verified by the

()

later observation of states with open charm After the discovery at
SPEAR of the tau 1ept0n(9) a third generation of quarks was expected to
achieve symmetry between quarks and leptons. The discovery of the T at
FNAL(H» and the observation of related states at DORIS(11) and CESR(12)
was interpreted as due to the bottom quark b of this third generation.
The top quark t the partner of the b quark has yet to be discovered and
it {s hoped that it will soon be observed at PETRA.

In the quark-parton model hadron production proceeds by the pro-
duction of a quark-antiquark pair where the quarks subsequently fragment
into jets of hadrons, Fig 1.1. Evidence for jets was first obtained at
SPEAR(13) by studying the topology of events using the quantity spheri-
city (S). At PETRA/PEP energies the jets of hadrons are clearly visible,
Fig 1.2 shows a 2-jet event observed in the TASSO detector. Any field
theory of the interactions of quarks must incorporate field quanta
'gluons'. A prediction of the theory is that a small fraction of events
will have hard gluon radiation, Fig 1.3, which leads to planar events
with three well separated hadron jets. At PETRA 3-jet events were

(14)

observed for the first time and Fig 1.4 shows a 3-jet event observed in

the TASSO detector. Detailed measurements including a measurement of the

gluon spin(15)

(= 1) are consistent with QCD(16) the favoured theory of
the strong interaction.
The cross-section for e'e” - hadrons is expressed through the

quantity R

R = o(e'e” + hadrons) = 3 L qi2 {1 + as) - 1.2.1
U(e+e- - u"'u-) -l=1 ,5 T
where q; is the charge of quark i. The factor 3 arises from colour and

the factor (1 + as) is the Towest order QCD correction which arises from

v

gluon bremsstrahlung. Fig 1.5 shows the value of R as a function of



centre of mass energy W. Assuming five quark flavours and including
first order QCD corrections the value of R at W = 20 GeV is predicted

to be 3.92 which agrees well with the measured value of R = 3.97 ¢ 0.06(17).

Evidence that the partons produced in e'e” annihilations are charged
has come from the observation of long range charge correlations in

hadronic final states(18).

1.3  Heavy lepton production

At the e'e” storage ring SPEAR a new lepton, the tau, with a mass of
1.782 GeV/c2 was discovered(g) through the observation of an anomalous
number of ey events. The tau has been shown to behave as a standard
sequential point like 1ept0n(19).

Observation of a new charged lepton would indicate the presence of a
new generation of fermions. No evidence has been found for a new sequen-
tial lepton of mass < 17 GeV/cz, scalar leptons have also been excluded

with mass < 16 Gev/c(20),

1.4  Photon-Photon scattering

Electron positron cecilisions are also a source of photon-photon
scattering events, represented by the diagram shown in Fig 1.6. The first
events were seen at ADONE(21) and some measurements were obtained at DORIS
and SPEAR(ZZ). Although the process is of order (a4) it becomes increas-
ingly important at high energy as its cross-section depends logarithmi-
cally on beam energy W/2 whereas the cross-section for 1-y annihilation
processes depends on 1/M2. Both Hadronic final states and lepton-antilepton

pairs can be produced. Hadrons with even charge conjugation can be

produced(23).

(22,24) (25)

Resonance and continum production have been studied and the

reaction yy - popo has been observed(zs). The photon structure function

has been measured and measurements of jet production in photon-photon

scattering events have been reported(27).



1.5 Quantum electrodynamics

Quantum electrodynamics (QED), the theory of the electromagnetic
interaction of leptons and photons has been tested and verified by a wide
variety of experiments(zg).

At Tow momentum transfers QED has been tested by measurements of the

(29) and muon(30).

anomalous magnetic moment of the electron
Using storage rings the theory has been tested at high momentum
transfers by measurements of Moller scattering (e’e” -~ e e ), Bhabha
scattering (e*e” > e*e”), muon and tau pair production (e'e” -~ y'u~ (+*t7))
and electron positron annihilation into gamma rays'(e+e- + vyy). The first
result, a measurement of the cross-section for Méller scattering was
published in 1966(31). Measurements at high momentum transfer test the

assumption that leptons are pointlike particles without excited states.

Results obtained before the advent of“PETRA(32)confirmed that Teptons: are

point]ike to distances of ~ 4 X 10_15 cm. At PETRA QED has been tested
up to momentum transfers (Q2 ~ 1300 Gevz)(33) confirming that leptons are
-16

pointlike to distances of ~ 2 x 10 cm, No significant deviations from

the theory have been observed.

1.6 Electroweak effects

At the highest PETRA energies effects caused by the interference of
the weak and electromagnetic currents start to be visible. The weak
interaction contributes to the QED processes and to hadron production
through diagrams involving the exchange of the z° boson, shown in Fig 1.7.
The weak contribution changes the cross-section for lepton pair production
and leads to a forward-background asymmetry in the angular distribution of
the final state leptons. The change in the cross-section for the standard

mode1(34)

.2
sin” o = 0.23)

is too small to be observed at present energies {Ac/c = 0.5% for

(35), but the asymmetry is measurable. Measurements of the

asymmetry are consistent with the prediction obtained from the standard
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model. Combined data have been used(36) to determine the leptonic weak
coupling constants gv2 and 9A2 and to determine sinzew, where 8, is the

free parameter of the standard model. The standard model can be exten-

37)

ded( to mode15(38) based on an enlarged symmetry group, which differ

A Y

from the standard model by having more than one neutral weak boson. The
combined data have been used to place Tower limits on the masses of such

bosons(ss).

1.7 Bhabha scattering

The lowest order diagrams contributing to Bhabha scattering are
shown in Fig 1.8, where Fig 1.8 b) represents the exchange of a time like
and Fig 1.8 a) represents the exchange of a space 1ike virtual photon
respectively. Higher order (a3) diagrams shown in Fig 1.9 modify the
lowest order (az) cross-section. In particular the initial state radia-
tion and large angle final state radiation corrections lead to an
acolilinearity of the final state electron and positron.

At PETRA energies the point like nature of the electron can be
tested to the maximum available momentum transfer 02 ~ 1300 GeV2 through
a measurement of the cross-section, g% (e¥e” + e'e”). The 02 available
at PETRA is much greater than the Q2 available for previous QED tests at
SPEAR and DORIS(33) (02 ~ 50 GeVZ) allowing more stringent limits to be
set.

Additional diagrams shown in Fig 1.10 arise from the weak interaction
through z° exchange. At the maximum PETRA energies the corrections from

(39).

these diagrams are ~ 1-2% The weak contributions to the cross-

section depend on s in comparison to the QED contributions which depend

on 1/s and will eventually dominate the cross-section at sufficiently

(40) (41)

high energies The angular distribution can be used to obtain

information on the weak coupling constants.
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1.8 Electron-Positron annihilation into gamma rays

The lowest order diagrams contributing to the annihilation of an
electron and a positron into gamma rays are shown in Fig 1.11. In
contrast to the reactions e'e” - 1T (1 = e,u,t), mediated by the exchange
of a virtual photon, the.reaction efe” » vy involves the exchange of a
virtual electron. Both diagrams are required by Bose statistics to make
the total amplitude symmetric to the interchange of the two photons.
Higher order (a3) diagrams shown in Fig 1.12 modify the cross-section
with the initial state radiation correction leading to an acollinearity
of the final state photons. In some cases the 3 photons are sufficiently
energetic to be observable. A measurement of the 3 photon final state
enables QED to be tested to order (a3) at large 02.

At PETRA energies tests of QED can be made through a measurement of

the cross-section, g% (e+e' + yy), to the maximum available momentum

2(33). The cross-section can be used to search for the

u(42)

transfer Q% ~ 1300 GeV

, or for fhe existence of an excited
(43)

presence of "seagull diagrams
electron as the exchange particle The electron propagator is not
tested by this reaction, it can only be tested through closed loop
effects(42).

The reaction (e+e_ > yy) can be used to test QED at higher energies
in a more direct way as it does not involve additional electroweak inter-
ference contributions in contrast to the reactions e'e” -+ 11 (1 = e,H,T).
In this reaction the weak interaction does not contribute to the lowest

(44)

order (az) and higher order-(as) cross-section and neither does

hadron vacuum polarisation.
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Name Location first beams| maximum
beam energy

(GeV)
AdA Frascati 1961 0-25
Princeton-Stanford]  Stanford 1962 0-55
ACO Orsay 1966 0-55
VEPP-2 Novosibirsk 1966 0-55
ADONE Frascati 1969 1-55
BYPASS Cambridge {USA) 1970 3-50
VEPP -3 Novosibirsk 1970 3-50
SPEAR Sfah ford 1972 3-90
DORIS Hamburg 1974 5-00
VEPP -2M Novosibirsk - 1975 0-67
DCI ‘Orsay 1976 1-80
PETRA Hamburg 1978 19-00
CESR Cornell 1979 g8:00
VEPP-4 Novosibirsk 1979 5-50
PEP Stanford 1980 18-00
SLC Stanford (1985) 50-00
LEP Geneva (1986) 130-00
TRISTAN KEK (1986) 30-00
Cornell 50x50 Cornell (1986 ) 5000
VLEPP Novosibirsk (1989 ) 300-00

Table 11 past, present and proposed high energy e'e” colliders
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Fig 1:7 fermion-antifermion production mediated by the
2° boson
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Fig 1+8 1lowest order diagrams for Bhabha scattering
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Fig 19 higher order diagrams for Bhabha scattering

Fig 110 1lowest order diagrams for Bhabha scattering mediated by the
0
Z” boson
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Fig 1-11 lowest order diagrams for electron-positron annihilation
into gamma rays
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CHAPTER 2

" THE PETRA ACCELERATOR AND THE TASSO DETECTOR

2.1 Introduction

The electron positron storage ring PETRA and the TASSO detector are
described in this chapter.

2.2 PETRA

The PETRATacce1erator£45)

, shown in Fig2.1, is designed to store
circulating beams of electrons and positrons at high energies. It has a
circumference of 2.3 km and consists of 8 bending regions separated by
straight sections. The bending regions have a radius of 256 m and maintaiﬁ
the beam particles orbit within the vacuum chamber. Electrostatic
separators which are installed on each side of the straight sections enable
a separation of the beams at the interaction points during injection and
acce1erationt

The circulating beams consist of bunches of particles with dimenéions
of (ox,cy,cz) = 0.1 x0.01 x1.0 cm3. PETRA is designed to operate with
a maximum of 4 particle bunches in each beam which allows interactions to‘
take place at up to 8 intersection regions.

The energy to accelerate the beams and to replace the energy lost by
synchrotron radiation is supplied from radio frequency (R.F.) cavities
which are installed at the north and south straight sections. Eight
klystrons each supply a maximum of 600 kW to 64 cavities driven at 500 MHz.
A maximum energy of ~ 19 GeV was expected with the available power, but so
far only a maximum energy of 18.3 GeV has been attained.

The vacuum chamber is maintained at a pressure of 5 x 10"9 Torr. A
Tow pressure is essential as collisions between beam particles and gas
molecules inside the vacuum chamber produce background in the interaction
regions and 1imit the lifetime of the beams. Pressures smaller than

5 x 10'9 Torr are difficult to achieve as synchrotron radiation causes

+ {Positron Electron Tandem Ring Accelerator)
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outgassing of gas molecules trapped in the surface layer of the vacuum

chamber,

2.2.1  Luminosity

The event rate for a cross-section ¢ is given by

N = n'n"f B -2.2.1
nnfBo

where n*(n”) is the number of positrons (electrons) per bunch, B is the
number of bunches per beam, f is the rotation frequency and F is the beam
cross-section,

The Tumingsity L is then defined to be

L = N/o en™2 sec”! -2.2.2

Expressing the number of particles n*(n”) in terms of the beam currents

i*(i7), where e is the electron charge and

i = nefB -2.2.3
L o= i'i”
ezFfB - 2-2.4

The Tuminosity is maximised by having the largest possible beam currents
and the smallest possible beam cross-section at the interaction points.
The luminosity depends strongly on energy. At Tow beam energies it is

lTimited by beam-beam interactions and increases with beam energy with an

energy dependence like E4. The maximum Tuminosity is reached when the

energy loss through synchrotron radiation has reached the 1imit of

available power and above this energy it falls rapidly with an energy

dependence like 10,

With PETRA operating at beam energies around 15 GeV a peak differential

Tuminosity of 3 x 10731 cn? sec™! and bunch currents of 5 mA were achieved,

with an average differential luminosity over a single run of 1.5 x 1[]_31

enl sec™!.
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2.3 Machine Dependent Backgrounds

2.3.1° Synchrotron Radiation

Synchrotron radiation is produced when charged particles are deflected
and therefore accelerated by magnetic fields. In PETRA the beam particles
radiate a large flux of Tlow energy photons as they pass through the bending
and focusing magnets of the ring. The main sources of synchrotron radia-
tion seen at the interaction point are the final bending magnets and the
strong focusing quadrupole magnets on each side of the interaction point.
The final two bending magnets in each of the bending regions on each side
of the interaction point have a smaller magnetic field, 83% and 17% of the
magnetic field of the remaining bending magnets. This reduces the sychro-
tron radiation background from the final two bending magnets as the
characteristic energy of the photons produced there is reduced. The use-
fulness of this technique is limited by the large £lux caused by the
interaction region quadrupole magnets, in particular a poor beam position
here results in a large rate.

Synchrotron radiation photons interact by compton scattering and the
photoelectric effect producing electrons which cause random hits in the
detector. There is no evidence that synchrotron radiation results in a
significant data taking rate.

2.3.2 Beam Gas Scattering

Beam gas scattering is the interaction of beam particles with the
residual gas molecules that remain in the vacuum chamber and the inter-
action rate is therefore dependent on their density and on the number of
beam particles.

Beam gas scattering occurs along the whole Tength of the vacuum
chamber and so the rate seen by any detector also depends on the length
‘enc1osed by the detector.

There are several characteristic features of these events. They
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have:

a) a small visible energy, much less than the beam energy

b) a net positive charge, this is due to interactions with protons of
the gas nuclei

c) a low multiplicity

d) the tracks are in one hemisphere with the summed momentum vector
close to the beam axis

e) the interaction vertex can be anywhere along the beam axis.

As these events have small visible energy they are easily separated
from hadronic events due to one photon annihilation, but are not always
distinguishable from photon-photon scattering events.

The background from beam gas scattering can be estimated by observing
the number produced at large distances from the interaction point along
the beam direction and extrapolating to the interaction region assuming
a flat background. These events trigger TASSO at s 0.1 Hz.

A beam gas scattering event is shown in Fig 2.2.

2.3.3 Beam pipe interactions

Beam pipe interactions occur when a beam particle loses energy by
beam gas bremsstrahlung and enters an unstable orbit. Eventually it will
strike the wall of the vacuum chamber producing a shower of particles.

There are several characteristics of these interactions:

a) the vertex is off axis and can occur at large distances from the
interaction point along the beam direction

b) a net positive charge is observed

c) most of the particles are produced in one z-direction

d) there is a high number of secondary particles produced.

As the vertex is off axis many of the tracks of produced particles
will not reconstruct to the interaction point and consequently have
larger values of the fitting parameter§+d0 and z, than tracks from the

+ these parameters are defined in section 3.4.2
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interaction point.
The TASSO trigger rate for this process is ~ 0.5 Hz, A beam pipe

interaction event is shown in Fig 2.3.

2.4  The TASSO coordinate system

The beam beam intersection point is defined as the origin of coor-
dinates. The z-axis is defined as the direction of the positron beam in
the accelerator, the x-axis is in the plane of the accelerator directed
inwards from the origin to the centre and the y-axis is normal to the
accelerator piane directed upwards from the origin. The x,y and z axes

form a right handed coordinate system which is shown in Fig 2.4.

2.5 The TASSO detector

(

The two arm spectrometer solenoid (TASSO)46)detector is designed to
detect particles produced by high energy electron positron collisions.
There are three parts of the detector, the central and forward detectors
and the hadron arms.

The central detector consists of a 4 layer cylindrical proportional
chamber, a 15 layer cylindrical drift chamber and a Tayer of time of
flight counters enclosed in a conventional solenoidal magnet, to measure
charged particle momenta and to provide some particle identification.
Lead-Tiquid argon calorimeters provide information on the energy of
electrons and detect photons.

The forward detector comprises two identical modules on either side of
the interaction point, each consists of a lead glass shower counter and
scintillation counters. It is used to monitor Tuminosity and to tag
electrons from photon photen scattering events.

Each hadron arm consists of a planar drift chamber to detect particles
leaving the magnet coil followed by 3 different threshold cerenkov counters
and a time of flight counter array for detsiled particle identification.

A lead-scintillator shower counter array follows to detect photons and
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measure the energy of electrons.

The flux return yoke of the solenoid and an iron wall supporting the
time of flight and shower counters in each hadron arm act as hadron
absorbers behind which muons are identified using proportional tube arrays.

The TASSO detector is shown in Fig 2.5.

A brief description of the individual components is given below.
2.5.1 Beam pipe

The vacuum chamber at the interaction point is a 4mm thick, cyliin-
drical aluminium pipe of radius 13 cm. At either end of the detector the
beam pipe expands into large cones, which minimise the amount of material
a particle passes through before reaching the forward detector. Cooling
pipes and 4 quadrant scintillation counters surround the beam pipe, the

scintillation counters are not used during data taking runs.

2.5.2 Cylindrical proportional chamber (CPC)

The CPCg7)consists of 4 concentric layers, each consisting of a 480
wire anode plane spaced equally between 2 cathode planes of 120 helical
copper strips. The anode wires provide information on tracks in the R-¢
plane while the cathode strips provide information on the Z coordinate of
tracks. The CPC has a low mass construction to minimise photon conversions
and the multiple scattering of particles passing through it. The chamber
has an active length of 140 cm and extends radially from 18 cms to 29 cms.
The chamber uses a "magic gas" mixture.

2.5.3 Drift chamber (DC)
-6

The cylindrical D contains 15 concentric layers of drift cells,
it extends radially from 36.7 cm to 122.2 cm and has an active length of
323 cm. Nine layers have their sense wires parallel to the beam axis
and provide information on tracks in the R-4 plane, while & layers have
their sense wires at + 4° with respect to the beam axis and provide

information on the z coordinate of tracks.

L
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There are a total of 2340 identical drift cells of radial dimension
1.2 cm and azimuthal dimension 3.2 cm. Each cell consists of a 30 um
sense wire and a triplet of 120 um field wires.

The DC has been operated with a mixture of 90% Argon and 10% methane,
and also a mixture of 50% Argon and 50% Ethane. The second gas mixture
was adopted in preference to the first as the DC was found to draw a
smaller current.

The DC is equipped with single hit electronics. The resolution of

the DC was ~ 200u.

2.5.4 Inner time of flight (ITOF) scintillation counters

48 scintillation counters line the inner wall of the coil at a radius
of 132 cm, they have a length of 390 cm, a width of 17.4 cm and a thickness
of 2 ecm. Each counter is viewed at each end by a photomultiplier tube.

The ITOF counters are used in the experimental trigger and define the
acceptance of the inner detector to be |cose] < .83. The resolution of the

ITOF counters was 300 - 450 psec.

2.5.5 The magnet

The CPC and DC are enclosed by a solenoidal magnet of length 4.4 m,
its aluminium wall is approximately 1.1 Xo thick with an inner radius of
1.35 m. The warm coil produces a maximum field of 4.9 kgauss axially in
the +ve z-direction. The magnetic field deflects charged particles as
they pass through the tracking chambers allowing a measurement of their
momenta to be made.

The magnet flux return yoke consist of 60 cm thick Taminated iron
plates at each end of the coil and 80 cm thick iron bars at the top and
bottom; it is open at both sides. Retractable plugs cut into the endplates
allow easy access to components within the solenoid.

Two smaller solenoids are placed symmetrically about the main solenoid

at a distance of 4.75 m with their fields arranged so that the total
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integrated field along the beam axis is zero. The fields of the solenoid
and the two compensating solenoids were mapped using a Hall probe;

this showed that the field in the region covered by the central tracking
chambers is uniform to ~ 6%.

During data taking the magnet is always run at full field strength.

2.5.6 Liquid Argon Barrel Calorimeter (LABC)

The LABC(49)1S designed to identify electrons and photons and to measure

their energies in the energy range 100 MeV to ~ 20 GeV. It consists of 4
modules each consisting of an argon tank that contains 2 stacks of lead,
suspended in a vacuum tank. The LABC covers a solid angle of 42% of 4n
steradian.

In each stack, of dimensions 398 x 95 x 45 cm3

» 1iquid argon is the
active medium while lead plates serve as the electrodes and as the showering
medium. The lead is arranged in towers of square cross-section, where a
tower is a longitudinal group of plates which have their signals capaci-
tively coupled together. Segmentation into towers aids the disentangling
of closely spaced showers. The spatial location of showers is measured

by layers of strip electrodes running through the towers in two orthogonal
directions. Each stack is separated longitudinally into 2 regions to
improve the efficiency for measuring Tow energy photons and to give a
better electron hadron discrimination. In the front region the towers of
dimension 7 x 7 cm2 at a distance of 179 cm from the interaction point have
a depth of 6.1 radiation lengths and cover a solid angle of 1.5 mster. In
the back region the towers have a depth of 7.6 radiation Tengths and cover
a solid angle of 6 mster, where each back tower covers the same solid

angle as the 4 front towers before it. The axes of the front and back
towers are directed towards the interaction point. Each stack has 35
active layers, each consisting of 0.5 cm of 1iquid argon between 2 lead

plates of thickness 0.2 cm.
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The layers of strip electrodes are made from Tow density copper
plated epoxy plates etched with a strip pattern where the strip width is
2 cm. Three layers of ¢ strips, at depths of 0.3, 1.7 and 3.1 radiation
Tengths and 2 Tlayers of Z strips at depths of 1.7 and 3.1 radiation Tengths
are used, where the ¢ strips run parallel to the beam axis and the Z strips
are orthogonal to the ¢ strips. The ¢ strips in each layer are electrically
connected vertically in groups of 3, and the z strips are electrically
connected vertically in groups of 2.

A separate system of z strips provides dE/dx information on particles
entering the stack and detects interactions in the material of the
detector before the stack. It consists of 2 layers of strips at a depth
of 0.3 radiation lengths which are independently read out.

In an electron test beam an energy resolution of o/E = 0.16 /YE for
E'=0.2 GeV has been measured falling to o/E = 0.9/ vE for E> 0.8 Gev®0),
without extra material to simulate the material of the TASSO detector
preceding it. The energy resolution for photons is comparable with this.

The angular resolution for electrons of E> 10 GeV 1is g S0g = 3mrad.

2.5.7 Muon counters

Muons are identified if they penetrate a Targe thickness of iron and
give signals in proportional tube arrays.

(51)

The Muon detector'™ “consists of 4 Tayers of proportional tubes with

a tube cross-section of 4 x 4 cmz. The tubes are aligned in two orthogonal
directions with 2 layers in each direction and are offset by 2 cm to give
a position resolution of 6 mm. Eight separate arrays provide muon identi-
fication in 45% of 4 steradian.

For muons with momenta above 2 GeV¥/c a tagging efficiency of > 99%
is measured when a requirement of 3 out of 4 layers firing within 3

standard deviations of the position of an extrapolated track is made.

Below ~ 1 GeV/c muons do not penetrate the absorber.
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2.5.8 Forward Detector and Tuminosity monitor

The Forward DetectoABa is designed to measure small angle (6~50 mrad)
Bhabha scattering with a high precision. At small angles the 4-momentum
Q2 is small and corresponds to a region where QED has been well established;
the event rate is also large enough to provide a statistically significant
measurement. The electrons and positrons from photon-photon scattéring,
which are produced predominantly at small angles, are also tagged by the
forward detector.

The detector consists of 8 counter telescopes arranged symmetrically
around the beam pipe in the verical and horizontal planes, 6 m from the
interaction point, with 4 on each side of the interaction point. This
arrangement means that to a good approximation the Tuminosity measurement
is insensitive to the exact position of the interaction, which can vary

(53. The detector is

on the positions of the beams and on the bunch size
shown in Fig 2.6.

Each telescope consists of a small pieée of scintillator 'A' to
define acceptance, of dimension 4 x 16 cm2 and a larger piece of scin~
tillator 'C' of dimension 9 x 19 cm2 in front of a matrix of 36 lead-
glass shower counters 12 radiation lengths thick.

The signal for a Bhabha scattering event is a signal in counter 'A'
in coincidence with the 'C' counter in the diagonally opposite telescope
together with a large pulse height in both Tead glass arrays. There are
a total of 8 possible coincidences.

The geometrical acceptance of the system is 1.4 x 10"3 steradian.

For an average luminosity of 1.5 x 1030 cm-z sec:_1 a counting rate
~ 1 Hz is observed. The measured luminosity has radiative corrections

of order h3)inc1uded and has a small statistical error; the systematic

error in the luminosity measurement is estimated as + 4%.
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2.5.9 Endcap counters

54
Liquid Argon endcap ca]orimeteré )and TOF counter arrays are
installed at the endcap regions. These detectors will not be described

as they were not used in the analysis described in this thesis.

2.5.10  Hadron Arms

The hadron arm shower counters are described in detail in chapter 4.

5(55), hadron arm TOF counters(56)

The Cerenkov counter and planar drift
chamber were not used in the analysis described in this thesis and will

not be described.
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CHAPTER 3

TRIGGER SYSTEM, DATA ACQUISITION AND OFFLINE DATA REDUCTION

3.1 Introduction

Bunches of particles intersect at each interaction point at a rate of
~ 250 KHz. A trigger system is therefore required which will select ete”
interactions but reject beam-background events while reducing the data
taking rate to a manageable level. The Trigger system used to achieve this
for the TASSO experiment is explained.

Following this,a description of the TASSQO data acquisition program
and on-line monitoring of the experiment is given.

The data taking rate is still high {~ few Hz) compared to the genuine
data rate and is predominantly due to background processes. Most of these
events are removed by the TASSO off-line data selection programs, which
are described below. Data analysed in this thesis was selected from the

datasets produced by these programs.

3.2 Trigger system

The trigger logic was arranged to be able to make a decision on
whether a valid trigger had been received every time that bunches inter-
sect. In 4-bunch mode there are 1.92 usec available between successive
intersections and in 2-bunch mode there are correspondingly 3.84 usec.

A reset time of 1 pusec was required to reset all components which left
900 nsec and 2.9 psec to make a decision when running with 4 or 2 bunches
respectively.

Initially the timing was set assuming data taking with 4 bunches in
each beam. The DC prepro, which will be described later, was unable to
make a dgcision within 900 nsecs, which led to a system of pre and post-
triggers being adopted+. The pre-trigger decision was available within

900 nsecs. After receiving a pre-trigger an interval of ~ 5.5 pusecs

+ At the end of 1980 the pre-trigger was no Jonger needed when it was
decided that PETRA would not operate in a 4 bunch mode.
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(2 beam crossings) was available for a post-trigger decision to be made.
If no post-trigger had been received by this time a reset was issued.

The interface between the online computer, a NORD 10S, and the
trigger electronics was called the SIGH box (Strobe Interupt Gate Handler).
This controlied the strobes and resets issued to the read-out electronics
and decided on whether a valid trigger was received. On receiving a valid
trigger the SIGH box sent an interupt to the NORD which initiated readout
of the detector. Strobes and resets were disabled until readout was
completed when the NORD issued a reset to the electronics. A total of
16 different triggers were available which could be selected manually
or by computer control. The registers of the SIGH box could be read by
the computer so that the trigger bits set for an event were recorded as
part of the information read out. This allowed an event selection based
on a particular trigger to be made.

Stand alone triggers were also used along with pre and post-triggers.
The particular triggers used are described below. A schematic diagram of
the trigger logic is shown in Fig 3.1 and the trigger rates for a typical

data-taking run are shown in Table 3.1.

3.2.1 Experimental Strobe

The experimental strobe was derived from a capacitive prob457)at

z = -7.1 mwhich sensed the bunches as they passed it. The induced signal
from the passage of the positron bunch was attenuated and discriminated at
a fixed threshold to provide the strobe,

Changes in the bunch currents affect the pulse height of the induced
signal, which results in a time-slew of the strobe of the order 100-200 psec.
This was sufficient to affect the TOF counter resolution. To correct off-
line for this variation part of the induced signal was sent to a zero-crossing

(58)

discriminator ™~ , which has far less time siew, and then to a TDC (Time

to Digital Converter).
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3.2.2 CPC processor

The CPC hardware processor (HNPﬁE)1ooked for track segments using
data from the 4 anode planes of the CPC. Coincidences of hits were
searched for in 4 pairs of planes, planes 1 and 2, 2 and 3, 3 and 4 and
1 and 4, where the increasing radii of the planes is denoted by increasing
plane numbers. The number of adjacent wires searched through in each
plane was programable and corresponded to looking for track segments with
different degrees of curvature; a minimum transverse momentum Pr of
100 MeV/c was used.

The chamber was divided azimuthally into 96 sectors with 5 anode
wires in each plane. A 3-fold track segment was defined as a coincidence
in 3 out of 4 of the pairs of planes in a sector while a 4-fold track
segment was defined as a coincidence in all 4 pairs. The 96 sectors were
paired to form 48 bits which were used by the DC preprocessor. A fast

'OR* of the 48 bits formed'part of the pre-trigger.

3.2.3 DC preprocessor (DC prepro}

The DC prepro searched for tracks using field programmable logic
arrays (FPLA), with one FPLA for each of the 72 cells of the innermost DC
layer. Data from 6 of the DC 0° planes was fed to each FPLA, (planes 1,
3, 5, 8, 11 and 13 were used where increasing number denoted increasing
radius). 16 different track momentum masks were defined for each FPLA and
a 5 out of 6 majority logic decision was made for each mask.

Additional data from the CPC HWP (48 bits) and the 48 ITOF mean timers
was used. A track was defined as a valid mask which projected through a
set ITOF mean timer (% 1 mean timer) and a set CPC HWP bit (+ 1 bit).

The multiplicity was determined by the number of ITOF mean timers ie. a
valid mask projecting through 2 mean timers would count as 2 tracks. The
DC prepro had an efficiency dependent on transverse momentum P. with a

;
constant efficiency ~ 97% above P ~ 500 MeV/c.
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3.2.4 Pretrigger
The pretrigger did not initiate readout but temporarily disabled the
strobe to wait for a decision from the DC prepro.
The pretrigger used is as follows:
Pretrigger = (CPC > 1).(ITOF > 1)
where CPC represents the fast 'OR' of the CPC HWP 48 bits and ITOF repre-

sents the multiplicity of the ITOF mean timers.

3.2.5 Stand alone triggers

Stand alone triggers received by the SIGHBOX disabled the strobe and

initiated readout. The triggers used are as follows:
STAND ALONE = SHI + FDI + LUMI

LUMI represents the trigger produced by the Tuminosity monitor, as it
had a high rate then only every tenth event was recorded. FDI represents
the forward detector double tag trigger which required a hit in the
scintillation counter hodoscope combined with a large pulse height in the
lead glass array in both forward detector modules. The shower counter

total energy trigger, SHI, will be described in chapter 4.

3.2.6 Post-triggers

Post-triggers could only disable the strobe and initiate readout if a

pre~trigger had already been received. The triggers used are as follows:
POST TRIGGER = DCIII + DCIT + DCI . SHII + DCI.FDII where

DCI, DCII and DCIII represent outputs from the DC prepro. DCI required
that > 1 track was found by the prepro,iDCII (the tonology trigger)
demanded that the prepro found 2 tracks that were coljinear to within 27°
(£ 3 ITOF counters) and DCIII {the multiplicity trigger) demanded > 4 and
> 3 found tracks for Ebeam > 17 GeV and < 17 GeV respectively. DCIII was
the normal hadronic trigger and DCII was the normal Bhabha trigger.

DCI was combined with shower counter (SHII) and forward detector (FDII)
triggers. FDII required a single tag in one forward detector module,

SHIT is described in chapter 4,
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3.3 DATA Acquisition system

The data acquisition prograﬁbo)was activated after an interrupt was
received from the SIGH box. It read in data from the detector via CAMAC.
Not all components were necessarily read out; the subset of components to
be read out was determined from the trigger information provided by the
SIGH box, ie when a luminosity trigger was received only the corresponding
datawereread out.

The data were then reformatted and stored using the Bank Organisation
System (805)61)w1th additional information on the status of the experiment.
A typical event length was 2500 words.

Finally the data weresent via a high speed 1ink from the NORD computer
to the DESY computer centre where it was temporarily stored on a 100 M byte
disc. When this became full it was dumped onto 6250 BPI magnetic tapes.

A local disc buffering system utilising the NORD computer's 66 M byte
discs could provide up to 4 hours of local data storage. This removed
deadtime caused by breakdowns in the Tink or the off-line computer.

During a normal running period the data taking rate was ~ 1-2 Hz.with

a deadtime of ~ 4% per Hz.

3.3.1  On-Tine status of the experiment

During data taking the current status of the experiment was displayed
on a TV screen. This information included the event rate, the rates of
individual triggers and the measured Tuminosity which was shown graphically
and as a rate.

Data from 10% of all events were recorded as histograms which could
be displayed on a second TV screen, allowing simple quality checks to be
made. For example the hit distribution histogram from each CPC plane
shows up failures in the readout electronics. Up to 600 histograms were
available.

The current event could also be displayed on a TV screen so that the
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information from several components cou1d be examined. A facility existed
to display events with a particular combination of triggers which proved
useful in checking trigger and detector electronics.

At the end of every run a selection of histograms from each component,
with information on event rate, trigger statistics and luminosity was

printed out to provide a permanent record.

3.4 Off-line data reduction

In the following sections the data reduction scheme is described. The

order of the programs is shown schematically in Fig 3.2.

3.4.1 PASS 1

The initial stage of the data reduction chain was called PASS 1 and
operated on raw data stored on dump tapes. Any reformatting or unpacking
of compressed data was carried out and calibration corrections to data were
made,

A fast track finding algorithm 'FOREST® was run using information

(62)

from the DC 0° layers. This used a tree finding method ‘to link together

hits in neighbouring layers to form tracks in the R-¢ projection. If more
than 1 R~¢ track was found a second program 'ZREC' was run which
assigned hits from the DC stereo layers to found tracks and determined
their z-projection. FOREST was also run again with looser cuts if it had
already found more than 1 track. A linear drift time relation was assumed
when calculating the ¢ values of hits in the DC. New data banks were created
from the output of these programs which contained track parameters and
also listed the DC hits assigned to each track.

After PASS 1 all datawerewritten onto 6250 BPI tapes with approxi-

mately 12,000 events on each tape. No datawere rejected at this stage.

3.4.2 Track barameterisation

Each reconstructed track was defined by the 6 variables R, dgsZgsd s
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tan x and q. The variables z, and b, Were defined at do’ the closest
distance of approach to the origin of coordinates in the R-¢ plane, Z,
being the z coordinate and o the azimuthal angle. R represents the
radijus of the track in the R-¢ projection, X is the dip angle and q is the

charge of the track. The track parameterisation is shown in Fig 3.3.

3.4.3 PASS 2

The PASS 2 program was the first reduction step in the analysis chain
where Tloose cuts were applied to data from PASS 1 tapes.

Event selection at this stage required either

1) > 2 tracks reconstructed in R-¢ with [d0| < 2.5 cm, the d0 cut

selects tracks which are associated with the interaction point.

2) Any forward detector double tag event or any single tag event

with > 1 track reconstructed in R-¢ and with |d0[.§ 2.5 cm,

3)  Any event with the SHI trigger bit set and > 3 GeV energy in

opposite shower counter groups,or > 1 GeV in one shower counter with

> 1 R-¢ track, with [dol < 2.5 cm and the SHII.DCI trigger bit set.

A11 Tuminosity monitor events were accepted at this stage.

The data reduction at PASS 2 was typically 80%.

3.4.4  PASS 3

The PASS 3 program was intended as a hadronic event selection, other
classes of events remained on the PASS 2 tapes.

Event selection required

1) > 3 tracks reconstructed in R-¢ with {dol <2.5cmand > 2

tracks reconstructed in z with {z | < 30 cm.

2) Any forward detector tagged event.
This selection was called PASS 30, events satisfying condition 1) above
were further subdivided into 2 classes. PASS 3 selected the events where
|zo] < 10 cm and included the hadronic events while PASS 3B selected the

eyents where 10 Cm,§|10{_§ 30 cm. PASS 3B data was used to estimate the
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background due to beam gas events in the PASS 3 sampie.

3.4.5 BHASEL

This was the selection procedure for Bhabha events which operated on
PASS 2 data.
Event selection required

1)  The number of tracks 'N.' with Idol_s 2.5 c¢m and with transverse

T
momentum Py > 0.1 GeV/c should be 2 < N, < 4. Allowing more than 2 tracks
included those Bhabha events where showering had occurred in the material
preceding the DC.
2) For events with NT > 2 then at least 2 tracks had to satisfy
. the condition Apgy < 5°. If tracks were due to showering in the
detector then they should be clustered together with similar % values.
3) At least 2 tracks were coplianar to within 15° in the R-¢ plane.
For Bhabha events produced in the centre of mass frame the produced
electron and positron should be back to back.
4)  The number of tracks 'N,' with 3-dimensional track reconstruction
and with izol < 15 cm should be N, > 1. This is a Toose fiducial
volume cut to select events coming from the region of the interaction
point.
5) The 2 coplanar tracks should intersect the ITOF counters with a
measured time 't' in the range -3nsec < t < 25nsec and their time
difference should satisfy the condition At < 5 nsec. This cut is
designed to eliminate background from cosmic ray events passing the
previous 4 cuts, cosmic ray tracks have a larger time difference as
they pass through the whole DC with twice the average path length of
Bhabha tracks.

Events passing these cuts were written onto 6250 BPI tapes.

3.4.6  Mill

Mi1l is a track finding algorithm using the same tree finding method
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used by FOREST but with more relaxed cuts and more passes through the data.
It also used a non-linear drift time relation which was determined from
cosmic ray events and used the CPC anode hits in the R-¢ fit by extra-
polation of DC tracks.

The Mil1 procedure found more tracks than FOREST with a better reso-
Tution but it was too slow to be run as the primary track finding algorithm
and was only run on the final data samples produced by the PASS 3 and BHASEL
programs. Event reconstruction times for several classes of events using
Mill are given in Table 3.2.

A resolution in the position of DC hits of ~ 200 u was achieved for
tracks normally incident on a drift cell giving a momentum resolution
cp/p = 0.02p (pin GeV/c). The efficiency for single tracks was > 98% for
Py > 100 MeV/c and fell rapidly below this.
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" CHAPTER 4

SHOWER COUNTERS

4.1 Introduction

A large area (- 92m2) shower counter array for the hadron arms of the
TASSO detector has been built by DESY, IMPERIAL COLLEGE and OXFORD and
installed in the detector. The shower counters were designed to give a
reasonable energy resolution (cE/E ~ 19%/VE for E < 3 GeV) and position
resolution (0.019 steradians per module) at a low cost.

In this chapter the shower counter will be described in detail.

4.2 Physics motivation

The shower counters progide information on the energy of electrons
and photons emitted into the solid angle of the hadron arms (20% of 4r)
complementing the information provided by the Cerenkov, muon and time of
flight counters. The shower counters serve four essential purposes:

1) They provide a measurement of the néutral eneray emitted into the
hadron arms which is important for the séparation of events from the 1y
and 2y reactions.

2) They provide information on the amount of neutral energy produced
in the jets of particles from the i1y and 2y reactions.

3) They increase the overall probability of reconstructing =°'s.

4) They identify electrons up to the highest available momentum.
The 3rd hadron arm Cerenkov counter starts to detect pions in addition to

electrons at momenta above 5 GeV/c.

4.3 Design requirements

The shower counter detector for the hadron arms was designeé63) to
satisfy the following requirements:

1) 1t should provide good electron-hadron separation.

2) The energy resolution for an electromagnetic shower should be

reasonable (o /E ¢ 20%/YE for E < 4 GeV).
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3) The response of the shower counter should be as uniform as
possible over its surface.

4) The granularity of each module should be similar or smaller
than the granularity of the Cerenkov counters in front of the shower
counter array.

The space availabie in the hadron arms for the shower counters and the
requirement that they should hang from the iron muon filter of the hadron
arm gives two additional constraints:

5) The total depth of a module should not exceed 35 cms.

6) The photomultipliers should be mounted on the front surface of
the shower counters, otherwise they would be inaccessible.

The availability of Tow cost acrylic scintillator made the choice of
a lead scintillator sandwich counter the most attractive one. The
limited space available constrained the thickness to ~ 8 radiation lengths.
The major problems involved with acrylic scintillator are the Tow light

output and the small attenuation length < 1.4 m(64).

Good light collection
in a large area combined with reasonable uniformity can be obtained by
using a wavelength-shifter bar in loose optical contact with the acrylic
scintillator.

An additional advantage of using a wavelength-shifter bar is that a
very compact light collection system can be designed, which also permits

the use of small 2" photomultiplier tubes. For these reasons a wavelength

shifter readout system was chosen.

4.4 The "Wavelength shifting" technique

The idea of using fluorescence radiation conversion to the detection

) (66 )

of scintillation was first proposed by Shurc]iff(65 and Garwin

has been extensively studied by Kei1(67).

s and

In scintillator material the energy deposited by the passage of an

ionising particle is converted into visible light. The ionisation first
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excites a primary fluor which emits ultra-violet (U.V.) Tight. As the
attenuation length of U.V. light is small (~ few mm's) in most materials
the scintillator is doped with a second fluor which absorbs U.V, light
and re-emits 1ight at a wavelength where the attenuatien length is much
larger (~ few m's). A typical wavelength of the emitted 1ight is in the
blue region of the spectrum.

Part of the fluorescent light produced inside the scintillator is
emitted at angles greater than the critical angle and is trapped inside
the scintillator. The high geometrical symmetry of the rectangular pieces
of scintillator means that they act as a light guide for this part of the
light which is then transported to the edge by total internal reflection.

At the edge of the scintillator lies a wavelength-shifter bar. This
is an acrylic bar doped with a third fluor which absorbs blue 1ight and
re-emits green light isotropically. The blue light that reaches the edge
of the scintillator passes into the bar is absorbed and re-emitted as
isotropic green light. Part of this Tight is trapped inside the bar and
is transported to the ends by total internal refiection. The coupling
between the scintillator and the wavelength-shifter bar is over an air
gap otherwise the 1light produced in the bar would not be trapped by total
internal reflection, but would pass back into the scintillator and be lost.
The end of the bar is then viewed by a single photomultiplier tube. A
sketch of this process is shown in Fig 4.1.

To design an efficient wavelength shifter bar system:

1) The absorption spectrum of the wavelength-shifter bar must match
the emission spectrum of the scintillator and to absorb as much of the
scintillator 1ight as possible the concentration of wavelength-shifter
must be sufficiently large or the bar sufficiently thick.

2} To maximise the Tlight output from the wavelength-shifter bar the

attenuation length in it must be as Targe as possible. To achieve this
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the amount of re-absorbtion of the shifted 1ight by the wavelength
shifting molecule must be minimised, by choosing molecules with well
separated absorbtion and emission spectra, or by increasing the wavelength-
shifter bar thickness while decreasing the concentration of the wavelength-
shifting molecule.

3) To match the response of the photomultipiier the wavelength of
the emitted 1ight should be in a region where the photocathode has good
quantum efficiency.

The choice of scintillator and wavelength shifter bar dopings used

(68).

were based on studies previously reported in the literature The -

acrylic scintillator used is plexiglass doped with 3% napthalene, 1% butyl

(69)_

PBD and 0.01% POPOP by weight provided by POLIVAR The wavelength-

shifter bar used is plexiglass doped with 120 mg/1iter BBQ provided by

rom( 707,

The function of those molecules are shown in Table 4.1. The
scintillator provides light at ~ 420 nm which is absorbed by the.BBQ and
shifted to wavelengths ~ 495 nm. With the concentrations given above the
attenuation of light in the scintillator is < 1.4m, the wavelength-shifter
bar has an absorbtion length ~ 1 c¢m and an attentuation length ~ 2 m.

The emission spectrum of POPOP and the absorbtion and emission spectra of
BBQ are shown in Fig 4.2. A measurement of the absorbtion length of

(71)

scintillator Tight in BBQ is shown in Fig 4.3.

4.5 Description of the shower counter

The'shower counter array in each hadron arm consists of 32 identical
modu]es,'each of dimension 142 x 100 x 20 cm3. The central part of the
array is parallel to the beam axis while the wings of the array are bent
inwards by 19° to slightly increase the solid angle acceptance, the array
is shown in Fig 4.4. Each module matches the granularity of the Cerenkov

counters.



53

A module is made from steel plates welded together to form an open
box. A large steel plate is folded to form the back and sides, two plates
are welded to this to form the top and bottom sides and a plate is welded
across the middle dividing the box into two equally sized compartments.
The box is designed to be vertically mounted on an iron frame which is
fastened to the iron muon filter in each hadron arm., For this two metal
hooks are welded to the top of the backplate which hang on metal pads
welded to the iron frame. A steel bolt passes through each hook to rest
on the pad and by unscrewing these the module can be lowered into
position. A module is shown suspended from the frame in Fig 4.5. The
bottom and middle shelf are thicker than the other steel plates to support
the weight of the lead scintillator stacks. The box is completed by two
thin steel plates, secured to the top with self tapping screws.

Each compartment holds two stacks of iead scintillator. A module is
laid on its back to be filled. Two rubber mats are placed in each com-
partment to provide protection for the bottom piece of scintillator in each
stack and also to prevent the stack sliding into the middle of the box.
Movement of the lower piece of scintillator into the middle of the box is
due to the side of the box being curved at its base. The rubber mats and
all side walls are covered by a layer of aluminium foil.

2 is Taid in the box with

Each stack of lateral dimension 68 x 48 cm
each component placed against the bottom and side walls. A stack consists
of 9 pieces of acrylic scintillator each 1 cm thick and 8 pieces of lead
each 5 mm thick interleaved with the scintillator. Each piece of scintil-
lator is separated from the neighbouring piece of lead by a layer of poly-
thene film and a Tayer of aluminium foil with the shiny surface facing
the scintillator. Before installation each piece of scintillator was

thoroughly cleaned using alcohol to provide the best possible surface

finish. The scintillator is only polished on three edges, the fourth
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unpolished edge is covered with a layer of white tape which is then placed
against the side of the box. This improves the overall light output and
provides some compensation for the decrease in light collection yield at
greater distances from the output edge of the scintillator, due to light
absorbtion(67). A thick aluminium cover plate of lateral dimension

68 x 48 cm2 completes the stack., It is held in place by four aluminium
brackets which are screwed into the top and bottom steel plates of the
compartment., Together the cover plate and brackets hold the stack in place
when the box is hung in the vertical direction. Fig 4.6 shows a cross~
section of a stack. The box is moved into the vertical direction after
the four stacks have been installed.

The wavelength-shifter bar of dimension 68 x 14.8 x 1 cm3

is placed

in the gap between a pair of stacks and views their light output. The

bar has a mirror of aluminised mylar not in direct optical contact at its
lTower end, this improves its efficiency by increasing the amount of 1ight
reaching its upper end. The attenuation length of 1ight in the bar is

= 2 m, which results in a large non uniformity of response to scintillator
light absorbed along its length. This is compensated for by partially
obscuring the edge of each stack. Copper strips are taped to the cover
plate of each stack and hang down the side of the stack facing the wave-
length-shifter bar. The copper strips are closely spaced at the upper

end of the stack and are spaced at Tlarger intervals further down the stack.
The positions and width of these strips are given in Table 4.2. At its
upper end the wavelength-shifter bar is cemented to a plexiglass light-
guide. Light entering the Tight gquide is first reflected by a prism
through 90° to one side, a second prism then reflects the Tight by 20°
through the front surface of the shower counter module and it is then guided
adiabatically to the photomultiplier tube. The reflecting surface of each

prism is backed by a mirror of aluminised mylar coupled to it by an air
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gap to increase the efficiency of each reflection. The light guide is
completely covered with aluminium foil with the shiny surface facing
inwards. The part of the Tight guide outside the shower counter box is
also covered by a layer of black polythene and is then wrapped in black
tape to make it Tight tight. Before installation into the shower counter
the wavelength-shifter bar and Tight guide were thoroughly cleaned with
alcohol to provide the best possible surface finish. The wavelength-
shifter bar is held in position between the two stacks by rubber spacers
at each end. The 1light collection system is shown in Fig 4.7,

A plexiglass connector to hold an optical fibre is glued to the mid-
point of the upper surface of the wavelength-shifter bar and is used for
calibration. In a second plexiglass connector glued to the adiabatic
light guide is a green LED which can also be used for calibration. The
use of these for calibration will be described later.

The photomultiplier and base units are mounted on the front face of
the shower counter module. A length of angle iron 1is screwed to the bottom
and middle plates of the box. From this are fastened two pieces of studding
connected to clamps at one end and the metal can of the photomultiplier
and base unit is held by these clamps. This arrangement is shown in
Fig 4.5. The photomultiplier (P.M.) tubes used are 56 AVP 2" tubes for
half of the modules, which were available from a previous experiment and
EMI 9807B 2" tubes for the remainder of the modules. Each P.M. tube is
coupled to its light guide with optical grease. The P.M, tube is spring
loaded at its base, this and proper alignment of the clamps holding the
can ensure a good contact with the light guide. Each P.M. tube is shielded
from stray magnetic fields by being enclosed in a mu-metal can. The gap
between the metal can and the 1light guide is sealed against light leaks
by black foam rubber rings and a layer of black tape.

The whole box is sealed against light leaks with black tape.
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4.6 Position of the counters in TASSO

During the early period of data taking with the TASSO detector the
barrel 1iquid argon modules, designed to measure energy in the angular
region around the solenoid, were not ready to be installed. As the
angular region covered by the barrel 1liquid argon modules is much targer
than the angular region covered by the hadron arm shower counters it was
decided to install some of the shower counter modules around the solenoid,
increasing the angular region in which energy measurement was made.

Two rows of four shower counter modules were installed above the
solenoid and three rows of four shower counter modules were installed under
the solenoid. The counters above the solenoid were supported by a frame
constructed from aluminium girders which was hung from the magnet flux
return yoke. The central row of counters under the solenoid rested on the
magnet flux return yoke, the rows on each side of it were hung from iron
girders which were fastened to the endplates of the magnet flux return yoke
with their base resting on the magnet flux return yoke. Fig 4.8 shows the
positions of the shower counters around the solenoid.

At the beginning of 1980 the upper half of the barrel liquid argon
calorimeter was installed replacing the two rows of shower counters above
the solenoid. Fig 4.9 shows the positions of the shower counters around
the solenoid for this period. At the end of 1980 the lower half of the
barrel 1iquid argon calorimeter was installed and all the shower counters

were returned to the hadron arms.

4.7 Granularity of the shower counters

The space between each pair of lead-scintillator stacks is wide
enough to accommodate two wavelength-shifter bars allowing the light from
each stack to be separately read out. The three rows of shower counters
under the solenoid had these additional wavelength-shifter bars installed,

a doubling of their granularity.
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The pair of wavelength-shifter bars are optically separated by a
piece of aluminium foil which ensures that the 1ight from each stack is
only able to enter one of them.

When the shower counters were returned to the hadron arms the two

outermost columns in each arm had their granularity doubled.

4.8 Electronics
The readout system for the shower counters will be described in this
section. A1l the electronics for each component in a hadron arm were

situated on a platform fastened to the back of the muon filter.

4.8.1 High Voltage system

High voltage (H.V.) for the P.M. tubes was supplied by Oltronix
units each of which fed a distribution box with 11 outputs or by LRS 4032 32
channel H.V. units. Oltronix units supplied the north arm counters while
the south arm counters were supplied by 2 LRS 4032 units and by Oltronix
units for the additional P.M. tubes after doubling the granularity of some
counters. A typical operating voltage for a P.M. tube was 2.2 kV.

During data taking the H.V. units were permanently switched on.

4.8.2 Readout system

Signals from the P.M. tubes travel along 28 m of coaxial cable to the
readout electronics. Each cable entered a splitter panel where the signal
was divided into two equal parts. One part was sent to the trigger elec-
tronics which will be described later, while the second part was sent to
the (ADC) Analogue to Digital Converter patch panel. The ADC's used were
LRS 2282 modules, each ADC module consisting of 48 12 bit charge sensing
channels giving a dynamic range of 4095 counts with a slope of 0.25
picocoulombs/least count. The ADC's were controlled by a microprocessor
(LRS 2280) and were read out by the one-line compufer via CAMAC. The gate
for the ADC's was provided by the experimental strobe. As the ADC system

in each hadron arm was also used by the Cerenkov counters and hadron arm
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TOF counters the gate that was applied to the ADC modules had to be com-
patible with the signals from all of the components using it. The
signals from the Aerogel Cerenkov counter had a large time spread as the
light from it was collected by diffusive reflections from its walls and a
long gate length of 220 ns was then required.

If the TASSO trigger logic did not produce a valid trigger then a
"fast clear" was issued to the 2280 module a constant 1 us before the next
data cycle.

The microprocessor has the ability to subtract previously stored
pedestal values from the stored data values. For the data analysed in
this thesis this facility was not used and the data values were read out
uncorrected.

Pedestal values were calcuiated, before each data taking run, using
data taking cycles with the strobe provided by a pulse generatorf The

pedestal value is the ADC value of a channel when there is no signal from
'the PM tube, and a typical value of ~ 300 counts was seen.

A schematic diagram of the readout system is shown in Fig 4.10,

4.8.3 Trigger system

The part of the signals not going to the ADC's were sent to linear
fan in units where a sum of all the signals was formed. Each module
contains 2 groups of 8 inputs so that it was possible to obtain the sum of
the signals from groups of 8 counters, as well as the total sum of all
counters read out in an arm.

Two triggers were formed from this sum. The sum of all signals was
fanned out into two outputs. Output one was passed through a discrim-
inator at a high threshold and was then put into coincidence with a gate
derived from the experimental strobe. A logical AND of this signal from
the North and South arm shower counters formed the 'stand alone' energy

trigger. Output two was passed through a discriminator at a low threshold

+ the pulse generator operated provided strobes at the frequency of beam
intersections, as the pedestal value obtained was frequency dependant.
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and was then nut into coincidence with a gate derived from the experi-
mental strobe. The output triggered a gate generator producing a gate

of 4 us. A logical OR of this signal from the North and South arm shower
counters was made and the output formed a logical AND with the output of
the DC prepro to form the energy + > 1 charged track trigger.

A schematic diagram of the trigger system is shown in Fig 4.11,

The 'stand a]onef energy trigger described above was for the case
where shower counters were only installed in the hadron arms. For the
running periods where some shower counters were installed above and below
the solenoid a more complicated 'stand alone' trigger involving the sum
of the signals from subgroups of counters was employed. Theschematic
representation of the triggér system for these shower counter positions are
shown in Fig 4.12 and Fig 4.13.

Typically the 'stand alone' trigger is bresent in = 20% and the
energy +-> 1 charged track trigger is present in ~ 7% of all accepted
events, The energies corresponding to the discriminator thresholds are
shown in Fig-4.12 and Fig 4.13, showing the trigger systems used for each
shower counter geometry. The 'stand alone' trigger threshold was also
lowered for low energy running periods where a high threshold would cause

some data to be Tost.

4.9 Online calibration of the.shower counters

The shower counter system was calibrated by a system of fibre optics
which were uniformly illuminated by a Xenon flash lamp. Each group of 70
fibres were bundled together at one end and were held at a distance of
20 cm from the lamp. A connector at the end of each fibre plugged into
the fibre optic connector mounted on the top surface of a wavelength-
shifter bar midway along its length. The manufacturer has measured the
lTight transmission of individual fibres, the variation between fibre's

was less than 1%. Each fibre was 12 m long.
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Light entering a wavelength-shifter bar from the attached fibre was
shifted and transported to the PM tube in the same way as light entering
from the neighbouring lead scintillator stacks.

In practice three Tamps and fibre optic bundles were used as the
fibres were not long enough to reach all of the counters. The output of
one lamp was used as a reference for the other two lamps. The calibration
of the additional lamps relative to the reference lamp was made by inter-
changing fibres illuminated by these lamps with fibres illuminated by the
reference lamp, using the difference in the ADC values measured from each
lamp. The reference Tamp was calibrated using the 1ight produced by a
mono-energetic electron beam normally incident on the centre of a lead
scintillator stack and corresponded to an energy deposit of ~ 10 GeV.

In laying the fibres from a lamp to the shower counters it was
necessary to coil up part of the length of the fibres. Great care was
taken to make sure that the fibres were not damaged or coiled too tightly
as this would reduce the efficiency of Tight transport down the fibre
which depends on total internal reflection from the fibre walls.

Each Xenon Tamp was run as a free oscillator at a voltage of 2.7 kV,
A signal from the base of the lamp travelled to the readout electronic
along 28 m of coaxial cable, it was attenuated and discriminated before
being used to provide a gate for the ADC modules. The start time of the
gate was adjusted so that the signals from the PM tubes arrive at the ADC
modules 50 ns after the start of the gate. The gate was passed to the ADC
modules of the opposite arm so that the pedestal values of these modules
could be calculated at the same time and was also passed to the TASSO
trigger electronics as a special trigger which enabled the on-line
computer to readout the ADC modules. Multiple signals were not recorded
as the frequency of oscillation of the lamp was smaller than the cycle

time of the ADC system.
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Calibration runs using the Xenon lamps were taken every 4 days. Each
lamp was run separately and the corrected ADC values of all three
lamps were combined on the online computer to form the 'SHCL' bank. To
check the quality of the calibration histograms of the ADC values of each
channel recorded during the calibration run could be displayed at the on-
line computer. Fig 4.14 shows the histogram of ADC values for a channel
recorded in a calibration run. The drift of the lamps and the effects of
slowly drifting HV supplies were corrected in the on-1ine calibration.
The calibration was observed to vary typically by less than 5% over a
period of two weeks.

A schematic diagram of the calibration system is shown in Fig 4.15.

4.10 ° Offline calibration of the shower counters

Bhabha scattering events seen in the TASSO detector were used to
perform an offline caiibration of the shower counters, by adjusting the
energy spectrum of events measured by the shower counters so that the mean
value was the same as the beam energy. Separate shifts were calculated
for each group of counters illuminated by a Xenon Tamp. It was not
possible to calculate an individual shift for each counter as the number
of events recorded in a counter was typically less than six for a data
taking period of one month. Shifts were calculated every month and were
applied to the energy deposits observed in the shower counters for alil
events. Table 4.3 shows the average shifts calculated from Bhabha events
for different run periods. Fig 4.16 shows a scatter p]otnof the Bhabha
energy deposited in the shower counters below the solenoid normalised to
the beam energy for each counter. There are no large variations from

counter to counter observable.

4.11 Tests and performance

Five counters have been tested in an electron beam and in a pion

(64) -

beam at energies up to 4 GeV In these tests the effect of the material
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of the TASSO detector before the shower counters have been simulated by
1.5 radiation lengths of iron placed in front of the counter. Table 4.4
shows the results of measurements in the electron beam where the beam is
normally incident at the centre of a lead scintillator stack. These
results show that for energies less than 3 GeV the resolution of the
shower counter is “/E ~ 19%/YE. The separation of electrons from pions
has been examined by comparing the signal distribution obtained from the
electron beam tests with the signal distribution obtained from the pion
beam tests. A pion was considered to have been misidentified as an

electron if its measured signal Spion(E) satisfied the conditions:
Spion(E) > S(E) - 2.5 o(E)

where S{E) and o(E) are the mean and standard deviation respectively of

the signal distribution expected for an electron of energy E.

In addition the front and back parts of the lead scintillator stack
were separately read out to see if comparing the front and back signals
would improve the pion/electron separation. Table 4.5 shows the proba-
bility of pion misidentification with and withﬁut comparison of the front
and back signals. The measurements show a small improvement for pion
rejection for energies < 4 GeY with comparison of the front and back
signals and no improvement for energies > 4 GeV. In the hadron arms
electrons with energies below ~ 5 GeV are tdentified by the Cerenkov
counters, so there was no advantage in a longitudinal subdivision of the
lead scintillator stack.

The signal variation over the surface of a stack has been measured.
In the direction parallel to the wavelength-shifter bar the signal was
uniform, which was a result of the partial obscuration of the edge of the
stack using copper strips. In the direction perpendicular to the wave-
length-shifter bar a variation in the signal 9s/S = 10% was observed

which was due to the attentuation of light produced in the scintillator.
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Fig 4.17 shows the measured signal as a function of distance from the
wavelength-shifter bar. If the entrance point of a particle is unknown
the energy resolution will be degraded by the signal variation across a
stack.

A signal was seen when an electron passed through the wavelength-
shifter bar, For an electron of energy 2 GeV a signal equivalent to an
electron of energy 800 Mev entering a stack was seen.

The resolution of the shower counters was measured at higher energies
by studying large angle Bhabha scattering events, Table 4.6 shows the
resolution obtained from these events. The passage of electrons through
the shower counter stack has been simulated using the EGS(72) program, .
the calculated resolutions are shown in Table 4.7. The test beam measure-
ments agree well with the values calculated using the EGS program while
the measurements obtained from Bhabha scattering events without fiducial
volume cuts lie above the values calculated using the EGS program. In
view of the large corrections applied to the experimental data and possible
uncertainties in the intercalibration of the shower counters the agreement
is good. The resolutions obtained from the test beam measurements, the
Bhabha scattering events and the resolutions calculated using the EGS

program are shown in Fig 4.18.
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material function

napthalene primary fluor

butyl PBD primary fluor
POPOP secondary fluor
BBQ wavelength shifter

Table 4-1 scintillator compounds used and their function

‘strip position |strip thickness
(Mms) {MmS)

0 9
30
67

111
167
230
334
L94

Ul O O W 0V v WO

Table 4+2 position and thickness of the copper strips along the
edge of the shower counter stack
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run period | A grocup D F
1600 - 1940] 0-83 | 0-78 | 0-95 [ 0-63 | 0-55
1941 - 2373] 0-84 | 0-70 | 0-8B6 0-83 | 0-86
2374 - 2775] 070 0-95 { 0-63 | 0-80 0-65
2776 — 2905y 0-63 | 0-54 | 0-73 0-86 | 1-00
2906 — 3090 1-09 | 0-63 0-80 0:58 | 100

=> 3090 0-54 | 078 0-95 0-65 | 1-00

Table 4+3 calibration factors, derived from Bhabha scattering

events, for each counter group

energy (GeV)

resolition o E (%)

1-0 17:7  2-1
2-0 12-8 £ 2-3
3-0 1M11=% 2-6
L+ 0 10:9* 241
Table 4+¢4 shower counter energy resolution measured in an
electron beam
probability of pion misidentification
energy (%o)
(GeV) without correlation with correlation
1-0 L+ 5 3.0
2:0 158 1-
b0 0-4 0 -
Table L+5 probability of pion misidentification as an electron
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energy resolution o/ E (%)
with fiducial |without fiducial
(GeV) volume cuts volume cuts
6-0 13-4 £ 17 19-1% 2-8
15-0 15-5%+ 2.1 22:-6% 2-6
Table 4°+6 shower counter energy resolution measured using
Bhabha scattering data

energy (GeV) |resolution ofE (%)
10 179 11
2-0 11-9 £ 11
3+0 111211
-0 10:6%1-1
50 111% 19
80 136% 11
10-0 13611
12+0 14-5% 11
15-0 15-1% 11

shower counter energy resolution calculated using

Table
the EGS Monte Carlo program

LT



67

acrylic
scintillator

z air gap
{ %A=YV

wavelength shifter bar
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B) absorbsion of UV light and re-emition of blue light
C)> absorbsion of blue [ight and re-emition of green light

'F'ig L+1 schematic diagram of the -light collection process
using a wavelength shifter bar '
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absorbtion spectra of BBQ
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Fig 4.7 the shower counter light collection system
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'CHAPTER 5

SHOWER COUNTER AND LABC ANALYSIS ROUTINES

5.1 Introduction

The raw data from the shower counters and LABC consist of ADC values
for the PM tubes and the towers and strips respectively. Programs which
convert the ADC values into energy measurements and assign clusters of

deposited energy to charged particles and photons are described.

5.2 Shower counter analysis package

Shower counter information was accessed for an event by calling a

subroutine 'NEUTRL'. The method used in 'NEUTRL' to convert the ADC
values into energy measurements and the assignment of the deposited
eneray to charged particles and photons will be described below. A

schematic diagram of the program is shown in Fig 5.1.

5.2.1 Calculation of energy deposits

The first task was to convert the shower counter ADC values into energy
measurements. The ADC values were stored in the 'ADCS' and 'ADCN' data
banks for the south and north arm shower counters respectively and pedestal
values were stored in the 'PEDS' and 'PEDN' banks of the Run librar§73), with
separate banks for each run, The ADC values were corrected by subtracting
the pedestal values. To account for pedestal drift any ADC value after
pedestal subtraction with Tess than 12 counts was zeroed.

The conversion of the corrected ADC values into an energy measurement
in MeV was made using the following formula:

Ei(MeV) = BHACAL*ADC1*10,OOO*FACTOR/XeCALi - 5.2.1
where ADCi is the ADC value of channel i and XeCALi is the ADC value of
channel i recorded using the Xenon lamp calibration system described in
section 4.9. The 1ight output of the reference Xenon lamp was equivalent

to -~ 10,000 MeV and FACTOR is a shift appiied to some counters due to a
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difference in the light output of the other Xenon lamps used with respect to
the reference lamp. An overall shift of the energy, described in section
4.8, was applied through the factor BHACAL, which normalised the spectrum
of energies measured from Bhabha scattering events to the beam energy.

Any energy deposit of less than 50 MeV was set to zero.

The calibration of the shower counters using the Xenon lamps assumed
that the amount of light entering each of the counters was the same. This
has been checked by plotting the energy spectrum measured in each counter
for Bhabha scattering events Fig 4.16). In some counters the energy spectrum
obtained peaked below the beam energy, the most 1ikely explanation for
this is damage to some of the light fibres. For each of these counters an
additional shift of the energy was applied. The 1imited statistics did not
allow these factors to be accurately calculated and for some counters this
correction was not attempted.

The calibrated energy deposits were stored as the 'BTSH' bank.

5.2.2 Projection of tracks

The next stage is the projection of charged particle tracks from the
DC to the shower counters using the fitting parameters of the programs
FOREST or MILL. The projection consisted of three parts:

A) Each track was projected to the ITOF counters assuming a constant

magnetic field parallel to the z-axis.

B) Each track was transported through the solenoid in a series of

discrete steps, with the magnetic field parameterised as parallel to

the z-axis but linearly falling to zero in the radial direction,

The parameterisation of the magnetic field in the coil was obtained

by a comparison of the position of hits with the entry points of

tracks in the muon counters from a large sample of cosmic ray events

C) Each track was then projected to the shower counters assuming

no magnetic field.
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The shower counters were treated as rectangular groups. Using the
point of intersection of a track with a counter group the counter struck
was identified and the perpendicular distance 'd' to the wavelength-
shifter bar was calculated. A correction due to the non linear response
of the shower counter was made using the following algorithm:

d >20 cm FACTOR =1

"

- 5.2.2

d <20 cm FACTOR = 1/(1.4 - 0.02{d|)

"

Equation 5,2.2 was determined from the test-beam measurements shown

in Fig 4.17.

5.2.3 Energy assignments

The energy deposited in the shower counters was associated with
charged particles in the following way.

The shower counter modules struck by charged particles were deter-
mined, by projecting charged particle tracks from the DC to the shower
counters, using the method described in section 5.2.2. If the measured
energy loss in a module struck by a charged particle was < 1 GeV all the
energy was assigned to the charged particle. If the energy was > 1 GeV
the momentum of the charged particle was compared with the energy and if
the difference between these quantities was < 2.5 o, the charged particle
was considered to be an electron with all energy assigned to it. Other-
wise the charged particle was treated as miniumum ionising with only
200 MeV, the measured mean energy loss of a minimum ionising particle in a
shower counter, assigned to it.

The remaining energy, after the subtraction of the energy associated
with charged particles, was assigned to photons.

A cluster finding program, which is described in section 5.2.4, was
used to identify individual photons from the total energy in the shower
counters which had been assigned to photons. The program could also be

used to make an improved search for electron candidates by comparing the
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momentum of each charged particle with the energy of the cluster
associated with it.

Each identified photon had its direction cosines defined by the
direction cosines of the centre of the shower counter containing the

energy deposit.

5.2.4 Corrections for electrons and photons

For identified electrons and photons two further corrections for the
amount of energy leaking from the back of the counters and for the angle
of incidence with the counters were made. These corrections have been
calculated by passing electrons and photons through a simulation of the
shower counters using the EG§72) program, for various energies and angles

of incidence, and were parameterized by the following equations.

A)  Photons
EC1.I = EC.i COSBi ) - 5..2.3
Ey = EC; {1 + (2EC1.-6)/48} {1-1/cose;} - 5.2.4

where @, is the angle of incidence and EC; is the initial energy of
photon i. The dependence on 9 is small due to the geometry of the shower
counters and was neglected.

EF, = E; + 0.02 £, - 5.2.5
This correction accounted for leakage from the rear of the shower counters.
An additional factor of 80/sine; MeV was added to account for the average
energy deposit due to showering in the solenoid.

B) Electrons

ECT; = 1.11.E;.FACTOR; - 5.2.6
EC2; = FACTOR; {1 + 2 EC1;/43} {1-1/cose;} - 5.2.7
EC3; = 1.11 E4 EC2, -5.2.8

where 8 is the angle of incidence, E; the initial energy and FACTOR; the
point of incidence correction of electron i. Again the 95 dependence

was neglected.
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2 - 5.2.9

EF; = EC3; + 0.02 EC3;
This correction accounted for leakage from the rear of the shower counters.

5.2.5 Cluster finding Algorithm

A cluster finding algorithm was used to select events from Bhabha
scattering and electron-positron annihilation into gamma rays.

The shower counter module with the highest energy deposit defined a
cluster and any energy in the surrounding 8 modules was added to the
cluster energy. The direction of the cluster was the energy weighted sum
of the direction cosines of the modules containing energy with the direction
cosines of each module defined at its centre. A1l energy assigned to a
cluster was removed and using the same procedure a search was made for
additional clusters in the remaining modules.

Clusters assigned to charged particles were considered to be electrons
if the event passed the Bhabha selection described in chapter 6 and they
had more than 2 GeV deposited energy.

The corrections described for electrons and photons in the previous

section were applied to each identified cluster.

5.3 LABC analysis package

LABC information was accessed for an event by calling a subroutine

'"LABREC'. A schematic diaaram of the proaram is shown in Fig 5.2.

5.3.1 Calibration of energy deposits

The ADC values of the towers and strips which were the raw data of
the LABC were stored in the LIAR bank. The first stage of the program
separated this information into separate banks (LIAB 101-108) with one
for each of the barrel modules. The format of the LIAR bank was checked
and all repeated addresses were removed. The address of non zero ADC
values were converted into internal coordinates which were then stored
along with the device type in the LIAB banks.

Calibration of the ADC values of the towers was performed using
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Bhabha scattering events, with shifts calculated for each module from
events collected over a period of a month. The shift was calculated by
summing all the tower ADC values in each module associated with a charged
particle and then normalising the resulting spectrum to the beam energy.
At this stage noisy towers and strips were also removed. The cali-
brated data was stored in banks (LIAB 1-8) with a separate bank for each

module.

5.3.2 Cluster finding algorithm

A cluster finding algorithm was used to search for clusters of towers

(74). The algorithm used the calibrated data stored in the

in the LABC
LIAB 1-8 banks with a separate search performed in each module.

The program first performed a one-dimensional search for clusters in
the ¢ strips, with the ¢ value of each cluster taken as the centre of gra-
vity of the ¢ strips in the cluster. The ¢ value of each cluster was taken
as the start point of a scan along the module in the z direction, searching
for energy deposits in the front towers. The front towers were summed in
the z and ¢ direction for a maximum of + 3 front towers unless a layer of
front towers containing no energy was crossed. The 8 value of the cluster
was taken as the centre of gravity of the z-strips associated with the front
towers. If two clusters were not separated by a layer of front towers
containing no energy the energy of the front towers was shared between the
two clusters. The energy deposits of the back towers associated with the
front towers of a cluster were added to the cluster energy. If no strip
information was available then the front towers were used to define the 8
and ¢ coordinates of the clusters. All clusters of less than 50 MeV energy

were not considered. The front to back energy ratio for each cluster was

calculated and all clusters where F/B <.1 or F/B >10 were rejected.

5.3.3 Cluster assignments

Charged tracks were assigned to clusters if the angle & between the
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cluster and the track was less than 3°. If more than one track satisfied
this condition then the track with the smallest & was chosen. Any cluster
unassociated with a charged track was considered to be a photon. |
Clusters assigned to electrons and photons had corrections applied
for energy leakage and the angle of incidence with the barell module.
The corrections were calculated using the EG§72)program.
For each cluster a data bank containing the cluster parameters was

created,



84

conversion of ADC energy values stored
values info energy in the BTSH bank
projection of DC tracks calcutation of position
E to the shower counters dependant correction
g assignment of energy
to DC tracks & photons
= search for electron
= candidates
@
Z shower leakage & angle
dependant corrections
for elecirons & phofons
L

Fig 5+1 schematic diagram of the shower counter program NEUTRL

conversion of ADC values| energy values stored
into energy & removal of in the LIAB banks

noisy chanels

——— cluster finding

projection of OC tracks
to the LABC

cluster assignment to
DC fracks & photons

LABREC program

shower leakage & angle
dependant corrections
for etectrons & photons

lcrea’rion of an LATR
bank for each cluster

G.? schematic diagram of the shower counter program LABREC

Fig



85

CHAPTER 6

ANALYSIS OF BHABHA SCATTERING (efe™ +e'e™)

6.1 Introduction

In this chapter an analysis of the reaction ete” » efe” is presented.
At PETRA where the maximum energy in each beam is ~ 18 GeVY, QED can be
tested at values of Q2 up to - 1300 GeV2 which allows a test of the point
Tike nature of the electron to be made. A theoretical description of
Bhabha scattering is given, followed by a discussion of the procedures
used to select this type of event. The contributions from background
processes are calculated and a Monte-Carlo program used to calculate
acceptances is described.

The cross-section is evaluated for centre of mass energies, W,
between 12 and 36.6 GeV and using the angular distribution of events at

an average W of 34.8 GeV the cut off parameters A% are calculated.

6.1.1 Bhabha scattering cross-section

The Towest order differential cross-section, calculated from the two

graphs shown in Fig 1.8 is:(33)‘
doy = 42 q.4 v 5% 4 2qI4 + ql4 + q4 -6.1.1
daa ’ZE__qii— 'q_Z's_ 7_

where q2 = -5 sinz(e/Z), q.2 = -5 cosz(e/Z), s is the centre of mass

energy squared and the mass of the electron has been neglected. In this
equation the first term comes from the space 1ike graph (Fig 1.8 a), which
dominates for small values of &, the third term comes from the time 1ike
graph (Fig 1.8 b) and the second term results from interference between
the two graphs.

Equation 6.1.1 can be rewritten in the form:

do
de " s | 1 - cose B

0 ot 3.+ cosza"[2 - 6.1.2

If the electrons and positrons are polarised with a transverse
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polarisation P the Towest order differential cross-section would be:

do, . gE (3 cos? ']2 - P2(1 + €059

de  4s | T-cose

2
)"cosze, - 6.1.3

As no beam polarisation has been seen at PETRA equation 6.1.2 will

be used.

6.1.2 Radiative corrections

The lowest order cross-section is modified due to contributions from
h{gher order graphs. These graphs contribute to the final state
(e*e” » e*e”y) which is indistinqguishable in the detector from the lowest
order final state (e'e” - e'e”), when the y is of low energy or is not
detected. The graphs used to calculate the radiative corrections are shown

in Fig 1.9 and the cross section for Bhabha scattering is medified to:

do _ %% [1+ 8(8,4)] -6.1.4
W@ - @

where do_/d is the Towest order (az) cross-section and &§(8,9) is the
radiative correction to order (a3). The radiative corrections are calcu-
lated using the method of Berends and KTeis£75).

The first 8 graphs in Fig 1.9 account for the contribution from
initial and final state Bremsstrahlung, the next graphs describing vertex
corrections, box diagrams and vacuum polarisation of the photon propagator
contribute to order (a3) via interference with the Towest order diagrams
(Fig 1.8). The vacuum polarisation due to hadrons is calculated from the
total cross-section for e'e - hadrons using a dispersion re]ation(761

Initial state radiation and large angle final state radiation
corrections lead to an acollinearity between the final state electron and
positron. The value of the radiative correction is characterised by a
threshold energy Eth on the final state electron and positron and a limit -
on £ the acollinearity angle between them. At W = 34.8 GeV the average

value of the radiative correction is ~ -4% for Eth = 4 GeV and £ = 10°,

*
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6.1.3 Tests of QED

In the derivation of equation 6.1.1 describing the differential cross-
section for Bhabha scattering all interactions and particles are assumed
to be point 1ike. Any deviation from this QED prediction can bhe paramet-
erised in terms of form factors.

The matrix element describing Bhabha scattering is constructed from
the photon propagator oMY = -F1(q2) guv/q2 and from the vertex functions
Ty=y F2(q2), where F1(q2) and F2(q2) are separate form factors which are
un1ty in unmodified QED. The differential cross-section is then propor-
tional to the product lez(qZ)F1(q2)|2. A joint form factor
F(qz) = F22(q2)F1(q2) is defined as the separate form factors are
indistinguishable.

For small deviations from unity the form factor can be expressed as(77):

F(qz)

:1""

- 6.1.5

jﬂ
%)
+

q -

where At is called the cut off parameter.

For Bhabha scattering two form factors for the spacelike and time-

like amplitudes are introduced and the differential cross-section becomes:

4, 4 A ‘g, 4 2ot
[? IF (q l +29_ Re(F_(q")F, (s)) + g "+qg IFt(s)I :]ig 6.1.6
qzs S
- !
where q 2. s sinz(e/Z), q2 = -§ cosz(e/Z), s is the centre of mass energy

squared and Fs(qz),Ft(s) represents the spacelike and timelike form
factors respectively.
Expressing Fg(qz) and Ft(s) using equation 6.1.5 with s,q2 «:AZ and

neglecting terms of higher order in 1/A2 equation 6.1.6 becomes:

4

do _ (3 + COS e) [‘1 + s (9 - 6cose - 2cos3e - C0S '8)
dae 1_ T -"cose 2 2
{3 + cos™ o)
+ s (bcose - 6c0os2s + 2c0so6 - 2cos4e{] -6.1.7
2

Ayt (3 + cosze)2
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Setting A, = 4, and A = 1/l equation 6.1.7 becomes:
2 IR 2
do _o [3 + COS e} [’1 + 3sa(1 - cos e)'] -6.1.8
Y s 1 - COosB — (3 + C052 )_

The cut off parameter A can be used to determine a distance above
which QED is valid. The uncertainty principle relates A to a distance
Sr by substituting dp = A:

§r v he/A -6.1.9

6.1.4 Weak Interaction effects in Bhabha scattering

At the highest PETRA energies the weak interaction becomes more
important to Bhabha scattering. In models with one neutral vector boson,
z°, graphs involving z° exchange (Fig 1.10) contribute to the cross-section
along with the graphs involving virtual photon exchange (Fig 1.8). The

matrix element calculated from all these graphs 1§A1%

M=e" Uy UVYPV - 82 Uy VVYUU
B H < H
- = u ) = ToH -
+ 1 UYu(9V+9AY§UVY (g4 +q, Y5V 1 UYu(9V+9AY5)VVY (gy*gpvglu - 6.1.10
t-Mz S-M;

where u and v are the electron and positron spinors respectively, gy and
g, are the vector and axial vector weak neutral coupling constants and
MZ is the mass of the Z°,

From this matrix element the cross-section for Bhébha scattering is

written as(é”):

do _ o® T 4B1+(B3+B2)(1+cos2a)+2(B3-B2)coss

do o 6.1.11

2 Bs

with B1 = [ s 201+ (gv2 - gAz)a R
| T

B2 = | 1+ (gv2 - gAz)xl2 -6.1.12

2B3 = | 1 +5 +(gv+gA)2(§E+x) {2+|1+%+ (gv_gA)z (sg+x) |2
£ G £
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2
and x = GM, s g = GFMZZ t -6.1.13
2V21a S-MZ +'iMZI' 2v2na t'M-Z2+'iMZT

Gp is the fermi coupling constant and T is the width of the z° boson.
In the standard mode#34bv = %(1-4sin29w), gy ==} and
Mz = 74.6/51‘n28w GeV/cz, where sin26w is a free parameter to be determined
by experiment. The u pair cross-section can be obtained from equations
6.1.11, 6.1.12, 6.1.13 by setting °/t to zero.

The total cross-section gives information on the vector coupling gy.-

(ﬂﬂof sinzew = (0.228 the change in the total

Assuming the measured value
cross section is too small to be measured. The axial vector coupling g,
modifies the Bhabha angular distribution from the QED prediction. Fig 6.1

shows the deviation as a function of cose at W = 35 GeV for sinzqw =0.25.

6.2 Event selection

Bhabha events were selected from the 'Milled' 2-prong data-set
produced by the program 'BHASEL'. In addition to Bhabha events this data-
set contained events from muon and tau pair production, gamma-gamma
scattéring to leptons, beam-gas scattering and cosmic ray events. The
cosmic ray contamination can be easily seen by looking at the phi
distribution of tracks (Fig 6.2) which shows an excess of events at angles
corresponding to the vertical direction.

The following cuts were applied to select Bhabha events:

a) the number of tracks, NTRK = 2

NTRK

b) 121 q; = 0 , where q; is the charge of track i.

Cut a) removed events with an electromagnetic shower in the
material of the detector before the drift chamber and cut b) rejected

events with a mis-assignment of the charge, which results from the

finite resolution in the curvature measurement of tracks.
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At Ebeam = 6 GeV, = 0.1% of events and at Ebeam = 17.4 GeV, = 1.4% of
events have the wrong charge assignment.

c) the event was triggered by the topology trigger {(DCII)

Bhabha events can be selected by several independent triggers with
different acceptance and efficiency. Cut ¢) removed a trigger bias by
selecting events from the topology trigger only.

d)  (d_°

01
e) (2012 + Zozz)éls 5 cm

+ dozz)é_s 1 cm

f} -2ns < (t < 4ns

meas tpred)i

Cuts d) and e) required tracks to come from a small region around the
interaction point and cut f) required the measured time of flight, tmeas’
to be consistent with the time of flight, tpred’ calculated from the path
length of the track, for each track i. The distributions of do’ Z0 and
t eas are shown in figs 6.3, 6.4, 6.5 respectively after cuts a) - f).
These cuts removed most of the cosmic ray background. - The ¢ distribution
~of tracks (fig 6.6) is now flat consistent with no measured beam polari-
sation.

g) P; >4 GeV/c, Ebeam >15 GeV (52 GeV/c, Ebeam = 6 GeV)

h) acollinearity angle £ < 10°

Events from gamma-gamma scattering to leptons are characterised by a
low track momentum o and an acollinearity angle ¢ which is not strongly
peaked at small angles, as is the case for Bhabha events. The momentum
spectrum of tracks (Fig 6.7) shows a clear separation of the two classes
of events. Cuts g) and h) then removed most of the gamma-gamma scattering
events, |

i) lcosei| < .8

This ensured that each track passed through every DC layer and

intersected the ITOF counters,

Events that passed these cuts formed the Bhabha data sample. The
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surviving backgrounds are calculated in section 6.3.

Figs 6.8, 6.9 and 6,10 show 3 candidate Bhabha events at W = 12 GeV,

W= 30.5 GeV and W = 35 GeV respectively.

6.3 Background estimation

In this section the backgrounds to Bhabha scattering discussed
previously are calculated.

a) Cosmic ray and Beam-gas scattering

The contributions from beam-gas scattering and cosmic ray events were
determined from the observed Z0 distribution after the cuts, (excluding
the Zo cut), described in section 6.2 had been applied. In both types of
event the vertex, (defined as the intersection point of both tracks), can
occur at any point along the beam pipe, which defines the z-axis. Tracks
with IZOI > 8 cm were classed as from background events. The contamination
was then estimated by extrapolating these events into the region
(2012 + 2022)é < 5 cm assuming a flat distribution and was calculated to
be < 0.27%. ng 6.11 shows a plot of Zb? VK 202 with the boundaries
|Z4] > 8 cm and (2012 + 2022)%.5 5 cm indicated.

b) Gamma-gamma scattering to leptons

The background from gamma-gamma scattering to leptons was calculated
using a Monte Carlo program. Events were generated(79) from the matrix
element calculated from the graphs shown in Fig 6.12 and final state
particles were passed through a detector simulation program. The cuts
imposed by the trigger, the effects of interactions of particles in the
material before the drift chamber and the resolution of the drift chamber
were included in the program.

The contamination was then measured by passing accepted events
through the Bhabha selection cuts and was calculated to be $ 0.08%.

c) Tau pair production

The background resulting from tau pair production was calculated
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using a Monte-Carlo event generator. Events were calculated correct to

3,(75)

order (a and the taus generated were allowed to decay with

(80)  Final

branchina ratios given by the world average measurements
state particles were passed through a detector simulation program
described in section 6.4 and then through the Bhabha selection
cuts.

From the surviving events a contamination of 0.75% at Ebeam = 17.4 GeV

was calculated.

d)  Muon pair production

This is the major source of background in the Bhabha scattering data.
The contribution from it was calculated in the same way as the contribution
from tau pair production using a muon pair event generato#75), with events
calculated correct to order (a3).

The contribution of this process was calculated to be 4.86% at
Ebeam = 17.4 GeV.

Other processes that could contribute to the background are ete” aq
and eTe” ~ vy where both photons convert in the material before the drift
chamber. The contamination from both these processes was calculated to
be Tess than 0.1%.

A11 the backarounds apart from muon and tau pair production were neglec-

ted due to their small size. The contributions due to muon and tau pair

production for different values of the beam energy are given in Table 6.1.

6.4 Monte Carlo simulation of Bhabha scattering

A Monte Carlo program was used to calculate the acceptance of the
reaction e'e” » e"e”. The program, which is described below, consisted
of an event generator and a simulation of the components of the detector
inside the solenoid, including the chain of programs described in chapter 3.
Accepted monte-carlo events were stored in the same way as real

events allowing the same analysis routines to be used.
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6.4.1 Event generator

(751 The

Events were generated using the method of Berends and Kleiss
] ) ) 3 ‘
final states e'e” and e'e vy were produced correct to order (a”), assuming no

polarisation effects, from the diagrams shown in Fig 1.8 and Fig 1.9,

6.4.2 Detector simulation

@1)was used to simulate the

The detector simulation program ‘SIMPLE'
passage of particles through the material and tracking chambers of the
detector.

The material of the detector, listed in Table 6.2, was parameterised
as 6 layers, whose position and thickness are listed in Table 6.3. Pair
production, bremsstrahlung and multiple scattering of charged particles
were simulated; (a description of the simulation is given in Appendix A).
The production point of each secondary particle was calculated at the
radius of the material layer in which it was produced. Tracks were pro-
jected back to their closest point of approach to the interaction point,
where the track parameters Zo,d0 and ¢y Were defined.

The trigger logic for the CPC, DC and ITOF counters, described in
chapter 3, was simulated next.

The efficiencies of the CPC and ITOF counters were calculated using
a sample of Bhabha events selected by the cuts described in chapter 7,
which were designed to find events from the reaction e'e” vyy. These
cuts selected events with the shower counter total energy trigger set and
collinear energy deposits in the calorimeters, The efficiencies, which
are listed in Table 6.4 were calculated from the number of events where
there was no CPC or no ITOF information associated with a final state
particle.

The efficiency of the DC prepro is momentum dependent and is listed
in Table 6.5(82). The efficiency for momentum > 2 GeV/c was calculated

from the data sample used to calculate the CPC and ITOF efficiencies and
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is given in Table 6.5. Tracks without CPC or ITOF information were not
accepted by the DC prepro.

The topology trigger was then simulated using the tracks identified
by the DC prepro and events without the topology trigger set were rejected.
In the next stage of the program the momentum vector of each track
was redefined to account for the resolution of the drift chamber. Hits
were assigned to each track in each of the detector planes. The drift

chamber 0° layer hits were fitted to a circle to determine the track

parameters R dO and the o layer hits were fitted to a straight 1ine

0* Pos
for the track parameters Zs and tan .

Each drift chamber plane was simulated by calculating the cell
through which the track passed. The position of the hit was defined by
the phi value of the track at the cell smeared with a gaussian distribution
with mean = 0 and ¢ = 0.035/r radians, where r is the radius of the layer.
A software efficiency of 98% and a hardware efficiency of 98% for each hit
was used.

The drift chamber cannot detect more than one track passing through
a cell. If more than one track passed through a cell then the hit was
assigned to the track closest to the sense wire.

Tracks were outside the acceptance of the drift chamber if they
passed through fewer than 5 0° layers or 3 o layers and were rejected as
having insufficient hits to be reconstructed if they had fewer than 4 0°
layer hits or 3 o layer hits,

The software programs described %n chapter 3 were now simulated.

The major part of this software is the 'FOREST' program which reconstructs
the charged tracks in an event using the drift chamber information. The
efficiency of the FOREST program for reconstructing a track has been

(82)

measured using 2-prong data Two efficiencies were used for the r-¢

fit and one for the z fit. These efficiencies are given in Table 6.6
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as a function of womentum and in Table 6.7 as a function of the number
of Tayers crossed. The second r-¢ efficiency corresponds to the second
and third passes through the data that FOREST makes if it finds more
than one track in its first pass through the data.

The PASS 2 and BHASEL programs were then applied to the tracks
reconstructed by FOREST.

Surviving events were passed through the MILL program. The effici-
ences of this program for the r-¢ and z reconstruction of tracks have

been measured from data(81)

as a function of the number of Tayers
traversed and are shown in Table 6.8. The track parameters after MILL
were then stored in banks in the same way as data.

The final analysis of events was made using the cuts of section 6.2.

The systematic error in the acceptance was calculated by varying the
efficiencies used in the program within assumed errors and was found to
be + 5%.

The Monte-Carlo program gave a good description of the Zo’do and
tieas distributions, the momentum spectrum of tracks and the number of
events with more than 2 charged tracks. The number of events with charge
mis .assignment was underestimated and a scaling factor of .97 {(calculated

from the number of Bhabha events with £Q = 0), was used to correct for

this.

6.5 Data analysis

In this section the differential cross-section, cross-section and

the QED cut off parameters are calculated,

6.5.1 Total cross-section

The total cross~section was determined by comparing the number of
events predicted by the Monte Carlo program with the number of events in
the Bhaba data sample. The predicted number was corrected by the muon

and tau pair backgrounds and was normalised to the measured luminosity.
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The datawere taken in the 'scan' mode where approximately 30nb_1
Tuminosity was collected at each energy point with an interval of 10 MeV
between points. The data were grouped together in bins of width 0.5 GeV
and the W value of each bin was taken as the average of the bin. For
the combined high energy data at an average W = 34.8 GeV, dmeas/GQED =
1.01 £ .02 for a Tuminosity of 5400 nb'1 and for the data at W = 12 GeV

3 N -1
dmeas/oQED = 0.97 + 0.4 for a Tuminosity of 95nb .
The cross-section measurement is given in Table 6.9 along with the

total Tuminosity, the measured number of events and the predicted number of

events at each value of W.

6.5.2 Differential cross-section

The measured differential cross-section is shown in Fig 6.13 for the
data at W = 12 GeV and the combined high energy data at an average W of
34.8 GeV. The solid curve represents the lowest order QED differential
cross-section, equation 6.1.2. Each event was given a weight, where the
weight wj of bin j was determined from the previously described Monte
Carlo program,

W. = a. | r. ' - 6.5.1

J refers to the bin in cose, rj represents the radiative correction and
aj the acceptance of bin j. The data points were normalised to the
measured total cross-section. Fig 6.14 shows the measured differential

cross-section divided by the QED prediction as a function of coss.

6.5.3 Tests of QED

The measured differential cross-section at W = 34.8 GeV was compared
with the differential cross-section predicted by the model describing
modifications of QED. The cut-off parameters A+ were calculated by

minimising the chi-square defined by:

2
2 do _ do 2 do
[H‘Q . @, l / A — - 6.5.2

¥ =Z
i %oj da,
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where do/dQj and Ado/dﬂjare the measured differential cross-section and
its error respectively and do/dﬂoj is the QED prediction for bin j.

The data have been fitted using equation 6.1.7 and equation 6.1.8
to represent dc/dnoj. Using 6.1.7 separate information on the spacelike
and timelike form factors is obtained, as at backward scattering angtes both
amplitudes are comparable in size while at forward scattering angles the
spacelike amplitude dominates.

Table 6.10 shows the results of a fit to the combined high energy data

at W= 34.8 GeV. Fig 6.15 shows a plot of x2 VS 1/Az obtained from the

fit using egquation 6.1.8, which is a parabola centred at 1/Aoz. The
shift of the parabola minimum from the point 1/A2 = 0 comes from the error
in the cross-section measurement, if QED is valid for all momentum transfers
Q2 a perfect measurement of the angular distribution would give 1/A2 = 0.
The minimum value of the parameter 1/Az and its error were used to calcu-
late the cut off parameters Ax. The cut off parameters calculated at 95%
confidence are listed in Table .6.10. The shift of the minimum results in
the asymmetric values of A+,A-.

Equation 6.1.9 has been used to determine a distance above which QED is
valid, using the Towest cut off value for the case where A = Ay = Ay
At 95% confidence Tevel r = 1.3 x 10719 cm.

Table 6.10 shows the cut off parameters for muon and tau pair

production, which were also measured@7’51)using the TASSQ detector, with data

from the run period analysed here.

6.5.4 Systematic error

The systematic error was estimated as (% 7%) and was obtained by
adding the uncertainty in the acceptance (% 5%) and the luminosity (* 4%)

in quadrature.
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6.6  Conclusions

Bhabha scattering has been studied at centre of mass energies W
between 12 and 36.6 GeV. For the high energy data, at W = 34.8 GeV the
ratio of the measured cross-section to the QED prediction is 1.01 + 0,02
and at W = 12 GeV is .97 £ .04. The measured differential cross-section
sdo/de at W = 12 GeV and W = 34.8 GeV is consistent with the prediction
of QED and is independent of s. Parameterising a breakdown of QED by a
form factor the cut off parameters A+ = 150.9 GeV and A = 161.9 GeY are
calculated, alternatively QED is valid down to a distance of

- 1.3 x 10718 cn.
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coeaniced " 08 P " ™"
1500 6-95 0-61
16:25 L .15 0-38
16-75 38-98 L« 22
17-25 63+ 72 7+ 01
1775 42- 34 b6
18-30 9-46 1-15

6+0 0 23 - 40 0- 85

“ Table 641 number of muon and tau pair background events in each
energy bin
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Mean Radius Thickness X/X

o
{am) (cm)
1) Beam pipe
Al ' 0.4 0.045
Rohacell 0.6 0.003
Kapton 0.0025 0.001
PVC 0.45 0.010
Al cooling pipe 0.002
13.4 ) 0.061
2) Pipe counters
Scintillator 0.5 0.0116
Al foil 0.0050 0.0005
Wrapping 0.01 0.0003
15.1 0.012
3) Cylindrical Proportional Chamber
Expanded Polystyrene 7.0 ~0.0030
Epoxy, 24 x 0.09 0.21 0.0063
Copper, 8 x 0.04/1.2 0.027 0.0186
Kapton, 8 x 0.075 0.060 0.0021
Mylar , 2 x 0.075 0.015 . 0.0005
Al foil 0.020 0.0022 -
Tungston Anode wires . 0.00003
Gas (Argon + Isobutane) , 5.6 0.00045
_ 23.3 0.033
4) Synchroton N
Radiation Shield
Al 32.0 0.20 0.022
Sn ' 32.0 0.06 0.050
0.072
32.0
5) Drift chamber
Fiberglass 32.5 0.49 0.024
Argon gas 79.5 a0 0.008
0.032
Total 26.1 0.210

Installed Dec. 1979 after run 1571. This represents about 60 % of the solid
angle. About 30 % of the solid angle has the 2.0 mm A} replaced with 0.125 mm
mylar. The proportional chamber rail system is in the remaining 10 %. Typical
there are about 1.5 c¢cm Al in this region.

Table 6-:2 thickness and radius of material inside the solenoid
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layer thickness mean radius
number (cm) (cm)

1 0.988 13 .35

2 0-988 14 - 35

3 12:932 23 - 30

A 0-260 - 32-00

5 0-490 32-50

6 90-000 79 -50

Table 6°3 parameterisation of the material inside the solenoid

efficien
counter Der trac?
CPC 0+987%-059
ITOF 0 -964%-059

Table 64 €PC and ITOF efficiencies per track
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momentum efficienc

range (MeV/c)| per trac (%)
0 — 138 000

138 — 161 296 |

161 — 184 10 - 84

184 —— 267 28 + 58

207 — 230 L6 * 32

230 — 253 60 - 12

253 — 276 68 + 99

276 — 299 78 - 85

299 — 322 8378

322 — 345 86 73

345 — 368 89 - 69

368 — 3IN 90 - 68

391 — 414 91 - 66

4 — 437 92 + 65

L37 — L§D 93 - 63

L6Q — 483 94 - 62

483 — 506 95 - 60

>506 96 - 59

efficiency of the DC prepro with track momentum

momentum [r-@ efficiency/ track E efficiency/trk
range (MeV/O)| T pass (Yo |7 &3 passeste VA
0— 150 0-00 0-00 0-00
150 — 175 000 3:00 30-90
175 — 200 468 46-00 5431
200 — 225 2463 91-00 8429
225— 2501 -33-72 95-00 87-09
250 — 275 4778 95-00 87-09
275 — 300 6370 95-00 88-03
300 — 325 81-50 95-00 88-03
325— 350 83- 37 95:00 88-03
350 — 375 84 31 96:00 89:03
375 — 400 85- 25 96:00 88-96
400 — 425 86-18 97:00 8896
425 — 450 87-12 97:00 88-96
450 — 475 88:06 98- 00 89-90
475 — 500 88-99 98-00 - 89-90
=500 89-93 99-00 89-90

Table 6+

efficiency of FOREST with track momentum
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layer numbedr-f efficiency/track [ efficiency/irk

T pass (%o) [2 &3 passes o)
1 0-0 0-0 0-0
2 0-0 0-0 0.0
3 0-0 0-0 0-0
& 0-0 68-0 130
5 9:-0 97-0 50-0
6 79-0 98-0 77-0
7 93-0 98-0 84-0
8 93-0 98-0 940
9 100-0 100-0 100-0

Table 67 efficiency of FOREST with the number of DC 0° layers
traversed

| outber | Ark G | amber | Atk G&)"

1 0-0 1 0-0
2 0-0 2 00
3 0-0 3 80-0
4 0-0 b 90-0
5 80-0 5 100-0
6 90-0 6 100-0
7 100-0

8 100-0

9 100-0

Table 6:8 efficiency of MILL with the number of DC Tayers
traversed
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o | e | oF huants | e/ “GED
120 | 95:0 | 5668 | 5868 |0-97%:05
200 | 1740 | 1524 | 1184 |1-29%08
325 | 120-9 765 | 704 [1-09%41
335 (12154 | 658-8 | 6667 |0-99204
345 |2106-4 | 1005-3 | 1090 -1 [0:92%03
35.5 |1453-0 | 840-9 | M -6 |1-18204
36 | 3518 | 121-4 | 162+3 |0-75209

Table 6+9 summary of the cross-section results for Bhabha scattering

reaction | fitted parameter (GevY| A+ (GeV) A-
etes et '/1'\’5 =(-1-26% 2:63). x107 | 135 181
}\E=(7-71 £9.50) x107° | 113 66
T =(=0-292:52) 10 | 151 162
(A =A: =A)
etersuti | Jg = (~5-0 % 4.5) X107 | 206 90
S o "1/\‘1= (-1-8£11-15) x105| 88 103

Table 610 cut-off parameters measured by TASSO
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Fig 6+12 diagrams used to calculate the background from gamma-gamma
scattering to leptons
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CHAPTER 7

ANNIHILATION OF e* e~ PAIRS INTO GAMMA RAYS

7.1 Introduction

In this chapter an analysis of the reaction efe” + vy is presented.
A theoretical description of the reaction is given and the data selection
procedure is described. Two classes of events are considered, a) those in
which a photon has converted and b} those in which there has been no
conversions in the material preceding the drift chamber. The backgrounds
to each class of event are calculated and the monte-carlo programs used to
calculate the corresponding acceptances are described.

The cross-section was evaluated for centre of mass energies, W, between
12 and 36.6 GeV. Tests of QED were made at an average W of 34.8 GeV for
the events of class b). Two models describing modifications of QED were
used, testing the theory to high values of the momentum transfer

Q% - 1300 GeV2.

7.1.1  QED cross-section for e'e” = vy

The Towest order differential cross-section, calculated from the two

graphs shown in Fig 1.11 15(33):
do, - 2 9 ?
0 = o [g~° + g
d B [z 7 7.1.1

where q2 = -5 sinz(e/Z), q 2 . -5 cosz(e/Z), s is the centre of mass

energy squared and the mass of the electron has been neglected.

Substituting for q2 and q 2, equation 7.1.1 can be rewritten as:
dog . 42 1+ cosze:[ 7 1.2
@ S sine

If the electron and positron were polarised with a transverse polarisation

P the lowest order differential cross-section would be:

dog - 42 [ 1= cosze} + P2c052¢:] 2 1.3

40 5, I— sinza
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As no beam polarisation has been seen at PETRA during data taking periods
equation 7.1.2 has been used.

The Towest order differential cross-section, equation 7.1.2, is
shown in Fig 7.1, it is symmetrical about & = "/2 and is divergent at

8 =0and 8 = 7.

7.1.2 Radiative corrections

Contributions from higher order graphs modify the 10West order c¢ross-
section. These graphs produce the final state (e+e' -+ vyy) which in terms
of geometrical characteristics is indistinguishable from the towest order
final state (e'e” » yy), when one of the photons is of low energy or is
not detected. The radiative corrections are calculated by the method of

(83)

Berends and Kleiss using the graphs shown in Fig1.12. The cross-

section for pair annihilation into gamma rays is written as:

g% = 99 (14 s(e,8) 3 7.1.4

da
where doo/ds‘a is the lowest order (uz) cross-section and &(e,¢) is the
radiative correction to order (a3).

The first 6 graphs in Fig1.12 account for the contributions from
Bremsstrahlung and the next 4 graphs represent virtual radiative correc-
tions which contribute to order (a3) via interference with the lowest
order diagrams shown in Fig1.11. As the final state consists of two
indistinguishable photons for the virtual radiative correction graphs a
further 4 graphs with the photon four-momenta q4 and qp interchanged are
required. Unlike the order (u3) radiative corrections for Bhabha
scattering, muon and tau pair production, there is no contribution from
the strong interaction through hadron vacuum polarisation.

The initial state radiation corrections lead to an acollinearity
between the final state photons and the value of the radiative correction
is characterised by a threshold energy Eth on the final state photons and

a limit on ¢ the acollinearity angle between them. Fig 7.2 shows the
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radiative correction, which is also symmetrical about & = =/2.

7.1.3 Tests of QED

In the reaction e'e” > vy there is no contribution from the weak

interaction(44)

» Oor hadron vacuum polarisation.

Using the measured differential cross-section for this process it 1is
possible to test for the existence of heavy objects which couple to the
electron or photon,

a) Heavy electron exchange

A natural theoretical description of a breakdown in QED is through a
coupling to a new particle, where an experimental confirmation of QED
corresponds to an upper limit on the mass to coupling constant ratio.

ow(84) introduces three QED breakdown mechanisms, where the only break-
down mechanism appropriate to the reaction g'e” » vy is the coupling of an

excited electron to the photon and electron. The coupling of the electron,

excited electron and photon is via a magnetic interaction, (the usual Yy

coupling is excluded by current conservation) of the form(84’43):
He = ex 0. 0 FY + h.c. 7.1.5
I me* e ]:.l'\’ e

where Me* is the mass of the excited electron, X is a measure of the
strength of the interaction and F*¥ is the electromagnetic field tensor.
This interaction is gauge invariant but is not renormalisable. The two
additional graphs that are introduced in lowest order are shown in Fig 7.3.
Litke(43) has calculated the differential cross-section in Towest .

order including the extra graphs which has the following form:

do _ do . a2 {1 1 (E s1n29 + M2 ) r q4 + g 4 ]
da ~ dagED 7 M) (242,02 (q °-M2,)%
e
2 :
o) (@Za0(q 2 W LB G a )
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x 12 E%sine 1 + 17
+ 'M_'_ 2 2 r2 2 _l} 7.1.6
e* (q 'Me*) (q 'Me*)
where q2 = - 5/2(1-coss), q .. S/2(1+cose) and 4E2 = s.

2

4 . . .
Neglecting terms of order (A/Me*). in the Timit s<< Me* equation 7.1.6

becomes:
e ~  dRQED 514 e
where A2 = Mg*/l 7.1.7b

The deviation is a function of 52 and is maximum at & = "/2. If the
coupling is the same as for unmodified QED (A = 1) then & = Mox is the
mass of the heavy electron.

b) "Seagull” graph

A simple modification of QED for the reaction ete” » vy would be a
modification of the charged particle propagator. This requires a modifi-

cation of the vertex function(85)
(86).

in grder to maintain current conservation.

The Wird Takahashi identity
: : -1 -1
-q. ,q) = - 7.1.8
1(pu qp) T, {p,q) =s (p) -s {(a)

determines the form of the vertex function modification, where s{q) is the
charged particle propagator, p = iyupu, r“(p,q) is the one photon vertex
function and p,q and K are the four momenta of the real lepton, virtual
lepton and real photon respectively. If one of the fermions is on the
mass shell the vertex modification cancels completely with the propagator

(85,87,42)

modification To make the modified amplitude gauge invariant

it is also necessary to add a two photon vertex. Krol1(42)

has developed
a procedure for constructing the multi photon vertices required to make
the modiffed amplitude gauge invariant. Following this procedure he .
shows that for any process of a given order in e, excluding closed Toops,

the amplitude is independent of the propagator modification.
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Kroll then describes a general procedure for characterising a modi-
fied QED in terms of a modified propagator and a vertex modification,

Using the following vertex function
T =~ % -%?[qukv(1q +m) + (ig + m)cuvkv] 7.1.9

A 4 L

. (42) . 2,2
it can be shown that all corrections of order (q°/A") cancel and that
the modification can be parameterised by a form factor

F(qz) =1 % q4 7.1.10
A

H

With this modification what is being tested for is the presence of -
contributions from the two photon, "seagull" graph shown in Fig 7.4.

The differential cross-section given by eguation 7.1.%1 becomes:

7.1.11

1 ! 2
ds = o @2 IFA+d" IFa DI,
3 T2

@ =
? q q

2 = -%/2(1 + cose) and q° = -S/2 (1 - cose).

1
where q
Substituting the form factors described by equation 7.1.10 into

equation 7.1.11 the differential cross-section becomes:

@ dg 2% 14cose

The deviation is a function of s2 and is maximum at 8 = "/2. At
8 = "/2 the deviation is of the same magnitude as the deviation derived
from an excited electron propagator. Fig 7.5 shows both of these

modifications as a function of cose for S/A2 =1,

7.2 Data selection

Events of the reaction e'e” - yy were selected from PASSI tapes
until October 1979. From this time events with the total energy trigger
set and with more than 2 GeV energy deposited in the shower counters
were selected by the PASSZ job and data selection was performed on the

PASSZ tapes.
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In the Towest order the final state consists of two collinear photons
each with the beam energy. Higher order corrections, in particular
" initial state radiation, lead to an accolinearity angle distribution and
an energy distribution of the final state photons. These distributions
are shown in Fig 7.6 and Fig 7.7 respectively for events generated using
the method of Berends and K]eiss(83). Most events have a small acco-
linearity angle and the energy of the final state photons is close to the
beam energy (86% have E > 90% Ebeam).

The shower counters were divided into four groups and the total
energy deposited in each group was calculated. The groups were:

a) the north arm shower counters

b) the south arm shower counters

c) the shower counters above the coil

d) the shower counters below the coil

Dataweretaken during 1980 with the shower counter modules above the
coil replaced by the upper part of the LABC. For this period group c)
refers to the LABC, the total energy deposited in it was taken as the
summed energy of all found clusters. Energy deposits were required in
opposite groups and events with energy deposits in non opposite groups
were rejected by the following cuts.

Events were selected where none of the photons had converted before
the DC (class A). During 1980 data was taken with a synchrotron
radiation shield, consisting of 2.6 mm of tin sandwiched between
aluminium, instalied between the CPC and DC to reduce the flux of synchro-
tron radiation entering the DC. This increased the amount of material
before the DC from 13.8% to 21% of a radiation length and hence the number
of photons converting before it. A second set of events, where a photon

had converted before the DC, was selected for this data period (class B).
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7.2.1 Selection of class A events

1)  The total energy trigger was set, alone or with the pretrigaer
2)  In each opposite group there was greater than 2 GeV energy and
less than 2 GeV energy in the'non opposite groups:
E, > 2 GeV.AND.E, > 2 GeV.AND.E. < 2 GeV.AND.E; < 2 GeV.OR.
E, <2 GeV.AND.E,_ < 2 GeV.AND.E_ > Z GeV.AND.E, > 2 GeV
A total energy cut and a cut on the number of shower counter

modules, N, containing energy were applied to reduce the back-

ground.
3) Eror 2 8 GeV (E beam > 14 GeV)
4) N < 10

The total energy is taken as the summed energy in the opposite groups
defined by cut 2) and for the liquid argon data N is defined as the
number of shower counter modules containing energy and the number of
1iquid argon clusters.

The cluster finding program described in chapter 5 was run on

the events that survived these cuts.

5) The acollinearity angle, £, calculated using the maximum energy
cluster in the opposite counter groups defined by cut 2), was
required to be < 10°. This removes background events, as events
from e'e” + vy have an acollinearity angle distribution
(Fig 7.6) which is strongly peaked at low values of £.

6) Events satisfying the above cuts and also satisfying the
BHASEL cuts were classed as Bhabha events and were removed from

the class A events.

7.2.2 Selection of Class B events

Candidate events were required to satisfy the cuts 2) - 6) from the
class A selection and the following additional cuts.
1)  Any trigger combination in which the total energy trigger and a

trigger other than the pretrigger was set.
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The total energy trigger selects events with energy deposits of
> 2 GeV in opposite counters groups, additional triggers are set when
tracks have been identified by the DC prepro.

2}  the number of reconstructed tracks NTR was required to be < 2

NTR
z
i=1

4) If NTR = 2 then only events with 919 < 772 were selected,

3) the summed momenta of these tracks Pi was > 2 GeV/c

where 819 is the angle between the tracks in the R-¢ projection
Cuts 2) - 4) were applied to the information produced by the FOREST
program. Cut 2) includes events where only one track from a photon
conversion is reconstructed and cut 4) will reject 2-prong events where
tracks are produced at much larger 612.

Events where all tracks from a photon conversion were not recon-
structed, which were found in a scan of the class A events,WEFetransferréd
to this dataset. A]i selected events were passed through the MILL
program and cuts 2) - 4) were appiied to the mi]]éd data.

Both particles produced in a photon conversion pass through the same
drift cells when they are produced close to each other. As only one point
is assigned in each cell that has been passed through there are often
insufficient points to reconstruct both tracks. Events with only a single
reconstructed track were accepted as photon conversion candidates for this
reason.

To further reduce background the following cuts on the track para-

meters were made.

2
5) If NTR = 2 then 9 should be = 0, where 9 is the charge of
i=1
track i
6) 1Z,;1 <5 cm
7)) -3ns <1 < 4ns

2 Tneasi ~ Tpredi =
Cut 6) required each track to come from a small region along the

beam axis around the interaction point. Fig 7.8 shows the projection in
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the R-¢ plane of the tracks from a photon conversion, the do parameter of
each track is negative, (from its definition) and can be much larger than
the typicatl do value of a track from a Bhabha scattering event. A cut
involving the track parameter d0 was not used. Cut 7) rejected events
where the measured time of flight = was inconsistent with the time

meas

Tpred calculated from the path length of the track. Figs 7.9 and 7.10

show the z, and T distributions respectively.

meas
Events with two tracks were passed through a photon reconstruction
program which is described in Appendix B.
Figs 7.11 and 7.12 show a scatter plot of EY1/Ebeam Versus Eyz/Ebeam
for the class A and class B datasets respectively, whgre Ey1 and Ey, are
the photon energies, showing photon energies clustered at the beam eneragy.

Figs 7.13 and 7.14 show examples of class A events at Ebeam =6 GeV and

16.5 GeV respectively and Fig 7.15 shows a class B event at Ebeam= 16.5 GeV.

7.3 Background estimation

7.3.1 Background to the class A events

Events from the class A dataset were scanned using a program which
displayed views of the detector including information from all of its
components, Views of parts of the whole detector were also available.

An eTe” - vy event where neither photon has converted before the DC
should have no tracks visible in the DC and should have no hits in the
muon tubes. Hits can occur in the ITOF counters through showeﬁn5of a
photon in them or in the coil, but the multiplicity of ITOF counters,
NTOF’ should be small. This was used as the basis of event selection and
all events satisfying any of the following conditions were regarded as
background.

1) a track was seen in the DC

2) hits occurred in the muon tubes

3) Newg > 4

TOF
Only one of the rejected events was attributable to beam-gas
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scattering, the remainder (130 events) being from cosmic rays. The cosmic
ray events were characterised either by tracks passing through the DC with
many hits in muon tubes, or by many hits in the muon tubes but with no
observable tracks. Tracks passing through the DC were not reconstructed
by the FOREST program as they were too far from the interaction point and
in some cases a track just grazed the DC resulting in a band of ITOF
counters. Figs 7.16 and 7.17 show two typical cosmic ray events with
observable tracks, the first event has a well defined track in the DC
while the second shows a track which just grazes the DC. Fig 7.18 shows a
typical cosmic ray event with no observable tracks, many of this type
occurred in the hadron arms where the shower counters are far from the
tracking chambers.

A set of software cuts were designed to sort the previously selected
background events from the class A dataset. The number of struck muon
tubes, Ny, for each of the muon chambers behind installed shower counters
and the number, ND’ of DC 0° Tayer wires firing were calculated.

The following cuts were used:

1) Ny < 10, for each muon chamber

2)

Nrog £ 4
3) N < 45

D
Cut 3) could not be made more restrictive due to the large number of
random hits in the DC, where the average number of hits for non-background
events is 15 with a tail extending up to 45 hits. The above cuts removed
~ 65% of the background events identified using the display program and a
further 16% of background events were removed by rejecting events with more
than 6 energy clusters. The remaining background events could not be
separated from good events without scanning, as the hit multiplicity ND of
their tracks was indistinguishable from the number of random hits.

A sensitive test for remaining background events is to compare the

number of events with acollinearity angle & > 20° with the number predicted
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by the Monte-Carlo program, described in section 7.7. As the g distri-
bution of e'e” - vy events is peaked at small angles the background will
be relatively larger in this region. Fig 7.19 a) and Fig 7.19 b) show
the £ distribution of the final event sample and the background events
respectively. The distribution for the background events, Fig 7.19 b),
is flat. Table 7.1 shows the number of events predicted and seen for
several ranges of £, the agreement shows that the final event sample is
very clean. A background of less than one event has been estimated from

the tail of the acerliinearity distribution.

7.3.2 Background to class B events

The class B dataset was scanned to exclude background events. Events
were rejected as background if they satisfied any of the following conditions,

1) a track was seen in the DC which does not pass through the

cylinder defined by its second Tayer

2)  hits occurred in the muon tubes

3) the multiplicity of ITOF counters, Noy- > 5

The remaining backgrounds, from gamma-gamma scattering to leptons
and beam-gas scattering are calculated below.

a) Beam-gas scattering

The contamination from this process was determined from the observed

z, distribution after all the cuts, apart from the z_ cut, described in

0
section 7.2.2 had been applied. Events where a track had Izol > 8 cm were
classed as background, as this type of event can have vertices at any
point along the beam pipe. Assuming a flat background distribution the
contribution from this process was estimated by extrapolation into the

region |20| < 5 cm and is calculated to be 0.06 events.

b) Gamma-gamma scattering to leptons

The contribution from this process, where Fig 6.12 shows the Towest

(79)

order diagrams, was determined using & Monte Carlo generator which

calculated the matrix element of the diagrams. Final state leptons and
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photons were passed through a program which simulated the trigger, inter-
actions of particles in the material preceding the DC and the resolution
of the DC for accepted tracks. Accepted monte-carlo events were reguired
to be selected by the shower counter trigger acceptance program which is
described in section 7.5. The remaining events which fail the Bhabha
selection cuts described in section 6.2 were then passed through the cuts
described in section 7.2.2. The contamination was estimated from the
remaining events to be 0.22 events.

Other processes that could contribute to the background are

ete” ~ qqy and ete” e+e-y, the background from both these processes was

calculated to be less than 0,01 events and was therefore neglected.

7.4 Selection of Bhabha events

Events from the reaction efe” - yy were selected using the cuts,
described in section 7.2, which search for collinear energy deposits of
E > 2 GeV in the calorimeters of the detector. The final state of the
reaction e'e” » yy consisting of two collinear photons is topologically
similar to the final state of Bhabha scattering (e"e” » e'e”) which consists
of a collinearly produced electron and positron. Also all the particles
will produce an electromagnetic shower in the calorimeters, where assuming
that the shower is contained all of the incident energy will be deposited.
These similarities in the two reactions mean that the Bhabha scattering
events, where both charged particles enter the calorimeters, would also be
selected by the cuts of section 7.2, and in the absence of tracking
information, events from the two Eeactions would be indistinguishable.

The acceptance of the tracking chambers is larger and includes all of
the acceptance of the calorimeters used in the trigger, consequently all the
Bhabha events selected by the total energy trigger should also have been
selected by the topology trigger. As the total energy trigger is inde-

pendent of the topology trigger the Bhabha events selected using the cuts



127

of section 7.2 can be used to estimate the efficiencies of the topology
trigger and the pretrigger. The calculation of these efficiencies has
been described in section 6.4.

The FOREST efficiencies can also be calculated from this sample of
Bhabha events. The R-¢ efficiency was calculated from the fraction of
events with fewer than two reconstructed tracks and the z efficiency was
calculated from the fraction of events with two tracks reconstructed in
the R-¢ projection but not in the z projection. These efficiencies are
given in Table 7.2 and were used in the Monte Carlo program described in

section 6.4,

7.5 Shower counter geometrical acceptance

Bhabha events, selected by the cuts of section 6.2, have been used
to check the surveyed positions of the shower counter groups. Tracks
found in the DC were used if they were correlated with an energy deposit
> 4 GeV in any shower counter group. These tracks were projected into
the planes formed by the shower counter groups and the distribution of
their points of intersection compared with the surveyed positions.

The hadron arm shower counters and the counters above the coil had
surveyed positions which were consistent with tracking measurement errors
and interactions in the coil. For the shower counters below thé coil
there was a displacement of the positive z direction and one counter
module was sTightly displaced into the positive x direction. The major
gaps between groups of shower counters were visible but any gaps between
individual counter modules were too small to be resolved.

The corrected positions of the shower counters have been used to
calculate the geometrical acceptance for the 1979 and the 1980 data
taking periods. The geometrical acceptance for 1979 is 44.1% of 4r ster
and for 1980 is 32.8% of 4n ster, the smaller value for 1980 is a result

of the transfer of the counters above the coil to the hadron arms and
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does not include the geometrical acceptance of the LABC modules. Fig 7.20
shows the geometrical acceptance as a function of cose for the 1979 and

1980 geometries.

7.6 Shower counter trigger efficiency

Bhabha events, selected by the cuts of section 6.2, where both or
one of the charged particles entered the shower counters can be used to
calculate the efficiency of the shower counter trigger in an unbiased way.
In addition the efficiency of the LABC modules can be calculated although
this detector was not part of the trigger.

Events with more than 2 GeV energy deposited in opposite shower
counter groups were used. The trigger efficiency was calculated from the
ratio of events with and without the shower counter energy trigger set.
For the 1980 data taking period the LABC efficiency was calculated from
the subset of events with an energy deposit of more than 2 GeV¥ in the
shower counters below the solenoid, from the ratio of events with and
without an energy deposit of more than 2 GeV in the LABC., These effici-

encies are given in Table 7.3 as a function of centre of mass energy W.

7.7 Monte carlo simulation of class A events

The acceptance of the reaction ete” » vy was calculated using a
Monte Carto program, consisting of an event generator and a simulation of
the detector using the eas( 72 program. The Monte Carlo events

were stored in the same way as the data of real events allowing the same

analysis routines to be used.

7.7.1 Event generator

Events were generated using the method of Berends and K]eiss(83).

The final states yy and yyy were produced correct to order (a3) assuming

no polarisation effects, using the diagrams shown in Fig 1.11 and Fig 1.12.
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7.7.2 Detector simulation

The EGS program was used to simulate the development of electro-
magnetic showers, which are generated by the passage of the final state
photons through the material of the detector. The EGS program code is
fully described in reference 72, only the detector geometry used will
be given here.

The material of the detector within the solenoid was simulated as
13 cylindrical layers, where the thickness, mean radius and the part of
the detector simulated by each layer is listed in Table 7.4. When a
layer is made from more than one material it was considered to be made
from the major material with its thickness rescaled to the correct number
of radiation lengths. Scintillator was parameterised as a compound of
carbon and hydrogen with the relative proportions C/H = 1/1. A1l inter-
vening gaps between the layers were considered to be vacuum.

Particles from the electromagnetic shower were projected towards the
shower counters. The counters formed 11 rectangular groups which described
all of the different configurations used during the experiment. From the
point of intersection of a particle with the front surface of a group the
shower counter module struck was calculated. Any particles which did not
intersect a group were discarded. The stack geometry used is given in
Table 7.5. At each stage of the shower the position of the showering
particles was used to calculate in which module the shower was contained.
In this way any energy deposited could be assigned to a particular shower
counter and the different configurations used could be simulated by turning
of f absent modules. Particles passing through the back and sides of a
group were considered as shower leakage and were discarded.

The response of a module is only uniform in the direction parallel to
the wavelength shifter bar. The response of a module in the direction

perpendicular to the wavelength shifter bar was parameterised from the
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response measured in a test beam (Fig 4.20) using equation 5.2.2.

From the position of each particle in the module a weight was calculated
and the weighted energy deposited in the 9 layers of scintillator was
calculated for each of the counter modules.

The energy deposited in each module was converted into a pedestal
subtracted ADC value, using the measured distribution of pedestal subtracted
ADC values from the Bhabha scattering events selected in section 7.4. A
global factor was applied as there was insufficient data to calculate an
individual shift for each counter, the peak energy value corresponding to
2600 counts. To account for overflows in the ADC's any pedestal subtracted
ADC value above 3700 counts was set to 3700. The peak ADC value for Xenon
lamp calibration data, of 1320 counts, was then used to convert each ADC
value into an energy measurement., Apart from the substitution of global
for individual calibrations, equation 5.2.1 was used to convert the ADC
values into an energy measurement. The BHACAL factor of equation 5.2.1
used, of size 0.8, was consistent with the typical value of 0.78 measured
from datd. Equations 5.2.3, 5.2.4 and 5.2.5 were then used to correct for
energy leakage and for the angle of incidence with the shower counters.

The LABC modules were not simulated using the EGS program as they
were not part of the total energy trigger. The 4 rectangular modules of
the calorimeter had photons projected towards them. If a photon inter-
sected a module then its energy and direction cosines were smeared by
gaussian distributions which were parameterised by the energy distribution
and 8 and ¢ distributions measured from data.

The analysis routines described in section 7.1.1 were then applied
to the Monte-Carlo events.

The EGS program was checked by comparing the number of photons

converting before the DC with the number predicted from the amount of
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~.7778%
material x, using the probability P = (1-e sine ), which is given in

Table 7.6 for several ranges of cosé. The agreement is very good.

The Monte Carlo gives a good description of the energy spectrum and
the angular distributions of photons measured in the shower counters.
The systematic error was estimated by comparing the acceptance with the
acceptance calculated when the response of the shower counter modules was

taken to be uniform and was found to be * 5%.

7.8 Monte Carlo simulation of class B events

The acceptance of class B events was calculated by a separate Monte
Carlo program. The event generator used was given in section 7.7.1 and the
detector simulation was described in section 6.4. A shower counter
simulation program was added to the detector simulation and the order of
the programs describing the software was altered to account for the
different selection procedure adopted for these events. The shower

counter simulation program and the software chain used are given below.

7.8.1 Shower counter simulation program

Charged particles and photons were projected towards the shower
counters which were treated as 9 rectangular groups for the 1980 data
taking period. The energy of particles entering the shower counters
was smeared by a gaussian distribution with a resolution parameterised
from data. The LABC modules installed above the coil were simulated
in the same way with a resolution parameterised from data(so). Events

were selected if they satisfied the cuts 2) - 4) described in section

7.2.

7.8.2 Software chain

FOREST was applied to events selected by the shower counter simulation
program. Events without the pretrigger set were selected to account for
events converting in the synchrotron radiation shield which would be

selected by the class A cuts. Events with tracks identified by the DC
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prepro had the cuts 2) - 4) described in section 7.3 applied and any
events satisfying the BHASEL cuts:-were rejected.

The MILL program was appilied to all remaining events and any events
with no reconstructed tracks were rejected. Cuts 2) - 7) described 1in
section 7.3 were applied and the photon reconstruction program described
in appendix B was used to calculate the effective mass of track pairs.
Events with single tracks were accepted along with events with two
oppositebjcharged tracks and an effective mass < 250 MeV/cZ.

The description of the data by the Monte Carlo program has been
checked in four ways. As discussed in section 7.2.2 photon conversion
events can have either one or two reconstructed tracks and the track
parameter d, will tend to have negative values. In the final data sample
the fraction of events with two reconstructed tracks 45.8 = 17% is in
good agreement with the fraction 47% predicted by the Monte Carlo.

Fig 7.21 and Fig 7.22 show the measured d0 distribution of all tracks and
the effective mass distribution of track pairs after the photon recon-
struction program. The curves represent the prediction of the Monte Carlo
program, again there is good agreement with the data. Finally the fraction
of events with photons converting in the synchrotron radiation shield was
compared with the prediction of the Monte Carlo program. These events

were identified by all reconstructed tracks having no hits in the CPC

anode layers. The predicted fraction 39.7% 1is in good agreement with the
measured fraction of 45.8  17%.

The systematic error of the detector simulation program was calcu-

lated in section 6.4 as  5%.

7.9 Data analysis

Using the class A data the cross section was evaluated as a function
of centre of mass energy W and a search for events with three observable

photons was made. The differential cross-section was also calculated and was
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then used to test QED using the two models discussed in section 7.1,

The cross-section for the class B data was evaluated.

7.9.1 Total cross-section

a) Class A

The number of events predicted by the Monte Carlo program was
compared to the number of events in the final data set to determine the
total cross-section. The number of events predicted was normalised to the
measured luminosity.

Data taking was performed in the 'scanf mode where approximately

30 nb~!

Tuminosity was collected at each energy point with an interval of
10 MeV between points., Data were grouped together in bins of width 0.5 GeV
with the centre of mass energy W taken as the average of the bin. Table
7.7 shows the cross-section as a function of W with the Tuminosity, the
measured no of events and the predicted number of events in each bin.

The corrections for the energy trigger efficiency and the LABC efficiency
were calculated separately for each bin, using the events from the Bhabha
data sample described in chapter 6 in the same energy interval. For the
combined high energy data at an average W of 34.8 GeV “meas/“QED =

1.01 + .10 for a total of 5400 nb '

Tuminosity, and for the data at
W= 12 GeV “meas/QED = 0.95 + .24 for a total of 95 nb™' Juminosity.

b) Class B

The cross-section of class B events was determined by comparing the
number of events in the final dataset to the number of events predicted
by the Monte Carlo program. The predicted no of events was corrected by
the energy trigger and LABC efficiencies calculated using the Bhabha
data sample and was normalised to the measured luminosity. Table 7.7
shows the cross-section and the measured and predicted no of events. For

the class B data at an average W of 34.8 GeV “meas/“QED = .85 + .17 for

a total of 5400 nb~' luminosity.
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7.9.2 Differential cross-section

The measured differential cross-section is shown in Fig 7.23 for the
combined high energy data at an average W of 34.8 GeV and the data at
W =12 GeV. The solid curve represents the lowest order QED differential
cross section, equation 7.1.2. Each event was given a weight, where the
weight wj of bin j was determined from the Monte Carlo program,

ST
C=a - 7.9.1
I B

rj represents the radiative correction and aj the acceptance.

Only eight bins 1in cosé were possible from the geometry of the
shower counters and to improve the statistics in each bin the curve was
folded about the point & = "/2 (the differential cross-section represented
by equation 7.1.2 is symmetrica1:1n cosé about the point & = "/2). The
corrections for the energy trigger and LABC efficiencies were calculated
for each bin in coso using the Bhabha data sample. A correction for
individual shower counter modules was not possible due to limited
statistics. The data points were normalised to the measured total cross-
sectioﬁ. Table 7.8 gives the ratio of the measured differential cross-

section to the QED prediction for each bin at W = 34.8 GeV and W = 12 GeV.

7.9.3 "Tests of QED

The measured differential cross section at W = 34.8 GeV was compared
with the predicted differential cross section from each of the models
describing modifications of QED. The chisquare was minimised to determine

the parameters At where:

2
2 _ Z|doo _ do 2 do _

do/dﬂj and Ada/dn‘j are the measured differential cross section in bin j
and its error respectively and dco/dnj is the predicted differential

cross section in bin j.
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a) Heavy electron exchange

In this case equation 7.1.7 was used to represent doe/dnj. Fig 7.24 a)
2 1/A4

shows the plot of x  vs obtained from equation 7.9.2, which is a
parabola. The shift of the parabola minimum from the point 1/A4 = 0 1is
due to the difference in the measured cross section from the QED
prediction. Table 7.9 shows the minimum value of the parameter 1/A4
calculated at W = 34.8 GeV. The minimum value of the parameter 1/A4 and
its error were used to calculate the cut off parameters At, where A+ =
44,2 GeV and A- = 43.9 GeV at 95% confidence. Using the value of A+

2, where Me* is mass of the

obtained and equation 7.1.7b a plot of Me*
heavy electron, as a function of the coupling strength A was calculated.
This is shown in Fig 7.25 where the shaded region represents values of

Me* which are excluded at 95% confidence. If the coupling strength is

the same as for unmodified QED (A = 1} then the mass of the heavy electron
is > 44.2 GeV at 95% confidence. Fig 7.26 shows the measured differential
cross-section, divided by the QED prediction as a function of cosse,
superimposed are curves representing the modified predictions corresponding

to A+, A- respectively.

b) Seagull graph

In this case equation 7.1.12 was used to represent doa/dﬂj. The plot

of 1/A4 Vs XZ

obtained from equation 7.9.2, which is a parabola, is shown
in Fig 7.24 b). The shift of the parabola minimum from the point1/A4 =0
is due to the difference in the measured cross-section from the QED
prediction, The minimum value of the parameter 1/A4 obtained is shown in
Table 7.9 for the combined high energy data at W = 34.8 GeV. The cut off
parameters A+ were calculated from the minimum value of the parameter
1/a% and its error, where A+ = 41.4 GeV and A- = 41.9 GeV at 95%

confidence level. Fig 7.26 shows the measured differential cross-section

divided by the QED prediction as a function of cose, superimposed are
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curves representing the modified predictions corresponding to A+ and A-
respectively., The values of At are comparable with the values obtained

from the heavy electron exchange modification.

7.9.4 Systematic error

The systematic error was estimated as * 7% by adding the uncertainty

in the acceptance (+ 6%) and the luminosity (% 4%) in quadrature.

7.9.5 3y events

If the cross section for the reaction e'e” - vy 1$ calculated to
order (a3) then the reaction e'e” - yyy must also be considered, where
the additional photon may have enough energy to be observed.

A search for events with three observable photons was made in the
class A data, which corresponds to an average W of 34.8 GeV, using the
cluster finding method described in chapter 5.

The cluster finding algorithm was tested by applying it to the
Bhabha data sample, corresponding to the same data taking period, where a
single high energy cluster would be expected for each track projected
into the shower counters. Table 7.10 shows the cluster multiplicity
observed for each counter group which is consistent with 1 for each of the
groups. Table 7.1C also shows the cluster multiplicity observed in each
group for the class A data, again this is consistent with 1 for each of
the groups. For the events with more than one cluster in a group the
energy deposit in the lowest energy cluster was < 1 GeV.

The number of three photon events expected was calculated using the
Monte-Carlo program described in section 7.7. A subset of the generated
events was used where three photons entered the detector, comprising 4.2%
of the accepted events. These events were examined to see if any of them
had three observable clusters.

In 11% of the events the third photon was unobservable (E < 100 MeV),

16% of the events failed the cuts described in section 7.2 and in 37% of
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the events the third photons deposited energy was < 2 GeV or it was not
sufficiently separated from one of the other photons to be observable.
The remaining 36% of the events had a photon with an energy deposit

> 2 GeV and a well separated cluster.

The number of events expected was calculated using the events with
all three photons having an energy deposit > 2 GeV. Excluding events
where a photon has converted and correcting for the energy trigger and
LABC efficiencies, the number of three photon events expected is 1.04 #

.39 events. This is consistent with the data where none are seen.

7.10 Conclusions
The reaction ee” » vy has been studied at centre of mass energies W
between 12 and 36,6 GeY. The ratio of the measured cross-section to the

QED prediction o is 1,01 £ ,10 at W = 34.8 GeV and is .95 + .24

meas’°QED
at W = 12 GeV, both measurements are in ggod agreement with QED. The

cross section has also been measured at W = 34.8 GeV for events where a

final state photon has converted into an e'e” pair before the drift chamber,
the measurement Gmeas/OQED = .85 = .17 is also in good agreement with QED.
The measured differential cross-section sdo/da at W = 12 GeY and

W= 34.8 GeV is consistenrt with the QED curve and is independent of s.

Two models describing modifications of QED have been tested by comparing

the measured differential cross-section at W = 34.8 GeV with the differ-
ential cross-section predicted by each model. Each model is parameterised

by the cut off parameters Ax., The cut off parameters for the model

involving a “seagull" graph are A+ = 41.4 GeV and A- = 41.9 GeV at 95%
confidence, while for the model involving heavy electron exchange graphs they
are A+ = 44.2 GeV and A~ = 43.9 GeV at 95% confidence. In the case of the
model involving heavy electron exchange, if the coupling strength is the

same as for unmodified QED (x = 1) then at 95% confidence the mass of the

heavy electron is > 44.2 GeV. Both sets of cut off parameters confirm



138

the validity of QED at present values of Q2 (Q2 max ~ 1300 GeVZ). The
number of events with 3 final state photons (e'e” + yyy) observable after
all cuts, 1.04 = .39 events, is consistent with the data where none are

seen.
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Acolliniarify | Number of {Number of
angle range events events
(degrees) | predicted | observed
O— 5| 655 65 * §-1
5 — 10 | 383 40+ 63
10 —20| 9" 3% 17
20 — 40 44 5% 2:2
40 —60 | 1-8 3+ 17
>60 07 2% 14

Table 7+1 predicted and observed no. of events in bins of

acoL1ineér1ty angle

r—¢@ efficiency
per track 09 £0-0Q2
(1" pass )
z efficiency
09 £0-06
per track 0

Table 7-2 FOREST efficiencies



140

W | shower counter LABC
(GeV) |efficiency (%) |efficiency (%)
12-0 70 3 not installed
30-0 64 3 8g- 3
32-5 54 - 8 10: 0
335 39-7 83- 3
34-5 64- 5 635
35-5 63- & 79 2
36-6 71- 4 77 - 6

Table 7-3 shower counter trigger and LABC efficiencies

pari' of the defector mean radius thickness
simulated L (cm) radiation Lenat
beam pipe 13-27 0-061
beam pipe counters 1510 0-012
CPC inner wall 18-00 0-0063
CPC 1 partition 20-25 0-0069
CPC 2 partition 23-30 0-0069
CPC 3 partition 26-35 0-0069
CPC outerwall 28-59 0-0063
layer 1 31-92 0-011
synchrotron layer 2 32-00 0-05
radiation shield / layer 3 32-08 0-011
BC inner wall 32-50 0-032
DC outer wall 122- 45 0-056
ITOF counters 133:00 0-048
i 139-45 1-00

Table 7-4 parameterisation of the material of the inner detector
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material thickness | depth
simula ted (cm) (cm)
scintillator 10 00
lead 0:5 1-0
scintillator 10 1-5
lead 0S5 2°5
scintillator 10 3-0
lead 05 4-0
scintillator 1«0 45
lead 0*5 55
scintillator 1-0 6-0
lead A 0:5 70
scintillator 1.0 75
lead 0-5 8-5
scintillator 10 9:0
lead 05 100
scintillator 10 10-5
lead 0-5 115

| scintillakor | 1-0 12:0_

Table 75 parameterisation of the shower counter stack

cos © cmﬁ‘éﬁflsnm k c?%ﬁ?y‘/trk
l r 1]
range  |FromEGS %) || Clo)

00 — 01| 1164 12 - 96
01 — 021 12 -75 13 -09
0:2—0-3F 13 -00 13 - 34

03 — 04§ 13 -07 13:76
04 — 05} 14 -84 14 -38
05 — 06| 13-18 15+30

06 — 07| 18-02 1668
0-7 — 075 18 24 18 -24

Table 76 conversion probability/track in the materia] before

the drift chamber
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(uminosity | no of events | predicted no |0~ _\O=

(G\g\/) UTrllrl'Jo‘%l ) gl_g_«__r,gveg pgf_ events meas\ QEDI
glass A datg

120 950 17+ 0 19:04 [0°95%-24

30°0 | 174+0 3-0 5:30 |0:57%.5%

33°5 | 12154 390 28-10 139 2-16

34:0 | 21044 350 35:32 (099 £.17

355 | 1453-0 23+0 28:30 }0-81 £-21

36*6 | 351-8 5+0 670 |0<75 £45
class B data

348 | 5400°0 240 28+28 0-85 *47

seen in bins of W

el el D T
00 —0-181 090 = -20 | 1-47 % 39
018 —036( 1414 * 18 [ 0-50 % -58
0:36—0%4 | 092 £ 19 | 1-172 '1;-3
0-54—072 | 1-08 * 23} 0:76 £ -58

Table 7¢7 measured cross-section, luminosity and no. of events -

Tabl.e 7-8 Umeas/UQED in bins of cose
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i -4
M#iEt'Ea_tmn fitted parameter)\(GeVJ /\g_GeV) A

heavy electron L. =(-028%16-313x10™® [44-2 439
exchange A

seagull graph | = (071£2036)X10°" 416 419

Table 7°9 cut off parameters

group cluster muttiplicity
(e-p- = g~@7) (ee = YY) _
A 1-00 1- 02
B 1-02 1+ 00
C 1-09 1. 07
D 101 101

Table 7-10 cluster multiplicities observed for (e'e” - efe”) and

-
{e'e - yy) events



144

100 |-
gol™
_‘ ol
=}
(10
[
a 1
[7,]
<
g
0 Ao
c
e
-
Refle:
v 20F
N i " t M ] .
00 02 0% 06 -8
cos 8

Fig 7-1 1lowest order differential cross-section

— g ——— Et‘h:: 2&V|I'20.
—=—-  Ep= 2GeV,¥=5°
= = = == B} =2GeV,F=10°
01} — — — Ey, =26eV.5 =5°

~—~
-
N -»
_"': O‘OL -_..—-'/_‘/
e ____.-—""/- —'/_
Lid e @ e @ s -—— -
o _________,..---" "a
0 — = =T
-0.1:----—.—--_—_ ‘__/,
—— !
& L 1 a~ 1 1 .
0-0 0-2 04 0-6 08 1-0
cos ©

Fig' 7.2 radiative correction G(Eth,a) v. cos8e for W = 30 GeV



145

w'e*

%

Fig 7+3 heavy electron exchance diagrams

Fig 7+4 seagull diagram

-

seagull diagram

S/RZ =1

0-2 04

u

0-
cos 6

[(do/dﬂ)/(dc/dﬂOED) -

6 0-8

17 for S/0° =1

10



146

1000F
<
o
L
7]
c 10
Jo 4
- b
m -
L' 3
c}‘ -
[ =] L
\ .
(7, ] .
-~ 0E
c 0:
s : I
> ]
Q
1F
o
' i J L l 3 l 2 l 't l 1 I a2 I Il l L

0:2 05 06 08 10 12 14 1+6 18
X (acollinerity angle) (radians)

Fig 76 acollinearity angle distribution for events generated
at W = 34 GeV

-

1000

T

- 100

l"l'."l

entries [(0-033-Exfbean)

| { ! 1 1 ] 1 I L
04 02 03 0.4 0+5 06 0°7 08 09

E¥ /Ebeam

Fig 77 normalised photon energy for generated events at W = 34 GeV



147

d01

inferaction
point

dg

2

Fig 78 r - ¢ projection of the tracks from a photen conversion

'showing. the d0 parameter of each track



148

?-
6—
17, )
2 s
n
S sl
B
o 3|
s
N=
) 2t
1L

|1 il

-5 0
L, (cms)

Fig 7-9 7z, distribution (class B data)

1%}
a 12
Q
pu
s
o
~ Bl
[74]
(1]
o 6 F
-
[
a Wb
2k
Fig 7410 t

me

tmeas  (nsecs)

as distribution (class B data)

10




149

-5 ) .

E 1 o - . -. . .'-:... - * .

m . - ....

a . . . LRI PN .

-uD L) LY -
—— . - . '.. .
ol v . v

W 0.5 |- e ..

| i 1
0-5 1.0 1-5
E¥,/ Ebeam

Fig 7-11 Ey,/Ebeam v. Ey,/Ebeam (class A events)

15 |- *

E 1.0 ‘— ’ -'o )

m '.

a . - w

-2

(T8 N .

S

o~

p - -

W o5 |- .
1 1 |
8- 140 1.5

EY¥,/ Ebeam

Fig 7-12 Ey,/Ebeam v. Ey,/Ebeam (class B events)



TRIGGER= 000000010000000

1440 EVENT $181 EBEANe 0.00 MLV

150

Ll L L L e T T e R e e R okl et e e i

L T T Y T L L R Y T T X )

[T R T T P T R Y PR P PRI P LR LA L b A

-

:-.--..-.--..‘- YRl L .

PE RN R LR ICE N O T A I

e ]
.
. .
- L] -
- . -
. .
- -
.
]
. * . . -
- . ‘e
.
- . . .
. -,
. . .
. -
- -
. - .
* .
* . .
. .
L]
. - .
- . .
- .
.
- .
-
)
.
. .

LR L LT L R LN PR L R R P Y Y L P Y T T YRy

T

]

+

theswemss e
Ssupasscassme .
T
.
»
.
-
Tas

s

L3
*
desddassvarnns

]

PRI E L L L R LR N N LR L N R e e E R R I IR RN RN I

L E R LT R AR R R R R R R L LT N I I

ey te emmemm WEWWS W P S mamae W s 4 e W P . . A =y e e cwa - wm-

Flg 7413 (e'e™ > yy) event (Ebeam = 6 GeV)

-
3
-
-
.
" b
L]
-~ .
- -
- -
* - hd
. - -
. . »
. .- s N
- * . ~
-
. . R .
. .. .
. . . :
L] - *
» -
- .
. . .
. .
. . .‘ .
-
* - b . "
. . - - .
. ] . "
LI - .
- * .’ .
- .
. . - ®
- .
. - .

ax
[ 4

4 s s - =

TP A bnrme

-» <
D -

smessssncnslacrianmeismns

S R PSS e P A I P e R R B PR Gt m P N R E S .Y R



..

151

bl L e L L e N L L L L L L DL R Ll D bl L L d b etk

4

e
L]
L)
1
.

erdctseeesereedtadd stieovdvidadasseasee

Ty Y YT Y PR R LR PR R R TR Y YA T R T

- e
LE L ER T Y

- wamwaswsasal® “dhsasensssnagy

. .
L R L R T L I T TR L. T I T Py
dhsddeaddivassedinsvdossnanansarredtissassednaanasdtnssnaaw
m PSR LESE R EEr S Em et R SN e B SRS A S M e s P A A Ak em e e N

Im 74 (e'e” » vy) event (Ebeam = 16.51 GeV)

’
-~
-l «
- LY
- L]
- -
- .
- ~
~ »
[ ] ’ LNCIR N
L - W ~
§oel e AN . : . .
N .'l ,‘l !\\ - - . . . ll
@ e R, AL, e, . - . . -
i fe T, . . . . -
[ -’ . . .
[ ] -*l.- ‘L; - . - . - . .
[ [od L
—l'.. -!l!- . ¢ . * - * .
[] Dl YY) " . . . .
[ B T - . . . - .
"“ h N"l“ LI - . . . . .
- .
-ty 4" us ., . - « * . . . .t
) -J!ll- . . . - . . .
L . . . P Y . .
. "* ¢ L . . " .
. -
M - . I. - l- . -

ez
-

(- L]
1]

-
[ _]

N R A N At e L s e PP IR A ST AT AR A P E Lt e e BE .



TRIOGOER® 010000010000001

cscwcscsmatsersnstrareenesesshasnsenencanrasnnana

-

|

152

L L L e T T L TR T 2 L T Lokl kst

ST S SIS TR NSRNSSSS it e duandeessedisSsssaasassasdhARaIRaE TS
LY T PP Y AL DL LR ELEEL PSR R R Y P R LY B L L b bt

-
] L] ¢ . >
[ I} * .t ~
[ 4 hE¥ S \" . .’ \‘
HEPL S, . . . . - -
[ L) . . .
Y . v . - . . ~
H i -‘h“‘.." . . . : . . . *
’ . - .
e e * -
N of- o"- [ . * . * . ¢ .
M .-s‘. R I. - " N
Fundn § L] -t . -
ML ™l ) . * . * . * ’ .
el s -'_“. .. . . . . . - . )
ar g @ L . - - L]
by et ‘. - . . " . . . "
'L "!-..l ., - - - - - "
¢ “lvma . b - . "
£ o, " A - . NEE
[} [t L. .. a* . "
i i ITY) . .

e ive,

L]
ewswasunsansssres’sssssrsesrmnananaa

jwancnms s

L

*
’
samoenesssn
ssssmmmwn
L}
[
’

¢

L}

+
4 ’ -
:------.-.oo- Ll

sewErsE s mms s mn s my

LGat s R BRI TR S e YA T SR RIS SRS Ame .

IE P R L L L N R R N R N N N R RN

Bug s dmmas s HES Rl afFdrES e RE @RS SSE $y @ W EME A W R WSS Y B &l

=2

ax
-

-
1 -

Fig 715 (e¥e™ » vy) event with a converted photon (Ebeam = 16.53 GeV)

i L L R A L. L T L Y pupai iy



TRIGGER= 000000010000001

1914 EVENT 1687 EBEAN+ 17.90 GEV

153

w%r.:.... .W ph ., ) T
-&u.- 3 c. ? : .o
Ly n“_.._:.....®
. L
=R R L
n-l.a.l ’ .Ic ..._ . -g- )
-n H . / // . " -t v
g =T
..w. A . -
b - e
wmﬁ\hﬂ%ﬁ%ﬁ? “ < .UV\A“P
i-oo -c\o * ' - - “ . nJ
,r.w R A_. N co. »
W o c&- -u-ot
Ry T
m - ﬁ-. V-.
o ;
g o | ¥ ]
Y e,
P il S,
7 ..-.-niunnnb\uhnlqﬂln.m’h”uofﬂnunrm -.fo
lll.l.l....”...... B ...\........ ......l.......lllll..
m ; Lo el

? .
i

Fig 7-16 background event with drift chamber tracks

(- N2 ]
Q9 -

I s




TRIGGER= 000000010000000

2023 EVENT 3765 EBEAN- 16.70 GEV

154

B3
" B4
[
/..r -f.lfa..-r ] ot\tt.\\towa -...
e ] :
3 /x w:ruuuunmuunuupxmq K
f&llil!ll!llllr m \Ml!lll'lllll‘lll.. <o N
l...f.-lufm\\\oss\
AL : i © v
1 a9

i ]
‘....
A
p
R ¢
“Q—i .
,/
.c‘? o

n.- e \o Ic.ro‘o\ " . co. *
Mn 5 cnoon . L .,
L Y i ¢ ‘. * v, -
E Z . * . * . * o /‘- bt
‘nluhlmll * » ) * * * . " * o
; ] e . . . .
M “% e84 be ae s an e . B REEIEERLEL R =
s . M .
» H *  * * . . ' ‘s . .
2 - . ¢ «? ' / ‘ L ] * * .
“.w.p. [ ol . tetes et .
" --f-vﬂl . . oo N - - ., sl
1@# o . * '” ° L4 .
ﬂ -Ina Y . -- b ] . - -l -oc .
A ﬂn.ﬂ“-%-. 3 ) . ‘e = S * * . ’
- .m L. Q“o -t.-n . - l- -
R R
PN jllﬂ Tom—— ¥
Ay ‘Mrayans s
(=] s -“4 ¢
o . b
] N S ac
m 4 m H } O -
\\n'mlff-r-
-N‘lll.l.lil.lltllhﬂlll\ m "JIO.O!O‘Q'O!H. o
s : \u-ﬁ”-‘ [ kY
{ o T R y
sl T
m 4 -.- -sn..\-nn c‘fa-t- —.. ..- om
m ! P e St
r‘llllllilllllllilltn Ooapiollllolll’al"llb.

NEXT COMMND 7

_nmn 7.17 background event with a particle grazing the drift chamber




155

TRICGER= S0000001900000¢0

MM 2078 EVENT 2618 3EaRe 17.53 SRV
-

NDIT cCoRRmm 7

-
~ " — !

§ g

MM 2078 DVONT 3818 CaEAme 176D TOTM DNRGY rproagme eeesese1seseese

COUNTER HADRON ARM NORTH
e

Rin T7.1Q hackaround avent in the hadron arms



156

8

— 284

g

o

——

[%)

g

[ .

= 10

a

) rI nn n.t 0n ] 0

[+ 1] 3"' - Y —
Q

[

on

@

R

~— 2 M

7]

K}

[ 4

e

g 1H

0 § 1 }
0 10 20 30 40 LY]

E (acollinearity angle) (degrees)

Fig 7-19 a) acollinearity angle distribution of class A events

b) acollinearity angle distribution of background events

-~ — 1979 geomeirical acceptance
> --- 1980 geometrical acceptance
=]
c 15F
2
Ty
g oo e
0 / \
- 0OF ) '
w ] hals
.E ) ~
@ | '
=3 ! '\\
& ast : N
am s | f |
L
1 1 o
140 0-5 0-0 05 140

cos ©
Fin 7+20 caeometrical acceptance of the shower counters



157

—_
£
I

—

N
]
]

—
>
I

entries / 0-1cms
—

L 11

=30 -24 -10 0.0 10
dy (cms)

Fig 7-21 d, distribution of class B data (the solid curve

is the Monte Carlo prediction)

7+
T
z SF
A
\ L.- /\
7]
af
‘= 3t
—
o

2

1

| |

100 200 300
mass (MeV/c?)

Fig 7:22 effective mass distribution of track pairs

(the solid curve is the Monte Carlo prediction)



158

I W=3u8Gev
100 F { W = 12:0GeV
o @ 8o}
m
S
"
~
% 0
0
o
=
| S ‘0'
bict
L= e
[ 7, ]
20F i
00

cos ©

Fig 7+23 s do/de v. cose for W = 12 GeV and W = 34.8 GeV

(the solid cyrve is the prediction of QED)



159

Xt (chi-square)

Xt (chi-square)

1 I 1

1
=40 =20 0 2 L0

0

1/%x 10" (Gev™)

Fig 724 XZ v, ‘I/Aﬁ'L a) heavy electron exchange
b} seagull diagram



M (coupling strength)

160

1.2 =
forbidden region
1-0—
D‘_
M-
M-
0 0 20 30 %0 50
Mg»  (GeV/c?)

Fig 725 M* Ve A (the shaded region is excluded at 95%

(do/d9,,q, )/(do‘/meED)

confidence)
1al- T W
1 1 ""'--.,_\
e, e, S ~ —_
19 1 \.:"--. b
"-.____‘ \
10 ==
i -
—
(3 i ol //, —
- - 'd.
-— J-
“ e = oy m— 2
-—-—"""
i R
ok L
I 1 | 1 1 1 | L 1
o2 03 [ 7Y o5 06 o7 o8 o9
cos 6

Fig 7+26 (dc/dﬂmeas)/(dc/dQQED) V. cose, the curves represent

the modifications to QED for heavy electron exchange
and the seagull diagram contribution at 95% confidence
(seagull, A+ ===, Aco—— )

(heavy electron, A+ — — —, A_=—=-—)



161

APPENDIX A

Simulation of electromagnetic showers

In this Appendix the procedures used to simulate the electromagnetic
interactions of electrons and photons in the material before the drift
chamber are described.

Photons are absorbed in matter as a consequence of the
photoetectric effect, Compton scattering and pair production. In Compton
scattering the photon is scattered with loss of energy while in the
photoelectric effect and pafr production the photon is completely
absorbed. The photoelectric effect was not considered as for photon
energies > 1 MeV it 1is negligibie in comparison to the other two processes.
Compton scattering was not simulated as it does not result in the production
of a charged track observable in the drift chamber and for photon energies
> 50 MeV it is much smaller than pair production.

The following method was adopted to treat pair production in the
material before the drift chamber.

a) A1l photons with energy < 50 MeV were not considered.
At high photon energies the total pair production cross-section determines
the absorbtion probability per radiation length, this rises rapidly from
threshold (= 1 MeV) and approaches its asymptotic value of 7/9 for
photon energies 2 1 GeV.

b) In each layer the pair production probability per radiation

length was. given by the asymptotic form:

7 X

p-1-g J sind - AT

where x is the layer thickness in radiation lengths and ¢ is the

azimuthal angle of the photon. In the limit of complete nuclear

screening the pair production cross-section is:(88)

do _ ar,® ~(av? - v+ 1) (P -F) + 2L Y- V(1-V)(Z8 - 1)
B [ [Pl 0 B O B
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where o is the radius of the electron, p is the positron energy, k is

the photon energy, V is the ratio p/k, Z is the atomic weight of the

radiator, f is the coulomb correction term and L L'rad are the

rad?".
radiation logarithms. The screening is complete if the following
inequality is satisfied:
y o= 100M, TR A3
Tkv(i-v)
At high photon energies k the screening is complete over a large
range of the positron energy p.

Neglecting the coulomb correction term and substituting L L'

rad.
=1
= 1n (1832 /5) the probability for producing a positron of energy p per

rad =

radiation length is:

a2
P(p)dp = d V- -4y + 1) - 1 v(1- -
(p)dp }g“g 3+ ) gV( V) ]/;[ A.4

_73
n(1832

¢} The energy of the positron was calculated using equation A.4
and the energy of the electron was calculated by energy conservation:

pe=k-p - A.5

d) The direction cosines of the charged particles were defined by
the direction cosines of the incident photon.

Electrons and positrons suffer electromagnetic interactions with
both the atomic electrons and nuclei of the medium through which they
pass which results in a loss of energy and a change in direction. For
particle energies above a few MeV bremsstrahlung becomes the principle
form of energy loss in the medium and dominates over the jonization loss.
Only bremsstrahlung was considered when calculating the energy loss of
electrons and positrons in the material before the drift chamber.

The following method was adopted to treat bremsstrahlung.

a) In each layer the bremsstrahlung probability per radiation

length was given by:
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P -e - A.6

where x is the layer thickness in radiation lengths and ¢ is the

azimuthal angle of the particle. In the limit of complete nuclear

screening the bremsstrahlung cross-section 15:(88)

2
do = 4dr i 2 . 2
T __Fg_[ng -_%y +y J [Z (Lrad - f) + ZL radJ + % (1-y)(Z° + Z):] - A7

where ro is the radius of the electron, k is the photon energy, Pe is the

electron energy, y is the ratio k/pe, Z is the atomic weight of the

radiator, f is the coulomb correction term and L are the

rad? L rad
‘radiation Togarithms. The screening is complete if the following

inequality is satisfied:
1
/3

y = 100 M, 7y
(1-y)p,

L1 - A.8

For high electron {positron) energies the screening is complete over
a large range of the photon energy k.

Neglecting the coulomb correction and substituting L Llrad =

_1
Tn (183Z /3) the probability for radiating a photon of energy k per

rad ~

radiation length is:
P(k)dk = dk 4 - 8y + %) + 1 (1-y) A
- n (183Z 3)
b} The energy of the radiated photon was calculated using
equation A.9 and the final momentum of the electron (positron) Do Was

calculated by momentum conservation

Pef "2 7Py A.10
¢) Only one interaction per layer of material was generated,
d) The direction of the radiated photon was defined by the

direction cosines of the radiating electron (positron).
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The angular distributions in pair production and bremsstrahlung are
mostly determined by multiple coulomb scattering rather than the production
mechanism. The angular distribution of the bremsstrahlung emission is
peaked around a value 8 = 1/y = Mec:zlpe and the average angle between the
electron (positron) created in pair production is also e = Mecz/k.

Multiple coulomb scattering was treated in the following way. The
resultant space angle ¢ compounded of a large number of small scatterings
is approximately Gaussian with a mean square deflection given by:

_s
pBC

<¢2>=[EJ2t - A
where ES = 21 MeV, p is the momentum of the particle, gc is the particle
velocity and t is the material thickness in radiation lengths.
Equation A.11 was used to calculate the deflection, assuming a
gaussian distribution, in each layer and the electron (positron) direction

was redefined by rotating through this angle.
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APPENDIX B

Photon reconstruction program

In this Appendix a program designed to identify the pair of charged
tracks coming from the conversion of a photon in the material of the
detector before the drift chamber is described.

The pair produced electron and positron appear as a 'V' with an
extremely small angle between the tracks, the average angle & between
either of the tracks and the photon is o ~ Mecz/E, where Me is the mass
of the electron and E is the energy of the photon.

Photons were identified by a cut on the effective mass of each pair
of oppositely charged tracks, as the effective mass of the ete” pair
produced by a photon conversion should be zero.

Trackrmomenta were calculated by the track reconstruction program
at the interaction point and not at the pair conversion point. To
correctly calculate the effective mass of each track pair the momenta
were recalculated at the conversion point, a process known as swimming.
The conversion point was ca]cu]ated by intersecting the pair of circles
defined by the projection of the tracks in the R-¢ plane. There are three
possible cases which are shown diagramatically in Fig B.1 and each case
was treated in a slightly different way.

For case a) where the tracks just touch the conversion point was
defined as the point of contact. For case b) where the tracks do not
intersect the track pair was rejected if,r1, the distance between the
circles at their closest point of intersection was greater than 2 cm.
For accepted pairs the conversion point was defined to be the midpoint
of the line r, which is shown in Fig B.1 b). Case c) where the tracks
cross each other has two solutions which can in éome cases be on either
side of the interaction point. The solution closest to the interaction
point was defined to be the conversion point un]ess it was behind the

interaction point when the other solution was used.
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The following method was used to determine if the intersection
point was behind the interaction point. The angle o between the vector
joining the intersection point and interaction point and the momentum
vector of the track pair was calculated, this is shown diagramatically in
Fig B.2. If o' 1is greater than n/2 then the intersection point is behind
the interaction point.

A number of cuts were applied to each solution before the effective
mass was calcuiated.

The number of hits present before and the number of hits absent, up
to six layers from the conversion point, was calculated for each track,
with a tolerance of 2 cm allowed on the conversion point. The track pair
was rejected if there were more than 4 hits missing after the vertex or
more than 2 hits present before the vertex on either of the tracks.

The radial distance, Tos between the interaction point and the conversion
point was required to be in the range 0 < rz.ﬁ 45 cm and the opening angle,
a, between the tracks at the conversion point should satisfy o < 30°.

For case c¢) above, the second solution was considered if the firs£

solution had been rejected by any cut provided that o' < "/2 was satis-
fied. Using Monte Carlo events generated using the program described

in section 7.8, 2% of track pairs were rejected by these cuts,

In all cases the z-coordinate of the conversion point was defined
as the average value of the track z-coordinates at the intersection point.

The effective mass of the track pair was then calculated at the
conversion point for all remaining track pairs. The track pair was
considered to come from a photon if the invariant mass of the pair was
< 250 Mev/c.

The effective mass of track pairs from the class B data set
described in chapter 7, has been calculated using this program and is

shown in Fig 7.22.
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