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Abstract

This thesis presents experimental results from the ASP detector which took data
on e'e” interactions in the PEP storage ring at SLAC. Its design was particularly
suitable for searching for production of supersymmetric particles. The motivations for
and phenomenology of Supersymmetry are discussed. In particular, the production
of a single supersymmetric electron (“selectron”, &) in combination with a,‘ supersyrﬁ-
metric photon (“photino”, 4) would result in events in which a single electron and no
other particles are observed in.the detector at an e*e” collider such as PEP, provided
the masses of these particles are not too large. Such events would also result from the
production of a single supersymmetric W-boson (“wino”, W) in combination with a
supéfsymmetric neutrino (“sneutrino”, /). These processes make it possible to search
for selectrons and winos with masses greé’her than the beam energy. Observation of
these unusual events would distinctly indicate the production of new particles.

The ASP detector was designed to be hermetic and to provide efficient event re-
construction for low multiplicity events. The detector is described and its performance
is evaluated; it is found to be well-suited to this study. The data. sample collected
with the detector was thoroughly analyzed for evidence of single-electron events. The
various possible background processes are considered and Monte Carlo calculations
of the distributions from single selectron and single wino production are presented.
Using this information an efficient off-line event selection process was developed, and
it is described iﬁ detail.

No evidence for single-electron events was observed, allowing the following limits
(95 % CL) to be set on the supersymmetric particle masses:

‘ me > 20.5 GeV/c?, for me; =mep, my=0
me > 19.5 GeV/c?, - for me; > mzp, m5=0
meg > 20.6 GeV/c?, for mpy=0

ii



Acknowledgments

High Energy Physics experiments require the expertise and hard work of many
people in order to be successful, and the ASP experiment was no exception. I would
like to thank all the members of the ASP collaboration for their extensive commitment
and great vigor which made the experiment such a success. It has been a pleasurable
experience to work in such a small, friendly and co-operative group. I wish to thank
Bob Hollebeek for his patient supervision and careful instruction during my early days
at SLAC. I am also gratefEI to Dave Burke for his supervision of the completion of this
research; his novel ideas and boundless energy are balanced by the proper measure

“of caution. I learned a great deal working alongside the postdocs Michel Jonker, Bob
‘Wilson and Tony Johnson, and I appreciate them sharing their experience with me.
My fellow graduate students Chris Hawkins and Chris Hearty kept me on my toes,
and were a continual source of useful suggestions. My thanks go particularly to my
class-mate, collaborator and above all friend, Natalie Roe, for a caring camaraderie
that has been of great value during the entire experience of graduate school.

I appreciate Jonathan Dorfan’s continued concern and sx—lpport after I became
an ASP orphan in SLAC Group C. Many thanks are owed to my succession of office-
mates. Dean Karlen, ever patient with my continual interruptions, provided his
Monte Carlo program, and shared his extensive knowledge of TEX. Bob Jacobsen’s
companionship has been very welcome during the last six hectic months. Over the
years Gabor Bartha has provided much help with computing problems; also he and
Andreas Weigend helped maintain my sanity by exposing me to their non-Physics
interests. Charlotte Hee has not only been of much assistance with many problems
with the IBM mainframe system, she has also provided an understanding ear and a
shoulder to cry on. I am also grateful to Joe Perl for his fresh perspective and for
persuading me to take a break from my research to venture back to South Africa.

The direction my path has taken into experimental physics is due mostly to the
influence of Frank Brooks at the University of Cape Town, to whom I am thankful

for my introduction to nuclear ‘physics techniques. I was lead to Stanford and SLAC

iii



mostly as a result of the sponsorship of David Aschman, also of U.C.T., and I will
always be indebted to him for pointing me in the right direction.

It is not common for one to be grateful to one’s landlady, but my warmest
thanks go to Betsy Crowder for providing a beautiful, tranquil place for me to live
while performing this work, as well as being a genuine neighbour.

My appreciation extends also to all the many other friends I have been blessed
with, who have opened up their worlds to me and helped me establish a new life in
California. There are many people I could mention, but those I wish to acknowledge
particularly are: Doug Mathe\:'s, Mike Zambotti, Brent Danninger, Kurt Schroeder,
Brian Harvey, Cliff Lopez, Erik Kulleseid and Keith Addy.

“Lastly I want to thank most especially my mother, Joan Steele, Henry Marking
and Lisa Fuentes; they have always stood by me, expressing their love and under-

standing through their total, uncompromising and unwavering support.

v



Contents

Abstract
Acknowledgments
List of tables
List of figures
1 Introduction
1.1 Phenomenology of Supersymmetry
1.2 Production of Photinos and Selectrons
1.2.1 Photino Pair Production
1.2.2 Selectron Pair Production
1.2.3 Single Selectron Production
1.3 Production of Sneutrinos and Winos
1.3.1 Sneutrino Pair Production
1.3.2 Wino Pair Production
1.3.3 Single Wino Production
1.4 Experimental Requirements
2 Experimental Apparatus
2.1 The PEP Storage Ring
2.2 Overview of the ASP Detector
2.3 Central Detector
2.3.1 Beam Pipe
2.3.2 Central Tracker
2.3.3 Veto Scintillators
2.3.4 Lead-Glass Calorimeter

2.3.5 Central Proportional Wire Chambers

2.3.6 Time-of-flight Counters

i
iv
viii

ix

11
13
17
19
19
20
24
25
26
26
28
28
29
29
31
33
33



2.4 Forward Detector
2.4.1 Forward Shower Counters
2.4.2 Forward Proportional Wire Chambers
2.4.3 Forward Drift Chambers
2.5 Trigger
2.6 On-line Data Acquisition and Monitoring
Offline Data Analysis ’
3.1 Event Tracking
3.2 Diagnostic Events
3.2.1 Forward Bhabha Events
'3.2.2 Radiative Bhabha Events
3.2.3 Cosmic Rays
3.2.4 Random Triggers
3.3 First Pass Event Filter
3.4 Second Pass Event Filter
Backgrounds
4.1 Anticipated Backgrounds
4.1.1 Cosmic Rays
4.1.2 Beam-Gas Interactions
4.1.3 Beam-beam Collision Events
4.2 Unexpected Background
Monte Carlo Calculations
5.1 Resolutions for Central Acceptance Region
5.2 Supersymmetric Particle Production
5.2.1 Single Selectron Production -
5.2.2 Single Wino Production
Results and Conclusions
6.1 Third Pass Event Filter
6.2 Results

vi

34
34
36
36
37
41
44
45
47
47
48
52.
53
53
56
63
64
64
65
66
68
80
81
85
86
91
93
94
100



6.2.1 Selectron and Photino Mass Limits
6.2.2 Wino and Sneutrino Mass Limits

6.3 Systematic Errors

6.4 Conclusions

Appendix A Lead-Glass Calorimeter |

A.1 Lead Glass as a Calorimeter Material

A.2 Radiation Damage

A.3 Construction of ﬁle Lead-Glass Calorimeter

A.4 Off-line Calibration of the Lead-Glass Calorimeter

A.5 Conclusions

"REFERENCES -

vii

101
104
105
106
108
108
109
113
116
119
120



Tables

1.1 Supersymmetric Particle Spectrum ' 7
1.2 Previous Single Electron Searches ) 15
2.1 ASP Beam Pipe Ma,tegials 28
6.1 Single Electron Event Selection ' | 101

A.1 Lead Glass Composition 113

viii



1.1
1.2
1.3
14
1.5
1.6
1.7
1.8
1.9
1.10
1.11
2.1
2.2
2.3
2.4
2.5
2.6
3.1
3.2
3.3
3.4
3.5
4.1
4.2

Figures

Compton Scattering in Supersymmetry

Photino Pair Production

Radiative Photing Pair Production

Selectron Decay Mode

Selectron Pair Production

Single Selectron Production in the EPA

Additional Diagrams For Single Selectron Production
Single Selectron Production Cross-section

Wino Pair Production

Single Wino Production

Single Wino Production Cross-section

Side View of the ASP Detector

Central Tracker and Veto Scintillators

Cross-section of the Central Detector

Forward Shower Counter Construction

Trigger Timing Flowchart

Analog Trigger schematic

Forward Bhabha Luminosity Measurement

Trigger Efficiency as a Function of Energy and Angle
Occupancy in Lead-glass Quadrants for Random Triggers
Lead-glass Event Time

Central Track Z-Intercept

Beam-Gas Background Event Topologies

Kinematic Veto for Radiative Bhabha Scattering

ix

10
11
12
13
14
16
18
20
22
23
27
30
32
35
38
39
48
58
59
61
62
65
67



4.3
4.4
4.5
4.6
4.7
4.8
5.1
5.2
5.3
5.4
5:5
5.6
5.7
5.8
5.9
5.10
5.11
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
Al
A2
A3

Radiative Bhabha Background Distributions

Radiation Length Thickness of the Detector

Energy Distributions for Radiative Bhabha Background
Two Possible eey Topologies

Errors due to Approximate Calculation of eey Process
Theta Distributions for Radiative Bhabha Background
Energy Resolution as a Function of Energy

Energy Resolution as a Function of Angle

Angular Resolutions as a Function of Energy

Theta Resolution as a Function of Phi

Phi Resolution as a Function of Theta

Kinematic Limits on Supersymmetric Particle Masses
Decay Electron Energy for Single Selectron Production
Scattered Positron Energy for Single Selectron Production
Decay Electron Theta for Single Selectron Production
Scattered Positron Theta for Single Selectron Production
Scattered Positron Energy for Single Wino Production
Lead-glass Shower Width-Squared Moments

Maximum Lead-glass Layer Energy Fraction

Lead-glass Event Time for Third Pass Filter

Central Track Z-Intercept for Third Pass Filter

Energy Spectrum of Final Event Sample

Predicted Number of Events as a Function of SUSY Masses
Limits on Selectron and Photino Masses

Limits on Wino and Sneutrino Masses

Effect of Radiation on Transmission of Lead-glass
Comparison of Spectral Curves for Lead-Glass Detector

Attenuation of Light Along a Lead-glass Bar

69
71
73
74
76
78
81
82
83
84
85
86
88
89
90
91
92
96
98
99

100

102

103

104

105

112

114

117



1

Introduction

The study of Elementary Particle Physics during this century has lead to an un-
derstanding of the basic constituents of matter and their properties which is known as
the Standard Model'~®. This theory assumes that the fundamental constituents
of all of matter are the quarks and leptons, with these particles interacting through
the exchange of vector guage bosons which arise from symmetry under local trans-
formations within the gauge group SU(3)c x SU(2)r x U(1)y (see Table 1.1). This
description of Nature has been enormously successful in accour—lting for the multitude
of phenomena that have been observed in a wide variety of experiments, at presently
accessible energies. For instance, it predicted the existence of the W= and Z° bosons
before they were discovered. There are presently no experimental results in conflict
with this theory.

However, the Standard Model cannot be a complete theory of the fundamental
particles and their interactions: it has a number of shortcomings, most notably the
large number of arbitrary parameters, the many unrelated fundamental particles, and
its lack of explanation of the relation of gravity to the other forces. The main problems
which are not accounted for by the Standard Model are the issues of Unification,
Flavor and Mass.

The Unification problem arises from the desire to have a single unified mathe-
matical structure that encompasses all of the variety of known forces of Nature, viz.

the strong and the weak nuclear forces, electromagnetism and gravitation. Although



2 Introduction

the Standard Model has provided a means for unifying the weak force and electromag-
netism, complete unification has not been obtained. Currently there are the theories
of Grand Unification, Supergravity and Superstrings, which hope to resolve this issue.
While these theories may make predictions for new phenomena that may be currently
observable, such as proton decay, none of these has yet been discovered; instead, th§
main feature of all of these theories is that they predict new interactions at very high
energies (> 10*® GeV) which are well beyond the reach of currentvexperiments.

The Flavor problem refers to the proliferation of quark and lepton species that
have been discovered. The observation of sequential generations of particles is clearly
reminiscent of the periodic table of the elements, and of the families of mesons and

baryons, and so leads to the hypothesis that the quarks and leptons in turn may
" be composites made of more elementary constituents. This has motivated various
theories of compositness, which predict new four-fermion contact interactions, form
factors for quarks and leptons which would no longer be point-like, and excited lep-
tons, quarks and possibly vector bosons. While we have as yet no clear idea as to
what the scale of such compositness might be, the agreement of so many measure-
ments with the Standard Model, which assumes that these particles are point-like,
indicates that it must exceed O(1) TeV.

The Mass problem arises from the lack of understanding of the origin of the
masses of the fermions and vector bosons. Unlike the previous two problems, this
one requires a solution through the appearance of new physics at a scale that must
be below 1 TeV. This makes it the most interesting problem to tackle as it is the one
that should be solved soonest. In order for the Standard Model to be consistent with
non-zero vector boson and fermion masses, there must exist at least one physical spin-
0 particle, the Higgs boson, H, with a mass mpyg = O(mw) = 0(100) GeV/c?, and
which couples to other particles with a strength proportional their mass. However,
the Higgs boson has not been observed yet, so this aspect of the theory remains
untested.

If the Higgs boson is elementary then including it in a more unified theory con-

taining large mass scales leads to a serious inconsistency. In the absence of new physics
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below some high scale A, radiative corrections due to loops of light particles make a
contribution to the Higgs boson mass which is proportional to A. Consequently, in
the Standard Model there is no way of preventing the elementary Higgs boson from
acquiring masses of order the unification scale due to these radiative corrections. But
the Higgs mass cannot be too large compared to the weak scale, otherwise it is ﬁnable
to account for symmetry breaking at this scale, since the weak vector bosons would
acquire large masses of the same magnitude. This is known. as the gauge hierarchy
problem(). It arises since the weak scale is vastly different from the scales of grand
unification: mW/mGUT ~ O(10713),

_and of gravity: mw /mpianek ~ 0(10717).

Thus it is not confined to grand unified models, since it is essentially a problem of two
widely different enefgy scales, and the Planck scale, where gravity becomes a strong
force, is unavoidable. This is also known as the naturalness problem, since it takes an
unnatural fine-tuning in the Standard Model to maintain the Higgs mass at O(myy)
rather than O(m panck)-

One way around this problem is to assume that the Higgs boson is composite.
This scenario is known as Technicolor’>~". It postulates that the Higgs boson is
composed of fermions bound together by a new interaction which becomes strong at an
energy scale A ~ 1 TeV. This avoids elementary scalars altogether and consequently
eliminates the hierarchy problem. This is referred to as dynamical symmetry breaking.
Technicolor would.lead to many new technimesons and technibaryons with masses
around 1 TeV. Many extended technicolor models give masses to fermions as well as to
gauge bosons and contain at least some spin-0 technipions with masses < 100 GeV/c?
that would be observable at present or planned accelerators. While the original idea
of Technicolor is very attractive, realistic models appear to have too many difficulties
to be viable.

An alternative approach which retains a fundamental Higgs boson is the theory of
Supersymmetry® 9 (SUSY) which postulates a fundamental symmetry between
bosons and fermions. This theory alleviates r;lany of the shortcomings of the Standard

Model and has great potential for providing a framework for constructing a unified
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field theory. It introduces new physics in the form of a supersymmetric partner for
each known particle, which has a spin differing by 1 but otherwise is identical to the
known particle, viz. it has the same mass, quantum numbers and gauge couplings.
Thus there are bosons to partner fermions and vice versa. This resolves the hierarchy
problem entirely since the quadratically divergent one-loop radiative corrections to th_e
Higgs mass have the opposite sign for fermions than for bosons. So the introduction
of superpartners leads to an exact cancellation of these corrections on a particle-by-
particle basis in a supersymmetric theory.

Ideally, each known particle would be the superpartner of another known particle,
effectively halving the total number of particles. However, since there is no known
boson-fermion pair of particles with otherwise identical quantum numbers, no known
particle can be the superpartner of any other known particle. The most obvious
instance of this is that no spin-zero elementary particles are known, which are required
as superpartners of the quarks and leptons. Consequently, since boson-fermion pairs
of particles degenerate in mass are not observed, supersymmetry, if it is indeed a
symmetry of Nature, must be broken. Then the SUSY particles will have different
masses from their known partners. Since the details of the symmetry breaking are
unknown, there is no convincing theory for the masses of the superpartners (as is
the case for the known fermions). Given that SUSY is not exact, the loop diagrams
giving radiative corrections to the Higgs mass are cut off at an energy corresponding
to the mass splitting between the known particles and their superpartners. Then
for the cancellation to solve the hierarchy problem the mass splitting between the
particles and their superpartners must not be much larger than the weak energy
scale. Consequently it is expected that SUSY particles would have masses less than
about 1 TeV, within the energy range of_ current or next generation accelerators.

In addition to solving the hierarchy problem, supersymmetry is very exciting
because it has fewer divergences than other quantum field theories and may lead to
a finite quantum theory of gravity and the unification of all interactions. Super-
symmetry allows a connection to be made between the Poincaré group of space-time

transformations and internal groups. By making supersymmetry a local symmetry, a
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new gauge field is introduced. Since the classical theory of local Poincaré symmetry is
the theory of general relativity, this new gauge field is identified to be the graviton, the
quantum of gravity. Such a theory is known as supergravity. The combination of the
spin-2 graviton with its spin-2 superpartner, the gravitino, yields theories of quantum
gravity in which a number of divergences are eliminated, analogously to the rﬁanner
in which boson-fermion pairing eliminates the hierarchy problem. These are the first
quantum gravity theories which are finite at the few loop lével when couplings to
matter are included(*). Supersymmetry is also a necessary ingredient of superstring
theories which describe the fundamental constituents of matter as strings rather than

.as point particles. These theories have generated a great deal of excitement recently
as promising candidates for the ultimate theory of matter.

This thesis describes an experimental search for superparticles performed at the
PEP e*e” storage ring at SLAC using the ASP detector. It was the first detector
specifically designed to search for production of these particles. Its name was derived
from the title Anomalous Single Photon experiment since the initial primary mo-
tivation was to search for single photon events. This thesis covers an alternative and
complementary approé.ch to searching fpr superparticles, namely by searching for sin-
gle electron events. The remainder of this chapter covers the theoretical background
for the experiment, while the details of the apparatus, the data analysis and the

results are given in subsequent chapters.

1.1 Phenomenology of Supersymmetry

During the early part of this decade there has been considerable theoretical
interest in models of low energy supersymmetry. Attention will be confined here to
minimal supersymmetry, ¢.e. the théory contains only one (N=1) generator of SUSY
transformations, @, such that:

Q |Boson) = |Fermion) and Q |Fermion) = |Boson).
Such a theory contains the fewest particles possible.
The particle spectrum in such a theory is shown in table 1.1 . A supersymmetric

particle is indicated by the presence of a tilde over the symbol (e.g. & for the selectron,
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the superpartner of the electron). Since the quarks and charged leptons each have
both a left-handed and a right-handed component, there are two spin-0 partners of
these particles, which have different couplings with respect to the weak interactions,
just like their known partners. They are labeled with subscripts L and R, although
these spin-0 particles obviously cannot themselves be left- or right-handed; this is
simply a convenient notation, referring to the component of the spin-1 partner. The
Higgs sector has to be enlarged to include two Higgs doublets(!®): one is required
to generate masses for the charge —1 quarks and another for the charge +2 quarks.
Thus SUSY predicts the existence of physical charged Higgs bosons. The two doublets
are also required to provide an equal number of bosonic and fermionic degrees of
freedom for the weak gauge bosons and Higgs bosons, and their superpartners. A
spontaneously broken theory also contains a fermionic Goldstino associated with the
super-Higgs mechanism, while supergravity models contain a gravitino which absorbs
the Goldstino to obtain its spin +1 polarization state(!?). In either case there is a
neutral weakly interacting particle G present.

Unfortunately, supersymmetry does not directly predict the masses of the su-
perpartners, or even the sequence of the masses. Specific predictions do arise from
different symmetry breaking mechanisms used in specific models. Very often many
superpartners are predicted to have masses below that of the weak bosons, and so
would be accessible to the current generation of accelerator experiments. But these
models require a number of assumptions, so that while they can give some guidance
about the SUSY masses, in general the masses should be taken as unknown. However,
the sequence of masses is crucial, in particular, which is assumed to be the lightest
SUSY particle; this is discussed below. Additional ambiguity arises since the mass
eigenstates can in general be mixtures of the weak eigenstates having the same quan-
tum numbers. This mixing also depends on the details of the model of symmetry
breaking. In particular, the 7, 20, EO and EO can mix to form neutralinos, and the
W* and HE can mix to form charginos. This allows a great deal of variety in the
couplings of these particles and the predicted phenomenology. It is assumed here that

this mixing is small, so that the mass eigenstates and weak eigenstates are essentially
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Table 1.1. The weak eigenstates in a minimal supersymmetric theory. The generic particle
symbols denote the quark species ¢ = (u,d, ¢, s,t,b) and the lepton species | = (e, u, 7);
and ¢ = 1,2 for the two Higgs states. The mass eigenstates can in general be mixture of

(QL)dR); (iL,iR), ('7:201]?:0) and (’in’ﬁ‘i)

Standard Model Supersymmetric
Particle symbol spin | spin symbol Partner
lepton lr, g 3 0 1L, Ir slepton
neutrino Ty 3 0 n o sneutrino
quark 9L, 9R 5 0 a1, 4R squark
gluon g 1 3 g . gluino
photon ~ 1 i A photino

Z-boson Z° 1 1 A Zino
Higgs H? 0 1 H ? Higgsino

W-boson w* 1 : w* Wino
Higgs H ;‘E 0 : H li Higgsino

the same. Since the superparticles interact with the same coupling constants as the
known particles, it is possible to calculate cross-sections for different SUSY processes,
and the production cross-sections for some particles are large unless suppressed by
mass effects. Given the uncertainty in the SUSY mass spectrum the cross-sections
need to be determined as functions of the masses involved.

In most models of supersymmetry there is a multiplicatively-conserved quantum

number(*®®known as R-Parity. The known particles have R = 41 while their
superpartners have R = —1. This quantum number can be defined by
R = (—1)2+3B+L (1.1)

where J = spin, B = baryon number and L = lepton number. As is almost always the
case, it is assumed here that R-parity is conserved. Although other models can be

constructed in which R-parity is not conserved, their phenomenology is quite different
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from conventional SUSY theories. Such theories contain interactions which violate
lepton number or baryon number, which allows the lightest SUSY particle to decay
and leads to many different unusual multilepton or multijet signatures *%),

R-parity conservation is very significant in determining the properties of SUSY
theories. The first consequence is that superparticles produced from known pa,rticlés
must be produced in pairs since the initial state_ must have R = +1. Secondly, and
most importantly, the lightest SUSY particle (LSP) has to be stabie, since no combi-
nation of only R = +1 particles can be formed from an R = —1 parent. Furthermore
all other superparticles must eventually decay to the LSP. Cosmological arguments
and.searches for anomalously heavy protons indicate that the LSP cannot be charged
or strongly interacting®®®. Consequently the LSP must be neutral and non-strongly
interacting. Possible candidates for the LSP are the photino (%), the sneutrino (¥),
the neutral Higgsino (ﬁ ), and the Goldstino or gravitino (é’) As is most commonly
the case, it will be assumed here that the LSP is the photino. If the sneutrino were
the LSP, then the phenomenology would be essentially the same as if the photino is
the LSP (see sec. 1.3).

Since the coupling of the photino is the same as that of the photon, i.e. it
interacts electromagnetically, it might be expected to interact in a detector. In fact,
its interactions with quarks or leptons are very weak compared to those of the photon
since these interactions require the exchange or production of the SUSY partners of
the quarks or leptons, which are known to be massive since they have been unobserved
at present energies. For instance, the cross-section for the SUSY analog of Compton

scattering: e~ — Fe~ (see fig. 1.1 ) is(1":

_8ma? s
O';ye— = 3 ;L? (1.2)

[

So the ratio of this to the similar neutrino interaction, pye” — 7 e” is(1®):

Tsem _ (78 GeV/c2)4 (1.3)

O'DC— me

As will be discussed shortly the selectron mass has been limited to be greater than
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at least 20 GeV/c?, so the photino interaction cross-section is comparable to that of

neutrinos.
- |
. ]
- g 4
e - _ b
e” e’ e” 04

Figure 1.1. Feynman diagram for the Compton-like scattering of a photino and an elec-
tron.

Consequently the photino behaves like a neutrino in its interactions with matter,
and cannot be directly detected in collider experiments. The only way that photinos
can be detected is by observation of the missing energy and ‘momentum that they
carry away. Since photinos are the final decay product of every process, the general
signature for SUSY processes is missing energy and momentum.

Naturally, it is most sensible to search first for what are expected to be the lightest
of the superparticles: viz. the photino and the selectron, and also the sneutrino.
Consideration is now given to searches for these particles in the clean, low background

environment of ete™ interactions.

1.2 Production of Photinos and Selectrons

1.2.1 Photino Pair Production

With the photino assumed to be the LSP, it is obviously the first SUSY particle
that should be searched for. For instance, photinos could be pair produced in e*e”
interactions by the ¢-channel exchange of a selectron, i.e. e*e”™ — %%, as shown in

fig. 1.2 . But, as has been discussed above, photinos would be weakly interacting
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m?2
3> - —

-

e ' 0%

Figure 1.2. Feynman diagram for the pair production of photinos in e*

e  interactions.

and could not be detected in conventional detectors, so that this reaction would go
undetected.

However, if a photon is radiated during the interaction, i.e. the process becomes
ete” — v79, as shown in fig. 1.3 , then that photon alone could be detected, so that
just a single photon would be observed in a detector*”~23), This is quite a spectacular
signature. The original motivation for the ASP experiment was to search for such
anomalous single photon events. Clearly this process can only occur if my < Epeqm,.
This process is also limited by the selectron propagator, which suppresses the cross-
section relative to the large cross-section for the analogous reaction for the known
particles, i.e. e'e” — 477, even if the photino is light. The only unknown parameters
~ in the cross-section are ms and mg, so that if such events are not observed in an
experimental search, then limits can be set on these masses. Since the selectron
occurs only in the propagator this process is sensitive to mz > +/s.

This technique of searching for an otherwise invisible process through radiative
photon tagging is not limited to photino pair production; any long-lived, weakly
interacting neutral particle (e.g. ¥, H °) can be searched for in this manner. The
non-observation of a significant signal thus limits the total contribution of all such
light particles to the e*e™ total cross-section. Any such search for the production of
new particles is ultimately limited by the Standard Model background from radiative

neutrino pair production which is also a source of single photon events. Since the



1.2 Production of Photinos and Selectrons 11

4
et y e’ 04
I \\://
} I
e 4 e 4
/i\\ :
e” _ 0% e 0%
' Y
et 04
I
g o> vy
i
s 5

Figure 1.3. Feynman diagrams for the radiative production of photinos pairs in e*e”
interactions. The amplitude for the lower diagram is substantially smaller than the other

two, since the massive € propagator enters twice in it.
cross-section for this process(?*~?®has essentially a linear dependence on the number
of light neutrino generations (NV,) the non-observation of an anomalous number of
single photon events allows limits on N, to be obtained. The details and results of

the ASP single photon search have been described elsewhere(?7—3%),

1.2.2 Selectron Pair Production

Alternatively to searching for indirect evidence for the selectron through radia-
tively tagged photino pair production, it is possible to search for the production of
selectrons directly. The selectron is assumed to decay rapidly to an electron and a
photino, as shown in fig. 1.4 , with a branching ratio of 100 %. As mentioned earlier,

there are two € mass eigenstates. In some models the € is expected to be heavier
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than the ég due to additional weak radiative corrections. Thus, as is conventional,
the two extreme cases will be considered: €; is much heavier than ép, so that only
€ can be produced; or that they are degenerate in mass, which leads to a doubling

of the cross-section compared to the other case.

~

Y

Figure 1.4. Feynman diagram for the decay of a selectron to an electron and a photino.

Selectrons can be pair produced in e*e” interactions through single photon anni-
hilation and ¢-channel exchange of a photino as shown in fig. 1.5 . "This process was
first calculated by Farrar and Fayet®V for the case of a massless photino. The effect
of a non-zero photino mass has been taken into account by later calculations(32:33),
Obviously, searches for this process are limited to probing masses me < Epeqy,- Al-
though it does not probe as large a mg range as the other processes considered here, it
is able to obtain limits that are valid for higher values of ms than the other processes.

The signature from this process, i.e. ete™ — &*&~ followed by the rapid decay
¢ — 7, would be a pair of electrons that would tend to have marked acoplanarity,
with missing energy. This is a very clean signature. The main backgrounds arise from
the QED processes ete”™ — e*e™y and ete” — ete"e*e”, which can be straightfor-
wardly eliminated by requiring that the two detected electrons have some minimum
acoplanarity, and that no other particles are observed. A number of experiments have
searched for this process(® %%  No evidence for an anomalous rate for this signature
has been observed. Since this process is limited by the available energy of the accel-

erator, not by statistics, it is possible to set limits on mg very close to Epeqy,. This
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Figure 1.5. Feynman diagrams for the pair production of selectrons in ete™ interactions.
Two additional diagrams with the v replaced by a Z° and the ¥ replaced by a 79 also
contribute to this process, but their contribution is negligible at the energy of PEP or
PETRA.

gives experiments at PETRA an advantage over those at PEP, and limits of mz > 23
GeV/c? for mg; = mep, and mg > 22 GeV/c? for mg; > meg, both for msy = 0,

have been obtained.

1.2.3 Single Selectron Production

It was first suggested by Farrar and Fayet(?’l)tha,.t it would be possible to produce
a single supersymmetric lepton in association with the corresponding spin-1 lepton
and a photino (or goldstino) i.e. through associated production. Thus single selec-
trons could be produced by the process ete”™ — eF&¥5 followed by the rapid decay
é — e4. Although this process has a lower cross-section (proportional to o®) than
the pair-production process (proportional to @?), it makes possible the production
of SUSY leptons in e*e™ collisions even though they have a mass greater than the
beam energy; i.e. it allows probing the mass region: mé‘ > Epeam, provided that
me < 2Epeqm — ms.

The first calculation of the cross-section for this process was performed by Gail-
lard, Hall and Hinchliffe(*") for the case of a massless photino. It was later recalculated
including the effect of a non-zero photino mass®*?®%). All of these calculations em-
ployed the equivalent photon approximation (EPA)"*3:**) which assumes firstly that

the dominant contribution to this process arises from only the two Feynman diagrams
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shown in fig. 1.6 . Furthermore, one of the initial state electrons is assumed to radiate
a quasi-real photon and that electron is then forward scattered, so that it continues
down the beam line and is undetected since it remains within the beam pipe. The
photon interacts with the other electron to form a selectron and a photino (in the
SUSY analog of Compton scattering). The selectron then decays immediately in’.c;o
an electron and a photino, with the electron being energetic and distributed almost
isotropically for high mass selectrons, while the two photinos aré undetected. The
signature is thus a single hard electron from the decay of the selectron; it has a high p;
since it balances the p; of the two photinos, with no other particles detected. This is

a very distinct signature, with little background, as is discussed in detail in chapter 4.

Figure 1.6. Feynman diagrams for the production of a single selectron in the Equivalent
Photon Approximation.

A number of experimental groups have reported performing searches for single
selectron production in e*e” interactions at PEP and PETRA(9)(#0)(45-48)  They
are summarized in table 1.2 . However, the results of all but one of these searches
were based on approximate calculations of this process using the EPA, which appear
to have overestimated the cross-sections. A calculation including the effect of a non-
zero scattering angle for the forward-going e* has been performed®®), however, it
was restricted to a massless photino.

More recently a complete calculation of this process which is valid for all T

scattering angles and a non-zero photino mass has been performed by Martinez(3%51);
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Table 1.2. Summary of previous single electron searches at PEP and PETRA and the
limits set on m;z and mg - EPA indicates the results were obtained using the equivalent
photon approximation; MM indicates the results were obtained using the complete cal-

culations of M. Martinez et al. The Agy,,, value is the region of ¢ that is lost from the
acceptance due to poor detector coverage. ‘

Experiment MarkIl MAC MAC JADE CELLO MARK-J

Reference (46)  (47)  (48) (10) - (41) (49)
Monte Carlo EPA EPA MM EPA EPA MM
V3 (GeV) 200 290 200  32.0-38.6 38.3-46.6 (39.5)
det (pb™1) 123. 36.4 206. 72.8 37.6 49.
Acceptance ) |
Ee (GeV) | >94 60 >35-70
Pt/ Epeam . >.65 >.3 >.2
|cosb| <0.7 <0.75 <0.75 <0.7 <0.85 <0.996
Adloss (°) 43. - - 100. 27.5 -
Limits on msa
me, =meg 22.2 224 241 25.2 30.0 25.5
Mmey > Meg 18.3 - 22.8 21.8 26.8 -

(95% CL) (GeV/c?)

Limits on my

(95% CL) (GeV/c?) - - - - 26.2 26.5
(90% CL) (GeV/c?) 22.0

This calculation incorporates all 14 first-order Feynman diagrams: in addition to the
two diagrams shown in fig. 1.6, there are the 6 diagrams shown in fig. 1.7 , all of
which contribute at lower energies, and an additional 6 diagrams which include a Z°,
which have very little effect at the energy of PEP. The additional diagrams are not
negligible; for instance, if the photino is light, then the fourth diagram in fig. 1.7
involving the exchange of a photino in the ¢-channel is important.

Using this calculation the MAC collaboration!*”found that including all the
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Figure 1.7. Additional Feynman diagrams for the production of a single selectron. There

are also diagrams involving a Z°, but their effect is very small at the energy of PEP.
diagrams and the effects of the e scattering angle “reduces the single selectron
production cross-section by 40 % for the cuts and masses used in (their)tprevious

publication*®).” The failure of the EPA in this case is due to the fact that for large
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selectron masses the virtual photon has to take almost all of the energy of the incom-
ing electron which is a situation in which the EPA can break down(®?),

This work makes use of the same complete calculation by Martinez for determin-
ing the cross-sections expected in this experiment. The total cross-section for single
selectron production at PEP from this Monte Carlo calculation is shown in ﬁg 1.8
as a function of selectron mass and of photino mass. The. cross-section decreases
increasingly rapidly as mg or ms approaches the kinematic boundary. For a typical
data set with an integrated luminosity of 100 pb™!, a high efficiency search for single
selectron production should be able to set mass limits close to mg > 24 GeV/c? for
~my = 0, and msy > 12.5 GeV/c? for me = 15 GeV/c?. Although with current data
sets the sensitivity of such a search is determined by statistics, for a factor 10 increase
in integrated luminosity the limits would be close to saturation and the search would
become limited by the beam energy. The detailed predictions of this Monte Carlo

calculation are presented in chapter 5.

1.3 Production of Sneutrinos and Winos

Since the production of sneutrinos and winos in e*e” interactions can lead to the
same signatures as those for photinos and selectrons, the searches described above
can also look for evidence of the production of these particles.

Only left handed neutrinos are observed, so minimal SUSY contains a single
scalar neutrino 7y, = ¥. Sneutrinos can be produced in decays and also directly in
e*e” annihilation. With the photino being the LSP the ¥ decays almost entirely
by 7 — v4, which can only occur via triangle diagrams, and the sneutrino will be
undetected.

In many models of supersymmétry the sneutrino mass is similar to the selectron
mass. However it will be assumed here that the sneutrino is light. In some models the
7 is the LSP, in which case it would be stable. It interacts with the known particles
through the weak force only, mediated by the W= and Z° or their superpartners the
W= and Z°. The W= and 20‘ have been limited experimentally to be massive, so the

v interaction cross-sections must be of the same order of magnitude as those of the
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neutrinos. Consequently the sneutrino will be undetected. If the sneutrino were the
LSP, the photino would decay according to ¥ — v¥, and the photino would also be
unobservable in this case, since the 7 and v would both be undetected. Consequently
the phenomenology discussed above assuming the photino to be the LSP is unchanged

if instead the sneutrino is the LSP.

1.3.1 Smneutrino Pair Production

Sneutrinos could be pair produced in e*e” interactions i.e. e*e™ — PP, through
the formation of a single Z° in the s-channel, or the ¢-channel exchange of a Ws3,54),
-Since the sneutrino would be weakly interacting, this process would be undetectable
just like photino pair production. However, the radiatively tagged version of this
process will contribute to the single photon cross-section®®). So single photon searches
can also obtain limits on my3%; in addition, the presence of the % propagator in

one diagram makes this process sensitive to my, > NG

1.3.2 Wino Pair Production

Although the weak vector bosons W= and Z° are too heavy to be produced at
PEP and PETRA, a wide class of SUSY models predicts that one of the partners (Wﬂ:
and Z %) of each of them will be lighter and the others heavier, than the corresponding
known bosons®*®). There are a number of possible decay modes for the wino(57:%%),
Due to the unknown masses of the particles involved in such decays, (particularly
the 7 and §), and the complete ignorance about chargino mixings, predictions for
the W decay and any resulting limits on its mass, are very model-dependent. As
mentioned above, it is assumed here that the chargino mixing is small, so that the
light chargino state is essentially a pure weak eigenstate, the wino, and the heavier
~ chargino state a pure Higgsino. Having assumed that the sneutrino is light, the wino
decays exclusively according to the two body decay: W — l7y, with the 7 escaping
undetected. Assuming that the three generations of sneutrinos are degenerate in
mass, the branching ratios into the three known leptons will be equal, so that the

branching ratio for the decay in to an electron, W — eve, is 1.
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Winos can be pair-produced in e*e” interactions through single photon annihila-
tion and ¢-channel sneutrino exchange(®**®as shown in fig. 1.9 . Since the wino has
spin-1, its production cross-section is enhanced compared to that of the squarks or
sleptons, which have spin-0, except compared to selectron pair production where the
electromagnetic coupling in the ¢-channel photino exchange diagram (fig. 1.5) makes :a
much larger contribution than the weak coupling in the ¢t-channel sneutrino exchange

diagram (fig. 1.9) for wino pair production.

Figure 1.9. Feynman diagrams for the pair production of winos in e*e” interactions.

With the assumptions made here, the signature from this process, i.e. ete™ —
W*W~ followed by the rapid decay W — 1Dy, would be a pair of acoplanar (not
necessarily identical) leptons with missing momentum, which is very similar to that
of pair production of new heavy leptons. This process has ‘been searched for at
PETRA(0)(61,62) - As for selectron pair production, limits very close to Ejy.,,, have

been obtained, i.e. my, > 23 GeV/c2.

1.3.3 Single Wino Production

The single electron experimental signature discussed above is not an unambigu-
ous signature for single selectron production. It would also result from the pro-
duction of single winos in a process analogous to single selectron production: i.e.

ete” — eiW:FD, followed by the rapid decay W — eVe. This process has a lower
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cross-section than that from wino pair production, but it makes possible the pro-
duction of winos in e*e” collisions, even though they have a mass greater than the
beam energy; t.e. it allows probing the mass region: My > Eyeam, provided that
my < 2Fpeam — M.

This process results in an electron scattered forward, dominantly at low é,ngles,
so that it is mostly undetected as it will usually remain-within the beam pipe, and
a single hard lepton (e, 4 or ), together with an undetected sneutrino, from the
wino decay. Since the ASP detector was optimized for the detection of electrons and
photons, only the single electron signature will be considered here. Just like for single
-.selectron production, the signature is_a single electron with high p¢, since it balances
the p¢ of the two sneutrinos, with no other particles detected.

Approximate calculations of this process have been performed*?(63) using the
EPA which takes into account only the first two diagrams in fig. 1.10 . Such a calcu-
lation was used by the CELLO collaboration{*®to obtain results for their search for
single wino production. However, the approximation used in these calculations is ap-
parently inaccurate(*”), as discussed above for the case of single selectron production,
and overestimates the cross-section so that the CELLO limit is probably too high.
More recently a complete calculation of this process which is valid for all e scattering
angles and a non-zero sneutrino mass has been performed by Martinez, Grifols and
Pascual(®®). It incorporates all 12 first-order Feynman diagrams: there are the 6 dia-
grams shown in fig. 1.10, all of which contribute at lower energies and an additional
6 diagrams which include a Z°, which have very little effect at the energy of PEP.
The additional diagrams are not negligible; for instance, if the sneutrino is light, then
the fifth diagram in fig. 1.10 involving the exchange of a sneutrino in the ¢-channel
is important. Both the MAC collab(;ration(47)and the MARK-J collaboration*®have
used this calculation to obtain results for this process. All previous experimental
searches are summarized in Table 1.2.

This work makes use of the complete calculation by Martinez et al. for determin-
ing the cross-sections expected in this experiment. The total cross-section for single

wino production at PEP from this Monte Carlo calculation is shown in fig. 1.11 as
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e~ W e” v

Figure 1.10. Feynman diagrams for the production of a single wino. There are also
diagrams involving a Z°, but their effect is very small at the energy of PEP.
a function of wino mass and of sneutrino mass. The cross-section is quite similar to
that for single selectron production (fig. 1.8) and decreases increasingly rapidly as

Mg, OF My approaches the kinematic boundary.
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For a typical data set with an integrated luminosity of 100 pb™!, a high efficiency
search for single wino production should be able to set mass limits close to mes >
23 GeV/c? for mp = 0, and mp > 12.5 GeV/c? for mpy, = 15 GeV/c?. Although
with current data sets the sensitivity of such a search is determined by statistics, for
a factor 10 increase in integrated luminosity the limits would be close to- saturatioﬁ
and the search would become limited by the beam energy. The detailed predictions of

this Monte Carlo calculation are very similar to those for single selectron production,

and are also described in chap?er 5.

1.4 Experimental Requirements

The cross-sections for single selectron_and single wino production shown above
indicate that the single electron events being searched for are expected to be rare.
To establish a positive result, or set a significant limit on the possible cross-sections
requires a detector which can veto essentially all events due to potential backgrounds.
This necessitates complete solid angle coverage down to as close to the beam line as
possible, with charged particle detection and electromagnetic calorimetry in order to
provide the required level of event containment. While the detector does not have to
allow as detailed an event reconstruction as other more general purpose e*e™ detectors
do, it cannot have any holes or cracks in its coverage, if it is to perform this search
successfully. Also, to maximize the detectable signal expected from these small cross-
sections, it is necessary for the detector to trigger on, detect and cleanly recognize
electromagnetic showers over a wide range of polar angles. As will be described in the

next chapter, the ASP detector was optimized taking these factors into consideration.
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Experimental Apparatus

Following discussions between John Ellis, Bob Hollebeek and Dave Burke late
in 1982, the ASP experiment was proposed in 1983 as the first experiment designed
specifically to search for events resulting from the production of supersymmetric par-
ticles in e*e” collisions. It was designed and built by a collaboration of physicists
and technicians from SLAC, MIT and the University of Washington. Compared to
other experiments mounted at major accelera,tér facilities, the ASP detector was fairly
compact, relatively inexpensive (costing approximately $ 1 million for all equipment)
and was the work of a small group (14 full-time physicists). In order to be able to
utilize the last two running periods at the Positron-Electron Project (PEP) storage
ring before its operation was suspended for construction and commissioning of the
SLAC Linear Collider (SLC)t, the detector had to be designed, built, installed and
running on a tight schedule. The experiment was approved in May 1983 and the first
part of the apparatus was already installed by Spring 1984. The data analysed in this
work were taken between January 1985 and April 1986, after which time the PEP
ring was temporarily shut down and the ASP detector was dismantled.

After a brief discussion of the PEP ring, the various detector subsystems are
described in detail in the following sections. Then the trigger, on-line data-acquisition,

calibration and monitoring system and diagnostic events are discussed.

T A new accelerator project for obtaining e*e” collisions at \/s ~ mz
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2.1 The PEP Storage Ring

The PEP e*e” storage ring (°%) is a large colliding beam facility located at SLAC.
It has a circumference of 2.2 km, and is situated largely underground at the end of the
SLAC linear accelerator. Accelerated electrons and positrons supplied by the linear
accelerator are stored in tight bunches in the ring, where they are confined and kept
focussed by magnets as they circulate. Three equi-spaced electron bunches collide
with three positron bunches which travel in the opposite direction, so that collisions
may be observed at 6 separaf;z interaction regions, every 2.4 us. The machine was
run at a center-of-mass energy of \/s = 29 GeV during the entire period of this

experiment. It had a typical luminosity of-1 — 2 x 1031 cm™?

sec™!, so that when the
machine was running well the integrated luminosity was about 1pb™* per vday. _

The ASP detector was located in interaction region 10 of the PEP ring. This
region is 20 m underground, and has no direct access to it other than through the
storage ring tunnel. However, the overlying earth and rock filters all primary hadrons
from the cosmic-ray flux and reduces the overall intensity by a factor of roughly 2.7.
This section of the storage ring is also immediately downstream from the electron in-

jection line, so that special consideration had to be given to the high level of radiation

present during the filling of the ring.

2.2 Overview of the ASP Detector

The ASP detector (see fig. 2.1) consisted of two main sections: a central re-
gion with basic charged particle tracking and a lead-glass/proportional wire chamber
calorimeter; and a forward region with lead-scintillator calorimeter modules and drift
chambers for tracking charged particles.

Since it was a fairly simple, special-i)urpose detector, it did not have the broad
range of application that more conventional, larger, general-purpose detectors have.
Lacking the complexity of a general-purpose detector, ASP had some disadvantages:
the absence of a magnetic field prevented charge determination for charged particles,
and the absence of a central drift chamber and additional instrumentation such as

time-of-flight counters and muon chambers made it impossible to perform detailed



2.2 Querview of the ASP Detector 27

Veto
Scintillator

2g°~\ﬁﬂ_\ ﬁuoéjm \
i i I%ﬁ,i@’“}
” — : ;

Colorimeter

Figure 2.1. A vertical cross-section of the ASP detector through the beam axis.

The apparatus is 8.8 m long and 1.2 m wide.

" particle identification. However, ASP’s unique features gave it a number of advantages
over more conventional detectors. Firstly, it had nearly complete solid angle coverage
(99.98 % of 47): the only gaps were beam line holes within the forward angular cutoff
at 21 mrad. This was necessary in order to perfofm both the single photon and single
electron searches, since the presence of any gaps or cracks in the detector coverage
could lead to other events (e.g. radiative Bhabhas) faking these signatures. Secondly,
the good central calorimeter segmentation, both along and transverse to the beam
line, provided details of the development of electromagnetic showers, which served for
track reconstruction as well as for discrimination of clean events from backgrounds.
Thirdly, the absence of a magnetic field had the advantage that low energy charged
particles originating from the beam line could be observed, whereas with a magnetic
. field present they would have curled up inside the beam pipe.

The detector will be described here using a coordinate system centered on the
interaction point(IP). The positive z axis points radially towards the center of the
PEP ring, while positive y points vertically upwards. The z axis then lies along
the beam line, with the positron beam moving towards +z. Angles will be given in
terms of the usual spherical co-ordinate system: theta is the angle between a line
and the z axis, while phi is measured in the zy plane counterclockwise from the z
axis. Because of the quadrant geometry of the lead-glass stacks, the acceptance of

the central detector is given by a particular value of projected theta (p), rather than
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theta alone. Projected theta is the angle between the z axis and the projection of a

shower onto the zz or yz plane. The relationship between ¢ and 6, is
tan 0, = tan 6 - max(| cos ¢|, | sin ¢|) (2.1)

2.3 Central Detector

2.3.1 Beam Pipe

_The beam pipe consisted mostly of thin aluminum in order to minimize photon
conversion probability. In addition, a tun.g:sten mask was accommodated in a special
indentation in the beam pipe (see fig. 2.1), so that the mask covered the region
12 < @ < 20 mrad, in order to shield the central calorimeter from off-energy beam
particles that were over-focused by the insertion quadrupoles. The indentation also
served to minimize the amount of material traversed by particles between 21 and
27 mrad. This window allowed an accurate study of low angle tracks to be made, so
that e*e™ — e*e vy events with photons of ps = 0.75 GeV/c in the central detector
could be studied to verify QED calculations near the trigger threshold. The materials

in the beam pipe are summarized in table 2.1 .

Table 2.1. Summary of the Materials in the ASP Beam Pipe.

Angle Material Thickness in
(mrad) Radiation Lengths
> 100 120 mil Al 0.034
50 — 100 100 mil Al 0.029

45 — 50 Al-stainless weld -
30 — 45 stainless flange 3.5
27 —-30 60 mil stainless 0.027
21 — 27 |60 mil stainless @ 30° 0.027
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2.3.2 C(Central Tracker

The beam pipe was surrounded by two systems for the detection of charged
particles. The inner one, the central tracker (CT)(*®)consisted of 192 aluminum pro-
portional wire tubes of dimension 2.4 x 1.1 X 220 cm?®, lying parallel to the beam
line. To minimize the material in the CT, their walls were thinned by etching to
0.3 mm. The tubes were glued together to form four quadrants of 45 tubes each, in
such a way that radial lines from the beam axis did not pass through tube walls, and
three extra tubes were added in each corner to ensure that all central tracks passed
through at least 5 layers (see fig. 2.2). The quadrants were mounted on a 1 cm thick
~Hexcell backplate, then combined to.form 2 L-shaped units which were assembled
around the beam pipe. Each tube was strung with a 50pm Stableohm 800 stainless
steel resistive sense wire which was read out at both ends, to provide redundancy and
also to measure the z-coordinate of tracks by charge division. The wires were run at
2400 Volts in an atmosphere of 48.3% argon, 48.3% ethane and 3.4% ethyl alcohol by
volume. The veto efficiency, defined as the fraction of charged particles tracked by

the CT, was measured to be 99.6% using cosmic rays that were selected to go through

the IP.

2.3.3 Veto Scintillators

A set of veto scintillators (VS) enclosed the CT on all sides to within 100 mrad of
the beam and provided the second charged particle detector. They were constructed
from 1 cm thick sheets of Kiowa SCSN-38 scintillator, two of which were sandwiched
together to form modules 2 cm thick. The central VS modules were of dimension
2 x 33.5 x 225 cm®3. They covered the sides of the CT (see fig. 2.2) at a distance of
16 cm from the beam line, immediat;ely in front of the lead-glass quadrants, with their
edges overlapping so that there were no dead spaces. The forward VS modules were
of dimension 2 X 32 X 60 cm?®, having a semi-circular area of radius 13 cm, centered
at a point 2 cm from the edge, cut from the middle of one of the long sides. Two of
them were placed at each end of the CT with a 4 cm overlap so that they formed a

60 cm square unit with a 13 cm circular hole in the middle, and were mounted on
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Figure 2.2. Cross section in the # — y plane through the Central Tracker and surrounding

Veto Scintillators.
the front face of each inner forward shower counter. Each central VS module was
read out at each end with a Kiowa Y7 wavebar (0.5 cm thick, 2.2 cm wide) .leading
to a Amperex XP2212PC photomultiplier tube (PMT), permitting an approximate
measurement of the z-position of the shower. Each forward VS module was read out
on the 3 outside edges by wavebar leading to 2 PMT’s, one at each outer corner of
the unit. Thus 2 PMT’s viewed each module to ensure redundancy in case of PMT

failure. The pair conversion probability of a photon in the material between the IP

and the VS was 4.5 % at 6, = 90°.
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2.3.4 Lead-Glass Calorimeter

The major component of the detector was the central calorimeter, consisting of
layers of lead-glass bars separated by planes of proportional wire chambers. There
were 632 lead-glass bars in total, arranged in 4 separate quadrants, which completely
surrounded the IP in azimuth leaving no gaps in the calorimeter between qua,drants
(see fig. 2.3). Each quadrant contained 5 layers: the odd layers had 32 bars, while the
two even layers had 31 bars, stacked so that there was a half—bar offset in z-position
of the bars between adjacent layers, to prevent the cracks between bars lining up,

and to provide optimal position resolution. The bars, which were 6 x 6 x 75 cm?® in

_size, were extruded from F2 (Schott) type lead glass. Each bar had a single Amperex
XP2212PC 12-stage photomultiplier tube (PMT) glued to one end, for collecting the

Cerenkov light from particles passing through the lead glass. The good segmentation
provided accurate reconstruction of the origin, direction and shape of electromagnetic
showers, as well as tracks from minimum ionizing particles in the zz- or yz-plane.
(Further details on the lead glass and the construction, calibration and monitoring of
the calorimeter are given in Appendix A.)

A lead-glass/PMT calorimeter has the desirable characteristics of low noise, good
intrinsic resolution and stability. However, lead glass is susceptible to radiation dam-
age which could seriously degrade the resolution with time. As mentioned above, the
detector was immediately down-stream from the €™ injection line, so steps had to
be taken to reduce this danger. The first was to use lead glass doped with 0.35 %
cerium which has been shown to reduce its sensitivity to radiation(®®). Secondly, to
shield the glass, the calorimeter quadrants were combined into two L-shaped halves
which could be moved away from the beam line using a hydraulic drive. They were
retracted behind 10 cm thick lead W;:I.HS prior to each injection of beam into PEP, then
moved into the closed position before data taking began. Even though dosimeters on
the exterior of the central calorimeter facing the beam pipe measured radiation levels
around 10 rad, no change in the response of the calorimeter was observed during the
entire course of the experiment, showing that the above strategies were successful.

In order to determine the operating voltages of the photomultiplier tubes; their
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" Figure 2.3. Cross-section in the z-y plane of the central calorimeter and tracking system.
Only a section of the central tracker is shown; it completely surrounds the interaction
point (IP).
gains were initially calibrated using a green LED. During the course of the experiment,
cosmic ray events were logged and these were used off-line to find correction factors
that reduced the remaining tube-to-tube variation to less than 2%. The overall energy
scale was determined using kinematically fitted radiative Bhabha events.

The energy resolution of the calorimeter, averaged over all values of phi in the
central region 20° < 8, < 160°, was®"**) o /E = 10%/+/E (E in GeV). The angular

resolution was 0g, = 4.4°. Timing information from the lead glass signals allowed
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event time to be determined with a o¢ that ranged from 1.2 ns for a 1 GeV shower
to 1.0 ns above 2.5 GeV. Resolution of the z-origin was ¢, = 0.03 m. These resolu-
tions, and those of the central PWC described below, were measured with the fully

reconstructed and kinematically-fitted radiative Bhabha events discussed in Sec. 3.2.

2.3.5 Central Proportional Wire Chamber_s

Planes of proportional wire chambers (PWC’s) were interleaved between the
layers of lead glass (see ﬁg. 2.3). The chambers were oriented with their length parallel
to the beam line, (i.e. perpendicular to the lead-glass bars) to provide information in
~the zy-plane. Thus the lead glass and central PWC’s together provided information
for the three-dimensional reconstruction of tracks in the calorimeter. Each PWC

plane was assembled from four closed-cell aluminum extrusions which each contained
eight chambers measuring 1.23 x 2.36 x 200 cm?® in size, with walls 0.18 cm thick. The
chambers were each strung with a single 48um gold-plated tungsten sense wire and
were operated at 1600 Volts in a gas mixture of 95% argon and 5% carbon dioxide by
volume. Since the response of the chambers was sensitive to the atmospheric pressure,
the gain was normalized off-line frequently by using Bhabha events. These chambers

measured the angle ¢ with a resolution of oy = 3.2°.

2.3.6 Time-of-flight Counters

The central region was covered by a time-of-flight (TOF) system that was at-
tached to the roof of the interaction region, forming an “umbrella” over the detector.
The TOF system served primarily to reject cosmic ray events. It was assembled from
48 scintillator counters, of dimension 2.54 x 20 x 345 cm?, that had originally been
used for the Mark IT} detector time-of-flight system. The counters were positioned
with their length parallel to the beam line. To cover all of the central region, half

of the counters covered the +z end of the central calorimeter, while the other half

1 A general-purpose detector that also took data at PEP and was upgraded for
running at the SLC.
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covered the —z end, with the two sets overlapping in the middle to ensure complete
coverage. Each counter had a photomultiplier tube at both ends, providing a mea-
surement of the z-position of a track with a resolution of o, = 26 cm. The timing

resolution, after compensating for flight time from the IP, was ¢ = 3 ns.
2.4 Forward Detector

2.4.1 Forward Shower Counters

The forward shower counters (FSC) provided ASP with complete forward cover-
age above 21 mrad from the beam line. These calorimeters were constructed in 1.2 m
square modules, 15 cm thick, of lead-scintillator sandwich. A module consisted of six
1.27 cm thick layers of quycast PS-10 acrylic scintillator alternated with five layers of
0.64 cm thick lead alloy (94% Pb + 6% Sb); layers of 1.27 cm thick aluminum formed
the front and back outer covers (see fig. 2.4). Each layer of scintillator was sandwiched
between two reflective aluminum sheets (.64 mm thick), which served to cut down
on losses of scintillation light. Consequently a module was 6 radiation lengths (X,)
thick. Each edge of a module was covered by a sheet of Rohaglas G51919 wavelength
shifter which transmitted the scintillation light to an Amperex XP2212PC PMT. Two
pairs of modules formed the inner FSC’s at z = £1.5 m, which overlapped the central
calorimeter, extending the coverage to § = 100 mrad from the beam line. Another
two sets of three modules formed the outer FSC’s at z = £4.1 m; they covered the
region fp < 120 mrad and @ > 21 mrad (see fig. 2.1). The extra material in the outer
FSC’s was required to reduce the probability of photons escaping detection at low
angles due to non-conversion in e*e” — e*e”y and e*e” — 7 events. Each module
was built in two halves so that it could be easily installed around the beam pipe, but
had a 4 cm overlap in the joint between éhe halves, which ensured that there were no
cracks in the forward coverage (see fig. 2.4).

These calorimeters served to measure the energies of particles in the small an-
gle region; their resolution was og/E = 25%/vE (E in GeV). Also, coincidences
between discriminated pulses from the FSC’s were used to obtain an on-line measure-

ment of the specific luminosity of the PEP ring. Due to large radiation doses received
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Figure 2.4. Front and side views of a forward shower counter module. The inset shows
details of the construction of a corner of the module.

by the FSC’s during electron injection, they suffered radiation damage which caused
the scintillator to darken. Since the luminosity measurement was sensitive to the

FSC gain, the photomultiplier tube voltages were increased every two weeks or so to

compensate for the loss in light yield. Even so, the non-uniformity of the darkening

across the scintillator resulted in a deterioration of the energy resolution. Application
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of heat lamps to the scintillator between the two data taking periods led to a signifi-

cant curing of the damage and improved light transmission through the scintillator.

2.4.2 Forward Proportional Wire Chambers

Between the first and second modules of both the inner and outer FSC’s were
two planes of proportional wire chambers, one plane with wires along the x—directioﬁ,
the other with wires along the y-direction. These PWC’s thus measured the spatial
location of showers'in the FSUC’s at a depth of 6X,. They were constructed from
closed-cell aluminum extrusions identical to those used in the central calorimeter and
were assembled and operated in the same way. There were 48 chambers per plane
(six sets of eight chambers), each chamber having an active length of 102 cm. The
central tubes in each plaﬁe were truncated in the middle to form a circular cut-out
so that the PWC fitted tightly around the beam pipe. The angular resolutions were
og = 2.5 mrad and o4 = 28 mrad.

2.4.3 Forward Drift Chambers

Four planes of drift chambers were located between the inner and outer FSC’s
to provide accurate tracking of charged particles in the angular range from 21 -
100 mrad. Each plane consisted of 2 rectangular chambers with circular cut outs, so
that together they formed a square surrounding the beam pipe. Each chamber had 2
layers of alternating field and sense wires, spaced 1.5 cm apart, all running in either
the - or y-direction. The sense wires were 30 pm gold-plated tungsten and the field
wires were 150 um copper-plated beryllium. To minimize the material traversed by
particles passing through the chambers, their walls were constructed from copper-clad
G-10. The chambers were operated at 2000 Volts in an atmosphere of 49.2% argon,
49.2% ethane and 1.6% ethyl alcohol by volume. A set of two crossed planes with an
inner radius of 8 cm was located at z = 1.9 m, while a second set with an inner
radius 5.5 cm was located at z = 3.0 m (see fig. 2.1). They measured = and y with

a resolution of & = 0.4 mm.
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2.5 Trigger

The beam crossing frequency in the PEP ring is 408 kHz, but it is not feasible to
record data at such a high rate. However, most of the collisions are uninteresting, so
it is only necessary to have a fast trigger that can identify the occasional good events
during the 2.4 us between successive beam crossings, so that they can all be 1§gged.
The timing for the ASP trigger system (®®) is shown in fig. 2.5. During data taking
the start signal was provided by the PEP RF clock. Analog sums from the lead-glass,
VS and FSC signals were used to select good events, by employing a sequence of
programmable digital look-up tables, within 1 us, so there was no dead time resulting
_from the trigger decision. If a trigger was satisfied, the data was digitized using a
'BADC/SHAM IV (") system, which required approximately 10 ms. The digitized
data from the detecfor was then read out to a disk by the host VAX 11/750 computer,
requiring a further 10 ms. Upon completion of_ the readout, the VAX re-enabled the
trigger system, so it was ready for the next event. The synchronization of the various
decision making, data acquisition and event readout processes was controlled by a
single central unit, the Global Control Module.

The main triggers were based on the total, quadrant and layer analog sums of
the lead-glass pulse heights. Since a lead-glass calorimeter with PMT read-out has
a low level of electronic noise, clean triggers could be obtained at low energies. The
triggers were formed as follows: the signals from the 632 individual PMT’s were
fed into Splitter/Summer units which used passive transformer splitters to divide
each signal into two. (These transformers also broke the ground loops between the
detector and the summing circuits, allowing a lower achievable threshold.) One half
of each signal went to the BADC/SHAM IV system, for the primary readout of the
calorimeter. The other halves were summed in groups of eight adjacent channels to
form a signal from one quarter of a layer which went to both the trigger circuitry
and an independent ADC (see fig. 2.6). This ADC provided a redundancy check
of the BADC data, and a means to compensate it if a SHAM channel overflowed.
The signals were further summed in stages to form layer, quadrant and total sums,

which were then integrated and discriminated to provide digital levels for input to
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Figure 2.5. Flowchart of the overall trigger timing. The elements of the chart enclosed in
dotted brackets could have been implemented if necessary.
the Memory Logic Units (MLU) which could recognize patterns of hits in the various
detector elements. The summary outputs from the MLU’s were fed into the input
latches of the Global Control Module, which then recognized specific event patterns

and made the trigger decision.
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Figure 2.6. Schematic layout of analog summing circuitry for fqrming the lead-glass

energy triggers.

The primary trigger was based on the total energy visible in the lead-glass
calorimeter, i.e. from the sum of all of the PMT sigﬁals. The threshold on this
trigger was limited by the coherent noise, which was insignificant on individual chan-
nels, but became large when summed over all 632 channels. It was set at 1.5 GeV. In
order to obtain the lowest possible threshold for single central prong events, without
increasing the trigger rate above manageable levels, there were additional triggers em-
ploying layer and quadrant sums to select events with signatures from single showers
in the calorimeter, which were programmed into the MLUs. Their thresholds were at
about 0.7 GeV.

There were also special independent triggers for logging diagnostic events which
were used for the off-line calibration of various detector components and also to

measure the performance of the detector. They were as follows:
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o The forward Bhabha (e*e™ — e*e™) trigger required a coincidence between
large signals (greater than about 7 GeV) in the FSC’s on opposite sides; pre-
scale factors of 600 for the outer FSC’s and 20 for the inner FSC’s were needed
to reduce the high rate of these events to a level that did not swamp the data
acquisition system. These events were used to study the performance of the
forward systems and to measure the luminosity not only for this experiment,
but also for the PEP ring. The luminosity was determined rapidly on-line by
just counting the number of times this trigger fired. The integrated luminosity
of the data sample was determined off-line by comparing the measured and

... QED predicted rates for these Bhabha events (see sec. 3.2.1).

o The radiative Bhabha (e*e™ — e'e™v) trigger required a coincidence be-
tween large signals in FSC’s on opposite sides and at least a small amount of
energy (> 0.3 GeV) in the lead glass. These events were particularly useful
since they had a single electron or photon in the central region of the detector,
which had all the same characteristics as signal events, while the other two
final state particles were confined to the forward regions. They were kinemat-
ically fitted, and then used for calibrating the detector and for studying its
performance as a function of the energy and angle of the central track.

o The cosmic ray trigger required a coincidence between two central veto scin-
tillator modules during a narrow gate (15 ns wide) ending 5 ns before beam
crossings. This yielded a sample of minimum-ionizing tracks roughly in time
with the beam crossing. They were used for calibrating and monitoring the
responses of the central detector systems.

o The random trigger was provided by a free running oscillator, which logged
random beam crossings. These random events provided a means of monitoring
occupancies in each detector system during data-taking.

By setting the trigger thresholds at appropriate values, as indicated above, it
was possible to combine all triggers and yet still reduce the 408 kHz crossing rate to
an overall trigger rate of approximately 4.5 Hz. The precise value varied depending

upon the specific luminosity and beam steering in PEP, but was never over 7 Hz,
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which was within the capabilities of the data acquisition system. The rate from the
lead-glass energy triggers was about 4 Hz and from the monitoring triggers it was

about 1 Hz.

2.6 On-line Data Acquisition and Monitoring

The data acquisition was performed using a CAMAC-based system, interfaced to
a dedicated VAX 11/750 computer. The acquisition software funning on the VAX was
split into a set of independent processes, each performing specific tasks. Experimenter
control was provided by an interactive process which communicated with all the other
.. processes, which were run in batch, via mail and global sections. The interface was
‘a pseudo-touch panel from which commands could be selected by toggling a cursor
over “buttons” drawn on a terminal screen. As a result of the sophistication of the
data acquisition system, the experiment could be run by a single physicist from one
terminal. Consequently, the experiment was operated by one pérson for an eight
hour shift at a time, so that despite its small size, the ASP collaboration proved quite
adequate for running a full-scale experiment at PEP. Throughout the data taking
the detector and acquisition system were monitored in a number of different ways to
ensure that they were functioning correctly.

The main acquisition process (ASPACQ) was responsible for data-taking, includ-
ing handling begin-run and end-run sequences, and CAMAC initialization. It stored
event information in individual event buffers which were then written to disk by a
logging process (ASPLOG). This created a run file for each data-taking run, which
usually lasted for one to two hours. The 1 gigabyte disk provided sufficient storage
for data from about 2 days of running. As the disk filled, the run files could be copied
to tape by the operator between r{ms, during the periods when the PEP ring was
being filled. The copying was performed by an independent TAPECOPY process,
which took about 5 minutes to write out a full tape of data in IBM readable form for
subsequent analysis by an IBM mainframe computer.

Every four minutes during data-taking runs, an interrupt was issued to run a

separate monitoring process (ASPMON). This was responsible for checking a wide
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variety of detector parameters, such as the low and high voltages, wire chamber
currents, beam noise monitors, gas flow monitors and even the positioning of the
central calorimeter modules. If a parameter was measured to be outside the required
tolerance, the operator was sent an error message. Problems encountered by this or
other processes were all handled by a separate process (ASPERR), which wrote th_e
messages both to the screen and to a file for error logging. To provide a summary
of the status of the detector, an additional process (ASPSTATUS) maintained a
color display on a dedicated Color monitor. This showed the status of all detector
subsystems (e.g. voltages, currents, etc.) and acquisition processes, as well as the
values of storage ring parameters read from the PEP control room by another process
(ASPPEP).

To check the quality of the data as events were being logged, there was also
an analysis process (ASPANL) which analyzed a sample of selected events obtained
from the memory buffers shared with the data acquisition process. The number of
events analyzed depended on the extra VAX time available for this processing, and
was usually at least a few percent. The analysis of these events-provided a check
of the performance of the various detector subsystems. At the end of each run the
results were checked and a summary was printed out. If any significant deviations
from expected values were found, an error message was sent to the operator. It was
also possible to request that a selection of one event displays be drawn as events
were logged, providing a further visual check of detector performance. The final data
acquisition process (ASPSEP) monitored the injection line to PEP to provide a signal
for tripping the high voltages and warning the operator should the injection septum
be activated. Information from the ASPACQ, ASPLOG, ASPMON and ASPANL
processes was written to a data base forhmaintaining information for each run.

The data acquisition system could be activated by a calibration signal in order to
calibrate the detector subsystems. The calibration was performed once per eight hour
shift, at the beginning of a run, while beams were present in PEP. It was timed to
occur between beam-crossings so that there would be no interference from signals from

beam interactions. All subsystems of the detector were calibrated simultaneously, at
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a selection of points as specified by a database: different charge levels were injected
into the wire chambers and the PMT’s were flashed with LED systems at various
levels. The operator was provided with a summary of results for all systems, showing
warnings or failures for channels that had gains or pedestals out of tolerance. It was
also possible to examine the values of the constants, compare them with old on;es and
modify them if necessary. For the wire chamber systems, the results of the calibration
were saved as new constants in the run images of the BADC’S, so that they applied
the updated corrections To the data as.it was recorded. For the CT system a fitting
procedure was used to extract the splitting fractions for the sharing of charge between
_the two amplifiers on a single wire as required for its measurement of z by charge
“division. The PMT-based systems were much more stable and their calibration levels
were less well knowﬁ, so their calibration results were used to monitor their stability
but not for determining on-line gain corrections. Their pedestals were determined

from the no-excitation calibration point and corrected for off-line.
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Offline Data Analysis

~The raw data used in this analysis were accumulated over two running periods
at PEP, from February 1985 through May 1985, and from November 1985 through
February 1986. The center-of-mass energy was fixed at 29 GeV throughout both
periods. There were close to 30 million events logged to tape during this time, which
filled 359 computer tapes (2400’ 9-track 6250 bpi). This is clearly a large amount of
information, and it required the full power of the IBM mainframe computer at SLAC
in order to process this raw data before it could be used in a physics analysis. This
processing entailed initial filtering in order to eliminate uninteresting events before
the remainder were subjected to a detailed reconstruction process that required a
large amount of computer time.
The main categories of events expected in the raw data set were:
> the e*e” interactions: most notably the basic QED events (e*e™ — e'e”,
utu~, 7t77, vy or e*e”y and higher order radiative events), but also hadronic
events produced through e*e™ — ¢g and two-photon events (e*e” — ete vy —
ete” X) ) _
> events from the interaction of beam particles with residual gas molecules re-
maining in the beam pipe (beam gas events) and from beam particles lost from
the beam pipe
> non-beam related events due to cosmic ray interactions in the detector.

The trigger described in the previous chapter provided the initial crude event
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selection: all events satisfying a trigger criterion were logged to tape. The triggers
were designed to select all good events above certain thresholds, but due to the simple
nature of the trigger setup, many other uninteresting events were logged as well. In
order to filter out the events of interest, the events logged to tape were then subjected
to detailed offline selection procedures which included complete event reconstrliction.
The event reconstruction involved forming tracks from. the individual hits in the
different detector systems, and determining their energies frofn the signals associated
with them. Other information such as shower shapes and event timing were extracted
from the data too. In this chapter the tracking procedures are discussed, the use of

_the diagnostic events is described, and details of the basic event selection are given.

3.1 Event Tracking

The tracking of each event was accomplished in several stages. Initially the
different detector systems were each tracked separately with individual procedures to
find all track segments in each of them. For example, the tracking of the lead-glass
system proceeded as follows: first a cluster-finding algorithm was used to determine
the boundaries of each shower within each quadrant. There can be fluctuations in
the development of an electromagnetic shower which create gaps in the pattern of
energy deposition, while on the other hand two showers which are close together in
the plane of a quadrant may overlap. Therefore the clustering algorithm allowed small
gaps, but was also sensitive to maxima and minima in the energy distribution along
a layer, and would define a new cluster when sufficiently large fluctuations in signal
were encountered. Clusters were not continued across quadrant boundaries; clusters
from a single shower split between two adjacent quadrants were combined at a later
stage of the tracking.

A two-dimensional total least squares fit was then performed for each cluster.

This fit found the axis about which the sum of the squares of the perpendicular

distances to each bar, D;, was minimized. The signal in each bar corrected for-PMT
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gain, S;, was used to weight each term. The quantity to be minimized was:

My =Y S;D} . (3.1)

1

A slope and intercept in the plane of the quadrant (zz or yz) were extracted from
this fit.

The signals observed in the central PWC’s, the central trackér, and the forward
PWC’s and shower counters were all tracked independently in a similar fashion and
then combined with the lead-glass clusters to reconstruct an event topology. To
accomplish this, the track segments from_ each system were reduced to vector and
error matrices. A topology finding routine then identified the segments from each
system which could belo.ng together in a track. A least-squares fit was performed,
and if the x? was satisfactory a track was created utilizing all the information from
the various systems. If the x? was unsatisfactory, the segment which cdntributed the
most to the x? was dropped and the fit was tried again. Clusters from a shower which
crossed the boundary between two quadrants were combined in a similar fashion. The
clusters were required to match based on a x* formed from their § values and errors,
and information from the other central tracking systems was used in the fit. Tracks
from minimum-ionizing particles were treated in the same way as electromagnetic
showers; the tracking code worked equally well for both.

Ambiguities arose in matching lead-glass clusters and PWC clusters when there
were multiple tracks per quadrant. For charged tracks this could usually be resolved
by using information from the central tracker. However if there were multiple neutral
tracks in a quadrant, the tracking algorithm had to rely on a comparison between
the signals deposited in each of the la,yérs of the lead-glass and the PWC clusters.
From this comparison a x? was extracted which indicated how well the patterns of
energy deposition in the two systems matched. When two showers had very different
patterns this method worked well; however if they were similar it was difficult to
correctly assign the PWC clusters to the lead-glass clusters. Because of this limitation

the tracking worked best for low multiplicity events.
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3.2 Diagnostic Events

Various sets of diagnostic event types were filtered directly from the raw data
tapes to provide specialized data samples for calibrating and checking the performance
of the different detector systems. These events were logged by the special triggers
described in sec. 2.5, and consequently were easy to filter from the data tapes as they

could be selected simply by checking if the appropriate trigger bit was set.

3.2.1 Forward Bhabha Events

Low angle Bhabha events that had tracks in the outer forward shower counters
_were used off-line to determine the precise value of the integrated luminosity by com-
paring the measured events with the rates predicted by QED calculations. Forward
Bhabha events also provided a means for measuring the angular resolutions of the
forward PWC’s and drift chambers.

The forward systems provided excellent luminosity monitors since there was only
a small amount of material between them and the IP, the FSC’s had good forward
coverage and the forward PWC’s provided accurate tracking capability at small an-
gles. The combination of these factors with the large Bhabha cross-section enabled
the integrated luminosity to be determined(® with a precision of 1.1 %. The angular
acceptance used for this analysis was chosen to be the region where the forward detec-
tors performed best. One track was required within the interval 55 < § < 95 mrad on
one side (+2 or —z), and a second track was required within the interval 50 < < 100
mrad on the other side in z. These cuts avoided the flange in the beam pipe below
45 mrad and the overlap region between the inner and outer forward shower counters
above 100 mrad where the energies and angles of tracks could not be well measured.
The two tracks also had to be colinear to within 20 mrad.

The angular distribution of forward Bhabha events from this analysis is shown in
fig. 3.1 . Clearly, the data and the Monte Carlo prediction are in excellent agreement.
For the data sample used in this work the integrated luminosity was determined to

be:
109.56 + 0.48(stat) =+ 0.83(syst) £ 0.79(QED) pb™ .
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The first uncertainty is the statistical counting uncertainty, the second is the sys-
tematic measurement uncertainties combined in quadrature and the third is the un-
certainty in the QED prediction found from the difference between the two Bhabha

Monte Carlo programs that were used.
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Figure 3.1. Distribution of Bhabha events in the forward region. The data are plotted as
points with errors, while the QED Monte Carlo calculation is shown as a histogram.

3.2.2 Radiative Bhabha Events

The radiative Bhabha events logged by the special trigger described in sec. 2.5
were particularly useful because of their similarity to the events being searched for.
They had only a single electromagnetic—shower in the central detector, with all the
same characteristics as signal events, while the other two final state particles were
confined to the forward regions, where the long lever arm afforded a precise measure-
ment of their angles. Good events were carefully selected without making any cuts
on information from the lead-glass or central PWC systems so that they would be

unbiased for checking the performance of the central calorimeter. They were fully
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reconstructed and then fitted using the kinematic-fitting program SQUAW("®). Be-
cause the center-of-mass energy in e*e” collisions is known (/s = 29 GeV at PEP),
the fit to a three-particle final state was over-constrained. Consequently the detector
performance could be studied by performing different fits while removing particular
variables of interest from the fit. These events were essential for calibrating the cen-
tral detector systems and for measuring the resolutions and analysis efficiencies in
the central region as functions of energy and angle. They were also very useful for
developing and evaluating many of the software algorithms required for data analysis.

"The selection of good radiative Bhabha events without making any requirements
_on the energy and angular measurements of the central calorimeter that WOUid bias

the event sample proceeded as follows:

An initial basic selection procedure was used to reject the main backgrounds present
in the set of events that were logged by the radiative Bhabha trigger:
> The raw lead-glass energy was required to be > 0.2 GeV. This low threshold
cut is well below the energy range to be studied in the calorimeter, but rejected
events where there was a trigger with only a small signal in the lead glass from
noise in the trigger electronics or a noisy PMT.
> Events where a beam gas interaction overlapped with a Bhabha in the forward
region were eliminated by requiring < 70 hits in the CT, or < 50 hits in the
CT if both of the outer F'S counters were above threshold.
> There was required to be at least one PWC point in each of the forward
directions.
> Most of the remaining non-radiative Bhabha events in the sample were Bhabha
events where one or both of the tracks hit the edge of the central calorimeter
before entering the inner FS counter modules. Consequently if either of the
outer FS was above threshold, the event had to be good and was saved.
> For the remaining events, if both inner FS counters had good forward PWC
points, with the maximum signal track lying below 8, = 163 mrad for the —z

side and below 8, = 160 mrad for the +z side, then the forward tracks_ were
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not near enough to the central calorimeter to have hit it, and the event was
saved. (The angular cut was slightly different on the two sides because the
beam spot was biased slightly towards —z with respect to the center of the
detector.)

Next the signals in the end bars of the first layer of each lead-glass quadrant
were checked. If there was a good forward PWC point then the energy in thve
end bars of the two closest adjacent quadrants were sumrnéd, otherwise, all 4
end bars at that end wére summed. If the end sums at one or both ends were

below 45 MeV, then the event was saved. The remaining events were Bhabha

__ events where the tracks hit the edges of both ends of the central calorimeter,

and were not saved.

A more detailed selection was then used to obtain a set of good, unbiased events

for use in this analysis. First, events with clean, well-measured forward tracks were

selected:

>

>

One and only one forward track was required on each side. In addition, the
forward PWC raw signal was required to be > 3.5 GeV on each side, and the
FS energy on each side was required to be > 5 GeV and < 18 GeV.

The forward tracks were restricted to angular regions with good tracking, by
requiring that they were:

o at fp < 180 mrad from the beam line to avoid the region of overlap with

the central calorimeter.

o not in the region 100 < § < 130 mrad from the beam line to avoid the

overlap region between the inner and outer FS counters.

o mnot in the region 30 < 8 < 45 mrad from the beam line to avoid the flange

at very low angles.
The angular errors of the FP points on the tracks were required to be small:

o df <5 mrad and d¢ < 200 mrad for § < 30 mrad

o df < 15 mrad and d¢ < 150 mrad for 45 < 6 < 100 mrad

o df < 35 mrad and d¢ < 200 mrad for 6 > 100 mrad and 6, < 180 mrad .
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> Bhabha events in the forward region coincident with events such as cosmic rays
which deposited energy in the central calorimeter, were eliminated by requiring
the forward tracks to be acolinear by at least 10 mrad.
Secondly, to select events where there was a single electron track in the central
calorimeter, with well-measured angles, without making any requirements <:3n the
measurements made by the lead-glass or PWC elements of the calorimeter, a number
of cuts were made on the CT information: |
> There was required to be one and only one CT track having 12° < 8, < 168°
and satisfying the following criteria:
o at least 4 clusters in the zy-fit,
o no more than 12 hits on the zy-track,
o at least 3 good z-clusters in the z-fit,
o x? < 3 for the zy- and for the z-constrained fits,
o the projected z-intercept had to be within 0.4 m of 2=0 and
o the difference between the unconstrained fit and constrained fit CT angles
had to be reasonable: Af < 50° and A¢ < 30°.
> To attempt to verify that the CT track was indeed consistent with a central
electron in a radiative Bhabha event, and was not just one of many central
tracks, it was required to be coplanar with the two forward tracks to within
12°.

These requirements yielded a final set of very clean events: scanning a selection of
them indicated that the contamination from events other than radiative Bhabhas was
less than 1 %. They were kinematically fitted using as input values the measurements
and errors of the angles of the forward tracks, and of the angles of the central track
as measured by the central tracker. The fit resulted in a prediction of the energy
and angles of the shower in the lead glass. A small fraction of events with a poor
fit were rejected by making a cut on the x*? of the fit, leaving a final sample of
62140 events with a central electron having E > 1.0 GeV. This sample of good fitted
events, and the values of the parameters found by the fit, were unbiased by the

resolutions or possible inefficiencies of the central calorimeter, since no lead-glass or
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central PWC information was used in selecting or fitting them. Consequently this
event sample could be used for measuring resolutions and efficiencies, including the
trigger efficiency, since the radiative Bhabha trigger threshold was much lower than

that of the lead-glass energy trigger.

3.2.3 Cosmic Rays

The penetrating muons in the cosmic ray events provided a set of minimum
ionizing tracks to complement the electromagnetic showers in the radiative Bhabha
sample. They were used for calibrating and monitoring the responses of the central
detector systems. They were essential for qbta,ining the final counter-to-counter lead-
glass energy calibration as is described in Appendix A.

Out of the half millibn cosmic triggers that were logged during data taking runs,
good events were selected as follows:

> The outer forward shower counters were required to have < 0.4 GeV raw
energy to remove events coincident with the very copious e*e™ annihilation
events having tracks at low angles.
> Noisy events were rejected by requiring < 35 CT hits.
> Each lead-glass quadrant was required to have < 1.5 GeV raw energy to elim-
inate events where the cosmic ray had interacted to produce a shower in the
calorimeter.
> The events were then tracked and had to have no more than three tracks found.
At least one track had to satisfy the followiﬁg criteria:
o at least 3 lead-glass layers hit with > .015 GeV raw energy in each.
o at least 3 central PWC layers hit.
o the lead-glass cluster had to have a width and an energy variance between
layers consistent with a minimum-ionizing track.
o each lead-glass layer in the cluster had to have no more than 3 bars hit.

Using these events, the tracking efficiency of the central tracker was determined

to be 99.6 %. They were also used to calibrate the response of the individual veto

scintillator counters as a function of position.
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3.2.4 Random Triggers

The random triggers provided a means of determining the occupancy in the vari-
ous detector systems while the beams were colliding during data-taking. Consequently
they could be used to determine the efficiency of analysis cuts that required that a
given system not have an energy deposition above a certain level. These evenfé were
logged by a free running oscillator, so there was approximately 1 random trigger per
minute of running time regardless of what the luminosity was. Consequently the full
set of random triggers were not luminosity normalized: there were too many random
triggers during low luminosity running at the end of runs (when the noise was usually
--low) relative to during high luminosity running at the beginning of runs (when the
noise was usually high). As a result, using the full data set would have underesti-
mated the average noise per e*e” event, so that inefficiencies due to noise determined
using the random triggers would have been systematically underestimated.

To overcome this problem, a set of random triggers normalized by the instanta-
neous luminosity were selected and used for measuring the efficiencies of occupancy
cuts in this analysis. This procedure had an efficiency of 32 % for saving events and

vielded a useful sample of 26677 random triggers.

3.3 First Pass Event Filter

Since the raw data sample to be processed during off-line analysis was so large,
it was necessary to have an initial fast event selection procedure that could rapidly
identify and reject the obvious uninteresting events while retaining all classes of in-
teresting events with very high efficiency. In order for the routine to run fast enough
to be able to process the entire raw data set in a reasonable number of CPU cycles,
it was not feasible (or necessary) to—perform the full event reconstruction during this
stage. After members of the collaboration had examined the various event types in

the raw data, a single routine was written that was designed to keep all annihilation

events except forward Bhabha triggers. This algorithm proceeded as follows:
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4

A very small fraction of the events were logged due to the fact that one or other

of the BADC’s used for reading out the lead-glass SHAM’s very occasionally

had a sticky bit in the ADC. They were obvious since essentially all lead-glass

channels read out by one of the BADC’s then showed hits at the same low

level. These were not real triggers and were rejected.

Next, distinct cosmic ray events were rejected if one of the following criteria

were satisfied:

0

¢}

the special cosmic ttigger fired.

the raw time measured by the lead-glass system was greater than 5 ¢ from
the beam crossing time. ) :

there was a track in the central PWC system that had 4 or more layers hit,
was identified as being a minimum ionizing particle from the layer energy
distribution and had a distance of closest approach to the origin in the
zy-view > 0.2 m.

there was a track in the lead-glass system that had 4 or more layers hit,
was identified as being a minimum ionizing particle from the layer energy

distribution and had a z-intercept in the zz- or yz-plane > 0.2 m.

To eliminate very noisy events, mostly from beam gas interactions, events

which had > 80 hits in the central tracker were rejected.

In order to retain all events that had a good signal in the detector, events that

passed the above cuts and satisfied one of the following criteria were saved:

o)

there was at least one good lead-glass track that had a z-intercept within
0.5 m of the origin and distance of closest approach to the origin < 0.3 m
(both as viewed in the zz- or yz-plane). A good lead-glass track was
defined by the minimal requiréments of > 0.06 GeV raw energy, with hits
in 2 or more layers.

there were 2 lead-glass clusters in adjacent quadrants, each with an energy
> 0.03 GeV and with centroids having a z separation < 0.25 m, provided
there was no good lead-glass track present that failed the intercept or

distance of closest approach check above. This saved events in which



3.3 First Pass Event Filter 55

there was a good lead-glass track in the region of overlap between two
quadrants, but which had failed the previous check because the track was
split into two clusters in the two quadrants.

o there was at least one CT track found having (in the zy-view) an intercept
with the plane through the beam line parallel to the CT quad containing
the track < 0.08 m and a lead-glass cluster with raw energy > 0.?; GeV
in the quadrant to which the CT track pointed, providing there was no
good lead-glas§ track present that failed the intercept or distance of closest
approach check above. This saved events where the CT had a good charged
track with energy nearby in the central calorimeter. |

o it passed a special routine intended to select events with a single central
calorimeter energy deposit and no other energy. It required a lead-glass
energy trigger be satisfied, and that 2 adjacent lead-glass quads, the 2 outer
FS modules and one of the inner F'S modules all have energy less than the
99.5 percentile level determined from random triggers, and that no more
than one of these subsystems have an energy above the 97 percentile level.
If there were any lead-glass clusters present with raw energy > 0.12 GeV,
then the maximum energy cluster was required to have a z-intercept within
0.8 m of the origin and distance of closest approach to the origin < 0.3 m
(both as viewed in the zz- or yz-plane.)

o there was at least one lead-glass cluster and at least one forward PWC
point found and the total forward shower counter energy was > 5 GeV,
but neither the radiative Bhabha nor the forward Bhabha trigger had fired.
This saved events such as radiative Bhabhas and singly tagged two-photon
events that were not a,lréady saved in the diagnostic event samples.

o the event passed the special preliminary routine for selecting radiative
Bhabha events discussed in sec. 3.2.2. These events were retained along
with the rest of the data to ensure all radiative Bhabhas were available for

efficiency checks.

> If an event failed any of the above cuts other than the sticky BADC bit cut,
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the check for a cosmic trigger or for a cosmic track in the central PWC system,

but it had total raw lead-glass energy > 3 GeV, with the sum of raw lead-

glass energy in the back three layers of all quadrants > 0.3 GeV, then it was
saved. This final category was to catch events that did not have a good lead-

glass track, yet had significant energy away from the edges of the lead-glass
acceptance, such as could arise from hadronic events. 7

All other remaining events not flagged as good were rejected. All good events were
passed through the remainderf the tracking procedure before being logged to tape.

This first pass filter saved 36.6 % of the raw events. Scanning through a sample

of the events indicated that they were almost all good e*e” annihilation events. The
efficiency of this and the later event selection algorithms was determined by passing

the kinematically fitted radiative Bhabha events through the same selection process

as the data. The occupancy cuts that could not be checked with these events were
checked using the random triggers. The overall efficiency for the first pass filter was
99.8 % for events with single central tracks having E > 1.5 GeV and 0, > 20° from

the beamline.

3.4 Second Pass Event Filter

The second round of event selection was designed to select events that had only
one good track in the central calorimeter, without regard to whether or not there were
any forward tracks. There was also no distinction made as this stage as to whether
or not the central track was charged. The aim of this selection was to extract a basic
data set for further analysis from the output of the first pass filter that would contain
all events of interest for this search. Consequently the cuts were fairly loose: the
philosophy was to reject any events which clearly did not have just one central track.

Although all events had been tracked initially during the first pass filter, during
the early stage of this selection the events were re-tracked. This was done in order
to obtain the final version of the tracking code, since after the first pass filtering had
been completed, a few improvements to the tracking were made to take care of some

minor problems. However even the final version of the tracking code occasionally split
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a single shower into separate tracks. These were combined by this filter to obtain the
best determination of the angles in the central calorimeter, and the energy of the
shower was re-calculated to obtain the correct value for these angles.

While the events selected by this routine included those with just one central
track and no other tracks, the vast majority of events selected at this stage were
radiative Bhabha events where just one of the tracks was in the central acceptance,
with the other two tracks at low angles, either in the forward region or down the
beam pipe. The algorithm for this second pass filter proceeded as follows:

> The events had to have fired a lead-glass energy trigger, either the total en-
ergy trigger or one that checked for a localized energy deposit in the central
calorimeter. The efficiency of this trigger requirement is shown in fig. 3.2 as
a function of energy and of theta, as determined from the radiative Bhabha
sample. Clearly the trigger was fully efficient except for low energy tracks and
the boundaries of the calorimeter coverage.

> The events were required to have at least one lead-glass track using the original
tracking and the two lead-glass quadrants opposite in ¢ to the maximum energy
lead-glass track were each required to have less than 0.15 GeV of raw energy, as
would be the case if there were only one central track. The maximum energy
of two adjacent lead-glass quadrants opposite a randomly chosen ¢-value for
random triggers is shown in fig. 3.3 . The random noise in the lead-glass system
is seen to be very low. This cut substantially reduced the number of events
that had to be retracked as many events present in the data had multiple
central tracks with p; balance (e.g. Bhabha and two-photon events).

> The events were then retracked, and required to still have at least one track
with lead-glass energy preseﬂt, since the new tracking sometimes found differ-
ent tracks, although mostly the track reconstruction was very similar to the
earlier version.

> All tracks with lead-glass energy were then checked to see whether any com-
bination of them were from a single shower, since the tracking procedure did

not always succeed in linking the various track segments, especially when the
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Figure 3.2. The trigger efficiency as measured using the kinematically fitted radiative
Bhabha events is shown in (a) vs energy for events with 6, > 20°, and in (b) vs 6, for

events with energy > 2 GeV.
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Figure 3.3. The maximum energy per quadrant in two adjacent lead-glass quadrants

o

chosen at random for random triggers.

shower was in a corner region where two quadrants ovérlapped. If any track
was within 20° in € and within 30° in ¢ of the maximum energy central track,
then those two tracks were combined into a single track. However, if either
of the pair of tracks did not have a phi value assigned, but they were in the
same or adjacent quadrants then they were combined if they were within 20°
in § without checking their ¢-match. The combined track was assigned new
angles by energy-weighting the angles from the separate tracks. These angular
association cuts were fairly loose in order to save all potentially good events.
Less than 18 % of event passing all cuts in this filter had one or more tracks
associated with the main central track. To reject events in which there was
more than one distinct central track present, if there was either a central track
with a corrected energy > 0.1 GeV or an unassigned lead-glass cluster with a
raw energy > 0.2 GeV, that did not have an angular match to the maximum

energy central track, then the event was rejected.
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The event was required to have a phi measurement (from either a CT segment,
a central or forward PWC point, or the merging of two lead glass clusters in
two adjacent quadrants) for the single central track found above. This was
necessary since if no ¢ was measured for a shower, its energy could not be
determined properly. Less than 0.5 % of the events failed this cut; they Wer¢
either bad events or had only a low energy central photon.

By this stage the events remaining all had one central track with well defined
angles. The charge of tHe track was determined as follows: if there was a CT

segment on the track, or an unassociated CT track within 20° in 6 and within

. 15° in ¢ then it was taken to be charged, otherwise it was taken to be neutral.

~ For neutral tracks, the first layer with lead-glass energy was determined in order

to find the approximate point of conversion for photons. Next the energy of
the track was recalculated to determine it as accurately as possible by using all
information from any tracks that may have been combined. Alsb the point of
conversion was used in determining the energy of photons. For tracks that had
forward shower counter energy assigned to them, this measurement was used
in determining the total shower energy instead of the estimate of the energy
lost from the calorimeter due to leakage.
To retain only events in which the central track was within the region where the
detector performed well, the central track was required to be in the acceptance
region:

20° < 6, < 160°

pt > 0.5 GeV/e.
The lead-glass raw time was corrected for the flight time of the track from the
interaction point and for the distance the light had to travel down the lead-
glass bars to reach the PMT’s, using the angles of the central track. Cosmic
events which were far out of time with respect to the beam-crossing signal were
rejected by requiring that those events with a well measured time be within
50¢ of the beam crossing time. The timing resolution o obtained after making

these corrections was a slowly decreasing function of energy: o; = 1.2 ns for
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a 1 GeV shower decreasing to o = 1.0 ns for energies above 2.5 GeV. The
distribution of lead-glass times for the data and for radiative Bhabha events is

shown in fig. 3.4 .
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Figure 3.4. The corrected event time from the lead-glass signals for the data (points with
error bars) and for radiative Bhabha events (histogram). A fit to the radiative Bhabha
distribution yields ¢ = 1.037 . The data events present at early times are due to cosmic
ray interactions in the detector.

> Events from non beam-beam interactions having the central track originating
far from the interaction point were rejected by requiring that the maximum
energy central track or any other tracks that might have been combined with

it have a z-intercept < 0.3 m from the interaction point. The distribution of
z-intercepts for the data and for radiative Bhabha events is shown in fig. 3.5 .

Of the events passing the first pass filter, 14.3 % passed these cuts. They were
logged to 40 tapes which were used for the final round of event selection cuts presented
in chapter 6. The track parameters determined during this second pass filter were

saved with the data for later use. The overall efficiency of this procedure varied
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Figure 3.5. The z-intercept of central tracks for the data (points with error bars) and for
radiative Bhabha events (histogram). A fit to the radiative Bhabha distribution yields
o, = 0.0297 m . The events with intercepts far from the origin indicate the fraction of
the data that is due to beam-gas interactions.
strongly as a function of the low energy cutoff at low energies, due to the trigger
efficiency (see fig. 3.2). However, the efficiency was high for events having energy

above the trigger threshold: it was measured to be 96.1 % for events with single

central tracks having £ > 1.5 GeV and 6, > 20° from the beamline.
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Backgrounds

In designing and performing an experiment of this kind, consideration muét be
given not only to the types of events to be studied, but also to the potential back-
grounds to those processes. A number of features of the detector were specifically
included in order to enable background events to be distinguished from the signal
events, which in this case are single isolated electrons in the central acceptance re-
gion. The central calorimeter allowed the position and direction of electromagnetic
showers to be determined with good accuracy, so that tracks that originated from the
beam-beam interaction point could be distinguished from backgrounds due to non
beam-beam sources that have a broad spatial distribution. The pattern recognition
and timing information from the calorimeter served to identify non-electromagnetic
showers and events that were not in time with the beam crossing time. It also had
a high detection efficiency, but unlike many other calorimeters it had essentially no
intrinsic noise. Since timing gates of ~ 10 ns were sufficiently wide to assure full
trigger efliciencies, a low trigger threshold could be achieved without producing sig-
nificant dead-time due to triggers from noise or cosmic rays. The full coverage down
to low angles provided by the forward shower counters that overlapped with the cen-
tral calorimeter region allowed additional particles in an event to be detected so that

potential multi-particle backgrounds were essentially eliminated.
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4.1 Anticipated Backgrounds

The basic classes of events which were expected to be backgrounds for the search

for single electron events are as follows:

4.1.1 Cosmic Rays

The high flux of cosmic rays reaching the surface of the Earth could be a potential
source of background in this search. Fortunately, unlike most defectors which have
a large volume in which cosmic rays can interact, the compact design of the ASP
calorimeter presents a smaller active volume. Also, since the ASP calorimeter is a
Cerenkov detector, it did not register anomalously large signals from cosmic rays in
the way that sampling ionization calorimeters do. In such a device a cosmic ray can
travel along the length of a sampling gap, and deposit a large amount of radiation in
a single cell. In addition, the location of the ASP detector in IR-10 on PEP placed
it underground below 20 m of rock and soil. This covering was sufficient to filter
essentially all hadrons from the cosmic ray flux and to attenuate the penetrating
muon component by about a factor of 3.

The cosmic ray muons which did reach the detector were still copious, but most
could be easily distinguished as muons. They travelled straight through the detector,
leaving clear tracks that could be identified as arising from minimum-ionizing par-
ticles, as a result of their even energy deposition in both the lead-glass and central
PWC systems. In addition, they left clear tracks in the central tracker. However, a
small fraction of events were not as easy to distinguish as cosmic rays. These were
events in which the muon generated a large signal in the calorimeter by producing
an energetic knock-on electron. Although this resulted in a single, isolated shower
in the calorimeter, these events could be identified using the tracking and timing
capabilities of the detector: the cosmic rays were random in their time of arrival
and uniform in their spatial distribution across a horizontal plane through the detec-
tor. Thus they could be distinguished from beam-beam interactions in which showers
originated from the interaction point and were in-time with the beam crossing sig-

nal. The time-of-flight system placed above the central calorimeter provided a further
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means of distinguishing down-going cosmic rays from beam-beam interactions since
it allowed a comparison to be made between the timing signal from the lead glass and
from the time-of-flight system. The combination of the pattern-recognition, origin-
reconstruction and timing capabilities of the ASP detector was sufficiently powerful

to reject all possible background events arising from cosmic rays.

4.1.2 Beam-Gas Interactions

Another possible soufce of background for this search comes from the interaction
of single beam particles with residual gas molecules in the beam pipe. Since these
_beam-gas interactions arise when the beam passes through the interaction region,
they are in time with the beam crossing, making them harder to reject than cosmic
rays. However, the gas molecules are uniformly distributed along the beam line, so
these events arise from a line source along the z-axis, so that the tracking capabilities
of the calorimeter could be used to reject most of these events on the basis of their
z-intercept not being close to the beam-beam collision point.

The two common forms of beam-gas interactions are ( see fig. 4.1 ) :

7

(a) (b)

Nucleus Nucleus

\ 4

14

S

—

Figure 4.1. Topologies of (a) beam-gas bremsstrahlung and (b) Compton scattering type
beam-gas interactions which can produce photons, pions, nucleons and nuclear fragments.

> beam-gas bremsstrahlung, where the beam particle radiates a photon when
it scatters inelastically off a nucleon. This process has been analyzed(™) and

was found to be quite small (of order 107*) relative to the rate due to radiative
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Bhabha events. Also, it tends to result in a low energy photon scattered at
wider polar angles with the incident beam particle being scattered at low polar
angles, and thus the particle detected centrally is a photon rather than an
electron. Consequently this process is not a background to this search.
> Compton scattering type interactions where the beam particle radiates a
photon which interacts with a nucleon to produce a photon or pions and other
nuclear fragments. In these interactions the incident electron is scattered at
nearly 0° with respect o the beam line and will consequently not be detected
in the central acceptance. As a result, the other particles produced in these
_ interactions must conserve transverse momentum, and so it is unlikely that
~ just a single track will be observed. Also, these particles will have low energy
(£1GeV). For exémple, a common interaction that might cause a background
to this search is the case where the photon radiated from the beam particle
interacts with a proton in a residual gas molecule to produce pions. In this case
the overlap of a 7° with a charged 7 can leave a signature in the calorimeter
that would look like an electron shower. However, the recoiling proton (or
nuclear fragment) would have to balance the transverse momentum of the
observed pions, and would be observed in the detector. A number of events,
where a broad shower in the calorimeter is accompanied by a charged track
in the central tracker away from the shower, which has little or no associated
calorimeter energy, have been observed in the data set and are presumably
from this source. The breadth of the calorimeter shower and the presence of
an additional charged track makes it easy to distinguish these events, so that

this background is not a problem for this search.

4.1.3 Beam-beam Collision Events

Since events from e*e” interactions are from the beam collision point and are in
time with the beam crossing, they are potentially harder to distinguish from signal
events than the other backgrounds. Of all the various e*e™ processes, basic QED

events are the major source of background, since they are copious sources of electrons.
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The most important beam-beam process to consider is the low multiplicity forward-
peaked radiative Bhabha scattering process e*e™ — e*e¢™y. Two-photon events such
as efe” — e*e"e*e” are similar in nature, but are not a source of background here
as they tend to have transverse momentum balance between the centrally detected
particles. _
Fortunately, these types of events may be separated from the signal events by
applying the principle of a kinematic veto: if an electron is pfoduced with an energy
E at a polar angle 8, thei the remaining particles in the final state must balance its
transverse momentum. This means that at least one other particle must be above a
_minimum polar angle ;. For radiative Bhabha scattering, the configuration which
is hardest to veto against is shown in fig. 4.2 . From transverse momentum balance
it is clear that the minimum polar angle below which both forward going particles
must be scattered, in order to balance the p; of the central electron, is given by

(pt)e Ee Sin 06
0. . = = 4.1
men 2Ebeam 2Ebeam ( )

For example, if a 3 GeV electron is detected at § = 20° (p; = 1.03 Gev/c), then at
least one of the forward going particles must be above § = 35 mrad. Since the ASP
detector completely covers polar angles > 21 mrad from the beam line, all centrally
observed electrons with ps > 0.61 GeV/c will have at least one other particle within
the detector coverage. So in principle this background can be vetoed provided the

observed particle has p; > 0.61 GeV/c.

Figure 4.2. The e*e™ — e*e™ topology that minimizes the maximum scattering angle
of the two forward going particles.
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However, given that the calorimeter does not have perfect energy and angular
resolution, some electrons from this source that are produced with p; less than this
cutoff will be observed in the detector with a p; somewhat above the cutoff. This
resolution smearing effect has been evaluated in detail by generating Monte Carlo
events of this topology using the radiative Bhabha event generator TEEGGT7("®), Thé
generated events were smeared according to the known energy and angular resolutions
determined from the kinematically fitted radiative Bhabha sample. In fig. 4.3 the
event distributions from this calculation are shown versus p; and versus energy, both
as generated, and with the resolution effects applied, for electrons within the angular
acceptance 8, > 20° from the beam line, and for the integrated luminosity recorded
in this experiment (109.6 pb™"). The size of this potential background is clearly
very large, but is conﬁne.d to low p; and low energy. This calculation predicts that
no events having a single electron with pt > 0.9 GeV/c or E > 2.0 GeV, within
the central angular acceptance, will be observed without there being another particle
within the detector coverage. Consequently no contribution of single electron events

from this source is expected in this experiment above these cutoffs.

4.2 Unexpected Background

In addition to the anticipated backgrounds discussed above, there was another
event topology that was discovered to be a source of background during preliminary
event selection. An initial off-line study of the data indicated the presence of a small
number of what appeared to be good single electron events with p; well above the
0.9 GeV/c cutoff expected from the kinematic veto and with energy around 4 GeV.
After puzzling over the origin of these events for a while, considering whether they
could be due to any source other than from the production of new particles, it became
apparent that it was possible for radiative Bhabha events to result in a background
where single electrons with p; greater than the kinematic veto cutoff could be ob-
served. Such a background arises in the following manner: if a radiative Bhabha
event has one electron in the central detector acceptance (providing the desired single

electron signature) with the other electron scattered along the beam line so that is un-
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Figure 4.3. The distribution of radiative Bhabha background events is shown in (a) as
a function of p; and in (b) as a function of energy. In both cases the histogram shows
the distribution without resolution effects, and the points show the distribution after the
detector resolution has been applied.
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detected, while the photon (which balances the p; of the electron in the acceptance)
passes through a thinner portion of the detector without converting, then a single
electron, possibly with high p¢, and no other detected particles, would be observed.
This possible background would yield exactly the single electron signature that was
being searched for in this analysis!

Is such a background significant in this experiment? This depends on the prob-
ability of a photon from radiative Bhabha scattering not convertiﬁg in the detector.

The probability that any particular photon will not convert is given by

Pnc =exp (—%RL) : (4.2)
where Ry is the number of radiation lengths traversed by the photon. In fig. 4.4
the thickness of the detector in radiation lengths is shown as a function of 8 and
of ¢. Although the detector is hermetic over the entire angular range down to the
small beam line holes at _forward angles, there are regions that are not very thick. In
particular, the thinnest sections are those around ¢ = 70° 4+ nZ where two adjacent
quadrants of the central calorimeter meet. Barely 8 radiation lengths of material are
present there at § = 90°, with a slow increase in thickness as f moves away from
90°. Although 8 radiation lengths is not thin, the radiative Bhabha process is such
a copious source of events that there is a possibility that events could be observed
where the photon does not convert. In addition, there is a region around § = 10°
from the beam line where the inner forward shower counters do not overlap with
either the central calorimeter or the outer forward shower counters, so that there is
only 12 radiation lengths of coverage there. Even though this region is fairly thick, for
the radiative Bhabha scattering topolog}; of interest here, where one of the electrons
is scattered at wide angles, the photon is dominantly scattered at low angles, so that
the non-conversion probability may be high in this region.

To investigate and quantify this background, a detailed Monte Carlo calculation
was performed using the TEEGGT radiative Bhabha event generator. Events were

generated with one electron in the central region and the other electron within the
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forward angular cutoff (§ = 21 mrad) while the photon could be at any angle above
this forward cutoff. To allow for the effects of detector resolution, events were gener-
ated with the central electron having £ > 0.5 GeV and 6 > 10° from the beamline.
The effects of the trigger and analysis efliciencies as well as the resolutions, all as
determined from the kinematically fitted radiative Bhabha sample, were applied tb
the events. Then those events with an electron within the central angular acceptance
(6p > 20° from the beam line) were selected. The energy distribution of the detected
electrons in these events is shown in fig. 4.5 (a); as expected the spectrum is peaked
at low energies and falls rapidly with increasing energy. To evaluate the magnitude of
the background from non-converted photons, each event is weighted with the proba-
bility that the generated photon in it would not have converted i.e. with Pyc from
eqn. 4.2. Weighting each event in this way yields the weighted energy spectrum shown
in fig. 4.5(b). Although there are relatively few events with higher energy electrons,
the photons that balance the p; in these events are at larger angles, so that they pass
through thinner regions of the detector and have larger weights for not converting.
The peak observed between 9 and 14 GeV arises from photons that pass through the
thinner regions of the central calorimeter, while the peak between 2 and 5 GeV arises
from photons that pass through the region of the inner forward shower counters that
is not also covered by the central calorimeter or the outer forward shower counters.
Summing the weights in this distribution yields the integrated probability for observ-
ing events that would have a non-converted photon in this experiment. The integral
probability is 1.96 events for the full range of this distribution.

This analysis shows that a small number of single electron events are indeed
expected to be observed above the kinematic veto cutoff, as a result of radiative
Bhabha events in which the photon does not convert. However, since the origin of
such events is understood, it is possible to make a specific cut to eliminate them:.
Applying four-momentum conservation, the kinematics of a radiative Bhabha event

where one electron escapes undetected down the beamline may be described as follows:
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Figure 4.5. The energy spectrum for electrons observed in the detector from radiative
Bhabha scattering, where the other electron in the event is scattered within the beam
pipe, is shown in (a). When each event is weighted by the probability that the photon in
it does not convert, the histogram in (b) is obtained. By applying the cuts described in
the text, the distribution is reduced to that shown by the points.
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Pe +Pe +py = Eem (4.3)
Pe sin e = py sin 6+ (4.4)
Pe = =pe cos B¢ + p~y cos by (4.5)

where it has been assumed without loss of generality that the electron (e) ‘is detected
and the positron (€) escapes down the beamline, and that both of them are extremely
relativistic so that their rest masses can be ignored. There is an additional transverse
momentum balance equation which serves to constrain the three particles to lie in
a plane. The sign ambiguity in eqn. 4.5 arises because the direction of travel of the
posizc-fon lost down the beam line is unknown, i.e. it is not known whether it is at
9 = 0° or at § = 180°, corresponding to the two configurations shown in fig. 4.6 .
In actuality, the QED matrix elements strongly favor the positron to be scattered
down the beam line in the same direction as its incident direction. However, the
ASP detector has no means of identifying the sign of charged particles: since it is
not known whether the detected electron is an e* or an e”, the undetected electron
could be either an e* or an e~ too. Consequently the sign ambiguity represents two
possible solutions which cannot be distinguished in this experiment. Fortunately, as

will be seen shortly this ambiguity does not lead to a large effect here.

(Pe.be) | (Pe.0e)

v

(p71’971) (p73’67z)

Figure 4.6. The two possible topologies that can occur in radiative Bhabha scattering
when one electron is observed and the other electron is scattered down the beam line.
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Scaling the momenta to the beam energy, Ej, equations (4.3 - 4.5) can be rewrit-

ten in terms of:
_ Pi
Ey,’

5 ¢; = cosb;, 8; = sin §;

where ¢ = e,€ or 4. Assuming that the electron energy and angle, z, and ¢, have
been measured, it is desired to determine the energy and angle of the photon, z and
cy. By eliminating ze from the equations, the remaining two equations can be solved

for z~ and cy, in terms of z¢ and ce, yielding the following solutions:

Te(l — ze)(1 £ ce)
2 —ze(l £ ce)

Ty =1-— (4.6)

z2(1 —cg)
2—ze(1E£ce)(2—ze)

ey =1-— (4.7)

There are two solutions for both zy and ¢y corresponding to the two possible
directions of travel of the positron down the beamline. Although these equations
have been derived for the case where it is the e” that is detected, since they depend
only on energy-momentum balance, they are equally valid for the case where it is
the et that is detected. Applying these equations in the Monte Carlo calculation,
it is possible to compare the energy and angle of the photon as generated, with the
values calculated from the energy and angle of the observed electron. As shown in
fig. 4.7 , the agreement is good: 99.9 % of events have an energy difference of less
than 0.05 GeV, and 99.9 % of events have a theta difference of less than 1.5°. This
quantifies the effects due to the fact that the electron scattered down the beamline
is not always exactly along the z-axis (as assumed in the calculation), but may be at
a small angle within the forward cutoff of 21 mrad. This assumption is seen to have
minimal effect. '

Since this background arises only when the photons pass through the thinner
sections of the detector, using equations (4.6 — 4.7) it is possible to design a cut that
eliminates the events from this source. For each detected single electron event, the
measured energy and angles can be used to calculate the angles of the photon that

would be present if this were a radiative Bhabha event having the other electron
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scattered down the beam line. The cut is most effective when applied to two distinct
regions. Firstly, the lower energy background can be eliminated by rejecting events if
the photon is in the thinnest region of the forward coverage. The 6, distribution for
the generated photons in the Monte Carlo events is shown in fig. 4.8 (a): most of the
photons are at very low angles, balancing the p; of the lower energy central eleétrons.
When each event is weighted by the probability for the photon in it not to convert,
the weighted distribution shown in fig. 4.8(b) is obtained. The background due to
the non-conversion of pliotons is seen .to arise from two distinct regions: photons
probing the thin regions of the central calorimeter, and those probing the forward
_regions which are covered only by the inner forward shower counters. Since the latter
contribution arises from very narrow angular regions it is efficiently eliminated by the
first part of the cut which rejects events if either of the solutions for cy lies in the
range 8° < fp < 13° or 167° < §, < 172°.

Secondly, the calculated angles of the photon can be used to determine the num-
ber of radiation lengths that the photon would have traversed in passing through the
detector. Then the higher energy background can be eliminated by requiring that
this number of radiation lengths be greater than a particular value, to be determined
from the Monte Carlo calculation. The only complication in this case is that it is
necessary to calculate the number of radiation lengths corresponding to both of the
possible solutions for ¢, and then assign the lower of the two to the event. Since this
background arises predominantly when ce ~ 0 (i.e. ¢ ~ 90°), where the two solutions
coincide, they are similar in this case, so that taking them both into account does
not lead to a large effect. Various values of the radiation length cut were evaluated in
the Monte Carlo calculation for different lower energy cutoffs. It was determined that
the background could be reduced to a low enough level above an energy of 4 GeV by
rejecting events where the minimum calculated number of radiation lengths traversed
by the photon was less than 13. The effect of both parts of this cut against this
background is shown in fig. 4.5(b). After this cut has been applied, this source is
predicted to contribute only 0.12 events above the energy cutoff of 4 GeV.

Clearly this cut reduces the acceptance for the single electron search; the amount
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of the reduction depends on the energy and angular distributions expected for single
selectron and single wino production. The details of the Monte Carlo predictions for

these distributions are presented in the following chapter.
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Monte Carlo Calculations

~In addition to considering the backgrounds to the processes being investigated,
it was necessary to study the event distributions expected from these processes before
the final event selection could be performed. These distributions were obtained frorﬁ
detailed Monte Carlo calculations which generated events according to the matrix
elements obtained from the Feynman diagrams for these processes. Some of these
predicted signal distributions vary strongly with the masses of the Supersymmetric
particles being generated, so it is necessary to redetermine them for each set of masses
being investigated. Consequently, since it was necessary to obtain results as a function
of these masses, it was not possible to use detailed detector simulation calculations
for each pair of mass combinations, since that would have required excessive amounts
of computer time. Instead, the approach that was used was to apply the resolutions
as measured by the radiative Bhabha events as a function of energy, theta and phi
to the Monte Carlo events to determine the distributions that would be observed in
the detector. This method does not depend on the correctness of the many details of
detector simulation calculations, and also provides a rapid evaluation of the expected
distributions.
In this chapter details of the resolutions as measured using the radiative Bhabha
events are presented first. Then the event distributions expected in the detector
including these resolution effects are discussed for a selection of representative SUSY

mass combinations for single selectron and for single wino production.
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5.1 Resolutions for Central Acceptance Region

The radiative Bhabha events that were selected and fitted as described in sec. 3.2
were used to measure the energy and angular resolutions of the central acceptance
region as a function of energy and angles. The resolutions were determined for bins of
energy, theta and phi and were then used in a lookup table to apply the effects of these
resolutions to the data generated by the Monte Carlo calculations. This method was
suitable since none of the resolutions vary sharply as a function of energy or angle.
For instance, the energy:"esolution as a function of energy is shown in fig. 5.1 ; no

strong variation as a function of energy is apparent.
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Figure 5.1. The energy resolution of the central acceptance region as a function of energy.

In fig. 5.2 (a), the energy resolution is plotted as a function of §. The resolu-
tion is poorer at low angles since that region corresponds to the edge of the central
calorimeter acceptance where a fraction of the shower energy leaks into the forward
shower counters which have poorer resolution. The resolution is also slightly poorer

at higher angles since this is the thinnest part of the calorimeter, so that leakage is



82

Monte Carlo Calculations

-

15.0 I 1 J T I I T T T T T 1 1 T ] T T T T I T

12.5

._.
~N o
3 o

og / E (percent)
O
(@]

2.5

lll]lIllllllllllllllllllll||l

lllllll]]]T‘lTlllllllllllllll

0.0 1 ] ] ] ' 1 11 ] ] l 1 1 1 ] | 1 1 ] [ l 1

o
[ob]
o
o
o
2]
o
@
o

15.0 I T T 1 T l T T T T | J i T T T T

12.5

(percent)
S
o
H
H
FH

op / E
o
o

2.5

(b)

-2

[v/]
llllllllllllIllllllllllllllll

HA
lllllllll|llll|llll|llll|llll

0'0 I 1 1 1 I I ! ] 1 [l | 1 1 1 1 | I
0 100 200 300

QS (degrees)

Figure 5.2. The energy resolution for central electrons with energy in the range 1 - 2 GeV
as a function of (a) theta and (b) phi (for electrons with 6, > 20° from the beam line.)
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more significant there; because the leakage was only estimated, on average, and not
applied on an event-by-event basis, the resolution is degraded in this region. The
energy resolution is also shown as a function of ¢ in fig. 5.2(b). The regular pattern
observed is a result of the construction of the calorimeter from four quadrants. The
resolution is seen to be poorest in the corners where two quadrants overlap: these
are the thinnest regions of the detector and are also the regions in which it ié most
difficult to accurately reconstruct the electromagnetic showers.

The angular resolutions as a function of energy are shown in fig. 5.3 . There is
no strong variation with energy, although both the 6 and ¢ resolutions improve with

_increasing energy since the higher energy showers leave hits in more counters of the

calorimeter so that the angles can be better determined.
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Figure 5.3. The 6 and ¢ resolutions of the central acceptance region as a function of
energy.

In fig. 5.4 , the 6 resolution is seen to be fairly flat as a function of ¢, although
some variation due to the quadrant geometry is present. The 6 resolution is also

fairly flat as a function of 8, with og = 2.5° for the central region of the calorimeter,
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Figure 5.4. The 6 resolution of the central acceptance region as a function of ¢.

improving to og = 1.5° around § = 20° and 160° where the inner forward shower
counters overlap with the central calorimeter, providing a second measurement of
the polar angle which yields an improved resolution there. The ¢ resolution as a
function of ¢ is shown in fig. 5.5 which indicates that it improves slightly at higher
6 where a shower of given energy penetrates more layers of the calorimeter, so that
the central PWC’s can make a better determination of the direction of the shower.
The ¢ resolution as a function of ¢ shows a regular pattern reflecting the construction
of the calorimeter from the separate quadrants: o4 ~ 1.8° in the regions where the
track is approximately normal to a quadrant and in the regions where two quadrants
overlap; and o4 = 1.4° in the regions around ¢ = 35° + nZ where a shower hits more
central PWC cells than in the other two regions. Overall, no strong dependence of

the resolutions of the central acceptance region on any variables is observed.
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Figure 5.5. The ¢ resolution of the central acceptance region as a function of 4.

5.2 Supersymmetric Particle Production

As discussed in chapter 1, all but one of the previous searches for the production
of single selectrons or winos in e*e” interactions reached results based on calculations
using the equivalent photon approximation (EPA). As pointed out earlier, it appears
that such calculations overestimate the cross-sections by a substantial factor. In this
analysis the Monte Carlo programs written by M. Martinez as used by the MAC
collaboration for their latest results"*”) have been used. These programs include all
the Feynman diagrams for these processes.

The kinematic limits of the mass ranges that could potentially be covered in a
search for these processes at the PEP center-of-mass energy of 29 GeV are shown in
fig. 5.6 . In practice, given the finite amount of data in any experiment, it is not
possible to reach these limits since the cross-sections decrease rapidly as the masses

approach the kinematic boundary, as illustrated in figs. 1.8 and 1.11.
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Figure 5.6. The mass region below and to the left of the line is potentially accessible
in single € or single W production at the energy of PEP. The crosses indicate the mass

combinations used to generate events for studying the distributions expected from these
processes.

5.2.1 Single Selectron Production

The single selectron production Monte Carlo program was used to generate 10*
events for a selection of (me, ms) points within the kinematic boundary in order to
* determine the distributions to be expected if this process were to be observed. The
distributions shown here correspond just to the one case where it is the incident
positron that is scattered forwards, mostly at low angles, and the incident electron
interacts to form a photino and a selectron. The selectron then decays to produce
an electron, usually at wide angles, and a photino. The photinos are assumed to
be weakly interacting and would not be detected. Similar.distributions arise forv
the charge conjugate case where the electron is scattered forwards and the positron
interacts to form a selectron: the distributions of the electron and positron are simply
interchanged, but with the 8 distributions reflected about § = 90° due to the different

incident directions of the positron and the electron. In these distributions, all events
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produced by the SUSY process are shown; although the effects of the ASP detector
resolutions have been applied to the events, no cuts have been made and no efficiency
effects have been taken into account. As will be seen in the next chapter, the efficiency
of the event selection for these searches is high. When cuts were applied to the Monte
Carlo events there was found to be very little correlation between the paramefers of
the particles produced in this process. Consequently, the effect of making a cut on
the energy or angle of one particle can be determined direcﬂy from the distribution
for that parameter. -

The most marked variation in the distributions for the different mass sets is in
_the energy spectra. The energy spectrum of electrons from the selectron decay for
me = 15 GeV/c? and ms5 = 0 (i.e. the selectron mass is just above beam energy) is
shown in fig. 5.7 (a). The distribution is broad due to the large phase space for the
process in this case, and it produces energetic electrons that are easy to detect. When
the selectron mass is increased, the spectrum becomes narrower due to the decreased
phase space, and harder, since it arises from the decay of a more massive particle, as
shown in 5.7(b) where mz = 25 GeV/c? with ms = 0 still. When the photino mass is
increased, for fixed selectron mass, the energy spectrum also becomes narrower due
to the decreased phase space, but it is softer since energy is taken up in producing
the massive photino. This is also illustrated in fig. 5.7(b) where mg = 15 GeV/c?,
as in fig. 5.7(a), but with my = 10 GeV/c?. Consequently, as the mass of the
photino increases, it becomes increasingly more difficult to detect the electron as in
an increasing fraction of events it will have an energy below the central energy cutoff.
At intermediate values of mz and ms, the spectrum is slightly broader and more
centrally located than for the two extreme cases shown in fig. 5.7(b).

The energy spectrum of the forward scattered particle also varies strongly with
the masses of the particles being produced. In fig. 5.8 (a) this spectrum is shown for
me = 15 GeV/c? and my = 0, in which case it is seen to be broad, extending all the
way from 0 to close to 10 GeV. However, when a massive photino and/or a selectron
with mass significantly greater than beam energy is produced, the spectrum becomes

softer, since the scattered particle must lose energy in the interaction in order to be
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90 Monte Carlo Calculations

able to produce the massive SUSY particles. This is illustrated in fig. 5.8(b), where
me = 20 GeV/c? and ms = 5 GeV/c?. Similar spectra are observed for the other two
cases since all three heavier mass pairs have a cutoff at 4 GeV, because for each
of them Epegm — (me + m3)c®> = 4 GeV. Thus it becomes more difficult to detect
the forward scattered particle as (me + m5) increases, since an increasing fraction Qf
the particles will have an energy below the cutoff for being detected in the forward
region. |

The angular distributions show little variation with the masses of the SUSY
particles. The electron produced in the decay of the selectron is mostly centrally
distributed, as shown in fig. 5.9 for me = 25 GeV/c? and ms = 0. This is due to the
fact f;hat the selectron is a scalar particle so that it decays isotropically, and since
it is heavy it is produced almost at rest, so that there is very little boost given to
its decay products. Very similar distributions are observed for the other mass cases,

with a slight asymmetry present for lower selectron and photino masses due to the
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Figure 5.9. The @ distribution of electrons produced from the decay of the selectron for
ms = 25 GeV/c? and my = 0.
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boost given to the decay electron. The fact that most of the decay electrons would
be observed at wider angles makes this process easier to detect, since most of the
electrons would fall within the central acceptance.

The scattered positron is indeed mostly scattered forwards as expected from the
EPA prediction, as shown in fig. 5.10 for mgz = 20 GeV/c® and m5 = § GéV/cz.
However, there is also a finite contribution with the positron scattered at higher
angles, that leads to a small fraction of the events having two central tracks observed.
Such events would be vetted by the second track in a search for single electrons such
as this one. The angular distribution of the scattered positron is very similar for
_the different SUSY mass cases; there is a slightly larger fraction of events with this

particle at higher angles for cases where the photino is heavy.
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Figure 5.10. The @ distribution of scattered positrons for ms = 20 GeV/c? and my =
5 GeV/c2.

5.2.2 Single Wino Production

The single wino production Monte Carlo program was also used to generate sets

of 10* events for selected (m s, my) points using the same values as were used for
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(me,m5) in generating the events discussed above. These calculations yielded event
distributions that were very similar to those determined from the single selectron
production Monte Carlo for the same input mass pairs (i.e. my, = mg and my = my).
The most notable difference between the calculations is in the scattered positron
energy spectrum, which covers the same range, but for lower wino masses is harder
than the spectrum for production of a selectron of the same mass. This spectrum is

shown in fig. 5.11 for mz = 15 GeV/c? and my = 0 and is seen to be harder than
that in fig. 5.8(a). -
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Figure 5.11. The energy distribution of scattered positrons for mg = 15 GeV/c? and
my = 0.

The other distributions are not shown here since they are almost identical to those
shown above for the single selectron production Monte Carlo. The close similarity
between the distributions for the two different Monte Carlos reflects the similar nature
of the diagrams contributing to the two different processes (see figs. 1.6, 1.7 and 1.10)

and the strong influence of phase space effects which are the same in both cases.
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Results and Conclusions:

Having studied the background sources and determined the expected event dis-
tributions from Monte Carlo calculations of the single selectron and single wino pro-
duction processes, the final event selection could be performed. The aim Wés to
isolate any single electron candidate events in the data set with high efficiency, in
a region where the backgrounds are not expected to contribute. From the study of
the background due to radiative Bhabha scattering presented in chapter 4, it was
determined that if appropriate cuts are applied to the data, no events from known
sources are to be expected in the central angular acceptance region (6, > 20° from
the beam line) above the energy cutoff of 4 GeV. This defines the search region for
this analysis. Any sizeable number of single electron events observed in this region
would constitute evidence for the production of new particle types, and would be a
very exciting observation indeed. Alternatively, the absence of any significant level
of such events would allow constraints to be placed on the production cross-sections
of any new particles that could be expected to result in an observable single electron
signature at the energy of the PEP §+e— collider. In particular, this can lead to mass
limits on such new particles. Although a null result of this type is obviously not as
exciting as the discovery of new types of events, it allows constraints to be placed on
theories of new physical phenomena, such as Supersymmetry, providing guidance to
both theorists in constructing their theories, and to experimentalists in performing

searches for these or related particles.
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6.1 Third Pass Event Filter
The final event filter ran on the tracked output of the second pass filter. The
earlier filter had applied loose cuts in order to select all possible events with one track
in the central acceptance region, with high efliciency, without regard to the charge
of the track or whether there were additional tracks present in the forward regioﬁ.
This provided a general data sample that was useful for further intensive analysis.
The full event tracking had been performed in the second pass vﬁlter, so that the
topologies of the events were Well-defined by this stage, allowing the final cuts to be
implemented easily. Since the majority of events in this sample were radiative Bhabha
events with forward tracks present, they were eliminated first in the third pass filter.
Then detailed cuts were made on the remaining events to select only those with a
single, clean electromagﬂetic shower in the central acceptance region, that fulfilled
the criteria expected for a good single electron event. The selection of events in this
third pass filter proceeded as follows:
>  First only events having a charged central track were selected based on the
central tracker information as determined in the second pass filter.
> Next, events with tracks or energy in the forward system were rejected by
making the following cuts on the events:

o  There were required to be no tracks in the region outside the lead-glass
coverage (0, < 12° from the beam line) having energy > 0.5 GeV.

o Each outer forward shower counter was required to have less than 0.6 GeV
of raw energy present, to eliminate events containing significant forward
energy, but in which the tracking had not found any tracks.

o Each inner forward shower counter was required to have less than 0.2 GeV
of raw energy present. Howevér, if the central track had 8p < 30° from the
beam line, this cut was not applied to the shower counter towards which
the central track pointed, since in this case there may have been significant
leakage of energy from the central calorimeter into that forward shower
counter. Harder cuts could be applied to the inner shower counters than

to the outer ones, since the noise level was lower in the inner ones.
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> To distinguish electromagnetic showers from other interactions in the central

calorimeter, a number of shower shape cuts were used:

o]

The width-squared moment of the lead-glass energy deposition was cal-

culated using

1
My = —<—— Y E;D? : 6.1

where E; is the energy in the #th bar in the shoWer, corrected for both
PMT gain and attenuation, and D; is the perpendicular distance from the
central axis of the ’th bar to the shower axis. The sum was over all bars
with significant energy. This moment, My 2, was larger for broad showers
such as those initiated by debris from beam-gas interactions than for single
electromégnetic showers. Consequently, non-electromagnetic showers were
rejected by requiring that this moment not be too large. The distribution
of this moment for the data and for the kinematically fitted radiative
Bhabha events is shown in fig. 6.1 (a). Since showers in the corners of
the calorimeter, where two quadrants overlapped, tended to be slightly
broader, showers having ¢ in the range (48° —80°) 4+ nZ were required to
have Myy2 < .0026, while showers in the rest of the ¢ range were required
to have My» < .0020 .

Another moment of the lead-glass energy deposition was defined analo-
gously to the width-squared moment, viz. the angular width-squared mo-
rﬁent, Aw2. In this case, instead of using the distances D; to calculate the
moment, the angles ¢; of each bar from the shower axis, with respect to
the origin, were used. This serves to distinguish showers in the lead-glass
that are wider towards the end of their longitudinal development than is
the case for electromagnetic showers. The distribution of this moment for
the data and for the radiative Bhabha events is shown in fig. 6.1(b). The
events were required to have Ay2 < 0.012.

The width-squared moment of the central PWC energy deposition was

calculated using a formula of the same form as that for the lead-glass
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Figure 6.1. The (a) width-squared moment and (b) angular width-squared moment, for
lead-glass showers for the data (points with error bars) and for radiative Bhabha events
(histogram). In (a) half the data (13,261 events) is in the overflow bin, while in (b) there
are only 594 events in the overflow bin.
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>

moment. This was used to reject events having broad showers in the
central PWC(C’s. As for the lead-glass moment cut, since the PWC showers
tended to be broader in the corner regions of the calorimeter, wider showers
were allowed there by requiring MWé P < 0.020, while the showers were
required to be narrower in the rest of the calorimeter by making the tighter
cut MWé'P < 0.015. |
o Events having a very uneven deposition of energy in the lead-glass system
could be elimihated by checking the layer energy.fractions. In particular,
showers apparently from beam gas interactions, were observed to deposit
most of their energy in the first layer of the calorimeter. These events
were rejected by requiring that the layer with the maximum fraction of
the energy have less than 0.85 of the total shower energy. The distribution
of this maximum layer fraction for the data and for the radiative Bhabha
events is shown in fig. 6.2 .
To select events that were in time with the beam crossing, the cut on the
corrected lead-glass time that was applied in the second pass filter was tight-
ened to require events to be within 30; of the beam crossing time. As seen
in fig. 6.3 , a fairly small fraction of the events remaining at this stage were
due to cosmic ray interactions, as evidenced by the enhanced number of events
with times before the beam crossing signal, compared to the distribution for
radiative Bhabha events.
Events which clearly did not originate from the beam-beam interaction point
were eliminated by tightening the cut on the z-intercept of the central track
to 0.1 m from the interaction point. From the distribution of z-intercepts in
fig. 6.4 , it 1s seen that about half of the events remaining at this stage of the
analysis must be due to beam-gas interactions.
The cut designed to eliminate the background from radiative Bhabha events in
which one electron is within the beam pipe and the photon does not convert,
as discussed in sec. 4.2, was applied to the events. This rejected events if

either solution for the calculated direction of the photon was within the range

G



98

Results and Conclusions

120 | i 1 T ] T T 1 T T T T ] l 1 T ] T | T T T T
100 — —
o 80 — —
~t b =,
4 i i
S 60 —
[72] - ]
) R ,

= i

5 _ i
> - ]
M 40 — —
. ]
20 — 1—
o C 1 1 LT l 1 I ] 1 ] L I 1 1 iy 1 LJ 1 ]
0 0.2 0.4 0.8 0.8 1

Maximum Layer Fraction

Figure 6.2. The fraction of lead-glass energy in the layer having the maximum fraction
for the data (points with error bars) and for radiative Bhabha events (histogram). The
final data point is off-scale; that bin contains 192 events.
8° < 0y < 13° of the beam line or the minimum possible calculated number of
radiation lengths that the photon would have penetrated was less than 13.
Finally, to retain only clean events, the level of additional activity in the de-
tector was required to be no greater than that of 99 % of the random triggers:
o The cut on the signal in each of the two lead-glass quadrants opposite in
¢ to the central track, as made in the second pass filter, was tightened to
require less than 0.03 GeV of raw energy in each of them. Although this
may seem to be a very tight cut, the lead glass was extremely quiet, as is
shown in fig. 3.3. The efﬁcieﬁt of this cut was determined from random
triggers to be 99.6 %.
o The signals in the two central VS modules opposite in ¢ to the observed
track were each required to be less than that equivalent to 1 minimum

ionizing particle.
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Figure 6.3. The corrected event time from the lead-glass signals for the data (points with
error bars) and for radiative Bhabha events (histogram), just before this cut is applied.

o Events containing additional clear tracks in the central tracker were elimi-
nated by requiring that there be no track in this system that was separated
in ¢ by more than 15° from the observed track, and that fulfilled one of
the following criteria: at least 5 zy-points and at least 5 2-points found; or
at least 4 zy-points found and points from at least one other system (lead
glass, central PWC, veto scintillator or forward PWC) be assigned to it.
These strict requirements were necessary since the central tracker often
picked up random noise hits. This cut was effective in eliminating the
remaining beam gas events which contained a single shower accompanied
by a charged track with very little energy associated with it.

The efficiency of this final event selection filter was determined to be 88.4 %,
using the kinematically fitted radiative Bhabha events to check the track quality

cuts, and using the random triggers to check the detector occupancy cuts.
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Figure 6.4. The z-intercept for central tracks for the data (points with error bars) and
for radiative Bhabha events (histogram) for events passing all earlier cuts.

6.2 Results

The overall procedure for the selection of single electron events is summarized in
table 6.1 . The energy spectrum of all events passing the full selection procedure is
shown in fig. 6.5 . The events present at low energies are due to the radiative Bhabha
background where two tracks are below the forward angular cutoff (see fig. 4.3(b))
and due to the remnant of the beam-gas background that originates from close to
the interaction point. The cutoff at low energies arises from the trigger requirement
and the acceptance cut of p; > 0.5 GeV/c? in the second pass filter. No events were
observed within the search region, i.e. with energy greater than 4 GeV. The absence
of a signal in this region allows limits to be set on possible selectron and photino

masses, and also on possible wino and sneutrino masses.
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Table 6.1. Summary of procedure for selection of single electron events.

Selection Stage Number of |Event Fraction| Efficiency
Events Passing Ee > 3 GeV
First Pass 29,842,391 '
Retain only B
physics events: 0.366 0.999
Second Pass - 10,932,099

Single central track

pt > 0.5 GeV/c, 6, > 20° - 0.143 : 0.972
Third Pass 1,557,872

Occupancy cuts: 0.929

Track quality: ' 0.00033 0.951
Final Sample 517
Overall 0.000017 0.858

6.2.1 Selectron and Photino Mass Limits

The full Monte Carlo event generator for single selectron production was used to
generate sets of 10,000 events for different values of mz and ms. The effects of the
efficiencies of the trigger and analysis cuts, and the effects of detector resolution, all
determined using the radiative Bhabha events and random triggers, were applied to
the events. Then the number of events remaining in the acceptance that passed all
event selection criteria yielded the acceptance corrected cross-section, given the total
cross-section determined by the Monte Carlo calculation. The integrated luminosity
of the data sample analysed in this search was determined from forward Bhabha
events (see sec. 3.2.1) to be 109.56 pb™'. Multiplying this integrated luminosity by
the value of the acceptance corrected cross-section predicts the average number of
events expected to be observed in this experiment. Since no events were observed
in the search region, the 95 % confidence level limit corresponds to 3.00 events, and

the 90 % confidence level limit corresponds to 2.30 events. The number of events
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Figure 6.5. The energy spectrum of the final event sample after all cuts have been applied.

No events are observed in the search region above 4 GeV.
predicted to be observed in this search is shown in fig. 6.6 both as a function of the
selectron mass for ms = 0, and as a function of the photino mass for mg = 15 GeV/c?.
As discussed in chapter 1, the relative masses of the two selectron mass eigenstates
are in general unknown. Consequently, the two extreme possibilities are considered
here: either the two states are degenerate in mass and both are produced, or one
state is much heavier than the other, so that only the lighter state can be produced
with the available energy.

The mass limits in the mg — m4 plane are shown in fig. 6.7 . At the 95 % CL
selectrons with masses less than 20.51 GeV/c? are excluded for the case of degenerate
selectron masses, while selectron masses less than 19.50 GeV/c? are excluded for
the non-degenerate case, both for ms = 0. The 90 % CL limits are 20.92 GeV/c?
and 19.88 GeV/c? respectively. For mg = 15 GeV/c?, the limits on the photino
mass are: 10.70 GeV/c? (10.84 GeV/c?) for the degenerate case and 10.10 GeV/c?
(10.37 GeV/c?) for the non-degenerate case at the 95 % CL (90 % CL).
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Figure 6.7. The regions of selectron and photino masses within the contours are excluded
at the 95 % CL. The solid contour is for the case where the two selectron mass eigenstates
are degenerate in mass, while the dashed contour is for the case when one eigenstate is
much heavier than the other.
This experimental search excludes selectron masses substantially greater than

the beam energy, while for low mass selectrons photino masses significantly greater

than zero are excluded.

6.2.2 Wino and Sneutrino Mass Limits

Mass limits in the (mﬁ/ — myp) plane were determined using the single wino

production Monte Carlo event generator-in the same manner as described above for
single selectron production. In this case there is only one wino mass eigenstate to be
considered. The mass limits obtained are shown in fig. 6.8 . At the 95 % CL winos
with masses less than 20.56 GeV /c? are excluded for my = 0, while the corresponding
90 % CL limits is 20.95 GeV/c?. For m+, = 15 GeV/c?, the limit on the sneutrino

w
mass is 10.82 GeV/c? at the 95 % CL, and 10.97 GeV/c? at the 90 % CL.
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6.3 Systematic Errors

The sensitivity of the SUSY mass limits to systematic errors was determined by
modifying the single selectron production Monte Carlo and observing the changes in
the calculated cross-section due to different systematic effects. Conclusions derived
in this way are also applicable to the limits derived from single wino production, due
to the similarity between the two processes. Generally, the limits are not particularly
sensitive to changes in the cross-section: this is clear from fig. 6.6 where it is seen that
the differences in the mass limits for the two cases ms 1 = Mep and mg; > me R are
only 5 %, despite the difference of a factor of 2 in the cross-section between the two
cases. The uncertainty in the mass limits due to the fitting procedure used to extract
the limits from the cross-section values as a function of the mass was 0.05 GeV/c2,

Two direct sources of error in the cross-section are the uncertainty in the inte-
grated luminosity (1.1 %) and in the overall efficiency (2 %). The less direct sources of

error that were evaluated in the Monte Carlo generally did not lead to large changes
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in the cross-section. A 2° offset in the central angular scale reduces the cross-section
by 1.7 %, while a 3 mrad offset in the forward veto angle reduces the cross-section
by 3 % due to the additional number of events that are vetoed by the observation
of the forward track. A systematic bias in the energy measurement of the central
calorimeter leaves the limit on the selectron mass essentially unchanged since the
electron energy spectrum in this case is so hard that there are no events near the
energy cutoff. However, the electron energy spectrum is much softer when massive
photinos are produced, so that a 2 % downwards shift in the energy scale leads to
a 10 % decrease in the cross-section for m; = 10.7 GeV/c? with ms = 15 GeV/c%
An uncertainty of 0.25 GeV in the forward energy cutoff leads to a 2.5 % shift in the
cross-section due to the change in the number of events with forward tracks observed.
The uncertainties in the forward and central angular and energy resolutions each
contribute only 0.2 — 0.5 % shifts in the cross-section. The calculated cross-section
is mostly insensitive to these detector effects due to the smooth nature‘ of the energy
and angular distributions resulting from the single selectron or single wino production
processes.

Combining these sources of uncertainty indicates that the systematic error in the
cross-section is 11.5 % for the production of massive photinos, but is only 5 % for the
production of very light photinos. Due to the relative insensitivity of the mass limits
to the cross-section value, these uncertainties correspond to a shift in the selectron
mass limit of less than 0.1 GeV/c? for ms = 0, and a shift in the photino mass limit
of less than 0.15 GeV/c? for me = 15 GeV/c?. Consequently the mass limits found

above are rather robust.

6.4 Conclusions

Unfortunately, no evidence for the production of supersymmetric particles has
been found in this experiment. This search joins the ranks of the earlier experiments
(see Table 1.2) which all obtained null results. Supersymmetry remains a theory with
great potential but at this stage without any experimental evidence to support it.

However, as discussed in Chapter 1, in order for supersymmetry to provide a solution
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to the hierarchy problem, the masses of the supersymmetric particles cannot be too
large. If supersymmetry is to explain the origin of the scale of the electroweak inter-
action, then it is natural to expect that this is the relevant scale for supersymmetric
masses: if these particles exist, they are likely to be discovered soon.

So much for the theoretical prospects for the future. As R. Barbieri (7i6) has

pointed out,

“ Needless to say, to prove the relevance of supersymmetry to physics remains

ey

(fortunately) an experimental matter.”

_I agree! We must now wait patiently for results from the next round of experiments

at the new, higher energy accelerators.



Appendix A

Lead-Glass Calorimeter

“This appendix provides details of the-design, construction and operation of the

central lead-glass calorimeter, which was the major component of the ASP detector.

A.1 Lead Glass as a Calorimeter Material

Lead glass has been widely used for measurements of electromagnetic showers
in high energy physics experiments over the last two decades as a result of its many
advantages for this application. The lead content of the glass yields a high density
material with a small radiation length. Since the glass transmits Cerenkov light in a
frequency range which can be efficiently detected using common photocathode ma-
terials, and since the full shower development is visible, lead glass has good intrinsic
resolution. It is one of the most precise detectors for electron and photon energy
measurements. Combining it with photomultiplier tube readout yields a stable de-
vice with very low noise level. Although lead glass has a lower light output than
scintillation materials, it is cheaper and easier to work with than scintillators such as
sodium iodide. )

Of course, large quantities of lead glass are not inexpensive in absolute terms,
and this has restricted it use. A major share of the cost of conventional lead-glass
blocks or bars is due to the requirements of the surface preparation; typically a raw
block, cast or extruded from a molten state, is mechanically cut, ground and polished

to produce sharp corners and optically flat surfaces. However, extruded lead-glass
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bars can be made that have a uniform cross-section with the long sides of the bars
flat except for a fairly regular ripple pattern on all four sides. The ripples have an
amplitude of about 0.2 mm and a spacing of about 4 mm and are produced as a result
of the extrusion process. The surface is otherwise quite smooth on the scale of optical
wavelengths. A study("” comparing the optical properties of a lead-glass bar that was
ground and polished on all surfaces in the usual manner, with an extruded bar that
had only its small end surfaces cut and polished, found that the optical properties of
the two bars were essentizlly the same. The extruded bar and the polished bar were
found to have the same efficiency for Cerenkov light collection as a function both
_of length along the bar and of angle ‘with respect to the bar. Consequently, it was
concluded that for applications Wherg mechanical tolerances could be relaxed, the use
rof the unpolished extruded bars could lead to a cost saving of a factor of two or more,
without jeopardizing the performance of an electromagnetic shower detector.

A more detailed study using a test calorimeter consisting of 60 of these ex-
truded lead-glass bars in a beam of 15 to 45 GeV/c electrons and pions has been
performed("®. The calorimeter was arranged to have segmentation in both the coordi-
nate along the direction of shower development as well as in one transverse coordinate.
The results of this study demonstrated that the energy resolution for this calorime-
ter was in agreement with previous measurements of more conventional calorimeters.
Also, the calorimeter could distinguish electromagnetic showers from hadrons with a
hadron rejection factor of 1073, In addition, overlapping rE — ~ events could be dis-
criminated from single electrons at the 1072 level. The success of this study provided

a strong motivation for the design of our calorimeter.

A.2 Radiation Damage

Transparent materials such as lead glass used in high energy particle detectors
become colored when exposed to radiation i.e. they develop one or more optical
absorption bands which may occur anywhere in the region of optical transparency(".
This arises from the fact that when transparent substances are formed they contain

both lattice defects (such as vacancies where a single atom is missing) and impurities
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(which usually occur substitutionally, e.g. an Al** jon in a site normally occupied by
an Si** jon). When exposed to radiation, a few percent of the ionization electrons
and electronic holes which are formed are subsequently trapped by defects and/or
impurities. A large fraction of the centers formed in this way are optically active;
those that absorb light are known as color centers. The most familiar color center,
the F-center, is an electron trapped by a single monovalent negative ion vacancy. The
stability of the centers varies greatly: some are stable at room temperature, while
others may disappear with tirfie either gradually or rapidly.

In many materials the rate of coloring is quite low and so does not impair the
detector function. However, lead glass is more sensitive to radiation damage than
other materials. Also, if counters having relatively long optical paths are used, even
small increases in optical iabsorption may reduce the detected light appreciably. Con-
sequently, radiation damage to lead glass can cause a decrease in light output with
time, leading to a degraded and time-dependant resolution. Radiation damage to
the lead glass used in this experiment was a particular concern since the detector
was located directly downstream from the electron injection line to- PEP, and so was
subject to intense radiation during injection periods.

The radiation-induced absorption of lead silicate glasses as used in Cerenkov
counters has been previously investigated(™. In this study, the radiation-induced
absorption spectra and the coloring growth curves were measured as a function of
radiation. It was found that the absorption extends from the ultraviolet ‘edge’ to the
near infra-red and could be resolved into three broad Gaussian shaped bands. By
continuing the absorption measurements after the irradiation was terminated it was
found that the largest decay observed was 9 %, and it was concluded that the coloring
of these glasses can be regarded as stable to a good approximation.

A significant discovery that was made regarding the sensitivity of lead glass
to radiation damage was that the addition of cerium at the level of a fraction of
a percent substantially increases its radiation hardness(®®). The presence of cerium
causes the lead glass to become slightly yellow, reducing its transmission at short

wavelengths, but it protects against the dramatic transmission losses which occur with
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large doses of radiation. Although the glasses used in the earlier study("®had very
similar properties, different glasses could behave quite differently, and even different
batches of the same kinds of glass could have different impurities present which could
lead to a variation in their response to radiation. Thus measurements of the effects
of radiation on the particular kind of glass selected for use in the ASP detecto? were
performed in order to measure its sensitivity to radiation and to select an appropriate
level of cerium doping. |

Small samples of thé selected Schott F2 type lead glass were obtained from the
‘manufacturer. Both undoped glass and glasses with 0.2, 0.3, 0.4, and 0.5 % cerium
_content were tested. The transmission spectra of the samples were measured using a
Beckman DK-2A Ratio Recording Spectrophotometer prior to any irradiation. The
samples were then éubjected to incrementally increased doses of radiation from an
intense °°Co gamma ray source and the transmission spectra were remeasured after
each period of irradiation. Between measurements the samples were wrapped in
Aluminum foil to shield them from daylight, which otherwise might bleach some of
the radiation-induced coloring. Also, the measurements were performed immediately
after the irradiation period in case the coloring was unstable. Some typical results
are displayed in fig. A.1 . While it is clear that the ultraviolet edge in the undoped
glass is at shorter wavelengths than in the doped glass, so that the Cerenkov light
output would be greater from the undoped glass, it is seen that the undoped glass
suffers a much greater loss of transmission for a given radiation dose than does the
doped glass. For an integrated dose of 100 rad, the undoped lead glass shows a 5%
loss in transmission at A = 500 nm (extrapolated to a length of 35 ¢m) while the
lead glass with 0.3% cerium doping shows no loss after 100 rads. For larger doses
the transmission of the undoped glaés decreases rapidly while that of the doped glass
decreases much more slowly.

Preliminary measurements of the radiation level in IR-10 at PEP showed the
presence of substantial levels of radiation indicating that radiation damage to the
glass was to be expected if no precautions were taken. Tests with sample glass bars

indicated that the Cerenkov light output from the doped glass was sufficient despite



112 Lead-Glass Calorimeter

100 T T T T T ¥ T 1 I T T I 3 | I T T I

_ A i
L -— 7 B A
80 |— e =l
[ c_.- 7 ]
- 80 [— _]
o B .
[ L - -
3 - _
1
[ o . E
P 40 — _
) 20 |— -
- D .- (a) Undoped A
o B ' 1 1 1 ] I 1 L ) 1 ]

300 400 500 800 700

Wavelength (nm)
100 T T T T I T T T T | I T I T | T 1 i T

60 — —— e __ —
4 - =
E - ]
| , il
s | . :
3] - ’ i
B 40 — ]
20 — —
- (b) 0.8% Cerium -
0 i L I ( | ] 1 1 ] l J. 1 1 ] | 1 1 1 H ]

300 400 500 800 700

Wavelength (nm)

Figure A.1. Effect of °°Co v radiation on transmission of light through samples of (a)
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the yellowing due to the cerium content. Consequently, lead glass with a .35 % cerium
doping was chosen. The composition of the Schott F2 type lead glass that was used
is given in table A.1 . This lead glass has a radiation length of 3.17 cm and an index
of refraction of 1.58. Further precautions that were taken to protect the glass from

radiation damage are described in sec. A.3.

Table A.1. Composition of the cerium-doped lead glass used in the central calorimeter.

B Element Percentage
Composition

Lead - 41.8

Oxygen 29.7

Silicone 21.5
Sodium 3.7
Potassium 3.3
Cerium 0.35

A.3 Construction of the Lead-Glass Calorimeter

The calorimeter was constructed from 632 lead-glass bars arranged in four quad-

rants of five layers each, as shown schematically in figs 2.1 and 2.3. Alternating layers

had 31 or 32 bars, staggered by a half bar-width offset to ensure that the gaps between

bars did not line up and to provide optimal position resolution. Interleaved with the
lead-glass layers were five planes of proportional wire chambers (PWC).

The extruded lead-glass bars measured 6 x 6 X 75 cm?® in size, and were polished
only on both ends. Each bar was read out on one end by an Amperex XP2212PC
12-stage photomultiplier tube (PMT) with high gain, good stability, and low noise.
The spectral sensitivity of the bialkali photocathode of these PMT’s is a good match
to the spectrum of Cerenkov light and the transmission properties of the lead glass.
Prior to assembly of the calorimeter, the PMT’s were burnt in and calibrated using

a green Hewlett-Packard Superbright (HLMP-3950) light-emitting diode (LED), in
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order to determine the operating voltages necessary to balance their gains. In fig. A.2
the spectral response of the XP2212PC is compared to the Cerenkov spectrum, the
spectrum from the calibration LED and the transmission spectra of doped and of
undoped lead glass. The PMT’s came with an attached printed circuit board base
which had to be trimmed to 6 x 6 cm so that the lead-glass bars could be stacked
without any gaps between them. The PMT’s were powered by a single LeCroy 1440
multi-channel high voltage supply, which was controlled by the on-line VAX computer
via CAMAC. This programmable supply was monitored every 4 minutes to verify the
voltage settings and could automatically correct voltages which drifted. It proved to
be a very reliable, stable power supply. The PMT calibration data were used to select
groups of eight PMT’s with roughly similar response to be powered from a single high |
voltage channel. This voltage was fanned out through a resistive divider which was’

then adjusted to provide the correct voltage for each tube.

100

Ve
\./
\

80

60

Percent

40

llllllllll|llllllll

!

20

II]||IlII'II]T.I\I'IIIllll/I/lIII
~.

7
llllll

'
l L =
! 1 I ! 1 PRI L 1 =

9]
300 400 500 600

L

Wavelength (nm)

Figure A.2. Comparison of internal transmission curves for 2.54 cm samples of doped and
undoped lead glass (solid lines) with the Cerenkov spectrum (dashed line), the spectral
sensitivity of the Amperex XP2212PC photocathode (dash-dotted line) and the relative
spectral output of the HLMP-3950 LED (dotted line).
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The PMT’s were glued to the bars using Stycast 6061 optical epoxy; each PMT
covered 42% of the surface area of the end of a bar. The bars were wrapped with
aluminum foil on five sides and a p-metal shield was put around each PMT to reduce
the effect of external magnetic fields. The five lead-glass and PWC layers in each
quadrant were then stacked in a light-tight box made of 0.75 inch thick .alurﬁinum.
To minimize the non-active material inside the lead—glé,ss calorimeter, the walls of the
aluminum box were made half as thick where two quadrants. abut. The calorimeter
was supported internally Dy 6.8 cm high aluminum I-beams. Between adjacent layers
of PWC six I-beams were used as spacers, creating ‘shelves’ on which the lead-glass
_bars were placed between thin layers of foam padding. This was necessary because
some of the lead-glass bars were slightly bowed, with a maximum deviation from
linearity of 2 mm. This was an artifact of the extrusion process; the bowing occurred
only in the horizontal plane as the bars were extruded onto a flat surface. To avoid
any small gaps, the bars were stacked with their straight sides together. The weight
of the lead glass was then borne by the PWC’s and I-beams, and any curvature in
the bars was accommodated by the extra height of the I-beais. This arrangement
prevented undue stress on the lead-glass bars and bowing of the PWC planes.

Each quadrant measured approximately 1.0x0.5x 2.0 m® and was an independent
unit which was easily dismounted and transported. This was a necessary part of the
design, because access to the PEP interaction region where the ASP detector was
installed was restricted: every component had to be carried in along the arcs from an
adjacent interaction region. The two lower quadrants were mounted on rails and each
was then bolted to the quadrant above, to form two complementary L-shaped halves,
allowing the detector to be split and retracted from the beam line by a remotely-
controlled hydraulic drive. This prévided easy access to the beampipe and detector
components whenever necessary. The ASP detector was located directly downstream
from the PEP electron injection line, so to avoid excess radiation damage the two
halves of the detector were moved away from the beamline whenever electrons were
injected into the storage ring. To further protect the lead glass during injection, 10 cm

thick lead-brick walls were installed to shield it when it was in the open position.



116 Lead-Glass Calorimeter

Electronic sensors ensured that the two halves were in the fully-closed position for
data taking. Since the detector could not be operated during the three minutes it
took to close the calorimeter halves after injection was completed, this safeguard
sometimes resulted in a small loss of data.

The PMT’s were monitored online with LED’s and a light fiber distribution
system. There was one LED per quadrant (HLMP-3950, the same type as was used
in the initial calibration), each of which could be pulsed by a high—éurrent pulser. The
pulser used was similar to that described in ref. 80. Light pulses from'the LED shone
on the ends of a bundle of light fibers which transmitted the light to each PMT. By
the insertion or removal of two filters, four light levels were obtained. The other end
of each light fiber was embedded in the epoxy used to glue the PMT’s to the ends
of the lead-glass bars. The light emitted from the fiber travelled down the bar and
reflected from the far end back to the PMT. The output of each LED was monitored
by a reference PMT which also viewed a small Nal(T1) scintillator crystal doped with
241 Am(®V which served as a stable light source(®?). This system was used to provide a
relative calibration of the PMT’s for checking their day-to-day stability during data
taking. It was not used for an absolute calibration as the transmission of some of the
light fiber connections showed long-term drifts, and also the LED spectrum did not
cover the full range of the PMT photocathode spectral sensitivity. The reliability of
the PMT’s was high: fewer than 1% of the tubes failed for any reason over the entire

course of the experiment.

A.4 Off-line Calibration of the Lead-Glass Calorimeter

Cosmic ray muons which traversed the lead-glass calorimeter were used to per-
form an off-line calibration of the PMT response. These events were continuously
recorded during data taking runs by a special trigger which fired when a charged par-
ticle was detected in the veto scintillators surrounding the central tracker in a 15 ns
time window ending 5 ns before the beam crossing. This sample was tracked and the
signal deposited in each bar was corrected for path length. The average path-corrected

signal displayed a strong dependence on both the distance of the track from the PMT
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and on the angle of the track with respect to the long axis of the bar as shown in
fig. A.3 . The dependence on distance was due to reflection losses and attenuation of
the signal in the lead glass, modified by geometry- and frequency-dependent increases
in light collection when the distance became less than a few cm. The dependence on
angle was due to the fact that the Cerenkov light generated by a particle tra{relling
towards the PMT travels a shorter distance in the lead glass than light generated
by particles heading away from the PMT, which must travel to the far end and be
reflected back. A change'in direction also changed the angle of incidence of the light
as it traveled down the bar by internal reflection and hence changed the total distance

_travelled in the glass.
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Figure A.3. Attenuation of Cerenkov light in the lead-glass bar, as a function of length
along the bar, measured with minimum ionizing tracks from cosmic rays. In (a) the
tracks are at an angle o = 45° with respect to the bar, pointing toward the PMT. In (b)
o = 135°, pointing away from the PMT.

Due to the different orientations of each lead-glass quadrant, the PMT’s in one
quadrant pointed up, in another they pointed down, and in the other two they were
oriented horizontally. Therefore the angular distribution of the predominantly down-
going cosmic rays with respect to the axis of the lead-glass bars was different in each

quadrant. This resulted in a different average path-length corrected signal, due to
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the attenuation effects described above. To compensate, another correction had to be
applied on an event-by-event basis. The correction factor was a function of both the
distance of the track from the PMT and the angle of the track with respect to the
bar, taken from a look-up table compiled from plots such as those in fig. A.3. After
these corrections were applied, a set of normalized energy spectra for all lead-glaés
counters was obtained. The peak of each spectrum was fitted to obtain a correction
factor that was used to normalize the PMT response. The ﬁtting‘ function that was
found to fit the peaks of the Spectra best was a continuous version of the Poisson
distribution:

A

f(z) = me_km(km)km | (A1)

This cosmic-ray calibration was more accurate than the one which had been per-
formed with an LED prior to installation (which normalized the PMT responses at
the 20 — 30 % level) because the spectral response of the PMT’s was integrated over
the correct frequency range of Cerenkov light. It reduced the remaining channel-to-
channel variation to less than 2 %. In addition, any channel-to-channel variation in
the electronics used to read out the PMT’s was automatically included in the cali-
bration. This calibration was also used to check for evidence of radiation damage,
which would cause a time dependent decrease in the signal from the lead-glass bars.
Over the 2 years that the ASP detector was installed at PEP, more than 1 kilorad
of gamma radiation and an equal dose in neutrons were recorded by dosimeters af-
fixed to the exterior of the lead-glass calorimeter on the side nearest the beampipe.
Dosimeters attached to fixed supports near the beampipe which were not retracted
during injection recorded much higher levels. Although a large fraction of the gamma,
rays must have been absorbed by the 0.75 inch aluminum box surrounding the lead
glass, a significant number of neutrons would have penetrated into the calorimeter.
Moving the detector away from the beampipe during injection and the installation of
lead-brick walls were responsible for a significant reduction in the integrated radia-
tion dose seen by the lead glass, and the addition of cerium to the lead glass reduced

the effect of the radiation which was absorbed. These steps to protect the lead glass
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from radiation were successful, as no significant decrease in response during the entire
running period was observed.
The details of the energy calibration of the calorimeter have been published

elsewhere (¢7:®), The performance of the calorimeter has been discussed in chapter 5.

A.5 Conclusions

The ASP calorimeter employed 632 extruded lead-glass bars to obtain a compact,
hermetic electromagneticcalorimeter with many useful functions. In addition to its
good energy resolution, the hermetic design allowed events with missing energy to be

»identiﬁed with high efficiency, due to its low noise level. The good position resolution
of the lead-glass bars allowed tracks_ to be reconstructed and Iﬁade it possible to
distinguish between tracks that origirlated at the eTe™ interaction point and those
that did not, such as cosmic rays or interactions of the et or e~ beams with residual
gas in the vacuum pipe. The segmentation of the calorimeter was fine enough to
provide pattern recognition capabilities that permitted electromagnetic showers to be
distinguished from minimum jonizing tracks and other interactions and to provide
good v—7° discrimination for energies below a few GeV, through the sampling of the
shower development. The PMT signals from the device provided event timing and
triggering information; the segmentation also allowed triggers for specific event types
to be implemented. The precautions taken to protect the lead glass from radiation
damage were successful: the response of the detector remained unchanged over the
two year period of operation at the PEP storage ring. All in all, it proved to be
a truly multi-purpose device, well-suited for detecting low-multiplicity e*e” events

consisting primarily of electrons and photons.
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