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(ABSTRACT)

We present a study of ete™ collisions where only photons are visible in the final state
in data taken with the AMY detector at TRISTAN. Data are presented at CM energies
from 50 to 64 GeV, with a total integrated luminosity of 189.1 pb~!. Differential cross
sections for ete~™ — 7,777 are measured and compared to O(ca3®) QED. A search for
electron compositeness through an ete~yv contact interaction is conducted, and limits are
presented. A search for the pair production of unstable photinos is also presented with
limits. Finally, the result of a search for anomalous ¥ production is presented, based upon

energy scan data taken in December, 1992.



Acknowledgements

This thesis rests so squarely on the brilliance of others that I blush to call it “my work”.
The theoretical underpinnings, the analysis techniques, the experimental equipment, and
the lion’s share of the software were all developed by many people much more capable than

I. T gratefully acknowledge their achievements.

I also acknowledge the hard work and expertise of the other AMY collaborators and of
the TRISTAN staff. I joined the collaboration after the construction phase was completed
and data were already being taken. Still, the collaboration generously let me sift through
the data and publish results, even though I did not fully participate in the preceding work.
They have my deepest thanks. I would also like to specifically thank Professors Steve Olsen,
Akihiro Maki, and Kazuo Abe for leading the collaboration which has been so good to me.

My advisors, Professors Alexander Abashian, Kazuo Gotow, and Leo Piilonen provided
outstanding guidance and generous support throughout my years as a graduate student. I
thank them for giving me a start in this best-of-all careers. I also thank Professors Brian

Dennison and Lay Nam Chang for kindly serving on my thesis committee.

I received a great deal of help and encouragement from my co-workers at VPI. Drs. Anzhi
Lai, Kangping Hu Loewenstein, and comrade Mark Mattson helped me get through every-
thing, from the classes we attended to the analysis of my data. Drs. Eva Low and Dan

Haim, and yes, even Master Tim Duty provided help and advice whenever I needed it.

iii



iv

All of the figures in Chapters 1 and 2, plus Figure 4-2, were produced by my wife, Patricia

F. Sterner. The AMY Collaboration is welcome to use them with proper credit.

Many of my excellent friends supported me with encouragement and kindness. They are
too numerous to list here, but a few stand out as my “rocks of Gibraltar”. Peter Klier,
Dr. Robert Downes, Stefan Jones, John A. (“JAM”) Madonia and Paula Peterson, Dr. Peter

MacPherson, and Peter and Laurel Kandianis are model human beings, one and all.

I also thank the humble American taxpayer, whose wealth was expropriated, under threat
of incarceration, to fund this research. Although the benefits (let alone the contents) of this
research are not easily grasped by the average taxpayer, I at least owe him the best quality

research I can produce.

Ayn Rand, Edward Gibbon, Friedrich Nietzsche, and Rush Limbaugh provided the moral
and philosophical guidance I needed. Bruce Sterling taught me to follow my weird, embrace

my nerditude, and celebrate my geekdom. Thanks, man.

My brother David and my sister, Dr. Diana Hamilton, provided friendly competition and
encouragement in the race to complete our Ph.D.’s. Diana won, even though I had a two-
year head start. The joy of such a contest is that even “losing” is an occasion of great

pride.

My parents, Charles and Linda Sterner, contributed genetic material I’ve found invaluable.
They also provided me with a stable and nurturing home life, and paid for my undergraduate
education. The love and encouragement they continue to give me is perhaps most valuable

of all.

Finally, this thesis would have been flatly impossible without the love, understanding, and
technical skills of my wife, Tricia. She gave up a lucrative design position back home in
Pennsylvania just to “live in squander [sic]” (as they say in Blacksburg) on my graduate
stipend, waited for me while I worked in Japan, and saw me through to the completion of

my Ph.D. In return for her sacrifice and patience, I dedicate this work, in love, to her.



Contents

1 Introduction 1
1.1 ete” — vyv,yv7 in the Standard Model . ... ... ... .......... 3
1.1.1 The Born Cross Section . . . ... ................... 3

1.1.2 Virtual Correctionstoete™ — vy . .. ... ... .. ........ 5

1.1.3 Real Corrections toete™ — yy . . . .. ... ... . . 9
1.1.4 Soft Photon Emission Correction toete™ — yy. . ... .. ... .. 11
1.1.5 ete” — yyy CrossSection . ...................... 12
1.1.6 Hard Photon Emission Correction toete™ — vy . ... ... .. .. 17
1.1.7 Total O(a®) Cross Section forete™ — yy . . ... ... .. ..... 18
1.1.8 Fate of the Infrared Divergence . . . . . ... ... ... ....... 18

1.2 Unstable Photinos in Supersymmetric Models . . . . ... .. ... .. ... 20
1.3 The Effects of Composite Models . . . . . ... ... ... .......... 23
1.3.1 Excited Electron Intermediate State . . . .. ... .......... 26



vi

2 TRISTAN and AMY 28
2.1 TRISTAN . . . . e e 28
2.2 The AMY Detector . . . . . .. . .. ... . . i 29

2.2.1 The AMY Coordinate System . . . . .. ... ... .......... 31
2.2.2 The Superconducting 3T Magnet and Yoke . . .. ... .. .. ... 34
2.2.3 The Inner Tracking Chamber (ITC) .. ... ... ... ... .... 35
2.2.4 The Central Drift Chamber (CDC) . . . . .. ... ... ....... 36
2.2.5 Trigger Scintillation Counters . . . . . . . .. ... ... ....... 36
2.2.6 The Barrel Shower Counter (SHC) . . . ... ... ... ....... 37
2.2.7 The Muon Detector (MUO) . . . . ... ... ... ... ....... 47
2.2.8 Small Angle Luminosity Monitor (LUM) . . . ... ... .. ... .. 47
2.2.9 Pole Tip Shower Counter (PTC) . . .. ... ... ... ... .... 48
2.2.10 Ring Veto Counter (RVC) . . ... ... ... ... ... .. ..... 48
2.2.11 The X-Ray Detector (XRD) . . . . .. ... ... ... ... ..... 51
2.2.12 Endcap Shower Counter (ESC) . . ... .. ... ..... ... ... 51
2.2.13 Small Angle Counter (SAC) . . . . . .. ... .. .. ... ...... 53
2.2.14 Forward Tracking Chamber (FTC) . . . ... ... ... ....... 55
2.2.15 Vertex Detector (VIX) . ... .. ... ... ... ........ 55
2.2.16 Triggering . . . . . . . . . L e e e e e e 56



vii

2.2.17 Data Acquisition and Storage . . . . .. ... ... ... ... ... 58
2.3 Luminosity Measurement . . . . . . . . . . . . .. .00 58

2.3.1 Anomalous Run Periods . . . ... ................... 60
Monte Carlo Techniques 64
3.1 ~vy,yyyProduction . ........ ... ... oL, 66
3.2 Unstable Photino Production . . .. ... ... ... ............. 67

3.2.1 Acceptance Factors and Radiative Corrections . . ... .. ... .. 69
3.3 Singly Radiative Bhabha Production . . . ... ... ... ... ....... 70
3.4 Doubly Radiative Bhabha Production .. ... ................ 71
3.5 Doubly Radiative vo Production . . ... ... ... ............. 72
3.6 The AMY Simulator . ... ... ... ... .. .. .. . . ... ... 73
SHC Analysis 74
4.1 Energy Distribution in Electromagnetic Showers . . ... ... ....... 74
4.2 General Method of SHC Analysis . . . . ... ... .............. 75
4.3 Correctionsto SHC Raw Data . . . ... ... ... ............. 76

4.3.1 High Voltage Correction . . . . .. ... ... ... .. ... ..... 76

4.3.2 Dead Cathode Channel Correction . . . . .. ... .......... 76

4.3.3 Noise Subtraction . . . . . . . . . . i i it e 76



viii

4.3.4 Dead Anode Channel Corrections . . . . . ... ... ... ...... 77
4.3.5 Crosstalk Subtraction . ... ... ...... ... ... . ..., 78
4.3.6 Abnormal Pedestal Subtraction . . . .. ... ... ... ... ... 78
4.3.7 Monitor Tube Gain Correction . . ... ................ 78

4.4 Cluster Finding in Strip Geometries . .. ... ... ... ... ....... 79
44.1 (1x0)and(1x1)Cases . ...........i ... 80
442 (1x2)and (1x3)Cases . ... ..o vv i 80
443 (2X2)Case. . . . v it e e e e e 81
444 Higher Order Cases . . . . . .. .. i it i it vt . 83

4.5 Boundary Matching . ... ... ... ... ... .. .. .. 83
46 SHC Calibration . ... ... ... ... .. ..., 84
4.6.1 SHC Magnetic Field Correction . . . . . ... ... ... ....... 86
4.6.2 Leakage Correction . . . . . . .. . ... . ... ..., 86
4.6.3 Saturation Correction . . .. ... ... .. ... ... 87

5 Event Selection 89
51 QED Analysis . . . . . . . . .. e e e e e 90
5.2 Photon Recognition . ... ... ... ... ... ... ... ... 90

5.3 Event Preselection Criteria . . . . . . . . . . o 0 i i e e e e e e 91



X

5.3.1 General Event Filter . . . . . . . . ... ... o0 92
5.3.2 Photon Preselection Sample . . . . . .. ... ... ... .. 00, 92
5.3.3 Supplementary Event Samples . . ... ... ............. 93
534 y—oete  Sample . ....... .. ... ... .. 93
5.4 Final Event Selection Criteria . . . . ... ... ... ... ... ....... 94
Analysis of ete™ — yv 96
6.1 Correctionofete” myyData . .. ... ... ..o, 97
6.2 Background Processes . ... ......... e e e e e e et e 98
6.2.1 Misidentified Bhabha Events . . . ... ... ... ... ....... 98
6.2.2 Hadronic and Two-Photon Backgrounds . . . . .. ... .. ..... 99
6.3 Radiative Corrections, Revisited . . . .. ... ... ... ... ....... 99
6.4 The Efficiency Functione . ... .. ... ... .. ... ... ........ 100
6.4.1 Monte Carlo Efficiency Function ¢y forete™ —yy ... .. ... .. 102
6.4.2 Trigger Efficiency €yrig . . . . . . . . ... o oo 102
6.4.3 Effect of y — ete™ Conversionin AMY 1.0 . .. ... ........ 105
6.4.4 Effect of Longitudinal Event Vertex Distribution . . .. .. ... .. 106
6.4.5 SHC Hardware Inefficiency . ... ... ... ... .......... 109
6.4.6 External Sources of Inefficiency . . . .. ... ... .......... 109



6.4.7 Total Efficiency Function forete™ — vy . .. ... ... .. ... .. 110
6.5 Comparison of Measured Cross Sections to QED . . . .. ... .. ... .. 111

6.5.1 Cross Section forete™ —m vy . . ... ... ... ... ... .. ... 111
Analysis of ete™ — yvy 118
7.1 Kinematical Reconstruction . . . .. ... ... ... ... .. ... ..., 119
7.2 Results. . . . . . . . L e e e 121
Comparison to Contact Models 127
8.1 Fit tothe Contact Models . . . . . . ... ... ... ... ... ....... 130
8.2 Assignment of Scale Parameter Limits . . . .. ... ... .. ........ 131
8.3 Discussion and Comparison to Previous Limits . . . ... ... ... .. .. 132
8.4 Limits on Excited Electron Mass . . ... ... ... ............. 132
Search for Unstable Photinos 138
9.1 Some Observations on Kinematics . ... ... ... ............. 139
92 LowMassy Search . . . .. ... ... . e 140

9.2.1 Selection Criteria . . . . . . . ... ... ... ... . 140

9.2.2 ResultsoftheSearch. .. ... ... ... .. .... . ... .... 140

9.2.3 Calculation of Production Limits . . . . ... ... ... ....... 146



9.3.1 Background fromete™ — (y)yy . ... .. ... 147

9.3.2 Background from ete™ — (ete ™ )yy .. ... ... L. 150

9.3.3 Background fromete™ — (vD)yy . . . . .. ... 150

9.3.4 Selection Criteria . . . . . .. ... ... e 150

9.4 Search Results and Production Limits . . ... ... ... ... ....... 151.
9.5 Comparison to Previous Limits . . . ... ... ... ... .......... 151

10 Conclusions 154
A Search for Anomalous vy Production at TRISTAN 156
B Photon Conversion to ete™ Pair 164
Bibliography 167
Vita 172



List of Figures

1-1

1-2

1-4
1-5
1-6
1-7
1-8
1-9
2-1

2-2

2-4

Treelevel diagrams . . . . . ... .. ... ... ... e 4
Electron self-energy diagrams . . . . . .. ... ... ... ... 00 .. 7
Vertex correction diagrams . . . . . ... ..o e e 8
Photon box diagrams . . . . . .. .. ... ... ... .. .. 10
Diagram forete™ — yy7 . . . . . . .. 14
Coordinate system forete™ — yyy . . . . ... ... ... ... ... 15
Plane containing the final state photons . . . . ... ... ..... ... .. 16
Diagrams forete™ — 45 . . . . . .. ... L e 22
Contact diagram forete™ — vy . . ... ... ... .. ... ...... 25
TRISTAN accelerator complex . . . ... ... ... ... .......... 30
Cutaway view of AMY 1.0. . . . . . . .. .. ... .. .. . . ... 32
Cutaway view of AMY 1.5. . . . . . . .. ... . 33
The AMY barrel shower counter . . . . . ... ... ... .......... 38



2-5

2-6

6-1
6-2

6-3
6-5
6-6

7-1

7-3

xiii

SHC longitudinal structure . .. .. ... ... ... ... ... ....... 39
Arrangement of SHC @ and ¢pads . . .. ... ... ... ... .. ..... 41
SHC numbering scheme . . . . . .. ... ... ... 43
High voltage and signal readout . . . . . . ... ... ... .. ........ 46
The Pole Tip Shower Counter . . . . . . . ... .. ... ... ... ..... 49
PTC cathode strip arrangement . . . . . . ... ... ... .. ... ..... 50
The Ring Veto Counter . . . . . ... .. ... .. ... ..., 52
ESC cathode strip arrangement . . . . . . ... ... ... ... ... 54
Percentage of ghost clusters . . . . . ... ... .. ... ... ... ... 82
Boundary matching . ... ... ... Lo o 85
Radiative correction function . . .. ... ... .. .. ... ... . .00, 101
Monte Carlo efficiency function . . . ... ... ... ... .......... 103
Vertex efficiency function . ... .. ... ... ... .. ... ... . ..., 108
AMY 100 vs.CMenergy . . . . . . . . oo it ittt 115
AMY 150 vs.CMenergy . . . . . . o v v i v i it i 116
do/dQforallete —myydata. .. ... ... ... ... ... ......... 117
Vertex distribution forete™ — yyy. . . . .. . ... .. ... 120
Spectrum forete™ — yyy . . . . .. L 123

Opening angles forete™ — yyy. . . . . . .. . ... e 124



7-4

8-1

8-2

8-4

8-5

9-1

9-2

9-3

9-4

9-5

9-7

9-8

Invariant mass distribution . . . .. ... ... L L oo oo 125
Momentum transfer squared . . . . . . ... ... .. Lo 126
AMY 1.0 (do/dQ)/(do/dQ)Born « - « « « « « v v v e e 128
AMY 1.5 (do/d)/(do/dQ)Bom = «+ « « « =« v v v S 129
x2vs.efor L,Rand L+ Rmodels . . ........ e 133
x% vs. efor L — R and QED cutoffmodels . . . ... ............. 134
Scale Limit for Excited Electron . . . .. ... ... ... .......... 137
Acoplanarity vs. Photino Mass . . . . .. ... .. ... ... . ..., 141
Photon energies vs. Photino Mass . . . . . ... ... ... ... ....... 142
Photon energies fromete™ — vy . . . .. ... ... ... ... ... 143
Photon energies from ete™ = 35 - GGyy . . . o vt i 144
Acoplanarity distributions forete™ — (y)yy . ... ... ... .. ... .. 148
Acoplanarity distributions for ete™ - 35 = GGyy . . . . . . . ... .. 149
95% C.L. Limits from ete™ = 55— GGvy . . . . v v oo i it 152
Comparison to Previous Limits . . . ... ... ... ............. 153

Rate of v — ete™ for 10 GeV photons. . . . . . . .. ... ... .. ..... 166



List of Tables

2-1

2-2

2-3

2-4

4-2

6-1

6-2

6-3

8-1

8-2

8-3

Event triggers for AMY 1.0 . . . .. ... ... . oo 57
Event triggers for AMY 1.5 . . . .. .. ... o oo 59
AMY 1.0 luminosities . . . . . . . . .. . e e 62
AMY 1.5 luminosities . . . . .. ... L e e e 63
Clustering cases . . . . . . . . v v i i i it e e e e e e e e 84
SHC leakage parameters . . . . . . . . .. ... v i ittt 87
ete” — yytriggerefficiency . . . .. ... ... .. L L L. 104
Measured o for AMY 1.0 . ... .. ... .. . ... . . 113
Measured 0 for AMY 1.5 . ... .. ... .. ... o e, 114
Contact model fit parameters . . . . . .. ... ... ... ..o 135
AMY 95% C.L. Limits . . . . . . . . .. ittt e 135
Normalization values for contact models . . . . ... ... ... ....... 136
Comparison of contact model limits . . . ... ... ... .......... 136
Three candidate light photinoevents . . . . . . ... ... ... ....... 146

Xv



Chapter 1

Introduction

The simplest possible gauge symmetry is the U(1) symmetry of quantum electrodynamics
(QED); one of the simplest processes described by QED is the annihilation of an electron
and a positron into a pair of photons. Because of this simplicity, ete™ — v provides a
clean test of QED even at very high collision energies. Indeed, the simplicity of this process
is preserved well past the Z-pole, as the electroweak interaction contributes no new diagrams

at the tree level.

It was shown very early, however, that the vacuum is not so pat: in any physical example
of this process, the initial state electron and positron will suffer some amount of photon
bremsstrahlung [1]. As one improves an experiment in order to detect these radiated pho-
tons, an ever-increasing number of photons at ever-decreasing energies is observed. The
effect of this infrared divergence is such that, no matter how sophisticated one’s experi-

ment, the final state can never be completely described.

Clearly, for any experiment with the energy and angular resolution sufficient to resolve even
the coarsest of these radiative effects, any measurement of this process must include higher
order real corrections (ete~™ — vvv , etc.) and virtual corrections in the perturbative ex-

pansion. One would then also hope to measure experimentally these higher-order processes



with more than two photons in the final state; this would allow empirical measurements of
the sizes of the predicted corrections, and also provide supplemental tests of the underlying

physics.

Once the radiative corrections have been dealt with, measurements of ete™ — v can
be used to explore not only QED, but physics beyond the standard model. Deviations
in the differential cross section might reveal evidence for possible electron substructure.
Highly acoplanar 4+ events might provide evidence for an unstable photino, the conjectured

supersymmetric partner to the photon.

Very recently, the L3 experiment at LEP recorded four interesting events containing two
leptons and two photons in the final state, with no missing momentum or energy [2]. While
each event by itself was perfectly consistent with QED, the invariant mass distribution of
the photon pairs was anomalously clumped near 60 GeV. While this observation meshes
neatly with neither the Standard Model nor any of its conjectured extensions, it does raise

the possibility of a state near 60 GeV that decays primarily into two photons.

In this dissertation, we will examine ete™ — yv,yyv in data taken with the AMY detector
at the TRISTAN e*e~ collider. The data represent a total luminosity of 189.1 pb~! at
center-of-momentum energies from 50 to 64 GeV. In the remainder of this chapter, we will
examine ete™ anmnihilation into photons in the Standard Model, and the effects of several
simple extensions to the Standard Model. Chapter 2 gives an overview of the experimental
apparati, namely, TRISTAN and AMY. In Chapter 3 we will cover the Monte Carlo
methods that allow us to compare the experimental data to the Standard Model. Chapter
4 will describe the methods used to select ete~ — n+y events from the AMY data. Chapter
5 will list the criteria used to select the data samples. Chapters 6 and 7 will present the
analysis of ete™ — 47 and ete™ — 477 and show the comparison with standard QED,
while Chapter 8 will employ these results to search for evidence of electron compositeness.
Chapter 9 will present a search for unstable photinos. Conclusions are presented in Chapter

10. Two appendices are presented at the end of the dissertation: the first presents the results



of a search for the resonant production of yv events near 60 GeV, and the second concerns

the conversion of photons to ete™ pairs.

1.1 e*te” — 77, vy in the Standard Model

1.1.1 The Born Cross Section

The process ete™ — v+ is described at tree level by two QED Feynman diagrams (Figure 1-
1). In the first, or ¢-channel diagram, we describe the positron by a Dirac spinor u; with
4-momentum p; and spin s;, and the electron by a spinor uy(p2, s2). The outgoing photons
are assigned momenta (polarizations) of ¢; (¢;) and g2 (€2), respectively. This yields the

invariant amplitude

—iMy = (ie)2ﬁ1(p1,sl) (ﬁm,f;) uz(p2, $2), (1.1)

where m is the electron mass, and slashes indicate multiplication by the Dirac matrices.

The second, or u-channel diagram is the same as the first, except that the identities of the

final state photons have been interchanged. This produces the invariant amplitude

?

mﬁ) U2(p2,82). (12)

—iMy = (ie)zﬁl(plasl) (ﬁ

When we average over initial states and sum over final states, the square of the summed

amplitude in the high-energy limit is proportional to the Born cross section:

do\" R —— a? [t U a? 1+ cos?é
—_ = — 2 = — [ = —_-_ = ——
(dQ)Bom 647r23|'/\41 + M| 2s [ u + t] s 1—cos2@’ (1.3)



U, (py.S4) (9:.&1) Uy (ps,sy) (91.&:)

Uz(P2:S2) (92.€2) U(P2.S2) (G2.€2)

Figure 1-1: Tree level diagrams for ete™ — v7.



where « is the fine structure constant, s,t,u are the usual Mandelstam variables s = 4E?,
t=-3(1—-cosf), u=—35(1+ cosf) in the center-of-mass frame in the high-energy
limit, F is the incident beam energy, and 6 is the angle between the incoming electrons and

the outgoing photons in the center-of-mass frame.

This cross section exhibits—insofar as we can assign directions—singular forward and back-
ward peaks in the final state. These correspond to the cases where the t-channel and u-
channel electron propogators are almost on-shell. Experimentally, of course, these electrons

are as indistinguishable as the final state photons.

1.1.2 Virtual Corrections to ete™ — v

The low-order QED virtual corrections are shown in Figs. 1-2 - 1-4, and include electron self-
energy diagrams, vertex corrections, and box diagrams. Contributions from diagrams with

a fermion loop, a charged boson loop, or a Fadeev-Popov ghost loop are negligible [3], [4].

Each of the virtual corrections can be expressed in the form:

do\"" o do\"
(E)a = o= [Ga(s,1) + Gals,w)] = (E)Bm-aa, (1.4)

where the subscript e indicates the type of QED virtual correction, i.e. self-energy, vertex,
or box diagram correction. The terms G,(s,u) are identical to the terms Gy(s,t) with ¢

and u interchanged [5].

Electroweak effects begin to appear in the perturbative expansion at the one-loop level. We
will not cover them in this dissertation; their contributions at TRISTAN energies are small,
and they would cloud our discussion of QED. Then, too, the virtual corrections due to the
weak bosons are not as simple as the corresponding virtual photon corrections, since the
W and Z masses are so large. The reader is referred to [6] for a complete discussion of the

O(a?) electroweak virtual corrections to ete™ — v7.



Electron Self-Energy Correction

The diagrams for ete~ — v+ including electron self-energy due to the photon are shown in
Figure 1-2.! The calculation of the contributions from these diagrams is straightforward,
but leads to a grave conceptual difficulty: because the photon is massless, and because the
net momentum transfer for the added photon propagator is zero, the contribution from
these diagrams is actually infinite. With a wink and a nod we will set this problem aside,

by assigning a fictitious, unspecified rest mass A to the photon.?

The QED self energy correction is thus:

(1.5)

~| e

A2 1 —t 3
Gself(sat) = [ln (W) + ‘2'111 (m) + 5] .
Vertex Correction

The four diagrams for the photon vertex correction are shown in Figure 1-3. As in the

case of electron self-energy, the photon propagator leads to a divergence of order In A. The

resulting correction is

Grertex(5,1) = [—2111 (7/:;2) - m(;—ﬁ) - 3] 2 - 2111(;—2) +1. (16)

!We can also draw four other diagrams of the same order, where the self-energy correction is applied
to the external electron lines. Because the initial state electron and positron are on-shell by construction,
however, the contribution from these diagrams is zero. The effect of electron self-energy is implicitly included
in the mass of the electron.

2This is not a dishonest approach. The offensive infinite quantity hides in a term proportional to In ),
which returns our infinity upon evaluation.
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Figure 1-2: Diagrams for electron self-energy due to the photon.
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Box Diagram Correction

The two photon box diagrams are shown in Figure 1-4. Details of the calculation can be

found in [7]; here we quote the result:

_ U (ot oty _ 1. 1y, 2
Ghox(5it) = 20-% 4D (2 t+2u) (7+3u) lIn(b)]

ruwe (1efe2d) o ()]

+ (2%+3) ‘In (%) _ 1, (1.7)

where
C = W@ (’—:\‘-) + ”; +n (;—i) In(b), (1.8)
D = i[ln(b)]z + %2 +1hn (;—ﬁ) In(b), (1.9)
and

b=(1-a)/(1+a), a=+1-4m?/s. (1.10)

1.1.3 Real Corrections to ete™ — vy

We now must consider the effect of a third real photon in the final state. We have seen that
arbitrary numbers of photons are always present, but even one additional photon leads to
a problem: if we could devise an experiment to catch all three photons (even those of an
arbitrarily small energy), the entire -y cross section would be subsumed into the vy cross
section. One practical way to approach this problem is to choose some minimum photon

energy (ideally somewhat below the experimental detection limit, but otherwise arbitrary).



PSS

Figure 1-4: Photon box diagrams for ete™ — 7.
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The “soft photon” emission cross section—that part of the y7y cross section below the
photon energy cut—can then be calculated without considering the momentum of the third
photon, and included as a correction to the y7 cross section [7]. The “hard photon” emission
cross section, where the momentum of the third photon becomes important, can be treated

separately.3

1.1.4 Soft Photon Emission Correction to ete™ — vy

The cross section for emitting an additional photon of some small energy Fqf is proportional
to 1/ Fsoft, thus the cross section for producing an ete™ — 47 event without an additional
photon is exactly zero. In an experiment where we wish to distinguish a vy from a yyy
event, however, what we want to know is the cross section for producing an ete™ — vy
event without additional photons ezcept those below the detection limit. This part of the

cross section diverges.

As in the case of the virtual corrections, we can regulate this divergence by pretending that
the photon has a finite mass A. The part of the soft emission cross section containing this

divergence can be separated from the finite part, thus:

do\"? do\ "
(E)so& - (E)Bom . [Rdiv(Esoft,/\) + Rﬁnjte] . (1_11)

The calculations of Rg4iy and Rgnite are too lengthy to present here, but they are derived
in a number of sources [9], [10], [11]. If we assume (as at TRISTAN) that the laboratory

frame is the CM frame, we state that

3An alternative approach, calculating the infrared divergence non-perturbatively using the Yennie-
Frautschi-Suura exponentiation technique [8], shows great promise, but has yet to be implemented in the
ete™ — n«y case. The main practical advantage to the YFS approach is the accurate generation of many
soft photons in a single event without having to calculate intractable legions of diagrams.
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2
R = [T (1) o (2)
T a b A

o all 1 1+ a? 2a 1 2(1)]
Rfite = ?{EII'(Z)' 2a [QSp(l+a>+2h‘ 5) 0 (112

where m is the electron mass, and we have introduced the Spence function

Sp(z) = -/:Mdt. (1.13)

Taking the extreme relativistic limit, and knowing that Sp(1) = 7 /6, we see that

a 2-Esoft
Rav = ;2[111(57) —1]-ln( 5 ),
Fraie = | (i) 3 (i) T (1.14)
finite = T n m2 2 2 3| .
The soft photon emission contribution to the 74 cross section is then given by:
do\ " do\" « 9 Esoft) 1,
).~ \aa)p w2 D= ) e g 1.

where p = In(s/m?). It should be noted that all of the angular dependence for this
expression is contained in the Born cross section, i.e. that the soft photons are radiated

isotropically.

1.1.5 e*e™ — vy Cross Section

Before we can calculate the contribution to the 7y cross section from the emission of a

hard real photon, it is of course necessary to compute the cross section for electron-positron
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annihilation into three photons. There are six diagrams for ete™ — vyyv. One of these is
shown in Figure 1-5; the other diagrams are distinguished only by the order of the final

state photons [12].

The differential cross section for ete™ — 777 is somewhat more difficult to express than
that for ete™ — v+, simply because there are three particles in the final state. If we
note that there are three independent momentum dimensions for each photon and four
energy /momentum constraint equations, we see that the differential cross section has five
dimensions, rather than the simple two dimensions of the ete~ — 77 cross section.* There
are many possible coordinate system choices for this 5-dimensional space; here we illustrate

one [13].

We start with the standard right-handed Cartesian coordinate system defined relative to
the AMY detector. The +2z-axis is defined as being in the direction of the initial-state
electron; polar angles are measured relative to this axis. Azimuthal angles are measured
relative to the +z-axis, clockwise as viewed from the +z-axis. The +y-axis is defined as

pointing in the —(& X 2) direction (“upwards”, in the vernacular).

Next we will define four of the five independent dimensions by choosing the directions of two

of the photons, denoted (8, #) and (¢, ¢), respectively. These are illustrated in Figure 1-6.

We must be careful in choosing our last coordinate. It is not convenient to choose a polar or
azimuthal angle for the third photon, as the directions of the three photons are constrained
by momentum conservation to lie in a plane, as shown in Figure 1-7. We have already
chosen two of the photon directions. We define the angle between them to be 13, noting

that

costp3 = sin 8 sin 6’ cos(¢p — ¢') + cosf cos#'. (1.16)

*In each case, one of these dimensions can be integrated away at the outset: the assumption of unpolarized
initial states results in an overall ¢ symmetry.
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Uy(py,S1) (q1,€4)
(q2182)
Ux(P2,S2) (0a:€3)

Figure 1-5: Diagram for ete™ — v77.
























































































































































































































