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Abstract

Described is a search for a heavy charged lepton with an associated neutrino of
nearly the same mass, together known as a close-mass lepton doublet. The search is
conducted in ete™ annihilation data taken with the Mark II detector at a center-of-
mass energy of 29 GeV. In order to suppress contamination from conventional two-
photon reactions, the search applies a novel, radiative-tagging techn.ique. Reqﬁiring
the presence of an isolated, energetic photo;l allows exploration for lepton doublets
with a mass splitting smraller than that previously accessible to experiment. No
evidence for such a new lepton has been found, enabling limits to be placed on allowed

_mass combinations. Mass differences as low as 250-300 MeV are excluded for charged

lepton masses up to 10 GeV.

iii



A cknowledgments

I owe much to my fellow Mark II/PEPS5 collaborators. Without their dedication
and care in building and operating the detector, my own work would have been
impossible. In addition, the analysis described here benefited from the superb work

of those who preceded me. I am grateful to all who contributed to the Mark II effort.

I would especially like to thank my three advisors: Bob Hollebeek gave me wise
advice during my first years at SLAC; Jonathan Dorfan helped gﬁide me toward my
first publication and has provided unwavering encouragement and support; Martin
Perl conceived the original idea for this thesis, and his enthusiasm and advice through-
out the work described here have been greatly appreciated. I also thank Fred Gilman

and Bennie Ward for helpful conversations and for their patience with my ignorance.

Much that I have learned of high energy physics, I learned from fellow graduate-
students. I thank Spencer Klein, Rene Ong, and Tom Steele for many useful discus-
sions. Even more, I would like to thank Dean Karlen not only for sharing lodgings
for many years, but also for his acute insight, from which my own work often prof-
ited. Bruce LeClaire deserves special mention for his readiness to :;rgue me into the
ground until either he convinced me he was right or until I convinced him I was right,

at which point I knew I must be right.

I have enjoyed working with the new Mark II collaborators in the SLC effort. In
particular, I have gained much from close work with Tim Barklow, whose dedication
has been inspiring. Thanks go to all my co-workers in SLAC Group C for their support
and camaraderie, especially to my office-mate, Charlotte Hee. Playing weekly with

the volleyball gang has been a welcome diversion from physics.

These last few years of graduate scl:xool have been happy ones, thanks to Dolly
Wu'’s humor and affection. Finally, most of all, I want to thank my parents for their

patience and their love, without which I would never have made it this far.

iv



Table of Contents

Abstract
Acknowledgements
Table of contents
List of tables
List of figures -
CHAPTER 1 Introduction
~ 1.1 The Standard Model )
1.2 Extending the Standard Model
1.3 Searching fof the Fourth Generation
1.3.1 Traditional approaches
1.3.2 Results of previous searches
1.3.3 Radiative tagging
1.4 Outline of Thesis
CHAPTER 2 Close-Mass Lepton Properties
2.1 Weak Interactions
2.2 Calculation of Heavy Charged Lepton Decay Widths
2.3 Lifetime Considerations
CHAPTER 3 Radiative Production of Heavy Leptons
3.1 Non-radiative Lepton Production
3.2 Single Photon Lepton Production
3.2.1 Bremsstrahlung
3.2.2 Radiative corrections
3.3 Double Photon Lepton Production
3.4 Weak Effects

3.5 Monte Carlo Corrections

11

1v

viil

X

11

12
16
17
17
21
25
30
30
31
31
37
43
45
47



CHAPTER 4 PEP and the Mark II Detector 53

4.1 The PEP Storage Ring 53
4.9 OQOverview of Mark II Detector 54
4.3 Vertex Chamber 56
4.4 Outer Drift Chamber | 57
4.5 Time-of-Flight Counters ' 59
4.6 Magnetic Coil . o 60
4.7 Electromagnetic Calorimeter 61
4.8 OQuter Steel and Proportional Tubes - ‘ 66
4.9 Small Angle Tagger 66
4.10 Trigger Considerations i | ' 67
CHAPTER 5 Analysis and Results 73
5.1 Event Selection 73
5.1.1 Charged track requirements | 73
5.1.2 Tagging photon requirements 75
5.1.3 Event topology requirements . 76
5.1.4 Event veto conditions 80
5.2 Background Estimation 90
5.2.1 Radiative 7 background | 91
5.2.2 Two-photon 7 pair production 91
5.2.3 Two-photon production of four pions | 92
5.2.4 Hadronic event production 93
5.3 Efficiency Corrections for Detector Simulation 94
5.4 Comparison of Data to Background Estimate 96
5.5 Limits on a New Heavy Lepton Doublet 99
5.6 Conclusions and Outlook 111
APPENDIX A Lepton Production and Décay Simulation 117
A.1 Production Simulation 118

Vi



A.2 Event Generation Algorithm
A.3 Decay Simulation
A.3.1 Fermionic decay (3-Body)
A.3.2 Scalar decay (2-Body)
A.3.3 Vector decay (2-Body)
A.3.4 Vector decay (3-Body)
A.3.5 Quark decay (total partial width)
A.3.6 Branching ratios
REFERENCES

vil

125
126
126
128
129
132
134
137
143



3.1
5.1
5.2
5.3
5.4
5.5
56
5.7

List of Tables

Estimated radiative corrections to bremsstrahlung production
Efficiency corrections for inaccurate detector simulation

Final background estimates

Electron/pion distributions for surviving events

Confidence levels for exclusion of Monte Carlo samples (6M=0.2-0.4)
Confidence levels for exclusion of Monte Carlo samples (6M=0.4-0.6)
Confidence levels for exclusion of Monte Carlo samples (§M=0.8-1.2)
Confidence levels for exclusion of Monte Carlo samples (5M=i.4—2.0)

Al Tau branching ratios used by LULEPT

A.2 Tau efficiency corrections for LULEPT decay modes

viil

49
97
97

101

108

110

112

113

139

140



1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

List of Figures

Feynman diagram for g~ — v, W~

Feynman diagram for heavy neutrino magnetic moment
Feynman diagram for electron-muon production through hea.vy leptons
Distribution in total energy of event_s. with two charged particles
Feynman diagram for general two-photon process

Current limits on existence of heavy leptons

Feynman diagram for radiative heavy lepton production _
Feynman diagram for radiative two-photon process

Feynman diagrams for ete™ metem ptu~ production

Feynman diagram for four-fermion weak interaction

Modern Feynman diagram for a weak inferactions

Feynman diagram for general heavy lepton decay

Heavy lepton branching ratios vs mass difference

Average decay length of heavy charged lepton vs mass difference
Definition of decay product impact parameter
Root-mean-square of sin 6 of decay product pion direction
Average impact parameter of decay pion vs mass difference
Lowest order process for charged lepton production

Lowest order bremsstrahlung production of lepton pair

Photon energy spectrum for initial and final state radiation
Feynman diagrams for general initial state bremsstrahlung
Feynman diagrams for initial state virtual corrections
Additional processes included in exact radiative correction
Total radiative corrections (initial and final) to e'e” —» LTL-

Weak contribution to lowest order production of charged lepton pair

1x

© W =3 =1

12
13
14
15
19
19
21
24
27
28
28
29
32
34
37
38
39
42

43
47



3.9
3.10
3.11
4.1
4.2
4.3
4.4
4.5
4.6
4.7
48
4.9
4.10
4.11
4.12
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13

Distributions in final state radiation event weight correction
Estimated radiative correction to bremsstrahlung production
Final normalizing cross section for radiative lepton production
The Mark II detector

Wire pattern of vertex chamber inner layeré

Time-of-flight acceptance.

Ganging scheme for liquid argon calorimeter channels
Exploded view of liquid argon calorimeter module

Detection efficiency for electromagnetic showers vs ¢
Detection efficiency for electromagnetic showers vs 6
Detection efficiency for low energy- electron showers

Side view of small angle tagger(SAT)

Definition of hardware trigger track

Example of trigger asymmetry for high-impact-parameter tracks.

Trigger track efficiency for K¢ tracks

Distribution in charged track momenta.

Distributions in total neutral energy near to the tagging pﬁoton
Distribution in opening angle between charged tracks
Distribution in non-tagging neutral energy

Distribution in total SAT energy background

Distribution in SAT energy background (coincidence-latched)
Sample cosmic ray coincidence event (1)

Distribution in excess unassociated LA energy

Sample cosmic ray coincidence event (2a)

Sample cosmic ray coincidence event (2b)

Distribution in tagging photon energy

Distribution in invariant mass of charged pair

Distribution in invariant mass of charged-neutral pairs

48
30
52
%)
57
60
62
63
64
65
66
67
69
71
72
5
7
78
79
81
82
83
86
87
89
98
99
100



5.14
5.15
5.16
5.17
5.18
5.19
5.20
5.21
5.22
5.23

- 5.24

Al

A2
A3
A4
A5
A6
AT

Distribution in total energy

Distribution in single charged track momentum

Distribution in tagging photon energy(with signal)

Distribution in invariant mass of charged pair(with signal)
Distribution in invariant mass of charged-neutral pairs(with signal)
Distribution in total energy(with signal)

Distribution in single charged track momentum(vvith,signkal)
Generated Monte Carlo event samples for heavy lepton production
Exclusion contou; at 95% confidence level

Exclusion contours at 95% and 99% confidence levels

Photon energy spectrum for c.m. energy 4 GeV above Z mass
Coordinate system for evaluation of spin coefficients —
Feynman diagrams for L~ — », V™ and e’e” — V?

Ilustration of spin suppression in 7~ — v, p~

Feynman diagrams for leptonic and hadronic decays

Branching ratios vs mass difference (M, = 5, 10, 14.5 GeV

B.R. vs mass difference (My = 10 GeV, magnified) »

B.R. vs mass difference (M, = 10 GeV, further magnified)

x1

100
101
102
102
103
104
105
107
114
115
116

122

130
133
136
141
142
142



Chapter 1

Introduction

The “Standard Model” of elementary particles has been remarkably successful
“to date in describing nature as we lrave observed it. No known measurement can
be said to disagree significantly and conclusively with its predictioﬁs. The short-
comings of the Standard Model lie not in its inaccuracy but in its phenomenological
nature. The Model describes and to some extent explains nature, but the explana-
tion is incomplete. Why are there quark and lepton generations? Why are neutrinos
apparently massless? These are just two of the many questions the Standard Model

leaves unanswered.

There have been various attempts to answer the generation question in the con-
text of Grand Unified Theories but none has been satisfactory.! The very small mass
of neutrinos has also been addressed,? but again with no convincing success. This

gives the experimentalist hope that the unexpected is not necessarily the impossible.

This paper describes a search in electron-positron annihilation data for the decay
products of something unexpected, a heavy charged lepton with an associated stable
neutrino of nearly the same mass. . Such leptons, where the difference between the
charged and neutral lepton masses is relatively small, have been dubbed “close-mass”
by Martin Perl, who pointed out a few years ago that their existence had not yet
been excluded by measurement.® Previous searches in proton-antiproton collisions

have excluded charged leptons with assumed massless neutrino partners for masses
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up to = 41 GeV,**5 although such results must be regarded with some reservation
because of uncertainties in extracting a heavy lepton from large, poorly understood
backgrounds in pp data. Searches conducted in ete™ data have more conclusively
excluded charged leptons with masses up to 28 Gev,®~® with charged-neutral mass
differences as low as 6 GeV. In addition, other recent searches in electron-positron data
have excluded charged lepton masses up to ~ 14 GeV for mass differences down to =
0.3-1.0 Gev.%1? In probing very small mass differences, however, these searches have
been hampered by the low energies of the detectable lepton decay products(e, =, etc.).
These low energies hurt in two ways. The first is that backgrounds from two-photon
processes become enormous at lower energies, and at the same time, identification of
electrons from calorimetry information and identification of muons from their range
in dense matter become unreliable. Poor electron and muon identification prevent
applying the most powerful heavy lepton discriminant just when it becomes most

necessary.

This search uses a new discriminant to extract the signal for heavy lepton pro-
duction from the overwhelming two-photon background. The novel requirement is the
presence of an isolated, energetic photon as an indication of electromagnetic radiation
from the initial state electron or positron(for heavy leptons, final state radiation is less
important). Demanding an isolatéd photon be produced at large angles with respect
to the eTe™ beams suppresses the two-photon background much more than it does
the heavy lepton signal. The aim of this thesis is to determine whether that suppres-
sion of conventional backgrounds is sufficient to allow detection of a new close-mass

lepton generation.

* In this work, a system of units is used in which the speed of light ¢ and Planck’s
constant & are defined to be unity. All masses, momenta, and energies are ex-
pressed in the same energy units of electron-volts(eV, MeV, GeV, etc.)
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1.1 The Standard Model

The Standard Model is a phenomenological description of elementary particles
observed in nature and of the forces that govern their interactions. There are three
distinct kinds of particles that are currently considered “elementary”: quarks, which
make up hadrons, including both baryons such as the proton and neutron, and mesons
such as the pion and kaon; leptons, of which the electron is the most familiar member;

and gauge bosons, which mediate the various interactions.

LT

There are generally believed to be six kinds of quarks: up, down, strange, charge,
bottom, and top. None of these particles has been detected directly, and no particle
Myet discovered is believed to contain the top quark, but the indirect evidence, such as
‘deep inelastic electron and neutrino scattering, the energy dependence of the ete™
annihilation cross section, the dramatic resonant particles such as the ¢, the ¥ and
the T, including their excited states all support our confidence in the validity of the
quark model. The fact that quarks have not been directly seen is attributed to the
overwhelming strong force acting between them. If we try to tear a quark from its
containing hadron in an accelerator experiment, this force “neutralizes” the quark by
the creation of a new quark-antiquark pair, one of which binds to the exiting quark.
Thus the strong force frustrates our efforts to isolate solitary quarks. The details of
this process are not well understand theoretically, but can be explained qualitatively

in phenomenological models.!!

Quarks are normally grouped in pairs, called weak doublets:

u c t

d s b
The strong force acts between pairs of quarks through the exchange of gluons.
Like quarks, gluons have not been detected directly, but the success of perturbative

models of quantum chromodynamics in describing the observed energy dependence

of hadron structure functions and, more dramatically, the prediction and subsequent
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discovery of three-jet events in e*e™ annihilation, indicate that gluons do exist and

play a critical role in binding quarks.

Leptons do not feel a strong force, but do respond to electromagnetic and weak

forces, as the quarks do. Leptons also come in weak doublets:

(G0

As with quarks, the characteristic that determines the pairing is association
with the weak-force-mediating W boson. In the case of leptons, the grouping seems
absolute, that is, a muon can turn into a muon neutrino with the emission of a virtual
W particle (see fig. 1.1), but it will not turn into an electron neutrino the same way.
This property is called lepton flavor conservation. In this search, flavor conservation
is assumed to hold for the sought heavy lepton to the extent that possible mixing
between the new neutrino and known neutrinos is neglected in calculating decay
rates and to the extent that the heavy neutrino does not itself decay within the

detector(7,, > 100 ns).

Vi

I3

> | W

Figure 1.1. Feynman diagram describing the lepton flavor conserv-
ing process = — v, W™. The muon decays into a muon neutrino
and a virtual W boson(which itself will further decay). As far as is
known today, the muon couples in this way to only its own distinct
neutrino, not, for example, to an electron neutrino.

Quark flavor is nearly but not quite conserved. Mixing between quark generations
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occurs, allowing for example ¢ — uW™, along with the expected dominant mode,
¢ — sW*. Such mixing is suppressed, and this suppression is described by the
mixing angles defined in the Kobayashi-Maskawa matrix,'? angles which are all quite

small.

1.2 Extending the Standard Model

It is not known whether further generations of quarks or leptons exist. Despite
widespread confidence in its existence, even the top quark remains to be discovered.
Searches for the lighter member of a fourth generation quark doublet, called b’, have

“also met with no success. -

No direct evidence exists yet for a fourth generation charged lepton. In addi-
tion to the conventional approaches using electron and muon identification to search
for heavy-lepton decay products, there have beén searches made for stable charged
leptons,®~® which have excluded masses up to 28 GeV. In addition, there have been
searches, analogous to this one, that have looked for a single detected photon in ete~
collisions as a signal for radiative production of neutrino-antineutrino pairs through
ete™ annihilation into a virtual Z particle. These searches'®~1¢ place an upper limit
in the range of 5-7 on the number of conventional massless neutrinos which couple
to the weak Z° boson, and therefore on the number of conventional standard model
lepton generations. Cosmology arguments based on the measured current abundance
of helium in the universe place an upper limit on the number of neutrinos in the
range of 4-6, depending on various assumptions.!”>® Similar arguments, based on the
measured total energy density of the universe exclude stable neutrino masses in the

approximate range 65 eV to 4 GeV.~19-—22

As mentioned before, the standard model provides no explanation for the appar-
ent masslessness of neutrinos or for the number of observed generations. A priori,
one cannot rule out the possibility of a fourth lepton doublet or the possibility that

the neutral member of that doublet is heavy.
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Modest theoretical encouragement comes from a model proposed by Raby and
West,2® which postulates a heavy stable neutrino of mass in the approximate range
4~10 Gev with a charged lepton partner that is slightly heavier (by < 1-2 Gev) than
the neutrino. The model attempts to explain the solar neutrino puzzle, i.e., the
surprisingly low flux of neutrinos reaching the earth from nuclear reactions occurring
in the core of the sun.?4:2% Stable heavy neutrines, in this scheme, would lower the
temperature of the sun’s core by carrying heat energy to larger radii, thus reducing
the temperature-sensitive rate“of neutrino-producing reactions.

This model could also explain the dark matter problem, the apparent invisibility

26 since a relatively low abundance of heavy

of rgﬁghly 90% of the universe’s mass,
neutrinos would provide a substantial mass density. Essential to the Raby and West.
argument is the requirement that the heavy neutrino possess an anomalous magnetic
moment, arising from higher order loop processes (sée fig. 1.2), involving both the
slightly heavier charged lepton and a postulated charged Higgs boson of comparable
mass. The magnetic moment is necessary to ensure that the stable neutrino interact
significantly with the plasma at the sun’s core. The necessary additional assumption

of a heavy charged Higgs particle weakens considerably the appeal of this model,

despite its claimed resolution of two major outstanding puzzles in astrophysics.

Given our ignorance, however, experimentalists cannot afford complacency as to
what is or is not reasonable to expect. With these motivations, let us now consider

various approaches to detecting the existence of a fourth generation lepton doublet.

1.3 Searching for the Fourth Generation

1.3.1 Traditional approaches

Traditionally, the most powerful approach in searching for a new heavy lepton

doublet in ete™ annihilation has been the requirement of one electron and one muon

(see fig. 1.3), with no other detected particles in a single eTe™ annihilation “event.”
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Figure 1.2. Feynman diagram describing a process that imparts an
anomalous magnetic moment to the heavy neutrino proposed by
Raby and West. If the charged lepton and charged Higgs particle
are both slightly heavier than the neutrino, this diagram leads to
a large magnetic moment.
Since two neutrinos and two antineutrinos leave undetected, there is usually sub-
stantial missing energy in these events. This electron-muon tag led to the original

discovery of the tau lepton,” at /s in the range 4-7 Gev and remains a powerful
y g p

discriminant in many higher energy searches for heavy leptons.

VL
Figure 1.3. Feynman diagram describing the process that is the

clearest signal for heavy lepton production. Only the electron and
muon are detected.



8 Introduction

The electron-muon tag (and other techniques reliant upon electron or muon iden-
tification) become less effective, however, as the neutral lepton mass becomes nearly
equal to that of the charged partner. As the neutrino’s mass increases, the parti-
cle carries away more and more of the available energy, leaving less available to any
detectable decay products. In e*e™ annihilation events this leads to two problems

touched on earlier.

The first problem is that the background from two-photon processes increases
rapidly with lower visible energy. Figure 1.4 shows the total detected charged and
neutral energy from a small sample of Mark II data containing only events with two
well measured charged particles. The broad peak centered just below the total center
of mass energy comes mainly from Bhabha scattering events. Although the Bhabha.
cross section is normally considered relatively large, much larger than the cross section
for any annihilation process, it is dwarfed by the cross section from two-photon events,
occurring at lower detected energies. The peak near zero visible energy would appear
even higher than shown in fig. 1.4, if not for poor detection efficiency at the lowest

energies.

To understand why the two-photon cross section is so large, it is instructive to
consider such processes in general. Figure 1.5 shows the Feynman diagram for a
generic two-photon process, leading to the production of some system X of detected
particles, which can consist of hadrons or leptons. The dominant part of the cross
section comes from the case where both the incoming electron and positron slightly
scatter, each emitting virtual photons of invariant mass squared near zero. The two

nearly-real photons coalesce to form the system X.

The matrix element for this process contains a propagator term for each virtual

photon, given for the electron’s emitted photon by:

1 1 1

7 (pe — )2  2(EE. — P.P! cosf + m2)

where 6 is the angle between the incoming and outgoing electron directions, and m,
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Figure 1.4. Distribution in total measured energy for a small sam-
ple of partially filtered events with two detected charged particles.
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Figure 1.5. Feynman diagram describing generic two-photon pro-
duction of particles X. For many calculations, the two virtual pho-

tons can be considered real, that is, to have zero invariant mass.
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is the electron mass. p. and p. are the 4-momenta of the incoming and outgoing
electrons, respectively, while Ee, Ef, Pe, and P, are their energies and momentum
magnitudes. For relativistic electron energies (E. = P.,E. ~ P.) and for small
scattering angles (cos§ ~ 1), the propagator can become as large as

1 1

— =~ O(—=).

2 2
q mg

o

Mathematically, it is the largeness of this term that leads to enormous cross sections

for two-photon processes.

The second problem with traditional heavy lepton searches at low charged-
neutral mass differences is the dependence on electron or muon identification. If.
identifying electrons relies upon their characteristically large energy deposition in a
calorimeter, as is the case for the Mark II detector ‘used in this search, the ability
to distinguish electrons from hadrons (primarily pions) is seriously hampered at low
energies. For electron energies below ~ 1 GeV, fluctuations in measured electro-
magnetic shower energy due to the coarseness of the calorimeter and fluctuations in
the amount of ionization induced by the passage of real hadrons lead to substantial
contamination of electron candidate samples by hadrons. Identifying muons can be-
come even more difficult because lower energy muons cannot travel through enough
hadronic interaction lengths of matter to allow distinguishing them from hadrons.
For example, in the Mark II detector, the lowest energy allowed a muon candidate is

~ 600 MeV, and at that energy, hadron contamination can be considerable.?®

Other common techniques for detecting heavy leptons are requirements of large
missing energy or large missing momentum transverse to the beam, due to the es-
cape of two or more neutrinos. Unfortunately, for very low charged-neutral mass
differences, large missing energy is a characteristic of the dominant background, too,
namely two-photon processes where the high energy electron and positron escape the

detector at low angles. Requiring missing transverse momentum does significantly
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reduce the two-photon background, but the consequent reduction in signal is un-

acceptable when expected heavy lepton decay product momenta are less than ~ 1

GeV.

1.3.2 Results of previous searches

Selected results from previous searches for sequential heavy leptons are shown
in fig. 1.6. The region lying to the left and above the dashed line is by definition
forbidden. The region below the bottom contour (a) is where a charged lepton would
live so long that it would travel on average at least one meter before decaying in
“ete~ experiments at TRISTAN (v/s =56 GeV). In those expefimepts, one would
expect such a long-lived lepton to have been seen directly.5=8 The region bounded by
contour b is excluded with 90% confidence by the UA1 experiment at the CERN SppS
collider*, but, as noted before, this limit is somewhat model-dependent. The contours
labelled c and d define regions excluded with 95% confidence by the AMY and VENUS
experiments at TRISTAN from searches for isolated leptons in coincidence with two
jets. Contour e is an estimate® of the region excluded by PETRA heavy lepton
doublet searches that assumed the neutral lepton was massless. Contour f defines
approximately the region excluded by the JADE experiment at PETRA in a search for
supersymmetric charginos decaying into heavy photinos,?? a process that would mimic
close-mass lepton decay. The regions bounded by contours g and h are excluded* by
the Mark II and TPC experiments at PEP,%1° using electron and muon identification
techniques. Note that both of these PEP searches and the one described in this work
cannot explore the region to the right of the vertical dotted line marking the beam

energy of 14.5 GeV. The goal of this work is to explore the remaining unexcluded

* The region excluded by Mark II is where the probability that the estimated back-
ground accounts for the measured data is nine times greater than the probability
that the estimated background in addition to a heavy lepton signal accounts for
the data. Gaussian error distributions are assumed. The area excluded by TPC
corresponds to 99% confidence level.
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Figure 1.6. The contours bound regions of charged and neutral
lepton mass combinations that have been excluded by previous
experiments. -

region to the left of this line, concentrating upon reaching the lowest accessible mass

differences.

1.3.3 Radiative tagging

This search uses a new technique to separate the signal for heavy lepton produc-
tion from the conventional backgrounds when the charged-neutral mass difference is
small. The idea is to require detection of an isolated, energetic photon in association
with the low energy decay products of the heavy leptons (see fig. 1.7). Although this
requirement that radiation be produced during lepton production suppresses the sig-
nal by a large factor, it suppresses the dominant background, that from two-photon

processes, by a much larger factor.

To understand why this is true, consider fig. 1.8, where a real photon is emitted
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Tagging
Photon

€ Lepton
Decay
N Products
e |

Figure 1.7.. Feynman diagram describing radiative production of
charged leptons, which decay into various lighter particles.

from the incoming electron. Calculation of the propagator of the virtual photon now

gives:
1 1
q (Pe — Pt — py)? (Pe — Pe)® — 2(pe — P&) " Py

Under the same conditions as before, in which ¢? is minimized, this becomes

1
2

—)
EZ(1 — cosf.)

X

1
s 7

where 6., is the angle between the detected photon and the beam. For photons of
energy > 1GeV detected in the Mark II central calorimeter(cos 8, < 0.7), the ratio
of the virtual photon propagators in radiative vs non-radiative two photon processes
is ~ 107%. Since the ratio of the radiative to the non-radiative cross sections will
depend on the square of this propag;xtor ratio, it is clear that one can hope for a huge

suppression of the two-photon backgrounds with a radiative tag.

A number of caveats should be mentioned at this point. One is that there are

other processes of the same order in « g, as the two photon background considered

here. For example, fig. 1.9 shows diagrams necessary to describe to lowest order the



14 Introduction

Figure 1.8. Feynman diagram describing two-photon process ac-

companied by initial state radiation.
process eTe~™ — ete~uTp~. Normally, the first diagram completely dominates when
both the electron and positron escape at low angles, but the addition of radiation to
the diagrams, suppresses the first process so much that the others become relatively
important. These additional diagrams provide a measurable background, but one
that can be easily suppressed by requiring the detected photon be isolated from any
charged tracks in the event. Requiriné a large missing transverse momentum of the

event, taking into account the tagging photon, further suppresses this background.

Another caveat to keep in mind is that photons occur in the decays of neutral
‘pions(n® — 4v). This means that two-photon backgrounds involving direct produc-
tion of neutral pions or indirection production through charged rho particles, can lead
to energetic, isolated photons in the central detector. Again, however, these back-
grounds can be largely suppressed by reqﬁiring the missing transverse momentum be
substantial.

In addition, there is the problem of radiative tau pair production as a background.

Unfortunately, for very heavy leptons, the requirement of radiative production reduces

the signal/background ratio with respect to tau pair production because the available
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Figure 1.9. Feynman diagrams describing various processes leading
to production of an electron and muon pair. There are 7 additional
diagrams that are permutations of these 5. Normally, the first of
these five and its permutation dominate in the cross section, but
adding detectable radiation suppresses the first diagram’s contri-
bution enormously. The numbers in parentheses indicate the total
number of permutations of each type of diagram.

phase space for production of the leptons rapidly becomes small as the photon energy
increases. When an electron or positron emits a photon, it collides with its antiparticle
in a reference frame with energy reduced from the original 29 GeV. As that center-of-
mass energy is reduced to a value near twice the lepton mass energy, the production
of a lepton-antilepton pair is suppressed by a factor

BB — 8%

2

where (3 is the velocity(in units of ¢) of the outgoing lepton in the c.m. frame. For

a given photon energy, this factor can be much smaller for a heavy lepton than for a
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tau particle. In fact, as will be discussed in chapter 3, kinematics forbid production
of high energy photons in association with very heavy leptons. Consequently, very

heavy leptons (My, > 10 GeV) will be difficult to extract from the tau background.

One final caveat, which will be discussed in more detail in the next chapter, is
that for very low charged-neutral lepton mass differences, the available phase space
for the charged lepton’s decay becomes quite small. If this leads to a total decay width
small enough that the lepton lives long enough to travel a significant distance in the
detector before decaying, then charged parficle detection, in pafticular, triggering
of the detector readout, becomes difficult. Ultimately, this lifetime consideration,
more than any other, limits one’s ability to search for very low mass difference lepton
doublets with the Mark II detector. As will be discussed in the final chapter, this.
limitation due to the Mark II trigger need not apply to future experiments or even

to other existing data sets taken at the PEP or PETRA storage rings.

1.4 Outline of Thesis

Chapter 2 discusses the important properties of heavy lepton production and
decay, derived largely from studies of events generated by the LULEPT Monte Carlo
program, which is described in detail in Appendix A. Chapter 3 considers details of
radiative production of fermion-antifermion pairs, including the importance of final
~ state radiation in the signal and in radiative tau pair production. Chapter 4 describes
briefly the PEP storage ring and, in some detail, the Mark II detector, with emphasis
on those elements important to this search. Chapter 5 describes the experimental
analysis, presents results from the heavy lepton search, and discusses the prospects

for improving the sensitivity of future lepton searches.



Chapter 2

Close-Mass Lepton Properties

-

This chapter describes briefly our current understanding of weak interactions
.and how that understanding allows one to calculate with confidence the properties
of a fourth generation close-mass doublet. In particular, the expected decay modes
of the charged lepton are discussed, including the total decay rates. In the case of
very small mass differences, the total decay rate can become small enough that the

charged lepton’s finite lifetime makes detection of its decay products quite difficult.

2.1 Weak Interactions

The study of weak interactions began with the discovery of nuclear 8 decay just
before the turn of the century.3? The first peculiarity noticed about the interaction
was that it appeared to violate both momentum and energy conservation. For ex-
ample, when a neutron decays into a proton by emission of an electron, the total
energy of the proton and the electron does not match what one would expect from
kinematics. Wolfgang Pauli suggested that in nuclear § decay another particle was
being emitted that somehow escaped detection.®! Enrico Fermi followed up on this
idea, proposing not only a new particle, which he called the neutrino, but also out-
lining a theory of 8 decay that was remarkably prescient.?? This theory is somewhat
contrived, however, lacking the simplicity of the later, immensely successful theory of

quantum electrodynamics.

The first failing of the Fermi model is its postulate of so-called “four-fermion”
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interactions, in which four elementary particles interact at a point. One example is

shown in fig. 2.1, where an incoming neutrino scatters elastically from an electron.

The cross section for this interaction can be calculated from the Fermi theory:3°

Uzg}iEZ
T v

where E, is the neutrino energy in the center-of-mass frame and Gp is the Fermi
coupling constant, which has dimension of inverse mass squared. Unfortunately, as the
neutrino energy increases, this cross section becomes so large as to become unphysical.
Such large cross sections are not a problem at lower energies because of the low value
of Gr (= 1.17 X 10‘5G¢V—2). This suggests that the four-fermion interaction of
fig. 2.1 is really two three-fermion interactions, linked by a massive intermediary
particle W, as shown in fig. 2.2. The factor of G%/2 is then replaced by g* times the
square of the propagator term for the intermediate W, where g, analogous to electric
charge, is a dimensionless coupling constant describing the interaction strength at
each three-fermion vertex. The propagator term is then (neglecting the momentum

transfer relative to the W mass) 1/M%,. If one makes the identification

Gr _ 8
V2 My

and assumes that g is of the same order as the electromagnetic coupling e, then one

deduces a W mass of about 100 GeV.

That there might exist such a heavy intermediary particle was suspected for many
years, but accelerators did not possess the necessary energies to explore the possibility
directly. Various experiments established that charged current interactions, such as
that in fig. 2.2, where the intermediary particle possesses electric charge, are domi-
nated by vector dynamics. In other words, if such an intermediary particle existed,
it must have a spin of 1. With the suggestion and subsequent discovery of parity

33,34

violation in weak interactions, numerous experiments established that, in fact,
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Figure 2.1. Feynman diagram for four-fermion weak interaction,
where the presence of an intermediary particle is parameterized
away with the Fermi coupling constant Gp.

Figure 2.2. Modern Feynman diagram for weak interaction, where
the presence of the intermediary particle is indicated explicitly.

both vector and axial vector amplitudes are involved in roughly equal proportions.

For processes involving only leptons, it was suggested®® that one could draw a strong
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analogy between electrodynamics and weak interactions by making the substitution:

fd)’w“zp — —gi—¢*(1—v5)v“¢
q2 qZ__M%IV

where 1 and ¢! describe the wave functions of the fermions interacting with the W,
and v#, 4% are the usual Dirac matrices.?® A slightly more complicated substitution

describes hadronic weak interactions with some accuracy.

[

Numerically, this technique works fairly‘Well, giving experiméntally verified pre-
dictions, but the strict analogy with electrodynamics is ultimately unsatisfactory.
The problem is that the theory of quantum electrodynamics can be renormalized
only because the photon is massless. Renormalization means that when one calcu--
lates higher order terms of a perturbation expansion in powers of the dimensionless
coupling constant, that one obtains sensible results, that is, finite answers. With a
massive intermediate boson, these higher order terms diverge. One can make lowest
order predictions for various cross sections or decay rates with reasonable accuracy,

but when one attempts to calculate higher order corrections, one gets nonsense.

The solution to this dilemma turns out, it is believed now, to reside in a phe-
nomenon called spontaneous symmetry breaking.3":*® One hypothesizes that in some
sense the “true” mass of the W particle is indeed zero, allowing the theory to be
renormalized, and thereby allowing sensible higher order calculations. But one also
postulates a new particle field, called the Higgs, which through its interactions with
other particles, imparts mass to them. Although in many ways also quite contrived,
this theory provides a direct unification of the electromagnetic and weak interactions
and has as yet no known internal inconsistencies. In addition, the theory predicts
that the charged W particle has a neutral partner of slightly greater mass, called the
Z vector boson, which is responsible for neutral weak interactions. The existence of
these W and Z bosons was beautifully confirmed in 1983 in collisions between protons

and anti-protons at center-of-mass energies of 540-550 GeV.39:40
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In summary, although the history of our understanding of weak interactions is
replete with confusion and theoretical contrivances, there have also been many re-
markably insightful guesses that have led finally to a theory that is sufficiently accu-
rate and, with the notable exception of the Higgs mechanism, satisfyingly simple. It
is the success of the unified electroweak theory that gives one confidence in predicting

the properties and interactions of an unseen-close-mass lépton doublet.

2.2 Calculation of Heavy Charged Lepton Decay Widths

Explicit formulas for differential and integrated partial widths of the decay modes
“discussed in this section can be found-in the appendix. Given here is an overview of

those calculations, in particular, the various assumptions that have been made.

When the heavy charged lepton decays into its neutrino partner and other parti-
cles, the actual production of the other particles is through a virtual charged W boson,
as shown in fig. 2.3. How the W particle materializes into the detected particles varies

considerably, depending upon the nature of the decay products.

vy,

- 7 Decay
w ~>__ Products

Figure 2.3. Feynman diagram for general decay of a charged lepton
into its neutrino partner and a virtual W boson, which materializes
as conventional leptons or hadrons.

In the simplest case, the W materializes as another, lower-mass, lepton doublet,
for example, W — ev,. In this case, the electroweak theory predicts an unambiguous

rate, based on measured values of the electroweak coupling constants. The validity
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of the calculations is confirmed by the measured values of the partial decay widths
for p — v,eve, T — vr€V,, and T — v v, although the exact agreement for the tau
decays is still somewhat controversial, depending upon measured values of the tau

lifetime.4!

For this analysis, it has been assumed that the coupling of the W to the close-
mass lepton doublet is the same as for known lépton doublefs, that is, V-A. Note,
however, that since the heavy neutrino partner has a non-zero mass, its helicity is
not invariant. Unlike that of a massless neutrino, its direction of spin depends upon
one’s reference frame. Thus the conventional designation of neutrinos as strictly “left-
han&ed” is not appropriate here. Note also that the operator 1—+°, used in the decay
calcﬁlations, does permit appreciable coubiings to “right-handed” fermions when the

fermion mass is substantial, relative to the energy scale of the interaction.

When the W materializes as hadrons, the situation becomes more complicated.
From the viewpoint of fundamental particles, the W materializes as a quark-antiquark
doublet, for example, as a down and an anti-up quark pair. Then one imagines the
quark and anti-quark joining to form a single hadron, such as a charged pion, or in
another extreme, flying apart and forming through “hadronization” many pions or
other hadrons. As mentioned in the first chapter, this process of hadronization is
not well-understood, but has been described with some success by phenomenological

models.

One expects from the theory of quantum chromodynamics that simulation of
hadronization is more reliable when the relative momentum of the quark and anti-
quark is large, so that non-perturbative effects are less dominant. At lower momenta,
one cannot expect hadronization modelling to give accurate results. Instead, it is

preferable to relate the heavy lepton decays to other, directly measured processes.

As a simple example, the materialization of a charged W into a single charged

pion, however many intermediate quarks and gluons are involved, can be related to
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the inverse process of a charged pion transforming into a W in the observed reaction
7~ — W™ — p~V,. Another example is use of the conserved vector current theorem,
which relates the cross section for e e” — X to the production of X through a W,
where X has spin 1. This theorem proves particularly useful in calculating heavy
lepton decays to rho particles. More detail on these two examples is given in the

appendix.

For this analysis, several exclusive hadronic modes are explicitly simulated with
such techniques. The validity of these various calculations has been checked by ap-
plying them to known tau decay modes and comparing predicted values with those
“observed experimentally. In general, agreement is very good, gix}ing one confidence
in extrapolating the techniques to higher masses. For large mass differences, above
1 GeV, the hadronization schemes of the LUND Monte Carlo program?*? are used to
simulate remaining hadronic decay modes not élready explicitly simulated. Again,
observed tau particle decay modes allow a cross check, and in this instance, provide

normalization of otherwise arbitrary decay rates.

An additional consideration in simulating heavy lepton decays is spin-spin cor-
relation. The V-A coupling of fermions to the intermediate W particle leads to a
correlation between the momentum directions of the decay products in the heavy lep-
ton’s rest frame and the direction of the heavy lepton’s spin. This angular correlation
in the heavy lepton frame then produces a correlation between the lab frame decay
product energies and the angle between the lepton’s spin and its momentum in the lab
frame. Since the spin direction is as likely to be parallel as anti-parallel to the lepton
momentum, the energy distributions for events where the lepton’s spin is unknown
are unaffected by the correlation. l:;ut the spins of the heavy lepton and anti-lepton
are also correlated, which ifnplies there remains a correlation between decay product
energies for the heavy lepton and anti-lepton. This correlation is properly simulated,

as described in the appendix, but for this analysis, its effect is hardly measurable.

Figure 2.4, taken from the appendix, shows the branching ratios for various
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decay modes simulated by the Monte Carlo, plotted vs the lepton mass difference for
a charged lepton mass of 10 GeV. These branching ratios are relatively insensitive to
the charged lepton mass, but extremely sensitive to the mass splitting, as indicated

by the rapid variations in the figure.
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Figure 2.4. Plotted are calculated branching ratios for various
heavy lepton decay modes vs the charged-neutral mass difference.
The charged lepton mass is fixed at 10 GeV.

These rapid variations dictate to some degree the optimal search strategy for
exploring different regions of mass difference. At the very lowest differences, below
the charged pion threshhold, the decay mode to an electron completely dominates.
As mentioned in the first chapter, the decay rate in this region is so low that searches
for heavy stable charged particles have already excluded this possibility up ‘to very

large charged lepton masses.

Just above the charged pion threshhold, however, the pion mode rapidly over-
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takes and swamps the electron and muon modes. In this region, electron and muon
identification are not especially helpful in extracting a heavy lepton signal. For higher
mass differences, the leptonic modes gradually become more important and stabilize
at about 30%. For mass differences above several hundred MeV, the rho decay mode
becomes important, and for higher differences, the a; mode begins to come in. Ulti-

mately, hadronic jets come to dominate the-decay modes.

Since the primary aim of this analysis is to explore very low mass differences,
the pion decay mode is the most relevant. That this limits the usefulness of electron
and muon identification is moot, since the associated low energies of these decay
" products preclude such identification with the Mark II detector jaunyvyay. As will be
'described in the final chapter, events are selected that contain two low-energy charged
particles, in addition to the tagging photon. No selection cuts are based on electron or
muon identification criteria, although the final candidates from the data are checked
statistically for consistency with the number of electron candidates expected from

background.

2.8 Lifetime Considerations

For very low mass differences, the lifetime of the charged lepton becomes sub-
stantial, which means the lepton can travel a large distance in the detector before
decaying. This can lead to decay product trajectories that do not extrapolate back to
the beam collision point. As will be discussed in chapter 4, large impact parameters
can degrade detector trigger efficiency significantly. To avoid uncertainties in charged
track trigger Monte Carlo simulation, no such simulation is performed in this analysis.
Instead, efficiency corrections for unsimulated effects are applied, based upon direct

measurements from the data.

Specifically, the dependence of the trigger efficiency upon the particle’s impact

parameter is studied with K? decays in two-photon events. Unfortunately, the number

of such decays producing a charged pion with an impact parameter greater than 5 cm



26 Close-Mass Lepton Properties

is statistically inadequate. Therefore, to be conservative, a requirement is imposed
in this analysis that both detected charged particles have an impact parameter less
than 5 cm, since the trigger efficiency for larger-impact-parameter particles cannot

be measured directly with confidence.

To see how this affects overall detection efficiency, one can look first at the average
distance the charged lepton travels before decaying, as shown in fig. 2.5. This average
distance is plotted vs the mass difference for various values of the charged lepton mass,
where the charged lepton is assigned the full beam energy of 14.5 GeV. The sudden
drop that occurs around 140 MeV for each curve corresponds to the opening up of
the charged pion decay mode, which sharply increases the decay rate, thus shortening
the lifetime. For a particular mass difference, lighter charged leptons travel a longer.

distance before decaying because of their larger Lorentz time dilation factor.

In general, the impact parameter of the decay products will scale with the dis-
tance d from the beam collision point to the decay point. As shown in fig. 2.6. the
impact parameter is Ip = d sin§, where 8 is the angle between the decay product’s
momentum and the original heavy lepton’s momentum. There is a correlation, how-
ever, between the charged lepton mass and the distribution in 8, because the greater
Lorentz boosts associated with lighter charged leptons tend to yield decay products
with small 8, that is nearly parallel to the boost axis. This effect is shown in fig. 2.7,
where the root-mean-square of sin 6 is plotted vs the mass difference for the same
values of .charged lepton mass shown in fig. 2.5. Only the distribution for the simple
two-body pion decay mode is shown, since it dominates in the region where impact
parameters are large. Comparing figures 2.5 and 2.7, one might guess that the impact
parameter does not depend strongly upon the charged lepton mass. A reasonable hy-
pothesis is that the boost factor that makes light leptons travel farther is cancelled
by the factor that makes sind small for their decay products. This approximation
is, in fact, a fairly good one, although it breaks down badly for Very heavy leptons

where the impact parameter must approach zero, regardless of mass difference, as the
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Figure 2.5. Plotted is the average distance travelled by the heavy
charged lepton before decaying vs the mass difference between the
charged and neutral partners. Curves are shown for charged lepton
mass values of 1, 5, 10, and 14 Gev.

distance the lepton travels before decay approaches zero.

Figure 2.8 shows the impact parameter, calculated from the product of the values
in figures 2.5 and 2.7, plotted vs the mass difference for the same values of charged
lepton mass. As expected, the impact parameter does not depend as strongly upon
the charged mass, but it does depend sensitively upon the mass difference. Also
shown is a horizontal line corresponding to the 5 cm cut imposed in this analysis.
(Strictly speaking, the cut is based on the impact parameter in the plane transverse
to the beam.) From the figure, it is clear that exploring the region of mass difference

below = 250 MeV is quite difficult.

These arguments concerning impact parameter are somewhat over-simplified in

that they do not include the effects of substantial initial state radiation, which reduces
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Figure 2.6. The impact parameter of the lepton decay product is
defined can be expressed in terms of the heavy lepton decay length
and the angle between the momentum directions of the heavy lep-
ton and its decay product. '
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Figure 2.7. Plotted vs mass difference is the root-mean-square of
sin @, where theta is the angle between the heavy charged lepton
and its decay product directions.
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Figure 2.8. Plotted vs mass difference is the average impact pa-
rameter of a decay product charged pion, defined as the average
heavy lepton decay length multiplied by the root-mean-square of

sin @ between the charged lepton and pion directions.
the energy and therefore the Lorentz boost available to the charged lepton. Again,
though, this makes little difference, since the effects of the boost on the final impact
parameter tend to cancel one another. The next chapter will discuss at much greater

length other, much more important consequences of requiring visible radiation.



Chapter 3

Radiative Production of Heavy Leptons

This chapter describes the considerations important in understanding radiative
production of heavy leptons in eTe™ annihilation. To a large extent, one can separate
or factorize the production of the photon from that of the heavy lepton pair. Details
concerning the latter process can be found in chapter 2 and Appendix A. Described
here are various techniques for calculating the production rate of two charged leptons

and a visible photon, including corrections for extra photons emitted but not detected.

Initially, only electrodynamic processes are considered. The first section gives
cross section formulas for producing heavy leptons without radiation. In the second
section are given the formulas for bremsstrahlung production of a single photon and
for both approximate and exact calculations of the radiative correction to lowest
order lepton production. The third section gives a prescription for applying the
approximate technique to calculating the radiative correction for the bremsstrahlung
process itself. The fourth section describes briefly the effects of weak forces, that is,
production of the charged leptons through a virtual Z boson. Finally, the last section
summarizes the cross section values, including corrections, that are used to normalize

the estimated predictions from Monte Carlo simulations.

3.1 Non-radiative Lepton Production

The lowest order differential cross section for producing two charged leptons of
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mass Mg, from ete™ annihilation through a virtual photon(see fig. 3.1) is given by:*

do(ete” S5 LTL7)  1a? ) o s
0 =1 ﬂ[lfcos 6 4+ (1 — B*)sin”f] (3.1)

where d{)y,- = d(cos §)dé, with 6 and ¢ the polar and azimuthal angles of the L:_, and
B is the final speed of the charged leptons. « is the fine structure constant(~ 1/137),
and s is the square of the center-of-mass energy. Integrating this expression over the

solid angle of L™, one ge% the total cross section:

oo(s) = o(e’e —» LYL™) = 4—713:: [M] ;B

3 . 1 - (%)2 (3.2)

where M, is the charged lepton mass, and Ep is the beam energy. In the limit of

small lepton mass, the total cross section approaches:
oo(s) — —— (3.3)

This last formula is the familiar “point cross section” for charged fermion-antifermion
production, and to a very good approximation, it describes lowest order production
of muon and tau pairs at PEP energy. The term in square brackets in eqn. 3.2 is

called the threshold factor. For small lepton masses, it is nearly unity, but for very

large lepton masses, it approaches zero as the available phase space diminishes.
3.2 Single Photon Lepton Production

3.2.1 Bremsstrahlung

If the process ee” — L*L~y is now considered, the cross section formulas

become significantly more complicated. All four Feynman diagrams in fig. 3.2 and

* Note that terms proportional to the electron mass squared are neglected, where
appropriate, in this and other formulas given here.
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e L
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e L*

Figure 3.1. Feynman diagram for lowest order production of charged
lepton pair through a virtual photon.

their .interferences must be treated. Reference 43 provides the formula:

da(e+e —LTL™y) = 4?23 [Ani + Aﬁn + Ajng) d7 (3.4)

where d7 is the Lorentz invariant differential phase space volume:

_ dq- &gy &k,
dr = F_ E+ E—y 6 (p—+p+'—q——q+—k)

and the initial state, final state and interference contributions are

Ay =2 th + 42 + M2 (E+ﬁ)2] (1 - -——mgxl)
e S1X1X2 L §1 §1X2
. (t1 + 11y)? m?2x (8:5)
S i )
- -5 S1X3
1 N 2
Maw = [P+t 4020 12 (142
8Y1Y2 8 Y2
A2 2 . M?
+ [0 + t] + M7 4] [1 - —gl‘- (1 + %)] (3.6)
1

03 4 ) — AME G - &)
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1

A' = = EX E o o
= sin 081 x1X2¥1y2 {( 2¥2 + tix1y1 — Gxay: — G1x1y2)

x (82 + €2 + 4% + 62 + M2 (5 4 3;)] (3.7)
+ MiX;[Xz [(§ — él)(f? + El d fl — ﬁl) - (Xl - Xz)(yl — yz)]}

where p—, p+, q9—, q+, and k are the 4-momenta of the e™, et, L=, LT, and #~,
respectively,and E_, E4, and E, are the final particle energies. The Lorentz invariant

quantities are defined by:*

723
il

P- D+ f=p_-q- i=p--qt

w>
<
il

. .
q- - q+ + Mg, t1 =py-aqt U1 =p4-q-.

Xy =p--k y1=q--k

Xz =p4+ -k Y2 =q4 -k

From the structure of eqn. 3.5 and eqn. 3.6, it is clear that initial state radiation
is most important when x; or x; is small, i.e., when the emitted photon is nearly
parallel to the incoming electron or positron. Similarly, final state radiation is most
important when y; or ys is small, indicating radiation nearly parallel to one of the
produced leptons. The relative strengths of the total initial and final state contribu-
tions are determined by the mass of the produced leptons. Final state radiation is
less important for heavier lepton masses. Classically, this can be understood from the
fact that a heavy charged particle suffers less radiation-inducing acceleration than a

light particle under the influence of the same electromagnetic forces.

Equation 3.4 can be integrated analytically over all solid angle and from some

low photon energy, E._; ., to the maximum kinematically allowed photon energy given

by:
By, = Bp [1 - (%B—)] (35)

* Reference 43 is missing the exponent on My, in the definition of §;.
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Figure 3.2. Feynman diagram for lowest order production of charged
lepton pair and single photon through a virtual photon

Defining ko = E,,/EB, £ = E,/EB, and kmax = E. e /EB, one gets*®

_ 1 4 48 1 u?
O'ini(KO .<.. K S ’cmax) - aOﬂlnl{ln ;; - § + In Nz + ,3(3 _ ,32) In (1 T ,8)2 (39)

1
Uﬁn(’io <k < Kmax) =09 {ﬂﬁn ln;c-
o

A (55) ()
"%—%‘n(liﬂ) Iﬂ(“ffé))}
83 A (<) + 2o -

+116(9_2ﬂ2+ﬂ4)l (1+ﬂ>]} (3.10)
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35
where
=1§—;‘— B,H,E%[lnmig—l]
() mE
and

L - .
Lig(x).—_f/; ln—(1———2’)dz

—z z

.

Taking the limit § — 1 (Mp/Ep — 0), these expressions become:

a'ml — O'Oﬂxm In 1 + -]lln —4—. — é
(Ko 2 p? 3 '
el (8)- 5 3)
with

e[

vmin = 150 MeV), and the lepton mass equal to the muon and
tau values, eqn. 3.11 yields

For o = 0.01(E

oini(p) = (.863)00(u) = 89.1 pb
ofin(t) = (179)oo(p) = 18.4 pb
oini(7) = (.588) oo(s) = 60.8 pb
o6n(7) = (077) o0 (p) = 8.0pb

From these numbers one can verify that initial state radiation dominates in the to-

tal radiative cross section and that final state radiation falls off more rapidly with

increasing lepton mass than does initial state.

It is instructive to consider separately the differential cross sections with respect
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to the photon energy for initial and final state radiation:*3

doini 2 1+ (1—x)? T
dk —00,3(3 - [32)@1" 4k(1 — &) v(x) [3 ()]

— o) [+ 241 - )}

ww=(1- 1)’

These quantities and their sum are plotted in fig. 3.3 for My, =my, My =m,, M =

where

8GeV, and My, = 12 GeV. Both differential cross sections fall off like 1/k at low
photon energies, but at very high energies the initial state contribution rises again
sharply for small lepton mass. This high energy peak arises mathematically from
the (1—«) factor in the denominator of the initial state contribution. Physically, it
corresponds to the emission of a very energetic photon, such that the electron and
positron collide at a much reduced center of mass energy (= v/s') where the lowest
order cross section for producing a lepton pair becomes quite large. This can be seen

from eqn. 3.2 where (ignoring the threshold factor)

1

ao[s'] = oofs(1 — &)] —s(l——/cj

The enhancement at large photon energies is not seen for heavy leptons because
the lowest allowed value of s’ is 4M?. P1_1t another way, the allowed photon energies
fall below the region where the enhancement can occur. One important consequence
of lower photon cutoff energies for higher lepton masses is a reduced total radiative
cross section. Unfortunately, the reduced cross section severely limits the sensitivity

of the close-mass lepton search for the heaviest masses, as will become clear in the

final chapter.
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Figure 3.3. Plotted are differential cross sections for initial state(dotted),
final state(dashed), and total(solid) radiative production of charged
lepton pairs. )

3.2.2 Radiative corrections

Radiative corrections to a general process account for higher order contributions
to the apparent cross section for that process, contributions arising from the emission
of one or more extra photons. The presence of these extra photons is unknown
because neither they nor their kinematic effect on detected particles is measurable.
General, approximate formulas for estimating radiative corrections due to such a
single photon emission from the initial electron or positron are presented. Then exact
analytic formulas are given for the radiative corrections to the particular process
ete” — L*+L~. In the next section, the approximate technique will be applied to
estimate the radiative correction to the process e — L*+L~~, where the detected

photon appears at large angles with respect to the electron-positron beams.

. e . _ + -
In calculating radiative corrections to an e*e™ process e e — X, one must con-
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sider the contribution from undetected initial state bremsstrahlung (fig. 3.4 a-b), in
which case the formulas given above should in principle apply. Notice, however, that
they predict a total cross section that diverges logarithmically as the minimum photon
energy approaches zero, a divergence which is unphysical. The divergence is cancelled
only if other contributions of the same order in a are considered. These extra con-
tributions come from the interference between the lowest order procesé and processes
involving emission and reabsgrption of a virtual photon, as shown in fig. 3.5 a-d.
A general, approximate formula is given in ref. 44 for the total radiative correction

arising from undetected initial state radiation, both real and virtual:

Tete=—X(s) =00(8) [1 + bapp]

+ Bini /:mx QE (1 —k+ %ﬁ) oo(s(1 — k)

4]

(3.13)

where

2a (13 s 2 14
app = Dini | — | 51 — -
Sapp = Aniln(ko) + (12 n<4mg>+ 6 9)

(a) (b)

Figure 3.4. Feynman diagrams for initial state bremsstrahlung pro-
duction of general system X.

The integral in eqn. 3.13 accounts for the cross section arising from “detectable”

photon energies. If one were unable to detect in any way whether an extra photon

had been emitted during the production of system X, then eqn. 3.13, including the
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(a) (b)

(c) (d) _

Figure 3.5. Feynman diagrams for virtual processes that contribute

to cross section for producing system X. Note that the vacuum po-

larization diagram(d) calculated by Bonneau and Martin includes

only an electron in the internal fermion loop.
integral, would give the total radiative correction arising from radiation from the ini-
tial electron and positron. In practice, however, one can often either detect the extra
photon directly or infer its presence from the detected particles X, using conserva-
tion of momentum and energy. Depending on what cuts are made to select events
representing X, the radiative correction may be small or large. The correction can

sometimes be estimated analytically for simple processes and simple selection criteria,

but in general, one must calculate corrections with a Monte Carlo program.

In the Monte Carlo approach, one generates events corresponding to the total
radiatively corrected cross section and then determines what fraction of those events
pass final selection criteria. The minimum photon energy is chosen to be a value
smaller than both the minimum detectable photon energy and the resolution on the
total detected energy. Notice, though, that if x¢ is small enough, then the term
1 4 bapp can become negative. In that extre‘me, one can either loosen the selection
cuts to allow a higher kg, which is clearly undesirable, or one can attempt to take

into account the emission of multiple photons. The most common approach in this
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situation uses exponentiation of the leading log terms in contributions from all orders
in o (see, for example, ref. 45) to account for the extra photons. In this search,
however, the missing energy resolution is poor enough(because of missing neutrinos)

that ko = 0.01 is quite satisfactory, ensuring a positive virtual contribution.

When the final state X is LTL~, it is possible to calculate analytlcally the total
radiative corrections arising from both initial and final state radiation, including
reabsorbed radiation. Figure 3.6 shows addl.tlonal virtual diagrams included in this
exact calculation that are not included in eqn. 3.13 (final state bremsstrahlung, as
in fig. 3.2 c-d are also included). Treated separately are vacuum polarization terms
arisi;g from both leptons and quarks in the internal fermion loop (see fig. 3.5 d).
For émission of a single photdn of energy E.Y < E.in, the radiatively corrected cross

section is*3

ot o141~ (7)(E7 < Brmin) = 00 [1 + &i(m2, ko) + 81(M3, ko) + bvp

6

2 (3.14)
+ g_—ﬂng (u )]

where

72
&(m2, ko) = Bini In(ko) + 2 [éln (—;%) -1+ ——]

4 6
2 2 3+ 262
52, ) = B n( 22 4 22{ 2128

2 s ()]

a p?
Fa(p?) = - v Rd

Y-—1

I

and éyp is the contribution from vacuum polarization of the virtual photon. For each

fermion this contribution is*®

2c0
vp(m) = —No QI f () ; =
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where (
5 __ x4 VMl-—x(24x) 1++/1—
=] FET n(42);  xs1
- % 3 + = (2+x) arctan ( r———x1_1> ;o x>1
and

1 for leptons
NC =

3 for quarks
and Q; is the electric charge of the fermion i. For s = (29 GeV)?, x; < 1 for all known
leptons and quarks so that

2 |1 4 S
st 52 (33) =

Note, however, that the exact expressions become relevant in the next section where
radiative corrections at significantly reduced c.m. energies must be calculated and
where the heavy lepton mass can be comparable to the beam energy. In addition,
there are vacuum polarization contributions from hadronic resonances with the same
quantum numbers as the virtual photon, such as the p°. Used in this search is a

prescription based on refs. 45, 46, and 47:

u,7,L s,c,b

bvp = Z §yp(13) + (1 + ) E Svp( llq)“l’Z‘SVP (had. res. i)

{=e q=u,d

where «s is the strong force coupling constant (= .15). For simplicity, the last sum-
mation is taken to be a constant(= 1%), which for these purposes is a good approxi-

mation.

Equation 3.9, eqn. 3.10, and eqn. 3.14 can be summed to give the total radiative

corrected cross section?®

atot(e+e— — LTL7 () = ao(e+e_ — LYL7)[1 + 6ini + 8sin + 6vp] (3.15)

6ini =Pini [—é +In <4ﬂ22> + B(3 i 6?) o ((1 -/:2@2)]

3 p
a3 4 72
+?[§IH(E> ”“?]

where
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Figure 3.6. Feynman diagrams for additional virtual processes in-

cluded in the exact calculation of radiative corrections to ete” o
LTL—.

2B () (1) Lot (142)

. 2p 2 . (1-8 . (1-p
_L”(1+ﬂ>+‘5_hz< 2 )+L12<1+ﬂ>}
39 — 1782 2 2
- 201+ 2(8) + 73 _lﬁf) —25(2’1ﬂ2)1n ((1 :f’) ) (3.17)
—T76% 4+ 24B3 + 1082 — 728 + 45 1n<4>

2

86(3 — #?) 7
7B 1082 445, (148
oo ()

These quantities are plotted in fig. 3.7 vs the charged lepton mass. Although final
state bremsstrahlung drops off with increasing lepton mass, the total final state cor-
rection, including virtual terms, grows at very high masses because there is a small
but non-zero cross section for producing the lepton pair in an s-wave state through
emission of a final state photon, a cross section that is not suppressed by the 8 factor

present in other contributions.
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Figure 3.7. Plotted are the initial state(dotted), final state(dot-
dashed), vacuum polarization(dashed), and total(solid) radiative

corrections to e e — L+L~ vs the charged lepton mass.

3.3 Double Photon Lepton Production

Equation 3.4 gives the lowest order differential cross section formula for producing
charged leptons and a single detected photon. This formula can be used in a Monte
Carlo program to calculate the total cross section for producing events that satisfy
particular selection criteria. But clearly there can be radiative corrections to the
bremsstrahlung process itself, that is, additional, undetected photons can be emitted.
Since no exact analytic formulas are currently availablé which include all relevant

diagrams, it is necessary to estimate the corrections with approximate techniques.

The approach taken here is that of Bonneau and Martin** described in the pre-
vious section. Only the initial state radiative corrections (see fig. 3.4 and fig. 3.5) and
full vacuum polarization corrections to the process ete™ — X (with X = L*L~~) are

estimated directly. A Monte Carlo program simulates e e  — L+L~(v)(y) events
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with the Bonneau and Martin approximation, using an iterative technique. At initial-
ization, a discrete lookup table of the integrated photon energy spectrum is generated
numerically from eqns. 3.13 and 3.15, excluding the final state contributions. The
lookup table is used to decide randomly for each event whether or not the first, unde-
tected photon is generated, and if so, what energy it is given. As an approximation,
the first photon direction is confined to lie along the electron or posifron direction.
The justification for this appl:i)ximation is twofold. First, the expected angular dis-
tribution is peaked strongly in those directions for reasons described in section 3.2.
Second, the assumptions necessary to justify the Bonneau and Martin factorization
of the radiative cross section break down for bremsstrahlung production when the
- first photon is emitted at large angles with respect to the beams. Generating the
first photon at large angles in this approach leads to a systematic overestimate of the

cross section for producing the second, detected photon at large angles.

Once the energy and direction of the first photon have been generated, then
the initial electron and positron(one of which has been perturbed by the photon
emission) collide in a new c.m. reference frame that is Lorentz boosted relative
to the laboratory frame. In that frame, a new decision must be made whether or
not to generate a second photon. The decision and any photon energy generated
is determined randomly according to equations 3.9, 3.14, and 3.15. Note that the
minimum photon energy must be recalculated in this frame to be the minimum value
that yields a value EVmi,; after boosting back to the laboratory frame. The polar
angle of the second photon with respect to to the beam axis in the boosted frame is

generated according to the distribution*3

1 — 2 201 _ 2 _
do o 20+(1-%)° m’(l-x)  m*(l-k) 2 (3.18)
dcos @ 1—2A2cos20 (1 —Acosf)2 (14 Acos)?

where A2 = 1—m? (= 1.0—-1.2 X 107%). The azimuth angle is generated uniformly.
Finally, the heavy leptons are generated in a new c.m. frame. In the new frame

their energies are determined uniquely. Their polar angle is generated according to
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eqn. 3.1 with respect to to the beam axis in that frame, and again the azimuth angle

is generated uniformly.

In general, to determine the radiatively corrected cross section with this tech-
nique, one generates events according to the total cross section and finds the fraction
that pass final selection criteria, where full simulation of lepton decay and daﬁghter
particle interactions with the detector is performed. For this analysis, however, the
primary heavy lepton Monte Carlo program(described in Appendix A) simulates only
initial state single photon emission. One can obtain a good estimate of the radiative
_corrections, however, by imposing relatively simple selection criteria on the detected
photon and the undecayed charged leptons, criteria designed to match those used
in the actual analysis described in the final chapter. By comparing the number of
passing events with and without simulation of the extra, undetected photon, one can
indirectly estimate the radiative corrections. The error on this estimate can itself be
estimated by varying the exact criteria used to define a passing event and measuring
the sensitivity of the radiative correction to those criteria. The results of this study

are presented in the final section of this chapter.

3.4 Weak Effects

Electrons and positrons can annihilate with each other not only through a virtual
photon, but also through a virtual Z boson, the mediator of the weak force. In lowest
order lepton pair production, one must in principle consider not only the diagram in
fig. 3.1, but also that in fig. 3.8 and the interference between the two. Exact formulas
are given in appendix A, including contributions arising from correlated spin effects
in the decays of the leptons. For now, it is useful to consider simplified formulas in

which spin effects are ignored. The generalization of eqn. 3.1 that takes into account
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lowest order weak effects is
+ - +7 - 1
do(e edQ——> LTL) =_9‘_B [(1 + cosf + (1 —ﬂ2) sin26)
L_.

N 1 s(s — M2)
8sin®Ow cos2fw (s — M3)2 + M2T2

X {(1 — 45in’0w)? (1 + cos?6 + (1 — B?) sin2¢9) + 2 B cos 0}

- 1 §2

T 5 sin*Ow costOw (s — MZ)2 + M2I%2

{(1 — 45in®0w + 8sin*Ow )% (1 + B2 cos?6)
—4(1 - 51 - 4sm29W + 8sin*Ow)(sin?Ow — 2sm40w)
- 2(1 — 4 5in%0w ) cos 0}]

where Mz and I'z are the mass and total decay width of the Z boson, and fw is
the weak mixing angle. Substituting the values Mz = 93 Gev, I‘z = 2.7GeV, and
sin®fw = 0.22, this becomes at PEP energy:

+ - -
do(e edQ-:_L‘*'L ) zlf_ﬂ{( 1+ cos?0 + (1 — §2)sin?6)
— (.0011)(1 + cos?8 + (1 — B*)sin?0) + (.16)B cos §
+ (.0016)(1 + B2 cos?6) — (.0015)(1 — 5?)
— .000174 cos 0}

Clearly, weak effects at PEP energy are negligible in the total cross section, which
depends only on the terms even in cosf. There is a measurable forward-backward
asymmetry arising from the terms proportional to cosf. The Monte Carlo program
used to simulate signal and tau pair backgrounds correctly simulates this asymmetry
and accounts for a minute change in the photon energy spectrum, arising from the

weak corrections to the total lowest order cross section at reduced c.m. energies.
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Figure 3.8. Feyriinan diagram of charged lepton production through
eTe™ annihilation into a virtual Z boson.

3.5 Monte Carlo Corrections

In this section are summarized the corrections that must be applied to results
obtained from the Monte Carlo program described in Appendix A for simulating ra-
diative heavy lepton production, including production of tau pairs. The program

simulates only initial state radiation and includes no radiative correction to the

bremsstrahlung process.

Since selection cuts that require the detected photon be emitted at large angles
with respect to the beam tend to enhance the otherwise small proportion of final state
radiation events, it is necessary to apply a correction to each Monte Carlo generated

event weight. This correction is calculated according to

Wﬁn/ini — Aini + ::ﬁn + Aint

where the A terms are defined in section 3.2. The distributions of Wg,, for the radia-
tive tau pair Background and for three choices of (M1,M,_ ) are shown in fig. 3.9 for
events passing the final selection criteria described in chapter 5. From these distribu-
tions, one can see that final state radiation gives a small but significant contribution

to the tau background and to the signal for lighter leptons.

Radiative corrections to e’ e — L*tL~y are estimated with the relatively crude

Monte Carlo program described in section 3.3, where only initial state and vacuum
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Figure 3.9. Distributions in final state radiation event weight cor-
rection for Monte Carlo events passing selection criteria described
in final chapter. Distributions are normalized to unity. The plot-
ted points are for radiative tau background, and the histograms
A, B, C are for heavy charged lepton masses of 2, 6, and 10 GeV,
respectively, with 6, = 400 MeV for all three.

polarization corrections are considered. The radiative correction to a process de-
pends on exactly what selection criteria define the process. To estimate the radiative
correction without performing full-blown simulation of lepton production and decay,
various sets of conditions are imposed on the undecayed leptons, sets designed to
match closely those actually imposed on the reconstructed daughter tracks. The
corrections for these different sets of conditions are found empirically, as described

earlier, and the error on the estimate inferred from the variation in corrections among

the different sets.

Table 3.1 shows the radiative corrections for producing LTL~~ for several lepton

masses and for various combinations of the following conditions:
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Table 3.1. Radiative corrections to bremsstrahlung production for various

selection criteria, calculated from modified Bonneau and Martin approxi-
mation.

Lepton Mass (GeV)
Set Criteria | .10566 | 1.784 4.0 8.0 12.0 13.0

A III 1241 119( 1.16| 1.08| 096| 0.86

| £0.01 |4 0.01 [+ 0.01 | 0.01 | 0.01 |+ 0.01

B IILIII 125 1.19| 1.16| 1.07| 0.96| 0.88

| + 0.01 [+ 0.01 |+ 0.01 | = 0.01 [+ 0.01 | £ 0.01

¢ | LILIV 1.35| " 1.32| 1.28| 117| 1.03| 091
4 0.01 |+ 0.01 [ 0.01 |+ 0.02 |+ 0.02 |+ 0.02 |

D LILV 1.11| 111| 1.09| 1.04| 094| 086

4 0.01 [+ 0.01 |4 0.01 |+ 0.01 |+ 0.01 | £ 0.02
E | LILuLv | 1.32| 130 1.24| 1.14| 1.02] o091
£ 0.01 |4 0.01 |4 0.01 | 0.02 |+ 0.02 | £ 0.02
F | LILILV 1.12| 112| 1.09| 1.03| 093] 088
+ 0.01 | £ 0.01 |4 0.01 | £ 0.01 |+ 0.02 |+ 0.02
G | LILIV,V 118 120| 1.17| 1.14| 1.03| 0.89
£0.02 £ 0.02 |+ 0.02 |+ 0.03 |+ 0.03 |+ 0.04
H |[LILULIV,v| 116| 1.18| 1.14| 1.11| 1.02| 0.8
4 0.02 |4 0.02 |+ 0.02|+ 0.03 |+ 0.03| % 0.04

I) |cos,| <0.70
IT) E, > 850 MeV
III) Max(cos 6, ,,cos6y ) < 0.70 where the angles are between the photon and
each of the charged lepton directions.
IV) 20° < f+1,- < 160° where the angle is between the directions of the charged

leptons.
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V) Max[|cos@_,|,|cosf _|] < 0.70 where the angles are between each charged lep-
ton and the beam direction.
Set H, which imposes all five conditions, corresponds most closely to the selection
criteria used in the final analysis. Consequently, a simple analytic curve was fit
to the radiative corrections found for this set, using the values and errors listed 1n

Table 3.1(along with others not shown). The result of the fit is shown in fig. 3.10.
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Figure 3.10. Plotted vs charged lepton mass is the estimated ra-
diative correction to bremsstrahlung calculated for the conditions
imposed in set H.

There are two potentially significant sources of error in calculating the radiative
corrections to e e — L*TL~~ with this approach. The first is that the selection
criteria chosen cannot exactly match those used in the final analysis. This error can
be estimated from the range of values found with the various sets of criteria listed
in Table 3.1. From the table, an uncertainty of 10% appears to be a reasonable,

conservative estimate of the error.
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The second potential source of error is the omission of the final state radiative
correction (note: this is not the same as the correction applied event-by-event to
account for detected final state radiation). Omission of this correction is safe, however.
This can be argued from fig. 3.7, where the total final state correction for lowest order
lepton production (dot-dashed curve) is very small. The addition of a detected ﬁhoton

to the lowest order process should not significantly increase this small correction.

e . + - - . .
In summary, the radiative correction to e’ e — L*TL™+ and its error is taken to

be:
olete” = LTL7y(7)) = o(e’ e — LTL79) x (14 84y £ 0.10) (3.19)

where 6%, is the estimated radiative correction to detected bremsstrahlung, as cal-
culated with the modified Bonneau and Martin approximation, including full vacuum

polarization.

In order to increase program efliciency in signal event generation, not all of the
lowest order bremsstrahlung process is simulated. Bounds are placed on the photon
energy spectrum and the photon’s polar angle with respect to the beam direction,
bounds that are compatible with the final selection criteria. The constraints on

generated events are

A%

E, 850 MeV

|cos(84)] < 0.70
The lowest order cross section for these cuts is plotted in fig. 3.11, along with the
radiatively corrected cross section, calculated from eqn. 3.19. These radiatively cor-

rected cross section values are the ones used to normalize the samples of generated

heavy lepton signal and tau pair background events.*

* One minor point is that for new heavy lepton production, the lepton itself con-
tributes to the vacuum polarization, a contribution not included in the calculation
of background tau production.
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Figure 3.11. Plotted are total bremsstrahlung cross sections for the
restricted photon energies and polar angles described in the text.
The dashed curve is a calculation of the exact lowest order initial
state contribution, and the solid curve is the initial state contribu-
tion after radiative correction by eqn. 3.19. Note that these cross
sections do not include the contribution from detected final state
bremsstrahlung, for which the normalization correction is calcu-
lated event by event.



Chapter 4

PEP and the Mark IT Detector

This chapter describes briefly the characteristics of the PEP electron-positron
- storage ring and in some detail the elements of the Mark II detector important to this
-work. Where appropriate, the performance of those elements is discussed, especially

their usefulness and sensitivity in detecting close-mass lepton events.

4.1 The PEP Storage Ring

This analysis is performed on data taken during the period 1981-1984 with the
Mark II detector, located in one of the interaction halls of the PEP(Positron Electron
Project) storage ring. Shaped like a rounded off hexagon, the PEP ring has a circum-
ference of 2.2 km. During this data-taking period, PEP usually stored three electron
and three positron bunches, each providing a current of several mA with beam en-

ergies of 14.5 GeV, giving total collision energies of 29 GeV at the six interaction

halls.

Under its best running conditions, PEP suppliea instantaneous luminosities
above 10%! cm™2s~! and daily integrated luminosities of about 1 pb~!. The total
integrated luminosity accumulated by the complete Mark II detector before its shut-
down for improvements was just over 200 pb~!. Because of degraded drift chamber
performance during part of this period, which will be discussed later in this chapter,

only the second half of the data(104 pb~1) is used in this analysis.
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4.2 OQOverview of Mark ITI Detector

During the early years, most of the interaction halls at PEP were occupied by
sophisticated high energy particle detectors, each with its own strengths and weak-
nesses. The Mark II (shown in fig. 4.1) was designed as a general purpose detector,
providing versatility in measuring many diverse particle processes. First operated at
the lower-energy SPEAR storage ring, the detector has now been moved from PEP
to the interaction hall of the very high energy SLAC Linear Collider (SLC), where it
should soon detect interactions involving the production and decay of the Z° gauge
boson. Although throughout its history the Mark II has been steadily upgraded, its

basic design as a general purpose detector has remained the same.

Given in this section is a brief overview of the Mark II detector. Succeeding
sections give a more detailed description of each major part of the detector that is
important to this analysis. Further information concerning the hardware, including

more detailed mechanical and electronic specifications, can be found elsewhere. 4849

Charged particle tracking is provided by two cylindrical drift chambers concentric
with the beam line. The inner drift chamber(vertex chamber) gives excellent spatial
resolution near the interaction region in order to identify particles originating from
decays that occur away from the beam collision region. The large outer chamber
provides good momentum resolution in a magnetic field of 2.35 kG. Just within the
cylindrical magnetic coil are 48 plastic scintillators in long strips parallel to the beam,
which provide time-of-flight(TOF) information for charged particles. Outside of the
magnetic coil are eight lead-liquid argon calorimeter modules which primarily measure
the energies of electromagnetic showers from electrons and photons. Surrounding
the calorimeter are four layers of steel and proportional tubes, allowing high energy
muons to be distinguished from charged hadrons. In each forward region is a small
angle tagging(SAT) detector that consists of three sets of planar drift chambers, a
lead-scintillator sandwich calorimeter and a set of coincidence scintillators. Together,

the SAT elements allow tagging of large g-squared two-photon events and provide a
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Figure 4.1. The top figure shows an exploded, perspective view of
the Mark II detector. Below is a side view, where the electrons
enter the detector from the right through the beampipe and the
quadrupole magnets marked Q1 and Q2. The positrons enter from
the left through an identical system, not shown.

fairly accurate measure of integrated luminosity. In addition, end caps made from
sandwiches of lead and proportional tubes provide calorimetry for low angle electrons

and photons. Unfortunately, poor energy resolution, shower leakage due to thinness,
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and large holes in acceptance, limit the usefulness of these end caps. They are not

used in this analysis.

4.3 Vertex Chamber

The inner vertex chamber(VC) is constructed to optimize spatial resolution for
identifying charged particles originating from decays. Its sensitive region is divided
into 2 concentric bands of axial sense wires, parallel to the beam. The inner band has
four layers of sense wires at a; average radius of 11.4 cm, with a inter-layer spacing
of 8 mm. The outer band has three layers at an average radius of 31.2 cm with about
the same inter-layer spacing. Nearby to the sense wires are parallel field wires, held

at various high voltages to produce carefully designed electric fields. The length of

the active vertex chamber 1s 1.26 m.

When a charged particle passes through the chamber it ionizes gas molecules,
releasing electrons which drift in the electric field toward the sense wires. These elec-
trons avalanche in the extremely high field surrounding the thin sense wires, inducing
an appreciable electrical signal on the wire. The time the signal occurs is recorded by
readout electronics, providing information on how near the original charged particle
came to the sense wire, given the known drift velocity of electrons in the gas. The
electric fields are designed so that a single charged particle should cause a signal on
only one sense wire per layer. There remains an ambiguity, however, in that a charged
track passing an equal distance to either side of a given sense wire will produce in each
case the same signal. This left-right ambiguity can usually be resolved with informa-
tion from other layers, but it increases processing time during track reconstruction,
as it increases the number of possible traZjectories to be considered. Occasionally, the
ambiguity is resolved incorrectly in the software and leads to degradation of both
momentum and spatial resolution. Figure 4.2 shows the sense and field wire pattern

in one sector of the inner band of wires.

All seven VC layers are axial, that is, parallel to the beam, which means they
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Figure 4.2. The figure shows the pattern of sense and :ﬁeldrwires
for one sector of the vertex-chamber’s inner band.

provide information on the charged particle coordinates in the plane(x—y) transverse
to the beam, but not on the z-coordinate, parallel to the beam. The innermost layer

has 60 sense wires and the outermost has 190.

4.4 Outer Drift Chamber

The outer drift chamber has 16 layers of sense wires. Six layers of axial wires
alternate with 10 layers of stereo wires, grouped in five pairs with tilt equal to £3°.
The combination of axial and stereo wire hits allows a fairly reliable reconstruction
_ of the z-coordinates of charged particle trajectories. The layers are spaced uniformly

in radius from 41 cm to 145 cm and have lengths ranging from 1.98 to 2.78 m.

Since both chambers are immersed in a 2.35 kG field, charged particles passing
through are bent into trajectories that, to a good approximation, describe helices.
The radius of curvature of such a helix is a direct measure of the magnitude of
the particle’s momentum transverse to the beam(p1). The polar angle information
derived from the stereo wires then allows a measure of the total momentum of the
particle. By reconstructing the entire helix, one can deduce the direction of the

particle as it left the vicinity of the interaction region. Henceforth, unless otherwise
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stated, the momentum of a charged track is understood to refer to this original vector.

It can be shown that under realistic conditions, the resolution on the transverse
momentum of a charged particle in a magnetic field, as measured by a drift chamber

is well approximated by

6p, 2 3
Bt —_ bl 2
PL [ap + ]

where a and b are parameters depending on the amount of material through which
the particle must pass, on thé exact configuration of wires, including their intrinsic
space resolution, and on the strength of the magnetic field. At high momentum, the
first.term dominates and arises from the resolution on the sagitta of the sector of
the helix contained in the chamber. The second term dominates at lower momenta
where multiple scattering, primarily at the beam pipe and boundary between th.er
inner and outer drift chambers, degrades the momentum resolution. The parameters
a and b can be measured directly either from cosmic ray muons passing through
the interaction point or from beam-produced particles of well-known energy, such as
Bhabha electrons or pair-produced muons. Analysis of Mark II data leads to the
expression

bp

o = [(.01p)® + (.025)*]

1
2

where p, p1 are in GeV, and the error on the measured polar angle of the track has

been neglected.

During an extended period of data-taking the central drift chamber drew very
large currents when operated at nominal high voltages. To mitigate this problem,
the high voltages were reduced by about 15%, leading unfortunately to significantly
poorer performance, especially for tracks passing very near sense wires. Often the
passage of a charged particle failed to produce a signal above threshold on the sense
wire, decreasing the number of hits associated with the particle. This in turn led to

decreased efficiency both for triggering and for track reconstruction. Eventually, this

problem was solved by introducing a small quantity of oxygen into the drift chamber
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gas mixture(originally argon/ethane in equal proportions). It is believed that the
oxygen, which is electronegative, damped to a large degree the free electron currents
associated with full voltages. See ref. 50 for a more detailed account of this problem

and its resolution.

Because this analysis is quite sensitive to uncertainties in trigger efficiency, only
the data taken after the introduction of oxygen is used. As will be seen in chapter 5,
inclusion of the data with degraded drift chamber performance would in principle
improve sensitivity to slightly heavier lépton masses, but Woﬁld do little to improve

sensitivity to smaller mass differences between the charged and neutral leptons.

4.5 Time-of-Flight Counters

The time required for a charged particle to traverse its helical path from the
interaction point to the coil radius is measured with 48 plastic scintillators, each sub-
tending about 7%0 in azimuth, with lengths of 3.4 m. Light emitted by the scintillator
is detected by photomultiplier tubes mounted at each end. Knowledge of the transit
time and of the momentum from drift chamber measurement allows calculation of a
particle’s mass and therefore provides particle identification. In practice, though, this

identification is reliable for only very-low-momentum particles.

In this analysis, relatively loose requirements are imposed on the times measured
for detected charged particles, primarily to eliminate obvious cosmic rays, which in
general do not enter the scintillators at a sensible time relative to the known time
of beam collision. A more important consideration, however, is that TOF hits are
required by the event charged track trigger. Since overall efficiency depends critically
upon the trigger efficiency, one must understand limitations due to TOF acceptance.
For example, between each TOF counter, there is an insensitive region where the effi-
ciency for detecting the passage of a charged particle is reduced. Figure 4.3 indicates
the degraded region in azimuth. In addition, there is a slightly reduced efficiency for

triggering on low-momentum hadrons, which is mainly due to two effects. The first is
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that a small fraction of the hadrons decay in flight inside the drift chamber, leading
in some cases to badly kinked tracks that are not extrapolated to the correct TOF
counter. The second effect occurs at the ends of the TOF scintillators, where lead
plates of the end cap calorimeter lie in a hadron’s path. A small fraction of the time
the particles interact hadronically in one of the plates, preventing their reaching the
TOF counter. Because some of these TOF inefficiencies are not accurdtely simulated

by the Monte Carlo, corrections must be applied, as will be discussed in chapter 5.
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Figure 4.3. The efficiency with which the TOF system detects a
Bhabha electron is plotted vs the difference in azimuth between
the particle and the nearest TOF counter edge. Detection here is
defined as the firing of the time-compensated latch, indicating sen-
sible signals from both photomultiplier tubes at the counter ends.
Averaging these efficiencies over azimuth gives a total efficiency of

98.7% per track.
4.6 Magnetic Coil
The magnetic coil is a double aluminum toroid with hollow aluminum conductors
that originally provided a field of 4.7 Tesla. Shortly after the start of data-taking at

PEP, an irreparable short developed between the two toroid layers. Thereafter, only
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the outer toroid was powered, providing half the original field, that is, 2.35 Tesla. The
reduced field degraded the momentum resolution obtainable with the drift chamber
measurements. But for this work, it had the salutary effect of halving the transverse
momentum threshold for triggering on a charged track, a consideration important for

events with very low visible energy.

4.7 Electromagnetic Calorimeter

.

Electromagnetic calorimetry is provided by eight lead-liquid argon modules ar-
ranged in an octagonal barrel surrounding the magnetic coil. Each module is housed
“in its own cryostat, which leads to large regions of insensitivity between modules.
Fach module contains 37 planes of 2 mm thick lead, between which are 3 mm gaps
filled with liquid argon. Alternating lead planes are set at high voltage (typically 3.5
kV) and ground. The high voltage planes are divided into strips for measuring the
jonization induced in the liquid argon layers. There are 18 planes of lead strips, but in
order to reduce the number of electronics channels, the planes are ganged together to
give six “layers.” In addition, at the entrance to each module is the so-called massless
or trigger gap, where aluminum instead of lead planes are used. Because there is a
low probability of that an electromagnetic shower will start in the aluminum, a large
energy deposition in this region usually indicates a shower originating in the magnetic
coil(1.3 radiation lengths thick at normal incidence). In such a case, a correction for
the energy lost in the coil is applied to the observed energy in the calorimeter. The
complete ganging pattern for the calorimeter modules is shown in fig. 4.4. There are
three different orientations for strips, as shown in fig. 4.5. The F(for ¢) strips lie
parallel to the beam axis; the T(for -0) strips lie perpendicular to the beam direction;
and the U strips are oriented at 45° with respect to both the F and T type strips. All
three layer types are necessary to disﬁnguish multiple photon showers in the same

module.

As mentioned, there are gaps in the azimuth angle between modules; in addition,
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Figure 4.4. Shown is the ganging scheme of electronic channels

in the liquid argon calorimeter readout. There are seven distinct

layers: four to measure ¢, TR, F1, F2, and F3; two to measure

theta(approximately), T1 and T2; and one at 45°, U.
the regions within the modules but near the edges have poorer efficiency and energy
resolution. This is true in all layer types. Figure 4.6 shows for Bhabha electrons the
efficiency for detecting at least 7.25 GeV of energy in the calorimeter vs the difference
in azimuth between the electron and the center of the nearest crack between modules.
Figure 4.7 shows the same efficiency plotted vs | cos §|. To ensure good efficiency and

reliable Monte Carlo simulation, conservative cuts are chosen for the tagging photons,

as shown in the figures.

Reconstruction of electromagnetic showers is fairly elaborate, involving many
parameters that must be determined empirically. A detailed description of the al-
gorithms used can be found in ref. 51. The basic scheme is first to project tracks

found from the drift chamber into the calorimeter and to associate any deposited
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Figure 4.5. Exploded view of liquid argon calorimeter module,

showing the three orientations of lead readout strips.
energy in a narrow cone about that projection with the charged track. Next, clusters
of strips within each layer are found, based on a threshold energy deposition and
contiguity of strips. Neutral shower candidates are then formed from self-consistent
combinations of F, T, and U strip clusters in the front half of the calorimeter. If
geometrically consistent with an existing shower, any energy deposited in the back
half of the calorimeter is also added at this point. For showers that share one or more
strips in a given layer, algorithms determine how much energy is to be assigned to

each shower, based on the energy deposition in all associated layers.

In the Monte Carlo programs, a library of showers created with the EGS%2 pro-
gram allows rapid and fairly accurate simulation of electron and photon interactions
in the calorimeter. Because of unsimulated inactive regions of the calorimeter, how-
ever, an additional smearing of Monte Carlo showers is imposed in this work. The
smearing algorithm is based on one applied to high energy Bhabha electron showers,

as described in ref. 53. In the algorithm, a fraction of the Monte Carlo showers are
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Figure 4.6. Plotted is the detection efficiency (measured energy
> 7.25GeV) for Bhabha electrons vs the difference in azimuth
between the electron and the nearest calorimeter crack. A fiducial
cut on |cos 8| has already been applied.
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smeared according to an exponential decay toward lower energies with a “decay con-
stant” determined from the data. The remaining fraction are smeared according to a

Gaussian distribution with o also determined from the data.

Because tagging photon energies are often much lower than that of the Bhabha
electrons used in the original study, new values appropriate for low energy showers
have been determined. The new values have been derived from low energy electrons
produced in the two-photon process ete™ — ete~e*e™. The candidate events con-
tain two coplanar charged tracks with ngarly equal transverse momenta. Each track
must have a total momentum between 800 MeV and 6 GeV. It is considered an elec-
tron candidate only if the opposite track has an associated energy deposition in the
calorimeter at least 75% of that expected from an electron. Ultimately, for this anal-
ysis the efficiency for reconstructing showers produced by photons is desired. Since

the shower reconstruction algorithm treats charged and neutral showers differently,
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Figure 4.7. Plotted is the detection efficiency (measured energy

> 7.25GeV) for Bhabha electrons vs the electron’s |cosf|. A

fiducial cut on ¢ has already been applied.
in that a specific region is searched for energy clusters, it is necessary in this study
to alter the program slightly to ignore the known drift chamber track of the elec-

tron. This avoids the reconstruction bias, ensuring the electron shower is treated as

a photon shower.

From these electron candidates, a set of sméaring parameters has been deter-
mined for each 200 MeV interval in measured electron momentum from 800 MeV
to 2.0 GeV, using the MINUIT fitting program.>* For energies higher than 2 GeV,
where few two-photon produced electrons exist, the parameters determined in ref. 53
are used. In the region studied here, the average fitted fraction smeared with the
exponential distribution is found to be 89%, the average decay constant is 4%, and
the average fractional gaussian o is 16%. Figure 4.8 shows a small improvement in
agreement between data and Monte Carlo with this additional smearing. Plotted is
the efficiency for measuring at least 1 GeV energy vs the measured drift chamber

momentum of the electron.
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Figure 4.8. Plotted vs the measured electron momentum is the
efficiency for measuring > 1 GeV shower energy for original Monte
Carlo showers (dotted curve), for smeared Monte Carlo showers
(solid curve), and for electrons in the data (points) originating
from the process ete™ — eTe~ete™.

4.8 Outer Steel and Proportional Tubes

QOutside of the calorimeter are four walls of muon detectors. Each wall has four
layers of steel and four layers of proportional tubes to separate muons from charged
hadrons. In order to reach the outermost layer of tubes, a muon must have at least
2 GeV of energy. For incident angles not normal to the plane of tubes, the threshold
energy is higher. No cuts based on muon tube hits associated with reconstructed
charged tracks are imposed in this analysis. Unassociated muon hits, however, are
used to veto certain events induced by cosmic rays, events which will be discussed in

chapter 5.

4.9 Small Angle Tagger

At low polar angles sits the Small Angle Tagger(SAT), as shown in fig. 4.9. Three
sets of planar drift chambers, each of which has two layers of x and y tracking, pro-

vide detection of forward charged particles. The chambers are followed by plastic
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scintillators that define different SAT calorimeter acceptances for low-angle Bhabha
electrons. Behind the scintillators sits a calorimeter, which consists of a sandwich of
lead and plastic scintillators which are read out with BBQ®° wave shift bars. The en-
ergy resolution is comparable to that of the barrel calorimeter, with §E/E ~ .15/ VE
(E in GeV) for 14.5 GeV Bhabha electrons.?® In this analysis, the SAT calorimeters
and scintillators are used to veto events that are consistent with hard initial state

radiation or two-photon production, as will be described in chapter 5.
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Figure 4.9. Magnified view of small angle tagger. The dimensions
shown are in meters. Used in this analysis are the shower counter
calorimeter and the plastic scintillator labelled G.

4.10 Trigger Considerations

A detailed explanation of the various trigger criteria can be found in ref. 49.
Described here are the requirements important to this analysis. The primary trigger
is based on calorimetry information and on drift chamber hits. Designed to be fairly
loose, it accepts many events that will eventually be discarded by the secondary
trigger. For this analysis, the essential primary trigger is the requirement of hits
in various layers of the outer drift chamber. Given the stringent fiducial cuts later
placed on the reconstructed tracks, the primary trigger efficiency for this analysis is

essentially 100%.

The secondary trigger is much more critical. Although the Mark II detector did

take data with a trigger based on calorimetry energy deposition, its efficiency was
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quite poor for photons with energy less than 2 GeV. Consequently, it is necessary to

rely upon the charged track trigger in this work.

Because rapid readout and large filtering factors are necessary to avoid deadtime
in data taking, one must use hardware to identify charged particle candidates. The
scheme used by Mark II is based on curvature modules.5¢ These devices are sophisti-
cated shift registers that check the pattern of drift chamber hits for consistency with
a track left by a charged particle. Each module is designed to look for tracks of a
certain range in radius of curvature, corresponding to a certain i‘ange in transverse

momentum magnitude.

"Of the 24 modules, 12 each are devoted to positively and negaﬁvely charged
tracks. Equally spaced in the inverse of transverse momentum, they were originally-
designed to be sensitive to transverse momenta above about 130 MeV; after the
magnet shorted, this threshold dropped to 65 MeV. ’Figure 4.10 shows an idealized
drawing of a sample road and the charged track it contains. In order to ensure good
efficiency, some overlap in azimuth and in curvature between roads was designed,
so that often a charged particle triggers more than one track in the same curvature
module and more than one curvature module. In addition, there is some double-
counting in azimuth at the beginning and end of the shift registers scan. As a result,
the hardware logic must often combine curvature module firings to find its charged
* track candidates, called A tracks. One additional requirement on an A track is that
there be a signal on both ends of the TOF counter associated with the track. (For
three of the counters, only one signal is required since their photomultipliers on one
end were damaged during the magnet short.) This imposes an automatic fiducial
trigger requirement that a charged parf:icle have an angle greater than about 40°
with respect to the beam direction. As mentioned before, cracks in azimuth between

TOF scintillators lead to a loss in trigger efficiency.

Under typical running conditions, curvature modules require at least 2 hits in

the inner band of VC sense wires and have fairly tight requirements on the allowed
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Figure 4.10. Shown is an example of fast charged particle track-

ing with hardware. The arcs £; and /3, defined by delays d; and

widths w;, enclose between them a “road.” If enough layers have

hits, that is, detected sense wire signals, within the road, the trigger

hardware considers there to be a track. The entire drift chamber

is systematically searched for such tracks by varying the delays

and widths, while clocking the bit pattern hits through shift reg-

isters. In practice, the simple road pattern shown here was found

inadequate at PEP. To exclude cosmic ray particles and other back-

grounds, it was necessary to force the arcs £; and £; to cross near

their centers, splitting the road into two sections.
width of roads. This suggests that particles with large impact parameters, that is,
large distances of closest approach to the interaction point in the transverse plane,
may be missed by the modules. Because close-mass leptons with very small differ-
ences can give rise to reconstructed tracks with large impact parameters, this possible
inefficiency has been investigated. A control sample of K? particles produced in two-
photon events was used in the study. The charged pions from these K{ decays tend
to have relatively low transverse momentum, comparable to that expected of close-
mass lepton decay products, and to have large impact parameters. The candidates
are identified with the VFINDP program,®” which selects pion pairs on the basis of
invariant mass, quality of vertex fit and reconstructed impact parameters. In order

to avoid bias, a track is considered in the efficiency study only if its presence is not

necessary for the event to have triggered.
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Trigger efficiency is found to depend on impact parameter, but not in a simple
way. There is an asymmetry in trigger efficiency for high impact parameter tracks,
an asymmetry that depends on which way the track is bent by the magnetic field as
it leaves the vicinity of the interaction point. If it is bent toward the beam in the

transverse plane, its probability of producing an A track is reduced.

Figure 4.11 shows a simple example. Two charged tracks of the same transverse
momentum magnitude, but with opposite charges, originate from a point 4 cm to
the right of the beam, travelling vertically. Each leaves a trail of drift chamber
hits, which are to be contained in a curvature module road that assumes the track
origiﬂated from the origin. For each track, such a road of fairly narrovs} width can be
found that contains all hits, but what is ~i;npor’cant is that the left-hand road has a
smaller average radius of curvature than the right-hand road. In fact, in this example,
the left-hand radius of curvature corresponds to a transverse momentum below the
threshold of the curvature modules, while the right-hand track exceeds that threshold.
In other words, the right-hand track would be detected by the hardware, but the left
track would not. In this instance, it is the negatively charged track that would be
missed. If the particles started 4 cm to the left of the beam, with the same initial
directions, the positively charged track would be missed. As one would expect, the
asymmetry averages out over particle charge and over location of the point of closest

approach to the beam, but the asymmetry does introduce an overall efficiency loss.

Empirically, it is found that this effect correlates well with the variable X,,
defined by

Q@
VAL

where Q is the track’s charge, and p, is the transverse direction of the track at its

Xa = (IA)J. X i“min)z

closest approach to the beam in the transverse(x-y) plane. The vector I'min is the
transverse component of the vector from the beam center to that point of closest

approach. The efficiency for producing an A track trigger, as determined from the
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Figure 4.11. Shown on top are two tracks of equal transverse mo-
menta, but of opposite charges. The track that bends to the left is
less likely to be detected by the trigger hardware than the one that
bends right. The bottom figure shows a magnification of the inner

layer region. For simplicity, the arcs defining the depicted roads do
not cross.



72 PEP and the Mark II Detector

sample of K? candidate tracks, is plotted vs X, in fig. 4.12, along with a simple
fit to the data points. Also shown are conservative cuts imposed on charged track
candidates used in this analysis. There are virtually no K¢ candidate tracks with
impact parameters greater than 5 cm in the transverse plane, precluding an easy
direct measurement of the efficiency for very large impact parameter tracks from
the data. Therefore, a conservative requirement-imposed in this analysis is that no

candidate charged tracks have such a large impact parameter.
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Figure 4.12. Plotted is the efficiency for the trigger hardware prop-

erly detecting a charged track originating from K? decay vs the
variable X, defined in the text.



Chapter 5

Analysis and Results

mr—

This chapter describes in detail the analysis procedure and presents final results.
_Given first are the event selection criteria designed to distinguish a lepton signal from
conventional backgrounds. Estimates of remaining contamination from conventional
background processes are derived from Monte Carlo studies. These estimates include
explicit corrections for inaccuracies in simulating the Mark II detector. After these
corrections are applied, the background estimates are compared to what is observed
in the data and the agreement evaluated. From the comparison and from further
Monte Carlo study of expected signal rates, limits on close-mass leptons are derived.
Finally, a summary of these results is given, and related, future searches at higher

energies are discussed.

For_the purpose of illustration, three examples of close-mass leptons have been
singled out. In many of the figures given in this chapter, distributions in certain
variables will be presented for these three cases and compared with those expected
from one or more backgrounds. Each case corresponds to a lepton mass difference
of 400 MeV. The three examples are labelled A for (M, =2GeV, M, =16 GeV);
B for (Mg, = 6GeV, M, =5.6GeV); and C for (Mg = 10GeV, M, = 9.6 GeV).

5.1 Event Selection

5.1.1 Charged track requirements

Since the aim of this work is to explore very low mass differences, where multi-
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particle decays are forbidden or highly suppressed by the available phase space, one
can safely require there be only two charged particles in an event. This condition in-
curs a tiny loss in efficiency and greatly simplifies subsequent analysis. Therefore, the
first requirement imposed is that there be exactly two charged tracks reconstructed
in the central drift chambers. In order to ensure very high trigger efficiency and thus
reduce dependence upon unreliable Monte Carlo trigger simulation, each track must
also satisfy fairly stringent reqllirements:

1) The track momentum must make an angle greater than 45° with respect to either
beam direction.

2) "The momentum transverse to the beam (p, ) must be greater than 150 MeV.

3) There must be a signal from both photomultiplier tubes of the TOF éounter in.
the track’s projected path. In addition, the measured flight time must be in the
range 0-12 ns.

4) The track must have at least 10 associated drift chamber signals (out of a possible
23), and at least one of those signals must come from one of the four inner layers
of the vertex chamber.

5) The x? per degree of freedom calculated from the helical track fit to the drift
chamber signals must be less than 5.

6) As described in chapter 4, the impact parameter of the track in the transverse
plane with respect to the beam collision point must be less than 5 cm, and the
variable X, must be in the range from -.06 to +.10.

In addition to these largely fiducial and track quality requirements, the tracks
must have a total measured momentum less than 4 GeV, and any liquid argon
calorimeter energy associated with the charged track must also be less than 4 GeV.
These requirements tend to select events with low visible energy, filtering out back-
grounds from radiative tau pair production and mismeasured radiative Bhabha events.
Figure 5.1. shows the distribution in the reconstructed momenta (2 entries/event) for

the radiative tau background and for the three sample heavy lepton cases.
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Figure 5.1.- Distribution in feconstructed charged track momenta
(2 entries/event) for the radiative tau background and for the ex-
emplary signals A, B, and C.

5.1.2 Tagging photon requirements

To reduce backgrounds from #° decays, the tagging photon must be energetic and
isolated both from other neutrals and from the charged tracks. In addition, to ensure
good efficiency and, more important, to ensure accurate Monte Carlo simulation
of calorimetry response, the photon must satisfy stringent fiducial conditions. The

criteria imposed are the following:

1) The measured energy must be at least 1 GeV

2) The photon polar angle 6., with respect to the beam must satisfy | cos 6| < 0.66.

3) The photon’s azimuth direction must be at least 3° away from the center of the '
nearest crack between calorimeter modules.

4) The total reconstructed energy deposition in the calorimeter within 30° of the

photon must be less than 150 MeV.
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5) No reconstructed neutral in the calorimeter within 90° of the photon can combine

with it to give an invariant mass consistent with a 7 or 77, where consistent means

lM’h‘Yz - Mﬂ'°,n| <M

and where for the n condition, the other photon must have at least 150 MeV

energy. The mass error is approximated by

-

§M(GeV) ~ =(0.15)

DO =

6) The angle between the photon and nearest charged track momentum must be at-
least 45°.

In the case that more than one photon in an evént satisfies the tagging require-
ments, the photon with the least total nearby(within 30°) neutral calorimetry energy
is taken as the tag. If more than one has no nearby neutral energy, the most ener-
getic is taken as the tag. Figure 5.2. shows the distributions in nearby energy for the

radiative tau background and for the exemplary heavy lepton signals.

5.1.3 Event topology requirements

At this stage in the analysis, additional requirements, designed to suppress vari-
ous backgrounds, are imposed on candidate events. Because charged tracks close to
one another may induce a signal on the same drift chamber wire, or on wires close
enough to create confusion during track reconstruction, cuts are imposed on the open-
ing angle between the two charged tracks. The opening angle must be at least 100
mrad in the transverse plane. In addition, the opening angle in 3 dimensions must be
at least 20 degrees; this latter requirement suppresses not only events with unreliable
tracking, but also the substantial background from inital state radiation in tau pair

production and hadronic events, where the photon has nearly the beam energy.
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Figure 5.2. Distributions in total neutral energy near(within 30°)
to the tagging photon for the radiative tau background and for the
exemplary signals A, B, and C.

Upper limits too are placed on the 2- and 3-dimensional opening angles between
the charged tracks. For reasons discussed in the next section, events can occur where
two charged particles are produced through a two-photon process, while an unrelated
shower is measured in the calorimetry. In such a case, the two tracks will in general
be coplanar, that is, they will appear back-to-back in the transverse plane, although
their longitudinal components along the beam direction may be quite different. This
arises because, as described in chapter 1, two-photon processes have an enormous
cross section when the electron and positron are only slightly deflected from their
original directions. This implies that they do not carry much transverse momentum,
so that particles visible in the central detector must to a good approximation conserve
transverse momentum. Consequently, one can cut on the net measured transverse

momentum of all detected particles, requiring it be greater than a certain value in
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order to suppress two-photon processes. In the case of two charged particles, however,
a better variable is the angle between the charged particles in the transverse plane,
since particle directions are better-measured than momentum magnitudes. In this
analysis, the two charged particles must have an acoplanarity angle(deviation from
of transverse opening angle) greater than 20 mrad. In order to suppress further the
backgrounds from radiative tau production and badly mismeasured radiative Bhabha
events, the opening angle bethen the charged tracks in three dimensions must be no
greater than 160°. The distribution in this angle is shown in fig. 5.3 for the radiative

tau background and for the exemplary signal cases.
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Figure 5.3. Distribution in the opening angles between charged
tracks for radiative tau background and signal examples A, B, and

C.

In order to suppress radiative tau pair production accompanied by decays involv-
ing one or more 7°’s, the total neutral energy of the event, excluding the contribution
from the tagging photon, must be less than 2 GeV. The distribution in energy is

plotted in fig. 5.4 for radiative tau events and for the exemplary signal cases.

The electron and positron in a two-photon process can carry away considerable

longitudinal momentum along the beam direction, without absorbing much transverse
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uid argon calorimeter, excluding the tagging photon, for radiative

tau background and for signal cases A, B, and C.
momentum. From momentum conservation, this means the detected particles taken
together can also have a longitudinal momentum much greater than their transverse
component. To reduce such backgrounds, it is required that the transverse component
be greater than the longitudinal component, that is, the direction of the net detected
momentum must make an angle greater than 45° with respect to the beam. This
requirement suppresses not only two-photon backgrounds, but also events with hard

initial state radiation along the beam direction.

Similarly, the total momentum of the tagging photon, the two charged tracks,
and any additional neutral showers in the calorimeter is required to have a transverse
component greater than 1 GeV. Note that in many cases, it is the tagging photon
that contributes most to the transverse momentum, since the charged particles often

have low momenta.

This last cut removes nearly all of the remaining conventional two-photon back-
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grounds, since two-photon backgrounds fall off very rapidly with transverse momen-
tum. An exception to this general rule occurs when a particle with large transverse
momentum goes undetected. For example, photons that miss the active regions of

the calorimetry can come from ° decays in the process

+ +

ete” —mete ptp~

I

pt = 7t[r® = 9]

pm = a1 = 9]
In addition, one pair of pions can come from a charged rho and the other from
continuum production, or all four pions can come from continuum production. Typi-
cally, the most energetic detected photon will tag the event, and another will escape
through either a crack in azimuth between liquid argon modules or at a forward an-
gle low enough to miss the liquid argon, but high enough to carry away substantial
transverse momentum. Ideally, some of these events could be identified from informa-
tion in the end cap calorimeters, but as discussed in the previous chapter, the poor
resolution and efficiency of the end caps make them unsuitable. To help remove such
events, it is required that the azimuth of the event’s missing momentum be at least
3° away from the center of the nearest crack between liquid argon modules, the same

cut imposed earlier on the tagging photon’s azimuth.

5.1.4 Event veto conditions

In addition to the selection cuts described so far, there are other conditions in the
detector that may indicate background events. One of these is energy deposited in the
SAT calorimeter. Large measured SAT energy may be due to a deflected beam elec-
tron, suggesting a large g-squared two-photon process(the probability of two different
electron-positron interactions occurring during the same beam crossing is negligible).
Such events cause concern because an electron deflected by a large angle can carry

away enough transverse momentum to ensure that the remaining particles seen in the
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central detector pass the 1 GeV cut on missing transverse momentum. Unfortunately,
there is a significant background due to photons from synchrotron radiation induced
by the bending magnets of the PEP ring. Figure 5.5. shows the distribution in total
measured SAT energy for events where two back-to-back high-energy electrons are
detected by the central drift chamber and liquid argon calorimeter. This detected
energy is mainly a measure of backgrounds- due to synchrotron radiation, although
other beam-related backgiounds and initial state radiation contribute also. From this
distribution, it is clear that demanding the total energy be very small would incur
unacceptable loss in efficiency. For this analysis, a cut is made at 8 GeV, leading to

“an inefficiency of 0.7%.
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Figure 5.5. Distribution in total measured SAT energy for Bhabha
events where the electrons are tagged in the central detector. This
is mainly a measure of noise due to beam-induced backgrounds.

o

Additional SAT information comes from a scintillator called the gross defining
counter, placed in front of each calorimeter. The scintillator produces an electronic
latch if it detects the bassage of a charged particle. By requiring the presence of a
scintillator latch, one can again examine SAT energy deposition, with the hope of dis-

tinguishing backgrounds due to synchrotron radiation and other noise from that due
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to deflected electrons and positrons. Figure 5.6 shows the distribution in SAT energy
for central detector Bhabha events when a signal from the gross defining counter is
present. Clearly, the backgrounds are severely suf)pressed by the coincidence require-
ment, allowing a cut at a measured energy as low as 200 MeV, with only a 3.9% loss

in signal efficiency.
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Figure 5.6. Distribution in SAT energy for Bhabha events where
the electrons are tagged in the central detector and where there
is a simultaneous signal in the gross defining counter. This is a a
measure of backgrounds due to beam electrons scattered into the
SAT calorimeter system.

Another background, quite peculiar to this analysis, is that of a cosmic ray
muon inducing an electromagnetic shower in the liquid argon calorimeter, in coin-
cidence with a electron-positron interaction that produces two charged particles in
the detector. The cosmic ray shower is reconstructed and misinterpreted as a photon
by conventional analysis programs because, usually, there is no charged track leading
from the beam collision point to the shower region. Figure 5.7 shows a dramatic
example. The signals in the left outer layers of the muon layers indicate the entrance
of a cosmic ray muon that then produces a shower in the calorimeter through colli-

sion with an electron in the calorimeter material. The “knock-on” electron quickly
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bremsstrahlungs in the calorimeter, initiating the detected shower. In this event, not
all of the shower is contained by the calorimeter; some high energy electrons pene-
trate to the drift chamber region leaving clear tracks. Because the standard event
reconstruction software has been optimized to identify charged particles originating
from the beam collision point, these stray electrons from the shower-are missed. Ex-
trapolating along the muon direction, one can see the straight trail of drift chamber
signals it leaves behind, 2 small energy deposition in the bottom right calorimeter
module due to ionization, and some additional signals in the right muon wall. At
the same time, two low momentum particles are produced by an electron-positron

“interaction at the beam collision point.

RUN 11388 REC 4854 E= 29.00 2 PRONG OTHER E-E (3-1) .
TRIGGER @4A S MARK II - PEP
] n | M
s | ]

+~dd

|-

Y GLLL

Figure 5.7. Event plot of coincidence between cosmic ray shower
and two-photon production of a charged pair (probably electron
positron pair). The dashed line indicates a track found by the
cosmic muon rejection algorithm.

In principle, such events can simply be discarded upon inspection, but there is a
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danger in this approach. Most of the cosmic coincidences are not so clear-cut, and the
criteria that one uses are inevitably somewhat subjective. This leads to the problem
of calculating efficiencies for both signal events and conventional backgrounds. Some
small fraction of either type of event may appear to have the same characteristics
expected from the cosmic ray coincidences and thus be rejected. In principle, one can
measure the loss by inspecting Monte Carlo simulated events and simply counting the
number that look like the cosr&ic events. There are two problems with this approach,
however. The first is that the Monte Carlo may not simulate the detector adequately.
For example, there may in reality be occasional coherent noise in the muon layer
electronics that would cause spurious signals to appear in a straight line, thus faking
the passage of a muon that points in the direction of the tagging photon; Another
problem, less serious but more difficult to assess, is bias in the inspection procedure.
When examining Monte Carlo events that one knows not to be a cosmic coincidence,
one may find reaons to reject the cosmic hypothesis more readily than one would for

true data events.

To avoid these drawbacks of event inspection, algorithms have been devised to
reject cosmic coincidences based on objective criteria that can be quantified. The
quantification, in the form of computer algorithms, has the considerable advantage
of allowing a direct and objective measurement of inefficiency for signal and conven-
tional backgrounds from the data itself, instead of relying solely upon Monte Carlo
simulation. Three distinct algorithms are applied. The first is based on the char-
acteristics of the tagging photon’s shower. The second and third look for evidence
of the cosmic muon’s passage through other parts of the detector, one by examining

signals from the muon system layers, the other by examining drift chamber signals.

The first algorithm takes advantage of the fact that, in general, the electro-
magnetic shower induced by the knock-on electron is not consistent with the shower
induced by a photon originating from the beam collision point. Typically, electro-

magnetic showers whether originating from photon conversions or bremsstrahlung of
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electrons, tend to have a fairly well defined shower axis about which the shower is ap-
proximately cylindrically symmetric.5® In addition, the length of the shower along the
original particle’s motion is greater than the shower’s transverse size. This property
is exploited in the standard reconstruction program for the liquid argon calorimeter.
When combining energies from neighboring strips in a layer, the program limits the
number of strips assigned to a single electron or photon shower, allowing an easier
separation of two nearby Bhotons, such as occur in the decay of an energetic 7°. This
is a safe procedure, because nearly all photons of interest originate from near the

origin, which means their shower axes are perpindicular to the layer of strips.

For a shower originating from a cosmic ray, however, the shower axis direction
-Wﬂl generally have a component pafa;llel to the layer; therefore, there may be more
strips than expected in a given layer. In such a situation, the standard reconstruction
program includes only the most energetic strips in a given layer. The rest are ignored
unless there are enough different layers to make a second photon candidate. (If a
second nearby photon is found, and it has an energy greater than 150 MeV, the
event is discarded, as described earlier.) The first cosmic rejection algorithm looks
for the extra, unassociated strips in the vicinity of the tagging photon. Specifically,
the program considers the energy of all unassigned strips within 30° of the tagging
photon in three projections along the directions of the F, T, and U layers. The
total energy is computed and a subtraction made for random noise(1.1 MeV per
channel). The distribution in the remainder, that is, the excess unassociated energy,
is shown in fig. 5.8 for a sample of radiative Bhabha events. From this figure, a cut
at +20 MeV appears reasonable. The event discussed earlier (see fig. 5.7) yields an
excess unassociated energy of 32 MeV. Note that there is a scaling factor of about 10
between raw deposited energy as measured by the strips and the actual total energy
of an electromagnetic shower with shower axis perpindicular to the calorimeter layers.
Therefore, a 20 MeV excess would correspond approximately to 200 MeV true energy,

if the shower were due to a particle originating from the origin. From the radiative
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Bhabha sample, a cut at 20 MeV yields an efliciency for preserving signal events

estimated at 98.740.3%.

103

T T T_Fl T T TT LR T T 7 ‘ T T T T T T T3
E Cut 3
C ¢ ]
% 108 E
= E E
0 o
B 3
P I -
q 1 — oliny
v 10* E E
& 3 t
“t L o
o - ]
B L .
5
100 =l
= E t—_:’1 '
10_—1 T T | | I S | | T l TR T N | I AEnE! 1
-5 -50 25 0 4+ 50 5

Excess Unessociated Energy (MeV)
Figure 5.8. Distribution in excess unassociated energy deposition
in the liquid argon calorimeter in the vicinity of photons from radia-
tive Bhabha events. The last bin shown includes overflow events.

The second cosmic rejection algorithm is more straightforward, in that it simply
looks for an alignmentlof muon layer hits with the tagging photon. In each of the four
muon system walls, the wires in the three outer proportional tube layers lie parallel
to the beam direction, allowing a direct measurement of the x— and y—coordinates of
a muon track. The wires in the inner layer are perpindicular to the beam direction,
allowing a measure of the z— and either the x— or y— coordinate of the muon track. The
algorithm considers all muon chamber signals that have not already been assigned to
charged tracks originating from the origin. All combinations in which there is a hit
in each of the three outer layers of a given muon wall are examined. If three hits in
three different layers are found to be aligned in the x—y plane within errors(taken to
be half the distance between wires in a layer), if the extrapolation of that line passes
within 2 strips of the tagging photon in any calorimeter layer, and if there is a signal

somewhere in the inner layer of the original muon wall, the event is rejected. The
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dashed line in fig. 5.7 is a fit found by the muon rejection algorithm.

Figure 5.9 shows another event rejected by the muon algorithm. This time,
the muon enters from above, induces an electromagnetic shower in the upper right
calorimeter, crosses the central drift chamber, Before exiting through the the lower left
calorimeter module, where it deposits a small amount of energy through ionization.
The fact that the extrapolated line derived from the muon layer signals does not quite
match the drift chamber gignals visible in the plot suggests that the cosmic muon was

deflected slightly in its collision with the knock-on electron in the calorimeter.
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Figure 5.9. Event plot of another coincidence between cosmic ray
shower and two-photon process. This event is rejected by the muon
finding algorithm:.

Note that in both this event and the one in fig. 5.7, the two charged tracks

originating from the beam collision are nearly coplanar, i.e., back-to-back in the x-y

plane, as they leave the beam region. Their transverse momenta very nearly cancel
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each other. The chances are high that both events are from the two-photon process
eTe — ete ee, although it is difficult to verify this because the low energies of the
tracks preclude reliable identification from calorimeter energy. This high coplanarity
is the motivation for the 20 mrad cut described in an earlier section for eliminating
events with false photon tags. To measure the inefficiency for signal introduced by
the muon rejection algorithm, radiative Bhabha and muon pair events have been
examined, along with hadronic events. The fraction of true beam-produced events

=N

rejected by the algorithm is estimated to be about 0.1%.

The third cosmic rejection algorithm searches for unassigned drift chamber sig-
nals—”aligned with the tagging photon. Nearby clusters of drift chamber signals are
identified and, if possible, extended, while requiring consistency with a straight line
in the x-y plane. Relatively large errors are assigned to each wire position since no
correction is made for the tilt of the stereo layer Wirés, and since drift distances are
ignored. In addition, signals from the vertex chamber are ignored because of signif-
icant coherent noise in those layers. A cosmic track candidate must have as many
drift chamber signals as there are drift chamber layers in the track’s path. This does
not require 100% efficiency per layer, as it might appear, because most of the tracks
pass through at least one layer with a direction somewhat parallel to that layer of
wires, inducing more than one signal in that layer. In the case of a track intersecting
a layer tangentially, more than 10 wires may record a signal. Unfortunately, this is
also a property of coherent electronic noise due to crosstalk. Therefore, an additional
requirement is that the track have at least one signal in at least half of the eligible

drift chamber layers.

As in the muon rejection algorithm, if such a cosmic track candidate passes within
two strips of the tagging photon in any calorimeter layer, the event is rejected. The
event in fig. 5.9 that was rejected by the muon algorithm is also rejected by the drift
chamber signal algorithm. Figure 5.10 shows the same event, where this time the

dashed line indicates the fit found by drift chamber signal algorithm. Again, there
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is evidence that the muon was deflected slightly during its passage through the top
calorimeter module, since the extrapolated drift chamber track slightly misses the
muon chamber signals. The inefficiency of the algorithm has been estimated from the
data with the same samples of radiative Bhabha, radiative muon pair and hadronic
events used above. From these events, a conservative measure of the inefliciency
(dominated by failing hadronic events) is 0.740.3%. Coherent noise in the outer
layers of the drift chamber and “splashback” particles from the interaction of beam-

LN

produced particles in the TOF or magnetic coil account for most of the loss.
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Figure 5.10. Plot of same event shown in fig. 5.9, except that the
dashed line now indicates the track found from fitting the drift
chamber signals.

One point should be addressed concerning the objectivity of these algorithms.
Some subjectivity cannot be avoided in devising a rejection scheme. At some point,
one must choose particular cuts that preserve what one considers to be true beam-

produced events and reject those from cosmic ray coincidences. To avoid direct bias,
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one chooses a different sample of events from the signal events, such as radiative
Bhabhas, with which to refine the algorithm and measure inefficiency. Neverthe-
less, one relies ultimately upon inspection (“hand-scanning”). It is inaccurate to say
that subjectivity has been eliminated; one has merely found a way to measure with

reasonable accuracy the effect of that subjectivity.

5.2 Background Estimation

-

Because the selection cuts described at the beginning of this chapter tend to
find events with large missing energy and missing transverse momentum, not many
conventional processes contribute background events. The polar angle and energy
requirements on the tagging photon suppress enormously most two-photon processes,
the isolation criteria suppress final state radiation and 7° decay backgrounds, and
the event momentum requirements suppress events with undetected particles emitted
at forward angles. The remaining two-photon backgrounds are almost completely

eliminated by the requirement of missing transverse momentum.

Therefore, the remaining backgrounds are primarily those in which a particle
passes through the central detector undetected. Because of the high tracking effi-
ciency, this necessarily implies an escaped neutral particle. In the case of the signal
events, of course, there are at least two neutrinos or anti-neutrinos in each event.
Not surprisingly, the largest conventional background comes from the similar process
of radiative téu production and decay, where again, there are at least two neutrinos
missing. An additional background comes from tau pairs produced through two-
photon production where the tagging phf)ton is from an unresolved 7° decay, mainly
produced in 7 — pv, decays. Mentioned earlier was the background from two-photon

production of 7707~ x°

, in which most of the energy of one of the 7%’s is lost to
a photon that exits the detector through gaps in the calorimetry acceptance. The
fourth background found to be non-negligible is from hard radiative hadronic events

where much of the energy is lost to a very energetic photon emitted along the direc-
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tion of the beam and to undetected particles in the forward regions, particles which
roughly balance the longitudinal momentum of the initial state photon. In such a
case, where only two charged particles are detected in the drift chamber and a photon
from 7° decay forms the event tag, an undetected neutron or anti-neutron can provide

enough missing transverse momentum to satisfy selection criteria.

5.2.1 Radiative 7 background

The background from radiative tau pairs is estimated with the same Monte Carlo

program(LULEPT) used for simulating signal events. Details concerning production

.and decay simulation can be found in Appendix A. Briefly, the program simulates

‘most significant tau decays with approximately the correct branching ratios, although

because of the one-prong discrepancy in exclusive and inclusive branching ratioé, an
additional correction must be applied event-by-event to both signal and radiative
tau simulations. These corrections are given in the appendix. In addition, because
of the well-known one-prong discrepancy,’® a systematic error of 7% is assumed for
predictions from radiative tau backgounds. The background from non-radiative an-
nihilation production of tau pairs, where the tagging photon originates from a #°
decay associated with 7 — pv, is found to be negligible, because of the isolation

requirements on the photon.

5.2.2 Two-photon T pair production

The background from two-photon production of tau pairs has been simulated
with two different Monte Carlo programs. One, called GGDEPA,S? is based on the
double equivalent photon approximation®® and has been used in analyses of various
two-photon processes with the Mark II detector. It simulates the diagram in fig. 1.9 a
(with 7 substituted for ) in the approximation that the two photons have invariant
mass-squares of zero and that the cross section for producing the tau pairs can be
factorized into a “luminosity function”, which describes the production of the virtual

photons, times the cross section for producing tau pairs through annihilation of two
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real photons. This approximation neglects quantum mechanical effects arising from
interference, but it allows rapid, efficient computer simulation. The error in this
approximation varies from about 10% to 40%,%? depending on selection criteria. A
conservative assumption used in this analysis is 30%. A relatively small sample of
events simulated with the slower Monte Carlo gives a background estimate consistent

with the GGDEPA prediction, although the statistics are quite limited.

i

5.2.3 Two-photon production of four pions

_The background from two-photon-produced four-pion events is also simulated
with the GGDEPA program. Two-photon production of hadronic states is poorly un-
derstood. The validity of the double equivalent photon approximation is difﬁcuit'
to assess in a region where the production of hadrons through parton-like quarks is
questionable. There is reason to believe that the Vector Dominance Model, in which
the virtual photons mix quantum mechanically with neutral vector mesons(primarily
the p°), is more appropriate in describing two-photon production of hadrons at low
momentum transfers.®® Therefore, the systematic error on the estimate of this back-

ground is assumed to be quite large.

To normalize the background estimate from Monte Carlo simulation, experimen-
. tal measurements by the JADE and ARGUS collaborations®4:%5 have been used, along

with the Low approximation.®® This approximation assumes

B N 2 E 2 p4E3 ds' 7
a(e+e See X)=~2 (2) [ln (—E>} /s “5,—‘0'77—+X(3,)fL0w(%;]—3')

T rl:le thresh

where S¢hresh 18 the minimum invariant mass squared for producing system X, and

the Low function is defined as

frow(@) = (2 +2°)’In (%) —(1-2%)(3 +2%)
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From the ARGUS and JADE measurements, a functional form for the cross section

for two-photon anhihilation into 7+ 797~ is taken to be

(To/2)?
(Mpp - MO)Z + (F0/2)2,

o(yy = 77 x°%) = 70nb

where the nominal mass and width are take}l as

My = 2.0 GeV Ty =0.90 GeV

For the purposes of this analysis, S¢hresh can be taken as (1.5 GeV)Z, yielding a total
cross section a(e+e— —e'e 7707~ 7% = 105nb. Because of uncertainties in the
applicability of the double equivalent photon approximation in event simulation and
in use of the Low approximation, a conservative systematic error of 50% is assumed

. + - + - —
for Monte Carlo rate predictions fore'e — e e 77xlnr~x°

5.2.4 Hadronic event production

Accurately predicting backgrounds from hadronic events where a neutral hadron
escapes detection is quite hard. One reason is that the LUND Monte Carlo Program*?
used to simulate quark-antiquark production and subsequent “hadronization” has
not been verified to the level of accuracy necessary in treating events with only two
detected charged tracks. Another reason is that simulation of neutral hadron in-
teractions in the Mark II calorimeter has not been implemented with the required
accuracy. Especially troubling is that neutron interaction simulations cannot be di-
rectly checked with the data. For these reasons, the estimate to be presented for
hadronic background is not used in setting limits on new heavy lepton production.
This is a conservative approach, since inclusion of additional backgrounds can only

improve derived upper limits.
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5.3 Efficiency Corrections for Detector Simulation

The detector simulation of the Monte Carlo program does not always reproduce
the backgrounds actually seen in the data. In some cases this is because of inade-
quate modelling of detector geometry; in others, the program does not account for

backgrounds that are independent of the primary electron-positron interaction.

The major corrections for incorrect detector response simulation involve the time-
of-flight scintillator counters,.the liquid argon calorimeter, and noise in the small
angle tagger. As described in chapter 4, there is a loss in efﬁciéncy due to cracks
in azimuth between the counters. The efficiency per track for Bhabha electrons of
the TOF latch (necessary for charged track secondary trigger) is 98.7%. The Monte
Carlo predicts a value of essentially 100%. Since both charged tracks in an event
must induce a latched TOF signal, the total trigger efficiency is the square of the
efficiency per track, yielding 97.4%. The efliciencies are independent in signal events
because angular correlations in azimuth between the two tracks are much broader
than the extremely narrow(~ 0.25°) gaps in acceptance. Also mentioned in chapter
4 was an additional loss in TOF efficiency for very low momentum tracks, due to in-
flight hadron decays and to material in front of the counters near each end. The loss
from decays is simulated properly and requires no correction, but the slight loss at the
counter ends leads to an unsimulated inefficiency in the range 0.2-0.4% when averaged
over |cos@ < 0.7] for hadrons with momentum less than 800 MeV. To account for
these inaccuracies in TOF simulation, an efficiency correction of 97.040.5% is applied

to all Monte Carlo estimates.

Monte Carlo simulation of the liquid argon calorimeter has been tested with
electrons from e'e” — e'e e e in the data, as described in chapter 4. It was
found that an algorithm that slightly smears the reconstructed Monte Carlo-produced
shower improves agreement with efficiencies derived from the data. The remaining
discrepancy constitutes a 0.7% efliciency loss not modelled by the Monte Carlo for
photon energies in the range 0.8-2.0 GeV with a distribution falling like 1/E..
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One failing of this efficiency study is that it tests Monte Carlo simulation of
calorimeter response to electron showers, not to photon showers. It is difficult to
measure directly and accurately the calorimeter response to low energy photons at
PEP beam energies. One can kinematically fit planar radiative Bhabha events, using
only the directions of the electrons and photon, to determine the plioton energy. In
principle, this allows one to directly compare reconstructed photon energy with the
“true” value. In practice:l however, with the integrated luminosity available to this
analyis, one cannot obtain a sufficient number of low-energy photon candidates with
energies determined accurately by the fit. The derived efficiency cannot be measured

“to better than a few percent for any narrow range in photon energy.

A photon response study®! was ;;érformed many years ago on Mark II data taken
at SPEAR on the J/1 resonance (/s = 3.1GeV), using the decay ¢ — ntx 70,
In this technique, the momenta of the two charged pions and that of one photon
from the 7° decay are measured. These momenta overconstrain the second photon’s
direction and energy, allowing a kinematic fit to determine their values, thus providing
a direct measurement of photon efficiency and resolution. The agreement between
data and Monte Carlo was found to be quite good. Because the shower reconstruction
algorithms were somewhat modified after the Mark II was moved to PEP, the study
has been redone for this analysis, using a small data sample from SPEAR that was
still available. Qualitatively, the results agree with the previous study, but again the
accuracy of the Monte Carlo cannot be verified to better than a few percent. None
of these studies indicate any measurable discrepancy in photon shower simulation
between Monte Carlo and data, and comparison of Monte Carlo generated electrons
and photons give efliciencies that also agree to within a few percent. As a quite
conservative estimate then, it is assumed that the difference between electron and

photon initiated showers gives rise to an uncertainty in photon detection efficiency of

3%.

Another small inefficiency arises from noise in module 8 of the liquid argon
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calorimeter (azimuth from 315° to 360°). Towards the end of PEP data-taking,
the electronics gain for that module was reduced, as a test in preparation for SLC
running where the previous gain values would have led to channel saturation for the
highest shower energies. After the gain change and necessary associated changes to
pedestals and other calibration constants, the relative noise in the module increased
substantially. As a result, for about the last 50 pb~?! of data, false energy depositions
in module 8 occasionally mislead the shower reconstruction programs into associating
the wrong F and T layers togetvl;er. This not only causes the shower to be placed in the
wrong location, but it also degrades the energy resolution. The resulting inefficiency
has been measured with thee'e — e e e’e electron sample and found to be about

0.4%. In summary, the efficiency correction for inaccuracy of calorimeter simulation

is taken to be 98.94+3.0%.

Background rejection based on energy deposited in the SAT calorimeter was
discussed earlier in this chapter. The inefficiency due to these cuts is estimated to be

4.6+0.6%, a loss not simulated by the standard Monte Carlo program.

Each of the algorithms that reject cosmic ray coincidences incurs a small ineffi-
ciency. To be conservative, the correlations among the inefficiencies are ignored and
the three efficiency corrections simply multiplied together. The result is a correction

factor of 97.940.5%.

All of the efficiency corrections for inadequate detector simulation are shown in
Table 5.1. The errors are added in quadrature and the efficiency factors multiplied

together to give 8913%.

5.4 Comparison of Data to Backgi‘ound Estimate

When the event selection criteria described earlier in the chapter are applied
to the data(104 pb~'), including the various veto conditions, only 14 events remain.
When the same criteria are applied to the first three background samples (normalized

to the data’s integrated luminosity) and all efficiency corrections applied, a total of
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Table 5.1. Given below are efliciency corrections due to inaccurate Monte
Carlo simulation of detector response and occupancies.

Time-of-Flight scintillators .9704.005

Lead-Liquid Argon Calorimeter .989+.031

Small Angle Tagger (Calorimeter) |.9544.006

Cosmic Ray Coincidence Algorithms| .979.005

Total (Detector simulation) .894+.03

12.341.7 events survive, as shown in Table 5.2. The errors given are systematic;
hi;hey do not include statistical fluctuations from these average expected values, which
‘dominate the uncertainty in the number of events actually observed. No error is given

for the radiative hadronic background estimate for the reasons mentioned earlier.

Table 5.2. Given are final estimates for contributions from the four main
backgrounds described earlier. Values are normalized to 104 pb~! of inte-
grated luminosity. Errors are systematic only. )

ee — Ty 9.7+1.4

ete” o ete 7t 2.3+1.0

efe” s ete wtalr—x0 | 0.340.2

ee” mete qq 1.7+7
Total 12.3+1.7

In total number, the background estimates are consistent with what is observed
in the data. To assess whether this agreement can be trusted, one must examine
various distributions. Figure 5.11 shows the distribution in tagging photon energy
for data and background. Within the limited statistics, the distributions agree fairly
well in shape and normalization. The invariant mass of the two charged particles

together(assumed pions) is plotted in fig. 5.12. Again, the agreement is good. Fig-
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ure 5.13 shows the invariant mass of the photon combined with each charged track (2
entries per event). Figure 5.14 shows the distribution in total energy for the photon
and two charged particles; the dominance of the photon energy in the total is seen
in the resemblance between figures 5.11 and 5.14. This can also be seen directly in
fig. 5.15, which shows the distribution in momenta of the charged tracks.” Note that
one event selection requirement is that each charged particle momentum be less than

4 GeV.
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Figure 5.11. Distribution in energy of tagging photon for data and
estimated backgrounds.

As discussed in the first chapter, electron identification cannot be used for event
selection, given the typical charged particle momenta of surviving events. Muon
identification is even less reliable. But there is enough information available to al-
low statistical separation of electrons from pions. For tracks with energies greater
than several hundred MeV, the calorimeter energy deposition will be higher on aver-

age for electrons than for hadrons. The energy deposition patterns (size and shape)
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Figure 5.12. Distribution in invariant mass of the two charged
particles taken together for data and estimated backgrounds.

for electrons and hadrons also differ on average. In addition, for the lowest energy
tracks, times measured by the TOF scintillators can statistically distinguish electrons
from hadrons. These differences have been exploited by a sorting program, known as
LAESEP,57 that identifies electron and pion candidates with 60-90% efficiency and
with misidentification probabilities less than 15% for momenta of interest here. The
algorithm has been applied to surviving events in the data and to Monte Carlo back-
ground samples. As shown in Table 5.3, the agreement in electron/pion combinations
is quite good. The large number of events with one or more ambiguous tracks con-
firms, however, that it would be unwise to select events based upon electron and pion

identification.

5.5 Limits on a New Heavy Lepton Doublet

From the previous section, it is clear that no signal for new heavy lepton pro-

duction emerges from the data. The next question is how well one can exclude the
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Figure 5.13. Distribution in invariant mass of charged-neutral com-
binations (two entries per event) for data and estimated back-
grounds.
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Figure 5.14. Distribution in total energy of tagging photon and
two charged tracks for data and estimated backgrounds.
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Figure 5.15. Distribution in single charged track momentum (two
entries per event) for data and estimated backgrounds.

Table 5.3. Shown is the distribution in electron/pion candidates for data and
(background) events surviving all cuts.

Particle Identity

Electron| Pion | Ambiguous
Electron | 1(0.7) |1(2.6)| 2(1.0)
Pion — 14(33)| 4(3.1)
Ambigous| — — 2 (1.5)

existence of heavy leptons with these results. As a first step, one can add the heavy
lepton distributions expected from the exemplary signal cases A-C, defined earlier,
to the background distributions in figures 5.11-5.15. The results are shown in fig-
ures 5.16— 5.20, From these distributions, it is clear simply from the integrated areas

that all three exemplary cases can be safely excluded.

In general, one can determine the confidence level of exclusion in many different
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Figure 5.16. Distribution in energy of tagging photon for data and
estimated backgrounds plus signals A, B, and C.
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Figure 5.17. Distribution in invariant mass of the two charged
particles taken together for data and estimated backgrounds plus

signals A, B, and C.
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Figure 5.18. Distribution in invariant mass of charged-neutral com-
binations (two entries per event) for data and estimated back-
grounds plus signals A, B, and C.

ways. For example, one can compare both the shapes and total numbers of events
seen in the data to that expected from the sum of backgrounds and hypothetical
signal for one or more of the distributions shown in figures 5.16-5.20. The approach
taken in this analysis, which is simpler and more conservative, is to compare only
total numbers of events. When the total number of surviving events is as low as
occurs in this analysis, it is necessary to apply techniques based on Poisson statistics.
In the simplest case, the systematic errors on background and signal estimates are
negligible compared to the expected statistical fluctuations on the expected value of

their sum. The confidence level of excluding the signal is then taken as®®

Np A% —a
CL = 1- 2=

Np A3 ,—2p
En:O n! €
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Figure 5.19. Distribution in total energy of tagging photon and two
charged tracks for data and estimated backgrounds plus signals A,

B, and C.
where
Np = Number of events observed in data
Ap = Number of events expected from background
As = Number of events expected from signal
At = AB+As

This definition of confidence level has the virtue that it explicitly takes into account
the knowledge that the number of background events in the sample has been measured
to be less than or equal to Np. Put another way, the confidence level for an upper
limit on As is one minus the probability that the average expected background g
plus As would give rise to a fluctuation down to 14 or less, given that we already know
that the background has fluctuated that low. This distinction is most important when

an estimated background is much greater than the number of events observed.

In this analysis, statistical fluctuations away from the average expected sum of
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Figure 5.20. Distribution in single charged track momentum (two

entries per event) for data and estimated backgrounds plus signals

A, B, and C.
background plus signal do dominate the error, but systematic errors on those expected
values cannot be completely neglected. The approach taken here for treating the
systematic error is to assume that if the calculated expected value of a rate is A £ o3,
then the differential probability that the true value A¢yne would lead to the calculated

value is given by a Gaussian distribution:

1 —(/\ - Atrue)2
ex
V2o P 20%

PGauss(Atrue — A) =

Strictly speaking, the value of o should depend on the value of A¢rye, but for small
o, the distinction is unimportant.‘ The differential probability that the true value
Atrue Would simultaneously lead to a Monte Carlo prediction of A and an observed

number of 14 or less in the data is then taken to be

Pjoint(/\true; /\,ND < 14]) = PGauss()‘true - /\) X PPoisson()\true - [ND < 14])
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If one assumes that, aside from the Monte Carlo prediction, there is no a priors
preference for any value of A¢rue, then the total probability that one would estimate
a value A and observe Np or fewer events is the integral of this expression over all

physical values of A¢rye:

P(A\,Np) = \/—0‘)‘/ d\’ exp{—(i——— '}Z ()\’ (5.1)

For illustration, the hypothesis that the background (A = 12.3; oy = 1.7) would
produce 14 or fewer events in the data yields the probability 73%, indicating reason-
able-consistency between data and background, as one would expect if there were no
heavy lepton signal. If this probability were very close to unity, one would suspect the
presence of unexplained backgrounds or of a signal. If the number were very sma,ll,-
on the other hand, one would suspect the background had been overestimated. If an

experiment is repeated many times, one expects an average probability near 50%.

The confidence level with which one can exclude a given signal hypothesis is
1 — P(A1)/P(AB), where P is calculated from eqn. 5.1. Using this technique, one
finds for the exemplary cases A, B, and C, confidence levels for exclusion of > 99.9%,

> 99.9%, and 95.2%, respectively.

In order to confidently exclude a region in the M, —M,,_plane, as in fig. 1.6, it is
necessary to generate many Monte Carlo samples at different points in the plane. A
confidence level for excluding each point can be calculated, allowing an interpolation
between points to find contours of exclusion at a particular confidence level, such as
95%. In generating samples, one must take care to assure closely spaced points where
the confidence level varies rapidly, in order to minimize error due to the interpolation.
Figure 5.21 shows the 86 points generated for this analysis. The high density of points
along the bottom and left reflect rapid variations in confidence levels calculated in

this region.

Tables 5.4, 5.5, 5.6, and 5.7, shows the numbers of events predicted from the
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Figure 5.21. Distribution of Monte Carlo event samples in plane of

mass difference vs charged mass.
Monte Carlo simulation (including all efficiency corrections) with the estimated errors.
The last column gives the confidence level with which the lepton doublet can be
excluded. From these numbers, one can interpolate between points to get confidence
level contours. Empirically, it is found that interpolation in the variable In(1-C.L.)
is reliable, insofar that it varies approximately linearly with both mass difference and
charged lepton mass in the neighborhood of the exclusion contours. The procedure
used here is to interpolate along horizontal(fixed mass difference) and vertical(fixed
charged mass) lines to find points that lie on the contour of 95% confidence level.

There are additional interpolations along the curve defined by zero neutrino mass.

Once this set of points has been determined, circle fits are made to find the

contour segments between points. For example, assume H, I, J, and K are sequential

points along the contour. To find the segment between I and J, two circle fits are
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Table 5.4. Average expected signal events and confidence levels of exclusion
for Monte Carlo samples with mass differences of 0.2 and 0.4 GeV. Estimated
errors on average expected numbers of events are systematic only; they do
not include statistical fluctuations in observed numbers of events.

M (GeV) | My, (GeV) | Number of Events | C.L. (%)
0.2 1.0 6.5 & 1.1 74.3
0.2 2.0 11.8 £ 1.9 95.6
0.2 ~3.0 11.2 + 1.8 94.5
0.2 4.0 10.0 £ 1.6 91.6
0.2 5.0 - 85+13 86.4
0.2 6.0 - 7.8+1.2 82.9
0.2 8.0 4.4 £ 0.7 55.1
0.2 10.0 22+ 04 27.9
0.2 11.0 1.1 £ 0.2 14.2
0.2 12.0 0.6 £0.1 7.3
0.3 0.3 0.5+0.2 5.8
0.3 1.0 24.2 £ 3.5 > 99.9
0.3 2.0 42.8 £+ 6.2 > 99.9
0.3 3.0 36.0 + 5.2 > 99.9
0.3 4.0 33.5 £ 4.9 > 99.9
0.3 5.0 29.0 + 4.2 > 99.9
0.3 6.0 25.2 + 3.7 > 99.9
0.3 8.0 16.3 £ 2.4 99.3
0.3 10.0 8.6 £ 1.3 86.9
0.3 11.0 6.0 £ 0.9 70.8
0.3 12.0 3.6 + 0.5 46.2




5.5 Limits on a New Heavy Lepton Doublet 109

performed. The circle(A) defined by points H, I, and J is determined, along with the
circle(B) defined by I, J, and K. In general, the two segments do not coincide exactly,
but are close. To resolve the ambiguity, a weighted average of points along circles A
and B is taken, where the weights depend upon nearness to the endpoints I and J, and
upon the radii of curvature of the two circles. Specifically, for points.on the segment
close to I, circle A is given more weight than is circle B. In addition, weighting the
circle contributions according to their radii of curvature produces a smoother curve,

avoiding rapid, unphysical variations.

The resulting contour for 95% confidence level is shown in fig. 5.22. As discussed
"in chapter 3, the phase space suppression for producing very heavy leptons in associ-
‘ation with an energetic photon severely limits this analysis for lepton masses greater
than about 10 GeV. Along the bottom of the contour, at low mass differences, the
total decay width becomes small enough that long lifetimes lead to reconstructed
charged tracks with large impact parameters, for which trigger and reconstruction
efficiencies are poor. At the bottom left, where the charged mass is very small, the
sensitivity to very small mass differences is reduced because the visible energies in

such cases can be substantial, leading to charged particles with momenta greater than

the allowed 4 GeV.

One can construct an exclusion contour for 99% confidence level in exactly the
same way. Figure 5.23 shows both the 95% and 99% c.l. contours, plotted logarith-
mically in mass difference. Because this analysis has been optimized to explore the
region of very low mass difference, where previous experiments have been insensitive,
increasing the required confidence level leads to rapid loss in the region excluded along
the top of the contour where mass ;ﬁfferences and therefore visible energies are rela-
tively large. Along the bottom, however, the contours recede slowly with increasing
confidence level, indicating that confidence level falls off very rapidly. with decreasing
mass difference. This is easily understood: the long charged lepton lifetimes associ-

ated with low mass differences are approximately inversely proportional to the cube
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Table 5.5. Confidence levels for exclusion of Monte Carlo heavy lepton sam-

ples with (6M=0.4,0.6)

M (GeV) | My, (GeV) | Number of Events | C.L. (%)
0.4 0.4 1.9 £ 0.4 24.9
0.4 1.0 328 £45 |>99.9
0.4 2.0 522 £7.2 |>99.9
0.4 ~3.0 503 £ 6.9 |>99.9
0.4 4.0 449 +62 |>99.9
0.4 5.0 363+£50 |>99.9
0.4 6.0 307+43  [>99.9
0.4 8.0 19.6 + 2.8 99.8
0.4 10.0 11.6 + 1.6 95.5
0.4 11.0 7.2 + 1.0 79.4
0.4 12.0 41+ 0.6 51.9
0.6 0.6 13.2 4 1.9 97.5
0.6 1.0 2.4+ 34 |>99.9
0.6 2.0 456 £ 58 > 99.9
0.6 3.0 495+ 63 |>99.9
0.6 4.0 49.0 £6.3 |>99.9
0.6 5.0 382 +49 [>99.9
0.6 6.0 33.7+43  |>99.9
0.6 8.0 20.8 + 2.7 |>99.9
0.6 10.0 119 + 1.5 96.1
0.6 11.0 7.5 4 1.0 81.7
0.6 12.0 3.8 + 0.5 49.0
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of the mass difference in this region. Consequently, the number of signal events that

pass the 5 cm charged track impact parameter cut falls rapidly as one explores mass

differences below 250 MeV.

5.6 Conclusions and Outlook

No evidence for the existence of a new close-mass lepton doublet has emerged
from this work, permitting limits to be placed on allowed combinations of charged and
neutral lepton masses. T.Ile novel requirement of an isolated photon has allowed ex-
ploration of extreme close-mass doublets previously inaccessible to experiment. The
“major limitation in exploring lower mass differences has been dependence upon a
"charged particle trigger. More progress could be made in future experiment_s_with
a trigger sensitive to the tagging photon itself. There would be technical difficulties
in implementing such a trigger; backgrounds from cosmic rays and beam-associated
backgrounds could be substantial, depending upon the detector and upon the accel-
erator supplying the electron and positron beams. More difﬁgulty would come from
reconstructing the charged particle tracks, requiring sophisticated algorithms to de-
tect and correctly interpret in-flight charged lepton decays. The rewards for such
work would be the ability to detect the existence of not only close-mass leptons, but
of general exotic processes characterized by very low visible energy due to undetected

heavy particles.

The prospects for soon completely excluding close-mass leptons with masses be-
low about 45 GeV are quite good. Upcoming electron-positron experiments at center-
of-mass energies equal to the Z° mass should allow determination of the total decay
width of the Z° with sufficient accﬁracy to determine whether the Z° decays to var-
ious types of undiscovered particles. In particular, a new close-mass doublet with
less than half the mass of the Z° would increase the width because of the two decay
modes Z° — LTL™ and Z° — vy, 7y,. If experiments find that the total decay width is
correctly predicted by the standard model with 3 generations, then it is straightfor-



112 Analysis and Results

Table 5.6. Confidence levels for exclusion of Monte Carlo heavy lepton sam-

ples with (§M=0.8,1.0,1.2)

6M (GeV) | My, (GeV) | Number of Events | C.L. (%)
0.8 0.8 16.5 + 2.2 9.4
0.8 1.0 17.9 + 2.3 99.7
0.8 2.0 307+ 40 |>99.9
0.8 ~3.0 372449 |>99.9
0.8 4.0 405+54 |>999
0.8 5.0 340+£46 |>99.9
0.8 6.0 L 286+39 |>999
0.8 8.0 1.7 + 2.7 99.8
0.8 10.0 10.6 + 1.4 03.6
0.8 11.0 6.6 + 0.9 75.8
0.8 12.0 3.6 + 0.5 46.5
1.0 1.0 13.8 + 1.2 98.4
1.0 2.0 209 +2.0 |>99.9
1.0 3.0 281427 |>99.9
1.2 1.2 12.8 £ 1.7 07.1
1.2 2.0 17.9 + 2.5 99.6
1.2 3.0 258 + 35 |> 99.9
1.2 4.0 278 +£3.7  |>99.9
1.2 5.0 953 £3.5 |>99.9
1.2 60 | 241+£33 |>99.9
1.2 8.0 17.1 + 2.4 99.5
1.2 10.0 9.2 +1.3 89.2
1.2 11.0 6.0 + 0.8 70.4
1.2 12.0 3.1 + 0.4 40.3
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Table 5.7. Confidence levels for exclusion of Monte Carlo heavy lepton sam-

ples with (6M=1.4,1.6,1.8,2.0)

6M (GeV) | My, (GeV) | Number of Events | C.L. (%)
1.4 3.0 17.8 + 1.6 99.8
1.4 4.0 209+19 |>99.9
1.4 5.0 211+ 1.9 |>99.9
14 - 60 | 188+£25 199.8
1.6 2.0 12.4 + 1.7 96.7
1.6 30 | 13.9+£18 98.2
1.6 40 | 158421 99.2
1.6 5.0 15.5 + 2.1 99.0
1.6 6.0 15.7 + 2.0 99.1
1.6 8.0 12.1 + 1.6 96.4
1.6 10.0 7.3 £ 1.0 80.2
1.6 11.0 47406 58.2
1.6 12.0 2.5 + 0.3 32.4
1.8 4.0 12.5 + 1.1 97.2
1.8 5.0 14.0 + 1.8 98.2
1.8 6.0 14.0 + 1.8 98.3
1.8 8.0 10.3 + 1.4 92.8
2.0 5.0 11.1 £ 1.0 95.0
2.0 6.0 10.1 + 0.9 92.8

ward to exclude a fourth generation lepton doublet. On the other hand, if the width
is larger than predicted, determining the nature of implied new particle(s) could be

a challenge.

If the new process were hidden in two-photon backgrounds because of large miss-
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Figure 5.22. Exclusion contour at 95% confidence level

ing energy, as in the case of close-mass doublets, it might be difficult to extract the
signal. In such a case, photon-tagging could again become useful. A promising ap-
proach would be that proposed for neutrino counting with photon-tagging,6® that
is, to collide the electron-positron beams together at a center-of-mass energy several
GeV above the Z° resonance. For processes associated with the virtual Z° channel,
this produces a photon energy spectrum that reflects the Z° resonance, as shown in
fig. 5.24. For the figure, a Z° mass of 93 GeV and a center-of-mass energy of 97
GeV have been assumed. The histograms are calculations of the radiatively corrected
differential cross sections for the four charged lepton masses shown.* Therefore, one

signal would be very low energy events with a tagging photon spectrum like that

* The radiative corrections to the bremsstrahlung process have been calculated
with a Monte Carlo program™ that uses a structure function formalism and
an evolution algorithm to simulate multiple photon emission. My thanks to
Giovanni Bonvicini for providing a preliminary version of the program.
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Figure 5.23. Exclusion contours at 95% and 99% confidence levels.

depicted. The tagging photon requirement would still suppress two-photon back-
grounds, which are less important at the Z resonance, and remaining backgrounds
could be removed with additional selection cuts, such as those described in this chap-
ter. Hopefully, nature is not as perverse as to give us fourth generation leptons so
difficult to find and identify, but if she should, radiative tagging provides a powerful

tool.
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Appendix A

Lepton Production and Decay Simulation

o

To estimate the efficiency for detecting a new heavy sequential lepton, one must
_accurately simulate the lepton’s production and decay. For this analysis, the sim-
ulation was performed with a FORTRAN program called LULEPT, written by David
Stoker.”! Because the analysis depends critically on the accuracy of the LULEPT sim-
ulation, this appendix describes in some detail the formulas LULEPT uses and the
assumptions it makes.

The algorithm accounts for annihilation production through both the vy and
70 channels, including interference terms. Lowest order initial state radiation from
the electron and positron is also simulated, as described in chapter 3. Spin effects,
including the spin-spin correlation, are treated properly in production and decay

calculations. LULEPT explicitly simulates the following decays:

1] . L™ -y e 7
[2] L™ =y pm o,
[3] L™ -y 7w~
[4] L™ — v p”
(5] L™ -y K~
[6] L~ -y K*~

(7] | -
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(8] L™ -y, ud (Mp- > M, +1.275 GeV)
9] L™ -y, Cs (Mp- >M,_ +2.0 GeV)
[10] L™=y, v (Mp-> M, +1.784 GeV)

where My, and M, are the charged and neutral lepton masses.

Depending on the mass difference between L~ and v, some of these processes
may be forbidden by kinemaiics. The partial widths are fairly straightforward to
calculate, except for reactions[8-9], which require a fragmentation scheme to convert
the initial quarks into visible hadrons. This fragmentation is performed by the LUND
Monte Carlo program.*? - ‘

LULEPT was designed to allow arbitrary admixtures of (V—A) and (V+A) cou-
plings at the L v, W vertex. The program also allows longitudinal polarization of the

initial electrons and positrons. For this analysis, however, the current is assumed to

be pure (V—A), and initial longitudinal polarization zero.
A.1 Production Simulation

In general, the differential cross section for e'e” annihilation into two spin %

charged leptons is
do = dog(1 + ¢, 8" +T,uS* + ¢, S*SY)

where dog is the spin-averaged differential cross section, and S and S are 4-vectors

describing the spin of the L™ and the L* particles:

S = (S, S1-)

In the rest frame of either lepton, the time component of its spin 4-vector vanishes:

s' = (0,5)
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The differential decay rates for the two leptons are in general

dTp- = dI?_ (1 +b,S*)
. (A1)
dlp+ = dI%, (1 +5,5%)

where Py -, Pp+ are the 4-momenta of the heavy leptons, where b- PL; =b-Pp+ =0,
and where dI'? is the spin-averaged decay width for each lepton. It can be shown’?2
that these equations lead-to a combined differential cross section for production and

decay given by

dTy- dTi+

do = 4doo(1 — c,b* — E“B“ + c,“,b“l_)") T
L- I'n+

(A.2)
where 4 dog is the total cross section summed over final state charged lepton spins.
From this expression it is clear that production and decay calculations cannot be
factorized. Not only are the spins of the leptons correlated, and thus the kinematics
of their decay products correlated, but the differential cross sections itself depends
on that correlation.

Following the notation of Ward?2, one can write

da(e+e_ = L7LT)  o? 9

where df1 is the differential solid angle element of L™ in the e'e” cm. frame, and g

gives the magnitude of each lepton’s velocity:

_ Bl _ Bl
E_ E

L- L+

B

|F|? is defined by

IF[2 = C + C,S* + C,5* + C,, 85" (A4)
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The coefficients are given by

sin? 0
C = (1 + cos? 0 + " )
4 er s(s — M%)
sin?Ow cos?fw (s — M2 )2 + M2 Iz
X {-—-QV{Ve(
+ 1 g2

sin*fw cos4(9w (s — M%) + M2T2
x {240 (7)1 + 8% cos?0) 4 (o)

— 2viagvef cos 0} -
C = ef 2Mp
7 sin®fw cos?fw (s — M3)2 + M2T2 |
X {(s — M3) [Vf(Pe“Pé)u + 2 agve{(pe+ps)u — B cos 9(Pe—pé)u}]
oMzTz
- afey ﬂ’ypéapfﬂpe‘y}
+ 1 s2 1
sin?fw costOw (s — M2)2 + M2 ZI'2 4 Mp2
x {~4v12 (24 25) [(pe-+pe)s — Beos B(pe—pe), ]
—2v, [Vf (Pe"‘pé)u - a»fﬂcos 0(Pe+pé)u} }
Cu _ er. 2My,

sin?fw cos2fw (s — M2)2 + M2T%

x {(s —M3) [Vf(Pe'"‘pé)u ~2asve{(pe+pe)u + B cos B(pe—pe),}|

L 2Mz Iy

a’ffuaﬁvpéapfgpey}
+ 1 g2 1
sin*fw costfw (s — M2)2 + M2T2 4 Mp~2

x {4v1a0(v2+25) [ (per+pe)s + Beos B(pe—po)]

_9v, [V?(pe—Pé)u + a7 3 cos 6(pe +Pé)u] }




A.1 Production Simulation ‘ 121

) 4 48 cos @
Cuv = e?{52 slnzgg/u/ - ;(Peppéy+Peypéu) - _—_s_—_(pep,péy—peUpé“)}

ef 1
¥ 0w ot G — MR+ M3T]

X {(s — M3) [—2 vivesB?sin®0g,, + 8 viVe(Pe,PeytPe,Pey)

1 . .
+ (:Y—z—a’f + 8VfVeﬁCOS 0)(peupéu_peupéu)}
+4Mzl'zav, [E#Vaﬂpfapfﬁ — Bcost Euvaﬁ(Pe—Pé)anﬁ

1
+ e —pe)ues "

X (Pe“Pé)a(Pe+Pé)/3(Pf—Pf)*/] } '
+ 1 s
sin*Ow costfw (s — M3)% + M2T%

1 .
x {67 -at) (2 5158 sin0 g

1
—4 (Vf2 - ﬂQa‘?)(vz_*_R—)(peppéu—*_peypéu)

1 1
- 2 [?V{arfve + 2ﬂc030 (V?—a’?)(vz—i_ﬁ)] (pep,péll_peypé‘u)}

where e¢ is the lepton charge (e = —1), v, is the vector coupling of the electron, as
and vg are the axial and vector couplings of the lepton. My and I'y are the mass
and total width of the Z boson, as given in chapter 3. In this analysis, it is assumed
a. =ar = —1; ve =vy =~} +sin’fw; and sin®dw = 0.22. The Lorentz boost factor is
vy=1/ \/1——,_35 . The four-momenta, pe, pe, ps, and py, refer to the electron, positron,
L—, and L™, respectively, where # is the angle between the electron and L~. The

antisymmetric tensor €4g+6 is defined by

1 even permutation of [a=t,f=x,y=y,6=2]
€xfvs = § —1 odd permutation of [a=t,=x,y=y,6=2]
0 otherwise

where 1, X, y, and z are the time and space coordinates.
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One needs to evaluate eqn. A.2 in some reference frame. The most convenient
frame in which to do this is the e"e” c.m. frame. A coordinate system is defined in
the e e  c.m. frame (see fig. A.1) where the L~ direction is along the positive z—axis,
and the initial electron direction is rotated an angle § away from the z-axis in the

x~z plane. In each heavy lepton’s rest frame one has

' =(0,$"
al (A5)
- S' =(0,S)
which means that in the e’ e c.m. frame,
S = (78S, S5, Sy, 7S.)
_ o (A.6)
S =(_7ﬁS;a S;(’ S;a 7S;)
Z
~
/\ P.
o
—> X
P; A4
pL‘O ]
Figure A.1. The coefficients C{ and Cj; are evaluated in the c.m.
frame of the L™-L* pair where § is the angle between the L™ and
initial e~ directions.
For PEP energies, one has M, < E, allowing the approximation:
pe =(E, Esiné, 0, E cos §)
(A7)

pe =(E, —~Esin6, 0, —Ecos 9)
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while

P = (E7 0’ 07 /BE)
P1 Z(Ea 07 07 —ﬂE)

One can define new coefficients, C{, Ci, and C

!
13?

between the rest-frame components of the two leptons:

> Cisi=C,s*
- i=x,y,zr

> Ci§;=C,s*

1=X,y,2

> CjSiS) = Cp8t8”

L,J=X,5,% _

(A.8)

which specify the correlation

(A.9)

Explicit sums over : and j are denoted to indicate that all metric factors have

been removed from the left hand side of eqn. A.>9. Evaluating these new coeflicients,

taking care to include the appropriate factors from the metric matrix gy, , one gets:

Cl, =—Cx
C; =—Cy
Clz = —4[C, — BCi]

| C;:x = Cxx

Chy =Cxy

C;(z = V[sz + ﬁcxt]

Csz =7[Cax — BCtx]

ol =~ Gy
¢ =-Gy
C, = —7[Cz + BCy]
C;'x =ny
C'yy = Cyy

Cyy =7(Cyz + BCyi]

Coy =7[Cay — BCu]

C;z = 72 [sz - ,B(Ctz - Czt) - ﬂzctt]
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Explicitly, these become:

_ 1
o~ _ 2\ .
CL=0C.= Al Mz)(’y){2a,fveﬁc050 v}
+ B{vevf2 — 2vfa4(v§+ 1_16)'3 cos 9} :17- sin 0
_ 1 ,
C,=Cy = AMZFZ(%)a,;ﬂsmﬁ ,,
Cl=CL= A(s— M%){Q a1veB(1 + cos?8) — vi cos 9}

1
+ B{ve(v}2 + B%a) cos 6 — 2vfa,f(vg+1—6-),3(1'+ coszﬁ)}

The diagonal terms of Ci'j become:

' 1
o 2 2.2
Cix = € { (1 + -—-72) sin 0}
+ A(s — M%){—Q(l + :}é-)vae sin20}

1 1
2.2 (o2 .2 I P
+B{(vF~af) + 5 (v +a) }(vE+ ) sin’0

Cyy = ef{-psin’0}
A(s — M%).? vive? sin®6
B

[~ (vF-ad)(v2+ 156" sin’6)

sin?0
ok }
+ A(s — M%){adﬂ cos B — 2vyve [ﬂ2 +(1+ 71—2) cos29] }

C,, = e?{l + cos?6 —

16
— 2viagvef cos 9}

+B{+ g [(F4ad) + S 0F—ah)) cos0 + (F-+a)P?]



A.2 Event Generation Algorithm 125

The off.diagonal terms of Cl; become:
Chy = Clu= A[2MzTsarvefsin’0]
C;z = C'zy = A [2 MZFZ(:ly—)a{veﬂ sin § cos 0]
Cro = Chu = €(2)sin20 |
+A(s - M"Z’)(%)[%a{ﬂ — dvgve cos «9] sin 8

- 1
+ B(;){V?(v2+ -1—) sin 20 — veavef sin 9}

16
where
o A = ©f = . S
 sin®fw cos?0w (s —M3)% + M3T
1 s
B=

sin*fw costly (s —M32)2 + M2T%

A.2 Event Generation Algorithm |
Before discussing the formulas used in simulating heavy lepton decay, it is useful

to consider the general procedure for generating unweighted events. The sequence is |

as follows:

(1) Initial state radiation is produced according to the first line in eqn. 3.12 and
according to eqn. 3.18 (the algorithm is contained in LUND code). The generated
photon determines the Lorentz boost of the charged leptons in their own reduced-
energy c.m. frame.

(2) Decay modes are chosen randomly and independently for the two leptons, based
on the calculated total partial widths(to be discussed below).

(3) For each lepton, the energies of the decay products in the lepton rest frame are
chosen randomly according to the appropriate spin-averaged differential partial
widths.

(4) For each lepton, angles are chosen randomly and uniformly in phase space for

the decay products of each lepton in that lepton’s rest frame, ignoring spin-spin

correlations for the moment.
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(5) The “polarimeter” vectors, b and b, defined by eqn. A.1, are calculated from
the energies and directions of the decay products in each lepton rest frame. The
polarimeter vectors determine the strength of the spin-spin correlations.

(6) The differential cross section weight

Wairr = ——
is calculated and if Wdiff“> r, where r is a random number in the range [0,4],
the event is accepted. Otherwise, the process begins again at step (4).
(7)If any quarks are present, they must be “dressed” at this point into visible
hadrons by the LUND program. "
(8) All final state particles are boosted into the lab frame, and particles with finite

lifetimes are allowed to decay and undergo the Mark II detector simulation.

A.3 Decay Simulation

In order to simulate lepton decay properly, one needs expressions for the differen-
tial partial decay widths for the various decay modes, including angular distributions
dependent on the lepton’s spin. Given below are the formulas used in determining the
energy distributions of decay products, the polarimeter vectors, and the total partial

widths, which determine the branching ratios.

A.3.1 Fermionic decay (3-Body)

The general expression for the decay of a heavy charged lepton into a neutral

lepton and fermion-antifermion pair is given by ref. 72:

G%‘Mi de2 d(ﬁﬁ —f, de2 del

(L™ = nhh) = G Mz . 2 L
(1- R+ M- ) ) +EE

St - Py,
I

(A.10)

X (1 + yle - yfz2 - y,2,L - Xfl) [Xf1 —
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where (V—A) coupling has been assumed and W propagator effects have been in-
cluded. In this equation, x; = 2E;/My, and y; = M;/My, while My and I'w are
the mass and total width of the W boson. In this analysis, the values My = 83 GeV
and T'w = 3GeV are assumed. From the differential width, one can read off the

polarimeter vector:

o Pi P, _ 2
b = 1 = —L = :Bf .
IMyx;,  Ep &
Integrating the differential width over the available phase space with the assumption

Mz, = 0, one finds the following total partial width™®:

oL GEME( 1
T(L~ — v.hifs) = 1;‘27(;4{ = [2 —3a% — a2 4 (5b— 14)a — 13 b] r

- g[;;* —2(b +2)a” + b? — 4b] L, (A.11)

+ 12&\/1_3_112}

where o y? 4y \
__Yf2 YVL Ll Eln[ML(l—a-i—r)]
b= (y2 —y2 )2 2Mf2M”L
o M2 (a — b —bir)
% L2 =ln L
r=(1-2a+b) 2M, M,

For the decay L™ — v, e™ Ue, both Mz and M, can be neglected, in which case
eqn. A.11 reduces to

GaMg

L™ — v e 7)= 99,3 [1 — 8y,2,L + SyﬁL — yﬁL — 24 yﬁL In y,,L] (A.12)

In the case of M, ,Mj =0, eqn. A.11 reduces to

—_ ff _G%Mi 1—'82 6 8__2 41
(L™ — y fifs) = 0973 vi, +8y;, — vy, — 245, Inyy, (A.13)

If all final state fermions have negligible masses, eqn. A.11 reduces to the familiar

expression
2 \[5
Gg My,

PIL™ = mem ) = Tooms

(A.14)
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The 7 particle provides a check on these latter expressions. From eqn. A.13 and

eqn. A.14, one expects
B (7'_ — v pu” 17“)
B(r= > vre D)

= 0.97

which is consistent with the measured value®® 1.01 4 0.04.

Equation A.10 is used to generate decay product momenta for L™ = v, e™ T,
L™ >y " 9y, L” =y, 770, L7 -y, 0d, and L™ — v, Cs, where for the last two,
fragmentation into explicitly simulated decays is disabled. Total partial widths are
calculated from eqn. A.12 for L= — v, e~ 7 and from eqn. A.11 for L™ — v, p~ Uy
and L™ — v, 7~ U,, but the tot@l partial widths for the quark decays require special

care and will be discussed below.

A.3.2 Scalar decay (2-Body)

LULEPT simulates two scalar decay modes, L™ — v, #~ and L™ — v, K™, explic-
itly. Calculation of their partial widths is somewhat phenomenological and depends
on other, experimentally measured decay rates. For example, the decays L™ — v 7~
and 7~ — p~ v, both involve the difficult-to-calculate decay const‘:ant fr, which de-

scribes the coupling strength at the 7—W vertex. It is straightforward to show that

dl'(L™ - v, 7~ G2 {2 cos®0, .
( = ) _ P M (1—y,2,)2(A,r+B,rS-p,,) (A.15)

where pr = pr/ML in the L™ rest frame, and

>
3
il

[1_ yi, ]%1_ yi, }%[1_yﬁL(2+Y3r—yzL)]
(1+yx)? (1—yx)? 1-y2

5=yl o] [l

This equation applies also to L™ — v, K~ with cosf. — sinf. and y. — yk.

The polarimeter vector can be read off from eqn. A.15:

b= —"p.

>|t1:1
3 |4
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Integrating over the solid angle of the pion, one gets

GZ {2 cos?0

(L™ =)= s M(1 - y37)®
ve 1% vi oot vE(Q24+yi-vi) (4.16)
I een il [ e b <]
(1+yr) 1 —yr)? 1-y2
In the case M, =0, this reduces to
2 £2 2
DL ) = B0l ppq 2y (4.1

167

The value of f can be extracted from the branching ratio B (7~ — p~v,), the
“lifetime of the pion, 7, and the following expression for the total partial width of the
‘decay T — pT vyt

2 12 2 2
D(n~ = pry) = SEw 908 le yp 2 [1 - (Ma) }

8T,

One expects for the 7:

2

2
) B(r~ — p"vy)
)2 G M2 M2 M,

B(r— —vrm™) _967r3 1_(
B(r— —vre %) T, 1_(

= 0.604

9 [

which is consistent with the measured value 0.580 £ 0.065. The decay 77 — v, K~
can be treated the same way, with the substitutions described above. Using measured

values of B(K~™ — p”vu), and of the kaon lifetime, one predicts:

B(rm - v, K7)
B(r— — vre™ 1)

= 0.0395

which, again, is consistent with the measured value .0385 4 0.0098.

A.3.3 Vector decay (2-Body)

A similar 2-body decay can occur involving a vector meson. LULEPT treats three

such decays explicitly: L™ — v, p~, L™ — v, K* , and L™ — v a]. The Feynman
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diagram for the general process, L= — v, V™ where V™ is a vector meson is shown in
fig. A.2. The coupling at the V-W vertex cannot be calculated a priori, but like the
decay constant fr, it can be determined empirically from other processes. From the
Conserved Vector Current(CVC) Theorem,” the coupling is related through a weak
isospin rotation to the electromagnetic coupling to V?. For example, the width for
77 — vy p~ can be expressed in terms of the cross section for e'e” — p® — 7t7.

A fit of this cross section yields the prediction:"*

e

Pr” = vep™) 1504010

['(r= = vre™ D)

which is consistent with the measured value 1.25 £ 0.12. Such good agreement gives
one confidence that the analytic calculation of I'(L™ — v, p~) can be trusted, at least
in form. Similar techniques lead to expressions for (L~ — v, K* ) and I'(L™ —

v, a7 ), with larger uncertainties.

Figure A.2. The CVC Theorem relates the coupling between the
virtual W~ and the V— in the decay L™ — v, V™ to the coupling
between the virtual v and the V° in the processe’e” — V° through
a weak isospin rotation.

The widths for these vector resonance decays have the same dependence on My,

M, , and on the appropriate values of My and T'y. They differ, however, in their
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normalizations, which depend on measured coupling strengths. In principle, these
normalizations can be found from processes such as e — p® — ¥, as described
above. But, as will be discussed below, LULEPT determines the normalizations factors
by forcing agreement between ratios of observed branching fractions of the 7 and the
calculated values when My, is set to M, and M,,L set to zero.

This approach of forcing agreement with observation for the special case of
L™= 7~ has the advantages of automatically producing the correct T branching ra-
tios when LULEPT is used to calculate conventional 7 backgrounds, and of making the
simulation slightly less sensitive to phenomenological assumptions.

In the narrow-width approximation, I'v <« My, the differential partial width for

decay modes into vector mesons is

dD(L™ — v, V) o« MEM2(1 —y2)2(1 + 232) [Av +B,(S, -pv)] (A.18)

where

2 L 2 1 2 (2-y2i-y2)
rvel-grsl - 2] - )

2 2
B E1—2y‘2,[1_ Y, Hl_ Yi. Hl_ Yu, ]
YT 14 2y2 (I+yv)? (1—yv)? 1—2y?

and where Dy is the unit vector in the direction of the V™ in the L~ rest frame. From

eqn. A.18, the polarimeter vector can be read off:

ol

i
| o

3>

<

Integrating over the solid angle of V™~ gives the total partial width:

L™ =1, V7) o MIMI(1-y2)%(1+2y2)
2 1 2 1 2 —v2 2 A.19
Yo, ]2[1_ Vi, ]2[ AR YUL)} (4.19)
(1+YV)2 (1_YV)2 (1_Y3)2(1+2Y3)

x [1-



132 Lepton Production and Decay Simulation

In the case M, =0, this reduces to
P(L™ =1, V7)) o« MIMJ(1 - y3)*(1 +2¥7)

For the modes L™ — v, K* and L™ — v, a], the differential and total widths are
calculated from eqn. A.18 and eqn. A.19. The decay L™ — v, p7, howevef, warrants
special treatment. The total width I'(L™ — z/L_p_) can be éafely calculated from
eqn. A.19, but as will be explained below, spin considerations demand a differential

partial width that treats explicitly the final momenta of the 7~ and the 70,

A.34 Vector decay (3-Body) -

When a spin % lepton decays to a spiﬁ 1 particle and spin % left-handed neutrino,.
only two of the three possible spin states are allowed for the vector particle. An
extreme example illustrates this. Figure A.3 a shows a 7~ with spin +% decaying to a
neutrino whose momehtum is along the negative z-axis and to a p~ whose momentum
is along the positive z-axis. Because the spin of the left-handed neutrino must be
opposite to its direction of motion, its spin is +—;—. This requires the p~ to have spin
S, =0. In fig. A.3 b, the 7~ has spin —%. Again, the downward-going neutrino must
have spin +%, but now the p~ must have spin —1. In general, the p~ will not have
a spin pointing in its own direction of motion in the 7~ rest frame.

This constraint holds for any 2-body decay of the charged lepton into a vector
meson and a left—haﬁded neutrino, but its importance is greatest for vector parti-
cles that subsequently undergo 2-body decay, where spin effects will be strongest.
Since the decay L~ — v, p~ involves the subsequent decay p — 7~ 7° and since
B(L™ — v, p~) can be substantial(~ é2% for the 7), the decay mode is treated
differently from L~ — v, K* and L™ — v a].

In the approximation that M,- = Mo, the differential partial width can be

written:’®

2
dT'(L™ =y, p7) x Il;\‘;l

{A,, + B,,“S"] dLips (4.20)
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Figure A.3. Quantizing angular momentum along the direction of
the p~ in 77 — v, p~ reveals that the p~ can end up in only two
of its three possible spin states.

where

A,=2(pL - Q)(puL "q) —‘(PL ' p”L)NI?""'
B,* = - [2ML(PuL -q)q* —MLQZP’JL]

q = Pr- — Pao

and where |F,|? depends on M2, the invariant mass squared of the two pions to-

gether, and is defined empirically by

o 2\ %
a(ee — T )———— (1—-41\:“) |Fx|?

To a good approximation,

1

|F1rl2 &
(M2, — Mf,)2 + M%F%

The differential Lorentz invariant phase space volume element can be written

1
, 1 AT(ME, M2 MZ,) A (M2, M2, M2)
dLlpS = _2—1T7r_5 dQ,,L MiL dM dQ, Mzm

(A.21)

where

Mz,y,2) = 2% + y* + 2% — 2(zy + yz + z2)
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dQ},, is the solid angle element of the neutrino in the L™ rest frame, and dQ/, is
the solid angle element of the 7° in the 7~-7° rest frame. The polarimeter vector is

easily read off:

oy

it

|
D>l !
h~Y i}

A.3.5 Quark decay (total partial width)

Once a quark decay mode has been chosen, it is straightforward to determine
the momenta of the quarks and of the neutrino from eqn. A.10 and then to fragment
the quarks with the LUND program. What is not straightforward is to determine how
often- to generate the quark decay modes, that is, to determine a reasonable total
partial width.

The scheme used in LULEPT is to assume that the process L™ — v, (hadrons);-
for M(hadrons) > Ma, is dominated by production of a virtual vector particle which
materializes as visible hadrons. Invoking CVC as in the decay L™ — v, p~ considered
above, one further assumes that the decay width for a particular value of M(hadrons)
is proportional to the e"e annihilation cross section into hadrons at s = M?hadr ons)"

Neglecting kinematic suppression near thresholds, one can approximate the total

hadronic annihilation cross section by
- 47 a2
a(e+e — hadrons) = —3l—a— R(s)
S

where R(s) depends on the sum of the squares of quark electric charges for those

quarks light enough to be produced:
Rs)=3) Q} (i=udsch)

for all i such that 4 M? < s. The factor of 3 is present because the final state quarks

can end up in any of three color singlet states. Just above strange quark threshold,

R = 2; above charm threshold, R = 3%; and above bottom threshold, R = 3-?;.
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Roughly, the prescription used by LULEPT to calculate the total non-resonant

hadronic decay width is

Mo — 2
(LMVL)

(L™ — v, (hadrons)™) = Nyo

A2

where I' _ (s) is calculated from eqn.-A.19 with M2 set equal to s. A is ap-

v
proximately ‘E‘he mass of the a;, and Nio; is determined by the requirement that as
Mi, — oo, the hadronic ;artial width for ud production be three times the partial
width for e-7 production. This constraint on Nyt is necessary because in the high

“energy limit, one expects each of the four processes in fig. A.4 to have identical widths,
as the exact nature of the quark fragmentation becomes unimportarit. The precise
value of A is chosen so that the value of the integral gives a partial width consistent

with the partial width of the corresponding measured decay modes of the 7 when

My = 1.784 GeV and M, = 0. In other words, one requires

I'(r~ — v, (hadrons)™)
I'(t— — v, (hadrons)~) 4+ 3_; T'(r~ — v, (exclusivemode);)

=1— Z B (7~ — v, (exclusivemode); )

where

ZF(T— — v, (exclusivemode))) = T(77 = vre Do) + (77 — vr ™ 7))
l +T(r” = vea )+ (" -2 v:K7)
+T(r™ > vra])+ (7~ = v, K*)
+T(r7 > vrp”)
The purely leptonic decays ['(7~ — vy e ) and ['(7~ — vy p~ 7,) are calculated

exactly, and the remaining exclusive partial widths are constrained to obey

I'(r™ — vr (exclusivemode);) B (7~ — vy (exclusivemode);)

I'(r= = vre D) - B(r— — vre D)
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Lepton Production and Decay Simulation
VL
L~ Ve
a)
wo e
u (blue, He—d,. green)
b)

d (blue, red, green)

Figure A.4. In the limit Mj, —- oo, the partial decay width for
L~ — v, (hadrons)™ should be three times the partial width for
L™ - vy e Ve

where the branching ratios are the experimentally measured values.

The total continuum hadronic width can be rewritten as*

(ML, -My )M,

192 73

=, (GEM}
(L™ — v, (hadrons)™) = 23 < o L) / dy?
i A

i=1

N

X [(1 —y2)? -2y, (1+y7) +Y§L] [1 +yi—2ys — 2y, +yive, +YﬁL]

for each A; <ML —M,,, where A; corresponds to the continuum cutoff(=1.0 GeV)

and

As corresponds to the ¢s threshold(=2.0 GeV). Normalization has been fixed so

that as My, — oo, I'(L™ — v dd) — 3T(L~™ — v e 7). Note that Ay does not

*

Because quark pair production through a charged W involves mass thresholds
different from those appearing in production through a neutral photon, the simple
prescription of substituting R(s) into the integral is not really correct. In this
calculation, Cabibbo mixing is neglected; that is, only Gd and ¢s are considered.
This approach is reasonable, since the Gs threshold is well below A;, and the
correction due to cd production threshold being slightly below the s threshold
will be small. These approximations, however, apply only to the total width
calculation. The LUND program correctly simulates appropriate threshold and
mixing effects once LULEPT has chosen to perform a hadronic continuum decay.
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correspond to the actual minimum Q (Qmin = 1.275GeV) of continuum production
simulated in LULEPT. It serves more as a free parameter to duplicate the correct 7
branching ratio in a necessarily flawed method of hadronic decay simulation. The
closeness of A to Qmin is one measure of the validity of this scheme.

The integral can be evaluated analytically to give
GEME »
8x3 "L

2 sinf;  sinb; : :
2 1 1 ) ] 2 3p
X {yuL [ wosif,  cos? b, + 3 In(sech; + ta,nOI)] +2y,, (1 +y, )tan 91}

(L~ — v, (hadrons)™) =

where

Ya;

=
&

A.3.6 Branching ratios

As already discussed, total partial width calculations are normalized so as to
agree with measured 7 branching ratios when My, = M, and-M,,L = 0. A problem
with this approach immediately presents itself. The measured inclusive branching
-ratio for 1-prong decays of the 7 does not agree with the sum of measured exclusive
1-prong branching ratios.?® In other words, there appear to be “missing” decay modes,
which make up 74 2% of the tau’s total width.4! Despite much recent effort,*17® the
discrepancy remains unresolved.

Since LULEPT cannot simulate unknown missing decay modes, the discrepancy
must be addressed. The approach chosen is to remove the discrepancy in the sim-
ulation by renormalizing exclusive 7 branching ratios so that they sum to unity. A
recent analysis of Mark II data,"':" in which a simultaneous fit was performed on
particle distributions from tagged 7 decays, determined the most likely values for
the known exclusive branching ratios. In that analysis, the tagging constrained the
measured branching ratios to sum to unity. The branching ratios obtained from that

measurement led unsurprisingly to values higher than world average for most decay
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modes, with the bulk of the original discrepancy ending up in the rho mode and in
the 1-prong modes with more than one neutral pion.

LULEPT chooses branching ratios compatible with the Mark II measurement ac-
cording to the following prescription. The widths for 77 — vre™ Ze, 77 — vr p7 Uy,
= = vyn~, and 77 — v, K™ are calculated exactly, as described above, Whe1:e
the lifetimes and appropriate branching ratios of charged pions and kaons are used.
The ratio of B(r~ — v, p~) divided by B (7~ — v, e™ Te) is forced to agree with the
Mark II value for the same raj‘;io. The branching ratio for 77 — v, K*  is chosen to
be B (7~ — vy p~) times tan®f.. Since the a7 is expected to decay predominantly to
r~7tr~ and to #~7%%° in equal proportions, the branching ratio for L™ — v al’
is chosen to be twice the Mark IT value for B(7~ — v, 7~ 7t 7). The value for
B(r— - v, 7™ nt 7~ ) is more reliable than the value for B ('r_ — vpr— 70 7r0) be-
cause of the difficulty in reconstructing multiphoton events. The branching ratio for
L~ — v, iid is then chosen according to the algorithm described in the previous sec-
tion. Once the branching ratios for the 7 decay modes have been fixed, the branching
ratios for arbitrary My and M,_ are determined, except for B (L™ — v @s), which
was discussed earlier. The partial width for L= — », 7~ ¥, when kinematically
allowed, is calculated exactly, as for L= — v, €™ 7. and L™ — v, ™ 7,. Table A.1
shows the 7 branching ratios assumed by LULEPT.

The fact that the missing decay modes have not been properly simulated requires
that a correction be applied to any efficiencies calculated from Monte Carlo studies.
Specifically, if a simulated event in which one lepton decays through mode i and the
other through mode j passes all selection cuts, then that event is weighted according
to an efficiency correction f; - f; where

¢ = B (77 — v, (mode);) (calculated)
"7 B(7~ — v, (mode);) (worldaverage)

World average values for 7 branching ratios are taken from a review by Hitlin.”®* The

* Reference 78 includes average valuesof B(r~ — vre” Te)and B (77 — vy u™ 7,)
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Table A.1. The following 7 branching ratios are used to normalize the partial
width calculations of LULEPT. Values are based on ref. 77 and on analytic
calculations.

Decay B.R.(%)

T > vre Ve 19.1

T = v p~ vl 18.6

R TT sy 11.4
T — U,y ,b_ 25.6
T = v K™ 0.7
T = v K 1.3
T — ;r a; 13.0
77 — v ad 10.2

two decay modes inaccessible to the 7 lepton, L= — v ¢ and L™ — v, 77 7., are
assigned an f; value equal to that for the mode L™ — v, e Ue. Table A.2 gives the
efficiency corrections applied to the simulated decay modes. .

It is useful to examine the dependence of the calculated branching ratios on
the values of My, and M,,L. Plotted in fig. A.5 are calculated branching ratios as
functions of the mass difference between the charged and neutral lepton for three
values of the charged lepton’s mass. These figures indicate that the branching ratios
are far more sensitive to the mass difference than to the value of Mj,, and that for
§M > 5 GeV, the width is dominated by the leptonic and hadronic continuum decay
modes, whose branching ratios are insensitive to both My, and éM. The curves shown'

begin at 6M = 250 MeV/c? because of extremely rapid variations near the charged

where e- universality is imposed. Since the same imposition is made in LULEPT,
these are the values used. The world average value for B (7'_ — vra] ) is chosen
to be twice the average value for B(r~ — vy, 7~ nt7~). The average value

for B (7~ — v, @d) is determined as above by summing all exclusive modes not
explicitly simulated by LULEPT.
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Table A.2. Efficiency corrections for LULEPT decay modes. Because of miss-
ing decay modes which cannot be simulated, branching ratios calculated
by LULEPT are in general higher than the world average values, requiring
a weighting correction be applied to LULEPT events passing selection cuts.

The event weight correction is the product of the two decay mode corrections
appropriate for the simulated event.

Decay Correction
LT =y e 7 0.96
L= =, pup, 0.95
L™ -y 7~ 0.95
L™ >y p~ . 0.87
L™ >y K- 0.97
L™ -y K* 1.22
L™ =y al 0.99
L™ — vy ud 0.74
L™ — vy ¢Cs 0.96
L=y 0, 0.96

pion mass. Figure A.6 shows a typical(My, = 10 GeV) magnified view for the range
0 < 6M < 4.0 GeV in which individual decay modes are labelled clearly. The rapid
drop of B(L™ — v, e~ %) and rise from zero of B (L™ — v, 77) at the charged pion

mass is magnified further in fig. A.7.
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Decay modes

1) L™
2) L~
3) L~
4) L”
5) L~
8) L~
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9) L~
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M

Figure A.5. Calculated branching ratios vs My, — M, for three rep-
resentative values of My. The branching ratios are quite sensitive
to the mass difference when the difference is small and relatively
insensitive to My, for fixed" éM. For large §M, branching ratios are
stable as the three-body leptonic and hadronic continuum widths

approach their asymptotic forms.
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