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Abstract

The production cross section times decay branching ratio for W+ in the electron
decay channel in /s = 1.8 TeV p-p collisions has been measured using W — ey
data sample obtained from the CDF 1988-89 Tevatron collider run. For photons
in the central region (|n,| < 1.1) of the CDF detector with transverse energies
E7 > 5.0 GeV and lepton-photon angular separation ARy > 0.7, eight electron
W~ candidates were observed. From these events, the production cross section times
decay branching ratio for the electron sample was measured to be: ¢ - B(W5)ezp =
17.0%135 (stat. + syst.)pb. The W+ cross section is sensitive to the anomalous
couplings of the W boson. Using the W+ cross section measurement, the absence of
an excess of large Er photons accompanying the production of a W boson enables
one to obtain direct limits on anomalous WW+ couplings. The experimental limits
on the anomalous couplings was measured to be: —7.2 < Ax < +7.7 (A = 0)
and -3.5 < A < +3.4 (Ax = 0) at 95% CL. These experimental limits impose
contraints on possible internal structure of the W boson with compositeness scale
sensitivity Aw > 1TeV for saturation of unitarity, corresponding to probing a
distance scale of order Ly ,.S 2.0 x 10~*fm. The experimental limits on anomalous
W W+ couplings place bounds on the higher-order electromagnetic moments of the
W boson — the magnetic dipole and electric quadrupole moments and the W boson
mean-squared charge radius. The experimental results presented in this thesis are

in good agreement with Standard Model expectations.






Dedication

This work is dedicated to my loving father-in-law, Dr. Paul Nash, who died
shortly before I could defend this thesis. He was looking forward to my obtaining a

Ph.D. and would have been very proud.

11






Acknowledgments

I would like to begin by thanking my advisor Krzysztof Sliwa for giving me the
opportunity to pursue my graduate research at the Collider Detector at Fermi Lab
(CDF). His guidance was invaluable.

I have enjoyed collaborating with Professor Steve Errede of University of lllinois
at Urbana-Champaign. He has been a wise and thoughtful mentor and a good friend.
Thank you to Professors Steve and Debbie Errede for their generous hospitality
during my work at the University of Illinois.

I would like to thank Ulrich Baur for his enormous help and the extensive use of
his Monte Carlo programs.

I would also like to thank the members of the W gamma analysis group at CDF
for their help. I especially thank Dr. Mike Lindgren for his perseverance through
many versions of this thesis and for his help during my analysis.

I am grateful to Professor Melissa Franklin and Dr. Jimmy Proudfoot for pro-
viding ongoing support and direction during my time at Fermi Lab. I want to thank
Dr. Brian Harral for his thoughtful advice on this thesis and for his long suffering
work during our “sentence” at the test beam together.

My thanks go out to Professor Richard Milburn for his yea.i‘s of interest in my
physics career. I also want to thank the rest of the High Energy Physics group at
Tufts University for all of their help during my graduate career. Thank you to Dr.
Stephane Willocq for provided stimulating physics discussions throughout our time
together as office mates at Tufts. Thank you to Dr. Matthew Koss, whose caring
and concern kept me on track numerous times early in my career at Tufts. Thank
you to Bill Miller for making my stays at Soudan, Minnesota a joy. Thank you to
my friends at Fermi for making life a Fermi Lab more bearable.

My wife, Jenny, deserves many thanks for her hours of work proof reading my
thesis, and for her unending patience as I pursue my physics career. A special thank

you to my parents and parents-in-law for their generous love and support.

iii






Table of Contents

2.1. Introduction . . . . .. .. ... ..o
2.2, The WWey process . . . . . . . .. i i i i i i iiiii i

2.3. Electromagnetic moments of the W boson. . . . . . .. ... ... ..

. Experimental Apparatus . . . . ... ... ... ... .........
3.1. The Tevatron . . . .. .. .. ... ... .. . .. .. ... .
3.2. CDF DETECTOR . . .. ... .. . . . e
3.2.1. Tracking Detectors . . . .. .. ... .. ... .........
3.2.2. Central Calorimeters . . . . .. ... ... ...........
3.2.3. Plug and Forward Calorimeters . . . . .. ... ... .....
3.3. Luminosity Monitors . . . . . . .. .. . ... ... ... ... ...
3.4. Triggering . . . . . . . .

3.5. Data Collection . . . . . . . . . . . . e

. Event Selection . . . . . . . .. ... ... o

41. WSelection . . . ... ... ... . e
4.1.1. Offline Clustering . . . . .. ... ... ... .. ........

42. Wy Event Selection . . . ... .. .. ... . ... .. ... ...

. Acceptances and Efficiencies . . ... ... ... .. ... ......

5.1. Baur Wy Monte Carlo Event Generator . . . . ... ... ......

iv

13
13
13
23

26
26
28
29
37
39
42
42

44

45
45
46
51

62



5.2. Monte Carlo Detector Simulations . . . . .. ... .. ... .....
5.3. Geometric and Kinematic Acceptances . . . . .. ... ... .....
54. Efficiencies. . . . . . . .. ... ..
5.4.1. Electron Efficiency . .. .. .. ... . ... ... .......
5.4.2. Photon Efficiency . . . . .. .. .. .. .. ... .. .. ....
5.5. Theory Predictions for Wy signal . . . .. .. ... ... ... ... ..

5.6. Overall Acceptances x Efficienciesfor W~y . . . .. .. ... .. ...

. Backgrounds . . ... .. ... ..

6.1. QCD Backgrounds . . .. ... .. ... ... . ... ... ..., .
6.1.1. General Methodology . . . . .. .. .. ... .. ........
6.1.2. QCD non-signal control data sample . . .. .. ... ... ..
6.1.3. Determination of W~ Background from QCD processes . . . .
6.1.4. Test of QCD Fragmentation Probability . . .. ... ... ..

6.2. Additional Backgrounds in the W+~ Data Sample . .. ... ... ..
6.2.1. Z Backgroundsinthe Wy . . .. .. ... ... ...
6.2.2. 7 Backgroundsinthe Wy .. .. ... .

6.3. Summary of Backgrounds” . . . .. .. .. ... oo

. Experimental results . . . . . .. ... ... ... ... ... ..
7.1. Experimental Cross Section times Branching Ratio Results . . . . . .
7.1.1. General Methodology . . . . . . .. ... ... .. .......
7.1.2. Additional Systematic Uncertaintieson ¢ - B(W +v) . . . . .
Systematic Uncertainties due to Pr(W +~) . ... .. .. ..

Systematic Uncertainties due to Structure Function @? Scale

Dependence . . . . .. .. .. ... ...
Systematic Uncertainties due to Structure Function Choice . .

Systematic Uncertainties due to Energy Scale and Resolution .

64
64
66
67
67
69
70

72
72
72
74
76
81
83
83
84
86

88
88
88
92
92

93
93
94



Summary of Pr & @Q? & SF Systematic Uncertainties . .. 94

7.1.3. Summary of W+ Cross Section Result . . ... .. ...... 94
7.2. Limits on Anomalous Couplings for Wy . . . . . .. ... ... ... 96
7.2.1. General Methodology . . . . . . .. .. ... ... . ...... 96
7.2.2. Limits on Anomalous WW+ Couplings . . . .. .. ... ... 102

7.3. Unitarity Constraints for W+ — Compositeness Scale Aw Sensitivity 107

7.4. Limits on W Boson Magnetic Dipole and Electric Quadrupole Moments111

8. Conclusions . . . . . . . . .. .. 115

Future . . . . . . . .o 117
Appendix A. Individual Acceptances for W~ . . ... ... ... .. 120
Appendix B. Individual Efficiencies for Wy . . ... ... ... ... . 121
Appendix C. CDF Jet Clustering Algorithm . . ... . .. ... ... 124
References . . . . . . . . . .. 125

vi






List of Figures

1.1. QED vertex: Time flows from left to right. An incident charged
particle X~ emits (or absorbs) a photon, 7, then exits. . . . . .
1.2. Compton Scattering: Time flows from left to right. An incident elec-
tron and photon scatter with a electron propagator. The re-
sulting electron and photon exit with new energy and momenta.
Fermion arrows pointing in the direction of increasing time indi-
cate a particle. Reversed fermion arrows indicate an antiparticle
(positron). . . . . . ..
1.3. WW2Z vertex: Feynman diagram showing the coupling allowed by
the Standard Model of W~ intermediate vector boson to the Z°
mtermediate vector boson. . . . . .. ... L. L.
1.4. WW+ vertex: Feynman diagram showing the coupling allowed by the
Standard Model of W~ intermediate vector boson to the photon,
~ since the W boson has electric charge. . . . . ... ... ...
1.5. When a beam of particles of energy E in (GeV) strike a stationary
target only (2E - Mm,.g,t)‘l/ 2 is available for the creation of new
particles; and increasing E does not produce a large increase in
(2E + Migrget) 2, where Migrget is the rest mass of the target
particle. With colliding beams, each of energy E, a total of 2E

is available for new particle creation. From reference [7] . . . . .

vii



2.1.

2.2.

2.3.

3.1.

3.2.

3.3.
3.4.
3.5.
3.6.

3.7.
3.8.

Tree-level W + v Feynman diagrams. (A) u—channel W + + initial-
state bremsstrahlung diagram. (B) t—channel W + ~ initial-
state bremsstrahlung diagram. (C) s—channel off-shell W* —
W 4 v diagram. and s—channel on-shell W — W* + v dia-
gram. (D) final-state inner bremsstrahlung diagram. . ... ..

Feynman rule for the general Wy vertex. The vertex function I is
given by equation 2.7. . . . . ... ..o oL

Total cross section for pp — W~ vX versus the energy in the pp
center of mass energy. The pp center of mass energy S'/2 at the
Tevatron is 1800 GeV. The photon transverse energy is E >
10 GeV. In the Standard Model at tree-levels = 1, A = 0, k =

Overview of the different accelerators at the Fermi National Acceler-
ator Laboratory (FNAL).. . . . .. .. ... ... ... .....
Perspective view of CDF showing both the forward and central com-
ponents of the detector. . . . . . . ... ..o
Cut away view of one half the CDF detector. . . . . . . .. ... ...
Isometric view of two VITPC modules. . . . . .. ... . ... ... ..
Z vertex of inclusive electron Wevents. . . . . . .. .. .. ... ...
Cross sectional view of the CTC end-plate showing bath the axial and
stereo wire locations. . . . . . ... .. .. oL
Schematic of Central Calorimeter and location of CES. . . . ... ..

Schematic for the CES detector. . . . . . . . . . . ... . .. .....

viil



4.1.

Relative response in a central calorimeter tower. The Z’ axis in the

beam direction and the X axis is in the azimuthal direction.
The vertical scale gives the relative response across the tower
face. The point labeled 1.0 is the point at which the tower is
calibrated. The point labeled 0.9 has a relative response ten

percent less than the 1.0 (calibration) point. . . . . . ... ...

4.2. Clustering Efficiency “turn on” for default electromagnetic clustering

inthe CEM. . . . ... ... .

4.3. Photon variables as a function of photon cuts, for the electron W+

data sample. (A) Er distribution of fiducial CEM clusters pass-
ing the EJ > 5.0 GeV cut and the AR,, > 0.7 angular sepa-
ration cut. (B) The calorimeter isolation distribution before the
ET4 < 2.0 GeV cut is applied. (C) The tracking isolation dis-
tribution before the £PT4 < 2.0 GeV/c cut is applied. (D) The
Had/EM distribution before the Had/EM cut is applied.

4.4. Photon variables as a function of photon cuts, for the electron W+

4.5.
4.6.

4.7.
6.1.

data sample. (E) The L,u, distribution before the L, < 0.5 cut
is applied. (F) A scatterplot of CES X2, v5. XZ:re, before the
Xierips < 20.0 and x2,,., < 20.0 cut is applied. (G) A scatterplot

of CES Eirips V5. Euyires before the no 2™ GES cluster E >

1.0 GeV cut is applied. (H) The E7 distribution after all photon
cuts have been applied, including the no 2™ high— Pr track cut

for suppression of background from mis-identified electron Z + .

Er of the photon for the 8 W~ candidate events . . . . . . .. .. ..

Angular separation (AR.,) between the electron from the decay of

the W boson and the photon for the 8 W+ candidate events

Transverse Mass (M7 ) of the W for the 8 W~ candidate events . . .

QCD fake photon background determination . . . . .. ... ... ..

1x

50

59

60
61



6.2. Er spectra of QCD Background in W+ data sample . . . . . . .. ..

7.1. N7, and o - B(W+) probability distributions . . . . .. ... ...

signal

7.2. E7 spectra for various Ak and A choices . . . ... .. ... .....

7.3. AR., spectra for various Ak and A choices . . . . . . ... ... ...

7.4. Projection of the W+ cross section on the Ak axis . . . . . . ... ..

7.5. Projection of the W+ cross sectiononthe Aaxis . . . . ... ... ..

7.6. W+~ Cross Section Contours in Ax and A plane. . . . . ... ... ..

7.7. Unitarity limits as a function of Aw for anomalous WW+~ couplings,
for a generalized dipole form factor pawer n = 2. (A) |Ax]
unitarity limit (A = 0) as a function of compositeness scale A
for anomalous W~ couplings. (B) |A| unitarity limit (Ax =
0) as a function of compositeness scale Aw for anomalous W~
couplings. . . . . . . ...

7.8. Unitarity limits as a function of Aw for anomalous WW+ couplings,
for a generalized dipole form factor pawer n = 2. (A) |Ax|
unitarity limit ()\' = 0) as a function of compositeness scale
Aw for anomalous W*+W~ couplings. (B) |A| unitarity limit
(Ak = 0) as a function of compositeness scale Aw for anomalous

W+W= couplings. . . . . .. . . ...

7.9. W+ Cross Section Contours in Qw/Q% — pw/ujy plane . . . .. ..



List of Tables

1.1. Fundamental Fermions - Quarks and Leptons . . . .. ... .. ... 2
1.2. Fundamental Forces in Nature . . . . . . . .. ... ... ... .... 3
2.1. Properties of anomalous WW+ couplings under discrete symmetries

C,P,Tand CP . . . . . . . . i ittt 18
2.2. Form factors f; to be used in the vertex function I'*?* fory — WtW -

and (W*)* — W=*y. From reference [18] . .. ... ... .. .. 20
2.3. Comparison of Dirac magnetic moment of the proton and neutron

with their observed values . . . . .. ... ... ... ... 24
4.1. Summary of electron W+, and QCD Background Passing Successive

Photon Cuts. The entries in the first row in the first columns

are the number of inclusive electron W events; the entries in

the other rows of the first column are the number of W events

with fiducial CEM clusters surviving the application of succes-

sive photon cuts. In the last column, the entry in the first row

is the number of central, non-leading jets passing the jet selec-

tion criteria. The other entries in this column are the number

of fiducial CEM clusters surviving the application of successive

photon cuts. See text for further details. ............ 57
4.2. Kinematic Properties of Electron W+ Candidates. AR, is the angu-

lar separation in the -¢ plane between the decay electron and

the photon. MY is the W transverse mass. MY is the cluster

transverse mMass. . . . . . . . . . ..o e e e e e e 58

5.1. W boson and photon overall acceptance factors from W+~ Monte Carlo 66

xi



5.2. Standard Model Monte Carlo predicted number of events . . . . . . . 70

5.3. Summary of acceptances and efficiencies for W~ . . . . . . . . .. .. 71
6.1. Comparison of QCD Background Determination Methods for Wy . . 80
6.2. QCD Jet Fragmentation Probability — All Photon Cuts. . . . . . . . 82
6.3. QCD Jet Fragmentation Probability — Loose Photon Cuts . . . . . . 83
6.4. Summary of Misidentified Z backgrounds in W+ data sample . . . . . 85
6.5. Comparison of QCD Background for Wy . . . . . . . . ... ... .. 86
6.6. Summary of Background for Wy . . .. . .. ... . ... ... .. 86
7.1. Summaryof Wy Results . . . .. ... ..... ... ... .. ... 89

7.2. The variations (measured in pb) of the Monte Carlo and Experimental
Cross Section times Branching Ratio values due to variations in

the Diboson Pr spectrum, Structure Function choice and Q?

dependence of the nominal structure function (HMRS-B) . . . . 95
7.3. Experimental o - B(Wx) Results . . . . . ... ... ... ... .. .. 96
7.4. Monte Carlo prediction for Number of Wy events . . . . ... .. .. 97

7.5. The RELATIVE variation (measured in pb) between the Monte Carlo
and Experimental Cross Section times Branching Ratio values
due to variations in the Diboson Pr spectrum, Structure Func-

tion choice and Q? dependence of the nominal structure function

(HMRS-B). . . .. oo R 102
76. Wy Akand ALimits . . . . .. . . .. ... ... ... ... ..... 103
7.7. Wy EM Moments Limits . . . . . .. .. ... ... ......... 113

8.1. The overall uncertainty in o- B(W+) for increasing integrated luminosity118

8.2. The limits on Ax and A for increasing integrated luminosity . . . . . 119
A.l. Individual Acceptances of W boson . . . . .. ... ... ... .... 120
A2, Indiyidual Acceptancesof photon . . . . . .. ..o 120
B.1. Individual Electron Efficiencies for the Wy Data Sample . . . . . .. 121

xii



B.2. CEM Photon Efficiency Determination . . . .

B.3. CEM Photon Efficiency Determination (continued) . . . ... .. .. i

B.4. Overall CEM Photon Efficiency Determination

xiil






Chapter 1

Introduction

The physical world around us is composed of major components: matter and the
forces that interact with matter. Elementary particle physics tries to answer the
question “What is matter?” on the most fundamental level. This branch of physics
strives to understand matter in the form of minute particles (quarks and leptons,
whose size is < 107'* m) and the forces that govern their interactions. The current
understanding of the known quarks and leptons is summarized in Table 1.1 from
reference [1]. Elementary particle physics is a science which has evolved over the
past one hundred years and in which exciting discoveries are still made today.
There are four fundamental forces in Nature: strong, electromagnetic, weak and
gravitational. These forces are summarized in table 1.2. Each of these forces is
assumed to be mediated by the exchange of a particle. The gravitational force
is described classically by Newton;s law of universal gravitation. The graviton is
thought to mediate the gravitational force though no graviton has been seen exper-
imentally. The electromagnetic (EM) force describes the visible light that we see
in our everyday world. Radio waves are also a manifestation of electromagnetism.
Maxwell’s equations, formulated over one hundred years ago, describe the EM force
on a macroscopic scale. The photon mediates the EM force on a microscopic scale.
The strong nuclear force describes the binding together of quarks to form neutrons
and protons. The strong force also describes the binding of neutrons and protons
to form nuclei. The gluon is the mediator for the strong force. The weak force first

presented by Fermi in 1933 to explain radioactivity was further refined by Lee and



Table 1.1: Fundamental Fermions - Quarks and Leptons

Quarks Leptons
Flavor Mass Charge Flavor Mass Charge
(MeV/c?) () (MeV/c?) (e)
U Up 2-8 +2 ve < Tx107® 0
D Down 5-15 -3 e Electron 0.511 -1
C Charm 1300 —1700  +2 ve < 0.27 0
S Strange 100 — 300 -1 u Muon 105.6 -1
T Top >1.1x10°5  +2 | v, <35 0
the TOP quark has NOT been discovered
B Bottom 4700 — 5300 -3 T 1777 -1

Yang, Feynman, Gell-Mann and many others in the 1950’s. In this theory the in-
termediate vector bosons W* and Z are responsible for transmitting the weak force
between quarks and leptons.

The small size of elementary particles dictate that quantum mechanics be used
to describe their behavior. In addition these particles are often traveling at or very
close to the speed of light, ¢. Any theory describing them must obey the laws of
Special Relativit}y. Quantum field theories are the relativistic analogue to quantum
mechanics.

The oldest, simplest, and most successful of the quantum field theories describes
the electromagnetic force. The theory of Quantum Eléctrodyna.mics (QED) was de-
veloped by Tomonaga, Feynman and Schwinger in the 1940’s. This theory describes
the interaction between the photon, the massless “force particle” and electrically

charged matter!.

1Electric Charge is a fundamental property of a particle. Some elementary particles are charged



Table 1.2: Fundamental Forces in Nature

Force Relative Range Mediator Source Typical
Strength Interaction
time scale
Strong  a, ~ | <1fm gluon “Color Charge” 107%*sec
EM Ctem ™~ %./; o0 photon Electric Charge 107%°sec
Weak 1073 ~1073fm W%* and Z “Weak Charge” 107%sec
| Gravity 10738 00 graviton Mass 0o J

While developing QED, Richard Feynman invented a schematic method for rep-
resenting the interaction between forces through their mediators and matter. These
diagrams are extremely useful in understanding the physics of an interaction. Feyn-
man showed that all electromagnetic phenomena are ultimately reducible to the
process shown in figure 1.1 This diagram tells us that a charged particle (repre-
sented by X)) enters, emits (or absorbs) a photon, <, and exits. This vertex diagram
contains information about the strength of the coupling between the charged par-
ticle and the photon. To describe more complicated processes, several vertices are
connected. For example Compton scattering, e + y — e + «, can be described by
the Feynman diagrams in figure 1.2.

QED is the most successful of the physics theories. The magnetic moment of the
electron, generated by the innate electron spin, has been calculated to infinitesimal
precision. QED’s description of the electromagnetic interaction has been verified
over the range of distances from 107!® meters to more than 10® meters. QED sets

the standard for the new theories that describe the interaction between fundamental

particles.

In the 1960’s Glashow, Weinberg, and Salam each proposed a new theory that

{.e. have charge). Neutral particles have no electric charge associated with them




QED vertex
X" X

< AN

Figure 1.1: QED vertex: Time flows from left to right. An incident charged particle
X~ emits (or absorbs) a photon, v, then exits.



Compton Scattering (QED)

Figure 1.2: Compton Scattering: Time flows from left to right. An incident electron
and photon scatter with a electron propagator. The resulting electron and photon
exit with new energy and momenta. Fermion arrows pointing in the direction of
increasing time indicate a particle. Reversed fermion arrows indicate an antiparticle
(positron).



would unify the electromagnetic and weak forces. This theory, now called the Stan-
dard Model (SM) of electroweak interactions, unifies the electromagnetic and weak
interactions into a single electroweak interaction [2]. Three intermediate vector
bosons (massive particles with spin = 1), W* and Z°, and the photon serve as
mediators (or “force particles”) in this new theory. The Standard Model has to ac-
count for the fact that although the electromagnetic and weak forces are intimately
related, these interactions do not look at all alike in the everyday world. In order to
accomplish this feat, the underlying phenomena uniting the interactions are appar-
ent at high energies and are concealed at lower energies. In this theory the charged
vector bosons, W* and W, mediate the charged current interactions 2. Neutral
current interactions are mediated by either the Z° boson or the photon 3.

Like any good theory describing the interactions between matter (e.g. QED),
the Standard Model makes experimentally verifiable predictions. The intermediate

vector bosons W* and Z° are predicted to be massive: [3]

37
de: = GCV/C2 ,Mzo =
sin Ow . _

74
sin 260w

GeV/c?

where i (the Weinberg angle) is a parameter in the theory. For comparison the
proton mass is M, ~ 0.938 GeV /c?. Neutral weak currents are predicted by the
Standard Model. The Standard Model also predicts that there are direct couplings
of the W* and Z° to each other as shown in figure 1.3. Moreover, since the W boson
has electric charge, it couples to photons (see figure 1.4). Experimental verification
of these predictions confirms the model. The first experimental evidence for neutral
weak currents came from a neutrino experiment conducted at CERN in 1973. [4] In

1983 the W [5] and Z [6] intermediate vector bosons were discovered at CERN.

Because the W and Z are so massive, their production presents some tricky

3Charged current interacts are interactions between particles where mediator must carry electric
charge in order to conserve charge conservation: W — ev,

3In neutral current interactions there is not change in electric charge between the interacting
particles: Z° — et e~
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Figure 1.3: WW Z vertex: Feynman diagram showing the coupling allowed by the
Standard Model of W~ intermediate vector boson to the Z° intermediate vector
boson.



~
Y
:

Figure 1.4: WW« vertex: Feynman diagram showing the coupling allowed by the
Standard Model of W~ intermediate vector boson to the photon, v since the W
boson has electric charge.



problems. In order to get the energy required to produce the W and Z, particles
(like protons) must be collided together to release the required amount of energy
needed to produce these very heavy particles. Figure 1.5 shows the amount of
energy available for creation of new particles when a beam of particles with energy
E strikes a stationary target or when two beams collide with each other. Particle
detectors capable of detecting the production of the W and Z boson have to be
large devices in order to accurately measure the energy released when the W and Z
decay. These detectors must also be hermetic because one does not know a prior:
where the decay products of the W and Z (i.e. W — fv; Z — ) will go. The
Tevatron is a particle accelerator capable of colliding beams of large enough energy
(Ebeam ~ 900GeV) and high enough luminosity * to produce enough W’s to be
detected in a large multi-purpose detector like the Collider Detector at Fermilab
(CDF). The CDF detector, first proposed in the late 1970’s, is capable of accurately
measuring the decay products of W and Z production. The CDF detector will be
described 1n detail in chapter 3. The analysis described by this thesis used data
from W’s produced in the Tevatron and recorded by the CDF detector.

As mentioned previously, the Standard Model predicts that the W boson and the
photon will couple (i.e. interact with each other). The experimental determination
of the strength of this coupling provides another test of the model. The Standard
Model prediction for the cross-section ° of W+ production is over 100 times smaller
than that for inclusive W production. Unfortunately, this makes the detection of the
W+ coupling very difficult (see figure 1.4 for the Feynman diagram of this coupling).

The rare process of W production (fp — W X) with a cross-section at the Tevatron

4Luminosity is an experimental quantity defined as the number of high energy particles per
square centimeter per second passing through the interaction region. W production is a rare
process. In order to observe enough W bosons; particle accelerators need to have luminosities in
excess of 103° particles per square centimeter per second.

5The quantity o refers to the cross-section of a process. The cross-section is the basic measure-
ment of the probability of particles interacting. It is expressed as an effective target area (in units
of cm? or barns where 1b = 10-%*cm?; 1nb = 10~33 cm?)



Availible energy for particle creation

Energy of incident beam(s)

Figure 1.5: When a beam of particles of energy E in (GeV) strike a stationary target
only (2E - Mm,g,t)‘” 2 is available for the creation of new particles; and increasing
E does not produce a large increase in (2E - Mta,ge,)'l/ 2 where Mqrget is the rest
mass of the target particle. With colliding beams, each of energy E, a total of 2E
is available for new particle creation. From reference [7]
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of ow ~ 22nb [8] implies that the subprocess W — W is even more rare.

The measurement of the coupling strength of W+ is further complicated by the
presence of photons coming from other unrelated physics processes. These back-
ground processes will be discussed in detail in chapter 6.

In the Standard Model the W and Z bosons are fundamental particles in the
same way that the photons and electrons are fundamental particles (i.e. fundamental
particles have no internal substructure). From QED we see that the eey coupling
(figure 1.1) has a strength defined by a., ~ % Large anomalous WW+~ couplings
(>> cem) may be realized in nature only if the W has internal structure, i.e. if
it i1s made up of still smaller, fundamental particles. In such a scenario, the W
would then be viewed as a bound state of unknown particles, mediating the weak
interactions. The W would take the role analogous to that of the p—mesons, which
are mediators of the nuclear forces at low energy.

The experiménta,l measurement of the W*+ di-boson production cross section
and final-state decay kinematics provides a test of the predicted strength and nature
of Standard Model W+ coupling. This measurement also yields information on static
electromagnetic multipole moments of the W bosons [9]. Composite models of the
W bosons with large values of anomalous couplings predict cross sections for Wy
production well above those expected in the Standard Model. [11]

The inclusive electron W data sample obtained from the CDF 1988-89 collider
run is used as a starting point for this analysis, since the W+ events of interest are a
subset of inclusive W boson production. The inclusive W data sample was used for
measurements of the inclusive W and cross sections in the electron channel [12], and
the W/Z cross section ratios [13]. In the analysis presented in this thesis, the same
W event-selection criteria are used for defining the W boson in the W+ event sub-
sample. Additionally, the presence of an isolated, high energy photon accompanying

the W boson is required in each event.

The small integrated luminosity presently available for studying W<+ process
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leads us to anticipate that these measurements will have limited statistical precision.
The detailed analysis presented here provides the foundation for a series of more
powerful measurements which will be made over the next decade as more luminosity

1s acquired.
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Chapter 2
Theory

2.1 Introduction

Within the Standard Model the photon is the mediator of the electromagnetic inter-
action and the W¥* and Z° intermediate vector bosons are the mediators of the weak
force. Because the electromagnetic and weak forces are unified within the Standard
Model (2], the gauge bosons (photons, W’s and Z’s) can interact with each other.
In the Standard Model there are no three photon or three Z boson verticies. The
W W vertex is required in the Standard Model by the gauge structure of the theory.
The observation of the WW+ coupling is thus an important test of the Standard

Model. This coupling can also be used to probe the structure of the W boson.

2.2 The WW~ process

The tree level Feynman diagrams for W+ production are shown in figure 2.1. Dia-
grams 2.1.c show the s-channel tri-linear gauge couplings of the WW+~ vertex. The
Feynman diagrams in figures 2.1.a and 2.1.b describe the u and ¢ channel processes
associated with initial state radiation off the incoming quark /anti-quark lines. Di-
agram 2.1.d describes the final state inner bremsstrahlung radiation off the decay
electron. Because of the finite width of the W boson, all of these diagrams must be

included in the calculation of the W + « cross section in order to preserve electro-

magnetic gauge invariance [17].
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Figure 2.1: Tree-level W + 4 Feynman dia.gra.ms. (A) u—channel W + « initial-
state bremsstrahlung diagram. (B) t—channel W + v initial-state bremsstrahlung
diagram. (C) s—channel off-shell W* — W+ diagram. and s—channel on-shell
W — W* + v diagram. (D) final-state inner bremsstrahlung diagram.
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The subprocesses described in diagrams 2.1a-d occupy different regions of kine-
matic space. The initial state radiation is sharply peaked in angle along the inci-
dent quark/anti-quark direction. The photons from final state radiation tend to be
collinear with the velectron from W — ev. The Er spectra of photons from both
initial and final state radiation are sharply peaked at low photon energy as in the
case of radiation from the WW« vertex (2.1.d). The photons from WW+~ vertex are
not strongly correlated with the decay lepton and are not bounded by the mass of
the W boson.

The most general effective Lagrangian for anomalous WW+« coupling for the

tree-level processes shown in figures 2.1a-e is given by [18, 19]
Cwwy = -—e [igl (whwear - wia,we)
T uy Af 1- WpFw\
+K«fW“ W,_,F -+ M—2W'\“ v
w
—gWIW, (84" + 8 A¥)
+gse e (W15,W.) 4,
Ay

FRAWIWL B+

2
w

WI“W[,‘F""] (2.1)

where A* = (A“f) and W* are the photon and W~ fields, respectively, and W, =
W= 0, Wy, Fay = 8,4 —8, A, By = Yo F¥°, (AE“B) — A(8,B)—(8,4) B,
e is the charge of the proton, and M is the W mass. The terms g1, g4, g5, 54, Ay,
%; and A; are momentum dependent couplings between the photon and W fields.
The photon is taken to be on-shell and both the virtual and on-shell W couple to
essentially massless fermions allowing d,W* = 0. |

In the Lorentz gauge, 9,A* = 0, 6, W* = 0, the structure of the interaction is
completely described by the above seven operators.

From angular momentum conservation only seven operators are needed. Only
seven (+—, —+, 40, 0+, —0, 0— and 00) of the nine possible helicity states of the

W boson pair can be reached by s-channel vector boson exchange (J = 1 channel).
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The other two helicity combinations (++ and ——) have both W spins in the same
direction and therefore have angular momentum J > 2. [19]

The renormalizability of the Standard Model provides a constraint on the form
of the Lagrangian (2.1) and the form of the couplings. The Lagrangian (2.1) con-
tains five operators of dimension four and two operators of dimension six. In order
to maintain the renormalizability of the Standard Model the dimension of the cou-
plings needs to be less than or equal to zero. The action (S = [d*z L) is always
dimensionless; thus, the Lagrangian density must have dimension equal to four. The
couplings of the terms with operators of dimension equal to four are dimensionless.
The presence of My? factors and operators of dimension equal to six in the other two
terms of the Lagrangian (2.1) forces the couplings in those terms to be of dimension
equal to zero for renormalizability to be maintained.

The terms g4 and ¢gs must vanish if the effective Lagrangian is to be gauge
invariant for the photon [19, 18]. The value of the coupling ¢; is equal to one
because of the minimal coupling of the photon to the W¥* fields, and is completely
fixed by the charge of the W boson for the on-shell photons [18, 15].

Thus, the most general effective Lagrangian for anomalous WW+ coupling com-

patible with the Lorentz structure of the Standard Model is
Cwwy = —ie[ (WJVW"A" - whawe)

g WIW, e 4 AA{’; AR

wiw, Fe
+K,f WF +M

where e is the clfarge of the proton, and My is the W mass.

f w) W:‘F‘”‘] (2.2)

The nature of the WW~ process can be exploited to determine the form of
the couplings (k¢, As, Kf, As). Tree-level unitarity of the process efe™ — W+W~
restricts the WW~ couplings to their Standard Model (gauge theory) values at
asymptotically high energies [15, 16]. Because the effective Lagrangian in equation

2.2 describes both W* W~ production via 4 exchange and W*+ production via W
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exchange, both processes v —» WHW~ and W* — W=y can be used to describe
the couplings, k¢, A¢, kf and S\f. Any large deviation of the tree-level (Born level)
couplings from their Standard Model values (nfM =1, /\fM =0, ka =0, X?M =0)
must have the functional form ay(3, gw?, ¢2) where ay is any of the couplings Ak (=
ks — 1), Af, A&s (ks — 1) or A;. This implies that the couplings vanish when the
W+ invariant mass v/3 or the square of the final state photon g2 or W boson four
momentum §& becomes large. The generalized dipole form factors a; are assumed

to be of the form [15]

a(P? =3, =My, q* =0) = —— (2.3)

where a, is the dimensionless anomalous parameter Ax(= « — 1), A, &, . The form
factor scale A represents the scale at which new physics becomes important in the
weak boson sector due to compositeness of the W boson. In the high energy limit
(V3 > Mw) the terms in the W~ production amplitude proportional to x; and &
grow like v/3/ My ; while terms proportional to As and Ay grow like §/M2, [15]. For
unitarity to be maintained at the high energy limit in ¢q§ — W+, the exponent n in
equation (2.3) must be greater than one half for the anomalous parameters x; and
%s, and for A; and )s the exponent in equation (2.3) must be greater than one [15].
If the exponent n in equation (2.3) is sufficiently above the minimum value needed
for unitarity to be maintained at high energies (n > 1/2 for k5 and &4; n > 1 for A4
and S\f), then W+ production is suppressed at energies v/3 > A > Mw. At these
energies multiple weak boson or resonance phenomena are expected to dominate
[17]. The choice of n = 2 in equation (2.3) guarantees unitarity at high energies
and will suppress Wy production at energies, v/ > A > Mw [15]. This choice of
exponent also guarantees that the form factors stay constant for § <« A? and start to
decrease only when the scale A is reached or surpassed, which is similar to the well
known nucleon form factors. In the Standard Model at tree-level the dimensionless

anomalous parameters have the values xk = 1, A = 0, & = 0, A= 0.
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Table 2.1: Properties of anomalous WW~ couplings under discrete symmetries C,

P,T and CP

ke Ap Rp Ag
C + + + +
P o+ + - -
+ + - -
P+ + - -

The couplings s and s are CP conserving while £ and A; are P—odd and
violate CP (1.e. violate T). Table 2.1 shows the behavior of the the couplings under
discrete transformations. The symmetry properties of the couplings can be easily

seen by using the following transformation properties of the fields, A* and W*:

cw,ct = —wi
CACt = -4,
P B(z,t). P = B*(-%,t) where B, = A, ot W,
T B(Z,t), T' = B*&,—t) (2.4)

on the effective Lagrangian (2.2).

The CP—conserving parameters (x,A) are expected to receive small non-zero
contributions at the one loop level of order e, = % [15, 17]. The current
experimental upper limit on the electric dipole moment (EDM) of the neutron,
dn < 12%x107%® e—cm @ 95% CL [20], imposes severe restrictions on the 7 violating

(i.e. CP violating) WW~ anomalous couplings, # and A [15, 24):

%], |A|] < 1073. (2.5)
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Figure 2.2: Feynman rule for the general WW«y vertex. The vertex function I' is
given by equation 2.7.
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Table 2.2: Form factors f; to be used in the vertex function I'*?* for v - W+tW~
and (W*)* - W%y, From reference [18]

Yo WHW- (W) o Wiy

fore ) O )

4 0 +1(1+ ks + Ap)
f5 0 Fi(Rr+Ag)
fo o Rp= g +1(Rs + Xp)
fr =3 3

The function for the WW+ vertex shown in figure 2.2 is given by [18]:

DBu(q,5,P) = fi(g— g™ — 1 (q— GFPPP + fo( P2g" — PPgm)

M2
) w
+ 1fa(Peg*° + PPg*) + ifse**??(q - q),
a, f — afpo -
— fe€" ﬁpPp - F;'(q — q)fe op P,(q-9)s (2.6)
w

The momentum of the incoming W boson is denoted by P, the momentum of the
outgoing W is g, the photon momentum is g. The form factors f; are Lorentz invari-
ant dimensionless functions of g%, g2 and P2. The vertex function (2.6) can be used to
describe the y = W+W ™ process as well. Table 2.2 shows the relationship between
the form factors f; and the anomalous couplings in the effective Lagra.pgia.n (2.2) for
W*W ™ production via v exchange and for W*v production via W exchange.

The gauge structure of the W~ process produces an interesting effect in the W~

center of mass. At large photon scattering angles 6* (where 6* is defined as the
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angle between the photon and the incoming quark in the W+ rest frame) the u—
and t-—channel diagrams cancel the s—channel diagram, resulting in a radiation zero
in the overall W+ invariant amplitude, Mw, [21]. The W+ differential cross section
do/dcos §* will have a zero at cos§* = :F% for W*4 production. However, the
radiation zero is expected to be at least partially filled in due to higher-order QCD
corrections [22], finite W-width effects, background processes, event misreconstruc-
tion associated with the two-fold ambiguity of the longitudinal component of the
neutrino momentum, as well as by possible non-gauge theory values of Ak, A, k&
and/or A [21]. For large-statistics samples, measurement of the depth of the dip in
the differential cross section at cos 8* = 4::1; and the shape of the cos8* distribution
provides a sensitive measurement of the values of these anomalous parameters.
Another method for observing the radiation zero, which does not require recon-
struction of the W+ center-of-mass system and hence is not subject to smearing ef-
fects due to event mis-reconstruction is to study the photon—lepton pseudo-rapidity
correlations in W+ production [23]. (7, — 74¢) In the SM, the An,+ = 7, — 7
distribution (n = —In(tan8/2)), exhibits a pronounced dip at An,s ~ F 0.4 for
W=y production. The dip in the A7, distribution is a remnant of the radiation
amplitude zero in the cos§* angular distribution and corresponds to a “valley” in
the three-dimensional “surface” associated with the d*c/dn,dn,+ distribution.
However, the use of either of these two methods is not feasible for small-statistics
W+ data samples. In this regime, the measurement of the absolute W+ production
cross section x decay branching ratio, or equivalently the integral number of isolated
photons above a minimum photon Er cut is also sensitive to anomalous Ak and A
values, and is the method used in this analysis. Figure 2.3 shows the variation of

the total pp — W~vX cross section versus the energy in the pp center of mass v/S.
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Figure 2.3: Total cross section for pp — W~yX versus the energy in the pp center
of mass energy. The pj center of mass energy S'/? at the Tevatron is 1800 GeV.
The photon transverse energy is £7 > 10GeV. In the Standard Model at tree-level
k=11=0,=0 =0
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2.3 Electromagnetic moments of the W boson.

The anomalous parameters are related to the W boson classical electromagnetic

parameters in the static (photon energy — 0) limit (with A = ¢ = 1) via:

pw = g2+ Ak+2)

Qw = —M%;(1+Afc—)\)

dw = u;w(k—i-:\)

Qw = —xfg(k—:\)
<R}y > = M—l‘,v-(l+Afc+/\)

Note that for

Magnetic Dipole Moment (2.7)
Electric Quadrupole Moment (2.8)
Electric Dipole Moment (2.9)
Magnetic Quadrupole Moment  (2.10)

Mean — Squared Charge Radius (2.11)

an arbitrary spin-S particle, 25 + 1 electromagnetic moments

are allowed [25]. Thus, the W vector boson is expected to have both a magnetic

dipole moment and an electric quadrupole moment in the Standard Model [26].

The W electric dipole and magnetic quadrupole moments (the terms in the effective

Lagrangian involving the & and ) parameters) are P—odd and violate CP (i.e. violate

T).

The tree-level Standard Model predictions for the values of the anomalous pa-

rameters are Ak =k —1 =0, A =0, & =0, A = 0. The numerical values expected

for these Standard Model parameters are:

ehic
2My 2
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3.691 + 0.012 x 107 MeV/T

5.788 + 0.000 x 107! MeV/T)

6.063 + 0.041 x 10~° e fm®

2.462 £ 0.008 x 1072 fm



Table 2.3: Comparison of Dirac magnetic moment of the proton and neutron with
their observed values

p(Dirac) p(observed)
Proton ﬂl:,—f:m? = 1lnm. +2.79n.m.
Neutron 0 —1.91 n.m.

where Xw is the (reduced) Compton wavelength of the W boson. The Standard
Model predicts a g factor for the W boson of g = 2. Note that the uncertainties
on these quantities are due primarily to the uncertainty on the W boson mass,
My = 80.14 + 0.27 GeV/c® (the combined CDF+UA2 result) [27, 28].

Anomalies in the electromagnetic moments of a particle can indicate some inter-
nal structure. For example, in the Dirac theory protons and neutrons are point-like
particles with predicted magnetic moments summarized in table 2.3. The magnetic
moments of the proton and neutron are anomalous indicating the compositeness of
each particle. Thus, anomalies in the magnetic dipole moment and/or the electric
quadrupole moment of the W boson would suggest the compositeness of the W bo-
son. Additionally the electric quadrupole moment of the W boson is related to the

Compton wavelength of the W boson by the relationship:
Qw = —e - Xiy - (1+Ax—)) (2.12)

Because the cross section of the WW'y process, o(W + «), is a function of the
anomalous coupling parameters x, A, & and /-\, experimental upper limits for these
anomalous parameters can be derived from experimental o - B(W(— ev) + ) mea-
surement in the existing CDF W — ev data sample. The experimental upper limits
on anomalous parameters ( % and \) derived from the experimental o - B(W + )
measurement of the existing data sample are within 10 % of those for x and A The

experimental limits on the anomalous parameters, & and \, will not be presented in
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this analysis. The limits on the anomalous couplings x and A will be used with the
aid of equations 2.7 and 2.8 to determine the magnetic dipole moment and electric

quadrupole moment of the W boson.
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Chapter 3

Experimental Apparatus

3.1 The Tevatron

The Tevatron is a superconducting synchrotron designed to store and collide bunches
of protons and anti-protons. There are several smaller particle accelerators used
to create the protons and anti-protons and accelerate them for injection into the
Tevatron. Figure 3.1 shows the layout of the different accelerators at Fermi National
Accelerator Laboratory (FNAL).

Prior to injection into the Tevatron, the protons must undergo many different
stages of acceleration. The protons are created from hydrogen gas which is ionized
and accelerated to 750 keV in & Cockroft-Walton electrostatic accelerator. A linear
accelerator is used to increase the proton energy to 200 MeV. The protons are then
accelerated to 8 GeV by the Booster Ring, a synchrotron located behind Wilson
Hall at FNAL. The protons from the Booster Ring are injected into the Main Ring.
The Main Ring (which is located in the same tunnel as the Tevatron) accelerates
the protons up to 120 GeV; some of the protons are extracted from the Main Ring
to be used for the creation of anti-protons.

The anti-protons are created by protons striking a tungsten target. The anti-
protons are focused using a lithium electromagnet. The anti-protons are then sent
to the Debuncher Ring where the spread in longitudinal momentum is reduced in
order to increase their transfer efficiency into the anti-proton Accumulator. The
anti-protons are stored in the Accumulator until there are enough in the “stack”

to be transferred to the Main Ring. Both the protons and the anti-protons are
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Figure 3.1: Overview of the different accelerators at the Fermi National Accelerator
Laboratory (FNAL).
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accelerated to 150 GeV by the Main Ring before being injected into the Tevatron
in at present, six bunches. Once in the Tevatron the protons and anti-protons are
accelerated to 900 GeV. Quadrupole magnets are used to focus the beams at the
B0 collision point (CDF).

During the 1988-1989 Tevatron run, approximately 10!! anti-protons were re-
quired for a typical store. During a typical run six bunches of approximately
5—10 x 100 protons and six bunches of approximately 1 —3 x 10'° anti-protons

were collided with a typical luminosity of 103°cm~2?sec™!. The average store lasted

20 hours.

3.2 CDF DETECTOR

The Collider Detector at Fermilab (CDF) is a nearly hermetic general purpose de-
tector designed to provide good lepton and jet identification originating from pp
collisions at a center of mass energy of 1.8 TeV. The z axis in the CDF coordinate
system was defined to be parallel to the beam line with the positive z axis pointing
in the same direction as the proton beam system. The positive y axis was defined
to be pointing up vertically and the positive z axis pointed away from the center of
the Tevatron. The # was defined as the polar angle with respect to the proton beam
 direction (positive z axis). The angle ¢ was defined as the azimuthal angle around
the beam and ¢ = 0 along the positive z axis. Another variable used to determine
the location of a particle in the CDF deteétor was its pseudorapidity :

1 1+ coséd
7= e () (3.1)

It was observed that in collisions at hadron colliders that the average particle
density is roughly flat in % over all angles ¢ and ‘;—: over some rapidity range

lyl| < X. The rapidity (y) palteau widens with increasing energy. [29] For a given
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particle(s) the variable y , rapidity, is defined as:

_ _l_1 1+ Bcosb
Y= 2\ T Bcosd

where 8 = v/c and § is the polar angle. At high energies, 8 = 1, the pseudorapidity
of a particle is approximately equal to its rapidity. Hence at high energies the average
particle density is approximately flat in the experimentally measured quantity 7.
Figures 3.2 and 3.3 show the layout and major subsystems of the CDF detector
in 1ts 1988-1989 configuration. The CDF detector is comprised of a 2000 ton movable
cylinder whose axis lies along the Beam line. The Vertex Time Projection Chambers
(VTPC) are closest to the nominal interaction point. -Surrounding the VIPC is
a wire drift chamber used for measuring tracks (CTC). Both of these devices are
inside a 1.4 Tesla superconducting solenoidal magnet used for charge and momentum
determination. Outside the magnet are electromagnetic and hadronic calorimeters.
The calorimeters in the central region have an angular coverage in 6 of 30° <
@ < 150°. Surrounding the calorimeters in the central region of the CDF detector
are the muon chambers. The end-caps of the central cylinder are filled with plug
calorimeters which provide calorimetry coverage at angles shallower ( IOf’ < f < 36°
and 144° < 6 < 170°) than the central calorimeters. In the forward regions of the
collision hall are the 3000 ton forward calorimeters. These fixed calorimeters provide
coverage at angles shallower (2° < # < 10° and 170° < 6 < 178°) than the plug or
central calorimeters. Also in the forward direction are toroidal magnets and devices

for muon detection. The analysis presented in this thesis makes use of the tracking

and calorimeter subsystems.

3.2.1 Tracking Detectors

Closest to the beam pipe the Vertex Time Projection Chamber (VTPC) was designed
to track charged particles in the 7 — z plane (7 is the radial distance from the beam).

It was used to find the location of the primary interaction point (vertex) along the
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z axis.

The VTPC consisted of a set of eight individual time projection chambers each
subdivided azimuthally into octants (figure 3.2.1). Particles passing through the
chambers ionized the gas (50% argon 50% ethane) within the chambers; the resulting
electrons drifted toward anode wires and cathode pads for subsequent readout. The
radial and beam-line location of each wire together with the drift time of the charge
to the wire allowed the reconstruction of tracks in the » — z plane.

Reconstructed tracks in the VTPC were parameterized by the polar angle and
the intercept with the z axis. Primary vertices were located by identifying clusters of
z intercepts from several tracks. The z resolution of the VTPC was approximately
2 mm. Figure 3.5 shows the distribution of primary vertices in the 2662 candidate
W events in the inclusive electron W sample.

The Central Tracking Chamber (CTC) was a large 1.3 meter radius cylindrical
drift chamber surrounding the VTPC. Like the VTPC, the CTC was inside of the
1.4 Tesla superconducting solenoidal magnet. The CTC provides charged particle
tracking in three dimensions (Figure 3.2.1).

The CTC covered the region |7| < 1.0 at its outer radius and was cylindri-
cally symmetric, allowing full §.zimuthal coverage. The CTC included both axial
and stereo wires. Because of the magnetic field, charged particles moved in helical
trajectories. The sense wires of the CTC were grouped into nine super-layers and
within each super-layer the wires were further grouped. The sense wires of the five
axial super-layers were parallel to the z axis. The remaining four stereo super-layers
consisted of wires with a 3° tilt to provide z information. The axial and stereo
super-layers alternated with an axial super-layer being the inner most super-layer.

Each cell within a super-layer consisted of field, sense, potential, guard and
shaper wires. The field wires provided an electrostatic potential of approximately
1350 V/ecm. The charged particles ionized the 50-50 argon/ethane gas and the

electrostatic and magnetic fields caused the charge to drift towards the sense wires.
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Figure 3.4: Isometric view of two VTPC modules.
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Figure 3.5: Z vertex of inclusive electron W events.
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Figure 3.6: Cross sectional view of the CTC end-plate showing both the axial and
stereo wire locations.
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In the region of the sense wires the gain of the gas was controlled by the potential
wires. The electric field was “fine tuned” through the use of guard and shaper wires.

All wire cells were inclined at a 45° angle (see figure 3.2.1) relative to the radial
direction from the beam axis to compensate for the subtleties of drifting charge.
In magnetic and electrostatic fields, the drift velocity of charged particles is both
parallel to the electrostatic field and parallel to £ x B [30]. The net drift velocity

forms an angle relative to the electrostatic field given by [31]:
v-B
k-E’

where (3 is the Lorentz angle, v is the drift velocity with no magnetic field, B 1is

tan@ = (3.2)

the magnetic field strength and k is a parameter that depends on the particular gas
being used in the drift chamber. For the CTC k was approximately 0.7 resulting in a
Lorentz angle 8 = 45°. The 45° tilt was decided to allow the drift trajectories to be
approximately azimuthal. This simplified the track reconstruction ensuring that the
maximum drift time to the nearest wire in a given super-layer was 40 nsec. Multipie
rows within a super-layer were used to resolve the left-right drift time ambiguity
and for redundancy in the case 6f wire failure. The sense wire positions were used
for the measurement of the radial position r of a track. The drift time was used to
determine the ¢ position. Since the axial magnetic field bent the éharged particles in
the axial direction (¢) and did not alter the z trajectory, the curvature of the track
was used to determine the sign of the particle’s charge and its momentum. The RMS
momentum resolution of the CTC was §Pr/Pr = Pr/500 GeV/c (Pr isin GeV/c)
for isolated tracks. Imposing the constraint that individual tracks originate from
the interaction pqint (vertex), extended the effective track fitting range from 1.0 m
to 1.3 m, thus improving the momentum resolution to éPr/Pr = Pr/900GeV/c.
In this analysis the CTC was used to identify electrons from the decay of the W
boson and to veto events with charged particles pointing at the electromagnetic
cluster associated with a photon. The CTC was also used to veto events that failed

a tracking isolation cut (in order to reduce the QCD-jet background).
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3.2.2 Central Calorimeters

The CDF calorimeters are finely segmented in the 7 — ¢ directions and are organized
into projective towers pointing towards the interaction point. The calorimeters cov-
ered all of phi and extended to |n| < 4.2. Each calorimeter tower consisted of an
electromagnetic calorimeter element in front of a hadronic calorimeter element. In
the central region the calorimeters have an angular coverage (in 7) of |n| < 1.1. The
calorimeters in the plug have coverage of 1.1 < |n| < 2.4. The forward calorimeters
cover 2.4 < |n| < 4.2.

The central electromagnetic calorimeters (CEM) contained 31 layers of poly-
styrene scintillator interspersed with lead sheets into towers of dimensions (in 7 - ¢
space) of 0.11 iﬁ n by 15° in ¢. The CEM was 18 radiation lengths (0.6 absorption
lengths) thick and had a pseudo-rapidity coverage of 0 < |n| < 1.1. Each calorime-
ter tower was read out through wavelength shifters coupled via light guides to two
conventional photo-multiplier tubes (one on each phi edge of the tower). This redun-
dancy protected against failures due to a single faulty photo-multiplier tube. Since
each photo-multiplier tube read out light at the phi edge of the calorimeter tower,
the phi position of an electromagnetic shower could be determined using both of the
photo-multiplier tubes. Figure 3.7 shows a schematic view of a central calorimeter
wedge and the placement of the photo-multiplier tubes.

Embedded approximately six radiation lengths deep in the lead-scintillator sand-
wich of the CEM was a electromagnetic shower maximum detector. This detector
called the Central Electromagnetic Strip chambers (CES) was a multi-wire propor-
tional chamber with finer segmentation than the CEM. This finer segmentation al-
lowed for excellent measurement of electromagnetic shower profiles in both z through
the cathode pads and r — ¢ through anode wires. Figure 3.8 shows a schematic draw-
ing of the CES. The CES cathode pads (aligned along the 2 direciion) varied in width
from 1.67 cm to 2.01 cm. The anode wires (oriented along r — ¢ (z) direction (r is

the radial distance from the beam line)) were spaced 1.45 cm apart. The position
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resolution in each view was 0.2 cm.

Located behind the CEM in the same tower configuration, the Central Hadronic
Calorimeter (CHA) consisted of 32 layers of steel absorber interspersed with acrylic
scintillator, totaling 4.5 absorption lengths. Also located behind the CEM, the End-
wall Hadron Calorimeter (WHA) consisted of 15 layers of steel absorber interspersed
with acrylic scintillator (each layer had double the thickness of the CHA) totaling 4.5
absorption lengths. The pseudo-rapidity coverage for the CHA was 0.0 < |n| < 0.9
and for the WHA the corresponding coverage was 0.7 < |g| < 1.3. The WHA
completed the hadron calorimeters coverage for the interface region between the
central and plug calorimeters.

The CEM,CHA and WHA were calibrated with test-beam electrons and pions
at various energies using a sample wedge. The CEM had an energy resolution of
S§E/E = 13.5%/VE + 2.0% where E is in GeV. Both the CHA and WHA had
energy resolutions of §E/E = 75%/vE + 3.0% where E is in GeV.

In the analysis the central calorimeters were used to identify electrons by the
energy deposition (nearly entirely in the electromagnetic portion of the calorimeter)
of an incident track. These calorimeters were also used to identify photons by their
energy deposition in the CEM when no track was present. The EM shower maximum
detector (CES) was crucial to this analysis and was used to determine the position

and the transverse development of an electromagnetic shower at shower maximum.

3.2.3 Plug and Forward Calorimeters

The plug and forward calorimeter components were gas proportional wire chambers
that were filled with 50/50 Argon/Ethane. These calorimeters had the projective ge-
ometry like the CEM,CHA and WHA calorimeters and had finer segmentation than
the central calorimeters (CEM,CHA and WHA) of 0.09 in 77 and 5° in ¢. The actual
chamber stacks form a quadrant on one side of the plug electromagnetic calorimeter

(PEM), forward electromagnetic (FEM) and hadronic (FHA) calorimeters and a 30°
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slice in plug hadronic calorimeters (PHA). The plug calorimeters (PEM,PHA) fill in
the end-caps on either side of the central barrel (see figure 3.3). The PEM consisted
of four 90° quadrants. Each quadrant had 34 layers of wire chambers interspersed
with thin sheets of lead absorber. The PEM had a pseudo-rapidity coverage of
1.1 < |p| < 2.4; a position resolution of 2 mm X 2 mm and is 18 — 21 radiation
lengths thick depending on position within the PEM. The PHA had 12 — 30° (in ¢)
sections. Each section contained 20 layers of wire chambers sandwiched between 21
layers of steel. The PHA was 5.7 absorption lengths thick and had a pseudo-rapidity
coverage of 1.3 < |n| < 2.4.

The forward calorimeters were not located on the movable cylindrical section of
the CDF detector,but instead were in fixed positions at larger pseudo-rapidities than
the central or plug calorimeters. The FEM was divided into four quadrants each
containing 30 layers of proportional wire chambers and lead sheets. The FEM was 25
radiation lengths thick and had a pseudo-rapidity range of 2.2 < |n| < 4.2. Similar
to the FEM the FHA was divided into quadrants; each quadrant had 27 layers
of proportional wire chambers and steel absorbers. The FHA was 7.7 absorption
lengths thick and had a pseudo-rapidity coverage of 2.3 < |n| < 4.2.

The energy resolution was lqrger for the gas calorimeters (plug or forward) than
it was for the scintillator based calorimeters in the central region. The PEM had
enérgy resolutions of §E/E = 28%/vV'E + 2% where E is in GeV. For the FEM the
energy resolution was §E/E = 25%/vE + 2%. The PHA had an energy resolution
of SE/E =90%/VE + 4% and in the FHA §E/E =130%/VE + 4%.

In this analysis the plug and forward calorimeters were used in the determination

of the missing transverse energy Jr (see chapter 4 for definition).
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3.3 Luminosity Monitors

The beam-beam counters (BBC) were a plane of scintillation counters immediately
in front of the forward/backward calorimeters at a distance of 5.8 m from the nomi-
nal interaction point and covering the beam fragmentation region in pseudo-rapidity
range 3.2 < || < 5.9 These counters provided a minimum bias trigger for the de-
tector and were also used as the primary luminosity monitor for CDF. The minimum-
bias BBC trigger required at least one counter in each plane to fire within a 15 ns

time window centered on the beam crossing time.

3.4 Triggering

The interaction rate during the 1988-1989 collider run was 10° times higher than the
capacity of the CDF data acquisition system. In order to select interesting events
to process and maximize the amount of time that the CDF detector could take data
(i.e. reduce the dead-time), CDF used a four level trigger system. A description of
the triggers relevant to the collection of inclusive electron W data follows.

The lowest level trigger selected inelastic (minimum-bias) pp collisions by re-
quiring an in-time coincidence of the BBC planes on either side of the interaction
region. The trigger decision was available in time to inhibit data taking during the
next beam crossing 3.5 usec later.

The level-1 trigger decision was made within 7.0 usec as allowed by level-0. If an
event failed in the level-l,r the front end electronics were reset in time for a second
beam crossing after the initial level-0 decision. The maximum allowed level-1 accept
rate was 1 kHz. The level-1 calorimeter trigger system computed transverse energy
in both the electromagnetic and hadron compartments of the calorimeter. Trigger
towers had a width of 0.2 x 15° in 5 x ¢, mapping the detector into two 42x 24 (n x ¢)
arrays, one for electromagnetic and the other for hadronic energy deposition. Central

electron W candidates were required to have at least 6 GeV in a single trigger tower
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( = two physical towers) of the central electromagnetic calorimeter.

In level-2, two-dimensional tracking information from the central fast tracker '32]
(CFT), a hardware track processor, was associated with level-1 electron information
to form level-2 electron triggers. Fast timing information from the CTC was used
to detect high transverse momentum tracks in the central region. The track finder
analyzed prompt hits from the axial sense wires of the CTC to identify tracks by
comparing hits in the CTC to predetermined hit patterns for the range of transverse
momenta allowed by the CFT trigger threshold. The CFT relied upon the fact that
stiff tracks have ionization drift times of less than 40 nsec for at least one wire in each
super-layer of the CTC to determine track momentum. The track processor covered
the Pr range from 2.5 to 15 GeV/c with a momentum resolution of §Pr/Pr = 3.5%
(Pr in GeV/c). The list of two-dimensional tracks found was presented to the rest
of the CDF level-2 trigger system.

The level-2 trigger was used to reduce the rate of accepted events to less than
10 Hz. The level-2 central electron trigger made use of both calorimeter and tracking
information. The hardware cluster finder was designed to make use of the projective
nature of the calorimeter towers; the cluster finder searched the electromagnetic
tower array forming clusters around seed towers. The seed towers were required to
have at least 4 GeV of transverse energy (Er), assuming the vertex position to be
Z = 0. Each of the four nearest neighbors to a given seed tozver were then included
in the cluster if the tower had Er > 3.6 GeV. Again, each of the nearest-neighbor
were checked and if they were above the Er threshold of Er > 3.6 GeV then the
towers were added to the cluster. This algorithm repeated until the cluster could
not be extended. The hadronic Er of the towers in the cluster was added to the
electromagnetic Er to give the total cluster Er. These clusters were then matched
in azimuth with high-transverse momentum tracks from the CFT [13].

The level-2 electron trigger required that: the cluster have transverse electromag-

netic energy (EM E7) of more than 12 GeV, assuming the event vertex to be Z = 0;
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the ratio of total cluster Er to EM Er be less than 1.125 and that there be a CFT
track associated with the cluster with transverse momentum of Pr > 6.0 GeV/c.
The efficiency of the level-2 electron trigger for electrons with transverse energy
Er > 15GeV was 98%.

A level-3 trigger system was also implemented during the running period, which
consisted of a “farm” of 60 ACP (Advance Computer Project at FLAB) micro-
computers based on Motorola 68020 coprocessors. The event data read out from the
entire detector after a level-2 accept was available for use in level-3 trigger algorithms
and level-3 trigger decisions. Because of constraints on the execution time per event,
the level-3 trigger algorithms used streamlined versions of the complete off-line CDF
event reconstruction code. The level-3 central electron filter required that the level-2
central electron cluster have EM Er > 12 GeV and a two-dimensional track with
Pr > 6 GeV/c as reconstructed by the level-3 software.

During the 1988-1989 collider run the level 3 trigger reduced the event acceptance
rate from 10 Hz to 1 — 2 Hz. The overall (level 1,2,3) trigger efficiency for central

electrons associated with the inclusive W data sample was 97.3 + 0.5%.

3.5 Data Collection

The data samples used in this analysis were collected over a 12 month period. The

2sec™!. The ouerall trigger rate was

peak machine luminosity was over 2 x 10%*° cm™
limited to 1 — 2 Hz by the speed at which data could be transferred to tape. A
typical event record contained ~ 120 kbytes of information. The total 4.4 pb~*

data sample consisted of 4 x 10% events recorded on 5500 magnetic tapes.
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Chapter 4

Event Selection

This chapter describes the selection of W — ev + + events. As mentioned in
Chapter 2, W+ represents a subsample of inclusive W production. This analysis
used the inclusi-ve electron W data sample (the same one used in the W cross section
x branching ratio measurement and the electron W/Z cross section ratios [13, 8])
as a starting point. The event selection was divided into two parts: the W selection

and the photon selection.

4.1 W Selection

In the 1988-1989 Tevatron collider run, CDF collected [ Ldt = 4.05 £ 0.28 pb~!
of high transverse momentum pr electron data (note: this momentum is transverse
to the beam direction). The uncertainty in the integrated luminosity was 6.8%, due
primarily to the uncertainty associated with the total inelastic pp cross section as
observed by the Beam-Beam Counters with oggc = 46.8 + 3.2 mb.

The W candidate events required an isolated well measured electron and large
missing transverse energy (the signature of a neutrino in the CDF detector). These

events came from the high pr electron level-3 trigger. Since high pr electron identi-
fication is crucial, to the selection of W candidate events. In this section the CDF

electron identification is described.
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4.1.1 Offline Clustering

[solated electrons at CDF were found from energy clusters found in the electro-
magnetic calorimeters. These clusters were formed around seed towers with trans-
verse electro-magnetic energy (EM E7)! greater than 3 GeV. In the CEM calorime-
ter the clustering was limited to nearest neighbors (in 7). Because the nature of the
¢ cracks between adjacent wedges in the CEM is larger than a typical electromag-
netic shower in the CEM electrons do not deposit much energy across the phi cracks
in the CEM calorimeter. This fact was confirmed by test-beam studies. [33] A clus-
ter was formed when ratio of hadronic energy and electromagnetic energy from the
towers in the cluster was less than Egap/Egm < 0.125 and the total transverse
electromagnetic energy EEM > 5.0 GeV.

The inclusive electron W sample was obtained from the large transverse energy
central (|n.] < 1l.1) electron sample. A brief description of the selection of the
inclusive electron W sample is given below; a more complete description can be
found in reference [13].

The inclusive W sample required a candidate central electron with the following

properties:

e The event vertex was within |2zyix] < 60.0 cm of the nominal z = 0.0 position.
As mentioned in the previous chapter, for a typical run during the 1988-1989

collider run, the vertex position varied about z,;y = 0 with a oy = 30cm.

e The electron cluster was in the central portion of the detector |7.| < 1.1, and
was within the good fiducial region of the CEM calorimeter, as determined

from CES shower cenfroid 1nformation.

The CDF detector is constructed to be symmetric in 7 and ¢ space. The

lthe transverse energy Er in a given calorimeter was defined as Er = Esin6;. E is the energy
measured in the calorimeter tower. The polar angle 8; is angle betweén the center position in the
tower and the event vertex.
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fiducial region in the central part of the detector was selected to avoid the

edges of the calorimeter where the electron response is erratic.
Transverse energy of the cluster ESUs** > 20.0 GeV.

[solation [ = (E§ene — Eghuster)/Eshister < (.1, in an angular cone of size
AR = /An? + A$? = 0.4 (in the n — ¢ plane) centered on the electromagnetic
cluster (location defined from CES shower centroid information). E£™° is the
sum of the transverse energy in the cone. This variable provided a measure of
the energy deposition of other particles in the region of n — ¢ space directly

surrounding the electromagnetic cluster.

A hadronic (HAD) to electromagnetic (EM) energy ratio for the towers in the
central electromagnetic cluster of Had/EM < 0.055+0.00045 «E, where E was
the total energy of the EM cluster in GeV. An energy-independent efficiency

for this cut was obtained using this functional form.

A CES strip chi-square of x2 ;. < 15 from a fit of the cluster profile in the

strip view to test-beam electron shower profiles.

Lateral shower-shape chi-squared variable Ly, < 0.2, which is a chi-squared
comparison of the observed la.t'era.l shower profile to test-beam electron lateral
shower profile data. L, was defined as

- Emess _ EPred

T \J0.14 - E? + (AEP™)?

where the sum is over the towers in EM cluster (excluding the seed tower);

Ly =0.14-

(4.1)

E™® is the measured energy in tower i; EP® is the predicted energy in
the tower : calculated from the seed tower energy, impact point from the CES
shower centroid and event vertex using pa.ra.met;:rized shower profiles from test-
beam data; E is the EM energy of the cluster; and AEP™ is the uncertainty in
EP™? associated with an 1 cm uncertainty in the impact point measurement.

All energies are in GeV.
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e A single reconstructed three-dimensional track associated with the E M cluster
must have had a track position which matched the CES shower position to
within |Az| < 3.0 cm and |Ar — ¢| < 1.5 cm. The CES had a position

resolution of 1.7mm for 50 GeV electrons at normal incidence.

o The ratio of electromagnetic energy (£) of the EM cluster to the momentum

(P) of the track associated with the EM cluster must have been E/P < 1.5.

There were 5012 events that passed these requirements.

For central electrons the fiducial cuts in the 7 direction were made using the z
coordinate of the electron shower centroid. (The CES measured the shower centroid
in two coordinates: z (which corresponded to the r — ¢ direction) and |z| (which
corres‘;ponded to the 7 direction). The active CES region in the jz| direction was
6.2cm < {z| < 239.4cm and the active CEM region was 4.2cm < jz| < 246.0cm.
[34] The fiducial cut in z(7) required that 9.0cm < |z| < 217.0cm. This cut removed
electrons in Tower 9 of the CEM calorimeter. This was the smallest tower in the
CEM in terms or radiation lengths and physical size.

The fiducial cuts in the ¢ direction for central electrons were made using the
z coordinate from the CES detector. At the CES depth (184.15 cm) in the CEM
calorimeter the wedge was 48.5 cm wide with an active width of 46.2 cm. The CES
had an active width of 45.1 cm. The fiducial cut required that the CES position of
the shower (in the = coordinate) z.s < 21.0 cm from the center line of the wedge.

In addition to the symmetric cuts, there was a small region (one CEM tower) that
was excluded due to the cable runs and cryostat lines required from the operation
of the track chambers and solenoidal magnet. This excluded the region from 0.77 <
n < 1.0 and 75° < ¢ < 90°.

The measured energy in the CEM calorimeter tower was corrected in three ways:
1) by a correction based on position in the tower; 2) tower to téwer corrections;

and 3) overall energy scale correction. The response map correction used the CES
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shower centroid (in order to accurately determine the position of the shower) and
response function of a typical tower as a function of azimuthal (z) and z positions.
This response map function was derived from test-beam electron data. Figure 4.1
shows the relative response in a central calorimeter tower as a function of azimuthal
and z position. The response map correction had an accuracy of 1.1% within the
fiducial region of the CEM. The tower to tower correction was derived from a sample
of ~ 17000 electrons with Er > 12GeV. The tower to tower response was then
determined from the E/P distribution of these electrons. The overall scale was
derived from the inclusive W sample using the E/P distribution of the electrons
from the decay of the W boson with all other energy corrections applied. This
E/P distribution from the inclusive W data was compared to calculations from a
radiative W Monte Carlo event generator and complete detector simulation. The
tracking chamber momentum scale was derived from the J/¥ — ptu~ invariant
mass distribution. [13]

The candidate W events required the presence of an electron and neutrino. In
CDF neutrinos from W decay were identified by a large transverse energy imbalance

missing E7 - It ). Missing transverse ener /) was defined as,
gy
Br=— ) E'fy, 1 = calorimeter tower number with || < 3.6 (4.2)

where E® is the energy and fi; is a unit vector perpendicular to the beam axis and
pointing at the i** calorimeter tower. For a tower to have been included in the sum,
it must have passed a location dependant energy threshold of: 0.1 GeV in the CEM
and CHA; 0.3 GeV in the PEM; 0.5 GeV in the PHA and PEM; and 0.8 GeV in the
FHA. In the calculation of £r no energy corrections were applied.

Events passing both the Z and W selection criteria were excluded from the
sample. The precise definition for Z° events can be found in the reference [13].

There were 2664 events that passed all W requirements.
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Figure 4.1: Relative response in a central calorimeter tower. The Z’ axis in the beam
direction and the X axis is in the azimuthal direction. The vertical scale gives the
relative response across the tower face. The point labeled 1.0 is the point at which
the tower is calibrated. The point labeled 0.9 has a relative response ten percent
less than the 1.0 (calibration) point.

[13]
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4.2 W ~ Event Selection

As mentioned previously, the W~ data sample for this analysis was selected from
the CDF inclusive electron W data sample.

The photons were identified by the presence of a second electromagnetic cluster
well separated from the electron from the decay of the W boson. As described in
chapter 2, the E7 spectrum for photons from W(— ev) v is a very steeply falling
one . In order to have a measurable signal, this analysis looked for photons with
E7 as low as 5.0 GeV. As with the search for electrons from W decay, the photons
were first identified by electromagnetic clusters in the CEM calorimeter. The default
electromagnetic clustering E7 thresholds could not be used because of the efliciency
“turn on” curve of the clustering near the threshold of 5GeV (see figure 4.2). The
n range was limited because the low-8 quadrupoles of the Tevatron obscured part
of the azimuthal regions of the forward calorimeters, 3.6 < |n| < 4.2.

In order to insure that the electromagnetic clustering was fully eflicient at
Eghister — 5 0GeV, the seed tower Er threshold was lowered to E*d > 1.0GeV
from the default of 3.0 GeV and the total transverse electromagnetic energy of the
cluster threshold was lowered from 5.0 GeV (default) to 1.5 GeV.

A photon candidate was defined as:

o A 1-3 tower cluster of electromagnetic energy deposited in the CEM calorimeter
with F, > 5.0 GeV, after position response and CEM energy scale corrections,

with a seed calorimeter tower energy of F; > 1.0 GeV.

e A candidate CEM cluster was required to be in a good fiducial region of the
central calorimeter, as defined by the position determined from CES shower
centroid information. The fiducial region of the central calorimeter is described

in the previous section.

e Anangular separation between the W decay electron and the photon of AR, =
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Figure 4.2: Clustering Efficiency “turn on” for default electromagnetic clustering in

the CEM.
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VAn? + Ad? > 0.7. This cut was designed to suppress the contribution from
radiative W decay. AR., = 0.7 corresponds to an opening angle of A¢ =~ 40°

in the » — ¢ plane.

A calorimeter isolation “ET4" cut, requiring that the excess transverse energy
deposited in a cone of AR = 0.4 centered on the CEM cluster, but not including

the EM cluster energy must have been ET4 < 2.0 GeV.

ET4 = E$™ — ES™t < 2.0 GeV (4.3)

A tracking isolation “LPT4” cut, requiring that the summed transverse mo-
mentum due to charged tracks within a cone of AR = 0.4 centered on the
CEM cluster must be less than ¥ PT4 < 2.0 GeV. The tracks participating in
the sum must have originated within Az < 10 cm of the event vertex, and be

reconstructed in three dimensions.

No tracks,originating from any vertex, pointed at the EM cluster. The tracks

must be reconstructed in three dimensions. (N3D =0 cut).

A hadronic to electromagnetic energy ratio for the central EM cluster of
Had/EM < 0.055 + 0.00045 * E, where E is the total energy of the EM

cluster in GeV.

A lateral shower-shape for the CEM cluster of L,;, < 0.5. The variable, L,,,

1s defined in the previous section.

The CES -strip and wire chi-squares for the electron shower profiles of the

leading cluster in each of these views, must be x2,,, < 20.0 and x2,,. < 20.0.

A “no 2™ CES” cut, requiring that no additional CES strip/wire clusters with
Ecgs yna > 1.0 GeV be present within the CEM cluster. This cut was made

to further suppress 7° and multi-photon backgrounds.
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The 1solation cuts were made to reduce the background from QCD jets. The
HAD/EM, L., and CES x? cuts were made to remove jets and identify photons
or electrons. The “no-track” cut differentiated photons from electrons. The “no
2"* CES” cut suppressed the multi-photon background. Table 4.1 summarizes the
effects of these cuts on the inclusive W and the QCD data sample used to estimate
the background. The background estimate will be discussed further in chapter 6.

For W~ candidates, a transverse mass cut of MY > 40 GeV/c* was made to

suppress the high— P/’ " component of the (W — 7 #,)+7v, 7 — e b, v, background.

The W transverse mass is defined as My = \/QPT’- P?e (1 — cos Ape_z,) , where
Ade.s, 1s the opening angle between the W —decay electron and neutrino in the r — ¢
plane. The cluster transverse mass (also known as the minimum invariant mass) of

the W + ~ system is defined as:

2

MY = V/[(M3,+1ﬁ}+ﬁ;;2)f+!f>?| ~ [P} + P% + P (4.4)

where M, 1s the invariant mass of the electron-photon system.

After all cuts, there were 8 candidate. W+ events.

Figures 4.3 and 4.4 show the effect of the cuts on the inclusive electron W data
sample. Figures 4.5, 4.6 and 4.7 show some of the kinematic properties of the electron
W~ candidate events, overlaid with the Monte Carlo expectations for the signal and
backgrdund. (These will be discussed in greater detail in the next two chapters.)

Table 4.2 contains the salient kinematic properties of the electron W+ candidate

events.
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Figure 4.3: Photon variables as a function of photon cuts, for the electron W~ data
sample. (A) Er distribution of fiducial CEM clusters passing the E7 > 5.0 GeV
cut and the ARy, > 0.7 angular separation cut. (B) The calorimeter isolation
distribution before the ET4 < 2.0 GeV cut is applied. (C) The tracking isolation
distribution before the X PT4 < 2.0 GeV/c cut is applied. (D) The Had/EM
distribution before the Had/EM cut is applied.
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Figure 4.4: Photon variables as a function of photon cuts, for the electron W+ data
sample. (E) The L, distribution before the L,,, < 0.5 cut is applied. (F) A
scatterplot of CES x2,,,, vs. X%, before the x2, ., < 20.0 and x2,,., < 20.0 cut is
applied. (G) A scatterplot of CES E,pip, vs. Eyires before the no 2™ CES cluster
E > 1.0 GeV cut is applied. (H) The E7 distribution after all photon cuts have
been applied, including the no 2™ high— Py track cut for suppression of background
from mis-identified electron Z + ~.
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Table 4.1: Summary of electron Wy, and QCD Background Passing Successive
Photon Cuts. The entries in the first row in the first columns are the number of
inclusive electron W events; the entries in the other rows of the first column are
the number of W events with fiducial CEM clusters surviving the application of
successive photon cuts. In the last column, the entry in the first row is the number
of central, non-leading jets passing the jet selection criteria. The other entries in
this column are the number of fiducial CEM clusters surviving the application of
successive photon cuts. See text for further details.

electron Wy QCD background

Inclusive W or QCD Data Samples 2664 11726
Pass FidCEM, E]>5.0 GeV, AR.,>0.7 Cuts 107 266
Pass ET4 < 2.0 GeV Cut 28 107
Pass EPT4 < 2.0 GeV Cut 16 64
Pass N3D =0 Cut 13 57
Pass Had/EM Cut | 13 55
Pass L, < 0.5 Cut 13 42
Pass Xgirip + Xaire Cut 13 32
Pass no 2™ CES > 1 GeV Cut 9 20
Pass no 2™ Isolated Track Cut (W<~ only) 8 -
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Table 4.2: Kinematic Properties of Electron W+ Candidates. AR, is the angular
separation in the 77-¢ plane between the decay electron and the photon. My is the
W transverse mass. MU is the cluster transverse mass.

ﬂ Run # Event # EJ (GeV) Qw (e) My (GeV) MZ. (GeV) AR,
1 16801 — 6582 5.17 -1 68.3 80.5 1.28
2 16807 — 4706 8.65 +1 63.8 74.0 0.84
3 17467 — 15981 14.43 1 59.2 79.1 0.80
4 17529 — 442 5.04 _1 60.8 68.5 2.01
5 17886 — 1796 5.04 1 83.2 88.5 2.53
6 18720 — 20145 1229 41 68.8 96.4 0.76
7 19430 — 20694 744 -1 78.4 86.3 0.87
8 19882 — 38400 7.04 +1 85.6 86.7 1.10
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Chapter 5

Acceptances and Efficiencies

The efliciency for selecting W~ events and the overall acceptance factors for W+
events are required in order to determine the cross section x branching ratio for the

process W (— ev) v. The overall acceptance x efliciency for selecting W+~ events

can be written as:

Awy ewy = (e T € €) (Ayg - Aw - f7- A) (5.1)

The terms in this equation will be defined in subsequent sections.
The kinematic and geometrical acceptances of W~ events were obtained from
detailed Monte Carlo simulations of this process. The electron and photon efficien-

cies were determined from various pp and test-beam data samples and cross-checked

with various detailed Monte Carlo simulations.

5.1 Baur W~y Monte Carlo Event Generator

The Baur W~ Monte Carlo event generator {17] was used to simulate the production
and decay of W+ events. The Baur W~ event generator program generates weighted
events using the helicity-amplif.ude formalism, adding together the contributions of
the Feynman graphs of figure 2.1. The kinematic phase space calculations are done
using the VEGAS adaptive multi-dimensional integrating code [37]. The Baur W~
Monte Carlo was modified to use the CERN library of parton distribution functions
[38] and include all parton-parton luminosities and the Cabbibo-Kobayashi-Maskawa
[CKM] quark mixing matrix elements [38]. The HMRS-B [40] structure functions
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are the structure functions used in this analysis; these structure functions were also
used in the determination of the CDF electron W and Z cross sections [12] and the
CDF electron W/Z cross section ratio [13]. The cross section output from the Baur
W~ Monte Carlo includes a “K-factor” of [1 + %"a,(MﬁV’] ~ 1.35 to approximate
higher order QCD processes such as q+§ — g+ W +vy and g+q — ¢+ W +v. [41]
The Standard Model results predicted by the Baur Monte Carlo event generator were
compared with several other W+ Monte Carlo event generators, such as ISAJET
(35], VVJET [41], PAPAGENO [42], PYTHIA [43] and the CDF radiative W
decay Monte Carlo event generator WZRAD [44]. The cross section results are in

good agreement between the various Monte Carlo event generators for the various

different regimes of comparison. The systematic uncertainties associated with the

BAUR W+ Monte Carlo results were also studied by:
e varying the shape of the pr(W+) distribution
e using several different structure function choices
e studying the Q? scale dependence of the calculation.

These systematic uncertainties ;':Lre discussed in greater detail in chapter 7.

A large sample (> 500,000 events) of Baur W~ Monte Carlo events were gen-
erated with extremely loose cuts on the electron momentum and pseudo-rapidity of
the electrons and photons (|7.|, [py|] < 6); however a minimum photon transverse
energy E7 > 1.0 GeV and minimum angular separation between the decay electron
and photon of AR., > 0.3. were imposed to avoid divergences in the Monte Carlo
calculation. T.I;;se loose cuts maximized the total W+ cross section while mini-
mizing the potential biases associated with finite detector resolution and smearing
effects on the steeply-falling kinematic distributions (moét importantly the photon

E7 distribution).
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5.2 Monte Carlo Detector Simulations

The four vector information for the final-state particles in each W~ Monte Carlo
event was then input into either: a “fast” Monte Carlo detector simulation detector
which parameterized the detailed response of the CDF detector; or a more detailed
simulation of the CDF detector which included the QCD-evolution/fragmentation of
the underlying event through ISAJET [35] and then through the QFL [36] detector
simulation, which also simulated the detailed response of the CDF detector using
the parameterization method.

The purpose of the “fast” W+~ detector simulation program was threefold:

1. determine all kinematic and geometric acceptance factors;

2. obtain predicted cross sections o - B(W + «v) for events passing all Wy event
selection cuts. These cross sections, o - B(W + «v), can be used to predict the

number of W+~ events.

The QFL detector simulation program was used to check the results from the “fast”

detector simulation program.

5.3 Geometric and Kinematic Acceptances

The overall acceptance for W (— ev) v events is

Awy = Apgz - Aw - 7 A7 (5.2)

Apz is the acceptance of the transverse mass cut M, > 40 GeV/c? for Wy
events passing all other cuts.

The overall acceptance for W — ev events is written as Ay = Ag; . A;‘fd- Ay

where AE.VT is the kinematic acceptance for central fiducial electrons with Er >

20 GeV, A;‘fd is the geometrical acceptance for fiducial central electrons and Ay Br

is the kinematic acceptance for the Er > 20 GeV cut.
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The term fy,.,, is defined as the fraction of all photons that are central (|n,| <
1.1) which are produced in W~ events where the W decay electrons pass the W
selection requirements and the photon has already satisfied the £ > 5.0 GeV and
AR., > 0.7 requirements.

The overall photon acceptance is given by:

447 = ‘é; ‘ A}ld . A:&Re‘y = ].0 . A}td N ].0

}id (5.3)

Atig is thé geometrical acceptance for photons (from W<~ events) in central
(Im4| < 1.1) region satisfying £7 > 5.0 GeV and AR, > 0.7.

Since we are measuring only that portion of the (total) production cross section
X branching ratio, associated with photons above E] > 5.0 GeV, the kinematic
acceptance factor, AZJ; = 1.0 by definition.

Similarly, the lepton-photon angular separation acéeptance factor for centra.i
photons is AZR,, = 1.0. The product f” - A" is therefore the acceptance factor for
central fiducial photons from W events that have already satisfied the W selection
and E] > 5.0 GeV and AR, > 0.7 requirements.

The Baur W~ Monte Carlo and the “fast” Monte Carlo detector simulation were
used to determine the overall acceptance factors for the W boson and the photons
for the nominal set (HMRS-B) set of structure functions. These acceptance factors
are listed in table 5.1.

The term A}, represents the overall kinematic x geometric acceptance factor for
photons in W+ events generated by the BAUR Monte Carlo and simulated with the
“fast” Monte Carlo detector simulation to pass the £ > 5.0 GeV and AR., > 0.7
cuts. These photons were generated with £ > 1.0GeV and AR., > 0.3. Also,

oen Tepresents the fraction of W~y events generated where the W boson passes all

selection criteria and the photon satisfies: E7 > 5.0GeV and AR., > 0.7.

65



Table 5.1: W boson and photon overall acceptance factors from W~ Monte Carlo

Acceptance factor
Aw 27.6 + 0.01%
Ay 94.3 + 0.8%
A7 77.9 £ 0.2%
JA 48.2 + 0.3%
A7, 13.5+0.1%
- 47.0+£0.1%

The individual acceptances required to compute Aw.,Aw and A” are summarized

in table A.1 of Appendix A.

5.4 Efficiencies

The overall selection efficiency for W (— ev) v can be written as:
€Wy = Ezuz T- €e " €y (54)

The factor €,,; is the efficiency of the |zyerex| < 60 cm cut.

The overall W electron trigger efficiency for the central electron selection is
T = €1y €Ly €r3, where the €z;, + = 1 — 3 are the individual level-1 - level-3
electron trigger efficiencies, respectively.

The overall electron and photon selection efficiencies are €. and e,, respectively.
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5.4.1 Electron Efficiency

The overall central fiducial electron selection efliciency from the decay of the W

boson 1s given by:

cem cem Ecem

— cem cem cem cem ) cem
€e = Ciso " E(Had/EM) &2, . " CLshr " E(E/P) Ctrk €Az " faz (5.5)

where the individual efficiencies for the central electron selection are the isolation
I < 0.1 cut, €, the Had/EM cut, €(Haa/EM) the CES strip x* < 20 cut,
e;"z’:‘p; the Ly, < 0.2 cut, eg7h,; the E/P < 1.5 cut, €fg)py; CTC electron track
reconstruction, et and the CTC-CES Az < 3.0 cm and Ar — ¢ < 1.5 cm track
match cuts, ex7* and €X7", respectively.

Since W selection cuts for this sample were the same as those used in the de-
termination of the inclusive electron W o - B cross section (8] and the W/Z cross
section ratios [13], the W decay electron efficiencies determined in those analysis

are applicable here. These efficiencies are summarized in table B.1 of Appendix B.

The overall electron efficiency is:

e = 84.0 £3.0% (5.6)

5.4.2 Photon Efficiency

The central fiducial photon selection efliciency is given by

24 —_ Y Y Y
€cem = €ET4 €3LPT4 €N3D'

M Y v 24 al cem
eHdd/EM ELahr ’ GXth+xfyip ' GM ond CES ' ,Pm Se__,.y (57)

where the individual terms are the central fiducial photon efficiencies for passing
the calorimeter isolation ET4 < 2.0 GeV cut, €gp,, followed in sequence by the
tracking isolation EPT4 < 2.0 GeV cut, €}pry; the N3D = 0 cut, e};p; the

Had/EM cut, €}y pp; the Ly < 0.5 cut, e],,; the CES xZ,,, < 20 and x2,,,

~
cuts, €', 2
! xl¢p+xw€r

and the no 2™ CES strip or wire clusters with £33 > 1 GeV cut,

nd
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€] .na cpg- Lhe factor PL is the survival probability for a photon to traverse the

conv

material of the inner central detector without converting to an e*e™ pair. The factor
ST 1s a small correction to account for differences in EM shower development for
electrons vs. photons, since electron test beam data was used to determine some of
the individual photon efficiencies.

The calorimeter isolation (€%7,) and tracking isolation (epr,) efficiencies were
determined from studies of the underlying event in the inclusive electron W data
sample. The Baur/ISAJET/QFL W~ Monte Carlo simulation was used to check
these efficiencies. Both sets of results were comparable though the efficiencies de-
termined from Monte Carlo data were larger than those determined from the data.
The ISAJET Monte Carlo simulation appears to have added a “quieter” under-lying
event in terms of charged and neutral particle multiplicities and pr spectra of tracks
than the comparable quantities in the inclusive W data set.

The efficiencies €53 p; e}{ad/EM; €L sk} e;, ., ande’ were determined

tp+xwir no 2nd CES
from electron test-beam data taken in the energy range 5GeV < E% < 50GeV.
Data from the Baur/ISAJET/QFL W~ Monte Carlo simulation was used as cross-

check and found to be comparable.

conv

The photon survival probability factor PL_ is known from the average amount
of material in the inner portion 'of the CDF detector, (AT) = 4.6 £ 0.3% of a
radiation length, x§ ( 3.6£0.2% of a conversion length x3) [27, 45]. The Monte Carlo
simulations provided a cross-check on PZ_ by determining the fraction of W+ Monte
Carlo events where the photon, had it not converted into an ete™ pair, would have
passed all photon cuts. The Monte Carlo W+ result is in good agreement with the

calculation; the difference between the two methods is used to define the systematic

uncertainty associated with PL_. Another check on P2

conv’ conv

was to explicitly look for

isolated conversion pairs in the W+ data sample; no such pairs were found.
The photon ws. electron electromagnetic shower development factor SZ°7 was

e—y

determined by comparing QFL photon vs. electron Monte Carlo simulations.
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Table B.3 in appendix B summarizes the individual CEM photon selection
efficiencies, photon survival probability, electromagnetic shower correction factor for
showers due to electrons vs photons and the overall CEM photon selection efficiency.
The statistical and systematic uncertainties associated with each quantity are also

included.

The overall central photon selection efficiency is
€ meer = 89.0 = 1.0(stat) = 2.0(syst)% (5.8)

The overall CEM photon efficiency, including the photon survival probability,

P2 and the e — v electromagnetic shower development correction factor, ST is

conv e—ey

el = 82.0 % L.2(stat) = 2.4(syst)% (5.9)

cem

5.5 Theory Predictions for W~ signal

The Standard Model prediction for the number of expected electron W+ events for
an integrated luminosity [ £Ldt = 4.05 £ 0.28 pb™! was obtained from the Baur
W~ Monte Carlo event generator and the “fast” Monte Carlo detector simulation
programs. In excess of 500,000 W*y events were generated and ~ 50,000 Monte
Carlo events passed all the event selection cuts.

The overall acceptance x efficiency term (Aw. - €w,) and the predicted num-
ber of W~ events as determined by the Baur W~ Monte Carlo event generator
and the “fast” Monte Carlo detector simulation were cross-checked internally, as
well as analytically and by comparing the results from the Baur/ISAJET/QFL
W~ Monte Carlo programs. Several hundred Baur/ISAJET/QFL W~ Monte Carlo
events passed all cuts. Table 5.2 contains the predicted number of events from
the Baur/“fast” detector simulation and Baur/ISAJET/QFL simulation for an in-
tegrated luminosity of [ Ldt = 4.05 = 0.28 pb~'.
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Table 5.2: Standard Model Monte Carlo predicted number of events

Monte Carlo programs Number of events

Baur + “fast” W~y MC 4.56 + 0.43

Baur/ISAJET/QFL W~ MC 4.27 £ 0.57

5.6 Overall Acceptances x Efficiencies for W~

From equation 5.1 the overall acceptance x efficiency for selecting a W~ event can

be written as:

Awy - ewy = (€oe - T-€ - €)- (Apg - Aw - f7 A7) (5.10)

The overall acceptance x efficiency and the acceptances and efficiency are sum-

marized in table 5.3.
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Table 5.3: Summary of acceptances and efliciencies for W

Awy - ewy  6.0+0.4%
e 95.4£0.1%
T 97.3 + 0.5%
e 84.0 + 3.0%
€ 82.1 + 2.7%

Ayr  94.3+0.8%

Aw  27.640.1%
£ 48.2 4+ 0.3%

A7 77.9+0.2%
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Chapter 6
Backgrounds

In order to determine the cross section x branching ratio for the process: W(— ev)y,

the number of signal events . ,?;;d is needed:
W -W rw
'v\/signal =\ can‘:i - 'bk;d (61)
In Chapter 4 it was shown that A7, = 8 events. In this chapter the methods

used for determining the background are discussed.

The backgrounds to the process Wy come from several sources. In the first
section the largest and most problematic background, coming from W + jets pro-
duction where the jet mimics a photon, is discussed. The processes Z° + jets and
Z° + ~ are also backgrounds to W~ when one of the decay leptons from Z — ete”

1s not reconstructed. These and the tau lepton backgrounds are discussed in section

6.2.

6.1 QCD Backgrounds

6.1.1 General Methodology

‘e

The largest photon background in the W< signal sample is due to mis-identified
QCD jets, where a central jet (|nje| < 1.1) in W+Jet events fragments in such a
way as to mimic a photon, as defined by the photon cuts. To a lesser extent, another
background source is due to prompt, isolated photons from initial/final-state radi-

ation (quark QED bremsstrahlung) processes. However, initial/final-state radiation
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1s technically considered part of the W+ signal, since the Feynman diagrams for
initial state radiation, as shown in figures 2.1 are included in the theory calculation
for the W+ signal; as mentioned in section 5.1. To account for contributions from
final-state radiation diagrams, a K —factor has to be applied when using the Baur
MC W+ event generator.

Because the QCD background in W+ events could not be estimated directly from
the data itself, the QCD jet fragmentation probability function 73?::"3: Semele(Er)
was used to estimate the QCD background in the W~ data set. The QCD fragmen-
tation probability function is defined as the probability as a function of Er that a
jet will fragment into a particle or particles that mimic a “photon” as defined by the
photon selection cuts. This method used data from independent non-signal control
data sample (this non-signal control sample will be discussed in section 6.1.2) to
determine the jet fragmentation probability function and convoluted this probabil-
ity distribution with the E7 distribution of central jets in the W data sample. This
method assumed that the jet fragmentation probability is the same in the non-signal
control data sample and the W data sample over the photon Er range of interest,

i.e. that
PControl Sample(ET) - ,PZg—.“‘y"(ET) ) (62)

Tet—

By using the inclusive W+Jets data sample the inclusive QCD jet background
from all such sources will automatically be taken into account. For example, the
inclusive W+ QCD jet background for the W+ data samples will consist of a contri-
bution from (a) “direct” W+Jet background, with aedditional QCD jet background
contributions from (b) mis-identified Z+Jet events, where one of the Z decay leptons
is not detected, but satisfies the W+ event selection criteria, and (¢) (W — 7 7,)+Jet
events, where 7 — e 7, v,, again satisfying the W+ event selection criteria.

The background data set chosen had to be kinematically similar to the W data
set and could not contain processes other than jet fragmentation that produced

isolated photons. The control data sample also had to have a large number of jets
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in order to accurately determine the rate at which a jet mimicked a photon. A
sample of multi-jet QCD events was selected and could be used to measure the jet
fragmentation probability. The jets in the QCD data used to determine the jet
fragmentation function were similar to the jets in the W data. Their Ei* spectra

were similar.

6.1.2 QCD non-signal control data sample

The QCD fragmentation probability function was obtained using a 4.2 pb™! sample
of inclusive QCD jet data taken concurrently with the inclusive W data during
the 1988-1989‘run. The trigger requirement for these QCD events was a localized
cluster of energy deposited in the calorimeter with Br > 20 GeV. The jet clustering
cone size used in this data sample was AR, = VAn? + Ad? = 0.7 !. There
were 39361 events in this sample before any off-line cuts were made. In the off-
line analysis of this data, jet energy corrections were applied to correct for non-
linear calorimeter response effects, calorimeter energy scale corrections and energy
corrections to account for losses in un-instrumented regions of the calorimeters, etc.

An off-line event selection was used to choose events in the QCD control sample
kinematically similar to event from hadronic W decay. These events were required
to have at least three jets: two leading “trigger” jets and a non-leading central jet.
The two highest Er (leading) jets ? were required to have Eif* > 15GeV (corrected)
and one jet with (|m;ee] < 1.1) and the other jet (|7;ee] < 2.4) and a dijet invariant
mass of M;; > 40GeV/c®. A total of 18739 events passed the above cuts on
the leading jets. These cuts on the leading jets produced a sample of events with
approximately the same v/3 as the inclusive W sample. To avoid trigger biases in the

trigger threshold region and remove QCD direct photon events, the leading jets in

1The CDF jet clustering is described in appendix C.

3the E";’ is determined by the sum of the transverse energies from the towers included in the
Jet cluster as determined by the CDF jet clustering algorithm. [61]
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the control sample were not used to determine the QCD fragmentation probability.
The non-leading jets were required to be in the central part of the CDF detector
(Imet] < 1.1); have EX* > 5GeV (corrected) and be well separated from either of
the two leading jets (ARje ;o > 1.4). The jets were required to be well separated
so that the jet clustering cones did not overlap. A total of 11726 jets passed these
requirements.

A total of 431 central electromagnetic clusters with Er > 5GeV and AR > 1.4
away from either of the two leading jets was obtained from the QCD control sample.
Of these 431 CEM clusters, 266 were in a good fiducial region of the CEM detector.
The CEM clusters in the QCD data were required to pass the same isolation cuts as
the CEM clusters in the inclusive W data' sample. A total of 64 events passed the
1solation cuts. Twenty QCD events passed all of the photon selection cuts used in
the selection of W+ events.

The angular separation requirement for both the jets and the fiducial CEM

clusters with respect to the leading jets (AR > 1.4) was imposed because the size of

jet

the jet clustering cone was ARy ,,

> 0.7. Any smaller angular separation and the
jet cones would have overlapped thereby biasing the number of non-leading jets. In
order to accurately determine the fragmentation function of jets mimicking photons,
the CEM clusters were required to have an angular separation of AR > 1.4 with
respect to the leading jets. A variation in the angular separation of §(AR) = +0.4
had less than a 10% impact on the overall estimate of the number of QCD fake

photons in the W+ sample. The QCD background will be calculated in the next

section.
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6.1.3 Determination of W~ Background from QCD pro-

cesses

The QCD jet fragmentation probability in the low-Er region, Er > 5GeV was
determined from the use of fiducial CEM clusters passing all photon cuts and non-
leading(extra) central jets (|7;e] < 1.1) from the QCD control sample. The QCD
fragmentation probability for a given Er bin is defined as the ratio of the number
of CEM clusters passing all W+ photon cuts and the number of non-leading central
jets in that Er bin. For the #** Er bin, this ratio can be written as:

N?EM QCD

P"QCD(Jet — “'Y”) — (6.3)

extra jet QCD
Ni

The fragmentation probability distribution was quantized into discreet Er bins
due to the limited statistics associated with the number of CEM clusters in the QCD
data passing all photon cuts.

Since the fragmentation probabilities in the QCD and the inclusive W samples
sample are assumed to be equal, the amount of QCD fake photon background can

be written as:

CEM W v __ cent jet W
N'ergd - Z Ni '

i

where the sum is over 1 GeV Er bins from 5 GeV to 50 GeV. The total number

l N?EM QCD ‘| (64)

W
of central jets with E}* > 5GeV in the inclusive electron W data sample is 2041.
The E7 spectra for the central jets in the electron W sample is shown in the upper
left histogram in Figure 6.1. The Er spectra for the CEM clusters in the QCD
control sample is in the upper right corner of Figure 6.1 and the Er spectra for the
non-leading jets in the QCD sample is in the lower right corner.

The Er spectra for the inclusive QCD background is shown in Figure 6.2. The
QCD background is sharply peaked at the threshold.
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Figure 6.1: QCD fake photon background determination

77



Number of events per 1 GeV

2.25

1.75

1.5

1.25

0.75

0.5

0.25

=~

3.57 £ 0.81 events

;
L
Ill‘lll[lI}I\l‘l[!lll’—l_‘l|l

2 4 6 8 10 12 14

= _TTT'TTI”T‘TT“I‘TT'T T 'T_Tj‘T'T"]—r'l T‘I‘T'T’I‘T I'[“l ‘FI']‘I’[ "1 T‘rrTTT"rT'TT‘

Et spectrum inclusive QCD background

Figure 6.2: Er spectra of QCD Background in W+~ data sample
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Using equation 6.4, the QCD fake photon background for the process: W (—

ev)y is

Ng’gD bkga = 3.57 £0.81 events (6.5)

The systematic effects on the photon background determination due to binning
effects and jet energy corrections were investigated. To test binning effects, the
background was calculated in two ways: 1) using 1 GeV Er bins and 2) only one
Er bin. As a test of the jet energy corrections, the backgrounds were calculated
using both corrected and uncorrected et energies. Table 6.1 summarizes how the
background rate was affected by the Er binning and jet energy correction systematic
effects. The level of agreement between the four methods used in determining the
QCD background is well within the statistical uncertainties of each method.

An independent cross-check on the level of W(— ev) + jet — (“4") back-
ground in the W+ sample, was obtained from Monte Carlo simulations of inclu-
sive electron W + jets using VECBOS [46] + HERWIG [47] + the QFL Monte
Carlo simulations. The VECBOS Monte Carlo program was used to generate
W(— ev) + nlets (n = 0,1,2) events. The HERWIG Monte Carlo simulation
was then used to generate an underlying event and to fragment the jets in events.
In these events the CDF detector was simulated using QFL. The same W selection
criteria as the inclusive W data was applied on this properly normalized and lumi-
nosity weighted set of events. A total of 2.59 +0.65 events background are predicted
from the VECBOS/HERWIG/QFL W + jets(— “y") Monte Carlo data. The
leading order calculation from the VECBOS/HERWIG/QFL Monte Carlo program
agrees with the data from the electron W data sample up to a jet multiplicity of

two. [10]

79



Table 6.1: Comparison of QCD Background Determination Methods for W~

Method

Background Rate

Standard Method

Jet Energy corrected; N3CP%ed _ 357+ 0.81
1 GeV E7r bins
Jet Energy corrected; N2CDEked 3 48 + 0.87
only ONE Er bin
Jet Energy NOT corrected; N25P%¢¢ = 2.92 +0.67
1 GeV Er bins
Jet Energy NOT corrected; N6D%¢¢ — 342 +0.85 |

only ONFE Er bin

Maximum Difference
between any TWO

Methods

ANZEPHe — 0.65
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6.1.4 Test of QCD Fragmentation Probability

The assumption that the the QCD jet fragmentation probability is the same in the

non-signal control sample and the inclusive electron W/ data sample i.e.
Control Sampl w
’PJet_.u,,’» @ PE(ET) = ,P_]et__‘u,yn(ET) (66)

can be tested by comparing the QCD jet mis-identification probability distribution
obtained from the QCD data sample with that obtained from the combined e + p
inclusive W data samples. The combined e + u inclusive W data sample was used
because of the limited statistics in either mode alone. The number of events from
the Standard Model prediction was then subtracted from the number of observed
events in the combined data sample. ® The QCD jet fragmentation probability

distribution, for the 7** E;—bin, can be written as:

ANFEM passing cuts
lPJet—O""/"(ET) = |: ANE:tra jets } (67)
The equation 6.6 is rewritten as :
ANFEM J20 AN;W; Bkgnd
ANiE:tra Jet J20| AN Estra Jet W (68)

Table 6.2 contains the fragmentation probability for QCD jets to pass all photon
cuts in both the combined e + p inclusive W data and the QCD control sample.
The QCD control sample had 20 events passing all photon cuts. The combined
e+ p inclusive W data had 13 candidate events with a Standard Model prediction of
7.1 £0.7 events. Despite the limited statics, the agreement between the data sets is
good. If a non-SM W+ signal, as allowed by our experimental 95% CL upper limits
on Ax and A (these limits will be presented in Chapter 7), and within the Er range
5 < Er < 15 GeV is subtracted out instead of the SM signal, the fractional change
in the combined e + y. QCD jet fragmentation probability distribution over this Er

range is ~ +25%, well within statistical uncertainties.

31t was assumed that the W signal in the data set was equal to the Standard Model prediction.
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Table 6.2: QCD Jet Fragmentation Probability — All Photon Cuts

-
Er Range (GeV)  P3SP... Prath...

5—6 0.49+0.15%  0.41 £ 0.29%

6—8 0.17+0.07%  0.15+0.21%

8§—11 0.07£0.05% —0.10+0.16%
11-15 0.06 £0.06%  0.58 + 0.53%

> 15 0.00508 %  0.09+0.21%

I > 5 0.17+0.04% 0.19£0.11%

Another comparison of the fragmentation probability was also made. Instead of
requiring the CEM clusters pass all the photon cuts; the photon selection criteria
was relaxed to simply require isolated EM clusters in the QCD and combined e + u
data samples, using only the calorimeter isolation and tracking isolation cuts.

In the QCD data sample, 64 “loose” EM clusters were found. In the combined
e + p data sample there were 26 events with an expected Standard Model signal
of 8.8 + 0.8 events. Thus, any inaccuracy in the signal subtraction is diminished
by approximately a factor of ~ 2, relative to the previous comparison with the full
photon cuts applied. The results of the comparison using relaxed photon selection
cuts are shown''th Table 6.3. Again, the agreement between the two probability

distributions is reasonably good.
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Table 6.3: QCD Jet Fragmentation Probability — Loose Photon Cuts

| 1

| Er Range (GeV) P?f_’i..v-. P;Z;i‘:---,"
5—6 1.35+0.27%  0.97 + 0.53%
6—8 0.76 £0.16%  0.97 & 0.48%
8 — 11 0.18+0.10% 0.19 4 0.40%
11— 15 0.17£0.13%  1.04 £ 0.87%
> 15 0.005008 % 0.07+0.21%
> 5 0.55+0.07% 0.57 +0.11%

6.2 Additional Backgrounds in the Wy Data Sample

There are two additional types of backgrounds in the W~ data sample. The Z«
and inclusive Z+Jet (where a QCD jet is mis-identified as photon) processes can
contribute to the W~y background. The processes (W — 7,) + v and (W —
T0,)+ Jet, where a QCD jet is mis-identified as a photon, can also contribute to the

background in the W+ data samples when the 7 decays to an electron.

6.2.1 7 Backgrounds in the W

In order for the“processes Z(— e*e”) + v and Z+Jet (where a QCD jet is mis-
identified as photon) to contribute to the W<y background; one of the electrons
from the Z—decay must not be detected and the event is subsequently misidentified
as a W event. This can occur when one of the decay electrons passes through a

non-fiducial region in the electromagnetic calorimeters (e.g. a crack).
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The contribution from misidentified Zv events to the W+ background was esti-
mated by using the Baur Zv + “fast” Monte Carlo detector simulation programs
and was cross-checked with the Baur/ISAJET/QFL Z+y Monte Carlo simulation.
The misidentiﬁed Z~ background in the W~ data with no other cuts applied is
0.55 £ 0.05 events.

The Z+Jet background in the W+ data sample was determined from the “direct”
QCD Z+Jet background in the electron Z+v data sample. With no further cuts
imposed, 0.11 £0.02 Z+Jet background events are expected in the W+ data sample.

Contributions from Z+~ and Z+Jet backgrounds to the W+ data sample can
be additionally suppressed by making use of the track associated with the second
decay electron. To reduce the Z background, events were rejected if they contained
an additional, isolated three-dimensional track with Pr > 10 GeV/c with opposite
charge sign to the W decay lepton and had a pair-mass (between a track and the
electron) of 70 < Me¢rack < 110 GeV/cz. The tracks that are within AR < 0.7 of a
hadronic jet (EM fraction < 0.85) are not considered, since W++Jet events are not
vetoed in this analysis. From studies using Baur/ISAJET/QFL W+~ Monte Carlo.
simulated data, no W signal events were lost by these 2" track cuts. After making
such cuts, 0.12 £ 0.02 Zv and 0.02 £ 0.01 Z+Jet background events remained in
the W+ data sample. This cut removed one misidentified Zv event in the W+ data
sample. The misidentified Z+jets data are already included in the inclusive QCD
background determination. The misidentified Z hackgrounds in W+ are summarized

in table 6.4.

6.2.2 7 Backgrounds in the W~

The processes (W — 74, )+v and (W — 75, )+Jet, where a QCD jet is mis-identified
as a photon, can also contribute to the background in the W+ data sample when the
7 decays to an electron. The corresponding processes (Z — 7v77) + v and (Z —

777 )+ Jet can also contribute to the background in the W+ data samples. However,
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Table 6.4: Summary of Misidentified Z backgrounds in W+~ data sample

no “2™ track cut” “2™ track cut” applied

Z + 5 0.55 £ 0.05 0.12 £0.02

Z + Jet (= %y")  0.1140.02 0.02 + 0.01
|

because of the additional tau branching ratio factor, B(t — e v, v,) ~ 17.8% [48]
and the three-body nature of the tau decay (softening the final-state lepton Pr and
£1 spectrum), these background contributions to W< are suppressed. The tau
W+ backgrounds were determined with the use of the Baur W+ and “fast” Monte
Carlo detector simulation programs, and the same methodology that was used for
the determination of the W+ signal.

The tau decay contribution to the W+ background was found to be small; 0.11 £
0.01 events. The tau decay contribution to the W +Jet background sample was also
found to be small; 0.08 £ 0.01 events. This background is already included in the
inclusive QCD background determination for the W+~ data samples.

The tau decay contribution to the Z~ background in W+ data sets was calculated
via similar methods as those used for determining the “direct” Z~ background.
This non-QCD background contribution to the W+ data samples was found to be
extremely small (<< 0.1 events), and is neglected.

The tau decay contribution to the inclusive Z+Jet background in the W~ data
set was calculated via similar methods as those used for determining the direct Z+Jet
background. These background contributions were also found to be extremely small

(<< 0.1 events), and are also neglected.
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Table 6.5: Comparison of QCD Background for W+

Inclusive W + Jets data ~ NgS79% = 3.57+0.81
VECBOS W(— ev) + Jets NJCD %t — 259+0.65
Z +Jet — “W" + " NEREked — 0,02+ 0.0
W™ Liet —» W7 4 Sy NQCDbksd _ 08+ 0,02
Sub-total: Nﬁg&t’fgd = 2.69
AN — NGSBM _ NCDM _ 0.8

Table 6.6: Summary of Background for W+

Background

QCD: Inclusive W + Jets data 3.57 £ 0.81
non-QCD: Z + vy— "W + 4 0.12+0.02

W™ + v 0.111£0.01

Total: N:Z;, = 3.8 £0.8(stat) £ 1.1(syst)

6.3 Summary of Backgrounds

Table 6.5 compares the inclusive W + jets background to the W(— ev)+ jets derived
from the VECBOS/HERWIG/QFL Monte Carlo simulation, Z + jet background in
W+ data sample and 7 + jets background in the W+.

The backgrounds for W+ are summarized in table 6.6. The total background in
the W~ data sample is

N:X; = 3.8 + 0.8(stat) & 1.1(syst) (6.9)

The first uncertainty in the total background in W+ events is statistical. The
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second uncertainty is the systematic uncefta.inty assoclated with the photon back-
ground.

The systematic uncertainty on the inclusive QCD jet background is (conserva-
tively) defined as the quadrature sum of: (a) the mazimum difference between the
four different methods used in determining the inclusive QCD jet backgrounds, as
summarized in Table 6.1 A.Vﬁfch b9¢ and (b) the difference between the inclusive
QCD jet background and the sum of (1) the “direct” QCD jet background as deter-
mined by the VECBOS/HERWIG/QFL W/Z +n—jets MC simulations plus (2) the
“indirect” QCD jet background contributions, which for W+ are due to Z+Jet and
tau W+Jet processes,A.\'}vz‘f‘". The “indirect” QCD jet background contribution
for Zv is due to tau Z+Jet, which is negligible. This systematic uncertainty can be

written as:

- 2
ANt | J(ANZEPHSY L (AN (6.10)
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Chapter 7

Experimental results

This chapter is divided into three sections. The first section presents the experimen-
tal cross section times branching ratio results for W (— e v) + . The next two
sections give limits on the anomalous W+ couplings , £ and A and the electromag-

netic moments of the W boson, respectively.

7.1 Experimental Cross Section times Branching Ratio

Results

The experiment determination of the cross section times branching ratio is presented
in this section. Section 7.1.1 contains the method for the determination of the cross
section times branching ratio. The systematic effects of varying the diboson Pr(W +
) distribution, the structure function choice and Q? dependence of the nominal
structure function (HMRS-B [40]) are described in section 7.1.2. The experimental

cross section times branching ratio results are presented in section 7.1.3.

7.1.1 General Methodology

The experimental results for the production cross section times branching ratio for

W~ were determined using the equation

Wy Wy _ Wy
o-B(W+7) = Noig = Do’ = BN (7.1)
[Ldt - (Awy - ewy) [ Ldt (Awy - €wy)

The terms in equation 7.1, observed number of events, the total background, the

88



Table 7.1: Summary of W~ Results

Nobs 8
Ekagnd 3.8+ O.8(stat) + 1.1(syst)

Nsignal 4924 2.9(stat) + 1.1(syst)

N 4.6 £ 0.4
[ Ldt 4.05 £0.28 pb!
(Awy - €wy) 6.0 £0.2%

number of signal events, the number of events predicted by the Standard Model,
overall acceptance times efficiency for selecting W+ events and the integrated lu-
minosity, were all derived in previous chapters. These terms are all listed in table
7.1 with one exceptidn: the systematic uncertainty of the acceptance terms derived
from the Baur W+ Monte Carlo program due to variation of the W~ Pr spectrum,
choice of structure functions and @? dependence of the nominal structure function.
This systematic uncertainty will be discussed in section 7.1.2.

A Monte Carlo program was used to combine the statistical and systematic un-
certainties associated with measurement of o - B(W + v) and thus determined the
overall uncertainties (confidence levels) of the experimental o - B(W ++) result. The
Monte Carlo o - B(W +v) program simulated 108 CDF “experiments”. The number
of observed events were fluctuated according to Poisson statistics. The integrated
luminosity, acceptance and efficiency terms were all fluctuated according to Gaussian
statistics. The statistical and systematic uncertainties associated with the individ-
ual backgrounds were Gaussian fluctuated and subtracted from the observed number

of events on a “experiment by experiment” basis. The experimental cross section
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o - B(W + 7)exp was calculated from a finely binned histogram with one entry per
“experiment”. The mean and %1 o (double sided) uncertainties for o - B(W + 7)ezp
were obtained from the histogram. Also the 68.3% , 90.0% and 95.0% single-sided
CL upper limits of o - B(W + 7).z, were obtained using the Particle Data Group'’s
(PDG) method for a bound physical region. [49] The experimental cross section
times branching ratio result for W+ is summarized in table 7.3. The first uncer-
tainty 1s statistical. The second uncertainty is associated with the uncertainties in
the integrated luminosity, acceptances and efficiencies. The systematic uncertainty
associated with the QCD background determination is listed third.

Figure 7.1 shows the o - B(W+~) probability distributions. These distributions
are nearly Gaussian, but with a small high-side tail due mainly to small number

Poisson statistics associated with the number of events observed.
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Figure 7.1: N, ,v,‘;:"d and o - B(W+) probability distributions
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7.1.2 Additional Systematic Uncertainties on o - B(W + v)

The systematic effects of varying the diboson Pr(W + ) distribution, structure
function (SF) choice and the Q?—scale dependence for the nominal structure function
(HMRS-B) choice on the determination of - B(W ++) were studied and presented in
table 7.3. These systematic effects on the calculation of o - B(W + ) are manifested
by an uncertainty in the acceptance terms determined by the Baur W+ Monte Carlo
program. The systematic effects of varying the CEM energy scale and CEM energy
resolution were also investigated and found to have negligible impact on the Monte

Carlo acceptance determination.

Systematic Uncertainties due to Pr(W + «)

Since there are as yet no experimental measurements of the diboson Pr(W + «)
spectrum, and no theoretical prediction for the distribution in the low Pr(W +
v) region (below ~ 10 GeV/c), the measured CDF Pr(W) distribution [50] was
used to approximate the Pr(W + v) distribution in the Monte Carlo simulation
program. The CDF Pr(W) distribution was a reasonable assumption for the Pr(W +
«v) distribution because the shape of the Pr(W + v) distribution is expected to
be similar to Pr(W) for the W~ event selection cuts used in this analysis. The
measured do/dPr(W) distributions for inclusive W production is in good agreement
with theoretical predictions [51]. The systematic effects of varying the shape of the
assumed Pr(W + v) distribution on the W /photon acceptances were studied.

The Monte Carlo diboson Pr(W + «) distribution was varied within the £lo
limits allowed by -the fit to the do/dPr(W) distribution. The method used the fast
Monte Carlo detector simulation programs to obtain the Monte Carlo o- B(W +v)umc
and all kinematic/geometrical acceptances. The acceptance results for each Pr(W +
v) choice, were then used, along with the efficiencies for all cuts, to determine the

the experimental o - B(W + «)ezp result.
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Four Pr(W + ~) distributions for each decay channel were investigated to obtain
acceptance factors used in the determination of both Monte Carlo and experimental
o-B(W +7) results, associated with: (1) “no” Pr boost, (2) a “soft” (—1o) Pr boost,
(3) a “nominal” Pr boost and (4) a “hard” (+1o) Pr boost. The systematic error
associated with variation in the Pr of the W<~ system is summarized in table 7.2.
The “no” Pr boost study was included solely for relative comparison purposes, and
is not used in the determination of the systematic uncertainty due to the Pr(W ++)

spectrum.

Systematic Uncertainties due to Structure Function Q? Scale Dependence

The systematic uncertainties associated with the Q% —scale dependence for the nom-
inal structure function choice (HMRS-B) were studied by varying the Q%-—scale

between the limits $ M3, < Q% < 4Mj,,,. The possible correlations between

!
@*—scale dependence and the shape of the diboson Pr(W + ) distribution were
neglected. The @Q%—scale dependence and the shape of the diboson Pr(W + v) are
correlated with each other due te four-momentum conservation in the W + v pro-
duction process. Hence treating these two effects as independent of each other will

tend to over-estimate the sensitivity to these effects. The systematic error due to

the structure function @? - scale dependence is is summarized in table 7.2.

Systematic Uncertainties due to Structure Function Choice

The systematic uncertainty associated with the choice of structure functions was
investigated using five different structure function (SF) choices (DFLM-260 [52],
MRS-B [53], HMRS-B [40], MRS-S0 [54] and MT-B1 ‘[55]). The Baur W+ Monte
Carlo events were analyzed using the fast Monte Carlo detector simulation programs
to obtain Monte Carlo ¢- B(W ++)mc and kinematic/geometrical acceptance results.

This systematic uncertainty is summarized in table 7.2.
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Systematic Uncertainties due to Energy Scale and Resolution

The calibration of the CEM energy scale over the energy range 5 < Er < 40 GeV
is determined from E/P studies using inclusive electrons in the low-energy range
and electrons from W decay in the high energy range. The CEM energy scale in the
5 GeV region is correct to within ~ 1.0% and in the 40 GeV region it is correct
to within +0.24% [27]. This level of uncertainty has a negligible impact on the
observed and/or predicted number of W~ events, and the Monte Carlo predicted
and/or experimental cross sections.

Similarly, the effect of +10 variations of the stochastic and constant terms asso-

ciated with the CEM calorimeter energy resolution,
SE/E = (13.5+1.5)%/\Er & (20+£03)% (E in GeV) (7.2)

also has a negligible impact on the observed and/or predicted number of W+ events

and the Monte Carlo predicted and/or experimental cross sections for E7 > 5 GeV.

Summary of Pr & Q? @& SF Systematic Uncertainties

The Monte Carlo and experimental o - B(W + ) cross section results must include
the contributions to the uncertainty in the acceptance from these three systematic
uncertainties: Pr; @? and structure function choice. These systematic uncertainties
were added in quadrature to the systematic uncertainty of the acceptance terms
determined by the Baur W+ Monte Carlo program. The individual systematic un-
certainties and the combined (in quadrature) systematic uncertainties for the Monte

Carlo, experimental and Monte Carlo - experimental difference cross section results

are summarized in table 7.2.

7.1.3 Summary of W~ Cross Section Result

The W+ cross section times branching ratio result and Standard Model prediction

explicitly taking into account the Pr(W + v), Q?— scale dependence and structure
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Table 7.2: The variations (measured in pb) of the Monte Carlo and Experimental
Cross Section times Branching Ratio values due to variations in the Diboson Pr
spectrum, Structure Function choice and Q? dependence of the nominal structure

function (HMRS-B)

—

Quantity Ao - B(W +v)mc (pb) Ao - B(W + 7)gzp (pb)
Pr +22 1
Q? + +o8
StructureFunction +3 +07
Pr&.Q*a SF a1 s

function systematic uncertainties are summarized below.

o-B(Wv) =17.0%137 (stat + syst) pb

o-B(Wv)spe =19.0 133 (stat + syst) pb

While the experimental cross section result is in good agreement with the Stan-

dard Model prediction, because of the non-negligible correlations between the Monte

Carlo predicted o - B(W + v)uc and the experimental cross section o - B(W +7)ep,

the results presented in this section cannot be used for determination of limits on

the Ax and A anomalous parameters for W+y. The acceptance factors determined

from the Baur W+ Monte Carlo program are used in the calculation of both the

Monte Carlo o - B(W + 7)cu. and the experimental o - B(W + 4).xp cross sections.

These results were cross-checked with a first principles analytical calculation of

o - B(W+) and the associated + 1 ¢ uncertainties. There is good agreement between

both results.
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Table 7.3: Experimental o - B(W+) Results

| o BV +7)eep (0)) o+ BOW +7)5%, (o)

pred
68.3% DS CL 17.0%}23 #1115 #3% = 17.0%13% 19.0733
68.3% SS CL < 24.3

90.0% SS CL < 358

95.0% SS CL < 413

where DS - double sided and SS - single sided

7.2 Limits on Anomalous Couplings for W+

7.2.1 General Methodology

If the W boson is a composite object, then large values of anomalous W W+ couplings
(>> «) may be realized in nature. For W+, the destructive interference between
the various Feynman graphs associated with the W+ process (see figure 2.1) rapidly
_ disappears for such non-Standard Model couplings. Depending on the nature and
magnitude of these non-standard couplings, an excess of isolated, high— Et photons
accompanying the production of W bosons is expected, relative to SM W+~ pre-
diction. The angular distribution for hard photons associated with non-standard
anomalous couplings 1s more central ({7,j < 1.1) than for the Standard Model
W~ process [17]. The number of W+~ events predicted by the Baur + fast Monte
Carlo W+ simulation for several choices of the anomalous parameters, Ax and) is
summarized in table 7.4. The uncertainties in table 7.4 are statistical only. |
Figure 7.2 shows the E} spectrum of the central (|n,| < 1.1) photons predicted
by the Baur Monte Carlo program for several different choices of Ax and A. The
angular separation between the electron and photon (AR.,) for various choices of

Ak and A is shown in figure 7.3. The experimental sensitivity to possible anomalous
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Table 7.4: Monte Carlo prediction for Number of W+ events

—

Anomalous Coupling Er >5 GeV 5 < Er<15GeV Er > 15 GeV

Ak=0, A=0(SM) 4.640.4 3.7+0.3 0.940.1
Ak=T7,3=0 11.0£1.0 46+04 6.4 £ 0.6
Ak=0, =3 12.6+1.2 39+0.4 8.740.8

Ax=5 A=5 39.5 £ 3.6 5.5+0.5 34.0+ 3.2

W W+ couplings for W+ is determined by the absence of an excess of events at high
E7, or, equivalently by obtaining an upper limit on the experimental cross section.

The experimental 68.3%, 90.0% and 95.0% CL upper limits on the (Ax, A)
para.metefs for W~ were determined by using the Baur W+ Monte Carlo programs
to step through a matrix of anomalous (Ak, A) parameters. The Baur Monte
Carlo W~ four-vector data for each pair of anomalous coupling parameters was
then analyzed using the fast Wy MC detector simulation program. The Monte
Carlo o - B(W + y)mc cross section, all kinematic/geometrical acceptances and
the predicted number of Monte Carlo events passing all cuts for each cross section
point in the Ax — ) plane were recorded. This included recording all statistical
uncertainties associated with these variables. The Baur MC was run with non-zero
values of anomalous parameters with a compositeness Aw scale of Ay = 10 TeV.
The W cross section results differ negligibly if a compositeness scale Ay = 1 TeV
is chosen, simply because the parton SF luminosities (for Bjorken-x of z ~ 0.5)

contribute negligibly to the overall W4 cross section at our center-of-mass energy.

97



Number of events per 1 GeV
=)

10

!_‘! LI i ] T 7 [ T T T 7 T T | T T [ T IT
N i
r ‘H:H, 7
- 2 -
? L
1 e Ak=5 A=5
| i ST
! = -- o B
o U - .
| I e :
i [ -
H ‘-‘ ' -
P-o Ak=T7 A=0
T:" 1‘ - \~ [ —_.
[ \\_1‘ .... | -
‘gv H' Axk=0 A=3
. | :
| 1 Mak=0A=0 |
} L]
1 ‘ | | L1 l! I [JLI Lol !;L L1 /1 1 | L4t
5

20
E; (GeV)

25

Figure 7.2: E7 spectra for various Ax and A choices

98



Number of eyents per 0.1
=)

10

[
=

T

I

llllll[

IIIIIII

T T 17 T 1T %5

llllll

llllllllllllllllIIIALlllll

IlTI]IIITiIIIIlrIII

Ax=0 A=0

LI

T i

Illllll

IIIllll

0.5

1.5 2
AR,

2.5

3.5

Figure 7.3: AR,y spectra for various A« and A choices

99



The matrix of Monte Carlo o - B(W + v)mc data points was then fit using
MINUIT [57] to obtain a three-dimensional analytic description of the o B(W + ~)
cross section “surface” in the Ax— A plane. The generic form of the parameterization

used in fitting a particular cross section “surface” is given by:
o(z,y) = osm + az + bz® + cy + dy® + exy (7.5)

where z = Ak andy = A. No higher-order terms in z, y are needed, because
the invariant amplitudes My, containing the anomalous contributions to the W~
processes are linear in their anomalous parameters: Ax and A. The terms in the
expression given above that are linear in z, y are due to interference between the
various amplitudes associated with the W+ processes. If there were no interference,
the expression for the cross section would be an equation describing the surface of
an elliptic paraboloid. The MINUIT fits to each data set returned the fitted values
of the parameters ospr, a — e and their uncertainties. The largest fit residuals were
associated with the extreme values of anomalous parameters, well away from the
region of interest - the SM and the 90-95% CL regions. The functional form of the

cross section as derived from MINUIT is:

o B(Ak, Nw, = 18.80 — 0.18Ax + 0.41(Ak)?

+ 0.06A + 1.90A% + 0.88(Ax-1) (pb) (7.6)

The systematic uncertainties associated with o - B(W+v) must be used when
determining the 68.3%, 90.0% and 95.0% CL upper limits on anomalous WWsy
couplings. These limits were derived by comparing the Monte Carlo prediction
o B(W+)umc with the experimental result o - B(W+)ezp. However, the Monte Carlo
result is correlated with the experimental result; because the acceptance terms,

used in the derivation of the cross section, are common to both results. Therefore,
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in order to measure the upper limits on the anomalous parameters (Ax,A), it is
important to use the relative overall systematic uncertainties associated with both
the Monte Carlo cross section and the experimental cross section. This relative
uncertainty, Ao - B(E + v)3&%,p, 15 the quadrature sum of (a) the statistical
uncertainty associated with the determination of the MC cross section prediction
(typically ~ 0.5%) and (b) the systematic uncertainty differences associated with
(1) the diboson Pr(W + «) distribution, (2) Q?*—scale dependence of the nominal
structure function and (3) Structure Function choice. These relative systematic
uncertainties are summarized in table 7.5. In order to set conservative upper limits
on the anomalous parameters, the analytic expression obtained from the MINUIT fit
of the Baur W~ Monte Carlo o - B(W + v)mc cross section “surface” (equation 7.6)
is then shifted relative to its nominal central value by —Ac - B(W +~)35&2 .. The
intersection of the planes containing the 68.3%, 90.0% or 95.0% CL upper limit on
the experimental o - B{(W +)..p with the —10o shifted MC - B(W +v)umc “surface”
determines the limits on Ak, A parameters for W~. The intersection of the planes
with the Monte Carlo cross section “surface” also form contours of Ax, A.

The relative systematic uncertainties due to: the W~ Pr spectrum; structure
function choice and Q? dependence of the nominal structure function (HMRS-B),
were derived from the comparison of the the Monte Carlo and experimental cross
section times branching ratio values. As an example of how the relative systematic
uncertainties were determined, the uncertainty due to structure function choice will
be described. As mentioned in section 7.1.2, the effect of five different structure
functions (DFLM-260, MRS-B, MRS-S0, MT-B1 and the nominal structure function,
HMRS-B ) on the value of o - B(W+«) for both the data and Monte Carlo was
investigated. The o - B(W+~) was calculated for both the Standard Model prediction
(MC) and the experimental prediction using different structure functions. (Note- the
W+ acceptance differed with the structure function choice; see equation 7.1 in this

chapter and section 5.1 in chapter 5). The difference between the Standard Model
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o - B(Wv)mc and experimental o - B(W*)ezp using the nominal structure function
choice was determined, A(o - B(W))3c_expr Lhis quantity, A(o - BIWY))3c—czps
was subtracted from the difference, o - Byc — 0 - Bezp, derived from the structure
function : to determine Ao‘}'uc_wp. The relative systematic uncertainty was chosen

to be the spread in the quantities Ao’j\'fc—e::p about 0.

Table 7.5: The RELATIVE variation (measured in pb) between the Monte Carlo and
Experimental Cross Section times Branching Ratio values due to variations in the

Diboson Pr spectrum, Structure Function choice and Q? dependence of the nominal
structure function (HMRS-B)

Quantity Ao - B(W +Y)Mc-Ezpt (pb)
Pr Lz,
Q? +07
SF v26
Pr & Q* & SF +29 _os

7.2.2 Limits on Anomalous WW~ Couplings

The 68.3%, 90.0% and 95.0% CL limits on the Ak = x — 1 and ) parameters are
summarized in table 7.6.

The projection of the Wy cross section on Ax axis is shown in figure 7.4; the pro-
jection on the A axis is shown in figure 7.5. The central value of the curve (denoted
by a solid line) tepresent the projection for the “surface” derived from the MINUIT
fit; the dashed curves are the combined systematic and statistical uncertainties. The
systematic uncertainty includes the overall systematic uncertainty difference between
the Monte Carlo prediction and the experimental result, Ao - B(E + )3 2ezptr 25
discussed previously. The central value of experimental cross section result is shown

as a solid horizontal line in each figure. The +10 (stat+syst) (68% double-sided CL)
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Table 7.6: Wy Ak and A Limits

Parameter  CL Range Limits
Ak 68.3% DS CL 0.0753(stat) £0.7(syst) = 0.0T37(stat + syst)
68.3% SS CL -3.5 < Ak < +3.9
(A=0) 90.0% SS CL -63 < Ax < +6.7
95.0% SS CL 7.2 < Ak < 7.7
A 68.3% DS CL  0.0133(stat) £ 0.3(syst) = 0.0735(stat + syst)
68.3% SS CL -1.7 < A < +1.7
(Ak=0) 90.0% SS CL -30 < X < +43.0
95.0% SS CL -35 < A < +34

uncertainties are shown as dotted horizontal lines. The 90.0% and 95.0% single-sided
CL upper limits to the experimental cross section are shown as a horizontal dashed
line and a horizontal solid line, respectively.

The 68.3%, 90.0% and 95.0% single-sided CL contours in the Ax — X plane are
shown in figure 7.6. Note that there exist possible non-SM values of Ak and A where
the magnetic dipole moment pw and/or the electric quadrupole moment Qw of the

W boson vanish separately:

pw =0: X = —(Ax+2) (7.7)
| Qw =0: X = (Ak—1) (7.8)
Also, there is one point, (Ak, A) = (— 2, — 2), where both quantities vanish

simultaneously. This point is contained within the experimental 68.3% CL limit
contour. Note also the displacement of the location of the minimum of the o -
B(W + <) cross section “surface” relative to the SM value (and pw =0, Qw =0

point). Note further the relative orientation of the contour limits in the Ax — X
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cr*BR(Wiy) vs Ak
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Figure 7.4: Projection of the W cross section on the Ax axis
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W™y A=Ak contours
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Figure 7.6: W+ Cross Section Contours in Ax and A plane

plane with respect to the Ax and A axes, indicating the degree of interference effects

present between these two anomalous parameters at our /s CM energy.
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7.3 Unitarity Constraints for W~y — Compositeness Scale

Aw Sensitivity

Partial wave unitarity places restrictions on the reduced amplitudes, AKVW,\,, for ar-
bitrary values of Ax and A for anomalous WW+~ couplings. There are two such
unitarity restrictions, one associated with W +~ production and another associated
with W* W~ production. For W +~ production, the unitarity restriction is [15, 18]:

2

Aw Ay

2 3 sin2 ow

a?(3) (l ~ M}&)

w
Aw Ay

(7.9)

where Aw, A, are the final-state W boson and photon helicities, respectively. For
the assumed generalized dipole form factor and form factor power (n = 2), unitarity

is violated in the W + ~ process if

2 oo i) (o (28) )

6 sin2 9W

— a¥(3)

(7.10)

over the V3 range Mw < V'3 < 1.8 TeV. For W*W~ production, the unitarity

restriction is [15, 18]:

2 3 (3 — 6sin? 0y + 8sin® aw)
<

(7.11)

> (A

Aw+Ap—

sa(3) (1- k)"

where A\w+, Aw- are the final-state W*, W~ boson helicities, respectively. For the

assumed form factor, unitarity is violated in the W*W = process if

a N 2
S 2 1 (] 2
z A
(M&»)(A"“) T3 (MW)

S 3 (3 — 6sin? 8w + 8sint ew)
= 5a%(3)

(1 — M3

3

5_\4
(1+x=;)

1/ 5\
— [ ——1Ax?
*4(1%)"

over the v/5 range 2Mw < V3 < 1.8 TeV.

(7.12)
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If only one anomalous coupling is assumed to be non-zero at a time, then for

Aw >> Mw and the assumed dipole form factor and form factor power, the unitarity

limits are:
Wy : |Ak| < % (A=0)
N < %EWL (Ak = 0)

WW-: Akl < 2 () =)

A < BIVE (Ak=0)

AW

In Figure 7.6, the two-dimensional W + ~ unitarity limits in the Ax — A plane
are indicated by dotted curves. The two-dimensional W+W = unitarity limits in
the Ak — ) plane are indicated by the dashed ellipse. The W+y and W*W~
unitarity limits for Ax and A as a function of Ay are shown in Figures 7.7 and
7.8, respectively. Superimposed on these plots are the 68%, 90% and 95% CL limits
on Ax and A, shown as dot-dashed, dashed and solid curve, respectively. The
intersection of the unitarity limit curves and the experimental 95% CL limits on
Ak and A correspond to a compositeness scale sensitivity for the saturation of the
unitarity bound of Aw > 1.0 TeV. Above this value of Aw, the experimental limits
on Ak and X are weaker than the unitarity limits, as shown in figures 7.7 and 7.8.
This value of Aw corresponds to a distance scale sensitivity to possible internal

structure of the W boson of

Lw = E < 20x107*fm = 0.08 Xy (7.13)
Aw

where Xw = hic/Mwc? is the reduced Compton wavelength of the W boson.
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Note that the unitarity bounds and the Aw scale sensitivity have some model-
dependence associated with the choice of the form factor power n used in the gen-
eralized form factor. For example, we have chosen n = 2 for the form factor power
in this analysis, motivated by the well-known behavior of the nucleon form factors.
If instead, a value of n = 1 is chosen for the form factor power, the unitarity
bounds on Ak and ) are made more strict by a factor of ~ 4, and the corresponding
Aw —scale sensitivity is reduced by a factor of ~ 2 [15]. The experimental limits on

Ak and ) are not significantly changed forn = 1.

7.4 Limits on W Boson Magnetic Dipole and Electric

Quadrupole Moments

Experimental limits on the Ax and A parameters associated with possible anomalous
W W+ couplings also place bounds on the higher-order electromagnetic moments of
the W boson — the magnetic dipole moment, uw, its electric quadrupole moment
Q@w and also the W boson mean-squared charge radius, < R%, >. In the static limit

these quantities are related to the Ax and A parameters by:

pw = 535=(2+Ax+ 1)) Magnetic Dipole Moment (7.14)
Qw = —ﬁ‘:v;(l + Ak —A) Electric Quadrupole Moment (7.15)
<R} > = ﬁl,;(l + Ak + 1)) Mean — Squared Charge Radius (7.16)

Recall that in the SM (at the tree level): Ak =1—x =0, A =0. The
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numerical values expected for these Standard Model parameters are:

py = T = 3.691 +£0.012 x 107'® MeV/T
(B2 = Py = 5.788 £0.000 x 107** MeV/T)
Qw = —e(is) = —exly = 6.063%0.041 x 107 efm’

Xw = . —  2.462+0.008 x 1073 fm

where Xw is the (reduced) Compton wavelength of the W boson and uy is the Bohr
magneton of the W boson. Note that the uncertainties on these quantities are due
primarily to the uncertainty on the W boson mass, My = 80.14+0.27 GeV/c’ (the
combined CDF+UA2 result) [27, 28]. The W boson electromagnetic moments, pw
and Qw and the méan-squared charge radius, < R%, > are summarized in table 7.7.

Figure 7.9 shows the 68.3%, 90.0% and 95.0% single-sided CL contours in the

Qw/QW — pw/piy plane for cross section results.
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Table 7.7: Wy EM Moments Limits

Parameter CL Range Limits
pw [ iy 68.3% bs CL 2.0 133 (stat) + 0.5 (syst)
= 2.0 733 (stat + syst)
‘68.3% SSCL ~2.6 < pw/uly —2 = gw —2 < +2.7
(Qw/Q% =1) 90.0% SS CL —4.6 < pw/ply -2 = gw—2 < +4.7
95.0% SS CL =53 < puw/py —2 = gw—2 < +54
Qw/Q%y 68.3% DS CL 1.0 153 (stat) £ 0.7 (syst)
= 1.0 733 (stat + syst)
683% SSCL. -38 < Qw/Qy -1 = qw—1 < +4.1
(pw/pw =2) 90.0% SSCL -6.8 < QW/Q?,V -l=z=qgqw—1 < +7.1
95.0% SS CL ~78 < Qw/Q% —1 = qw—1 < +8.1
< R >/ X%, 68.3% DSCL 1.0 731 (stat) + 0.5 (syst)
= 1.0 133 (stat + syst)
68.3% SSCL —26 < <Ry >/Xy—1 =13 -1 < 427
(Qw/Q% =1) 90.0% SSCL —4.6 < <R3y > /X, -1 = r} —1 < +4.7
| ..J95.0%SSCL —53 <<RYy>/X —-1=13-1< +54
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Chapter 8

Conclusions

In this chapter the experimental results for the cross section x branching ratio,
limits on Ax {= & — 1) and ), the anomalous WW= couplings, are summarized.
Future prospects for the study of the W~ process will be discussed.

The cross section x branching ratio for W(— ev) + v in the inclusive electron
W data from the CDF 1988-1989 Tevatron collider run was measured. There were
eight W+~ candidate events in 4.05 pb™' of data. The photons in those events were
required to have transverse energy greater than 5 GeV and AR., > 0.7. From these
events the experimental cross section times decay branching ratio, o - B(W+)ezp, was

measured to be:

0 - BW7)ezp = 17.07137 (stat + syst) pb

Which is in good agreement with the Standard Model prediction of:
o B(W~)sm = 19.0733 (stat + syst) pb

Using the W+ cross section measurement, direct limits on the WW+ anomalous

coupling parameters, Ax and A are :

Ak = 0.073] (stat + syst) (X =0) A =0.0%2% (stat + syst) (Ax=0)

72 < Ak < +7.7 (A = 0, 95.0% CL)

35 < A < +34 (Ax=0, 95.0% CL)
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Because the anomalous W W~ parameters, Ax and A, are correlated, the W+~
cross section contour in the Ak - A plane provides a better description of the WW+y
couplings than the W+ cross section projected on the Ax and A axes (see figures
7.4,7.5 and 7.6). These cross section confidence level contours form ellipses in the
Ak - ) plane. The direct experimental limits on A& and ) are within 10|; % of the
direct limits on Ak and A.

The UA2 Collaboration has recently published direct limits on Ak, A and the
Ak — ) contour (ellipse) from an analysis of 13pb™" of pp — e*vvy data [58]. The Ax
and A limits from both the UA2 and this analysis are comparable with each other.
The correlation between Ax and A is much stronger for /s = 630 GeV than at the
Tevatron (/s = 1800GeV). As a consequence of the interference effects between
these parameters, the axes of the ellipses formed by the UA2 68.3% CL and 95% CL
limit contours in the Ax — A .pla.ne (see figure 5 in reference [58]) are rotated more
significantly with respect to the Ax and A axes than the axes of the ellipses formed
by the cross section limits presented in this thesis (see figure 7.6 in chapter 7).

In the static limit the Ak and A parameters are related to the W boson magnetic

dipole and electric quadrupole moments, and mean-squared charge radius by:

bw = pp(2+ A+ )
Qw = Q%+ Ax—2A)
<Ry, > = X,(1+A0x+)),

where Xw = (hc)/Mwc? is the (reduced) Compton wavelength of the W boson.
1y = eh/2Mwe and QY = —e X3, are the Standard Model values of the W boson

Bohr magneton and electric quadrupole moment, respectively. The limits on these
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higher-order electromagnetic moments of the W boson were measured to be:

uwiny = gw =20733 (stat +syst) (Qw/Qy =1)
Qw/Qw = qw =10752 (stat +syst) (uw/py =2)

<Ry >/X, = ri =1.0733 (stat +syst) (Qw/Q%y =1)

-53 < pw py — 2 = gw—2 < +54 (Qw/Q% =1, 95.0% CL)

-78 < Qw/Q% — 1 gw — 1 < +81 (pw/py =2, 95.0% CL)

-53 < <RY{ > /X, -1 r3, -1 < +54 (Qw/Q% =1, 95.0% CL)

For saturation of unitarity these results are sensitive to a compositeness scale of
Aw > 1.0TeV. The limits of the WW~ anomalous couplings, Ax and A, probe
the possible internal (composite) structure of the W boson at a distance scale of the

order Ly < 2.0 x 107*fm = 0.08 X at 95.0% CL.

Future

The overall uncertainty in the measurement of o - B(W+).sp in the inclusive electron

W data sample is
b0 - B(W+)
o - B(Wy)

The overall uncertainty in the measurement of o - B(W+)..p can be decreased by

~ 80%.

using the W~ events from both the inclusive electron W data sample (this analysis)
(fLdt = 4.05pb~") and the inclusive muon W data sample (f Ldt = 3.54pb™").
By using the combined e + p inclusive W data samples, the overall uncertainty in

the cross section x branching ratio is

b0 - B(W~)

7B T
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Table 8.1: The overall uncertainty in ¢ - B(W+«) for increasing integrated luminosity

electron data ! Combined e + x Results

88-89 run | 88-89 run Run Ia Run Ia+Ib Run III

J L - dt(pb) 4 4 20 100 1000

—_—

b0-B(Wy)/o-B(Wy)| ~ 80% | ~60% ~ 22% ~ 10% ~ 3% |

During the past year the Tevatron ran and the CDF Collaboration collected 21 pb™?
of data. Using this data with the same photon cuts as the analysis presented in this
thesis the uncertainty in the cross section x branching ratio would be expected to

be reduced to:
do - B(W+)
o- B(W~)

The uncertainty in the cross section x branching ratio for integrated luminosities of

~ 22%.

100 pb ™ and 1000 pb™' are summarized in table 8.1.
Improvements in limits on anomalous couplings obey fourth-root scaling law;
specifically, non Standard Model o- B(Wy) depends quadratically on the anomalous

couplings aanom [17]:
2
a(aam) ~ OsM + aanorn : aaanm

Table 8.1 summarizes the overall uncertainty in ¢ - B{W~) for increasing integrated
luminosity. Table 8.2 shows how the limits on the anomalous WW+ parameters,
Ax and A, and subsequently the magnetic dipole and electric quadrupole moments
of the W boson are reduced with increasing luminosity.

With increased statistics it is possible to use differential distributions to make
better comparisons with the Standard Model predictions for W+. The possible
distributions one could use might include: the photon transverse energy spectrum,
(ET); the angular separation between the lepton from the decay of the W boson

and the photon,AR,, and pseudo-rapidity difference between the decay lepton and
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Table 8.2: The limits on Ax and A for increasing integrated luminosity

E electron data Combined e + p Results

| ‘ 88-89 | 88-89 Run Ia Run Ia+Ib Run III
[ L-dt(pb) 4 4 20 100 1000

: Ak 95% CL Limits 7.7 7.0 4.6 3.3 1.8
295% CL Limits 35 31 2l 1.5 0.8

| (uw/uly) 95% CL Limits | 5.4 | 4.9 3.3 2.2 1.2
(Quw/Q%) 95% CL Limits | 8.1 | 7.4 49 3.3 1.9

the photon, (An,_). By understanding these distributions for the W+ signal and
the background to W4, it is possible to use more advanced statistical methods such
as maximum likelihood or multi-variant analyses to set considerably better limits

than by simple scaling due to increase integrated luminosity.
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Appendix A
Individual Acceptances for W«

Table A.1l: Individual Acceptances of W boson

Aug  97.9£01%
AY  64.240.02%
A%, 45.4+0.04%

H 93.5 + 0.04%

T

Aw 276 £0.06%

Table A.2: Individual Acceptances of photon

1 48.240.3%
A};; 1.00
Aky  TT.9£0.2%

Alp., 100

e A 77.9 £0.2%
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Appendix B

Individual Efficiencies for W+

Table B.1: Individual Electron Efficiencies for the Wy Data Sample

€ovm 05.4 £ 0.1% | Zoes| < 60 cm

€iso 96.0 + 1.0% Isolation I < 0.1 Cut
€(Had/EM)r 99.0 £ 1.0% Had/EM Cut

€ 97.0 + 1.0% Xerip < 15 Cut

€Lshr 97.0 + 1.0% L < 0.2 Cut

em/pye  93.0%1.0% E/P < 1.5 Cut

Etrk 100.039% CTC Track Reconstruction
€Az 98.0 + 1.0% Az < 3.0 cmn Matching Cut
€Ax 97.0+ 1.0% Az < 1.5 cm Matching Cut
€, 99.3 £ 0.3% Level-1 Central Electron Trigger
€f, 98.0 £ 0.4% Level-2 Central Electron Trigger
€5a 100.013%%  Level-3 Central Electron Trigger
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Table B.2: CEM Photon Efficiency Determination

Data Sample €ET4 €ET4 " €EPT4  €ET4  €LPT4 " €N3D
W Random Cones 95.5 £0.5% 93.4 +0.6% 89.2 £ 0.7%
QFL W~ MC 98.9+0.6% 96.4+1.0% 90.2 £1.5%
MinBias Random Cones 98.6 £0.2% 97.7 +0.2% 92.8 +0.2%
QCDa Random Cones  99.1 £0.1% 97.6+0.1% 92.7 +0.2%
QCDb Random Cones 92.7+0.2% 89.3 +0.3% 84.2 +0.3%

Table B.3: CEM Photon Efficiency Determination (continued)

Data Sample €Had/EM €Loher €3 txd,  Cmo 3¢ CES
5GeV e TB 98.94+0.2% 99.9+0.1% 97.3+0.3% 98.0+0.1%
10 GeV e TB 99.6 +£0.1% 98.8+0.4% 96.2+04% 97.9+0.1%
18 GeV e TB 99.1+0.9% 100.0729% 98.2+1.8% 98.2+1.6%
30 GeV ¢ TB 98.94+0.9% 100.0t%9% 99.2+0.7% 98.2+1.0%
50 GeV e TB 98.0+0.3% 99.9+0.1% 99.2+0.2% 97.9+0.2%
QFL Wy MC 99.3+0.6% 99.7+0.3% 98.4+0.5% 94.6+1.2%
QFLyMC5—-15GeV 99.7+0.1% 99.8+0.1% 97.4+0.3% 96.8+0.3%
QFLe MC5—15GeV 99.9+0.1% 99.94+0.1% 97.9+0.2% 95.8+0.3%
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Table B.4: Overall CEM Photon Efficiency Determination

€5Ts 95.7+0.3+0.5% Calorimeter Isolation
€%pT4 97.4+04+£08% Tracking Isolation
€N3D 95.3+0.5+0.7%  No track @ EM Cluster
€Had/EM 99.2 £ 0.1 +0.8% Had/EM Cut

€} ohr 99.9 +0.1 +0.3% Lateral Shower Cut
613;,+x3,,.-.. 98.4 £ 0.1 £0.9% CES strip/wire x? Cut
€ amacps 97.910.71+1.0% No 24 CES Clusters
PL 96.5 + 0.2 + 1.0% Photon Survival

i 100.3 £ 0.6 £1.0% e vs. y¥ Shower Development
€L 82.0£1.24+24%  Overall Photon Efficiency
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Appendix C
CDF Jet Clustering Algorithm

The CDF Jet clustering algorithm differs from the electron clustering algorithm
used in the definition of electrons and photons because of the intrinsic size of QCD
jets. The CDF jet clustering algorithm uses a cone of fixed radius to define a
jet. This energy clustering algorithm was designed to measure the total energy of
the initial parton by summing the energy of all the individual particles that came
from the fragmentation of that parton. [59] Studies have shown that the fixed cone
algorithm produces better jet separation in 7 — ¢ space than other jet clustering
algorithms. [60] The jet clustering algorithm begins by recording all towers (seeds)
with Er > 0.2GeV. A cone of radius AR = 0.7 is drawn around the seed tower and
all towers whose centroids are inside the cone are added to the clusfer. The center
of the cluster is calculated using the Er centroid of each tower in the cluster. A new
cone is drawn around the cluster centroid and towers are added or removed from
the cluster depending on their centroids. The process of recomputing the cluster
centroid by adding or deleting towers from the cluster list continues until the list of
towers in the cluster remains stable. [61] Care is taken to handle possible overlapping
jets and other pathological topologies that could lead to a non-convergence of the
algorithm. The choice of a cone size of AR = 0.7 was based on the distribution
of energy flow with respect to the jet axis in events dominated by two jets. Most
of the energy was contained in a cone of AR = 0.7. The merging probability of
the CDF jet clustering algorithm for two jets of AR = 0.85 is ~ 25%. [61] It was
determined through various Monte Carlo and detector simulation studies [59] that

the jet clustering algorithm could find jets with an uncorrected Ex > 5 GeV.
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