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Abstract
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2005

This thesis describes the first search for electroweak single top quark production in
proton-antiproton collisions at a center of mass energy of 1.96 TeV. The data sample
used for this analysis corresponds to 162 pb~! recorded by the upgraded Collider Detec-
tor at Fermilab. The search is performed by doing a classic maximum likelihood fit to
the Hp distribution in data. The kinematic variable Hy is the scalar sum of transverse
energies of all final state particles in the event. This variable has the advantage that its
distribution looks very similar for both contributing (s-channel and t-channel) single top
processes, but is different for background processes. The combination of both channels to
one signal improves the sensitivity of the search. No significant evidence for electroweak
single top quark production is found and we set an upper limit at the 95% confidence

level on the combined single top quark production cross section of 17.8 pb.

i



Acknowledgements

I would like to thank my supervisors Pierre Savard and William Trischuk for giving me
the opportunity to work on this interesting topic at CDF for my Ph.D. thesis. I am
especially thankfully to Pierre for giving me a lot of guidance and providing me with
his extraordinary expertise throughout the program. I also would like to thank William
for giving me the important insights into the functioning and understanding of the CDF
detector and the silicon detector in particular. A special thank also to Pekka Sinervo for
helping me resolving several statistical issues of the analysis. My gratitude also to my
Ph.D committee members Bob Orr and Mike Luke.

[ am extremely thankful to my immediate colleagues and friends in Toronto. My office
mate, Stan Lai, who had always an open ear and good ideas towards many questions;
my brother Oliver Stelzer-Chilton, who I could bug day and night; Shabnaz Pashapour,
Jean-Francois Arguin, Ian Vollrath, Simon Sabik, Teresa Spreitzer, Dan McQueen and
Kalen Martens, for many occasions of immediate support.

It is my pleasure to thank the people in the CDF single top group directly involved in
this analysis: Florencia Canelli, Catalin Ciobanu, Tom Junk, Thomas Miiller, Wolfgang
Wagner and Thorsten Walter. I am very grateful for the team work we have established
in the past and will continue in the future. I would also like to thank the entire CDF
Collaboration - without its combined effort no analysis would be possible. In particular
I would like to express my gratitude to the members of the CDF top and lepton + jets,
as well as the electroweak working group.

I also thank the people who have inspired, supported and helped me towards this
work in many different ways: Sharon Relova, Ashleigh Stelzer-Chilton, Erline Wong-Sing
and my friends and family here and abroad.

I gratefully acknowledge the financial support of the Natural Science and Engineering

Research Council of Canada and the University of Toronto.

111



Contents

1 Introduction
1.1 The Standard Model of Particle Physics . . . . . . ... ... ... ...
1.2 The Top Quark . . . . . . . ...

1.2.1 Top Quark Properties . . . . .. .. ... .. ... ... .. ...

2 Electroweak Single Top Quark Production
2.1 Theoretical predictions . . . . . . . . ... ...
2.1.1 The Leading-Order Matrix Element . . . . . . . ... .. ... ..
2.1.2  Next-to-Leading-Order Corrections . . . . . .. ... .. .. ...

2.2 Single Top Event Kinematics . . . . . . .. .. ... ... ... ... ...

3 The Experimental Apparatus
3.1 The Tevatron . . . . . . . . . . ...
3.2 The CDF Detector . . . . . . . . . . ... .. ...
3.2.1 The Tracking System . . . . . ... .. .. ... ... .......
3.2.2 The Calorimeter System . . . . .. .. ... .. ... .......
3.2.3 The Muon System . . . . . . ... ...
3.2.4  Cherenkov Luminosity Counter . . . . . . . .. ... ... ... ..
3.2.5  The Data Acquisition System . . . . . .. ... ... ... ... .
3.2.6  Detector Operation . . . . . . ... .. ... ... ... ...

3.2.7 Offline Data Reconstruction . . . . . . . . . . .. . .. ... ...

v

12
14
14
15
16

20



3.2.8 Monte Carlo Simulation . . . . . . . . . . .. ...

4 FEvent Selection

4.1 Selection Strategy . . . . . . ...
4.2 Trigger . . . ..o
4.2.1 Central Electron Trigger . . . . . . . . . ... ... ... .....
4.2.2 Central Muon Trigger . . . . . . . . .. .. ... .. ... ...,
4.3 W Selection . . . . . . . .
4.3.1 Electron Candidate Selection . . . . ... ... ... ... ....
4.3.2 Muon Candidate Selection . . . . . . . ... .. ... ... ...,
4.3.3 Evidence for a Neutrino (missing transverse Energy) . . . . . ..
4.4 Jet Selection . . . . . . ...
4.4.1 Jet Corrections . . . . . . . . ...
4.4.2 b-quark Tagging . . . . . . . . ...
4.5 Event Vetoes . . . . . . ..
4.6 Reconstruction of My, . . . . . . .
4.6.1 b-jet assignment: . . .. ...
4.6.2 Calculating the neutrino p, component: . . . . . ... ... ...
4.7 Event Detection Efficiency . . . . . . ... ..o

5 Background Composition

5.1 Top-Antitop Background . . . . . . . .. ... oL
5.2 Non-top Background . . . . . . .. ... ...

5.2.1 Non-top Background Calculation . . . .. ... ... .. .. ...
5.3 My, Mass Window . . . . . . . . ..
5.4 Signal to Background Ratio . . . . ... .. .. ... ... ........

6 Maximum Likelihood Method

6.1 Introduction . . . . . . . . .

39
39
42
42
42
43
43
46
47
48
48
49
51
53
23
o4
25

59
59
61
61
65
67

69



6.2 Kinematic Variable Hy . . . . . . . . . . . . ... ... ... 70

6.3 Likelihood Function . . . . . . . . . . ... ... oo 72
6.4 Testing the Maximum Likelihood Method . . . . . . .. ... ... ... 74
6.4.1 Generation of Pseudo-Experiments . . . . . ... ... .. .. .. 74
6.4.2 Result of Pseudo-Experiments . . . . . . . ... ... ... .. .. 75

6.5 Incorporating Systematic Uncertainties . . . . . . . . . . ... ... ... 5
6.5.1 Normalization uncertainties . . . . . . . .. .. .. .. ... ... 78
6.5.2 Shape Uncertainties . . . . . . . . . . . . ... .. ... ... ... 80
6.5.3 Marginalizing the Likelihood . . . . . . . . . ... ... ... ... 81
6.5.4 Setting an Upper Limit on the Production Cross Section . . . . . 82
6.5.5 A Priori Sensitivity . . . . . . ... 83

7 Results from Data 84
7.1 Upper Limit at 95% Confidence Level . . . . . . . . . .. ... ... ... 85
7.2 Special Event at High Hy . . . . . . .. ... ... ... ... ...... 86

8 Outlook:

Improving the Sensitivity of the Search for Single Top 90
8.1 Imtroduction . . . . . . . .. 91
8.2 Transfer Function . . . . . . . . . .. ... 92
8.2.1 Jet-Parton Transfer . . . . . . .. ... .. ... ... ... ... 93

8.3 Event Probability . . . . . . . . ... 97
8.3.1 Matrix Element . . . . . . .. ... oL 98

8.3.2 Phase Space . . . . . ... 98

8.3.3 Event Probability for Single Top Events . . . . . ... ... ... 99

8.4 Study with Smeared Monte Carlo Events . . . . . . ... ... ... ... 100

9 Conclusions 107

vi



A Lepton Identification Variables

B Shape Uncertainty for Background

C Event Yield in Data

D Calculation of Phase Space for Single Top Events

E Particle Matching

Bibliography

Vil

110

114

115

116

118

122



List of Tables

1.1
1.2

3.1

4.1
4.2
4.3

4.4

4.5

4.6

5.1

5.2
5.3

5.4

Fundamental fermions (quarks and leptons) of the Standard Model [6]. . 4
Fundamental bosons of the Standard Model. . . . . . . . ... ... ... 5
Accelerator parameters of the Tevatron. . . . . . . ... ... ... ... 21
Electron identification requirements. . . . . . . . ... ... 44
Muon identification requirements. . . . . . . . . . ... ... ... .. 46
Trigger efficiencies and (data/Monte Carlo) lepton identification and muon-

reconstruction efficiency scale factors (s.f.) for the various sub-detectors
used in this analysis. . . . . . . ... L o7
Integrated luminosity collected in each sub-detector used for this analysis. 57
Event detection efficiency and predicted number of events for s-channel
single top after event selection requirements. . . . . . . . .. .. ... .. 57
Event detection efficiency and predicted number of events for t-channel

single top after event selection requirements. . . . . . . . ... ... ... 58

Event detection efficiency and number of predicted tt events after event
selection requirements. . . . . . . .. ... 60
Diboson cross sections. . . . . . . . . ... Lo 64
Number of predicted non-top background events after event selection re-
quirements. . . ... ... e 65

Efficiency of M;,;, mass window cut for signal and background. . . . . . . 66

viil



9.5

6.1

6.2

7.1

7.2

8.1

8.2

C.1

Signal to Background ratio after event selection requirements. . . . . . . 68

Systematic normalization uncertainties €;; for s- and t-channel single top
and both processes combined. . . . . . ... ..o 79

Systematic normalization uncertainties €;; for the ¢t and non-top background. 79

Predicted number of signal and background events after all event selection
requirements in 162410 pb~! of CDF data, compared with the observation
indata. . ... 84

Kinematic properties of the highest Hy event. . . . . . . . . . ... ... 88

Parameters for Wie(Eparton, Ejet) for s-channel single top Monte Carlo
events (jets matched to particles). . . . . . . .. ... 96
Event selection requirements for simple study with smeared Monte Carlo

CVENTS. . . . o 101

Event yield in data after applying (sequentially) all event selection criteria

outlined in Chapter 4. . . . . . . . . .. ... Lo 115

X



List of Figures

1.1

1.2

2.1

2.2

2.3

24

2.5

3.1

3.2

3.3

3.4

3.5

3.6

Parton distribution functions (CTEQS5L) for u, d, s and b-quarks inside

the proton [17]. . . . . . . . . 8

Top quark decay with leptonic W boson decay. . . . . . . ... ... ... 10

Leading order Feynman diagrams for s-channel (left), t-channel (middle)
and associated tW (right) single top quark production. . . . . . ... .. 12
Some representative Feynman diagrams of the virtual and real emission
NLO corrections to s-channel single top quark production. . . . . . . .. 15

Some representative Feynman diagrams of virtual and real emission NLO

corrections to t-channel single top quark production. . . . .. ... ... 16

Kinematic distributions of final state particles for s-channel single top

quark production. . . . . . . ... 17

Kinematic distributions of final state particles for t-channel single top

quark production. . . . . . . ... 18
Schematic drawing of the Tevatron accelerator chain. . . . . . . . .. .. 22
Schematic drawing of the CDF detector. . . . . . ... ... ... .... 24
Definition of CDF coordinate system. . . . . . . .. ... ... ... ... 25
Frontal view of the silicon detector sub-systems. . . . . . ... ... ... 26
Schematic drawing of the CDF tracking volume. . . . . . . . .. ... .. 27
Schematic drawing of a wedge in the central calorimeter. . . . . . . . .. 29



3.7 Schematic drawing of the CDF plug calorimeter. . . . . . . .. . .. ... 30

3.8 Schematic drawing of the CDF muon drift chambers (CMU). . . . . . .. 32
3.9 Schematic drawing of muon system behind the calorimeter. . . . . . . . . 33
3.10 Diagram of the CDF dataflow. . . . . . . . ... ... ... ... ..... 35
4.1 Cartoon of single top quark production. . . . . . . . ... ... ... ... 40

4.2 Jet multiplicity distribution for single top Monte Carlo events which pass

all event selection requirements. . . . . . . . ... ... L. 41
4.3 Correction factor for jet correction levels 4-7 as a function of (raw) jet pr

for (s-channel) single top Monte Carlo events. . . . . .. ... ... ... 50

4.4  Cartoon showing fake (L,, < 0) and true (L,, > 0) reconstructed sec-

ondary vertices. . . . . . . . .. o1
5.1 Some representative diagrams for ¢¢ production. . . . . . ... ... ... 60
5.2  Diagram for Wbb or Wecé production. . . . . . . .. ... ... ... ... 62
5.3 Diagram for We production. . . . . . ... o000 63
5.4 Diagram for Diboson production WW, WZ, ZZ. . . . ... ... .... 63

5.5 M, distributions for signal and background events. Only events which fall
inside the M;,,-window will be accepted in the analysis. The distributions

are normalized to unit area. . . . . . . . . ... 67

6.1 Hyp distribution for both single top processes for events which pass all
event selection requirements. . . . . . . .. ... L. 71
6.2 Total Hr distribution for the non-top background processes (for events
which pass all event selection requirements). The relative contribution
from each process is normalized to the predicted event yield summarized
in Table 5.3. . . . . . . . L 72
6.3 Smoothed Hr templates for signal and background normalized to unit area

(only bins 50-550 are shown). . . . . . . ... ... ... 73

X1



6.4

6.5

6.6

7.1

7.2

7.3

7.4

8.1

8.2

Distribution of maximum likelihood fit parameters, statistical uncertainty
on the parameter and pulls for 10,000 pseudo-experiments using predicted

amounts of signal and background from Table 7.1. . . . . . . . .. .. ..

Absolute shift of the Hy template histograms («- &) in each bin due to sys-
tematic shape uncertainties. The graphs are normalized to the maximum

bin content of the default (single top) Hr template. . . . . . . . . .. ..

Distribution of a-priori upper limits at 95 % C.L. on the combined single

top quark production cross section determined from pseudo-experiments.

Hr distribution for data (42 events) compared with smoothed predictions
for signal and background. The inset shows the Hr distribution for both

contributing single top quark production channels. . . . . . . . . ... ..

Posterior probability distribution function, p(3;), obtained by applying

the likelihood method todata. . . . . . . . ... .. ... ... ... ...
Front end view of the CDF detector for the highest Hy event. . . . . . .

Lego plot of transverse energies in the CDF calorimeter for the highest Hr

Distribution of 6 = (Eparton — Ejer) for matched jets to partons in s-

channel Monte Carlo events (passed through full detector simulation). . .

TOP: Lego plot of Epurton VS Ejer (passed through full GEANT detector
simulation) for a sample of matched jets to partons in s-channel single top
Monte Carlo events. BOTTOM: Functional form of E,qrton VS Ejet, Where
E;.. is predicted using the transfer function Wiei(Eparton, Ejet) of Equation

8.6 and the particle density n(Eparton). - - « « - o oo oo

xii

76

80

83

94



8.3

8.4

8.5

8.6

8.7

8.8

Al

Distributions of 0 E = (Eparton — Ejet) for different ranges of parton energy
of matched jets to partons. The histograms are (s-channel) single top
Monte Carlo events after full GEANT detector simulation and jet (level
5) corrections. The solid line corresponds to the transfer function using

the parameters of Table 8.1. . . . . . . . . .. ... ... ... ......

Leading order Feynman diagram for s-channel single top quark production

and decay (left) and Wbb background (right). . . . ... ... ... ...

Correlation of s-channel event probability and Wbb probability for smeared
Monte Carlo events. The sizes of the boxes are proportional to the density

of points at each position. . . . . . . . ... ... L

Event probability discriminant (EPD) distribution for transfer function
smeared s-channel single top and Wbb background events. The distribu-

tions are normalized to unit area. . . . . . . . . . ... ...

Hy distribution for transfer function smeared s-channel single top and Wbb

background events. The distributions are normalized to unit area. . . . .

Statistical uncertainty on the maximum likelihood parameter 3; = o1/0g,
which corresponds to the statistical uncertainty on the single top cross-
section as a function of integrated luminosity for likelihood fits to the Hyp

template distributions (top) and EPD template distributions (bottom).

Distributions of lepton selection requirements on the number of axial and
stereo COT super-layers (see Table 4.1 and Table 4.2) from Z — [T~
candidate events in data. The arrows indicate the location of the selection

cut applied on these variables [66]. . . . . ... ... ... ... .. ...

xiil

97

104

105



A2

A3

A4

B.1

E.1

E.2

E.3

Distributions of electron selection variables Lgp,., E/p, Enaa/ Fem and Isolation

(see Table 4.1) from Z — eTe™ candidate events in data. The arrows indi-
cate the location of the selection cut applied on these variables. No arrow
is shown on the E}qq/Ee,, distribution since the selection requirement on

this variable is dependent on the electron energy [66]. . . . . . . . . ...

Distributions of electron selection variables [Azo|, X4, @ - Az and |Az]
(see Table 4.1) from Z — ete™ candidate events in data. The arrows

indicate the location of the selection cut applied on these variables [66]. .

Distributions of muon selection variables |Ax|cye, |Az|opmp and [Ax|onrx
(see Table 4.2) from Z — p*p~ candidate events in data. The arrows

indicate the location of the selection cut applied on these variables [66]. .

Absolute shift of the Hr background template histograms (« - k) in each
bin due to systematic shape uncertainties. The graphs are normalized to
the maximum bin content of the default background H7 template. The
shape uncertainty due to the jet energy scale and the top quark mass were
considered for the ¢t background template (left) and the shape uncertainty
due to the jet energy scale and the factorization scale were considered for

the non-top background template (right). . . . . . . ... ... ... ...

Transverse energy (left) and angular resolution d¢ (right) for the neutrino

from fully simulated and reconstructed (s-channel) single top events. . . .

Transverse momentum (top left) and angular resolution d¢ (top right), dn
(bottom left) and dR = /A¢? + An? (bottom right) for the lepton from

fully simulated and reconstructed (s-channel) single top events. . . . . . .

Transverse momentum (top left) and angular resolution d¢ (top right), dn
(bottom left) and dR = /A¢? + An? (bottom right) for the leading jet

from fully simulated and reconstructed (s-channel) single top events. . . .

Xiv

111

112

113

118

120



E.4 Transverse momentum (top left) and angular resolution d¢ (top right),
dn (bottom left) and 6R = /A¢? + An? (bottom right) for the second
leading jet from fully simulated and reconstructed (s-channel) single top

EVENTS. . . . .

XV



Chapter 1

Introduction

Our present knowledge of the fundamental building blocks of matter and their interac-
tions is summarised in the Standard Model of particle physics. The Standard Model
distinguishes between fermions (quarks and leptons), which form observable matter, and
bosons (photons, gluons, W=, Z bosons), which are responsible for their interactions
(forces). The Standard Model contains six quarks, where the sixth quark, the top quark,
had escaped detection for quite a long time. As we know today, this was due to its
large mass (=~ 175 GeV/c?). The top quark was discovered in 1995 by the CDF and
D@ Collaborations in its top-antitop quark pair production mode (¢t), mediated through
the strong force [1, 2]. Data taking ended in 1996 for Run I of the Tevatron. CDF and
the Tevatron have undergone major upgrades between 1996 and 2000 to increase the
centre-of-mass energy from 1.8 to 1.96 TeV, and to increase the luminosity by about a
factor of five. The upgraded Tevatron resumed operation in 2001, the beginning of Run
II. Until data-taking starts at the LHC! in 2007, the Tevatron will be the only place to
produce and analyze top quarks. The properties of the top quark have only been stud-
ied with small statistical samples, and are poorly constrained by Run I data. Precision

measurements of top quark properties in Run II are therefore very important.

Large Hadron Collider at CERN
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The Standard Model of particle physics also predicts single top quarks to be produced
at Fermilab’s Tevatron Collider through the electroweak interaction. Due to formidable
experimental challenges, single top production has so far eluded direct observation. The
search for this process is one of the highest priorities of Run II because it offers some
unique possibilities in studying the weak interactions of top quarks in both production
and decay. The single top quark process is difficult to measure because the production
rate has been calculated to be about two times smaller than that of top-antitop quark
pair production, and especially because other background processes have much larger
production rates than the signal.

This thesis presents the first search for single top quark production in 162 pb~! of data
from the Tevatron in Run II collected with the upgraded Collider Detector at Fermilab
(CDF 1II). In this chapter, a short summary of the Standard Model is given together
with a summary of the Standard Model top quark properties. Chapter 2 describes the
electroweak production of single top quarks and the kinematics of its decay products.
Chapter 3 provides an introduction to the Fermilab Tevatron accelerator facility and
the upgraded CDF II detector. In Chapter 4 the event selection is described. Chapter
5 summarizes background processes which enter the data sample. In Chapter 6 the
maximum likelihood method is described used in this analysis, and Chapter 7 provides
the result from data. Chapter 8 provides an outlook and introduces a new analysis
technique, which will be used in the next iteration of the single top search. Chapter 9

provides the conclusions.
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1.1 The Standard Model of Particle Physics

The Standard Model is a theoretical framework that describes our current understanding
of the physical world at the most fundamental level. To this day, it is a very successful
theory and is consistent with all experimental observations [3]. Fundamental particles?

and their interactions are quantitatively described by the use of Quantum Field Theory

(QFT) [4].

Fundamental Particles and Interactions

The Standard Model describes the world in terms of interacting quantum fields. Different
fields represent different particles and are grouped into two categories according to the
value of their intrinsic angular momentum (spin) [5]. Particles with spin-1/2 are called
fermions (quarks and leptons) and are the building blocks of observable matter. Atomic
matter is composed of particles from the first generation (see Table 1.1). Within atoms,
electrons are orbiting up and down quarks which make up nucleons inside atomic nuclei.
Particles from the second or third generation are more massive duplicates of the particles
from the first generation and only existed at an early stage of the universe. These particles
are not stable and decay into particles from the first generation, but they can be produced
and studied in high energy particle accelerators today. The u, d and s quarks are much
lighter (all three < 160 MeV /c?) than the ¢, b and ¢ quarks (~ 1200, 4400 and 175000

MeV/c? respectively). This hierarchy is not understood. The down-type quarks (d, s,

1

s and the up-type quarks (u, c, t) carry electric charge +§e,

b) carry electric charge —
where e is the charge of the electron.

Each lepton generation consists of a charged particle (electron, muon or tau) and an
associated neutrino. The charged leptons carry electric charge —1e while the neutrinos

have zero electric charge. The three charged leptons also have increasing mass for higher

2A fundamental particle is one with no internal structure.
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Fundamental Fermions (Spin-1/2)
Quarks Leptons
Gen. Flavor Charge Mass [MeV] Flavor Charge | Mass [MeV]
I Up (u) +2/3 1.5 to 4.5 Electron neutrino (v.) 0 <1.5x10°°
Down (d) | —1/3 5 to 8.5 Electron (e™) -1 0.511
II | Charm (¢) | +2/3 | 1.0 to 1.4 x 10* | Muon neutrino (v,,) 0 <19x10™*
Strange (s) | —1/3 80 to 155 Muon (p™) -1 105.7
1 Top (t) +2/3 | 170 to 179 x 103> |  Tau neutrino (v, ) 0 < 18.2
Bottom (b) | —1/3 | 4.1 to 4.4 x 103 Tau (77) -1 < 17771

Table 1.1: Fundamental fermions (quarks and leptons) of the Standard Model [6].

generations. Recent results provide evidence that neutrinos have masses that are small
but non-zero in absolute value [7]. Neutrinos interact only through the weak force while
the charged leptons interact in addition through the electromagnetic force.

Particles with integral spin are called bosons and are quanta of the quantum fields
responsible for interactions between particles. The Standard Model describes three types
of interactions among quarks and leptons: the electromagnetic, the weak, and the strong
force. Table 1.2 summarizes all fundamental interactions and their associated boson.
Gravity is currently not described by the Standard Model, but since it dominates only
for large masses and has little effect on the scale of quarks and leptons, it can usually
be ignored in fundamental particle interactions. The most basic interaction between
two particles can be represented as a process in which two particles exchange a boson.
The Lagrangian of each interaction obeys gauge invariance under a transformation that
corresponds to a symmetry group. The Standard Model is based on the symmetry group
SU(3) x SU(2) x U(1) [8].

Quantum Electrodynamics is based on the U(1) symmetry group and describes the

electromagnetic interaction among quarks and leptons through the exchange of massless
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Fundamental Bosons (Spin-1)
Interaction Name Gauge Group | Charge | Mass [GeV/c?]
Electromagnetic | Photon (7) U(1) 0 0
Weak W boson (W) SU(2) 1 80.4
Weak Z boson (Z) SU(2) 0 91.2
Strong Gluon (g) SU(3) 0 0

Table 1.2: Fundamental bosons of the Standard Model.

spin-1 photons [9].

The weak interaction is mediated by the W and Z bosons. Since these particles are
very massive, they can only act over small distances. One of the greatest achievements
in the development of the Standard Model was the unification of the electromagnetic and
weak interaction which was combined to the electroweak theory [10]. This unification was
achieved by introducing a scalar field, known as the Higgs field, whose presence breaks
the symmetry of the SU(2)xU(1) gauge group. The electroweak unification explains the
existence of the W and Z bosons and the photon and the process of symmetry breaking
allows the W and Z to acquire mass [11]. The predictions made on the basis of the

electroweak theory have been verified by experiments with very high precision [12].

The weak interaction allows transitions between quarks of different flavors; transi-
tions within the same generation are favored over those across generations. The mass
eigenstates of the down-type quarks (d’, s’,b") do not match the eigenstates of the weak
interaction (d, s,b). This phenomenon is known as the the Cabibbo-Kobayshi-Maskawa
(CKM) mixing and the 3x3 CKM unitary matrix, shown in Equation 1.1, links the
mass-eigenstates with the eigenstates of the weak interaction. The matrix elements, |V,

characterize the strength of the transition of quarks into other flavor quarks (|V;;| <1)
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when interacting through the charged weak interaction (exchange of a W+ boson).

d/ Vud Vus Vub d
s =1 Veaa Ves Va s (1.1)
v Via Vis Va b

The parameters of the matrix can be found in Reference [6].

Quantum Chromodynamics is based on the SU(3) symmetry group and describes
the strong interaction among quarks, mediated by the exchange of eight massless spin-1
gluons [13]. Quarks and gluons carry color charges (R, G, B) which are analogous to the
electric charge in Quantum Electrodynamics. The eight gluons represent the following

color combinations:
RB, RG, BR, BG, GR, GB, (RR— GG)/v?2, (RR+ GG —2BB)/\6

Quarks are bound together through the strong interaction to form colorless states. The
qq bound states are called mesons (e.g. pion) and ggq bound state are called baryons (e.g.
proton). The residual color field outside the nucleons (protons and neutrons) then forms
nuclei (just like the residual electric field outside neutral atoms forms molecules). Big
differences between QCD and QED arise due to the fact that gluons carry color charge,
while the photon is electrically neutral. This gives rise to an effect called self-coupling of
gluons. At short distances (or large momentum transfers) the strong force gets weaker.
This property is known as asymptotic freedom [14]. At large distances, however, the
strong force has the property that the potential energy of two colored particles increases
with distance between them. This property is called confinement and implies that colored
particles (quarks and gluons) appear as jets in high energy particle collisions where a lot
of energy is transferred to a quark inside the proton. The quark moves off relative to
the other quarks with which it was bound and the color field grows until enough energy
is present to create a particle-antiparticle pair out of the vacuum. This process repeats

until the original energy is dissipated, producing several hadrons (a process referred to as
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hadronization). In effect, instead of observing a single quark or gluon, we detect color-
neutral combinations of quarks and gluons that form physical hadrons which move in
the same direction as the original particle (i.e. a jet) [8]. An exception is the heavy top

quark, which decays before it can hadronize [15].

1.2 The Top Quark

Within the Standard Model framework, the top quark is the SU(2) partner of the bottom
quark in the third generation of fundamental fermions. Because the top quark was found
to be so much more massive than all other fermions, it has been speculated that it may

play a special role in nature [16].

1.2.1 Top Quark Properties

The top quark was first observed in Run I of the Tevatron and most of its properties are
still inferred indirectly. If the top quark indeed plays a special role in nature, it is likely
that some of these inferred properties will in fact differ from their direct measurements.
Thus it is important to study the top quark properties in a direct way through all possible

production and decay channels.

Production

In proton-antiproton (pp) collisions, the four-momentum of the p and p is divided among
the quarks and gluons inside the proton, collectively called partons. In inelastic colli-
sions with high momentum transfer, an individual parton inside the proton/antiproton
undergoes the interaction which breaks the initial proton and antiproton. The energy
available in the collision to produce new particles, like the top quark, is only a fraction
of the total center-of-mass energy of the pp system. If P; is the four-momentum of the

proton and P; is the four momentum of the antiproton and x; and x5 are the fractions
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of momentum carried by the partons which undergo the interaction then:
S = (Ilpl + .fCQPQ)z ~ 2I‘1$2P1P2 ~ l’ll’g(Pl + P2)2 = $1LE2§

where § is the square of the invariant mass of the proton-antiproton system and s is the
square of the invariant mass of the parton system, which is a fraction x;x5 smaller. The
mass of the proton/antiproton is considered to be negligible in this calculation.

The fraction of momentum (z) carried by the individual partons inside the proton
is characterized by the parton distribution functions (PDFs). The probability of finding
a certain parton with momentum fraction between = and x + dx is f(x)dz. Figure 1.1

shows the PDF's for u, d, s and b-quarks. The PDFs have been measured in deep inelastic

1

N

e

2 09 Qx+2= 175 GeVxx2
=

< ___up CTEQ5L

_. down CTEQSL
strange CTEQSL
_. bottom CTEQ5L

0.8

0.7

Figure 1.1: Parton distribution functions (CTEQ5L) for u, d, s and b-quarks inside the

proton [17].

electron-proton scattering mainly by the H1 and ZEUS Collaborations at DESY?. Two

sets of PDFs are currently available, prepared by the CTEQ [18] and MRS [19] analysis

3Deutsches Elektronen-Synchrotron
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groups.

At the Tevatron, top quarks may be produced in ¢t pairs through the strong force,
or singly through the electroweak force. The top pair production mode is the dominant
channel and proceeds mostly through a quark-antiquark annihilation process, ¢g — tt
and to a lesser extent (~13%) through gluon-gluon fusion, gg — tt. Single top quarks
are produced through the exchange of a virtual W boson of the colliding partons. Two
channels contribute at the Tevatron, the s-channel process, ¢g¢' — tb and the t-channel

process qb — tq'.

Mass

The mass of the top quark has been measured by the CDF and D@ Collaborations at
the Tevatron during Run I. All Run II analyses are still preliminary and not published.
The 2004 particle data group best value of the top mass is: 174.3 £+ 3.2 + 4.0 GeV [6].

Lifetime

The width of the top quark is predicted by the Standard Model to be:

_ Gpmi|Vy|? mi o mi 200, (4% — 15)
L(t— Wb) = — (1-— mf)(1+2m—%)[1_18—7r]

where G is the Fermi coupling constant, V}, is the CKM matrix element, m; is the top
quark mass, myy is the mass of the W boson and « is the coupling constant of the strong
interaction. Since the top mass is very large, the width is large, too. At a top mass of 175
GeV/c? it has a value of T’y ~ 1.53 GeV. This corresponds to a lifetime of 7 = %/T"; of 0.4
x1072* 5. The shortness of this lifetime has a profound implication. A top quark decays
before the strong force can bind it into a hadron. In QCD, the formation of bound states
takes a certain time, the inverse of Agcp, about 1072 s. The top quark decays within
about 1072* s after its formation, so that bound states cannot be formed. It’s important
to point out that the top quark does interact with gluons, but these interactions, at time

scales less than 1072 s, are so weak that the top quark basically exists as a free quark.
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Decay

The top quark decays through the electroweak interaction. While the decay width of
the top quark is large by standards of other quarks, it is still quite small compared to

experimental resolution. Thus it is very difficult to measure the width directly. Assuming

b

Figure 1.2: Top quark decay with leptonic W boson decay.

only three generations of quarks, the CKM matrix element Vy, can be inferred from the
unitarity of the CKM matrix to be close to unity (|Vi| = 0.9991 to 0.9994). As a result,
the Standard Model predicts that the top quark decays almost always to a b quark and a
W boson with a branching ratio (BR) close to 1. Top decays are therefore labeled by the
W boson decay mode. The W boson can either decay into a lepton and its associated
neutrino (BR=1/9), or into a quark-antiquark pair (BR=3/9). The branching ratio is

larger for the decay into quarks because of three possible color combinations.

Polarization

The left-handed nature of the SM weak interaction determines the polarization of the W
boson in top decays. This, together with the fact that the top quark decays before it can
hadronize makes it possible to reconstruct the polarization of the top in the laboratory.
In tt events, the spins of the two top quarks are correlated and the multi particle final
state causes ambiguities which make it hard to reconstruct the top quark rest frame.
Single top quark production however offers an optimal spin basis to measure the top
polarization since it proceeds through the electroweak interaction in the production and

the decay [20]. The spin basis exploits the fact that the W boson couples only to fermions
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with left-handed chirality which leads to a 100% polarization of the produced top quark
in the direction of the d-type quark. A small ambiguity arises from identifying the d-type
quark. For single top production through the s-channel, 98% of the top quarks have their
spins in the antiproton direction. For single top production through the t-channel, 96% of
the top quarks have their spins in the direction of the light flavor quark, recoiling against
the virtual W boson. The polarization of the top quark is then reflected in the angular
correlation of its decay products and is best visible in the top rest-frame (see Figure 2.4
and Figure 2.5) by plotting the cosine of the azimuthal angle between the direction of
the final state lepton (from the W decay) and the direction of the d-type quark (which
is most likely the beam axis in case of s-channel and the light flavor quark in the final

state in case of t-channel single top).



Chapter 2

Electroweak Single Top Quark

Production

The Standard Model of particle physics predicts top quark production through the elec-
troweak interaction [21, 22]. This process is referred to as ’single top’, since the top quark
is produced singly, either in association with a b-quark (s-channel), in association with a
light flavor quark (t-channel) or in association with a W boson (associated production).

Feynman diagrams of the production channels are shown in Figure 2.1. The cross sec-

q t q qg g %%

Figure 2.1: Leading order Feynman diagrams for s-channel (left), t-channel (middle) and

associated tW (right) single top quark production.

tion of the associated production is kinematically suppressed at the Tevatron (o < 0.1
pb) due to the initial state b quark and the heavy top quark and W boson in the final
state. Only the s-channel and t-channel production modes are therefore considered in

this analysis.

12
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Electroweak single top quark production offers some unique possibilities. The mea-
surement of the production cross section is proportional to the Cabibbo-Kobayashi-
Maskawa matrix element |V;|? and allows therefore the direct extraction of this quantity.
|Vip| characterizes the strength of transition of a top quark into a bottom quark when the
two particles interact through the (charged) electroweak interaction. The quantity is cur-
rently not well measured and all previous results were made under the assumption that
the CKM matrix is unitary [23]. Three generations of quarks are described in the Stan-

dard Model and the unitarity of the CKM matrix implies that [Vi|? + [V |* +|Vis|? = 1.

The elements |V,,;| and |V, have been measured to be small and one finds [24]:
|Vis| = 0.9991 to 0.9994 (three generations of quarks)

If we assume more than three generations of quarks, then the unitarity of the CKM

matrix implies almost nothing about |V3| [24]:.
|Vis| = 0.06 to 0.9994 (> three generations of quarks)

Measuring the single top quark production cross section allows us to avoid the assumption
of unitarity, to measure |V};| precisely, and to draw conclusions about a hypothetical
fourth generation of quarks. Moreover, electroweak single top quark production provides
an extraordinary source of polarized top quarks with a very large net polarization (> 96%)
[20]. Studying the polarization in single top events will be a very important test of
the weak interaction of the top quark. Finally, measuring the single top process tests
exotic models beyond the Standard Model, which predict anomalously altered single top
production rates like heavy right handed W’ bosons, flavor changing neutral currents
or large extra dimensions [25]. Two searches for single top quark production have been
performed during Run I of the Tevatron at a center of mass energy of 1.8 TeV. The CDF
Collaboration reported upper limits on the single top quark production cross section at
the 95 % Confidence Level of 13 pb for the t-channel process, 18 pb for the s-channel

process and 14 pb for the combined (s-channel + t-channel) search [26]. The limits
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obtained by the D@ Collaborations were 22 pb for the t-channel process and 17 pb for

the s-channel process [27].

2.1 Theoretical predictions

2.1.1 The Leading-Order Matrix Element

The leading order Feynman diagrams for s-channel and t-channel single top quark pro-
duction are shown in Figure 2.1. For each channel, the Born differential cross section can

be written as:

(Ipcn]d(cost)) s —mj

877'\/; ) |pC'M|: \/g

1
do = —|M|2dq>2, dq)g =
2s

Where s is the partonic center-of-momentum energy squared and d®, is the two body

phase space. Using the Feynman rules [4], the matrix element for the s-channel is given

M = (30505 (1= 35) Vi) (=2 (15”5 (1 = 50) Vi) )

where v and u are the Dirac spinors for the quark fields, v# and ~5 are the Dirac matrices,
G 1s the metric tensor, s = (p, + pg)?, mw is the mass of the W boson and g is the
weak coupling constant.

Since the intrinsic spin of particles is not measured at CDF directly, we can take the
sum over initial state spin directions and sum over final state spin direction. The square

of the matrix element becomes then:

2 Vad | Vi|?

|M|2 =9 ﬁ(pu 'pB)(PJ'pt)
(s —miy)

A similar expression is obtained for the t-channel.
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2.1.2 Next-to-Leading-Order Corrections

At next-to-leading order perturbation theory (NLO), virtual QCD corrections and real

emission of partons are included in the calculation [4].

s-channel

For the s-channel some NLO virtual and real emission Feynman diagrams are shown in

Figure 2.2. The energy scale of the process is characterized by the top mass (~ 175 GeV)

q t q t q t
M +...+ +...+ M +...
q b ¢ b 9 b

Figure 2.2: Some representative Feynman diagrams of the virtual and real emission NLO

corrections to s-channel single top quark production.

and is far away from the scale at which QCD becomes non-perturbative (Agcp =~ 250
MeV). The calculation is therefore in a regime where QCD is very reliable. The process
is similar to the Drell-Yan type process q¢° — [v which has been very well studied. The
initial state QCD corrections for the s-channel single top process are identical to that
for Drell-Yan. This leaves only the final-state QCD corrections to be done, which are
relatively straightforward since the initial and final-state corrections do not interfere at
NLO for electroweak single top production [21]. Furthermore, Drell-Yan data can be used
to reduce systematic uncertainties on PDF’s and QCD corrections to the initial state.
A fully differential NLO cross section calculation has been performed recently [28]. The
prediction for the cross section and uncertainties for the s-channel have been updated

and found to be:

os = 0.88 +£0.05 pb
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t-channel

For the t-channel some representative NLO diagrams are shown in Figure 2.3. The energy
scale of the process is characterized by the virtuality of the W boson in case of the light
flavor quark line and is characterized by the virtuality of W boson plus the mass of the

top quark in the case of the top quark line. The prediction for the inclusive cross section

q qg q qg q q
+...+ +...+ t+...
b t b t g b

Figure 2.3: Some representative Feynman diagrams of virtual and real emission NLO

corrections to t-channel single top quark production.

at NLO has been calculated using a phase space slicing method and found to be [28]:
o = 1.98 £ 0.08 pb

For both channels the main sources of systematic uncertainties arise from the top
quark mass uncertainty and PDF uncertainties. The result for the leading order calcula-

tion only are o£© =0.57 pb and ¢2¢ =1.99 pb for the s-channel and t-channel respectively.

2.2 Single Top Event Kinematics

To simulate the kinematic distributions of the final state particles in single top events,
the MadEvent Monte Carlo program has been used [29]. MadEvent is a leading-order
matrix element event generator. This program has the advantage that it includes both
production and decay of the top quark and passes the correct spin information to the
decay products. MadEvent can decay the W boson from the top decay into all possible
final states. However, we choose to select only the leptonic decay of the W boson (W —

ly;). This choice is motivated in Chapter 4. Figure 2.4 shows the kinematic distributions
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Figure 2.4: Kinematic distributions of final state particles for s-channel single top quark

production.

of the observable final state particles of s-channel single top. The Pythia program is
used to include the presence of higher order QCD and QED effects [30]. This is done
in the so-called shower approximation. Figure 2.5 shows the kinematic distributions for
the t-channel final state particles. For the t-channel process we employed a merging
of events generated with the LO matrix element and events generated with the NLO
matrix elements (diagram where the initial state gluon splits into two b quarks) [31].

The reason for that is that the shower approximation employed by Pythia works very
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Eta Distribution for t-channel Top quark Polarization for t-channel
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Figure 2.5: Kinematic distributions of final state particles for t-channel single top quark

production.

well for processes which are dominated by initial and final state radiation like the s-
channel. The problem in the t-channel comes from the b-quark in the initial state. Since
b-quarks exist only as 'sea quarks’ in the proton, programs like Pythia calculate an initial
state through backward evolution where the b-quark originates from gluon splitting while
the b-quark momentum was estimated using the proton PDF. The collinear singularity
problem is naturally taken care of in this case, but this approach misses the cases where

the initial state contains a hard gluon (W-gluon fusion type diagrams). The hard gluon
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also splits into two b-quarks but gives the b-quarks higher momentum. In this case the
process is of the type gq — tbq’. To cover the full spectrum, we generate both event
scenarios and merge the samples to obtain a smooth transverse momentum spectrum
of the b-quark (which originates from the gluon splitting). This approach is outlined in
Reference [32].

The final state particles for the s-channel process consist of the W decay products
and two energetic b quarks which are emitted over a similar range in pseudo-rapidity.
One b-quark comes from the top decay while the second one is emitted from the primary
tWb vertex and recoils against the top quark. For t-channel events, the second b-quark
originates from the initial-state gluon splitting and tends to reside at small transverse
momentum (pr) and is emitted at higher pseudo-rapidities. In addition, a third (light
flavor) quark is produced. This quark is recoiling from the virtual W -emission and has
a distinct peak at higher pseudo-rapidities. The final states of both single-top channels
feature a similar high-pr and low-|n| b quark in the final state together with the decay
products of a real W. The kinematic properties of the second b quark in the event,
however, differ significantly between the two processes. In addition, the final state of the
t-channel process is accompanied by a light flavor quark.

In both channels, the polarization of the top quark is clearly visible in the angular
correlation of its decay products. The cosine azimuthal angle between the final state
lepton (from the W decay) and the initial state d-type quark forms a monotonically
(linear) rising distribution, following ~ [1 4 cos(#)]. In case of the s-channel, the d-type
quark is the proton-beam axis, while in the t-channel the d-type quark is the direction

of the light flavor quark [20].



Chapter 3

The Experimental Apparatus

Due to their large mass, top quarks can only be produced at today’s most energetic

particle accelerator, the Tevatron at Fermilab!.

3.1 The Tevatron

The Tevatron has undergone major upgrades between 1996 and 2000 to increase the
centre of mass energy from 1.80 to 1.96 TeV and to increase the luminosity by a factor of
~ 5 [33]. The increased luminosities have been achieved by adding a new ring, the Main
Injector, which greatly increases the rate of antiproton production and hence the number
of antiprotons available for collisions. The increase in proton-antiproton (pp) centre of
mass energy was obtained by operating the superconducting magnets of the Tevatron at
a colder temperature. In order to keep the number of interactions per bunch crossing low,
while raising the instantaneous luminosity, it was also necessary to increase the number
of proton and antiproton bunches simultaneously in the ring from 6 to 36 bunches which
reduces the time between bunch crossings to 396 ns. The upgraded Tevatron resumed

operation in 2001, the beginning of Run II. The most important accelerator parameters

land starting from 2007, at the Large Hadron Collider at CERN

20



CHAPTER 3. THE EXPERIMENTAL APPARATUS 21

are summarized in Table 3.1.

Accelerator Parameter Run I Run II
p X p bunches 6 x 6 36 x 36
Number of p per bunch 2.3 x 10" 2.6 x 10!
Number of p per bunch 5.5 x 10*0 3.5 x 100
Beam energy [GeV] 900 980
Luminosity [em™2s™] 1.6 x 10t 8 x 10%
Bunch crossing time [ns] 3564 396
Number of interactions per crossing 2.5 2.3

Table 3.1: Accelerator parameters of the Tevatron.

The acceleration of protons and antiprotons to a final energy of 980 GeV per beam
is performed in several steps. A schematic diagram of the Tevatron accelerator complex

is shown in Figure 3.1 and a brief explanation of each step is provided below.

Cockroft-Walton

The Cockeroft-Walton pre-accelerator provides the first stage of acceleration. H ™~ ions
are produced in a magnetron surface plasma source, located inside the Cockroft-Walton,

and accelerated inside an electrostatic field to an energy of 750 keV.

Linac

The Linac is a 150 m long linear accelerator that uses RF cavities to accelerate the H ™~
ions, coming from the Cockroft-Walton, to a final energy of 400 MeV. At the end of this
step, the ions are passed through a carbon foil, which serves the purpose of stripping off

the electrons from the ions, leaving bare protons.
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Figure 3.1: Schematic drawing of the Tevatron accelerator chain.
Booster Ring
The protons are passed to the booster ring which is a standard synchrotron accelerator.
Here, the protons reach an energy of 8 GeV.
Main Injector

The Main Injector, which is also a synchrotron, accepts the protons from the booster
and continues the acceleration process up to an energy of 150 GeV. A fraction of these

protons are aimed at a nickel target inside the target hall to produce antiprotons.

Tevatron

The 150 GeV protons from the Main Injector are delivered to the Tevatron ring. The

Tevatron is a superconducting synchrotron and accelerates the protons to their final
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energy of 980 GeV.

Accumulator

The antiprotons produced in the target hall have a large momentum spread that leads to
a large emittance of the antiproton beam. To reduce the emittance, antiprotons undergo
a process called ’stochastic cooling’ [34]. This effectively reduces their momentum spread
and is performed inside the Accumulator (not shown in Figure 3.1). When the emittance
and intensity of the antiprotons meet certain quality requirements, they are sent back to

the Main Injector, for acceleration and injection into the Tevatron.

Collision Points

The Tevatron has two dedicated collision points in the accelerator ring. One is used by
the CDF experiment and the other is used by the D@ experiment. At the collision points,
the Tevatron contains special focusing magnets to reduce the beam size to less than 30
pm. A typical colliding beam, called a ’store’, lasts for about 15 hours. Because the
yield of producing antiprotons in the target hall is rather low, protons are always kept in
the Main Injector to produce antiprotons, even though collisions are taking place in the
Tevatron. The produced antiprotons are continuously transfered to the Accumulator for
use in the next store. At the end of each store, the beams are aborted with a special beam
dump and the Tevatron is filled with new protons as well as the accumulated antiprotons

to start a new store.

3.2 The CDF Detector

The data used for the measurement reported in this thesis were collected with the up-
graded Collider Detector at Fermilab (CDF II) [35]. Detector upgrades were made to ac-

commodate the higher luminosities and new beam conditions resulting from the upgrades
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Figure 3.2: Schematic drawing of the CDF detector.

to the Tevatron accelerator complex. CDF is an azimuthally and forward-backward sym-
metric apparatus designed to study pp collisions at the Tevatron. It is a general-purpose
solenoidal detector that combines precision charged particle tracking with fast projective
calorimetry and fine grained muon detection. A schematic view of the detector is shown
in Figure 3.2. CDF has a cylindrical layout centered on the accelerator beam-line. Track-
ing detectors are installed in the region directly around the interaction point to measure
charged particle trajectories inside a uniform magnetic field. The field is produced by a
5m long superconducting solenoid located at the outer radius of the tracking region. It

is aligned along the proton beam direction and has a strength of 1.4 Tesla. Calorimeter



CHAPTER 3. THE EXPERIMENTAL APPARATUS 25

modules are arranged in a projective tower geometry around the outside of the solenoid
to provide energy measurements for both charged and neutral particles. The outermost
part of the detector consists of drift chambers used to detect muons which typically pass
through the calorimeter.

CDF uses a cylindrical coordinate system shown in Figure 3.3. The positive z-axis
is defined along the direction of the protons. A trajectory of a particle is then described
by the polar angle # measured relative to the incoming proton beam, and the azimuthal

angle ¢ around the beam axis. It is usually convenient to replace 6 by the pseudo-rapidity,

_ Zevatron

Figure 3.3: Definition of CDF coordinate system.

defined as n = —In tan(0/2) since it transforms linearly under boosts in the z-direction?.
Perpendicular to the beam, || becomes 0 and extends to approximately 3.6 at the most

forward part of the detector.

3.2.1 The Tracking System

The tracking system consists of a silicon micro-strip detector and an open-cell wire drift
chamber that surrounds the silicon detector. When a charged particle passes through the
tracking system it ionizes the material/gas around it. A dedicated tracking algorithm
searches for a continuous pattern of localized charge depositions (hits) and reconstructs

the path of the charged particle, called the particle’s "track’.

2This is exactly true for the rapidity, defined as y = %ln%, but also for the pseudo-rapidity in the
limit of massless particles.
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The silicon micro-strip detector consists of three sub-detectors shown in Figure 3.4.

The first is the Layer0O detector. This is a layer of radiation hard silicon wafers which

- 64 cm

Figure 3.4: Frontal view of the silicon detector sub-systems.

is directly mounted around the beam pipe. The second sub-system is the Silicon VerteX
detector (SVX II), which consists of 5 layers of double sided silicon wafers extending
from a radius of 2.4 to 10.7 cm from the beam. One side of the wafer has silicon strips
aligned in the r-¢ plane (axial), while the other side has strips that are either parallel to
the beam (stereo) or at a 2 degree angle (small angle stereo). The Intermediate Silicon
Layer provides 2 more layers of double sided silicon wafers and extends from radii 20 to
28 cm. The entire system allows track reconstruction in three dimensions with precision
track information at the smallest possible radii. The impact parameter resolution of the
silicon detector is on the order of 40 um. Information recorded by the SVX II is used in
this analysis to reconstruct secondary vertices that originate from heavy-flavor particle
decays such as bottom and charm hadrons. This is crucial for b-quark-tagging algorithms
to work which is explained in Section 4.4.2 in more detail. The silicon detector provides
tracking information out to a pseudo-rapidity region of |n| < 2.0.

The new open-cell drift chamber, referred to as Central Outer Tracker (COT), is
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Figure 3.5: Schematic drawing of the CDF tracking volume.

located directly outside of the silicon tracking detectors in the radial direction. The
chamber consists of eight super-layers (SL) of 310 cm length cells and radii between 40
and 132 cm from the beam axis. Each super-layer contains 12 layers of sense wires strung
between alternated layers of potential wires. The wires in four of the super-layers are
taut parallel to the beam axis to provide particle track reconstruction in the transverse
plane (axial layers). The other 4 super-layers are taut at a + 2 degree angle with respect
to the beam axis to allow for track reconstruction in the z-direction (stereo layers). The
two types of super-layers are alternated in the chamber starting with a stereo layer at
the innermost radius. The COT is filled with a gas mixture of about 60% argon and
40% ethane. The mixture was chosen to ensure a fast drift velocity on the order of 100
um/ns. Since the maximum drift distance in the chamber is 0.88 cm, it is compatible
with the shorter interval between beam bunch crossings in Run II.

The charge and momentum of a particle-track are determined by measuring the cur-



CHAPTER 3. THE EXPERIMENTAL APPARATUS 28

vature of the track in the magnetic field. The solenoid produces a 1.4 T magnetic field
inside the tracking volume that is uniform to 0.1 % in the acceptance region. The trans-
verse momentum of a reconstructed track is determined from py = Bgr, where B is the
strength of the magnetic field, ¢ is the charge of the particle and r is the measured radius

of curvature. The momentum resolution of the COT is given by 0,,/p% = 1.7 x 1073

[GeV/c] 7L

3.2.2 The Calorimeter System

The CDF calorimeter is a sampling scintillator calorimeter and measures the energy of
particles produced in the pp collision. The calorimeter is located behind the tracking
volume and consists of layers of active (scintillator) material sandwiched between sheets
of absorbing material such as lead and steel. As particles pass through the calorimeter,
they interact with the layers of material and produce ’showers’ of secondary particles.
Light guides collect photons produced in the scintillator layers and direct them to the
photomultiplier-tubes. Due to the specific nature of the interactions of particle with
the material, electrons and photons shower over short distances, depositing the majority
of their associated energy in the electromagnetic section of the calorimeter. Hadrons
(strongly interacting particles), on the other hand, shower over longer distances in the
calorimeter and deposit the most significant fraction of their associated energy in the
hadronic section of the calorimeter. In the CDF detector, the electromagnetic sections
of the calorimeter are immediately followed by the hadronic sections. The calorimeter is
divided into a central calorimeter (and endwall part) covering 0 < |n| < 1.1 (1.3), and a
forward plug calorimeter covering 1.1 < |n| < 3.6.

The central calorimeter is unchanged from Run I and consists of 48 azimuthal wedges
of 15° in ¢. Each wedge is grouped into 10 readout towers (often called calorimeter towers)
with a projective geometry, as shown in Figure 3.6. The calorimeter contains an inner

electromagnetic section (CEM) and an outer hadronic (CHA/WHA) section. The CEM
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Figure 3.6: Schematic drawing of a wedge in the central calorimeter.

contains 31 layers of 0.125 cm of lead interleaved with 5.0 mm of polystyrene scintillator.
The CHA is made of 32 layers of 2.5 cm steel interleaved with 1.0 cm scintillator. The

WHA was constructed with 15 layers of 5.0 cm of steel and 1.0 cm of scintillator.

The forward plug calorimeter has been upgraded for Run II. The original gas calorime-
ter was replaced with scintillator plate calorimetry using scintillator tiles readout by
wavelength shifting fibers embedded in the scintillator. Both the new plug electromag-
netic calorimeter (PEM) and the new plug hadronic calorimeter (PHA) use the same
polystyrene based scintillator and photomultiplier tubes used in the CEM. The PEM
contains 23 layers of 0.45 cm of lead interleaved with 4.0 mm of scintillator while the

PHA is made of 23 layers of 2.5 cm steel interleaved with 1.0 cm of scintillator.

The energy deposited in all layers of the calorimeter is summed together for each
calorimeter tower separately. The central calorimeter provides about 480 readout towers

each covering 0.1 x 15° in n x ¢ space. The plug calorimeter, shown in Figure 3.7,
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Figure 3.7: Schematic drawing of the CDF plug calorimeter.

provides another 480 readout towers, each covering either 7.5° or 15° in ¢ and a variable
range in 7).

The calorimeter energy resolution was measured using test-beam data. The mea-
sured energy resolution for electrons in the electromagnetic calorimeters was found to
be 14%/+/Er for the CEM and 16%/+E for the PEM where the units of energy are
GeV. The energy resolution for single pions in the hadronic calorimeter was found to be
75%/\/E for the CHA, 80%/v/E for the WHA, and 80%/vE + 5% for the PHA.

Proportional chambers are embedded in the region of the electromagnetic calorimeter
where electrons produce the maximum shower intensity. These shower maximum detec-
tors (CES in the central part and PES in the plug) are used to measure the profile of

a shower and to extract the location of the incident particle within a given tower. The
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increased shower position resolution provides additional selection criteria for electron
identification.

A very common measure in high energy physics is the transverse component of mo-
mentum and energy which we define as pr = psin(f) and Er = Esin(0), respectively.
In addition, the missing transverse energy, Fr in an event is nominally defined as Fr
= —| 3, E&ny|, where the n; are unit vectors in the azimuthal plane pointing from the
reconstructed event vertex to the ith calorimeter tower. The missing transverse energy
in the calorimeter is corrected to account for muons which deposit some fraction of their

energy in the calorimeter (typically 1 - 2 GeV).

3.2.3 The Muon System

The muon detectors are located behind the calorimeter modules. Muons typically pass
completely through the calorimeter modules leaving only a small fraction of their energy
in the calorimeter (minimum ionizing). As a result, a muon must have a minimum pz of
1.4-2.2 GeV/c (depending on the amount of material along its path) to reach the muon
detectors. The CDF muon system consist of four independent systems of proportional
wire chambers and scintillators: The Central Muon detector (CMU) and the Central
Muon Upgrade (CMP) both cover 0 < || < 0.6; the Central Muon extension (CMX)
which covers 0.6 < || < 1.0; and the Barrel Muon Upgrade Detector (BMU) which
covers 1.0 < |n| < 1.5. The BMU is a new detector system commissioned in the initial
part of Run II and is not used in this measurement.

The CMU sub-detector consists of four layers of drift chambers as shown in Figure 3.8.
The rectangular chambers have a 50 um sense wire taut parallel to the z-axis through
the center. The chambers are filled with a mixture of argon/ethane gas. As a muon
candidate passes through the muon chambers, it ionizes the gas in the drift chambers.
The hit position in the drift cells are determined from the drift time of the ions to the

wire.
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The CMP sub-detector consists of four layers of wire drift chambers of identical design
to the CMU, but they are staggered by half cell per layer. The chambers are located
behind 60 cm of steel and form a rectangular box around the detector. The CMP is
mainly used in combination with the CMU detector to further improve the purity in muon
identification and the combined system is referred to as the CMUP sub-detector. Located
on top of the outermost layer of the CMP is the Central Scintillator Upgrade (CSP). The
CSP system consists of a single layer of scintillator plates to provide additional timing

information.

The CMX sub-detector is a conical arrangement of drift chambers similar to those of
the CMP. Different to the CMU/CMP, the system consists of eight layers of rectangular
chambers which are grouped in pairs to form four continuous layers. A matching layer
of scintillator plates (CSX) are mounted on both sides of the CMX system which is used
in coincidence with the wire chambers to further improve the timing of the system and

reduce the fake rate (due to beam splashes for example).
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Figure 3.8: Schematic drawing of the CDF muon drift chambers (CMU).
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Figure 3.9: Schematic drawing of muon system behind the calorimeter.

3.2.4 Cherenkov Luminosity Counter

The total integrated luminosity recorded by the CDF experiment is measured by the
Cherenkov Luminosity Counter (CLC) [36]. It consists of two modules at each end of
the beam-pipe and measures the average number of inelastic pp collisions at CDF. Each
module is made of 48 individual conical counters filled with isobutane. Each counter is
1-2m long and several cm in diameter. The counters are arranged around the beam-pipe

in three concentric layers pointing to the center of the interaction region. The luminosity

L is evaluated as:

L= Fyp (3.1)

€ECLC * Oinelastic

where R,; is the measured rate of inelastic pp collisions, ecrc is the CLC detector accep-

tance and o;peiqstic 1S the total inelastic cross-section.
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3.2.5 The Data Acquisition System

Currently, collisions in the Tevatron occur at a rate of 2.5 MHz and the average event
size, representing information from all detector channels, is about 250 KBytes/event. If
each event were to be read out, we would need to write 630 GBytes/s to disk - clearly
a very challenging task. Luckily not each event contains physics of interest and CDF
utilizes a ’trigger system’ to select events for future analysis. The upgraded trigger
system accept events at a rate of 80 Hz and writes them to disk. This corresponds to an
event rejection factor of roughly 3 x 10* and is obtained by using a three-level system
where each level is designed to provide sufficient rejection to allow for a processing with
a minimal dead-time at each subsequent level. The first level of the trigger (Level-1)
has to be the fastest and utilizes custom hardware to select events based on preliminary
information from the calorimeters, tracking chamber and muon detectors. All detector
data are fed into a 6 us pipeline to provide time for processing required at Level-1. The
global Level-1 decision must be made before the corresponding collision data reach the
end of the pipeline. The Level-1 trigger reduces the data rate from 2.5 MHz to less than
20 kHz. The Level-2 system is a set of programmable logic devices which has access to
more refined information including the silicon tracking system. The decision time is 20
s and dedicated hardware is used to reconstruct clusters in the calorimeter for electron
and jet reconstruction as well as simple track reconstruction. Level-2 provides a factor
of 100 reduction over Level-1 passing a 300 Hz data rate to Level-3. Events which pass
Level-2 are analyzed by a farm of approximately 300 computers, each fully analyzing and
reconstructing events. Events which pass this last level of the trigger are delivered to the
data-logger system which transfers the data to the storage as well as to the monitoring
system. Monitoring ensures that the entire detector and trigger system were working
properly during data taking. A maximum rate of 20 MBytes/s can be written to mass
storage which corresponds to an event rate of about 80 Hz that can pass Level-3. Recent

developments aim for an event-size reduction to increase the Level-3 accept rate to about
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Figure 3.10: Diagram of the CDF dataflow.
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3.2.6 Detector Operation

The CDF detector is operated by a shift crew of 5 dedicated people plus several detector
experts available on request. The crew operates in 3x8 hour shift cycles and consists of
the detector operations manager; two ACES, responsible for the smooth running of the
detector and familiar with common problems of the detector; one Consumer Operator

who is trained to monitor and ensure data quality; and one scientific coordinator (Sci-
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Co). At the end of each store, the shift crew labels the data good or bad and documents
any special circumstances during data taking. This information is later used by the Data
Quality and Monitoring group (DQM) to prepare a list of good runs usable for physics

analyses (Good Run List).

3.2.7 Offline Data Reconstruction

All data are reprocessed with the latest offline data analysis software before it is used
by the physics groups of the CDF Collaboration. The best information about detector
alignment, calibration and reconstruction algorithm is used to prepare a common set of

"high level objects’ like electron, muon or track candidates.

3.2.8 Monte Carlo Simulation

The data collected by the CDF detector from interactions of the colliding proton and
antiprotons are labeled ’events’, which correspond to the data of individual collisions. The
physics of a particular interaction is entirely random and the Standard Model predicts

the rate (cross sections) at which we can expect certain processes to occur.

Using Monte Carlo techniques, we can simulate the production of particles as well
as their interaction with the CDF detector. This is useful to understand the detection
efficiencies of different processes and the dependence on selection requirements. The
production of simulated events is performed by the event generator. The response of the
detector (i.e. how the produced particles traverse the detector, bend in the magnetic
fields, shower in the calorimeter) is performed by the detector simulation program. The
output of the simulation program (referred to as ’Monte Carlo samples’ in the text)
has exactly the same format as the data, and can therefore be processed by the same

reconstruction and analysis programs.
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Event Generators

Monte Carlo event generators have a numerical expression of the QFT derived squared
matrix element coded into the program. The program generates random events in phase
space, each corresponding to a particular configuration of four-vectors of initial and
final state particles. For each event, the total differential cross section is computed
by evaluating the squared matrix element for the event and multiplying it with the
phase space factor. The value of the differential cross section is treated as a "weight’,
representing the relative probability for the event to occur. To convert these weighted
events to unweighted (unit-weight) events, so that the denser regions of phase space
are proportionally better represented (just like in data), the Acceptance Rejection de-
weighing method is applied [37]. In this method, the phase space is scanned over the full
kinematic range and the maximum weight w,,,, is determined. For subsequent events,
the acceptance probability, R;=w;/W4, is computed. A random number y; € [0,1] is
generated and the event is retained only if y; < R;. The resulting un-weighted events
will show the same average behaviour and same fluctuations as data. The difference is
that the fluctuations arise from the random sampling of the phase space rather than from
the quantum mechanics of the underlying theory. The output of the event generators
are four-vectors of the final state particles for a given process, commonly referred to as
‘particle level” events since no particle shower or interaction with detector material is

taken into account at this point.

Particle Shower and Hadronization

To model initial/final state radiation and the hadronization effects arising from color
confinement of the particle level events, we use the PYTHIA [30] or HERWIG [38] pro-
grams. The Monte Carlo program QQ v9.1 is used to model B hadrons and TAUOLA
[39] is used to model tau leptons. The event format after this step of the simulation is a

long list (known as 'THEPG bank’) of particle identities and four-vectors arising from the
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initial interaction, showering and fragmentation of the event.

Detector Simulation

The GEANT program is used to describe the passage of the simulated particles through
the CDF detector [40]. It provides a full simulation of the detector response as particles
pass through matter. The GEANT model of the CDF detector contains detailed infor-
mation on the shape, spatial extent and different material composition of every section

of the detectors, from silicon layers to calorimeter towers and muon chambers.
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Event Selection

4.1 Selection Strategy

As outlined in Section 2.2, the final state of single top events consists of the W decay
products plus two high momentum jets. If the W decays into quarks (W — ¢q’), the
final state consists of four energetic jets. This final state suffers from an overwhelming
background from pure QCD multi-jet events and is extremely hard to distinguish. We do
not consider this final state in this analysis. Instead, we demand evidence for a leptonic
W boson decay (W — eve, uv,, 7v; — evev./pv,v;) which is hard for QCD multi-jet

background to mimic.

The CDF top analysis group has established a dedicated 'lepton plus jets’ working
group to study leptonic decays of the W plus jets production relevant for ¢¢ production.
Since the kinematics of W decay daughters from top decays are naturally very similar
for the single top and tf process, we apply mainly the same event selection.

In Figure 4.1 a cartoon of single top quark production and its decay is shown. While
the leptonic W decay requirement greatly reduces background from pure QCD multi-
jet processes, a large background still remains from mixed QCD/electroweak processes,

which produce a real W boson along with jets. Since single top events feature at least

39
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one high pr b-jet in the final state, we can reduce this QCD /electroweak W +jets back-
ground by demanding evidence for at least one b-jet in the final state. The relatively
long lifetime of b quarks permit the use of 'b-tagging’ algorithms which can distinguish
b-jets from light quark jets. The algorithm used in this analysis is described in Section
4.4.2. It relies on the reconstruction of a displaced secondary vertex, originated from the

decay of the long lived b-quark, using the silicon micro-strip detector.

m muon
m vu neutrinoG

Jet I[h]‘, S

il T (DT

. -ul:t 2 (b,q)

Figure 4.1: Cartoon of single top quark production.

An important requirement to establish the production of single top quarks, is to
reconstruct one of its most distinct features, the top quark mass. We require candidate
events to be reconstructed close to the top quark mass because it is a powerful requirement
to further reduce the number of background events entering the event selection.

In summary, our event selection strategy requires a W + 2 jets signature where at
least one jet has to be identified to likely contain a b-quark (b-tag). Furthermore, we

require the invariant mass of the lepton, neutrino and the b-quark (M;,;) to be close to
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the top quark mass. Figure 4.2 shows the jet multiplicity for single top Monte Carlo
events after all event selection requirements. We count jets with Er > 15 GeV and
n < 2.8. The large coverage in pseudo-rapidity improves especially the acceptance of
t-channel single top which features a forward jet coming from the light quark recoiling
against the virtual W-boson. Both single top processes are concentrated in the W + 2

jets bin'.
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Figure 4.2: Jet multiplicity distribution for single top Monte Carlo events which pass all

event selection requirements.

In the next Section, the trigger is described. The trigger pre-selects events with a
high p7 muon or electron candidate. This pre-selection is performed ’online’ during data
taking and accepted events are transfered to mass storage devices. The collected dataset

is then subject to the more detailed single top specific event selection described in Section

The W + 1 jet bin suffers from a very large QCD/electroweak background and the W + > 3 jets
bin is dominated by tf background so we don’t include these jet bins in our event selection.
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4.3 which is performed offline.

4.2 'Trigger

The data sample used for this analysis was triggered by an inclusive central lepton trig-
ger. It consists of the central electron trigger, which triggers on electron candidates
in the CEM and two central muon triggers which trigger on muon candidates in the

CMU/CMP and the CMX detectors. In Section 4.2.1 and Section 4.2.2, the specific

trigger requirements are summarized.

4.2.1 Central Electron Trigger

At Level-1, energies from calorimeter towers are summed into 0.2x15° trigger towers in
1n — ¢ space. At least one trigger tower is required to have Er > 8 GeV and a ratio
of hadronic to electromagnetic energy in the tower E}q/Fen < 0.125 (which will serve
as a ’'seed tower’ for the Level-2 trigger) is required. In addition, at least one COT
track, found by the XFT hardware, with pr > 8 GeV has to be reconstructed. At Level-
2, a calorimeter cluster algorithm is run which adds adjacent towers to the seed tower
identified at Level-1. The total Er of the refined cluster is required to be above 16 GeV.
At Level-3, an electromagnetic cluster with Er > 18 GeV and Fjuq/ Fepn < 0.125 must be
found by the offline algorithm and a fully reconstructed 3-dimensional COT track with

pr > 9 GeV has to be identified pointing to the cluster.

4.2.2 Central Muon Trigger

The central muon trigger requires, at Level-1, matched hits in at least 3 layers of either
the CMU or CMX sub-detectors. In case of the CMU hits, a pattern of CMP hits in
three of the four layers, consistent in ¢ with the observed CMU hits, has to be found.

In case of the CMX trigger, a matching hit pattern in the CSX scintillator counters is
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required. The matched hit pattern requirements are referred to as 'stubs’. In each case,
a COT track, found by the XFT with pr > 4 GeV/c has to be identified. At Level-2, the
track requirement is increased to satisfy pr > 8 GeV/c. The track has to be matched to
the hits in the muon chambers. Finally, at Level-3, a fully reconstructed 3-dimensional
COT track with pr > 18 GeV/c has to be matched with reconstructed stubs in the

CMU/CMP chambers or CMX sub-detector.

4.3 W Selection

Two major requirements have to be satisfied to identify events with a leptonic W decay
in the data triggered by the inclusive lepton trigger described above. The first is the
presence of an energetic isolated electron or muon candidate, and the second is large
missing transverse energy, providing evidence for a neutrino that passed through the

detector.

4.3.1 Electron Candidate Selection

An electron candidate is defined as a cluster of calorimeter towers with a COT track
pointing to the cluster. The cluster algorithm starts with a seed tower containing trans-
verse energy of Er > 3 GeV in the electromagnetic calorimeter. The Er of a tower is
defined as Esin(f), where E is the energy measured in the tower and 6 is the polar angle
measured from the pp interaction point to the center of the tower. Towers adjacent to
the seed tower are added to the cluster up to a maximum of three towers in pseudora-
pidity. Table 4.1 lists the electron candidate identification requirements applied in this
analysis. Several distributions of these selection variables are shown in the Appendix A.

An explanation of the selection criteria is listed below.

e Geometric

Only electron candidates which shower in the CEM are considered
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Electron Candidate

Geometric
Er

Pr

E/pif Pr <50 GeV/c
Ehad/Eem
Ly

|Az]

Q x Ax
X2St7‘ip

|Azo|

# axial SL
# stereo SL

Isolation

Fiducial in CEM

> 20 GeV

> 10 GeV/c

<2

< 0.055+0.00045*E
<0.2

<3 cm

> -1.5 and < 3.0 cm
< 10

< 60 cm

>3

>3

< 0.1

Table 4.1: Electron identification requirements.

o Fp

Total transverse energy of towers in the cluster.

® Dr

Transverse momentum of the COT track pointing to the cluster.

 E/p

44

Ratio of the cluster energy to the magnitude of the momentum of the COT track.

o Ehad/Eem

Ratio of energies measured in the hadronic and the EM towers of the cluster.

L4 Lshr

A measure of the difference in lateral development of an electron candidate’s shower
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profile compared to the expected profile as measured in test beam data.

|Az|
Distance in the » — z plane between the extrapolated COT and the best matching

shower maximum (CES) strip cluster.

Q x Ax
The charge of the track, ) multiplied by the distance in the r — ¢ plane between

the extrapolated COT and the best matching shower maximum (CES) wire cluster.

2
XStm'p

x? of the fit to the shower profile in the shower maximum detector.

|AZO|

z position of the primary vertex relative to the nominal collision point.

# axial /stereo SL
Number of axial /stereo super layers with hits associated to the COT track, pointing

to the EM cluster.

Isolation
A measure of calorimeter activity in the immediate surrounding of the electron

candidate. Isolation is the ratio of excess Er in the cone over the Er in the cluster

%one o jc_‘luster
Isolation =
E%luster

where E57"¢ is the Ep of all towers in a cone of AR = /A2 + Aj = 0.4 centered
on the electron cluster (typically contained within AR =~ 0.13) and ES“*" is the

total Er of towers included in the cluster.
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4.3.2 Muon Candidate Selection

A muon candidate is defined to have a track segment (stub) in a muon chamber asso-
clated with a COT track pointing to the stub. Table 4.2 lists the muon identification
requirements applied in this analysis for muon candidates. A few distributions of these

selection variables are shown in the Appendix A.

Muon Candidate

Geometric Fiducial in CMUP or CMX

Pr > 20 GeV/c

Eum < max(2.240.0115%(p-100))
Ehad < max(6.6+0.0280*(p-100))
|Az|cnmu < 3.0 cm

|Az|cnmp < 5.0 cm

|Ax|onx < 6.0 cm

| Az < 60 cm

# axial SL >3
# stereo S > 3

Isolation < 0.1

Table 4.2: Muon identification requirements.

e Geometric

Only muon candidates fiducial to the CMU, CMP and CMX are considered.

OPT

The COT measured transverse momentum pointing to the muon candidate stub.

L Eem

Energy deposited in the CEM tower traversed by the muon track.
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® Fhad

Energy deposited in the CHA tower traversed by the muon track.

o |Azx|
Distance between the muon stub and the extrapolated COT track in the r — ¢

plane.

e # axial/stereo SL
Number of axial /stereo super layers with hits associated to the COT track pointing

to the muon stub.

[ ] |AZO|

z position of the primary vertex relative to the nominal collision point

e [solation
Er deposited in a cone of AR = 0.4 centered on the muon track minus the Er of

the tower traversed by the muon candidate, divided by the pr of the track.

4.3.3 Evidence for a Neutrino (missing transverse Energy)

Missing transverse energy (Fr), measured in the calorimeter, provides evidence for a
neutrino that passed through the CDF detector without undergoing an interaction. K
is defined as the negative of the vector sum of the transverse energy over all calorimeter
towers, — >, F;sinf;n;, where E; is the energy deposited in the ith calorimeter tower, 6; is
the polar angle of the ith tower, and n; is the unit vector in the azimuthal plane pointing
from the interaction point to the ith tower. The sum is computed over all calorimeter
towers.

Since muons leave only a minimum amount of energy in the calorimeter, their energy
does not get accounted for in the K7 sum. For events which feature a muon candidate,

the K7 calculation is corrected for the presence of the muon in the following way:
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Er e = (Br™™)e — (0u)e + (BL"), (4.1)
(Br")y = Br"™)y — (Pu)x + (Eg“zpos% (4.2)

The COT measured muon pr is set equal to the muon Er (this is a good approxima-
tion, since the muon mass is negligible compared to its kinetic energy) and vectorially
added to K. The small amount of energy deposited in the calorimeter by the muon is

vectorially subtracted.

4.4 Jet Selection

In this analysis, jets are identified using a cone-clustering algorithm that sums the energy
of calorimeter towers which fall inside a cone of AR = |/A? + AZ. The summed energy
is referred to as 'raw’ energy and is known to underestimate the energy of the original
parton giving rise to the jet. Corrections to the jet energy measurement have therefore

to be performed.

4.4.1 Jet Corrections

CDF categorizes jet corrections from several different sources into seven different "levels’.

Each correction level has the correction of lower levels included.

e Level 1: Relative Energy Correction:
Corrects for inhomogeneous detector response and makes calorimeter response uni-

form over the full pseudo-rapidity range.

e Level 2: Time Dependence:

Corrects for aging effects taking place in the calorimeter photo tubes.

e Level 3: Raw Energy Scale:

The raw jet energy is scaled to the Run I energy calibration [41].
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e Level 4: Multiple Interactions:
The energy from different pp interactions during the same bunch crossing may fall
inside the jet cluster which increases the energy of the measured jet and has to
be subtracted. On average the number of interactions at the Tevatron per bunch

crossing is ~ 0.8 - 1.3 depending on the instantaneous luminosity.

e Level 5: Absolute Energy Scale:
The jet energy measured in the calorimeter needs to be corrected for any non-

linearity and energy loss in the un-instrumented regions of the calorimeter.

e Level 6: Underlying Event Energy:
The underlying event energy is the energy associated with the recoil of the spectator

partons in the hard pp collision.

e Level 7: Out of Cone Corrections:
The out of cone corrections correct the particle-level energy for leakage of radiation

outside the clustering cone used in the jet definition.

In this analysis, we count jets corrected with jet corrections level 4 and require the
corrected £ > 15 GeV and |n| < 2.8. To reconstruct kinematic event quantities, we
correct the jets with all available corrections (level 7). Figure 4.3 shows the correction
factors (level 4-7) as a function of (raw) jet pr for (s-channel) single top Monte Carlo

events.

4.4.2 b-quark Tagging

The b-quark has a relatively long lifetime of 7 ~ 1.5x 1072 s. Moreover, b-quarks from top
quark decays have an average pr ~ 65 GeV and therefore experience a significant Lorentz
boost of v ~ 15. This means that the B hadrons formed during the hadronization of

the initial b-quark can travel a significant distance before decaying into a collection of
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Figure 4.3: Correction factor for jet correction levels 4-7 as a function of (raw) jet pr for

(s-channel) single top Monte Carlo events.

lighter hadrons. This distance is given by L = fecr’, where (3 is the velocity of the
particle in units of the speed of light 8 ~ 1 and 7’ is the proper life time (7" = 7). The
average transverse distance traveled by the B hadron is therefore Ly ~ 6.8 mm. The
spot where the decay happens can be reconstructed in the micro-strip silicon detector by
identifying tracks which form a secondary vertex significantly displaced from the primary
pp interaction point (primary vertex).

The b-tagging algorithm used in this analysis is SecVtx [42]. A loose set of quality
requirements is applied to all tracks found in a cone of AR= 0.4 around the candidate’s
jet axis. The algorithm searches the set of accepted tracks for a set of three or more tracks
that form a secondary vertex. If this attempt fails, a set of tighter selection requirements
is applied to see if the jet contains at least two higher quality tracks that could form a

secondary vertex. If either attempt is successful, the transverse distance L,, from the
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primary vertex of the event is calculated along with the associated uncertainty on L,

which we denote o, . If the L,, significance satisfies the condition:
Lmy / g Ly Z 3

the jet is considered 'tagged’.

Jet Axis

Jet Axis

Secondary Vertex ’

Secondary Vertex ' a0

Primary Vertex

Primary Vertex

Figure 4.4: Cartoon showing fake (L., < 0) and true (L, > 0) reconstructed secondary

vertices.

The sign of L,, indicates the position of the secondary vertex with respect to the
primary vertex along the direction of the jet as illustrated in Figure 4.4. If L,,, is positive,
the secondary vertex points towards the direction of the jet. This is consistent with a B
hadron traveling from the primary vertex in the direction of the jet. For negative L,, the
secondary vertex points away from the jet which may only happen by coincidence or as
a result of mis-measured tracks. Jets tagged with a negative L, are labeled mis-tagged

jets.

4.5 Event Vetoes

Several event vetoes (EV) are employed in this analysis to remove event topologies in-

consistent with the signal event selection:
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e 7Z-Boson Veto
A Z + jets event, with the Z boson decaying into a pair of leptons, can mimic a
W + jets event when one lepton, from the Z decay, is not reconstructed and mis-
measured jets lead to a significant amount of missing energy. The Z veto removes
events in which the primary lepton candidate forms an invariant mass with another

loosely identified lepton of the same flavor but opposite charge within a window of

+ 15 GeV around the Z mass (i.e. 76 to 106 GeV).

e Dilepton Veto
Single top events feature only one high pr isolated lepton. We therefore require
exactly one such lepton to be reconstructed in either the CEM, CMUP or CMX.
Events with more than one isolated lepton are rejected. The rejection requirement
also searches for additional electron candidates reconstructed in the plug calorime-
ter (PEM) even though this part of the detector was not included in the trigger
requirement. The dilepton veto is aimed to reduce tt background from events with

two leptonic W decays.

e Conversion Veto
Photon conversions into an electron/positron pair can occur in the detector material
and are a source of electron backgrounds which have to be removed. A conversion is
defined as a pair of oppositely charged tracks (one of which is the electron candidate)
with a small separation in the r — ¢ plane (|JA(zy)| < 2 mm) at the point where

both tracks are parallel and have a small difference in polar angle (A(cotf) < 0.04).

e Cosmic Ray Veto
Cosmic ray muons, produced from pion decays in the earth’s upper atmosphere,
pass through the CDF detector all the time. They are removed by rejecting events

with a muon candidate which does not coincide with the beam crossing.
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4.6 Reconstruction of M,

The top quark decays almost always to a real W boson and a b quark. In this analysis we
select events with evidence for a leptonic W decay. The invariant mass of the top quark
can therefore be reconstructed through its decay products, the lepton, neutrino and the

b-quark. The invariant mass, M., corresponds to the top quark mass.

My, = \/(El + E, + Ey)? — (o + Do + Dp)?

4.6.1 b-jet assignment:

The first step in the M, calculation is the identification of the b-quark four vector,
oy = (Ep, D), coming from the top quark decay. Our event selection criteria requires at
least one b-tagged jet to be present. If there is exactly one b-tagged jet in the event, this
jet is used for the M, calculation. If there are more b-tagged jets, we pick the one which
has maximum () - n, where @ is the charge of the lepton and 7 is the pseudo-rapidity of
the b-jet. The b-jet 3-momentum vector pj is corrected by a scale factor obtained from
the jet corrections (see Section 4.4.1). We use jet corrections level 7, which includes all

available corrections. We set the b-jet mass to m, = 5 GeV, and calculate its energy:
Eb =4/ m% + ]?_;)2.
Lepton assignment:

Our event selection requires exactly one charged lepton (e or u) candidate in the event,

which is assigned to the lepton four-vector

Neutrino assignment:

The neutrino remains undetected and we can only reconstruct the missing transverse

energy Kr which provides information for the p, and p, of the neutrino.
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4.6.2 Calculating the neutrino p, component:

The z-component of the neutrino momentum is unknown. However, under the assump-
tion that we are dealing with a real leptonic W boson event the neutrino p, . can be

calculated up to a two-fold ambiguity using the following kinematic constraint:

pw=p+p, = mw=+(p+Dp)?

Squaring both sides (of the Equation on the left) provides us with the identity that the
invariant mass of the lepton and the neutrino equals the mass of the W boson. Since
the W mass is known very precisely, we can solve this Equation for the neutrino p, .

component:

_ —bE Vb —4ac

Pvz %

(4.3)

a = pi,+oi,
b = _(m%/l/pl,z + 2pl,xpl,z ETx + 2pl,ypl,z ET:(:)

1
¢ = ETy(pl%x +pl2,z)+ ET?c(plz,y _'_plz,z) - im%{/
—miy P Bre — MiyDiy Bry — 200000y Bre BTy

my = 80.45+0.04 GeV/c?

Out of the two solutions, we choose the one which has the smallest absolute value.
Complex solutions are obtained in about 30% of all cases due to detector resolution
effects. In these cases, we use only the real part of the solution (p,. = —b/2a). The
neutrino energy is assigned to E(v) = \/Er* + p2.

The M;,;, mass window has been chosen to be 35 GeV around the top quark mass such
that only events with a M, value within 140 < M, < 210 GeV/c? are accepted. The
specific choice of this event selection window is motivated in Section 5.3 in the context

of background event rejection.
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4.7 Event Detection Efficiency

Having established a set of specific selection requirements to implement our analysis strat-
egy, we can now determine how many single top events pass on average these selection
requirements. To do this, we apply the event selection requirements to fully simulated

single top Monte Carlo samples. The fraction of events that passes all selection require-

MC

MG the event detection efficiency in Monte Carlo?.

ments is defined as €
To calculate the number of predicted events (yield) in a certain dataset, we have to
multiply the event detection efficiency with the predicted cross section and the integrated

luminosity, L, = [ Ldt, of the accumulated dataset.

redict theo
|\lgvt = 0g - Cevt” »Cint (44)

It is known that Monte Carlo samples do not perfectly model every aspect of the CDF
detector. The event detection efficiency measured in Monte Carlo needs to be corrected
for these differences (€.orr). Moreover, since our Monte Carlo dataset included only
leptonic W decays, W — ev,/uv, /Tv., while the theoretical cross section is inclusive, we
have to correct €. with the branching ratio into leptons, egg = 0.3204 [6]. We have no
trigger requirement on our simulated samples, thus we make trigger efficiency corrections.

All four correction factors are shown in equation 4.5. This completes the corrections to

MC

oo and defines the proper €. to be used in Equation 4.4 to make a prediction on the

€

expected event yield in data.
€evt — 62(',5 * €corr * €BR * €trig (45>

The correction factor €., in Equation 4.5 has contributions from different sources. Each
source is described below:

data data data data

€ _ €20 . 6tag . €id . €rec (4 6)
corr — 6MC EMC 6MC’ 6MC :
z0 tag id rec

2sometimes also referred to as ’acceptance’
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o e
The z vertex-cut efficiency differs in Monte Carlo compared to data. The numerical
value is €d4 = (.951 & 0.005 for data [44] and € = 0.965 + 0.003 for single top

Monte Carlo.

data
tag Jet/etag —jet

The Monte Carlo sample overestimates the b-tagging efficiency and therefore needs
to be corrected. efi®  , /efC .., = 0.82 4 0.06 is the correction factor for the b-
tagging efficiency [42]. This correction factor is defined per tagged b-jet. If our
Monte Carlo sample would contain only events with exactly one b-jet per event,
the factor would be applicable globally. However, since we also have events with two
tagged b-jets the global correction factor has to be determined. One method is the
counting method [45]. In this method, each b-tagged jet is considered individually
and 1 — et /els = 18% of the jets are disregarded randomly and the remaining
events with at least one b-jet are counted. The result for the global correction factor

data

6mg,global

/ efffglobal is 0.826 for t-channel and 0.849 for s-channel single top.
data/EMC

The lepton candidate selection requirements were summarized in Sections 4.3.1 and
4.3.2. The efficiency associated with this identification differs between Monte Carlo
samples and data. The correction factor also varies for different sub-detectors and

is summarized in Table 4.3 [46, 47, 48].

data
® €rec / €rcc

This factor only applies to muon candidates and accounts for differences in the

muon reconstruction in the Monte Carlo samples compared to data, see Table 4.3.

Since trigger, lepton-identification and muon-reconstruction efficiencies vary for different

sub-detectors, equation 4.4 becomes a sum over all three detector regions:

predict theo / CME CME CMUP CMUP CMX CMX
Nevt _Ust (Eevt ‘Clnt +€evt ‘Clnt +€evt ‘Clnt ) (47)
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Efficiencies CEM CMUP CMX
Trigger €M = 0.966 = 0.001 eIUP = 0.887 £ 0.007 X = 0.954 4 0.006
ID s.f. | edata /eMC = 0.965 £ 0.006 | edata /eMC = 0.939 4 0.007 | edata /eMC = 1,014 £ 0.007
Rec s.f. - edata [MC — ().945 + 0.006 | edale /M = 0.992 + 0.003

Table 4.3: Trigger efficiencies and (data/Monte Carlo) lepton identification and muon-

reconstruction efficiency scale factors (s.f.) for the various sub-detectors used in this

analysis.

The accumulated data (integrated luminosity) is also slightly different for each sub-

detector. Table 4.4 lists the integrated luminosity collected in each sub-detector used for

this analysis.

Sub-detector

CEM

CMUP

CMX

Lint 162 £ 10 pb~!

162 4 10 pb~*

150 4+ 9 pb™!

Table 4.4: Integrated luminosity collected in each sub-detector used for this analysis.

The number of predicted single top events which is expected to pass our event selec-

tion for this data sample is listed in Table 4.5 for the s-channel and in Table 4.6 for the

s-channel (o

,=0.88 pb)

€evt

predict
Nevt

Produced

Lepton+Fr+Vetoes

Lepton+#7+Vetoes+b-tag  1.62% + 0.12%

3.22% + 0.25%

142

4.6 £0.7

23+04

...+ M, window cut

1.06% + 0.08%

1.5+ 0.2

Table 4.5: Event detection efficiency and predicted number of events for s-channel single

top after event selection requirements.

t-channel. The effective event-detection efficiency, €., weighted according to the inte-

grated luminosity, and summed over all sub-detectors is also listed. The uncertainties on
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the number of predicted events also include sources of systematic uncertainties on the

single top yield which will be discussed in Section 6.5.1.

t-channel (0,=1.980 pb) €cut \predict
Produced - 317
Lepton+Er+Vetoes 3.09% + 0.24% 9.8 + 1.6

Lepton+Zr+Vetoes+b-tag  1.06% + 0.08% 3.4 + 0.6

<. My, window cut 0.89% £ 0.07% 2.8 £0.5

Table 4.6: Event detection efficiency and predicted number of events for t-channel single

top after event selection requirements.

In summary, we expect 1.5 + 0.2 s-channel single top events and 2.8 4+ 0.5 t-channel

single top events to pass the event selection requirements in 162 pb~! of data.
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Background Composition

Several Standard Model processes are expected to pass the single top event selection
described in Chapter 4 [42]. Tt is convenient to group these background processes into tt
and non-top contributions. The first one refers to the ¢¢ pair production process and the
second refers to all other QCD /electroweak processes with a W + jets final state. Since
we require at least one b-tagged jet, the primary source (62%) of the non-top background
is the W + heavy flavor jets processes g’ — Wy, with ¢ — bb or g — ¢¢ and gqg — We.
Additional sources are mistags (25%), where a light flavor quark jet in a Wqq’ process is
erroneously identified as a b-jet. QCD multi-jet production, where one jet fakes a lepton
and mismeasured jets lead to significant [, is referred to as non-W and also contributes
to the non-top background (10%). A smaller contribution (3%) is expected from direct
diboson (WW, WZ, ZZ) production where one boson decays leptonically and the other

into two jets.

5.1 Top-Antitop Background

Top pair production, shown in Figure 5.1, can mimic single top events in two ways: the
first way is in the dilepton mode, where both W bosons from the top quark decays,

decay leptonically and one lepton escapes detection. The other way is ¢f production in

99



CHAPTER 5. BACKGROUND COMPOSITION 60

the lepton plus jets mode in which one W decays leptonically and the other decays into

two jets.

Figure 5.1: Some representative diagrams for ¢ production.

We calculate the predicted yield of this background by normalizing the Monte Carlo
to the theoretical cross section (similar to the method used for the single top signal). To
derive the event detection efficiency, we use a Pythia Monte Carlo sample. All correction
factors are identical to the single top case, except for the global correction factor of

data [eMC 0.857. The theoretical cross section

the b-tagging efficiency: For tt eqi®,  [ens o =

has been calculated at NLO and is o = 6.770% pb [49]. Table 5.1 summarizes the
predicted ¢t yield in our data sample. The uncertainty on the predicted number of events
includes the theoretical cross-section uncertainty (13.1%), the uncertainty on the event
detection efficiency (8.4%) and the uncertainty on the top mass (7.6%) as well as a general
uncertainty from effects like the PDFs, integrated luminosity, event generator and initial

and final state radiation (15%).

tt (Ut:6-7 pb) €eut Ng\r/idkt
Produced - 1179
Lepton+¥7+Vetoes 1.67% + 0.13% 19.6 &+ 4.0

Lepton+Zr+Vetoes+b-tag  0.75% + 0.06% 8.8 + 1.8

...+ M, window cut 0.36% 4+ 0.03% 3.8 £0.9

Table 5.1: Event detection efficiency and number of predicted ¢t events after event selec-

tion requirements.
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5.2 Non-top Background

For most non-top processes, the theoretical cross section has only been calculated at
leading order in perturbation theory and the production rates are therefore not well
known (e.g. Wbb, We, Wqg). The CDF top analysis group has developed a method
to calculate the yield of the non-top processes from data with the help of Monte Carlo
samples [42]. This approach is summarized in Section 5.2.1. We have adjusted the

method and the results obtained with it for use in the single top analysis [43].

5.2.1 Non-top Background Calculation

The strategy is to measure the number of direct W+jets events, ijfjets, using the data

sample before the b-tagging requirement is applied (pre-tagged data). The superscript,
Njet, accounts for the jet multiplicity in the event. Direct W+jets production is not
the only source of W candidate events in data. To calculate Név/ﬁtjets, we count the

Njet
total number N,

of W+jets candidates in data and subtract the contributions from
all sources other than direct W+jets production. These sources include non-W, diboson
and Z — 77T.

NI/]I\/[']fjets = Nc]lvjet(l - F]\c?rft—W) - NéVjEt - Névjﬁ (51)

ata n iboson —TT

The next step is then to estimate the number of W+jets events with heavy flavor jets.
For this, we need to know the ratio of W+HFjets/W +jets. This ratio is obtained from

Monte Carlo samples, but the normalization, Ny e, is from the data.

o Whb
In the case of Wbb production, shown in Figure 5.2, a Monte Carlo sample is used to

Njet

. . N’et
derive two ratios, F'1;/;; and F2 7%,

el which represent the fraction of W-jets events
in the Nj. bin, containing respectively, exactly one or two final state jets with a
b-parton matched to that jet within a cone of AR < 0.4 about the jet axis. Tagging

efficiencies €127 and €227 are derived for both classes of events from Monte Carlo

Wbb Wbb
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A
b, ¢

b, ¢

Figure 5.2: Diagram for Wbb or Wee production.

samples and corrected with a data/Monte Carlo scale factor. The ratios are then
normalized to the number of W + N, events observed in the pre-tagged data to
obtain the predicted number of Wbb events in each jet-multiplicity bin Njer with

at least one b-tagged jet:

Nje Nje Nje Nje Nje Nje
Nygy = Nw'ing, - (Flyggg - elyg + €2y - F2500)
o Wee
The calculation of the W background is analogous to the Wb background. To

. N; o
derive N}/, we can use a similar formula as above:

Njet Njet Njet Njet Njet Njet
Ny Nw'ine, - (Flyee - el + €2y - F2y05%)

cc

o We
The calculation of the We background is also similar to the Wbb background, the
normalization to data simplifies, because the process involves only one heavy flavor
jet:

Njet . Njet Njet Njet
Nye' = NW+Njet (Fweewe)

e Mistags
The contribution from mistags is derived from a parametrization of the probability

that a light quark jet will be misidentified as a b jet. This parametrization, known as
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g

Figure 5.3: Diagram for W production.

the mistag matrix, depends on 5 jet parameters, the jet Er, 1, ¢, sum of transverse
energy in the event and track multiplicity. The mistag matrix is derived from
the tagging rate with negative L,, significance in generic QCD jet events. This
parametrization is motivated by the fact that light quark jets are equally likely to
have negative L, as positive L,, tags. Therefore, the negative L,, rate in generic
jets is an approximation of the +L,,, of light quark jets (i.e. mistag rate). To obtain
the mistag contribution of a sample of W + N, events, the mistag probability is
computed for each jet in the event which is then summed over all events in the

sample.

e Diboson
The predicted number of diboson events in our data sample is calculated the same
way as single top and the tf background. The theoretical cross section has been

calculated for the Tevatron [50].
W, Z

N
¢ ——
M””mw,z

Figure 5.4: Diagram for Diboson production WW, WZ, ZZ.

e non-W

The non-W contribution is derived from data. The method is based on the cor-
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ww w2z 77

o at 1.96 TeV 13.30 pb 3.96 pb 1.57 pb

Table 5.2: Diboson cross sections.

relation of two quantities, the lepton isolation and Er. We assume that in the
pre-tagged sample, events containing a real W are confined in a region with large
K7 and low lepton isolation, while non-W events are evenly distributed in K ver-
sus lepton isolation space, with no correlation. Four regions are defined to make

quantitative prediction:

— Region A: 7 < 15 GeV, iso < 0.1
— Region B: B < 15 GeV, iso > 0.2
— Region C: £ > 20 GeV, iso > 0.2

— Region D: Fr > 20 GeV, iso < 0.1 (W signal region)

Based on the assumptions made, the number of pre-tagged events in region D is:
(Na-N¢)/Np. The tagging efficiency is estimated from region B and D to calculate

the number of events expected in the b-tagged sample.

The result of the background calculation for the various non-top background sources
in the tagged W42 jets sample is listed in Table 5.3. The efficiency of the M, ,-window
cut is obtained from Monte Carlo samples except for the non-W background which was
obtained from QCD enriched data where the lepton isolation requirement was inverted
(see Section 5.3).

In summary, we expect 30.0 £ 5.8 non-top events to pass the event selection require-
ments in 162 pb~! of data. The uncertainties on the W-+HF processes are correlated
and therefore added linearly, the uncertainties on Mistags, non-W and dibosons are

uncorrelated and were added in quadrature [42].
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NWbI_) NWCE NWc NMistags Nnon—W Ndiboson

WH2jets+EV+b-tag  23.7£6.8 8.5+2.3 8.5£2.2 185+£2.6 10.3£1.7 2.3£0.3

ot My window cut  11.0£3.4 3.6+1.1 3.8+1.1 7.5£1.6 3.0£0.7 1.0£0.1

Table 5.3: Number of predicted non-top background events after event selection require-

ments.

5.3 M;,, Mass Window

To further reject background events from entering our single top event selection and to
improve our overall signal purity we require the invariant mass of the lepton, neutrino
and the b-tagged jet, M, to be close to the top quark mass. We require all candidate
events to fall within a M, window in order to be accepted. The method we use to

calculate M, is outlined in Section 4.6.

By varying the size of the window around the top quark mass of ~ 175 GeV /c? we can
find the window which provides the optimal statistical signal significance, S/ \ﬂB ). Table
5.4 shows several mass window scenarios and their corresponding window efficiency for
signal and background events together with the resulting signal significance. Three mass
windows show similar good signal significance and we choose the one with the largest
kinematic coverage, 140 < My, < 210 GeV/c2.

Figure 5.5 shows the M, distribution for signal and background processes. The
non-top background distribution is composed of M;,;, distributions obtained from Monte
Carlo samples of all sources listed in Table 5.3. The shape of the non-W distribution is
taken from QCD enriched data which was obtained by selecting events where the isolation
requirement was inverted. The relative contribution of each process is normalized to the
expected yield for each process.

The single top signal is most likely to fall inside the mass window. The ¢t distribution

is expected to be broader since it suffers from combinatorial ambiguity to assign the
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M, window: s-channel t-channel tt non-top S/ \ﬂB)

100-250 GeV /c? 0.93% 0.99% 0.78%  0.92% 0.65
105-245 GeV/c? 0.92% 0.99% 0.75%  0.90% 0.65
110-240 GeV/c? 0.90% 0.98% 0.72%  0.87% 0.66
115-235 GeV/c? 0.87% 0.97% 0.70%  0.81% 0.67
120-230 GeV/c? 0.84% 0.96% 0.66%  0.74% 0.68
125-225 GeV/c? 0.81% 0.94% 0.63%  0.66% 0.70
130-220 GeV /c? 0.77% 0.91% 0.58%  0.59% 0.71
135-215 GeV /c? 0.72% 0.88% 0.53%  0.51% 0.73
140-210 GeV/c?  0.66% 0.84% 0.48% 0.45% 0.74
145-205 GeV /c? 0.60% 0.79% 0.43%  0.38% 0.74
150-200 GeV /c? 0.54% 0.72% 0.37%  0.31% 0.74
155-195 GeV /c? 0.46% 0.64% 0.31%  0.25% 0.72
160-190 GeV /c? 0.36% 0.52% 0.24%  0.19% 0.67
165-185 GeV/c? 0.26% 0.38% 0.17%  0.12% 0.59

Table 5.4: Efficiency of M;,, mass window cut for signal and background.

correct final state particles to the correct top quark, since the top quark is produced in
pairs. The s-channel distribution has a longer tail at high masses than the t-channel for
similar reasons. The b-jet recoiling against the top quark can sometimes be incorrectly
assigned to be the b-jet from the top quark decay. The non-top distribution is expected
to 'peak’ at low M, which is an artifact of the minimum FE7 threshold applied to the
final state objects (i.e. jets, leptons, Fr). The distribution then falls all the way from

there to the highest masses in the analysis.
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Figure 5.5: M,,, distributions for signal and background events. Only events which fall
inside the M;,,-window will be accepted in the analysis. The distributions are normalized

to unit area.

5.4 Signal to Background Ratio

Extracting a single top signal is a challenging task because of the large number of back-
ground processes. We employ several powerful tools in this analysis to improve the
signal to background ratio. Table 5.5 summarizes the signal to background ratio at vari-
ous stages of the event selection. By selecting events which feature a W boson candidate
plus two jets and pass the event veto rejections, the S/B is still as low as 1/201!. Re-
quiring at least one b-tagged jet improves this by a factor of ~ 14. Adding the M,,,

mass-window improves the S/B again by almost a factor of two. The next chapter will

IThis is also the reason why the signal contribution in equation 5.1 was ignored.
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Event selection Signal (S) Background (B) S/B
W+2 jets + EV 14.4 2894 ~ 1/201
W42 jets + EV + b-tag 5.7 78.1 ~ 1/14
W+2 jets + EV + b-tag + M, window 4.3 33.8 ~1/8

Table 5.5: Signal to Background ratio after event selection requirements.

discuss the likelihood method we use to further improve our sensitivity to a single top

signal and to better discriminate between signal and background.



Chapter 6

Maximum Likelihood Method

To quantify the single top content in the data, a maximum likelihood method is used
[6]. We include the Poisson behaviour of the expected event yield, the independent
background calculation and the shape information of the distribution of the kinematic

variable Hr into the model.

6.1 Introduction

In this chapter, the maximum likelihood method is described used in this analysis. The
data will be in the form of measured values of the kinematic variable Hy for N observed
events!. We assume that each event is either from signal or background, i.e. N = N,+N,,.
Because of the small number of predicted signal and background events, we have to
assume they are distributed according to a Poisson distribution with unknown means
ns and n,. The likelihood function, £, is a function of the unknown Poisson means ng,
n, and is defined such that it expresses the joint probability of observing the N data
events at their respective values of the kinematic variable Hp. The values ng, n, at

which £ achieves its maximum, corresponds to the most probable estimate for the true

'Data events which pass the event selection requirements described in Chapter 4.

69
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signal and background content N, N, in the data sample. In Section 6.2, the kinematic
variable Hp is introduced. The shapes of the Hy distributions for single top, tf and
non-top background are used as signal and background ’templates’ in the definition of
the likelihood function. The explicit expression of the likelihood function is explained
in Section 6.3, and sources of systematic uncertainties that are incorporated into the

analysis are discussed in Section 6.5.

6.2 Kinematic Variable Hy

Since two channels contribute to single top quark production, we can expect, a-priori,
the highest sensitivity to a single top signal by combining both processes in the search. It
is therefore best to identify a kinematic variable with a distribution that looks similar for
s-channel and t-channel single top quark production and different for the backgrounds.
The scalar sum of transverse energies of all final state particles in the event (Hy) is such

a variable. We define it as:
Hr = B¢ Br + Y B3 (6.1)

where all jets with raw Ep > 8 GeV and |n| < 2.8 in the event are included 2. We apply
jet corrections level 7 (defined in Section 4.4.1) to the identified jets. Figure 6.1 shows
the distribution for s- and t-channel single top obtained from our single top MC samples.
The shapes are very similar for both processes, which makes it a good variable for a
combined (s-channel + t-channel) single top search.

We model the Hr distribution of the ¢ and the non-top background separately. The
tt distribution is obtained from the ¢t Monte Carlo sample. The non-top distribution has
contributions from all non-top processes and the relative contributions are taken from

the a-prior:i event yield prediction summarized in Table 5.3. Figure 6.2 shows the super-

2The lower jet-Er requirement, compared to the jet counting threshold, is motivated to better dis-
criminate against ¢ events which have more final state particles in the event and therefore higher Hr.
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Figure 6.1: Hp distribution for both single top processes for events which pass all event

selection requirements.

position of Hy distributions of all non-top processes. The distributions for Wbb, Wcé
and We are obtained from Monte Carlo samples generated with the ALPGEN program
[51]. The distribution for the Mistags is obtained from a generic Wqq (ALPGEN) Monte
Carlo sample weighted by the summed mistag probability of each jet in the event [42].
We obtain the non-W Hyp-distribution from a QCD enriched sample where the isolation

requirement of the lepton was inverted.

To remove statistical fluctuations from the binned histograms, the distributions are
smoothed. To perform the smoothing, the Hy histograms are binned with a fine granu-
larity of 1000 bins and each bin-content is averaged with the bin content of 20 bins on
either side. The smoothed Hr templates for single top, ¢ and non-top background are
shown in Figure 6.3. The non-top distribution is the smoothed version of Figure 6.2. All

histograms are normalized to unit-area.



CHAPTER 6. MAXIMUM LIKELIHOOD METHOD 72

H; Distributiof or Non-top Background

—_

0.5

3'5 _l TTT I T T TT I T T 1T I TTTT I TTTT I TTTT I T T TT I T T TT I TTTT I TTT |_
3E L =
>2-5 — [] Mistags —
v L [ Wbb ]
o L _ -
o 2 ] Wcc =
~ F B Wc .
e Il Di-Boson =
I_% - Il non-W .

0
50 100 150 200 250 300 350 400 450 500 550
H; [GeV]

Figure 6.2: Total Hr distribution for the non-top background processes (for events which
pass all event selection requirements). The relative contribution from each process is

normalized to the predicted event yield summarized in Table 5.3.

6.3 Likelihood Function

The Hyp distribution of the data is assumed to be a superposition of the single top, tt and
non-top Hyp distributions. The information we obtain from data is only the total number
of events NN, which pass our selection requirements and their individual values of Hr.
Both the arrangement of signal and background events as well as the individual number
of signal and background events are unknown. Using the likelihood method, we measure
the single top and background normalizations, such that if N events observed in data
were chosen from respective single-top and background Poisson distributions having those
means, the likelihood of observing the data is maximized. The Poisson means for signal
and background are parameters in the likelihood function shown in Equation 6.2. Three

free parameters were chosen to represent the combined (s-channel + t-channel) single
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Likelihood Templates
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Figure 6.3: Smoothed Hp templates for signal and background normalized to unit area

(only bins 50-550 are shown).

top (1), tt (B2) and non-top (33) normalizations, where 3; = nj/NJPmd = 0;/0su;. The
likelihood function can be expressed in three terms [52]. The first term takes the Poisson
behaviour of the respective amounts of signal and background about Poisson means n;
into account (with n = 3% ;n;). The second term embodies the event-by-event shape
probability for signal and background, given the particular value of Hy of each event.
The third term includes the information of our background estimate into the likelihood,
particularly the uncertainty on the predicted yield of background events. We do this by
including a factor which Gaussian constrains the free parameters for the background [,
and 3. The width of the Gaussian function is given by the predicted relative uncertainty

of the tt (Ay = 24%) and non-top background (A3 = 19.5%).

5(51, B2, 53) = (6-2>

e nl H B1F1(Hr,) + B Fo(Hr,) + B3 F5(Hr,) f[ G(3|1, A

N! n
—— k=1
Poisson term

Shape Probability Gauss constraints
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d .
o 3; =n;/NV"" =0;/osn,: Free parameter for process j;

j=1 for single top, j=2 for tt, j=3 for non-top

NJPred: Predicted number of events for process j

n = Z?:l Bin;: Most likely sum of signal and background Poisson means

F;(Hr): Template for process j, normalized to the total number of events predicted

for process j, i.e. [ Fj(Hyp)dHy = NJPred

G(B|1, Aj) = 2W1Age_(ﬁj_1)2/m?: Imposes Gaussian constraints on the background
J

parameters that deviate too much from the independent background prediction

6.4 Testing the Maximum Likelihood Method

To test the maximum likelihood method, we apply it to many pseudo-experiments. Each
pseudo-experiment consists of a sample of fake data we would expect to obtain from
repeated CDF II experiments. The distribution of fit parameters can then be statistically

examined.

6.4.1 Generation of Pseudo-Experiments

Each pseudo-experiment consists of an ensemble of Hy values randomly generated accord-
ing to the expected Hr distribution (template) for signal and background. Each pseudo-
experiment is composed of Ngingic top, Niz and Npop—top Monte Carlo events, respectively.
We compute the particular values of Ngingie top, Nz and Nyon—t0p by numerically Pois-
son fluctuating the signal and background predictions summarized in Table 7.1. lL.e.
Niingle top = Poz’sson(Ngrf;C wop); Nit = Poisson(N%red); Noon—top = Poisson(Nﬁgfld_top).
We then randomly draw Ngingie top; Nez and Nypon—top €vents from the Monte Carlo tem-

plates of Figure 6.3. The obtained dataset represents one pseudo-experiment. The en-

semble of Hp values are, of course, different for each pseudo-experiment.
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6.4.2 Result of Pseudo-Experiments

We apply the maximum likelihood method to each pseudo-experiment. To perform the
task of maximizing £ with respect to the parameters (31, #» and (3, we use the MINUIT
software package [53]. MINUIT maximizes £ most effectively by minimizing —logL.
MINUIT performs a gradient search for the minimum value of the user-supplied multi-
parameter function using the Davidon-Fletcher-Powell algorithm [53]. In addition to
finding the parameter values which minimize —logL, MINUIT finds the uncertainty asso-
ciated with the parameters. The statistical uncertainty reported by MINUIT corresponds
to the amount by which the parameter would need to change in order to increase —logL
by 0.5 units.

The distribution of parameter 3y, 3> and 3 which maximized the likelihood function
in 10,000 pseudo-experiments is shown in Figure 6.4 (first column of graphs) together with
the uncertainty on the fit parameter (second column of graphs) and the 'pull’ distributions
(third column of graphs). The pull is defined as the difference between the parameter
value that maximized the likelihood function (reported by MINUIT) and the predicted

value (3 = 1 by definition) divided by the uncertainty on the parameter.

(B — 1.0)

0'5.

7

pull(3;) =

If the maximum likelihood method is performing correctly, we expect a pull distribution

centered around zero and a width of unity (which is the case for all three parameters).

6.5 Incorporating Systematic Uncertainties

Sources of systematic uncertainty are incorporated in this analysis as nuisance parameters
in the likelihood function, conform with a fully Bayesian treatment [54]. Most systematic
uncertainties, such as the uncertainty on the jet-energy-scale, can affect the analysis

in two ways: first, since we require the jets to have Er > 15 GeV, a change in the
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Figure 6.4: Distribution of maximum likelihood fit parameters, statistical uncertainty on

the parameter and pulls for 10,000 pseudo-experiments using predicted amounts of signal

and background from Table 7.1.
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jet-energy-scale affects the event detection efficiency derived in Chapter 4 (we call this
the 'normalization uncertainty’). Meanwhile, the shape of the Hy distribution, which
depends also on jet energies, will also change (we call this the ’shape uncertainty’). We
include all sources of systematic uncertainty into the likelihood and take the correlation
between normalization and shape uncertainties for a given source into account [55]. To
do this, we re-write Equation 6.2 as a binned likelihood function, as shown in Equation
6.3. This has the advantage that one can express the dependency of the likelihood on
systematic effects (both shape and normalization) in finite intervals, given by the bin
size. We choose 1000 bins® for Hp values ranging from k=0 to k=1000 GeV (i.e. the
bin size is 1 GeV). In the binned likelihood, the Poisson term is applied to the expected
number of events in bin k, p, and the shape information is given by o, which gives
the content of the Hr template of process j in bin k. The Hr templates are normalized

to the predicted number of events (i.e. S3,°0 ajx = N;).

B ek . 7
E(/61762763;617---7 = H k HG ﬁj‘l ) HG(527071) (6?))
: 7j=2 =1
Poisson term Gauss constraints Systematics
3 7
where, =Y B - {H [L+16s] - (€5 H (0:) + Gji—H(—5i))]} (6.4)
j=1 =1

Normalization Uncertainty

- o -{1_Il<1+|6\ <mﬂk+H<@->+mﬂk-H<—5i>>>} (6.5)

Shape Uncertainty

Seven categories of systematic uncertainties, labeled by the index i, are considered
in the likelihood: (1) the jet-energy-scale, (2) modeling of initial state radiation (ISR),
(3) modeling of final state radiation (FSR), (4) choice of parton distribution function,
(5) choice of Monte Carlo event generator, (6) the top quark mass uncertainty, (7) event

detection efficiency combined with the uncertainty on the integrated luminosity. The

3This makes the binned likelihood function effectively an un-binned one since resolution effects are
about 10 times larger than the bin size.
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relative strength of a systematic effect due to the source 7 is parameterized by the variable
d; in the likelihood function, constrained to a unit-width Gaussian (last term in Equation
6.3). The 410 changes in the normalization of process j due to the i'* source of systematic
uncertainty are denoted by €;;,+ and €;,— (see Equation part 6.4). The £1o changes in
bin k of the Hy templates for process j due to the 7" source of systematic uncertainty
are quantified by ;4 and kj;;— (see Equation part 6.5). H(6;) represents the Heaviside
function, defined as H(d;) = 1 for §; > 0 and H(0;) = 0 for ¢; < 0. The Heaviside function
is used to separate positive and negative systematic shifts (for which we have different
normalization and shape uncertainties). The variable §; appears in both the term for the
normalization (Equation 6.4) and the shape uncertainty (Equation 6.5), which is how

correlations between both effects are taken into account.

6.5.1 Normalization uncertainties

Normalization uncertainties are estimated by recalculating the event detection efficiency
using Monte Carlo samples altered due to a specific systematic effect. The normalization
uncertainty is the difference between the systematically shifted event detection efficiency
and the default event detection efficiency given in Tables 4.5 and 4.6. Table 6.1 summa-
rizes the values obtained for all seven sources of systematic uncertainty. The effect of the
uncertainty in the jet energy scale is evaluated by applying jet-energy corrections that
describe 10 variations to the default correction factor. For the s-channel, both varia-
tions show a lower event detection efficiency (both relative changes are negative). This
is an artifact of the M;,,-window cut. Increasing (decreasing) the jet energy scale factor
by the +10 (—10) variation, shifts the M, distribution (shown in Figure 5.5) to higher
(lower) values. In both cases, the number of events which fall inside the M;,,-window is
smaller than in the default Monte Carlo sample (for which it was optimized). Systematic
uncertainties due to the modeling of ISR and FSR are obtained from dedicated Monte

Carlo samples where the strength of ISR/FSR was increased and decreased in the parton
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No. Source s-channel t-channel Combined
1 Jet energy scale —99.% Tia% 1%
2 ISR +0.9% +1.0% +1.0%
3 FSR +5.1% +1.6% +2.6%
4 PDF +2.7% +4.4% +3.8%
5  Generator +2% +5% +3%
6 Top quark mass 5% 09 —97%
7 €er @ Luminosity — £9.8% +9.8% +9.8%

79

Table 6.1: Systematic normalization uncertainties €;; for s- and t-channel single top and

both processes combined.

No. Source tt non-top
1 Jet energy scale 508%  t153%
6 Top quark mass +4.4%  N/A

Table 6.2: Systematic normalization uncertainties €;; for the ¢¢ and non-top background.

showering to represent +1o variations [56]. To evaluate the uncertainty associated with

the specific choice of parton distribution functions (PDF'), we investigate several sensitive

choices and selected the PDF that led to the largest deviation (MRST72) [19] from our

default set of PDF (CTEQS5L) [18] to represent a £1o variation. We estimate the uncer-

tainty associated with the choice of the Monte Carlo generator using single top Monte

Carlo samples generated with the TopREX program [57]. We take half the difference to

the default sample to represent a 1o variation.

For the backgrounds, most normalization uncertainties are absorbed into the uncer-

tainty on the predicted number of background events A;. Two major uncertainties are

taken separately into account: the uncertainty on the jet energy scale and the top quark

mass. The specific values are summarized in Table 6.2.
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Figure 6.5: Absolute shift of the Hp template histograms (« - k) in each bin due to
systematic shape uncertainties. The graphs are normalized to the maximum bin content

of the default (single top) Hr template.

6.5.2 Shape Uncertainties

The Monte Carlo samples used to determine the systematic normalization uncertain-
ties are also used to produce shifted Hy templates (due to the systematic effects). By
comparing the shifted templates to the default likelihood template, we can estimate the
systematic shape uncertainty. For each systematic effect, the relative difference of the
shifted template to the default template is calculated in each bin (i.e. 1 GeV steps).
The values obtained correspond to kj;+ and j;;,— in the likelihood function (Equation
6.5). Since oy, gives the content of the default Hy template in bin &, the absolute shape
difference corresponds to « - k. The « - k distributions are shown in Figure 6.5 for all
systematic effects. The graphs are normalized to the maximum content of the default
Hr template. The left plot shows the —1o shape variation and the right plot shows the

+10 variation. The uncertainty on the jet-energy scale and the top quark mass are the



CHAPTER 6. MAXIMUM LIKELIHOOD METHOD 81

dominating systematic effects and show shape variations of up to 15% of the maximum
template hight. The graphs pass through zero at the maximum of the default single top

template (Hr = 213 GeV), since this is where the absolute difference changes sign.

For the non-top background, we take an additional source of systematic error into
account: the choice of the factorization scale of the W-+jets background. The default
Monte Carlo samples use a variable factorization scale Q* = M3, + X" p, and we also in-
vestigate a constant scale Q* = M3,. The shape uncertainty on the background templates

are shown in Appendix B.

6.5.3 Marginalizing the Likelihood

The likelihood function depends on many parameters: the signal and background cross
sections, the uncertainty on the background normalization and the parameters of the
systematic uncertainties. Since we are only interested in the parameter (;, which corre-
sponds to the single top cross section normalization (5, = o1/0sp), we treat all other
parameters in the likelihood as nuisance parameters and we can remove their dependence
by integrating over them [6, 54]. The integration yields the marginalized likelihood which

only depends on the single top parameter (3;. The marginalized Likelihood is defined as:

L(B1) = /Om LBy, Ba, B3: 01, ..., ) dfodf3d0y ...dor

The integration is performed using a Monte Carlo integration technique developed by
Catalin Ciobanu [55]. For each MC integration point, a random number for the nui-
sance parameters 3; and J; is generated according to the Gaussian prior distributions
G(B;,1,4A;) and G(6;,0,1).

In Bayesian statistics, all knowledge about (; is summarized by the posterior prob-
ability distribution function (p.d.f.), p(f5i|data), which gives the degree of belief for 3,

to take on values in a certain region, given the data. The posterior p.d.f is obtained by
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using Bayes’ theorem:

__ Lr(data|Bi)m(B1)
PANAe) = T Cdatal By ) B,

where L£*(data|(;) is the marginalized likelihood and 7 (/) is the prior p.d.f. for ;. The
denominator simply normalizes the posterior p.d.f. to unity. We assume no knowledge
about the single top production cross section, thus a flat prior, 7(5;) = H (), is used

in this analysis.

6.5.4 Setting an Upper Limit on the Production Cross Section

In Section 6.4 we performed pseudo-experiments with fake datasets that we would expect
from performing many CDF experiments. The statistical uncertainty on the single top
parameter 3; (middle plot on the top of Figure 6.4) was, on average, on the order of
170 %. Assuming the Standard Model is the correct description of Nature, we do not
have the statistical power to measure a significant single top signal with this dataset
which we would call evidence or observation of single top quark production. Instead,
we can use the likelihood method to set an upper limit on the production cross section.
If, however, Physics beyond the Standard Model would significantly alter the single top

production rate, the data would show a significant deviation from the expectation®.

To set an upper limit on the single top quark production cross section at the 95%
Confidence Level, we integrate the posterior p.d.f. up to the limit 5{° to cover 95% of
the posterior p.d.f.

95

0.95 = /0 " p(B|data)dBs

41.e. the likelihood method applied to the data would return a value of 3; significantly different from
the expectation of 1.0.
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6.5.5 A Priori Sensitivity

Before applying the likelihood method to data, we estimate a priori the sensitivity of
the likelihood method by measuring what cross section limit we are expecting to be able
to set in data. We apply the maximum likelihood method to pseudo-experiments which

tests the real measurement. For each pseudo-experiment the a prior: upper limit at 95
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Figure 6.6: Distribution of a-priori upper limits at 95 % C.L. on the combined single top

quark production cross section determined from pseudo-experiments.

% C.L. on the combined single top quark production cross section is calculated. Figure
6.6 shows the distribution obtained from 7000 pseudo-experiments. We take the median
of this distribution as a measure of the a-priori sensitivity and find a value of 13.6 pb
(12.4 pb statistical only), roughly 4.6 times larger than the Standard Model cross section

prediction.



Chapter 7

Results from Data

We apply now the event selection summarized in Chapter 4 and the likelihood method
described in Chapter 6 to data. Table 7.1 summarizes the predicted number of single top
and background events. In total, we expect 38.1 & 5.9 events to pass our event selection
in approximately 162 pb~! of CDF Run II data and we observe 42 events. This is in
good agreement with the prediction, given the uncertainty. The event yield in data after

applying (sequentially) all event selection criteria is summarized in Appendix C. We

N events

s-channel (0; = 0.88+0.11 pb) 1.5+£0.2
t-channel (o, = 1.98 £0.26 pb) 2.8+ 0.5

tt (o = 6.770 1% pb) 3.8+0.9
non-top 30.0£5.8
Sum 38.1£5.9
Observed 42

Table 7.1: Predicted number of signal and background events after all event selection

requirements in 162 £ 10 pb~! of CDF data, compared with the observation in data.

compare the Hp distribution of the 42 data events with the sum of predicted single top

84



CHAPTER 7. RESULTS FROM DATA 85

and background Hy shapes in Figure 7.1. Again, we find good agreement between data

and prediction.

S .g : — s-channel
g _ t- channel
S 6 £l
(0] Z ) , A §
@) 100 200 300 400
To) HT[GeV]
—
* —e— CDF |l data
5 — single top
i —— tt
non-top
— SUM ‘
O == | ‘
100 150 200 250 300 350 400 450

H.[GeV]

Figure 7.1: Hy distribution for data (42 events) compared with smoothed predictions for
signal and background. The inset shows the Hp distribution for both contributing single

top quark production channels.

One event contributes at high Hy ~ 475 GeV with very little probability to be either

single top or background. We show details about this special event in Section 7.2.

7.1 Upper Limit at 95% Confidence Level

Finally, we apply the likelihood method to the data in order to extract the most probable
single top content in the data sample. The posterior probability density obtained by

marginalizing the likelihood and multiplying with a flat prior is shown in Figure 7.2.
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The most probable value (MPV) corresponds to the most likely combined single top

o
©

0.6 O-Single Top< 17.8 pb at 95% C.L.

o
~

Posterior Probability Density

o
[N}

Figure 7.2: Posterior probability distribution function, p(/;), obtained by applying the

likelihood method to data.

production cross section given the data. The MPYV is obtained at 7.775% pb. The
uncertainty corresponds to the range of highest posterior probability density which covers
68.4% [6]. Since this uncertainty is rather large, we extract the upper limit on the
production cross section at the 95% C.L. We integrate the posterior probability density
to cover 95% of the area and find ogingie 1op < 17.8 pb at 95% C. L. [58].

7.2 Special Event at High Hy

One event in the data has very high Hp ~ 475 GeV. This seems very unlikely, given the
Standard Model prediction for single top, non-top and ¢. In this context, the observation
of events with low probability is interesting, because it could indicate the presence of new

physics beyond the Standard Model. In this Section, we will summarize the kinematic
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Figure 7.3: Front end view of the CDF detector for the highest Hr event.

properties of this event and calculate the probability that a Standard Model process is
the origin of this event. We end this Section with the conclusion that in an ensemble
of ~ 38 events, there is a reasonably large probability that one of the Standard Model
processes is the origin of this event.

In Figure 7.3, the event is shown in the CDF event display showing the tracking
and calorimeter as well as the muon system. The lighter color in the calorimeter towers
represents energy deposited in the EM calorimeter, the darker color represents energy
deposited in the HAD calorimeter. The lepton (electron in this case) may be distinguished
from the two energetic jets since it deposits only very little energy in the HAD calorimeter.
The arrow points towards the direction of Fr. Figure 7.4 shows the transverse energy
deposition in the calorimeter in a ’lego plot’. The two highest energy jets and the

lepton are clearly visible. Both jets feature a significant displaced secondary vertex and
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Object Er n 10)

Lepton (e7) 50.9 + 1.5 GeV  0.24 £+ 0.004 1.81 £ 0.0002

Br 25.7 + 11.0 GeV N/A 5.61 + 0.18
Jet 1 213.1 £ 6.5 GeV  0.45 £ 0.02  3.80 & 0.03
Jet 2 185.1 & 7.7 GeV  -0.13 £ 0.04  0.53 £ 0.05
Hr A74.7 £ 17.1 GeV
My 411.3 + 13.9 GeV/c?
M 172.9 & 7.7 GeV/c?
M 249.2 + 2.9 GeV/c?
M, 504.5 + 11.6 GeV /c?

Table 7.2: Kinematic properties of the highest Hy event.

have been b-tagged by the SecVtx algorithm. Table 7.2 summarizes several kinematic
quantities of the event. It should be noted that even though the event has very high Hrp
and a very high di-jet mass, the invariant mass of the lepton, neutrino and b-jet (b-jet
with the highest Qiepton - Mp—jer Which is more likely the b-jet from the top quark decay)
M;,,=172.9 GeV/ c? is very close to the top quark mass. The invariant mass of the entire
final state, M;,,;=504.5 GeV, is very large. A possible non Standard Model candidate

for this kind of signature would be a heavy W' boson, with W' — tb [59].

In order to calculate the probability that any Standard Model process (single top, tt
or non-top) produced the event, we can make use of the template distributions shown in
Figure 7.1. The area underneath the sum of the template distributions from 450 GeV-oo
corresponds to the probability of observing an event greater 450 GeV. This probability
amounts to about 0.44%. Given that our predicted number of events in data was 38.1,
we can estimate,a priori, the probability of observing one event with Hr > 450 GeV
with the CDF experiment, (i.e. P.,,(one event with Hp > 450) ~ N - P.,(Hr > 450) =

38.1:0.44 = 16.8%). We arrive at the same answer by performing pseudo-experiments and
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Figure 7.4: Lego plot of transverse energies in the CDF calorimeter for the highest Hrp

event.

counting the fraction of pseudo-experiments that have at least one event with Hp > 450.
In 100 000 pseudo-experiments, we find 16 577 experiments with at least one event with
Hr > 450 (16.8%); 1253 experiments had at least two events with Hp > 450 (1.5%).
In summary, there is a reasonably large probability that this event originates from a
Standard Model process. Statistically, we expect (on average) that about one in seven
CDF experiments (with 162 pb~! of data) will feature an event with Hy > 450 GeV; if
we were to observe two events, this probability would only be one in 67. In neither case

we would use this as evidence for new physics.



Chapter 8

Outlook:

Improving the Sensitivity of the

Search for Single Top

This chapter describes a new analysis technique that makes optimal use of information
in the data. Since single top quark production suffers from a large number of background
processes, using more information about each event improves our ability to discriminate
single top against the background. The implementation of the new analysis method is
similar to a recently optimized measurement of the top quark mass in ¢¢ lepton-+jets
events (events where one W boson decays leptonically and the other W boson decays
into quarks). Using this technique doubled the statistical sensitivity of the analysis [60].
The strategy is related to a method previously used for the measurement of the mass and
the cross section of ¢t in dilepton events (events where both W bosons decay leptonically)

61, 62].
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8.1 Introduction

The new method relies on a comparison of event probabilities for signal and background
processes based on the Standard Model differential cross-section calculation.

The data for the analysis described in Chapter 6 and 7 was of the form of measured
values of the kinematic variable Hp for each observed event. The shape of the Hp
templates used in the likelihood method corresponds to the shape of the differential cross-
section distributions do/dHy for signal and background. An improved discrimination
between signal and background processes could be achieved by including the shapes of
all differential cross sections in the analysis. This can be achieved by calculating the
fully differential cross section on an event-by-event basis for the signal hypothesis, and
the background hypothesis to quantify how likely the event is to be either signal or

background. The differential cross-section is given by [6]:

2m)4| M |?
do — ( )2‘ | — d®,(q1 + q2;p1, -, Pn) (8.1)
4\/(611 $q2)* — mg mg,

where |M| is the Lorentz invariant matrix element; ¢i, ¢» and m,,, mg, are the four

momenta and masses of the incident particles; and d®,, is the n-body phase space given
by [6]:

d’p;
dq)n(ch + q2; P1, >pn) - q1 + g2 — sz H (277')32E (82)

If the CDF detector would be ’ideal’, and if we could measure all four momenta
of the initial and final state particles very precisely, we could use this formula without

modification and normalize it to the total cross section to define the event probability:

do
Pevt ~
g

However, several effects have to be considered: (1) the initial state interaction is initiated
by partons inside the proton and antiproton, (2) neutrinos in the final state are not iden-
tified directly, and (3) the resolution of the detector can not be ignored. To address the

first point, the differential cross section is folded over the parton distribution functions.
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To address the second and third points, we integrate over all particle momenta which we
do not measure (e.g. p, of the neutrino), or do not measure very well, due to resolution
effects (e.g. jet energies). The integration reflects the fact that we want to sum over all
possible particle variables (y) leading to the observed set of variables () measured with
the CDF detector. The transfer between the particle variables (y) and the measured
variables () is established with the transfer function, Wy, x). After incorporating the

effects mentioned above, the event probability takes the form:

P(e) = L [ doy)dgsdas () F(aa)W (3. ) (53

where do(y) is the differential cross section in terms of the particle variables; f(x;) are
the PDFs, with z; being the fraction of the proton momentum carried by the parton
(xi = Ey,/Epeam); and W (y, z) is the transfer function. Substituting Equation 8.1 and
8.2 into Equation 8.3, and considering a final state with four particles (n=4), the event

probability becomes:

/2 4\M\2f( ‘) |éq |>W(y,x)d<1>4qulqu2 (8.4)

where the masses and transverse momenta of the initial partons are neglected (i.e.

\/ (1 @)? —m2m2, ~ 2B, F,). In Section 8.2, we will derive the transfer function
and make certain assumptions on the mapping between particles and measured objects.

In Section 8.3 we will apply the event probability of Equation 8.4 to single top events.

8.2 Transfer Function

The transfer function, W (y, x), provides the probability of measuring the set of observable
variables () that correspond to the set of production variables (y). The set (y) represents
all final state particle momenta at the particle level, while the set (x) represents the
measured momenta (of the corresponding object) with the CDF detector. In the case

of well-measured objects, W (y, z) is taken as a d-function (i.e. the measured momenta
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are used in the differential cross section calculation without any transfer). When the
detector resolution cannot be ignored, W (y,x) is taken as a Gaussian-type function.
For unmeasured quantities, like the momenta of the neutrino, the transfer function is
unity (the transverse momenta of the neutrino, however, can be inferred from energy and
momentum conservation).

Lepton momenta are well-measured with the CDF detector and we will assume ¢-
functions for them (first factor of Equation 8.5). The jet angular resolution of the
calorimeter is also good (on the order of o5, =~ 0.07) and we assume é-functions for
the transfer function of the jet directions (second factor of Equation 8.5). The resolu-
tion of the measured jet energies, however, is not negligible and the transfer function is
derived in Section 8.2.1. Using these assumptions, W (y, ) takes the following form for
the four particle final state we consider in the single top search (lepton, neutrino and two
jets):

2 2
Wy, z) =80 — 5") 1_[152(9? =) [T Wiet(Eparton; » Ejet;) (8.5)

i=1

where p,” and p;® are the produced and measured lepton momenta, € and 27 are the
produced quark and measured jet angles, and Epurton; and FEje, are the produced quark

and measured jet energies.

8.2.1 Jet-Parton Transfer

The transfer between parton and jet energies is determined by the transfer function
Wiet(Epartons Ejet). The standard jet energy corrections introduced in Section 4.4.1 cor-
rect the energies of jets in a way that the means of the corrected jet energies and the
original parton energies are equal. Such corrections, however, do not account for the
shape of the difference in energies: the shape of the 0p = (Epurton — Ejer) distribution).
This distribution is asymmetric and features a significant tail at positive dg, as shown in
Figure 8.1. Consequently, standard jet corrections, which assume Gaussian resolution,

often underestimate the original parton energy.
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Figure 8.1: Distribution of 65 = (Eparton — Ejet) for matched jets to partons in s-channel

Monte Carlo events (passed through full detector simulation).

We parameterize the dg distribution as a sum of two Gaussian functions: one to

account for the sharp peak and one to account for the asymmetric tail:

1 — (05 —p1)? —(0p —pa)®
W'e E arton s E-e - ex + 61’ - _ o 8.6
J t( part J t) \/%(pg + p3p5) ( P QP% b3 Y4 2p§ ) ( )

where the parameters p; have a linear dependence on Epq o, i.€.
pi =a; + biEparton

A total of 10 parameters (ay, b1, .., as, bs) are therefore required to specify Wiei(Eparton, Ejet)-

Parameters for W,..(E,urton, Ejet)

We determine the parameters of the transfer function Wi (Eparton, Ejet) using the s-
channel Monte Carlo sample. We apply all event selection requirements outlined in
Chapter 4, except for the M;,,-window. We then select jets which were reconstructed in
the same direction as the original particle (b or b quark for s-channel single top). We

require the b quark to be within a cone of AR < 0.4 around the reconstructed jet-axis
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Figure 8.2: TOP: Lego plot of Epuon Vs Ejer (passed through full GEANT detector
simulation) for a sample of matched jets to partons in s-channel single top Monte Carlo
events. BOTTOM: Functional form of E,qrion VS Ejer, where Ej; is predicted using the

transfer function Wie(Eparton, Ejet) of Equation 8.6 and the particle density n(Eparion)-
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in order to be considered 'matched’. We correct the matched jet using jet-correction
level 5 and write out the jet energy together with the energy of the original particle. The
distribution of measured jet energies versus the original parton energy of the b quark is
shown in the upper plot of Figure 8.2. The parameters of the transfer function are then
derived by performing a maximum likelihood fit to these events.

If n(Ejet, Eparton)dEjetd Eparton is the number of jets with jet energies between Ej.; and
Eje; + dEje., and particle energies between Epgion and Epgrion + dEparion 0 this sample,

then:
n(Ejet> Eparton)dEjetdEparton - n(Eparton)dEpartonWjet(Epartona Ejet)dEjet (87)

where 1(Eparton)dEparton is the number of particles with an energy between FE,ut0, and
Eparton + dEparion. The parameters of Wjei(Eparton, Ejer) are determined using a method
developed by Florencia Canelli such to maximize the agreement in Equation 8.7 [63].

The values obtained are summarized in Table 8.1.

pi = a; + b Eparton ; bi
1 [GeV] -1.380 -0.069
pa [GeV] 1.955  0.079
ps [N/A] 0.498  0.000
P4 [GeV] 5.702 -0.319
ps [GeV] 1.319  0.179

Table 8.1: Parameters for Wje.(Eparton, Ejet) for s-channel single top Monte Carlo events

(jets matched to particles).

The parametrization is shown in Figure 8.2. The upper plot shows the two dimen-
sional distribution of E,qton Vs Ejer obtained from the Monte Carlo sample, while the bot-
tom plot shows the prediction of this shape in a functional contour plot using the transfer

function and the particle density n(Epqrton). The performance of the parametrization is
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best shown in Figure 8.3, which shows the 6E = (Eputon — Ejet) distribution (histogram)

compared to the prediction from the transfer function (solid line).

10 GeV < Epm"< 60 GeV Entries 10389 60 GeV < Ewm< 80 GeV Entries 10584
2200 B T T T T T T T T Mean 6.858 - T T T T T T T T Mean 11.83
om0 B RMS 8.666 1400 = RMS 12.81
1800 E- = 100 F= E
1600 = - = =
a0 = _ 000 = =
1200 B = 800 E— —E
1000 B _ E E
wE E o0 - E
o0 - E won 3
400 = - E =
200 = E Bl =
q .E E
] Ay .y -y su ) Gem——s s mm——
(Ejet - Eparron) [GEV] (Ejet - Eparton) [GeV1
80 GeV <E,,..< 100 GeV Entries 9313 100 GeV < E,,..,< 120 GeV Entries 6439
= T T T T T T T | Mean 15.18 g T T T T T T T T Mean 18.99
F RMS 15.92 600 = RMS 19.02
o0 = 3 -
F ] 500 -
s00 - - E E
o ] a00 - =
600 f— 3 E 3]
o ] 300 = =
a0 - = E E
= = 200 - E
0 - - E_ 3
o L ! L L - ok E
) om— o . % g 3 r = T — ) — o " %0 g %o 3 ] O
(Ejet - Eparton) [GEV1 (Ejet - Eparton) [GEV]
120 GeV < E,,,< 150 GeV Entries 6064 150 GeV < E,,...< 180 GeV Entries 3166
- T T T T T T T T Mean 23.55 200 B= T T T T T T T T Mean 26.07
R = RMS 23.06 0 B RMS 26.36
E 200 -
P = 160 -
E 160 F=
300 f— 140 E=
E o -
200 = 100 -
E 80 =
wE E
E 20 B=
 —————— E—— ¢ % 5 e S

o 00
(Ejet - Eparton) [GeV] (Eje - E, ) [GeV]

jet ~ Eparton

Figure 8.3: Distributions of 0E = (E,urton — Ejet) for different ranges of parton energy
of matched jets to partons. The histograms are (s-channel) single top Monte Carlo
events after full GEANT detector simulation and jet (level 5) corrections. The solid line

corresponds to the transfer function using the parameters of Table 8.1.

8.3 Event Probability

After specifying the transfer function, we can apply the general event probability of

Equation 8.4 to the case of the single top analysis.
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8.3.1 Matrix Element

We calculate the matrix element (|M]) for the event probability at leading order per-
turbation theory by using the HELAS (HELicity Amplitude Subroutines for Feynman
Diagram Evaluations) package [64]. The correct subroutine calls for a given process are

automatically generated by the MadGraph program [65]. Figure 8.4 shows the two di-

—

X

(oW

¢
b
Figure 8.4: Leading order Feynman diagram for s-channel single top quark production

and decay (left) and Wbb background (right).

agrams we calculated with HELAS used in the Monte Carlo study described in Section
8.4.

8.3.2 Phase Space

The integration of the differential cross section has to be performed over 14 variables
corresponding to the momentum vectors of the four final state particles (12 variables)
and the longitudinal momenta of the initial state partons (2 variables). There are 11
d-functions inside the integrals: four for total energy and momentum conservation (part
of the phase space factor, see Equation 8.2) and seven for the transfer function (three
for the lepton momentum vector and four for the jet angles, see Equation 8.5). The
calculation of the event probability therefore involves a three dimensional integration.
The integration is performed numerically over the absolute value of the quark momenta

(pi = |pi]) and the longitudinal momentum of the neutrino (p,.). Since the value of
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the matrix element is negligible, except near the Breit-Wigner pole of the W boson,
we change the integration variable p, . to the W-mass. The phase space for single top
events is derived in Appendix D and has been expressed as a function of the variables

(p17 Qh p27 927pl7 mw) The l"esult 1S:

4
d¢4 — 6 qu _l_ qu Z E pq17z + pq27Z - sz,z)

dmi, d*pi 1 2 p2dp;dS;
|2E Bex — 2p,.| (2m)32E; (27)32E, ;- (2m)32F;

(8.8)

8.3.3 Event Probability for Single Top Events

Substituting the phase space factor (Equation 8.8) and the transfer function (Equation

8.5) into the expression for the event probability (Equation 8.4), we obtain:

24M2fx1 F@) s iy [T 0% 2 P
| | (pl Y2 ) H ( H ]et jets arton) 4
|qu| | Eq | i i

4
5 qu _'_ Eq2 Z E pqhz _'_ pq27z - Zpl’z>d3ﬁdm%/[/qulqu2 H dedQZ (89)
i=1 =1
where,
2rt 1 1 p? pi 1

i)
' (20)9 2,28, 2B, 2B, |2E,% — 2p,..|

The integration over £, and E,, eliminates the two d-functions in the second line of
Equation 8.9. The integration over the lepton momenta and the quark solid angles
eliminate the d-functions in the first line of Equation 8.9 associated with W (y, z). The

final event probability takes the form:

2
P /dpldp2de Z |]\4|2 f|(qq1|) f|(qq2|) (1)4 H Wjet(Eparton,iu Ejet,i) (810)
comb,v 1 2 i=1

Because we do not know which one of the two jets came from the top quark decay,
we have to calculate the probability for both possible jet-parton assignments. The total
probability is summed over both combinations. We also obtain two solutions for the p,, .
for each integration step over my, (according to Equation 4.3) and the probability is

summed over both solutions.
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In summary, the event probability makes use of all measured quantities® to specify
each event. This should provide good discrimination between signal and background. It
uses both possible jet combinations in the event so that the right jet-parton association is
always included. The expression for the event probability of Equation 8.10 can be applied
to the s-channel and t-channel single top process as well as to the major backgrounds
in the analysis, namely Wbb, Wcé and We. Only the matrix element has to be changed
to represent the desired process. The event probability for the ¢ background, however,

requires a new definition, because the process features six final state particles.

8.4 Study with Smeared Monte Carlo Events

In this section we study the discriminating power of the event probabilities in the search
for single top. To simplify the analysis we only distinguish two processes: s-channel
single top (representing the signal) and Wbb (representing all background processes). We
generate 25,000 events for each process (at particle level with no detector simulation).
We use the transfer function Wjei(Ejet, Eparton) as a 'fast jet simulation’ to smear the
energies of the partons (quarks). This is possible since Wieis(Eparton, Ejer) models the
combined effects of radiation, hadronization, jet resolution and jet reconstruction. The
smearing is performed by randomly generating F,. according to the double Gaussian
distribution of Wiei(Eparton, Ejet) given the particular value of Epg,40, in the event. Using
‘smeared Monte Carlo events’ has the advantage that we can easily produce large sample
of signal and background events and we do not have to worry about detector effects which
may bias the outcome of the study.

We apply similar kinematic event selection requirements to the smeared events as
discussed in the event selection of the Hp analysis (except the M), ,-window). Table 8.2

summarizes the selection requirements.

!The only exception is the unclustered energy, which refers to the energy deposited in the calorimeter
from all sources except from leptons and jets.
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Lepton: Er >20GeV n<10
Neutrino: Er > 20 GeV N/A
Jets: Er > 15GeV 1< 2.8

Table 8.2: Event selection requirements for simple study with smeared Monte Carlo

events.

For each event that passes the event selection we compute the event probability
for signal P, and background P,. Ps(x) and P,(z) are both calculated according to
Equation 8.10, the only difference between the two calculations is the expression for the
matrix element. The values obtained on an event-by-event basis are visualized in a two
dimensional scattered plot shown in Figure 8.5. Each event (point) in the two-dimensional
plot has a signal probability and an associated background probability. The region with
highest signal density (red) is clearly visible and is separated from the background (blue).

We define an event probability discriminant as EPD= P,/P, to better show the
separation between signal and background. Figure 8.6 shows the distribution of the
discriminant for signal and background events. The scale of the x-axis is arbitrary.
We can now compare the separation of the EPD-distributions to, for example, the Hp-
distributions for the smeared signal and background events. We calculate Hy according
the definition of Equation 6.1 (without the normalization) except that here, we only
sum over jets with Epr > 15 GeV. To quantify the improved statistical sensitivity of
the analysis using the event probabilities, we apply the likelihood method introduced
in Chapter 6 to the smeared Monte Carlo events and perform pseudo experiments. For
simplicity, we do not include sources of systematic uncertainties into the likelihood and

we use a similar expression to Equation 6.2 for the Likelihood function:

e "nV ﬁ G (Vi) + 52F2(Vi)G

L6 B) = .

(Ba1, Ag) (8.11)

k=1
d .
o B3; =n;/NY" =0;/0o5n,: Free parameter for process j;

j=1 for single top (s-channel), j=2 for background (Wbb)
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Correlation of s-channel and Wbb Probability
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Figure 8.5: Correlation of s-channel event probability and Wbb probability for smeared
Monte Carlo events. The sizes of the boxes are proportional to the density of points at

each position.
. N}md: Predicted number of events for process j
o n= E?:l B;N;: Most likely sum of signal and background Poisson means

e F;(V): Template for process j, normalized to the total number of events predicted

for process j ([ F;(V)dV = ijmd)

o G(fa]1,Ay) = ﬁe(ﬁz_l)”m%: Gaussian penalty for the background parameter to

deviate too much from the independent background prediction

We will assume a test dataset that is 6.2 times larger than what we had available for this

thesis, the equivalent of 1000 pb~! of data. In such a dataset, we expect N, = 35 single
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Figure 8.6: Event probability discriminant (EPD) distribution for transfer function
smeared s-channel single top and Wbb background events. The distributions are nor-

malized to unit area.

top events and Ny = 495 background events to pass the event selection. We do not require
the events to pass the M;,,-window since the event probability is very sensitive to events
reconstructed close to the top quark mass. The Breit-Wigner term for the top quark in
the matrix element intrinsically de-weights events away from the top quark pole mass.
We assume the background normalization to be known to Ay = 20%. This information is
used in the likelihood function in the form of the Gaussian constraint on the background
parameter. The pseudo-experiments are performed as described in Section 6.4.1. For
each pseudo-experiment, we include pseudo-data in the following forms: (1) measured
values of Hr and (2) calculated values of the event probability ratios (EPD). The EPD
and Hrp distributions of Figure 8.6 and Figure 8.7 are used as templates in the likelihood
fit (labeled F/(V') in Equation 8.11). All signal is represented by s-channel single top and

all background will be represented by the Wbb background. The statistical uncertainty
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Figure 8.7: Hyp distribution for transfer function smeared s-channel single top and Wbb

background events. The distributions are normalized to unit area.

on the signal parameter, 51 = 01 /0y, will allow us to quantify the improved sensitivity

in many pseudo-experiments.

We perform a total of 10,000 pseudo-experiments for different integrated luminosities.
Figure 8.8 shows the the statistical uncertainty on (; returned by the maximum likelihood
fit as a function of the integrated luminosity. The upper contour shows the result for the
likelihood fit to the Hy templates and the lower contour shows the result for the likelihood
fit to the EPD templates. When using the EPD templates in the maximum likelihood
fit, the statistical uncertainty is significantly lower (about a factor of 1.8) compared to

the likelihood fit to the Hy templates.

In summary, the statistical uncertainty is reduced by about a factor of 1.8 using the
event probability information in the likelihood method compared to the likelihood fit,
which includes the Hp information only. Assuming Gaussian statistics, a reduced statis-

tical uncertainty by a factor of 1.8 approximately triples the statistical sensitivity of the
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Statistical Uncertainty vs Integrated Luminosity
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Figure 8.8: Statistical uncertainty on the maximum likelihood parameter 3; = o1 /oss,
which corresponds to the statistical uncertainty on the single top cross-section as a func-
tion of integrated luminosity for likelihood fits to the Hr template distributions (top)

and EPD template distributions (bottom).

analysis. This is, of course, an upper bound since no sources of systematic uncertainties
were included and the events have not been passed through the full GEANT detector
simulation. Instead the jet energies of the events were 'smeared” with the transfer func-

tion.

The next steps of the analysis include the derivation of the transfer function for both
single top (s-channel and t-channel) and background processes (Wbb, Wee, We, Wqq
and tt) separately. Then we will perform a study on how fully simulated Monte Carlo
events, which are passed through the full GEANT detector simulation, will affect the
performance of the event probability. We will compare the predicted event probability

distribution with an independent dataset (e.g. un-tagged W4jets data) and estimate
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systematic uncertainties. The calculation of the event probability can be performed for
all signal and background processes according to Equation 8.10 (only the matrix element
has to be changed to represent the desired process) except for tf. The calculation of the
tt event probability will require a separate derivation of the event probability since we

have to account for two undetected final state particles?.

2A lepton and a neutrino in case of the ¢ dilepton decay mode or two quarks in the case of the tf
lepton+jets decay mode.



Chapter 9

Conclusions

Since the upgraded Tevatron Collider resumed operation in 2001, both the CDF and D
Collaborations have collected their first sets of physics data. Over the next few years,
the Tevatron at Fermilab will be the only facility where top quarks can be produced and

analyzed.

In this thesis, we have performed the first search for electroweak single top quark
production in 1.96 TeV proton-antiproton collisions using 162 pb~! of CDF Run II data.
We have selected candidate events which show evidence for a leptonic W decay and
two energetic jets. We improved our signal to background ratio (S/B) in this sample
from 1/200 to about 1/8 by further requiring that candidate events feature at least
one b-tagged jet and have a reconstructed mass of the lepton, neutrino and b-jet of 140
GeV/c? < My, < 210 GeV/c? close to the top quark mass. From Monte Carlo studies,
we predict 1.540.2 s-channel single top events, 2.840.5 t-channel single top events and
33.84+5.8 background events to pass the event selection. This amounts to a total of

38.1+5.9 predicted events and we observe 42 events in the data.

To quantify the single top content in data, we employ a likelihood fit technique to
the Hp distribution in data. The Hrp distribution has the advantage that it looks very

similar for both single top production channels and different for background processes.
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The combination of both channels to one signal improves the sensitivity of the search. The
most probable combined single top production cross section is obtained at ogngie top =
7.775%% pb, which indicates that we find no significant evidence for single top quark
production in this dataset. We therefore set an upper limit at the 95% confidence level
on the combined single top quark production cross section of 17.8 pb, roughly six times
the Standard Model prediction (ogy = 2.9 pb).

The Standard Model single top quark production cross section is directly proportional
to the CKM matrix element |Vj|. In this context, we can translate the result obtained
for the most probable value (MPV) of the cross section and the 95% C.L. into results on

Vip|. The Standard Model predicts a value of |Vj| close to unity (|V,2™| = 0.999), thus:
tb

OMPV _ H/;tb‘z _ H/;tb‘z
OSM H/;‘EM 2 0.998

We obtain |Vi| = 1.6702 and |V| < 2.5 at 95% C.L. At this point, this result does not

~ [V |?

strongly constrain |Vi|.

To establish a single top signal with a reduced uncertainty on the cross section and
|Vip|, more data are needed. The Tevatron experiments will continue data taking until
the year 2008. The full Run II dataset is expected to be at least 25 times the size we
had available for this analysis.

In the meantime, we will work on an improved discrimination of the single top signal
against background. This can be achieved by including more information to specify each
event. The data for this analysis were of the form of measured values of the kinematic
variable Hr for each observed event. The shape of the Hr templates for signal and
background used in the likelihood method corresponds to the shape of the differential
cross-section do/dHp. An improved discrimination can be achieved by including the
shapes of all differential cross sections in the analysis. This corresponds to calculating
the fully differential cross section on an event-by-event basis for the signal hypothesis and
the background hypothesis. This new analysis technique was introduced in Chapter 8 and

a preliminary study has shown that this approach may triple the statistical sensitivity
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of the analysis. We will further pursue this new analysis technique and hopefully find
evidence for single top quark production in the next year or two. At that time, the CDF
Collaboration is expecting to have accumulated a dataset in excess of 1000 pb~!, with
which we hope to measure the single top quark cross-section with a statistical precision

of about 30%.
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Lepton Identification Variables
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Figure A.1: Distributions of lepton selection requirements on the number of axial and
stereo COT super-layers (see Table 4.1 and Table 4.2) from Z — [T~ candidate events
in data. The arrows indicate the location of the selection cut applied on these variables

[66).
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Figure A.2: Distributions of electron selection variables Ly, E/p, FEpei/Een and
Isolation (see Table 4.1) from Z — ete™ candidate events in data. The arrows in-
dicate the location of the selection cut applied on these variables. No arrow is shown on

the Epaq/FEem distribution since the selection requirement on this variable is dependent

on the electron energy [66].
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Figure A.3: Distributions of electron selection variables |Azo|, X3, @Az and |Az| (see

Table 4.1) from Z — ete™ candidate events in data. The arrows indicate the location of

the selection cut applied on these variables [66].
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(see Table 4.2) from Z — pu*p~ candidate events in data. The arrows indicate the

location of the selection cut applied on these variables [66].
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Shape Uncertainty for Background
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Figure B.1: Absolute shift of the Hr background template histograms (« - k) in each
bin due to systematic shape uncertainties. The graphs are normalized to the maximum
bin content of the default background H7 template. The shape uncertainty due to the
jet energy scale and the top quark mass were considered for the ¢ background template
(left) and the shape uncertainty due to the jet energy scale and the factorization scale

were considered for the non-top background template (right).
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Event Yield in Data

Event selection Events / 162 pb™!
High pr lepton trigger 915 588
Lepton Identification 415 636
Event Vetoes 268 419
Missing transverse energy FKr 165 483
W 4+ 2 jets 2 908
W + 2 jets + btag 78
W + 2 jets + btag + My, 42

Table C.1: Event yield in data after applying (sequentially) all event selection criteria

outlined in Chapter 4.
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Calculation of Phase Space for

Single Top Events

For s-channel single top events, q¢’ — tb — bblv, the phase space factor can be written
as:

4 —»
d®4(qy + q2;p1, P2, 3, p1) = 0 (1 + @2 — sz H ) 32E (D.1)

where ¢; and ¢y are the four momenta of the initial quarks; p;, ps are the four momenta
of the b and b quark, respectively; and ps, ps are the four momenta of the lepton and
neutrino, respectively. It is convenient to change variables from momenta (py, ps, ps, Pa)
o (p1,, p2, Qa, D1, Do, mw) where p; = |p;| is the absolute momentum of the quarks,
Q); are the quark solid angles, and my;, is the mass of the W boson. One way to perform

the transformation is to use the recursive character of the phase space [6]:

4 —» 4 d3 =
1_11 27r 32E = Olpi — miy)dmy H )32E
|§;iv (27?)32El (2m)32E, . (2m)32E; '
In the last step, the J-function was integrated with respect to p, . using:
f(a)
f(@)dlyg(x)lde = === ,at g(a) =0 (D.3)
/ |9'(a)|
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The partial derivative becomes (neglecting neutrino and lepton masses):

iy _ Ot p)?
8pu,z 8pu,z
a 2 2 -
= ap (ml + m, + 2ElEI/ - 2pl,zp1/,z - 2pl,Tpu,T)
= 2E'lpyz - 2pu,z (D4)

E,
Finally, we substitute Equation D.2 into Equation D.1 and integrate two d-functions with
respect to the transverse momentum of the neutrino p, r. The remaining two d-functions
are integrated with respect to the initial quark’s longitudinal momentum and energy in

the event probability. The expression for the phase space for single top events is:

4
dd, = §(E, + E, — ZE pql,z+pq2,z—2pi,z)

dm?, B 1 p2dp;dQ;
‘2E Pv,z 2pyz| (277')32El (27T)32Ey i=1 (27T)32E

(D.5)




Appendix E

Particle Matching

In this section, the transverse energy/momentum and angular resolution is plotted for

the final state particles in the single top search. We 'match’ fully reconstructed objects

from the detector simulation with the initial Monte Carlo particle. A particle is labeled

‘matched’ to the reconstructed object when it is identified within a cone of AR < 0.4 of

the reconstructed object (jet, lepton, MET).
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Figure E.1: Transverse energy (left) and angular resolution d¢ (right) for the neutrino

from fully simulated and reconstructed (s-channel) single top events.
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Lepton P; matching
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Figure E.2: Transverse momentum (top left) and angular resolution d¢ (top right), on

(bottom left) and 0 R = v/A¢? + An? (bottom right) for the lepton from fully simulated

and reconstructed (s-channel) single top events.
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Figure E.3: Transverse momentum (top left) and angular resolution d¢ (top right), on
(bottom left) and 0 R = v/ A¢? + An? (bottom right) for the leading jet from fully simu-

lated and reconstructed (s-channel) single top events.
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Jet2 P; matching
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Figure E.4: Transverse momentum (top left) and angular resolution d¢ (top right), on

(bottom left) and R = /A¢? + An? (bottom right) for the second leading jet from fully

simulated and reconstructed (s-channel) single top events.
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