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The top quark is the heaviest fundamental particle observed to date. The mass of
the top quark is a free parameter in the Standard Model (SM). A precise measurement
of its mass is particularly important as it sets an indirect constraint on the mass of the
Higgs boson. It is also a useful constraint on contributions from physics beyond the SM
and may play a fundamental role in the electroweak symmetry breaking mechanism. I
present a measurement of the top quark mass in the dilepton channel using the Neutrino
Weighting Method. The data sample corresponds to an integrated luminosity of 4.3 fb™1
of pp collisions at Tevatron with /s = 1.96 TeV, collected with the DO detector. Kine-
matically under-constrained dilepton events are analyzed by integrating over neutrino
rapidity. Weight distributions of ¢f signal and background are produced as a function
of the top quark mass for different top quark mass hypotheses. The measurement is
performed by constructing templates from the moments of the weight distributions and
input top quark mass, followed by a subsequent likelihood fit to data. The dominant
systematic uncertainties from jet energy calibration is reduced by using a correction from
(+jets channel. To replicate the quark flavor dependence of the jet response in data,
jets in the simulated events are additionally corrected. The result is combined with our

preceding measurement on 1 fb~! and yields m; = 174.0+2.4 (stat.)+1.4 (syst.) GeV.
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Chapter 1

INTRODUCTION

The questions - what matter is made of, and what fundamental forces of the nature
are - have been challenging humanity over many centuries. First concepts of matter
come from the age of ancient Greece about two thousand year ago. In the atomist
philosophy of Democritus, it was postulated that matter is made of indivisible physical
particles. Those physical particles were called atoms. The atomist theory was a pure
philosophical speculation and had just a little of experimental support. The study of
matter would require experiment going to very small distances which was impossible at
the time. It also lacked strong theoretical foundations and therefore had no predictive
power. Nevertheless, the atomist theory was an ingenious attempt to describe matter in
terms of basic elementary constituents.

As time went by, new ideas and mathematically rigorous theories showed up. The
technical advance allowed carrying on complicated experiments to test such ideas as well
as derive new information about matter and interaction forces. Today, modern physics
states that matter consist of stucturless fundamental units called elementary particles.
Fundamental forces via which matter interacts arise from the exchange of such particles.
Elementary particles and their interactions are studied by a branch of physics named
particle physics. The current state of experimentation allows to perform studies at very
small distances of about 107'® meters. This requires acceleration of particles to a very
high energy as compared to the masses of the particles involved. This is why very often
particle physics is called high energy physics (HEP). The relationship between mass and

energy is given by the famous Einstein’s equation, £ = mc?.

1



In particle physics, the theory that describes fundamental particles and their inter-
action is called the Standard Model (SM). It incorporates, in a single framework, all
known elementary particles along with most of the major interaction types known to
date. The interaction not included in the Standard Model is gravity. At the subatomic
level, the effects of gravity are very small and thus can be neglected as compared to the
other types of interaction.

The Standard Model not only explained the diversity of the particles known in the
early 1970s, but also predicted new ones. For example, it predicted the b-quark that was
observed in 1977, the W and Z bosons discovered in 1983, the tau neutrino that had been
found in 2000. The heaviest fundamental particle, the top quark, whose existence is also
predicted by the Standard Model, was observed in 1995. The last but yet unobserved
fundamental particle is the Higgs boson.

The mechanism of particles acquiring masses is given by the Standard Model, and
the Higgs boson plays a key role in this mechanism. The masses of the W and Z bosons
are generated through spontaneous symmetry breaking. The simplest way to induce this
breaking is the Higgs mechanism. The Higgs boson is a scalar particle predicted by the
mechanism. The mass of the Higgs boson, however, is not specified. While the Standard
Model does not predict the mass of the Higgs boson, it establishes a relationship between
masses of the top quark, the W boson and the Higgs boson. The relationship allows
us to set an indirect constraint on the Higgs boson mass. The direct searches of Higgs
conducted by CERN experiments indicates that the boson has to be a heavy object with
the lower mass bound of 114 GeV [1].

Although the SM predicts masses of the W and Z bosons, the masses of such particles
as the bottom and top quark are not provided. The fermion masses are free parameters

of the Standard Model and need to be determined experimentally.



The knowledge of the top quark mass and mass of the W boson not only limits the
possible mass range of Higgs, but it also constitutes a consistency test of the Standard
Model in many aspects. Early results of the top quark mass measurement showed that
this quark is the most massive particle known. The purpose of the analysis presented
in this thesis is to perform a precise measurement of the top quark mass in dilepton
final states on the data from the D@ experiment. Because of its heaviness, the top
quark is a sensitive tool for studying the Higgs boson. It also may play a special role
in the electroweak symmetry breaking of the Standard Model. Additionally, the precise
measurement of the mass of the top quark also sets useful constraints on the theoretical
models that extend the Standard Model. The analysis of this thesis is the most precise
measurement of the top quark mass in the dilepton channel to the date. The achieved

measurement uncertainty is 1.6%.



Chapter 2

THEORETICAL OVERVIEW

This chapter provides an overview of the Standard Model, and also details theoretical
aspects of the top quark. The general discussion of the SM and its main components -
the electroweak interaction (EW), Higgs mechanism and electroweak symmetry breaking,
quantum chromodynamics (QCD) - are presented in Section 2.1. Section 2.2 describes
the physics of the top quark: its properties, production and decay modes, mass definition
etc. The place of the top quark in the SM and beyond as well as the connection to the

Higgs boson are also discussed in Section 2.2.

2.1. The Standard Model

The Standard Model is a modern theoretical framework to describe fundamental
particles and their interactions. It consists of two theories that are based on quantum
mechanics and special relativity. The SM combines three out of four fundamental in-
teractions: electromagnetic, weak and strong. Gravitation has a very weak strength as
compared to other forces. It does not have a substantial effect in high energy physics
experiments.

According to the SM, matter comes in two classes - quarks and leptons. The pri-
mary difference between quarks and leptons is that quarks interact through the weak,
electromagnetic and strong strong force, while leptons interact only by weak and electro-
magnetic force. For each quark and lepton, the SM predicts also its antiparticle that has
the same mass but the opposite charge. To distinguish the particle and its antiparticle,

a bar is usually placed over the particle symbol indicating that this is an antiparticle.
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The quarks and leptons are fermions, i.e. they have half a unit of intrinsic angular
momentum, or spin. The forces are mediated by gauge bosons (photon v, W=, Z, gluon
g). The bosons have integer spin and are described by quantum gauge-field theories.
The masses of particles in the SM are believed to arise from interaction with a special
quantum field called the Higgs field. The quantum of this field is named the Higgs boson
(H) and may have been observed at the Tevatron and LHC [2], [3].

The leptons and quarks are organized in three generations. Across the generations,
the quarks and leptons have all properties identical except for their masses and flavor
quantum numbers. There are six flavors of quarks: up (u), down (d), charm (c), strange
(s), top (t) and bottom (b). Similarly, there are six flavors of leptons: electron (e) and
electron neutrino (v.), muon (x) and muon neutrino (v,), tau (7) and tau neutrino (v;).
The leptons and quarks split into generations, as illustrated in Figure 2.1. For example,
electron, muon and tau are identical but have different mass and lepton flavor quantum
number. There are three lepton flavors: electron (L.), muon (L,) and tau (L,). In
all processes except neutrino mixing, lepton flavor is conserved quantum number. The
lepton flavor and charge of all SM leptons are given in Table 2.1. The six flavors of
quarks are characterized by charge (@), strangeness (S), charm (C'), beauty (B) and
truth (7'). Analogously to the leptons, Table 2.2 provides a classification of all SM
quarks.

At the most basic level, ordinary matter consists entirely of particles from the first
generation, i.e. the w, d quarks and electrons. Although neutrinos in the SM are
considered massless, indirect experimental results indicate that they have small, but
non-zero mass. For the most of high energy physics experiments, however, neutrinos can
still be considered to be massless. The more massive particles from the second and third
generations cannot serve as building blocks of stable matter. Due to their heaviness, they

rapidly decay to the quarks and leptons from the first generation via weak interactions.



Table 2.1. Charge and lepton flavor for three generations of leptons.

Lepton Q L, L, L,

15t generation
e -1 1 0 0
Ve 0 1 0 0

2" generation
L -1 0 1 0
Vy 0 0 1 0

37 generation
T -1 0 0 1
Uy 0 0 0 1

Table 2.2. Charge and flavor quantum numbers for three generations of quarks.

Quark Q S C B T

15¢ generation
u 2/3 0 0 0 0
d /30 0 0 0

2"d generation
c 2/3 0 1 0 0
s 1/3 -1 0 0 0

3" generation
' 2/3 0 0 0 |
b /3 0 0 -1 0




The u and d quarks are often called light quarks. Sometimes, depending on the context,
the ¢ and s quarks can be also referred as light quarks. The ¢ and s quarks are not

massive if compared to b and t.

Three generations
of matter (fermions)

mass—|2.4 MeV/c 1.27 Gev/c 173.2 GeV/c
charge—| 24 24 24
spin—| %5 u Va C Ya
name—, up charm top
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Figure 2.1. Fundamental particles of the Standard Model. Matter particles are the
quarks and leptons. Force mediators are the gauge bosons.

Similarly to classical mechanics, the SM is described by a Lagrangian that is con-
structed from quantum fields. It is common in physics for symmetry to play a very
important role, and this is also the case for the SM. According to Noether’s theorem, if

a Lagrangian is invariant under some symmetry transformation, there must exist some



conserved quantity. Thus, for example, the space-time symmetry of special relativity
leads to conservation of energy and momentum. The invariance of the SM Lagrangian
under local gauge transformations results in such conserved quantities as color (C'), weak
isospin (L), and weak hypercharge (Y'). The standard approach describing symmetries is
group theory. In the language of group theory, the SM Lagrangian is determined by lo-
cal SU(3)c x SU(2) x U(1)y gauge invariance. The SU(3)c subgroup describes strong
interactions between quarks and gluons. The SU(2);, x U(1)y subgroup is responsible
for describing electroweak interactions. The model of electroweak interactions was pro-
posed by Weinberg [4] and Salam [5]. It unifies electromagnetic and weak interactions
incorporating massive bosons (W*, Z).

The SM gauge group is characterized by three coupling constants: ¢ = Mg’ for
U(l)y, go = g for SU(2)p, and g3 = gs for SU(3)c. The coupling constant defines
the strength of the interaction, and at low energy the relationship between constants is
gs > g2 > g1

Table 2.3 lists the four fundamental interactions, their mediators and the particles
the forces act on. All fundamental particles in the SM and their properties are shown
in Figure 2.1.

If the coupling constant is small, the perturbation theory is employed to calculate
interaction processes of the SM. The evolution of states is described using the S-matrix
formalism suggested by Heisenberg [6]. A physical process is given as an expansion of
the S-matrix by an infinite power series in the coupling constant. A small coupling
constant assures us that the next order term is small as compared to the previous one.
An approximate result is obtained by cutting off the series after several terms when
the next correction term is considered very small and can be neglected. The terms of
the perturbative S-matrix can be graphically visualized. Such a pictorial representa-

tion in momentum space is called a Feynman diagram, named in honor of its inventor



Table 2.3. The fundamental interactions in nature. The strength of an interaction is
given in relationship to the strong interaction which is taken as unity.

Interaction Carrier Interacting particles Strength Range (m)
Strong Gluons (g) Quarks 1 10"
Electro- L Electrically 10-2

magnetic oton (7) charged >0
Weak w#*, 20 Quarks, leptons 1076 1047
o Gravitons Particles
Gravitation 10743 00
(hypothetical) with m >0

Richard Feynman. An example of a Feynman diagram contributing to electron-positron
scattering is shown in Figure 2.2.

The lowest order Feynman diagrams contain no loops, and are called tree-level dia-
grams. In a tree-level diagram, each vertex is connected to every over vertex by only one
internal line. Higher order diagrams that do contain loops are also known as radiative
corrections.

The minimal version of the SM has only 19 free parameters. Using that relatively
small set of parameters, the SM successfully describes fundamental interactions and the
elementary constituents of matter. Within its framework, it predicts the results for a
wide range of high energy physics experiments. Despite its remarkable achievements, the
SM still leaves many unresolved issues. For example, it predicts an infinite mass for the
Higgs boson if computed beyond the tree level. Precise calculation of the Higgs boson
mass requires calculation of radiative corrections. However, the corrections turn out to
be quadratically divergent, and thus take the Higgs mass to infinity. This problem is

known as hierarchy problem, and is not solved within the framework of the SM.



Figure 2.2. Second-order Feynman diagram representing eTe™ pair annihilation to a
virtual photon v with subsequent re-emission.

Although the SM is a successful theoretical approach in describing fundamental par-
ticles and interactions, it’s obviously not a complete theory. The SM is believed to be
the part of a more encompassing theory that is a joint description of all four fundamental

interactions.

2.1.1. The Electroweak Theory

The Electroweak theory is a gauge theory that combines the electromagnetic and
weak interactions. The development of the EW theory was one of the major achieve-
ments of 20th century physics. The description of the electroweak interaction is based
on the SU(2);, x U(1)y gauge symmetry group. The SU(2); symmetry leads to con-
servation of weak isospin L while U(1)y results in hypercharge Y conservation. At low
energies, the electromagnetic and weak interactions differ significantly. They have differ-
ent interaction ranges and interaction strengths. At high energies, however, they merge

into a single electroweak interaction. Because the electromagnetic and weak forces be-
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come indistinguishable from each other, they are described within the single EW theory
that unifies the interactions.

The part of EW theory that describes the electromagnetic interactions is called Quan-
tum Electrodynamics (QED). Due to local U(1)y gauge invariance, the electromagnetic
interaction is mediated by only one gauge boson, the photon (7). The photon is a
massless particle that couples to electrically charged particles. Because of its zero mass,
the range of the electromagnetic interaction is infinite. The electromagnetic coupling
constant equals g; = 1/137 in the region of low energies. This allows us to calculate
QED processes with perturbation theory and Feynman diagrams. The small increase of
the electromagnetic coupling constant with energy also assures us that the perturbative
approach is valid in the high energy regions.

The W* and Z are the gauge bosons of the weak force. The range of the weak
interaction is found to be very small. This indicates that W* and Z are very massive
objects. As it is measured experimentally, masses of W* and Z are 80.4 GeV [7] and 91.2
GeV [8] respectively. Due to their large masses they quickly decay to other elementary
particles and cannot be observed directly. Since W are electrically charged they couple
to a photon, and both W* and Z couple to fundamental fermions which all carry a
non-zero weak isospin.

The carriers of the weak interaction, W= and Z, are exactly analogous to the photon.
Normally, they are also required to be massless and act like photons. This is, however,
not consistent with the observations. The gauge invariance requires not only W= and Z
to be massless but also leads to the fermions having mass equal zero. The mathematical
approach to generate particles masses is implemented through the idea of “spontaneous
symmetry breaking”. The spontaneous breaking of the gauge symmetry produces masses
for the gauge bosons leaving electromagnetism as the only unbroken gauge symmetry.

The result of the unbroken gauge symmetry in QED - a massless photon - is consistent

11



with experiments.

2.1.2. Spontaneous Symmetry Breaking and The Higgs Mechanism

Each of the gauge bosons in the EW theory is represented by a vector field. There
are three vector fields, A, (i = 1,2,3) for SU(2), part, and one B, for U(1)y. The
requirement that the Lagrangian has to be gauge-invariant does not allow mass terms
in the Lagrangian like m?A4,A*. Since the term m?A4,A" is not gauge invariant, the
carriers of gauge fields are required to be massless.

To generate masses for all EW gauge bosons except the photon, the theory is spon-
taneously broken via the Higgs mechanism. The theory is called spontaneously broken
when the Lagrangian is invariant under gauge transformations but the vacuum state
(i.e. the state of minimum energy) is not. For the SU(2), x U(1)y gauge symmetry, the
simplest way to achieve spontaneous symmetry breaking is to introduce an isodoublet
of complex scalar fields

o= © 1)

¢*(z)
that has a non-zero vacuum expectation value < ¢(x) >¢# 0. The ¢*(z) and ¢°(x) in
¢(z) are the charged and neutral scalar, respectively. The Lagrangian associated with

the Higgs doublet can be written as follows

L = (Duo(x)) D"p(x) + P o(x) p(x) — M(x) p())? (2:2)

where D, = (0, + i§0;Al, + i%Bu), and o; are the Pauli matrices. The parameters p
and A satisfy p? < 0, and A > 0.

By assigning a non-zero vacuum expectation value
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1 0
< () >o=< 0|¢(2)|0 >= — (2.3)

V2
where v = “—/\2, the ground state explicitly breaks SU(2). x U(1)y symmetry to U(1)g
of electromagnetism, leaving the photon massless. The perturbations around the ground

state may be written as

1 0

V2 + h(x)
where h(z) is the scalar Higgs field. The excitation of h(x) is the Higgs boson. The
deviation from vacuum is fully parameterized by Equation (2.4).

By substituting the vacuum expectation value into the Lagrangian from Equation

(2.2), the masses generated for the gauge bosons can be determined

1
My = 59v (2.5)
1 7
My=0 (2.7)

with the physical states defined in terms of A, and B, as follows

1

=+ 1 - A2
WM = —Q(AH F "Au) (2.8)
_ 1 3 /
Zy = W@Au —9g'By) (2.9)
1
Ay = ———=(JA} +gB,) (2.10)

Introducing the Weinberg mixzing angle defined as tan @y, = %/, Equations (2.9) and

(2.10) can be written as
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Z, = cos by A — sin Oy By, (2.11)
A, = sin GWAi + cos 0w B, (2.12)

Using Equations (2.5) and (2.6), the relationship between masses of the W and Z

bosons can be established as follows

My = My
cos Oy

(2.13)

The mixing angle is the only measurable parameter that allows us to probe the
symmetry-breaking mechanism. The SM also provides the relationship between coupling

constants, mixing angle and the electromagnetic charge e

e = gsin by (2.14)
e = ¢ cos by (2.15)

The value of the mixing angle can be determined, for instance, through measure-
ment of a parity-violating asymmetry in scattering of longitudinally polarized elec-
trons [9]. The measurement was performed on a fixed unpolarized targets yielding
sin? Oy = 0.2397 £ 0.0010 (stat.) £ 0.0008 (syst.).

Knowing the W mass [7] and the sin? fy value, mass of the Z boson can be calculated
by Equation (2.13). The measured value of the Z boson mass [8] is in good agreement,
with the theoretical prediction. The Higgs Mechanism therefore was validated when the
Z boson was discovered.

Using the relationship between the Fermi constant and the W mass

_V2¢°

Gr —
P sMg,

(2.16)
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the vacuum expectation value for the Higgs field can be obtained by inserting My, from
Equation (2.5), giving

v — (2.17)

(\/§GF)1/2
By plugging in the measured value of Gp = 1.6637 - 107° GeV =2 [10], the vacuum

expectation value is found to be v = 246.22 GeV. Using Equations (2.16), (2.13), (2.14),

My, and Mz can be expressed in terms of G, e, and 0y, as follows

(&

 sin Oy (vV32G )12

M . €
77 Sin(20w ) (V/32G )12

Taking into the account the relationship between fine structure constant o and the

My (2.18)

(2.19)

electromagnetic charge, o = %, My, and Mz can be expressed in fundamental physical

constants only

1 T 1/2
My = 2.20
Y sin by ( V2Gp ) (2:20)

1/2
1 V8ma

The model also provides masses of fermions through their Yukawa coupling y to the

Higgs field

my =2y (2.22)

V2

where y; is the Yukawa coupling. Since the fermion couplings are not known, the masses
of fermions are parameters of the model. In addition to generating the fermion masses,

the couplings produce mixing between mass eigenstates and the weak-interaction eigen-
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states. This allows for flavor-changing interactions and the fermions of heavy families
may decay to the lighter fermions.

The mass of the Higgs boson is given through the unknown parameter A

My = M (2.23)

and therefore My is a parameter of the model as well. All other particles that do not
interact the Higgs field according to the SM - the photon and gluons - remain massless.

The process of acquiring masses by fermions can be described in analogy of light
traversing matter. When light propagates through matter, it slows down due to the
index of refraction. Similarly, particles that do not interact with the Higgs field are
massless, and therefore propagate at the speed of light. In contrast, particle interacting
with the Higgs field experience “a drag” and thus cannot propagate at the speed of
light. The drag arising from interaction with the Higgs field is equivalent to the particle

acquire a mass.

2.1.3. Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the local gauge theory that describes strong
interactions. The description of the strong interaction is based on the SU(3)c gauge
symmetry group, which results in conservation of a quantum number called color charge,
or just color. The color charge is a property of quarks and gluons. Particles of different
color are experimentally indistinguishable. There are three color charges - red, green,
or blue - and their anticolors - antired, antigreen, antiblue. The mediator of the strong
interaction is a gluon. The gluon is a massless gauge boson that contains two color
indices. Due to properties of the SU(3)c symmetry group, there are eight colored
gluons. By exchanging gluons, the strong force is mediated between quarks that are also

colored objects. Unlike the photons that do not carry electric charge, gluons carry a

16



color charge and may interact with each other.

As opposed to QED, the strength of the strong interaction g3 increases with increase
in distance between interacting particles. The color-charged particles cannot be sepa-
rated by a distance larger than the size of a hadron (107 m). For this reason, quarks and
gluons are never observed as free particles, but instead, they exist only inside composite
colorless particles. This phenomenon is called color confinement, or just confinement.
Such composite particles are called hadrons. There are two types of hadrons: mesons
and baryons. The mesons are the bound-state of a quark and antiquark in such way
that their color charges cancel. The baryons contain three quarks with the neutral, or
“white”, total color charge. For instance, the proton and neutron are baryons. Their
bound states are uud and udd respectively. The 7 is a meson and made of ud combi-
nation. In nuclear physics, mesons serve as the carriers of the nuclear force that holds
together protons and neutrons in a nucleus.

The fundamental property of QCD is asymptotic freedom. The idea of asymptotic
freedom is that at large energies or very small distances, the strength of the strong

interaction g3 decreases. To the lowest order of calculations, it had been found [11] that

oy 1
9:(Q) = Bon(Q?/Agep) (2.24)

where 3y is a quantity depending on the number of quarks that contribute to the cal-

culation, ) is the momentum transfer involved in the interaction, AZQC p 1s a constant
reflecting some reference scale. The value is found experimentally Agcp = 200 MeV.
The dependence of g3 on Q? is called a running coupling constant. At large values of Q?,
Q* > Aéo p, the coupling constant is small and thus enables perturbative expansion in
terms of gs. For instance, at Q* ~ M%, the coupling constant is gs(M2%) = 0.12 [12].
The part of QCD that can be calculated using perturbation theory is sometimes referred

as perturbative QCD, or just pQCD. As Q% is decreasing, the coupling constant grows -
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already at Q* = 4 GeV?, g3(Q*) = 0.32. When Q? is of the order of AZyp, Q% ~ Adep,
the coupling constant becomes very large, and calculations in series of g3 are not pos-
sible any longer. Thus, Agcp is a constant that sets the scale at which QCD becomes
non-perturbative. It is also used to separate heavy quarks from light quarks. The heavy
quarks satisfy the condition m > Agcp, where m is the quark mass. At collider exper-
iments, such as Tevatron, the momentum transfer is high and pQCD calculations can
be employed. In the region of low energies, often referred as soft QCD, the approach
of pQCD is not applicable, and the calculations may be performed numerically using
Lattice Field Theory in combination with Monte Carlo methods. In Lattice QCD, the
calculations are performed at discrete space-time points on a lattice, and the results are
obtained by extrapolating lattice spacing to zero.

The validity of QCD in the perturbative regime has been tested in many experi-
ments. So asymptotic freedom justifies QCD parton model and the color charge that
were originally introduced to describe wide variety of hadrons. The running coupling
constant also explains asymptotic freedom at large momentum transfer and the parton

confinement at small distances.

2.2. The Top Quark

Once the 7 lepton had been found in 1976, a strong theoretical argument indicated
the existence of a third generation of quarks. One of them was observed already in 1977
and is named the bottom quark, or the b-quark. To establish weak isospin state of the b-
quark, the partial decay width of the Z — bb process was derived from the measurements
of Ry = Ty/Thaea [13] and Thaq [14]. The derivation yields I'y(Z — bb) = 388 & 13 MeV
and the result agrees with the SM prediction I'¥*(Z — bb) = 378 &3 MeV [15] assuming
L3 = —1/2 for the weak isospin. This indicates the doublet state of the bottom quark

and implies the existence of the b-quark weak isospin partner with L3 = 1/2 that is called
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the top quark. The searches for the top quark started in the late 1970’s and finished
with its discovery in 1995 [16], [17].

The initial expectation for the top quark mass was about 30 GeV. However, the newly
built SppS collider at CERN that ran until the mid-1980’s ruled out this possibility. In
1993, the CDF experiment at Fermilab had set a lower limit on the mass at 91 GeV
[18]. The DO experiment in 1994 excluded masses up to 131 GeV [19]. The first
measurement of the top quark after its discovery in 1995 was m; = 176.0 £ 8 (stat.) +
10 (syst.) GeV by CDF [17] and m; = 199.07}) (stat.) & 22 (syst.) GeV by D@ [16].
The latest Tevatron average mass of the top quark that combines the results from the
DO and CDF experiments is m; = 173.1 £ 1.3 GeV [20].

Due to its massiveness, the top quark has an extremely short lifetime. An indirect
constraint on the top quark lifetime 7, can be established by measuring its total decay
width T';. The lifetime is inversely related to the width, i.e. 7, = 1/T';. The latest
measurement [21] from the D@ experiment for a top mass of 172.5 GeV provides I'; = 2.0
GeV that translates into 7, = 3.29 x 1072 s. The top quark lifetime is significantly
shorter than the time needed for the quark to interact through the strong interaction
and form a hadron such as tf meson. The typical time needed for the quark to form
a hadron is Thaq ~ AE;CD. Using the value of Agep from the previous section, it can
be found to be that Th,q = 5.23 x 10725 5. As it can be seen, the top quark lifetime is
almost two times shorter than the hadronization timescale.

The very short lifetime allows us to study the quark before hadronization occurs.
For instance, it enables study of the spin correlation between the top and antitop quark
when they are produced in pairs. The total spin of the top and antitop, as well as total
spin of their decay products, in such a case is conserved.

The charge of the top quark predicted by the SM equals 2e/3. The measurement of

top quark charge [22] by the DO experiment shows that the observed charge is consistent
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with the SM prediction. The hypothesis of an existence of the exotic top quark with the
charge 4e/3 [23] is ruled out at the 92% confidence level.

The top quark is the only quark whose mass is of the order of the electroweak
symmetry breaking scale, i.e. v = 246.22 GeV. The masses of all other fermions are
smaller in the SM by at least two orders of magnitude and more. Using Equation (2.22),

the Yukawa coupling of the top quark to the Higgs can be expressed as follows

o \/émt

(%

Yt (2.25)

By plugging in the numbers for the mass and vacuum expectation value, the coupling
is found to be y; = 0.996 + 0.008. The fact that y; is very close to unity may indicate a

fundamental role of the top quark in the electroweak symmetry breaking mechanism.

2.2.1. Top Quark Production

There are two production modes of the top quark: in pairs via strong interactions,
and as a single quark via electroweak interactions. Top quarks pairs are produced either
through quark-antiquark annihilation, or gluon-gluon fusion. The main leading-order
(LO) Feynman diagrams for the strong interaction mode are shown in Figure 2.3.

To the leading-order of QCD calculations, the ¢t production results from quark-
antiquark annihilation about 85% of the time; the remaining 15% comes from gluon-
gluon fusion. The top quark production cross-section can be calculated using perturba-
tive expansion. Recent theoretical calculations [24], [25] predict that for the top quark
mass m; = 171 GeV, an inclusive top quark pair production cross section at /s = 1.96
TeV is 7.62 pb. A total uncertainty in the calculations is dominated by the PDFs and
is estimated to be less than 10% for the NNLO calculations.

The EW production of a single top quark occurs either via the decay of the virtual

W boson to the top and bottom quarks in the s-channel, or via the exchange of the
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Figure 2.3. The leading order Feynman diagrams for ¢f production: quark-antiquark
annihilation (¢g) and gluon-gluon fusion (gg).

virtual W between a light quark and a bottom quark in the t-channel. The leading
order Feynman diagrams for the electroweak production mode are shown in Figure 2.4.

A third possible production channel for a single top proceeds via both the s-channel
and t-channel in which the top quark is produced together with a W boson. Because of
its very small cross section, this process is not considered.

The cross-section rate for the electroweak production mode at Tevatron is measured
[26] to be 0, = 3.431)73 pb. Although the single top quark cross section is only about two
times smaller than that for the top quark pair, the single top quark has an extremely large
background contribution. The rate for the background processes are more than thirty

times larger than that for the top quark pair events. In particular for this reason, the
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Figure 2.4. The leading-order Feynman diagrams for the electroweak production of a
single top quark: s-channel (left), ¢-channel (right).

analysis of this thesis was performed on the ¢t events produced via the strong interactions.

2.2.2. Top Quark Decay

Due to the extremely short lifetime, the top quark decays so quickly that it can only
be detected indirectly. An indirect observation of the top quark is performed via its
decay products. According to the SM, most of the time the top quark decays through
the electroweak interaction. In the electroweak model with one Higgs doublet, the top
quark is expected to decay approximately 99.8% of the time to the W boson and b-quark
[12]. The decay to s or even d-quark is allowed by the SM, but the probability for such
processes to occur is extremely small. Thus the process t — Wb is the dominant decay
mode. Analogously for the antitop, the dominant decay mode is £ — W~b.

After the W boson and b-quark are produced in the top quark decay, their further
decay takes place. The b-quark hadronizes to a jet of the hadrons with one of the hadrons

in the jet being a b-hadron. The W boson decays into a lepton and neutrino, W — (v,
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or to two quarks, W — ¢q’. The final states of the ¢t event are dictated by the possible
decay modes of the W boson. The branching ratios of the W boson to various fermions
define the relative rates of the ¢f final states. According to the decays of two W bosons

from the top quark pair, the events can be divided into the following final states:

e All hadronic. Both W bosons decay to quarks W — ¢’ that subsequently turn
into jets of hadrons. Since the quark pairs coming from each W can have three
different combinations of color and anti-color, the all-hadronic final state branching
ratio is much higher than the others, accounting for about 46% of tt events. Besides
a high uncertainty on the measured energy of a jet, the channel also suffers from
large multijet QCD background. The all-hadronic events are characterized by four

energetic jets. The channel decay reaction can be written as tt — qq’ + ¢"¢" + bb.

e /+jets. One of the W bosons decays to lepton and neutrino, W — fv, and
the other into two quarks, W — ¢q¢’. The lepton ¢ can be an electron e or a
muon p. The decay mode, W — 7v — e(u)vv, cannot be distinguished from the
direct W decay to e or u, W — e(p)v. This case is therefore also included. The
(+jets channel is characterized by an isolated high-energy lepton, four energetic
jets and a resulting large momentum imbalance due to an undetected neutrino. The
(+jets channel appears in 45% of tt events. The channel has modest background,
primarily from W+jets and QCD multijets events, and large signal statistics. The
kinematic parameters of an undetected neutrino can be fully reconstructed to
within a quadratic ambiguity from the measured kinematic quantities of other
objects in the /+jets event. The channel decay reaction can be written as tt —

(v + qq' + bb.

e Dilepton. Both W bosons decay leptonically W — fv producing a pair of lep-
tons in the final state. The pair of leptons can be ee, ey, or puu. Similarly to

the (+jets channel, the W decay mode, W — 7v — e(u)vy, is also included.
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The dilepton channel is characterized by two isolated leptons with large trasverse
momentum, two or more energetic jets and large momentum imbalance. Unlike
the /+jets channel, the dilepton event cannot be uniquely reconstructed from the
measured kinematic properties of the other event objects. The channel has a very
distinct signal signature and low contamination from the background. The dilep-
ton channel accounts approximately 9% of tf events. Although the dilepton mode
suffers from low signal statistics, its final state contains isolated high-energy lep-
tons with precisely reconstructed kinematic parameters that can be used in the

mass analysis. The channel decay reaction can be written as tt — 00/ + v/ + bb.

Top Pair Branching Fractions

“alljets™ 46%

ttjets 15%

L+ets 15%

_ e+jets 15% _
"dileptons” "lepton+jets”

Figure 2.5. The tf decay modes and their respective branching ratios.

The branching ratio for each individual of ¢ decay is given in Figure 2.5.
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2.2.3. The Definition of Mass

The mass of a particle is one of the fundamental parameters in the SM. Nevertheless
its definition is often non-trivial, especially for the quarks. Unlike many other fundamen-
tal particles, quarks are never observed as free particles. Instead, quarks are confined
in mesons and baryons. The exception is the top quark that decays before hadroniza-
tion occurs. The mass of a quark is usually defined by a certain physical concept that
incorporates quark influence on hadronic properties. Hence the definition of mass is a
complex one and has to be referenced to the particular theoretical prescription.

While computing values for physical quantities such as scattering amplitudes, a spe-
cial factor called a Feynman propagator plays an important role. Thus, according to the
Feynman rules, for each internal line, a factor

1

fla) = = (2.26)

is assigned, where ¢ is the four-momentum g = (F, p’) carried by the line in the diagram.
The parameter ¢ is an infinitesimally small positive quantity that is usually taken to zero
at the end of the calculations. Equation (2.26) represents the Feynman propagator in
the momentum space for the scalar particle.

One of the mass definitions is called the pole mass and related to the position of the
divergence of the propagator. The pole mass is defined as the real part of the pole in
the top quark propagator. When the denominator of the propagator f(q) vanishes, i.e.
¢*> = m?, this leads to the mass-shell condition. The mass-shell condition corresponds
to a free particle with momentum p and energy E, and satisfies the relativistic equation
E?=p? +m?. In this case, the parameter m is the pole mass of the particle mg. The
pole mass seemed to be the most natural perturbative definition of the quark mass.

When calculations are performed at the higher orders and loop diagrams are in-

cluded, the perturbative corrections may become infinite. To avoid those infinities and
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make physical quantities finite, a special procedure called renormalization is employed.
Renormalization is a particular subtraction approach that allows to absorb the infinities
from the perturbative calculations. The most commonly used renormalization approach
for pQCD is called the modified Minimal Subtraction scheme, or MS scheme. While
removing the infinities, the renormalization also redefines the mass of the particles. In
general, the mass parameter depends on the renormalization scheme used as well as
on the renormalization scale parameter pug. After all the infinities are removed by the
subtraction and mass is redefined, the behavior near the mass-shell point is similar to

that in the pole scheme, i.e. where mQ(mé) is the redefined the M.S mass

parameter [27], [28] evaluated at a scale equal to the mass. The choice of MS mass is
often more plausible for radiative corrections calculations.
The relationship between the pole mass mg and the M S mass mQ (mé) is known up

to the three loop level. To second order in a4, the pole mass and M S mass are related

as follows

M) (2.27)

mg = mQ(mé) <1 + 3
where (75 is the strong interaction coupling constants in the M S scheme evaluated
at mass scale 7).

For heavy quarks, the mass results are given either as the pole mass, or as the MS

mass. In the analysis of this thesis, theoretical predictions are performed in the pole

mass scheme, and hence the result is quoted as the pole mass.

2.2.4. Top Quark in SM and beyond SM

The mass of the Higgs boson is not predicted by the Standard Model. However,
precise measurement of the top quark and W boson mass allow us to set a powerful

constraint on the Higgs boson mass. Within the SM, the masses are related by radiative
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corrections to the mass of the W boson. The next-to-leading-order (NLO) Feynman

diagrams, or radiative corrections to the My, are shown in Figure 2.6.

t ,—~\
N iy M
W

P Al N
[
W ‘W J W

Figure 2.6. Representative Feynman diagrams for the radiation corrections.

The mass of the W boson in Equation (2.20) is computed at tree level. At one-loop

level, the mass of the W boson acquires a finite radiative corrections, Ar, as follows

1 To 1/2
My = 2.28
WsMW@%m_mJ (2.28)

Up to the two loop diagrams, the correction Ar is given [29] as

Ape @ ( 3 m? 11 m%

+ —1In —) +0.07 (2.29)

wsin® Oy \ 16sin’0y m3, 48 m%
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As it can be seen, Ar depends quadratically on m; and logarithmically on my. By
plugging in Equation (2.29) to (2.28), it is possible to derive the relationship between
mw, My, Mz, a, sinfy, and myg. Given the values for «, sinfy and my, precise mea-
surement of my, and m; imposes the constraint on the mass of the Higgs boson, my.
Figure 2.7 from Ref. [30] shows the mass of the W boson versus mass of the top quark.
The blue ellipse indicates the constraints on my and m; at 68% confidence level based
on the data from Tevatron and LEP-II as of 2009. The dashed red contour is the con-
straint set by LEP-I and SLD. Green bands represent the theoretical constraint from
the SM obtained for a region of the Higgs mass. The Higgs mass my > 1000 GeV is not
favored by the SM and thus is excluded theoretically. The ranges with my < 114 GeV,
and 158 < my < 175 GeV are excluded by direct Higgs searches.

The recent Tevatron combination of the top quark mass m; = 173.1 + 1.3 GeV [20]
and the world average mass of the W boson my, = 80.399+0.023 GeV [31] are consistent
within the Standard Model framework. The results also indicate that the Higgs boson
is likely to have a small mass. A better precision of the top quark and W mass would
provide us a better constraint on the Higgs boson mass.

In addition to setting a constraint on the Higgs mass, the precise knowledge of m; is
important for testing QCD ¢t production. The ¢t cross section strongly depends on m;.
Disagreement between the measured cross section and theoretical prediction can be a
sign of contributions from outside the SM. If the measured cross section is higher than
the SM prediction, it may indicate a special role of the top quark in the electroweak
symmetry breaking mechanism, such as in [32], [33].

In such extensions, the scalar Higgs field is removed in favor of new interactions that
provide the observed mass spectrum. The symmetry breakdown occurs as a dynamical
mechanism involving the top quark. For instance in the top condensation mechanism|32],

the electroweak symmetry breaking arises from a natural top quark resonance, or conden-

28



August 2009
T T T T | T T T T

1 —LEP2 and Tevatron (prel.)
80.5 - LEP1 and SLD

68% CL

>

()]
©s804{ [}z

=

=

803] .
150 175 200
m, [GeV]

Figure 2.7. The indirect constraints on m; and my (dashed red contour) from LEP-I
and SLD data, and the direct measurements based on LEP-II and Tevatron data (solid
blue ellipse) as of summer 2009. Green bands are the SM relationship for the masses as
a function of the Higgs mass not excluded by the direct searches (114 < mpy < 158 GeV
and 175 < my < 1000 GeV).
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sate. The top-antitop pair acquires a vacuum expectation value similarly to the electron
pairing condensate in superconductivity. Another example could be the topcolor-assisted
technicolor model [34]. This model involves a t condensate coming from new strong in-
teractions causing the mesonic binding.

The recent cross section measurement in dilepton [35] and ¢+jets [36] channels agrees
with the Standard Model expectation. Figure 2.8 shows the experimental [36] and the-
oretical [37]-[42] cross sections as a function of the top quark mass. Hence, an accurate
determination of the top quarks properties such as the top quark mass is of great im-
portance since it allows to set a constraint on the Higgs mass, and to see if any hint of

new physics may be visible.
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Figure 2.8. Experimental and theoretical ¢t cross section o, as a function of the top
quark mass m;. The colored dashed lines represent the uncertainties for the theoretical
predictions from the choice of the PDF, the renormalization and factorization scales.
The point is the measured combined o7 evaluated for m; = 172.5 GeV. The black curve
shows experimental o, as a function of m;. The gray band corresponds to the total

experimental uncertainty
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Chapter 3

THE EXPERIMENTAL SETUP

The analysis presented in this thesis has been performed with data collected by the
D@ experiment at the Tevatron collider. This chapter gives an overview of the Tevatron

accelerator complex and the D@ detector.

3.1. The Tevatron Collider

The Tevatron [43] is a proton-antiproton (pp) collider located at the Fermi National
Accelerator Laboratory (Fermilab) near Chicago, Illinois. It was the highest energy
particle accelerator until March 2010 with center-of-mass energy of 1.96 TeV. This energy
is sufficient to produce the top quark. It remains one of only two places on Earth
where the top quark can be produced artificially. The accelerator consists of a series
of components that allow the production and the gradual acceleration of protons and
antiprotons to the energy of 0.98 TeV. Subsequent collision happens at specific regions
called interaction points. Two particle detectors, D@ and CDF, are located at and
surround respective interaction points of the Tevatron ring. The particle collisions and
consequent interaction are studied in detail at the detectors.

Several stages are required to accelerate particles and bring them into collision. Those
include particle creation, cooling and acceleration. Each component of the Tevatron ful-
fills a specific role in particle production and acceleration. The schematic arrangement of
the Tevatron components is shown in Figure 3.1. The main ones are: Cockcroft-Walton
pre-accelerator, Linear Accelerator (Linac), Booster, Main Injector and the Tevatron

ring. The follow