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Chapter 1

Introduction

Understanding of elementary particle physics is beneficialto all fields of science since it might answer
the simple question about the building blocks of matter. TheStandard Model of elementary particles and
the interactions between them is so far the best theory to understand the whole picture of the subatomic
world. It is based on relativistic quantum field theories. Over the last 40 years, the Standard Model has
proven to be a well-tested theory of physics through many experiments. Furthermore, the last missing
piece of the Standard Model particles, the "Higgs boson", has probably been found, as announced on
4 July 2012 after 48 years of "Higgs searching". The ATLAS andthe CMS collaborations at the LHC
announced the discovery of the Higgs-like particle using collision data with an integrated luminosity of
about 10 fb−1 of proton-proton collisions collected at a center-of-massenergy,

√
s = 7-8 TeV.

In the Standard Model, the heaviest among the observed elementary particle is the top quark. It has
a large mass of about 173 GeV, that lead to its late discovery in 1995 at the Tevatron proton-antiproton
collider. Many measurements of the top quark have been made since then. Furthermore, the mass of
the top quark can be used to constrain the mass of the Higgs boson and some measurements of top-
quark production are also sensitive to new physics beyond the Standard Model. The top quark can be
produced via either the strong interaction or the weak interaction. The major production mechanism
of the top quark both at the Tevatron and the LHC is in pairs of atop and an antitop quark via the
strong interaction. Another source is single top-quark production via the weak interaction; however,
it contributes less than top-quark pair production. Searches for single top-quark production were first
performed at the Tevatron; however, it took another 14 yearsfrom discovery of the top quark to that of
single top-quark production. The main reason was that the beam energy was not so high at the Tevatron.
For the final operation, it was at

√
s = 1.96 TeV. At the LHC, the operation was at

√
s = 7 TeV in

2010-2011 and top-quark production via the weak interaction was first measured in 2011. Studies of
single top-quark production can probe the Standard Model inseveral ways and provide information for
new physics beyond the Standard Model; therefore, measurements of single top-quark production are
absolutely advantageous.

This thesis is part of the efforts of the Bonn single top-quark group in their search forWt-channel
production in the lepton+jets mode in ATLAS. The lepton+jets mode normally contains one charged
lepton, oneb-quark jet, two light-quark jets and missing transverse energy from one neutrino in the final
state measured with the ATLAS detector. In reality one quarkjet can be missed in the final state; but
on the other hand, one additional light-parton jet can be produced. The analysis presented in this thesis
is related to the final state of the lepton+jets mode that misses one of the two light-quark jets. This
topology contributes about 42% in all. It has a large background especially fromW+jets production.
Furthermore, the two main backgrounds: top-quark pair production andW+jets production have very
similar signatures to that of the signal. As a result, it is difficult to separate the signal from the large
irreducible backgrounds.
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Chapter 1 Introduction

A neural network is used to combine many variables into one powerful discriminator. The aim of
the thesis is to find a method which provides the best separation power from both main backgrounds
at the same time. Training signal against a mixture of all backgrounds is first introduced as the stan-
dard approach. Then two additional approaches are investigated. Training a network of signal against
each background separately is one of the two additional approaches. The second method is to combine
the outputs of signal trained against each of the two main backgrounds into a two-dimensional distri-
bution. In the last step, the tool Bill is used to perform a binned maximum likelihood fit to the final
output discriminator in order to measure the cross section of the Wt-channel production and compute
the significance of the observed signal using hypothesis testing.

This thesis is structured as follows. An overview of the Standard Model of elementary particle physics
including a general introduction to top-quark physics is given in Chapter 2. The topic of Chapter 3 is
the ATLAS experiment. It consists of a description of the LHCas well as of all main components
of the ATLAS detector. In Chapter 4,Wt-channel production in the lepton+jets mode is described in
more detail. The exact final state of the signal for this thesis and all relevant background processes
are explained in the second half of the chapter. The general analysis setup containing some details of
the used datasets, the definitions of physical objects and the event selection is described in Chapter
5. In this chapter, the methods of estimating multijet background using data-driven methods are also
discussed. In Chapter 6, the strategies of the analysis based on the multivariate technique are reported.
In addition to the main analysis, a study of theb-tagging working point is also given in this chapter.
Chapter 7 describes the signal extraction using a likelihood fitting package Bill. A measurement of the
cross section and a calculation of the significance of the observed signal are presented here. In Chapter
8, the results of the thesis are summarised.
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Chapter 2

Theoretical Basics

The current theory of elementary particles and the interactions between them is called the Standard
Model. In the first part of this chapter, the basic theoretical knowledge regarding the Standard Model of
elementary particle physics is described. Since the top quark is the key for this analysis, the second half
of this chapter details its properties and its production aswell as its decay. Before that, some quantities
used in elementary particle physics are introduced.

2.1 Physical Quantities

Natural units. Two fundamental constants always appear in particle physics: the Planck constant,h,
(or the reduced Planck constant,~) and the speed of light,c. Their values in SI units are

~ =
h
2π
= 1.055× 10−34 Js,

c = 2.998× 108 m/s.

In particle physics, it is convenient to use the so-called "natural units" defined by choosing

~ = c = 1. (2.1)

Using natural units, one may drop~ andc from all units and formulae together, a practice that will be
adopted for the rest of this thesis. For example, mass, momentum and energy are all expressed in terms
of energy units, or length and time are in units of inverse energy. Furthermore, the electron volt (eV) is
common to use in particle physics as the unit of energy; 1 eV isequal to 1.6· 10−19 J.

Decay rate, lifetime and branching ratio. The decay rate (also known as the decay width),Γ, is
defined as the probability per unit time that any given particle will disintegrate. Often particles can
decay in several ways called the partial decay rates,Γi. The sum of each partial decay rate is known as
the total decay rate,Γtot =

∑

Γi. The unit of the decay rate is expressed in eV. The mean lifetime of a
particle,τ, is directly related to its total decay rate as

τ =
1
Γtot

. (2.2)

One can determine the probability of a particle to decay intoa particular decay mode in terms of the

3



Chapter 2 Theoretical Basics

branching ratio,B, which is defined as

B = Γi

Γtot
. (2.3)

Therefore, one can easily calculate the lifetime and branching ratios of particles from the decay rates.

Cross section. In a scattering process the cross section,σ, represents the effective area in which the
interaction takes place. In a case of particle-particle colliders, one can consider the cross section of
the process as the effective area of a target hit by a probe. The cross section is expressed in barn (b),
1b= 10−28 m2. The cross section can be calculated using the Feynman rulesas

σ ∝ |Mi j|2 · ρ, (2.4)

whereMi j is the matrix element which refers to the transition amplitude of the initial state,i, to the final
state,j, of the process andρ is the phase space.

Luminosity. Luminosity,L, is defined as the number of particles per unit area, per unit time. In the
case of incoming particles with uniform luminosity, the number of particles per unit time hitting on the
effective area,σ, is

dN
dt
= L ·σ. (2.5)

This luminosity is normally expressed in cm−2s−1 or b−1s−1. Besides the uniform (instantaneous) lu-
minosity, the integrated luminosity defined as

∫

Ldt is also introduced. The integrated luminosity is
therefore expressed in b−1 (commonly used in particle physics as pb−1 and fb−1). The luminosity is
one of two parameters (the other one is the beam energy) whichis used to qualify the performance of a
collider.

2.2 Standard Model

The principles of symmetries are extremely important and they guide the construction of the Standard
Model. However, many phenomena in particle physics signifythe need of symmetry breaking, so that
both symmetries and symmetry breaking play important rolesin the theory. The Standard Model is a
gauge field theory with the group symmetries

SU(3)C × SU(2)L × U(1)Y . (2.6)

These symmetries imply that the Standard Model Lagrangian density,L, (simply Lagrangian from here
on) is invariant under a localU(1)Y transformation, a localSU(2)L transformation and a localSU(3)C
transformation as well as under theU(1)Y × SU(2)L transformation. According to the Glashow-Salam-
Weinberg (GSW) theory, the electromagnetic and weak interactions are unified in the electroweak in-
teraction, that is a significant step towards the unificationof all fundamental forces in nature. The
electroweak interaction is described by theU(1)Y × SU(2)L gauge group which allows the mixing be-
tween the gauge bosons of both groups. Because of the mixing,the physicalW± and Z bosons are
the force carriers of the weak interaction while the photon is the force carrier of the electromagnetic
interaction.
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2.2 Standard Model

Figure 2.1: Overview of particles and interactions in the Standard Model picture.

Quantum chromodynamics, QCD, the theory of the strong interaction, is described by theSU(3)C
group. The mediators of the strong interaction are the so-called gluons which are massless and elec-
trically neutral. In this theory, there are three basic states of color charge, named red, green and blue.
Each quark carries one unit of the color charge while each antiquark carries one of three anticolors,
denoted antired, antigreen and antiblue. Each gluon carries a mixture of a color state and an anticolor
state. There are nine possibilities of gluons, but only eight gluons remain independent color states. Be-
sides the quark-gluon interactions, gluon-gluon interactions are a part of the strong interaction, since the
gluons themselves carry color charge.

2.2.1 Particles and their interactions

In the Standard Model there are two fundamental classes of particles, which are called fermions and
bosons. The fermions include six quarks and six leptons. They have spin1

2; therefore, they are subjected
to the Pauli exclusion principle. Regarding to the weak isospin states, the quarks and leptons are grouped
separately into doublets in three generations as

(

u
d

)

L

(

c
s

)

L

(

t
b

)

L
(

νe

e

)

L

(

νµ
µ

)

L

(

ντ
τ

)

L

.

Each up-type quark carries electric chargeQ = +2
3e and each down-type quark carries,Q = −1

3e.
While each of the charged leptons carriesQ = −1e, all neutrinos are neutral. Furthermore, each Standard
Model particle has a corresponding antiparticle withZ, H, γ being their own antiparticle. Antiparticles
have the electric charge and other charges of opposite sign to their corresponding particles, but particles
and antiparticles have the same mass, lifetime and spin. Normally the antiparticles are indicated by a
bar over the symbol of their corresponding particles exceptfor charged leptons and charged bosons. All
those doublets are in left-handed states while the right-handed states only form singlets which do not
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Chapter 2 Theoretical Basics

interact via charged weak interactions. The fermions, except neutrinos, can occur in both left-handed
and right-handed states; however, the left-handed states are normally preferred due to chirality suppres-
sion. The quarks are arranged in the upper doublets and the leptons in the lower doublets. The up-type
quarks (u,c,t) and neutral leptons (νe, νµ, ντ) have the third component of the weak isospin,T3 = +

1
2.

The down-type fermions haveT3 = −1
2. Table2.1shows all elementary particles in the Standard Model

and their masses.

Quark Lepton Boson

Flavor Mass [GeV] Flavor Mass [GeV] Mass [GeV]

u (2.3+0.7
−0.5) · 10−3 νe ≈ 0 γ 0

d (4.8+0.7
−0.3) · 10−3 e 0.511· 10−3 g 0

c 1.275±0.025 νµ ≈ 0 W± 80.385±0.015
s (95±5) · 10−3 µ 0.105 Z 91.188±0.002

t 173.5±0.6±0.8 ντ ≈ 0 H0 > 115.5

b 4.18±0.03 τ 1.777

Table 2.1: Elementary particles in the Standard Model and their masses from the 2012 PDG particle physics
booklet.

Quarks. Since all quarks carry color charge, they cluster together to form color neutral composite par-
ticles named hadrons due to color confinement. According to the color confinement phenomenon, the
quarks cannot be isolated. They are held together by the strong interaction. Besides the strong interac-
tion, quarks can interact with other fermions via both the electromagnetic and weak interactions. There
are two classifications of hadrons: baryons containing three quarks and mesons containing a quark and
an antiquark. Baryons are half-integer spin particles and mesons are integer spin particles.

Leptons. The best-known of all leptons is the electron,e. Leptons cannot interact via the strong in-
teraction since they do not carry the color charge. The threeneutrinos are subjected only to the weak
interaction. They interact rarely with matter such that they are hardly detectable. On the other hand, all
charged leptons, electron muon and tau, interact also electromagnetically.

The higher generation a fermion, the greater mass it has; however, all neutrinos are theoretically as-
sumed to be massless.1 The particles in the first generation do not decay and all ordinary matter in the
universe is made of them. The higher generation charged particles decay with very short lifetime and
they might be observed only with very high energy scenarios,e.g. in collider experiments.

Gauge bosons.As already described, there are three types of gauge boson which are defined as the force
mediators. The electromagnetic force is carried by the so-called photon,γ. The gluons,g mediate the
strong interactions and the chargedW and neutralZ bosons are the force carriers of the weak interaction.
The gauge bosons all have spin 1. The electromagnetic interaction acts on all electrically charged
particles: all quarks and leptons, except neutrinos, and onthe W bosons. The strong interaction acts
on all color charged quarks via the eight gluons which also carry a combination of color and anticolor
charge. The weak interaction acts on all quarks and all leptons via theW± andZ bosons. The charged

1In neutrino oscillations, neutrinos must have nonzero masses.
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2.2 Standard Model

W± bosons act on left-handed particles or right-handed antiparticles only, while the neutralZ boson acts
on right-handed particles, albeit with different strength. Because theW andZ bosons have high masses,
they can decay into other particles as

W+ → e+νe, µ
+νµ, τ

+ντ, qq̄′(→ hadrons)

Z → e+e−, µ+µ−, τ+τ−, qq̄(→ hadrons),

and the opposite charge configuration for theW− decay. The unification of the electromagnetic and
weak interactions into the electroweak interaction is the first step of the unification of all four funda-
mental forces including the gravitational force that is predicted to occur in the Planck era, about 10−43 s
after the Big Bang.

Higgs boson. The Higgs boson of the Standard Model is a massive scalar particle. It is unstable
and decays almost immediately into other particles. Also, the Higgs boson has no electric charge nor
color charge. It plays a master role in the theory because it is predicted as a mass generator for all
other massive elementary particles. On the 4th of July 2012, observation of "Higgs-like particle" was
announced at the LHC after 48 years of the Higgs searching. Several analyses are ongoing to confirm
the existence of the Higgs boson.

2.2.2 Feynman diagrams

e−

e+

γ

e−

e+

e+ e+

γ

e− e−

Figure 2.2: The leading order Feynman diagrams for electron-positron scattering via the electromagnetic interac-
tion.

The Feynman diagrams introduced in perturbation theory aregraphical representations of particle inter-
actions. Figure2.2 shows two examples of Feynman diagrams for electron-positron scattering via the
electromagnetic interaction. The left diagram is interpreted as thee+e− annihilation process in which
an electron and a positron annihilate into a virtual photon generating anothere+e− pair. The second
diagram shows a different process by rotating the first diagram by 90◦. An electron interacts with a
positron by emitting a photon but they do not touch each otherdirectly; hence, the final products remain
the electron and the positron.

In general Feynman diagrams are space-time diagrams. The time axis pointing to the right and the
space axis pointing upward is commonly used in particle physics. Particles are represented by lines
with arrows to the right, while the arrows of antiparticles point in the opposite direction. The wiggly
or dashed lines without any arrow represent the gauge bosons. Observable particles are shown by only
lines entering or leaving the diagram. The internal lines, which have the beginning and the ending in
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Chapter 2 Theoretical Basics

the diagram represent the virtual particles. At each joining point called a vertex, all conservation laws
corresponding to the interaction of each process have to be taken into account. This implies that electric
charge, baryon number and lepton number must be conserved ateach vertex.

In the above example of electron–positron annihilation, two electrons are represented by the upper
lines with arrows to the right and two antielectrons, known as positrons, by the lower lines with arrows to
the left. The photon is represented by the ended wavy line. This process happens via the electromagnetic
interaction, the total electric charge of the initial statesystem is 0e. Therefore, the final states are not
only another electron and positron, but can also beµ+µ− or another particle–antiparticle pair. Also,
energy and momentum conservation have to be considered.

2.2.3 Higgs mechanism

In gauge theories, the gauge bosons are massless particles;however, the gauge bosons are in fact the
massive particles of the Standard Model. A mass term in the Lagrangian of a quantum field theory is
required to give the masses to the gauge bosons; nevertheless this idea destroys the gauge invariance of
the Lagrangian and makes this theory meaningless because itis unrenormalisable. A solution for that
is spontaneous symmetry breaking of a local gauge theory by introducing the Higgs mechanism. The
Higgs mechanism allows the gauge bosons to gain mass as mathematically described below. Consider-
ing a Lagrangian:

L = (∂µφ)†(∂µφ) − µ2φ†φ − λ(φ†φ)2, (2.7)

with anSU(2) doublet of complex scalar fields which are introduced as

φ =

(

φα
φβ

)

=

√

1
2

(

φ1 + iφ2

φ3 + iφ4

)

. (2.8)

In the case ofµ2 < 0 andλ > 0, the potentialV(φ) as

V(φ) = µ2φ†φ + λ2(φ†φ)2 (2.9)

has a non-zero minimum called the vacuum expectation value (VEV) at a value of|φ| where

φ†φ =
1
2

(φ2
1 + φ

2
2 + φ

2
3 + φ

2
4) = −µ

2

2λ
. (2.10)

This VEV leads to spontaneous symmetry breaking, since the scalar fieldφ has a non-zero ground state.
Theφ can also be expanded around a particular minimum which givesV(φ) = 0, e.g.φ1 = φ2 = φ4 = 0

along withφ2
3 = −

µ2

λ
≡ ν2. Due to local gauge invariance, the scalar field can be parametrised in terms

of four real fields:θ1(x), θ2(x), θ3(x) andh(x) which have zero VEV:

φ(x) = eiτ · θ(x)/ν













0
ν+h(x)√

2













. (2.11)

Three massless Goldstone bosons are represented by threeθ(x) fields. In the process of giving mass,
the θ(x) fields are gauged away from the scalar field sector to represent in the gauge field sector as
longitudinal components of theW± andZ bosons. However, the scalar field,h(x), remains, that leads to
the massive scalar particle, the so-called Higgs boson. Thephoton cannot interact with the Higgs field
due to the remainingU(1)em symmetry of QED; therefore, it remains massless. Since the spontaneous
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symmetry breaking happens only to theSU(2)L × U(1)Y symmetry, the gluons which are the gauge
bosons ofSU(3)c also remain massless.

In a naive picture, the Higgs mechanism adds an extra scalar field, the Higgs field to the gauge theory.
The Higgs field occupies all space and the gauge bosons gain mass when they couple to the Higgs
field. Also, the Higgs field can fluctuate itself and form the Higgs boson. The photons and gluons do
not couple to the Higgs field; hence, they are still massless.The Higgs mechanism gives mass to the
fermions in a similar way as for the gauge bosons.

2.2.4 CKM quark mixing matrix

The Cabibbo–Kobayashi–Maskawa (CKM) matrix was introduced by Makoto Kobayashi and Toshihide
Maskawa. They added the third generation of quarks into the matrix which was previously introduced
by Nicola Cabibbo in order to describe that both ad quark and as quark can decay into au quark via the
charged current interaction. Meanwhile, the Glashow-Iliopoulos-Maiani (GIM) mechanism also pre-
dicted thec quark as the up-type quark of the second generation. That implies that the mass eigenstates
of the quarks (d, s, b) 2 are different from their weak eigenstates (d′, s′, b′). They are related to each
other via the CKM matrix,VCKM , as
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Vtd Vts Vtb
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The CKM matrix is a unitary matrix. It can be parametrised by three mixing angles and oneCP - vi-
olating phase and it is common to exhibit its hierarchy usingthe Wolfenstein parametrisation. Unitarity
implies thatΣiVi jV∗ik = δ jk andΣ jVi jV∗k j = δik. The CKM matrix elements describe the probability of
a transition from one up-type quark,i, to another down-type quark,j, (or vice versa). The values of all
nine CKM elements are estimated using the results of all available experiments from a global fit with
theoretical constraints. The current magnitudes of the CKMmatrix elements [1] are

VCKM =

























0.97428± 0.00015 0.2253± 0.0007 0.00347+0.00016
−0.00012

0.2252± 0.0007 0.97345+0.00015
−0.00016 0.0410+0.0011

−0.0007

0.00862+0.00026
−0.00020 0.0403+0.0011

−0.0007 0.999152+0.000030
−0.000045

























.

The representation of the CKM matrix shows that the probability of the coupling within the same gener-
ation is close to one as seen on the diagonal. On the other hand, the off-diagonal terms, called the CKM
suppressed terms, are rather small. Quarks therefore mostly prefer to decay within the same generation.
Moreover, the second most probable transition is between the first and second generations, the third
most probable transition is between the second and third generations. Finally, the transition between the
first and third generations has the smallest probability.

2.3 Top Quark Physics

The heaviest elementary particle observed to date is the topquark (sometimes calledtruth quark as well)
which is a member of the third generation of quarks. Its mass of about 173 GeV is very high among
all other quarks, roughly 60,000 times theu quark’s mass and 40 times theb quark’s mass. The two
experiments, at the Tevatron (app̄ collider at a center-of-mass energy of 1.96 TeV at Fermilab), CDF

2The convention is to mix down-type quarks.
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and D0 discovered the top quark in 1995. Since that big discovery various properties of the top quark
have been explored in order to understand the subatomic world. Furthermore, new physics beyond the
Standard Model might be revealed using the top quark as a probe.

2.3.1 Top-quark properties

The third generation of quarks was predicted by Makoto Kobayashi and Toshihide Maskawa in order
to explain the observed CP violations inK meson decay in 1973 [2]. The top quark is identified as the
up-type quark of the third generation and its weak isospin partner theb quark. Because of its very large
mass, its discovery took about 23 years after its prediction; theb quark was observed already in 1977.
At the LHC, thepp collider at a center-of-mass energy of 7 TeV was successfully operated in 2010 and
first top-quark measurements were also achieved in that year. In 2011, single top-quark production via
the weak interaction was first measured. The LHC is often called a top factory, allowing many top-quark
physics studies. In the following, the current properties of the top quark will be briefly summarised.

The most recent direct measurement of the top-quark mass from Tevatron is 173.5± 0.6 (stat.)±
0.8 (syst.) GeV (with a precision of 0.5%). Using only the indirect constraints on the top-quark mass
from the recent precision measurements of the parameters ofthe electroweak theory indicate that the
top quark mass is 179.7+11.7

−8.7 GeV [3] which is in very good agreement with the direct measurements.
Corresponding to the weak isospin doublet, the top quark hasT3 = +1/2, and a charge,Q, of +2/3 e.

In the Standard Model, top quarks decay almost 100% into ab quark and aW boson according to the
CKM matrix element|Vtb| ≫ |Vts| and|Vtd |. Considering only this decay mode and using the top-quark
mass of 172.5 GeV, the predicted width of the top quark isΓt = 1.33 GeV. This width corresponds to a
very short lifetime,τt = 1/Γt ∼ 5× 10−25 s. Its observed width from thet-channel single top-quark cross-
section and the branching fraction oft→Wb measurements yieldsΓt = 2.00+0.47

−0.43 GeV [4] corresponding
to τt ∼ 3.29+0.90

−0.63 × 10−25 s, in good agreement with the Standard Model prediction. Because the lifetime
of the top quark is smaller than the typical time to form hadrons,τhad∼ 1 fm/c ∼ 3 × 10−24 s, the top
quarks decay before they can form bound states. Another consequence of its very short lifetime is that
the spin of the top-quark decay is not depolarised due to hadron formation. Thus its spin properties
are able to be inferred from the spin information of its decayproducts. A possible difference in mass
between the top and antitop quarks could be measured directly, since the top quarks have a very short
lifetime and they decay before they are hadronised. The recent result is∆mt = -0.44± 0.46 (stat.)±
0.27 (syst.) GeV [5]. In principle, a mass difference between a quark and its corresponding antiquark
would imply CPT symmetry violation.

2.3.2 Top-quark production at the LHC

At hadron colliders top quarks are produced via two mechanisms. The production of top–antitop (tt̄)
pairs via the strong interaction is the dominant source of top quarks at both the Tevatron and the LHC.
Tens of thousands oftt̄ pairs were created at the Tevetron. Millions oftt̄ pairs have been produced and
part of them has been studied at the LHC. Another top-quark production mechanism is single top-quark
production via the weak interaction. The cross section of single top-quark production is small compared
to that oftt̄ production but this source is rather important for the electroweak theory studies.

Top-quark pair production

Partons are the point-like constituents of hadrons, i.e. quarks, antiquarks and gluons. Differently from
the naive parton model picture, protons do not only consist of two up quarks and one down quark, called
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q

q̄ t̄

t g

g t̄

t

Figure 2.3: Examples of Feynman diagrams fortt̄ production at leading order:qq̄ annihilation (left) andgg fusion
(right).

Figure 2.4: PDFs of quarks and gluons inside the proton from the CTEQ collaboration [6] (left). Parton luminosi-
ties forgg, qq̄, qg andgq̄ interactions at the Tevatron and the LHC [7] (right).

valence quarks, but also quark–antiquark pairs from gluonswhich are the so-called sea quarks. In fact,
the interaction from thepp or pp̄ collisions is the hard scattering process of the partons inside protons.
The proton structure is described by the parton distribution function (PDF) which depends on the scale
Q2, whereQ2 = −q2, q is the four-momentum of the mediator.

The top-quark mass is much higher than the QCD scale,ΛQCD = 217±25 MeV [8]; hence, the cross
section oftt̄ pairs can be determined using the QCD-improved parton model[9]. The factorisation
theorem says that the inclusive cross section of the processpp → tt̄ at the LHC in terms of parton
distribution functions (PDF),fi and a partonic cross section, ˆσ, is

σpp→tt̄(s,mt) =
∑

i, j=q,q̄,g

∫

dxidx j fi(xi, µ
2
f ) f j(x j, µ

2
f ) · σ̂i j→tt̄(ŝ,mt, µ f , µr, αs). (2.12)

The cross section depends on the square of the center-of-mass energy of the collider,s = 4E2
beam and

mt. xi are the parton momentum fractions,µ f (r) are the factorisation and renormalisation scales and
ŝ ∼ xix js is the center-of-mass energy of the partons. The PDFsfi(xi, µ

2
f ) are generally determined

from global fits to experimental data of deep-inelastic scattering. The typical momentum fractions for
both pp and pp̄ colliders can be estimated fromx ≈ 2mt/

√
s due to two assumptions: the need of the
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minimal energy,
√

ŝ ≥ 2mt, and settingxi ≈ x j ≈ x.
At leading order QCD, the top-quark pairs are produced by quark–antiquark annihilation,qq̄ → tt̄

and gluon-gluon fusion,gg→ tt̄ shown in figure2.3. The PDFs ofu, d, ū, d̄, s quarks and gluons inside
the proton are shown in figure2.4(left). In thex region less than 0.15, gluons are dominant. Figure2.4
(right) shows the parton luminosity distributions at the Tevatron and the LHC. The parton luminosity is
used to compare the same process at different collider setups and it is defined as:

Li j→tt̄(ŝ; s, µ f ) =
1
s

∫

dxi

xi
fi(xi, µ

2
f ) f j(

ŝ
xis

, µ2
f ). (2.13)

At the Tevatron, the beam energy is about 10 times the top quark mass. That leads to the large
correspondingx value, x ≈ 0.18 with

√
s = 1.96 TeV. The quark–antiquark annihilation contributes

about 85% of the total cross section there and the remainder is mostlygg fusion. While at the center-
of-mass energy of

√
s = 7 (14) TeV, the correspondingx of 0.05 (0.025), the lowerx region becomes

important, around 80% (90%) of the top quark pair productionis therefore via gluon-gluon interactions
at the LHC. The rest is mostly viaqq̄ annihilation. Theqg andgq̄ initial states are generally suppressed
by the coupling constant,αs, thus the cross section from their contributions is only a few percent at both
the Tevatron and the LHC. At the LHC the predicted cross section of the top quark pair production at√

s = 7 TeV is 165+11
−16 pb assumingmt = 172.5 GeV [1].

Single top-quark production

q
q′

W+

t
b

b̄
g b t

W−

q q′

u

d̄

W+

b̄

t b

g

b

W−

t

Figure 2.5: Examples of Feynman diagrams for single top-quark production at leading order. From left to right:
thet-channel asWg fusion and as flavor excitation, thes-channel and theWt-channel.

Single top-quarks can be produced via the electroweak interaction, which involves almost exclusively
theWtb vertex, since the production involvingWtd andWts vertices is strongly suppressed as described
above. There are three different production modes: thet-channel, asWg fusion and flavor excitation,
thes-channel and theWt-channel shown in figure2.5. They are distinguished according to the virtuality,
−q2, of the producedW boson, whereq is the four-momentum of theW boson. Table2.2 shows
theoretical cross section predictions for all three singletop-quark production channels at the Tevatron
and the LHC. The predicted cross sections for the Tevatron and the LHC at

√
s = 14 TeV are taken from

[10]. The calculations assumedmt = 175 GeV. The first uncertainty corresponds to the scale uncertainty
and the second one is the PDF uncertainty. The predicted values for the LHC at

√
s = 7 TeV are from

[11] usingmt = 173 GeV. Their error is from both scale and PDF uncertainties.
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Production mode
√

s [TeV] σt [pb] σs [pb] σWt [pb]

pp̄→ t/t̄ 1.96 1.98+0.28
−0.22 1.02±0.08 0.25± 0.03

pp→ t 7 41.7+1.6
−0.2 ± 0.8 3.17±0.06+0.13

−0.10 7.8± 0.2+0.5
−0.6

pp→ t̄ 7 22.5± 0.5+0.7
−0.9 1.42±0.01+0.06

−0.07 7.8± 0.2+0.5
−0.6

pp→ t 14 156± 8 7.23+0.55
−0.47 41.1± 4.2

pp→ t̄ 14 91± 5 4.03+0.14
−0.16 41.1± 4.2

Table 2.2: Predicted total cross sections for three single top quark production modes at the Tevatron with
√

s =
1.96 TeV and the LHC

√
s = 7 (14) TeV. The values are the sum oft quark and̄t quark production for the Tevatron,

while the values are separated for the LHC

At the LHC with
√

s = 7 TeV, the total cross section of single top-quark production is about 84.4 pb
which is approximately 50% of the top-quark pair productioncross section. The mass of the top quark
is of the same order of magnitude as the scale of the electroweak symmetry breaking. Single top-quark
production is therefore important as a probe to the electroweak theory together with the discovery of
new physics. For example, single top-quark production in the t-channel viaug → t allows to search for
flavor-changing neutral currents (FCNC).

t-channel production. Thet-channel is the dominant mode for single top-quark production at both the
Tevatron (about 61%) and the LHC (about 76%). In thet-channel a virtualW boson scatters off a sea
b quark inside the proton, and gives at quark in the final state. Theb quark originates from a gluon
which splits into abb̄ pair as shown in the first graph of figure2.5. This scheme is known asW-gluon
fusion. A b quark in the proton can also be considered as the leading order shown in the second graph
of figure 2.5. Basically theWg fusion is therefore a next-to-leading-order process whichis important
for the cross section calculations. This mode,q + b → q′ + t, is called flavor excitation. Because of
its large cross section and its clean signature, the first study of thet-channel production was done at the
Tevatron in 2009 [12] and several measurements of the cross section of thet-channel production have
been performed since 2011 at the LHC [13].

s-channel production. A time-like W boson is produced by a quark and an antiquark that belong to the
same isospin doublet, mostlyud̄, and further decays intotb̄. Some of the leading order processes of the
s-channel production have the same initial and final states astheWg fusion of thet-channel; however,
one can distinguish them via their color structure which does not allow them to interfere with each other.
The tb̄ pair in thes-channel forms a color singlet, since it is from aW boson, while thetb̄ pair in the
t-channel is a color octet state since it comes from a gluon. Atthe Tevatron, the predicted cross section
of the s-channel production is about 31% of the total single top-quark cross section; on the other hand,
it is only 5% at the LHC with

√
s = 7 TeV. One reason for that is theqq̄′ annihilation process does not

play an important role at the LHC.

At the Tevatron, the combined cross section of thet-channel ands-channel was measured to be
3.9 ± 0.9 pb [14], in good agreement with the predicted value of 2.9 ± 0.4 pb. Separatings-channel
production fromt-channel production is the main effort. At the LHC, the cross-section measurement of
single top-quark production in thes channel is challenging since the cross section of thes-channel is
the smallest.
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Wt-channel production. In the Wt-channel, at quark is produced in association with an on-shell (or
close to on-shell)W boson. This mode is also known as associated production of the single top-quarks.
At leading order, theW boson and thet quark are emitted from a virtualb quark shown in figure2.5
(right) or t-channel-like asbg → Wt via a virtualt quark. Considering the first case but with an initial
gg pair as shown in figure2.6, this is an example ofWt-channel production at next-to-leading order.
The final state corresponds totb̄W which is the same as the final state of thett̄ production at the leading
order but with different kinematics.

At the LHC, single top-quark production in theWt-channel is the second most important production
channel (about 19%) and expected to be observable there. On the other hand, its cross-section is too
small by far to be observed at the Tevatron.

g

t

t

b̄

W−

g

Figure 2.6: Feynman diagram ofWt-channel production at next-to-leading order.

2.3.3 Top-quark decay

The decayst → Wd and t → W s are strongly suppressed and normally negligible. Considering only
t → Wb, the decay rate of the top quark in the Standard Model at next-to-leading order QCD is given
by [7]

Γt =
GFm3

t

8π
√
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|Vtb|2
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)]

, (2.14)

whereGF is the Fermi constant andαs the strong coupling constant. As discussed in Section2.3.1,
Γt = 1.33 GeV atmt = 172.5 GeV.

The ratio of the branching fractions of the top quark decaying to ab quark and to any down-type
quark is

R =
B(t → Wb)
B(t → Wq)

=
|Vtb|2

|Vtb|2 + |Vts|2 + |Vtd |2
. (2.15)

Assuming unitarity of the CKM matrix,
∑

qdown−type
|Vtq|2 = 1, a measurement ofR directly indicates

the CKM matrix element|Vtb|. Furthermore, the only direct determination of|Vtb| without assuming
unitarity is from single top-quark production cross sections. The cross section measurements by CDF
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and D0 of 2.76+0.58
−0.47 pb [12] imply that the absolute value of the element is|Vtb| = 0.88± 0.07.

In general, the decay modes of thet quark can be classified by the decay modes of theW boson. The
W boson decays into a quark–antiquark pair with the branchingratioB = 68% or into a lepton and its
corresponding neutrino withB = 32%. The first case is normally known as hadronic decay and the
latter as leptonic decay. There are three cases for the decayof systems which have twoW bosons, e.g.
theWt-channel andtt̄ production:

• all-hadronic channel: bothW bosons decay hadronically, withB = 46.2%,

• lepton+jets channel: oneW boson decays hadronically while the other decays leptonically, with
B = 43.5%,

• dilepton channel: bothW bosons decay leptonically, withB = 10.3%.

A term "jet" is referred to as a hadron cluster produced by thehadronisation of a quark or gluon.
Experimentally, the all-hadronic channel, which containsonly jets in the final state, is hard to separate
from the multijet background that will be discussed in Section 4.2.7. This mode is therefore difficult
to isolate in analyses even if it has the largest branching ratio. On the other hand, the dilepton channel
is the cleanest, but there are two problems in this channel: the smaller branching ratio and large miss-
ing transverse momentum due to two neutrinos, that one cannot reconstruct directly. The lepton+jets
channel has the second largest branching ratio and separation of the signal from the background in this
channel is easier than in the hadronic channel; therefore, it is a promising channel to have a look at for
theWt-channel production.
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Chapter 3

The ATLAS Experiment

3.1 The Large Hadron Collider (LHC)

The most powerful particle accelerator to date is the LHC at CERN, the European Organization for
Nuclear Research, located between the borders of France andSwitzerland, near Geneva. The LHC
beam pipe has a circumference of about 27 km and lies about 100m underground. Two beams of
hadrons are accelerated in opposite directions, then collide with each other. The LHC is expected to
reach a center-of-mass energy of 14 TeV and a design luminosity of 1034 cm−2 s−1 in proton-proton
collisions with 2808 proton bunches of 1.15· 1011 protons per beam and a bunch spacing of 25 ns. The
aim is to take 100 fb−1 integrated luminosity of data per year. Products of proton-proton collisions
are mainly explored in order to verify our current knowledgeand clarify several remaining puzzles
about the universe. Moreover, the LHC has a heavy-ion programme to study matter in the conditions
that existed in 10−6 s after the Big Bang. The successful operation in 2010 was at aproton-proton
center-of-mass energy of 7 TeV with an instantaneous luminosity of 2· 1032 cm−2 s−1. In 2011, an
instantaneous luminosity of up to 3.65· 1033 cm−2 s−1 at a bunch spacing of 50 ns was reached. An
integrated luminosity of the full 2011 proton-proton data amounts to 5 fb−1. This 2011 data was used in
this thesis.

Figure3.1 shows a schematic view of CERN’s accelerator complex. Protons from a hydrogen-gas
source are accelerated by radio-frequency (RF) cavities. The protons are firstly injected into an RF
cavity accelerating them up to 750 keV, and then into the Linear Accelerator called LINAC2 to 50 MeV.
In order to achieve an energy of 25 GeV, the protons are sent tothe Proton Synchrotron (PS) by the
PS Booster. Finally, before injecting them to the LHC ring, the protons are accelerated by the Super
Proton Synchrotron (SPS) to 450 GeV. 1232 superconducting dipole magnets of 15 m length are used
to bend the beams and up to 392 quadrupole magnets, each 5–7 m long, focus the beams. The dipoles
must produce fields of 8.36 T in order to bend the beams. Superfluid helium is used to cool down
temperatures of the dipole magnets to 1.9 K to achieve such a high field strength.

There are six detectors installed at the LHC’s collision points. ATLAS and CMS are general purpose
detectors to investigate particles produced by the proton-proton collisions so that they serve a wide
spectrum of experiments. They also aim for fulfilling a gap inthe Standard Model that is the searches
for the Higgs boson. These two experiments are therefore on the lookout for predicted phenomena
beyond the Standard Model as well as completely new scenarios in physics. The ATLAS and CMS
detectors were designed independently in order to cross-check any result. LHCb is a medium-sized
detector. It aims to understand why the dominant substancesin the universe are particles rather than
their corresponding antiparticles usingb quarks. The detector is designed specially as a series of sub-
detectors to catch theb quarks mainly in the forward direction. Another medium-sized detector is
ALICE. The ALICE experiment focuses on the understanding ofPb-Pb collisions. These collisions are
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Figure 3.1: CERN’s accelerator chain [15].

supposed to recreate a state of matter which existed just after the Big Bang, namely the quark-gluon
plasma.

Besides the four main detectors of the LHC, there are two further experiments, TOTEM and LHCf,
which are much smaller in size and weight. The detectors for the TOTEM experiment are placed near the
CMS detector, those for the LHCf experiment are near the ATLAS detector. The TOTEM experiment
concentrates studying on the proton structure in depth as well as the precise measurement of the proton-
proton interaction cross section. Cosmic rays have been studied in the laboratory conditions by the
LHCf. Both of them explore mainly the particles produced in the forward region of collisions. A
seventh experiment at the LHC, named as MoEDAL, is designed to search for magnetic monopoles
together with highly ionizing stable massive particles using nuclear track detectors.

3.2 ATLAS - A Toroidal LHC ApparatuS

ATLAS is one of the two multi-purpose particle detectors. The ATLAS detector, with the huge size of
46 m length, 25 m diameter and about 7,000 ton weight, is the largest particle detector ever built. Many
particle physics experiments have been performed within the framework of the ATLAS collaboration.
About 3,000 physicists at 175 institutions in 38 countries around the world participate in the project.
Before some details of all components of the ATLAS detector are described, some kinematic parameters
used at ATLAS will be given.

3.2.1 Kinematics at ATLAS

The standard coordinate system used at ATLAS is a right-handed (x, y, z) coordinate system. At the
interaction point in the center of the ATLAS detector, thez-axis is parallel to the beam in counter-
clockwise direction. Thex-axis points towards the centre of the LHC ring. They-axis points upwards.
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The (r, θ, φ) coordinate system is also used to describe detector positions. The radial distance from the
beam axis,r, is defined as

r =
√

x2 + y2. (3.1)

The polar angle,θ, is defined as the angle between the particle direction and the beam axis and the
azimuthal angleφ is defined as the angle in thex - y plane. The pseudorapidity,η, is defined using the
polar angle,θ, as

η = − ln
(

tan
θ

2

)

. (3.2)

The pseudorapidity is an important quantity of a particle and simply used instead of the rapidity since
it depends upon only the polar angleθ. The rapidity,y, is defined as

y =
1
2

ln

(

E + pz

E − pz

)

. (3.3)

This parameter is useful since a difference in the rapidity of two particles is invariant under Lorentz
boosts along the beam axis. The distance∆R given inη - φ space is defined as

∆R =
√

(∆η)2 + (∆φ)2. (3.4)

At hadron colliders, momenta are usually expressed in termsof transverse momentum,pT, andη.
The absolute value of momentum is defined as

|p| = pT coshη, with (3.5)

px = pT cosφ, py = pT sinφ, pz = pT sinhη. (3.6)

Due to the high center-of-mass energy of thepp collisions, one often works in the high energy limit,
where the momentum is approximately the same as the energy. Therefore, the transverse energy,ET,
is calculated. Moreover, it is also possible to determine the other transverse quantities for example the
missing transverse energy,Emiss

T .

3.2.2 ATLAS detector

The detector is structured in multiple layers of the individual components surrounding the interaction
regime. The ATLAS detector is illustrated in figure3.2. Each component is built up from different
materials in such a way that corresponding particles interact with the material and deposit their energies
during interactions as shown in figure3.3. The detector comprises three major components: the inner
detector, the calorimeter and the muon spectrometer. The following information gives a short overview
of the ATLAS detector as well as the trigger and data acquisition system. The following details are
mainly based on the ATLAS performance report [17].
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Figure 3.2: An overview of all components of the ATLAS detector [16].

Figure 3.3: Interactions of particles in different detector components of the ATLAS detector.
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Inner Detector

The ATLAS Inner Detector (ID) is the central tracking systemof the ATLAS detector, that surrounds the
LHC interaction point region. The ID comprises three main components, the Pixel Detector, the Semi-
conductor Tracker (SCT) and the Transition Radiation Tracker (TRT). All are contained in a cylinder
with 1.15 m diameter and 7 m length, surrounded by a solenoid magnet which provides a field of 2 T.
The ID covers a pseudorapidity of|η| < 2.5 with full coverage inφ. The barrel region of each detector is
arranged in concentric cylinders around the beam axis whilethe end-cap regions are positioned on disks
which are perpendicular to the beam axis. The detector provides information of the primary vertex to-
gether with secondary vertex reconstruction, transverse momentum measurement, track reconstruction
and charge determination.

The Pixel Detector. The Pixel detector is the innermost component, with a radialrange between
50.5 mm and 150 mm. It consists of 1,744 silicon pixel modules with 47,232 pixels each. Each pixel
has an area of 50µm × 400µm. Only 46,080 pixels are read out by 16 radiation-hard front-end chips.
The total number of readout channels therefore is 67 millionpixels in the barrel region and 13 mil-
lion pixels in the end-caps. The pixel modules are arranged in three concentric barrel layers and three
end-cap disks each. The Pixel detector is able to provide information on short lived particles such as
B-hadrons, determine the impact parameter using three precise measurements per track and find vertices.

The Semiconductor Tracker. The Semiconductor Tracker covers the intermediate radial range be-
tween 299 mm and 560 mm. The SCT provides eight precision measurements per track. There are 8448
silicon modules in the barrel and 6,944 modules in the forward region. The modules are arranged in four
concentric layers in the barrel region as well as nine disks on each end-cap. Each of the silicon detectors
consists of 768 readout strips of 80µm pitch in the barrel while of variable pitch in the end-caps.The
strips of approximately 12 cm in length are roughly parallelto the beam direction in the barrel region
and radial in the forward region.

The Transition Radiation Tracker. The Transition Radiation Tracker consists of thin drift tubes filled
with a gas mixture of 70% Xe, 27% CO2 and 3% O2. Each straw tube of 4 mm diameter is formed from
two layers of multilayer films of 35µm thickness. The barrel of the TRT is arranged into cylindrical
layers covering the radial range from 56 cm to 107 cm and the end-caps are arranged in wheel-like
structures. In the barrel region there are 73 layers of straws which are parallel to the beam pipe and have
144 cm in length. In the end-cap regions, 160 straw planes areradially arranged into wheels with 37 cm
in length. The total number of readout channels is 420,000. The TRT provides electron identification
using transition radiation photons which are created in polypropylene fibres (barrel) or foils (end-caps)
between the straws. Charged particles with transverse momentum pT > 0.5 GeV and pseudorapidity
|η| < 2.0 are also expected to cross more than 30 straws in the TRT. At the outer radius the momentum
measurements can be complemented via the straw hits with lower precision but longer measured track
length.

Calorimeter

The ATLAS calorimeter system is located outside the solenoid magnet surrounding the inner detec-
tor. It is divided into two sub-systems, namely the electromagnetic (EM) calorimeter and the hadron
calorimeter. The calorimeters are designed to measure the energies of particles by absorbing them. In
addition, they contribute to particle identification and missing energy determination. The components
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of the calorimeter system are metal absorbers and active layers. Incoming particles interact with ab-
sorbers and deposit their energies to generate particle showers which are detected by the active layers.
Liquid argon (LAr) is filled in gaps throughout the calorimeter system. The EM calorimeter is designed
to measure electromagnetic showers from electrons and photons while the hadron calorimeter measures
hadronic showers from jets.

The Electromagnetic Calorimeter. The Electromagnetic Calorimeter is the closest part of the system
to the beam pipe. It is designed to detect energy deposits of electrons and photons as electromagnetic
showers in a large energy range between 5 GeV up to 5 TeV. The showers are produced by for example
pair production, Compton scattering and bremsstrahlung processes. The EM calorimeter is divided into
a barrel region and two end-cap regions. The barrel lies inside the barrel cryostat with a radial range
between 1.5 m and 2 m and covers the range|η| < 1.475. Each end-cap calorimeter lies inside the end-
cap cryostat on each side of the barrel and they cover the region 1.375< |η| < 3.2. However, precision
measurements are possible only within|η| < 2.5. Because of its accordion structure with granularities,
it can cover allφ-angles without any azimuthal cracks. The EM calorimeter uses a lead-liquid argon
sampling technique. Lead plates bent in an accordion shape are applied as the absorbers and the LAr as
active material. There are three layers made of copper-polymide between two absorbers, that provides
the drift field due to high voltage fed to the outer plates and performs the capacitive readout on the inner
layer. The thickness of the EM calorimeter is larger than 22 radiation lengths (X0) in the barrel and
larger than 24X0 in the end-caps.

A presampler detector is used to measure the energy corresponding to the low momentum particles
which are created in the interaction of electrons/positrons and photons. The presampler detector was put
in front of the barrel calorimeter over the fullη range of the barrel. In the transition region between the
barrel and end-cap calorimeters, 1.5< |η| < 1.8, a presampler detector is also used in order to improve
the energy measurement in this range. The EM calorimeter is divided in depth into three longitudinal
layers being in accord with different∆η × ∆φ granularities. The energy resolution depending on the
particle type and position of|η| can be expressed as [18]

σ(E)
E
=

a
E
⊕ b
√

E
⊕ c. (3.7)

The first term on the right-hand side of the equation is referred to as the noise term which is always
ignored from the calculation. The second term is the sampling term and the last term is a constant. The
energy resolution of electrons is expected to reach

σ(E)
E
=

10%
√

E
⊕ 0.7%. (3.8)

The Hadron Calorimeter. The Hadron Calorimeter takes a major responsibility for jetreconstruc-
tion. The hadron calorimeter consists of the tile calorimeter, the end-cap calorimeter and the forward
calorimeter. The tile calorimeter encloses the EM calorimeter. Steel is used as the absorber and scin-
tillator as the active medium. It has a central barrel part together with two extensions covering the
region |η| < 1.7. In the end-cap regions, the calorimeters extend the rangeof 1.5 < |η| < 3.2. For
these calorimeter wheels, copper plates are used as the absorbers and LAr is the active medium. The
end-cap cryostats are shared between the EM and hadronic end-cap calorimeters as well as the forward
calorimeter. The forward calorimeter covers the range 3.1< |η| < 4.9. It is split into one EM module
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made of copper and two hadron modules made of tungsten. The active medium is still LAr which is
used to fill the gaps.

The hadronic showers develop as a sequence of inelastic hadronic interactions. There are many
produced particles with large momentum which can also create tertiary particles and so forth. The
hadronic showers are therefore more complex and much largerthan the electromagnetic showers. That
also directly effects the energy resolution of the hadronic calorimeter, being worse than that of the EM
calorimeter. For hadrons, the resolution is expected to be

σ(E)
E
=

100%
√

E
⊕ 10%. (3.9)

Muon Spectrometer

The muon spectrometer is designed to measure muon momenta with high precision over a large range
in pseudorapidity and azimuthal angle. The muon spectrometer is the outermost part of the ATLAS
detector using a special magnet system along with high precision tracking and trigger chambers. The
magnet system of the muon spectrometer consists of three air-core superconducting toroids generating
large magnetic fields in order to bend the tracks of muons. Itsaim is to measure a transverse momentum
range of 10 GeV< pT < 500 GeV with a resolution between 3% and 4% andpT up to 1 TeV with a
resolution better than 10%.

The barrel toroid spreads over 25 m length with a radius rangebetween 4.7 m and 10 m. At the ends
of the barrel toroid, there are two end-cap toroids with a radius range between 1.65 m to 10.7 m. Each
toroid consists of eight superconducting coils which provide an average field of 0.5 T. The barrel toroid
covering the range|η| < 1.4 provides 1.5 to 5.5 Tm of bending power while the end-cap toroids covering
the range 1.6< |η| < 2.7 provide 1 to 7.5 Tm of bending power. In the transition regions, 1.4< |η| < 1.6,
the bending power is less.

To achieve a high precision measurement of the muon trajectory, Monitored Drift Tubes (MDTs) are
used. The MDT chambers contains three to eight layers of drift tubes which have a diameter of roughly
30 mm and are filled with 93% Ar together with 7% CO2 gas at 3 bar. The total number of the tubes is
between 16 and 72 per layer of a chamber. The electrons produced by ionisation of the gas are collected
on a tungsten-rhenium wire at high voltage. The MDT aims to reach a resolution of 60 to 80µm. They
are installed into three layers in the barrel region. Resistive Plate Chambers (RPCs) inserted parallel to
the electron-plate detectors filled with gas are also installed in the last two layers. The RPCs are for the
muon trigger.

In the end-cap regions, there are one layer of Cathode Strip Chambers (CSCs) and two layers of
MDTs. The first layer located closest to the beam pipe is equipped with CSCs instead of MDTs because
the CSCs perform much better in this high background-rate region. The limit of MDT operation is
150 Hz cm−2 but the limit of CSC operation is up to 1000 Hz cm−2. The CSCs are multi-wire propor-
tional chambers with cathode planes. The resolution of a chamber is 40µm in the bending plane and
5 mm in the transverse plane. Thin Gap Chambers (TGCs) are also installed into the first two layers.
They operate with the same principle as the CSCs but with a high electric field and different character-
istics leading to high precision of the time resolution. TheTGCs are responsible for the muon trigger in
this region.

As described above, the trigger system of the muon spectrometer consists of the RPC and TGC
detectors. It covers a range of|η| < 2.4. It provides a high precision timing resolution of 1.5 nsto 4 ns to
trigger on muons. Measurements of muon momenta can be done with the trigger system. Moreover, the
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muon trigger detectors can identify a bunch-crossing and measure the muon coordinate in the direction
orthogonal to that provided by the precision tracking system.

Trigger and Data Acquisition System

The ATLAS trigger system was made to reduce the event storagerate without losing many interesting
physics events. Selection criteria and Regions-of-Interest (RoI) are strategies for this purpose. The
trigger system consists of three levels of event selection:Level 1 (L1), Level 2 (L2) and Event Filter
(EF). The L1 trigger is hardware-based, while the L2 and EF triggers are software-based.

The Level 1 (L1) trigger is responsible for accessing data from the calorimeter and muon spectrometer
detectors. It searches for signatures of muons with highpT, electrons, photons, hadronic decays of tau
leptons, jets and events with large missing transverse energy as well as large transverse energy. The
calorimeter trigger decision is based on the observed clusters’ multiplicities and energy thresholds in
the calorimeter sub-detectors, and the muon trigger decision on trajectory measurements in the muon
trigger detectors. To operate at a maximum pass rate of 75 kHz, the L1 trigger must make a decision
within 2 µs.

The Level 2 (L2) trigger uses the RoI information from the L1 trigger and then applies the L2 to
refine remaining information. The L2 decisions are implemented in the form of selection algorithms,
that allow the use of information from all detectors, including the inner detector, which is not available
at L1. The L2 trigger can reduce the event rate to about 3.5 kHzand each event has the processing time
of roughly 40 ms.

The events selected by the L2 trigger are passed on to the Event Filter (EF) trigger which is based
on the complex offline analysis algorithms to fully reconstruct the events. The EF trigger reduces the
event rate to roughly 100 Hz with the processing time of each event of roughly 4 s. That event rate
corresponds to about 100 Mbyte per second. The events in thisstage are classified into ATLAS physics
data streams which are muons, electrons, photons, taus, jets and B-physics. However, one event can
fulfil several data stream classification definitions; therefore, it can be recorded in more than one data
stream.

Moreover, the ATLAS detectors also monitor and measure the relative and absolute luminosity. The
luminosity can be independently determined using various detectors and algorithms. After the calibra-
tion using dedicated beam-separation scans, the luminosity is determined with an uncertainty of 3.7%
[19] for the 2011 data.
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Signal and Background Processes

As described in Chapter2, single top-quark production in theWt-channel has not been measured so
far. Measurements of single top-quark production in this channel might be done with the large amount
of data from the proton-proton collisions at a center-of-mass energy of 7 TeV, since theWt-channel
production is the second largest source of the single top-quarks. In this thesis, the 2-jet topology of the
Wt-channel production in the lepton+jets mode is mainly studied. TheWt-channel production process is
described in detail in the first section of this chapter. All relevant background processes are addressed
in the second section.

4.1 Wt-Channel Production in the Lepton+Jets Mode

In this analysis, theWt-channel production in the lepton+jets mode is studied. TheWt-channel produc-
tion was discussed in Section2.3.2and Section2.3.3. The signature of this channel basically contains
one charged lepton, missing transverse momentum,Emiss

T , and two light-quark jets together with one
b-quark jet. The considered leptons are only electrons and muon in the final state, since they can be
detected directly.τ-leptons are considered only if they decay leptonically, i.e. into one electron or muon
and two neutrinos. The other modes ofτ lepton decay are considered as background; therefore, the
branching ratio of the signal is reduced to 34.1% of the totalWt-channel production. Figure4.1shows a
Feynman diagram ofWt-channel production in the lepton+jets mode. TheW boson from the top quark
decays hadronically, while the otherW boson decays leptonically. There is another diagram that also
representsWt-channel production in the lepton+jets mode. TheW boson from the top quark decays lep-
tonically, while the otherW boson decays hadronically. This standard scheme is referred to as the 3-jet
topology of theWt-channel production. However, one of two light-quark jets might not be observed in
the final state or additional light-quark jets can occur in some events, as well. Thus, there are two more
topologies that are considered, called 2- and 4-jet topologies, which increase the fraction of the signal
that can be observed.

The signal is distributed in the expected to be 2-, 3- and 4-jet topologies as 42:41:17 and the signal-
to-background ratio of all three topologies as 2.4, 4.6 and 4.0%. All numbers are extracted from the
analysis ofWt-channel production in the lepton+jets decay mode by the Bonn single top-quark group.
After application of the event selection discussed in the full analysis [20],tt̄ production andW+jets
production are the two largest backgrounds in all three topologies. The role of each background is
different in each topology. In the 2-jet topologyW+jets production is the dominating background, while
the contributions oftt̄ production andW+jets production are rather similar in the 3-jet topology in
size but not shape of their distributions. For the 4-jet topology tt̄ production is the largest background
because the appearance of an additional jet in the final stateof Wt-channel production makes it look
similar to the final state oftt̄ production.
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Figure 4.1: Feynman diagram ofWt-channel production in the lepton+jets mode. TheW boson from the top quark
decays hadronically, while the otherW boson decays leptonically.

In this thesis, theWt-channel production that is missing one of the two light-quark jets from the final
state, "the 2-jet topology", is evaluated. This scenario might happen such that one of two light-quark
jets could not pass the event selection discussed later in Section 5.4. Its event signature consists of
exactly one charged lepton, missing transverse momentum, one light-quark jet and oneb-quark jet.
This topology is challenging, since it has the smallest signal-to-background ratio andtt̄ production is
always similar in shape with the signal. The complete analysis of Wt-channel production with all three
topologies is discussed in [20].

4.2 Background Processes

There are several background processes which have the similar signatures to that ofWt-channel signal
events. Figure4.2 shows the production cross sections for physics processes involving W or Z bosons
or top quarks occurring in the LHC. The cross section measurements of those processes are compared to
their Standard Model prediction cross sections. All theoretical expectations were calculated at next-to-
leading or higher order. Their measurements are grouped based on their components ofW andZ bosons
or top quarks. The background processes are the production of W+jets,Z+jets, diboson, the other two
channels of single top-quark production andtt̄ pairs. In addition, other processes that do not produce
W or Z bosons or top quarks are classified as the so-called multijetbackground. Methods of estimating
multijet background which are used in this thesis are detailed in Section5.5. In the following, each
background process is described in detail.

4.2.1 Single top-quark t-channel production

About 76% of single top-quark production ist-channel production. For a hadronically decaying top
quark there are only jets in the final state oft-channel production; hence it is difficult to distinguish
t-channel production from multijet background. In case of a leptonically decaying top quark, the final
state consists of one lepton, missing transverse energy, and oneb-quark jet together with one light-
quark jet. One lepton and missing transverse energy are denoted as the main signatures of the signal.
As a result,t-channel production can easily fakeWt-channel production, in particular with an additional
light-quark jet,t-channel production fulfils the event selection of the 2-jettopology. However, its cross
section is rather small compared to the overall background,so that thet-channel production is only a
minor background.
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Figure 4.2: Measured cross sections for different physics channels compared to their corresponding expected
cross sections. The 2010 dataset was used for measurements of the W andZ boson inclusive cross sections. The
other measurements were made with the 2011 dataset or the 2012 dataset. The error bar in dark indicates only the
statistical uncertainty. The error bar in red indicates thefull uncertainty, i.e. statistical, systematics and luminosity
uncertainties. All expected cross sections were calculated at next-to-leading or higher order.

4.2.2 Single top-quark s-channel production

Although single top-quark production in thes-channel contains the main signatures ofWt-channel pro-
duction, if the top quark decays leptonically, nevertheless the cross section ofs-channel production is
only about 2/7 of the Wt-channel predicted cross section at

√
s = 7 TeV. Furthermore, there are two

b-quark jets in the final state of thes-channel production. The veto on a secondb-quark jet, mainly
performed to get rid oftt̄ production, can also suppresss-channel production.s-channel production is
therefore the smallest background; however, it is still considered in the analysis.

4.2.3 Top-quark pair production

As discussed above, one of the two main backgrounds of theWt-channel system in all three topologies is
top quark pair (tt̄) production. The final state of thett̄ system in the lepton+jets decay mode consists of
one lepton, missing transverse energy, two light-quark jets and twob-quark jets as shown in figure4.3
(left). Therefore, the final state oftt̄ production is the same as the final state ofWt-channel production
plus one additionalb-quark jet as shown in figure4.1. In collisions, one additionalb-quark jet can simply
in the final state ofWt-channel production. Furthermore, some final states ofWt-channel production at
the next-to-leading order consist of exactly the final stateof tt̄ production as discussed in the theory

27



Chapter 4 Signal and Background Processes

chapter. One possibility to suppresstt̄ production is to veto the additionalb-quark jet. However, thett̄
production cross section is about 10 times theWt production cross section, which makes it the second
largest background. To sum up,tt̄ production can easily fake the signal, especially in the 4-jet topology,
there are four quark jets in the final state. The fraction of the tt̄ production is roughly 40% of the total
background in the 4-jet topology.
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Figure 4.3: The two main backgrounds ofWt-channel production: an example Feynman diagram oftt̄ production
in the lepton+jets channel (left),W+jets production and its final state in the leptonically decaying W boson in
association with abb̄ pair plus one light-quark jet (right).

4.2.4 W+jets production

The production of a singleW boson is classified into two categories based on its decay products:
hadronic and leptonic channels. It contains two jets in the hadronic decay mode. For the leptonically
decayingW boson, it consists of one lepton and missing transverse energy, that leads to similar signa-
tures toWt-channel production, except two light-quark jets and oneb-quark jet. It is also possible that
theW boson is produced in association with one light-quark and two b-quark jets as shown in figure4.3
(right). Therefore, the production ofW+jets can fulfil all of the event selection as signatures of thesig-
nal therefore it is generally hard to get rid of. According tothe so-called Behrends-Giele scaling factor
[21], theW+jets events are suppressed exponentially with the higher jet bins; hence, it populates mostly
in the 0- and 1-jet bins which are normally not populated by the signal. However, with its large cross
section,W+jets production remains one of the two largest backgrounds of Wt production, especially for
the 2-jet topology, where theW+jets production is about 57% of the overall background.

4.2.5 Z+jets production

TheZ boson decays into either a pair of lepton-antilepton or quark-antiquark. Since it has no neutrino
in the final state of the leptonic decay mode, it can easily be suppressed by the event selection. Also
Z+jets production is suppressed by the Behrends-Giele scaling factor, it therefore prefers to accumulate
in the two lowest jet bins. The production of a singleZ boson is only a minor background, since it is
easier to get rid of by the event selection than theW+jets production even though they have similar cross
sections.
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4.2.6 Diboson

There are three different processes of the diboson production:WW, WZ andZZ production. The final
state of theWW production looks like the final state ofWt-channel production excluding theb-quark jet.
TheWZ production can have the similar signatures to the production of W+jets. For theZZ production,
it may show the final state ofZ+jets in pairs. However, diboson production has a rather small cross
section; hence it is only a minor background.

4.2.7 Multijet background

The multijet background has the largest cross section amongall backgrounds. The large amount of
the multijet background is reduced in the first place by applying a good event selection; however, it
cannot be totally suppressed. Furthermore data-driven methods are required for the multijet background
estimation, since large Monte Carlo samples of multijet background is not available for the analysis.
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General Analysis Setup

This chapter presents the datasets used in this analysis. Section 5.1explains the details of the collision
dataset. The Monte Carlo samples of both signal and all backgrounds are described in section5.2.
Some details of Monte Carlo generators are also mentioned inthat section. The criteria to discard a
large amount of data without losing too much of the signal fraction is discussed in the second part. The
definitions of physical objects are addressed in Section5.3, e.g. what exactly is meant with an "electron"
in this analysis. Then the event selection based on theWt-channel production in the lepton+jets mode is
given in Section5.4. Section5.5will detail two methods of estimating the multijet background.

5.1 Data Samples

Collision data with a center-of-mass energy of
√

s = 7 TeV are used in this analysis. This dataset was
taken during the 2011 run with an integrated luminosity of 4.7 fb−1. There are two sub-datasets referred
to as the electron channel whose data is from the Egamma stream requiring an electron trigger and the
muon channel from the Muon stream requiring a muon trigger.

5.1.1 Luminosity blocks

The luminosity block is the unit for the luminosity measurement [22]. In general, the time period is
every one to two minutes, but in some cases the value can be different due to other operational issues.
The trigger system takes care of the timing information about the beginning and end time of each
luminosity block. For each luminosity block, the average luminosity is measured. The collision data
is taken corresponding to the luminosity blocks. Therefore, the sum of the luminosity blocks is easily
interpreted as the integrated luminosity of the corresponding data. The data taking in small pieces of
time allows one to select data based on the quality and performance of the sub-detectors together with
beam conditions.

5.1.2 Good run lists

Data Quality (DQ) information of the collision data is studied in order to select only good data samples
for any physics analysis. In ATLAS, DQ (status) flags are usedto indicate the data quality. There are DQ
flags for all components of the detector, for the trigger system and for the reconstruction of objects, since
the data quality depends on how they all perform during data taking. Good run lists (GRLs) are formed
using those DQ flags indicating only good data in the specifiedluminosity blocks. In general, the GRLs
are provided by the ATLAS DQ group; however different DQ flags are required for different physics
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analysis groups in order to achieve suitable good-data samples for particular analyses. For example,
GRLs for this analysis and other top quark analyses are assessed by the top reconstruction group.

5.2 Monte Carlo Simulation

Monte Carlo samples are required in order to understand collision data. All relevant physics processes
that pass the selection, expect for multijet are simulated using Monte Carlo generators. In the following,
the general information corresponding to the Monte Carlo generators together with details of the simu-
lated samples of both signal and relevant backgrounds are mentioned. All Monte Carlo samples used in
the thesis stem from the 2011 Monte Carlo production round.

5.2.1 Event generators

The Monte Carlo generators AcerMC [23], MC@NLO [24, 25], PYTHIA [26], HERWIG [27] and
ALPGEN [28] are general-purpose Monte Carlo generators. For parton showering and underlying event
modelling [29], PYTHIA or HERWIG/JIMMY is used as the parton-level Monte Carlo generator. HER-
WIG models the parton showering and is complemented by JIMMY[30] for the underlying event mod-
elling. The parton showers are generated via the QCD processes of gluon radiation and pair production.
In addition to showering, there is another hadron production from the so-called underlying event. The
underlying events are all multiple parton interactions including the effect of pileup in collisions [31, 32].
CTEQ6.6 [33] is the PDF set used for MC@NLO, the PDF set for ALPGEN is CTEQ6L and the LO*
PDF set MRST [34] is used for AcerMC as well as for HERWIG. The default top quark mass ismt =

172.5 GeV withΓt = 1.32 GeV. For theW andZ bosons, their default masses and decay widths aremW

= 80.4 GeV withΓW = 2.09 GeV andmZ = 91.2 GeV withΓZ = 2.50 GeV.

Event Weights

For the next-to-leading order generators, for example the MC@NLO generator, events can have positive
or negative event weights [35]. Furthermore, in the simulation the theoretical cross section is used as
a fixed parameter for each process generated and the number ofevents is determined corresponding to
this cross section. With the number of generated events and the theoretical cross section, the luminosity
of each Monte Carlo sample is calculated. In real data, luminosity is the quantity normally used to
express the amount of collected data. The Monte Carlo samples are scaled to the integrated luminosity
of collision data.

Pileup reweighting

Pileup is a term used to present the information of more than one particle interaction in the collisions.
Pileup becomes a big issue with the high instantaneous luminosity. In general, the Monte Carlo samples
are generated before or during the data taking, only a best guess of the data pileup is therefore applied
to the Monte Carlo. Therefore, the Monte Carlo pileup must becorrected to the pileup of collision data.
Comparison of the distribution of the average number of pileup interactions of the data and that of the
Monte Carlo allows one to compute this event weight.

Cross section

For higher orders of the perturbation theory, K-factors areused as the higher order QCD corrections of
the cross section calculated at leading order. All Monte Carlo samples are therefore normalised to their
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theoretical cross sections using K-factors.

5.2.2 Monte Carlo samples

Single top-quark production

The samples for the signal single topWt-channel and the background single tops-channel samples are
produced with the MC@NLO generator which is interfaced to HERWIG/JIMMY for parton showering.
The leading order generator AcerMC is used for the single topt-channel production. PYTHIA is used as
the parton shower generator for the AcerMC generator. Only the lepton+jets decay mode of thes- and
t-channel production is simulated. ForWt-channel production, all decay channels are generated. The
approximate number of theWt-channel signal events is 900,000. The sample size is about 2,800,000
events fort-channel production and about 900,000 events fors-channel production.

Top quark pair production

The simulation of top quark pair production is done using theMC@NLO generator plus HERWIG/JIMMY
for parton showering. The samples for the fully hadronic decay mode and for the non-fully hadronic de-
cay mode are simulated separately. The simulated number is about 400,000 events for the fully hadronic
samples and 14,600,000 events for the non-fully hadronic samples.

W+jets production

The WHF+jets andWLF+jets are used as abbreviations for the associated production of a W boson
with heavy and light quarks, respectively. TheWHF+jets sample can be broken down intoW+bb̄+jets;
the production of abb̄ pair and the number of jets from zero to three in association with a W boson.
W+c+jets is the production of a singlec quark and the number of partons from zero to four. The last
sub-sample ofWHF+jets isW+cc̄+jets which is the production of acc̄ pair with the number of partons
from zero to three. Thec quark is assumed to have no mass. TheWLF+jets events contain only zero
to five partons in association with theW boson. TheW boson is allowed to decay only leptonically
in both cases. The Monte Carlo generator ALPGEN interfaced to HERWIG/JIMMY is used to model
both WHF+jets andWLF+jets events. For theWHF+jets events, heavy flavor overlap removal is
applied using the HFOR tool [36] in order to avoid double counting. TheWLF+jets samples are about
33,100,000 events in total. The simulated number is approximately 900,000 events for theW+bb̄+jets,
9,200,000 events for theW+c+jets and 3,200,000 events for theW+cc̄+jets.

Z+jets production

The Z+jets samples are also simulated using the ALPGEN generator interfaced to HERWIG/JIMMY.
Only Z bosons which decay into a lepton-antilepton pair,eē, µµ̄ or ττ̄ in the invariant mass range of 40
GeV< m(ll̄) < 2000 GeV are generated. In addition, the full Drell-Yan process fromγ* → ll̄ is included
in theZ+jets samples since the Drell-Yan process allows anZ boson and virtual photon interference. The
Z+jets production is separated corresponding to the number ofpartons (from zero to five) in association
with theZ boson. The number of generated events is about 38,000,000.

Diboson production

The dibosonWW, WZ andZZ samples are produced with the leading order generator HERWIG. Only
samples that have at least one lepton withpT > 10 GeV and|η| < 2.8 are selected. The number of
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simulatedWW events is about 2,500,000. The simulated number is approximately 250,000 events for
WZ sample and 1,000,000 events forZZ sample.

5.3 Object Definitions

The definitions of the physical objects which are used in the single top-quark analyses (together with
other top-quark analyses) are based on the recommendationsof the ATLAS top reconstruction group.
In this analysis, electrons, muons, jets and missing transverse energy,Emiss

T , are reconstructed following
the recommendation of the ATLAS top reconstruction group for 2011 data [37].

5.3.1 Electrons

Electron reconstruction and identification

Information from the electromagnetic calorimeter and the inner detector is used to reconstruct electrons.
ATLAS electron reconstruction is based on three algorithms: the standard electron algorithm, the soft
electron algorithm and the forward electron algorithm. Thestandard electrons have high transverse
momentum,pT, and appear in the electromagnetic calorimeter as clusterstogether with momentum
reconstruction of their tracks in the inner detector.

The standard electrons are used in this analysis. Other physical objects, e.g. hadrons, can be misiden-
tified as electron candidates; therefore, electron identification is applied in order to identify real elec-
trons. In the standard algorithm, electrons are reconstructed using the energy of cluster and the four-
momentum of the track as well as the other two qualities: theη - φ distance between the cluster of 0.05
× 0.10 and the track denoting as the track–cluster matching, together with the ratio between the cluster
energy and track momentum ofE/p < 10. Electrons with a transverse energy ofET > 20 GeV and|η| <
2.5 are selected as electron candidates.

According to the cut-based identification, three referencesets of cuts are defined: loose, medium and
tight. Loose cuts: this set of cuts is based only on limited information of the calorimeters. It pro-
vides very high identification efficiency, but low background rejection. Cuts are performed only on the
hadronic leakage and on shower shape variables from the middle layer of the electromagnetic calorime-
ter. Medium cuts: additional cuts are applied on the strips in the first layer of the electromagnetic
calorimeter and on tracking variables. This set of cuts improves the jet rejection by a factor of 3-4 with
respect to the loose cuts; however it reduces the identification efficiency by about 10%.Tight cuts: the
tight (TRT) cuts optimised for isolated electrons include tighter cuts on the TRT information in order to
further remove the background from the charged hadrons but without applying any energy isolation cut.
This set of cuts provides the highest isolated electron identification and the highest jet rejection against
jets.

Electron isolation

The electron isolation criteria may clean the signal by factors up to order of 103. There are two variables
normally used to isolate electrons: the transverse energy deposited in a cone of∆R = 0.X around the
electron cluster,ET,cone(X) and the scalar sum of the transverse momentum of all tracks determined in a
cone of∆R = 0.X around the electron cluster,pT,cone(X).
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Electron definition

Only the electrons passing the standard reconstruction algorithm together with thetight++ definition
are used in this study. Thetight++ definition is based on the tight cuts with more variables usedand the
cut values being varied in accord with a higher pileup environment [38]. Electrons are required to have
a transverse energy,ET = Ecluster / cosh(ηtrack) > 25 GeV in the central region of the detector,|ηcluster|
< 2.47. However electrons are discarded in the transition region between the barrel and end-caps of
the electromagnetic calorimeter, 1.37< |ηcluster| < 1.52, because the dead material in front of the elec-
tromagnetic calorimeter leads to large drops in the reconstruction efficiency and the energy resolution.
The electron isolation criteria with 90% efficiency using the variablesET,cone(20) andpT,cone(30) are
required for all single top-quark analyses. Electrons fulfilling the electron isolation criteria used as the
standard electrons calledtight electrons through this analysis, while electrons that do not fulfill the
isolation criteria are used for multijet background estimation and are referred to asloose electron.

The overall reconstruction efficiency consists of the trigger, reconstruction and standard identification
efficiencies. To correct the small Monte Carlo–data discrepancies in those efficiencies, scale factors are
applied to all selected electrons. An energy scale factor isalso applied to the measured electron energy
in data in order to correct the cluster energy. The energy scale factor is determined from studies ofZ,
W and J/ψ decays. Smearing the measured cluster energy on all Monte Carlo samples is the method
which is used to adjust the electron resolution between the Monte Carlo samples and collision data.

5.3.2 Muons

Muons are reconstructed using the track information of the inner detector and of the muon spectrometer.
There are three types of the reconstructed muons: standalone, combined and tagged muons. Standalone
muons are determined only from reconstructed tracks in the muon spectrometer by the MuID standalone
algorithm. Combined muons are determined from an inner detector track matching to a muon spectrom-
eter track by the MuID combined algorithm. There are two subsets of tagged muons: segment-tagged
muons and calorimeter-tagged muons. The segment-tagged muons are created by the inner detector
tracks which are associated to segments in the muon system bythe MuGirl and MuTagIMO algorithms.
The calorimeter-tagged muons are from the inner detector tracks which match signals in the calorimeter.
Only the segment-tagged muons are referred to as tagged muons which are used in general analyses.
Similar to the reference sets of cuts in the electron identification, there are three qualities of the muon
identification: loose, medium and tight. For the muon isolation criteria,ET,cone(X) and pT,cone(X) are
also used as the important isolation variables.

Muon definition

Only the MuID combined muons, which already fulfill the tightquality, are used in this analysis. The
muon candidates are required to be in the central region with|η| < 2.5 and have a transverse momentum
of pT > 25 GeV. There are five additional hit requirements applied onthe inner detector. In the b-layer
of the Pixel Detector, the muon tracks have to show at least one hit. The sum of the number of hits and
the number of crossed dead sensors for the Pixel Detector is at least two and for the SCT at least six. The
sum of the number of holes in Pixel and SCT is less than three. Finally, N is defined as the sum of the
number of hits andNoutliers as the number of outliers in the TRT. In the TRT barrel region with η < 1.9,N
must be> 5 with Noutliers/N < 90 % and in the end-cap region withη ≥ 1.9, if N > 5 andNoutliers/N must
be< 90 %. Muon isolation criteria,ET,cone(30)/pT < 0.15 andpT,cone(30)/pT < 0.10 are required. The
muons fulfilling this criteria are used as the standard muons, named astight muons; on the other hand,
the muons falling the isolation criteria are calledloose muonsand used only for the multijet background
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estimation. Moreover, an overlap removal between muons andjets is used in order to discard muons
that have a distance of∆R < 0.4 to a jet withpT > 20 GeV and with a jet vertex fraction,JVF, of more
than 0.75. TheJVF quantifies the fraction of charged particle transverse momentum in each jet.

In the muon collision data, the trigger, reconstruction andmatching-ID efficiencies as well as energy
scale and resolution factors have to be applied similarly asfor the electrons in order to reduce discrep-
ancies between collision data and Monte Carlo samples. The scale factors are provided by the muon
performance group.

5.3.3 Jets

In ATLAS, jet reconstruction is based on the information of the calorimeter system covering|η| < 4.9.
Jets are reconstructed by the anti-kT algorithm [39] with a size parameter ofR = 0.4. In top-quark
analyses, topological cell clusters are used as seeds. The jets are calibrated using the EM+JES scheme.
The EM+JES calibration applies the electromagnetic (EM) scale which is the default energy scale for
any calorimeter measurements and hereafter the JES correction is applied to each jet depending on its
transverse momentum and pseudorapidity. Jets with a transverse momentum ofpT > 25 GeV in the
central region with|η| < 2.5 are required for this analysis. Also, a jet with a distance of ∆R < 0.2 to
a selected electron is removed from the event. The jet-electron removal is applied after the muon-jet
removal to each event.

5.3.4 b-quark jets

To identify the jets from theb quarks,b-tagging algorithms are employed. Since the lifetime ofb quarks
is significantly longer than that of light quarks, theb-quarks decay via the weak interaction at a longer
distance from the primary vertex. This leads to a measurablesecondary vertex used as the most im-
portant one of parameters to distinguish theb jets from the light jets. There are severalb-taggers for
example the JetFitterCOMBNN tagger and the MV1 tagger. The JetFitterCOMBNN tagger is the neural
network based combination of the IP3D and JetFitterTagNN. The MV1 tagger is the multivariate com-
bination of the three different taggers: IP3D, SV1 and JetFitterCOMBNN.

b-tagging working point. The ATLAS flavor tagging working group provides differentb-tagging work-
ing points for each tagger. A weight cut value,b-tagging efficiency, and a factor of the light quark re-
jection,RF, are provided for each working point. The probability of ab quark jet to be tagged by the
b-tagging algorithm above the weight cut is referred to asb-tagging efficiency. The light quark rejection
factor is the inverse of the mistagging probability (probability of a light quark jet with a tag weight
above the weight cut).

5.3.5 Missing transverse energy

Missing transverse energy,Emiss
T is the measured energy of the escaping neutrino. TheEmiss

T is recon-
structed from energy deposits in the calorimeters and muon tracks. It is calculated as the vector sum of
all topological cell clusters in the event. Double countingof cells is taken into account such that only
one type of object belongs to one cell.
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5.4 Event Selection

Using the object definitions, the physical objects used through this analysis are selected in the first
stage. The event selection is then applied in order to discard undesired data. The Monte Carlo samples
and collision data should therefore be in good agreement after applying the event selection. The event
selection is divided into two sections named as pretag selection and tag selection discussed in detail
later. Before the event selection, event cleaning cuts are applied.

5.4.1 Event cleaning cuts

Only events which are in the good run list (GRL) up to period M are considered. Different triggers are
needed for the electron and muon channels in the different run periods as shown in Table5.1. Events
with at least one "bad" jet are discarded according to prescriptions of the jet MET group [40]. The "bad"
jet can imply a problem in the calorimeter in the event or the event as a non-collision event. To reject
non-collision background, only events with a first primary vertex having at least four tracks are taken
into account. Also, the dead front-end region in the liquid argon calorimeter leading to a large hole
named as "the LAr hole" has to be considered such that all events with "larError"> 1 [37] have to be
removed from the analysis.

Run period L [fb−1] Electron channel Muon channel
Data MC Data & MC

B-I 1.46 EF_e20_medium EF_e20_medium EF_mu18

J 0.23 EF_e20_medium EF_e20_medium EF_mu18_medium

K 0.59 EF_e22_medium EF_e22_medium EF_mu18_medium

L-M 2.43 EF_e22vh_medium1 EF_e22_medium1 EF_mu18_medium

Table 5.1: Trigger requirement for electron and muon channels in the different run periods. Details of the triggers
are discussed in [38].

5.4.2 Pretag selection

The pretag selection requires events which contain exactlyone lepton withPT > 25 GeV, that is the
presence of exactly one electron and no muon in the electron channel, and exactly one muon and no
electron in the muon channel. This lepton in each selected event has to match the lepton that also fired
the trigger within a distance of∆R = 0.15. To take the neutrino from theW-boson decay into account,
only events with a missing transverse energy ofEmiss

T > 30 GeV in the electron channel and ofEmiss
T

> 25 GeV in the muon channel are considered. Furthermore, at least two jets have to be found in the
events.

The transverse mass of the leptonically decayingW boson,mT(W lep), which is reconstructed from
the four-momenta of lepton and neutrino is used to suppress multijet background events. In the electron
channel,mT(W lep) > 30 GeV is required. A triangular cut ofmT(W lep) + Emiss

T > 60 GeV is applied in
the muon channel, since multijet events prefer to have lowmT(W lep) and lowEmiss

T . Further details of
reconstructed variables are discussed in Section6.1.

In this analysis, which focuses on the 2-jet topology, only events missing one light-quark jet are
considered, i.e. exactly two jets must be found in the events.
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5.4.3 Tag selection

After the pretag selection, the tag selection is applied, consequently the ratio of the signal to the back-
ground is significantly improved. The tag selection requires that exactly one of the jets has ab-tagged
jet with a transverse momentum ofpT > 25 GeV using the MV1 tagger at a working point efficiency of
70%. The requirement of exactly oneb-quark jet aims at vetoingtt̄ events, which is one of the two main
backgrounds of theWt-channel.

5.5 Multijet Background Estimation

The multijet background is problematic to generate directly by Monte Carlo generators, since the mul-
tijet background has the largest cross section. Hence very high statistics are used and large reweighting
factors have to be applied to the Monte Carlo events. The lackof W andZ bosons (together with top
quarks which decay toWb) in the final state leads to only fake leptons which are selected in the events.
Fortunately, these fake leptons are different from the real leptons due to their less isolation and smaller
missing transverse energy. Since trueb-quark production is also one subset of the multijet background,
events containing theb-jets are then separated from the multijet background by theb-tagging require-
ment. Hence, a large amount of the multijet background can besuppressed from analyses using the
lepton reconstruction with isolation criteria, theEmiss

T kinematics and theb-tagging requirement. On
the other hand, it cannot be fully suppressed due to its largecross section. Data-driven methods are
normally used for the multijet background estimation.

In this analysis, for both the electron and muon channels themultijet background is estimated using
the so-called "jet-electron model". Furthermore, for the muon channel the so-called "matrix method" is
also implemented as a cross-check for the jet-electron method.

5.5.1 Jet-electron model

The jet-electron method models the shape of the multijet background by selecting events in which the
electron is replaced by a jet showing a similar signature to the electron in the electromagnetic calorime-
ter. However they are not the real electron candidates a different trigger is used. Each of these jets is
called as a jet-electron. Only events containing exactly one jet-electron and no electron according to
the definition given above are used. The model uses a sample ofjets with the Jet20 trigger selection as
explained in [41]. If the energy deposit of the jet in the electromagnetic calorimeter is approximately
80-95% of its total energy, this jet is taken as candidate. Furthermore, this jet has to pass the same
kinematic selection as electron candidates, i.e. only jetshaving a transverse momentum ofpT > 25 GeV
in the central region with|η| < 2.47 and outside of the crack region are accepted as the signal electrons.
Also, at least four tracks have to be found in the jet; hence, the contribution from converted photons is
reduced. The triangular cut is applied to all jet-electron events as well. However the missing transverse
momentum cut is excluded in the selection, since the shape ofEmiss

T distribution is used to extract the
number of multijet background events. In order to do so, a binned likelihood fit to theEmiss

T distribution
is performed. From the result of the fit, the normalisation ofmultijet events in the signal region with
Emiss

T > 30 GeV is obtained and only this part is further used in the analysis.
For the muon channel, the fraction of multijet background events is also determined using the jet-

electron model. But those jets are used as muons, thus the muon selection is used instead of the electron
selection.

Agreement between Monte Carlo and data of variables with theuse of jet-electron model is obtained
as shown in figure5.1. In particular the distribution of theEmiss

T , the shape of the multijet background
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follows the shape of theEmiss
T . However some variables indicate that data is not well-descried by the

Monte Carlo samples in the muon channel (also for electron channel). Figure5.2 shows the two most
problematic variables: the transverse momentum of the muonandη of the muon in the first row and
two moderately problematic variables: the sum of allET and the invariant mass of the leptonically
decaying top quark in the second row. One reason for the shapedifference between Monte Carlo and
data is the use of the jet-electron model which establishes the shape of the multijet background using the
Emiss

T distribution of the jet-electron events and it is initiallydesigned for estimating multijet in electron
channel.

5.5.2 Matrix method

Since the discrepancy between the Monte Carlo and data distributions mainly in the muon channel
occurs when the multijet background is determined using thejet-electron model as described in Section
5.5.1, the matrix method for the multijet background estimation is implemented for the muon channel
only. The matrix method is described in detail in [41] and [42]. In the matrix method, the multijet
background events in the signal region are extracted from tight muons and loose muons as presented in
Section5.3.2, where the only difference between them is the loose selection does not require the muon
isolation criteria. The number of events passing the loose and tight selections, labelled asN loose and
Ntight, respectively, can be expressed as linear combinations of the number of events with one real muon
or one fake muon as

N loose= N loose
real + N loose

fake , (5.1)

Ntight = Ntight
real + Ntight

fake

= ǫrealN
loose
real + ǫfakeN loose

fake .

ǫreal =
Ntight

real

N loose
real

andǫfake =
Ntight

fake

N loose
fake

are the fractions of real muons in the loose selection that also pass the

tight selection and the fractions of fake muons in the loose selection that also pass the tight selection,
respectively. After rearranging those equations, the number of events selected only by the tight selection
with one fake muon is given as

Ntight
fake =

ǫfake

ǫreal− ǫfake
(ǫrealN

loose+ Ntight). (5.2)

Therefore, one can estimate the number of the multijet background events,Ntight
fake from the event yields

of the muon data after applying the loose selection and tightselection, if the real efficiency,ǫreal, and the
fake efficiency,ǫfake, are known. The matrix method takes care of only events that contain exactly one
loose muon passing the tight selection. A problem is raised,since some events have one tight muon but
more than one loose muons and such these events also pass the event selection. However they are only
in a few percent of the total number of events.

The real efficiency,ǫreal, is determined directly from the Monte Carlo samples of the physical pro-
cesses that can produce the real isolated muons e.g.Z → µ+µ−. The fake efficiency is estimated from
the data sample by utilising the muon d0 significance using the assumption that the multijet background
events in the muon channel are dominated by heavy flavor jets.The transverse impact parameter which
is from the ID track with respect to the primary vertex. The d0significance of a track is defined to mea-
sure the probability that the track generated from the primary vertex. The details of how to measure the
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fake efficiency are described in another analysis of theWt-channel production [43]. The fake efficiency
is determined in a multijet background enriched control region, that is obtained by inverting the missing
transverse energy and triangular cut requirements of the muon selection.

The implementation of the matrix method follows the documentation [44]. In this analysis, the loose
and tight muons are chosen with the requirements of the missing transverse energy,Emiss

T > 25 GeV and
the triangular cut,Emiss

T + MT(W) > 60 GeV; hence, the fake efficiency is calculated usingEmiss
T < 25

GeV andEmiss
T + MT(W) < 60 GeV. The multijet event weight for each selected event is obtained from

the matrix method tool [43]. Then one can apply this multijetevent weight back to the corresponding
muon data to get the multijet event yield in the signal region. Table5.2shows the number of the multijet
background events in 2, 3 and 4 jet bins.

Jet bin Pretag events Tagged events

2-Jet 15880± 7940 3190± 1600

3-Jet 4240± 2120 1180± 590

4-Jet 1050± 530 310± 160

Table 5.2: Multijet event yields using matrix method.

The uncertainty combines statistical and systematic uncertainties. The uncertainty of the multijet
background estimated using the matrix method is taken to be 50% of the total event yield. The cross-
check of the problematic distributions in the muon channel with the jet-electron model is shown in
figure5.3. The distribution of the transverse momentum of muon is significantly improved in the lower
pT region with the use of the matrix method, even if there is still a small discrepancy in 25 GeV<
pT < 30 GeV. The muonη, the sum of allET and the mass of the leptonically decaying top quark
distributions are also improved. The distribution of othervariables shows the similarity between the use
of the matrix method and of the jet-electron model for the multijet background estimation in the muon
channel. Nevertheless the consistency between the Monte Carlo and data in theEmiss

T with the matrix
method becomes worse in the lowEmiss

T region.

5.5.3 Comparison between matrix method and jet-electron mo del

Only the results in the muon channel can be used to compare between the jet-electron model and the
matrix method. In the 2-jet bin, the event yield of the multijet background using the jet - electron
model is 3450 that is larger than the multijet event yield using the matrix method, i.e. 3190 by about
8%; however one can interpret that the agreement is within the uncertainties. In the other bins, the
consistency between those numbers within the uncertainties can also be seen. The first step of any
analyses should show that the data can be (well) described bythe Monte Carlo in (ideally) every variable.
As discussed above, the matrix method shows the better consistency between data and Monte Carlo in
some problematic variables. In particular, the multijet background estimation of the matrix method
makes the muonpT of data very well-described by the Monte Carlo. On the other hand, it makes the
agreement on theEmiss

T worse. TheEmiss
T of data is very well described by the Monte Carlo with the

jet - electron model for the multijet estimation, nevertheless the muonpT distribution in the lowerpT is
not. Furthermore, the overall outcome of both methods is notmuch different; therefore, one can simply
apply one’s preferred method.

In the following, only the jet - electron model is used for both electron and muon channels, since the
jet - electron model has been available for use since the beginning of the analysis, and gives promising
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results in various other single top-quark analyses. Furthermore, from the above results, the discrepancy
in the overall between the use of the jet - electron model and of the matrix method is rather small.

5.5.4 Event yields after event selection

Table5.3. lists the event yields after event selection. The number ofthe multijet background events
is determined using the jet-electron method for both the electron and muon samples. Except the 50%
uncertainty assumed for the multijet events, all uncertainties are derived from their theoretical cross-
section uncertainties. The expected event yields from Monte Carlo samples and the event yields of
collision data are in good agreement after the selection.

2-jet topology
Electron channel Muon channel

Wt-channel 760± 50 1020± 70

t-channel 1740± 70 2340± 90

s-channel 127± 5 181± 7

tt̄ 4480± 450 5940± 590

W+jets 19180± 6520 28020± 9530

Diboson 370± 20 530± 30

Z+jets 720± 250 1020± 350

Multijet 2510± 1260 3450± 1720

Total Expected 29890± 6660 42500± 9710

Data 28960 43130

Table 5.3: Event yields for the electron and muon channels after event selection with the jet-electron model for
multijet background estimation.
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Figure 5.1: Control plots after the event selection using the jet-election method for the multijet background es-
timation. Electron and muon channels are summed up. The distributions of these plots show good agreement
between data and Monte Carlo. In the first row:pT(l) andEmiss

T . In the second row:mT(W lep) andpT(Wt). In the
third row:∆φ(ν, thad). All reconstructed variables are detailed in Section6.1
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Figure 5.2: Problematic plots using the jet-electron modelin the muon channel. In the first row: two most
problematic variables,pT(µ) and η(µ). In the second row: two moderately problematic variables,Σ(ET) and
M(tlep).
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Figure 5.3: Control plots in the muon channel with multijet from the matrix method. In the first row:pT(µ) and
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Chapter 6

Neural Network Analysis

Using the event selection a large fraction of background canbe discarded without losing a large frac-
tion of Wt-channel signal. Nevertheless, because the cross sectionsof these backgrounds, especially
W+jets production andtt̄ production, are very large compared to theWt-channel signal cross section,
it is virtually impossible to obtain a pure signal sample. Inthe 2-jet topology, the dominating back-
ground isW+jets production; however,tt̄ production remains the main problematic background since it
overlaps with the signal in the phase space. This analysis uses an artificial neural network tool called
NeuroBayes [45] in order to separate the signal from the backgrounds. Several strategies aiming at a
good discrimination of the signal from the backgrounds, especially the two main backgrounds, will be
discussed in detail in this chapter. The Monte Carlo samplesare used for network training and the neural
network output is then calculated for each Monte Carlo and collision data event to allow a comparison
between Monte Carlo and data. In the first half of this chapter, an overview of discriminating variables
is first given and then the general concept of neural networksis briefly described. The main part of
this analysis, searching for a performant method to separate the signal from particularly the two main
backgrounds, is given in the second half of the chapter.

Moreover the truth information of the Monte CarloWt-channel sample is used to investigate the neural
network efficiency in each decay mode of the signal. In general the truth information contains details on
decay-channel types of any event. This study is performed inorder to get a feeling which decay mode
of the Wt-channel gives the best separation power. Details on the truth information of theWt-channel
sample and its results from the neural network trainings aredescribed in AppendixB.

6.1 Discriminating Variables

To discriminate theWt-channel signal from the backgrounds, potential discriminating variables are re-
quired. The variables should have different shapes for the signal compared with each background,
especially the two main contributions:W+jets production andtt̄ production. The discriminating vari-
ables that are used in this analysis are considered mainly based on the kinematics of the fullWt-channel
system; even though in this case one light-quark jet is missing in its final state. Furthermore, event shape
variables are taken into account as well. The following information describes these variables in detail.

6.1.1 Kinematics variables of the Wt-channel system

The final state of the standardWt-channel system consists of exactly one charged lepton, a neutrino and
three quark jets including one jet which is tagged as ab-quark jet, "bjet" — hereafter the other quark jets
are referred to as light-quark jets, "light jet". The charged lepton is denoted as "l". Missing transverse
energy, "Emiss

T ", is interpreted to as a neutrino signature. The basic kinematic variables are created based

45



Chapter 6 Neural Network Analysis

on four momenta of particles in theWt system. One important difference between the 2-jet topology
and the 3-jet topology is that one light-quark jet is missingin the final state of the 2-jet topology; hence,
a hadronically decayingW boson ,"Whad", that is generally reconstructed from the two light-quarkjets
cannot be reconstructed. A hadronically decaying top quark,"thad", is allowed, but with an incomplete
reconstruction. It is reconstructed from the four-momentum of only theb-quark jet and a light-quark jet.
On the other hand, a leptonically decayingW boson, "W lep", is reconstructed from the four-momentum
of the lepton and theEmiss

T , and a leptonically decaying top quark, "tlep", from those variables together
with the four-momentum of theb-quark jet. Furthermore, the reconstruction of theWt system of the 2-jet
topology is also allowed, but only the information of the unobserved second light-quark jet is missing
from the reconstruction.

Distances between those objects of the Wt-channel system inη andφ together with the distance,∆R,
are also considered. The absolute values of the masses of theW boson and the top quark from their
PDG masses are considered as well. For the final training approach described later in Section6.6, the
absolute values of the distance variables together with themass of the light-quark jet and theb-quark jet
are additionally taken into account.

6.1.2 Event shape variables

In order to increase the discrimination power, combinations of some variables from the kinematics of
the Wt-channel system are considered. Some variables which are not calculated directly from theWt-
system kinematics are also used. These variables are classified as event shape variables. The six event
shape variables that are fed into the network are listed below:

• The aplanarity of the event,A, defined as a measure of the transverse momentum component out
of the event plane [46];

• the sphericity of the event,S , defined as a measure of the summed transverse momentum squared
with respect to the event axis;

• the centrality of the event,C, defined as the sum of thepT of all objects considered, over the sum
of the p of the same objects;

• the missing transverse energy in the event,Emiss
T ;

• the sum of all transverse energy in the event,Σ(ET);

• the scalar sum of the transverse momenta of all jets and lepton in the event [47],HT.

As described in Section5.4, an important point of the variables which are allowed to go into the
network training in order to discriminate the signal from the background have to show good agree-
ment between Monte Carlo and data. Therefore, all discriminating variables have to be checked in the
first place. A Monte Carlo to data comparison of some variables picked by the preprocessing step of
NeuroBayes described later in Section6.2.2are shown in figure5.1and in AppendixA.

6.2 Neural Network Technique

6.2.1 Neural network

Since the total number of discriminating variables considered based on theWt system is more than
100, and a large amount of data is available at ATLAS, an application of multivariate techniques is
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necessary to use to separate this system from its backgrounds. In order to choose only most significant
variables and combine such variables into one final discriminant, an artificial neural network (in the
following simply denoted neural network) serves as a tool for this purpose in this thesis. The concept
of the neural network technique is to replicate how the humanbrain works. In the neural network
framework, there are nodes which are similar to neurons of the brain and the connections between these
nodes. All initial information is passed to the nodes via theincoming connections and then the output
value of each node is calculated. All output values are weighted and transferred to an output node via
its outgoing connection in order to combine them into one final output. The weights are determined
automatically by the network. In this analysis, the neural network package NeuroBayes is utilised. It
is a two-layered feed-forward neural network. "Two-layered" denotes that it consists of one input layer
and one intermediate layer (or hidden layer), together withone output layer. The term "feed-forward"
means that the nodes are arranged in serial layers and each node obtains input from all nodes in the
previous layer and transfers its output to all nodes in the next layer. In the following, a brief description
of NeuroBayes based on [45, 48, 49] is presented.

6.2.2 NeuroBayes

NeuroBayes consists of a neural network and a complex robustpreprocessing. It uses Bayesian statistics;
therefore, it reaches a very good and fast performance, and avoids an overtraining problem of network
training. There are three neural network layers; input layer, hidden layer and output layer as shown
in figure 6.1. According to the NeuroBayes infrastructure, the first (input) layer contains one input
node for each input variable and one bias node. These input variables are the discriminating variables
described in the previous section. Users can adjust the number of hidden nodes in order to achieve good
performance of network training. Since one would like to have one final result, one node in the output
layer is required.

In order to obtain one final result, all variables are ranked and chosen by the preprocessing process
and only the picked variables are used in the network training to separate signal from background. The
distribution of the network output is in a range of [-1,1], generally -1 representing pure background and
1 is attributed to only signal. It is important that the fractions of the signal and background have to be
normalised during the training process. In this analysis, the ratio of the signal to the total background is
always chosen to be 50:50.

Preprocessing

All variables that might help to achieve separation of signal from background are fed into the network
system and only the most significant input variables are picked by the preprocessing step. The number
of variables is reduced since only the picked variables are allowed to go into the network training. In
the following a brief summary of how to select those variables is presented. Firstly, each input variable
is transformed non-linearly to be distributed over a range of [-1,1] to reduce the influence of outliers. In
the next step, this distribution is transformed into a Gaussian distribution with standard deviation one,
as a result all variables are normalised. Then all variablesare ranked according to the significance of
their correlation to the target which is determined automatically during this point of the preprocessing.
The correlation matrix of all variables and the total correlation of the input variable set to the target
together with the total significance of this correlation arecalculated. In general, the total correlation to
the target given in % and the total significance of this correlation given in sigma,σ, are used to judge the
discriminating performance. Then one variable is removed from the input set in order to compute the
loss of the total correlation to the target. The variables are sorted according to this loss of information
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Figure 6.1: An overview of the neural network with three layer: input layer, hidden layer and output layer. There
is one additional node used as a bias node in the input layer. The number of hidden nodes is chosen by users and
the output layer always contains only one node.

and the variable with the smallest loss of this total correlation is discarded since it is interpreted as the
least significant variable for the network training. The same procedure from calculating the correlation
matrix to discarding the least important variable is repeated with the (n-1) remaining input variables
until only the most significant variable remains. The significance of a variable is defined as the loss
of the total correlation to the target caused by its removal at the relevant point in the serial procedure
multiplied by the square root of the sample size.

In the preprocessing step, the importance of a variable is indicated by four different quantities: addi-
tional significance, single significance, significance lossand global correlation.

• Additional significance. The significance of a variable with the successive method described
above is called the additional significance or simply the significance. This quantity is used as the
indicator for the ranking of the input variables. To pick only the most significant variables, a cut
on this significance is defined by users. Furthermore, the total significance of the input variable
set is equal to the quadratic sum of the additional significances of all input variables.

• Single significance.The single significance is the total significance computed from one variable
only. In case of the most significant variable, the single significance is identical to its additional
significance.

• Significance loss.The significance loss when the variable is excluded from the input variable
set. In case of the least significant variable, the significance loss is identical to its additional
significance.
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• Global correlation. The global correlation is the total correlation of the variable to all others.
This quantity is calculated with the completen × n matrix.

By definition, the additional significance, the significanceloss and the global correlation depend
on each other. In general, only variables having an additional significance above a threshold cut are
selected; nevertheless, in some cases there are variables with lower additional significance picked by
the preprocessor. This can happen since an additional significance of a particular variable depends on
other variables. The higher-ranked variable with the loweradditional significance shows up since if
this variable is ranked out from the list, its effect is that the lower-ranked with the higher additional
significance is also ranked out from the list. Therefore, theoverall separation becomes worse. To sum
up, in the ranking step the important point is that the last-ranked variable has to have an additional
significance above a threshold cut.

Neural network training

Only variables kept by the preprocessor are used in the neural network training. Ideally between these
variables should show that signal and background differ. The network learns to characterise differences
signal and background during training; hence, the discrimination of the signal from the background
is achieved. A weighted sum of all values of the input layer isapplied to each node of the hidden
layer. The bias node in the input layer is needed to activate the other input nodes for this computation.
For the output node, a weight is calculated from the outputs of the hidden layer. This regularisation
technique is referred to as the Bayesian regularisation scheme. The neural network uses the Bayesian
regularisation in order to avoid overtraining and improve generalisation performance during the training
process. Furthermore, some connections which are insignificant are pruned away since they simply
cause noise during the training. Further details can be found in [50].

Performance

The overall performance of the neural network is estimated by the purity and the efficiency. Plots of
these two variables as well as the total result of the training are printed out after the network training
process.

Purity. The signal purity is defined as the ratio of the number of signal events to the sum of signal and
background events.

Efficiency. In NeuroBayes, there are two important efficiencies: the signal efficiency and the total
efficiency. The signal efficiency is defined in the normal way as the ratio of selected signal events to
all signal events and the total efficiency is also defined as the ratio of selected events to all events. The
so-called Lorenz-curve is the plot of the signal efficiency against the total efficiency. The efficiency
curve obtained after the training normally lies above the unity line. One important parameter that is
extracted directly from the Lorenz-curve is called the Giniindex. The Gini index is given as the ratio of
the area between the efficiency curve and the unity line to the area below the unity line. In general one
can interpret the overall discrimination power achieved bythe network training using the value of the
Gini index. The higher the Gini index, the better separationpower the training has. Also the maximum
possible value of the Gini index is limited. Since the signal-to-background ratio is chosen as 50:50, the
maximum possible value is 50%.
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6.3 b-Tagging Working Point Study

There are many supported operating points of the differentb-tagging algorithms. For the dataset taken
from the end of March to the end of June 2011 with an integratedluminosity of 1035 pb−1, the recom-
mendedb-tagger was JetFitterCombNN with three working points at 60%, 70% and 80% efficiencies
corresponding to weight cuts at 2.00, 0.35 and -1.25. In order to find the best choice of the operating
point for the analysis of theWt-channel production in lepton+jets mode, one needs to study the per-
formance of eachb-tagging working point. The study of differentb-tagging working points is carried
out here. Monte Carlo samples in the 2010 Monte Carlo production round are used with the 3σ cut
on significance of input variables for this purpose. These datasets are used only for this study and the
optimisation study of the neural network NeuroBayes described later in Section6.4. For only these two
studies, the 3-jet topology of theWt-channel production is investigated with the use of 178 variables that
are fed into the preprocessing process of the neural networktrainings. The signal is trained against a
mixture of all backgrounds (referred to as "standard training" from here on) for all networks.

After trainings, the overall separation powers of all threecases are shown in figure6.2 together with
their corresponding used variables in Table6.1 using the optimum hidden nodes. The details of these
used variables and optimum hidden nodes will be described inthe next section. The operating point
with 80% efficiency gives the best separation power of 26.2%. It is very high compared to the other
two values; however, one has to have a closer look on the behaviour of the distribution of the two main
backgrounds to the distribution of the signal since the two main backgrounds are mainly considered. The
other backgrounds are summed up into one combined sample setcalled as "others". For this purpose,
each neural network output is explored for signal and the twomain backgrounds independently in order
to compare them.

Figure6.3 shows all three outputs of signal and the two main backgrounds for electron and muon
channels individually. The signal is more shifted to the right with the higher efficiency. Also theW+jets
background is more moved to the background region with the higher efficiency. The separation of the
signal fromW+jets production is therefore achieved effectively for the network of 80% efficiency (in
the bottom plots). Thett̄ background behaves interestingly. It populates mostly in the central region and
shows an overlapping part to the signal for 60% and 70% efficiencies. For the network of 80% efficiency,
the tt̄ background always overlaps with the signal tightly even in the signal region. One reason for that
is thatW+jets production is much larger thantt̄ production for 80% efficiency as expressed in Table
6.2; consequently the network prefers to train hard to discriminate againstW+jets production. This
table presents the event yields of the signal and all backgrounds except the multijet background after the
event selection for all three operating points. The higher the efficiency, the lower the ratio of the signal
to all backgrounds it has. Also the sum ofW+jets andtt̄ events increased dramatically while the number
of Wt-channel events dropped in case of 80% efficiency. One can simply avoid using the 80% efficiency;
even though it provides best separation power from the overall background. Nevertheless, it is not clear
yet to decide whichb-tagging working point, either 60% efficiency or 70% efficiency, is appropriate for
the analysis. 70% efficiency seems to be promising since it provides the better separation power from
the overall background and increases the signal number; buton the other hand, the overall background
is much less for 60% efficiency.

To make a conclusion of the appropriate operating point of the b-tagger, the limit that is determined
by fitting Monte Carlo data to Monte Carlo data with an assumption of a zero signal cross section
[51]. This limit can be used to compare such that the closer the limit is to 0, the better separation is
achieved. In this case, only the two main backgrounds are considered. Table6.3 presents the value
of the cross section limit together with the summarised information for this study. The limit for 70%
efficiency is smallest; therefore, one can interpret that the signal is most discriminated from these two
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60% WP 70% WP 80% WP
Variable Sig.[σ] Variable Sig.[σ] Variable Sig.[σ]

|M(Whad) − M(Whad
PDG)| 20.5 C 21.8 C 25.6

C 15.2 |M(Whad) − M(Whad
PDG)| 17.7 |M(Whad) − M(Whad

PDG)| 17.0
pT(W lep) 7.1 pT (W lep) 8.5 pT(W lep) 10.1
|M(Whad) − M(Whad

PDG)| 5.9 |M(tlep) − M(tlep
PDG)| 7.5 |M(tlep) − M(tlep

PDG)| 10.9
E(ν) 5.4 |M(thad) − M(thad

PDG)| 6.6 pT(jet3) 8.9
|M(tlep) − M(tlep

PDG)| 3.2 pT(jet2) 6.6 |M(thad) − M(thad
PDG)| 9.0

pT(jet2) 3.2 E(ν) 5.0 ∆φ(Whad,jet2) 1.9
η(jet1) 3.1 Emiss

T 5.5 ∆φ(jet2,jet1) 8.9
∆R(jet1,ν) 2.8 ∆R(Wt, thad) 2.3 Emiss

T 6.2
φ(bJet) 2.9 pT(Wt) 3.7 E(ν) 7.7
∆R(Wt, bJet) 3.2 η(jet1) 3.5 pT(bJet) 3.9

∆R(jet1,bJet) 3.2 E(jet2) 5.1
pT(jet3) 2.9 ∆R(Whad,jet1) 4.9
M(thad) 2.5 ∆R(Wt, thad) 4.4
∆R(jet2,jet1) 2.7 η(jet1) 3.6
∆φ(jet2,jet1) 3.0 pT(jet1) 3.4
pT(bJet) 2.6 M(thad) 3.1
pT(jet1) 3.0 pT(jet2) 3.3
A 3.1 ∆R(jet2,bJet) 3.2
∆φ(Wt, bJet) 2.2
∆φ(Wt,Whad) 2.2
∆η(Wt, thad) 3.1

Table 6.1: The most significant input variables in the 3-jet topology for the three differentb-tagging working
points. They are ranked according to their (additional) significance. The results are only for the 3-jet topology
with a significance cut of 3σ. In the 3-jet topology, there are 2 jets denoted as jet1 and jet2 together withWhad in
this table. Jet1 is the hardest light-quark jet and the jet2 is the second-hardest light-quark jet.Whad denotes the
hadronically decayingW boson.

main backgrounds compared to the other working points. Together with the reasons discussed above,
the most appropriate solution is the 70% working point.

Therefore, the 70% working point is decided to be the appropriate choice for the analyses ofWt-
channel production; although the MV1 tagger was recommended to be used instead of the JetFitter-
CombNN tagger for the 2011 data. Both MV1 and JetFitterCombNN taggers are suitable for multivari-
ate analyses and they are the combination of JetFitterTagNNand IP3D taggers (plus SV1 tagger for the
MV1 tagger). Theb-tagging working point at 70% efficiency of the MV1 tagger is performant to be
used.

6.4 Optimisation of the Neural Network NeuroBayes

Some basic studies of NeuroBayes are discussed in this section. They are the relation between the used
variables and the Gini index and the hidden node optimisation. Results of these studies were used in the
b-tagging working point study above and all concepts will be exploited for all further studies as well.
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Figure 6.2: Neural network outputs inthe 3-jet topologyfor all threeb-tagging working points using the optimised
number of hidden nodes for each case. All distributions are expressed in arbitrary units and theWt-channel signal
and all backgrounds are normalised to be 50:50. In the first row: the neural network output for 60% efficiency
with a Gini index of 19.6% using 11 variables and 16 hidden layers (left). The neural network output for 70%
efficiency with a Gini index of 22.4% using 22 variables and 24 hidden layers (right). In the second row: the
neural network output for 80% efficiency with a Gini index of 26.2% using 19 variables and 25 hidden layers.

6.4.1 Used variables and the Gini index

In the preprocessing step, the variables are ranked according to their (additional) significances as de-
scribed in Section6.2.2. One important task of this analysis is to find the minimum number of used vari-
ables without losing too much separation power. The more variables are used in the network training,
the more the output discriminant may suffer from systematic uncertainty. Even if systematic uncertainty
is outside of the scope of this thesis, one should always consider this issue. Furthermore, all used vari-
ables have to show agreement between the distributions of Monte Carlo and data samples. Basically the
significance of 3.0σ is used to indicate an evidence of any signal; hence, 3.0σ is used as the threshold
significance cut for those variables. One important benchmark for the discrimination power of signal
from background is the Gini index. Therefore, this study is performed by investigating the value of the
Gini index after changing the significance cuts since the number of used variables depends upon the
σ-cut which can be adjusted manually. Technically, theσ-cut, can be chosen in steps of 0.5σ.

After the preprocessing step, the number of used variables is 11, 22 and 19 with a Gini index of
19.6%, 22.4% and 26.2% for the working points of 60%, 70% and 80%, respectively. Table6.1 shows
those used variables and their significances with the significance cut of 3σ. One remarkable point is that
some variables with a lower additional significance are alsochosen. As discussed above in Section6.2.2,
the (additional) significance of one variable is related to the other variables. If those lower-significant
variables are discarded, the overall separation power willbe decreased. That is why they are picked into
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b-tagging efficiency
60% 70% 80%

Wt-channel 400 440 440

Other single tops 510 540 510

tt̄ production 3450 3410 2950

W+jets (all) 2870 4880 9780

Diboson 60 90 170

Z+jets 130 280 780

Sum of background 7020 9200 14190

Sum of MC 7420 9640 14630

Data 7760 9930 15040

Table 6.2: Event yields of the 3-jet topology excluding any uncertainty of the signal and its backgrounds for the
b-tagging working point study. All backgrounds are shown except multijet since the main point of this comparison
is the two main backgrounds:tt̄ production andW+jets production. Therefore, the result shows a discrepancy
between the sum of all Monte Carlo samples and data.

b-tagging efficiency
60% 70% 80%

Gini index [%] 19.6 22.4 26.2

Limit [pb] 10.8 10.2 11.4

s/b(all) [%] 5.6 4.8 3.1

s/b(tt̄ & W+jets) [%] 6.3 5.3 3.4

Table 6.3: Summary of theb-tagging working point study. The information includes theGini index, cross section
limit, signal-to-all backgrounds ratio and signal-to-twomain backgrounds ratio. Ideally the best performance of
theb-tagging working point has to achieve a high value of Gini index, a low value of the cross section limit and a
high value of both ratios. The 70% working point therefore gives the most appropriate choice for the analysis.

the network training. After a harder sigma cut of 3.5σ is applied to all three working points. Only the
first 5 variables in the table of 60% and the first 11 variables of 70% are kept for the training process but
the Gini indices drop to 16.0% and 20.3%, respectively. For 80% the first 15 variables are kept with a
Gini index of 24.7%. For 70%, the number of the kept variablesis 8 with the Gini indix of 19.5% using
4.0σ-cut. For 80%, the number of the kept variables is 14 with the Gini indix of 24.4% using 4.0σ-cut.
After a sigma cut of 6.0σ is applied, the number of kept variables is 3 with a Gini indexof 11.7% for
60%. All of these Gini indices are provided by training the networks using the optimised number of
hidden nodes in the hidden layer described later in Section6.4.2.

As a result of this study, one keeps the appropriate number ofused variables which indicates the less
decreasing of the Gini index. Hence, the variables kept for the network training in these three cases
should be 11, 11 and 14 with the sigma cut of 3.0σ, 3.5σ and 4.0σ, respectively.

6.4.2 Hidden node optimisation

To investigate the effect of the number of hidden nodes on the discrimination powerbetween the signal
and the overall background, the neural networks of the threedifferentb-tagging working points are
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retrained with the number of the hidden nodes ranging from 1 to 40. After the preprocessing step,
only the most significant input variables with at least 3σ are kept for each neural network training. A
number of 11, 22 and 19 variables are chosen as the most significant input variables for the efficiencies
of 60%, 70% and 80%, respectively as described in the previous study. The consequences of the network
trainings for this study are that the Gini index is found in a range of 18.9-19.6% for 60% efficiency, in a
range of 21.8-22.4% for 70% efficiency and in a range of 25.5-26.2% for 80% efficiency. The interesting
point is the number of hidden nodes which gives the highest value of the Gini index is always found to
be a bit larger than the number of used variables. Increasingthe number of hidden nodes also makes
the network training process longer. To reduce the time consumption of scanning hidden-node space
in order to obtain the largest value of the Gini index, only the hidden nodes near the number of the
used variables are scanned. And, the best choice for choosing the number of hidden nodes is the one
in which gives the first maximum of the Gini index. In these three cases, the optimised solution of the
number of the hidden nodes is 16, 24 and 25, respectively. Figure6.2shows the neural network outputs
of the signal and the overall background for these threeb-tagging working points using the 3-sigma cut
along with the optimised number of the hidden nodes for each efficiency. These neural network outputs
combine electron and muon channels together; hence, one canget a first impression of how well the
separation of the signal from all backgrounds works using these outputs.

6.5 Separate-Training Technique

Hereafter the dataset with an integrated luminosity of 4.7 fb−1 and the Monte Carlo samples of the
2011 Monte Carlo production round are used. Only the analysis of the 2-jet topology is presented. 122
variables are used in the preprocessing step. The network training of the "standard approach" does not
achieve a good separation of the signal from thett̄ background (see the overlay plots of figure6.4). 13
used variables are presented in the first column of Table6.4 using 14 hidden nodes. The separation
of the signal from the overall backgrounds is high. The network achieves a Gini index of 25.1%.
However, considering each background separately,tt̄ production always overlaps with the signal while
discrimination againstW+jets production and "others" is achieved. Moreovertt̄ production is more
shifted to the signal region than the signal itself for both the electron and muon channels. These two
issues obviously bring the analysis of the 2-jet topology toa critical point; therefore, new approaches
are required.

A Monte Carlo to data comparison of the neural network outputfor each channel is presented in the
right column of figure6.4. For the electron channel (top plot), the overall distribution of the collision
data is well described by the Monte Carlo samples; even though some small variations can also be seen.
For the muon channel, a larger discrepancy appears, especially in the range -0.8 to -0.5. One reason for
that is the use of the jet-electron model for the multijet estimation. The four largest discrepancy bins are
definitely in the enriched region of the multijet background. But considering the whole distributions,
one can see good agreement between Monte Carlo and data.

The standard approach cannot provide good separation from all backgrounds at the same time since
the network mostly separates the signal from the largest background. That is one reason why separating
the signal from thett̄ background is difficult. Also thett̄ background and the signal might accumulate
in the similar region; therefore, "others" is also shifted to the background region. For the first point, one
can try out by training the network against each background separately then combine all results into one
final discriminant. This approach is named as "separate-training approach", aiming for better separation
against each background.

Four independent networks in the 2-jet topology are trainedfor this study. For three networks the
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Wt signal is trained against each of three backgrounds, for onenetworktt̄ production is trained against
W+jets production. The neural network outputs of these four networks are further provided to a second
network training as the discriminating variables. Only theabsolute value of the neural network output
of the tt̄ andW+jets network is used. Even though, neithertt̄ production norW+jets production is the
signal, using such a network could help to separate the signal from the tt̄ background. The absolute
value shows that the signal populates the central region andtt̄ production andW+jets production move
to the right region. Moreover only passing the first three independent network outputs into the second
training does not achieve the better separation as described in detail later.

Table6.4shows the used variables and their significances compared tothe target for all four primary
networks. The network of the signal andW+jets production uses 12 variables with 13 hidden nodes
and provides a Gini index of 31.1%. The network of the signal and tt̄ production uses 17 variables with
17 hidden nodes but provides a Gini index of only 16.8%. The network of the signal and "others" uses
14 variables with 14 hidden nodes and provides a Gini index of27.2%. Furthermore, the network of
tt̄ andW+jets production uses 15 variables with 15 hidden nodes and provides a Gini index of 36.3%.
As one would expect, the networks of the signal trained against W+jets production and against "others"
show large separation. On the other hand, the network of signal trained against thett̄ background again
achieves the lowest separation power even though the numberof discriminating variables which are used
in the network training is highest. For thett̄ andW+jets network, the best separation power among all
four networks is achieved. One remark is that thepT of theWt system always appears as the best variable
for all networks, except for the signal and "others" network, where it still shows up as the eighth-best
variable.

Each neural network output is then calculated for both signal and all three backgrounds in order to
compare their shape distributions closely. Figure6.5 shows the overlay plots of the neural network
outputs for each network. The electron and muon channels areplotted separately. Only the network of
the signal trained againsttt̄ production shown in the 1st row achieves a good separation of the signal
from thett̄ background. Furthermore, the overlap between the signal and tt̄ production is observed with
the use of the network trained againstW+jets production and "other". For thett̄ againstW+jets network,
the absolute value of the neural network output is used sincethe shape distribution of the signal differs
from the shape distribution oftt̄ production. All four networks show that the separation between the
signal andW+jets background is most effective. Also it is possible to discriminate "others" from the
signal.

In order to combine those four network outputs into one final discriminant, the second training of the
network using those four outputs as the input variables is performed. As a result, all of these variables
are picked by the training process with a significance greater than 3σ as shown in the first column of
Table6.5. This network provides a Gini index of 25.0% using 4 hidden nodes in the hidden layer. Even
though the overall separation power is comparable to the result of the standard training, this network
provides a small improvement of the separation between the signal and thett̄ background as shown in
the left column of figure6.6. The problem thattt̄ production is shifted to the signal region is improved
by this approach in both electron and muon channels. Unfortunately, it is still hard to separate the signal
from tt̄ production and the total number of original discriminatingvariables used in this approach is
high, 35. The significance of the analysis can be destroyed easily when systematic uncertainties are
considered. The comparison between the Monte Carlo and collision data in electron and muon channels
for this network output are shown in the right column. A discrepancy between the Monte Carlo and data
is visible in both channels. Fortunately combining both channels shows that the distribution of collision
data can be described by Monte Carlo samples.

As stated above the second training using three independentnetwork outputs of signal trained against
each of three backgrounds does not help the separation fromtt̄ production. Here the result of the second
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Wt-channel vs. all backgroundsWt-channel vs.W+jets Wt-channel vs.tt̄ Wt-channel vs. others W+jets vs.tt̄

Variable Sig. [σ] Variable Sig. [σ] Variable Sig. [σ] Variable Sig. [σ] Variable Sig. [σ]

pT(Wt) 47.1 pT(Wt) 61.0 pT(Wt) 59.5 M(thad) 56.9 pT(Wt) 146.5
φ(ν) 48.5 pT(bJet) 54.6 M(thad) 26.5 Emiss

T 49.2 Emiss
T 79.2

pT(bJet) 44.9 φ(ν) 49.2 η(bJet) 21.5 η(lightJet) 42.3 pT(bJet) 67.7
M(thad) 35.9 Emiss

T 32.8 Emiss
T 20.6 HT 37.8 η(l) 45.8

∆η(bJet,lightJet) 29.2 M(thad) 33.7 pT(W lep) 6.6 MT(W lep) 32.2 pT(lightJet) 43.6
MT(W lep) 28.1 ∆η(bJet,Jet) 29.5 ∆φ(ν, l) 16.9 ∆φ(ν, bJet) 21.7 ∆R(bJet,lightJet) 40.2
∆φ(bJet,lightJet) 22.2 HT 23.3 HT 11.5 φ(ν) 18.2 φ(ν) 28.1
pT(lightJet) 22.9 M(W lep) 22.6 φ(ν) 12.8 pT(Wt) 18.6 ∆η(bJet,l) 24.4
Emiss

T 18.0 pT(lightJet) 22.1 ∆η(Wt, ν) 8.1 Q(l) 18.6 MT(W lep) 22.4
|M(tlep) − M(tlep

PDG)| 16.4 ∆φ(bJet,Jet) 21.2 ∆R(Wt, ν) 12.2 ∆η(bJet,Jet) 16.5 |M(tlep) − M(tlep
PDG)| 20.3

η(lightJet) 15.4 ∆η(l, thad) 13.6 η(lightJet) 9.6 pT(bJet) 10.8 M(thad) 19.7
∆η(l, thad) 11.6 pT(ν) 10.1 ∆R(Wt, bJet) 8.4 E(lightJet) 8.9 ∆φ(Wt,lightJet) 10.7
Q(l) 10.1 η(Wt) 6.1 pT(l) 8.3 ∆φ(Wt, bJet) 14.0

∆φ(Wt, ν) 6.9 ∆R(thad, bJet) 10.9 pT(W lep) 12.8
pT(lightJet) 6.8 pT(thad) 17.1
∆R(tlep, ν) 6.2
pT(l) 6.8

Table 6.4: Discriminating variables used in the network training for the separate-training technique and their (additional) significances. The variables in the 1st

column are from the training of signal against all backgrounds. The variables in the 3rd column are from the training of signal againstW+jets production. The
variables in the 5th column are from the training of signal againsttt̄ production. The variables in the 7th column are from the training of signal against "others".
The variables in the the 9th column are from the training ofW+jets production againsttt̄ production.
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6.6 Two-Dimensional Technique

Combined training with 4 input variables Combined training with 3 input variables

Variable Significance [σ] Variable Significance [σ]

NN outputWt vs. W+jets 105.7 NN outputWt vs. W+jets 105.7
NN outputWt vs. others 20.8 NN outputWt vs. others 20.8
NN outputWt vs. tt̄ 3.2 NN outputWt vs. tt̄ 3.2
NN outputW+jets vs.tt̄ 4.7

Table 6.5: Discriminating variables used in the combined training of the separate-training approach and their
(additional) significances. Used variables for the combined training with four input variables are presented in the
first column and used variables for the combined training with three input variables in the second column.

training with these three networks is summarised briefly. Figure 6.7 shows the 2nd neural network
output for the electron and muon channels separately. The network provides a Gini index of 24.9%
with 5 hidden nodes. The used variables of this second training network are presented in the second
column of Table6.5. Separating the signal fromtt̄ production is difficult and thett̄ distribution is more
signal-like thanWt production. In total, 28 variables from the discriminatingvariable set are used in this
case.

In summary, the final result from the second layer of trainingusing all four separate network outputs
shows that thett̄ background still overlaps with the signal. One reason for that is that the cross section of
thett̄ background in the 2-jet topology is small compared to the cross section of theW+jets background
so that the network training performs less to separate thett̄ background from the signal. Also the signal
andtt̄ production might stay in a similar region. The total number of used variables is rather high, that
might cause the analysis to suffer from systematic uncertainty. This approach is not good enough to
further use since thett̄ background is still a problematic issue. Therefore, other approaches are needed.

6.6 Two-Dimensional Technique

To discriminate the signal fromtt̄ production and still provide a good discrimination againstW+jets
production, another approach has to be used. A two-dimensional distribution is made from the neural
network outputs of the signal trained againsttt̄ production and againstW+jets production since they are
the largest backgrounds. A histogram with 10× 10 bins is filled with the neural network outputs of these
two networks for both the signal and each of backgrounds to produce the two-dimensional distributions.
An advantage of this technique is that information of the twomain background networks are used in
both signal and all backgrounds at the same time. From these distributions the occupied region of the
signal and each background is directly visible.

In this stage the mass of each jet and the absolute value of thedistances between two objects are also
included in the training process. In total 141 variables arefed into the preprocessing step. The variables
used in the network training of the signal andW+jets network and of the signal andtt̄ production
network are presented in Table6.6. For the signal andW+jets network, a Gini index improved to 32.1%
with 11 used variables and 12 hidden nodes. For the network ofthe signal andtt̄ production, a Gini index
increased to 17.5% and only 13 variables are used. In this case 15 hidden nodes are performed. One can
see that this set of variables can provide better separationfrom W+jets production andtt̄ production,
compared to the values of the Gini indices of the previous training in Section6.5. The variables of
M(bJet) andM(lightJet) together with the absolute values of∆η(lightJet, bJet) and∆η(Wt, ν) are picked
by the preprocessing step. Moreover thepT of theWt system is still the first variable that is picked into
the network training.
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Chapter 6 Neural Network Analysis

Wt-channel vs.W+jets Wt-channel vs.tt̄

Variable Significance [σ] Variable Significance [σ]

pT(Wt) 55.0 pT(Wt) 66.1
M(thad) 24.3 M(tlep) 39.3
Emiss

T 19.1 η(l) 38.1
|∆η(Wt, ν)| 18.0 M(thad) 35.7
∆R(Wt, ν) 18.4 Emiss

T 32.2
η(l) 16.4 |∆η(lightJet, bJet)| 29.6
pT(l) 14.9 M(bJet) 23.9
M(lightJet) 13.4 pT(lightJet) 20.0
η(bJet) 10.6 ∆η(bJet,W lep) 18.7
η(lightJet) 6.6 MT(W lep) 13.8
pT(lightJet) 8.0 ∆η(l, thad) 10.9

η(Wt) 10.8
M(lightJet) 10.1

Table 6.6: Discriminating variables used in the network training for the 2D distribution strategy and their (addi-
tional) significances. All used variables in the first columnare from training the signal againstW+jets production.
All used variables in the second column are from training thesignal againsttt̄ production.

The two-dimensional distributions of the neural network outputs of the signal againstW+jets produc-
tion and of the signal againsttt̄ production for the signal and all backgrounds are presentedin figure
6.8. Electron and muon channels are plotted separately. The left-column plots show the distributions
for the electron channel and the right-column plots for the muon channel. In the first two plots, the
signal region is located at higher values of the discriminant for both channels. The similarity between
thett̄ background and the signal is visible in the second two plots.Thett̄ background accumulates in the
signal region. The other two backgrounds are indeed background-like. They are shifted to lower value
of the discriminants; therefore, separatingW+jets production and "others" from the signal is again more
effective.

In order to use the information of these two-dimensional distributions as one discriminant for separat-
ing theWt-channel signal from the backgrounds, the one-dimensionaldistributions from unrolling these
two-dimensional distributions are presented. Each two-dimensional histogram with 10×10 bins is filled
with the two network outputs; hence, it is unrolled row by rowfrom the bottom to the top to create its
corresponding one-dimensional histogram from the first binto the tenth bin. The one-dimensional dis-
tributions are more appropriate for creating overlay plotsto get an impression of how well the separation
of the signal from each background is and making a comparisonbetween Monte Carlo and data. The
one-dimensional distributions are technically used as templates to extract the signal which is described
later in Chapter7. Since the combined data of the electron and muon channels isused to extract the
signal, only the one-dimensional distributions of the combined data are presented in figure6.9.

The overlay of the signal and the two main backgrounds is shown in the upper plot of figure6.9.
Each distribution is normalised individually to unity. Onecan see directly that theW+jets background
is mostly filled in the first three bins and then drops rapidly in the signal region. TheWt-channel signal
populates mostly the seventh to ninth bin. The signal is again separated effectively fromW+jets produc-
tion. On the other hand,tt̄ production populates the higher bins, but one can see that better separation
between the signal andtt̄ production shows in every single bin; the signal is shifted to the right while the
tt̄ background is moved more to the left. Furthermore, the totalnumber of used discriminating variables
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6.6 Two-Dimensional Technique

is only 18, compared to 35 for the separate-training approach. Therefore, this approach provides the
best result of separation the signal from thett̄ background as well as from theW+jets background. A
Monte Carlo to data comparison is presented in the bottom plot. Overall the data is well described by
the Monte Carlo. A large discrepancy between these two datasets shows up only in the first bin.

In summary, a discrimination of signal fromtt̄ production is achieved using the two-dimensional
approach. This approach still provides very good separation power against theW+jets background and
the sum of other backgrounds. Therefore, its discriminant is further used to extract theWt signal as
detailed in Chapter7.
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Chapter 6 Neural Network Analysis

Figure 6.3: Neural network outputs inthe 3-jet topology for b-tagging working point study. All distributions
are expressed in arbitrary units. The two main backgrounds:tt̄ production andW+jets production are considered
separately. The network outputs of the overall background are shown in figure6.2. The left column shows the
network outputs for the electron channel and the right column is for the muon channel. In the first row: the neural
network outputs for 60% efficiency with a Gini index of 19.6% and a cross section limit of 10.8 pb. In the second
row: the neural network outputs for 70% efficiency with a Gini index of 22.4% and a cross section limit of 10.2
pb. In the third row: the neural network outputs for 80% efficiency with a Gini index of 26.2% and a cross section
limit of 11.4 pb.

60



6.6 Two-Dimensional Technique

Figure 6.4: The neural network outputs inthe 2-jet topology for the standard approach. In the first row: the
result for the electron channel. In the second row: the result for the muon channel. The normalised overlay plots
of the signal and three kinds of the backgrounds that areW+jets production,tt̄ production and the rest of the
backgrounds referred to as "others" are shown in the left column. The stack plot of each channel is in the right
column.
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Figure 6.5: The neural network (NN) outputs for the separate-training approach. All backgrounds are presented
separately. The left column is for the electron channel and the right column is for the muon channel. The 1st row
is the NN output from training the signal againsttt̄ production. The 2nd row is the NN output from training the
signal againstW+jets production. The 3rd row is the NN output from training the signal against "others". The 4th

row is the absolute value of the NN output from trainingW+jets againsttt̄ production.
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Figure 6.6: The combined outputs using all four network outputs as the input variables. In the first row: the
result for the electron channel. In the second row: the result for the muon channel. The normalised overlay plots
of the signal and three kinds of the backgrounds that areW+jets production,tt̄ production and the rest of the
backgrounds referred to as "others" are shown in the left column. The stack plot of each channel is in the right
column.
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Figure 6.7: The combined outputs using the three network outputs of training the signal against each of three
backgrounds as the input variables. In the first row: the result for the electron channel. In the second row: the
result for the muon channel. The normalised overlay plots ofthe signal and three kinds of backgrounds that are
W+jets production,tt̄ production and the rest of the backgrounds referred to as "others" are shown in the left
column. The stack plot of each channel is in the right column.
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Figure 6.8: Two-dimensional distributions of the neural network outputs of the signal againstW+jets production
and the signal againsttt̄ production for the signal and the backgrounds:tt̄ production,W+jets production and
"others". Plots in the left column are for the electron channel and plots in the right column for the muon channel.
The most concentrated region is shown in red.
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Chapter 6 Neural Network Analysis

Figure 6.9: One-dimensional plots from unrolling the two-dimensional distributions. The unrolling direction of
the two-dimensional distributions is from the bottom to thetop corresponding to the 1st bin to the 10th bin. Electron
and muon channels are summed. The top plot is the normalized overlay of the signal and two main background
distributions. The bottom plot shows a Monte Carlo to data comparison.
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Chapter 7

Signal Extraction

In the previous chapter the two-dimensional distribution of the neural network outputs of the signal
againsttt̄ production and the signal againstW+jets production was found as the most promising ap-
proach to isolate theWt-channel signal from its backgrounds. The next important task is the extraction
of the cross section and the computation of the significance of the observedWt-channel signal. This is
done with the fitting package Bill. In the first part of this chapter, a brief overview of the mathematical
formalisms used by Bill and a measurement of the cross section are given. How the significance is
calculated is described in detail in the second part of this chapter. Full details of the tool Bill can be
found [13, 52].

7.1 Bill Tool

The fitting package Bill (BInned Log Likelihood) was developed by the ATLAS group at the University
of Wuppertal and has already been used in other single top-quark analyses [13]. In this analysis, the
entire range of the one-dimensional distribution from unrolling the two-dimensional distributions of
the two neural network outputs is used in the binned maximum likelihood fit, in order to extract the
cross section of the observedWt-channel signal and to compute the significance of the measurement.
Fitting all bins of the distribution is beneficial since all signal events are involved in the procedure.
The probability density distributions of the discriminants are called templates for the fit. There are
five templates from the Monte Carlo samples: theWt-channel signal, the other two single top-quark
channels,tt̄ production,W+jets production, diboson andZ+jets, together with one template of multijet
and one template of the combined data of the electron and muonchannels are provided to Bill to perform
the fit.

The likelihood function used by Bill is given as the product of the Poisson likelihoods of each template
histogram bin multiplied with a Gaussian prior to include the background rates. The likelihood function
is defined as:

L(βs; βb
j ) =

M
∏

k=1

e−µk × µk

nk!
×

B
∏

j=1

G(βb
j ; 1.0,∆ j) with (7.1)

µk = µ
s
k +

B
∑

j=1

µb
jk, µs

k = β
sṽsαs

k and µb
jk = β

b
j ṽ jα jk. (7.2)

The scale factors of signal and background samples are represented by the fit parametersβs andβb
j .

The first product runs over the indexk of bins up to the maximum binM and includes the Poisson func-
tion with the expected number of eventsµ and the number of observed eventsn. ṽs denotes the predicted
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number of signal events. The indicess andb indicate signal and background samples. The termα jk is
the fraction of the background templates in each bink, for each sourcej, and can be normalised such
thatΣk α jk = 1.

The second product is the Gaussian prior,G, multiplied over all background samples. The Gaussian
is defined as:

G(βb
j ; 1.0,∆ j) =

1
√

2π∆2
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· exp
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(7.3)

The purpose of the Gaussian prior is to constrain the background rates. For each background, the
function has a mean of one and a width∆ j. The widths∆ j represent the relative rate uncertainty of the
background processes. Table7.1shows the relative rate uncertainties according to their theoretical cross
section uncertainties for the 2-jet topology. The relativeuncertainty of the multijet background is set
close to zero to stabilise the fit since the number of multijetevents was already determined by a fraction
fit. Its uncertainty will be included in systematic uncertainties only. The expected rates are from the
event yields of Monte Carlo samples shown in Table5.3.

Process Other single tops tt̄ production W+jets Diboson &Z+jets Multijet

∆ j 0.04 0.10 0.33 0.15 0.00

Table 7.1: Relative rate uncertainties from their theoretical cross section uncertainties for the 2-jet topology. These
relative uncertainties are applied as constrains to the fit of the scale factors for all backgrounds.

Since the fit parameters determined directly by maximising the likelihood function are numerically
unstable, the negative logarithm of the likelihood function is instead exploited using Minuit [52]. From
the minimum of the negative log likelihood, the maximum of the likelihood is calculated. The likelihood
function can be parametrised with one function ofβ1 by minimising the negative log likelihood with
respect to all other free parameters. This is known as the reduced likelihood functionLred(β1).

A measurement of the cross section is one of the results of thelikelihood fit. The scale factor for the
fit, β̂s, given is related to the theoretical cross section by:

σ̂ = β̂s ·σtheo. (7.4)

The uncertainties on the cross section measurement are estimated using pseudo-experiments that are
created by a Monte Carlo method. In general, an ensemble of pseudo-experiments refers to as a set
of independent replications of any interesting physics experiment. Systematic uncertainties can also be
included in this procedure. However systematic uncertainties are not considered in this thesis; therefore
this will not be detailed here. A full description can be found in [20]. The result of the template fit to
the signal and backgrounds using 1 million pseudo-experiments is shown in Table7.2.

As discussed above, the cross section of the measurement is related directly to the fit parameterβ. For
this analysis, the cross section of theWt-channel signal from combining the electron and muon channels
is determined to be

σ/σS M = 0.50± 0.22,

σ = 7.9± 3.5 pb.

In this case,σS M is the signal cross section predicted at a center-of-mass energy of 7 TeV.
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process β

Wt-channel 0.50± 0.22
Other single tops 0.99± 0.04
tt̄ production 0.98± 0.03
W+jets 1.04± 0.01
Diboson &Z+jets 0.94± 0.14
Multijet 1.00

Table 7.2: Result of the template fit. All results are extracted using the combined data from the electron and muon
channels. The scale factors,β, represent the measured cross sections. Only statistical uncertainties are presented.
The uncertainty of the multijet background is set to zero in the fit.

7.2 Significance

One application of Bill is the calculation of the significance of the signal. In order to do so, 1 million
pseudo-experiments are used. The hypotheses tested are with the Wt-channel signal at the Standard
Model prediction,H1, and without theWt-channel signal,H0. TheQ-value of the signal+background
hypothesis and theQ-value of the background-only hypothesis are estimated. The Q-value is defined
as:

Q = −2[ln(Lred(β1 = 1))− ln(Lred(β1 = 0))]. (7.5)

Lred(β1 = 1) is the value of the reduced likelihood function for a crosssection of the signal as predicted
by the Standard Model, whileLred(β1 = 0) is the value of the reduced likelihood function for a signal
cross section of zero. TheQ-value distributions are presented in figure7.1. The expectedQ-value
is shown as the solid line. The observedQ-value shown as the dashed line is obtained by fitting to
collision data. In order to determine how well the observed value,Q0, agrees with the null hypothesis,
the so-calledp-value is derived as:

p(Q0) =
1
Iq
·
∫ Q0

−∞
q0(Q′) dQ′ with (7.6)

Iq =

∫ +∞

−∞
q0(Q′) dQ′, (7.7)

whereq0 is theQ-value distribution for the null hypothesis. Also, the expectedp-value can be computed
from the median of theQ-value distribution for the hypothesisH1. In practice, the expected/observed
p-value is determined from the overlapping area of the distribution from the hypothesis with and without
signal left of the expected/observedQ-value. The expected/observed significance of the measurement
is then calculated from the expected/observedp-value. All these values are reported in Table7.3.

The observed significance of this analysis excluding any systematic uncertainty is only 2.4σ while
the expected significance is 4.4σ. It is unlikely that the value of observed significance is smaller than
the expected value. In order to cross-check the results another tool for signal extraction might be used.
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Figure 7.1: Distribution ofQ-values for the hypothesis with and without the signal derived from pseudo-
experiments. The expectedQ-value is denoted by the solid line. The observedQ-value is denoted by the dashed
line. The value of the expected/observedp-value is estimated from a ratio of area between these two distributions
left of theQ-value.

Expected Observed

Q-value -19.84 -0.18
p-value 5.0× 10−6 9.2× 10−3

Significance [σ] 4.4 2.4

Table 7.3: Expected and observedQ-values,p-values and significances of the measurement for the 2-jet topology.
All these values are evaluated using 1 million pseudo experiments. Systematic uncertainties are not taken into
account. The expected/observed significance is determined from the expected/observedp-value.
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Chapter 8

Summary

A search for theWt-channel single top-quark production in the lepton+jets channel with exactly one
electron or muon, two quark jets, one of which is ab-tagged jet and missing transverse energy has been
presented in this thesis. In this channel, one of the two light-quark jets does not pass the event selection;
therefore, it can imply such that this light-quark is missing from the final state ofWt-channel system. The
signal fraction of the 2-jets topology is about 42%; howeverit has very large backgrounds. Therefore,
the study of this topology is challenging. Proton-proton collision data collected by the ATLAS detector
in 2011 at

√
s = 7 TeV with an integrated luminosity of 4.7 fb−1 are used. Approaches to discriminate

the Wt signal from backgrounds, in particular top-quark pair production andW+jets production, were
examined.

In order to obtain a good estimation of the multijet background, the matrix method and jet-electron
model, which are recommended to use for estimating multijetin the muon channel for single top-quark
analyses, have been compared to each other. The implementation of the multijet background estimation
in the muon channel using the matrix method has been presented in detail. The matrix method was
found to provide the better muon transverse momentum distribution while the jet-electron provides the
better distribution of the missing transverse energy. Apart from that, the results obtained with each of
the two methods were similar. The jet-electron model was applied to both the electron and the muon
channel in this thesis.

Three differentb-tagging working points have been studied using an artificial neural network trained
to separate signal from a mixture of all backgrounds. As a result the working point of 70% efficiency
was found to perform best.

For the analysis, three different approaches of signal extraction were compared with respect to their
final discrimination power of signal-to-background. Signal trained against a mixture of all backgrounds
showed that the overall discrimination power was achieved.While the discrimination againstW+jets
production was found to be good, top-quark pair production distribution is very similar in shape with
the signal distribution. Two new approaches that aim to discriminate the signal from top-quark pair
production and still provide a good discrimination againstW+jets production were introduced.

The first alternative strategy combined the neural network outputs of three independent networks
of the signal trained against each background and the absolute value of the neural network output of
the W+jets and top-quark pair production network as inputs for another neural network to obtain one
final output discriminator. This approach did not provide a better separation against top-quark pair
production and the overall separation power of the combinedneural network became worse compared
to the standard approach. The problematic issue is that the result of the network trained against top-
quark pair production did not play an important role in the combined neural network.

As a second alternative approach, the use of the two-dimensional distribution of the outputs of two
neural networks, each trained against one of the two main backgrounds was investigated. Shape dif-

71



Chapter 8 Summary

ferences between the signal and top-quark pair production are clearly visible. A discrimination from
W+jets production was achieved. This approach gave the best results.

The fit of the combined data performed as binned maximum likelihood fit with the Bill package,
provided a cross section ofWt signal:

σ = 7.9± 3.5 pb.

An significance of 4.4σ was expected, a significance of 2.4σ was observed excluding systematics.
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Appendix A

Kinematic Variables
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Figure A.1: Control plots of the kinematic variables which are picked in the preprocessing step and then used in
the network training. Electron and muon channels are summedup. In the first row:Q(l) andM(l). In the second
row: pT(lightJet).
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Figure A.2: Control plots of the kinematic variables which are picked in the preprocessing step and then used in
the network training. Electron and muon channels are summedup. In the first row:M(lightJet) andpT(bJet). In
the second row:M(bJet) andHT. In the third row:E(lightJet).
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Figure A.3: Control plots of the kinematic variables which are picked in the preprocessing step and then used in
the network training. Electron and muon channels are summedup. In the first row:η(l) andη(bJet). In the second
row: φ(l) andφ(bJet). In the third row:φ(lightJet).
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Figure A.4: Control plots of the kinematic variables which are picked in the preprocessing step and then used in
the network training. Electron and muon channels are summedup. In the first row:φ(Emiss

T ) andpT(W lep). In the
second row:M(W lep) andM(tlep). In the third row:M(thad).
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Figure A.5: Control plots of the kinematic variables which are picked in the preprocessing step and then used in
the network training. Electron and muon channels are summedup. In the first row:pT(thad) andη(W lep). In the
second row:η(thad) andη(tlep). In the third row:φ(W lep).
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Figure A.6: Control plots of the kinematic variables which are picked in the preprocessing step and then used in
the network training. Electron and muon channels are summedup. In the first row:φ(thad) andφ(tlep). In the
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Figure A.7: Control plots of the kinematic variables which are picked in the preprocessing step and then used in
the network training. Electron and muon channels are summedup. In the first row:∆η(ν,lightJet) and∆η(l, bJet).
In the second row:∆η(lightJet,bJet) and∆η(l, tlep). In the third row:∆η(ν,thad).
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Figure A.8: Control plots of the kinematic variables which are picked in the preprocessing step and then used in
the network training. Electron and muon channels are summedup. In the first row:∆φ(Wt, tlep) and∆φ(ν, bJet).
In the second row:∆R(bJet,thad) and∆R(lightJet,bJet). In the third row:∆R(Wt, ν).
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Appendix B

Truth Information

Using the truth information of the Monte CarloWt-channel sample, one is able to study the decay
modes of theWt-channel sample. A description of the truth study can be found in detail in [48]. Table
B.1 presents all decay modes in the signal sample both after pretag and tag selections of the events that
have exactly 2 jets. For the signal sample in the electron andmuon channels, most of the events are
from electron+jets and muon+jets decays, respectively.

Considering the combined channel all-hadronic decays can be neglected since they add up less than
1% of the overall distribution. Dilepton events contributeapproximately 26% in the pretag selection
and 31% in the tag selection. Another contribution of theWt-channel system is fromτ+jets decays
providing about 9% in the pretag selection and 6% in the tag selection. Furthermore, a minor fraction
of theWt-channel sample shows that they could not fulfill any classification, that is referred to as "not-
classified".

Decay channel type Pretag selection Tag selection

Muon channel Electron channel Muon channel Electron channel

Not-classified 21 18 9 8

all-hadronic 3 1 0 0

e+jets 1 9750 0 6770

µ+jets 22230 2 9480 1

τ+jets 1470 1300 584 286

ee 0 2420 0 1170

eµ 2720 1040 1460 484

eτ 164 3690 87 1700

µµ 1140 0 593 0

µτ 4040 52 2100 19

ττ 235 235 115 88

Table B.1: Configuration of the true decay channels in theWt-channel sample for only events with the number
of jets equal to two both after pretag and tag selections. An event that could not be classified by any of the
classifications is named as "not-classified".

Only the events from the electron+jets and muon+jets decays are referred to as the lepton+jets decay
sample of theWt-channel, and they are used to investigate the efficiency of the neural network training to
each sub-decay mode of the lepton+jets decay channel. For this lepton+jets decay mode, theWt-channel
events are separated depending upon the decay modes of the top quark (leptonic,tlep or hadronic,thad)
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Appendix B Truth Information

in the Wt final state. The other decay types: are grouped into the category named as "other". "Other"
signifies that an event could not be classified by the criteriaof the lepton+jets decay mode. Furthermore,
the samples are sub-divided according to whether a 1:1 relation between the light quarks and the light-
quark jets and theb quark and theb-quark jet can be established. Ten individual networks of the
Wt-channel signal according to the true decay modes as described above are trained for this purpose.

For this comparison, all discriminating variables are fed into each network with a significance cut
of 8σ and the Monte Carlo samples after the tag selection are used.Each of these networks is trained
against all backgrounds. The cut of 8σ is used since the reasonable number of picked variables is
obtained for all network trainings. Also, the training of each network is done with the optimum number
of hidden nodes in the hidden layer. TableB.2 shows the training results including their event fractions.
As discussed above, the fraction of all lepton+jet decay events is highest and most of these events (51.6%
of the overall) fulfill the "matching" criteria. In addition, "thad matching" contributes a larger amount
than "tlep matching" does. Among all networks, the "thad matching" network provides the highest value
of the total correlation to target that leads to the largest Gini index. Therefore this network provides the
best separation power among the others from all backgrounds. One can see that network with a high total
significance is not necessary to provide a good separation power from the backgrounds. Furthermore
the network of the signal with "tlep matching" gives the second best separation power. Interestingly,
the next best separation power is provided by the network called "other" instead of "lepton+jets mode
matching" that is the combination between "thadmatching" and "tlep matching". One possible reason for
that would be the "thad matching" events strongly differ from the "tlep matching" events in phase space,
which leads to a non-homogeneous sample in the combination.Such an inhomogeneous sample may be
more difficult to separate for the neural network. Furthermore, the events in the "other" sample may be
closer together in phase space.

The result looks really promising since separating samplesof the signal increases the separation power
significantly; although all sample-sets of the non-matching classification give worse separation powers
compared to the network using the fullWt-channel sample. Actually, that is what one would expect
to have here "the networks of separated samples with the right matching are trained more effectively
against the backgrounds". Further investigation is neededon this topic (this was just a brief proof-of-
principle-like study anyway), in particular one still has to find a way how to exploit these promising
results for the analysis.
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Sample Event fraction after Total correlation Total significance Gini index

tag sel. [%] to target [%] [σ] [%]

Full Wt-channel sample 100 44.6 103.7 25.8

After truth selection

Lepton+jets mode 65.1 46.9 92.6 27.0

Lepton+jets mode matching 51.6 50.9 91.7 29.7

Lepton+jets mode not matching 13.5 45.2 44.2 23.7

thad 34.5 55.6 84.0 32.2

thad matching 27.4 61.7 84.2 36.0

thad not matching 7.1 50.4 36.1 24.5

tlep 30.6 50.9 72.8 29.2

tlep matching 24.2 56.7 73.2 33.0

tlep not matching 6.4 48.1 32.9 20.6

Other 34.9 56.0 84.9 32.7

Table B.2: Summary of the results of training the eleven networks using the truth information of theWt-channel signal for only events with the number of jets
equal to two. An event fraction of each true decay mode after tag selection is also given. "Other" signifies that an event could not be classified by the criteria of
the lepton+jets decay mode. The lepton+jets decay mode is further separated into two cases based on two possibilities of the top quark decay either hadronic
mode or leptonic mode. "Matching" denotes that one light-quark gets matched to one light-jet and oneb-quark to oneb-jet. All network trainings are cut with a
significance of 8σ and using the combined data.
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