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Abstract

A search for pairs of vector-like T’ quark produced in proton-proton collisions recorded
with the CMS experiment at /s = 8 TeV is presented. The search is optimized for decays
of T’ quarks to top quarks and Higgs bosons, where the top quarks and Higgs bosons
decay hadronically. The T’-quark mass range between 500 and 1000 GeV is investigated.
The top quarks and Higgs bosons produced in decays of the heavy T’ quarks acquire large
Lorentz boosts. The signatures of these particles in the detector can overlap and are
therefore difficult to resolve using classical jet reconstruction methods.

Large-radius jets are reconstructed and subjets formed from their constituents. The
decay products of particles with large Lorentz boosts are highly collimated and can all be
found within a single one of these large-radius jets. Top jets containing hadronic top-quark
decays are identified with a top-tagging algorithm that analyzes the jet substructure. A
b-tagging algorithm is applied to the reconstructed subjets in order to find bottom quarks
within the jet substructure. In order to identify Higgs bosons with large Lorentz boosts
decaying to pairs of bottom quarks, the Higgs-tagging algorithm searches for two b-tagged
subjets within a single jet. This is the first application of a top-tagging algorithm in
conjunction with subjet b-tagging in an analysis of CMS data. Also, a Higgs-tagging
algorithm is used for the first time in a search for new physics.

The main background contributions to this analysis consist of pair-produced top quarks
and QCD-multijet events. More than 99% of these events are rejected by the event se-
lection based on the new jet-substructure methods, while 6-8% of the signal events are
retained. A description for the QCD-multijet background is obtained from data in a
method also using jet-substructure information. Bayesian exclusion limits are derived
from a likelihood ratio in which two discriminating variables are combined. T’ quarks
with masses below 745 GeV are excluded at 95% confidence level for exclusive decays of
T’ — tH. Furthermore, results for all combinations of the decay modes T’ — tH, T” — tZ,
and T’— bW are obtained. A statistical combination with other searches for T’ quarks
is performed. For different decay modes of the T’ quark, the resulting mass limits range
from 697 to 782 GeV.






Kurzfassung

Eine Suche nach in Proton-Proton-Kollisionen produzierten Paaren von vektorartigen
T’-Quarks in den mit dem CMS-Experiment bei einer Schwerpunktsenergie von 8 TeV
aufgezeichneten Daten wird vorgestellt. Diese Suche ist fiir Zerfille der T’-Quarks in
Top-Quarks und Higgs-Bosonen optimiert, in denen die Top-Quarks und Higgs-Bosonen
hadronisch zerfallen. Ein Massenbereich fiir das T’-Quark von 500 bis 1000 GeV wird
untersucht. Die in Zerféllen der schweren T’-Quarks produzierten Top-Quarks und Higgs-
Bosonen weisen groflen Lorentz-Boost auf. Das kann dazu fithren, dass die Signaturen
der Teilchen im Detektor iiberlappen. Dies erschwert die klassische Rekonstruktion der
verschiedenen Teilchen in einzelnen Jets.

Jets mit groflen Radien werden rekonstruiert und Subjets aus ihren Bestandteilen ge-
formt. Die Zerfallsprodukte von Teilchen mit groflem Lorentz-Boost liegen sehr nah
beieinander und koénnen daher allesamt innerhalb eines einzelnen Jets gefunden wer-
den. Sogenannte Top-Jets enthalten hadronische Zerfille von Top-Quarks. Top-Tagging-
Algorithmen dienen ihrer Identifizierung mittels Analyse der Jetsubstruktur. Ein b-
Tagging-Algorithmus wird auf die rekonstruierten Subjets angewandt, um Bottom-Quarks
in der Jetsubstruktur zu finden. Um Higgs-Bosonen mit groflen Lorentz-Boosts zu erken-
nen, die in Paare von Bottom-Quarks zerfallen, sucht der Higgs-Tagging-Algorithmus
innerhalb der Jets nach zwei Subjets, die vom Subjet-b-Tagging-Algorithmus markiert
wurden. Dies ist die erste Verwendung eines Top-Tagging-Algorithmus in Kombination
mit einem Subjet-b-Tagging-Algorithmus in einer Analyse von CMS Daten. Auflerdem
wird zum ersten Mal ein Higgs-Tagging-Algorithmus in einer Suche nach neuer Physik
angewendet.

Der Untergrund zu dieser Analyse besteht hauptséichlich aus in Paaren produzierten
Top-Quarks und QCD-Multijet-Ereignissen. Mehr als 99% dieser Ereignisse werden in
der Ereignissselektion aussortiert, wahrend 6-8% der Signalereignisse ausgewahlt wer-
den. Der Untergrundbeitrag von QCD-Multijet-Ereignissen wird mit Hilfe von gemesse-
nen Daten beschrieben. Die verwendete Methode basiert ebenfalls auf Informationen tiber
die Substruktur von Jets. Bayessche Ausschlussgrenzen werden mit Hilfe einer Likelihood-
Variable bestimmt, in der zwei zwischen Untergrund und Signal diskriminierende Variablen
zusammengefasst werden. Unter der Annahme, dass nur Zerfille von T’ — tH mdglich
sind, werden T’-Quarks mit geringeren Massen als 745 GeV mit 95% C.L. ausgeschlossen.
AuBlerdem werden Ergebnisse fiir alle erlaubten Kombinationen der drei Zerfallsmoden
T— tH, T — tZ und T’ — bW produziert. Eine statistische Kombination der Analyse
mit anderen Suchen nach T’-Quarks wird durchgefiihrt. Hier werden Massenausschluss-
grenzen zwischen 697 und 782 GeV fiir verschiedene Zerfallsmoden gesetzt.
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1 Introduction

In 2014, physicists worldwide celebrate the 60th anniversary of CERN. Since the ratifica-
tion of the Conseil Européen pour la Recherche Nucléaire (CERN) by its twelve original
member states on September 29th 1954, physicists at CERN have contributed greatly to
the understanding of modern particle physics. Outstanding research results include the
discovery of the W and Z bosons in 1983 [1-4], and the first time production of anti-
hydrogen in 1995 [5]. Recently, much publicity was given to the long awaited discovery of
the Higgs boson [6,7], that was achieved in the summer of 2012 by the CMS and ATLAS
collaborations in analyses of collisions of particles provided by the Large Hadron Collider
(LHC). Besides the many scientific accomplishments, the well-functioning international
collaboration at CERN is noteworthy. Today, there are 21 member states and scientists
from more than 60 countries shape the different research programs at CERN, setting an
example for peaceful collaboration regardless of world politics or diplomatic conflicts.

While the Higgs boson is often described as the last building block completing the
standard model of particle physics, it certainly does not mark the end of the era of research
in particle physics. Many fundamental questions remain unsolved to date. For instance,
the observed matter-antimatter asymmetry in our universe, as well as the origin of the
gravitationally interacting dark matter are yet to be understood. Another issue is the
so-called hierarchy problem: loop corrections appear in the calculation of the Higgs boson
mass [8]. If the standard model is to remain valid up to large energy scales such as
the Planck scale, these loop corrections give rise to large divergencies. The corrections
needed to cancel these divergencies exceed the actual mass of the Higgs boson itself by
several orders of magnitude, which can be perceived as unnatural. The standard model in
its current form does not incorporate solutions to any of these problems. Consequently,
physics beyond the standard model of some form must exist. The theoretical physics
community is providing numerous hypothetical solutions to these issues. Many of them
are being tested in the experiments at the LHC.

The discovery of the Higgs boson at the LHC had a great impact on the landscape of
physics beyond the standard model. Many theories have been rigorously constrained or
even completely excluded by the discovery. One example is the extension of the standard
model quark sector to a sequential fourth generation exhibiting similar properties as the
already known quarks. These kind of models seemed very appealing because of their
simplicity. There is no intrinsic feature of the standard model limiting its quark sector to
three generations. However, the existence of additional heavy particles of that kind would
drastically enhance certain Higgs boson production modes with respect to the standard
model expectation. The values measured by the CMS and ATLAS collaborations show no
significant divergencies from the standard model prediction, thus excluding a sequential
fourth generation of quarks at very high confidence level [9].

The discovery of the Higgs boson has also renewed interest in other areas of research
though. In light of the exclusion of a sequential fourth generation of quarks, models with
additional vector-like quarks have gained attractiveness. They are now the simplest possi-
ble extension of the quark sector still compatible with current measurements of standard



2 1 Introduction

model parameters. Vector-like quarks are part of many models for physics beyond the
standard model, e.g., little-Higgs models, composite-Higgs models, or models of extra di-
mensions [10-12]. All of these models propose solutions to the hierarchy problem and
predict the existence of new particles at the TeV scale probed in LHC physics.

Vector-like quarks differ from the standard model quarks in one important aspect: their
behavior under the weak interaction. Both, the right-handed and left-handed components
of vector-like quarks have couplings to weak currents. They are very heavy and couple
mainly to third generation quarks, leading to unique decay signatures including W, Z, and
Higgs bosons, as well as top and bottom quarks. The particles are therefore also referred
to as “heavy top partners”.

So far, no evidence for physics beyond the standard model has been found in any collider
experiment. As many scenarios predicting light new particles have been excluded in pre-
vious measurements, the focus is now shifting towards searches for heavier resonances. In
the decay of these potentially very massive particles, the daughter particles are expected
to obtain large Lorentz boosts. The subsequent decay of these daughter particles results in
particular signatures in the particle detector: the decay products of the daughter particles
are extremely collimated. If the Lorentz boost of the decaying particle is large enough, the
decay products can even be collimated to an extent where the entire decay is contained
in a single particle jet. New analysis techniques have been developed in recent years to
identify such decays within the substructure of the jets. The use of these substructure
tools is opening up a new window for the examination of hadronic final states in many
sectors of particle physics.

In this work, a search for pair produced vector-like T’ quarks is presented. Large sen-
sitivity for the specific case in which both T’ quarks decay into a top quark and a Higgs
boson was the central design goal for this analysis. However, all possible decay channels
of T? quarks are examined in this search. Only events without isolated leptons in the final
state are considered. A T’-quark mass range of 500 GeV to 1 TeV is analyzed, meaning
that the decay products of the T’ quarks are likely to be produced with large Lorentz
boosts'. Novel tools for the analysis of jet substructure, including the HEPTopTagger [13]
and subjet b-tagging algorithms [14], are used for the first time. In the HEPTopTagger
algorithm, subjets of large particle jets are reconstructed. Their properties are then used
to identify hadronic top-quark decays within the original jet. While the identification of
jets with bottom-quark content using b tagging algorithms is a well established method in
particle physics analyses, the application of these algorithms to subjets of larger jets is a
new approach. Subjet b tagging improves the performance of top-tagging algorithms and
is also used to identify Higgs bosons with large Lorentz boosts decaying to bb pairs.

At the beginning of this thesis in chapter 2, an overview of the main concepts of the
standard model of particle physics is given. This chapter also includes an introduction
to models for physics beyond the standard model that predict the existence of vector-like
quarks. In chapter 3, a description of the Large Hadron Collider and the main components
of the CMS experiment is provided. Following this, an outlook to the planned upgrades of

'n this work so-called natural units are used. In this convention, electron volts (eV) are used as unit for
energy. At the same time, the speed of light ¢ and Planck’s constant & are set to unity, c = h = 1. Thus,
masses are measured in units of electron volts as well. The corresponding unit for spatial distances and
time is eV~'. Natural units are commonly used in particle physics in order to simplify calculations.



the detector for future operation of the LHC is presented. Information on event simulation
with Monte Carlo generators can be found in chapter 4. The particle reconstruction with
the particle-flow algorithm is described in chapter 5 with a focus on the clustering of
jets, which are of great importance in this analysis. Algorithms for the identification
of bottom quarks within jets are introduced in section 5.2.4. Novel techniques for the
analysis of jet substructure are employed, they are detailed in section 5.2.5. In chapter 6
the main concepts of Bayesian statistics, and their application in this analysis using the
theta framework are outlined.

The introduction of these general concepts is followed by a detailed description of the
search for pair-produced vector-like T’ quarks in all-hadronic final states in chapter 7.
An overview of the analysis strategy is provided in section 7.1. The specifics of the used
datasets and simulated samples can be found in section 7.2, followed by a description of
the event selection in section 7.3. A data-driven approach is used to model the background
contribution from QCD-multijet events. Specifics on the method used in the modelling are
provided in 7.4. The sources of systematic uncertainties in this analysis and their effect on
the results are listed in section 7.5. In section 7.6, the results of the search are discussed.

In chapter 8, the previously presented search is combined with other searches for vector-
like quarks. The potential of future searches for vector-like quarks in the single production
channel or at higher center-of-mass energies is evaluated in chapter 9. The work presented
in this thesis is concluded in chapter 10.






2 The standard model and vector-like quarks

An overview of the theoretical concepts relevant for the work presented in this thesis is
given in this chapter. In the first section, the main properties of the standard model of
particle physics and its particle content are described, mostly following the description
in [15,16].

The second half of this chapter concerns ideas for physics beyond the standard model
(BSM theories). Many BSM theories have been developed in the last decades. Their aim
is to provide solutions for certain issues that are not addressed in the standard model
of particle physics in its current form. Here, the focus is set on BSM theories involving
vector-like quarks.

2.1 The standard model of particle physics

The standard model of particle physics describes the nature of interactions between struc-
tureless, point-like elementary particles. In the last decades, the standard model has been
thoroughly investigated in numerous experiments. It was found to be extremely successful:
all particles predicted by the standard model have been discovered in experiments. Im-
pressively high precision has also been achieved in the experimental determination of other
model parameters [16]. The results of these measurements show very good agreement with
the values predicted by the theory.

Three fundamental interactions, or forces, are described by the standard model of par-
ticle physics: the electromagnetic interaction, the weak interaction, and the strong inter-
action. The interactions of the standard model are described by fields and mediated by
spin-1 particles, the gauge bosons. The properties of these field quanta are summarized
in table 2.1. Gravity as a fourth fundamental interaction cannot be included in the math-
ematical framework of the standard model. Its effects on the particles under study are
negligible though. A different kind of charge is associated with each of the fundamen-
tal interactions. Only particles carrying these charges are affected by the corresponding
interactions.

The spin-1/2 matter particles in the standard model are called fermions and come
in two categories: quarks and leptons. Matter in the universe as we know it today is
composed of these fermions. While quarks are affected by all three forces, the leptons do
not take part in the strong interaction. The fermions are organized in pairs. There are
three pairs of quarks and leptons each, as illustrated in tables 2.2 and 2.3, making up the
three fermion generations. Ordinary matter usually consists of first generation fermions
only. Each lepton generation is made up of one electrical charged and one neutral lepton.
Because of their missing electric charge, the latter so-called neutrinos take part in the
weak interaction only, which makes their detection very difficult even in experimental
setups dedicated explicitly to neutrino physics. Each quark generation consists of one
up-type quark with a non-integer electric charge of % and one down-type quark of electric

1
charge —3.



2 The standard model and vector-like quarks

Interaction Boson | Symbol Mass Electric Charge
Electromagnetic | Photon y 0 0
W WH/W~ | 80.385 £ 0.015 GeV 1/-1
Weak
Z Z 91.1876 £ 0.0021 GeV 0
Strong Gluon g 0 0

Table 2.1: Force mediating bosons in the standard model [16].

’ Generation | Lepton ‘ Symbol ‘ Mass [MeV] ‘ Electric Charge ‘

Electron e 0.51 & (1.1 x 1078) —1

1
Electron neutrino Ve <2x1076 0
Muon w 105.7 4 (3.5 x 1079) —1

2
Muon neutrino vy <2x1076 0
Tau T 1776.82 £ 0.16 -1

3
Tau neutrino Uy <2x1076 0

Table 2.2: Leptons in the standard model [16].
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’ Generation ‘ Quark Flavor ‘ Symbol ‘ Mass [GeV] Electric Charge ‘

Up u (2.3707) x 1073 +2

1
Down d (4.8170%) x 1073 —1
Charm c 1.275+0.025 +2

2
-3 1
Strange s (95+5) x 10 —1
2
Top t 173.34 4+ 0.27(stat.) £ 0.71(syst.) +3

3
Bottom b 4.18 £0.03 —1

Table 2.3: Quarks in the standard model [16]. The quoted top-quark mass is taken from
the recent combination of Tevatron and LHC measurements [17]. The other
quark masses are quoted in the mass-independent subtraction scheme M .S [16].

For every electrically charged particle, the standard model contains also a correspond-
ing anti-particle, that has the exact same properties, except for the fact that it has an
electric charge of the opposite sign. Whether anti-particles exist also for the standard
model neutrinos, is not yet clear. Some models assume, that the neutrinos are their own
antiparticles. Particles with this property are called Majorana particles, other particles
are referred to as Dirac particles.

The physics of the standard model is described in the framework of Lagrangian field
theory. The concepts of quantum mechanics and special relativity are merged into a
quantum field theory. In classical mechanics, the Lagrangian of a physical system is given
by L =T —V, where T and V are the kinetic and potential energy. This Lagrangian is
used to describe discrete systems with coordinates ¢;(t). In the framework of the standard
model, the so-called Lagrange density is used instead. It is a function of fields ¢(x,) with
continuous parameters z,: L(¢, %,mu). The integral over the Lagrange density gives
the action of the physical system. For simplicity, the Lagrange density is also commonly
referred to as the “Lagrangian”.

The standard model is built on the SU(3) x SU(2) x U(1)y symmetry group and was
developed based on the concept of gauge-symmetry transformations of fields such as G, —
Gl — éauaa. Gauge invariance implies, that the corresponding Lagrangian is not affected
by gauge transformations. The theories describing the interactions of the standard model
are based on these symmetry groups. According to the Noether Theorem, any symmetry
of the action of a physical system, i.e., the integral over its Lagrange density, corresponds
to a conservation law. The conserved quantities corresponding to the interactions are the
charges of the physical system.
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2.1.1 Quantum chromodynamics

The strong interaction is described by the theory of quantum chromodynamics (QCD),
which is based on the SU(3) symmetry group. It is mediated by massless gauge bosons
named gluons and affects all particles that carry color charge. Three types of strong
charges, or colors, and their corresponding anti-colors exist according to the standard
model. While quarks only have a single color charge, and anti-quarks one anti-color
charge per particle correspondingly, each gluon carries color and anti-color at the same
time. There are eight gluons, one for each linear combination of colors and anti-colors
that is not color neutral.

The phase transformation of the three quark-color fields ¢1, g2, and g3 are described by
the SU(3) group. The free Lagrangian

L = q;(iy"0, —m)g; (2.1)
with the colors j = 1,2, 3 needs to be invariant under local color-phase transformations
written as

i (x)Ta

q(z) = Ug(z) =e (). (2.2)

The generators of the SU(3) group are eight linearly independent, traceless 3x3 matrices
T,. All of the elements of the SU(3) group can be expressed in terms of these generators.
The corresponding group parameters are denoted by a,. A covariant derivative

Dy = 0, +igTa G (2.3)

is introduced, as well as eight gauge fields Gy, representing the eight gluons. To ensure
gauge invariance of the Lagrange density, the gauge fields need to transform as

a o 1 c
Gu — Gu - ;auaa - fabcawa (2.4)

where the f,,. are the so-called structure constants of the group. Finally, the gauge-
invariant Lagrange density of QCD is obtained via addition of a kinetic energy term for
each of the gauge fields:

. — a 1 a 14
£ =q(in"9u —m)q — g(V"Taq) Gy, — 7GR GE"- (2.5)

The requirement of local gauge invariance implies, that the gauge bosons of QCD,
the gluons, are massless. Because of the non-Abelian structure of SU(3), the gluons
themselves carry color charge. This allows for self-interaction between gluons, so that three
or four gluon vertices can be realized. Vertices denote the interaction points between a
number of particles. The self-interaction between gluons is a distinct feature of the strong
interaction, these kind of vertices are not realized for photons or the Gauge bosons of
the weak interaction. This leads to special property of the strong interaction: It grows
stronger with increasing distance. For this reason, color-charged particles cannot be found
in unbound states. Quarks only exist in bound states, the so-called hadrons. There are
two types of hadrons: mesons consisting of quark-anti-quark pairs and baryons consisting
of three quarks each. All hadrons are color neutral and can therefore exist as free particles.
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In the attempt to separate color charged particles, new colored particles are generated.
These newly generated particles then form additional color-neutral states. At very small
distances, where the strong force is weaker, the interaction of the quarks is similar to that
of free particles. This concept is known as asymptotic freedom.

2.1.2 The weak interaction

The theory of weak interactions describes the mixing between different quark generations.
In the mass-eigenstate basis, quarks are represented as doublets consisting of a single
up-type quark, and a linear combination of weak eigenstates of the down-type quarks:

() (5) () e

, and b’ are given by the unitary Cabibbo-Kobayashi-

The linear combinations d’, s

Maskawa (CKM) matrix [18,19]:

d’ Vud Vus Vub d
s = Vea Ves Ve s |- (2.7
b’ Via Vis Vi b

In common formulations of the standard model, the neutrinos are assumed to be mass-
less. Measurements of solar neutrinos, as well as results of other neutrino experiments,
give compelling evidence of neutrino-flavor oscillations though, see for example [20, 21].
These oscillations are only possible if the neutrinos are massive. The mixing mechanism
for leptons is then described by the PMNS matrix which has a similar structure as the
CKM matrix.

2.1.3 The electroweak interaction and the BEH mechanism

As proposed by Glashow, Weinberg and Salam [22,23], the weak and electromagnetic
interactions are interconnected and can be unified into a single theory of electroweak
interaction. The electroweak theory is based on the SU(2) x U(1)y gauge group. The
Pauli Matrices 7; are the generators of the SU(2) gauge group. The components of the
weak isospin can be expressed in terms of the Pauli Matrices: T; = 5 (withi=1,2,3). The
three generators correspond to the three massless gauge fields W). An additional single,
massless gauge field B, is introduced to correspond to the hypercharge Y = 2(Q — T3),
where T3 denotes the third component of the weak isospin and @ the electrical charge.
The hypercharge acts as generator of the abelian group U(1).

In 1957, Robert Marshak and George Sudarshan proposed a vector-axial vector (V-A)
structure for the currents in the Lagrangian of the weak interaction [24]. In this framework,
fermion fields are decomposed into their left-handed and right-handed components. The
left-handed fermions are then placed in SU(2) doublets x, while the right handed fermions
appear as SU(2) singlets ¢. In this representation the leptons can be written as

(Vi) ) g’iRv ViR (28)
l; I
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and, respectively, the quarks carrying color a« = 1,2, 3 as

(dé> ) uiRJ diRv (29)
L

(2

where ¢ = 1,2, 3 stands for the fermion generation.

In case of the left-handed doublets, the third component of the isospin is 75 # 0. For
the right-handed singlets on the other hand, T3 is equal to 0. This implies, that only left-
handed particles and right-handed anti-particles transform under SU(2) transformations:
parity is not conserved in the weak interaction. This parity violation in weak interactions
had been observed previous to the theoretical explanation in decays of $2Co in the Wu
experiment in 1956 [25]. Finding a correct theoretical description for the observed be-
havior of weak interactions was rather challenging. The solution is to describe them as a
combination of vector currents 1y and axial-vector currents ¢y*~°1). These currents
behave differently under parity transformation. The V-A current for a left-handed fermion
can be written as

%(%“d} — 7). (2.10)

Parity is violated because of the interference of the vector and axial-vector terms in the
interaction. Also so-called charge conjugation transformations which transform particles
into their anti-particles are not allowed for charged particles in the weak interaction. These
would involve particles and anti-particles of the same chirality which conflicts with the
observations. However, if parity transformations are combined with charge-conjugation
transformations, the resulting CP transformations are conserved.

The physical, neutral gauge fields A, and Z,, corresponding to the photon 7 and the

79 boson, respectively, are orthogonal combinations of the gauge fields Wi’ and B,,. They
can therefore be written as

A, = stin(@w) + B,,cos(Ow) (2.11)

Z, = Wi’cos(@w) — B, sin(Ow) (2.12)

with the Weinberg angle Oy, which quantifies the mixing between SU(2) and U(1). The
charged W' and W™~ bosons can be expressed in terms of the gauge fields W/i and Wi:

_ L
V2

The physical W+ and Z° bosons being combinations of massless gauge fields, would be
expected to be massless as well. Experimental results conflict with this assumption though:
the gauge bosons of the weak interaction have been shown to be massive. The most current
measured values for the masses of the W and Z bosons are given in table 2.1. Also, the
requirement of gauge invariance prohibits the addition of mass terms for the gauge bosons
to the Lagrange density.

Wy (W FiW2). (2.13)

The W and Z bosons acquire their masses in a different way, in a mechanism first
proposed by Brout, Englert and Higgs in 1964: the BEH mechanism [26-28], in which the
W and Z bosons acquire their masses via spontaneous symmetry breaking.

In the formulation of the mechanism, four scalar fields are introduced that are arranged
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o= (%) (2.14)

¢ = (¢1+ig2)/V2 and ¢° = (¢3+igs)/V2. (2.15)

The weak hypercharge of this doublet is Y = 1. The gauge-invariant Lagrange density
of the scalar fields contains three massless gauge bosons W (), with a = 1,2,3; and the
Higgs potential

in an isospin doublet

where

V(g) = 1?¢'o + A(9'9)?. (2.16)
) V()
9 0

Figure 2.1: Higgs potential for different values of the parameter pu2. Left: u? > 0, A > 0.
Right: p? <0, A > 0.

The choice of the parameters 2 > 0 and A > 0 determines the form of the potential.
Two examples are shown in figure 2.1. Values 2 > 0 and A > 0 result in a potential that
is symmetric with respect to the V(¢) axis as shown in the left plot of figure 2.1. This
potential has a single absolute minimum at ¢ = 0. If the values for p and \ are set to
p? < 0 and X > 0, there is no longer a single minimum but a manifold of minimal values
of the potential at |¢| > 0. This manifold is invariant under SU(2) transformations. The
choice of a single vacuum expectation value ¢g for the fields ¢(z) of, e.g.,

do = @ (0) (2.17)

breaks the SU(2) and U(1)y gauge symmetries.
One can expand about the vacuum given in equation 2.17, and replace the fields in the

Lagrange density with
1 0
() = \[2 <U . h(z)) . (2.18)
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After this expansion, the theory has four degrees of freedom corresponding to the four
scalar fields. In the local-gauge-symmetry breaking, three of these originally four degrees
of freedom disappear in the mass acquisition of the three gauge bosons W+ and Z°. As
the electromagnetic U(1) symmetry is not broken in this case, the photon is left massless.
The remaining scalar field h(x) can be identified as the Higgs field. The quanta of this
Higgs field are the electrically neutral Higgs bosons HY. Properties of the Higgs boson
are described in section 2.1.5. The charged standard model fermions acquire their masses
through Yukawa couplings to the Higgs field. For the charged leptons these couplings
assume the form

vGy - Gy -

Ly ukawa = —Ge[vr(o'vr) + (¥ = ——Sp— =LiH, 2.19
Yuk ([Vr(9"YL) + (Yro)YR] 7 7 (2.19)
where Gy is chosen in such a way that the mass of the charged lepton M, = %

Analogous terms appear for the Yukawa couplings of standard model quarks. The strength
of the Yukawa couplings of fermions to the Higgs boson is proportional to the fermion mass
in the framework of the standard model. The couplings of the W and Z bosons to the
Higgs field are given by a kinetic term in the Lagrangian of the scalar fields of the form

_ 1 Y
L=|D,*=| (mu —957 W, — g’2Bu> b (2.20)

2.1.4 Properties of the top quark

The top quark plays a special role in the standard model of particle physics and in many
models of physics beyond the standard model. It is distinguished from the other standard
model fermions by its large mass. The current world-average measured value for the top
quark mass is 173.34 £+ 0.27(stat.) + 0.71(syst.) GeV [17]. Large center-of-mass-energies
are needed to produce such massive particles in experiments. Because of this, the top quark
was discovered only in 1995 with the CDF and D0 experiments at the Tevatron proton-
anti-proton collider at /s = 1.9 TeV [29,30]. The large top-quark mass corresponds to
an extremely short lifetime 7 1% of 5-1072% s, which is smaller than the hadronization
time scale. This means, that the top quark decays, before it can be bound in a hadron.
In this way, kinematic information of the top quark is passed on to its decay products,
without being distorted by hadronization effects.

In the standard model framework, top quarks are mainly produced in processes mediated
by the strong interaction as particle-antiparticle pairs. At the LHC with its large center
of mass energies, gluon fusion is the dominant production mode for ¢ pairs. This process
is illustrated on the left-hand side of figure 2.2. Single production of top quarks via
the weak interaction is also possible. The dominant process for weak production of top
quarks is the t-channel production. The Feynman diagram for this production mode
is shown on the right-hand side of figure 2.2. The most accurate measurement of the
cross section for t-channel single top production at a center of mass energy of 8 TeV is
Ot—channel = 83.6 £ 2.3+ 7.1 £ 2.2 pb and was obtained from CMS data [31]. The most
accurate measurement to date for the tt cross section was performed by the ATLAS
collaboration and gives a value of o, =242.4+1.7+55+7.5+4.2 pb [32]. The four
individually quoted uncertainties are the statistical uncertainty, the systematic uncertainty
arising from the general experimental and analysis setup, and the uncertainties in the
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measurements of the integrated luminosity and the LHC beam energy.

The top quark decays almost exclusively to a W boson and a bottom quark via weak
interaction, because the CKM-matrix element Vj;, is ~ 1. Top-quark decays are usually
classified by the products of the consequent W-boson decay as either leptonic, in case of
decays of W — £ + v, or hadronic, for decays of W — qg’. In the hadronic case, only
decays to (u,d) or (c,s) are kinematically allowed. Since three different color charges can
be carried by quarks, there are a total of six hadronic and three leptonic decay modes.

Figure 2.2: Mechanisms of top quark production. Left: top quark pair production via
gluon fusion. Right: electroweak t-channel single top quark production.

2.1.5 Properties of the Higgs boson

From the first proposal of its existence in 1964, it took almost forty years for the Higgs
boson to be discovered by the ATLAS and CMS experiments in 2012 [6,7].

The CMS collaboration measured a value of 125.03f8§$(stat.)f8:§(syst.) GeV for the
mass of the Higgs boson, using the full datasets recorded at 7 TeV and 8 TeV [33].
Measurements of H — vy and H — ZZ decays were used for the mass determination,
as these yield the best resolution.

The main Higgs-production modes are shown in figure 2.3. Most Higgs bosons are
produced via gluon or vector-boson fusion, but also the production in association with
vector bosons or top quarks has a sizeable cross section.

q

W,z

Figure 2.3: The main Higgs-boson production mechanisms. The Feynman diagrams are
arranged according to the cross sections of the shown processes. In decreasing
order of cross section from left to right: gluon fusion, vector-boson fusion, as-
sociated production of vector bosons, and associated production of top quarks.

The theoretical prediction for the branching fractions of the different decay modes of the
Higgs boson strongly depend on the mass of the decaying Higgs boson. This is illustrated
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in figure 2.4. At the measured mass of about 125 GeV, decays to bottom-quark pairs are
most likely. Despite their considerably smaller branching fractions, the decay channels to
Z-boson and photon pairs yield much higher sensitivity than the H — bb channel though,
as leptons and photons can be detected with much higher efficiency and better resolution
in the CMS and ATLAS experiments. The suppression of background processes arising
from QCD-multijet production is also much easier when the signal events contain isolated
leptons.

To date, all measurements of properties of the newly discovered particle, including
the particle mass, its spin, and the couplings to other standard model particles, are in
agreement with the hypothesis, that this particle is indeed the standard model Higgs
boson [33-36].
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Figure 2.4: Predicted branching fractions for the different decay modes of the standard
model Higgs boson with respect to the Higgs-boson mass [37].

2.1.6 Implications of the Higgs-boson discovery for models predicting a
fourth generation of quarks

There is no intrinsic feature of the standard model that limits the number of quark gen-
erations to exactly three. An extension of the standard model quark sector to another
generation is attractive because of its simplicity. With the measurements of the Higgs
boson couplings at the LHC [33], strong limits have been set on these kind of models
though. Omne important production mechanism for Higgs bosons is the production via
fermion loops. The Yukawa couplings of standard model fermions to the Higgs boson are
proportional to the fermion masses. Therefore, production in fermion loops involving new
heavy, chiral quarks would give a sizeable contribution to the production cross section via
gluon fusion. An enhancement of about a factor 9 would be expected due to the large
masses of these hypothetical new quarks.

This expectation conflicts strongly with results of the measurement at the LHC, as
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illustrated in figure 2.5. It shows the result of a combined fit of electroweak precision
observables and the signal strengths in the Higgs-decay channels to vy, WW, ZZ, bb,
and 77 measured in LHC data, as well as the pp — H — bb signal strength obtained
from Tevatron measurements [9]. A model including a fourth generation of chiral quarks,
that possess the same properties as standard model quarks, is very incompatible with
the measured parameters, especially with the H — ~~ signal strength. Such a model is
excluded at 5.3 standard deviations in this fit.

pp_>H_)r\/A/ fitter
4th Gen 19.35

pp — H — WW
pp—H — Z7
pp— H — bb

7.08

pp—)H—)bB

SM
pp—H — 717 SM4 before ICHEP 12
SM4 after ICHEP’12 [10.85

-2 —1 +1 +2 +3 +4 A

Figure 2.5: Result of a combined fit of electroweak precision observables and Higgs signal
strength [9]. The statistical compatibility of the measured values of different
Higgs-boson decay modes with the standard model (blue) and an extended
standard model including a sequential fourth quark generation (red) is shown.
The compabitibilty of a fourth-generation model when excluding the Higgs-
signal-strength measurements at LHC is shown for comparison in green.
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2.2 Vector-like quarks in physics beyond the standard model

The standard model of particle physics is found to be extremely successful at predicting
particles and numerical values for other parameters. However, some issues are not ad-
dressed by the standard model in the current framework. One of the problems of the
standard model is the instability of the Higgs-boson mass due to radiative corrections.
These corrections are proportional to the square of the scale, up to which the theory is
expected to be valid. They can therefore be much larger than the mass of the Higgs boson
itself. Large contributions to the radiative corrections come from one-loop diagrams of
particles with sizeable couplings to the Higgs boson. Such particles are top quarks, the
gauge bosons of the weak interaction W*, and Z, and the Higgs boson itself [10]. The
most important one-loop corrections to the Higgs-boson mass are illustrated in figure 2.6.
This issue is usually referred to as the "hierarchy problem” [8].

Figure 2.6: One loop corrections to the Higgs mass in the standard model.

A very popular model that can provide a solution of the hierarchy problem is the theory
of supersymmetry (SUSY) [8,38,39]. In this model, the space-time symmetry is extended
and supersymmetric partners for all standard model particles are introduced. Standard
model fermions obtain bosonic partners, fermionic partners are predicted for the bosons
of the standard model. In the original concept of SUSY, the supersymmetric particles are
assumed to have masses identical to those of their standard model partners. This way,
the loop corrections to the Higgs-boson mass would be cancelled in a very elegant way.
To date, no evidence for the existence of SUSY has been observed [40,41]. The SUSY
particles are more massive than originally predicted and super-symmetry must be broken,
in case SUSY does exist.

As no superpartners have been found at the energy scales examined so far, the loop
corrections cannot cancelled entirely. In the Minimal Supersymmetric Standard Model
(MSSM), a partial cancellation of the loop corrections is still expected though. Thus,
the question of Higgs,boson mass stability is reduced to the so-called “little hierarchy
problem”. For energy scales A of about 10 TeV, i.e., scales in the order of magnitude of
center-of-mass energies reached at the LHC, the top-quark loop contributes to the total

Higgs-boson mass as
3

— @)\fAQ ~ —(2TeV)?. (2.21)
In order to avoid fine tuning of the corrections to the Higgs-boson mass above a 10% level,
new physics beyond the standard model is needed to cut off the top-quark loop at a scale
of Aypp < 2 TeV. Otherwise, large divergencies cannot be prevented. There are several
theories providing solutions to the little hierarchy problem without the introduction of
supersymmetry. These models predict new particles with masses of a few TeV. They can

affect the couplings of the standard model quarks to the Higgs boso