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verified by carefully designed experiments. After trial and error, a theory can be constructed by
combining the evidence of the accepted hypotheses, and the disprove of the rejected hypotheses.
These established theories are tested again when new observations are available to either understand
the new phenomena or understand the limits of the theory and propose a new hypothesis.

9th century after many of the elements were

A new concept of ‘atom’ was developed in the 1
discovered. Scientists observed similar properties between elements and suggested the existence of
atoms, indivisible particles, that could be forming them. This led Dmitri Mendeleev to formulate the
periodic table to classify the known elements with respect to their atomic mass, and their physical
and chemical properties [2]. With this, he was able to predict the existence of new elements such
as Germanium and Gallium [3].

In 1897, J. J. Thompson discovered the electron by deflecting the cathode rays emitted by a
hot filament with a magnet [4]. Thompson noticed the mass of the cathode rays constituents were
constant, independent of the type of atom they were coming from, which led him to propose that
the cathode rays were made of “corpuscles” (particles). This new evidence suggested the electrons
were present in every atom, and most importantly, the atom was, in fact, divisible.

The discovery of the electron initiated a revolution in physics, which later became its own branch
called Elementary Particle Physics or High Energy Physics (HEP) and has led to the discovery of
several other particles in the following decades.

Ernest Rutherford discovered atoms have a nucleus in 1911 by scattering a-particles, consisting
of two protons and two neutrons, off heavy atoms [5]. This discovery guided Niels Bohr in 1913
to propose an atomic model where negatively-charged electrons orbit around a small and heavy
positive-charge nucleus [6]. Two main discoveries supported the idea of Bohr’s atomic model: the
proton by Rutherford in 1919 [7], and the neutron by James Chadwick in 1932 [8]. An extra piece
to the model, the neutrino, was theorized by Wolfgang Pauli in 1930 [9, 10], and discovered by
Clyde Cowan and Frederick Reines in 1956 [11]. These four particles seemed enough to explain all

the phenomena observed at the time.



Nevertheless, the universe proved again to be more complicated than what was expected; be-
tween 1932 and 1960, the number of known particles increased significantly. First, antimatter was
discovered by Carl Anderson in 1932 [12, 13] after being introduced by Paul Dirac in 1928 [14].
Then, a 200-times heavier version of the electron, the muon, was discovered in 1936 by Carl An-
derson and Seth Neddermeyer [15]. Finally, numerous hadrons, particles similar to protons and
neutrons, were discovered, such as pions (7° [16] and 7 [17]), and kaons (K° and K*) [18].

In this messy catalogue of particles, referred to as the ‘particle zoo’ by Pauli, the hadrons were
cleverly organized by Murray Gell-Mann [19] and George Zweig [20] in 1964, when they introduced
the quark model. In this model, hadrons are not longer fundamental particles because they are
made of even smaller particles called quarks [21, 22]. These particles were initially considered to
have three types: up (u), down (d), and strange (s). However, a new type, the charm quark (c),
was predicted a year later by Sheldon Lee Glashow and James Bjorken [23], and was confirmed by
the discovery of the J/v meson in 1974 [24, 25] by both BNL and SLAC, corroborating the quark
model. Two years later, a new electron-like particle, the tau (7), was discovered, also at SLAC,
with a mass over three thousand times bigger than the mass of the electron [26]. The presence of
three charged leptons (electron, muon and tau) plus the evidence of at least two types of neutrinos
by Leon Lederman, Melvin Schwartz and Jack Steinberger in 1962 [27], suggested three generations
of charged lepton-neutrino pairs, which were finally confirmed in 2000 with the discovery of the
tau neutrino by the DONUT collaboration [28]. Following this example, Makoto Kobayashi and
Toshihide Maskawa predicted the existence of a third generation of quarks in 1973 [29]: the bottom
quark (b), and the top quark (), discovered in 1977 [30] and 1995 [31, 32] at Fermilab by the E228
experiment, and CDF and DO, respectively. The quark picture as we know it today was completed
in 1964 when Oscar Greenberg proposed quarks have three different color charges: red, blue, and
green [33].

Nevertheless, a new group of elementary particles were added to this list: the gauge bosons;

the particles in charge of carrying the interactions of the fundamental forces!. The photon, the

'With the exception of the gravitational force, where its carrier, the graviton, has not been observed yet [34, 35,
36, 37, 38].



boson who carries the electromagnetic interaction, was proposed in the beginning of the twentieth
century by Max Plank [39] and Albert Einstein [40], and discovered by Robert Millikan in 1916 [41].
Similarly, the gluon? was proposed by Gell-Mann in 1962 [42] to mediate the strong interaction
between quarks, and was discovered in 1978 by the PLUTO experiment at DESY [43]. The gauge
bosons for the weak interaction are quite different since they have mass while the photon and
the gluons are massless. In 1961, Sheldon Glashow proposed three intermediate bosons of the
weak interaction, one neutral (Z) and two charged (W), as part of the so-called electroweak
theory, which unified the electromagnetic and weak interaction [44]. In the following years, Robert
Brout, Frangois Englert [45], Peter Higgs [46], Gerald Guralnik, Carl Hagen, and Tom Kibble [47]
introduced the concept of spontaneous symmetry breaking (SSB) by proposing it as the mechanism
by which elementary particles acquire mass, especially the weak gauge bosons. Higgs noticed that
there was a new elementary particle associated with this mechanism, later known as the Higgs
boson [48]. The SSB was incorporated to the electroweak theory in 1967 with the work of Steve
Weinberg [49], and Abdus Salam [50], and has been successfully supported by experimentation. The
Z and W bosons were discovered by the UA1 and UA2 collaborations at CERN in 1983 [52, 51],
while the ATLAS and CMS collaborations, also at CERN, announced in 2012 the discovery of a
Higgs-like particle [53, 54].

The description of all particles mentioned above and their interactions are encaptured by the
Standard Model (SM) of particle physics; our most modern and up-to-date answer to the old
question: “What is matter made of ?” However, the Standard Model is not the final answer despite
being arguably most successful theory in the history of science. For example, the SM does not
provide satisfying answers to important questions such as the nature of dark matter and dark
energy, the possibility of multiple Higgs bosons, and the strangely small mass of the neutrino, just
to name a few. These questions keep the window open for new experiments and future discoveries,

which motivated the analysis presented here.

2The eight gluons to be more precise.



2.2 Particles, Forces and Interactions

Particle physics is concerned with the fundamental constituents of the universe, the elementary
particles, and the interactions between them, the forces. Our understanding is integrated into the
Standard Model, which provides a unified picture where the forces between particles are described

by the exchange of particles [55, 56, 57, 58].

Standard Model of Elementary Particles
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Figure 2.1 Basic properties of the elementary particles of the Standard Model: the three
generations of fermions (purple and green), gauge bosons (red), and the Higgs
boson (yellow) [59].

The elements we see in the universe are formed of atoms, which have a nucleus made of positively

charged protons (p) and electrically neutral neutrons (n), and are surrounded by orbiting negatively



charged electrons (e~ ). The electron is bound to the nucleus through one of the four fundamental
forces in the universe: the electromagnetic interaction. The nucleus is held together thanks to
the strong nuclear interaction, and the S-decay is only possible through the weak force. The
fourth force, the gravitational force, is not part of the Standard Model despite being the most
familiar interaction to us. In fact, the gravitational interaction is extremely weak between these
tiny particles, and often can be ignored; however, a unification between the SM and Einstein’s
General Relativity is one of the pending tasks for physicists.

As mentioned earlier, the group of elementary particles is much larger than just protons, neu-
trons and electrons as it was believed in the beginning of the 20*" century. In the following sections,
a description of the elementary particles of the SM?, as shown in Figure 2.1, is presented. It is

divided into two main groups of particles: fermions and bosons.

2.2.1 Fermions

Fermions are the fundamental blocks that form the atom, and therefore, all the elements in
the periodic table. To achieve this, only three particles are required: The electron (e™), the quark
up (u), and the quark down (d), where the last two build the nucleus by forming protons (uud)
and neutrons (udd). The picture is completed with the neutrino (v), which is observed in beta
decays. However, each of these four particles have two exact copies, which only differ by their
heavier masses*. The original four particles are called the first generation, and the two copies are
called the second and third generations, respectively. They are shown in the first three columns to
the left in Figure 2.1. Sometimes generations are also referred to as flavors.

Fermions are also divided into two main groups: quarks and leptons, shown as purple and
green in Figure 2.1. Leptons are further divided with respect to their electrical charge into charged
leptons (electron-like particles), and neutral (neutrinos). Each of these groups of particles interacts

differently through the fundamental forces depending on their nature as indicated in Table 2.1.

3Natural units (A = ¢ = 1) are used in this document unless otherwise indicated. Hence, electronvolt (eV = 1.602
x 107! Q) is used as a unit for both energy and mass.
4Neutrinos are slightly more complicated. See Section 2.2.1.2 for a detailed explanation.
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Table 2.1 Forces experimented by fermion particles.

Fermions ‘ Strong ‘ Electromagnetic | Weak
down-type | d b v’ v’ v’
Quarks
up-type u | c t v’ v’ v’
charged e” | u | T v’ v’
Lept
eprons neutral Ve | vy | Vr v’

2.2.1.1 Charged Leptons

The best known charged lepton is the electron (e¢7). It has a mass of 0.511 MeV, a negative
electric charge that is used as the basic unit for electric charge, a weak isospin of —% (see Section
2.2.2.3), and is stable. The anti-matter counterpart to the electron is called the positron (e™). The
electron’s second and third generation partners are the muon () and the tau (77), which are
approximately 200 and 3,500 times heavier than the electron, respectively. Despite the difference
in masses, which has physical consequences such as the tau being able to decay hadronically, they

all share the same fundamental interactions.

2.2.1.2 Neutrinos

Neutrinos, as in the case of charged leptons and quarks, have three flavors: electron neutrino
(Ve), muon neutrino (v,), and tau neutrino (v;). These three flavors have similar properties and
a corresponding anti-neutrino associated to each flavor. Neutrinos are best-known for being very
elusive particles. They do not carry color (see Section 2.2.2.2) or electric charge, but a weak isospin
of —|—%; hence, they can only interact via the gravitational or weak interactions. Even though gravity
is already insignificant at the subatomic scale, the neutrinos have a very tiny mass even compared
to the other particles. In fact, it was believed for many years neutrinos were massless, but in 1998
the Super-Kamiokande neutrino detector determined neutrinos have a non-zero mass [65]. However,

new cosmological evidence has set an upper limit to the sum of neutrinos masses to »_m, < 0.12
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eV [59, 66], which is less than one millionth that of the electron. In addition to that, the weak
interaction has a short range; thus, neutrinos usually pass through normal matter undisturbed.
Nevertheless, when it comes to the flavors of neutrinos there is a subtle distinction that has to
be made. The Super-Kamiokande has a sensitivity to neutrino energies down to 5 MeV, and it was
built to measure the flux of electron neutrinos emitted from the Sun; a very particular energy range
where only solar electron neutrinos can be created. However, the flux was measured to be about
half that expected [65], which was later known as the solar neutrino problem. This was solved
when the total solar neutrino flux was measured by the Sudbury Neutrino Observatory (SNO), and
the value obtained was consistent with the expected ve-flux from the Sun [67]. Thus, some of the
initial electron neutrinos had changed flavor during their path towards the Earth; this process is
called neutrino oscillations. Consequently, the three flavors of neutrinos (ve, v, and v;) are in
fact quantum mechanical mixtures of three mass eigenstates labelled as v, 1o, and v3. Yet, this
document will not consider flavor-changing neutrinos, since oscillations are only significant when

the distance traveled by the neutrino is at least in the order of a few kilometers.

2.2.1.3 Quarks

For each generation of quarks there are two types: up and down type. The three generations
of the up-type quarks are the up (u), charm (c), and top (t) quarks, respectively. In the same way,
the down-type is composed of the down (d), strange (s), and bottom (b) quarks.

Quarks have the characteristic that they interact with all four fundamental forces as shown in
Table 2.1. Regarding the electromagnetic (EM) and weak force, the up-type quarks have an electric
charge of +%e and weak isospin of +%, while the down-type quarks have —%e and —%, respectively.
Likewise, the strong force interacts with quarks because they carry color charge, which can be red

5

(antired), blue (antiblue), and green (antigreen)’. As a result, quarks are constrained by color

confinement, which will be explained in more detail in Section 2.2.2.2, and prevents quarks to be

5Colors of antiquarks are indicated inside the parenthesis.
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isolated since only neutral color states are allowed. For this reason, quarks have not been observed
directly®, but in bound states called hadrons.

As a result of the color confinement, hadrons also have to be color neutral. Regarding the
classification of the ‘zoo’ of hadrons, they are mainly divided in two groups: mesons, and baryons.
Mesons are formed by a quark-antiquark pair such as 7t (ud), 7= (da), Kt (u3), and K~ (sd).
Baryons are formed of three quarks since the sum of red, blue, and green (or the sum of the
corresponding anticolors) form a color neutral state. The most familiar baryons are the proton
(uud), and the neutron (uud). In addition to these two groups of hadrons, a set of discoveries in
the past few years have formed two new types of hadrons: tetraquarks [68, 69, 70], bound states
formed of two quark-antiquark pairs, and pentaquarks [71], formed as a combination of three quarks

and a quark-antiquark pair.

2.2.2 Forces and Bosons

Quantum Field Theory (QFT) combines quantum mechanics and special relativity as a rela-
tivistic description of the particles and forces in the SM. Under this theory, both particles and
forces are represented as ‘excitations’ of fields which exist everywhere. There is a specific field for
each type of particle, and one for each force carrier. Furthermore, each force has at least one of
the spin-1 force-carrying particles which are known as gauge bosons [72]. The theory describing
electromagnetism (EM) is Quantum Electrodynamics (QED), and its force-carrying particle is the
massless photon (). Similarly, the strong interaction is described by Quantum Chromodynamics
(QCD), and the massless gluons. Finally, the case of the weak interaction is more complicated, and
has three mediators; two charged particles known as the W+ and W~ bosons, and a neutral one
called Z boson. These gauge bosons are described in the following sections.

In QFT, the interactions between charged particles” are conveniently visualized by Feynman

diagrams, where the sum over all possible time-orderings is represented. In the convention used

5The top quark is an exception of this rule because its large mass (almost twice the mass of the W boson) allows
it to decay very quickly (~ 5 x 1072 s), about a twentieth of the time scale for strong interactions, preventing the
top quark to form hadrons.

"In this context, charged particles are referred not only to electrical charge particles, but also to weak isospin and
color charge.
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in this thesis, the direction of time goes from left to right; then, the left-hand side of a diagram
represents the initial state, and the right-hand side the final state. The particles in the middle
(internal lines) are called wirtual particles and represent the effect of summing not only over all
possible time-ordered diagrams, but in some cases, over all the polarization states of the exchanged
particle. In this combination, even though both momentum and energy are conserved at the
vertices, virtual particles do not necessarily satisfy the Einstein energy-momentum relationship.
Then, virtual particles do not necessarily carry the same mass as the corresponding real particle.
For example, a virtual photon can have an effective mass even when a real photon is massless. For

this reason, virtual particles are also called off-shell particles®.

Table 2.2 The Standard Model interaction vertices, where the value of a corresponds to
gluons with momentum of approximate 1 GeV (see Section 2.2.2.2).

Force ‘ Symbol ‘ Coupling Constant
Electromagnetism « 1/137
Strong Interaction Qs 1

Weak Interaction aw/z 1/30

The behavior of the electromagnetic, strong, and weak forces are determined by the properties
of their associated gauge bosons, and how these bosons couple with fermions as shown in Table
2.2. However, there are other properties to take into account when calculating the interaction
probability. For instance, ay,z is larger than «, which implies weak interaction processes occur
more often than electromagnetic processes. However, W# and Z are more than eighty times heavier
than the proton, while the photon is massless. Thus, at energies of a few GeV or less, EM dominates,
while the weak interaction dominates at higher energies. Other properties to take into account are

the number of vertices, the range of the interacting force, and the charge of the fermions.

81t is important to notice here that the probability of a diagram to occur has its maximum when the momentum
squared of the virtual particle is equal to the mass squared of the real particle; then, there is a preference for virtual
particles which are close to the on-shell particles.
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In addition to the bosons listed above, there exists one with spin zero called the Higgs boson
(H). Even though it is not related to any of the fundamental forces, the Higgs boson gives mass

to all the other particles. This is explained in further detail in Section 2.3.1.

2.2.2.1 Photons

As it was mentioned before, photons are the force-carriers of QED. Moreover, photons interact
only with electrically-charged particles such as electrons and quarks, but not with neutrinos, for
example. Since photons do not have mass, they cannot decay into other particles and are stable.
In addition to this, photons do not possess electric charge, which prevents photons from interacting
with themselves; this property allows QED to have an infinite range proportional to %2, where r is

the distance between the two interacting particles.

2.2.2.2 Gluons

QCD and QED have many similarities, but also drastic differences. While QED has the electric
charge, QCD has three types of color charges: red, blue, and green. As in the case of the electric
charge, color charges are always conserved in all physical processes. The other difference between
QCD and QED is that the massless gluons have color charge, which has two important consequences:
First, gluons can interact with themselves preventing QCD to have infinite range as in the case of
QED. Second, gluons can change the color charge of a particle into another; in fact, all possible
changes of this type are allowed as long as the color charge is conserved, which leads to eight
different gluons instead of just one [73].

Color confinement prevents quarks and gluons to exist as isolated particles. When two quarks
are pulled apart, virtual gluons are carrying the interaction between them; however, there is also
an interaction between these gluons that are mediated by other gluons. Thus, if the distance of the
quarks increases, the number of interacting gluons will increase too until it is energetically favorable

for a new quark-antiquark pair to appear, instead of adding more gluons [55].
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Figure 2.2 Experimental measurements of s as a function of the energy scale () com-
pared to the scaling prediction by QCD [59]. Leading orders of the theoretical
calculations are shown inside the parentheses as NLO (next-to-leading order),
NNLO (next-to-next-to leading order), and N3LO (next-to-NNLO).

In Table 2.2, the coupling constants are referred to as constant, which is not the case for different
energy scales, especially for the strong interaction case where o changes drastically as shown in
Figure 2.2. At energies of one GeV or less, the coupling constant of QCD is large, and has a
value of approximately one. As a consequence, diagrams with multiple vertices and loops become
significant in the calculation and prevent the use of perturbation theory. Fortunately, as decreases
for higher energies; for example, its value is only 0.1181 when the energy scale @ is equal to the Z
mass, My. This value is low enough to allow perturbation theory to be used, but not low enough
to only consider leading terms; Feynman diagrams with higher orders are still significant and need

to be added to the calculations. The decrease of a; with energy is known as asymptotic freedom.
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2.2.2.3 W and Z bosons

While QED and QCD are very similar to each other, the weak interaction differs from them
in particular regarding the properties of its gauge bosons. For example, the photon and the gluon
are both massless, while the W* and Z bosons are two of the heaviest particles in the SM as
illustrated in Figure 2.1 limiting the range of the interaction. The charge of the weak force is called
weak isospin, and is conserved in any physical process as in the case of the other charges. All
twelve fermions have weak isospin: neutrinos and up-type quarks have a value of —1—%, and —% for
electron-like leptons and down-type quarks. Thus, the weak interaction is the only fundamental
force, apart from gravity, which can interact with all the fermions.

The W¥ bosons have a mass of 80.38 GeV, and carry electric charge, which allows them to also
interact with photons. The weak isospin of the W+ (W) is +1 (—1) requiring both types of weak
isospin in each vertex to conserve charge; for instance, an electron-like lepton and a neutrino, or an
up-type and a down-type quark. In the case of the quarks, usually both quarks are within the same
generation; yet, there is a chance the two quarks are from different generations. The probability
of this to occur is described by the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix
[74, 75]. Regarding the W decays, the hadronic channel (a pair of quarks) is the most prominent
with a branching fraction? (BF) of 67.41%, while each leptonic channel (I*v) averages a BF of
10.86% [59].

The Z boson has a mass of 91.19 GeV and no electric charge; thus, it does not interact with the
photon, and is its own antiparticle. The Z boson can decay into a fermion and its antiparticle just
as the photon. However, the Z boson can also decay into a pair of neutrinos (v7). The branching

fractions of Z are 20.00% to neutrinos, 10.10% to leptons, and 69.91% to hadrons [59].

2.3 The Higgs Mechanism

The concept of gauge invariance is a familiar idea from electromagnetism, where the physical

electric field, E , and the magnetic field, B , can be obtained from a scalar and a vector potential ¢

9Probability that a particle a decays into a pair of particles b and ¢; usually written as BF(a — b+ c¢).
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and A. As expected, these electromagnetic fields remain unchanged under the gauge'® transforma-

tion

—, —

qﬁ—>¢’:¢—?;t< and A— A=A+ Vy, (2.1)

where x is a function with spatial dependence. Still, this gauge can be written in a compressed

and more elegant way as

Ay = Al = Ay — B, (2.2)

—,

where A, = (¢,—A), and J,, = (0o, V). Similarly, this gauge invariance of electromagnetism can
be related to the local gauge principle in the relativistic quantum mechanics. For example, a free

fermion of mass m in QED is described by the Dirac Lagrangian

LDirac = w(ﬂﬂ) (ifyuau - m) ’ (23)

where # are the Dirac gamma matrices, and ¥ (x) is the spinor of the electron. Under the gauge
transformation ¢/ — €'*(*)q), the invariance is achieved by replacing the partial derivative by the
so-called covariant derivative, d, — D, = 0, —ieA,, and the introduction of a new field, A, which

satisfies AL — A, + %aﬂa. Then, the Lagrangian for a free particle changes to:

1
LQED = »Cfree + »Cint - ZFMVF/JVa (24)

where F},, = 0,A, — 0, Ay is the usual electromagnetic field tensor. This new Lagrangian does

not allow a mass term for the photon since it would not be gauge invariant as seen here:

1 1 1 1 1
§m3A#A“ = §m3 <A# - eaﬂa> <A“ - 68%) # §m,2yA#A“. (2.5)

0The term gauge refers to redundant degrees of freedom in the Lagrangian.
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This is not a surprise given that photons are actually massless particles; however, the same
procedure can be repeated for QCD and for the weak interaction with the same result: gauge
bosons are not allowed to have mass. This agrees with the massless gluons, but it is a problem for
the massive W* and Z bosons; moreover, fermions are also not allowed to have mass for the same

reasons.

2.3.1 Spontaneous Symmetry Breaking

To solve this mass problem, the gauge symmetry must be broken in some way, while still keeping
the Lagrangian symmetric. Peter Higgs suggested a critical temperature where the spontaneous
breaking of the symmetry would occur by introducing a new scalar field called the Higgs field. At
high temperatures, as present at the origin of the universe, all particles, except for the Higgs boson,
are massless as predicted by the gauge transformations. However, at low temperatures some of the
particles acquire mass due to their interaction with the new field. This method is the so-called
Spontaneous Symmetry Breaking (SSB), which adds a new term to the non-invariant Lagrangian,

Ly, with the premise of assuring the gauge invariance of the combined Lagrangian:

Enew = EO + EHiggs- (2'6)

To satisfy group symmetries and the charges of the electroweak gauge bosons, the minimal

Higgs model requires two complex scalar fields, placed in a weak isospin doublet as

oF 1 [ ¢1+igs3
& | V2 6y +i0s

where all ¢ are real. The new Lagrangian for the Higgs mechanism takes the form

Litiggs = (0u0)" (9¢) — V(9), (2.8)

where the potential V(¢) is defined as:
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V(9) = 1*(6'0) + M9 9)%. (2.9)

This potential is set to be ¢-symmetric, and requires to have a ground state which restricts
the values of A to be strictly positive, which secures the presence of a stable vacuum. Conversely,
the sign of u? describes two very distinguished scenarios as shown in Figure 2.3. The figure on
the left represents the case where u? > 0, where the potential has a unique minimum at ¢ = (8).
The Lagrangian then describes a particle with mass p and coupling v/ in the scenario before SSB,

where all particles are massless except for the Higgs.

@) Vo) (b) V(o)
A

P

P

-0,

Figure 2.3 The V(¢) = pu?(¢'p) + A(6T¢)? potential for a complex scalar field for (a)
p? >0, and (b) p? < 0 [55].

The second case, illustrated in the right plot of Figure 2.3, occurs when p? < 0, and the
symmetry breaks down spontaneously. The potential now takes the shape of a Mexican hat, where
the minimum is now not unique, but forming a circle around ¢ = (8). As a consequence, there is

an infinite set of values which satisfies the condition:
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2 2
(B2 + 2+ ¢2+¢3) = = =L (2.10)

T _ _"
¢0¢0 - 9 2)\>

N | —

where v is the value of the potential at its minimum, also called the vacuum expectation value.
Since all the solutions are equivalent in the last equation, the simple case where ¢o = v and

¢1 = ¢3 = ¢4 = 0 can be chosen, and the expectation value of the vacuum can be expressed as

dhoo— | ° (2.11)
00—\/5 , . .

Now that the vacuum has been well defined and has a value, ¢ can be reconstructed around it
with the addition of two new real fields: H(z) and &(z). The first, called the Higgs field, is a change
of coordinates from ¢9 in Equation 2.7 where the new field is now symmetric, locally, around the

vacuum; whereas the field £(x) replaces ¢4. Consequently, the doublet takes the form:

¢+
sla) = | et (212
1 (vt H(x) + i€(2)
which it is simplified by using a clever gauge transformation with rotation —¢(z)r~! called the

unitary gauge. Securing gauge invariance, the charged ¢t is dropped as expected, while the second

term uses the Taylor expansion of e* to also drop &(z):

¢/_>ei§(x)/l/¢ — 625(2)/11\}5 (y+H($)+Z§($))

— \}5 (v + H()) el = 2 (4 B (), (2.13)

V2
where O(&2, H?,£H) terms have been ignored. The final form of the doublet can be expressed now

as:

(2.14)
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2.3.2 Higgs and Gauge Bosons

The doublet ¢ can now be applied to Equation 2.8, which in the electroweak theory takes the

following form!!:

1 1
Liggs = B} (0,H) (O"H) + 192 (v+ H)? WJWN
92 2
+———Ww+H) Z,ZV
8 (cos Oy )? ( ) 2

1 1
_5“2 (v+ H)* - 1A(HH)‘*, (2.15)

where ¢ is the weak coupling constant, and 0y the weak mixing angle. As expected, the Lagrangian

lacks a mass term for the photon, but introduces the mass of the W* and Z bosons as:

1 qv mw
= = = . 2.16
mw=59v Mz =5 os Ow  cosOy (2.16)

In addition to this, the last two terms in the new Lagrangian (Eq. 2.15) depend only on the
Higgs field, H. These terms can be expanded as —A\v?H? — A\AvH? — %H 4. giving the Higgs boson

a mass of:

mp = vV2\ = /=242, (2.17)

With these expressions for the masses of the gauge bosons, the Lagrangian in Equation 2.15

can be expressed in a more intuitive manner as:

1 1 1 1
LChigss = 5 (0uH) (0"H) — omiy H? + omiy WIW! + om3 2, 2"

1
+gmw HWIW" + 2g* H*W W

2

gmz g

= - HZ, !+ —F——Z 7"
2cos Oy M + 4dcos? Oy M
2 2,2
ST s 9 ey const, (2.18)
dmw 32myy,

"Erom this point forward, H(z) is written as H for simplicity.
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Beside the mass terms, the cubic (HVV) and quartic (HHV V) interaction terms between the
weak vector bosons and the Higgs boson can be identified; furthermore, the last two terms in the
Lagrangian shows the Higgs can interact with itself (HHH and HHHH). The coupling strength
for all the mentioned cases are presented in Figure 2.4 noticing they all are proportional to the

mass of the boson squared:

Qm%/ Qm%/ Bm%{ Bm%{
gHVV = =5 YHHVV = — 5=, YHHH = —=, YHHHH = — 5 (2.19)
Vv 1% H
4
’
4
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Figure 2.4 Feynman diagrams for interaction vertices between the weak vector bosons and
the Higgs boson (top), and the Higgs boson self-interaction vertices (bottom)
[197].

2.3.3 Higgs and Fermions

Spontaneous breaking of EW symmetry has added mass terms for the gauge bosons, yet the
fermions remain massless. Fortunately, these masses can be generated by including interaction

terms between the fermions and the Higgs in the so-called Yukawa couplings. Given the symmetries,
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these interactions combine the Higgs doublet, ¢, the left-handed!'? fermion doublet, 17, and the
right-handed fermion singlet, 1. This new term is added to the Lagrangian in Equation 2.6, and

is defined as:

EYukawa = - Z )\f (@L(wa + @R¢TwL) s (220)
f

where the sum runs over all the fermions, f, and A; are their corresponding Yukawa couplings. The
Lagrangian can be simplified again by using the unitary gauge (Eq. 2.14), which in the particular

case of the electron, the Lagrangian becomes:

—1 0 _ Ve
['Yukawa,e = —=X Ve € erter|(0 v+ H
V2 L\v+H e ;
-1 _ _ 1 _ _
= —M\v(erer+erer) — —=A.H (érer + €grer) (2.21)

V2 V2

None of the Yukawa couplings are predicted in the Higgs mechanism, though they can be chosen

to be consistent with the observed electron mass,

Ae = V2 e (2.22)
14

In this case, the final form of the Yukawa terms for electrons is

Lyukawae = —meee — —<geH, (2.23)
14

where the second term corresponds to the coupling between the Higgs and electrons. Neutrinos
are assumed massless because of the presumed lack of a vp-term. Furthermore, the results can be

generalized by repeating the same process for muons and taus with same result.

121 eft- and Right-handed refers to the chirality of the particle. Chirality can be physically understood as the
helicity of a particle (for £ > m), which it is labelled as right if the momentum and spin of a particle point in the
same direction, and left if they are in the opposite direction.
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k)

H

f

Figure 2.5 Feynman diagrams for interaction vertices between the Higgs boson and
fermions [197].

In the same manner, the Yukawa couplings can be applied to quarks; for example, to find the
coupling between the Higgs and the bottom quark, b, which is the central topic of this document,

we can apply the Yukawa Lagrangian to the top-bottom quark pair in the unitary gauge as:

-1 0 1 0
L ukawa, = —A Db br——=M (7 b tp + h.c.
Yukawa,b,t NG b<t b)L . R NG t(t b)L . R ¢

/\bl/ )\b AV At
= ——bb— —be——tt——Htt
= —mpbb — —2 Hbb — myft — — HIt (2.24)
v 1%

This results can also be generalized for the remaining four quarks; moreover, the couplings
between the Higgs boson and fermions can be generalized as illustrated in Figure 2.5, where every

coupling is proportional to their mass:

Ap=V2 % (2.25)

2.4 Open Questions and Beyond the SM (BSM)

Despite the great success achieved by the Standard Model, especially with the discovery of the

Higgs boson in 2012, there are still many open questions that require a new theory, or at least,
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an extension of the SM. For example, the fundamental force most familiar to us, the gravitational
force, is not included in the Standard Model. In addition to this, neutrinos are treated as massless
particles, but neutrino oscillations have proven the opposite. Moreover, neutrinos are at least six
orders of magnitude lighter than any other particle in the Standard Model. What is the reason for
such a gap in mass between particles? The SM also fails to explain why there are exactly three
generations of fermions, or why there is an imbalance between matter and anti-matter even though
they share the same properties but opposite charge. If they were created in the same amounts at
the origin of the universe, they should have annihilated each other at the same rate.

Even more mysterious, astronomers have discovered that about only 5% of the energy-matter
density of the universe is baryonic (ordinary) matter, i.e., stars, planets, elements and everything
we observe is only a tiny portion of the universe. The remaining 95% is divided in two groups:
dark matter with 27%, and dark energy with 68% [59].

Dark matter was first introduced when astronomers calculated the mass needed to generate
the rotations of galaxies through gravitational pulls. Close to the center, the rotational speed of
the galaxies were explained by the mass of the black holes at the center of them; however, at the
edges of the galaxies, the speed of the rotations were larger than the observed mass. This evidence
suggested the existence of one or more particles which are invisible!?, but still interact through
gravity [61, 62]. Finally, dark energy is responsible for the acceleration of the expansion of the

universe, which has no explanation in the Standard Model [63].

1311 this context, invisible means they interact very weakly with all the fundamental forces besides gravity.
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CHAPTER 3. PHENOMENOLOGY AT THE LHC

This chapter centers on the phenomenological aspect of the ATLAS experiment, and it is divided
in two parts. The first part, Section 3.2, focuses on proton-proton collisions including the structure
of the proton (3.2.1), the cross section at the LHC (3.2.2), and the Monte Carlo simulation of event
samples (3.2.4). The second part covers the Higgs boson at the LHC, including its production
(3.3.1), decays (3.3.2), discovery (3.3.4) and current status (3.3.5), where the Higgs boson produced
in association with the weak gauge bosons and decaying into two b quarks is treated in a more

detailed manner in Section 3.3.6.

3.1 General Aspects

Most of the high energy experiments are based on measuring event rates in certain regions of
the phase space, where the number of scattering events, NV, of a particular process in a collider, like
the LHC, is proportional to two well-defined variables: the instantaneous luminosity, L, and the
scattering cross section, o. The instantaneous luminosity' refers to the flux of particles crossing the
interaction area at a given moment, while the cross section? describes the probability of an event
to occur given a collision. This probability depends not only on the kinematics of the event, but
also on the interaction couplings between the particles involved in the specific event as described
in the last chapter. The rate of a particular type of events is then given by the multiplication of

the instantaneous luminosity and its cross section:

dN

!The units of the instantaneous luminosity are cm™2 s~ 1.

2The cross section has units of area.
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After measuring collisions for a given period of time, the total number of events is obtained by

integrating the last equation over the data taking time:

N:/Ldt-azﬁ-a, (3.2)

where £ is called integrated luminosity, or luminosity for simplicity®. The luminosity depends on

the experiment and on the parameters of the accelerator, which in the case of the LHC are [76]:

. N{?nbfrev’YF

L= oy (3.3)

where N, is the number of particles per beam, n; the number of particles per bunch, fi, the
revolution frequency, ~ the relativistic Lorentz factor?, F' the geometric luminosity reduction factor
because of the angle between the colliding beams, €, the normalized transverse beam emittance,
and 8* the beta function at the collision point. The last two parameters indicate the size and
shape of the beam; ¢, measures the spread of the beam in the transverse plane, which can also
be understood as brightness, and §* parametrizes the shape of the beam as it is compressed by
focusing quadrupole magnets. In other words, a larger number of particles per bunch and a higher

frequency of collisions increase the luminosity, while an uncompressed beam decreases it®.

3.2 p-p collisions

The picture of a proton as a bound state consisting of three ‘valence’ quarks is only valid when
the proton is treated as a point-like particle. On a smaller scale, the proton contains three valence
quarks plus a set of virtual gluons producing ¢q pairs generating a complex combination of quarks,
gluons and even anti-quarks with a wide range of energies; all of these constituents are labelled as

partons. Thus, the types of particles available to cause a collision with different energies at a p-p-

3The preferred unit used for cross sections in high energy physics is the barn 1b= 10724cm2).
4The Lorentz factor is v = (1 — 52)71/2, where 8 =v/c.
5See Chapter 7 where the LHC is projected to increase its luminosity in the HL-LHC phase.
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collider is larger in comparison to, for example, a lepton collider where only one type of collision

can occur. However, it also generates unwanted additional activity as shown in Figure 3.1.
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Figure 3.1 Schematic overview of a proton-proton collision [77].

This schematic plot shows how messy a proton-proton collision really is. The colliding protons
are represented by three blue lines at the left of the diagram, and two of their constituents undergo
a hard scattering process. Both before and after the interaction, partons can produce additional
QCD radiation by gluon splitting (¢ — gg, ¢ — ¢q) or by gluon radiation from quarks (¢ — qg);
depending on where this occurs, the radiation is referred to as initial (ISR) and final state radiation
(FSR). Moreover, products of the hard scattering emit further QCD radiation creating parton show-
ers, which eventually are combined into colorless hadrons through hadronization (fragmentation).
These hadrons and their decay products, along with the QCD radiation emitted are grouped and
reconstructed as jets. Finally, the yellow lines in Figure 3.1 show a series of low energy interactions

between the proton remnants, which are denoted as underlying events (UE).



