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Summary

After discovering the Higgs boson in 2012, the necessity to find new physics beyond the Standard
Model arose to solve the questions without answers. We are interested in the Mono-Higgs dark
matter model, a simplified model of dark matter particles coupled to a new Z’ boson, which can
decay into a par of Standard Model particles, visible as par of b quarks. In this master thesis, we
focus on the obtention of the scale factors to correct a double b tagger used for the decay of a dark
Higgs boson, which needed to compare the background events appropriately with the obtained
data from Run 2 at the LHC.

xiii






Introduction

The latest great discovery in particle physics was the Higgs boson, reported by the LHC at CERN
in 2012 [74, 9]. Because of this, new gates were opened to search for new physics, as the Standard
Model is only a partial theory. Questions such as neutrino mass, the hierarchy of mass, dark
matter, and dark energy are still unsolved. Furthermore, the Higgs boson allows new annihilation
channels, like dark matter (DM), involving new particles.

From astrophysical observations, we know that most of the matter in the universe is comprised
of dark matter [102]. Probes of dark matter existence are, for instance, the rotational curves
and gravitational lensing [103]. The first probe referred to the galaxy’s speed when we expected
that the speed would decrease far from the center in classical models. However, the observations
show that the speed increases when the distance from the center increases. This effect is expected
because of DM on the galaxy. The second one, predicted by Albert Einstein, says that if there
is a massive foreground object from the observer to the source, two images form on both sides of
the source as if a lens lay between the observer and the object. When a dark object in the Milky
Way passes by a distant star, it is briefly illuminated as a smaller-scale gravitational lensing effect.
[103] .

Three types of dark matter searches exist: direct, where proposed the interaction between DM
particles and SM particles leading the recoil of atomic nuclei [122] ;indirect, searching for DM
annihilation channels [62] and colliders [11]. One characteristic involving searches in colliders is
missing transverse energy on final states, called mono-X searches [39]. This is because DM does
not produce signals on the LHC, and one way to observe them is in association with SM particles,
where X refers to g;q; , etc.

Considering the last sentence, the idea exists that DM particles interact with SM particles via
the exchange of new mediators. Some models proposed the interaction with a new Z’ boson [18],
leading to new annihilation channels.

In this thesis, we focus on the scale factors measurement to correct the efficiency of a tagger
used to identify a fat jet from a b quark pair as part of the signal event model. These scale factors
are measured using data from Run 2 in Quantum Chromodynamics (QCD) proxy jets to apply in
the signal jets.

XV






Chapter 1

Dark Matter

The Standard Model (SM) is a theory that describes elementary particles and their interactions
at the subatomic level. The last great success of the model was in 2012 with the Higgs boson
discovery announcement [74, 9]. However, despite the results, astrophysical observations indicate
a significant amount of another type of matter in the universe not described in the SM called Dark
Matter (DM). These observations gave us some characteristics of the DM, and different models
and types of detections are looking for valid answers.

1.1 Standard Model

The development of the Standard Model (SM) began a long time ago, with the idea of matter
composed of atoms in the XIX century, continuing with a list of discoveries such as the discovery
of the electron by Joseph John Thomson and finishing with the discovery of the Higgs boson.

The SM theory describes the fundamental forces and their interaction with elementary particles.
Fermions and bosons characterize the elements defined by the SM. A fermion is a particle that
obeys the Fermi-Dirac statistics, and its spin is fractional. Meanwhile, a boson follows the Bose-
Einstein statistics and has an integer spin. Fermions (spin 1/2) are divided into two categories:
Quarks with a color charge and participate in strong interactions, and Leptons without a color
charge and participate in electromagnetic interactions. In the quarks category, it is the up, down,
charm, strange, top, and bottom quarks. In the leptons category, it is the electron, the muon, the
tau, and its corresponding neutrino (neutrino mass is not considered in the SM) Fig 1.1.

Quarks

e ‘u ‘ T Higgs boson

eee

Leptons

Figure 1.1: Particles of the Standard Model [61]
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1.1 Standard Model

The SM framework is described by the quantum field theory by the use of the Lagrangian,
which can be divided into its interactions. The forces described by the SM are electromagnetic,
strong, and weak nuclear forces; the gravitational force is not included in the SM. A boson mediates
each force: the |, the Z and W for the electromagnetic force, and the gluons for the nuclear force.
The last boson is the Higgs boson, produced by the quantum excitation of the Higgs Field. This
field is responsible for giving the particles their mass. Correlated to these interactions are the
symmetries, with the SU(3)c SU(2)L U(1)y anon-Abelian gauge group describing the SM. The
SU(3)c group is associated with eight gluonic fields G , the SU(2), group is associated with three
electroweak fields W', and the U(1)y group is associated with the hypercharge field B .

The SU(2) U(1) called electroweak group comprises the special unitary matrix 2 2 of isospin L
and the hypercharge group Y, unifying the electromagnetic interactions and the nuclear weak. The
SU(3) color group comprises the special unitary matrix 3 3 made by the quantum chromodynamics
characterized by strong interactions.

The SM is considered the gauge norm, and as an introduction, it is considered the quantum
relativistic Lagrangian for a free Dirac particle:

L= (i m) ; (1.1)
if  describes a free electron, the considered Gauge transformation is
r "=explig (¥)] ; (1.2)

where (X) is a function, and q is the charge associated with the Gauge group U(1). Considering
a vectorial field A associated with the photon that transforms as:

A TA=A 0 x); (1.3)
to be invariant under this transformation, it is introduced the following term:
D =0m+igA : (1.4)

To obtain the complete quantum electrodynamics (QED) Lagrangian it is introduced the invariant
term that describes the free electromagnetic field is:
1

ZF F ;F =0A @A: (1.5)

Therefore, the quantum electrodynamics (QED) Lagrangian is written as

1 — .
I—QED = ZF F + (I D m) : (16)

The quarks and gluons dynamics are ruled by the quantum chromodynamics (QCD) Lagrangian

X
—(F) 1 .
Loco =" (( D)y mej) i 3G% Gg; (17)

f

where (x)(") are three spinor components and represent the different flavor quarks (f=u,d,c,s,t,b).
The G 2 represents the identity tensor of the gluon field given by [65]

G 2=0 A* @ A*+gfacAPA ©; (1.8)

f abc

where A2(X) are the eight associated fields to each gluon and are the structure constant of

the SU(3) group.
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1.2 Dark Matter observations

To explain the masses of the Z and W bosons, a single SU(2)_-doublet scalar field is intro-
duced and causes the spontaneous breaking of the SU(2). U(1)y gauge symmetry by the Higgs
mechanism. This scalar field can be written as

= o - (1.9)

The scalar field is associated with the hypercharge Y=1/2, and the terms in the Lagrangian
associated with  are given by

L =MD O ) V()+Lyuwaka: (1.10)

The meaning of the terms are as follows; the first term contains the kinetic and gauge-interaction
terms via the covariant derivative, the second term is a potential energy function, and the third
term contains Yukawa couplings of the scalar field to pairs of fermions. The expression for the
scalar potential is written as

V()= 2V o+ (V) (1.11)

This equation describes the scalar potential of the Higgs field. The first term is a quadratic term
with a negative coefficient, which means that the potential energy is minimized when the Higgs
field has a non-zero value. The second term is a quartic term with a positive coefficient, which
helps to stabilize the potential. Considering the covariant derivative

J— H g a a.

D = i—B i—W*e < 1.12
0 2 2 ( )

where  is the Pauli matrix, g is the SU(2) gauge coupling, g’ is the U(1) gauge coupling, and v

the Higgs vacuum expectation value. Using the Equation 1.11 written in terms of four real scalar

degrees of freedom and minimizing the potential, through the Higgs mechanism, it is possible to

obtain the mass terms for the W and Z bosons [98]:

2y,2
mg =7 (1.13)
4
2 02y\,,2

4

In this process, the state identified as the photon does not couple to the Higgs field and thus
does not acquire a mass through the Higgs mechanism. Knowing the W mass, using Fermi’s
constant, it is possible to obtain an estimate for the vacuum expectation values v = 246 GeV. The
mass of the leptons and quarks is obtained using a gauge-invariant renormalizable Lagrangian with
a similar process. Furthermore, using the equation for the Higgs potential 1.11, considering the
self-interactions of the Higgs, it is possible to obtain a term for the Higgs mass

vi= —H. (1.15)
with a measurement of my = 125:25 0:17 [17]. Because of the parameters that appear in the

Higgs couplings Feynman rules for this method, the prediction of the partial widths for all the
decays (and hence the decay branching ratios) has been made, presented in Fig 1.2.

1.2 Dark Matter observations

As expressed in the previous section, DM is one of the topics not described in the SM. The
"Dark Matter" term arose in 1933 by Fritz Zwicky [115] to describe the unseen matter that must
dominate one feature of the universe—the Coma Galaxy Cluster. This observation showed the
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Figure 1.2: Branching fractions predicted for an SM Higgs boson of 125 GeV mass [86].

Coma Cluster has approximately two hundred more times mass than is visible from the galaxies.
The DM’s existence was confirmed in 1970 by Vera Rubin and W. Kent Ford, who found evidence
for dark matter in their research on galaxy rotation. They found galaxy velocities larger than they
expected because they believe that the galaxy velocity reduces when increasing the radius distance
of the galaxy center. However, observations show velocity increases when increasing the radius
distance and then is almost constant (See Fig 1.3).

Nowadays, we know that baryonic matter represents less than five percent of the total compo-
nents of the universe, that it is the majority composed of dark energy (72 %), and the rest is dark
matter (23 %) [102]. Among the observations for DM are the gravitational lensing, the speed of
the Galaxies, CMB anisotropy, cluster kinematics, etc. For reference and better understanding,
the explanation of the two first probes is as follows: As Einstein predicts, massive objects curve
spacetime, and light passing will be curved by these objects. Using this consequence, it is possible
to detect the effect of a massive galaxy cluster that theoretically contains DM, distorting the light
of distant galaxies behind the cluster. This is called gravitational lensing Fig 1.4 [101].

Another proof is the galaxy velocity. One of the easiest models is the Kepler model, which
assumes the galaxy’s mass is at the center, and the stars have the same angular velocity. From the
gravitation law, where G is the gravitational constant, and M is the galaxy’s center of mass, the

formula is r
GM

v(r) = - (1.16)
We can simplifyﬂhe formula due to G, and M being constants, so instead of the formula 1.16, we
can only use 1=" r and obtain a curve like the one presented in Fig 1.3. The observations show
that there is more mass around the galaxy, explaining the reason when increasing the distance
also, the velocity increases.
From these statements, we can conclude that DM must have these characteristics

e must be electrically neutral; otherwise, they would scatter light and thus not be dark,

e has to be non-relativistic (cold) at the epoch of structure formation. Relativistic (hot) dark
matter has a larger free-streaming length that leads to inconsistencies with observations,

e Given the measurement of the total matter content; we must conclude that DM is non-
baryonic,







