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Resumo

Neste trabalho, um estudo sobre a viabilidade de uma busca por matéria
escura no detector de partículas CMS é apresentado. O modelo de partícula de
matéria escura escolhido é denominado modelo dark Higgs, que supõe a existência
de três novos estados no setor escuro da matéria: um bóson vetorial massivo
Z′, um férmion de Majorana χ que deve ser o responsável pelos fenômenos de
matéria escura observados atualmente, e um mediador análogo ao bóson de Higgs
chamado dark Higgs (dH) que é responsável pela geração dos termos de massa das
outras duas partículas. O canal de decaimento mono-dH foi o canal estudado, que é
percebido como /ET + jato gordo pelo detector CMS. Um conjunto de requerimentos
de seleção retirados de outros trabalhos, junto de uma seleção alternativa na massa
invariante do jato gordo foram aplicados em dados gerados por simulações de
Monte Carlo, e o método de análise cut and count foi usado na obtenção de regiões
de exclusão para diferentes conjuntos de parâmetros do modelo. Considerando
dados do Run 2 do LHC (L = 150 fb−1), que estão disponíveis para análise, valores
de mZ′ de até 2470 GeV, 2800 GeV e 2950 GeV podem ser sondados para mdH =
50 GeV, 70 GeV e 90 GeV, respectivamente. Valores de mχ se estendendo até 490
GeV, 580 GeV e 600 GeV, para os mesmos valores de mdH , também podem ser
explorados. Para as massas mχ, mZ′ fixadas em 200 GeV, 1000 GeV e 300 GeV,
1500 GeV, valores de mdH variando de 13 GeV a 178 GeV, e de 20 GeV a 174 GeV,
respectivamente, podem ser explorados.

Palavras Chaves: Matéria Escura; Física de Partículas; Aceleradores de Partículas;
Detectores de Partículas; Física além do Modelo Padrão.

Áreas do conhecimento: Física; Física de Partículas; Física de Altas Energias.
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Abstract

In this work, a study about the feasibility of a search for dark matter particles
at the CMS particle detector is presented. The dark matter particle model chosen is
the dark Higgs model, which assumes three new states in the dark sector of matter:
a heavy vector boson Z′, a Majorana fermion χ that should be responsible for the
dark matter phenomena observed nowadays, and a Higgs-like boson mediator
called dark Higgs (dH) that is responsible for generating the mass terms of the two
other particles. The mono-dH decay was the studied channel, which is perceived
as /ET + fat jet by the CMS detector. A set of selection requirements retrieved from
other works along with an alternative selection requirement on the fat jet invariant
mass were applied on Monte Carlo simulation generated data, and a cut and count
analysis method was applied to obtain exclusion regions for different sets of model
parameters. Concerning LHC Run 2 data (L = 150 fb−1), which is already available
for analysis, mZ′ values up to 2470 GeV, 2800 GeV and 2950 GeV can be probed
for mdH = 50 GeV, 70 GeV and 90 GeV, respectively. mχ values extending to 490
GeV, 580 GeV and 600 GeV, for the same mdH values, may also be explored. For
mχ, mZ′ masses fixed at 200 GeV, 1000 GeV and 300 GeV, 1500 GeV, mdH values
ranging from 13 GeV to 178 GeV, and from 20 GeV to 174 GeV, respectively, may
be explored.

Keywords: Dark Matter; Particle Physics; Particle Accelerators; Particle Detector;
Beyond the Standard Model Physics.

Knowledge Areas: Physics; Particle Physics; High Energy Physics.
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Chapter 1

Introduction

The search for new physics in particle colliders is a very active field nowadays.
After the discovery of the Higgs boson that was the last elementary particle neces-
sary to conclude the standard model of particles (SM), there are still some very
intriguing phenomena that can not be described by the particles or the fundamen-
tal interactions of the SM.

Particle physicists and cosmologists have been worried by certain gravitational
anomalies, which received the name of dark matter (DM), for the last decades. It
receives this name because there are several evidences of some extra mass at very
large spatial scales, such as galaxies and clusters of galaxies, which does not come
from luminous matter, and very little is known about the source of this effect. One
possibility is that this is caused by a new particle that is practically non-interacting
with the SM.

Depending on how this DM-SM interaction occur, it is possible that it can be
reproduced in High Energy Physics (HEP) experiments such as the Large Hadron
Collider (LHC) and detected by modern particle detectors such as the Compact
Muon Solenoid (CMS). The constant development of modern particle detectors
is of extreme importance, not only for the discovery of new physics, but also for
further studies and measurements of properties from the standard model con-
stituents, and for the creation of new technologies for other knowledge areas.

Even though real data is the only way to confirm or disprove a given theory,
Monte Carlo (MC) simulation of particle collisions and their interaction with
particle detectors is of great importance to give an idea of what to expect when
performing the analysis of real data. Data generated by this method can also
simulate the signal left by the interaction of unknown particles with the detectors,
and this allows the creation of an analysis method for these generated events.
Using this procedure, a study about the dark Higgs model, one of the several
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Chapter 1. Introduction 2

DM particle models that tries to predict the properties of the dark sector of mat-
ter, and the possibility of a search for its signal in the CMS detector was performed.

The structure of this work is as follows: in chapters 2, 3 and 4 there is a bib-
liographic review about the standard model of particles, particle colliders and
accelerators (focusing on the CMS detector and the LHC), the dark matter phe-
nomenon and the new physics model being explored. Chapters 5 and 6 describe
how the MC data was generated and analyzed, and display the results obtained
after checking the validity of the simulated data with other works. Finally, in
chapter 7 there is a discussion and a brief conclusion about the analysis performed.



Chapter 2

Standard Model

So far, the standard model (SM) is one of the most successful theories of Modern
Physics. Using the knowledge acquired in the development of this theory, it was
possible to describe three of the four fundamental interactions known to date, and
to predict the existence of more than half of the elementary particles known to this
day.

Historical Context

The SM arises from successive successes and wrong turns in attempts to de-
scribe the fundamental interactions [1–3]. Important contributions came from the
gauge symmetry present in quantum electrodynamics (QED) and from the usage
of non-abelian gauge symmetry groups coming from strong interactions.

The ideas that gave rise to the SM began to emerge in the mid 50s with Fermi’s
4-point interaction, which worked reasonably well in the smallest order of pertur-
bation theory (dimensional analysis and unitarity violation show that this theory
must break at a center of mass energy around 300 GeV), but had non-removable
infinities at the next order of perturbation, even using the QED renormalization
techniques, which appeared to work exceptionally well.

A second problem arose at the same time: perturbation theory could not be
applied to residual strong interactions, even though these were renormalizable,
because they are strong.

In this period, the physics community began to worry even more about under-
standing the symmetries of nature, specifically the approximate symmetries, being
necessary to interpret them carefully. Approximate symmetries such as isospin
(where neutrons and protons are considered to have the same mass), strangeness

3
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number conservation (violated in weak interactions), and even space-time sym-
metries (parity - P, time reversal - T , charge conjugation - C) such as P, TP or CP,
which would be approximate (CP) or even violated (P and TP) in weak interactions.
Furthermore, in the early 60s, the SU(3) symmetry of the so-called eightfold way
was found to be only an approximation for hadrons.

Three ideas emerged in the 50s and 60s that changed the way of looking at
the symmetries of nature and the growing number of hadrons discovered at the
time. The first was the idea of applying local symmetries, or gauge symmetries, in
quantum field theories such as QED, a quantum field theory with a U(1) gauge
symmetry. Yang and Mills in 1954 constructed a gauge theory based on the SU(2)
group, hoping that this would be the theory to best describe the residual strong
interaction.

The quantization of non-abelian gauge theories (whose generators of the sym-
metry group do not commute) was extensively studied, but it was only in 1957-58
that these ideas began to be applied to the weak interaction, a period in which
they determined that these were produced by coupling the fermions with vector
bosons. Still, as gauge symmetries prohibit gauge bosons from acquiring mass,
a mass term should be put into the theory, breaking the gauge symmetry, which
would leave it non-renormalizable, returning to the problem of Fermi’s 4-point
interaction.

The second idea was the quarks model, developed in 1964 independently by
Gell-Mann and Zweig. The model assumed that hadrons would be composed
of other elementary particles, the quarks up (u), down (d) and strange (s), and it
was crucial to classify the huge number of hadrons found in the 50s and 60s. A
few years later, in 1968, in a deep inelastic scattering experiment carried out at the
Stanford Linear Accelerator Center (SLAC), evidence of electrons being scattered
away at large angles by nucleons began to emerge, analogous to the Rutherford’s
gold foil experiment in 1911, indicating a possible hadron substructure. The quark
model was still questionable as these were not observed freely in nature.

The third and last idea, and particularly one of the most important ones, was
that of spontaneous symmetry breaking, where Lagrangian symmetries would not
be symmetries of the vacuum. In 1962, Goldstone, Salam and Weinberg proved
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the Goldstone theorem (developed in 1961), showing that for every spontaneously
broken symmetry there should be a massless and spin 0 particle, a Goldstone
boson, something that did not exist, for example, in the strong interactions known
at the time.

In 1964, Higgs and, independently, Englert and Brout, determined that Gold-
stone’s theorem needed a different interpretation if the original symmetry was a
gauge symmetry. The remaining Goldstone boson becomes the helicity 0 compo-
nent of the gauge boson, which then acquires mass.

At first, these ideas were applied to strong interactions, which should have a
broken SU(2)L × SU(2)R symmetry (usual isospin and chiral isospin acting on
the left-handed and right-handed components of nucleons), which gave rise to the
pions, the Goldstone bosons of these interactions. Because it is an approximate
symmetry, the pions have a small mass.

Next, Weinberg, and Salam independently, developed what is called an elec-
troweak theory, which can be seen as the first half of the SM. There should be a
spontaneously broken gauge symmetry that leads to the vector bosons of weak
interactions. There should also be some generator of the gauge group that would
not be broken, that corresponded to a massless gauge boson, the photon.

At the time, Weinberg used only the leptons of the electron family (the left-
handed electron and electron neutrino and the right-handed electron), which were
to obey the group SU(2)L ×U(1)Y, something that was also done independently
by Glashow in 1961 and Salam and Ward in 1964. The gauge bosons would then
be the charged particles W±, the neutral boson Z0, all massive, and the null mass
gauge boson, the photon.

The theory not only gave mass to the bosons of weak interactions, but also
gave mass to the elementary SM fermions. In this model, the only scalar particles
whose vacuum expectation value (vev) would give fermions masses should be a
doublet under SU(2)L ×U(1)Y with +e and zero charges. In addition, a single
doublet of complex scalar fields may be written in terms of four real fields. Three
of the symmetries of SU(2)L ×U(1)Y are broken and eliminate three Goldstone
bosons associated with these fields, that is, there is still a massive scalar particle of
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neutral electric charge, which would later be associated with the Higgs boson.

In 1972, t’Hooft and Veltman showed that non-abelian gauge theories with
spontaneous symmetry breaking should be renormalizable, guaranteeing great
predictive power to the electroweak model. However, experimental proof of the
model was still needed, which was obtained in 1973 by the Gargamelle experi-
ment at the European Organization for Nuclear Research (CERN), since the theory
predicted neutral currents associated with the Z0 boson and these were observed,
supporting the theory.

The second half of the SM consists of quantum chromodynamics (QCD), a
theory that describes the interaction between quarks and gluons. In 1973 Gross
and Wilczek, and Politzer independently, showed that certain non-abelian gauge
theories should have the property of asymptotic freedom, that is, the higher the
energies of two particles interacting, the lower the intensity of the coupling con-
stant, something that depends on the number of fermions in the theory and the
possible charges of the interaction. As it was already known that there are three
charges of color, it was reasonable to assume that the gauge group that acts in the
strong interaction between quarks was SU(3)C, a group of non-Abelian symmetry.

At about the same time, a mechanism emerges that suppresses the violation of
strangeness in weak interactions. It was already known that charged semileptonic
interactions violated the conservation of strangeness (S), that is, the W bosons
should have couplings with changes of one unit in the strangeness (∆S = 1).
With this, it should be possible, when exchanging pairs of W, that the variation
in strangeness is two units (∆S = 2), generating processes such as K → K̄. These
processes are observed in nature, but without a way to suppress their amplitude, a
difference in the masses of K1 and K2 (mass eigenstates of K and K̄ ) much higher
than the one currently observed should be obtained.

The solution came from the GIM mechanism (proposed by Glashow, Iliopoulos
and Maiani in 1970), which would disappear with these strangeness violations if
there were two complete doublets of quarks. The fourth quark, called charm (c),
was discovered in 1974 when its J/ψ bound state was observed experimentally
independently by SLAC and the Brookhaven National Laboratory at the same
time.
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It was known that, in charged current weak interactions, the flavor of a quark
could be changed to the flavor of another member of its family, and even to
members of other families. In order to relate the mass eigenstates with the flavor
eigenstates, the Cabibbo-Kobayashi-Maskawa matrix was developed, that was
a 3×3 matrix that could be parameterized by three angles and a complex phase,
where the latter allows the occurrence of CP violation in the Standard Model. This
required the existence of a third family of quarks and leptons. The discoveries
of τ (in 1975 by SLAC), of bottom (observation of its bound state Υ in 1977 at
Fermilab) and top quarks (in 1995 at Fermilab), and ντ (in the 2000s by the DONUT
collaboration), the constituents of the third families of leptons and quarks, were
crucial for the verification of the CP violation mechanism.

Finally, it remained to find a particle of the SM predicted since 1964: the Higgs
boson. With its observation, the Standard Model and the spontaneous symmetry
breaking and mass generation of elementary particles mechanisms would be
consolidated. It was only in 2012 that CERN’s ATLAS and CMS experiments
observed a signal of a resonance with a mass of approximately 125 GeV. More
accurate measurements of the mass, production and decay rates of this resonance,
only made it clearer that the particle found was in fact the Higgs boson.

Standard Model Structure

The Standard Model (following the development in [2–5]) is a quantum field
theory based on the SU(3)C × SU(2)L ×U(1)Y symmetry group. It is made up of
fermions (half-integer spin particles) and bosons (integer spin particles). Among
the fermions, there are the three families of quarks (here denoted by u for positive
electric charge quarks and d for negative electric charge quarks) and leptons (where
the set of electrically neutral leptons will be denoted by ν and the set of electrically
charged leptons will be denoted by `) that are written as spinors. The families of
leptons and quarks are divided into two components: left-handed (doublets under
SU(2)L) and right-handed (singlets under SU(2)L). Each of these components has
their respective representations under U(1)Y, SU(2)L and SU(3)C, shown in table
2.1 below.

In addition, the mediators of weak, strong and electromagnetic interactions are
the W± and Z0 bosons, the gluons (G), and the photons (γ), respectively, which
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arise from the fact that the SM is a gauge theory. Finally, the Higgs boson is
the only scalar particle in the theory (it has spin 0), and is responsible for the
spontaneous symmetry breaking mechanism SU(2)L ×U(1)Y → U(1)EM, and for
the generation of the weak interaction bosons and elementary fermions masses.
The Higgs boson field also transforms as a SU(2)L doublet.

Table 2.1: Representation under SU(3)C, SU(2)L and the respective hypercharge
values of the Standard Model fields.

Field
(

u
d

)
L

uR dR

(
ν
`

)
L

`R H

SU(3)C 3 3 3 1 1 1
SU(2)L 2 1 1 2 1 2
U(1)Y 1/6 2/3 − 1/3 − 1/2 −1 1/2

Electroweak Gauge Theory

The expression for the charged current interaction was based on empirical
observations. The interaction term in the Lagrangian was given by Jµ

WWµ, with

Jµ
CC = ψaLγµψbL = ψ†

a PLγ0γµPLψb =
1
2

ψa

(
γµ − γµγ5

)
ψb, (2.1)

where the current of this interaction only has left-handed fermionic fields (ψa and
ψb), and Wµ is the field representing the mediators of this interaction. The fields
ψa and ψb can be different particles (quarks or leptons of different flavors) with
different electrical charges, the W mediators being responsible for carrying this
electrical charge, as this must be preserved. Note also that this coupling is of the
form vector − pseudo - vector.

The idea is to build a Yang-Mills gauge theory, that contains the interaction
term described above, the neutral current interactions and its gauge bosons. The
group that was used to represent these interactions was SU(2)L ×U(1)Y (the L
index indicates that the SU(2) group only acts on the left-handed components of
fermions), which are independent transformations of isospin and a group U(1)
related to the hypercharge number Y. However, it is known that the z component
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of isospin (T3) is related to the electrical charge of the particles by

Q = T3 + Y, (2.2)

The Lagrangian that represents the interaction between fermions is given by

L = ∑
f

ψ f iγµDµψ f , (2.3)

where f runs over all elementary fermions, and, from the symmetry group and
the definition of the covariant derivative in quantum field theory,

Dµ = ∂µ − igTiWiµ − ig′YBµ, (2.4)

where Ti =
σi
2 , with σi being Pauli’s matrices, the expression of 2.3 becomes

∑
f

ψ f iγµ
(

∂µ − ig
σi

2
Wiµ − ig′YBµ

)
ψ f =

(
ν†

L `†
L

)
γ0γµi

(
∂µ − ig

σi

2
Wiµ − ig′Y`

LBµ

)( νL

`L

)
+ (`†

R)γ
0γµi

(
∂µ − ig′Y`

RBµ

)
(`R)+

(
u†

L d†
L

)
γ0γµi

(
∂µ − ig

σi

2
Wiµ − ig′Yq

LBµ

)( uL

dL

)
+ (u†

R)γ
0γµi

(
∂µ − ig′Yu

RBµ

)
(uR)+

+ (d†
R)γ

0γµi
(

∂µ − ig′Yd
RBµ

)
(dR),

(2.5)

for all Standard Model fermions.

Three important properties are noticed from the above equation: the first is that
the part containing Wiµ does not act on the right-handed components (as already
seen above); the second is that νR has zero electric charge, zero mass (according to
the Standard Model), and because it is right-handed it has T3 = 0, that is, Y = 0,
making it unable to interact with any particle of the SM, since it is not related to
Wµ, Bµ or H; the third is that all terms in 2.5 are identical for leptons and quarks,
which makes the weak interaction universal between them.
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Using as an example only the left-handed leptons, and omitting the Dirac
matrices 1, one can write

g′Y`
L

[(
ν†

L `†
L

)
1

(
νL

`L

)]
Bµ+

g
2

[(
ν†

L `†
L

)( W3µ W1µ − iW2µ

W1µ + iW2µ −W3µ

)(
νL

`L

)]
,

(2.6)

where, defining W±†
= 1√

2
(W1 ± iW2), it is possible to get

g′Y`
L

(
ν†

LνLBµ + `†
L`LBµ

)
+

g
2

(
ν†

LνLW3µ − `†
L`LW3µ +

√
2ν†

L`LW−†
µ +

√
2`†

LνLW+†
µ

)
,

(2.7)

where the third and fourth terms of the second parenthesis correspond to weak
interactions of charged current. The operator ν†

LνL is a current-neutral term that
interacts with the gauge fields by

ν†
LνL

(g
2

W3µ + g′Y`
LBµ

)
. (2.8)

Since neutrinos are not electrically charged, this is not an electromagnetic inter-
action. The linear combination of these gauge fields can be seen as a new weak
interaction field, corresponding to the Z0 boson. Using Y`

L = −1
2 and writing the

operator of the already normalized field (Bµ and Wiµ are orthogonal)

Z0
µ =

(gW3µ − g′Bµ)√
g2 + g′2

, (2.9)

or, in a more convenient way

Z0
µ = cos θWW3µ − sin θW Bµ, (2.10)

with cos θW = g√
g2+g′2

and sin θW = g′√
g2+g′2

.

1All the Dirac matrices were omitted, and the fields were chosen as the dagger components ψ†,
instead of the bar components ψ
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Notice that it is possible to find another linear combination of the gauge fields
that corresponds to other mediator, which is orthogonal to the one obtained for
Z0

µ, and do not interact directly with neutrinos. This linear combination, that was
correctly associated with the photon Aµ, is given by

Aµ = cos θWW3µ + sin θW Bµ =
(gW3µ + g′Bµ)√

g2 + g′2
, (2.11)

where it is possible to invert this relation and obtain

B0
µ = cos θW Aµ − sin θW Z0

µ,

W3µ = sin θW Aµ + cos θW Z0
µ. (2.12)

Using the relations developed above, already replacing Y`
L = −1

2 and Y`
R = −1,

the couplings of the operators `†
L,R`L,R can be written as

`†
L`L

(
−g

2
W3µ −

g′

2
Bµ

)
+ `†

R`R(−g′Bµ) = `†
L`L

(
Aµ

−gg′√
g2 + g′2

+ Z0
µ

g′2 − g2√
g2 + g′2

)
+

+ `†
R`R

(
Aµ

−gg′√
g2 + g′2

+ Z0
µ

g′2√
g2 + g′2

)
,

(2.13)

being possible to identify the coupling to the electromagnetic field

−gg′√
g2 + g′2

= −e, (2.14)

since `R and `L couple with Aµ with the same intensity. g and g′ can be written as

g =
e

sin θW
, g′ =

e
cos θW

. (2.15)

To determine the coupling of quarks with the Z0 boson, start from 2.5 taking
into account only the terms that contain the gauge fields Bµ and W3µ. Alternatively,
simply perform the replacement

gTiWiµ + g′YBµ → gT3W3µ + g′YBµ, (2.16)



Chapter 2. Standard Model 12

which, using the definition Y = Q− T3 and relations 2.12 and 2.15, gives

e
cos θW sin θW

(T3 −Q sin2 θW), (2.17)

for every quark family.

The electroweak theory has successfully unified electromagnetic and weak
interactions. However, no mass terms appear in this theory for the W± and Z0

bosons, neither for the fermions of the SM, since they cannot be put by hand,
which would violate gauge invariance. The solution to this problem is what is
called spontaneous symmetry breaking.

Spontaneous Symmetry Breaking

The spontaneous symmetry breaking (SSB) mechanism arises from the need
to break a gauge symmetry (so that the associated fields acquire mass), keeping
the Lagrangian of the interaction invariant under this transformation. The gauge
invariance is fundamental for the theory to be renormalizable, preserving the
predictive power. Thus, an explicit symmetry breaking term does not solve this
issue; the subtle alternative is SSB.

In the electroweak theory SU(2)L×U(1)Y the spontaneous symmetry breaking
is performed by inserting a scalar field, whose vacuum state is not invariant under
this symmetry, and which will be responsible for what is called the Higgs mech-
anism. This break in the gauge symmetry will keep electromagnetism U(1)EM

intact, while giving mass to the Standard Model particles.

The Higgs field is written as a doublet under SU(2)L, having the following
scalar components

φ =

(
φ+

φ0

)
, (2.18)

with YH = 1
2 . The Lagrangian of φ is given as

Lφ = (Dµφ)†(Dµφ)− µ2φ†φ− λ(φ†φ)2, (2.19)

where µ2 < 0 and λ > 0. These components can be written in terms of four real
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fields as φ+ = (φ1+iφ2)√
2

and φ0 = (φ3+iφ4)√
2

, and the Lagrangian will be

Lφ =
1
2

4

∑
i=1

(Dµφi)(Dµφi)−
1
2

µ2
4

∑
i=1

φiφi −
1
4

λ

(
4

∑
i=1

φiφi

)2

, (2.20)

whose covariant derivative is

Dµ = ∂µ − ig
(
~σ

2
· ~Wµ

)
− ig′YBµ. (2.21)

The vevs of this system are given as

〈
0|φ0|0

〉
=

√
−µ2

2λ
=

v√
2

,
〈
0|φ+|0

〉
= 0, (2.22)

with v =
√
−µ2

λ . Choosing the gauge where φ1 = φ2 = φ4 = 0 and φ3 = v + h(x),
equation 2.18 becomes

φ(x) =
1√
2

(
0

v + h(x)

)
, (2.23)

which represents small disturbances of the electrically neutral component of φ

around the vev, where h(x) is the field that represents the Higgs boson. It is possi-
ble to show that φ1, φ2 and φ4 are exactly the non-massive fields corresponding to
the would-be Goldstone bosons. The mass terms of W± and Z0 will arise from the
interaction of φ with the gauge field terms of the covariant derivative like

(Dµφ)†(Dµφ)→
{[

ig
(
~σ

2
· ~Wµ

)
+ ig′YBµ

]
φ

}† {[
ig
(
~σ

2
· ~Wµ

)
+ ig′YBµ

]
φ

}
.

(2.24)
Considering only the vev part of φ in 2.23 and the relations in 2.12, it can be

shown that the mass terms will be

v2g2

4
W+µ†W−†

µ +
v2g2

8 cos2 θW
Z0µZ0

µ, (2.25)

that is, MW = 1
2 vg = MZ cos θW , and MA = 0 that comes from 〈0|φ+|0〉 = 0.

Besides that, using µ2 = −λν2 and substituting 2.23 in 2.19, the mass of the
Higgs boson Mh =

√
2λv is obtained, where the experimentally measured value

is Mh = 125, 18± 0, 16 GeV [4].
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The spontaneously broken electroweak theory has only four parameters: g, g′,
µ2 and λ. These can be written in terms of three of the most accurately measured
experimental parameters so far: α, GF and MZ [4], whose values are

MZ = (91, 1876± 0, 0021) GeV;

GF = (1, 1663787± 0, 0000006)× 10−5 GeV−2;

α−1 = 137, 035999139± 0, 000000031.

(2.26)

From the weak interaction at low energies, it is possible to determine the
following relation (the W propagator can be "shrunk" for a point interaction,
Fermi’s 4-point interaction)

g2

M2
W − q2

≈ g2

M2
W

=
4πα

sin2 θW M2
W
≡ 4
√

2GF, (2.27)

and, from that,

v =
(√

2GF

)− 1
2
= 246 GeV, (2.28)

then it is possible to determine λ and µ2. Finally, the following relations can be
obtained,

θW =
1
2

arcsin
(

2v
√

απ

MZ

)
, g =

2
√

απ

sin θW
, g′ =

2
√

απ

cos θW
. (2.29)

Fermions Masses

Notice that in 2.3 and, as will be seen later, in the QCD Lagrangian, there are
no mass terms of the type mψψψ for the elementary fermions. This is because the
representations of the left-handed and right-handed components under SU(2)L

are distinct, that is, mψψψ = mψ(ψLψR + ψRψL) must not exist since such a term
is not gauge invariant.

However, with the construction of the Higgs boson doublet, terms of that form
can be constructed as

LY = yψ[(ψLφ)ψR + ψR(φ
†ψL)], (2.30)
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which are called Yukawa couplings. Using the leptons as an example, the expres-
sion 2.30 will be

(
νL `L

)
1√
2

(
0

v + h

)
`R = 1√

2
`L(v + h)`R,

`R
1√
2

(
0 v + h

)( νL

`L

)
= 1√

2
`R(v + h)`L,

L`
Y = y` v√

2
[`L`R + `R`L] + y` h√

2
[`L`R + `R`L],

(2.31)

whose quadratic terms in the fields can be compared to mψ(ψLψR + ψRψL), that is ,
m` =

y`v√
2

. The coupling constants yψ will be different for each flavor of each family
of quarks and leptons of the SM, and can be adjusted based on experimental data.

CKM Matrix

Experimental data showed that in certain decays there was a violation of the
strangeness number. An explanation for this phenomenon started to be developed
in 1963 by Cabibbo, who discovered that the quark doublets that appear in the
weak interaction are not mass eigenstates. At the time, he suggested that the u
quark partner would be the d′ = d cos θC + s sin θC mixture, where θC is the mixing
angle between the d and s quarks. Currently [4–6], using the matrix formalism,
this phenomenon can be explained for the three families of quarks.

The Yukawa Lagrangian after spontaneous symmetry breaking is

LY = −
(

1 +
h
v

)
(d′L · Md · d′R + u′L · Mu · u′R + `′L · M` · `′R + h.c.), (2.32)

where M f are complex non-diagonal mass matrices that are related to the coupling
constants y f as [Md, Mu, M`]jk = [yd

jk, yu
jk, y`jk]

v√
2
, that can be diagonalized and

the fields can be redefined to give rise to the mixing of families. The Yukawa
Lagrangian will then be

LY = −
(

1 +
h
v

)
(d · Md · d + u · Mu · u + ` · M` · `), (2.33)
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where Md = diag(md, ms, mb), Mu = diag(mu, mc, mt) and M` = diag(me, mµ, mτ).
This redefinition of eigenstates leads to changes in other terms of the SM La-
grangian. The most important changes are related to the neutral current (LCN) and
charged current (LCC) terms of weak interactions

f ′L(R) f ′L(R) = f L(R) fL(R) → L ′CN = LCN (2.34)

u′Ld′L = uL · VCKM · dL → L ′CC 6= LCC (2.35)

After redefining the eigenstates, the neutral current terms remain the same.
This mechanism was given the name GIM (Glashow-Iliopoulos-Maiani), in which
there is no change in the flavor of quarks that participate in couplings with the Z0

boson. This mechanism is what suppresses the amplitude of some processes that
are impossible at tree level, such as KL(sd̄)→ Z0 → µ+µ− (since the vertex Z0sd̄
does not exist), but happen at the one-loop order through the exchange of two W
bosons, which are suppressed because of the mixing between the quark families.
Regarding the charged current term, there is the emergence of the VCKM matrix
that mixes the quarks of the down type, allowing interactions with flavor changes.

Firstly developed by Cabibbo-Kobayashi-Maskawa, VCKM is a complex unitary
3 × 3 matrix (due to N f = 3 families of quarks), which must have N2

f = 9
free parameters, being 1

2 N f (N f − 1) = 3 modules and 1
2 N f (N f + 1) = 6 phases.

However, there are physically redundant phases that can be redefined, leaving
only 1

2(N f − 1)(N f − 2) = 1 independent phase to be considered. Defining the 3
independent modules as a function of 3 angles θ12, θ13 and θ23, and denoting δ13,
as the independent phase, and sij ≡ sin θij and cij ≡ cos θij, the VCKM matrix has
the following parameterization

VCKM =

 c12c13 s12c13 s13e−iδ13

−s12c23 − c12s23s13eiδ13 c12c23 − s12s23s13eiδ13 s23c13

s12s23 − c12c23s13eiδ13 −c12s23 − s12c23s13eiδ13 c23c13

 . (2.36)

Another useful parameterization is written in terms of the Wolfenstein param-
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eters s12 ≡ λ, s23 ≡ Aλ2 and s13 ≡ Aλ3(ρ− iη), as

VCKM =


1− λ2

2
λ Aλ3(ρ− iη)

−λ 1− λ2

2
Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+ O(λ4). (2.37)

The most recent results [4] provide the following values for the VCKM elements

VCKM =

 0.97420± 0.00021 0.2243± 0.0005 0.00394± 0.00036
0.218± 0.004 0.997± 0.017 0.0422± 0.0008

0.0081± 0.0005 0.0394± 0.0023 1.019± 0.025

 .

Strong Interactions Gauge Theory

The Standard Model also comprises the strong interactions between quarks
and gluons, described by quantum chromodynamics. QCD is a non-abelian gauge
theory based on the group SU(3)C, where the subscript C denotes that the charges
of interactions governed by this theory are the color charges of the particles. In the
adjoint representation of SU(3)C there are eight generators, which are identified
with the gluons (mediators of strong interactions).

As a non-abelian gauge theory, the gauge field intensity tensor will be given
by

Fi
µν = ∂µGi

ν − ∂νGi
µ − gscijkGj

µGk
ν; i = 1, ..., 8, (2.38)

where Gi
µ are representations of gluons, gs is the coupling constant for strong

interactions and cijk are the structure constants defined by [λi, λj] = 2icijkλk,
where λi are the Gell-Mann matrices. Using 2.38 it is simple to construct the term
in the Lagrangian that describes the gauge fields, which will be given as

LQCD ∼
8

∑
i=1

FiµνFi
µν =

8

∑
i=1

(∂µGiν − ∂νGiµ − gscijkGjµGkν)(∂µGi
ν − ∂νGi

µ − gscijkGj
µGk

ν). (2.39)

Expression 2.39 shows the appearance of couplings between three or four
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gluons
gscijk(∂µGi

ν − ∂νGi
µ)GjµGkν,

g2
s cijkcilm(GjµGkνGl

µGm
ν ),

(2.40)

which make the theory much more complex, since gluons also have a color charge.
Adding the quark term to LQCD, you get

LQCD = −1
4

FiµνFi
µν + ∑

q
ψq(i/D−mq)ψq, (2.41)

whose covariant derivative is defined by Dµ ≡
(

∂µ + igs
λi

2
Gi

µ

)
, and that, in the

second term of 2.41, introduces the coupling of quarks to gluons, in which the
color of the quark must be changed.

So far, free quarks have not been observed in nature, and it was only possible
to know about its existence due to deep inelastic scattering experiments. The
explanation for this phenomenon is found in the renormalization method devel-
oped at QED, which generated several interesting ideas. One is that the coupling
constant for fundamental interactions should change with the energy scale µ2 of
the process in question.

Defining the coupling constant as αs ≡
g2

s
}c

for the strong interactions, the

function that calculates the variation of αs with the energy scale µ2 is known as
the beta function. For QCD at 1 loop, the beta function is

β(αs) =
∂αs

∂ log µ2 =
α2

s
12π

(2n f − 11nc). (2.42)

Since n f is the number of quarks flavors and nc is the number of existing color
charges of the Standard Model (6 and 3, respectively), β(αs) is a negative function.
At high energies (consequently at short distances), the constant αs is very small
and quarks and gluons are loosely coupled. However, at the low energy limit, αs

grows, strongly coupling quarks and gluons, and it is possible to imagine that
this is what that gives rise to the confinement of quarks and gluons within hadrons.

Color confinement also gives rise to hadronic jets in a particle collision. A
hadronic jet [7, 8] is a spray of particles that are collimated in a given region of
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space. They arise from the hadronization of single quarks or gluons, that is, since
these particles have a net color charge, they cannot be seen alone in nature and
come together to form hadrons with neutral color charge. This type of HEP object
had the main role in the discovery of the gluon, the top quark and several Standard
Model measurements.

Standard Model Successes and Problems

A lot of new ideas arose from the construction of the standard model. Very
important mathematical concepts were developed throughout many years such as
the spontaneous symmetry breaking mechanism and the proof of the application
possibility of renormalization on non-abelian gauge theories, that granted great
predictive power to the model. A few of the most remarkable predictions were the
existence of weak bosons, the Higgs boson and the definition of their masses, the
necessity of quarks flavor mixture and the heavy quarks, among many others.

On the other hand, there are several phenomena that the SM cannot explain.
Just to mention some of them, the neutrinos in the standard model have zero
masses, which, in the last decades, was proven to be a wrong statement; it does not
have a mechanism that describes the matter-antimatter asymmetry in the universe;
the fermions family structure and their mass difference is also not explained; one
of the greatest issues concerning quantum corrections is the Higgs boson mass
fine tuning problem and the lack of clues on how to solve it; the existence of an
invisible type of matter in the universe that can not be explained by any of the SM
particles, etc. This work focus on this last issue, also referred to as the dark matter
(DM) problem.

One way to experimentally search for answers to those questions, is through
very high energy collisions of subatomic particles, as they can probe the fundamen-
tal interactions at a very small distance scale. High energy particle collisions were
also crucial to verify a great amount of SM calculations, and to experimentally ob-
serve more than half of the SM predicted particles. The observation of interactions
between particles is only possible through the detection of its final states, since
they usually happen in extremely short time periods. Currently, particle collisions
are made using particle accelerators, such as the Large Hadron Collider (LHC),



Chapter 2. Standard Model 20

and are detected by particle detectors, such as one of the LHC’s experiments, the
Compact Muon Solenoid (CMS) detector, that are described in the next chapter.



Chapter 3

The CMS Experiment

The development of particle accelerators was essential for the study of elemen-
tary particles and their interactions. The great majority of the SM particles were
observed using such machines. Not only it was necessary to achieve ever greater
energies to produce more massive particles, but also to develop particle detectors
that were capable to detect, reconstruct and analyze the particles produced in high
energy collisions in a reasonable amount of time.

Currently the largest particle accelerator in the world is located at CERN. The
Large Hadron Collider (LHC) [9] is a high energy particle collision ring with a
27 km circumference. In proton-proton collisions (pp), the highest center of mass
energy achieved so far is

√
s = 13 TeV, and it was designed to achieve a peak

instantaneous luminosity of ∼ 1034 cm−2 s−1 for beams of 2808 bunches with ∼
1011 protons each.

The particles are accelerated using eight radio frequency superconducting
cavities (per beam) that provides 2 MV accelerating voltage per particle passage.
At a revolution frequency of approximately 11245 kHz, this corresponds to 0.18
TeV/s, and, in theory, only 33.3 s is needed to achieve the 13 TeV energy in pp
collisions. In practice, this time period happens to be around 20 minutes because a
very compact beam is more important than its energy, and not 100% of the 2 MV
affect the protons.

The LHC ring is composed of 1232 main dipoles cooled at approximately 2
K, making them superconductors and capable of producing magnetic fields with
more than 8 T to bend the particle beams. Besides that, 474 main quadrupoles
focus the beams, and almost 8000 auxiliary magnets are used for the beams correc-
tions (also cooled at ∼ 2 K).

21
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Along with the powerful magnets to bend the particles trajectories and focus
the bunches, an extremely good vacuum system (called beam vacuum) is needed
to clear their path inside the beam pipe. In the absence of any leaks and at cryo-
genic temperatures, the pressure will stabilize around 10−6 mbar, that is, ∼ 10−9

times the atmospheric pressure.

It has four main experiments: ALICE (A Large Ion Collider Experiment) [10],
ATLAS (A Toroidal LHC AparatuS) [11], CMS (Compact Muon Solenoid) [12] and
LHCb (Large Hadron Collider beauty) [13]. LHCb and ALICE are detectors with a
specific purpose, that is, they were built for the analysis of B hadrons physics and
heavy-ion collisions, respectively. ATLAS and CMS are general-purpose detectors
and have the ability to detect, directly or indirectly, all SM particles.

The CMS Detector

CMS [12] is a cylindrical, general-purpose detector that has 15 m in diameter
and is 21 m long, capable of generating a constant 3.8 T magnetic field in its center.
It weighs approximately 14000 tons due to the need for enormous field return
yokes to contain the return of the very high magnetic field.

Its construction was planned aiming at the resistance of the subdetectors to
its extreme operating conditions, such as the high uniform magnetic field, the
high radiation rate (40 million pp collisions at high energies per second generate
billions of particles), and also to increase the cost-benefit ratio of each subdetector.

This experiment can be divided into four main subdetectors: the tracker, the
electromagnetic (ECAL) and hadronic (HCAL) calorimeters and the muon system.
Each one has a specific purpose and its development was carried out seeking
excellence in the collection and precision of experimental data. In figure 3.1
there is a scheme of the CMS detector with some of its subdetectors, and the
superconducting solenoid.

Tracker

The tracker (figure 3.2), as the name implies, is a silicon detector that tracks the
passage of charged particles. It can be divided into two other subsections, inner



Chapter 3. The CMS Experiment 23

Figure 3.1: Scheme of the CMS detector showing each of its subdetectors. Retrieved
from [14].

tracker (based on silicon pixels) and outer tracker (based on silicon microstrips).
Both subsections are based on the same detection principle: a bias voltage is
applied to a doped silicon sensor such that, if a charged particle traverses the
material, it will produce electron-hole pairs that will be attracted to the cathode
and anode, respectively, generating an electric current that is measured.

The choice of two subsections is due to the need of high granularity in the
region closest to the Interaction Point (IP), that is, greater precision in the recon-
struction of charged particles features and particle production vertices, while
minimizing the cost of materials.

The pixels are divided into two regions around the IP: the barrel (BPix) that
are four concentric cylinders centered on z and r - φ with respect to the IP (which
is at the origin of the axis r, φ, z) and the endcaps (FPix) that are the “lids” of
the detector, or rather three concentric disks on each side of the detector located
at specific distances on the z axis. The pixel region covers a pseudo-rapidity of
|η| < 2.5. This information takes into account the Phase I Pixel Detector Upgrade
[16] (figure 3.3).
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Figure 3.2: Diagram of the CMS detector tracker, showing the sections of the
pixels and strips, before the Phase I Pixel Detector Upgrade (there were only three
concentric cylinders in the pixels tracker). Taken from [15].

Figure 3.3: Pixel tracker after the Phase I Pixel Detector Upgrade. Retrieved from
[16].

Each pixel has an area of 100 µm × 150 µm, and a thickness of 320 µm. This
guarantees a spatial resolution of 15 µm - 20 µm in the measurement of the position
of a charged particle when all hits on the detector are combined. The choice of
silicon was due to the need for high granularity, high resistance to radiation and
excellent operational capacity in regions with high magnetic fields (mainly for
endcaps that are perpendicular to the solenoid magnetic field), and it is an easy
material for industries to manipulate at the microscopic scale.

In the case of strips, there are 4 regions surrounding the IP and the pixels: the
inner barrel (TIB; 4 concentric cylinders), the inner discs (TID; 3 concentric discs in
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each side of the detector, whose position is symmetrical in relation to z = 0), the
outer barrel (TOB; 6 concentric cylinders) and endcaps (TEC; 9 concentric disks in
each side of the detector).

Since the granularity of this subsection does not have to be as high (due to
the pixels) and the reduction in material costs must also be taken into account,
micro-strips were used, that is, silicon bands for charged particles detection with
dimensions of 10 cm × 80 µm in the inner region and 25 cm × 180 µm in the outer
region. This subsection also covers a pseudo-rapidity of |η| < 2.5.

In addition, the entire tracker must have its temperature controlled with high
precision for better functioning of silicon sensors and electronic components, high
resolution in spatial measurements (due to the variation in the dimension of the
subdetector with variations in temperature) and control of the influence of the
incident radiation on the components.

Electromagnetic Calorimeter

The second subdetector is ECAL (figure 3.4) whose function is to measure the
energy of electrons, positrons and photons that fly into it. An electromagnetic
calorimeter should be a detector with high electromagnetic interaction capacity,
high resistance to radiation, good accuracy on the measurement of the signals
received to determine the incident particle energy and low response time. Particu-
larly, the ECAL also needs good performance in the 3.8 T magnetic field region,
since it is inside the CMS solenoid.

It is made of approximately 80000 crystals of PbWO4 that have high density
(8.28 g/cm3) and a radiation length of 8.9 mm; Molière radius of 22 mm, that is,
the showers of electromagnetic particles will be “contained” within that region;
they are resistant to radiation, because even with darkening due to the time of
exposure to radiation, this effect can be calibrated; and have a scintillation time of
approximately 25 ns (which is not affected by the darkening of the crystal). A key
characteristic of these crystals is that they are transparent to their own scintillation
light.
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Figure 3.4: ECAL scheme. The crystals are assembled in modules that are then
allocated in the barrel and in the endcaps. The CMS preshower detector is also
shown in the image. Retrieved from [17].

The measurement of photons and electrons (positrons) energy is based on the
scintillation of crystals. When a charged particle, such as the electron (positron), in-
teracts with the medium, electromagnetic interaction processes such as Bremsstrah-
lung, Cherenkov radiation, Moller scattering, etc., emit a photon and another elec-
tron (positron) which ends up interacting again generating several other particles.
In the case of photons, the production of electron-positron pairs, Compton scat-
tering and the photoelectric effect are the processes responsible for generating a
shower of other particles. The intensity of the signal generated by the shower of
generated particles is proportional to the energy of the incident particle.

ECAL crystals are divided into 2 regions: the barrel (EB), where the crystals are
arranged radially with respect to the IP, with a certain inclination depending on
the pseudo-rapidity; and the endcaps (EE), where the crystals that are closest to
the IP (high pseudo-rapidity) are almost parallel to the beam axis and the others
(as the pseudo-rapidity decreases) have an angle with the z axis that depends on
|η|. The barrel covers a region of |η| < 1,479 and has trapezoidal crystals of 230
mm in length whose face closer to the IP measures 22 mm× 22 mm and the distant
face measures 26 mm × 26 mm. Endcaps cover a region of 1, 479 < |η| < 3.0 and
has crystals of the same shape as the barrel, but with 220 mm in length, and the
faces closest and farthest from the IP have sizes of 28.62 mm × 28.62 mm and 30
mm × 30 mm, respectively.
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An avalanche photodiode is placed on the face of the crystal that is farthest
from the IP, which absorbs the particles generated by the interaction of the incident
particle, turns that pulse into an electrical signal, amplifies that signal and sends it
to be analyzed. In the endcaps, due to the high inhomogeneity of the magnetic
field, the devices used for this function are vacuum phototriodes, that behave
satisfactorily under such conditions.

In addition, the CMS preshower detector is part of ECAL. This detector, located
in the endcaps, covers a region of 1, 653 < |η| < 2.6 and has the purpose of
detecting neutral pions, whose most likely decay product is two photons.

In the case of ECAL, temperature control is also of importance. The gain of
photodiodes and phototriodes depends on the operating temperature and small
variations in temperature generate large variations in the measured energy. To
optimize the resolution of the subdetector, the temperature must be maintained at
18.00 ° C ± 0.05 ° C.

Hadronic Calorimeter

The HCAL (figure 3.5) is separated into four regions: the barrel (HB), the
endcaps (HE), the outer calorimeter (HO) and the forward calorimeter (HF). All of
them have the purpose of measuring the energy deposited by hadronic jets, the
difference is in its location and the type of absorbing and active medium used
(due to the amount of radiation received by the HF, for example).

The regions consist of an absorbent medium (brass and steel plates) and an
active medium (plastic scintillators in the case of HB and HO and quartz-based
scintillators in the case of HEs and HFs) merged. Steel plates are the first and the
last component of each region, then there are the brass plates with the respective
active medium between them. As an example, in HB are, in order of closest to the
furthest plate to the IP: a 40 mm thick steel plate, 14 brass plates with thicknesses
of 50.5 mm for the first 8 and 56.5 mm for the last 6 with the active medium (plastic
scintillator) between them, and another steel plate with 75 mm thick.

The absorbing medium is used to guarantee the interaction of incident hadrons
within the detector (approximately 10 interaction lengths λI in all HCAL regions),
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Figure 3.5: HCAL scheme showing each of its sections. The colors indicate the
CMS subdetectors (blue for the HCAL regions, green for ECAL, pink for tracker,
red and orange for muon system). Retrieved from [18].

generating a jet of other hadronic and electromagnetic particles that, in contact
with the active medium, emit a rapid light pulse (fluorescence or Cherenkov light,
depending on the active medium), and can be detected by photosensitive devices
called hybrid photodiodes (changed to silicon photomultipliers in the Phase 1
Upgrade of the HCAL [18]). Similar to the ECAL, the intensity of the detected
signal is a function of the energy of the incident particle.

Each HCAL region covers different pseudo-rapidity values, and this is what
dictates the absorbent and active medium to be used. The greater the pseudo-
rapidity, the greater the incident radiation on HCAL components. Furthermore, in
the high |η| regions the magnetic field becomes highly non-uniform. For these rea-
sons absorbers are used with a specific brass alloy and quartz scintillators in HFs
and HEs, which are more tolerant to radiation, in contrast to plastic scintillators
that have moderated tolerance, and are capable of operating without major influ-
ences from the magnetic field. All HCAL regions cover a total region of |η| < 5,
where HB reaches |η| < 1.3, HO also covers |η| < 1.3, HEs reach 1.3 < |η| < 3 and
HFs cover 3 < |η| < 5 (very high incident radiation on them).

In the region up to |η| = 1.3, EB and HB are still not enough to detect all the
hadronic jets, and the development of another calorimeter to stop these jets was
necessary. The HO is placed after the first iron wall necessary for the return of the
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magnetic field. This wall helps containment of hadrons and the development of
showers that will be detected by the HO.

The calorimetry system (ECAL+HCAL) was designed to stop almost every
product of a particle collision, with the exception of muons and neutrinos, and to
be hermetic, that is, to cover as much of the area around the IP as possible .

Muons System

The CMS experiment was specially developed to detect events containing
muons by using another spectrometer. Since it is after the calorimeters, it is ex-
pected that only muons will leave its footprints in this subdetector. The CMS
muon detection system (figure 3.6) must have a low response time, high capacity
to detect, recognize and reproduce the trajectories and vertices of muons, also
allowing accurate measurements of the muon momentum. Besides that, because
it has a huge active detection area (approximately 25, 000 m2), its components
should be inexpensive, but still extremely reliable.

Figure 3.6: Quarter view of the muon detection system. The types of detectors are
separated by color: DTs - yellow; CSCs - green; and RPCs - blue. Also indicated
are length, radius and some pseudo-rapidity values. Retrieved from [19].
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The muon system consists of three types of detectors based on the same de-
tection principle: drift tubes (DT), which provide position measurements with
high resolution; cathode strip chambers (CSC), which measure the position of
charged particles and are able to operate in regions with a high and non-uniform
magnetic field; and resistive plate chambers (RPC), which are able to recognize
muon events at a very high rate (faster than 25 ns). With all these three systems
working together, it is possible to quickly guarantee the recognition of muon
events and accurately measure their position and momentum.

The detection of muons is done as follows by the three types of detectors:
a certain gas mixture (that mixture differs for each one) is ionized through the
passage of a muon whose energy is greater or equal than that of a MIP. Cathodes
and anodes with high and very specific potential differences are used to generate
an electric field (in some cases electrodes are also used for the containment of this
electric field and to prevent the generation of electrical discharges), causing the
positive ion to be attracted to the cathode and the electron to be attracted to the
anode, generating an electrical signal capable of recognizing events with muons
and measuring their position.

All systems have some subtle differences, including changes in granularity and
the way they are assembled, for example, the RPCs were developed with a double
chamber detection system, which optimizes its operation at the necessary high
rates.

DTs and RPCs are merged around the IP, parallel to the beam in the form of
barrels, and the CSCs are arranged like the detector endcaps. DTs cover a region
of |η| < 1.2; the CSCs cover 0.9 < |η| < 2.4; and RPCs cover |η| < 1.6 allowing
high resolution on detection of muons at almost any solid angle.

The Trigger System

In the LHC’s CMS experiment, the first stage where events begin to be selected
receives the name of trigger [20]. Normally, the beams inside the LHC cross at
a rate of 40 MHz, and, depending on the luminosity, more than one pp collision
occurs at each crossing. Given the huge amount of data produced by the collisions,
not all of it can be stored, and some selection must be performed. The trigger
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system was developed to select only the events of interest among all the produced
events.

The trigger can be divided into two steps: the Level 1 Trigger (L1T) and the
High Level trigger (HLT). The L1T is a set of selections applied directly to the
detector (hardware), where the data is collected after the event and immediately
afterwards the L1T comes into action. It was designed to reduce the 40 MHz event
rate to less than 100 kHz, and takes at most 4 µs to process each event.

Its selection is made by finding e/γ and jets candidates, using information
from the ECAL and the HCAL and muon candidates from the muon system infor-
mation. In the case of the e/γ, an variable that is associated with its isolation is
provided, and the muon candidates pass through a track finding algorithm in this
stage. The output of an event that passed the trigger is the candidates information
and several global variables that are also calculated. Different selections can be
performed at this stage, depending on the type of physics to be studied.

After the L1 trigger, there is still a large number of events to be discarded,
and a second trigger is necessary. The HLT is performed by computer algorithms
(software) after the selections made by the L1T. Its goal is to reduce the event
rate of 100 kHz to less than 1 kHz. The events processing is performed by 13000
CPUs at an average of 200 ms processing time per event. As in the L1T, different
selection algorithms are used depending on the events of interest wanted.
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Dark Matter

Even though the SM is one of the most successful theories of science, and it has
the capability to describe the dynamics of every known subatomic particle and
almost all interactions between them, there are some phenomena that it can not
characterize. One of them is the "missing" matter in the universe, also known as
dark matter (DM).

We know the amount of DM that exists in the universe, globally speaking, and
in some specific regions, as in dwarf galaxies. We also know that, in addition to
gravitationally, DM can possibly interact weakly, or not interact at all with SM
particles, and that it must be stable on cosmological time scales. In this chapter
there is a review of the evidences for DM, based on their chronological appearance
as described in [21], that provided the clues for these properties, some ideas of
how to detect this dark matter, and why no SM candidate fits as a DM particle.

Evidences and Properties

The first evidence (following the approach in [22]) comes in 1930 with the
astronomer Fritz Zwicky, who, when applying the virial theorem to the movement
of galaxies (at the time called nebulae) in clusters of galaxies, realized that the
luminous matter present in the clusters did not correspond to the total mass of
the cluster, but only a fraction. The virial theorem is obtained by studying the
equations of motion of a galaxy i of mass Mi at a distance ri:

~ri ·
(

Mi
d2~ri

dt2 = ~Fi

)
→ 1

2
d2(Mir2

i )

dt2 −Mi

(
dri

dt

)2

= ~ri ·~Fi. (4.1)

Summing over all the galaxies in the cluster, and defining Θ ≡ ∑i Mir2
i (polar

moment of inertia), Vir ≡ ∑i~ri ·~Fi ("virial" of the cluster) and KT = 1
2 ∑i Mi

(
dri
dt

)2

32
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(total kinetic energy),
1
2

d2Θ
dt2 = Vir + 2KT. (4.2)

If the cluster is stationary, the time average of the time derivative of Θ is zero,
and only what is called the virial theorem will remain

Vir = −2KT. (4.3)

Assuming

Vir = U = −∑
i<j

GN
Mi Mj

rij
→ Law of Universal Gravitation, (4.4)

where rij ≡ |~rj −~ri|, and that the mass of the cluster MT is uniformly distributed
in a sphere of radius RT (ρ = MT/VT = 3MT
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Since 2KT = ∑i Miv2
i = ∑i Miv2

i , by averaging the velocities of all galaxies in
the cluster, one can finally determine

∑
i

Miv2
i = MTv2 → MT =

5RTv2

3GN
. (4.6)

Taking as an example the Coma cluster for a simple calculation, whose average
speed of galaxies observed at the time was v2

s = v2/3 ≈ 1012 m2/s2 and the total
radius is RT ≈ 10.000.000 light years, the value of MT will be approximately

MT ≈
5× 9, 46× 1022 × 1012 m3

s2

6, 67× 10−11 m3

kg · s2

≈ 7× 1045 kg ≈ 3.5× 1015 M⊙, (4.7)

where M⊙ is a solar mass.

However, the divergence lies in the fact that, on average, there are about 1011
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stars in each galaxy, and since the Coma cluster has approximately 1000 galaxies,
the ratio of the cluster’s mass to its luminosity (taken as the number of stars) is in
the order of 35 M⊙/L⊙, where the expectation, if there was no DM in the universe,
should be 1 M⊙/L⊙. Currently, using more accurate values for all these quantities,
it is possible to estimate that this ratio can reach 400 M⊙/L⊙ depending on the
cluster being considered.

The second evidence (also following the approach in [22]) was discovered due
to the extensive work of Vera Rubin and her collaborators in the late 70s [23], in
measuring the rotation velocity of about 20 galaxies (in one of her most important
works). The problem arises due to the unexpected profile of these curves, suggest-
ing that there should be more mass outside the galaxies than the mass coming
from luminous matter.

The rotation velocity of a particle in circular orbit in a galaxy with a symmetrical
axis must vary with the radius (distance to the nucleus of the galaxy) as follows:

v2
c(r) =

GN M(r)
r

, (4.8)

where M(r) is the mass within a sphere of radius r. For a punctual mass M, the
ratio will be

vc(r) =

√
GN M

r
. (4.9)

For a spherical galaxy of radius R with constant density ρ (simplest case), vc is
given by

vc(r) =


√

4πGNρ
3 r , r ≤ R,√

4πGN R3ρ
3r ∝ r−1/2 , r > R.

(4.10)

However, the mass distribution of a symmetrical axis spiral galaxy like the
Milky Way is very different from a spherical galaxy. The above calculation would
involve special functions, elliptical integrals, or even more sophisticated mathe-
matical objects. Even so, the result should approach vc growing almost linearly to
small r, and a r−1/2 behavior for large r.

With the advancement of radio telescopes, Rubin was able to measure and
catalog the rotation velocity of symmetrical axis spiral galaxies. This was possible
due to the Doppler effect of the 21 cm line of the hydrogen atom, which allowed
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the measurement of velocities at distances up to 120 kpc (depending on the size
of the galaxy) from the center of the galaxies, where 1 parsec is equivalent to
approximately 3.26 light years. The result was unexpected: in small galaxies (0
kpc ≤ R ≤ 35 kpc) vc grew rapidly to small r (r ≈ 5 kpc) and kept growing for
larger r; in the larger galaxies (R ≥ 50 kpc), vc also grows rapidly to smaller values
of r (r ≈ 5 kpc) and then tends to remain constant; both contradict the behavior
r−1/2, as shown in figure 4.1 below.

Some results prior to Rubin’s already outlined a difference in the form of vc,
and even in 1970, astronomer Ken Freeman had already proposed a solution to
this divergence, in which there should be a spherical "halo of DM around the
galaxies, where MDM(r) ∝ r for large r.

Figure 4.1: Data obtained from the rotation velocity of the galaxy M33 as a function
of the distance to its center. The red curves represent the adjustment of the data
points (solid line), the contribution of dark matter (dot-line), the contribution of
the stars (short line) and the contribution of intra-galactic gas (long line). Retrieved
from [24].

Currently, the mostly used model in simulations for the mass density profile of
these halos is that of Navarro-Frenk-White (NFW) [25, 26], given by:

ρ(r) =
ρ0

r
Rs

(
1 +

r
Rs

)2 , (4.11)

where ρ0 and Rs are parameters that change depending on the halo.
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The third evidence is extremely relevant, and was able to determine some
important constrains in the properties of DM. It has to do with collisions of galaxy
clusters that, after the discovery and the improvements in the observations of the
phenomenon of gravitational lensing, could be seen in a different aspect [27].

The phenomenon of gravitational lensing occurs due to the deflection that the
light from a very distant source undergoes when passing through a very massive
object, distorting the image that will be seen by an observer. There are two types
of final image: those that suffer a weak effect from gravitational lenses, that is, the
deflection is too small to cause a visible distortion in the image, and the light ends
up having only a small amplification in its intensity; and those that suffer a strong
effect from gravitational lenses, where the final image appears clearly distorted, or
even, multiple images of the same object are seen.

One of the most famous examples to show the usefulness of gravitational
lenses when talking about DM is the bullet cluster (figure 4.2). In addition to
galaxies that emit visible light, most of the visible mass of the clusters is composed
of intra-cluster gas. In collisions of galaxy clusters (such as the bullet cluster),
this gas heats up and emits X-rays, which allows one to accurately estimate its
location, quantity and, consequently, its mass. However, using the bullet cluster
as an example, gravitational lensing measurements suggests that, first, not all of
the cluster’s mass is made up of the visible mass, and second, most of the cluster’s
mass is not where the intra-cluster gas is, but it is further away from the center of
the collision.

This image suggests the existence of at least one important constrain in the
properties of a DM particle. From it, it is possible to notice that the galaxies (which
do not collide) follow the highest concentration of mass (given by the green con-
tour lines), and the gas (represented by the color scale from blue to white), which
collides, ends up being trapped in the center of the collision. From the region
containing a higher mass concentration, determined by gravitational lensing, and
using detailed hydrodynamic simulations, it is possible to determine the density
of the DM contained in the cluster and a limit for the self-interaction cross section
of this type of matter, estimated at σχχ/mχ . 1 cm2/g.

The latest evidence comes from Cosmic Microwave Background (CMB) mea-
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Figure 4.2: Left: comparison between the image obtained in the visible light spec-
trum of the bullet cluster with the contour lines (in green) obtained by gravitational
lensing. Right: X-ray image comparison (blue to white color scale) and the result
obtained by gravitational lensing (green contour lines). Retrieved from [27].

surements [28–30]. The Concordance Cosmological Model [31] proposes that
shortly after the Big Bang there should be a quarks and gluons soup known as
Quark-Gluon Plasma, charged and neutral leptons, photons and some massive
bosons. As it cooled, it became possible to create new structures such as mesons,
baryons, nuclei of atoms, etc.

Before 380000 years of expansion, the universe was composed of positive ions,
electrons, photons and neutrinos. In this period, the environment was conducive
to the interaction of photons with all these charged particles and none could es-
cape. The period right after those years is known as the recombination epoch,
when the temperature of the universe becomes lower than the energy required to
ionize hydrogen, and neutral atoms began to appear that were "transparent" to
the radiation existing at the time, which started to travel throughout space.

These first photons are the components of the CMB, and have valuable infor-
mation about the expansion and composition of the universe. When measuring
this background radiation, it was possible to perceive an important characteristic.
Its temperature (∼2.725 K on average) is almost isotropic throughout space. There
are tiny variations, of 1 part in 10000, in that temperature. In figure 4.3 is an image
obtained by the Planck experiment, of the variations in the temperature of the
CMB.

From these variations, it is possible to obtain the angular power spectrum,
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Figure 4.3: Variations in CMB temperature measured by the Planck collaboration.
Notice that the scale is in µK. Retrieved from [29].

defined from the coefficients of an expansion in spherical harmonics of the tem-
perature variation

∆T(n̂) =
`max

∑
`=0

`

∑
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as:
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Figure 4.4 shows the data obtained by the Planck collaboration. The unit
chosen, by convention, is

DTT
` =

CTT
` `(`+ 1)

2π
. (4.14)

The theoretical prediction, represented by the blue curve, is given by what is
called the Concordance Cosmological Model. Currently, the model that best de-
scribes all available cosmological data is the ΛCDM, which says that the universe
must be composed of visible matter (baryons, electrons, photons and neutrinos),
"cold" dark matter (non-relativistic nowadays) and a cosmological constant Λ. It
also takes general relativity as the correct way to describe gravitational interac-
tions.

Based on this adjustment, the model determines the quantity of each of these
elements using everything we know about the visible matter, and respecting other
constrains concerning the DM production at the early universe. This hypothesis is
also necessary for the growth of gravity wells at the beginning of the universe that



Chapter 4. Dark Matter 39

Figure 4.4: The orange dots are the data obtained by the Planck collaboration for
DTT
` as a function of `. The blue curve is the adjustment given by the ΛCDM

model. Retrieved from [30].

were deep enough to evolve to the existing structures.

To summarize, from all of these evidences it is possible to infer some of the
properties of a possible DM particle:

• Stable on cosmological time scales: should exist at least before the epoch of
recombination;

• Electrically neutral: doesn’t interact with photons;

• "Cold" to produce the structures seen in the universe and the correct DM
density observed nowadays using the ΛCDM model;

• Interacts with SM particles gravitationally, and may interact through a very
faint coupling not known yet.

One could think that one of the SM particles is the responsible for the missing
matter phenomena. However, the features described above are enough to discard
this possibility. First of all, a DM particle can not interact electromagnetically,
ruling out every quark, charged lepton, the W± bosons and the photon. It also
can not interact through the strong force, excluding the gluons, and it has to be
stable on cosmological scales, that is, the Z and H bosons are not possible candi-
dates. Neutrinos were thought as possible DM particles, but they are relativistic
nowadays, and do not fit in the ΛCDM model.
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Possible Ways to Detect Dark Matter

If the missing matter phenomenon is indeed caused by a cold DM particle,
there are three different ways to perceive that particle, as seen in figure 4.5:

• Direct Detection (DD): a signal can be generated by the interaction of a DM
particle with a SM particle;

• Indirect Detection (ID): the annihilation or decay of DM particles into SM
particles;

• DM production at colliders: if the DM particle can somehow interact with a
SM particle, it can potentially be produced at particle collisions.

Figure 4.5: Scheme for DM detection. Left to right: DM annihilation (indirect
detection); bottom to top: DM interaction with SM particles (direct detection);
right to left: DM production at particle colliders.

A DD [32, 33] signal can probe the DM particle mass, since the type of signal
in a given detector will be dependent of it. Also, its spin might be determined by
the number of interactions with a given material in the detector, which is directly
dependent of this interaction cross section, thereby, its participants spins.

This signal can be in the form of photons emitted by an excited nucleus after
being hit by a DM particle, scintillation light from the nucleus recoil, atom ioniza-
tion or lattice vibration in the form of phonons from MeV to GeV DM particles
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masses; electron transitions in crystals band gaps or its recoil from the DM-SM
scattering and phonon excitation in crystals from a few keV to a few MeV DM
particles masses. Examples of experiments relying on this type of DM detection
are in [34–37].

An ID [38] signal will be different depending on the DM particle considered.
Some of them are: excess of gamma-ray photons, excess of neutrinos or excess
of cosmic-rays. Their detection can be performed using neutrino detectors and
telescopes on Earth or particle detectors as telescopes located on Earth orbit such
as the ones described in [39–42].

The last one, and the focus of this work, is the DM particles production at
particle colliders and their "detection" in particle detectors [43]. The challenging
part of this type of DM detection is the production of the DM particles, since a
sizeable cross section is needed for its production at a particle collider.

Also, since they only rarely interact with SM particles, no particle detector in
a collision experiment can produce a signal of its interaction with a DM particle,
but those particles production can be perceived through a detailed analysis of the
collisions performed in a particle detector.

The Dark Higgs Model

With the usage of particle accelerators and particles detectors, it is possible to
search for DM particles candidates. There is an enormous amount of DM models
and types of particles to be looked for, as it can be seen in figure 4.6, and search
recommendations are given for each of these models [43–45]. Also, several DM
particle candidates searches in particle colliders have already been performed us-
ing modern particle detectors such as the ones described in [46–53]. An overview
on DM particle searches can be found in [54–56].

The new physics model chosen as a reference for this work is called dark Higgs
model [57, 58]. It proposes that there are three new particles in the dark sector of
matter, where, one of those particles, called χ, is the DM particle that should cause
all the missing matter phenomena that is observed in cosmology. It can be shown
to meet all the DM particle requirements, that is, it does not interact with photons,
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Figure 4.6: DM types of models separated by completeness. Retrieved from [45].

it is stable on cosmological time scales, its mass is on the GeV scale (it is cold), and
it interacts gravitationally with SM particles.

The two other particles are a heavy vector boson called Z′, just like the one in
simplified DM models, such as [59], and a Higgs boson analogous that received
the name dark Higgs (dH). This dH is responsible for a spontaneous symmetry
breaking of the dark sector symmetry group, giving explicit mass terms for the
Z′ boson and the DM particle, instead of needing to put those terms by hand in
the Lagrangian. The reason for choosing this model is that this mechanism goes
beyond the simplified models, providing an explanation for the masses of the dark
sector particles. Besides that, even though Z′ couples to the SM quarks, the dH

particle is also assumed to decay into SM particles, providing a distinct signature
for this model study in particle colliders.

Model Lagrangian

The model is composed of three new fields in the dark sector of matter: one
associated to a vector boson Z′, a Majorana fermion χ that should be the DM that
currently exists in the universe (electrically neutral, very weak interaction with the
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SM, cold, etc.), and a new complex Higgs field DH. The existence of a Higgs boson
analogous field provides the opportunity to explain the mass generation mecha-
nism of the vector boson and the DM fermion through a spontaneous symmetry
breaking of the group that govern their interactions, giving rise to a new physical
Higgs boson analogous dH, defined by DH = 1√

2
(dH + w), where w is the DH vev.

In this case, since there is only one gauge boson to acquire mass, the simplest
gauge group is UDM(1), and the field DH will carry a charge qDH under it. Assum-
ing that Z′ couples with χ, so that every dark sector particle can couple with each
other, the Lagrangian will be:

Lχ = −1
2

g′qχZ′µχ̄γ5γµχ− yχ

2
√

2
dHχ̄χ +

1
2

g′2q2
dH

Z′µZ′µ(d
2
H + 2dHw), (4.15)

where yχ is the coupling strength between χ and dH and g′ is the UDM(1) gauge
coupling. Also, qχ =

qdH
2 as a gauge invariance requirement. From that it is

possible to extract the DM particle mass as mχ =
yχw√

2
and the Z’ boson mass

as mZ′ = 2g′qχw. With the redefinition gχ ≡ g′qχ, the interaction Lagrangian
becomes

Lχ = −1
2

gχZ′µχ̄γ5γµχ− gχ
mχ

mZ′
dHχ̄χ + 2gχZ′µZ′µ(gχd2

H + mZ′dH). (4.16)

Assuming that Z′ may couple to SM quarks by

Lχ = −gqZ′µq̄γµq, (4.17)

there are then six parameters to be defined in this theory: the masses of the three
particles mZ′ , mχ, mdH , the couplings gχ and gq, and a mixing angle θ, since it is
assumed that dH can mix with the SM Higgs boson. Choosing the couplings as
gχ = 1 and gq = 0.25, to be in agreement with the ones currently used for DM
searches at modern particle colliders [43], it is necessary that the masses of the par-
ticles are of the order of GeV to preserve the currently observed DM relic density,
making the candidate χ to be a cold DM. Besides that, a mixing angle value of
θ = 0.01 will be fixed throughout this work. It is a rather small value not to give
rise to any other observable phenomena, and to agree with the SM Higgs observed
properties, but it is high enough to force the dH to decay promptly. This mixing,
combined with the qq̄→ Z′ process, provides the possibility to observe a different
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signal of this process in modern particle detectors. The process qq̄→ Z′ → qq̄ is
also a possibility, and there are searches for this signature as well [47, 60, 61].

The lightest particle in the dark Higgs model is chosen to be the dark Higgs,
such that the DM particle can annihilate into lighter dark sector particles (χχ→
dHdH). Because of the dH mixing to SM particles, it will promptly decay into SM
states, making this process to be of great importance to set the DM relic density cur-
rently measured. Another imposition is that Z′ is the heaviest particle, such that it
can decay into the DM particles. If mZ′ < 2mχ, the process Z′ → χχ is highly sup-
pressed by the need of an off-shell Z′, but, either way, both regions can be studied.
To summarize, we are going to consider mainly the cases where mdH < mχ < mZ′

2.

The Z′ boson decay, in the absence of the dark Higgs boson, might occur to
SM quarks (Z′ → qq̄) or, if mZ′ ≥ 2mχ, to DM particles (Z′ → χχ). But, due to the
interaction of Z’ with dH, three body processes can happen as Z′ → χχdH, in the
form of a dark-Higgstrahlung, that is when a Z′ spontaneously emits a dark Higgs
boson (analogous to a Higgstrahlung, when a Z emits a Higgs boson). This type
of decay is going to be referred to as a mono-dark Higgs process.

The interest in the mono-dH processes (χχdH), is that it has a striking signature
in a particle detector, since it is assumed that dH has a mixing angle with H, so that
there is a production channel through qq̄→ Z′ and a different SM decay channel
that can be reproduced and detected. Given that the largest fraction of H decay is
in two b quarks, the expected signal in a modern particle detector is of the form
/ET + bb̄, as can be seen in figure 4.7 below. The missing transverse energy (/ET) is
the kinematic variable which indicates that some particle invisible to the detector
was produced in the collision, and is calculated as

/ET = | ~/pT|, (4.18)

with

~/pT = −
N

∑
i=1

~pT
i, (4.19)

where N is the number of particles detected by the detector and ~pT is the parti-
cle momentum in the transverse plane, defined as ~pT =

√
p2

x + p2
y. It is called

2For completeness, we are also going to briefly study some cases outside this constraint.
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transversal since the plane x− y usually is perpendicular to the beam axis in a
modern particle detector. /ET may have a large uncertainty, since the uncertainties
in determining the ~pT of each particle in the event are being summed up.

Figure 4.7: Examples of production and decay of the particles predicted by the dark
Higgs model for the mono-dark Higgs process. Extracted from [57] (modified).

The mono-dH process have a non-negligible production cross section in a parti-
cle collision, and its events can be detected by modern particle detectors. The left
panel in figure 4.8 shows the mono-dH process simulated cross section dependence
with mZ′ for mχ = 100 GeV, and three distinct values of mdH (50 GeV, 70 GeV and
90 GeV). The right panel shows the same dependence, but with mdH = 50 GeV
and different values of mχ (100 GeV, 200 GeV and 400 GeV). The simulation of
the process with an extra jet (pp→ Z′ j→ χχdH j) was also performed, to match
the approach of [57]. This extra jet process (where the jet comes from initial state
radiation) was necessary to enhance the possibility of having a higher /ET event.

In this work, the particle collisions and their detection were performed using
Monte Carlo (MC) events generators. This is useful since the signal measured
in the detector from events that were simulated using different choices of the
model parameters can be exploited, and different data analysis techniques might
be tested. In the next chapter, there is a description of how these MC simulated
events were generated.
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Figure 4.8: Simulated cross section dependence of the mono-dH process (and the
one with an extra jet) with mZ′ for fixed mχ and distinct values of mdH (left) and
fixed mdH with different values of mχ (right).
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Monte Carlo Events Generation

In this work, the analyzed events are not real data that comes from the CMS
detector. They are generated from Monte Carlo generators that try to reproduce
the real world of particle collisions and their detection. It is possible to generate
only the events of interest (mono-dH and BG) with a few generation requirements
that will help on the subsequent events selection and analysis.

Nowadays, the state-of-the-art on Monte Carlo generation for HEP relies on
very complete software packages. Some of them are MadGraph5_aMC@NLO [62]
for the simulation of the collision process at tree level, Pythia8 [63, 64] for the
simulation of hadronization and showering of particles, and GEANT4 [65] for the
simulation of the detectors response to particles traversing them. The combined
use of these three softwares is capable of providing generated data of particle
collisions being detected by different types of detectors.

MadGraph5 is a generator of the hard process of the event to be analyzed,
which calculates cross sections extremely quickly. It is possible to generate pro-
cesses in leading order (LO) and next to leading order (NLO) in QCD and QED,
and the software can simulate practically all known processes of the SM up to
those orders with a very simple syntax.

Pythia8 is also a MC events generator, which allows the simulation of particle
collisions at high energies, from the hard process (at tree level), to the hadroniza-
tion of partons, including initial and final state radiation, and multipartonic inter-
actions.

GEANT4 is a particle detector simulator that will reproduce the full interaction
of the particles in a collision taking into account all the processes involving the
interaction of those particles passage through matter. Its results are used by the
LHC collaborations (and many other) to generate simulated events for the com-

47
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parison with real data collected by the experiments. GEANT4 is one of the best
particle detector simulator, but it takes a lot of computational resources and time
(on the order of a second per event) to generate data.

An alternative to GEANT4 is the Delphes software package [66], that uses
parameterized formulas for a detector’s response and resolution to physics objects
instead of making the simulation of the interaction of particles with matter. This
approach provides moderately reliable simulated events, but it takes two to three
orders of magnitude less time to simulate a collision than GEANT4. It can simulate
different types of detectors, and with its modular structure it is possible to make
changes in different parts of the simulation to implement and test a different
response or resolution (possibly related to different reconstruction techniques) on
the particles’ detection.

In this work, MadGraph5 aMC@NLO (version 2.6.7), Pythia8 (version 8.244)
and Delphes (version 3.4.2) were used to simulate the CMS detector response to
pp collisions at a center of mass energy of 13 TeV. There was no application of
any trigger selection in the generated events, that is, a trigger efficiency close to
100% is being considered. This is compatible with the findings of [67], where it is
claimed that "the trigger efficiency is measured to be 97% for events passing the
analysis selection for /ET > 250 GeV and becomes fully efficient for events with
/ET > 350 GeV". Two other softwares packages must be used to fully reproduce
the Parton Distribution Functions (PDF) of the protons colliding and to apply the
jet reconstruction algorithms on the detected particles to find jets and to calculate
their quantities. They are LHAPDF6 (version 6.1.6) [68] with the NNPDF (version
2.3) [69] as the PDF and FastJet (version 3.3.2) [70] with the anti-kT [71] jet recon-
struction algorithm, respectively. A last remark is that the MLM scheme [72, 73]
was used for the merging of parton showers.

The generation of MC events is accompanied by some generation requirements.
Depending on the application, these thresholds may remove very low ~pT particles,
produce HEP objects that are in a given region of space (given as η and φ coordi-
nates to match the detectors coordinates system), constrain the invariant mass of
pairs of particles or jets, and much more. As discussed in chapter 4, the process of
interest in this work is the mono-dH, where the dark Higgs particle decays into bb̄
quarks.
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Signal in CMS

Due to b quarks hadronization, B hadrons will be formed along with other
hadrons to compose jets that are named b-jets [74, 75]. It is different from other jets
because it has two very distinguishable characteristics. The first is that the life time
of B hadrons is large enough for it to propagate through the inner layers of the
CMS detector without leaving any signal, and then it decays. This is perceived as a
secondary vertex with a large impact parameter (perpendicular distance from the
vertex to the IP) by the detector. The second characteristic is that a B hadron has
a probability of ∼ 20% to decay to an electron or muon in a semi-leptonic decay,
which turns jets containing charged leptons into very promising b-jets candidates.

In the CMS detector, a charged hadron inside a jet will leave its footprint in the
tracker and deposit all of its energy in the Hadron Calorimeter (HCAL). Neutral
hadrons only deposit their energy at the HCAL, since they don’t interact with
the tracker. Information collected using the particle signals in all subdetectors
are combined into particle flow objects [76] that will be used in jet reconstruction
algorithms.

Unfortunately, the two b-jets signal can be easily mimicked by the QCD multijet
background. Even though it is relatively simple to separate b-jets from jets arising
from light quarks and gluons (u, d, s, c, and g), the QCD background also have
b-jets. An important feature of the model to suppress this type of background is the
/ET signature, which should not exist in QCD processes, but might happen due to
events mismeasurements. However, it is highly unlikely for the QCD background
processes to have a very large amount of /ET, something that will be useful in the
events analysis. If the dH recoils against a high value of /ET, both b-jets may merge
into one large radius jet with substructure (also known as a fat jet) as can be seen
in figure 5.1.

In order to detect the fat jet substructure [77] the trimming [78] technique is
used, as it works as a filter. Low pT particles often interfere in the calculation of
the jets properties, such as its pT or invariant mass, since they might come from
other processes besides the process of interest. To suppress their effect in the fat
jet variables calculation, trimming keeps only those subjets that pass a minimum
requirement in pT within the fat jet. This technique provides advantages in the
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Figure 5.1: How a fat jet would look like to the detector after its two subjets merge
into a large radius jet.

kinematic reconstruction of the jets and is used in events analysis to properly
measure the fat jets intrinsic quantities.

It is possible to select what is the size of the reconstructed jets in an event,
given by a distance parameter (or radius) R =

√
η2 + φ2, that the reconstruc-

tion algorithm will use, and the minimum jet ~pT for the process (this is also the
case for the fat jets, with the possibility to also choose the size of the subjets to
be reconstructed inside it, along with their minimum ~pT). A last remark about
jets is that in Delphes their energy is corrected by a scaling formula defined as

p = p ∗

√
(2.5− 0.15 ∗ |η|)2

pT + 1.0
, where p is the jet four momentum. This is necessary

since the momenta of reconstructed objects tend to be slightly different than that
of the generated objects, an effect that is much more explicit in composite objects
such as jets, and that is also observed in real experiments.

Delphes is used to simulate the detector response and reconstruct all the
particles that the detector will see. Since jets, fat jets and /ET are the most im-
portant objects for the dark Higgs search, a few restrictions are put on their
reconstruction. These restrictions were applied as modifications in the Delphes
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card delphes_card_CMS.tcl [79], that was used throughout this work to simulate
the detector response. The fat jets are reconstructed using the anti-kt algorithm,
considering all the truth particles besides muons and neutrinos, with a distance
parameter of R = 1.0. A jet reconstruction algorithm is used to build subjets using
the kt algorithm [80, 81] with R = 0.2, and a trimming algorithm removes those
that have pj

T < 0.05 pJ
T, where j and J are references to the subjets and the fat jets,

respectively. The fat jets are required to have pJ
T > 200 GeV and |η J | < 2.0 after

the trimming process, to ensure that those jets are inside the best efficiency region
of CMS.

All the other jets are reconstructed using all charged truth final state parti-
cles using the anti-kt algorithm with R = 0.2, and must have pj

T > 10 GeV and
|η j| < 2.5. These pT and η cuts are also applied to the generation of the leptons
in the processes. This is an important requirement since in an analysis, high
efficiency in charged particle tracks reconstruction is useful for the reduction of
pile-up contribution, that is, particles that are coming from other pp collisions that
happened at the same time, that do not have important information and would
only interfere on a given measurement. Even though there is no pile-up simulation
being performed in this work, this was used to match the procedure of a search.

A last consideration about Delphes is that it allows the tagging of jets coming
from b quarks using information about the generated particles, given by Mad-
Graph and Pythia, and the jets reconstructed by the FastJet package, which is a
technique called b-tagging [82, 83]. It gives a boolean variable depending if the
jet came from a b quark or from something else. As already mentioned, in the
CMS experiment the b-tagging is done using displaced secondary vertices and
the presence of leptons inside the jets. Since Delphes has access to the generated
particles and the reconstructed jets, it associates a b to a jet if it is inside a cone of
radius R = 0.2 centered on the jet axis. It is possible to set the efficiency to b-tag or
mistakenly identify a c-jet or a light quark or gluon jet as a b-jet in Delphes. In this
work, they were set as 0.7 for the b identification, 0.12 and 0.006 for the other two
possibilities, respectively, to match the procedure performed in [57].

The last events generation requirement to be applied are in the /ET variable
that will be different for the mono-dH and BG processes generation, as discussed
further.
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SM Background Generation

Something very important when searching for a new physics signal in CMS is
the reduction of background (BG) processes, which, in the present case, are SM
events that mimic the /ET + bb̄ signal, or some failures in the detector system that
generate false signals that may be similar to the expected signal. For the dH model,
the BG is composed of four main processes:

• Z + bb̄: if the Z boson decays into neutrinos, the /ET + bb̄ signal is mimicked;

• W + bb̄: as long as the W boson decays leptonically, and the detector fails to
detect the charged lepton, the /ET + bb̄ is also reproduced;

• Diboson: this set of processes comprises Z(νν̄)Z(bb̄), W(ν`)Z(bb̄) and W+W−+
bb̄ (from now on referred to as WW) and requires that the decays of the W
bosons are leptonic and that the leptons are not identified;

• tt̄→ bb̄W(qq̄)W(ν`): under certain conditions, all quarks in this process can
come out as if they were a single hadronic jet and, if the charged lepton is
not identified, it will also reproduce the /ET + fat jet signature.

In figure 5.2 are some examples of processes that can mimic the /ET + bb̄ signal.
It is important to notice here that some of those rely on leptons misidentification
as /ET, which is a possible phenomenon to occur at a particle detector. Besides that,
as seen in the dH signal, only the processes with high /ET will be relevant for. There
are a few other ways to separate signal and BG events such as the ~pT of the fat jet,
the geometrical distance between the center of the subjets and the fat jet center,
the position of the fat jet in the detector. But, first of all, the interesting events for a
given study must be selected properly.
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Figure 5.2: Few examples of processes that mimic the signal /ET + bb̄ given that the
leptons are misidentified. From left to right, top to bottom: pp → tt̄, pp → Zbb̄,
pp→Wbb̄, pp→ ZZ, pp→ ZW, pp→ bb̄W+W−.
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Those processes were generated separately following the recommendations in
[57]:

• Z + bb̄: this process was generated at NLO, where the decay Z → νν̄ was
performed using Madspin [84, 85], a third-party package that helps on build-
ing more complex processes in MadGraph at NLO. The cut in /ET cannot be
implemented at NLO, so it was required that pZ

T > 300 GeV;

• W + bb̄: generated at LO without the need of Madspin, since MadGraph al-
lows intermediate decays in LO simulations. A requirement of /ET > 250 GeV
was applied. The processes W + bb̄j and W + bb̄jj give large contributions
to the cross section and were generated as well;

• ZZ: the /ET requirement was not applied here because this process was also
generated at NLO, with the subsequent decays (Z → bb̄ and Z → νν̄) being
performed using Madspin. At least one of the Z bosons needs pZ

T > 300
GeV;

• WZ: this process was generated at NLO, where the subsequent decays,
Z → bb̄ and W → ν` were performed using Madspin. The requirement here
is that pZ

T > 300 GeV or pW
T > 400 GeV;

• WW: this BG process was simulated at LO using MadGraph only, with
/ET > 400 GeV. Processes where both W bosons decayed leptonically or one
decayed leptonically and the other decayed hadronically were accounted
for;

• tt̄: this last process was generated at LO as well, without the need of Madspin
(MadGraph only), with /ET > 400 GeV. With sufficient boost, the tt̄ decay
products can merge into a fat jet with two b quarks inside. As in the two W
case, the WW → `ν`ν and WW → `νqq̄′ processes were simulated.

For each BG process, 50000 events were generated using the interface Mad-
Graph5 + Pythia8 + Delphes to simulate every step of a pp collision. The cross
sections of these processes (with the generation cuts) can be seen in table 5.1. As
a reminder, only the events where the prompt charged lepton was not identified
properly will be relevant for the events’ analysis.
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Table 5.1: Cross section (σ) of each BG process given by MadGraph.

Process σ[fb]

W + bb̄ 222
Z + bb̄ 138

tt̄ 63
WW 61
WZ 1.5
ZZ 2.6

Mono-dark Higgs Events Generation

MadGraph does not have the dark Higgs model implemented. To generate new
data for the model, its Universal FeynRules Output (UFO) file is necessary. An
UFO file is created through the Lagrangian of the model and contains information
about every particle, decay processes, interaction vertices, etc., that MadGraph
will need to perform its calculations. The UFO file used throughout this work was
retrieved from [86], that was validated using the results in [57].

By generating simulated events, it is possible to select the values of the parame-
ters of the model. As discussed in chapter 4, θ = 0.01, gq = 0.25 and gχ = 1.0 were
fixed at first, and only the masses were changed. Several different mass points
were generated, for the analysis of different phenomena. 30000 events for each
mass point were simulated, with the /ET threshold as /ET > 400 GeV to ensure the
b-jets merging into fat jets. After that, mχ and mZ′ were fixed at 200 GeV and 1000
GeV, respectively, and 300 GeV and 1500 GeV, respectively, and gχ and mdH were
changed.

To summarize, the generation requirements on the events were the following:

• /ET requirement:

◦ W + bb̄: /ET > 250 GeV;
◦ WW: /ET > 400 GeV;
◦ tt̄: /ET > 400 GeV;
◦ mono-dH: /ET > 400 GeV;
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• Mediator pT:

◦ Z + bb̄: pZ
T > 300 GeV;

◦ ZZ: pZ
T > 300 GeV;

◦ WZ: pZ
T > 300 GeV or pW

T > 400 GeV;

• anti-kt jets and fat jets with R = 0.2 and R = 1.0, respectively. Their pT and
η restrictions are:

◦ Jet: pT > 10 GeV, |η| < 2.5;
◦ Fat jet: pT > 200 GeV, |η| < 2.0;

• Trimming applied on the fat jets:

◦ kt subjets with R = 0.2 removed if pj
T < 0.05 pJ

T;

• Leptons:

◦ pT > 10 GeV;
◦ |η| < 2.5.

• b-tagging efficiency or misidentification probability:

◦ b jets: 0.7;
◦ c jets: 0.12;
◦ light quark or gluon jets: 0.006;

Distributions of a few variables reconstructed by Delphes are shown in figure
5.3, where the BG processes are separated, and only one of the simulated mono-dH

processes (mdH = 50 GeV, mZ′ = 1100 GeV and mχ = 100 GeV) was plotted. Top left
image is /ET histograms, top right is the fat jet pJ

T histograms, bottom left is the fat
jet invariant mass mJ

inv, and bottom right is the difference in the φ angle between
the /ET and the fat jet given as ∆φ(/ET, J). The histograms are normalized, fat jets
are already trimmed, and a pre-selection requirement of /ET > 400 GeV was used
to observe only the region of interest (high /ET).
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Figure 5.3: Histograms of variables of interest to the dH model: events /ET (top
left), trimmed fat jet pT (top right), trimmed fat jet invariant mass (bottom left), φ
difference between /ET and the fat jet (bottom right).

Notice that in the /ET, fat jet pT and ∆φ(/ET, J) images, the ZZ and Z + bb̄
histograms shapes are very similar to the signal process, while the other four
processes (WZ, WW, W + bb̄ and tt̄) show a slightly different behavior. This is
due to the fact it is less probable that an event containing W bosons will produce a
very well defined value of /ET, since its leptonic decay generates a charged lepton
that may be seen as /ET only if there is a mistake in its reconstruction. It also affects
the fat jet pT distribution (that is recoiling against the /ET), and, obviously, the
∆φ(/ET, J) variable.
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However, the fat jet invariant mass distributions are clearly very different.
There are the low mass peaks of bb̄ pairs coming from QCD processes, very ev-
ident in the WW (mainly on events with both W bosons decaying leptonically),
W + bb̄ and Z + bb̄ BG processes, the Z and W bosons mass peaks coming from
ZZ, WZ, WW (where one W decays hadronically) and tt̄ (with a hadronically
decaying W as well) events, and a highly distinct peak centered around 50 GeV,
that is the chosen mass for the dH particle. Since mdH is a parameter of the model
and can be changed, it is expected that the mJ

inv peak related to the signal processes
will change accordingly.

The difference on the invariant mass distributions encouraged the application
of an alternative selection cut when comparing with the approach in [57]. To check
its effects on the observation of the mono-dH process at the CMS, the first step was
to validate the simulated mono-dH and BG events of the present work with the
results in [57].

Model Validation

The analysis of particle collision data is performed by applying a set of selection
requirements on the variables of the events. The goal of these selection require-
ments is to filter interesting events while removing unwanted events coming from
BG. The validation of the simulated events of this work was done through the
comparison of the generated events after applying the same requirements as [57].

These selection requirements, applied to the mono-dH and background events,
were the following:

• /ET > 500 GeV: to be greater than the generation requirements and to ensure
that the b-jets will merge into a fat jet;

• At least one fat jet with pJ
T > 250 GeV and |η J | < 2.0: after the /ET cut, there

must be a fat jet recoiling against it with high pT (the η cut ensures that the
fat jet is inside a high detection efficiency region in the CMS detector);

• Two or more b-tagged jets with:

◦ |η j| < 2.5: highest efficiency region of the CMS detector;
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◦ pj
T > 10 GeV: b quarks from dH decay will have a reasonable amount of

pT;

◦ ∆R(j, J) < 1.1: b-jets should be inside the fat jet;

• Event vetoed if there is an isolated prompt lepton (the isolation variable is

defined as I(P) =
∑

∆R<R, pT(i)>pmin
T

i 6=P pT(i)

pT(P)
where P is the particle of interest,

the sum runs over every particle flow object, denoted by i, with ∆R, the
geometrical distance between P and i, smaller than R = 0.5 and pT higher
than pmin

T = 0.5 GeV, in which the smaller its value more isolated the lepton
is; it was chosen as I` < 0.1) with p`T > 7 GeV and |η`| < 2.5.

The first step was to check if the BG simulations make sense. Since the MC
generated events are not exactly the same as what happens in reality, a global
multiplication factor (known as k-factor) was used for each BG process to consider
the right number of predicted events in the subsequent analysis. Note that this is an
approximation, since the k-factors could depend on the kinematics of the process.
To find the k-factors, the number of events in the region 80 GeV < mJ < 280 GeV,
that passed the selection cuts described earlier, were compared to a prediction by
the ATLAS collaboration [87], as shown in table 5.2 below. This comparison was
also performed in [57], and it is a reasonable choice since, even though the design
of the CMS and the ATLAS detector is different, their detection efficiency is very
similar.

Table 5.2: Number of predicted events in the region 80 GeV < mJ < 280 GeV
according to [87] and the simulations performed in this work for L = 3.2 fb−1,
with the selection cuts described before.

Results Diboson Z + bb̄ W + bb̄ tt̄

BG (ATLAS [87]) 1.20±0.12 3.80±0.44 2.48±0.71 4.83±0.88
BG (present work) 0.59±0.04 2.90±0.16 0.94±0.16 2.02±0.09

k-factors 2.03 1.31 2.64 2.39

Discrepancy can be noticed in every BG process. This happens due to the
simple detector simulation performed by Delphes, combined with the low order
simulations (specially LO). A large k-factor on W + bb̄ is expected [88] because
this process is very difficult to simulate, specially when including the W + bb̄j
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process, that has higher αs order, and the cross section value can vary a lot with
large scale uncertainties.

In figure 5.4, the comparison of the BG processes mJ stacked histograms from
[57] and this work is shown. It can be seen that the number of events for each type
of BG process and their respective shape in the right image is in agreement with
the results of the left image.
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Figure 5.4: Left: mJ histogram of the various contributions to the dark Higgs
model BG processes (retrieved from [57]). Right: the same histogram obtained in
this work.

The validation of the mono-dH processes was done by comparing the cross
sections of simulated mZ′ mass points (from 250 GeV to 3000 GeV) with gχ = 1.0,
gq = 0.25, mdH = 70 GeV and mχ = 100 GeV and the mJ histograms for three
distinct mdH values (50 GeV, 70 GeV and 90 GeV) for fixed gχ = 1.0, gq = 0.25,
mχ = 100 GeV and mZ′ = 1100 GeV. Figure 5.5 shows the comparison of the cross
section values obtained by [57] and from the simulations of this work. Selection
requirements for that plot are distinct from the ones described at the beginning of
this section. In the left image, [57] was comparing the cross sections of the mono-
dH search signal (orange line) with an energetic mono-jet signal (pp→ χχ+ j, blue
line) using the same selection requirements applied by the ATLAS collaboration
on a search for mono-jet signals [89]. These requirements, which were also applied
on the mono-dH events, were the following:
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• /ET > 500 GeV;

• Highest pT jet has pT > 250 GeV;

• Less than four jets with pT > 30 GeV and |η| < 2.8;

• Event vetoed if there is an electron (muon) with pT > 20 GeV (10 GeV) and
|η| < 2.47 (|η| < 2.5);

• Event rejected if ∆φ(j, /ET) < 0.4.
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Figure 5.5: Left: comparison of the mono-jet signal cross section (blue line), with
the mono-dH signal cross section (orange line), retrieved from [57]. Right: plot of
the mono-dH signal cross section for the comparison with the results in [57]. Notice
that the pp→ χχdH cross section curve of both images is in good agreement.

The dashed line represents the corresponding ATLAS detector cross section
limit set by the ATLAS collaboration. Note that this selection is suitable for the
mono-jet signal cross section as it is higher than that limit for small mZ′ values.
However, for large mZ′ , its cross section is very similar to the mono-dH signal cross
section values. This is due to the fact that it is harder for an event to have high /ET

for small mZ′ (it would need an off-shell Z′), and an auxiliary particle improves
this possibility. Since the mono-jet signal have a larger branching ratio than the
mono-dH signal, its cross section will be higher. For large mZ′ , a high /ET event in
the mono-dH signal is easier to be produced, as in the mono-jet case, and its cross
section decreases much slower, becoming comparable to the mono-jet one.

Right image in figure 5.5 shows the cross section for the mono-dH signal
obtained from the generated events of this work, with the mono-jet selection
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described above. It is in good agreement with the orange curve from [57].

The mJ histograms comparison for the mono-dH generated events was per-
formed using the selection requirements of the beginning of this section. Left
image of figure 5.6 shows the results obtained by [57] and the right image is the
histogram obtained in the present work. The shape and the number of events for
each of the mdH values are in agreement between both images. Only the events that
passed the requirements described before were plotted, and this is the prediction
for L = 40 fb−1.
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Figure 5.6: Left: mJ histogram of different mdH values (retrieved from [57]). Right:
the same histogram obtained in this work. Only the events that passed the re-
quirements described before were plotted, without considering any mJ window
restriction, for L = 40 fb−1.

The main idea of this work was to study the feasibility of a search for the
mono-dH signal with a different requirement based on the invariant mass of the
fat jet mJ . This idea arose from the fact that a resonance peak in the mJ histogram
around the dH mass should be highly distinguishable from the already existent
ones, such as the Z boson. Of course that this would depend on its rest mass, but
there is a very high range to be explored. The performance of an analysis using
this selection requirement was compared to [57], and the results are displayed in
the next chapter.
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Generated Events Analysis

Using the simulated events described in the last chapter, a study about the
feasibility of a search for the mono-dH signal was performed. The set of selection
requirements described in the last chapter with the addition of an alternative
selection on the fat jet invariant mass mJ , were used to tag the dark Higgs events
while suppressing the BG events. Their purpose is to effectively separate mono-dH

from background events, which simplifies the task of defining a signal region that
should contain a high number of events of interest and a small number of BG
events. Since there are no previous hints on what mJ requirement to use, the first
step was to find the best mJ regions that separate mono-dH events from BG. One
quantitative method to optimize a given selection requirement is to maximize the
signal region significance.

For the calculation of the significance, the expression of [90] was used. It was
developed for the calculation of the sensitivity of searches for new phenomena,
being completely based on standard statistics concepts, suitable for optimization
and it does not need any a priori information about the presence of a signal. These
characteristics allow the determination of selection requirements that are optimal
for setting limits or making discoveries. It is defined as:

PS =
εS

1 +
√

NBG
, (6.1)

where εS is the signal efficiency, that is NS(n cuts)
NS(0 cuts) , and NBG is the number of BG

events that passed the n selection requirements, also written as NBG = L · ∑i σi · εi,
where L is the wanted luminosity, σi is a given BG process cross section, εi is
Ni

BG(n cuts)
Ni

BG(0 cuts)
and i runs over every background process. From now on, this expres-

sion is going to be referred to as the Punzi significance.

63
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Optimization of the mJ Selection Region

To find what are the best mJ regions, expression 6.1 was used to find the highest
significance mJ windows in the histograms. Different dH masses gave different
windows values (center and width). At first, the mJ histograms of the events
that passed the selection requirements described in chapter 5 were scanned with
increasing steps of 4 GeV (0 GeV - 4 GeV, 4 GeV - 8 GeV, ...) to find the best center
value mC

J , that is, the point that gave the highest PS value. After getting the center,
a window growing with ±2 GeV around this center value was used to get the best
width mW

J (highest PS also).

Figure 6.1 is an example of the points searched to get mC
J and mW

J for mdH =

90 GeV. The left image is the center scan where the plotted points are the mean
of each 4 GeV region. Right image shows the total width of the window as it
gets larger by summing and subtracting 2 GeV from mC

J . Only the events that
passed the other selection requirements were used to find the best mJ window.
This procedure was repeated for mdH ranging from 10 GeV to 250 GeV in steps of
10 GeV with mχ = 100 GeV and mZ′ = 1100 GeV, and the results for mC

J and mW
J

are summarized in table 6.1. The cross sections of these simulated processes are in
table A.1 of appendix A.
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Figure 6.1: Graphs of the points used to search for the best mJ window of the
mdH = 90 GeV, mχ = 100 GeV, mZ′ = 1100 GeV, mass point. Left: graph of the
4 GeV regions used to search for mC

J , where the points plotted are the mean of
a given region. Right: total width of the window around mC

J . The window was
growing with ±2 GeV starting from mC

J , and, after mW
J > 2mC

J , it starts increasing
by 4 GeV to higher mJ values.
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Table 6.1: Highest PS windows for different mdH , given as mC
J ±

mW
J

2 . Only the
events that passed all the other selection cuts were considered on the calculation
of PS.

mdH mC
J mW

J

10 10 4
20 18 36
30 30 12
40 38 16
50 50 20
60 58 12
70 70 28
80 74 28
90 82 28

100 98 40
110 110 32
120 118 24
130 118 32
140 134 40
150 142 48
160 154 80
170 154 72
180 166 64
190 182 80
200 190 72
210 210 60
220 210 60
230 214 68
240 222 36
250 238 60

After finding the mJ windows, a wide range of mχ, mZ′ points (from 50 GeV to
1000 GeV using steps of 50 GeV and from 250 GeV to 4000 GeV using steps of 250
GeV, respectively) for different values of mdH (50 GeV, 70 GeV and 90 GeV) and
gχ, mdH points (from 0.1 to 2.0 GeV using steps of 0.1 and from 20 GeV to 240 GeV
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using steps of 20 GeV, respectively; the points with mdH = 10 GeV were generated
for completeness of latter results) for different values of mχ and mZ′ (mχ = 200
GeV, mZ′ = 1000 GeV and mχ = 300 GeV, mZ′ = 1500 GeV) were simulated (the
cross section values of all the simulated points are summarized in tables A.2, A.3,
A.4, A.5 and A.6 of appendix A).

The number of signal and BG events inside a given mJ window were used to
perform a cut and count analysis using the CLs method applied with ROOT’s
TLimit Class [91] to find exclusion regions with 95% CL. This approach is distinct
from the one used in [57] since their analysis method was the shape comparison
of the mJ histograms containing only the events that passed the selection require-
ments, without considering any mJ window.

The effectiveness of the cut and count analysis method with the mJ window
requirement was tested by comparing the 95% CL exclusion regions for different
values of the model parameters obtained by this analysis and the ones obtained in
[57] using the shape analysis method without a further requirement in the fat jet
invariant mass.

Figures 6.2 and 6.3 show the comparison of both results of predicted events
for L = 40 fb−1. Left images are the exclusion regions obtained by [57] and right
images are the results with the extra mJ window cut. Every mass point inside the
curves is excluded with more than 95% CL. Notice that, even without the shape
analysis, all the exclusion regions are in very good agreement, meaning that a
simpler analysis method, such as cut and count, can achieve the same confidence
level as a more elaborated one by using an additional selection requirement. An
interpolation between the generated mass points was performed to plot the graphs
on the right images. If, for a given mχ, two subsequent mZ′ points where one of
them was excluded with more than 95% CL and the other was excluded with less
than 95% CL, an interpolation, assuming that a linear function would join both
points, was used to find the mZ′ value necessary for 95% CL.
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Figure 6.2: Predicted 95% CL exclusion regions for the 50 GeV (blue), 70 GeV
(yellow), 90 GeV (green) mdH mass points, for L = 40 fb−1. The dark diagonal
line is setting the values of the model parameters that provide the right DM relic
density observed nowadays using the ΛCDM model. Left: results by [57]; the red
curve correspond to a standard jet + /ET LHC search. Right: curves obtained in
this work, using the mJ window selection cut. The hatched area corresponds to
the mZ′ < 2mχ region.
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Figure 6.3: Predicted 95% CL exclusion regions for the mχ = 200 GeV, mZ′ = 1000
GeV (blue) and mχ = 300 GeV, mZ′ = 1500 GeV (yellow) mass points, for L
= 40 fb−1. Left: results by [57]. Right: curves obtained in this work, using the mJ
window selection cut.
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The hatched region in the right image of figure 6.2 represents the region where
mZ′ < 2mχ, that is, the decay Z′ → χχ will occur only if Z′ is off-shell, making
the cross section of those processes very small. The dark diagonal dashed line is a
reference to the values of the dark Higgs model parameters necessary to get the
right DM relic density observed according to the ΛCDM model. Notice that the
shape of the exclusion regions are directly related to the shape of the cross section
plots, as shown in figure 6.4.
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Figure 6.4: Cross section as a function of mZ′ and mχ for mdH = 50 GeV (top left),
mdH = 70 GeV (top right) and mdH = 90 GeV (bottom).

In figure 6.3, there are two sudden changes in the exclusion regions for low
and high mdH values. At small mdH , the boosted dark Higgs will often decay to
two very collimated b quarks, that is, the jet reconstruction algorithm will not see
two jets inside the fat jet, but only one jet, and these events will be excluded in the
rest of the analysis, decreasing the efficiency of the mono-dH events tagging, as
it can be observed in figure 6.5. At high dH masses (mdH & 150 GeV), the decay
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dH → W+W− becomes available, and the cross section of the dH → bb̄ process
drops very quickly, decreasing the final number of events in the analysis. This
decrease in cross section can be seen in figure 6.6.
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Figure 6.5: Efficiency of the selection requirements as a function of mdH . Only
the mJ region requirement was not applied. The smaller mdH values have smaller
efficiencies, which can be attributed to the fact that lighter dH will recoil against the
Z′ with more pT for the same mZ′ . Some of those boosted dH decay will generate
two b-jets collimated enough for the detector to observe only one jet inside the
fat jet, excluding those events from the analysis. For high mdH (& 100 GeV) the
efficiency is essentially constant.
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Figure 6.6: Cross section as a function of mdH and gχ for mχ = 200 GeV, mZ′ = 1000
GeV (left) and mχ = 300 GeV, mZ′ = 1500 GeV (right). Notice the sudden decrease
in the cross sections of the process dH → bb̄ after mdH & 150 GeV, since the decay
dH →W+W− becomes available.
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Figure 6.7 is an example of what would happen to the exclusion region for
the cut and count method with and without considering the mJ window. Notice
that the mJ requirement improves the limit of the exclusion region in 10 ∼ 15%
depending on the mass point.
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Figure 6.7: Predicted 95% CL exclusion regions for the mass points (mχ, mZ′), mdH
= 90 GeV with (red solid line) and without (green dashed line) the mJ window
using the cut and count analysis method on both.

Important information about the efficiency of the mJ region requirement can
be obtained by the events cut flow tables. A cut flow table is generally used to
display the number of events that successfully passed each requirement of a set
of selection requirements that were sequentially applied. Tables 6.2, 6.3 and 6.4
are the cut flows for simulated events with gq = 0.25, gχ = 1.0, mχ = 100 GeV and
mZ′ = 1100 GeV fixed, and mdH = 50 GeV, 70 GeV and 90 GeV, respectively, for
L = 40 fb−1. Along with the number of mono-dH events and the number of BG
events, the percentage of removed mono-dH and background events, and the
respective Punzi significance is written for each subsequent selection requirement,

which are defined as
[

1−
NdH(n cuts)

NdH(n− 1 cuts)

]
× 100,

[
1− NBG(n cuts)

NBG(n− 1 cuts)

]
× 100

and PS =
εS

1 +
√

NBG(n cuts)
, where εS =

NS(n cuts)
NS(n− 1 cuts)

.
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Table 6.2: cut flow of the simulated mdH = 50 GeV, mχ = 100 GeV and mZ′ = 1100
GeV.

Selection NdH NBG %NdH Removed %NBG Removed Punzi Significance

Initial Events 1085.4 41931.2 0 0 4.86×10−3

/ET 408.0 5349.1 62.4 87.2 5.07×10−3

Lepton Veto 407.8 2220.9 0.04 58.5 2.08×10−2

Fat Jet pT and η 351.4 2140.0 13.8 3.6 1.82×10−2

b-tagging 55.6 230.5 84.2 89.2 9.77×10−3

mJ Window 27.7 17.0 50.2 92.6 9.72×10−2

Table 6.3: cut flow of the simulated mdH = 70 GeV, mχ = 100 GeV and mZ′ = 1100
GeV.

Selection NdH NBG %NdH Removed %NBG Removed Punzi Significance

Initial Events 988.1 41931.2 0 0 4.86×10−3

/ET 362.8 5349.1 63.3 87.2 4.95×10−3

Lepton Veto 362.8 2220.9 0.01 58.5 2.08×10−2

Fat Jet pT and η 334.9 2140.0 7.7 3.6 1.95×10−2

b-tagging 84.3 230.5 74.8 89.2 1.56×10−2

mJ Window 51.1 32.2 39.4 86.0 9.08×10−2

Table 6.4: cut flow of the simulated mdH = 90 GeV, mχ = 100 GeV and mZ′ = 1100
GeV.

Selection NdH NBG %NdH Removed %NBG Removed Punzi Significance

Initial Events 913.7 41931.2 0 0 4.86×10−3

/ET 323.1 5349.1 64.6 87.2 4.77×10−3

Lepton Veto 323.1 2220.9 0.01 58.5 2.08×10−2

Fat Jet pT and η 309.1 2140.0 4.3 3.6 2.02×10−2

b-tagging 90.6 230.5 70.7 89.2 1.81×10−2

mJ Window 57.4 37.8 36.6 83.6 8.87×10−2
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Note that, even though /ET generation requirements were applied in the simula-
tions of mono-dH and BG events, the /ET > 500 GeV threshold removes more than
60% of the mono-dH events and almost 90% of the BG events. As expected, the
veto on events that had isolated leptons with I` < 0.1, p`T > 7 GeV and |η`| < 2.5
only affected significantly the background events since they contained leptonically
decaying W bosons. Intriguing results concerning the fat jet pT and η requirements
were observed since their effect was to remove a comparable number of mono-dH

events and BG events. Even though the excluded background events number is
always higher than the mono-dH ones (approximately 80 in comparison with 56,
28 and 14 for each mdH value, respectively), the sudden decrease in εS, caused
smaller PS. This effect could be caused by the absence of other BG processes in
the analysis. As stated in chapter 5, the simulated BG processes are the ones that
easily mimic the signal of the mono-dH process (fat jet + high /ET). But there are
many other processes such as QCD multijet that have a very small possibility
of mimicking the signal, but have a high cross section and can interfere in the
selection of mono-dH events. Those processes might be reduced by some of the
selection requirements listed in the tables.

The consequence of the b-tagging requirement was very similar to the fat jet
one, as there is a drop in the PS value for every mdH value. This effect can be
clearly perceived in the mdH = 50 GeV case, since (as discussed in the results
of figure 6.5) the tagging of mono-dH events gets worse for smaller mdH which
decrease its efficiency. Besides that, the truly important result is the effect of the
mJ requirement that, in the worst case shown, increased the Punzi significance by
a factor of ∼ 5. Note that the mJ window requirement removes less BG events for
the mdH = 70 GeV and 90 GeV cases, since the best PS mJ region, as displayed in
table 6.1, starts to access the W and Z bosons mass peaks. For mdH peaked away
from those regions (and the t quark mass peak), the Punzi significance should be
higher.

Those results were simulating an early stage of LHC Run 2, where the expected
integrated luminosity was around 40 fb−1. However, since Run 2 is already over,
and the CMS collaboration collected almost 150 fb−1 of data, it is natural to extend
the excluded mass points prediction to higher luminosity, and to test for other
planned LHC runs.
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Projections for LHC Run 2 Data and Future LHC Runs

The prediction for the already finished Run 2 and future LHC runs were made
using as reference benchmark values to the luminosity such as 150 fb−1, 300 fb−1,
1000 fb−1 and 3000 fb−1 that were or will be delivered by the experiment in the
future [92]. This analysis is of great importance to check the feasibility of this
search in the CMS experiment. No upgrades of the LHC machine or the CMS
detector are being explicitly considered in these projections. But it is assumed that
the performance of the detectors in the HL-LHC era will be similar to that in the
present.

Figure 6.8 shows the predicted excluded regions in the plane mχ vs mZ′ for
mdH = 50 GeV (top left), 70 GeV (top right) and 90 GeV (bottom), with luminosities
equal to 40 fb−1, for reference, 150 fb−1, 300 fb−1, 1000 fb−1 and 3000 fb−1. Notice
that for the final Run 2 luminosity, there is already a large increase in the 95% CL
excluded region.

An interesting result is the large region with mZ′ < 2mχ that is being accessed
by the L = 3000 fb−1 data. This happens because, even though an off mass-shell
Z′ is much less probable, an enormous amount of data (years of the LHC machine
running) can observe it. This also creates the possibility to study much rarer
beyond standard model processes that might be probed with a particle collider.

Figure 6.9 shows the prediction for the same luminosity values, but for the
parameters (gχ, mdH ), mχ = 200 GeV, mZ′ = 1000 GeV (left plot) and mχ = 300 GeV,
mZ′ = 1500 GeV (right plot). The region enclosed by the lines is excluded with
more than 95% CL.
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Figure 6.8: Predicted 95% CL exclusion regions of the (mχ, mZ′), mdH = 50 GeV (top
left), 70 GeV (top right) and 90 GeV (bottom) mass points for different luminosity
values. Notice that the improbable mZ′ < 2mχ regions can be accessed at L = 3000
fb−1.
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Figure 6.9: Predicted 95% CL exclusion regions of the (gχ, mdH ), mχ = 200 GeV,
mZ′ = 1000 GeV (left), and mχ = 300 GeV, mZ′ = 1500 GeV mass points for different
luminosity values.

Figures 6.10 and 6.11 show the cross section plots of selected sets of parameters
of the model and the expected cross section to exclude the given set of parameters
with 95% CL. The green and yellow areas represent the ±1σ and ±2σ regions, re-
spectively. Figure 6.10 shows the cross section varying with mZ′ ranging from 250
GeV to 4000 GeV for mχ = 100 GeV and mdH = 50 GeV (top), 70 GeV (middle) and
90 GeV (bottom). Figure 6.11 shows the cross section varying with mdH ranging
from 10 GeV to 240 GeV for gχ = 1.0, mχ = 200 GeV and mZ′ = 1000 GeV (top), mχ

= 300 GeV and mZ′ = 1500 GeV (bottom). The 95% CL exclusion limits plotted
on the left images were calculated with L = 150 fb−1 and the same calculation on
the right images was performed with L = 3000 fb−1. Since the cross section of
the model is luminosity independent, the red line on both columns is the same.
The effect of a higher luminosity value is an increased exclusion limit CL for a
given set of model parameters. That can be perceived as a shift downwards of the
expected 95% CL exclusion limit bands.
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Figure 6.10: Cross section versus mZ′ plots for mdH = 50 GeV (top), 70 GeV (middle)
and 90 GeV (bottom), with L = 150 fb−1 (left) and L = 3000 fb−1 (right). The red
solid line is the cross section of the simulated processes, the black dashed line
represents the expected cross section for 95% CL exclusion and the green and
yellow areas are the ±1σ and ±2σ, respectively.
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Figure 6.11: Cross section versus mdH plots for mχ = 200 GeV, mZ′ = 1000 GeV (top)
and mχ = 300 GeV, mZ′ = 1500 GeV (bottom), and gχ = 1.0, with L = 150 fb−1 (left)
and L = 3000 fb−1 (right). The red solid line is the cross section of the simulated
processes, the black dashed line represents the expected cross section for 95% CL
exclusion and the green and yellow areas are the ±1σ and ±2σ, respectively.

Notice that the mass point where the red solid line and the dashed black line
cross each other is in agreement with the previous 95% CL regions of images 6.8
and 6.9 for the same set of model parameters and luminosity.



Chapter 7

Discussion and Conclusions

Even though the SM can describe the dynamics of every elementary parti-
cle known to date along with three of its four fundamental interactions, some
phenomena are out of this scheme. One that has been bothering physicists and
cosmologists for almost 90 years is the missing matter in the universe also known
as dark matter. There are evidences that point to the direction of a new electrically
neutral particle, stable at cosmological time scales, and that interacts very little
with the standard model particles. If such a particle indeed exists, there is a chance
that it can be produced in particle accelerators, such as the LHC, and detected at a
particle detector, such as the CMS detector.

One DM particle model that tries to describe this new physics is the dark Higgs
model, which assumes that in the dark sector of matter there should be three new
particles, one of them being very similar to the SM Higgs boson, which gave the
name to the model. The interactions between its particles and SM states provide
the possibility of observing them at the LHC, where the CMS detector would
detect a signal of /ET being produced along with a large jet with substructure. In
this work, no data from the experiment was used, but, using MC simulations it
was possible to observe the model’s characteristics and make predictions about
the discovery of its particles.

The results of the last chapter were obtained with an extensive analysis of the
simulated data. An interesting point that should be highlighted is the usage of a
more restrictive requirement on the events selection that, not only provided the
same efficiency as less selection requirements with a more elaborated analysis
method such as the histograms shape comparison used in [57], but made the
analysis much simpler to perform.

Besides that, the simulated processes behavior with the variation of the model
parameters could be explicitly seen in the results. An important fact is the large
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exclusion region covered by the analysis of data concerning L = 150 fb−1, that is
the data available right now for analysis from the CMS collaboration, collected
in the last few years. With this data, mZ′ values up to 2470 GeV, 2800 GeV and
2950 GeV can be probed for mdH = 50 GeV, 70 GeV and 90 GeV, respectively. mχ

values extending to 490 GeV, 580 GeV and 600 GeV, for the same mdH values, may
also be probed. For mχ, mZ′ masses fixed at 200 GeV, 1000 GeV and 300 GeV, 1500
GeV, mdH values ranging from 13 GeV to 178 GeV, and from 20 GeV to 174 GeV,
respectively, may also be explored.

This particular result obtained using a different analysis method shows that a
search for this model applying the selection requirements and methods described
throughout this work using CMS data is indeed feasible, and it might be per-
formed in the near future.



Appendix A

Cross Section Tables

The cross section of every mono-dH process simulated in this work is written in
one of the six tables below. Each table contains a specific set of model parameters
choice as described in its respective caption. These cross sections correspond to
the simulation of 30000 events for each of the processes generated with all the
generation requirements described in chapter 5 using the interface MadGraph5 +
Pythia8 + Delphes.
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Table A.1: Cross section values of the simulated mχ = 100 GeV, mZ′ = 1100 GeV
mass points, for mdH varying.

mdH (GeV) σ (pb)

10 1.01e-2
20 3.03e-2
30 2.94e-2
40 2.84e-2
50 2.71e-2
60 2.60e-2
70 2.47e-2
80 2.38e-2
90 2.28e-2
100 2.18e-2
110 2.07e-2
120 1.88e-2
130 1.58e-2
140 1.13e-2
150 6.27e-3
160 1.74e-3
170 3.38e-4
180 2.21e-4
190 1.34e-4
200 9.98e-5
210 3.47e-6
220 1.35e-6
230 7.81e-7
240 5.30e-7
250 4.01e-7
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Table A.2: Cross section values of the simulated mdH = 50 GeV mass point, for mχ

and mZ′ (both in GeV) varying.
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Table A.3: Cross section values of the simulated mdH = 70 GeV mass point, for mχ

and mZ′ (both in GeV) varying.
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Table A.4: Cross section values of the simulated mdH = 90 GeV mass point, for mχ

and mZ′ (both in GeV) varying.
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Table A.5: Cross section values of the simulated mχ = 200 GeV, mZ′ = 1000 GeV
mass point, for gχ and mdH (in GeV) varying.
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Table A.6: Cross section values of the simulated mχ = 300 GeV, mZ′ = 1500 GeV
mass point, for gχ and mdH (in GeV) varying.
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