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Abstract

Probing Dark Matter with Higgs Bosons and Top Quarks

The Dark Matter (DM) mystery, or, also called, the missing matter problem, is probably the most
important astrophysical and cosmological problem to be solved in order to explain numerous phenomena
that our current best theories of gravity fail to describe. These observations, gathered for the last century,
imply the existence of extra matter in the Universe, to which we called dark matter, due to its non-interactive
nature with the Standard Model (SM) interactions like the Electromagnetic (EM) force, making it extremely
hard to detect. Although its existence is generally accepted, some astrophysicists argue for various modifi-
cations of the laws of general relativity, such as modified Newtonian dynamics, tensor-vector-scalar gravity,
entropic gravity and some others. These models attempt to account for all observations without invoking
supplemental matter. DM is thought to have had a strong influence on the structure and evolution of the
Universe and to be non-baryonic, meaning it may be composed of some particles yet to be discovered,
which constitutes another evidence supporting the incompleteness of the SM.

A phenomenological study is presented in this thesis in which a simplified DM model was used in
order to perform the reconstruction of the tf system in the presence of a scalar dark matter particle,
Yy. In order to do this, signal samples of pp — ttY, were generated at Leading Order (LO) using
MadGraph5_aMC@NLO at the Large Hadron Collider (LHC), considering a pure CP-odd scalar boson, with
a mass of my, = 0 GeV, and considering only the dileptonic final states of the top quark pair. An event
analysis is described and applied to signal samples and background SM events, which are reconstructed
using a kinematic fit, assuming all the contributions for the missing transverse energy belong only to
the undetected neutrinos. Furthermore, CP angular observables, that were explored in the studies of the
Higgs boson, were used to set Confidence Levels (CL) limits as a function of the CP nature of the top quark
couplings to the proposed scalar particle Y. Of these observables, the A¢+,- and by variables were used
to calculate exclusion limits for the CP-even and CP-odd components of the top quark DM couplings.

Keywords: Dark Matter, General Relativity, Standard Model



Resumo

O mistério da matéria escura é possivelmente o problema astrofisico e cosmologico mais significativo
a ser resolvido pela comunidade cientifica a fim de explicar varios fenomenos que as melhores teorias
da gravidade dos dias de hoje falham em descrever. As observacdes astronomicas realizadas no ultimo
século, implicam a existéncia de matéria extra no Universo, a qual chamamos matéria escura, devido a
sua natureza ndo interactuante com as interacées do Modelo Padrao, como é o caso da forca eletromag-
nética, tornando a sua detecdo particularmente dificil. Embora a sua existéncia seja geralmente aceite,
existem modelos alternativos que envolvem possiveis alteracdes nas leis da relatividade geral, tais como
a dinamica modificada de Newton, gravidade tensorial-vetorial-escalar, gravidade entrépica, entre outras.
Estes modelos tentam explicar todas as observacdes sem invocar matéria suplementar. Pensa-se que a
matéria escura tenha tido uma forte influéncia na estrutura e evolucao do Universo e de ser nao-baridnica,
ou seja, constituida por particulas que estao ainda por descobrir, dando assim mais uma indicacao de
que o Modelo Padrao esta de facto incompleto.

Nesta dissertacéo é apresentado um estudo fenomenologico no qual foi utilizado um modelo de ma-
téria escura simplificado que considera a producao de um sistema tf associado a uma particula escalar
de matéria escura, Y. Para este objetivo, amostras de sinal do tipo pp — ttY, foram geradas & ordem
mais baixa (LO) usando o gerador Monte Carlo MadGraph5_aMC@NLO no LHC (Large Hadron Collider),
considerando um boséo puramente CP-impar, com uma massa de my, = 0 GeV, e considerando apenas
estados finais dileptonicos. A analise descrita foi efetuada nestas amostras de sinal em conjunto com
eventos de fundo do Modelo Padrao e estes foram reconstruidos com recurso a um ajuste cinematico,
assumindo que toda a energia transversa em falta pertence aos neutrinos, provenientes dos decaimentos
do quark top e que nao sao detetados. Para além disto, observaveis angulares, que foram explorados an-
teriormente em estudos do bosao de Higgs, foram usados para definir limites nos niveis de confianca com
que se detetam estas particulas em funcdo da natureza CP dos acoplamentos do quark top a particula
proposta Yy. Destes observaveis, houve um particular foco na diferenca do angulo azimutal dos dois lep-
tOes presentes nos eventos (A¢+,-) e na variavel by para calcular limites de excluséo aos acoplamentos
do quark top ao mediador de matéria escura.

Palavras-chave: Matéria escura, Relatividade Geral, Modelo Padrao
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Introduction

The 20th century was the pinnacle time in which the development of modern physics took place.
Followed by Einstein’s General Relativity (GR) [2], we had another revolution in the physics world - quantum
mechanics (1920s). This completely new branch was the foundation for creating the technology we have
today. It was also the pillar that allowed us to describe interactions between the building blocks of matter
- particles. Interactions that, if put together in a single model of physics, can describe everything that is
around us. And that is what Quantum Field Theory (QFT) did in the years that followed. Following the
discovery of two new interactions - the strong nuclear force and the weak nuclear force - QFT allowed
us to build this model that contains three of the four interactions in Nature: the electromagnetic, strong
and weak nuclear forces (gravity remains to be included). This model was developed in the latter half of
the 20th century through the work of several authors worldwide [3], with the current formulation being
finalized in the mid-1970s after the experimental confirmation of the existence of quarks. This quantum
framework is called the SM of particle physics [4-6].

The SM is currently the best description we have of our understanding of particle physics where the
forces between particles are mediated by the exchange of additional particles, named the gauge bosons.
The model explains the mechanism through which elementary particles acquire mass, it successfully
predicted the weak neutral currents [7] (which led to the discovery of the W and Z bosons) and describes
a large number of particles that have already been discovered, the last one being the Higgs boson.

Although it provides a successful picture of all current experimental data, the SM is incomplete. There
are a lot of questions that remain unanswered. It can't explain why particles have the mass they have [8],
it doesn’t explain the observed matter-antimatter asymmetry of the Universe [9], it doesn’t contain a DM
candidate (which will be approached in this thesis), it considers neutrinos are massless, even though we
observed oscillations between flavours [10-12], thus proving they do have mass, and it doesn’t incorporate
the gravity interaction as described by the . Given the number and importance of the open questions,
extensions to the SM are of utmost importance to explore possible answers and tests to these questions.

As previously mentioned, the SM doesn’t provide a viable candidate for a DM particle. Although
various astrophysical and cosmological observations provide strong hints for the existence of DM, very
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little is known about its true nature. Constraints on models from various direct/indirect detection experi-
ments and from cosmology still allow for a wide range of DM masses and couplings to the SM particles.
Nonetheless, we can build extensions of the SM to include this kind of elementary particle. In order to
motivate this, many different models have been proposed. Recently, an alternative interpretation of the
signal GW190521, detected in the LIGO-Virgo Collaboration [13], has been proposed as being a merger
of two Proca Stars, which is a possible Exotic Compact Object (ECO) composed by new bosons. Confir-
mation of this Proca Star interpretation would provide the first evidence for a DM particle, in this case, a
new boson with mass (8.7x107 13+ 1x10713) eV [14]. The objective of this thesis is therefore to explore
extensions of the SM that will add a new boson - in our case, a spin-0 boson - of very small mass and will
be considered a DM mediator candidate. The approach will be to use a simplified DM model [15] and
generate events of the type pp — ttY), where Yp is the spin-O DM mediator the model proposes which
interacts weakly with the SM matter. We will consider the dileptonic decay of the top quarks as the final
state (tf — bbW*W~ — bbvit*¢™), where ¢ denotes either an electron or a muon. We will also focus
on the reconstruction of the tf system and as the final step we will compare the distributions obtained
with SM-like events.

The structure of this thesis is then the following: in Chapter 1 we will go through a brief revision
of the SM. The top quark is also discussed, some of its properties and its importance for experimental
observations in High Energy Physics (HEP). And lastly, we will talk about Dark Matter, what we think it
could be, how we know it exists and some models that have been proposed to try predicting the existence
of these particles and how they could interact with particles of the SM (including the model used in this
work). In Chapter 2, the experimental setup, in which the observation of these hypothetical particles can
take place, is described. We'll talk briefly about the LHC [16] and one of its main detectors, ATLAS [17].
However, since this work is based on fast simulated events, we used DELPHES [18] for simulating this
detector, which will also be described. The full description of the signal and background generation,
event selection and reconstruction of the t¢ system is given in Chapter 3. In our reconstruction, we
included truth-matching methods, which were used to match the corresponding reconstructed objects to
the generated particles. In Chapter 4, our results are presented, including the angular distributions and
the evaluation of the exclusion limits on the discrimination of the SM plus a new CP-odd particle (our DM
candidate) with respect to the SM only hypothesis. A summary is given in Chapter 5.



1.1. THE STANDARD MODEL OF PARTICLE PHYSICS

1.1 The Standard Model of Particle Physics

The Standard Model of Particle Physics, or just SM, is the theory that explains how particles interact
with each other through three of the four known fundamental forces (electromagnetic, weak and strong
interactions), gravity being excluded. We know matter is composed by atoms and atoms are composed
by protons, neutrons and electrons. However, when we look at higher energy scales, we can observe a
much richer structure. We see that protons and neutrons are bound states of elementary particles, called
quarks. Besides quarks, which experience the four fundamental interactions, we discovered another family
of elementary particles, called leptons. The leptons do not interact via the strong force and they can either
be charged, like the electron, or neutral (neutrinos). These two subsets of particles form a set within the
SM called fermions.

Fermions are particles that obey Fermi-Dirac statistics, having half-integer spin (so far we discovered
spin-1/2 particles) and obey the Pauli exclusion principle. In total there are six quarks and six leptons,
each having their own antiparticle, and they are organized in three generations. Each generation has a
quark pair and a lepton pair and each one is a copy of the other but with different masses (see Figure 1).
A mass hierarchy is observed within the generations, the third one containing heavier quarks and leptons
than the second generation, and the second containing heavier quarks and leptons than the first, and this
is something the SM cannot yet explain. The interactions between these elementary particles are mediated
by spin-1 particles, called gauge or vector bosons. In contrast to fermions, which are the constituents of
matter, these bosons act as force carriers. For example, the force carrier of the electromagnetic force, is
the photon (y), which is neutrally charged and massless, and it interacts with all charged particles. For
the strong force we have the gluons mediating the interaction, which are also massless and they carry
color charge and interact with all particles carrying color charge (quarks and gluons themselves). The
weak interaction is mediated by the Z (neutrally charged), W* and W~ (charge +|e|) bosons.

Finally, the Higgs boson is electrically neutral and has spin 0, making it the only fundamental scalar
particle in the SM discovered so far. This boson does not play the role of a force carrier. It has a special
role in the SM, since it provides the mechanism by which all other fundamental particles acquire mass
(Higgs mechanism).

1.2 Some theoretical considerations behind the SM

Formally, the SM is a mathematical construct based on a gauged quantum field theory, where the
dynamics and kinematics of the theory are dictated by a Lorentz invariant Lagrangian density (or just,
Lagrangian) which contains the internal symmetries of the unitary product group SU(3)¢c X SU(2); X
U(1)y. The SU(3)¢ group includes the symmetry of the strong interactions and it has eight gauge fields,
fo(a =1, ..., 8), one for each of the eight gluons that exists. The SU (2); group contains the symmetry
of the weak interactions and it has 3 gauge fields, W;(i =1,2,3), and the group U(1)y has one gauge
field usually denoted by B,. We can talk about the product of the last two groups, SU(2); x U(1)y,

3
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Standard Model of Elementary Particles

interactions / force carriers

three generations of matter
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Figure 1: Elementary particles of the Standard Model, with the three generations of quarks and leptons
(the mass hierarchy in the fermionic generations is visible) [19].

as one entity since we have been able to unify the electromagnetic interaction with the weak interaction
into what we call the electroweak interaction. It is through the spontaneous symmetry breaking of the
electroweak symmetry SU(2) x U(1)y, which is a result of the Higgs mechanism, that the physically
observed states, associated to the W/j and B, fields, are produced. The W1 and W? fields combine to
produce the W* bosons and the W? and B, fields mix to produce the Z boson and the photon. And so,
by describing all the particles and all these interactions between them, we can write the SM lagrangian
as

LSM = LGauge + -EFermion + LHiggs + -LYukawa (11)

The first term, Lauge, takes into account the kinematic and self interacting terms of the gauge fields

and we can write it as:

1 1. .. . 1
LGauge = _ZB,uvB'uv - ZLVVZVWWV - ZGzVGayV (12)
And for these spin-1 fields, this Lagrangian is written in terms of the field strength tensors
By, =9,B, - d,B, , (1.3)
W), = 9,W,) — W, + g€ Wy, Wi, (1.4)
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GZ(V = aﬂG3 - avGﬁ + gsfaﬁprﬁGvy s (1.5)

where g, and g,, are the coupling constants of each gauge field (the first equation doesn’t have a coupling
term, because photons don't interact with themselves) and €% and f“ﬁ?/ are the structure constants of
the particular gauge group and they are necessary to specify the form for the Lie algebra of the groups in
order to preserve the gauge invariance whenever the generators of the respective group do not commute.

The term Lrermion describes how fermions couple to the gauge fields (bosons). But to understand
this a bit more intuitively, we first need to talk about the chirality of a particle as well as the weak isospin,
weak hypercharge and color charge quantum numbers.

Chirality is a Lorentz invariant and is an intrinsic property of a particle, like mass, charge or spin. By
definition we say that fermions can be left-chiral or right-chiral and we can write the wavefunction for a
fermion as the sum of these two states

VY=Y+¥; , (16)

where each of these states is obtained by projection operators acting on a spinor. These projection
operators are defined as

T+y° 1-y°
Pp = P = , 1.7
R 5 L 5 (1.7)
where y° is the matrix defined by the product of the Dirac matrices
v =iy (1.8)

having eigenvalues +1. Fermions are called right-handed (R) if they have chirality +1, and left-handed (L)
if they have chirality -1. The concept of chirality is important for the SM because it was discovered, unlike
the strong and electromagnetic interactions, that the weak interaction is not chiral symmetric.

The interaction between the fermions and the gauge bosons in obtained using the SU(2) x U(1)
gauge group as will be described below. The gauge group U(1) has only one generator - the hypercharge
- with a coupling constant g’. The SU(2) gauge has three generators given by the weak isospin operator
T = 0;/2, with o; being the Pauli matrices

Gl:(o 1)’ 02:(0 —i)’ 03:(1 0) | L9)
10 i 0 0 -1

with a coupling constant g,,. The weak isospin and weak hypercharge quantum numbers are related to
the electric charge by the Gell-Mann-Nishijima formula

Y
0=Ty+ (1.10)

where T3 is the third component of the weak isospin quantum number. It is also noteworthy that for
left-handed particles we have T3 = +1/2, and for right-handed particles we have T; = 0. We can then
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CHAPTER 1. INTRODUCTION

group left-handed fermions into SU(2) doublets that behave the same way under the weak interaction

i Y I
dL SL bL Ver, V,uL Hrp

where uz, ¢z and t; are the up-type quarks, with Ty = 1/2, d;, s and by, are the down-type quarks, with

T3 = —1/2, e, pr and 7z, are the electrons, muons and taus, respectively with T3 = —1/2 and v, v,
and v,, are the neutrinos, with T3 = 1/2. Right-handed particles are singlets of SU(2) (T3 = 0).

The interaction between the fermions and the gluons is described by QCD, which is a non-abelian
gauge theory with the gauge group SU (3) [20]. It describes the interactions between coloured particles,
where colour is a quantum number. Only quarks (and anti-quarks) have colour charge, thus being the
only ones that interact with the gluon fields Gﬁ. The SU(3) group has eight generators that represent
each of the eight gluons and are written as

A
ty = 7 , (1.12)
where A, (a = 1,2,...,8) are the Gell-Mann matrices
010 0 -1 0 1 0 0 0 0 1
Ar=]1 0 0|, Ay=|i 0 0], A3=]0 1 0|, Az=|0 0 Of, (1.13)
0 00 0 0 O 0 0O 1 00
0 0 —i 0 0 O 0 0 O . 1 0 O
As=10 0 0, A=|0 0 1], A;=]10 0 —i|], Ag=—|0 1 O
. . V3
i 0 0 010 0 i1 O 0 0 -2
With all of this in mind, we can now write the second term of the SM lagrangian as
S~ Y. g g
LFermion = Z iQL,-Y'u (a,u - ig/EB,u - i%UiW;j - iEsAaGZ) QLi (114)

T~ I /Y
QY aﬂ_gEBu__
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where the indexes i and j refer to the generations of families of the quarks and leptons, respectively, and

the following sets were defined:

Qr = {(ur,dr), (cr,s1), (t1,br)},  Or = {ug, dgr, Cr, Sr. tr, br} (1.15)
Ly = {(er, vep) }, (ur, vy ), (1, ve)) . Ir = {er, pir, TR}
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and D, is the covariant derivative defined as:

gw
2

.9s

/Y . i
Dp = aﬂ — lg EB” —1 O','Wpl - IEAQGZ{ (116)

The first term in equation 1.14 corresponds to the interaction of the left-handed quarks (and anti-quarks)
to the gauge fields; the second term corresponds to the interaction of the right-handed quarks to the
electromagnetic and strong forces; the third term describes the interactions of left-handed leptons to the
electromagnetic and weak forces; and the last term corresponds to the right-handed leptons and their
interaction with the electromagnetic fields.

Very briefly, Lyiqqs describes how the force carrying particles interact with the Higgs field and repre-
sents how the weak force carrying particles acquire their mass. It can be written as

Litiggs = (Dug)'DF§ + P99 — A(pT9)* (1.17)

where ¢ is the Higgs field and A > 0 and p? < 0, so that the mechanism of spontaneous symmetry
breaking can be used. The last two terms are usually written as V' (¢), which is called the Higgs potential
and it describes how the Higgs boson interacts with itself.

And finally, Lyykawa is the lagrangian that gives the mass to all fermions. It can be written as

Lyukawa = —(K1 P19 PR + K ¥rp¥p + b)) (1.18)

where gz§ = iT,¢*. The couplings K; and K; are chosen, such that, after electroweak symmetry breaking,
this will give a mass term to all the fermions.

We have just scratched the surface of the theoretical framework behind the SM. It has proven to
be one of the most successful theories to date, if not the most successful. However, like it was said
previously, it is still incomplete. We keep trying to add extensions to this theory to address some of the
major problems and mysteries we encounter. We say these models explore physics Beyond the Standard
Model (BSM). These and others require a higher energy scale to discover new particles, new symmetries,
new dimensions and perhaps something more.
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1.3 Top Quark

Predicted in 1977 by Makoto Kobayashi and Toshihide Maskawa to explain the observed CP viola-
tions in kaon decay [21], the top quark was discovered in 1995 by the CDF and D@ experiments at
Fermilab [22, 23] with a reported mass of m; = 176 + 8 (stat.) = 10 (sys.) GeV/c? and, as it was
predicted by the SM, its charge is +2/3|e|. It's the heaviest elementary particle (with Yukawa cou-
pling being almost equal to 1), it was the last discovered quark and, together with the bottom quark,
completes the third generation of fermions. As of 2022, the latest Tevatron average gives a value of

=174.30 + 0.35 (stat.) + 0.54 (sys.) GeV/c? [24] and with new statistical and experimental methods,
the CMS collaboration reported their most precise measurement from the data sample collected on 2016,
m; = 171.77 + 0.04 (stat.) + 0.38 (sys.) GeV/c? [25]. The ATLAS collaboration also reported this year
a new result for the top quark mass, m; = 174.41 + 0.39 (stat.) + 0.66 (sys.) GeV/c? [26], using the
datasets obtained in 2015 and 2016. Figure 2 shows top quark pair production cross section as a function
of the center-of-mass energy from Tevatron and LHC.
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Figure 2: Summary of LHC and Tevatron measurements of the top-pair production cross-section as a func-
tion of the centre-of-mass energy compared to the NNLO QCD calculation complemented with NNLL re-
summation (top++2.0). The measurements and the theory calculation are quoted at m; = 172.5 GeV [27].

It's of paramount importance to get precise knowledge of the properties of this particle since the top-
quark’s mass is a free parameter of the SM and it significantly affects the quantum corrections to both the
Higgs boson and W boson masses, thus providing a relationship that can be used for precision tests and
consistency of the SM. Moreover, a precise measurement of the top-quark’s mass is required to predict
the evolution of the Higgs quartic coupling at high scales and predicting with more certainty the stability
of our Universe.

The decay width of the top quark has been measured by the various experiments mentioned just
above being in the interval 1.36 GeV < I} < 2.00 GeV. With these decay widths, we can estimate the
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mean lifetime of the top quark, through the Heisenberg's uncertainty principle, being in the range of
approximately 3.29 X102 s < 7, < 4.84x1072> s, which is about a twentieth of the timescale for strong
interactions and, therefore, it decays to other particles instead of forming hadrons, contrary to the other
quarks. This gives an opportunity to study the behaviour of a "bare” quark, which transfers its quantum
numbers such as spin information directly to the final state decay products. This, consequently, enables
the measurement of the top quark’s polarization. Even though top-antitop pairs are unpolarized when
produced in particle colliders, their spins are very strongly correlated [28] and have been explored as a
probe of new physics through the measurement of angular distributions.

The main decay channel is through the weak interaction producing a W boson and a bottom quark
(t - W*b and f — W~b) with a probability very close to unity. Since the W boson has multiple
channels to which it can decay, we can classify the top quark decay based on these channels: it is called
leptonic decay if the W decays into a lepton and a neutrino, with a probability of approximately 33.2%, and
hadronic if the W decays to a quark and anti-quark pair, being more likely to happen with a probability of
66.5% [24].



CHAPTER 1. INTRODUCTION

1.4 Dark Matter

Known as one of the biggest unsolved mysteries in Particle Physics, Astrophysics and Cosmology, DM
is a hypothetical form of matter thought to account for approximately 85% of the matter in the Universe.
In this section, most of all the evidence for the existence of DM is given and how the scientific community,
throughout a century of studies and experimental observations, implied the existence of this unknown
matter that does not interact with the EM field, making it extremely difficult to detect. Among these
observations are the effects of gravitational lensing, the velocity curves of galaxies and mass location
during galaxy clusters collisions.

Various hypothesis to solve this major problem are also exposed in this section, including modified
theories of gravity and the existence of new particles. Experimental methods to try to detect such particles
are also briefly described. A description of simplified models is also given, including the one used in this
work, and how we use them to restrict some of the free parameters of interest.

1.4.1 Historical background

The first person to ever conceive the idea of DM was Lord Kelvin in 1884 when he was trying to
measure the velocity of the stars in the Milky Way galaxy and he was doing this to check if the stars were
in a stable system. In other words, he wanted to see if the kinetic energy of the stars was equal to the
gravitational energy they had. And so, with the measurements of the observed velocity dispersion, which
is proportional to the mass of the system, of the stars orbiting around the galaxy, he estimated the mass
of the galaxy to be larger than the mass of the visible stars. Therefore he concluded that, out of the many
stars in the galaxy, the majority of them should be "dark bodies” [29]. However, this idea wasn't well
accepted by Henry Poincaré, who was the first to call this mysterious substance "Dark Matter” [30], since
the number Kelvin obtained was comparable to that which the telescopes gave.

However, in the 1930s, things started to get more interesting. In 1930, Knut Lundmark compared the
mass we calculate to be in a galaxy and the mass suggested by the light received - the mass to light ratio
(M/L) - and he measured this for five new galaxies that were discovered back then. For this sample, this
ratio was between 6 and 100, thus pointing to the conclusion that indeed something else exists [31]. In
1933 Fritz Zwicky measured the velocity dispersion, only this time for the Coma galaxy cluster and obtained
a M/L of about 400 [32, 33]. Besides this, he also estimated that those 800 galaxies had a velocity of
1000 km/s, instead of the predicted 80 km/s. These values were proven to be off by a factor of 8, due to
the fact that we didn’t know how quickly the Universe was expanding, however he correctly concluded the
bulk of the matter was indeed "dark”. In 1939, the astronomer Horace Babcock published his PhD thesis
in which he measured the rotation curve of the Andromeda galaxy (M31) [34], meaning that he measured
how fast stars were rotating around the center of the galaxy at increasing radius. Since we see more stars
in the center of galaxies, it was expected this rotation velocity would decrease with distance, like the case
of our Solar System where the outer planets have slower velocities. However Babcock found the exact
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opposite result, suggesting there is more mass in the outskirts of the galaxy than in the center. Figure 3
shows the results obtained by observations of the rotation curves of the galaxies M31, by Babcock, and
the M81 and M101 galaxies later researched (1970s) by Morton Roberts and Arnold Rots, showing that
velocity does not decrease with distance.
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Figure 3: The rotation curves for the galaxies M31 (Andromeda galaxy), M81 (Bode's galaxy) and M101
(Pinwheel galaxy) (solid lines) obtained by Roberts and Rots in 1973. The dashed curve, obtained from
Babcock is represented for comparison [35].

As cosmology matured as a science with the discovery of the Cosmic Background Microwave (CMB) [36],
in 1965, and the acknowledgment that the Universe had a beginning, scientists began to wonder what
would the end of the Universe would be. So, they realized it depended on the balance between gravity
pulling all the matter in the Universe together and the expansion (also already acknowledged) pushing
matter outwards, making critical the measurement of how much matter there is in the Universe, in order
to understand if we are going to have a collapsing Universe ("Big Crunch”), an expanding one or if we are
going to have an equilibrium state. It was from this point this "missing matter problem” stopped being
just a curiosity and started being treated as a major unsolved problem in cosmology and astronomy until
today.

Through the majority of the 1960s, most scientists thought this missing matter was gas that was in
between the galaxies (within the clusters) and we couldn't see it. Although by the end of the decade we
actually managed to detect this hot gas, but it could only account for 10% (in some cases only 2%) for the
gravitational mass of the respective cluster.

In the 1970s and 1980s, research and observations related to DM started to become more common.
More rotation curves were being plotted for different galaxies and clusters and all revealed the same
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Figure 4: Galaxy cluster RCS2 032727-132623. This picture shows a distant galaxy 10 billion light-years
away as it appears through the gravitational lens around the galaxy cluster RCS2 032727-132623 about
5 billion light-years away.

behaviour: the velocity on the outskirts was flat, instead of decreasing. Therefore, it was concluded that
the observed visible mass of a galaxy did not have enough gravity to hold these fast-moving stars together,
reporting thus the existence of a dark "halo” surrounding each galaxy. Later, in 1979, the astronomers
Dennis Walsh, Bob Carswell and Ray Weymann observed the first "twin quasars” [37], but they noticed
they were separated only by 0.0016°, their brightness was roughly the same, their spectra had the almost
the same exact shape and their redshift was also approximately equal. Suspiciously, they concluded they
were observing the same object but with two images. And this was the first gravitational lensing [38-40]
effect ever observed, which was a consequence of GR of Einstein: massive objects lying between a source
(e. g., aquasar) and an observer should act as a lens to bend the spacetime and, consequently, light from
this source. The more massive the object, the stronger will be the lensing effect. After this, many more
lensing effects were observed, even for entire clusters of galaxies, as the ones observed in Figure 4, and
therefore we could calculate more accurately the mass of such systems and these calculations suggested
there was 10 times more matter than we could actually see.

Around this time there was a consensus among the cosmologists that DM might be composed by sub-
atomic particles [41, 42] and this is where particle physics comes in. Besides this stream of observations
of gravitational lensing, anisotropies were detected in the CMB possibly due to the gravitational potential
of DM and its effects on the density and velocity of ordinary matter. These results were first observed in
1992 by COBE [43, 44] (or Explorer 66) and were later, in 2013 (Planck spacecraft), observed with more
precision.

In view of the experimental observations, modified theories of gravity like Modified Newtonian Dy-
namics (MOND) [45] (Modified Newtonian Dynamics), are still being explored today. The DM hypothesis
remains still a strong theoretical approach to describe this missing matter problem. Collaborations, such
as the MAssive Compact Halo Objects (MACHOs) [46] and the EROS collaborations [47] also tried to find
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very massive objects to try to account for this factor of 10, previously mentioned, in these interstellar
systems, such as neutron stars, black holes and others. Although they detected some signals between
1993 and 2000, these objects weren't still numerous enough to account for all the mass needed and the
collaborations put an upper limit in the range of 8% and 50% to what the amount of missing matter should
be DM.

We reached the 2000s knowing DM is not made of gas and/or MACHOs (black holes, neutron stars...)
either. And finally, in 2004 we got the first direct evidence of the existence of DM with the discovery of
the galaxy cluster 1E 0657-56, also known as the "Bullet Cluster”, by Douglas Clowe, Anthony Gonzalez
and Maxim Markevich [48] (Figure 5). This cluster was formed after the collision of two large clusters of

galaxies moving with great speeds and it is located about 3.8 billion light years from Earth.

Figure 5: Bullet cluster. We have an X-ray image (pink) superimposed over a visible light image (galaxies),
with matter distribution calculated from gravitational lensing (blue).

Hot gas detected by the Chandra Observatory in X-rays is seen as two pink clumps in the image and
contains most of the baryonic matter in the two clusters. The bullet-shaped clump on the right is the hot
gas from one cluster, which passed through the hot gas from the other larger cluster during the collision.
The blue areas in the image show where astronomers find most of the mass concentration in the clusters,
which is determined through the effect of gravitational lensing. Most of the matter in the clusters (blue) is
clearly separate from the normal matter (pink), giving direct evidence that nearly all of the matter in the
clusters is dark. The hot gas in each cluster was slowed by a drag force during the collision. In contrast,
the DM was not slowed by the impact because it does not interact directly with itself or the gas except
through gravity. Therefore, during the collision, the DM clumps from the two clusters moved ahead of the
hot gas, producing the separation of the dark and normal matter seen in the image. If hot gas was the
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most massive component in the clusters, as proposed by alternative theories of gravity, such an effect

would not be seen. Instead this result shows that DM is required.

1.4.2 Some hypothesis for what DM could be

In modern astrophysics, cosmology and particle physics there have been numerous hypothesis to
describe the interactions between DM and the particles of the SM and try to find a viable candidate for a
DM particle. We know that DM doesn’t emit light, doesn’t absorb it and that's why it's extremely difficult
for us to see it, but we know it interacts with particles through gravity (e.g., gravitational lensing). Some
of these hypothesis are listed below:

* Modified gravity theories - because DM has not yet been observed and the observations men-
tioned in the previous section point out that something is missing, these modifications to gravity
theories have emerged to explain these observational phenomena without introducing a new un-
known type of matter. In principle, a suitable modification to GR can eliminate the need for DM.
Among these theories are MOND [45] and its relativistic generalization Tensor-Vector-Scalar Gravity
(TeVeS) [49], f(R) gravity [50], entropic gravity [51], just to name a few. The problem with these
alternative hypothesis is that observational evidence for DM comes from so many independent ap-
proaches (galaxy rotation curves, velocity dispersions, gravitational lensing, CMB anisotropies, and
others that weren't mentioned). Explaining any individual observation is possible but explaining
all of them in the absence of DM is very difficult. Nonetheless, there have been some scattered
successes [52, 53] for these theories. However the prevailing opinion among most astrophysicists
is that there is probably enough data to conclude there must be some form of DM present in the

Universe.

* New particles - since we believe that DM may be composed by a (new) subatomic particle, we
theorized about many different ones that might exist, due to the different kinds of states of DM we
hypothesized.

— Axion - is a scalar (spin-0) hypothetical elementary particle, neutrally charged postulated by
the Peccei-Quinn theory in 1977 to resolve the strong CP problem in QCD and it interacts
weakly with light and other types of matter. Axion's mass is predicted to be within a narrow
specific range - 107> to 1073 eV/c? [54] - and they are of interest as a possible component
of Cold Dark Matter (CDM) being perhaps the strongest candidate as a DM particle.

— Weakly Interacting Massive Particles (WIMPS) - are hypothetical particles with no
formal definition, but broadly, a WIMP is a new elementary particle which interacts via gravity
and any other force (or forces). Many WIMP candidates are expected to have been produced
thermally in the early Universe [55] and constitute also CDM. Despite the absence of a
more detailed physical description, an extension of the Supersymmetry (SUSY) model, called
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Minimal Supersymmetric Standard Model (MSSM), predicts the existence of a particle called
"neutralino” [56] (spin-1/2) which is today a candidate for a WIMP DM particle. Neutralinos
don’t have a very well defined mass, theories predicting them to be above 300 GeV and a
lightest neutralino is the leading WIMP DM candidate. WIMP particles are also predicted by
universal extra dimension and little Higgs theories and many other extensions of the SM;

— Other (more exotic) particles - to solve the cuspy halo problem [57] - discrepancy be-
tween the inferred DM density profiles of low-mass galaxies and the density profiles predicted
by cosmological N-body simulations - a state of CDM called "fuzzy cold dark matter” [58] was
proposed that would consist of extremely light scalar particles with masses of ~ 10722 eV.

* Primordial Black Holes (PBHs) - they belong to the class of MACHOs discussed previously and
are hypothetical black holes that formed soon after the Big Bang. PBHs are non-baryonic and, as
such, are plausible DM candidates [59].

If DM is made up of subatomic particles, then possibly billions of such particles must pass through
every square centimeter of the Earth each second. Many experiments aim to test this hypothesis and
we can divide them into two classes: (1) the direct detection experiments that aim to observe low-energy
recoils (few keV) of nuclei induced by interactions with particles of DM (which we assumed are passing
through the Earth) and after such a recoil the nucleus will emit energy in the form of scintillation light or
phonons, as they pass through sensitive detection apparatus; (2) and the indirect detection experiments
which search for the products of the self-interaction or decay of the DM particles in outer space (e.g. two
DM particles could annihilate to produce gamma rays or SM particle-antiparticle pairs).

An alternative approach to the detection of DM particles in nature is to produce them in a laboratory.
Experiments with the LHC may be able to detect DM particles produced in proton-proton collisions. Since
a DM particle should have negligible interactions with visible matter, it may be detected indirectly as large
amounts of missing energy and momentum that escapes the detectors.

1.4.3 Simplified models and our approach

Simplified models [60-62] use an effective lagrangian describing the interactions of a small set of
particles relevant for a specific process. Consequently, they have a smaller number of free parameters.
Deviations from the phenomenology of these models can be taken as evidence for a larger set of particles
playing a role in new physics, making way for building more accurate models. Moreover, parameters,
such as masses and cross-sections, are directly related to collider physics observables, making the sim-
plified model approach an effective framework for evaluating searches and a useful starting point for
characterizing positive signals of new physics.

In this work we made use of a simplified model [15] that assumes DM is described by a single WIMP,
Xp, which is a Dirac fermion and interacts with the SM through the exchange of a mediator (a new field),
¢, in the scalar case, and A in the pseudo-scalar case. To simplify the notation, we will use YO+ for the
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scalar boson and Y~ for the pseudo-scalar boson. Also, this model assumes this mediator is not part of
the SM. The interaction lagrangians between the mediator and the DM particle and the SM particles are

given, respectively, by:

L =Xp(gx, + gy, vs)XpYo (1.19)
Yo 'yldfs . p 5 -ylyjs . P 5
Loy = Z]: di@(gdij +igg, ¥ )dj + ui@(guﬁ +ig,,V)uj| Yo (1.20)
where gi,/ju,-,-,d,-,- are the scalar/pseudo-scalar couplings of DM (Xp) and quarks (u;;, d;;). As we can see,

this proposed model can be simplified to have very few free parameters, depending on the couplings to
the SM and to the DM mediator and the masses mx,, and my,. As we will see later, our main focus was
on the search for this mediator (spin-O boson) with mass equal to zero given the motivation mentioned

previously. Therefore, in practice, we have considered Y, to be a DM particle.
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2

Experimental Setup

In this chapter, an overview of the LHC is given as well as a description of one of its main experiments,
ATLAS, the largest general-purpose particle detector at the LHC. It has been a challenge, since Run 1,
the production of DM particles in the laboratory, which may profit from new upgrades that are constantly
being made to the detector and the LHC. With Run 3 currently going on, we hope to see already some
new experimental hints of DM, as we managed to increase the center of mass energy and the luminosity
of the collider allowing us to generate more events and, possibly, detect these new particles. The work
discussed in this thesis required the simulation of a generic detector, which, in our case, was performed
by DELPHES, described at the end of this chapter.

2.1 Large Hadron Collider (LHC)

The LHC is the largest and highest-energy particle accelerator in the world and is located at CERN, in
Geneva, Switzerland. The CERN accelerator complex is represented Figure 6. It was built between 1984
and 1989 and if first started on the 10th September 2008. It consists of a 27 km ring of superconducting
magnets in an underground environment at about 100 m deep, with a number of accelerating structures
to boost the energy of the particles along the way.

Inside the accelerator, two high-energy beams travel in opposite directions, which are guided by a
strong magnetic field maintained by superconducting electromagnets, in separate beam pipes. These
beam pipes are kept at an ultra-high vacuum to ensure the beam quality, and operate at a temperature
of 1.9 K to enable the superconductivity properties in the magnets. We achieve these temperatures by
connecting the accelerator to a distribution system of liquid helium.

As the beams approach the detectors along the ring, they are radially confined and crossed to induce
particle collisions in well-defined interaction points. Particles in the LHC beams are packed in bunches
along the beam direction. The LHC was designed to collide proton beams with a center-of-mass energy /s
of up to 14 TeV with a projected nominal instantaneous luminosity of 1034 cm=2 s™!. It also collides heavy
(Pb) ions with an energy of 2.8 TeV per nucleon with a peak luminosity of 1027 cm=2 s~1. As of today,
we are currently on Run 3, where we reached a center-of-mass energy for proton collisions of 13.6 TeV.
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In Figure 7 is represented a schematic plan of the different upgrade stages of LHC, later becoming a
HL-LHC.

The CERN accelerator complex
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Figure 6: CERN accelerator complex.

The high luminosity delivered by the LHC also gives rise to a challenge for the experiments, since
that, after the inelastic pp collisions per bunch crossing (expected 24), we have an overlay of secondary

collisions events that is known by pile-up.

So far the LHC has been gone through two long shutdown periods, being currently in the early stages
of its third run, expected to last until 2025 before its third long shutdown period. This will most likely be its
final shutdown before it can operate with the highest center-of-mass energy the accelerator was designed
(Run 4) - 7 TeV of energy per proton beam and colliding at a center-of-mass of 14 TeV - which is scheduled
to start in 2029.
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Figure 7: Timeline of the LHC and future plans to become a HL-LHC. The long shutdown periods (upgrades)
are shown, as well as the schedules for the past Runs and for the Runs to come.

2.2 ATLAS detector

ATLAS was designed and built for probing pp and lead ion collisions (PbPb), being able to perform a
wide range of precise measurements and having sensitivity to new physics processes. New phenomena
are still expected to occur at the TeV scale, thus defining the requirements for the detector features.

The search for the SM Higgs boson has been used as a benchmark to establish the performance of
important sub-systems of ATLAS. For example, the decay of the Higgs boson into a photon pair requires
good electromagnetic calorimetry. On the other hand, the predomninant decay mode H — bb, which
is expected to have a large QCD background, requires good b-tagging effiency, only attained with fine
vertex reconstruction. And in the case of final states with W bosons decaying leptonically, the presence
of neutrinos adds the requirement of a good reconstruction of missing transverse energy. Other physics
goals that served as a starting point to determine the design of the ATLAS detector were the search for new
heavy gauge bosons W’ and Z’, supersymmetric particles and experimental signatures of the existence of
extra dimensions. Moreover, since we have large amounts of pile-up at the LHC, we require mechanisms
for resolving the different interaction vertices in a single bunch crossing, thus relying on high precision
tracking.

ATLAS uses a right-handed reference system in which the origin of this coordinate system is defined
by the nominal IP in the center of the detector while the beam direction defines the z-axis and the x — y
plane is transverse to the beam direction. The positive x-axis is defined as pointing from the IP to the
centre of the LHC ring and the positive y-axis is defined as pointing upwards. Polar coordinates (r, ¢) are
used in the transverse plane, ¢ being the azimuthal angle around the beam pipe. The polar angle 0 is
the angle from the beam axis and the pseudorapidity is defined as n = —In(tan(6/2)). The distance
AR in the pseudorapidity-azimuthal angle space is defined as AR = \/m
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The ATLAS detector is forward-backward symmetric with respect to the interaction point and it consists
of multiple cylindrical layers. ATLAS is 25 m tall and 44 m long, with a mass of approximately 7000 tonnes.
Its innermost sub-system is the Inner Detector (ID), that is immersed in a 2 T solenoidal magnetic field
and it reconstructs the tracks of charged particles. Outside the ID, there is the electromagnetic (EM)
calorimeter, which is a lead and LAr detector with accordion-shaped layers where photons and electrons
are contained. Next, there are the hadronic calorimeters, which are composed of scintilating tiles in
the central region (|| < 1.7) and are LAr-based in the forward region (|n| > 1.5), where hadrons are
contained and deposit their energy. Finally, the muon-tracking chambers, which make up the outermost
layers of ATLAS, are immersed in a magnetic field created by toroid magnets. The overall ATLAS detector
layout is shown in Figure 8.
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Figure 8: Cutaway view of the ATLAS detector. The subdetectors and main systems are identified, and
two people are visible on the image for scale.
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2.2.1 Inner detector (ID)

The ID is a tracking system designed to provide excellent momentum resolution and precise recon-
struction of interaction vertices for charged particles. The momentum measurement relies on the curva-
ture of the particle trajectories, which are bent by a magnetic field peaking at 2 T and pointing along the
z-axis, which is provided by a solenoid magnet placed immediately outside the ID. Since approximately
1000 particles will emerge from the IP every 25 ns, creating a very large track density in the detector,
the ID is also equipped with three independent but complementary sub-detectors to achieve such high
momentum and vertex resolution required by the benchmark physics processes: the pixel detector, the
Semiconductor Tracker (SCT) and the Transition Radiation Tracker (TRT), each with structures covering
the barrel region and the end-cap regions.

The pixel detector along the barrel region is arranged on concentric cylinders around the beam axis,
while in the end-cap regions they are located on disks perpendicular to the beam axis and it has approxi-
mately 80.4 million readout channels. The SCT is composed of silicon strips disposed in four concentric
cylinders in the barrel region around the beam axis, and the two end-caps contain nine disk layers and
the number of readout channels is approximately 6.3 million. The TRT consists of 4 mm diameter straw
tube detectors with a gold-plated wire running inside. In the barrel region, the straws are parallel to the
beam axis and are 144 cm long, and in the end-cap region, 37 cm long straws are arranged radially in
wheels. The total number of TRT readout channels is approximately 351000. The electron identification
capabilities are enhanced by the detection of transition-radiation photons in the xenon-based gas mixture
of the straw tubes. Figure 9, below, shows a cutaway view of the ID.
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Figure 9: Cutaway view of the inner detector with all of its components labeled.
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2.2.2 Electromagnetic (EM) calorimeter

The EM calorimeter is the detector layer where most photons and electrons are contained, and in which
EM-interacting particles leave energy deposits. This calorimeter is divided into a barrel part (|n| < 1.475)
and two end-cap components (1.375 < |p| < 3.2). The central solenoid and the LAr calorimeter share
a common vacuum vessel, in the barrel region, which consists of two identical half-barrels separated by
a small gap of 4 mm at z = 0, and this vessel is what keeps the low temperature for the LAr. In the
end-caps, the EM calorimeter is made up from two coaxial wheels: an outer wheel covering the region
1.375 < |n| < 2.5, and an inner wheel covering the region 2.5 < || < 3.2. This calorimeter is
composed of accordion-shaped layers of lead absorber plates, LAr and kapton electrodes, as one can see
in Figure 10. The accordion geometry provides complete ¢ symmetry without azimuthal cracks. The high-
density lead plates act as absorber elements and are used as inducement for particle showers, ensuring
the energy dissipation of particles like electrons and photons. Since they give a large effective depth to
the calorimeter, they prevent these particles from piercing through into the outer layers of the detector.
As particles in the shower cross the LAr layers - the active element - the argon gets ionized, creating, this
way, a current in the electrodes which is detected and recorded. Only a fraction of the energy of these
particles in the showers is deposited in this way. From this sample of deposited energy, one can estimate
the total energy and its spatial distribution.

Figure 10: Photograph of a partially stacked barrel electromagnetic LAr module, where is visible the
accordion geometry.
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2.2.3 Hadronic Calorimeter

The hadronic calorimeter is a sub-detector where hadrons that were not contained by the EM calorime-
ter are ultimately contained and deposit their energy, which is then measured through sampling. This
calorimeter is composed by the Tile Calorimeter (TileCal), which is placed directly outside the EM calorime-
ter envelope that covers the barrel region, and by two end-cap calorimeters: the LAr hadronic end-cap
calorimeter, that consists of two independent wheels per end-cap; and the LAr forward calorimeter, a high
density cylinder which provides both EM and hadronic calorimetry in a region of larger |p|. Individually,
the TileCal is divided in a central barrel, which covers the region || < 1.0, and two extended barrels
covering the range 0.8 < |p| < 1.7. These three barrels are divided azimuthally into 64 modules, and
range radially from an inner radius of 2.28 m to an outer radius of 4.25 m. It's a sampling calorimeter
using steel as the absorber and plastic scintillating tiles as the active material. These tiles emit light as
they are crossed by ionising particles. This emitted light is then collected by optical wavelength-shifting
fibers at the edges of each tile into two seperate photomultiplier tubes (PMT) that generate the readout
signal. The previously mentioned wheels per end-cap present in the LAr hadronic end-cap calorimeter
are located directly behind the end-cap EM calorimeter and they cover the region with 1.5 < |5| < 3.2.
Each wheel is built from 32 azimuthal modules and are composed of 25 mm copper plates, which are
closest to the IP, 50 mm for plates further away. The copper plates are interleaved with 8.5 mm LAr
gaps, providing the active medium for this sampling calorimeter. The LAr Forward Calorimeter (FCal) is a
cylindrical structure integrated in each of the end-cap wheels of the LAr hadronic calorimeter. It consists
of three modules in each end-cap: the first, made of copper, is optimised for EM measurements, while
the other two, made of tungsten, measure the energy of hadronic interactions. Each of these modules
consists of a metal matrix, with regularly spaced longitudinal channels filled with the electrode structure
consisting of concentric rods and tubes parallel to the beam axis. The LAr in the gap between the rod and
the tube is the sensitive medium.

2.2.4 Muon spectrometer

The ATLAS muon system serves the purpose of tracking and measuring the momentum of muons.
Since these interact weakly with matter, they are not contained by the calorimeters. It is based on a
complex arrangement of superconducting air-core toroid magnets which deflect the muon trajectories,
high-precision tracking chambers and a dedicated muon trigger system. Figure 11 shows the layout of
the muon spectrometer. Over the range || < 1.4, magnetic bending is provided by the large barrel
toroid. For 1.6 < |p| < 2.7, muon tracks are bent by two smaller end-cap magnets inserted into both
ends of the barrel toroid. Over 1.4 < |p| < 1.6, usually referred to as the transition region, magnetic
deflection is provided by a combination of barrel and end-cap fields. Each of the toroids consists of eight
superconducting coils assembled radially and symmetrically around the beam axis, which operate at a
temperature of 4.6 K.
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Figure 11: Cutaway view of the ATLAS muon system with its main components labeled.

The end-cap toroid coil system is rotated 22.5° with respect to the barrel toroid coil system in order
to provide radial overlap and to optimise the bending power at the interface between the two coil systems
(the transition region). The field produced in the central region is approximately 0.5 T on average and
3.9 T at its peak. In the end-caps, the field is approximately 1 T on average and 4.1 T at its peak.

The precision momentum measurement is performed by Monitored Drift Tube (MDT) chambers, cov-
ering the range |n| < 2.7. These chambers are composed of layers of drift tubes with an operation similar
to the TRT in the ID, achieving an average resolution of about 35 um per chamber. The ones in the barrel
region are placed in three coaxial cylindrical layers around the beam axis. In the two end-cap regions,
muon chambers form large wheels, perpendicular to the z-axis and located at distances up to 21.5 m
from the IP. In the forward region (2.0 < |p| < 2.7), instead of MDTs, Cathode Strip Chambers (CSC) are
used in the innermost layer, since they can handle higher hit rates and have finer time resolution. These
are multiwire proportional chambers in which the cathode planes are segmented into strips running in
perpendicular directions.

The precision tracking chambers are complemented by a system of fast trigger chambers. In the
barrel region (|n| < 1.05) this is achieved with Resistive Plate Chambers (RPC), while in the end-cap
(1.05 < |n| < 2.4) Thin Gap Chambers (TGC) are used. The objective for the design was to minimise
time contributions from signal propagation and electronics to allow efficient identification of the beam
crossing. Both chamber types deliver signals with a spread of 15-25 ns, allowing each individual chamber
to tag the bunch crossing with efficiency of at least 99%.
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2.2.5 Forward detectors

In addition to the main ATLAS detector systems described previously, three smaller sets of detectors
were built to provide good coverage in the very forward region. The first system is a Cherenkov detector
called LUCID [63] (LUminosity measurement using Cherenkov Integrating Detector). It's the only detector
which is primarily dedicated to relative luminosity monitoring in ATLAS and it is located at a distance of
+17 m from the IP. Its main purpose is to detect inelastic pp scattering in the forward direction, in order to
both measure the integrated luminosity and to provide online monitoring of the instantaneous luminosity
and beam conditions. The second system is the Zero-Degree Calorimeter (ZDC), located at a distance
of +140 m from the IP. Its primary purpose is to detect forward neutrons with || > 8.3 in heavy-ion
collisions. It plays a key role in determining the centrality of such collisions, which is strongly correlated to
the number of very forward neutrons and it will provide additional minimum-bias trigger for ATLAS. And
the third detector is the most remote detector called ALFA (Absolute Luminosity For ATLAS) located at
a distance of approximately +£240 m from the IP. It consists of scintillating-fibre trackers located inside
Roman pots and, like the name says, its objective is to measure the absolute luminosity of the collider via
elastic scattering at small angles (~ 3purad), through the usage of the optical theorem. We can see how
the detectors are placed according to their distance from the IP in Figure 12.

140m
Taw DI ()4

Figure 12: Placement of the forward detectors along the beam-line around the ATLAS IP.

2.2.6 Trigger system

The ATLAS trigger system has three distinct levels: the Level-1 (L1), Level-2 (L2) and the event filter.
Each trigger level refines the decisions made at the previous level and, where necessary, applies additional
selection criteria.

The L1 trigger is the first rate-reducing step, based on custom-made electronics and it searches for
high pr muons, electrons, photons, jets and z-leptons decaying into hadrons as well as large missing Er.
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The L1 level is configured such that it makes a decision in less than 2.5 us to select an event and to define
one or more Region of Interest (Rol) in the detector, i.e. the information about the coordinates n and ¢
of the interesting feature, the type of this feature (electromagnetic, hadronic, muon...) and the criteria
passed, e.g. a threshold. This first level trigger deliver an output event rate to approximately 75 kHz.

The L2 selection is seeded by the L2 information provided by the L1 trigger over a dedicated data
path. L2 selections use all the available detector data within the L2s - approximately 2% of the total event
data. The L2 systems are designed to reduce the trigger rate to around 3.5 kHz, with an event processing
time of about 40 ms, averaged over all events.

The final stage of the event selection is carried out by the event filter, which reduces the event rate to
roughly 200 Hz. Its selections are implemented using offline analysis procedures, allowing the permanent
storage of the data, within an average event processing time of the order of 4 s. These two higher levels

lead up an event size of approximately 1.3 Mbytes.

2.2.7 Object reconstruction
2.2.7.1 Electrons and photons

For the reconstruction of electrons and photons, clusters out of the energy deposits in the EM calorime-
ter are built. Then all the reconstructed tracks in the ID are scanned, looking for one that loosely matches
one of the clusters. Additionally, the candidate is flagged if it matches a photon conversion reconstructed
in the ID. Electron and photon candidates are thus separated reasonably cleanly, by requiring the electrons
to have an associated track but no associated conversion, in contrast to the photons, that are defined as
having no matched track, or as having been matched to a reconstructed conversion. In order to iden-
tify electrons a set of reconstruction properties are used, such as the ratio of energy (measured by the
calorimeter) to momentum (measured by the ID), the difference between the coordinates 1 and ¢ recon-
structed by the cluster and the track extrapolated into the calorimeter, and the transition radiation hits on
the track.

The energy of high-pr electrons is obtained from the energy measured in the calorimeter. On the
other hand, the n and the ¢ directions are more precisely determined using the associated track. The
standard identification for isolated high-pr electrons is based on cuts on the shower shapes, on information
from the reconstructed track and on the combined reconstruction. Three sets of cuts have been studied
depending on the signal efficiency and jet rejection requirements of the physics samples under study:
we have the "loose cuts” which consists of simple shower-shape cuts and very loose matching cuts
between reconstructed track and calorimeter cluster; "medium cuts”, which add shower-shape cuts using
the important information contained in the first layer of the EM calorimeter; "tight cuts” that tighten the
track-matching criteria and the cut on the energy-momentum ratio.

For photon, everything is derived from the calorimeter information, the energy, the ¢-direction and the
n-direction. However, photons are much harder to extract as a signal from the jet background than certain
specific isolated electron signals, such as those expected from the decay of a vector boson. A single set of
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photon identification cuts, equivalent to the "tight cuts” defined for electrons, has been optimised relying
on the shower shapes in the calorimeter with a focus on separating single 7° mesons from photons using
the very fine granularity in n of the silicon strip layer. Multivariate methods have also been developed for
the more difficult case of photon identification, but they will not be approached here.

In addition to the calorimeter-seeded electron and photon reconstruction, a second electron recon-
struction and identification algorithm uses good-quality tracks as a seed and constructs a cluster around
the extrapolated impact point in the calorimeter. This algorithm relies more on the electron identification
capabilities of the inner detector and has been developed to improve the efficiency for low-pr electrons

as well as for electrons close to jets.

2.2.7.2 Muons

The collisions at the LHC will produce a broad spectrum of final-state muons, ranging from low-
momentum non-isolated muons in b-jets to high-momentum isolated muons from W/Z-boson decays.
Muon measurements are a combination of accurate measurements in the muon spectrometer and in the
ID. The muon spectrometer also efficiently triggers on muons over a wide range of energies and over
|n| < 2.4 and toroidal field guarantees excellent momentum resolution even at the highest values of 5.
Momentum measurements are performed using combined tracks from the ID and the muon spectrometer.
The ID resolution provides the best measurement at low to intermediate momenta, whereas the muon
spectrometer takes over above 30 GeV. When performing these momenta measurements, muon tracks
from the spectrometer are propagated back to the IP and this requires a momentum correction for the
energy that was lost in the calorimeters. This lost energy is estimated by an algorithm which uses either the
parametrised expected energy loss or the measured calorimeter energy, but only if it exceeds significantly
the most probable energy loss and if the muon track is isolated.

2.2.7.3 Jets

Since there is a wide variety of physics processes of interest at the LHC that produce jets, a variety of
jet clustering algorithms using as input any reconstruction object having four-momentum representation,
such as final-state particles for truth-particle jets (only available in simulated data) and calorimeter signals,
were implemented. The two default jet-clustering algorithms, followed by a calibration step, in ATLAS are
a seeded fixed-cone algorithm and a successive recombination algorithm, or k, algorithm.

The seeded cone algorithm uses two parameters, the transverse energy threshold for a seed, Er =1 GeV
for all cone jets, and the cone size, AR = 1/(An)? + (A¢)?, with AR = 0.4 for narrow jets and AR = 0.7
for wide jets. The cone algorithm in this particular implementation is fast and therefore also used in the
high-level trigger.

The k. algorithm, however, was built to be more efficient for a large number of input objects and avoids
the unusual pre-clustering step, making this algorithm the most used in ATLAS. The distance parameter
R = +/(An)? + (A¢)? is adjusted for narrow jets to R = 0.4 and for wide jets to R = 0.6.
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These algorithms are applied over topological cell clusters that represent an attempt to reconstruct
three-dimensional energy depositions in the calorimeter. First, the nearest neighbours are collected around
seed cells with a significant absolute signal above the major seed threshold, |E..;;| > 4oy of the total
noise (electronics plus pile-up). These neighbouring cells are collected independently of the magnitude
of their own signal. If the absolute value of their signal significance is above a secondary seed threshold,
typically such that |E..;;| > 2011, they are considered secondary seeds and their direct neighbours are
also collected. Finally all surrounding cells above a very low threshold (typically set to 0o) are added if
no more secondary seeds are among the direct neighbours. A final analysis of the resulting cluster looks
for multiple local signal maxima. In the case of more than one maximum in a given cluster, it is split into
smaller clusters along the signal valleys between the maxima.

2.2.7.4 Missing transverse energy

Neutral particles that interact weakly with particles of the SM, such as neutrinos, evade detection in
conventional collider detectors, therefore, not causing any observable response in the detector compo-
nents. Detecting the presence of these particles requires deducing their existence based on the discrep-
ancy in total momentum. This mismatch in vector momentum, specifically in the plane perpendicular
to the direction of the particle beam, is referred to as missing transverse momentum, denoted as pr.
The magnitude of this imbalance is known as Missing Transverse Energy (MET), often represented by
Er or E;“'”. Accurately measuring the MET is crucial for investigating various physics channels within
the ATLAS experiment, particularly in the pursuit of identifying signals BSM, such as DM, SUSY, or extra
dimensions.

The E’T”i“ reconstruction in ATLAS is based in a first step on the calibrated calorimeter cell energies
and on the reconstructed muons. The EY’K”” muon term is calculated from the momenta of the muons
measured using the stand-alone muon-spectrometer reconstruction. This way, the energy lost by the
muons in the calorimeter is not counted twice, since it is only taken into account in the calorimeter term.
Only good-quality muons with a matched track in the ID are considered, which reduces considerably
possible contributions from 'fake’ muons, sometimes created from multiple hits in the muon spectrometer
by highly energetic jets.

In a second step, the E;’r”iss reconstruction accounts for a cryostat term, which corrects for the energy
lost in the cryostat located between the barrel LAr EM and tile hadronic calorimeters.

Finally, a refined calibration of E’T'”“ is performed through the association of each high-pr recon-
structed object, after being carefully ordered, in the event to its globally calibrated cell. The calibration of
E’T’”ss consists in replacing the initial contribution from globally calibrated cells by the contribution from
the corresponding calibrated high-pr objects. The cells which survive a noise cut and which are not asso-
ciated to any reconstructed object are also calibrated using the global calibration scheme and accounted
for the EI'™* calculation.
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2.2.7.5 b-tagging

The identification of b-quark jets, typically referred to as b-tagging, plays a vital role for the ATLAS
experiment for both precise SM measurements, including the Higgs sector and for exploring new physics
scenarios, which have a significantly extended reach thanks to the higher center of mass energy of the pp
collisions delivered by the LHC. Only the jets with pr > 15 GeV and |5| < 2.5 are considered for b-tagging
and only reconstructed tracks within a distance AR < 0.4 from the jet axis are used for b-tagging.

The basic b-tagging algorithms use charged particle tracks to produce a set of variables which dis-
criminate between different jet flavour. Tracks are first associated to a jet and are then required to pass
a quality selection based on their angular separation AR (track, jet) and this selection depends on each
specific b-tagging algorithm. The AR association requirement varies as a function of the jet pr, resulting
in narrower cone for jets at high pr which are more assembled. ATLAS uses three distinct b-tagging

algorithms, which come up with complementary information:

* impact parameter based algorithm, which makes use of the signed impact parameter significance
of the tracks matched to the jet. The sign is defined as positive (negative) if the point of closest
approach of the track to the primary vertex is in front (behind) the primary vertex with respect to
the jet direction;

* inclusive secondary vertex reconstruction algorithm (or secondary vertex finding algorithm, SV),
that has the objective of reconstructing an inclusive displaced secondary vertex within the jet. It
starts by reconstructing two-track vertices using the candidate tracks. Tracks are rejected if they
form a secondary vertex which can be identified as likely originating from the decay of a long-lived
particle, photon conversions or hadronic interactions with the detector material. A single vertex is
then reconstructed using the tracks that survive this preselection;

e decay chain multi-vertex reconstruction algorithm, JetFitter [64], which exploits the topological
structure of weak b— and c—hadron decays inside the jet and tries to reconstruct the full primary

vertex — b — c—hadron decay chain.

The output of these b-tagging algorithms are then combined in a multivariate discriminant which
provides the best separation between the different jet flavours.

2.3 DELPHES

Usually, physics analyzes require a high level of accuracy and, therefore, experimental collaborations
often rely on tools that fully simulate a detector’s response. Such tools reproduce the interactions of long-
lived particles with the detector matter content, the electronic response of each of the detector component
and also the final observables which are reconstructed by means of complex algorithms. These procedures
require computational resources that are only available to large collaborations.
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However, in phenomenological studies like the one presented here, such a detailed simulation is not
necessary and a parameterization of the detector response based approach is, generally, good enough.
For this, we used the package DELPHES [18] to simulate the response of a general purpose detector,
composed of an inner tracker, electromagnetic and hadronic calorimeters and a muon system. All are
organized concentrically with a cylindrical symmetry around the beam axis. Moreover, properties, such
as the detector active volume, the calorimeter segmentation and the strength of the magnetic field, can
be chosen by the user.

2.3.1 Particle propagation

The first step carried by the simulation is the propagation of long-lived particles, for example electrons,
protons, muons, through a uniform magnetic field (parallel to the beam direction) located in the inner
detector volume. Neutral particles have a straight line trajectory, while charged particles follow a helicoidal
trajectory until they reach the calorimeters. Particles that originate from a point outside the tracker volume
are neglected.

The probability to reconstruct charged particles as tracks is set by the user as well as the energy and

momentum resolutions depending on the particle type, pr and 7.

2.3.2 Calorimeters

After their propagation in the magnetic field, the particles reach the calorimeters: the Electromagnetic
Calorimeter (ECAL), which is responsible for measuring the energy of the electrons and photons; and the
Hadronic Calorimeter (HCAL) which measures the energy of charged and neutral (long-lived) hadrons.
These calorimeters have a defined segmentation in a rectangular grid in (5, ¢), although, for simplicity
the segmentation is uniform in ¢.

When these particles reach the calorimeters, they deposit a fraction of its energy in the corresponding
ECAL (fgcar) and ECAL (frcar) cells. By default, electrons and photons leave all their energy, having
fecar = 1, and the same thing happens to hadrons, fycar = 1, except for kaons and A particles, which
have fecar = 0.3 and fgcar = 0.7. Muons, neutrinos and neutralinos do not deposit any energy in the
calorimeters. The user can, however change this default setup and define more accurate values for these
variables if one needs to.

Since ECAL and ECAL have equal segmentation, a straight line coming from the interaction point
crosses one ECAL cell and one ECAL cell covering the same region in (n, ¢). These pairs of cells are
called calorimeter towers and are used in the object reconstruction, together with tracks.

The energy of each particle is concentrated in one single tower and the sum runs over all particles
that reach the given tower. In order to avoid having to deal with discrete tower positions, an additional
uniform smearing of the position over the cell range is applied.
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2.3.3 Particle-flow reconstruction

The approach of particle-flow has the objective of obtaining the maximum amount of information
provided by the various sub-detectors for reconstructing the event and it's based on the tracking system and
the calorimeters. If the momentum resolution of the tracking system is better than the energy resolution of
the calorimeters, then the tracking information within the tracker acceptance is more reliable to estimate
the charged particles momenta. In real experiments, the tracker resolution is better than the calorimeter
resolution only up to some energy threshold. Above this threshold, the calorimeter energy deposit is more
reliable to estimate the momentum. However, in this phase of the simulation, the information provided
from the tracker is always the most convenient one, if a track exists for a certain particle.

The particle-flow algorithm creates two sets of 4-vectors: the particle-flow tracks and the particle-flow
towers, and these will serve as an input for the reconstruction of jets and E7. Then, for each calorimeter
tower, the energy deposited in the calorimeters originating from charged particles for which the track has
Bl s

been reconstructed is subtracted from the total energy deposited. If the remaining energy, E;

positive a particle-flow tower is created with this remaining energy.

Being defined this way, it is implied that particle-flow tracks contain charged particles estimated with a
good resolution, while particle-flow towers contain, in general, a combination of neutral particles, charged
particles with no corresponding reconstructed track and additional excess deposits induced by the smear-
ing of the calorimeters, and are characterized by a lower resolution. Despite the simplicity compared to

what is required in real life experiments, this algorithm reproduces well the performance achieved at LHC.

2.3.4 Object reconstruction

* Muons - they have a probability of being reconstructed, but is zero beyond the acceptable range
of the tracker and for momenta below a specified threshold to discard particles that exhibit looping
behavior. The user determines this threshold. The muon’s final momentum is achieved by applying
a Gaussian smearing technique to the initial 4-momentum vector. The resolution of this smearing
is determined by the user through a parameterization that depends on pr and 5.

* Electrons - reconstruction typically involves combining information from both the tracking system
and the ECAL. However, DELPHES simplifies this process by expressing the reconstruction effi-
ciency as a parameterized function of energy and 5. Similar to muons, electron reconstruction
efficiency becomes zero outside the acceptable range of the tracker and below a certain energy
threshold. When it comes to energy resolution, a combination of the resolutions from the ECAL
and the tracking system is utilized. Specifically, the tracking system resolution has more influence
at low energies, while the ECAL energy resolution becomes dominant at higher energies.

* Photons - are reconstructed using only information from the ECAL. The reconstruction process
disregards photon conversions into electron-positron pairs. The final energy of the photon is deter-
mined by applying the ECAL resolution to the original photon. Additionally, electrons that do not
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have a reconstructed track but reach the ECAL are reconstructed as photons.

It is important to mention DELPHES does not include a fake rate for electrons, muons and photons.
This fake rate parameterises the probability of a certain object (e.g., a jet) being misidentified as a lep-
ton or a photon, and these are important, because, for example, in physical analyses with multi-lepton
final states, we need to determine correctly the expected contribution of each background process to the
analysis in question.

For a lepton or a photon to be reconstructed, an isolation criterion needs to be met. An object is said
isolated if the activity in its vicinity is small enough. Such objects have small probability to originate from
a jet. The isolation variable I for each reconstructed electron, muon or photon (P = e, y, y) is defined as:

2izp P1(0)
pr(P)

where the numerator is the sum of transverse momenta above a threshold p;'”'" of all particles that lie

I(P) = , (2.1)

within a cone of AR < R around that particle. P is said to be isolated if it verifies I(P) < IL,. The
default values for these parameters are p’T”i” =0.1GeV, R = 0.5 and I;;;, = 0.1 and they can be changed
by the user.

2.3.5 Jets

In DELPHES, it is possible to generate jets using three different collections of objects, in which the
user has the freedom to choose the jet clustering algorithm with the integrated package FASTJET [65],
including the minimum threshold pr for the jet to be stored in the final collection:

* generated jets - are gathered from generator level long-lived particles obtained after parton shower
and hadronization;

 calorimeter jets - use calorimeter towers as input;

* particle-flow tracks and particle-flow towers

DELPHES also includes a module that automatically removes jets that have already been reconstructed
as leptons or photons to avoid double-counting of particles in the final state.

2.3.5.1 b andr jets

The algorithm for b and 7 jet identification is as follows: the jet becomes a potential b jet or a
candidate if its direction is within a certain AR cone of that jet axis. Given this, the probability for the jet
to be identified as b or 7 will depend on the parameterization the user defined for the tagging efficiency.
The user can also specify a mis-tagging efficiency paremeterization, which is the probability that a particle
other than a b or a 7 has to be wrongly identified as such.
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2.3.6 Missing Er

Partons in the initial state having a negligible transverse momentum and the total transverse energy
of undetected particles contribute to the E’T”isS and these can be assessed from the transverse component
of the total energy deposited in the detector. This quantity can be estimated from one of the three sets of
objects: generated particles, calorimeter towers, or particle-flow tracks and particle-flow towers.
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Generation and event selection

The phenomenological analysis presented in this thesis, uses the dileptonic topology of the ttY,
system which we want to study with angular observables. Our objective here is to adapt the current
reconstruction algorithms we have used for the t#H production at the LHC and apply them to the ttY,
system. We want to see how the mediator Y, affects our observables and the reconstruction of the ¢
system, once the angular distributions may depend on the scalar (gﬁ%) and pseudoscalar (9533) coupling
constants of the top quarks to the DM mediator. In this chapter, the main steps of the phenomenological
analysis, are described. We start with a description of the event generation and simulation followed by
the selection of events. The details of the kinematic reconstruction of the tf system, the truth-matching
procedure used to match the reconstructed tracks to the corresponding particles and, finally, the kinematic
fit used to reconstruct the neutrinos and the intermediate heavy particles, are given.

3.1 Generation of signal and background

The signal event samples of ttY, were generated for proton-proton collisions at the LHC with a
center-of-mass energy of 13 TeV using MadGraphb_aMC@NLO [66] at LO. The UFO model used was
DMsimp_s _spin0 [15]. The mass of the top quark was set to m; = 172.5 GeV and the W boson mass to
my = 80.4 GeV. We set the mediator mass to my, = 0 GeV and the mass of the DM candidate was also
fixed to zero (my,, = 0 GeV). We only considered non-vanishing couplings of the top quarks to the mediator
(g;ZSP # 0). All the other mediator couplings to quarks were set to zero. No decays were allowed for the
mediator (I'y, = O GeV). The decay chains of heavy particles, such as top quarks and vector bosons, were
performed by MadSpin [67], which ensures spin correlation effects to be preserved during particle decays.
To simulate the parton shower and hadronization, Pythia was used [68]. For our signal we considered
decays through the dileptonic channel of our top quark pairs. Although the W bosons can decay to any
lepton, we did not consider the decays to 7 leptons, since they decay into hadrons or into a less massive
lepton and two neutrinos, making this channel more difficult to reconstruct. The events were generated by
setting the transverse momentum (pr) of jets above 20 GeV. Photons and leptons were required to have

pr > 10 GeV. No constraints were applied to the pseudorapidity at generation level. Figure 13 shows
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3.1. GENERATION OF SIGNAL AND BACKGROUND

some Feynman diagrams that contribute the most to the signal production at the LHC.

Figure 13: Feynman diagrams of t¢Y, production at LO.

Backgrounds from SM tt with up to 3 jets (¢t + 3 jets), tfV withup to 1 jet (V = W, Z, ttV+ jets),
single top quark production (t-, s- and Wt-channels), W(Z) with up to 4 jets (W/Z + 4 jets), W /Zbb
with up to 2 jets (W/Zbb + 2 jets) and WW, ZZ, WZ diboson processes were also generated using
MadGraph5_aMC@NLO, at LO. The tTbb was generated at Next-to-Leading Order (NLO). All signal and
background events are showed in Table 1 together with the corresponding generated number of events
and cross-sections.

Table 1: Expected cross-sections, in pb, with basic generator selection cuts and including the decays of
the top quark, the Higgs, W* and Z bosons at 13 TeV for the signal sample and some background events
at the LHC.

Process Order | Number of events generated | Obtained cross-section (pb)
ttY, LO 1000000 0.021
ttH NLO 2500000 0.023
ttbb NLO 1600000 0.79
tt + 3 jets LO 2000000 37.89
LtV + jets LO 500000 0.062
Single top s-channel LO 840000 2.19
Single top t-channel LO 1040000 46.86
Single top Wt-channel | LO 1000000 15.18
W + 4 jets LO 500000 34500.0
Wbb + 2 jets LO 500000 289.0
Z + 4 jets LO 500000 3120.0
Zbb + 2 jets LO 500000 123.0
WW + 3 jets LO 500000 84.2
WZ + 3 jets LO 200000 379
Z7Z +3 jets LO 820000 11.0

The single top quark cross-sections were evaluated at NNLO in QCD for the t—channel [69, 70] and
at NLO for the Wt—channel [71] and s—channel [72, 73]. For tt + 3 jets, its cross-section has been
calculated at NNLO in QCD, including resummation of NNLL soft gluon terms using Top++2.0 [74] and is

predicted to be 832*3° pb for a top quark mass of 172.5 GeV.
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3.2 DELPHES simulation parameters

Like previously mentioned, for the fast simulation of a general-purpose detector, Delphes was used,
applying the default ATLAS parameter card. An outline of some of these parameters is given in this section.

Particle propagation is given in a cylinder with radius r = 1.15 m and length [ = 3.51 m, under a
magnetic field B, = 2 T. The particle tracking efficiencies are defined as a function of |p| and pr, and
separately for charged hadrons, electrons and muons. For values of [p| > 2.5 and pr < 0.1 GeV all
charged particle tracking efficiencies are zero and range between 70% to 75% for values in the range
0.1 GeV < pr < 1 GeV. For higher pr values, pr > 1 GeV, the tracking efficiency for charged hadrons
lies between 85% (for |p| < 2.5) and 95% (for || < 1.5). For electrons it ranges from 83% to 99% and for
muons is always larger than 98%. Momentum resolution for charged tracks is also defined as a function
of n and pr and it is never larger than 5%.

As mentioned before, the calorimeters are segmented in (7, @) rectangular cells. For || < 2.5, the
cells have dimensions (7, ¢) = (0.1, 10°), and for || > 2.5, the cells have dimensions (7, ¢) = (0.2,
20°). The ECAL and HCAL resolutions are defined as a function of energy, in a similar fashion as the
energy resolution for electrons. For electrons, photons and z° mesons the energy deposition fractions
are fgcar = 1 and fycar = 0. For kaon and A particles these values were defined as fgcar = 0.3 and
facar = 0.7. For any other long-lived particle, the values were set to fycar = 1 and fecar = 0. Finally,
for muons and neutrinos, both energy fractions were set to zero.

The identification efficiencies for photons, electrons and muons are defined in segments of |5| and
are 95% in the region || < 1.5, 85% in the region 1.5 < |p| < 2.5 (2.7 for muons) and 0% for |p| > 2.5
or for pr values below 10 GeV. The parameters defined in section 2.3.4 for checking whether a particle
is isolated or not, were set to p’T”i” =05GeV,R=0.5and I,,,;;, =0.1.

For the jet reconstruction, the anti-k; jet clustering algorithm [75] was used. This algorithm iteratively
clusters particles together based on their distances in the detector, using a distance metric that considers
their pr and the cone size parameter, or just distance, R. The algorithm then proceeds by identifying
the pair of particles with the smallest distance. If the distance is smaller than a certain threshold defined
by R, the two particles are merged together to form a single "proto-jet.” If the distance is larger than R,
the particle with the smallest distance is considered a "seed” and forms its own proto-jet. The algorithm
then recalculates the distances between the proto-jets and particles, as well as between the protojets
themselves. This process is repeated until all particles are assigned to a proto-jet. The resulting proto-jets
represent the reconstructed jets in the event. One of the key features of this algorithm is its infrared
and collinear safety. This means that the algorithm is less sensitive to the emission of soft and collinear
particles, which can often occur in particle collisions. This property helps to mitigate the impact of exper-
imental and theoretical uncertainties. In our analysis, the cone size R parameter was set to 0.6 and only
jets with pr > 20 GeV were allowed. A b-tagging efficiency is also implemented and is given separately
for b-jets and c-jets, limited to 50% for b-jets and 20% for c-jets. It is zero for jets with pr < 10 GeV
or |y > 2.5. To take into account possible misidentification, there is a default constant set to 0.2% to
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simulate a misidentification rate.

3.3 Event selection and reconstruction

MadAnalysisb [76], in the expert mode, was used for event analysis. It reads all the generated and
simulated data and for each processed event it performs the necessary analysis and reconstruction, saving
all variables for later use. For every event three levels of information are available for each of which the
same set of variables is replicated. These levels are:

* the generator or parton level (labelled as GEN), which keeps the Monte Carlo (MC) information of
every particle at generation;

* the reconstruction level with truth-match (labelled as REC), where jets and leptons are matched to
generated particles;

 the experimental level or reconstruction without truth-matching, just like in a real experiment (la-

belled as EXP), where only jets and leptons are considered.

The output information from MadAnalysisb is stored in ROOT format files.

At GEN level we have access to all MC information about the event: all particles are identifiable,
including the ones that come from the decay chains of the heavier particles (top quarks and W bosons).
At this level, it is possible to reconstruct the full decay chain of any particle by looking into the event
history. Moreover, information about the full 4-momentum of each particle is also obtainable, including
the experimentally undetected neutrinos and DM particles.

In the REC level, the jets and leptons after DELPHES simulation are matched, using a proximity
criteria, to the parton level particles they most likely originated from. At this level, both the MC generator
and simulated information, are used. This level is particularly interesting as it allows to check how well
the kinematic reconstruction works, as described later, whenever the right jets and leptons corresponding
to their parton level particles, are considered.

For the EXP level, only reconstructed jets and leptons are considered, just like in a real experiment, and
no information at generator level is used whatsoever. Every quantity or observable reconstructed at this

level only uses the information from jets and leptons as they were reconstructed in a real life experiment.

3.3.1 Event selection criteria

Events are pre-selected by requiring at least two jets and two opposite charge leptons in the final
state, with pseudo-rapidities (r) below 2.5 and transverse momenta (pr) above 20 GeV. Events are further
selected by accepting the ones with two isolated leptons with opposite charges and invariant mass m+-,
outside a window of 10 GeV width, around the Z boson mass (m; = 91 GeV), to avoid contamination
from the Z + jets background. Only events with exactly 2 b—jets are accepted.
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3.3.2 Truth-match

The main purpose of performing truth-match is to match jets and leptons reconstructed by DELPHES
i.e., the objects that are directly accessible in a real life experiment, to their parton level original particles,
as mentioned above. We have only used signal events in the studies performed with truth-match, as is
normally the case. The reconstructed leptons are matched to the generated ones, by requiring they lie
inside a cone of AR < 0.1 around the lepton at parton level. Among all detected leptons that may fulfill this
condition, the closest reconstructed one to the particle at parton level, is considered the matched lepton.
The same criteria is applied to the jets, but the matching cone was enlarged to AR < 0.4. Following the
event selection defined previously, only jets and leptons with pr > 20 GeV, were used.

3.3.3 Pairing jets and leptons with TMVA

In a real life experiment there is no access to parton level information. In this case, it's not obvious
how the jets detected experimentally can be paired to the right leptons, in order to reconstruct the W and
top quark parents, they were originated from. Given the number of jets present in ttYy signal events, this
may be a very hard task to accomplish. To overcome this difficulty, we used the distributions of AR, A¢
and AQ between jets (ji, j2) and leptons (¢*, £7), as well as the mass difference [m(¢*, j;) — m(£7, j2)],
(Am), in order to compute the highest probability of having the right pairing between jets and leptons.
This is done even before trying to make the kinematic reconstruction of the tfY, events. In Figure 14,
we show the distributions of AR, A¢, A@ and Am in blue, whenever we have the right pairing between
the leptons and jets coming from the same top quark parents and in red, whenever the jets from the top
quarks were swapped. As we can see, clear differences exist when we have the right and wrong pairings
in all distributions. The distributions showed in Figure 14 were obtained at parton level. They were used
by the TMVA [77], when looping over all possible jets and leptons combinations, to compute the highest
probability of getting the right pairing combination. The exact list of variables used by TMVA (not shown
here, once they are very much equivalent to the ones already showed) includes the AR, A¢ and A@ of
the following pairs: (b, I*), (bs, I7), (bz, 1) and (bz, I7). The correlations among the variables used are
shown in Figure 15 for the good, labelled as signal, and bad combinations, labelled as background. Several
multivariate methods were compared and the BDTG gave the best performance in identifying the correct
combination of jets and leptons, as can be confirmed through the ROC curve, represented in Figure 16
(left). The distribution of the BDTG classifier is shown in Figure 16 (right). It is clear from the ROC curve
that is indeed possible to obtain the right combination of jets and leptons with very high probability.

3.3.4 Kinematic fit

Given the fact that TMVA was very much successful to pair the right jets to the right leptons, originated
from the W bosons and top quarks, we have decided to apply a kinematic fit to signal events. In order
to do so, we have assumed that all the transverse missing energy (E*, EY), came from the undetected
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Figure 14: Normalized TMVA input variable distributions for correct combinations (labeled as signal, in
blue) and wrong combinations (labeled as background, in red), as an example for a DM J¥ = 0~ mediator.
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are compared, for the mediator (left). The distribution of the best classifier discriminant (BDTG) is also
shown (right).

neutrinos i.e.,

pr+pl=E* (3.1)
po+pl =E | (3.2)

where the values of each component of the missing energy are calculated using the sum of the pr of all
leptons and jets present in the event. In order to determine the components of the 4-momenta of the
neutrino and anti-neutrino (six unknowns), we use 4-momentum conservation in the decay chain of the
W bosons and top quarks. This implies that,

(Pv +Pf+)2 = m‘z,‘/+
(Py + Pp-)? = mi,-
Py+ = P+ + P, (3.3)
Py- =Py +P;
(Pw+ +Pb)2 = m‘?
(Pw-+Pp)* =m?
where the masses of the W bosons (my+) and the top-quarks (m; ;) are randomly generated from Two-
dimensional Probability Density Function (2D PDF), constructed with parton level information. In equa-
tion 3.3, P; (i = v, 7, b,b,¢*,¢~, W*) correspond to the 4-momentum of particles. Since we have a
system of quadratic equations, there might be multiple solutions for the momenta of the neutrinos. If no
solution is found, the mass generation is repeated up to a maximum of 500 times. The event is discarded
if no solution has been found after these repetitions. In the case where we have multiple solutions, a

likelihood function is calculated for each one from the transverse momenta 2D PDFs of the neutrinos, top-
quarks and the tf system at generator level, respectively P(pr,), P(pr,), P(pr,), P(pr;) and P(pr,;).
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For this kinematic fit, the chosen solution among the set is the one that maximizes the likelihood

1
L o«

P(p1,)P(p1,)P(p1,)P(P1)P(P7T,,)> (3.4)

V. v

where the normalisation factor 1/pr, pr, is applied in the likelihood to account for the energy losses due
to the radiation emission and effects from the detector resolutions which will increase the reconstructed
neutrino four-momentum.

Using REC objects (jets and leptons) i.e., when we are sure that the right jets and leptons match the
correct parton level particles from the top quarks and W boson decays, the kinematic reconstruction ef-
ficiency obtained was 72%. A reconstruction efficiency of (nearly) 100% is not possible since jets, leptons
and ET, which are used in the kinematic fit, are already affected by the detector resolution and ineffi-
ciencies, as well as the limitations of the jet reconstruction algorithm implemented. Due to these effects,
sometimes it's not simply possible to obtain a solution to the kinematic reconstruction. Nevertheless, a
significant number of signal events are reconstructed supporting the decisions made, particularly in what
concerns the E7. Figure 17 shows 2-dimensional pr distributions of the neutrino (top left), the top quark
(top right), the tf system (bottom left) and the W* boson (bottom right), resulting from the truth-match
reconstruction. The correlation between parton-level particles and the respective reconstructed ones (with
truth-match) is clearly visible. In particular, we can clearly see that the tf system, very sensitive to the
presence of the DM mediator, has its pr quite well reconstructed.

Equivalent distributions were also produced using EXP objects (jets and leptons correctly assigned
to the W boson and top quark decays using the TMVA tool), which confirmed that the reconstruction of
the tf system in Y, events is possible even when considering the E1 approximation used. Figure 18
shows the 2-dimensional pr distributions of the neutrino (top left), the top quark (top right), the t£ system
(bottom left) and the W boson (bottom right), resulting from the kinematic reconstruction performed with
EXP jets and leptons i.e., using the objects that usually are reconstructed in a real life experiment. Even
though, as expected, the distributions are slightly broader, the correlation between parton-level particles
and the respective reconstructed ones (without truth-match) is clearly visible, implying a good quality
kinematic reconstruction of the ¢£ system. The number of events after all selection cuts and the kinematic
reconstruction are represented in Table 2.
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Figure 17: Two-Dimensional distributions in ¢Yy events: generator-level transverse momentum (GEN)
versus reconstructed transverse momentum (with truth-match, REC) for the neutrino (top left), top quark
(top right), tt system (bottom left) and W* boson (bottom right).

Table 2: Events after all selections applied for 100 fb™!.

Process Events

ttY, 103.4 + 0.6

ttH 69.1 + 0.5

ttbb 1997.4 + 32.0
tt + 3 jets 59138.4 + 456.3

ttV + jets 96.8 + 2.2
Single top Wt-channel 1153.9 + 59.3
Zbb + 2 jets 560.8 + 211.9

ZZ +3 jets 10.2 + 7.2
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Figure 18: Two-Dimensional distributions in ttY, events: generator-level transverse momentum (GEN)
versus experimental transverse momentum (without truth-match, EXP) for the neutrino (top left), top
quark (top right), ¢t system (bottom left) and W* boson (bottom right).
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4

Results and discussion

In this Chapter our main results are discussed. The angular distributions used are introduced with
the goal of understanding if, at the LHC, the nature of the couplings of the DM mediator to the top quarks,
can be probed. Exclusion limits on these couplings are presented, considering several hypothesis.

4.1 Angular distributions

Several CP-observables have been proposed and explored extensively to directly probe the CP-nature
of the Yukawa top quark couplings at the LHC [78, 79]. The ttH production was used for this purpose.
As the ttH final states are quite similar to the associated production of DM mediators with top quarks
(ttYy), we find interesting to explore if these same observables can be used in the study of t1Y,. We are
particularly interested here in the low mass region of the DM mediators (my, = 0 GeV). As already observed
in the ttH studies, we expect the observables to be sensitive to the scalar (CP-even) and pseudoscalar
(CP-odd) nature of DM mediator. Particularly interesting is the case where the DM candidate is a mixed
state where 9333 and 9533 may both be different from zero. As any mixed state can be reconstructed using
an overlap of the pure scalar and pseudoscalar components, most of the angular distributions showed
in this chapter only have represented these two extreme cases for the couplings. During the course of
the studies performed for this thesis, where many observables were looked into, the difference of the
azimuthal angle of the two leptons (originated in the top quarks decays), A¢+,-, and the by variables
were paradigmatic cases of good observables that could be used here. As it is not possible to reconstruct
the full t£Y, system (but only the t£), the variables were evaluated in the Laboratory Frame (LAB). The b,

variable is defined according to
by = PP (.1
(Ipel-1pzl)
where p; (p) is the 3-momentum of the top (anti-top) quark and P (p?) its z component, where the
z—direction corresponds to the beam line, as usual. In Figure 19, the A¢s+,- and by variables are
represented for an integrated luminosity of 100 fb™!, after event selection and full kinematic reconstruction

of the tf system. The E7 distribution is also shown for completeness. The pure scalar (9533 =1 and
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4.1. ANGULAR DISTRIBUTIONS

gf;S = 0) and pseudoscalar (9233 =0 and 9533 = 1) cases are shown with scaling factors of 2 and 500,
respectively, for better visualization. For the b, variable we can see that, in the scalar case (in brown),
events tend to populate positive values more than negative values of the distribution. This behaviour is
inverted in the pseudoscalar case (in orange). Regarding the A¢,+,- distribution, a different behaviour
can also be observed between the two cases. Although the distribution is symmetric in both cases, for the
scalar, events are more evenly distributed, while for the pseudoscalar, events tend to be populated in the
extreme regions of A¢+,-. For the Et distribution, the pseudoscalar case tend to show a slightly larger
range of values.
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Figure 19: The by (left), Age+,- (right) and missing E7 (bottom) for scalar and pseudo-scalar signals
(dashed curves) together with the SM processes (full lines) with dileptonic final states, are represented
after event selection and kinematic reconstruction, for a reference luminosity of 100 fb™!. Scaling factors
are applied to the scalar and pseudo-scalar signals for convenience.
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CHAPTER 4. RESULTS AND DISCUSSION

4.2 Exclusion limits on DM mediator from SM

Exclusion CLs on the scalar and pseudoscalar nature of the top quark couplings to the DM mediator
are set in two different scenarios, as a function of the LHC luminosity, up to the High-Luminosity phase
of the LHC (HL-LHC). Two luminosities are considered i.e., L = 200 fb~! and L = 3000 fb™!. The two
scenarios defined are the following:

e Scenario 1: exclusion of the SM plus a new CP-mixed DM mediator, assuming the SM. In this case,
a null hypothesis is defined (Hy) as the SM only hypothesis, while a signal hypothesis is introduced
(H;) for the SM plus a CP-mixed signal;

e Scenario 2: exclusion of the SM plus a new CP-mixed DM mediator, assuming the SM plus a new
CP-even DM mediator has already been discovered. In this scenario, Hy is the SM plus the new
CP-even signal, while H; is the SM plus a CP-mixed signal.

For each scenario under study, 100k pseudo experiments are generated for both the null and signal
hypotheses, applying bin-by-bin Poisson fluctuations on the angular distributions used to calculate the
exclusion limits (A¢.+,- and by). For each pseudo experiment, the probability that it is consistent with
the null and signal hypothesis are computed (for both scenarios) and their ratio is used to define a test
statistics, Q. We define the CL of the test-statistic as [80]

CL = Py,(Q < Qn,) (4.2)

where Qp, is the median value of the test statistics of the signal hypothesis and Py, is the integrated
probability of the test statistics of the null hypothesis, when Q < Qp,.

In Figures 20 and 21 the exclusion limits are shown for the A¢,+,- and by observables, respectively,
for an integrated luminosity corresponding roughly to the RUN 2 luminosity plus the contribution from the
first year of RUN 3 i.e., L = 200 fb~!. Results for the full luminosity expected at the end of the HL-LHC
(L = 3000 fb~!) are also shown. The CL limits are shown as contour plots in the (9533,9533) 2D plane.
The resulting 68% and 95% exclusion limits, for both luminosity values, are represented in Table 3, for
Scenario 1, and in Table 4, for Scenario 2, for the A¢,+,~ observable. In Tables 5 and 6 we have the
same results for the b, observable.

Table 3: Exclusion limits for the Y, CP-couplings to the top quarks for fixed luminosities of 200 fb~! and
3000 fb~! of the SM plus a CP-mixed DM mediator, assuming the SM as the null hypothesis. The limits
are shown at confidence levels of 68% and 95%, for the A¢;+;- variable.

Exclusion Limits L=200fb! L =3000 fb!
from Ay+/- (68% CL) (95% CL) (68% CL) (95% CL)
my =0 GeV g, € | [0.067,+0.067] [0.127,+0.127] | [0.032, +0.032] [-0.062, +0.062]
° gr. €| [0.91,+0.91] [-1.71, +1.71] [-0.44, +0.44] [-0.85, +0.85]
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Figure 20: CLs for the exclusion of the SM with a massless DM mediator, Y, with mixed scalar and
pseudo-scalar couplings, for scenario 1 (left) and scenario 2 (right), for the A¢,+,- between the charged
leptons, for luminosities of 200 fb~! and 3000 fb~!.

Table 4: Exclusion limits for the Y, CP-couplings to the top quarks for fixed luminosities of 200 fb~! and
3000 b=t of the SM plus a CP-mixed DM mediator, assuming the SM plus a CP-even particle as the null
hypothesis. The limits are shown at confidence levels of 68% and 95%, for the A¢;+;- variable.

Exclusion Limits L=200fb? L =3000 fb~?
from A¢y+- (68% CL) (95% CL) (68% CL) (95% CL)
my = 0 GeV 9233 € | [0.975, 1.003] [0.947, 1.009] | [0.994, 1.001] [0.978, 1.002]
’ 9533 € | [2.94,2.92] [-4.02, 4.0] [-1.48, 1.475] [-2.785, +2.795]

Table 5: Exclusion limits for the Y, CP-couplings to the top quarks for fixed luminosities of 200 fb~! and
3000 fb~! of the SM plus a CP-mixed particle, assuming the SM as the null hypothesis. The limits are
shown at confidence levels of 68% and 95%, for the b4 variable.

Exclusion Limits L=200fb! L =3000 fb~?

from by (68% CL) (95% CL) (68% CL) (95% CL)
9533 € | [[0.067,0.067] [-0.125,0.125] | [-0.032, 0.032] [-0.062, 0.062]
gP € [-0.9, 0.9] [[1.69, 1.69] | [-0.455, 0.455] [-0.86, 0.86]

uss

my, = 0 GeV
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Figure 21: CLs for the exclusion of the SM with a massless DM mediator, Yy, with mixed scalar and
pseudo-scalar couplings, for scenario 1 (left) and scenario 2 (right), for the b4 observable, for luminosities

of 200 fb~! and 3000 fb~!.

Table 6: Exclusion limits for the Y, CP-couplings to the top quarks for fixed luminosities of 200 fb~! and
3000 fb~! of the SM plus a CP-mixed DM mediator, assuming the SM plus a new CP-even DM mediator
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MadGraph5_aMC@NLO
Lumi= 200 fb"!

2

m, = 0.0GeV (J°=0)

9 0.95 1 .05 11
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as the null hypothesis. The limits are shown at confidence levels of 68% and 95%, for the b, variable.

Exclusion Limits L=200fb"! L =3000 fb™?
from by (68% CL) (95% CL) (68% CL) (95% CL)
my =0 GeV g£33 € | [0.99], 1.003] [0.967, 1.009] | [0.998, 1.001] [0.992, 1.002]
0 9533 €| [2.94,2.92] [4.02, 4.0] [[(0.895,0.89] [-1.72, 1.715]

For Scenario 1, the results obtained with b, and A¢;+;- are quite similar. Itis interesting to realise that
a significant portion of the 9533 and 9533 parameter space is possible to exclude already using 200 fb~!
with the simple analysis used in this thesis. When, however we consider Scenario 2 the by variable
evaluated in the LAB frame gives even better results than the A¢;+;- distributions, constraining more the
pseudoscalar nature of the DM mediators couplings to the top quarks. Also, as expected, we can see a

clear improvement on the exclusion limits as the luminosity increases.
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5

Conclusions

Failing to provide a viable DM candidate, the SM needs extensions that can describe the mentioned
astrophysical observations that imply the existence of this non-baryonic matter, accounting for approxi-
mately 27% of the mass of the Universe. The goal of the work presented in this thesis was, therefore,
the exploration of a simplified DM model that works as a possible extension to the SM which allows the
production of DM particles and mediators at the LHC at current center-of-mass energies.

In order to achieve this goal, a search for the production of DM mediators in association with a top
quark pair (ttY,) was performed, considering dileptonic final states of ¢tY, events. A new kinematic re-
construction method was developed for the ¢z system, which works even in the presence of a DM mediator
that can't be detected. In this kinematic reconstruction, the missing transverse energy was fully attributed
to the undetected neutrinos coming from the top quark decays. This approximation appears to be valid in
the low mass regime of the DM mediator, in particular when my, = 0 GeV. The kinematic reconstruction
efficiency of signal events was 72% confirming that the approximations used in the reconstruction were
valid. Clear correlations among parton level objects and reconstructed objects were observed, justifying
the approach used in the kinematic reconstruction.

We have analyzed several angular observables, for instance, the A¢,+,- and b4 distributions, that
were used to set CLs exclusion limits on the couplings of the proposed DM mediator to the top quarks,
in two different scenarios. In Scenario 1 we considered the exclusion of the SM plus a new CP-mixed
DM mediator, assuming the SM as the null hypothesis. In Scenario 2 the exclusion limits were evaluated
for the SM plus a new CP-mixed DM mediator, assuming the SM plus a new CP-even DM mediator (with
zero mass) has already been discovered. These studies were performed for a luminosity of 200 fb~1,
corresponding roughly to the full RUN 2 luminosity plus the contribution from the first year of RUN 3, and
3000 fb™!, corresponding to the full luminosity expected at the end of the HL-LHC. For Scenario 1, the
results obtained with b, are equivalent to the ones from A¢;+;-. A significant coverage of the excluded
gﬁ% and 9533 parameter space is observed already using 200 fb™!. For Scenario 2 the results obtained
with the b, variable, are better when compared with the ones obtained by A¢+-. In particular, the
pseudoscalar component of the DM mediator is better constrained using b4. A clear improvement on the
exclusion limits is observed as the luminosity increases. For Scenario 1, the best exclusion limits at 95%
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CHAPTER 5. CONCLUSIONS

CLare setto, g5 € [-0.062,0.062] and g., € [—0.86,0.86]. For Scenario 2, the best limits at 95%
CL correspond to, g5, € [0.992,1.002] and g/, = € [-1.72,1.715].

When compared to t£H searches, it is interesting to realise that the exclusion limits are set at more
or less the same level, which motivates the search for this type of DM mediators in a real life experiment
to be accomplished in the future. This, however, stays largely outside the scope of this thesis.
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