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Le vide absolu existe-t-il

quelque part dans l’espace Universel?
"Non, rien n’est vide;

ce qui est vide pour toi est occupé par

une matiere qui échappe a tes sens et a tes instruments."

36" question from The Spirits Book, Allan Kardec, 1860



Abstract

Investigations on Dark matter (DM) and new models have been at the forefront of physics
over the last decade. A variety of models have been put forward to account for cosmological
aspects of DM, such as explaining its abundance in the early Universe and replicating
the behavior of galaxies and large-scale structures believed to be influenced by DM.
Furthermore, an ideal DM candidate should suggest observables detectable in current and
future experiments, including sufficiently high cross sections for detection and processes
that result in the emission of Standard Model (SM) particles. Moreover, theoretical models
must adhere to known conservation and symmetry constraints and typically need to
respect mechanisms of production, scattering, and (co-)annihilation, especially if proposing
a new particle within the framework established by quantum field theory. The search for
new mediators within the dark sector in accelerators, such as the Large Hadron Collider
(LHC), aims to evaluate the data for new interactions, where processes of new physics, if
observed, must incorporate cosmological and astrophysical constraints to be identified as
originating from DM. Our calculations for the estimated DM thermal relic density from
the primordial universe are performed for processes enhanced by resonance scenarios in
the s-channel, compatible with the expected parameters for high energy colliders. However,
such an assessment is non-trivial and scarcely discussed in the literature. In addition to
presenting this proper calculation, we also show how these processes could be observed
by the emission of an initial state photon as a radiative correction to the initial radiation
of the process. This study investigates a simplified interaction model, which aligns with
current SM physics but introduces a new spin-1 mediator to interact with three potential
particles that could constitute some or all of the DM in the Universe. We demonstrate
that both the accurate calculation of the relic density and the factorization for this initial
radiation have implications on the parameter space observed for such processes. This
leads to corrections in predictions for particle colliders, particularly the LHC and future

electron-positron colliders.

Keywords: dark matter. particle physics. cosmology. simplified models. massive mediators



Resumo

Pesquisas e modelos para matéria escura (ME) estiveram na vanguarda da fisica ao longo
da ultima década. Diversos modelos foram propostos, onde espera-se que se justifique
aspectos cosmoldgicos conhecidos a respeito da ME, como explicar a sua abundancia
produzida no Universo primordial, assim como reproduzir o comportamento de galaxias e
estruturas de larga escala que se acredita serem afetados pela presenca de ME, por exemplo.
Também ¢é desejavel que um bom candidato a ME proponha observaveis que possam ser
vistos em experimentos atuais e futuros, como se¢oes de choque altas o suficiente para
serem de fato detectadas e processos cuja emissao de particulas do SM possa ser constatada.
Além disso, modelos tedricos nao podem fugir de restrigbes de conservagao e simetria ja
conhecidas, e usualmente precisam respeitar os mecanismos de producao, espalhamento
e (co)aniquilagao, caso na hipdtese de que seja proposto uma nova particula nos moldes
ja estabelecidos por uma teoria quantica de campos. A busca por novos mediadores
com o setor escuro em aceleradores, como o Grande Colisor de Hédrons (LHC), tentam
caracterizar nos dados evidéncias por novas interagoes, onde processos de nova fisica,
caso sejam observados, precisam incluir restrigdes cosmoldgicas e astrofisicas para que
possam ser identificados como provenientes da ME. Realizamos calculos da densidade
de reliquia de ME para processos realgados por cenarios de ressonancia no canal s. Tal
avaliagdo nao ¢ trivial e é raramente abordada na literatura. Além de apresentar o célculo
apropriado da densidade de reliquia em cenérios de ressonancia, também demonstramos
como esses processos poderiam ser evidenciados pela emissao de um foton do estado inicial,
na forma de uma correcao radiativa para a radiacao inicial do processo. Este trabalho
analisa um modelo de interacao simplificado, consistente com a fisica do modelo padrao
atual, mas introduz um novo mediador spin-1 para interagir com trés particulas potenciais
que poderiam constituir parte ou toda a ME presente no Universo. Mostramos que tanto o
calculo correto da densidade de reliquia quanto a fatorizacao para esta radiacao inicial tém
implicacoes no espaco de parametros observado para tais processos. Isso leva a corregoes
nas previsoes feitas para colisores de particulas, especialmente o LHC e futuros colisores

elétron-positron.

Palavras-chave: matéria escura. fisica de particulas. cosmologia. modelos simplificados.

mediadores massivos.
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The rotation curves of the Andromeda Galaxy (M31) offer a compelling
visualization as the radial velocity of the most distant stars does not
decay with 1/ V'R in the expected way, remaining almost constant as the
radius of the galaxy halo increases. The data shown are measurements
obtained with advanced telescopes and enhanced data and image pro-
cessing techniques as documented in [27]. This flatness of the rotation
curves contrasts with the expected decrease in rotational velocity based
on the distribution of luminous mass alone and supports the hypothesis
of an additional, unseen mass — suggesting the presence of Dark Matter
in the outer regions of the galaxy. . . . . . . ... ... ... ... ...
(Top panel) Schematic representation of the distortion of light due to
gravitational lensing effects [29]. (Bottom panel) Observational image
of a distant quasar, distorted and multiplied by lensing effects. [29].
The deflection of light by a massive object is a critical concept, visually
represented here as how a light ray is bent by a massive object [5]. A
distant observer, in addition to being able to observe the same object in
a different location than expected, depending on the angle in relation
to the observed object, can see two or more images of the same object.
The image on the left shows an artificially colored photograph of the
collision of clusters known as a the Bullet Cluster. The bluish region
shows the concentration of DM, while the part colored in red reflects
the intracluster gas heated during the collision of the clusters. On the

right, we see a diagram showing the direction of motion and where the

29

30

gravitational centers of gas,DM and stars are visible in the image. [33,34]. 31

This graph is a visual representation of the current distribution of matter
and energy in the known Universe. This distribution has not been static;
it has evolved as the Universe has aged. Recent measurements and
studies, however, suggest that the current proportions, as depicted in
this graph (errors omitted for clarity), accurately reflect the Universe
present state [1,2]. . . . . ..o
(Left) Simplified diagram of an effective model for ff — ¥, where
A represents a scale factor, in mass units, determining the viability
energy scale of this process. Models like this, which do not take into
account many details of the physics involved, are called effective. (Right)
Simplified diagram of an interaction model for DM, where the dark

sector interacts with the SM through a spin-1 mediator. . . . . . . ..
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[lustrative diagram of potential interaction channels between SM parti-
cles and DM. The diagram illustrates three primary research methods:
Indirect Detection (via high energy photons, neutrinos, antimatter),
Direct Detection (through nuclear recoil, scintillations), and Collider
Searches (characterized by missing momentum and signals from initial
state radiation). . . . . ... L.
Compilation of exclusion limits for WIMP-nucleon spin-independent
interactions from various direct detection experiments, along with future
projections. The region in pale blue is known as neutrino fog and marks
the threshold where neutrino interactions from coherent scatterings may
start to dominate the background noise, complicating the detection of
DM signals [1,79]. . . . . . ..
Precision measurements of cosmic rays by the Alpha Magnetic Spec-
trometer (AMS-02), with an observed excess in positron flux (pink
area) above the expected background (grey area), suggesting potential
DM annihilation events [91]. The insert are projections of regions of
significance related to cutoff energy (Fs) and a normalization factor
(Cs), with 1o (green), 20 (black), 30 (blue), and 40 red [91]. . . . . ..
(Top panel) Upper bounds and foreseen sensitivity by the Cherenkov
Telescope Array (CTA) on the pair-annihilation rate as a function of
DM mass derived from gamma-ray and CMB observations [1]. (Bottom
panel) Several constraints on the average thermal cross section for DM
annihilation via vector mediators (Z') with 200(1000) GeV are presented,
where couplings with the dark sector are assumed to be of the order of
OO [95]. o oo
Constraints on the monochromatic mass function for PBH due to evap-
oration (red), gravitational lensing (blue), gravitational waves (grey),
dynamic effects (green), accretion (light blue), distortions in the CMB
(orange), and large-scale structures (purple). Further details can be
found in Ref. [6]. . . . . . .. Lo
Portrayal of a event in CMS with high-pi** (red arrow) for a monojet,
which has its calorimeter deposits indicated by the red and blue towers
[L14]. . o
Exclusion limits at 95% confidence level (CL) for a vector mediator.
These results indicates an exclusion up to Myeq = 1.95 TeV for m,, ~
1 GeV. This kind of plot on the mass-mass plane for DM particle and
its mediator is widely used for benchmark studies on beyond Standard
Model (BSM) physics [114]. . . . . .. ..o oo oo
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Exclusion limits at 95% CL for a vector mediator, relative to its couplings
with the dark sector (left) and SM quarks (right). Here, m, is fixed in
Myeq/3 for comparison, and the blue solid lines represents where this
model produce the DM relic density [114]. . . . .. ... ... ... ..
Feynman diagrams for the s-channel interaction via the spin-1 mediator

for the three DM candidates, scalar (left), fermion (middle), and vector

The typical evolution of the abundance Y (x) during the decoupling
(freeze-out) period of DM is depicted in the referenced figure. This
graph illustrates the critical phase where DM particles transition from
being in thermal equilibrium with the cosmic plasma to becoming the
non-interacting, relic density observed today [146].. . . . . . . . . . ..
Exclusion regions at 95%CL computed for a lepto-phobic Axial-vector
(top) and vector (bottom) model. Here, the exclusions are computed
for a quark coupling of g, = 0.25 and for a DM coupling of gpm = 1.0.
These limits are very model and parameter dependent, and usually
cannot be applied for other models or choice of couplings [155] The
models and couplings were chosen following the recommendations in
[54], that also were used for scenarios in this work. . . . .. ... ...
The figures show excluded regions in the mass plane (Mpyeq Vs m,y ), at
95% CL by visible and invisible searches, for leptophobic axial-vector
(top) and vector (bottom) mediators for simplified models. The couplings
set are the same used in Figure 19 and Figure 17. The dashed lines
correspond to where these parameter combinations is consistent with
Qh* = 0.120 DM density, computed with MadDM [157]. . . . . . . . . ..
Exclusion regions at 95%CL computed for a model with minimal cou-
plings to leptons (g, = 0.01) also for a Axial-vector (top) and vector
(bottom) model. The universal quark couplings were set to g, = 0.1
and for a DM coupling of gpy = 1.0 [155]. These limits, as well as for
Figure 17, are very model and parameter dependent. The parameters
were chosen following the recommendations in [54], that also were used
for scenarios in this work. . . . . .. .. o000
Description of the software architecture employed to evaluate the models
presented, ranging from their interaction Lagrangian to the final figures
included in this work. The majority of the code was developed in Python;
however, certain sections required the implementation of segments in
other languages. All functions depicted in the diagram and utilized in
the work were authored independently, except for minor adaptations

from third-party codes used in certain sections. . . . . .. . .. .. ..
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Dimensionless density parameter Q,h? for DM produced via Z’ mediator
with My,eq = My [114] and DM pairs with mass m, = Myz//3 in the
s-channel taken for qq scenarios, where we scan over different values of
g- and gy, fixing (left panel) g, = 0.25 as a leptophobic context (g, = 0),
and (right panel) g, =1 [138]. . . . . . ... ... ... .. ... ...
Dimensionless density parameter 2, h* for DM produced via Z’ mediator
with mass Mz and DM pairs with mass m, taken for eTe™ collisions,
whereas a Z’ couples with all six SM leptons pairs in the final state. The
hatched area shows the regions with DM overabundance compared to
the observed CDM abundance, which are excluded. The diagonal solid
line represents the kinematic limit with m, = My /2. For the upper
plot, g, = 0.01 and ¢, = 1, while g, = 0.1 and g, = 1 for the bottom
one. The red dashed lines show the threshold of the m, to produce the
resonance with thermal energy while the blue solid lines on the fermion
DM plots indicate the naive approach for relic density calculations, as
in Ref. [52,138]. . . . . . . . . .
Dimensionless density parameter 2, h* for DM produced by a resonance
with mass Mz = 3 TeV and decaying into DM pairs of mass 1350 GeV,
whereas a Z' couples with all six SM leptons pairs in the final state.
The region with a cross section smaller than that needed to produce the
observed CDM abundance is shown beveled in black. We have vector
couplings in the first row, axial-vector couplings in the second, and
chiral (right) in the third one [138]. . . . . . .. ... ... ... .. ..
Scan of the total cross section, including ISR contributions, as a function
of DM (m,,) and boson Z’" (M) masses in e*e~ (top) and pp (bottom)
collision. The red dashed line indicates the threshold for examining
the mass range close to the resonance, where the relic density is less
suppressed. Plots differ by the use of the g, coupling to leptons or quarks
depending on the scenario [139]. . . . . . . ... L.
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Press Release

(in brazilian portuguese)

Pesquisa Brasileira Ajuda a Esclarecer Alguns dos Mistérios da
Matéria Escura

Estudo apresenta modelo simplificado para prever a presenca de matéria escura em

colisores de particulas, abrindo caminho para novas descobertas.

Porto Alegre, Fevereiro de 2024 — A matéria escura, um dos maiores enigmas da

fisica contemporanea, pode em breve ter alguns de seus segredos esclarecidos, gragas a
uma nova pesquisa conduzida por cientistas brasileiros. O estudo, publicado recentemente,
utiliza um modelo simplificado para tentar prever resultados futuros em colisores de
particulas, como o Grande Colisor de Hadrons (LHC) do CERN, na fronteira da Suiga

com a Franca.

A pesquisa destaca-se por utilizar processos produzidos em ressonancia, um feno-
meno no qual a taxa de eventos ¢é significativamente aumentada quando as particulas
envolvidas no processo possuem uma energia proxima daquela que media a forca entre elas.
Esta abordagem nao apenas promete melhorar a precisao das previsoes de detecgao de
matéria escura em experimentos futuros, mas também apresenta um calculo mais correto
para a densidade de reliquia, que nada mais é que a quantidade de matéria escura que

seria produzida no Universo primordial, caso o modelo proposto esteja correto.



<5% Known Matter b

Os cientistas assumiram trés diferentes tipos de composicao para a matéria escura,

sugerindo a existéncia de trés tipos de particulas elementares distintas, além de um
novo mediador. Se identificado, este mediador poderia representar uma quinta forca
fundamental da natureza, expandindo nosso entendimento das forcas conhecidas: gravidade,
eletromagnetismo, forca fraca e forga forte. A entrada recente do Brasil no CERN, marcando
uma colabora¢ao mais ativa com os experimentos atuais e futuros, incluindo o LHC, ressalta
a importancia desta pesquisa. A descoberta potencial de uma nova particula ou forca da
natureza teria implicagoes profundas nido apenas para a fisica tedrica, mas também para
nossa compreensao do Universo. A matéria escura, que compoe cerca de 26% do Universo,
permanece invisivel através de métodos de observacao tradicionais, tornando sua deteccao

direta um dos principais objetivos da fisica de particulas hoje.
Contatos para entrevistas:

Marcio de Sousa Mateus Junior, Aluno de Pés-Graduacao em Fisica, In-
stituto de Fisica da Universidade Federal do Rio Grande do Sul, Porto Alegre, Brasil,

msmateusjr@gmail.com

Gustavo Gil da Silveira, Professor Adjunto, Instituto de Fisica da Universidade

Federal do Rio Grande do Sul, Porto Alegre, Brasil, gustavo.silveira@ufrgs.br.

Fontes das Imagens: Symmetry Magazine, Sandbox Studio, Chicago
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In this work, we used h = c = kg = 1.
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1 Introduction

The exploration of the composition of the Universe has been an essential aspect
of astrophysical research, particularly the investigation of dark matter (DM). While the
understanding of baryonic matter, constituting approximately 4.9340.06% of the Universe,
is relatively advanced, the nature of the remaining ~95%, comprised of 26.5 4+ 0.7% of
DM and 68.5 £+ 0.7% dark energy [1,2], remains elusive.

Originally, the concept of DM first emerged from the observations made by Fritz
Zwicky in 1933 of the Coma galaxy cluster [3,4]. Analyzing its redshift, Zwicky applied
the Virial Theorem, revealing that the mass of the cluster — primarily non-luminous — far
exceeded that of the visible matter. This led him to hypothesize a form of matter that
neither emits nor reflects light, then called dark matter. Subsequent studies, including
those examining the cosmic microwave background (CMB), have further reinforced the

DM hypothesis and its role in the structure of the Universe [5].

Part of the observed mass excess may stem from modifications to gravity, or
alternatively, there is a growing acceptance within the scientific community of the hypothesis
that it comprises compact objects, such as intermediate-mass black holes formed in the
early universe [6,7]. This perspective has gained traction, especially with advancements in
gravitational wave observatories, which have detected a greater number of events associated

with these objects than previously anticipated [8].

The pursuit of understanding DM within some mechanism of particle physics has
increasingly focused on its potential interactions and composition. Numerous theories
propose that DM may exhibit similarities to the electromagnetic or electroweak interactions
[9]. The quest for new physics, especially in the context of particle colliders, has been
recently a research topic of intense investigation [10, 11]. This includes investigating
anomalous couplings and deviations from the predictions of the standard model (SM)
of elementary particles. One approach is to employ Quantum Field Theory (QFT) to
describe potential mediators of DM, such as new massive bosons, differing from those
of conventional matter. Despite persistent efforts and substantial data from accelerators,
such as CERN Large Hadron Collider (LHC), some models have remained viable due to

statistical and systematic uncertainties from experimental data [10,12,13].

However, any DM model must account for its estimated yield produced in the early
universe. The production mechanism of DM must suggest a mechanism that gives less
than or equal DM density fraction observed in the universe today, otherwise, it would
not be consistent with astrophysical observations [2]. One approach to address this is by

calculating its relic density, which, depending on the production mechanism, may yield
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an abundance that is higher or lower than expected. Furthermore, certain processes may
present exceptions or complexities that can significantly alter DM predictions, such as
the formation of bound states, coannihilation processes, and, as detailed in this work,
production via resonance channels, which can significantly modify the DM abundance

even in simplified models.

Experimental data, particularly deviations from SM predictions, provide a basis
for testing these theories. Significant deviations, like those recently reported by the CDF
Collaboration at Fermilab regarding the W boson mass [14], offer intriguing insights about
how new physics models can complement previous SM achievements. Comprehensive
theories, grounded in well-established scenarios like extensions of the SM, aim to integrate
known physical aspects into the search for evidence of new physics. Known examples
include the minimal supersymmetric model [15], extra dimensions [16], and the little Higgs

model [17], among others [18].

Among the myriad of models extending the SM, many of them feature a Lagrangian
focusing solely on new effective couplings, sometimes including conventional matter. These
effective models, however, encounter limitations and technical issues, such as violating
renormalization properties [19]. Overcoming these challenges often involves constraining
the model to a specific mass range or using particular approaches like particle singlets [20].
Nevertheless, an answer for these issues could be a closer alignment with SM approaches,
employing propagators as interaction mediators, leading to the development of simplified
models. Those usually anticipate a DM candidate or an entire DM sector, which has its

own interaction mediator with the SM [9].

This work focuses on a specific simplified model that introduces a massive spin-1
boson mediator, analogous to the Z boson from SM, here called Z’. This mediator is
neutral under electromagnetic and color charges and is postulated to interact with both
SM and DM particles, acting as a portal between the two sectors. The Lagrangian for
this model comprises kinetic components and source terms for SM fermions, alongside
various couplings for different types of DM, including fermion, scalar, and vector DM
states. This approach not only offers a very consolidated perspective on the coupling of the
Z' boson to DM particles, but also explores novel production mechanisms in high-energy
experiments by introducing possible signals to these productions in the initial state of
collision processes, especially when these can be enhanced by a resonance channel [21].
The significance of studying resonance channels in the pursuit of new physics becomes
evident, considering that the expected event rate for processes beyond the SM is typically
quite low. This is due to the observational parameters of current experiments, which have
already ruled out many models predicting more abundant events. Therefore, the resonance
phenomenon, characterized by an increase in the expected number of events at a specific

energy, facilitates the investigation of models that remain observable within the current
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generation of experiments searching for evidences of DM interactions.

Moreover, the detection of a particle indicating potential new physics within an
experiment does not, by itself, allow for its immediate identification as the source of
DM, which is deduced from astronomical observations and further investigation would be
imperative to elucidate the characteristics of this novel particle. Among these characteristics,
the determination whether the production cross section, mass, and couplings are consistent
with the expectations derived from the observed DM abundance is crucial, presumed to
have emerged from the primordial Universe. This implies that, given the estimated ~26%
of the matter in the Universe and energy density attributed to DM, an accurate verification
whether a proposed model — either partially or fully — accounts for this specific fraction
is essential. This step is crucial since models or DM candidates often fails on predicting
the overabundance density. Furthermore, when considering resonance-driven production
processes, such calculations must be approached with caution, as most literature tends to

avoid this production mechanism due to its particular complexities.

In this study we not only review the current state of observational evidence and
experimental searches for DM but also explore how DM production via resonant states
influences the calculation of the phase-space parameters and observables in comparison to
the results present in the literature. This includes a particular focus on estimating the
amount of DM generated in the early Universe by thermal processes within simplified

interaction models through a new massive mediator boson in the dark sector.

In summary, we perceive that the quest to understand DM is not just about identi-
fying an elusive component of the Universe but also about integrating this understanding
into a broader landscape of particle physics and cosmology. Theoretical models continue
to evolve day by day, reflecting our growing, yet still incomplete, comprehension of the

Universe fundamental nature.

1.1 Objectives of this Work

This work aims to delve into the production of DM near the resonance of Z’ in
monophoton events at high-energy colliders, with a particular focus on their potential
observation in the CERN experiments, such as the LHC and the future Compact Linear
Collider (CLIC). The purpose of this study is to explore the characteristics of a simplified
DM model that could facilitate the detection of such events within the colliders operational

parameters considering the higher production cross section near a resonance.

Further, the study will explore the resonant production of DM through a new
spin-1 mediator in the early Universe, incorporating the calculation of the appropriate

relic density for this regime.
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As a result, this investigation provides a scan of the possible parameter space for
DM production under the conditions studied, aiming to identify the most viable regions

for such processes.

Based on these analyses, this study describes phenomenological models and out-
comes for simplified DM candidates, aiming at future experimental data, particularly
anticipating the results from the Run-3 phase of the LHC, as well as future electron-
positron colliders.. These models will be designed with an eye towards not only capturing

the nuances of DM interactions but also enhancing the prospects for empirical validation.

Lastly, the outcomes of this investigation will trace an parallel with existing results
in the literature that cover analogous processes. This comparison aims to contextualize our
findings within a broader scientific context on DM research, highlighting new contributions
and potential paths for future investigations. Through this approach, this work make
an effort to contribute significantly to the understanding of DM production mechanisms
and their pursuit on collider experiments, especially calculating the DM relic density for

processes where its production is given by resonance channels.
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2 Observational Evidence for Dark Matter

2.1 Galaxy clusters

Throughout the centuries, experimental observations have consistently affirmed
the reliability of gravitational theory as an accurate descriptor of the natural world. By
examining celestial bodies, scientists have been able to infer the mass of relatively isolated
systems through the motion of these systems relative to other objects in their vicinity.
Moreover, the mass of a star (and by extension, an entire galaxy) can be estimated based
on the amount of light it emits. It was through such comparative measures that Fritz
Zwicky [3] first observed a significant discrepancy in the Coma Cluster, a collection of
over 1000 galaxies. He noted that the gravitationally predicted mass of the cluster was
nearly 400 times greater [22] than the luminous mass measured from observations. In
reaching this conclusion, Zwicky employed the Virial Theorem, which in short states that
for a gravitationally stable system that is neither contracting nor expanding, there exists
a relationship between the average velocity of the system particles and its gravitational

potential energy [5].

Later, redshift measurements revealed that the average dispersion velocity of
galaxies in the Coma Cluster was around 700 km/s. The redshift, denoted as z, is an
electromagnetic phenomenon observed when the wavelength of light emitted by an object
increases relative to an observer, across any spectrum range. This increase in wavelength
can occur due to the Doppler effect, the expansion/contraction of space-time through
which the light travels, or gravitational effects. The redshift of a galaxy can be calculated
by measuring the shift in the spectral line of a known atom, such as hydrogen. This shift
towards longer (or shorter) wavelengths in the spectrum is known as redshift (or blueshift,
respectively). Redshift is a dimensionless parameter and can be deduced by knowing the
emitted wavelength at the source (Aemit) and the observed wavelength (Aops), with the
emitter stationary relative to the observer. The relationship for calculating redshift is

given by:

)\obs - )‘emit >\obs
2=——=>142= . 2.1
)\emit )\emit ( )
In cosmology, the Hubble-Lemaitre Law plays a major role, establishing a linear relationship
between the redshift z and the current distance d(ty) from an observer to a celestial object.

This law is mathematically represented as:
2 = Hy d(ty), (2.2)

where Hj denotes the Hubble parameter.
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The observations of the Coma Cluster made by Zwicky demonstrated an intriguing
problem. While redshift measurements indicated an average dispersion velocity of galaxies
around 700 km/s, this velocity suggested a need for a far greater mass to maintain
the cluster cohesion. Specifically, to prevent the galaxies from dispersing away from the
gravitational center of the cluster, a mass of about 10'*M, was required, number that
starkly contrasted with the estimated luminous mass of the cluster. The disparity led to the
realization that the gravitational mass responsible for holding the cluster together exceeded
the luminous mass. Zwicky original analysis, while groundbreaking, did not account for
the mass of interstellar gas [23], a component later recognized as significantly contributing
to the total mass of such clusters. However, even with the inclusion of interstellar gas mass
in contemporary assessments, the total mass of the Coma Cluster remains significantly
lower (approximately six times less) than the mass needed to bind the galaxies within a

single gravitational potential.

In confronting those discrepancies between theoretical models and observational
data in astrophysics, two primary hypotheses emerged. The first was a radical rethinking
of gravitational theory and the methods used to determine the luminous mass of galaxies.
This line of research led to the development of Modified Newtonian Dynamics (MoND)
[24]. This framework proposed a modification to the Second Law of Motion of Newton for

scenarios involving large accelerations, reformulating the force equation as:
F=mi — F =mau(a), (2.3)

where p(a) is approximately 1 for low accelerations and changes to u(a) = a/ag for
high accelerations, with ag &~ 107'° m/s? as a constant [22]. Although MoND provided
a compelling explanation for the velocity dispersion observed in galaxies and clusters, it
struggled to account for other phenomena indicating the presence of additional mass, such

as cluster collisions and insights from the CMB.

The second hypothesis, pioneered by Zwicky and gaining more widespread accep-
tance over time, suggested the existence of an unseen form of matter. Zwicky, noting the
vast discrepancy between the gravitational mass and the luminous mass in the Coma
Cluster, posited a type of matter that neither emitted nor reflected light, and hence was
undetectable by telescopes.This hypothesis has been supported by a range of large-scale
astronomical observations since the 1930s. Interestingly, all indications of DM existence,
from the initial studies of the Coma Cluster to more recent investigations, point to its
presence in structures significantly larger than globular star clusters. This discrepancy
underscores the existence of unseen matter, now known today as dark matter, which

continues to be a central topic in astrophysical research and theoretical modeling.
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2.2 Galactic Halo

The initial reception to concept of DM by Zwicky was held with skepticism, with
a scientific community reluctant to embrace this idea [25]. It persisted until late 1960s,
when new lines of evidence began to surface, notably from the studies by Vera Rubin [26].
The investigation performed by Rubin focused on the behavior of stars in spiral galaxies,
particularly those distant from the galactic center. Her observations revealed a curious
anomaly: contrary to expectations, the radial velocity of these stars did not decrease in
line with the 1/ V'R relation, where R represents the radial distance from the galactic
center. Rather, these velocities remained constant, suggesting that stars at the periphery
of galaxies should theoretically be thrown out into space unless some unseen force was

acting upon them.

This phenomenon can be illuminated through the principles of Newtonian dynamics.
The theory dictates that the centripetal acceleration needed to sustain an object in uniform

circular motion is given by:

02

] = e, (2.4)
with v,.4 being the radial velocity. In a galactic context, if this acceleration arises from a
spherically symmetric mass distribution M (R) within the galaxy, Newtonian gravitation
provides the equation:

g Uzad GM(‘R)
|ac| = = R2 s

GM(R)

Vrad — T, (25b)

where M (R) is the mass enclosed within a sphere of radius R, given a density distribution

(2.5a)

p(r), calculated as:

M(R) = 47T/p(7’)7‘2d7‘. (2.6)

The distribution of luminous mass in spiral galaxies, predominantly concentrated
in the central core and disk, follows a specific mass distribution profile M (R), enabling the
estimation of the galaxy total mass. However, as shown in Figure 1, the radial velocities of
stars within these galactic disks defy expected patterns. Rather than decreasing as 1/ VR
for distances beyond 10 kpc (1 pc =~ 10'3 km), these velocities remain relatively constant.
This observation strongly suggests the presence of an additional, unseen mass component

in the galactic halo.

The presence of DM is not exclusive to spiral galaxies; it also manifests in ellip-
tical and irregular galaxies, as evidenced by the mismatch between their observed total
mass and the mass inferred from luminous sources. Unlike spiral galaxies, where DM

presence is inferred from rotational curves, elliptical and irregular galaxies require different
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Figure 1 — The rotation curves of the Andromeda Galaxy (M31) offer a compelling visual-
ization as the radial velocity of the most distant stars does not decay with 1/ VR
in the expected way, remaining almost constant as the radius of the galaxy
halo increases. The data shown are measurements obtained with advanced
telescopes and enhanced data and image processing techniques as documented
in [27]. This flatness of the rotation curves contrasts with the expected decrease
in rotational velocity based on the distribution of luminous mass alone and
supports the hypothesis of an additional, unseen mass — suggesting the presence
of Dark Matter in the outer regions of the galaxy.

observational techniques to detect DM. A prominent method employed for these galaxy
types is the study of gravitational lensing effects. Gravitational lensing, a concept that
will be elaborated in the subsequent section, offers an excellent tool for detecting and
understanding DM in these less structurally defined galaxies. The effectiveness of this

method substantiates the widespread existence of DM across various galactic forms.

2.3 Lensing Effects

The DM gravitational influence extends far beyond the motion of stars and galaxies,
as it also affects light, a phenomenon consistent with General Relativity (GR) predictions.
This effect was first empirically demonstrated in a landmark 1919 expedition to Sobral, in
Brazil '. During a solar eclipse, scientists observed a deviation in the apparent position
of a star near the solar corona, consistent with predictions made by Albert Einstein [28].
The observed deviation, approximately 1.7” arc, matched earlier theoretical predictions

proposed by Einstein that light rays passing near a massive object (like the Sun) would

L An expedition was also sent to the island of Principe, off the west coast of Africa, but due to bad

weather, confirmation only came from the expedition headed to Brazil. Besides, during the years before
this confirmation, expeditions tried to measure deviations in other parts of the world, including another
one to Brazil, at Passa Quatro, in the state of Minas Gerais, which also did not result in confirmation
of the theory at the time.
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Figure 2 — (Top panel) Schematic representation of the distortion of light due to gravi-
tational lensing effects [29]. (Bottom panel) Observational image of a distant
quasar, distorted and multiplied by lensing effects. [29].

bend [5]. This bending, or deflection angle, is given by a = 4GM /b, where M represents
the mass source of the gravitational field and b the impact parameter between the light

ray and the mass, illustrated in Figure 3.

Given DM greater total mass compared to baryonic matter, it is reasonable to
hypothesize that DM in galaxies forms a spherical halo around them, distributed in a
relatively homogeneous and isotropic manner (see Figure 2). This technique can test
whether DM is comprised of Massive Compact Halo Objects (MACHOs), potentially
familiar astrophysical objects like brown dwarfs, white dwarfs, neutron stars, or black
holes [5]. If MACHOs were a significant component of DM, it could negate the necessity

for new physics to explain the observed mass discrepancies.

However, recent studies using gravitational lensing [30,31] suggest that MACHOs
contribute only to a small fraction to the total mass of galaxies. The lack of substantial
lensing effects from MACHOs is what implies their limited presence. Besides, the search for

MACHOs continues, as recent gravitational wave detections indicate a larger-than-expected
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Figure 3 — The deflection of light by a massive object is a critical concept, visually rep-
resented here as how a light ray is bent by a massive object [5]. A distant
observer, in addition to being able to observe the same object in a different
location than expected, depending on the angle in relation to the observed
object, can see two or more images of the same object.

population of massive objects, such as black holes and neutron stars [32], which could

revise our understanding of DM composition.

The Bullet Cluster

The Bullet Cluster, comprising colliding galaxy clusters, stands as an important
piece of observational evidence supporting the existence of DM. This cluster helps to
illustrate the separation between gravitational and baryonic masses in colliding galaxy
clusters. This separation is inferred from gravitational lensing, tracing the total mass
distribution, X-ray emissions, and the hot gas, which is the majority of the baryonic matter.
In these observations, the observed hot intra-cluster gas seems to lag from DM, staying
behind the galaxies during the collision, as shown in the Figure 4. This phenomenon,
depicted through gravitational lensing, indicates that the majority of the mass aligns with
the galaxy locations rather than with the gas clouds, suggesting a significant presence of

invisible matter.

This event has been important in confirming the concept of a collisionless DM, as the
electromagnetic interactions slow down the hot gas during collisions, causing a discrepancy
between the distribution of baryonic matter and the gravitational mass. Such observations
have prompted revisions in some DM models, especially regarding self-interacting DM
(SIDM), by imposing stringent constraints based on the dynamics witnessed within the
Bullet Cluster [35,36].

Studies have make use of large-volume N-body simulations to show that conditions
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Figure 4 — The image on the left shows an artificially colored photograph of the collision of
clusters known as a the Bullet Cluster. The bluish region shows the concentration
of DM, while the part colored in red reflects the intracluster gas heated during
the collision of the clusters. On the right, we see a diagram showing the direction
of motion and where the gravitational centers of gas,DM and stars are visible
in the image. [33,34].

similar to the Bullet Cluster, such as high pairwise velocity and significant separation
between dark and baryonic matter, are not only possible but probable within the CDM
model, thereby supporting the notion of collisionless DM without challenging the current
cosmological framework [37]. Additional research has used observations of 72 galaxy
collisions, including both major and minor mergers, to statistically infer the existence
of DM with significant confidence, further corroborating the DM hypothesis through

observations similar to those made in the Bullet Cluster [34].

Furthermore, the Bullet Cluster has been used to establish upper bounds on the
cross section for DM scattering. The negligible observable separation between DM and
stellar components in these cosmic events implies that DM particles exhibit minimal
interaction with each other and with baryonic matter. Also, the way the positions of
gas, stellar and DM gravitational masses are measured can significantly impact derived
constraints on DM self-interaction cross section [38]. Several simulations, including both
self-interacting DM and gas, showed that, as gas is stripped, it introduces radially dependent
asymmetries into the stellar and DM distributions, affecting measurements of separation
and, therefore, constraints on interaction cross sections [38]. The lack of deceleration
observed in the collision of the Bullet Cluster has constrained the self-interaction cross

section to opyr/m < 1.25 cm? /g for long-range forces [1].

Collectively, these insights not only highlight the presence of an additional mass
component in clusters via gravitational lensing techniques but also significantly constrain
certain DM models. These are convincing arguments that DM is predominantly collisionless,

engaging in minimal interaction with both baryonic matter and itself.



Chapter 2. Observational Evidence for Dark Matter 32

2.4 Cosmic Microwave Background

In 1965, a discovery at Bell Laboratories marked an important moment in as-
trophysics. Radio astronomers Arno Penzias and Robert Wilson, while grappling with
persistent noise in their microwave antenna, inadvertently stumbled upon a groundbreaking
finding [5,21]. Despite exhaustive efforts to eliminate this noise (including removing a
pair of pigeons nesting in the antenna), the signal persisted. This isotropic microwave
noise was not linked to any known celestial source. Only later the significance of this
persistent noise became clear: it turned out to be a critical piece of evidence validating
the Big Bang theory. Now known as the Cosmic Microwave Background (CMB), this
radiation matched the characteristics of a black body spectrum peaking at a temperature of
T = 2.7255 £ 0.0006 K [1]. This discovery supported theories that suggested the Universe,
once in a hot and dense state, emitted electromagnetic radiation that, due to its expansion,

is now observable at very low frequencies.

After the Big Bang, the Universe experienced several cooling phases, including a
recombination phase where protons and electrons formed the first hydrogen and helium
atoms. Following this phase, with the ongoing expansion of the Universe, there came a
time when its matter density allowed previously opaque photons to scatter in all directions.
This radiation, emitted during the so-called last scattering period, had a black body
temperature of around 3000 K. However, due to redshift effects, this radiation now reaches
Earth, approximately 13.5 billion years later, with an average temperature of 2.72 K. This

discovery of the CMB has been a cornerstone in our understanding of cosmology [21].

The path to our current understanding of the CMB has been challenging. The
initial obstacle in studying the CMB was the high noise level in the data, attributed to a
infinity of celestial sources. Overcoming this required intricate noise reduction techniques.
An illustrative example involved adjusting for the detection satellites velocity relative to
the Universe, considering the motion of the Earth around the Sun, the motion of the Sun
within the Milky Way, and the movement of the galaxy within our local group and beyond
[5,21]. This complex calculation resulted in an effective velocity of about 630 km/s against

the cosmic backdrop from which the CMB originates.

The resolution and clarity of the CMB map have progressively improved with
each successive experiment. Beginning with the Cosmic Background Explorer (COBE)
and advancing through the Wilkinson Microwave Anisotropy Probe (WMAP), the most
detailed insights have been provided by the Planck satellite [2]. Planck comprehensive
data sets and improved statistical methodologies have greatly refined our understanding
of the CMB.

One of the primary goals in studying the CMB is to estimate the current compo-

sition of the Universe in terms of matter, radiation, and accelerated expansion. These
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investigations provided approximations of the total amount of DM based on standard
cosmological models. These models also predict how matter inhomogeneities are distributed
throughout the Universe [21]. At the moment of the last scattering, the observable Universe
had a radius of merely 0.2 Mpc. In this early stage, DM played a dominant role in shaping
the Universe energy density, leading to the formation of the earliest gravitational potential
wells. The energy density of DM, €(7), is defined as the sum of the Universe average energy
density, €, and small fluctuations, de(7). The gravitational potential, d®, arising from these
fluctuations, can be expressed in Newtonian terms as:

4G

2

V2(6®) = Se. (2.7)

c

When CMB photons traverse these gravitational potential wells, they experience energy
shifts, a redshift in regions of higher DM density and a blueshift in lower density areas.
These shifts manifest as temperature variations in the CMB, as vividly captured in the
data of Planck satellite (see Ref. [39]). This phenomenon was mathematically detailed by
Sachs and Wolfe in 1967 [40], who established the relationship between these temperature

fluctuations and the gravitational potential variations:

where T represents the CMB average temperature, 07 its variation, and 0 the gravitational
potential fluctuation. This relationship underscores the intricate interplay between the
matter of the Universe distribution and the properties of the CMB. The Sachs-Wolfe effect,
described by Equation 2.8, reveals a fundamental aspect of cosmology: the temperature
variations in the CMB provide insights into the gravitational potential wells of the early
Universe, predominantly shaped by DM. This effect traces the relationship between the
CMB temperature differences and the gravitational fields of the Universe, which are
significantly influenced by the uneven distribution of DM. Sophisticated analyses of these
variations enable scientists to derive estimates of various cosmological quantities, including

the total amounts of DM, baryonic matter, and radiation [5].

Advancements in this field of study have led to a more comprehensive understanding
of the matter-energy composition of the Universe. Current data and interpretations, as
illustrated in Figure 5, suggest a Universe composed of about (68.5 + 0.7)% dark energy,
which drives the accelerated expansion of the Universe, (26.5 + 0.7)% DM, and merely
(4.93 £0.06)% conventional baryonic matter [1,2]. This distribution characterizes a cosmos
where dark energy and DM dominate, far surpassing the baryonic matter that constitutes
the visible part of the Universe. These findings are central to understand the structure of

the Universe and evolution.
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Figure 5 — This graph is a visual representation of the current distribution of matter and
energy in the known Universe. This distribution has not been static; it has
evolved as the Universe has aged. Recent measurements and studies, however,
suggest that the current proportions, as depicted in this graph (errors omitted
for clarity), accurately reflect the Universe present state [1,2].

2.5 Evidence from large scale structures

The most common cosmological model indicates that DM in the Universe must be
of a cold nature during the matter-radiation dominated era [5]. This classification implies
that any detectable DM particle should have an average velocity significantly lower than a
third of the speed of light, ensuring that these particles are nonrelativistic. Understanding
why this condition is essential requires examining the large-scale structures within the

Universe and their formation.

The story of DM began with its influence on the movement of galaxies and stars,
but its implications extend much further, affecting the distribution and positioning of
massive cosmic structures much bigger than galaxies itself. These large-scale structures
provide crucial observational evidence for the existence of DM [5]. To study these structures,
astronomers often employ the redshift of galaxies, using the Hubble relation d = (1/Hy) z,
where H, is the Hubble constant, estimated to be around 67.4 km s~ Mpc™! [1,2]. Analysis
of galaxy distributions shows that galaxies are not randomly scattered but form specific
structures, like clusters and superclusters, and vast voids. Superclusters, still collapsing
under their gravity, contrast with smaller, more stable clusters. Voids are characterized

by their low density and approximate spherical shape. Cosmologists often describe the
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arrangement of these large-scale structures using terms like spongy or foamy [5].

The formation of these structures, far from being straightforward, can be understood
as the result of the growth of gravitational instabilities [5]. These instabilities originate
from initial inhomogeneities in the matter distribution of the early Universe. This process
is crucial for understanding the role of cold DM, as it is the gravitational effect of this
unseen matter that drives the formation and evolution of these cosmic structures. The
study of these structures, hence, not only supports the existence of DM but also provides

insights into its nature and distribution in the cosmos.

The analysis of gravitational instabilities reveals a significant insight: solely relying
on baryonic matter, not enough time would have passed since the Big Bang for such matter
to collapse into large structures like galaxy clusters. This timing issue arises because the
decoupling of baryonic matter from radiation occurred relatively late, about 300,000 years
after the Big Bang (at a redshift of approximately 1100). Consequently, the Universe must
have had some initial assistance in forming these gravitational instabilities, a role fittingly
played by DM [21]. The DM, in contrast to the baryonic matter, interacted minimally
with conventional matter and decoupled much earlier in the history of the Universe (see
chapter 4). This early decoupling allowed DM to form the initial gravitational potential

wells, which later attracted baryonic matter and radiation.

To replicate the cosmic structures we observe today, DM particles had to be
predominantly nonrelativistic when matter and radiation densities were equivalent [5]. If
DM were relativistic, its high-velocity particles would smooth out small-scale gravitational
instabilities, leading to the formation of only massive structures like super-clusters. However,
observational data [41], particularly from high redshifts, show a different sequence. Stars
and galaxies formed first, followed by the ongoing formation of clusters and superclusters
from these smaller entities. This pattern is indicative of the presence of cold DM [21]. While
there is a possibility for hot or warm DM, such as neutrinos, to exist, their contribution
to the total density of the Universe is limited (between 0.12% and 3% [1]). Exceeding
this range would challenge the accuracy of our current observational data. Therefore, the
majority of the relic DM in the Universe today is believed to be cold DM. This conclusion
is drawn from both observational evidence and theoretical models related to the formation

of the large-scale structures of the Universe.

The Lambda Cold Dark Matter (LCDM) model, that incorporates the cosmological
constant A, is a great piece for our current understanding of cosmology. It has been
remarkably successful in describing the large-scale structure of the Universe, the CMB
radiation, and the accelerating expansion of the Universe due to the dark energy related
to A. Despite its triumphs at large scales, the LCDM model faces significant challenges
at smaller scales, particularly in galaxy formation and dynamics within approximately

1 Mpec [1,42]. These discrepancies between observations and the simulations predictions
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have led to what are commonly referred to as the small-scale challenges [42].

Among the most prominent of these challenges are the missing satellites problem,
the cusp-core problem, and the too-big-to-fail problem. The missing satellites problem arises
from the observation that the number of satellite galaxies detected orbiting the Milky
Way and other similar galaxies is significantly fewer than the number predicted by LCDM
simulations. The cusp-core problem refers to the density profiles of DM in the central
regions of galaxies. While LCDM predicts sharp, cuspy density profiles, observations of
low-surface-brightness galaxies and dwarf galaxies suggest that the density profiles are
much flatter, or cored. Lastly, the too-big-to-fail problem highlights the issue that the
most massive sub-halos in LCDM simulations of Milky Way-like galaxies appear to be too
dense to host the brightest observed satellite galaxies, contradicting expectations based on
the model. Solutions proposed range from invoking baryonic physics processes, such as
feedback from supernovae and active galactic nuclei, which could alter the distribution
of DM in galaxies, to considering alternative DM properties, such as self-interacting
DM, which could lead to less dense central regions in galaxies. Furthermore, advances in
astronomical observations, including deeper surveys of satellite galaxies and more precise
measurements of galaxy rotation curves, along with improvements in numerical simulations
that incorporate complex baryonic physics, hold the promise of resolving these challenges
[1,42].

The analysis of the role of DM in the formation and evolution of large scale cosmic
structures shows its importance in cosmology. This evidence, drawn from the distribution
of galaxies and observed gravitational instabilities, strongly supports the predominance of
cold DM component in the universe. Despite the success of LCDM in explaining these
structures and the accelerating expansion of the Universe, challenges at smaller scales
highlight the need for further refinement of our understanding of the DM nature and
interactions. These efforts not only aim to solve small-scale challenges, but also deepen

our understanding of the fundamental components and forces that shape the Universe.
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3 Approaches for dark matter searches

The SM of particle physics is an extraordinary theory for successfully elucidating a
wide array of physical phenomena. However, it falls short in addressing several unresolved
issues in physics, particularly at extremely high-energy scales, like those near the Planck
scale (around Mp ~ 1.2 x 101 GeV) [43]. Theories extending beyond the SM, especially
those aiming for a grand unified theory (GUT) [44], face the challenge of explaining the
stark disparity between the various fundamental interactions (strong, electromagnetic,
weak, and gravitational) observed at the energy scales accessible by current experiments.
The absence of a description of gravity at quantum level within the SM framework is
also a significant limitation, highlighting the hierarchy problem [45] and the need for a
quantum theory of gravity [46].

Besides that, one notable gap in the SM is of course its complications to include a
particle that matches the known characteristics of DM, which has been evidenced through
gravitational effects in the Universe (see chapter 2). Some SM particles, due to their
low masses, have relativistic velocities at the time of decoupling from baryonic matter,
which would classify them as hot DM, inconsistent with astrophysical observations [1],
as outlined in chapter 4. Thus, neutrinos for example, contribute only marginally to the
unidentified matter in the Universe. Given these inadequacies, exploring SM extensions
that might encompass new particles and interactions seems not only plausible but necessary
for a more comprehensive understanding of the Universe. So far, no significant deviations
from the SM have been observed, and the quest for new physics largely revolves around
theoretical speculations and indirect evidence, such as the gravitational detection of DM

and fine-tuning in symmetry violation parameters [47].

X _

f X f X
Figure 6 — (Left) Simplified diagram of an effective model for ff — ¥, where A represents
a scale factor, in mass units, determining the viability energy scale of this process.
Models like this, which do not take into account many details of the physics

involved, are called effective. (Right) Simplified diagram of an interaction model
for DM, where the dark sector interacts with the SM through a spin-1 mediator.



Chapter 3. Approaches for dark matter searches 38

Extensions of the SM are often explored through various models, including effective,
simplified, or more comprehensive ones, each with its set of advantages and limitations in
both theoretical and experimental contexts. However, even the simplest effective models
can offer substantial insights into the nature of potential new physics [48]. These models
typically focus on the initial and final states of a process without delving into the specifics
of the mediator particle where the emphasis is on a scale factor A (see Figure 6). Simplified
models, such as the one this work will present, are valuable for their focused approach to
studying new interactions. They describe particles and interactions using a limited set of
parameters that have direct correlations with experimental observations, including particle
masses, decay widths, and production cross sections [49]. Despite some limitations in
generalization, simplified models avoid the complexities and constraints of more complete
models [21]. In the upcoming chapters, we will explore how these models can be fine-tuned
to reflect experimental data more accurately, enhancing our understanding of potential

new physics.

In crafting an extension to the SM through simplified models, particularly for
incorporating DM, developing a new Lagrangian that integrates novel degrees of freedom is
crucial. The model proposed in section 3.5 adheres to several critical criteria essential for a
viable DM extension: (i) The stability of the DM particle, that is the foremost requirement
of the DM particle being introduced, as a stable DM particle is fundamental for it to
persist across the cosmic timeline and to exert the gravitational influences observed in
galactic and large-scale structures; (ii) the renormalizability and symmetry consistency,
as operators within the new model Lagrangian must be renormalizable, ensuring that
the its predictions remain finite under various conditions, and the model must maintain
consistency with established symmetries, notably Lorentz and gauge invariance, which are
foundational principles in modern physics; (iii) Also, the extended model should respect
core SM symmetries, such as the conservation of baryon and lepton numbers, for while
there may be potential for flavor symmetry violations through new physics associated with
DM, any such deviations must be minimal to align with existing experimental evidence
[21].

The proposed model which we will address in this work, consisting of the proposal
of a new spin-1 mediator boson that mediates interactions with the dark sector, is widely
applied and well known in the literature [49-55], meets these requirements and offers
a framework for exploring DM properties and interactions. By focusing on the critical
components and parameters, the simplified models facilitates a clearer understanding of
how DM might interact within the broader context of the SM. This simplified model serves
as a theoretical tool for understanding DM within the context of particle physics and

provides a basis for experimental investigations in particle colliders.
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3.1 Theoretical Models Plethora

In recent decades, various approaches have been explored to integrate DM into the
SM [51,55-58], each distinct in its methodology. These approaches aim to address the
intricacies of DM by proposing models that not only align with the known physics but also
venture into new theoretical territories. While discussing these models, it is essential to
adhere to certain fundamental criteria for a viable DM candidate, as previously outlined.
These criteria include gravitational interaction with conventional matter, an explanation
for the observed DM abundance in the CMB, and the existence of stable or long-lived
particles that do not exhibit electromagnetic interactions. Additionally, the candidate
should be cold, i.e. nonrelativistic, during the matter-radiation equality era to facilitate

the formation of the first gravitational potential wells of the Universe [21].

Several DM candidates have been proposed in the literature. Before diving into our
specific model of interest, we will briefly overview some of the more prominent categories
of DM candidates:

WIMPs (Weakly Interacting Massive Particles): These are among the most exten-
sively studied DM candidates. Such particles are attractive because they can naturally
produce the correct DM abundance observed in the CMB through thermal equilibrium
processes in the early Universe. The expected annihilation cross section of WIMPs falls
within the range necessary to account for the DM abundance, making them a focal point of
both theoretical studies and experimental searches. Various models fall under the WIMP
category, including Higgs Portals, dark photons, Z’ bosons, and a range of effective models
[55,59-64].

Axions: Initially proposed to address the CP violation in strong interactions in the
Peccei-Quinn theory [65], axions have also been considered potential DM candidates. They
are theorized to be pseudo-scalar particles with very small mass and weak interactions
with ordinary matter. Axions have been implicated in various astrophysical phenomena

and are a subject of ongoing studies [66,67].

Supersymmetry (SUSY): Models that extend the SM by introducing superpart-
ners for each particle, differing in spin by half a unit. These models offer potential DM
candidates, like the neutralino, and address other significant theoretical issues, such as the
hierarchy problem. Despite the lack of direct evidence for SUSY, its theoretical appeal
keeps it at the forefront of DM research [68].

Extra Dimensions: Theories involving extra dimensions propose that our known
Universe might just be a part of a larger multidimensional structure. These models suggest
that DM could be composed of particles associated with these extra dimensions, presenting

a novel way to conceptualize the nature and behavior of DM [68-71].

MAssive Compact Halo Objects (MACHOs): Due to the absence of direct
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experimental evidence for a specific particle candidate, the hypothesis that DM problem
might be explained by MACHOs has gained traction. This category includes low-mass black
holes or compact stars that remain elusive to astronomical observations. The MACHO
framework presents a fascinating alternative that could account for all or a significant
portion of the observed DM abundance. This hypothesis confronts theoretical challenges,
particularly in reconciling with CMB observations and elucidating the mechanisms by
which such massive compact objects could form in the early Universe. The advent of
gravitational wave astronomy has opened new avenues for exploring these challenges.
The detection of gravitational waves from black hole mergers by facilities like LIGO
and Virgo has not only confirmed the existence of black holes in mass ranges that were
previously speculative [72,73] but also provided a tool for probing the early dynamics of
the Universe. These observations could offer indirect evidence of MACHO-type DM by
revealing a population of black holes or compact objects that contribute to the gravitational

framework of the cosmos.

Other than that, there is a diverse range of theoretical possibilities, such as sterile
neutrinos, WIMPzillas, FIMPs (Feebly Interacting Massive Particles), SIMPs (Strongly
Interacting Massive Particles), CHAMPs (CHarged Massive Particles), and more. Each of
these offers unique insights and theoretical implications for the nature of DM [74-77]. In
this work, our focus will be on simplified WIMP model that introduces a new massive
spin-1 mediator, Z’, and explores three types of stable DM candidates. These candidates
are primarily differentiated by their interaction with the Z’ boson. This model, which we
will detail in the forthcoming sections, aims to provide a comprehensive and scientifically

plausible framework for DM.

In an effort to characterize DM as a particle, studies have proposed a variety of
experimental strategies. While gravitational evidence for DM is compelling, as detailed
in chapter 2, it ends up not sufficient for unraveling the full spectrum of DM properties.
To bridge this gap, scientists have turned to experimental approaches on Earth and in
space, based on the premise that DM might engage in nongravitational interactions with
ordinary matter [78]. Despite the challenges and lack of conclusive results thus far, these
experiments have progressively refined our understanding of DM by excluding a great

range of parameter space [1,57,79].

The quest to detect DM particles is grouped into three primary categories: indi-
rect, direct, and collider detection. The indirect detection hinges on capturing potential
byproducts of DM annihilation, such as photons, neutrinos, and antimatter, originating
from cosmic sources. The focus is on the detection of these secondary particles as indirect
evidence of DM. As direct detection we understand the approaches that involves observing
scattering events between DM and SM particles using fixed targets. The hypothesis is
that the DM permeating our galaxy would interact with Earth-based detectors, revealing
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Figure 7 — Illustrative diagram of potential interaction channels between SM particles
and DM. The diagram illustrates three primary research methods: Indirect
Detection (via high energy photons, neutrinos, antimatter), Direct Detection
(through nuclear recoil, scintillations), and Collider Searches (characterized by
missing momentum and signals from initial state radiation).

their presence through atomic nucleus recoils. The efficiency of these experiments relies
on accurately determining the velocity, density, and interaction cross section of DM with
nucleons [68]. Also, the collider detection (or collider searches) aims its efforts to generate
DM particles through high-energy collisions of SM, focusing on identifying missing mo-
mentum (p**) indicative of DM production. These methods are visually summarized in
Figure 7, and further explored in subsequent sections, focusing on key experiments and

their contributions to our understanding of DM.

3.2 Direct Detection

If the galaxy is teemed with DM particles, like WIMPs, these should be detectable
as they interact with terrestrial targets.Direct detection experiments are grounded in a
concept that resonates with it. The motion of the Earth relative to the galactic plane could
result in a discernible DM wind, with the recoil of atomic nuclei in detectors providing
measurable signals. The key to these experiments lies in the DM particles speed, their
density distribution, and the scattering cross section with nucleons [68]. These experiments
have evolved over the years, employing various materials and detection techniques. These
range from scintillators, which emit photons upon excitation, to direct photon detection in

strong magnetic fields, and ionization-based methods where DM interactions ionize atoms
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within the detector. Each technique has its unique advantages and challenges, contributing

to the diverse experimental landscape of DM research [1,68,80-83].

When a DM particle collides with an atomic nucleus within a detector, it imparts
energy, resulting in nuclear recoil. This recoil manifests as a detectable signal, providing
direct evidence of DM. The frequency of such events hinges on the velocity distribution of
WIMPs, their density within the galaxy, and their scattering cross section with standard

nucleons [68]. We can express the event rate R in a detector as:

R A Z < Total Mass of Detector > y (p_X> < (1), (3.1)

Atomic Mass of species i my

where p, and m, denote the energy density and mass of the DM particle x, respectively,
and (o;,) represents the scattering cross section between the DM particle and a nucleon

species i in the detector.

Innovative methods such as combining ionization and scintillation, or ionization
with photo-detection, are being employed to enhance the detection capabilities for potential
DM events. The XENONnT [84], a leading experiment of its kind situated in Italy, operates
using a vessel filled with liquid and gaseous Xenon, all within an electric field. This setup
ensures that any interaction by a DM particle within the tank leads to scintillation, which
is then captured by photo-multiplier tubes positioned at both ends of the cylindrical tank.
The XENONNT Collaboration has recently published findings that cast doubt on low-mass
DM models, challenging previous assumptions of an observed excess indicative of Axion
Like Particles (ALPs) or other bosonic forms of DM [85].

Furthermore, experiments like DAMA /LIBRA [86] and SABRE [87], the latter
having facilities in both Italy and Australia, are pioneering in isolating DM signals from
experimental noise by monitoring the annual modulation of such events. Due to the minimal
nature of this modulation, extensive exposure times and high experimental sensitivity
are crucial for detecting these subtle variations [68]. This challenge is compounded by
the need to mitigate systematic errors related to seasonal effects, such as changes in
weather and solar activity. Remarkably, after several years of observation, DAMA/LIBRA
has reported a confidence level of 12.9¢ in the annual modulation of detected signals,
attributed to DM scatterings in the 10 keV range [86]. These groundbreaking results,
however, await independent verification by similar experimental setups, including SABRE.
The dual-location of the SABRE operation, near DAMA in Italy and in Australia, aims to

eliminate background noise associated with seasonal variations, thus providing a rigorous

test of findings of the DAMA /LIBRA experiments [87].

Figure 8 presents the exclusion limits and future projections from various direct
detection experiments. These experiments, which primarily focus on atomic nucleus

scattering with DM, employ diverse materials and detection technologies. The results from
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Figure 8 — Compilation of exclusion limits for WIMP-nucleon spin-independent interactions
from various direct detection experiments, along with future projections. The
region in pale blue is known as neutrino fog and marks the threshold where
neutrino interactions from coherent scatterings may start to dominate the
background noise, complicating the detection of DM signals [1,79].

these experiments are important for parameterizing DM models and identifying areas that

require further theoretical and experimental exploration [1,79,88].

Furthermore, recent advancements propose novel methods for detecting light DM
particles, applying new techniques by employing materials with low-band gaps, such as
superconductors, super-fluids, and Dirac materials, to improve sensitivity to DM-electron
scattering at lower energy thresholds. For DM particles in the keV-MeV range, detection
strategies include monitoring nuclear recoils in super-fluid helium and observing the
breaking of chemical bonds [89]. In the case of ultralight DM — meV-eV range —, methods
such as absorption by conduction electrons of superconductors or scattering in polar
materials sensitive to dark photons are explored. These developments face the challenge of

accurately detecting and differentiating subtle energy depositions from background noise

1].

3.3 Indirect Detection

The quest to detect DM is not only confined to direct methods but also extends
to indirect detection strategies. These efforts hinge on the gravitational inferences about

existence of DM and aim to detect the after-effects of DM interactions, specifically
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annihilation events that produce observable particles [21]. Current calculations estimates
the local density of DM at about 0.3 GeV ¢cm™3 [1], a value significantly lower than the
density of the galactic disk, yet believed to be higher in regions with stronger gravitational
fields, like near the center of galaxies or within stars. The expectation is that in these
regions, DM densities are high enough to sustain annihilation processes that produce
detectable SM particles, despite the cessation of such annihilations post-freeze-out as per

the standard cosmological model [78,90].
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Figure 9 — Precision measurements of cosmic rays by the Alpha Magnetic Spectrometer
(AMS-02), with an observed excess in positron flux (pink area) above the
expected background (grey area), suggesting potential DM annihilation events
[91]. The insert are projections of regions of significance related to cutoff energy
(Es) and a normalization factor (Cy), with 1o (green), 20 (black), 3o (blue),
and 4o red [91].

This annihilation hypothesis claims that DM particles, upon annihilating, produce
pairs of particles and antiparticles, or photons, belonging to the SM. These byproducts,
especially in the form of electrons, positrons, and photons, are detectable as anomalous
surges in flux compared to predictions from known astrophysical sources [78]. Given the
slow-motion of DM particles relative to the galactic plane, the energy spectrum of these
annihilation products can be analyzed as though the annihilation occurred at rest. This
assumption simplifies the analysis and improves the accuracy of detecting these events [78].
Indirect detection experiments thus search for signs of leptons, antiprotons, or photons
that might have originated from such annihilations. A typical 2 — 2 annihilation process

involving DM might yield positrons or antiprotons, especially if the DM has a way to
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couple with quarks. Moreover, secondary particles such as neutrinos could result from the

decay of primary annihilation products.

The Fermi Gamma-ray Space Telescope (Fermi-LAT) plays a crucial role in this
field by detecting high-energy photons, particularly from gamma-ray sources. Despite
the ongoing debate over the data it collects [92,93], the excess gamma rays observed by
Fermi-LAT, especially those emanating from the galactic center, align with predictions
for DM annihilation in terms of energy spectrum and intensity. Experiments such as
PAMELA and AMS-02 have reported excesses in positron flux, as shown in Figure 9,
potentially indicative of DM annihilations [78,91,94]. However, these observations alone are
not conclusive evidence for DM, as the excesses could also be explained by astrophysical

sources like pulsars. Furthermore, these findings are somewhat at odds with data from the
CMB [78].

Thus, the observed excess in cosmic rays has been attributed to DM annihilation,
yet the absence of similar anomalies in other observational channels, such as antiprotons
and gamma rays, coupled with the unique spectral shape, necessitates complex DM models
for explanation. An alternative hypothesis postulates that the excess primary positrons
could originate from the magneto-spheres of nearby pulsars. However, this pulsar-based
theory faced skepticism [1]. Besides, those fluxes of electrons and positrons emanating
from DM efficiently lose energy through radiation across various wavelengths, making
secondary radiative emission a potential indirect detection channel with distinct spectral
and morphological signatures [96,97]. The primary mechanisms for energy dissipation
in high-energy electrons and positrons include inverse Compton (IC) up-scattering of

background photons and synchrotron radiation within magnetic fields.

Furthermore, the emergence of gravitational wave detection has sparked a renewed
interest in the hypothesis that a portion of DM density, as inferred through observational
data, could be accounted for by MACHOs. Such entities, potentially including Primordial
Black Holes (PBH) that could have formed in the nascent Universe amid significant density
fluctuations, offer a good opportunity for DM research. Figure 11 delineates the exclusion

limits for the proportion of DM density these objects might constitute [6,7].

In summary, while direct detection experiments focus on capturing DM particles
themselves, indirect detection methods like those employed by PAMELA, AMS-02, and
Fermi-LAT and the future LSST [98] aim to capture the secondary particles produced by
DM annihilation. These methods, though still inconclusive, have narrowed the search for

DM by providing critical data on its possible interactions and effects.
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Array (CTA) on the pair-annihilation rate as a function of DM mass derived
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on the average thermal cross section for DM annihilation via vector mediators
(Z'") with 200(1000) GeV are presented, where couplings with the dark sector
are assumed to be of the order of O(1071) [95].
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Figure 11 — Constraints on the monochromatic mass function for PBH due to evaporation
(red), gravitational lensing (blue), gravitational waves (grey), dynamic effects
(green), accretion (light blue), distortions in the CMB (orange), and large-scale
structures (purple). Further details can be found in Ref. [6].

3.4 Collider Searches

In the landscape of modern physics, particle colliders represent a frontier for probing
the fundamental constituents of nature. Theoretical frameworks usually claim that DM
can interact with SM particles, either directly or through intermediary forces, requiring
new interaction Lagrangians for exploration of such processes [78]. The pursuit of DM in
collider environments is loaded with challenges, notably due to the anticipated feebleness

of DM interactions.

Colliders, by design, are versatile instruments capable of investigating a plethora
of physical phenomena across a vast number of events, with their potential limited mainly
by their energy and luminosity. For example, the next phase of LHC experiments, called
High Luminosity LHC (HL-LHC) aims to accumulate 3000 fb~! in pp collisions from 2029
to 2041, which is ten times more than the nominal LHC performance expected for the
period from 2010 to 2021 [99-101]. This capability, however, introduces the complexity of
managing and interpreting the background noise inherent to such high-energy processes.
A significant aspect of collider experiments is their ability of providing new data to refine
theoretical models through precise measurements and observations. Thus, the detection of
DM-like particles within collider setups would not directly confirm their cosmological role

due to the vast differences in observational scales and conditions [1,102]. The relationship
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between the cross section of potential DM-producing processes and the colliders luminosity
underscores the precision and scope of these investigations. Such experiments offer a unique
vantage point for exploring resonant phenomena, which could illuminate the properties of

possible mediators more than the DM particles themselves.

Reflecting on past achievements, such as the discovery and characterization of the
Z boson at the LEP collider, or the remarkable observation of the BEH boson [103,104],
illustrates the synergy between theoretical predictions and experimental validations. These
historical milestones underscore the stringent constraints that collider data can impose on
new particle interactions. Still, the investigation of resonance processes within high energy
physics (HEP) is a fundamental strategy employed in the search for new physics, specially
for DM candidates. Resonances, defined as peaks in the cross section, proportional to the
interaction probability, often indicate the presence of previously undiscovered particles or

states.

For example, a landmark in the significance of resonance processes for particle
discovery was the identification of the J/i¢ meson in 1974. This discovery was quite
significant, providing unequivocal evidence for the existence of the charm quark. It led to
a comprehensive revision of the SM at time and ultimately to the awarding of the Nobel
Prize in Physics to Burton Richter and Samuel Ting [105]. The events to characterize
this new particle was detected in the energy distribution of electron-positron collisions,
by two different groups at the time, led by the later Nobel laureates. Another significant
breakthrough was the discovery of the W and Z bosons in the early 1980s by Carlo
Rubbia and Simon van der Meer [105]. These particles, which mediate the weak force,
were detected in resonance peaks observed in proton-antiproton collisions. This discovery

served as a confirmation of the electroweak theory and also resulted in a Nobel Prize.

Resonant processes, in a general sense, occur when a system absorbs energy more
efficiently at a specific frequency, resulting in a substantial increase in amplitude at that
frequency. In the context of HEP, resonance typically involves the generation of an unstable,
intermediate particle state during a particle collision. This state forms when the energy of
the colliding particles aligns with the energy required to produce a new particle, leading to
a resonance condition. The state is highly unstable and decays rapidly into other particles.
The resonance condition is satisfied when the total energy of the system matches the mass
of the resonant particle, with the cross section of such events usually described by the
Breit-Wigner profile [90]:

dr MEDVT
P* (s — ]\43{)2 + ME{F%{’

Ores N (3.2)
where I' is the decay width of the resonance particle into its initial (7) and final (f) states,
and I'g is the total decay width of the produced particle. Also, p is the four-momentum of

the initial particles, s is the Mandelstam variable related to the total energy of the process
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squared, and finally Mp is the mass of the particle.

At energies near the resonance, the cross section experiences a significant enhance-
ment, manifesting as a spike in the event rate. This spike serves as a definitive signal of
the emergence of a new particle or state. Through the analysis of events across various
experiments, physicists can deduce the event rate and, thereby, the cross section of the
studied process. This enables the determination of the properties of the involved particles,
including their masses and decay rates. This increase in the event rate, when taking into
account the inherent difficulties in the background and analysis of signals in particle
colliders, is what most favors the search for events of this kind. Hence the importance of
understanding well the implications of such processes, especially in scenarios containing
new physics. Furthermore, such analyses allow for the validation of theoretical predictions
and models within particle physics and the investigation of the forces that govern particle

interactions.

Looking ahead, the proposed next-generation lepton colliders, including the FCC-ee,
CEPC, ILC, and CLIC, promise to extend the energy frontier, potentially uncovering
new aspects of electroweak interactions and DM phenomena at energies surpassing those

previously achievable [106-109].

In collider experiments such as those in operation at the LHC, one method to
manage the analysis of the vast number of events generated is through the implementation
of triggers. These triggers are essential due to the impracticality of examining each event
individually. Specifically, the selection of triggers plays a relevant role in the search for
DM in hadron collider environments. This usually involves identifying events that exhibit
missing momentum, which may indicate the presence of an invisible entity, although
reconstructing such events can be challenging [110]. The primary strategy for detecting
DM involves accounting for the missing transverse momentum (p7) from particles that can
be observed by the trackers and calorimeters of the detector following event reconstruction
. Given the conservation of momentum in the plane perpendicular to the beam direction
(transverse plane), and the large momentum carried by the colliding particles in the beam
direction, we can consider that the initial transverse momentum is negligible, leading to an
expected net transverse momentum of zero when considering all the detectable final state
particles. When one or more particles escape detection, either because they are weakly
interacting (like neutrinos or DM particles), an imbalance in the transverse momentum is

observed. This imbalance is quantified as the missing transverse momentum, pr.

Mathematically, p2*s is defined as the negative vector sum of the transverse

momenta (pr) of all detected particles in an event [111]:

ﬁ%liss + Z ﬁT = O (33)

detected particles

In searches for DM particles produced in collider experiments, events with a significant
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Figure 12 — Portrayal of a event in CMS with high-pi (red arrow) for a monojet, which
has its calorimeter deposits indicated by the red and blue towers [114].

piss are of particular interest. These events could indicate the production of DM particles
that escape the detector unseen, their existence inferred from a momentum imbalance, as

shown in Figure 12.

Essentially, the focus is on events that involve DM and somehow correlate with the
production of detectable SM particles by collider experiments, such as muons, electrons,
photons, jets, etc. Searches that are predicated on the emission of a single particle from
an initial-state quark, leading to the production of monojets, mono-Z, monophotons, and
similar phenomena, are collectively referred to as mono-X searches. Additionally, DM
searches in colliders include triggers for dileptons (the production of two lepton pairs
in the final state) [112] and dijets (the production of two particle jets in the final state,
possibly originating from a DM-related vertex) [110,113]. While these analyses have not yet
provided definitive evidence of DM, they contribute to narrowing the parameter space and
extending the exclusion limits for various DM models, especially those involving massive
mediators [110].

The search for new physics in accelerator experiments is increasingly focused on
detecting particle production signals that align with conventional gauge theories, based on
the interaction Lagrangian form from QFT. This involves exploring signals of DM arising
from particle collisions with kinematic distributions similar to those observed in 2 — 2 or
2 — 4 processes, as previously studied in the CDF and DO experiments at the Tevatron in

Fermilab and now at the ATLAS and CMS experiments at the CERN LHC.

The pursuit of DM at colliders essentially focuses on two main production channels:

DM production associated with conventional matter or radiation emitted in the initial state
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Figure 13 — Exclusion limits at 95% confidence level (CL) for a vector mediator. These
results indicates an exclusion up to Mpeq = 1.95 TeV for m, ~ 1 GeV. This
kind of plot on the mass-mass plane for DM particle and its mediator is widely
used for benchmark studies on beyond Standard Model (BSM) physics [114].

and direct production. In both scenarios, the experimental signal measured is the missing
momentum, derived after reconstructing the involved particles and determining their
momenta and energy. This imbalance in energy, relative to the initial collision energy of
the proton, indicates the amount of energy carried away by undetected, invisible particles.
The CMS Collaboration has been eagerly exploring potential DM production signals at
the LHC, especially under conditions of high luminosity. For example, Figure 14 presents
exclusion limits at 95% confidence level (CL) for searches in proton-proton collisions at 13
TeV for a vector mediator, in the mediator mass plane (My,eq) versus the DM and SM

couplings, ¢, and g, respectively, for a integrated luminosity of 137 tb=1 [110,114].

The investigations at the LHC predominantly compare experimental results to these
models predictions for proton-proton collision production via quark annihilation, where
direct DM production would remain undetectable by the sensors, yielding no hadronic
activity signals. In contrast, the proposals consider the parallel production of DM with
conventional matter and radiation, yielding detectable signals in LHC experiments. Since
DM cannot be directly measured, the signal of conventional matter is assessed, and the
reconstruction process reveals an energy loss compared to the initial protons energy. This
type of signal can be assessed in the production of DM from one of the initial quarks
in the interaction, where an imbalance in energy could be indicated. Such analyses are
underway for processes known as monojets [115-118], monophotons [119,120], mono-Higgs
[121-124], mono-Z [125-128], monotop [129, 130], among others [126].
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Figure 14 — Exclusion limits at 95% CL for a vector mediator, relative to its couplings
with the dark sector (left) and SM quarks (right). Here, m,, is fixed in Mpea/3
for comparison, and the blue solid lines represents where this model produce
the DM relic density [114].

By complementing direct and indirect detection methods, collider searches for
DM continue to refine the understanding of its properties and interactions, aiming to
characterize (or refute) dark sector particles. In chapter 5, we will explore processes that
characterize DM interactions through an initial state, that is, reactions where decays into
invisible final states are anticipated. Consequently, it requires the characterization through
signals distinct from those of the conventional reconstruction of final states emanating
from a collider event. In this work, we will consider resonance processes to determine the
cross sections involved in our theoretical predictions, as well as estimate the impact of this
regime on the calculation of DM relic abundance in the primordial universe. This must be
done carefully, as usual calculations of this nature present significant discrepancies when

resonance processes are not taken into account [90].

3.5 Simplified Spin-dependent Models for DM

In exploring the intricate dynamics between DM and SM particles, our aim is
to establish a theoretical framework in which a new spin-1 mediator, designated as Z’,
operates as a mediator for interactions. Drawing insights from seminal works [49-54, 78],
this Z’ boson is envisioned not just as a mediator facilitating DM production up to the

freeze-out epoch but also as a potential piece to extend the SM reach into the TeV scales.

This paradigm forecast Z’ as a portal that facilitates interactions within the dark
sector, modulated by a coupling constant g,. The feasibility of Z’ being the primary DM

contradicts the requirement for stability, pushing the narrative towards its mediator role.
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Figure 15 — Feynman diagrams for the s-channel interaction via the spin-1 mediator for
the three DM candidates, scalar (left), fermion (middle), and vector (right).

This approach leads to a richer DM sector, potentially comprising scalar, fermion, or
complex vector constituents, each engaging with Z’ through distinct interaction pathways
(see Figure 15). Unlike the scenarios discussed in Ref. [50], we will not initially assume any
effective model and will proceed to calculate the total cross section (04,) using Feynman
rules independently. Furthermore, in all the processes we will describe, the scattering is
elastic, but inelastic scatterings or those described by form factors can also be considered
[131,132].

Therefore, an interaction Lagrangian describing an extension of the SM with a
new renormalizable symmetry group U, (1), acting as a vector portal to dark matter, and
comprising a complex scalar, fermion, or vector field, can be described as we will see. The
interaction Lagrangian for a scalar DM candidate yx, that interacts with SM fermions,

represented here by the spinor 1, which interaction is mediated by Z’, can be written as:
L3 S Yy (P + 9. Pr) U Z), + gy (x"0ux — x0,xT) 2™, (3.4)

where g;/, and g, represent the couplings of the mediator boson with the SM particles
and with the DM, respectively. The last term contains the usual and adjoint Dirac spinors
¥ and v, respectively, relative to the interaction term of the boson Z’ with SM particles.
The operators P, and Pr denote the left-handed and right-handed operators, defined by

P =5(1-7°),
Pr =

3.5
(1+7), 3
with g; and g, representing the magnitudes of left-handed and right-handed couplings

N—= NI

with SM particles, respectively. Finally, the last term containing the scalar fields x and x'
represents the interaction term of the scalar DM with the boson Z’. This formulation hides
the kinetic and mass terms of the Z’ boson, considering that, similarly to what is seen in
the literature, we do not focus here on how the Z’ boson acquires its mass, nor do we delve
deeper in detail about the gauge regularization of the Lagrangians presented, which does not
prevent the derivation of our results or similar studies that follow this same methodology
[56]. More comprehensive models on spin-1 mediators and the related final states that
prescribe their gauge invariance are described in Refs. [1,51,55,59,68,70,114,133-136].
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For a DM particle described as a fermion, where y is a Majorana fermion being its

own antiparticle, the interaction Lagrangian can be formulated as follows:

L™ S [Py (g PL+ g:Pr) ¥ + XV (9 Pr + 95 Pr) X] Z,,, (3.6)

where we assume the generalization g;?r = g;;r for the purposes of this discussion. Besides,
in this case, the interaction term of the fermion DM with the Z’ boson is provided by
the last term of the equation, involving the spinor x and its adjoint y, along with the

corresponding left and right-handed operators and couplings.

Finally, in the case of a DM candidate represented by a complex vector field,
distinct from the mediator vector boson considered earlier, it is possible to combine two
real degrees of freedom from a complex DM field with the singlet defined by the mediator
Z',, to generate a field tensor and a gauge kinetic term akin to what is performed in gauge
theories with SU(2) representations. Following the procedure as demonstrated in Ref. [50],

we obtain an interaction Lagrangian, ignoring quadratic terms, expressed as:

Ly > py* (9P + 9. Pr) Wz, —igy (0" 2" — 0" Z"™) XLXV?
— ingLXl (OFx” — O"x") +ig 2" X" (QLXIT, — 8,,)(L) (3.7)

where the last three terms are the coupling between the vector fields of DM and the field

associated with the Z’ boson.

These interaction Lagrangians shows that the WIMP y candidates we propose
are neutral regarding both color and electromagnetic charge, and thus, do not undergo
scattering with gluons at tree level [137]. Consequently, we have three x candidates for relic
DM: scalar (spin-0), fermion (spin-1), and vector (spin-1). Each of them interacts with
the SM particles through the mediation of a novel massive spin-1 mediator Z’ with mass
M. For further insights and a comprehensive discussion on the simplified DM models
presented in this document, interested readers are directed to the appendices sections 2
and 3 from Appendix A [138], sections 2 and 4 from Appendix B [139] and sections 1
and 2 from Appendix C [140], located at the end of this work. There we delve into the
theoretical frameworks, calculations of cross sections, decay widths, other mathematical
formulations, assumptions and potential implications of the models discussed. We also
included a comprehensive discussion on the limitations and strengths of the models and

potential pathways for future research.
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4 Dark Matter Relic Density Estimation

In DM research, understanding how and when its production occurred during
the initial phases of the Universe is essential, especially when we want to describe a
new model that explains this abundance. This phase is important because it determines
the characteristics of the relic DM observable today through its gravitational effects on

structures such as galaxies and clusters.

There are in the literature various mechanisms for DM production in the early Uni-
verse, depending on which model is under consideration, each with its unique characteristics.
Some low mass scalar DM models can be deduced from the inflaton condensate during
inflation and reheating [141]. This production is categorized into gravitational, weak direct
coupling (perturbative), and strong direct coupling (non-perturbative) regimes. Scalar DM
candidates like Q-balls and axions can significantly impact the matter power spectrum,
with constraints derived from Lyman-a measurements suggesting bounds on the DM mass
for various production regimes [141]. From MACHOs perspective (see section 3.1), PBHs
are believed to form through the gravitational collapse of significant density fluctuations
in the early Universe, which can arise through various phenomena such as topological
defects (e.g., cosmic strings, necklaces, domain walls), fluctuations during ultra-slow-roll
inflation, sound speed resonance, early matter domination periods, or other sub-horizon

events like phase transitions and preheating [1,142].

There is also a so-called freeze-in production, where DM interacts very weakly
and is gradually produced by decay or scattering processes. This usually requires larger
coupling values for successful DM production, expanding the parameter space for sterile
neutrinos and gravitinos as DM candidates. The freeze-in mechanism generates particles
out of equilibrium, which then accumulate over the history of the Universe. The quantity
of these particles generated at a specific redshift is determined by multiplying the rate of
production by the Hubble time at that redshift. This mechanism often leads to scenarios
where the lightest particles in the observable sector decay into DM with relatively extended

lifetimes, resulting in distinct signatures observable at particle detectors [1,143].

As for asymmetric DM scenarios, where a particle-antiparticle asymmetry in the
dark sector mirrors the baryon asymmetry in the visible sector, the enhanced expansion
rate can lead to earlier particle freeze-out and an enhanced relic density [144,145]. Still, an-
other dark-sector dynamics, including processes like cannibalization and number-changing
interactions, can significantly influence the abundance of DM beyond the conventional
2-to-2 interactions. On the other hand, DM can also be produced through non-thermal

mechanisms. This involves the decay of a precursor particle (sometimes referred to as a
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mother particle) into DM, or the conversion of energy from topological defects, moduli,

and other non-standard sources into DM, often mediated by gravitational interactions [1].

Finally, the widely discussed freeze-out scenario, that can be also called the sym-
metric freeze-out, proposes that during the expansion of the Universe and consequent
cooling, DM was expected to be in chemical and kinetic equilibrium with other cosmic
components. This equilibrium phase is key to understanding why there is now about
five times more DM than baryonic matter. As the Universe expanded, DM eventually
decoupled from the rest of the matter-energy content, a process known as freeze-out. This
decoupling effectively froze certain properties of DM, such as its numerical density and

temperature, when we assume a standard LCDM cosmology [78,90].

4.1 Thermal Relic Abundance

The Boltzmann equation offers a method to estimate when this freeze-out occurred
[90]. Tt involves the assumption that, at the freeze-out, the SM particles, resulting from
DM annihilation, were in total equilibrium with the primordial plasma. Hence, in this
equation, the number density of DM particles n, varies according to its density neq, in

thermal equilibrium with SM species. The Boltzmann equation is thus expressed as:

dn
d_tx +3Hn, = —[n2 —n2 | (ov), (4.1)

where (ov) is the mean thermal cross section times velocity that governs the interaction
between the dark and SM sectors, H is the Hubble constant and ¢ is time.

Another assumption in this analysis is the constancy of entropy per unit comoving
volume, expressed as s = S/a3(t), where a(t) is the comoving distance [5]. With s oc T3,

we define a new variable Y, the yield, as:

n
leading to a re-expressed Boltzmann equation [78,90]

dY(t)

o = s [V (1) — Yeal0)] (o0). (43)

To better understand the freeze-out process, we introduce a new variable, x, defined as
the ratio of the DM particle mass to the photon temperature of the Universe at a certain
epoch (z = 7). This variable helps to eliminate the direct dependency on time in our

calculations. The Hubble parameter, for an standard cosmology, can be written as

H= gﬂ'Gpc, (4.4)

with G being the gravitational constant and p. the Universe total energy density. Then,

p and s can be written in terms of the degrees of freedom of all species involved in the
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process and we get the evolution of Y in terms of x as:

ay 45 _\/gemy 5
% = — ?GT<U’U> [Y2 — Yveq ] . (45)

The factor g, precisely represents the content of the Universe at a certain temperature T’

and depends on the degrees of freedom of the particles under consideration [78,90].

The thermal average of the annihilation cross section times velocity, (ov), is

commonly approximated by expanding the cross section at low relative velocities.
(ov) = o - v+ O(v?). (4.6)

However, this method may not always provide an accurate approximation, especially in
situations where the cross section expansion poorly represents its behavior or is divergent.
Under such circumstances, employing an integral formula becomes beneficial, or even
mandatory. This approach allows for a more precise computation of the thermal average
by directly integrating over the relevant distribution of velocities, thereby capturing the
effects that might be missed or misrepresented by a simple low-velocity expansion [90].
This is particularly important where resonant processes need to be taken into account
for greater accuracy in parameter space determination, as is the case with the studies

presented in the papers resulted from this work in Appendix A [138] and Appendix B [139].

Following the recommendations by Ref. [90], one can get analytical expression for

(ov) as

(o) ! /4 " dso(s)Va (s — dm?) K, (\/Tg) | (A7)

8mATK, (%)° Jum2
where K;(z) are modified Bessel functions of second kind. This is initially derived assuming
particles follow Maxwell-Boltzmann statistics. Nonetheless, this equation can also be
extended to encompass systems characterized by alternative statistical distributions [90].
This broader applicability is contingent upon the condition that the temperature of
the system, 7', does not exceed three times the mass of the particles (T" < 3m,). This
temperature threshold ensures the assumptions of Maxwell-Boltzmann statistics, such
as particles moving at non-relativistic speeds, remain valid even when other statistical

frameworks are considered.

Moreover, it is important to address the frame of reference for the relative velocity
between particles when applying Equation 4.7. Typically, the equation is described in a
laboratory frame, which is convenient for most theoretical and practical analyses. However,
in situations where the center of mass frame provides a more accurate depiction of the
process, adjustments to the equation are necessary [90], which fall outside the scope of
this work. To determine the abundance of DM in the current phase of the Universe, it is
necessary to find a solution for Equation 4.5, and solving it generally demands a numerical

approach due to its nature as a differential equation lacking closed-form solutions for
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Figure 16 — The typical evolution of the abundance Y (z) during the decoupling (freeze-out)
period of DM is depicted in the referenced figure. This graph illustrates the
critical phase where DM particles transition from being in thermal equilibrium
with the cosmic plasma to becoming the non-interacting, relic density observed
today [146].

generic cases. To obtain the current abundance, Yy, one has to integrate x from the early

Universe to present times, where Ty will be the current photon temperature of the Universe.

The equilibrium density is crucial in this context and is given by:
. 459 $2K2<.§L’)

" G bl -

where heg represents the effective degrees of freedom and g the internal degrees of freedom
of the species in question. This formulation will allow for an good approximation of the
relic density for massive particles, bypassing the need to solve Equation 4.5 numerically
[90].

To further refine this approach, one must determine the freeze-out temperature,
T}, which is the temperature of the Universe when the freeze-out specifically occurs.
By defining the deviation between in-equilibrium and out-of-equilibrium abundances as

A =Y —Y,,, we can reformulate Equation 4.5 as:
dA 45 _\/Gxmy dY,
— = —/ =G (o) A(A + 2Y) — ——2. 4.9
o= VG (AL +2Ye) - — (4.9)
Still according to Ref. [90], the variation of dA/dx is not significantly different before

decoupling. As can be seen in Figure 16, the equilibrium density follows Y until the
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decoupling occurs, and after that, Y remains almost constant for z > 1. This indicates

that freeze-out effectively occurs only when A reaches a specific value such that:
A =Y. (4.10)

This leads to the definition of a freeze-out condition as:

dIn Y
de

B VI Y86 4 2) = (4.11)
m xXr

Applying this condition to the defined expression for Y., in Equation 4.8 yields a transcen-

dental differential equation:

45 _45g Ko(x) Ki(z) 1dlnh(T)
?Gm ho(T) VG (o0)6(d + 2) = Ko@) © dinT (4.12)

A comparison with approximations for various cross sections shows that § = 1.5 is a
suitable approximation [90]. Following freeze-out, Y., can be disregarded as the equilibrium
abundance decays exponentially as x increases, as shown in Figure 16. The current

abundance, Y[, is thus derived as:

1 1 45 T
—=—+4/—G (ov) dT. 4.13
=y TR V) (4.13)

Typically in the literature, the term Y; ™! is omitted, not significantly affecting the approx-
imation for Y;'. However, it is noteworthy in Equation 4.13 that different annihilation
modes linearly contribute to Yy '. This property is particularly useful when considering

the production of DM states in resonance in some annihilation channels [90].

Finally, knowing Y{ allows for the calculation of DM density in the current Universe

as:
Q ,Cx,O ! IXSOSO
X - .

Pe Pc

(4.14)

Assuming a non-relativistic form for the freeze-out condition as defined in Equa-

tion 4.12, it simplifies to:

\ /4—5022 \/ZZ?)% JGam (0)3(5 +2) = 1. (4.15)

By disregarding the correction of Yy in Equation 4.13, we obtain an excellent approximation

for the relic density as:

& arl™
Q. h? ~ 8.7661 x 107 GeV { VG (ov) —} . (4.16)
To my
This equation can be used as a powerful equation that connects a large-scale cosmological
quantity (DM relic density, 2,h?) with a particle physics variable (average thermal

annihilation cross section, (ov)). This relation is quite important to deduce current
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properties of DM, highlighting the interplay between cosmology and particle physics. Note
that this equation indicates an inverse proportionality: a higher annihilation cross section
implies a lower abundance of the DM type under investigation. Such a correlation is vividly
depicted in Figure 16, where the abundance Y inversely varies with the thermal average
of the annihilation cross section ((ov)). Interestingly, in a hypothetical scenario where
DM particles did not undergo freeze-out, not considering freeze-in scenarios [147], their

abundance would effectively be zero at higher x values.

4.2 Relic Abundance for Processes in Resonance

In the literature, the calculation of DM abundance, and thus the cross sections
involved in its primordial production, typically assumes processes in equilibrium and
distant from the poles or resonances of a given species. However, when considering
resonant production processes, one cannot straightforwardly apply the usual solution to
the Boltzmann equation in terms of the thermally averaged cross section (ov). As likewise

detailed in the work by Ref. [90], for a resonance with a Breit-Wigner profile of the form

2 12
4w mel'R

Ores — BiBf .
TP (s—mE)t +miTh

(4.17)

In the context where the statistical factor w is defined as (2J + 1)/(2S + 1)?, with p repre-
senting the momentum in the center-of-mass frame, and S denoting the spin of the colliding
particles respectively, we inspect the dynamics of particle interactions. Furthermore, mg,
I'r, and J are the mass, total decay width, and spin of the resonant state, while B; and
By represent the branching fractions for the resonance decaying into the initial and final
channels, correspondingly [90]. For now on and throughout this work, we will identify
the resonance with our spin-1 mediator discussed in section 3.5, then mr — My and
I'r = Iz

We can still reformulate Equation 4.17 to make it expressible in terms of the kinetic

energy per unit mass € in the laboratory frame,

S—m

x (4.18)

€ =
2
mx

Introducing the parameter er, which represents the relative energy scale normalized by

the mass of the DM particle (m,) and the mass of the mediator Z’ (M), we have:

(M3, —4m2)
= =" 4.19
€R 4mi ( )

This leads us to express the resonant cross section o, as:

2 12
47rwBiBf M2,P/2 .
(e—er)2+MZI%,

(4.20)

Ores = m2
X€
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In the laboratory frame, the relative velocity between two particles can be expressed as:

Vb = 2¢/€(1 4+ €) /(1 + 2¢), (4.21)

which allows us to reformulate the resonant cross section as:

8w M2T%,
Ores = €), 4.22
mi (e —er)?+ MZT?, (€) ( )

where the function bg(€) is defined as:

(1_ R )1/2
bR(e)zBl<1€1/fZ)f2t>) . (4.23)

This function does not vary significantly near a resonance and hence can be approxi-
mated through an expansion or calculated numerically. In this work, aiming for a model-
independent expression of the resonance width for non-relativistic DM, we adopt the
strategy of following the steps described in Ref. [90]. Thus, we describe (ov) for a non-
relativistic Breit-Wigner resonance, as would be a cold DM candidate in the LCDM model,

in the ensuing form:
167 (2J +1 MyT < o)
7rggﬁ/%l/? Z—2ZBZ.(1 — B;) E 1;3

m2 (25 + 1)2 o filzri ). (4.24)

<Uv>res =
X =0

The terms b%) are the coefficients of the expansion of a function involving the branching

fraction B; of the form

1/2 0 ()
€l/2(1 + 2e) ' '

br(c) L
1=0
Lastly, the Fj(zg; z) term results from the thermal average of ov with integration over the

energy per unit mass e

F( ) R i /oo 6(l—|—1/2)€—aced ( )
spir) =Re— | —— " de, 4.26
n mJo (2r—¢)

with an € factor from Equation 4.25 and an auxiliary variable in terms of the masses and

decay widths of the particles involved

X

MQ/ — m2 M1

Z . VAR VA

ZRr = 5 +1 .
X

4.27
= (1.27)

In Appendix A [138] and Appendix B [139], we delve into how these outcomes modify
the expected cross sections for processes involving resonances of mediators and massive
final states across various experimental settings, including electron-positron accelerators
and the LHC. The appendices also feature detailed charts and comparisons among each

scenario, which we refrain from repeating here for the sake of brevity.
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Therefore, by combining equations Equation 4.25 and Equation 4.26, we derive the
final expression that underpins all resonant process calculations showcased in this work.

This formula is presented as follows:

i 00 (1 + 6)1/2672?6
F(zgr;x) = Re— de. 4.28

(2r; 7) 7T/0 (14 2€)(zr —€) (4.28)
This approach enabled the simplification of Equation 4.24 into a more straightforward
formulation, avoiding the dependency on the expansion in terms of € as previously
delineated in Ref. [90]. Consequently, this led to the evaluation through the subsequent

expression:

16w (2J + 1 MyT
_ 167 2T+ D) sge =2 Bi(1 - B;) F(zp; x). (4.29)

(Vs = 0T 2THD) a2
m2 (25 +1)? m2

Next, this equation was employed to compute the final DM densities, utilizing the framework
provided by Equation 4.16 that was delineated earlier in the discussion. This approach
allowed for a comprehensive analysis of how resonant production mechanisms influence
the relic densities of DM.

In brief, the comprehensive understanding of DM abundance in the Universe extends
beyond stellar and galactic velocity dispersion analyses. It also encompasses the study of
fluctuations in the CMB. By employing the Boltzmann Equation (Equation 4.1), a link is
established between the amount of DM produced primordially and the annihilation cross
section of a process that replicates this abundance. In our work we delve into how some
models can influence the annihilation cross section of specific processes, thereby affecting
DM production estimates during the freeze-out phase. While the general framework
for calculating relic densities provides crucial insights, there are significant non-trivial
exceptions that warrant attention [90,148]. These often arise when considering thermal
production processes near a pole or resonance. Specifically, the latter can lead to an
overestimation of the calculated relic DM density [90]. This situation necessitates corrective
measures to accurately define the viable parameter space, especially in experiments probing
these regions. When DM production occurs near a resonance, the interaction dynamics
can be markedly different from the typical scenarios predicted by SM. This difference often
results in a higher effective cross section, thereby influencing the relic density calculations.
Consequently, researchers must carefully adjust their models to account for these resonant
effects, ensuring that the predictions remain consistent with the observational data. In
Appendix A [138] and Appendix B [139], we delve into these specific cases, exploring
how close-to-resonance thermal production processes affect DM relic density estimations.
This exploration is not only crucial for refining theoretical models but also for guiding
experimental efforts. By delineating the correct and still accessible parameter space, we
can better target experiments to search for DM in these scenarios, potentially unlocking

new aspects of DM behavior.
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5 Investigations in Particle Colliders

Experimentally detecting DM is a challenging endeavor. Particularly in collider
experiments, to achieve this one has to look for signals, from initial or final particles, that
can characterize events with missing transverse momentum (p2*). In the HEP physics,
the LHC experiments frequently explore phenomena that could hint at the existence of
DM, more specifically through proton-proton collisions that might generate DM alongside
Quantum Chromodynamics (QCD) jets, leptons, weak and/or Higgs bosons, photons, etc.
Given that DM particles are believed to be electrically neutral and stable at cosmological
scales, their presence in collider experiments is inferred from the absence of expected energy,
manifesting as missing momentum in the readings of the detector [56]. One approach to
identifying such events involves considering the emission of some form of radiation from the
initial state of the particles involved in the process, like charged leptons, hadronic jets, or
photons, often encapsulated in the approach known as mono-X searches. For example, to
estimate events that include a monophoton as ISR, radiative corrections become necessary
as these processes have different probabilities of occurring compared to other without
such emissions. While most of these corrections in the literature are approximated for a
soft photon emission or are numerically calculated for a 2 — 3 process, in this work we
opted to adapt the radiative correction for the emission of a hard photon, as discussed in
Ref. [149], where is proposed a factorization with low-order processes where e*e™ reactions
generate any final state f different than the initial one, plus the emission of a hard photon

from the event.

In recent analyses, the LHC experiments have started to include events with up to
four jets, demanding that the primary jet exhibit a transverse momentum (pr) exceeding
250 GeV while other studies opt for a less restrictive criterion, requiring at least one
jet with pr over 100 GeV [56, 114, 150-152]. Despite the promise of these techniques,
several challenges dampen the LHC sensitivity to DM. The presence of intricate QCD
backgrounds and other detector particularities introduce significant systematic uncertainties
in monojet searches. To address these, there is been a push towards leveraging advanced
computational techniques, including machine learning algorithms and computer vision, to

refine jet identification and enhance signal purity [153,154].

In the Figure 17, Figure 18 and Figure 19, we collect a comprehensive compilation of
mono-X searches, alongside analyses of final states involving jets with ISR or solely missing
momentum. These studies highlight the stringent limits imposed for a set of benchmark
parameters and models, where the DM candidate is considered to be a Dirac fermion in
the final state, and the mediator is a new spin-1 boson, with axial or vector couplings to

SM and DM, which may or may not couple exclusively with quarks, in accordance with
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Figure 17 — Exclusion regions at 95%CL computed for a lepto-phobic Axial-vector (top)
and vector (bottom) model. Here, the exclusions are computed for a quark
coupling of g, = 0.25 and for a DM coupling of gpy = 1.0. These limits are
very model and parameter dependent, and usually cannot be applied for other
models or choice of couplings [155] The models and couplings were chosen
following the recommendations in [54], that also were used for scenarios in

this work.

the recommendations by the LHC Dark Matter Working Group [52, 156].

In these studies, the CMS collaboration shows the restriction to a mediator coupling

with the dark sector that reaches mass around 2 TeV for DM particles mass of m, =1 GeV
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(see Figure 17). Moreover, in this same scenario, constraints on the mediator mass exceed
1.6 TeV even for a DM particle mass approximately of 800 GeV [155]. Exclusive dijet
searches, which do not depend on the DM mass, focusing on an invariant mass of a new
heavy mediator, have reported mass restrictions that surpass 2.6 TeV in the latest analyses
as reported by Ref. [155]. However, it is crucial to recognize the model and parameter
dependency of these searches; variations in the model or significant parameter alterations

can invalidate these constraints, as noted by Ref. [155].

Interestingly, even when considering an axial-vector type mediator with the same
parametrization, i.e. gp; = 1, g4 = 0.25, g, = 0, the most stringent limits remain consistent
with the vector case. Nonetheless, a notable difference emerges in the expected relic density
for both cases. Axial-vector mediators exhibit a more restricted parameter space, aligned
with the gray curve in Figure 17 defining the overabundance of DM in the early universe,
specifically where QA% > 0.120. Conversely, searches featuring a monophoton as ISR
yield less restrictive mediator mass limits, under 1 TeV for both vector and axial-vector
mediators, a fact that may favors more significant and detailed searches on this channel,

such as those highlighted in the results of this work (see chapter 6).

Similarly, results from the ATLAS Collaboration [157] depicted in Figure 18 with
identical coupling parametrization shows that a massive vector mediator is excluded

miss

for Myea S 2 TeV at m,, = 1 GeV for monojet and p'™** searches, with slightly more
stringent results for monophotons than CMS, indicating no detection of a mediator at
least Myeq S 1.5 TeV for this ISR signal. Exclusive analyses in dijet final states, however,

exclude masses below 3.5 TeV, also more stringent than the CMS findings.

However, in many models involving this type of interaction, the mediator is expected
to have stronger couplings with the dark sector. Hence, exclusive measurements of Z’
interactions with the SM, or any other mediator boson, are not unequivocally determined,
due to their strong model dependence. That said, ATLAS results also suggest tighter
restrictions in the region corresponding to the correct DM abundance for axial-vector

mediators compared to vector ones, echoing the findings by CMS [155] in this matter.

It is worth to note that relic density calculations for massive mediators often overlook
resonance production [90, 148], which inspired the pursuit of specific calculations in this
regime by our part (see chapter 4). Resonance enhancement presents a compelling scenario
for new physics, applicable in both LHC-type accelerators and electron-positron ones, the
latter with the possibility of even more promising results, by tuning the center-of-mass
energy to values near the invariant mass of the prospected mediator. This resonance-
induced enhancement in the cross section could facilitate an increased event rate in this
regime, which would favor the obtaining of even more properties about the particle or

process under study.

Lastly, for exclusive dijet and dilepton searches in models with non-zero lepton



Chapter 5. Investigations in Particle Colliders 66

S 1.6 "] = Dijet

()] 139 fb''; JHEP 03 (2020) 145

= 14 — Dijet TLA

Ex . 29.3 fb™'; PRL 121 (2018) 081801
Dijet + ISR

79.8 fb'; PLB 795 (2019) 56

= Boosted dijet + ISR
36.1 fb’'; PLB 788 (2019) 316
= Boosted di-b + ISR

80.5 fb'"; ATLAS-CONF-2018-052

— tt resonance (1L)
36.1 1b'; EPJC 78 (2018) 565

= tt resonance (OL)
139 fb''; JHEP 10 (2020) 061

1.2

= bb resonance

139 fb'; JHEP 03 (2020) 145
— EP®4jet

139 fbo'; PRD 103 (2021) 112006

, : = ET®4y

iator, Dirac DM 139 fb'; JHEP 02 (2021) 226

0.9 =1 ET**+V(qq)

36.1 1b'; JHEP 10 (2018) 180
PRI T IR —E?'SS+Z(II)

3 3.5 4 139 fb'"; PLB 829 (2022) 137066

mz, [TeV]

Axial-vector
gq =0.25, =
All limits gt 95%

...2:5..

1.6

-

~— Dijet

139 fb''; JHEP 03 (2020) 145
— Dijet TLA

293 fb'; PRL 121 (2018) 081801

Dijet + ISR

79.8 fb™'; PLB 795 (2019) 56

= Boosted dijet + ISR

36.1 fb'; PLB 788 (2019) 316

= Boosted di-b + ISR

80.5 fb'"; ATLAS-CONF-2018-052

1.4 =

m, [TeV]

1.2

= tt resonance (1L)
36.1 b EPJC 78 (2018) 565

= tt resonance (OL)
139 fb''; JHEP 10 (2020) 061

= bb resonance
139 fb; JHEP 03 (2020) 145
miss
— E7 T +jet
139 fb’'; PRD 103 (2021) 112006
— [Miss
Er 7 +y
139 fb''; JHEP 02 (2021) 226
ET*+V(aq)
36.1 1b”"; JHEP 10 (2018) 180
mi
| R TR N IR —ET'SS+Z(II)
25 3 35 4 139 fb’'; PLB 829 (2022) 137066

m,. [TeV]

0.8

0.6

0.4

WY

O
<

lllllIlIIIIIIIIIIIIIII\IIIIIIII

Vegtor mediator, Dir:
gq }0.25, g = 0, gx =

0.2

—

\llIlllll[lllllllllllllll

OR

All lignits at 95% CL
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used in Figure 19 and Figure 17. The dashed lines correspond to where these
parameter combinations is consistent with Qh? = 0.120 DM density, computed
with MadDM [157].
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Figure 19 — Exclusion regions at 95%CL computed for a model with minimal couplings
to leptons (g, = 0.01) also for a Axial-vector (top) and vector (bottom)
model. The universal quark couplings were set to g, = 0.1 and for a DM
coupling of gpm = 1.0 [155]. These limits, as well as for Figure 17, are very
model and parameter dependent. The parameters were chosen following the
recommendations in [54], that also were used for scenarios in this work.

coupling, where g; = 0.01 and g, = 0.1, following Refs. [52, 156], vector mediators face

constraints at 95% confidence level around ~ 1.4 TeV for dijets and &~ 1 TeV for dilepton

channels. Axial-vector mediators encounter even more stringent limits, with dijet searches

in non-leptophobic models imposing mediator mass restrictions at 3.4 TeV and 1.4 TeV



Chapter 5. Investigations in Particle Colliders 68

for dilepton final states. ATLAS searches yielded similar outcomes [157], and variations in
relic density remained comparable, given the minor relevance of SM final states compared

to the masses and couplings involved with the estimation of the DM relic density.

In conclusion, the meticulous efforts undertaken by collider experiments, notably
those from the LHC, have imposed a restrictive landscape in the quest for DM detec-
tion. The mono-X search strategies, complemented by the inclusion of multi-jet events,
exhibit the complexity and sophistication of current experimental approaches. Despite
the inherent challenges posed by background noise and systematic uncertainties, advances
in computational techniques and data analysis, such as machine learning, are enhancing
the sensitivity and precision of these searches. The comprehensive limits established on
mediator masses and DM particle properties, as evidenced by both CMS and ATLAS col-
laborations, delineates a challenging parameter space for future explorations. With this we
hope to illustrate the dynamic interplay between theoretical predictions and experimental
constraints, clarifying where opportunities can be found for future investigations that may
take into account higher energy collisions, novel detection strategies, or even alternative

experimental setups beyond the LHC.

5.1 Computational Framework for HEP

On HEP, specially in new physics and BSM scenarios, utilization of computa-
tional tools and software has become indispensable. Theoretical, phenomenological, and
experimental calculations in these fields often rely on a variety of software packages. Com-
monly used tools include PYTHIA [158], for simulating particle collisions at high energies
andGEANT4, for modeling the passage of particles through matter [159]. Yet, particularly
on DM searches, softwares as MadDM and micrOMEGAS are widely used within the com-
munity, providing solid results that can serve as benchmarks for various new physics
models [160,161]. These software packages are instrumental in simulating complex physical
processes, analyzing experimental data, and exploring the theoretical underpinnings of the

Universe.

In this work we opted to develop our own code, which both advantages and
disadvantages, though the benefits, in our opinion, often significantly impact the work
of the researcher. Custom software can be tailored to specific research needs, offering
flexibility and the ability to adapt to unique problem sets that off-the-shelf software
might not address efficiently. It allows for the introduction of new theoretical models
or simulation techniques ahead of the broader adoption of the community, providing a
competitive edge in novel research areas. Additionally, developing custom code promotes a
deeper understanding of the underlying physics and computational methods, enhancing the

skills and insights of the researcher. However, it requires a significant investment of time
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and resources, with the potential for bugs and errors that can lead to incorrect results if
not meticulously checked. This was the case during much of the development of this work.
Despite these drawbacks, the advantages of custom software development often outweigh

the risks, especially for cutting-edge research that pushes the boundaries of knowledge.

In this way, computational physics, reinforced by the knowledge gained through
both the use of established software and the development of custom code, empowers the
researcher to cross disciplinary boundaries. The skills acquired in computational methods,
data analysis, and numerical modeling are highly transferable and valuable in a wide range

of interdisciplinary fields [162].

In this study, employing the Lagrangians referenced in section 3.5, we have been able
to generate Feynman diagrams for the spin-1 mediator resonance in the s-channel, along
with their corresponding amplitudes. This was achieved through both traditional Feynman
rules and with the support of software tools such as FeynCalc and FeynArts packages
for Wolfram Mathematica [163-165]. We present a schematic in Figure 20, illustrating

the workflow and components of the software developed and employed throughout this

investigation.
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Figure 20 — Description of the software architecture employed to evaluate the models
presented, ranging from their interaction Lagrangian to the final figures
included in this work. The majority of the code was developed in Python;
however, certain sections required the implementation of segments in other
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Utilizing the amplitudes derived, we proceeded to compute the total cross sections

with the aid of the SymPy symbolic manipulation package. The SymPy package is an open-
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source Python library for symbolic mathematics. It is a computer algebra system which
tries to keep the code as simple as possible in order to be comprehensible and provides
a powerful environment for symbolic computation, allowing for algebraic operations,
calculus, equation solving, discrete mathematics, and more [166]. Additionally, SymPy can
also output results in IXTEX format, a feature that we took great advantage of to develop
this work. Despite its relatively infrequent use in HEP, SymPy enables the performance of
complex calculations essential for our field. For that, we used a pre-developed package
designed for intuitive HEP calculations by Professor Christoph Berger [167,168]. The
functions and methods devised in it played a crucial role in validating various calculations
previously attempted by other means, achieving satisfactory crosschecks that consolidated

the confidence in our results.

We then developed specific functions for calculating the cross sections and decay
widths for each scenario examined. This included functions for parton density and ISR
factorizations based on the parameters of the studied processes, as well as functions
for computing the relic density, incorporating all necessary integrations as described in

chapter 4.

Finally, we prepared the figures for publication and discussed our results, bench-
marking them against other significant findings in the literature (see Appendix A [13§],
Appendix B [139] and Appendix C [140]) This included comparisons with outcomes derived
from other software and tools like micrOMEGAS for relic density calculations and MadGraph
for total cross section computations [160,169]. While computational limitations sometimes
constrained the resolution within the parameter space, requiring models to run for several

hours for each scenario and steps, the results remained coherent.

We believe that beyond the comprehensive control and precision gained in calculat-
ing the presented models, this methodology offered excellent training for us. It ensured
our proficiency with computational physics techniques increasingly employed within the
community, and we also anticipate that the software developed, shared with the community
via a GitHub repository that can be found in Ref. [170], will contribute to further research
to come. It could serve as both a crosscheck and benchmark for future investigations in
the field, highlighting the importance of computational tools in advancing theoretical and

experimental physics.
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6 Results and Discussions

The complete discussion of the results of these investigations is detailed in the
Appendices, which present the content of the scientific articles resulted from this work.
In particular, the results from Appendix A [138] and Appendix B [139] convey the main
findings of this thesis.

The first article focuses on the analysis of scalar and fermion DM candidates. This
article has been submitted to and accepted for publication in the European Physical
Journal C (EPJC). It delineates the implications of employing a simplified model for
DM, alongside providing descriptive graphs for the accurate calculation of relic density,
parameter selection for initial state radiation (ISR) calibration, and expressions and graphs

for the total cross section of the processes described.
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Figure 21 — Dimensionless density parameter Q, h? for DM produced via Z’ mediator with
Myeqd = My [114] and DM pairs with mass m, = My /3 in the s-channel
taken for gq scenarios, where we scan over different values of g, and g,, fixing
(left panel) g, = 0.25 as a leptophobic context (g, = 0), and (right panel)
gy =1 [138].

One of the main results achieved in this paper points to Figure 21, a plot that is akin
to the one depicted in Figure 14, clearly demonstrating how the calculated relic density
in a resonant process modifies the outcomes typically achieved through the standard
numerical approximation referenced in [114] (solid blue line). In the scenario depicted by
Figure 21, the relic density computation utilized a DM fermion, with the mediator mass
set to m, = My /3. Our findings indicate a pronounced suppression in the constrained

area for values of Qxh2 > 0.120. This reduction is primarily attributed to the conventional
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Figure 22 — Dimensionless density parameter Q, h? for DM produced via Z' mediator with
mass My and DM pairs with mass m, taken for ete™ collisions, whereas
a Z' couples with all six SM leptons pairs in the final state. The hatched
area shows the regions with DM overabundance compared to the observed
CDM abundance, which are excluded. The diagonal solid line represents the
kinematic limit with m, = My, /2. For the upper plot, g, = 0.01 and g, = 1,
while g, = 0.1 and g, = 1 for the bottom one. The red dashed lines show the
threshold of the m,, to produce the resonance with thermal energy while the
blue solid lines on the fermion DM plots indicate the naive approach for relic
density calculations, as in Ref. [52,138].

calculation of relic density not accounting for resonance effects, which tends to overestimate
the values for Q, h* > 0.120, as demonstrated by our figures. This suggests that even lower
couplings for the dark sector (g, and g,) might be viable without breaching cosmological
constraints on DM abundance. The limits and exclusion lines displayed in the plots consider
the analytical values only, without taking into account statistical tests or the number of
events of these processes. We chose to proceed this way considering the phenomenological
nature of the study, but we understand that subsequent analyses taking into account more

experimental characteristics of these models can enrich the work.

Furthermore, Figure 22 presents results from a non-leptophobic model consistent
with the guidelines of Ref. [52], showing a substantial reduction in the area constrained
by the primordial abundance of DM, especially when the coupling of the mediator to the

dark sector is around gsy = 0.1 for a DM candidate that is a fermion. However, in this
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Figure 23 — Dimensionless density parameter 2, h? for DM produced by a resonance
with mass My = 3 TeV and decaying into DM pairs of mass 1350 GeV,
whereas a Z’ couples with all six SM leptons pairs in the final state. The
region with a cross section smaller than that needed to produce the observed
CDM abundance is shown beveled in black. We have vector couplings in the
first row, axial-vector couplings in the second, and chiral (right) in the third
one [138].

same scenario, a model predicting scalar-type DM (yet to be directly compared with other
experimental outcomes) still faces significant restrictions in the phase space on the My

versus m, plane.

Additionally, in Appendix A [138], we discuss how variations in the couplings alone

impact DM abundance, highlighting the importance of this parameter as demonstrated
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Figure 24 — Scan of the total cross section, including ISR contributions, as a function of
DM (m,) and boson Z' (Mz) masses in e*e™ (top) and pp (bottom) collision.
The red dashed line indicates the threshold for examining the mass range close
to the resonance, where the relic density is less suppressed. Plots differ by the
use of the g, coupling to leptons or quarks depending on the scenario [139].

in the previous figures. In Figure 23, we adjust the couplings of the vector, axial-vector,
and chiral mediator from 0 to 1, observing the same reduction in constraints previously

imposed by other studies, as we delve into more detail in Appendix A.

Results from Appendix B [139] explores a more elusive candidate within the same
framework, characterized by an exclusively vector DM final state. Its primary distinction,
besides the inherently more complex analytical calculation, is its inversely proportional
dependence on the mass of the final state. This variance significantly alters the results
by orders of magnitude, especially concerning the expected cross section. Therefore, it
is plausible to assert that such a candidate should have already been observed in the
kinetic regimes available at experiments, even though parameter space may still allow for

potential observation.

Figure 24 demonstrates that the non-hatched area, indicative of regions not cos-
mologically constrained, is small and varies proportionally with the models proposed for
scalar and fermion DM. In the context of a leptophobic model, we observe that the allowed
region of phase space—characterized in this instance by the total cross-section in pb

units of the process, already incorporating the observation of a monophoton in the initial
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state—is more favorable than models involving mediator interactions with leptons, which
were evaluated at smaller mediator couplings. However, for processes where production is
exclusively through resonance channels, the inverse proportionality with m, is of minor
relevance, considering the defined limit of m, = My /2 (red dotted line) for the condition

of producing resonant processes in the s-channel.

Lastly, Appendix C [140] pertains to an early phase of this study, evaluating
exclusively the production cross sections of the three processes without considering initial
state radiation or the correct calculation for relic density. Here, the DM abundance is
estimated based on the naive approach widely disseminated in the literature (see chapter 4).
Despite its preliminary nature, we believe this work is relevant as it showcases variations
in the parameters explored in this research. It presents a version that can be more directly
compared with first-principle calculations for the new physics under study here, without

adding complexities beyond the calculation of cross sections and decay widths themselves.

In both works, the elucidation of models is evident, and we demonstrate how the
selection of free parameters, and calculations derived from these simplified models can
significantly impact expected results when in comparison with analogous findings in the
literature, particularly regarding the final states of the DM candidates we examine, the
initial photon that characterizes the proposed signal for such events, as well as details of
calculations in resonance processes. These aspects allow for a more detailed evaluation of

the parameters related to DM production.



76

7 Conclusion

There are a large set of observational clues that DM is present in our Universe. The
analysis of radial velocities through the redshift of stars and galaxy clusters compellingly
suggests the necessity of an additional non-baryonic matter to provide the gravitational
pull required for the stability of such structures over extensive periods. Gravitational
lensing effects and CMB measurements also corroborate to a DM hypothesis. The most
recent data indicates that 26.4% of the energy-density, or 84.4% of the total matter is

composed by a dark component, unlike anything present in the SM of elementary particles.

In this work, we have embarked on a comprehensive study of DM production mech-
anisms, particularly focusing on resonant process, its cosmological and phenomenological
implications. Our investigation into the resonant production of DM through a new spin-1
mediator has not only clarified aspects of DM production in the primordial Universe but
also provided a framework for calculating the appropriate relic density in such scenarios
for the first time in the literature. Through the application of simplified models, we aimed
to explore the potential observables that could signal the presence of DM in future and

contemporary collider experiments, such as those conducted at the LHC.

By sweeping through the possible parameter space for DM production, we have
constructed phenomenological models of the DM candidates under study, targeting future
experimental data, especially in the upcoming Run-3 of the LHC and next generation
electron-positron colliders. The comparison of our results with existing literature on
analogous processes has been instrumental in delineating the potential of our proposed
models to contribute and narrow the parameter space of DM searches. Radiative corrections,
especially those involving high energy photon emissions, play a crucial role in identifying
DM signals at these colliders. The methodological advancements in calculating these
corrections enhance our ability to predict and identify DM signatures amidst numerous

background processes.

In this study, with results published in Appendix A [138], Appendix B [139] and
Appendix C [140], we demonstrate that with the proper relic abundance estimation,
detecting new physics that could be DM in eTe™ collisions presents significant challenges,
with only a narrow phase space region potentially viable for fermion DM, particularly near
the resonance if DM possesses couplings to SM leptons on the order of O(101). Conversely,
for pp collisions, we identify a more promising detection landscape for resonances that
could act as portals for DM production. For example, there is a promising detection
region for larger vector DM couplings in the LHC energy regime. This is also true for

fermion DM candidates, while scalar DM final states show little or no room for current



Chapter 7. Conclusion 7

detection, taking into account the constraints and benchmark parameters applied in the
literature. Nonetheless, we emphasize that our analysis of the relic density in proximity to
a resonance must to be taken in forecasting LHC outcomes, as it reveals still-accessible
regions for resonance production that align with both cosmological and collider constraints.
Importantly, we find that near-resonance enhancements in (ov) narrow the exclusion
parameters, allowing for a 2-4 fold increase in accessible coupling constants, notably within
the LHC kinematic regime. This indicates that experimental constraints on the mediator

mass of DM could be refined beyond simple relic density calculations.

This research contributes to narrowing down the parameter space, with a focus on
the mediator mass range, laying the groundwork for future searches of massive mediators
through resonant s-channel production. However, it is important to note that should DM
traces be detected in collider experiments, it would not immediately imply that such DM is
identical to that inferred from cosmological gravitational effects. Moreover, cross-analyzing
data from various experiments usually depends on specific DM models, highlighting the
challenge of independent comparisons [1,102]. Our findings underscore that monophoton
production with significant missing momentum could serve as a competitive experimental
signature for DM detection at the LHC, potentially unveiling the nature of a vector

mediator for DM near its resonance.

A future work could prioritize the deduction of current constraints in direct detection
methods, such as DM-nucleon interactions, to enhance our understanding and detection
capabilities for experiments other than colliders. Additionally, we believe it is also important
to explore the implications of mixing terms between these models, as well with another
SM particles and potential more complex dark sectors that could include self-interactions

or the formation of bound states.

In conclusion, our work contributes to the ongoing efforts to detect and understand
DM by providing a theoretical and phenomenological basis for its study through collider
physics and cosmological observations. While we have made significant advances in modeling
DM interactions and predicting their observable signatures, the elusive nature of DM
continues to challenge our understanding, given the lack of direct evidence for it until the
date of writing this work. Future experimental data from the LHC and other observational
platforms will be crucial in testing the models proposed and moving closer to uncover
DM. The journey to fully comprehend DM is far from over, but each step forward, as
delineated in this work, brings us closer to understanding the fundamental constituents of

our Universe.
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Abstract Many theories about dark matter have emerged
due toits strong theoretical appeal in explaining astrophysical
phenomena. However, experimental and theoretical particle
physics have yet not provided evidence that dark matter is
part of the observable Universe. Our work aims to investi-
gate the interaction between Standard Model (SM) fermions
and different species of dark matter (DM) particles in high-
energy collisions through interaction of a new massive vec-
tor mediator, Z’. The production of scalar and fermion DM
pairs via fermion annihilation into the new vector boson is
investigated near a resonance (m, ~ Mz /2), where a SM
signal from hard photon emission is considered as initial
state radiation, namely a mono-photon production. Values
of coupling constants between the DM and the SM particles
are mapped in contrast to the Planck satellite data for ther-
mal relic density DM computed in the correct framework for
the relic density near a resonance, where a weaker suppres-
sion of the relic density is expected. We show for the CLIC
and LHC kinematic regimes that certain mass ranges and
coupling constants of these DM particles are in agreement
with the expected relic density near a resonance and are not
excluded by collider and astrophysical limits.

1 Introduction

The Standard Model (SM) of the elementary particle inter-
actions has been tested for a variety of phenomena in parti-
cle physics at great precision. Nevertheless, there is no (cur-
rently) particle in the SM that satisfies the characteristics
of the dark matter (DM)), i.e., a suitable candidate to explain
astrophysical phenomena at cosmological, galaxy cluster and
galactic scales. Neutrinos, for example, known to have non-

2 e-mail: gustavo.silveira@cern.ch (corresponding author)

b e-mail: msmateusjr@gmail.com

Published online: 22 February 2024

zero mass [1], would be an ideal candidate for DM, however
their mass is too small to account for large structure forma-
tion [2,3]. It is reasonable, therefore, to conceive extensions
of the SM that could include new particles and interactions
that are consistent with an even more complete description of
nature. Several studies have been proposed to investigate the
DM and to decipher its origin and nature [2-9], where distinct
approaches aim to understand how DM interacts, with itself
and with the SM particles, and what could be the possible
mechanisms of detecting it.

Following Refs. [3,10-12], our work assumes a simpli-
fied model where the interaction of any Weakly Interactive
Massive Particle (WIMP) with the SM is mediated by a new
massive boson at GeV-TeV scale, which we will indicate
hereafter by Z’ [12—15]. This Z’ boson then acts as a medi-
ator in the production of primordial DM until the freeze-out
is reached [16]. A higher mass mediator is preferred due
to strong experimental constraints in the search for a reso-
nance at lower masses, then we show that a massive vector
mediator on the TeV scale would be accessible even with the
restrictions imposed on phase space by the current collider
searches. Unlike the cases analyzed in Refs. [10,11], we do
not assume a priori any effective model and proceed with the
calculation of the total cross section, oy, using the Feyn-
man rules obtained from the simplified model Lagrangian,
where the templates for couplings and vertices remain very
similar to those in the SM for massive gauge bosons. Hence,
we are not only interested in parameters related to the final
state of the particles, such as their mass and spin, but also on
the characteristics for a mediator Z’ and their couplings with
the initial state fermions, ¥, and the DM particle, x, in final
state.

In this context, we could attempt to recreate it with the
use of particle colliders with sufficient high energies if DM
was produced by a thermal process that has gone through a
freeze-out [16]. An arbitrary coupling of DM with ordinary
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matter is hence assumed, expressed in the form of an arbitrary
gauge coupling, which would represent a direct dark sector
coupling to leptons and/or quarks [3,17—-19]. Nonetheless,
the detection of DM particles poses a major experimental
challenge, since DM-related couplings are expected to be
very weak [20], e.g., as much or even more than those with
neutrinos, and exclusion limits have been recently imposed
on massive vector mediators up to the TeV scale [21-23]. In
general, searches in high-energy colliders focus in the obser-
vation of DM signatures in the form of missing transverse
momentum or missing transverse energy [24—26]. Such a
signal would occur if the DM particles are invisible to the
detector or a possible charged DM particle has a sufficiently
long lifetime to pass through the detector volume and leave
a characteristic trace of charged particles, decaying shortly
into particles too light to generate any signs on the detector
calorimeters.

In this work we investigate the Z’ production via mono-
photon production process in electron-positron annihilation
(eTe™) at CLIC at /s = 3 TeV [27] and for proton-proton
(pp) collisions at the LHC at /s = 14 TeV in the scenario
where the invisible decay products of the Z’ mediator, i.e. DM
particles, have invariant masses close to the resonance and the
photonis the SM signal to be triggered. Considering the limits
already imposed by the searches performed by the ATLAS
and the CMS Collaboration of DM mediator mass above
2 TeV [28,29], we focus this study in a Z’ mass of 3 TeV in
both CLIC and LHC. As a result, one has to properly account
for the viability of the DM model candidate by accounting
for the expected relic density, and this calculation cannot rely
on the usual framework usually done away from resonances.
As shown in Refs. [30,31], the proper treatment of the relic
density near a resonance results in a weaker reduction of the
expected relic density. Hence, we compare our predictions
for the production cross sections with the proper evaluation
of the relic density for DM species for the first time in the
literature.

This paper is organized as follows: in Sect. 2 we describe
the theoretical modeling of the Z’ mediator, with some moti-
vations for a scalar and fermion final DM states,! nonethe-
less a richer dark sector can be studied in the TeV scale in
a subsequent analysis, as proposed by [33]. In Sect. 3 we
present the evaluation of the relic density near a resonance.
This approach enables effective comparisons with results in
the literature typically obtained without taking the resonance
into account. In Sect. 4 we discuss how this model could be
perceived with a ISR assuming a hard-photon emitted by the
an incoming fermion [34] and present the results obtained
for the mass and coupling constant regions available at the

! Here we assume that each kind of DM final state composes all the
DM relic abundance observed by the PLANCK satellite [32].

@ Springer

high-energy CLIC and LHC colliders. Finally, we present
our conclusions in Sect. 5.

2 Theoretical framework

Extensions of the SM can usually be studied using effec-
tive, simplified, or (so to say) complete models [1,3]. Still,
we can make several claims regarding the nature of the
kind of New Physics we expect to find even with the sim-
plest effective models [35]. These models are a starting
point for studying New Physics, given their simplicity on
describing the particles and interactions involved using only
a small number of parameters that can be directly related
to experimental observations, such as: mass of the particles
involved, their decay widths, production cross sections of
these new processes, among others [36]. One can apply a sim-
plified model in trying to explain some New Physics results
through functions of the variables involved in its description,
excluding certain values based on different experimental con-
straints [37].

We start with interaction Lagrangians describing a SM
extension with some new symmetry group U, (1) acting as
a vector portal for DM. The use of a U, (1) symmetry for
investigating interactions between DM and SM has been
widely proposed [1,17,38,39] and very tightly constrained at
low and high masses have been imposed mostly by collider
experiments (e.g., see Refs. [28,29]). This work explores
a framework to probe the limits and to analyze parame-
ters for the DM thermal production through a process that
involves interactions of the SM with the dark sector medi-
ated by a new massive boson mediator (Z') described with
a Breit—Wigner (BW) resonance. Such mediator couples to
scalar and fermion fields as candidates for DM. Feynman
diagrams representing the s-channel Z;L exchange with DM
candidates, x, are shown in Fig. 1, where g,/; and g, are
the couplings of this new spin-1 boson to the SM and the
different DM fields, respectively. Here we investigate the
different final DM states as separated cases; details of the
implications of the simultaneous existence of these final
states for DM and possible interactions between them are
beyond the scope of this work. These possible states would
be an aspect of a even more complete model where fur-
ther studies could be performed with a experimental obser-
vation. We then focus on the evaluation of the cross sec-
tion and in turn analyze the parameter space more compre-
hensively. As widely followed in the literature, we do not
focus on how the Z’ boson acquires its mass, nor we delve
into details regarding the gauge regularization of the pre-
sented Lagrangians, which does not hinder the derivation
of our results or similar studies [40] that follows this same
methodology. More comprehensive models on spin-1 medi-
ators and the related final states that prescribe their gauge
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Fig. 1 Feynman diagrams for
the interaction of SM fermions,
Y, with a scalar (left), fermion
(right) yx, field through a Z’
boson. The couplings g,/; and
gy represents the coupling of
the Z’ boson with the SM and
the DM fields, respectively

invariance are described in Refs. [1,2,9,12,17,29,38,41—
44].

2.1 Tree-level process with s-channel resonance

Let ¥ be any SM fermion spinor and Z;L a real vector? field
corresponding to an on-shell massive spin-1 mediator cou-
pling to scalar particles representing the DM fields [Fig. 1
(left)]. An extension interaction Lagrangian of this process
can be written as

L0 S gy (g P + g, PR) W Z),
e, (" 0ux = xoux’) 2, M

where we use My for the mediator mass and y#* are the
usual Dirac matrices. The Py, and Py operators refer to left
and right-handed operators, respectively, defined by P; =
11— y%) and Pg = 1(1 + ), with g and g, represent-
ing chiral coupling magnitudes. The final DM scalar state
is well motivated both in simplified effective models and
more complete models containing sometimes a Higgs dou-
blet [9,41,42] that can act as a mediator between or be the
main composition of a dark sector. In most of the literature,
masses below a few GeV are largely excluded by different
experimental DM detection pathways [45-47], hence we dis-
cuss the production of scalar DM where the final state mass
is on the TeV scale.

For a DM particle characterized as a Majorana fermion
(Fig. 1, right), the interaction Lagrangian has the form

Limon 5 [Vy" (giPL+ g PrR) YV
+xv" (exPL + gx Pr) X] Z,,, )

where we adopt g;/» # gy and g, , = g5,1 = &4 due to the
Majorana condition for the spinor components. Moreover,
we see that the interaction of the Z’ boson with the DM field
is given by the operators in the last term of Eq. 2, which also
contains the adjoint spinor for the DM particle x and once
again the chiral operators and couplings.

2 Depending on the chosen coupling configuration, this mediator can
function as an (axial)vector or a chiral vector. Refer to Table 1 for further
details.

Fermion DM is well motivated through the literature and
seen as one of the main candidates for WIMP DM in many
different models [1,2,29,38]. For instance, a well-studied
case in minimal supersymmetric models (MSSM) [48] would
be the existence of a long lived particle (LLP) in the form
of a neutralino, Dirac or Majorana fermion coming from the
symmetry of the neutral mediators of the SM. However, in
the case of the LLP, as well as other candidates, the mani-
festation in any experiments would not necessarily classify
this new particle as dark matter itself. Further investigations
would be required to identify its properties to trace it as new
physics that explains any of the open problems in contem-
porary physics, including the issue of dark matter in astro-
physical observations [12,29]. Furthermore, universal extra-
dimensional models [43] as well as models with sterile neu-
trino [44] introduce candidates in the form of a fermion final
state, sometimes discussed in another mass scale though. We
emphasize that we deal with masses at the TeV scale, an
accessible mass window in searches at high-energy collider
experiments.

2.2 Production cross section and decay widths

The cross sections for all process in Fig. 1 are obtained with
the help of FeynCalc [49] and FeynArts [50] packages
available for the Wol fram Mathematica software [51].
From the Lagrangians and Feynman diagrams, scattering
amplitudes are obtained and evaluated using Feynman rules
and appropriate kinematic variables for these packages. Once
the expression for the total cross section of the process 2 — 2
is obtained, the mass and couplings of the particles involved
in the process are treated as free parameters and evaluated
separately.

The total cross section, Gy, for a process 2 — 2
in the center-of-momentum (CM) frame can be calculated
in terms of the Mandelstam variable s, averaging over
the spin of the initial states of those processes and the
square of weighted scattering amplitude over all initial spin
states. Thus we obtain the total cross section for these pro-
cesses:

@ Springer
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Table 1 Categorization of SM couplings following the definition given
in Ref. [10]

Coupling type Definition
Vector 81 = 8&r
Axial-vector 8l = —gr
Right (chiral) g =0
32
2 (,2 2 2
2 (g2 + %) [s(s - 4mx)]
&scalar _

tot

192ms2 (s - M3)* 203, |

~ fermion __

g)z( [s —4m? [glz (s - mi) + 6g1g,m§ + g2 (s - mi)]

2.3 Initial-state photon radiation

The experimental detection of DM is a hard task given the
unknown characteristics of its interaction with ordinary mat-
ter, hence ways of detecting it is a topic of intense research
[52], typically leading to the search of events with missing
transverse energy (MET), E 7. One way of observing a DM
event with MET is to consider the emission of SM particles
as initial state radiation (ISR). As such, different particles
can be emitted from the initial colliding particles, collec-

(3a)

tot -

4875 [ (s = M)+ 1203, |

(3b)

The terms for the BW width (I'M2,) in the denomina-
tor of the scattering amplitudes correspond to the mediator
exchange of a s-channel resonance.

As we will deal with the cross section of a process involv-
ing a massive spin-1 mediator, we need to compute the decay
widths. The Z’ decay into both species of DM particles are
evaluated to determine the decay width, I‘i, at which it can
decay into two DM particles of identical masses m . The cal-
culation is performed in the same way as for any 1 — 2 + 3
process, where the decay width I" takes the form:

|Br| IMisaf?
87 M? 3

Fu%b«kc = ’ (4)

resulting in the respective decays widths for each DM final
state:

2 2 2 2 2
M2, —4 )‘/1—4 M2,
Fscalar _ gX ( 4 mx mx/

B 48w My

’

Ffermion —

Ny [312;( (M%, - mi) + 6glxgrxm§ + grzx (M%, - mi)] J1 = 4m§(/M%,

tively known as mono-X searches. The search for a photon
as ISR is natural as electromagnetic radiation is perhaps one
of the simplest to be measured with precision at experiments
in particle colliders. Also, it can have a very broad spectrum,
on scales from keV to TeV, depending on the invisible event
that one want to characterize [39,53-55].

Radiative corrections to the tree-level DM process are nec-
essary to account for DM production via mono-photon pro-
cess. While most of the studies in the literature are given
in terms of an approximation with a soft photon or calcu-
lated numerically for a 3 — 2 process [56-58], we choose
here to account for the radiative correction with emission
of a hard photon as discussed in the classical approach by
Ref. [34] which also were used in subsequent works [59-63]
in non-exclusive DM contexts. This framework proposes a
factorization in terms of lower order processes where ¥/
reactions generate a final state with the emission of a hard

&)

247 Mz/

(6)

In this context, the parameter N represents the count of
fermions with which Z’ can decay within the SM sector.
Specifically, we set Ny = 6 for eTe™ collisions, where Z’
exclusively couples with leptons, and Ny = 18 when Z’
couples solely with quarks. We can separate the SM coupling
in different types due to the nature of the mediator. From left
and right projection operators, the Z’ mediator can be vector,
axial-vector, or chiral, with coupling constants according to
Table 1, where we use g/, = g, = 1 in the fermion case
[10].
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photon in the event. This particular approach uses a rigorous
calculation of higher order corrections together with a more
precise evaluation of the phase space of the emitted pho-
ton. Such precautions are necessary due to the high energy
involved and the emitted photon itself, which would disqual-
ify a process containing only one ISR of a low energy or
soft collinear photon, as in the Weizsidcker—Williams (WW)
approximation [10,64]. We employ this framework by using
the appropriate factorization to obtain the total cross section
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X

Fig. 2 A representation of a Feynman diagram with the emission of a
photon as ISR, in red wiggly line, in the case of fermion DM production

for a mono-photon process, as represented in Fig. 2:

oW —> Z'y = yxX)
=6(¥¥ — Z' = xx)(1+59), @)

with & given by Eq. 3 integrated over the scattering amplitude
squared for each DM species and

2 § 13
§ = _a{<—1+210g£> [1 ogx" 4+ —
g my, 12

max

Xy
+ .
x;’/ﬂlll
Sxy)

_ 1, AR
S(xy)—; _Xy—f—? W

where o = 1/137 is the electromagnetic fine structure con-
stant, g,, is the momentum carried by the photon from ISR,

17 =2
dx, £(xy) | — TRy (8

; C))

and 6 (V/5) is the total cross section of the 2 — 2 process,
with energy V5. Function & (x,) takes into account the avail-
able center-of-mass energy for producing the DM pair plus
a hard photon, which decreases for more energetic photons.
This can be seenin Fig. 3 (top panel) where the function & (x, )
is shown, which depends on the partonic cross section with
and without ISR, for all DM species. The shape of the dis-
tribution is very similar for all mediator couplings, although
the fermion DM a little enhancement in the tail towards high
Xy . A typical photon spectrum in particle detectors starts at a
few GeV where isolation and reconstruction efficiencies are
above 90%.

Considering a usual efficiency turn-on curve in trigger
selection, we employ x, = g / Epeqn With a minimum pho-
ton energy of 60 GeV, or x,, = 0.04 for a beam of 1.5 TeV,
motivated by the identification capabilities expected at CLIC
dp [65] and assessed in the LHC experiments [66]. Figure 3
(bottom panel) shows the distribution of the ratio between the
total cross sections with and without ISR in terms of the min-
imum photon energy x)’/ni“, which illustrate the contribution
of the § term in Eq. 7. Although the shape of & (x, ) decreases
rapidly with increasing photon energy fraction, the radiative
corrections improve the production cross section at higher
photon energies up to ~ 7%, which is independent of the dark

sector parameters, such as masses and coupling constants.
Also, the dip structure occurring around x)r}“i“ ~ (.02 reveals
the effect of the corrections for very low photon energies.
The ratio reaches a value of 1 at xj‘,“i“ ~ 0.06, marking the
starting point at which the radiative corrections enhance the
total cross-section. Although the chosen value of 0.04 as min-
imum photon energy in this study is located in a region where
the cross section is slightly suppressed, we aim to investigate
the kinematic region expected for the photon identification
in experiments, especially at CLIC dp.

As shown in Ref. [67], the production cross section of
DM pairs plus hard photon are O(fb), making its observa-
tion possible with an integrated luminosity of the order of
ab~!. Similar simulations also indicate high visibility in the
emission and consequent detection of mono-photons from
invisible decays, with significant cross section and transverse
momentum fraction of the emitted photon [54]. The detection
of such mono-photon event can be made with the usual sig-
nature of high-pr photon plus MET, where MET will peak
around the resonance mass of the mediator.

3 Calculation of the DM relic density near a resonance

The DM abundance and, consequently, the cross sections
involved in its primordial production, are typically calculated
taking into account processes in equilibrium and away from
poles or production resonances of a given species. When
considering a resonant production processes, like the one
investigated in this work, one cannot simply apply the usual
solution of the Boltzmann equation in terms of (ov). We
address this issue by following the steps described in Ref. [30]
and write (o v) as a non-relativistic BW resonance (like it is
the case for a cold DM candidate in the LCDM model) in the
following form

167 (2.]+1) 3/2 1/2 Mzrz

m (2S+1)2 2 il =By

(OV)res =
X

XZ—F[(ZR,X) (10)

where x = m, /T and the quantities J and B; are, respec-
tively, the spin and resonance branching fraction of the initial
state, whereas S and m, are the spin and mass of the DM
particle, respectively. Here we consider the annihilation of
DM particles into SM ones via the resonant mediator Z’ in
the relic density calculation, hence the initial state particles
are the DM candidates themselves in the cosmological con-
text of this equation. The terms b%) are the coefficients of the
expansion of a function involving the branching fraction B;
of the form
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Fig. 3 (Top panel) Correction Scalar DM Fermion DM
&(xy) in terms of th.e photon }103 1 rism) =0.01, gy =1.0
energy fraction, which account e my=1.35TeV
for radiative corrections. 10t
(Bottom panel) The ratio of the 1
cross section with ISR, oy, and
without ISR, Gy, that represents 10714
1 4 § of Eq. 7 carrying all
radiative corrections. In both 10-31
cases the cross sections are
computed with Mz = 3 TeV s
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Fig. 4 Profile of the thermal average, X (zg; x), near the Z’ resonance for/ =0, 1,2

brie) = el/2(1 +2¢)

in terms of €, which is the energy per unit mass of the process

as a whole defined by
s mi
€ = s -
my
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Bi(1—B)(1+0)!2 b
L

=0

e, (11)

l' o0
Fi(zr; x) = Re—/
T Jo

Lastly, the Fj(zg; x) term results from the thermal average
of ov with integration over the energy per unit mass €

cU+1/2) ,—xe
T de (13)

(zr —€)

with a €’ factor from Eq. 11 and an auxiliary variable in terms

12)

of the masses and decay widths of the particles involved
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M%, —my  MzyDIy 14 being Tp and Ty the current and at freeze-out temperatures,
R mi T mi (14) respectively, and g, are the particles degrees of freedom in

We can investigate with these results the profile of the
thermal average near the resonance computed in the proper
framework for the expansion of the BW cross section. As we
can see in Fig. 4, the profile defined as

2 (zr; %) = 2022 7V2 Fy(zg; x) (15)

shows the relative masses where the enhancement in the ther-
mal average arises near the Z’ resonance, for relative masses
above 0.8. For relative masses below threshold the thermal
average is very similar if compared to the usual, non-resonant
calculation of the thermal average. The enhancement peak is
positioned at DM masses below the resonance mass given
the fact that there is enough thermal energy to produce a
heavier resonance during the equilibrium phase. Also, the
profile does not extend beyond the resonance mass since we
are taking into account a narrow resonances for the Z’ boson
for both scalar and fermion DM (both 'z /My ~ 1072).
DM particle with masses above the resonance mass would be
possible for wider resonances, where low energy tail would
allow a non-zero thermal average for DM particles with rel-
ative mass above the resonance mass. As a result, we con-
sider in this study m, masses with relative mass in the range
0.8 < 2m, /Mz < 1.0inorder to probe the region where the
thermal average is enhanced by the Z’ resonance: together
with the relic density, results will contain a (red dashed) line
delimiting the threshold relative to 2m, /M7 = 0.8. Taking
for instance a resonance of 3 TeV, the threshold of m, with
enough thermal energy to produce a Z’ starts at 1350 GeV —
we use this mass value as reference.

Nonetheless, Egs. 11 and 13 can be combined to express
Fi(zg; x) without the expansion in / terms as

/00 (1+e)!/2e™
(I+20Gr—©)

This way we can rewrite Eq. 10 in a simpler form without
relying on the expansion in terms of € as done in Ref. [30].
This, in turn, has been evaluated by means of the following
expression

F(zp;x) = (16)

167 GJ+ 1D 3 1y
m2 28+ 172
Mz 1“z

(OV)res =

B;(1 — B;) F(zr; x), (17)
X

which allows us to numerically estimate the dimensionless
density parameter referring to the primordial DM fraction as
[30,40]

Iy ar1™!
Q h?~8.76 x 107! GeV 2 [/ gi/z(av)res—:| ,

To m

the same epoch.

The production process with ISR photon needs to probe
the enhanced region above /s = 0.8 M. Thus, the reduced
beam energy resulting from the photon emission cannot go
below this threshold if we want to investigate the mass region
near the Z’ resonance, restricting the photon energy for pos-
sible searches of DM production. In this work we consider a
photon irradiation from an incoming fermion with energies
ranging from 60 GeV up to 0.2M 7/, allowing to evaluate the
production cross section where the relic density will be lesser
suppressed near the resonance.

As a result of the proper calculation of the relic density
with usual SM-DM and DM-DM coupling found in the lit-
erature, namely g, = 1.0 and g,;; = 0.25, an extension
of the available parameter space is expected in comparison
the usual calculation outside resonance regions (namely the
“naive” approach as used by Ref. [30]). This extended region
can be seen in Fig. 5 by the reduced exclusion region in
contrast to the usual calculation performed by experimen-
tal searches, such as the one by the CMS Collaboration in
Ref. [29], where all phase space below the blue solid line is
excluded. These results are an improvement of a factor of 3—4
in g, and a factor ~ 2 in g,/; within the LHC kinematics. We
note that the regions in the mass scan differ significantly from
those shown in other works that do not take into account pro-
cesses near or at the resonance peak of a massive mediator,
even though numerically calculated for analogous processes
[13,28]. This corroborates the assertion by the authors in
Ref. [30] that the incorrect evaluation of resonance results in a
reduction of (o v), the velocity-weighted cross-section. Con-
sequently, the naive approach overestimates the relic density
and the proper calculation reduced the exclusion regions in
the parameter space. These findings motivate us to investigate
this approach in more detail.

Following the recommendations in the literature [13-15,
28,29,65,68-70], we opted to analyze two scenarios for each
studied initial state, where the coupling of the mediator with
the SM is fixed: g,/; = 0.01 and 0.1 for the ££Z" coupling
in eTe™ collisions and g,/; = 0.10 and 0.25 for the ggZ’
coupling in pp collisions, whereas the coupling of Z’ with
the dark sector is set at g, = 1 for all cases.

In the case where the mediator Z’ is a pure vector, we can
indeed obtain a scenario where the coupling with quarks is
much greater than with leptons at tree level, and the coupling
with the latter occurs only through the loop mixing of Z’
with the other neutral bosons of the SM. This can naturally
lead to an expected ratio of ~ 0.1 between gz/¢¢ /8744 [13].
All these discussed scenarios and particular values tend to
be highly dependent on the specifics of the model at hand.
However, considering only the scenario for massive medi-
ators on the TeV scale, we can assume larger couplings
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Fig. 5 Dimensionless density parameter Q)(h2 for DM produced via
Z' mediator with M,,.q = Mz [29] and DM pairs with mass m, =
My /3 in the s-channel taken for ¢g scenarios, where we scan over
different values of g, and g, fixing (left panel) g, = 0.25 as a lepto-

(gz'fr = 0.1 ~ 0.3) considering that one may possible
evade the constraints imposed by direct and indirect detection
experiments in this mass regime [6,7]. Also, larger couplings
could be explored if a specific model imposes multi-TeV
masses on the mediator, which would further escape direct
detection constraints, particularly those related to the cou-
pling, a significant restriction in interaction models via Z'.
In general, smaller coupling values favor collider searches as
they become more sensitive (as more data is collected), given
the clear reduction in the magnitude of such processes. How-
ever, very low coupling values disadvantage thermal DM pro-
duction scenarios, as the calculated relic abundance of such
processes increases considerably [30,31].

Figures 6 and 7 show how the DM overabundance regions,
behave in the mass scans m, x Mz, parameterized by
the dimensionless density €2 Xh2 obtained with Eq. 18. The
region that comprises the limit with © Xh2 > 0.120 corre-
sponds to the hatched area and is used in all results indicating
the region of excess primordial DM production. These results
show that the proper calculation of these limits is essential
to evaluate the available regions to probe the mass of the
mediator and the DM particles taking into account the lim-
its obtained from astrophysical observations. When the £¢Z’
coupling is set to g, = 0.01, most mass regions are largely
excluded for the CLIC energy regime, as seen in the top pan-
els of Fig. 6. However, for larger values of the g, coupling in
the bottom panels of Fig. 6, we observe a significant reduction
in the area corresponding DM overabundance, which favors
resonance searches in ete™ accelerators like CLIC and ILC
[65,71,72]. This is because results from these experiments
evade the limits imposed by the LHC, especially in scenar-
ios with leptophilic models without couplings to quarks at
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Mmeq [TeV]

phobic context (g = 0), and (right panel) g, = 1, following Refs. [12—
15,28,29,68], and overlaying the curve for the naive approach evaluated
by the CMS Collaboration in Refs. [13,29]

tree-level. Similarly, the LHC kinematics shown in Fig. 7
reveals opportunities for probing new mediators, due to the
area corresponding to the region excluded being quite small
as well. In these cases, significantly smaller regions of the
phase space are excluded for scalar DM, while remaining
entirely accessible for fermion DM. Besides, the mass scan
for fermion DM shows that the limits evaluated in the naive
approach (below blue solid line) produce significant exclu-
sion regions which are not really limitations if the proper
calculation near a resonance is considered.

In order to verify the complete available regions in the
parameter space, Figs. 8 and 9 present the scans of couplings
&r % gy for both CLIC and LHC kinematics. They show very
similar shapes of the exclusion regions for both DM species
and coupling possibilities (as detailed in Table 1), differing
mainly in terms of the exclusion area that aligns with the
observed relic density, however show quite different results
between ete™ and pp collisions. The region of overabun-
dance for eTe™ collisions seen in Fig. 6 for g, = 0.01 chosen
for the ££Z’ coupling is within the excluded region even con-
sidering the enhancement due to the resonance. On the other
hand, it becomes largely accessible with varying the fermion
DM and mediator masses with g, = 0.1 and very restricted
for scalar DM, inaccessible at CLIC at 3 TeV. However, larger
values of the ££Z’ coupling need to be analyzed considering
a possible leptophobic behavior of the mediator, where more
restrictive limits may or may not be imposed when resonance
searches in di-leptons are included [68,69]. The same does
not happen for the LHC energy regime, where the g, = 0.1 or
gr = 0.25 lies close to but above the limit of overabundance
of the relic density and largely accessible within the current
collider experiments. As already mentioned, the mediator is
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Fig. 6 Dimensionless density parameter Qxhz for DM produced via
Z' mediator with mass Mz and DM pairs with mass m, taken for
ete™ collisions, whereas a Z’ couples with all six SM leptons pairs
(Ny = 6) in the final state. The hatched area shows the regions with
DM overabundance compared to the observed CDM abundance, which
are excluded. The diagonal solid line represents the kinematic limit

independent, and its coupling is restricted either with leptons
or with quarks, then limits in searches for resonances with
di-leptons do not directly apply. We shall stress here the fact
that the calculation with the proper evaluation of the relic
density near a resonance has produced shorted limitations in
the parameter space, especially in the LHC energy regime
as seen in Fig. 9. These results show that the limits imposed
on the mass of the potential spin-1 mediator by analyses of
the data from LHC experiments should take it properly into
account.

4 Results and discussion

The DM production is very distinctive between lepton and
hadron colliders given the available beam energies and detec-
tor coverage. We investigate the feasibility of DM production
at CLIC and the LHC considering the calorimeter detectors

Z' mass [TeV]

with my, = Mz /2. For the upper plot, g, = 0.01 and g, = 1, while
g =0.1and g, = 1 for the bottom one. The red dashed lines show the
threshold of the m,, to produce the resonance with thermal energy while
the blue solid lines on the fermion DM plots indicate the naive approach
forrelic density calculations, as in Ref. [13], 1i.e., line for €2 h? =0.120
with all region below the line being excluded

planned/available for photon isolation and reconstruction.
The production of DM may be detected by the emission of
SM particles in an initial interaction state, where only SM
particles and its respective couplings are involved [12,14].
Searches known as mono-X may indicate the associated pro-
duction of jets, vector bosons (H,Z), photons, among others
as initial state radiations (ISR). For instance, the future exper-
iments at CLIC will be especially sensitive to wide searches
of DM in mono-photon production [65]. In this work we
investigate the DM production rates over scalar and fermion
DM final states, where a massive mediator acts as a por-
tal with the dark sector in s-channel processes with mono-
photon ISR at high-energy colliders.

Hence, we scan the parameter space and find exclusion
regions based on the relic density abundance, which shows
possible scenarios in the dark sector by means of the sensibil-
ity for different species of DM particles. One of the advantage
of using particle colliders for the DM searches is that detec-
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Fig. 7 Same as Fig. 6, but with Z’ coupling to quark only (N s = 18) as final states and with a g, = 0.10 (top panel) and g, = 0.25 (bottom panel)

tors may be designed to be multipurpose, that is, they make it
possible to measure a large number of observables within the
expected production processes. Furthermore, the high inte-
grated luminosity ( f Ldt) achieved in such colliders reduce
the statistical uncertainties for the search of evidence of New
Physics. This huge number of events comes together, how-
ever, with a large number of background events, but may be
subtracted from experimental data with a set of selection cri-
teria and good control of uncertainties and systematic errors,
which can be simulated and studied separately [3].

4.1 Kinematics in lepton and hadron colliders

We start investigating the partonic cross section of DM parti-
cle production (Eq. 3) in eTe™ annihilation at CLIC [71,73]
at 4/s = 3 TeV and next pp collisions at the LHC at
ﬁ = 14 TeV, with the initial state fermion mass my, = m,
and my = my, respectively. The predictions for CLIC are
straightforward given the beam-beam annihilation and res-
onance production. The mono-photon production in e*e™
collisions is obtained by the convolution of the partonic cross

section and the ISR photon,
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Gt/ot(e+e_ —Z'y = yxx)
=6(Y¥ = Z' = x0)(1+9), (19)

with § given by Eq. 8. On the other hand, one needs to employ
collinear factorization for a typical Drell-Yan-like process
to evaluate the cross section in pp collisions, as shown in
Fig. 10. In this framework we have for the cross section given
by

1 1
vo= [ [ Prgtnmbuta - 2> 10
0 7/x
x8(ts — M%) dxodxi, (20)

where x; are the longitudinal momentum fractions of the
proton carried by the partons with 7 = x1xp = M%, /s and

Ny
Py g(x1,x2) = Z [fq(?ﬂ, 0% f7(x2, 0%
q=1
+fa 1, 01 fy (2, 03], @

is the probability that each quark has a fraction x; of the total
proton momentum. In this work we use the parametrization
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Fig. 8 Dimensionless density
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NNPDF31_lo_as_0118 [74] to model the parton density
functions (PDF) within LHAPDF [75], where we consider
contributions from u, d, and s quarks. Considering that we
are interested in the cross section near the resonance, we can
write the hadronic cross section as function of t, such as

, do

M?—
dm?

1
—z / Fax1, OO f(t/x1, QV)éuon(rs)

M=M
dﬂ, (22)
X1
with the mass fixed at the dark mediator mass.

The production cross section in pp collisions needs to
incorporate the photon ISR within the partonic cross sec-
tion G0 given that the momentum loss by the quark after
the photon emission has to be taken into account. Thus, the
corresponding production cross section in pp collisions has
the form:

0.2

0.0

9rsm)

do
dm? M=M,

oi(pp = Z'y — yx i) = M?

! 2 24 A dx
=T Jq(x1, O9) f5(z/x1, O )%t(fS)?, (23)

6uqqg — Z'y — yx¥) = 6(qq — Z' — x3)(1+9).
(24)

We are interested in the SM signal coming from the mono-
photon production mechanism in order to observe such an
event in the electromagnetic calorimeters. Thus, the photon
spectrum is the main experimental signature for searching
the DM production. In Fig. 11 we show the normalized dif-
ferential cross section for both eTe™ and pp collisions as
function of the photon energy fraction for both DM species
considered in this work. One can clearly see that the fermion
DM case produces a harder photon spectrum than the scalar
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Fig. 9 Same as Fig. 8, but with Scalar DM Fermion DM 1.0
A Coupling Solely with quark s; Quh? = 0.120 (PLANCK 2018) ' ‘\L;
pairs (N = 18) as final states = i”f'la;:‘s’fel\fl”"“ a
M,:;='3.0Tev
qG-Z'-xx
0.8
SSS << << <~
Scalar DM Fermion DM
0.6
N
0.4
Scalar DM Fermion DM
0.2
02 04 06 08 10 0.8 1.0 0.0
grism)
DM case within the photon energy range near the resonance,
which could be a hint for DM production as a experimen-
tal signature. Beyond 0.1 the normalized cross section tends s
to 1. P
X
4.2 DM parameter scan
As we are mainly interested in the DM observation via pro- Y

duction by resonances in the s-channel, Figs. 12 and 13
show the mass scan in terms of the DM production near the
mediator resonance of mass My decaying into DM parti-
cles of mass m, for both e™e™ and pp collisions. Given that
CLIC will operate with a fixed energy, we scan the masses
in Fig. 12 with the resonant cross section with /s at the
Z' peak at 3 TeV and varying m,. Besides the kinematic
limit of m, < Mz /2, the photon ISR restricts the growth
of the cross-section with m , resulting in a slightly decreas-
ing upper bound in m, beyond Mz > 3 TeV. Instead, LHC
probes different invariant masses and the cross section in
Fig. 13 is then free to vary with both Mz and m,, and the
restriction imposed by the ISR appears as a decreasing cross

@ Springer

Fig. 10 A representation of a Drell-Yan-like process mediated by a
massive resonance and decaying into DM final states. The same repre-
sentation is used for different DM species; here shown for the fermion
DM case

section right below the diagonal for m, = Mz /2. As stated
before, the coupling of the mediator with the SM is fixed to
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ISR correction
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Fig. 11 Differential distributions for the ISR factorized cross section
as function of the photon energy fraction, x,, = gy / Epeam, normalized
by the total integrated cross section. Here we use Mz = 3 TeV and
my = 1350 GeV

gr/1 =0.01 and 0.1 for the 07’ and gry1 =0.1and 0.25 to
gqZ' and g, = 1 in both cases.

The hatched areas show the regions with relic overabun-
dance and thus excluded and the red dashed line limits the
region with a minimum m, in agreement with the relic cal-
culation near the Z’ resonance, where we note that the cross
section for scalar and fermion DM are of the same order of
magnitude. As we can see in Fig. 12, nearly all the mass
region is excluded for the CLIC energy regime by the relic
overabundance or kinematic reach for g, = 0.01. Only the
case of fermion DM with g, = 0.1 leaves a tiny mass range
available very close to the Z’ peak, making it very challeng-
ing for observation at CLIC. The results for the LHC, on the
other hand, show a much lesser stringent exclusion region
for both scalar and fermion DM. Hence, the allowed region
above the red dashed line results in a fully available m, for
fermion DM and scalar DM with g, = 0.1.

Considering the potential for observation at particle col-
liders, if any, one can see very distinctive possibilities within
the DM species. The scalar and fermion DM have a signif-
icant cross section for smaller m, and Mz masses. How-
ever, according to Refs. [28,29], massive mediators in the
region below 2 TeV are already excluded with a 95% confi-
dence level, which favors searches for regions of even higher
masses. Besides, a reasonable prediction for the number of

expected events needs to take into account the efficiency of
identifying invisible final states and the impact of background
signals, which are neglected in this work given the specifics of
each detector. Hence, the observed event rate will be reduced
from these predictions, but still competitive for observation,
especially at the High-Luminosity LHC.

The predicted cross section for scalar and fermion DM in
both e*e™ and pp collisions resides at ~ 10'-10% fb, which
would be reduced considering detector efficiencies and back-
ground rejection to the level applied in current data analyses,
however the expected event rate would be still consistent
with the lack of observation as reported by the LHC experi-
ments. Furthermore, in the spectrum chosen for the hard pho-
ton emitted as ISR, we noticed little variation in the absolute
values of the cross section despite the fact that there is an evi-
dent kinematic constraint near the limit Mz = 2m,, which
indicates that, even in the case of a higher order process, this
ends up not disfavoring possible future observations.

The regions not excluded by the relic density inboth e*e™
and pp collisions are very distinct and at very much different
scales. Regions of DM production consistent with cosmolog-
ical observations are strongly excluded for scalar DM due to
the very nature of the resonant production process applied
here according to Ref. [30]. This can be seen in the etTe™
collisions at CLIC, while the restriction is much less strin-
gent in pp collisions. Besides, regions of low DM mass are
not accessible in eTe™ collisions — neglecting the low m,
masses far from the resonance region —, the pp ones can
access the higher DM mass region at TeV scale. The cross
section, and correspondingly the event rate, is comparable
within the scalar and fermion DM, excluding a tiny region at
higher DM mass in the scalar DM case, however this exclu-
sion region depends on the range of photon energy which
drives how DM mass in reachable in particle colliders.

Figures 14 and 15 present the distributions in terms of
gr and g, couplings with conventional matter and the dark
sector for eTe™ and pp collisions taking into account the
photon ISR. We show the cross sections with mediator mass
of Mz = 3 TeV and DM mass of m, = 1350 GeV so that
we are able to see more clearly the regions where the DM
mass near the resonance allows the DM relic abundance pro-
duction to conform with cosmological limits. We can notice
that a large part of the phase space for scalar DM is excluded
by the relic density, while the fermion DM is the one that
presents the best observation opportunity due to its higher
cross section. In addition, we see a small effect by changing
the type of coupling between the SM particles and the dark
mediator due to the small contribution of the coupling con-
stants in the cross sections. One can noticed that the chiral
coupling results in a slightly larger exclusion region given
the nature of the g; coupling in the cross sections and decay
widths.
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Fig. 12 Scan of the total cross section with ISR contribution as a func-
tion of the DM particle mass m , and mass of the mediator Mz fore™e

collisions at CLIC at 3 TeV. The top panel illustrates the Z’ coupling
with the SM as g, = 0.01 while the bottom panel shows the results for

5 Conclusion

We present a simplified SM extension with a new renormal-
izable symmetry group U, (1) acting as a (axial)vector portal
for dark sector, which can be distinguished by the compo-
sition of its fields, i.e., scalar or fermion, by two respective
possible interaction Lagrangians. We evaluated the relic den-
sity near this resonance of the Z’ mediator for the first time in
the literature, which drives the exclusion regions in the mass
and parameter scans. As aresult, we are able to define aregion
where the relic density is lesser suppressed, providing proper
exclusion limits for DM production mediated by a Z’ vec-
tor boson at TeV scale, showing that our simplified model
are within the parameter space probed in the experimental
and cosmological limits, excluding a significant region of
coupling constants.

In this work we show that the potential for DM obser-
vation in eTe™ collisions is very challenging, with a tiny
region of the phase space still available for fermion DM very
close to the resonance in case DM has a O(10~!) coupling
to SM leptons. For pp collisions we can see that there is still

@ Springer

3
Z' mass [TeV]

gr = 0.1. The red dashed line draws the threshold for probing the mass
range near the Z’ resonance where the relic density is lesser suppressed
as result of this work

a promising region for detection of resonances that can serve
as a portal for the DM production, especially for fermion DM
as a candidate in the LHC energy regime under these assump-
tions. Our calculation of the relic density near a resonance
region is an important factor for obtaining predictions for the
LHC and we showed that there still available regions for this
resonance production in agreement with cosmological and
collider constraints. We show that the enhancement of (o v)
near a resonance shrinks the exclusion regions in the param-
eter space when this calculation is carried out with the appro-
priate approach, extending the accessible coupling constants
by a factor 24, especially at the LHC kinematic regime.
This result demonstrate the experimental limits imposed on
the DM mediator mass could be improved in comparison to
the naive calculation of the relic density. This work aims to
further narrow the parameter space, especially the mass range
of the mediator mass, to establish grounds for the search of
massive mediators in the resonant s-channel production. The
search for New Physics, specifically the production of DM in
pp colliders, is promising, even in regions already covered
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Fig. 15 Same as Fig. 14, but in pp collisions at the LHC at 14 TeV

by the energy and luminosity of the LHC as well as in future
accelerators.

Differently from what happens in direct and indirect
searches, if any DM trace have been detected in collider
experiments, it would not be possible to state that the
observed DM would be the same that has its gravitational
effects observed at cosmological levels. This is because the
time of flight of a particle to traverse all detector depen-
dencies is not comparable to the cosmological lifetime of a
stable primordial DM particle. In addition, cross-analysis of
data from different experiments almost always takes some
dependence on specific DM models, due to the difficulty of
comparing such results independently [1,76]. The experi-
mental viability of DM observation through these processes
are focused in the use of disappearing tracks, as already done
by the experiments at the LHC [77]. Therefore, our results
show that searches of mono-photon production with large
missing energy can be a competitive experimental signature
for observing evidence of DM particles at the LHC, with the
potential of characterizing the nature of a DM vector medi-
ator in production near its resonance.
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I. INTRODUCTION

The Standard Model (SM) of particle physics, while accurately describing numerous phe-
nomena, lacks a viable dark matter (DM) candidate. There is a growing consensus on
extending the SM by including new particles and interactions for a more comprehensive un-
derstanding of the universe [1-3]. This paper examines such an extension, proposing a sim-
plified model in which interactions between Weakly Interactive Massive Particles (WIMPs)

and SM particles are mediated by a new massive boson, Z’ [2-9].

If DM particles are heavy and have masses m, ~ My, hence the DM pair production
will carry much of the mediator mass. Our work aims to accounts for the expected relic
density near a resonance, a scenario often overlooked in standard calculations. We compare
our predictions for production cross sections with a novel evaluation of the relic density for
DM species [10-12], providing new insights into the dark matter sector. In the context of
this work, the mediator Z’ plays a crucial role in the production of primordial DM until a
freeze-out stage is reached. Our model does not presuppose any effective model and instead
calculates the total cross section using Feynman rules derived from the simplified model
Lagrangian [3, 13-15].

We explore the production of Z’ via a monophoton process in both electron-positron
annihilation at CLIC and proton-proton collisions at the LHC. These processes are analyzed
under the assumption that the DM particles, which are invisible decay products of the Z’
mediator, have invariant masses close to the resonance and the photon acts as an observable
SM signal. We focus on a Z’ mass of 3 TeV considering the current experimental limits
[16, 17]. This article continues a previously published work on DM that focused on scalar
and fermion final states. Details about the implementation and methodology can be found
in Ref. [18].

The paper is structured to initially describe the theoretical modeling of the Z’ mediator
and its implications for the final state of DM vector in section II. The evaluation of the
relic density near a resonance is presented in section III, allowing for effective comparisons
with standard calculations. We then discuss the potential observations of this model in high-
energy collider environments like CLIC and LHC, focusing on the available mass and coupling
constant regions at section IV. Finally, we conclude in section V with the implications of

our findings on the understanding of dark matter.



II. SIMPLIFIED MODEL

In particle physics, extensions of the SM are often explored through simplified models,
which are powerful in studying new physics, focusing on key parameters such as particle
masses and production cross sections [1, 3, 19]. We employ such models, specifically using a
new symmetry group, U, (1), as a vector portal to investigate dark matter (DM) interactions
with the SM. This approach has been validated in various collider experiments [16, 17, 20, 21].
We examine interactions mediated by a new massive boson, Z’, in a framework involving
Breit-Wigner resonances. Our focus is on the evaluation of cross sections and analysis of
the parameter space for vector DM final states. While our study does not cover the mass
acquisition of the Z’ boson or the gauge regularization of our Lagrangians, it aligns with
methodologies in current literature [22]. For more detailed models on spin-1 mediators and
related states, further references are available [1, 2, 9, 15, 17, 20, 21, 23-26].

We introduce a DM candidate as a complex vector field, where two real degrees of freedom
of a DM complex field can be combined with the singlet boson state previously defined by
the mediator Z/, to generate a field tensor and a gauge kinetic term, similar to what is done
in gauge theories in SU(2) representations. Following the steps established in Ref. [27], we

write an interacting Lagrangian (neglecting quadratic terms) as

Lyt D " (P + 9. Pr) W Z), — igy (0" 2" — 0" Z"™) X} X0,

— gy Zxh (0"X" = 0'X") + i, 27X (Duxh — Dux]) (1)

where the operators in the last three terms express the couplings of DM to the Z’ fields.
Although less common in the literature, vector DM is also a possible candidate to explain
the dark matter relic abundance [28-30] and can be of good use in models of self-interacting
DM, where it forms gravitational bound states [31], and have significant implications in the
primordial universe phenomenology, even more if we are taking into account inflationary
models [32]. The DM models featuring stable vector (spin-1) massive particles in the liter-
ature we can have models involving millicharged spin-1 particles, where Ref. [33] suggests a
minimal, unitary, renormalizable model for massive millicharged vector particles, which are
gauge bosons of a spontaneously broken, non-abelian gauge symmetry. This framework po-
tentially provides a vector dark matter candidate and includes an extended Standard Model

(SM) gauge group and a dark Higgs boson, which is pivotal for symmetry breaking in the
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dark sector [33]. Another interesting concept is the invisible decaying spin-1 dark matter.
Ref. [34] discusses a model where DM, interacting through a dark-Higgs Yukawa portal with
the SM sector, undergoes slow, loop-suppressed decays to photons and neutrinos, maintain-
ing stability over cosmological timescales. Additionally, there are more generic models, such
as those proposed by Ref. [35], focusing on singlet dark sectors based on different spins.
These models consider spin—% particles under confining spin-1 particles, leading to stable
dark matter candidates similar to baryons.

In the context of collider research, there is also a model with a minimal spin-1 isotriplet
as the dark sector. Here, Ref. [36] introduces a massive spin-1 matter field, part of the
adjoint representation of SU(2),. They affirm that this model complies with all current
experimental constraints, including measurements of dark matter relic density, direct and
indirect detection searches, and LHC data, making the neutral component of the triplet
a viable dark matter particle. These diverse studies contribute significantly to our under-
standing of the possibilities for stable vector (spin-1) massive particles as DM candidates,
shedding light on the intricate nature of DM in the universe.

Besides, vector DM models often face significant constraints for high-mass final states
due to the inverse relationship between the cross section and particle mass. This results in
a very narrow scope for thermal DM production that aligns with existing literature limits.
In this work, our focus is on TeV-scale masses, a range accessible in high-energy collider
experiments. We should stress the fact that simply detecting new particles in experiments
does not automatically classify them as DM; in-depth analysis is required to determine their
properties and assess if they signify new physics with the potential to answer unresolved
questions [15, 17].

For a 2 — 2 the total cross section, i, in the center-of-momentum frame is derived

using the Mandelstam variable s, such as

6_vect0r — gi (9;2 —l—g?) ﬁ (2)
(—48MZmS — 68MZmis + 16MZm?2s® + M2,s® + 192mts? — 96m2s* + 125*)

X
192MZmi /s [(s — M2,)? + T2MZ,|

(3)

where 3 = /s — 4m2. The terms for the Breit-Wigner width, I'*MZ,, in the denominator of

the scattering amplitudes correspond to the mediator exchange of a s-channel resonance. As
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our investigation is related to processes with a massive spin-1 mediator with an associated
decay width, we evaluate the decay of the Z' mediator into DM particles to determine its

decay width, T,

Njw

G2M3, (1 — 4m? /M3,)

Fvector —
1927m3

+NfFZ’—>SM' (4)

Within this framework, the parameter Ny is the number of fermions into which the mediator
Z' can decay within the SM sector. For example, in ete™ collisions where Z’ interacts only
with leptons, Ny = 6. Conversely, when Z’ is exclusively coupled with quarks, Ny = 18.

The coupling of SM particles and the Z' mediator, in relation to its nature, allows for
their classification into distinct types as outlined in Ref. [13]. There are three primary
categories. The first, vector coupling, is characterized by the equivalence of left-handed
(1) and right-handed (g,) couplings, denoted as (g; = ¢g.). The second type, axial-vector
coupling, is defined by the left-handed coupling being the exact negative of the right-handed
coupling, expressed as (g = —g,). Lastly, the right (chiral) coupling scenario is identified
by the absence of left-handed coupling, succinctly represented as (g, = 0). These categories
help in understanding the diverse interaction mechanisms of the Z’ boson within the SM.
Depending on whether the Z' mediator functions as a vector, axial-vector, or chiral entity,
different coupling constants are applied, as detailed in Ref. [13].

For accurate DM production via monophoton processes, radiative corrections to the tree-
level DM process are crucial. Previous studies have used soft photon approximations or
numerical methods for 3 — 2 processes [37-39]. Our approach, inspired by classical methods
[40] and applied in various contexts [41-45], involves factoring in hard-photon emission. This
method calculates higher-order corrections and precisely evaluates the phase space of the
emitted photon, necessary for high-energy scenarios, and differs from simpler models like the
Weizsicker-Williams approximation [13, 46]. We implement this factorization to determine

the total cross section for monophoton processes,

Ol (W = Z'y = YxX) = Grot (V0 — Z' — x)(1 +6), (5)

with ¢ given by Ref. [40].

As discussed in a previously work [18], we set the minimum photon energy fraction
Ty = Qy/Epeam to 0.04 (equivalent to 60 GeV for a 1.5 TeV beam), based on the photon
identification capabilities at CLIC dp [47] and observations from LHC experiments [48].
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Despite a slight suppression in the cross section around the minimum photon energy of 0.04,
the overall production cross section increases by up to 7% at higher photon energies. This
enhancement is independent of the dark sector mass and coupling constants.

According to Ref. [49], DM pair production with a hard photon is feasible with cross sec-
tions in the O(fb), making detection viable with sufficient luminosity. Simulations support
the observation of monophotons from invisible decays, characterized by high cross section
and transverse momentum [50]. The detection strategy involves looking for high pr photons
paired with MET, which typically peaks near the mediator resonance mass.

We verify the regions of relic density in comparison to the partonic cross section for DM
particle production (Equation 2) in ete™ annihilation at the CLIC collider [51, 52] at a
center-of-mass energy of /s = 3 TeV. This is followed by an analysis of pp collisions at
the LHC with /s = 14 TeV, considering the initial-state fermion masses m, = m, for

et

e~ and my = my for pp collisions. Predictions for CLIC involve straightforward beam-
beam annihilation and resonance production. Monophoton production in e*e™ collisions is
calculated by combining the partonic cross section with the ISR photon, as described in
Equation 5.

In pp collisions, the production cross section must include photon ISR within the partonic

cross section Gy, accounting for the post-photon quark momentum loss. Consequently, the

production cross section for pp collisions is structured as follows:

_ do 1 R dz
Otos (P = Z'y = 7xX) = M? TVE = T/ Falw1, @) fo(7 /21, QD)1 (T5)—,
M=M_y, T L1
(6)
1007 — Z'v = YXX) = Giot(qq — Z" — xX)(1 +9). (7)

III. CALCULATION OF THE DM RELIC DENSITY NEAR A RESONANCE

We examine the parameter space to identify exclusion regions based on relic density, high-
lighting viable dark sector scenarios. Particle colliders offer an advantage in DM searches
due to their multipurpose detectors, capable of measuring numerous observables in expected
production processes. The high integrated luminosity at these colliders reduces statistical un-
certainties in new physics searches. Despite the high number of background events, they can

be effectively managed with selection criteria and controlled for uncertainties and systematic



errors, which are separately simulated and studied [3]. This approach aids in distinguishing
genuine signals of new physics from background noise.

In calculating the DM abundance and associated cross sections for its primordial produc-
tion, standard methods assume equilibrium and ignore resonances. However, for resonant
processes such as ours, the usual Boltzmann equation approach with (ov) is not sufficient.
We address this by modeling (ov) as a non-relativistic Breit-Wigner resonance, following
the methodology in Ref. [11], suitable for cold DM in the LCDM model':

16m (2J 4+ 1 MzT 5
T@IEY) appie MLz g gy P, (8)

TVl = e 55 1) 2

where x = m, /T links the DM particle mass (m,) to temperature (7'). Here, J and B;
denote the spin and resonance branching fraction of the initial state, with S representing
the spin of the DM particle. We focus on the annihilation of DM in SM particles through
the mediator Z’ in relic density calculations, where the candidates for DM are the initial
state in this scenario. The auxiliary variable zg is defined by using the masses and decay

widths of the particles involved as

M2/ — m2 [WZ/FZ/
_ X .
ZrR = 5 +1 5
X X

(9)

The term F'(zg;x) arises from thermally averaging the cross-sectional velocity product, ov,

and involves integration over the energy per unit mass € (expressed as (s —m2)/m3).

i 00 € 1/26—906
F(eni) =Re™ [ (1“:26; el (10)

The Equation 8 offers a simplified version of the original formula in Ref. [11]. This
simplification enables numerical estimation of the dimensionless density parameter, which

corresponds to the primordial DM fraction, as outlined in Refs. [11, 22| by

-1

Qh? ~ 8.76 x 107! GeV 2 l / 9TV res —

To My
where, Tj represents the current universe temperature, and T is the temperature at the

freeze-out period. The term g, denotes the degrees of freedom of particles during the same

epoch.

! For a broad discussion of the Equation 8, we recommend Ref. [11].



IV. RESULTS AND DISCUSSION

In our study two scenarios for each initial state are analyzed with fixed couplings: g,/ =
0.01 and 0.1 for ¢¢Z" in ete™ collisions, and g, = 0.10 and 0.25 for ¢¢Z’ in pp collisions,
with g, = 1 for Z’ dark sector coupling [16, 17, 53, 54]. For a pure vector mediator Z’, a
natural ratio of ~ 0.1 between gz/ gz, is expected [53]. Larger couplings (gz s > 0.1 ~
0.3) are assumed for TeV-scale mediators, potentially evading direct and indirect detection

constraints [6, 7).

Here we explore the parameter space by scanning the g, x g, couplings for the CLIC
and LHC kinematics. While similar exclusion patterns are noted for distinct coupling types,
differences emerge in the extent of areas aligning with observed relic density (see Figure 1
and Figure 2), particularly between eTe™ and pp collisions. In ete™ collisions, the overabun-
dance region for g, = 0.01 remains excluded, but becomes accessible with g, = 0.1. However,
larger ¢¢Z' coupling values require analysis under a potential leptophobic mediator behav-
ior, considering more restrictive limits from resonance searches in dileptons [55, 56]. On the
other hand, in the LHC regime, regions with ¢, = 0.1 or g, = 0.25 are further from the
relic density overabundance limit and are largely accessible. Notably, the mediator coupling
is independent and specific either to leptons or quarks, implying that dilepton resonance
search limits are not directly applicable. This analysis highlights the importance of proper
evaluation of the relic density near a resonance, which restricts the parameter space, es-
pecially for LHC energies, suggesting that LHC data analyses for spin-1 mediators should
carefully consider these factors. As a result, the correct calculation of the relic density,
using typical SM-DM and DM-DM couplings from the literature (g, = 1.0 and g, = 0.25),
extends the parameter space compared to nonresonant calculations [11]. This results in a
3-4 fold improvement in g, and about 2 fold in g, within LHC kinematics. This differs
significantly from results that do not consider resonances [16, 53|, underscoring the impact

of correct resonance evaluation on (ov) and the estimations of the relic density.

In investigating DM production via s-channel resonances, Figure 1 illustrate mass scans
for DM production near mediator mass My in both eTe™ and pp collisions. At CLIC, mass
scans are performed with the resonant cross section peaks at 3 TeV, while the LHC explores
varying Mz and m,. Photon ISR impacts the cross-section, particularly evident in Figure 1

for CLIC, limiting the upper bound in m,. The hatched areas in these figures indicate regions
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FIG. 1: Scan of the total cross section, including ISR contributions, as a function of dark
matter (m,) and boson Z’ (M) masses in ete™ (top) and pp (bottom) collision. The red
dashed line indicates the threshold for examining the mass range close to the resonance,
where the relic density is less suppressed. Plots differ by the use of the g, coupling to

leptons or quarks depending on the scenario.

of relic overabundance, thus excluded. The red dashed line marks the minimum viable m,
considering the relic density near the Z’' resonance. At CLIC, most of the mass regions
are excluded due to relic overabundance or kinematic reach, particularly for g, = 0.01. At
LHC, with less stringent exclusion criteria, especially for g, = 0.25, shows some accessible
m,, values, although high-mass mediators (M > 4 TeV) may still fall into overabundance
regions.

In particle collider observations, the vector DM exhibits higher cross sections for smaller
m,, and My masses. However, mediators below 2 TeV are mostly excluded, as per Refs. [16,
17], directing attention to higher mass regions. Actual detection rates may be lower than our
predictions due to detector efficiencies and background noise. The predicted cross sections

for vector DM in both ete™ and pp collisions are in the range of 10 to 1000 fb, but will be



reduced after accounting for real-world detector constraints. Nonetheless, these rates are
consistent with the current lack of LHC observations. Despite the kinematic constraint near
My = 2m,, the potential for future observations remains, as this suggests that higher-order
processes might not significantly hinder future observational possibilities. In both eTe™ and
pp collisions, the non-excluded regions by relic density are markedly different and occur at
varying scales. Vector DM is largely excluded in ete™ collisions at CLIC, while pp collisions
at the LHC offer less stringent restrictions. The pp collisions can access higher DM masses
at the TeV scale, unlike the ete™ collisions. Low DM mass regions are inaccessible in ete™
collisions, but pp collisions can reach higher DM masses at the TeV scale, depending on the
ISR photon energy range.

Figure 2 display the g, and g, coupling distributions for eTe™ and pp collisions, factoring
in photon ISR. With a mediator mass M, = 3 TeV and DM mass m, = 1200 GeV,
the figures identify regions conforming to cosmological limits near the resonance. Lower
coupling scenarios often lead to overabundance, implying that direct and indirect detection
experiments may be more suitable for larger couplings, while collider searches face more
restrictions. The coupling type between SM particles and the dark mediator has a minor
impact on cross sections, with chiral coupling producing a marginally larger exclusion area

due to the characteristics of g; coupling.

V. CONCLUSION

We proposed a simplified extension of the SM with a new renormalizable symmetry group
U, (1) acting as an (axial)vector portal to the dark sector, including a vector DM stable par-
ticle. This model, featuring a simplified interaction Lagrangian, evaluates the relic density
near the 7’ mediator resonance, setting exclusion regions in mass and parameter scans.
Consequently, we identify areas with less suppressed relic density, defining proper exclu-
sion limits for DM production mediated by a TeV-scale Z’' vector boson. Our model aligns
with experimental and cosmological limits, significantly narrowing the range of coupling
constants.

In ete™ collisions, DM observation is challenging, with limited phase space available for
vector DM near the resonance, especially if DM has O(0.1) coupling to SM leptons. How-

ever, in pp collisions, there is a promising detection region for resonances acting as DM
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FIG. 2: (Left) This coupling scan displays the total cross section for ete™ collisions at
Vs = 3 TeV, categorized by the type of coupling with the Standard Model: vector (top),
axial-vector (middle), and chiral (bottom). The horizontal axis shows the dependence of
the Z' coupling (g,) with the dark sector. For this analysis, the DM particle mass and the
mediator mass are set at m, = 1200 GeV and My = 3 TeV, respectively. (Right) This
analysis, similar to first, and focuses on the total cross section in pp collisions at /s = 14

TeV.

portals, particularly for larger vector DM couplings in the LHC energy regime. Our calcula-
tions show viable regions for resonance production consistent with cosmological and collider
constraints. We demonstrate that enhancement to near-resonance (ov) reduces exclusion
regions in parameter space, expanding accessible couplings by 2-4 times, particularly in the
LHC regime. This suggests that experimental limits on the mass of the DM mediator can

be refined compared to simpler relic density calculations.
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However, it is important to note that DM traces detected in collider experiments might
not directly correlate with the DM observed through gravitational effects at cosmological
levels. This discrepancy arises from the vastly different time scales involved in traversing
detector setups versus the cosmological lifetime of stable primordial DM particles. Addi-
tionally, cross-analysis of data from various experiments often relies on specific DM models,
complicating independent comparisons [1, 57]. Current DM observation methods at the
LHC, like disappearing tracks [58], indicate that searches for mono-photon production with
significant missing energy could be a viable way to detect DM particles, potentially revealing

the nature of a DM vector mediator produced near its resonance.
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1 | INTRODUCTION

Several studies have been proposed to investigate the dark
matter (DM), trying to decipher its origin and nature. Dis-
tinct approaches aim to understand how DM interacts
and what are the possible mechanisms for detecting it.
Theories beyond the Standard Model of the Elementary
Particles (SM) investigate the possible couplings of DM
with conventional matter in order to observe its interaction
in the laboratory.

This work focuses on investigating the interaction
between fermions and DM particles by interaction through
vector bosons, which would be the mediators of some kind
of manifestation of DM. Thus, our goal is to establish new
exclusion limits for the differential and total cross sections
for the coupling of this vector boson to conventional mat-
ter, employing three possible candidates, that is, fermion,
scalar, and vector, for relic DM.

Our work aims to investigate the interaction between fermions and dark mat-
ter (DM) particles in electron-positron collisions through interaction of a new
massive vector mediator, Z’. The production of scalar, fermionic, and vector DM
pairs via electron-positron annihilation into the new boson is investigated, eval-
uating the total cross section in the center-of-mass frame. As a result, the possible
values of the coupling constants between the DM and the Standard Model of
the Elementary Particles particles are mapped according to the exclusion limits
obtained by the CMS and ATLAS experiments and the Planck satellite. We show
that there are several possibilities for mass ranges of this new massive mediator
and for the DM particles, which are not excluded by collider and astrophysical

cosmology, dark matter, electron-positron collisions, particle physics

2 | THEORETICAL MODELING
AND RESULTS

2.1 | Diagrams and interaction
Lagrangians

This work explores a framework to probe the limits and
analyze parameters for the thermal production of DM
through a process that involves an interaction of the SM
with the dark sector mediated by a new massive boson
mediator (Z’) described with a Breit-Wigner (BW) res-
onance peak. Accordingly, we investigate three possible
spin-dependent DM fields. Making use of the Feynman
rules, we compute the total cross sections for the follow-
ing diagrams and their respective Lagrangians® (Dreiner
et al. 2013):

"We have used 4 = c =k = 1.

Astron. Nachr. / AN. 2021;1-5.
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L‘v

FIGURE 1 A simplified Feynman diagram for the
interaction of Standard Model of the Elementary Particles fermion
with a scalar dark matter field through a Z’ boson

211 | Scalar DM

Let y be any SM fermionic spinor and Z,, a real vector
field corresponding to an on-shell massive vector boson,
we can write a Feynman diagram representing the interac-
tion of this mediator with a DM candidate, y, as indicated
in Figure 1, where gj;, and g, are couplings of this vector
boson with the SM and DM fields, respectively. Hence, the
interaction Lagrangian of this process is written as

E_scalar — _1FMVF”V + le
4 2

VU !
int medZ Z”
+yr" (@PL +&Pr)WZ,

+8, (¥ oux — xoux") 2", (1)

where we used M,,.q to indicate the mediator mass and
y# are the usual Dirac matrices. Besides that, Z,’l indicates
a real vector field with field tensor given by F,, = 9,Z, —
0VZL which, along with the mass element defined by the
term %Méz’ *Z,,, compose the kinetic term of the Z’ boson.
The P; and Py operators refer to left and right-handed
operators, defined by P, = (1 — ) and Pr =(1 + y°) with g,
and g, representing chiral coupling magnitudes.

2.1.2 | Fermion DM

For a DM particle characterized as a Majorana fermion, we
have a Feynman diagram describing the exchange of a Z’
boson in the s-channel as shown in the Figure 2. Hence, the
interaction Lagrangian of this interaction can be written as

clrmion = —%F”“FW + %MZ

int med

Z’”Z,',

+ [wr" @PL+ & Pr)w
+ 77" (@PL +&Pp) x| Z, ()

where we will adopt g;’;r # gi;r in the following results.
Moreover, we see that the interaction of the Z’ boson with

FIGURE 2
interaction of Standard Model of the Elementary Particles fermion

A simplified Feynman diagram for the

with a fermionic dark matter field through a Z’ boson

Is“" \ }Lz

(3 Xu

FIGURE 3
interaction of Standard Model of the Elementary Particles fermion

A simplified Feynman diagram for the

with a complex vector dark matter field through a Z’ boson

the DM field is given by the operators in the last term of
Equation (2) which also contains the adjoint spinor for
the DM particle y and once again the chiral operators and
couplings.

2.1.3 | Vector DM

Lastly, for a DM candidate in the form of a complex vector
field, we express a Feynman diagram for the interaction of
this field with the SM as indicated in Figure 3. Two real
degrees of freedom of a DM complex field can be combined
with the singlet vector boson state previously defined by
the mediator Z, to generate a field tensor and a gauge
kinetic term in a similar way as done in gauge theories in
SU(2) representations. Following the steps established in
Dreiner et al. (2013), we write an interacting Lagrangian
neglecting quadratic terms as

1 1
Eyector — _ZF,MVFMV + E

int
+yr" (gPL + &Pr)WZ,
—ig,Z, ! (0" 2" = 0" 4"
+ig, 2" x" (0,413 - dvx;>

—ig, (02" = 9"Z") xixvs (3)

M2

med

M
VA
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TABLE 1

Some of the used parameters (PDG Collaboration

et al. 2018; PLANCK Collaboration et al. 2020)

Parameter

SM fermion mass (GeV)

SM coupling (left)

SM coupling (right)

Scalar and Fermion DM coupling
Vector DM coupling

Dimensionless Hubble parameter
Present day CMB temperature (GeV)
Critical density (GeV cm~3)

Cold DM relic density

Value

m, =511x107°

g =0,25

g =025

8y =1

g, =107

h? = 0,459

Ty~ 2,396 x 10713
Perit = 1,05 X 1075 h?
Q,=0,120 k2

Abbreviations: CMB, Cosmic Microwave Background; DM, dark matter;
SM, Standard Model of the Elementary Particles.

where the operators in the last three terms express the
couplings of DM and Z’ fields.

In addition, we integrated analytically the differen-
tial cross sections for the computation of the total cross
sections (o) adding the respective scattering amplitudes
of those processes where s and t are the Mandelstam vari-
ables and m, is the SM fermion (electron) mass.

3 | DISCUSSION AND
CONCLUSIONS

Once the analytical results are evaluated, we compute
the total cross section in DM (m,) and mediator (M eq)
mass ranges as employed in the literature. Using data
from CMS Collaboration et al. (2018) and PLANCK Col-
laboration et al. (2020) we are able to estimate exclusion
limits for the proposed models. For estimated DM abun-
dance, we assume a scenario with m, composing the
whole mass of the DM cold relic density. For these evalu-
ations, we used the recommendations shown in Bauer &
Plehn (2017), Griest & Seckel (1991), Kolb (1994) and Pro-
fumo (2013) and adopted the parameters described in the
Table 1.

In Figure 4, there is a comparison between the max-
imum values for the production cross section, that is,
the value at the top of a BW peak, for a range of M4
masses. We varied the mediator mass from 0.3 to 6 TeV
for fixed DM mass of m, = 200 GeV, and observed that
the peaks decrease with an increasing in \/E We also note
that the vector DM shows a cutoff value where the pro-
cess is kinetically forbidden when Mg <2, 75 TeV. As we
can see in the Figure 4, the sensitivity of the vector DM
is very high with the parameter g,, since its cross section

Nachrichten
—10% BW peaks comparison for DM production o
g —— scalar DM (g, = 1.0) my = 0.250 Tev =
% scalar OM (g, = 1€-03) Gtrssny = 0.25, VE = Myeq a
S fermion DM (g; = 1.0) 10-11
—— fermion DM (g, = 1E-03)
12 vector DM (g, = 1E-07)
10 vector DM (g, = 1E-03)
0h? = 0.120 (PLANCK 2018) = 10°°
Mg < 1.55 GeV, Z'-xx(1 - 4] + EPS) T ey
Mo 5 1.8 GeV, Z'-yx( = 1j + EF*™) -
TN . -
10° ~J 1077
\\\»»
T~ 1073
10 i
103
;3
\\\
10° Ve = 107!
\\‘\
S = . 10!
100 i g
10°
2 3 4 5 6 7
Mmea= V5 [TeV]
FIGURE 4 Variation of the resonance peaks for Z' boson

production with mass ranged from 0.3 TeV to 6.0 TeV, with the
same center-of-mass energy of the processes. The dark matter (DM)
particle mass in this case was fixed in m, = 200 GeV. Limits both on
the vector mediator mass and relic density DM thermal production
were drawn for comparison purposes

increases by many orders of magnitude when we change
the coupling from g, = 1073 to g, = 10~’. The other DM
candidates also vary within this parameter, but by a less
amount.

Besides that, for all plots we inserted some exclu-
sion limits, where the black dotted line indicates the
minimum cross section so that those processes repro-
duce the cold dark matter (CDM) abundance observed
by PLANCK Collaboration et al. (2020) and the blue dot-
ted lines and regions in Figure 4 and subsequent figures
bound the region where the mediator mass is less than
1.8 TeV (CMS Collaboration 2018; Collaboration 2018).
To analyze in more detail the three cases, we evaluate
how the cross section in the production peak of the Z’
behaves when we vary the DM mass candidate m, and
the mass My,q of the mediator itself. Therefore, we pre-
sented in the Figure 5 this estimation where m, ranges
from 0.001 to 2 TeV, while the mediator mass ranges from
1to 4.5 TeV.

We note a significant increasing in the magnitude of
the cross section in the region where My = 2 m,, in
both scalar and fermionic cases. In the vector case, this
increasing occurs next to the kinematic forbidden region
for that case. However, in our analyses, we find no signif-
icant difference between the different coupling regimes,
that is, chiral, vector, and axial-vector, of Z’ boson with the
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Scalar DM production, e*e~-2Z'-

— 2.00 —_

3 Qyh? = 0.120 (PLANCK 2018) =

E my=MoR2 ]

x < (Rt 101 §

g B Mo s 1.55 GeV, Z'-xx(1 - 4j + Eps)

@ 175 3 Mos 18 Gev, Z-xx( 2 1+ EF%)

w

] y

g1, asa = 0.25 (vectorial SM coupling)

‘S_ 9= 1.0, VE = Myy 7 1010

0150
107
104
10!
1072
1073
10°8

3 4
Z' mass, \/E = Mmeg [TeV]

FIGURE 5 Total cross section heat map in terms of the dark
matter (DM) particle mass (m,) and the Z’ boson (M) for the
scalar DM particle. The shaded regions indicate exclusion limits on
the mass of massive vectors mediators discussed in ATLAS
Collaboration (2018) and Collaboration (2018) and the region with
cross section less than the necessary for relic density abundance
thermal production of cold dark matter, observed by PLANCK
Collaboration et al. (2020), are hashed in black

SM field, hence, all the results are from a vector coupling
(gr = g) with the SM (Figures 6 and 7).

4 | CONCLUSION

To characterize this model, we presented a SM extension
with a new renormalizable symmetry group U(1) acting
as a vector portal for DM, which is distinguished by the
composition of its field, that is, scalar, fermionic, and
complex vector, by three respective possible interaction
Lagrangians.

Therefore, these results show that our models are
within the parameter space probed in the experimental
and cosmological limits. Note that, to reproduce similar
cross sections with the other models, the vector DM needs
a much smaller coupling constant (g, = 1077) and has a
reduced mass range. This work aims to further narrow our
parameter space, especially the mass range of the mediator
mass, with both existing data and new experiments such

Fermionic DM production, e*e~—=2Z'-

= 107 3
> Qyh? = 0.120 (PLANCK 2018) =3
E ~ Mmy=Mol2 K]
£ BN Mg s 1.55 GeV, Z'-xx(1 - 4] + EP=) A S
o 1751 mm Mo =1.8Gev, Zoxx(= 1j+Eps) |

] y

g 9w = 0.25 (vectorial SM coupling) / 10

= 9x=1.0, VS = Mmeg

0 1.50 f

10!

1072

103

1078

3 4
2" mass, V& = Mpeq [TeV]

FIGURE 6
matter (DM) case

Same plot as Figure 5, but for the fermionc dark

Vector DM production, e*e~=Z'-xx

% Q,h? = 0.120 (PLANCK 2018) g
E 061 . me=ma2 100
g I M, <1.55 GeV, Z'-xx(1 - &) + EP'*S) S
@ [ Mg = 1.8 GeV, Z'-xxl = 1j + Ef*ss)
w
g | gi.usmn = 0.25 (vectorial SM coupling) ,
Gy =0.0, V5 = Moy
s 0.5 Vs 10
o
104
0.4
10?
0.3
102
g 10-5
&
5
S
108

3 4
Z' mass, V3 = Mmeq [TeV]

FIGURE 7
matter (DM) case

Same plot as Figure 5, but for the vector dark
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as the Future Circular Collider and the Compact Linear
Collider.

Furthermore, the experimental viability of observation
of these processes are focused in the use of disappear-
ing tracks, as already done by the Large Hadron Collider
(LHC) experiments (CMS Collaboration et al. 2020). Nev-
ertheless, this study will be extended with initial- and/or
final-state radiation, where some species of DM could
decay into more detectable SM particles.
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