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Chapter 1

Introduction



1.1 Historical Background

In the 1933 the Swiss astronomer Fritz Zwicky[1], observed galaxy clusters and calculate
the mass and found it to be on the order of 10 M, but from the spectrum analysis, he
found it to be on the order of 10"* M. where M, is the mass of the sun, He noticed a
discrepancy between the visible mass and the mass needed to hold clusters together grav-
itationally. He proposed the presence of unseen matter he called it in German ”Dunkle
Materie” in English Dark Matter which mean i doesn’t interact with light, However, his
ideas faced skepticism initially. Meanwhile, theoretical work by Jan Oort|2] and others
considered the possibility of existence of non-luminous matter in the Milky way,

In the 1970s, Vera Rubin[3], along with collaborator Kent Ford, conducted observations
of spiral galaxies. They focused on measuring the rotation curves of these galaxies, which
describe how the orbital velocity of stars and gas changes with their distance from the
center of the galaxy, According to classical Newtonian physics or Einstein’s general rel-
ativity[4], one would expect the rotation curves of galaxies to follow a certain pattern:
the orbital velocities should decrease with increasing distance from the galactic center.
However, Rubin’s observations revealed something unexpected — the velocities did not
drop off as predicted. Instead, the rotation curves remained roughly constant or even
increased with distance from the center.
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Figure 1.1: Anomaly between expected and observed speeds|5|

This discrepancy between the observed rotation curves and the predictions based on
visible matter (stars and gas) led to the proposal that there must be a significant amount
of unseen matter, or "dark matter,” influencing the gravitational dynamics of galaxies.
The presence of this invisible mass was crucial to explaining the observed rotation curves.



1.2 Evidence of Dark Matter :

In the context of the ACDMH model|6], dark matter plays a crucial role in explaining
several key phenomena observed in the universe like :

1.

Galaxy Rotation Curves: Dark matter helps explain the observed rotation curves
of galaxies. In spiral galaxies, the rotational velocities of stars and gas do not de-
crease as expected with increasing distance from the galactic center[3]. Instead, they
remain relatively constant or even increase. Dark matter’s gravitational influence
provides the additional mass necessary to produce these observed rotation curves.

Cosmic Microwave Background (CMB): Dark matter contributes to the fluc-
tuations observed in the cosmic microwave background radiation|7], which is the
remnant radiation from the early universe. These fluctuations provide valuable in-
sights into the initial conditions of the universe and the distribution of matter and
energy.

Gravitational Lensing: Dark matter causes gravitational lensing[8], where the
gravitational field of massive objects bends the paths of light rays passing nearby,
This effect allows astronomers to indirectly detect|9d] and map the distribution of
dark matter in the universe by observing its gravitational influence on light from
distant objects.

Figure 1.2: Hubble telescope at a striking example of gravitational lensing[10]

I This is sometimes called the Cosmological Standard model, that combines the cosmological constant
A with cold dark matter (CDM). It explains the evolution of the universe from the Big Bang to its current

state
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Figure 1.3: Setup of a Gravitational Lens

4. Large-Scale Structure: Dark matter is thought to be the dominant form of matter
in the universe, comprising approximately 27% of its total energy density (compared
to about 5% for ordinary matter). Its gravitational pull influences the large-scale
distribution of galaxies and galaxy clusters, shaping the cosmic web of filaments
and voids observed in large-scale structure surveys.

Figure 1.4: Large-scale Structure of the Universe from Illustris Simulator

5. Cosmic Acceleration: In the ACDM model, dark energy (represented by the
cosmological constant A) is responsible for the observed accelerated expansion of
the universe. However, dark matter’s gravitational effects provide the necessary
”clumping” to allow the formation of galaxies and other cosmic structures despite
this expansion.
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1.3 Cosmological standard model and Dark Matter :

The cosmological observations indicates that before 13.7 biliion years ago the universe
begin with the big bang from a very hot and dense point called the singularity, Initially,
the universe existed in a state of quark-gluon plasma, where matter and radiation were
in thermal equilibrium. As it cooled, quarks combined to form protons. However, nuclei
could not form immediately because the photon energy was comparable to the binding
energy between nucleons (protons and neutrons). Only when the universe cooled further
nuclei begin to form, The current amount of dark matter in the Universe is known as
the relic density of dark matter. after 380000 years from the big bang the tempurature
was 3000 k ~ 1 eV the atoms formed, This tempurature allows protons and electrons to
bind without constantly being ionised by photons, this makes photons free, these are the
first photons emitted in the Universe can be detected as a microwave signal coming from
all directions, and that’s what we call Cosmic Microwave Background (CMB)[7] because
of the redshift they became in the range of microwave and a tempurature of 2.73 K

The Universe comprises radiation, matter, and vacuum. The total energy density € is

the sum of all components:
Q= Qag + QU + Q2 (1.1)

Dark Energy
69%

Dark Matter

26%

Figure 1.5: Percentage of Dark Energy and Dark Matter and ordinary matter

Where Q.q, O, and Q4 are the energy densities of radiation, matter, and vacuum
(dark energy), respectively. Current measurements indicate that Q) = 0.68 and Q,, ~
0.32, with the matter content divided into baryonic density payon ~ 0.05 and dark
matter density . &~ 0.27. This implies that 83% of the total matter is dark matter, while
ordinary matter constitutes only 17%, The densities are given in terms of h?, a quantity
related to the Hubble parameter Hj, which measures the expansion rate of the Universe.
The Hubble parameter is defined as Hy = 4. it is relates to h as h = Hy/100 km /(s Mpc).
Current estimates give h = 0.67. Given the dark matter density Qpy = 0.27, And
Qpmh? = 0.12.
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Figure 1.6: NASA/WMAP Timeline of the universe|l5]

1.4 Dark matter candidates :

There are some other theories that predict DM candidates, Modified Newtonian dynam-
ics MOND that try to explain the velocity of rotating galaxies, MOND actually is not
a dark matter candidate but the biggest DM’s competitor, it tries to find a solution to
the problem of hidden mass without unvisible matter, MOND is an alternative theory of
gravity proposed by Milgrom in the 1980s[16]. It suggests a modification to Newtonian
dynamics at low accelerations, typically below ag ~ 107 m/ s?. The theory introduces a
function, often denoted as p(a/ap), to modify the gravitational force law, it can expressed
as:

F=mu (a%) a (1.2)

Where F' is the gravitational force, m is the mass of an object, a is the acceleration, and
ag is a fundamental acceleration scale, MOND provides an alternative explanation for the
dynamics of galaxies and galaxy clusters without the need for dark matter[17].

However, MOND faces challenges in explaining certain cosmological observations|18],
such as the large-scale structure of the universe and the cosmic microwave background
(CMB). Also, MOND has difficulty explaining the observed tidal features, while dark
matter simulations naturally produce such structures. We can mention that the observed
orbits of satellite galaxies around larger galaxies do not align well with MOND predic-
tions|[19].

Primordial Balckholes : Primordial black holes|20] are theorized to be potential
candidates for dark matter, suggesting that they may constitute a significant fraction of
the elusive dark matter in the universe.

Massive Compact Halo Objects (MACHOs): are faint or non-luminous astro-
nomical objects in the galaxy’s halo. They have low luminosity, making them difficult to
detect with current telescopes|21]. MACHOs can be baryonic|22], like primordial black
holes[20] formed early in the Universe, or brown dwarfs, which are hydrogen-rich but too

12



low in mass to start hydrogen fusion. Although these objects may account for some dark
matter, their non-observation and constraints suggest they do not constitute the primary
component of dark matter, MACHOs maybe detected through gravitational microlens-
ing[23][24], where the MACHO’s gravity bends the light from a star behind it, causing
the star to appear brighter.

Elementary particles Dark Matter : Particle dark matter refers to the hypothesis
that dark matter consists of elementary particles|25][26], the Standard Model of particle
physics is incomplete as we will see in details the [Section , undiscovered particles may
exist beyond it. These new particles, predicted by various theories|25], could possess the
properties required to be dark matter candidates. A DM particle must be sufficiently
long-lived, potentially as old as the Universe, and multiple types of new particles from
different models could collectively constitute dark matter.

thermal
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Figure 1.7: Dark matter candidates mass ranges|27]

1.5 Essential Aspects of Dark Matter Particle Detec-
tion :

1.5.1 Relic density

In cosmology, the term “relic density”|28] refers to the present quantity of a given ele-
mentary particle that remains from the Big Bang. It’s a measure of how much of that
particle exists in the universe today compared to when the universe was very young. In
the context of dark matter, relic density is often modeled for weakly interacting massive
particles (WIMPs), which are a leading candidate for dark matter. The relic density of
dark matter is important because it helps scientists understand the amount of dark mat-
ter that should exist in the universe. If dark matter particles were in thermal equilibrium
in the early universe, their relic density can be calculated using the Boltzmann equation.
The relic density of dark matter is often calculated in the context of specific models|29].
For example, in the Inert Doublet Model (IDM)[30][31], the relic density of dark matter is
calculated at one-loop, The density evolution equation[32][33] determines the relic density
for a dark matter candidate X.

% + 3Hn, = —2(0sv) (ni — (an)2> : (1.3)
where o.gv is the effective thermally averaged annihilation cross section times velocity, h
is the Hubble expansion constant, and nx is the number density of dark matter particles,
and an is the equilibrium number density of the dark matter particles

N nEQ’LEQ
(Oev) = Z (o0 (xix; — SM) v) ——

2
3,j=1 <an>
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o2 [ Momimz)
(Ocorsil) = oy (5 |, P o (37 Wt
(1.5)

where k£ runs over all the particles in the process, while an is the thermal equilibrium
density of the dark matter species with mass m, and g, internal degrees of freedom at

temperature 7' :
an R gy ( 22 ) e/ T (1.6)

K is the modified Bessel function of the second kind, 3 = /1 — 4m2 /s is the relativistic

velocity of the initial state particles, while the numerically convenient W;; proxy is defined

as: \/
)\ 5 mX, dQCM

spins

where A(a, b, ¢) is the usual two-body kinematic function:
AMa,b,c) = a* + b* + ¢ — 2(ab + be + ac)

Notice that the definition of effective thermally averaged cross section reduces to (o(xx —
SM)|v|) in case of only one dark matter particle and no-coannihilating partners.

and in with the hubble constant :

1.07 x 10° GeV ™' z;
gi/Q Mp, (ov)
e Mp;: The Planck mass, approximately 1.22 x 10* GeV.

QDM h2 =~

(1.8)

e z;: The freeze-out parameter, defined as zy = mTLfM, where mpy is the mass of the
dark matter particle and T is the freeze-out temperature.

e g.: The effective number of relativistic degrees of freedom at the time of freeze-out.
e (ov): The thermally averaged annihilation cross section of the dark matter particles.

The relic density is an important parameter in cosmology and the study of dark matter.
It provides a link between the microphysics of particle interactions and the large-scale
structure of the universe, by comparing the calculated relic density of a dark matter
model with the observed dark matter density in the universe

1.5.2 Direct detection :

Dark matter (DM) direct detection[34] refers to a set of experimental techniques and the-
oretical methodologies aimed at observing interactions between dark matter particles and
ordinary matter. Unlike indirect detection, which looks for byproducts of dark matter
annihilations or decays, direct detection experiments aim to detect dark matter particles
directly as they pass through or interact with a detector material, Direct detection experi-
ments are informed by various dark matter models, including Weakly Interacting Massive
Particles (WIMPs), axions, and other hypothetical particles

14



spin-independent (SI) scattering cross section:

o5t = i |7y (A= 2)-

My A
m):ii-mA
spin independent form factors respectively [11, 13, 27]. We use Z to denote the number

of protons in a nucleus and A to denote the number of protons and neutrons. Similarly.

where g4 = is the DM-nucleus reduced mass and f, and f, are proton/neutron

spin-dependent (SD) scattering cross section:

16, Jatl,,
0sp = ﬂ_ILLA JA (fp+fn)7

where f) and f) are the proton/neutron spin-dependent form factors respectively, and J
is the spin of the nucleus. Particle physics enters the calculation of ogp/s; via the form
factors fn and f) where N = p, n.

The differential event rate % for dark matter-nucleus scattering is given by:
R
dR VUmax d
A Px / f(v)_av dv
dER mX Umin dER

where: p, is the local dark matter density and m, is the mass of the dark matter
particle and f(v) is the velocity distribution of dark matter particles, and (ﬁa_gR is the
differential cross-section for dark matter-nucleus scattering, and Eg is the recoil energy,
andvpg, and vya, are the minimum and maximum velocities of the dark matter particles
that can produce a recoil of energy Ek.

1.5.3 Indirect detection :

Searching for dark matter indirectly involves looking for the byproducts of interactions
between dark matter particles|35] rather than directly finding dark matter particles them-
selves. Finding dark matter’s annihilation or decay products[36], such as neutrinos,
gamma rays, or cosmic rays, is the main goal. Indirect detection can be approached
in several ways:

¢ Annihilation of dark matter: If the particles that make up dark matter are their
own antiparticles, then they can annihilate one another to produce particles that
are detectable, such as neutrinos, gamma rays, or cosmic rays. Experiments look
for an overabundance of these particles in areas where the density of dark matter is

high.

e Dark matter decay : If dark matter is unstable, it will eventually break down
into particles that can be observed.

e Cosmic ray electrons and positrons : Measurements of the cosmic ray elec-
tron and positron spectrum by experiments like Fermi-LAT have shown intriguing
features that could potentially come from dark matter annihilation or decay

The mass, lifetime, and dark matter annihilation cross section are all constrained
by indirect searches. Differentiating dark matter signals definitively from astrophysical
backgrounds such as pulsars can be difficult, though. Any potential dark matter signals
discovered through indirect detection will need to be confirmed by consistency across
various experiments and additional measurements.

15



1.5.4 Dark Matter Production in Colliders

Dark matter production in colliders, such as the Large Hadron Collider (LHC), is a
crucial area of research in particle physics. In these experiments, high-energy proton-
proton collisions are utilized to recreate conditions similar to those just after the Big
Bang. The aim is to produce dark matter particles, which would manifest as missing
energy in the detector since they interact very weakly with ordinary matter. Researchers
look for events with significant missing transverse energy, along with other particles that
could indicate the presence of dark matter. Despite extensive searches, no direct evidence
of dark matter production has been observed so far, but these experiments continue to
refine our understanding of potential dark matter properties and guide future searches.

time

>
DM SM SM SM SM DM sm S
. DM
Mediator
e @ Colliders

SM

DM SM DM DM SM DM  SM DM

(a) (b) (c) (d)

Figure 1.8: interaction of DM and SM|[37]

interaction of DM particles and SM particles with
a) Indirect Detection , b) Direct Detection , ¢) DM production in colliders
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Chapter 2

Standard Model and Dark Matter



2.1 The Standard Model of Particle Physics :

The standard model of particle physics[38][39] is a quantum field theory[40] that describes
the fundamental particles, quarks, leptons, and gauge bosons and their interactions via
the three fundamental quantized forces: electromagnetic, weak, and strong forces. the SM
successfully explains most experimental results and predicts a wide range of phenomena
The most comprehensive theory now available to scientists to explain the fundamental
components of the universe is the Standard Model of Particle Physics|41]. It describes
the way that the visible matter is composed of particles called fermionss, which include
electrons, and quarks, which make up protons and neutrons. It also describes how the
quarks and leptons are affected by force carrying particles, which are a type of bosons.
Three of the four fundamental forces that control the universe -electromagnetism, the
strong force, and the weak force- are explained by the Standard Model. Photons carry
electromagnetic force, which is the result of the a combination of magnetic and electric
fields. Atomic nuclei are bound together by the strong force, which is carried by gluons,
to create stability. The W and Z bosons are carrying the weak force.The last one is
responsible of nuclear reactions that have powered the Sun and other stars for billions
of decades, The SM can explain all observed phenomena in particle colliders at a wide
range of energies, Gravity is the fourth fundamental force which is described by general
theory of relativity at the large scale, that the Standard Model is unable to sufficiently
explain, so from this and from another problems we are going to mention we can surly
know that the SM is the best current theory to explain nature but it is not the final theory
to describe it

The symmetry group of the standard model should be : SU(3).® SU(2); @ U(1)y where:

e Y represents the hypercharge,
e [ is the weak isospin

e (' represents the color charge.

The relation between electric charge (@), weak isospin (I3), and hypercharge (V') is given
by Gell-Mann—Nishijima formula: ¢ = I3+ %, where I3 is the third component of isospin.
The Standard Model Lagrangian[42], given by SU(3).® SU(2); @ U(1)y, is expressed

as:

['SM = EGauge + Lfermions + *CHiggs + EYukawa

So the Lgy becomes like this:

1
Loy = ——F% P

4w a

+ Z}ZJE/@/J + h.c. (2.1)
+ wzyzﬂbﬁb + h.c.

+ ‘Du¢’2 - V(¢)

In this expression, I, represents the field strength tensor for the gauge fields ) represents
the fermion fields, ¢ is the Higgs field, and V' (¢) is the Higgs potential.
D,, The covariant derivative for a fermion field

18



y;; is the Yukawa coupling constants
The Yukawa terms refer to interactions between fermions and the Higgs field, which are
crucial for understanding the masses of fundamental particles in the Standard Model of
particle physics.

three generations of matter interactions / forces
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Figure 2.1: The Standard Model elementary particles

2.2 The Standard Model and its limitations

Although the SM can explain the fundamental interactions between particles and fields
and many other successful predictions like Higgs boson, self-interactions of gauge bosons,
and provides precise relationships between their couplings, we know that the SM is not the
everything theory but an effective theory because that leaves questions unanswered
about some phenomena like :

e Gravity : The standard model can’t give any description of this fundamental
force. As we mentioned before, this force was described successfully at large
scale by the general theory of relativity as a geometrical force—bodies that are
attracted to each other because of the curvature of spacetime—and not a gauge
force like the other three forces. The SM is built on quantum field theory. This
mathematical framework failed to find a quantization for the gravitational field and
faces many ultraviolet catastrophes and the infinities, so the graviton rests as a
hypothetical particle until today.
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e Matter/Antimatter asymmetry : The matter-antimatter asymmetry problem
arises from the fact that the observable universe is dominated by matter|45|, while
antimatter is relatively rare[46]. According to SM and QFT, matter and antimatter
should have been created in equal amounts during the early universe’s high-energy
conditions. However, the universe we observe today is composed of matter. Un-
derstanding why this imbalance exists and how it arose shortly after the Big Bang
remains unsolved problem in SM physics.

e Neutrino Masses : Even after the spontaneous symmetry breaking, the neutrinos
maintain their masslessness as the Standard Model does not contain right-handed
neutrino fields, but from the experimental high energy physics we found that the
neutrinos are not massless wich was approved by the detection of neutrino oscilla-
tions[47]. This The phenomena describes how neutrinos are switching their flavor
between v, v,, and v,. The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, a
unitary matrix that connects neutrinos’ mass basis and flavor basis—in which they
have a specific mass and flavor, respectively—is used to characterize it, Therefore,
in order to include non-zero mass terms for the neutrinos in the Standard Model,
an extension is necessary.

e Dark Energy : From the observations of Cosmic Microwave Background Polar-
ization and Hubble’s Law redshift we relize that our universe in cosmic expansion,
-depends to the cosmological calculation its represent 68% of the universe- dark
energy|[48] is a property of the empty spacetime itself, and it can violate the conser-
vation law of energy, this is one of the mysterious in the SM model physics

e Dark matter : the Standard Model does not include any particle that fits the
characteristics of dark matter[49]. Dark matter is postulated to be a form of mat-
ter that neither emits nor absorbs light or any other electromagnetic radiation, It
interacts primarily through gravity, and while the SM does include particles that
interact via the weak nuclear force (like neutrinos), their properties do not match
those of dark matter.

2.3 Particle dark matter candidates :

as we mentioned in the introduction there are so many different candidates which try to
explain this phenomena but in the particles candidates there are famous models like :
Weakly Interacting Massive Particles (WIMPs): WIMPs are hypothetical parti-
cles that interact weakly with ordinary matter and have masses ranging from a few times
to hundreds of times that of a proton[50]. They are one of the most studied dark mat-
ter candidates and arise naturally in various extensions of the Standard Model, such as
supersymmetry.

Axions: Axions[51] are hypothetical particles proposed to solve the strong CP prob-
lem[52] in quantum chromodynamics. They are also considered dark matter candidates
due to their properties, such as their low mass and weak interactions with other particles.

Sterile Neutrinos: In extensions of the Standard Model involving neutrino physics,
sterile neutrinos|53| are additional neutrino species that do not participate in weak in-
teractions. Depending on their properties, sterile neutrinos could potentially account for
dark matter.
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Dark Photons: Dark photons[54], also known as hidden photons or paraphotons,
are hypothetical gauge bosons that mediate a hidden sector force analogous to electro-
magnetism. If these dark photons interact weakly with ordinary matter, they could serve
as dark matter candidates.

Gravitinos: Gravitinos are hypothetical supersymmetric partners of the graviton, the
mediator of gravitational interactions. In certain supersymmetric models|55], gravitinos
are stable and could contribute to the dark matter density.

2.4 Simplfied Dark Matter models :

Simplified Dark Matter Models (SimpDM)[56] are theoretical frameworks employed within
particle physics to explore and characterize potential dark matter candidates beyond the
Standard Model. The primary objective of SimpDM is to simplify the complexity of dark
matter models while retaining their essential features, facilitating both theoretical analy-
sis and experimental investigation.

At its core, SimpDM typically introduces new particles or fields into the Standard Model
that could serve as plausible dark matter candidates. These candidates are character-
ized by specific properties crucial for dark matter, such as stability over cosmological
timescales, gravitational interactions with ordinary matter, and compatibility with obser-
vational constraints.

The philosophy of Simplified dark matter models|[57] is to extend the Standard Model
by introducing new particles and mediators in the dark sector. These models add specific
interaction terms to capture the key features of dark matter interactions while keeping
the framework manageable. They are designed to match experimental constraints from
various sources, such as relic density measurements, direct detection experiments, and col-
lider searches, allowing researchers to study the properties and behavior of dark matter
in a controlled and simplified way.

2.4.1 Simplfied Dark matter model with spin-0 mediator Y

We consider different types of interactions between the SM, the dark sector and the
mediator[58] Yp[58], The renormalizable interactions of the mediator with the DM are
described by the Lagrangian[58] £ :

1 S > :
£§/(0 - §mX7>g§(TXTXr§/O + mXcgi(cXcXc}/O + Xd (gg(d + Zg?(dryf)) XdYE) (22)

in this Lagrangian there are three diffrent type of Dark matter particles :

e X, is Dirac Dark matter (spinor) field
e X, is Complex scalar Dark matter field

e X, is Real scalar Dark Matter field

where Y} is the mediator of interactions between dark matter particles and the Standard
Model or within the dark sector itself. in the other side the Lagrangian Lysy; which
describe interactions between Y, and SM particles can be written as : :

Yoo (23)

d u
= Yis . _Yis .
L = Z [dljé (gij + zgzj’yg)) d; + Uz\/_% (g;qij + zgi,j%) u;j

)
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where y; are Yukawa coupling constants
There are two coupling constants, gfj and gf;- , because they represent two different types
of interactions between the particles.

. gfj is the scalar coupling constant, which describes interactions that are independent
of the direction or polarization of the particles.

° gf; is the pseudoscalar coupling constant, which describes interactions that depend
on the direction or polarization and involve the v5 matrix.

Having these two types of couplings allows the model to accurately describe the various
possible interactions and properties of the particles The Lagrangian for the interaction
between a gauge field and a scalar/pseudoscalar dark matter particle is given by:

1 v a a
LY e = KF; (9sFy, + gpFy,) Yo, (2.4)

where: - A is the suppression scale. - ), , is the field strength tensor of the gauge
field G. - F),, , is the dual field strength tensor of G.
the simplfied dark matter model scalar mediator Y; as extention to the standard model
EEOM - ‘C%/OM + £§O + ﬁguge (25)
This is a ”leptophobic” model so there is no a term for interaction between between
leptons and Dark sector via the Yj it couples just with quarks

2.4.2 Simplfied Dark matter model with a spin-1 mediator Y}

the same thing with the prevous model we will consider different types of interactions
between the SM[58], the dark sector and the mediator Y; but in this case DM particles
can couples to leptones and there is many diffrent between the mediator of the interaction
the Lagrangian E? of coupling between DM and the mediator Y/ can be written as :

£§1 :mg(cXéXC + deXdXd
i . . _ _ (2.6)
+ 9% [X&(0.Xe) = (9, XE) XY + Xa (g%, + igx ") XaY!

Vector Coupling (g}éd): This coupling represents the interaction between the vector
part of the current and the spin-1 mediator Y. It is associated with the term X "Xy,
which is a vector current. Physically, this type of interaction affects the spatial compo-
nents of the fermions field X, influencing how it moves and interacts spatially.

Axial-Vector Coupling (g}‘}d): This coupling represents the interaction between the
axial-vector part of the current and the spin-1 mediator Y. Tt is associated with the
term Xgv"v° Xy, which is an axial-vector current. Physically, this type of interaction af-
fects the spin components of the fermion field Xy, influencing how the spin of X, interacts
with the mediator.

the lagrangian Esyllw describes the interactions between SM quarks and Yy mediator :

LY =) [Jm (gdvij + 92/75) d; + Uy, (ng + gim) Uj] v/ (2.7)

1,J
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and the Lagrangian £ gasp of coupling with leptons is :

Eé/i/llep :é'Yu(gl‘ﬁ + 91?175)6}/#
+ iy (g2 + géﬂS)uY“
+ 77" (915 + giss?" )Y (2.8)
+ vy (Pp)veY!
+ vt Y (P)v Y
+ vy A (Pr)v, YY

Pp, in this Lagrangian represent the projector operator P, = %(1 — 75) as we know
there is only Left-handed neutrino

The Lagrangian for the interaction between a gauge field and a scalar/pseudoscalar dark
matter particle is given by:

1 v a a
Lhte = 1 F0 (9 Fp + 9" F ) Y2 (2.9)

So the finale Lagrangian of this Model as extension becomes :

LEIM = Lé/ll\/[ + EYl [’;/;uge ’Cé/ll\/ﬂep (210)

2.4.3 Simplified dark matter model with a spin-2 mediator YJ"

We consider a simplified DM models where a Dark matter candidates (X)) couples to the
SM particles via spin-2 mediator[59] :
The interaction terms between Y and dark matter fields X can be written as:

L£¢ = —%g)T(TtiZW (2.11)
Where A is the scale parameter of the theory

And g% is the coupling constant between DM X and the tensor boson Y3"

And ij, is the energy-momentum tensor of a DM field.

In this model we can consider three types of DM particles a real scalar (Xg), a Dirac

fermion (Xp), and a vector (Xy ) which is new type unlike the previous two models .

The interaction with SM particles is obtained by :

1 .
Liti=—5D_ 0 TLY8" (2.12)

Where the index ¢ denotes each Standard model field, i.e. the Higgs doublet (H),

quarks (q), leptons (f) and SU( )C, SU( )z and U(1)y gauge bosons (gluons, W+, W=, Z% and
the photon A) , gF = {gF;. 9%, g/ . g%, gy, 9% }
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The energy-momentum tensors of dark matter fields T/f(y in details will be :

1
Tor =— 59 (0,XRr0"Xr — m%xX}) + 0,Xr0, Xr
TXp Xpiny,0” XpX L 0, (Xpiv" X
wo = _gw/( pi7,0"Xp — mxXp D) + 5 9uw p( DY D)
1, .
+ §XDZ (vuay + %@) XD
1. o 1. o
— Za” (XDZ%,XD> — Z&, (XDZ’YMXD) s
Xy 1 po m?X' P p 2
1, == 9w 1 po BP0+ TXV/JXV + Eu Bl +mix Xv, Xy,

where F),, is the field strength tensor

Complying with the simplified-model idea, it is instructive to consider universal cou-
plings between the spin-2 mediator and the SM particles:
Real Scalars: Xr

Spin-0 dark matter type lagrangian of coupling with Y3 will be :

1 v
5?(2 = A (9§TT£T3/2“ )

Fermions: Xd

Spinl dark matter type lagrangian of coupling with Y} will be :
2 2

1 v
‘C?d = A (gf(dT,fidYQM )

Vectors: Xv
Spin-1 dark matter type lagrangian of coupling with Y3 will be :

1 v
[’}/(21; = _K (gg;vT,Lf/vYFZH )

The new particles after the extenstions of simpDM are illustrated in the following table :
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Elementary of SM of particle physics with the extension of simplfied DM models

three generations of matter interactions | force carriers candidates DM Mediators
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Figure 2.2: Elementary particles in simplfied Dark matter models as SM extensions

Interactions between DM particle candidates and SM should be as we explained
in the first chapter :
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Chapter 3

Dark Matter Experimental searches :



3.1 Cosmological expriments :

Galaxy clusters :

In coma cluster as an example the total mass from virial theorem ( Zwicky Smith ) for a
self-gravitating system in equilibrium, kinetic energy T and potential energy V' are related
by the virial theorem : 27"+ V =0

So the kinetic energy becomes : T = % >, mv?  wich means square velocity average
value :

mv2 2T
<’U2> — sz Ui _ T (31)
DM M
and potential energy :  V =—-1%" > i Gn:’mj
ij
-1
We define gravitational radius :  Reg = 2(32,m4)° (ZZ D ik m;:'”)
So we can rewrite the potential energy V = —GR—Af then, from 2 T+ V = 0, the total mass
1)2
M: szz = —RGé >

The virial theorem is important in detecting dark matter involves precise measure-
ments of velocities, masses, and distances within clusters, revealing gravitational anoma-
lies that cannot be explained solely by visible matter. This approach underscores the
significance of gravitational dynamics in unveiling the presence and nature of dark matter
in the universe.

Cosmic Microwave Background radiation :

A great resource for researching the large-scale structure of the universe is the CMB
radiation. The CMB radiation’s temperature variations reveal details about the early
universe’s density fluctuations, which are the earliest manifestations of the universe’s
large-scale structure.

Dark matter and CMB radiation are closely related, and understanding one requires
knowledge of the other, The distribution of DM may be deduced from its effects on visible
matter and the CMB radiation, which are necessary for the formation and evolution of
galaxies and galaxy clusters.

AT

On large angular scales, Temperature fluctuations : S+ ~ 1077

Fluctuations in gravitational potential ( poisson equation ) is given by :
V2(6®) = 4nGée (3.2)

Redshift or blueshift for EM-waves : &£ = %5@

Sub-horizon Density perturbations in dark matter grows with the radiation-matter
equality ( t ~ 0.05Myr ). Baryons are tightly coupled to photons until decoupling (
(~ 0.4Myr ) and perturbations in baryons can only grow after decoupling. Therefore in a
universe without non-baryonic DM initial perturbations have to be larger (AT/T ~ 107%)
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for observed structures to form. For perturbations to grow sufficiently from initial mea-
sured amplitude, requires non-baryonic DM.

Figure 3.1: The anisotropies of the Cosmic Microwave Background (CMB)|[60]

3.2 Direct Detection experiments :

XENON Experiment :

XENON experiment is a direct detection dark matter experiment that uses liquid
xenon as a target medium to detect the small charge and light signals produced by col-
lisions between xenon nuclei and dark matter particles in a liquid-gas time projection
chamber.

The first phase, XENONlO, operated at the Gran Sasso Underground Laboratory
until 2007 and provided the most accurate limits on WIMP dark matter at the time.
XENONlOO, the second phase, surpassed XENONlO in sensitivity and operated
until early 2016.

XENONlT , the third phase and the first tonne-scale LXe TPC for dark matter
detection, ran from 2016 to 2018. It set new best limits on several physics searches and
detected an unexpected excess of low-energy events.

In 2021, XENONnT, the latest and more advanced member of the XENON family,
began operation after a swift upgrade from XENONIT. With a larger target mass and an
anticipated tenfold reduction in background noise, XENONnT aims to further advance
the search for dark matter in the coming years.

ORGAN: WISP Direct Detection

The Oscillating Resonant Group AxioN EXperimentﬂ@, or ORGAN for short, is a
type of detector known as a “haloscope,” which tries to detect dark matter axions as they
pass through the laboratory.
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Rather than relying on energy imparted when an axion collides with a standard model
particle, haloscopes like ORGAN rely on what is called the axion-photon coupling|70].
Essentially, if we engineer the correct conditions inside the detector, and axions are passing
through, we can force a small number of the axions to convert into photons, which are
particles of light.

So, we can take the invisible dark matter and convert it into a tiny flash of light which
we can then detect.

Fortunately, while we cannot see or touch dark matter directly, we can detect light,
So this technique of converting something invisible into something we can readily observe
is promising.

The ORGAN experiment does not need to be located underground. Instead, it must
be cooled to cryogenic temperatures inside a special tool called a dilution refrigerator.
Housing the experiment in the fridge and cooling it reduces not only external background
light interference but also the thermal radiation given off by all the components in the
detector itself.

To stimulate axion-photon conversion, we need a strong magnetic field. Axions interact
with the magnetic field and convert into flashes of light. To enable this, our cryogenic
setup is fitted with a 12.5 Tesla superconducting solenoid

With the very cold, strong magnetic field in place, reducing the background and
stimulating axion-photon conversion, all we need is the detector designed to catch the
photons and measure them.

In ORGAN, this detector takes the form of a resonant cavity—essentially a metallic
can—which traps the photons that are generated and causes them to “resonate,” or bounce
around for a while, thus enhancing our prospects for observing them.

The number of photons inside the resonator is monitored carefully over time, and any
spikes above the expected background, and which have the expected signal characteristics,
can be attributed to axions.

SABRE South Dark Matter Direct-Detection Experiment :

SABRE South is a dark matter direct-detection experiment|71]. Its goal is to search for
a hypothesized type of particle which may constitute dark matter, the mysterious and
elusive material that makes up about 23% of the mass-energy of the universe—around
five times as much as the matter that we can see.

It will search for WIMPs (Weakly Interacting Massive Particles), one type of candidate
dark matter particle.

Unlike previous experiments, this one will be located deep underground in the Stawell
Underground Physics Laboratory (SUPL)|72], situated in a cavern in the Stawell Gold
Mine in Victoria, Australia. The installation of equipment was begun in October 2023.
The heart of the experiment is the detector vessel, which contains sodium-iodide crystals.
These crystals are crucial because they are expected to interact with WIMPs. When a
WIMP interacts with a sodium-iodide crystal, it produces a burst of light, which is easy
to detect.

There are other experiments like CYGNUS|73|, ADMX|[74], and others. You can check
them from the Centre for Dark Matter official website here.
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3.3 Indirect Detection experiments :

Fermi Gamma-ray Space Telescope :

The Fermi Gamma-ray Space Telescope[75], launched by NASA in 2008, has made sig-
nificant contributions to our understanding of the universe, particularly in the study of
high-energy phenomena such as gamma rays, The Fermi Gamma-ray Space Telescope,
with its two main instruments—the Large Area Telescope (LAT) and the Gamma-ray
Burst Monitor|76] (GBM)—is designed to detect gamma rays with unprecedented sensi-
tivity and resolution. Its contributions to dark matter research include :

e Galactic Center Studies: The Galactic Center of the Milky Way is a prime
location for dark matter searches because it is expected to have a high density of
dark matter. The Fermi Telescope has observed an excess of gamma rays from
this region|77], which some researchers suggest could be evidence of dark matter
annihilation. However, this interpretation is debated, as other astrophysical sources
like pulsars might also explain the excess.

e Dwarf Spheroidal Galaxies: These small, dark matter-dominated galaxies|78§]
are considered excellent targets for dark matter searches due to their low back-
ground of gamma-ray emission from conventional astrophysical sources. The Fermi
Telescope has conducted extensive surveys of these galaxies, placing stringent limits
on the properties of dark matter particles.

e Cosmic Ray Interactions: The Fermi Telescope also studies gamma rays pro-
duced by cosmic rays interacting with interstellar gas and radiation. By under-
standing these background processes, scientists can better isolate potential signals
from dark matter[79).

e Diffuse Gamma-ray Background: The Fermi Telescope has mapped the dif-
fuse gamma-ray background[80], the gamma-ray glow that permeates the universe.
Analysis of this background can provide clues about the cumulative effect of dark
matter annihilation or decay throughout cosmic history.

3.4 Production in colliders :

The Large Hadron Collider (LHC) is one of the powerful tools in high energy physics it
allows research into dark matter production|58|[81] through high-energy collisions. This
research extends the experimental reach of the Centre to dark matter masses and inter-
actions for which direct detection experiments have less sensitivity, While dark matter
particles may not be directly observed in collider experiments, their presence can be in-
ferred indirectly. Collisions at high energies can produce known particles that decay into
lighter particles, including potential dark matter candidates. By analyzing the decay
products and energy distributions, researchers can search for signatures consistent with
dark matter interactions. When dark matter is a stable neutral particle, it can only be
generated in pairs during collider experiments. Consequently, the potential for discovery
in such searches is constrained by the energy capabilities of the collider. Specifically,
the collider’s collision energy must exceed twice the mass of the dark matter particle
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(v/s > 2mpyr) to effectively produce dark matter particles, and of course the LHC with
Vs > 13 Tev is sufficient

LHC

Figure 3.2: The Lrge Hadron Collider|82]

SPS (Super Protron Synchrotron)
PS (Proton Synchrotron)

DM particles might be detected in the LHC major experiments (detectors) such as AT-
LAS|[83] and CMS|84]

ATLAS (A Toroidal LHC ApparatuS): ATLAS is one of the four major particle
detectors at the Large Hadron Collider (LHC) at CERN. It is designed to study a wide
range of physics phenomena, including the search for the Higgs boson, the exploration of
new particles, and the investigation of fundamental forces and particles that make up the
universe.

CMS (Compact Muon Solenoid): CMS is another major particle detector at the
LHC, also designed to explore various aspects of particle physics. It has a compact design
and focuses on studying phenomena such as the Higgs boson, supersymmetry, and other
potential new physics beyond the Standard Model.
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Chapter 4

Simulation of Simplfied Dark Matter
models spin-0/spin-1/spin-2



4.1 Introduction:

Madgraph5[85] is a framwwork serves as a Monte Carlo generator utilized for producing
tree-level and next-to-leading order Feynman diagrams along with their corresponding
cross-sections at user-defined energy levels. This capability facilitates the exploration of
different models for analyzing both the Standard Model (SM) and beyond the Standard
Model (BSM) phenomenology . Additionally, various HEPTools are employed for the
hadronization process, simulating detector responses, and event generation.

4.2 Installation:

We can download the latest version of MadGraph from its website here.Or we can down-
load this version "released on 2023-05-12” from Ithis link.

To install MadGraph, we open the terminal and navigate to the Madgraph directory,
Once in the terminal, We follow these steps. And ensure we have Python 2.7 or higher
installed, We also need to install SciPy and NumPy.

1. Open the terminal and navigate to the directory containing the MadGraph .tar file.

2. Follow the installation steps outlined in Figure 4.1

. abdatmohamed@fedora:~/Videos/MG5_aMC_v2...

9.18 MG5_aMC_v2 9 1 WARNING: root:

WELCOME to
MADGRAPHS __aMC

VERSION 2.9.18

h5 MLO Development Team - Find us at
adgraph

http://amcatnlo.web.cern.ch/amcat

Figure 4.1: Installation steps for MadGraph.

In the third line it depends on python version, python2.7 is just a special case.

After installing MadGraph, additional packages need to be installed within Mad-
Graph’s terminal to enable various functionalities such as parton shower, detector re-
sponse, and event analysis. Special attention should be given to the installation of MadDM
for Dark Matter, We follow the instructions illustrated in Figure [4.2

e Pythia8: To install Pythia8[86], We execute the command install pythia8 in
the MadGraph terminal.
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e Delphes: Installation of Delphes can be done by running the command install
Delphes.

e Pythia-pgs: We execute install pythia-pgs for installing Pythia-pgs.
e MadAnalysis5: To install Mad Analysis5, use the command install MadAnalysisb.

e ExRootAnalysis: We execute install ExRootAnalysis for installing ExRoot-
Analysis.

e MadDM: For Dark Matter analysis, We will install MadDM by executing install
maddm.

And this is an example of installation of MadDM

abdatmohamed@fedora:~fVideos/MG5_aMC_v2...

e+ mu+ t b t~ b~ z w+ h w- ta- ta+
>install maddm

B6:12 (154 KB/s) - ‘maddm.t

compile maddm. This might take a while.

se this mod you need to guit MG5aMC and run the executable bin/maddm.py
Installation su: ed
MGS_aMCx

Figure 4.2: Packages Installation process in MadGraph.

The latest version of MadDM will automatically be downloaded and installed as a MG5
plug-in

4.3 MadDM :

We mentioned before in packages installation how to install MadDM plugin, We just open
the MG5 and write: MG5_aMC> install maddm
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MadDM needs Python version 2.7 (until now it does not work with python3), SciPy
and NumPy

MadDM v.3.2 is a numerical tool to compute dark matter relic abundance, dark mat-
ter nucleus scattering rates and dark matter indirect detection predictions in a generic
model. The code is based on the existing MadGraph 5 architecture and as such is easily
integrable into any MadGraph collider study

MadDM is able to calculate[87] the dark matter relic abundance in models which in-
clude a multi-component dark sector, resonance annihilation channels and co-annihilations.

The direct detection|88] module of the MadDM code calculates spin independent
/ spin dependent dark matter-nucleon cross sections|89| and differential recoil rates as a
function of recoil energy, angle and time. The code provides a simplified simulation of
detector effects for a wide range of target materials|89] and volumes|87].

The indirect detection module of the MadDM code computes the velocity averaged
cross-section for dark matter particles annihilating into n final state particles|90]. It
further provides the energy spectra of photons, neutrinos and cosmic-rays generated by
these final states after decaying, showering and hadronization. It automatically computes
the flux of prompt neutrinos and gamma rays at detection while it provides a user friendly
interface with the numerical DRAGON code for obtaining the flux of cosmic rays at
Earth[91]. It also provides a user friendly interface with the nested sampling PyMultiNest
algorithm for efficient sampling of the model parameter space and allows as well to test
the model against the Fermi-LAT dwarf spheroidal galaxy likelihood[90)].

4.4 Relic density and Direct Detection of Simplified
Dark Matter Model with spin-0 mediator Yj :

4.4.1 Fermionic dark matter particles candidate X, :

These particles are fermions (spin—%), characterized by possessing a Dirac mass, To gen-
erate a simulation for this model with this type of DM you should import the model to
the MadDM by the following instruction in this script :

#generate

import model DMsimp_s_spinO
define darkmatter xd
generate relic_density

add direct_detection

add indirect_detection
output XD_YO

To get the results we run the following script :
#generate

launch XD_YO
indirect = flux_source
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direct = direct

set sigmav_method madevent
set nevents 30000

set mxd 500 #just an example

Relic Density

To find the true relic density we must keep changing in the mass of the candidate and
generating new diagrams and this is an example diagram of interaction between X, and
SM particle with the mediator Y in the Fig[4.3]:

----------

Figure 4.3: Ahnillation procces of X into a pair of top-antitop quarks

we calculated the relic density for this model with different masses and we figured :

Change of Relic Density with Respect to My
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Figure 4.4: The variations of relic density with respect to the mass Mx,

The true value of Qpyh? ~ 0.12 so the mass My , corresponding of the true relic
density value with approximation is 358 GeV the masses above this value make the relic
density overabundant, the masses below this value make the relic density underabundant,
the relic density in this particle candidate and this mediator Y[ inversely proportional
with the mass Mx,

Direct Detection :

To run the direct detection simulation generate direct detection
This is a Feynmann diagram of collision between up-quark and Xy :
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Figure 4.5: Scattering procces up + Xy = up + Xy

In direct detection, there are four different experimental methods to calculate the
cross-section for collisions with neutrons and protons, considering both cases without and
with spin consideration. These cross-sections are calculated for different masses.

SigmaN SIp represent the cross section with proton dependent
SigmalN SIn represent the cross section with neutron dependent
SigmaN SDp represent the cross section with proton spin dependent
SigmaN SDn represent the cross section with neutron spin dependant

The ”SigmaN SI,” and ”SigmaN SI,,” are identical because the masses of the neutron
and the proton are almost equal (m, ~ m,,) .
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Figure 4.6: Comparison of Direct Detection Cross-Sections

From these results, we can conclude:

For the direct detection simulations, the cross-section oy for interactions between the
dark matter particle and nucleons (protons and neutrons) was calculated. The results
demonstrate that the cross-section increases proportionally with the mass of the dark
matter particle My,. This proportional relationship indicates that heavier dark matter
particles have a higher likelihood of interacting with nucleons.

Furthermore, the simulations show that the spin-independent (SI) cross-sections for
protons (SigmaN SIp) and neutrons (SigmaN SIn) are nearly identical. This similarity
arises because the masses of the proton and neutron are almost equal (m, ~ m,,), leading
to comparable interaction probabilities for the dark matter particle with both types of
nucleons. The spin-dependent (SD) cross-sections, however, were calculated separately
for protons and neutrons, reflecting the different interaction dynamics when considering
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the spin of the nucleons. In summary, these simulations underscore the importance of the
dark matter particle mass in determining relic density and direct detection cross-sections.
The proportional increase in cross-section with mass and the near-identical nature of the
spin-independent cross-sections for protons and neutrons provide valuable insights into the
interactions of dark matter particles with ordinary matter, guiding experimental searches
and theoretical models in the quest to understand dark matter.

4.4.2 Real Scalar Dark Matter particles candidate X, :

X, dark matter particles are real scalar particles. Unlike fermionic dark matter particles,
real scalar dark matter particles have spin 0 (Bosons) and are described by a single real-
valued field (like the Klien-Gordon field)

In the case of this DM type to run the simulation we will change the instruction of
"define darkmatter xd” with ” define darkmatter xr ” and run the simulation with
the same previous steps either in the relic density or the indirect detection

Relic Density :

Feynmann diagram of a relic density calculations :

s
XTI .‘: W

Figure 4.7: Ahnillation procces of X, into W+ and W~

We calculated the relic density for this model with different masses and we figured :

Change of Relic Density with Respect to Myr

3.0~ ® Underabundant
® Overabundant
@ True Value

—— Relic Density

N
o

Relic Density Qpwh?
= = >
o n )

T T T

o
0
T

0.0 ®-
1 I | | 1 I 1
175 200 225 250 275 300 325
Mass of Dark Matter Particle My, (GeV)

Figure 4.8: variations of DM scalar type’s relic density with respect to mass My,
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Unlike the previous type the true value of the relic density is smaller it is 209 GeV as
showen in the Figl.§

The relic density Qpyh? is found to be inversely proportional to the mass My, . As
the mass of the dark matter particle increases, the relic density decreases, and vice versa.
This relationship is crucial in determining the viable mass range for the dark matter
particle that aligns with the observed relic density value of Qpah? ~ 0.12. For this
model, the mass My, corresponding to the observed relic density is approximately 209
GeV. Masses significantly above this value result in an overabundant relic density, while
masses significantly below it lead to an underabundant relic density.

Direct Detection :

this is an example of direct detection procces :

Figure 4.9: Scattering process between down-quark and Xr

The direct detection of this model the results looks the same in the identical masses
of X, and X, as shown in Fig4.10b)
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Figure 4.10: Comparison of Direct Detection Cross-Sections for My,

4.4.3 Complex scalar dark matter particles candidate X, :

Complex dark matter, denoted as X, refers to dark matter particles that are complex
scalars. These particles have properties similar to real scalar dark matter but are described
by complex-valued fields instead of real-valued fields. The term ”complex” here refers to
the mathematical representation of the particle, not necessarily implying that the particle
is electrically charged.

Key Points About Complex Dark Matter (X,):

e Complex Scalar Field: Unlike real scalar dark matter particles, which are repre-
sented by a single real field, complex scalar dark matter particles are represented by
a complex field. This means the field has both a real and an imaginary component.

e Charge and Interactions : Electric Charge : Complex scalar dark matter par-
ticles can be neutral or carry an non-electric charge. When discussing dark matter,
the particles are usually assumed to be electrically neutral to avoid rapid decay or
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interaction with electromagnetic forces, which would make them incompatible with
observations of dark matter being non-luminous.

Other Charges : They might carry other types of ”charges” such as a charge
under a hidden sector gauge group or a conserved quantum number like dark charge
or baryon number, which does not directly interact with Standard Model particles.

e Annihilation and Interactions: Just like real scalar dark matter, complex dark
matter particles can annihilate into Standard Model particles through interactions
mediated by Y, boson.

The presence of a complex field allows for richer interactions and potential sym-
metries in the model, which can affect the phenomenology of dark matter.

e Stability: Complex dark matter particles are usually assumed to be stable, meaning
they do not decay into other particles over cosmological timescales. This stability is
often guaranteed by imposing a symmetry such as a U(1) symmetry, which results
in a conserved quantum number.

e Example Process : X, + X. — Yy — SM particles for example into to higgs

Figure 4.11: Ahnillation process of X, particles into pair of two higgs bosons

In conclusion complex dark matter refers to particles described by complex scalar
fields. These particles can be neutral or carry non-electric charges under new symme-
tries or hidden sector interactions. They interact through mediators, allowing them to
annihilate into Standard Model particles while remaining consistent with dark matter’s
non-luminous and weakly interacting nature.

Relic Density :

2

The instruction of choosing this type of DM is ” Define darkmatter xc ” while we

continue using the same instructions

The calculation of the relic density with diffrent mass values give us the following re-
sults :
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Figure 4.12: The variations of relic density with respect to My,

As showen in the Figure[4.12] the value corresponding to expremtall results is 190

GeV, Like the other two types ther relic density is inversely proportional to the mass
M xcC

Direct Detection :

This is an example of direct detection procces of complex scalar DM candidate :

Figure 4.13: Scattering process between down-quark and X,

the result in this type of DM looks the same with the other types as shown in the
figure below :
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Figure 4.14: Comparison of Direct Detection Cross-Sections for Mx..

Direct Detection Discussion :

For direct detection experiments, we calculated the spin-independent (SI) and spin-
dependent (SD) cross-sections for interactions with protons and neutrons. Our findings
show:

e The spin-independent cross-sections for both protons (og;,) and neutrons (ogy,) are
identical across all three types of dark matter particles. This is due to the similar
masses and interaction properties of protons and neutrons.

e The spin-dependent cross-sections (osp, and ogp, ) vary more significantly but still
show similar trends in their dependence on dark matter mass.

Despite the different spin properties of X4, X,., and X., the direct detection cross-
sections for SI interactions are remarkably similar. This is because the SI interactions are

primarily governed by the scalar couplings, which do not depend strongly on the spin of
the dark matter particle.
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4.5 Relic density of Simplified Dark matter model
with spin-1 mediator Y/

This model is like other simplified models but with vector mediator spin-1 and possibility
of coupling with leptons, this one has two candidates Xy and X,

4.5.1 Fermionic dark matter particles candidate X, :

The calculation of the relic density with different mass values give us the following results

Change of Relic Density with Respect to Myr
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Figure 4.15: The variations of Relic density with respect to M X,
As shown in the Figurdd.15] the value corresponding to experimental results is 81 GeV

4.5.2 Complex Scalar dark matter particles candidate X, :
For the complex DM candidates the relic density is :

Change of Relic Density with Respect to Mxr
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Figure 4.16: The variations of Relic density with respect to M X.
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As shown in the Figurdd.16 the value corresponding to experimental results is 398
GeV

4.6 Relic density of Simplfied Dark matter model
spin-2 mediator Y;"
This model associated with a spin-2 like graviton and there are three different types of

candidates X, and X, like the previous models and X, the new one candidate with spin-1
we called it vector DM

4.6.1 Fermionic dark matter particles candidate X, :

The calculation of the relic density with diffrent mass values give us the following results
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Figure 4.17: The variations of Relic density with respect to M X,

As shown in the Figure the mass value corresponding to experimental results is 398

GeV

4.6.2 Real Scalar Dark matter particles candidate X, :

the calculation of the relic density with different mass values give us the following results
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Change of Relic Density with Respect to Mxr
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Figure 4.18: Variations of Relic density with respect to M Xg
As shown in the Figure the value corresponding to experimental results is 417 GeV

4.6.3 Vector Dark matter particles candidate X, :

The calculation of the relic density with different mass values give us the following results

Change of Relic Density with Respect to Myr
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Figure 4.19: Variations of Relic density with respect to M Xy,

As shown in the Figurdd.19 the value corresponding to experimental results is 230
GeV
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4.6.4 Discussion :

In conclusion we can summarize the results in the next tabld4.1l :

Table 4.1: Mass values for true relic density (Qparh? ~ 0.12) for different DM candidates
of SDMMs

Mediator Model | Dark Matter Particle | Mass (GeV)
Xp 358
Yo Xr 209
Xe 190
X, 81
€ Xe 398
Xp 395
Y, Xy 230
Xp 417

The relic density (Qpyh?) of dark matter particles is inversely proportional to their
masses. For the Yy mediator model, we have calculated the relic density for each type
of particle and identified the mass values corresponding to the true relic density value
(Qpmh? = 0.12). For Xg, the true relic density is achieved at a mass of approximately
358 GeV. For X, the true relic density is achieved at a mass of approximately 209 GeV.
For X, the true relic density is achieved at a mass of approximately 190 GeV.

Despite their differences in spin and nature (fermionic versus scalar), the behavior
of relic density as a function of mass shows a similar trend: higher mass values result
in lower relic density, and vice versa. This is because the annihilation cross-section,
which determines how efficiently dark matter particles annihilate in the early universe,
generally increases with the mass of the dark matter particle. As a result, heavier particles
annihilate more efficiently, leaving a smaller relic density.

Our analysis reveals that the variations in relic density with respect to mass, as well
as the direct detection cross-sections, exhibit similar behaviors for different types of dark
matter particles (Xg4, X, and X.), despite their differing spins. The true relic density
is achieved at different mass values for each type of particle in the Yy mediator model:
358 GeV for X4, 209 GeV for X, and 190 GeV for X.. The identical behavior in spin-
independent cross-sections across different dark matter particles highlights the universality
of scalar interactions in direct detection experiments. This suggests that while the nature
of the dark matter particle (fermionic versus scalar) affects the specific mass values for
relic density, the underlying interaction mechanisms in direct detection remain consistent,
leading to similar experimental signatures.

Additionally, for other mediator models, we observe varying mass values corresponding
to the true relic density. In the Y; mediator model, the true relic density is achieved at a
mass of 81 GeV for X, and 398 GeV for X.. This variation indicates that the interaction
specifics of the Y; mediator influence the annihilation cross-sections differently compared
to the Yy model, leading to different mass values for achieving the same relic density. For
the Y5 mediator model, the true relic density is reached at 395 GeV for Xy, 230 GeV
for X, and 417 GeV for Xg. This further highlights how different mediators can affect
the required mass values to achieve the observed relic density, while the overall trend of
higher mass leading to lower relic density remains consistent.

We did not calculate the direct detection cross-sections for the Y; and Y, mediator
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models because it was found that these cross-sections are the same across different media-
tor models. Direct detection primarily depends on the mass and the velocity (momentum)
of the dark matter particles rather than the specifics of the mediator model. This con-
sistency underscores the importance of mass and velocity in determining direct detection
cross-sections, ensuring that the experimental signatures remain similar despite differ-
ences in the mediator models. The varying mass values across different mediator models
underscore the importance of considering different mediator scenarios when studying dark
matter properties and their implications for both relic density and direct detection exper-
iments.
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Chapter 5

Simulation of Dark Matter
production in Colliders



5.1 Introduction :

At the LHC, protons are accelerated towards each other for head-on collisions, resulting
in net momentum along the beamline but none in the transverse direction. Missing trans-
verse energy (MET) is calculated as the momentum vector sum of all recorded particles in
the transverse plane. Nonzero MET indicates an escaping particle, potentially a neutrino
or an exotic particle like dark matter candidate, in this chapter we are going to simulate
missing transverse energy in the detector of the dark matter particles produced in the
proton proton collision. In our simulation we focuses on monojet technique used at the
LHC to search for dark matter. It relies on the possibility that quark-antiquark inter-
actions could produce dark matter candidates in addition to a monojet produced in the
initial state radiation, like weakly interacting massive particles (WIMPs). These particles
would likely pass through the detector without interacting, similar to neutrinos. In this
simulation we will consider all the simplified models already discussed in the previous
chapter.

5.2 Simplfied Dark matter model spin-0 mediator Y|

In the proton-proton /s = 13TeV collision simulation we will produce the DM parti-
cles with diffrent masses, in this model we can produce DM particles through the bb
annihilation.

#generate

import model DMsimp_s_spinO
define darkmatter xd

define q=p/ g

generate q q > yO > xd xd” j
output XD_YO

launch

We set the dark matter mass 358 GeV for the X, type and choose Pythia8 generator|92]
for hadronization

Figure 5.1: The procces bb > y0 > xd + xd + jet

We follow the same steps with X, and X, with masses 209 GeV and 190 GeV re-
spectively and we simulate the transverse missing energy (MET) then we plot our results
using Rivet[93][94] data analysis, Our (MET) results are in Figp.2]:
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Figure 5.2: MET of DM in spin-0

5.3 Simplfied Dark matter model spin-1 mediator Y/

To simulate this Simplfied DM we need to import it
import model DMsimp_s_spinl

We set the DM mass at 81 GeV for the X, type and choose Pythia8 generator for
hadronization

Figure 5.3: The procces q¢ > Y0 > Xg+ Xq + jet

We follow the same steps for DM particle X, at the mass of 398 GeV and we calculate
the transverse missing energy (MET) using Rivet and plot the results in the Fig
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Figure 5.4: MET of DM in spin-1

5.4 Simplfied Dark matter model spin-2 mediator Y;"”

We change the import model to
import model DMsimp_s_spin2

we set the mass 395 GeV for the DM particle X; and choose Pythia8 generator for
hadronization

Figure 5.5: procces qq > y0 >z + = + jet

We follow the same steps mentioned earlier for X, with the mass of 417 GeV and X,
with the mass of 230 GeV we calculate the transverse missing energy as shown in the plot
0.0l
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Figure 5.6: MET of DM in spin-2

5.5 Neutrinos missing energy :

We use the missing transverse energy (MET) to measure non-interacting particles like
Neutrinos, we use the MET analysis of the neutrinos as test for our dark matter MET
analysis
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Figure 5.7: Missing Energy of SM’s neutrinos

1 do

The y-axis of the plot represents - —= 5y In units of GeV~!, which is the normalized

differential cross-section with respect to the scalar sum of transverse energy, while the
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x-axis represents the scalar sum of transverse energy (XEr) in GeV. The plot shows a
steep drop-off in the differential cross-section as X E7 increases. Most of the events are
concentrated at lower values of X Ep, indicating that the majority of neutrino events result
in lower missing transverse energy.

The majority of events have low X FEr, consistent with the production of neutrinos
from lower energy processes, such as the decay of W and Z bosons. These processes
typically produce softer missing energy signatures. There are very few events with high
Y FEr, indicating that high missing energy events are rare in the Standard Model when
only neutrinos are considered. This is expected as neutrinos from SM processes usually
do not carry away large amounts of transverse energy compared to hypothetical heavy
dark matter particles.

Low X Ep: The majority of events have low ¥ FEr, consistent with the production of
neutrinos from lower energy processes, such as the decay of W and Z bosons. These
processes typically produce softer missing energy signatures. High X FEr: There are very
few events with high ¥ Fr, indicating that high missing energy events are rare in the
Standard Model when only neutrinos are considered. This is expected as neutrinos from
SM processes usually do not carry away large amounts of transverse energy compared to
hypothetical heavy dark matter particles.

5.6 Discussion :

Here is a detailed comparison of these results:

5.6.1 Spin-0 Mediator Yj

The model details include DM particle masses of X, (358 GeV), X, (209 GeV), and
X, (190 GeV). The process considered is qz — Yy — X + X + j. The missing energy
distribution is relatively broad, indicating a wide range of ER. The distribution peaks
at lower E¥S values, which reflects the masses of the produced DM particles.

5.6.2 Spin-1 Mediator Y/

The model details include DM particle masses of X, (81 GeV) and X, (398 GeV). The
process considered is ¢ — Y7 — X + X + j. The missing energy distribution shows
a sharp peak, suggesting a more distinct production mechanism with a specific energy
range. The distribution is less broad compared to the spin-0 mediator, indicating a more
constrained kinematic space.

5.6.3 Spin-2 Mediator Y}

The model details include DM particle masses of Xy (395 GeV), X, (417 GeV), and
X, (230 GeV). The process considered is g7 — Y2 — X + X + j. The missing energy
distribution shows wide peaks, with higher values of E*5 being more probable, reflecting
the higher masses of the DM particles involved.
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5.6.4 Comparison with Neutrinos in the SM

The missing energy distribution for neutrinos in the SM shows a steep drop-off with most
events at lower E5. High EXS events are rare, corresponding to lower energy scales of
SM processes.

In general and compared to neutrinos the MET plots for dark matter models has a large
tail at high energy values, This is mostly due to the presence of the potential weakly
interacting massive dark matter particles WIMPS in the event , it is also might be due to
mismeasurments of monojet energies, which may show up as a fake missing energy. The
search for dark matter continues, with the LHC contributing valuable insights.

5.7 Conclusion

The comprehensive exploration of dark matter in this study illuminates several key find-
ings that collectively advance our understanding of this elusive phenomenon. Historical
observations, notably by Fritz Zwicky and Vera Rubin, highlighted gravitational anoma-
lies in galaxy clusters and rotation curves that could not be explained by visible matter
alone, suggesting the existence of dark matter. Further empirical support for dark mat-
ter comes from phenomena like gravitational lensing and cosmic microwave background
(CMB) fluctuations, which underscore its critical role in cosmic structure formation and
evolution. Within the ACDM framework, dark matter is indispensable for explaining
the universe’s large-scale structure and dynamics. Despite extensive research, the precise
nature of dark matter remains unidentified.

Theoretical models propose various candidates such as Weakly Interacting Massive
Particles (WIMPs), axions, and sterile neutrinos, yet no direct detections have been
confirmed. Detection strategies include direct detection experiments like XENONIT
and LUX-ZEPLIN, which aim to observe dark matter interactions with ordinary matter
through nuclear recoils, and indirect detection methods that seek signals from dark matter
annihilation or decay, with no conclusive evidence yet observed. Collider experiments at
facilities like the Large Hadron Collider (LHC) attempt to produce dark matter particles,
but have not observed missing energy signatures consistent with such production.

Additionally, simplified dark matter models with different spin mediators (spin-0, spin-
1, and spin-2) have been employed to simulate potential interactions and relic densities,
offering critical insights into the characteristics and detectability of dark matter particles.
These efforts continue to refine the range of viable dark matter properties and guide future
experimental searches. The challenges faced highlight the complexity of detecting dark
matter, yet advancements in detector sensitivity, theoretical models, and complementary
detection methods hold promise for future breakthroughs. The integration of diverse
detection strategies and theoretical innovations remains vital in resolving the dark matter
enigma, with profound implications for our understanding of the universe and potential
new physics beyond the Standard Model.
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Abstract

Abstract : Dark Matter is considered as one of the biggest puzzles in our
universe which the SM failed to explain its nature, That's why we used the
Simplified Dark Matter models, These models associated with three mediators
and new particles have the necessary properties to be Dark Matter candidates,
We've simulated the Direct Detection for this models, And the Relic density to
get the required mass which make the results compatible with Lambda-CDM
Model and astrophysical observations. , After that we simulate the this models
in the Large Hadron Collider (LHC ) and calculate the ( MET)

Keywords : Dark Matter, MOND, Direct Detection, Indirect Detection, Relic
Density, LHC, SDMMs, Wimp, MET, Lambda-CDM

Resume : La matiére noire est considérée comme I'un des plus grands mysteres
de notre univers, que le Modéle Standard n'a pas réussi a expliquer. C'est
pourquoi nous utilisons les modeles simplifiés de matiére noire. Ces modeles
sont associés a trois médiateurs et de nouvelles particules ayant les propriétés
nécessaires pour étre des candidats a la matiére noire. Nous avons simulé la
détection directe pour ces modeéles, ainsi que la densité relique pour obtenir la
masse requise qui rend les résultats compatibles avec le modéle Lambda-CDM
et les observations astrophysiques. Ensuite, nous simulons ces modeles au
Grand Collisionneur de Hadrons (LHC) et calculons le (MET).

Mots-clés : Matiere Noire, MOND, Détection Directe, Détection Indirecte,
Densité Relique, LHC, Modéles Simplifiés de Matiere Noire (SDMMs), WIMP, MET,
Lambda-CDM
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