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Abstract

The current cosmological model, ACDM, has made many successful
predictions about the Universe including the statistics of weak gravita-
tional lensing, the existence of the baryon acoustic oscillations, and the
cosmic microwave background and its angular power spectrum. How-
ever, recent observations of the Universe have challenged the model’s
validity and revealed many discrepancies in its parameters. Two such
widely researched cosmological tensions are the Hubble and Sigma-8
(Ss) tension. While the Hubble tension is associated with the expansion
rate of the Universe, the Sy parameter quantifies the amplitude of its
matter fluctuations. Measurements of weak gravitational lensing at
low redshifts (late Universe) prefer weaker matter clustering amplitude
than the measurements derived from the cosmic microwave background,
leading to cosmological tension. Such cosmological anomalies have moti-
vated studies into decaying dark matter and the role of new particles
called SuperWIMPs (SWIMPs) for tension resolutions. The decay of
a cold dark matter particle into a massive warm dark matter and a
massless dark radiation decay product has been shown to resolve the Sg
tension. In this work, we build on this dark matter model by proposing
a two-step decaying dark matter scenario resulting from the interplay
between the Standard Model particles and supersymmetric dark matter

candidates to resolve the Sy and H, tension.

For the first decay, we consider a parent cold dark matter particle
(SWIMP) and radiation, with significant energy injected into the Uni-
verse. Later, as the second decay, the SWIMP further decays into massive
warm dark matter and massless dark radiation daughter particles. This
decay causes a suppression of the power spectrum and decreases Sy at
lower redshifts. As a result, this decay model can provide a mechanism

for resolving the Sg tension. Accompanying this framework, we modified

iii



a publicly available Boltzmann code, CLASS, to handle the complex
decays primarily parametrized by decay parameters such as the decay
width, the fraction of parent dark matter decay, and energy released

into the plasma.

As SWIMPs are super-weakly interacting in nature, they may be
impossible to detect in the current SUSY dark matter searches in colliders
and indirect/direct dark matter detection experiments. However, we
successfully show that cosmological observations such as the CMB power
spectrum and anisotropies can extensively probe and constrain SWIMP

parameter spaces currently beyond the reach of other experiments.
This work is based on the following,

e A paper, ‘Cosmological constraints on supersymmetric SWIMPs,’

soon to be submitted to arxiv.

e Modified version of CLASS to handle our two-step dark matter decay
model, which can be found at GitHub: git@github.com:astrogirll /ddmpy.git.
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Introduction

Recent technological advancements have provided much observational data from the
Universe’s far reaches, leading to a high-precision, testable theory of its origins. Although
the study of the Universe dates back approximately 20,000 years, the seeds for modern
cosmology were sown after Einstein proposed the theory of general relativity [16]. It later
led to the development of the Friedmann equations based on the cosmological principle.
One of the significant contributions to modern cosmology was by Penzias and Wilson [17]
with their discovery of the Cosmic Microwave Background (CMB) signal. It was a
notable discovery because it provided evidence for the Big Bang model of the Universe
and what it is made of. Since then, several ground and satellite-based experiments
have investigated this signal in detail, providing foundational knowledge regarding the
formation of large-scale structures in the Universe. Numerous observations such as
gravitational lensing, have confirmed the existence of dark matter, but it has yet to reveal
its physical secrets. We now know its existence plays an essential role throughout the
evolution of the Universe, especially in the formation of large-scale structures. It has
become an integral part of the standard model that describes the Universe, the ACDM -
Lambda Cold Dark Matter model. It was only after the discovery that the Universe’s
expansion was accelerating that the ACDM model became a widely established paradigm

of cosmology.

In recent decades, experiments such as WMAP [18], Planck [12], SHOES [19], and
the Hubble Space Telescope Key Project [20] have come to prominence by making
precise measurements of observables of the ACDM model at different epochs. Increased
precision in observations has revealed that the ACDM model may not be globally
consistent throughout the evolution of the Universe. One of the most interesting and
notable cosmological tensions involves the Hubble parameter, which is related to the
Universe’s rate of expansion. The early-time value of the Hubble parameter inferred
by Planck is Hy = 67.27 & 0.60km s~ Mpc~! [12], which is currently at around 3 — 50
disagreement with the local value measured by SHOES, Hy = 74.3 +2.2kms * Mpc~!
121]. Although the late-time Hy value from the Hubble Space Telescope Key Project,
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Hy=T74.3+22kms ' Mpc™!, is in agreement with SHOES, it has reinforced the tension
with Planck [22].

In addition to the Hy tension, the parameter for the matter density, og, often written
as Sy = 05/£,,/0.3, is also a subject of discrepancy. The Sg depends on the €,
parameter, which specifies the fractional energy density of all forms of matter. The
growth rate for structure in the Universe given by f = [2,,]%%® is measured by current
galaxy redshift space distortions, which in turn determines the Sg value. Planck’s model
inferred parameter value for Sg is 0.834 £ 0.016, which is higher than the present-time
measurements [12|. However, the recently reported cosmic shear value from the KiDS-1000

experiment is Sg = 0.76670577, which has pushed the tension to ~ 30 [23].

Such tensions indicate the need for possible revision of the ACDM model, whether
as extensions or unmodelled systematic effects [24]. The Sg and the Hy tensions may
be correlated, but current literature only proposes solutions for resolving them one
at a time. For instance, the late-time measurements of a higher H, value prefer a
lower €2, value which modifies the growth rate of structure parameters and the CMB
anisotropies. Consequently, this induces a higher og value that disagrees with any early
time measurements such as Planck. As a result, due to mutual correlations and effects,
it is evident that any analysis conducted in an attempt to resolve these tensions should

be conjoined and performed with a full range of data and parameters [23].

Due to the vastness and unknownness of the dark sector, many models containing
different properties of dark matter, dark energy, and dark radiation have been explored
as possible solutions to the tensions. The wide range of experiments now available to
study the early Universe provides constraints on the observables of ACDM parameters
while allowing room for modifications to parameters that may alleviate tensions. For
instance, decaying dark matter (DDM) theories have become increasingly popular. Based
on the substantial presence of cold dark matter today, it has to be approximately stable
on the overall timescale of our Universe. However, it is reasonable to predict that it
decays with a long lifetime or that it decays into other dark sector particles within the
agreement of measurements. Moreover, suppose decaying dark matter has a lifetime
shorter than the age of the Universe. In that case, its signatures may show up in the

observations of the early Universe, such as in the CMB anisotropies.

Joining the quest to find a resolution, this work assesses the phenomenology of a
two-step decaying dark matter model, where the decay products of the first decay are a

CDM particle and a photon, and of the second decay is a massive WDM particle with
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a massless dark radiation (DR) component. For the first decay, we consider a weakly
interacting massive particle (WIMP) as the mother CDM particle and a super-weakly
interacting massive particle (SWIMP) as the daughter dark matter particle. As discussed
by Feng et al. in Ref. [25| a WIMP — SWIMP 4+~ decay scenario conforms to constraints
introduced by measurements of the CMB and matches the WIMP relic density observed
today. This makes the SWIMP an ideal dark matter candidate, and this model a well-
motivated theory. Later in the Universe’s evolution, the SWIMP decays into another
set of massive and massless dark matter products, forming the second decay step in
our model. The two-step decay allows more control over the decay parameters of the
ADDM model that affect the base parameters of ACDM. For the decay scenarios, we will
consider two well-motivated supersymmetric dark matter candidates, the neutralino as
the WIMP and the gravitino as the SWIMP.

The gravitino can be a SWIMP and viable dark matter candidate depending on the
supersymmetry breaking mechanism. It weakly interacts with Planck-scale suppressed
interactions and has promising prospects for experimental detection. In the supersym-
metric model, the gravitino can be produced either thermally or non-thermally. The
thermal production of gravitinos occurs due to scattering processes in the hot plasma
after inflation. As a result, the relic density of gravitinos depends on the reheating
temperature and can exceed the critical density if gravitinos are heavier than O(keV).
In addition, unstable gravitinos can also affect primordial nucleosynthesis, which can
disagree with predictions of the big bang nucleosynthesis (BBN). Hence, the BBN can
provide strong constraints on the reheating temperature and, consequently, the gravitino

number density [26].

Alternatively, the gravitino abundance can also be contributed via decays of heavier
supersymmetric particles via non-thermal processes. Gravitinos produced non-thermally
can be unstable but have decay lifetimes comparable to the age of the Universe, making
them stable enough to account for the dark matter abundance measured today. However,
as the dark matter density in the Universe is more significant than ordinary matter, if
the gravitinos decay in the late Universe, the decay signal could be strong enough to
be observed in the astrophysical signals or the CMB signatures [27]. In this thesis, we
primarily focus on the interplay between the Standard Model particles and supersymmetric
decaying dark matter models with exotic energy injections during different epochs of the
Universe involving gravitino and neutralino decay properties. Building on the framework
described in ref [28,29] and [30] for a ADDM model (Lambda Decaying Dark Matter),

we investigate a parent neutralino (primarily a bino, B) decaying into a gravitino (é)
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and a photon in the first decay; and for the second decay at a later time, the gravitino

decaying into a sneutrino (warm dark matter) and neutrino (dark radiation).

As an integral part of this research work, we modified the Boltzmann code - CLASS [31]
to investigate our proposed decay models. We merged two different versions of CLASS,
ExoCLASS [31] to handle the first, WIMP decay and class_decays to handle the
second, WDM decay [32]. Currently, multiple codes are built to investigate exotic energy
injections and their effects on the CMB spectra. Codes such as DarkHistory [33], and
CosmoTherm [34] include the processes of energy injection in the early Universe through
dark matter decay/annihilation but are limited to arbitrary standard model particles
as decay products and simple decaying dark matter scenarios. The code developed as
a part of this project contributes to the ability to handle complex decay scenarios. It
includes multiple alternatives for decay products such as neutrinos, warm dark matter,
cold dark matter, and dark radiation. Using our code, we investigate constraints on the
gravitino mass (m), specifically in the neutralino to gravitino decay model, where mg
affects the lifetime and decay fraction of the neutralino. We present foundational work
that we will extend in the future to investigate if our energy injection scenarios could

resolve the Hy and Sg cosmological tensions.
The structure of the thesis is as follows,

e The study of dark matter is an interdisciplinary field. In Chapter 1, we introduce
the standard model of particle physics and its supersymmetric extension and discuss

the characteristics of the gravitino.

e In Chapter 2, we discuss the key events in the Universe’s history and present
background information on its contents as a foundation to understand better the

effects of energy injection presented later in the thesis.

e Chapter 3 presents the ACDM model and definitions of quantities that parametrize
the geometry of the Universe. We list the most recent model-inferred values for the
six fundamental parameters of the ACDM model and discuss the importance of the

cosmic microwave background power spectra.

e In Chapter 4, we provide in-depth insight into our two-step decaying dark matter
model, including the steps taken to produce our proposed code and to test and

verify it.

e In Chapter 5, we discuss the physics of the decay models specific to the neutralino

and gravitino cases and present the results of the mass constraints on the SWIMPs.



Chapter 1

The Standard Model and
Beyond-Standard-Model

The discovery of the electron in 1892 marked the birth of modern particle physics. The
existence of protons and neutrons inside the atom was revealed through extensive nuclear
experimentation, which sparked the search for other particles. Since then, particle physics
has evolved to describe the forces and interactions of particles at the most elementary level.
The Standard Model (SM) is a remarkable theoretical framework built from observations
and measurements that outlines all the existing knowledge of particle behavior. To study
physics beyond the Standard Model, it is necessary to understand what it offers [35].
This section summarises the Standard Model and briefly introduces its supersymmetric

extension.

1.1 Standard Model Forces and Particles

The Standard Model aims to describe a unified theory of matter with the strong, the weak,
and the electromagnetic (EM) forces in the language of gauge-field theories. Particle
physicists have characterized nature into four distinct forces depending on their effective
ranges and strengths measured at an energy value of 1 GeV. The strong nuclear force has
a range of 1071%m, whereas the weak force, responsible for radio-active decay, has a range
of 107" m. The electromagnetic (EM) force that acts between charged particles has an
extremely long range. The Standard Model combines the electromagnetic and the weak

forces to create a unified electroweak (EW) gauge theory. On the other hand, gravity, the



6 The Standard Model and Beyond-Standard-Model

Standard Model of Elementary Particles
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Figure 1.1 A summary of the Standard Model particles and forces [1]

fourth force, also has a long-range but a low-energy coupling constant ~ 1073, which

makes it too weak to be observed in particle accelerator experiments [36].

Particles of the Standard Model are characterized using quantum numbers correspond-
ing to gauge symmetries, which are represented by the group SU(3)¢c x SU(2), x U(1)y.
The C stands for color, L is related to left-handedness and chirality, and Y denotes
hypercharge. The SU(2);, x U(1)y symmetry group describes the electroweak interac-
tions between subatomic particles. The SU(3)¢c group represents the strong interactions
that act on quarks of associated color charges, termed the Quantum Chromodynamics
(QCD). This strong interaction is not involved in electroweak symmetry breaking and
remains a symmetry at all energies. However, the Brout-Englert-Higgs mechanism breaks
SU(2) x U(1)y into U(1)g, generating the photon, three weak force carriers W+, W~
and Z°, and a Higgs boson.

Figure 1.1 summarizes the full particle content of the SM, including information on
their charge, mass, and spin. These fundamental particles are divided into subgroups,
namely fermions that have spin-1/2 and obey Fermi-Dirac statistics and bosons (gauge
bosons) with spin one that obeys Bose-Einstein statistics. The fermions are further
organized into three generations with different masses and are divided into leptons and

quarks. The leptons are the electron, muon, and tau, each with corresponding massless
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and neutral neutrinos. One of the shortcomings of the Standard Model is that it predicts
neutrinos to be massless, in contradiction with experimental observations. Still, extending
the SM to account for neutrino masses and mixing is straightforward: introducing the
lepton PMNS matrix (Pontecorvo-Maki-Nakagawa-Sakata) [37,38].

The quarks are constituents of nucleons and are further split into up-type and down-
type quarks. The quarks carry a fractional electric charge and are classified into three
generations, similar to leptons. The up-type quarks are up, charm, and top, and the
down-type quarks are down, bottom, and strange. Quarks interact via the strong, weak
and electromagnetic forces. For each fermion, the SM also predicts the existence of a
corresponding anti-matter particle with an opposite charge. Each member of a lepton or
quark generation has a more significant mass than the corresponding lepton or quark of

a lower generation [37].

The strength of the strong force gives rise to bound states of mesons, baryons and
pentaquarks and the spin one gauge bosons mediate interactions among fermions. The
breaking of the electroweak symmetry (SU(2), xU(1)y) to the residual gauge symmetry of
Quantum Electrodynamics (QED) (U(1)g) can be explained by invoking the Higgs Field.
Fermions interact with the Higgs Field and acquire masses, which induces misalignment
of quark mass eigenstates with respect to weak charge eigenstates. This mechanism
allows the heavier fermions to decay into lighter ones [36]. The LHC program has a
diverse range of experiments to test the electroweak theory. So far at the LHC and
previous experiments, the electroweak sector of the Standard Model has been measured
to incredible accuracy using electroweak precision tests and precision tests of the SM

parameters.

1.1.1 The Standard Model Lagrangian

The particles, symmetries and interactions in the Standard Model can be encapsulated
in a mathematical representation, a form that describes all the particles as discrete

excitations of fields. The Lagrangian density function is written as

1 1 -
ESM = — ZFMVF“V — ZGHVG'LLV + M/J’}/'LLDH@Z)"'

biyi; + hc.+ |Dugl* = V().

(1.1)

The first —iF w Y — iGWGW terms are the kinetic terms describing the interactions
within the gauge fields of each of the subgroups SU(3) x SU(2) x U(1). The next term,
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i@/ﬁ“Duw, encompasses the kinetic terms for the Dirac fermionic fields and the couplings
of gauge fields to fermions, also accounting for interactions. The Yukawa coupling
represented by &iyijwj and its Hermitian conjugate h.c, gives fermions their masses. The
last two terms |D,¢|* and V(¢) govern the self-interaction of the Higgs boson and the
Higgs potential, which leads to electroweak symmetry breaking [39].

1.2 Higgs and the Hierarchy Problem

How do the subatomic particles in the Standard Model acquire their mass? This question
intrigued scientists until, in 1964, Peter Higgs, Robert Brout and Francois Englert
formulated a mechanism that explained the mass of particles [40,41]. Suitably named
the Brout-Englert-Higgs mechanism, it introduces a scalar potential - the Higgs Field,
which exists at all points in space. The field’s vacuum expectation value (vev) at high
energies is zero. However, at low background energies, such as the present Universe, the
vacuum expectation value of the field is non-zero. For particles interacting with this field,

this means they acquire non-zero masses |[26].

The Lagrangian density of the Higgs field and its potential can be written as the

following
Ly = ;(D“(I))T(Dud)) —V(®), (1.2)
V(®) = p2dTd + \(TD)?, (1.3)

where p? is connected to the negative of the Higgs’ mass parameter and ) is the Higgs

field self-coupling parameter [42].

In 2012, the Higgs boson was discovered with a mass of 125 GeV at the LHC. The
discovery implies that in the Eq. (1.3), A = 0.126 and m?, = —(92.9) GeV?. However,
every direct or indirect particle coupling to the field in the Standard Model contributes
quantum corrections to m3%. For instance, given a fermion f of mass m; then the

Feynman diagram yields a correction like follows,

|Afl?

82

Am¥ = — A7 + (1.4)

And for a boson coupling to the Higgs field, i.e. a scalar particle of mass my, Eq.
(1.4) changes to look like,
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As

A
163 [Abv — 2miln (UV> + } (1.5)

Amy = s

The A%, term represents a cutoff of the energy scale at which new physics should
enter to alter the high-energy behaviour of the Standard Model. When calculating
these radiative corrections to the Higgs mass, the loop contributions add quadratically
divergent terms around the Ay cut-off scale. If this scale is chosen to be the same order
of magnitude as the Planck scale 10'® GeV, corrections to the Higgs mass would need to
be fine-tuned to the order 1073° to obtain the required value of m?% as experimentally
measured. Theoretically, this calculation makes the Higgs mass significantly smaller than
the grand unification scale. This discrepancy is named the gauge hierarchy problem
26, 35].

It is believed that cancellations of high order contributions can only be achieved
through a symmetry. The fermionic and bosonic loop contributions to the Higgs mass, as
in Eq. (1.4) and Eq. (1.5) are of opposite signs. Hence, a potential symmetry needs to
relate bosons and fermions to account for loop cancellations. Introducing supersymmetry!
Supersymmetry (SUSY) attempts to solve the hierarchy problem by introducing two
bosonic superpartners for every SM fermion and a fermionic superpartner for every SM
boson. Assuming SUSY is an exact symmetry, these extra contributions cancel the

quadratically divergent terms in calculating the Higgs mass [26].

The discovery of the Higgs boson has given rise to one of the most striking conclusions:
the current experimental value for the Higgs mass poses a possibility of the existence of a
metastable electroweak vacuum if beyond-Standard-Model physics is not considered. The
metastability of the Higgs vacuum is significant for cosmology as mulitple mechanisms

could have triggered the decay of the electroweak vacuum in the early Universe [43].

1.3 Supersymmetry

Although well-tested and established, the Standard Model is still a work in progress and
cannot fully explain all the known physics phenomena. The hierarchy problem, properties
of dark matter, and the matter-antimatter inequality in the Universe are some of the
significant problems that have motivated the emergence of the beyond-standard-model

symmetries and theories. One of these popular theories is supersymmetry (SUSY),
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Figure 1.2 A summary of the supersymmetric particles and forces [2]

and its smallest addition of predicted SUSY particles to the SM is named the Minimal
Supersymmetric Standard Model (MSSM) [35]. SUSY is a symmetry between fermions
and bosons that turns a bosonic state into a fermionic state and vice versa. In other
words, it transforms bosons with integer spins into fermions of half-spins and fermions to

bosons with integer spins. [26].

1.3.1 Particle Content of the MSSM

The MSSM consists of both matter/scalar and gauge/vector supermultiplets. In this
extension of the SM, each of the fundamental particles is in either a scalar or a gauge
supermultiplet and must have a superpartner with a spin differing by 1/2 units [26]. The
superpartners of the SM fermions are known as scalar fermions, and the formal SUSY
names are prepended with ‘s’, for example, ‘sfermions’, with ‘squarks’ and ‘sleptons’.
The superpartner names of SM bosons are suffixed with “-ino’ [44]. The particle symbols
are often written with a tilde to denote that they are superpartners. The vector bosons
of the SM inhabit the MSSM gauge supermultiplet, and their fermionic superpartners
are called gauginos. The gauge supermultiplets contain G , which consists of gluons and
their superpartners, W which corresponds to electroweak bosons and their superpartners
‘winos’, and B which corresponds to the gauge boson and its superpartner, ‘bino’ (B)
The chiral supermultiplets contain all the pairs of fermions of the SM as well as their

superpartners [35].
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1.4 Particle Candidates for Dark Matter

The existence of dark matter is well-motivated by astronomical and physical evidence
obtained over the last century [45,46]. Studying the Standard Model and its extensions
has provided many particle candidates for dark matter. A particular class of dark matter
candidates is that of the Weakly Interacting Massive Particles (WIMPs). They have
acquired such a name because they do not interact strongly with other matter and are
electrically neutral. Historically, neutrinos of the Standard Model were considered dark
matter candidates because compared to other particles; they are relatively stable, weakly
interacting and electrically neutral. Nevertheless, they have been eliminated due to
their relativistic nature; a neutrino-dominated Universe would have exhibited a different

formation of large-scale structure to what has been astrophysically observed [47].

1.4.1 SUSY Dark Matter Candidates

Symmetries governing the SM guarantee that baryon and lepton numbers are conserved,
which inhibits proton decay. SUSY conserves such a symmetry, ‘R-Parity’ or ‘matter-
parity’ states that protons or other lightest baryons cannot decay quickly to other
particles via the exchange of SUSY particles. This also prevents the decay of the lightest
supersymmetric particle (LSP) into SM particles, making it stable and an ideal candidate
for dark matter [17]. The MSSM has several possible particle candidates that can be
dark matter. The most popular candidate of the WIMP class is the neutralino - a
superposition of the higgsinos and electroweak gaugino bosons [47,48]. The gravitino,
the superpartner of the graviton, is also considered a fit candidate for dark matter, whose
mass depends on the SUSY breaking scale. All of these particles are weakly interacting
and electrically neutral, satisfying the condition to be WIMP dark matter [47]. In this
work, we investigate a specific decay scenario of the neutralino as the WIMP and the
gravitino as the SWIMP.

Figure 1.3 shows a summary of the particle candidates, and classes of dark matter for

typical mass ranges [49,50].
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1.5 Gravitino Cosmology

Gravitinos have Planck-scale suppressed interactions, but a rich phenomenology that
complements neutralino cosmology well and has many implications for cosmology. The
following section introduces some gravitino properties necessary for formulating gravitino

decay models.

1.5.1 Gravitino Mass

Supersymmetry breaking enabled by soft parameters can explain the mass difference
between the Standard Model particles and their superpartners. To prevent the reintroduc-
tion of undesired quadratic or logarithmic divergences in the supersymmetric Lagrangian,
the term "soft" is utilized to describe the parameters of supersymmetry-breaking. How-
ever, there is currently no model that can fully explain a SUSY-breaking mechanism via
particle interactions of the MSSM. Hence, a hidden sector must exist where SUSY is

broken, whose effects can be mediated to the visible sector via suppressed interactions.

The supergravity theory posits that the spin-2 graviton has a fermionic superpartner
known as the spin-3/2 gravitino, which possesses an odd parity value (R = —1). The
gravitino is regarded as the gauge field of local supersymmetric transformations, and both
the gravitino and the graviton are massless in the absence of supersymmetry breaking. In
accordance with the super-Higgs symmetry, which generates fermionic SUSY generators,
the breaking of supersymmetry leads to the creation of a fermion called the goldstino.
Similarly to the Higgs mechanism in the Standard Model, which allows the W* and Z
bosons to gain mass through the absorption of Nambu-Goldstone bosons resulting from
the electroweak symmetry breaking, the Lagrangian of supergravity features a mixing
term between the gravitino and the goldstino. As a result, once supersymmetry is broken,
the gravitino acquires mass by absorbing the goldstino [26], and the resulting mass is

expressed as

F
- 1.6
M3z = N (1.6)

Here, F' is the vacuum expectation value of the hidden field that causes the symmetry
breaking and Mp; is the Planck mass (of the order ~ 1018 GeV). The two well-known

symmetry-breaking mechanisms are gravity-mediated (Planck-mediated) and gauge-
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mediated, which give distinctly different predictions for the SUSY breaking scale and

consequently the gravitino mass.

e The Gravity-Mediation mechanism for SUSY breaking assumes that SUSY is
broken spontaneously in the hidden sector by a vev (F), then soft parameters in
the visible sector are expected to be the order of

(F)

Mesoft, ™~ Mil ~ msz/2, (1-7)
P

where the soft masses vanish in the limits (F) — 0 or Mp; — oo. For an mg.g value

around the TeV scale, the scale of supersymmetry breaking in the hidden sector is

around /(F) ~ 101971 GeV.

e However, the Gauge-Mediation mechanism consists of messenger particles that
couple to MSSM particles through gauge interactions and mediate the breaking of
supersymmetry to the visible sector. Then, a similar estimation for the mass of the

soft terms can be given as

a, (F)

—_——~ 1.8
47 Mmessenger m3/27 ( )

Moty ™~
where the a, /47 term is related to the loop factor for the Feynman diagrams of
the gauge interactions and Megsenger i the scale of the masses of the messenger
fields. Assuming Messenger @and (F) are of similar magnitudes, then the scale of
supersymmetry breaking can be around /(F) ~ 10* GeV, much lower than the

gravity-mediated case [26].

The gravitino’s interactions in a gravity-mediated SUSY breaking model are of
gravitational strengths and its mass is comparable to MSSM sparticles around and above
100 GeV. On the other hand, the gauge-mediated supersymmetry breaking model predicts
that the gravitino is much lighter than the MSSM sparticles that will eventually decay
into products containing it. This mechanism can make the gravitino an ideal dark matter

candidate in certain scenarios [26].

1.5.2 Production of Gravitinos

The main production mechanisms for gravitinos involve thermal and non-thermal pro-

cesses. At the end of inflation, gravitinos can be produced in thermal scattering processes
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in the hot plasma after reheating of the Universe. The relic density ' of gravitinos is

then dependent on the reheating temperature (7%) and gluino mass (mg) [51]

Tr 100GV [ ms \°
s /0h? ~ 0.27 J_ . 1.9
i (1010 Gev> ( M ) <1Te\/> (1.9)

If the gravitino is stable and not lighter than a few keV, its abundance can exceed the

critical density of the Universe. However, if thermally produced gravitinos are unstable,
their decay products and energy injection may affect the light element abundances and
cause disagreement with big bang nucleosynthesis (BBN) predictions. This condition
allows the BBN to provide strong constraints on the reheating temperature and conse-
quently on the mass of the gravitino, ensuring gravitino physics does not disturb the

critical density of the Universe [51-53].

In the non-thermal production scenario (production through late decays), as the
gravitino interacts only gravitationally and has its interactions Planck-scale suppressed,
it is assumed to have negligible effects on the thermodynamics of the early Universe. The
neutralino freezes out as a usual weakly-interacting dark matter in the early Universe
with an acceptable relic density value. At a later time given by Eq. (1.10), it decays to
the gravitino [51],

2

M
T~ —— ~10° — 10%, (1.10)

weak

where M, = (87Gy)~'/? = 8.4 x 10'8GeV is the reduced Planck Mass and M,y refers

to the mass scale associated with the weak force [51].

The gravitino relic density, inherited from the WIMP relic density, can then be given

as

me
L a
Qs =

QWIMP . ( 1.1 1)
mMwIiMP

According to high-scale supersymmetry-breaking theories, the neutralino and the
gravitino masses are of the same order. Consequently, the gravitino will not have enough
kinetic energy to increase the reheating temperature, preventing any perturbations to

BBN predictions and thus satisfying BBN constraints. In addition, the gravitinos have

IThe term "relic density" refers to the abundance of stable particles remaining in the universe after a
process of freeze-out, in which they are no longer in thermal equilibrium with the cosmic background
radiation. This is explained in detail in Chapter 2.
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Planck-suppressed interactions. They are long-lived, with decay lifetimes comparable to
the age of the Universe, which can explain the large dark matter abundance measured

today.

The decay signals from the neutralino decay, N — G + S, are observable through the
production of an SM particle, S and its electromagnetic cascades in the early Universe.
In addition, the decay signals only depend on the lifetime of the neutralino in our case
and the fraction of energy released in the decay. This will be discussed in detail in the

following chapters.

Status of SUSY at collider experiments

Supersymmetry is one of the most popular physics theories, and evidence for it is being
widely searched for in experiments at the LHC, such as ATLAS and CMS. For example,
the Minimal Supersymmetric extension to the Standard Model (MSSM) more than
doubles the number of particles of the Standard Model. In addition, if supersymmetry is
imposed as a local symmetry, it includes gravity, containing the spin-2 graviton and its

superpartner spin-3/2 gravitino.

The MSSM has around 126 unconstrained parameters in addition to the parameters
of the Standard Model, and to search for them at collider experiments, many simpli-
fied assumptions are made. Constraints on supersymmetry have been calculated and
interpreted for different models. Although simplified models do not fully represent the
complex MSSM framework, they provide insight into the scales needed to probe for new
physics. So far, no SUSY has been detected experimentally, but upper limits of around
1 —2TeV have been set on masses of squarks and gluinos. However, supersymmetry may
be difficult to detect via strong interaction production of the gluinos and squarks pairs
but could be seen through the decay of electroweak partners. Searches at the LHC rely

on prompt decays of the electroweak partners with very short lifetimes.

Additionally, conditions are far less conclusive for electroweak bosons and lepton
superpartners due to their small production cross-sections. Current constraints exclude
slepton masses only up to a few-hundred GeV. For the electroweak bosonic superpartner
masses, neutralinos, and charginos, current constraints are of the 100 — 300 GeV order in
the MSSM [54-56].
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Figure 1.4 The current experimental constraints on WIMP-mass and WIMP-nucleon scat-
tering cross sections for various experiments worldwide. Some of the detectors
shown are DAMA, EDELWEISS, XENONI1T, DarkSide50, DARWIN and Super-
CDMS [5].

Figure 1.4 shows the current experimental exclusion regions worldwide for various
dark matter detection experiments. The parts above labeled lines in the figure are
considered excluded regions, and the neutrino floor is depicted as the yellow region at

the bottom of the figure under the orange dashed line [5].

The neutrino floor is a hypothetical threshold in the sensitivity of neutrino detectors.
As detectors improve, they become capable of detecting lower-energy neutrinos, which
are more abundant in the universe. However, eventually, the detector’s sensitivity is
hindered by the natural background of neutrinos generated by sources like the sun and
the atmosphere. This background level is called the "neutrino floor," and it sets a limit
on the detector’s sensitivity to low-energy neutrinos. This floor also serves as a minimum
threshold for detecting weakly interacting massive particles (WIMPs) in direct dark
matter experiments. When the sensitivity of a detector reaches the neutrino floor, the
signals from dark matter particles become obscured by the background of neutrinos,

making them difficult or impossible to detect [57,58].
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Taking the dark matter to be a WIMP, astrophysical studies of energies in the
100 TeV scale can tie into the possible new physics in the particle physics realm. Using the
properties of WIMPs, the dark matter density and cross-section can be predicted, allowing

comparable analyses of the microscopic predictions with astrophysical observations [59].
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1.6 Summary

In this chapter, we provide background information on the Standard Model of particle

physics and the motivation for supersymmetry. The key takeaways from this chapter are:
e A summary of the Standard Model of particle physics and some of its shortcomings.

e The Higgs mass and the hierarchy problem as a motivation for supersymmetry and

an introduction to the minimal supersymmetric extension of the standard model.

e Supersymmetric particle candidates for decaying dark matter (DDM) and gravitino

cosmology that is relevant for the DDM model presented in this thesis.
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Chapter 2

Cosmology

2.1 A Brief History

Einstein’s theory of general relativity has provided the most notable explanation of the
evolution of the Universe. This theory has answered big questions about our existence and
the evolution of the Universe and allowed testing against astronomical observations. After
measurements by the Hubble telescope, several modern cosmological theories emerged
stipulating that the Universe emerged about 13.7 billion years ago with a hot, dense,
homogenous and isotropic distribution of matter and has been expanding and cooling
since then. The theory of inflation incorporates the success of this model- the Big Bang
model, which today provides the standard model of cosmology, ACDM. The inflation
theory suggests that when the Universe was 1072°s old, it expanded exponentially
fast and diluted all matter, radiation, or early time structures. High temperatures
accompanied this expansion; hence, no bound states could exist during this time. As the
Universe expanded and cooled after this phase, the formation of atoms, protons, neutrons,

molecules and thus clouds, stars, planets and other celestial masses occurred [60,61].

The following section summarises critical events in the history of the Universe to aid

in understanding how decaying dark matter models may affect its evolution.

Time: 107325 - 107°s after the Big Bang

It is theorized that inflation, the exponential expansion of the Universe, lasted from
about 10736 s - 1072 s after the Big Bang. It is also hypothesized that baryogenesis took

place sometime during this period. Baryogenesis is a physical process that may explain

21
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Figure 2.1 History of the Universe [6]

the baryon asymmetry in the Universe observed today, that is, the imbalance between
the matter and antimatter abundance. Following this epoch, the Universe expanded
more slowly as the temperature began to drop. Around 10~'?s, the Universe dropped
to a temperature of 100 GeV and another phase transition occurred that decoupled
the EM and weak forces from the EW force. As a consequence of EW symmetry
breaking, all elementary particles interacting with the Higgs became massive. However,
high temperatures still forbade the binding of particles. At ~ 150 MeV, the QCD phase
transition took place as the temperature dropped further, below which, strong interactions

between quarks and gluons could form baryons and mesons |60, 62].

Time: 107%s - 1s after the Big Bang

As the temperature dropped below 100 GeV, particle interactions dominated this time in

the Universe.
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Boltzmann Equation and Freeze Out

One of the most important quantities that describes particle interactions and densities is

the reaction rate per particle (I'),
[' = n{ov) (2.1)

where n is the number density of the particle, and (ov) is the average of its effective
annihilation cross-section multiplied by the particle’s relative velocity, v. I' provides
insight into the frequency of particle interactions, which was high in the early Universe.
The expansion resulted in fewer interactions. As the Universe cooled, lighter particles
did not have enough kinetic energy to produce heavier particles. At a later point in time,
some particle densities were too low to support frequent interactions. Such particle species
fell out of thermal equilibrium with the rest of the Universe. These particle densities,
comoving with the expansion have remained constant since then. This mechanism is
called a ‘freeze-out’ and the density of a specific particle species since its freeze-out phase
is called the relic density [47].

The Boltzmann equation is an expression that provides the rate of change of the
number density of certain particles, dn/dt. It can be written, as in Eq. (2.2), in terms of
the total time derivative of the distribution function of a particle species (i) on the left
and a quantity C' that describes the effects of all its interactions, including with other

species.

Dfi
Dt

= Clfi (2.2)

In the absence of interactions, the D f; /Dt term is equal to a non-relativistic matter

conservation equation given as

S L (2.3)

Here, H = a/a is the Hubble parameter, which will be discussed in detail in the next
chapter. The right-side of Eq. (2.2) is only significant when considering interactions. In
equilibrium, the probability of forward interactions is the same as inverse interactions,
such as annihilation or recombination. The rate of interactions can be given as I'n, where

[ is from Eq. (2.1), and n is the number of particles. Accounting for both forward and



24 Cosmology

inverse interaction rates and the equilibrium number density of particles n,, the total

Boltzmann equation can be written as [63]

dn 2 2
i —3Hn — (ov)(n” — ng,). (2.4)

The (ov) quantity defines the annihilation rate of particles and determines the relic
densities. The relic density will be lower if a particle has a large annihilation rate. In
contrast, particles with the low annihilation rates do not interact as easily and have the
largest relic densities [47]. As the time and temperature depend on the type of interaction

considered, the solution to this equation needs to be calculated numerically.

The integrals of the Boltzmann equation tell us how the velocity, number-density and
other such quantities evolve with time. The main physical interactions during the early
Universe are electron-positron annihilation, pair production or hydrogen recombination
and ionization. For each interaction the Boltzmann equation takes into account the
respective cross-sections and interaction rates. Hence, the solution to the Boltzmann
equations gives the full description of particle density evolution and provides insight into

the various physical processes in the early Universe.

Dark Matter Freeze-out

Recall that WIMP dark matter does not interact strongly with other matter and is
electrically neutral. So, it is believed to have decoupled from ordinary matter quite early
in the Universe. As the Universe dropped to temperatures of around O(1 — 10) MeV,
the WIMPs dropped out of equilibrium with the rest of the thermal bath which is now

measured as the WIMP relic density. This is known as dark matter freeze-out.

Neutrino Freeze-out

Neutrinos were in thermal equilibrium with the primordial plasma and interacted only
through the weak interaction. As the rate of expansion increased, the temperature

dropped, and neutrinos decoupled at around 1s or 7"~ 1 MeV after the Big Bang.
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Figure 2.2 A diagram for the thermal freeze-out process of stable co-moving particle densities
as the universe expands. The solid line, labelled as Ngg, is the dark matter
density that remains in thermal equilibrium as the universe expands. The dashed
lines represent the freeze-out dark matter density with varying annihilation rate
of (ov). To describe the evolution of the Universe based on temperature rather
than time, the x-axis variable is defined as the ratio of the particle’s mass to
the temperature of the Universe. The y-axis represents the co-moving number
density of dark matter, which accounts for the number of dark matter particles
within a volume that expands along with the Universe [7-9].

Time: 1s - 3 minutes after the Big Bang

A lot has happened in a very short time after the Big Bang, truly a time for interesting
physics. Shortly after neutrinos decoupled, the Universe’s temperature dropped below
the electron mass, sparking the process of electron-positron annihilation. The energy
density and entropy of this annihilation were transferred only to the photons and not
the neutrinos. This ‘heated’ the photons (although not significantly), which can explain
why the temperature of the photons is slightly greater than the background temperature

of the neutrinos today.
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Big Bang Nucleosynthesis

Around 0.1 MeV, the only baryons that existed during this time were free protons and
neutrons. Hence, the ratio of neutrons to protons is critical to the outcome of Big Bang
Nucleosynthesis (BBN). Around 3 min after the Big Bang, around 100 keV, the Universe
cooled below the binding energies of typical nuclei and allowed the formation of light
elements. The first nuclei to form were deuterium. The formation of deuterium continued
while protons and neutrons were plentiful. Once enough deuterium was available it
initiated the production of Helium. This epoch in the Universe provides valuable insight
into the formation of hydrogen, helium and lithium and is better understood by the ratio

of helium to hydrogen.

Skipping forward to about 50 — 60 kyr after the Big Bang, at this time, the density
of matter increased to more than the density of radiation, giving rise to the matter-
radiation equality. The point of matter-radiation equality marks a significant transition
between two primary eras in the history of the Universe: one characterized by radiation

domination and the other by matter domination [61,62].

Time: ~ 380 kyr after the Big Bang
Recombination

The early stages of the Universe were extremely hot, which kept the Universe ionized
and kept photons tightly coupled to ions. The electrons and ions could recombine as
the Universe cooled to form neutral hydrogen freeing the photons. As the number of
electrons dropped, the mean free path of photons increased and the Universe became
transparent. These photons, as though emitted from a surface at a redshift z ~ 1100
corresponding to time ~ 300kyr after the Big Bang, are now observed as a part of
the cosmic microwave background (CMB). This period is called recombination, even
though this is when electrons and Hydrogen ions combined for the first time. Electron
transitions in hydrogen and helium atoms govern the physics during this time along with
their interactions with the background photon field via Thomson scattering. The rate of
Thomson scattering is given by I' = n.cop where o = 6.7 x 10725 cm? is the Thomson

cross-section and n. is the number density of electrons.

During recombination, the assumption of equilibrium conditions allows using a

Maxwell-Boltzmann distribution for baryons and Bose-Einstein distribution for photons
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to obtain the ionization fraction and equilibrium quantities for various particles. However,
as the interaction rate depends on the number density of free electrons and protons, the
rate of photon scattering due to electrons goes down when more neutral hydrogen is
formed. Hence, eventually, the interaction freezes out. This event of Thomson scattering
freeze-out is known as the surface of last scattering or decoupling of photons from baryons.
Consequently, the photons start to stream freely through the Universe towards the present
time and are detected in the form of the CMB signal. The next chapter will go through
the physics and role of the CMB in understanding the evolution of the Universe [61,62].

Time: > 100 Myr since the Big Bang

After the Universe became neutral at recombination, it turned transparent because the
photons did not have enough energy to knock out trapped electrons or any free ions to
interact with. It was not until gravitational collapse due to dark matter that created the
first stars and quasistellar objects that the surrounding hydrogen gas was reionized. It
was at this time that photons were able to interact again and we were able to observe
the first stars. This epoch is called the reionization epoch. This brings us to the present
time, with the age of the Universe at 13.8 Gyr (~ 10'7s) and the current temperature
recorded at ~ 0.24 MeV [61,62].

2.2 Composition of the Universe

The ACDM model (Lambda-Cold-Dark-Matter) is known as the standard model of
cosmology and is a parametrization of the most popular Big Bang cosmology model. It
provides an accurate description of the formation of the CMB and its power spectra. In
this model, matter and energy have been classified into five main categories; baryonic

matter, dark matter, dark energy, neutrinos and photons.

Ordinary Matter and Photons

Baryonic matter was relativistic in the early Universe due to the high temperatures.
As the Universe cooled and expanded, the kinetic energies of particles dropped below
their rest masses and matter became non-relativistic. However, as photons are observed

to be relativistic today, they must have played a different role in the history of the



28 Cosmology

Universe. On the other hand, neutrinos have a small rest mass compared to ordinary
matter and were relativistic for a longer period compared to other matter. The more
massive neutrinos have since cooled and become non-relativistic; however, the lightest
neutrino could still be relativistic today. Notably, during the recombination era, both

photons and neutrinos were relativistic and together are considered as radiation [62].

Dark Matter

In the 1930s, J.H. Oort used the Doppler shifts of stars to study their motion in the
Milky Way galaxy. He discovered that their velocities hinted at the presence of a lot more
mass in the galaxy than previously predicted. Around this time, Fritz Zwicky arrived at
the same conclusion by studying the kinematics of galaxies in clusters, especially in the
Coma cluster. He discovered that the galaxies in the cluster only accounted for a small

fraction of the cluster’s mass while the rest was non-luminous [45].

Building on this, in the 1970s, Vera Rubin and her team studied the rotational
velocities of isolated galaxies by analyzing observed spectral lines and their Doppler
shifts [64]. The motion of celestial bodies in galaxies was assumed to be similar to the
movement of planets in our solar system. Newton’s law states that the rotational speed

of an object in a cluster is connected to its distance from the centre as

v(r)=14/G : (2.5)

where the object is at a distance r from the centre with a velocity v(r), G is the
gravitational constant, and m(r) is the total mass inside the volume with a radius of r.
As v(r) o« %, it indicates the rate at which the velocity of objects further away from the

centre should decrease. This is named ‘Keplerian’ behaviour [47].

However, Rubin discovered that the rotation curves for velocities of stars continued
to increase with distance from the galactic centre up to a limit, and curves were ‘flat’.
She postulated that extra non-luminous mass further away from the galactic centre must
contribute to the velocities. As this was not visible or detectable matter, this has been
termed ‘dark matter’. Since then, the existence of dark matter has been confirmed by

many more complementary astrophysical observations [65].
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The ACDM model includes cold dark matter as a gravitationally active component.
It plays an essential role in the large-scale structure of the Universe, and the formation
of galaxies and galaxy clusters. However, its microscopic nature is still out of scientific
reach [47,48].
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Figure 2.3 Rotational Curve of NGC 6503. The data represents measured circular rotation
velocities as a function of distance from the center of the galaxy. Interestingly,
adding a dark matter halo followed the observed curve better, (halo+disk) [10].

Dark Energy

In the early 1910s, Vesto Slipher used spectroscopy to investigate the rotational behaviour
of galaxies and discovered that the spectral lines of distant galaxies were redshifted. This
laid the foundation for the notion that the Universe was expanding. The redshift in the

spectrum of an observed galaxy can be defined as

>\earth - Agalaxy

z = : (2.6)

A galaxy

where Agaaxy is the wavelength of a photon originating at a galaxy and Aean is its
wavelength observed at Earth [26].

Following this work, in 1929, Edwin Hubble discovered a relationship between the

recessional velocities of galaxies and distances to them. Named the Hubble law, this
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relationship between D, the distance to the galaxy and v, the recessional velocity is

mathematically written as
v= HyD, (2.7)

with the Hubble rate, H, measured at ¢t = 0, present time. The amount of matter
accounted for at the time of this discovery was insufficient to explain the expansion rate.
In addition, observations of standard candles, Type Ia supernovae, have recently shown
that the expansion is accelerating. This has sparked the inception of a new kind of energy,

dark energy, to account for the acceleration making up almost 70% of the Universe [66].

2.3 Summary

In this chapter, we have presented the key events in the history of the Universe that have
shaped its evolution and led to quantities measured today. The following are highlights

of this chapter

e Characteristics of the Universe after the big bang and its evolution from hot plasma,

through to dark matter freeze out and the formation of large scale structure.

e Introduction to the epoch of recombination, studied using the cosmic microwave

background - whose data will be usedfor studying the DDM model in this work.

e Composition of the Universe classified into ordinary matter, dark matter and dark

energy.
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3.1 The ACDM Model

The Universe on large scales seems simpler in structure than on smaller scales. The
matter distribution is highly irregular on more minor scales, but a large-scale view
shows that matter is distributed more homogeneously. Cosmological probes have shown
that at sufficiently large distances, the galaxy distribution appears to be homogenous.
Additionally, temperature measurements of the cosmic microwave background provide
evidence that the Universe is isotropic on the largest scales. This is known as the
cosmological principle. Based on this principle and special relativity, cosmologists define
a frame at rest with respect to the expanding Universe, called the fundamental observer’s
frame. Even though the fundamental observers move relative to each other, they are
assumed to have no motion with respect to the overall Universe. They will make the exact

same measurements for quantities comoving with the expansion of the Universe [67].

Friedmann Equations

The homogeneity and isotropy of the Universe describe the spatial geometry of the
Universe. Given these properties, the general line element ds is defined by the Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric in polar coordinates in three dimensions

(r,0,¢), centered at the observer,

2

1 — kr?

ds® = dt* — az(t)( + r2df* + r* sin’ Qd(b). (3.1)
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Here, a(t) is a scale factor that describes the evolution of the Universe and is dependent
on time ¢. The k parameter is a curvature constant that characterizes the spatial geometry
of the Universe, with a value of +1 for a closed Universe, 0 for a flat Universe and —1 for
an open Universe. The evolution of the scale factor with cosmic time is dependent on the
energy density in the Universe. Different forms of energy dominated at different periods
during the expansion of the Universe. The early Universe was radiation dominated with

a o< t1/2, which later turned into a matter-dominated Universe with a oc t2/3 [61-63].

Using this metric and Einstein’s general relativity, Friedmann, in 1922, derived
mathematical equations defining the equations of motion of the Universe. These equations

are now known as the Friedmann equations and are as follows.

: 4 A2
H(t) + H(t)? = —7;G< +i§> + =

3
3.2
2 _ 87Gp ket Ac? (3.2)

Hit —_— .
(*) 3 a2+3

Here, H is the Hubble parameter defined as the rate of expansion of the Universe. It
can be written in terms of the scale factor H(t) = a(t)/a(t). At t = to, today, the Hubble
parameter is H(tg) = Hy, which is the constant used in the Hubble-Lemaitre law as in
Eq. (2.7). Often in the literature, the Hubble parameter is written as Hy = 100hkm
s7! Mpc~!, with h as the dimensionless Hubble constant. The quantity p is the energy
density. A is a cosmological constant associated with dark energy. When considering the
global history of the Universe, the A term can be thought of as providing an effective

acceleration for the expansion.

The Friedmann equation provides an expression for the critical density of the Universe,
defined as the matter density required for a spatially flat Universe. By taking k = 0 for

a spatially flat Universe and A = 0, we get simplified versions of the equations,

3H?
crit — y 3.3
Perit e (3.3)
and the current Hubble constant Hy at t = t,
G cri
H? = O Perit (3.4)

3
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The critical density is further used to define dimensionless density parameters for
every component of the ACDM model, such as dark energy, baryonic matter, radiation
and cold dark matter (i = A, b,~v, CDM) [62]

i) = 2. (3.5)

These density parameters are independent of cosmological models and give the proportions
of each of the Universe’s constituents with respect to the critical density today. A
dimensionless quantity, €, parametrizes the overall geometry and is given by the total

energy today at ty divided by the critical density required for a flat Universe (62,63, 68,

2ipi(to)
Pe

Qtot - (36)

Assuming a flat Universe, the densities of each component today are expected to add up
to 1

Qb—i-chm‘f‘Qy—i—QA = 1. (37)

However, for all values of k # 0, it is necessary to consider the total curvature energy
density. This can be corrected for by adding an effective curvature energy density to the
equation [62,63]

Qb—i-chm—i-Qy—i-QA =1-Q (38)
where,
kc?
O = —— .

Relationship between redshift and scale factor

Almost all of the information about the Universe arrives to us in some form of light -
photons. To better study the evolution of the Universe, it is essential to understand the
relationship between redshift (z) and the scale factor a(t). Redshift z is defined as the
change in wavelength of photons between them being emitted and detected due to the

expansion of the Universe.
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The redshift-scale factor relationship is given as

)\0 (l(to)
1+2z=— .
)\1 a(tl)

(3.10)

The quantities \g and A; are the wavelengths of light being detected at ¢, and emitted
at t; respectively. It is important to note that redshift is model-independent, allowing
comparisons between various models and quantities. Additionally, redshift is often used
in the literature instead of cosmic time, which depends on the constituent quantities of a
model [63].

Studying the anisotropies in the Cosmic Microwave Background (CMB) and the
distribution of matter at a large scale is the most significant method to understand the
evolution of structure and the formation of the Universe within the context of ACDM.

The following section provides an overview of CMB observables and anisotropies.
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3.2 The Cosmic Microwave Background

The period of free streaming photons after the recombination epoch is geometrically
constrained in a sphere of last scattering. This sphere has Earth at the centre, and
photons from the surface of this sphere travel through the Universe directly to us. Due
to the expansion of the Universe, they are observed to be in the microwave region of the
electromagnetic spectrum with a current blackbody radiation temperature of T = 2.7K
in all directions. The CMB contains small fluctuations in temperature in the form of
anisotropies. The fluctuations in the temperature are affected by the motion of Earth
through the photon background. After subtracting the dipole correlation due to this
effect, the remaining variations occur at the level of 1 part in 10°. This suggests that the
scattering surface was causally connected at some earlier time. An explanation for this
is the period of rapid inflation of the Universe that could have only been driven by a
cosmological constant and not matter [69). Hence, the study of the CMB can provide a

powerful way of studying the parameters describing the Universe’s evolution.

Figure 3.1 Planck image of the Cosmic Microwave Background, a snapshot of the oldest
light when the Universe was ~ 380,000 years old. It shows tiny temperature
fluctuations corresponding to regions of slightly varying densities. [11]
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3.2.1 Temperature Anisotropies

The anisotropy power spectrum * of the CMB pertains to the spatial scale of temperature
variations observed in the CMB over the entire celestial sphere. The temperature
anisotropies present in the CMB result from density fluctuations that emerged after
the inflationary expansion era, and are characterized by peaks and troughs that are
dependent on the Universe’s energy content and initial conditions before and after
recombination. Despite being minuscule, these fluctuations possess unique features. One
of the fundamental observations of the CMB is its intensity concerning frequency and

directional variations across the sky, n.

Quantitative Description

In this section, we will provide a mathematical description for the power spectrum. Any
function on the surface of a sphere, denoted by T'(6, ¢), can be written as a summation of

complex functions on the sphere with well-defined wavelengths, the spherical harmonics
Yim(0, ).

T(0,¢) =Y amYim (0, 9) (3.11)

Here, the [ value represents the number of spatial oscillations in the 6 direction in
spherical coordinates and m is the number of spatial oscillations in the ¢ direction. The
spherical harmonics of the lowest [ values are named, monopole, dipole, quadrapole and
octupole for [ = 0,1, 2,3. The quantity a, is the angular momentum quantum number.
Cosmological models are not capable of predicting the exact temperature or value of a
specific a;,, in a given direction. Instead, these models make predictions about statistical
properties, such as the average or mean value and the variance of the a;,,. The variance

Is given as

Cl = <aalmafm> (312)

2The term spectrum is defined as the distribution of photon intensity (number of photons) as a function
of energy (wavelength or frequency).
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The power spectrum, denoted by C, represents the variance as a function of {. In the
context of plotting cosmic microwave background (CMB) data, it is common to use the
form D =I(l + 1)Cy(2r).
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Figure 3.2 Planck 2018 TT plot. The blue line depicts the best-fit curve from Planck 2018
to the ACDM data, with multipole [ on the x-axis and amplitude in units of
microKelvin on the y-axis [12].

The first peak in the Fig. 3.2 arises at [ ~ 250, which corresponds to an angle a little
less than 1° on the sky. The position and magnitude of the first peak in the CMB
power spectrum offer crucial insights into the composition and geometry of the universe.
Specifically, the position of the first peak corresponds to the curvature of space-time; a
higher peak suggests a universe with a positive curvature, while a lower peak suggests a
negative curvature. The height of the peak is indicative of the density of matter and

radiation in the universe, with a taller peak indicating a higher density [9].

The characteristic peaks and troughs in Fig. 3.2 arise due to the interactions of
photons and baryons trapped in gravitational potential wells formed due to cold dark
matter. The baryon compression results in energy exchange via photons, resulting
in oscillatory patterns that are appropriately named acoustic peaks. This oscillatory
behaviour, the compression and rarefactions of baryons, results in photons being blue or
red-shifted, depending on whether photons fall into wells and heat up (blue) or cool down
(red). Hence, this gives rise to temperature fluctuations around the mean temperature Tj.
Due to this, as photons are expelled from the wells, they have some non-zero net energy,
which contributes to the overall anisotropy. This is called the Sachs-Wolfe effect. In
addition, photons also undergo the Doppler effect due to the presence of moving matter

around the recombination epoch [70].

The amplitudes, positions (I values), and shapes of the peaks present in the CMB

power spectrum provide valuable information about various parameters of our universe,
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including baryon density, dark matter density, dark energy density, curvature, and more.
It’s important to note that a single parameter may impact multiple peaks, while the
features of a given peak can be influenced by several parameters. For instance, curvature
affects the position of all peaks, while different baryon densities alter the oscillation
frequency (slower for more mass) for all standing waves, changing the value of [ for each
peak, including the first, albeit slightly [71].

The characteristic peaks and troughs in Fig. 3.2 arise due to the interactions of
photons and baryons trapped in gravitational potential wells formed due to cold dark
matter. The baryon compression results in energy exchange via photons, resulting
in oscillatory patterns that are appropriately named acoustic peaks. This oscillatory
behaviour, the compression and rarefactions of baryons, results in photons being blue or
red-shifted, depending on whether photons fall into wells and heat up (blue) or cool down
(red). Hence, this gives rise to temperature fluctuations around the mean temperature Tj.
Due to this, as photons are expelled from the wells, they have some non-zero net energy,
which contributes to the overall anisotropy. This is called the Sachs-Wolfe effect. In
addition, photons also undergo the Doppler effect due to the presence of moving matter

around the recombination epoch [70].

3.2.2 Polarisation Anisotropies

Besides temperature variations, the CMB radiation also displays polarisation patterns,
offering more understanding into the early universe. The polarisation of the CMB
can be categorized into two components: E-mode and B-mode polarisation. The E-
mode polarisation is generated by density fluctuations in the early universe, resulting
in polarisation patterns with a quadrupolar structure. These patterns resemble those
found in the temperature anisotropy maps of the CMB. On the other hand, B-mode
polarisation originates from vector and tensor perturbations in the early universe, such
as gravitational waves produced during inflation. These produce polarisation patterns,
which are not yet detected and tested by standard cosmological models. The E-mode
polarisation spectrum shows peaks and troughs that reveal information about the density
and curvature of the universe. The B-mode polarisation, however, is much weaker than

the E-mode and requires highly sensitive instruments for detection [70,72].

The radiation in the CMB is polarized at a 10% level due to the Thomson scattering
of photons off the surface of last scattering [70]. The Thomson scattering depends on the
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polarisation and the differential cross-section for this process is given by

dO’T

3 .

Here, the E and E’ are for incident and scattered photons respectively '73]. However,
along with its strength, polarisation also has an orientation(¢) relative to the strength of
two linear polarisation states. The Thomson scattering dictates how the temperature
of photons interacting with electrons affects the polarisation of the scattered photons.
Similar to the temperature anisotropy, the polarisation of the CMB can be plotted as a

function of angular scale.
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Figure 3.3 Planck 2018 TE (top), EE (bottom left) and ¢¢ (bottom right) plot. The blue
line depicts the best-fit curve for Planck 2018 to the ACDM data, with multipole
[ on the x-axis and amplitude in units of microKelvin on the y-axis [12].
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Sachs-Wolfe Effect

The Sachs-Wolfe effect is aptly named after R.K. Sachs and A.M. Wolfe, who used the
linear matter power spectrum to study the redshift of CMB photons due to gravitational
potentials. This effect can be divided into two mechanisms, the integrated Sachs-Wolfe
(ISW) effect and the non-integrated Sachs-Wolfe (NISW) effect. The NISW effect is
the source of primary anisotropies at larger scales - corresponding to lower multipoles.
However, the ISW provides secondary anisotropies to the CMB that relate to the time
between today and recombination (surface of last scattering). These depend on the
expansion of the Universe when it is not matter-dominated. The presence of relativistic
particles in the early Universe (early-ISW) and dark energy dominance in the late
Universe (late-ISW) contribute to the ISW effect. Hence, any changes due to dark matter
decay can affect the early and/or late ISW effect and although not directly, are expected
to pop up in the angular-temperature power spectra of the CMB [74].

3.2.3 Sources of CMB effects

The recombination epoch is essential to understanding the CMB. For this work, it is
necessary to understand the effects of exotic energy injection in the early Universe. The
main impact on the CMB from any energy injection can be seen due to the changes in
the free electron fraction. An important quantity in the reionization period is the free

electron fraction given by the equation

Te

—np(z) () (3.14)

LTe =

Here the fraction depends on the number density of electrons n., protons n, and
atomic hydrogen ny. Changes to the free electron fraction reflect in the CMB through
the Thomson optical depth and the visibility function g(z). The visibility function is a

measure of the probability that a photon was scattered in some redshift interval [z, z+dz]:

dr orne(z)
_ _ ) = e 3.15
o) = e ( = 7157 ) = T (3.15
The function g(z) gives the probability distribution for the photon scattering and is
dependent on the number density of electrons. Here, 7(2) is the optical depth at conformal

time (related to z) and describes the probability of photon scattering occuring between
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that conformal time and the present. Any changes in photon energies or the number of
photons around recombination will affect the scattering events, thus affecting the number
density of electrons and the CMB anisotropy. A notable effect of rescattering photons is

7, as randomized scattering reduces temperature

the suppression of CMB peaks by e~
differences in the CMB. The primary effect of the decay model discussed in this work is to

change the amount of radiation present around recombination and study its effects [75].

3.3 The ACDM Parameters

The Planck data provides six parameters inferred from the CMB for the base ACDM
model with the help of the Friedmann equations. Their latest values from the Planck

2018 measurements are used to obtain results in this work and are listed in Table 3.1.

Names Parameters Values

Dark Matter density Q.h? 0.120 4 0.001
Baryon density Qph* 0.0224 4 0.0001

Scalar spectral index Ng 0.965 £ 0.004

Optical depth Treio 0.054 £+ 0.007

Hubble constant (kms™!Mpc™!) Hy 67.4+0.5
Matter fluctuation amplitude o 0.811 + 0.006
Ss 0.831 £+ 0.013

Table 3.1 Most recent Planck 2018 values for ACDM parameters [12]

The parameters in the aforementioned table will be kept fixed at these values through-

out this work.
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3.4 Summary

This chapter introduced the parameters defined to measure and study observables of the

Universe. The important takeaways from this chapter are,

Introduction to the ACDM model and the density parameters defined for the different

contents of the Universe.

Brief introduction to the Friedmann equations and the Hubble parameter and its

relation to the expansion of the Universe.
The cosmic microwave background (CMB), its observables and power spectrum.
Contributions to the CMB power spectra due to any energy injection phenomena.

Most recent values for ACDM parameters published by Planck 2018 mission.



Chapter 4

Modelling a Two-step Dark Matter
Decay

The aim of this thesis is to expand on the existing literature on decaying dark matter
by introducing a two-step decay model. We continue building on the achievements of
Ref. [32], and propose a complex decay scenario, incorporating models from Ref. [25,76,77].
Complementary to our model, we present a new version of the Boltzmann code CLASS
produced by merging two of its publicly available versions; one that handles the first
decay WIMP — SWIMP + ~, and the second that handles CDM — WDM + v decay.

4.1 CLASS: Boltzmann Code

Cosmologists have become interested in fitting cosmological data and probing extensions
of the standard model. As a result, Boltzmann codes such as CMBFAST [78] and
CAMB [79] have gained popularity. For the work we present in this thesis, we use another
Boltzmann code - CLASS [31], which computes the CMB power spectra for a given set of
cosmological parameters by solving the Boltzmann equations. It uses different C modules
built within, namely background, thermodynamics, perturbations, bessel, transfer,
primordial and spectra, to accomplish the computation. Each module handles the
various steps necessary for calculating cosmological histories and the resulting power

spectra.

For our model, we focus on four important CLASS modules, which are briefly discussed

below, in order of code execution.

43



44

Modelling a Two-step Dark Matter Decay

e input.c: The input module reads and allocates the appropriate parameters supplied

9

in the input parameter file, with the suffix “ini. The code takes in two types of
input parameters; precision parameters and cosmological parameters. All these
parameters play a different role in the computation of power spectra such as in the
background or thermodynamics modules and are defined under the corresponding

structures.

background.c: After the allocation of parameters, the code calls the background
module, which contains the Friedmann equations and governs the background
evolution of the Universe. When initialized, it integrates the background equations
and stores the background quantities as a function of conformal time * () in an
interpolation table. In addition, it provides functions that allow other modules in
the code to evaluate background quantities at a given value of conformal time or

find the relationship between redshift and conformal time.

thermodynamics.c: The thermodynamics module calculates the thermodynamical
evolution with the help of additional recombination modules such as Recfast [80)]
or Hyrec [81]. It calculates thermodynamic quantities as a function of redshift z
and stores them in an interpolation table. It handles quantities including, but not
limited to, recombination time, reionization time and optical depth, and sound

horizon at recombination.

— Sound horizon: In the early universe, photons and baryons formed a plasma
that could be treated as a single fluid. As baryons fell into gravitational
potential wells, they became compressed and heated up the plasma, which in
turn increased the outward radiation pressure from the photons. This process
continued until the radiation pressure halted the compression and caused the
exapnsion and cooling of the plasma, in turn producing less radiation pressure.
The decreased radiation pressure allowed gravity to dominate again, leading to
another compression phase. The competition between gravity and radiation
pressure set up longitudinal oscillations in the photon-baryon fluid, known as
acoustic oscillations. When matter and radiation decoupled at recombination,
the pattern of these oscillations became frozen into the CMB. The evidence of
these sound waves leading to regions of higher and lower density can be observed

in the CMB anisotropies. The sound horizon, rg, represents the distance that

3Conformal time can be defined as the time required for a photon to travel from our location to the

farthest observable distance, assuming that the expansion of the universe had stopped [62].
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sound waves could have traveled before recombination and is a fixed physical

scale at the surface of last scattering [61,62,82].

In the following sections, we discuss the modifications made to this module to

produce our version of the code.

— Recombination : Thermodynamical quantities during recombination are sampled
using recombination codes such as Recfast [80] and Hyrec [81]. Both of these
codes handle the physical effects on the free electron fraction and the hydrogen-

helium recombination ratios.

o After getting information from the rest of the modules such as primordial.c and
transfer.c, the spectra.c module computes the observable CMB power spectra
and stores them in its structure spectra. Additionally, if lensing is specified in the
input file, which is not required for this project, the lensing.c module computes
the lensing CMB power spectra. At the end, the output.c module writes output in

various files including the power spectra values.

4.2 Modelling the WIMP decay

Recall that in our proposed decay model, the first step involves the decay of a WIMP
into a SWIMP and one or more massless Standard Model particles represented by the
symbol S. In our scenario, S represents a photon and will be denoted as v henceforth.
The following section focuses on the phenomenology of this decay and the modifications
made to ExoCLASS [83]. Since the SWIMP is practically invisible, detecting evidence of

~ production in the early universe is crucial for studying the effects of the decay.

The energy injection from this decay is expected to affect the cosmological history of
the Universe. Recall that WIMPs are popular dark matter candidates because their relic
density agrees with the dark matter density observed today. Furthermore, due to their
extremely weakly interacting nature, SWIMPs also preserve the WIMP relic density,
allowing WIMPs to decouple in the early Universe and form the overall dark matter

density QWIMP ~ QDM {8—1}

The CMB power spectrum shows the imprint of interactions between baryons and
radiation before the formation of structures, such as Compton scattering. Hence, any

deviation from thermodynamic equilibrium between photons and baryons results in
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spectral distortions in the CMB spectra. Therefore, the CMB spectral distortions can be
used to comprehensively investigate the impact of dark matter decay on the physics of

the early Universe.

However, the process of thermalization strives to re-establish full thermodynamic
equilibrium in the early Universe, which can erase potential spectral distortions in the
CMB. This effect is particularly efficient at redshifts greater than 10, where it can
remove any effects of energy injection during that period. Consequently, this process
constrains the lifetime of the WIMP and offers a feasible time period for measuring any

decay effects [34].

Parameters of the WIMP decay

In our framework, the WIMPs freeze-out in the early Universe and then decay into
SWIMPs that form today’s dark matter abundance. In the first decay, referenced as
the WIMP decay, the SWIMPs inherit the relic density from WIMPs. Assuming every
WIMP decay contributes a SWIMP particle and radiation, the SWIMP density can be

given as

mswimp

Qswivp = OQwivp, (4.1)

mwiMmp

where m; are the component masses. Eq. (4.1) implies that for mgwip ~ mwmvp, the
SWIMP represents all of the dark matter relic density.

In this decay scenario, WIMP, the effect on the CMB can be characterised by the
lifetime of the WIMP and the fraction of energy released. Mathematically it can be
expressed with (, the total amount of energy released and egy, the fraction of radiation
released as radiation per WIMP decay. In addition, the number density of WIMPs before
the decay, Nwmvp, is normalised with respect to the background photon density and is

related to the total energy released by the following,

¢ = eemNwivp (4.2)

According to Feng et al., [52], the lifetime, 7, of the WIMP decaying into a SWIMP

is considered to be around 10°s — 10®s. The energy of the photon released in the decay



Modelling a Two-step Dark Matter Decay 47

(E,) is related to the mass difference between the WIMP and the SWIMP particles, Am.

The equation for £, can be determined using relativistic kinematics

2 2
B = Mymvp — TSWIMP (4.3)
y = ) .

2mwivp

The fraction of energy transferred to the decay product-photon is equal to the energy

injected into the plasma and can be determined using

fioamy = Ey/mwnp. (4.4)

Changes in the Universe’s thermal history significantly affect the expansion rate,
H. As a result, the contribution of decaying dark matter energy density to the total
energy density will decrease over time. In addition, any released energy will contribute to
Compton scattering between CMB photons and free electrons, which may be observable
in the CMB spectra.

The CMB has the perfect blackbody temperature for redshifts z > 10°, and due to
thermalization, any deviation from the spectrum is exponentially suppressed at higher
redshifts. However, at redshifts, z < 10°, the energy injection process supersedes
thermalization and recovering thermal equilibrium is no longer possible. Hence, any
deviations are imprinted as CMB spectral distortions, which can be observed today.
Spectral distortions provide insight into the physics of energy injection processes in the
early Universe. If the WIMP decay happens much earlier in the Universe, it may not
directly affect the CMB spectrum. Still, the impacts of the first decay can influence to a

second decay by imposing constraints on the parameters of the latter.

4.3 ExoCLASS

For the first step, we have used a modified version of CLASS, called ExoCLASS [83]. The
main addition of ExoCLASS to CLASS is a module named DarkAges that calculates the
effect of exotic electromagnetic (EM) injection on the free electron fraction (z.) and the
CMB spectra. It includes the setup for various scenarios such as dark matter annihilation,

dark matter decay and primordial black holes.
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The main impact of the exotic energy injection is the effect on the free electron fraction
(x.) evolution, the Thomson optical depth 7,¢;,, and in turn, the visibility function g(z).
Accounting for both direct ionization and indirect collisional excitation due to photons,
the code suitably calculates the x, value. It also finds the temperature evolution of the
intergalactic medium (IGM), T, which feeds back into the x. calculation. The evolution
of T, and x. are governed by equations involving the recombination and ionization rates,
which are derived in detail in Ref. [83]. As a result, the energy injection processes impact
the CMB power spectrum via the Thomson interactions between CMB photons and
electrons. Furthermore, the recombination, ionization and heating rates depend on the
rate of energy deposited at redshift z and its splitting between the multiple processes of
energy dispersion. The energy deposition rate with respect to the rate of energy injection
and the fraction of energy split can be written as

dFE dE

Vi dep(Z) = fc(z)m . (4.5)

Here, the dV is the unit volume of space and dt the unit time.

In ExoCLASS, f.(z) are defined as the energy deposition functions, which are calcu-
lated using transfer functions, 7T,. Transfer functions are further defined as the fraction
of energies F injected at a redshift 2z’ but deposited at a different redshift z, via given
channels ¢, for a particle such as an electron/positron or a photon. The authors of
Ref. [85] show that for a WIMP annihilation scenario, the energy injected around or
during recombination is not deposited on-the-spot, that is, energy injection and deposition
happen at different redshifts. This will be assumed for the decays in this work too. This
means that the Boltzman equations require more involved solution techniques and not
just stationary approximations. Thus, we use the advanced transfer function calculations
in ExoCLASS, assuming that the modified free electron fraction does not back-react onto

the energy cascade [83].

In addition to the fundamental ACDM model parameters, the decay WIMP —
SWIMP + ~ is parametrized by two free parameters; the rate of decay width I' (or decay
lifetime 7) and the fraction of decaying dark matter. For an arbitrary WIMP decay, the
lifetime and the fraction of energy injected by radiation E., are considered independent.

The implementation of injection history for a DM decay scenario in ExoCLASS is given
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as
r = Zp.c*Qepm(1 + 2)°T exp(—Tt) (4.6)

inj,decay

The different parameters in the equation are specified in Table 4.1

Parameter Definition Notes
= fraction of decaying dark matter = = pppM/pPcom
r rate of decay/decay width ! = 7, lifetime in seconds
Pe critical density today
Qcpm fractional DM density today
z redshift

Table 4.1 Parameters for energy injection in a decaying DM scenario, Eq. (4.6)
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DarkAges

The DarkAges module of ExoCLASS consists of different python files defined briefly

below.

common . py includes all the algorithms necessary for energy deposition calculations.

evaporator.py contains the definitions of functions used in the evaporating black

holes scenario.

interpolator.py contains definitions of mathematical classes used to perform

logarithmic, linear or N-dimensional interpolations.

model.py is an important module that contains the definition of the model class and
its derived classes for different energy injection scenarios, such as the annihilation,
decay, accretion and evaporation of primordial black holes. This thesis will mainly

focus on the decay_model related to decaying dark matter.

recipes.py contains important functions used to calculate the f(z) functions,
depending on the energy injection scenario. In addition, it contains functions that

read spectra of particles specified as decay products.

transfer.py contains the definition of the transfer class, which stores discretized
transfer functions using the kinetic energies of the particles under consideration and

the redshifts of energy deposition and injection.

Modifications to ExoCLASS

We made the following modifications to DarkAges of ExoCLASS to handle the WIMP
decay.

To account for the energy of the photon released in the decay, E., we introduced a
new input parameter, photon_energy, with the units of GeV. We also declared it
in the ./bin/DarkAges file, a script that reads the input parameters in DarkAges
and propagates them to appropriate variables in the base CLASS code. The
photon_energy parameter plays an important role in the decay_model function
defined under the model.py module. It is important to note that the parameter

DM mass is the mass of the parent CDM particle.
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e In the recipes.py module, an important function we were interested in is the
loading from_specfiles function that reads files containing tabulated spectra of
particles created as decay products. When specifying a decay, the code requires
the spectrum of decay product particles either be calculated from first principles or
read from a tabulated spectrum given by PPCAMID [86]. To specify a photon as
one of the decay products we used the parameter labelled as dirac_photon, which

was already present in ExoCLASS.

Originally, if dirac_photon is specified as the decay product, it is assumed that
a parent particle of mass m decays into two photons, each with energy m/2. In
the model presented in this thesis, we modified the definition of dirac_photon to
only release one photon with energy equal to value specified for photon_energy in
the input file. This value is derived from Eq. (4.3). Next, this function calls the

decay_model function.

e In decay_model function in the model.py, after initialization, the spectra of the
particles specified in the input file are read and then transferred to the base model-

class to calculate the differential equation,

d®N(t, F)

dEdt (4.7)

where dN/dE is the injected energy spectrum of particles in the decay. After adding
the new photon_energy parameter, we set the normalization of the energy spectrum
of particles to be calculated with respect to the parent CDM particle mass that
uses the energy of the photon.

e To prevent issues that occur when all of the parent CDM particles decay into
radiation, we used the decay_fraction parameter to define the amount of dark
matter decay. This value can be found in the mass of the parent particle is fixed,
and the energy of the photon is provided, which are related as fpy = E,/mwnvp.
If set to 1, it corresponds to all the CDM decaying into radiation, resulting in an
unphysical scenario. However, to have the correct abundance of CDM as observed
today and not have extreme energy injection change the thermal history significantly,
the decay fraction needs to be extremely small, which corresponds to small photon

energies.

The amount of energy release and their redshifts are important when investigating
the effect of DM decay on the thermal history. The decay width/lifetime and the
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photon’s energy are currently treated as independent parameters. For the WIMP decay
proposed in this thesis, the neutralino (bino) decaying into a gravitino and a photon, the
lifetime/decay width of the WIMP is dependent on the decay fraction and the energy of
the photon, which will be discussed in detail in the next chapter.
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4.4 Modelling the WDM decay

For the second step in our decay scenario, we considered the SWIMP produced in the
first decay as the parent particle that further decays into a massive warm, dark matter
particle and a massless particle or dark radiation, CDM — WDM + DR.

We use the WDM model discussed in Ref. [32] and complement it with results from
Ref. [76]. We choose a WDM decay model to leverage the success of Ref. [32], where the
authors effectively addressed the Sg tension. Similar to the first decay, the parameters
that characterise the second decay are the decay width/lifetime (I'/7) and the fraction
of energy transferred to the warm massive daughter particle (¢). The decay fraction fpu,
which represents the portion of dark matter that can decay into warm decay products,
is subject to strong constraints in this scenario. Specifically, it must be adjusted to
match present-day measurements of the total amount of dark matter and to enable the
formation of large-scale structure. So, the maximum amount of CDM that can decay

into warm dark matter is limited to 15.

4.4.1 Implementation of WDM in class_decays

Before discussing the modifications we made to CLASS for the second decay, we briefly
discuss its base NCDM implementation. The definition of NCDM is non-cold dark matter
that can be considered massless during the early Universe. Massive neutrinos, sterile
neutrinos and warm dark matter are some examples of NCDM species. CLASS uses the
formalism defined in Ref. [87], to describe the evolution of NCDM species using massive
neutrino equations. By default, it contains a limited version of an ultra-relativistic
fluid approximation for NCDM species switched on inside the Hubble radius, especially
for warm dark matter particles. In our decay scenario, CDM — WDM + DR, the
CDM parent particle can be described as a perfect fluid. However, calculating density
perturbations for the WDM daughter particle is more complicated. Abellan et al. in
Ref. [28] have devised a new fluid approximation in which the WDM is considered a
viscous fluid, built on the original implementation in CLASS. We have used the code
modified with the new WDM fluid approximation, class_decays, to handle the second
step in our decay model. We add the first decay to class_decays to produce our version
of the code.
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The authors of Ref. [28] have adopted the Boltzmann formalism from Ref. [88], which
discusses the time evolution of the phase-space distribution function (PSD) for the mother
and daughter particles in a WDM decay. The authors of Ref. [88] further state that
the Boltzmann equation describes the time-evolution of the PSD f(x, g, 7), where q is
the comoving momentum of a particle related to its physical momentum by the scale
factor (g = ap) and 7 is the conformal time. The background evolution of the mother

and the daughter particles can then be written in terms of the mean energy density and

pressure,’
ﬁwdm - _3decdm - arﬁdcdm (48)
ﬁdr = _4der - 6al—‘ﬁdcdm (49)
ﬁwdm = _3(1 + M)prdm + (1 - E)arﬁdcdm (410)

Here, the H = a/a parameter is the conformal Hubble parameter, 5 is the pressure of
the labelled dark matter component, and € is the fraction of the mother particle’s rest
mass energy transferred to the massless daughter. The w is the WDM equation of state
(EoS) that can be written in terms of the mean energy density Pyqm and pressure p g,
related as w(7) = Pydm/Pyam- Lhe above equations are evaluated in the background.c
module of the code, which the authors of Ref. [28] use to derive the new fluid equations
for WDM. For a detailed derivation of the new viscous-WDM fluid approximation scheme,
refer to Ref. [28].

Parameters of class_decays

The authors of Ref. [28] have added the WDM decaying dark matter case on top of the
base CLASS module structure. We describe the important parameters defined under the
code’s WDM-DCDM scenario in the following list.

e The QM —parameter is defined as the density of dark matter decaying into dark

radiation and warm dark matter. In the WDM scenario, the value for Q2 ' is
provided instead of Q4. When specified as true (non-zero value), it activates the
computation of the WDM species in the code. It is also considered in the total

energy budget equation in the code.

l‘dedm’ stands for decaying cold dark matter and this abbreviation is used throughout CLASS to
define the parent decaying dark matter particle.
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e The Gamma_dcdm_wdm (T units of kms™ Mpc™!) and tau_dcdm_wdm (7 units of s)
are the decay width and lifetime of the decay respectively.

e The epsilon_dcdm_wdm(e) parameter is the fractional rest mass energy of the
mother particle transferred to the massless daughter particle. Mathematically, it

can be written as,

621(1_%) (4.11)

2
Micdm

As € is dependent on the ratio of the dark matter particles in the decay and is
defined in the input file, the individual masses of the CDM (Mgeam) and WDM
particles are not required. Hence, the My.qnm parameter is set to 1 to avoid any

technical errors due to a zero value.

e N _ncdm and background ncdm_distribution are some of the extra flags required
for the code to run the WDM calculations. The authors of Ref. [28] have shown that
the system of Boltzmann hierarchy equations for a WDM scenario is similar to the
massive neutrino scenario of Ref. [87]. As neutrinos and WDM daughter particles are
considered NCDM species, the parameter N_ncdm is by default set to 2 to account for
both of the species. Following this, the parameter background_ncdm_distribution
is defined as a list with a length equal to the number of decay products. The values

0 and 1 correspond to the flags for neutrino and WDM species, respectively.

We keep the definition of the WDM parameters unchanged and only make modifica-

tions to add the first decay on top of this version of class_decays code.
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4.5 Code Development

A major part of the work presented in this thesis was based on a new version of the
code produced to handle complex decaying dark matter scenarios not limited to cold
dark matter species. This section will outline the steps to merge the code handling the
first decay, ExoCLASS, with the code running the second decay, class_decays. The
production of a new code version was a non-trivial task and required in-depth studying

and testing.

e The first step in the process of combining the two codes was to define relevant

parameters required for the first decay transferred from ExoCLASS.
— Gamma_dcdm_exo and tau_dcdm_exo
— photon_energy
— on the spot
— energy_deposition_function set to ‘DarkAges’
— DarkAges_mode set to ‘built_in’
— energy_repartition_coefficient set to ‘no_ factorization’
— DM _mass
— injected_particle_spectra
— injected_particle_branching ratio

The changes made were mainly for the thermodynamics and input modules, and

these parameters were declared in the necessary *.h files.

e The DarkAges module in ExoCLASS was contained in its directory, which was
copied into the modified code directory along with its changes as described in section
4.3.
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The input module

e In the input module, we added a ‘first_decay’ flag, which is set to 1 in the
input-parameter file, would allow the code to read and activate the first decay. And

if set to 0, the code would ignore the first decay entirely.

e Then, we added functions that read and assigned values to parameters from the
input file, ensuring that the parameters for the first and second decay were defined

differently.

e The input module consists of various tests that check if a parameter has appropriate
values and has not been declared more than once. Following this, we transferred
all the necessary parameter declarations from ExoCLASS. We mainly focused on
the decay parts of the code, although the annihilation section was included but not

tested rigorously.

The background module

e The major change that we made to the background module, including the .c & .h

files, was renaming the Gamma_dcdm to Gamma_dcdm_wdm.

The thermodynamics module

The thermodynamics module was modified to the greatest extent. The class_decays
code is a newer version of CLASS compared to ExoCLASS. However, the thermodynamics
modules in both versions are comparatively similar except for specific energy injection
scenarios present in ExoCLASS, which we transferred over to our version of the code. As

needed, any new function or parameter names were declared in the corresponding .h

files.

e ExoCLASS’s handling of the DarkAges functions, parameters, DM decay and
annihilation was transferred over to the thermodynamics module of class_decays.
The thermodynamics module in ExoCLASS contained additions of the energy
repartition and efficiency functions modified by Vivian Poulin and Patrick Stoecker,

which were added to our working thermodynamics file.
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e The authors of ExoCLASS modified the recombination code Hyrec. It produced
a version that included the energy injection functions and the various differential
equations for energy injection and deposition (Eq. (4.5)). Hence, the Hyrec folder

was also moved to our current working folder and added to the path.

e Having the ExoCLASS Recfast module within the thermodynamics module was
causing technical errors, but replacing it with the newer version did not completely

resolve the issues either. Hence, we used HyRec entirely for our analysis.

An important part of merging the code was testing the merged code and checking if
the outputs were scientifically reasonable. For this, we defined an input parameter file

that is detailed in Appendix.
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4.6 Code Verification

We reproduced results from the ExoCLASS [83] and class_decays [28| publications
separately to verify the output of our newly merged code. To check the results for
ExoCLASS, we varied the lifetime of the WIMP parent particle and the energies of the
photon released in the decay while keeping the second decay deactivated. To verify
that the second WDM decay code output the same results as its version before the

modifications, we reproduced the results from Ref. [15] and ignored the first decay.

WIMP decay

We consider two sets of parameters for the first decay to generate a set of results. The
parameters were: {Hy, Wy, Wedm, As, s, Zreio} + {Tdecs £y} In this scenario, the WIMP
mass was fixed to 100 GeV, and the SWIMP mass was varied by small amounts to obtain
the Am values, which provided the values for E,. We also varied the lifetime values, Tgec

and compared the output against the base ACDM model.

Parameter Values
W 0.0224
Wedm 0.12038
Zreio 8.24
Hy (km s~ 'Mpct) | 67.70
Ng 0.9673
In(1019) A, 3.052

Table 4.2 Planck 2018 ACDM parameters that were fixed for testing code [12].

For the values of T4ec, fpar and E, defined in Table 4.3, the the power spectrum of
the CMB temperature was plotted as shown in Fig. 4.2.
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E, Values (GeV)

Taee Values (sec)

1072
1073
1074
107°

101
10?2
1025
1031

Table 4.3 WIMP decaying into a SWIMP and photon decay: decay lifetime (labelled as 74ec)
and energy of the photon (E,).
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Figure 4.2 WIMP decay to SWIMP and photon for lifetimes 74 > 10'9s.

The energy injection due to dark matter decay and the spectral distortions depend on
the lifetime of the DM particle and its abundance. In addition, the constraints on model
parameters also depend on the DM lifetime values. For lifetime values 7gec > 10'3s, the
CMB anisotropies are heavily constraining, whereas for lifetime values 107! s < 7gee <
10%s, the BBN predictions are the most constraining observations. As stated in Ref. [77],
the intermediate lifetime values can be studied using spectral distortions (SDs). Hence,
in Fig. 4.2 with 7gec > 10 s, it can be seen that lifetime increases to more than the age
of the Universe (~ 10'7 s), the temperature curves for the CMB approach the ACDM

curves, mimicking a stable dark matter particle scenario. That is, all curves, except the
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blue curve corresponding to 74ec = 10'?s, appear overlapped to the black ACDM curve,

with hardly any significant deviations.

4.7 WDM decay

We reproduced Fig. 5 from Ref. [28] as a test to check if our merged code could output
the same result. The parameters we used for this decay were { Hy, wh, Weam, As, Ns, Treio f +

{T'wdm, €} with the values given in Table 4.4.

Parameter Values
W 0.0224
Wedm 0.1194
Treio 0.0582
Hy(km s~'Mpc™') | 67.70
N 0.9673
In(101%) A, 3.052
Nu 2.0328
Temb 2.7255
Nicdm 2
ncdm distribution | 0, 1
Micam 1
Mucdm 0.06, 0

Table 4.4 Input parameters and values for analysis.

In addition to the WDM parameters described in section 4.4, the code uses Mmpcqm =
0.06 to find the effective number of neutrinos (Neg). The 0.06 value for myeqm, relates to
Ym, and is constrained to be consistent with the neutrino oscillation experiments. As
the mass of the daughter WDM particle is determined by the mass of the parent particle
and e parameter, we specified the second value for m,cqm = Mwam as 0. The length of

Mueam depends on the number of daughter particles specified in the decay.
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Figure 4.3 Residual plot for the power spectrum of the CMB temperature, ¢ = 0.1 and I';,4p,
varied. The TT stands for temperature curves for the CMB power spectrum.
The x-axis for Fig. 4.3 and Fig. 4.4 is a logarithmic scale for multipole values, [
and the y-axis represents the residuals of C)’s (power) between the decaying dark
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Figure 4.4 Residual plot for the power spectrum of the CMB temperature, F;Cllm =30 Gyr

and e varied.
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The residual plots of the CMB power spectrum are depicted in Figure 4.3, with the
Planck2018-ACDM model [12] data serving as the baseline, indicated by a horizontal
line at the C) residual value of 0.00. The value of ¢ = 0.1 indicates the proportion of
total energy gained by the massless daughter particle (photon), with the majority being
transferred to the massive decay product, rendering it a warm dark matter particle. As
shown in Fig. 4.3, the impact on the temperature CMB power spectrum becomes more
noticeable as the lifetime decreases. This is due to the reduction in the matter density
() caused by the decay, resulting in an earlier onset of the energy-domination era
and an increase in €25. Consequently, the modified Late Integrated Sachs Wolfe effect
manifests as a signature in the low-1 TT power spectrum, causing power spectrum curves

of the decay model to deviate away from the ACDM line in this region.

Figure 4.4 shows the residual plots for a fixed lifetime of '} = 30 Gyr and varied
values of €. When ¢ is smaller, it corresponds to a more significant contribution from
WDM, and the increase in €2, is less pronounced than in the scenario shown in Figure
4.3. As a result, the effect on 7, is reduced, and the impact on the low-1 parts of the
power spectrum is less noticeable in Figure 4.4 than in Figure 4.3. Decays with € < 0.001
correspond to non-relativistic decays, as the contribution of the decaying WDM to the
matter density is offset by a decrease in the density of the decaying CDM. So the WDM

species is almost indistinguishable from the standard CDM.

Conversely, if € ~ 0.5, the decay is considered relativistic as the WDM decay product
acts as a dark radiation component, which can significantly reduce the expansion rate
and prevent any matter clustering. However, for values of € ranging from 0.001 to 0.5,
the WDM component only partially contributes to the matter-energy density, resulting
in an unchanged expansion rate. Hence, as asserted in Ref. [28], any net effect on the

CMB power spectrum is similar to the one caused by massive active neutrinos.

According to Ref. [28], solely considering a WDM decay is not sufficient to resolve
the two cosmological tensions simultaneously, but only the Sy tension. To resolve the
Sg tension, the decay should occur with specific values of I';)} = 55, Gyr and € = 0.07.
Recall that the relationship between the Sg parameter and total matter density €2, is
Ss = 051/Q2m/0.3. The choice of I' and € values is based on the fact that the decay into
WDM with these parameters leads to a decrease in the amplitude of the matter power
spectrum, resulting in a decrease in og at later times. This decrease in og leads to a

decrease in Sg, resolving the tension, without significantly affecting €2,,.
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The figures obtained using our code are consistent with the findings reported in
Ref. [28]. However, the minor fluctuations in the spectrum shown in Fig. 4.3 and Fig,.
4.4 are more pronounced in our plots than in the referenced results. These fluctuations
may arise during the calculation of the power spectrum due to inconsistent numerical
approximations in internal CLASS configurations. It is also possible that our modifications
to the thermodynamics module have had some impact on the power spectrum calculation,
although this effect is not significant. Despite these issues, the general agreement between
our findings and the published results is reassuring and suggests that the resolution of
the Sg tension by the WDM decay model is valid.

4.8 Summary

In this chapter, we provided a detailed account of the Boltzmann code, CLASS [31], and

our modifications made to it to handle our DDM model. It includes the following.

e Definitions of the parameters and modules of the base version of CLASS, a modified
version by the authors of Ref. [83], ExoCLASS and another modified version

accompanying Ref. [28] named class_decays.

e Details of our two-step decaying dark matter model and its implementation in a

modified version of CLASS.

e Verification of results obtained using our version of CLASS against the base Exo-
CLASS and class_decays.

In this chapter, we describe in detail the technical foundation that was necessary
to build and study our decaying dark matter scenario. We are currently working on
improving our code to better understand the physics encoded in CLASS, ExoCLASS,

class_decays and our version in this thesis.
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Chapter 5

A Supersymmetric Realization of
the Two-step Decay Model

Supersymmetry provides an elegant solution to the hierarchy problem in the standard
model by extending its particle spectrum. The extension of the particle spectrum provides
plenty of candidates for dark matter. This chapter discusses specific MSSM dark matter

particles and their properties that fit the two-step decay scenario we present in this work.

SWIMPs form a popular class of cold dark matter that naturally inherit the desired
relic density from the late decays of the WIMPs. However, they are extremely weakly
interacting, which limits the ability of direct-indirect experiments to constrain the
SWIMP parameter space. Along with temperature and polarization information, the
energy spectrum of the CMB provides detailed insight into the thermal history of the
Universe at very early times. In the early Universe, any perturbation of the complete
thermodynamic equilibrium between photons and baryons leads to spectral distortions
in the CMB. So, any additional energy release signatures should be present in the CMB
spectrum. This makes cosmological observations an excellent alternative for probing
SWIMP dark matter, which will be discussed in detail here.

We base our decaying SWIMP-dark matter model on the framework discussed in
Ref. [25]. SWIMPs are produced in the decay of WIMPs but are not detectable in
experiments. However, in WIMP decays such as WIMP—SWIMP+~, the signatures
of the SWIMPs are visible only through observational signals for effects produced in
the early Universe by radiation, v. Hence, the observable consequences only depend on
the WIMP’s lifetime and the total energy released in the decay. In supersymmetry, the
neutralino is one of the thermal-favoured WIMP candidates, which we will focus on in

this work.
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In this chapter, we extend the literature presented by Ref. [25] and [76] by explicitly
studying the neutralino decay into the gravitino. For this decay, any particle candidate
that satisfies the conditions for a SWIMP could replace the gravitino, and a similar

analysis could be performed.

5.1 Neutralino decay into Gravitino

For the first decay, which is a WIMP decaying into a SWIMP, we take a neutralino as
the WIMP and gravitino as the SWIMP decay product. The neutralino, X9, is a mixture

of the neutral bino, wino and higgsino and can be mathematically expressed as
X? = UBB—i-UWwO—FUguFIS—i-Ugdﬁg, (5.1)

where H? and HY are up and down higgsinos respectively. For the lightest neutralino,
we specifically consider a bino-like neutralino, with UzB ~ 1 and Uz W° ~ Uy HY ~
Uz dﬁ[ 0 ~ 0. With this neutralino, the decay process looks like xJ — é’y, with G and
~ being the gravitino and the photon respectively. The decay rate for this process is
dependent on the masses of the bino and the gravitino, especially on the difference
between them (Am),

2 2 3

5
cos” Mo me,
- 2 2

48w Mz mg,

m2
1432 ] : (5.2)
mX(IJ

2

M
As shown in Eq. (5.2) when mg ~ m,o, the decay lifetime becomes relatively long. The
decay lifetime, (recall that 7 oc ™) can be given as

(5.3)

3
F=23x 107s[100Gev] .

Am

The energy of the SM particle (photon) released in this decay is E,. Recall, this

energy can be calculated using

2 2

Mmoo — Mk
E X ¢ 5.4
Y 2,,,’,LX(B ( )

Additionally, the fraction of energy transferred to the photon from the bino is fipa) =
E,/ myo. The physics of energy injection in the decay entirely depends on the lifetime
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and the abundance of the parent DM particle, the neutralino. As mentioned by Lucca et
al. in Ref. [77], the CMB anisotropies and spectral distortions due to perturbations in
the early Universe are complementary and work in two different regions of the parameter
space. The parent DM particles with a lifetime between 10°s and 10'%?s mainly affect
the thermal history of the Universe before recombination leading to SDs. In contrast,

the CMB observables strongly constrain lifetimes between 10'2s and 10% s.

The Sg tension resolution requires a suppression of the linear power spectrum, which
induces a change in the sound horizon. The case of decaying dark matter to warm
dark matter and dark radiation fulfils the condition mentioned above. However, for the
Universe to have the structure we see today, only a fraction of dark matter can decay
into WDM. The authors of Ref. [28], provide a model-independent limit on the decay to
WDM, which states that with e = 0.07%, a lifetime of 55 Gyr and the standard ACDM

parameters the Sg tension can be solved.

Although this work focuses explicitly on gravitino decay, the physics of the energy

injection and coupling constants can be applied to a generic decaying dark matter model.

5.1.1 Results

Spectral distortions and CMB anisotropies can be used to investigate the effects of the
decay and the behaviour of particle dark matter. We show a complementary approach to
conventional dark matter searches at colliders and experiments. As the popularity of
the SUSY and SWIMPs increases in dark matter models, it has become necessary to
study and probe a more extensive section of the parameter space for particles. Currently,
being weakly coupled, there are few direct/indirect detection bounds on the SWIMP

parameter space, and cosmological observations provide the best prospects of probing it.

For our results, we extract the excluded and allowed regions of parameter space for a
generic decaying dark matter model from Ref. [77] and, on that impose hypothesised
neutralino masses ranging from 10 GeV to 100 TeV. The 100 TeV upper bound arises

from the Unitarity limit corresponding to s-wave annihilations for dark matter.

Figure 5.1 shows the excluded and allowed region for a decaying dark matter model,
with the fraction of energy transferred to the photon on the y-axis (f(pa)) and the
lifetime of the parent particle on the x-axis (7). The plot displays the constraints on the

decay, based on present and planned experiments.
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e FIRAS: The FIRAS (Far InfraRed Absolute Spectrophotomer) the tool was aboard
the COBE satellite and measured the difference between the CMB and a perfect
blackbody spectrum [13].

e LiteBird: LiteBird is a future planned small space observatory that aims to detect

signatures of primordial gravitational wave(s) in the form of B-mode polarisation of

the CMB [89].

e CMBS4: The CMB-54 is another planned ground-based CMB experiment set to

push the boundaries of sensitivity of CMB measurements [90].

e PRISM: PRISM was a proposed mission that surveyed the full sky at high resolution

and high sensitivity, probing the cosmic history from very early times [91].

e PIXIE: PIXIE (Primordial Inflation Explorer) is a future planned experiment to
measure the gravity-wave signature of primordial inflation on the linear polarisation
of the CMB [14]

e CMB1 and BBN1: The labelled CMB1 and BBNT1 lines correspond to bounds
displayed in figure 5 of Ref. [15].

The coloured regions in Fig. 5.1 are the exclusion parameter spaces based on data
from the respectively labelled experiments. The straight lines in the figure labelled as
m, correspond to the neutralino mass calculated for a range of gravitino masses using
Eq. (5.2). For a specified m,,, every point above the corresponding line also forms a part

of the excluded region.

The corresponding decay widths in the SWIMP decay are model-dependent and
must be constrained by observations or experiments. Furthermore, these decays are
characteristically accompanied by electromagnetic energy release into the cosmic plasma
over time scales comparable to the Big Bang Nucleosynthesis and recombination (CMB),
which can disrupt the processes. Hence, we can use cosmological probes like spectral
distortions, BBN, CMB energy spectrum and CMB anisotropies and any deviations in

them to find constraints on generic SWIMP masses and their couplings.

For the energy release to have a significant effect on the thermodynamics of the
Universe, there are limitations on the decay widths of the parent particle. Firstly, the
lifetime of the parent particle must be shorter than the age of the Universe, which is
approximately 10'7.s. If the lifetime exceeds the age of the Universe, it will be too stable

and not decay in abundance. Secondly, for any detectable signatures such as spectral or
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Figure 5.1 Various exclusion regions obtained from observational data for a fraction of
the energy injected into the Universe (energy of the photon) vs the lifetime of
the parent decaying dark matter particle. The coloured regions are exclusion
bounds from current Planck [12], Firas [13] and planned Pixie [14] experiments
and the dotted/dash-dotted lines are the bounds imposed by BBN and CMB
anisotropies [15]. The linear lines on the plot are for the different valid masses of
the neutralino as a parent particle.

CMB distortions to occur, the decay must happen around or just before 10, s — 10'%s.

Any earlier decay will not result in detectable signatures.

5.2 Gravitino decay

As a part of this research work, we conducted preliminary investigations for our model’s
second gravitino decay. We build on the scenario presented in Ref. [76], with a gravitino
decaying into a sneutrino and a right-handed neutrino. The authors of Ref. [76] extend
the Standard Model by adding a right-handed neutrino to the standard model as a part
of the extension to MSSM under the U(1)B — L symmetry. Under this symmetry, the
right-handed neutrino can account for the seesaw mechanism and the baryon asymmetry
of the Universe with primordial leptogenesis. In addition, this extension to the MSSM

allows for freedom of the parameters associated with the lightest right-handed neutrino.
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We specifically consider the 100 GeV gravitino case as discussed in Ref. [76], with
the sneutrino (N;) as massive warm dark matter and the right-handed neutrino (N;)
as the massless dark radiation decay product. The physics behind the Sy resolution
mentioned in Ref. [28, 76| is the suppression of the growth of matter fluctuation at
k ~ 0.1 — 1hMpc™'. Similar to the neutralino decay, the decay width of the gravitino

can be given as,

oone -Gl -G [ e

with m; as the soft mass of Nj.

The characteristics of the second decay are included in our version of the code, CLASS
defined as the two decay parameters I and € (Eq. (4.11)). For the resolution of the Sg
tension, according to Ref. [28], the ideal parameter values are (I'gpy, €) = (56 Gyr, 0.007).
Using these values, the authors of Ref. [76] claim that the 100 GeV gravitino is an excellent
candidate to resolve the Ss tension. If the mass of the Ny is predominantly generated
through gravity mediation, it makes the sneutrino an ideal candidate for a massive warm

dark matter decay product.

5.2.1 Results

We used a different version of ExoCLASS to verify the results of our modified CLASS

version for the two-step decay.

We employed our modified version of CLASS to simulate the two-step decay scenario,
with the neutralino decay lifetime value of 10?2s. A neutralino with a lifetime longer
than the age of the Universe (approximately 10'7s) would be considered stable and would
result in a negligible number of gravitinos. This implies that the majority of the decay
dynamics can be captured in the first decay, which is handled by ExoCLASS. To validate
our results, we simulated the first decay with the same decay parameters in a separate
version of ExoCLASS. The power spectrum residuals from the two codes compared to
the Standard Model curve are depicted in Fig. 5.2. The ExoCLASS curve is represented
by the blue dashed line, which is nearly identical to the ACDM, as expected due to the
longer decay lifetime of the neutralino. Our result, represented by the red dashed line,
agrees closely until a significant change occurs at higher multipole values. The close

agreement of our results with ExoCLASS up to [ ~ 230, which corresponds to the first
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Figure 5.2 A residual plot of CMB temperature power spectrum produced by ExoCLASS
and our modified code for the two-step dark matter decay. The solid black line
corresponds to the standard ACDM, and the blue dashed line is the curve due to
neutralino decay as outputted by ExoCLASS. The red dashed line is the curve
our modified CLASS version produced for the two-step decay. The decay lifetime
for the neutralino is 10??s.

peak in the CMB spectrum, provides a compelling indication that the merged code is

functioning properly.

In this work, we also successfully show that cosmological probes, such as CMB
anisotropies and spectral distortions can be used to constrain SWIMP masses and their
couplings. Additionally, we developed a modified version of the CLASS code capable
of handling a decaying dark matter model and its impact on the thermodynamics of
the Universe and the ACDM model. Although additional research is necessary to test
and examine the decay scenario in greater detail, we plan to expand on this work in the
future by exploring the properties of decaying dark matter and its ability to address the
cosmological tensions. We will also provide an in-depth analysis of the gravitino decay

scenario and the two-step decay and share the specifics of the code produced in this

study in accompanying publications.
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Leading to future work

Lyman-«

The Lyman-« forest power spectrum is an important additional probe of decaying dark
matter models typically created to resolve the Sg tension, which leads to the suppression
of the power spectrum on the scales of £ > 1h/Mpc. The parameter space that addresses
the Sg tension is well compatible with the Lyman-« forest because of suppression of the

power spectrum due to the decay builds up at low redshifts [92,93].

Mathematically, the standard transfer function for WDM can be given as
T(k) = [L+ (k)] (5.6)

where « is a parameter encapsulating the dynamical properties of WDM, which can be
determined numerically through a Boltzmann code like CLASS. Eq. 5.6 is derived from
the estimation calculation for the co-moving particle horizon (since production) with

particle velocity v(t),

tooaQr
s () =~ /t

. a(t’)v<t/)’ (5.7)

Fuss et al. [92] investigate a general DCDM to WDM and DR scenario with relation
to the Lyman-« forest by using the BOSS-DR14 one-dimensional Lyman-« forest power
spectrum [94]. They found that the decay leads to a time-dependent suppression of
the CMB power spectrum resulting in lower values of Sg in the late Universe while still
agreeing with the ACDM model and its success with the CMB anisotropies and galaxy
clustering on the largest scales. Their results confirm that DCDM is a viable candidate

for resolving the Sg tension in agreement with Ref. [28] and our model.

Axino

We can replace the gravitino in our decay with another dark matter candidate, the axino,
with the neutralino decaying into an axino and a photon. In this section, we briefly

describe the properties of the axino.
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The axino is a superpartner of the axion that arises from the strong CP problem
of the standard model. The axino, stable or almost stable on cosmological timescales,
is considered a well-motivated dark matter candidate. They are extremely weakly
interacting (EWIMPs), which gives them different properties to WIMPs and SWIMPs.
Relic axinos can be produced in the hot plasma via thermal production mechanisms or

via the decays of heavy particles in the early Universe [95].

If produced non-thermally via decays of the NLSP, the axinos couple with the SUSY
mother particles with a factor of 1/f,, where f, is the axion decay constant. Like axions,
the axino interactions with the SM are suppressed by a factor of f,. The quantity most
relevant to astroparticle physics is the mass of the axino, which has not been widely
studied, mz. The method to calculate the axino mass is similar to the gravitino mass,
related to the goldstino. Recall that the goldstino is the superpartner of the Goldstone
boson. Hence, the axino obtains its mass with a similar order of magnitude of the

gravitino mass, mg/s |29, 96].

Axinos, although less popular, are electrically and colour neutral making them an
interesting candidate for dark matter. Considering the neutralino as the parent particle,

we can define the relic density of axinos similar to the relic density of gravitinos,

mg mg

100 GeV

Qaz

QWIMP ~ 2.7 X 1010<
mMwiMp

)YWIMP, (5.8)

where Yywmp is the WIMP abundance.

The axino-specific case, along with Lyman-a forest constraints, will be explored in

detail in our accompanying paper that will be released in the near future.
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Chapter 6

Conclusion & Future Work

The standard model of cosmology is a well-accepted paradigm for studying the Universe.
Many experiments so far have been able to measure and identify a variety of observables
that describe our Universe. Results of early and late time Universe measurements have
revealed multiple tensions in the parameters of the ACDM model. In light of these
potential anomalies, researchers have set out in search of new physics in the hopes of

finding resolutions for the tensions.

The existence of the dark sector in the Universe has initiated a multitude of theories
about its role in the evolution of the Universe and its potential to solve any cosmological
tensions. Such approaches explore the potential diversity in the dark sector, which may
be similar to the one in the standard model of particle physics. In addition, there is
active research on decaying dark matter and its explanation for some of the phenomena

observed in the Universe.

This thesis presents details of work performed to study the phenomenology of a
decaying dark matter model to resolve the popular Sg and Hy cosmological tensions.
We achieved this by focusing on the interplay between the Standard Model of particle
physics and its supersymmetric extension, with supersymmetric candidates for dark
matter, which are introduced in Chapter 1. We build on existing decaying dark matter
literature and present a two-step decay model with a combination of cold and warm dark

matter decay products.

Chapter 2 details the timeline of key events in the history of the Universe. The history
of the Universe is the backbone for understanding the characteristics and effects of dark
matter decay at different periods in the evolution of the Universe. Additionally, the

Universe is parametrized by the most popular and well-rounded Big Bang cosmological

7
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model, the ACDM model, also known as the standard cosmological model. The Standard
Model of cosmology and its parameters in Chapter 3. Its parameters and observation
of the cosmic microwave background, also detailed in Chapter 3, form the basis of any
model-building and calculation of beyond-standard-model physics, such as decaying dark

matter.

As a significant part of this research work, we successfully modified a public Boltzmann
code, CLASS, to accommodate our two-step decaying dark matter model consisting
of cold and warm dark matter. A comprehensive guide to the methodology of our
changes and the code performance is presented in Chapter 4. In addition, this work
presents computational and physical verification of the results obtained from the code by
appropriate comparisons to current published literature. Our results agree with popular
findings that decaying dark matter into warm dark matter can resolve the Sg tension,

although not the H tension.

On our path to investigating the complete two-step decay and its effects on the CMB
observables, we point out that cosmological observations can provide excellent constraints
on supersymmetric SuperWIMPs. For example, the CMB energy spectrum, the CMB
temperature and polarisation anisotropies, and the observed light element abundances
provide stringent constraints on the SuperWIMP parameter space, complementary to the
SUSY collider dark matter searches and indirect or direct dark matter experiments. We
provide details of cosmological constraints and our results of our decay model in Chapter
5.

Overall, we have successfully defined all components of a decaying dark matter model,
providing an accompanying modified Boltzmann code and a new method of probing
SuperWIMP parameter space through cosmological observations. In the future, we see
several avenues for improvement and further extension of our decaying dark matter
framework. One such avenue is to consider other dark matter candidates, such as the
axion instead of the gravitino. Additionally, a complete investigation of a general two-step
dark matter decay is in progress, with Monte-Carlo simulations. Finally, a paper detailing
the cosmological constraints on SuperWIMPs and another accompanying our modified
code will be published in the near future. We conclude this work by showing that
research into decaying dark matter phenomenology and cosmological probes to study
WIMP /SuperWIMP behaviour, can advance our understanding of the structure of the

Universe and allow a peek into its secrets.



Appendix

In this section, we have presented the input file we used to develop, test and verify our
modified version of CLASS and produce the results as shown in Fig.5.2. The parameters
are defined in Chapter 4 of this thesis. For a detailed description for each parameter
refer to CLASS documentation Ref. [31].

write warnings = yes

write background = yes

write parameters = yes

root = output/results_1
DM _ mass = 100

tau dedm exo = 2e+422 #seconds
decay fraction = le—8
photon__energy = le—6 #GeV

L C DM parameters

n_s = 0.9673
A s = 2.215e-9
HO = 67.70

Z reio = 8.24
omega_ b = 0.022032
T cmb = 2.7255
omega_ cdm = 0.001
recombination = HyRec

N ur = 2.0328
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1st Decay

—> ExoCLASS (DarkAges)

test_param =1
on the spot = no
energy_deposition_function = DarkAges
DarkAges mode = built in
energy repartition_coefficient = no factorization
injected particle spectra = dirac_photon
injected_particle _branching ratio = 1

2nd Decay
omega_ dcdmdrwdm = 0.12038
M dedm =1
N ncdm =2
background ncdm_ distribution = 0, 1
m_ncdm = 0.06, 0O
Gamma,_ dedm  wdm = le—10
epsilon dedm  wdm = 0.0067

Default

output

lensing

] max scalars
z_ pk

P_k max_ h/Mpc
z_max_ pk

k output_ values

evolver

input_verbose = 1

background verbose =

CLASS parameters
= tCl, pCl, ICl, mPk

= yes
= 2600
= 0,3

1

thermodynamics_verbose

1.0

= 4.0

0.001, 0.01, 0.1, 1
0

=1

perturbations_verbose = 1

transfer verbose = 1

primordial verbose =

1
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spectra_verbose = 1
nonlinear verbose = 1
lensing  verbose = 1

output_verbose = 1
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