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Abstract

This thesis investigates a class of well-motivated beyond the Standard Model
scenarios whose signatures are difficult to probe through conventional laboratory ex-
periments but can be accessed through cosmological and astrophysical observations.
In particular, the thesis focuses on the imprints of dark sector physics on the cosmic
microwave background, the role of primordial black holes in generating dark radi-
ation, which also comes with complementary detection prospects like gravitational
waves, and high-energy astrophysical messengers. These observables provide power-
ful and complementary probes of new physics operating in the early Universe and at
energy scales far beyond the reach of terrestrial experiments. A central theme of this
thesis is the study of light relic species in the early Universe, such as right-handed
Dirac neutrinos and Goldstone bosons, and their connection to well-motivated ex-
tensions of the Standard Model. In the context of light Dirac-neutrino portal dark
matter, both thermal and non-thermal production mechanisms are systematically
investigated, together with the associated dark radiation component. Particular
emphasis is placed on their impact on the effective number of relativistic species
and on structure formation, which provide robust and complementary observational
constraints. The analysis is carried out first within a minimal, phenomenological
framework and subsequently extended to an ultraviolet-complete model. In addi-
tion, the thesis examines the role of ultra-light primordial black holes in the early
Universe and their possible implications for thermalised dark radiation, as well as
for the cogenesis of axion dark matter and baryon asymmetry via leptogenesis. The
associated production of stochastic gravitational waves due to density fluctuations
and hot dark radiation from ultra-light primordial black holes provides promising
avenues for probing such scenarios through current and future observations. Finally,
the thesis investigates possible interpretations of two recently observed ultra-high-
energy events in terms of the decay of superheavy dark matter. Adopting a multi-
messenger approach that combines constraints from ultra-high-energy cosmic rays,
neutrinos, and gamma rays, updated bounds on superheavy dark matter parameter
space are provided. The non-observation of the corresponding gamma-ray counter-
parts places the dark matter interpretation of these events under significant tension.
Overall, this thesis demonstrates that several beyond the Standard Model scenarios
can be robustly constrained using cosmological and astrophysical probes, highlight-

ing the crucial role of next-generation cosmic microwave background observations,
xvii
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gravitational-wave detectors, and high-energy observatories in uncovering the nature

of dark matter and the physics of the early Universe.
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Introduction

The quest to understand nature drives scientific inquiry from the smallest con-
stituents of matter to the largest structures in the Universe. Since the discovery
of the electron in 1897, particle physics has made remarkable progress, culminating
in the establishment of the Standard Model (SM) of particle physics [1-5]. The
discovery of the last missing particle of the model, the Higgs boson, at the Large
Hadron Collider (LHC) in 2012 [6, 7] marked a major milestone, confirming the

mechanism responsible for the generation of masses of elementary particles.

In parallel, cosmological observations have led to the development of the stan-
dard model of cosmology (ACDM) model, which is based on General Relativity and
supported by measurements of the cosmic microwave background (CMB)[8-11],
large-scale structure [12-14], and type Ia supernovae [15, 16]. According to this
framework, the present-day energy budget of the Universe consists of approximately
68% dark energy, 27% dark matter (DM), and 5% baryonic matter, while radiation,
composed of photons and neutrinos, contributes less than 0.01%. Remarkably, the
ACDM model, described by only six cosmological parameters, successfully explains
the evolution of the Universe over the past 13.8 billion years. Together, the SM
of particle physics and the ACDM cosmological model provide a coherent descrip-
tion of the fundamental constituents of matter and the large-scale evolution of the

Universe.
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Chapter 1 Introduction

Despite their extraordinary successes, both the SM and the ACDM frameworks
face several important theoretical and observational challenges. Astrophysical and
cosmological observations strongly indicate the existence of a non-luminous and
weakly interacting DM component, yet no viable dark matter candidate exists
within the Standard Model. Furthermore, the observation of tiny but nonzero neu-
trino masses [17] cannot be accommodated in the minimal SM. Additional unre-
solved issues include the strong CP problem, the origin of the matter-antimatter
asymmetry, and the hierarchy problem. Addressing these puzzles generally requires
extensions of the SM that introduce new particles and interactions. For example,
models of leptogenesis[18, 19] that explain the baryon asymmetry often invoke heavy
right-handed neutrino (RHN), while the axion is a well-motivated particle proposed
to solve the strong CP problem [20-22]. On the cosmological side, the ACDM
model also faces challenges, including the persistent Hubble tension [23-27], which
refers to the 3o0—4o discrepancy between early- and late-time determinations of the

present expansion rate of the Universe.

Although many beyond the Standard Model (BSM) scenarios have been pro-
posed to address these problems, probing them in terrestrial experiments is often
extremely challenging, particularly when the new particles are either very heavy or
very weakly interacting. In this context, cosmology provides a powerful and com-
plementary avenue for testing new physics. Particles present in the early Universe
can leave characteristic imprints on cosmological observables, which can be probed
through precision measurements. Rapid advances in observational technology, to-
gether with current and upcoming ground-based and satellite missions, are expected
to achieve sub-percent level precision, enabling stringent constraints on even fee-
bly interacting species. For instance, precise measurements of the CMB can probe
the radiation energy density during recombination and thus constrain additional
light relativistic species, while the detection of primordial gravitational waves would
open a direct observational window to the earliest epochs of cosmic history. Such
cosmological probes have the potential to test both SM and BSM physics, extending

sensitivity to energy scales far beyond those accessible in laboratory experiments.

The primary goal of this thesis is to investigate several well-motivated BSM
scenarios that are difficult to probe through collider or direct-detection experiments

and to study their cosmological signatures, with particular emphasis on observables
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associated with the CMB, gravitational waves, and high-energy astrophysical mea-
surements. Our focus will mainly be on scenarios involving dark matter, Dirac and
Majorana neutrinos, and ultra-light primordial black holes (PBHs). In the following
sections, we briefly review the foundations of the Standard Model of particle physics
and the standard cosmological framework, along with the theoretical motivations
for dark matter and neutrino mass generation, which set the stage for the detailed

studies presented in the subsequent chapters.

Throughout this thesis, we work in natural units in which the speed of light ¢,
the reduced Planck constant A, and the Boltzmann constant kg are set to unity, ¢ =

h = kg = 1. Planck mass and the reduced Planck mass are defined as Mg, = (G)™!

and M3 = (87G)~! respectively, where G is Newton’s gravitational constant.

1.1 Review of ACDM Cosmology

Modern cosmology is founded on Cosmological Principle, which states that : On
sufficiently large scales (typically of order 300 Mpc or so), the Universe can be
well approximated as homogeneous and isotropic. Within the framework of General
Relativity, the dynamics of such a universe are governed by Einstein’s equations

with a cosmological constant [28]
1
R, — §ng, =81G' T, — Aguu, (1.1)

where R, is the Ricci tensor, 7}, is the energy-momentum tensor, G is the Newton’s
constant and A represents the cosmological constant. R is the Ricci scalar defined
as R = ¢g"R,,. The solutions of Eq. (1.1), describe the evolution of the universe

where the metric g, is specified using the Cosmological principle as

2

1—kr?

ds® = —dt* + a*(t) + 1r2d6? + r* sin? 0dp* | . (1.2)
This metric is known as Friedmann-Lemaitre-Robertson-Walker (FLRW) metric.
The parameter a is the scale factor, which characterizes the expansion of the Uni-
verse and is conventionally normalized such that ag = 1 today. The coordinates
(t,r,0,¢) are the comoving coordinates, and curvature parameter k determines the

spatial geometry: k = —1,0,4+1 correspond to open (negative curvature), flat,

3
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and closed (positive curvature) spatial slices, respectively. Solving Eq. (1.1) for
FLRW metric and considering the energy-momentum tensor as that of a perfect
fluid T# = diag(—p(t), P(t), P(t), P(t)), one obtains the following equations known

as Friedmann equations [29]

o\ 2 N 2 .
a kE  8nG a a k
e = (¢t - 2— + — = —8wG P(t). 1.3
(8) +5=5000. (8) 422+ L= -snap0) (13)
Here, p and P are the energy density and pressure of various components in the
reference frame of a comoving observer, and " represents the time derivative. Using
the Eq. (1.3), and parameterizing the relation between energy density and pressure
P(t)

by constant equation of state w = Y OR the continuity equation can be obtained

p+3H(1+w)p=0. (1.4)

We introduce the Hubble Parameter here as H = g The standard cosmological
model, the ACDM model, describes the Universe as being composed primarily of
three components: radiation (w = 1/3), matter (w = 0), which includes both bary-
onic matter and dark matter, and dark energy, modeled as a cosmological constant

with w = —1. Solving Eq. (1.4) for these components yields

= <@)3, 0" =g <@)4, p? = pf, (1.5)
a a

where the subscript ( denotes the present-day value of the corresponding quantity.
Thus, the matter energy density scales as a2, the radiation energy density scales as
a~*, while the dark energy density remains constant in time. In the very early Uni-
verse, the energy budget was dominated by radiation. Since radiation redshifts faster
than matter, the Universe eventually reached an epoch at which p™ = p", known
as the matter-radiation equality epoch. At later times, because matter continues to
dilute as a=3 while dark energy remains constant, the Universe entered the matter-
dark energy equality epoch in the recent past. Today, the Universe is dominated
by dark energy, leading to the observed phase of accelerated expansion. In fact, a
wide range of cosmological observations indicate that the dark energy equation-of-
state parameter is consistent with w ~ —1, thereby motivating the inclusion of a
cosmological constant A in the ACDM model [30]*.

!Recent results from the DESI collaboration indicate a preference for models with dynamical
dark energy; see, e.g., [31-33].
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It is often convenient to characterize the energy content of the Universe in
terms of critical energy density, defined as p.(t) = 3?7522
of each component i is then quantified by the density parameter €;(t) = Z ((2 The
total density parameter can then be expressed as Qo (t) = >, Qi(t). Using these

. The relative contribution

definitions, the first Friedmann equation can be rewritten as

k
a?H?’

Qtot = 1 == (16)

Therefore, €2,s = 1 corresponds to a spatially flat Universe, while Q. < 1 and
Qot > 1 describe open and closed geometries, respectively. Measurements of the
CMB acoustic peaks strongly indicate that €2 is very close to unity, implying that

the Universe is consistent with being spatially flat.

1.1.1 Evolution and thermal history of the Universe

In the early Universe, particle species were kept in thermal equilibrium because
interaction rates were much larger than the Hubble expansion rate. This thermal
picture is strongly supported by the observed near-perfect blackbody spectrum of the
CMB. The energy of a particle in the plasma is &/ = \/m ~ T, with T" denoting
the temperature of the thermal bath. At sufficiently high temperatures all species
were relativistic (p > m), implying a radiation-dominated Universe. The number
density n, energy density p, and pressure P of a species are obtained from phase-
space integrals over the equilibrium distribution function f(p, u, T'). In equilibrium,
the distribution is f(p,u,T) = [e(E*“)/T + 1}_1, with the plus sign for fermions
(Fermi-Dirac statistics) and the minus sign for bosons (Bose-Einstein statistics).
The chemical potential u, quantifies the response of the system to changes in parti-
cle’s numbers. In the early Universe, it is negligible compared to the temperature,

1 < T, and can be ignored for most cosmological applications.

Although the general expressions for n, p and P must be evaluated numerically,
simple analytic results are obtained in the relativistic and non-relativistic limits. In
the relativistic limit (7" > m),

. %gT?’ for boson, . §—39T4 for boson, p_P (1.7)
%% gT? for fermion, %g—; gT*  for fermion, 3
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((3) here denotes the Riemann zeta function of order 3. In the non-relativistic regime
(T < m), the number density is exponentially suppressed, n oc g(mT'/2m)3/2e=™/T
while the energy density is dominated by rest mass, p >~ mn, and the pressure be-
comes negligible compared to p. This exponential “Boltzmann suppression” reflects
the fact that once a species becomes non-relativistic, particle-antiparticle annihila-
tion depletes its abundance and pair production from the thermal bath is no longer
efficient. This behavior has important implications in early-Universe cosmology,

particularly for the thermal history and production mechanisms of dark matter.

For a plasma containing multiple relativistic species, the total energy density

can be written in the compact form

71_2

%g*(T) T, (1.8)

p p—
where ¢,(T') is the “effective number of relativistic degrees of freedom” at temper-
ature T, and is obtained by summing over the contributions from all bosons and

fermions

1=F

00 =320 () + > (% ) (19)

At a temperature above the electroweak scale, T' > 100 GeV, all species of the SM
are relativistic and share a common temperature 7', giving an effective number of
relativistic degrees of freedom g, = 106.75. As the Universe cools, heavier particles
become non-relativistic and gradually disappear from the thermal bath or equiva-
lently, stop contributing to g,. A commonly used analytical estimate for the decou-
pling temperature is T ~ m/6. Around T ~ 100 GeV, the electroweak symmetry of
the Standard Model is spontaneously broken, after which particles acquire masses
through the Higgs mechanism, although many of them remain relativistic at that
epoch. A more pronounced change in the effective number of relativistic degrees of
freedom occurs during the Quantum Chromodynamics (QCD) phase transition (or
crossover) at 7' ~ 150 MeV, when quarks and gluons become confined into hadronic

bound states, resulting in a rapid decrease in g,.
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Another closely related quantity is the entropy density s = (p + P)/T', which

can be expressed as (for all species)

22 . 7 (T\* T:\*
=T, i 0= 50 (2) + X0 (2) . aw
—F =B

%

The quantity g¢.s(7) is the “effective number of degrees of freedom in entropy”
at temperature 7. In thermal equilibrium, the entropy per comoving volume is

conserved, sa® = const, implying

Gus(T)T3a® = const. (1.11)

Therefore, if g,, remains constant, the temperature scales as T' o< a™ .

However,
when a species becomes non-relativistic and annihilates, its entropy is transferred
to the remaining relativistic particles, changing g., and causing the temperature to

1

decrease slightly more slowly than a™" across such transitions.

A standard example occurs around the MeV scale. At T' ~ 10 MeV, the thermal
bath consists of photons, electrons/positrons, and neutrinos, giving g, = g.«s = 10.75.
Neutrinos were decoupled from the thermal bath (due to weak interaction rate) at
around 7'~ 0.8 MeV and subsequently free-stream. But even after the decoupling,
the temperatures of neutrino and photon remain the same till the electron positron
annihilation, as both species are relativistic. The electron-position pair annihilates
after neutrino decoupling, resulting in entropy transfer to the thermal bath. As
neutrinos do not receive any entropy, the temperatures of neutrinos and photons
after electron-positron annihilation no longer remain the same. In the instanta-
neous decoupling limit of neutrinos, the ratio of neutrino temperature and photon

temperature becomes (using Eq. (1.11) for entropy conservation)

T, 40\ /3
ol

The above relation remains valid from e* annihilation until today. Using the ob-
served CMB temperature T, = 2.7255 K, this gives a present-day neutrino tem-
perature Ty, ~ 1.95 K. Consequently, the cosmic neutrino background has a large
number density, ng, ~ 112 cm™3 per neutrino species, although its direct detection

remains extremely challenging due to the very small neutrino energies at present.
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The formation of light nuclei in the early Universe is described by Big Bang Nu-
cleosynthesis (BBN) which also takes place at around MeV scale (time, t ~ 1—10%s).
The important quantity for the formation of light elements is the neutron-to-proton
ratio, n,/n,. When protons and neutrons are in equilibrium due to weak interac-

tions, we have n,, /n, =~ e(mn=m»)/T

, where m,, —m,, ~ 1.293 MeV. At a temperature
below T' ~ 0.7 MeV, the weak interaction rates become slower than the Hubble ex-
pansion, and hence the ratio n,,/n, freezes out. After freeze-out, free neutrons decay
until nuclear reactions start efficiently. Once the deuterium bottleneck was overcome,
nuclear reactions proceeded quickly and produced helium-4, *He as the dominant
product with the helium fraction Yp = 4”;; =~ 0.25. The other light elements are

produced in a smaller amount np/n, ~ O(107°) and nry;/n, ~ O(107'°%). Because

these abundances depend sensitively on the baryon density and the relativistic en-
ergy content of the Universe, BBN provides one of the earliest quantitative tests
of the standard cosmological model and yields powerful constraints on additional
relativistic species or other new physics that could modify the expansion history at

early times.

Following BBN, two major events in the thermal history of the Universe are the
epoch of matter-radiation equality and the subsequent formation of the first neutral
atoms, known as recombination, which is closely followed by photon decoupling. The
Universe becomes matter dominated at a temperature of approximately 7" ~ 0.75
eV, and as it cools further to 7" ~ 0.25-0.30 eV, free electrons and protons combine to
form neutral hydrogen. Once the temperature drops below T' ~ 0.4 eV, photons are
no longer energetic enough to efficiently ionize hydrogen, allowing recombination to
proceed rapidly and causing a sharp decrease in the free-electron number density. As
a result, the Thomson scattering rate, I', ~ n.or, falls below the Hubble expansion
rate, leading to the decoupling of photons from the baryonic plasma. From this point
onward, photons propagate freely with mean free paths larger than the horizon scale.
This transition occurs at a redshift z ~ 1090, and the photons released during this
epoch are observed today as the CMB, whose spectrum has been redshifted into the

microwave region of the electromagnetic spectrum.
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1.1.2 The perturbative Universe

The small perturbations in the early Universe are responsible for the structures
that exist today. In the early Universe, the perturbations in the photons, electrons,
baryons, neutrinos, and dark matter are coupled tightly with the perturbations in the
gravitational field, and hence need to be treated simultaneously. Due to cooling and
expansion of the Universe, species get decoupled from one another with time. This
leads to the non-equilibrium phenomena which can be described by the Boltzmann
equations. The Boltzmann equations in its simplest form can be written as

& —Hogl = /] (1.13)
Here, f is the distribution function and right hand side (RHS) denotes the collision
term. This equation helps to get the evolution of different species in a perturbative
Universe. The choice of perturbed metric is not unique due to the coordinate inde-
pendence of general relativity. The perturbed metric in the conformal Newtonian

gauge is written as
ds® = a*(n) [=(1 + 2W(Z,n)) dt* + (1 + 2®(Z,n)) 6;; dz'da?], (1.14)

where n = fot dt' [a(t") represents the conformal time. Although the metric above
contains only the scalar perturbations, vector and tensor perturbations can also be
present. However, the scalar perturbations only couple to matter perturbations and
hence the most important for the purpose of this thesis. Moreover, at the linear
order, the scalar, vector and tensor components evolve independently and hence, do

not affect one another.

For writing down the Boltzmann equation for photons, it is convenient to write

the distribution function of photon as

—1
f(@5,t) = (emmeimma — 1) (1.15)

where © is the small fluctuations around background temperature 7', p and p denote
the magnitude and direction of photon momentum, respectively. The dependence of
O on ' and p describes the small spatial inhomogeneities and directional anisotropies
around an otherwise smooth background. With this distribution function along with

the perturbed metric and considering photon scattering off electrons, the perturbed

9
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equation in Fourier space can be expressed as (neglecting the angular dependence

of Compton scattering) [34, 35]

de dd dV¥
=k iku©y + 7k i/{:u—k = —n.oralOyx — O + L uy). (1.16)
dn dn dn

Here, n., or and u are number density of electrons, Thompson scattering cross-

section and velocity of combined proton-electron fluid respectively. The subscript ,
Ep
, T
is the cosine of the angle between the wavenumber k& and the photon direction p.

indicates the representation of a quantity in its Fourier space. The parameter y =
The [-th mulipole moment of the temperature field is denoted by

1 1
0= 5= / AP 1) (1.17)

with P, being the Legendre polynomial of order .

The Eq. (1.16) is one of the most important equations in obtaining the CMB
anisotropy spectra. Similar to Eq. (1.16), the equations for cold dark matter (CDM)

are read as
do, . d®;,
— + ik 3— =0 1.18
d77 +1 Vk = d77 5 ( )
d da/d
dve  dajdn, g, — 0, (1.19)

dn

where v is the velocity of CDM and ¢ is the perturbation in its energy density defined

as 0 = 26am with p° being the average energy density of CDM. The RHS of both the
dm

equations are zero, which implies that cold dark matter do not interact with other

species physically. They affect other species only via gravitational potential.

The equations for proton-electron fluid are

Aoy p . d®y,
_dn +1 UL dT’ ) ( )
d da/d 4
Vk,b Cl/ Tluk Zk\Ijk _ neaTaﬁ[Bi@Lk -+ u]’ (121)
dn 30

with d, being the perturbation in the energy density for proton-electron fluid p, repre-

sents its background energy density. The role of Boltzmann Solver like CLASS [36] and

10
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CAMB [37] is to precisely solve the above Boltzmann equations. (for a comprehensive

treatment of cosmological perturbation theory, one may refer to Refs. [35, 38-41]).

The above equations define how the perturbations evolve in presence of the
metric in (1.2). These equations are accompanied by two other equations. These
two equations encode how the perturbations affect the gravitational field. These two

equations are [34]

k2®k+3da/dn (d@k 2 \Ijkda/dn

a dT] % > = 47TGCL2[,0dm(5k + pbéb,k + 4pfy@0’k], (122)

kQ((I)k aF \Ifk) = —327?G&2[p7@27k]. (1.23)

Solving these equations requires the initial condition for each of these vari-
ables. Fortunately, at very early times, when all the perturbations of interest have
wavelengths (1/k) much larger than the comoving horizon (kn < 1), many of the
variables can be related to one another. Thus, knowing the initial condition for one
of these variables (say ®) is sufficient to solve the equations. This initial condition
is obtained from inflation, a phase of extremely rapid expansion believed to have
occurred in the very early Universe, prior to the radiation-dominated era. During
Inflation, the scale factor increased nearly exponentially, stretching quantum fluctu-
ations generated on microscopic scales to super-horizon, cosmological scales, where
their amplitudes became effectively frozen. These primordial perturbations later re-
entered the horizon during the evolution and provided the seeds for the formation of
cosmic structures. A gauge-invariant curvature perturbation, ¢, can be constructed,

for which the primordial perturbation spectrum can be written as
k ns—1
P(k) = A, (—) : (1.24)
ko

where, A is the power-spectrum amplitude and n, is the spectral index. kg is an

arbitrary pivot scale and is commonly set to ky = 0.05 Mpc™!.

The above equations lay the foundations for obtaining the required observables
and matching with the data. Two main observables required for the purpose of
our discussion are the matter-power spectrum and the temperature (anisotropy)

spectrum. The matter power spectrum, P(k) is defined as

(67 (Ko (k)Y = (27)*P(k)6°(k — k). (1.25)
11
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The anisotropy spectrum is obtained by writing © in terms of spherical harmonics,

Yim, and then taking the two-point correlation function of the coefficient by,,:

00 l

=1 m=-—I

bty = OO OF L. (1.27)

Here, the expansion coefficients by, are called the multipole moments, and C/7 is
the anisotropy (temperature) power spectrum. In the next section, we discuss the
six-parameter ACDM model and its implications for the temperature anisotropy

power spectrum.

1.1.3 The six-parameter ACDM model

It is remarkable that the vast array of modern cosmological measurements can be
consistently explained within the compact six-parameter ACDM model [25, 42].
These six parameters, however, do not encompass all possible cosmological degrees
of freedom, such as the sum of neutrino masses, a dynamical dark energy equation
of state, or the amplitude of primordial tensor perturbations. Nevertheless, it is
reasonable to omit such extensions, since these additional parameters are not directly

constrained by the CMB temperature power spectrum.

The six free parameters are

e The two parameters A, and n, from the primordial power spectrum.
e The baryon density, wy, = Quh2.
e The total matter density wy = (Q + Qpwm )R>

e The current Hubble constant, Hy = 100 h km s~! Mpc~t. hor Hy can be traded

with 24 as we assume the Universe to be spatially flat . The parameters {25

and h are related by h = y/war /(1 — Qy).

e The optical depth to reionization, Tieon, Which quantifies the integrated prob-
ability that a CMB photon has been Thomson scattered by free electrons

produced during the epoch of reionization.

12
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Figure 1.1: Temperature power spectrum of Planck 2015 data [43] (shown in the
blue color). The red best fit theoretical spectrum of the ACDM model is shown
by the red line.

The photon energy density, w, = 2,h? today is taken to be a fixed parameter
as CMB temperature is precisely measured, Ty = 2.7255 K. The other parameters
like effective number of neutrino species, Ng and primordial Helium fraction, Yp,
are kept fixed and standard values Neg = 3.044 [44] and Yp = 0.2471 [25, 45].
However, in the presence of extra relativistic species in the early Universe, N.g
should be used as the seventh parameter. The Fig. 1.1 shows the best-fit theoretical
CMB temperature anisotropy power spectrum (red curve), obtained by numerically
solving the complete Boltzmann equations discussed in section 1.1.2 using CLASS

[36], together with a comparison to the Planck 2015 measurements [43].

The primary motivation for assuming a spatially flat Universe arises from the
observed position of the first acoustic peak in the CMB temperature power spectrum.
The position of the first acoustic peak is highly sensitive to the spatial curvature of
the Universe through its dependence on the angular diameter distance to the surface
of last scattering. Precise measurements of this peak led to the conclusion that the
geometry of the Universe is very close to being spatially flat. Moreover, the epoch
of matter-radiation equality is primarily set by wys, since the photon density w, is
measured with high precision. Likewise, the onset of matter—dark energy equality is
fixed by ) or h.

Let us now briefly discuss some important changes in the CMB temperature

power spectrum as a result of change in parameters. These will be helpful in the

13
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next chapter where we will discuss the variation of CMB spectrum with Neg [46].

1. The locations of the acoustic peaks are determined by the angular size of
the comoving sound horizon. This depends on the expansion history of the
Universe and on the sound speed of the photon—baryon fluid, and is therefore

sensitive to wy, wys, and h.

2. The relative height (contrast) between the odd and even peaks is primarily set

by the baryon density, wy.

3. The overall amplitude of the peaks depends on the amount of expansion be-
tween matter-radiation equality and recombination. Since the redshift of re-
combination is largely fixed by thermodynamics, the peak amplitudes mainly

depend on wy; through its effect on the epoch of matter-radiation equality.

4. The damping of peaks at large [ limits is controlled by the angular size of the
photon diffusion (damping) scale, and is therefore also affected by wy, wys, and

h.

Having established the cosmological framework and the parameter dependence
of the CMB observables, we now turn to the underlying particle physics descrip-
tion that determines the microscopic particle content of the Universe, namely the

Standard Model of particle physics.

1.2 The Standard Model of Particle Physics

In this section, we present a concise overview of the Standard Model of particle
physics, emphasizing its particle spectrum, underlying gauge symmetries, and con-
ceptual limitations. This brief summary establishes the theoretical framework nec-
essary for the subsequent discussion of physics beyond the Standard Model, which

forms the central theme of this thesis.

The Standard Model describes the fundamental interactions of nature (exclud-
ing gravity) within the framework of quantum field theory. It provides a unified

description of the strong, weak, and electromagnetic forces and incorporates all

14
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Spin Fields SUB) @ SU2),@U(1)y
U & t
QLQ - <d> ) < ) ) <b> (37 27 1/6)
Quarks L\ L

1 Ur, = UR, Cr,tR (3,1,2/3)
’ Dg, = dg, sr,br (3, 1,-1/3)
L t lLa . <Ve> 7 (Vu> 7 (VT> (17 2’ _1/2>

eptons e . Ju! . T L

ERa = €ER, MR, TR (17 17 _1)

G (8, 1,0)

1 | Gauge bosons W23 (1, 3,0)

BM (]-7 17 0)

0 Scalar Higgs: H (1,2,1/2)

Table 1.1: Particle content and their charges under SU(3)c ® SU(2)r, @ U(1)y
gauge symmetry. Electromagnetic charge is obtained by @ = I3 + Y, where I3
denotes the third component of isospin.

presently known elementary fermions, gauge bosons, and the Higgs scalar [1, 4, 47—

50]. Mathematically, the theory is constructed from the gauge symmetry
SUB)e® SU(2), @ U(1)y,

where the subscripts C, L, and Y denote color charge, left-handed weak isospin, and

weak hypercharge, respectively.

The electroweak interactions arise from the subgroup SU(2); ® U(1)y and are
mediated by four vector bosons, W; (i = 1,2,3) and B,,. The strong interaction is
governed by SU(3)¢ and is transmitted by eight gluon fields G, (a = 1,...,8). In
total, the gauge sector therefore contains twelve spin-1 mediators. The complete set
of fields and their quantum numbers under the SM gauge group are summarized in
Table 1.1.

The matter content of the theory consists of three generations of spin-% fermions.
Because the weak interaction is chiral, the left- and right-handed components trans-
form differently under SU(2).: left-handed fermions assemble into weak doublets,

whereas right-handed fermions are singlets. The fermionic spectrum includes both

15
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quarks and leptons, together with their corresponding antiparticles. The quark sec-
tor comprises three generations of up-type quarks (u, ¢, t) and down-type quarks
(d, s, b).

Organizing the fields according to their SU(2);, transformation properties, the

quarks are written as

0= (9),.9), 1),

Ur, = (Ur, cr, tr),  Dr, = (dr, sr, br), (1.28)

where (), denotes the left-handed quark doublets and Ug,, Dpg, represent the
right-handed singlet states for the up- and down-type quarks, respectively. The

index a = 1,2, 3 labels the three generations.
An analogous structure appears in the leptonic sector:

oo = (), (), ().

ER, = (€r, /iR, TR), (1.29)

where v,, v,, and v, denote the neutrinos and e~, u~, and 7~ the corresponding
charged leptons. Within the minimal Standard Model, neutrinos appear only as

left-handed fields and no right-handed neutrino states are included.

Finally, the scalar sector contains a single weak doublet, the Higgs field, which

is a spin-0 boson responsible for electroweak symmetry breaking,

H = (gg) , (1.30)

whose charged and neutral components are denoted by H+ and H°, respectively.

1.2.1 The Standard Model Lagrangian

With all the particles and the symmetry introduced, the SM Lagrangian is written
as Lsm = Laauge T Lrermion + Lyukawa + Lscalar With different sub-parts explained

below.

16

TH-4099_206121109



Chapter 1 Introduction

Gauge sector : The kinetic terms for the gauge fields are given by

1 L]
Lomge = =G5, G = JW,, W — B, B (1.31)

The associated field-strength tensors read

Gy, = .Gy — 0,G5 + g [ GG, (1.32)
W, = 8.W;, — 8,W,, + goc”* WIW}, (1.33)
B,uu ¥ 8,uBy == auB;u (134)

where G, W, and B, correspond to the gauge bosons of SU(3)¢, SU(2)r, and
U(1)y, respectively. Here g3 and g denote the non-Abelian gauge couplings of
SU(3)¢, SU(2)L respectively with £ and €Y% being the corresponding structure

constants. As U(1)y is Abelian, the hypercharge field has no self-interaction terms.

Fermion sector: Quarks and leptons are spin—% fields whose kinetic terms

share a universal form,

EFerrnion - Z&’Y“D;ﬂﬁ; (135)
where the covariant derivative introduces gauge interactions,

7.1' 2@

Dy = 0y — ig1Y By — igo w; — i3 G (1.36)

Here ¢, is the hypercharge coupling, while 7/ and A\ represent the generators of
SU(2), and SU(3)¢ (Pauli and Gell-Mann matrices) respectively. For a field which
is a singlet under SU(3)¢ or SU(2), the covariant derivative does not contain the

corresponding gauge fields.

Scalar and Yukawa sector: The gauge-invariant Yukawa couplings between

the Higgs and fermions are written as
‘CYukawa = _QLa (Yu)ab’ﬁUR,g - QLQ (}/;l)a,BHDRg - ZLa (m)aBHERB + h-C'7 (137>

where H = ioo H*. After spontaneous symmetry breaking, these interactions gener-

ate all charged fermion masses.
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Finally, the scalar part of the Lagrangian is described by
Lseatar = (D,H)(DFH) = V(H),  V(H)=pfH H+ X g(H'H)?.  (1.38)

Here, p% and Ay are the quadratic and quartic couplings of the Higgs field, respec-
tively.

1.2.2 Generation of masses

The masses of all charged fermions and weak vector bosons in the SM are generated
via Spontaneous Symmetry Breaking. For u% < 0, the Higgs potential develops a

non-zero minimum and the field acquires the vacuum expectation value (VEV)

(H) = (U/(i@) o v=y/-uk/ (1.39)

This spontaneously breaks SU(2);, x U(l)y — U(1)gm. As a result, three gauge

bosons become massive,
g2v

g2v
Mo = 22Y M, —
W i’ 2= 9cos by’

(1.40)

while the orthogonal combination remains massless and is identified with the photon.

The physical fields are

1 ’ :
Wjﬁ - E(Wj F ZWE), Z, = cos QWWB — sinbw B,,,
A, = sin QWW;)’ + cos Ow B,,, where Oy = tan™" (2) . (1.41)
92

The angle Oy is known as the Weinberg angle. The eight gluons of SU(3)¢ remain

massless since color symmetry is unbroken.

Expanding around the vacuum in the unitary gauge, H = \/LE (U _?_ h> , reveals

the physical Higgs boson with mass m; = v2Av. Substituting this vacuum config-

uration into the Yukawa terms yields fermion mass matrices,

(%

<mu>a5:%<maﬁ, (a3 = 5(Vidas (Me)as =

(%

(Y2)ap- (1.42)

3
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Within the minimal formulation of the SM, neutrinos are predicted to be massless

due to the absence of right-handed neutrino states.

1.3 Beyond the Standard Model

The Standard Model has proven to be remarkably successful, providing an excep-
tionally accurate description of particle interactions at the electroweak scale. Never-
theless, it remains incomplete and leaves several fundamental questions unresolved.
Below, we highlight some of the issues that are particularly relevant to the scope of
this thesis.

e Dark matter : Multiple observational evidences, including the CMB power
spectrum as discussed in section 1.1, provide strong evidence for a non-luminous
and non-baryonic DM with Qpyh? ~ 0.12 [51-53]. However, SM does not offer
a potential DM candidate capable of explaining this observed abundance. In
this thesis, our aim is to explore the particle nature of DM in different BSM
scenarios and investigate their potential signatures through CMB observations

and indirect detection.

e Neutrino Mass : Neutrino oscillation data confirm that neutrinos have tiny
but non-zero masses, in conflict with the minimal Standard Model prediction
of massless neutrinos [17, 54-56]. This provides a strong motivation for physics
beyond the Standard Model [57, 58], a possibility explored in this thesis.

e Strong CP problem : The SM predicts CP violation of order § ~ O(1)
in strong interaction. However, no CP violation is observed in the strong
sector putting an upper bound § < 107 [59]. The problem can be solved by
Peccei-Quinn (PQ) theory that introduces a new pseudo Nambu-Goldstone
bosons known as axions [20-22, 60-63]. Interestingly, axions can behave as
DM as well as dark radiation (DR) depending on their production mechanism
and coupling strength [64, 65]. We discuss such a scenario and its detection

prospects in one of the chapters of the thesis.

e Matter anti-matter asymmetry : Evidence from cosmological and astro-

physical observations suggests an excess of matter over antimatter, quantified
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by the baryon-to-photon ratio nz ~ 6.1 x 107 [66]. The generation of this
matter-antimatter asymmetry requires the three Sakharov conditions [67] to
be satisfied. Although these conditions can, in principle, be realized within
the SM, it fails to produce the observed asymmetry in sufficient amount [68].
In one of the chapters, we discuss the generation of baryon asymmetry from
heavy Majorana neutrinos [18, 19, 69] and their possible phenomenological

signatures.

Apart from these shortcomings, the SM also faces several additional issues,
including the hierarchy problem, gauge coupling unification, and Higgs vacuum sta-
bility. These limitations provide strong motivation to consider scenarios beyond
the SM. In the following, we discuss mechanisms for dark matter production and
neutrino mass generation, which play an important role in most of the subsequent

chapters in this thesis.

1.3.1 Dark Matter

One of the earliest indications of dark matter dates back to 1933, when Fritz Zwicky
studied the Coma Cluster and found that the visible mass of its galaxies was insuf-
ficient to account for the observed velocity dispersion, leading him to propose the
existence of unseen matter [70]. More convincing evidence emerged in the 1970s
from measurements of galactic rotation curves. Observations by Vera Rubin and
collaborators showed that the rotational velocities of stars in spiral galaxies remain
nearly constant at large radii, as shown in the left panel of Fig. 1.2, rather than
decreasing as expected from Newtonian dynamics [71]. These flat rotation curves
point to the presence of an extended, invisible mass component surrounding galaxies,

now identified as dark matter.

Gravitational lensing offers an independent and robust probe of dark matter.
In general relativity, massive objects curve spacetime and deflect light from back-
ground sources, allowing the total mass distribution to be mapped. Observations of
both strong and weak lensing in galaxy clusters reveal significantly more mass than
can be accounted for by visible matter alone. A notable example is the Bullet Clus-
ter (1E0657-558), where lensing measurements show a clear separation between the

baryonic gas observed in X-rays and the dominant gravitational mass component,
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VELOCITY IN PLANE OF GALAXY (km s")
2

DISTANCE FROM NUCLEUS (kpc)

Figure 1.2: Left panel: Rotation curves of 21 Sc galaxies as a function of radial

distance from the galactic center. Right panel: The Bullet Cluster (1E0657-

558), indicating the collisions between two galaxy clusters; X-ray emission (pink)

traces hot baryonic gas, while gravitational lensing (blue) maps the dominant dark

matter distribution. The left and right panels are taken from Ref. [73] and [72],
respectively.

providing direct evidence for a collisionless dark matter halo [72]. These results pro-
vide direct evidence of the existence of DM and also strongly constrain its interaction

strength.

Another prominent piece of evidence for the existence of DM comes from the
CMB temperature and matter power spectra. Precision measurements of the tem-
perature anisotropies in the CMB by both Wilkinson Microwave Anisotropy Probe
(WMAP) [74] and Planck [25] hint towards the presence of a significant amount of
DM at cosmological scales. The acoustic peak structure of the temperature power
spectrum is highly sensitive to the total matter content of the Universe. As discussed
in section 1.1, the observed relative heights and positions of these peaks cannot be
explained by baryonic matter alone and instead require a substantial non-baryonic
matter component. This is shown in Fig 1.3. Analyses of CMB data therefore in-
dicate that DM constitutes a significant fraction of the cosmic energy density at
present, far exceeding the baryonic contribution. Recent Planck 2018 data reports

the present value of DM density as [25]
Qpumh? = 0.120 £ 0.001 (1.43)

at 68% CL. Similarly, observations of large-scale structure [75], together with N-body
simulations [76] of structure formation, provide strong evidence for the presence of

dark matter.
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Figure 1.3: Variation of the CMB temperature anisotropy power spectrum for

different values of Qpah?. The best-fit spectrum is shown in blue. In each case,

the total energy density is fixed to ot = 1 by adjusting 24 to compensate for
changes in Qph?.

Although a wide range of astrophysical and cosmological observations firmly
establish the existence of dark matter, its particle nature remains unknown. Within
the SM, neutrinos are the only neutral and weakly interacting particles that could
resemble dark matter; however, their tiny masses make them relativistic in the early
Universe, causing them to behave as hot dark matter and preventing the formation
of small-scale structures. Moreover, their relic abundance is insufficient to explain
the present observed density. In the following, we discuss two well-known BSM
DM candidates, namely, weakly interacting massive particle (WIMP) and feebly

interacting massive particle (FIMP), together with their production mechanisms.
WIMP DM:

The WIMP paradigm has long been one of the most well-motivated and exten-
sively studied frameworks to explain the origin of DM [77-80]. In this scenario, a
WIMP particle has non-gravitational interactions with the SM sector such that it can
be produced in thermal equilibrium in the early Universe. As the Universe expands
and cools, the DM interaction rate eventually drops below the Hubble expansion
rate. At this stage, the DM particles decouple from the thermal bath and freeze
out, after which their comoving number density, defined as Y = n/s (where n and
s denote the number density and entropy density, respectively), becomes effectively

constant.
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Using the freeze-out value of the comoving number density, Y%, the present-

day DM abundance is given by

Qpah? = 2.755 x 108 V{3, (mDM) ,

—_— 1.44
GeV ( )

where mpy denotes the DM mass. The quantity Ypy is obtained by solving the
Boltzmann equation governing the evolution of the DM number density. For a
typical annihilation process of the form DM DM — SM SM, the Boltzmann equation

can be written as
dYpm s {(ov)

dr — Hx (YSM - (YS(§4)2) ) (145)

where © = mpy/T, H is the Hubble expansion rate, and Y5y, denotes the equilib-

rium comoving number density. The thermally averaged annihilation cross-section

is related to the invariant annihilation cross-section o(s) through [31]

{ov) = 8m4DMTIg(]ZZI\(/ImDM/T) /5:0 o(s)y/s (s — dmdy,) Ky (\/?E) ds, (1.46)

where s is the center-of-mass energy squared, 5o = 4m2,;, and K; are the modified

Bessel functions of order 7.

The left panel of Fig. 1.4 illustrates the freeze-out mechanism. Initially, the
DM abundance closely tracks the equilibrium distribution. As the temperature
falls below the DM mass, the equilibrium number density becomes Boltzmann sup-
pressed, leading to a rapid decrease in the interaction rate. Around x ~ 20-30,
the interaction rate drops below the Hubble expansion rate, causing the comoving
number density to freeze out. A larger annihilation cross-section (ov) keeps the DM
particles in equilibrium for a longer period, resulting in a smaller relic abundance.
Remarkably, for DM masses in the range ~ O(100 GeV)-O10 TeV), the annihilation
cross-section required to reproduce the observed relic density naturally corresponds
to interactions of electroweak strength, a coincidence commonly referred to as the
WIMP miracle. Typically, the same interactions responsible for bringing WIMP
into thermal equilibrium in the early Universe can also lead to observable signatures

at terrestrial experiments [82].

Despite these appealing features of WIMP, a wide range of direct and indi-
rect detection experiments, including XENONnT [83], LUX-ZEPLIN [84], PandaX-
IT [85], and Fermi-LAT [86], have not yet reported any confirmed WIMP signals.
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DM freeze—out DM freeze—in

Yipm
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Figure 1.4: Left panel: Freeze-out evolution of WIMP dark matter for three dif-

ferent values of the interaction strength. The gray curve denotes the equilibrium

comoving number density. As the coupling strength increases, the dark matter re-

mains in thermal equilibrium for a longer duration, leading to a smaller freeze-out

abundance. Right panel: Freeze-in evolution of FIMP dark matter. In contrast

to the freeze-out case, the final freeze-in abundance increases with increasing in-
teraction strength.

This absence of detection has motivated the exploration of alternative production

mechanisms, such as the freeze-in scenario involving FIMPs.
FIMP DM:

If the interaction strength between the DM particle and the SM sector is ex-
tremely weak, the DM particles never attain thermal equilibrium in the early Uni-
verse. This situation typically arises when the DM—SM couplings, parametrized by a
dimensionless coupling constant, are smaller than O(1077) [37]. In such a scenario,
DM cannot be produced via the freeze-out mechanism discussed above and must

instead originate from a non-thermal production process.

A well-motivated possibility is the production of DM from particles in the ther-
mal bath through decays or scatterings. This production continues as long as the
bath particles remain abundant and effectively ceases once their number density be-
comes Boltzmann suppressed. Consequently, the comoving number density of DM
approaches a constant value, and the DM abundance is said to freeze-in [37, 88].
Dark matter produced through this mechanism is commonly referred to as a Feebly

Interacting Massive Particle.

The Boltzmann equation governing the evolution of the DM comoving number
density, written in terms of Ypy, can be expressed as follows. For freeze-in pro-
duction of DM through the decay of a thermal bath particle, SM — DM DM, the

24

TH-4099_206121109



Chapter 1 Introduction

evolution equation becomes

dYpm  2Tsyopmpm Ki(z)
_ yed 1.47
dx Hx K () S ( )

where sy, pypwm denotes the decay rate of the bath particle, Ygy; is its equilibrium

comoving number density, and K;(x) are the modified Bessel functions of order i.

The evolution of the comoving DM number density for different values of the
decay rate is illustrated in the right panel of Fig. 1.4. In contrast to the freeze-out
scenario, a larger interaction strength results in a larger final freeze-in abundance
of DM, as shown in the figure. Owing to their extremely feeble interactions with
the SM sector, FIMPs are typically challenging to probe in conventional direct de-
tection experiments; however, they may still be tested indirectly through signatures
of long-lived particles at colliders [89-91] or through cosmological and astrophysical

observations [92, 93] sensitive to their production history.

1.3.2 Neutrino Mass

Neutrino oscillation experiments have conclusively demonstrated that neutrinos pos-
sess nonzero, albeit very small, masses [94-99]. Moreover, measurements of the CMB
by the Planck satellite along with Baryonic Acoustic Oscillations (BAO) observa-
tions constrain the sum of neutrino masses to ) . m,, < 0.12 eV [25, 100] at 95% CL.
Similarly, KATRIN, a terrestrial experiment, provides the limit on the kinematical
mass from beta decay as (3 |Uq>m2)"? < 0.8 eV at 90% CL [56, 101], where U,;
is the mixing matrix element of the mass state ¢ with the electron neutrino. In the
SM, however, neutrinos remain massless because a renormalizable mass term cannot
be written using the existing particle content while maintaining gauge invariance.

Therefore, the origin of neutrino masses necessarily points toward physics beyond
the SM.

Unlike other SM fermions, whose masses arise from the Higgs mechanism and
correspond to Dirac fermions, neutrinos may instead be Majorana particles due
to their electrical neutrality, allowing their masses to originate from mechanisms
beyond the conventional Higgs framework. In the following, we briefly review several

representative neutrino mass-generation mechanisms.
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In the SM, the masses of all fermions, except neutrinos, originate from the
Higgs mechanism. This mechanism cannot generate neutrino masses within the
minimal SM because the right-handed counterpart of the left-handed neutrino, vy, is
absent. Furthermore, owing to their electrical neutrality, neutrinos may be Majorana
particles (i.e., they are their own antiparticles), suggesting that their masses may
arise from mechanisms beyond the conventional Higgs framework. In the following,

we briefly review several well-known mechanisms for neutrino mass generation.
Dirac masses:

A simple possibility is that neutrinos are Dirac fermions. This scenario re-
quires the introduction of right-handed neutrino fields, vg, which allow a Yukawa
interaction with the SM lepton doublet and the Higgs field,

_LDirac = (Yy)oﬂ' ZLaf{ VRi + hC (148)

Following electroweak symmetry breaking, the Higgs field acquires a vacuum expec-

tation value, generating the Dirac mass term
=Lpise = U, (MD)ai VR, # h.cs (1.49)

where (mp)ai = (Y.)ai(H) and (H) ~ 174 GeV. The physical neutrino masses
are then obtained by diagonalizing the resulting mass matrix through a bi-unitary

transformation.

Because this mass originates from a Yukawa interaction analogous to those of
the charged fermions, explaining the observed sub-eV neutrino masses requires an
exceptionally small coupling, Y; ~ 107!, which is often viewed as theoretically un-
natural. In this framework, total lepton number is conserved, while lepton flavor
violation can still arise through neutrino mixing. The experimentally observed neu-
trino oscillations, therefore, remain consistent with neutrinos being Dirac particles,
although they do not exclude the Majorana possibility. Moreover, being light, RH
Dirac neutrinos can behave as a dark radiation in the early Universe, and hence
can have signatures in the CMB. We discuss such possibilities in the subsequent

chapters.

Majorana masses: If neutrinos are Majorana particles, their masses can be

generated through the minimal Type-I seesaw mechanism [102-104] by introducing
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right-handed Majorana neutrinos Nr. The relevant Lagrangian is given by

_ ~ 1 P
_'CType—I = (Yl/)on' gLa HNRZ + é(MR)” (NRL.)C NRj + h.C., (150)

where the first term corresponds to the Yukawa interaction among the left-handed
lepton doublet, the Higgs doublet, and the right-handed neutrinos, while the sec-
ond term represents the Majorana mass term for the right-handed neutrinos, which

violates total lepton number by two units.

After electroweak symmetry breaking, the neutrino mass terms can be written

in matrix form as

Lonace = % (72 Ng) (n,?% o) (R5) +hee. (1.51)

where mp = Y, (H) denotes the Dirac mass matrix. With three right-handed neu-
trinos, both mp and Mg are 3 x 3 matrices, with Mg symmetric, resulting in a 6 x 6

symmetric neutrino mass matrix.

Assuming the hierarchy mp < Mg, block diagonalization of the full mass

matrix separates the light and heavy neutrino sectors, yielding

m,, ~ —mp Mz'm}, (1.52)

My ~ Mg, (1.53)

which correspond to the effective mass matrix of the light neutrinos and the heavy
Majorana neutrino mass matrix, respectively. The physical light neutrino masses

are obtained by diagonalizing m},
Ul m! Ur = diag(my, ma, ms) = D, (1.54)

where U, denotes the Pontecorvo-Maki-Nakagawa—Sakata (PMNS) leptonic mixing

matrix.

Unlike the Dirac mass scenario, the Type-I seesaw allows the generation of sub-
eV neutrino masses even for Yukawa couplings of order O(1), provided the right-
handed neutrino masses are very large, typically Mg ~ 10'* GeV. Such a high mass

scale makes direct experimental tests challenging; however, indirect probes may arise
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in extended frameworks, such as scenarios connecting the seesaw mechanism with

axion physics, which will be explored in a later chapter.

1.4 Conclusion

In this thesis, we investigate cosmological signatures of well-motivated scenarios of
physics beyond the SM. This chapter has presented a brief overview of the ACDM
cosmological framework and the Standard Model, emphasizing both their successes
and the open questions that motivate the search for new physics. We reviewed the
primary mechanisms of dark matter production, focusing on the WIMP freeze-out
and FIMP freeze-in paradigms, and discussed theoretical frameworks for generating
Dirac and Majorana neutrino masses. These topics provide the theoretical foun-
dation for the subsequent chapters, where the cosmological and phenomenological

implications of these scenarios are explored in detail.
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Cosmological Signatures

In this chapter, we explore several cosmological signatures of the BSM scenarios
introduced in Chapter 1 that are particularly relevant to the goals of this thesis. In
Sec. 2.1, we examine the imprints of dark radiation or additional relativistic degrees
of freedom in the early Universe, emphasizing how future CMB experiments can
probe a variety of thermally produced relativistic species. In Sec. 2.2, we investigate
the cosmological consequences of the presence of PBHs and discuss their potential
observational signatures through precision CMB measurements and observation of
stochastic gravitational wave (GW). Finally, in Se. 2.3, we discuss possible indirect
signatures of dark matter decay, focusing on high-energy neutrino and cosmic-ray

observations.

2.1 Cosmological Signatures of Additional Rela-

tivistic Species

In this section, we discuss the cosmological imprints of additional relativistic species
in the early Universe. Moreover, we will see how the constraints from various cosmo-
logical experiments can be used to constrain BSM physics scenarios with additional

light degrees of freedom.
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Let us start with the Eq. (1.12) of Chapter 1. The equation describes the
difference between the neutrino and photon temperatures after e* annihilation in
the instantaneous neutrino decoupling limit. Following the equation, the neutrino
energy density for each species p,; in terms of the photon energy density, p, can be

written as

7Ty4 744/3 - 7744/3
pri =3 (i) =3 <ﬁ> py =a,'p,, where a)' = 3 (ﬁ) - (2.1

This relationship holds from the time of electron-position annihilation till the time
when the neutrino becomes non-relativistic. Although today, the photon energy
density is negligible compared to the total energy density (Q,h% ~ 2.5 x 107°), at
the time of recombination, the radiation density contributed significantly to the total
energy density. Consequently, the contribution from three neutrino species was also
high: p,/p, ~ 41%. Thus, the gravitational effects of neutrinos are significant at

early times, and that is why we can observe their signatures via CMB or BAO.

In the discussion above, we assumed that neutrinos decouple instantaneously

and therefore do not receive any entropy from e*

annihilation. However, in reality,
neutrino decoupling occurs at temperatures of the order ~ 1 MeV, which is close to
the epoch of e* annihilation (~ 0.5 MeV). Because of this proximity, neutrinos are
not completely decoupled during e* annihilation, and a small fraction of the entropy
is transferred to the neutrino sector. To account for this effect, it is convenient to

parameterize the total radiation energy density as
pr=py+ oo = (1+a,'N,))p,, (2.2)

where we introduce a new parameter N, the effective number of neutrinos. This
parameter encapsulates the contribution of neutrinos to the radiation content of
the early Universe. In the limit of instantaneous neutrino decoupling, one obtains
exactly IV, = 3, corresponding to three different species of neutrinos. However, in the
Standard Model, effects such as finite-temperature (plasma) corrections of quantum
electrodynamics, neutrino flavor oscillations, and the non-instantaneous decoupling
of neutrinos, lead to a small increase in this value, giving N, = 3.044 [105-113].!

Therefore, any measured deviation from N, = 3.044 would provide a sensitive probe

L Although the state-of-the-art value is N, = 3.044 [108, 111-113], some dispute remains about
the last significant digit. The references [105-107, 110] report slightly higher value of N, as 3.045.
A very recent paper [109] reports N, = 3.043 by taking into account of the NLO correction to
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of non-standard neutrino properties or additional interactions beyond the Standard
Model.

The parameter N, can be replaced with a more general parameter, effective
number of relativistic species Neg, which will not only include information of un-
known properties of neutrinos but will also have information of extra light BSM
degrees of freedom. With this, the Eq. (2.2) takes the form

7/ 4 4/3
pr=pytp,=|1+ 3 <ﬁ> Negt | py- (2.3)

The parameter N.g has two parts
Neg = NS 4+ ANg = 3.044 + ANg. (2.4)

This is the central cosmological parameter of interest for studying the presence of
extra radiation in the early Universe. Any non-zero value of ANgg would provide
a direct probe of physics beyond the Standard Model. The current constraint from
the CMB, including BAO data, is [25]

Neg = 2997034 (2.5)

at 20 (or 95% C.L.). This translates into an approximate upper bound ANgg <
0.285. The latest DESI 2024 results give an updated constraint, Neg = 3.10 4+ 0.17
at 68% C.L. Complementary bounds also arise from BBN, which constrains the
effective number of relativistic species to 2.3 < Neg < 3.4 at 95% C.L. [114].

Future CMB experiments are expected to reach sub-percent precision on this
parameter. For instance, CMB Stage IV (CMB-5S4) is projected to achieve a sen-
sitivity ANeg ~ 0.06 [115], while the proposed CMB-HD experiment could further
improve this to ANeg ~ 0.014 at 1o [116]. Similar precision measurements are
also expected from other planned future experiments like SPT-3G [117] and Simons
Observatory [118]. Such measurements will enable stringent tests of a wide class of
BSM scenarios that are difficult or impossible to access through collider experiments

and other terrestrial probes.

ete™ ¢ vy interactions along with finite temperature QED corrections to the electromagnetic
plasma density and effect of neutrino oscillations.
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2.1.1 Probing thermal BSM species with N

In this section, we discuss how cosmological bounds on N.g can be used to constrain
light BSM species, in particular scenarios in which such particles were in thermal
equilibrium with the primordial plasma at some stage in the early Universe. Let
us consider an additional relativistic species X that decouples from the thermal
bath at a temperature Ty... The total radiation energy density at recombination
then receives contributions from photons, neutrinos, and this extra species, p, =
p~ + pv + px. The corresponding contribution to the effective number of relativistic
species can be written as ANg = %, where p,; denotes the energy density of a

single neutrino species.

Using entropy conservation (see Eq. (1.11)), the energy density of X at the time
of recombination can be related to its decoupling temperature through the change
in the effective number of relativistic degrees of freedom in the plasma. This leads

to the approximate expression

106. 4/3
0.027 gx <ﬂ> , if X is a boson,
g*(Tdec)

106.75

ANQH ~ 4/3
, if X is a fermion,
G« (Tdec))

i (2.6)

where gy denotes the internal degrees of freedom of the species X. In deriving
this result, we have assumed Ty, = 10 MeV, so that X decouples before neutrino
decoupling. This assumption is motivated by the fact that a fully thermalized rel-
ativistic species that decouples after neutrino decoupling (or after e* annihilation)
would typically generate a much larger A N.g, which is already strongly constrained
by the Planck 2018 measurements. For example, one thermalized sterile neutrino
with ANeg = 1 is excluded at about 60 [25]. Note that AN.g decreases for earlier
decoupling, since the decoupled species does not share in the subsequent entropy
release from heavier SM (m < Tye.) particles. As a result, its temperature (and

hence energy density) gets diluted relative to the photon bath.

To illustrate this more concretely, let us consider the case of right-chiral parts of
light Dirac neutrinos (vg) that were initially in thermal equilibrium with the primor-

dial plasma and later decouple [119, 120]. Their contribution to ANg as a function
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Figure 2.1: AN.g as a function of the decoupling temperature for different light
thermal species. The contributions from three, two, and one species of right-
handed Dirac neutrinos are shown by the blue, orange, and green curves, respec-
tively. The contributions from a massless gauge boson and a Goldstone boson are
shown by the red and violet curves, respectively. The solid black horizontal line
denotes the current Planck 2018 constraint, and the dashed black horizontal line
indicates the projected sensitivity of future CMB-S4 measurements.

of the decoupling temperature is shown in Fig. 2.1. As discussed, a species con-
tributes more to the radiation density if it decouples at a later time. Current CMB
measurements imply a lower bound on the decoupling temperature, Ty.. = 500 MeV
for 3 species of vg. Therefore, if the right-handed neutrinos decouple at tempera-
tures well above this scale, the present constraints become increasingly insensitive.
However, the anticipated sub-percent sensitivity of future CMB experiments will
allow much smaller values of AN, to be tested, thereby probing a significantly
wider range of Ty... In particular, Fig. 2.1 shows that future experiments can probe
essentially the entire range of decoupling temperatures for which two or three right-
handed neutrino species could have ever been in thermal equilibrium. Moreover, the
proposed CMB-HD experiment is expected to reach a sensitivity of ANz ~ 0.014,
which would effectively rule out the entire range of decoupling temperatures for
any fully thermalized relativistic species. This example highlights the significance
of upcoming cosmological measurements in probing well-motivated particle physics

scenarios beyond the Standard Model.

For a fully thermalized relativistic species that decouples sufficiently early, the

minimal contribution to the effective number of relativistic degrees of freedom is
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ANz ~ 0.027, as follows from Eq. (2.6) for a single bosonic degree of freedom. This
estimate, however, relies on the assumption that the maximal number of relativistic
degrees of freedom in the thermal plasma is given by the SM value, ¢°™ = 106.75.
In non-minimal scenarios, such as supersymmetric extensions of the SM, the particle
content of the plasma can be significantly enlarged at high temperatures, leading to
g« > 106.75. Since AN.g scales as g, (Tuec) %3, a larger g, implies a stronger entropy
dilution of the decoupled species and therefore a smaller late-time contribution to
AN.g. Nevertheless, achieving a suppression by a factor of two already requires
gs ~ 200, which typically demands a substantial number of additional heavy BSM

degrees of freedom to be relativistic at the time of decoupling [121].

Another way to reduce the late-time contribution of a decoupled species is
through additional entropy injection into the visible thermal bath after X decouples
[122]. Such an entropy release can occur in extensions of the ACDM framework in
which the energy density of the Universe prior to BBN is temporarily dominated by
an extra component, for example, a coherently oscillating scalar field or a population
of PBHs. The decay or evaporation of this dominant component reheats the plasma
and dilutes the relative energy density of X, thereby lowering the inferred ANg.

We will discuss such a scenario in Chapter 4.

Apart from the thermal contribution of dark radiation to ANgg, a non-thermal
contribution is also possible. In this case, the additional relativistic species never at-
tain thermal equilibrium with the Standard Model plasma, but are instead produced
through processes such as the decay or annihilation of other particles [120, 123]. Un-
like the thermal scenario, where the minimum contribution from a fully thermalized
species is typically of order @(1072), non-thermal species can give rise to signif-
icantly smaller contributions, depending on their production mechanism and final
abundance. A consistent computation of the non-thermal contribution requires solv-
ing the relevant Boltzmann equations that govern the evolution of the number and

energy densities of these species, and we follow this general approach in this thesis.

A nonzero value of A N.g is not only informative from a particle-physics perspec-
tive but can also significantly affect the ongoing Hubble tension problem [23-27].
It has been pointed out that the CMB-inferred value of the present-day Hubble
constant can be increased if the expansion rate H(7") prior to recombination is
enhanced [27]. One way to realize such a scenario is through AN > 0, arising

from additional relativistic species.Several studies have explored mechanisms that
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Figure 2.2: Variation of CMB temperature anisotropy spectrum due to a change
of Neg. Here, we fix the angular size of sound horizon.

can generate these effects, including self-interacting neutrinos [124, 125], interacting
dark matter [126], and neutrino-majoron interactions [127]. It is important to note,
however, that although a positive AN.g can help alleviate the Hubble tension, it is

generally insufficient on its own to fully resolve the discrepancy [128, 129].

So far, our discussion has focused on scenarios that lead to a positive contribu-
tion, ANgg > 0. However, it is also possible to obtain AN.g < 0, and such a sig-
nal would indicate non-standard dynamics in the neutrino—photon plasma, thereby
pointing towards specific classes of BSM models [130-132]. One example arises when
a heavy BSM particle decays into high-energy neutrinos at a time when neutrinos
are still partially coupled to the electromagnetic plasma [132]. These high-energy
neutrinos can transfer their energy both to the thermal neutrino background and to
the electromagnetic plasma. If the energy transferred to the electromagnetic plasma
exceeds that transferred to the thermal neutrinos, the inferred value of AN be-
comes negative. Similar effects can also arise in models with non-standard neutrino
interactions or in scenarios involving late-time energy injection into photons, both

of which can drive AN.g to negative values.
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Figure 2.3: Variation of matter power spectrum due to a change of Neg.
2.1.2 CMB spectrum and N

Next, we briefly discuss the variations of CMB spectrum as a function of N.g. At
the background level, increasing Neg increases the total radiation energy density
and therefore raises the expansion rate, as described by the Friedmann equation
3MEH? = p, (14 a,'Neg), where Mp denotes the reduced Planck mass. If the
other cosmological parameters are kept fixed, a change in Ngg shifts the redshift of

matter-radiation equality according to [40]

Wnr
—— , 2.7
%= o (1 + a; Neg) (2.7)

From the above discussion in section 1.1.3, we know that a change in matter-
radiation equality not only alters the height of the peaks (Effect 3 in 1.1.3), but also
alters the location of the peaks (Effect 1 in 1.1.3) and a tiny change in the damping
scale (Effect 4 in 1.1.3). Since the location of the first acoustic peak is measured
very precisely, varying N.g alone would generally shift the peak positions, and one
must simultaneously adjust other parameters in order to keep the angular size of
the sound horizon fixed. In particular, maintaining matter-radiation equality at the
same redshift requires rescaling wys by a factor a = (1 + a;*Neg)/(1 + a,; T N5M).

As a consequence, h must be reduced by a factor \/a in order to preserve the
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matter—dark energy equality. With this choice, the peak locations remain approx-
imately unchanged. Now, keeping the remaining parameters, wy, As, N, Treion fixed
and varying wys, h and N.g , we obtain the temperature power spectra shown in
Fig. 2.2. From the figure, it can be seen that for an increase in N.g, the damping
kicks at a smaller multipoles with an overall amplitude suppression in the damping
tail [46, 119]. Similarly, a variation of matter power spectrum as a function of Neg
is shown in Fig. 2.3. We use the publicly available package CLASS to generate Figs.
2.2 and 2.3.

2.2 PBHs and its cosmological signatures

PBHs have attracted renewed interest following the first direct images of black
holes [133] and the rapidly expanding catalog of gravitational-wave detections from
black hole mergers by LIGO [134, 135]. PBHs are hypothetical black holes that are
believed to have formed in the early Universe, well before the formation of stars
and galaxies. The possibility of their formation was first proposed by Zeldovich and
Novikov [136], and later explored by Hawking [137]. PBHs differ fundamentally from
astrophysical black holes, which originate from the gravitational collapse of massive
stellar objects. In contrast to astrophysical black holes, whose masses are restricted
by stellar evolution, PBHs can span an extremely broad mass range, from as light

as a few grams to masses several orders of magnitude larger than the solar mass.

Primordial black holes may form through a variety of processes operating in the
early Universe, where the extremely high energy density provides favorable condi-
tions for their production over a wide range of masses. In many scenarios, PBHs
originate from the gravitational collapse of sufficiently large overdensities present in
the primordial plasma [138]. PBHs form if the overdensity § exceeds the critical value
d., which is estimated to be around 0.3—0.5 [139]. These overdense regions can arise
from enhanced primordial inhomogeneities generated during inflation, which subse-
quently collapse when they re-enter the Hubble horizon. While observations of the
CMB power spectrum tightly constrain the amplitude of primordial perturbations on
large scales [140], they allow for the possibility of significant amplification on much
smaller scales. Achieving such small-scale enhancement typically requires deviations
from simple inflationary dynamics, and several mechanisms have been proposed, in-

cluding inflationary models with a running spectral index [141] and inflection point
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inflation scenarios [142] that feature a transient ultra-slow-roll phase. In addition
to inflation-based scenarios, several non-inflationary mechanisms for PBH formation
have been proposed. These include the gravitational collapse of cosmic string loops
[143], scalar field instabilities [144], bubble collisions [145], phase transitions [146],
etc. Comprehensive discussions of the various PBH formation mechanisms can be
found in Refs. [147, 148].

For the purposes of this thesis, we remain agnostic about the specific formation
mechanisms of PBHs and instead focus on their phenomenological consequences,
particularly in probing scenarios beyond the Standard Model. We assume that all
PBHs are formed with a monochromatic mass function, such that they share the
same mass, and for simplicity, we further take them to be of Schwarzschild type,
having no spin and charge. While more realistic scenarios may involve extended
mass functions and non-zero spins, these introduce additional parameters. In order
to isolate and highlight the essential physical effects associated with PBHs, we adopt

this minimal and simplified framework.

Assuming PBHs to be formed from gravitational collapse in a radiation-dominated
Universe, their initial mass is typically close to the mass enclosed by the post-

inflationary particle horizon

47
= ’YW PR (Tm) ) <28)

in

where T}, is the initial formation temperature and the factor « is associated with the
uncertainty of PBH formation with typical value of ~ 0.2 [138]. The corresponding

formation time and temperature can be obtained as

Lo M (2.9)
" 8ayME’ '
1440 2 v M
v P
T, = — Mp, 2.10
(g*(irm)> Mi P ( )

with Mp denoting the reduced Planck mass. Consequently, PBHs formed at the
Planck scale can have masses as small as ~ 1075 g, while those formed at the MeV
scale may reach masses of order ~ 10° M, where M, denotes the solar mass. The

upper bound on inflationary scale [149, 150] provides a lower bound on the PBH
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mass
H <6 x10%GeV = M, (T) 2 0.1g. (2.11)
Another important related quantity is the initial fraction of PBHs energy density,
defined as (T
PBH\ L in
p =) (2.12)
pr(Tin)

For the purposes of this thesis, the PBH mass at formation M, and the initial energy
fraction S are the two key parameters. In the next section, we discuss the evolution

and Hawking evaporation of PBHs.

2.2.1 PBHs evolution and Hawking evaporation

Hawking, in his seminal work [151], showed that quantum mechanical effects cause
black holes to emit particles with a thermal spectrum, behaving as black bodies

characterized by a well-defined temperature?

1

Ton = ————.
B 87TGMBH

(2.13)

The emission rate of a particle species ¢ with mass m;, spin s; and momentum

between p and p + dp from a black hole of mass Mgy is obtained as [152, 153]

dQNi . g Usi(MBHamiap) p3

dpdt — 2m eBi®)/Ton — (—1)25 E;(p)’

(2.14)

The absorption cross-section oy; is related to the greybody factor I'y;, which describes
the possible back-scattering of a particle by the effective gravitational potential, by
['y; = 04p*/7. The greybody factor describes the possible back-scattering of a parti-
cle by the effective gravitational potential. In the high energy limit GMgyp > 1, the
absorption cross-section is same for all particle spins and is given by geometrical-
optics limit oy = 277G*M3y. Black hole evaporation leads to the emission of a
wide variety of particle species; however, the production of particles with masses
m; > Igy is exponentially suppressed. As the black hole loses mass during the

evaporation process, its temperature Ty increases, thereby allowing progressively

2In this thesis, we use Mi, to denote the initial mass of the black hole at formation, while Mgy
denotes the black hole mass at a later stage of its evolution.
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heavier particles to be emitted. Since particle emission proceeds through gravita-
tional interactions, black hole evaporation produces all particle species irrespective
of their couplings to SM or BSM fields. As discussed in the next section, this feature
enables the potential production and detection of BSM particles that interact only
very feebly with Standard Model particles. A widely used public code, BlackHawk
[154], is available for computing Hawking evaporation spectra for black holes with

arbitrary mass and spin distributions.

The net mass loss rate of a black hole is given by integrating over momentum

and summing over all the particles [155—157]

dMpn d2N
dt __Z/ dﬁ

~ 2.15
3 -19)
where € carries the information of the emitted particles and is given as
(
1.82 fors=0,
3.87q, g (1] afmmator % 1 /20

€= g4,§)( BH), Gt (TBH) = szng, 9i,H = (2.16)

UEBRENGRE: — N

k().()5 G — F2

with w; = 2s; + 1 for massive particles of spin s;, w; = 2 for massless species with
s; > 0, and w; = 1 for spinless species. Integrating Eq. (2.15), PBH mass at an
epoch t > t;;, can be obtained as (for ¢ > t;,)

3M4 1/3
mwbm4pgﬁg. (2.17)

The corresponding evaporation lifetime becomes

3
M

lev = — -
3eM}

(2.18)

Hence, a black hole of mass M;

m ~o

< 10'® g would have evaporated by now. Since
PBHs with masses above 10'° g survive until the present epoch, they can poten-

tially account for the dark matter abundance. The left side of Fig. 2.4 shows the
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Figure 2.4: Left panel: Constraints on the PBH dark matter fraction fppy for

PBH masses larger than ~ 10'° g, taken from Ref [158]. Right panel: Associated

formation, evaporation, and black hole temperatures for ultra-light PBHs. The

grey shaded regions indicate the upper and lower bounds derived from BBN and
CMB.

constraint on PBHs fraction fpgy = Qppu/Qpm of total DM coming from evapora-
tion, microlensing, gravitational waves, PBH accretion and dynamical constraints.
Primordial black holes with initial masses in the range 4 x 108 g < M;, < 10% g evap-
orate between BBN and the present epoch. Similar constraints on the primordial
black hole abundance are derived from Big Bang nucleosynthesis, cosmic microwave

background observations, and galactic and extragalactic gamma-ray measurements.’

In this thesis, we focus on PBHs with initial masses in the range 0.1g < M;, <
4 x 10%g. These PBHs form at very early times in the evolution of the Universe
and evaporate well before the onset of Big Bang nucleosynthesis. The right panel
of Fig. 2.4 illustrates the corresponding formation temperature, evaporation tem-
perature, and black hole temperature. Primordial black holes with smaller initial
masses form earlier and also evaporate at earlier epochs. Since such ultra-light PBHs
evaporate prior to BBN, their parameter space is difficult to constrain using con-
ventional indirect or astrophysical observations. In the following sections, we show
that gravitational waves and the effective number of relativistic species, N.g, can
nevertheless impose significant constraints on a large portion of the parameter space

of these ultra-light PBHs.

Before proceeding to the next section, we discuss the possibility that primordial
black holes temporarily dominate the energy budget of the Universe prior to Big

Bang nucleosynthesis. After their formation, the energy density of PBHs scales as

3See Ref. [147, 158] for a comprehensive review of these constraints.
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Figure 2.5: Evolution of the fractional energy densities of radiation (solid lines)
and PBHs (dashed lines) as functions of temperature for 3 = 107¢ (blue) and
B =107 (red). The initial PBH mass is fixed to M, = 10°g.

4. As a consequence, the

a~3, whereas the radiation energy density redshifts as a~
relative contribution of PBHs to the total energy density increases with time, and
PBHs may dominate the energy budget of the Universe for a brief period before
completely evaporating. The condition for PBH domination is 8 > ., where the

critical value . is given by

3¢ \'* M 108
B, = (%) P~ 25 %107y <—g> . (2.19)

Mi Mi

Figure 2.5 illustrates the evolution of the fractional PBH energy density for two
different values of /3, for a fixed initial PBH mass M;, = 10%g. If PBHs evaporate

while the Universe remains radiation-dominated, the evaporation temperature is

90 M2 2
(o) -

given by

However, if PBHs dominate the total energy density of the Universe prior to their
evaporation, the Standard Model temperature immediately after complete evapora-

tion is enhanced and is given by Te, = \% Tey [159].

Throughout this thesis, we assume that the evaporation of PBHs is well de-
scribed by the semi-classical Hawking framework [151, 160] until the end of their
lifetime. The semi-classical treatment neglects the backreaction of the emitted radi-
ation on the black hole, an effect that can become important when the energy carried

by the emitted quanta approaches the remaining PBH energy. It has recently been
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argued that including such backreaction gives rise to a so-called memory burden
effect, which can slow down the evaporation process and thereby prolong the life-
time of PBHs [161-163]. This modification becomes increasingly relevant once the
PBHs mass drops below a certain critical scale, potentially leading to significant
phenomenological implications. In this thesis, however, we do not consider these

effects and restrict ourselves to the standard semi-classical evaporation picture.

2.2.2 PBHs and its signatures via Nqg

As discussed in the previous section, black hole evaporation proceeds through gravi-
tational interactions and, therefore, produces all particle species, irrespective of their
couplings to the Standard Model. Consequently, both SM and BSM particles can be
emitted during the evaporation of a PBH. The total number of particles of species

i produced during the complete evaporation of a PBH can be estimated as

M;

2
N 2_7 ggz C(g) (E) ) fOI' m; < TBH7

i~ 221
128 e Mp\* iy, S (2.21)
r 7 )
. ° oL BH
where Ty = 57— denotes the initial Hawking temperature of the black hole. In

the absence of any BSM degrees of freedom, the Standard Model particles produced
during the evaporation of ultra-light PBHs before BBN thermalize rapidly with the
surrounding plasma and therefore do not lead to any additional contribution to Nyg.
However, a significant contribution to N.g may arise in the presence of light BSM
species that either do not interact or interact only very feebly with the Standard
Model [157, 164-171].

For PBH masses below 4 x 10%g, the initial Hawking temperature exceeds
10°GeV. As a consequence, any light beyond-the-Standard-Model species X with
vanishing or sub-eV mass is produced from the very beginning of the PBH evapora-
tion process. To evaluate its contribution to ANeg = px/p,,, the energy density px
at the time of recombination must be determined. A complete treatment requires
solving the coupled Boltzmann equations governing the evolution of the energy den-
sities of radiation, PBHs, and the species X. We present a full numerical analysis in

Chapter 4, where we study an extension of this scenario. Here, instead, we provide
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Figure 2.6: Contribution of different light BSM species to A Neg as a function of

PBH evaporation temperature (lower x axis) and PBH mass (upper x axis). The

solid black horizontal line denotes the current Planck 2018 constraint, and the

dashed black horizontal line indicates the projected sensitivity of future CMB-S4
measurements.

an approximate estimate of AN.g for the case in which PBHs temporarily dominate
the energy density of the early Universe. In this regime, the contribution to AN.g
is given by [157, 164, 172, 173]

EX(MBH) g*(Tev)

ANBY = 13.714 x :
it E(MBH) g*s(Tev)4/3

(2.22)

Fig. 2.6 shows the contribution to AN.g from three different light BSM species:
namely a Goldstone boson, a massless gauge boson, and three species of light right-
handed neutrinos (vg) as functions of the PBH mass and the evaporation tempera-
ture. Fig. 2.7 presents the resulting constraints in the S—M;, plane for three species
of vg. PBHs can dominate the energy density of the Universe for the region above
the solid blue line. As seen, the current bound on AN already excludes a signifi-
cant portion of the parameter space. Moreover, all the parameter space above the

blue line can be probed by future CMB observations.
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Figure 2.7: AN.g for 3 species of vg in  vs M;, plane. The solid blue line

separates the regions corresponding to PBH domination and radiation domination.

The current observational bound on ANgg is indicated by the black dashed line.

The vertical grey dashed line denotes the upper PBH mass limit beyond which
evaporation would affect Big Bang nucleosynthesis.

2.2.3 PBHs and its signatures via gravitational waves

Another possible signature of primordial black holes arises from observations of the
stochastic gravitational wave background (SGBW) associated with PBHs. Primor-
dial black holes may act as sources of a SGWB through several underlying physi-
cal processes. These mechanisms include: (i) the production of gravitons through
Hawking evaporation, resulting in GWs at extremely high frequencies [174]; (ii)
gravitational waves generated at second order from large primordial scalar fluctu-
ations that also seed PBH formation during inflation [175]; and (iii) gravitational
waves sourced by density perturbations arising from spatial clustering of PBHs after
their formation [176-180].

In this work, we restrict our attention to the final mechanism, namely the gen-
eration of gravitational waves from PBH-induced scalar density fluctuations in the
post-formation era. This framework is particularly compelling for several reasons.
To begin with, the corresponding gravitational-wave spectrum falls within the sen-
sitivity ranges of future space-based interferometers as well as currently operating
experiments, rendering the signal potentially detectable in the near term. Fur-
thermore, this mechanism does not depend sensitively on the detailed dynamics of

PBH formation, but instead relies on the generic emergence of PBH clustering and
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the resulting matter inhomogeneities. Most notably, gravitational-wave production
sourced by these scalar perturbations is intimately tied to an early matter-dominated
epoch triggered by PBH domination. Consequently, the associated SGWB provides
a distinctive observational window into an early matter-dominated phase of the Uni-
verse. In the following, we provide a concise overview of the production of such GWs,

following the analyses presented in [179, 180].

The basic mechanism of gravitational-wave production sourced by density per-
turbations can be summarized as follows. After their formation, PBHs are ap-
proximately randomly distributed in space and, to a good approximation, follow
Poisson statistics. Consequently, although the PBH population behaves as a homo-
geneous matter component on large scales, significant density fluctuations arise on
small scales due to their discrete nature. These PBH density fluctuations can be
interpreted as early isocurvature perturbations. As the PBH abundance grows and
eventually dominates the energy density, the Universe undergoes a transition from
an early radiation-dominated epoch to an early matter-dominated phase. During
this transition, the early isocurvature perturbations are converted into curvature
perturbations. The resulting curvature perturbations then act as a source for grav-
itational waves at second order in cosmological perturbation theory, leading to the
generation of a stochastic gravitational-wave background. It turns out that gravita-
tional waves generated immediately after evaporation, due to the sudden jump in the

time derivative of the curvature perturbation, constitute the dominant contribution.

The mean physical separation between PBHs at the time of formation can be

expressed as
/3

BY3H(Tn)
The density perturbation of PBHs, (dppu(k)dppu(k’)), occur at a scale larger than

i = (2.23)

the comoving ultra-violate (UV) scale

a

a
kobv=—-=——F—=ap,H(T} 1/3~5=1/3, 2.24
uv d din(a/ain) a H( )ﬁ Y ( )

Denoting the scale of early PBHs-radiation equality as k:gg@, the hierarchy of the
relevant scales are kyy > kgg@ > key. The dominant contribution to the grav-
itational waves’ amplitude is obtained from the modes k > k&P [179], i.e., at

the small scales, the amplitudes are enhanced and peaks around the resonant scale
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k ~ kyy. Hence, the resonant amplitude at a characteristic temperature 7, dur-
ing the radiation-dominated epoch after PBH evaporation, when the GW spectrum

becomes constant, can be written as [179]

‘ 1 ke ) kuv )"
Qo (k ~ kuy) = 7618273 ( . ) (kv> : (2.25)
The ratio of UV cut-off scale to the evaporation scale is
1/3 2/3
]ZUVV ~ 2.3 x 106 (—g*;(o;m) (%) , (2.26)
which increases with M;,. ];Z{I\Dfen for PBH mass of 0.1 g, this enhang{ement factor can
reach ~ 1000. The ratio “5— can be expressed in terms of 3 as gq ~ /24133213,

With these, the amphtude in Eq. (2.25) can be re-expressed as

8/3 108 17/9 7 Af\ 3479
Uik ~ bov) = 109819 () (——— B AV 27

The total GW amplitude today in terms of frequency can then be expressed as

f

f peak

11/3
Qaw (to, f) =~ Qbar < ) S fone = 1B (2.28)

with the peak amplitude

16/3 34/9
eak _, -6 6 Min

and the peak frequency related to kyy

Fooae ~ 1.7 x 10° Hz | —02 YO (g T\ [ 9us(T)\ TP [ 10%\7°
P et (Tom) 106.75 106.75 )

(2.30)

For PBH masses M, = 10* g, the corresponding GWs frequencies fall within the
projected sensitivity bands of next-generation detectors such as ET [181], LISA [182],
Advanced LIGO [183, 184], DECIGO [185, 186], BBO [187], and CE [188]. The left
panel of Fig. 2.8 displays the resulting GW spectra for several benchmark PBH
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Figure 2.8: Left panel: the GWs amplitude generated by PBH density fluctu-
ations is shown as a function of frequency for three representative PBH masses:
10% g (red), 107 g (blue), and 4 x 10 g (green). The sensitivities of various GW

experiments are indicated by the shaded regions. The horizontal grey band de-

notes the amplitude excluded by the constraint arising from the GW contribution

to ANgg. Right panel: The parameter space excluded by the AN.g constraint

from GWs is displayed in grey. The magenta line separates the regions of PBH
domination and radiation domination.

masses together with the projected experimental sensitivities. The values of g are
chosen such that the predicted spectra lie within the reach of these future detectors.

As indicated by Eq. (2.30), the peak frequency decreases as the PBH mass increases.

Since GWs redshift as radiation, they contribute to the total radiation energy
density of the Universe and therefore to ANg, particularly during the epochs BBN
and CMB formation. The corresponding constraint on the GWs energy density
fraction at BBN (or CMB) is given by

o\
QGW,BBN < g (ﬁ) ANeff ~ 0.07. (231)

This bound translates into the following upper limit on the present-day GW ampli-
tude:

QAN 2 ~ 1,75 x 107°, (2.32)

The horizontal grey band in the left panel of Fig. 2.8 indicates the region ex-
cluded by this AN constraint. Combining Eqgs. (2.29) and (2.32), we obtain an
upper bound on the initial PBH abundance,

(2.33)

10 g) 17/24

in

B<10x 10—6<
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The resulting excluded parameter space is shown by the grey shaded region in the
right panel of Fig. 2.8. Hence, contributions to ANgg from both dark radiation and
gravitational waves provide two complementary and powerful observational probes
of ultra-light PBHs with masses M, <4 x 10%g.

2.3 Signatures from high-energy neutrino and cosmic-

ray events

One of the promising avenues for detecting DM is via the observation of the sec-
ondary SM particles produced from dark matter annihilation or decay in astrophys-
ical environments [189-192]. These secondary particles, which include cosmic rays,
high-energy neutrinos, and gamma rays, can travel over astronomical distances and
potentially be detected by terrestrial or space-based experiments, as illustrated in
Fig. 2.9.

DM annihilation or decay

Figure 2.9: Schematic illustration of dark matter annihilation or decay in the
Milky Way halo, producing Standard Model (SM) particles that propagate to the
Earth as detectable messengers. Figure adapted from Ref. [192].

For the purpose of this thesis, we focus on the observable signatures such as
ultra-high-energy cosmic ray (UHECR), neutrinos v and gamma-rays arising from
the decay of DM. Experiments such as IceCube [193], the Pierre Auger Observatory
[194], and the Telescope Array[195] are sensitive to such extreme-energy events. The

non-observation (or measured flux limits) of anomalous UHE spectra from regions
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DM annihilation/decay Primary channels Final products

SM =W-,Z b, 77, t,h... —> ¢%,5, %, Ve, d

Decays and
hadronization

SM =W*Z b, 7%, t, h... —> %D, Y, Vepr, d

Figure 2.10: Schematic representation of DM decay/annihilation and the pro-
duction of primary and secondary particles. Figure adapted from Ref. [192].

with large DM density, such as the Galactic center, places stringent constraints on
the DM annihilation cross-section (owv) or decay lifetime 7 as a function of the DM
mass mpy. In particular, for superheavy and decaying DM (mpy = 106-101° GeV),
the absence of excess UHE neutrinos, gamma-rays and cosmic rays implies lower
bounds on the decay lifetime typically exceeding ~ 10%0-10%%s [196-199], signifi-
cantly restricting the viable parameter space. UHE observations thus provide pow-
erful and complementary probes of DM models, especially those beyond the reach
of collider or direct-detection experiments. Although ultra—high-energy events can
arise from both superheavy dark matter (SHDM) decay and annihilation, the an-
nihilation flux scales with the square of the DM density and is therefore strongly
suppressed for superheavy DM. For this reason, we primarily focus on the decay sce-
nario. In this thesis, we discuss recent observations of two ultra—high-energy events

and explore their possible origin in superheavy DM decay.

The decay of dark matter particles in astrophysical environments can pro-
duce Standard Model states through two-body processes of the form 1 — 2, e.g.,
DM — X X. The primary decay products subsequently undergo a sequence of sec-
ondary processes, including further decays, parton showering, and hadronization,
leading to the production of stable SM particles such as protons, gamma rays, and
neutrinos. A schematic representation of this sequence is shown in Fig. 2.10. To
predict the observable signals at Earth, a key ingredient is the differential energy
spectrum of each stable species, dN;/dE, which characterizes the number of particles
produced per decay per unit energy. Here, the index ¢ labels the final-state species,
in particular protons (p), gamma rays (), and neutrinos (v). These spectra serve

as the primary inputs for calculating the corresponding fluxes. The expression for
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1071 L

DM — bb — v,

101 10-3 102 101 10°
Xxr = 2E/mDM

Figure 2.11: Energy spectra x?dN/dz for v, as a function of 2 produced from

DM decay to b quark. DM mass is varied from TeV scale to the Planck scale.

differential energy spectra for DM mass mpy is given by [200]

dN; 1dr
"= == (DM > i+... 2.34
L (2.34)

where x = 2F /mpy and [y = 1/mpy with 7y being the lifetime of DM. T is the
inclusive decay rate of DM — X X — i+.... [200]. The calculation of differential en-
ergy spectra requires careful treatment of primary particles’ decays, showering, and
hadronization, which are dictated by SM physics. Several public Monte Carlo event
generators, such as Pythia [201] and Herwig [202], are widely used for this purpose.
In this thesis, we compute the differential energy spectra using the HDMSpectra
package [200], which is based on Pythia and is specifically designed for high-energy
dark matter decay and annihilation processes and provides reliable predictions for
the stable final-state yields. The HDMSpectra package enables the computation of
particle energy spectra over a broad dark matter mass range, extending from the
electroweak scale up to the grand unification (GUT) scale. The spectra are obtained
using fragmentation functions, D:’(z; ug, po), which describe the probability that an
initial state a produced at the hard scale ;1o evolves into a final state particle b at
the lower scale 9. For example, an initial partonic state such as X X can fragment

into stable hadronic products like p 4+ p (see [200] for details).

Fig. 2.11 shows the scaled energy spectra, z2dN/dx, as a function of z, for

several dark matter masses. The spectra correspond to a specific decay channel in
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which the dark matter particle decays into a bb final state. In order to calculate the
flux of i*" secondary particle, one needs to sum over the differential spectra for all
the possible decay channels e.g. DM— bb, W+W =, utp~, vo. The different flux of

i'" secondaries from a given angular direction df) from galactic DM is given as

d2¢i,g(El-) _ D dN;(E;) (2.35)
dEldQ 47TmDMTDM dEZ ’ .
where . .
D=— Q ) 2.
Ao /0 ds pore(s, ;1) (2.36)

Here ppy is the DM density in the Milky Way, [,b are the Galactic longitude
and latitude, and s denotes the line-of-sight coordinate. The differential solid an-

gle, dQ is given by df2 = d(sinb)dl. These coordinates are related as r(s,b,1) =

\/ s? +r2 — 2srg cosbcosl, where 1, = 8.3 kpc is the distance to Milky Way center

from the Sun.

The DM density in the Milky Way is characterized by several different DM
profiles available in the literature [203-207]. In this thesis, we primarily consider
the standard Navarro-Frenk-White (NFW) density profile, which as a function of

the Galactocentric radius, Rgc given by,

Pch
Rgce/Ra)(1+ Rao/Ren)?

pxrw (Rao) = ( (2.37)
Here pg, is the DM density at the characteristic scale R. = 11 kpc, and its value
is obtained by normalizing pnypw with the DM density in the solar neighbourhood,
po = 0.43 GeV cm 3. The other DM profiles like Einesto [205] and Burkert [207]

also predict a similar DM density except at the Galactic center.

In addition to the Galactic component, DM decay in the extra-galactic medium
also produces secondary SM particles through the same decay channels, giving rise
to a diffuse cosmological flux. For gamma rays, this contribution is largely sup-
pressed due to absorption by the extra-galactic background light (EBL) and CMB.
In contrast, neutrinos propagate essentially without attenuation over cosmological
distances, making the extra-galactic component particularly relevant for the neu-

trino flux. The differential flux of extra-galactic secondaries of species ¢ is given
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dt

dz

dN(E/) e*T(E/,Z)
dr’ ’

dg;rc(E) PDM / & (2.38)

dE - 4 MDM T™DOM

where E' = E(1 + z) accounts for redshift effects, ppy = Qpmpe is the present DM
density, and p, = 4.7 x 1075 GeV cm ™ is the critical density today. The attenuation
factor e~ 7(F'2)

optical depth due to interactions with the EBL and CMB [208].

incorporates gamma-ray absorption, with 7(£’, z) denoting the total

The total fluxes of UHE cosmic rays, gamma rays, and neutrinos arising from
both Galactic and extra-galactic DM decay can be directly compared with observa-
tional data to constrain the DM mass mpy and lifetime 7y, In the following, we
briefly review the capabilities of past, current, and future experiments relevant for
the detection of UHECRs, UHE gamma rays, and UHE neutrinos.

UHECR telescopes and measurements: UHECRs were first observed by the
Akeno Giant Air Shower Array (AGASA) [209] and the High Resolution Fly’s Eye
(HiRes) experiments [210, 211] several decades ago. In particular, HiRes reported
events with energies up to 320 EeV [212], which remain among the most energetic
cosmic rays detected to date. More recent measurements of the UHECR, spectrum
above 0.1 EeV by the Pierre Auger Observatory (PAO) [213] and the Telescope Array
(TA) [214] are broadly consistent with these earlier results, although some differ-
ences persist in the inferred mass composition and spectral features at the highest
energies. Future experiments such as the Giant Radio Array for Neutrino Detec-
tion (GRAND) [215] are expected to further improve the sensitivity and provide

complementary information on UHECR sources.

UHE gamma-ray telescopes: So far, no confirmed detection of UHE gamma
rays in the PeV-EeV energy range has been reported, apart from a few Galactic
sources slightly above PeV energies [216]. Instead, several experiments, including
Haverah Park [217], AGASA [218], Yakutsk [219, 220], AGASA+Yakutsk [221, 222],
TA [223, 224], and PAO [225, 226], have placed upper limits on the diffuse UHE
gamma-ray flux. Future facilities such as GRAND 200k and the proposed upgrade
of the PAO surface detector (SD) [227] are expected to significantly enhance the

sensitivity, enabling either detection or more stringent constraints.
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UHE neutrino telescopes: Apart from the recent KM3-230213A event [228],
no other UHE neutrinos have been conclusively detected by operating instruments
such as the Antarctic Impulsive Transient Antenna (ANITA) [229], IceCube [230],
TA [195], and PAO [194]. Both theoretical predictions [231-242] and current ex-
perimental limits [194, 243-245] often lie below the sensitivities of several exist-
ing detectors, including the Askaryan Radio Array (ARA) [246], the Radio Ice
Cherenkov Experiment (RICE) [247], and the Square Kilometer Array (SKA) [248,
249]. Nevertheless, next-generation experiments such as IceCube-Gen2 [230] and
GRAND 200k [215, 250] will achieve substantially improved sensitivities and offer

promising prospects for the detection of UHE neutrinos.

2.4 Objective of the thesis

The thesis examines a class of well-motivated BSM frameworks that remain largely
inaccessible to conventional collider and direct-detection searches, focusing instead
on their cosmological imprints. We analyze the resulting signatures in observables
such as the CMB, stochastic gravitational wave backgrounds, and high-energy as-
trophysical measurements, with special emphasis on models involving dark matter,

Dirac and Majorana neutrinos, and ultra-light PBHs.

In Chapter 3, we study the simultaneous production of dark radiation in the
form of Dirac neutrinos and dark matter originating from a common source within
a simple BSM scenario. We investigate the implications of this framework for AN.g
and the free-streaming length of dark matter. The scenario is subsequently extended
to a gauged B — L model in order to construct a UV-complete realization and to

explore its phenomenological consequences.

In Chapter 4, we extend the discussion of Sec. 2.2 by incorporating thermal-
ized dark radiation in the presence of ultra-light PBHs and examine their potential
signatures in future CMB and GW observations. We further consider a scenario in
which dark radiation is in the form of axions, a hypothetical particle arising from the
Peccei-Quinn solution to the strong CP problem discussed earlier. The same frame-
work can also explain matter-antimatter asymmetry via leptogenesis. The otherwise

untestable vanilla leptogenesis framework can become experimentally accessible by
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linking its origin to the PQ symmetry-breaking scale. This setup is analyzed in the

presence of ultra-light PBHs, and its possible detection prospects are explored.

In Chapter 5, we shift our focus from early-Universe signatures to late-time
observables and investigate dark matter decay and its possible role in explaining
recently observed high-energy events such as the Amaterasu event [251] and KM3-
230213A [228]. We also derive updated constraints on the decaying dark matter

parameter space using these observations.

Finally, in Chapter 6, we summarize the main results of the thesis and outline

several directions for future research.
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Cosmological Signatures of Dirac Neu-
trino Portal Dark Matter

In this chapter, we discuss a unified framework that simultaneously addresses the
origin of neutrino masses and DM, together with its cosmological implications. Al-
though neutrinos can, in principle, be either Dirac or Majorana particles, our discus-
sion focuses on the Dirac neutrino scenario. In the Dirac neutrino portal dark matter
(DNPDM) framework, light right-handed Dirac neutrinos mediate the interactions
between the DM and the SM thermal bath. Since these right-handed neutrinos
remain relativistic in the early Universe, they can contribute to Neg, thereby pro-
viding a potential cosmological probe. Light Dirac neutrino models often lead to
enhanced ANg, some recent works on which can be found in [120, 123, 173, 252—
267]. Moreover, as DM is produced through the same processes that generate vg,
the requirement of obtaining the correct relic abundance is directly correlated with
the resulting contribution to Neg. We also discuss the implications of structure-
formation constraints on the DM parameter space and discuss how these limits

affect the overall detectability of the scenario.

The chapter is mainly divided into two sections. In the first section, we discuss
a minimal DNPDM model where we have a fermionic singlet DM ), right-handed
neutrinos v, and a complex scalar singlet ¢. The details of this study are presented

in Section 3.1 and are based on the published paper [268]. In the next section 3.2,
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we discuss the UV completer of the above scenario in a gauged B — L framework,

which is based on the published paper [269].

3.1 Freeze-in Dark Matter via Light Dirac Neu-

trino Portal

3.1.1 The minimal setup

Here we consider only three types of BSM particles sufficient to highlight the inter-
esting phenomenology. They are namely, right handed neutrinos v, fermion singlet
DM ¢ and a complex scalar singlet ¢ transforming non-trivially under an unbroken
discrete Z, symmetry. The right handed neutrinos couple to left handed lepton
doublets via SM Higgs with fine-tuned Dirac Yukawa couplings to generate sub-eV
Dirac neutrino masses. All SM leptons as well as v have Z, charge i which keep
the Majorana mass terms away. The Z, charges of 1, ¢ are chosen to be —1,7 re-
spectively which ensures DM has only one tree level coupling of the form y¢EVR 0.
On the other hand, vg, ¢ can have other couplings as well. For example vg couples
to SM lepton doublet ¢, and Higgs H as yg 1, H vg. On the other hand, the scalar
singlet ¢ can have quartic interactions with the SM Higgs as Az, (HTH)(¢7¢). Thus,

the Lagrangian involving the newly introduced fermions can be written as
LF = iﬁR’y‘uau VR - ZE’)/'LL 8u¢ — mw%ﬂ) — (yHZL ]:IVR —|— y(pEVRgb -+ hC) (31)

Similarly, the scalar Lagrangian of the model is
Ls = (D, H)'(DjH)+ (9,9)'(0"¢) — [ — pigy (H'H) + Ay (H'H)? + 15, (¢'9)
A (070)* + A (HTH)(670) + Xj (0" + (1)) ] , (3.2)

where, the covariant derivative for H is defined as

.g a .g
Dy = (0,+ iZr W+ zngu) H. (3.3)
Y
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Since Z4 needs to remain unbroken, the singlet scalar does not acquire any VEV.
After spontaneous symmetry breaking, the physical masses of the scalars can be

written as

1
m}ZL = 2>\H U2 s mi = ,ui + §U2>\H¢ . (34)

While Dirac Yukawa coupling yy remains suppressed from neutrino mass criteria,
without much relevance to the phenomenology of DM and AN., the two other
couplings namely, y4, Ay play crucial roles along with the masses of ¢, denoted
by mg, my respectively. Therefore, the relevant free parameters of this model are

the following couplings and the masses,

m¢,mw ,y¢,)\H¢. (35)

Since both DM and vg will be dominantly produced from ¢, it is important
to track the evolution of ¢ in the early universe. Depending upon coupling of ¢
with SM Higgs and its mass m, production of DM, v can occur while ¢ is either
in equilibrium or out of equilibrium. In order to discuss our results in details, we
consider three different scenarios and write the corresponding Boltzmann equations
as follows. For the detailed derivations of the Boltzmann equations for each of these

scenarios, please refer to appendix A.1.

Case I: (¢ in equilibrium) In this case, ¢ remains in equilibrium with the SM
bath during DM and vy production from ¢ decay. Thus ¢ abundance can be con-
sidered to be its equilibrium abundance throughout while for the other two species
1, Vg, the relevant Boltzmann equations, in terms of comoving number densities of

¢ and v, and comoving energy density of vg, are given by

dY"/’ o ﬁ/ Kl(w) eq
do xHF¢K2(x)Y¢ ’ (36)

/

dy .
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where © = my/T and

/ Tdg../dT
g = [1 + gT*i} ,
2
Iy = %W‘@%w (1 - %)
(ET) = gwgVR’M@%Rw (g _4m?”)2,
327 my,
MEo g = ———y2(md —mid), (3.8)

99y 9vy

While the comoving number density Yy = ny/s, the comoving energy density of
vr which remains relativistic during the CMB formation, is defined in terms of its

energy density as Y = p,,. /%3,

Case II: (freeze-out of ¢) For certain choices of model parameters, one can have
a scenario where ¢ gets thermally produced first followed by its freeze-out and only
after that dominant production of DM and vy take place from decay of ¢. Since
¢ can no longer be taken to be in equilibrium throughout, we need to track its
evolution using the corresponding Boltzmann equation. The system of Boltzmann

equations in this case is given by

dY¢ 5IS 2 F¢ Kl(m¢/T)
— L [F R ©7)2) S S | .
= (o, e (P = p) -2 69)
ay, B . Ki(v)
v _ 2 1
de — zH "Ky(z) ” (310)
&v._ g
+— F =7l 3.11
dl‘ 7’[51/337( > ¢ ( )
Here (ov), . s the thermally averaged annihilation cross-section [31, 270] of

¢ into the SM particles via Higgs portal interactions. These include the contact
interaction of ¢ with the Higgs (h) along with all other Higgs portal interactions
o' — ff,VV, hh, where f denotes the SM fermions (quarks and leptons) and V'
denotes the SM gauge bosons. The definition of other parameters remain same as

in case I discussed earlier.
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Case III: (non-thermal ¢) Finally, we consider the remaining possibility where
¢ can be out-of-equilibrium throughout due to tiny couplings with the SM Higgs.
Thus, the initial abundance of ¢ remains negligible, like FIMP DM, and then it
starts to populate the universe due to decay or annihilation of SM bath particles.
Since ¢ has only Higgs portal couplings, the relevant production mechanism is from
Higgs decay or Higgs annihilation depending upon mg. The distribution function
for ¢ can be calculated by solving the following equation

Ip1
the details of the collision terms on the RHS are given in Appendix A.1. Once the
distribution function f; is evaluated, it can be used to find the evolution of DM and

vg densities by solving the following Boltzmann equations

dYy  gef F¢m¢/ (Ame)® e2f,(€,7)

dr — rHs 2n? \/(fAm)z - dg.,
d? - .gzi)ﬂ/ 1 o0 mo 3
ar  rss 27r2/0 (AT) & fs(&,r)de, (3.13)

where r = mg/T with mg being an arbitrary mass scale and details of A, £ are given

in Appendix A.1.

3.1.2 Structure formation constraints

Fermion DM with mass roughly below a keV is ruled out from galactic phase space
arguments [271, 272]. This implies that a fermion DM with mass above a keV can
still allow, in principle, the formation of structures as we observe in the universe.
However, such generic lower bound on fermion DM mass based on phase space
arguments, can become more stringent depending upon the production mechanism
of DM. Such bounds can be imposed on a particular DM scenario by calculating
the free-streaming length (FSL) of DM. While hot DM is already ruled out, warm
DM with FSL Apgr, < 0.1 Mpc is still allowed, and can be favourable over cold DM
of FSL Apsy, < 0.01 Mpc due to the small-scale structure problems associated with
the latter [273]. Dark matter free-streaming length can be estimated from matter

power spectrum inferred from the Lyman-« forest data [274, 275]. This has been
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done in several earlier works including [276]. Quasar data have also been used to
for studying free-streaming properties of DM [277]. For theoretical and simulation
based studies of dark matter free-streaming properties, one may refer to [278-281].
For some recent discussions on structure formation constraints on DM production

mechanisms, please see [282-284] and references therein.

The free-streaming length can be defined as

S

where Ty, is the temperature of the universe at the time of matter-radiation equal-
ity while T},,,q denotes the temperature during maximum production of DM. The

average velocity of DM ((v(T))) at a temperature T' can be expressed as

Br Céf% fu(p1,T)
v(T)) = .
T o fo(p1, T)

(3.15)

Here p; is the momentum of DM particle ¥ having energy F;. The above integration
over p; are for all possible values of the momentum (p;) of ¥. In terms of two new

variables &, and r, the above definition of (v) becomes

i éwfw&p,)&
060 = TareaiE ) iy .

The function A(r) is defined in Appendix A.1 with mg being a reference mass scale,

considered to be 125 GeV in our analysis. Now, in terms of r the above definition
of FSL takes the following form

1/3 Teq 4 d
AFSL = (%) ro/ (w(r)) gi/3 Hﬁ(r)r_; (3.17)

Tprod

Therefore, in order to calculate the free-streaming length of dark matter v, we
first need to find the distribution function f, (&, 7). The non-thermal distribution
function of 1) depends mostly on two factors. One of the factors is the momentum
distribution of the parent particle ¢ while the rest is the production mechanism of
1 from the parent ¢. In our case, ¥ can be produced from the decay of ¢ as the

decay is always kinematically allowed. The Boltzmann equation for f,; due to the
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process ¢(K1) — (Py) + Ur(P,) is given by

Ofs Of. 1 /’f““ kndky
— —H = Mi_, ky). 3.18
where,
min 1
R = e | =pi(m + m) + /3 (m2 + m2)? — m? {apim? — (m3 —m2)*} |,
b

max 1

P = oy (o md) o ) e g = (= w2}
P

(3.19)

and when mg, > m,,, the above limits on k; reduce to the following simplified forms

i m2 m?
m>2 m2
ppe o~ 8 <p1 + \/p% —4—pt +m?p> : (3.21)
Qmw m¢

Now for

o Case I: fy(ky) = e Bm/T,

e Case II: we can find f,(k;) after the freeze-out of ¢ by using

O . 0Fs — ~ssuw
G~ Mgt = comn, (3.22)

e Case III: we can find f,(k1) by using

% _ 'Hlﬁ% — C’h—>¢¢T + Chh—>¢¢T + CO—PRY (3.23)
ot 0k

Once we find f, from the above equations, we can use that to find f,; which
we can use again to find thermal average velocity and free-streaming length. We
can also cross-check the numerical calculations by obtaining ng, = g4 [ (d;’Tk)g fs and

— d3p1 . . . . . s
ny = gy [ Gy f» and comparing it with the previous sub-section’s results. Note
that the same expression for n, also appear in the denominator for the expression

of (u(T)).
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We will discuss the results for free-streaming length for each case together with

DM and A Ngg results in the upcoming sub-section.

3.1.3 Numerical Results

In this sub-section, we discuss our numerical results for all the three cases mentioned
above. After solving the Boltzmann equations for comoving densities of dark sec-
tor species, we can find the observable quantities like DM abundance Qpyh? and
ANqg. Since the region of validity for these three cases crucially depends upon the
parameters involving complex scalar singlet ¢, we first show the parameter space in
terms of its mass and Higgs portal couplings in left panel of Fig. 3.1 indicating the
region excluded by the constraints from the LHC on invisible decay of the SM Higgs
boson into a pair of ¢. The ATLAS and the CMS collaboration have put the limit
on invisible Higgs branching ratio as BRy i, < 14.6% [285] and BRy iy < 18%
[286] respectively, of which we use the stronger ATLAS bound in the left panel of
Fig. 3.1. In the right panel of Fig. 3.1, we show the interaction rate of ¢ (I') in
comparison to the Hubble expansion rate for three benchmark values of my, Ay to
indicate typical Higgs portal couplings required to consider thermal production of
¢ in the early universe. Clearly, for Higgs portal coupling Aygs < 107% validates
the non-thermal nature of ¢ as we consider while discussing details of case III. In
the following, we will choose the benchmark points as well as the scan range while

keeping Fig. 3.1 in mind.

In addition to bounds on Qpyh?, ANeg and (mgy, Agg) plane mentioned above,
we also note the model independent bounds on DM mass. If DM is very light, it
can remain relativistic for a long time after being produced from ¢ decay resulting
in large free-streaming length. While hot dark matter is ruled out, a warm dark
matter (WDM) component is still allowed provided certain bounds are satisfied.
Depending upon the details of production mechanism, warm dark matter mass below
a few keV is ruled out as shown in several works incorporating different observations
[279, 287, 288]. Coincidentally, similar lower bound exists on fermion DM mass
from galactic phase space arguments [271, 272]. While these lower bounds can
vary slightly depending upon the production scenario and observational constraint
imposed, we consider a lower bound of O(1)keV in our analysis. We also consider

a conservative upper bound on ¢ lifetime such that its decay is complete before the
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BBN epoch Tgpn ~ O(10) MeV. This ensures the production of dark matter as well
as dark radiation before the onset of BBN epoch.
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Figure 3.1: Left panel: LHC constraint in mg — Agg plane showing the region

excluded by upper limit on invisible decay width of the SM Higgs. Right panel:

Interaction rates of ¢ in comparison to the Hubble expansion rate for benchmark
choices of mg — A used in our analysis.

Case I In this case, ¢ remains in equilibrium while DM and vi production takes
place. This is the simplest scenario where we need to solve only two coupled Boltz-
mann equations for ¢, vz while using equilibrium abundance for ¢ throughout. Left
panel of Fig. 3.2 shows the evolution of dark sector particles as functions of temper-
ature for different sets of parameters. The magenta, blue and green lines correspond
to the comoving number densities of ¢ (in equilibrium) and ¢, and comoving energy
density of vg respectively. The three free parameters mg, y4 and my, are taken in
such a way that DM abundance, Qp\h? is always satisfied. While ¢ abundance
follows the equilibrium abundance as shown by the magenta line, DM and vg freeze

in from decay of ¢ and get saturated after ¢ abundance gets Boltzmann suppressed
for T' < my.

Now, let us discuss the phenomenology for this situation with respect to the pa-
rameters m, y, and my, govern by Egs. (3.6) and (3.7). The approximate analytical
solutions of these two equations are given in the Appendix A.2. Equations in (A.69)

say that for my > my, both Y, and Y depend on mg and y, only, making AN.g
independent of m,. Eq. (A.72) that gives a relation between ANz and Qpyh?,
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Figure 3.2: Evolution of dark sector particles (¢, 1), vg) in case I considering ¢

to be in equilibrium throughout. All the lines denote the total comoving num-

ber/energy densities of dark sector particles. The left and right panel plots show

the change in evolution for two different choices of y,, my respectively. Chosen
sets of points keep the DM abundance within the Planck limit.

carries DM mass as an independent parameter. For correct relic abundance, a min-
imum value of DM mass will provide a maximum contribution to extra radiation
energy density. Keeping this in mind, we plot the solid line in left panel of Fig. 3.2,
where we keep DM mass to be 10 keV. We see that the corresponding A Ng value is
0.002. This is the maximum value of effective relativistic degrees of freedom and it is
out of the reach of both Planck 2018 and CMB-S4 limit. An approximate analytical
approximation also gives the same value AN ~ 0.0016 (from Eq. (A.71)). For
the dashed line in the left panel, we have changed y, and observed its effects on
ANcg. In order to satisfy the DM abundance, m, has to be increased accordingly
for the dashed lines. As expected, A Ng is reduced further. The right panel in Fig.
3.2 has been plotted for a different value of my. Here, due to a larger mass, ¢ gets
Boltzmann suppressed earlier resulting in a smaller Y,, and Y. In both the plots, we
show a horizontal line denoting the comoving energy density of a single species of
right-handed neutrino that corresponds to the 20 upper bound from the Planck 2018
data. In conclusion, for this situation when ¢ is always in bath, the contribution
of dark radiation to effective relativistic degrees of freedom is beyond the reach of
future CMB experiments.

Structure formation constraints: For case I, where the particle ¢ is always in
thermal equilibrium, we have calculated the free-streaming length for three different
benchmark points. Here, we already know the distribution function of ¢ using which
the distribution function of ¢ can be calculated. The Eq. (3.14) tells that the free-

streaming length is mainly dependent on two factors: the production temperature
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(Tproa) and the injected energy to the DM from the decaying particle which will
determine the average thermal velocity of the latter. In this section, we will see that
if the production temperature is same and injected energy to DM is more, one can
expect a larger free-streaming length as the dark matter particle will be relativistic
for a longer duration. If the production temperature is high but the injected energy
is same, one can expect a smaller FSL due to higher red-shift of DM momentum

which will make the DM to be non-relativistic at an earlier epoch.
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Figure 3.3: Average velocity of DM as a function of temperature in case I for
different benchmark combinations of relevant parameters.

In Fig. 3.3, we have shown the average velocity of DM as a function of temper-
ature for two different values of ¢, my = 10 GeV and my = 50 GeV. The values of
dark sector coupling, y,4 is same in the upper panel plots of Fig. 3.3. In all the fig-
ures, the red lines show the average velocity of ¢ for which m,; gives the correct DM
relic. As can be seen from all the three plots, for my g 10 keV, the free-streaming
length is less than 0.1 Mpc, that is, they are in the warm DM region. From the
first two plots, we see that for a particular value of m, (e.g. my, = 1000 keV),

both the plots give very similar values for free-streaming length. This is contrary
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Table 3.1: Table for case I

Parameters 2
10 5x 10710 81 0.12 1.6 x 1072 0.0141
50 5x 10710 440 0.12 2.9 x 107° 0.0030
50 1079 110 0.12 1.2x107* 0.0105

to the expectation as for higher mass of decaying particle, the injected energy to
the DM should be more. The reason why the FSL is still small for higher decaying
particle mass is that the production of DM from ¢ also occurs at a earlier epoch (see
benchmark plot in Fig. 3.2). As a result although the DM has higher momentum,
its momentum gets red-shifted more. These two different phenomena compete with
each other and as a result, we get similar FSL values in both the plots. In the top
right panel plot and in the bottom plot, we have kept ¢ mass to be same and have
changed the dark sector coupling, y4. Due to same my, the initial energy of DM will
be the same. Also we have already seen that changing vy, does not change T},,0q, the
production temperature of dark matter. Hence we can expect same FSL for same
DM mass. This is exactly what we can see from the top right plot and the bottom
plot. The only difference in these two plots is that the 1 mass satisfying correct
DM relic is different. From the above analysis, we have found that the FSL for DM

mass corresponding to correct DM relic falls under the warm dark matter region.

We summarize our FSL results for case I in table 3.1, by including only those
benchmark points from above analysis which satisfy correct DM relic. Clearly, the
constraints on DM mass from FSL criteria can be as severe as O(100keV) keeping
the ANg < O(1073).

Case II We now discuss the results for the intermediate scenario where ¢ gets
produced thermally followed by its freeze-out. This requires solving the Boltzmann
equation for ¢ as well together with the ones for ¢, vg. Therefore, in addition to
Mg, Ys, My, the Higgs portal coupling Ags can play crucial role in deciding DM
abundance as well as AN.g. We show the evolution of dark sector particles for case
IT in Fig. 3.4. The top left, top right and bottom panels in this figure show the
comparisons for two different choices of Y4, Amg, Mg respectively. Similar to case I,
the magenta, blue and green lines correspond to the comoving number densities of ¢
(in equilibrium) and v, and comoving energy density vy respectively. The red line

corresponds to the actual comoving number density of ¢ which undergoes thermal
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freeze-out at an intermediate epoch followed by complete decay at later epochs. In
all these plots, one can clearly see the production of ¥, vg to be taking place during
equilibrium as well as frozen out phases of ¢ separated by a kink in between, as seen
from the blue and green lines. The Higgs portal coupling of ¢ is chosen in such a
way that the freeze-out abundance of ¢ is non-negligible in order to play substantial
role in ¥, vz production. This is clearly visible from the plots shown in Fig. 3.4,
where the production of v, vg from frozen out ¢ appear to be significant. Another
significant improvement from case I is that mass of DM can satisfy the lower limits

discussed earlier even when AN g saturates Planck upper bound.

In the top left panel plot of Fig. 3.4, we show the evolution for two different
values of y4 while keeping other parameters fixed. Since y, dictates the decay width
of ¢, a lower value of y, delays the decay of frozen out ¢. Change in y,4, however,
keeps DM density same as the number of ¢ gets transferred to number of ¢, both of
which behave as non-relativistic particles. On the other hand, a lower value of y,4 or
delayed production of vg from frozen out ¢ increases the comoving energy density

of v which behaves as radiation with comoving energy density defined as Y = 5 5 -

This can be understood if we solve the coupled Boltzmann equations given in Egs.

(3.9), (3.10), (3.11) analytically after the freeze-out of ¢. Eqgs. (A.73) and (A.74)

give the approximate analytical expressions for Y° Y, and Y. As evident from

Fig. 3.4, the freeze-out abundance of ¢ namely, Yf gets converted to Yy; whereas,
(ET) <l

YocTocy¢.

In top right panel plot of Fig. 3.4, we show the evolution for two different choices
of Higgs portal coupling Agg. As expected from freeze-out mechanism of WIMP type
particles, a larger value of Apy leads to smaller freeze-out abundance of ¢ and hence
smaller yield of ¥, vy at later epochs. On the other hand, for larger benchmark value
of Ape resulting in smaller yield of Yy, we choose a heavier DM mass in order to
keep Qpyh? within Planck bounds. Finally, in the bottom panel plot of Fig. 3.4, we
show the evolution of dark sector particles for two different choices of ¢ mass. Due to
change in Boltzmann suppression, the equilibrium evolution also changes for these
two values. Since annihilation cross section decreases with increase in mass, we see
larger freeze-out abundance for heavier ¢. Naturally, a larger freeze-out abundance
for heavier ¢ leads to enhancement in comoving densities of DM and vy as well. The
benchmark values of mg, m, are chosen in such a way that DM abundance Qpuh?

remains within Planck limit while heavier (lighter) benchmark of m, keep ANgg
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close to Planck upper bound (CMB-S4 sensitivity). It should also be noted that
increasing ¢ mass also increases its decay width (for m,, < m,) and hence we notice
a delay in production of ¢, vg for lighter ¢ mass. Although we noticed enhanced Y
from such delayed production in top left panel plot of Fig. 3.4, in bottom panel plot
of the same figure, this effect remains sub-dominant. The expected increase in Y for
lighter mg due to delayed production remains subdominant compared to decrease in
Y for lighter m, due to reduced freeze-out abundance of the latter. Therefore, we
only notice an overall increase in Y for heavier ¢ having larger freeze-out abundance.
In each of these plots shown in Fig. 3.4, the two benchmark parameter values (that
is, y, in top left, Ay, in top right, my in bottom) are chosen in such a way that one

of them leads to AN.g close to Planck 20 upper limit while the other pushes it close
to CMB-54 sensitivity limit.
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Figure 3.4: Evolution of dark sector particles (¢,,vg) in case Il considering

¢ to freeze out from the bath while decaying into (¢, vg). Top left, top right

and bottom panel plots show the change in evolution for two different choices of

Yo, AHp, Mg respectively. Chosen sets of points keep the DM abundance within
the Planck limit.
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As seen from the evolution plots of case I and case II discussed above, case
IT becomes similar to case I if the maximum production of ¢ from the decay of ¢
happens before the freeze-out of latter from the thermal bath. This requires either
late freeze-out of ¢ (due to large portal coupling Agys) or a short lived ¢ (due to
large Yukawa coupling y,). Unless we consider such regimes of couplings, these two

cases need to be considered separately, yielding distinct result and phenomenology.

After highlighting the interesting features of case II with benchmark choices
of key parameters, we perform a numerical scan over the parameter space. The

relevant parameters are varied in the following range:

200 GeV < my < 2000 GeV,
107° < Aprp < 10735
1keV <m, < 10MeV.

The value of y, is kept constant and remains fixed at 107!, which also ensures that
the decay of ¢ occurs before the BBN epoch. The resulting parameter space is shown
in ANeg vs mg plane in Fig. 3.5. The colour bar in left and right panel plots show
the variation in Agg and my respectively. While all the points satisfy the Planck
bound on DM relic abundance, the corresponding upper bound on ANg is shown
by magenta shaded region. The future sensitivity of CMB-S4 experiment is shown
as grey shaded region. From the left panel of Fig. 3.5, we can clearly see that for
decrease in Apy, while keeping my constant, AN decreases. This is expected as a
smaller value of Higgs portal coupling Ag4 leads to a larger freeze-out abundance of
¢ followed by enhanced production of vz from ¢ decay. Since the same decay also
produces DM, we need to choose lower values of DM masses in order to keep its
relic abundance within Planck limits. This can be noticed from the right panel plot
of Fig. 3.5 where the points with large AN.s correspond to smaller DM masses.
Additionally, for fixed Apy, if we increase my, the corresponding ANg increases.
Once again, this is due to larger freeze-out abundance of ¢ for heavier masses, as
noticed while discussing the evolution plots in Fig. 3.4. Accordingly, for heavier
me with fixed Ay, we need to choose lighter DM masses in order to keep its relic
abundance within observed limits, as seen from the right panel plot of Fig. 3.5.
Thus, FIMP type DM candidate in our setup with masses all the way up to a few
tens of keV can already get disfavoured by Planck 2018 limit (20) on ANgg. As

we will see in the next sub-section, this lower bound on DM mass gets pushed to
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hundreds of keV after imposing the structure formation bounds. Accordingly, as

these Fig. 3.5 suggests, ANqg gets pushed down to second or third decimal places.

Planck 2018 Planck 2018

L 10°° 107° 107 1073 0.01

10—4‘\‘H‘\H"\HH\H“?\Hw”mum””\ b, my(GeV) L

250 50 750 1000 1250 1500 1750 2000 250 500 750 1000 1250 1500 1750 2000
m, (GeV) m, (GeV)

Figure 3.5: Parameter space plot for case II obtained from numerical scans,

shown in terms of ANeg vs mg while Ay (left panel) and m,, (right panel) are

shown in colour code. The other relevant parameter y, is kept fixed at 1010,

The magenta and grey shaded regions indicate the current and future bound on
ANg from Planck 2018 (20) and CMB-54 respectively.

Structure formation constraints: For case [1, we have estimated the free-streaming
length of dark matter for some benchmark points. The free-streaming length for dark
matter when my = 1000 GeV, Ay =5 % 107° and ys = 107'° are shown in the left
side of Fig. 3.6 for different values of m,,. Except the red colored lines, the other lines
do not satisfy the current DM abundance. As expected, for lower mass, the dark
matter remains relativistic for a longer period and hence its free-streaming length is
higher. Even for the maximum m, in the figure, i.e. for my = 1000 keV, the free-
streaming length is greater than 0.1 Mpc, which is roughly the boundary between
warm and hot dark matter. Thus for all m,, in the figure, the free-streaming lengths
are found to be higher than 0.1 Mpc. By decreasing the injected energy to dark
matter from the particle ¢, the dark matter can be made to become non-relativistic
at an earlier epoch. This can be obtained by decreasing mg. The top right panel
plot of Fig. 3.6 shows the free-streaming length for a smaller m, = 500 GeV with
Amg and Yy having the same value as the top left panel plot. We can see that al-
though the free-streaming length now has a smaller value, but still all the points give
hot dark-matter. Another effective way to make dark-matter non-relativistic at an

earlier time is to increase the dark sector coupling y4. This will give a higher decay
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Figure 3.6: Average velocity of DM as a function of temperature in case II for
different benchmark combinations of relevant parameters.

Table 3.2: Table for case II

- Parameters 2
m¢(GeV) &@ yd) mw (keV) QDMh ANeff FSL(MPC)
1000 5x10° [ 1071 146 0.12 |58 x 1072 2.625
500 5 Tt 275 0.12 |22x1072 1.146
1000 1.6 x 1074 | 107° 820 012 |72x10* 0.071
500 144 o —° 550 0.12 |6.5x107* 0.077

rate I'y, leading to a higher dark-matter production temperature. The results can
be seen from the bottom plots of Fig. 3.6. The left hand side is for my = 1000 GeV
and the right hand side is for mg = 500 GeV. As increasing Ap4 will also increase
m,, for correct DM abundance, the other parameters are tuned in both the figures
so that we get DM mass in order of hundred of keV mass, satisfying the relic density
constraint. We summarize our FSL results for case II in Table 3.2, by including only

those benchmark points from above analysis which satisfy correct DM relic density.
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Case III In this subsection, we discuss the results for the last subclass of scenarios
mentioned earlier where the mother particle ¢ never enters equilibrium due to feeble
Higgs portal coupling. In order to simplify the analysis, we consider ¢ production to
be taking place dominantly from the SM Higgs, either via decay or via annihilation.
For my < my,/2, the decay process (h — ¢¢) dominates while in the other limit only
annihilation (hh — ¢¢) can contribute to ¢ production. To show the roles of decay

and annihilation separately, we discuss these two limits separately.

For m, < my/2: In this case, ¢ freezes in from Higgs decay and then decays into v
and vg. Similar to earlier cases, we first show the evolution of dark sector particles
for suitable choices of model parameters such that both DM abundance as well as
A N.g remain within Planck 20 limits. The corresponding evolution plots are shown
in Fig. 3.7. We maintain similar colour codes as before namely, magenta, red, blue,
green to show the evolution of comoving number densities of ¢ (equilibrium), ¢
(actual), DM 1, vg respectively. In sharp contrast to case I, II discussed earlier,
here we see that the initial abundance of ¢ remains negligible and then it slowly
freezes in from decay of SM Higgs. In the top left panel of Fig. 3.7, we show the
differences in these evolution for two different choices of y,. As usual, a smaller value
of y, delays the decay of ¢. While final DM density remains same for both the values
of y4, the smaller value of y, leads to enhancement in vz density. Similar observation
was noted in case I as well. In the top right panel of Fig. 3.7, we show the variation
due to two different choices of Higgs portal coupling Ag,. In sharp contrast to case
II, here we get smaller abundance of ¢ for smaller value of Ay, which also highlights
the generic difference between freeze-in and freeze-out production mechanisms [87].
Consequently, smaller Ap, leads to smaller yields in v, vg as clearly seen from the
same plot in top right panel. Finally, in the bottom panel plot of Fig. 3.7, we show
the variation due to two different choices of m,. We see a marginal decrease in
freeze-in abundance of ¢ for larger m, due to the fact that as m, approaches m;,/2,
the corresponding partial decay width I',_, 44t decreases suppressing the production
of ¢ slightly. On the other hand, a larger m, corresponds to larger decay width of ¢
in the limit m,, < my leading to depletion in ¢ abundance earlier. The increase in
¢ decay width for larger mgy also results in increased initial production of ¢ and vg.
While final DM abundance decreases slightly for larger m, due to smaller freeze-in
abundance of heavier ¢, the abundance of vy gets slightly enhanced for larger m,

due to larger decay width. Thus, there exists a competition between two effects: (i)
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decrease in vg production due to decrease in freeze-in production of ¢ for larger my
and (ii) increase in vz production due to increase in ¢ decay width for larger m, and
the final results will be decided by the dominance of either of these, to be discussed
below. In all the plots shown in Fig. 3.7, we notice an intermediate plateau region

for ¢ abundance. This arises when the freeze-in production rate of ¢ from Higgs
decay and decay rate of ¢ into ¥, vg remain comparable.
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Figure 3.7: Evolution of dark sector particles (¢, 1, vg) in case 111 considering ¢

to freeze in from Higgs decay and then decaying into (¢, vg). Top left, top right

and bottom panel plots show the change in evolution for two different choices of

Yo, AHg, Mg respectively. Chosen sets of points keep the DM abundance within
the Planck limit.

We then perform a numerical scan to show the parameter space assuming ¢ to
be out-of-equilibrium throughout which freezes in only from the SM Higgs decay. In

the scan, we vary the relevant parameters in the following range:

5GeV < my, < 60GeV,
107 < Ay <1075,
1keV <my, < 1MeV.
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Figure 3.8: Parameter space plot for case III (considering ¢ to freeze in from
Higgs decay) obtained from numerical scans, shown in terms of ANeg vs my

while Mg (left panel) and m,, (right pane

relevant parameter gy is kept fixed at 10710,

1) are shown in colour code. The other
The magenta and grey shaded regions

indicate the current and future bound on A Neg from Planck 2018 (20) and CMB-
S4 respectively.

Here also y, is kept fixed at 107'%. The resulting parameter space is shown in ANeg

vs my plane in Fig. 3.8 with the colour bars in left and right panel plots showing

the variation in Agg and m,, respectively. Similar to case II, here also the scattered

points satisfy the Planck bound on DM relic abundance while the corresponding

upper bound (future sensitivity) on ANg is

With an increase in A4 while keeping my,

shown by magenta (grey) shaded region.

fixed, we get enhancement in AN.g as

seen from the left panel plot of Fig. 3.8, in sharp contrast with the corresponding

results in case II. As discussed above, this trend is expected as increase in Ay leads

to increased freeze-in production of ¢. Since DM number density also increases from

the same ¢ decay, we need to choose lighter DM masses for larger Ayg4 in order

keep Qpyh? within observed limits, as seen from the right panel plot of Fig. 3.8.

On the other hand, if ¢ mass increases for fixed Ay, we first see an increase in

AN followed by decrease for my closer to my,/2.

be explained by noting the increase in ¢ decay width for larger my.

The initial rise in AN.g can
if

However,

we continue to increase my, taking it closer to my/2, the partial decay width of

the SM Higgs I';_, 44t decreases leading to suppression in freeze-in abundance of ¢.

Consequently, this leads to decrease in vg, 1 densities. Correct DM abundance can

be obtained by choosing heavier DM masses in the high mg regime, as seen from

the right panel plot of Fig. 3.8. Similar to case II discussed before, here also the
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bounds on DM mass become more severe, after imposing the structure formation

constraints, as we discuss in the next sub-section.

For m, > my/2: We now briefly discuss the essential features of the non-thermal
¢ scenario where its freeze-in production is dominated by annihilations only and
decay is forbidden kinematically due to mg > m;,/2. The evolution of dark sector
particles in this case are shown in Fig. 3.9. Once again, the choice of benchmark
parameters is made in such a way that the final DM abundance and AN.g remain
within Planck 2018 limits. In top left panel of Fig. 3.9, we show the variation in
evolution for two different choices of y;. As expected, this only alters the decay
width of ¢ and hence the production of vg, 1. While final DM density remains same
for both the choices, late production of vz due to smaller y, leads to an enhancement
in 17, an observation which was also made in other scenarios discussed above. In top
right panel of Fig. 3.9, we show the difference in evolution due to variation in Higgs
portal coupling Agy. Naturally, a smaller Ay results in smaller freeze-in abundance
of ¢ from annihilation and hence smaller yields in v, v. Variation due to change in
me is shown in the bottom panel plot of Fig. 3.9. We do not see much difference
between the two values except for the fact that a larger my increase ¢ decay width
leading to early depletion. Since the overall features in this case remains similar to
the earlier case where ¢ is produced from decay only, we expect the parameter space

to remain similar. Therefore, we do not perform any numerical scan in this case.

Structure formation constraints: For case III, we have considered the situation
when my < my,/2. Here, we have considered the same benchmark point as in the
bottom plot of Fig. 3.7 for two different ¢ mass, mg = 10 GeV and my4 = 50 GeV.
The production temperature for both the situation is around 10 MeV (production
temperature of DM for my = 10 GeV and mg = 50 GeV are about 10 MeV and
30 MeV respectively). The Fig. 3.10 shows that the FSL for a particular dark
matter mass is more in the right plot where mg is 50 GeV. This is expected as the
production temperature is almost same, so an increase in mass of decaying particle
injects more energy to the dark matter particles. For the left plot, the DM relic is
satisfied when m,, = 3.42 keV and for the right side plot when m, ~ 5 keV. For
both the cases, the FSL when DM mass gives correct DM relic is larger than 0.1
Mpc making the DM “hot”. For these two benchmark points, the AN is within
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Figure 3.9: Evolution of dark sector particles (¢,1,vg) in case III considering

¢ to freeze in from Higgs annihilations and then decaying into (¢, vg). Top left,

top right and bottom panel plots show the change in evolution for two different

choices of y4, g, mg respectively. Chosen sets of points keep the DM abundance
within the Planck limit.

the current CMB bound. In principle, by increasing the dark sector coupling y4, the
production temperature can be increased making the FSL small.
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3.10: Average velocity of DM as a function of temperature in case III
for different benchmark combinations of relevant parameters.
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Table 3.3: Table for case II1

Parameters 2
mg(GeV) Al my(keV) Qpuh ANeg | FSL(Mpc)

Yo
10 48x 107211071 3.42 0.12 [27x 1071 9.42
20 4.8 x 1072 | 10710 2.63 0.12 [3.6x107" 15.5

We summarize our FSL results for case III in Table 3.3, by including only
those benchmark points from above analysis which satisfy correct DM relic density.
Clearly, the constraints on DM mass from FSL criteria can be as severe as O(100keV)
keeping the ANy < O(1073). In the next sub-section, we briefly comment on
possible UV completions which can bring the A Nog within CMB-S4 sensitivity while

keeping the DM phenomenology similar to above analysis.

3.1.4 Possible UV Completions

We have discussed a minimal scenario to illustrate the essential results of freeze-in
DM via light Dirac neutrino portal. The minimal nature of this model with only
three new BSM fields has led to strong predictions on DM mass as well as ANqg
allowed from experimental constraints. Possible UV completions of this model can,
in principle, give rise to a natural origin of light Dirac neutrino masses, a gauge
symmetric realisation of the discrete Z, symmetry while also giving a flexibility to

enhance AN.g to bring it within future experimental sensitivity.

One simple possibility is to introduce an additional Higgs doublet Hs, responsi-
ble for generating a light Dirac neutrino mass [289]. While the freeze-in contribution
to ANgg from Dirac Yukawa interaction with the SM Higgs doublet is negligibly
small due to tiny Yukawa couplings [123, 257], the neutrinophilic Higgs doublet Ho
can have a larger Yukawa coupling leading to either thermalised vy or large freeze-in
contribution to AN.g. We can choose the Z, charges of SM leptons, vg, ¥, ¢, Hs to
be i, —1, —1,7, —1 respectively, so that the Yukawa interaction 0 Hyvp is responsible
for light Dirac neutrino mass. This charge assignment leaves the dark sector inter-
actions same as in the minimal model. The second Higgs doublet can have a tiny
soft-breaking term with the SM Higgs 1119 H T H, by virtue of which its neutral compo-
nent can acquire a tiny VEV, leading to a larger Dirac Yukawa. Due to the presence
of multiple sources of AN, we can have correct FIMP DM phenomenology while

enhancing A Ngg to remain within the sensitivity of next generation experiments.
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Another possibility is to consider a gauge extension of the SM which naturally
accommodates three right handed neutrinos required to realise a Dirac neutrino
scenario. Perhaps the simplest possibility is to consider the gauged B — L extension
of the SM [290-295] where three right handed neutrinos arise a minimal possibility
to keep the model anomaly free. Depending upon the scalar content, light neutrinos
can be purely Dirac in this model [253, 258, 296-300]. The B — L gauge charges of
SM leptons, vg, 1, ¢ are —1,—1,0,1 to realise the minimal possibility. The fermion
singlet DM couples via the same portal ¥vg¢ while light Dirac neutrino mass arise
from the SM Higgs Yukawa couplings. Although the contribution to AN.g from SM
Higgs Yukawa interactions remain suppressed, there can be sizeable enhancement to
it due to B— L gauge interactions of vg. The DM phenomenology will remain similar
to the minimal setup except for the fact that ¢ can now interact with the SM bath
via Higgs as well as B — L gauge portal interactions. Therefore, such non-minimal
FIMP DM via light Dirac neutrino portal can lead to observable AN g which can be
probed at CMB-S4 as well as other planned experiments like SPT-3G [117], Simons
Observatory [118].

3.1.5 Summary

We have studied a minimal scenario where the origin of neutrino mass and dark mat-
ter remain connected with interesting observational prospects at CMB experiments.
Assuming light neutrinos to be of Dirac nature necessitates the inclusion of right
handed neutrinos vz which can also act like a portal to dark sector comprising of a
fermion singlet DM and a scalar singlet ¢. While the scalar singlet can be directly
coupled to the SM bath via Higgs portal coupling, fermion singlet DM can couple
only to vg via ¢. We have studied in details, the freeze-in production of ¥ and vg
from ¢ decay, by considering three different possibilities with (i) ¢ in equilibrium,
(ii) ¢ undergoing thermal freeze-out and (iii) ¢ getting produced via freeze-in. Since
vgr couples to SM leptons very feebly due to the requirement of generating sub-eV
scale Dirac neutrino mass, the corresponding freeze-in production of vg directly from
the SM bath remains suppressed. Since the same coupling with ¢ leads to freeze-in
production of both DM and vz with the latter remaining relativistic throughout, we
show the possibility of correlating DM parameter space with effective relativistic de-
grees of freedom AN.g. We find that the scenario with ¢ in equilibrium throughout

leads to tiny enhancement in AN.g while being consistent with DM relic criteria.
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However, for the other two scenarios, due to one additional free parameter in the
form of Higgs portal coupling A, at play, we can have correct DM phenomenology
while getting a sizeable enhancement in ANyg at the same time. Additionally, de-
pending upon the choice of parameters, existing bounds from the Planck experiment
can also rule out DM mass up to a few tens of keV. However, structure formation
constraints on such non-thermal DM rules out DM masses all the way up to a few
hundred keV. Since DM and vy are produced from the same decay in this minimal
model, the resulting ANy also gets reduced to < O(1073) to be in agreement with
required DM properties. We briefly discuss two possible UV completions which can
disentangle the production of DM and vgr while still maintaining the light Dirac
neutrino portal scenario, such that correct DM properties can be realised even with

enhanced AN g within experimental sensitivity.

Since the scalar singlet can be light in these scenarios opening up the possibil-
ity of SM Higgs decaying invisibly into a pair of ¢, future LHC measurements will
be able to constrain the Higgs portal coupling further from measurements of Higgs
invisible decay rates. In addition to these specific signatures of our model keeping
it very predictive, one can also pursue such neutrino portal dark matter scenarios
from the point of view of easing cosmological tensions between early and late uni-
verse cosmological observations [301]. There have been a few works already in this

direction [302, 303] which we plan to explore in future works.

3.2 Light Dirac neutrino portal dark matter with
gauged U(1)p_; symmetry

In the previous work, discrete symmetry like Z, was considered to get the desired
couplings, mass terms as well as the stability of DM. Here, we consider a UV com-
pletion with a gauged B — L framework. The right-handed neutrinos are naturally
part of the model providing the minimal anomaly-free setup. While RHNs are ther-
mally produced due to gauged B — L interactions, DM can be of WIMP or FIMP
type depending upon Dirac neutrino portal couplings. The model not only gives
rise to the desired DM phenomenology with observable ANg, but also leads to new

constraints in the gauged B — L parameter space not obtained previously.
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3.2.1 The Model

Gauged B — L extension of the SM [290-295] has been a popular BSM framework
studied in the context of neutrino mass among others. The three right handed
neutrinos vp having B — L charge -1 each not only keep the model anomaly free!
but also lead to massive Dirac neutrinos in combination with v, after electroweak
symmetry breaking. A singlet fermion 1) is considered to be the DM candidate while
two singlet scalars ¢; and ¢ with non-zero B — L charges help in realising light Dirac
neutrino portal DM and spontaneous B — L symmetry breaking respectively. The

relevant particle content is shown in Table 3.4.

L ®lvg ¥ ¢ ¢
SU(2) [ 2 21 1 1 1
Ul)yy |[-3 210 0 0 o
Ulp_|-1 0]-1 0 1 3

Table 3.4: Relevant particle content of the model with respective quantum num-
bers under the symmetry group.

The scalar Lagrangian for the model can be written as
Ly = (D"®)'D,® + (D*¢1) Dyy + (D ) Dypy — V (@, 1, ¢2), (3.24)
where

D,® = (@L — @'%TGW;Z = i%Bu) ®, Dygr = (0, — Z'QBLBL) o1,
Do = (0, —i3gpLB,,) b2, (3.25)

denote the respective covariant derivatives and

V(®,61,¢2) = —p(@10) + 12(¢lg1) — 13 (dhds) + MDT®)? + Ny (¢]h1)?
+ Aa(Ph2)? + Ay (P10) (D1 h1) + iz, (DT0) (d550)
+ Apron (0101) (D) + (N, 4,050 + hc.) (3.26)

denotes the scalar potential. The relevant part of the fermion Lagrangian is

—EY D) Y,,z(i)VR + y¢1@¢1VR + mw@@b (327)

1See appendix A.3 for other solutions to anomaly cancellation conditions.
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The singlet scalar field ¢ acquires a non-zero VEV denoted by (¢2) = v, lead-
ing to the spontaneous breaking of U(1)p_ gauge symmetry. The singlet field ¢;
does not acquire any VEV and remains heavier than DM 1), ensuring latter’s stabil-

ity. We also consider the Higgs portal coupling Mg, to be negligible for simplicity.

Considering the the free parameters in the model to be 1, p12, A1, A2, Mg, >‘/¢>1¢>2’
9BL, Yy s My, the physical masses of ¢y, ¢ and Z’ (the U(1)p_, gauge boson) can

be written as

1
mg, = 4+ 5Ama (3.28)
miQ = 2\v2, (3.29)
my = 99p_1v3, (3.30)

where v (: “72) and vy <: %) are the VEVs of the neutral component of the
SM Higgs ® and ¢, respectively. As a result, the parameters p1, 1o and Ay can be
traded for the parameters mg,, mg, and my. This leads to the free parameters as
Mgy s My Mz, ALy Ny s Ny, by » IBLs Yoo » M, OUL of which the relevant parameters for

2

the phenomenology to be discussed are = mg,, mz, My, Atip,» 9BL: Yo, -

While we have a gauged B — L symmetry, DM is neutral under U(1)g_;, and
its relic depends on the Dirac neutrino portal couplings in the spirit of light Dirac
neutrino portal DM [260, 268]. Now, depending on the value of this Dirac neutrino
portal Yukawa coupling ¥4, , the DM analysis can be broadly divided into two cate-
gories namely, (a) FIMP (ys, < 1077) and (b) WIMP (y,4, > 1077). In the first case,
due to small Yukawa coupling, the DM 1 is produced non-thermally and dominantly
from ¢; decay. In the second case, DM can attain equilibrium in the early universe

due to sizeable interactions. We now discuss these two broad cases one by one.

3.2.2 FIMP type dark matter

In this scenario, the Yukawa coupling among vz, DM and singlet scalar is small y4, <
1077 keeping the associated processes out-of-equilibrium throughout. While DM
never thermalises, the RHNs can thermalise with the SM bath by virtue of U(1)g_p,

2The scalar ¢ is not expected to play any role in dark matter analysis. First of all, DM does
not couple directly to ¢2. Also, ¢2 is heavier than the rest of the particles and hence does not
appear in final states.
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gauge interactions. Similar to the active neutrinos, the RHNs also contributes to

the effective relativistic degrees of freedom defined as

8 (1INY? [ praa — p
Ng=-[— Prad 1) 3.31
T 7(4) ( Py ) ( )

where pr.q is the net radiation content of the universe ®. As mentioned earlier, the
SM prediction is NSM = 3.045 [105-107]. In our model for thermal right handed
neutrinos (vg), ANeg can be estimated by finding the decoupling temperature 7,

of vg using
D(T,,) = H(T) (3.32)

where I'(T') is the interaction rate and H(T') is the expansion rate of the universe.

Let us consider the themalisation of vy with the SM bath via the Z’ portal
interactions. Sufficiently large Z’ portal interactions can lead to thermalisation of
Vg via the s-channel process ff <+ vgig (here f denotes SM fermions). As a result,
vr enters the thermal bath and then, after a certain period, it decouples from the
bath. This generates the thermal contribution of vg to ANg [120]. Fig. 3.11 shows
the thermal AN g as a function of coupling gg; and gauge boson mass my.. Thus
for gp;, 2 107, AN.g receives a thermal contribution from light Dirac neutrinos
which we denote as AN, The region corresponding to large Z’ portal interactions,
labelled as ANz > 0.28 is disfavoured by Planck 2018 limits at 20 CL.

On the other hand, due to the tiny dark sector Yukawa coupling y4,, it is also
possible to get a non-thermal contribution to ANeg [123, 268], which we denote
by Angn_th. In addition to the Yukawa coupling y,, involved in ¢ — v — ¥
coupling, the U(1)p_r, portal coupling and scalar portal coupling Ag,, can also play
a crucial role in deciding the strength of this non-thermal contribution. While the
total contribution to AN, in general, is a combination of thermal contribution
and non-thermal contribution, the latter can occur only if the decoupling of RHNs

precedes the non-thermal or freeze-in production.

3Due to the presence of three relativistic RHNs, change in Neg can be written as AN.g =

7o\4
=3 (2=
Pvr loMB Pz l10MeV (TVL)
SM neutrinos. For non-thermal RHNSs, p,,, should be calculated by solving appropriate Boltzmann
equation whereas for thermal RHNs, p,,, can be written in terms of its decoupling temperature.

Pvr = 3=

. Here p,, denotes energy density of one species of

83

TH-4099_206121109



Chapter 8 Cosmological Signatures of Dirac Neutrino Portal Dark Matter

AN;’;,:> 0.28 0.25

Log10(gsL)

never thermalise

9 0.00
00 05 10 15 20 25 3.0 35 4.0

Logi10(mz/GeV)

Figure 3.11: ANS}- as a function of my and gpr.

To study this non-thermal contribution AN:&’n_th in details, let us first consider
the situation where ¢; remains in thermal equilibrium initially and then freezes out
from the bath. The frozen out ¢; later decays into ¢ and vg, leading to non-thermal
production of both dark matter and vg. The non-thermal contribution to A N.g from

v can be calculated from the total energy density of frozen-in Dirac neutrinos.

The Boltzmann equation for comoving number density of ¢; can be written as

Ty fo(
dz 7-[3:( <m}>¢1¢

I*)XX

(ol - P -T2 ZEY. ), e
where K; and K, are the modified Bessel functions of first and second kind re-
spectively. The comoving abundance of species i is defined as Y; = n;/s with n;, s
being number density of species ¢ and entropy density of the universe respectively.
‘H denotes the Hubble parameter. The variable z is defined as © = my, /T and
=1+ @%% with ¢ being the relativistic entropy degrees of freedom. Here
<UU>¢1¢I_>X5( is the thermally averaged annihilation cross-section of ¢, into the all
allowed final state particles and I'y, denotes the decay rate of ¢; into vz and .
The annihilation cross-section of ¢; depends upon Higgs portal coupling Apg, as
well as U(1)p_, portal coupling. Depending upon the strength of these individual
couplings, the freeze-out abundance of ¢; is either determined by scalar portal or
gauge portal interactions. The freeze-in abundance of ¢ and vg (from the decay of

frozen out ¢;) can be obtained by solving the relevant Boltzmann equations given
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by
dYy, B . K(z)
— =T Y. 3.34
dz H 1 Kg(l‘) P19 ( )
4y g
— =—(FED),. Y. 3.35
d.%‘ H81/31‘< >¢1 ¢1? ( )
with
2 3
1 2 qup I 5 5 mﬁ,
Lov = garmontly (1 3 @) B =gl (1 )
1 1

The term Y = ’)"TR represents the comoving energy density of RHNs. The preferred
choice of energy density instead of number density of vg is based on the fact that

the calculation of A N.g requires comoving energy density of vg.
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Figure 3.12: Evolution of comoving number density of ¢;, 1 and comoving
energy density of vg. The left (right) panel shows the variation with respect to

9BL (Yo, )-

The non-thermal contribution to AN.g namely, AN;§n_th depends on the pa-
rameters meg,, Mz, Ame,, gpr, and yy,. While the parameters mg,, mz, Agy, and
gpr, determine the freeze-out abundance of ¢;, the parameters that determine the
decay width of ¢; are my,,y4,. Fig. 3.12 shows the evolution of comoving densities
for chosen benchmark points clearly indicating the roles of gg; and y4,. While we
only show the evolution of non-thermal contribution to ANg in this figure, the to-
tal ANgg for the chosen benchmark values of parameters include both thermal and
non-thermal contributions. In the left panel plot of Fig. 3.12, the solid line for Y
corresponds to an asymptotic non-thermal contribution AN;&’n_th = 0.10 while the
same choice of parameters generates a thermal contribution AN = 0.18. There-

fore, the total contribution of AN, = 0.28, as indicated in the legends for the solid
85
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line. For the dashed line, corresponding to a larger value of ggr, the thermal con-
tribution also comes out to be slightly larger AN = 0.19, as expected. However,
a significant decrease in non-thermal contribution is observed for this benchmark
point leading to AN:&’n_th = 0.03. Thus, for the dashed line in left panel plot of
Fig. 3.12, we have total AN = 0.22. For the right panel plot of the same figure,
the thermal contribution remains same AN;E = 0.18 as gg;, and my are kept fixed
and variation in Yukawa coupling ¥4, in the non-thermal ballpark does not alter
thermal contribution to ANes. The dashed line, with a larger y4,, have a smaller
AN ;‘E“_th = 0.02 and vice versa. As a result, for the dashed line in right panel plot,
the total contribution is AN, = 0.20. In both the left and right panel plots, the
values of m,, are taken in such a way that it gives correct FIMP type dark matter
relic. Also, we have seen that the value of m, does not affect AN.s as long as

My, K Mg, -

0.5

A Negr

0.2

my@eVy
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
my (GeV) my (GeV) my (GeV)

Aug,

Figure 3.13: Scan plot showing the total AN.g versus my for different g, ,
gpr. and my. The magenta coloured region is excluded by Planck 2018 bounds at
20 CL. The region in grey color is within the reach of future experiments.

After studying the evolution of comoving densities for different benchmark
points, we perform a numerical scan over key model parameters to find out the
parameter space consistent with AN,z and DM properties. We have kept my, fixed
at 1000 GeV and y,, at 1071%. The rest of the parameters are varied in the following

range:

250 GeV < myz < 1000 GeV (3.36)
107° < Apgy, <Hx107°
107" <gp, <107

107°GeV  <my <1072 GeV.
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The resulting parameter space in terms of ANy and my is shown in Fig. 3.13.
All the points shown in this figure satisfy the requirements of correct DM relic
abundances. The magenta shaded region denotes the region excluded by Planck
2018 bounds at 20 CL while the grey shaded region remains within the reach of
future experiments like CMB-S4. The colour codes in the left, middle and right
panel plots of Fig. 3.13 show the variation in Agg,, gL, My respectively. As the left
panel plot shows, decrease in Agg,, while keeping mg, constant, increases ANeg. A
smaller value of Higgs portal coupling Ap4, leads to a larger freeze-out abundance of
¢ followed by enhanced production of vi from ¢; decay. Since the same decay is also
responsible for freeze-in production of DM, we require smaller DM masses in order
to keep its relic abundance within Planck limits, as seen from the right panel plot of
Fig. 3.13. As the middle panel plot shows, small values of A N.g typically correspond

to smaller gpy, as the corresponding thermal contribution AN decreases.

While we have incorporated the constraints from cosmological observations on
ANz and DM relic abundance, there can be strong constraints on light dark matter
from astrophysical structure formation. As discussed in Sec. 3.1, the FSL of DM
depends primarily on the production temperature, DM mass and the production
mechanism of DM or distribution function of DM. A higher production temperature
gives a smaller FSL due to high momentum redshift making DM non-relativistic
earlier and vice-versa. A different production mechanism also gives different FSL.
In our case, the DM is produced due to decay of a frozen out scalar. Fig. 3.14 shows
the average velocity of DM for four different benchmark parameters. The parameters
are shown in Table 3.5 along with total AN.s and FSL. The benchmark point (BP)
IT corresponds to a smaller ¢; mass than BP 1. Hence, the freeze-out abundance of ¢,
for BP II is smaller than that of BP I. This implies that a larger 1) mass is required
to satisfy DM abundance. As a result, we obtain a smaller FSL for BP II. However,
for both BP I and BP II, the computed FSL keeps DM in hot DM category and
hence ruled out from structure formation constraints. The FSL can be reduced by
increasing the production temperature as well as increasing DM mass. BP III and
BP IV have a larger y4, giving a higher production temperature. Similarly it has
a larger A\py, coupling, giving smaller ¢ freeze-out abundance. Hence for both BP
IIT and BP IV, DM masses can be large while being consistent with relic abundance
criteria. Combining these two effects, we get warm dark matter for BP III and BP
IV. From the resulting on AN, it can be seen that both BP III and BP IV remain
within the sensitivity of future CMB experiments like CMB-5S4.
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Figure 3.14: Thermal average velocity of FIMP dark matter as a function of

temperature for four different benchmark points.

Parameters

2
g (CeVI T A o, | mz(GeV) | gz | mykev) | omh® | ANeg | FSL(Mpc)
BP1I 1000 5x 10~5 | 10~ 10 500 0.001 126 0.12 0.251 3.09
BP II 500 5x107°% | 10=10 500 0.001 233 0.12 0.210 1.32
BP III 1000 2x107% | 107? 500 0.001 970 0.12 0.184 0.06
BP IV 500 2x10~4 | 10729 500 0.001 938 0.12 0.184 0.05

Table 3.5: Benchmark parameters for FIMP DM

m,,= 400 keV
m,, =500 GeV
Angp=10"
V=107
——- HotDM

m,, =500 keV

m,,=500 GeV
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V=107
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Figure 3.15: Parameter space in myzs versus gpr, plane for the FIMP scenario
considering three different values of DM mass. The other parameters are kept
fixed as my, = 500 GeV, Mgy, = 1075, yp, = 1077

Fig. 3.15 shows the parameter space in my versus gg; parameter space for the
FIMP scenario. The left, middle and right panel plots correspond to dark matter
mass of 400 keV, 500 keV and 1300 keV respectively. The other relevant parameters
are fixed as my, = 500 GeV, Ay, = 107°, y4, = 1077, For the region below the solid
brown line in each of these plots, U(1)p_p-portal coupling does not play any role in
FIMP DM production. In that region, the freeze-out abundance of ¢;, responsible
for DM production, is determined by the Higgs-portal coupling Ag,. In other words,
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the cross section (ov) dominates over (ov) . In the region above

qblqu{%S]MW
the solid brown line, the freeze-out abundance of ¢; is determined by the U(1)p_-

¢1¢Iazlz/

portal coupling. The dashed line in the left and middle panel plots, separating the
pink and cyan shaded regions, represent the parameter space satisfying correct DM
relic for m, = 400 keV and m, = 500 keV respectively. However, for DM mass
my = 400 keV, the free-streaming length turns out to be very large ~ 0.1 Mpc,
keeping it in hot DM ballpark and hence ruled out. In the middle panel plot, due to
a higher DM mass m,, = 500 keV, the dashed line corresponds to an intermediate
FSL keeping it in the warm DM regime which is still allowed by structure formation
constraints. In the region below the dashed line, the freeze-out abundance of ¢,
is more than that for the dashed line, leading to a larger FIMP DM abundance
Qpumh? > 0.12, produced from ¢ decay. On the other hand, the region above the
dashed line have Qpyh? < 0.12 due to smaller freeze-out abundance of ¢;. This is
understood from the fact that a larger U(1)p_r-portal interaction leads to smaller
freeze-out abundance of ¢; and vice versa. While the total AN.g can have both
thermal and non-thermal contributions, for the choice of parameters in Fig. 3.15,
the non-thermal contribution is suppressed compared to the thermal contribution.
The magenta solid line corresponds to ANeg = 0.28. The region above this line
has ANeg > 0.28 and hence ruled out from Planck 2018 limits. In the right panel
plot, the dashed line corresponds to relic satisfying region for DM mass m,, = 1300
keV. The region below the dashed line correspond to over-abundance like before.
However, the region above the dashed line is no longer under-abundant, but satisfies
the current DM abundance. For this region of parameter space and chosen DM mass,
the production of FIMP DM while ¢, is in equilibrium dominates compared to the
production after ¢; freeze-out. This can also be understood from the evolution plots
shown in Fig. 3.12. From the left panel plot of Fig. 3.12, we see that there is a
non-zero yield of DM Y, from the decay of ¢; when the latter is in equilibrium.
Additionally, the freeze-out abundance of ¢ (Y, (x — 00)) decreases as we increase
gpr- Combining these two, we can have a situation where for sufficiently large
U(1) p—r-portal couplings, Yy, from the decay of ¢; in equilibrium is larger compared
to the post freeze-out production. Hence, U(1)p_-portal couplings do not determine
the comoving abundance of Y, and as a result, the region above the dashed line
satisfies the correct DM relic in the right panel plot of Fig. 3.15. In all the plots,
the region below the magenta solid line has 0.28 > AN, > 0.14 keeping it within
reach of future CMB experiments like CMB-S4. The blue shaded region towards
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the upper right corner indicates the region ruled out from the large hadron collider
(LHC) bounds, for specifically from ATLAS experiments at 13 TeV centre of mass
energy [304, 305]. Similar bounds also exist from the CMS experiment at the LHC
[306]. The details of the LHC bound on gg; — mz plane is given in Appendix A.4.
A relatively weaker bound exists from the large electron positron (LEP) collider
disfavouring the region my/ /gp;, < 7 TeV [307, 308]. The parameter space shown in
Fig. 3.15 already satisfies the LEP bound.

When ¢, is always in equilibrium:

Before moving onto the WIMP DM scenario, we briefly comment on the possibility of
FIMP DM production from ¢; when the latter remains in equilibrium throughout the
production. When ¢, is in equilibrium during the production of DM, the comoving

number density of 1) and comoving energy density of vg, respectively, are given as

¥y B K@)

=R (x)ygf, (3.37)
dy B -

These two equations can be analytically solved to get the asymptotic abundances

(in the limit my < my,)

135 ;
Yd,(l’ —F OO) = Mpl y¢1 )
167 x 1.66 x 873gs+\/ gk Mg,
- 675 45 '3 2
V(e —o0) = ( : ) My 2o (3.30)
327 x 1.66 x 8m3gs+/g? \27° g2 mg,

where My, is the Planck mass. With this, the DM abundance and contribution to

extra radiation energy density can be calculated as -

m¢80

0
c

Qpuh? = 2

Yy(z — co)h?

4/3 -
ANZT = 9 % 3 x (8 ) Y(z — 00) ~0.61Y(z — o0), (3.40)
Pvi / T=10MeV

where s and p® denote the entropy density and critical energy density, respectively,

at the present epoch. Here, mgy,,y4, and m, determine the DM abundance and
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ANZP™ g determined by my, and y,, only. The thermal contribution to AN
is determined by the parameters myz and ggr. When DM abundance is satisfied,
it turns out that the non-thermal contribution to AN is way below the mini-
mum thermal contribution. So, the total AN.g is only determined by the thermal

contribution (shown in Fig. 3.11).
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Figure 3.16: Evolution of comoving number densities of ¢; and ¢ and comoving
energy density of vg for two different values of y,, (left panel) and mg, (right

panel).
Parameters 2
my, (GeV) Yoy mz (GeV) [ gpr | my(ke {tpph 0Nl FSL{Mpc)
BP I 10 10—19 500 0.001 2030 0.12 0.184 0.0009
BP II 10 1072 500 0.001 20 0.12 0.184 0.06
BP 111 100 10—10 500 0.001 23500 0.12 0.184 0.0001
BP IV 100 10—° 500 0.001 235 0.12 0.184 0.0064

Table 3.6: Table for FIMP DM (equilibrium ¢;)

Fig. 3.16 shows evolutions of comoving abundances of ¢, 1) and vg for two dif-
ferent values of y,, (left panel) and my, (right panel). For my < my, the evolutions
for comoving number density of ¢ and comoving energy density of vz are indepen-
dent of m,. So in all the evolution plots, the dark matter masses are chosen in such
a way that observational DM abundance is satisfied. The solid lines in the left plot
have ys, = 107 and DM mass my = 2030 keV. The non-thermal contribution to
ANg from frozen-in vp is 6.5 x 1075, For the dashed lines, the Yukawa coupling is
larger by a factor of 10. Consequently, we have higher Y, (z — oco) and Y (z — 00).
From Eq. (3.40), we get DM mass to be 20 keV and AN ™ = 6.5 x 10~*. The
solid lines in the right plot have the same parameters as those of in the left panel plot.
The dashed lines in the right panel plot have mg, = 100 GeV. Due to higher mass
of ¢1, the Boltzmann suppression occurs early on, leading to smaller Y, (z — o00)
and Y(z — 00). As a result DM mass for the solid lines is about 23.5 MeV and
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AN;;“_th = 5.5 x 1077. We have kept B — L gauge coupling and mass fixed for all
the plots, gpr, = 1073 and my = 500 GeV. This gives a thermal contribution to
ANz = 0.184. As in all the plots non-thermal contribution is way smaller than the
thermal counterpart, so the total AN.g is determined by the thermal contribution as
shown in the plot. Since U(1)p_r-portal parameters do not decide DM abundance

in this case, we do not show any summary plot like before.

Table 3.6 shows four benchmark points (BP) and their corresponding contribu-
tion to effective number of relativistic species and structure formation. BP I and BP
IT have same mg, = 10 GeV whereas BP III and BP IV have mg, = 100 GeV. As the
Yukawa coupling is ten times larger in BP II compared to BP I, the corresponding
DM mass is 100 times smaller in BP I (see Eq. (3.39)). The similar trend is followed
between BP III and BP IV. Due to smaller DM mass, Apgy, is larger in both the BP
IT (compared to BP I) and BP IV (compared to BP III). Again from Eq. (3.40), we
get that my, and m,, are correlated for constant DM abundance. Hence a larger my,
gives a larger my, (BP III, BP IV vs BP I, BP II). The DM production temperature
(T ~ my,) is also larger for larger my,. Combining these two, we get a smaller Apgl,
for BP III (BP IV) compared to BP I (BP II). Among the four benchmark points
mentioned in the table, only BP II gives warm DM whereas rest points give cold

DM. As all the points have same B — L gauge coupling and mass, we have same
ANeg.

3.2.3 WIMP type dark matter

If the Yukawa coupling among the dark sector particles i.e. ¢y, ¢ and vg is suffi-
ciently strong (ys, > 1077), the dark sector can be in thermal equilibrium among
themselves even after their decoupling from the SM bath. Since the thermalisation
of ¢1,vg with the SM bath relies on Higgs portal and U(1)g_; portal couplings
instead of Yukawa y4,, we have two different sub-cases depending upon whether
the Yukawa interactions in dark sector go out of equilibrium before or after the
dark sector decouples from the thermal bath. Among the dark sector particles, ¢;
and vg can have interactions with other particles in the bath via the processes -
01X = 01 X, 9172 — ¢1Z" and vgX — vRpX, here X denotes SM particles. Since
7' has sizeable interactions with all the SM fermions, we consider it to be in the

bath while dark sector particles decouple. While the first two processes can arise via
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Figure 3.17: Interaction rate as a function of temperature for processes respon-

sible for keeping dark sector in equilibrium with the SM bath. The benchmark

parameters chosen are Aggy, = 1072 (left panel), 10~* (right panel), my, = 100
GeV, mg = 100 GeV, gpr, = 1072

contact interactions too, the vp scattering arises via mediation of heavy Z’ boson
only. Unlike other interactions, vg interactions with the bath rely significantly on
resonant enhancement and hence we consider vz — X X via resonantly enhanced
s-channel mediation of Z’ to calculate its decoupling [120]. Therefore, the ratio of

interaction rate of dark sectors with SM bath to the expansion rate, H, can be

written as [309, 310]

1—‘total _5 1

e W (3.41)

+ nlej(}lg <0-,U>VRI_/R—>XX] 4

[N ((00) gy xsp1 x + (OV) 1270127

H

The decoupling temperature of dark sector is approximately calculated by comparing
the total interaction rate with the Hubble expansion rate i.e. % ~ 1. Fig. 3.17
shows interaction rates of various processes responsible for keeping the dark sector
in bath with the SM as a function of temperature. In the left panel plot, a large
scalar portal coupling Mgy, = 1072 dictates the decoupling temperature whereas in
the right panel plot, the resonantly enhanced process vgrvr — X X determines the

decoupling temperature due to smaller scalar portal coupling Aygs = 1072

To track the evolution of dark sector, one has solve the Boltzmann equation in

eq

terms of comoving number densities Yy, and Y. Using the approximation ¢ ~ %5
1= ¢ with Y =Y, +Y,, we can write a single Boltzmann equation as
( ¢ 7¢)7 1 P g q
dYy 1 s o
T = 53, Ve (V)7 = YE), (342)
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Figure 3.18: Evolution of dark sector temperature after its decoupling from

SM bath (T' < Tyec) for different values of my: (left panel), dark sector Yukawa

coupling y4, (middle panel) and dark matter mass m,, (right panel). The rest of
the parameters are kept fixed and are shown in respective plots.

where

<0’U> (Yglq)Q<O-U>¢1¢J{—>XX,I/RI73,Z’Z’ + (Yiﬁeq)2<av>¢1f;—>l’RﬁR (3 43)
eff — e e : :
(Y +Y;)?

The Eq. (3.42) can be solved numerically from a sufficiently high temperature to the
decoupling temperature, Tge.. If the Yukawa coupling vy, is large enough, even after
T < Tyee, the dark sector particles ¢, ¥ and vr can be in dark sector equilibrium
among themselves. We can track the dark sector temperature 7, (= Tps) by solving

the following equation.

de”, W 1 Bats? -

where

() (B0 + (Vi) (BOV), 511 (3.45)

<EUU>eff = e €l ’
(Yg! +Y,9)?

and ¢ is the ratio of dark sector temperature to that of the SM bath, T"TR and
a =06 X %’3’—3. After decoupling, (ov)es in Eq. (3.42) can depend upon both x as
well as . We solve Eq. (3.42) and Eq. (3.44) simultaneously from 7' = Tge. to
the onset of the BBN era namely, 7" ~ 10 MeV and estimate the corresponding
DM relic and ANeg. Fig. 3.18 shows the evolution of T, for different benchmark
parameters. Different 7}, can lead to changes in ANg. The first term on the RHS
of Eq. (3.44) is a positive term as Y > Y*° for T' < Tye.. Thus, this term indicates

the increase in T,,, over 1" due to annihilation of heavy dark sector particles ¢, and
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¥ into vg. On the other hand, the second term on the RHS of the same equation
indicates the decrease in 7}, over 7" due to changes in entropy degrees of freedom g;.
The combined effects of these two terms can be seen in Fig. 3.18. For an analytical
description of the behaviour of the plots shown in Fig. 3.18, please refer to Appendix
AL,

The left panel plot in Fig. 3.18 shows the variation of £* with respect to bath
temperature T for different choices of myz. The rest of the parameter are kept
fixed as shown in the plot. Increasing my gives a higher decoupling temperature,
Tgec- As long as Tyee S my,, a higher decoupling temperature leads to a larger
conversion of ¢; and ¥ to vg resulting in a larger T”TR Another way to understand
it is from entropy conservation (see Appendix A.5). For a higher Ty.., we have a
larger dark sector entropy degrees of freedom g5 resulting in a larger T”TR From
an analytical estimation, we get a maximum value of ¢* to be 2.6 provided g,
remains same from the epoch of dark sector decoupling to DM freeze-out, as shown
in Appendix A.5. This is consistent with the numerical results shown in left panel
of Fig. 3.18. The reason why maximum value of £* has not reached 2.6 in the
figure is that g¢,, changes from the period of kinetic decoupling of dark sector to
DM freeze-out. The middle panel plot shows the results for different values of dark
sector Yukawa coupling. As the dark sector Yukawa coupling does not affect the
DM-SM decoupling temperature, so all the coloured lines correspond to the same
decoupling temperature. For a larger Yukawa coupling, conversion of ¢; and ¢ to
vR is possible and as a result, temperature of vz with respect to SM bath increases.
For the green line in the middle panel plot of Fig. 3.18, the dark sector freeze-out
occurs before Ty.. due to small Yukawa coupling. Hence the first term on the RHS
of Eq. (3.44) ceases and due to the second term, the ratio T”TR decreases. To see
the effect of my, in the right panel plot, we vary m, keeping the other parameter

: T, :
constant. For a smaller m,;, freeze-out occurs late, hence we get a higher —* ratio.

To see the complete picture in WIMP dark matter scenario, we perform a

numerical scan by varying the following parameters as

50GeV < my, < 150GeV, 100GeV < my < 500GeV, (3.46)
10GeV < my < 100GeV, 107° < Apgy, <1072,
107° < gpL <1073, 02  <wyg <0.3.
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Figure 3.19: Scan plot showing AN.g vs mg, for different dark matter mass my,
and different mz and gpy.

The corresponding results are shown in Fig. 3.19 with y-axis representing AN g
whereas x-axis showing the mass of ¢;. The relevant parameters my, myz and gpr,
are shown in colour bars of left, middle and right panel plots respectively of Fig. 3.19.
All the points shown in this figure satisfy the requirements of correct WIMP DM
relic abundance. The magenta shaded region denotes the region excluded by Planck
2018 bounds at 20 CL while the grey shaded region remains within the reach of
future experiments like CMB-5S4. From the left panel plot, we can see that for some
points with dark matter mass m, < 50 GeV are already excluded by Planck 2018
data at 20 CL. Similarly, from the middle and right panel plots, we get some points
having m between 100 GeV and 500 GeV and gp;, between 10~2 and 107 GeV,
that are already excluded. All the others points in these plots can be probed in the
future CMB experiments like CMB-S4 keeping the detection prospects promising.

As we have discussed above, the kinetic decoupling of the dark sector (¢, and
vr) from its bath is determined by both the Higgs-portal coupling and B-L gauge
coupling. After the kinetic decoupling, due to large Yukawa coupling, dark sector
maintain a dark equilibrium. An increase in Mgy, coupling or gp; coupling keeps
the dark sector in bath for longer. Increasing the gg; coupling to a very high value
gives us a scenario where the dark matter freezes out before the decoupling of vg.
In this case, we do not have a separate dark sector evolution different from the SM
bath. Hence, we have two regimes namely, regime 1: DM freezes out when &, # 1
(i.e. separate dark sector); regime 2: DM freezes out when &g, = 1 (no separate dark
sector). Depending upon whether kinetic decoupling temperature is determined by
gauged B-L coupling (sub-case 1) or Higgs-poral coupling (sub-case 2) we can have

two further sub-cases.
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Figure 3.20: Bound on my: vs gpr, for the WIMP scenario with different values

of A, . The solid black line separates regime 1 (below the solid black line) and

regime 2 (above the solid black line). In all the plots, mg, = 60 GeV, m, = 15
GeV, yg, = 0.28.

In the plots shown in Fig. 3.20, we show the parameter space in myz versus
gL plane for WIMP type DM. Each of these plots correspond to a fixed value of
Mg, - The other parameters fixed in all the plots are, my, = 60 GeV, my = 15
GeV, ys, = 0.28. The solid black line separates regime 1 (upper left triangular
region) from regime 2. The solid brown line separates the regime where kinetic
decoupling temperature is determined by Higgs portal coupling from the one where
it is determined by the gauge portal coupling. In the grey coloured region below
the solid brown line, gg; and myz have no role in the kinetic decoupling of dark
sector. In the upper panel plots, the region below the magenta line is where we
have ANz > 0.28, disfavoured by Planck 2018 limits. In the grey coloured region,
due to constant decoupling temperature, we have constant AN, . Due to smaller

Higgs-portal coupling in the upper right panel plot compared to the upper left one,
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the grey coloured region shrinks. In the lower left panel plot, we increase the Higgs-
portal coupling compared to upper left panel plot to 2.5 x 10~%. For this particular
choice of Ay, , the region between the black and brown line has AN.g < 0.28 and
the region below the brown line has AN.=0.28, which is the maximum allowed
value from Planck 2018 limits. In the lower right panel plot, Ay, is increased even
further to 1073 giving AN,z < 0.28 in the whole regime 1. For regime 2, as DM
freezes out before RHN decoupling, the bound from AN.g (denoted by region above
the green line) is same as the bound shown in Fig. 3.11. The entire parameter space
shown in these plots satisfy the criteria of DM relic abundance. This is because DM
abundance has very weak dependence on the kinetic decoupling temperature. For
the WIMP type DM scenario, we also check the constraints from direct detection
and find them to be very weak due to radiative suppression. The details are given

in Appendix A.6.

3.2.4 Summary

We have studied a possible UV completion of the light Dirac neutrino portal dark
matter scenario. In such a scenario, right chiral parts of light sub-eV Dirac neutrinos
act like a portal between dark and visible sectors responsible for the production of
dark matter. A gauged U(1)p_1 symmetry provides one possible UV completion by
naturally accommodating right chiral parts of neutrinos from anomaly cancellation
requirements while also preventing direct coupling of DM, a gauge singlet Dirac
fermion with the SM required for its stability. Keeping U(1)p_; symmetry break-
ing scale upto a few TeV ballpark, we study the details of dark matter production
together with additional relativistic degrees of freedom AN.g brought in by right
chiral parts of light Dirac neutrinos. While the chosen values of U(1)p_; gauge
couplings ensures a non-zero thermal contribution to ANgs, DM production can be
either purely thermal or non-thermal depending upon the light Dirac neutrino por-
tal Yukawa coupling. Although dark matter does not face stringent direct detection
bounds due to loop-suppressed couplings with the SM quarks and charged leptons,
the parameter space can be tightly constrained from other constraints related to
structure formation, CMB constraints on AN.g, collider constraints on U(1)g_p,
gauge bosons. We show interesting correlations in the parameter space from simul-
taneous requirement of correct DM phenomenology and A N.g indicating the region

within reach of future CMB experiments.
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Primordial black holes and their role

in probing new physics

In this chapter, we investigate the role of PBHs as probes of BSM scenarios, with
particular emphasis on dark radiation, axions, and leptogenesis. Our analysis focuses
on the ultra-light PBH mass regime, where the initial PBH mass lies within the range
0.1g < My, <4 x10%g.

in ~J

In Section 4.1, we examine a hybrid production scenario in which dark radiation
is generated not only through PBH evaporation but also from the thermal bath due
to sizeable interactions between dark radiation and the Standard Model plasma. We
demonstrate that, in certain regions of parameter space, the prospects for detection
through measurements of AN, in CMB are significantly enhanced compared to
the purely non-thermal scenario in which dark radiation originates exclusively from
PBH evaporation. On the other hand, for certain part of the parameter space, DR
which initially decouples from the bath followed by its production from PBH evap-
oration, can re-enter the thermal bath leading to much tighter constraints on the
PBH parameter space. Furthermore, we discuss complementary detection prospects
through the observation of stochastic gravitational waves sourced by PBH-induced
density perturbations. The results presented in Section 4.1 are based on the pub-
lished work [173].

99

TH-4099_206121109



Chapter 4 Primordial black holes and their role in probing new physics

In Section 4.2, we present a scenario in which the axion scale, f,, coincides with
the leptogenesis scale within the framework of a seesaw mechanism. The funda-
mental parameter in QCD axion models is the scale of the PQ phase transition, f,,
commonly referred to as the axion decay constant. In models of light QCD axions, as-
trophysical observations impose a lower bound on this scale, f, > 10® GeV [311, 312].
Furthermore, the misalignment mechanism provides a well-motivated region around
fa ~ 10" GeV in which the observed dark matter relic abundance can be naturally
reproduced [313]. The PQ mechanism therefore not only provides an elegant solu-
tion to the strong CP problem but also offers a viable dark matter candidate while
remaining consistent with astrophysical constraints, particularly for high-scale PQ
symmetry breaking. This naturally motivates the question of whether other cosmo-
logical phenomena associated with high-energy scales may share a common origin
with axion physics. In this context, Section 4.2 explores a scenario in which the
generation of the baryon asymmetry of the Universe (BAU) through leptogenesis is
intrinsically linked to the PQ symmetry breaking scale.

We demonstrate that the presence of PBHs can render this framework observa-
tionally testable through the stochastic gravitational wave background, in addition
to conventional axion searches. The results presented in Section 4.2 are based on
the published work [314].

4.1 Probing thermalised dark radiation in the pres-
ence of PBHs

4.1.1 Dark radiation from PBHs

Considering PBH to be formed in the early radiation-dominated universe at a tem-
perature, say Ti,, the initial mass of PBH is related to the mass enclosed in the

particle horizon and is given by [147, 172, 315]

_4dm_pr(Th)
m 3 Vﬂg(ﬂn>7

(4.1)
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where v =~ 0.2 [147], pr(Tin) is the initial radiation density and H is the Hubble

expansion rate. The temperature of a black hole can be related to its mass as [316]

1 108 g
Ty = ——— ~ 1.06 GeV. 4.2
BH 87TGMBH ( MBH ) ¢ ( )

PBH may dominate the energy density of the universe depending on their initial

abundance, characterized by the dimensionless parameter

4 PBH (Tin)

Once PBH form!, they lose mass through Hawking evaporation at a rate given by
[155]

dMgu _ €(Mgn)k ( lg )2. (4.4)

da aH Mgy
Here a is the scale factor and x = 5.34 x 10%° g s~* [164]. Because of only gravita-
tional effects, production of all particles takes place, regardless of their interaction
with other particles. The evaporation function e(Mpy) [164] contains contributions
from both SM and BSM particles. The temperature of the thermal plasma when
the PBH have completely disappeared can be found by integrating Eq. (4.4), and

1 1

9g*(TBH) 4 Ml‘;) 2
T, ~ , 4.5
< 10240 > (Mg (4:5)

where Mp denotes the reduced Planck mass.

can be written as [159]

For the early universe to be black hole dominated, the initial energy density of
PBH should satisfy [164]

— —14, -1 Mpn(T)\ " [ e(Mpu(Tin)) 2

Since PBH evaporation produces all particles, including radiation that can disturb

the successful predictions of BBN, we require T, > Ty =~ 4 MeV. This can be

1Since our primary motive is to explore the effect of PBH on dark radiation, in this work we
remain agnostic about the formation mechanism of PBH. PBH with our desired mass range and ini-
tial energy density can be formed through several mechanisms, say from inflationary perturbations
[137, 317, 318], Fermi-ball collapse [319], loop quantum gravity [320] etc.
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translated into an upper bound on the PBH mass. On the other hand, a lower bound
on PBH mass can be obtained from the CMB bound on the scale of inflation [149] :
Hr = H(Ti) < 2.5 x 107° Mp, where H(Ti,) = 53— with ¢(Ti,) o< Mi,. Using these
BBN and CMB bounds together, we have a window? for allowed initial mass for
ultra-light PBH that reads 0.1g < M, < 4 x 10%g. We consider this allowed mass
range of ultra-light PBH in the context of dark radiation. For simplicity, we consider
a monochromatic mass function of PBHs implying all PBHs to have identical masses.
Additionally, the PBHs are assumed to be of Schwarzschild type without any spin

and charge.

Now, if there exist any light BSM degrees of freedom or dark radiation, they can
be produced directly from evaporating PBH, contributing to the effective number of

relativistic degrees of freedom N.g defined as

8 (11\"? (pr—p
Neg = = [ — | e 4.7
=il ) (47

where pg, p, denote total radiation and photon densities respectively. In order to
track the evolution of the energy densities, we need to consider the following set of

Boltzmann equations [164]

dper PBH 1 dMgn

Asle - 4.
70 +3 p Mon  da PBH , (4.8)
dpr er(Mpu) aH dMgn
— +4 = - 4.9

aH " +4Hpr (Muy) Mpn da PBH , (4.9)

dpR BH ex(Mpu) a dMpy

4 = — . 4.1

Here, p denotes energy density of a light species X produced solely from the
evaporation of PBH. The e and ex are the evaporation functions of SM particles and
X species respectively. The combined evaporation function is denoted by € = eg+ex.

The Hubble parameter H entering in the above equations is given by

PBH + pPsMm + Px
= . 4.11
& \/ 3MF2, ( )

Since entropy is not conserved due to PBH evaporation, we track the evolution of

the thermal bath separately through the equation given by

2The range of PBH masses in this window remains typically unconstrained [147].
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ar T (1 esu(Mpu) 1 dMpn  ppu ) (4.12)
da A \a e(Mgy) Mpu da 4(psm+px))’ '
where
T  dg.(T)
A=1 ) 4.13
T3y (T) dT (4.13)
The extra relativistic degrees of freedom, AN, is defined as
T
AN = L2xTed) (4.14)
PVL,I(Te )

Here p,, 1(Teq) denotes the energy density of one species of SM neutrinos at the
time of matter-radiation equality. In terms of energy densities at the time of PBH

evaporation, the above expression turns out to be [164]

o= {7(5) o R G EE) - e

where NSM = 3.044 and px (Tey ), pr(Tey) denote energy density of species X and SM

after PBH evaporation respectively. The relativistic degrees of freedom in energy

and entropy densities are denoted by g, g.s respectively.

Now, in the case when PBH dominates the energy density of the universe at

some epoch, Eq. (4.15) simplifies into

EX(MBH) G« (Tev)

ANEF = 13.714 x .
. e(Mpn) g,,(T.,)3

(4.16)

From the above equation, we can see that AN.g remains constant for those values
of PBH mass for which PBH evaporate before the electroweak scale since g, gus
remains constant at high temperatures. As we keep on increasing the PBH mass
further, ANt keeps on increasing. In the left panel of Fig. 4.1, we show the
variation of AN.g with the initial PBH mass M,,, for three different types of DR
which includes right chiral part of Dirac active neutrinos vy, massless gauge boson
(MGB) and Goldstone boson (GB). The current 20 bound from Planck 2018 [25]

and the future sensitivity of CMB-S4 [115] are also shown in the same figure.
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4.1.2 Thermalised dark radiation in the presence of PBH

If we consider the extra relativistic species to have interactions with the SM bath,
AN.g would receive a thermal contribution which depends on the temperature at
which the thermal species decouple from the bath namely Ty... It can be written as
[120]

(4.17)

106.75 \¥/?
AN = 0.0267 x fnxgx (—)) ,

Jxs (Tdec

where gx,nx is the internal spin degree of freedom of X and number of different
species of type X respectively. f takes the value of 7/8 for fermion and 1 for boson.
Tyee denotes the decoupling temperature of the thermalised species. In the right
panel of Fig. 4.1, we show the corresponding AN.s by considering DR to be of
thermal origin only. The x-axis denotes the decoupling temperature Ty.. of DR
from the thermal bath. As expected, a lower decoupling temperature leads to a

larger contribution to ANg.

mi
log1o(g") 3
7.0 6.0 5.0 Massless gauge boson
~— Goldstone boson

9.0 8.0

= 3w
~—— Massless gauge boson
—— Goldstone boson

ANesr = 0.28

ANerr =028

&
= 107!
< ANesr = 0.06 10-14
B} ANesr = 0.06

ANefr

10~ - , . 10-2
10-3 10-2 1071 100 10! 102 108 10- 102 101 100 10! 102 108
Tev(GeV) Taec(GeV)

Figure 4.1: Left panel: Variation of non-thermal contribution to ANgg coming
from PBH, with T, (or M;jy,), for different species. Right panel: Variation of
thermal contribution to ANgg with Tye. for different species.

As we will see, in the presence of PBH, the total contribution to AN.g from
thermalised DR is decided by the interplay between the thermal and the non-thermal
contribution. Interestingly, the total contribution depends on when the PBH evap-
orates relative to the decoupling temperature of the thermalised species. Depending
on the initial fractional energy density () and the initial mass (M;,) of PBH at
the time of formation, we can broadly divide our study into two categories: (A)

PBH dominates the energy density of the universe at some epoch, and (B) PBH
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never dominates the energy density of the universe. These two possibilities lead to

different observational consequences, which we discuss below.

PBH domination

The evaporation of PBH will produce all the SM particles along with DR. In the
hybrid scenario considered here, DR can be produced gravitationally from PBH as
well as from the SM bath by virtue of non-standard DR-SM interactions. Therefore,
we can think of the total contribution to the extra number of relativistic species,
ANgg as the contribution from DR emitted from PBH and the already existing
thermal counterpart, which was thermalised followed by decoupling from the thermal
bath.

The decoupling temperature of extra light species, X depends on its coupling
with SM particles. A smaller value of coupling can lead to an early decoupling.
In such a scenario, the duration between decoupling and PBH evaporation can be
quite long. Thus, to begin with, we neglect the interaction between the decoupled X
and X produced from PBH. So, both decoupled and light species from PBH can be
treated as different species while considering their individual contribution to ANg.
In a follow-up sub-section, we explicitly consider a specific type of DR namely Dirac
type active neutrinos with four-Fermi type interactions of right chiral part with the
SM and study the validity of this assumption. On the other hand, for a larger value
of DR-SM coupling, the PBH evaporation can occur much before the decoupling
of light species, X. In that case, the emitted X from PBH will be thermalised
completely with the SM bath, and both emitted and preexisting thermal X will

behave as a single species.

Here, we make an estimate of AN in the two limits discussed above. The
evaporation temperature of PBH is connected to the initial PBH mass M, through
Eq. (4.5). Assuming that the species X decouples at the same temperature as PBH
evaporation, we can draw the solid red line in Fig. 4.2 corresponding to To, = Tyec-
Now, depending upon the values of its coupling with SM and M,,, we can have the
two different scenarios, i.e. either Ty, > Tgec (above the red line) or Toy < Tiyee

(below the red line). We discuss the dynamics for these two cases below.
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Figure 4.2: AN.g contours in the plane of initial PBH mass versus decoupling

temperature. Here, we consider the extra light species X to be vr. The left plot

is for the case where PBH dominate the energy density at the time of evapora-

tion, whereas in the right panel, PBH energy density is always less than that of

radiation. The black vertical dashed line indicates the upper bound on PBH mass
from BBN limit.

PBH evaporation before decoupling of thermalised DR We first consider
the scenario, where the PBH evaporates earlier than the decoupling of thermalised
species X. In such a case, the species X produced from PBH evaporation will also get
thermalised. Therefore, the contribution to AN.g comes only from the thermalised
X, and is given by Eq. (4.17). For example, if X is considered to be the right chiral

parts of Dirac active neutrinos, this equation reduces to

7 [ 106.75 \ 106.75 \ /3
ANgg ~ 0.027 X 2 X 3 X — (—> ~ 0.14175 x (—> . (418
8 Gx (Tdec) Gx (Tdec) ( )

Thus, ANeg becomes independent of my,. For decoupling temperature Tge. < 500
MeV, ANg is more than 0.28, the current Planck bound at 20 level. This is indicated
by the region above the solid blue line in Fig. 4.2. A larger decoupling temperature
reduces the contribution to N.g. Note that this also requires a smaller value of PBH
mass to make sure that PBH evaporates earlier compared to the decoupling epoch.
Above a certain value of T}, the contribution to AN.g saturates at a value of 0.14,

indicated by the triangular region between solid green and solid red lines of Fig. 4.2.

PBH evaporation after decoupling of thermalised DR Next, we consider

the scenario where PBH evaporates after the thermal decoupling of species X. In
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this case, ANgg can, in principle, get contributions from both sources. We can write
ANy = ANEF + AN (4.19)

where the first term on the right hand side (RHS) denotes the contribution from PBH
and the second term indicates the thermal contribution. Now, for PBH domination,
evaporation of PBH will lead to entropy injection to the thermal bath. Thus the
thermal contribution from X to ANgg gets diluted. Taking into account the effect

of dilution, the above equation for Dirac active neutrinos can be written as

9+ (Tev)
(g*s (TeV))4/3

where the parameter ¢ quantifies decrease in AN due to entropy dilution. It can

ANeg = 0.772

4/3
106.75 ) i (4.20)

+ 0.14175 x (
g*(Tdec)

be written as the ratio of the comoving entropy density at PBH evaporation (7)
to that at thermal decoupling of X (Tgec)

3 3
Sev . g*S(TeV)& (TeV)TeV (421)

5 B Sdec - g*S(TdeC)a’?)(TdeC)Tgec‘

Without any entropy injection, conservation of entropy gives & = 1. For entropy
injection due to PBH evaporation, we have ¢ > 1. It turns out that for PBH
dominated region, £ > 1, diluting the contribution from thermal vg or X in general.
Thus, one can safely neglect the second term in the RHS of Eq. (4.19). Hence, only
the X from PBH will contribute to AN.z. PBH mass greater than around 4 x 107 g
leads to AN greater than the Planck 20 bound, as shown earlier (cf. left panel of
Fig. 4.1).

Radiation domination

If the ratio of the initial energy density of PBH to that of radiation energy density
is less than (., the early universe remains dominated by radiation only. Similar
to the PBH-dominated universe, we can also have the same two scenarios, namely
Tow > Tgee and Ty, < Tyee. The solid red line in the right panel plot of Fig. 4.2
corresponds to Tyee = Tey. We discuss the two scenarios corresponding to either side

of this solid red line below.
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PBH evaporation before decoupling of thermalised DR Similar to the case
of PBH domination, here the thermal contribution is the only contributing factor
to AN.g. Hence the region and bounds are same as that of PBH domination, as

already discussed in 4.1.2.

PBH evaporation after decoupling of thermalised DR Here, the total con-
tribution to ANeg can be written in the form of Eq. (4.19), with the non-thermal
contribution ANEH given by Eq. (4.15). ANEBH is evaluated by solving the Boltz-
mann equations (4.8)-(4.10). Unlike the case of PBH domination, here the contri-
bution from the thermalised DR can not be neglected as the entropy injection is
negligible (i.e. £ ~ 1) for B < B Hence, ANgg will bear contribution from both
thermalised as well as PBH generated DR. Also, for PBH domination, ANBH is in-
dependent of the parameter 3, whereas in the present scenario 8 plays a significant
role. The role of # can be seen from the magenta coloured lines shown in the right
panel plot of Fig. 4.2. The magenta coloured lines denote a total AN.g = 0.20. As
the initial mass of PBH increases, its contribution to ANgg also increases. As a
result, one needs to reduce the value of 5 to get same AN.. Let us consider the
magenta line with M, = 107 g. The straight vertical portion of the line indicates
a thermal contribution of 0.14 and a PBH contribution of 0.06. The contribution
from PBH can be set to the required value by adjusting . Decreasing Ty.. in the
right panel plot up to ~ 200 GeV leads to no changes in the thermal contribution as
g«s Temain constant, giving a constant contribution to AN Decreasing Ty, below
~ 200 GeV, the thermal contribution increases due to the reasons discussed earlier.
So, one requires a smaller contribution of ANB in order to maintain a total contri-
bution of 0.20. This can be done by either decreasing PBH mass or by decreasing
B. Here we decrease the PBH mass keeping 3 constant. This leads to the bending
of magenta lines for Ty, < 200 GeV.

Summary of results

Now let us look at the combined results of PBH and radiation domination in the
B-M;, plane. In the PBH dominated case, the magenta-shaded region in Fig. 4.3
shows the portion of parameter space where AN.g > 0.28, corresponding to PBH
> 4 x 107g (cf. blue-dashed contour of left panel plot in Fig. 4.2).

n ~v

initial mass M,

Now, this constraint is only valid if vz (or DR, in general) decouples from the bath
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before PBH evaporation i.e. if Tge. > 150 MeV (intersection of the blue dashed
contour with the solid red line in left panel plot of Fig. 4.2). If vg decouples after
PBH evaporation, then AN will bear contribution from thermalised v (existing
thermal vg + vgi from PBH that will also get thermalised). In such a case, no
constraint on the PBH parameters 5 or M;, can be obtained, since the contribution

is purely thermal.

In the radiation-dominated region, if the thermalised vy decouples earlier, then
even for very small 3, one expects minimum contribution of ANt = 0.14 to ANg.
For example, let us fix Ty &~ 35 GeV. So, for PBH mass greater than ~ 7 x 10°
g, the decoupling of vg occurs before PBH evaporation. The thermal contribution
to ANgg is about =~ 0.17. So, if the PBH contribution to ANgg is more than 0.11,
the total ANgg would exceed 0.28. The blue shaded region in Fig. 4.3 denotes
the area for which ANgg > 0.28. Note that there is a discontinuity between the
magenta and blue shaded regions. This is because, we have assumed that in the
PBH dominated era, the thermal contribution to AN.g will be totally diluted away
due to subsequent PBH evaporation and hence can be neglected. However, in the
vicinity of the solid red line, i.e. B ~ Buit, the dilution would be smaller leading
to a non-negligible thermal contribution which should be counted for. At the same
time, for the radiation-dominated case, we have assumed no entropy dilution for the
thermal contribution, which is not completely true in the vicinity of 5 ~ (.. This
is due to the fact that even a sub-dominant but sizeable abundance of PBH can lead
to some entropy dilution, howsoever small. All these intricacies will be taken care of
when we explicitly solve the relevant Boltzmann equations by properly taking into
account the entropy dilution factor near the transition region from PBH to radiation

domination, which we discuss below.

We perform a numerical analysis to evaluate the total contribution to AN.g.
For this purpose, we use the publicly available code FRISBHEE [169] to calculate
the non-thermal contribution ANEY and to properly include the entropy dilution
factor (cf. Eq. (4.21)), which goes into the calculation of the thermal contribution
AN For illustrative purposes, we consider the DR or the extra light species X
to be of three types namely, (i) vg, (ii) Goldstone boson and (iii) massless gauge

boson.
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PBH Dominated

Radiation Dominated

M, (8)

Figure 4.3: ANgg contours in the 5-M;j, plane. The magenta and blue region are

the portion for PBH and radiation domination respectively where ANqg > 0.28.

The black vertical dashed line indicates the upper bound on PBH mass from BBN
limit.

Dirac neutrino Here, we consider 3 species of vy as the extra light degrees of
freedom, as in usual Dirac active neutrino scenarios. In Fig. 4.4, we show the
total contribution to ANgg in the M;, — [ plane for four different sub-cases. In the
top left panel, we show the results where vy is produced purely from PBH due to
negligible interactions with the SM bath. The black dashed contour corresponds to
ANgg = 0.28, the maximum allowed by Planck 2018 data at 2o level. This plot can
be taken as a reference to compare the results in the presence of extra interactions.
In the top right panel of Fig. 4.4, we show the results when the contribution from
thermal vg is AN ~ (.147. For this particular value of AN%, the decoupling
100 GeV corresponding to PBH mass M, ~ 4 x 10°
g. PBH masses greater than ~ 4 x 10° g, will evaporate later satisfying To, < Tyec.

temperature should be Tge. 2
The vertical dashed line distinguishes these two regions. For g > (.., there is no
change on the Planck 2018 bound compared to the results without interactions as the
contribution of thermally decoupled species is negligible because of entropy dilution
from PBH evaporation. However, near 8 ~ [, i.e. the transition region between
PBH and radiation domination, we can see a decrease albeit small in the values of
B required to produce the same value of AN.g as in the case without interactions.
This is because near the boundary of the transition region, the effect of the thermal
contribution starts appearing, and hence we need a lower value of 8 such that the
non-thermal contribution ANBH decreases, resulting in a similar value of the total

ANgg. This explains slight lowering of the black-dashed contour corresponding to
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Figure 4.4: Dirac neutrino :  Variation of ANeg in the M;, ver-

sus [ plane for four different scenarios related to Dirac neutrinos:
without any extra interactions of wvgr (top left panel), with interac-
tions giving AN% = 0.14, Tye = 100 GeV (top right panel), AN =
0.21, Taec = 1 GeV (bottom left panel) and ANg}f}f =
0.24, Tgee = 850 MeV (bottom right panel) respectively.  The regions right
to the black dashed line indicate ANy > 0.28 ruled out by Planck 2018 data
at 20 level. The dashed blue vertical line separates the regions Tye. < Tev and
T4ec > Ty (not applicable to the top left panel due to no DR-SM interactions).
The grey vertical dashed line indicates the upper bound on PBH mass from BBN
limit.

AN.g = 0.28. Note that the minimum contribution of the thermal species is 0.147,
which is visible as we depart from the transition region. This is in sharp contrast
to the results without interactions, where the value of AN.g fades away to zero as
we move deeper into the radiation domination ballpark. In the bottom panel, we
have AN = 0.21 (left) and 0.24 (right). Due to the higher values of AN and
hence a lower decoupling temperature, the dashed vertical line shifts to the right
corresponding to higher values of PBH mass (lower T,,). Here, the change in the
transition region is more apparent, due to a decrease in the contribution from PBH

namely, ANBE. We can see that for ANt = 0.24, much more parameter space near
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the transition region is ruled out by current Planck 2018 data compared to that in

the case without interactions (cf. top left panel of Fig. 4.4).

Goldstone boson Let us consider the extra light species to be a Goldstone boson,
a massless scalar. From Fig. 4.1 discussed before, we can see that the maximum
contribution of Goldstone boson produced solely from evaporating PBH to AN is
0.10, which is below the Planck 2018 limit. However, it comes under the sensitivity of
future experiments like CMB-S4. The top left panel plot of Fig. 4.5 shows the bound
on ANqg without any interaction. Unlike the case of vg, here the region to the right of
the black dashed contour represents ANqg > 0.06, the CMB-S4 sensitivity as Planck
2018 data do not rule out any region of the parameter space at 20 level. The top right
panel and the bottom panel plots show the corresponding bounds with interactions
between GB and SM. In the top right panel plot, the decoupling temperature is
Tyec = 100 GeV and in the bottom panel plot, decoupling temperature is Ty = 1
GeV. These correspond to AN = 0.028 and 0.042 respectively. Similar to the
previous situation, a lower decoupling temperature gives a stronger constraint on

the § versus M;j, plane.

Massless gauge boson From Fig. 4.1 discussed earlier, it can be seen that in the
absence of PBH, the contribution of thermalised massless gauge boson to ANg is
within the future CMB-S4 sensitivities for decoupling temperature Ty < 100 GeV.
As a result, a wide range of interactions of MGB with SM for which Ty.. < 100
GeV can be probed by future CMB experiment like CMB-S4 (cf. right panel of Fig.
4.1). On the other hand, if PBH dominates in the early universe, the contribution to
AN.g always remains beyond the reach of future sensitivities, as shown in Fig. 4.1
(left panel). Thus, even if CMB-S4 rules out large coupling between MGB and SM
which would produce large AN.g, such large couplings (or equivalently lower Tjye.)
would still be allowed if we consider PBH domination in the early universe. This
would be possible if we consider that PBH evaporates after the decoupling of MGB

and sufficiently dilutes the thermal contribution.
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Figure 4.5: Goldstone boson : Variation of AN.g in the M,

versus (3 plane for three different scenarios related to Goldstone bo-
son:  without any extra interactions (top left panel), with interactions
giving AN = 0.028, Tyec = 100 GeV(top right panel) and ANSE =
0.042, Tgec = 1 GeV (bottom panel) respectively. The regions right to the black
dashed contour indicate ANqg > 0.06, the CMB-S4 sensitivity. The dashed blue
vertical line separates the regions Tgee < Toy and Tyee > Tev. The grey vertical
dashed line indicates the upper bound on PBH mass from BBN limit.

4.1.3 An example: thermalised Dirac neutrino in the pres-
ence of PBHs

In the previous sub-sections, we have studied the consequence of thermalised DR
in the presence of PBH while considering different examples of DR as well as PBH
parameters corresponding to both PBH and radiation domination in the early uni-
verse. However, we discussed our results only in terms of decoupling temperatures
of thermalised DR while being agnostic about the type of interactions with the
SM bath. In this sub-section, we consider a specific type of DR namely, light
Dirac neutrinos and discuss our results for effective four-Fermi type interactions

with the SM parametrised by the coupling parameter G.g. Enhancement of ANqg
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in Dirac neutrino models (without PBH) have been studied in several recent works
[120, 123, 252-261, 263, 264, 267, 268).

The SM extended by three right-handed singlet Dirac neutrinos with Yukawa
interactions Ly = —ijﬁé Upr, can explain tiny neutrino mass of O(eV), with
Y, ~ 10712 as a result of electroweak symmetry breaking induced by the SM Higgs
doublet ®. However, such small interactions can not thermalise the vg. Due to the
smallness of Yukawa coupling, the non-thermal or freeze-in contribution to ANg
from vg also remains negligible [123]. Thermalisation of vz may be possible in the
presence of non-standard interactions which we consider to be of four-Fermi type
interactions with the SM neutrinos v, [255] (see Appendix A.7 for details). This
allows us to work in a model-independent manner while constraining the effective
interactions as well as PBH parameters. The total interaction rate of vp arising

from such four-fermion operators can be written as

I' = nZ{ov) (4.22)

3¢(3) 5ma
o 2T 47T4(3.151T) G2,

12

where Geg is given by

> (@s — 26y ), (4.23)

4 2

where Gg, ég, Gr, Gy are dimensionful couplings involved in different four-fermion
operators involving vr and vy, as shown in appendix A.7. The equilibrium number
density is denoted by niy. Comparing this interaction rate I' with the Hubble rate
of expansion (given by Eq. (4.11) and obtained by solving the Boltzmann equations
(4.8)-(4.10)), we can find the decoupling temperature of vz. Note that the Hubble
parameter contains contributions from both SM radiation and PBH, which can lead

to a change in the v decoupling temperature compared to the standard case without
PBH.

With this, we redraw the Fig. 4.2 by replacing Tge. in the y-axis with the
equivalent Gog. The resulting plots are shown in Fig. 4.6 and Fig. 4.7 for PBH and
radiation domination respectively. In the left panel plot of Fig. 4.6, the coupling
G's is non-zero while the rest (i.e. Gp, Gg and Gy ) are zero. In the right panel plot,
G is non-zero and the rest are set to zero. For Geg = 103Gy with G being the

Fermi coupling, the decoupling temperature of v turns to be < 500 MeV and ANg
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Figure 4.6: ANy contours in the plane of initial PBH mass versus the effective

neutrino coupling for the case of PBH domination. In the left panel, Gy = (:}'S
Gy = 0 with non-zero Gg, whereas in the right panel, we consider Gg = Gg

Gy = 0 with non-zero Gp. The black vertical dashed line indicates the upper
bound on PBH mass from BBN limit.

is more than 0.28. Similarly, below a certain value of coupling, Geg ~ 2 x 107 "G¥,

the contribution to AN.g saturates at a value of 0.14. The corresponding parameter

space is shown for the case of radiation domination in Fig. 4.7, which can be

understood in a way analogous to the right panel plot of Fig. 4.2 discussed earlier.

1 T 1 T
——— ANg=0.20 ——— A Ng=0.20 /
107 ANg;>0.28 i 0% ANer>028
S
&
K& &
~ . K¢
10°+ & B 10° - o L
F ¥ Y
j& . j& &
& &
~ 10°F s i
[ S
BBN BBN
-12 o~ L) | -12 | o L) 7
107" A Ngr=0.14 = | & B 10 A Ngr=0.14 |l B
o = = = = =
I a 3 5 -
3 : N = 3|
1075 I I _ 107 ~ S .
ol @ «a ol @ «a
10718 Il - Il " 10*18 Il - Il "
1 1000 10 10 1 1000 10 10
M, (8) M;, (8)

Figure 4.7: AN.g contours in the plane of initial PBH mass versus the effective

neutrino coupling for the case of radiation domination. In the left panel, G
Gs = Gy = 0 with non-zero Gg, whereas in the right panel, we consider Gg

Gs = Gy = 0 with non-zero Gp.The black vertical dashed line indicates the upper
bound on PBH mass from BBN limit.
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Now, in order to check whether the right-handed neutrinos produced after PBH
evaporation enters into thermal equilibrium with the SM bath, we calculate the
interaction of vy, present in the bath and non-thermal v produced from PBH evap-
oration. Following [321], the thermal averaged cross-section for two massless species

having different temperatures is found to be

1 = 3/2 V's
= K| —=——|d 4.24
<O-U>T9VTBH 32(T6VTBH)5/2 A < ' ( TeVTBH > ( )
with K being the modified Bessel’s function of order 1. For o = ;- s G%;, this gives
6
(o U>TEVTBH = ) Geg TovTBu (4.25)

Comparing the interaction rate corresponding to the above cross-section with the

Hubble leads to the thermalisation condition

ni(z (TeV) <UU>TeVTBH 6

—VARANE " T = L 4.26
H (Tev) T eff ~ev ) ( )
3
3¢(3)x2xVA5x M
where ¢ = 24® £
2 \/47r3g* (Tev)
Ten(GeV) Tel(GeV)
10° 108 107 108 10° 104 10° 10! 107t 1073

GerlGr
Taec(GeV)

4 5 6 7 8 9 10 4 5 6 7 8 9 10
logo(%§*) log10(g*)

Figure 4.8: Left panel: M, versus G.g/Gr parameter space showing the possi-

bility of re-thermalisation. The red (blue) coloured region denotes the parameter

space for which the PBH generated v can (can not) come into thermal equilib-

rium. Right panel: M, versus Tge. parameter space showing the possibility of

re-thermalisation. The red and blue coloured regions have the same meaning as

the ones in left panel plot. The vertical dashed line indicates the upper bound on
PBH mass from BBN limit.

Both T,, and Tgy are functions of M, as can be seen from Eq.(4.5) and Eq.
(4.2). In the left panel of Fig. 4.8, we show the parameter space in the M;, — Geg

116

TH-4099_206121109



Chapter 4 Primordial black holes and their role in probing new physics

plane, where re-thermalisation of the PBH generated vg takes place (red-shaded),
along with the region which does not lead to such re-thermalisation (blue-shaded).
We can see that for a fixed PBH mass, if G.g is smaller than a particular critical
value, the non-thermally generated v from PBH never thermalise again with the
bath. A smaller value of G.g also implies a higher initial decoupling temperature
of thermal vi. Hence, it is also possible to relate this critical value of G.g¢ below
which re-thermalisation does not occur, with the initial decoupling temperature of
vgr. In the right panel of Fig. 4.8, we show the parameter space in the M, — Tyec
plane, separating the region of re-thermalisation from the rest. For a particular PBH
mass, a decoupling temperature higher than TS leads to the situation where vg

dec
from PBH will never re-thermalise with the bath 3.

To summarise, Fig. 4.8 shows the constraints on the parameter space for which
the vg produced from PBH evaporation will never re-thermalise. Once, we identify
the parameter space where re-thermalisation occurs, the next step is to find the
new AN.g for these regions. However, this requires a careful treatment of complete
Boltzmann equations to track the phase-space distribution function of evaporated
Vg, which is numerically expensive and out of the scope of the current work. Here, we
assume that the new decoupling temperature of vg after re-thermalisation is ~ T,
for a particular PBH mass. This can be justified by the fact that PBH generated vg
having a large initial energy and a sufficiently large interaction rate with the bath
responsible for re-thermalisation, also suffer from instant dissipation of the energy to
the bath. Due to this instant dissipation of energy, vz can not maintain equilibrium
for a longer period after re-thermalisation leading to decoupling of vg once again at

a temperature very close to T, .

With this, it is possible to find new constraint on G.g and M;,. In the left
panel of Fig. 4.9, constraints are shown in M;,-Gex plane. The black dashed lines
denote ANqg = 0.28. Taking into account re-thermalisation, it is possible to obtain
a stronger constraint on Geg/Gp. In the region, Tyee < Toy, ANeg > 0.28 implies
Get/Gr 2 5 x 1071 However, in the re-thermalisation region, G.g/Gp up to ~

~Y

5 x 1077 can be excluded, for M;, > 107% g. In the bottom triangular region, which

n ~v

3Considering a radiation dominated universe during decoupling, the value of this critical decou-
pling temperature is found to be

TS ~ (T2, Tin) V3. (4.27)

ec

117

TH-4099_206121109



Chapter 4 Primordial black holes and their role in probing new physics

shows the parameter space where PBH generated vz do not re-thermalise, the results
correspond to the one discussed in Fig. 4.4. In this region, we have shown the ANg
values for a particular value of f = 107%. In the right panel of Fig. 4.9, we show
the constraint in the M, versus § plane for a particular G.g/Gr = 107%. Here,
the region between the white dashed lines shows the parameter space leading to re-
thermalisation. As expected from the left plot, here a stronger constraint on PBH

mass can be seen.

GerrlGr=107°

~104

10910(Ger/GF)
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Figure 4.9: Left panel: Variation of ANeg in M;iy-Ges/Gr plane for three dif-
ferent regions where (i) Tyec < Toy, (i) PBH generated vp re-thermalise and
(iii) PBH generated vg do not re-thermalise, separated by white dashed line.
The dashed black coloured line distinguishes the regions with AN.g > 0.28 and
ANeg < 0.28. Right panel: Variation of ANgg in the Mi,-B plane for a particular
Get/Gp = 1075. A new constraint is obtained in the re-thermalised region. The
black vertical dashed line indicates the upper bound on PBH mass from BBN
limit.

4.1.4 Gravitational waves from PBHs’ density perturbations

PBH can be involved in the generation of gravitational waves in several ways [174,
175, 322]. In this work, we focus on the gravitational waves induced by the density
fluctuations of PBH after their formation [179, 180, 323]. This is primarily because
for the PBH mass range we are working with, the GW spectrum produced through
this route can be within the sensitivity of near-future GW experiments. Moreover,
these induced gravitational waves are independent of the formation mechanism of
PBH.

After the formation of PBH, they are distributed randomly in space following

Poissonian statistics [180]. These inhomogeneities in the distribution of PBH induce
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curvature perturbations when PBH begin to dominate the energy density of the
universe, which at second order can source gravitational waves. The amplitude
of these gravitational waves is further enhanced during the evaporation of PBH.

The dominant contribution to the present-day GW amplitude can be written as*

[179, 324, 325]

O f 11/3
Qawl(to, f) = Wy (fpeak) O (fP* - f), (4.28)
where Q‘(’}%‘\}‘ indicates the peak amplitude and is given by
16/3 34/9
eak — ﬁ Min
Wew ~F < | (m) <107g) ) (4.29)

Now, for length scales smaller than the mean separation between PBH, the assump-
tion of PBH as a continuous fluid ceases to hold true. This imposes an ultraviolet
cutoff to the GW spectrum, with fP°** corresponding to comoving scales representing

the mean separation between PBH. The peak frequency is found to be

i -5/6
fPeak ~ 1.7 x 10° Hz <W4“g> : (4.30)
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Figure 4.10: GW spectra from PBH density fluctuations for different values of
AN.g, without extra interactions (left panel) and in the presence of extra interac-
tions (right panel) of right-handed neutrinos. The various shaded regions indicate
the future sensitivities and current bounds of GW detectors which includes LISA,

BBO, DECIGO, LIGO-VIRGO, ET, CE. The arrows indicate a constant ANg
beyond a particular frequency (see text).

4The amplitude of the induced GW spectrum is sensitive to the PBH mass distribution [177].
Here, we consider a monochromatic mass spectrum for simplicity, as mentioned earlier.
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Since GW behave like radiation, they can contribute to extra relativistic degrees
of freedom during BBN. This gives an upper bound on 3, depending on PBH mass,
which is given by [179]

M. )—17/24

B<1.1x1076 (@ (4.31)

This upper bound on § for ultralight PBH is stronger than other bounds, obtained
for eg. in Ref. [180] to avoid the backreaction problem.

Now, if PBH play a role in sourcing the extra relativistic degrees of freedom
ANgg, then the peak amplitude and the peak frequency of the GW spectrum dis-
cussed above would depend on the value of ANy, since M, in Eq. (4.29), (4.30)
is connected to ANgg, as we have already seen in earlier discussions. Hence, ob-
servation of such a GW spectrum would provide a complementary probe to ANg
observations at CMB experiments. In the left panel of Fig. 4.10, we show the GW
spectrum arising from PBH density fluctuations, for different values of AN, in
the absence of extra interactions of the right-handed neutrinos. Note that such a
GW spectrum is absent for the radiation-dominated case. For PBH domination, a
higher value of ANgg corresponds to a higher value of M, (cf. Fig. 4.1), which
shifts the peak frequency given by Eq. (4.30) to lower values. Any spectral line to
the right of the one coloured in dark cyan, would correspond to the same value of
AN.g ~ 0.16, since PBH masses in that range evaporate above the electroweak scale,
giving the same value of AN (see Fig. 4.1). Here,  remains a free parameter as
for PBH domination, AN.g is independent of 5. In the right panel of Fig. 4.10, we
show the GW spectra in the presence of extra interactions of right-handed neutri-
nos, with the strength of the interactions taken such that the thermal vy decouple
at a temperature of ~ 850 MeV. This case corresponds to the bottom right panel
of Fig. 4.4. Here, any spectral line to the right of the one coloured in dark cyan,
would correspond to the same value of AN.g = 0.24, since PBH in this mass range
evaporate at a temperature higher than 850 MeV. Thus, the thermal contribution
would dominate as discussed earlier, contributing to a total ANgg of 0.24, similar
to the bottom right panel of Fig. 4.4. In both the plots shown in Fig. 4.10, the
experimental sensitivities of relevant GW detectors namely, LISA [326], DECIGO
[327], BBO[185], ET [181], CE[188] and LIGO-VIRGO [183] are shown.
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Figure 4.11: Contours of peak amplitude of GW induced by PBH density pertur-

bations. The corresponding AN.g due to PBH generated vy are shown assuming

no (or very feeble) vz-SM interactions. The black dashed line indicates the upper
bound on S (cf. Eq. (4.31)).

As we have seen already, the value of AN is independent of S for PBH domi-
nation. Thus, future observations of N.g from CMB observations will not be able to
tell us anything about g provided > f..i. However, the value of § can be inferred
from future GW detection with the spectral shape similar to the one generated by
PBH density perturbations, since the peak of the GW amplitude is determined by
S£. In Fig. 4.11, we show the contours of the peak amplitude of GW in the M;, — 3
plane, indicating the values of f,cax and ANeg, considering no extra interactions of
vr with the SM. The future sensitivities of several GW experiments are also shown
in the same figure. In the presence of extra interactions, the values of ANz would
be different as discussed above (cf. Fig. 4.10). AN values would also be different
for other light species. Finally, we summarise the GW and CMB complementarities
in Table 4.1 and 4.2 by choosing a few benchmark points. PBH mass and initial
energy fraction are fixed at benchmark values and the corresponding implications
for AN,z and GW observations for different types of dark radiation namely, vg,
Goldstone boson, massless gauge boson are shown in Table 4.1 and 4.2. Note that
we work with § values consistent with the upper bound given by Eq. (4.31), and
higher than the critical value Be(cf. Eq. (4.6)) required for PBH to dominate.
While in Table 4.1, no DR-SM interactions are assumed, in Table 4.2, thermalised
DR is considered with specific decoupling temperatures. While BP1 and BP2 in
both the cases remain within future sensitivities, BP3 for some specific type of DR

is already ruled out by Planck 20 limits.
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Table 4.1: Without DR-SM interaction

My ANg CMB experiment (20 .
BP @ B o B NGB o B ( I@[GB GW experiment
BP1 | 105 | 1.5 x 10~% | 0.167 | 0.052 | 0.023 | CMB-S4 | CMB-HD None CE, ET, LIGO-VIRGO
BP2 | 107 6 x 1079 0.183 | 0.056 | 0.024 | CMB-S4 | CMB-HD None CE, ET, DECIGO, BBO
BP3 | 108 | 6 x10~1° | 0.313 | 0.096 | 0.042 | Planck CMB-34 | CMB-HD DECIGO, BBO

Table 4.2: With DR-SM interaction

M; T, AN CMB experiment (20 .
BP | ¥ A G g GE T MTE TR Ay GW experiment
BP1 | 10% [ 1.5x10-8 10 0.188 | 0.035 | 0.072 | CMB-S4 | CMB-HD | CMB-S4 CE, ET, LIGO-VIRGO
BP2 | 107 6 x 1079 0.8 0.242 | 0.046 | 0.092 | CMB-S4 | CMB-HD | CMB-S4 | CE, ET, DECIGO, BBO
BP3 108 6 x 10~ 10 0.01 3.02 0.575 1.15 Planck Planck Planck DECIGO, BBO

4.1.5 Summary

We revisit the prospects of generating dark radiation from primordial black holes
in the early universe, by considering sizeable DR-SM interactions. We first repro-
duce the results by considering PBH and thermal interactions separately and the
consequences for AN.g observations at CMB experiments. We then consider the
hybrid scenario with both thermal interactions and PBH to be source of DR and
put new constraints on the PBH parameters as well as DR-SM interactions from
the requirement of satisfying BBN and CMB limits on AN.¢. Compared to the sce-
nario with no DR-SM interactions discussed in earlier works, our present scenario
puts tighter constraints on the PBH parameter space namely, initial PBH mass and

energy density.

We also find an interesting region of parameter space involving PBH as well
as DR-SM interactions where DR initially decouples from the bath followed by
PBH evaporation leading to re-thermalisation of DR with the SM bath. This leads
to a lower decoupling temperature of DR enhancing the AN, and putting new
constraints in the PBH parameter space. Though we have considered a specific
type of DR namely, light Dirac neutrinos for the numerical analysis, the generic

conclusions are applicable to any thermalised DR.

We also find the gravitational wave complementarity of this scenario by con-
sidering PBH density perturbations to be the source of such stochastic GW. In the
ultra-light PBH window considered in our work, GW sourced from PBH this way
not only remains within current and planned experiment’s sensitivity but also re-
mains independent of PBH formation mechanism. We show the complementarity
between GW and CMB observations for different types of DR with and without
DR-SM interactions. Interestingly, some of the benchmark points can lead to GW

122

TH-4099_206121109



Chapter 4 Primordial black holes and their role in probing new physics

peak amplitude, frequency in LIGO-VIRGO ballpark while keeping AN within
the reach future CMB experiments like CMB-S4. On the contrary, some part of
the parameter space can keep GW prospects within future experiment’s reach while
saturating Planck 2018 limits on ANgg. Such complementary detection prospects at
CMB and GW experiments of thermalised dark radiation is particularly interesting
due to limited prospects of detecting such light degrees of freedom at particle physics

experiments.

Before we end, we briefly comment on the impact of Kerr PBH and a non-
monochromatic mass function of PBH. First of all, considering Kerr PBH does not
significantly alter DR contribution to AN.g. This is true for DR with spin 0, 1/2 and
1, but significant enhancement is observed for spin 2 DR particles [169, 328, 329].
At the same time, our results on the analysis of GW spectrum would almost be
unchanged. This is mainly because the evaporation temperature of a spinning BH
changes only slightly compared to the non-spinning case [330, 331]. On the other
hand, A Neg can depend significantly on the mass distribution of PBH. In Ref. [170],
it was shown that the contribution to AN.s might substantially change for some
choices of the mass spectrum, compared to the monochromatic case. Similarly, the
amplitude of induced GW is also sensitive to the PBH mass spectrum [177, 178].
It would be interesting to study the combined effect in the situation where DR is
produced both from thermal bath (due to sizeable DR-SM couplings) and from PBH
with non-monochromatic mass distribution and non-zero spin distribution. We leave

such a complete study for future works.

4.2 Cogenesis of baryon and dark matter with
PBH and QCD axion

In this section, we discuss one such possibility, where the generation of BAU through
thermal leptogenesis [18] shares a common origin with axion physics. While there
are several ways in which one couples the axion physics to the baryogenesis [332—
335], our interest aligns with the SMASH-like [336] scenarios (and similar extensions
[337, 338]). In this scenario, the RHN introduced in the SM to generate light neu-

trino mass via seesaw mechanism and to provide leptogenesis, get mass from the PQ
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Figure 4.12: Schematic diagram showing a possible timeline of the scenario.

phase transition, i.e., f, = M = Ajepto, Where M (Ajepto) is the RHN mass, equiv-
alent to the scale of seesaw and thermal leptogenesis. Such a unification therefore
addresses neutrino mass, strong-CP problem, DM, and BAU at one stroke. Unlike
Ref.[336] for SMASH-like frameworks, the main motivation to unify the leptogen-
esis scale Ajepto and the PQ scale f, in this work is to explore the testability of
Aiepto = fa 2 10'2 GeV-also referred to as the vanilla regime of leptogenesis. On
the other hand, for f, = 10'? GeV, axion dark matter gets overproduced via vac-
uum misalignment mechanism with standard cosmological expansion. In order not
to lose the interesting connection among axion DM, strong-CP problem and vanilla
leptogenesis, we explore the possibility that before the BBN, the Universe underwent
an early matter-dominated phase releasing entropy while reproducing the standard

radiation dominated Universe [339, 340].

Here, we show that if the matter domination is provided by ultralight evapo-
rating PBHs [147, 151, 160] with initial mass M;, < 4 x 10® g, testability enhances
significantly. This is because, in addition to predicting axion parameter space in
the go, — m, plane, one can have stochastic GWs signatures via PBH density fluc-
tuations [177-180, 323]. Remarkably, the mass range of PBH required to generate
correct DM and at the same time BAU, produces GWs within the frequency bands
of current and planned GW detectors. A schematic diagram of this scenario showing
a possible timeline is presented in Fig. 4.12. Two additional features in this figure
namely, the axion oscillation temperature T, and the production of hot axions in
the form of dark radiation within reach of future CMB experiments are discussed

later in this section.
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4.2.1 The Framework

We consider a type-I seesaw framework [102, 103, 341-343] extended by Peccei-
Quinn symmetry [20, 21]. A recent review of QCD axion models can be found in
[64]. In addition to the heavy RHNs (here we consider three RHNs) required for
the seesaw, the other field content and PQ charges are kept similar to a KSVZ
type model [60, 61] in which vpg = f,, where vpq is the vacuum expectation value
(VEV) of the PQ scalar field o and f, is the axion decay constant®. Thus, the BSM

field content is constituted by a complex PQ scalar field o = W e@lfa (g ~

(1,1,0)), a heavy quark @ ~ (3, 1,0) and three right-handed neutrinos Nz ~ (1, 1,0)
where the numbers in brackets denote their charges under the SM gauge symmetry
SU(3).x SU(2)r x U(1)y. The transformation of these fields and leptons under PQ

symmetry are
o —,6%a; Ngp— e 2Np; g, L — e7lp, L; Qr — *Qr; Qr — e *Qp.

The SM quarks have vanishing PQ charges. The Yukawa coupling part of the PQ

invariant Lagrangian can be written as
_ ik = 1 —
;Cy =3 |:yQLO'QR + GijLiHljR + EjLiHNjR + §yij NiRO-NjR:| —|— h.C. (432)

with H being the SM Higgs. The scalar potential of the model is given by

02\ 2 vE 2 02 v2
V(H,0) = A <HTH " 5) I <|ay2 - TQ) . <HTH g 5) <|o—|2 - TQ)

(4.33)
with v being the VEV of the SM Higgs H. After PQ symmetry breaking the first

and the last terms in £y give rise to

yQroQr — %PQLQRem/f“ + iUPQ@LQR@ia/fa (4.34)

V2 V2
L& Ly : L i
Z 4 NSo N — = 29 5 NS N, pei@/fa 4 — 24
o Yij tYirOVGR 9 \/510 iR'VIR 2 /2
°It should be noted that our particle content is same as the SMASH framework [336]. While

SMASH considers Higgs portal inflation via non-minimal coupling to gravity, we remain agnostic
about the origin of inflation.

VpQ NicRNjReia/fa‘
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The phase part can be absorbed by the transformation Qr — e "5 Qr and Np —
e "3la Np. As the chiral transformation on @) is anomalous under QCD, this gives
the term 3252 Gy ,G* with G, (G*) being (dual) field strength tensor of QCD.
Simultaneously, from the kinetic term @m“@MQ, after transformation one gets the

term ——Q’y“’yg,Q Similarly, from the kinetic term of RHN 2N Y90,N, one gets

1
the term ~1 N7“75N. Now using the Dirac equation and the fact that the total

a
derivative is zero at the boundary, we get

2fa Q7 VQ = @ 7, CLQ%Q
1 0,a i M;
V NAtysN = §EaN75N (4.35)

which define axion couplings to RHN and heavy quark ). We have also dropped
the chirality index from RHN notation and will denote them only by /N; with mass
M, hereafter.

4.2.2 Axion dark matter, PBH, and Leptogenesis

For QCD axions, the zero temperature mass (7' < Toep =~ 150 MeV) is related to
PQ symmetry breaking scale, f, as

1012 GeV
My =~ 57 (f—e> uev. (4.36)

Above T > Tqyep, the temperature-dependent axion mass is given as

me(T) = my (T‘;CDY ; (4.37)

As indicated by lattice simulation, the power of 4 is not precise [64], but it does not
affect our overall results significantly. If the PQ symmetry breaks in post inflationary
era, the initial misalignment angle, 6; = a;/ f, takes the average value 6; = \/lg ~ 1.81.
At high temperatures, the axion evolution is friction-dominated and frozen at ;.
It then starts to oscillate at a temperature T,., when the Hubble rate becomes
comparable to axion mass: H(Tpsc) ~ 3mqa(Tosc). From the onset of oscillations

temperature, axion starts behaving as matter, and from conservation of comoving

126

TH-4099_206121109



Chapter 4 Primordial black holes and their role in probing new physics

number density, its number density at a later epoch can be written as

s(T)
S (Tosc) ,

Na(T) = ng(Tose) (4.38)
where s(T') is the comoving entropy density at a temperature T'. The axion behaves
as cold matter and can make all the observed dark matter abundance with total

abundance

(4.39)

C

2 pa(To) , o e Ma(To) [ pa(Tose) s(T) 2
Halt Pe .= Pc <ma(TOSC) 3( os ))h

Here p. represents the critical energy density of the Universe today. If axion consti-
tutes all the dark matter, it should have a mass around ~ 14 peV, when produced
via the misalignment mechanism [64]. The presence of PBH modifies the axion dark
matter abundance in two different ways: (1) PBH change the oscillation temperature
Tose, because pppy contributes to Hubble expansion rate #H; (2) PBH evaporation
dilutes the existing abundance of axions via entropy injection. The latter effect is
the dominant one. In addition to affecting the axion dark matter abundance, PBH
evaporation can also produce axions. However, these axions behave as dark radi-
ation contributing to Neg. We numerically study the evolution of the PBH-axion

system, closely following Ref. [314] (see AppendixA.1).

Lepton asymmetry can be generated thermally (with the thermal production of
RHNs mediated by Yukawa couplings) at a high scale via the CP-violating decays
of RHNs, which can be converted to the baryon asymmetry through the electroweak
sphaleron processes [18]. At a temperature 7' ~ M;, lepton asymmetry produced
by ith RHN freezes out; therefore, M; is typically the scale of thermal leptogen-
esis; M; = Ajepto- In the high-scale leptogenesis scenario, there are three distinct
regimes of leptogenesis. The RHNs produce lepton doublets as a coherent super-
position of flavors: L; = A;oL4i, where o = e, u, 7 and A;, is the corresponding
amplitude determined by Fj,. For temperatures 7' > 10'2 GeV, all the charged
lepton Yukawa couplings are out of equilibrium (the interaction strength is given
by Ty ~ 5 x 1073Th,, with h, being the charged lepton Yukawa coupling) and
do not participate in the leptogenesis process. This is the unflavor or the vanilla
regime of leptogenesis. In this regime, leptogenesis is not sensitive to the neutrino
mixing matrix, e.g., mixing angles and low-energy CP phases [345]. When the tem-

perature drops down to 7' < 10'2 GeV, the 7 flavored charged lepton interaction
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comes into equilibrium and breaks the coherent L; state into 7 and a composition
of e + p flavor (two flavor regime). Likewise, the later composition is broken once
T < 10° GeV, when the p flavored charged lepton interaction comes into equilibrium
(three flavor regime). In both these flavored regimes, leptogenesis may be sensitive
to the low-energy neutrino parameters because the neutrino mixing matrix cannot
be eliminated from the CP asymmetry parameter. Therefore, for T ~ M; > 102
GeV, practically there are no ways to test high-scale thermal leptogenesis, barring
some recent effort with gravitational waves from topological defects [346-350]. As
mentioned in the introduction, here we show, in the unified setup of axion and see-
saw, the vanilla regime is testable with axion physics as well as gravitational waves

from PBH density fluctuations.

A crucial aspect of this work is to obtain the correct DM density for large f, =
102 GeV, requiring PBH evaporation after axion oscillation so that the overdensity
of DM can be diluted. As we shall see, the required range of PBH mass for this does
not affect the lepton asymmetry production (happens around 7' ~ f,), however,

dilutes it similarly to the DM density, and therefore correlates both of them.

For hierarchical RHNs, the CP asymmetry parameter can be estimated as [19,
351]
3M1 (Amatm)Z

= 4.4
“ Arv? ’ (4.40)

with v/v/2 = 174 GeV is the VEV of the SM Higgs and (A )? ~ 2.4 x 107 3eV?

is the active neutrino atmospheric mass-squared difference. The resulting baryon

asymmetry from the decay of N; can be approximately written in terms of baryon-

to-photon ratio as [324]

B ~ 10‘%12—1. (4.41)
Here £ denotes the entropy dilution due to PBH evaporation, estimated as [324]
Min i 2
=233 ( ) ( ) , 4.42
. Mp1 ) \ g+.8(T8u)G (4.42)

and x; ~ 1072 is the efficiency of lepton asymmetry production. G ~ 3.8 is the
greybody factor and Mp; = +/87Mp is the Planck mass. The extra factor 1072
on the right-hand side of Eq.(4.41) accounts for the combined effects of sphaleron

conversion of the leptons to baryons plus the photon dilution [351]. Because of our
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Figure 4.13: Baryon to photon ratio, np versus f, for different PBH mass and
initial fractional abundance, 8. Here, the contours satisfy the correct DM relic.
Initial misalignment angle is taken to be 0, = % ~ 1.81. The horizontal gray
line denotes the observed value of . Here, we consider M, = f, which gives us

Eq.(4.43).

proposed unification f, ~ M;,5, Eq.(4.40), (4.41), and (4.42) impose the following

condition on f:

_ M fa Mpl 1ueV
~B57x10712( 22} e 39 . 4.4
C (Min Gev ~ 923\ 31 - (443)

Eq.(4.43) is the most important analytical relation we derive. Because of this strin-

gent relation among (8, M;,, and f,(m,), concurrent generation of correct DM and
BAU occurs for an extremely constrained parameter space as analyzed below in
detail.

In Fig.4.13, we show the baryon asymmetry as a function of the PQ scale f,,
for different values of initial PBH mass. The contours shown are consistent with
the observed DM relic from axion oscillation. If PBH evaporates before the axion
oscillation temperature T, they do not affect the axion dynamics. For M;, < 10° g,

the PBH evaporation temperature remains higher than T, leading to the standard

SNote that here we use the formula for the CP asymmetry parameter valid only for a hierarchical
mass spectrum of RHNs, and we consider a Nj-dominated leptogenesis scenario. In this case,
although the heavier RHNs do not have any significant role to play, their masses are constrained

as Mi:2’3 < fa\/ 4.
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axion results with f, ~ 3 x 10'* GeV, generating the correct DM relic. This is
indicated by the left-most brown-colored contour in Fig.4.13. Along this contour, [ is
varied, as per the color bar, which changes the baryon asymmetry because of entropy
dilution, following Eq.(4.42). Increasing the PBH mass above 10° g decreases the
oscillation temperature and reduces axion abundance because of entropy dilution,
resulting in a higher f, to obtain the observed DM abundance. With a decrease in
5, this cumulative effect of PBH starts to diminish and hence the contours move
towards the standard case of f, ~ 3 x 10 GeV.

On the other hand, decreasing f, and § has opposite effects on the baryon
asymmetry 7g, with the former decreasing the asymmetry by decreasing M; (cf.
Eq.(4.40)), while the latter increasing the asymmetry because of lesser entropy di-
lution. The latter effect turns out to be more dominant, leading to an increase in

the value of np.

The lepton asymmetry can be significantly enhanced if two of the RHNs are
quasi-degenerate, i.e., AM = My— M; < M = (M, + M) /2 leading to the resonant
leptogenesis scenario [352, 353]. For AM ~ T', the CP asymmetry parameter can
reach up to O(1), where I" indicates the decay width of the RHN. For the resonant

scenario, the expression for f can be derived as

Mp,
B =29 x 10% <Mi ) ) (4.44)
We quantify the results for both, the hierarchical and the resonant leptogenesis sce-
narios on the M;, — 8 plane in Fig.4.14. The variation of axion mass is represented
by the color gradient (see also the contours). For PBH mass M;, < 10%° g, the evap-
oration of PBH occurs before the onset of axion oscillation, thereby not changing
the axion abundance. Similarly, in the radiation domination region (below the blue
line), PBH do not affect the axion abundance. For M;, = 10%° g, PBH delay the
oscillation temperature plus dilute the axion density. Therefore, an ample amount
of axions is required before PBH evaporation so that the correct DM relic is satis-
fied. This is achieved by reducing the axion mass (or increasing the PQ symmetry
breaking scale f,). The larger the M,,, the stronger the entropy production and

therefore smaller the axion mass (larger f,).

The observed baryon asymmetry constraints for the hierarchical (left) and res-

onant scenario (right) are shown with the red curves. For the PBH mass range,
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Figure 4.14: Constraint on M;j, versus [ plane considering a hierarchical Ni-
dominated leptogenesis scenario (left plot) and a resonant leptogenesis scenario
(right plot). The color bar represents the axion mass that satisfies the observed
DM abundance. The red color lines in both plots denote the parameter space that
is consistent with both, DM relic and baryon asymmetry. The region excluded
from GW is separated by the solid green line. The magenta dashed line separates
the regions that can be probed by future CMB-S4 experiments due to the contri-
bution of hot axion on Ng.

105%g < Mj, < 10%%g, the CP asymmetry parameter remains constant as M; ~
fa ~ 10 as the axion DM production is not affected by PBH. Therefore, for a
fixed f,, the correlation between 8 and M;, determined according to Eq.(4.43) (8
decreases with the increase of M;,). For M, = 10%® g, an increase in PBH mass
increases the axion scale f, owing to the interplay of entropy dilution and producing
correct DM abundance. Because the CP asymmetry increases monotonically with
fa, in this case, a sharp decrease in § with the increase of M;, gets partially com-
pensated, resulting in a plateau in the red curve (left). The region below (above)
the red curve corresponds to np > (<) 6.3 x 1071, As we shall discuss in sec.4.2.3,
the allowed values of 3 in this hierarchical leptogenesis scenario produce GWs with
weaker amplitude (the maximum value of § allowed by Neg constraint on GWs is

shown with the green line) compared to its resonant version.

In the right panel of Fig.4.14, we show the results for the resonant leptogenesis
scenario. Instead of Eq.(4.40), here we have considered a maximal CP asymmetry
€1 = 0.1, achievable with resonant enhancement. Due to this enhancement in the
value CP asymmetry parameter value, strong entropy dilution and therefore for a
given PBH mass, a larger value of (8 is required to produce the observed BAU. This

is evident from the upward shift of the solid red line compared to the one in the
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Figure 4.15: Left panel: GW spectrum for hierarchical scenario. Right panel:
GW spectrum for the resonant scenario.

left panel. In addition, due to a larger value of (3, the resonant leptogenesis scenario

produces much stronger GWs compared to the hierarchical case.

For completeness, in both the plots, we also indicate the parameter space within
reach future CMB experiments like CMB-S4 [115] which can measure additional
relativistic degrees of freedom ANgg. Such non-zero AN.g or dark radiation arises
in our setup due to the production of hot axions from PBH evaporation. Note
remarkably that in both the plots, the T ~ M; ~ f, = 10'2 GeV is potentially

testable, with either axion detectors or in combination with GW experiments.

4.2.3 Detection prospects
Signatures in the form of GW from PBH density fluctuation

As discussed in Section 2.2, GWs arise from the inhomogeneities in the PBH dis-
tribution after they are formed. Here, using Eq.(4.43) and (4.44), we can relate

leptogenesis scale and Qﬁg’jvak as

16/3 7 N\ 14/9
cak _ —22 fa 10 g

for hierarchical leptogenesis, and

/9

cak e\ 107\

Pk ~ 171 % 1077 <ﬁ) " (4.46)
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Figure 4.16: Left panel: Q&% h? versus fP® for hierarchical scenario with
. n . . ak ;
three different f,. Right panel: OECV; h? versus fPek for the resonant scenario
with maximal CP asymmetry for correct axion DM abundance.

for resonant leptogensis, where for the latter scenario €; is expressed as a function
of f, and mass splitting ~ (M, — M;) M, ' between two degenerate RHNs. To relate
GW with a successful cogenesis, Eq.(4.45) and (4.46) are required to be analysed
with the constraint from correct axion DM production. Similar to the previous
section, this has been implemented by solving the set of Boltzmann equations for
axion and PBH (cf. AppendixA.1).

In Fig.4.15, we show the GW spectra for the hierarchical (left panel) and the
resonant scenario (right panel), along with the sensitivity of different GW exper-
iments such as advanced LIGO-VIRGO/LIGO 5 [183], LISA [326], DECIGO [327]
and CE [188]. The corresponding {M,, f,} values are marked in the legend. Each
spectrum corresponds to a different DM relic density but is consistent with the ob-
served baryon asymmetry. Note that the signal strength is relatively weaker for the
hierarchical leptogenesis case (left panel) when the model produces the correct DM
relic (the magenta) curve. We however would like to mention that future planned
detectors such as UDECIGO (UDECIGO-corr) [354, 355] can test such signal. On
the other hand, for the resonant case, one obtains much stronger signal strength
(right) without overproducing the DM. The reason being, as discussed in the previ-
ous section, resonant leptogenesis scenario requires a large value of 8, and the peak

amplitude goes as Pk ~ 316/3,

Plots in Fig.4.16, represent an enlarged parameter space covering Q%e\?\}(hQ and
freak for a wide range of M;,. The left panel plot represents the hierarchical leptoge-

nesis leading to successful BAU. The solid (dashed) segment in the curves represents
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the correct (overproduced) DM abundance. As discussed earlier, because resonant
cases allow strong amplitude GW, we find it sufficient to show the GW spectra only
for correct DM abundance (right panel).

Note also that, although arguable [356], one can potentially have GWs from
axion-strings [357] in this model. Due to the PBH domination, our scenario can
marginally access the values f, > 10 GeV to produce GWs from axion cosmic
strings. However, we do not discuss this spectrum because, in the presence of PBH,

a string-PBH network evolution requires numerical simulation [358].

Signatures on g,, — m, plane

The axion detection prospects in most experiments primarily rely on axion-photon
coupling. The axion-photon coupling leading to }l GayaF F is given by (same as KSVZ
model) [359]

o 24myg + my, o
ay = = =—-192——, 4.47
Gary 27 f, (3 mu—I—md) 27 fo ( )

with a being the fine-structure constant. Fig.4.17 shows the axion-photon coupling
with axion mass including the bounds and sensitivities of different experiments. The
current experimental bound on the axion-photon coupling from various experiments
or observables are shown by the solid color lines (CAST [360, 361], SN8TA [362-
364], NGC 1275 [365], ADMX [366-368]) whereas future experimental sensitivies are
shown by the dashed lines (CASPEr [369], KLASH [370-372], ABRACADABRA
[373, 374], CULTASK [375, 376], MADMAX [377], IAXO [378, 379], Fermi-LAT
[380], BH superradiance [381]).

The left panel of Fig.4.17 shows the constraints on g, in the presence of PBH
for three different axion mass associated with three different sets of { M;,, 5}. These
three points are indicated by green, cyan, and magenta colored star-shaped point
(% ). For all three points, both DM relic and correct baryon asymmetry (with reso-
nant leptogenesis) are satisfied. While the green point comes within the sensitivity
of future CULTASK experiment, the cyan and magenta points can be probed by
future KLASH and ABRACADABRA experiments. Apart from their signatures in
axion detection experiments, the three sets of {M;,, 5} also lie within the sensitivity

of future DECIGO. This provides a complementary probe of cogenesis in terms of
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Figure 4.17: Left panel: Axion-photon coupling versus axion mass in presence
of PBH for three different sets of { My, } denoted by green, cyan, and magenta
colored star-shaped points. Cogenesis with resonant leptogenesis is possible for all
three points. Also, all three sets of {Mj,, 8} come within future GW experiments
(see related text for more details). Right panel: Constraints on axion-photon
coupling in the presence of PBH for four different axion contributions to DM.

GWs and axion detection experiments. Note that for a smaller value of 8 (cf. left
panel of Fig.4.14), the scenario of hierarchical leptogenesis can also be within the

sensitivity of axion experiments, however with a weaker GW signal.

We conclude with the following remark: Because we consider axions to consti-
tute the entire DM density, the overall scenario is highly constrained. This frame-
work, however, can naturally allow one of the RHNs to make up the dominant dark
matter density while keeping axion abundance subdominant. In which case, the
predictions of this scenario would be very different. Interested readers may look up
to a detailed discussion presented on this in Appendix A.9, A.10, and A.11. Here
for example, in the right panel of Fig.4.17, we show the constraint for four different
situations where axion contribution to DM is 100%, 10%, 1% and 0.1% denoted
by red, blue, green, and cyan line respectively. The minimum f, is obtained for
PBH mass with T, > Thee (i.e. My, < 10%°g ). The maximum f, is obtained for
PBH mass with T,, ~ Tgpy and for maximum allowed 3 (i.e. M, ~ 10%% g and
B ~ 6 x 1071%). While in this scenario the vanilla leptogenesis parameter space is
still accessible, a striking difference would be to have only resonant leptogenesis for

successful baryogenesis.
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4.2.4 Summary

The presence of an early matter-dominated epoch in the early Universe allows a
larger axion decay constant f, consistent with correct DM abundance. We im-
plement this idea in a SMASH-like setup where the f, and seesaw or leptogenesis
scale are equivalent. We show that contrary to the EMD provided, e.g., by a long-
lived field, a PBH-domination scenario is markedly testable with gravitational waves
alongside the axion experiments that intend to detect low-mass axions (m, < 107°
eV). In particular, this setup opens up a novel opportunity to test unflavored leptoge-
nesis scales f, = 10'? GeV, which are otherwise neither testable from measurements
of neutrino mixing parameters like Dirac CP phase nor accessible directly at terres-
trial experiments. A hierarchical (resonant) leptogenesis scenario produces weaker
(stronger) gravitational waves within the frequency band of planned GW detectors.
A successful cogenesis renders extremely constrained model parameter space and
thereby robust predictions. In addition to GW and axion detection prospects, we
can also have observable dark radiation in future CMB experiments due to the ax-
ions produced from PBH evaporation. This keeps our cogenesis setup verifiable at

gravitational wave, axion detectors as well as CMB experiments.

136

TH-4099_206121109



— @@

Signatures of BSM physics in high en-

erqgy events

In Chapters 3 and 4, we examined the early-Universe signatures of DNPDM sce-
narios and the production of thermalized dark radiation, as well as the cogenesis of
the baryon asymmetry and axion dark matter in the presence of ultra-light PBHs,
respectively. In the present chapter, we shift our focus to late-time observables of
BSM physics. In particular, we investigate recent observations of two UHE events
and explore their possible interpretation in terms of the decay of super-heavy dark

matter.

In Section 5.1, we consider the recent detection of an UHECR event by the TA
experiment, known as the Amaterasu event, with an energy of 2.44 x 10" GeV [251].
This event is among the highest-energy cosmic rays ever observed. The arrival di-
rection (R.A.: 255.9 + 0.6°, Dec.: 16.1 £ 0.5°) of this UHECR points back to a
void in the local Universe rendering more questions than answers about its origin.
As UHECRs above energy 5 x 109 GeV propagating more than ~ 10 Mpc (mean
free path) undergo energy losses due to the Greisen—Zatsepin—-Kuzmin (GZK) ef-
fect [231, 382-388], the likely source of this event is expected to be located within
a distance of ~ 30 Mpc [251]. The TA collaboration [251] analysed a catalogue of

gamma-ray sources to identify the probable source and found that the known sources
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were [389, 390] located at distances beyond 30 Mpc. One possibility could be that
the primary UHECR is an iron nucleus at source, which might have undergone sig-
nificant deflection in the extragalactic magnetic field (EGMF) during propagation
to Earth [391-393]. Due to this, the actual source direction might be different than
the arrival direction. Another possible explanation of the origin could be attributed
to decaying SHDM in the Milky Way or any local galaxy along the arrival direction.
In Section 5.1, we examine if such a possibility of decaying SHDM in the Milky Way

could give rise to the TA Amaterasu event.

In Section 5.2, we examine another remarkable recent observation: the detection
of an ultra-high-energy neutrino event, KM3-230213A, by the KM3NeT collabora-
tion [228]. The deep-sea neutrino telescope has detected an UHE muon with energy
1207 4y" PeV arriving from a near-horizontal direction (RA: 94.3°, Dec: —7.8°) which
is most likely to be created by a neutrino of even higher energy in the vicinity of
the detector. The required neutrino energy was found to be in the range 110-790
PeV at 1o CL with median energy being 220 PeV. This is the highest energy neu-
trino event ever detected. Creation of such energetic neutrinos through cosmic ray
interactions (pp or py) in conventional astrophysical sources would require protons
to be accelerated to around EeV energies. However, such sources are not available
in our Milky Way or any nearby Galaxies. The KM3NeT collaboration has ana-
lyzed several classes of source candidates such as blazars, gamma-ray bursts using
different electromagnetic telescope catalogs and found no conclusive evidence [228].
The absence of any conclusive astrophysical source [394, 395] points towards a cos-
mic origin of the highest energy neutrino event detected so far [396]. Cosmogenic
UHE neutrinos together with UHE gamma-rays are expected to be created in the
interactions of UHE cosmic rays with the CMB photons, the so called GZK pro-
cess. Several model estimates of these UHE neutrinos and gamma-rays flux can
be found in the literature [e.g., see 231, 384, 385, 397]. The UHE neutrino flux
required to produce the KM3-230213A event was found to overshoot not only these
model estimates, but also the sensitivities of other presently running neutrino tele-
scopes such as IceCube and PAO. This could be due to the large uncertainty (about
3 orders of magnitude) in the KM3-230213A flux, possibly created by an upward
fluctuation [228]. On the other hand, non-observation of similar events at other ex-
periments like IceCube and PAO leads to a 2.50 — 30 tension' with the cosmogenic
origin hypothesis of the KM3-230213A event [399]. This tension is significant given

! An independent analysis [398] finds a slightly larger tension.
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the 10 CL estimate of the neutrino energy being above 100 PeV. Several follow-up
studies on implications of this neutrino event for UHE cosmic rays [400, 401], Lorentz
invariance violation [402—404], possible astrophysical origin [405, 406], possible ori-
gin from primordial black hole evaporation [407], in-vacuo dispersion of neutrinos
[408] have also appeared in the literature. In Section 5.2, we consider a DM origin
of the KM3-230213A event flux at 30 CL while also addressing the the mild tension
with IceCube and PAO for such diffuse, isotropic origin of the event.

Section 5.1 is based on the published work [409], while Section 5.2 is based on
the published work [410].

5.1 Possible origin of the Amaterasu event from

dark matter decay

In this section, we consider the origin of the recent TA Amaterasu event in light
of SHDM decay. We put multi-messenger constraints on the lifetime and mass of
the SHDM using UHECR, gamma-ray and neutrino telescopes. We also account for
the low energy UHECR spectrum detected by the TA. We consider different decay
modes for SHDM as well as a wide range (10" — 10 GeV) of SHDM mass. The
constraints on the lifetime from gamma-ray non-detection limit of TA and PAO are
found to be stronger than that of the UHECRs, discrediting the possibility of the
TA Amaterasu event originating from SHDM decay. Furthermore, we also analyse
the potential of the future telescopes mentioned above for probing SHDM lifetime
through UHE gamma-ray and UHE neutrino detection. While future UHE neutrino
detection are found to yield constraints comparable to that from UHECRs, UHE
gamma-ray detection will lead to a few order of magnitudes improved constraints
than that from UHECRs. Our constraints based on the TA Amaterasu event are
consistent with those existing in the literature [197, 199, 411-426, 426-431]. These
works are based on various observations of UHECRs, UHE gamma-rays, and UHE

neutrinos, but not the recent TA Amaterasu event.
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Figure 5.1: UHE flux fitted to different observations of TA for m, = 10'2 GeV
(solid) and m, = 10'* GeV (dashed). The decay channel is taken to be y — bb.
Left plot: UHECR proton flux (blue curves) from SHDM decay fitted to the TA
Amaterasu event (red data point) and the UHECR spectrum of TA (black data
point). The UHECR flux above the energy of the TA Amaterasu event is taken
to be constant (purple dotted). The flux fitting resulted in 7, = 5.5 x 10?8 s
and 7.5 x 10%° s for my = 10" GeV and My = 10" GeV, respectively. Middle
plot: Integral UHE gamma-ray flux (magenta curves) from SHDM decay for the
two m,, values fitted to the upper limit on UHE gamma-ray flux from TA (black
downward arrow). The resultant values of 7, are 3 x 10°° s and 8 x 10%° s,
respectively. Right plot: UHE neutrino flux (green curves) from SHDM decay for
the two m,, values fitted to the upper limit on UHE neutrino flux from TA (black
line). The corresponding values of 7, are 7 x 10%° s and 4.8 x 10?® s, respectively.
The UHE neutrino flux constraint infers significantly small 7, values compared to
that of UHE protons and UHE gamma-rays.

5.1.1 UHE flux from SHDM decay

Here, we discuss the production of UHECRs, UHE gamma-rays and UHE neutrinos
from the decay of SHDM and estimate the flux of these daughter particles. The
SHDM particle, x is considered to decay via the 1 — 2 process (y — X X) into
various SM particles-antiparticle pairs. These SM particles and antiparticles can
further produce other lighter particle-antiparticle pairs. In particular, we focus
on the secondaries convenient for detection and further phenomenology, i.e., the

UHECR protons (p), the UHE gamma-rays (v) and the UHE neutrinos (v).

To estimate the total diffuse secondary particle flux from these SHDM decays
one needs to include the contribution from all the SHDM distributed all over the
Universe. In principle, the SHDM abundance over the Universe could be crucial.
However, it turns out that the extra-galactic contribution is negligible in comparison

to the secondary flux from SHDM decay in the Milky Way [199]. Thus, we focus

140

TH-4099_206121109



Chapter 5 Signatures of BSM physics in high energy events

on the diffuse flux of UHE protons, UHE gamma-rays and UHE neutrinos produced
from the Galactic abundance of SHDM. The DM density in the Milky Way is ex-
pected to be the largest at the Galactic center and decreases as a function of the
Galactocentric distance (Rgc). There are various models and simulations for the
density profile of DM in the Milky Way [203-207]. In this work, we consider the
NFW profile [203].

Thus, given mass (m,) and lifetime (7,) of the SHDM particle, the total flux,
®;(E,0) of the i secondary UHE particle (i = p, v, and v) along the line of sight

can be expressed as,

1 dNy(E) ['m®
8,8, 0) = 2
drmy 1, dE J (5.1)
_ Pofsac dNi(E)j(e)
4rm, 1, dE ’
where,

T L
- . 5.2
O=—— "m0 (5:2)

Here, Rgqc is the distance between the Sun and the Galactic center and is taken to
be 8.34 kpc. This allows changing the line of sight coordinate (1) to the convenient
Galactocentric coordinate (Rgc). The coordinate transformation from [ to Rgc is
given by Rac = v/ R:qq — 2lRscc cosf + 2.

The flux over a solid angle, 2 = 27(1 — cosf) can be obtained by integrating
out Eq. (5.2) from 6 = 0 to 0 = Oax. Thus the angle integrated total flux of the ™

secondary is,

polsac dNi(E) _,
O, (E) = e 2.3
(E) drmy1, dE % (5:3)
where,
0 o mex
Jmax = a sin8d6.7(0) . (5.4)
0

As we are interested in the diffuse flux of UHECRs, UHE neutrinos and UHE
gamma-rays, we integrate Eq. (5.4) over the entire solid angle, i.e., Op.x = 7 and
obtain J%wx ~ 2. The dependence of the fluxes of UHE secondaries on a specific
DM density profile can be estimated by calculating the J%=x factor. Note that, a
different choice of DM density profile other than the NF'W profile leads to a negligible
change in the UHE secondary fluxes, see Appendix A.12.
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Now, this diffuse flux of the secondary particles can be obtained for different
decay modes of y, i.e., for different quarks, leptons and bosons for the X and X
combination (eg., bb, W¥W =, u*u~, vi) in the decay process y — XX. In par-
ticular, the differential energy spectra dV;(F)/dE is estimated for these different
decay modes. To demonstrate the flux estimation for the UHECRs, UHE gamma-
rays and UHE neutrinos, we consider the example of x — bb mode using Eq. (5.3)
with 100% branching fraction. The results are depicted in Fig. 5.1 together with the
observational data and constraints of these UHE fluxes from the TA experiment.
We consider two specific choices of m,: 10'* GeV and 10" GeV. The fluxes of all
these UHE particles are inversely proportional (see Eq. (5.3) ) to 7,,. Rather than
fixing the parameter 7, arbitrarily, we constrain the value of 7, in a phenomenolog-
ical manner. 7, is estimated by normalising the SHDM derived flux of UHECRS,
UHE gamma-rays and UHE neutrinos with the observed data or experimental upper
limits on these fluxes. Since these fluxes as well as the observed flux/limits are all

different from each other, they give rise to different values of 7,.

The left plot of Fig. 5.1 shows the observed UHECR spectrum data by TA
in black dots. The red data point represents the flux of the recently observed TA
Amaterasu event of energy 2.44 x 10" GeV [251]. The flux for this TA Amaterasu
event is obtained by dividing the total number of events by the total exposure of
the telescope [251]. The uncertainties in the flux correspond to the propagated
uncertainties. Importantly, for the energies higher than 244 EeV, we consider a
conservative estimate that the maximum possible CR flux is not larger than the
observed TA flux at the 244 EeV event, shown by the purple dashed line. This is
contrary to the harder CR spectra suggestions at the highest energies [227, 432].
For these maximum limits, we show the upper limit of p + p flux for two different
DM masses (m, = 10'? GeV and m, = 10" GeV) considering the decay of DM into
bb channel. This establishes the lower bound on DM lifetime, as indicated by Eq.
(5.3). For the DM masses of 10" GeV and 10 GeV, the observational constraints
fix the 7, at 5.5 x 10% s and 7.5 x 10%” s, respectively. Note that the required energy
for the TA Amaterasu event can not be created from SHDM with m, < 1012 GeV.
This can be understood from the flux corresponding to m, = 10" GeV in the left
plot of Fig. 5.1 as the TA Amaterasu event lies on the high energy tail of this flux.
For m, < 10' GeV, the flux will fall off at energies smaller than the energy of the
TA Amaterasu event. Similarly, there exists an upper limit for the SHDM mass. For

example, the flux corresponding to m, = 10'* GeV is falling below the TA flux for
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our assumption of constant UHECR limit beyond the energy of the TA Amaterasu
event. In particular, we find an upper limit on m, for this specific channel to be
my ~ 4 x 10" GeV. However, later in Sec. 5.1.2, we show that this range of m, is in

significant conflict with the UHE gamma-ray constraints from different telescopes.

In the middle plot of Fig. 5.1, we show the upper limit on the integral UHE
gamma-ray flux from the TA experiment [223, 224]. This upper limit comes from the
non-detection of UHE gamma-rays. The solid and dashed magenta lines represent
the gamma-ray flux for DM masses of 10'? GeV and 10'* GeV, the resultant 7, to
maintain the TA gamma-ray upper limits are 3 x 10%° s and 8 x 10%? s, respectively.
Again, the decay of DM is considered to be into bb final states. These values of 7, are
significantly larger than those obtained from UHECR constraints. This is due to the
fact that production of gamma-rays from bb annihilation is significantly enhanced
compared to that of protons [200]. Similarly, in the right panel plot of Fig. 5.1, we
show the TA’s upper limit (black continuous line) on the UHE neutrino flux from
the non-detection of UHE neutrinos in TA [195]. The solid and dashed green lines
correspond to the flux of UHE neutrinos for the DM masses of 10?2 GeV and 10
GeV, respectively. The lifetimes for these two masses respecting the TA neutrino
limits turn out to be 7 x 10%° s and 4.8 x 10% s, respectively. Due to the poorer
sensitivity of the neutrino detectors, the 7, limiting values from UHE neutrinos
are at least 3 — 4 orders of magnitude smaller than the gamma-ray and UHECR
constraints. Thus, the three UHE messengers give rise to different constraints on
the SHDM lifetime and mass.

In all the three plots of Fig. 5.1, we do not take into account the contribution
from the conventional astrophysical as well as extragalactic SHDM sources. For
UHECRs, the contribution of the extragalactic SHDM component is found to be
negligible [197, 199]. Whereas, the contribution of the conventional astrophysical
component might be significant in the UHECR spectral energy range below the
energy of the TA Amaterasu event, i.e., < 10 GeV [199]. However, considering
a dominant fraction of UHECRs from the conventional astrophysical origin allows
only a little fraction of UHECRs from SHDM. This results in stringent constraints
on the production of UHECRs via SHDM decay in the DM mass range < 10'2 GeV
and do not yield a conservative description of the constraints on SHDM lifetime. In
order to avoid this, we consider that the UHECRs in this energy range are solely due
to SHDM decay. This assumption gives rise to a lower bound on the SHDM lifetime.
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For UHE gamma-rays, the contribution of the extragalactic component is negligible
in the energy range of our interest in comparison to the Galactic SHDM component.
This is because UHE gamma-rays from extragalactic sources are attenuated severely
due to pair production losses in the CMB and the extragalactic radio background
during propagation to Earth [199, 231]. Note that, the attenuation of Galactic
UHE gamma-rays due to the pair production losses is negligible [199, 431]. For
UHE neutrinos, the contribution from extragalactic sources can be important as
unlike gamma-rays, neutrinos do not suffer any propagation losses. Inclusion of
extragalactic sources will result in lowering of the UHE neutrino flux from SHDM
decay in the Milky Way which, in turn, will give rise to larger SHDM lifetime. In
order to be consistent with the assumption for UHECRs above, we do not include the
extragalactic neutrino flux in our analysis. Due to these assumptions, the constraints
obtained on the SHDM lifetime from different messengers can be comprehended as
the most conservative constraints. In the following, we discuss these constraints for
present and future telescopes in detail and expand the description to different decay

channels.

5.1.2 Multi-messenger constraints on SHDM lifetime

Here, we analyse the possibility that the TA Amaterasu event was produced via
the decay of SHDM in the Milky Way. Following this, we place constraints on the
lifetime /decay rate of SHDM. In order to derive the constraints in the energy band
lower to the detected energy of the TA Amaterasu event, we consider the UHECR
data detected by the TA. We also carry out a multi-messenger analysis on the
SHDM decay rate considering the non-detection of UHE gamma-rays and neutrinos
at various telescopes such as TA and PAO [225, 226]. Furthermore, we look into the

SHDM lifetime probing capabilities of the various proposed future UHE telescopes.

Present UHE telescopes

In this sub-section, we present the constraints on SHDM lifetime from different
observations of UHECRs, UHE gamma-rays and UHE neutrinos and analyse the
origin of the TA Amaterasu event. The constraints are obtained by normalising the

flux of these particles with the experimental data or limits from non-observation. For
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Figure 5.2: Constraints on SHDM decay rate for all possible two-body decay
channels into SM particles derived from present UHECR data and UHE gamma-
ray non-observation limits. Constraints from UHE neutrino non-observation limits
are weak, hence not shown. The shaded regions above the curves in all the plots
represent the excluded part of the parameter space. The blue curves show the
constraints from the TA Amaterasu event together with the low energy UHECR
data. The magenta (TA) and red (PAO) curves depict the constraints from non-
observation of UHE gamma-rays. Constraints from different decay modes are
distinct. The gamma-ray constraints are in general stronger than that of UHECRs.
The vertically shaded grey regions depict the excluded range of m, for the TA
Amaterasu event.

UHECRSs, we consider the spectrum measured by TA together with the recent TA
Amaterasu event as depicted in the left plot of Fig. 5.1. Including the UHECR data
from other experiments such as PAO, AGASA and HiRes will yield similar values of
DM lifetime as the CR spectral shapes from these experiments are also very similar
to that of TA. For the UHE gamma-rays, we take the upper limits on the flux from
TA [223, 224] and PAO [225, 226]. Whereas for the UHE neutrinos, we consider
the upper limits on the flux from PAO [194] and IceCube [230]. We consider a wide
range of m, = (10" —10') GeV and different two-body decay modes. For the decay
modes, we take all the quarks (u, d, s, b, t, ¢), the gauge bosons (W, Z, 7, gluon), and

the Higgs boson (h). The lower limit of m, is chosen to be 10'! GeV as our primary
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Figure 5.3: Projected constraints on SHDM decay rate from future observation
of UHE gamma-rays and UHE neutrinos for all possible two-body decay channels
into SM particles. The shaded regions above the curves depict the parameter
space which can be probed by the future UHE gamma-ray (PAO upgrade: red
and GRAND 200k: purple) and UHE neutrino (IceCube-Gen2: cyan and GRAND
200k: green) telescopes. UHE gamma-ray observations will put stringent con-
straints on the SHDM lifetime. The vertically shaded grey regions depict the
excluded range of m, for the TA Amaterasu event.

goal is to analyse the origin of the TA Amaterasu event at 2.44 x 10'* GeV. On the
other hand, the upper limit of m, = 10 GeV is taken to be close to the GUT scale.
For the given m,, we constrain the lifetime such that the UHE secondary particle
observations, limits and sensitivities are satisfied. In particular, we follow convention
of exclusion plots and constrain the inverse of the lifetime, i.e., 7, ! rather than the
lifetime (7). The constraints on 7" as a function of m,, for different decay modes
are depicted in Fig. 5.2. The shaded regions above the curves depict the excluded
part of the parameter space. The vertically shaded grey regions depict the excluded

range of m, for the TA Amaterasu event as discussed in Sec. 5.1.1.

In Fig. 5.2, the constraints on 7, ! from TA’s UHECR data, TA’s gamma-ray flux
upper limit and PAO’s gamma-ray flux upper limit are shown by the blue, magenta

and red curves, respectively. As the bounds from non-observation of UHE neutrinos
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are orders of magnitude smaller than the bounds from UHECRs and gamma-rays,
the neutrino bounds are not shown in Fig. 5.2. In the top panel, the left plot
shows the bounds on SHDM lifetime obtained from y — hh, WYW~, ZZ, the
middle plot shows the bounds from y — bb, tt, c¢, and the right plot shows the
bounds from y — u@, dd, s5. Similarly, in the bottom panel, the left plot displays
the bounds from the decay modes y — ete™, ptu~, 7777, the middle plot from
X —* Vele, Vuly, V;07, and the right plot from x — 7, gg. The excluded regions of
the 7 ! vs m, parameter in the plots correspond to flux larger than the experimental

data or limits and hence disallowed.

There are some general features of all these exclusion plots coming for different
decay channels. The bounds on 7' from UHECR data for m, < 10" GeV mimic
the spectral shape of the UHECR spectrum for all decay modes, whereas above
this energy they remain almost constant due to the constant flux assumption above
energy of the TA Amaterasu event. If we consider the TA Amaterasu event only,
the resulting constraints remain almost constant for all values of m, and are same

as the constant values of 7' for m,, 2 10" GeV.

The different channels also show some distinctions. The constraints from lep-
tons are in general weaker than that of quarks or the bosons by about an order of
magnitude. Therefore, the bounds on SHDM lifetime from the TA Amaterasu event
can vary depending on the decay mode. However, within a specific family (quarks,

leptons, bosons), the bounds do not differ significantly.

Regarding the constraints from UHE neutrinos, the present UHE neutrino tele-
scopes such as IceCube, TA and PAO are not sensitive to the flux corresponding to
7, inferred by the TA Amaterasu event and therefore remains consistent with non-
detection of UHE neutrino counterpart to the TA Amaterasu event. Interestingly,
the gamma-ray sensitivities of the TA and PAO are close to the TA Amaterasu
constrained SHDM gamma-ray flux. However, no such correlated gamma-ray flux
has been detected by the TA and PAO collaboration. This results in much stronger
constraints from the gamma-ray upper limits of these telescopes than that of the
UHECR data. Nevertheless, it is noteworthy that at the extreme values of m,, close
to 10! GeV for the quark channels the UHECR (Fig. 5.2, top middle and right

plot) constraint is the strongest.
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In all decay modes, for values of m, above ~ 10 GeV, the TA UHECR con-
straint curves cross the UHE gamma-ray constraint ones, opening a tiny parameter
space supporting the SHDM origin of UHECRs. However, this inference is in con-
flict with the gamma-ray constraints from PAO except for the top left plot (bosonic
decay modes) in Fig. 5.2. In this case, a small region above m, > 10" GeV is
still allowed for UHECRs of SHDM origin. However, the allowed range of m, for
the TA Amaterasu event is found to be between ~ (10'-® — 10'36) GeV. Note the
slight differences in the allowed mass ranges for different decay modes in the ver-
tically shaded grey bands. The gamma-ray constraints being the strongest in this
m, range, the SHDM origin of the TA Amaterasu event is found to be in significant
conflict with the gamma-ray constraints. Whereas, outside this range the SHDM
decay can not explain both the TA Amaterasu event and the UHECR constant flux
limit. Because, in this m, range, the constraints from the gamma-ray limits of TA
and PAO disfavour the SHDM origin of TA Amaterasu event.

While considering the PAO limits one needs to be careful with the field of view
(FOV) of the PAO (RA: 0 to 2w, Dec: —7/2 to + 7/4). Indeed, the possible
coordinate of the recent TA Amaterasu event (RA: 256°, Dec: 16°) is outside the
FOV of PAO and can explain the non-detection of any correlated gamma-ray in
PAO. In this scenario, the gamma-ray non-detection constraints from the TA turn
out to be more crucial than the PAO constraint. Nevertheless, the values of 7,
inferred by the TA Amaterasu event produce UHE gamma-ray flux larger than the
present upper limit from the PAO. Hence, taking into account these multi-messenger
constraints, we argue that the SHDM decay origin of the TA Amaterasu event is in

severe tension.

The constraints extrapolated to higher m, values from the TA Amaterasu event
allow a parameter space of 107°s7! < 771 < 107 s7! for m, 2 10" GeV, for a
SHDM originated UHECR flux at the extreme energies of the spectrum. However,
this UHE secondary flux being a diffuse flux, the PAO should also observe gamma-
rays at similar energies. For instance, if we consider decay via the bb channel, the
PAO can be expected to detect a UHE gamma-ray flux of about (1072 — 107%)
km=2 yr=! sr7! at ~ 10%* GeV. Hence, future detection of UHECRSs at or above
this energy will be crucial for constraining UHECRs from SHDM decay. Finally, we

also study the dependence of these constraints on the choice of Galactic DM density
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profile and find that the results are nearly independent of density profile choice (see
Appendix A.12).

Future UHE telescopes

The above analysis shows that the observed UHECR data together with the exper-
imental upper limits on the UHE gamma-ray and UHE neutrino flux put a strong
constraint on the SHDM origin for the recent TA Amaterasu event. However, these
stringent constraints do not completely rule out the possibility of a SHDM compo-
nent in the UHECR spectrum. It might be possible that the SHDM component of
the UHECR flux is smaller than that of the observed spectrum, eradicating detection
in current telescopes and, therefore motivates us to look at the possibilities of the
future telescopes. Detection of such a small flux requires more sensitive telescopes.
The upcoming telescopes such as GRAND 200k, IceCube-Gen2 and PAO upgrade
having larger sensitivities compared to the existing ones provide us with better op-
portunities to probe the SHDM through detection of UHE gamma-rays and UHE
neutrinos. In the following, we discuss the potential of these future telescopes for

constraining 7, and m, for the various two-body decay modes as considered above.

The constraints on the 7, for various decay modes are obtained by normalising
the computed fluxes from SHDM at the level of sensitivities (gamma-ray and neu-
trino) of the said telescopes. Fig. 5.3 shows the gamma-ray and neutrino bounds
on the DM lifetime and mass for the different decay channels. For the gamma-ray
constraints, we consider the sensitivities of the proposed PAO upgrade [227] and the
GRAND 200k detector. The neutrino bounds are based on the UHE neutrino flux
sensitivities of the IceCube-Gen 2 and the GRAND 200k detectors. The red and
purple curves in Fig. 5.3 depict the constraints from gamma-rays in PAO upgrade
and GRAND 200k, respectively. The constraints from neutrinos in IceCube-Gen2
and GRAND 200k are shown by the cyan and green curves, respectively. Overall,
the constraints from the gamma-ray sensitivities are about two to three order of
magnitudes stringent than that of the ones from neutrinos. Similar to bounds from
the present experiments, the more stringent limits come from the quarks and gauge
bosons decay channels as depicted in Fig. 5.3 for future telescopes. For gamma-rays,
the constraints from GRAND 200k are found to be stronger than that of PAO for

all decay modes. For neutrinos, the constraints from quarks and bosons channels
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Figure 5.4: Constraints on DM lifetime/decay rate from both current and future
experiments considering the DM decay via bb channel. The blue curve depicts the
constraint from TA’s UHECR data. The cyan and green dashed curves represent
the constraints from UHE neutrino sensitivities of IceCube-Gen2 and GRAND
200k, respectively. The magenta and red solid curves show the present constraints
from UHE gamma-ray non-observation in TA and PAO, respectively, whereas,
the red and purple dashed curves depict the projected reach of the upcoming
telescopes PAO upgrade and GRAND 200k, respectively. While the constraints
from current observations (blue, magenta, red solid curves) suggest 7, 2 0305
future gamma-ray observations (red and purple dashed curves) will be able to
probe 7, up to 1032 s. The vertically shaded grey regions depict the excluded
range of m, for the TA Amaterasu event.

are found to be similar for both the telescopes. However, for the leptonic channels
the constraints from IceCube-Gen2 are stronger than that of GRAND 200k. This is
because the energy spectra of the leptonic channels give rise to a peak at the energy
close to the value of m, [200]. The constraints anticipated from UHE neutrino detec-
tion in both the future telescopes will be comparable to that from current UHECR
data for m,, 2 2 x 10'? GeV. Therefore, the results from the future experiments will

be crucial to put further and stronger multi-messenger constraints on the parameter
space of SHDM.

5.1.3 Discussion and Summary

In this work, we have analysed the possibility of the recently detected TA Amaterasu
event, at 244 EeV to have originated from the decay of SHDM in the Milky Way.
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The arrival direction of this UHECR being a void in the local Universe makes it
hard to explain its origin from the conventional astrophysical shock acceleration
and opens up possibility of a SHDM origin. The analysis is carried out with a
multi-messenger approach considering UHECR data from TA and upper limits on
UHE gamma-ray and UHE neutrino flux from different experiments such as TA
and PAO. For this, we have estimated the UHECR, UHE gamma-ray and UHE
neutrino flux produced by SHDM decay with the NF'W DM density profile for various
SHDM decay channels and a wide range of SHDM mass. The constraints on these
fluxes from the experimental data/limits have resulted in constraints on the SHDM
lifetime or decay rates. While we have found an allowed SHDM mass range of
~ (108 — 10'36) GeV for the TA Amaterasu event, the multi-messenger gamma-
ray constraints from TA and PAO are in severe tension with the SHDM origin for
the said TA Amaterasu event. However, these constraints indicate the possibility
of UHECR flux at higher energies originating from heavier SHDM particles, i.e.,
my, 2 10 GeV. In order to test the viability of such a scenario one would need
more sensitive future telescopes such as PAO upgrade, IceCube-Gen2 and GRAND
200k.

Therefore, we have also looked into the potential of these future telescopes to
constrain the lifetime and mass of SHDM. All the results of our work are summarised
in Fig. 5.4 for the decay mode y — bb. We show the bounds on TX_1 from UHECRs
(blue curve), UHE gamma-rays from TA (magenta curve), PAO (solid red curve),
PAO upgrade (red dashed curve), GRAND 200k (purple dashed curve) and UHE
neutrinos from IceCube-Gen2 (cyan dashed curve), GRAND 200k (green dashed
curve). The constraints on lifetime from the TA UHECR data are found to be of
the order of 10°* s for SHDM mass, m,,

lifetime can be smaller. The constraints from gamma-ray upper limit of the TA data

> 103 GeV, whereas at lower masses the

~J

vary within an order of magnitude and found to be maximum of ~ 3 x 10%° s at
around m, ~ 10'? GeV. The TA constraints (UHECR and UHE gamma-ray) alone
allow for a small parameter space above 10'* GeV for the SHDM. However, the
gamma-ray upper limit of PAO is about a factor of 3-4 larger and creates tension
for the SHDM origin of the TA Amaterasu event. The future telescopes will be able
to put much stronger constraints (> 1032 s) on the SHDM lifetime from gamma-ray
observations as depicted by the purple dashed (GRAND 200k) and red dashed (PAO
SD upgrade) curves. However, future UHE neutrino detectors such as IceCube-Gen2
(cyan dashed) and GRAND 200k (green dashed) will place constraints similar to
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the present UHECR derived limits (blue solid). These results vary substantially
between different decay modes, we have done a detailed analysis for the different

decay channels and found that the lepton channels to have the weakest constraints
(see, Fig. 5.2 and Fig. 5.3).

To conclude, we have provided an updated estimate of multi-messenger con-
straints on the lifetime of SHDM by considering the recent TA Amaterasu event in
conjunction with the TA UHECR data and non-observation of UHE gamma-rays
and UHE neutrinos. While doing so, we have ensured consistency with the exist-
ing constraints in the literature [197, 199, 411, 413, 414, 426, 431, 433]. Note that
the constraints for heavier DM mass, i.e., m, > 10'* GeV are not very robust due
to the lack of data (UHECRs, UHE gamma-rays and UHE neutrinos) at energies
above ~ 10! GeV. For harder UHECR flux anticipated from SHDM [199] or con-
ventional diffusive acceleration [227, 432], the resulting constraints on the lifetime
for m, = 10'? GeV will be smaller than the ones obtained in this work. Neverthe-

less, such shorter lifetimes for the SHDM are not supported by UHE gamma-ray

observations and do not impact the conclusion of this work.

5.2 Possible origin of the KM3-230213A neutrino

event from dark matter decay

Here, we consider a heavy right-handed neutrino to be the DM candidate whose late
decay into neutrinos is responsible for the highest energy neutrino event mentioned
at the beginning of this chapter. While the neutrino event can, in principle, originate
from DM annihilation as well, the flux will be proportional to DM density squared
and hence suppressed for such superheavy DM. Such a RHN appears in type-I seesaw
scenario which explains the origin of light neutrino masses. While two RHNs are
sufficient to generate light neutrino mass and mixing, the third RHN can be DM
if sufficiently long-lived due to feeble Yukawa coupling with the SM leptons. Since
RHN can decay into other SM particles due to the same Yukawa interactions, we
also have secondary gamma-ray productions, tightly constrained from astrophysical
observations. We show that the required flux and energy of the KM3-230213A
neutrino event can be explained within the uncertainties from decay of a RHN DM

having mass Mpy ~ 440 PeV while being in agreement with the gamma-ray bounds.
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While the required relic of such superheavy DM can not be generated in the minimal
type-1 seesaw model, we consider a gauged U(1)p_; extension of the model where
relic can be generated non-thermally. We also comment on possible alternative
DM realisations in which the gamma-ray bounds can be weaker due to phase space
suppression. Depending upon the specific realisation and DM mass, gauged U(1)p_,
offers very interesting multi-messenger detection prospects at energy, intensity as

well as cosmic frontiers [120, 434-437].

5.2.1 The Model

We consider heavy right handed neutrino DM in a gauged B — L extension of the
SM [290-295]. In its minimal realisation, the SM particle content is extended with
three RHNs N; (i = 1,2, 3) and one complex singlet scalar (®) all of which are singlet
under the SM gauge symmetry. The requirement of triangle anomaly cancellation
in this minimal model requires each of the RHNs to have B — L charge —1. The
complex singlet scalar having B — L charge 2 not only leads to spontaneous breaking
of gauge symmetry but also generate RHN masses or the seesaw scale dynamically.

The Lagrangian involving RHN can be written as

3 3
‘Cfermion = Z'ZNRNDNR,{ i Z YDaj EF[N;%

k=1 =1
=€, 4, T
3 —
— 3" Yi,® N Ng, +hec., (5.5)

3,j=1

where [, H denote the SM Lepton and Higgs doublets, respectively. The covariant

derivative for Ng, is defined as
D Ng, =+" (0, — igsr Z,,) Ng, , (5.6)

with gpr, Z’ being the coupling and gauge boson respectively for U(1)p_p. After the
singlet scalar ® acquires a non-zero VEV denoted by vg,, the RHNs and Z’ acquire
masses as,

Mz = 2ggrvpL, M; = \/EYNZ-'UBL, (5-7)
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where we have assumed the Yukawa coupling Yy to be diagonal. We consider
the lightest RHN namely N; to be the DM candidate such that the correspond-
ing Yukawa coupling Y3 to ensure a long lifetime. Due to such Yukawa interactions
which also mixes N; with the light neutrinos after electroweak symmetry breaking,
we can have dominant tree-level decays like Ny — v, h; v, Z; 1T, W* with h being the
SM-like Higgs. Ignoring the masses of SM particles in comparison to N; mass My,

these decay widths are given as [438]

Y52 My
N1y = v h(2)) = ————,
(Ny = va h(2)) = P2

Ya1|2M1

L@ — i W) = 25 M 5.8
We can also have a radiative decay Nj — v, as [439, 440]
9GLag,, .

TNy Sy 2 ﬁ sin?(0,1) M?, (5.9)

where a,, = 1/137 is the fine structure constant, Gr = 1.166 x 107> GeV~? is the
Fermi constant. The active-sterile mixing is given by sin(6,1) ~ 3//25;;1
the VEV of the SM Higgs doublet. The lifetime of N, dictated by its tree-level
two-body decays, can then be estimated as
=
) (5.10)

440 PeV Y5t
L 28
TN, = 8 X 10 S( )(E ‘47><1031

which is identified as the DM lifetime 7py; in our setup. The dominant tree level
decay widths given in Eq. (5.8) have 2 : 1 : 1 ratio for [;W¥,vZ,vh final states,

respectively. Using the best-fit values of neutrino mixing angles for normal ordering
(NO) [441], the branching ratio (BR) into different lepton flavours for a particular
decay mode follows the ratio BR(e) : BR(x) : BR(7) = 0.68 : 0.21 : 0.11. The
flavour ratio at source for inverted ordering (IO) turns out to be BR(e) : BR(yu) :
BR(7) = 0.02: 0.55 : 0.43. We assume the Dirac CP phase to be zero for simplicity.
The neutrino flavour ratio at the detector, after considering oscillation effects [112],

turns out to be approximately 3:2:1 and 1:2: 3 for NO and IO respectively.

While DM of required mass can not be of thermal origin due to the violation of
the unitarity bound [443], it can not be produced non-thermally via Yukawa portal

interactions as well due to the suppressed Yukawa couplings in Eq. (5.10) required
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to ensure its longevity. However, due to additional interactions present in the B — L
model which are unrelated to DM lifetime, it is still possible to produce the desired

relic via the freeze-in mechanism [87, 444-446].

Using the approach of [444, 445], we consider the production of superheavy N;
of mass 440 PeV from decay of heavier particle. The required non-thermal criteria
forces the gauge coupling ggy, to be tiny keeping Z’ out-of-equilibrium as well. We
consider the singlet scalar to be in equilibrium sourcing Z’ with the latter acting
as source of DM. The relic can be calculated by solving the coupled Boltzmann

equations written in terms of comoving number densities Yy = =X as follows:

dY 4 ﬁl“ / ,Kl(M(b/T)qu
de — zH 777Ky (M,)T) ¢
—ﬁl“ / Kl(MZ//T)Y/
dYNl . B A Kl(M¢/T)qu
dz zH VMK, (M,T) ¢
g K\(Mz/T)
r ——=—Y. 5.11
+x?—[ Z'NiN1 = 775 Ka(My /T) z ( )
Here x = Mz /T, =1+ ngs/ L , with g, being the relativistic entropy degrees of

freedom. H is the Hubble expansmn parameter, I' denotes the decay width and K;’s

denote the modified Bessel functions of the second kind.

5.2.2 Neutrino and Gamma-ray flux from DM decay

Here, we describe the method to compute the flux of high energy neutrinos and
gamma-rays produced from DM decay. As discussed above, we consider the RHN
Ny decay via all possible two-body decay modes namely, Ny — v, h(Z,v) and
N, — (*, W7, emitting secondaries such as high energy neutrinos, gamma-rays
and electrons. Note that we do not distinguish between particle and anti-particle
final states here. The DM particle N; is considered to be the constituent of the
Milky Way DM halo. Thus, the decay of N; in the Milky Way can give rise to back-
grounds of high energy neutrinos and gamma-rays. The flux of these secondaries
from galactic (¢; c(F;)) and extra-galactic (¢; ra(F;)) DM can be estimated using
Egs. (2.35) and (2.38). The total flux of secondary gamma-rays and neutrinos is
given by ¢; = ¢i¢ + ¢irG-
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Figure 5.5: Gamma-ray (left-panel) and muon neutrino (right-panel) fluxes with
DM mass M; = 440 PeV and two different values of DM lifetime my = 1029 s
(solid red), Tpym = 1030 s (solid blue). The dashed lines on the left-panel corre-
spond to inverse Compton radiation. The fluxes are summed over the all possible
decay modes and both Galactic and Extra-galactic contributions. The data points
on the left panel plot correspond to gamma-ray bounds from LHAASO [447], EAS-
MSU [448] and PAO [449]. The data points on the right panel plot correspond
to UHE neutrino events at IceCube [450] and KM3NeT [228]. The gray dotted
contour (right panel) denotes IceCube’s sensitivity to UHE neutrino flux[243].

5.2.3 Results and Discussion

In this sub-section, we discuss the results obtained by computing the fluxes of UHE
neutrinos and gamma-rays from DM decay using Eq. (2.35) and analyze them in
view of the KM3-230213A event. The mass of the DM particle NV; is choosen to be
440 PeV in order to match the energy requirement (220 PeV) of the KM3-230213A
event. For this analysis, we take into account the constraints from three different
gamma-ray observations. For energies below 1 PeV, we take the diffuse gamma-
ray measurements from the inner Galactic plane by the Large High Altitude Air
Shower Observatory (LHAASO) [447], whereas for energies above 40 PeV, we con-
sider the upper limits on UHE photon flux from Moscow State University Extensive
Air Shower (EAS-MSU) array [448] and PAO (PAO HECO +SD750) [449]. In ad-
dition to these gamma-ray constraints, we also consider the IceCube’s High Energy
Starting Events (HESE) [450].

We show the total gamma-ray (left) and muon neutrino (right) fluxes together
with these constraints in Fig. 5.5. The fluxes are summed over all possible decay
modes, and both Galactic and EG component. The gamma-ray fluxes shown here
are computed for the inner Galactic plane (15° < [ < 125°, —5° < b < 5°) to remain
consistent with the LHAASO data (shown by the purple data points). This flux is
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slightly larger (about a factor of ~ 1.25) than the overall diffuse flux of the DM halo.
For comparison, we also include the high energy diffuse gamma-ray limits, ESU-
MSU and PAO HECO +SD750 shown by the black and magenta downward arrows,
respectively. Given these constraints, the gamma-ray flux can be appropriately
normalized by tuning the DM lifetime, ) (see Eq. (2.35)). To demonstrate this,
the fluxes for two different values of my; are plotted in the left panel of Fig. 5.5. The
flux corresponding to oy &~ 10?% s (red curve) remain consistent with the LHAASO
data, however, it is in tension with the ESU-MSU and PAO HECO+SD750 limits.
This tension can be relaxed by choosing a larger lifetime, oy ~ 100 s as shown
by the blue curve. Note that both Galactic and EG gamma-ray fluxes can undergo
absorption due to pair production losses on low energy background photons such
as interstellar radiation field (ISRF), EBL and CMB. This absorption is negligible
above 10 PeV [451] for the Galactic gamma-ray flux. However, the absorption of
the EG gamma-ray flux in the EBL and CMB is found to be severe. Thus, the total
gamma-ray flux is completely dominated by the Galactic component. Apart from
absorption, the Galactic flux can also be affected by inverse Compton radiation from
secondary electrons and positrons. We calculate the inverse Compton radiation for
two specific values of Ty using the method outlined in [451], and show the results
as dashed curves with the same color scheme. For the target photons, we consider
both CMB and ISRF. However, the contribution of ISRF is found to be negligible
in the energy range of interest. In computing the inverse Compton flux, we also
account for the synchrotron energy losses of secondary electrons and positrons in the
intergalactic magnetic field, assuming an average field strength of 1 uG. Since the
synchrotron power is proportional to the square of the electron energy, these losses
become severe at higher energies. This, in turn, yields a softer inverse Compton flux
at higher energies. Thus, in the energy range of our interest, the gamma-ray flux is

solely dominated by the secondary photons from DM decay.

For the two specific values of 1py;, we show the corresponding muon neutrino
fluxes in the right panel of Fig. 5.5 following the same color coding as the left panel.
The muon neutrino flux is computed for the NO scenario considering the flavour ratio
3:2:1 at Earth. The IO scenario having a flavour ratio 1 : 2 : 3 produces similar
neutrino fluxes and are not shown here. The EG component is found to contribute
slightly to the total muon neutrino flux below 50 PeV. We also show the flux of
the KM3-230213A event by orange data point with 30 CL. The black data points
and the gray dotted curve, respectively, show the IceCube’s HESE events [150] and
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Figure 5.6: Evolution of Z' and DM Nj as a function of x = % for a benchmark
point.

UHE neutrino flux sensitivity at 90% CL [243]. For the estimation of the neutrino
fluxes, we consider the arrival direction (RA: 94.3°, Dec: —7.8°) of KM3-230213A
with an angular uncertainty of 3° as reported by the KM3NeT collaboration [228].
The flux obtained with this conservative approach is about a factor of 2 smaller than
the overall diffuse neutrino flux of the DM halo. Clearly, RHN DM with lifetime
Tom = 10%? s and mass M; = 440 PeV can give rise to a flux close to the central value
of the KM3-230213A event at 220 PeV energy. However, it also produces a large flux
of secondary gamma-rays saturating the existing upper limits from LHAASO while
being in tension with EAS-MSU and PAO data as discussed above. Lowering the
decay width of DM or increasing the lifetime leads to agreement with gamma-ray
bounds at the cost of reducing the neutrino flux while still being consistent at 30 CL,
as depicted by the flux corresponding to 7y ~ 10%° 5. Interestingly, this neutrino
flux can also alleviate the tension between KM3NeT and IceCube regarding the
diffuse, isotropic origin of the KM3-230213A event. This tension arises as the central
value of the KM3-230213A flux is larger than the IceCube’s sensitivity. While the
present DM model can not simultaneously explain all UHE neutrino events including
IceCube HESE and KM3-230213A, the former can be explained with astrophysical

sources [450].

Finally, we show the viability of generating the observed relic of RHN DM of
mass 440 PeV in this model by solving the coupled Boltzmann equations in Eq.
(5.11). Fig. 5.6 shows the non-thermal production of Z’ and DM N; as a function
of © = My /T for one particular benchmark point corresponding to My = 895
PeV, M, = 60000 PeV, and DM mass My, = 440 PeV. We consider the B — L
symmetry breaking scale to be vg;, = 4 x 10 GeV which implies gg;, ~ 107!

and Yy,, ~ 8 x 107'2. For this particular benchmark point, the production of DM

158

TH-4099_206121109



Chapter 5 Signatures of BSM physics in high energy events

from non-thermal Z’ dominates over the production of DM from thermal ¢. The
asymptotic comoving abundance of N; gives rise to present DM relic Qh% = 0.12
consistent with PLANCK data [25]. The required lifetime of DM can be obtained by
appropriate choice of Yukawa coupling Y5 without affecting DM relic. We can also
produce DM non-thermally from scattering of SM bath particles into N; mediated
by Z', applicable when Z' — N;NV; is kinematically forbidden. As shown in [446], we
can get correct DM relic in such a case for vgy, > 10'® GeV allowing sub-Planckian

symmetry breaking scales.

We have chosen a minimal DM scenario which contains a long-lived RHN DM,
produced non-thermally in the early Universe via scalar or Z’ decays. DM mass,
DM lifetime as well as U(1)p_;, breaking scale are chosen in a way to fit the KM3-
230213A event energy and flux. Such new physics scales at O(100) PeV can, however,
be motivated in a variety of beyond standard model frameworks. For example, such a
scale can arise as an intermediate scale in non-supersymmetric SO(10) grand unified
theories [452]. The framework discussed in [153, 454] has a stable RHN DM whose
relic matches with observed DM relic only for mass ~ 480 PeV. On the other hand, if
RHN DM is stabilised by a global symmetry like Z, forbidding its coupling to lepton
and Higgs, Planck scale suppressed operators like (HTH )Eﬁ Nr/M3, violating Z,
explicitly while being gauge invariant can lead to DM decay. Such operators arise
naturally given the fact that any theory of quantum gravity is expected to violate
global symmetries explicitly [455—457]. This can lead to an effective Yukawa coupling
Yog ~ 10732 (for v ~ 246 GeV, Mp, = 2.4 x 10 GeV) keeping it in the required
ballpark as given in Eq. (5.10).

5.2.4 Other dark matter scenarios

Since RHN DM decays into neutrino and other SM particles via two-body decay with
the same Yukawa coupling controlling all these partial decay widths, it is difficult
to reduce the gamma-ray flux without reducing the neutrino flux. This is observed
while comparing fluxes for two different 1y values in Fig. 5.5 discussed in the
previous section. One can make suitable changes to this model in order to decouple
the gamma-ray and neutrino flux to some extent. Here we briefly outline two such

possibilities.
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Singlet Scalar DM

We can consider another complex singlet scalar ' added to the model such that
My < M;. Tt couples to RHNs as 3, ®'N¢N;. Unlike ®, this new singlet scalar does
not acquire VEV and be a long-lived DM. Since RHNs mix with active neutrinos
after electroweak symmetry breaking we can have scalar DM decay as &' — vv
[458]. In such a case DM decay to charged particles will arise only at three-body
or higher final states, possibly giving a softer spectra for diffuse gamma-rays. Such
charged final states arise via ¢ — v/TWT. One can also have production of other
SM particles via similar three-body decay processes. Such a scalar singlet DM can
be generated non-thermally via scalar portal or Z’ portal interactions, similar to
RHN DM discussed above.

Doublet Scalar DM

Instead of considering Majorana neutrino, one can consider RHNs to be the right
chiral parts vi of sub-eV Dirac neutrinos. In this simplest version, they can acquire
sub-eV neutrino masses from the SM Higgs itself with tiny Yukawa couplings. In
such a case, the gauged B — L symmetry needs to be broken by a singlet scalar with
B — L charge different from 2 such that Majorana mass terms are not dynamically

generated.

Let us consider a neutrinophilic scalar doublet 1 which couples to neutrinos as
ynzLﬁVR, where vy is the right chiral part of light Dirac neutrinos. Assuming a 7,
symmetry in the scalar sector under which n — —n, the scalar potential is similar

to the inert doublet model given by

V= pgHP? + o> + X[ H|* + Xa|n|* + As| H[?[n]?
+ Ma|nTH2 4+ As[(n"H)? + heel. (5.12)

After electroweak symmetry breaking, the components of 1 split and the lightest
neutral real scalar ng can be DM. Since the scalar sector has a Zy symmetry and
,u% > 0, the neutral component of 1 does not acquire any VEV. Therefore, DM in
this setup can decay only via the Yukawa interactions which break Z; symmetry.
We consider the corresponding Yukawa coupling y, to be tuned such that DM is

still long-lived on cosmological scales. Its decay ng — vpvg can give rise to the
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observed neutrino event while its decay into charged final states appear only via
three-body decay like np — (W Tvy keeping the resulting secondary gamma-ray
spectrum softer compared to the RHN DM studied earlier. While pure thermal scalar
doublet DM will be overproduced for DM mass above the unitarity limit, incomplete
thermalisation with suitable reheating temperature can generate the desired relic
[459].

5.2.5 Summary

We have explored the possibility of generating the recently detected highest en-
ergy neutrino event of 220 PeV energy by the KM3NeT collaboration from decay
of superheavy dark matter. Considering the simplest possibility of a right handed
neutrino coupling with Yukawa coupling to leptons in type-I seesaw model to be
the DM candidate, we calculate the flux of neutrino and gamma-ray by consid-
ering all possible two-body decay modes of DM. Considering the best-fit value of
the neutrino flux reported by the KM3NeT collaboration, we find that the present
gamma-ray constraints disfavour the DM decay origin of the event, in addition to
the mild tension with non-observation of similar events at IceCube and PAO. Due
to the large uncertainty associated with the KM3-230213A flux at present, it is still
possible to explain the event at within 30 CL while being consistent with the above-
mentioned constraints. As we consider two-body decay of DM, the preferred DM
mass is 440 PeV, the relic of which can be generated non-thermally, if we embed
the type-1 seesaw scenario in a gauged U(1)p_1, setup where additional scalar and
vector boson play the crucial role in DM production. We also outline the possibility
of two more DM realisations where gamma-ray constraints can be made weaker.
To conclude, the possibility of DM origin of the KM3-230213A event is marginal
at present due to gamma-ray constraints and non observation of similar events at
other experiments. More precise estimates of flux, multi-messenger observations or
identification of astrophysical sources in future will be able to settle this hypothesis

more concretely.
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This thesis explores a class of well-motivated BSM frameworks that are challenging
to probe through conventional collider and direct-detection experiments, focusing
instead on their cosmological and astrophysical signatures. Particular emphasis is
placed on observables associated with the CMB, stochastic GW backgrounds, and
high-energy astrophysical measurements. The work investigates several scenarios
involving DM, dark radiation, Dirac and Majorana neutrinos, and ultra-light PBHs,
highlighting the importance of cosmological measurements in testing such models.
We begin the thesis with a brief overview of the ACDM model, the prevailing frame-
work describing the evolution and composition of the Universe. This is followed by
an introduction to the Standard Model of particle physics and a discussion of its
shortcomings, highlighting the need for BSM physics, with particular focus on dark

matter and the generation of neutrino masses.

In Chapter 2, we introduce several key cosmological signatures of BSM physics.
We begin by discussing the effective number of relativistic species, Neg, and its
sensitivity to the presence of additional light degrees of freedom, illustrating how
precision cosmological measurements can constrain thermal relativistic species. We
then examine the phenomenological consequences of ultra-light PBHs in the early
Universe, focusing on their evolution, Hawking evaporation, and resulting signatures

in Neg and stochastic gravitational waves. Finally, we discuss indirect detection
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signatures of dark matter decay in the form of UHE neutrinos, gamma rays, and
cosmic rays, along with a brief overview of past, current, and future experiments

sensitive to these extreme-energy observables.

Chapter 3 investigates DNPDM frameworks in which DM and DR originate
from a common source. In the minimal DNPDM scenario, we study the non-thermal
production of both DM and DR through particle decay. We show that, depending
on the choice of parameters, existing constraints from Planck 2018 can exclude DM
masses up to a few tens of keV, while structure formation bounds impose even
stronger limits, ruling out DM masses up to a few hundred keV. Furthermore, the
resulting contribution to AN.g is constrained to be < (9(10_3) in order to remain
consistent with the required dark matter properties. The framework is subsequently
extended to a gauged U(1)p_; model, providing a UV-complete realization. Within
this extended setup, we consider both thermal and non-thermal production mech-
anisms for dark matter and examine their correlation with parameter regions ac-
cessible to future CMB experiments. The combined constraints from dark matter
relic abundance, CMB observations, structure formation, and terrestrial experiments
render the scenario highly predictive, significantly restricting the viable U(1)p_; pa-

rameter space.

In Chapter 4, we investigate the cosmological implications of an early epoch
dominated by PBHs. The evaporation of ultra-light PBHs serves as a source of DR,
imprinting observable signatures on AN.g. Moreover, they also produce stochastic
GWs backgrounds providing complementary avenues for detection. We explore a
hybrid scenario in which DR originates from both thermal interactions and PBH
evaporation, and derive new constraints on PBH parameters as well as DR-SM cou-
plings by demanding consistency with CMB bounds on AN.g. Relative to earlier
studies that did not consider DR-SM interactions, our framework yields more strin-
gent bounds on the PBH parameter space, particularly on the initial PBH mass
and energy density. We further discuss the possibility in which DR first decouples
from the thermal bath and subsequently re-thermalises with the SM sector following
PBH evaporation. We find that this re-thermalisation lowers the effective decoupling
temperature of DR, amplifying AN and imposing additional constraints on PBH
parameters. We then discuss another scenario of early PBHs dominated epoch where
the origin of axion dark matter and leptogensis are connected. Within SMASH-like

frameworks, this naturally gives rise to a unified and testable picture. In particular,
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while maintaining the correct axion DM abundance, the regime f, > 102 GeV,
corresponding to unflavored leptogenesis with hierarchical right-handed neutrinos,
becomes accessible to GW detectors and axion searches, even though it remains out
of reach for collider or neutrino experiments. Moreover, axions produced directly
through PBH evaporation can contribute to dark radiation at levels detectable by

forthcoming CMB experiments.

In the final Chapter 5, we turn our attention to the late-time observational sig-
natures of decaying SHDM, with particular focus on two remarkable recent events:
the Amaterasu UHECR event and the KM3-230213A neutrino event. For the Amat-
erasu event, we perform a multi-messenger analysis incorporating UHE cosmic rays,
gamma rays, and neutrinos to derive updated constraints on the SHDM mass and
lifetime. We find that existing gamma-ray observations already place the SHDM in-
terpretation of this event under considerable tension. While current UHE neutrino
bounds remain comparatively weaker than those from UHECRs, we show that next-
generation neutrino detectors will eventually close this gap. Furthermore, future
gamma-ray observatories are expected to improve the bounds on SHDM lifetime by
at least an order of magnitude beyond current limits, substantially sharpening the
probe of this scenario. We then turn to the KM3-230213A event and investigate
whether it can be attributed to the decay of a heavy RHN acting as dark matter
within a gauged B — L framework. Our analysis reveals that present gamma-ray
constraints disfavour DM decay interpretation of this event, compounded by a mild
tension with the non-observation of comparable events at IceCube and the PAO.
Nevertheless, given the sizable flux uncertainties currently associated with KM3-
230213A, an explanation of the event remains viable within 3¢ confidence level while
still satisfying the aforementioned constraints. We close the chapter by sketching
two alternative DM realisations in which the gamma-ray constraints can be relaxed,
opening up viable parameter space for explaining the extreme-energy event through

dark matter decay.

Overall, the thesis demonstrates that a wide range of otherwise elusive BSM
particles and cosmological phenomena can be probed through precision cosmolog-
ical observations, establishing strong connections between particle physics, early-

Universe cosmology, and upcoming experimental searches.

The thesis also opens up several promising directions for future research. Be-

yond the Dirac-neutrino-portal dark matter scenarios studied here, a wide class of

164

TH-4099_206121109



Chapter 6 Conclusion and Future Outlook

BSM frameworks can be explored in connection with N.g. For instance, although
thermal dark matter with masses below the MeV scale is typically strongly con-
strained by current bounds on N, it is possible to construct well-motivated models
in which the contribution to N.g is suppressed due to specific thermal histories or
interactions within hidden sectors. Developing such scenarios within complete UV-
consistent frameworks constitutes an important direction for future work. In ad-
dition, models involving light pseudo-Nambu-Goldstone bosons, such as majorons
and ALPs, and their possible connections to baryogenesis, dark matter production,

or unified dark-sector origins, provide further opportunities for exploration.

Another interesting avenue concerns the astrophysical and cosmological signa-
tures of Hawking evaporation of primordial black holes. Future studies may in-
vestigate observational consequences of PBH evaporation, including the memory-
burdened effects, to derive constraints on BSM physics. It would also be worthwhile
to further examine the role of black-hole superradiance in probing new light de-
grees of freedom associated with BSM theories. Beyond these, high-scale physics
can also leave its imprint through gravitational bremsstrahlung, which emerges as a
potent probe of physics at very high energy scales. Taken together, these directions
underscore the broad and promising potential of bridging cosmology and particle

phenomenology in the pursuit of new physics beyond the Standard Model.

165

TH-4099_206121109



Appendix:

A.1 Chapter 3: Details of Boltzmann equations

Case I: ¢ in equilibrium
For ¢ abundance:

For the process: ¢(K) — o(P;) + Ug(P), the integral form of the Boltzmann
@pr [0fy Ofp] By
/g‘”(%)3 {W _lea_m} . /gwwc[fwl- (A1)

Using the definition of n,, and integration by parts method for the term proportional
to H, the LHS of Eq. (A.1) becomes

equation is

dnd,
W + 37‘[7”% s (AQ)
where,
d3P1
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with g, being the internal degree of freedom of ). The RHS of Eq. (A.1) is

/ d3p1 C[f ] _/ d3p1 1 / d3p2 dgkf
Wigpp Wl = [ 9 omsar, | Y 2ns2E,” 2r)52E,

x (2m)'0N (K — P — Py)|MJG 0 (£57 = fufun). (A.4)

We assume that the initial abundances of both ¢ and vy are negligible, so both fy,
and f,, can be set to zero. Thus we can omit the back-reaction term in the above

equation. Now using the definition of decay width of ¢ in the rest frame of ¢ i.e.

1 God’pr Gupd@®ps %o )
’ 2m¢ / (27T)32E1 (27T)32E2( 7T) ( 1 2)’M|¢—>1/R'¢)7 ( 5)
we get
d3k 2m¢,
1" % A.

Here, the decay width I'y is given by

m2
Ty = 1M gy (1= —F
16mmy, $=VRY mi

1
MGy = ———yg(mg — my). (A7)
by = g o YoMy = Ty

and

Using f3' = e Fx/T the Maxwell-Boltzmann distribution, we get,

A3k 2m _

T

Putting ng' = 2—m¢TK2(m¢/T) the RHS becomes
2

Ky (my/T)
RHS =T —n A9
oty 1) )
Finally, after equating LHS and RHS of Eq. (A.1), the Boltzmann equation for n,

becomes
dn,, Ki(my/T) .

Fy——= Al
T +37—[n¢ ¢K2(m¢/T)n (A.10)
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Now, instead of n,, we can write the equation in terms of a new variable Yy, = ny/s,
known as comoving number density. Using the fact that sa® = constant with s,a
being the entropy density, cosmic scale factor of the FLRW metric, respectively, the
LHS of Eq. (A.10) becomes

d Y¢ dm,

S T it + 3Hny

T = wn | | (G amn)
= —% P + dg’;*/s dT} g¢guRg¢F¢—§l§Z;’;%; ys
RS e i N

Now defining = m, /T, we can write the above equation in terms of dimensionless

variables x
dY¢ B F K 1 (I)

qu A.12
dr — zH "Ky(z) ? ( )
where,
Tdg.s/dT
=14+ —/. A.13
B [ L } (A.13)
For vy energy density:
Let us start with the differential Boltzmann equation for vg
afI/R 8fVR
_ =CIf,.]. A14
o= M = Cl) (A14)
Integrating both side with ngREgng)%, we get
p2 afl/R afl/R / d3p2
v o — = v o ——=Cf,,]- A.15
/gR 2( ) ( ot Hp28p2 9vr 2(2’/T)3 [fR] ( )
The LHS, after simplification becomes
d3p2 8f1/ afu de
. i L) =—"L+4Hp,,, A.16
/gR 2(27r)3 ( ot 7tp: Opo dt +AF o ( )
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where,
d3
pl/ /gVR( ) QfVR (Al?)

Expanding the collision term, the RHS becomes

/ E dpg [f ]_ /d3p2 1 / d3p1 dgkf
FonErgmys = Uvel = 9ve | my39E, gw(27r)32E1g¢(27r)32Ek

X Ey(2m)* 61 (K — P — Py)|IMJ3 50 £t (A.18)

Let us do the following integral first.

d3p1 d D2 4cd y
I= /(271’)32E1 (27)32E, Ey(2m)" 0% (K — P, — PQ)lM‘qﬁ—me

1 dpl
:4(27r)2/ B d*pad" (K = Py = Py)|M(G 50 (A.19)

We first do the integration over p; using the Dirac delta function,

1 d3
I— / PLs(Ey — By — By )M,

4(271')2 E1
o 2dpyd(cos @ 9
[ DM (.20

Here, 6 is the angle between k and p1 and f(0) = Ex, — By — B with Ey_; =
\/(l; —p1)2 + m2. Now to find the root of f(6), we set

f) =0
— k. —FE—FE,; = 0

— cosf = - v =cosf,. (A.21)
2|K| ||
Also,
df [F][p1|
= . A.22
dcosd E,— E; ( )

cos 0=cos 0y
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Thus, the integral I reduces to

p2dp; d(cos — cosby)
I = 27T / 1 / df |M ’i%DRdJ
dcos 0 10=0g
|M|¢—>17Rw /pldpl Ey — E1
8w Ev o |kl|p]
M Eil’la,x
_ | |¢—>uRw/ dE\(Ey — Ey). (A.23)
8|k| e

In the above, |[M|" implies |[M| at § = 6. The limits of the integration will come
from the condition
—1 < cosby < 1. (A.24)

Working through it, we get

v

Ek(mé 48 m?p —m2) — \/}:7,3(77135 o mi —m2)? — mé(A + 4E,3m12p) -

Erin — 5 = g1(Ex)
2m¢
 Bu(mdtmd —m?) +[ER(m3 + m3 — m2)2 — m3(A +4E7m?)
Mg
(A.25)
where,
A = (m3 + mj —m2)® — Amim3,. (A.26)

Hence, I becomes

:92(Ek) — gl(Ek)‘ ’qb > ( 92(Ek) +91<Ek)>

8|k| 2

\/E,z(mier?p —m2)% — mj(A +4EPm]) Ey(m2 +m2 — m2)

N & |kjm2 e o2

m|k[m3 ¢

o VERm +m? —m2)? — m(A+ABImY) (g — i+ 2

oy 87T|l§|mi g 2m; '
(A.27)
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Finally, the RHS becomes -

MG 5 (MG — m3 + m3)

P—VURY

RHS = g4949v5

3273 Zmé
x / BB (m2 4+ m3 — m2)? — md(A+ 4Em) dE,
mg
’M‘g—me (mi - m?ﬁ)Q - eq 2 2
= 999y 9v 1 / Exfy'y\/ Ei; —mg dEg (.m, ~0)
" 3273 2my -
(A.28)
MG 5 (MG —mG)2 (2
R 3;;3Rw ¢2m4 o / By BT /Eg 2 dE,
@ me
|M|/2 ! (m2 D m2 )2
= 96949vr 35;3 = ¢2m4 Y miT K, (my/T)
@
= <EP)an, (A.29)
where |M|/2 ( 2 2)2
_ ¢—ory Mg — My
So, the final form of the evolution equation of p,,, is
dpy A
WR + 4HpVR = <EF>n¢q
di} . 6 eq v Puvr
ﬁ — = W <EF> TL¢ (Where N — 34/3) . (A?)l)
In terms of x = my/T, the above equation becomes
dy 3 g

Case 11

In this case, ¢ is not in equilibrium always. It is produced in equilibrium and at

some epoch it goes out of equilibrium due to thermal freeze-out.
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For ) abundance:

The procedure to obtain the Boltzmann equation for ¢ in this case is same as the
above case from Eq. (A.1) to Eq. (A.6) except that fi? is now replaced by f;. Thus,
the Boltzmann equation for ¢ is

dny d*k 2myg
— = ———T . A.
dt + 37‘[?”L¢ g¢/ (271')3 2, ¢f¢ ( 33)

Since ¢ was in equilibrium earlier and goes out of equilibrium after freeze-out, we can
write the general form of the Maxwell-Boltzmann distribution function for ¢ with a
chemical potential that is nonzero only after the freeze-out of ¢ i.e. f, = et/Te Fx/T,
ny(T)

ng (T)

The chemical potential p is defined as p = T'In ( ) Substituting f, in

Eq. (A.33), the Boltzmann equation becomes

dnw

— +3Hny = g¢e“/T/

dt

(27’(’)3 2Ek

(A.34)

The RHS of the equation is same as Eq. (A.8) in case I except for the e/ factor.
Hence, following the same procedure as Eq. (A.8) to Eq. (A.10) and replacing p by

number density, we get

dny wre Kilme/T) .
N E 21/ L) eq
7 + 3Hny e ¢K2(m¢/T)n¢’ )
I (mg/T)
= Iy———tny. A.35
¢K2(m¢/T) ] ( )

We can write the above equation in terms of Yy, = ny/s, Yy = ny/s and x = my/T.
In terms of these dimensionless quantities the above equation takes the following

form

dﬁ_ s r Ki(z)

= ) (x)y¢. (A.36)

For vy energy density:

To find the energy density of v in this case, we will follow the same procedure
as in the previous case, the only difference will be that now f;q will be replaced
by f, = e*Tefr/T Hence starting from Eq. (A.28), the R.H.S. of the Boltzmann
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equation for p,, can be written as

dpur My (M3 —mi)? [
dHp,r = y E E E? —m2dE,,
g PR =96909v 353 Qmé / kfor/ B — midEx
|M|¢ 17 w 2
:g¢g¢gyR 32;31:5 2m¢ / E’ e,“/T Ek/T E'2 m¢7
me
IM\;? DR ( my — mq/))
=969¢9vr 32_)3R 2] e”/T/ Epe™/T B2 —m2
mg
|M|¢ DR (m?b i m?p)Q
=069y Jvr 3;3’* o) "' Tm3TKy(my/T),
o /T, eq
=(ET)e" " n!,
deR

Now expressing p,, by the comoving energy density, 17, the above equation in terms

of T"and x = my/T are given by

dy B

d_T = HTS]_/g <EF>Y¢ )

4y B

o (ET)Y, . (A.38)

For comoving number density of non-thermal ¢:

The calculation of the number density of ¢ will involve two processes : X (K7) +
X(Kb) — ¢(Ky) + ¢ (Ky) and ¢(K1) — (P)) + vg(P,). Hence, the differential

form of the Boltzmann equation is (X is any SM particle) -

8f¢ 3f¢ XX—¢ot .
o thig =¢ [fo] = C [f]
d3 k1 af¢ 8fd) dgkl XX ¢ $—YrR
/ Y @y ( or 1%) / 5 3gs (CF7 1) = COe (1))
(A.39)
The LHS is
Pky (0fs Of dng
/g¢(27r)3 ( ot Hkl@lﬁ) = J + 3Hng. (A.40)
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The first term of RHS is
Ak 5 i
/ 9 (%)3(]”4@ [fo]
- / Py 1 / &>, / &k, / &k,
~ ] %enpaE, | NensE, | e, | Y ennE,
x (26N (K] + Ky — Ky — K) X AMI% 3 Spot (Fer Fry = Jio Jra)

2
2
2 nx N o f— )T —EyT _ h
:(n;q) <O-U>¢¢T—>XX (F) - (necl) 3 ( f,L —eiu’/ e / — n_;q) ,
X é i

= (0V)gsrxx ((G)* = (n)*) . (7 n¥ =nx) (A.41)

where,

o = e [ oeyame | g | e | S
 (ng")? gd)(27r)32Ek1 gX(27r)?’2Ek'1 gX(ZW)?’QEk’z g¢(27r)32Ek2

x (2m) 64 (K] + Kb = Ky — Ko)|M Sy gpre” Pt BRI

a1 / A3k, / d3k, 1 / dBK, / &K,
= (nzq)z e (27T)3 ¢ (271_)3 AFEy, Ey, 9x (27T)32Ek’1 gx (277)32Ek’2
x-(2m) 46 (K + K — Ky — Ko)| M35 x g™ Pt Bel(T
2 3 3
95 d°ky d°ko B
K 52 / (27m)3 (2m)3 (0V)pptsxx€ By )/ T

3
B f d k1 f(Q O-U)dxsz—)XXe (B, +Eky)/T

f d3k1 d3k2 _Ek1+Ek2)/T ’
(2m)3

1 = 2
- SmiTKg(md,/T) /4m2 (0)¢¢f—>XX<3 - 4m¢)\/§K1(\/§/T)dS. (A.42)

@

We have obtained the last expression following the prescription given in [81]. Now
the second term in the RHS is

d*ky b—bug Pk 1 *pr d’ps
/ 96 gmC" "ol = / 9 or) 28, / W an)2E, / TR or)32E,

x (2m)* 0 (K, — Py — Py)f,. (A.43)

Here due to non-thermal nature of 1) and vy, we have omitted the back reaction term,

which otherwise will be there in Eq. (A.43) and is proportional to fyf,,. Therefore,
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from Eq. (A.35) we obtain

[ 0G5 O ] = T (A.44)

Finally, the full equation for the evolution of n, is

dng : eq\2 me/T
N (e U e T e

In terms of comoving number density Y,

dy. S 2 eq Ly Kalmg/ T
d_l? %Y % (_ <‘7U>¢>¢>MX)’( (<Y¢>> - (Y¢ ) ) sd> K2EmZ§T) ¢>

%_ ﬁ _ _ 2 (yeq F¢K1 m¢/T
=yt (= e e (ORP = () - 220 - (a0

Case 111

Distribution function of ¢ :

The case I, where ¢ never attains thermal equilibrium with the SM bath, has the
same forms of Boltzmann equations for nys and p,, as those are in case I except
here we need to replace the thermal distribution function of ¢ by the non-thermal
distribution function. The differential form of the Boltzmann equation to find the
distribution function of ¢, fs is given by [160, 461]

%*@? _ Oty hhedd! | oo, (A.47)
P1

Here C"%9" is the collision term for production of ¢¢! pair from the decay of the
SM Higgs boson h(K) — ¢(Py,) + ¢'(Py). The expression of C"%¢" is given by

1 & &k
h—po! _ P2 2V K — P — P
¢ °F, / 2E,, (2n) 2B (2m)r ) 0 1)

X |M|ia¢¢f ( n (k) = fo(p1) for (P2)) ’
1 d*py
= 0(FE —F, —E
2Ep1(27T)2/4Ep2Ep1+p2 ( P1+p2 p1 p2)

XM g5t (Fnt(F) = fo(p1) for (p2)) - (A.48)
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Now we can write d®py = pidpsd(cos §)dg, where 6 is the angle between pj and p3.
Therefore, the Dirac delta function 6(E,, 4+, — E,, — E,,) actually fixes the angle 6.

So, from the condition E,, 4,, = E,, + E,,, we will get

2m2 — m} + 2B, B,

cosf = = cosby. A .49
2p1p2 0 ( )
Therefore,
Choodt _ 1 /pgdp2(27r) /1 d(cos )6 (cos O — cos Og)
2Ep1 (27T>2 4EP2 —1 Ep1+p2|#({s‘9|9:90
X‘M’Zaqﬁﬁ ( i‘iq(Ep1+P2) - f¢<p1)f¢>T (p2)) ) (A5O)

where f(cos0) = Ep 1p, — Ep, — Ep, with By, = /|1 + 2|2 + m? and

df b Ul (A51)
dcost [y, Ep, + Epy '
Epi1p2 9_00: By, + Ep, . (A.52)

After some simplification, the collision term takes the following form

max

Chaqﬁzz&* gl 1 = dePQ M 2 cap ed(
=~ B o By Ml (FE IR ER) = Soo1)or (00)).

2

(A.53)

The limits of the integration is obtained from the condition —1 < cosfy < 1. This

condition translates to -

pa(md - 2m3) = iy f(mf — 4m2) (5} + m2)

Y2 = 2 )
2m¢

o Dalm} = 2m2) oy f(mi — 4m2) (0} + m2) s

Here we have neglected the inverse decay term in Eq. (A.53) as it is substantially

smaller compared to the decay term as long as ¢ is non-thermal. Therefore, the
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collision term C"=%%" becomes

max

+ 1 P2 dep2 — -
Ch—ﬂf)(f) :m/ | E_|M|iﬁ¢qﬂe Epl/T@ EPQ/T7
1 pgnzn P2
M 2 T 7Ep1/T .
| !hlzwiE ¢ (emmmm — ety (A.55)
TLip P1

max(min) max(min) 2
and Ep, = (p2 ) + mj,.

Now, we will briefly discuss the derivation of the collision term CH=¢¢" for
the production of ¢¢' pair due the scattering of the Higgs boson h(K;) + h(K3) —

A(P1) + ' (Py).

1 d3k Bk ap
Chh—ed’ _ / 1 2 2 OV (K + Ko — Py — P
2E,, | 2E, (27)3 2E,,(27)3 QEPQ(QW)B( 'Ky + Ky — P — Py)

IMInsost (Fa(k) fu(k2) — fo(pr) fat (p2))

1 d3p2 d3k,1 d3k‘2 v
- 2B / 2B, (2m)? U 2B @n)P 2B, amp o) 0 F t e =R = By

‘M|Zh—>¢¢’f (fh(kl)fh(k2) - f¢(p1)f¢>T (Pz)) : (A.56)

The term inside the square bracket is Lorentz invariant, and we can do that integra-
tion easily in the center of momentum frame. Here, for the calculational simplifica-
tion, we assume that the matrix amplitude square ]/\/l|ih L pot depends only on the
Mandelstam variable s which is true for s-channel scatterings and contact interac-
tions. For a general matrix amplitude square, depending on all three Mandelstam

variables one can use the prescription given in [462].

1—/ i @k (2m)164 (K1 4+ Ky — P — Py) (A.57)
~ | 2B, (2n)3 2E,,(2n)3 ST '

This will give

L Y

A58
8 S ( )

Now, since [ is a Lorentz invariant quantity, we can use this result in any inertial
frame of reference with proper definition of s. In any arbitrary reference frame, the
Mandelstam variable s(pi, ps, cos a) = (Py 4 P)? = 2m7 + 2E,, E,, — 2|pi||p3| cos a,

a is the angle between p; and p, which is 7 in the center of momentum frame.
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Hence, the collision term in an arbitrary inertial frame of reference is given by

(ot _ 1 / d*pa 1 4m?
16mE,, | 2E,,(2n)? s(p1, p2, cOS @)

X |M|hh—>¢¢T ) (fr(k1) fa(ke) = fo(pr) for(p2))

_ 2T / p2dp2d oS v) 1 4mh
16w E,, 2(2m)3 s(p1, p2, COS @)

X |M‘hh—>¢>¢>T 8) fu(k1) f (A.59)

where, in the last step we have neglected the back scattering term. Now using the

Maxwell-Boltzmann distribution function for the SM Higgs boson and fy, (k1) fr(k2) =
e~ (B +Biy )/T _ ef(ElerEP?)/T, we obtain

Chh—édt _ e /T / Pydps o~ Ev2/T
16Ep1 (2m)3 o2 + m?2 - m?
< [ dteosa M MB, () (AG0)
COS & - —————— S). X
-1 S(p1 y P2, COS 04) oaiad

4m? ) .
b is real. This

The limit on cos a will come from the condition that \/ 1— ——2
s(p1,p2,cos o)

is possible only when s > 4m? and therefore

Zmi —= 4mi aF 2Ep1Ep2

cosa < A = cosqyp. (A.61)
2|pil|pz|
Thus the upper limit of the integration is
COS (ax =Min [Max [cos a, —1], 1] . (A.62)

And, lastly, the collision term C??Y&% is for the decay of ¢ into g and
(p(P1) = 7r(q) + (")) and it has the following expression [161]

mg
R Losopu -
\/P1+my

The LHS of Eq. (A.47), can be greatly simplified in we transform the variables from

C¢VRY — —fs (A.63)

1/3
p1 and T to new variables r = mgo /T and § = <%) B where my is any arbitrary
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mass scale. In terms of the two new variables, the LHS of Eq. (A.47) depends only
on 1 [460, 461]

0fs
ot

0
—;"[]71ﬁ =7rH (1 +
Op

o) “og,

30.(1)) or (A.64)

Therefore, the full Boltzmann equation for fy is

o) _ (1~ wim ")
A G (T % h—¢oT hh— ¢! ¢—RY
87” - rH (C (f? 7”) + C (57 T) + C (57 T)) :
(A.65)
Now, the number density of ¢ can be written as
3
nalr) = 2 A (M2) [ dee? guteon) (A.66)
where
gus(mo/7) >”3
Alr) = . A.67
0= (e o0

After solving the Eq. (A.65) for the non-thermal distribution function f4(&, r), we can
now calculate comoving number density of ¢ and Y using the following Boltzmann

equations

dY,p - g¢ﬁ F¢m¢ /OO (Amfl)3£2 f¢(£,7’)
0

dr — 1Hs 272 \/(5«4@)2+m; dg
di} . gd)ﬁ L o @ 3 4
T P o [ (4T enenae e
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A.2 Chapter 3: Approximate analytical solutions:

Case 1

The Egs. (3.6) and (3.7) for case I can be solved analytically neglecting the variation

of g.s and g,. The expressions of Y, and Y after freeze-in are

135 g, MLy
1.66 x 83g.5\/9p mé :
- 675 g ( 45 )1/3 M, (ET)

1.66 X 8m3¢us\/Gp \ 272 Gus mi f

Y, =

(A.69)

where g¢,s and g, are effective number of degrees of freedoms at the freeze-in tem-

perature 7' ~ my and

(ET) = % (1 — mi”) Ty (A.70)

2
Mg
With this, the ratio of Y to Y, in the limit my >> my, is given by

Y 45 \3 1
_675( 5) (A7)

Y, 270 \ 272 g;/3 |
Using this ratio, we can easily establish a relation between AN.g and Qpyh? as

Qph?
AN.g = 3.29i DM

— A2
Cl My, g;/?’ ( )

where O} = 2 x 2.755 x 10% GeV~! and Cy = 3 x 1.16 x (43/4)*/3 are constants.

Case 11

For case 11, we have solved the Eq. (3.9) neglecting its 1st term i.e. after the freeze

out of ¢. This gives

| TyMy (ﬁ_(zfﬁ)
_ ysfo_ 1.66x4/gfm2 2 2
Y, =Y 3 . (A.73)
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Now this expression can be used to solve Egs. (3.10) and (3.11) analytically (once

again we are neglecting the temperature dependence of g., and g,)

Y, ~ Y/
fo 2 (55)2

v o~ 3?& My (ET) 1e2( >’ (A74)

gPg)* M S
where

oo L (5 -

P16V 2 \2n2
Ty M, R

fo = ey — — S, (A.75)

1.66 /g,m3  H(my)

Here Yd)f ? is the abundance of ¢ just after freeze-out. The expression for Y given in
Eq. (A.74) is valid as long as the product f; (z/)? < 1. Now in the limit my > my,
the ratio of Y to Y, is given by

P f—.’E 2
Y 1 Myl ¢ 7 (@) (A.76)
Yy galPgpl? 2mg i |
and finally,
f2 2
M,T @)% Oy Qpyh?
ANgp o P2 f € - (A.77)

2 3/2 a2 *
2m¢ f2/ Clm¢gs/ gp/

A.3 Chapter 3: Anomaly cancellation in gauged
B — L model

U(1)p_1 gauge symmetry with only the SM fermions is not anomaly free. This is
because the triangle anomalies for both U(1)%_; and the mixed U(1)p_1 — (gravity)?
diagrams are non vanishing. These triangle anomalies for the SM fermion content

are given as

A UMW) = A [UQ) 5] = -3,
As; [(gravity)® x U(1)p_] = ASM [(gravity)? x U(1)p_]

Il

|
w
—~
>
N
oo
~~—
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If three right handed neutrinos are added to the model, they contribute AY*™Y [U(1)%,_, ]
= 3, AYV [(gravity)? x U(1)p_r] = 3 leading to vanishing total of triangle anoma-
lies. This is the most natural and economical U(1)p_; model studied extensively
in the literature. However, there exist non-minimal ways of constructing anomaly
free versions of U(1)g_, model. For example, it has been known for a few years
that three right handed neutrinos with B — L charges 5, —4, —4 can also give rise to

vanishing triangle anomalies [463] as follows.

Ay [U(l)%—L} L A§M [U(l)%—L} + ATEW [U(l)%—L} =
=3+ [=5° = (=4)° = (-4)’] =0,

As [(gravity)® x U(1)p_r]
:AgM [(grawity)2 X U(l)B,L} + AzNew [(grawity)2 X U(l)BgL} ,
=—3+[-5—(—-4) —(-4)]=0. (A.79)

Another solution to the anomaly cancellation conditions with irrational B— L charges
of new fermions was proposed by the authors of [464] where both DM and neutrino
mass can have a common origin through radiative linear seesaw. Very recently,
another anomaly free U(1)p_;, framework was proposed where the additional right
handed fermions possess more exotic B — L charges namely, —4/3,—1/3,—2/3,-2/3
[465]. These four chiral fermions constitute two Dirac fermion mass eigenstates, the
lighter of which becomes the DM candidate having either thermal [465] or non-
thermal origins [161]. The light neutrino mass in this model arises from type II
seesaw mechanism with the new chiral fermions playing no role in it. In [466], such
chiral fermions with fractional charges were also responsible for generating light neu-
trino masses at one loop level. In the recent work on U(1)p_; gauge symmetry with
two component DM [467], the authors considered two right handed neutrinos with
B — L number -1 each so that the model still remains anomalous. The remaining
anomalies were cancelled by four chiral fermions with fractional B — L charges lead-
ing to two Dirac fermion mass eigenstates both of which are stable and hence DM
candidates. In [168], type III seesaw was implemented in in U(1)g_; model while
introducing additional chiral fermions to keep the model anomaly free. Appropri-
ate choice of chiral fermions also leads to multi-component DM in such U(1)g_p,

symmetric type III seesaw scenario.
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While it is possible to study Dirac neutrino portal DM in gauged U(1)p_r,
frameworks with different anomaly free combinations of chiral fermions, it will re-
quire additional scalar fields in order to be consistent with the desired DM phe-
nomenology and non-zero Dirac neutrino mass. For example, if we consider three
right handed neutrinos with B — L charges 5, —4, —4, we will require two additional
Higgs doublets of U(1)p_; charge 6,3 respectively in order to generate Dirac neu-
trino masses at tree level. Two singlet scalars ¢; 2 and DM ), similar to our model,
can be incorporated to generate the Dirac neutrino portal of DM and break U(1)p_y,
symmetry spontaneously. Similar non-minimal scalar content will be required for
other chiral fermions mentioned above. While the calculations will be more involved
due to more particles, the generic conclusions reached in our work should not change

significantly.

A.4 Chapter 3: Calculation of LHC bound on

gpr, — my plane

We evaluate the constraint on U(1)p_ gauge coupling gp;, from dilepton channel:
pp — Z' — [T1~. Using the narrow-width approximation, the cross-section pp — Z’

can be written as
atpp > 2) =23 [ do [ dys, (2. Q)1 Q)615) (A.80)

where § = zys with f,, f; being the parton distribution functions for quarks and
anti-quark respectively. The narrow-width approximation cross section ($) is given

as
42 T(Z' = qq)

3 mg
We use the package CalcHEP for the computation of o(pp — Z') where CTEQGL is

used for parton distribution functions.

5(8) =

5(5 —m%). (A.81)

In our model, apart from quarks and leptons, three vzs and two scalars ¢; and
¢9 are charged under U(1)g_r. The decay of Z' to both the BSM scalars ¢; and

¢ is not possible due to kinematic restrictions imposed. The decay width of Z’ to
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Figure A.1: Left panel: vs my. Right panel: Bound on

quarks, charged leptons, SM neutrinos and vy can be written as

J 1g2 gQ
Ay ~12x3x =ZBLy,, =4 x ZBLy, A.82
(Z" = qq) X 9 X 9247Tmz X 247Tmz ( )
2
(7 — 1717 ~ 6 x IBLy, .,
( ) =6 x5 mz
g2
I(Z' — vpp) ~ 3 ﬁmzr
g2
F(Z/ — l/leR) ~ 3 X ﬂ’I?’LZ/
24w

respectively, assuming massless final states. With this, we can calculate the cross-
section o(pp — Z' — IT17) = o(pp — Z')BR(Z' — [7I") for particular values of
my and ggr. As o(pp — Z') is proportional to g%;, we can normalise it by dividing

with g%, .

The left panel plot of Fig. A.1 shows 222 HZ/)f}Qi(qu_m as a function of my for
our model. In the right panel plot, we show the bound on U(1)5_;, gauge coupling
for our model in magenta region. The bound is obtained by comparing the left plot
with the final results from ATLAS collaboration of the LHC Run-2 with 139 fb™!

integrated luminosity.

A.5 Chapter 3: Estimation of dark sector tem-

perature

Here we provide an estimation of dark sector temperature using the entropy con-

servation. Let us assume that gD° and g.s are the effective number of relativistic
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degrees of freedom of dark sector and SM, respectively. At the epoch of decoupling
of dark sector from the standard model bath, the scale factor is taken as aqe.. Using

the conservation of entropy, we get

Gxs deca?iec (irdec)3 = Gxs aftaift (Taft)S

g*s decadec(Tdec) g*s aft aft (Taft ) ) (A83>

where a,; denotes any period after decoupling and 75 and T' denote temperature
of dark sector and SM bath respectively. At the epoch of decoupling, both the dark

sector and SM bath have same temperature, Tgo. = 71, £§ Hence, from the above

4 4/3
(T;?ts> _ g»]?s,sdec g*s,aft (A 84)
Taft gg?aft Gxs,dec

For the situation where dark sector consists of ¢, and v, we have g0% =
2+6x g + 4 x g = 10.75. Taking a.g to a period when both ¢; and ¢ annihilate

or become non-relativistic, we get gﬁ?aft =6 X % = 5.25. If during this period, g¢.s

equations, we get

remains constant, we get
T . (10.75)\*?
() -«-(3) (A8

So, at maximum, we can expect a 2.6 times increase in dark sector temperature
from the SM bath. The numerical results shown in Fig. 3.18 are consistent with

this analytical estimation.

However, we can have a value of g0, < 10.75 at the epoch of decoupling. This
is because before decoupling, some fraction of dark sector particles can become non-
relativistic. For example, let us consider mgy, = 60 GeV, my, = 15 GeV. Decoupling
above T' ~ 60 GeV gives gg’dec ~ 10.75 whereas decoupling after T' ~ 60 GeV
(e.g. 10 GeV) gives g5, < 10.75. This results in a smaller increase in dark sector

temperature from SM bath. The same behaviour can also been seen from Fig. 3.18.
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A.6 Chapter 3: Direct Detection of WIMP type
DM

DARWIN
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Figure A.2: The DM-nucleon cross-section vs DM mass as a function of effective
number of relativistic species. The blue color region shows the sensitivity of
DARWIN experiment [469].

In this setup, dark matter ¢/ does not interact with the nucleus via tree level
diagram. However, via one loop diagram, it can scatter off the nucleus. We get two
diagrams, one where the mediator is SM Higgs and the other where the mediator is
B-L gauged boson. For the Higgs-mediated diagram, the relevant interaction vertices
are gwhﬂ]@@h and %ch. Here ¢ represents the SM quarks. The effective interaction
term for Higgs-mediated diagram can be written as

h m

1 _
Ller = 2L —gyaniPaq. (A.86)
ff v mi i

Similarly, for the Z’ mediated diagram, the effective interaction term can be written

as

' gpr 1 -
Ly = —?m—gz/ngﬂm“ VqVug- (A.87)

The interaction vertices gy, and g,z for one loop diagram are calculated

using Package-X[470] and their expressions are given as follows (for zero momentum
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transfer)?

m>2 m2
1+( 21—1>1n< ——;”)]
mll) m¢>1

1

2
= —— 1 Ao U—
Gupph 167T2y¢1 Ho My

, 2 2 2 2
L, 3 my my my, 3my 1
S [5 w7t (m— R CET A G R
¥ () ¢1 Y
The total DM-nucleon cross-section can be written as [79, 471, 472] -
1 mimi [my 1 gpr 1 ?
L =% . —giazfz| A.89
i Al (my +my)? | v migthN N SRR GuizJz ( )

where fy ~ 0.3, fz» = 3 and my is the nucleon mass. In Fig. A.2, we show the
DM-nucleon cross-section as a function of m,. To calculate the cross-section, we
take the values of different parameters same as for the resultant points we obtained
in Fig. 3.19. All the points satisfy correct DM relic abundance and range of different
parameters for these points are given by Eq. (3.46). We find that the total cross-

section is way below the direct detection limit.

A.7 Chapter 4: Non-standard interactions of dark

radiation

We consider the following effective operators for interactions among SM neutrinos

and vg [255].

—L D GyUrvpirvg + G:ﬂRVLﬂRVL + GvﬁL”)/‘uVLﬂR’)/“I/R + GsUpVRVRVY,

+GTDLJMVVR77L0_W/VR + G;ﬂRU“VVLDRO'ijL, (AQO)

where Gg, Gg, Gy and Gr are effective coupling constants of respective 4-fermion

operators. The relevant processes which can lead to thermalisation of vy are given

"'We consider only one of the two different one-loop diagrams to calculate the effective Gz
vertex for simplicity.
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by

VR + VR <> VR + VR,
VR + Vg < v + VL,
VR + Vi, <> VR + Vr,
VR + UL < VR + Vp,

VR+DL < ﬂR‘i‘VL- (A91)

While we have focused on the case of right-handed neutrinos, interactions of
other species of dark radiation with Standard Model can also be realised through
effective operators. For example, coupling of Goldstone bosons (¢) with the SM

gauge sector at dimension-5 can be written as [173]

1 | ) .
- —1% (clBWB“” + W, W™ + c3GWGW) , (A.92)

where {B,,, W, G} denotes the field strength tensor associated with SM gauge
groups {U(1)y, SU(2)1, SU(3).}, with {B* W# G"} being their duals. Interac-
tion of Goldstone bosons with the SM can also be realised through Yukawa couplings
given by [473]
Oud - ij i
LD —AL¢¢17“<9‘3 + 947" )5, (A.93)

where ¢ denotes the SM fermions. Similar analysis performed in Section 4.1.3 for
Dirac neutrinos can be carried out to constrain the couplings of other species of dark

radiation.

A.8 Chapter 4: Axion field evolution

PBH, after formation, loses its energy via Hawking evaporation. The combined

Boltzmann equations for the system can be written as

dpin 1 dMgu
3 = A.94
g TP = e e (A.94)
dpr . 1 dMBH
dt +4/Hp7«— Mi dt PBH- (A95)
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The PBH mass loss rate is given by

1 dMBH:_ Ggu(Ty)
Myn dt 307200 G2 M,

(A.96)

Due to PBH evaporation, entropy injection takes place, leading to non-conservation

of entropy. The entropy injection can be tracked via

ds 1 dMpgy psu

- . . A.
7 + 3Hs Mon dt T (A.97)
The evolution of axion field a in the early Universe can be written as
£ . IV (a,T)
3 Via+ ———==0 A.98
a+ HG+R2(t) a+ 94 ; ( )

where

V(a,T) = f2m2(T) (1 — cos (fi» (A.99)

a
fa
the oscillation temperature of axion which can be estimated by comparing Hubble

and R denotes the scale factor. The initial axion angle, § = is frozen in until
expansion rate to the temperature dependent axion mass H(Tps.) = mq(Tosc). To get
the contribution of axion to the current energy budget, we solve the above equations
following the procedure in the reference [344]. The procedure is to first estimate the
oscillation temperature Ty, in presence of PBH. With this, number density of axion

at T,e can be calculated following

o pa(Tosc) _ 1 1-2 1 2
N6 (Tl Jp—= o (Tond) 1) <2a + 2|Va| +Vi(a)). (A.100)

Due to entropy dilution, the equation for n, becomes

id(na/s): 1 dMgwu peH
Ng dt MBH dt TS2‘

(A.101)

The above equation is solved from T' 2 Ty to a sufficiently small temperature when

PBH completely evaporates.
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Figure A.3: Constraint on M, versus [ plane considering resonant leptogene-

sis. Axion constitutes 10%,0.1% of total DM abundance in left and right panels

respectively. The red solid lines in the plots denote the parameter space that

is consistent with both DM relic and baryon asymmetry. The region excluded

from GW is separated by solid green line. The magenta dashed line separate the

regions that can be probed by future CMB-S4 experiment due to contribution of
hot axion on Ngg.

A.9 Chapter 4: Multi-component Dark Matter

If axion does not constitute the entire DM, the allowed parameter space discussed
so far can change significantly. The deficit in total DM abundance can be filled up
by one of the RHNs, as discussed briefly in Appendix A.10. From the left panel of
Fig.4.14, for a particular value of M;, and 3, one needs a larger value of axion mass
(correspondingly smaller value of f,) to have sub-dominant axion DM. However,
at the same time, a smaller value of f, also reduces the CP asymmetry parameter
according to Eq.(4.40). As a result, baryon asymmetry also reduces. Thus, for
a particular PBH mass, one needs to consider a smaller value 8 so that dilution
is also less to obtain correct baryon asymmetry. However, it turns out that for
this particular scenario, even if one reduces 5 to (. (where . distinguishes PBH-
dominated and radiation-dominated region), the correct baryon asymmetry can not
be obtained. The maximum baryon asymmetry that can be obtained is ~ 4 x 1071°
which is less than the observed asymmetry, viz., 6.3 x 1070, All the region above
the 8 = 3. line gives ng < 4 x 1071%. For the sub-dominant axion DM scenario, one
therefore must consider the resonant leptogenesis approach to generate the correct
BAU. In Fig.A.3 we show the results for resonant leptogenesis by considering the

percentage of axion DM as a free parameter. The solid red line in these plots
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correspond to the parameter space consistent with observed baryon asymmetry for
€1 = 0.1.

Note that, in the multi-component DM scenario, because the axion DM is a
subdominant component, we can have smaller f, values leading to axion mass range
in the solar axion ballpark [379, 474], making this scenario pretty different from the
case of axion constituting 100% DM. As an aside, let us mention that there have
been efforts to obtain the entire dark matter relic only in the form of axions for a
smaller value of decay constant (f, ~ 10*GeV) via parametric resonance production

of axions. see. e.g., Refs.[475-477].

A.10 Chapter 4: Production of RHN Dark Mat-

ter

As two RHNs are sufficient to generate neutrino mass and BAU via leptogenesis,
the other RHN, if sufficiently long-lived, can constitute some part of the total DM
abundance. Due to the presence of PBH and RHN coupling to axion as well as SM
leptons, we can have three? different production channels for RHN DM namely, (i)
gravitational production from PBH evaporation [156, 157, 159, 315, 325, 479-491],
(ii) production via axion portal interactions [192-494], (iii) freeze-in production via

Yukawa portal interactions [445, 195].

For the axion decay constant we have in our setup, superheavy RHN DM is
more natural which is produced dominantly via PBH evaporation. For the case
when Mpy < T3y, correct relic abundance needs DM mass in the range of ~ GeV.
However, for this mass range of DM produced by PBH evaporation, the DM turns
out to be hot and hence disfavored from structure formation constraints. For the
other limiting case Mpy > T3y, the DM mass is greater than 10° GeV, keeping it in
the superheavy ballpark, a natural consequence of the high PQ symmetry breaking

scale

However, if we allow fine-tuning of RHN DM mass, keeping it much lower

than the PQ scale, other production mechanisms like axion portal can dominate.

2t is also possible to generate light RHN DM via active-sterile neutrino oscillation [478], though
it faces severe X-ray constraints. See [273] for a review.
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Since, axion portal coupling of RHN will be suppressed for allowed mass range
of thermal DM below unitarity limit [443], such production is likely to occur via
freeze-in mechanism from the SM bath. For f, ~ 10*? GeV and reheat temperature
Try ~ 1012 GeV, we require DM mass to be around 10° GeV for observed DM relic to
be produced via UV freeze-in. For heavier DM mass, it is likely to be overproduced
via axion portal interactions as long as Trgy > Mpy. On the other hand, RHN DM
of mass ~ 10° GeV will also be overproduced from PBH evaporation as mentioned
above. This pushes RHN DM to low mass where it can be produced efficiently
via Yukawa portal interactions while gravitational and axion portal contributions
remain sub-dominant. In this regime, correct relic can be achieved via IR freeze-in
production of Ny from the SM bath. As shown in earlier works [445, 495], such
freeze-in production is dominated by W=, Z and SM Higgs decays facilitated via
active-sterile neutrino mixing #,. The mixing angle can be tuned by choosing the
lightest active neutrino mass m,. The same active-sterile mixing also leads to decay
of N; into SM particles. Although the abundance of N; only depends on m;, the
decay rate of N; depends on both m; and M;. This gives a constraint on the Ny
mass, as shown in the left panel of Fig.A.4. The magenta-colored line represents
the situation where PBH do not dominate the energy density of the Universe (i.e.
no additional entropy dilution). The brown colored line denotes the situation where
entropy dilution is present from PBH evaporation. Due to the presence of entropy
dilution, /Ny should be produced over-abundantly requiring a larger value of active-
sterile mixing angle. As the decay of N; is also dependent on 6?, so M, is more
tightly constraint in the presence of entropy dilution as seen from the left plot of
Fig.A.4. Here both the magenta and the brown color lines give the correct relic
density. In the right panel plot, m; is shown in the 8 — M, plane for Qy, h? = 0.12,

correlating neutrino mass with PBH parameters from correct DM relic criteria.

RHN DM with Try < Mpym: As noticed in the above discussions, the RHN
DM parameter space produced from PBH evaporation and axion portal interactions
is anti-correlated, forcing the RHN DM mass to sub-GeV ballpark where it can
be efficiently produced from Yukawa portal freeze-in mechanisms. However, this
requires severe fine-tuning of RHN coupling with the P(Q scalar such that M; =
Mpu < f,. Such unnatural fine-tuning can, however, be avoided if we consider the
heaviest RHN N3 to be DM with mass M3 = f, > Tgry which can not be produced
from the bath. Leptogenesis is obtained from N; and Ny with M; ~ M,. For thermal
leptogenesis, we assume M; ~ My < Try < M3 = f,. Although the PQ symmetry
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Figure A.4: Left panel: 67 versus M; for two different scenarios: without PBH
and with PBH (M, = 10® g and 8 = 10~'%) shown by magenta and brown color
respectively. The shaded blue color region represents the excluded region by X-ray

experiments. Right panel: Lightest neutrino mass m; in PBH parameter space
8 — M, with N7 abundance QN1h2 =0.12.
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Figure A.5: For M3 > Tryg > My ~ Ms. Blue, green, and magenta colored lines

denote the different situations where Q,h% = 10%, Q.h% = 1% and Q.h% = 0.1%

respectively and f, = Mj3. The RHN N3 constitutes the rest of DM abundance.

The brown-colored solid line denotes the parameter space consistent with the
baryon asymmetry for maximal CP asymmetry.
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Figure A.6: Left panel: Q%e\?vkhQ versus fP for 0.1% relative abundance of

axion DM. Right Panel : Peak Gravitational Waves amplitude as a function of

M;, and § with different experimental sensitivities. The red dashed line denotes

the correct baryon asymmetry value for resonant leptogenesis with maximal CP
asymmetry.

gets broken after e.g., slow-roll inflation, a non-instantaneous reheating phase [196]
can lead to a reheat temperature Ty < f,. This leads to purely gravitational
production of RHN DM from PBH evaporation. The DM mass produced from PBH

evaporation is given by

0.12 M.\ "2 w2
Mpy ~ 4.5 x 10° . 8 A.102
DAL 5 % (QN3h2) (Mp]) GGV ( )

Considering Mpy = f,, this gives a line in the §— M;, plane. In Fig.A.5, blue, green,
and magenta colored lines correspond to the situations where Q,h% = 10%, 1% and
0.1% of total DM abundance respectively. Note that Ms; = Mpy = f, changes
along these contours, following Eq.(A.102). The rest of the DM abundance is con-
stituted by N3. The observed BAU can be generated from resonant leptogenesis as
discussed earlier. The parameter space satisfying the observed BAU for maximal

CP asymmetry ¢; = 0.1 is indicated by the brown-colored solid line in Fig.A.5.

A.11 Chapter 4: GW prospects in multi-component

DM scenario

Similar to the right panel of Fig.4.16, we show the Q%%‘&W and fP®* for resonant

leptogenesis scenario in the left panel of Fig.A.6 considering 0.1% relative abundance
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Figure A.7: Top plot: DM energy density vs Galactocentic distance for three

different DM profiles. Bottom plot: Constraints on DM lifetime from UHECR vs

DM mass for different DM profiles considering bb channel. The constraints are
nearly independent of the DM profiles.

of axion DM. In the right panel, we show another representation of the resonant
scenario where the peak GWs amplitude are shown as a function of PBH mass
and [ along with different GWs sensitivities. As expected, the red dashed colored
line denoting correct leptogenesis for resonant scenario lies within the future GWs

sensitivities.

A.12 Chapter 5: Dependence on DM density pro-
file

We have performed the analysis on SHDM decay considering the NF'W DM density
profile in the Milky Way throughout Section 5.1. For completeness of the analysis,
it is crucial to understand the variation of the results for different DM profiles.
Therefore, in this appendix, we present an analysis on the dependence of our results
on different DM density profiles. Other than the NFW profile, here we take two
other DM profiles: Einesto [205] and Burkert [207]. The equations for DM energy

density for these two profiles are

pEin(Rac) = peexp [—12.5 ((%f) - 1)] , (A.103)
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peR
Rac + Rc) (Réc + ng

pBur<RGC) = ( (A.104)

respectively.

To illustrate the effect of different DM profiles, we compute the constraints on
SHDM lifetime from TA’s UHECR, observation for the DM profiles discussed above.
The results are shown in Fig. A.7. In the top panel of A.7, we show the DM energy
density in the Milky Way as a function of Galactocentric distance for the different
DM profiles. These DM profiles give different 7%= values in equation (5.3). While
for NFW profile, J%=x takes value of 1.99, for Einesto and Burkert profiles, its value
is 2.08 and 1.95 respectively. This variation of J%=x gives a maximum of around
7% changes in SHDM lifetime depending on the DM profile as shown in the bottom
plot of figure A.7. Hence, the dependence of the constraints on the DM profile is
negligible.
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