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Abstract

Of fundamental importance to address the mysteries in cosmology and particle physics is the
exploration of the frontiers of physics Beyond the Standard Model. An appealing path to un-
dertake in this fashion is the study of Primordial Black Holes, theoretical Black Holes hypothet-
ically formed shortly after the Big Bang as a byproduct of an array of mechanisms. Depending
on their mass, Primordial Black Holes have different impacts on pivotal stages of the Uni-
verse’s evolution. Thus, information regarding the (non-)existence of Primordial Black Holes
may provide valuable insights into these stages. Recently, the topic has been the subject of
heated debates, driven by the latest observations of gravitational waves.

This thesis spotlights the sophisticated interaction between Primordial Black Holes and
physics Beyond the Standard Model in several contexts. The first part of this manuscript pro-
vides a concise review of the state of the art of physics Beyond the Standard Model and Pri-
mordial Black Holes, while the second focuses on their interplay in the neutrinos, Dark Matter,
and Baryogenesis scenarios. We investigate neutrino and sub-GeV Dark Matter emissions from
Primordial Black Hole evaporation and show that they strictly constrain Primordial Black Hole
abundance at present. Moreover, while surveying the baryon asymmetry production, we find
a peculiar scenario where particle absorption into Primordial Black Holes drives the baryon
asymmetry generation. Surprisingly, this scenario works without requiring baryon number vi-
olation at the Lagrangian level, violating one of Sakharovs conditions. In the same context, we
show a fundamental incompatibility between Primordial Black Holes and thermal Leptogene-

sis and derive compelling limits in the mixed parameter space.
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Dedicated to my parents and siblings.



Remember to look up at the stars and not down at your feet.
Try to make sense of what you see and wonder about what
makes the universe exist. Be curious. And however difficult
life may seem, there is always something you can do and

succeed at. It matters that you don’t just give up.

STEPHEN W. HAWKING
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Introduction

While undertaking a journey into the jungle of particle physics and cosmology, we find our-
selves tangled by several captivating enigmas that challenge the boundaries of our comprehen-
sion and lead us to delve deeper and deeper into the intricate fabric of our Universe. As we
explore the topic, it becomes clear that profound open questions plague the most promising
theories describing the foundation of our knowledge. [1].

An elusive and unknown form of matter dominates the matter component of our Universe,
stealing the spotlight from ordinary matter. Despite the colossal efforts made by several collab-
orations spread all over the globe, its true nature remains a riddle.

Furthermore, ordinary matter presents an enigmatic side because of the observed mat-
ter /anti-matter asymmetry that defies explanation within the current paradigm.

An intriguing form of energy, the Dark Energy, overshadows the matter component of our
Universe and pulls the strings for cosmic expansion.

The undeniable evidence of neutrino oscillations shakes the foundation of the Standard
Model minimal formulation that predicts massless neutrinos.

Lastly, the Standard Model presents a fundamental incompatibility with the theory that
describes the fabric of the Universe, the general relativity.

One of the possible approaches to address these problems requires a procedure that simul-
taneously investigates physics Beyond the Standard Model and cosmology. This quest requires
us to decipher fundamental elements and relations of particle physics and cosmology under
the guiding light provided by physical, astrophysical, and cosmological observations [2].

This thesis seeks to position itself within the collective endeavor dedicated to unveiling
the Universe’s deepest secrets. In particular, we focus on Primordial Black Holes that serve
as an excellent phenomenon that bridges between micro (particle) and macro (cosmology)
realms, [2]. They are hypothetical Black Holes formed in the very early Universe, predicted
by a landscape of mechanisms [3]. As a result, any observation of Primordial Black Holes can

X
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shed light on several aspects of the first phases of our Universe.

In recent years, studies on the topic have skyrocketed because of the gravitational wave ob-
servations that suggest that some of the mergers involve Primordial Black Holes [4]. Another
pivotal factor contributing to the surging interest in Primordial Black Holes lies in their poten-
tial contribution to the Dark Matter abundance. Nonetheless, Hawking radiation imposes a
critical cut: only Primordial Black Holes heavier than ~ 5 x 10'4g are viable Dark Matter candi-
dates. Proposed by Hawking in the 1970s as a harmonic combination of quantum xand general
relativity effects, this radiation stands out as one of the most intriguing aspects surrounding
the physics of Primordial Black Holes that predicts a progressive mass loss associated with
the emission of elementary particles from the Primordial Black Holes. Primordial Black Holes
served as a fundamental inspiration for the study of this fascinating phenomenon, standing as
one of the most significant of the last century because of the intrinsic link between general rel-
ativity, quantum mechanics, and thermodynamics despite the persistence of some conceptual
challenges. This example illustrates that Primordial Black Holes can lead to profound insights
even if their existence remains unproven.

Moreover, Hawking Radiation is crucial in our comprehension of the potential effects of
Primordial Black Holes on critical milestones in the evolution of our Universe, including the
origin of the baryon asymmetry, Big Bang Nucleosynthesis, and structure formation.

Furthermore, this phenomenon presents an appealing opportunity to explore various exten-
sions of the Standard Model. In this context, the extension may assume a substantial number of
new particles, as seen in Supersymmetry, but there are also cases where there is only few new
species. For instance, Dark Matter or Right-Handed Neutrino production from the evapora-
tion of Primordial Black Holes are of broad interest. Moreover, Hawking Radiation can survey
more intricate extensions involving baroque space-time geometries, as seen in theories like the
Extra-dimension.

From the astrophysical perspective, Primordial Black Holes with substantial masses have
the potential to serve as seeds for supermassive Black Holes residing in the core of galaxies.

The handful of examples cited are merely instances that lead us to conclude that Primordial
Black Holes provide a captivating avenue of research offering an alluring window into the
fundamental physics that shape and govern our Universe, whether they exist or not.

We divide this thesis into two Parts. The first part presents the literature on Physics Beyond
the Standard Model and Primordial Black Holes. In particular, Chapter1 briefly discusses the
Standard Model and the open problems that will be discussed later on in the thesis, that are (7)
Neutrino masses, (i) Dark Matter, (ii7) the origin of the Baryon asymmetry. Chapter 2 focuses
on the principal features of Primordial Black Holes and their link to the early Universe physics.
We will briefly review (i) the formation mechanisms, (i7) how Primordial Black Holes alter the
Universe’s evolution, (iii) the phenomena contributing to the mass evolution, (iv) the existing

constraints on Primordial Black Holes” abundance, and (v) the open problems.
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Part II summarizes the papers we published on Primordial Black Holes in the context of
Physics Beyond the Standard Model. We organize it as follows. Chapter3 focuses on neu-
trino emitted from primordial black hole evaporation. They can interact via Coherent Elas-
tic neutrino-Nucleus Scattering in Dark Matter direct detection experiments. Here, we ob-
tained forecast constraints on primordial black hole abundance today. The Chapter summarises
Ref.[5]. Chapter4 portrays the emission of light Dark Matter from evaporating Primordial
Black Holes. Recently, light Dark Matter detection gained a lot of attention. Generally, direct
detection of sub-GeV Dark Matter is challenging since it induces low recoil energies. The prob-
lem is solved by considering light Dark Matter with considerable kinetic energies. Here, we
point out that Primordial Black Hole evaporation is a source of boosted light Dark Matter with
energies of tens to hundreds of MeV. Considering XENON1T and Super-Kamiokande data, we
constrain the mixed parameter space of Primordial Black Holes and sub-GeV Dark Matter. The
Chapter sums up Refs.[6, 7]. Chapter 5 describes a baryogenesis scenario that does not require
a Baryon number violation at the Lagrangian level. The mechanism exploits a different absorp-
tion of a new particle with Baryon number and its antiparticle into Primordial Black Holes.
We identified a region of the parameter space reproducing the correct Baryon asymmetry. The
Chapter is based on Ref. [8]. Chapter 6 discusses the interplay between Leptogenesis and Pri-
mordial Black Holes. In particular, we consider Primordial Black Holes evaporating between
the sphaleron transitions freeze out and Big Bang Nucleosynthesis. We obtain mutual exclu-
sion limits in the mixed parameter space, and once projected onto the Primordial Black Holes
parameter space, they prove to be highly competitive with existing ones despite being model-
dependent. The Chapter outlines Ref. [9].

Lastly, Part III summarises Part II’s results and illustrates possible outcomes of this thesis.

xi
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CHAPTER 1

Physics Beyond the Standard Model

The Standard Model, often regarded as one of the greatest achievements of modern physics,
stands as a stele to our understanding of the fundamental particles and forces governing our
Universe[1]. An array of seminal contributions and experimental evidence support this theo-
retical framework.

Among its achievements, the Standard Model led to the groundbreaking discovery of the
Higgs boson, pivotal for determining the mechanisms responsible for the particle’s mass. No-
tably, it also predicted the electron’s magnetic moment with astonishing precision with an error
of 1 part per 100 billion.

In the forthcoming Section 1.1, we shortly revise the Standard Mode, delving into its core
principles.

Currently, searches focus on determining the Standard Model parameters with high preci-
sion and, eventually, uncovering signatures for new physics. Indeed, the Standard Model is far
from being considered a complete theory but rather an approximation of a theory observable
at greater energies. Five main phenomena motivate searches looking for new physics, which

are:

o Neutrino Masses. The original formulation of the Standard Model assumes neutrinos
to be massless. However, several experiments, including the groundbreaking one per-
formed by Super-Kamiokande [10], unequivocally demonstrate that neutrinos oscillate.
This discovery raises two questions: (i) Are neutrino Majorana or Dirac particles? (it)

why are neutrino masses so small compared to the other fermions’?

We revise the topic in Section 1.2.

o Dark Matter. Cosmological observations reveal that the Standard Model only accounts

2
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for a mere fraction (~ 5%) of the energy content of the Universe, whereas an unknown
form of matter, known as Dark Matter, makes up around 26% [11] of it. The Standard
Model fails to provide a valid Dark Matter candidate.

Section 1.3 discusses the evidence, potential candidates, and detection techniques for

Dark Matter (see Ref. [12] for a recent review)

o Matter/anti-matter asymmetry. The Universe exhibits an asymmetric matter and anti-
matter composition, and the reason for this asymmetry remains unanswered. The Stan-
dard Model asymmetry predicts an asymmetry order of magnitudes smaller than the

observed one [13]. Section 1.4 delves into this topic.

o Dark Energy. Dark Energy constitutes the majority of the Universe’s energy content
(~ 69%)[11] and it is responsible for our Universe’s accelerated expansion[14]. The
“cosmological constant problem” has been the subject of intense studies since the general

relativity formulation, whereas experimental evidence confirmed it around 30 years ago.

o Gravity. The Standard Model does not account for gravity and it is incompatible with
general relativity [15]. Numerous models, such as string theory, M-theory, and quantum

gravity, attempt to connect gravity to the other fundamental interactions.

1.1 Standard Model Unraveled

Particle physics theories should identify fundamental components of our Universe and de-
scribe their interactions. Currently, the Standard Model is the most successful theory, excel-
lently describing strong, weak, and electromagnetic interactions up to the electroweak scale
(Apw ~ 100 GeV). Based on quantum field theory, it regards matters and force with the same
formalism, where particles mediate interactions.
The Standard Model Lagrangian is invariant under a local (gauge) transformation under
the symmetry group
Gsy =SU(3)e x SU((2)r, x U(1)y . (1.1)

Each gauge factor describes a different fundamental interaction with fields having various
representations under them. In particular, SU(3). characterizes the strong interaction, and
SU(2)r, x U(1)y the electroweak.

The Standard Model includes 12 fermions, particles of spin 1/2. We divide them into two

categories

o Quarks: fermions strongly interacting, meaning that they are triplets under SU(3).. Up-
type quarks (u! = (u,c,t)) have electric charge +2/3, down-type (d' = (d, s,b)) have
charge —1/3.
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i i pi\T i i gin\T i i i
Ly =@, ), Qp = (u', &), Uy Up dp ¢=(oF, ")
SUQB)¢c 1 3 1 3 3 1
SUQ)., 2 2 1 1 1 2
X = +} 1+ +}

Table 1.1: Standard Model particle content.

o Leptons: do not strongly interact, thus, they are singlets under SU(3)... We classify them
into charged Leptons (¢ = (e, u, 7)) with charge +1 and neutrinos (v* = (ve, v, v;)) that

are neutral.

Gauge bosons, particles of spin 1, mediate the fundamental interactions. Strong interaction me-
diators are the gluons (G°). W= and Z° mediate weak interactions and the photon () mediate
the electromagnetic one. The weak interaction is chiral, meaning that right- and left-handed
fermions transform differently under SU(2);. In particular, left-handed fermions are doublet
under SU(2);, while the right-handed ones are singlets. Consequently, mass terms like mW¥ W
are not SU(2), invariant, and the Standard Model lagrangian can not accommodate them. In-

deed, defining the chiral projector as

1 5

Pp = (12)
2

1— 5
P, = 27 , 13
(1.4)

we can write

mUV = mU(Pg + Pr)(Pr + PL)V = m(Wp¥ + U UR). (1.5)

Furthermore, weak interaction needs Z and W= to be massive. Instead, local Lagrangian in-
variance requires massless gauge bosons. The Higgs mechanism [16-18] is responsible for the
gauge boson masses because of the introduction of a complex scalar field ¢, with a specific po-
tential invariant under SU(2);, x U(1),- that spontaneously breaks the electroweak symmetry
down to U(1),;. Fermion masses originate from the Yukawa coupling with the Higgs field.
We present more details of the mechanism along with the model’s Lagrangian. Table 1.1 reports
the Standard Model particle content with their quantum numbers.

In the limit of massless neutrinos, the most general Standard Model Lagrangian features
19 parameters measured experimentally, conveniently summarized in Table 1.2. We divide the

Lagrangian into four components

EZEB—I—ﬁp—I—ﬁy—V((I)), (1.6)



PHYSICS BEYOND THE STANDARD MODEL AND PRIMORDIAL BLACK HOLES

1 1 1 2 3 10 1
Original gs g q oy A yi; yi; facp
Measured Qg myy « Gpr, my, My mgi, VekM ~0

Table 1.2: Standard Model free parameters.

where £ and L are bosons and fermions kinetic terms respectively, £y contains the fermions-
Higgs interactions (Yukawa terms), and V' (®) is the the self-interacting Higgs potential. They
are defined as

Lp = Y iFy,D'F, (1.7)
Fl 1. : 1 1

Lp = = B"Bu — WHWW,, — GG, + 5(@@)*@%, (1.8)

Ly = —ybQuodly —yiQroul —yhLpolh +hec., (1.9)

V) = gidt+ Ao (1.10)

In Eq. (1.7), the sum is performed over all the fermions, and D,, is the covariant derivative. It is
defined as

R A |
D, =0, + zgs?GM + 297WM + g §YB#, (1.11)

where g5, g and ¢’ are SU(3),, SU(2);, and U(1),- couplings respectively, % (i = 1,2,3) and \*
are Pauli and Gellamnn matrices (a =1, ..., 8), and Y is the hypercharge. In Eq. (1.8), we define

B = 8,B,-0,B,, (1.12)
Wi, = 0.W)—0,W,+ge’*Wjwi, (1.13)
GYY = 0,G%—0,G% + go f*"GLGE, (1.14)

€% and fa% are SU(3), and SU(2), structure constants. W[L and B,, are the electroweak gauge

bosons that can be represented as

1 — 1172
Wi:Wu:FZWu

0 _ 3
f N Wl =w?. (1.15)

We highlight that WS and B, have the same quantum numbers and can mix. In Eq.(1.9),
5 — (d)O*’ _¢+*)T‘

We notice that the terms in Egs.(1.7), (1.8), (1.9), and (1.10) have been constructed to re-
spect the gauge symmetry in Eq.(1.1). Higgs self-interaction in Eq. (1.10) is responsible for
SU(2)r, x U(1)y symmetry breaking, that occurs when the temperature drops below a critical

temperature, causing the quadratic term in Eq.(1.10) to become negative. Consequently, the
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potential minimum move away from ¢ = 0.
The fundamental consequence is that Higgs boson acquires a non-zero vacuum expectation
value (¢°) = v/v/2 ~ 174 GeV[19], that is granted for

(971/0 =0 — p? = -2, (1.16)
9™ |(50)=v/v2
as long as p? < 0, we notice that the Higgs boson mass is my, = /[2].

After the symmetry breaking, particles interacting with the Higgs gain mass. In Eq.(1.8),

we get

2
Lp D 92% [W;WM +WIW2H 4 <§,Bﬂ - Wj) (5’,3# - W3“>} . (1.17)

2
We observe that the mass matrix is not diagonal because of (%B = Wj’) . From the diagonal-

ization of the boson mass matrix, we obtain the mass eigenstates, that are
Z, = B (gW3 — g'BM) = cos Oy W3 — sin Ow B, , (1.18)
A, = \/ﬁ (g’Wj + gBM) = sin Oy W? + sin by By, (1.19)
where 0y is the Weinberg angle and A, indicates the photon. Furthermore, the mass eigenval-

ues are

v

my = —W_ (1.21)
cos Oy
myg = 0. (1.22)
A similar treatment has to be done for Eq. (1.9). In particular, we obtain
Ly > ——~ {vididl, + ylsuiul, + 036 e (1.23)
\/i 1R ™L g "R ™YL 1 R™L e :

In general, Yukawa matrices are not necessarily diagonal in the basis of electroweak and strong
interactions eigenstates. As for the bosons, mass eigenstates are obtained diagonalizing the
mass matrices. Charged Leptons mixing is formally allowed, it is not experimentally observed.

Quarks mass eigenstates are defined as v, = U,uy, and d; = Ugur, where g and ¢’ are weak
interaction and mass eigenstates respectively and U, is an unitary matrix (U, Ug = Ug U, =1).

In terms of the mass eigenstates, the weak interaction takes the form

LrD _%vg{Mﬂl‘L’wW;dg’ +hec. (1.24)

V2
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Vokm = UjUy is the Cabibbo-Kobayashi-Maskawa matrix. It is an complex 3 x 3 matrix that
can be parametrized in terms of three mixing angles (02, 613, 623) and a complex phase (4),

representing the only source of CP-violation in the Standard Model. Vg is commonly written

as
1 0 0 C13 0 813€_i5 C12 s12 0
Vekm = 0 co3 So3 0 1 1 —s12 c12 O ) (125)
0 —s93 co3 —3136"“s 0 c13 0 0 1

where Cjj = COSs Qi]’ and Sij = sin 9”

In Table 1.2, we introduce 0qcp that is responsible for C'P violation in strong interactions.
At present, its experimental measurement is consistent with zero. Thus, we will not discuss it
here. In the same Table, we indicate the Fermi Constant as
V2 g V2

== 1.26
8 m%v 202 ( )

Gr

With the discovery of the Higgs boson in 2012, we measured all the particles predicted
by the Standard Model, making it is a complete theory. The Standard Model is exceptionally
successful and has withstood decades of precision tests in colliders. Nonetheless, as mentioned
at the beginning of the Chapter, the Standard Model is not the final theory because it can not

account for several experimental observations.

1.2 Neutrino Masses

Pauli proposed the existence of neutrinos in 1930 as a way to account for the missing energy
in the 3-decay. They play an essential role as fundamental particles in the Standard Model.
Since they are neutral and colorless, left-handed neutrinos only feel weak interaction. Right-
handed neutrinos are sterile particles allowed in the Standard Model but not included in its
minimal version. For this reason, it considers massless neutrinos (see Eq.(1.9)). Since the
neutrino masses are much lighter than the other fermions, this approximation lasted many
years. However, the observation of neutrino oscillations provides strong evidence neutrinos
are massive. The phenomenon consists of the flavor conversion of neutrinos while propagat-
ing because of an underlying mismatch between neutrino mass and interaction eigenstates.
The determination of neutrino masses is an active research area. Cosmological observation

provides a limit on the total neutrino mass [1]

> vj=0.14eV. (1.27)
j
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Normal Ordering Inverted Ordering

V2

I
2
Amg,
V3 — v

N = o

m?
=
Sw

2
Amg,

2
2

Amg,

i Vs e—

Figure 1.1: Neutrino mass hierarchy. Schematic depiction of the probability of measuring v,
flavor eigenstate in the i-th neutrino mass eigenstate for the normal (left panel) and inverted
(right panel) orderings.

KATRIN provides the most stringent limit from direct measurement on neutrino masses up to
date by requiring [20]
my, < 0.8eV at 90% C.L.. (1.28)

However, individual neutrino masses and their ordering are still unknown. Neutrino oscilla-

tions experiments can determine the values of the mass-squared differences Amg; = m7 — m}
rather than the individual masses themselves. In particular, experiments determine two mass-

squared differences [21]

Am3, ~ 7.36-107°eV?, (1.29)
Am2,| ~ 2.485-1073eV?. (1.30)
13

known as the solar and atmospheric mass-squared differences, respectively.
Neutrino mass ordering refers to the hierarchy of the neutrino mass eigenstates in terms of

mass. There are two possible mass orderings
o Normal ordering (NO): m; < ma < ms;
o Inverted ordering (I0): ma 2 m; > mg.

Experimental measurements of neutrino oscillations do not allow for the determination of the
mass ordering, but current data seems to show a mild preference for the normal ordering [22].
In Fig. 1.1, we provide a schematic depiction of the probability of measuring a certain flavor

state in the i-th mass eigenstate. If we enrich the Standard Model with right-handed neutrinos,

8
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& ¢ ¢ b b ¢ ¢ ¢
S A »"
h ¥ N I3 ¥ X ¥
Ng ’ b))
YA
; ; : L/\L ; :

Figure 1.2: Weinberg operator. The first diagram represents the effective vertex describing the
Weinberg operator. From left to right, the other diagrams illustrate the tree-level diagram from
Type L, II, and II seesaw mechanisms where Np, is a singlet Majorana fermion, A and ¥ are a
scalar and fermion triplets under SU.(2) with Y = 1 and Y = 0, respectively.

neutrinos could have the same mass terms as quarks and Leptons (Dirac particles). In such a

case, the mass term originates from
Lo~y Lydvh +he.. (1.31)

This Lagrangian term conserves the flavor Lepton number. To explain neutrino masses, the
Yukawa coupling must be O(1071°) or smaller, leading to a fine tuning problem. Conversely,
assuming the absence of right-handed neutrinos, we can identify neutrinos with anti-neutrinos

(Majorana particles) with mass term given by
LD _mLLyLVE . (1.32)

However, this term violates SU(2)7, x U(1)y, but we can derive it from the Weinberg opera-
tor [23] .
LD K¢¢LiLj +h.c., (1.33)

that is a dimension five non-renormalizable effective operator already included in the Standard
Model. Interestingly, it leads to AL = 2 processes not yet observed. We can obtain it from a
renormalizable Lagrangian where we have integrated out a heavy mediator. In Fig.1.2, we
picture the effective vertex alongside three examples.

The neutrino masses problem is twofold. From one side, we do not know whether neutrinos
are Dirac or Majorana particles. We can study neutrinos’” nature by looking at the neutrinoless
double § decay, represented in Fig. 1.3. If neutrinos are Majorana particles, we should observe
this decay. On the other hand, we need a mechanism explaining why their masses are so small.
We recommend Ref. [24] for a comprehensive review.

We divide the Section into three. The first subsection describes neutrino oscillations and
consequences. The second subsection presents the seesaw mechanism that simultaneously

provides neutrino mass and explains why they are so small compared to the other fermions’.
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Figure 1.3: Neutrinoless double 3 decay

Lastly, we detail the Coherent Elastic neutrino-Nucleus Scattering. This interaction provides

an insurmountable background in Dark Matter direct detection experiments.

1.2.1 Neutrino oscillations

We define neutrino oscillations as the phenomenon by which a neutrino can change flavor
while propagating and represents the most solid evidence of Physics Beyond the Standard
Model.

Pontecorvo in 1957 [25, 26] investigated hypothesis of neutrino anti-neutrino oscillations in
analogy to K — K" oscillation [27].

Only with the discovery of muon neutrinos the attention shifted on the mixing of massive
neutrinos [28, 29] and, a few years later, of neutrino oscillations [30-33]. Refs.[34-36] discuss
how the propagation in matter can influence oscillation, a fundamental aspect of our under-
standing of solar neutrinos.

In 1998, Super-Kamiokande provided the first compelling evidence of neutrino oscilla-
tions [10]. However, it was not an unexpected result, as numerous hints had accumulated over
the years [37-48].

Since the groundbreaking observation, additional evidence supporting neutrino oscilla-
tions has emerged from various sources, including studies of solar [49-54], atmospheric[10,
55, 56], reactor [57, 58], and accelerator [59-61] neutrinos. These findings continue to be a rich
source of exploration in the field.

Neutrino oscillations proves that neutrino flavor (v,, a = e, p, 7) do not coincide with mass

eigenstates (v;, ¢ = 1, 2, 3). Hence, we can write the flavor eigenstate as a mixture of the mass

10
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Normal Ordering Inverted Ordering

best fit +10 30 range best fit +1o 30 range

sin? 0%, /107! 3.0370 13 [2.63; 3.45] 3.037013 [2.63; 3.45]

sin2 05,/107"! 4.551048 [4.16; 5.99] 5.6910 33 [4.17; 6.06]

sin? 0%, /1072 2.2310-01 [4.16;5.99] 2.237000 [4.17; 6.06]

§t ) 1.2470-38 [0.77;1.97] 1.5210-14 [1.07;1.90]

Am2, /1077 eV? 7.367018 6.93;7.93] 7.36101% 6.93;7.93]
AmZ; /1073 V2 2.48510:0%3 2.401; 2.565) —2.455100% [—2.541; —2.376]

Table 1.3: Three-flavor oscillation parameters. The first (second) column reports the param-
eters assuming Normal (Inverted) ordering. We highlight that Am3; > 0 for Normal ordering
and Am3; < 0 for Inverted ordering. Note that Am2, = Am?, and Am2,,, = |Amgz|*>. The

experimental data are taken from Ref. [22]. We suggest also Refs. [21, 63].

eigenstates
Ve n
v, | =Upmns [ 1y (1.34)
Vr 1%

where Upyins is the Pontecorvo-Maskawa-Nagasaki-Sasaka matrix. The standard parametriza-

tion is
Uel Ueg Ue3 eial/Q 0 0
UpmNs = | U Uur Ugs 0 eie2/2 o | =UV (1.35)
U‘rl U7'2 U‘r3 0 1
where
L0 0 C13 0 sfze™ cip sz 0
U=1|0 ds sbs 0 10 —sfy fy 0 (1.36)
0 —sby b —s‘ﬁemz 0 s 0 0 1

where cfj = cos Hfj, sfj = sin ij. 0 is the Dirac CP-violating phase, a1 and oy are the Majorana
complex phases. While Dirac phases can be reabsorbed in the field definition, Majorana phases
can not because of the less degrees of freedom [62]. In Table 1.3, we report the experimental

measurement for fundamental quantities describing the phenomenon.
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Two flavor oscillation

We start with the simple example of two-flavor oscillation between v, and v,,. Eq. (1.35) simpli-

fies as

|ve) = cos@|vy) +sinf |ve) , (1.37)
lvy) = —sind|v1) +cosf|va) . (1.38)

We can express the oscillation as

V(1)) = lvj(0)) e~ (1.39)

where E; is the neutrino energy. According to this notation, we can write transition from v, to
vy, as

P(ve = vyit) = |<1/M(0)|y6(t))|2 = %sin2 201 — cos(E1 — E9)t] . (1.40)

We can write this expression in terms of the neutrino masses m;, by using

(p>mi) m2 —m? Am?2

(1.41)

We highlight that from neutrino oscillations, we can deduce the squared mass splitting Am?, =

m3 — m3. We will see that the same results apply to the case with three neutrinos.

Three flavor oscillation

Similarly to what we have done in the previous paragraph, the transition probability from v,
to v is given by

2

P(va = vgit) = [|vslva(t)]® = (1.42)

Z U;j UﬂjefiEjt

= Z ;iUsi akUﬁk exp{—i(E; — Eg)t} (1.43)

= Z\Uaﬁ |UssI* + Y Uk iUsiUakUfy exp{—i(E; — Ep)t}.  (1.44)
J#k

By using the unitarity condition and approximating E; ~ p + m? /2p, we obtain

P(vy — vg; t)y = aﬂ + Z UBJ akUﬁk exp{—i (Ej — Ep)t} (1.45)
Jj#k

~ bag+ Y (—4Re [UzUsUarlUs | sin® X+ (1.46)
i>k

+ 2Im [U2,UsUaUf | sin 2X5) |

12
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where X;; = (m3 — mj)/4E. From CPT and T transformations, we obtain the oscillation prob-

ability for anti-neutrinos
P, —>?B;t,5) = P(vy — vg;t, —9). (1.47)
We can write the CP-violation as

1
CcP
Aaﬂ - =

5 [P(va = vg) = P(Fa = 7g) =23 Im (U2 UsiUakU ] sin 2. (1.48)

i>k
For a = 3, we have no CP violation.

Lastly, we mention the MikheyevSmirnovWolfenstein effect, a phenomenon describing the
alteration of neutrino oscillations as they travel in matter with varying density [34, 35]. The ef-
fect stems from the interaction between electrons and electron neutrinos that induces an effec-
tive potential changing the Hamiltonian of the system, Hy — Hy+ V, where H is the Hamilto-
nian in vacuum. Therefore, neutrino mass eigenvalues and eigenstates change. Consequently,
propagation in matter alters the neutrino oscillations probabilities because they depend on the

neutrino mass square differences.

1.2.2 Seesaw Mechanism

The seesaw mechanism explains the smallness of neutrino masses by introducing heavy neu-
trino singlets. Here, we present type I seesaw [64]. For a complete review on all the possible
mechanism, we recommend Ref. [65].

Type I seesaw

We consider the following Lagrangian
— j — -
—LD —Z]\fla]\[Z + iMijNCiNj + Y;J‘Li(ﬁNj + h.c.. (1.49)

where N are n right-handed singlets neutrinos, M;; = diag(M;, Mo, ..., M) is orders of magni-
tude larger than the electroweak scale. We highlight that this Lagrangian contains vertices vio-

lating the Lepton number. After the spontaneous symmetry breaking, the relevant Lagrangian

terms are 1
LD —-vrmpN — §WMN + h.c., (1.50)
where
v
mp =Y — 1.51
D 7 (1.51)
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In the matrix form, Eq. 1.50 is

L>( p, Ne (1.52)
mh M N

If we assume the right-handed neutrinos originated from a Grand Unified Theory, M > mp.
Thus, we obtain the effective Majorana masses for the left-handed fermions from the diagonal-
ization of the mass matrix as

my, = —mDMflmql; . (1.53)

We can see that m, are suppressed from M —1. For instance if we take mp ~ my and M ~

Meur, mrr, ~ 1073 V. In particular, we block-diagonalize the matrix as follows

—mDM_lmT 0 0 mp
P ~uT U (1.54)
0 M mh M
where
Upnns — mpM* 1 Upvns «@
U= = . (1.55)
_Milmjj; Lxn —af Lxn

Therefore, the Majorana left-handed neutrino is 7 = v} + a;;Nj. Being a;; < 1, we can
disregard the small right-handed component.
Assuming to have three right-handed heavy neutrinos, we recast Y according to the Casas-

Ibarra-parametrization [66]
1
Y = ;\/MR\/mVUliMNS : (1.56)

where 7, = diag(m1, ma, m3), m; are the light neutrino masses, and R is an arbitrary complex
orthogonal matrix (R’ R = RRT = I). According to the Lagrangian in Eq. (1.49), we can write
my, as

1
my ~ =Y . — . YT, (1.57)
M

1.2.3 Coherent Elastic Neutrino Nucleus Scattering

Coherent Elastic Neutrino Nucleus Scattering (CEvNS) [67] is a phenomenon with interesting
implications not only in high-energy physics, but also astrophysics, nuclear physics, and be-
yond. It is a flavor-blind neutral-current interaction between the nucleus and (anti-)neutrino,
where the nucleus recoils as a single particle. The cross-section scales approximately as the

atomic number (A) square. In the Standard Model, the Z boson mediates the process (see
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Va Va

N N

Figure 1.4: Coherent Neutrino nucleus scattering process.

Fig.1.4).

The process occurs when the transferred momentum (g) is smaller than the inverse of the
nucleus’s radius (R ~ 1.2A4/3 [68]).

Coherent Elastic Neutrino Nucleus Scattering is of high interest because it allows the mea-
surement of low energies neutrinos (£, < 100 MeV), fundamental for astrophysical and reactor
neutrinos detection [69]. Additionally, it provides a good test bench for neutrino properties
and the Standard Model. Indeed, COHERENT collaboration [70] measurements are sensitive
to new physics coupling with quarks and Leptons [71, 72].

In the Standard Model, Coherent Elastic Neutrino-Nucleus Scattering differential cross-

section is [67]

do, v G%m/\/ 9 mp B, 9
= 1 —_ — F .
dE, 47 @u ( 2F, ) (9), (1.58)

where G is the Fermi constant, E, = ¢?/(2mys) is the recoil energy, and m,s is the nucleus
mass. The recoil energy takes value in [0, EM®* = 2E2/(max+2E,)]. Qu = [N — Z(1 — 4sin? Oy )]
is the weak vector nuclear charge, N and Z are the nucleus number of proton and neutrons re-
spectively, and sin? 0y, = 0.231[73] is the Weinberg angle. F?(g) is the nuclear form factor
defining the loss of coherence for ¢RR > 1. According to the Helm parametrisation [74]

3j1(qR0) —a2s2/92
F(q) =" —=e 0 /2, 1.59
@) ==&, (1.59)
where j; () is the spherical Bessel function of order one, Ry = vV R? — 552, and s =~ 0.5 fm [68]
is the skin factor. The nucleon distribution is obtained by convoluting of a uniform density of
radius Ry and a Gaussian profile of thickness s[75]. In general, analyses use the prescription
provided in Ref. [76].

As mentioned in Refs.[77, 78], additional processes like quasi elastic and deep inelastic
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scattering contribute to the total cross-section for energies above ~ 100 MeV.

1.3 Dark Matter

Dark Matter is a fundamental ingredient in modern cosmology, but astronomers and cosmol-
ogists acknowledge its existence only in the 1980s. The Standard Model does not contain a
viable Dark Matter candidate, necessitating the exploration of Physics Beyond the Standard
Model to address this issue. The relevant development of Dark Matter happened simultane-
ously with the paradigm shifts in cosmology and particle physics. Indeed, Dark Matter has
been the subject of intense debates since the end of the IXX century (see Ref. [79] for a historical
overview). Among the earliest recognized evidence for the existence of Dark Matter, we can
cite the observation made by F. Zwicky on the Coma cluster, who noticed that eight Galaxies
of the cluster present a large scatter in the apparent velocities [80, 81]. Using the virial theorem,
he inferred that the cluster mass was ~ 400 times larger than the mass of the visible matter. In
1970, K. Ford and V. Rubin used spectroscopic observation of Andromeda [82], confirming and
refining the results of M. Roberts from radio observation [83].

From the 80s, more and more evidence supporting the existence of Dark Matter appeared.
Examples are the data from weak and strong lensing by clusters of background object [84, 85],
the Bullet cluster [86], hot gas in clusters [87], large structure formation [88], Big Bang Nucle-
osynthesis [89], cosmic microwave background [90], and more [91, 92].

The literature presents several Dark Matter candidates with masses spanning more than 90
orders of magnitude [12]. Viable Dark Matter candidate must be neutral, stable on cosmological
scale, and weakly interacting. Furthermore, it has to be sufficiently non-relativistic at present.
We can divide Dark Matter candidates into particles and Astrophysical objects. For instance,
particle Dark Matter candidates are axions and axion-like-particles [93], Wimpzillas [94], Ster-
ile Neutrinos [95], Fuzzy Dark Matter [96], and Asymmetric Dark Matter [97]. Astrophysical
objects that can be Dark Matter candidates are Massive Compact Halo Objects [98] and Pri-
mordial Black Holes [99]. We discuss in Section 1.3.1 the most accredited model, the Weakly
Interacting Massive Particles (WIMPs) [100]. Weakly coupling particles with masses around
the weak scale would naturally leave the correct relic abundance [101]. In the last few years,
experimental collaborations deployed numerous techniques for its detection. So far, we have
detected no particles outside the Standard Model. Alternatively to the Dark Matter hypothesis,
several papers discuss the possibility of Modified Newtonian dynamics (MOND) to account
for the experimental evidence of Dark Matter [102].
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1.3.1 Weakly Interacting Massive Particles

In the natural version, they cover the mass range from 10 GeV to 1 TeV, interact with the W and
Z bosons but not with photons (electrically neutral) and gluons (colorless). The naturalness
principle lost its charm since we did not observe either Supersymmetry or the natural WIMPs.
Since then, we have extended the WIMPs range to m, € [1 MeV — 1 TeV].

WIMPs stand out among the other Dark Matter candidates because of a remarkable feature:
their thermal relic abundance is naturally compatible with the observed value [103-106]. The
literature often denominates this phenomenon as the “WIMP miracle” to further underline the
elegance of WIMPs as the solution to the Dark Matter problem. The progressive cooling down
and expansion of the extremely hot and dense initial stage of the Universe has a profound
implication on the abundance and behavior of the particles within it: particles gradually move
farther apart and lose energy. Consequently, their ability to interact with the surrounding bath
diminishes significantly. If the expansions prevail on the interaction, the number of particles
effectively reaches a stable, unchanging level, giving rise to a relic population that persists
over time, the so-called “freeze out”. This concept is of fundamental importance for WIMPS
because, without freeze-out, these particles would have been subject to Boltzmann suppression
(e~™x/T0) for temperatures of the Universe Ty below the WIMPs mass m,. The following
Boltzmann equation well describes this phenomenon

dn,

2 eq 2
5 - —3Hn, — (04v) (nx —n{! ) , (1.60)

where n, is x number density, n{? is x thermal equilibrium number density, (c4v) is the the

thermally averaged annihilation cross-section. H is the Hubble parameter defined as

1da\%?  8n
= (-5 = p .
G AP (1.6

where a is the cosmological scale factor and pi; is the total energy density. ni in Eq.(1.60)
originates from xy — SMSM, while n¢4? arises from the opposite process.
We can roughly estimate the freeze-out temperature when (o 4,v) n, = H. Thus, the final

abundance is o
_9_ Ty

f \3/2 —my /T
n! ~ (my1; e "™/ ty I 7
X ( X U) gf: 1\/[131 <O'AXU>

(1.62)

where the index f indicates the quantities at freeze-out. We define z; = m, / T(jf. We obtain

o 3
_ Px| _ mymy ZfTUo

—1
O AV . 1.63
¢ Per lo P pPerMpi < X > ( )

where p.; and p, are the critical and x energy densities respectively, the index o indicates the

17



PHYSICS BEYOND THE STANDARD MODEL AND PRIMORDIAL BLACK HOLES

present day value. The cross-section is

gt 1 for S-wave annihilation,

1672m2 I
X v?  for P-wave annihilation,

oy =k (1.64)

where g ~ 0.65 is the weak coupling constant, £ quantifies the deviation from this estimation.
We can determine k as a function of m,. Considering k£ € [0.5 — 2|, the range m,, € [100 GeV —
1 TeV] can compose all of the observed Dark Matter, while m,, € [30 — 300] GeV can compose
10% of it[107]. In summary, weakly Interacting particles with masses around the electroweak

scale are attractive Dark Matter candidates.

1.3.2 Dark Matter detection

Assuming that the Dark Matter interacts with Standard Model particles, we can identify three

detection techniques

o Production:[108-110] Colliders can produce Dark Matter in pair via SM SM — x x. We

can extract information of x only through the missing transverse energy, as for neutrinos.

o Indirect Detection: After the freeze-out, the effect of annihilation (y x — SM SM) on
the relic abundance is negligible. Despite that, the process is still present and can have
observable effects. Numerous indirect detection facilities focused on different signa-
tures exist. For instance, they look at v ray[111-116], neutrinos [117-121], and cosmic
rays [122-125] signals. Each experiment has different systematic uncertainties and diffi-
culties in determining the background. Furthermore, indirect detection can help us in
mapping Dark Matter distribution. This line of search is complementary to the gravita-

tional information obtained since 1920s.

o Direct Detection: [126-154] We can directly detect Dark Matter via scattering processes
like x SM — x SM. WIMP scattering can be spin-independent (xqq) or spin-dependent
(Yy“*ﬁxqvufﬁq). The requirements are low background, achieved by building these ex-
periments underground, and high sensitivity because the recoil energies are at most
~ 100keV. Moreover, these experiments are sensitive only to weakly interactive Dark

Matter because, otherwise, the atmosphere would stop it.

Direct detection experiments suffer two main problems. On the one hand, Astrophysical
neutrinos constitute a background for WIMPs detection, the so-called neutrino floor, discussed
in detail in the next Section. On the other hand, experiments looking for the nuclear and elec-
tron recoil energy associated with the scattering with Dark Matter present a sharp decrease in

sensitivity at low recoil energies. It causes the constraints on Dark matter to weaken for masses
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Figure 1.5: Standard Neutrino floor. The Figure shows the neutrino isoevent contour lines
obtained for py = 0.3GeVcm ™3 (orange dashed lines) from Ref[77]. The continuous lines
represent the exclusion limit on the spin-independent WIMP-nucleon cross section from several
experiments [141, 144, 177-189].

below 1 GeV (1 MeV) for Dark Matter-nucleon (electron) interactions. Thus, direct detection ex-
periments poorly probe light Dark Matter candidates. We can circumvent this problem by con-
sidering highly relativistic (boosted) Dark Matter. Several mechanisms [155-157] can boost a
fraction of the Dark Matter abundance to velocities higher than the virial one. For instance, the
collision with cosmic rays up-scatter to (semi-)relativistic velocities light Dark Matter [158-163].
In Chapter 4, we discuss the possibility of having boosted Dark Matter from Primordial Black
Holes. Nonetheless, the literature is flooded with complementary approaches. For instance,
parameter space arguments [164, 165] and structure formation [166] constrain fermionic Dark
Matter lighter than 0.1 keV. Astrophysical, cosmological, and collider observations further con-
strain the parameter space [167-176].

Neutrino Floor

Several Dark Matter direct detection experiments look for the signals generated from the scat-
tering between Dark Matter and nuclei[190, 191]. The process they look for is similar to Co-
herent Elastic neutrino-Nucleus Scattering [67, 192, 193]. For this reason, in the upcoming fu-
ture, these facilities will measure the signals produced by astrophysical neutrinos. Solar, atmo-
spheric, and Diffuse Supernovae neutrino background can limit Dark Matter direct detection.

Indeed, the recoil signatures from different neutrino sources mimic the Dark Matter signal in
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disparate mass and cross-section ranges [194]. In what follows, we summarize the prescription
of Ref. [77] to quantify the limitation for WIMPs searches in direct detection facilities, the Neu-
trino Floor. The first step consists in estimating the WIMP-induced nuclear recoil event rate.
According to Ref. [76], the differential event rate is defined as

dRy £000

f@)
=N F? —d L.
dER T 2m,m?2 (@) v Y (1.65)

Umin
where N7 is the detector’s number of target nuclei, pg is the local Dark Matter distribution,
0y is the normalized to nucleus cross-section, m, and m, = m,mu/(m, + myr) are the WIMP
mass and the WIMP-nucleus reduced mass respectively. f(¥) is WIMP velocity distribution in

the Earth frame. Assuming the Maxwell-Boltzmann model [76], the velocity distribution is

1 (77+‘71ab)2 3 g Y
Wexp{ —T lf‘v‘i“/iab’ < Vesc

f(v) = ; (1.66)
0 if |77+ ‘/lab| > Vesc

where o, = vg/v/2 is the WIMP velocity dispersion, vg = 220km/s, Viap, = 232km/s and vese =
544km/s are respectively the local circular, laboratory and escape velocities in the Galactic
frame, Nes. is a correction factor that accounts for the velocity cutoff.

The first step to calculate the Neutrino-induced background in the WIMP-nucleon cross-
section - WIMP mass plane is to generate background-free exclusion limits with varying recoil
energy thresholds in the range [0.001 — 100] keV defined as isovalues of WIMPs events (2.3 at
90% C.L.) with exposure fixed so that background consists of only one neutrino. For fixed m,,

we consider the minimum WIMP-nucleon cross-section measurable as

S dE; ‘?155%:

Oy—n(my) = 2.3 min —/————=" | (1.67)
x—n(my) Eth fEﬁh dE, i}E%:
where dR, /dE, is the neutrino background event rate defined as
LN / ag, 97N d¢BCk®(EmaX —E,) (1.68)
e, " “dE, dE, " " '

#P% is the background neutrino flux, and © is the Heaviside function. We notice that Eq. (1.67)
is independent of N7 because the event rates in Egs. (1.65), (1.68) are proportional to it. Accord-
ing to this procedure, we obtain the best background-free sensitivity by adjusting the recoil
energy depending on the WIMP mass. The orange line in Fig. 1.5 shows the isocurvature limits
obtained with this procedure in Ref. [77]. Fig. 1.5 illustrates also the present exclusion limit on
the spin-independent WIMP-nucleon cross-section assuming the same coupling to neutron and
proton (see caption for more details). Any additional neutrino astrophysical source can modify

the standard neutrino floor. In Chapter 3, we show how neutrinos evaporated from Primordial
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Black Holes modify the neutrino floor.

1.4 Baryon asymmetry

Baryons represent the fundamental constituent of all the structures, galaxies, and stars. This
statement naturally prompts us to question where all the anti-matter, which initially balanced
the matter in our Universe, has disappeared to.

Numerous experimental observations reveal a conspicuous absence of anti-matter structure
at the present time. A compelling piece of evidence is the absence of anti-matter bodies within
the solar systems. Moreover, when examining cosmic rays, we find that the ratio of protons to
anti-protons is approximately

M 1074, (1.69)

np
compatible with antiproton production as secondary particles in pp — 3p + p interactions.
Similarly, experimental observations imply that nag /n.g; ~ 107°.

The non-observation of the expected ~v-radiation produced by nucleon/anti-nucleon an-
nihilation rules out the possibility of having structure and anti-structure coexist in the same
cluster of galaxies.

One could contemplate the possibility of a symmetric Universe with large isolated asym-
metric regions. In such a scenario, we expect the annihilation to unfold in the interfaces sepa-
rating these domains. Since we do not observe the expected diffuse yray background or disrup-
tion in the Cosmic Microwave Background, we conclude that the typical size of these domains
should be large. However, numerical analyses show that the Universe is entirely made of mat-
ter up to the Hubble size. At even larger scales, there is scant evidence.

This persistent prevalence of matter over anti-matter raises profound questions about the
mechanism responsible for the transition from an initially symmetric Universe to the present
time asymmetric one. Unfortunately, the Standard paradigms fail to provide a valid explana-
tion for this phenomenon. The line of search inquiring about this topic is known as Baryo-
genesis (see Ref.[195] for a comprehensive review), but despite the large array of proposed
mechanisms, we still do not know how the asymmetry originated.

The Baryon number density is not constant during the Universe’s evolution, scaling as a 3.

Hence, we conveniently indicate the Baryon asymmetry as [19]

yos = "BTUBL (861 40.09) x 1071, (1.70)
S o

pebs = "B TIB L (6,124 0.04) x 10710, (1.71)
717 o

where s is the entropy density, ng, ng, and n., are the Baryon, anti-Baryon, and photon number
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densities respectively, and the subscript o means “at present time”. We note that Yg and np are
not independent quantities but are connected by the relationship between the entropy density
and the photon number density. Specifically, at present, we have s ~ 7.02n., [196].

At present, we regard Baryon-violating processes as the leading candidates responsible for
generating the Baryon asymmetry. However, their mere existence is insufficient to account for
the observed excess. In his seminal work [197], Sakharov identified three conditions necessary

to generate the observed Baryon asymmetry. These conditions are

o Baryon number violation: If the Universe is symmetric at the beginning (B(¢;) = 0), it
can not evolve in a state with B # 0 if there are no processes violating the Baryon number.
In particular, if the Baryon number is conserved, then the Hamiltonian # commutes with
the Baryon number, [B, H] = 0. Thus, B(t) x fti dt' [B,H] = 0.

o C and CP violation: Assuming that C' is an exact symmetry, the rate of the processes
i — fand i — f would be the same, resulting in a cancellation of the Baryon asymmetry
generated by the first process with that from the second one. We emphasize that weak

interactions maximally violate C.

Furthermore, assuming CP invariance, results in time-invariance because of the CPT

theorem. Under this assumption, we obtain that
r (Z (ri y Pi >Si) — f (I‘] » Pj 7Sj)) =T (f (I‘] , Py, _Sj) — Z(rl , —Pi, _Si)) ) (172)

where I' indicates the process rate. The integration over the spin and momenta leads to a

vanishing Baryon asymmetry.

o Departure from thermal equilibrium: In thermal equilibrium, processes and the reverse
processes happen at the same rate (no arrow of time). If there is no departure from the
equilibrium, we can not have the origination of the Baryon asymmetry. To understand
this requirement, let us consider a specie X and X with a non-zero Baryon number in

thermal equilibrium. Their number densities are

—-m

ny o~ gX(mXTU)3/2eXp <'UXTUX>, (1.73)
—~—m

ny ~ gX(mXTU)3/2eXp <'LLXTUX> (1.74)

where pix (p5) is X (X) chemical potential.

For any process in chemical equilibrium, the final and initial total chemical potentials

are equal. Considering the process XX — v and the fact that y, = 0, we obtain that
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px = —pw As a consequence, contribution from X and X to the Baryon asymmetry is
— = 3/2 ,—mx /Ty Hx
B xnyx —ng = 2yx(mxTy)” e sinh T, ) (1.75)
U

From the B-violating process X X — X X, we obtain ux = 0. Hence, we require processes

out of thermal equilibrium to have a non-vanishing Baryon asymmetry.

If the scenario fails to meet these requirements, it can not generate a Baryon asymmetry.
It is fundamental to underscore that these are necessary conditions but do not guarantee the
realization of the observed asymmetry.

For instance, while the Standard Mode satisfies these requirements, it fails to explain the
asymmetry observed. In particular, (¢) Baryon number violation results from sphaleron pro-
cesses (detailed in Section1.4.1) stemming from the triangle anomaly. These processes have
a negligible effect at low temperatures, but the transitions are unsuppressed in the early Uni-
verse. (i7) The Kobayashi-Maskawa mechanism [198] violates C' and CP. We may need addi-
tional CP sources to enhance the Baryon asymmetry. (ii¢) The electroweak phase transition as-
sures the departure from thermal equilibrium. However, this transition is not first order, which
is necessary for a successful baryogenesis mechanism. Hence, the problem of the Baryon asym-
metry generation represents a hint for physics beyond the Standard Model.

The literature presents a broad spectrum of mechanisms for achieving the correct asymme-

try. Some of the most famous baryogenesis mechanisms include

o GUT Baryogenesis: [199-208] The Baryon asymmetry originates from the decay of heavy
bosons predicted by Grand Unified Theories (GUTs). Generally, these theories violate
(B + L) and conserve (B — L). Standard Model sphaleron transitions would destroy the
asymmetry. Furthermore, the non-observation of proton decay leads to a lower limit on
the boson’s mass. It causes the reheat temperature after inflation to be too high to be

explained by simple inflationary models. We show a simple examples in Section 1.4.2.

o Leptogenesis: [196, 209-218] It is a class of mechanisms where the Baryon asymmetry de-
rives from a Lepton asymmetry obtained from the decay of sterile neutrinos. It simulta-
neously explains neutrino low masses. The Majorana masses of sterile neutrinos violate
the Lepton number. This asymmetry is partially transferred into the Baryon sector via
sphaleron processes [219]. The details of Leptogenesis depend on the seesaw mechanism

and the oscillation observation. In Section 1.4.3, we present thermal Leptogenesis.

o Electroweak Baryogenesis: [220-225] These models modify the scalar potential so that
the electroweak phase transition becomes of the first order and provide new CP violation

sources. In Section 1.4.4, we present a simple example of Electroweak Baryogenesis.
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We organize the next few subsections as follows. The first discusses the sphaleron pro-
cesses, the sole source of Baryon and Lepton number violation in the Standard Model. The
second subsection describes a simple example of GUT baryogenesis. Afterwards, we present
Thermal Leptogenesis originating from type I seesaw (see Section 1.2.2) with right-handed neu-
trinos with masses above 101 GeV. Finally, we depict a basic example of Electroweak Baryo-

genesis

1.4.1 Sphaleron Processes

Here, we describe the Baryon and Lepton number violations within the Standard Model. At the
classical level, the Standard Model conserves Baryon and Lepton numbers separately. Indeed,
its Lagrangian is invariant under global Abelian symmetries U(1) associated with the Baryon
and Lepton symmetries. Consequently, it does not contain processes at the tree level or any
perturbative order violating B and L. However, non-perturbative effects give rise to processes
violating B + L, but not B — L [226]. As discussed below, these processes are suppressed to-
day but were relevant in the very early Universe. The first step to understanding where this
anomaly arises consists in writing down the vector-like currents

o 1_ _ 1 5 _ 5

5= 50" =3 [qv“(l g+ 1+ )q} 7 (1.76)
where the sum is over all the colors and flavors. A similar expression holds for Leptons. Quan-
tum effect cause the axial current ()y*v°¢) to be anomalous [227, 228]. The axial part is funda-

mental for calculating the divergence of j§. The divergence of the Baryon and Lepton numbers
is [229]

. n e ~
it = gors (Wi W™ — g °BuB™) . (1.77)
e ny 217a (rrepy 12 Y

where n; is the number of families, and woan =1/ 2eMPTWE, B =1/ 2eMP7 By . It implies
the violation of Lepton and Baryon numbers at the quantum level [226]. We notice that both
the Lepton number and Baryon number currents satisfy the same relation, leading to the con-
servation of B — L in the Standard Model. This is a consequence of any gauge theory including

the Higgs mechanism. We can recast Eq. (1.77) and (1.78) as

. n
Ot = gyig (°OuK" — g 0uk") . (1.79)
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where

1
K" = e (W,jlpwg - Bga“bcwgwpbwg) , (1.80)

K = &"PB,,B,. (1.81)

Furthermore, we highlight that the anomaly has a structure with multiple vacua. At the be-
ginning and the end of transitions between vacua, the average values of the filed strengths are
zero. Being 0, k" proportional to the field strength of an Abelian gauge theory, we can ignore

this term. We can write the change in the Baryon number fromt = 0to ¢t =t as
ty
AB = B(t;) — B(0) = /O dt/d?’x@ujg — ny [Nes(ty) — Nes(0)] = AN, (1.82)

where N¢g are the Chern-Simons number. Neglecting the spatial component [ d3zV - K, they

are defined as

ny 3. 27-0
Neg = K. 1.
Cs = 352 /d xg (1.83)

For instance, this approximation holds if K vanishes at spatial infinity or assuming periodic
boundary conditions. We notice that while Ncg are not gauge invariant, ANcg is[229]. The
transition between vacua leads to the production of fermions. These transitions are classically
forbidden because B is an exact global symmetry. A barrier obtained as the static solution
of equations of motion separates adjacent vacua. The saddle points with half-integer Chern-
Simons number are the Sphalerons. They are the configuration of maximum energy in the
minimum energy path connecting two vacua. The Spahalerons are unstable and localized in
space. The transition from two vacua can happen only via quantum tunneling for temperatures
lower than the barrier’s height. Instead, if the temperature is higher than the barrier, thermal
fluctuation can classically cause the transition. In particular, the tunneling transition probabil-

ity is of the order

1672
exp{— g72r } ~ 107170 (1.84)

that is too small to have observable effects. The sphaleron solution in the temporal gauge
W§ =0is

9 :

W - ;<gmjf;> £(6), (1.85)

6 = ny 0 E ! h(€) (1.86)
V2 T '
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where f(0) = h(0) = 0, f(c0) = h(c0) = 1,7 = |73, € = r/rg = rgns. In this case, the
probability transition is
Mgp. my
P~ B My, = 8T—0t. 1.87
exp{ -2 n, = 8773 (1.87)
We can interpret the sphaleron as an unstable particle of mass Mgy, .

Near the thermal equilibrium, we can describe the evolution of the Chern-Simons numbers

in terms of the sphaleron rate [230]

Lo, = lim ([Nes(t) — Nos(0)]%)

V,t—o00 Vit ’ (188)

where V ~ a3 is the spatial volume. In Ref.[231-233], the authors estimate Iy, =~ (25 +
2)agy T in a pure SU(2) gauge theory. We can use the sphaleron rate to calculate when the

sphaleron processes go out of the equilibrium and freeze-out as [234]
FSPh-(TSph-)/Ts?;h. = dH(Tsph.) ) (1.89)

where & ~ 0.105 is a function of the Higgs vacuum expectation value. In a radiation dominated
universe H?(Ty) = n2g.T*/(90Mpy), therefore Ty, = (131.7 £ 2.3) GeV.

In the following we estimate the equilibrium relation between B and L. We follow the
prescription of Ref.[235]. We consider temperatures above the electroweak phase transition,
we can approximate all the species as ultra-relativistic. The excess of particle over antiparticle

number density is

3 i 1
_9Th 7 fermions

(1.90)

n; —n; 5 ,
24 bosons
where 1; and g; are the chemical potential and the degrees of freedom of the i-th specie. The
relevant fields in this context are /N left-handed quarks and Leptons (u;r, wir, Vi, bir, t =
1,...,N), N right-handed quarks and charged Leptons (u; r, wiRr, ¢ir, i = 1,...,N), W+, and m
complex Higgs doublets (¢;, ¢, ¢;, ¢9*, i = 1,...,m). We can neglect W°, BY, G since they
have vanishing chemical potential. Furthermore, having a vanishing chemical potential for the
gluons guarantees the same chemical potential for all quark’s colors. We denote with puyy, W=,
o (u—) , pur (Wur) , tar (Har), 1oy (44 R), i are the chemical potential for W=, the neutral
(charged) Higgs fields, the left-(right-)handed up quarks, the left-(right-)handed down quarks,

the left-(right-)handed charged Leptons quarks, and neutrinos respectively. Fast electroweak
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interactions in the early Universe impose the same relations [235]

W~ — ¢ +¢° pw = p— + o,
W™ «—ug +dg HdL = fuL + PW ,
W~ s o + 00 Wor, = pi+ pw
¢° «— UL + ug HuR = [o + Hw ,

¢° +— dp, +dg HdR = —Ho + 1w + Mo L,

R

¢" «— 0 + g pyr = —o + pw + i -

These relations allow recasting the chemical potentials in terms of pw, po, o1, and g =

>_i ii- As long as the sphaleron interactions are rapid, it must be true that

N(pur +2p4z) + = 3Npyr +2Npw +p=0.

We then can write the Baryon, Lepton, charge, and 73 number densities as

= N(pur+ pur)+Npar + par) = 4Npur + 2Npw

L = Y (wi+ppr +pp,) = 3p+2Npw — Ny,

(2

Q = N(uur+pur) —2N(uar + par — Y (Hop + 1py) — 4w — 24—

7

= 2uyr —2p— (AN +2m+4)pw + (4N + 2m) o,

3N 1 i
Qs = T(MuL—udL)+§Z(Mi—MzL)—4MW—m(,u0+u—)
= —2N+m+4)uw .

(1.97)

(1.98)
(1.99)

(1.100)

(1.101)

Let us consider Ty, < Trw, where Tgw = (159 & 1) GeV is the temperature of the electroweak

phase transition. In this case, @ and @3 must be equal to zero, implying that ;17 = 0. Having

Q@ = 0 allows expressing B and L in terms of p,, 1, [235]

B = 4Ny,
_ 14N? + 9Nm
o 2N +m Hul -

Since (B — L) is conserved, we recast these equation as

8N + 4m
B = —(B-L
22N+13m( )
14N + 9m
L = —(B-1).
22N+13m( )
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X = qq X gl X = qq
7
X X X X
BR r 1—r 7
2 1 2
B 3 -3 -3
L 0 -1 0

Table 1.4: Decay rate, Baryon and Lepton number violation for the relevant processes.

Conversely, if we consider Ty, < Trw, Q3 can be different from zero because SU(2), is broken.

@ = 0 still holds. Furthermore, ;1o must be equal to zero because of the vacuum condensate of

¢°. In this case, we we have [235]

8N2 +4N(m +2)

B =
m+ 2 Hu L s
16N?2 +9N(m +2)
L = - .
m+2 Hu L
In terms of (B — L) they read as
8N +4 2
B +4(m + 2) (B-L),
24N + 13(m + 2)
14N +9 2
L = Fm+2) popy

24N +13(m +2)

Considering the Standard Model with N = 3, m = 1, we have

BB-L) Teph > Tew

%(B — L) Tsph. < TEW

(1.107)

(1.108)

(1.109)

(1.110)
(1.111)

(1.112)

In conclusion, the rapid sphaleron transition do not lead to a zero value for (B + L) if

(B — L) # 0 before the processes go out of equilibrium and the relationship between B and L

depends on when the sphaleron freeze-out occurs.
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1.4.2 Baryogenesis in Grand Unified Theories.

Grand Unified Theories predict the unification of the three fundamental forces at high scales
into one described with a single coupling. These theories maintain the invariance under the
Standard Model gauge group, recovered at lower energies after several symmetry breakings.
Grand Unified theories typically consider an extended scalar and boson sector. Notably, if they
do not extend the fermion sector, they do not violate B — L [195].

In the following, we consider SU(5) theory, the smallest group containing the Standard
Model. It embeds each generation of the Standard Model into an anti-quintuplet and a decou-

plet (an antisymmetric rank-2 tensor)

0 () —(up)® (u)° d, (d;)°

—(u)* 0 (u)° uy  dg (dg)°
100 (ud)e —(ui)* 0 | 5:| (@ | 11y

—ult —ul) —ul 0 (£ ¢

-d,  —d —d, =) 0 Vi

where g, b, r are the color indices. The gauge sector of the theory consists of 24 gauge bosons,

organized as follows

G Xu/\/i Yu/\/5

V=1 Xi/v2 +Bu\/7
5
g Wu/V2 0
YJ/\@

w

, (1.114)
Ioy2/2

where V, is a 5 x 5 matrix, G, W,, and B,, are the Standard Model gauge bosons, lastly X,
and Y, are new Leptoquark gauge bosons linking quarks and Leptons.

In the following, we consider the heavy boson X that can decay in qq or g/ pairs. The first
process leads to a Baryon number violation of 2/3, and the second of —1/3. Similarly, X decays
into gq or ¢f. CPT invariance implies the equality of the total decay rates, I'x = I';. However,
C and CP violation means that BR(X — ¢q) = r and BR(X — ¢q) = T are not necessarily
equal. Table 1.4 conveniently encapsulates the branching ratio (BR) and the Baryon and Lepton
number violation of the relevant processes.

For temperatures close to the decay temperature Tp < myx, the specie goes out of thermal

equilibrium because the inverse decays are negligible (I'x /H < 1). In particular, the Baryon
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asymmetry is the one produced by the out-of-equilibrium decay at 7p
Ys =YY% (Bx —By) , (1.115)

where By and B+ are the net Baryon number generated by X and X decay, Y3 = Yx(Tp) ~
Y+(Tp). The net Baryon number produced by X and X are

2 1
2 1

We parametrize the CP violation as ¢ = r — 7. Then, we write the final Baryon asymmetry
produced as
Yp = Yie= . (1.118)
Gx
where we obtained the last equality considering that n, ~ nx, s ~ g.n,. We conclude that
we need small C' and CP violations to achieve the observed Baryon asymmetry. However, we
simultaneously produce

YL = Yie, (1.119)

causing the sphaleron processes to wash out the asymmetry attained.

1.4.3 Thermal Leptogenesis

The conservation of B — L and violation of B + L open the possibility of generating the ob-
served Baryon asymmetry from a Lepton asymmetry. The mechanism relies on the partial
conversion of the Lepton number into the Baryon sector via sphaleron processes. Here, we
focus on the simplest Leptogenesis realization.

Thermal Leptogenesis is a simple model generating the Baryon asymmetry from the decay
of right-handed neutrinos. It implements the type I seesaw mechanism (see Section1.2.2 for
more details) with a hierarchical mass spectrum for the right-handed neutrinos (M; < My <
M3). Thermal scatterings after inflation produce the lightest one N;. The subsequent out-of-
equilibrium decay generates the Lepton asymmetry if the Yukawa couplings Y (see Eq.(1.56))
violate CP. In the following, we consider a normal ordering for the left-handed neutrinos
(my1 < mg < mg). Furthermore, we assume m; = m; < my < m3 = my,.

Fundamental for thermal Leptogenesis is the CP violation in Ny decay. The CP violation

stems from the interference of the diagrams in Fig. 1.6. We define

€aa =

(N1 = Lo ¢) = T(N1 = Lo §)
—lyd

T(N1 — £y ¢) + T(Vy )’ (1120
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(/ﬁ:

Figure 1.6: N; decay diagrams contributing to the CP violation.

where I indicates the decay with of the process. At temperatures higher than ~ 10'? GeV, the
charged Lepton Yukawa interactions are slower than the Hubble rate. Thus, if the asymmetry
originates at higher temperatures, Leptogenesis is flavor blind [196]. Assuming M; < Mo, M3,
we obtain [214]

3 3 My Im(YYT),;

€= %:Gaa = _167]':2 ; M; (YY)

(1.121)

From the expression of Y in Eq.(1.56), we highlight that Upyns drops out. Thus, there is
no connection between the low-scale Dirac CP violation and high-scale CP asymmetry. In-
deed, € depends only on the complex mixing angles in R. As per the assumptions made so far,

Ref. [211] shows that the only relevant rotation is described as
cos(z +iy) O sin(x + iy)
R= 0 1 0 . (1.122)
—sin(x +dy) 0 cos(x +iy)
where x and y are real parameters. We can then express € as

el 3My |Am2,,| |sin(27)sinh(2y)]
el =

~ 167v2 my, + my cosh(2y) — f cos(2x)

(1.123)

where f = (mp —m;)/(my, + my). € controls both N; thermal production and decay with the
same magnitude but in opposite sign. If we start from a vanishing N; abundance, the inverse
decay produce an initial “anti-asymmetry” in the Lepton sector. When T;; = M;, the thermal
population will decay as long as I'/H |7,,=n, > 1, where I is the decay rate. It is equivalent
to[196, 212, 214]

=L

1

*

K

>1, (1.124)

3
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Figure 1.7: The plot illustrates the Baryon asymmetry log;, Yg as a function of z, y for m;, =
\/ M2 =~ 0.05 eV (left panel), mj, = 0.1 eV (middle panel) and m;, = 0.2 €V (right panel), with

atm

M; = 2.0 x 10'3 GeV. In each plot, we indicate with ©® the point maximizing Y. We took the
Figures from Ref. [9].

where
N 8mv?
m* = —QH(TU:Ml), (1.125)
Wh
- o ’Yoainz
I (1.126)

The right-handed neutrino out of equilibrium decay would cancel out the initial “anti asym-
metry” if it were not for the washout processes. This is called “strong washout” regime. We
can divide the washout processes into two categories AL = 1 and AL = 2. The first category
includes the inverse decay (/*¢T — Np) that is Boltzmann suppressed at temperatures lower
than M;. The second category comprises scattering processes as {~¢T — (T¢* that are medi-
ated by N;. They are not Boltzmann suppressed since an off-shell /Ny can be the mediator. For
K > 1, Ni decays when the processes are effective. The washout cancels out the initial “anti
asymmetry”. It leads to a non-zero Lepton asymmetry. Conversely, for K < 1, Ny decay is
slower than the Hubble parameter meaning that it decays when the washout processes are too
weak. This is called “weak washout” regime. It requires additional mechanisms to produce an
initial population of right-handed neutrinos [196]. Moreover, when examining the definition of
K, it becomes evident that the weak washout regime necessitates my, really close to \/Am2,,,
the lower limit allowed by oscillation data. It implies that the parameter space where this
regime holds is exceptionally narrow. In the following, we consider the strong washout regime
only. Reason for which we present an analysis limited to |y| > 0.14. Additionally, the washout
suppresses any asymmetry produced by N 3.

Since the sphaleron processes conserve B — L, we track its number density. In doing so, we

need to understand also the evolution of N number density. In the following, we account for

o 1 — 2 Nj decay. In particular, we look for N; — ¢¢™ and its CP conjugate N1 — (¢~

32



PHYSICS BEYOND THE STANDARD MODEL AND PRIMORDIAL BLACK HOLES

The total rate is proportional to N; number density and I'y,. The depletion of N; abun-

dance source B — L asymmetry.

o 2 — 1 inverse decay /*¢T — N;. We relate the inverse decay to the decay rate as I'P =
Ly, ny, /", where ng? si the equilibrium number density of the specie i. These processes

produce N; abundance and wash out the asymmetry.

o 2 — 2 scatterings mediated by N;.Processes like ¢*¢~¢T¢* do not contribute to the
asymmetry but are a fundamental component of the washout. We neglect the scattering
involving gauge bosons and top quarks. This approximation is justified because these

processes are O(Y2h;), where hy is the top quark Yukawa coupling.

Furthermore, we neglect the effects of 3-body decay because they are numerically small [236].
The Boltzmann equation for N1 and B — L in term of a = log;q a, where a is the cosmological

scale factor, reads as

dNN F?\}; eq.
o L = In(10) Hl ( Nci - Nny)s (1.127)
dNB_L In(10) 1 Nﬁ% ad

et DO o, - Az +

S T 4 e | M- 1128
2/\/‘£eq. N1 +7A/qu.)NB L] ) ( )
where N; = a3n; is the comoving number density of i, H = (da/dt)/a is the Hubble parameter.

'Y is the thermally averaged three level N; decay rate, defined as

My
En,

(YY) M,y

Fth. _
N < 1

) (1.129)

where (M;/Ey,) ~ K1(z)/K2(z), where K; is the n'" order modified Bessel function of the
second kind and z = M; /T ~ asseses the contribution to the washout originating from AL = 2
processes. Ref. [237] shows that
3T¢
v = 47-‘—5(1]) -Tr[mfm,)] . (1.130)

Being M; > Tgwpr, the Lepton asymmetry is produced long before the sphaleron processes

freeze out. The final Baryon asymmetry freezes when the sphaleron processes go out of equi-

librium at Typ).. Thus, we quantify the final Baryon asymmetry as

_ 12Np-1(Typn.) _

Vi —
B™ 37 S

(1.131)

In a standard cosmological scenario S = 272g.(T'a)®/45. For T 2 300 GeV, g, = 106.75[238].
We stress that the relevant quantities in Egs. (1.127), (5.19) are defined in the four dimensional
parameter space (x, y, M, my). In Fig. 1.7, we show the behaviour of log,, Yg as a function of
z, y for My = 2.0-10'3 GeV and my, = 0.05 eV (left plot), m;, = 0.1eV (middle plot), my, = 0.2eV
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Figure 1.8: Maximum Baryon asymmetry generated as a function of m;, and A/;. The dashed
and dotted contours show constant loglo(ﬂ?B /YS) reported in the labels. The absolute max-
imum is achieved for m; = 0.05¢V, M; = 1.5 - 10 GeV and we indicate with dot 1. The
black line connect the points maximizing Y for fixed M. The grey bands picture experimen-
tal bounds. The black dots are four benchmark cases for m;, = 0.05¢V, 0.07¢V, 0.1eV, 0.14¢V,
whose values are reported in the Table. We will refer to them in Chapter 6. We took this Figure
from Ref. [9].

(right plot). We indicate with ® the (z, y) maximizing Yg. We notice that for m;, > /m2,,, the
maximum is achieved for z ~ 7 /4, y ~ 0.44 [237].
We want to show the parameter space region that can reproduce the observed Baryon asym-

metry. We consider the parameter space region in

o< =z <m, (1.132)
014< y <, (1.133)
VAmMZ,, < my, < 0.8V, (1.134)
10°°GeV < M; < 10'%GeV. (1.135)

We fix z and y to maximize the asymmetry. In this way, we reduce our parameter space to
(My, my). We notice that y = 0.44 and x = /4 maximize Yg if m; > /Am2, [237]. We
define

Y (mp, M) = IImlayXYB(J?, Y, mp, M) (1.136)

and show its behaviour in Fig. 1.8. The lower limit on my, stems from oscillation data, while the
upper limit comes from KATRIN [20].
We show the interplay between Thermal Leptogenesis and Primordial Black Holes in Chap-
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ter 6.

1.4.4 Electroweak Baryogenesis

We define Electroweak Baryogenesis as any mechanism where the Baryon asymmetry origi-
nates at the Electroweak Phase transition. Differently from the prevous cases, we do not attain
the departure from thermal equilibrium with the decay of a particle, but with a first order phase
transition.

Here, we summarize the shared features characterizing the Electroweak Baryogenesis sce-
narios. For instance, they all assume a radiation-dominated Universe with a symmetric con-
tent of Baryons and a manifest SU(2);, x U(1)y symmetry. When the Universe reaches Ty <
100 GeV, the Higgs acquires a non-zero vacuum expectation value breaking the electroweak
symmetry. The generation of the Baryon asymmetry happens during this phase transition. The
fundamental requirement is that this phase transition is strongly first-order. In a first order phase
transition, the Higgs vacuum expectation value becomes different from zero abruptly at a crit-
ical temperature T, and an energy barrier separates the two minima. Conversely, a transition
is second order when the vacuum expectation value changes continuously as the temperature
crosses Tt with no energy barrier between the two minima. We schematically depict the two
the two phase transitions in Fig.1.10. A first order phase transition induces the formation of
bubbles, leading to the coexistence of symmetric and broken phases, two different thermody-
namical states in equilibrium (see the left panel of Fig. 1.9 for a schematic representation). In
particular, the Higgs has a non-zero vacuum expectation value inside (true vacuum) the bubble
and zero outside (false vacuum). As the temperature decreases, the bubbles percolate, leaving
the Universe in a broken phase. Outside the bubble, sphaleron processes are active, generating
and reprocessing the asymmetry leading to a zero neat asymmetry. If the transition is strongly
first-order, the Sphaleron processes can not reprocess the asymmetry if it ends inside the bubble,
where they are negligible. The mechanism is successful if the interactions of fermions with the
bubble walls violate CP. Since the CP violation in the Standard Model is insufficient to pro-
duce the observed asymmetry, a successful electroweak baryogenesis mechanism must provide
new CP violation sources.

The electroweak phase transition in the Standard Model is not strongly first-order. Thus, all
the electroweak baryogenesis mechanisms need to extend the Standard Model scalar sector to
verify this requirement.

We can schematize the mechanism as follows (see also the right panel of Fig. 1.9) [239]:

o CP violating scattering of the particles in the plasma with the Bubble wall generate CP

and C asymmetries in particle abundance.

o Outside the bubble, the sphaleron transitions produce a neat Baryon asymmetry from the

asymmetries generated by the scatterings.
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Figure 1.9: In the left panel, we show the bubble with a broken phase expanding in the plasma
with an electroweak-symmetric phase. The right panel shows the production of the Baryon
asymmetry near the bubble walls. We start with an equal number of left-handed particles
and right-handed antiparticles outside the bubble (for simplicity we show only ¢z and ).
We highlight that left-handed antiparticles and right-handed particles do not participate in
sphaleron processes. CP violating scattering, the bubble wall segregates the particles generat-
ing a chiral asymmetry, later converted to the Baryon sector thanks to the sphaleron processes.
The expanding bubble swallows this asymmetry before the sphaleron processes re-even the
asymmetry.

o A fraction of the Baryon asymmetry ends inside the expanding bubble. Here, the sphaleron
processes are suppressed and cannot wash out the asymmetry.

Here, we focus on the renormalized finite-temperature effective potential of the Higgs bo-
son and show why the transition is not fist order for my observed. The effective potential at

one-loop order is [240]
Ve (¢, Tu) =V (¢) + Vi(¢) + AVi(¢, Tu). (1.137)

where V' (¢) is the Higgs potential at tree level shown in Eq. (1.10). Vi (¢) is the effective poten-
tial at one loop for Ty = 0 defined as [241]

Vi(g) = Z ngl(@ [m (mu(f)> + Cz} , (1.138)

where the sum is performed over all the particles of the theory. m;, n;, and s; are the mass,
number of degrees of freedom, and spin of the i-th specie. p is a mass independent renor-

malizarion scale and C; are scheme-dependent constants. AV (¢, 117) contains the correction of
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Figure 1.10: The plot shows the profile of the effective potential for a first- (second-) order
phase transition with dashed (dotted) lines for three temperatures. The red, yellow, and blue

lines indicate Tyy > Ty, Ty = Ter., and Ty < T, respectively.

the effective potential at one loop at finite temperature and is defined as [240]

m? T4 m2
AVi(¢, Tyy) = ~ bznn ( T2> — i:f;%m 3r <T2> : (1.139)
where [242]
7t ot 2
— I T2 — Latln +0(2%) r<1
Ji(a?) ~ 360 24 32 ( ) , (1.140)
e geo) o
4 2 x?
o T2 7563 _ 7m 111 . O(;p?’) r <1
Jf(a:2) ~ 5 1t 6 32 ( f) , (1.141)
(72 (1 +E+06) vl

where Inay ~ 5.4076 and Ina, ~ 2.6351. To better understand the thermal correction to the
Higgs potential, we rewrite the potential in the following approximated form valid at high
(1.142)

temperatures [242]
A
Vert (¢, Ty ) ~ D(Tg — TOQ) — ET¢3 4 Z¢4 ’

where D and ) are independent of ¢, but slowly depends on T}/
For £ = 0, at Ty = Ty we have a second order phase transition. For Ty; < Tp, the Higgs
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Lattice | 4D Isotropic[244] 4D Anisotropic[245] 3D Isotropic[246] 3D isotropic[247]

my < (80 £ 7) GeV (72.4 +1.7) GeV (7234+0.7)GeV  (72.4+0.9) GeV

Table 1.5: Upper limit on the Higgs mass to have a first order phase transition

vacuum expectation value is

2
(6) = TOJ 2f (1 - %) (1143)

If F is different than zero, we have a first-order phase transition. We have the formation of a

second minimum originates for

8\D
=T\ =rrs o3
SADT} — 9E

, (1.144)
T=T1

The Universe reaches Tt,. when the second minimum is degenerate with the origin.

We characterize the degree to which the transition is first-order with the following ratio

b, 2E

TCI“ )\ .

(1.145)

where ¢, is the location of the second minimum at 7, . A transition is strongly first order when
Ger./Ter. 2 1[243]. If the electroweak transition is not strongly first order the sphaleron processes
can wash out the Baryon asymmetry [243]. In Table 1.5, we report the maximum Higgs mass
allowed to have a first order phase transition from some lattice studies.

In the following, we show how to estimate the final asymmetry by focusing on a single
bubble and integrating the Baryonic density over radial coordinate perpendicular to the bubble
wall. We approximate the bubble to be planar with thickness Ly that expands with velocity
(i

We consider a coordinate system comoving with the bubble wall with the origin in the mid-
dle of it. We denote with z the direction perpendicular to the wall. In this way, the electroweak
phase is broken for z < 0. The wall reflects or transmits a particle depending on the interac-
tion. CP violating processes cause left- and right-handed to interact differently with the wall.
Thus, the reflection and transmission probabilities depend on the chirality leading to a chiral
asymmetry inside and outside the bubble. Weak sphaleron processes convert the left-handed
fermion excess outside the bubble into a Baryon asymmetry.

The Baryon yield is [248]

135N +00 34 [
Y = 427f / dzTywspir exp{—A / szWS}, (1.146)
T ow gx 1 J -0 2o J-o
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where I'yyg = 10787} exp{—a¢(z) /Ty } is the weak sphaleron rate, a = 37, A = 15/2, Ny = 3
is the number of flavour, p, is left-handed density excess outside the bubble wall. The fermion

transport through the wall determines ..
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CHAPTER 2

Primordial Black Holes physics

Primordial Black Holes are Black Holes formed in the early Universe through mechanisms
different than stellar collapse. Positive observations of Primordial Black Holes can poten-
tially probe early Universe physics, high energy physics, and quantum gravity. Zel’dovic and
Novikov discussed the concept of Primordial Black Holes for the first time in Ref. [249], and a
few years later, Hawking and Carr proposed the first solid works in Refs. [250-252]. Hawk-
ing realization that Black Holes evaporate while emitting elementary particles, the Hawk-
ing radiation [253, 254] further consolidated the importance of investigating Primordial Black
Holes. While the effect is negligible for stellar Black Holes, Primordial Black Holes with masses
Mpgn < 10'9 g can produce observable effects. It is one of the reasons for the popularity of Pri-
mordial Black Holes.

Primordial Black Hole evaporation can explain several observations, such as the presence
of antimatter in cosmic rays [255], Galactic [256] and Extra-Galactic [257] v-ray background, the
reionization of the pregalactic medium [258], the annihilation line radiation from the Galactic
Centre [259], and short-period ~-ray bursts [260]. However, it is worth noting that Primordial
Black Holes are not the sole explanation for these phenomena.

Heavier Primordial Black Holes can have astrophysical consequences, such as serving as
seeds for the formation of Supermassive Black Holes [261], contributing to the formation of
large-scale structure [262], and modifying the thermal and reionization history of the Uni-
verse [263].

Cosmologists soon realized that Primordial Black Holes could be excellent Dark Matter can-
didates [251, 264], as they are non-luminous, non-relativistic, and almost collisionless. Further-
more, several papers discuss the possibility of having particle Dark Matter produced from Pri-

mordial Black Holes [265-274]. In recent years, many studies investigated the simultaneous so-
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lution of Dark Matter and Baryon asymmetry problems with Primordial Black Holes [275-278].

Accretion disks typically surround massive Primordial Black Holes. The coexistence of
Primordial Black Holes and WIMPs would amplify the expected WIMP detection signature
because of the enhanced annihilation rate. Thus, this scenario is heavily constrained to the
extent that the simultaneous existence of solar-mass Primordial Black Holes and WIMPs are
incompatible [279, 280].

Primordial Black Holes” presence across the first stages of our Universe can alter or provide
information on fundamental mechanisms such as Baryogenesis [201, 281-287], structure forma-
tion [288], Big Bang Nucleosynthesis [289], and the nature of cosmic phase transitions [290]. We
summarize the principal features of Primordial Black Holes, depending on the mass range, in
Table 2.1.

Interestingly, Primordial Black Holes are a natural byproduct of most inflationary scenarios,
offering a precious link to the physics of inflation. The recent gravitational waves observation
by LIGO and VIRGO [291-293] rekindled interest in studying Primordial Black Holes.

Primordial Black Holes can provide an explanation to several phenomena, including: (7)
Planet-mass objects produce microlensing effects towards the Galactic bulge. The estimated
abundance of these objects is larger than the expected for free-floating planets [294]. (ii) Mi-
crolensing of quasar [295] It includes the cases where the probability that a star caused the
lensing is very low. (iii) Dark objects in the range [2 — 5]M, incompatible with Black Holes
of stellar origin [296], produce several microlensing events towards the Galactic bulge [297].
(tv) The correlation between cosmic infrared background fluctuation and source subtracted X-
ray [298]. (v) The unexplained absence of ultra-faint dwarfs below a certain radius [299]. (vi)
The existence of Galaxies for redshift z € [10 — 18] [300], in tension with standard cosmology.
(vii) The Supernova population following the distribution of white dwarf-Dark Matter inter-
action [301]. (¢ix) The recent measurements of mass, spin, and coalescent rates of Black Holes
by LIGO and Virgo [302], especially the events involving Black Holes with masses unexplained
by stellar evolution. (iz) The link between the Galaxy’s mass and the Black Holes in its center.
Ref. [303] points out that the thermal history of the Universe can explain most of the enigma
mentioned above.

This Chapter introduces the fundamental elements of Primordial Black Hole physics and
is organized as follows. The first Section discusses Primordial Black Holes formation mecha-
nisms, where we start with an overview of the most famous scenarios and examine a simple
example. The second Section reviews Primordial Black Holes” mass evolution. It depends on
three competing factors: Accretion, Merging, and Evaporation. Here, we present Hawking's
calculation and the particle emission from Primordial Black Holes. The third Section examines
how Primordial Black Holes alter standard Cosmology by analyzing Friedmann Equations.
Finally, the fourth Section overviews the existing constraints on Primordial Black Holes abun-

dance.

41



PHYSICS BEYOND THE STANDARD MODEL AND PRIMORDIAL BLACK HOLES

Mass Range [ DM Features
Mpgy < 10% g | No* *If the evaporation leaves stable relics, they contribute to
P [304-314]
They can affect the early Universe physics. For instance, they can
o inject entropy [99].
o modify Baryogenesis [283, 315-318] and/or Nucleosynthe-
sis [319].
o generate neutrinos [320, 321], gravitinos [322], etc [323, 324].
o swallow monopoles [325, 326].
o remove the domain wall [322].
o contribute to the Universe’s reionization [327, 328].
Mppy ~ 10% g | Yes They are evaporating today
They can contribute to
o the cosmological v-ray background [319].
o the Galactic y-ray background [256, 329].
o antiprotons or positrons in cosmic rays [281, 330, 331].
They might generate -ray bursts[332], radio bursts[333], and
annihilation-line radiation coming from center of the Galaxy [259,
320].
They can unveil the physics of the final explosive phase of Black
Hole evaporation [334].
Mppn > 105 g | Yes They can be detected via gravitational effects

There are almost no constraints for Mppy in [102° — 1025] g [305,
335, 336] and [10% — 10*]M, [337-339].

Large Primordial Black Holes can

o influence large-scale structure [262, 340-343].
o be seeds for Supermassive Black Holes [261, 344-346].
o generate background gravitational waves [347-351].

o produce x rays through accretion [263].

Table 2.1: Primordial Black Holes classification. For each mass range (first column) we report
if they are Dark Matter Candidate (second column) and the main information for detection and
constraints (third column). The table summarizes the classification provided in Ref. [319].
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e

Comoving Scale

GRH
Qform
Geq

Figure 2.1: Primordial Black Hole formation scheme. From the darkest to the lightest violet
shade, we indicate the inflationary, radiation dominated and matter dominated periods. armu,
Aform, Geq indicate the reheating, Primordial Black Holes formation, and radiation-matter equal-
ity comsic scales. The horizontal lines represent kp 5y (orange) and kgy (green).

2.1 Formation Mechanisms

This Section serves as an overview of Primordial Black Holes formation mechanisms, all of
which require the existence of sizable inhomogeneities in the early Universe. The most famous
class of formation mechanisms involves quantum effects during inflation to generate over-
density fluctuations that subsequently undergo gravitational collapse. Some mechanisms pre-
dict that fluctuations decrease at bigger scales so that the formation of Primordial Black Holes
happens shortly after reheating [304, 352-354]. Other scenarios predict that the fluctuations
power spectrum peaks at a fixed scale [305, 335-337, 355-365]. Alternatively, Refs. [366-373]
investigate the scenarios where the fluctuations amplitude increases on lower scales with a
non-trivial power law. Furthermore, more complex inflationary scenarios are viable in liter-
ature [338, 374-379], offering additional avenues for Primordial Black Holes formation as a
consequence of inflation.

Additionally, several mechanisms can alter Primordial Black Holes formation. Examples
include the sudden pressure drop associated with the QCD era [380-382], a “dustlike” period
caused by a matter-dominated period [383], and a slow reheating [352].

Moreover, phase transition can generate inhomogeneities or enhance Primordial Black Holes
formation. Examples of phase transition that can lead to Primordial Black Holes formation in-
clude Bubble collisions [384-389], cosmic String collapse [390-398], domain [399, 400] and neck-
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lace wall [401-406].
We expect Primordial Black Holes mass, denoted with Mpgy, to be around the Hubble mass

3t t
Mppy = = 10% ( ) : 2.1
PBH = 7PBH Gy YPBH 10-23 g (2.1)

where vppy depends on the gravitational collapse details. Primordial Black Holes mass range is
wide, with potential formation occurring between the Planck time (10743 s) and t = 15, result-
ing in Mppp € [107° — 10%¥] g. By comparison, Black Holes originating from stellar collapse can
not be lighter than 1 M. It is worth noting that inflation exponentially dilutes Primordial Black
Holes formed with masses Mppg <

~

show that yppy = ¢2 ~ 0.2[252, 407], where ¢? = 1/3 is the sound speed. Eq. (2.1) suggests that

1g. In a radiation dominated era, analytical calculations

Primordial black Holes formed at a specific time should have an almost monochromatic mass
distribution ({Mppn ~ Mppn). However, some mechanisms predict an extended formation
period, leading to an extended mass distribution.

Assuming Primordial Black Holes form in a radiation-dominated Universe and using Eq. (2.1),

we estimate they form when the Universe temperature is

N /4 [3yppM3, ”
"=3 gw) V Mew 22

Most PBH formation mechanisms require the presence of inhomogeneities and overdense

regions that stop expanding and recollapse. This condition demands that the fluctuations in
these regions be larger than the Jeans length at maximum expansion. The Jeans length is /wct
for an equation of state p = wpc?, where p and p are the pressure and the energy density of the
Universe. For relativistic matter, w = 1/3.

When the overdensity ¢ re-enters the horizon must be higher than a critical value é,. to
collapse. d.;. depends on the formation period and the shape of the density perturbation. For
instance, Ref.[408] focused on a wide shape range, obtaining J.,. € [0.41 — 0.67]. For broader
shapes, the role of the pressure gradient is negligible, leading to a lower critical value. In a
radiation-dominated Universe, the perturbation might collapse and form a Primordial Black
Hole if the overdensity overcomes the radiation pressure, meaning that d;. ~ cg.

Primordial Black Holes formation is an example of a critical phenomenon, and several stud-
ies suggest that the mass function has an upper cut-off around the Hubble mass, My, and a
lower limit. The Primordial Black Hole mass depends on the amplitude of fluctuation originat-
ing it as [409, 410]

Mppu = kMg (0 — dcr.)” (2.3)

The perturbation shape and the background equation of state determine v and &.

In the following, we describe Primordial Black Hole formation in a radiation-dominated
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Universe from overdensities generated during inflation. Our goal is to show the relation of the
information on the Primordial Black Hole population with the primordial curvature fluctua-
tion.

Before discussing the formation mechanism, we set the stage with all the fundamental in-
gredients. Since Primordial Black Hole energy density is not constant (pppy ~ a—2), we refer

to Primordial Black Holes abundance at formation for definiteness. We indicate it with

g = PPBH : (2.4)
pcr. in
~1/4 -2
I 1/2 g*(ﬂn)) <h>
go= 'YPBH< 106.5 06r) (2.5)

where h = 0.67[411] is related to the Hubble constant, p.,. is the critical energy density of the

Universe. The second definition is the most commonly used because 3 often appears multi-

plying ~pggr /h2

(partially) comprise Dark Matter and we express their abundance as

. Alternatively, if Primordial Black Holes survive until today, they can

(2.6)

We can relate 3 to the fraction of the energy density budget of the Universe composed of Pri-

mordial Black initial abundance as[319]

PPBH M i/
PBH = = a1+ 2) = 10'°8 (1012?{) (2.7)
cr. o g
where 1 + z = a,/ajy, is the redshift and Q.9 = prad/per.- If Primordial Black Holes were to
compose Dark Matter (2ppn = {2pm ~ 0.25), 8 must extremely small. Nonetheless, there exist
scenarios providing naturally small initial Primordial Black Hole abundance [319].

Primordial Black Hole formation is a causal process because gravity needs to “communi-
cate” the presence of an overdensity to initiate its collapse. Thus, we need to understand the
concept of causality in an expanding universe. The Hubble rate H indicates the expansion rate
of our Universe. We refer to H ! as the Hubble distance. It measures the distance that light
travels in one Hubble time. We can consider it a time-dependent length sizing the causally
connected region of the Universe. We are interested in knowing the behavior in time of the

comoving Hubble horizon 1/(aH). The time derivative of the comoving Hubble horizon is

d 1 d%a 1
pm <H> Tk (2.8)
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By considering the second Friedmann equation

1d%a 1

il P 2.

a dt? 6M%1 (3P +p), (29)
and the continuity equation

P(t) = wp(t), (2.10)

we obtain that

(aH)™! = Hyla(1H32)/2, (2.11)
During inflation w = —1, thus 1/aH decreases with time, whereas for radiation- (matter-)dom-

inated Universe, w = 1/3 (w = 0), meaning that 1/aH is a crescent function.

We study the statistical properties of the fluctuation in Fourier space where we express each
perturbation mode in terms of a comoving length scale k~1. The gravitational collapse of the
perturbation needs its comoving length comparable to the casual distance kppn/aH ~ 1. We
define a perturbation as super-Horizon (sub-Horizon) when its wavelength is k¥ < aH (k >
aH). The initial (quantum) fluctuations live inside the Horizon (k > aH). Since 1/aH grows
during inflation, the fluctuation becomes sub-Horizon at a certain point. After the reheating,
the Universe is radiation-dominated, and 1/aH increases again (see Fig.2.1 for a schematic
depiction). The perturbation exits the Horizon at smaller scales for smaller k, but it takes longer
to re-enter the Horizon.

At the end of the inflation, the mode associated with kpgy becomes the seeds for the over-

density fluctuation
Pr(kppm)"/? ~ 5; =4. (2.12)

If § > 4., the gravitational interaction leads to the formation of Primordial Black Holes from
the collapse of the overdensity.

According to the Press-Schecter model of gravitational collapse, we have [412]

+o0
B= P(6)ds, (2.13)
6cr.
where P(6) describes the probability of having an overdensity 6. Assuming a Gaussian dis-
tribution, we want to show how to get a large Primordial Black Hole population today. The
fundamental quantity is the variance of the distribution o. Indeed, for fixed mean value y, hav-
ing greater o results in a wider distribution, which leads to increased integration in [d.; +o0c].

Assuming 1 = 0, we have
oo do 52 1 Oer o Ser
T2 (2 F - )) = — = 2.14
b= / 27ra { 202} 2 < rf (\/io—)> V276, exp{ 202} (2.14)
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Figure 2.2: In color we show log,q Qppn as a function of Mpgy and d../o. The black contour
illustrates when Qg5 = O, while the region in white corresponds to Primordial Black Holes
with an abundance greater than Dark Matter today.

where Er f(x) is the error function. The second equality is true for d.;. > o. By combining this

result with Eq. (2.7), we can estimate d,. /o so that Qg = Qf),. For instance,
Mppy = 107 *Mg, Qg = Py = der. /o = T7.9. (2.15)

In Fig. 2.2, we show in color the behaviour of Qpgpy as a function of Mpgy and d.; /0. The white
region corresponds to Qppy > Qpwy, while the black line represents the equality.

To connect the amplitude of the comoving curvature perturbation R [413, 414], we expand
at the leading order ¢ and obtain [408]

. 2(1 + w) V2R(Z) c 4 [ k2
~ ~—— | — . 21
B 1) & Ty +O(RS) = 6~ g () ™ (2.16)
where the second equality holds for a radiation dominated Universe w = 1/3. We define the

power spectrum as
272
k3

The power spectrum of overdensity and the curvature perturbation relation is

(XpXp) = —5 Px(k)6®) (k- k'), (2.17)

4
Py(k) ~ g (CL’;) Pr. (2.18)

We define a window function W to smooth § on scales relevant for Primordial Black Hole

formation R ~ k! ~ 1/aH. The relation between the variance of the density contrast and the

47



PHYSICS BEYOND THE STANDARD MODEL AND PRIMORDIAL BLACK HOLES

spin 0 1 3/2 2 1/2 (neutral) 1/2 (charged)

f 0.267 0.060 0.020 0.007 0.147 0.142

Table 2.2:  Contributions per degree of freedom to f(Mppn) depending on the particle
spin [417].

power spectrum is[415, 416]

16 [To°

~ 9 dlngW?(q. R)(¢R)*Pr(q),  (2.19)
0

+oo
02(R) = (6%) = /0 d1ngW2(q, R)Ps(q)
By considering Ps peaked at k = kppn, we obtain 0% ~ Ps(kppu). From Eq.(2.18) and that
k ~ aH at formation, we obtain
Pr ~ 502, (2.20)

To better understand that Primordial Black Holes require large amplification of the curvature
spectrum, we want to compare it with the one associated with the Cosmic Microwave Back-
ground (Pr(kcmB) ~ 1079). Recalling the example in Eq.(2.15) and assuming d.,. = 0.4, we

obtain
Pr(kppn)

Pr(kcmB)
Considering lighter Primordial Black Holes leads to similar results. From Egs. (2.14) and (2.20),

~107. (2.21)

we obtain that
5 O

" 2In(1/8)

Thus, we obtain that Pr logaritmically dependent on 3. Conversely, we observe that 5 depends

Pr

_ (2.22)

exponentially on Pr and d;..

2.2 Mass evolution

This Section illustrates the evolution of Primordial Black Hole mass from the competition of ac-
cretion and evaporation. The phenomenon is sensible to the sound speed in the cosmological
fluid, the energy density of the accreted component, and the Primordial Black Hole’s parame-
ters (mass, spin, and charge). For simplicity, we focus on neutral and non-rotating Primordial
Black Holes unless otherwise specified. We organize the Section as follows. First, we discuss

evaporation and the related particle flux on Earth. Then, we briefly discuss the accretion.

2.2.1 Evaporation

In the seminal papers Ref. [253, 254], Hawking investigated the quantum properties of Black
Holes, prompted by the observation that very light Primordial Black Holes could form in the

48



PHYSICS BEYOND THE STANDARD MODEL AND PRIMORDIAL BLACK HOLES

very early Universe. Combining quantum mechanics, general relativity, and thermodynamics,
he realized that Primordial Black Holes are not perfectly “black”. Indeed, they emit elemen-
tary particles with a black body-like spectrum with a temperature proportional to the gravity
surface s,
Top = 2i . (2.23)
™
We define this emission as “Hawking Radiation” and is a semiclassical effect that can be
roughly understood as follows. Due to quantum fluctuation, pairs of particles and antiparticles
appear and disappear continuously. When such a phenomenon happens near the horizon of a
Primordial Black Hole, one of them can fall behind the horizon while the other escapes and is
measurable at spatial infinity.

As mentioned above, the emission is black body-like, thus

Ny gy I'X(Ey, TpeH)
dE,dt 21 exp{E\/Tppu} — (—1)%x

(2.24)

where g,, s,, E, are x degrees of freedom, spin and energy. I' is the grey-body factor that
describe the discrepancy between the Primordial Black Hole emission and the black body one.

We define it as

Zoo |2

Zhor.

X = ‘ (2.25)

where Z, and Zy,,. are the amplitudes of a plane wave evolved from the Primordial Black
Hole horizon to the spatial infinity. The grey-body factors depend on the particle mass, spin,
and charge of the particle and the Primordial Black Hole. We mention that particles emitted
from Primordial Black Hole evaporation can decay or interact, generating a secondary flux.
As the Primordial Black Hole emits Hawking Radiation it looses mass. We can determine

the mass loss as follows
dMpgH
k(Mppn, J) = —Mpgy——— T Mpgy ,/ XdE thx’ (2.26)

where J is the Primordial Black Hole momentum and we perform the sum over all the particles

emitted (m, < 7pau). We can do the same for the momentum loss. We can recast Eq. (2.26) as

dMppn & (2.27)
dt Mgy ‘

In the following, we consider neutral and non-rotating (Schwarzschild) Primordial Black
Holes. Quantum emission causes the loss of angular momentum and charge on a shorter

timescale [418], justifying our assumption. We emphasize that this reasoning can fail at the
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Figure 2.3: The plot shows the behaviour of « as a funciton of Mpgy. Primordial Black Holes
can emit a certain particle when 7ppg crosses its mass. We indicate with a label the particle
responsible for the threshold. We highlight that Primordial Black Holes radiate quarks and
gluons only if TppH 2 AqcD.

Planck scale [418]. In such a case, the temperature reads as

hic3 106 g
k =———~1. MeV . 2.2
BTPBH gy — 06 (MPBH eV (2.28)

Moreover, in this scenario, we can approximate ~ as
k=534 x 10 gZs7 f(Mppy) . (2.29)

where f(Mpgp) accounts for the number of particles emitted per specie and degrees of freedom
(see Table2.2 for the numerical values). We define it so that it is normalized to unity for Pri-
mordial Black Holes with Mpgy > 10'7 g. Indeed, they emit only particles that are (effectively)
massless, like photons, neutrinos, and gravitinos. In Fig 2.3, we report the behaviour of  as a
function of the Primordial Black Hole mass.

By integrating over the cosmic time Eq.(2.27), we obtain that the Primordial Black Hole

f(MPBH))1 (MPBH)3
~ 4 —_ | —— . 2.30
T AT ( 15.35 1000g) ° (&=

lifetime

We define M{y as the critical mass for which Primordial Black Holes lifetime equals the
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age of the Universe (13.8 Gyr). It is equal to

MCT‘ 1/3
or 1,02 x 1019 <f(151°3B5H)) g~5.1x10"g (2.31)

Particle flux on Earth

In this Section, we show how to calculate the flux of a specie emitted from Primordial Black
Holes that are still evaporating today. We suppose the particle x to be weakly interacting like
neutrinos and Dark Matter. In this way, there is no need to compute deflection effects. For
clarity, we consider a monochromatic Primordial Black Hole mass distribution. We divide x
flux into two components. One results from the Extra-Galactic (¢rg) Primordial Black Holes,
and one from Primordial Black Holes in our Galaxy (¢nmw). The differential Extra-Galactic flux

contribution is

dg®S  fepmppm [hmex d2N
= dt [1+ 2(t = 2.32
AT, 4nMppy /tmm 1+ 2] G7a . 232)
where T, is x kinetic energy, z(t) is the redshift and E, = (Ef< - mi) (14 2(t)* + m2 is x

redshifted energy. fppp is the fraction of Dark Matter comprised of Primordial Black Holes

PPBH
PDM

JrBH = <1. (2.33)

The integral in Eq. (2.32) is performed from the matter-radiation equality (tmin) up to tmax =
min|[7pBH, Tuniv.], where 7ppr and Tyniv. are respectively Primordial Black Holes lifetime and the

Universe’s age. The Extra-Galactic component is assumed isotropic.
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The Galactic component is

d¢MW fpBH d? NX bmax NFW
= ds 2.34
ATy 4rMppy dTydt /0 porc (7) (2.34)

where (¢, ¢) is the Galactometric distance defined as

r(69) = \[r} —2rocosd + (2, (2.35)
lmax = /T3 — 12 sin?6 + rocosh (2.36)

where r;, = 200 kpc is the halo radius. pNW(r) is the Navarro-Frenk-White defined as [419]

A0 = oo (22) (el 37)

where po, = 0.4 GeV cm ™ is the local Dark Matter density, re, = 8.5kpc and r, = 20kpc are
the distance between the Sun and the Milky Way center and the scale radius respectively. We
notice that the total flux, given by the sum of Egs. (2.32)-(2.34), is proportional to fppu/MpgH.
Therefore, lower masses lead to higher fluxes.

Fig.2.2.1 shows the Galactic and Extra-Galactic x flux in solid and dashed lines. We con-
sider x a Dirac fermion (g, = 4) and m, = 1 MeV. The colors illustrate different [Mppn, freH]
benchmarks. The vertical line indicates 7, = m,. The kinetic energy distribution peaks at
higher energies for smaller Mpgp. The Galactic distribution flattens for 7}, smaller than x mass

since the particles are produced almost at rest.

2.2.2 Accretion

Accretion may alter the evolution of Primordial Black Holes and impact several observables
(see Refs [420-422] for comprehensive reviews). The phenomenon consists of the gravitational
capture of matter by Primordial Black Holes. The infalling matter heats up until it ionizes and
emits high-energy radiation. Accretion owes its complexity to its dependence on the physical
parameters of the cosmic fluids and the convoluted relation between the accretion rate and the
geometry of the accretion flow. Additionally, Primordial Black Hole mass, sound speed, and
the energy density of the accreted region strongly influence the phenomenon.

Roughly speaking, we can identify two cases: isolated Primordial Black Holes or in a binary
system. In the latter, the binary system generates a deeper gravitational, requiring a precise
estimation of the deviation of the mean gas density.

If Primordial Black Holes entirely comprise the Dark Matter abundance, Baryonic matter
surrounds them. Instead, assuming the coexistence of Primordial Black Holes and a secondary

Dark Matter component, we should also account for the formation of dark halos.
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The key objective of the sub-Section is to quantify Primordial Black Hole mass variation
due to accretion in the isolated case. In the following, we do not discuss the radiation emitted
during accretion, which is crucial for the constraints from the Cosmic Microwave Background
observations [423—426].

In the following, we describe the accretion of an isolated Primordial Black Hole surrounded

by matter. We describe the surrounding medium with hydrogen gas with a number density

o (14 2\
Ngas = 200 cm 3 < 1000) . (2.38)
The mass evolves according to the Bondi-Hoyle rate [263, 420]
dM
< d};BH> = 471')\mHngasveffr%; , (2.39)

where ver = /v2 + 2, vy is the relative velocity between the Primordial Black Hole and the
gas and c; is the sound speed

1+Z 1/2 1+zdec L 71/2L
=57k 1+ Zdec )" , 24
¢ 57m/s<1000> {<1+Z>+} (2.40)

with ¢ = 1.72 and zgec =~ 130. rp is the Bondi-Hoyle radius

MpgH _4 (MPBH> < Veff >2
= ——"-~13x10 2.41
= Vo 8 pe Mg 5.7km/s 41)

A accounts for the gas viscosity, the Hubble expansion, and the coupling of the Cosmic Mi-

crowave Background radiation to the gas via Compton Scattering. Ref. [420] defines it as

9/2
where _
g = "o TLHVIFL (2.43)
B )

and

. MPBH> <1+z>3/2( Veft )‘3 ( Te ) (1+z)5/2

= 2 1.4 2.44

' (1041\4@ 1000 s7akmys) |27 ot (oo @44)

It is a function of the redshift z, the effective velocity, and the ionization of the cosmic gas z..
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Scenario with a Dark Matter halo

Primordial Black Holes may comprise a small fraction of the Dark Matter energy density. The
presence of another Dark Matter component in the Universe can form a dark halo around
Primordial Black Holes. Since the dark halo intensifies the gravitational attraction of the gas to
the system, it acts like a catalyst enhancing the gas accretion rate. We stress that the infall of the
surrounding Dark Matter component is negligible [420].

We denote with M}, the dark halo mass truncated at a radius r;,. We assume the dark halo
to have a power law density profile (p, ~ e™%, a ~ 2.25). As long as the Primordial Black
Holes are isolated and until they are still accreting Dark Matter, M;, and r;, grow according
to [280, 339]

142\t
M}, = 3MpgH ( 1000) ; (2.45)
M 1/3 1 -1
rh = 0.019 pe ( I\EBH> ( 1(;55) , (2.46)
©}

Primordial Black Holes accrete all the Dark Matter when

_1
z
1 =1. 2.47
3/pBH ( + 1000) (2.47)

The Bondi radius can be smaller or larger than the Bondi radius. In the first case, we can
describe this scenario with Eq. (2.39), where we substitute Mpgy with M. In the second case,

we must correct Eq. (2.39) to account for the modified potential. We define

._TB 1+z2 M, 2/3 Veff )2
M= 0'22(1000> (MQ) (km/s 248)

when & < 2, we consider the following quantities

o= pp/0on), (2.49)
A= T hy (2.50)
o\ p/(1-p)
rh = (’{) Ter, (2.51)
: 2
L\ 1/10 A\ 2
T o= (1+10") 7 expf2 - i} <2> (2.52)

where p =2 — «.

2.3 Friedmann Equations with Primordial Black Holes

The existence of Primordial Black Holes can alter the evolution of the early Universe. This Sec-

tion examines the effects of Primordial Black Holes evolution accounting for their evaporation.
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Primordial Black Holes and radiation energy densities evolve according to the following Fried-
mann equations [268, 270, 427, 428]

dprad dMPBH 1
AHpra = — , 2.
¢ T AHPrad fsm TRy (2.53)
dPPBH dMpgH 1
H = 2.54
T + 3H ppBH q Mppy "B (2.54)
da 1\? 8
H? = (== = —(p, . 2.55
(dt a) N, (Prad + pPBH) (2.55)

where H is the Hubble parameter, a is the cosmological scale factor, and ¢ is the cosmic time.
fsm is the fraction of Hawking radiation composed of SM particles.
For simplicity, we recast the equations in terms of o = log;;a and the comoving energy

densities (oppr = a®pppH and 0rad = a*praq). With this formalism, the Friedmann equations

are
dora, dlnM
Orad  _ _ fon P 0% gy (2.56)
da da
do dIn M
% = %QPBHy (2.57)
8T ([ OPBH Qrad)
H? = 2.58
3M%1< a’ + at )’ (2.58)

Eq. (2.56) shows that Primordial Black Holes affect the radiation energy density, meaning
that the Universe entropy is no longer conserved. The equations describing the Universe’s

comoving energy density (S) is [428-430]

dS . _@dlnMpBH

— = . 2.59
dor T, do 2pBH (2.59)

which leads to the following evolution equation for the Universe temperature (77,)

ATy Ty

dIn MpgH aopBH }

1 o (2.60)

A shows how the entropic relativistic degrees of freedom (g.s) on the Universe temperature [428

430],
TU dg*s

A=14+-—— .
3g*s (TU) dTU

(2.61)

The left panel of Fig.2.4 shows pppn/piot (Red), prad/piot (Blue), and Sgr/Sg— (Green) as
a function of a assuming Mppy = 108 g, B’ = 107°. For the mass considered, Mpgpy evolution

depends only on the evaporation,

dInMppny B x1In(10)

=—— . (2.62)
do HM?I)DBH
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Figure 2.4: Effect of Primordial Black Holes on Standard Cosmology. The left panel shows
prBH/ Prot (Red), prad/prot (Blue), and Sp/Sp—o (Green) as a function of « for the benchmark
provided by Mppn = 10%g and 8/ = 1079, The right panel illustrates in color the entropy in-
jection (log,( Spr—0/Sp’) in the plane Mpgy — 3’ for Mppn € [10° — 10%] g. The hatched region
portrays the constraints on the gravitational waves’ energy density from Big Bang Nucleosyn-
thesis [431].

Solving this equation, we see that Mpgy is almost constant until o >~ «.,. At this point, Mpgn
goes to zero rapidly. From the left panel of Fig.2.4, we see that the Universe is radiation dom-
inated until o ~ —log;, 5. Primordial Black Hole energy density dominates until they evapo-
rate. Near complete evaporation, radiation and entropy densities grow because of the relativis-
tic particles emitted from Primordial Black Holes evaporation.

The right panel of Fig.2.4 shows in color the entropy injection in the plane Mppy — £
We consider the range Mppy € [105 — 109] g. In this range, the mass evolves as shown in
Eq. (2.62). We illustrate the limit on the energy density of gravitation waves at the time of Big
Bang Nucleosynthesis [431, 432] as the hatched area.

2.4 Constraints

This Section provides an overview of the existing constraints on Primordial Black Holes abun-
dance and categorizes them depending on the mass ranges. The bounds discussed therein
derive from several studies and analyses. This Section aims to present the most conservative
limits obtained assuming a monochromatic mass distribution and that do not form clusters.
Ref. [3] provides a more detailed discussion. In Fig. 2.5, we report the constraints discussed in
this Section.

We divide the constraints into six categories: () Primordial Black Holes evaporated com-
pletely before the present time (Mppy < 5 x 10 g); (ii) evaporation (Mppy € [10'° — 10'8] g);
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(i47) microlensing (Mppn € [1022 — 10%6] g); (iv) gravitational waves (Mppy € [1030 — 10%7] g);
(v) dynamical effects (Mppy € [103* — 1037] g); and accretion (Mppy € [1032 — 1037] g).
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Figure 2.5: Constraints: The shaded regions illustrate the excluded areas. Dotted lines re-
fer to constraints that rely on additional assumptions. Top Left: Constraints on Primordial
Black Holes with lifetime shorter than the Universe’s age. We report the bounds in terms
of " assuming Primordial Black Holes leave stable Planck mass relic [304], entropy injection
constraints [3], Light Supersymmetric Particle (LSP) relic [324], Big Bang Nucleosynthesis [319],
Cosmic Microwave Background spectral distortion and anisotropies [433, 434], Extra-Galactic
~-ray background (EGB) [319], and gravitational waves energy density from Big Bang Nucle-
osynthesis (GWs) [431]. Top Middle: Constraints from evaporation. We portray the constraints
from Extra-Galactic y-ray background (EGRB)[319], 511 keV gamma-ray line (511 keV) [435],
Cosmic Microwave Background observations (CMB) [436, 437], EDGES 21cm [438, 439], Voy-
ager e® [440], MeV Galactic diffuse flux INTEGRAL) [441], dwarf Galaxy heating [442], and
Super-Kamiokande (SuperK) [434, 443]. Top Right: Constraints from Gravitational lensing. We
report the constraints from stellar microlensing from OGLE [294], MACHO [444], HSC [445],
EROS [446]. Furthermore, we report the constraints from supernovae magnification distribu-
tion (SNe) [447] and Icarus lensing events (Icarus) [448]. Bottom Left: Constraints from gravita-
tional waves. We depict the constraints from individual mergers [449, 450] and the stochastic
background of mergers [451]. Bottomn Middle: Dynamical constraints. We display the bounds
from wide binaries [452] and dwarf Galaxies[453]. Bottom Right: Constraints from accre-
tion. We show the from Radio[454], Cosmic Microwave Background (CMB) [426], EDGES
21cm [455], X-ray [454] observations and dwarf Galaxy heating [456]. We obtained the plot com-
bining Ref. [3] and the code PBHbounds [457].
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2.4.1 Constraints on evaporated Primordial Black Holes

Here, we present the constraints on Primordial Black Holes with a lifetime shorter than the
Universe’s age. It is worth noting that most of the limits placed on Primordial Black Holes
evaporated completely before the Big Bang Nucleosynthesis (Mpgn < 109 g) rely on additional
assumptions. However, we present three examples of such bounds. For larger masses, the
constraints originate from Big Bang Nucleosynthesis, Cosmic Microwave Background, and ~-

ray observations.

Planck Mass relic

If Primordial Black Holes leave stable relics behind as they completely evaporate, these relics
can account for a fraction of the Dark Matter abundance. Assuming the relics have a mass

M, elic = KMpj, we can obtain an upper limit on B assuming 2. < Q% [304]

M 3/2
B < 8x107Bk! (Pm{> , (2.63)
Mp;

where

2
( Tpi ) ~ Memr _ 1,275
TrH Mp;

T is the Plank temperature and Try is the reheating temperature. The mass lower limit
arises from the observation that inflation would dilute Primordial Black Holes produced before
reheating. The upper limit originates because Primordial Black Holes with larger masses would

dominate before evaporating.

Lightest Supersymmetric Particle

Primordial Black Hole evaporation can also emit particles beyond the Standard Model, pro-
vided that their mass is smaller than 7ppn. The abundance of stable particles [323] and the
decay of long-lived particles [266] strongly constrain Primordial Black Hole abundance. For
example, in the Supersymmetry framework, the lightest supersymmetric particle (LSP) is sta-
ble and is a suitable Dark Matter candidate. By requiring that it does not exceed the observed
Dark Matter density Qp),,, Ref. [324] obtains

3 M —1/2 MLS —1 ) MLS —1
prs 0 18( 131131H) (IOOLGZV) if Mpps < 10'! (100LG§V> & (2.64)

where my,1,ps is the lightest supersymmetric particle mass. It is worth noting that the constraint

assumes the validity of SuperSummetry. Thus, different scenarios may lead to different limits.
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Big Bang Nucleosynthesis

The interplay between Primordial Black Holes and Big Bang Nucleosynthesis drew significant
attention, in particular Primordial Black Holes in the range [10° — 10'3] g. Neutrino and anti-
neutrino injection from Primordial Black Holes can alter the freeze-out of weak interaction and
lead to modification in the neutron-to-photon ratio at the onset of Big Bang Nucleosynthesis,
subsequently affecting the prediction for *He and D [458].

Refs. [459-461] discuss the limits associated with these effects. Additionally, Refs.[319, 462]
investigate the fragmentation into hadrons of quark and gluon jets from Primordial Black Holes
during Big Bang Nucleosynthesis.

Recently, Ref. [431] examines the impact of Primordial Black Holes 5 x 10%g on the pre-
dictions of Big Bang Nucleosynthesis. Specifically, when the Universe transitions back to a
radiation-dominated phase, the generation of gravitational waves can potentially alter Big

Bang Nucleosynthesis unless

—1/2 M —17/24
< -6 '7PBH> ( PBH>
B< 1.1 %10 (0‘2 o s . (2.65)

This limit ensures that the gravitational waves produced do not alter significantly Big Bang

Nucleosynthesis predictions.

Cosmic Microwave Background

Photons from Primordial Black Holes in the range [10*! — 10'%] g can noticeably distort the
Cosmic Microwave Spectrum [459].

Ref.[459] analyses the effects of Primordial Black Hole evaporation on the Cosmic Mi-
crowave Background. The authors notice that photons evaporated from Primordial Black Holes
with Mpgp < 10° g thermalize and only contribute to the photon-to-Baryon ratio. From the
request that these photons do not exceed the observed photon-to-Baryon ratio, we get the fol-
lowing limit

8 < 10° (MPBH)_l . (2.66)
Mpi

More detailed calculations account for several effects. For instance, ;i-distortion caused by
the production of a large number of photons after the double-Compton scattering freezes out
(Mpgpu > 10 g)[463, 464]. Moreover, considering the secondary emission of electromagnetic
particles leads to stronger constraints [433, 465].

We can associate the damping of small-scale Cosmic Microwave Background anisotropies

to Primordial Black Hole evaporating after the recombination. Ref.[319] report the following
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approximated limit

1 3.1
_ MpgH
(M 1 30<fH> ( ) 2.5 x 108 g < Mppy < 101 2.67
B (Mppn) < 3 x 10 01 10134 5x10”g SMppy S107g,  (2:67)
where we define fy ~ 0.1 as the fraction of emission in e*. These bounds are valid for Primor-

dial Black Holes evaporating after or at the recombination but before z = 6.

2.4.2 Constraints on evaporating Primordial Black Holes

Primordial Black Holes in the range [5 x 104 — 10%] g are sufficiently close to the complete
evaporation to infer constraints on their abundance from the non-observation of the expected

signal [257]. From the Extra-Galactic y-ray background data, we obtain [319, 407]

M 3+€
PBH ) , (2.68)

<2x1078 <
feBH S 2 X 5% 101 g

where € ~ 0.1 — 0.4 describes the observed 7-ray intensity as a function of the energy [319].
Ref. [466] points out that accounting for the contribution of known astrophysical sources can
improve by a factor O(10) these bounds. Ref.[438] uses EDGES measurement of 21 cm ab-
sorption line to limit fppy. Similarly, Ref.[442] bounds Primordial Black Hole abundance by
looking at the heating of the interstellar medium in dwarf Galaxies. Voyager 1 limits the frac-
tion of Primordial Black Holes composing the local Dark Matter density by looking at the e*
flux [440]. Subtracting the supernova remnants and pulsar nebulae background improves the
constraints of two orders of magnitude [440].

SPI/INTEGRAL limits Primordial Black Holes abundance by looking at the flux of the 511
keV line [467]. Indeed, Primordial Black Holes emit positrons that can annihilate and contribute
to the 511 keV line. Ref. [441] further constrain fppy by using INTEGRAL measurement of the
Galactic diffuse flux in the MeV range. Lastly, Super-Kamiokande uses the observation of the

diffuse neutrino background to limit Primordial Black Holes parameter space [434].

2.4.3 Microlensing constraints
Stellar Microlensing

We define stellar microlensing as the temporary amplification of the flux of a star caused by
the passage of a massive compact object with mass in the range Mco € [5 x 10719 — 10]M,
in the line of sight of the star [468]. Since the duration of this effect is proportional to Mé/é,
the frequency of the survey determines the mass range constrainable. For instance, the EROS-2
survey of the Magellanic Clouds places limits on the abundance of compact objects in the range
[1076 — 1]Mg, [446], whereas MACHO collaboration search for long duration events constrains
the range [1 — 30]Mg [444].
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Ref.[294] seizes tighter constraints in the range using OGLE microlensing survey of the
Galactic bulge [469]. Furthermore, the data set contains six ultrashort events attributable to
free-floating planets or Primordial Black Holes[448].

Subaru HSC optical observations of M31 allow limiting the mass range [5x 1072 —10~¢] M.
Wave optical effects weaken the expected constraints. Kepler searches of low amplification
lensing lead to noticeably weaker constraints [470].

Assuming compact objects compose a sizeable fraction of Dark Matter leads to a dampened
magnification of stars [471]. The first microlensing event observed is Icarus/MACS J1149LS1
and is compatible with microlensing by an intracluster star of a source star at a redshift of
1.5[472, 473]. Ref. [448] constrains fco by requiring that compact objects in the range [107° —
10]M¢ do not weaken the magnification.

Type 1a supernovae

Compact objects may cause gravitational lensing effects on the magnification of type 1a su-
pernovae. These effects depend on the distribution of the Dark Matter [474]. The data from
JLA and Union 2.1 SNe samples constrain compact objects with Mco > 1072Mg to have
fco S 0.4[447]. We mention that Ref. [475] affirms that such constraints apply if Mco S 3Me.

Strong lensing of Fast Radio Bursts

The non-observation of the strong gravitational of Fast Radio Bursts by compact objects with
masses in the range [10 — 100]M, limits the fraction of Dark Matter comprised of compact
objects [476].

2.4.4 Gravitational waves constraints

Refs. [348, 477] study the formation of solar mass Primordial Black Holes binaries. Their coales-
cence at present generates gravitational waves detectable by LIGO. The expected rate is orders
of magnitude larger than the current LIGO-Virgo [291] data. Thus, Refs.[351, 449, 478, 479]
place tight constraints on the fraction of Dark Matter composed of Primordial Black Holes in
the range Mppy € [10 — 300]Mg. Ref.[450] extend the constraints down to ~ 0.2Mg, con-
sidering a dedicated LIGO-Virgo search for sub-Solar mergers. The stochastic gravitational
wave background [451, 480-482] of the mergers and searches for Primordial Black Holes bina-
ries with large mass ratios searches [483] further constrain the parameter space. Assuming that
Primordial Black Holes only partially constitute ppn, Primordial Black Holes of stellar mass
would accrete Dark Matter halos with a sharp density profile during the matter-dominated
era [280, 339]. The presence of these halos modifies the evolution of Primordial Black Hole bi-
naries [351, 479] slightly altering the constraints [449].
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A long-standing problem is the simulation of the evolution and survival of Primordial Black
Hole binaries. For instance, a higher abundance of Primordial Black Holes leads to the forma-
tion of clusters close to the matter-radiation equality [288, 484-486]. Refs. [479, 487-491] investi-
gate three-body interactions effect on Primordial Black Holes binaries. Furthermore, scenarios
forming Primordial Black Holes with a sizable initial clustering determine a higher merger rate

leading to stringent constraints [492, 493]. Conversely, Refs. [494] obtains the weaker limits.

2.4.5 Constraints from dynamical effects
Dwarf Galaxies

The kinetic energies of a system composed of objects with different masses tend to become
equal thanks to two-body interactions. In Ultra-faint dwarf Galaxies, the presence of compact
objects would lead to noticeable effects on the energy and distribution of the stars. For instance,
Ref. [453] places constraints on the abundance of compact objects from the dimensions of the

Ultra-faint dwarf Galaxies.

Wide binaries

The encounter with several compact objects increases the energy of wide binary stars. It can
potentially lead to its disruption [495]. We can use the distribution of wide binaries to limit the
abundance of compact objects [496]. Ref.[452] constrain the abundance of compact objects by
considering 25 wide binaries that spend the least time in the Galactic disk [497]

2.4.6 Constraints from accretion

The gas accreting onto Primordial Black Holes emits radiation. It can modify the recombina-
tion of the Universe, altering the anisotropies and spectrum of the Cosmic Microwave Back-
ground [263, 498]. As shown in Refs. [423, 499], both the accretion rate and the ionizing effects
of the radiation present compelling theoretical uncertainties.

The constraints are sensible to the shape of the accretion region. For instance, bounds ob-
tained assuming an accretion disk are more stringent than the ones obtained considering a
spherical accretion [425]. Furthermore, assuming the formation of Dark Matter halos around
Primordial Black Holes tightens the limits for Mppg > 10Mg [426]. EDGES measurement of
the 21-cm spectrum further constrains Primordial Black Holes with Mpgy 2 10M [455].

Observable X-ray and radio emissions originate from the accretion of Primordial Black
Holes with Mppy > Mg in the Milky Way [500]. Limits on fpgy originate from the comparison
of numerical simulation of the expected emission with known X-ray and radio sources in the
Chandra and VLA Galactic center surveys [454, 501]. Lastly, gas heating in dwarf Galaxies can

place constraints on fpgy [456].
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2.4.7 Primordial Black Holes as Dark Matter

As discussed above, several observables significantly constrain the current abundance of Pri-
mordial Black Holes. In Fig.2.6, we summarise these bounds using different colors to indi-
cate the specific observables that contributed to their derivation. Notably, a narrow window,
highlighted in grey, remains consistent with the scenario where Primordial Black Holes could
entirely constitute the Dark Matter abundance. Future experiments may have the potential to
delve into uncharted territories of this parameter space to either provide positive observation

or expand the existing bounds.
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Figure 2.6: This plot encapsulates the constraints placed on existing Primordial Black Holes
discussed above: Evaporation (in red), Microlensing (in orange), Accretion (in yellow), Gravi-
tational Waves (in green), and Dynamical effects (in blue). The grey band highlights the region
where Primordial Black Holes may constitute the entire Dark Matter abundance. We generate
this Figure using PBHbounds [457].

2.4.8 Generalization of constraints to different mass functions

Here, we present the prescription bestowed in Ref. [502] to generalize the constraints obtained

for a monochromatic mass distribution to a more general one, {)(Mpgy). We define

frBH = / dMppu?(MpgH) , (2.69)

We can expand astrophysical observable A[¢(Mppp)] as
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Alp(Mpgn)] = Ao + /dMPBH¢>(MPBH)Kl (MppH) + (2.70)

+ / AME)AME L (Mpp) Ko (M%H,M%H) + .

where Ay is the background contribution, K; describe how the observable depends on Mpgn

and its distribution. In many scenarios, we obtain constraints by requiring

A[¢(MPBH)] < Aexp. .

For most of the constraints, Primordial Black Holes of different masses contribute separately to

the bound. In such a case K; = 0 for j > 2 and the constraints translate as

¥ (MpgH)
/ Mg 5t A < 1 2.71)

Examples of observables where different masses do not contribute separately are the Gravita-

tional Waves from mergers.
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CHAPTER 3

Primordial black hole dark matter evaporating on the neutrino floor

This Chapter focuses on constraining Primordial Black Holes” abundance today by looking at
the evaporated neutrinos. Specifically, we consider Primordial Black Holes with masses in the
range [5 x 10™ — 5 x 10'] g, so that the emitted neutrinos have energies below ~ 100 MeV al-
lowing for their detection via Coherent Elastic neutrino-Nucleus Scattering in multi-ton Dark
Matter direct detection facilities. The high exposure foreseen for the next-generation detectors
will enable the establishment of bounds on the fraction of Dark Matter composed of Primor-
dial Black Holes. The projected limits derived in this analysis extend and improve Super-
Kamiokande’s. In the last Section, we quantify the impact of neutrinos from Primordial Black

Holes, a new astrophysical neutrino source, on the neutrino floor.

3.1 Neutrino flux

In this study, we consider a monochromatic mass distribution of neutral and non-rotating Pri-
mordial Black Holes in the range [5 x 10 — 5 x 10%] g.

While Coherent Elastic neutrino-Nucleus Scattering refers only to active neutrinos, it is
worth noting that the nature of neutrinos can impact the emission rate from Primordial Black
Holes [503]. As shown in Refs. [270, 271, 428], Dirac neutrinos would affect Primordial Black
Holes evaporation. Since Dirac neutrinos have twice as many degrees of freedom as Majorana
neutrinos, they would accelerate Primordial Black Hole evaporation. Ref. [428] demonstrated
that the modification is ~ 10% in the mass range considered. To be conservative, we assume
Majorana neutrinos throughout our analysis. As Coherent Elastic neutrino-Nucleus Scatter-
ing is flavor blind, we can neglect neutrino oscillations in our calculations. We compute the

total neutrino flux by following the prescription described in Section,2.2, considering only the
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Figure 3.1: Neutrino fluxes from Primordial Black Holes. The black dashed lines illustrate
the solar, Diffuse supernovae neutrino Background (DSNB), and atmospheric (atm) neutrinos.
The colored solid and dotted lines represent the primary and secondary neutrino flux from
Primordial Black Holes with parameters shown in the legend. We took the figure from Ref. [5].

primary emission of neutrinos from Primordial Black Holes, with the caveat of considering
only the primary emission. In Fig.3.1, we show the total neutrino flux as a function of the
neutrino energy. The dashed black line represents the background constituted by solar [504],
Diffuse Supernovae neutrino Background (DSNB) [505], and low-energy atmospheric neutri-
nos [506, 507]. The solid (dotted) curves depict the primary (secondary) neutrino flux from Pri-
mordial Black Holes. The primary flux dominates over the secondary one for higher energies.
Furthermore, Primordial Black Holes neutrinos prevail over the background for E, 2 20 MeV,

where the solar hep neutrinos fall off. Hence, we only consider the primary neutrino flux from
Primordial Black Holes.

3.2 Event Rate

The differential event rate for Coherent Elastic neutrino-Nucleus Scattering is given by

dUVN d¢u
dE, dE,

O(E™> — E,), (3.1)

T

— Npe(E)) x / dE,

where €(E,) is the detector efficiency which we approximate to one. In Fig. 3.2, we present the

event rate in a xenon-based experiment with a 200-tonne yr exposure as a function of the recoil
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Figure 3.2: Differential events rate for exposure of 200-tonne yr xenon detector. The black
dashed line shows the total background event rate. We report atmospheric, Diffuse super-
novae neutrino, and solar hep events rate components in dotted grey lines. The colored curves
represent the event rate assuming the presence of neutrinos from Primordial Black Holes with
parameters shown in the legend. The vertical line indicates the threshold energy considered in
our analysis. We took the figure from Ref. [5].

energy. We report the standard background as a dashed black line and hep, Diffuse Supernovae
neutrino background, and atmospheric neutrinos as dotted grey lines. We picture as colored
solid lines the event rate for three Primordial Black Holes benchmarks. We highlight that the
spectrum shape depends on [Mpgy, fpeh]. In particular, for greater Mppy, the spectrum shape
differs from the background. To extract information on the event rate profile, we employ a
binned analysis. In particular, we consider ten bins in the range £, € [5 — 50] keV. We choose a
threshold recoil energy of E'* = 5keV because of the position of the sharp cutoff of the solar hep
neutrinos. This approach allows us to efficiently analyze the event rate and derive significant

constraints in the plane [Mppn — fpBH].

3.3 Primordial Black Holes at next-generation detectors

To derive upper limits on the fraction of Dark Matter composed of Primordial Black Holes, we

consider a x? test statistic, defined as
2(0) = min [x*(0,0) + (1 - )2 (1 - )] . (3.2)
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Figure 3.3: Prospective upper bounds on Primordial Black Holes. The blue curves illustrate
the exclusion contours at 90% C.L. for 1 degree of freedom. The boundaries refer to xenon-
based experiments with exposures reported in the legend. We obtain two of them for planned
experiments, and the last corresponds to an ideal setup. We indicate with black stars the three
benchmark cases used in Figs. (3.1, 3.2, 3.4). We depict the limits from DSNB searches of Super-
Kamiokandel [434, 443] as a shaded grey region. The dashed curves, shown in red and orange,
represent the upper limits obtained from Galactic (GGB) and Extra-Galactic (EGB) [3] vy-ray
observations, respectively. We took the figure from Ref. [5].

Here, 07 = [Mpgu, fppu] is the vector of the model parameter, and a? = [a, as,as) is the
vector of the nuisance parameters on the normalization of the background components (solar
hep, Diffuse supernovae neutrino background, and atmospheric) concerning the theoretical
estimations. The covariance matrix X, = diag(c2, = 0.09, 02, = 0.25, 02, = 0.04) [504-507]
embeds the uncertainties on the background. The matrix is diagonal because the three fluxes

have independent origins. We define

L
Y2(0,a) = —2In =2, (3.3)
Ly
where the Likelihoods are
Ly = [[P (96‘ = Npac; A = Npgg(0) + Nf%ck(@)) ; (34)
L= JIP (v =Npa'ih = Nig) - (3.5)

i
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Figure 3.4: Impact of Primordial Black Holes on the Neutrino Floor. The black contour indi-
cates the ordinary neutrino floor. The upper border of the colored bands illustrates the modifi-
cation of the Neutrino floor induced by neutrino evaporated from Primordial Black Holes with
parameters reported in the legend. We took the figure from Ref. [5].

P(x, ) is the Poisson distribution, 7 is the bin index. Npa and Nipy(0) are the nominal num-
ber of background events and the number of events from Primordial Black Hole neutrino in
the i-th bin respectively. Nj (o) = 3, ajm is the background event in the i-th bin that
varies with the nuisance parameters. In Refs [508-510], the authors point out that Diffuse Su-
pernovae neutrino Background flux can be larger than the nominal value [504]. We verify that
our results remain almost unchanged even when considering twice the flux compared to that
suggested in Ref [504]. In Fig. 3.3, we show the 90% C.L. bounds in the plane [Mpgy, fpgn]. The
colored curves display the upper limit on fppy obtained for a xenon-based detector with 20,
200, and 2000 tonne yr exposures. The first two exposures correspond to planned experiments,
and the third one to an ideal setup. More precisely, LZ and XENONnNT should attain 20-tonne
yr exposure, while DARWIN should accomplish an exposure of 200-tonne yr. We report as a
grey region the constraints from Super-Kamiokande [443] Diffuse Supernovae neutrino Back-
ground searches [434]. We underline that our forecast bounds extend to lower masses and
improve those obtained in Super-Kamiokande. Conversely, they are weaker than the ones ob-
tained from the Galactic and Extra-Galactic v-ray background [3]. We depict them in red and

orange, respectively.
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3.4 Impact of Primordial Black Holes on the neutrino floor

Lastly, we quantify how neutrinos from Primordial Black Holes can affect the neutrino floor
following Section1.3.2 for p5, = 0.4 GeV cm ™3, in agreement with the Navarro-Frenk-White
distribution considered in Section 2.2. In particular, we select the exposure leading to 1 Coher-
ent Elastic neutrino-Nucleus Scattering event. In this framework, we obtain the WIMP-nucleon
cross-section excluded at 90% C.L.. In Fig. 3.4, we report the standard neutrino floor as the solid
black line delimiting the yellow region. The upper border of the colored sectors corresponds
to the modification of the neutrino floor associated with the neutrinos emitted from Primor-
dial Black Holes with parameters shown in the legend. In Refs. [279, 280, 511-517], the authors
show that Primordial Black Holes with Mppy > 10%! g are incompatible with the existence of
WIMPs as (sub-)dominant Dark Matter component. Since we are considering Primordial Black

Holes with lower masses, this mutual exclusion does not apply to our scenario.

Discussion

In this Chapter, we examine neutrino emission from Primordial Black Hole evaporation. In
particular, we focus on neutrino detection via Coherent Elastic neutrino-Nucleus Scattering in
multi-ton Dark Matter direct detection experiments. Soon, these experiments will have enough
sensitivity to constrain Primordial Black Holes abundance. Our limits will extend and improve
Super-Kamiokande’s. Lastly, we quantified the effect of Primordial Black Holes neutrino on
the neutrino floor. For simplicity, we focused on liquid-xenon-based experiments, like DAR-
WIN [138], LZ [518], and XENONRNT [145]. We underline that other targets such as liquid argon
employed in DarkSide-20k [126] and ARGO [126], or archeological lead in RES-NOVA [519],
should offer a similar opportunity provided that they reach very high exposures. As a final
note, it is worth highlighting that in the context of Primordial Black Holes, Dark Matter direct

detection experiments operate as indirect detection facilities.
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Direct detection of sub-GeV Dark Matter from evaporating Primordial
Black Holes

In this Chapter, we present a study on the production of light Dark Matter from Primordial
Black Holes evaporating at present. We emphasize that Primordial Black Holes emit Dark
Matter of mass m, < Tppn with (semi-)relativistic momenta. We highlight that even a modest
fraction of Primordial Black Holes could generate a sizeable amount of Dark Matter, resulting
in measurable signals in existing detectors. The non-observation of the expected signature can
provide valuable constraints on the mixed parameter space.

The first Section of this Chapter focuses on Dark Matter-nucleon scattering. Here, we eval-
uate the depletion effects on the Dark Matter flux caused by interaction with Earth’s and the
atmosphere’s atoms. Subsequently, we estimate the expected signal in the XENONI1T exper-
iment. Finally, we employ the data from XENONIT to constrain the Dark Matter parameter
space, assuming the existence of Primordial Black Holes and vice-versa.

The second Section addresses the Dark Matter-electron interactions. This interaction al-
lows us to consider XENON1T and Super-Kamiokande to probe our scenario. However, the
complication of Dark Matter-electron interaction is that electrons are not free particles, necessi-
tating the inclusion of ionization effects. We then estimate the signal in XENONI1T and Super-
Kamiokande. Ultimately, we limit the mixed parameter space considering the data from these
detectors.

In both Sections, we consider spinless and neutral Primordial Black Holes with a monochro-
matic mass distribution. The mass range considered varies depending on the experiment and

interaction analyzed. We examine a Dirac fermion (g, = 4) Dark Matter candidate x.

72



PHYSICS BEYOND THE STANDARD MODEL AND PRIMORDIAL BLACK HOLES

4.1 Dark Matter-nucleon interaction

In this Section, our focus lies on Dark Matter-nucleon interaction, proving that our scenario
can yield detectable signals in the XENONIT experiment. To this end, we consider Primordial
Black Holes in the range [5 - 10! — 1 - 10'%] g. Therefore, we have to examine m, < 100 MeV
(see Eq.2.28). In particular, Primordial Black Holes evaporate Dark Matter particles lighter
than ~ 1 MeV with ultra-relativistic velocities, revealing that Primordial Black Holes are a new
mechanism to have boosted Dark Matter.

To proceed, we calculate x flux on Earth following the procedure outlined in Section 2.2.
In Fig.2.2.1, we show the Galactic (solid line) and Extra-Galactic (dashed line) x flux on Earth
for my, = 1MeV as a function of the kinetic energy 7,. The different colors indicate three

[MpgH, fpeH] combinations. For more detail, see the figure’s caption.

4.1.1 Propagation through Earth and atmosphere

In the context of Dark Matter nucleon interactions, the propagation in Earth and atmosphere
attenuates x flux at the detector [520-523]. In this analysis, we adopt the analytical approach
described in Ref. [159], where the authors consider a ballistic Dark Matter propagation. How-
ever, as shown in Ref.[161], the ballistic approximation may not hold for light Dark Matter
collisions with heavy nuclei. Instead, they consider a diffusive propagation that may lead to a
larger energy loss, a possible reflection of Dark Matter, and a lower flux. To better understand
the impact of the ballistic approximation, we also estimate y flux under the most conservative
assumption that any interaction depletes the particles completely. Even under this assumption,
the expected event rate in XENONIT is still detectable. Hence, we do not expect that a more
precise modelization of the propagation of a light Dark Matter candidate would substantially
alter our scenario. Furthermore, we limit our analysis to Dark Matter-nucleon cross-sections
smaller than 10735 cm? so that the propagation effects remain negligible.

Since T, < 100 MeV, we can neglect quasi-elastic and inelastic scattering as well as the nu-
clear form-factors. Within this approximation, the interaction length for propagation through
Earth (¢,) and the atmosphere (/2{™) are

int

-1
2mprmey
n} , 4.1
mt lz NOXN mN+mx)2] ( )

where the sum is taken over the most abundant elements in the Earth (from iron to aluminum)
and in the atmosphere (nitrogen and oxygen) with number density nk. Assuming x couples

equally to protons and neutrons, the cross-section is

2
st a2 [ ma(my +mp)
=0 A ——FL—2] . 4.2
TN = x (mp(mx + myr) (4.2)
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Figure 4.1: Ratio of XENONIT event rate over Dark Matter-nucleon cross-section. The figure
shows the ratio between the event rate in Eq. (4.5) over the Dark Matter-nucleon cross-section.
We fix Mppy = 10'° g, fppy = 3.9 x 1077, and m, = 1 MeV. The curves correspond to different
Dark Matter-nucleon cross-sections shown in the legend. We took the figure from Ref. [6].

where ail denotes the spin-independent cross-section, the focus of our analysis. We highlight
that spin-independent scattering is subject to a coherent enhancement. We indicate with 7j and
Ty x initial kinetic energy and the kinetic energy after traveling a total geometrical distance
d = datm + dg respectively. We account for the XENONIT detector located at the Gran Sasso
National Laboratory at a depth of about 1.4 km [524]. Therefore, x flux in XENONIT is

> ; (4.3)
To

where 7 = dagm /(8 + dg /€2, and the incoming Dark Matter flux is evaluated at

dqﬁi N 4mi67 doy
ATydQ ™ (2my + Ty — Tyem)? \ dT3dQ

2myTye”
To (Ty) = X . 44
b (Ta) 2my +Tyq — Tye™ 44

The distance d depends on the time-dependent longitude of the experiment. Thus, in the fol-

lowing, we consider the average of Eq. (4.3) over a day.
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4.1.2 XENONIT event rate

This paragraph discusses the event rate expected in XENON1T, a detector based on liquid

Xenon. Assuming a flat recoil energy F, distribution, the differential event rate per ton year is

dR d¢? e(E™> — E,)
—— = 0yXe Nxe [ dTgdQ2 X - - 4.
dE, ~ DXe X / I AT a0 Emex (4:5)
where Nx, is the total number of Xenon targets, and
Ta)% + 2m, T,
E;nax _ ( d) +2myta (4.6)

Ty + (my + mxe)?/(2mxe)

is the recoil energy maximum value. We consider the nuclear form factor provided in Ref.s [74,

76] (see also Chapter 3). In Fig. 4.1, we show the event rate in XENONI1T over the Dark Matter-

SI
X

highlight that the ratio is independent of the cross-section as long as the propagation effects

nucleon interaction 3" as a function of the recoil energy for an exposure of one tonne year. We
are negligible (solid yellow and the dotted blue curves). Propagation effects are no longer
unimportant for higher 0’>S<I (green dot-dashed and red dashed lines), leading to lower recoil

energies and a weaker signal in the detector.

4.1.3 Discussion

In this analysis, we compare the event rate in Eq. (4.5) with XENON1T data in the recoil energy
range [4.9 — 40.9] keV, where the experiment does not observe an excess [140]. Following the

prescription of Ref. [159], we obtain the upper limit for the total event rate as

Er2 dR O+X,
dE, — < kpm py V- X=e
/E,-J rdET ~ KUDM Ppm VXe ( My

where k >~ 0.23, Tpm =~ 235 km/s is the mean Dark Matter velocity in the standard scenario,
and pgy; = 0.3 GeV/cm? is the local Dark Matter density assumed by XENON1T Collabora-
tion. The term in parentheses is 2.5 x 1074°cm?/GeV based on the current XENONIT limit
for large Dark Matter masses [140]. We show our results in Fig. 4.2. The left plot displays

) , 4.7)
My 2100 GeV

the excluded region in the Dark Matter parameter space for three [Mpgy, fpau| combinations.
Specifically, we assume fppp equal to the maximum allowed by current limits [3]. The grey
region is excluded by cosmic-ray upscatterings [159, 161], CRESST experiment [142, 144], and
cosmology [173-176]. We proved that our constraints are unchanged for complex scalar Dark
Matter, while they deplete by ~ 80% for vector Dark Matter.

The right plot illustrates the upper bounds on Primordial Black Holes abundance for four
benchmarks O'>S<I. The limits are valid as long as m, < 1MeV. The figure shows that the con-

~

straints are almost inversely proportional on the cross-section of the attenuation effects are
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Figure 4.2: Constraints. In the left panel, we show the excluded region in the plane mx—ail for
different Mppy. Here, we set fppn to the maximum value allowed by present constraints [3].
For comparison, we report constraints from cosmic-ray boosted Dark Matter particles [159,
161] (1), from CRESST experiment [142, 144] (2), and cosmology [173-176] (3). The right plot
illustrates in colored lines the upper bounds on fpgy as a function of Mpgy for different Dark
Matter-nucleon cross-sections. We consider m, smaller than 1 MeV. The grey region represents
the constraints reported in Ref. [3]. We took the figure from Ref. [6]

negligible. For 03! = 10728 cm ™2, attenuation effects modify the behavior of the bounds.

In conclusion, our scenario leads to signatures within reach of direct detection experiments.
The bounds in Fig.4.2 apply to any model predicting the existence of Primordial Black Holes
and Dark Matter coupling to nucleons. The caveat is that more suitable approaches to account
for propagation effects may modify the constraints for higher cross-sections. However, it does
not sway the possibility of constraining our scenario.

According to existing constraints, Primordial Black Holes in our range can account for a
small fraction of Dark Matter. Therefore, x emission should not change the Dark Matter budget
of the Universe. Besides, the expected flux is not particularly large.

As a last remark, we point out that the signal is proportional to fppy - O')SCI for a low cross-
section, making fppg and ail degenerate. Observation of evaporating Primordial Black Holes

(see Refs [525-532] for detection examples) may remove the degeneracy.

4.2 Dark Matter-electron interaction

In this Section, we investigate Dark Matter-electrons interactions. We consider two classes
of experiments to search for x: (i) double phase dark matter direct detection experiments
based on noble liquid technology [126-134, 136]. (i) Neutrino experiments based on water
Cherenkov [533-537]. In the following analysis, we employ XENON1T’s and Super-Kamiokande’s

data to limit our scenario. For the two experiments, we investigate different Primordial Black
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Holes mass ranges. XENONIT allows for Mpgy € [1 - 10" —1-10'%] g and Super-Kamiokande
for Mppg € [5- 10 — 3 10'°] g. For definiteness, we reckon the following effective Lagrangian

1 _
L= XX (4.8)

where / refers to the Standard Model Leptons and A is the energy scale. When the energies
involved are smaller than the mediator mass, we can integrate the mediator out, leaving a
four-fermion interaction.

x hits the detector’s atom and interacts with the electron through the effective interaction
of Eq. (4.8). This interaction can lead to atom ionization freeing a non-relativistic electron. We
describe the process as

X+A—=x+A"+e, 4.9)

where A denotes the atom, and A* is the ionized atom. The energy conservation of this process
leads to the following equality
E\ - |E}!| = B, + E, (4.10)

where E, = T, + m, and E| are the initial and final energy of x particle. Egl’l is the electron
binding energy of the atomic orbital (n,!) and E, is the free electron kinetic energy.

The differential event rate of the process in Eq.(4.9) is

do.n,l
dE,

dR,
dE,

d
= Nro(E) F(E,) [ dr ﬁi S By Ty, (.11)
n,l

where N7 is the detector exposure and 7 is the detector’s efficiency. do™!/dE,. denotes the dif-
ferential cross-section for scattering of a x particle on a bound electron with principal quantum
number n, orbital quantum number /, and recoil energy E,. We account for the distortion of the
scattered electron wave function by the presence of the atom in F'(E,). In the non-relativistic

limit, we have
2my

= 1— e—27ru7

F(E,) (4.12)

where v = Zgg(ame/v/2m. E;) and Zeg is the effective charge felt by the scattered electron.
Generally, Z.g 2 1 because the shielding of the escaping electron by the remaining electron
is imperfect. Ref.[538] shows that Z.g = 1 is a good approximation for outer-shell electrons.
Moreover, considering Z.¢ > 1 would enhance the event rate. Conservatively, we approximate
Zer = 1.

We express x — e interaction strength in terms of the cross-section on a free electron at a

fixed momentum transfer am.

2 2,2
_ Hye o® m?
Fye = ijl (1 + ) (4.13)
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where « is the fine-structure constant.

It is worth noting that the x-e interaction would cause an attenuation effect of the x flux
due to the propagation in the atmosphere and the Earth [520-523]. However, Refs.[160, 161]
show that the attenuation is negligible for 7, < 1073 cm?. To simplify our analysis, we limit

our-self to smaller cross-sections.

42,1 XENONIT event rate

In this paragraph, we specialize our analysis for a detector based on Liquid Xenon. In partic-
ular, we employ the measurements from XENON1T [146] of the event rate for recoil energies
E, in the range [1 — 30] keV to constrain the x-e cross-section in Eq. (4.13). The number of the
detector’s Xe nuclei is Ny = 4.59 - 102" ton . We consider the efficiency in Ref. [146].

In the following, we consider the outgoing electron non-relativistic and show that the dif-

ferential cross-section is!

do™! 1 <‘i+d~~ 1
dE, _87rA4132m8/q 19572

Fion (K, d)]g (- =) +md) (K - (F —q) +m?)] . (4.14)

where p is y incoming four-momentum, &’ is the four-momentum of the outgoing electron,

and ¢ is the momentum transfer. f{' are the ionization functions defined in Appendix A. We

ion
perform the integration between the minimum and maximum momentum transfer allowed,

which are

Ge = /(T + my)? = m2 £ /(T +my — )? —m2, (4.15)

where e, = E, + |E£’l .

In Appendix A, we show that the differential cross-section is

e, k)

~2 2
2 g —eny
<2m§< + 2) . (4.16)

do™! Tye Me 0+
— (Er,my, Ty) = — T2 / dgq
dE, 8 12 /2 (1 + ZTW);:) i

According to the procedure shown in Ref. [539], we define the x? variable as

dRops _ (dRBCK dRy 2
dE, T B )| p g
=1Ly

X2 (MPBH7 mX7 Exea fPBH) = Z 0'.2 ’

7 7

T

(4.17)

where dR,s/d E, are the observed and the estimated background event rates taken from Ref. [146],

and o; are the uncertainties on dRgps/dE;| . We perform the sum over all the energy bins. We

'In this Section, given a four-momentum k we denote k = |k|.
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define the test statistic as

2 _ 2 2~ _ A
x° (MpBH, My, Gye, fPBH) — X (MPBH7 My, Oye, fPBH) , Oye > Oye

A= (4.18)

0, Txe < Oye

where 7, is the cross-section minimizing the x2. We then exclude at 90% confidence level the

region of the parameter space in which A > 2.71, following the prescription in Ref. [539].

4.2.2 Super-Kamiokande event rate

Super-Kamiokande is a Cherenkov detector where the photo-multipliers record the Cherenkov
radiation produced by the charged particles in the water tank. The passage of x in the water
tank may produce Cherenkov radiations since it interacts with the electrons. Following the
approach of Refs.[160, 540-542], we assume free electrons (F'(E,) = 1) at rest in the observer
frame. We consider the data provided in Ref. [143] that reports Ngx = 4042 events in the recoil
energy range [0.1 — 1.33] GeV with Ny = 3.34 x 10?® ton~! and n = 0.93.

In this case, the differential cross-section is

do Tye O(Emax — Er)

= . - (2me + E,)(2m3 + meEy) (4.19)
dET 8H§<€p2 <1 + 4m§:) X

where o T (To .9
Emax = e X( QX * mX) . (4.20)
((me +my )"+ 2me Tx)
According to the analysis of Ref. [160], we place limit our scenario requiring
1.33GeV dR
Esk X / dE, —X < Ngk, (4.21)
0.1GeV dE;

where gk = 161.9 kton yr is the Super-Kamiokande exposure [143].

4.2.3 Discussion

By considering the data from XENONIT [146] and Super-Kamiokande [143], we constrain
the combined parameter space of the model. We show the projection of our result in a two-
dimensional plane for clarity. The left (right) panel of Fig.4.3 displays the constrain from
XENONIT (Super-Kamiokande) in the plane m, — @, as colored regions for some Primor-
dial Black Holes benchmarks. We draw the limits assuming the highest Primordial Black Holes
abundance possible. In particular, we consider fppn upper limits from Extra-Galactic gamma-
ray data [3] and isotropic X-ray observations [544]. For comparison, we also report existing

bounds (dashed thin lines) that would apply if x is the dominant Dark Matter component. If x
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Figure 4.3: Constraints. We report our results in the plane m,-7,. for XENONIT (left panel)
and Super-Kamiokande (right panel). The colored shaded regions illustrate our bounds for
four [Mpgn, frer] benchmarks. In particular, we report Mppy in the legend, and fppgy is the
maximum allowed according to current constraints. Big Bang Nucleosynthesis data exclude
the hatched sector. The thin dashed lines illustrate (1) boosted dark matter from cosmic-ray
up-scatterings [161]; (2) Solar reflection with XENON1T [543]; (3) combined constraints from
dark matter direct detection experiments (see Ref. [161]).

is not the dominant Dark Matter component, the dashed constraints in Fig4.3 do not apply. If

v S 1 MeV, light species sufficiently strongly interacting are in tension with Big Bang Nucle-
osynthesis. Hence, we consider the hatched region completely excluded. However, it is worth
noting that specific scenarios can overcome this constraints [545].

The different recoil energy ranges considered for the two experiments probe different Pri-
mordial Black Holes mass ranges. Interestingly, XENONI1T can probe heavier Primordial Black
Holes associated with smaller Hawking temperatures.

Collider constraints, not shown in the figure for aesthetic reasons, exclude the region 7. 2
10~* cm?2. However, these bounds are strongly sensitive to the mediator mass. For instance,
Ref. [546] focuses on the vector mediator. The constraints weaken for light mediators and are
limited from above when the cross-section becomes sufficiently large for the x particle to inter-
act in the calorimeter.

Lastly, astrophysical environments may emit light Dark Matter coupling to electrons. For
instance, the emission of light particles from Supernovae would lead to an additional cooling
mechanism and modify the neutrino burst. It can noticeably affect SN1987A, as discussed in
Ref. [547] with vector mediator. The result is that 7. > 1073% cm? does not lead to significant
constraints because x would be trapped inside the Supernova and yield no observable signal.
These results do not apply directly to our scenario since we focus on a scalar mediator. How-
ever, the authors of Ref. [547] advise that the constraints do not apply to large cross-sections.

Ref.[548] investigate the same scenario. The constraints they obtain for Super-Kamiokande

80



PHYSICS BEYOND THE STANDARD MODEL AND PRIMORDIAL BLACK HOLES

—32
10 32
,_,10730
C\I(_‘
=
O, 23
210
lo
E 10741 = XENONIT, m, = 0.1 MeV
o —— SUPER-K, m, = 0.1 MeV
B ) -+ XENONIT, my = 1 MeV
10~ A SUPER-K, my =1 MeV -
condet o XENONIT, m, = 10 MeV
~ SUPER-K, m, = 10 MeV
10——1/....1— n TR N TR . e
10" 1016 10" 1018

Mppy [g]

Figure 4.4: Constraints shown in the plane (fppn - Gy.) — Mpgn for different masses m,,. We
show the constraints from Super-Kamiokande in warm tones, while cold tones refer to the
constraints obtained using XENON1T. The dark grey band shows the region that cannot be
probed in our analysis due to existing constraints on fpgy and assuming e < 103! cm?
to neglect attenuation effects. The light grey band is excluded by requiring 7. < 107% cm?
according to collider constraints [546].

are two orders of magnitude stronger than ours because they simply assume a flat recoil en-
ergy distribution instead of a more concrete particle model for the y-electron interaction. We
find constraints that are three orders of magnitude weaker for XENON1T because we correctly
account for the ionization of the Xenon atoms in the detector instead of assuming them free as
in Ref. [548].

Our signal is proportional to fpgh - Ty making the parameter effectively determining the
constraints (m,, MpgH, fPBH - Oye)- Fig. 4.4 shows the results in the plane (fpgH - Tye) — MpBH
for XENONIT (cool tones) and for Super-Kamiokande (warm tones) for fixed m, in different
line styles.

In conclusion, this Section investigates the detection of a light Dark Matter candidate evapo-
rated from Primordial Black Holes, assuming it interacts with electrons. We consider XENONI1T,
a Dark Matter direct detection experiment, and Super-Kamiokande, a neutrino detector. We
use the non-observation of the predicted signal to limit the combined parameter space. We
perform a binned likelihood analysis comparing the observed event rate with the one expected
in our scenario for XENONIT. Here, we accurately treated the ionization process of Xe atoms
due to x-e scattering. For Super-Kamiokande, we consider a more conservative analysis based
on the total number of events detected. XENONIT (Super-Kamiokande) can constrain the

cross-section down to 10732 cm? (1073% ¢cm?). Our limits complement cosmological and collider
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constraints and do not require the y particles to be dark matter.
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CHAPTER B

Towards baryogenesis via absorption from Primordial Black Holes

In this Chapter, we undertake a phenomenological investigation of the scenario proposed in
Refs. [549, 550], a baryogenesis mechanism that does not rely on Baryon number violation at the
Lagrangian level. The authors suggest a novel approach involving the differential absorption
of a new species, denoted with X and X, with non-zero Baryon number onto Primordial Black
Holes. The differential absorption arises due to C' P-violating scattering processes.

However, this scenario presents two fundamental challenges. On one side, the intense ab-
sorption in Primordial Black Holes initially generates a Baryon asymmetry. Nonetheless, the
asymmetry is completely absorbed if it continues indefinitely. Primordial Black Hole evapo-
ration naturally interrupts the absorption. To address this issue, we systematically study the
parameter space to identify the regions leading to the production of the observed Baryon asym-
metry.

On the other hand, the realization of C' P-violating scattering in practice is difficult. Consid-
ering a more realistic framework, we find the theoretical Baryon asymmetry smaller than the
observed value. It suggests the need for further investigation and the consideration of addi-

tional factors to forecast the correct asymmetry.

5.1 The mechanism

X and X evolution depends on the interplay of several processes: (i) absorption in Primordial
Black Holes, (ii) interaction with the relativistic plasma, (iii) decay processes X — b + SM,
where b is a Standard Model (SM) particle with a Baryon number. We detail the processes in

the next Sections.
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5.1.1 Absorption rate

The absorption rate of X into Primordial Black Holes is [549]

dNx  4rMpgumxnx (5.1)

dt nogaXTUMI%1

where g ~ 100 represents the plasma’s relativistic degrees of freedom. ox = f*/m3 denotes
the scattering cross-section between X and the Standard Model, where f is the interaction
coupling and mx represents the mass of the specie X. We indicate with ny and nx the plasma
and X number densities, respectively

We can derive an analogous expression X, where the main difference resides in the expres-
sions of ox and o+ due to C'P violation. We define the C' P-violation efficiency parametrizing

the difference in the scattering cross-sections as

ox —0x ~¢€ (n;[)]() fPox, (5.2)

where ¢(177) depends on the processes contributing to the asymmetry. Refs. [549, 550] assume
€ (%) = 1, although in Section 5.2, we consider a specific filed theory model and derive a
different form for ¢ (%’j) . However, this theoretically motivated choice spoils the feasibility of
the mechanism.

From Eq. (5.1), we derive the absorption rate in terms of the number density as

dnx . 47Tm§(BT’1n
< dt >abs_ 9f4TUM1231nX ©3)

While the specie is relativistic, its interactions with the plasma and creation processes (X =
SM) are in thermal equilibrium. Because of the crossing symmetry, we assume the coupling for
the creation process to have coupling f. However, once X specie becomes non-relativistic, X
freezes out, and the interaction rate rapidly decreases. The rate of interaction with the plasma
is

dnx i 9
— = ———5-(nxns — Ngy), 54
< dt )int m%{( . ¢US% eq) ( )
where n¢q is the number density at thermal equilibrium.

For simplicity, we assume X to decay into much lighter particles with decay width I' =

h*mx where h is the coupling of the process. Considering that the absorption becomes relevant

when X is non-relativistic, we assume them at rest, and the decay rate is
dn
<X> = —h2mXTLx. (55)
dt dec
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Boltzmann equations

We estimate the Baryon asymmetry generated in this scenario by solving the following set of

Boltzmann equations

dN A

= — —Z—g(NQ—qu)—OzZQN—MZN, (5.6)

dA

T - az? (s(z)sz - A) — uzA, (5.7)
dYth

Y, 68)

where N = (nx +nx)/2s, A = (nx — ny)/s, 2 = mx /T, and Y, is the equilibrium yield for

the species X. The dimensionless parameters in Eq. (5.6), (5.7) are defined as

4
VM
P /iu’ (5.9)
45 mx
7/2 T
o = T L N (5.10)
V5¢(3) 9f1/g«Mp
45 h*Mp;
= _ ) 11
JZ \ 13 Tomx (5.11)

5.1.2 Constraints

Five parameters fully describe this mechanism, with two characterizing Primordial Black Holes
physics (Mpgg, 8) and three the new specie (mx, f, h).

While solving Egs. (5.6), (5.7), (5.8), we take into account several constraints: (i) The value
of 5 must be smaller than the existing limits set by previous studies (see Ref.[3]). (i7) The
entropy generated by X decay must be negligible. (iii) X decay should happen before the Big
Bang Nucleosynthesis. (iv) X should decay after Primordial black holes have evaporated. (v)
The annihilation process X X —SM induced by the coupling & is negligible compared with the
annihilation induced by the coupling f. (vi) Primordial Black Holes should never dominate
the energy budget of the Universe, expressed by the condition pppr/prad =~ B Tin/Tev.. (vid)

The accretion rate should be negligible to the evaporation rate, quantified by the condition

dM aMm
Rae:( PBH) /( PBH) <0.1, (5.12)

dt dt

where (de%) =m ng—tx. The last request guarantees that evaporation is not delayed or
acc

prohibited.
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X X X X

a c a c
Figure 5.1: Feynman diagrams contributing to the scattering Xa — X¢ to one-loop level.

5.2 CP violation realization

In this Section, we provide a detailed calculation of the C'P violation efficiency (z) within
a realistic scenario. We consider all relevant diagrams contributing to the C'P violation in a
specific model. We note that Refs. [549, 550] consider it equal to 1.

To achieve C'P violatin scatterings, we consider additional heavy fermion particles (X, Y,
and b), as well as heavy scalar mediators (¢ and ¢/). We assume them to couple with Standard
Model species a and c. The following Lagrangian describes the interactions among these parti-

cles
Ling = —gax 90X — gax 9cX — g5y ObY — gy VY X — gz tba + h.c. (5.13)

In our analysis, we consider all the coupling to be complex numbers. By assuming the
particles charged under an additional (but non-necessarily gauged) U(1), we can justify the La-
grangian structure. For instance, if X and Y have charge +1, ¢ has charge —1, and ¢ is neutral.
It is worth noting that the same symmetry generates other Lagrangian terms that are not essen-
tial for this mechanism, such as £/, = —g; ¥bc. However, we will see that renormalization of
the C'P-violating efficiency can absorb it.

In this context, the cross-sections of Xa — X¢é and Xa — Xe differ at the loop level due
to the interference between the diagrams shown in Fig. 5.1. The coupling g;. generates a third
diagram with a triangle loop in the final state. This term would renormalize the C'P violation.
Under the assumption that ¢ = a CPT and Lorentz invariance impose that the cross-sections
for Xa — Xa and Xa — Xa are necessarily equal. Thus, the contribution from these two

diagrams would not add up [550], but rather it would cancel.
The interference between the two diagrams in Fig. 5.1 leads to

3.7 3./ ]2
do=—4 [ (2733ng, (2:)33Eq, 4EiEq (2m)**(p' +4¢' —p—q)Im (QEXWX%Ygga> (3‘307)7(7,%))2 Re[(],(5.14)
where s is the first Mandelstam invariant, p, ¢, p/, and ¢’ are respectively the four-momenta of
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the incoming X and a particles and of the outgoing X and c particles. For each of these four
momenta, we denote in bold the spatial 3-momentum and by £, E,, E,/, and E; their energies

in the laboratory frame. Finally, ¢ is the loop integral defined by

_ f ] T me) gy ) () (g =ma)]
t= fz 4Tr[p +mx)(d mc)} (k2=m?) [(p+a-+k)2—m3 | [(g+h)2—m2 | 519

where by m; is the mass of the i-th particle. We can rearrange

Tr [(zﬁ’ +mx) (¢ + mc)] =4 (mamc +p-q+ mZz) , (5.16)

so it also does not depend on the final-state properties. In doing so, ¢ does not depend on
the final four-momenta p’ and ¢/, so it can be taken outside of the integral. Therefore, we can

express the cross-section to the lowest order in the couplings as

o _ _4Im (9%)(%)(933/9%&) 2Re[/] (5.17)
OXaX3 l9ax 2 Te[(p +mx)(f —me) | e[ (p+mx) (g—ma)]| ’

We can determine the real part of the loop using the Cutkosky rules, assuming m.,, > mx, mq.
Furthermore, we assume m, to be negligible. This assumption is justified since the center-of-
mass energies of the collisions happen at temperatures much higher than the quark masses.
The final result is
do Im (%x%x%y%) 2
= 5 (s = (mp — my)mx)(s — (mp + my)*):

0 Xa—Xc |gEX| (518)
Vs = (my +my)?][s — (mp — my)?]

As?m?,

)

where s is the Mandelstam invariant of the collision.

For Ty < mx the absorption of particles onto Primordial Black Holes becomes relevant, s =

m% +2 \7/"% (1 —wvcosf), where v is the velocity of X and 6 is the angle between the directions
of X and a. We expect s ~ m_QX + 2mx T under the assumption that v < 1. Additionally, we
consider my +my ~ my. ff mp+my < myx, Xa — Ybwould maintain chemical equilibrium for
X even after it becomes non-relativistic. X would rapidly disappear from the plasma because
of the inhibition of inverse annihilation. Finally, we choose |m;, — my| < T and m, ~ mx.

These choices maximize the asymmetry in the cross-section, which becomes the order

5 Im (92x9v x %5y 97 ) 1 T\ 3/2
o Imlgixavssivei,) (U) . (5.19)

0Xa—Xec B |9§X\2 ﬂﬂ'

87



PHYSICS BEYOND THE STANDARD MODEL AND PRIMORDIAL BLACK HOLES

1072fF f=0.3, mx = 1.26 - 108 GeV, Mppy = 1.58 - 10° g, .
B=576-10"1 h =101 :
1078 - ans =
Y
70— A
N(z)
100
) e(z)=1 Zevé :
10726 Ll 1 ||||||||. 1 |||".i{ 1 ||||||||/ 1 I”””Ir 1 |||||i||) Loyl L
10 10t 10 107 10* 10° 10 107

Z

Figure 5.2: Phenomenological scenario benchmark. Evolution of X concentration (yellow), X
asymmetry (blue), and Baryon asymmetry (green) as a function of = for a benchmark choice of
parameters. z., is the moment at which Primordial black holes evaporate. The dotted curves
represent the solution if Primordial black hole evaporation is not taken into account. We as-
sume £(z) = 1 as in the phenomenological scenario.

The temperature dependence of the C'P violation is

1

e(z) = R (5.20)

Compared with ¢ = 1 of Refs. [549, 550], we find that C'P-violations are depleted at a lower
temperature. This effect stems from the Cutkosky rules. We link it to the violation at loop level
with the amplitude for scattering onto the intermediate state Xa — Y'b: the latter vanishes as

Ty — 0. In the next Section, we will show the results obtaineda using both choices for (z).

Discussion

In this Section, we summarize the main results of the Chapter. In Ref.[549, 550], the authors
present a mechanism that does not require the Baryonic number violation at the Lagrangian
level. The Baryon asymmetry originates from the interplay of X freeze-out, different absorp-
tion of X and X into Primordial Black Holes due to C'P violations, and X decays. The last
process prevents the overproduction of non-relativistic X that otherwise could dominate over
radiation.

To better understand the production of the Baryon asymmetry in both scenario, we exhibit-
ing a benchmark solution to Eq. (5.6), (5.7), (5.8) for a specific parameter choice. Fig.5.2 shows
the solution for the phenomenological scenario, (z) = 1. The average yield for X and X (yel-

low curve) undergoes freeze-out at z close to 10, where it reaches a constant value. Before the
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Figure 5.3: Explicit model realization. Evolution of X concentration (yellow), X asymmetry
(blue), and Baryon asymmetry (green) as a function of z for a benchmark choice of parameters.
X, is the moment at which Primordial black holes evaporate. We assume ¢(z) = m as in

the explicit model realization.

freeze-out, the rapid decrease in N leads the asymmetry to a plateau. It is the first residual
component of the asymmetry. After the freeze-out, N is approximately constant while under-
going a slow absorption by Primordial Black Holes, generating continuously the asymmetry
(steadily increasing blue curve). This is the second component of asymmetry. The continuous
production of the asymmetry dominates only later, for z ~ 10%. Here, we can parametrize
A(z) o 23. For greater z, absorption becomes stronger to the point that it would eventually
deplete all the species X and the asymmetry produced (dashed lines). The complete evapo-
ration of Primordial Black Holes stops the absorption. Soon after the evaporation, N and A
remain constants. The dominant process now is X decay which will transfer the asymmetry
into the Baryon sector (green curve). At this point, X and X number densities vanish without
significantly heating the plasma.

We highlight that in Ref [549], the authors need a small coupling to realize a working mech-
anism. Here, we obtain that small couplings lead to considerable absorption to the point of
suppressing the asymmetry before Primordial Black Holes evaporation. Indeed, the bench-
mark in Fig. 5.3 requires f ~ 0.1.

As shown in Section 5.2, the C'P violation efficiency decrease with z. It causes the asymme-
try to grow much slower than in the phenomenological scenario. Fig. 5.3 illustrates a bench-
mark for the theoretically motivated scenario. In particular, we show the parameters maximiz-
ing the final asymmetry. For z < z.y, the asymmetry increases as A(z) o z3/2, while for the phe-
nomenological case, it grows as A(z) o z3. It causes the asymmetry to be significantly smaller
than the one obtained in the phenomenological scenario. The greater asymmetry achievable

with the constraints shown in Section 5.1 is ~ 10~!3, that is orders of magnitude smaller than
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the experimental value (Eq.(1.70)). Nonetheless, we prove that this model can produce a non-
vanishing Baryon asymmetry.

We stress that the additional requirement that Primordial Black Holes evaporate is neces-
sary to halt the absorption before it completely consumes X. This modification allows the
mechanism proposed in Refs. [549, 550] to work at the phenomenological level. Moreover, the
scenario requires that the C'P violation efficiency is constant. However, the minimal model pre-
sented in Section 5.2 leads to a C'P violation efficiency progressively decreasing in time. The
theoretically motivated expression for the CO violation efficiency leads to asymmetry orders of

magnitude smaller than the experimental value.
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CHAPTER O

Limits on light Primordial Black Holes from High-scale Leptogenesis

In this Chapter, we explore the influence of Primordial Black Holes on High-scale Leptogenesis
(outlined in Section1.4.3). We identify three competing effects in this scenario: (i) Primor-
dial Black Hole evaporation acts as an additional source of right-handed neutrino source if
M; < Tppu, contributing to Eq. (1.128). (i7) The significant production of photons via Primor-
dial Black Hole evaporation leads to an entropy injection, depleting the final asymmetry. (ii¢)
Primordial Black Holes can eventually dominate the Universe for a brief period (as discussed
in Section 2.3), altering the expression of the Hubble parameter in Egs. (1.127) and (1.128).

Refs.[237, 551, 552] investigate the interplay of Primordial Black Holes and different Lep-
togenesis mechanisms. In contrast with Ref. [237], we focus on Primordial Black Holes in the
range Mppy € [105 — 10%] GeV, so that they evaporate between the sphaleron transitions freeze
out and the Big Bang Nucleosynthesis. Furthermore, Primordial Black Holes in this mass range
emit right-handed neutrinos in M; € [10'° — 10!%] g only when sphaleron transitions are neg-
ligible. Consequently, the additional source of right-handed neutrinos can not alter the final
Baryon yield. Thus, the key effect in our scenario is the entropy injection, which depletes the
Baryon asymmetry. If the entropy injection is sufficiently large, it can diminish the asymmetry
below the observed value, thereby ruling out regions within the mixed parameter space.

To investigate this, we undertake a systematic study of the Leptogenesis parameter space in
search of the absolute maximum Baryon asymmetry achievable. Additionally, we quantify the
amount of entropy injection in the Primordial Black Hole parameter space. Consequently, we
constrain the combined parameter space and project them in the plane 3’ — Mpgy as a function

of the active neutrino mass.
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Figure 6.1: The plot shows Yg_1, as a function of z = M; /T (top plots) with (continuous lines)
and without (dashed lines) the presence of Primordial Black Hole. We specify the Primordial
Black Holes parameters in the plots’ title. In each cases, we chose /3’ to obtain the observed
Baryon asymmetry (solid grey horizontal line) after the complete evaporation of Primordial
Black Holes. We fix the neutrino parameters according to the benchmark case 1 of Fig. 1.8
for the top panel and to the benchmark case 4 for the lower panel. The middle and lower
plots illustrate the evolution of energy densities divided by the critical energy density and the
entropy ratio Sgi—o/Sp respectively. We took the Figure from Ref. [9].
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6.1 Results

We can fully describe our model with six free parameters: four describing High-scale Leptoge-
nesis x, y, my, M; and two describing Primordial Black Hole physics Mpgy, .

By solving Egs.,(2.56), (2.57), and (2.59), we derive the entropy injection from Primordial
Black Holes. In Fig.,6.1, we present the impact of Primordial Black Holes on the evolution of
the B — L asymmetry (top plots), radiation, and Primordial Black Hole energy density (middle
plots), and entropy injection (lower plots) as a function of z = M; /Ty, for benchmark “1” (upper
panel) and “4” (lower panel) from Fig.,1.8. The left panel corresponds to Mppy = 109 g, while
the right panel corresponds to Mppy = 108 g, and in both cases, we choose the value of 3’ such
that the final asymmetry matches the observed value.

In the case of benchmark “1”, Primordial Black Hole dominate the Universe until they evap-
orate, resulting in a significant entropy injection. Whereas in the case of benchmark “4”, Pri-
mordial Black Holes never dominate. However, their evaporation still contributes to the dilu-
tion of the final asymmetry. In both cases, Primordial Black Holes in the mass range examined
evaporate after the sphaleron transitions freeze out (see the vertical dotted lines) and before
BBN (I ~ 1 MeV). As a result, Primordial Black Holes affect the cosmological evolution after
Baryon asymmetry has already been settled. If 5’ exceeds the values depicted in Figs. 6.1, the
final asymmetry would be diluted to the extent that Y < Y-

In this scenario, sphaleron processes go out of equilibrium in a period dominated by Pri-
mordial Black Holes, altering the freeze-out temperature (defined in Eq. (1.89)). The presence
of Primordial Black Holes results in a higher freeze-out temperature. However, when consid-
ering the maximum allowed value of 3/, we demonstrate that the freeze-out temperature is still
below the temperature at which the electroweak phase transition occurs.

In Fig. 6.2, we show In(Tspn. /7}) as a function of the temperature. The red line corresponds
to the standard scenario, whereas the green and blue lines represent scenarios assuming the
existence of Primordial Black Holes with masses 10° g and 10? g, respectively. Both scenarios,
assume the maximum abundance allowed according to existing constraints.

We present the main result of our analysis in Fig. 6.3, where we illustrate the mutual exclu-
sion limit projected in the Primordial Black Holes parameter space. To determine these bounds,
we fix the Leptogenesis parameters for each my, so that they maximize the Baryon asymmetry,
allowing us to obtain an upper bound on the Primordial Black Hole parameter space. These
values correspond to the black line in Fig. 1.8, whereas the four numbered dashed lines corre-
spond with the four dots in the same figure. The maximum allowed asymmetry is a mono-
tonically decreasing function of my. As a result, the most conservative constraints correspond

tomp = \/Am?2

2. (darkest red line). Conversely, the most stringent constraint corresponds to

the highest m,, for which we achieve the Baryon asymmetry. Our constraints are competitive

with the limit on the energy density of gravitation waves [431](hatched area in the plot). We
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Figure 6.2: The figure illustrates the sphaleron process rate (black line) as a function of the
Universe’s temperature. The red line shows the behavior of In(&H/T') in standard cosmol-
ogy, whereas the blue and green lines correspond to two scenarios involving Primordial Black
Holes. Primordial Black Hole. The crossing point between the colored lines (red, blue, or green)
and the black line indicates the freeze-out temperature. We took the Figure from Ref. [9].

also include a shaded grey region to indicate Primordial Black Holes that completely evaporate
during Big Bang Nucleosynthesis. Overall, Fig. 6.3 provides a comprehensive overview the re-

gions excluded by our analysis.

Discussion

We investigate the impact of non-standard cosmology determined by the existence of Primor-
dial Black Holes on the production of the Baryon asymmetry via High-scale Leptogenesis. We
focus on Primordial Black Holes evaporating between the sphaleron transition and the Big
Bang Nucleosynthesis. The crucial effect in this scenario is the entropy injection associated
with the complete evaporation. In the first step of our analysis, we demonstrate the existence
of a finite maximum Baryon asymmetry achievable in High-scale Leptogenesis, denoted with
Y3**. We highlight that Primordial Black Holes may inject sufficient entropy into the Universe
to dilute Y5** below the observed asymmetry, thus ruling out the Leptogenesis as the baryo-
genesis mechanism. Consequently, we delineate regions of the mixed parameter space where
Primordial Black Holes and High-scale Leptogenesis are mutually incompatible. We obtain a

relation between the heaviest active neutrino and the conservative bounds in the Primordial
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Figure 6.3: Mutual exclusion limits between Primordial Black Holes and the minimal High-
scale Leptogenesis. We project these limits in the plane Mppy-/3/. We illustrate in different
colors the upper limit obtained considering different m; while we fix the other neutrino pa-
rameters to maximize the Baryon asymmetry. The dashed lines correspond to the benchmark
cases highlighted in Fig. 1.8. The hatched region corresponds to the Gravitational Waves en-
ergy density constraints from Big Bang Nucleosynthesis observations [431]. The shaded region
corresponds to Primordial Black Holes evaporating completely during Big Bang Nucleosyn-
thesis. We took the Figure from Ref. [9].

Black Hole parameter space, which are more stringent than existing constraints.
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Conclusions and outlook

In conclusion, the unending search for a profound understanding of particle physics and cos-
mology while trying to piece together the pieces of the complex enigmas permeating our Uni-
verse leads our journey. To truly untangle the cryptic nature of what surrounds us, we must
continue to refine our understanding of the fundamental aspects of the sophisticated tapestry
composed by particle physics and cosmology. In this grand adventure, Primordial Black Holes
stand out as an appealing needle to sew together micro and macro worlds, allowing us to ad-
vance in an ever-expanding frontier of cosmic exploration.

This thesis explores the convoluted relationship between physics Beyond the Standard
Model and the captivating realm of Primordial Black Holes. It delves into three crucial ar-
eas: neutrino physics, Dark Matter, and the generation of the Baryon asymmetry. The guiding
light of this research line is to uncover new insights and connections on the fundamental pat-
terns governing the Universe.

In Part I of this thesis, we begin our dexterous journey, offering a comprehensive overview
of the current panorama of both physics Beyond the Standard Model and Primordial Black
Holes. We begin with a description of the Standard Model and the compelling reasons driv-
ing the need for its extension. Then, we delve into the implication of the neutrino oscillations
observation, discussing the neutrinos’ nature and seesaw mechanisms. Moreover, we explore
Coherent Elastic Neutrino-Nucleus Scattering, pivotal for the Dark Matter discovery limita-
tions in direct detection observatories.

Our journey continues with a comprehensive immersion in the mystery of Dark Matter.
We explore the astonishing concept of the WIMP miracle and the array of detection techniques
while acknowledging their intrinsic drawbacks.

Lastly, we delve into the captivating subject of the Baryon asymmetry generation. Here, we
focus on the fundamental prerequisites for viable baryogenesis mechanisms and underline the

significance of the sphaleron processes in Leptogenesis mechanisms. To firmly establish these
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concepts, we provide noteworthy examples of baryogenesis scenarios.

Then, we present a dedicated insight into Primordial Black Holes physics, beginning with
a brief examination of the formation mechanisms. We then delve into the intricate dynamics
governing the mass evolution of Primordial Black Holes, elucidating processes such as evapo-
ration and accretion.

Our wandering through Primordial Black Holes extends further as we analyze the impact
of a Primordial Black Hole population on cosmological evolution.

Lastly, we conclude with a comprehensive summary of the constraints placed on the abun-
dance of Primordial Black Holes, enclosing the current state of the art in this fascinating field
of study.

In Part II of this thesis, we delve deep into the dynamic coaction between physics Beyond
the Standard Model and Primordial Black Holes. In the context of the emission of neutrinos
from Primordial Black Hole evaporation, we explore the potential avenues for detective these
neutrinos via Coherent Elastic Neutrino-Nucleus Scattering, exploiting the sophisticated tech-
nologies provided by existing or foreseen Dark Matter direct detection facilities. Assuming
these facilities will not measure an excess above the standard background, we derive forecast
constraints on the fraction of Dark Matter composed of Primordial Black Holes. Our findings
provide competitive bounds, rivaling those from Super-Kamiokande, although smaller than
those from v-rays observations.

Furthermore, we investigate the potential effect of these findings on the Neutrino Floor.
As a final exciting note, we underline the possibility of utilizing direct detection facilities as
indirect tools, offering new avenues for scientific endeavor.

We then turn our attention to the fascinating phenomenon involving the emission of sub-
GeV Dark Matter particles, denoted as x, from Primordial Black Holes. This process results in
the radiation of Dark Matter particles endowed with substantial kinetic energies, allowing their
direct detection in existing facilities. In this context, we inspect two distinct schemes pertaining
to different interaction channels.

Our analysis shows the exciting possibility of testing Primordial Black Holes in the ranges
[5 x 10 — 10%] g for x-nucleon interaction and [5 x 10'* — 10'¥] g for y-electron one. We
operate under the assumption that both Primordial Black Holes and the light species partially
contribute to the overall Dark Matter abundance. The existing constraints on Primordial Black
Hole abundance prevent the alteration of Galactic and Extra-Galactic Dark Matter distribution
because of the additional emission of .

In the context of x-nucleons interaction, we consider a ballistic approach to account for
the propagation effect as these particles travel through Earth and the atmosphere. It is worth
noting that variation in this modelization could yield slightly different results.

Intriguingly, assuming y-nucleus interactions and using the data provided by the XENON1T

collaboration, our analysis shows that cross-section in the range [1073% — 1073!] cm?, allowed
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by present constraints, are inconsistent with the existence of a small population of Primordial
Black Holes.

When exploring y-electron interactions, we assume an effective coupling mediated by a
heavy scalar. Our investigation employs the detection capabilities of both XENONI1T and the
neutrino detector Super-Kamiokande. We limit the combined parameter space because of the
non-observation of the expected signal in such observatories. For XENON1T, we account for
the ionization process of Xenon atoms and employ a meticulous binned likelihood analysis.

032 cm? for m, = 1MeV.

This rigorous approach leads to stringent bounds down to 1

For Super-Kamiokande, we consider a straightforward approach based on the total number
of events detected. Here, we obtain an upper limit on the cross-section down to 1073 cm? for
m, = 1 MeV. It is worth mentioning that our bounds complement those arising from cosmo-
logical and collider experiments.

The stringent bounds derived in this context using XENON1T and Super-Kamiokande data
challenge the possibility of having a small population of Primordial Black Holes at present, set-
ting the stage for deeper studies. Furthermore, we are currently reproducing the same analysis
using the data from DarkSide-50 with a more complex analysis.

Our trajectory now shifts to a unique baryogenesis mechanism that hinges on the differen-
tial absorption of a heavy species X and X, both possessing Baryon numbers, by Primordial
Black Holes. An appealing feature of this scenario is that it does not need Baryon number vio-
lation at the Lagrangian level, standing out from conventional baryogenesis processes.

The scenario evolves via the interplay of several factors: X freeze out, the CP-violating
scatterings of X into the plasma that lead to an asymmetric absorption into Primordial Black
Holes, the decay of X that transfers the asymmetry to the Baryonic sector and prevents a period
dominated by the X.

Moreover, we establish that the viability of the mechanisms relies on the complete evapora-
tion of Primordial Black Holes. This requirement prevents the total absorption of X particles.

Under the assumption that the CP-violation is independent of the Universe temperature
(phenomenological scenario), we reproduce the observed Baryon asymmetry. However, while
searching for a realistic realization of CP-violation scatterings, we discovered that the efficiency
of these interactions diminishes with the Universe temperature. Unfortunately, under this re-
alistic assumption, we find that the scenario is not viable.

This baryogenesis mechanism requires additional investigations with the aim of identifying
interactions that can achieve the required CP-violation or proving a no-go theorem demonstrat-
ing the impossibility of attaining such an asymmetry.

In a similar fashion, we explore the impact of Primordial Black Holes on the cosmologi-
cal evolution and the Baryon asymmetry production via high-scale Leptogenesis. Our focus
centers on the catastrophic moment when Primordial Black Holes completely evaporate, asso-

ciated with a sudden injection of entropy and reheating of the Universe.
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The critical insight of this study is the following: if the complete evaporation occurs after
the sphaleron freeze-out, this scenario only dilutes the pre-existing Baryon asymmetry. Our
analysis of the high-scale Leptogenesis parameter space reveals a finite, absolute maximum
achievable.

Crucially, we underline that when the entropy injection from Primordial Black Holes is
sufficiently substantial, it has the effect of depleting the Baryon asymmetry below the observed
one. This observation points out an inherent incompatibility between Primordial Black Holes
and Leptogenesis, highlighting fundamental limitations to their coexistence.

Consequently, we derive mutual exclusion limits in the mixed parameter space, delineat-
ing a relationship between the heaviest active neutrino mass m;, and the conservative bounds
projected in the Primordial Black Hole parameter space. Notably, our limits prevail over the
stringency of the existing ones, offering a new perspective to study the intricate dynamics of
the very early Universe. Accordingly, we will perform similar studies considering different
baryogenesis mechanisms with the aim of obtaining a deeper understanding of Primordial
Black Hole effects in the very early Universe and hopefully model-independent constraints.

In summary, this manuscript investigates the intricate interplay between Primordial Black
Holes and Physics Beyond the Standard Model in the context of neutrinos, Dark Matter, and
Baryogenesis. Throughout this thesis, we identify promising research strategies that may cap-
tivate the scientific interest in the near future.

In conclusion, while the current paradigms of particle physics, encapsulated by the Stan-
dard Model, and cosmology, represented by the ACDM model, have demonstrated remarkable
robustness and alignment with several observations, tenacious tensions hint at the presence of
new physics and suggest we enlarge our horizons. Upcoming experiments offer an appealing
opportunity to test and investigate extensions of the standard frameworks. Primordial Black
Holes, whether they exist or not, are exceptional probes for particle physics and the fundamen-
tal epochs of the Universe.

The implication of Primordial Black Holes on critical subjects, such as Dark Matter, neutrino
physics, baryogenesis, and inflation, continue to inflame the frontiers of scientific inquiries. De-
spite the plethora of investigations, Primordial Black Holes physics still presents several open
questions. For instance, the formation mechanism remains a subject of ongoing investigation,
with numerous proposed scenarios, yet without a definitive understanding.

Other challenges encompass the properties of the mass distribution, along with an accurate
estimation of the fraction of Dark Matter that might consist of Primordial Black Holes. A deeper
understanding of the interplay between Primordial Black Holes and these cosmic aspects is of
preeminent importance.

A compelling new avenue to investigate Primordial Black Holes has emerged with the re-
cent measurements provided by the collaboration of Pulsar Timing Arrays, such as NANOGrav [553],

Parkes Pulsar Timing Arrays [554], European Pulsar Timing Arrays[555], and the China Pul-
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sar Timing Arrays[556]. These observations yield fresh evidence supporting the existence of
a stochastic gravitational wave background,. Although this effect may predominantly have
an astrophysical origin [557, 558], several papers explore the possibility of a cosmological ori-
gin for a part of it. Among these interpretations, we find scalar-induced gravitational waves
generated by an enhanced spectrum of short-wavelength scalar perturbation produced during
inflation, which also leads to the formation of Primordial Black Holes [559-566].

Another possible avenue to advance our understanding of Primordial Black Holes con-
sists of a messenger approach considering observation at different redshifts, several formation
mechanisms, and complex mass distribution. In this context, an intriguing research area in-
volves the study of theories Beyond the Standard Model, as Primordial Black Hole evaporation
is sensitive to the number of emitted degrees of freedom. Models featuring multiple additional
degrees of freedom, such as supersymmetry and large extra dimensions, are the most promis-
ing candidates for such studies.

As a final remark, we underscore the absence of a dedicated experiment aimed solely at
studying Primordial Black Holes, a notable gap in the landscape of available or foreseen ob-
servatories. Instead, our current understanding of the subject derives from a diverse array of
experiments with different primary objectives. Nevertheless, these collective efforts yield an
astonishingly broad spectrum of constraints that span a wide range of Primordial Black Hole
masses, enriching our understanding of these enigmatic cosmic entities. Despite the absence
of positive observations, Primordial Black Holes have consistently proven their ability to test
the early Universe and physics Beyond the Standard Model. While the existing studies have
yielded a wealth of constraints, it is premature to declare a saturation of interest. On the con-
trary, they represent a powerful tool even if they do not exist because they catalyze inspiring
studies that might otherwise remain uncharted. From this point of view, Primordial Black

Holes hold the potential to unveil intriguing discoveries in the foreseeable future.
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APPENDIX A

Y — e Cross-section

N N*
Figure A.1: The diagram depicts x-e scatterings leading to the ionization of the atom.

Dark Matter direct detection observatories look for Dark Matter-nucleus recoil energies or
the electronic transitions induced by the Dark Matter-electron scatterings. We dedicate this
appendix to the comprehensive calculation of the cross-section for the Dark Matter-electron
scattering when the electron is bound to the nucleus in the initial state (it is described in Eq. (4.9)
and depicted Fig. A.1).

We are interested in calculating the transition rate from the initial and final states described

as

whhp) = [ elp), (A1)
|wk’a p/> = |17Z)k’> & |p,> ) (AZ)
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where 1™ ! is the electron bounded eigenstate characterized by the quantum numbers (n, 1),
|1hy) is the electron unbounded final state, and |p!")) refers to  initial (final) state. The single
particle space state is normalized as (p|p) = (27)? §%(0) 2 E, = V 2 E,,, where V is the divergent

volume factor. In this case, the first non-trivial term of the Dyson expansion of the S-matrix is

S™l = —i(p/, Y] / d*z Hi(x)[y™', p) (A.3)

where z is a space-time point and H; is the Hamiltonian density in the interaction picture.
Defining H; in terms of the Hamiltonian density in the Schrodinger picture, Hg, and of the

Hamiltonian of the system x — e in which # is set to zero, Hy, we get

smto= i / d'a (p', dile! ™ Hs(@)e 0™, p) (A4)
= =i [ @, delHs(a) o, p) [ bl BB (A5)
= —i(2m)d(E}, + B, — E. — Ey) / &z (p', Y |Hslv™', p) - (A6)

Our aim is to rearrange S™! in in terms of the S-matrix of the scattering between x and a

free electron, defined as
S = _i(2m)0 (B + Bl — Eo— ) / Px (K, p|Hs|p, k) = i(27) 64 (p+-k—p/— k) M (A7)

where M is the transition amplitude of the process. Assuming the effective Lagrangian

in Eq. (4.8), it takes the following expression

ree — 92
B N (A.8)
Jo = Z[ne (k') ue (k)] [Te (k) ue (K)] (A9)
Jy = Z [Ty (p") uy (p)] [y (p) uy (P)] - (A.10)
(A.11)

With this in mind, we recast the initial and final states as

3

ip) = [ s (Rl ke p) (A12)
3 /

el = [ éggwkww K, (A13)
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Figure A.2: Xenon ionization function for F, = 5 keV in terms of q.

where we introduced a full set of free electron eigenstates satisfying the following identity

3
/(‘21:)3 ) (k| =1. (A.14)

These positions allow us to adjust Eq. (A.6) as

31’ 3
5 = —iam(Ey + B~ B = By) [ @' [ G5 [0 (elk) (6 sl k) (™) (419

Comparing Egs. (A.7), (A.15), we get

st = —i(2r)*6(E, + E, — E. — Ey) - (A.16)
Bk [ Pk :
| G ] Gy () 0 0+ K K
K
. ! - . K o n,l free
= imOE, + B~ Ee— By) [ G5 el 06— i) Mt A7)
a3k’ o
_ / ’ . k! 1 iqX |, m,l free
= —iMO(E, + B~ Be— By) [ G5 elk) 0ty M| as)
= —i(2m)8(E, + E, — E. — Ey) (| ¥ |y™ 1) Ariree Ve (A.19)

We obtain Eq. (A.17) integrating in k and considering that g = p—p/, Eq. (A.18) using the defini-
tion of the momentum boost, and Eq. (A.19) using the identity shown in Eq. (A.14). (¢ |e’d%[p™ 1)

is the matrix element between the initial bound state of the electron and the final free state.
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The cross-section is then defined as

d3p d3 1 27 ree |2 CEIWURNE
= g @ BB B By e M g D [l O[T (420

deg.state

do_n, l_

where v, is the modulus of the relative velocity between x and the electron, while |M f’fee|2
is the transition amplitude for a free electron mediated over spin. The matrix elements in
Eq. (A.20) describe the ionization of bounded electrons and can be written in terms of the ion-
ization functions. Refs. [148, 567, 568] define the ionization functions as

2k'3 _— 2
= Y |l (A21)

(27T) deg.state

fii )

G and k are the module of the momentum transfer and the electron initial momentum respec-
tively. Approximating the final state as a plane wave and spherically symmetric atomic target
with full shell, the ionization functions are

E+q . -
/~ dk kIR (k)2 (A.22)
o

(20 + 1)k'?

n, L3 <\ 2
k
’flon( )’ 47r3

where we perform the integral for all the allowed values for the modulus of the electron initial
momentum, k. ﬁn’ I (IE) is the Fourier transform of the radial part of the bounded wave function,

defined as

ﬁn l(]%) = 3, Ch 19270 (27ra0)3/2 (Zk%)l (nigtl)!

: TE/2+4) \ Zuw Zo )/ (2ngp)!
2
Sy (2+n219+l)7 (3+n219+l)7 3 41,— (1}%) } (A.23)

where 2 Fj(a,b, ¢, x) is the hyper-geometric function and ag is Bohr radius. The coefficients
appearing in this expression are tabulated in Ref. [569]. In Fig. A.2 we show some examples of
the ionization functions for Xenon orbitals as a function of the momentum transfer ¢ once the

electron recoil energy is fixed to 5 keV.
Substituting Eq. (A.21) in Eq. (A.20), and using that d*p’ = d3q, we get

B3q Bk 1 o — (273 |
do™! = S(EL+E,—Eo— By M, S|l ) . (A24
7 (2m)3 (2)3 vye 2B\ 2E.2E/ 2], (ExtEe— BBy Pemio—a’y gz [Fion (K- D)) - (A2)
Hence, we get that the differential cross-section is
do™! o 1 n, L ~ 2 2 ’ ’ 2
a5~ srai ), Wiy [ ED) [ g s (K —g) D] (a2
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