UNIVERSITA DEGLI STUDI DI PADOVA

Dipartimento di Fisica e Astronomia “Galileo Galilei”

Master Degree in Astrophysics and Cosmology

Final Dissertation

A Common Origin for WIMP Dark Matter and the Baryon

Asymmetry of the Universe

THESIS SUPERVISOR CANDIDATE

Prof. Francesco D’Eramo Tullia Girardi

AcapeMic YEAR 2024 /2025






Abstract

The Standard Model of particle physics, despite its remarkable success, fails
to explain two key phenomena in cosmology: the nature of dark matter (DM)
and the baryon asymmetry of the Universe. These two issues highlight the
need for physics beyond the SM. Weakly Interacting Massive Particles (WIMPs)
have long been considered among the main candidates for DM due to the so-
called "WIMPs miracle", by which their relic abundance naturally matches the
observed dark matter density. On the other hand, the Sakharov conditions
provide a theoretical framework for generating the baryon asymmetry, through
a Baryogenesis process, although their realization often requires extensions to
the SM.

This thesis explores the interesting possibility of a unified solution to these
problems via a "WIMPy Baryogenesis". This mechanism proposes that WIMPs
annihilations satisfy the Sakharov conditions, generating a baryon asymmetry
besides producing the dark matter relic density.

The theoretical framework is developed through Boltzmann equations de-
scribing particle number densities and asymmetry evolution. It is shown the
importance of the freeze-out moment of the washout processes in order to get
the expected baryon asymmetry, which translates into a relation between the
masses involved. It is proposed one possible model in which WIMPs annihi-
late directly into quarks, plus a new massive baryon field. Finally, the main

dependencies of the final value of the asymmetry are analyzed.
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Introduction to the Standard Model

The first chapter introduces the Standard Model of particle physics, the
theoretical framework that currently better describes the fundamental particles

and their interactions.

In Section 1.1 we will guide the reader through the theoretical construction
of the Standard Model and its core concepts, starting from its gauge group
structure and the quantum numbers of particles. We will then present and
discuss the Standard Model Lagrangian and the fundamental interactions that
it describes: the electroweak and strong interactions, the Yukawa couplings, and
the spontaneous symmetry breaking mechanism that gives rise to the masses of
the W and Z bosons.

Section 1.2 will be dedicated to the experimental successes of the Standard
Model, highlighting the key discoveries that have confirmed its validity. Partic-
ular attention will be given to the discovery of the Higgs boson, which provided

experimental evidence for the Higgs mechanism.

Finally, in Section 1.3, we will explore the limitations of the Standard Model.
Despite its numerous successes, the model leaves several fundamental ques-
tions unanswered. We will discuss issues such as the nature of dark matter,
baryogenesis, the strong CP problem, the gauge hierarchy problem, the mass of
neutrinos, the grand unification, and the mystery of dark energy. These open
questions point to the need for physics beyond the Standard Model and set the
stage for exploring new theoretical frameworks in the subsequent chapters of
this thesis.



1.1. THEORETICAL CONSTRUCTION OF THE STANDARD MODEL

THEORETICAL CONSTRUCTION OF THE STANDARD MODEL

GAUGE Groupr AND QuanTuM NUMBERS OF PARTICLES

The SM is built on the symmetry group SU(3)c x SU(2);, x U(1)y, which
describes the strong and the electroweak interactions. Elementary particles,
such as quarks and leptons, are classified according to their representations
under these gauge groups, defined by quantum numbers.

In the SM, particles are divided into two main categories:

e Fermions, which include quarks and leptons. These particles are grouped
into three families, each consisting of two quarks (one with electric charge
+2/3 and one with charge —1/3) and two leptons (one with charge —1 and

a neutral neutrino).

Particles have in common with their equivalents inside different families

the same properties except for the value of the mass.

("

15 family: ( ;E ) y R ( d ) , UR, dp
L L

274 family: ( :ﬁ ) v g, ( E )  CRy SR
L L

37 family: ( :1 )L, TR ( ; )L, g, br

The left-handed and right-handed particles are defined as':

_ 1 1 _
e, = 5(1 —Yys)e”, ex = 5(1 + ys5)e (1.1)

and they transform as doublets and singlets of SU(2); respectively.

19° = iyY%9192y3. In Chiral representation these matrices are:

0 o#
[T
=[]

where o* = (1,0%), 6% = (1, —0") and ¢’ stand for the Pauli matrices.
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e Bosons, which include the gauge bosons that mediate the fundamental in-
teractions: the gluons (g) for the strong interaction, the W* and Z bosons
for the weak interaction, and the photon () for the electromagnetic in-
teraction; and one scalar boson, the Higgs, which is responsible for the

spontaneous breaking of the electroweak symmetry.

Each fermion carries quantum numbers (see tables 1.1, 1.2) that determine

the way in which it couples with gauge fields:
e Color charge associated to (SU(3)c), that governs strong interactions.

e Weak isospin associated to (SU(2).), that determines how the particles
participate to weak interactions.

e Hypercharge associated to (U(1)y), that determines the electric charge of
particles via the relation Q = T3 + Y/2, where T; is the third component of
weak isospin.

Lepton | SU(B)c | T3 Y | Q
0

Ve, 0 1/2 |1
e; 0 1/2 (1]
e 0 0 |21

Table 1.1: Lepton quantum numbers

Quark SU(3)C T3 Y Q

ur 3 1/2 |1/3 |2/3
dr 3 -1/211/3 |-1/3
UR 3 0 4/3 |2/3
dr 3 0 -2/3|-1/3

Table 1.2: Quarks quantum numbers

THE STANDARD MODEL LAGRANGIAN

The dynamics of particles in the SM are described by a Lagrangian that is
invariant under the transformations of the SU(3)c xSU(2). xU(1)y gauge group.

The SM Lagrangian can be divided into four main components:

LSM = -Lgauge + Lmatter + LYukawa + LHiggs/ (1'2)
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where:
o Lqauge describes the dynamics of the gauge fields (G, Wﬁv, and B, ):
1 a ~auv 1 i iuv 1 uv
Lgauge = _ZGHVG - ZWHVW - ZB‘UVB . (1.3)

These terms include self-interactions of gauge bosons for the non-Abelian
sectors SU(3)c and SU(2)r. For example gluons interact with other gluons,
which can be seen in the last term of the field (it gives a quartic term in the
Lagrangian):

G, = 9uGi — 9,Gj + 8 f™°GhGE, (1.4)

where f°¢ are structure constants of SU(3)c e g is the strong coupling

constant.

o L,utter describes the kinetic of fermions and their interactions with the
gauge fields:

Linatter = “,_bLDI,bL + “]_DRDIPR (15)

Fermions couple with gauge fields according to their quantum numbers
through the covariant derivative:

Dy =0y —igT"Gy —igT'W,, - ig’YB,, (1.6)

with T% and T’ being the generators for the SU(3)c and SU(2). groups,
and Y the hypercharge associated with U(1)y.

o Lyukawa describes the Yukawa interactions:

Lyukawa = — Z Yijl,_Di,Lq)Ebj,R +h.c.? (1-7)
ij

where Yj; are the Yukawa couplings that govern the strength of the interac-
tion between left-handed fermions 1); 1, right-handed fermions ¢; g, and
the Higgs field ®. This term is responsible for giving mass to fermions
via the Higgs mechanism. The details of this process will be addressed in
Section 1.1.6.

2h.c. is the hermitian conjugate.
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o Lpiges describes the Higgs field and its dynamics, that brings to the
spontaneous breaking of the electroweak symmetry and the generation
of masses for the W and Z bosons (discussed in Section 1.1.5):

Liiggs = |D,@P* - V(D), (1.8)

where D, is the covariant derivative involving the electroweak gauge
fields, and V() is the Higgs potential that triggers spontaneous sym-
metry breaking when the field acquires a non-zero vev:

V(®) = p?|®)* + A|D|*. (1.9)

ELECTROWEAK INTERACTIONS

The electroweak interactions in the SM are described by the SU(2), x U(1)y
gauge group. The spontaneous breaking of the electroweak symmetry via the
Higgs mechanism results in the combination of the W;; and B, fields to form the
physical W*, Z and photon () bosons, that are the mediators of the weak and
electromagnetic interactions.

The weak interactions involve both charged current and neutral current in-
teractions: charged current interactions, mediated by the W=* bosons, are re-
sponsible for processes such as beta decay, while neutral current interactions,
mediated by the Z boson, regulate processes such as neutrino scattering.

Fermions couple differently to the gauge bosons depending on their quantum
numbers. For instance:

e Charged leptons (e.g. the electron) couple to the photon, Z, and W*
bosons.

e Neutrinos interact only via the Z and W* bosons.

e Quarks couple to messengers of all the interactions: strong (gluons), elec-
tromagnetic (photon), and weak (W, Z).

The two interactions descending from the electroweak one, at our energies,
are characterized by very different strengths. The electromagnetic interactions

are governed by the size of the electromagnetic coupling constant through o =
€2
A’

135- The weak interactions strength instead, at low energies (that here means

which at low energies is given by the fine structure constant, a(Q = m,) =
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lower than Myy), is of the order of the Fermi constant G = 1.167 - 107°GeV 2,

which motivates their name.

STRONG INTERACTIONS

The strong interactions are described by the SU(3)c gauge group, and me-
diated by gluons (there are N2 - 1 = 8 of them).

Quarks carry a color charge and interact strongly via gluon exchange. At
our energies, strong interaction shows a peculiar property: quarks are never
observed as free particles but they are always confined inside hadrons, such as
protons and neutrons, which are overall colorless particles (color confinement).

In terms of strength of the coupling, the strong interaction gets its name from
the value it takes at low energies: as(Q = Mpuadron) = 1, with ag = %. However,
this value decreases at increasing energies, up to the asymptotic limit at which
it vanishes, so that hypotetically quarks would be allowed to behave almost as

free particles (asymptotic freedom).

SPONTANEOUS ELECTROWEAK SYMMETRY BREAKING

Spontaneous electroweak symmetry breaking occurs when the Higgs field
acquires a non-zero vev, breaking the SU(2), X U(1)y symmetry down to U(1)em-
This process gives mass to the W* and Z° bosons, while the photon remains
massless.

The Higgs potential, V(®) = py?|®|? + A|®|*, causes the symmetry breaking
when u? < 0, resulting in the Higgs field acquiring the vev:

v
(@) = —, (1.10)
V2
with v ~ 246 GeV.

When there is a symmetry breaking, for each generator of the symmetry we
have an unphysical Goldostone boson, which plays the role of the longitudinal

polarization of the vector boson: in this way it gains a mass.

After the symmetry breaking, the masses of the W and Z bosons are given
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by:
0
—_— 87, (1.11)
2 + 7”2
my = —”gzgv, (1.12)

where ¢ and g’ are the coupling constants of SU(2);, and U(1)y, respectively. The
photon instead remains massless because there is a residual gauge symmetry,
that is U(1)em.

FeErMION MASSES

Fermions acquire mass via the Yukawa mechanism, in which they interact

with the Higgs field through the Yukawa Lagrangian:

Lyukewa == ) Yil; ) Pj g +hoc. (1.13)
i

Once the Higgs field acquires a vacuum expectation value (®) = v/V2, the

fermions gain mass, given by the relation:

0
myg = Yf@. (1.14)

The masses of fermions vary depending on the value of the Yukawa coupling
Yr. For example, the top quark and bottom quark have very different Yukawa
couplings, which explains the significant difference in their masses. Similarly,
the electron acquire mass through the same mechanism, though with much

smaller Yukawa couplings compared to the heavier quarks.

The differences in Yukawa interactions also determine the flavor mixing
structure among quarks (through the Cabibbo-Kobayashi-Maskawa matrix, called
CKM matrix) and leptons (through the Pontecorvo-Maki-Nakagawa-Sakata, also
called PMNS, matrix), that describe the probability of transitions between dif-

ferent flavours of quarks or leptons, respectively.
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SUCCESSES OF THE STANDARD MODEL

The SM of particle physics stands as one of the most successful theoretical
frameworks in modern science. It provides a comprehensive description of three
of the four fundamental forces (electromagnetic, weak, and strong interactions)
and classifies all known elementary particles. Over the past few decades, the
SM has been widely tested, and its predictions have been confirmed with re-
markable precision in many experiments. In this section, we will discuss the
experimental evidence supporting the SM, focusing on major achievements such
as the discovery of the neutral currents and of the W and Z bosons, the precision

of QED predictions, and the discovery of the Higgs boson.

Discovery OF THE WEAK NEUTRAL CURRENT

One of the earliest and most crucial successes of the Standard Model was the
prediction and observation of the weak neutral current. Experiments at CERN
provided the first direct evidence for neutral current interactions mediated by
the Z° boson, a key prediction of the electroweak theory. Before this discovery,
only charged currents, mediated by the W* bosons, had been observed.

The discovery of neutral currents occurred in 1973 during the Gargamelle ex-
periment, which used a bubble chamber to study neutrino-nucleus interactions
[8]. Neutral currents were observed via events where neutrinos interacted with
nuclei without producing charged leptons, a phenomenon that was unexpected
according to pre-Standard Model theories. In these events, neutrinos scattered
exchanging Z° bosons and so maintaining their identity (not changing flavor).

The discovery of neutral currents also enabled an early estimation of the
Weinberg angle (sin? Oy ~ 0.23), a fundamental parameter that corresponds
to the value of the rotation due to the symmetry breaking of the initial plane
of vector bosons W3 and B, producing as a result the Z° and the photon. It
was determined using Gargamelle’s data thanks to the fact that it is related to
the ratio of the cross sections in neutral currents and in charged currents. This
parameter is essential in the electroweak theory, because it governs the strength

of interactions mediated by the W and Z bosons with respect to the photon:
gsinBOw = g'cosOw =e (1.15)

These results were a decisive step toward electroweak unification and cleared
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the way for the direct discovery of the Z° boson and W* bosons.

Tue Discovery of THE W* AnND Z° Bosons

Another strong evidence to support the SM’s electroweak theory was given
in 1983, when experiments at the SPS at CERN provided direct evidence for the
existence of the W* and Z° bosons [2]. They were detected in proton-antiproton
collisions, where the energy was sufficient to produce these massive particles.

During the experiments events corresponding to the decay of these bosons

were observed:

e The W boson was observed through its decay into a lepton and a neutrino
(W — Iv), where the neutrino’s presence was inferred from the missing

energy.

e The Z boson was detected through its decay into lepton pairs (Z — I*]7),

such as electron-positron or muon-antimuon pairs.

The Standard Model had predicted the existence and approximate masses of

the W and Z bosons based on the weak mixing angle, via the relation:
MW = Mzcosew (1.16)

The predictions were made using experimental data, for example from neutral

current interactions, as explained in the previous section.

e For the W boson, the predicted value of the mass was My,, ~ 78 GeV, while
the observed one was My, , = 81 +2 GeV (this value was later estimated

with further precision measurements to be My,,, ~ 80 GeV) [9].

e For the Zboson, the predicted value of the mass was Mz,, = 89 GeV, while
the observed one was Mz, , = 93 +2 GeV (later measurements have better
estimated this value to be Mz, , ~ 91 GeV) [9].

This close agreement between the experimental results and the theoretical
predictions of the Standard Model was crucial in validating the electroweak
theory.

In addition to this, the discovery of the W and Z bosons indirectly provided
the first evidence of the spontaneous symmetry breaking mechanism described
by the Higgs mechanism, which explains how these bosons acquire mass.
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CoNFIRMATIONS OF QED AND RENORMALIZABILITY

In computations of particle interactions, when considering quantum correc-
tions (loops), it can happen to get divergences, but the SM’s renormalizability
guarantees that these divergences can be reabsorbed in the fundamentals pa-
rameters (such as masses and charges), so that it is still possibile to get precise
predictions that can be tested experimentally.

The verification of renormalizability in QED [1] has been made possible
through highly precise measurements of physical quantities, such as the anoma-
lous magnetic moment of the electron (g.) and the properties of the W and Z
bosons, performed at CERN’s LEP.

Discovery or THE Hicgs Boson

The crowning achievement of the Standard Model came in 2012 with the
discovery of the Higgs boson at CERN’s LHC. The Higgs boson is the quan-
tum manifestation of the Higgs field, which is responsible for the spontaneous
breaking of the electroweak symmetry and the generation of mass for the W and
Z bosons, as well as for fermions through the Yukawa interactions.

The Higgs boson was the last missing piece of the Standard Model, and its
discovery provided crucial experimental confirmation of the Higgs mechanism.
The mass of the Higgs boson, measured at approximately 125 GeV, was consistent
with the constraints provided by previous experiments, such as those at LEP
and the Tevatron, which had ruled out large portions of the Higgs mass range.

LIMITATIONS OF THE STANDARD MODEL

While the Standard Model has been successful in explaining a wide vari-
ety of particle physics phenomena, it is incomplete as a theory of fundamental
interactions. It fails to address several important questions and cosmological ob-
servations, suggesting the existence of new physics beyond the Standard Model.
In this section, we will provide a glimpse of some limitations of the Standard
Model, including issues related to baryogenesis, dark matter, the strong CP
problem, the gauge hierarchy problem, neutrino masses, grand unification, and

dark energy.

10
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BARYOGENESIS

The universe exhibits a clear matter-antimatter asymmetry, with an excess of
matter over antimatter. The baryon-to-photon ratio, which has been measured
with high precision and is of order n,/n, ~ 10710, suggests that there has been
a mechanism in place during the early universe that has favored the production
of baryons over antibaryons, allowing for baryogenesis.

According to the Sakharov conditions, generating this asymmetry requires
baryon number violation, CP violation, and a departure from thermal equilib-
rium. Although the Standard Model contains sources of CP violation in weak
interactions, they are insufficient to account for the observed baryon asymme-
try. New physics beyond the SM is required, and proposed mechanisms often
involve additional CP-violating interactions or new particles that could explain

baryogenesis. Chapter 2 will explore the Baryogenesis topic in more depth.

DARK MATTER

Astrophysical and cosmological observations have provided compelling ev-
idence for the existence of DM, which accounts for approximately 27% of the
universe’s energy density. Evidence for dark matter comes from galaxy rotation
curves, gravitational lensing, the cosmic microwave background, and the LSS of
the universe. However, the Standard Model does not include any suitable can-
didates for dark matter. Neutrinos, the only SM particles that interact weakly,
are too light and would constitute "hot dark matter", which behavior could not
explain the observed structure formation.

This discrepancy has led to the proposal of introducing a new kind of stable
and weakly interacting particles, often referred to as WIMPs (see section 3.2), and
other exotic candidates such as axions. The dark matter issue will be discussed

in more detail in chapter 3.

STRONG CP PROBLEM

QCD, the theory of the strong interaction, allows for a CP-violating term in
its Lagrangian, parameterized by the angle Ogcp. If Ogcp was of order one,
it would induce a large electric dipole moment for the neutron, which has not
been observed experimentally. Instead, experimental observations indicate that

6ocp must be less than 1071, raising the question of why this parameter is so

11
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small. The reason for this smallness is unexplained within the SM, and this is
known as the strong CP problem.

One possible solution is the Peccei-Quinn mechanism [12], which introduces
a new global symmetry that dynamically drives Ogcp to zero. This mecha-
nism predicts the existence of a new particle, called axion, which we already

mentioned as it is also a potential dark matter candidate.

GRAND UNi1FicATION THEORIES

Grand Unification Theories (GUT) aim to unify the three fundamental inter-
actions, described by the SM using three distinct gauge groups:

SUB)c x SU2)r xU()y,

into a single, larger symmetry group, such as SU(5). These would merge at
extremely high energies (Egur ~ 10'° — 101¢): as the universe cooled after the
Big Bang, this unified symmetry would have spontaneously broken into the
three separate forces observed today. In the SM, the coupling constants of the
the three forces vary with energy, and these theories predict that they should
converge at the GUT scale. Experimental measurements indicate that within the
SM this unification does not occur, while other theories (like Supersymmetry)
predict it, but to this day there is no experimental evidence for their predictions.

NEUTRINO MASSES

In the Standard Model neutrinos are assumed to be massless, since it is not
expected to exist a neutrino right vg. However, the discovery of neutrino os-
cillations (propagating neutrinos can change flavor) have proved that neutrinos
have small but non-zero masses: this fact indicates the need of some new physics

beyond the SM, to include a mechanism that gives mass to neutrinos.

One widely studied solution is the so-called "seesaw mechanism", which
introduces heavy right-handed neutrinos (too heavy to be produced at our
energies). A possibility for this new physics energy scale could be the same of
GUT scale, so this constitutes an important area of research in both theoretical

and experimental physics .

12
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THE GAUGE HIERARCHY PROBLEM

The gauge hierarchy problem concerns the large disparity between the elec-
troweak scale, where the Higgs boson mass is observed (around 125 GeV), and
the Planck scale (~ 10" GeV), at which gravitational interactions become sig-
nificant. In computing the Higgs boson mass, contributions in the loops of
superheavy virtual GUT particles should be taken into account, driving it to
values near the Planck scale.

One solution to this problem could be an extreme fine-tuning of parameters
in order to cancel these corrections, but this is considered unnatural, thus other
theories to extend the SM are needed (for example some proposals include

Supersymmetry and extra-dimensions theories).

Dark ENERGY AND COSMOLOGICAL IMPLICATIONS

DE is defined as a form of energy that permeates the space and exerts a
negative pressure, that is counteracting the attractive force of gravity, driving the
accelerated expansion of the universe. It accounts for about 68% of the universe’s
energy density. The Standard Model does not provide any explanation for the
origin or nature of dark energy, as it doesn’t include gravity and the accelerated
universe’s expansion in the phenomenons that are explained in the theory.

The cosmological constant, A, is currently the simplest possible solution: it
is a term added to Einstein’s equations that acts as a repulsive force, causing
space to expand. However this term raises the question of why it has such a

small value compared to theoretical predictions, again a fine-tuning problem.

CONCLUSION

In this first chapter, we have presented an overview of the Standard Model
of particle physics, its theoretical foundations, experimental successes, and its
intrinsic limitations. The Standard Model, despite its strong predictive power
and its experimental validation - presented in Section 1.2 - is not a complete
theory of fundamental interactions.

The list of issues discussed in Section 1.3, although comprehensive, has
necessarily been treated at an introductory and non-exhaustive level. Each
of the mentioned problems, such as the gauge hierarchy problem, the origin of

neutrino masses, the strong CP problem, the research of a dark matter candidate,

13
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and the mechanisms behind the observed baryon asymmetry, opens up wide
research fields, each deserving dedicated and extensive discussions. The aim
of this chapter, however, was not to provide a complete treatment of each issue,
but rather to outline the broader landscape of open questions that motivate the
search for physics beyond the Standard Model.

In particular, in the continuation of this work, we will cover in more detail
two aspects among those mentioned in this section: the matter-antimatter asym-
metry of the Universe (baryogenesis) and the nature of dark matter. These two
phenomena not only require new theoretical frameworks but may also share
common origins, suggesting the existence of unified solutions that address mul-
tiple open problems simultaneously.

The next chapters will thus explore baryogenesis mechanisms, dark matter,
and the possibility of a common explanation, setting the stage for the detailed
analysis of the WIMPy baryogenesis scenario.

14



Baryogenesis

The observed dominance of matter over antimatter in the Universe is one
of the most fundamental issues in modern cosmology. It is a critical condition
for the existence of stars, galaxies, and ultimately life as we know it. However
the Standard Model of particle physics, while containing the seeds of some
necessary ingredients, does fail in quantitatively explaining the observed baryon
asymmetry.

In this chapter we will explore the theme of matter-antimatter asymmetry
and baryogenesis (the class of theoretical mechanisms that attempt to dynami-
cally generate a net baryon number from an initially symmetric state in the early
Universe). In Section 2.1 we will briefly present the observational evidences
that support the asymmetry and we will give an overview of the problem; in
Section 2.2 we will present the characteristics that a model should satisfy in
order to solve it. In particular, we will list the theoretical conditions required
to generate such an asymmetry and examine their implementation within the
Standard Model framework. Finally we will introduce a simplified toy model
that displays the essential features of a baryogenesis process.

MATTER-ANTIMATTER ASYMMETRY

OBSERVATIONAL EVIDENCE

On Earth and in the solar system antimatter is found only in extremely

small quantities (excluding its presence in high-energy physics experiments).

15



2.1. MATTER-ANTIMATTER ASYMMETRY

Indeed, planetary probes have confirmed that planets in the solar system are
composed of matter, as shown by the lack of catastrophic matter-antimatter
annihilations. Cosmic rays, that provide material from further regions, show
presence of antiprotons at order 10 with respect to the number of protons, a
quantity that suggests secondary production from cosmic ray collisions rather
than primordial antimatter. In addition to that, searches for heavier antimatter,
as anti-He?, have yielded no conclusive detections.

On larger scales, there would be strong y-ray emission due to nucleon-
antinucleon annhiliations if there existed both matter galaxies and antimatter
galaxies inside a single cluster (since clusters contain intracluster gas), and this

has never been detected.

To quantify this asymmetry we use the Baryon number, defined as:

np
B=— 2.1
- 1)

where s is the entropy density and np the net baryon number density, ng =
np — ny. This number corresponds to the net baryon number in a comoving
volume and is conserved in absence of baryon number violating reactions and
entropy injections in the Universe (see appendix A for more details). Another

parameter that well represents the situation is the baryon-to-photon ratio:

n= B 1.8¢.sB (2.2)

My
where for the second equation it has been used the relation s = 1.8g.s7,,.

The two key measurements of the asymmetry are provided by:

e The CMB, a remnant radiation from the early universe, that carries infor-
mation about the baryon density at that time through fluctuations in its
temperature and polarization.

e The BBN, the process of formation of light nuclei in primordial universe.
The abundance of these elements critically depends on the baryon-to-
photon ratio 17, which determines the density of baryons available to par-

ticipate in nuclear reactions.

Experimental data from CMB and BBN, separately, allow to infer a value for
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the baryon-to-photon ratio of order [5]:
n~6-1071°, (2.3)

This agreement between CMB and BBN measurements is an important success
of modern cosmology, strongly supporting the existence of a small but nonzero
baryon asymmetry.

IMPLICATIONS FOR THE M ATTER-ANTIMATTER ASYMMETRY

We can analyze some of the simplest initial conditions regarding the abun-
dances of baryons and antibaryons in the early universe:

e The most logical initial condition would be to have n, = nj, in this case
baryons and antibaryons would annihilate until the end of chemical equi-
librium (as their number decreases it becomes more difficult to find cou-

ples b — b). That would happen at a temperature T ~ 22 MeV, when

np b -20 . . . . .
— = — = 1077, meaning that starting from a symmetric universe in
S

s
matter-antimatter today we should have much less matter than the ob-
served value.

e We could assume that, as an initial condition, only matter was present,
and that antimatter was subsequently produced through collisions in the
primordial plasma. In such a scenario, we would expect that, as in the
early Universe, xp = Xy even today. However, the measured value of 1
indicates that matter is extremely rare compared to photons - a fact that

requires an explanation.

e Another option could be that in early universe there were both baryons and
antibaryons, with a slight imbalance in favor of the first. In this scenario
starting from a large number of quarks and anti-quarks, n,; ~ nz ~ n,, after
all the annihilations it would remain only the small fraction of baryons that
we observe today. However, the initial asymmetry needed to obtain the

present result is so small that this pathway seems quite unlikely.

For these reasons, baryogenesis is presented as a scenario worthy of interest,
since it searches ways to dynamically obtain an asymmetry in a Universe that is
initially baryon symmetric, or even regardless of any symmetry or asymmetry
in the initial conditions.
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2.2. BARYOGENESIS MODEL

BARYOGENESIS MODEL

SAKHAROV CONDITIONS

In order to generate a baryon asymmetry from an initially symmetric universe
there are three condition needed, called Sakharov conditions from the physicist
that formulated them in the 1960s:

e Baryon number violation: there must exist some interactions that do not
conserve B in order to create an asymmetry. If B was strictly conserved in

every interaction, a universe initially symmetric would remain such.

e C (charge conjugation) and CP (charge conjugation combined with parity)
violation: a preference for matter over antimatter (or viceversa) is needed
to produce them with different rates in B-violating interactions, generating
a nonzero net baryon number. Without CP violation, the rate of baryon-
producing processes would be the same as the rate of the complementary

processes producing antibaryons.
The need for these two conditions can be analyzed more in detail:
1. C violation: charge conjugation symmetry transforms particles into
their corresponding antiparticles, so, if this symmetry was respected,

to each process that produces baryons it would correspond an equally
probable counterpart producing antibaryons:

I[(X - B)=T(X — B), (2.4)

where X is a generic particle decaying into baryons (B), and X, B the
charge conjugated particles. Thus, no net baryon number B would be

generated.

2. CP violation: C violation alone is not sufficient, and we can prove
this by thinking of a generic particle X that is subject to decays:

X = qrqL, X — qRrqr, (2.5)

with g1 and gr representing respectively left-handed and righ-handed
quarks, that transform under CP as qr) — Gg(;)- If CP was an exact
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symmetry, it would follow that:

I(X — qq1) =T(X = §dz),  T(X = gqrqr) = T(X — §,4,),
(2.6)
which results:

(X = ququ) + T(X = qrqr) = T(X = Ggip) +T(X = 7,7,) (27)
that means there is no asymmetry created.

From this reasoning we can conclude that both C and CP symmetries must

be non conserved to obtain a net baryon number.

e Out of equilibrium condition: an intuitive explanation can be given think-
ing to the example of decay that has been considered above, a generic par-
ticle X that decaying produces a baryon B. Thermal equilibrium would

imply that the inverse process has the same rate:
I'(X — B) =T(B — X), (2.8)

obtaining no net baryon asymmetry since B is destroyed by the inverse
process as fast as it is produced.

This question can also be presented in terms of the number densities.
The thermal equilibrium condition implies that the chemical potentials of
baryons and antibaryons, corresponding to uj, and uj, are equal to zero.
In addition to this, CPT invariance guarantees the equality of the masses
and of the energies, since E = W With this condition, the phase
space distribution function

1
f=—= (2.9)
eT +1

is the same for baryons and antibaryons. It follows that not imposing the
out of equilibrium condition it would result that n; = nj, which means B
=0.

In the next subsection we will consider these conditions and their viability
in the Standard Model framework.
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2.2. BARYOGENESIS MODEL

SaxkHAROV CONDITIONS IN THE STANDARD MODEL AND ELEC-

TROWEAK BARYOGENESIS

In the Standard Model are present all the necessary ingredients to investigate
whether the Sakharov conditions can be satisfied within its framework. In

particular:

e Baryon number can be violated if we take into account nonperturbative

processes (spharelons);

e Cis maximally violated within the SM by Weak Interactions (the currents
involve only left handed fields), while CP is violated in the Electroweak
sector thanks to the presence of a complex phase in the Vcga matrix;

e During the Electroweak symmetry breaking there could be, in principle,
the conditions for a deviation from equilibrium and the production of a

net Baryon number B.

However, as will be briefly shown here, these effects are not efficient enough
to provide the observed baryon asymmetry.

BARYON NUMBER VIOLATION IN THE STANDARD MODEL

While baryon (B) and lepton (L) numbers are conserved in the SM at tree
level and perturbative level, they are violated by nonperturbative electroweak
processes called sphalerons. Sphalerons are static, saddle point solution to the
field equations. These processes consist in transitions between different vacuum
states of the electroweak theory that violate B and L numbers, but preserve the
difference B — L. They can happen at high temperatures (I > 100 GeV), at which
they are no longer exponentially suppressed since there is no tunneling.

Since sphaleron transitions are active in the symmetric phase, any generated
baryon asymmetry can be erased if these processes remain in thermal equilib-

rium [5].

CP VIOLATION IN THE STANDARD MODEL

CP violation in the SM arises from the complex phase 6 in the Cabibbo-
Kobayashi-Maskawa (CKM) matrix, that describes flavor mixing of quarks in
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weak interactions:

Vud Vus Vub
V= Vea Ves Vep
Via Vis Vi

The amount of CP violation is parameterized by an invariant that results in a
suppression factor in the final value of B. This suppression factor, 6¢p, is of order
~ 1072, providing a baryon asymmetry several orders of magnitude below the
observed value [13]. Therefore, the SM does not provide sufficient CP violation

for successful baryogenesis.

ELECTROWEAK PHASE TRANSITION AND ELECTROWEAK BARYOGENESIS

Electroweak baryogenesis (EWBG) is a theory that proposes the origin of the
observed baryon asymmetry of the Universe taking place during the electroweak
phase transition (EWPT). In order to obtain a successful baryogenesis, it is
required that the phase transition is of first order, meaning it proceeds via
bubble nucleation.

Specifically, the mechanism proceeds this way: at high temperatures the
Higgs field vacuum expectation value (VEV) (¢) is zero (we are in the symmetric
phase); then, with the universe cooling down, a second local minimum forms,
separated by an energy barrier. As the temperature decreases and goes under a
critical value T; - the value at which the two vacua are energetically equivalent
- there are bubbles of the broken phase, where is has taken place the phase
transition and the Higgs field acquired a VEV (¢) # 0, that nucleate and expand.

As these bubbles expand in the symmetric phase, they create local thermal
non-equilibrium at the moving bubbles walls, satisfying the third Sakharov
condition for baryogenesis.

Because of CP-violating interactions in the bubble walls, a CP-asymmetry
accumulates on the two sides of the walls. In the unbroken phase side, where it
happen sphaleron processes that violate baryon number, the CP asymmetry gets
converted into a baryon asymmetry, while inside the broken phase sphaleron
processes are supposed to be suppressed. The baryons formed, due to the
expansion of the walls, can diffuse inside the bubbles, that eventually will merge
and fill the universe.

In order for the produced baryon asymmetry to remain, leading to the condi-

tion observed today, the requirement is the suppression of B violating sphaleron
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2.2. BARYOGENESIS MODEL

transitions inside the bubbles, meaning the Higgs VEV must satisfy:

(p(Te)
Te

21,

that corresponds to a strongly first-order transition.

However, it has been shown that this condition is not met in the Standard
Model: infact, for Higgs masses mpy > 80GeV, the phase transition is not a first
order one, instead it is second order (which is rather a smooth crossover): the
sphalerons pass from equilibrium to out of equilibrium in a continuous and
uniform in space way, not allowing to the bubble nucleation scenario.

The difference between a first order and second order phase transition can be
seen in figure 2.1, which displays the evolution of the Higgs potential at varying
T.

Figure 2.1: Left picture: schematic illustration of Higgs potential for different
temperatures for first order phase transition; Right picture: schematic illus-
tration of Higgs potential for different temperatures for second order phase
transition [4].

In conclusion, the electroweak baryogenesis would be an attractive mech-
anism since it relies on physics testable at the electroweak scale. However,
taken together, these limitations suggest that the Standard Model cannot simul-
taneously satisfy all three Sakharov criteria at a level sufficient to explain the
observed asymmetry, and this provides a strong motivation for the search and
development of new physics beyond the Standard Model.

Toy MODEL

We will now present a toy model for Baryogenesis that relies on out of
equilibrium decays.
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We assume that there is a particle X, massive and with zero baryon number,
that decays into two channels:

2
e X — gq, with a final state baryon number B = 3 and branching ratio

rX—)qq
=r

I'ror

- 1
e X — gl, with a final state baryon number B = 3 and branching ratio

rX—nﬂ _

I'ror

For the antiparticle X, instead, the decay channels are:

_ 2

e X — gg, with a final state baryon number B = -3 and branching ratio
|

X—4qq =7

I'ror

- 1
e X — gl, with a final state baryon number B = 3 and branching ratio

r)_(—>l
7 -1-7

I'ror

The mean net baryon number produced by the decay of X and X, that we will
name €, is the sum of the baryon numbers produced by each particle decays:

1
szgr—%(l—r):r—g (2.10)
2_ 1 _ _ 1
B)'( :—§T’+§(1—7’):—7’+§ (211)
€=Bx+Bg=r-r (2.12)

It follows that in order to have generation of a mean net baryon number
different from zero, r should differ from 7 (which means C and CP are not
conseved).

The amount of violation needed can be estimated knowing the measured
value of B:

ng ENx €Ny, €

B=="Lx ~ ~ — ~ 10710 2.13
s 1.8g#smny, 1.8g=xmn, g* @13)
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2.2. BARYOGENESIS MODEL

where all terms are considered at the decay time, and assuming that in the early
Universe the initial abundance of X, X bosons is thermal (nx = n 5z = ny). We
can deduce that € should be of order 1078+7, a small value indeed.

Actually it should be noted that at tree level T(X — gq) and T(X — 77) are
equal, so we should take into account also higher orders: a contribution to € can
be found in the interference of the tree level diagram with the loop level one.
See [10] for more details.

We can now analyze the out of equilibrium decay scenario. During Uni-
verse’s expansion, if the interactions rate (') of particles X, X is slower than the
expansion rate (H), it occurs a departure from equilibrium. In an equilibrium

scenario we would have:

e nx = ng =~ n, when X particles are relativistic (T>mx), as we assumed

previously
o ny =ng ~ (mxT)3?e x/T << n.,, when X are nonrelativistic (T<my).
X V4

The principal interaction modes for X are their decays and inverse decays,
scattering processes mediated by X, and annihilations, that can be neglected
since they’re important at the beginning but quickly suppressed (I'zu, o« nx).
The rates for these interactions are:

mx/T T >m
Fp = amy 4™/ X (2.14)
1 T < myx

1 T > mx
FID = FD (2.15)
(mx[T)¥2e™mx/T T < my

TZ

Is ~no=Ta———,
(T? + m%)?

2
0= % T >>mx (2.16)
asz
02—42G§(T2 T<<mX
m
X

In order to study this scenario, it is now helpful to introduce a quantity that
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compares the decay rate with the expansion rate H = ¢ +1/2T?/Mpy at T = mx:

KE(

r—D) ‘ ~ _aMpr 2.17)
szx '

H T g2 my

This formula measures the efficiency of the decays when the particle X starts to

be nonrelativistic.

It is easy to verify that decays are the most important process in the baryo-

genesis scenario:
I'ip

7 ~ Ke"™x/T (2.18)

T<myx

Is
H

both ratios are suppressed with respect to K.

T \3
~ak(5)
T<myx myx

(2.19)

If we impose the condition K « 1, we would obtain X at T = my to be already
out of equilibrium, which means that they decouple being relativistic. In this
case, after the exit from equilibrium, the quantity of X and X do not decrease
and an overabundance is produced with respect to the equilibrium scenario.
Then, since H ~ T?, at some point I'p will be larger than H for sure, so these
particles will just decay, with no inverse process (see fig. 2.2).

Having assumed that each decay produces a mean net baryon number €, this

mechanism would provide nonzero Baryon asymmetry, as desired.

nx(2)

Ny(z) A

o(1) 4

: - >
1 Z

Figure 2.2: The solid line represents the equilibrium distribution behavior n;q /ny
as function of z = mx /T, while the dashed line represents the expected real ratio
nx/ny, if the X decouples while being relativistic. The overabundance is the
difference between the two lines, highlighted by the arrow[7].
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2.3. CONCLUSION

The condition K « 1 results in a restriction for the X boson mass:

P 1((;‘—_21016Gev (2.20)
that can be observed, taking for example the magnitude of a for gauge bosons
a ~ 1072, entails a very large value for mx.

In the opposite condition, K » 1, we would expect the number density nx
to follow the equilibrium value (solid line in fig. 2.2), not producing a baryon
asymmetry. If instead we want to consider the intermediate case, K ~ 1, we
would need to follow the Boltzmann equations in detail, as presented in the
Appendix B.

CONCLUSION

In this chapter we have seen that the existence of a non-zero baryon-to-
photon ratio is a well-established fact, supported by precise measurements from
the Cosmic Microwave Background and Big Bang Nucleosynthesis.

To explain this asymmetry dynamically, we presented the Sakharov condi-
tions that a model must satisfy to be viable: baryon number violation, C and
CP violation, and departure from thermal equilibrium. Although the Stan-
dard Model contains ingredients pointing in the right direction, the effects are
quantitatively insufficient: in particular, the electroweak phase transition is not
strongly first-order for the observed Higgs mass, preventing the required out-
of-equilibrium conditions for electroweak baryogenesis.

To illustrate the basics of baryogenesis in a simplified setting, we introduced
a toy model where CP-violating decays of a heavy particle can generate a net
baryon number. This model highlights the role of out of equilibrium decays and
provides an intuitive description of a small asymmetry dynamical generation in
the early Universe.

These considerations suggest that new physics beyond the Standard Model
is needed to account for the baryon asymmetry. In the following chapter, as
we hinted previously, we will explore another significant unresolved issue in
cosmology the nature of dark matter to then investigate a common origin of

dark matter and baryogenesis in the continuation.

26



Dark Matter

The nature of dark matter remains one of the most fascinating unresolved
questions in modern physics and cosmology. Although dark matter does not
interact significantly with electromagnetic radiation, and is thus invisible to
conventional telescopic observations, its gravitational effects are well evident.
Dark matter’s influence manifests across various scales, from the dynamics of
individual galaxies to the formation of large scale structures, which makes it an

essential actor in the shaping of Universe.

In this chapter we start in Section 3.1 by presenting and discussing the main
observational evidences that support the existence of dark matter; then, in Sec-
tion 3.2 we focus on one of the most promising dark matter candidates: Weakly
Interacting Massive Particles (WIMPs). In this section we also introduce the
Boltzmann equation framework used to describe the number density evolution
of WIMPs over time.

EviDENCES FOR DARK MATTER

The existence of a particular kind of matter that interacts through gravity
but doesn’t emit, or absorb or reflect electromagnetic radiation, and for this
reason has earned the appellation of "dark", has been made evident by many
astrophysical observations. These observations regard different scales, from a
single galaxy’s scale to the scale of LSS of the universe.
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3.1. EVIDENCES FOR DARK MATTER

GaracTic ScaLe EVIDENCE

One of the most direct evidences for dark matter comes from the study of
galactic rotation curves: in spiral galaxies, the observed rotational velocities of
stars and gas remain approximately constant at large distances from the galactic

center. This behavior doesn’t match the expectation based on visible matter
GM(r)
r

alone, since the circular velocity is expected to be v(r) = , with M(r) =

4mt f p(r)r?dr and the mass density profile p(r) o< 1/+/r (decreasing beyond the
optical disk). These observations are helped by the presence of LSB galaxies,
where the contribution from visible matter is very low and the dynamics are
thought to be almost entirely dominated by dark matter. In conclusion, from
rotation curves of both low and high surface luminosity galaxies it can be inferred
a density profile that is quite general, composed by the visible stellar disk and a
spherical halo of invisible matter enveloping galaxies (with some uncertainties
about the flatness of the core) [3].

EviDENCE FROM GaLaxy CLUSTERS

At larger scales, galaxy clusters provide other evidences for dark matter
existence. The first hints came from Fritz Zwicky’ s studies on the Coma Cluster
in the 1930s, who, by measuring the velocities of galaxies, deduced a mass-to-
light ratio two orders of magnitude larger than the one characteristic of the solar
system, suggesting the presence of a large amount of non-visible mass [14].

Many modern studies have confirmed this finding, among them can be listed
[3]:

e Estimates from gravitational lensing effect: light’s geodesics are deflected
by strong gravitational fields, so observing distant galaxies it can be
mapped the presence of dark matter by the distortion of light.

e X-rays emissions: observations of hot intracluster gas distribution reveal
that the total gravitational mass is significantly greater than the visible

baryonic mass.

e Hydrostatic studies: from the hydrostatic equilibrium equation, using the
density profile of the observed gas, it can be derived an expected temper-
ature for the clusters that is much lower than the measured temperature,

which suggests the existence of a large amount of dark matter.
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COSMOLOGICAL SCALE EVIDENCE

On cosmological scales, the study of the cosmic microwave background has
been of crucial importance for the confirmation of DM existence and for the
estimation of its total amount, as well as the amount of the other elements
constituting the Universe.

CMB is a cosmic radiation coming from photons that decoupled in the early
universe, it presents a black body spectrum with a temperature T = 2.726 K
and it is almost isotropic. It presents however some small anisotropies, that
are of fundamental importance to us since from them it is possible to extract
information about the cosmological parameters.

In particular, WMAP data has revealed values for the abundance of baryons
in the Universe of order Qyh? ~ 0.02, while for the total amount of matter
Qumh* ~0.14 [3].

NUMERICAL SIMULATIONS

N-body simulations have played a critical role in understanding the role of
dark matter in large-scale structure formation. These simulations well replicate
the observed distribution of galaxies and clusters when dark matter is included,
and indicate that dark matter follows a universal profile with hierarchical struc-
tures, shaping the universe as we observe it today. Different studies have shown
different results for the density profile behavior in the innermost regions of
galaxies and galaxy clusters, but its overall shape, with the slope increasing

moving from the center to the outer regions, is clear from all the simulations [3].

WIMPs as DARk MATTER CANDIDATES

The research for dark matter candidates is concentrated in finding new kind
of particles that are stable and neutral.

Neutrinos are the only particles in SM that satisfy these conditions, but
they cannot account for dark matter for two main reasons: firstly, considering
the tightest upper bound on the neutrinos masses Y; m!, < 0.12eV, they would
provide Q, < 1073 << Qpm ~ 0.27 [7]; secondly, neutrinos are still relativistic
when they decouple - meaning they would constitute a hot kind of dark matter -
so their large velocity dispersion would be expected to stop the growth of seeds
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of matter, countering density anisotropies on small scales. This would lead to a
different LSS formation process and in the end to a different matter structure of

the Universe.

For the reasons just mentioned, the majority of the researches for possible
dark matter particles focus on the category of cold dark matter, which is already
non-relativistic when it decouples.

WIMPs are among the most studied theoretical candidates for DM. These
hypothetical particles emerge from the ensemble of candidates because they
are naturally present in extensions to the SM of particle physics and they can
explain the observed relic abundance of DM in the universe through the thermal
freeze-out mechanism. In the following, we will give an idea of the theoretical

foundations of WIMPs and the reasons for their success.

The theoretical origin of these particles must be sought in supersymmetric
theories, and in the research for new physics close to the electroweak scale that
solves the gauge hierarchy problem. In fact, WIMPs are typically expected to
have masses of the order O(100GeV) and to interact through weak-scale forces,

as their name suggests.

Initially, they were in thermal equilibrium with the other SM particles via
annihilation and creation processes, then, with Universe expanding, their inter-
action rate became lower than the expansion rate and they decoupled from the
plasma, leaving a relic abundance of WIMPs. The only process responsible for
the decrease in the population of WIMPs is annihilation, since we're considering
them to be stable particles, so the freeze-out condition is:

T = H. 3.1)

The evolution of the WIMPs abundance in the early universe is governed by
the Boltzmann equations (see appendix B), and below it will be analyzed more
in detail.

BorrzmanN EQuaTiONs FOR WIMPs

We consider a generic particle W that is subject to annihilation into SM
particles X:
YY «—— XX (3.2)
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where X are in thermal equilibrium with the plasma, and ny = ny, nx = nx.
Exploiting what is developed in the appendix B, for the case of W, we can write
the following equation for the evolution of ny:

ity + 3Hny = —(alo])(nd, — ngy"). (3.3)

We can now use the time variable x = my /T and define the abundance of W

particles Y = ny/s, obtaining:

a3 (@ny) = sY = —(olol)(nd — nl7) (3.4)
Y (ool 2
= -1 (3.5)
ay B (c|v]) )
ol —H(x — 1)xs(Y qu). (3.6)

The terms of the equation with + and - sign represent, respectively, the annihi-
lations of W particles (their decrease in number), and the term at equilibrium, at
which X particles are energetic enough to form back V.

Ye, corresponds to:

8eff x <<1
Yoo (x)~{ 87 (3.7)
“ 0.1453¥ 13/2p=x  x 55 1

8*s
with gy the internal DOF of W, and

gy  for bosons

8eff =313 _ (3.8)
18 for fermions.

Equation 3.6 can be further simplified by writing it in the form:

so that we have theratioI';,,,,/H, that represents the efficiency of the annihilation

processes: when 'y, /H « 1 the relative variation of Y, AY /Y ~ I's,,/H, is << 1.

q

The equilibrium value n{/, in fact, is suppressed as ~ e¢™* for x >> 1. The
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resulting situation is that until the freeze-out epoch, the abundance of W will

follow the equilibrium distribution:
Y(x) = Yeq(x) x < xy, (3.10)

while after the freeze-out, the number of W particles in a comoving volume will
remain constant:

Yeq(x) << Y(x) = Yeq(xy) X >> Xxf. (3.11)

Since we are considering WIMPs, that are a kind of cold DM?, they will follow
the equilibrium curve partially also in the suppressed region, so the moment
of the decoupling is crucial for the final abundance because a small difference
corresponds to a large gap in the result (see fig. 3.1).

Y(z) A

-
Z

Figure 3.1: The solid line is the Boltzmann suppressed equilibrium behavior; the
dashed lines, instead, are the expected behavior of WIMPs particles for different
moments of decoupling at z = mx/T > 1. It is possible to appreciate from
this illustration the sensible role that the decoupling moment plays in the final
abundance generation[7].

T n
Here, we can write (c|v|) = ao(m—) = ogx ", and eq. (3.6) can be recast
v

as:
ay A

% - xn+2

Y =Y2), (3.12)

1i.e. decoupling when nonrelativistic.
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where
x300s m\ngOT3g*5 8*s
A= =~ 5 ~ 0.264Mpmyog——Fr—
H(X = 1) T3g %1/2 (x = 1)m\y/MP g %1/2 (x = 1)
Introducing then A =Y - Y, the Boltzmann equation becomes:
A =-Y] A A(A +2Y, 3.14
__eq_xn+2( +2Yeq) (3.14)
and it can be studied the solution for early times and for late times.
e Early times (1 < x < xy): Y = Y¢4, so A and A’ are of order 0
-Y’ x”+2 Y, xn+2 n+2
A~ S R S (3.15)
(QYeq + M)A (2Yeg)A 27
n+2
Y ~ qu + W

e Late times (x >> xy): Y >> Yy, 50 A = Y and Y, Y, can be neglected

-A
Zn+2 ¢

A ~

integrating between xy and x > x:

l B i A ( 1 B 1 )
Af T n+1 x1+l xh+1
and we obtain:
A 1 1 1\"1
Y:Y€q+(n+1(xn+1_xn+l)+A_f) . (3.19)
If we consider x — oo:
11 4

A A T nA Ty

(3.13)

(3.16)

A? (3.17)

(3.18)

(3.20)

Since Y decreases for a while thanks to the remaining interactions before
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becoming constant, we will have that Yy > Yo, so we can write:

n+1
~ xn+1

Yo = o (3:21)

In order to write x7, we should remember that at that point Y breaks away
from Y4, and so it can be written A(xf) = cY,4(xf), where c is an order unity

constant. From the equation 3.15 for early times, we obtain:

n+2

qu(Xf)x”+2 N xf
(2Yeq(xf) + Alxp))A ~ A2 +0)

and, applying the freeze out condition stated above, it can be written the equa-

tion:
x?+2 )
— =Y = 3/2 —Xf 2
240 cYeq(xy) cax/“e™, (3.23)

where a = 0.145gg
*S
to this equation, that results:

. It can be found in an iterative way an approximate solution

xf = In((2+c)rac) - (n + %) In(In((2 + c)Aac)). (3.24)

The best choice, which gives the most precise fit with the numerical solution,
is c(c +2) = n + 1 [10], which yields:

x5 =1n(0.038(n + 1)(g/g+"*)Mpmyao)—
. i (3.25)
- (n + E) In(In(0.038(n + 1)(g/¢Y*)Mpmyoo)

The value of x for some typical n, assuming my = 100GeV and g ~ 107¥cm?,
corresponds to:

° n:0—>xf218
° n:1—>xf215
° n:2—>xf213

and in figure 3.2 it have been plotted the different evolutions of the comoving
density Y for these values of 1, for both the numerical solution and the analytical
one (that was presented above), together with the equilibrium distribution. It

34



CHAPTER 3. DARK MATTER

can be observed that, as was explained before, the comoving density tracks the
equilibrium curve up to the freeze-out moment, when it becomes approximately
constant. It should also be noted that increasing the value of n corresponds to
the freeze-out happening earlier, resulting in an higher final amount of Y.

Finally, we can find the today’s abundance of W recalling that ny, = soYw,
and thus

0.57-10%(n + 1)x’;+1

Quwh? = *
( gﬁljz ) Moo (3.26)
<00+ ()" (£ )1/2(200) 10-280%2

where in the last passage we have normalized with some typical values (note in
particular the value for the cross section typical of weak interactions).

It can be observed that here there is no explicit dependence on the mass my
(just implicit inside xy and g.), and that there is inverse dependence on oy: the
larger the cross section for annihilation, the smaller the final abundance of V.

CONCLUSION

In this chapter we have reviewed the different evidences for the existence of
dark matter, which manifest across a broad range of scales. These observations
collectively build a convincing demonstration of the presence of a non-luminous,
non-baryonic component that dominates the gravitational dynamics of the Uni-
verse.

We have also discussed about the WIMP (Weakly Interacting Massive Parti-
cle), that is one of the DM candidates of most interest - both for its presence in
different theories of physics beyond the Standard Model and for the so called
"WIMP miracle", consisting of the prediction of a relic abundance of WIMPs
aligned with the observed dark matter density. Furthermore, we introduced the
Boltzmann equations formalism, which underlies the description of the WIMP
number density evolution in the early Universe.

In conclusion, in this chapter we addressed what makes of WIMPs an at-
tractive possibility for explaining the dark matter problem, however many key
questions regarding the precise nature and properties of dark matter are still
unanswered. These open questions, together with the previously discussed
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Figure 3.2: The blue line represent the equilibrium density Y,,, while the green
and orange lines correspond, respectively, to the numerical and analytical solu-
tions of the Boltzmann equation.
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baryon asymmetry problem, raise the intriguing possibility that both phenom-

ena may have a common origin. This idea will be explored in the next chapter,
where we examine the framework of WIMPy baryogenesis.
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WIMPy Baryogenesis

WIMPy Baryogenesis is a mechanism that creates a link between WIMPs
dark matter annihilation and production of a relic dark matter density, and the
generation of a baryon asymmetry, under the assumption that WIMPs annihi-
lations satisfy the Sakharov conditions. It will be shown that the amount of
asymmetry generated through this mechanism strongly depends on some pa-
rameters, with a result that possibly differs of many orders of magnitude from
the observed one.

An important piece of this puzzle are washout processes, that tend to delete
the asymmetry, and the moment of their freeze-out (i.e. the moment in which
their rate falls below expansion rate). The two main washout processes that will
be considered here are inverse annihilations of baryons into DM and baryon-
antibaryon scatterings. The importance of the freeze-out moment comes from
the fact that a baryon asymmetry can be produced efficiently only once washout
has become inefficient, so in order for this model to work out we would need
their freeze-out to happen before WIMPs freeze-out. That moment is crucial
also because the amount of WIMPs dark matter left will determine the value of
the final baryon asymmetry.

When the baryons no longer have the energy needed to annihilate back into
DM, inverse annihilations stop to be efficient, and this happens for T < mpp.
For the baryon-antibaryon scatterings, instead, the presence of an heavy exotic
baryon field is needed in the processes, since they could in principle still occur
efficiently at temperatures below mp .

Two conditions can be imposed on the mass of this exotic baryon field,
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present in all washout processes: it should be larger than mpys in order that the
scatterings already freezed out of at T < mpy, but it should also allow the DM
annihilation. It results:

2mpym = Mep, = MpPM- (4.1)

In DM annihilations SM particles (quarks) are produced, that carry a pos-
itive B, and the exotic baryon field, that carries the same baryon asymmetry,
but negative. In order to avoid cancelling the asymmetry two possibilities are
considered:

e Models where U(1) baryon symmetry is conserved: the exotic baryon
field does have nonzero charge of a new discrete symmetry, while all
SM particles don’t, so it cannot decay into SM baryons modifying the
asymmetry. Instead, it decays into sterile antibaryons, decoupled from the
rest.

e Models where there is B-violating decay of the exotic baryon field into SM
particles.

In the next sections WIMPy baryogenesis will be more deeply analyzed. In
Section 4.1 a general presentation of the mechanism is provided, while Section
4.2 explores how the theoretical bounds on particle masses impact the expected
baryon asymmetry. Finally, in Section 4.3 a specific realization of the mechanism
is studied in detail, in which we propose the annihilation of dark matter directly
into quarks. The section presents the interaction Lagrangian and possible decay
channels of the new baryonic particle, and provides a numerical analysis of
the Boltzmann equations governing the evolution of both the dark matter and

baryon number abundances.

(GENERAL THEORY

We will analyze a model in which DM species X annihilate violating the
baryon number and producing a quark and another particle y; (or more than
one). The full Boltzmann equations to describe the abundances of the different
species depend on the specific model, but for the cases we are interested in,
where WIMPs annihilations are the main responsible of baryogenesis, it is suffi-
cient to consider two terms: one regarding DM annihilation and B production,
and another regarding B-violating washout scatterings that tend to balance the
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asymmetry. As already seen in the previous sections, the Boltzmann equations

will be written in terms of the adimensional quantities Y; = n;/s and x = mx/T.

For the dark matter number density, the evolution equation that we’ll con-
sider is very similar to the conventional equation for WIMPs, that has been

presented in section 3.2:

dYX _ 25(x)(aam|v|)
dx ~  xH(®x)

(Yz — (Y)). (4.2)

Here it could have been added also an additional back reaction term, accounting
for the presence of a baryon asymmetry that modifies the inverse scattering rate,
but it has been neglected since it is proportional to the baryon asymmetry
Yap << 1 (this approximation simplifies the system decoupling the equations
for Yx and Yap).

For the Baryon asymmetry the Boltzmann equation is:

dYap _ €5(x)
dx  xH(x)

MMwwzw%%—ﬁ%mwwnBﬂWq(M>

The first term consists in the difference of X annihilations into baryons and into
antibaryons: € is the fractional asymmetry that is generated at each interaction,
while the rest corresponds to the annihilation rate. The second term is the
washout term, here oy, is the cross section of washout processes and pap/T
has been rewritten as Yag/2Y, (B.15). A full derivation of these two Boltzmann
equations can be found in the appendix B.3.

It could be considered here also a term accounting for scatterings between
the exotic baryon field and WIMPs, but it would be o« Y;.Z.YX and it can be safely
ignored with respect to the other washout terms. In our treatment X is the only

particle species that is not in equilibrium.
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Equation 4.3 yields an integral solution:

X ’ 2
YVan() = [ ¥ S Gl 0 = (157) )0
* ” S(.’X,’”) € ” ~
—/x/ dx W<Gwalvl>HYiq(x )] ~
€ ’ dYX(X') » * ” S(X”) € ”
—E /) dx dx exp _/x/ dx W(GwaWDUYiq(x )]

e Y () : / T,
—_5 dx’ _ n ___twa
2 /0 dx’ p_ B ax x"H(x") |’

- exp

~
~

(4.4)

where in the last passage we have defined the washout rate:

Far = 557 (@ualo) [Tre 5)

We can observe an exponential term that tries to cancel the baryon asymmetry
produced by the first term dYx/dx, which becomes different from zero when x

starts to be > 1 (there is exit from equilibrium that results in net B formation).

The freeze out of washout processes happens when the ratio I';,; / H becomes
smaller than 1. The term I'y, can be modeled as a simple step function if it
rapidly decreases with x (for example if Yl.eq has an exponential decrease when
m; /T becomes large): what happens is that up a a critical value of x - typically
the washout freeze out, that will be referred to as xwagshout - the integral is large
enough to make the exponential very small, suppressing the asymmetry. Above
that value of x, the washout rate has a strong decrease so that the integrand
becoming smaller than 1 makes it possible to approximate the exponential to 1.
This leads to:

e [ ,dYx(x') €
YAB(OO) ~ _E /xwashout dx d}f’ ) = E [YX(xwashout) - YX(OO)] . (4.6)

From this result we can see that the baryon asymmetry is proportional to
the efficiency € of each WIMPs annihilation, times their total number after the

washout processes freezed out.
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5GeV

Atlate times it can be proven that Yx (o) = Yap(c0)! (Yap(e0) is observed

to be of order ~ 9-107!! [11]), so, considering a kind of dark matter having weak-
scale mass?, it should be Yx(o0) < Yap(o0). Since € < 1 we obtain the condition
Yx (Xwashout) >> Yx(c0), meaning that to produce a large enough AB washout
processes should freeze out before WIMPs annihilations freeze out. In terms of
parameters of the system, there are two conditions that allow to implement this.
It should be considered the ratio between the washout rate I';,,(x) (4.5) and the
WIMPs annihilation rate

Twimp(x) = 25(x){0ann|v|) Yx(x), 4.7)

which is: eq
Fwa(x) N <Gwashoutv> HzYl (x)

~ (4.8)
T'wivp(x) 4 (0ann?) Yy (1) Y,
. 1—‘washout(x) . . .
The requirement translates to —————— < 1 at Xyashout, Which is true if
T'wivp(x)

one of the baryon fields is more massive than DM ([]; Yz.eq(x) / Y;q(x) Y, << 1)
or if (Gann|v]) >> (0wa|v|), but this last condition is less probable because the
B-violating couplings appearing in one cross section are the same that appear in
the other, plus the fact that asking for a very small value of (o,|v|) corresponds

to a too small value of €, as will be shown below.

BARYON ASYMMETRY EXPECTATIONS

It is here determined which range of values for the baryon asymmetry can be
achieved in WIMPy baryonesis models. The mass of the dark matter particle X
will be taken to be of order O(TeV), and in this section the annihilation process
that will be considered is the simplest case:

XX — Qu (4.9)

It is measured that today the densities of dark matter and baryons differ by a factor 5:
px(to) = 5pan(to). Since the density can be written as function of the adimensional quantity Y,
p(tg) = mn(tg) = mY(oo0)s(to) (for baryons it can be used the mass of the proton, O(GeV)), it can

be derived the relation Yx(c0) ~

2Here and in the following, the X mass can be considered to be mx ~TeV.
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where Q is a generic quark of the SM, while ¢ is the exotic baryon field, which
was mentioned above as a necessary component of this theory.

From the previous section we know that for the final baryon asymmetry to
be large we would need the freeze out of washout processes to happen well in
advance of the WIMPs freeze out, when they are still present in a large number,
and this happens if the exotic baryon field is massive enough with respect to the
X particles.

For both the upper and lower limits of the baryon asymmetry range that
will be estimated, it will be computed the baryon asymmetry value and the
DM-baryons energy density ratio.

e Upperlimit: Aswejuststated, in order to obtain a large baryon asymmetry
the mass of the exotic baryon field should be larger than mx (my 2 mx).
To estimate an upper limit, we should consider the kinematical limit to the
WIMPs annihilations: my, < 2mx; this limits the time at which the washout
processes freeze out with respect to the time at which the annihilations of
WIMPs freeze out, which translates into the maximum possible amount
of WIMPs remaining after washout freezes out. These two timescales are

mx

. m
respectively referred to as Xwashout = and Xann = T—X, and they

i Twashout' ann o
govern the resulting baryon asymmetry both in the upper and lower limit

cases.
Being Xashout ~ xannm—x, and since we know that the point of WIMP

annihilations freeze out x,n, takes place at Tynn ~ mx /30 (for an O(TeV)
DM mass), it results that Xyashout = 15. We can then write the maximum

value for the baryon asymmetry:

€ € _
YAB(OO) ~ EYX(xWashout) < EY;(q(lS) ~ex10 8/ (410)

where in the first passage it has been applied the condition of WIMPs
annihilations freeze out after washout freeze out, that was derived in the
previous section from equation 4.6 3. It can be noted from 4.10 that the
result is dependent on Xyashout and so on the ratio between mx and my,
rather than on the single masses: the smaller the ratio, the larger the

generated baryon asymmetry would be.

3The approximation done comes from the condition Yx(Xwashout) >> Yx(0).
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We would like to find now the ratio between the baryons and the WIMPs
energy densities, that can be written as:

Qp  mMpYaB(®) e Yx(xwashout) (GeV\ _ e Yy (15) (GeV 111

Qx  mxYx(e0) 2 Yx(xXann) ( myx ) T 2Y7(30) (m—x) @10
where m, stands for the mass of the proton. Here we have used the fact
that the final WIMPs number density Yx(co) does not decrease much after
the annihilations freeze out, and so it is almost equal to Yx(Xann) and to
the equilibrium value at x = 30, Y;q (30).

Since we would like to find an upper limit also for this ratio we can consider
some typical values for the parameters, and taking a weak-scale mass mx ~
TeV, O(1) couplings, and a baryon asymmetry efficiency of order € ~ 1072
[6], what we obtain is:

Qp € TeV
O (€ y(TeY), 1o
Qx 102 mx ( )
Thus, it could result an overabundance of baryons over dark matter that

in the limiting case would be of one order of magnitude.

Lower limit: To estimate a lower bound to the range of values that the
asymmetry can take in this theory, it should be considered the opposite
situation: the case in which WIMPs annihilations exit from equilibrium
before washout processes freeze out. This situation is achieved if m; <<
myx, and we already know that in this case the amount of dark matter
present at the moment of washout freeze out is not sufficient to provide
the observed baryon asymmetry, according to equation 4.6. However, if
we consider that in this case the real abundance of dark matter strongly
deviates from the equilibrium value, that is much lower, annihilations can
still take place after washout freeze out, but not in a significant amount
to noticeably affect the value of Yx after xann. These residual annihilation

processes, though, can be responsible of a non-zero baryon asymmetry.

In order to compute the baryon asymmetry, from equation 4.6, we are in-
terested in the difference between the WIMPs number densities at Xyashout

and at oo, which can be found by integrating the Boltzmann equation for
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WIMPs (4.2) inside this range. Since for x > xann the equilibrium density

is very small with respect to Yy, the Boltzmann equation can be written as:

dYx  2s(x)
dx = xH(x)

(Oann [0]) Y)Z( . (4.13)

Moreover, to simplify the integration, we can consider the averaged cross
section to be constant in our interval, and we can evaluate s(x) and H(x)

at x,nn putting in evidence that the dependence on x is just:

s(x) _ $(Xann) Xann (4.14)
xH(x) H(xann) %’ .
so equation 4.13 becomes:
dYx 2 5(Xann) 2 Xann
~ = Yy ——. 4.15
T~ Hiog) (19

Then, because Yx changes little between the values of x we are interested
in (Xwashout, ), we can approximate it with Yx(xann) and treat Y)% as a

constant in the integration. It results:

25@amn) (ol Y ram): =2 (4.16)

Yx(x — Yx(c0) »
X ( Washout) X ( ) H(xann) Xwashout

It is possible to recognize in the right hand side of the equation the rate of
WIMPs annihilations I'wimvp(¥ann) as defined in 4.7, and recalling that Xann
is the point at which the rate of WIMPs annihilations equates the universe

expansion rate, equation 4.16 can be written as:

2 Xann 2 Xann

Yx(Xann) = Yx(o0). (4.17)

YX(xwashout) - YX(OO) ~
washout Xwashout

The baryon asymmetry in this case then results:

Xann My
Yap ~ € Yx(09) % € L) Yx(e0), (418)
washout mx
where we have used the fact, already highlighted in the upper limit case,
that Xwashout xarm@-
My
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The corresponding ratio between energy densities is:

Qp w ~ 1073 e(%p) (E) ) (4.19)

Qx ~ myx Yx(c0) mx ) \mx

We can observe that both these results are linearly dependent on the exotic
baryon mass: the smaller its value with respect to the WIMPs mass, the
smaller the generated baryon asymmetry. Considering some typical values
for the parameters, as we did in the previous case, allow to obtain a lower

value for the estimated ratio:

Qs 10—6(L) (ﬂ) (4.20)
Qx 1072/ \ mx

where it has been assumed that the condition on the masses m,; << mx
is not too strong, so for example my /mx 2 107! (both dark matter and
the new exotic baryon are taken to have weak scale masses). This result
however can be even lower, as it is clear from the arbitrariness of the masses
hierarchy and the € value choice, which depends on the imaginary parts
of the couplings.

In conclusion, while generic WIMPy baryogenesis models don’t predict a
precise value for the baryon-to-dark matter ratio, they restrict the possible range

to:

1076 < ) < 10, (4.21)
Qx

that includes the observed value ~ 0.2, which however is nearer to the upper
bound.

MobeL oF WIMP ANNIHILATION TO (QUARKS

In this section it will be presented a model of baryogenesis in which pairs
of dark matter particles, here corresponding to gauge singlet Dirac fermions
called as above X and X, annihilate into quarks producing directly a baryon
asymmetry.

It could be considered also an alternative model in which the annihilation

of WIMPs produces leptons, and consequently a lepton asymmetry, that is later
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converted to a baryonic one via sphaleron transitions. However, this model
presents some complications due to the fact that the generated lepton asymmetry
should be large enough before the electroweak phase transition takes place, at
which point sphalerons cease to be efficient, and this translates to lower bounds

on the masses. Therefore, we will focus only on the first model.

OVERVIEW

This model, in addition to the dark matter particles X and X, involves the
presence of singlet scalars S,*, and vectorlike exotic quark color triplets ; and
g_b ;. The process consists in the annihilation of the WIMPs into S,, which then
decays to a quark and the new field ¢;: this is described by the Lagrangian®

L= Lin + Lonass — é(/\anz + Xy X3S + idp, Saliy + hec. (4.22)

To have the CP violation imposed by the Sakharov conditions, it is required
Ag, to be complex, and the existence of more than one scalar S (from which
we write the subindex «) that allows to have a relative phase in the different
amplitudes.

The baryon asymmetry in the Standard Model sector is generated in the
quark, while a corresponding opposite asymmetry is generated in the exotic
baryon. To be coherent both with particle physics bounds about the stability
of free colored particles, and with cosmological observations that limit massive
stable particles abundances to avoid Universe overclosure, we would expect
these exotic baryons to decay, and care must be taken that decaying they do not
erase the baryon asymmetry built in # with the WIMPs annihilations.

We assume the presence of a new symmetry Z4, which features charges of
the fields as in table 4.1.

It can be observed that this symmetry guarantees the stability of dark matter,
and also the stability of protons. If my < 2myx and m, < ms, indeed, their overall
Z4 charge being —1 doesn’t allow them to decay into lighter mesons or leptons,

which have charge +1.

4We assume S, to have weak scale masses.

5The fermionic fields that appear in this Lagrangian are two components Weyl fields; this
formalism is used in this section for consistency with the literature (it is the one adopted in [6]).
Therefore, here i is a left-handed Weyl fermion.
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X|X|y |¢|S|al|d]|¢/d|Q|H |n |Leptons
Zy |+ |1 |+1 | +1|-1|-1|-1]|-1 1) +1 ] +1 | +1

Table 4.1: Charges of the fields under the Z4 symmetry

For the decay of the ¢ field, two scenarios are to be considered, both of them
allowed by the Z; symmetry and consisting in the production of a singlet n

along with quarks.

e The first scenario predicts a baryon-number conserving decay of ¢ into
a sterile sector decoupled from Standard Model at low energies, thereby
keeping the negative baryon asymmetry produced in 1 inside this sector.
The products of this decay would be two SM quarks and a singlet n; which
carries non-zero baryon number; this would occur via the mediation of
a new colored scalar that we denote by ¢¢. The Lagrangian would thus

include a term of the form:
AL = A di" + Aipdin; + h.c. (4.23)

e According to the second scenario, instead, 1) would undergo a baryon-
number violating decay which generates a net baryon asymmetry, with
no counterpart in a decoupled sector. The products would still be two
SM quarks and a singlet 1, with the latter being now a Majorana fermion
that carries no baryon number. The mediator of ¢ decays, here, would
be another new colored scalar, 511-7, and the new term in the Lagrangian

would be:
AL = A" P did) + Ndidin + h.c. (4.24)

The Z4 symmetry, besides not allowing 1 to decay solely to quarks?, en-
sures that terms such as QH1), which could cancel the baryon asymmetry, are
forbidden.

6¢» would have representation (3, 1, —%) under the SM gauge groups SU (3)c xSU(2)L xU(1)y.

7d; would have representation (3,1, — %) under the SM gauge groups SU (3)c xSU(2)r xU(1)y.
In supersymmetric models, the new components that appear in this Lagrangian could be the
down squark d and the neutralino 7.

$Terms such as ¢*dii and d'dii in the Lagrangian are forbidden by the symmetry Z,.
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(GENERATION OF THE ASYMMETRY AND WASHOUT PROCESSES

The processes that are responsible of the asymmetry generation in this model
are depicted in figures 4.1 and 4.2, and consist in the decay of the pseudoscalar
S, and in the annihilation of X particles, both having as final states i1 and their
conjugates. We can see represented not only the tree-level, but also the one-loop
diagrams because the violation of CP that is needed to satisfy the Sakharov
conditions comes from the interference between the two.

To simplify the analysis ad avoid taking into account all the possible baryon
final states, we assume that in our model the only coupling between the scalar S,
and a quark to be different from zero is the one with the u (and its antiparticle),
which causes WIMPs to annihilate dominantly into this quark flavor.

Another assumption to ease the model can be done regarding the scalars
S». As we pointed out earlier two different scalars are needed to produce
CP violation, but we could consider the processes of our interest taking place
mainly through the lightest scalar, that we call S;. Our assumption is that the
cross sections of processes involving S1 are more than 5 times larger than the

cross sections involving S, which gives:

A4 A4
2 S - 2 (4.25)
msz ms1
A2 A2 A2 A2
X24 By < X3 4131 , (4.26)
myg SmS
2 1

and to further simplify the computations we also assume that the mass of
the scalar S; is much larger than the mass of S;.

With these premises, it can be found a simple form to express the asymmetry
factors for the decay of 51

_ (51— piuty) -T(51 — yli))
T(S1 — iili) + T(S; — i)

and for the XX annihilation

€1 (4.27)

(XX = ifly) + 0(XX — ifli) — (XX — ¢a)) - o(XX — yaf)

€2= = 7% = tot 7% Tt
o(XX — Yiii;) + o(XX — iit;) + (XX — i) + o(XX — i)
(4.28)
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Figure 4.1: Feynman diagrams representing S decay at tree level and one loop
level.
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X i
51
X Y
X ﬁ‘l‘ ¢
O
X P i

Figure 4.2: Feynman diagrams representing XX annihilation at tree level and
one loop level.
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which, between the two, is the process of greatest interest to us. This last
factor, in fact, can be expressed as [6]:

1 Im(A3 A3) (2my)?

2 2
67 |AB,| mg,

€)X —

2 4 6
Iy My My

It can be observed that € is proportional to (21mx)?, which corresponds to the
momentum in the S; propagator in WIMPs annihilations?, and inversely propor-
tional to m . If my = 2my, the asymmetry factor becomes zero: this coincides
with a kmematlc point where the energy available from XX annihilation is not
sufficient for the particles running in the loop (i and u) to go on-shell, which is
a necessary condition for having an imaginary part in the loop amplitude and
therefore CP violation. We can find an upper bound to e:

205, m?

715 (¥ 2+9 my \* (| 430
371\/—"1 (ZWX) (ZmX) (2mX) (30

where, besides applying 4.25 and 4.26, large physical CP phases have been

l€a]| <

assumed, which allows the approximation Im(a) ~ a, with a denoting a product
of couplings.

The same expression could have been written for the decay of S; substituting
2myx with mg,. We know from the previous discussion that the final asymmetry
is proportional to Yx(Xwashout), OF Ys(Xwashout) fOr the case of S decays, so there is
an inverse dependence on the masses. If we assume that XX annihilations are the
most relevant process in the asymmetry generation, i.e. the baryon asymmetry
produced by annihilations is larger than the asymmetry produced by S decays,
we should then require that my < ms.

As we already stressed in section 4.1, the final baryon asymmetry is also
strongly influenced by the washout processes. The washout processes for our
model are inverse annihilations, scatterings between quarks and antiquarks,
and X — uX interactions, however, being these last processes Boltzmann
suppressed and the inverse annihilations not kinematically allowed for T <

myx, the main contribution to washout comes from the scatterings iy < ft+¢+

9The momentum that flows in the propagator is Vi = 2mx + O(T), with T << myx, mg, at
freeze out.
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(displayed in figure 4.3).

(b) t-channel

Figure 4.3: Feynman diagrams of the interactions iy <> i1t contributing to
baryon number washout.

As we pointed out previously, to have a large enough final baryon asym-
metry we need these washout processes to become inefficient prior to WIMPs
annihilations, and this implies that I'y,, must be smaller than I'ynvp at washout
freeze-out.

The generic form of the washout rate (4.5) that was presented in section 4.1

can now be expressed for the dominant washout process in our model:

s(x)

~ €q4eq
Fwa(x) =~ E<Uﬁ¢_)ﬁ+¢+v>yu Yl/) (X) (431)

The condition of 4.31 being smaller than I'ypvp can be implemented in two
ways: one way could be the cross-section that appears in I'y, being small with
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CHAPTER 4. WIMPY BARYOGENESIS

respect to the one appearing in I'wivp, which would require small couplings
Ap << 1. However, this would limit the asymmetry generation, since this
condition suppresses the asymmetry factor € (as can be seen in 4.30). The other
option, which is therefore preferable, is that m, > mx, implying that while DM

is annihilating the abundance leq(xwashout) is Boltzmann suppressed.

NUMERICAL ANALYSIS: EVOLUTION OF ABUNDANCES AND PARAM-

ETERS DEPENDENCE

To conclude the discussion of the model and its implications for baryon
asymmetry generation, we present here a set of numerical results that illus-
trate the behavior of the key quantities involved and highlight the sensitivity to
the model parameters Ax and Ap. These results were obtained through direct
numerical integration of the Boltzmann equations derived earlier.

All simulations refer specifically to the WIMP annihilation scenario into
quarks plus by a new heavy baryonic state, as presented in this section. The
choice of particle masses respects the constraints derived from the requirement
of successful baryogenesis, namely that the washout processes must freeze out
before the annihilation of the WIMPs is complete (4.1), and the constraint on the
dominance of XX annihilations over S decays in the net B production (mg > mx).

The first plot (figure 4.4) compares the comoving WIMPs abundance Yx ob-
tained from the numerical solution of the Boltzmann equation 4.2, with the
corresponding analytical approximation that is the same® used in Section 3.2
of the chapter about Dark Matter. For completeness, also the equilibrium distri-
bution is present in the plot. The good agreement between the two in the early
stages confirms the validity of the approximation under suitable conditions.

Subsequently, a contour plot of the final value of Yy as a function of Ap and Ax
is shown (figure 4.5). The dependence on the couplings is to be searched in the
value of the annhilation cross-section: 0ann /\i A%. This visualization is partic-
ularly useful for identifying the region of parameter space that leads to a WIMPs
final number density compatible with the observed Dark Matter relic density.
The isolines help guide the choice of parameters in a phenomenologically viable
region.

Finally, we include the evolution of the baryon asymmetry Yap, derived by

0Up to a factor 2.
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WIMPs Comoving density evolution

10-2 4 Yx (Equilibrium Density)
Yx (Analitical solution)
1074 | —— Yx (Numerical solution)
1076 A
10—8 4
=
10710
10712 4
10—14 4
10716 T T
100 10! 10? 10°

X=mx/T

Figure 4.4: WIMPs comoving abundance Yx and analytical solution, compared
with the equilibrium evolution. The model parameters used to obtain these
density lines are: myx = 4.25 TeV, my = 7.25 TeV, ms = 5 TeV, Ax = 3.5, Ap = 5.5.
The value of the annihilation cross-section is computed considering only the
tree-level (see fig. 4.2), and it results gann = 5.43 x 107°GeV ™2 ~ 6.29 x 107%
cm?/s. We have also have assumed the thermally averaged cross-section to be
independent from the velocity (n = 0). The freeze-out temperature corresponds

to xf ~ 24. The analytic prediction yields Y;nalyﬁc(oo) = 1.61 x 1078 (from
equation 3.21), while the numerical result gives Yx(co) = 2.98 X 10713,

solving numerically the Boltzmann equation 4.3, adapted to our model of WIMP

annihilation to quarks:

dYap _ €5(x)
dx — xH(x)

s(x)
x H(x)

YaB
(Oay—ityt¥) 2Y, Y, Y, ().

(4.32)

As already pointed out, this is an approximate expression, which neglects

(Oann |v|>(Y;2( - (Y;;q)z) -

back reaction terms and considers only baryon-antibaryon scatterings to be
primarily responsible for the washout effects. Moreover, as for the previous
plots, it has been used a simplified annihilation cross section that takes into
account only the tree level of 4.2. While this result is based on a simplified
treatment and is therefore less precise, it provides a qualitative understanding of
the dynamics of asymmetry generation in this scenario. We can indeed observe
that, starting from a symmetric condition, the asymmetry rapidly increases and
then, with the departure from equilibrium of WIMPs annihilations, it nearly
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Constant Yx(«) lines
10!

6 x10°

2 x10°

10°

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Ax

Figure 4.5: Contour plot showing the final comoving abundance Yx as a function
of the coupling Ax and the ratio Ag/Ax, keeping the masses fixed at mx = 4.25
TeV, my = 7.25 TeV, mg = 5 TeV. The observed value Y;{’bs = 9.98 x 107 (from

Qxh? ~ 0.12) is represented in black, while the red and blue contour lines
represent, respectively, an arbitrary upper and lower bound to the relic WIMPs
density, which helps for the identification of the viable parameter region.

stops and stabilizes to the value that is observed today.

For all the results shown, the parameter n = 0 has been adopted in the an-
alytical terms, corresponding to assuming the thermally averaged cross-section
to be independent from the velocity. This choice allows to capture the essential
features of the physical processes, however, for a more detailed treatment, this
assumption could be relaxed considering higher order terms.

These numerical results thus serve to illustrate the internal consistency of
the model, and to highlight how different parameter choices affect the outcome
of the asymmetry. A full derivation of the cross-sections and technical details
involved in the numerical implementation is provided in Appendix C.

The result is to be interpreted qualitatively, as the approximation used does not strictly
enforce the parameter constraints derived from the relic abundance isolines. Nevertheless, the
evolution illustrates the mechanism of asymmetry generation and freeze-out.
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. Baryon asymmetry evolution Y,g(x)
10~

— Yas
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10—9 -
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Figure 4.6: Evolution of the baryon asymmetry Yap as derived from the ap-
proximate equation 4.32. The parameters used in this plot are: myx = 4 TeV,
my =7.5TeV, mg =5TeV, Ax =2, Ap = 2.5, |e| = 0.25. The resulting annihila-
tion cross-section is gann = 1.02 X 107 11GeV 2, while the washout cross-section
used, estimated under some approximations, is oy, = 3.74 X 107°GeV 2. The
annihilations freeze-out temperature corresponds to xy ~ 21. With these pa-
rameters, the integration of the Boltzmann equation gives as estimate of the
final baryon asymmetry density Yap(co) =~ 3.06 X 107!, which corresponds to a
baryon-to-photon ratio 1 = 2.16 X 1071° - the same order of magnitude of the
observed value!!.
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Conclusions and Future Works

The work developed in this thesis has been devoted to the possibility of
addressing two fundamental open problems in cosmology - dark matter and the
baryon asymmetry of the Universe - through a unified mechanism. Beginning
with a discussion on the limitations of the Standard Model, we focused on the
theoretical requirements for baryogenesis and on Weakly Interacting Massive
Particles (WIMPs) as dark matter candidates. This set the stage for the analysis
of WIMPy baryogenesis, a scenario in which the annihilation of WIMPs itself
is responsible for generating the baryon asymmetry while naturally explaining
the relic abundance of dark matter.

Particular emphasis was placed on a specific realization of this mechanism,
in which WIMPs annihilate directly into Standard Model quarks and a heavy
exotic baryon-number carrying field. Through the construction and analysis of
Boltzmann equations, the evolution of both the dark matter and baryon number
densities was tracked, revealing key dependencies on the model” s parameters
(most notably, the mass hierarchy between dark matter and the exotic field).

The central finding from this model is that a successful generation of the
observed baryon asymmetry is contingent upon the freeze-out of washout pro-
cesses occurring before the dark matter annihilations freeze-out. This requires
a specific mass configuration: the exotic baryon must be heavier than the dark
matter particle but lighter than twice its mass. In this mass window, washout
scatterings become Boltzmann-suppressed early enough to allow WIMP anni-
hilations to efficiently produce a net baryon number. Crucially, WIMPy baryo-
genesis is based on the fact that WIMPs annihilations in the early universe can
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satisfy all Sakharov conditions for baryogenesis if they occur violating CP and
B in the Standard Model. Also, a preserved discrete symmetry is introduced
to protect the generated asymmetry from washout, which prevents some de-
cay channels of the exotic baryon into Standard Model fields. These theoretical
ingredients ensure that the model is consistent and self-contained, making it a
possible mechanism for baryogenesis at the weak scale.

From a phenomenological point of view, the model offers anumber of testable
implications. While the predicted baryon-to-dark matter ratio can vary within a
broad range (about seven orders of magnitude) it can naturally accommodate the
observed value. Furthermore, given that all relevant new particles are expected
to lie at the weak scale, this framework is potentially within reach of current,
or at least near-future, experiments. As outlined in [6], several experimental
avenues are available.

For example, in terms of direct detection, dark matter scattering off nucleons
would present a cross-section that is large enough to be detected in latest exper-
iments, such as XENONIT. Being this cross-section suppressed by heavy-fields
loops, a direct coupling of WIMPs with quarks is needed to provide a sufficiently
high value, which excludes WIMPs annihilation channels to leptons as testable
models through direct detection.

Since dark matter in the WIMPy baryogenesis model is expected to remain
symmetric (i.e., both particles and antiparticles are present today), WIMP an-
nihilations continue to occur at present time. This leads to the production
of SM particles, including quarks, which hadronize giving signals of gamma
rays, antiprotons, and anti-deuteron. Cosmic-ray experiments and observations
from telescopes (e.g. Fermi-LAT) can thus place indirect detection limits on the
WIMPs mass regions.

WIMPy baryogenesis predicts the existence of new charged fields which, if
can be produced at colliders, might decay into SM quarks plus missing energy
and leave a recognizable signal. In the context of supersymmetry researches,
LHC constraints on new colored fields can apply also to our model. In par-
ticular, bounds on the masses of the gluino and squark in the presence of a
massless neutralino can reflect in WIMPy baryogenesis bounds on the masses
of the corresponding fields, which are ¢, ;l, and the massless singlet neutral
fermion n, respectively. For both the decay channels we have proposed for v,
the phenomenology is the same: the production of two jets and a singlet. Ac-
tual LHC running have set a bound that excludes models with m; < 2TeV at
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Vs ~ 13TeV, and there is the possibility of new colored scalars discovery in the
mass range of our interest.

WIMPy baryogenesis is not the only mechanism under investigation. Lepto-
genesis, for instance, remains a prominent alternative, where a lepton asymme-
try generated at high scales is converted into a baryon asymmetry via sphaleron
processes. However, as already mentioned, these models presents stronger
experimental limits, making them harder to test (at least for the current and up-
coming research projects), which makes direct baryogenesis a more promising
target.

Looking ahead, several possible directions can be pursued to further develop
and test this scenario. Alternative symmetry structures or coupling schemes
could be explored, trying also for example to relax certain assumptions, or to
embed the model within a broader theoretical framework (e.g. supersymmetry).
With respect to this work, refinements to the Boltzmann analysis are possible
to sharpen the phenomenological predictions. Additionally, exploring other
annihilation channels or extending the model to include flavor effects could
enrich the observable implications.

In conclusion, WIMPy baryogenesis represents a theoretically interesting
mechanism that rests on an interplay of particle masses, cross sections, and
thermal history features, while offering a promising direction for future research

and experimental investigation.
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Standard Model of Cosmology

The Standard Cosmological Model, also known as the ACDM model, is
the prevailing theoretical framework describing the evolution of the universe,
combining general relativity with observational data to explain its composition,

dynamics, and history.

FRIEDMANN EQUATIONS

Observations support theidea that our universe ishomogeneous and isotropic
on large scales, and under these assumptions the metric that best describes an
expanding universe is the FRW metric:

ds? = dt? — Rz(t)( +7r2d0? + r’sin®0d¢> ) (A1)

1—kr?

where (1, 0, ¢) are spherical comoving coordinates, R(t) is the cosmic scale factor,
and k is the curvature parameter (it can be equal to +1, -1 or 0). The physical
coordinates are recovered multiplying the comoving ones by the scale factor.

In order to describe the dynamics of the expanding universe it should be

solved the Einstein’s equations, which are given by:
1
Ry — ngR = 8nGTyy + Aguv (A.2)

Here R, is the Ricci tensor, i.e. the result of the contraction of the first and third
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index of the Riemann tensor

R} = 0uT%, — 9,10, + T4, =T T, (A.3)

with the Christoffel symbols corresponding to:

0%,y O ¢,
oL (gp ;280 gA). (A4)

Loy = 28\ 92 T oy T oxp

T,v instead is the stress-energy tensor of a perfect fluid that respects the FRW
metric:

Tyv = dlﬂg(p(t), _P(t)/ _P(t)/ _P(t))) (AS)

The Einstein’s equations are derived from the variation w.r.t. the metric of

the total action S = Sy + S);, where

— 1 4
SHr = 161G d X4/ g(R + 2/\) (A6)

is the Hilbert-Einstein gravitational action, and

Sm = / d*x=gLm (A7)

is the action associated to all the other particles. The action principle states that

65/68uv = 0, and from it the Einstein’s equations follow automatically.

From the (0,0) and (i,j) components of the Einstein equations, plus the con-
servation law T, = 0, one can obtain the Friedmann equations:

. 2
R 8nG k
R~ 3 P ke (A9
R 4G
. R
P+ BE(p + P). (A.10)

Only two of these equations are independent, so there is need to add an
equation of state to solve the system for R(t), p(¢) and P(t). The simplest equation
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that can be chosen is
P =wp, w = const. (A.11)

Solving the Friedmann equations it can be obtained the temporal evolution
of the scale factor
2
R(t) oc t30+) (A12)

and of the energy density
p(t) oc R31F0), (A.13)

that for the main universe’s components results:
e for radiation, w = 1/3: p «« R™* (dominates the Universe at early times),
e for matter, w = 0: p o« R=3 (dominates the Universe after radiation epoch),

e for vacuum energy (A), w = —1: p remains constant during Universe

expansion.

The expansion rate of the Universe is determined by the Hubble parameter
H = R/R, that varies over time according to the relation H(f) = mt‘l.

It is usually defined also an Hubble radius R, = ¢/H(t) = ctu(t), where g
represents the characteristic time of expansion and is called Hubble time.

The present value of the expansion rate is the so-called Hubble constant, Hy,
and its value is of order ~ h - 100 km/s-Mpc, with h ~ 0.7.

It can be defined a critical energy density,
Pc = —g Al4
C 8 G 7 ( . )

that corresponds to a flat universe (k=0), and a dimensionless density parameter

o=F,
Pc

that is given by the sum the components of the universe. The first Friedmann

(A.15)

equation can be rewritten as a function of this term:

k

W :Q—l, (A16)

hence the sign of () is related to curvature of the universe:

e O >1— closed
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e Q=1 — flat

e () <1— open.

EQUILIBRIUM THERMODYNAMICS

For a dilute, weakly interacting gas of particles with ¢ internal degrees
of freedom, the following quantities are defined in terms of the phase space
distribution function f:

e Number density n = (Zi)?’ f f(p)d3p

e Energy density p = (2i)3 JE@)f(p)dp

g 212
e Pressure P = PISE f3|g—(|mf(19)d3p

where E = /|p|? + m? is the energy of a particle with momentum p and mass m.
If a species is in kinetic equilibrium, the distribution function f(p) follows
the Fermi-Dirac or Bose-Einstein statistics:

1

f(p) = R (A.17)

with u the chemical potential and the + relative to fermions and bosons, respec-
tively.

When particles are in chemical equilibrium, their chemical potentials satisfy
relations dictated by reactions. For example, if a particle i is involved in a
reaction with other species of the type i + j <> k + [, then, if there is chemical
equilibrium, their chemical potentials are related as u; + y; = g + .

In the relativistic limit (T >> m) the three quantities become:

- gT3 % bosons A18)
n(T) = :
T3 % 3 fermions
gT43  bosons
p(T) = ’ (A.19)

2 .
gT*%S % fermions
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P(T) = g (A.20)
(C(3) is the Riemann zeta function of (3)).

In the non relativistic limit (T << m), instead:

3/2
n(T) = g(r;—;f) e~ (m=w)/T (A.21)
p(T) = mn(T) (A.22)
P(T) = nT << p(T) (A.23)

If we express the total energy density and pressure of all species in equilib-
rium in terms of the photon temperature T, including only the relativistic species

in the sums, we get:

= (T)”—2T4 (A.24)
Ptot = &= 30 .
Prot = £ (A25)
where it has been defined the effective massless degrees of freedom:
~ Ti\% 7 | Ti\4
eM= 3 &) +5 2 slF) (A.26)
i=bosons i=fermions

Applying the second law of thermodynamics to a comoving volume element

V = R3) in the expanding universe, the total entropy in the comoving volume
p g Py g

R3 P
. (p+P)

. (A.27)

is constant if there is thermal equilibrium, which makes it a very useful quantity

in studying processes during the universe evolution. It is useful to define also

+ P
the entropy density, s = PT’ that gets the main contribution from relativistic
species and can be approximated to:

272
=2 _0.T3 A2
5= =8 (A.28)
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where g.; accounts for the contributions of relativistic particles and is equal to:

em= Y w(Z)+ L Y w() (A29)

i=bosons i=fermions

For most of the universe’s history, all particle species shared the same tempera-
ture, allowing g.s to be substituted by g..

It can be observed that the entropy density is proportional to the number
density of photons #,, providing a useful relation:

s = 1.88g.s1y. (A.30)
The entropy conservation in a comoving volume means that:
sR3 = const. (A.31)

and so g.s - T° - R® is conserved during expansion. As a result, the temperature
evolves as T o« R™! when g.; is constant, but when a species become NR its
entropy is transferred to the remaining relativistic particles, which brings to a
slower decrease in the temperature (as can be inferred from the relation T o
-1.-1/3
R7gs ).
Equation A.31 implies also that for a comoving volume element V = R3 o 571,

so the abundance of species in a comoving volume can be defined as:

N

|

) (A.32)

which is a very useful quantity for the study of particle’s number evolution and
decoupling.
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Boltzmann equations

The Boltzmann equations allow to study the evolution of phase space distri-
bution functions f(x#, p*) of a given species i, and are very useful when we deal

with out of equilibrium conditions.

The general form is:
Lif1=CIf], (B.1)

where f[ fland C [f] are the Liouville operator and the Collision operator, that
accounts for all the possible interactions.

In the NR limit the Liouville operator has the following espression:
_df(x,9) _

Lf,9)] = —F— =

o or. 9B
(E + S Vi + Evg) f, (B.2)

while in the relativistic generalization it becomes:

d
ap*’

A J
L=p'52- rg p'p? (B.3)

In the FRW model we can simplify the equations applying the conditions of
homogeneity and isotropy (f(x%, p*) = f(E, t)); this leads to the form:

af 2Of A
This equation can be further rewritten, recalling the number density defini-
tion n(t) = ﬁ f d®pf(p,t), and after some manipulation and integration by
Tt
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parts we obtain:

i (t) + 3Hn(t) = (5%)3 / d%%. (B.5)

If we take for example a process: 1 + 2 «— 3 + 4, and we are interested in
the evolution of the number density of particle 1, n1, the collision term explicit

form is:

- / ATT AT, dT13dT1,(27)* 6% (p1 + pa — p3 — pa)-

[IMis2-34l* fifo(L £ f5)(L £ fa) = [Msraio* fafa(L £ fi)(L £ fo)]

(B.6)

where the terms (1 + f;) are Bose enhancement factors (+) and Pauli blocking
terms ( - ), the delta function implements the conservation of energy and mo-
gidpi

mentum and dI1; = P2k,

It can be applied a simplification to this equation, that is valid in absence
of degenerate Fermi species and Bose condensate, substituting the Maxwell-
Boltzmann statistic to the Fermi-Dirac and Bose Einstein ones. In this approxi-
mation the terms (1 + f;) become of order 1, and, for all the species that are in

kinetic equilibrium, the distribution functions take the form:

E; — u;
fiEy=e T . (B.7)

The Boltzmann equation after this consideration becomes:

ﬁl(t) + 3Hﬂ1(t) = - /dH1dH2dH3dH4(27’()464(]91 + ]92 - p3 - ]94)

NIM1s253442 i fa = IMarasiva* f3 fa.

(B.8)

In the following parts two interesting cases will be studied: the Boltzmann
equations for Baryogenesis and the Boltzmann equations for WIMPs models.
Eventually, it will be also analyzed the Boltzmann equations regarding the
framework of greatest interest for this thesis: WIMPy Baryogenesis.
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BOLTZMANN EQUATIONS FOR BARYOGENESIS

For the baryogenesis purpose, we consider a simplified model that includes
a massive boson X = X with interactions that violate B, C and CP, relativistic
particles b and b carrying baryon numbers + 1/2 and - 1/2 respectively, and a
thermal bath of relativistic particles, with g. degrees of freedom and no baryon

numbers.

The amplitudes for the processes of X decay are:

IM(X — bb))? = |M(bb — X)|* = %(1 +€)|Mo|? (B.9)

. 1
IM(X — bb)|* = IM(bb — X)|*> = 5(1 — €)|My|? (B.10)
where € is the violation of baryon number for a single process.

If we assume kinetic equilibrium (X and b, b have rapid enough interactions
with the plasma), u, = —uz = p, and we can write the phase space distribution

functions as:

E-u E+u E—ux

f(Ey=e T fi(Ey=e T fx(Ey=e T (B.11)

Assuming also chemical equilibrium (meaning that decays are efficient) we
would have that y = ux = 0, which can be easily proved to provide a zero value

for B, so we consider a situation with just kinetic and no thermal equilibrium.

With these premises, the Boltzmann equations for the number density of X

are:

iix +3Hnx = /dﬂxdﬂldﬂz(2n)464(px —p1 - p2)[—IMol* fx (px)+

(B.12)
1 1
451+ M (P fi(p2) + 51— Mo fopr) fp2).
The distribution functions terms, applying B.11, can be rewritten:
Ei1+Ey 2u 5 )
- T e e n
fpfilp=e T T = flp(1+ ) = flpo(1+52)  B.13)

14
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where in the last passage it has been used the relations:

np = ngqe“/T = ng3e“/T ~ gbnye“/T (B.14)

ng 1 np-—n;g sinh(u/T) 1
= — - I~ ~ * T B.l
b= *21ssgmn, g 8 H (B-15)

so B.12 becomes:

flx +3Hnyx = /dnxdnldnz(2ﬂ)454(px - p1- p2)

u (B.16)
| = 1Mo fx(px) + IMoP £ (px) + 05 |.
: fx _ nx .
Recalling that -7 = —=, and defining
X b'¢
= L 454 — i — 2 ceq
I'p = e dllxdILidT(21)°6%(px — p1 — p2)[IMol”fx' 1, (B.17)
X
the Boltzmann equation can be simply expressed as:

fix +3Hnx = —Tp(nx —ny)). (B.18)

The Boltzmann equations for the number density of baryons (and antibaryons),
instead, will also account for processes bb < bb. For baryons we have:

flb +3Hny = / dnxdnldnz(2ﬂ)454(px —p1- PZ)
[=(1 = &) Mol fo(p1) fo(p2) + (1 + €)| Mo fx (px) ]+
+2 / dHldHZdl'IgdH4(2n)464(p1 +p2—p3— p4)

- IM], P AP folp) + MG PFi(p3)fi(ps)]

(B.19)

and for antibaryons it is sufficient to substitute b with b and e with -e.

Taking the difference between these two equations, we can obtain a similar
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equation for the net baryon number density np:

eq
fig+3Hng = el'p(nx — n;q) - n—XnBFD — npny,{(c|v|) (B.20)
Y

where the quantity

e , 1
(olvl) = / AT dTLdTT3d 1 (20)* 6 (p1 + p2 — p3 — P4)fxq(Px)|Mbb_>l;5|2n—2 o
y

a’T?
&« 2
(T2 + mX)2
(B.21)

is the thermal averaged cross section of 2 <> 2 B-nonconserving interactions. It
can be observed thatin the RHS of B.20 are present a source of baryon asymmetry
that depends on the three Sakharov conditions (the first term is different from
zero only if nx # n;q), and two terms that dampen the asymmetry accounting

for inverse decays and 2 <> 2 B-nonconserving interactions.

Together with B.18, B.20 forms a system of equations that can be solved for
the evolution of B. These two equations can be transformed introducing the
mx

. . n n . . .
comoving quantities X = X and B=-, and using the time variable x = T
s s

e the LHS of B.18 can be rewritten as: #1x + 3Hnx = sX, and then we can
transform the time derivative into a derivative with respect to x, which

allows us to write:

,__F_D _yeqy _ XFD _ye
X' = ——(X = X¥T) = —H(le)(x Xe). (B.22)

Now, defining A = X — X*1, the equation can finally be expressed as:
A" = =X"7 — xKyp(x)A(x) (B.23)

where
I'p(x) x o x<<l1

N S A B.24
=1 |1 rss1 (B24)
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and
eq -1
n " x <<1
xe1 = X . 18 : (B.25)
s g a3 2e™  x>>1
e It can be done the same thing for B, obtaining;:
B’ = exKyp(x)A — xKyp(x)B (B.26)
where
Y(x) = (87D ()X“(x) + 81y < ofo] >)——— =
v Ip(x =1)

x/2+Aa/x x <<1 (B.27)

x32e™ 4 Aax™® x>>1

It is possible to integrate these two equations:

X
A(x) =Aiexp(/ —x'yD(x')de’)—
0 . (B.28)
—/ Xeq(x')exp( —/ x"K)/D(x”)dx") dx’
0 x!
zx
B(x) :Biexp(/ —x’yB(x’)de')+

0 (B.29)

X X
+eK/ x’)/D(x’)A(x')exp(—/ x"K)/B(x”)dx”) dx’
0 x’

and we take the initial departure from equilibrium A; and the initial baryon
asymmetry B; to be zero, so the equations simplify a lot.

Now we want to study the solutions in different regimes, starting from K«1
(out of equilibrium decays). In this limit the solution of the first equation of the
system is:

A(x) = —[X7(x) — X°1(0)]e ™K/ (B.30)

which gives:
X(x) =~ X°1(0)e K"/, (B.31)

This means that once X decoupled and then decays efficiently, nx drops.
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The solution of the second equation for K1 is:
B(x) = —[X1(0)e™8/2 - X°1(0)] (B.32)
which gives a value of B today:

Bs = B(x >> 1) = eX“(x = 0) = — (B.33)

*

as expected from the simpler considerations made in section 2.2.3 of chapter 2
regarding Baryogenesis.

In the opposite limit, K >> 1, the X particles tend to follow the equilibrium
value, so A’(x) can be taken to be ~ 0 and the solution of B.28 is immediate:

LX) XOI()
xKyp(x)  xKyp(x)

(B.34)

(we always focus on x»1), and this is valid also for K > 1.

To solve the equation for B it can be used the Laplace method, and it results:

B =~ ixf/ze-Xf ! (B.35)

& |(xKyp(xY|

xf

where x is such that x¢Kyp(xs) = 1, and represents the freeze-out epoch, at
which the processes that tend to dump B become inefficient.

In the K > 1 case, inverse decays are the dominant processes that dump B,
therefore the condition x s Kyp(xs) ~ 1is x;/ ?Ke™f ~ 1, that gives asymptotically
xf = InK, and more precisely, considering K smaller than a critical value, x; =

4(InK)%6. Taking now the derivative and inserting it into B.35 it results:

B~ € o €
/7 ¢Kx;  g.K4(InK)06

(B.36)

and we can observe that for increasing K there is a suppression factor (~ 1/K),

but not so strong.

In the K >> 1 limit, instead, B is damped mainly by scattering processes,

and the freeze-out condition is AochJ?4 ~ 1, hence xy ~ (AaK)Y/%. The baryon
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number, here, becomes:

B ~ ixj%e_xf ~ i(AaK)l/ze_(A“K)M (B.37)
and in this case we observe an exponential suppression.

The comparison between the development of the baryon asymmetry B as a
function of x for the three different regimes of K is displayed in fig. B.1. The
critical value K¢ is found imposing xjsfc“” = xJI['D - and defines the boundary
below which scattering processes become inefficient earlier than inverse decays

and above which it’s the opposite.

(ng/s)/(e/g,)

10 | 10 10
z=mx/T

Figure B.1: Results of numerical integration of the equations for the evolution of
the baryon asymmetry, in the three regimes K«1, Kc>K>1 and K»K¢, as function
of z = myx /T [10].

BorrzMANN EQUATIONS FOR WIMPs

WIMPs species, that will be denoted as W, are considered to be stable and
interacting with other species X only through annihilations and inverse annhili-
hations:

YY s XX, (B.38)

which are the only processes responsible for variation in their number density.
X are considered in thermal equilibrium with the plasma (since they undergo
other stronger interactions), so ux = 0, and ny = ng, nx = ni (there is no
asymmetry).
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We can now work on equation B.8, considering the factors fy fgy and fx fx:

Ex Ex

fx(Ex)=e T  fy(Ex)=e T (B.39)

Ev Ly
that, applying energy conservation and the fact that fé,q =e T, f\;q =e T,

can be written as:

Ex+E)‘( E\y+E\p

fafx=e T =e T =fIf1 (B.40)

Another simplification to equation B.8 can be done if we assume time reversal

symmetry, which allows to write:

My xxl* = [Myz_ oyl = IM]. (B.41)

The Boltzmann equation becomes:

ny(t) + 3Hny(t) = — / dH\deq,dHXdHX(Zn)464(pq; +pg — PX — Px)

AMPLfe! £ = gl

(B.42)

It can be followed now the same procedure used in the previous section:

recalling that fr — 1y and defining

V] Ny

1
(o|v]|) = —— / dH\de\deXdH;((Zn)‘l(S‘l(p\y +py —pPx — p)-()|M|2 \;ﬁ/ \;q,
ny q
(B.43)
the Boltzmann equation can be simply expressed as:

fiy + 3Hny = —(o|o|)(ng, — ng,*7), (B.44)

where the thermally-averaged annihilation cross section times velocity should

include all annihilations channels.
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BorrzMANN EQUATIONS FOR WIMPY BARYOGENESIS

The WIMP species will be here denoted by X, while barions and antibarions
with b and b.

The processes that dominate the evolution of the number density of WIMPs
are annihilations and anti-annihilations of dark matter into (anti)baryons. Sim-
ilarly to what was done in the previous computations, the amplitudes for these

X annihilation processes can be expressed as:

IM(XX = D) = [M(E = XX)P = (1+ 5] [Mann (B.45)

IM(XX — B)2 = [M(b — XX)[2 = (1= £) [Mynnl? (B.46)
2

where € is the baryon number violation corresponding to each WIMPs annihi-

lation.

The Boltzmann equation for the WIMPs number density is then:

nx +3Hnx = / dHldndeb(Zﬂ)454(P1 +p2— Pb)‘
€ €
: [ - (1 + E) |Mann|2fX(p1)fX(p2) + (1 - E) |Mzmn|2fb(Pb)] +
+ / dHldﬂzdl’Ig(Zn)464(p1 +p2— PE)

= (14 5) Man Ao ) + 1+ 5 ) 1M P51
(B.47)

Recalling the considerations we did about baryogenesis in section B.1, the
distribution functions of baryons and antibaryons can be rewritten as:

Ey u E1+E, U

fpp=¢ TeT=c T T = fIpfl(m)(1+5) (B.48)
Hop EtE o
fit=e TeT=e T oT=~glpnfp(1-5)  (B49)

and applying these to equation B.47 we can follow the same procedure that was
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displayed in the previous sections to finally express the Boltzmann equation in

the simple form:
: — 2 €qy2
fix +3Hny = =2(0annlv])(ny = (ny)7), (B.50)

where it has been defined the annihilation cross section as:

/ AT dTLdTT, (21) 6% (p1 + p2 — o) [IMann P £y (p1) £ (p2)].
(B.51)

Writing the equation as function of the usual dimensionless variables Yx =

(Oannl|v]) = (n;Q)z
nx/s and x = mx/T, it results:

dYx _ 25(x){0annl|v])
dx ~ xH(®»)

(Yz — (3. (B.52)

Considering now the baryon asymmetry evolution, we should proceed fol-
lowing the same steps that have been presented in section B.1: once we find the
Boltzmann equations for baryons and antibaryons, they should be subtracted to
obtain the Boltzmann equation for the net B.

In addition to annihilations and anti-annihilations of WIMPs, other inter-
actions that modify the baryon number density are the baryon - antibaryon
scatterings, that act as washout processes, and for the purpose of a general treat-
ment without entering in details they will be here represented by b < b. The

Boltzmann equation for baryons is then:

i1y +3Hny = / AT, dI1dT1,(21)* 6% (py — p1 — p2)-
: [ + (1 + g) |Mann* fx(p1) fx (p2) — (1 - g) |Mannl? fo(po) | +

+2 / AT, dTT;(27)* 64 (pe — pp)[=IM; 1 folpe) + IM7_ 1P f(pp)],
(B.53)

and the corresponding equation for antibaryons, as already seen, can be obtained
by substitution of b with b and of € with —e.

When we compute the Boltzmann equation for the net AB, subtracting the
equation for b from B.53, we do the same simplifications that has been adopted in
the previous calculations, and we neglect terms of order O (e%) . The procedure

is very similar to what is explained in [10] regarding generic Baryogenesis.
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From the first part of the equations and the CP-nonconserving contribution
of the second part (IM, - |2 £ L7 |?) it can be obtained a term proportional
to the annihilation rate of X (B.50) multiplied by the fractional asymmetry e.
Similarly to what we found in B.20 for the case of Baryogenesis by decay of a
particle X, there are also two terms that tend to dampen the baryon asymmetry,
one coming from the (anti)annihilation processes, and another coming from the

baryon-antibaryon scatterings!. In practice, the resulting equation is:

. K H
1iag +3Hnap = €{0ann |Z)|>(1’l§( - (n;q)z) - 2T<0ann|vl>(n§(q)2 - 4T<Gwa|v|>nzqngq/
(B.54)
where it has been defined a cross section for the washout processes?:
1
(Oannlvl) =——7 / AL dTLd T, dTT;(210) 6% (p1 + p2 — po — pp)-
ny, 1y (B.55)

[IMaa £ (1) £y (p2)]-

If we take into account the two terms responsible for the washout of the
baryon asymmetry, we can notice that the first one, which is caused by WIMPs
anti-annihilations and is proportional to (n}')?, is Boltzmann-suppressed for
x > 1 (the thermal baryons have not anymore energy to anti-annihilate into
WIMPs). This term for this reason can be neglected with respect to the other
stronger contribution from baryons-antibaryons scatterings.

What results, using the dimensionless variables, is:

dYap _ €s(x)
dx  xH(x)

(o ann|v|>(Y2 (qu)Z)_ S(JE) (Owalv |>_ nyeq (B.56)

where the Y; account for the exact baryon states that are taking part in the
washout scattering processes.

1This term derives from the CP-conserving contribution of the second part of the Boltzmann
equation, that satisfies the condition [M; =M. |2

2The matrix element is here defined as |My,|* = |M’ |2 =|M.

- since it comes from the

|2

CP-conserving term
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Cross Section Evaluation

WIMPs ANNIHILATION CROSS SECTION

We consider the process of XX annihilation into a quark and an exotic baryon
Y, mediated by a scalar S, as in figure 4.2 (we consider the first diagram, tree
level) with the interaction Lagrangian described by equation 4.22. We call the
incoming particles momenta p; and p», while the momenta of the quark and of
the baryon ¢ are named, respectively, k1 and k».

The matrix element is given by:

i

iM=idxox(p2)ux(p1) - ; - iAgity(k1)oy (k). (C.1)

—m2 ]
ms+zm5TS

We can write the amplitude squared: summing over spins we use the com-

pleteness relations

Z w0 = p+m, Z M50 = p—m (C2)

i=1,2 i=1,2

and, multiplying by the number of color states, we obtain:

M= 3 Tr[(p,~mx) (p +mx) Tel (b +) (Ka=my)] (C.3)
4(s —m2)2 +(msTs)2 72 ! R
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C.1. WIMPS ANNIHILATION CROSS SECTION

Applying the standard identities

Tr[odd number of y#] =0, Tr[y*y"] =4n"",

C4
Tr[y#y"yPy?] = 40P —nfPn" + nHon"P), 4

we can evaluate the traces in the amplitude squared:

Tr[(p, — mx)(p, + mx)] - Te[(Ky + my)(ky — my)] =
= Tr[(p2uy" — mx)(prvy” + mx)] - Tel(kiay® + mu)(kogy? —my)] = (C.5)
=4(p2 - p1 — m%) - 4(ky - ko — mymy).

This term can be rewritten as a function of the Mandelstam variable s and the

masses using the relations:

s —2m? s —mjy —mj
; (C.6)

2

s=(p1+p2)’=(k1+k)?, =p1-p2=
then, substituting:

(s —4m3)(s — (my + my)?)

MJ? = 3A3A5 C7
M (s —mdR + (msTs)? )
We can finally find the cross section, which general formula is:
1 Ikl
= h— dQ M 2. C8
o= ey M (C8)

The magnitudes of the initial and final momenta in the center of mass frame are:

f 2
L s—4mx

= % k= — .
|P1| 2 ’ | f| 2\/5 A(S/mu/ml]l))/ (C 9)
where A is the Killén function:
As, my, my) = 8% +m? + mi — 251y — 251y — 21, 1My (C.10)

Substituting everything and integrating over solid angle we reach the final
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cross section formula, used in the computations of this thesis work:

1 A(S/ My, ml})) (S - 4m§()(5 - (mu + mgb)z)

3AAS (C.11)

= 167ts \/E 5 — 471’12 (S — mg)z + (mSFS)z

In this situation we expect the center of mass energy to be Ecpy = 2Ex =
2my; for the calculations we assume it to be slightly above threshold, defining
s = 4m3(1 +¢), with e = 0.01.

SCATTERING CROSS-SECTION

We now take into account the baryon-number washout process of scattering
mediated by the scalar S, described by the Feynman diagrams in figure 4.3. The
momenta of the quark and exotic baryon incoming fields are referred to as p;
and p», while the momenta of the outgoing exotic baryon and quark are referred
to as p3 and p4, respectively. Here we have explicitly written the spin indices for
the each particle (s, 52, 71, r2) and the spinor indices (a, b, ¢, d).

The matrix elements for the two channels are:

e S-channel:

i

iMS = i/\Bz_)ff(pz)uZl(pl) . . iABﬁZI(pg)UZZ(pAL), (C.12)

S — mé + iers

where s = (p1 + p2)?,

e T-channel:

i

iM; = iApii (p3)ul' (p1) - Pa—_ iABT T} (p2)v) (pa), (C.13)
- Ms
where t = (p1 - p3)?,
and we can express the amplitude squared as:
IMI? = [IMs + Me? = IMG? + M + 2R (M M) (C.14)

We now follow a similar procedure to the one used in the previous section,

for the computation of the WIMPs annihilation cross-section:
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e For the s-channel:

Summing over spins and multiplying by the number of color states:

3A3 Tr((p, — my)(p, +mu)] - Te[(p, + mw)(p, — my)]

M. |? = =
M= (s —m3)? + (msl's)? (C.15)
_ 3A% 4(p1 - po — mymy) - 4(p3 - pa — mymy) '
4 (s — mg)? + (msT's)? '
and applying the relations
s —m2 —m?2
Prpe=——0—=psps (C.16)
we can express the amplitude squared as:
2
(s —m2 - mi — Zmumlp)
IM,|* =313 - (C.17)
(s —=mg)? + (msls)?
e For the t-channel:
3N
IMs|” = 1 my Tr[(p, + mu)(p, + my)] - Tel(p, — my)(p, —mu] =
My )4 )
== -4(p1 - ps + mymy) - 4(p2 - pa + mymy).
4t - mlp ’ ’
(C.18)
Using the definition of t we can obtain the relations:
m2 + mfb —t
Props=——F ——=p2 P4 (C.19)
and | M;|? can be written as:
2
(mﬁ + mi —t+ 2mum¢)
M =375 (C.20)

(t —m3)>?

Considering the interaction in the center of mass frame, having the two ini-

tial particles the same momenta with opposite direction in the z-plane, the
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APPENDIX C. CROSS SECTION EVALUATION

4-momenta p1 and p3 are: p; = (Ez, 0,0, |p]), p3 = (Ey, [plsin6,0, |plcos6),
with 0 the angle between the directions of p1 and p3 in a plane orthogonal to
z. Thus, we can express t as a function of s by writing t = m2 +m12/) —2p1-p3 =

) s+m,§—m§} s—m5+m12p
mﬁ+m12p—2(EuE¢—|p|2c056),withEu: NG ,Ey = VA

e For the interaction term between the s and t channels:
The sum over spins gives:
B
MM e —my

: Z 153 (p2)ua' (p)]lity (p3)o (pa)llin! (p)uc (p)I5 7 (pa)v (p2)]

spins
(C.21)
and applying the completeness relations this can be rewritten as:
A% Tr[(p, — my)(p, + mu)(p, + mw)(p, —m,)]
RMM) B P2 )\ & Vs . (€22

(s — m3)(t = m3)

By expanding the products and applying the standard identities of the
traces (C.4), it finally results:

4
3A%

(s —m3)(t —m2)

RMM?) =

((p1 - p2)* = (p1- p3)* + (p1- pa)(p2 - p3)—
= 2myimy(p2 - p1) + 2mymy(p2 - pa) = (p2 - pa)my; — (p1 - pa)my, + mymy),
(C.23)

where we have taken into account the spin configurations and color fac-
tors, and we have applied the equalities C.16 and C.19. To compute the
remaining products (pz - p3) and (p1 - ps) we can use the Mandelstam
variable u = (p2 — p3)* = (p1 — p4)?, obtaining:

2
2my —u 2m2 —u

P2 p3=——F5— P1ps=—5—, (C.24)

where, similarly to ¢, the variable u can be expressed as u = Zmi —2py-p3 =
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Zmi - 2(Efb +|p|? cos 0).
The second cross term, ‘R (M; M), can be proved to be equal to R(MM;),

so the overall interference term is accounted by 2R (M M;).

Applying the general cross section formula C.8, the result is:

1 |Pf|
o(8) =355 [

1 1
-(2|Ms|2+/ |Mt(cos(9)|2dcost9+/ 2R(M M) (cos B)dcosO |,
-1 -1
(C.25)

where the initial and final momenta in the center of mass frame are given by

\A(s, my, my)

il = 1psl = N
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