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Abstract

In this work, we propose a model for which a comparable cosmological dark and baryonic
matter energy density naturally arises. Based on Supersymmetry, we developed a model
where dark matter has an identical gauge structure and unification conditions at high ener-
gies as the Standard Model. We generalize the Affleck-Dine mechanism for Baryogenesis to
be also responsible for the generation of Dark matter’s number density, the Dark-genesis.
We show that in these two sectors the ratio of the number densities and masses almost
counter-balance each other, resulting in comparable energy densities in a natural way. We
achieve this goal without requiring a mass or number coincidence between the sectors.
This model may give rise to an asymmetric reheating, evading constrains imposed by Pri-
mordial Big Bang Nucleosynthesis and the Cosmic Microwave Background. We propose
the dark-neutron as a dark matter candidate, capable of replicating the approximately
spherical distributions, as presented by evidence of dark matter in galaxies. The viability
conditions of the model are discussed, imposing a subdominant abundance of the Lightest
Supersymmetric Particle (LSP). This scenario predicts comparable baryon and dark mat-
ter isocurvature perturbations that can be tested with CMB anisotropies and 21 cm line
observations.

Keywords: Dark Matter, Baryogenesis, Asymmetric Reheating, Unification, Supersym-
metry

Resumo

Neste trabalho, propoe-se um modelo no qual densidades comparaveis de matéria escura
e bariénica emergem naturalmente. Baseado em Supersimetria, é criado um modelo em
que a matéria escura tem uma estrutura de gauge e condi¢oes de unificagdo a altas energias
idénticas aquelas do Modelo Padrao. Generaliza-se o mecanismo de Affleck-Dine para a
Bariogénese, de forma a ser também responsavel pela "génese da matéria escura". Mostra-
se que estes sectores podem tem massas e densidades populacionais que contrabalancam
uma com a outra de forma a criar densidades de energia comparéaveis nos dois sectores, sem
necessitar de alguma coincidencia de massa ou niimero. Este modelo podera dar lugar a um
Reheating assimétrico, escapando as condigoes impostas pela Nucleossintese Primordial
e pela Radiacdo Coésmica de Fundo. Apresentamos como candidato & matéria escura o
neutrdo-escuro, capaz de replicar as distribui¢oes aproximadamente esféricas apresentadas
pela evidéncia de matéria escura nas galaxias. Sao apresentadas as condi¢des de viabilidade
do modelo, impondo uma abundancia subdominante da LSP, a particula supersimétrica
mais leve. Medicoes do espectro de poténcia das perturbacoes de isocurvatura bariénica a
partir de observagoes futuras da linha de 21cm do Hidrogénio poderao vir a ser titeis, apés
comparagao com o espetro das perturbacoes de isocurvatura de matéria apresentadas na
Radiacao césmica de fundo. Estas duas observagoes poderdo trazer informagoes cruciais
na testagem do modelo apresentado neste trabalho.

Palavras-Chave: Matéria Escura, Bariogénese, Reheating Assimétrico, Unificagdo, Su-
persimetria
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Chapter 1

Introduction

Cosmology is the branch of physics that studies the origin, composition, evolution and
fate of the universe on large scales (> 100 Mpc). Although it is arguable that the beginning
of this area can be traced back to any time in the history of humanity, when there was
a very thin line between physics and philosophy, it is well accepted that cosmology as
we it know today had its origins in the beginning of the 20th century, after Einstein,
Friedmann, Hubble and many others revolutionized the way we look at the sky. Today’s
comprehension of cosmology is based on the Standard Model of particle physics (SM) and
General Relativity (GR).

The Standard Model is the most accepted model of particle physics and describes the
three remaining forces of nature: the electromagnetic, the strong and the weak forces.
Every particle physics interaction arises by imposing certain space-time and internal sym-
metries (gauge symmetries). It describes the universe’s matter content as composed by
fundamental "matter-"particles, and forces as the interchange of particles known as bosons,
which naturally arise from the gauge symmetries. However, the Standard Model is just an
effective theory at low energies and high energy phenomena may require some extensions.
One of the possible extensions is supersymmetry (SUSY), which implies the existence of
new massive particles that may be observable in the near future in particle colliders at the
TeV scale (Mg ~ 1000 GeV), which is thought to be the supersymmetry breaking scale.
Another relevant extension is believed to happen at very large scales Mgyt ~ 10'6 GeV,
where the three SM forces unify into a single one.

General relativity is our most accepted theory of gravitation. It was first published
by Einstein and describes gravity as a manifestation of the curvature of spacetime caused
by the presence of energy. Compared to the preceding Newtonian gravity, this theory not
only was able to calculate to a better accuracy some aspects of the solar system’s plane-
tary dynamics (such as the famous perihelion precession of Mercury) but also predicted the
existence of Black Holes and the bending of light trajectories due to the presence of grav-
itational fields, firstly observed by Arthur Eddington and his team in 1929. Presently, in
order to agree with cosmological observations, General Relativity predicts that the universe
should be mainly composed of (non-relativistic) matter (~ 30%) and a mysterious fluid
that causes the universe to expand in an accelerated fashion, the so-called Dark Energy
(~ 70%).

The Standard Model, together with General Relativity, have conceived the (inflation-
ary) Big Bang theory, the most accepted theory of the cosmological history of the universe.
This theory tells us that the universe has been expanding and cooling down since the very
beginning, when it was very hot and dense. The successes of this theory are immense.
For instance, it has been remarkable in explaining the light element (such as hydrogen,
helium and deuterium) abundances in the universe, the origin of the Cosmic Microwave
Background and its anisotropies, and the formation of galaxies. However, what happened

1



2 CHAPTER 1. INTRODUCTION

at high energy scales M > 1000 GeV or, equivalently, in the first 10710 seconds is still a
mystery in cosmology. Although one could be misled to think that such a small time-scale
has nothing interesting to offer, it is in this epoch that many of the present cosmological
problems took place, such as baryogenesis, dark(matter)genesis, the grand unification of
the SM forces and quantum gravity.

Observational evidence shows that only roughly 15% of the universe’s matter density is
made of baryons i.e. structures composed by standard model particles . Roughly 85% of the
universe’s matter density corresponds to an unknown form of matter know as dark matter.
This lifts two questions: 1) what is dark matter made of and 2) why are the densities of dark
(pq) and baryonic (pp) matter comparable (pg/pp ~ 5 ~ O(1))? The second question is a
coincidence that could, in principle, be solved if the two sectors had a particle-generating
mechanism in common. Some models have addressed the second question by generating
comparable number densities in both sectors. However, the coincidence is in the energy
Py = mpmy, not in the number densities, and we would go from an energy-coincidence
problem to a mass-coincidence problem:

Pd _ T _ (1) (1.1)

Pb ny my myp

In this work, we address these two questions. Based on supersymmetry, we will describe a
model for dark matter with an identical gauge group structure and unification conditions
at high energies as the Standard Model. We will generalize the concept behind the Affleck-
Dine mechanism, an existing mechanism proposed for baryogenesis, to be also behind the
dark-genesis. We will see that in these two sectors have number densities are almost
inversely proportional to the corresponding supersymmetry breaking scale, which can be
very different in the two sectors. We will see that the mass of the stable particles in each
sector is also related to the same scale, but in an almost-proportional way. As a result, the
masses and number densities will almost counter-balance each other, resulting in a very
natural O(1) factor between energy densities.

In Chapter 2, we will firstly present the appropriate model for large scale cosmology
after a brief introduction to general relativity and to observational motivations. In a
second moment we will discuss the implications of the equilibrium thermodynamics in
the evolution of the universe and we end the chapter with evidence for the existence of
dark matter. In Chapter 3 we will describe some relevant aspects of the Standard Model
and introduce the Minimal Supersymmetric SM (MSSM). Some candidates dark matter
proposed in the literature are discussed at the end of this chapter.

In Chapter 4, we discuss how an epoch of accelerated expansion at the beginning of the
universe may solve some problems arising in the standard cosmology model. At the end
of the chapter, we explain how inflation may provide useful information for high energy
physics. In Chapter 5, we approach the conditions for baryogenesis and we present a sum-
mary of proposed mechanisms. Finally, we reach this chapter’s main objective of explaining
the Affleck-Dine mechanism, some analyses that we have done and its application to the
MSSM and baryogenesis. In Chapter 6, we present our model for dark and baryo-genesis,
some of its cosmological implications and, at the end of the chapter, we present how it can
be tested as new observational evidence becomes available. In Chapter 7, we exhibit our
concluding remarks and future work perspectives.

Through the course of this work, we will be using the ¢ = A = kp = 1 units:

[Energy] = [Temperature] = [Mass] = [Time] ' = [Length] ™!



Chapter 2

Standard Cosmology

“Our whole universe was in a hot and dense state, then nearly fourteen billion
years ago expansion started.”

— Big Bang Theory Theme

The present standard cosmological paradigm is that the universe evolved from a state of
very high temperature and energy density, and began a period of adiabatic expansion - the
Big Bang theory. As the universe cooled, elements like hydrogen and helium were formed
and matter clumped together to form galaxies, stars and planets. This expansion has left
some relics that are observable today such as the Cosmic Microwave Background (CMB),
the Large Scale Structure (LSS), the baryon number asymmetry and dark matter. Since
the universe has been through such high energies, recent cosmological observations [12]
might provide crucial information to our understanding of the nature of particle physics,
gravity and cosmology.

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

Figure 2.1: The Hot Big Bang Model [1]

2.1 Some Cosmological Observations

This section is dedicated to the discussion of a set of cosmological observations relevant
for the subsequent work.

Expanding Universe

One of the most important observations in the history of cosmology is that the universe
expanding. This observation was first made by Edwin Hubble [13] and its student Milton
Humason while measuring the Doppler shift of our neighbour galaxies (d < 2 Mpc). He
noticed that the distance to some galaxy and the redshift of its light were proportional:
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v=Hd (2.1)

where the proportionally "constant" is actually time dependent, and is called the Hubble
parameter. Subsequent observations have verified this fact (Figure 2.2) serving as proof
that the universe is expanding (distances get stretched in time just like the distance between
two points drawn on a balloon as it is inflated). The Hubble parameter is then related to
the rate of change of the scale factor' a(t) as:

a(t
H(t) = at) (2.2)
a(t)
YOV e L B L S LRSS e
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~
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Distance (Mpc)

Figure 2.2: Evidence for expansion [2]

The present Hubble parameter measurements place Hy = 67.4 + 0.5 kms™'Mpc ™! 3]
and using the fact that the inverse of the Hubble parameter sets the scale for the age of
the universe (Section 2.2), we get ¢ ~ Ho_l = 13.797 + 0.023Gyr.

Furthermore, it has been measured that the expansion is currently accelerating. As
we will see in Section 2.2, this characteristic cannot be produced by ordinary matter and
is an indication that some exotic fluid that counteracts gravity should be present in the
universe. This fluid is called dark energy and is usually associated to vacuum energy (or
equivalently, the cosmological constant). Its precise nature represents one of the biggest
mysteries of contemporary cosmology.

Cosmic Microwave Background

The Cosmic Microwave Background (CMB) is a Big Bang relic from the time when
the temperature of the universe was roughly 7" ~ 3000K (7" ~ 0.1 eV). At this time, the
temperature became low enough so that electrons and protons could become bounded into
hydrogen and helium atoms - the recombination. Until this time, the universe was so dense
that every photon emitted would rapidly be absorbed. As the universe expanded, some
photons started to escape - the decoupling. These are the photons we observe today in
the CMB, emitted at the time of decoupling when the temperature was around 1" ~ 3000
K. As the universe expanded, their wavelength got stretched and today are observed at a

'The scale factor is a dimensionless multiplicative factor that accounts for how a distance changes as
the space expands. Ex: d(to) = Az — d(t) = a(t)Axz.



2.1. SOME COSMOLOGICAL OBSERVATIONS S

temperature of 2.725 K. This effect was predicted in 1948 by Alpher, Bethe and Gamow
[14] and was discovered by accident by Arno Penzias and Robert Wilson. This discovery
was paramount to the validation of the Hot Big Bang model.

Figure 2.3: T = 2.7255 + 0.0006 K [3]

The CMB is uniform up to temperature fluctuations of the order AT /T ~ 1075, This
fact reveals that photons and matter were in thermal equilibrium at the time of decoupling
and serves as evidence for the large-scale isotropy and homogeneity of the observable uni-
verse. The degree of isotropy is so remarkable that even regions which appear to not have
ever been in causal contact share the same temperature, which brings up a problem known
as the Horizon Problem (Section 4.1).

Multipole moment 1

10 100 500 1000
6000 —rrrm— T : ——

5000

4000

3000

2000

1000

Temperature Fluctuations [uK?2]

o

Angular Size

Figure 2.4: The CMB angular spectrum [1].

The statistical properties of the anisotropies® provide crucial information on the de-
termination of the universe’s curvature from the position of the first peak (at 6 ~ 1°), on
explaining the origins of large-scale structure from the evolution of matter perturbation
[15] and also puts bounds on the composition of the universe at the time the CMB was
emitted.

In particular, the location of the first peak (I ~ 225) suggests that the universe is nearly
flat 3] and its density is very close to the critical density (Section 2.2):

pe =188 x 107 ¥h%gem™3  h =0.704 £ 0.025 (2.3)

Neutrinos are not easy to detect, however, they contribute to entropy and energy

density. The CMB bounds the number of light neutrino species to N, = 2.971”8:% [3].

% As an example, Figure 2.4 is obtained by dividing the sky in I+1 regions and measuring the correlations
between them, more information provided by Daniel Baumann in [10].
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2.2 Standard Model of Cosmology

General Relativity

For a long time, the study of gravity was ruled by Newton’s theory of Gravitation,
which stated that every massive (m1) object would exert an instantaneous attractive force
on the surrounding massive (mgy) objects, proportional to the product of their masses
(Fy o< mima). However, in 1915 after publishing his famous work on special relativity,
Einstein came to change the interpretation of gravity with the theory of general relativity.
He proposed, based on the Einstein’s equivalence principle, that gravity is not a force, but
a manifestation of the curvature of the background spacetime that affects every object in
the same way.

Einstein’s Equivalence principle - the rest mass and the gravitational mass of any
object are equal m, = my. In local regions of spacetime, it is impossible to distinguish
between being in an accelerated frame or in the presence of a uniform gravitational field
of the same strength.

e Gravity induces the same acceleration to objects, regardless of their masses.

e In small regions, spacetime should appear flat to a local inertial observer.

In this sense, gravity should not be treated as a force, but as a manifestation of some
feature of the background.

In this theory, spacetime may have some complicated curved geometry, being approxi-
mately flat in the neighbourhood of every point. The appropriate mathematical structure
to describe this spaces is a differential manifold, M, equipped with a metric, g,,,, an object
that describes its geometry and gives a notion of distances. The line element is written as:

ds? = g dztdx” (2.4)

With the requirement that this theory should reduce to Newtonian gravity at low
energies, Einstein arrived at a formula known as Einstein’s equations:

1
R, — §gWR + Ag = 87GT), (2.5)

where R,,, R, T),, and A are the Ricci tensor, Ricci scalar, the Stress-Energy tensor and
the cosmological constant, respectively. These equations can be obtained from the action
principle by varying the action (Eq. 2.6) with respect to the metric tensor.

R2A

S = Smsmm—/\ﬁ moo

+ Ematter) d4$ (2.6)

where the first term is the contribution from the curvature of spacetime, known as Einstein-
Hilbert’s action and the second term is the Lagrangian of the matter fields.

Back to Einstein’s equations (Eq. (2.5)), the left-hand side depends on the metric and
its derivatives. On the right-hand side, 7}, contains contributions from all forms of energy
density, such as matter and radiation, and is related to the action by:

_ 1 5Smatter
T = _2ﬁ 5gi (2.7)
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The cosmological constant term is equivalent to a vacuum energy behaving as an
isotropic perfect fluid (Section 2.2) and it is often absorbed in the Stress-Energy Ten-
sor. Knowing the stress-energy tensor and symmetries of a system, Einstein’s equations
give a set of differential equations that can be solved for the metric.

The Cosmological Principle

We may now apply General relativity to the observable universe. To a good approxi-
mation, the universe on large scales is well described by the cosmological principle. This is
the assumption that the energy distribution of our universe is spatially isotropic and homo-
geneous on large scales (= 300h~! Mpc [16]). Notice that, since the universe is expanding,
the time coordinate does not share the same symmetry.

The mathematical meaning of isotropic and homogeneous spaces is obtained from the
notion of a mazimally symmetric space [17], i.e., a space whose metric is invariant under
translations and rotations®. With the above symmetries in mind, let us consider spacetime
as a M = R x X manifold, where R represents time and X represents our maximally
symmetric 3-space.

ds* = —dt* + a(t)? + 72d0? (2.8)

1 — kr?
where a(t) is the scale factor, which is proportional to the distance between objects as the
universe expands. The sign of k& € {—1,0,1} is directly related to the local geometry of
space (hyperbolic, flat, spherical). As supported by experimental evidence and as explained
by inflation (chapter 4), the observed flatness motivates the choice k£ = 0.

The Friedmann equations

Now that we have applied the symmetry conditions for the large scale structure, the
evolution of the metric and, in particular, of the scale factor can be obtained from Einstein’s
equations (Eq.(2.5)). After computing the Christoffel symbols (see, for example, [17]), it
is straightforward to calculate the Ricci tensor and the Ricci scalar and check that the
off-diagonal elements vanish:

Ry = —3% R;; = gii(ad + 242 + Qk) (2'9)
TS S L S A L
R=g" Ry =6[2+ () + 2] (2.10)

Now turning to the Stress-Energy tensor, each component, T}, the information about
the flux of the p,-component of the four-momentum in the direction z, [18]: Toyo is the
energy density (p); To; = Tio is related to heat condution (in the direction x;); Tj; is the
p; momentum flux in the x; direction and, in particular, the diagonal components, Tj;, are
the pressure (p) and the off-diagonal Tj; (i # j) are related to the viscosity of the fluid.

In an isotropic and homogeneous background, it is reasonable to assume that every
contribution to the Stress-Energy tensor of Eq. (2.5) can be regarded as an ideal fluid. An
ideal fluid is defined as an isotropic fluid that is not viscous (7j; = 0 if ¢ # j) and does not
conduct heat (Tp; = Tjp = 0) in its frame of reference. As a consequence, its Stress-Energy
tensor may be fully defined in terms of its energy density (p) and pressure (p)

Too = p T = giip (2.11)

3More detail on maximally symmetric spaces, as well as the full derivation of the Friedman-Robertson-
Walker metric (2.8) is given in [17].
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Regarding the cosmological constant as an ideal fluid of energy density pp = A/(87G),
the u = v = 0 component of the Einstein’s equation, (Eq. (2.5)) gives the Ist Friedmann
equation:

887G k
2

4 a
i#k

where H = a/a is the Hubble parameter. As a consequence of isotropy, the three p =v =1
components of Eq.2.5 yield identical equations, the 2nd Friedmann equation:

—
(l__;gi (14 3w;)p; (2.13)

ik

where we assumed the present fluids’ pressure is well defined in terms of the energy density
by its equation of state (EoS):

pi = wip; (nosum) (2.14)

Critical density and the ACDM

The Critical density is the density of a perfectly flat universe (k = 0):

2
ety = 210 (2.15)

This concept is useful to simplify our notation. Now, instead of speaking of densities of
the different species, we can simply speak about fractions of the total energy density, also
known as the abundance:

Q=2 (2.16)

Equation (2.12) can be rewritten as:

)
a
itk

The sum of all density parameters must be equal to the unity. In particular, 2 = 0 cor-
responds to a flat universe. The presently best accepted fit to experimental observations
consists of a model known as the Lambda-CDM (ACDM). In this model, the universe’s
energy density accommodates four kinds of fluids: matter - non relativistic particles; ra-
diation - relativistic particles; dark energy - a mysterious fluid frequently associated to a
cosmological constant (or vacuum energy); and curvature - it is not a fluid, but it is conve-
nient to regard it as one. Recent observations of the CMB and LSS [19, 20| indicate that
curvature and radiation contributions to the present energy density are negligible. Thus,
the universe’s density is very close to the critical density, dominated by dark energy and
matter (Figure 2.2).
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Density Parameter Observed
g Qnp 0.6911 £ 0.0062
Qm 0.3089 £ 0.0062

Q, ~ 0.0004
Qe 0.0008 =+ 0.0040

Table 2.1: Observed density parameters.

'm

Figure 2.5: Concordance between observa-
tions on the ACDM model [4].

Dynamics of fluids in the Universe

Equations (2.12) and (2.13) tell us how the scale factor behaves according to the local
energy density. Depending on the species that dominate the energy density, the scale factor
evolves differently. As supported by cosmological observations, we are mainly interested
in species that behave as matter, radiation or dark energy.

By combining the Friedmann equations, we may obtain the evolution of energy densities
of a general fluid species’. The solutions to this equation give the evolution of the energy
density of some fluid of EoS w in terms of the scale factor:

P a0)3(1+w) (2.18)

=-3H(1+w) —>p:p0(—
P a

If this fluid is composed by:

e Matter of mass m ~ E - the energy density is related to the number density of
particles by p(a) = m xn(a). As the universe expands, the number density (particles
per unit volume) should evolve in inverse proportion to the volume (V o a?), thus

we expect that p,, o« ¢~ and .
e Radiation - the energy is related to the corresponding (de Broglie) wavelength as

1
E x % The number density is inversely proportional to the volume. The expansion

of space stretches the wavelength as A  a, thus p, oc a=* and .

e Dark energy - as the universe expands, more vacuum is created, thus the energy
density does not get diluted and remains constant ps o a” and .

By inputting Eq.2.18 into Eq.2.12 for some general dominant specie of fluid, we obtain the
evolution of the scale factor and the Hubble parameter. The more relevant solutions are

“It is also possible to obtain it from the conservation of energy V. T8 = 0.
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summarized in Table 2.2:

3w A —1
a(t) o« { Mot w1 (2.19)
2
—1
H =30+ V7 (2.20)
}Jb , W = —1
Fluid Species w | pla) | a(t) | H(t) | H(a)
Radiation /3 [ a* | 2] 2yt | a?
Matter 0 a3 | 23 ] 27371 | @732
Curvature ~1/3 | a? t 3t ! at
Cosmological Constant | —1 po | etlot Hy Hy

Table 2.2: Characteristics of the universe in different epochs. The inverse of the Hubble
parameter sets the time scale for most of the universe history.

With the present measured concentration of cosmological fluids (Figure 2.2) and Eq.
(2.18) it is possible to obtain the evolution of the density parameters, €;, as a function
of the scale factor, a(t). If we assume that the universe has been expanding since the
beginning and with the same composition, Figure 2.6 shows that radiation and matter
were once the dominant part of the energy density, when the scale factor was smaller. By
the arguments above, the Big Bang model dictates that the universe began with a radiation-
dominated era, followed by a matter-dominated era and, recently we have entered a dark
energy-dominated era.

It is interesting to note that we live just in the right time such that matter and vacuum
energy have comparable magnitudes (Figure 2.6). If this picture were a little bit different,
with vacuum energy dominating earlier, gravitational collapse and galaxy formation could
not have occurred and we would not be here to testify. This is the so-called cosmic
coincidence[21], an unsolved fine tuning problem®.

— Q,
A-Dominated

- > QU

Matter Dominated

>

0.01

—

today
'

[ axay

a(t)

Figure 2.6: Evolution of density parameters as a function of the scale factor. Defining
today’s scale factor as ap = 1, matter-radiation equality occurred at aeq ~ 3.7 X 10~% and
matter-lambda equality at ay ~ 0.75.

%j.e., a problem related to an extremely unnatural choice of initial conditions that could evolve to the

conditions we observe today.
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2.3 Thermodynamics of an expanding universe

Observations of the CMB show that the universe has a very homogeneous tempera-
ture. This fact is taken as evidence that photons and matter had enough time to reach
thermodynamic equilibrium long before photon decoupling.

Thermodynamically, the universe is well described as an expanding isolated system®
that evolved predominantly in a condition of local thermodynamic equilibrium. Departures
from this state gave rise to observable relics as the CMB, the baryon number (Chapter 5)
and, the abundance of light elements, and predicts the not-yet-observed Cosmic neutrino
Background (CvB). This section is dedicated to the discussion of the thermodynamic
evolution of the universe and the analysis of the thermal equilibrium condition.

Equilibrium
Let us define some of the different states of equilibrium:

e Kinetic equilibrium - The sum of all forces on every region of the system vanishes,
the regions will not move, contract or expand.

In the case that the system is isolated, there will be no external forces and the pres-
sure, p, becomes homogeneous throughout the system.

e Chemical equilibrium - Every chemical interaction in the system happens at the
same rate as its inverse process.

A+B—=C+D (2.21)

which is equivalent to saying that the chemical potentials of the intervening species
satisfy:
pa+ pB = pic + pp (2.22)

e Thermal equilibrium - There is no net flow of heat (@) = 0) in any direction and
the temperature, T, is homogeneous throughout the system.

e Thermodynamic equilibrium - When a system is both in kinetic, chemical and
thermal equilibrium. In this state the entropy is maximal, thus, this is the natural
state an isolated system of interacting particles is expected to evolve to.

Equilibrium Thermodynamics

Now it is time to introduce the distribution function, f(Z,p,t). For a system in equi-
librium, this distribution is related to the probability of having a particle at time ¢t with
momentum p (do not confuse with pressure, p) and at the location #. The distribution
function of a homogeneous and isotropic bosonic fluid in equilibrium is given by the Bose-
FEinstein distribution (—) and for the case of a fermionic fluid, the phase space occupancy
is given by the Fermi-Dirac distribution(+):

1
fp) = —— (2.23)
e T +1
The number density, energy density and pressure of these fluids are related to their
phase space occupancy and the particle’s internal degrees of freedom, g, by:

5A system that does not exchange heat or matter with its neighbourhood.
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3—»

n=1 [ Gl ® (2.24)
3~)

p=g / (jﬁﬂE@f@ (2.25)
3= 2

p= g/ (;ifjg 3§® f(®) (2.26)

where E(p) = /|p]> +m? is the energy of some mass m particle and momentum p in
the fluid. In a similar fashion of Section 2.2, let us consider how the number and energy
densities behave for relativistic and non-relativistic species, in the approximation |u| < T
e Relativistic particles (T > m)
In this limit, E ~ [p], thus:

_ 9 3 1 if Bosons
= TrQC(?’)T x {3/4 if Fermions (2:27)
2 .
_ T a 1 if Bosons B
pr= g9t % {7/8 if Fermions 4 Pr= /3 (2.28)

where ( is the Riemann Zeta function. Notice that, through a different reasoning, we
obtained that the pressure and the energy density of a relativistic species are related

1
by p = gp, as argued in Section 2.2. If a relativistic fluid is made of different species,

namely fermions and bosons, its energy density can be written in the compact form:

7T2 4
pr=559:(D)T (2.29)

where g.(T) is the effective number of relativistic degrees of freedom at the (photon)
temperature 7"

Tyt T T;\*
g(T) = > gi(?) +3 Z ,%(f) (2.30)
bosons fermions

and T; is the temperature of each species.

e Non-relativistic particles (m > T')

2
In this limit, the energy can be expanded to first order, £ ~ m + ﬂ The term in

m
the denominator becomes dominated by the exponential, so we can write

1 m_ 1512

f(p) ~ SHT > €~ T 2mT (2.31)

The integrals can be handled by integrating the angular part (in spherical coordi-
nates) and using the result from Eq. (A.2) to integrate the radial part:

Ny, = g(%—r)meimm (2.32)

Pm = M (2.33)
pm =nT (2.34)
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T
Notice that we can write the pressure in terms of the enegy density as p = p x —,
m

since the species is non-relativistic, — < 1, and we recover once again the equation
m

of state p = 0, as argued in Section 2.2.

Entropy

Consider the first law of thermodynamics
dU = —PdV +TdS (2.35)

The entropy density of a system in thermal (7' ~ const) and kinetic equilibrium (p ~
const), is obtained simply by integration the first law of thermodynamics and dividing by
the volume:

p+p
= = 2.36
s ( )

In particular, for a relativistic species (p = p/3):
8_%3_27%2 3 1 if Bosons
“37 " 457 7/8 if Fermions
For a non relativistic species (p = 0), the entropy is exponentially damped as the

temperature decreases (see Eq. (2.32)). Neglecting the non relativistic contributions, for
a system composed of bosons and fermions, we can write the total entropy density as:

(2.37)

2
_27T S

s = 0 (1)1 (2.38)

where ¢7 is the effective number of relativistic degrees of freedom contributing to the en-
tropy:

TiN\3 7 Ti\3
Fm =Y a(z) +2 X al(5) (2:39)
T 8 T
bosons fermions
Note that this quantity should differ from g. (Eq. (2.30)) whenever there is some
species decoupled from thermal equilibrium (7; # T'). However, as Figure 2.7 shows, the
difference is almost negligible and it is not a bad approximation to regard these functions
as constant at temperatures far from decoupling thresholds.

|

T
i
=

100

T II\I\I'__

Ll

T
1

9.(T) ‘[

10

T T T TTTT

3.38

10° 10* 10° 10% 1(
T [MeV]

Figure 2.7: Dependence on the temperature of the effective number of relativistic degrees
of freedom for the particle content of the Standard Model [5].
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Now, for the case of an isentropic expansion, the total entropy in a comoving volume
is conserved, S = a®s = const, which implies:

¢>T3a® = const. = T o a™ ! (2.40)

i.e., away from decoupling thresholds (gf ~ const.), the temperature redshifts with the

expansion as a L.

n_ g«(T)

s g2(T)

As a consequence, relativistic species in thermal equilibrium have its number density-
to-entropy ratio conserved as long as the expansion remains isentropic.

~ const. (2.41)

Conditions for Thermal Equilibrium

In the previous section we derived how the entropy and energy density evolve for
matter and radiation in thermodynamic equilibrium. Now let us consider the universe as
a system of interacting particles without any assumption about its state of equilibrium
and see if we can build a better notion of thermal equilibrium in the light of particle
physics and cosmology. This is described by the Boltzmann equation, which tells us how
the distribution function of some species, f(p), evolves in terms of its annihilation/creation
interaction rates. In an FRW spacetime, it can be written as [22]:

n a 3p
%4—3571: (zi)S/C[f(ﬁ)]ClEp (2.42)

where C[f(p)] is the collision operator, which contains the contributions from every inter-
action. For our purposes, let us suppose the dominant part of the collision term is due to
two-particle collisions. We may then write’:

fii + 3Hn; = —(oalvi)[n? — (nF9)?] (2.43)

where o4 is the total interaction cross section, |v;| is the mean velocity of the particles
involved and an is the number density of particle-i in equilibrium. Notice that any
difference between n; and nf 9 in the right-hand side, the left-hand side will make the
system evolve in order to cancel it®. Let us rewrite Eq. (2.43) as:

m+PH+n&ﬂm:o (2.44)

For simplicity and without loss of generality, suppose An; ~ O(1). We have two
interesting cases:

1. T'; 2 H: the interactions occur quickly enough such that the system remains in
thermal equilibrium n; ~ an (Eq. (2.27)/(2.32) );

2. H 2 T';: the system expands too fast, interactions do not occur quickly enough
and it departs from equilibrium. The number density no longer evolves towards
nlEQ, simply decreasing with expansion as n o< 3. This departure from thermal

equilibrium is known as freeze-out. If there is no production of entropy (s o cfg),

the number-to-entropy ratio becomes conserved:

D — const. (2.45)
s

"For a more detailed discussion, we refer the reader to [22]
8Assuming the right-hand side term is not negligible
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This result has very important implications for cosmology, in particular, for baryo-
genesis. For example: If in the early universe there is some mechanism that creates
a baryon asymmetry and then decouples, there will be a remnant baryon density
red-shifting as ng oc 3. If, at some time, the total entropy of the universe becomes
constant, the np/s ratio will be preserved with expansion.

Finally, it is interesting to analyse the ratio between I' and H for gauge-mediated
interactions of strength o mediated a mass my4 gauge boson in a radiation-dominated
universe (see [15]):

T3
; a2Mp—4 ma 2T
— = my 2.46
7 M, (2.46)
o —— mag LT

T

As an example, it is expected that the weak force decouples from thermal equilibrium
at some temperature below the W* and Z° bosons masses, potentially leaving a relic
abundance of neutrinos, the so called Cosmic Neutrino Background (CvB). On the other
hand, interestingly for temperatures just below the Planck mass (7" 2> a2Mp), the thermal
equilibrium condition appears to break down”. The bright side is that the thermodynam-
ical equilibrium description appears to be a reasonable assumption for a large range of
temperatures (ma ST < a?Mp).

2.4 Big Bang Nucleosynthesis

One of the most successful predictions of the Hot Big Bang model is the present abun-
dance of the light elements. As discussed in Section 2.3, as the universe expanded and
cooled down, some interactions froze and a relic density of some species was left. Pri-
mordial Big Bang Nucleosynthesis (BBN) is based on this reasoning, where protons and
neutrons were in equilibrium by weak-force mediated processes and then, at T' ~ 1 MeV,
these interactions froze and a relative abundance of neutrons and protons n,, /n, ~ 1/7 was
formed'?. At T ~ 0.3 MéV, the temperature was low enough so that neutrons and protons
could combine to form stable light elements such as deuterium, helium-3, helium-4 and
lithium-7. This mechanism, which studies the evolution of the nuclear number densities,
accurately describes the light-element distributions (for a detailed discussion we refer to
introductory literature [22, 15]). However, in order to have such successful predictions,

the universe should have had an excess of baryons with respect to anti-baryons, which is
2D g3l

usually quantified by the baryon-to-photon ratio, n =
~

58 x 10710 <5 <6.5x 10710 (2.47)

This asymmetry should have been produced before BBN, by some mechanism called
baryogenesis (Chapter 5). Additionally, BBN bounds the relativistic degrees of freedom at
T ~ 1 MeV to [12]:

g«(T ~ 1 MeV) =10.69 £ 1.1 (2.48)

which is consistent with the photon, the electron, the positron, 3 neutrino species and
possibly an additional degree of freedom. However, CMB constrains the effective number
of relativistic degrees of freedom at 7'~ 0.26 eV to [12]:

g+(T ~ 0.26 V) ~ 3.36 + 0.08 (2.49)

9Assuming that our approximation remains valid.
YAt the time weak-force processes freeze-out, n,/n, ~ 1/6. Before the synthesis of light elements
begins, some neutrons decay and the ratio reduces to n,/n, ~ 1/7.



16 CHAPTER 2. STANDARD COSMOLOGY
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Figure 2.8: The concordance between the CMB (vertical bar) measurements, the observed
mass fraction of the light elements (yellow rectangles) and the BBN mass fractions as a
function of the baryon-to-photon ratio, . The inconsistency observed in lithium serves as

possible evidence for new physics. [3]

any additional degrees of freedom should be non-relativistic or decoupled and at a lower
temperature at the time CMB was emitted. Additionally, CMB anisotropies impose bounds
on the baryon-to-photon ratio, since the amplitude of the acoustic peaks in Figure 2.4 has
a strong dependence on 7 (see [11]), giving:

n=(6.14+0.25) x 107 (2.50)

The concordance between BBN and CMB is remarkable (Figure 2.8). As a result, the
bound in the present baryon abundance reads [3]:

0.021 < QA% <0.024 —  0.035 < Qp < 0.052 (2.51)

i.e. baryonic matter contributes at most to 5% of the universe’s energy density today.
Since ACDM tells us that €2, ~ 0.30, it suggests that there is some non baryonic and non-
relativistic fluid that makes up around 25% of the energy density of the universe, which is

usually known as Cold Dark Matter (CDM).
Since entropy is a quantity that has been conserved for almost the whole of the uni-

verse’s history (Eq. (2.41)), it is also useful to define the baryon-to-entropy ratio as:
ny — ng
ns = ———" (2.52)

which is related today with the baryon-to-photon ratio by ng ~ n/7.04, thus:

84x107" <ng <9.1x 1071 (2.53)
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2.5 Dark Matter

The combination of the information from BBN and ACDM shows us that ordinary
matter makes up only ~ 15% of all the non-relativistic matter density observed. The
remaining 85% is known as dark matter and its origin is currently a mystery in cosmology.
Also, there is important observational evidence for dark matter that has been obtained
from various methods. Let us review the observations from rotation curves of galaxies and
weak-lensing techniques. A list of dark matter candidates is given later, in Section 3.3.

Rotation Curves of Galaxies

In principle, a good estimate for the matter density could be obtained by measuring
the average mass of galaxies and multiplying it by the number density (pryy = n(M)).
The (observed) rotational velocity of a galaxy is related to its (inferred) mass by Kepler’s
3rd Law:

GM(r)

r

v =

(2.54)

What happens is that if we assume that the majority of the mass of the galaxy should
be concentrated on its luminous part, we end up finding that luminous matter accounts
for less than 1% of the critical density, ,, < 0.01.

However, after the 21cm line was discovered, astronomers observed that the velocity of
the rare objects far from the luminous centre started flattening (Figure 2.9), indicating that
somehow the mass of the galaxy kept increasing M (r) o< r. From these observations, this
increment may be explained by a spherical distribution of dark matter. Thus, Dark matter
is a form of matter that predominantly interacts gravitationally (at least for long-range
interactions). The approximately spherical distribution, rather than in a disk, indicates
that any self interactions should be very weak.

150

100

V (km sY)

50

R(kpc)

Figure 2.9: Blue dots: observations of velocities of rotation of the galaxy M33 as function
of the radius. Continuous line: The best fit to observed data has the contributions from a
dark matter halo (dashed-dotted line), a luminous matter disk (short-dashed line) and a
gas contribution (long-dashed line) [6]
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Weak-Lensing

A flagrant example of the presence of dark matter in galaxies has been given by the
Bullet cluster. Weak-lensing reconstructions of the gravitational distribution of mass shows
a large displacement when compared to the distribution of luminous objects, suggesting
that the greatest part of the cluster mass is non-luminous.

56'

57

5558’

6M58M42° 36° 30° 24° 18° 128

Figure 2.10: Observations of the Bullet cluster show a flagrant example where the luminous
matter and the reconstruction from weak-lensing techniques (green lines) do not coincide

7).



Chapter 3

Standard Model of Particle Physics
and Beyond

“One Ring to rule them all, One Ring to find them, One Ring to bring them
all, and in the darkness bind them.”

— J. R. R. Tolkien

3.1 The Standard Model of Particle Physics

The Standard Model (SM) describes our current understanding of particle physics. It
has remarkably passed strict tests and has been very successful in explaining and predicting
experimental physical phenomena. In this model, a limited number of spin-1/2 fermions
make up the most fundamental building blocks of matter. Three fundamental forces are
carried by spin-1 gauge bosons: Electromagnetism, a long-ranged force carried by the mass-
less photon and associated with an electric charge; Strong force, a short-ranged interaction
responsible for binding protons and neutrons into atomic nuclei, carried by massless gluons
and associated with a colour charge; and the Weak-force, also short-ranged, responsible
for nuclear -decay, carried by the three massive W+ and Z° gauge bosons. Fermions are
further subdivided into two subcategories: the Leptons have no colour charge; the Quarks
have colour charge are and bound with each other to form colourless structures known as
Baryons (3-quark bound states gqqq) and Mesons (quark-antiquark bound states ¢q).

Internal Symmetries

The Standard Model has a very elegant mathematical structure [23, 24, 25, 26]. By
Noether’s theorem, conservation laws are directly related to some underlying invariance
(i.e. symmetry) of the system. The Standard Model Quantum Field theory (QFT) is no
exception. The introduction of the gauge (local) invariance principle (invariance under
continuous local-phase transformations where a field ) in the fundamental representation
of the group transforms as ¢ — v = ei&(x)'Ti/J, T is a basis for the adjoint representation of
the group and d@(x) is a local parameter) to Quantum Electrodynamics (U(1)ep, ), Quantum
Chromodynamics (SU(3)¢) and Electroweak Theory (SU(2)r x U(1)y) enabled physicists
to obtain a deeper understanding of the nature of particle physics.

The Standard Model is based on two distinct symmetries:

1. Space-time: It is invariant under the Poincaré group transformations (translations,
rotations and boosts).

2. Internal: Transformations of some field into another (eg. gauge groups) that commute
with space-time transformations.

P& Gt = SM (3.1)

19
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il 1]
mass | =2.2 MeV/c? =1.28 GeVicz =173.1 GeVic2 0 =124.97 GeVic?
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Figure 3.1: The Standard Model particle content is composed by 3 generations of Quarks
and Leptons, the force carriers Gauge Bosons and the Higgs Boson, responsible for
Electroweak-symmetry breaking [8, 3].

With respect to internal symmetries, the Standard Model is a QFT model invariant
under transformation of the SU(3)¢c x SU(2)r, x U(1)y group (see [27]). This invariance
constrains the interaction terms, implies the existence of 12 massless gauge boson that
mediate the interactions (8 gluons, 3 W-bosons and one B-boson) and treats fermions
that behave similarly under the action of some force as belonging to the same multiplet
representation.

However, this symmetry is not exact at low energies. In order that fermions and
weak-force gauge bosons acquire mass, the SU(2);, x U(1)y gauge symmetry should be
spontaneously broken by interactions with the Higgs field through the Higgs Mechanism
[23], which is believed to have taken place in the early universe, after the temperature
dropped below the Electroweak Scale (Apw ~ 250 GeV).

SU3)e x SU2)L x U(L)y 288 My 617(3)0 x U(1)em (3.2)

Spontaneous Symmetry Breaking

An interesting property of scalar fields is that they can acquire non-zero vacuum expec-
tation values without breaking Lorentz invariance. This property may trigger spontaneous
symmetry breaking processes such as the Higgs mechanism. For simplicity, let us consider
the complex scalar field Lagrangian:

L=0,0'0"¢ — 2¢'p — N#'9)? (3.3)
= 0,0'0"¢ — V(4', ¢)

We are interested in the A > 0 case'. For p? > 0, the ground state is lp| = 0 and
the Lagrangian is invariant under global phase transformations such as ¢ — ¢e’®. Now,
suppose that for some reason, the mass term suddenly becomes p? < 0. The minimum of
the potential becomes degenerate and ¢ obtains a vacuum expectation value (VEV):

'In order for the potential to be bounded from below, A must be positive.



3.1. THE STANDARD MODEL OF PARTICLE PHYSICS 21

2 _ 2__£ _ 10
92 =0 = =25, (01610} = ve (3.5)

for some 0 € [0,27[. The relevant fields in QFT are excitations around the ground state.
The SSB phenomenon makes the degree of freedom 6 massless, which is known as a Gold-
stone boson. In order to proceed, we should redefine our field as oscillations around the
new minimum:

o(x) = (v + h(z))e” (3.6)

Rewriting the Lagrangian in terms of Eq. (3.6), it becomes evident from odd-order terms on
h(z) that the new ground state is no longer invariant under global phase transformations.
This phenomenon is know as spontaneous symmetry breaking (SSB).

Figure 3.2: In spontaneous symmetry breaking, the origin becomes unstable and the min-
imum becomes degenerate.

If the broken symmetry is a gauge symmetry, there is an additional interesting impli-
cation:

L= Dudi D6 — 1266~ A(610)? — | Fu P (3.7)

where D, = 0, —igAu(x) is the covariant derivative. Due to the gauge-scalar field mixing
in the kinetic term, mass terms for the gauge bosons (vzngﬂA“) appear in the new
Lagrangian. The massive gauge boson has now three degree of freedom and, the additional
degree of freedom has been absorbed from the Goldstone boson. If this scalar couples to
fermions, similar terms may arise too.

A well known example is the Higgs mechanism where the Electroweak symmetry spon-
taneously breaks into Electromagnetism (Eq. (3.2)). The corresponding scalar field is the
Higgs SU(2)r, doublet. Fermions, and the W+ and Z bosons acquire masses in this way
(see [28]). Within the Standard Model, temperature corrections result in a positive effec-
tive mass squared at large temperatures. If there is some source of negative mass term, as
the temperature decreases, SSB may occur and trigger the Higgs mechanism. The source
of this negative mass term is unexplained by the Standard Model.

Other Symmetries

Incidentally and as a consequence of gauge invariance, the renormalizable? terms of the
Lagrangian are invariant under U(1) global transformations of the form:

?Terms whose coupling constant, g, has a positive or zero mass dimension (lg] = 0).
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w%wlzeiaNB/Lw (3.8)
N |
Np =23 (g =) (3.9)

Np =) (A —y) (3.10)

where N B/L is the baryon /lepton quantum number operator 3 and n; the indexed specie
quantum number operator (aTa). This invariance, in particular, implies the conservation
of Baryon number (B), Lepton number (L) and any linear combination such as B — L and
B+ L.

Additionally, there are three relevant discrete symmetries a set of interactions might
have: T or Time Reversal (t — —t); P or Parity Transformations (¥ — —Z); C or Charge
Conjugation (particle — anti-particle). Evidence shows that Strong and Electromagnetic
interactions are symmetric under those transformations. However, Weak interactions do
violate P and C, since they only involve left-handed* particles and right-handed anti-
particles.

Renormalization

After Quantum Field theories first appeared, some quantum corrections gave divergent
contributions to the mass and coupling constant terms. The issue was that the theories
needed to be renormalized (for more details, see [29]).

o= o+ (D) (3.11)

There is no unique way to deal with those divergences. The first step is choosing
a reqularization method (e.g. momentum cut-off or dimensional regularization) in order
to understand the nature of each divergence. The theory is said to be renormalizable if
the number of divergent irreducible diagrams is finite. A non-renormalizable theory has
infinite, which are caused by terms in the Lagrangian with a coupling constant that has
a negative mass dimension. To renormalize a theory, one must choose a renormalization
scheme.

The MS-bar scheme solves the problem by first splitting the Lagrangian into physical
terms (observable) and counter-terms (unobservable) terms. For example, the 2-point
correlation function, G(2), is given by:

G®(p) =

+ O 4 R (3.12)

Usually, there is one counter-term for each divergent irreducible diagram. And then,
MS-bar sets that at some scale, M (the renormalization scale), the quantum corrections
to the correlation functions, G(”), should cancel with the counter-term contributions.

G (p)]y2—pr2 = ~mnn (3.13)

G(4) (pi)’s:t:u:M2 = *Z'g = >7< (314)

® Nslg) = 1/3|¢) ; Ni|g) = 0; Ng|l) = 0 ; Nz|l) = |I). The opposite baryon/lepton number is
attributed to antiquarks and anti-leptons. Other particles have ](]B/L\p) =0.

“The particle is said to be left-handed if its spin is anti-parallel to the momentum; it is right-handed
if the spin is parallel to the momentum.
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Physical processes (correlation functions) should not depend on the renormalization
scheme or scale we choose. The Callan-Symanzik equation arises as a consequence of the
arbitrary choice of the renormalization scale.

[M—a + Bii + nﬂ Gron2 G (g s M, gi) = 0 (3.15)
aM aﬂl Y Y I Y

where n; is the number of fields ¢ involved and ~; the corresponding anomalous dimension.
B; is the beta function of g;, which measures how the coupling constants change as the
renormalization scale varies:

B; = Magi

= Mo (3.16)

The Standard Model is a renormalizable theory®, since a finite number of counter-terms
is needed to renormalize the theory to all orders in perturbation theory. For this theory,
there are three beta functions, one for each gauge group coupling constant:

3
(o) =~ [ Ca(G — 5 Y ctr) - 3300 (317)

where C2(G;) is the quadratic Casimir operator for the adjoint representation and C'(r¢)/C(rs)
is the Casimir operator for the fermion/scalar field representation r¢/rs. Thus, the beta-
functions depend on the gauge group of each interaction:

e For G =U(1)y, fields in the adjoint representations have Co(G) = 0 and it is common

3 2
to normalize the hypercharge so that C(ry) = = (%) , thus:
ﬁ(g)z—ib b :iZzﬁ—iZy? (3.18)
1 (47_(_)2 1 ) 1 10 - f 20 - s .
e For G = SU(N), N > 2, fields in the adjoint representations have Co(G) = N, for
- 1
fields in the fundamental and anti-fundamental representation C(N) = C(N) = 2
and for the singlet representation C(1) = 0, thus:
Bx(g) g, by = AN 2y, o] (3.19)
=—— =—N—-ns— -ng :
NI =2 0 INT g T3 T

Solving these equations for the corresponding fine-structure constants (o; = g2/(27)),
we are led to:

a1 (Q) = a;t(myg) + Qb—; In <7§Z> (3.20)
where () is the energy scale of the interaction. This gives the Standard Model’s running
coupling constants . This expression is valid to first order as long as b; is constant and for
a;(Q) < 1. In Figure 3.3 is represented the evolution at high energies, with b; given by
Eq. (3.22). Tt is interesting to note two details: the most obvious, that at high energies,
the coupling constants seem to become identical. This fact might suggest that at a scale of

®This is, in the absence of gravity. Extensions where gravity is included are non-renormalizable due to
the inclusion of non-renormalizable terms suppressed by powers of M.
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1015716 GeV, there is some form of Strong-Electro-Weak unification. The second detail is
that the strong force becomes stronger at lower energies, even becoming non-perturbative
a3(Q) > 1, which is believed to be related to the quark confinement. The scale at which
the strong force becomes non-perturbative is known as Agcp. Solving Eq. (3.20) for Agep
and a3(Agep) =1, it is given approximately by:

Agep ~ mzexp [— Z(a;l(mz) - 1)} ~ O(200 MeV) (3.21)

An exact computation of this quantity depends on the renormalization scheme and
the approximation order. We are mainly interested in this quantity’s order of magnitude
O(200 MeV), so that the approximation used serves its purpose.

1la
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Figure 3.3: Running coupling constants for the SM particle content. The initial conditions
are imposed at the scale A = myz ~ 91 GeV: oy (myz) ~ 59.1 , ay'(myz) ~ 29.6 and
o Y(my) ~ 8.4, according to experimental measurements.

—41/10 ,N =1
LM = 19/6 N =2 (3.22)
7 ,N=3

Beyond the Standard Model

Despite the success of the Standard Model, there are still some gaps to be filled. It
is believed that a new extension to higher energies is needed in order to answer questions
such as:

1. Why is the SM gauge group SU(3)c x SU(2)r x U(1)y?

2. Should the coupling constants unify at high energy scales?

3. Why are there 3 quark and lepton families? And what causes the mass hierarchy?
4. What is the origin and nature of dark matter and dark energy?

5. What generates the baryon asymmetry of the universe?

6. What is the origin of the Higgs boson mass?

7. How to incorporate gravity within the theory?
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In this sense, the Standard Model should be regarded as a low-energy effective theory.
An extension of the Standard Model may be theorised by implementing some new, or a
larger symmetry. The possible choices are reduced by the Coleman-Mandula theorem (see
[30]). Under reasonable assumptions, it states that the most general Lie algebra applicable
to a relativistic QFT is the one generated by the Poincaré group and the one generated by
internal symmetries generators combined in a trivial way (as Eq. 3.1). As a consequence,
two particles of different spin cannot belong to the same gauge multiplet.

Grand Unified Theories (GUT) propose that SU(3)c x SU(2)r x U(1)y may be the
result of larger gauge group with unified Strong and Electroweak forces, spontaneously
broken at high energies (Mgyr ~ 2 x 10'% GeV). Finally, as energies approach the Planck

-1
mass (M, = V8rG  ~ 10'® GeV), non-renormalizable terms induced by gravity become
relevant and the Standard Model loses its predictive power. This is a strong indication
that new physics may appear at these scales, described by a theory of quantum gravity.

3.2 Minimal Supersymmetric Standard Model

Supersymmetry (SUSY) consists in the idea that force and matter fields are interchange-
able while maintaining the theory invariant (fermion <> boson). Today, the principle of
supersymmnietry is widely used in several theoretical models such as quantum gravity and
grand unification. In general, in supersymmetric extensions of the SM, SM particles belong
to a super-multiplet together with their supersymmetric partners (see |[30]). Particles in
the same super-multiplet are indistinguishable, except for their spin representation.

The Minimal Supersymmetric Standard Model (MSSM) is the simplest extension of
the SM where Supersymmetry is added as an additional symmetry. In the MSSM, the
super-multiplets are composed of two particles differing by 1/2 spin. In the standard
nomenclature, fermion’s partners are named adding the prefix "s—" to the fermion name
(electron e — selectron €). Boson’s partners are named adding the suffix "—ino" to the
name of the boson (photon v — photino 7).
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Figure 3.4: The MSSM particle content [9].

The existence of a new Higgsino gives rise to gauge anomalies, which can be cancelled if
there is another one with opposite Hypercharge. Due to this fact, the MSSM requires the
existence of two Higgs doublets (H, and Hy) and their corresponding Higgsinos. Now, in
the Higgs mechanism, each Higgs boson acquires its vev (v, and vg), the up family receives
its masses from the H,, while the down-family and the electron-family receive masses from
the Hg, which are given by:
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My = YuVy Mg = YdUd Me = YeUd (323)

where v, and vg must obey v = y/v2 +”¢21 ~ 246 GeV and y, and yg are the Yukawa
coupling constants, which measure the coupling strength of the fermions with the respective
Higgs boson. With only one constraint, we gained a new parameter, frequently denoted
by tan 8 = vy, /vg.

Since it transforms bosons into fermions, changing spin, Supersymmetry generators do
not commute with the ones from the Poincaré group. It seems that the Coleman-Mandula
theorem could rule these theories out. However, SUSY generators obey anti-commutation,
rather than commutation relations. The combination of this set of generators form a su-
peralgebra, i.e., a generalized concept of algebra that includes anti-commutative symmetry
generators. This is enough to evade one of the assumptions and "survive" the implications
of the theorem. Poincaré, gauge and SUSY generators along with their (anti)commutation
relations form a super-algebra. This extension might be regarded as a generalization of
the Poincaré group to a spacetime with anti-commuting degrees of freedom, labelled by
Grassmann numbers - a superspace. The SUSY generators are associated to a translation
along the new coordinates 31, 30].

In the MSSM, the interaction terms in the Lagrangian are obtained from the renor-
malizable superpotential. This object is a mass dimension 3 complex valued function con-
structed by combination of the MSSM superfields into gauge-invariant, R-parity invariant
(defined later in this section) and renormalizable monomials:

Wirssm = y94,Q; - Hy — y7diQ; - Hy — y9&L; - Hy+ pH, - Hy (3.24)

where the 4, j indices correspond to the generation and the colour indices are omitted for
simplicity. The parameter p is related to the Higgs mass term and should not be much
larger than the electroweak scale. The fields are in the left-chiral representation, where
upper-case superfields stand for SU(2)-doublets and lower-case for fields SU (2)-singlets,
some examples being:

Q= (Zi) L= <Z§) e=¢ép d=dj (3.25)

For the purposes of this work, we are mainly interested in the scalar part of the in-
teraction terms (as written in the above equation), which is equivalent to regarding the
superfields as their scalar part (» = ¢). The scalar potential of the theory is obtained
from the F and D-terms:

1
V=FlFi+5Y g}k DanDi (3.26)
N

where the sum is made over repeated indices and over gauge groups and their generators,
t%. The F- and D-terms are given by:

OW N T
F=—(5 qu,) , D% = ¢ltse; (3.27)

Hierarchy Problem

One of the strongest motivations for Supersymmetry is the weak-scale hierarchy prob-
lem [32, 31]. With the eminence of new physics appearing at the Planck scale, why are the
Higgs mass and Electroweak scale is so low? Unlike fermion and gauge fields, there is no



3.2. MINIMAL SUPERSYMMETRIC STANDARD MODEL 27

chiral or gauge symmetry forbidding mass terms for scalar fields. If there is new physics
at some large cut-off scale M, it could introduce quadratic corrections to the Higgs mass
via:

e Scalar field loops:
- M 1
LDl [t~ P (3.25)
e Fermion and anti-fermion loops:
M 1
Qe Dl [ e~ g (3.29)

The fact that there might be new physics near Mp ~ 10'® GeV and that the Higgs
boson mass is as low as My ~ 125 GeV is intriguing. Any large scale contributions
would drive the Higgs mass to much larger values. The natural solution is that the above
contributions cancel each other. With the particle content of the Standard Model, this is
not the case. However, with the Minimal Supersymmetric SM, each fermion field has a
scalar partner with the same coupling constants and vice-versa. This results in a perfect
cancellation of quadratic corrections, only leaving a mild logarithmic dependence on the
cut-off scale.

Soft SUSY Breaking and Hidden Sector

Although supersymmetry promises a very elegant solution, there is an elephant in the
room: these new particles have never been observed or produced in experiments. Nature
might be supersymmetric, however, if this symmetry is spontaneously broken at some high-
energy scale, such that s-particles gained masses large enough to escape our experiments.

From the (anti)commutation laws of the SUSY algebra (see [31]), a positive energy
density is a sufficient condition for SUSY-breaking:

(0| H|0) # 0 — Q;|0) # 0 (3.30)

In particular, SUSY breaks if the scalar potential V (Eq.3.26) is non-zero. This sym-
metry could, for instance, be spontaneously broken by some F- or D-term v.e.v.. However
this source of SUSY-breaking implies the existence of low-mass s-particles or some gauge
symmetry breaking, both of which are phenomenologically incompatible (as discussed in
[32, 31]). Alternatively, SUSY-breaking may be caused by mass and Yukawa terms induced
directly on the scalar potential from some extra-MSSM mechanism. There are plenty of
renormalizable terms:

1 S _
e Gaugino Masses: —§(M§“ -§t + MW - W+ MB - B)

Squark masses: —m%@j Q) — mz-ﬁTﬁj —mZ.dld;

ij Yq i5%q
e Slepton masses: —m?jLI -Lj— mfjéjéj

e Higgs mass terms: —m?H] - H, — mQH; -Hg— (bHy, - Hg + h.c.)

Triple scalar couplings: —a4;Q; - Hy, + ailjcz-(:?j “Hg+a¥&L; - Hy+ h.c.
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For the case of the present SUSY-breaking, the mass and Yukawa terms are related to
some scale mgysy. SUSY breaking is thought to occur in some hidden sector, where some
field X (which does not have direct couplings to the MSSM ) acquires an F-term. The
breaking is communicated to the MSSM through large mass M, messenger fields v and
gives rise to terms proportional to (see Figure 3.5):

Mgysy ™~ A— (331)

Hidden Sector 4
o~ MSSM
(SUsY) F M’#

Figure 3.5: Hidden sector SUSY-breaking

One might think that this breaking should become negligible at scales A > mysy and
SUSY restored. However, as we have seen before, in the course of the universe’s history,
the energy density was not exactly null and sometimes even changed its sources. Thus,
it is possible that SUSY has been broken by various mechanisms since the early universe.
We will return to this subject later in this work.

R-parity

In the construction of the MSSM, we have required the theory to be symmetric under
R-parity. The reason behind this imposition is to forbid L or B-violating terms:

War=1 = )\ijLi - Ljey + )\%kLi . QJJ;C + MiLLi - H, (3.32)
Wap=1 = N3 u;d;dy, (3.33)

In particular, these terms provide new decay channels for the proton, which have never been
observed by experiment. Thus, the coupling strengths of these terms are strongly restricted
by experiment. One way to address this problem is simply imposing B and L-conservation.
However, there are non-perturbative electroweak processes, known as Sphalerons, that
become relevant at high energies and are known to conserve only B — L (Section 5.1).
R-parity is a weaker condition. It implies the conservation of B and L in renormalizable
terms, although allowing non-renormalizable terms that do not conserve it.

1 " M 3 1 n

R=(—1)213B-L) , p— ; SM particles ; (3.34)
—1 '"super partners

This symmetry is multiplicatively conserved and implies that an interaction between

an odd-number of s-particles results in an odd-number of s-particles. As we will see in
section 3.3, this implies the existence of a new dark matter candidate.

Strong-Electro-Weak Unification

Through the reasoning described in the last section, the new scalars and fermions
within the MSSM will enter the loops and influence the beta functions. The decoupling
theorem [33] ensures that the contribution of these particles is suppressed below the energy
corresponding to their mass. It is a reasonable approximation to assume that all s-particles
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start contributing to the running at the same scale M,s,. Thus, the evolution of o; is
given by:

mgz

—1
Q- =
. (@) § prssm 0
a; (Msusy) + Gy In MSusy 7@ > Msusy

bem
ai_1<mZ> + 217_[_ In <Q> 7Q < Msusy
(3.35)

and is shown in Figure 3.6. The three coupling constants converge very accurately if
one assumes Mg,sy ~ 1 — 10 TeV. This might be just a meaningless coincidence, but, if
experiments find evidence of s-fermions or gauginos at the TeV-scale, it may be a strong
clue that the MSSM is the result of a larger symmetry that has been spontaneously broken
at the scale Mayr ~ 2 x 101 GeV. It is common to set the unification conditions at:

Ozl_l(MGUT) = Oéz_l(MGUT) = Ozgl(MGUT) ~ 25.6 (3.36)

Just like coupling constants, other Lagrangian parameters also change with scale, in
particular masses. There are also analogous unification conditions for these parameters. A
very interesting result from MSSM and unification at Mgy comes from the running mass-
squared of H,. Thanks to the large Yukawa coupling of the top quark, it is actually possible
for the squared-mass to become negative and trigger Electroweak symmetry breaking at
the correct scale (as analysed, for example, in [31]).

For the reasons presented above, we will in this work consider the MSSM and keep
in mind the SUSY-breaking scale is likely to be at Myy,sy ~ 1 — 10 TeV, at least in our
"visible" sector as we will later discuss (Chapter 6).
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Figure 3.6: Running coupling constant for the MSSM (solid line) vs. SM (dashed lines)

particle content. The initial conditions are imposed at the scale A = My ~ 91 GeV:
ay ' (Mz) ~59.1, ay ' (Myz) ~29.6 and a3 ' (Mz) ~ 8.4

—33/5 ,N=1
ppssm = ¢ 1 N= (3.37)
3 ,N=

Flat Directions

A particular feature of the MSSM is the existence of many scalar fields. Flat direc-
tions are non-trivial trajectories in scalar field configuration space along which the scalar
potential (Eq. (3.26)) is zero. This can be seen by counting degrees of freedom (d.o.f.).
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The MSSM contains 49 complex d.o.f. in its scalar fields and the conditions for the scalar
potential to vanish are:

F = —(aW)T —0 D=t =0 (3.38)
Opi ‘

For SU(3) x SU(2) x U(1), there are 12 D-term conditions (one for each generator).
With the gauge conditions, there are 37 d.o.f. remaining. If the F-term conditions are
restrictive enough, the fields are restricted to ¢; = 0. If not, there will be some d.o.f.s
remaining and the potential along some directions will be flat or approximately flat. This
allows fields to acquire v.e.v.s while maintaining the potential unchanged.

As an example, consider the following configuration of the Q, L and d scalar fields:

1 ¢> 1 (0) - 1
¥=— Li=— d§ = — 3.39
Ql \/3 <0 1 \/g (ZS 2 \/§¢ ( )
where the upper index « stands for the colour charge and the lower index for the
quark/lepton generation. The D-term conditions are:

DU(l)y D) QT?Q + L'YL+d'vd

1 (3.40)
23 (Yo + Yo + Y7)'o =0
a 7_(1 TCL
Dsv), QT?Q + LT?L (3.41)
1 a a T .
—>6((T Jin + (7%)22)¢'¢ =0
A D
a i t
Dgys), 2 Q5 Q+d —d 5.2)

2 (e — (\)aa)d16 = 0

Notice that the D-term conditions are satisfied for ¢ # 0. It is straightforward to
see that this direction is F-flat too. The F-term corresponding to the Hy gives F, =
yclleciQ ~ 0, since y ~ 0 for i # j. The remaining terms are trivially zero, since they
include fields with vanishing vev.

A common way to characterise flat directions is by constructing the gauge-invariant
monomial, X,, = ®1---®,,, composed by the relevant superfields. In particular for the
above example, X = Q1 Lids (m = 3) and its scalar part is parametrized by a scalar field
X = ¢™. Notice that one quanta of this flat direction carries B=1/34+0—1/3 =0 and
L =0+1+0=1. Similarly, other flat directions also carry some U(1) charge.

Now, this direction’s flatness may be disturbed by non-renormalizable terms and soft
SUSY-breaking:

e Non-renormalizable terms in the superpotential induced by some scale M (Planck
or GUT) physics become relevant at high enough energies

A
Mn—3

W = Wharssm + )
n>3

" (3.43)
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Non-renormalizable terms introduce new conditions to the flat directions. Since, in
order to have vanishing F-term the flat direction must have some free degrees of
freedom, every MSSM flat direction is eventually lifted by some non-renormalizable
term of order n [34]. This induces a scalar potential caused by the non-zero F-terms
of the form®:

A2
M2n—6

V(¢) D (6Tg) " (3.44)

Notice that this potential term is U(1)-invariant, preserving the number-charge car-
ried by the flat direction.

e Soft SUSY-breaking terms contribute to the scalar potential, breaking SUSY.
The flat direction is lifted if any of these terms depends on any of its fields. For the
example above:

—m%Ql - Q; — mELl - Ly — m¥dld; — V() D> —(my +mi +m2)efe  (3.45)

%t}

e Supergravity (SUGRA) is one of the approaches that relates supersymmetry with
general relativity. This theory emerges from promoting the SUSY transformations to
local transformations, implying the existence of a spin-2 gauge boson, the graviton,
and its partner, the spin-3/2 gravitino. Supergravity induces corrections to the scalar
potential of the form (with D% = 0):

3
Vo B [DiW(K’l)ijD;W* — W (3.46)
p

FZ'F*i

where D;2W = W, + KZW/MZ? and the index 7 stands for the derivative with respect
to the field ¢;. The term K is the Kahler potential, a real function of the superfields
and its conjugates of mass dimension 2. This is the object responsible to generating
the kinetic terms for the SUGRA Lagrangian, its minimal form being K = ,u@j@i.
For a review on Supergravity we refer the reader to [35].

The dynamics of flat directions plays a central role in the Affleck-Dine Mechanism for
Baryogenesis [36] to be discussed in Section 5.3. A summary of the MSSM renormalizable
flat directions and the terms that lift them is available in Appendix A.2, the full study is
provided by [34].

3.3 Dark Matter Candidates

As far as we know, Cold Dark Matter (CDM) should be some massive, long-lived [37]
species that predominantly interacts gravitationally with ordinary matter. As mentioned
in Section 2.5, its nearly spherically-uniform distribution in galaxies suggests that any
long-range interactions should be weak or absent. These conditions leave room for a broad
list of theoretical candidates. Some of the most relevant in the context of particle physics
are:

S Actually, this is just the dominant term. Terms from supergravity are suppressed by higher powers
of M. Other terms may come from couplings to fields other than the ones in the flat direction, which have
(®) = 0 and become negligible in the scalar potential.
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e Axions - A particle first postulated in 1977, related to the spontaneously breaking
of a hypothetical U(1) Peccei-Quinn symmetry [38]|, with the objective of solving
the strong CP-problem. In invisible axion models [39], these particles are long lived
SU(2);, x U(1)y singlets with small masses of the order 107° eV < m4 < 1072 eV.
A large abundance of axions is thought to have been produced in the early universe,
originated from a boson condensate. With the above range of masses and with a
large abundance, the axion is an important candidate that may account for the Q.4
observed.

e Thermal WIMPs - A very wide class of particles with masses above the GeV
scale that only interact gravitationally and possibly via some weak-scale force. Most
commonly, the abundance of this particles is attributed to a departure from ther-
mal equilibrium (Section 2.3) in the early universe, leaving a relic density that may
account for cold dark matter.

e Lightest Supersymmetric Particle (LSP) - In the MSSM, the superpotential
Wharssar, is constructed assuming the theory is R-parity symmetric. As a conse-
quence, the reaction product of an initial state containing an odd/even number of
s-particles must have also an odd/even number of s-particles. Hence, the decay of
lightest s-particle (LSP) into ordinary particles is forbidden. This is, if R-parity is re-
spected, the LSP should be stable and may potentially account for the CDM density
parameter. Examples of LSP candidates are the gravitino (supersymmetric partner
of the graviton in SUGRA models) and the neutralino (a mass eigenstate resulting
from mixing of the Bino, the neutral Wino and the neutral Higgsinos created after
the electroweak symmetry breaking [31]).

These are just three of a large list of candidates. In principle, most of these candidates
could be produced via some mechanism unrelated to Baryogenesis. Since Baryonic and
Dark matter have comparable densities:

L R (3.47)

it seems an unlikely coincidence that the number densities and masses of baryonic and cold
dark matter have conspired in order to ensure the observed density ratios. Perhaps if dark
and baryonic matter arise from a common mechanism, comparable energy densities would
follow. However, if the two mechanisms are unrelated, it seems to be a strange coincidence.
As mentioned in the introduction, this issue is the main focus of this work (Chapter 6).



Chapter 4

Inflation and Cosmological
Perturbations

"There is no dark side of the moon, really. As a matter of fact it’s all dark.”

— Gerry O’Driscoll, Eclipse

As we discussed in Chapter 2, the Big Bang theory has been remarkable in explaining
several cosmological observations. However, this theory has its shortcomings. Namely, it
requires extremely fine-tuned initial conditions that might be obtained simply by chance
(anthropic principle) or may be an attractor solution from some dynamical mechanism.
The disadvantage of relying on chance is that any initial condition must be put "by hand",
whereas in a dynamical model the initial conditions become a prediction. In the inflationary
cosmological model [40], the universe went through a period of near-exponential expansion
(quasi-de Sitter universe, H ~ const.) driven by the dynamics of a scalar field, the inflaton.
This model naturally establishes the fine-tuned initial conditions at early times.

4.1 Standard Cosmology Problems

Let us briefly review some of the Hot Big Bang shortcomings and see how Inflation can
deal with them (for a more detailed analysis we refer to [10]).

1. The Horizon Problem - The light we observe in the CMB comes from roughly 10°
causally disconnected regions [10]. How can it be so homogeneous?

With Inflation: If the presently observable universe was initially in causal contact
and underwent a period of accelerated expansion, it would eventually become bigger
than the particle horizon'.

2. The Flatness Problem - At early times, any slight deviation from flatness would
grow with expansion. €, ~ 0 is an unstable fixed point and today’s observation
would require an extreme fine-tuned choice of initial conditions Q(M,) < O(107%).
With Inflation: In a quasi-de Sitter universe, the density parameter evolves as {2
a~2. If the period of inflation lasts long enough, the € = 0 solution becomes a
stable fixed point, i.e, for generic initial conditions before inflation, the system will
naturally evolve into a flat universe.

3. Formation of Structure - Standard cosmology cannot explain how galaxies and
voids could have formed and the origin of the large scale anisotropies on the CMB.

With Inflation: if Inflation is driven by a scalar field, it exhibits quantum fluctuations.
These give rise to inhomogeneities in the energy density and curvature (section 4.3)

1Region of causal contact.
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on superhorizon scales, which grow during inflation. After this period, the energy
density and curvature perturbations cause some regions to be more dense than others,
evolving into galaxy formation.

4. Unwanted Relics - Grand Unified Theories predict the existence of very massive
and stable states that might have been produced in the early universe at high tem-
peratures and should be observable today.

With Inflation: In a period of accelerated expansion, any initial number density of
massive states gets rapidly diluted (n oc a™3). If the temperature of the universe
after inflation is not high enough to thermally produce these relics, their number
density becomes negligible.

Thus, Inflation becomes an attractive solution for the fine-tuning problems we find on
the Hot Big Bang Model.

4.2 Scalar Field Inflation

In principle, as we have seen in section 2.2, a period of accelerated expansion could be
achieved if a cosmological constant dominates the universe’s energy density. However, since
this kind of fluid does not redshift or decay, a transition into the standard cosmology would
not follow. In order to accommodate a period of Inflation in the early universe history, the
energy density of the universe should be dominated by some fluid that mimics the behaviour
of a cosmological constant and then decays away. This dynamics can be obtained from the
evolution of a real scalar field, the inflaton. In order to see how, consider the action of the
inflaton:

S = / V(oI — V(D)) d'a (4.1)

Varying the action with respect to the metric tensor for an FRW spacetime (see [15]),
the energy density and pressure of a scalar field is obtained from the 0,0 and ¢, ¢ components
of the stress-energy tensor (Eq. (2.7)), respectively:

1. VI)?
Too = pr =1+ V(I) + %

1. (VI)? '
T =pr=5I*=V(I) - 6@3

The equation of motion comes from the conservation of the energy (Eq. (2.18)) and is
given by:

I+3HI+0;V =0 (4.3)

where, assuming homogeneity, we have neglected the gradient-dependent terms. From Eq.
(4.2), we see that if one component of the energy density dominates, the ratio of inflaton’s
pressure and energy density becomes well defined by a constant equation of state. In
particular, notice that if the potential energy dominates over the kinetic energy, the inflaton
behaves as a cosmological constant (w = —1). The period of accelerated expansion required
by inflation may be achieved if a) the inflaton field is initially displaced from its potential
minimum and moves very slowly 12 < V(I) and b) the field acceleration is negligible
compared to the velocity (I < 3Hf). These are know as the slow-roll conditions and,
while they are satisfied, the field is overdamped and its mass term m? = V"(I) is negligible.
The equations of motion are simplified to:
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3HI ~ —0;V (4.4)
2, V()
H? ~ BIE (4.5)

During this epoch, the potential and the Hubble parameter are almost constant. As re-
quired, the scale factor evolves as:

a(t) ~ a(t;)eflt (4.6)

In general, the inflaton potential should be very flat, in order for these conditions to
be met. This generically implies that, the interactions between the inflaton and other
fluids should be very weak during inflation. In order to solve the Horizon and Flatness
problems, inflation should have expanded the scale factor by a factor of a(t.)/a(t;) = e™e,
where N, = 50 — 60 is the number of e-folds. This is enough to ensure that the presently
observable universe was within the particle horizon during inflation. Since the universe’s
temperature red-shifts with expansion, at the end of inflation the universe is cold.

In order to end inflation and exit to the standard cosmology, the inflaton must decay
and the temperature of the universe must increase, in order to create the initial conditions
for BBN. This is provided by reheating, a period where the inflaton decays into relativistic
particles, increasing the temperature of the universe. Firstly, in order for this period to take
place, the slow roll conditions must be broken, causing the end of inflation. It occurs if the
potential steepens and the field acquires velocity (Eq. (4.4)), for example as in Figure 4.1.
Note from Eq. (4.2) that when V(I) ~ I?/2, the field becomes pressureless, now behaving
as non-relativistic matter (w = 0). This happens if the field starts oscillating about a the
true minimum of its potential since, by the Virial theorem applied to a harmonic oscillator,
(V) ~ (I?/2). In this period, the energy density is dominated by inflaton oscillations
around the minimum of the potential (m? = V"(I)).

Slow-Roll Reheating

I \n\2
Figure 4.1: An example of potential for the inflaton: V(I) = V0<1 S (ﬁ) )
nAMp

The initial conditions of a radiation-dominated universe are set after the inflaton decay
(at some rate I'y;?) into lighter particles. This dynamics is obtained from the Boltzman

®The general I'y has been put in by hand. However, terms of this form follow from the Action Principle,
after including the appropriate interaction terms.
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equation (Eq. (2.44)) and is given by the system:

po+3Hpy = —Ty¢”

pr+ 3Hp, = T3 (4.7)
8¢
H? = T(Pr + po)

Any decaying channels will cause the inflaton oscillations to be damped (specially after
H S Ty) and reheating begins (see [41]). In this period, the inflaton’s energy density is
transferred into relativistic particles, increasing the temperature of the universe (T p}“/ 4)
and its entropy. When p, 2 pg, radiation starts dominating the energy density, signalling
the begining of the radiation era of standard cosmology. The reheating temperature, Tg,
is defined as the temperature at the time the radiation energy density starts becoming
dominant, p, = py (using Eq. 2.29), it is the temperature standard cosmology begins at:

Tr ~ gi /2 (M, y)'/? (4.8)

where ¢, is the field value at the time inflation ends and M, = (87G)~/? is the reduced
Planck mass. High reheating temperatures lead to overproduction of relics, such as graviti-
nos and monopoles, that could over-close the universe. Although the maximum reheating
temperature is model dependent, typical constraints read 36, 15, 42|

10 MeV < Tk < 10° GeV (4.9)

4.3 Cosmological Perturbations

In the preceding section, we focused on the dynamics of the inflaton at the classical
level. Extending the reasoning to include quantum fluctuations of the inflaton field, infla-
tion also provides a natural explanation to the anisotropies shown in the CMB. The main
source of CMB anisotropies is produced by the inflaton’s quantum fluctuations. These
are called the adiabatic or curvature perturbations, and are dominant because the infla-
ton’s fluctuations cause perturbations in the energy density which, by Einstein’s equations
(Eq. (2.5)), are transmitted to perturbations in the background curvature. There may be
other subdominant components known as non-adiabatic or isocurvature perturbations and
is caused by quantum fluctuations of subdominant fluids during inflation. These perturba-
tions produce shifts from the dominant adiabatic component. Let us study the evolution of
a generic field ¢ that has a time-dependent homogeneous part, ¢ and spacetime-dependent
perturbations, d¢:

O(T,t) = p(t) + 56(Z, 1). (4.10)

As in the classical case, the equation of motion follow from Eq. (4.2) and Eq. (2.18), now
including the gradient terms:

; .1 _
8¢ +3Hép — ?v25¢+v”(¢)5¢ =0 (4.11)
to linear order. The analysis is simplified (see [15]) if we rewrite the time derivatives in

terms of the conformal time dr = dt/a(t), and then rewrite the perturbation in terms of
its rescaled Fourier modes (x; = a(t)ddy):

3. .
56 (F,7) = / (;53 ek E’C((T)) (4.12)
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The mean and variance of the field fluctuations are given by (for a more detailed derivation,
see [15, 43]):
6p) =0 5¢*) = d3kH22 2 4.13
60)=0 . (507 = [ T (413)

During inflation a”/a = 2/7% and the conformal time is given by a”/a = 2/7%. The
equation of motion for yj in the de-Sitter space reads:

2
v+ (K= 5 ) =0 (4.14)

and has an exact analytic solution. By renormalization and an appropriate choice of
vacuum (see |10]), this equation has the following particular solution:

e = (1- ile) e\/;; (4.15)

Before proceeding, let us discuss the physical meaning of the comoving time. Writing
the FRW metric (Eq. (2.8)) in terms of the conformal time and considering null-geodesics
(ds® = 0) in the radial direction (d2 = 0), we obtain:

ds? = a0 — a2+ dr—t— 416
S A e | T = s (416

from the equation above (Eq. (4.16)), the flat space case (k = 0), it is easy to see that
the conformal time is (4) the distance a massless particle travels (notice the constant k
in this equation has nothing to do with the wave number k in the main discussion). The
comoving horizon AT is the maximum distance a photon (ds = 0) can travel between t;

and t; as:
bodt
— Tf = — 4.17
Ti Tf /1‘1 a(t) ( )
Thus, for t; = 0 and during the inflation 7 = —(aH)™'. 7 is the particle horizon and

defines the maximum radius of a region in causal contact at a certain time ¢.

Let us consider the two limiting cases of Eq. (4.15):

e For k! > 7, the perturbation mode wavelength is bigger than the horizon - super-
horizon scales

~ 56] = -
X = o NOYE

and on superhorizon scales, the mode amplitude is time-independent.

(4.18)

e k! < 7, the perturbation mode wavelength is smaller than the horizon - sub-horizon

scales
—ikT —ikT

e

V2k
and on subhorizon scales, the fluctuations oscillate.

(4.19)

Notice that 7 = (aH)™!, decreasing exponentially during inflation. This means that
modes that are sub-horizon at the beginning of inflation, become super-horizon after some
e-folds, freezing their amplitude. On the other hand, after inflation ends, the particle
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horizon starts increasing (e.g. for radiation dominated 7 oc '/2). Thus, after inflation, the
perturbation modes re-enter the horizon (Figure 4.2) and start oscillating.

comoving scales

Inflation Hot Big Bang
superhorizon (aH)™!
R~0
A
subhorizon subhorizon
time
horizon-crossing horizon re-entry

Figure 4.2: During inflation, perturbation modes (blue line) become superhorizon, i.e.,
larger than the particle horizon (red line). These modes eventually re-enter the horizon
and become subhorizon after inflation, when the expansion slows down [10].

These perturbations are encoded in the universe’s energy distribution. As an example,
the CMB shows the anisotropies of the photon fluid’s at the time of recombination. In
particular, since at this time the energy density is dominated by matter and, because
photons are in thermal equilibrium with baryons, the temperature anisotropies show us how
matter was distributed at the time of recombination. The spectrum is commonly analysed
after expanding it in a series of spherical harmonics [10]. Small I modes correlations contain
valuable information about the Sachs-Wolfe effect [3]. This is, redshift caused to CMB
photons from the interaction with gravitational potentials (e.g. galaxies) along their path,
before observation. For large [, i.e, large k, the correlation spectrum peaks and troughs,
shown in Figure 2.4, reproduce the oscillatory dynamics of sub-horizon perturbation modes.

Massive perturbations

In the previous subsection, we have considered the evolution of fluctuations for the case
of massless fields (V" (¢) = 0). In chapter 6, we will be interested in the perturbations due
to massive fields. In this case, V"(¢) = m, and Eq. (4.14) has an additional term. Let us
rewrite it as (see [43]):

2 1 9 My 2
" 2 2+ — : N X
Xg + {k =) <VX 4” Xt =0 with v, 1 ( I) (4.20)

Since the parameter v, may be real or imaginary, depending on the mass m,, this equation
has two regimes. In the regime m, < 3H/2, the super-horizon modes are given by:

|pk| =~

Hi ( K )3/2_VX (4.21)

V2k3 \aH|

For the case where m, > 3H/2, v, becomes imaginary and the solution has the form [43]:

o= (5) () () (422

Notice that if the mass of the mode is not negligible, the amplitude is significantly
redshifted by expansion.
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Power Spectrum

A very important observable for the analysis of CMB anisotropies is the power spec-
trum. The super-horizon perturbation modes provide the relevant contributions for this
observable.

3k

2 2

~ k)= [ As(k)dInk 4.2
66 = [ Palh) = [ Adwdm (423
where Py is defined as the power spectrum and Ay the dimensionless power-spectrum,
defined as:

k3

Po(k) = =92

L A2(R) = 2y Pulk) (4.24)

2k3

During inflation, the inflaton perturbations caused homogeneities in the energy den-
sity and curvature. These perturbation modes exited the horizon and their amplitude
froze. The curvature perturbations are obtained from the perturbed FRW-metric. In or-
der to ensure that our quantities do not depend on the coordinate choice, we must work
with gauge-invariant quantities (see [15, 43, 10]), which will be useful to compute the
perturbation power-spectrum. The adiabatic part is a characteristic of the background,
characterized by the gauge-invariant ¢; = dp;/p;. The resulting power spectrum for the
gauge-invariant comoving curvature perturbations is given by:

2 3
Pe = (Z) Po(k) . AZ(k)= Q%PC(k) (4.25)

The adiabatic part is the dominant component and obeys:

0Py _ Opd _ 0Py _ Opy
3pp 3pa 4Apy  Apy

(4.26)

where the multiplicative factor comes from the different redshift the fluids have. Ob-
servations by the Planck satellite have measured the adiabatic component dimensionless

power-spectrum to be [44]:
A7 ~22x107" (4.27)

The isocurvature modes are the non-adiabatic components of the perturbations, i.e., any
shift from the equality of Eq. (4.26). In particular, the fluid ¢ perturbation with respect
to the fluid j is an isocurvature perturbation, characterized by the gauge-invariant S;;:

dp;  Op;

Sij = 3<ﬁ _ ﬁ) (4.28)
Pi Pj

Now, the power-spectrum of adiabatic and non-adiabatic modes are related to the gauge-

invariant terms defined above by:

@ , ar= X

k:3
A2 = =
¢ I 272

=53 (S7) (4.29)

The strength of isocurvature perturbations is frequently expressed as the ratio:

AG(k)

Biso(k) = m

(4.30)

Observations from Planck establish an upper bound Biso(kmiq) < 0.037 for uncorrelated
isocurvature modes, with k,,;q = 0.050 Mpc_l. We will return to this formalism in section
6.5.






Chapter 5

Baryogenesis

“Now, you must cut down the mightiest tree in the forest with a.... HERRING!”
— Knights who say "NI!"

The matter content of the universe appears to be essentially made of particles, rather
than antiparticles. The observed antiparticles coming from cosmic rays are relatively rare
and consistent with antiparticles that were accidentally created by collisions of some par-
ticle with the interstellar medium. Additionally, if there were regions mainly constituted
by particles and other regions by anti-particles, we would be able to observe the light from
regions of matter-antimatter annihilation.

We are led to conclude that the universe matter content is mainly composed of baryons
and leptons. In standard cosmology, the baryon number of the universe was tought to be
defined by an initial condition. However, in inflationary cosmology, any initial asymmetry
gets exponentially diluted by the expansion. Thus, this asymmetry must be generated by
some mechanism posterior to inflation. baryogenesis is a process that should have happened
in the early universe and established the baryon number (B) asymmetry required for the
success of the primordial nucleosynthesis.

5.1 Sakharov’s Conditions

To accomplish this goal, whatever the mechanism is, it should follow Sakharov’s con-
ditions [45] (for a more detailed analysis, see [11]):

1. There should be some source of B-violation: This is the most obvious condition,
baryogenesis should have some transition that takes some zero baryon number state
to a non-zero (B) baryon number state:

X—=Y+B (5.1)

2. Departure from Thermal Equilibrium: Unless the system departs from thermal
equilibrium, the inverse and direct transitions will always be equal, producing no
net baryon number. Thus, we must require a departure from thermal equilibrium to
generate a B-asymmetry:

NX—-Y+B)#I'(Y+B— X) (5.2)

3. C-violation: If the process is invariant under charge conjugation, its conjugate
process (accomplished by substitution of each particle by its anti-particle) would
have the same rate and produce the opposite baryon number. For this reason, we
must require C-violation:

(X —-Y+B)#I'(X =Y +B) (5.3)

41
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4. CP-violation: Now, suppose that the state B is left handed, By. If the process
were CP-invariant (C-transformation plus inversion of handedness), we would get:

X —>Y+B)=TX

(X - Y+ Bp)=0(X (5:4)

the four processes combined lead to a vanishing net baryon number production and,
therefore, we must also require CP-violation (Egs.(5.4) to become inequalities).

B-violation in the SM

As mentioned in Section 3.2, B and L-violating processes are known to exist within
the Standard Model, via non-perturbative sphaleron processes with AB + L = =£6.

Q

Le
Q
Ly B
L. A
~— Q_{

Figure 5.1: In this process, three SU(2)-doublet lepton interact (one of each generation),
producing three trios of each anti-quark generation. This process violates B and L by 3
units. However, B — L is conserved. [11]

At low energies, this process results from the non-trivial vacuum structure of the broken
SU(2)r, gauge symmetry. The vacuum state is discretely degenerate and allows quantum
tunnelling processes between states with different B — L . The tunnelling amplitude is very
small at low energies A ~ 10717 since the potential barrier between vacuum states is too
large. However, for temperatures 7' 2 100 GeV, these processes may become relevant [11].
Above the electroweak scale, SU(2)y, is unbroken and the barriers between vacuum states
disappear, increasing the sphaleron interaction rate. These processes are thought to be in
thermal equilibrium up to 7' ~ 102 GeéV.

Since sphaleron processes are in thermal equilibrium in the early universe, any B + L
produced is expected to be washed out. On the other hand, B — L seems to be conserved
in every known physical process. Thus, B — L is the relevant component that is conserved
if Baryogenesis takes place at high energies.

5.2 Examples of mechanisms for Baryogenesis

Before getting into the Affleck Dine mechanism for Baryogenesis, which will be the
focus of our discussion, let us first review some of the alternative mechanisms.

Electroweak Baryogenesis

A possible explanation for Baryogenesis that could, in principle, be incorporated within
the Standard Model is Electroweak-scale Baryogenesis [46]. If the Electroweak phase tran-
sition is first order, the Higgs potential develops a barrier and the transition between the
symmetric ((h) = 0) and broken phase ((h) = v) occurs via quantum tunnelling. As
a consequence, EW-breaking will be inhomogeneous in space, creating bubble nucleation
bounded by domain walls.
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A
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Figure 5.2: In a bubble nucleation process, the phase transition occurs in some regions of
space before the others, creating bubbles of broken symmetry.|11]

As the bubble expands, particles in the symmetric phase undergo interactions with the
wall, which provide the source of C' P-asymmetry, causing a net flux of baryons inside the
bubbles. The C-violation source is provided by the SU(2), nature of sphalerons. In these
models, the rate of sphaleron processes inside the bubble is slow enough so that the created
B is not totally washed out. In contrast, outside the bubble the corresponding deficit of B
is washed out. By this reasoning, at the end of EW symmetry breaking, we are left with
a net B that may account for the observed asymmetry.

Despite having all the ingredients needed to produce baryon number, electroweak baryo-
genesis within the Standard Model requires the Higgs mass to be less than mpg < 30 GeV,
which is ruled out by experiment. In models with additional Higgs doublets such as
the MSSM, the 2-Higgs doublet model (2HDM) and Non Minimal Supersymmetric SM
(NMSSM), new sources of CP-violation are added and a first order phase transition is
more naturally established (see [11] and its references).

GUT Baryogenesis

In the context of Grand Unified Theories (GUT), the MSSM gauge groups are the
result of a larger symmetry gauge group such as SU(5) or SO(10). A larger symmetry
gauge group comes with an additional number of gauge and Higgs bosons, with masses
of the order Mgy ~ 10'% GeV. In this mechanism, B-violating processes occur via out-
of-equilibrium decays of these bosons into baryons and/or leptons X — b+ 1. C and
C P-violating processes occur if there are two or more of such bosons. The problem with
this mechanism resides in the fact that these bosons must have been thermally produced
after inflation. This requires very large reheating temperatures, potentially overpopulating
the universe with relics such as gravitinos or monopoles [22, 11].
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5.3 The Affleck-Dine Mechanism

The Affleck-Dine (AD) Mechanism [47] was firstly proposed in 1985 by Michael Dine
and lan Affleck as a mechanism of Baryogenesis. In this model, the AD-field is a scalar field
that parametrizes some non-zero B— L SUSY flat direction and acquires a large vev during
inflation. After inflation ends, the complex phase of this field gains a velocity, generating
the B — L asymmetry. This mechanism might also be responsible for the production of
dark matter. If this is the case, it provides a natural way of explaining their similar density
parameters as we will show in Chapter 6. Due to the sphaleron processes, we must keep in
mind the relevant U (1) asymmetry we need to produce is a B — L. However, for simplicity,
we will refer to it as baryon number.

Baryon number production

One of the main characteristics of the AD-mechanism is the connection between a
complex phase velocity and the production of baryon number. Consider the following
global phase transformation of a complex scalar field:

b — %P~ ¢ +iag

. . . (5.5)

P — e " ~ ¢F —iag”

By the variational principle, the variation of the action in a flat FRW spacetime is
given by:

o5~ [ atod, [v=g(04ers — 0"00) (5.6)

Invariance under transformation Eq.5.5 implies the conservation of the number N(g =
ia®(t)(¢* p— pp*). If ¢ carries some baryonic charge, 3, the baryon number density is given
by:

np = iB(¢*¢ — ¢*) = 2i69|? (5.7)

where, in the last step, we wrote ¢ in the exponential form ¢ = \gb|ei6 and 6 is the complex-
phase velocity. In order to secure the 1st Sakharov’s condition , we need a source of baryon
number violation. This can be achieved if the potential has terms that are not invariant
under the transformations of Eq.5.5. Such terms are of the form:

Vi($) D ¢" + o™ (5.8)

The inflaton and the AD-field

During inflation, the vacuum energy is, by definition, positive and supersymmetry is
broken. The SUSY-breaking terms (as the ones presented in section 3.2) are induced by
non-renormalizable terms in the superpotential, which can be constructed by the product of
invariant monomials (see [34]). Let X be some monomial that characterises a flat direction
and whose scalar part may be parametrised as X = ¢¢™. This flat direction may be lifted
by terms of the form:

A A
= nMn73¢ W= MnfS

¢l (5.9)

where M is some large scale such as M), or Mgyt and 9 is the scalar part of some field
that does not belong to the flat direction. In the context of SUSY, this gives an F-term
contribution to the scalar potential (F and Fy, respectively) of the form:
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V($) D W?, fpyn—t 5.10
(¢) M%_()(qﬁ o) (5.10)

which is U(1)-invariant, as mentioned on Section 3.2. Now, SUGRA corrections (Eq.
(3.46)), give rise to two types of terms in the scalar potential of the AD field:

e Terms that appear whether or not the flat direction is lifted by a non-renormalizable
or a renormalizable superpotential term. These terms do not depend on the scalar
part of the flat direction’s superpotential, W (¢):

t.6)/M2 5 WP )
V(g) D KO O/My 1y 4 K¢K¢¢K$T;} + (K¢K¢f DyW*(I) T h.c.)
(5.11)
where V(I) is the part of the potential corresponding to the inflaton:
e 3
V(I) = KUTD/M; <FI Fl m\W(I)F) (5.12)
P

This energy is dominant during inflation and the subsequent matter era. Thus, from
the Hubble equation, V(I) ~ 3H*M}, which gives D;W(I) ~ HM, and W(I) ~
HMI? [36]. The terms thus have the general form:

V() O H2M§f<]|\€2) (5.13)

e Terms that arise if the flat direction is lifted by a non-renormalizable term such as
Eq. (5.9). These terms depend on W (¢):

6o W) 1 g N\ WI(O)W() Y A
V(¢) D WK K ; v +(M3K1K K, 3)M5 + Wy KTDW*(I) + hec.
(5.14)
and give rise to the A-terms:
v(e) > 1Mf () (5.15)
Mp

These terms are very important, since they provide the U(1)-violation needed for
Baryogenesis.

With the contributions from the terms above, the potential for the flat direction due
to the couplings to the inflaton is given by:

V(6) = —cH*(t)|o]” + A(m +he) + AP

|¢‘2(n—1)

TS (5.16)

where a is complex and A and c¢ are real parameters of O(1). With a minimal Kahler
term, the last term of Eq. (5.11) is absent and ¢ < 0. However, non-minimal Kahler terms
become relevant during inflation and the last term is likely to contribute so that ¢ > 0.
Following the procedure of [36], we shall consider the latter case.
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Hidden Sector SUSY-breaking

Similarly to the case of the Inflaton, the hidden sector responsible for soft SUSY break-
ing at low energies also introduces SUGRA corrections to the flat direction’s potential.
These terms may be obtained by changing I — X in Eqgs. (5.11) and (5.14). However, the
potential is different and may be approximated by V(X) ~ |Fx/|?, giving DxW (X) ~ Fx
and |W(X)| ~ |Fx|?*/Mx. Mass terms arise, in analogy with Eq. (5.13) from the expo-
nential term of Eq. (5.11):

|Fx|?
MQ

Fx

A +OM;Yf (5.17)

¢T¢ 7 Msusy ~ p

V(g) D

These terms are the soft terms induced by the hidden sector SUSY breaking terms
mentioned in Section 3.2. There are also new A-terms (capital letter A-terms correspond
to Hidden sector SUSY-breaking), the dominant part comes from the first term of Eq.
(5.14):

A |Fx?
M3 M2Mx

A S’lLS
e 4 hoc. ~ A Yo" + h.c. (5.18)

V(d)) ) Mn—3

where A absorbs the complex phase of W (), . This terms may also be induced by
gauge interactions of the messenger fields with the MSSM. The precise nature of these
terms is out of the scope of this work (see [32, 30]), what we should keep in mind is

that SUSY-breaking induces these terms which become relevant as soon as the Hubble
parameter decreases below 1.

Dynamics of the AD-field
During inflation, the Hubble parameter may simply be regarded as a constant H(t) =

Hy.

aHro"
nMn—3

o2
M2(n—3)

V(6) = —cHF|o2 +A( +he) + AR (5.19)

If the A-term is non-zero, the U(1) global phase symmetry is broken and there will be n
degenerate minima with phase differences of 27/n (as shown for n = 4 in Figure 5.3a).
During this period, for ¢ ~ O(1), the induced mass on ¢ is comparable to the damping term
mgy = V"(¢o) = O(1)H; ~ 3H;. Thus, the motion of the AD-field is critically damped
and the field rapidly approaches one of the potential minima for a general set of initial
conditions (Figure 5.3b).

d+3Hdp+V'(¢) =0 (5.20)

At the end of the inflation, the AD-field is at the minimum of the potential, with a large
vev.
oHM"3

: )m arg(¢) = O (5.21)

9ol ~ (

where ¢ is an O(1) combination of the parameters ¢, a and n.
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Figure 5.3: a) For n = 4, the potential has 4 discrete minima. The tilt is caused by the
complex parameter a phase. b) During inflation and for a general set of initial conditions,
the AD field rapidly approaches one of its potential minima.

After inflation ends, the universe enters an inflaton-matter dominated era. Super-
symmetry is broken due to the energy density of the inflaton oscillations around the
minimum of its potential, V(I). The Hubble parameter is no longer constant, decreas-
ing as H(t) ~ 2/(3t). Since the inflaton still dominates the energy density and while
H(t) > mgysy, the V(¢) terms do not change significantly:

20
M2(n—3)

aH (t)Ap"

nMn—3 + s

V(p) = —cH (t)?|6|* + [ + h.c (5.22)

As time passes, the minimum amplitude decreases with the Hubble parameter (Eq.(5.23)).
The AD-field motion is still critically damped. Thus, it tracks the minimum closely, pos-
sibly with small oscillations around it [36]. The phase established at the end of inflation
remains unaltered.

o n—3 ﬁ
o) ~ (U= o) = 6 (5.23)

As the Hubble parameter approaches the SUSY-breaking scale H(t) ~ my, the hidden-
sector SUSY-breaking terms mentioned above in this section become relevant.

(aH + Amg)Ag"
nMn—3

’¢|2n 1)
M2(n=3)

V(¢) = (m] — cH?)|p* + + hee| + M) — (5.24)

where, by Eq. (5.18) myg, is typically of the order mygys,. For the baryonic sector, we take
mg ~ 1 TeV, as argued in section 3.2.



48 CHAPTER 5. BARYOGENESIS

Im[¢]

Amq‘)

H=10mg

/:mq‘)
@ Re[¢]

Figure 5.4: An example for n = 4. For H > my, the field follows a radial trajectory. At
H ~ myg, the field is subject to a torque and starts a spiral motion into the origin with
conserved 6. We have used m

At this time, two relevant processes happen: Firstly, as the new A-terms become
relevant (H ~ M), the phase of the minimum starts changing, inducing a non-zero angular
velocity 0 for the field. Secondly, as H(t) decreases, the induced quadratic mass term
eventually becomes positive ~ mi and the minimum is now at the origin. Now, the field
is under-damped, since the damping I' = 3H (t) term becomes smaller than mg. The AD-
field spirals into the origin, with a fixed angular momentum and a red-shifting amplitude
|| x a~%2. An example of the AD field dynamics is shown in Figure 5.4.

In synthesis, this mechanism allowed us to produce a conserved angular momentum
(per comoving volume) from general initial conditions. Since np = S8|¢|?6, if the AD-field
carries B, this angular momentum can be associated to the production of a baryon number.

Notice that the phase difference between the A-term and the a-term is our source
of CP-violation, as required by Sakharov’s conditions (section 5.1). The baryon-number
generated depends on this difference, as we have verified numerically (Figure 5.5). This
dependence is frequently parametrized by the multiplicative parameter sind ~ O(1) [48].

nb/s

-1.x1071%¢

o ~10
-2.x107 "

Figure 5.5: Number-to-entropy dependence on the difference A = 6,—604. In this example,
we have considered a n = 4 potential, M = 10*2]\/[1,, Tp = 10*7Mp, Mysy = 10715]\/[1, and
c=la| =[A] =[x =1.

Baryon-to-Entropy ratio

Notice that this mechanism occurs during a matter dominated era, before the period
of reheating, where the inflaton decays into relativistic particles. The baryon number
produced by baryogenesis mechanisms is usually represented as the baryon-to-entropy ratio
(Eq. (2.52)). This quantity is constant as long as there is no further production of baryon
number or entropy. However, most of the entropy in the universe is produced during
reheating.
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From Egs.(2.29) and (2.38), we obtain the relation between entropy and radiation

energy density s = ZPr I we assume that the inflaton energy density is fully transferred

into radiation at the time of Reheating:
pr ~ pr ~ 3H* M, (5.25)

Right after H ~ mg, both the inflaton and the AD-field are non-relativistic, thus the
ratio pe/pr is constant until Reheating. As verified numerically, the ratio at H = m, with
P ~ mi]qﬁ\Q (Eq. 5.23) is a good approximation for the subsequent evolution:

_2
1 M3\ "2
Po 2| et (5.26)
pr 3 M2

At Reheating, using the approximations above and the fact that py = ngmg:

On,

3T M3

By 22 B 2 ) ppmptee (5.27)
S NngMme 4pr S AM

where we have neglected O(1) multiplicative factors (such as o and ny/ne) and defined 6y,
as:

2
bn=—"5<1 . n>3 (5.28)

After reheating, the AD-field eventually decays into quarks and leptons', transferring the
produced baryon number (B — L) to ordinary matter. Notice that the larger the SUSY-
breaking scale, the smaller the baryon-to-entropy ratio. In particular for n > 4, this
implies that some sector with a large SUSY-breaking scale would produce lower "baryon"
abundance. Also, writing Eq. (5.27) as

2
ny 1074 [ 10°M —146 _5
T o 22} Trmoon ppon, (5.29)
s A\n < M, susy

We note that, since d,, decreases with n, because mgusy < M and fixing Tr , M and
Msusy, the baryon number production is more effective for larger larger n. This result has
important implications, as we will discuss in the next chapter. Now, let us analyse how n
restricts the space of parameters by imposing the produced baryon-to-entropy is of order
1077 (Eq. (2.53))

e Ior n = 4, baryon-to-entropy does not depend on myysy:

% ~ 107 (10]2”AMP) <1OT9RMP) (5:30)

In order for a n = 4 flat direction to produce the observed baryon-to-entropy ratio,
reheating temperatures must be of the order Tr > 10° GeV. These temperatures
could have overproduced relics, as in the case of GUT baryogenesis (section 5.2)

e For n = 6:

ny _11 1 ( M )3( Tr )(10_15Mp>1/2
— ~ 10 — 5.31
S % \A 10_2Mp 10_15Mp Msusy ( )

In the n = 6, the Reheating temperature is low enough Tx < 10° GeV to escape the
problems presented in the previous case.

'Typically fluctuations in the homogeneous AD-field grow and lead to the formation of "Q-balls” [49],
i.e. localized AD-field configurations carrying the baryon number, which then decay into SM quarks.
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Odd-n and R-parity

In the MSSM, the only n = 7 flat direction is the ®° = LLddd and the n = 9 is the
®° = QQuue which, assuming R-parity is conserved, are lifted by [34]:

A A
Wy D mLLdedHu Wo D WQuQuQueeHd (5.32)

respectively. Both have the form of the second type of Eq.(5.9), where the v field is
H, and Hy. Any A-term (see Eq. 5.14) arising from this superpotential terms would
be proportional to (H,) < ¢¢ (or (Hg)), making these flat directions subdominant when
compared to n = 6. For Baryogenesis purposes, in the above conditions, Eq.(5.32) cannot
induce the A-terms required on the respective flat direction in order to produce enough
baryon number [49].



Chapter 6

Asymetric Baryo- and Dark-genesis

"It pays to keep an open mind, but not so open your brains fall out."

— Carl Sagan

In this section we will study the cosmological consequences of an SU(3) x SU(2) x U(1)
dark matter model. This simple model is constructed based on the gauge unification
principle, where dark matter and visible matter share the same ultraviolet gauge structure
and boundary conditions, whereas in the infrared they acquire different properties. We
will show how this paradigm may naturally explain some of the dark matter-related issues
such as the pg/pp coincidence and how a stable dark neutron may give rise to spherical
distributions of dark matter in galaxies, while respecting the BBN and CMB constraints
such as the bounds on the number of relativistic degrees of freedom and isocurvature
perturbations.

6.1 Model Description

Baryonic/Visible sector: Let us suppose that nature is indeed supersymmetric and
that the baryonic/visible part of the matter density in the universe is composed by MSSM
particles. The scalars of this sector must have acquired masses of the order mgysy ~
O(1) TeV (breaking Supersymmetry), induced by some hidden sector F or D-term that is
communicated through a messenger to the visible sector (as argued on Section 5.3), e.g.:

Iy

2 (6.1)

m% ~ Ap
where x is some hidden sector field that acquires the F-term, A, the coupling strength
between x and the baryonic-messenger and M is the messenger mass (typically Planck or
GUT-scale). By the principle of gauge-coupling unification, we treat Mgy ~ 2 X 106 Gev
as a fundamental scale, which may be common to other sectors. At unification, particle
physics becomes invariant under some large gauge group transformation that contains
SU3)c x SU(2)r, x U(1)y as one of its subgroups. The coupling constants obey the
unification condition:

a7 Y(Mgur) ~ 256 i=1,2,3 (6.2)

The non-relativistic energy density of the visible sector is mainly due to the most
stable baryons. In this model, this baryon number density is produced by the Affleck-Dine
mechanism, through the decay of the Baryonic AD-field (BAD) into visible sector particles.

Dark sector: In this model, dark matter particles belong to a new sector, which we call
the Dark Sector. As required by dark matter evidence, interactions between the visible
and dark sectors are predominantly gravitational. We impose that this sector also has

ol
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identical SU(3) x SU(2) x U(1) gauge structure, particle content and GUT-scale boundary
conditions as the visible sector:

ab(MGUT) = ad(MGUT) ~ 25.6 (6.3)

where the indices b and d correspond to baryon and dark, respectively. This is motivated by
heterotic superstring theories [50], where particle physics and gravity are coupled together
using large groups such as Eg x Eg or SO(32). These groups contain two SU(3) x SU(2) x
U(1) as subgroups:

E(8) x B(8) O |SU(3) x SU(2) x U(1)} x [SU(S) % SU(2) x U(1) (6.4)

SUSY-breaking is mediated to the dark sector through the dark-messenger fields. As
we shall see in the next section, the superpotential non-renormalizable terms (Eq. (5.9))
that lift the flat directions are of the same order n. However, in general, the coupling
strength to the hidden sector is different from the one in Eq. (6.1), and so is the induced
SUSY-breaking scale.
Iy
M

In theories with a large number of dimensions, some parameters are sensible to the
local geometry of the extra dimensions. In particular, large hierarchies between mdS and
mg may arise due to the different sectors being located in different points of the additional
dimensions.

mé ~ Ag (6.5)

Hidden Sector
(SUSY)

Ab Ad

Dark Sector

‘ Visible Sector

Figure 6.1: In principle, since the coupling constants and masses of messengers may differ,
the communication of SUSY breaking to the visible and dark sector is not symmetric,
resulting in different mg scales.

As a result, the SUSY-breaking scale in the dark sector (m%) may be much larger than
the TeV-scale and dark scalars become much heavier than in the visible sector. However,
as we will see in the next section, despite this large hierarchy we may naturally obtain an
O(1) ratio of densities.

Po b M

e 1 (6.6)
pd MdNdg O
Dark fermions, as in the MSSM, acquire masses proportional to the dark electroweak
scale and to the Yukawa coupling to the corresponding Higgs boson. Flavon models [51, 52]
propose that Yukawa couplings to the Higgs may be explained by some SSB mechanism
caused by the vev of one or more pseudo-Goldstone bosons known as flavons. Despite
being expected some flavour hierarchy, the mass-splittings in the dark sector need not be
the same nor related to the visible sector analogues. However, the SUSY-breaking and
electroweak scale ratio (which is related to the running of the squared Higgs mass and
the particle content) should be roughly the same, in principle with one mg; ~ O(1)Apw
dark-quark, in analogy with the top quark.
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The number densities of dark-baryons are also produced by an Affleck-Dine mechanism.
We call the scalar field that parametrizes the lifted flat direction the dark Affleck-Dine
(DAD) field. These are the main assumptions of the model. Let us now proceed to some
of the cosmological consequences.

6.2 The py/p, ratio

General Method

In the visible sector, we know that the greatest part of mass density is dominated by
protons and neutrons. Neutrons are just a little bit more massive (m, ~ m, ~ 940 MeV)
and are only stable when in nuclei bound states. These quark-composed particles are the
lightest baryons and decay into lighter particles is not allowed due to colour-confinement
and baryon number conservation. Thus, we may argue that the matter content of the
universe is dominated by the stable baryon of each sector.

As mentioned in Section 3.1, baryons are structures composed of three quarks, a sim-
plified picture since these are just the "valence" quarks. These three quarks coexist along
with a sea of gluons, quark-antiquark pairs and other virtual particles which carry most
of the baryon’s rest energy (see [53]). Most of a baryon mass is dynamically produced by
QCD binding energy, with the three quark rest masses contributing to roughly 1% of the
total mass. Now, notice that Agcp ~ 200 MeV and the nucleon masses are of the same
order of magnitude:

mp ~ 5 X AQCD (67)

it seems reasonable to link this "missing" energy with the quark confinement and the
scale at which QCD becomes non-perturbative. As we shall see below, using GUT-scale
boundary conditions Eq. (6.3) and by the same reasoning as Eq. (3.21), this scale depends
on the dark sector SUSY breaking scale and serve as an estimate for the dark matter
particle’s mass.

Let us illustrate our reasoning starting by computing Agcp for a generic SUSY-
breaking scale by studying the running coupling constant a3, with initial conditions im-
posed by Eq. (6.3) and assuming a single mass threshold (mgysy) i.e. assuming that every
supersymmetric particle has a mass at the order of mgys, and decouples from the running
at energies below this threshold. From now on, we will omit the gauge group index "3"
and myysy will be abbreviated to mg:

bS
Oz—l(MGUT) + o In MSUT> M > Q >mg
-1 .
(@ = e (6.9
« (ms)%—%ln mis ,Q<m5

Notice that, since we are starting from high energies to low energies, we will be able to
study its dependence on mg. Typically, for the region of parameters b° and mg we are
interested in, Agcp < mg. We may rewrite the evolution for Q) < mg as:

s
a Q) = a N (Meur) + % In < s > + L (;i) ,Q < mg (6.9)

Mgur 27

Solving the above expression for Q = Agcp, with ofl(AQCD) = 1, we obtain (e.g.
Figure 6.2a):

Agep ~ Myrmy € exp ( - (a N Mgyr) - 1)) , €= (6.10)
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where for the MSSM, € = 3/7 < 1 (from Figures 3.3 and 3.6), the Agcp dependence on
mg is shown in Figure 6.2b.

1/a
30¢
Dark-AQCD (GeV)
25f
10°
20f
15} 1000
10F Dark a
— Baryonic a 10
5,
- - Q (GeV
0.1 10000 107 10" 1010 (GeV) 107 1P 10F 100 102 1o oY)
(a) a ! vs. Q (b) Agep vs. mg

Figure 6.2: a) Example of the coupling constant dependence on the interaction energy-
scale, @, for mg ~ 10 GeV and mff ~ 10® GeV. b) A high-energy SUSY-breaking scale gives
rise to stable dark-baryons of masses up to @(10%) GeV. Notice that the SUSY-breaking
scale dependence gets softened by the 1 — e power.

Now notice that Eq. (6.10) has an almost-linear dependence on mg, while Eq.(6.11),
obtained in the last Section (Eq. (5.27)), has an almost-inverse dependence on mg:

On
ny M3 —1+46,
— ~ ()\Mg_2> TRmS (611)

where ¢,, was defined in Eq. (5.28) and its values are summarized on Table 6.1. From Eqs.
(6.10) and (6.11), a larger SUSY-breaking scale in the dark sector corresponds to heavier
particles with a lower number density produced by the AD-mechanism. Thus, the energy
density-to-entropy has just a mild dependence on the SUSY-breaking scale:

on
P Mn—3 Op—€
-~ TrM¢ e - 6.12
S (}\M;Q) rRMGuT eXp( )mS ( )

Now, as argued in section 6.1, the dominant contribution to the number densities is given
by the flat directions with the largest n. As a consequence, the ratio between the visible
and the dark sector’s energy density is given simply by:

On—¢€
d n
Pd o)< [ 2 (6.13)
b
Po mg

If the power 4, — € is small enough, we will be able to explain how two models with
very different SUSY-breaking scales, masses and number may naturally present identical
energy densities. We see from Figure 6.3, that a O(1) factor between the energy densities
is actually very natural for flat directions lifted by order n = 6,7,9 non-renormalizable
terms, even when mgl > ml;. However, as we discussed in section 5.3, within the MSSM
the n = 7,9 flat directions are not appropriate for the AD-mechanism. For this reason, we
will only consider the dominant n = 6 flat direction from now on.
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Figure 6.3: Density ratio between the dark and the visible sector
caused by n = 4,6,7,9 flat directions, as a function of the dark
SUSY-breaking scale, m<, using m? = 1 TeV.

More mass thresholds

In the previous subsection we found that the ratio of densities between the visible
and dark sector may become mildly dependent on the SUSY-breaking scale as long as the
exponent §, — € is small enough. This result was based on a simplified assumption that
only the SUSY-breaking scale mass threshold would be significant for determining Agcp.
Now we are going to see how this relation changes as we introduce new thresholds. Let us
start with the top quark with m; ~ Agw:

Y (Mgur) + " e M>Q>
(6% — 1n m
GUT o MGUT ) = S

1 1 b Q
o (Q) = ' (ms) + 5-1n — ,mg > Q > Apw (6.14)

bt Q
1A —1In | —— A
o™ (Apw)+ 5-In AEw> ,Q < Apw

Now, the top quark decouples at an energy of the order the Electroweak scale and if Agcp

is below this scale, it will be affected. For Agcp > Apw, Agep is still given by Eq. (6.10)
but, for Agcp < Agw we obtain:

i b=b5 b 27

i

Agcp ~ MCZ;TUTmet Ai; v exp <—[1 — ofl(M)])

; (6.15)

We now have an extra dependence on the Electroweak scale and it may seem that the

almost-linear dependence on the SUSY-breaking scale has been lost. However, we may

. Apw
rewrite Apyy = ——mg:
mgs

(6.16)

»S A l—b/bt 9
[ s _ et
AQCD ~ MGb;]T <77EZ‘ZV> exp (?[1 — 1(M)]>mé~

This expression is practically the same, but now with €’ = 5% /b' and (AEW/mS)l_b/bt.

The effect of the latter to pg/pp is negligible since, as argued on section 6.1, the hierarchy
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between the electroweak and SUSY-breaking scales should not be too different from the
MSSM. The major consequences to the density ratio are related to the change in the e — ¢
exponent.

If Agep occurs below lower mass thresholds (such as the bottom, charm,...), identical
changes to the above expression would occur. As mentioned in section 6.1, the Yukawa
couplings of fermions to the Higgs are not restricted by any unification condition. That
is, the mass hierarchies do not need to be the same as in the MSSM (e.g. bottom, charm
and 7 may have different masse scales). However, the parameters € are just related to the
degrees of freedom coupled to the strong interactions (Eq. (3.19)). We present a summary
of how the parameter € behaves within the MSSM in Table 6.2.

Last Threshold b € md — O(5)
Mcur 3 -
mg 7 | 3/7~043 | 9x10' GeV
my 23/3 | 9/23 ~0.39 | 2 x 10° GeV
My/c/r 9 | 1/3~0.33 | 1x10" GeV
M 29/3 1 9/29~0.31 | 5x 10° GeV
My, /d 11 | 3/11 ~0.27 -

Table 6.2: Summary of the parameter € according to the thresholds considered. The last
column shows the typical dark SUSY-breaking scale so that give a O(5) density ratio
between the dark and baryonic sector (using m? ~ 1 TeV).

In Figure 6.4, we present the dark sector SUSY-breaking scale dependence of the density
ratios. We see that even including all these mass thresholds, the dark matter and baryonic
are still compatible for a wide range of SUSY-breaking scales, and hence for a wide range
of masses. Additionally, we have been neglecting O(1) terms that may differ between the
sectors and introduce relevant contributions to the ratio. However, any analysis of this
kind would make the conclusions model-dependent.

pdipb

Last threshold:
— m_b
m_t
m_s

154 m“ 158 10““ ml‘? 10“4 m.s (GeV)

Figure 6.4: Density ratios considering new thresholds contributions. In blue, the bot-
tom/charm quark threshold, my, in orange the top quark m; and in green the dark-SUSY-
breaking scale, mg. The density ratios are plotted with respect to the dark-SUSY breaking
scale considering the same mass hierarchies with respect to the SUSY-breaking scale as in
the baryonic sector, with mg ~ 1 TeV.
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Figure 6.5: Typical baryon masses in the dark sector (mg =~ AéCD), depending on its
SUSY-breaking scale.

In the beginning of this section, we argued that most of baryon’s mass is somehow
related to Agep. If the dark "up" and "down" Yukawa couplings are such that these
quarks become heavier than Agcp, the dominant baryon’s mass contribution now comes
from the quarks’ rest mass. In this scenario, the density ratio blows up. However, as in
the baryonic sector, we may assume that the dark up and down quarks have masses below
AéCD, not contributing to the baryon mass computation.

6.3 Asymmetric Reheating

In this chapter we have been proposing the existence of a Dark sector which has an
identical structure to the MSSM. Under the assumptions of this model, it explains the
density ratios observed between dark and baryonic matter.

Now recall that in chapter 2 we presented the BBN and CMB constraints on the number
of relativistic degrees of freedom (Eq. (2.48) and Eq. (2.49)). Since the dark sector is so
similar to the MSSM, it must have its own relativistic particles e.g. the dark photon
and possibly dark neutrinos. The dark photons, in particular, would contribute with two
additional relativistic degrees of freedom if it were in equilibrium with the ordinary photons
at recombination, which is ruled out by the CMB constraints on g.. However, since the
dark and visible sectors interact so weakly, there is no reason to assume this was the case.
By Eq. (2.30), the contributions to Eqs. (2.48) and (2.49) are reduced if the dark sector’s
temperature is lower than the visible’s.

A solution to this issue is provided by an asymmetric reheating, i.e., a period of re-
heating where the inflaton decays more effectively into one sector than into the other (Eq.
(6.17)). In this case, we want the inflaton to transfer most of its energy density into
the visible sector’s relativistic particles. Since p, oc T?, the two sectors acquire different
temperatures.

pr+3Hpr = —T'11?
py+ 3Hpy =TI

pa+3Hpa = T4l (6.17)
81G

H? = T(Pd""ﬂb"‘m)

I'r=I'y+ 1y

where I'y and I'y are the inflaton decay rates into the baryonic and dark sector, respec-
tively. In order to have an asymmetric reheating, we must have I', > I'y. In order to
understand where this asymmetry might come from, let us analyse the dominant inflaton
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decay channels. The simplest decay comes from a coupling between the inflaton (assumed
to be an MSSM-gauge singlet) and two scalar fields:

fffff < (6.18)

The inflaton decay into fermions is slightly more complicated. Fermions are chiral i.e. a
left-handed fermion is charged under SU(2)r, while the right-handed fermion is not. Thus,
in order to construct an invariant term, the field that decays must have the same SU(2)[,
charge as the fermion. As mentioned in section 4.2, the inflaton, in order to have a flat
enough potential slow-roll inflation, should be a singlet under the MSSM gauge group.
Thus, the inflaton will never decay directly into fermions. It must decay first into a pair
of virtual scalars (as in Eq. (6.18)) which, in turn, decay into two fermion pairs, as shown
in Eq. (6.19).

|
|
|
|
|
!
A
&H\\

(6.19)

f
At reheating, the inflaton decays into both sectors through the above decay channels.
However, if the SUSY-breaking mass is large enough in the Dark sector, the dark-scalar
fields may become heavier than the inflaton. If this is the case, the inflaton can never
decay into dark-scalar particles. In particular, the diagram of Eq. (6.18) is kinematically
forbidden. Since the scalar fields in Eq. (6.19) are virtual, the inflaton may still decay

into dark-fermions, but this decay rate is suppressed by powers of the virtual scalar field’s
magss-squared. The least suppressed term comes from the decay of Eq. 6.19, which yields:

8

Tyox —L 6.20
8
S

This is what causes the asymmetry we needed to have an asymmetric reheating and to
escape BBN/CMB constraints on the effective number of relativistic degrees of freedom. A
solution to Eqgs. (6.17) is shown in Figure 6.6. After reheating, the ratio between densities
is equal to the ratio between the decay rates:

T r
—d _Pd_ _d (6.21)
Tb Pb Iy

The contributions to the effective degrees of freedom from the dark sector are propor-
tional to T;ll /Tgl. Thus, if dark sector SUSY-breaking scale is large enough to cause an
asyminetric reheating, this model may pass the g, tests imposed by CMB and BBN .
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Figure 6.6: The solution to Eqgs. (6.17) for I', = 100 x I'y normalized to py(0) = 1.
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6.4 Dark Matter Candidates

The Dark Neutron

A very intriguing property of particle physics may be seen when analysing the quark
masses. The down-type quarks and the charged leptons have a very similar mass spectrum
(Table 6.3). Recall that in section 3.2 we have mentioned that, in the MSSM, quarks and
leptons acquire masses proportional to the vev of the corresponding Higgs boson (H,, for
the up family or Hy for the down and electron family):

(6.22)

My = YuVy Mg = YdVd Me = YeUd

Since these down-type quarks and charged lepton masses are proportional to the same
Higgs vev, v, it seems that the corresponding Yukawa couplings follow the same generation
patterns. In contrast, the up-family is typically heavier, which seems to be due to a different
Higgs vev, v, which, naturally, may be larger (v, > v4). What does not seem to be natural
is the first generation where, suddenly, the three fermions masses are of the same order.
And even worse: the up quark becomes lighter than the down quark.

Family Gen.I Gen.II Gen. II1
up 2.2 MeV | 1.28 GeV | 173.1 GeV
down | 4.7 MeV | 96 MeV | 4.18 GeV
electron | 0.5 MeV | 105 MeV | 1.77 GeV

Table 6.3: Masses of quarks and leptons

Just like the gauge coupling constants, the Yukawa couplings also depend on the energy
scale. To first order, the evolution is given by [32]:

dyui . yui 2 2 16 9 9 13 2)
dt 1672 <6yui *Ya; 3 95 = 392 15 9
dyd, Yd; 16 7
o 1622 (61/; + yZi + yi — ggg — 3g% — Bg%) (6.23)
Qye, _ Ve, ( 2 2 9 34
g 7 4 ‘ 3 o 3 _ 9 )
dt 1672 \MWe TOYd, — 992 — £ 01

where ¢ corresponds to the generation index. We tried to approach the problem by
analysing the running of these couplings. The different behaviour of lighter generations
could be due to the fact that Yukawa couplings are so small (O(107°)) that the negative
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contributions from gauge couplings (O(107!)) would dominate, whereas, in the case of the
third generation, y; ~ 0.7 dominates.

We observed that (Figure 6.7) the running of 1st and 2nd generation barely change
with the energy scale and we concluded that this is probably not the reason behind the
up-mass "anomaly". Even if these Yukawa couplings start the running at a large scale
(e.g. Mgur) with y,(Mcur) = ya(Mgur), the evolution does not depend on the exact
condition. Qualitatively, the up quark Yukawa coupling tends to become larger than the
down quark’s in the infrared, at least to first order.

y
1.6x107°}
y_up
1.4x107°} y_down
1.2x1075}
[ : : T Jog(Q
0 5 10 15 9(Q)

Figure 6.7: The dependence of y, and y; on the scale considering y,(Mgyr) =
ya(Mcayr) = 107°. We found no evidence for a lighter up-quark caused by the running.

Hoping that a second order approximation would not change this scenario qualitatively,
we are led to conclude that we were right at the beginning of this section: having an up-
quark lighter than the down-quark does not look natural and it seems this is a special
feature of the MSSM. It gets even more interesting if we compare the masses of the proton
(Myua ~ 938.272 MeV) and the neutron (myqq ~ 939.565 MeV). The proton is the most
stable baryon by a mass difference of mygq — Myug ~ 1.293 MeV, which is smaller than
mg—my ~ 2.5 MeV. If the up-quark were heavier than the down-quark, it would probably
be enough to make the neutron the stable baryon.

Due to the above reasoning, we may envisage scenarios where the dark-up quark is
heavier than the dark-down quark, forming stable neutrons. If this is the case, the elec-
tromagnetic interaction at large distances becomes negligible. The only interactions are
short-ranged or gravitational. In galaxies, the visible sector matter distribution tends to
evolve from spherical distributions to form disks due to total angular-momentum con-
serving collisions between objects. On the other hand, as mentioned in section 2.5, dark
matter distributions in galaxies are approximately spherically uniform, it seems that there
are roughly no collisions between these objects. Thus, a stable dark neutron in the Dark
sector could be a reasonable candidate for dark matter, protected by dark-baryon number
conservation.

The LSP

As we have seen in the previous section, our model may easily account for most of the
dark matter present in the universe. This may be seen as a success, although, if we don’t
want to overpopulate the universe with dark matter candidates, we must deal with the
remaining relics, such as the LSP. Let us analyse which conditions should be met so that
the dark neutron becomes the dominant part of the dark matter abundance.

Firstly, why are we particularly worried about the LSP? Two of the most important
conditions used in the construction of our model were Supersymmetry and R-parity. For
this model, nature must be supersymmetric in order to use the new scalar fields and flat-
directions they provide, as required by the AD-mechanism. R-parity appears when we try
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to relate the AD-mechanism with the MSSM flat directions. We have relied on the study by
Gherghetta [34], where R-parity and gauge-invariance were taken as primary assumptions
in order to construct the set of non-renormalizable superpotential terms that are able to
lift the MSSM flat directions. As we mentioned in section 3.2, these two conditions imply
the existence of a stable Lightest Supersymmetric Particle (LSP).

Each sector has its own LSP (except if it is the gravitino, since gravity is common to
both sectors). Whichever it is, its contribution to the dark matter may be subdominant
today. If the dark sector SUSY-breaking scale is large enough, the reheating is asymmet-
ric (section 6.3), the inflaton decays into the super-partners are forbidden resulting in a
negligible dark-LSP abundance.

Now, turning to the visible sector, in order to there are two ways the LSP abundance
can become negligible. In the first scenario, the LSP remains in thermal equilibrium with
ordinary matter after becoming massive. As we have seen in section 2.3, for T < mpgp,
their equilibrium abundances get exponentially diluted. This dilution occurs via R-parity
conserving processes such as LSP + LSP — ordinary matter. In the second scenario, the
LSP becomes unstable and decays via R-parity violating processes.

There are some restrictions to the second case. Firstly, LSP decays any time after BBN
would produce high-energy electromagnetic or hadronic showers. In order not to affect the
BBN predictions for light element abundances, observations constrain the lifetime of the
unstable LSP to 7 < O(107) s. Additionally, at low energies, as we mentioned in section
3.2, R-parity violation must be small enough so that the visible sector’s proton remains
stable. In any case, R-parity may be an exact symmetry in the early universe and be
spontaneously broken at low energies. The parameter space of R-parity violating terms
is large enough to allow this symmetry to be broken in some sector, allowing the LSP to
decay, while forbidding proton decays (see [54]). These decays are expected to increase the
entropy of the universe. This is not a problem, any increase in the entropy and consequent
baryon asymmetry dilution caused by the LSP decay may be compensated by an increase
in the initial asymmetry (Eq. (5.31)), requiring a higher reheating temperature, which
does not change the density ratios presented above.

Thus, since we assume the dark-neutron dominates the dark matter energy density, in
order for our model to be viable, the LSP abundance should be subdominant, which may
occur via dilution in the thermal bath or R-parity violating decays.

6.5 DAD and BAD isocurvature perturbations

As shown in section 4.3, during the inflation, quantum fluctuations of subdominant
fluids get stretched with expansion and eventually leave the horizon. If those modes are
massless, their amplitude stays constant (Eq. (4.18)) until they re-enter the horizon again.
However, if those modes have masses of the order of the Hubble parameter m, ~ Hj, the
perturbation amplitude gets exponentially redshifted with expansion. The AD-fields are
two of such fields. Since these fields decay into baryons and dark-baryons, and their quan-
tum fluctuations are uncorrelated, it is expected that a contribution to the uncorrelated
matter isocurvature perturbations should arise. Since at the time CMB was emitted, the
universe is dominated by matter, these perturbations should be encoded in the temperature
spectrum. Interestingly, in the future, we may be able to isolate the baryon isocurvature
perturbations by observations of the hydrogen 21 cm line [55]. Comparing with CMB, we
may be able to deduce the contribution due to the dark-AD field, which could serve as an
important probe of our model.
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Mass term for the 6 field

If we rewrite the AD-field in the complex-exponential notation ¢ = \qb\eie, the kinetic
term changes to:

0ud0"'$ = D, 0|0 || + 930,000 (6.24)

where ¢¢ is given by Eq. (5.21). The AD-field has two degrees of freedom described by
the real scalar fields |¢| and x = |¢o|¢. The potential during inflation (Eq. (5.19)) as a
function of these fields is given by:

la|Hy
nMn—3

g2~
M2(n=3)

V(¢) = —cHF|g” + A |6 cos(B + nx/do) + |A]? (6.25)
In order to calculate the quantum fluctuation modes amplitude associated to y and
|¢|, we are interested in these fields’ masses, which are given by the second derivative of

the potential, with respect to the corresponding field:

0? nla|Hj
2 n—2
X 87X2V(X) ~ A -3 %0

cos(fq + nx/bo) (6.26)

m

2(n—2)
|¢’n*2 cos(---) + 2/\2(n - 1)(2n — 3)% (6.27)

lalH
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m%d)‘ = —2cH? + \(n —1)

replacing ¢q for its value during the inflation Eq. (5.21), the masses become:

mi ~ 2n|alo H? cos(nx/do) (6.28)
m3 = (|alo(n — 1) +2(n — 1)(2n — 3)o?)H? ~ O(1)H? (6.29)
so that the phase field x may be lighter than the Hubble parameter during the infla-

tion. As we will see, its fluctuations may be observable through the baryon isocurvature
perturbations.

AD-field isocurvature perturbation

Baryon isocurvature perturbations (Eq. (4.28)) are given by:

_%_5@”:% (6.30)

S 3pp Ape m

Shy

where the last equality follows from writing p, ~ mpny and p, ~ sT. This is, from the
baryon-to-entropy ratio we are able to calculate the baryonic isocurvature perturbation.
The result is analogous for the case of dark matter. In the previous sections, we have
neglected the O(1) terms. In this section, we are now interested in the isocurvature per-
turbation produced by the angular degree of freedom. Let us write the baryon-to-entropy
ratio as in [48]:

M3 on
o~ \ a2 TRm;JS"yr‘S" sin(n#) sin(d) (6.31)
P

where 0 is the AD-field complex phase during the inflation. Evaluating at the end of
inflation and from Fig. 5.3b, 8 = 64. The isocurvature perturbations are, thus, given by:

n cos(nd)

"1 sin(nd) ‘eng(m by = 1 cot™(nfa) — (6.32)

%
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A2 is obtained from the massive field perturbation amplitude Eq. (4.21) and is given by:

X
H? / k \3-2
2 _

Ay = (27)2 <aH) (6:33)

The power-spectrum of baryon isocurvature modes is thus given by:

e R - R 8

AL = —= —
by (2m)? o aH

v (6.34)

where the cot(nf4) ~ O(1) in the physically interesting cases and o is a combination of
the potential parameters a, n and ¢, as mentioned in section 5.3.
Matter isocurvature perturbation

The total matter isocurvature perturbation is given by:

g :(5pm_6pr
" 3pm 4py

(6.35)

writing p.,, = pq—+ pp and since the dark and visible perturbations come from different AD-
fields, they are uncorrelated ((dpgdpp) = 0), the dimensionless power-spectrum is given
by:
Qp \2 Qg2
AL = (52) at+ (gh) Al 6.36
m Qm b + Qm d ( )
since isocurvature for visible and dark matter are given by the same expression Eq.(6.34),
possibly only differing on the mass of the perturbation, m,, and other O(1) couplings:

(B () 4 (2 () ™] o

Slight differences between the dark and visible masses, m, (Eq. (6.28)), make the term of
the least massive mode dominate over the other, thus we may have three cases:

2

- () ()

M 1/2/, H\3/2 3—2u
2 (A H N,
= () () o
where )
(/) ,MDAD > MBAD
fa= (/m)? + (a/n)? ,mpaD ~ mBaD (6.39)
(Qa/p)? ,MpPAD < MBAD

From this we can conclude that in our model, if the isocurvature perturbations in the CMB
are only due to baryonic and dark matter, the isocurvature power spectrum (IPS) observed
in the CMB and in the 21 cm line spectra should only differ by the factor fq, that relates
de abundances.

Parameter Constraints

From the observational data presented in section 4.3, we may restrict the parameter
space of the potential terms V' (¢) during the inflation (Eq. (5.19)). The upper bound on
isocurvature modes Biso(kmia) < 0.037 (Eq. (4.30)), with k9 = 0.050 Mpc~! translates
into the upper bound for baryon isocurvature perturbations of:

8.45 x 1011
fo

Af, < (6.40)
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replacing by Eq. (6.34), supposing A\/o ~ O(1) and solving for v and m,, we obtain:

1 8.45 x 1071 /M \3/2| 3
1 () ° A1
v < 5N n [ T i + 5 (6.41)
my 9 L |845 <1071 (Mys/2) 3 ’ 6.42
T Rl ot R sl 673 B B (6.42)

The mass of the modes is related to the potential parameters by Eq. (5.19). The present
upper bound for the Hubble parameter is given by:

r

1/2 ‘
m) % 103 GeV (6.43)

Hy~ (
For the case of N, =55 and M ~ Mgyt ~ 103H7 we obtain:
m? > (0.25 - 0.37)Hj (6.44)
where the lower bound depends on the value of fq.
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Figure 6.8: Parameter space for the y field mass. We fixed M = 103H = Mqyr.

Thus, the modes during the inflation must have masses of the order of the Hubble
parameter in order to produce isocurvature perturbations compatible with experiment.
Notice from Figure 6.8 that the isocurvature perturbation decreases abruptly as m, — H.
Also, we did not bother considering cases where m, /H > 3/2 (the solution presented in
Eq. (4.21) is not valid for this region) since their amplitude decreases with the scale factor
during inflation as a(t) ™ o~ e™3Ne [43].

In summary, the isocurvature perturbations may not be observable if the field is too
heavy. The evidence for our model mentioned in the last subsection may not be observed
in the near future.
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Conclusions and Future Work

In this work, we have constructed a model of visible and dark matter in order to
approach the py/pp ~ O(1) density ratio coincidence. This model was constructed based on
the gauge unification principle and supersymmetry, where both dark and visible sectors had
an identical gauge structure and unification conditions, differing on their supersymmetry
breaking scales. In analogy with the baryonic sector, we assumed the dominant part of
dark matter is composed of dark-baryons.

In section 6.2, in order to explain the energy densities of (dark) baryons, we combined
an Affleck-Dine mechanism for Baryogenesis and associated the strong-force confinement
scale (Agcp) with the scale of baryon masses in both sectors. We obtained that, while
keeping a comparable energy density with the visible sector, the dark sector may have
much heavier dark-baryons caused by its very large supersymmetry breaking scale.

In section 6.3, we showed that, even though the dark sector may have relativistic
species, these do not violate the strict bounds imposed by BBN and CMB on the effective
number of relativistic degrees of freedom. This comes as a result of scalars particles being
heavier than the inflaton. In these conditions, reheating is asymmetric and the dark sector
acquires a lower temperature, resulting in negligible contributions to the relativistic degrees
of freedom, g,.

In section 6.4, we have argued that in the dark sector the up quark could (and proba-
bly should) be heavier than the down quark, making the dark-neutron a new dark matter
candidate. The fact that dark matter is mainly made of neutral particles results in weak in-
teractions between particles, naturally explaining the near-spherical distribution presented
by this sector. We also presented the conditions for a viable model, in particular, explaining
how the LSP could give negligible contributions for the dark fluid.

Finally, in section 6.5, we presented a way to test our model from the isocurvature
perturbation it leaves behind after inflation. An accurate measure of the CMB matter-
IPS, together with a measure of the baryon-IPS, from future observations of the hydrogen
21lcm line, will let us constrain the dark matter-IPS. Observing that these two IPS sources
(dark and baryonic) are in fact uncorrelated and predicting correctly their ratio may serve
as a smoking gun for the model presented above and provide valuable information to
cosmology and particle physics. In particular, crucial clues for Baryogenesis, Inflation,
GUT-scale physics and Supersymmetry may follow.

Up to this point, our model seems to describe dark and baryonic matter in a consistent
way with observations, but it is not all there is. It is very interesting to see that, after all,
dark matter may not be so different from ordinary matter. This critical assumption to our
model is actually motivated by string theory models for quantum gravity. In some of these
theories, two MSSM-like gauge groups can be embedded within the string theory gauge
group. The large hierarchies between the SUSY-breaking scales and Yukawa couplings of
both sectors may also be explained by these theories, where these hierarchies come from
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both sectors "living" in different points of the additional compact dimensions and these
quantities being dependent on the local geometry of this 6-dimensional space.

Since we have focused on making the discussion as general as possible, the model ended
up becoming relatively simple. It leaves room for new assumptions and a more detailed
analysis may be implemented in order to check for new cosmological consequences. Thus,
we are looking forward to approach some scenarios we might have overlooked. We are aware
that there are models where the first inflaton decays are non-perturbative. This gives rise
to the so-called preheating and may give rise to a large production of dark scalars before the
reheating. The question of whether or not the preheating changes section’s 6.3 conclusions
should be addressed in a later work. From section 6.4, we might want to study additional
cosmological consequences of the dark neutron as the dark matter candidate. And also a
deeper analysis on the LSP candidates, R-parity violating models and conditions for its
sub-dominance may be a target of study in the future.

In summary, we have constructed a model for the cosmological evolution of dark and
baryonic matter that is consistent with observations and symmetries of high energy physics.
A model that can be tested and leaves room for further study.



Appendix A

A.1 Some useful integrals

+00 "
/ de = ((n+ 1)0(n+1) (A1)
0 et —1
oo N —z? - 1 1+n
/0 x"e d:c-§1“< 5 ) (A.2)
1 1 2 43)

A.2 MSSM renormalizable flat directions and couplings

X=¢" |B-L]|n
LH, -1 |4
QLd -1 |4

QRAOQu 1 4

uuuee 1 4
QLQLdd -2 |4
QQLLdd -2 |4

QQRQOQALL | -1 |4
QLQLQLe | —1 |4
QLuQQdd | -1 |4
uuaddde -1 |4
LLe -1 |6
add -1 |6
audddd -2 |6

LLddd 1 7

QQuue -3 |9

Table A.1: Renormalizable flat directions in the MSSM with non-vanishing B — L and
order, n, of the non-renormalizable operator that lifts it.
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A.3 MSSM Yukawa couplings

APPENDIX A.

Family Gen.I Gen.II Gen II1 times
up 9x107 % [ 52x10° | 7x107! |sin!p
down |19x107%|39x107* | 17x1073 | cos™'
electron | 2x 1070 | 42x107* | 7.2x 1073 | cos™! 8

Table A.2: Fermion-Higgs Yukawa coupling strengths
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