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ABSTRACT

The Inert Doublet Model (IDM) has been widely studied as a
possible theory explaining Dark Matter (DM) and in the con-
text of the Electroweak Phase Transition (EWPhT), as a first step
towards accommodating the three Sakharov conditions allow-
ing for baryogenesis. With this aim in mind, in this work the
IDM is extended with higher-dimensional CP-violating opera-
tors which are added in three distinct sectors of the theory,
specifically, in the scalar potential, in the Yukawa Lagrangian,
and in the gauge sector. In each case, DM phenomenology is
extensively studied and the corresponding parameter spaces
are shown in detail, taking into account theoretical and the lat-
est experimental constraints. In particular, for DM masses over
500 GeV further higher-dimensional derivative operators were
also included and it is shown that a new parameter space be-
comes available even for non-(quasi)degenerate scalar masses.
Similarly, in one of the extensions and for low DM masses it is
argued that the Baryon Asymmetry of the Universe (BAU) can
be explained by considering the chiral anomaly during the first
step of a two-step phase transition in the Universe. Possible
benchmark points are, likewise, analysed. We conclude that the
IDM as an effective theory could, in principle, serve as a model
where both DM and baryogenesis are accounted for.

ZUSAMMENFASSUNG

Das Inert Doublet-Model (IDM) wurde umfassend als mogli-
che Theorie zur Erkldarung der Dunklen Materie (DM) und im
Kontext des elektroschwachen Phaseniibergangs (EWPhT) unter-
sucht, als erster Schritt zur Erfiillung der drei Sakharov Bedin-
gungen fiir Baryogenese. Mit diesem Ziel vor Augen, wird in
dieser Arbeit das IDM um hoherdimensionale CP-verletzende
Operatoren erweitert, die in drei verschiedenen Sektoren der
Theorie hinzugefiigt werden, namlich im Skalarpotential, in der
Yukawa-Lagrangedichte und im FEichsektor. In jedem Fall wird
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die DM-Phdnomenologie intensiv untersucht und die entspre-
chenden Parameterrdume werden unter Beriicksichtigung theo-
retischer und neuester experimenteller Einschrankungen detail-
liert angegeben. Insbesondere werden fiir DM-Massen tiber 500
GeV weitere hoherdimensionale Ableitungsoperatoren einbezo-
gen, und es wird gezeigt, dass ein neuer Parameterraum sogar
fiir nicht (quasi-)entartete Skalarmassen verfiigbar ist. In dhn-
licher Weise wird in einer der Erweiterungen fiir niedrige DM-
Massen argumentiert, dass die Baryonen-Asymmetrie des Uni-
versums (BAU) durch die chirale Anomalie wiahrend des ersten
Schritts eines zweistufigen Phaseniibergangs im Universum er-
klart werden kann. Mogliche Referenzwerte der Parameter wer-
den ebenfalls analysiert. Wir kommen zu dem Schluss, dass das
IDM als effektive Theorie im Prinzip als Modell dienen konnte,
in dem sowohl DM als auch Baryogenese realisierbar sind.
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INTRODUCTION

In 2012 the discovery of the Higgs boson at CERN became a
landmark event in the history of physics; it was the year when
the last piece of the puzzle was finally found. The Standard
Model of Particle Physics (SM) was now complete and, since
then, it has proven to be a remarkable precise theory of the
quantum world, with several experiments measuring its pre-
dictions to a great degree of accuracy. Nonetheless, the SM is
not the last word as it fails to explain several phenomena that,
as today, remain as open questions.

Among the greatest mysteries not explained by the sM, for
instance, we could name the origin of the predominance of
matter over antimatter (also referred to as the Baryon Asym-
metry of the Universe (BAU)) and the nature of the so called
Dark Matter (DM) which comprises approximately 26% of the
universe. Both phenomena, widely supported by experiments,
are far from being completely understood. Many theories, how-
ever, have been proposed in order to solve these questions. One
of these theories is the Inert Doublet Model (IDM), an extension
of the SM where an additional inert Electroweak (EW) doublet is
added. The new doublet does not couple to fermions by means
of an extra Z, symmetry, under which all the sSM fields are
even, but the inert doublet is odd. This allows for the light-
est Z-odd particle to be a suitable candidate for DM and the
possible parameter space and its implications are thoroughly
discussed, for example, in [15, 19, 39, 42, 70]. On the other
hand, it has also been studied that the IDM can accommodate a
strong first order phase transition [42, 49, 50], being one of the
three Sakharov conditions which must be fulfilled in any model
where the BAU is produced via a dynamical mechanism usually
referred to as baryogenesis. Nonetheless, the IDM is still lacking
of an important ingredient in order to explain the BAU, i.e. CP
violation. With this purpose in mind, there already exist some
extensions of the IDM that include CP violation (see e.g. [53,
65]) but, most of them, rely on the introduction of new scalars
or additional doublets. In this thesis, however, we study differ-
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ent extensions of the IDM via higher dimensional CP-violating
operators, which are analysed in the context of their impact
in the DM relic abundance and their contributions to the gen-
eration of the BAU. Using higher dimensional operators is the
simplest and most general "model independent” way in which
one can extend the theory, yet it has not been done so far. In
this work, particularly, CP-violating operators are added in dis-
tinct sectors of the theory: directly in the scalar potential, in the
Yukawa Lagrangian and in the gauge sector. Furthermore, for
each extension DM physics is analysed in detail and possible
ways to account for baryogenesis are discussed, all by taking
into account current experimental and theoretical constraints.

The work is organized as follows: the first part is dedicated
to a purely theoretical background. Chapters [2] and [3] are
dedicated to presenting the current paradigms in physics for
describing the largest and the smallest of scales, i.e. the stan-
dard cosmological ACDM model and the SM, along with their
respective shortcomings. Subsequently, chapters [4] and [5] are
dedicated to the discussion of the main issues addressed in this
work: DM and baryogenesis. The second part of the thesis, on
the other hand, is devoted to the analysis of the IDM and its ex-
tensions. First, the vanilla IDM is explained in detail in chapter
[6] in the light of DM abundance and the nature of the phase
transition. Later on, in chapters [7], [8] and [9] CP violating
extensions of the IDM are presented together with an in-depth
analysis of the DM physics and possible mechanisms to gener-
ate the BAU. Finally, chapter [10] briefly summarizes the results
and discusses possible sources for further studies.

As a final remark, for the rest of this work natural units are
used, ie. i = ¢ = kp = 1 and, unless stated differently, Ein-
stein’s summation rule for repeated indices is applied. Simi-
larly, the metric signature is (+ — ——).
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THEORETICAL BACKGROUND






COSMOLOGY: THE BIG PICTURE

I have no special talents
I am only passionately
CUTIOUS.

— Albert Einstein, Physicist

Since Albert Einstein’s publication of General Relativity (GR)
in 1915, our understanding of the universe and the laws of
physics governing it have profoundly changed. As soon as we
got a hold of Einstein’s equations we were able to explain and
describe the history of the universe down to when it was only
approximately 10712 seconds old, meaning that, for the first
time, humanity was able to retell almost all of the 13.8 billion
years of cosmic history.

GR is essentially encoded in Einstein’s field equations, a set
of non-linear differential equations describing how energy and
momentum influence spacetime and how the curvature of space-
time manifests itself as gravity. This was a dramatic change in
views, from gravity as a force in the Newtonian sense, to grav-
ity as a feature of geometry. Including the cosmological con-
stant A, Einstein’s equations read [27, 64]

1
R‘uy — Engv = 87TGTy1/ + Ag],w ’ (2.0.1)

with Ry, the Riemann tensor, R the Ricci scalar, g, the metric
of spacetime, G the universal constant of gravitation and Ty
the corresponding energy-momentum tensor. One must keep
in mind that the original equations did not contain the cosmo-
logical constant, which was added retrospectively by Einstein
himself in an attempt to find static and homogeneous solutions
[26]. However, even though now it is known that static solu-
tions cannot describe reality, later observations showed that the
cosmological constant plays an important role in the dynamics
of our universe. Solving Einstein’s Egs. (2.0.1) is a highly non-
trivial task and, in fact, just a few exact solutions have been
found so far, solutions which heavily rely on symmetries. So,



COSMOLOGY: THE BIG PICTURE

how do we get about finding solutions to Egs. (2.0.1)?

As a first step, we start by choosing the energy-momentum
tensor of a perfect fluid, characterized by its energy density p
and the isotropic pressure p in its rest frame. Using that U,
is the fluid four-velocity, the energy-momentum tensor can be
written as [14, 27]

T = (o +p)U Uy — pguv - (2.0.2)

Conservation of energy-momentum, written in tensor form
as VHT” v = 0, leads then to the continuity equation

) a
o+ 3E(p +p)=0. (2.0.3)

As a second step, we can make the assumption of the Cosmo-
logical Principle which is the statement that, when averaging
over large scales, the universe looks exactly the same at every
point. Mathematically, this statement means that the universe
is homogeneous and isotropic in space, but not necessarily in
time [101]. The reason why time is not included in the cosmo-
logical principle is that, thanks to Hubble and his experimental
work, since 1929 we know for a fact that the universe is ex-
panding (specifically accelerating). Such expanding spacetime
is usually described by the Robertson-Walker metric given, in
comoving coordinates, by [64]

2
ds* = dt* — a*(t) 7 irkrz +7r3(d6? +sin® 0dp?) | , (2.0.4)

where a(t) is the dimensionless scale factor and k € {—1,0,1}
determines the curvature of the universe, i.e. for k = 1 the uni-
verse is closed, for k = —1 the universe is open, and for k = 0
the universe is flat. It is the scale factor that dictates how each
slice of space looks like at any given time t.

Then, if one takes the Robertson-Walker metric in Eq. (2.0.4)
together with the energy-momentum tensor of a perfect fluid
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in Eq. (2.0.2), one finds the well-known Friedmann equations,
which describe how the scale factor evolves with time [14, 27]

<N\ 2
yaer (0\? _87G Ak
H>= (a) =Ptz -5, (2.0.5)
i 4G A
E = —T(P + SP) + g ’ (2.0.6)

where we have introduced the Hubble parameter H. Metrics of
the form in Eq. (2.0.4) satisfying Egs. (2.0.5- 2.0.6) describe the
so called Friedmann-Lemaitre-Robertson-Walker universes [101].

2.1 COSMIC INVENTORY

From the Friedmann equations, we must understand p and p as
the sum of all possible contributions to the energy density and
the pressure in the universe, respectively. In our universe, these
contributions will come in the form of matter, radiation and
vacuum energy (the cosmological constant) [14]. Each compo-
nent will evolve differently as the universe expands depending
on its equation of state, given by the continuity Eq. (2.0.3). For-
tunately, we usually have simple equations of state in the form

pi = wip; - (2.1.1)

with w; a proportionality constant. Plugging Eq. (2.1.1) into
Eq. (2.0.3), one obtains that the energy density of the individual
components evolves as a power law in the scale factor [26]

p; oc g~ 30F @) (2.1.2)
COMPONENT w; EVOLUTION
Matter 0 pm < a3
- 1 —4
Radiation 3 Or & a
Cosmological constant —1 op o a

Table 2.1.1: Evolution of the energy density for the different compo-
nents that make up the universe.
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Given our lack of
understanding of
the nature of the
cosmological
constant, it is also
customary in
cosmology to refer
to the mysterious
70% of the energy
budget of the
universe as dark
energy. In fact, the
terms "cosmological
constant”, "vacuum
energy” and "dark
energy” are
essentially
interchangeable.

COSMOLOGY: THE BIG PICTURE

In table [2.1.1] a summary of the particular values of w; for

each component and its corresponding evolution with respect
to a is presented.

plt) 1 T
5
Perit, 0 | L

- radiation

matter

log

- cosmological constant

paaal ETEEETIT TR
103 1072 101 1

al(t)

| PR
10~

Figure 2.1.1: Evolution of the energy density for the individual com-
ponents. Taken from Ref.[14].

2.2 COSMOLOGICAL PARAMETERS

It is customary in cosmology to define, for each of the contribu-
tions to the energy budget of the universe, a density parameter
given by [101]

def Q; 87TG>
o= — .
l Pcrit ( 3H? &

(2.2.1)

where the subscript i specifies the component (matter, radiation
or dark energy) and the critical density p.; is the value of the
energy density when the spatial geometry of the universe is flat,
i.e. k = 0. It is also conventional to use the subscript 0 to denote
the value of the quantities at present time, that is, at t = (. For
example, the value of the Hubble parameter today, measured
using Type IA supernovae is [92]

Hy = (74.0 4+ 1.4) kms 'Mpc 1, (2.2.2)
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in contrast with the Cosmic Microwave Background (CMB) mea-
surement of [1], given by

Hy = (67.4+0.5) kms "Mpc!. (2.2.3)

Using a conservative value of Hy = 70 km s~ 'Mpc™! one
finds that the critical density of our universe today is of the
order [101]

Pcritp = 8.5 X 10_101<g m s72. (2.2.4)

On the other hand, by defining an effective energy density
for curvature

k
O = — (@H)?’ (2.2.5)

the first Friedman equation (2.0.5) can be recast as [14]

H 2 ap 4 ap 3 ap 2
2Y) =0 (—) 0 (-) 0 (—) Q. (226
(Ho) ro( ) TOmo () + Qo) +0a- (226)
Note that the convention is to normalize the scale factor such

that ap = 1. The goal of observational cosmology is to find the
values appearing in Eq. (2.2.6).

2.3 AcCDM

After many years of observation, the best current consensus
among the scientific community is that our universe is filled
with matter, radiation and dark energy (we also add the contri-
bution from curvature for completeness) in the following pro-
portions [101]

O, =031, O,=538x10", Qp =069, |4 <0.01.
(2.3.1)

This means that we live in a fairly flat universe composed
of approximately 70% of the — so far unknown — dark energy
and only around 30% of matter. Even more worrisome is the
fact that, from the 30% of matter making up the universe only
about 5% corresponds to baryonic matter and about 26% cor-
responds to DM, leaving us with a huge misunderstanding of

9

The ~ 30
discrepancies
between the two
measurements of
the Hubble
parameter supposes
a tension. The key
question here is
whether the Hubble
tension is the result
of systematic errors
or if it indicates
something more
fundamental.
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about 95% of our universe.

The numbers given in Eq. (2.3.1) are often called the ACDM
model, where A stands for the cosmological constant and CDM
stands for Cold Dark Matter.

2.4 THERMAL HISTORY OF THE UNIVERSE

To understand the universe as it is today we must play the
movie in reverse [101]. As we go back in time, the universe
becomes hotter and the energy density increases. Indeed, for
the first 300.000 years, the universe consisted of a hot plasma
in which the photons were in thermal equilibrium with matter.
When hydrogen atoms began to form during recombination,
the universe finally became transparent, liberating the photons
we find today in the CMB. Further back in time, neutrons and
protons came together to form light nuclei in what is known
as the Big Bang Nucleosynthesis (BBN). For even hotter tem-
peratures and preceding the QCD phase transition, these pro-
tons and neutrons were melted into the so called quark-gluon
plasma. Even earlier yet, the Electroweak Phase Transition (EWPhT)
took place, giving mass to all particles. Before this time we
know very little, except for selected events we think must oc-
cur, such as inflation.

Tab. [2.4.1] briefly summarizes the most important events in
our understanding of cosmic history. For now we turn our-
selves into the study of equilibrium and non-equilibrium dy-
namics which will allow us to understand the thermal evolu-

tion of the universe and to which the following sections are
dedicated.

2.4.1  Equilibrium

A system of particles is said to be in thermodynamic equi-
librium when the constituents exchange energy, momentum
and particles efficiently. When this happens, the state reached
is one of maximum entropy described by the Fermi-Dirac or
Bose-Einstein distribution functions [14]

1
e(E(p)—m)/T 17

flp) = (2.4.1)
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EVENT t T
Inflation 10735 (?) Unknown
Baryogenesis Unknown Unknown
Electroweak Phase Transition 107125 102K
QCD Phase Transition 107 s 1016 K
DM Freeze Out Unknown Unknown
Neutrino Decoupling 1s 100K
eTe” Annihilation 6s 5-10°K
Nucleosynthesis 3 min 10° K

Matter-Radiation Equality 50.000 years 8700 K

Recombination 300.000 years 3600 K

Last Scattering 350.000 years 3100K
Matter-A Equality 10! years 3.8K
Today 1.4-10' years 27K

Table 2.4.1: Important events in the thermal history of the universe
[1o1].

where the + sign is for fermions, the — sign is for bosons, T is
the temperature and y is the chemical potential. Assuming that
the chemical potential is zero, the number density of particles
is then given by

wp) = s [ £0f(0). (242)

with ¢ being the number of internal degrees of freedom. Al-
though solving the integral in Eq. (2.4.2) is not easily done
analytically, one can clearly distinguish between two extremal
cases. In the relativistic limit (T > m) one gets [64]

ntl — @gTB {

7'(2

Bosons
(2.4.3)

[ S I

Fermions,

11



12

COSMOLOGY: THE BIG PICTURE

with the Riemann {-function. While in the non-relativistic limit
(T < m) the number density is given by

T 3/2
nl=g (%) e /T (2.4.4)

This a key result. At low temperatures and in equilibrium the
number density of particles is Boltzmann suppressed.

2.4.2 Beyond Equilibrium

If equilibrium had persisted until today, effectively the number
density of every massive particle would be exponentially sup-
pressed as given by Eq. (2.4.4), rendering a universe made out
of only photons [14]. Therefore it is important that we under-
stand the out of equilibrium conditions leading to the freeze
out of massive particles.

relativistic non-relativistic

[reeze-out _|
'~ H

mn

L . relic density _|
A

A
P . L ]

~ equilibrivm
—m T !

Coro Lol [ S N B B
1 10 100

m
T

Figure 2.4.1: Particle freeze out. For high temperatures, the number
density agrees with the equilibrium value. For low tem-
peratures, the particles freeze out and keep a number
density that is much greater than the Boltzmann sup-
pressed equilibrium value. Taken from Ref.[14].

The key ingredient here is the comparison between the rate
of interactions I' of particle species, with the rate of expansion
of the universe, H. When I' > H, local thermal equilibrium
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is reached before the expansion of the universe becomes too
dominant. As the temperature decreases and I' ~ H, the parti-
cles decouple from the thermal bath and they retain a number
density that is much greater than the equilibrium value (see
Fig.[2.4.1]). This number density is usually known as a relic
density and the entire mechanism is known as the freeze out.

2.4.2.1  The Boltzmann Equation

Evolution beyond thermal equilibrium is described by the Boltz-
mann equation given by [14, 64]

dﬂi a

E + 35711' =C; [TZ]'] ’ (2.4.5)
where the left-hand side reflects the fact that the number den-
sity dilutes with the expanding universe , i.e. n; ~ a~3, and the
right-hand side contains a collision term that depends on the
specific interactions under consideration.

As an example, we consider the following process [14]
1+2=3+4, (2.4.6)

meaning that particle number 1 can annihilate with particle
number 2 to produce particles 3 and 4 and vice-versa. For now
we are only interested in tracking the number density of parti-
cle 1. Then, the Boltzmann equation reads

1 d(nia®)

ad dt

= —anjny + Pnzny . (2.4.7)

The right-hand side of Eq. (2.4.7) takes into account that the
rate of change of 1 must be given by the difference between the
rates for producing and eliminating the species. The coefficient
« is simply the thermally averaged cross section (ov). Similarly
the B coefficient can be related to « given that the collision term
in Eq. (2.4.5) must vanish in equilibrium

B = (n1n2> o (2.4.8)
eq

Nn3ny

Replacing the number density by the number of particles in a

. . def . .
comoving volume, i.e. N; = n;/s, where s is the entropy density

13
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of the universe, one can finally write the Boltzmann equation
as [14]

dlan__E 1— N1N2 N3N4 (2 )
dina  H NaN; ) o NiNz | 49

with T'; = ny (0v). Solutions to the Boltzmann equation are
usually found numerically.



THE STANDARD MODEL: THE SMALL
PICTURE

Those who are not shocked when they
first come across quantum theory cannot
possibly have understood it.

— Niels Bohr, Physicist

Just as GR constitutes the present paradigm for physics at
very large scales, the Standard Model of particle physics (SM)
is the present framework to describe the physics of the quan-
tum world. The history behind the SM is full of brilliant ideas,
daring experiments and countless efforts [105] which have re-
sulted in an extremely powerful theory capable of describing
and predicting phenomena in a wide range of energies [24].

In short, the sM is a Quantum Field Theory (QFT) of ele-
mentary particles and their interactions, governed by three fun-
damental forces. It combines the Glashow-Weinberg-Salam Ew
theory with Quantum Chromodynamics (QCD). It can be char-
acterized as a gauge theory with an overall gauge group of
SU(3), x SU(2)r x U(1)y so that each field transforms in a par-
ticular irreducible representation of the group (see Tab. [3.0.1]).
The particle content is divided in two main categories: fermions
(matter particles) with half-integer spin, and bosons with in-
teger spin. In the fermionic sector there is a total of 15 Weyl
spinors grouped in 3 different generations. Since the SM is a
chiral theory, one must distinguish between the left-handed
SU(2) doublets and the right-handed singlets. These are given

by [98]
~(0:09.0)-
¢/ \H/p \T/L
i (u c t
@=(2), (). G).

e% - {BR, ]/[RI TR}/ u% - {uR/ CR/, tR} ’

% = {dr,sr, bR} - (3.0.1)
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In fact, there are
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forces in nature:
weak, strong,
electromagnetic and
gravity.
Nonetheless,
gravity is not
contemplated
within the SM.



16

THE STANDARD MODEL: THE SMALL PICTURE

Furthermore, in the SM we have an additional complex SU(2)
doublet, known as the Higgs doublet (®), which spontaneously
breaks the EW symmetry, i.e. SU(2) x U(1)y — U(1)gp, and
plays a crucial role in giving mass to the particles in the model.
The Lagrangian contains all gauge invariant terms up to di-
mension four, rendering the theory as renormalizable [54]. In
its simplest form, the Lagrangian can be written as [68]

Lsm=Luy+Ls+Lr+ Ly, (3.0.2)

where we take into account the contributions coming from the
Higgs sector, the gauge sector, the fermion sector and the Yukawa
sector, respectively. Each term is, at the same time, given by

L = D — 2 @ — Ao
1 1 1
LG = —ETT’ (GW/G]“/) - ETr (WHVW]“/) o ZBVVBPW ’
Lr=iQDQ + it Puty + idh iy + L' DL + ici Dely ,
Ly = -y Q@dp —yiQPup —y/L'@ep +hc., (303)
where

GHV - ayGV - ayGF -I_ ng [GH, Gl/] 7

WP“/ — a‘uWV - aVW]/[ + lg[WH, Wy] 7

BHV — a]/[B]/ — aUBl/{ 7 (3.0.4)
are the field strength tensors for SU(3),, SU(2)r and U(1)y,

respectively. The covariant derivative ) = y*D,, is defined as
follows

i (T
D, =9, — Egs/\“GZ - Eg(ﬂW;, —ig'YB,, (3.0.5)

witha =1,...,8, i = 1,2,3, A* are Gell-Mann matrices, ¢’ are
Pauli matrices and gs, ¢ and g’ are the correspoding coupling
constants for SU(3)., SU(2). and U(1)y, respectively. For the
Yukawa Lagrangian we have also defined

& = ioc?d*, (3.0.6)

with the second Pauli matrix o2.



3.1 THE HIGGS MECHANISM

FIELD SU(3). SU(2)p U(1l)y

Q' 3 2 :
L 1 2 ~3
uk 3 1 z
dly 3 1 -1
et 1 1 ~1

Table 3.0.1: SM fermion fields and their corresponding representa-
tions.

3.1 THE HIGGS MECHANISM

One of the last puzzles to be solved in the SM was how to in-
clude masses for the gauge bosons in the theory, in particular
for the Z and the W* which were discovered at CERN in 1983
[105]. Given that an explicit mass term violates the gauge sym-
metry of the Lagrangian and spoils the renormalizability of the
theory [74], another mechanism has to be used, a tool known
as the Higgs mechanism [40, 55-57].

The Higgs mechanism relies on the idea of Spontaneous
Symmetry Breaking (SSB). In fact, SSB is one of the most im-
portant concepts in QFT having different consequences depend-
ing on the type of symmetry being broken. Unlike an explicit
breaking of a symmetry, an spontaneous breaking means that
the Lagrangian remains invariant under the symmetry while
the ground state does not [98]. According to Goldstone’s theo-
rem, for each broken generator of the symmetry we will have
a corresponding Goldstone boson [86]. When the broken sym-
metry is a global one, the generated bosons will be massless,
whereas if the symmetry is local (gauged), the massless Gold-
stone’s modes will combine with the longitudinal modes of the
gauge bosons, conserving the number of degrees of freedom.
In the sM the SU(2); x U(1)y electroweak symmetry is broken
down to U(1)gp by the Vacuum Expectation Value (VEV) of the
Higgs doublet. Its potential, given by

V(D) = u? |®P + A0, (3.1.1)
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We) Vo)

Figure 3.1.1: Sketch of the one-dimensional potential in Eq. (3.1.1).
Left panel: in the u? > 0 case, the potential has a unique
minimum at ® = 0. Right panel: when y? < 0, the po-
tential has a degenerate minima. Taken from Ref. [100].

.. 2
has a minimum at \/LE = 1/ — 51 when p? < 0, such that we can
write

(D) = % <S> . (3.1.2)

The gauge bosons will therefore acquire mass terms from the
square of the covariant derivative of the Higgs [36, 73, 86, 98],

. . /
D,® = <8y — igngL — i%By> D, (3.1.3)

with the relevant terms being

202 2 2 ! 2
D2 > & [(w;) +(w2) + (%By = wﬁ) ] . (3.14)

According to Eq. (3.1.4), we get three massive and one mass-
less vector boson, specified by

1 . . v
w;t = ﬁ (W; F zWﬁ) with my = 58 (3.1.5)

respectively, and

_ i 3
Zy _ [cos Ow sin Oy Wy with 1y = mw ’
Ay sinfy  cos Oy B, cos By




3.2 WHAT CANNOT BE EXPLAINED?

(3.1.6)

where we have defined the weak mixing (Weinberg) angle as
/

tan Oy = g (3-.1.7)

In 2012, more than 40 years after the postulate of the EW the-
ory, the first detection of the Higgs boson by ATLAS and CMS
at CERN [13] at long last allowed us to complete the SM puzzle.

3.2 WHAT CANNOT BE EXPLAINED?

Even though the SM is a very successful theory, we know it is
not the last word. In fact, there are many experimental obser-
vations that cannot be explained within the theory and many
other aspects that, while contemplated within the SM, are not
offered satisfactory explanations. Among the most important
and unanswered questions, we have the following:

¢ The Hierarchy Problem: This problem consists in the hier-
archy between the Planck scale and the EW scale [68]. Par-
ticularly, why is the mass of the Higgs boson so small, i.e.
my, = 125 GeV, in comparison to the Planck mass mpy ~
10'® GeV? In fact, we expect loop corrections to the mass
of the Higgs (the most important coming from the top
quark) of the order [76]

0L mass ~ 6y A?| D2 (3.2.1)
mass (47_[)2 4 3‘ *

where A is a cutoff for the loop momentum and usually
taken to be of the order of the Planck scale. Nonethe-
less, to keep the corrections below the EW scale one needs
to take A < 500GeV. This means that, either some new
physics will kick in at this energy scale, or we must accept
that there is some fine-tuning taking place in our theory.

¢ The Strong CP Problem: The strong CP problem is con-
cerned with the smallness of the strong CP phase dis-
cussed in more detail in Sec. [4.2.1]. It is indeed an un-
solved mystery why weak CP violation is nearly maximal,
while strong CP violation is so small [98].
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To be fair, the
hierarchy problem is
not a problem of the
SM itself. It is
related to new
energy thresholds. If
we suppose the SM
is valid only up to
~ 500 GeV the
hierarchy problem
does not even exist.
It is only if we
assume the cutoff of
the theory to be
bigger, for example
to lie in the Planck
scale where we
expect quantum
gravity to kick in,
that we need to
worry about the
"lightness” of the
Higgs.
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e Dark Matter: There is overwhelming experimental evi-

dence for the existence of DM. However, up to date, we
still do not know the true nature of this mysterious form
of matter that makes up for approximately 80% of the
matter in our universe. The subject of DM is discussed in
more detail in Chapter [4].

Dark Energy: As discussed in Sec. [2.3], approximately
70% of our universe is made out of dark energy. Also
known as the cosmological constant, this term appears
as an addition to the Einstein’s Lagrangian allowing us to
find accelerated expanding solutions to Einstein’s equa-
tions. Its addition is rather natural. Since all energy and
momentum in the universe must gravitate, a constant en-
ergy density will have a physical impact in GR, unlike
other branches of physics where only changes in energy
between states are measurable [27]. The most natural choice
for explaining this dark component in the universe is that
of the vacuum energy which is actually predicted by the
SM. However, the predicted value for the energy density

of the vacuum is of the order p3" ~ (108 GeV)4, while

the observed value is only about pQ** < (10712 GeV)4 [26].
Thus, we are left with a ratio of p3M/ P95 ~ 10'2° which
is by far a worrisome number [14].

Neutrino Masses: In the SM neutrinos are massless. We
can see from Eq. (3.0.3) that no mass term is included
for neutrinos. Nevertheless, experimental observations of
neutrino oscillations show that they indeed have a small
but non-zero mass [100]. It is still an open question in
physics how this mass is generated.

Baryon Asymmetry: Why is the Universe made of matter
and not of antimatter? Assuming this asymmetry was not
an initial condition of the Big Bang (a rather strange and
tine-tuned condition which supposes tensions with infla-
tion as well), we still lack of a complete model that can
explain how baryons came to dominate the Universe in
a ratio of just 1 extra baryon for every billion of baryon-
antibaryon pairs [101]. The problem of baryogenesis will
be discussed in detail in Chapter [5].
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3.3 BSM: EFFECTIVE FIELD THEORY

Now that we know that the SM does not have the final word,
we ask ourselves: what lies Beyond The Standard Model (BSM)?
This has remained as an open question for a long time and the
answer is probably complicated but, at least, we can be certain
that our new theory must approach the SM at some limit. Other
than that, we could in principle write down any Lagrangian
we like. However, if we assume the new physics is really heavy,
then we can abide by some rules going by the name of Effective
Field Theory (EFT) with which we can study BSM physics in a
general way (for a dedicated study of EFT see, e.g. [48, 75, 87,

95, 106]).

The recipe is very simple. One just needs to construct all pos-
sible local operators involving the fields of the theory (and re-
specting the symmetries) and put them into the Lagrangian.
The rules for constructing an EFT are not that different from the
rules for constructing any QFT, the only distinction being that
we stop insisting in renormalizability, because we accept that
our theory comes with an energy cutoff A beyond which it will
break down [52]. For example, we could consider the SM as an

2
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Figure 3.3.1: Generation of operators with higher mass dimensions by
integrating fields out. Taken from Ref. [76].

EFT for energies well below the EW scale ~ 10> GeV. At these
energies, we can never produce a W, Z or h boson on shell, so
we can simply integrate them out of the theory (see Fig. [3.3.1]).
This is exactly what happens, for instance, in the 4-Fermi the-
ory for weak interactions.

An important point now is that, since we do not know how
the complete theory looks like, the coefficients of our opera-
tors (usually referred to as "Wilson coefficients") are in princi-
ple arbitrary. However, we can estimate their sizes because we
expect our expansion in operators to break down at energies
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InaQFTin 4
dimensions, for
example, we can
classify operators
according to their
mass dimension d:
ford < 4 we say
the operator is
relevant, for d = 4
we call it marginal
and for d > 4 we
call it irrelevant.
The latter name
does not mean these
operators are not
interesting, but
rather that their
impact at low
energies is
negligible [76, 871.
Note that we can
make this
classification of
operators for
theories in arbitrary
dimensions.
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~ A. Therefore, the natural size for our coefficients is of O(1)
in units of the cutoff [52]. This can be better understood via di-
mensional analysis. We know that the mass dimension of our
Lagrangian (for a theory in 4 dimensions) must be [£]| = 4, such
that our action be dimensionless. Scattering amplitudes will,
therefore, scale as (E/A)" for any operator where n = d — 4
and d is the mass dimension for the particular operator under
consideration. This means that operators of lower mass dimen-
sion will become most relevant at lower energies, while opera-
tors with higher mass dimension will become important only
at very high energies. We can see then that, when the energy
starts to approach the cutoff, the perturbative expansion will
not converge; when this happens, we are forced to specify the
full theory, where the new physics will certainly involve new
tields and particles [76].

On the other hand, at this point one might be worried that, in
principle, there would be an infinite amount of operators with a
respective infinite amount of coefficients and this would make
it impossible to make any predictions with an EFT. Nonetheless,
once we truncate the theory at a given order in the operators ex-
pansion, we make sure the numbers of coefficients is finite, thus
recovering the predicting power [23, 62]. Therefore, the advan-
tage of effective field theories is clear: we do not need to worry
trying to understand the underlying and certainly complicated
physics that waits beyond the cutoff. But, even without doing
so, we still have a powerful tool that will help us make predic-
tions that can be measured in our available range of energies.



DARK MATTER

As mentioned in Sec. [2.3], approximately 26% of our universe
is made out of a mysterious form of matter called dark matter.
We know very little about it, except perhaps for a few facts [89,

90, 107]:

¢ [t seems to be cold, meaning that it is non-relativistic and
it has not been relativistic for a long time.

e It is dark, i.e. it must have a tiny electric charge, if it has
any at all.

* It must be a stable particle, such that its lifetime must be
long compared to cosmological timescales.

* Its mass can be anywhere in between 10722 eV and 5 M, ~
10% eV covering an impressive range of ~ 90 orders of
magnitude.

However, besides these tiny pieces of information we are al-
most completely clueless.

4.1 EVIDENCE FOR DARK MATTER
4.1.1  Galaxy Clusters

The problem of dark matter historically first came to be known
as the problem of missing matter [16]. As early as in 1933, the
swiss astronomer Fritz Zwicky used the virial theorem to es-
timate the mass of the Coma Cluster. He found out that the
galaxies in the cluster were moving too fast to be explained
by the measured mass in the cluster [18]. In its simplest form,
the virial theorem states that for any potentially bounded sys-
tem (such as a gravitational one), the time average of the total
kinetic energy is related to the time average of the potential
energy as [101]

T= —%V . (4.1.1)
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Making some simple assumptions, such as considering that
the cluster consists of N galaxies with mass m, and that the
system is "self-averaging" (i.e. averages over time are equivalent
to averages over many galaxies), one can finally write

2 (v?)
, (4.1.2)
G()

Ml‘ot = Nm =

r

where (1/r) is the averaged inverse distance between the galax-
ies and (v?) is their averaged square velocity. Using the data
taken by Hubble and Humason, Zwicky estimated the virial
mass of the Coma Cluster to be around 4.5 x 10> M. Compar-
ing this estimate to the mass measured by the luminosity of the
cluster, Zwicky found that the virial mass was greater than the
luminosity mass by a factor of around 500 [89].

He then postulated the existence of additional mass in the
form of "Dunkel Materie" providing the necessary gravitational
pull to speed up the galaxies [44].

4.1.2  Galaxy Rotation Curves

Galaxy rotation curves play an important role in the experimen-
tal evidence for dark matter. These curves are essentially veloc-
ity profiles of the stars and gas in a given galaxy as a function
of their distance to the galactic center [18]. As a rough estimate,
assuming spherical symmetry, the centrifugal force of a star or-
biting the galaxy at a distance » must be given by [101]

v_z _ GM(r)
ro

, (4.1.3)

where M(r) is the mass enclosed inside a sphere of radius r.
Thereby, it is expected that the rotational speed as we move
away from the center changes as

GM(r)

o(r) ~ (4-1.4)

This means that measuring the speed profile of a galaxy gives
us an indirect value of its mass [89]. Far away from the galac-
tic center one should expect the rotational speed to decrease as
v(r) ~ +/1/r. Nonetheless, this is not the case. Already in the
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Figure 4.1.1: Rotational velocities for 67 emission regions in An-
dromeda as a function of the distance from the galactic
center. Taken from Ref.[96].

1970’s Vera Rubin and Kent Ford, performing an spectroscopic
study of Andromeda, found that the velocities for objects far
away from the galactic center remained constant, i.e. the rota-
tion curve became flat [44] as shown in Fig. [4.1.1]. To explain
the data, it is assumed that galaxies must have enormous dark
halos made of DM.

4.1.3 Gravitational Lensing

One of the most famous predictions of General Relativity is the
bending or deflection of light when passing near heavy objects
curving the fabric of spacetime. As a consequence, the image
we receive here on Earth may appear distorted or repeated [44].
Through gravitational lensing one can accurately determine the
mass of the massive object sourcing the deflection. Generally,
the masses measured by gravitational lensing greatly exceed
the visible matter.

4.1.4 Big Bang Nucleosynthesis

The Big Bang Nucleosynthesis is an extremely accurate and
powerful theory describing the formation of light elements in
early stages of the universe [101]. It is the case that the rela-
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Gravitational Lens
Galaxy Cluster 0024+1654

Figure 4.1.2: Gravitational lensing. Left panel: Cluster of galaxies
lenses the blue background galaxy into several images.
Right panel: A computer reconstruction of the lens
shows a smooth background, not accounted by the lu-
minous matter. Taken from Ref. [44].

tive abundances of light elements depend heavily on the total
amount of baryonic matter. The predictions of the relative abun-
dances are 0.25 for helium, 10~ for deuterium and 10~ 10 for
lithium [44]. All these numbers are compatible with baryonic
matter making up only 5% of the universe.

4.1.5 Cosmic Microwave Background

The CMB is thermal radiation filling out our entire universe. It
comes from the early stages of cosmic history, when the pho-
tons finally decoupled from the hot plasma at a redshift of
about 1100 [101]. This makes the CMB a powerful tool to probe
cosmological parameters, such as the energy density of the uni-
verse and the baryonic fraction [89]. In fact, the power spectrum
of the CMB (the heights and positions of its peaks) is in agree-
ment with the cosmological parameters given in Eq. (2.3.1) and,
therefore, with the corresponding abundance of DM.

4.1.6  Structure Formation

The CMB also shows that our universe is approximately isotropic
and homogeneous, with tiny fluctuations of the order of 10°.
These small fluctuations evolved to form the structures we see
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nowadays, such as clusters, galaxies and stars [101].

However, structure formation could not have been possible
with baryonic matter alone. We know that visible matter was
coupled to photons until approximately 300.000 years after the
Big Bang, leaving insufficient time to reproduce the universe
as we see it today [89]. By contrast, dark matter is expected to
decouple much earlier allowing for its density perturbations
to grow and to form gravitational wells into which baryonic
matter can subsequently fall.

4.2 CANDIDATES FOR DARK MATTER

Given the overwhelming experimental support and the scien-
tific consensus on the existence of dark matter, the next natural
question comes into mind: what is the nature of dark matter?

The bad news is that we do not really know the answer to
this question. The good news is that, currently, there are many
efforts being made by theoretical and experimental physicists
in order to shed some light into the darkness. For example,
twenty years ago it was still reasonable to believe that dark mat-
ter could consist of Massive Compact Halo Objects (MACHOs),
i.e. faint starts like neutron stars or brown dwarfs [44]. How-
ever, thanks to the experimental evidence provided by the CMB
and BBN, we now know that DM is made out of non-baryonic
material. Here we list the most popular candidates.

4.2.1  Axionic Dark Matter

Axions first arose in the Peccei-Quinn solution to the strong
CP problem. In the SM there are two sources for CP violation,
one coming from the phase of the CKM matrix, and one com-
ing from the strong CP phase. The latter emerges from a CP
violating term in the QCD Lagrangian [76]

2
Locp OB 352 S BGL, Gl (4.2.1)

where Gy, is the gluon field strength tensor and &#'*f is the
Levi-Civita tensor. Present measurements of the neutron elec-
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tric dipole moment set an upper bound for 6 of the order of
[98]

6 <1010, (4.2.2)

Why is 6 so small? This is known as the strong CP problem.
The Peccei-Quinn proposal to solve this problem consisted in
adding a new and anomalous spontaneously broken U(1)pg
symmetry, thus introducing a new Nambu-Goldstone boson:
the axion (a). The axion couples in the following way [82]

2
= a
Locp D (0 + ﬁ) %s“mﬁwa {’;ﬁ , (4.2.3)
where f, is the axion decay constant. Its potential is approxi-
mately given by

Vo~ {1 ~cos (é + %)} , (4.2.4)

such that it is minimized for (a) = —6f,, giving a natural reso-
lution to the strong CP problem. As a bonus we also get a new
particle as a suitable candidate for DM. Axions are weakly inter-
acting and are very light, with an expected mass of the order of
my < 1073eV [18].

4.2.2 WIMP’s

As the name suggests, Weakly Interacting Massive Particles
(WIMPs) are heavy elementary particles interacting weakly. Since
the 1980’s, WIMPs have gained enormous popularity as natural
candidates for DM [18]. To understand why, let us make a rough
estimate of the WIMPs abundance in our universe. Suppose our
new elementary particle is called the X-particle. Its mass can be
somewhere between a few GeV to a few TeV, so we know it will
decouple from the thermal bath in the radiation dominated era.
At that time, the Hubble parameter is given by [82]

T2/ 2\ /2 T2
H = ol/2 _ ~ /2 , 2.
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where g, is the number of relativistic degrees of freedom and
Mpy is the Planck mass. Correspondingly, the annihilation rate
of the WIMP will be given by

I'=(ov)nx, (4.2.6)

with nx being the number density of X and (cv) its thermally
averaged annihilation cross section. When I' ~ H, the annihi-
lation effectively stops, freezing out the number density to the
value

2
nx(Ty) ~ i Tf (4.2.7)
X\Lf 8k MpL<0'TJ>’ 4.2.7

at the freeze out temperature Ty. The abundance can then be
computed using the entropy density at Ty given by s ~ g. TJ%,
the present entropy density sy and the critical density as [14,
82]

-1/2
nx so_ mxgi'"? s

S Perito (00) MpLTf Perito

(4.2.8)

To obtain the correct observed abundance of Qxh? ~ 0.12 we
need an average cross section of the order of

(ov) ~ 107 YGeV 2 ~ 1pb . (4.2.9)

Surprisingly, this is a typical weak interaction cross section.
Therefore, for an arbitrary particle X with SM gauge couplings
and a mass of ranging from a few GeV to a few TeV, the result-
ing relic abundance turns out to be pretty close to the observed
value. This coincidence is known as the WIMP miracle [16].

4.3 THERMAL PRODUCTION OF WIMP DARK MATTER

For now let us focus in WIMP DM and discuss its production
and evolution during the cosmic history. With this purpose in
mind, let us suppose our dark matter candidate is the X particle
discussed in Sec. [4.2.2]. Let us also suppose that X and its an-
tiparticle X can annihilate into two light (essentially massless)
particles | and I [14]. The I particles are heavily coupled to the
thermal bath such that, throughout, they maintain their equi-
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librium abundances n; = nfq. Under the additional assumption
that nx = nyg one can write the Boltzmann equation (2.4.7) as

d e
% = —s{00) [N% - (N;)z] : (4.3.1)
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Figure 4.3.1: Dark matter abundance as a function of temperature.
Taken from Ref.[14].

Since all interesting dynamics will take place when mx ~ T
we define the quantity x = my/T. Taking a radiation-dominated
universe at the time of freeze out we can convert Eq. (4.3.1) into
the so called Riccati Equation [14]

AN A 2
=5 [Nz - ()] (4-32)

with g,s being the number of relativistic degrees on freedom in
entropy,

2 m% {(o0)
A= Hmy) ’ (4-3:3)

where H(my) is the Hubble parameter at T = mx. Eq. (4.3.2)
has no analytical solutions so numerical results are depicted in
Fig. [4.3.1]. These show that DM freeze out occurs at around
X f~ 10.
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Figure 4.3.2: Upper limits on the spin-independent DM-nucleon cross
section as a function of the DM mass. Taken from
Ref.[107].

4.4 SEARCHES FOR DARK MATTER

Currently there is a lot of effort being made to detect dark mat-
ter directly or indirectly, including several experiments around
the world. Direct detection experiments aim to observe scatter-
ing events of galactic DM particles with nucleons or electrons
in the material of the detector in the form of ionisation, scintil-
lation or lattice vibrations. These events are very rare and the
signals are expected to be very small [107].

In Fig. [4.3.2] the best constraints on the spin-independent
DM-nucleon cross section for different experiments are shown.
It can be seen that the most stringent constraints come from the
XENONI1T collaboration [3, 4].
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The idea of antimatter as we know it today was first proposed
by Dirac in 1928 as a negative energy solution to his equation
[72]. Two years later, the positron (the anti-partner of the elec-
tron) was discovered and the scientific community started won-
dering about the nature and the reason for the predominance
of matter over antimatter.

It is reasonable, for example, to expect equal amounts of mat-
ter and antimatter when the universe came to be at first. How-
ever, this preconception is problematic because matter and an-
timatter usually annihilate with each other in processes like
e~ +e" — ¢+ 7. So, if the universe indeed started in a sym-
metric state, today we would expect it to be filled with only
radiation [14].

Nonetheless, we know this is not the case. After all, the uni-
verse is filled with galaxies, stars and so on. In fact, observa-
tions show that antimatter is very rare. Out of everyday expe-
rience we know the Earth is made out of matter, with slightly
amounts of antimatter being found only in the physics laborato-
ries. From experience we also know the moon, the Sun and the
Solar System must all be made out of matter. Moreover, cosmic
rays coming from our galaxy further exhibit this asymmetry
with antiprotons showing up in a ratio of only 10~* compared
to protons [64]. This is consistent with the idea of secondary
production of antiprotons by ray collisions with the interstellar
medium. It seems, then, that wherever we set eyes on we find
this asymmetry: everything appears to be made out of baryons
alone.

Even if we postulate the existence of big matter- and antimatter-
dominated regions of the universe separated by large distances,
we would expect to see a great flux of gamma rays coming from
the boundaries between regions, but we have not seen any so
far. Therefore, we have good reasons to believe in the asymme-
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try [104].

This asymmetry usually goes by the name of the BAU. The
main pieces of evidence for the BAU come from BBN and the
CMB anisotropies [14] from which we obtain the baryon-to-photon
number as the quantity measuring the amount of asymmetry.
Presently its value is [107]

7 =6.14(19) x 10717, (5.0.1)

where 7 is defined as the ratio between the number density of
baryons and the number density of photons, i.e. ng/n,. Since
the number density of photons is not a conserved quantity it
is also customary to use the ratio ng/s, with sy = 7.04 n,, the
entropy density of the universe today [81]. Considering that the
number density of baryons is also defined as

ng = ny —ng, (5.0.2)

with nj, and nj the number densities of baryons and antibaryons,
respectively, # is a clear indicator of the BAU.

There are two possible explanations for the BAU. One is to
accept the asymmetry as an initial condition of our universe.
However, this means accepting an extremely fined-tuned num-
ber of only one extra baryon for every billion baryon-antibaryon
pairs [101]. It also means having tensions with inflation, be-
cause even this small number is way to big for inflationary mod-
els where all initial conditions are effectively washed out [99].
The other possibility, on the other hand, is to assume that we
started with a symmetric universe but, some dynamical mech-
anism known as Baryogenesis created the asymmetry we see
today. In 1967 Andrei Sakharov established 3 basic conditions
that must be fulfilled in any model of baryogenesis [97] and
that we present in detail in the next section.

5.1 SAKHAROV CONDITIONS
5.1.1 Baryon Number Violation

We begin with the most intuitive and obvious condition. If we
start with a symmetric universe with B = 0, then we need some
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baryon number violating processes in order to evolve to a uni-
verse with B # 0, where the baryon number B is defined as

(5.1.1)

for n; and n; being the number of quarks and anti-quarks, re-
spectively.

As a caveat, baryon number violating interactions in any model
will be constrained by the proton lifetime (7, ~ 103 years [93]).

5.1.2 Cand CP Violation

The violation of charge conjugation (C) and charge conjugation
plus parity symmetry (CP) may appear as a less obvious condi-
tion. However, C and CP violation are essential to ensure that
particles and antiparticles behave differently under certain pro-
cesses, providing us with a mechanism under which particles
are favoured over antiparticles.

For the purpose of illustration let us consider a theory in
which we have a heavy boson X and its antiparticle X, both of
which decay in baryon number violating processes [28]

2
X —qq with ABx = 3 and

X — g7 with ABg = —%. (5.1.2)

We then denote by r and 7 the corresponding branching ratios

I'x [(X—qq
r= —( — 99) and 7= —( — 49) , (5.1.3)
Ty Tx
with I'y ¢ the total decay rate. Because of CPT invariance we
also know that I'x = I'. It follows that the net baryon number
produced in the decays will be given by

€e=ABx+ABgx == (r—7), (5.1.4)

WIN
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where

I'x

Therefore, if we suppose our theory is invariant under charge
conjugation [104], i.e. X — X and g — 4, then we immediately
see that I'(X — gq) = I'(X — §g), giving a vanishing contri-
bution to the baryon number in Eq. (5.1.4). In the same way,
rewriting the decay rates to explicitly show the contributions
from left-handed and right-handed particles

[(X = qq) =T(X = q1q91) + T(X = qrqr) , (5.1.6)

we can recast Eq. (5.1.5) as

o DX = quq) + (X = grar) = T(X = §141) = T(X = rAR)

I'x
(5.1.7)

From here we see that if our theory is invariant under CP,
such that
I'(X —qrqr) =T(X — grgr) and
F(X — qRqR) = F(X — qu_L) , (5.1.8)

we obtain again » — 7 = 0 and, consequently, no net baryon
number can be produced.

5.1.3 Departure from Thermal Equilibrium

Finally, we arrive at the last and least intuitive condition for
baryogenesis. However, if all the particles in the universe had
remained in thermal equilibrium, CPT invariance would have
prevented the appearance of any asymmetry. In order to see
this, let us consider a certain species X that is in thermal equilib-
rium at T < my such that, according to Eq. (2.4.4), its number
density will be given by

3/2
mxT —mx+px
) e T, (5.1.9)

X = 8x (?
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where px is the chemical potential and gx is the number of
degrees of freedom [93]. When in equilibrium the chemical po-
tential must be conserved, i.e. in a process 142 <+ 3 +4 we
must have [14]

Wi+ pp = Pz + s . (5.1.10)

Therefore, due to the matter-antimatter annihilation process
X 4+ X — 27, we can conclude that ux = —pug. It follows that
baryon number will get a contribution of the form

T 3/2
Boxny —ng =29x <mzin) e~ "x/Tsinh <HTX> . (5.1.11)

When X undergoes B violating processes (as required by the
first Sakharov condition) such as X + X — X + X, then ux =0

and, from Eq. (5.1.11), we get B = 0. Thus, no net asymmetry
can be developed when in equilibrium.

5.2 ELECTROWEAK BARYOGENESIS

As surprising as it may be, in the SM we have all the necessary
ingredients, as given in the last section, to explain the baryon
asymmetry within the model. In this section, however, we will
explain in detail how each of the Sakharov conditions are mani-
fested in the SM and why they fail to explain the observed BAU,
thus calling for BsM theories.

5.2.1 Baryon Number Violation in the SM
We know for a fact that in the SM baryon number and lepton
number (L) are conserved at tree level and at any order in per-

turbation theory. They are accidental symmetries [28] with cor-
responding conserved currents

1
Ty =Y 307"
q

I =Y Iy + oyt (5.2.1)
1
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At classical level we must have ang = dy ]f = 0, which re-
sults in a conservation law for B and L [104].

However, the conservation is spoiled by quantum corrections
through the chiral anomaly [91]. Already in 1976 "t Hooft [58]
realized that non-perturbative effects can give rise to processes
in which B + L is not conserved.

In order to see how this violation comes about, let us consider
the following generating function in Euclidean space [98]

exp[—Z] = /D‘FD‘T’ exp|[—S9] (5.2.2)

for a Dirac field ¥. Let us now consider a general phase trans-
formation for the Dirac field in the following way

¥ (x) — e/ F01)0) g () | (5.2.3)

with 6(x) a spacetime-dependent phase. For a = 1 and b = 0,
Eq. (5.2.3) reduces to a rotation of baryon number, while we get
a rotation of lepton number when a = 1 and b = 0. Under the
general transformation in Eq. (5.2.3) the action changes as [47,

93]

(5.2.4)

Moreover, since the measure in Eq. (5.2.2) is not invariant
under the transformation in Eq. (5.2.3), we will get an extra
term which can be written as an extra contribution to the action

b)

— (a+D)
72

o TR |

TrFOREL) —

5S; — i/d4x9(x) [(”8
(5.2.5)

where FP(“%) and F}(,E) are the field strength tensors coupled to
the left-handed and right-handed fields respectively, and F is
the dual field strength tensor defined as

- 1
F]/“/ — EEyVUpFUP . (5.2.6)
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Integrating Eq. (5.2.4) by parts and demanding that the gen-
erating function is invariant under baryon and lepton number
transformations, we obtain that the derivatives of the baryonic
and leptonic currents do not vanish but, rather remarkably, they
are given by

. Nr - -
a}‘]lg = aﬂ]ﬁ = 1327T2 <_g2Wava;V +g/2BPWB;4v) , (5.2.7)

with N the number of generations, W, and By, the field strength

tensors for SU(2); and U(1)y respectively, and corresponding
coupling constants ¢ and g’. From Eq. (5.2.7) we immediately
see that, since 9, ( ]g — ] f ) = 0, the combination B — L will be
a conserved quantity [28]. However B + L is not conserved. In
fact, we can rewrite the right-hand side of Eq. (5.2.7) as four
divergences [91]

N
w_ . NF
aﬂ]B _1327-[2

(—8%0,K" +829,k") (5.2.8)
where

k]’l == syvaﬁByaBﬁ al’ld
KH = ghvap (W]?{XWE - %eabcwgwfwg) . (5.2.9)

Now, total derivatives are usually unobservable because they
can be integrated by parts and they drop from the integrals.
This is true, for instance, for the abelian fields in k* since they
vanish quickly enough at infinity and their integral vanishes.
However, due to the topological properties of SU(2) this is not
true for the fields in K¥ which will pick contributions at infin-
ity that cannot be dropped. This means the the current non-
conservation becomes observable only for non-abelian groups.
Indeed, given that baryon number can be obtained from the
baryonic current as [93]

B = i/d?’x]g, , (5.2.10)
baryon number violation will be given by

AB = B(tf) - B(ti) = NFANCS = 3ANCS , (5.2.11)

39



40

BARYOGENESIS

where Ncg is known as the Chern-Simons number and it is
defined as

Ncs =

g 3. Hijk 8 b
) /d x &' (WZ-W,? — gsabCWfW]- W,f) . (5.2.12)

The key point here is that the fields Wy, can be gauged away
locally, but not globally by a gauge transformation. In fact, un-
der a gauge transformation U the fields transform as

Wi — UW,U + é(aiu)u—l, (5.2.13)

and the corresponding change in Ncs is [47]

1
24772

SNes = / e Tr (@)U @)Ut @uyu ]

(5.2.14)
Evaluating Ncg is easily done by remembering that the most
general 2 X 2 unitary matrix can be written as U = a1 + ib;o7,

where a% + |b|? = 1 and ¢/ are the Pauli matrices. For example
we can take the maps [93]

u®x) =1
/2
uW(x) = Yo+ ix-o with 7= (x%—{— ]562> ,
u™ (x) = [U(l)r , (5.2.15)

for which it is straightforward to check that N¢g (U(O)> =0,

ONcs (U(1)> = 1 and éNcg (U(”)) = n. Thus, it is clear that
we can have two different types of gauge transformations, the
ones which do not change N¢gs and the ones that change N¢g by
n, the winding number. Now, let us suppose that we wish to
compute AB when we go from an initial to a final configuration
of gauge fields. For that purpose we can consider vacuum field
strength tensors, i.e. configurations for which W, = 0. The
corresponding fields are, therefore, pure gauge fields [91, 93]

Woae = é(vu)u—l, (5.2.16)
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where we choose the temporal gauge Wy = 0. Note that all the
configurations Wy, may be regarded as describing a ground
state. As said before, we can have two different classes of gauge
transformations for which one can keep Wiy = 0:

1. continuous transformations of the fields, i.e. U or any
transformation related to U(®) by

U(x) = U0 (x) (1+ie*(x)o"), (5.2.17)
with €?(x) — 0 when |¥| — oo ;

2. transforming the fields via U(") which leads to another
ground state with different Chern-Simons number.

Accordingly, this tells us that the vacuum structure of SU(2)
consists of an infinite amount of degenerate vacua separated
by potential barriers and which differ from each other by units
of topological charge given by Ncs (see Fig. [5.2.1]). Therefore,
every time a transition between different vacua occurs, a net
change in baryon number arise as given by Eq. (5.2.11).

In a semi-classical approximation, for instance, one can com-
pute the probability of tunneling between neighbouring vacua
which is given by the instanton configurations [28]. In fact, at
zero temperature, the probability of starting at a state ¥, B)
with baryon number B and tunneling through the barrier to a
state |¥, B & 3) is given by [104]

(¥,B £ 3|¥,B) x ¢ Sinst = ¢~ 40/aw 107164 (5.2.18)

where S;,,5; is the action corresponding to the instanton config-
2
uration, and apy = f—n is the weak coupling constant.
The number in Eq. (5.2.18) is so small, that it explains why
we have not seen any B-violating processes in experiments. At

zero temperature, B-violation is basically nonexistent.

5.2.1.1 Sphalerons

Even though we can forget about B violation taking place at

zero temperature, not everything is lost. In 1985 Kuzmin, Rubakov

and Shaposhnikov [66] already pointed out that at finite tem-
perature the picture can be quite different. They realized that,
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However, its value
in this case is
simply
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Figure 5.2.1: Energy dependence of the gauge configurations as

a function of the winding number Ncgs. Taken from
Ref.[28].

in the presence of a thermal bath, transitions between differ-
ent vacua can occur, not by tunneling, but by going ("jump-
ing") over the barrier [104]. These field configurations known
as sphalerons (Greek for "ready to fall") are saddle point so-
lutions to the equations of motion. The rate of baryon number
violation per unit volume was computed by Arnold and McLer-
ran [8] and it is given by [104]

Lsph Espn ° 4 —Eg /T
~ =\ ) mw(D)] e =i, (5.2.19)

where c is a constant and myy (T) is the temperature-dependent
mass of the W boson, written in terms of the temperature-
dependent Higgs VEV () as

mw (T) = S (@(T)) . (5.2.20)

The sphaleron energy computed in Ref.[79] is given by

Equ(T) = 220 ( Zjv) , (5.2.21)
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where, for the SM, B appearing in Eq. (5.2.21) is a parame-
ter ranging from 1.56 to 2.72 [104]. We can now distinguish
between two cases. For temperatures above the EWPhT (T ~
100GeV), i.e. in the symmetric phase where the Higgs is still
in the symmetric vacuum, the W boson is massless such that
Espp = 0. This means that the energy barriers between differ-
ent vacua disappear and the exponential factor in Eq. (5.2.19)
drops out. In this case, the computation for the transition rate
requires a careful treatment of high-temperature effects which
is a very involved task. However, one can estimate the result
using dimensional analysis, from which one expects the rate to
scale as [91]

r
%m ~ x(awT)*, (5.2.22)

with 0.1 < x < 1.0. A more precise value is obtained on the
lattice [77, 78], resulting in a extra damping factor of apy

I ph
1%

— Koy (anT)*, (5.223)

where ¥’ = 29 £ 6 [81]. This is a key result. Sphaleron processes
are unsuppressed in the unbroken phase, where transitions be-
tween different vacua will result in a change in baryon number.
In the broken phase, however, the sphalerons are exponentially
suppressed meaning that any asymmetry produced before the
phase transition will, in principle, be preserved for T < Tgy.

5.2.2  Sources of CP Violation

As mentioned in Sec. [5.1.2], both C and CP must be violated in
order to generate a baryon asymmetry. Good news is that the
theory of electroweak interactions naturally satisfy both condi-
tions. As it happens, C is maximally violated in the weak inter-
actions, given that only left-handed particles and right-handed
antiparticles couple to SU(2). On the other hand, CP violation
has been observed in rare processes involving hadrons, such
as the neutral Kaon system [102]. To understand where this
comes from, let us consider the charged current Lagrangian in
the weak basis which is given by

E%ﬁﬂk — g <11L')’ﬂdLW;j_ + d_L’y”uLWP,_> ’ (5-2.24)

V2
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where u;y = (u,c,t)p and dp = (d,s,b)p [28]. We can then
perform a chiral rotation on the left-handed quarks, such that
masses are diagonalized via unitary transformations Uz’fz in the
following way

diag(my, me,my) = Uf M"Ug
diag(my, ms, my) = USMAUG . (5.2.25)

The charged current in the mass basis is, therefore [83, 98],

LI = % (a’LnyVd’LW;j + ol_'LVJr'yP‘u’LWM_) ,  (5.2.26)
where the prime indicates the rotated fields, i.e. u’L = Ufuy,
d, = Udd; and V = U¥(U%)" is the Cabibbo—Kobayashi-Maskawa
(CKM) matrix. After a CP transformation Li/*° changes as

CP _ 7/ —
ﬁ%ass % <ulL(V+)T,),]4d/LW;r i di(V)T’)’Vuiwy ) . (5.2.27)

This implies that the SM Lagrangian is invariant under CP
(for more details on CP violation see Appendix [B]) if and only
if V.= V*, i.e. the CKM matrix is real. In general, a 3 x 3 unitary
matrix can be parametrized by 9 degrees of freedom divided
into 3 angles and 6 phases. However, 5 out of the 6 phases
can be absorbed into redefinitions of the quark fields, leaving
us with 3 angles and one physical phase as the only source of
weak CP violation in the SM. In fact, in 1985 Jarlskog [61] found
that CP violation in the quark sector originates in a single CP-
odd invariant called the Jarlskog invariant that depends on the
product of the difference between quark masses [67, 84]

Jsm = (mf = mg) - (mg = my) - (mf —my) - (mf, — m3)-

(g — mg) - (mZ —m3) - (Vg Ves Vs Vi) -

(5.2.28)

Turning back to the problem of baryogenesis, we wonder if
the CP violation encoded in the Jarlskog invariant is sufficient
to generate the baryon asymmetry we see today. As it happens,
the role played by CP violation in baryogenesis turns out to
be highly non-trivial and it will be discussed in more detail in
next sections. Nonetheless, we are still able to do a naive esti-
mate of its influence. The first thing we need to note is that the
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sphaleron processes described in Sec. [5.2.1.1] can create both,
a positive and a negative baryon number, resulting in no net
change for B. The job for CP violation, however, is to provide
us with a fixed direction for the sphaleron processes to occur
[102]. Consequently, given the baryon number violation rate
Uspp in Eq. (5.2.22), we can write [28, 43, 47, 93]

4 T3
Psph(s OCWT

o~ oce = Scp ~ 107 86¢p ,

S (5.2.29)

where s is the entropy density of the universe, and écp is a di-
mensionless suppression factor due to CP violation. As a rough
estimate for Jcp, since all the CP violation in the SM must be
proportional to Jsps, and the Jarlskog invariant has mass di-
mension 12, the dimensionless quantity will be given by [29]

der = ; Jsm (5.2.30)

TEW)12 4
with the EW temperature of the order ~ 100 GeV. Hence, for the
SM we obtain dcp ~ 10~29 which, at the same time, implies a
baryon-to-photon ratio of the order 7 ~ 1028, such that it is

not possible to account for the observed value of 7 ~ 10710,

5.2.3 The Out of Equilibrium Scenario

We finally get to the last Sakharov condition. The out of equi-
librium scenario we need for baryogenesis is given in standard
cosmology by the expansion of the universe itself, as discussed
in Sec. [2.4.2]. In this section we will review how this condition
is translated into a successful theory of baryogenesis and how
it is related to the EWPhT.

5.2.3.1 The Wash-Out of B+ L

A natural question to ask at this point is at what temperature
sphalerons were in thermal equilibrium with the hot plasma.
In order to answer this, we need to compare the correspond-
ing rate with that of the expansion of the universe. For tem-
peratures above the EWPhT, with the sphaleron rate given by
Eq. (5.2.22), B violating processes are in thermal equilibrium
when T, 2 H [93, 104]. Using that the comoving volume

[
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violation within the
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However, due to
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CP violation, ruling
out the possibility of
its influence in
baryogenesis.
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scales as V ~ T3 and using the Hubble parameter for a ra-
diation dominated universe we find that

4 2
% 2 gl/zMT—PL — T <102 GeV . (5.2.31)

This is a very interesting result. For temperatures above ~
103 GeV sphalerons are out of thermal equilibrium. Below this
temperature, where sphalerons are in equilibrium, any asym-
metry created before will then be washed out when sufficient
time has passed. However, once we reach the electroweak tem-
perature, the rate of the sphalerons becomes exponentially sup-
pressed, as in Eq. (5.2.19), quickly dropping below H again [29].
The situation is depicted in Fig. [5.2.2]. This opens up the pos-
sibility for the asymmetry to be created during the EWPhT; a
process known as Electroweak Baryogenesis (EWBG). An im-
portant remark here is that we need the sphalerons to turn off
quickly after the phase transition has taken place, otherwise our
asymmetry created during the EWPhT will also be washed out.
This condition translates into a bound of the sphaleron energy
at the critical temperature T, [91]

E. (T,
Ey(Te) 237, (5.2.32)
T.
which, at the same time, can be translated into a condition for
the Higgs VEV

dif <¢(TC)> >

T. ~ 1.0. (5.2.33)

As we will see in next section, Eq. (5.2.33) imposes some di-
rect constraints on the nature of the EWPhT.

5.2.3.2  Electroweak Phase Transition

As we have seen in previous sections the electroweak phase
transition plays a starring role in EWBG. This Phase Transition
(PhT) occurs because at finite temperature the VEV of the Higgs
does not correspond to the minimum of the effective potential
at zero temperature, but rather to the minimum of the effective
potential at finite temperature (for more details about effective
potentials at zero and finite temperatures see Appendix [A]).
Then, as it happens, even when the minimum at T = 0 occurs
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Figure 5.2.2: The log of the spaleron rate I' and the Hubble rate H as
a function of 1/T. Taken from Ref.[104].

at (®) # 0, the minimum at higher temperatures may occur at
(@) = 0, a process known as symmetry restoration [91]. The
phase transition from (®) = 0 to (®) # 0 can be either first or
second order. We say there is a first order PhT when a thermo-
dynamic quantity changes discontinuously, meaning that when
the transition happens we have two coexisting thermodynamic
states in equilibrium with each other. In a second order phase
transition, on the other hand, the change happens in a continu-
ous way. We refer to the quantity that is changing as the order
parameter [102]. In the context of the EWPhT the transition is
characterized by the evolution of the Higgs potential as a func-
tion of temperature and the order parameter is the VEV of the
Higgs itself.

If we were to have a continuous transition, we would have
a smooth crossover as depicted in Fig. [5.2.3], so that the field
can slowly roll down to the new global minimum.

In contrast, in a first order phase transition, the extremum at
(@) = 0 becomes separated from a second local minimum by
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Figure 5.2.3: The evolution of the effective potential in a second order
phase transition. Taken from Ref.[102].
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a potential barrier. To see how this works we can work with a
potential of the form [80, 91]

V(®,T) = D(T?> — T3)®* — ET®® + @@4 , (5.2.34)

where D, E and Ty are independent coefficients and A(T) is a
slowly varying function of temperature. In the limit E = 0 the
phase transition is second order [80]. In the E # 0 case, the
situation changes. For high temperatures the only minimum
occurs for (®) = 0 but, for a certain temperature Tj, another
local minimum appears at

(®(Ty)) = ;ﬁg) - (5.2.35)

Subsequently a barrier between both minima (generated by
the cubic term in the potential) starts to develop until they be-
come degenerate at the critical temperature T, as depicted in
Fig. [5.2.4]. At later times, for Ty < T, the minimum away from
the origin becomes the global one.

Nonetheless, the PhT can start already at T, by quantum tun-
neling. The transition is to be understood as the formation of
bubbles of broken phase in a sea of symmetric phase. The bub-
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Figure 5.2.4: The evolution of the effective potential in a first order
phase transition. Taken from Ref.[81].

bles then spread throughout the universe converting the false
vacuum into true one. At the beginning, these bubbles are not
big enough and they collapse under surface tension. However,
at the nucleation temperature, critical bubbles, i.e. bubbles big
enough to grow and nucleate, will expand and fill the entire
space [102]. In the particular case of the SM the parameters of
the potential in Eq. (5.2.34) are given by [91, 93]

B 2m?, + m% + 2m?

D
8v?
- 2m3y, + m3,
47103
m2 — 8Bv?
Tp= 2"
4D
3
2 2
_ 4 W 4 7
A(T) Ton2oh 2myy log (A T2> + m>, log (A T2>
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where m; is the mass of the top quark, Ap = 16 and
Ap = 1672e(3/27278), (5.2.37)

with yr ~ 0.5722 the Euler-Mascheroni constant. At the critical
temperature we have that

(1) = 35 > T = 7 (5239)

so we immediately see that the wash-out condition in Eq. (5.2.33)
requires the EWPhT to be of first order. More specifically, it
needs to be a sufficiently strong first order phase transition.
Meanwhile, using that the mass of the Higgs is m7 = 2Av* we
can write

((Te))  4Ev?

T. pra (5.2.39)

such that wash-out condition is converted into a condition for
the Higgs mass, i.e.

4E
my S 13"~ 42 GeV . (5.2.40)

As for today, the mass of the Higgs is mj = 125.25GeV [107],
meaning that the EWPhT alone, within the SM, is not strong
enough to produce the observed BAU.

5.2.4 The Baryon Asymmetry during EW Baryogenesis

Even though EWBG in the SM is ruled out, there is still the pos-
sibility to add some extensions in the model in such a way that
we get the correct amount of CP violation and a strong enough
tirst order phase transition. So the whole idea of producing the
BAU during the EWPhT remains attractive, especially because of
its testability [47]. Therefore, in this section we give an outline
of how all the ingredients in Sakharov conditions are combined
in order to produce the baryon asymmetry.

As discussed in previous sections, the departure from ther-
mal equilibrium scenario will be provided by the strong enough
tirst order EWPhT. At T, both vacua are degenerate and tunnel-
ing becomes possible. At the nucleation temperature, bubbles
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Figure 5.2.5: Baryon number production in front of the bubble wall.
Taken from Ref.[80].

of broken phase can grow and fill the universe. The BAU is cre-
ated then in 3 steps [81]:

* The particles in the plasma scatter with the bubble wall.
In this step, CP violation generates an asymmetry of left-
handed fermions in front of the bubble wall.

* The excess of left-handed particles then bias the weak
sphaleron processes in the unbroken phase to produce
more baryons than antibaryons as depicted in Fig. [5.2.5].

¢ The asymmetry is then swallowed by the expanding bub-
ble. Since in the broken phase the sphaleron processes are
exponentially suppressed, the BAU is thus conserved.

Quantitatively we can compute the BAU in the following way
[22]. At some point the bubble is large enough as to be approx-
imated with a planar wall of width L, and expanding with
velocity vy,. The direction perpendicular to the wall is z and
we set the comoving origin in the middle of the bubble wall.
The region of positive z corresponds to the region of symmetric
phase, while negative z corresponds to the broken phase (see
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Broken ' Symmetric

Figure 5.2.6: A cut through the bubble wall. The blue line corresponds
to the profile of the Higgs VEV. The red line corresponds
to the sphaleron rate which is only important in the sym-
metric phase. The green line is the profile of the left-
handed chemical potential. All curves are in arbitrary
units. Taken from Ref.[22].

Fig. [5.2.6]). Baryon number is then obtained by solving the dif-
fusion equation

3 _
_lersph(I\]C,MLT2 - AnB) ’ (5.2.41)

aZnB — 2

where Lspp 18 the weak sphaleron rate, N, is the number of col-
ors and in the SM, A = 15/2. Similarly, the left-handed chemical
potential is given by

— + oL+ et + ML+ Purl + par
> :

(5.2.42)

The first term in Eq. (5.2.41) acts like a source, i.e. the excess of
left-handed quarks is being converted into a net baryon number.
The second term, on the other hand, accounts for the wash out,
the fact that sphalerons will relax any asymmetry to zero if
they are given enough time to do so. Finally, we can invert
Eq. (5.2.41) to obtain

np(—oo) _ 135N
s 471208

® 341 [z
n = T/ dzrsphyLe_fA% f—oo dZOFsph ,
—00

(5-2.43)

with g, the number of relativistic degrees of freedom. In gen-
eral, Eq. (5.2.43) is solved numerically.
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THE VANILLA INERT DOUBLET MODEL

The IDM [19, 70] is a model in which we extend the Higgs sec-
tor of the SM adding an additional EW doublet - charged un-
der SU(2)L x U(1)y as (2,1/2) [39] - on top of the traditional
Higgs doublet H;. After electroweak symmetry breaking 3 de-
grees of freedom become the longitudinal components of the
EW gauge bosons, whereas the remaining 5 degrees of freedom
correspond to the sM-like Higgs and four new inert scalars. By
denoting the second doublet with H, we can expand in the fol-
lowing way[42]

+ +
H1=<1(P . >, H2=<1 H . >,(6-0-1)

where 1 is the sM Higgs boson, ¢ and ¢* are the Goldstone
bosons, H* are new charged scalars, and H and A are neutral
CP-even and CP-odd scalars, respectively. The new Higgs cou-
ples only to the gauge sector which is guaranteed by imposing
a Z; symmetry under which all the sM fields are even and H;
is odd, preventing the lightest Z-odd particle from decaying
and making it a suitable candidate for DM. The Z, symmetry
is, in fact, the defining feature of the IDM and what makes it dif-
ferent from a general two-Higgs-doublet model. Without loss
of generality for the following analysis we will choose H as the
DM particle. The scalar Lagrangian is thus given by [15]

L = |DyH|* + |DyH|* - V(Hy, Ha) (6.0.2)

with the covariant derivative defined as in Eq. (3.1.3) and the
tree-level potential

V(Hy, Hp) = i3 |[Hy | + p3 | Ho|* + A1 [Hy [* + Ap |Ho|* +

2 1 £ \2

) +3 {A5 <H1H2> +h.c} ,
(6.0.3)

A3 |I—11|2 ‘Hz‘z + Ay ‘HIHZ
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where all the parameters are chosen to be real. The masses for
the scalars are

m% =2\0%,

2
ma; = us + /\3455 ,
2 2 .7 v?
my = pus + )\3453 ,
2
My =13+ A, (6.0.4)

with v ~ 246 GeV the Higgs VEV and where we have used the
following short-hand notations for the couplings

Azg5 = A3+ Ag + As, Asas = Az + Ay — A5 = Agg5 — 275
(6.0.5)

In this way, one can rewrite the quartic couplings in terms of
the masses as

2 2

M4y, —m
/\3=)\345+2HU—2H,
m3 4+ m, — 2m? .
/\4: 2 s
0
2 2
m2, —m
As=—H _—4 <0, (6.0.6)

02

Note that, in principle, we have 7 degrees of freedom in the po-
tential in Eq. (6.0.3) but, because the Higgs mass and its VEV are
tixed by experimental data, we are left with a total of 5 free pa-
rameters [60]. A typical choice is to work with the physical set
of parameters including the masses, i.e. {2, Azgs, mpy, my=, my}.

Also, since the second doublet does not couple to fermions,
one cannot define an unambiguously CP-property for the scalars
of the dark sector [60]. In fact, A could have been chosen as the
DM particle in which case all the discussion in this chapter re-
mains valid up to replacing

As — —As, Azgs — Azgs - (6.0.7)

At this point, it is worthwhile mentioning that, as A, only
appears in self-couplings in the inert sector, it does not play
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any important role in DM physics (at tree-level) [39] as can be
seen from Tab. [6.2.1]. We must also note that, since all the cou-
plings in the IDM are real, the IDM alone can not provide with
new sources of CP violation as required by baryogenesis. There-
fore, CP-violating extensions of the IDM are introduced and dis-
cussed in detail in the following chapters. As a final remark,
because the IDM is an specific example of a 2HDM (two Higgs
doublet model) we expect it to have a rich vacuum structure;
one that evolves at high temperatures and opens up the possi-
bility that the early universe, while cooling down, went trough
a sequence of phase transitions [15]. The topic of phase transi-
tions in the IDM will be discussed in more detail later on.

In the following section we will introduce the most important
theoretical and experimental constraints on the model.

6.1 THEORETICAL AND EXPERIMENTAL CONSTRAINTS
6.1.1  Vacuum Stability and Perturbativity

The first constraint to be applied in the model comes from the
requirement of the stability of the Higgs potential at tree level,
i.e. the potential must be bounded from below [60, 69]. Thus,
vacuum stability requires that

57

AM >0, Ay >0, Az > —2y/A1Ap, )L3+)\4—’)\5|>—2\//\1/\2,

(6.1.1)
and we can avoid a charge breaking vacuum when
Ay — |As] < 0. (6.1.2)

In addition, we also need the quartic couplings to have values
such that perturbative calculations can be trusted [15]. This is
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achieved when the combinations of couplings satisfy |c;| < 87

where
C1p = A3t Ay,
C34 = —3)\1 — 3)\2 + \/9(/\1 - /\2)2 + (2)\3 + )L4)2 ,
56 = A3 x As,

78 = —A — Ay \/(/\1 —A2)2+ A%,
C9,10 = /\3 + 2/\4 + 3/\5 ’

C11,12 = —A1— A £ \/(/\1 —A2)2+AZ. (6.1.3)

6.1.2 Electroweak Precision Data

6.1.2.1  Gauge Bosons Decay Widths

From the precise measurements of the decay widths of the Ew
gauge bosons at LEP, the mass spectra of the model must be
constrained as well [39, 42]

my +myg+ > My+ , mp + myg+ > My
my+myg >mg, 2mp+ > mg, (6.1.4)

such that the decays of the W+ or the Z into states of the addi-
tional doublet are kinematically excluded. Furthermore, from
the LEP-II data we must exclude a region defined by the inter-
section of the conditions [71]

myg >80GeV U my >100GeV U my—my < 8GeV,
(6.1.5)

in addition to the more general requirement [88]
my+ > 70GeV, (6.1.6)

coming from searches for charged Higgs pair production.

6.1.2.2 Oblique Parameters

The EW precision measurements also provide strong constraints
on any physics beyond the SM [39]. Even if the new physics
scale is significantly higher than the EW scale, new physics ef-
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fects from virtual particles in loops are expected to contribute
through vacuum polarization corrections to the EW precision
observables [10]. These observables, also known as the oblique
parameters are usually denoted by T, S and U. Assuming that
U vanishes these are defined as

1
S = o V) = ifalen) + 998 [13 ) — adfo(x) | }
(6.1.7)
where
X =t = T4 (6.1.8)
mpg+ mp=+
and

T = g [ () + £ (e ) = e ()|
1

= 2472002 (s —mp) (mps —ma) , (6.1.9)

with & &~ 1/127 the electromagnetic coupling constant at the Z
boson mass scale and the functions f;, f, and f. defined as

fa(x) = =5+12In(x),
fb(x) =3 —411‘1(3() ,

xzﬂ—xx—_}/yln@) if x#y

fe(x,y) = (6.1.10)
0 if x=uy.
As today, the best fit yields [107]
T =0.05+0.06, S =0.00+£0.07 . (6.1.11)

As seen from Eq. (6.1.9), the T parameter is rather sensible
to the mass splitting between H* and A. This means that large
splittings which lead to large corrections to the T variable are
not allowed by the EW precision data constraints.
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6.1.3 Invisible Higgs Decays

The final constraint comes from the absence of exotic Higgs
decays which imply an upper limit in the branching ratio [107]

['(h — inv)
(h — inv) +T(h — SM)

Br(h — inv) = T < 19%, (6.1.12)

where the decay width is given by

2
['(h— inv) = M\/l —4 (ﬁ) , (6.1.13)

8mg?my,

and the measured decay width has a value of [107]
T(h — SM) = 32MeV 128 (6.1.14)

All the previous constraints will be implemented in the fol-
lowing analysis.

6.2 DARK MATTER IN THE IDM

Having laid down the basics of the model, we now turn to DM
physics. As specified in the previous section we choose H as the
dark matter candidate while the masses of the rest of the inert
scalars are assumed to be degenerate, i.e. my+ = my4. The corre-
sponding relic abundance was computed by using the software
micrOMEGAs 5.0.8 which calculates the matrix elements using
CalcHEP (keeping in mind that the program only takes tree-
level processes into account) and solves the respective Boltz-
mann equation [108]. In this section - and in the rest of this
work - we use the latest fit for the DM relic density which is

[107]
Oh? =0.1200(12),  h = 0.674(5) . (6.2.1)

The DM relic abundance will be determined by the interplay
of the different annihilation and co-annihilation processes. An-
nihilations of two dark matter particles will take place through
different channels (as shown in figures [6.2.1] and [6.2.2]) in-
cluding four-point interactions with EW gauge bosons and the
Higgs, h—mediated s-channels, as well as t- and u-channels me-
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Figure 6.2.1: Tree-level DM annihilation processes with SM bosons in
the final state.

diated by non-SM particles. On the other hand, co-annihilation
processes (annihilations between H and other Z)-odd states)
will become important for small mass splittings in the dark
scalar sector, since this allows for a considerable abundance of
H* and/or A around freeze out.

We must also point out that the upper limit in Eq. (6.2.1) is
taken very strictly in order to avoid overabundant DM. On the
contrary, we allow for underabundant DV, in which case it can
be argued that other sources or mechanisms (other than freeze-
out) could come into play to fill the gap in the relic density. In
the following subsections we will show the interesting parame-
ter spaces for the low and the high DM mass regimes. For more
detail discussions on inert dark matter see, for example, [15, 19,

39, 42, 70].
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Ay
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Figure 6.2.2: Tree-level DM annihilation process with SM fermions in
the final state.

VERTEX COUPLING VERTEX COUPLING
hhh 6\M0 | hhHYH- As
hihh 6\ | HHHH 612
hHH Musv | AAAA 6)s
hhHH Aas | HYH HTH- 41,
hAA Auso | HHAA 20,
hhAA Ass | HHHTH- 20,
hHYH- A0 | AAHYH- 20,

Table 6.2.1: Couplings in the scalar sector of the IDM. Factors of —i are
omitted. Taken from [60].

6.2.1 The Low Mass Regime

We begin by discussing the low mass regime which consists of
DM masses around 50 GeV and 75 GeV. The resulting parameter
spaces fulfilling all the constraints are shown in Fig. [6.2.3]
for different mass splittings Am = my g+ — mpy. Only regions
where one obtains at least 60% of the measured relic density
are shown. The black lines represent the XENON1T limits [3, 4],
meaning that all the space lying outside the lines is excluded by
the experimental constraints. Since the value of A; is irrelevant
for DM physics at tree level, we fix its value to 0.4 for the rest of
the analysis. One can identify three different regions:
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Figure 6.2.3: The relic abundance normalized to Qh* = 0.12 in the

Asgs — mpy plane for different mass splittings Am =
my g+ — mpy in the low mass regime. Left panel: Am =
30 GeV. Right panel: Am = 300 GeV. Only points fulfill-
ing 0.6 - 0.1200 < Qh? < 0.1200 + 3 - 0.0012 are shown.
The black lines represent the XENON1T limits.

¢ The funnel region: for my < my/2 the dominant annihi-

lation process occurs through the pair production of the
heaviest kinematically accessible fermion, that is, the bot-
tom quark. Therefore, the predominant #—mediated chan-
nel is HH — h — bb for which the matrix element goes
like

(7\345"117)2

M| ,
M a2 + (T,

(6.2.2)

where m;, and my, are the masses of the bottom quark and
the sM Higgs, s is the center of mass energy and I'j, is
the total decay width of the Higgs. Note that this matrix
element is proportional to the hHH interaction strength
governed by Asy5 as given in table [6.2.1]. Then, the sym-
metric behaviour of the relic abundance with respect to
the portal coupling in this region becomes clear. If we de-
crease the DM mass below ~ 55 GeV, the absolute value
of Azs5 needs to increase in order to produce the correct
relic abundance. However, as we can see from Fig. [6.2.3]
large values of the portal coupling are excluded by the
XENON1T bounds.
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Figure 6.2.4: The evolution of the thermally averaged cross section
with respect to the mass splitting for the most impor-
tant annihilation and co-annihilation channels in the low
mass regime. Left upper panel: for negative quartic cou-
pling. Right upper panel: for positive quartic coupling.
Lower panel: comparison of the total cross sections for
different values of the portal coupling.

* The resonant region: when we increase the DM mass and
we approach the resonant region my ~ my/2 the relic
abundance decreases due to an enhancement of the an-
nihilation cross section via an on-shell Higgs boson ex-
change in the s-channel. This means that only really small
portal couplings allow for the correct relic density for
these particular DM masses.
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* The tail region: above the resonant region, for my >
my /2 the pair production of gauge bosons in the final
state becomes important (this is true even for zero Asys
in which case the contribution comes from four-point in-
teractions), such that the sizes of the portal coupling giv-
ing the correct abundance are pushed to larger negative
values. For DM masses larger than ~ 75 GeV the annihila-
tion cross section to gauge bosons is so large that the DM
becomes underabundant for any combination of parame-
ters.

At this point we notice that, by imposing the theoretical and
the experimental constraints from Sec. [6.1], the surviving pa-
rameter space lies in the region for which |Asys| < 0.01. These
results can be cross-checked by looking at the behaviour of
the thermally averaged cross section with respect to the mass
splitting as shown in Fig. [6.2.4] where the DM mass is fixed
to 65 GeV. We see that the total cross section is enhanced by
co-annihilation processes for small mass splittings. At around
Am ~ 30 GeV, the relevance of the co-annihilation processes be-
comes negligible and only the annihilation processes contribute
to the total cross section. It is also clear that for negative values
of the portal coupling the HH — V'V channel (with V a gauge
boson) is slightly suppressed due to a destructive interference
between the four-point interaction and the h—mediated chan-
nel.

6.2.2 The High Mass Regime

Even though from Fig. [6.2.3] one can see that no sizable relic
can be attained for mpy 2~ 75 GeV, another part of parame-
ter space is opened at approximately mpy 2 500 GeV for small
mass splittings of the order Am < 10 GeV. This behaviour is
explained by realizing that the annihilation of two DM parti-
cles into longitudinal gauge bosons W and Z (which are the
dominant processes here) scale as A3 and Asas, respectively. It
is then evident that these couplings can be both made suffi-
ciently small for small Am (given that A345 is not too large) as
seen in Egs. (6.0.5) and (6.0.6). As a consequence, we get a sup-
pressed annihilation cross section which in turns result in a siz-
able relic. We also have less severe XENON1T bounds as shown
in Fig. [6.2.5], where this time we allow for at least 30% of the
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Figure 6.2.5: The relic abundance normalized to Qh? = 0.12 in the
A5 — mpy plane for different mass splittings Am =
my g+ — my in the high mass regime. Left panel: Am = 1
GeV. Right panel: Am = 10 GeV. Only points fulfilling
0.3-0.1200 < Oh? < 0.1200 4 3 - 0.0012 are shown. The
black lines represent the XENON1T limits.

measured relic density. The lower bound in A3z45 comes from
the vacuum stability constrains, particularly from the third con-
dition in Eq. (6.1.1) (for A5 < 0) reading

Azgs > =24/ AAy, (6.2.3)

which, for A, = 04, it is translated to the condition Azy5 2
—0.45. In Fig. [6.2.5] points for which A345 < —0.45 are not plot-
ted due to the above constraint.

Again, we can cross-check these results by looking at the be-
haviour of the thermally averaged cross section with respect to
the mass splitting as shown in Fig. [6.2.6]. As expected the most
relevant processes in this regime are the annihilations of two
DM particles into longitudinal gauge bosons which are largely
enhanced by large mass splittings. We also see that negative
values of the portal coupling deliver a slightly smaller cross
section and thus enhances the relic density, therefore explain-
ing the asymmetric behaviour found in Fig. [6.2.5].
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Figure 6.2.6: The evolution of the thermally averaged cross section
with respect to the mass splitting for the most important
annihilation and co-annihilation channels in the high
mass regime. Left upper panel: for negative quartic cou-
pling. Right upper panel: for positive quartic coupling.
Lower panel: comparison of the total cross sections for
different values of the portal coupling.
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6.3.1 Finite Temperature Potential

Having checked that the IDM can indeed accommodate DM physics,
we now turn our attention to the nature of the phase transition.
For this purpose we need to consider the scalar potential at fi-
nite temperature (for a more complete discussion on thermal
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corrections to the potential see Appendix [A]). This is given by
the effective potential [17]

Veff(h/ H, T) = Vo(h, H) + Vcw(h, H) -+ VCT(h, H) + VT(h, H, T) ,
(6.3.1)

where V) is the tree level potential as given in Eq. (6.0.3), Vew
is the Coleman-Weinberg potential, V-7 is the counter term po-
tential and Vr contains the leading thermal corrections. As dis-
cussed in Appendix [A] the Coleman-Weinberg potential en-
closes the one-loop corrections to the potential at zero tempera-
ture. In the IDM (in Landau gauge and MS-scheme) this is given

by [19, 42]

n . w2 (h, H
Vew = 264—71_[2m?(h,H) [ln ( i ) -G , (6.3.2)

; Q2

where the sum runs over the gauge bosons W= and Z, the top
quark t (assuming that the contributions from other fermions
are small), the Higgs &, the Goldstone bosons ¢ and ¢+ and
the inert scalars H, A, H*. In the same way, n; is the number of
fermionic or bosonic degrees of freedom, Q is a renormalization
scale and C; are renormalization-scheme dependent constants.
The corresponding values of n; and C; are summarized in table

[6.3.1].

PARTICLE 7; C;
W 6 5/6
V4 3 5/6
t —-12 3/2

hHA¢$ 1 3/2
¢, H* 2 3/2

Table 6.3.1: Number of degrees of freedom and parameters C; appear-
ing in the Coleman-Weinberg potential for the IDM. The
values can be found in Ref.[42].
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On the other hand, the field-dependent masses for the gauge
bosons v = W+, Z and the fermions read

W,

2 _ 221N
s (h, H) = ms g (h) = S Yf

(6.3.3)

where m, are the masses at zero temperature and yy are the
usual Yukawa couplings. The rest of the masses are computed
by diagonalizing the scalar mass matrices

M; = 1 6A1h? — 2A10% + Agys H? 2hHAz5
’ 2 2hHA3y5 6A2H? + Agysh® + 2p3
N2 — 1 (2Ah? — 2A10% + Agys H? 2hHAs
) 2hHAs 2A2H? + Asash® + 2413
Mj)i = % 2A1h? — 2A10% + A3H? hH(A4 + As) ) ,
: hH(Ag + As) Ao H? + Azh? + 2413

(6.3.4)

which coincide with the masses in the EW vacuum (h, H) =
(v,0) at zero temperature. In addition, to compensate shifts of

the vacuum due to the one-loop corrections, we add a counter-

term potential which reads

Ver(h, H) = dmah? + dm3 H? + 5Ah*, (6.3.5)

where the coefficients are computed using a set of appropriate
renormalization conditions

aVer _ dVew
oh |yey o |yey’
*Ver . PVew
ahZ VEV B ahz VEV’
*Ver _ PVew (6.36)
aHZ VEV E)HZ VEV . ¥

At this point we encounter a technical issue [17] involving
the inclusion of the Goldstone bosons in the Coleman-Weinberg
potential which, in Landau gauge, acquire a mass at finite tem-
perature but are massless at zero temperature. The inclusion
leads to infrared (IR) divergences due to the second derivatives
of the Coleman-Weinberg potential in Eq. (6.3.6). To treat these
divergences one then imposes an IR cutoff for the Goldstones

).
).

Note that the
couplings Ay and
A345 are running
MS couplings,
while the masses for
H* and A are
assumed to be
one-loop corrected.
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In the analysis of
[42] which is
discussed in the
following section,
the Parwani
approach was used.
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at the SM Higgs mass, i.e. m? = m?y. In practice this just means
that the Goldstone modes are removed from the sum in the
derivatives of the Coleman-Weinberg potential, and their con-
tribution is added as a regularized extra term on the right-hand
side of Eq. (6.3.6) as [32]

aVer ~dVew
oh VEV oh VEV,
BZVCT _ BZVCW 1 Z azT?llz(l’l, H) ln m%R
R/ - oz 32m2 L. Ok Q2
BZVCT _ BZVCW + 1 Z azn%lz(h, H) In m%R
OH2 |,y OH? 327 ‘=, OH? Q2
(6.3.7)

Finally, the finite temperature contributions are given by

i =g (Bt () ot ()

(6.3.8)

where the thermal functions Jp r are defined in Eq. (A.2.2). As
an extra step, however, we must include the corrections coming
from the resummation of daisy diagrams, which can be done by
two distinct approaches. On one hand, the approach proposed
by Arnold and Espinosa [7] consists of adding the following
contribution to the potential

([m,?(h, H, T)r’/2 . [m?(h, H)]3/2) ,
(6.3.9)

T

Vdaisy —
127,

Y

i=bosons

with 72 (h, H, T) the corresponding thermal masses. The other
approach proposed by Parwani [85] consists of replacing the
tield-dependent masses by the thermal masses directly in Vr.
Since the transversal parts of the SM gauge bosons are not af-

)
)

VEV

VEV
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fected by finite temperature corrections, we consider only the
Debye masses for the longitudinal components [19, 42]

o, W+ H
m%,VL: 2 may 4 2¢°T?
_ h* + H?
m%L/'YL == <g2+g'2> 4 <g2+g'2> T2 £ A
2
o (P +H*+8T?)" 2\ _ 2272 (12 2 2
A2 = - (82 +8?) — %621 (12 + H? +4T%).

(6.3.10)

The remaining terms are computed by diagonalizing the scalar
thermal mass matrices

— ) ~ N
My = M% +11(T), (6.3.11)
A _ T_z 2 2 2, 92 3 p
i (T) = 57 ( 6YF + 6y, + 27 + 58 + 58" + 1241 +4A3+ 244 ),
. ™ /9, 3,
Hp(T) == (3¢ + =9+ 12A, +4A3+ 214 | . (6.3.12)
24 \ 2 2
The evolution of the potential in Eq. (6.3.1) with temperature
will determine the nature of the phase transition in the IDM.

6.3.2 The Strength of the Phase Transition

Without going into too much detail, we now turn to the ques-
tion of how is the nature of the phase transition in the IDM. For
that, in this section, we give a brief review of [42] (see also [49,
50]). The interesting parameter space for the low mass regime
is shown in Fig. [6.3.1]. The bright regions correspond to pa-
rameter sets that deliver a sufficient amount of DM (at least 60%
of the measured value) and satisfy all the theoretical and exper-
imental constraints including the XENON1T bounds. Regions
where this is not possible are shaded in gray. In the same way,
the dashed lines denote the strength of the EWPhT ¢ and the
dotted lines indicate the corresponding critical temperatures Te.
In the light of EWBG the green and yellow regions are the most
interesting, since they correspond to parameter spaces where
we can have a strong first-order one-step PhT or a strong two-
step PhT, respectively. In the case of a one-step PhT the inert
scalar H does not acquire a VEV and the universe undergoes
a single phase transition at the critical temperature when the
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Figure 6.3.1: Characterization of the EWPhT in the Am — mp plane in
the low mass regime for fixed values of A, = 0.4 and
quartic coupling Azss = 0.005. Taken from [42].

usual Higgs acquires its VEV. The strength of the PhT is then
given with the usual ratio of the critical VEV over the critical
temperature, i.c.

¢ = ;),—Z . (6.3.13)
On the other hand, for a two-step phase transition the inert
scalar H acquires a non-zero VEV at an intermediate tempera-
ture Ty. For a lower temperature T, < T; a second transition
occurs, where the Higgs will get a non-zero VEV and (H) be-
comes zero once again. For this case the strength of the phase

transition will be given by [42]

g= Y (6:3.14)

with j = 1,2 and the corresponding VEV’s (I); and (H); at the
critical temperatures T;. We see that the interesting range in the
mass splitting for the low mass regime is 230GeV < Am <
420 GeV. For the high mass regime, on the contrary, the situ-
ation is a bit more complicated. This is because, as discussed
in Sec. [6.2.2], for high mass splittings, the DM annihilations
into longitudinal gauge bosons are enhanced and the relic abun-
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Figure 6.3.2: Characterization of the EWPhT in the Am — mp plane in
the high mass regime for fixed values of A, = 0.4 and
quartic coupling Azs5 = —0.1. Taken from [42].

dance becomes negligible. However, this is precisely the region
where a strong phase transition can occur as can be seen from
Fig. [6.3.2]. This time the dotted contours denote the fractions
of the measured relic abundance and we see that, in order to
have a successful strong first-order PhT, we need mass splittings
larger than ~ 150 GeV. Nonetheless, in these regions we find ap-
proximately only around 0.1% and 1% of the relic density. Ac-
commodating a large fraction of DM in the high mass regime for
large mass splittings will motivate the introduction of higher-
dimensional derivative operators that will be discussed in the
following chapters.






MINIMAL EXTENSION OF THE SCALAR
SECTOR

In the aim to accommodate baryogenesis into the IDM we now
extend the model adding higher dimensional CP-violating op-
erators. Note that higher dimensional operators must be used
because any other CP-violating dimension four operator is ex-
cluded by the Z; symmetry. Therefore, we must take dimension
six operators into account and we assume the cutoff of the the-
ory to lie in the TeV scale, so the order of the corresponding co-
efficients must be around 107°GeV 2. Bearing this in mind, in
the first attempt, we will extend the IDM by adding CP-violation
directly in the scalar potential in the following way

V= pd [Hi[* + i3 |Ho|* + A1 [Ha [* + Az | Ha|* + As | Hy | [ Hof?
2 114 2 n 2
+A4)H1+H2’ +5 [A5 (HiHs)" + Ao |Ha* (H{H, ) +h.c.],
(7.0.1)

where A5, A¢ € C, whereas the other parameters are real and the
doublets H; and H, are again given as in Eq. (6.0.1). However,
we notice that by performing a rotation of the second Higgs

doublet, The same rotation
as in Eq. (7.0.2) can
H, — e_iGS/ZHz , (7.0.2) be used in the

vanilla IDM to
remove the phase
from the term
proportional to As.

we can choose As to be real and we rewrite the last two opera-
tors as

A 2 A - 2

= (H{Hz) + 5 [ el (H{Hz) +he. (7.0.3)
with the phase difference 05 def 0 — 05 € [0, 7). Therefore, we
have two additional free parameters in the potential compared
to the IDM, namely A¢ and g5. As we will see, the new opera-

75
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tor induces a mixing between the neutral scalars of the second
doublet. In fact, the mass matrix for these components reads

[ 9*V/0H? 9%V /0HOA
2V /9AOH 9>V /9A2
_ 12+ %vz X 02—27&56 —%A6v4 sin B¢
—IAevtsinfes 3+ Mi0? — %2)‘56
(7.0.4)

with Az def A3+ Aq and Asg def As + %z)té cos Ogs. After diago-
nalizing the mass matrix

_ m2, 0
Mdiag =U 1./\/11/{ = ( é_l "2 ) ’ (7~O'5)
A/

the masses of the physical fields H' and A’ are given by

2 4 _
mi/,H/ = "I/l% + % (/\34 + \//\% + UZ)L% + /\5/\602 Ccos 965) .
(7.0.6)
In this way, we can rewrite the phase difference as
2\ 2 4
_ (22) - 22— %Az
5 = arccos € [0, 7] (7.0.7)

)\5)\602

with Am? m?, — m3, > 0. Moreover, using the mass matrix
M in Eq. (7.0.4) and the physical masses in Eq. (7.0.6), we find
the normalized eigenvectors to be

" — 1 ( Ase — Ase )
_ ~ 2\ Z)\gsinbys )
\/ %4)‘% sin” fgs + </\56 — )\56> 776 SIY65

u 1 — 222—2/\6 sin 965

2 = ~ ’
12 .24 3 2\ Ase — Ase
T/\6 sin” Ogs + </\56 — )L56>

(7.0.8)
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with the short-hand notation

_ 1 _ 4 _ Am?
Asg X \/ A2+ T A2 4 AsAg0? cos fgs = \/ A%+ %Aé sin2 fgs — — .

4 02
(7.0.9)

Therefore, the diagonalization matrix reads

U o X56 — /\56 — 02_2/\6 sin é65 . cos7 sin n
%2)\6 sin é65 7\56 - )\56 —sin n cosy '
(7.0.10)

with the mixing angle 7 € [0, 7) and given by

2 L=
— 5 Agsinbgs DM
n = arctan —=—— = 0. (7.0.11)
Ase — Ase

Eq. (7.0.11) reflects the absent mixing in the IDM where Ag —

0. The diagonalization matrix ¢ transforms the mass eigen-
states (primed fields) to the weak eigenstates, reading

(IZ) =U (Z:) . (7.0.12)

As expected, U approaches the identity matrix in the limit of
small Ag. That is, the mixing is almost absent for those cou-

plings.

In this model we choose as free parameters a set containing
the scalars’ masses among others, {v, my, my:, M a1, M+, Ay, Asg, g5, n},
such that the parameters in the potential are expressed as

_ —ms _ M2 + Mm% — Azg0? A _m_%
]/ll > ’ ]’l2 > ’ 1 202 s

A3 = Azg — Ay, Ay =

v? '
Am? 7
As = —v—ng cos 277 (1 — tan 25 cot fgs) ,
_ 2002sin2y

A — i 0.
6 v* sin g5 (7.013)
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Figure 7.0.1: Allowed parameter space with respect to 77 and g5 for
different mass splittings Am to allow for the new physics
scale, i.e. A¢ < 477 -107°GeV 2. The DM mass is set to
mpy = 500GeV.

The expression for A¢ results from Eq. (7.0.9), using the defini-
tion for A5 from Eq. (7.0.11), and the one for A5 can be derived
subsequently from there. One can easily see that the IDM is re-
stored, i.e. A\5v®> = —Am? and Ag = 0, for absent mixing.

Furthermore, we need to apply an upper bound on the cou-
pling A¢ of the dimension six operator due to a lower bound of
the new physics scale A 2 1TeV. Therefore, we have

200" sin fes Sinbss 1)-6Gev 2,
m

(7.0.14)

Ae| < 4m-107°GeV 2 — sin2y <

which is illustrated in Fig. [7.0.1] for different mass splittings.
Moreover, since we expect the contribution of the new opera-
tor to be fairly small, we assume the constraints in Sec. [6.1] to
remain valid for this model and the ones thereafter. Nonethe-
less, a small comment comes in hand regarding the stability
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of the potential. In this case, considering that we are adding a
new dimension six term, one might ask whether the stability
constraints in Eq. (6.1.1) can still guarantee that the potential is
bounded from below. As it turns out, this is indeed the case as
long as we also satisfy the condition A¢ > 0, which, for our par-
ticular choices of mixing angle and CP phase, is immediately
tulfilled from Eq. (7.0.13).

7.1 THE RELIC ABUNDANCE

Without further discussion, in this section we investigate the
impact of the higher-dimensional CP-violating operator in the
DM relic abundance. For the analysis we choose 0gs = 71/2
and a small mixing angle such that it satisfies the new physics
constraint from Eq. (7.0.14). In Fig. [7.1.1] the results for the
low mass regime are shown for a mixing angle of 7 = 1073
and two different mass splittings. Once again it is possible to
identify three distinct regions (funnel, resonant and tail) as in
the IDM, such that the discussion in Sec. [6.2.1] remains valid.
In the left panel of Fig. [7.1.1] identical results as the ones in
the vanilla case are obtained. In this instance the mass split-

Am =30GeV, A;=0.4, 85 =3, n=10"3 Am =300GeV, A;=0.4, 6¢s =3, n=10"3
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Figure 7.1.1: The relic abundance normalized to Qh? = 0.12 in the
A5 — mpp plane for different mass splittings Am =
ma g+ — mp and fixed mixing angle in the low mass
regime. Left panel: Am = 30 GeV. Right panel: Am =
300 GeV. Only points fulfilling 0.6 - 0.1200 < Qh? <
0.1200 4- 3 - 0.0012 are shown. The black lines represent
the XENON1T limits.
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ting is small enough as to greatly suppress the contributions
coming from the new CP violating operator (these contribu-
tions are studied in detail in Appendix [C]). This can also be
cross-checked from Eq. (7.0.13) where, for small #, the numer-
ical value of the new term in the potential essentially goes
as ~ Am?y/v* ~ 107°Am?y GeV~*. Therefore, unless sizable
mass splittings and not too small mixing angles are chosen, the
impact of the new operator in the relic abundance is clearly sub-
dominant. In the right panel of Fig. [7.1.1], on the other hand, a
greater mass splitting was chosen such that the effects of the A4-
term kick in and the maximum value of A345 allowing for the
right amount of DM relics slightly decreases. It also becomes
clear why the funnel region in the right panel is not symmetric
with respect to zero coupling anymore; this just shows the in-
terplay between Azy5 and Ag which are the terms contributing
to the HH — h processes.

We now turn into the analysis of the relics in the high-mass
regime, which already is problematic in the vanilla IDM as dis-
cussed in the previous chapter. However, since the new CP-
violating operator has contributions to the processes where two
DM particles annihilate into longitudinal gauge bosons, it is a
rather natural question to ask whether this new term in the po-
tential can relax the small mass splitting constraint discussed
in Sec. [6.2.2]. The motivation behind this is to find sufficient
DM density in the regions where it is also possible to get a suffi-
ciently strong first order phase transition as required by baryo-
genesis (see Sec. [6.3.2]). To that end, we set the mass splitting
to 150 GeV and we investigate the behavior of the thermally av-
eraged cross section for different channels with respect to the
mixing angle and the CP phase 45, which are the two new de-
grees of freedom in the model. Similarly, the DM mass is fixed
to 500 GeV and the comparison of the respective annihilation
cross section to that of the vanilla IDM is shown in Fig. [7.1.2].
It can be seen that, even though some regions yield suppressed
annihilation cross sections for certain channels, the total annihi-
lation cross section equals the one in the vanilla IDM in the limit
n — 0,71/2, and it is enhanced for all mixing angles in between
by a factor of at least 1.5. This happens because, despite the fact
that one can obtain a successful cancellation for the HH — V'V
processes for a certain combination of parameters, other chan-
nels (like HH — tf and HH — hh) become important for that
particular combination. Thus, we conclude that in the scalar
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Note that c3 and cy
could, in general, be
complex. If this was
the case, one would
have extra sources
of CP wviolation in
the model.
Nomnetheless, and
for the sake of
simplicity, we
choose all the
derivative operators
to be CP conserving
and we focus only
on their impact in
the DM relic
abundance. The
possible impact of
the derivative
operators in the
generation of the
BAU is, thus, left
for future work.
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extension of the IDM there is no parameter space (in the high
mass regime) in which we can find the correct relic abundance
for high mass splittings.

7.1.1  The Derivative Operators

Given the status in the high mass regime, we are forced to find
another way in which to obtain a sizable relic for high mass
splittings. As discussed in the last section, the new CP violat-
ing term, even though it has contributions to the annihilation
of two DM particles into longitudinal gauge bosons, cannot do
the trick by itself. Therefore, higher dimensional derivative op-
erators are introduced in the hope that they can interfere in a
destructive way as to deliver a sufficient amount of DM. With
this in mind, we restrict ourselves in this section to the study
of DM, while keeping the A4 term as the source of CP violation
for completeness. Its impact on the generation of the BAU will
be discussed in more detail later on. The new operators read

t t
Lc=c; |Hi|* (DyHa)' D¥Hy + ¢ |Hp|* (DuH;)' DM Hy
+cs [H{H; (DyHh)' D'Hy + e

+ ¢4 [H{H (DyHa)' D'Hi + he], (7.1.1)
where the covariant derivative is defined as in Eq. (3.1.3) and
we take ¢y, ¢, c3 and cy4 to be real. Again we constrain the size
of the operators taking into account the new physics scale such
that

;| $4m-107°GeV 2, with

i=1,2,3,4. (7.1.2)

The computations of the contributions from these operators
to the DM annihilation cross sections can be found in Appendix
[C]. On the other hand, the evolution of the thermally aver-
aged cross section with respect to the c; coefficients is shown in
Fig. [7.1.3] for different channels, where the DM mass and the
mass splitting are fixed to 500 GeV and 150 GeV, respectively.
From here it can be seen that, for negative values of the ¢;’s,
a decrease in the total cross section is achieved, thus resulting
in an enhancement of the relic density. Positive values of the
Wilson coefficients, in contrast, only lead to an increment in the
cross section. The destructive interference is particularly large
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Figure 7.1.3: Evolution of the thermally averaged cross section with
respect to each of the different dimension six operators
¢; for different channels. Unless it is indicated the values
for the other coefficients c; are set to 0.

for ¢y and c3, whereas for cy4 it is less prominent. By looking
closely into Fig. [7.1.3] one realizes that the behaviour of the to-
tal cross section is actually determined by an interplay between
the shutting down of the annihilations into longitudinal gauge
bosons (represented by the red and yellow lines) and the in-
crease of the annihilations to SM Higgses and top quarks (dark
blue and green lines). It can also be pointed out that, even with
the respective decrease in the total cross section for each oper-
ator, its value is still far too big (~ 100 pb) as to get the right
amount of DM. Therefore, one must try different combinations
of operators to see which one works better. In Fig. [7.1.4] for ex-
ample, we show the evolution of the cross section with respect
to ¢ for fixed c3 and c4. For this particular combination of op-
erators, one finds a minimum of (cv) ~ 9 pb which already
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Figure 7.1.4: Evolution of the thermally averaged cross section with
respect to c¢; with fixed c3 and c4 for different channels.
The minimum of the cross section is around 9 pb.

signals a significant improvement by a factor of 10.

Nonetheless, since the cross section must be even smaller in
order to accommodate sufficient DM, a suitable combination of
operators was yet to be found. To that end, a thorough scan over
all possible combinations of the Wilson coefficients c; was per-
formed for different combinations of DM mass and quartic cou-
pling Asys. As shown in Figs. [7.1.3] and [7.1.4] it was clear that
significant changes in the relics were going to be found only
for |c;| of the order 107°GeV 2. In addition, in order to abide
by the theoretical constraints, specifically the vacuum stability
conditions, the quartic coupling cannot be arbitrarily small. In
fact, for A, < 1, the boundedness of the potential immediately
sets a lower limit of A3g5 > —0.7. Nevertheless, for [Az45| < 0.7
and |c;| ~ 107°GeV 2 no suitable parameter space was found.
In particular, allowing for |c;| ~ 107°GeV~2 has a significant
impact on the spin independent DM-nucleon cross section, mak-
ing it impossible to get the correct relics while respecting the
XENON1T bounds simultaneously (the issue of the XENON1T
bounds will be discussed in more detail in the next section).
On the other hand, allowing for smaller values of Azs5 can in-
deed lead to regions where the XENON1T bounds still hold,
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Figure 7.1.5: The relic abundance normalized to Qh? = 0.12 in the
Ass5 — mpp plane for different mass splittings and fixed
ci’s coefficients and mixing angle in the high mass
regime. Left panel: Am = 150 GeV. Right panel: Am =
200 GeV. Only points fulfilling 0.6 - 0.1200 < Qh? <
0.1200 4- 3 - 0.0012 are shown. The black lines represent
the XENON1T limits.

the problem now being that the stability of the potential is no
longer guaranteed. In order to solve this issue, we need then
to find a way to relax the vacuum stability constraints (see Ap-
pendix [E] for more details). One way to achieve this is to add
an additional dimension six term in the potential of the form

V D A7|Hy|®, (7.1.3)

where again, Ay < 107°GeV 2 and we take it to be real. If that
is the case, then we only need to fulfil the conditions

A1 >0 and Ay >0 (7.1.4)

to guarantee vacuum stability, and no lower limit for Azss is
needed. Furthermore, since this new term only has contribu-
tions to interactions of six DM particles, it will not have a large
impact in the relic abundance giving us some freedom to choose
its value. Hence, from now on we fix the size of the new cou-
pling to be A7 = 1075GeV 2.

With this in mind, a possible combination of the Wilson coef-
ticients c; that can deliver the right amount of DM in the high
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Figure 7.1.6: Allowed regions of relic abundance in the Az — mly
plane for 3 different mass splittings and fixed c;’s coeffi-
cients and mixing angle in the high mass regime. Only
points fulfilling 0.6 - 0.1200 < Qh? < 0.1200 + 3 - 0.0012
are shown. The black lines represent the XENON1T lim-
its.

mass regime for high mass splittings, while respecting the the-
oretical and experimental constraints (with the modified poten-
tial), is

c1=-5-107%GeV2, 3= —-3.122-10"°GeV 2,
cs = —3.125-10"°GeV 2, (7.1.5)

with ¢, = 0. Accordingly, the results for the relic abundance
are shown in Fig. [7.1.5], where it can be seen that the entire
relic density can be furnished for a mass splitting of 150 GeV,
while we can find regions with up to ~ 90% of the measured
amount of DM for 200 GeV mass splitting. In addition one can
observe that, for a fixed set of coefficients, the allowed param-
eter space moves down towards greater negative values of the
quartic coupling A345 and towards higher DM masses when Am
is increased (see Fig. [7.1.6]). This is indeed a great improve-
ment with respect to the vanilla IDM where, for high mass split-
tings, only around 0.1% of the relic density could be attained.
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At this point, nonetheless, one must acknowledge the fact
that, even though the small mass splitting constraint was suc-
cessfully addressed, adding a new operator in the potential and
considering larger values of |A345| could lead to a different phe-
nomenology of the phase transition, such that the analysis in
Sec. [6.3.2] could not apply to our case anymore. In particu-
lar, the characterization of the PhT shown in Fig. [6.3.2] might
change notably. A detailed analysis is required to answer these
questions. However, despite the possibility of not being able to
accommodate DM and a strong first order PhT in the high mass
regime, it is still interesting to see that a whole new portion of
suitable parameter space is opened up when additional higher
dimensional operators are considered; operators which are, re-
gardless, required to make the model viable for baryogenesis.

7.1.2 A Comment on the XENON1T Bounds

As briefly discussed in the last section, when using the deriva-
tive operators of Eq. (7.1.1), the XENON1T bounds look quite
different (see Fig. [7.1.6]) compared to those in the vanilla IDM
or the low mass regime, where the bounds are symmetric with
respect to the quartic coupling A345. To understand why this is
the case, one must keep in mind that the XENON1T bounds are
actually constraints on the spin-independent (SI) DM-nucleon
cross section, obtained via direct detection (DD) experiments
(see Fig. [4.3.2]) where we have scattering processes of a DM
particle with a nucleon. Because the DM does not interact di-
rectly with fermions, the SM Higgs is the only possible media-
tor for these processes (at tree level) in the IDM. Consequently,
for the vanilla IDM, the XENON1T bounds translate into con-
straints for Asss5, which is the coupling of the corresponding
hHH vertex. This also means that for every operator that is
included in the model, one must check whether they have con-
tributions to the direct detection cross section, i.e. if they con-
tribute to the three-point interaction of two DM particles with
the SM Higgs boson or to direct interactions between DM par-
ticles and SM fermions. As can be checked from Appendix [C]
the Ag term from Eq. (7.0.1) and the derivative operators from
Eq. (7.1.1) have indeed these contributions. Nonetheless, for a
mixing angle of the order 10~ and for mass splittings up to 300
GeV the change in the SI DM-nucleon cross section is negligible,
such that the Ag operator in the potential does not affect the

A direct coupling
between DM
particles and SM
fermions is indeed
possible if one
considers dimension
six operators as
showed, for
example, in the
following chapter.
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Figure 7.1.7: Dependence of the direct detection cross section with
respect to the size of c; for fixed DM mass and different
values of the quartic coupling. The solid black line repre-
sents the upper XENON1T limit on the DD cross section
for a DM particle with my = 500 GeV.

XENON1T bounds in the interesting parameter space. On the
other hand, for the derivative operators introduced in the high
mass regime in Sec. [7.1.1], one can see from Fig. [7.1.3] that
all of them (except for c;) can in principle contribute to the DD
cross section (the contribution is visualized in the H'H' — tf
process, where the mediator must be the SM Higgs). Nonethe-
less, for c3 and c4 we find that the corresponding contribution
to the hHH vertex goes as

(7.1.6)

with p; and py3 being the sM Higgs’ and the DM particles’
momenta, respectively (we take by convention that all the mo-
menta are incoming). By convention, mictOMEGAs computes
the DD cross section in the limit of zero momentum transfer, i.e.
7> = Py pt = 0, meaning that the contributions from the c34
operators are exactly zero. The assumption of zero momentum
transfer can be justified on the basis that typical values of 4>
in DD scattering processes are of the order 10 — 100 MeV [107],
while the mass of the mediating Higgs is at least three orders

(c3+ca) (pruph + PL#P?) x _PLHPT



7.2 THE MECHANISM FOR BARYOGENESIS

of magnitude larger. Thus, only the c; operator can affect the
XENON1T bounds and its impact is shown in Fig. [7.1.7] in
the limit of the vanilla IDM (without mixing). One can see that
the evolution of the DD cross section is smooth for positive val-
ues of the the quartic coupling, whereas for negative values we
observe a deep fall that moves towards higher values of —c;
for greater negatives values of A345. This just means that, for
each fixed value of c;, one must adjust the size of the quartic
coupling and the DM mass accordingly in order to respect the
XENON1T bounds and to obtain the correct relic abundance.

7.2 THE MECHANISM FOR BARYOGENESIS

Having analyzed the DM physics in the new model and hav-
ing found interesting parameter spaces both, in the low and
in the high mass regime, we finally come to the question of
whether this model can accommodate sufficient CP violation
for successful baryogenesis. One could, for example, go for an
EWBG mechanism as discussed in Sec. [5.2.4]. After all, we have
all the ingredients: B violation from sphaleron processes, a suit-
able parameter space where we have a strong-first order phase
transition, and our newly introduced CP-violating operator in
the scalar potential. The crucial point here is being able to use
this CP violation to produce the excess of left-handed particles
and antiparticles in front of the bubble wall, which will later be
converted into a net baryon number by the sphalerons.

In EWBG models, in order to produce the desired excess of
left-handed particles, one usually relies on the fact that the CP-
violating interactions give rise to space and time dependent
mass terms for the fermions [30, 31, 59] (for more recent re-
views see also [20, 45])

mi(z) = |mi(z)|e@), (7.2.1)

where 0 is a complex phase and we assume that the bubble wall
is planar and moving in the +z direction. In the rest frame of
the bubble, one can describe the particle-wall interactions with
a semiclassical force given by

(ImP?)" | [(m26")" _ [m[*(jm[%)'e"

E=— ,
z 2F 2EE, 4F3E,

(7.2.2)

In Appendix [D] we
show the
computation of the
Jarlskog invariant
for this particular
model.
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with E = (p? + |m|*)V/2, E; = (p? + |m|?)'/2, s = +1 the spin
in the z direction, and the primes denoting derivatives with re-
spect to z. It is due to the chiral structure of the mass term in
Eq. (7.2.1) that one obtains a spin-dependent part in the force
from Eq. (7.2.2). This spin-dependent part will be negative for
left-handed particles (or antiparticles), thus decreasing the net
force acting on them, whereas it increases the net force acting
on right-handed particles ultimately contributing to form the
left-handed asymmetry. To get the net baryon number one then
needs to solve the corresponding Boltzmann equation contain-
ing collision terms that describe particle scattering. Solving the
transport equations is, however, out of the scope of this work.

The important point to answer here is whether one can trans-
mit the CP violation that appears in the scalar potential to the
fermion sector, such as to get a complex mass contribution. Ac-
cording to [46] this is indeed possible as long as the two dou-
blets acquire a VEV simultaneously, no matter if only one of
the doublets couples to fermions. To explain why this is the
case, one can first parametrize the neutral components of the
doublets as

H? = he ™1, HY = He'®, (7.2.3)

such that (h) = v; and (H) = v,. Moreover, in the minimum
one can choose a gauge in which 6; = 6, = 6/2. During the
phase transition, the equations of motion for the fields h, H
and 0 are obtained by minimizing the effective action at T,. Par-
ticularly, as argued in [33], the equations of motion for 0 will
have non-trivial solutions due to the explicit CP violation in
the effective potential, given by the complex parameter A4. Fur-
thermore, since the CP violating phase in the potential can only
appear in terms involving the products of both doublets, then
it is clear that if either & or H were to remain zero during the
PhT, it would not be possible to generate any CP violation in
the bubble wall. This has been carefully studied before in the
context of the two Higgs doublet model, for instance, in [32].
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Therefore, assuming that both doublets change during the
PhT, and taking only into account contributions coming from
the top quark, the complex mass term reads

m(z); = yih(z)e®@72, (7.2.4)

with y; the top Yukawa coupling. Keep in mind that the change
in 0 will be determined by the CP violating phase in the po-
tential as indicated, for example, in [34]. Accordingly, in our
model with the extended scalar potential, the generation of the
BAU could only proceed via a two-step PhT. In this case, during
the second step, the Higgs field will acquire a finite VEV while
the already finite VEV of H, will evolve to zero. As discussed
in [42] this scenario is only possible, in principle, in a small re-
gion of parameter space in the low mass regime. Nonetheless,
a further complication comes into hand, i.e. that one must re-
quire the first step of the PhT to be not too strong. Otherwise,
sphalerons will be turned off by the time the second transition
occurs and the generation of the BAU would be impossible re-
gardless. In [42], unfortunately, no parameter space where the
tirst-step is mild was found. This does not mean, however, that
the model does not work altogether; one could still envisage a
scenario where the addition of extra dimension six operators
change the thermal history of the universe, thus allowing for
a different phenomenology of the PhT as the one discussed in
Sec. [6.3.2]. Even the addition of the extra A; term in the po-
tential as in Eq. (7.1.3) could lead to a change that could make
the model viable for baryogenesis. These ideas are, nonetheless,
left for future work.
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FERMIOPHILIC INERT DOUBLET MODEL

Given the problem we encountered in the last section of the
previous chapter, concerning the transmission of the CP violat-
ing phase from the scalar potential to the fermion sector, we
now discuss another possible source of CP violation that can
be added to the IDM and that, potentially, could solve this issue.
In this case we consider the following Yukawa-like operator

E%PV = —g (HIHQ) (QHZdR + Q_HZUR) + h.c. , (8.0.1)

where Q, ug and dg are defined in Eq. (3.0.1), § = |7]e? is a
complex number with || < 107°GeV 2, and

~ 1 H—iA
H, = iooHs = — . 8.0.2

The novel feature of this operator is that it allows us to intro-
duce CP violation directly into the quark sector without break-
ing the Z,-symmetry, which prevents a direct coupling of the
inert doublet with the fermions at the renormalizable level. The
expectation is, thus, that this operator will allow for CP-violating
processes which could lead to complex quark masses as dis-
cussed in Sec. [7.2]; ideas that will be explored later. For now,
we focus our attention on DM physics which is discussed in
detail in the following section.

8.1 THE RELIC ABUNDANCE

As in previous models, we start by checking how the DM relics
are affected by the new Yukawa-type operator. For that pur-
pose a first step is to check how the thermally averaged cross
section evolves with the size of |j|. From the start it is clear
that the new operator will have new contributions to the pro-
cesses where two DM particles annihilate into quarks (for more
details see Appendix [C]). This is shown in Fig. [8.1.1], where
the CP violating angle is fixed to # = /2 and we explore
the two mass regimes. For instance, in the left panel the be-
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Figure 8.1.1: Evolution of the thermally averaged cross section with
respect to |j| for different annihilation channels. Left
panel: in the low mass regime. Right panel: in the high
mass regime.

haviour in the low mass regime for a DM mass of 70 GeV and
250 GeV mass splitting is shown, whereas in the right panel the
behaviour in the high mass regime is depicted for a DM mass of
500 GeV and 150 GeV mass splitting. In the low mass scenario,
for || ~ 1070 GeV 2, the cross section for processes involving
the kinematically accessible quarks (the top quark is to heavy
to be produced in this regime) is greatly enhanced. Therefore,
the correct relic abundance is expected to be attained only for
values of || up to 1077 GeV 2. The situation is similar in the
high mass regime. Already for values of |j7| around 10~° GeV 2
annihilations into "light" quarks are enhanced, whereas the con-
tributions coming from annihilations into top quarks become
dominant at about |§| ~ 107°GeV 2. However, if one zooms
in the plot on the right panel of Fig. [8.1.1] one realizes that
already for |j| around 1077GeV 2 the increment in the cross
section is sufficiently important as to expect a sizable reduc-
tion in the delivered relic abundance. It is also worth noting
here that, since the new operator does not affect the cross sec-
tion corresponding to the annihilation of DM into gauge bosons
(corresponding to the red and yellow lines in Fig. [8.1.1] which
remain constant for every value of |y|), the Yukawa-like opera-
tor alone cannot change the panorama in the high mass regime
and derivative operators as in Sec. [7.1.1] must be used. Results
of the relic abundance in the low mass regime are shown in
Fig. [8.1.2] where || is fixed to 1077 GeV~2 and the CP phase is
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Figure 8.1.2: The relic abundance normalized to Qh? = 0.12 in the
Azg5 — mp plane for different mass splittings and fixed
CP violating phase and || in the low mass regime. Left
panel: Am = 30GeV. Right panel: Am = 300GeV. Only
points fulfilling 0.6 - 0.1200 < Qh? < 0.1200 + 3 - 0.0012
are shown. The black lines represent the XENON1T lim-
its.

fixed to 6 = 7t/2. Once again the three distinctive regions can
be identified as in the vanilla IDM. Nonetheless, due to a slight
increase in the total cross section, the maximum value of Azys
(compared to the vanilla IDM) allowing for the correct relics de-
creases. Increments of the size of || result in a further increase
of the total cross section, and the entire parameter space disap-
pears once we reach |ij| ~ 1076 GeV 2,

On the other hand, we finally show the results for the relics
in the high mass regime in Fig. [8.1.3], where the values of the
derivative operators are fixed as in Eq. (7.1.5) and we choose
a high mass splitting of 200 GeV. In this case we also need to
include the extra term in the potential as given in Eq. (7.1.3)
in order to guarantee vacuum stability; its size is fixed to Ay =
1070 GeV 2. In the left panel of Fig. [8.1.3], for || = 1078GeV 2,
up to 90% of the measured relic density can be obtained, which
is a comparable result as in the previous model and an im-
portant improvement with respect to the vanilla IDM. Also, as
we expected from the cross section analysis, when increasing
the value of || to 1077GeV 2 (see right panel of Fig. [8.1.3]),
the available parameter space is considerably reduced. In addi-

— aam
o o g
=] o o
o w o

o o
=] w
o w

=
~
w

Relic Abundance Fraction

o
~
o

0.65

0.60



Am =200GeV, |y| =10"8GeVv2, 6 =

96

FERMIOPHILIC INERT DOUBLET MODEL

z Am =200GeV, |y =107 Gev2, § =1
SN N

-3.5 -3.5
6= -5x10"%GelV 2 N 1= -5x10"%GeV 2 N
3= -3.122 x 10-5Gev -2 c3= —3.122 X 1075GeV 2

-36 -36
cy= —3.125% 1075GeV 2 c4= —3.125% 1075GeV 2
A;=10"5Gev 2 A7=10"5Gev 2

-37 -37

-3.8 ‘ 3 -3.81

~

-3.9 -3.9

-4.0 —4.0 4

—4,1+ : —_ : : - —4.1+ : —_— ‘ ; i

780 790 800 810 820 830 840 850 780 790 800 810 820 830 840 850
my [GeV] my [GeV]

Figure 8.1.3: The relic abundance normalized to Qh* = 0.12 in the
Asss — mpy plane for different values of |j| and fixed
¢;’s coefficients and mass splitting in the high mass
regime. Left panel: || = 10-GeV 2. Right panel: |ij| =
1077GeV 2. Only points fulfilling 0.6 - 0.1200 < Qh? <
0.1200 4- 3 - 0.0012 are shown. The black lines represent
the XENON1T limits.

tion, the maximum fraction of DM relic abundance decreases by
approximately 20%, as one can obtain a relic density only up
to 70% of the present value. Decreasing the mass splitting to
around 150 GeV leads to regions where the full relic density can
be found for || = 1078GeV 2, whereas for |j| = 1077GeV 2
one can find up to 90% of the measured value.

As a final comment in this section, one must bare in mind
that, similarly as in the extended IDM, adding a new term in
the potential and considering larger values of |A345| in the high
mass regime, could completely change the nature of the phase
transition. For more details about this issue the reader is re-
ferred to the final discussion in Sec. [7.1].

8.2 A BRIEF COMMENT ON THE EDM’S

So far we have delayed a very important issue that must be ad-
dressed in any model that includes new sources of CP violation:
Electric Dipole Moments (EDMs). As we have previously seen,
CP violation is a key ingredient in any EWBG model, however, it
is usual that models containing new sources of CP violation are
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Figure 8.2.1: Two-loop Barr-Zee diagrams contributing to the EDMs.
Left panel: when there is CP violation in the Higgs sec-
tor. Right panel: in the Fermiophilic IDM.

heavily constrained by negative searches of EDMs [11], particu-
larly for the electron, the neutron and for neutral atoms. For
instance, a precise measurement of the electron EDM by the
ACME collaboration yields [2]

d, <111 x 10 %ecm), (8.2.1)

where e is the electric charge of the electron. In the sM, con-
tributions to the EDMs associated with the CKM matrix occur
tirst a three-loop level, resulting in a natural suppression below
the current bounds [80]. Thus, one can say that EDMs are ex-
cellent tools to probe for new physics [47]. For example, in the
presence of CP violation in the quark-Higgs sector, contribu-
tions to the EDMs are generally induced via two-loop Barr-Zee
[12] diagrams as the one shown in the left panel of Fig. [8.2.1].
Meanwhile, in our particular model, one could obtain a contri-
bution given by the diagram in the right panel of Fig. [8.2.1],
where the two vertices in the Hj loop will be proportional to
7. The good news is that the contribution appears already at
three-loop level which could mean it is suppressed and no new
constrains would appear in the model. Nonetheless, a detailed
analysis is still lacking and it is out of the scope of this work.

As a final remark in this section it must be pointed out that,
since leading contributions to the EDMs usually come from CP
violating operators in the quark-Higgs sector [9], the models
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q, 0 IR

Figure 8.3.1: Feynman diagram contributing to the quark mass terms
in the fermiophilic IDM.

discussed in Chapters [7] and [9] should have negligible contri-
butions at zero temperature and therefore be left unconstrained.

83 CREATING THE BARYON ASYMMETRY

Having finished the discussion on DM physics, once again we
ask ourselves if this model can accommodate enough CP viola-
tion as required by baryogenesis. After all, we are adding CP
violation directly into the fermion sector such that, in princi-
ple, the mechanism described in Sec. [7.2] for complex fermion
masses should work. Indeed, the operator in Eq. (8.0.1) has con-
tributions to the mass terms, in particular if both doublets ac-
quire a VEV simultaneously one has

my = ﬂyf + \]]|eiévl—v§ frtg + hec., (8.3.1)
V2 2v2

where v; and v; are the VEVs corresponding to H; and H; re-
spectively, and we have taken only the contribution from the
top quark as an example. This contribution is shown in Fig. [8.3.1].
It is clear that, during the phase transition, the term in Eq. (8.3.1)
will become an spatially varying complex mass depending on
the respective profiles for & and H around the bubble wall.
Therefore, the fermiophilic IDM could generate the baryon asym-
metry in the second step of a two-step PhT, as it was also dis-
cussed in the last section of chapter [7]. Nonetheless, we again
encounter the problem of finding a suitable parameter space
where the first transition does not wash out the sphaleron pro-
cesses, which must be sufficiently active during the second
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Figure 8.3.2: Feynman diagrams appearing at intermediate stages in
the evolution of the universe. Left panel: when only H,
acquires a VEV. Right panel: when only H; acquires a
VEV.

phase transition. The questions is, thus, whether the fermio-
philic IDM could work in other scenarios as well; scenarios where
each doublet acquires a VEV independently.

Accordingly, let us suppose that only one of the doublets
acquires a VEV at a time. However, it is not hard to check that
when this happens, we do not obtain a contribution to the mass
terms at all. For instance, if the doublet acquiring the VEV is Hj,
then from Eq. (8.0.1) we have a contribution given by

2
CPV
[’Y

S P2 hiqr,

2v2
which would correspond to a transition of the form 441 rather
than the required §rgr interaction, as depicted in the left panel
of Fig. [8.3.2]. The undesired change in chirality results from
the need of closing the h-loop. The situation is similar when H;
is the doublet acquiring the VEV. The corresponding Feynman
diagram is shown in the right panel of Fig. [8.3.2] where, this
time, we need to close two Hj loops. It is easily seen that this
also results in a gy gy transition. We must conclude, then, that
the new operator does not represent any improvement with re-
spect to the scalar extension of the IDM (see Chapter [7]) and, at
this point, we are still lacking of a clear mechanism to generate
the asymmetry.

(8.3.2)
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We must point out
that a similar
operator of the form
| |* (7L Hgr)
could work and
generate the
asymmetry during
the Hy transition
[11, 103].
Nonetheless, since
the sM doublet has
a VEV at zero
temperature, we
expect the
contributions to the
EDMs from this
operator to be
greater and, thus,
the size of the
operator itself to be
more constrained.






CP VIOLATION IN THE GAUGE SECTOR

In a last attempt to extend the IDM as to have new sources of CP
violation and account for baryogenesis we choose the following
operator

Edual = 5|H2|2F]/H/FI/W ’ (9~0-1)

where F,, FI'"Y = Wj, W + By, B is a sum over the SU(2)
tield strength tensors. These are defined as

Wiy, = 0, Wy — oy Wy + gs“bCWSW]f, (9.0.2)
B‘uy — a‘uBy - ayBl/l V2 (9.0.3)

with /¥ the Levi-Civita tensor, and their corresponding duals
given by

_ 1
WoY = el PN, (9.0.4)

Once more, given the constraint coming from the new physics
scale, we force the coefficient ¢ to be of the order ~ 10~°GeV 2.
Note that this operator closely resembles the one leading to the
strong CP problem in QCD.

0.1 THE RELIC ABUNDANCE

As done for the the previous models, we first check the impact
of the new CP violating operator in the relic abundance. An
important feature of this operator is that it couples the inert
doublet directly to the gauge bosons (therefore contributing to
the HH — V'V processes), which could lead to a possible in-
terference in the high mass regime decreasing the annihilation
cross section and relaxing the small mass splitting constraint.
We will discuss this issue in more detail later. For now, we start
with the low mass regime which is shown in Fig. [9.1.1], where
the corresponding parameter spaces for two different values
of the coefficient ¢ and different mass splittings are compared.
In the upper row, for ¢ = —10~7 GeV 2, identical results com-
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Figure 9.1.1: The relic abundance normalized to Qh? = 0.12 in the
Azgs — mp plane for different mass splittings and val-
ues of ¢ in the low mass regime. Upper row: ¢ =
—1077GeV 2. Lower row: & = —107°GeV 2. Only points
fulfilling 0.6 - 0.1200 < Qh? < 0.1200 + 3 - 0.0012 are
shown. The black lines represent the XENON1T limits.

pared to those in the vanilla IDM are obtained (see Fig. [6.2.3]),
such that the physics in the three known regions (funnel, res-
onant and tail) remains practically unchanged (see Sec.[6.2.1]).
This tells us that, for |¢| of the order 10~7 GeV 2, the contri-
butions coming from the new operator are negligible and the
delivered relic density matches the one in the vanilla IDM (con-
tributions to the annihilation cross section from this operator
can be found in Appendix [C]). However, in the lower row, for
& = —107°GeV 2, an appreciable change can be seen. For this
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Figure 9.1.2: Evolution of the thermally averaged cross section with
respect to ¢ for different annihilation channels. Left

panel: in the low mass regime. Right panel: in the high
mass regime.

case the contributions coming from the new operator do be-

come important and they significantly impact the parameter

space, opening up the possibility for the DM mass to be as low

as ~ 50 GeV, which was excluded in the vanilla IDM due to the

XENON1T bounds. In this case, sufficient relic density can not

longer be attained for DM masses over ~ 64 GeV. This behav-
ior can be cross checked by looking at Fig. [9.1.2] where, in the

left panel, the evolution of the thermally averaged cross section
with respect to ¢ is shown in the low mass regime for mpy = 65

GeV and a mass splitting of 250 GeV. Already for values of
¢ around —107°GeV 2, annihilations of two DM particles into
two photons increase appreciably, whereas annihilations into
W bosons are enhanced for & ~ —107>GeV 2. Another impor-
tant result one can deduce from Fig. [9.1.2] is that the cross
section must be proportional to ¢2, since the sign of the coeffi-
cient clearly does not affect the result.

If that is indeed the case, this also means that the new oper-
ator contributes only to increasing the total annihilation cross
section in the high mass regime, as also shown in the right
panel of Fig. [9.1.2], where the DM mass and the mass splitting
are fixed to 500 GeV and 150 GeV, respectively. Therefore, no im-
provement relative to the vanilla IDM for the DM relics can be ex-
pected. In fact, it can be seen that the annihilation cross section
increases with the increase of the absolute value of ¢ such that,
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Figure 9.1.3: The relic abundance normalized to Qh? = 0.12 in the
A3g5 — my plane for different mass splittings and fixed
¢;’s coefficients and ¢ in the high mass regime. Left
panel: Am = 150 GeV. Right panel: Am = 200 GeV. Only
points fulfilling 0.6 - 0.1200 < Qh? < 0.1200 + 3 - 0.0012
are shown. The black lines represent the XENON1T lim-
its.

around |&| ~ 107°GeV 2, there is a significant enhancement
of (cv). Consequently this implies that the new CP violating
operator alone does not change the situation in the high mass
regime and the entire model still suffers from the existent prob-
lems in the vanilla IDM, i.e. only small mass splittings lead to
sizable relics for heavy DM. Thus, as done in the previous cases,
we must rely on the use of the derivative operators defined in
Sec. [7.1.1] and the dimension six term defined in Eq. (7.1.3) to
find the correct relics for high mass splittings. For example, in
Fig. [9.1.3] the allowed parameter space for & = —1078GeV 2
and fixed c;’s is shown for 150 GeV and 200 GeV mass split-
tings. The chosen values of the coefficients are the same as in
Eq. (7.1.5) and, once more, Ay is fixed to 10~ GeV 2. The re-
sults are similar as the ones obtained for the scalar extension
and the fermiophilic IDM where, for 150 GeV mass splitting the
entire measured relic density can be attained, while it decreases
to around 90% for 200 GeV mass splitting. Once we increment
the size of the coefficient ¢ the allowed parameter space shrinks
until at around ¢ ~ —1077GeV 2 where a sizable relic can no
longer be delivered and the entire region disappears.
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9.2 BARYON ASYMMETRY A LA SPONTANEOUS BARYOGENESIS

The important thing to keep in mind is that the IDM, ex-
tended with CP violation in the gauge sector, still serves as
a suitable DM model as long as one keeps the size of the Wil-
son coefficient around ¢ ~ 1077 GeV 2 in the low mass regime
(for which similar results as in the vanilla IDM are obtained),
and around ¢ ~ 1078 GeV~ in the high mass regime (this is
because for ¢ ~ 10~7GeV 2 the increment in the cross section is
enough as to produce underabundant DM for any combination
of parameters).

9.2 BARYON ASYMMETRY A LA SPONTANEOUS BARYOGEN-
ESIS

Once more, and a final time, we come to the question of whether
we can accommodate sufficient CP violation in the model as to
allow for baryogenesis. As discussed in Sec. [7.2], if we want
to use the conventional realization of EWBG we would need of
a mechanism capable of transferring the CP violation from the
gauge sector to the fermion sector, such that we can obtain a
complex mass contribution as in Eq. (7.2.1). However, due to
the absence of such mechanism and since our CP-violating op-
erator does not involve any fermions directly, we do not expect
this idea to work. This means that, so far, there is no clear ad-
vantage between this model and the ones discussed earlier.

Nevertheless, there could be another possibility, for example,
if another mechanism of EWBG was used to produce the baryon
asymmetry; if one could transfer the CP violation to the gener-
ation of the BAU without necessarily having a complex mass. In
[38], for instance, a similar effective operator was added to the
SM involving the usual Higgs doublet, i.e.

1 g2
M2 32772

|Hy [PW,, WH (9-2.1)
where M is a typical mass-scale squared and g is the SU(2)
coupling constant. In this way a mechanism analogous to the
one known as spontaneous baryogenesis [35] can be used in
order to estimate the total baryon number density. Without go-
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An interesting
feature of
spontaneous
baryogenesis is that,
contrary to the
predetermined
intuition of the
Sakharov
conditions, the BAU
can be produced
in equilibrium
and with no CP
violation at all.
This is the case
because
spontaneous
baryogenesis relies
on an spontaneous
breaking of CPT
symmetry, whereas
CPT symmetry is
one of the
requirements for
Sakharov’s criteria
to hold.
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In the model of [38],
the realization of
spontaneous
baryogenesis still
needs of the three
Sakharov
conditions: CP
violation is present
in the operator
involving dual
fields and the BAU
is still created
during the EWPHT.
Therefore, calling
the mechanism as
spontaneous
baryogenesis could
be misleading.
Nonetheless, the
name is still used
for historical
reasons.

CP VIOLATION IN THE GAUGE SECTOR

ing into too much detail, the key idea is to have a term in the
Lagrangian of the form [5]

LD 9,0fy, (9.2.2)
where 0 is a scalar field and jp is the baryon current. When one
considers an spatially homogeneous field such that 8 = 6(¢)
the interaction in Eq. (9.2.2) is reduced to the form éj%. In this
way 0 acts as a sort of chemical potential for baryon number,
shifting the energy levels of baryons with respect to those of an-
tibaryons. Thus, as long as baryon number violating processes
are in thermal equilibrium, a non-zero baryon number will be
produced. Once baryon number violating processes fall out of
equilibrium the BAU freezes in. The picture is, then, as follows:

e At very high temperatures we assume the field 6 to re-
main constant (as we will see later, the second doublet
H, will play the role of 6 in the mechanism). If this is the
case, a term as in Eq. (9.2.2) is not present and the system
remains in the usual minimum with zero baryon number
density, even though sphalerons are very active and in
equilibrium for these temperatures.

* At some point in the thermal history of the universe, the
field 6 acquires a space-time dependence (for example, if
a PhT occurs). This will lead to a term as in Eq. (9.2.2),
acting as an effective chemical potential and changing the
minimum of the free energy with a non-zero baryon num-
ber density.

* Accordingly, since sphalerons are the only B violating pro-
cesses, they will start building up the asymmetry by driv-
ing the system towards the new minimum.

¢ Finally, once the EWPhT occurs, and assuming it is a strong
tirst-order PhT, the sphalerons will turn off and the pro-
duced baryon asymmetry will be ultimately conserved.

For the particular case in [38], and similar to our case, one
can use the anomaly equation

. 3¢? ~
Il = my 5 Wi W,
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to rewrite the operator in Eq. (9.2.1) in the form of Eq. (9.2.2) as

1 gz
M2 32772

- 1
|Hy|PW, WH = —

=0 8P,|H1|2j§ . (9.2.4)

As mentioned before, this term in the Lagrangian changes
the minimum of the free energy, such that the entire system
will try to relax to the new minimum where [5]

2
ny = ﬁaolHﬂz- (9-2.5)

Given that sphalerons are the only sources of B violation in
the model, they need enough time to create the asymmetry.
Nonetheless, one must keep in mind that, in this realization of
spontaneous baryogenesis, the entire process takes place dur-
ing the EWPhT where the Higgs field acquires a VEV, changing
near the bubble walls. Thus, baryon number must satisfy the
equation [37]

dnB . _3 0

where I is the sphaleron rate which we assume to be

k(awT)* ifmy < awT

I = (9.2.7)

0 iftmy > awT .

Eq. (9.2.6) is crucial: the rate of change of baryon number
stops at the minimum and it is directly proportional to the
sphaleron rate. When the change in H; is sudden, such as in
a strong first order phase transition, the baryon number den-
sity will go simply as [38]

ng ~ |Uc|2“5 At T* (9.2.8)
m2 W ’

with At being the amount of time needed for the Higgs field

to rise from (H;) = 0 to (H;) = v.. More precisely, At will be

the amount of time needed for the Higgs field to change over a

correlation volume &3 ~ (awT.) >, such that

At =¢C/vy, (9.2.9)
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The key finding of
this section is that
the new doublet Hy
not only allows us
to explain DM and
to accommodate a
strong first-order
PhT, but it also
allows us to
introduce CP
violating operators
that work in
explaining the BAU;
all of it
simultaneously.

CP VIOLATION IN THE GAUGE SECTOR

where vy, is the bubble wall velocity. In our model, the opera-
tor in Eq. (9.0.1) is proportional to |H;| rather than the usual

2
Higgs doublet; adjusting the factors of ;2% to make use of the
anomaly equation and including the coefficient ¢ one finds that

the baryon number density will be given by

8
ng ~ ?nf o |2ady At T, (9.2.10)

where we keep the definition of At as in Eq. (9.2.9) and v,
now denotes the critical VEV corresponding to Hj. Furthermore,
since the number density of photons is defined as

20(3
_ 4G,

v (9.2.11)

with (3) ~ 1.2 the Riemann zeta function, one obtains for the
baryon-to-photon ratio

48 _ 4 2

N~ mc apy |ve|” -
Surprisingly the ratio in Eq. (9.2.12) does not explicitly depend
on the temperature but, on the size of the CP-violating opera-
tor, the critical VEV and the bubble wall velocity. Accordingly,
in Fig. [9.2.1] the results for the normalized BAU with respect to
¢ and the critical VEV are shown for a fixed value of the bubble
wall velocity. The black solid line represents the combination of
parameters for which one can obtain the measured value of the
BAU. This means that the region that lies over this line signals
overabundant matter, whereas the region under the line corre-
sponds to underabundant matter. Then, if we expect the critical
VEV to be of the order 100 GeV, the size of the CP-violating op-
erator must be in between 10~ 11GeV 2 and 10~ 1°GeV~2; values
which in turn allow for a sufficient amount of DM (see Sec. [9.1]).
On the other hand, by increasing the size of ¢ the generation of
the measured BAU requires an even smaller value of the critical
VEV. However, since we also aim to have a strong first order PhT,
even smaller values of T, are needed in order to satisfy the con-
dition in Eq. (6.3.13). Nonetheless, if the critical temperature
is very low, scenarios where the DM freeze out occurs before
the EWPhT could appear. In those cases, a new detailed analysis
will be necessary in order to study the impact on the DM relics,
given that one must replace the longitudinal components of the

(9.2.12)



9.2 BARYON ASYMMETRY A LA SPONTANEOUS BARYOGENESIS 109

vw=1/3, n =6.14-10"10

\-\ 3 log(n/in™H=-18

'\‘ — log(n/in™H =0
—-- log(n/n™) =1

140 Sy

120 St

100 IR Y

v, [GeV]

80 R N

log(n/n"

g0 SN .

10—12 10—11 10—10
clGeVv]?

Figure 9.2.1: The BAU normalized to the measured value with respect
to ¢ and the critical VEV for a fixed value of the bubble
wall velocity.

gauge bosons with the scalar fields qb(i). Therefore, we restrict
ourselves to consider only sufficiently large values of v., which
require the CP-violating operator to be, at most, of the order
10710Gev 2.

Now, to complete the analysis in this section, in Fig. [9.2.2]
the dependence of the BAU with respect to the bubble wall ve-
locity is shown for a fixed value of ¢ and different values of v..
We notice that if the critical VEV is too small, then we need of
a rather slow bubble wall to compensate and obtain the correct
BAU. On the other hand, increasing the critical VEV allows for
larger values of vy,. Nonetheless, for very large values of v, (in
this case already for v, = 150 GeV), one obtains a way too large
asymmetry for any value of the bubble wall velocity. This is in
accordance with the results from Fig. [9.2.1], where allowing
for a large VEV requires the CP-violating operator to be even
smaller.
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Figure 9.2.2: The BAU normalized to the measured value with respect
to the bubble wall velocity for a fixed value of ¢ and
different values of the critical VEV.

As a final remark here, one must keep in mind that for the
analysis in this section to be valid and to obtain the correct
BAU by means of the mechanism described previously, a two-
step PhT is required. Given that the CP-violating operator of
Eq. (9.0.1) is proportional to Hj, the entire mechanism to pro-
duce the BAU relies on the fact that H, must acquire a VEV at
some point in the history of the universe, which would corre-
spond to the first step of the PhT. As discussed in Sec. [6.3.2]
this is possible in the low mass regime. In particular, one can
make use of the benchmark scenarios studied in [42] for which
one can obtain a two-step PhT, while satisfying all the theoreti-
cal and experimental constraints. These are given in Tab. [9.2.1],
where ¢; and ¢, correspond to the strength of the first and sec-
ond step respectively, and similarly for Tj,. Since we assume
that baryogenesis takes place at the first step, we are only inter-
ested in the critical VEV of H, which has a value of v, ~ 117.6
GeV and v, =~ 112.2 GeV for the first and second benchmark
points, respectively. By keeping the wall velocity at v, = 1/+/3
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my Am A3as5 o & & Ty Ty

56 GeV | 415GeV | 0.0037 | 0.1188 | 1.68 | 6.12 | 70GeV | 40 GeV

71GeV | 410GeV | 0.0020 | 0.1177 | 2.04 | 6.58 | 55GeV | 35GeV

Table 9.2.1: Benchmark points where a two-step PhT is present in the
low mass regime for A, = 0.4. All theoretical and experi-
mental constraints are satisfied. Taken from [42].

one can find the corresponding size of ¢ in order to obtain the
measured BAU as

3 1.78 x 10011 GeV~2 if v, = 117.6 GeV
¢~ (9.2.13)
1.95x 1001 GeV2 if v, =1122GeV .

Since these values of ¢ are fairly small, no noticeable change
in the relic abundance is expected (as discussed in the previous
section already for values of & = 1077GeV 2 one can reproduce
the vanilla IDM results). Thus, it is shown that suitable bench-
mark points can be found in the model (particularly in the low
mass regime) for which both DM and baryogenesis are, in prin-
ciple, accounted for.

The situation in the high mass regime, on the other hand,
requires of a more careful treatment. In particular, from the dis-
cussion in Sec. [6.3.2], in the high mass regime no suitable pa-
rameter space accommodating a two-step PhT was found. This,
in principle, completely rules out the possibility of creating
the asymmetry by means of the mechanism and the opera-
tor discussed in this section. Nonetheless, as also discussed in
Sec. [9.1], the introduction of the additional dimension six term
in the potential- as in Eq. (7.1.3)- could lead to a change in the
nature of the PhT. Specifically, investigating the impact of choos-
ing rather large values for |A345| and different combinations of
Ay (which is no longer required to be strictly positive) could
entail new interesting findings. This, however, will require of a
more detailed analysis and it is left for future work.

One could think of
using the operator
in Eq (9.2.1)
involving the SM
Higss doublet in
order to create the
asymmetry in the
high mass regime
(or in the low mass
regime) during a
single Hj
transition. This is
indeed possible and
it has been studied
in previous works
[37, 38, 63].
Nonetheless, since
Hy has no VEV at
zero temperature,
we expect our
operator to be less
constrained, for
example, by EDMs.






CONCLUSIONS AND OUTLOOK

In order to accommodate DM and baryogenesis into the IDM, in
this work different extensions of the model with new sources
of CP violation were studied in detail. In particular, CP viola-
tion was added by means of higher dimensional operators in
different sectors of the theory, i.e. in the scalar potential, the
Yukawa Lagrangian and the gauge sector. The dimension six
CP-violating operators were constrained to be at most of the
order 107°GeV 2, assuming the new physics scale is around
1TeV. First, in each case, the impact of the new operators in the
DM relic abundance was thoroughly examined. It was found
that, as in the vanilla IDM, two distinct regimes for DM masses
allow for at least 60% of the measured relic density. In the low
mass regime, i.e. for 55GeV < mpy S 75GeV, similar results as
in the vanilla IDM can be achieved as long as the size of the
CP-violating operators is not particularly large. For instance, in
the scalar extension and the fermiophilic IDM, with a mixing an-
gle of 7 ~ 1073 and |§j| ~ 1077 GeV 2 respectively, a sufficient
amount of DM can be attained (independently of the value of
the CP violating phase), whereas in the model with CP viola-
tion in the gauge sector, one can allow for ¢ to be at most of the
order 1077 GeV 2. As pointed out in [42], this regime allows ei-
ther for a one-step or a two-step strong first order PhT and this
continues to be valid for each of the extensions.

In the high mass regime (for my 2 500GeV), on the other
hand, and following the discussion in [42] about the nature of
the PhT in this regime, new higher dimensional derivative op-
erators were introduced in order to obtain sufficient amounts
of DM with non-(quasi)degenerate scalar masses, which corre-
spond to the interesting parameter space where also a suffi-
ciently strong first order PhT can take place. These operators,
when used in appropriate combinations, lead to a destructive
interference in the thermally averaged annihilation cross sec-
tion, allowing one to find up to 90% of the measured relic den-
sity even for 200 GeV mass splittings. Nonetheless, obtaining
the correct relic density while respecting the XENON1T bounds
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is only possible for large negative values of the quartic coupling
A345, therefore violating vacuum stability constraints. To solve
this issue a new term in the potential proportional to |H;|® was
added. This new term, when positive, allows for the potential
to be bounded from below even for |A345| 2 1 and, since it only
involves interactions of six DM particles, its size is completely
irrelevant in the computation of the relic abundance. Conse-
quently, viable parameter spaces for DM in the mpy — A3g5 plane
for high mass splittings were found in each model, for fixed
sizes of the higher derivative operators and the CP-violating
operators. At this point, however, the results for the PhT from
[42] might no longer be valid. Indeed, considering large values
of |Ass5| and allowing for negative values of A, could lead to a
different phenomenology in the phase transition. A deep study
on the nature of the PhT in this regime is, nevertheless, left for
future work.

Regarding the generation of the BAU, in the scalar extension
and the fermiophilic IDM it was argued that baryogenesis could
take place if both doublets acquire a VEV at the same time, for
example, in the second step of a two-step PhT. This situation
will require, nonetheless, of a scenario where the first transition
is weak enough as to not turn off the sphaleron processes; a sce-
nario that, unfortunately, was not found for any combination of
parameters. In this respect one could think of the possibility to
add further dimension six operators in the model, particularly
in the potential, which could lead to a change in the thermal
history of our universe and make the situation of having simul-
taneous VEVs feasible, maybe even in the high mass regime.

On the other hand, in the last extension, where CP viola-
tion is added in the gauge sector one can use a mechanism
analogous to "spontaneous baryogenesis" in order to generate
the BAU. This is possible only at the first step of a two-step
phase transition which, so far, it is only present in the low mass
regime. Accordingly, two different benchmarks were analysed
in this regime and it was shown that, in principle, it is plausible
to account for both DM and baryogenesis (a situation that was
not possible in the vanilla IDM due to the lack of CP violation).
In the high mass regime, nonetheless, a more careful treatment
is needed. Together with the derivative operators, which en-
sure enough relics and a strong first-order PhT, one could con-
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sider the operators of the form |H;|?q. Hiqr and |Hy|?W,, WH
— which we expect to be more constrained by the EDMs — as the
sources to generate the BAU. Alternatively, studying the impact
of complex derivative operators could also be interesting for fu-
ture works.

Needless to say, in this work we only had a glimpse of all the
possibilities that are opened up when considering dimension
six operators in the IDM, a longer and more detailed analysis
will be required to get the full picture. Having the IDM as an
effective model serving to explain DM and baryogenesis simul-
taneously is, certainly, an idea worth further investigations.
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FINITE TEMPERATURE EFFECTIVE
POTENTIAL

In order to fully understand the EWPhT and all the interesting
phenomena happening in the early Universe we must introduce
concepts of thermal quantum field theory. In this context, a very
important tool to study phase transitions is the effective poten-
tial at finite temperature. In particular, to understand the be-
haviour of the Higgs potential we usually choose the one-loop
effective potential at finite temperature because it allows us to
include next-to-leading order and finite temperature effects in
the theory [81]. In general the effective potential can be written
as [80]

Veff((PC, T)= Veff(‘{bc) + Avl(T) (¢, T)/, (A.o.1)

where ¢ is the expectation value of the field, V¢ (¢c) is the ef-

fective potential at zero temperature, and AVl(T) is a term con-

taining the leading thermal corrections. In this this appendix
we will discuss each of the terms appearing in Eq. (A.0.1) in
detail.

A.1 ZERO TEMPERATURE EFFECTIVE POTENTIAL

A.1.1  The Generating Functional

In a QFT the effective action is defined as the Legendre trans-
form of the generating functional for the connected Green func-
tions W[J]. For simplicity we will consider here a theory for

a scalar field, for which the effective action can be written as
[102]

i) = Wi - [ d*xp()](x) (A1)
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where J(x) is the source and the corresponding field is defined
in the following way

- OW[]]

= . A2
37(x) (A1)
The effective action then satisfies the equation
N
J(x) = 56 (A.1.3)

meaning that the vacuum of the theory in the absence of any
sources will be characterized by [91]

(]
——=0. (A.1.4)
¢
For a translationally invariant theory, the field ¢ is a constant

¢ such that we can define the effective potential V,¢¢(¢c) of the
theory as

or
0

Clpe] = = [ d*xVigs(go) (A:1.5)

In this way, the equation leading to the vacua of the theory
reduces to [102]

aVeff(4)C) .

A.1.2  The One-Loop Effective Potential

Now, we would like to compute the effective potential appear-
ing in Eq. (A.1.6) so we start at zero temperature. In this case,
the effective potential will only have two contributions, i.e.

Veff(‘PC) = Vo(¢c) + Va(epe) , (A.1.7)

where the zero-loop effective potential V will simply be given
by the classical tree-level potential, as in Eq. (3.1.1), and the
one-loop correction will be the sum of all 1PI diagrams with a
single loop and zero external momenta as shown, for instance,
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Figure A.1.1: 1PI diagrams contributing to the one-loop effective po-
tential. Taken from Ref.[91].

in Fig. [A.1.1] for scalars. In the case of a massive gauge boson
one can show that that V; will be given by [81, 91]

4
Vi(pe) = gTr/ (;lnl;4 log (P2+M2(¢c)> , (A.1.8)
with M(¢.) the field-dependent mass. However, this one-loop
contribution must be renormalized since it is UV-divergent. Us-
ing the MS renormalization scheme in Landau gauge, the one-
loop potential takes the form of the Coleman-Weinberg poten-
tial defined as [17, 19]

. 52
Vew = Z#Tﬁf@c) llog <le(;PC)> — G|, (A19)

i

where n; is the number of degrees of freedom (positive for
bosons and negative for fermions), C; are renormalization scheme
dependent constants and Q is a renormalization scale. In the
case of the SM where the Higgs doublet can be expanded as

oL V7
V2 \v+h+ip) '

the sum in Eq. (A.1.9) runs over the top quark, the W and the
Z bosons, the Higgs h and the Goldstones ¢. In the same way
Q is fixed to the Higgs VEV, i.e. v =~ 246 GeV.

(A.1.10)

Furthermore, the field-dependent masses are given by

N 1
iy = Eyfgbg /
(A.1.11)
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To be more precise
Vew, as in

Eq. (A.1.9),is
already finite. The
counter-term
potential is added in
order to compensate
for shifts on the
vacuum due to the
one-loop corrections.

FINITE TEMPERATURE EFFECTIVE POTENTIAL

PARTICLE n; C;
W boson 6 5/6
Z boson 3 5/6
Top quark —-12 3/2
Higgs boson 1 3/2

Goldstone bosons 3  3/2

Table A.1.1: Number of degrees of freedom and parameters C; appear-
ing in the Coleman-Weinberg potential for the sM. The
values can be found in Ref.[91].

where y; is top Yukawa coupling. The masses then approach
the predicted values at T = 0 where ¢ = v. In table [A.1.1] we
summarize the numbers appearing int the Coleman-Weinberg
potential for the SM.

A.1.3 The Counter-Term Potential

The counter term potential V-7 must be added now in order
to absorb the divergences and make the theory finite. This will
also ensure that the relationships between masses and vacuum
expectations values remain the same as in the tree-level case. In
general counterterms must be found by solving the appropriate
set of renormalization conditions. For example, in the SM it is
enough to impose that [81]

d(Vew + Ver) 0
dPc $c=v
0*(Vew + Ver) _0 (A1.12)
o2 p=v o

In this way all divergences in the SM potential can be ab-
sorbed with only two counterterms [91]

Sm? oA
Ver = Tcpg + Z(p? . (A.1.13)

The amount of counterterms needed will depend on the the-
ory under consideration.
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Gathering all the contributions we finally can write the zero-
temperature effective potential as

Verg(¢e) = Vo + Vew + Ver - (A.1.14)

A.2 FINITE TEMPERATURE EFFECTIVE POTENTIAL

We now aim to introduce thermal effects in our theory. Follow-
ing the discussion in [19, 25, 80, 91] the leading order temperature-
dependent contributions to the effective potential will be given

by

12 2 (¢e
VT=2T—7:2[ ) Vli]B< ZT(Z’C)>+ ) n]-]F< ]IEZ))>] ,

i=boson j=fermion

(A.2.1)

with the field-dependent masses 71(¢.) and the thermal bosonic
and fermionic functions defined as

Jp(x) = /oo dt t* log [1 — VPR
0 _

Jr(x) = /oo dt t* log [1 +e Y ea] (A.2.2)
0 i

These thermal integrals can be expanded in the high temper-
ature limit, i.e. [x| << 1 as

N
|
R\
~
N
7
—_
~—
N
~
N
+
—_
N—
b—j
/?\

1 x \I+2
+ 5) (52)
7t 1, X
]F(X) = % — ﬂx — 3—2x lOg (E)
o 10(2I+1) —21-1 T\ (x
T XYy (2 )r(1+3) (2

(A.2.3)

where a, = 16723/2-272) and af = 72e(3/2-27E) | with the
Euler-Mascheroni constant 7y, the Riemann {-function and the
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Note that symmetry
restoration takes
place because it
might happen that,
at sufficiently high
T, the minimum of
the effective
potential at finite
temperature occurs
at (p(T)) = 0. EwW
symmetry is,
therefore, restored
for high
temperatures.

FINITE TEMPERATURE EFFECTIVE POTENTIAL

I'-function. On the other hand, in the low temperature regime,
both functions reduce to [17]

7T\ 1/2 12 15 _
JBF(x) = — (E) x3/4e=x (1—|—§x 1/2) . (A.2.g)

explicitly showing the typical Boltzmann suppression for parti-
cles much heavier than the temperature.

A.2.1  Daisy Resummation

Now we must turn into an issue we have not discussed before,
i.e. that symmetry restoration signals the breakdown of pertur-
bation theory at high temperatures [17]. This happens because
higher order diagrams become important and their effects must
be taken into account by resummation [7, 85]. One can show
that, to a fixed order in the loop expansion, the largest contri-
butions come from the diagrams with the maximum number of
quadratically divergent loops like in Fig[A.2.1], i.e. the so-called
Daisy diagrams [91].

Figure A.2.1: Daisy (1 + 1)-loop contribution to the self energy for a
scalar theory. Taken from Ref.[91].

The resummation of these diagrams is performed, then, by
adding temperature corrections to the boson masses [19]. This
can be done following two different approaches. The first ap-
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proach, proposed by Arnold and Espinosa [7], consists of adding
the following net contribution to the thermal effective potential
[41]

ydaisy _ 12”2”1: ([mb T )}3/2 B [m%(%)rm) , (A.2.5)

where, in the SM, the sum runs only over the longitudinal de-
grees of freedom of gauge bosons for which we have

1
EnWL =Nzl =Ny = 1. (A26)

The second approach, on the other hand, was proposed by
Parwani [85] and consists of replacing the field-dependent masses
by the corresponding thermal masses directly in V7. In the SV,
the thermal Debye masses are given by

_ . 11
iy, = 1y (pc) + gngz
1 11 ¢
—2 2 8 2
Mz =5 (mz(47c) % cos? GWT + A(¢e, T))
1 11 ¢
-2 ) 8 2
= 5 (1200~ g oS T80T ), (A2)
with
) T):m4(¢)+ECOSZ—29W m2(¢)+E g 12| T2
« 2N 3 cos20y | A 2 cos? Oy '
(A.2.8)

Finally, putting all the ingredients together, we can write the
one-loop effective potential at finite temperature as

Verf(9e, T) = Vo + Vew + Ver + Vr + ydaisy (A.2.9)
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DISCRETE SYMMETRIES

Symmetries are a central topic in all branches of physics. Just
imposing symmetries in a theory leads to profound and imme-
diate consequences that even allow us to predict the existence
of new particles, new processes and explain why certain things
can never happen in nature. In this appendix we briefly de-
scribe two of the most important discrete symmetries in the SM,
i.e. charge conjugation and parity. For a detailed treatment see
e.g. Ref.[21].

B.1 CHARGE CONJUGATION

Charge conjugation (C) is a transformation that essentially changes
a particle by its antiparticle [94]. More specifically it changes all
the "internal" quantum numbers - charge, baryon and lepton
numbers, strangeness and so on - while leaving the mass, en-
ergy, momentum and spin untouched [51]. C-symmetry, thus,
asserts that particles and antiparticles behave in the same way
and that it is just a convention which of them we call particles
and which we call antiparticles. Particularly, under charge con-
jugation Dirac fields change as [98]

C:¥ — —inp ¥
C:¥" - —im¥, (B.1.1)

where 73 is the second gamma or Dirac matrix given by

0 00 —i
0 0i 0
2
= = —v. B.1.2)
7 0 i0 0 72 (
i 00 0

In the same way, C acts on complex scalars fields and on
vector fields in the following way

C:¢p—¢" C:A,— —Ay. (B.1.3)
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DISCRETE SYMMETRIES

BILINEAR p C CP

Tx Fx XY XY
¥1°x “¥rx Y Y
F'x Yrux  —x"Y XY

Yviy’x  —¥rrx XY XY

Table B.1.1: Action of some discrete symmetries on fermion bilinears.
Both ¥ and x are Dirac fields.

The transformation properties of fermions bilinears are sum-
marized in table [B.1.1].

B.2 PARITY

A parity transformation is a discrete transformation consisting
on the flip of the sign of all three spatial coordinates, i.e. we
reverse the momentum of a particle leaving its spin unchanged
[94]. This means we change the handedness of the system of
axes in two steps: first we perform a mirror reflection on a co-
ordinate plane and, second, we do a rotation by an angle 7
around the axis perpendicular to that plane (see Fig. [B.2.1])
[21]. Since we assume physics is isotropic (invariant under ro-
tations) the questions about P parity is concerned on whether
physics is invariant under a mirror reflection or not. In general,
complex scalar fields, Dirac fields and vector fields transform
under parity as [98]

P:¢(t, %) = ne(t, —%)

P:Y(t,X) = nyo¥(t, —X)

where 7 is a pure phase.

B.3 CP TRANSFORMATION

Finally, a CP transformation consists of simultaneously per-
forming a parity transformation together with charge conjuga-
tion. CP violation is a fascinating concept in physics as it is
required by the Sakharov conditions in order to generate the
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Figure B.2.1: A parity transformation consists of a mirror reflection
followed by a rotation. Taken from Ref.[21].

observed baryon asymmetry. It also implies the possibility for
elementary particles to have electric dipole moments. Yet, CP
violation remains as one of the most elusive subjects in particle

physics partly because our knowledge about it is rather limited.
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CONTRIBUTIONS TO THE DM ANNIHILATION
CROSS SECTIONS

In this appendix we deal with the contributions of the non-SM
terms to the annihilation cross sections of two DM particles in
the models discussed in chapters [6, 7, 8, 9]. To that end we
expand the doublets as

o= L V29° H, = L (V2HT
V2 \othtig T V2 \H+iA)
(C.0.1)

with the SM VEV v ~ 246 GeV. Furthermore, we consider only
those processes involving up to four particles and at least two
DM particles.

C.1 OPERATORS IN THE SCALAR POTENTIAL

Starting with the vanilla IDM we find that the terms of the poten-
tial have the following contributions (for the moment we leave
aside coannihilation processes)

H? _
Ao Hi2|Ha > -2 (29797 + 62+ (0 +h)?]
(C.1.1)
T 2 HZ 2 2
MlH Ho2 > =0y P+ (2], (€12
2

% [(HIH2)2+h.C} 5 7\54H <(v+h)2 _4)2) . (Ca3)

Now, since we have mixing in the extended IDM (see chapter
[7]), we have a different expression for the A5 term as well as an
additional expression for the extra dim-6 operator Ag contain-
ing angle-dependent interactions; these are given by

/2

% {(HIHZ)Z + h.c} ) A5I: <[(v + h)2 — 4)2} cos 211

—2(v+h)¢sin2y) (C.1.4)

131



132

CONTRIBUTIONS TO THE DM ANNIHILATION CROSS SECTIONS

and
_ ”
% |Hy | [ef% (H{Hz)2 + h.c} > )‘6? (2070~ + (0+ 1)’ +¢?)
. [((v + h)2 — 4)2) cos (217 — Ogs5) — 2 (v + h) ¢ sin (25 — 6_65)] ,
(C.1.5)

where, in this case, H' is the corresponding mass eigenstate and
1 is the corresponding mixing angle.

Then, from Egs.(C.1.1)-(C.1.5), the vertex factors for partic-
ular interaction channels (coming only from the scalar poten-
tial) can be extracted. For instance, the vertex factors containing
Goldstone bosons in the final state read

H'H' ¢t ¢~ : — (/\3 + %02 cos (21 — 6_65)> ,
H'H'¢¢p : —(A3q — Ascos2n) . (C.1.6)

and those with at least one SM Higgs boson in the final state
are

H'H'hh : — [/\34 + Ascos 2y + 3)\602 COS(217 — é65)} ,
HHh: —v [/\34 + A5 cos 217 + Agv* cos (217 — 965)} ,
H'H'¢h : A5sin 2y + ;\602 sin (217 — 0gs) - (C.1.7)

To recover the corresponding vertex factors for the IDM and
other models without mixing, we just need to set  — 0 and
H — H.

C.2 DERIVATIVE OPERATORS

We now turn to the operators that are not part of the scalar
potential. We start with the c-like operators used in the high-
mass regime. The covariant derivative is defined as

A RS R

— 580y, o — 3 <_8W;3 +8/Bﬂ>

DV:
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with the fields

B, _ [cos 0w —sinfy Ay . (C22)
Wﬁ sinfy  cos Oy Zy
In the model without mixing the derivative operators are ex-
panded to

¢
16 cos2 Oy
1 _
+ OuHIH [(h +o) 4+ 9>+ 270",
(C.2.3)

2 2 2 80 ot
c1 [Hi|” |DyHa|™ D H*Z,ZV + S HW, W™

where the contributions to the channels with longitudinal gauge
bosons in the final state are apparent. In the same way

H? (1 +2cos26y)
16 cos? Oy

H? o H?

d Mg~ + —— ‘
pprote 16 cos? Oy
QP02 H?

16 cos? Oy

c2 |Ha? |DuH: | D (0,hd"h + 0,,0" )

2

—_— W, —2id *‘
+4C0829W 8% 1

guH? (o poo+ — Wi 1

guH?

Z,, 0 g,

4cosOy ¢

(C.2.3)

+

where we have used g’ — gtan 6yy. The third operator reads

+ + 807 o
s | HHa (DyHy)" D'Hy + he.| > £ HIW, W

gZ’TH (W, (2H"g" — V290" H) + cc.)

| HouH
4

((*h+idt¢p) (v+h+ip) + c.c.)
guZyH
4 cos Oy

+ (Ho¢ — 240" H)

gZ 02

S~ H?7,7M.
8 cos2 Oy #

(C.2.5)
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Finally, the last derivative operator is

+ gZUZ
s [HIHy (DyHa)" DHy +he | > £ 2wy we
Ho*H Ho .
+—— ((v+h) 9 + pou¢) + % (21HWV et + c.c.)

V2guHO*H . _ guH?ZH gvZ
Rl Ry A .C. 20 £
* 8 (l we +CC)+ cos Oy ( ”¢+c059w)

(C.2.6)

In the case there is mixing in the potential as in the extended
IDM, the expressions for the operators c1, c; and c4 remain equal
(with the corresponding replacement H — H’), while the pres-
ence of the mixing angle modifies the expression for c3 includ-
ing a new H'H' — hZ interaction, reading

¢%v? cos (217 + 65)

s [HIHy (DyHh)' D'Hy +he| y H2W, W
+g08Hl (WP,‘ <2H’8V(p+ - fzqﬁam’) ¢i(2nt6s) 4 c.c.)

H/a:Hl ((aﬂh +idFp) (v+ b+ igp) e21+65) 4 c.c.>

i Zf:;; (H'9"¢p — 209" H') cos (21 + 05)

% (H'0*h — (v +2h) 0"H') sin (217 + 65)

AT )y

(C.2.7)

C.3 THE YUKAWA-LIKE OPERATOR

The contribution of the Yukawa-like operator is straightforward.
It is given as

E%PV = —|:17|ei§ (HIHZ) (Q_H2dR + QﬁzuR) +h.c., (C3.1)

where Q, ur and dp are defined in Eq. (3.0.1) and

- 1 H—-iA
H, =iooH; = — . Ci3.2
2 2413 \/E(—\/EH) ( 3)
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After expanding, and taking into account only one family of
quarks to make it simpler, one obtains

_’g‘eié <HIH2> (QHZdR + QquR) +h.c.D

—\37|ei90H2

didp +1 + c.c. C.3.
Wi (drdg + it ug) (C.3.3)

C.4 CP VIOLATION IN THE GAUGE SECTOR

The computation of the interesting terms for the CP violating
operator in the gauge sector is a bit more involved. The opera-
tor is defined as

&|Ha | Fyu F1Y (C.4.1)

where FWIEW = WﬁUW“'W + BWBW, and the corresponding
tield strength tensors are

Wi, = 3, Wi — 9, Wyt + ge™ Wi, (C.4.2)
Byy - a‘uBy - ayB],[ . (C.4..3)

with &% the Levi-Civita tensor. In the same way the dual field
strength tensors read

_ 1
Wi, W = S Wi e PTW, (C.4.4)

Putting everything together, and exploiting the symmetries
of the Levi-Civita tensor, one finally finds

¢|Hy |*Fj, F1 O eH? [ €"P7 (9, Aydp A + 04 Z10pZo)
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+2ige!P7 (sin By Ap + cos O Zp) (W, 0, W,7 — W0, W, ")
+2g%"P7 (sin Oy Ay + cosOwZ,) W, (sinf A, + cos O Z, ) W,
+2eM079, W, 9, W, — g% PTWLE W, WL,

—2igel"PTW I W, 9y, (sin O Ay + cos 0w Zy) | -

(C.4.5)






THE JARLSKOG INVARIANT FOR THE
EXTENDED IDM

In this appendix we try to find a CP-odd invariant (invari-
ant under a basis transformation) that effectively measures the
amount of CP violation in the scalar extension of the IDM from
Chapter [7]. This is analogous to the Jarlskog invariant in the
SM characterized by the mixing in the quark sector [61]. We
closely follow the steps in Ref. [67].

To that end, when expanding the potential in Eq. (7.0.1) using
the doublets defined in Eq. (6.0.1), we find a term in the form

%}\5 (HIH2>2 + %;\6 !Hl|2 (HIH2>2 +hec

vh 2 q As o 2 2
D (7 (/\5~|—/\6v cos 965) Z(P ) (H A )
— Ag0® sinBgs HAN . (D.o.1)

These correspond to terms in the form ¢;;¢;¢;S, where ¢; is either
H=¢& or A= ¢ and S is a CP-even monomial (h, ¢¢, H H™,
¢t ¢7). Specifically, we define

C11 = —Cypp = g ()\5 + )L602 Ccos 9_65>

C1p = €21 = —/\6’03 sin 9_65

= —dp = 2

¢y =ch =0, (D.o.2)

where we have used the primes to distinguish between the co-
efficients involving h and the coefficients involving ¢?. One can
then construct the CP-odd invariant, using the Levi-Civita sym-
bol contracted with ¢ and ¢/, which reads

3

(Y .=
] = C]/a-C,']'é']'k = _EAS)% sim 965 . (DO3)
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THE JARLSKOG INVARIANT FOR THE EXTENDED IDM

Similarly to the SM, all CP-violating quantities will be pro-
portional to the invariant J. According to Ref. [28], the baryon-
to-photon ratio 7 is, in the absence of BSM physics, given by

Scp ~10735¢p, (D.o.4)

s s
where np = ny, — nj is the difference between the number den-
sity of baryons and antibaryons, s is the entropy density of the

Universe, and Jdcp is a dimensionless suppression factor due to
CP violation.

Thus, assuming there is a direct mechanism that allows us
to transmit the CP violation from the scalar potential to the
quark sector and, since all CP-violation in the model must be
proportional to ], one can estimate dcp via dimensional analysis
in Eq. (D.o.4). Since ] has mass dimension 1, the dimensionless
number can be estimated by

Scp = Ti ~1072JGeV !, (D.0.5)
C

where T, ~ 100 GeV is the temperature of the electroweak

phase transition. Since the observed baryon asymmetry is of the

order of 17 ~ 1071°, we find the requirement | ~ O (1078GeV)

for the CP-odd invariant found above. Using the definitions in

Eq. (7.0.13), we find a constraint in the mixing angle, reading

N2 . o 5 '
- (Am?*)” sin4y (1 — tan 27 cot Bes) Lo (10_8GeV> ’

203
(D.0.6)

which is easily attained for the relevant parameters allowing for
the correct DM relics. This finding in Eq. (D.0.6) signals absent
CP violation for zero mixing between the two non-SM neutral
scalars, i.e., 7 = 0.



VACUUM STABILITY

This appendix is dedicated to the derivation of the vacuum sta-
bility constraints from the vanilla IDM and the corresponding
extensions studied after. In general the vacuum stability con-
straints appear when we require the potential of a particular
model to be bounded from below. Checking the boundedness
of a particular potential can be a complicated task, specially
when we have many parameters to take into account. However,
the procedure is essentially the same in each case; one needs to
make sure the potential is always positive for any possible field
configurations. As an example, let us start with the potential
from the IDM given in Eq. (6.0.3) and rewritten in terms of the
neutral scalars h and H
Mo Moo Mys Asss o0 Aoy
V(h,H) —?h —i—;H +Zh —l—TH h +ZH'
(E.o.1)
Guaranteeing the potential being bounded from below, only
the terms with highest power in the respective fields h, H are
relevant such that we can neglect the terms proportional to u?
and y3 from now on. Following the discussion in [6] the poten-
tial in Eq. (E.0.1) can be recast as

V(x) =a+bx+cx? (E.0.2)

where x = h*/H*. Now, finding conditions for the stability of
the potential requires finding conditions on 4, b and ¢ such that
V(x) > 0 for every value of x € [0,0). These read

a>0,
c>0,
b+ 2+v/ac > 0. (E.0.3)
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Note that one must
require the potential
to be bounded from
below in every field
direction.
Nonetheless, for
simplicity, in this
appendix we only
consider the h and
H directions.
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The requirement of
having V(x) >0
for the potential to
be bounded from
below may appear,
at first sight,
arbitrary.
Nonetheless, this is
easy to understand
by keeping in mind
that, when
considering large
values of the fields
(either in the
positive or the
negative direction),
we must ensure
that the potential
does not tend to
—oo justifying,
therefore, the V> 0
condition.

VACUUM STABILITY

In the case of the potential given in Eq. (E.o.1) the conditions
in Eq. (E.0.3) translate into the known vacuum stability con-
straints for the IDM

Azgs > —24/ A Ap.

We can derive this results in another way. For example, by
completing the square in Eq. (E.0.1) the potential can be written
as

A >0, Ay >0, (E.0.4)

2
V(h,H) D \/A_1h2+\/A_2H2 4 - VM o
2 2 4 2
(E.o.5)

Since the first term in Eq. (E.0.5) is non-negative but vanishes

for the particular field configuration h> = —,/ %Hz, one can
immediately read off the stability constraints as

Asis  VAAg
4 2

>0, (E.0.6)

in addition to the more trivial conditions

A A
“lso 22s0,

1 1 (E.0.7)

which again reduces to the constraints given in Eq. (E.0.4). A
similar analysis can be done for other field directions.

Now, in the presence of the dim-6 operator given in Eq. (7.1.3)
it is convenient to consider the potential written as

2
voM <h2+@H2> +&<1—

A2 A

345 4 7 116
1 345 )t T,
4 20 4 )

A0, 8
(E.0.8)

At this point it is clear then that the second term in Eq. (E.0.8)
is not relevant for vacuum stability anymore since the H® term
dominates the course of the potential for large field values.
Thus, the constraints for vacuum stability of the augmented
IDM potential simply read

A >0, Ay >0. (E.0.9)
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