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Abstract

Understanding the nature of Dark Matter (DM) and the origin of the matter anti-matter
asymmetry remain among the most challenging tasks in modern particle physics and cosmol-
ogy. In this thesis we investigate theoretical frameworks that address both of these issues with
an emphasis on production mechanisms that can be tested through current and upcoming
experimental probes.

In the first part of this thesis we introduce a new tool that is able to compute the DM relic
abundance for any model that provides a DM candidate stabilized by a Zo-symmetry via the
freeze-out mechanism. Additionally, the code is able to perform efficient parameter scans on
the given model to find parameter regions that generate the observed DM abundance. We
give detailed descriptions of the algorithms and techniques used throughout the code as well
as provide examples of how to use it.

In the second part of this thesis we finished an ongoing project, where we investigated the
interplay between two DM generation mechanism, freeze-in and freeze-out, in the model CP in
the Dark. Under certain circumstances, this model contains two DM candidates, both of which
generate their own relic density through the aforementioned mechanisms. We demonstrate
that via the interplay between the two, we can easily generate the observed relic density while
also retaining the possibility of measurable signals in upcoming collider and direct detection
searches.

The third, deals with the problem of the observed Baryon Asymmetry of the Universe (BAU).
Here, we investigate the properties of the transport equations which are used to compute the
BAU via the mechanism of Electroweak Baryogenesis (EWBG). More specifically, we check
the convergence region of the moment expansion of the transport equations as well as its
dependence on the choice of the truncation scheme. Additionally, we perform a phenomeno-
logical investigation of the Complex 2 Higgs-Doublet Model (C2HDM) with respect to the
BAU. Lastly, we discuss the validity of the obtained BAU in the parameter space allowed by
the current experimental and theoretical constraints.



Viii

Zusammenfassung

Das Versténdnis der Natur der Dunklen Materie (DM) und des Ursprungs der Materie
Antimaterie-Asymmetrie gehort zu den grofiten Herausforderungen der modernen Teilchen-
physik und Kosmologie. In dieser Arbeit untersuchen wir Theorien, die beide Probleme
adressieren, mit besonderem Fokus auf Produktionsmechanismen, die durch aktuelle und
zukiinftige Experimente iiberpriifbar sind.

Im ersten Teil prisentieren wir ein neues Programm, das in der Lage ist, die Reliktdichte der
Dunklen Materie fiir jedes Modell, das einen Zs-Symmetrie stabilisierten DM-Kandidaten
bereitstellt, mit dem freeze-out Mechanismus zu berechnen. Dariiber hinaus ist der Code in
der Lage, effiziente Parameterscans fiir das gegebene Modell durchzufiihren, um Parameter-
bereiche zu identifizieren, die die beobachtete DM-Dichte erzeugen. Wir geben detaillierte
Beschreibungen der im Programm verwendeten Algorithmen und Techniken sowie Beispiele
fiir dessen Anwendung.

Im zweiten Teil dieser Arbeit haben wir ein bestehendes Projekt vollendent. In diesem unter-
suchten wir das Zusammenspiel zweier Mechanismen zur Erzeugung Dunkler Materie, Freeze-
in und Freeze-out, im Modell ,,CP in the Dark“. Unter bestimmten Bedingungen enthélt dieses
Modell zwei DM-Kandidaten, die jeweils ihre eigene Reliktdichte iiber die genannten Mech-
anismen erzeugen. Wir zeigen, dass durch ihr Zusammenspiel die beobachtete Reliktdichte
leicht reproduziert werden kann. Gleichzeitig besteht die Moglichkeit, messbare Signale an
zukiinftigen Teilchenbeschleuniger-Experimenten und Experimenten zum direkten Nachweis
von Dunkler Materie zu erhalten.

Der dritte und letzte Teil befasst sich mit dem Problem der beobachteten Baryonenasym-
metrie des Universums (BAU). Hier untersuchen wir die Eigenschaften der Transportglei-
chungen, die zur Berechnung der BAU iiber den Mechanismus der elektroschwachen Baryo-
genese (EWBG) verwendet werden. Insbesondere priifen wir den Konvergenzbereich der
Momentenentwicklung der Transportgleichungen sowie deren Abhéingigkeit von der Wahl der
Abbruchbedingung. Dariiber hinaus fithren wir eine phianomenologische Untersuchung des
komplexen 2-Higgs-Dublett-Modells (C2HDM) im Hinblick auf die BAU durch. Abschlieflend
diskutieren wir die Giiltigkeit der erhaltenen BAU im Parameterraum, der durch aktuelle ex-
perimentelle und theoretische Einschrankungen erlaubt ist.
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CHAPTER 1

Introduction

Two theoretical frameworks underpin our current understanding of nature across vastly dif-
ferent scales. On microscopic distances, the Standard Model (SM) of particle physics provides
a precise and experimentally validated description of the constituents of everyday matter and
its interactions, as confirmed by decades of collider and precision measurements ,. On
cosmological scales, the A Cold Dark Matter model (ACDM) successfully captures the large-
scale structure and evolution of the universe, relying on a small set of parameters to explain
observations ranging from the Cosmic Microwave Background (CMB) to the distribution of

galaxies .

Despite their individual successes, a tension emerges when these two models are considered
together. The cosmological framework requires the existence of components such as Dark
Matter (DM) and a generated primordial matter anti-matter asymmetry. However, neither
of these ingredients can be accommodated within the SM. This mismatch highlights a funda-
mental incompleteness in our description of nature and provides a compelling motivation to
search for new physics that consistently connects the microscopic laws of particle interactions
with the macroscopic evolution of the universe. A promising approach to tackle this issue is
to extend the current SM via additional particles capable of connecting these two regimes.
In this context, such extensions not only provide viable candidates for DM, but can also
introduce new sources of C'P-violation and out-of-equilibrium dynamics required to generate
the Baryon Asymmetry of the Universe (BAU) offering a unified framework to address both
shortcomings.

One of the possible particle candidates to account for the DM content of the universe, are
Weakly-Interacting-Massive Particle (WIMP). For couplings to the SM at the weak scale,
such particles can naturally reproduce the observed relic abundance of DM in the universe,
which is measured to be [4]

Qxh? = 0.120 +0.001 . (1.1)

However, the improving sensitivity of direct detection experiments @ has led to increasingly
stringent constraints, causing the viable parameter space of models containing WIMPs to
shrink. This has led to an increase of complexity in current DM models, which, instead of
providing a single candidate, contain an entire Dark Sector (DS) of particles. Although this
solution manages to account for the null results observed by direct detection experiments, the
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introduction of additional particles often complicates the generation of the observed DM relic
abundance. To address this challenge, we develop a tool within this thesis that systematically
explores the parameter space and identifies regions consistent with the observed dark matter
relic abundance for a given model. The tool can be applied either to predefined models
provided with the code or to user-defined DM models featuring a single candidate stabilized
by a Zo-symmetry. It computes the corresponding DM relic abundance via thermal freeze-out
and offers a set of algorithms for systematic parameter space searches.

Instead of increasing the complexity of our models, a second way to circumvent the exper-
imental constraints is by considering Feebly-Interacting-Massive-Particles (FIMPs). In this
approach, the DM candidate couples very weakly to the SM, such that it remain undetectable
by current and near-future experiments. The DM relic abundance in such models is produced
via the mechanism of freeze-in in the early universe. Although models that contain a FIMP
work very well at generating the observed DM relic abundance they are very difficult to probe
in experiments due to their small interaction with the SM. As a result, establishing their ex-
istence with current experimental techniques is highly challenging. In the second part of this
thesis we finished a project that began prior to this theses, where we consider a model that
contains two DM candidates, a FIMP and a WIMP. With this setup, the observed relic abun-
dance can be easily generated by the FIMP component, while the WIMP sector can give rise
to observable signals in upcoming experiments. Furthermore, depending on the measured
signals, it may be possible to infer the fraction of the relic abundance contributed by the
FIMP component.

We not turn to the problem of the observed BAU, which is characterized by the quantity

Tobs = @ ~ %B ~ (8.690 £ 0.053) - 10711 . (1.2)

To generate a matter anti-matter asymmetry from an initially symmetric state, a model has
to fulfill the three Sakharov conditions [7]: Baryon-number violation, C' and CP-violation,
and departure from thermal equilibrium. A particularly promising approach to obtain the
asymmetry is the mechanism called Electroweak Baryogenesis (EWBG). In this approach the
Higgs field undergoes an electroweak phase transition in the early universe, during which
its Vacuum Expectation Value (VEV) changes from a symmetric to a broken phase. If this
transition is of first order, bubbles of the broken phase nucleate and expand throughout the
Universe. Inside these bubbles, the Higgs field acquires its electroweak (true) VEV, while
outside the bubbles the field remains in the symmetric (false) phase. As the plasma interacts
with this expanding bubble, C'P-violating processes create an asymmetry between matter
and anti-matter which is subsequently absorbed by the expanding bubble. It was shown
that the Higgs potential of the SM does not give rise to a first-order phase transition and
is therefore not sufficient to explain the observed BAU @ﬂ Therefore, additional scalar
particles are necessary to obtain a strong first-order phase transition within the framework of
EWBG. Given such models, we must solve the transport equations of the plasma to obtain
the generated asymmetry and hence the BAU. To construct these equations we use the WKB
method developed in Refs. [10H12], where the most recent developments include higher-order
moment expansions . In this work, we adopt this approach and investigate the convergence
of the BAU as we increase the number of considered moments across different regions of
parameter space. Doing so, our investigation shows that the computation of the BAU does
not lead to stable results for small wall velocities or small wall thicknesses. We proceed to
do a phenomenological investigation of the Complex 2 Higgs-Doublet Model (C2HDM) with
respect to the BAU and show clear correlations between specific model parameters and the
value of the BAU.

This thesis is structured as follows. We begin by providing the necessary prerequisites in
Chapter 2| to enable the reader to follow the rest of the thesis. Here, we give a brief intro-



duction into the SM in Sec. followed by an rough overview of the history of the universe
in Sec. We use Sec. to introduce the Boltzmann equation, which is the central equa-
tion to describe the dynamics of the plasma that is present in the early universe. Lastly, we
provide a rough overview on the topic of finite temperature field theory in Sec.

With the necessary tools at hand, we continue with the three projects contained in this
thesis. In Part I, we describe our developed DM tool RelExt, which is able to compute the
relic density via freeze-out for an arbitrary DM model, where the DM candidate is stabilized
by a Zs symmetry, as well as to search the parameter space of the model for parameter regions
which generate the observed DM abundance. First, we give an introduction into the WIMP
paradigm in Chapter 3| where we derive the necessary Boltzmann equation to describe DM
freeze-out. In Chapter |4, we provide an in depth description of our code RelExt, where we
describe the overall structure of the tool as well as the algorithms used throughout the code.
We give a few examples on how the code can be used to search parameter regions in Chapter
and give a conclusion of this part in Chapter [6|

In Part [II] of this thesis we consider the model CP in the Dark, which in a certain limit
provides two DM candidates, one FIMP and one WIMP. We analyze the effect of having
these two DM candidates with respect to experimental observables. In Chapter |7| we give a
small introduction into the DM generation mechanism called freeze-in. Next, we derive the
necessary Boltzmann equations in Chapter 8|/to describe the generation of the DM abundance
including both DM candidates. Lastly, we give a conclusion of this project in Chapter [9.

Part contains the third project of this thesis, in which we compute the BAU using the
WKB method and study its convergence behavior in the moment expansion of the trans-
port equations as well as investigate the generated BAU within the C2HDM. To do so, we
first provide an introduction into the mechanism of EWBG in Chapter After that, in
Chapter we derive the transport equations as well as provide the formula to compute the
BAU. In Chapter we provide an updated value on one of the collision rates used in the
transport equations, namely the top Yukawa rate. Lastly, we provide our numerical analysis
in Chapter [13] and conclude this part in Chapter

In Chapter we give an overall summary and outlook of the projects contained in this
thesis.






CHAPTER 2

Prerequisites

2.1. The Standard Model

The Standard Model of Particle Physics (SM) [14H16] is seen as one of the major achievements
in theoretical physics of the 20th century. It manages to combine three of the four known
fundamental forces of nature into one theory, i.e. the electromagnetic force, the weak force,
and the strong force. So far, in the regime of particle interactions, there is no theory which
is in better agreement with the experiments than the SM. In this section we will give a brief
overview of the theory behind the SM and refer the reader to Ref. for more details.

The SM is based on Quantum Field Theory (QFT) and consists of a renormalizable La-
grangian which is invariant under the local gauge group

SU(3)e x SU(2)1, x U(1)y . (2.1)

Here, SU(3). is the gauge group of Quantum Chromodynamics (QCD) and represents the
strong force. Since the Lagrangian is invariant under this group there exists a corresponding
conserved charge, the color charge. This charge is mediated by its associated fields, which
are called gluons denoted by G}, (a = {1,..,8}). They act as mediators between color triplet
states, the quark fields {u,d, ¢, s,t,b}. The SU(2); gauge group represents the weak force
with the conserved charge which is the weak isospin Ig’v and which is mediated by the gauge
fields le (1 = {1,2,3}). Finally, we have the U(1)y gauge group, which conserves the
hypercharge Y and is mediated by the gauge field B,,. Together, the SU(2);, x U(1)y builds
up the Electroweak (EW) force which couples to left handed doublet fields and right handed
singlet fields.

The SM Lagrangian can be split up into several distinct sectors which describe different
properties of the SM particles ,

LSM = Lgauge + Lfermion + LHiggs + LYukawa + LGF + Lghost . (2~2)

The first term is responsible for the dynamics and propagation of the gauge fields and is given
by
1 1

S 1
Lgauge = _ZGZVGGHV 4WZWWWV — EBMVBMV, (23)
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where the field strength tensor Fj, for the gauge field A, is defined by
Ff, = 0, AL — 0,A% + g f**e Ab A (2.4)
Further, the group structure constants satisfy
[T“,Tﬂ — jfabeqe. (2.5)

with T* being the generators of the considered gauge group and a, b, ¢ are the corresponding
group indices. The last term in Eq. is responsible for the self-coupling of the gauge fields
and has a significant effect on the underlying physics leading to confinement and asymptotic
freedom of the couplings in the case of QCD . This term appears only for non-abelian
gauge groups and is zero in the abelian case.

Next, we have the kinetic term of the fermions 1 which is also responsible for their coupling
to the gauge bosons

Lfermion = ZZ@’VMDM@/} = Z 1@%# . (26)
P Y

Here, the covariant derivative is given by
Dy = 8, —igsT*GS —igi 7' W), — igaY By, (2.7)

where the coupling constants g, (y € {s,1,2}) represent the strength of the strong, weak and
hypercharge force, respectively. The covariant derivative ensures that the Lagrangian remains
invariant under local gauge transformations. Important to note here is that the generators
of the corresponding gauge group, 7%, 7% and Y, have different representations based on the
quantum field they are acting on. For example, for a color neutral and electroweak charged
fermion (left-handed leptons) we take the trivial representation for the QCD generators T% =
0, the fundamental representation for the weak force 7@ = oi/2, where o' are the Pauli
matrices, and set Y such that the electric charge @) of the fermion is reproduced via the
relation

Q=1+Y. (2.8)

The appropriate choice of the representation of the generators leads to the observed behavior
between matter fields and gauge fields.

Looking at the kinetic terms in Eq. and Eq. we notice that they do not contain
any bilinear terms which would correspond to a particle mass. This is due to the fact that a
mass term would break local gauge invariance of the SM gauge groups. However, in reality
we observe that some gauge bosons and fermions have masses. To resolve this issue, Brout,
Englert and Higgs introduced a mechanism which gives rise to the masses in an elegant way.
In the Higgs mechanism, an additional scalar complex SU(2);, doublet, the Higgs doublet ®,
is added to the SM via

2
Litiggs = (D, ®)! (DF®) + 1231 — ) (qﬂ@) , (2.9)
where 1 > 0 and A > 0 are free parameters of the Higgs potential
2
V(®) = — 20t + A (@ch) . (2.10)

We want to find the minimum of this potential to determine the ground state of our theory.
This is done by requiring that
oV (®)
0P

L0, (2.11)
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which leads to the expectation value of

(@) = \/5 = % (2.12)

The v is called the EW Vacuum Expectation Value (VEV) and defines the ground state of
the Higgs potential. This ground state breaks the EW symmetry of the SM potential from
a SU(2)r x U(1)y symmetry to the electromagnetic U(1)em symmetry. We can expand the
Higgs doublet around the VEV by writing

G+
V2

Here, Gt and G are the charged and neutral Goldstone bosons, respectively, which emerge
from breaking the SU(2);, x U(1)y symmetry down to the electromagnetic symmetry and h
is the Higgs boson. Inserting Eq. into the covariant derivative term of Eq. (2.9) will
lead to the mixing of the fields W* and B, which after diagonalization will give the physical
mass eigenstates

1
+ _ 1 1172

Wi = \/5(”# :H”u) )

Z,, = cosfy W} — sinfyy By, (2.14)

A, = sinHWWj’ + cosbw B,, .
The Weinberg angle 6y fulfills the relations

g1 92

cosbyy = ——— and sinfy = ———, (2.15)
9i + 93 Vi + 93
and the masses of the W¥-boson, Z-boson and photon v (A,) are given by
1 myy
—_ - pu— = 0 . 2.16
mw=59v, Mz cosfyy My (2.16)

Further, we can use the gauge freedom of SU(2); to absorb the Goldstone fields into the
longitudinal degrees of freedom of the massive gauge bosons. This choice is called the unitary
gauge.

The Higgs mechanism gives rise to the masses of the massive gauge bosons trough its coupling
to the Higgs boson with a non-zero VEV in the ground state. The masses of the fermions
can be obtained in a similar manner via the Yukawa potential

LYukawa = _ZL)A/lq)lr - @/L}A/dq)d;“ - @L?u(i)u;" + h.C., (217>

where & = ig?d*, }Afl Jd/u are complex Yukawa coupling matrices and Q7 (Lp) are the left
handed quark (lepton) doublets. After EW symmetry breaking and mass diagonlization the
Yukawa terms will lead to bilinear fermion terms which give rise to their masses.

It is known that the gauge term in Eq. (2.3) is not enough to consistently quantize the gauge
fields as it will lead to undefined propagators. The underlying reason for this is the fact that
we have a gauge freedom in our theory. To address this, we need to introduce the gauge fixing
terms with gauge parameters £ which are given by
1, 1 ., 1

Lagr = ——F, F% - —F2—

1
2%c ¢ 244 2y

F_F,, 2.18
ST (2.18)
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with
Fé = 0'Gy,
Fy=0'A,,
Fy =0"Z, — &xmzGO, (2.19)

Fy = 0"W,F —igwmzG*,
F = 3‘“W; +i&wmzG .
These terms additionally remove the bilinear terms between Goldstone bosons and the corre-

sponding gauge bosons appearing in Eq. (2.9), however, they also break the gauge invariance
of the Lagrangian.

When introducing gauge fixing terms into a non-abelian gauge theory one naturally obtains
additional ghost fields ¢ and ¢ which have the following Lagrangian

Lghost —24: |:C O0F}) +¢ I(oF-) 0(6Fz) O(0F4)

— T dad “ ha tez oat tea ol |
8
4 O(OFE
+ > cG(@ﬁbG)chb’ (2.20)
a,b=1

where the variation § is taken with respect to the gauge group parameters o' of the EW group
and S° of the QCD group.

Even though the SM is a very successful theory, there are several experimental phenomena
and theoretical questions which it cannot account for. Examples for such shortcomings are:

e Dark Matter and Dark Energy [4],
e Gravity,

e Baryon asymmetry of the universe [8],

Strong CP problem [21]22],
Hierarchy problem ,
Neutrino masses .

In this thesis we will focus on the problem of DM and the BAU by considering extensions of
the SM via additional particles.

2.2. The Early and Current Universe

The standard model of cosmology, also called the A Cold Dark Matter model (ACDM), is at
the time of this thesis the best description of the current universe and its evolution starting
from the big bang. The validity of the ACDM model is experimentally tested by the space
telescopes WMAP (3] and Planck . In this section, we review the main evolutionary stages
of the universe within the framework of the ACDM model.

According to this framework the age of the universe is 13.801 +0.024 Gyr. To account for the
homogeneous and isotropic universe that we observe today, the universe had first to go through
an inflationary stage. During this time period, the universe expanded at an exponentially
increasing rate, leading to casual connections on large scales and its flatness. One common
explanation for this rapid growth of the universe is the so called slow-roll inflation generated
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via an Inflaton field. Slow-roll inflation is driven by the energy and form of the field’s potential,
and its time evolution ultimately leads to the termination of the inflationary phase. At the end
of inflation, the Inflaton field oscillates around the minimum of its potential. These oscillations
correspond to Inflaton particles, which decay into SM particles and, in some scenarios, Dark
Matter. This process fills the universe with a hot plasma and marks the reheating phase.
For a detailed review on slow-roll inflation and additional inflation models, see Refs. .
Following the reheating phase, the universe contains a thermal plasma characterized by a
temperature known as the reheating temperature T;.n. The exact temperature has no clear
upper bound and depends on the considered inflation model. However, a lower bound can be
derived from constraints on the neutrino density and its effect on Big Bang Nucleosynthesis
(BBN), yielding

Tren = 4MeV . (2.21)

At this stage, the universe is composed of matter, radiation, and vacuum energy. The densities
of these components determine the expansion rate of the universe, characterized by the Hubble
parameter H, defined in terms of the scale factor a(t)

Hy = 2 (2.22)

Its time evolution is governed by the Friedmann equation [30]

H(t)?
(2) =0+ Qm + Qp + Q. (2.23)
HO
where
Q——ki2 and Q= -1 (i € {r,m,A}) (2.24)
BT a(t)2HE ' 3M2AH? s ‘

with the free curvature k, the Planck mass My, and the densities p;/p, /o of radiation, matter
and vacuum energy, respectively. The present-day value of the Hubble rate, referred to as
the Hubble constant Hj, is inferred from two distinct observational methods. In the first
approach the Hubble constant is determined by fitting the parameters of the ACDM model
to the power spectrum of the Cosmic Microwave Background (CMB). The result obtained by
the Planck collaboration using this method gives a rate of

Hy = (67.4+0.5) kms™'Mpc ™. (2.25)

The second approach determines the Hubble constant directly from the redshift—distance
relationship of stars and supernovae, resulting in [31]

Hy = (73.5+1.1)kms 'Mpc ™. (2.26)

The discrepancy between the two results is known as the Hubble tension and is an unresolved
problem to this date. For a review of the Hubble tension and proposed solutions, we refer
the reader to Ref. .

With the expansion of the universe, the temperature of the thermal bath decreases. This
decrease in temperature leads to several out-of-equilibrium phenomena and phase transitions
in the further evolution of the universe. One such transition is the Electroweak Phase Tran-
sition (EWPT) which could happen at the end of inflation and reheating, at a temperature
of Tewpr ~ 100GeV.? During the EWPT the universe transitions from a vacuum state
in which the electroweak symmetry is exact to one in which it is broken. As stated in the

3Should the EWPT take place at this temperature and be responsible for the BAU, it would establish a lower
bound on the reheating temperature, Tren > TEwpT.-
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previous section, this gives rise to the masses of the fermions and gauge bosons. Additionally,
it can also be a key ingredient in a dynamically generated baryon asymmetry used to explain
the measured value in Eq. (1.2)), which will be a central topic of this thesis. This can happen
if the EWPT is of strong first-order, i.e. if the baryon wash-out condition [33]

v(Te)

(1) = T 21, (2.27)

is fulfilled. Here, v is the VEV of the broken vacuum at the critical temperature T;, which is
the temperature at which the unbroken and broken vacuum are degenerate. As the universe
transitions from the unbroken to the broken electroweak vacuum, bubbles begin to form, with
the broken vacuum inside them. These bubbles expand with a wall velocity v,,, which can
be determined by solving the scalar field equations of motion and the Boltzmann equations
for the plasma [34,[35]. As these bubbles grow larger they fill the universe until the whole
plasma is in the broken phase.

After the particles of the SM have acquired their masses, they are in thermal equilibrium.
Since the SM particles have different masses, they follow different equilibrium distributions.
This results in the fact that the density of the heavier particles is suppressed compared to
that of the lighter ones. This effect can be tracked by examining the effective degrees of
freedom geg(7) in the plasma as a function of temperature via

_ @ Ptot

geff(T) - 7_(_2 T4 .

(2.28)

Here, piot is the total energy density of the particles of the bath given by

3
pr = Y00 / %Eimp), (2.29)

where
1

fi= e(Bi—p)/T 417 (2.30)

is the Bose-Einstein (upper sign) or Fermi-Dirac (lower sign) distribution. In addition, g; are

the internal degrees of freedom, E; = 1/p? — m? the energy, and p; the chemical potential of
the considered particle ¢. For the SM, the maximum number of effective degrees of freedom is
given by geg(T > 175GeV) = 106.75. As the temperature of the thermal bath decreases, the
heavy SM particles will stop contributing to the effective degrees of freedom and therefore
lowering it. For the evaluation of the effective degrees of freedom at the present temperature
Eq. cannot be used, since it assumes that all particle species remain in thermal equi-
librium. Neutrinos, however, decouple from the thermal bath at a temperature Tyec, defined
implicitly by the condition®

F(Tdec) ; H(Tdec) . (2.31)
Here, I" is the interaction rate between neutrinos, photons, and electrons. As the Hubble
rate gets larger than the interaction rate (H > I') the neutrinos freeze-out of the thermal
equilibrium at a temperature of approximately Tye. >~ 1MeV, after which their comoving
number density remains constant. Taking this into account, the current value for the effective
degrees of freedom is ger(10) = 3.36 [36].

The mechanism by which particles freeze-out of thermal equilibrium can also account for
the present dark matter abundance given in Eq. (1.1). In this thesis, we focus on this and

“This provides only an approximate definition of the decoupling temperature Tyec. A more precise determination
requires solving the corresponding Boltzmann equation.
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another (see below) thermal mechanism as the origin of the DM abundance. In particular, we
study models featuring electrically neutral Weakly Interacting Massive Particles (WIMPs),
which reproduce the observed relic abundance through thermal production. Their masses
typically range from ~ 1GeV up to a few TeV, and they interact with the SM via weak-scale
interactions. Again, we can use the condition given in Eq. to estimate the temperature
at which the DM particles decouple from the thermal bath. This temperature is also referred
to as the freeze-out temperature T}, and is approximated via the DM mass myx to be at’

Tro =~ o5 (2.32)
As in the case of neutrinos, after decoupling, the DM particles obtain a nearly constant co-
moving number density as the universe expands and cools, leading to the observed DM relic
abundance. In the freeze-out scenario we assume that the DM particles are in thermal equilib-
rium with the SM after reheating. If we relax this assumption and start with a negligible DM
density, the DM particles can obtain their relic density through a process known as freeze-in.
In this scenario the SM continuously produces DM particles until the condition in Eq. (2.31)
is fulfilled and production stops at a freeze-in temperature T of approximately

Ty~ X (2.33)
5
In this scenario, the coupling between the SM and DM particles must be sufficiently small to

prevent the overproduction or thermalization of DM.

At temperatures of T = O(100MeV) the SM plasma goes through another phase transi-
tion, the QCD phase transition [38]. During this epoch, the quark—gluon plasma hadronizes,
forming bound states such as mesons and baryons. As the universe continues to cool to tem-
peratures of T = O(1MeV), these hadrons combine to form nuclei of light elements like 2H,
3He, *H and "Li, marking the phase of Big Bang Nucleosynthesis . As the universe keeps
cooling it reaches the recombination epoch at a temperature of 7' = O(1eV) at which the
electrons and protons of the thermal bath combine to atoms . This leaves the photons
with no interaction partners, as all charged particles have formed to neutral ones. These
photons build up the CMB radiation we observe today.

The CMB provides a crucial probe of the universe’s thermal and expansion history . As
already mentioned above, from its precise measurement, both the present Hubble rate and
the dark matter relic density can be inferred. Moreover, the CMB spectrum allows us to
determine the current temperature of the universe as

To = (2.7255 + 0.0006) K . (2.34)

The analysis of the CMB temperature anisotropies further reveals the composition of the
universe, yielding a baryon density of Quh% = 0.0224 4 0.0001, the vacuum energy density
Qah? = 0.3107 £ 0.0082 and a negligible radiation density Q,h* = O (107°). Finally, the
spatial curvature is measured to be € = 0.001 £ 0.002, which is fully consistent with a flat
universe, completing our picture of the universe’s thermal and compositional evolution.

2.3. The Boltzmann Equation

In this thesis we aim to compute observables originating from the early plasma of the universe.
A possible approach to this would be to simulate the plasma and study its evolution in
temperature (and thus time). However, such simulations are computationally demanding

®Note that the freeze-out temperature places a lower bound on the DM mass of approximately m,, 2 100 MeV,
arising from constraints imposed by BBN .
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and become infeasible for sufficiently large systems. The approach we will adopt in this work
is to assign a phase space distribution function f = f(p", ") to each particle species and to
study their evolution during the expansion of the universe. The equation which governs this
evolution is the Boltzmann equation, which is given by

LIfl=C[f]. (2.35)

On the left-hand side of the equation we have the Liouville operator £ which will be respon-
sible for the dynamical evolution of the system. The right-hand side, the collision operator C,
describes the interaction between different particle species within the plasma and is therefore
able to link different particle species to generate a system of Boltzmann equations.

We will first focus on the Liouville operator. In its general covariant, relativistic form acting
on a distribution function, it is given by

0 0
_ n MV
£ = (g~ T s 4 o) (2.36)
with the Christoffel symbols (affine connection)
1 e
Fuup = igu (8l/gap + apgocu - 80491/,0) ) (237)

the external four-force F* and the particle mass m. We want to describe a spacetime that
is expanding, homogeneous, isotropic, and has no curvature.® We do this by choosing the
appropriate metric, the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric with k& = 0,
which can be written as a diagonal matrix with the elements

goo =1 and g;; = —a(t)?, (2.38)
and coordinates z# = (t,z,y,2). From this the relevant non-zero Christoffel symbols from

Eq. (2.37) are given by

% = a(t)a(t)s; = H(t)a(t)?s; rkoj:@ﬁ.:ﬂ(t)é’; . (i,5,k) €{1,2,3}.  (2.39)

Insertion into Eq. (2.36) gives

L[f] = [ES, + pVx — H(t)(a(t)*p*0E + EPVp) + m(F 0r + FVp)] f, (2.40)

where VA = (Da,,04,,04,)7 is the gradient with respect to the components of a vector
A. The Liouville operator can be separated into three distinct contributions. The first
describes the natural evolution of the distribution function in phase space, while the second,
proportional to H(t), modifies the evolution of the distribution function due to the expansion
of the universe. The last term accounts for possible external forces such as those arising from
external electric or magnetic fields.

We now move on to the collision operator which is defined as

1
Clhl=—35 /dH2 ALy dl g1 - - AT, (2) 0% (1 + P2 + - 4P — Pratr — - - —Dn)

UM|§+2+--+m—>m+1+-~+nflf2 . fm(l + fm+1) o (1 + fn)
_’M’qzn+1+ A+n—1+2+- +mfm+1 ) ‘fn(l + fl)(l + f2) ’ '(1 + fm)]

= /dH{2 ny(27) <sz Z pz)

i=m-+1
[’M|%1..m}—>{m+1..n}f1f2 S fm(LE 1) - (LE fn)
— Mty rmy S Fa(LE ) (L £ f2) - (L fin)] (241)

5We implicitly assume that these conditions hold throughout the evolution of the universe.
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where f; are the distribution functions of the particle species i, the (+) applies to bosons
and the (—) to fermions. Further, the matrix elements squared |M\% X}—{y} With incoming
particles X and outgoing particles Y are summed over the spins and polarizations of all initial
and final state particles, except for particle 1. Additionally, we define the phase space integral
measure
d®p;

(2m)32E;
Looking at Eq. we notice that the integration goes over the phase space of all particles
included in the X — Y process, except for the momenta of the particle species of interest p;.
This is because we want to solve the Boltzmann equation with respect to this variable. The
equation also contains the Dirac distribution §, which ensures that energy and momentum are
conserved. In addition, we have two terms that appear in the square brackets. One represents
the forward direction of the scattering process and the other the backward direction. Depend-
ing on the particle type appearing in the final state, we have either a Fermi-suppression (—)
or a Bose-enhancement (+). In this thesis we will only consider matrix elements which are
non CP-violating and therefore are equivalent in both directions. This simplifies Eq.
to

dIl; = (2.42)

1
Clhl= /dH{2 ny(2m)* (sz Z pi) ML s fmarmyPUAL (243)

i=m+1
with
PlAl= fife fn(L £ frngr) - (L E fo) = frngr - oL Ef)A £ fo) - (L fr) . (2.44)

Note, that when we insert the thermal equilibrium distribution given in Eq. (2.30) (u; = 0)
for all involved particle species we obtain

Plf1] = feq1feq2 * * foqn (e(El—M1+..+Em—Mm)/T _ e(Em+1—Mm+1+-.+En—un)/T) =0, (2.45)
where we used the identity
L£ foq = feqeZ/T, (2.46)

in the first step and energy conservation to obtain zero as well as the chemical equilibrium
condition w1 + -+ +fm = fme1 + - - +ppn. Inserting the Collision operator and the Liouville
operator back into Eq. (2.35) we obtain our desired form for the Boltzmann equation

L[f] =[Ed +pVx — H(t)(a(t)2 28E + EpVp) + m(F°05 + FVy)] f

1

i=m+1

In general we need to couple many such Boltzmann equations, each describing the evolution
of the respective particle species. The collision operator couples these equations such that
we need to solve a system of coupled integro partial differential equations to determine the
phase space evolution of the distribution functions. However, in practice we can assume that
many of the involved particles are in thermal equilibrium and therefore we will not need a
separate Boltzmann equation for each of them.

2.4. Finite Temperature Field Theory

The description of the SM we used in Sec. based on QFT, is only valid for processes
involving a small number of particles. In other words, it is only valid at zero temperature
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with no background medium. However, for the purposes of this thesis, this is not sufficient
as we want to study a thermal plasma containing a large number of particles and no isolated
particle states. To account for the effects coming from a thermal background within QFT,
we need to consider Finite Temperature Field Theory (FTFT). We will use this section to
introduce the relevant concepts we need from FTFT, based on Refs. [43-46].

The key difference between QFT and FTFT is that we do not consider single quantum states
but mixed states given by the density matrix

p=3 paladial , (2.48)

where the states |«) form an orthonormal basis and p, is the probability of finding |«) in a
statistical ensemble. The expectation value of an operator O is then given by

= Zpa <a| @ |a> = tr(p@) ’ (2'49)

where we used that |«) is orthonormal. Due to the fact that p, is a probability distribution,
all p, have to be real and fulfill

0<pa<l , Y pa=1, tr(p)=1. (2.50)

(67

Since p,, is real, this also implies that the density matrix p has to be hermitian. For a state
in thermal equilibrium the density matrix can be represented by

p=gop(—fH) | 7= tlesp(~BH)] (2.51)

where B = T~! and H is the Hamiltonian of the system under consideration.

Let us first consider a free scalar field whose Hamiltonian is given by
H=> ala, (2.52)
k

where a;fC and ag are creation and annihilation operators fulfilling the commutation relations

[k, al] =0 5 [aw, @] = [al,a]] =0. (2.53)

We define the number operator N, = aLak with eigenvalues nj to obtain for the partition
function Z

Z =tr[exp( —5Zwka = Z (n| exp(—ﬁZwka) In) = Zexp(—BZwknk)
n k

n

= Z H exp(—Bwing) = H Z exp(—Bwing) = H l—eﬁ ) (2.54)

k ng

With the partition function at hand, we can also calculate the average number of particles
(Ng) and the average energy of the system (H)

1 0 1
(Ng) = tr(pNy,) = 7 ZGXP ﬁzwkfnk/ ng = _Eé)T;kng = B 1= feE(WE) ,

=) wp(Ny) = ZwkaE wk) (2.55)
K k
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where we recover the Bose-Einstein distribution fgg from Eq. (2.30). From the above equation
we then obtain the following identities

(afar) = ferd , (axa)) = (L + fee)du , (ara)) = (agal) = 0. (2.56)

With these identities, we can now consider the time ordered causal 2-point thermal Green’s
function, i.e. the thermal propagator

(To(x)o(y)) = O(z0 — yo)(D(2)4(y)) + Oyo — x0)(d(y)d(2)) (2.57)

where ¢(x) is the quantum field of a scalar particle given by

— 1 —ikx T ik
o(x) = zk: No (ake +age ) (2.58)

in a volume V. Without loss of generality we will set y = 0 and calculate (T ¢(z)$(0)). First,
we calculate the 2-point function

(axaf)e** + {afa)e™ o~ (1+ fp(wr))e ™ + fn(wr)e™
G~ (x) = (¢(2)p(0)) = L k =
(€)= (ote)o) = 3 =Sy 2 W
= [ g oo™ + fap(e)e (2.50)
= | @n)2m BE(Wk BE(Wk ) .
where we took the limit V' — oo in the last step. We can now use the relation
d*k e,
/(277)320% = / (27r)45(k —m~)O(ko) , (2.60)

to bring G~ in the following form

4
G (z) = / (;];LAEE(k)e_W with Az = (O(ko) + npm(ke))2m6(k2 — m2) ,  (2.61)

and npg(ko) = fee(lko|) . Similarly, we obtain for the other 2-point function G<(r) =

(9(0)p(x))

4
G<(2) = / %AEE(ls)eim with Ay = (O(—ko) + nen(ke))270(k2 —m?) . (2.62)

Combining these results, the causal 2-point function can be expressed as

4
(Too0) = | %Agme—ikz, (2.63)
with )
App = L 1 2mnge(ko)d (k2 — m?) (2.64)

k2 —m?2 + e

where we used the following relation

d4k 2 2\ _—ikx
/(QW)S[G(:co)@(ko)+®(—x0)@(_k0)]5(k —m?e

d3k . ) " d4k ie— koo
— v —iwgTo _ iwpzo] Hikx _
/ (27)32wy, [©(ao)e +6(=o)e le / (2m)4 k2 —m? + ie’

d4l€ - —ikx
_ / : we , (2.65)

2m)4 k2 — m? + ie

ikx
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making use of the residue theorem in the second line. Thereby, we derived the thermal
scalar propagator in Eq. . The first term is the known zero temperature result for the
Feynman propagator, while the second term comes from the fact that we consider a thermal
plasma. It acts as an additional on-shell contribution where the resulting particle follows the
Bose-Einstein distribution. Following the same steps as above, one can derive the thermal
propagators for gauge bosons and fermions . For a gauge field A, the result is

4
G (2) = / (;l;lPWAEE(k)e““, (2.66)
4
G (@) = / %PWAEE(M@‘“”, (2.67)
4
(TAA,0)) = [ (;’;PWABEW—W , (2.68)

where P, is a gauge dependent tensor. For a fermion field ¢ we obtain

4
S (z) = / (gﬂ];(}é—km)A;D(k:)e_ik“, (2.69)
4
§<() = / (;’;4(;é+m)A§D(k)e—ikm, (2.70)
4
To@d0) = [ sk +m)am(ke . (2.71)

A?D = (@(k’o) — TZFD(]{Z()))27T(5(]€2 - m2) N A;D = (@(—ko) — nFD(ko))QW(s(kQ — m2) N (2.72)
_ i 2 2
and npp is the Fermi-Dirac distribution. An important connection from FTFT to QFT is
that the density operator can also be viewed as a time evolution operator with imaginary time
such that e’7O(t,x)e ™ PH = O(t — i3, x). With this, we obtain the Kubo-Martin-Schwinger
(KMS) relation [43]
(O1(1)Oa(t')) = (O2(t) O1(t +iB)) , (2.74)

where we made use of the cyclicity of the trace.

2.4.1. Path Integral Formalism

So far we have only considered free particles without any interactions. To see how interactions
appear in FTFT we will use the path integral formalism. In this formalism the n-point
function is given by

(Td(x1)... dan)) = / D (6 10] pTd(x1) ... D) |, to)

1

= /m (¢, tol e PHTh(21) ... d(an) |0, o)

- % / D (¢t — iB| Td(z1) .. d(xn) |, t0) | (2.75)

where

/ 56(t) |6, 1) (6t = 1 with d6(t) = [ de(t,x) (2.76)
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The object in Eq. (2.75) can be represented by a path-integral, following the procedure
described in Ref. (Sec. 9),

A~

(Téan).dan)) = 5 [ Doden)..dtwenn (i [ ater) . @

with the partition function

Z = / Dgexp (z /S d4xL(¢)) . (2.78)

From this, we obtain the generating functional in the presence of an external source J(x) as

1
Z(J) = 7 /Dqﬁexp (z/ dz(L + J(x)qﬁ(w))) , (2.79)
C
with which we can obtain the n-point Green’s function via

(2.80)

At this stage there are two key differences to the zero temperature path integral formalism.
First, the fields fulfill the periodicity boundary condition (anti-periodic in case of fermions)

P(to,x) = £¢(to — iB,x) . (2.81)

Second, the time integral in the exponential function is taken over a complex contour that
starts at tgp and ends at tg — i5. In the derivation of the path integral we insert a set of
discrete times z9, 29 . .. 20 between the boundaries, which means that we can choose the path
ourselves. A simple choice would be a straight path from tg to tg—4/3. This prescription would
lead us to the imaginary time formalism (for more details see ,). We will, however, take
a different approach in which the Green’s functions are calculated at real times, the so called
real time formalism. Here, we take a path that starts at ¢; and ends at a time ;. We call
this segment of the path C;. Next, we go from t; back to ¢; which we call C_, and lastly
we go from t; to t; — i8 which we call C5." Now, taking t; — —oo and ty — +o00, we are left

with a time integral that can be written as

L) = [~ a0 - [ e, (2.82)

—00 — 00

where introduced the notation for fields that lie on C'{,_ by giving them the corresponding
index, effectively doubling the amount of fields. The contribution from C3 has been dropped
as it only contributes trivially to the generating functional .

2.4.2. Propagators in the Scalar Theory

With this setup, we can now consider a scalar theory given by

Sc(@) = So(9) + Si1(¢) , (2.83)

where

So(qﬁ):—% /C d*z¢(9,0" + m*)¢ and S;= /C d*zL; . (2.84)

"One could have also introduced a fourth segment which goes from t; to t; —io (o € (0,3)). However, this
does not change any physical results as discussed in Ref. [45].
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Here, Sy corresponds to the unperturbed theory and St involves the interactions of the theory.
With these, the perturbative series for Z is given by

2(J) = %exp (z’SI (15})) 20(J) (2.85)

where Zj is the functional of the unperturbed theory and is given by

Zo(J) = exp (-é /C d*ad*yJ ()G (x — y)J(y)) . (2.86)

To determine the dynamics of this theory, we want to investigate the above quantity. There,
the Green’s function G(x — y) fulfills the relation

(00" + mAG(x —y) = =6t — )3 (x—y), (2.87)
where the delta distribution is extended to account for the path taken along the C_ branch

S(t—t t,teC
de.(t—1') (t=2) *

de(t — 1) =t —t) tfeC. (2.88)
0 else
with
ot —t) tt el
t—t) tt _
o t—t) = O 1 el , . (2.89)
0 teCy,t eC_
1 teC,,tecC_

Taking the Fourier transform of Eq. (2.87) with respect to the spacial coordinates gives
(02 + W2)G(t —t' wy) = —0.(t — 1) . (2.90)

The Green’s function which solves this equation while simultaneously fulfilling the KMS

relation in Eq. (2.74) is given by
iGe(t — 1, wy) = Z%z [@c(t —t) (eﬁ‘“k*iwk(t*t’) + eiwk(t*t’)>
+0.(t' 1) (e—W“‘t’) + eﬂwwwk(t—t’)) ] , (2.91)

Taking the Fourier transform of this result with respect to time we obtain 4 different propa-
gators based on which branch ¢ and t’ lie in,

iGiq (k) = App(k) , iG__(k) = Apg(k), (2.92)
iGy—(k) = Agg(k) , G-y (k) = Agg(k) , (2.93)

where the A(k) are given in Eqs (2.61)), (2.62) and (2.64), which we can write via a single
2 x 2 propagator matrix

- [iG, Gy
iG=| """ (2.94)
iG_y iG__

This is the distinct feature of the real time formalism. By having two time branches, we
introduce a second set of fields which lie on the C_ branch. Although these two sets do not
have a direct interaction, they are connected via the propagator matrix given in Eq.
mixing the two. However, this mixing manifests itself only in higher-order corrections, as all
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external lines carry exclusively either the (+) or the (—) index, corresponding to a single time
direction. Similarly, although more involved, we obtain for the fermion propagator .S and the
vector boson propagator G,

iSy. iSy_ App AS . .
e Fam) (77 TP G = PuiG . (2.95)
iS_, iS__ AZp Abp

iS = (F+ m)

2.4.3. Physical Propagators

In FTFT we are not interested in the causal propagators Gi. since they do not have well
defined analyticity properties as can be seen by the delta distribution appearing inside them.
Further, they are not linearly independent from each other since they fulfill

G++ + G__ = G+_ —|— G_+ . (296)
We can solve both issues by considering the physical Green’s functions which are related to
the causal ones via
i
k2 —m? + ie

_ pk% + (1 — 20(—ko))o(k? — m?)

m2

iGgr=iGyy —iGy_ = — 270 (—ko)d(k? — m?)

]
k? —m?2 + isgn(ko)e ’

1
= Pm + sgn(ko)md(k? — m?) =

?

iGa=iGpt =Gy = 15— 57— isgn(ko)e ’

iGr =iGyy +iGy_ = (1 + 2npp(ko))216(k* — m?) , (2.97)

where we used the Cauchy principle value P and the identity

1 1
li = Find Pl—-]. 2.98

eg(%r T = i€ Fimd(z) + <x) ( )
To obtain physical predictions the retarded propagator G is the relevant quantity we have
to use when calculating quantities in FTFT. We can perform the basis change from the causal
propagator matrix to the physical propagators matrix Gy via

. 1 0 Ga ] 1 1 -1
Gpn = QGQ = with @Q = — (2.99)
Gr G V2 \1 4
In this basis the external fields are transformed via
+ 1 cl q — 1 cl q
T = —=(0"+ 97 , ¢ =—4(¢" -9, (2.100)

V2 V2

in terms of new fields which we call the classical field ¢ and the quantum field ¢4,. The
diagrammatic representation of the physical propagators is shown below:

GE GA GK
—). ......................... _) )
¢ (t) () ¢l o) ¢ o™ (t)
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To see how this affects the Lagrangian and its couplings structure we will look at the kinetic
fermion term involving the gluon gauge field (Eq. (2.6))

L = ig, T°Gi Pyt — ig T°Ga gy~ (2.101)
which in terms of the classical and quantum fields is then given by

Lp = %T‘L (Gt 4+ Gty + Guageaty + Guipiyiyt) . (2.102)
In this basis we notice that now all the vertices carry the same sign and that each vertex
carries an odd number of quantum fields. When constructing Feynman diagrams, one of the
external legs is chosen as the probed one, while the remaining legs are taken to be classical.
It does not matter which of the external legs is chosen to be the probed one, since they lead
to the same results.



Part |I.

Dark Matter in Extensions of the
Standard Model






CHAPTER 3

Introduction into WIMP Dark Matter

Currently, there are three main ideas on the nature of DM which try to explain the observed
phenomena. The first are primordial black holes, which are black holes that formed in the
early radiation dominated universe and still govern the universe today . In a second
approach called modified Newtonian dynamics, the second law of Newton is modified by a
scale factor such that it explains the correct velocity dependence of stars in the outer regions of
galaxies . In this thesis, we focus on the third class of scenarios, in which DM is assumed to
be a new particle not contained within the SM. The theoretically allowed mass range for DM
is extremely broad, spanning many orders of magnitude. Starting from ultralight candidates
with masses as low as m ~ 10721 eV, up to the Planck scale at m ~ 10%®eV. In this work
we restrict ourselves to thermal dark matter, which typically lies in the mass range of a few
GeV to a few TeV. For an extensive review on DM models for the entire mass range we refer
the reader to Ref. [51].

3.1. Extensions Beyond the SM

Our goal is to construct models which provide a suitable DM candidate that is able to account
for the observed relic density in Eq. Additionally, the model should be able to explain
the lack of DM evidence from current direct and indirect detection experiments as well as
collider searches. We do this by extending the SM Lagrangian Lgy via an additional Beyond
the SM (BSM) Lagrangian Lpgy such that

Limodel = Lism + Lpsm - (3.1)

A simple choice for Lgy that explains the observed null results from experiments is

1 1
Lpsm = 3 950" s — §m2¢§- (3.2)

Here, ¢ is a real scalar field with mass m. This Lagrangian does not couple to the SM
and is therefore able to explain the null results of the experiments. To explain the observed
relic density in this model one has to assume that the relic density was there from the very
beginning of the universe as an initial condition or that it was produced via non thermal
processes. We could add further fields to the BSM Lagrangian which can interact with each
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Figure 3.1.: DM-Higgs coupling over the DM mass. The green line shows the parameters
which lead to the measured relic density. The red regions and orange are excluded by direct
detection experiments, collider searches and pertubativity constraints. The figure is taken

from Ref. .

other but not with the SM and construct a whole Dark Sector (DS) of particles. The issue
with such models is that we can only study their influence on ordinary matter via gravitational
effects, which are very weak and therefore currently impossible to probe in an experiment on
particle level.

In this work we want to consider DM models which interact with the SM via forces besides
gravity. However, their interaction with the SM should still be small to account for the
experimental data. Depending on how small the coupling to the SM is, two classes of models
emerge. In the first class of DM models the DS particles are in thermal equilibrium with
the SM at the beginning of the universe. It was shown that for particles with a coupling
at the order of the weak scale, so called WIMPs, the DM relic abundance can be obtained
through the freeze-out mechanism .8 In the second class of models the DS particles have
a negligible initial abundance and are not in thermal equilibrium with the SM. In this case,
the relic density is obtain through freeze-in and requires very small couplings to the SM of
A ~ 10719 to generate the observed relic abundance. Since the required couplings of the DM
particles to the SM are very small, they are also referred to as FIMPs. In this part of the
thesis we will focus on WIMPs as the source of the DM relic abundance, while in Part 1T we
will investigate FIMPs as an additional source for the observed relic density.

To see how a connection between the BSM model and the SM might look like we extend our
previous example in Eq. (3.2) by an additional term to obtain a coupling to the SM such that

1 1 A
Lpsm = 3 050 ds — §m2¢§ — Asdg®® — Zsﬁbé» (3.3)

where @ is the SM Higgs doublet. Further, we have the portal coupling Agg between the
DM field and the Higgs field, which ensures the thermal connection to the SM, and the
self-coupling As between four DM particles. Since, the DM candidate only couples to the
Higgs boson after EW symmetry breaking, connecting the DM particles to the SM, the

8Even though freeze-out is the most commonly used mechanism to produce the relic abundance, there are many
others which have been proposed, cf. 60].
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model described by Eq. is called a Higgs portal model. Further, we note that a Zs was
imposed such that ¢ — —¢g and & — &. This ensures that the DM is stable and cannot
decay into two Higgs bosons.” The considered model is very constrained as can be seen by
from Fig. The green line shows the parameter space which generates the observed relic
density of Qxh2 = 0.12 £ 0.001. The dark red region is excluded by the upper bound on
the invisible decays of the Higgs boson , while the light red region is excluded by direct
detection experiments. Further, the orange region is the bound obtained from pertubativity
constraints. The model under consideration allows only for DM masses in the range between
3-7 TeV, which will be covered by future DM experiments.

As a consequence we want to construct models which are able to explain the DM relic abun-
dance and are not excluded by current experiments and as such have the chance at being
tested in future experiments. Further, the toy model considered in Eq. is only able to
account for DM but no further observed phenomena. To build models which account for other
phenomena besides DM, a richer particle spectrum with additional couplings is necessary. We
want to consider a general model with potentially multiple DS particles that are Zs-odd and
additional Zs-even particles. We divide the particle content of the BSM into a set of Zs-even
fields ¥; a set of Zo-odd fields X;. From this a general Lagrangian can be constructed via

Limodel ({4, Xi}) = Leven({Wi}) + Load ({3 }) + Leni({ W4, Ai}) + Lguar ({ W3, X5}) . (3.4)

Here, Leyen contains only Zo-even W, fields, Loqq contains only Zs-odd AX; fields, Lty contains
the trilinear coupling between two &; and one ¥; and Lquar contains quartic couplings between
two AX; and two W;. For the production of DM we mostly care about the last two parts of
Eq. as they are responsible for the thermal contact to the SM. In the next section we
want to describe the thermal freeze-out of the A; fields and derive the according collision
terms necessary for the Boltzmann equation with processes allowed by the Lagrangian.

3.2. Dark Sector Boltzmann Equations

To derive the Boltzmann equation which describes the density evolution of a DS particle &;
we start at the-left hand side of Eq. (2.47) with no external force

L{fx] = [E0: + pVx — H(t) (a(t)’p* 05 + EpVp)] fx, - (3.5)

Further, with the assumption that the universe is homogeneous and isotropic on large scales
the distribution functions are only dependent on F and ¢ such that

Llfx) = [Ed — H(t)a(t)*p*Og] fx,(E,1). (3.6)

After transforming the momentum into the comoving frame

/

.
P= ) (3.7)
we arrive at
L(fv,]) = [E0 — H(t)p™0E]| f+.(E.1). (3.8)

We now integrate both sides of Eq. (2.47) over the momentum of the DS particle with the
integral measure in Eq. (2.42) multiplied by two and summed over the internal degrees of
freedom g;. With this we obtain for the integrated Liouville operator

> [ ) =i + 3 (39)

9Imposing a Z2 symmetry is not the only way to ensure that the DM particle is stable. There are many models
which use different symmetry groups, which also lead to a stable DM candidate.
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where
3
nzz/éywm (3.10)

is the number density of a particle. For the first term of Eq. (3.9) we used the the fact that
we can change the order between the derivative and the integration, while for the second term
we used the energy momentum relation £ = v/p? + m? and integrated by parts i.e.

z/ 5920 = z/dpgp of =

We now move on to the right-hand side of Eq. (2.47), the collision operator, where we will
consider the 2 — 2 annihilation process

dp

—3n. (3.11)

Xin <~ \I/k\Ifl .

Again, we integrate over the momentum and sum over the internal degrees of freedom of the
considered DS particle as in Eq. (3.9)

d®p;
Z/ 21) 3E fx) = —/dﬂ{i,j,k,l}54(pi+l?g P = POIMI o Plfx],  (3.12)

where the indices of the momenta, energy and degrees of freedom are assigned such that they
correspond to the respective particle and

P[fx,-] = fxiij (1 if\pk) (1 j:f\lll) - fq/kf\pl (1 if}q) (1 iij)- (3-13)

The sum over the internal degrees of freedom was absorbed into the definition of [M|?. To
simplify Eq. we assume that the Pauli blocking and Bose enhancement can be neglected
and that the W particles are in thermal equilibrium, since most of them are electrically charged
and can interact with the thermal photons. This allows to do the replacement fy — fy eqs
from which we can apply the principle of detailed balance leading to

fur ful = el (3.14)
With this, Eq. (3.13)) is simplified into
P[fxi] = fxiij - f)e(? fc?- (3-15)

Further, we assume that the DS particles are in kinetic equilibrium!® and non-relativistic at
the freeze-out temperature, i.e.

—(E;—ni(t)) Hi(t) —E;

fxi(Eht) =e T ngi(t) ( i) fx( )=e T ;?(Ez) =eT . (3.16)

The assumption that the DS particles are non-relativistic is justified, since the freeze-out
temperature is given by Ty, = muy/25. After integrating Eq. (3.16) on both sides over the
particle momentum and using Eq. (3.10) we arrive at

Fa, =, (0155 (3.17)

k2
%

T his assumption was investigated in Ref. [62] and shown to be invalid for the model in Eq. l- for DM masses
close to the Higgs threshold.
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We have now managed to express the distribution function in terms of the number density
which has a time dependent and a time independent part. Inserting Eq. (3.15) and Eq. (3.17)

into Eq. (3.12) we obtain

d3p-
gi / (QT;ElC[fXZ] = _<O-U>Xin<—>\I/k\I'l (nxinxj - n?v?”i%) ) (3.18)

where the Thermally Averaged Cross section (TAC) for a 2 — 2 process (ov) is given by

<O_’U>Xin<—>\I’k\I/l = o0 e nE AR At L (3.19)

Together with Eq. (3.9) we obtain the Boltzmann equation for a single DS particle

At this stage we would like to note a few things. We started out the derivation with an
integro partial differential equation and ended up with a linear differential equation. The key
assumption which led to this simplification is that the DS particles are in kinetic equilibrium
such that their distribution functions fulfill Eq. . This assumption let us factorize the F;
dependence over which we then integrate in the TAC separately. Another thing to note is that
although we are solving for the number density in Eq. , the number density itself only
depends on the chemical potential and the temperature. This means that in this Boltzmann
equation we are tracking the departure of the DS particles from chemical equilibrium, which
in turn will give us the number density.

So far we only considered one annihilation process in the collision operator. To obtain the full
collision operator we have to sum over all possible final states as well as over all annihilation
partners X;. For the remainder of this thesis, the summation over the ¥ indices will be left
implicit. Further, in Eq. we considered only the annihilation processes in our Boltzmann
equation. However, we have two additional process that are relevant for the density evolution
of the corresponding DS particle. The first are conversion processes

XV, < Xj\lfl,
where i # j 1 and the second are decays

Taking these into account, the Boltzmann equation for a single DS particle is given by

Ny, + 3ani = - Z<0v>Xin(—>\Ilk\Ill (nxinxj - n(;c(jn?vcj)
J
- Z |:<O_’U>Xi\11k<—>2\’]-\1/l (nxin\pk - ng{?nic,t) - <UU>Xj\Ilk<—>Xi\DZ (nxjn\pk - nf\f]‘n?lgc)}
J#i
=3 [Trower, (i, = 15) = Toenur, (i, — 05 | (3.22)
JFi

In general we need to construct Eq. (3.22) for every DS particle included in the considered
model, which would give us a set of N coupled Boltzmann equations, where IV is the number
of DS particles. However, this is not necessary as we can use the fact that there has to be

" The case i = j has no relevance for the number density, since the particle number remains constant. However,
they are important to retain kinetic equilibrium and must be taken into account if the assumption in Eq. 1)
breaks.
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a lightest DS particle X} with mass m;. Due to the enforced Zs symmetry, all heavier DS
particles eventually decay into the lightest one throughout the evolution of the universe. Even
if their masses are almost degenerate, loop corrections will result in a non-zero decay width.
This means that we can look at the DS as a whole, instead of looking at the individual DS
particles. To do this we sum Eq. over all DS particles and define

N
Ny =Y N, (3.23)
=1

Due to the symmetry of the second and third term on the right hand side of Eq. (2.47) with
respect to ¢ <+ 7, they will cancel leaving us with

N
Ny +3Hny = — Z <UU>Xin<_>\I,k\I,l (n;{inxj — ni(jnffj) . (3.24)
ij=1

Freeze-out occurs during the radiation dominated universe, meaning that the SM particles
are still relativistic while the DS particle are not. This means that the number density of
the latter is much stronger Boltzmann suppressed during this epoch compared to the former.
This leads to the fact that the conversion/scattering rate (ov) PR is larger than the
annihilation rate (ov)x, xjorw, v, €nsuring that the X; remain in thermal equilibrium before
freeze-out. This allows us to equate the ratios between the individual particle and the total
density to their equilibrium values

Ny, N
n—; o~ nffll . (3.25)
Using this, Eq. becomes
fia + 3Hny = —(ov)er(n — (n¥)?), (3.26)
with N e e
(o0)er =3 <av>%wmm. (3.27)

ij=1
As a next step, we want to bring Eq. (3.26) into a form where the change in the number
density due to the expansion of the universe is absorbed into a new quantity called the yield

Yy = X (3.28)

S

where s is the entropy density. Under the assumption that the entropy S = a3

we obtain

§ is constant,

V= % 4 3H X (3.29)
s s
Dividing Eq. (3.26) by s and using the above equation we obtain
Vi = —s{ov)e (Y2 — (Ya)?). (3.30)

As a final step, we want to change the coordinates from'the time ¢ to a temperature dependent
variable = my /T. In order to do this, we calculate Yy in terms of x
dY, dYydz dY, x dT dYs x dsdT dYy x dT
_ b el Bt =_—"(3Hs=—]. 31
at  dz At dz ( Tdt) da < ) da <3 8Tds> (3:31)
For the Hubble constant H we use Eq. (2.23), for which, in a radiation dominated, flat
universe we have Qp = Q,,, = Qx = 0. Together with

ST dt ds

272 72
5= heﬂr(T)ETg , p= geff(T)%T4, (3.32)
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where heg(T') are the effective degrees of freedom with respect to entropy, we obtain the final
form for the Boltzmann equation of the DS particle density

v, 7 g mm

dr 45G ) (ov)es(Ya — (Y29)?). (3.33)

Here, G is the gravitational constant, gi/ 2(T) is defined as

1/2 heg T dheg
. = 1 , .34
A0 = (14 5 (334

and the equilibrium yield is given by

eq ni'q 1 N 2 2 —Ei/T 451'2 12 Z
Yil=" =Yg dEiEi\/ﬂe Tnhon 29@ % ) (339)
i=1

where K, is the modified Bessel function of the second kind of order n.

To obtain the relic density we need to solve Eq. , starting at = 0 with the initial
condition Y (0) = Yy4(0) up to xg = m1/Tp, where T is given by Eq. (2.34). This will give
us today’s yield Yy = ng/s which we can plug into Eq. together with today’s entropy
density to obtain the relic density

Y,
P00 Y~ 2.T42 LY (3.36)

Quh? =
" 3M2AH? GeV

where h is a dimensionless constant given by

Hy

k
10051\/[’“;C

, (3.37)

and we take the value of Hy given by Eq. (2.25). In Part II of this thesis we will consider a
model with two DM candidates. In this scenario we have to compute the respective Y|y for
each particle and add the two resulting contributions from Eq. (3.36]) to obtain the full relic
density.

3.3. Thermally Averaged Cross Section

The TAC given via Eqgs. (3.19) and (3.27) consists of a 12-dimensional integral, where 4 of
these can be eliminated by the delta distribution leaving an 8-dimensional integral we have to
solve. The goal is to simplify this as far as possible to ensure a fast and efficient computation
for our purposes. To do this we closely follow the derivation performed in Ref. . As a first
step we will look at the numerator of Eq. and split up the integral into incoming and
outgoing momenta such that

A= (0V)x x rwu NS = Z/dl‘[ AT Wi (s)e™ (BFED/T (3.38)
7.]

Here, W;; is the two-particle phase space involving the integrals over the final state momenta

Wij = 5 Z /dedHl]MyiinH%wlé“(pi +Dpj — Pk — 1), (3.39)
9i,95,9k,91
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where Si; is a symmetry factor in case of identical final state particles. The two-body phase
space in Eq. (3.39) is well known and simplifies to

Pkl

1
_ 2
= 87rSkl\/§g |M|XinHq,kq,ldcosﬁ, (3.40)

1

Wi;(s)

1,975,991 ©

with

puals) = Vs — (my + le)jg[S — (my —my)?] ,

the Mandelstam variable s = (p; + p;)*> = (px + p)® and 0 being the angle between the
incoming momentum p; and the outgoing momentum p;. Next, we rewrite the phase space
volume over the initial state particles by using the energy momentum relation and integrating
over trivial angle contributions giving

(3.41)

1

Here, 3 is the angle between the incoming momenta p; and p;. Following the prescription in
Ref. we perform a variable transformation such that

E, =F + E»,
E_=E, - B, (3.43)
s =m? + m? + 2E;E; — 2|pi||pj|cosf,

which gives the Jacobian

dE(dE_d
dE;dEjdcosf — =2 (3.44)

4|pil|p;l

and the integration region
5 > (my +my)?, (3.45)
Ey >y/s, (3.46)
E? — m2 — m?

2| 2| B — By —— (3.47)

Note that Eq. (3.38) only depends on the variables F; and s. This allows us to integrate
over F/_ trivially and obtain for the phase space volume

_ pyls) [Ei—s
dIL;dIl; = o) -/ ——dEds. (3.48)

Plugging Eq. (3.48) back into Eq. (3.38) and integrating over E gives
T Vs
For the denominator of Eq. lb we only need to simplify n%!' which gives
d3p; T m;
eq _ eq _ ) —Ei/T: 7 ) 2K (J)
ncs an Z / e i zgm (%) (3.50)

Putting everything together, we obtain for the TAC
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i Sy P8 Wig () Ky () ds

51)
o [Zi g2 Ky <%I)]2 (3.51

(OV) ot =

An important feature of Eq. (3.51) is that co-annihilation channels where the DS mass is
larger than the DM mass are exponentially suppressed. We can see this by approximating

Ki(z) for large x as [65]
[T

Meaning the largest contribution to the integral in Eq. will come from s values near the
rest mass, while higher values are Boltzmann suppressed. This allows us to do a comparison of
the strength of the DM annihilation processes compared to the ones from DS co-annihilations
by considering the fraction between their respective Boltzmann suppression at the rest mass

Kl ((mz + m])%) — 2 (m;+m;—2m1) (3 53)
Kl <2m1mi1)

Since m; j > mq, the exponent will always be negative resulting in a suppression for large
DS particle masses. This means that to obtain efficient co-annihilation, the masses of the
considered DS particles must be close to the DM mass.







CHAPTER 4

RelExt: A Tool for the Exploration of Dark Matter Models

Up until now we have discussed the theory needed to understand the mechanism of freeze-out
from which the DM relic abundance can be generated thermally. The first major project of
this thesis is to take the necessary formulas and implement them into a code which is able
to compute the relic density numerically for an arbitrary model with a Zy symmetry. The
description of the code structure and its algorithms is based on our published manual .

Many codes exist which calculate DM observables such as SuperIso Relic [67], DarkSUSY
[68], MicrOMEGAs [69}74], MadDM [75H77] and DarkPACK [78]. All of these codes are able to
compute the relic density of WIMP particles via freeze-out. The codes SuperIso Relic
and DarkSUSY were originally written for Supersymmetric (SUSY) models. In the case of
DarkSUSY the user can additionally provide the TAC to compute the relic density in their
given model. The codes MicrOMEGAs and MadDM automatically compute the relevant matrix
elements via CalcHep and MadGraph5aMC@NLO , respectively. DarkPACK also allows to
compute the relic density for an arbitrary model using the C++ package MARTY , which is
a tool for symbolic calculations of BSM quantities such as matrix elements. For more details
on the different tools we refer to Ref. .

In this chapter we will present our new code RelExt, which is based on Mathematica and
C++. The users solely have to provide their FeynRules model files, which RelExt uses
to automatically generate the necessary tree-level 2 — 2 matrix elements and to compute
the relic density. What separates this code from the previously mentioned ones is that it
includes scan procedures, which allow the user to search the parameter space such that the
observed relic density is obtained within the experimental limits. This can be used to study
the phenomenological implications for the considered model with respect to current collider
and DM experiments. Further, it can be used to investigate which models are favored to
produce the correct relic density, which will give insights into future model building. Although
the code in the current version only includes the tree-level processes, it is set up such that
higher-order corrections can be implemented in future updates.

The code is open-source and can be downloaded in its current version from

https://github.com/jplotnikov99/RelExt..
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Figure 4.1.: Flowchart of RelExt. Taken from Ref. .

When downloading the code, it will include the following already implemented and tested
models: the complex singlet extension of the Standard Model (CxSM) [85H92], the Next-to-
2-Higgs-Doublet Model (N2HDM) in its dark doublet phase (DDP) [93,[94], the model CP
in the Dark (CPVDM) [95]96], the Two-Real-scalar-Singlet Model (TRSM) [97,98], and the
BDMS5 [99,[100]. As already mentioned, new models can be implemented by providing the
corresponding FeynRules model files. Important to note is that the code at this stage is only
able to deal with models that have one DM candidate. Additionally, if the (co-)annihilation
processes are CP-violating the derivation in Sec. breaks down and as such cannot be
treated by RelExt.

4.1. Code Overview

We start by giving a rough overview of the structure of the code. A more detailed breakdown
will be given in the upcoming sections. As can be seen in Fig. RelExt consists of
two distinct parts. These two parts are denoted by "New Model Implementation” and "DM
Observables and Parameter Search”, respectively.

New Model Implementation

In the first part of the code the users can provide the FeynRules model files necessary for
their model. Using these model files, Re1Ext generates the corresponding FeynArts/FeynCalc
[101H103] model files. The code uses the packages FeynArts and FeynCalc to generate all
necessary 2 — 2 (co-)annihilation matrix elements. Additionally, it will generate further
quantities such as decay channels and information about s-channel resonances. All the infor-
mation generated by this part of the code is then translated into C++ files, that can be used
in the second part of the code.

DM Observable and Parameter Search

Once a model is translated into C++ the second part of the code can be used separately and
does not rely on any components of the first part, i.e. Mathematica is not needed for this part.
Here, the code is able to search the parameter space of the model for parameter configurations
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which are able to saturate the experimental limit on the relic density. In order to do this,
the code computes the TACs, the necessary total decay widths of the virtual particles, as
well as the running of the couplings, which enter the interaction vertices. The Boltzmann
equation given in Eq. is then solved numerically to obtain today’s relic density. Each
model contains its own main.cpp file, which the users can modify and on which they apply
different search algorithms on the parameter space of the model. The relic density as well as
the needed parameters are then saved in an output file specified by the user. Appendix
provides a more detailed discussion of the class structure underlying this part of the code.

4.2. Structure and Description of the Algorithms

Depending on the BSM model under consideration the set of input parameters can be more
or less extensive. The interplay between these parameters can make it difficult to find viable
relic density values necessary to perform meaningful phenomenological investigations. To find
viable parameter regions, extensive parameter scans have to be performed, which can be quite
time consuming. Because of this, there are two main objectives we want to accomplish with
RelExt:

e Solve the Boltzmann equation given in Eq. (3.33) as fast and as precisely as possible,
making large parameter scans feasible.

e Search the parameter space efficiently to obtain several viable parameter regions in a
short amount of time.

In this section, we will describe the important algorithms and numerical methods used
throughout the code, which allow for a fast computation of the relic density and subse-
quently enable an efficient parameter search. The code for the algorithms used in the C++
part of RelExt is given in Appendix

4.2.1. Amplitude Generation

To calculate the relic density, we first need to generate the relevant (co-)annihilation matrix
elements used in Eq. . As already mentioned, this is done by the first part of the code
with the help of the Mathematica packages FeynArts and FeynCalc. The code automatically
recognizes the DS particles provided by the model files and generates all possible tree-level
2 — 2 diagrams, with two DS particles in the initial state and two visible particles in the final
state. To avoid unnecessary computation at later stages, we filter out processes which are
identical up to a charge conjugation. From these diagrams we get the analytical expressions
for the matrix elements using FeynCalc. Since BSM models can contain numerous additional
particles, this can lead to matrix elements consisting of many diagrams already at tree-level.
To ensure a fast calculation of the matrix elements squared we keep the analytical expression of
each diagram in a list. We then loop over this list multiplying individual diagrams accordingly
and sum them to obtain |/\/l]2 In the example of a matrix element consisting of 2 diagrams
with analytical expressions A and B, \./\/1]2 is given by

IM|? = |A]> 4 |B|? + 2Re(A*B). (4.1)

Many of these matrix elements will have similar coupling structures that need to be evaluated.
We want to avoid computing the same coupling appearing in different amplitudes multiple
times as they can be quite large depending on the model under consideration. In order to do
this, the code recognizes couplings or combination of couplings that appear more than once
throughout all amplitudes and stores them in tokens which will only be computed once per
parameter point.
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To obtain the TAC given in Eq. (3.51) we have to integrate over the Mandelstam variable
s. In the amplitudes this can lead to divergencies resulting from s-channel propagators. To
avoid this, we use the Breit-Wigner formula, and make the replacement

1 1
5 —
med

(4.2)

2 T ’
s—m s —=mp q — L'medMmed

where mpeq and I'peq are the mass and total decay width of the mediator particle, re-
spectively. The code automatically identifies all s-channel mediator particles and is able to
calculate their total decay widths. Here, the code differentiates between scalar particles,
fermions and vector bosons. In the case of scalar and pseudoscalar particles, the code iden-
tifies all decay channels at tree level, saves their coupling modifiers and converts them into
C++ code. These coupling modifiers are used to compute the total decay widths including
higher order QCD corrections for which we mostly follow the implementation provided by
HDECAY as well as the formulas provided in Refs. [106,[107]. For all SM particles,
except for the top-quark and the Higgs boson, the user has to provide the correct total decay
width in the corresponding model file. The top-quark decay width, as well as the decay widths
of additional non-scalar particles in the visible sector are calculated by the code at tree-level.
Further, in some kinematic regions it is possible to encounter t/u-channel divergencies. To
cure these, we use a similar approach as MicrOMEGAs and introduce a regulator width given
by I'; = m;/1000 . Using this width leads to a deviation of less than 1% outside of the
divergent regions compared to the zero width result.

In the case of DM (co-)annihilation into quarks we consider running quarks masses in the
final states, expect for the top quark, where we take the pole mass. We evaluate the quark
masses at next-to-next-to-next-to leading log order (N 3LL) taken at the scale given by twice
the DM mass. RelExt always uses the following MS masses as input for the bottom, charm
and strange quark at the scale @ given in the brackets, respectively: my(m,) = 4.18 GeV,
m:(3GeV) = 0.986 GeV, and ms(2GeV) = 0.095 GeV. For the first two quark generations
as well as the leptons, the user has to provide the masses. The running masses are also used

in the computation of the total decay widths of the scalars.

4.2.2. Computation of the TAC

The next step in obtaining the relic density, is to integrate over cosf in Eq. . Here, we
first estimate the integrand using a composite Simpson’s 3/8 method . This estimate
is then used in the termination criterion in the adaptive Simpson 3/8 computation of the
integral. The usage of the estimate leads to rapid convergence as regions which are small
compared to the estimate will terminate faster. Next we need to integrate Eq. over
the Mandelstam variable s. This is the most time consuming part of the whole relic density
computation and requires therefore most optimization. We want to compute as little as
possible while still retaining a good accuracy of the TAC. For this we make use of the relation
shown in Eq. by neglecting processes that are too far away from the DM rest mass. In
order to accomplish this we first sort all the (co-)annihilation channels into batches of equal
rest mass via the condition

max(m; + mj, my +my), (4.3)

where m;,; are the initial state DS particles and my/; are the outgoing SM particles. In
Tab. we can see an example of how this data structure looks like. Here, we consider a DS
consisting of two real singlet fields, with masses chosen to better illustrate how the channel
sorting works. We see that for most channels the DS particles are responsible for the rest
mass of the given process. This is to be expected for WIMPs as they are heavier than most
SM particles. However, some of the SM or BSM particles, such as the Higgs boson, the

top-quark or a second Higgs particle, can be heavier than the DS particles. In such cases we
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Rest mass [GeV] Involved processes
200 X1 Xy — e€, pfi, TT, uil, dd, c¢, s5, bb, ZZ, W W~
250 X1X1 — hh
260 XXy — ee, pfi, TT, ull, dd, c¢, 85, bb, ZZ, WTW ™, hh
320 XoXy — €€, pufi, TT, uil, dd, c¢, s5, bb, ZZ, W W™, hh
350 X1 Xy, X1 Xy, XoXy — tt

Table 4.1.: Example of how RelExt internally sorts the processes for the computation of the
TAC. In this example we have two DS singlet particles A1 and X with a mass of my, = 100
GeV and my, = 160 GeV, respectively.

obtain additional entries into the data structure as can be seen by the second and last row of
Tab. We can now define the following criterion that will decide whether or not certain
(co-)annihilation processes will be taken into account during the computation [71]

M ) T2

B=e m1 > B.. (4.4)

Here, RelExt uses the default value of B. = 107% meaning that channels whose rest mass
leads to a B below this number will not be included in the computation of the TAC.

Another trick that we use to speed up the computation, is to expand the modified Bessel
functions of the second kind for both the numerator and the denominator. The asymptotic
behavior for large x is given by

o) k
Ko(z) = \/Ze—w kzo k'(gx)k ]Hl (4n? — (2j — 1)%) = e *Pk(z), (4.5)

which allows us write the TAC in Eq. (3.51) in the following form

oy = S s PV )P () s (46)
8T [Zi gimi Py (%5”) e_milml}
-> [ Pulo)Wis(e) Y (”?x> ds. @D
(mi+m;)2 QT [zl gllePQk (%x) 6777171(7”1*\/5/2)]

i?j

To make sure that the error between the exact Bessel function and the approximation is
sufficiently small we expand up to the sixth order. This already leads to a relative error
of ~ 1.74-107° at 2 = 5, while decreasing the evaluation time significantly. Looking at
Eq. we notice a problem. For large values of z (=~ 1000) the exponential functions in the
numerator and the denominator cannot be evaluated anymore by C++ as they will result in
an underflow error. However, the value at today’s temperature is roughly zo ~ 10'° for a DM
mass of 500 GeV. Even though the (co-)annihilation of the DS particles become less relevant
at later times, i.e. larger x, we still want to solve the Boltzmann equation as far as possible to
obtain a more precise result. This is done by casting Eq. into Eq. (4.7). In this form, the
exponential function only appears in the denominator and due to the exponents now being
subtracted from each other, we can evaluate it for larger values of x. With this we can reach
z values of up to z = 107. However, this results in another problem. In Eq. we had to
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evaluate the exponential functions in the denominator only once for a given x value, while in
Eq. we have to evaluate them every time we insert a new value of s, slowing down the
computation. For this reason, RelExt first checks if it can evaluate the exponential functions
in Eq. . If their arguments are too large Eq. is used instead.

Optimizing the exponential functions might seem irrelevant at first sight, since the TAC also
depends on W;; which can contain large expressions for the amplitudes, especially in models
with many additional particles. Having to evaluate large expressions will be of course more
computationally demanding than simply computing the exponential functions. However, here
we can use a clever trick by noticing that the combination p;;(s)W;;(s) does not depend on
x. While integrating over s, the integrator will choose always the same s-abscissas to obtain
a value for the integral, meaning that p;;(s)W;;(s) will be evaluated at the same s-values for
different x. For this reason RelExt saves the results of the z-independent part in a hashmap,
making it instant to evaluate them for the next iteration in . This means that during the
computation of the relic density, the first z-value called will take the most amount of time
to evaluate, while the remaining ones will be bounded by the evaluation of the x-dependent
part.

The next step is to integrate over s. Here, we have to make sure that we treat possible
resonances appearing from s-channels accordingly. Simply integrating over s with an arbitrary
numerical method can lead to the method missing these peaks if they are very sharp. To avoid
this, the code integrates the peaks separately as it knows their locations which were provided
by the Mathematica code. The algorithm to integrate over s is done in 4 steps:

1. Transform the integral to obtain finite boundaries via the substitution
x = (m; +m;)?+ (1 —u)/u. This changes the boundaries such that [(m; +m;)
(0,1] and gives the Jacobian 1/u?.

?,00) =

2. Set additional boundaries inside the integration region which separate the peak regions
from the remaining regions of the integrand.

3. Loop over the process batches with identical rest masses (see Tab.|4.1) and compute an
estimate of the integral. The peaks are integrated precisely already at this stage.

4. Loop over the processes batches again, this time compute the integral precisely using
the estimate obtained from the previous step.

RelExt does not create separate boundaries for each peak that occurs between the rest mass
and infinity. If the peak is too far away from the boundary and therefore strongly Boltzmann
suppressed it will not be treated separately, i.e. if the condition

m —(m;+m;
—x med — (M5 ])

e m1 > B, (4.8)

is fulfilled. The peak structure at the resonances given by Eq. has the half-maximum
points mpyeq =1'/2. We want to encapsulate, however, the whole peak when integrating them
separately and therefore choose the boundaries mpyeq + 200" for the peak—in‘cegra‘cor.l2 For
the peak integration we use again an adaptive Simpson 3/8 method, while for the regions
outside of the peaks or if there are no peaks at all we use the adaptive Gauss-Kronrod 15
point algorithm [109]. In Fig. we see clearly how the algorithm resolves the integral
over two peaks. There we show which of the two integrators evaluate the integrand of the
TAC depending on the center-of-mass energy. In this example, we only consider the process
XX — bb, where X is our DM particle with a mass of m, = 60GeV. The peaks result

It can happen that the peak boundaries exceeds the integration boundary given by the rest mass or overlap
with each other. In such a case the peak boundaries are adjusted accordingly (see Appendix .
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Figure 4.2.: Integrand of the TAC as a function of the center of mass energy. The red points
are evaluated by the peak integrator and the green points by the usual integrator.

from the two Higgs bosons appearing in this example point at the masses of mj, = 125GeV
and mp, = 130GeV. We can see that the integrator evaluates a lot more points in the peak
regions (red points) to obtain a more precise result, while for regions outside of the peaks the
Gauss-Kronrod integrator needs much less points to reach a sufficient precision.

4.2.3. Solving the Boltzmann Equation

Now that we have optimized the computation of the TAC, the next step is to solve the
Boltzmann equation in Eq. . We want to track the evolution of the yield starting from
x = 0 up to the current temperature xg. The first thing to realize is that for high temperatures,
i.e. low x, the yield will remain in equilibrium with the thermal bath. So instead of starting
our solver at x = 0 we want to start at a later time when the DS bath begins to decouple
from the thermal bath. As already stated, we call this decoupling temperature, the freeze-out
temperature xy. To determine x; we follow the derivation of Ref. . We start by defining
a new quantity Yy = Yy — Y9 which turns Eq. into

ay: 7 ¢*(Tym o oy dyed
S 45Gg(2>1<av>eHYX(YX+2YX01)— d" ) (4.9)

dx T T

To first order we can neglect the left-hand side of Eq. (4.9) since Yy follows the equilibrium
distribution. We further introduce a new constant § which is defined via Yy, = §Yy%. Using
the aforementioned definition and dividing Eq. (4.9) by Yx? gives

Iny V2
din¥y +,/4§G9 (2)m1<av>effy;qa(5+2)=o. (4.10)

dx x

We arrived at a transcendental equation for x, which we have to solve to obtain the freeze-out
point. We can choose § freely as it is simply a measure of how much the yield should differ
from its equilibrium value, when we solve Eq. (4.10). A § which is too large will lead to a
wrong estimate of the freeze-out point, while a small § will be more accurate but requires
us to solve more of the remaining evolution. The previous statement is true if we evolve
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the Boltzmann equation starting from z; until zo with any arbitrary ordinary differential
equation solver. However, there is another way to solve the Boltzmann equation which is
called the freeze-out approximation. In this approximation, we again determine the freeze-
out point using Eq. (4.10)), but instead of evolving the Boltzmann equation, we assume that
Y4 < Yy in Eq. 1) which allows us to immediately integrate and obtain today’s yield

via
1 g*
. 4.11
Yo(zo)  (1+0) qu @) VG /xf Ao (0t} (4.11)

In the freeze-out approximation we want a ¢ which is small enough to determine the freeze-
out point accurately with sufficient accuracy, but at the same time is large enough to justify
the assumption Yy < Yy. In RelExt we have the option to either use the faster freeze-out
approximation or to solve the Boltzmann equation directly using a Dormand-Prince method.
In the freeze-out approximation we use the recommended value of § = 1.5 to determine the
freeze-out point. We found this to be accurate up to a few percent compared to the full
numerical result. This behavior was also observed in Refs. ,. When we want to solve
the Boltzmann equation using the Dormand-Prince method the freeze-out point is determined
with 6 = 0.1.

We have not yet talked about how we actually solve Eq. in RelExt. By experience we
know that the freeze-out point for couplings at the weak scale is approximately at z; ~ 20—30.
For couplings much larger or much smaller than the weak scale this is not true. However,
in such scenarios the relic density will either be heavily under-produced or over-produced.
For this reason RelExt will search in the region z € [5,50] for a solution of Eq. (4.10). One
idea would be to simply run a bisection algorithm on this region. However, as discussed in
Sec. this will lead the code to include many channels in its computation for the lower
boundary of x, which we ultimately might not care about at x; and above. To circumvent
this issue, we start at the upper boundary and move in steps of Ax = —2 towards the lower
boundary while keeping track of the sign of Eq. (4.10). Once the sign flips we execute the
bisection method between the current and the previous x-value to obtain the freeze-out point.

4.2.4. Parameter Search

With the solver of the Boltzmann equation set up we can now easily calculate the relic density
via Eq. and therefore move on to finding parameter regions which generate the observed
relic density of Eq. . Finding these regions can become very cumbersome, especially for
models with many parameters. To combat this difficulty, we implemented three algorithms
into RelExt with different strengths to find viable parameter regions.

The first algorithm uses a Monte Carlo approach to filter out the good parameter regions
and reuse them for future parameter scans. To accomplish this, we first lay a grid on the
parameter region we want to investigate. This is done by dividing the parameter ranges of
each parameter into NV, equally spaced bins, resulting in a total of Név P number of cells that
cover the parameter space, where NN, is the number of parameters. In classical Monte Carlo
problems like e.g. the integration of higher-dimensional integrals, we want to adjust our
sampling method to match the regions of interest. This means that we want to sample more
regions where the integrand is large than regions where the integrand is small. The crucial
point is that in such a case we still sample the whole region, but vary the sample density. In
a parameter search we do not care about the regions which give us a bad relic density and
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therefore do not want to keep sampling them. In this context we define how good or bad a
parameter point is by assigning it a weight w which ranges from 0 to 1 via

Qzh2\ >
< lef;) . Quh? < Qb2

Qh2\ 2 '
<Q Z?) . Qqh? > Q.h?
d

(4.12)

Here, Q4h? is the desired relic density, that we want to obtain and QA? is the computed relic
density for the current parameter point. Now we can set up a random scan and RelExt will
keep track of the Ny best cells during the process. The tracking of the best cells works as
follows. When a new parameter point is generated it will be assigned to a unique cell of the
grid. RelExt will first fill up an array with unique cells and their weights, until it reaches a
length of Npest. While it fills up the array, it keeps track of the worst cell among them. If
now a new point is generated whose w is larger than the one from the worst cell, it will be
substituted with the new cell. However, if the array already contains the cell, it will only
update the w value of this cell based on if its larger than the currently saved value. Once the
array of best cells is full, we set a probability p, which determines the probability that newly
generated points are randomly generated from one of the best cells. This leaves a probability
of 1 — pp that the new point is generated randomly. After the scan is done RelExt generates
an output file with the best cells, which can be reused for future scans.

In the Monte Carlo approach we hope that with a large enough sample size the good parameter
regions will become apparent such that we can focus our sampling on these regions. However,
in many cases this will not be sufficient as only very few cells are able to generate Qgh? and
within these cells we still have to find the parameter combination which results in Qgh? with
a reasonable uncertainty. This means that even if we keep scanning in the best cells, it might
take a long time until we find points which generate the desired relic density. In such a case,
the second algorithm can be employed - the random walk. With this algorithm, we start with
an initial parameter point and try to improve it with each step. We do this by changing each
parameter value x; to a one new one .’L’; via

xp = zi(1+ 7). (4.13)

The ~; is a randomly chosen step size in the range [—Ymax, Ymax), Where Ymax is a constant of
our choice. At each step that we take we compute AQA? = Q.h% — Qzh? and compare it with
its value before the step. If AQA? is larger than the previous value, we take a new step via
Eq. . In the case that it gets smaller, we keep going in the same direction by repeating
the same step. This process continues until Qgh? is reached within the specified uncertainty
or until the maximal number of iterations is reached.

The previous algorithms are designed for models with many parameters. But if we want
to study models with few parameters we might want to investigate the influence of single
parameters on the relic density more precisely. For such scenarios the third algorithm was
developed. This algorithm tries to obtain Qgh? by changing a single parameter of the model.
To accomplish this, the algorithm operates in three modes, with the following goals.

Vanguard
Follows the gradient which minimizes AQh? in large steps. Its goal is to find out if AQA? can
become 0 or if we are stuck in a local minimum.

Descent
If the Vanguard mode finds that we are stuck in a local minimum, this mode applies a gradient
descent algorithm to find this minimum.
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Bisect
If the Vanguard mode finds that AQh? can become zero, a bisection algorithm is used to
determine the parameter which results in AQA? ~ 0.

The search algorithm always starts in the vanguard mode. While the mode tries to minimize
AQR?, we keep track of its sign and the sign of its derivative with respect to the parameter
that we vary. This can result in two possible scenarios:

1. The sign of AQA? stays the same from one step to another, but the sign of its derivative
flips. In this scenario we are stuck in a local minimum and switch to the Descent mode.

2. The sign of AQAK? flips from one step to another. In this case, we crossed a line in the
parameter space where AQh? = 0 and switch to the Bisect mode.

There are scenarios, in which the local minimum can be very sharp, but contains two or
more lines which cross the AQh? = 0 line. The algorithm will first falsely identify that we
have a local minimum, but still keeps track of potential sign flips while walking towards the
minimum. If then a sign flip occurs, it will be able to switch to the Bisect mode and find one
of the AQh? = 0 lines. To summarize, this algorithm will find the parameter value which
results in either a local minimum of AQA? or in AQA? ~ 0 given an initial starting point.

4.3. Validation

To ensure that RelExt works as expected we compared the relic density computed by it,
which we will call Qre1pxeh?, with the one from MicrOMEGAs Quicroh®. We made sure to test
every model implemented in RelExt by sampling several random points and ensuring that
the input parameters, the running quark masses and the decay widths match the ones from
MicrOMEGAs. Further, we verified that RelExt works in more challenging scenarios, i.e. in the
case of (co-)annihilation processes, resonant annihilation, and when threshold effects occur.

In Fig. we compare the computed relic density Q.h? over the DM mass of both codes in
the real singlet extension of the SM. This model features a single DM particle and a SM-like-
Higgs boson with a mass of 125 GeV who are connected via a trilinear portal coupling Aportal-
For the orange and green points we set Aportal = 0.1, while for the red and black points we set
Aportal = 6. The curves show a dip in the relic density at a mass of mpm = my, /2, where my, is
the Higgs boson mass. This is expected since the annihilation channels become resonant and
the relic density is inversely proportional to the TAC. The peaks and dips which follow after
the resonant production are thresholds for the on-shell production of the Z-boson, W-boson
and Higgs boson, respectively. From the figure it can be inferred that RelExt and MicrOMEGAs
are in very good agreement with a maximum deviation of 6% between the two codes.

Next, we compare the codes in the model CP in the Dark [95][111]. This model is based on an
N2HDM with an imposed Zs such that the particle spectrum consists of the SM Higgs boson
and five additional scalars in the DS, of which three are neutral and two are charged. The
lightest neutral DS particle is the DM candidate. We will describe the model in more detail in
Sec. In Fig. [4.4] we show the relative difference between RelExt and MicrOMEGAs over the
DM mass. The parameter sample was generated using the public code ScannerS which
checks for all relevant theoretical and experimental constraints. We find that the relative
difference between the two codes does not exceed 2%, indicating good agreement.

Although the previous two examples show only small differences between the results of RelExt
and MicrOMEGAs, larger deviations can be found in models where additional visible sector
scalar particles get introduced. In such models, these additional scalars can obtain large total
widths and can therefore have a large impact on (co-)annihilation channels with masses near
the corresponding s-channel resonance. With this in mind, we will look next at the dark
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Figure 4.3.: Relic density computed by RelExt and MicrOMEGAs over the DM mass in the real
singlet model. The orange and red points were computed by MicrOMEGAs with a Higgs portal
coupling of 0.1 and 6, respectively. The green and black points were computed by RelExt for
the portal couplings 0.1 and 6, respectively. Taken from Ref. .
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Figure 4.4.: Relative error of the computed relic density between RelExt and MicrOMEGAs
over the DM mass for the model CP int the Dark. Taken from Ref. .
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Figure 4.5.: Relative difference of the relic densities calculated with RelExt and MicrOMEGAs
as a function of my,___ ., /mpwm (left) and 'y, (right), for the dark doublet phase of the
N2HDM. Here, my,_, q\, is the mass of the non-SM-like Higgs boson in the visible sector, and
Iy, its total width. Taken from Ref. .

non-SM

doublet phase of the N2HDM . This model consists of two visible scalar particles, one of
which is the SM Higgs boson, and four scalar DS particles, where two are neutral and two
are charged. The second, visible, non-SM scalar which we will denote by hnon-sy can obtain
a large total width and will therefore be the focus of the following comparison. As in the case
of CP in the Dark we performed a scan in the parameter space of the model using ScannerS
ensuring that all relevant theoretical and experimental constraints are fulfilled. In Fig.
we show the relative difference in the relic density between the two codes as a function of the
ratio between the mass of non-SM Higgs boson and the mass of the DM candidate in the left
plot and as a function of the total width I'; ., of the non-SM Higgs boson on the right.
We can see that near the resonance region, where my .., ~ 2mpm and for large values
of I'p,., o We obtain points which show a relative difference of up to 9%. This difference
comes from the way s-channel resonances are implemented in each code. In RelExt, the
replacement in Eq. is made independent of the current s-value that is used. However,
MicrOMEGAs handles such resonances by introducing the aforementioned replacement only if
the s-value is approaching this resonance. This means the authors of MicrOMEGAs obtain
two regions between which they interpolate - the resonant and the non-resonant region. To
show the difference more clearly, we will look at the DMDM — WTW ™ cross section for
the benchmark point given Tab. for which the relative difference in the relic density is
7.3%. The cross section is shown in Fig. plotted as a function of the center mass energy
/5. The plot shows a clear deviation between the two codes at a \/s-value slightly below
the resonance of the non-SM Higgs boson. This is exactly the region where MicrOMEGAs uses
the interpolated values between the resonant and non-resonant regions. To confirm that the
main reason for large deviations in the relic density between RelExt and MicrOMEGAs comes
from the treatment of the resonances we set the width to zero outside the resonance peaks
and as a result found good agreement also in these regions.
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N2HDM
Mgy 125.09
M o 927.082
m, 405.215
ma, 595.853
g 628.737
a -0.248593
Vs 292.978
man 133.912
Ao 3.49988
s 2.34688
Thew 0.00490257
Tho o 38.9219

Qrarxeh®  0.000314878
Mol 0.000339666

Table 4.2.: Benchmark point shown in Fig. for the dark doublet phase of the N2HDM. The
first 12 lines contain the input parameters, lines 13 and 14 the relic densities from RelExt

and MicrOMEGAs, respectively. More details on the model and its input parameters can be
found in Refs. . Input parameters with units are given in GeV.
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Figure 4.6.: Cross section over the center-of-mass energy for two DM particles annihilating
into two W-bosons for the BP-defined in Tab. The red curve shows the result computed
by MicrOMEGAs, while the black curve shows the corresponding result by RelExt. Taken from

Ref. .



CHAPTER D

Application of RelExt on Different Dark Matter Models

We want to see how the code works in practice by showing different ways to search the
parameter space for various models. We will structure this chapter by first introducing the
model under consideration and then proceed to show how RelExt can be used to sample the
parameters of the model.

5.1. The CxSM

To illustrate how the code can be used for parameter searches for a model with few parameters
we will first look at the CxSM.

5.1.1. Model Description of the CxSM

The CxSM extend the SM scalar potential by an additional complex scalar singlet field S. This
singlet field and the SM Higgs doublet field ® are parameterized after electroweak symmetry
breaking as

y L )
o=\ 4 , S=—(vs+S+i(va+A4)). (5.1)
—(v+H +iG°) V2
7
Here, H and S are real scalar fields, A is a pseudoscalar field and G and G° are the charged
and neutral Goldstone bosons, respectively. The parameters v, vg and va4 are the VEVs to
their respective fields H, S and A. We impose two separate Zo symmetries on this model
such that

Z: H—H , S—»-S , A=A,
73 H—H , S—»S , A——A.

Under consideration of these symmetries, we can write the most general renormalizable scalar
potential as follows

b1

m2 )\ 52 b2 d2
= — @2+ 2@t + Z|®IS]? + =IS|? + = IS|? —8? +c.c. 2
Vv 2|!+4|\+2||||+2||+4||+4+cc, (5.2)
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where the model parameters m, A, 02, ba, do and by are all real. By setting v4 = 0 the Z%
remains unbroken and A becomes a stable DM candidate. The first Zo, however, gets broken
due to vg # 0, which leads to mixing between the neutral scalar fields H and S. To obtain
the mass eigenstates, which we will denote by h; (i = 1,2) we need to perform a rotation
defined by
hy H
= R, ) (5.3)
ho A

where the orthogonal rotation matrix R, is given by

cosa  Sino
R, = . (5.4)

—sina cos«o

The mass eigenstates are ordered such that mj, < my,. This rotation leads to a modification
factor k; for all interaction strength gj, between the CxSM Higgs bosons h; and the SM
particles given by

cosa, 1=1

9h, = ki.gHSM ) k;Z = y (55)
—sina, ¢ =2

where gpg,, is the SM coupling between the SM Higgs boson and the SM particles. Our
choice of input parameters for this model is

v, Vs, &, Mpy, Mphy, MA, (56)

where m 4 is the DM mass. The relations between the potential parameters and the input
parameters are given in Appendix [B.1l

5.1.2. Example Search in the CxSM

To illustrate how RelExt can be used to search for parameters, we will show two code examples
of main.cpp files in which we adjust single parameters to obtain the observed relic density.
FEach main.cpp comes with a few settings the user can adjust. We give a brief description of
the settings below. A more detailed description of these settings can be found in Ref. .

MODE Can take the values 1, 2 or 3. Decides how new parameters are
read in.
SAVEPARS Parameter names, whose values will be saved in the output file.

CONSIDERCHANNELS If not left empty, only these (co-)annihilation channels will be
considered in the calculation of the relic density.

NEGLECTCHANNELS Channels which will be ignored during the computation.

NEGLECTPARTICLES Channels which contain these particles in their initial or final state
will be ignored in the computation.

BEPS Sets the value for B, in Eqgs. |D and 1)

XTODAY Value of xg until which we solve the Boltzmann equation.
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FAST This is set to true if we want to use the freeze-out approximation
and false if the Boltzmann equation should be solved with the
ODE solver.

CALCWIDTHS If this setting is set to true, the decay widths of particles appear-

ing in the s-channels will be computed by RelExt. Otherwise
they have to be provided by the user.

SAVECONTRIBS If set to true, the relative contribution of individual channels to
the computed relic density will be saved in the output file.

In the first example, we want to study how a change in « will influence the parameter vg,
on which we will perform a search to obtain the observed relic density. Below we give the
settings we will use for the parameter scan.

/* Change to desired settings starting from here
K ok ok ok ok ok ok sk ok ok ok ok sk sk ok ok ok ok ok ok ok ok ok ok sk sk sk sk ok ok sk sk sk ok ok ok ok ok ok ok ok ok sk sk ok ok ok

*/
static constexpr int MODE = 1;
static const VecString SAVEPARS = {"MA1", "MS1", "alpha", "svev'"};
static const VecString CONSIDERCHANNELS = {};
VecString NEGLECTCHANNELS = {};
static const VecString NEGLECTPARTICLES = {"u", "d4", "e", "mu"};

static constexpr double BEPS = 1le-6;
static constexpr double XTODAY = 1e6;
static constexpr bool FAST = true;
static constexpr bool CALCWIDTHS = true;

3l static constexpr bool SAVECONTRIBS = false;

/%
ok ok ok ok ok ok ok ok ok ok ok k ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok Kok
Until here */

Listing 5.1: Settings for the CxSM

As can be seen by the settings shown in Listing we neglect the lightest quarks and the
first two generations of leptons. We do this because we are considering a Higgs portal model,
where the lightest particles will have the smallest couplings to the DS and therefore will
only contribute negligibly. Doing this saves computation time since it forces RelExt to skip
these channels when computing the relic density. By setting MODE=1 we will read in a single
parameter specified by the following input file

MA1 |10 , 1000 , 500
MS1 |10 , 1000 , 200
alpha | -1.57079 , 1.57079 , —1.57
svev | 0 , le6 , 300

The first two values for each parameter specify the lower and upper boundary values the
parameter is allowed to obtain during a parameter search. The last entry for each parameter
is the initial starting value when loading the parameter while using MODE 1. With the settings
and the input file prepared we can run the main.cpp shown in Listing The first 5 lines of
the shown code are identical in every main.cpp file and are necessary to load in the settings.
In line 6 we load the parameter point from the provided input file. Next, we save the initial
value for « in line 7, i.e. sav=1.57, and keep increasing it in the for-loop until it reaches a
value of sav=-1.57 in line 8. While we loop over the sav-values we first set the value of «,
then search for a v, such that a relic density of Qzh% = 0.12 &+ 0.001 is obtained and lastly
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int main(int argc, char **xargv) {

2 clock_t begin_time = clock();

3 Main M(argv, MODE, BEPS, XTODAY, FAST, CALCWIDTHS, SAVECONTRIBS);

4 M.set_channels (CONSIDERCHANNELS, NEGLECTCHANNELS,
NEGLECTPARTICLES) ;

6 M.LoadParameters () ;

7 double sav = M.GetParameter ("alpha");

8 for (sav; i < 1.57; sav += 0.01) {

9 M.ChangeParameter ("alpha", sav);

10 M.FindParameter ("svev", 0.12, 0.001);
11 M.SaveData (SAVEPARS) ;

14 std::cout << "Computation time:\n"
15 << float(clock() - begin_time) / CLOCKS_PER_SEC << "\n";
16| }

Listing 5.2: main. cpp file used to run the scan in « and vg

save the parameters in the output file. Lines 14-16 simply print the computation time of the
whole process.

After running this main. cpp file we plot the singlet VEV vg over the mixing angle o shown
in Fig. The plot shows three minima at the points amin = {—7/2, 0, 7/2}, which is due
to the fact that one of the two coupling modifiers k; (i = 1,2) goes to zero and blocks the
according annihilation channels which have to be compensated by a small vg to still obtain
the observed relic density.!®> The peaks of the plot are located at amax = £ /4 since there
both the sine and cosine coupling modifiers can contribute maximally.

We can also scan the mass of the DM candidate to study the influence of the resonance peaks
on the choice of vg. To do this we have to adjust only a few lines of code in the input file
and the main. cpp file. In the input file we only modify the last entry for each parameter.

1| MA1 |10 , 1000 , 50
2| MS1 |10 , 1000 , 205
;| alpha | -1.57079 , 1.57079 , 0.2
i svev | 0 , le6 , 50

For the main.cpp we only show the modified parts

double sav = M.GetParameter ("MA1");

for (size_t i = 0; i < 150; i++) {
M.FindParameter ("svev", 0.12, 0.001);
M.SaveData (SAVEPARS) ;

5 M.ChangeParameter ("MA1", ++sav);

6| +

N N R

The resulting plot is shown in Fig. This time we show the singlet VEV over the DM
mass. The two peaks which appear in this plot are exactly at the threshold of the two Higgs
bosons contained in the model, i.e. at mpy = mp,/2 (i = 1,2), with mp, = 125GeV and
mp, = 205GeV. In these regions annihilation becomes very efficient due to the resonance
peaks and have to compensated by a increase in vg to obtain the observed relic density.

3 A small vg leads to a larger TAC since the portal coupling is proportional to ugl.
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Figure 5.1.: The singlet VEV vg over the mixing angle o for a benchmark point with my, =
125.09 GeV, myp, = 200GeV and my = 500GeV in the CxSM. All points shown generate the
observed relic density.
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Figure 5.2.: The singlet VEV over the DM mass for a benchmark point with m;,, =
125.09GeV, mp, = 205GeV and o = 0.2 in the CxSM. The points shown generate the
observed relic density. Taken from Ref. .
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5.2. CP in the Dark

To obtain the observed relic density for a simple model with only a few input parameter such
as the CxSM is fairly straight forward. To show how we can find the relevant parameter
regions in a more complicated model, we will look at the model CP in the Dark.

5.2.1. Model Description of CP in the Dark

In the model CP in the Dark we extend the scalar sector of the SM such that we have two
complex doublet fields ®; and @5 as well as an additional real singlet field ®g. Although in
general all the fields can acquire a non-zero VEV, we will consider a scenario in which only
®; obtains a VEV. After electroweak symmetry breaking we can write the scalar fields as

Gt H*
(I)l = 1 s (I>2 == 1 s ‘I>S = Ps - (57)
—(v+h+iG° —(p1 +i
\/5( ) \/i(Pl 77)
As in the case of the CxSM, the Gt and G° fields are the charged and neutral Goldstone
bosons. Further, we have the SM-like Higgs boson h, a charged scalar H", two CP-even

neutral fields p; (i € {1,s}) and a CP-odd field . To ensure that we have a stable DM
candidate we enforce the following Zo symmetry

(I)l — (I)l s CI)Q — —(I)Q s (I)S — —(I)S. (58)

After applying this symmetry, the most general renormalizable scalar potential is given by
A1 2 X 2
Vcatar = mi, @] @1 + m3y0l@z + 5 (0f0r) + 52 (fe,)

A 2
+ M@0 0]0y + NI Dol Dy + ?5 [(qﬂ%) + h.c.] (5.9)

1 A A A
+ gmiel+ §6<1>;1 + ?7@{@@3 + ?8
where mi1, mag, ms and A\; (i € [1,8]) are real parameters and A is complex. The term
proportional to A introduces additional CP violation that is restricted to the DS. To obtain
the mass eigenstates h; (i € {1,2,3}) we need to rotate the gauge eigenstates p; and 7 via an

orthogonal matrix R that is given by

DI Dy®2 + (AP DD, + hoc.),

Ca; Cas Say Cas Sas
R= _(Ca15a25a3 + Saq Cag) Co1Caz — Sa1SasSas CooSas | * (510)
—CaySasCas + SaySas _(60418113 + Say 56¥2Ca3) CasCas

This matrix is parameterized by three angles o; € [—g, g} (i € {1,2,3}). Further, we used

the notation sina = s, and cosa = ¢, as an abbreviation. With the matrix R the mass and
gauge eigenstates are related via

hq p1
ho | =8| n |- (5.11)
hs3 Ps

The mass eigenstates are ordered such that my, < my, < my,. Our choice for the set of
input parameters is the following

’U,mh,mhl,mh2,mH+,0617042,063,)\2,)\6,)\8,?77,22,7713. (512)

The remaining parameters can be obtained from these and are given in Appendix
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5.2.2. Example Search in CP in the Dark

In this model we not only have more parameters compared to the CxSM but also additional
co-annihilation partners in the DS, which complicate the parameter search. We start of
noticing that this model contains only a single Higgs boson which can act as Higgs portal to
the SM. For such a scenario we expect the relic density to behave similar to the one shown
in Fig. There, we can divide the parameter space into two distinct regions. The first
region is below the Higgs threshold at a mass of mpym < 125 GeV, which has many peaks
and dips due to different particle thresholds and resonances. While the second region with
mpwm > 125GeV is very smooth and contains no such effects. For the following parameter
scan we want to search these two regions separately to ensure that we find valid points in
both of them and do not get stuck in one or the other while searching. We set up the two
regions via the following input files

mH1 |10 s 125 mH1 [125.1 , 1000
mH2 |10 , 1000 mH2 [125.1 , 1000
3imHc |10 , 1000 mHc [125.1 s 1000
alphli 10 , 1.56 alphi |0 , 1.56
alph?2 |0 R 1.56 alph?2 |0 R 1.56
alph3 |0 , 1.56 alph3 |0 , 1.56
m22sq [0 , 1e+06 m22sq [0 , 1e+06
mssq |0 s 1e+06 mssq |0 s 1e+06

Further, we adjust the settings by applying MODE=2 to produce random parameter points be-
tween the given boundaries and changing SAVEPARS accordingly. With this setup, we do a first
parameter scan using the Monte Carlo method described in Sec. We choose N, = 100
and track the best 500 cells during the scan, which will be saved at the end of the parameter
scan. Further, we set p, = 1 such that we only generate random parameters and do not
produce any from the already found best cells. We do this because at this stage we only
care about finding the best cells and do not worry about producing good parameter points
yet. The corresponding main.cpp is given in Listing The first 5 lines are identical to the
CxSM example. In line 6 we initialize the grid by calling InitMonteCarlo and specify Ny,
Nbest, pr and Qgh? with the respective arguments. Next, we generate 10° random points for
which we compute the relic density, track their weight according to Eq. and save the
parameter point in the output file.

int main(int argc, char **xargv) {
clock_t begin_time = clock();
Main M(argv, MODE, BEPS, XTODAY, FAST, CALCWIDTHS, SAVECONTRIBS);
M.set_channels (CONSIDERCHANNELS, NEGLECTCHANNELS,
NEGLECTPARTICLES) ;

M.InitMonteCarlo (100, 500, 1, 0.12);
for (size_t i = 1; i <= 1eb5; i++) {
.LoadParameters () ;
M.CalcRelic () ;

M.SetWeight () ;

M.SaveData (SAVEPARS) ;

=

3

std::cout << "Computation time:\n"
<< float(clock() - begin_time) / CLOCKS_PER_SEC << "\n";

Listing 5.3: main. cpp file used to run a random scan to determine the best cell.

After running the code we obtain Fig. where we plot the computed relic density over the
DM mass. The gray, dashed line shows the desired, observed relic density we want to obtain.
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Figure 5.3.: Computed relic density over the DM mass for a random parameter scan in the
model CP in the Dark. The gray, dashed line represents the observed relic density. Taken

from Ref. )

Out of the 2 - 10° randomly generated points, only 27 (0.0135%) are within the 20 range of
the observed relic density Qgh% = 0.120 & 0.002.

After the first scan, we can use the best cells tracked by RelExt to perform a second scan
similar to the previous one. The main difference this time is that we set p, = 0 and therefore
generate points only from the already found best cells. This leads to the plot shown in
Fig. where the blue points are generated via the best cells, while the gray points are the
randomly generated points from the original sample. Just by looking at the plot we notice a
much better yield of good parameter points compared to the previous scan. This time, out
of the 2 -10° generated points, 3948 (1.97%) are within the 20 range of the observed relic
density. This is an increase by a factor of roughly ~ 100 in the amount of good points that
we are able to produce.

As a further improvement, we will now also apply the random walk algorithm we described
in Sec. We again sample our points only from the best cells as in the previous scan,
however, this time, we apply the random walk on these points to obtain the observed relic
density. To do this, we only have to adjust line 9 in Listing such that

M.CalcRelic(); -> M.RWalk(0.12, 0.002, 0.01, 400);

This will increase the computational effort since RelExt will now have to go through many
iterations of the random walk for each newly generated point. Due to this reason we reduce
the number of generated points to 2 - 10%, i.e. changing

for (size_t i = 1; i <= 1eb; i++) -> for (size_t i = 1; 1 <= led; i++)

After running the main.cpp, we obtain the plot shown in Fig. The blue points are
generated using the random walk on the best cells scan, the light and dark gray points
originate from the two previously discussed scans. Additionally we marked a subset of the blue
points, red. These red points are validated against all relevant experimental and theoretical
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Figure 5.4.: Computed relic density over the DM mass in the model CP in the Dark. The
blue points are generated from the best cells, while the gray ones are generated randomly.
The dashed line represents the observed relic density. Taken from Ref. .
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Figure 5.5.: Computed relic density over the DM mass in the model CP in the Dark. The blue
points are generated from the best cells with a random walk applied onto them. The light gray
points are generated from the best cells and the dark gray points are generated randomly.
Further, the red points are validated against theoretical and experimental constraints by

ScannerS. Taken from Ref. .
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Method points generated % within 20 [good points]

/[CPU time]

Random mpy > my, 10° 0.% ~0 s

Random mpum < my, 10° 0.027% ~0.0012 s~

Best cells mpm > my, 10° 0.29% ~0.0178 s~

Best cells mpy < my, 10° 3.66% ~0.135 s7!

Best cells with RWalk mpy > my, 104 97.5% ~0.065 s !
Best cells with RWalk mpy < myp 10* 97.3% ~0.085 57!

Table 5.1.: The left column shows the total amount of points generated by the scan, the middle
column shows the fraction of points for which the obtained relic density is within the 20 limit
and in the right column we present the number of good points (relic density within the 20
limit) per second. We compare the random scan, the scan using only the best cells, and the
scan in the best cells where a random walk is applied. The computations were performed on
a liquid cooled AMD EPYC 7351 16-Core Processor machine with an x86_64 architecture, a
base clock frequency of 1.2 GHz and maximum frequency of 2.4 GHz. We used 4 cores with
a total of 4 GB of RAM for our scans. Taken from Ref. .

constraints by ScannerS . Out of the 2-10* points, 19489 (97.45%) are within the 2o
limit.'* We have to be a bit more nuanced when comparing the yield of these result to the
previous ones. To obtain a better comparison we also need to take the computation time into
account. We do this by looking at how many good points we generated per second, instead
of simply comparing their amount. The results for the corresponding scan method are shown
in Tab. We see, as expected, the increase of the factor ~100 in the good points per
second between the random scan and the best cells scan throughout the whole mpy; region.
However, when comparing the best cells scan with the random walk, we need to differentiate
between the regions in which mpy > myp, and mpy < mp. In the former the increase in good
points per second is a factor of ~3.6. While in the latter case, the best cells scan outperforms
the random walk by a factor of ~ 1.6. This can be attributed to the fact that in this region
we have many peaks and dips, which lead to large changes in the relic density even if we
change the parameters only slightly. Due to this, the random walk algorithm has a harder
time to converge and therefore the computation time is increased. Nonetheless, it can still
be beneficial to apply the random walk algorithm in this scenario as it is able to find further
best cells from the already established ones, that can be used for future parameter searches.

Points which are not within the 20 bound have reached the maximum iteration limit of the random walk
algorithm.
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Conclusion

As a part of this thesis we have developed the code RelExt, which is able to solve the Boltz-
mann equation needed to compute the relic density via freeze-out. To do this, it automatically
computes the necessary amplitudes, thermally averaged cross sections and the decay widths
of the s-channel mediators based on the model at hand. Further, it is also able to employ
different parameter search strategies to find the parameter regions in which the model is able
to generate the experimentally measured relic density. The code is shipped with the pre-
installed and tested models CxSM, TRSM, the N2HDM in the dark doublet phase, the model
CP in the dark, and the BDM5. The user has the option to implement additional models by
providing the corresponding FeynRules model files. So far the code only covers models whose
DM is stabilized by a discrete Zs. We described in depth the algorithms used throughout
code which ensure a fast computation of the relic density as well as enable parameter searches
to find the parameter regions in a given model which generate the observed relic density.

Further, we validated the correctness of our code by comparing it with MicrOMEGAs. During
this comparison we found agreement throughout the tested models and also in parameter
regions where resonance and threshold effects occur. However, in regions where a mediator
particle with a large decay width occurs, we find disagreement due to the different ways
our code and MicrOMEAGs treat resonances. This difference is highlighted in Fig. for a
benchmark point in the N2HDM.

The output of the code is designed such that it can be easily linked to other codes such
as ScannerS and BSMPT [113|[114]. Because of this, RelExt provides an excellent tool
to test different DM models with respect to their capability to produce the experimentally
measured relic density via thermal freeze-out while also respecting further experimental and
theoretical constraints.

In its current version, RelExt can deal with models featuring one DM candidate. Future
versions will aim to include multi-component DM models as well as models with feebly inter-
acting massive particles in which the relic density is generated via freeze-in. Further upgrades,
involve the inclusion of higher-order correction to the amplitudes present in the freeze-out/in
processes.






Part II.

Simultaneous Freeze-in and Freeze-out
in CP in the Dark






CHAPTER [

Introduction

This part of the thesis is based on our published paper, which can be found in Ref. .
We will not show the numerical results here, since these were already discussed in my master
thesis. For these we refer to the paper, i.e. , which based on the aforementioned thesis.
Still, we will take the occasion to provide the necessary theoretical background in more detail
than in the master thesis in the next chapter as well as a summary of the results in Chapter 9|

In the previous part of the thesis we focused our efforts on generating the correct relic abun-
dance for an arbitrary freeze-out model with a DM candidate stabilized by a Zs symmetry. In
the process of doing that, we did not consider the second relevant DM constraint, the Direct
Detection (DD) cross sections. As can be inferred from Fig. the DD experiments exclude
a large portion of the parameter region in the simplest WIMP scenario. This is a common
feature of Higgs portal models since the interplay between DD constraints and generating
the correct relic abundance is such that they counteract each other. More specifically, if we
want to evade the DD experiments a small coupling to the SM is required. However, the
same coupling will appear in the annihilation of DM particles during freeze-out leading to
an overabundance of the relic density. On the other hand, if we increase the couplings to
obtain the observed relic density, the DD constraints are jeopardized. One way to circumvent
this issue is to introduce additional DS particles which are able to co-annihilate with the DM
candidate, reducing the relic density without the need for large couplings. A simple way to
illustrate this effect is by looking at a Zs symmetric model with two real singlet fields ¢; and
¢2 and the following renormalizable potential

A o
Vacatar = 41| ®f° + Mn|@[* + mi o7 + 5 o] +mi 65 + 5 05

4!
A” iy (7.1)

A112 >\122 >\12H

+ miypre + —= $ide + == d1¢3 + $16|®[* .
Here, ® is the SM doublet field and all parameters are real. To obtain the mass eigenstates
of the DS, which we denote by hp; and hpo, we apply the rotation matrix with the angle p
as follows

)\H )\H
+ 2 P1|®* + 2 ¢3|®|* + ==

hp1 _ cosfp sinfp h1 ’ (7.2)
hpo —sinfp cosfp P9
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where by convention we impose my,,, < my,,. Compared to a singlet DM model, where
we only have one coupling that is responsible for freeze-out, this model has three which are
g, Ao and Ajof. With these three couplings we can draw a plane in which the desired
relic density constraint is obtained, as shown in Fig Here, we plot the coupling A1y
over Aopr and show Ao via the color gradient for 3 different mass combinations of my,,,, and
mp,,- All points that are shown generate the observed relic abundance within to uncertainty.

Mpy, = 100 GeV, mpy, = 120 GeV My, = 500 GeV, my,, = 550 GeV

—-—-- DD exclusion line 1.2 ——-- DD exclusion line 14

A1n
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Figure 7.1.: Parameter points in the (A1g, Aog, A12m) plane for which Qh? = 0.120 £ 0.002
for different my,,,,, my,, mass combinations. The points above the red line are excluded by
DD experiments. The points were generated using RelExt. Taken from Ref. \\

The red line shows the DD exclusion limit, where points above the line are excluded. We
see that in such a model it is much simpler to escape the limits from DD experiments since
the coupling that is responsible for the DD constraints, A1z, can be arbitrarily small. This
would lead to a large relic density in the scenario of single singlet, but with the additional
singlet hpo we can simply increase the couplings responsible for the co-annihilation channels
to reduce the relic density. Although this approach works well for models where we can
freely change all of the (co-)annihilation couplings, for models where gauge couplings are
involved, which cannot be chosen arbitrarily, it becomes more difficult to obtain the observed
relic density. We saw this phenomenon for CP in the Dark in Sec. where we had to
apply dedicated search algorithms to find parameter regions which are able to generate the
desired relic density. However, there is another way to completely evade the DD constraints
by considering a different DM production mechanism called freeze-in. We briefly mentioned
freeze-in in Sec. and will go into more detail in this part of the thesis.
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7.1. Freeze-in

The mechanism of freeze-in is a natural explanation of the null results observed by current
DM experiments while simultaneously accounting for the observed relic density. The key
difference between the freeze-in mechanism compared to the freeze-out mechanism is the
initial condition of the Boltzmann equation. While in the freeze-out scenario the DS particles
start in thermal equilibrium with the SM bath, in the freeze-in scenario we begin with no
initial DM abundance. The SM particles annihilate into DM until the freeze-in point xg is
reached. To make sure that the DM particles do not immediately equilibrate with the SM
bath, we need to choose a very small portal coupling A of the order of A ~ 1071°. In the
case where the coupling is larger than this value, the DM particles immediately reach thermal
equilibrium and go through the freeze-out process at a later time.

The Boltzmann equation for the freeze-in mechanism is in general more involved than the
freeze-out counterpart. This is attributed to the fact that freeze-in ends at early times of
roughly zq =~ 2 — 5 . As a result, the DM particles are still in the relativistic regime
and the assumption that they follow the Maxwell-Boltzmann (MB) distribution is not valid.
The effect of taking the non-relativistic MB distribution for the Boltzmann equation has been
compared with a fully relativistic treatment in Ref. [74]. It was shown for a singlet DM model
with a Higgs portal that the difference is a factor of two in the relic density for DM masses
that are above half the Higgs mass and has no effect for masses below that. We will see that in
our model the DM candidate going through freeze-in is a singlet and couples to the SM only
via the Higgs portal. For this reason we will use the treatment in which we assume the MB
distribution and adjust the result by this factor of two. In the case of a MB distribution the
Boltzmann equation is identical to the one in the freeze-out case, i.e. Eq. One common
simplification at this stage is to neglect the Y/g term since the yield is negligible compared to
its equilibrium value leading to

dy’ T g/} (T)ym .
o = \ 456G ;2) ~(ov)er(Ve®)?. (7.3)

Another quantity that becomes relevant in the freeze-in scenario is the reheating temperature
which we discussed in Sec. We have to decide how large it is after inflation as it determines
the initial temperature of the SM bath and therefore the initial condition for the Boltzmann
equation, i.e. Yy (2pen) = 0. In this thesis we will set 2y, = 104, We do this, because smaller
values of x,.p Wwill lead to the same results, while larger values move into the territory of a
late reheating scenario , which we do want to study in this thesis.







CHAPTER 8

Coupled Boltzmann Equations in CP in the Dark

A major deficit of freeze-in models is that due to their small couplings, its extremely difficult
for upcoming experiments to detect their existence. We would prefer to construct a model
which is testable, while also giving us information on the question whether parts or all of
the DM abundance is generated via freeze-in. The idea that we follow in this thesis is to
have two components which make up the full relic density, namely one component which is
generated via freeze-out and which has testable consequences, and a second component, which
is generated via freeze-in. The question then becomes: Can we make any statements about
the freeze-in component in a given model if we obtain information from the freeze-out sector?
In our paper we have shown that indeed through the combination of certain signatures we
can infer the properties of the freeze-in component.

8.1. Coupling Freeze-out and Freeze-in

We will consider a model which has two DM candidates, where one evolves via the freeze-out
mechanism and the other via the freeze-in mechanism. These are in general not independent
since there can exist a mediator that connects the two. To account for this connection we
need to consider a system of two coupled Boltzmann equations given by

dYr1 s gi/QmFI eq\ 2 2
dzx - 45G 2 (ov)Fiosm <(YFI) _YFI>

Yo\ «e
+ (ov)FresFO ((YFJJ) (YFIq)Z - YF21> ; (8.1)
FO
dYro ™ gi/ mr eq\2 2
dr \45G a2 {ovIrossu <(YFO) B YFO)
Yro 2 eq\ 2 2
- <UU>FI<—>FO W (YFI) — Y (8-2>
FO

Here, we denote with the indices FI and FO, respectively, the freeze-in bath and the freeze-
out bath. With the first equation we determine the yield of the freeze-in particle bath, while
the second equation is responsible for the evolution of the freeze-out particles. We see that
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the terms proportional to (ov)rrro connect the two equations as (ov)prero describes the
particle exchange between the FI and FO baths. In general, we would also need to consider a
decay term for the freeze-in equation. However, in our study we will choose DM masses such
that SM particles cannot decay into DM particles. As already stated in the previous chapter
we can neglect the Ypr terms which simplifies the equations to

dYrr ™ gl/zmpl 2 YFO 2 )
— * qu 1FO qu ‘
dx \/; x2 [<JU>FIHSM (Yer)” + (ov)rrero <YFeg) (Yer)™ | (8.3)
dYro us gl/ 2mFI 9 Yo 2 )
= * eq\2 _ yv2 ) _ eq
da _\/; 72 [<J U)FO-SM <(YFO) YFO) (ov)F1FO (Y;g ) (Yer)
(8.4)

Next, we are going to focus on the enhancement factor Y which we define as

V2 = (YFO>2 . (8.5)

eq
YFO

It is a measure of how large the density of the freeze-out particles is compared to the their
equilibrium value. We can determine how this enhancement factor behaves at different times
of the evolution. Before freeze-out occurs this factor is going to be one, since at this stage the
particles are still in thermal equilibrium. After freeze-out Yro becomes constant and therefore
Y x (Yﬁg)_Q. We know that freeze-in takes place at a value of xpr = mpr/Te1 ~ 2 — 5,
while freeze-out occurs at xpo = mpo/Tro =~ 25. This means that for similar masses mpy
and mpo the freeze-out candidate will remain in thermal equilibrium throughout the entire
freeze-in process. Meaning that we can safely set Y = 1 in this scenario for the freeze-in
equation. However, in a scenario where the freeze-out occurs before the freeze-in, this factor
cannot be simply set to one and has to be taken into account. For both processes to happen
simultaneously, i.e. Tr1 = TFo, the masses have to fulfill the relation

6]
mr1

~5—125. (8.6)

This means that the mass of the freeze-out candidate has to be at least 5 times larger than
the freeze-in counterpart. In our sample we make sure that such scenarios do not occur and
therefore set Y = 1 in the freeze-in equation. Further, we know that the freeze-in coupling
are many orders of magnitude smaller than the freeze-out and SM couplings. This means
that the TAC (ov)risro will be negligible compared to (ov)rowsm and can therefore be
neglected in Eq. (8.4). These considerations lead to the decoupled Boltzmann equations

dYi T i/2m o o

d;I Vo g p; i [<UU>FI<—>SM (Yeh)? + (ov)preoro (Yeh)? | | (8.7)
dYro | ™ g *mer eq\2

7w NEe 2 (V) FOSM {(YFg) — YFQO} ) (8.8)

We can solve these equations independently of each other to obtain the relic density via
Qxh? = Qroh? + Qprh? (8.9)

where Qpo/pr are the relic densities generated via freeze-out and freeze-in, respectively.

8.2. Freeze-in in CP in the Dark

We already gave an introduction of the model CP in the Dark in Sec. and showed in
Fig.[5.5/that we can obtain the observed relic density while considering all relevant constraints.
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This was fairly involved and required dedicated parameter searches. As already mentioned,
to avoid this we can invoke the freeze-in mechanism by reducing the couplings to the SM
and choosing a different initial condition for the Boltzmann equation. However, in CP in
the Dark we quickly run into a problem. Our DS particles couple to the SM via SU(2).,
gauge couplings which are proportional to g; /cosfy ~ 0.74. This value is much larger than
the couplings required for freeze-in. In order to avoid them, we need to choose the rotation
matrix given in Eq. such that it decouples one of the mass eigenstates from the other
two. In our case we choose to decouple the hy particle. This is done by setting ay = 7/2
such that the mass eigenstates are given by the gauge eigenstates via

hl = Ps
ha = — Say+asP1 + Cay+as (810)
h3 = = Cay4+a3P1 — Sar+as -

We see that h; now only obtains a contribution from the SU(2); singlet field ps and can
therefore not couple to the corresponding gauge bosons. All of the weak coupling strength
has been moved into hy and hg via the doublet fields p; and 7.

To describe the model CP in the Dark we need 13 independent input parameters, which are
given in Eq. . As already mentioned, the remaining parameters in terms of the input
parameters are given in App. We already set the rotation angle ag such that the gauge
coupling of our freeze-in candidate is set to zero. Next, we need to ensure that the Higgs
portal coupling A7 is sufficiently small to enable freeze-in. In the case that g = 7/2 the A7
coupling is given by ) )
2(m; —m
A7 = (’“vz) . (8.11)
Therefore, to ensure that it is sufficiently small we need to impose mil ~ m?2. There are
further consequences of fixing the ag parameter. The first is that the other neutral DS masses
become degenerate, i.e. mp, = mp,. The second is that the parameter A becomes zero. As a
result, decays of the form hy 3 — hih are no longer possible and the CP violating properties
of the model are lost. Further, the parameter A5 also becomes zero as a consequence. The
fact that A = 0 and A5 = 0 is the same as imposing an additional U(1) symmetry to the
already exisiting Zs symmetry on our lagrangian such that

By — By, Py — 9Py, B, — Dy . (8.12)

This way we obtain two dark sectors. The first which only contains the h; particle which is
going to responsible for the relic density generated via freeze-in. While the second, consisting
of hy/3 and H * will generate the relic density via freeze-out. Since the DM candidates hs /3
are degenerate and also have the same couplings to the SM, they will contribute equally to
relic density. We can now study the phenomenological consequences of this setup and check if
we can find any signatures that could hint towards the existence of a freeze-in DM candidate.






CHAPTER 9

Conclusions

In this part of the thesis we investigated the model CP in the Dark and its phenomenological
implications with respect to a scenario where simultaneous freeze-in and freeze-out is possible.
In order to do this, we have first introduced the coupled Boltzmann equations in Sec.
which couple a thermal bath of freeze-out particles with a bath of freeze-in particles. We
have then shown that we can decouple these equations and therefore treat freeze-in and
freeze-out as independent processes since they occur at different times during the evolution
of the universe.

The model CP in the Dark was already introduced prior to this part in Sec.[5.2.1. Due to
the size of the gauge couplings that couple the DS of CP in the Dark to the SM, it is difficult
to obtain couplings that are small enough for freeze-in. In Sec. we address this issue by
considering a scenario where the lightest gauge eigenstate decouples from the other two of
the model giving us a freeze-in candidate. This was achieved by fixing one of the rotation
angles to ag = 7/2. By doing this, we were able to obtain two DM candidates, one of which
contributes to the relic density via freeze-out and one of which contributes via freeze-in. We
also discussed the further implications of this scenario on the remaining model parameters.

In Ref. we performed a numerical analysis of our setup by considering all relevant ex-
perimental and theoretical constraints. We have shown that throughout the entire parameter
region freeze-in plays a crucial role in generating the observed relic abundance. In a majority
of the scanned points that generated the desired relic density, freeze-in had to generate the
majority of the relic abundance. We have shown that this effect is independent of the value of
the DD cross section. The addition of a charged scalar contributes to the diphoton branching
ratio of the SM Higgs boson. We have investigated this effect and found a signature that
might hint towards a universe whose relic density is mostly generated via freeze-in. In a sce-
nario where the diphoton branching ratio re-scaled to the SM value is measured to be below
one, this model is able to generate the observed relic abundance only via dominant freeze-in
contribution. If this model were to account for the entire observed relic density, this would
give us a clear signal if the relic density was generated predominantly via freeze-in.






Part IIl.

Electroweak Baryogenesis in the
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Introduction into Electroweak Baryogenesis

We will now shift our focus away from the problem of DM to an equally prominent one: the
asymmetry between matter and anti-matter in the universe. In a universe that starts out
in thermal equilibrium we expect there to be the same amount of matter as anti-matter. If
this were the case, these two types of matter would have annihilated during the evolution of
the universe and we would be left with a universe that consists mostly of photons. However,
this is not what we observe. Instead, we have a universe that is full of matter and almost no
anti-matter. We quantify the amount of asymmetry we observe via the Baryon Asymmetry
of the Universe (BAU) 7o, which is given by Eq. In order to explain the BAU we need
to find a mechanism in the early universe that dynamically generates an asymmetry between
matter and anti-matter.

10.1. Sakharov Conditions

In 1967, Sakharov proposed three conditions that have to hold true in order to dynamically
generate the BAU (7]

e Baryon number violation
e C and CP violation

e Departure from thermal equilibrium

The first condition is self-explanatory. If we have no processes that violate the baryon number,
we cannot obtain a baryon asymmetry. The second condition ensures that a process which
produces a baryon excess does not produce the same anti-baryon access via the complementary
process. If C and CP were exact the same amount of baryons and anti-baryons would be
produced resulting in no net asymmetry. For the third condition we followA Refs.
and consider the thermal equilibrium average of the baryon number operator B via the density
operator p = exp(—fH), where H is the C' PT-invariant world Hamiltonian

(B)p = tr (efﬁHB@)
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=tr <(CPT) (C’PT)*le*ﬁHB@)
= tr <e—5H (CPT)_lf}(CPT))

— (e—ﬁHB) = —(B)r. (10.1)

Here, we used the C' PT invariance of the Hamiltonian and the fact that Bis odd under C and

A~

even under P and T. Therefore, (B)7 = 0 for a system that is always in thermal equilibrium.
In the following sections we want to see if and how the SM can or cannot fulfill the three
Sakharov conditions.

10.1.1. Baryon Violating Processes

In the SM we assign the baryon number and lepton number to the quarks and the leptons.
These are classically conserved quantities due to the fact that the SM Lagrangian has a global
U(1)p and U(1)r symmetry, i.e. it is invariant under the global phases
g(x) = “Pq(x) (10.2)
U(z) — eM(x) . (10.3)

Here, q and ¢ are the SM quarks and leptons, respectively. From Noether’s theorem we obtain
the associated conserved currents J, for the baryon number B and the lepton number L

1
orIP = o > qa=0, (10.4)
q

ML =0"> Iyl =0. (10.5)
¢

These currents are only conserved at the Born level. At the level of quantum fluctuations
chiral currents are not conserved - they suffer from Adler-Bell-Jackiw anomalies [123]124]. For
a gauge theory with a (non)abelian gauge group G of dimension dg we obtain the following
anomaly equations for the left- and right-chiral currents

2

M fryufr = —cr 3g7r2 F, Fomv (10.6)
2
— g ~
0" frufr = Fergg 5 Fu B (10.7)

where f = ¢, (, F};,, is the field strength tensor, F ig the dual tensor, g is the gauge coupling
corresponding to the gauge group under consideration and ¢y /g are constants that depend on
the representation of f; and fr. We can now consider the above equations with respect to the
SM gauge groups. For the QCD gauge group we have cCLgCD = chD since the gluons couple
with equal strengths to left- and right-handed quark currents. The weak gauge boson W only
couples to the left-handed fermions giving c}/%v = 0, and lastly we have the hypercharge boson

which couples differently to the different chiralities, i.e. C}L/ #+ c%. Plugging these results into

Eqgs. (10.4) and (10.5)) together with the decomposition

Fyuf = Ffovfe + frvufr (10.8)
we obtain np o )
O] =0T = o (~gt Wi W + 3B B ) | (10.9)

where Wﬁy (¢ € {1,2,3}) and By, are the SU(2)r, and U(1)y field strength tensors, respec-
tively, np = 3 is the number of fermion generations and g/, are gauge coupling constants.
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From Eq. 1} we see that 9" (J:LB — Jf) = 0, i.e. the quantum number B — L is conserved
in the SM, however B + L is not. To see how this anomaly can result in baryon number vio-
lating processes we first rewrite the right-hand side of Eq. (10.9) as a divergence of a current

K (122

MJIP =o' Il =npo'K, (10.10)
with

2 2
KF = _433;2 QE‘WQBW,ﬁ (aaWZé + %kawgéWg) + %G”VQBB,,BQ@ ' (10.11)
For a non-abelian gauge field whose field strength vanishes at infinity we can show that
26“1/&&3&];1&6 = _gle,uz/aﬁfachbaFCﬁ which gives

3
[ b0 = 0 [ dntuaneFWIWIWS = Ne(tg) - Nes(t) = ANes  (10.12)
967 vy

where N¢g is the Chern-Simons number and ¢;, are some initial and final times, respectively.
In a non-abelian gauge theory, like the SU(2)r, there is an infinite number of ground states
that carry different topological charges ANcg = 0,+1,42, ... which yield different physical
vacuum states. These ground states are separated by a potential barrier. To see how this
affects the baryon number we integrate Eq. and obtain

AB = AL =npANcs . (10.13)

It was shown in Ref. || that large gauge fields W;L ~ 1/g1 with non-zero topological charge
can induce transitions that change the baryon and lepton number according to Eq. .
In scenarios where the fermion masses can be neglected a more precise violation rule can be
defined via

1
ALe=AL,=AL; = 3AB = ANcs . (10.14)

So far we have found that there are different equivalent ground states which carry different
topological charges. However, for a baryon number-violating process to occur there needs to
be a transition from one vacuum state to another. In the case of a process where the gauge
field connects one ground state to another we speak of an (anti-)instanton [125]. The cross
section of such a process at zero temperature is of the order of

Tinstanton (T = 0) ~ ¢~ 87 /91 107161, (10.15)

Which means that at zero temperature a transition between two vacuum states is practically
impossible. The situation changes at finite temperature where the SM is coupled to a heat
bath, i.e. in the early universe. This enables processes where the transition between vacuua
occurs not via a tunneling process as in the instanton case but by passing over the potential
barrier separating the two minima. These transitions are called weak sphalerons and
have a rate that is Boltzmann suppressed such that

Tgpn o< e Porn(D/T (10.16)

where Egp, is the minimal height of the barrier given by
47 A
Esn(T)=—B <2> o(T) , (10.17)
9 91

and B is a dimensionless constant which is tabulated in Ref. [126]. Plugging in numerical
values for the temperature-independent constants the barrier height becomes

Eupn(T) =~ 370(T) . (10.18)
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The rate given by Eq. (10.16), however, only applies in the case where the SU(2)r x U(1)
symmetry of the SM is already broken. For temperatures above T, 2 100 GeV this symmetry
is unbroken (more on that in the next section) and has therefore a different topological
structure. In such a scenario the weak sphaleron rate has to be computed on the lattice and
is given by

Teopn = 8-1077T . (10.19)

So for large temperatures, where the electroweak symmetry is unbroken, we obtain an unsup-
pressed weak sphaleron rate that leads to baryon number-violating processes. However, once
this symmetry is broken the rate is exponentially suppressed through the value of the VEV.

10.1.2. C and CP Violation

In the SM we also have C and CP violation via the weak interaction of the quarks given by

9

Lygw = *\@

in terms of the left-handed quark flavor triplets uy, and dy, for up-type and down-type quarks,
respectively, as well as the Cabibbo-Kobayashi-Maskawa (CKM) matrix

’fLL’y#VCKMdLW: + h.c., (10.20)

Vexm = Uj, Uy, | (10.21)

where U,,, and Uy, are unitary transformations which rotate the quark fields into their mass
basis. The CKM matrix contains the KM phase angle dkxnr which is responsible for CP-
violating processes. Processes where CP violation has been observed and can be explained
by the KM phase are Kaon decays as well as B meson decays .

10.1.3. Departure from Thermal Equilibrium

So far the SM can account for two out of the three Sakharov conditions. The last condition
requires that we have a suitable event during the evolution of our universe which disturbs
the thermal equilibrium of the SM plasma. As already implied in the previous section the
breaking of electroweak symmetry is a key component in describing a possible mechanism that
explains the BAU. So the question becomes: Does the electroweak phase transition cause a
departure from thermal equilibrium? In order to answer this question we have to study the
Higgs potential of the SM given in Eq. at finite temperature. For large temperatures
and small Higgs masses the effective Higgs potential Vog(¢, T) is given at one loop by

1

Verlé, T) = 5a(T> = TH)F - 3

bTP3 + iw‘* , (10.22)

with

3 5 1 m? 9g3 mp,

a—wgl+<2+m%>/\ ) b_3277r ) 1—ﬁ. (10.23)
Although we now know that Higgs mass is not small, it is still worth to investigate this
example. We can check how this potential evolves as the universe cools down. Here, we can
obtain two distinct scenarios with different phenomenological consequences which we show
schematically in Fig. In the first scenario shown on the left, there always exists a single
simultaneous minimum as the universe cools down. As soon as a new minimum forms at
the critical temperature 7, the VEV acquires this value and keeps decreasing smoothly until
it reaches today’s value. In such a case we speak of a second-order phase transition. The
second scenario on the right shows that at the critical temperature we obtain two degenerate
minima separated by a potential barrier. If such a scenario occurs, we call it a first-order

phase transition. During this transition, as the universe cools down further, bubbles with a
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Figure 10.1.: Effective potential over the field value for different temperatures. On the left we
show a second order phase transition, while on the right we show a first-order phase transition.

non-zero VEV begin to form in the universe where the fields inside these bubbles have either
crossed the potential barrier due to temperature fluctuations or due to tunneling processes.
These bubbles release latent heat and grow larger until they eventually fill the entire universe.
The interaction of the plasma with the expanding bubble wall is exactly the out of equilibrium
event we are looking for.

For the potential given in Eq. (10.22) we obtain a first-order phase transition at a critical

temperature of

T
T, = L (10.24)

T /1=202/(9a))

However, we need to remember that this potential is only valid if the mass of the Higgs boson
is small compared to the relevant temperature. Since, we know that the Higgs boson has a
mass of my = 125.09 GeV, this assumption is not valid since the phase transition occurs at
the order of 100 GeV. A more dedicated investigation to determine if the SM has a first-order
phase transition has been done on the lattice in Refs. [131}[132]. There it has been shown
that for Higgs boson masses above m; ~ 72 GeV only a second-order phase transition is
able to take place. This means that the SM by itself is not sufficient to explain the BAU we
observe today. One ansatz to obtain a first-order-phase transition as well as sufficient C' and
C'P violation, which we will follow in this thesis, is to introduce further scalar fields. These
additional fields are able to produce potential barriers between the true and the false vacuum,
necessary for baryogenesis at the cost of a more complicated vacuum structure.

10.2. Electroweak Baryogenesis

Suppose we are able to provide a model with enough C and C'P violation as well as a first-
order phase transition, we still need to provide the mechanism which produces the BAU. In
this thesis we will consider the process of non-local baryogenesis, where the baryon asymmetry
is ultimately generated away from the bubble wall in contrast to local baryogenesis where C'P
violation and baryon number violation takes place at the bubble wall. Non-local baryogenesis
takes place in three steps. We will describe these steps with the help of Fig. which shows
the entire process schematically. We show a planar bubble wall with the false vacuum on the
left side of the wall and the true vacuum on the right. The bubble wall has a wall velocity v,
with which it is expanding and a wall thickness L,,. In the first step left- and right-handed
particles collide with the bubble wall that is expanding. Due to the fact that our model
has C'P violation, the left- and right-handed particles have different reflection coefficients
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Figure 10.2.: A schematic graphic of electroweak baryogenesis showing the interaction of the
left-handed and right-handed top quarks with the bubble wall and their conversion into a
baryon asymmetry. Taken from Ref. ||

at the bubble wall which induces an overabundance of left-handed particles outside of the
bubble, i.e. left of the wall in Fig. This abundance is then converted in the second step
via the weak sphaleron processes, which are unsuppressed outside of the bubble wall, into a
baryon asymmetry. This asymmetry would quickly equilibrate if left untouched and no net
baryon asymmetry would be present. In such a case we speak of baryon asymmetry wash
out. However, in the third step this momentary baryon asymmetry gets picked up by the
expanding bubble wall. Since the sphaleron processes are Boltzmann suppressed inside the
bubble the asymmetry remains and we are left with more matter than anti-matter.

One thing we have to make sure, is that the sphaleron rate is sufficiently suppressed in
order to avoid wash out. Going back to Egs. (10.16) and (10.17) we have to ensure that the
exponential suppression is large to effectively turn off the sphaleron rate inside the bubble.
This is done by imposing that our first-order phase transition is strong via the condition [33]

v(Te)
T.

>1. (10.25)

This ensures that the Boltzmann suppression is sufficiently large and the generated baryon
asymmetry is retained inside the bubble wall.
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Transport Equations

So far we only gave a rough outline on how electroweak baryogenesis (EWBG) can produce
the observed BAU. In this chapter we will present the technical details and derive the trans-
port equations necessary to compute the BAU. We will adopt the WKB ansatz first developed
by Cline, Joyce and Kainulainen in [10] and Fromme and Huber in [11]. In these papers, the
equations were only valid for small wall velocities. This approach was later generalized to ar-
bitrary wall velocities by Cline and Kainulainen and, with the most recent developments,
was extended for arbitrary plasma velocity moments by Kainulainen and Venkatesan . We
will base this chapter on the work done in these references to derive the transport equations
as well as the formula to calculate the baryon asymmetry.

11.1. C'P-Violating Force

We want to start by deriving the force that acts on the plasma particles as they move through
the bubble wall. Since the bubble wall interpolates between the true vacuum and the false
one, we will look at a VEV that is dependent on the distance to the bubble wall z. To make
sure that we obtain CP-violating effects, we will give the VEV also a complex phase such
that it can be parameterized via

w(2) ip()
0|o|0)r = e'"\?) 11.1
ooy =2 (11.1)
Here we implicitly define the VEV to be the ground state of the field ¢. To see the effect of
such a ground state we will look at the Yukawa sector given in Eq. (2.17) and assume that
¢ couples to the fermions of the SM. This will lead to mass terms of the fermions that are
given by

Linass = —my (2)0rhr — mi(2)Yrr (11.2)

where 1) is either a lepton or a quark field and my(2) the respective mass defined via

Y i0(z) — 10(z
my(z) = Tgw(z)e () = |my(2)|?) (11.3)

with g, being the Yukawa coupling to the scalar field ¢. Equation (11.3) tells us that fermions
inside the plasma that are trying to pass into the bubble obtain a z-dependent mass with a
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complex phase. Note that we cannot get rid of this phase by redefining the fermions fields.
As it is a local phase, it will appear again via the derivatives of the kinetic terms. We can now
write the equations of motion, i.e. the Dirac equation, for the fermions of this Lagrangian

("8 — my(2)Pr — my,(2)Pr) ¥ =0, (11.4)

where Pr/; = (1 =+ 7%)/2 are the right- and left-chiral projectors, respectively. The key
difference to the usual Dirac equation is that the above equation does not remain invariant
under a C' transformation and instead becomes

("0 — miy,(z) Pr — my(2)PL) ¢ =0, (11.5)

resulting in different equations of motion based on if we consider a particle or an anti-particle.
For now we will focus on the particle case. We first boost into a frame where the momentum
parallel to the wall is zero, meaning p, = p, = 0. To solve Eq. in this frame we make
an ansatz with a plane-wave time dependence with positive energy as well as a tensor product
between chiral components and spin eigenstates x

Ps(t,2) = e ® Xs - (11.6)

The spin is taken to be in z direction such that o3y = s, with eigenvalues s = +1. Inserting
this into Eq. (11.4) we obtain two coupled equations for L, and Rj

(E —is0;)Ls = myRy , (11.7)
(E +is0.)Ry = m} L . (11.8)
Inserting R, from Eq. (11.7) into Eq. (11.8) we obtain
1
E +1s0,)—(E —1s0,) —m),| Ls =0 . 11.9
(B -+ i50.) i ( — is0.) ~ | (11.9)

To solve the above equation we will assume that the background, i.e. the VEV, varies slowly
compared to the time scale at which the plasma particles move (T > L7 ;'). This allows us
to do a gradient expansion with respect to the z variable. To enable us to do the gradient
expansion we make the WKB ansatz for L,

Ly(2) = w(z)exp [z / ’ pcz(z')dz'] : (11.10)

with the amplitude w(z) and the canonical momentum p.. At this stage we have to remember
that we can do a field redefinition by a local phase, i.e. ¥ — € ®*)¢, which preserves the
equations of motion but shifts the canonical momentum via

Pez = Pz = Pex + &/ (2) . (11.11)

This ambiguity in the definition of p., shows that it cannot be the physical momentum of
the particle. Inserting the ansatz of Eq. (11.10) into Eq. (11.9) and separating the real and
imaginary parts we obtain

‘mlp’I w/ w//

+— =0, (11.12)

E2 _ 2 _ ~2 E ~ 9/ _
‘m¢| Der + (S +pcz) |md)| w w

[my|
M|

2pe,w’ + pl,w — (8E + Pez) — 0w’ = 0. (11.13)
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Here, the prime denotes the derivative with respect to z. At lowest order, where we drop all
the gradient terms, we recover the usual dispersion relation from Eq. , E? = ﬁgz + m?zj
We can also derive the dispersion relation to first-order in gradients. At this order the above
equations decouple such that we obtain from Eq.

Dez = po + scp <1+> 0 — o ) (1114)
2 po

to first-order in gradients, where py = sign(pe;)\/E? — |my|?. With scp = £1 we include

the generalization of the equation to also include the anti-particle state, where sgp = —1

refers to the anti-particle. Here, we made the phase dependence explicit again, so that we

can later show its cancellation in the physical quantities. We can also obtain the energy via

Eq. (1112),

0/
E= \/(pcz +acp) + [myl? — SCP% ,
with acp = o’ Fscptl /2 where the (—) refers to left-handed and (+) to right-handed particles.

To restore the momenta parallel to the wall again we boost back to a general frame where
E? 5 E? + pg + pi. This changes the dispersion relation in Eq. (11.15) to

(11.15)

9/2
E? = (pes + aop)? + [my | = scpsy/ (e + acp)? + Imy 8’ + R R
~ E2 — scpsEy.b, (11.16)
where we neglect the 8" term and define
Ey = \/(pcz+acp)2+p§+p§+ Imyl? ,  Eo. = \/(pcz+acp)2+ lmyl?.  (11.17)

After taking the square root, only considering the positive energy solution, and performing a

Taylor series we obtain'®
89, EOz
E~FEy— scp— .
0= ScP— o
Next, we calculate the physical kinetic momentum which is given by p, = Ev,., where v is

the group velocity of the WKB wave-packet defined via

(11.18)

OFE  pe +acp s0' Eg — Eg
= = 1-— — = 11.19
foz 8pcz Ey sop 2 E(2)E0z ( )
With this, the kinetic momentum is given at leading order by
56’
Dz = (pcz + aCP) 1—scp . (11.20)
2LaOz

Now we can use the kinetic momentum to substitute the canonical momentum in Eq. (11.17)
to obtain

s\ 2 - s p?
Ey, = 21— 2~ F — = . 11.21
0z \/Pz < scp 2E02> + [y 0: + 5P, Fo B ( )

Inserting the above equation back into Eq. (11.20) gives p, to the order that we want to
consider

/ /

s0 [ -~ 2 -1
Dz = (Pez + acp) [1 —scP (EOZ +scp— Pz ) ]

2 EOZEOZ

s6’
~ (pez + acp) (1 — Scp—= ) . (11.22)
2 0z

15Although acp also depends on ' we treat it as a constant in the expansion. For the derivation this means that
we are taking higher-order terms of 8’ into account. Doing this will make it easier to obtain the cancellation
Of acp.
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Next, we can insert the obtained kinetic momentum into Eq. (11.17) to obtain to first-order
in gradients

50’ [myy |
2E0Ey;

Bo= [+ 0+ 02+ myl> , Bo. = \/p2+|myl?. (11.24)

In the same manner we can write the group velocity in Eq. (11.19) with respect to the kinetic

momentum , )
s0'|lm
vy = L2 (1 + sCPJ}”'> . (11.25)
Ey 2FEyEy.,
We see now that Eqgs. (11.23) and (11.25) are independent of the phase o’ and therefore
represent physical quantities. Using the aforementioned equations we can use the Hamilton

E = Ey+ scpAE = Ey — scp (11.23)

where

equations, Z = vy, and p, = —0FE/0z, to obtain the C'P-violating semiclassical force
) m2/ m29// m2m2/9/
O N 14 7 0 I
2E) 2EyEy, 4E5 Fy,

It is clear that we have two terms which act differently depending on the particle under
consideration. The first term is C'P-even and is therefore identical for particles and anti-
particles, while the second term implies that the interaction with the wall leads to opposite
forces acting on particles compared to anti-particles. This C P-violating force can also be
derived from more fundamental principles via the Schwinger-Keldysh equation as was done

in Ref. [134].

11.2. Liouville Operator

To describe how the plasma particles evolve as they interact with the bubble wall we will use
the Boltzmann equation given in Eq. (2.47). We are looking for a time-independent solution
with an external force, where we only take into account the z direction. This gives us the
following form for the Liouville operator

‘C[f] = (282 +pz8pz)f = (ngaz + F,0 z) f =C [f] . (11'27)

To find a solution to this equation, we first consider a phase-space distribution in the moving
wall frame that is in local equilibrium, i.e.

féw(za p) = fFD/BE['Yw(Eé(Zv P) + vwp:)] , (11.28)

for a particle species i with energy Ei = /p? + |m;(2)[2 and a given wall velocity v,, with
the Lorentz factor 7,,. Depending on the particle species we need to use the Fermi-Dirac (+)
or Bose-Einstein (—) distribution functions which are given by

1 1
= =—. 11.29
frp/BE(7) Fri] B=7 ( )
In this thesis we will adopt the convention present in the literature for the derivatives of fow
Namely, that derivatives of fow are denoted by a prime and are taken with respect to the
entire argument 7, (E{, + vyp;) such that f§,, = 9. ( Eivups) f6w- The prime for all other
quantities still keeps the same meaning and denotes the derivative with respect to z.

Of course the plasma particles will not be in local thermal equilibrium since they are experi-
encing a force at the bubble wall. We want to track this disturbance away from equilibrium,
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which we assume to be small, by including a chemical potential u’ to capture changes in
number density and a perturbation § f* to track the departure from kinetic equilibrium. This
gives us the ansatz

fi(2,p) = feo/BElw(E" + vup:) — 1]+ 6f(2,p) - (11.30)

Note, that we also now take into account the change in the dispersion relation due to the
interaction with the wall by using Eq (11.23)). To make sure that § f only tracks the kinetic
disturbance and not the number density of the equilibrium we impose

/d3p5fi(z,p) =0. (11.31)

To linearize the equations with respect to pt and 0 f we again only consider the leading terms
in the gradient expansion and treat u' to be of the same order as AE. This gives us, up to
the second order in gradients, the following expression

4 7 7 n 7 1 7 n 7 7
F'® fouw + fowsepAE = i) + 5 fo (sop AE — p)* + 6 £ (11.32)

A natural way to continue is to split the chemical potential as well as ¢ f into a C'P-even and
C P-odd part via

pl=pl+ph o, Of =0fl40f). (11.33)
This allows us to arrange our ansatz in Eq. via
fr=fi+sepfl, (11.34)
where
Je ™ fow = fowhte + f’ihf,, AE™ +6f; (11.35)
15 % fow(rAE" — uo) buteAE 1 + 05 . (11.36)

With this split we can now extract the C' P-odd and C'P-even parts of the Boltzmann equation
via the projections

(LI Asepmt1 = L1fsp=—1) (11.37)

(LI lsep=st1 + LLfs0p=—1) - (11.38)

By applying the first projection we select the terms that change sign between particles and
anti-particles, while applying the second projection collects terms that are not sensitive to
the particle type. The C'P-odd projection gives [135]

L f] ‘CPfodd

N =N =

f] ‘C’Pfeven

I S (1w i B (01 P g s
Plepmoan = = g Fbutts + vwr™ 5 ot = =5 Op:0s 4 i 0:01,

0
|WWWWW<ﬂL_ -

] (‘mi|29,)/ i1
K3 (3
4E62E6z Eo Yw Ow) He + SV Yw ===

2F i 0T

2EPE}. 2EPEL.
(UWW)’ B |mrm\>> 5, 5/
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2B, E

(Imil*6")" . [mal*(|mal )¢’ i Tow
+ SV — = — = s 1139
wYw = = QE’E(Z)z f Yw 4E62E(Z)Z Yw J 0w E(Z) ( )
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where we expanded up to third order in gradients. For the C'P-even projection we obtain

p (mil®) Lo & (mal?) ;
LI epowen =— E”; ol + VY 256 e — 2 S L Op.Sfl+ 260251“;

2 2\’

m;|=(|lm;|*)'0 L

(|mi|29,)/ <1 pz~i> . ’ z‘ (‘~;| ) ] (%Mz
v Bl 2E}

B sz‘mi|20/ i i SVw Yw

2B, T SR,
12 12 /9/ i 29/
g, M) - W] O+ e 00T
00z 0 0 0z
(Imil?)
VY 2;@5 - (11.40)

up to second order in gradients. In both equations the last line corresponds to the so-called
source terms. These are independent of the variables we are trying to solve for and act as
the force that drives our plasma out of equilibrium. Especially relevant for our purposes is
the C'P-odd source term

j (Imil*6")" ., [ (Jma*)' 6" i o
1T — (2 (2 w
SO = —SUwYw = = 2EZE62 f va’yww "waow — E‘(’L) . (1141)

Although we have derived the Liouville operator for a fermion with a complex mass, it is also
valid for neutral scalars or fermions without a complex phase, by setting 6 to zero.

One could already try and solve Egs. and at this stage. However, this not easy
at all and at the time of this thesis has only been done for the C' P-even part, e.g. in Refs.
138]. By solving the C'P-even part one can determine the friction at the wall and the wall
velocity. However, for the C'P-odd equation, we will follow a different approach in which we
average our equations with suitable weights to obtain a closed system of first-order linear
differential equations called the fluid network. This approach is more resourceful in terms
of computational complexity as we do not have to deal with a system of integro-differential
equations. For the C'P-even equations, this approach was shown to lead to unreliable results
and was therefore abandoned.

11.3. Moment Expansion

As already mentioned in the previous section we want to construct a closed system of first-
order differential equations from Eq. ( . For our further calculation we will neglect the
terms proportional to the C'P-even varlables pe and & f as they are of higher order in 0,
compared to the C P-odd counterparts. This leaves us with an equation depending solely on
the C'P-odd variables p! and 6 f,

Pz i (’ml|2)/ i i (|m2|2)/ i | Pz i
fl ’CPfodd = Eo (l)w:ui) + VwYw 2E6 (l)wru’lo - 2E~é Op=6f, + ETZ)aZ(Sfé
=S+ C'f] - (11.42)

To proceed, we integrate the above equation over the momenta with the weight (p,/ Ef))z , for
different moments ¢. At this point we define the average over a function X (p) as

273

(X(p)) = ]\171 / d3pX(p) with N; = / Epfowrnl,_o = —'waTz. (11.43)
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This gives us the £’th moment equation

Pt , ) oo , Pl ) Pl
=1 fow ) o + vuyu(Imal ) { —=F7 fow ) 1o + 0 ~2+15f0 + L(|ma]7)’ ~g+1 5f,
E! 2B, 2F,

pﬁ i i
= <Ee (SO+C [f])> . (11.44)

0

Following Ref. , we define the ¢’th velocity moment uf,l and the dimensionless mass z via

l
. . p . o m;
Uy = <2 5f;> and x; = —TZ . (11.45)

Note, that the condition in Eq. ( ) sets u! ¢ = 0. With the above definitions we obtain

for B,
—De+1ﬂg +ug piq + Vw2l Qesaptly + €|zl ) Rulyp = S+ Cf (11.46)

where we define the dimensionless coefficient functions Dy, Q,; and R via

Dz ‘ ' T2 et Rui T2 P! ‘
— — z i z i
Dy = <EO> f(]w , Q= 2E~£ Ow ’ o = 2E~g+l 6f0 ’ (1147)

Further, the ¢’th dimensionless source term 5’275 and collision term é@ are given by

51y = —vur (22005 — (2l 2002 C}%:<<{';> cz> (11.48)

0

with

8o — 2 l / 90 — 4 : r Il

Q=T (L Q=T (o ff) (11.49)

¢ = 2B E, 0w ) ¢ = 2B ], ow — Twt0Jow : :
0~z 0 z

We have now obtained a system of n coupled first-order differential equations defined by
Eq. , where ¢ goes from 0 to n — 1. This system of equations depends on the universal
functions Dy, Qy, Q%O and Q?", for which we provide an explicit form in Appendix |C. These
functions depend in general on the two variables z; and v,, and have to be computed nu-
merically. Computing them each time we solve the transport equations would be very time
consuming, especially for large moments ¢. However, since they are independent of the model
under consideration, they can be evaluated beforehand. To do this, we build a 2-dimensional
grid in x; and v, with the corresponding function values. In the code we then load these
grids and use cubic splines to obtain continuous functions which are now orders of magnitude
faster to evaluate.

11.4. Factorization and Truncation

Even though in Eq. (11.46) we have arrived at a much simpler form for our system of differ-
ential equations, there are still some things we have to address. The first one is that we have
yet to specify R defined in Eq. (11.47). Here, we use the factorization rule first introduced

in and generalized in to obtain

_ T2 )
Ru! , = T? 5ft [ _ ]ul , 11.50
0,0 < Eg_H f > 2sz0 0,0 ( )
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where

1 . .
(X] = N /d3pr0w with Ny = /d3pf0w = Yw /dspfo = v Np . (11.51)
We can now use Eq. (11.51) to obtain an explicit expression for R

_ T2 — v F
R= """ /dEln‘p”

fep/BE(E) - (11.52)

Another issue we also have, is that the equations resulting from Eq. (11.46) have more vari-
ables than equations due to the velocity moment derivative uf,'m. To obtain a closed set of

equations we have to define a truncation scheme which relates ulon to the previous velocity
moments. A first approach which was introduced in Ref. was to use the factorization rule

of Eq. (11.50) which leads to

. pZ B pz . M
Uppy = = 0f') = | =|up,1=Ruy, 1, 11.53
| <<E) f> [E] B e

where R is the average longitudinal velocity of the boosted plasma and leads to R = —uv,,.
However, we have to remember that this choice for the truncation scheme is arbitrary. One
could also set R = 0, setting the last moment to zero, or set R = —1, i.e. opposite to the

previous moment. We will refer to the truncation choice, where the last moment is related
to the previous one only via constant as the constant truncation scheme.

More recently, an alternative truncation scheme was proposed in Ref. , where the largest
moment relates to all of the previous moments via the coefficients R;

n—1
ull, = Rjull;. (11.54)
j=1

To determine the different R;’s the authors defined the variance truncation scheme, where
the n’th variance is set to zero such that

< <§0 - u@;’l) 5f;'> =0. (11.55)

Expanding this expression and comparing coefficients with Eq. (11.54) leads to the following
expressions for R;

n—1
Ry = —n?(—up )"+ ) (n = k)ug, . (—ub )" (11.56)
k=2 \k
n E .
Ri=— " | (ub L jelen-1. (11.57)
J

The choice of the truncation scheme should not affect the final BAU significantly. We will
check if this is the case in Sec. [13.1.2

Now that we have a closed system of equations we can define the vector w! = (p, ufﬂ, T
to write Eq. (11.46)) as a matrix equation of the form

on—1

)T
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Aw? + Bw! = Si + Cijw!] (11.58)
where A and B are n x n-dimensional matrices defined via
-Dy 1 -+ 0 0 VpYw®@1 0 0 --- 0
-Dy 0 --- 0 0 VuYw@2 R 0 --- 0
A= c B=(2" | vur@Qs 0 2R - 0 |,
Dy O -+ 0 1
—D, Ry -+ Ry_—2 Ry, Vo Yw@Qn 0 0 --- (n—1)R
(11.59)

will define and discuss the collision operator C* in the next section. To bring Eq. (11.58) into
a numerically more suitable form, we invert A to obtain

and 5’; = ( 2’1, e ,Sé}n) is the source vector with its components given by Eq. (11.48). We

w! = A1 S 4+ C - Bu'| | (11.60)
with
Ry Ry R,_1 -1 00 ---0
A_l _ L R1D1 R2D1 cee Rn,1D1 *Dl n 1 0 ---0 7 (1161)
Dy, : : - : : Dol
RiD, 1 ReDyp1 -+ Ry1Dpq =Dy 0--- 10
and
Dy = (—1)"det(A ZR D; . (11.62)

The matrix A has been chosen such that it fulfills the general truncation rule defined in

. (1L54).

11.5. Collision Operator

Until now we have only considered the equations for a single particles species ¢. However, the
plasma consists of many different species that interact with each other, exchanging momentum
and particle number. As already mentioned in Sec. the separate Boltzmann equations
of these particles will be coupled via the collision operator with each other. In general we
have to consider all processes that provide an interaction between the plasma particles. For
our purposes it is enough to restrict ourselves to the most relevant ones, which are 2-body
decays and 2 — 2 scattering processes. After linearizing the collision operator in Eq. (2.41)
we obtain the general expression for an inelastic process

Chret = —Fow(®) | D 56565 | Tinet = 6" (P)Cine - (11.63)

J
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Here, s;; = £1 if the particle j is incoming (+) or outgoing (—), & = p;/T and Iy is the
inelastic scattering rate. To obtain the collision operator for an elastic scattering process, one
has to simply omit the first term of Eq. (11.63) as the chemical potentials cancel giving

Ca~ —=8f"(p)Ta - (11.64)

After taking the thermal average as defined in Eq. (11.43) with the corresponding momentum
weight, we obtain the £’th moment collision operator

Ci = —Kk'C* — ubr'Tl (11.65)

where K is another universal function defined by

Ky=T7! <<§0>€ f0w> : (11.66)

and k; is a normalization constant given by [135]

2

~0912 FD
S 9 (3
W= = @) . (11.67)
~0.685 BE
12¢(3)

Further, we have the collision term that contains decays and 2 — 2 scattering processes in
terms of the thermally averaged rates I,

C'= Z(:uz — M= )Fdecjk + Z Pi + g — Mk — :u’l) z]ikl > (1168)
g,k 7,k

and the total interaction rate given by

Aiot = Z ( + F?zcjk + Ffjca_bt)kl> . (11.69)

The computation of these thermally averaged rates is quite involved as one needs to consider
finite temperature effects and in general the full 12 dimensional phase space in the case of
2 — 2 scattering. We will provide an explicit calculation for such a 2 — 2 rate in the next
chapter.

At this stage we have to decide which particles and rates are the most relevant ones for
the computation of the BAU. Before we talk about the rates, we first have to decide which
particles generate the largest asymmetry. To determine this, we have to look at the source
term in Eq. as it is responsible for driving the particles out of equilibrium. The crucial
part is that it is proportional to |z;|* ~ |m;|?, meaning that fermions with a large mass will
provide the largest C P-violating sources. In a scenario where the only fermions are the SM
ones, the largest contribution will therefore come from the top-quark and the bottom-quark.
Now that we have established which particles are the main contributors to the asymmetry, we
need to find the dominant rates which try to equilibrate this asymmetry. The most relevant
rates have been established long ago to be the following ones ,:

Top Yukawa Rate: tph < trg

The top Yukawa rate fy is given by the annihilation of a left-handed top-quark with a Higgs
boson into a right-handed top-quark and a gluon. The rate for this process has first been
estimated in Ref. \-| to give F ~ 4.2 -1073T, while the most recent calculation provides
F ~1-107%T \| In this Work we present a new result, which does not rely on the leading



11.5. Collision Operator 89

log approximation used in the aforementioned references. We calculate it in the next chapter
in detail to obtain
I, ~6.0-107°T. (11.70)

Yukawa Helicity Flipping Rate: ty, < tr

The Yukawa helicity flipping rate determines the rate at which a left-handed particles flips
to a right-handed one via the interaction with the VEV. To calculate it, one has to work
in the real-time Keldysh-Schwinger framework as in Ref. . The rate is then obtained
using the VEV-insertion approximation where the imaginary part of the retarded self-energy
is expanded around the wall background. The most recent result is then given by

. 0.26lmy(2)?

T 11.71
T (11.71)

Higgs Number Violating Rate: h <+ WTW~

The Higgs number-violating rate is the rate given by a Higgs boson decaying via the interac-
tion with the thermal plasma into non Higgs particles. In the literature the imaginary part of
the retarded Higgs self-energy induced by a thermal W-loop was used to calculate this rate.
The most recent result is given by

. 1. 2
Iy, ~ W . (11.72)

W-Boson Scattering Rate: ty, <> by W+

The W-boson rate determines the particle exchange between bottom and top quarks via the
W-boson. In the literature it is defined via the total Higgs rate T | i.e.

Dy =171, . (11.73)
Strong Sphaleron Rate: qi, <> qr

Similar to the weak sphaleron rate we discussed in Sec.|10.1.1/ the strong sphaleron rate is a
topological transition from one vacuum to another in QCD. This rate was computed using
lattice methods in Refs. [141][142] and gives with our normalization [135]

Do 7 2.7-107°T . (11.74)

The strong sphalerons provide a connection to the light quark states which will influence the
heavier ones. Taking into account the chemical potentials of the involved particles we define
the function ) A
Ds[pi] = s Z(MQL — Har) - (11.75)
q
For light quarks, where the strong sphaleron rate is the only relevant one, we can assume
that they have the same chemical potential

Mg, = —Hqr = Hq - (11.76)
Additionally, we use the baryon number conservation B = Z(nq —ny) = 0.1 Since we
q
consider only small perturbations in @ we have
d3p N
— Blvw (E—vw)— ~ 1 ma
Ng —\/(27_[_)3 (e [ vw) 'uq]> ~ nq’uq:() — W.Doﬂq, (1177)

%Note that the baryon number conservation is not a contradiction to the fact that we are trying to compute a
baryon asymmetry. At the level of the transport equations the baryon number is conserved. Only in the final
step (Sec.[11.7), where we consider the weak sphalerons, baryon number violation occurs.
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where we wrote the result in terms of the universal function Dy defined in Eq. (11.47). For

anti-particles we can simply use the relation p, = —pg. This means that when consider the
two chiralities of a light quark we obtain for B
_ 2N, 2N,
B= Y (ng—7g) = _WDSILLQL - WDguqR =0. (11.78)
a€{qr.ar}

This shows that light quarks cancel naturally in the sum if both the left- and right-handed
partners appear. For our purposes we will treat all quarks up to the bottom quark as light
such that we can assume the relation in Eq. holds for them. For the left-handed
bottom quark this assumption is not justified though, since it interacts via rates which are
comparable in size to the strong sphaleron rate. Taking this into account, the baryon number
gives

B= =——=D ——=D ———=D ——=D =0 11.79
; (27‘1’)3 oHq (271‘)3 oMby, (271‘)3 oMtr (27‘1’)3 oMty ) ( )

which then gives the relation obtained in Ref.

Hq = Dé:utL + Déutﬁz + DglubL ) (11.80)

where we neglect the mass of the right-handed bottom quark to set Dg = 1 on the left hand
side. Plugging Egs. (11.76) and (11.80) into Eq. (11.75) we obtain

Puslpn] = Tas [ (149D e, + (1 4+ 9Db)un, — (1= 9D, | (11.81)
We stress that this derivation requires that pp, is not part of the reaction network. If one
wants to include f,, into the network, the above equation has to be adjusted accordingly.

Total Interaction Rates

Although the total interaction rate for a given particle can be defined via Eq. (11.69)), in the
formalism we are currently considering a different definition is used. It is given by [10}[11}[139]
D;

I, = —2
tot D%)DZ )

(11.82)

where D' is a diffusion constant containing the information about the interaction with the
plasma. The diffusion constants for quarks and the Higgs boson are given by [135]

N 7.1 - 7.6 - 14
DI = = DR = = Dh =" 11.
. 2 ' (11.8)
Now that we have established the most relevant interaction rates, we can build our interaction
network. In this network we will include the left- and right-handed top quark, the left-handed

bottom quark and the Higgs boson. Their respective collision operators at the £’th moment

are then given by Eq. (11.65)) with

C_tL = fy(,utL — Wtp + Mh) + 2f‘m(,U/tL - MtR) + f‘W(:U’tL - :ubL) + fss[ﬂi] )
C% =Ty (i, — g + pn) + Tw (o, — ) + Dslpi]

A

(it + oy, — 24t — 24m) + 20m (e — pir) — Taslpsa]
Ly (g, + pio, — 2pieg + 24n) + Cpen - (11.84)

Note that we neither included the W-boson, nor the gluon in our network even though
they are involved in the presented interaction rates. This is due to the fact that they are
thermalized at a much faster rate than the involved particles. Therefore, at the timescales we
are investigating, they can be assumed to always be in thermal equilibrium, i.e. uy/, = 0.
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11.6. Full Equation Network

With the collision operators at hand, we can now extend the single species moment equations
given in Eq. (11.58). As already mention, for each particle species we define a vector w;, =

(s U1+ - - ,u;n,l)T. To include multiple particles species we can combine the individual

particle vectors into a larger Nn-vector W' = ((w)T, (w?)T, ..., (wM)T), where N is number
of involved particles. This gives us the full equation network

AW +BW =S +CW)], (11.85)

where A = diag(A,..., Ay) and B = diag(B;, . .. ,ﬁN) are block diagonal matrices whose
sub-matrices are defined via Eq. (11.59). Further, S and C[W] are correspondingly defined
Nn-vectors. Due to the block diagonal structure of Eq. (11.85), it is easy to invert

W = A1 [S +CW] — BW} : (11.86)
with A = diag(/ll_l, . ,fl]_vl) and /lz-_l defined in Eq. (11.61]).

11.6.1. A Note on Convergence

As we discussed in Sec. [11.5 our network consists of four species, meaning we have to solve
a network consisting of 4n coupled equations. The boundary conditions are such that every
component of W vanishes far outside and deep inside the bubble. At surface level, this
system of equations seems to be over determined as we have 4n variables with 8n boundary
conditions. However, by checking the asymptotic behavior of Eq. we can check if some
of the variables converge naturally, without enforcing boundary conditions. In the asymptotic
limit, the source term vanishes and we are left with

W = A1 [é[W] - BW] —xw. (11.87)

By studying the eigenvalues \; of X , which can be real or complex, we can check if we have
enough eigenmodes that converge naturally. In the limit 2 — +o0o the matrix X becomes a
constant and we obtain solutions that behave as u; ~ exp(A;z). Since the A; are complex in
general, the solutions we obtain, behave like damped oscillators at the edges of the integration
region. We make sure that the real part of at least half of the eigenvalues leads to converging
eigenmodes in this limit, before we begin solving the transport equations. For the remaining
modes, that do not converge, we need to enforce the boundary condition to obtain a valid
solution. We will look at the eigenvalue spectrum in more detail in Sec.

11.7. Baryon Asymmetry

With the derived transport equations we can now compute the chemical potential of the
relevant particles as a function of the distance to the bubble wall. The next step is to
convert the generated left-handed chemical potential into a baryon asymmetry. As discussed
in Sec. we need to consider that sphalerons only couple to the left-handed particles. In
order to continue, we define the baryon-left chemical potential

1
pp, =5 D hg(2) (11.88)
q
We can use the relation given in Eq. (11.76]) to eliminate the light quarks and obtain

1 1
i, = 5 (L+4Dh) pu, + 5 (1+4D8) v, +2Dbpue (11.89)
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The baryon asymmetry np can then be calculated via the diffusion equation

B Pos(2)(Nopp, (2)T2 — Anp(2)) (11.90)

np(z) = v
wYw

where ny is the number of flavors, N, the number of colors, A = 15/2 and I'y,(2) is the weak
sphaleron rate given by

1.7T
Lys = I‘sphfsph(z) with fsph(z) = min (17 1176371)(Z)/T> . (1191)
sph

The function fypn(2) is defined such that the sphaleron rate is interpolated between the sym-
metric and the broken phase using the rates discussed in Sec.|10.1.1/and I}, from Eq. (10.19).
Since Eq. (11.90)) is a first-order linear equation we can solve it exactly

/

_ _Any / Fws(z”)dz”], (11.92)

o0 neNN,
— _ d ! f Cc 1—\ ! / T2
na(e) = = [ 4 gL, ()T esp |- 0

where we set np(+00) = 0. To relate np to the BAU given in Eq. (1.2) we need to evaluate
np(—o0) and divide by the entropy density given in Eq. (3.32) with heg = 106.75,

Any

VwYw

45n ¢ N, o0
nB = i / dZFwS(Z)NBL (Z)exp |:_

- 472 VwYwhe T J_oo

/ ) Fws(z’)dz’] . (11.93)

—00

Using this formalism, we notice that the integral appearing in the exponent of Eq.
diverges since the VEV in Eq. reaches a constant value inside the bubble. This effect
occurs because we consider a time-independent solution. Its easy to see that if we allow
for a change in temperature (time) the cooling of the universe would further suppress the
sphaleron rate until it nearly vanishes at T' = 0. Further, because the time between the phase
transition and today is finite, the particles could have only traversed a finite volume and not
an infinite one. In practice, we simply truncate the integration boundaries at some large
constant relative to the bubble wall thickness. Varying this constant changes the final result
only negligibly.



CHAPTER 12

Top Yukawa Rate

tr

Figure 12.1.: Feynman diagram of the process that leads to the top Yukawa rate.

As already alluded to in the previous chapter, we want to provide an update of the top
Yukawa rate fy. The first analytical estimate for this rate was provided in Ref. and
since then has been used throughout the literature for nearly two decades. Recently, new
estimates were published using the VIA method in Ref. giving f‘y ~ 3-1072T and the
leading log approximation in Ref. giving fy ~ 10727 In this chapter we want to provide
an updated calculation, where we include the full dispersion relation of the corrected fermion
propagator as well as a full numerical integration of the collision operator. The diagram we
want to evaluate is shown in Fig. where ¢l and g denote classical and quantum fields,
respectively, as introduced in Sec. Similar to the aforementioned references, we consider
only the t-channel contribution.

12.1. Self-Energy

To obtain finite temperature effects, the self-energy of the retarded propagator has to be
calculated. We will do so for the massless case as was done in Ref. [144], but without taking
the Hard Thermal Loop (HTL) limit.!” For clarity we will denote four vectors of kinematical

'"In the reference, in contrast to the retarded propagator, they considered the Feynman propagator which gives
the same result as our calculation in the HTL limit.
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variables with capital letters and absolute values of the spatial components with small letters
in this section. The self-energy ¥ for a massless fermion at zero temperature has the form

Sr_o=—aK , (12.1)

which results in a propagator correction given by S = K/(14+a)K 2 where the pole remains at
K? = 0. At finite temperature the situation changes since we have an additional kinematical
quantity we have to consider, the plasma velocity U, with U,U" = 1. We will perform our
calculation in the plasma rest frame where U* = (1,0,0,0). With this in mind, the self-energy
changes to

S =—ak — by, (12.2)

where a and b are Lorentz invariant functions, which depend on the energy kg and the
momentum k. This changes the propagator structure in a non trivial way to

(1+a)K +by

S(K) = . 12.3
(K) (14+a)?K?+2(1 + a)bky + b? ( )

The pole of this structure can be determined by solving the equation
ko(l+a)+b=k(1+a), (12.4)

which in the HTL limit gives kg = my as k — 0, where my is the thermal mass given by [144]

2
_9°Cy
m§ = TT2 (12.5)

and (s is the quadratic Casimir invariant. The thermal mass was used in the previous results
to obtain the top Yukawa rate, where it acted as a regulator mass in the propagator. In the
more general case, we obtain the coefficient functions via the projections

1 1
ti = Ztr(KiZT) = —aK?—bky and ty= Ztr(wiET) = —aky -0, (12.6)

which results in

1 k§ ko
a= ﬁ(tK —tyko) and b= 2 1)ty — ﬁtK . (12.7)

The self-energy for the retarded fermion propagator with an arbitrary gauge boson in the
loop is given by

iZR(K): Q§ %04 i Iclé : )%CZ‘

cl el c 4 cl 4 c 4

_ L. 2 d4P R n oK v K naR v
= —5i0°Ch [ GoRGRPISK (P = Ky + GlL(PYSH (P =) (129

with loop momentum P. Inserting the expressions for the propagators given in Eq. (2.97)
and extracting the temperature-dependent contributions we obtain

4 o _
) = - o [ G- 10| Tl (- k)

2ngE(po) )
" (P — K)? +isgn(po — ko)eé(P )] : (12.9)
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After performing the transformation P — P + K on the first term and P — —P on the
second term the expression simplifies to

a‘p 5(P?)
.ZR K) =9 2 /
EPE) =29°C2 | 505 (P K2 + isgn(po + Fo)e

dpdx p
=9 / (2m)? (P + K)? + isgn(po + ko) (P K)noe(po) + Fruen(ro)] po—tp

(12.10)

[(# + K)npe(po) + Prrp(po))

where z = cosfl and the angle 6 between the three-momentum vectors p and k.

12.1.1. Integral Intermezzo

Before we apply the projectors from Eq. (12.6), we will first evaluate the integrals that will
appear due to them. These are the following,

1
1

L(P :/ dz : , 12.11

1(P) 1 (P +K)? +isgn(po + ko€, —tp ( )
1 /1 Po

L(P)== [ da ‘ , 12.12

2(P) pJor (P+K)*+isgn(po + ko)e |, —p ( )
! P K

I3(P) = dx - . 12.13

)= (P+ K + isgn(po + Fo)e |y, (12.13)

We will evaluate the first integral I;(P) to showcase how we deal with them. As a first step
we split it up into the real and imaginary part using Eq. (2.98)

1
L(P)= /1 dz [PKQ — 2p2kx o) ind(K? — 2p(ka F ko))sgn(po + ko)} . (12.14)

We use a shorthand notation with the (F), with which we mean the addition of the two
branches that result from the respective sign. For the real part we obtain

1 1 1 1
IN= [ 4 =——[log|K? — 2p(k F k
R = PR gl hy) i LA R RO

110‘umipV—«k—pV

1 K2+ 2p(k & ko)

“opk 8| K2 —2p(k F k)| 20k 2| (ko £ p)2 — (k + p)2
1 1 1
=—Ly(P)=— (L (P)+L_(P)) = —1L (P 12.15
where (; 2
Li(P) =log| ———— |- 12.16
Moving on to the imaginary part, we obtain
1
Im(I;) = —msgn(ko £ p) / dzs(K? — 2p(kx F ko)) - (12.17)
-1

Here we have to distinct between two cases kg > k and kg < k since it will determine the area
in which the argument of the delta distribution can be evaluated to zero. For kg > k the first
branch (—) never contributes since K2 — 2p(kz — ko) < 0 and we are left with

1
Im(I1) = — sen(ko — p)r /_ a1~ 2p(kr + ko)

T ! K? — 2pk
:—Sgn(kg—p)m/ldIé <2pkp0—x>

ko + k ko — k
:—sgn(kzo—p)2;rk@< 02 —p>@<p— 02 > (12.18)
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k k
Plugging in the upper boundary for p, p = o+t into the sgn function gives
ko+k  ko—k
/6'0 — 5 = 5 >0 s
and therefore
T ko+ k ko — k
Im([]) = ——0O — G — . 12.19
m(Iy) ook ( 5 p) (p 5 ) (12.19)

For the case kg < k we obtain

Im(L) = —2?% [Sgn(ko +p)© <p b ;k0> + sgn(ko — p)© <p _k J;koﬂ » (1220

and similar to the previous case, due to

kE+k ko — k
ko — p <ko — +20= U

we are left with

Im(ll):—%%~C [@ (p—k;k())—@(p—k—;ko)]. (12.21)

Combining the real and imaginary part, the integral 1, and similarly I3 and I3, are obtained
as

1 © ko;k—p @(p—kOQ_k> ko > k
L(P)=— |L1(P) —im B , (12.22)
ok oy kth _@<_k k0> b <
, o ko;k—p @( —koz_k> ko > k
IQ(P) =— LQ(P) + o _ , (12.23)
2pk ofp-Fth +@< _k ko) ko < k
K2
Io(p) =2 = S-L(P). (12.24)
where
(ko + k)*((ko — k)* — 4p?)
Lo(P)=L (P)—L_(P)=1 12.25
2(P) +(P) (P) 0g (ko — k)2((ko + k)2 — 4p?) ( )

12.1.2. Applying Projectors

With the relevant integrals at hand we apply the projectors defined in Eq. (12.6) on Eq. (12.10)
to obtain

ti :g;c;z /dpp [(2 + Ifll(P)) ng + (2 - Ifh(P)) nF} , (12.26)
2

ty :94 ;2 / dpp [(pIa(P) + koL (P))ns (o) + pl2(P)ng(po)] (12.27)
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Figure 12.2.: Imaginary part of ¢y divided by m?c at T' = 1 over kg. On the left our result
and on the right the result obtained in Ref. [145]. The different lines show, from dark red to
light red, the respective result for a fixed value of k£ = 0.5, 1, 1.5.

with the real and imaginary parts given by

Re(tx) = 9827% / dp [(4;9 + éiLﬂp)) np + <4p - I;}:Ll(P)> nF] ,

ko+k

2 2

g°Co K 2
Im(tg) = T /ko_kl dp(np —ng),

9202
Re(ty) = 372k dp [(pL2(P) + koL1(P))np + pLa2(P)np] ,

kotk
B gQC2 ok dp[(p — ko)np + pnr] ko >k

Im(tU) 00

- 8rk

O% .
/@ dp [(p — ko)np + pnr] + / dp[(p + ko)np +pnr] ko <k

0tk k—kq

2

2

(12.28)

The real parts of the above expressions agree with the results obtained in Ref. , in which
the imaginary time formalism was used. However, for the Im(¢y) our result differs in the
ko < k regime by an overall minus sign. This difference can be seen in Fig. where we
show our computed imaginary part of ¢ty normalized by mfc as a function of ky for different
values of k in the left plot and the same quantity computed in Ref. on the right. We
checked that this has only a negligible effect on the final result.

12.1.3. Collision Operator

We want to consider the collision operator defined in Eq. (2.43)) for a 2 — 2 process averaged
via Eq. (11.43). For a general 2 — 2 process this gives

€L = jél / dllg; 4y(2m)*6* (P + Py — P3 — Py) M55, PLf] (12.29)

with
Plfl = fifo(1 £ f3)(1 £ fa) — fafa(L £ fL)(1 £ f2) . (12.30)
Since the collision operator is Lorentz invariant, we will calculate it in the plasma frame.

With the identity
(L& f;) = fiePPimPmi (12.31)
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we can write P[f] as
Plfl = fifafsfa (eB(E3+E4—u3—u4) _ eﬂ(E1+Ez—u1—uz)>

~ 0 Mg (M) (12:3)

where we expanded around g ~ 0 and used energy conservation in the second line. For our
purposes we only consider a scenario where all particles are massless and will therefore do
the derivation with this in mind. We extract the temperature dependence of the collision
operator by rescaling the momenta via P; — F;T such that

T4

€l =+

Al 4y (2m)*6% (PL+ Py — Py — Py) [IM[3_,34P[f] - (12.33)

We can immediately integrate out the fourth particle, such that

4
) = ]I{, Il 3276 ((PL+ P2 — Ps)?) M7, 54 PLf] - (12.34)

With the remaining § distribution we can integrate out the momentum of the third particle
using
) <p3 _ p1p2}p1p2)

§((PL+P—P3)?) = 12.
where p
F=pi+p2+ps(p1+p2) with p3= p;)) - (12.36)
This leaves us with
T P3
el =y [y [afh M P
1 py=PLP2—P1P2
AF]
= Tios3a(p1 + p2 — 3 — pa) (12.37)
where
3 T p3
o34 = N dlgy 9y Q ) IMFosa P2 (LE (1 + fD) . (12.38)

All that is left to do is to plug in the amplitude for the processes t;h — tgrg, c.f. Fig.
which in terms of the coefficients a and b as well as the mandelstam variables s = (P, + P»)?
and t = (P, — P3)? is given by

My nostng = — 49232 [|1 + al?st + |b]* (s +t — dpaps) + 2Re(ab® + b)(p1(s + t) + pat — p3s)

— AIm(a*b + b)U* Py P§ PS €1po | /|(1 + a)*t + 2(1 + a)b(p1 — p3) + b**
(12.39)

After plugging in the numerical values g5 = V4dmas, as = 0.12, y, = 1, Cy = 4/3 and
integrating the collision operator using the Cuba library [146] we obtain a value of

I, = (0.00596747 + 5.93 - 10~5)T . (12.40)

Our result differs by 41% compared to the most recent result using the leading log approxi-
mation calculated in Ref. [135].
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Numerical Analysis

In the following we perform a thorough numerical and phenomenological analysis of the trans-
port equation and therefore the BAU, using two models. The first model is the benchmark
model given in (Sec. 7). We will use this model to study the effects of different transi-
tion temperatures, wall velocities, wall thicknesses and truncation schemes as these are direct
input parameters of the model. The second model which we will consider, is the Complex 2-
Higgs Doublet Model (C2HDM). In this model, we perform a phenomenological investigation
and study the impact of changing the parameters of the C2HDM potential on the BAU. The
results which we will show in this section are new and have not been published. A publication
is in preparation.

13.1. Benchmark Model

We begin by introducing the benchmark model used in Ref. . In this model the bottom
quark and the Higgs boson are assumed to be massless. To obtain a complex top mass, the
additional dimension 5-operator i(s/A)Q3Htpg is introduced, where s is an additional scalar
field and the new physics scale is called A. Taking this operator into account, the top mass

is given by
me(z) = yih(z) (1 + ZSEXZ)) = |my(2)]e?) (13.1)
with
_ s(2)? _ s(2)
|me(2)| = yeh(2)\/ 1 + A 0(z) = arctanT . (13.2)

The VEV-profiles h(z) and s(z) of the scalar fields are modeled via so-called kink solutions

Wn,

h(z) = U?n (1 — tanhf) , 8(2’) =5 <1 +tanh;> , (13.3)

where the input parameters are defined as

1
Vp=-wp=1, , A=1TeV , L, =Ls;=

5 T, = 100GeV . (13.4)

E
T,
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Figure 13.1.: Source terms for the left-handed top quark in the benchmark model as a function
of 2T),. Left: odd-numbered source terms, right: the even-numbered source terms.

We will use these parameters with a wall velocity of v,, = 0.1 and Eq. for the collision
network as our base scenario which we will use throughout this section. In Fig. we
show the source terms as defined in Eq. for the left-handed top quark in this model
for moments up to £ = 16. We see that as we increase ¢ the magnitude of the source terms
decrease. With the source terms at hand we solve Eq. to obtain the chemical potentials
depending on the distance to the bubble wall z. Since it is impossible to display the modes
in z € (—o00,00), we will compress the interval to u € (—1,1) such that

V1i+22-1

z

(13.5)

We show the chemical potentials over u in Fig. for all particles involved in the fluid
network with number of equations per particle of up to n = 50 with the truncation scheme
R = —v,. The chemical potentials z;, and p, have the same order of magnitude and have a
similar dependence on u up to a difference in sign. They are also not fully identical in size or
shape, otherwise they would exactly cancel and the BAU would be close to zero. As can be
inferred from the plots, the chemical potential of 1, is almost an order of magnitude smaller
than that of y;, and will therefore only have a small impact on the final BAU. We show
the chemical potential of u for completeness, but it impacts the BAU only indirectly as an
interaction partner. For all curves we notice that larger moments lead to oscillatory modes at
the edges, which is something we expect as already mentioned in Sec. The reason for
these large distance oscillations comes likely from the high energy modes of § f, which tend
to decay more slowly compared to the low energy ones. Large moments pick up these high
energy modes of §f and as a result show up as large distance oscillations. Additionally, the
magnitude of the chemical potentials decreases with larger moments and is not as sharp as
the low moment ones. Both, the oscillations and the decreasing magnitude, are effects which
are also observed in Ref. [13].

In Fig. we show the BAU normalized to the observed value, i.e. 7 = 1/nups, as a function
of the number of moments for three different truncation schemes which we introduced in
Sec. [11.4] On the left we show the numerical results obtained using the collision network
and rates that we defined in Chapter [11| and which we call the Barni network, on the right
we show our results using the collision network and rates from Ref. , which we call the
KV network. We observe that the BAU generated from the Barni network is smaller in
magnitude than the one computed with the KV network. This is expected, since the collision
rates which try to equilibrate the chemical potentials are larger in our network compared
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Figure 13.2.: Computed chemical potentials of the particles involved in the fluid network over
u as defined in Eq. (13.5) for moments up to n = 50 for R = —uv,.
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Figure 13.3.: The normalized BAU 7 = 1/nons over the number of moments. Left: the results
for the collision network defined in Eq. and the rates presented in Sec. right:
results for the collision network and rates used in Ref. . The different colors represent
different truncation scheme choices, where R = 0, —v,, correspond to a constant truncation
choice and variance to the variance truncation introduced in Sec. m

to the ones in . Nonetheless, both networks exhibit the same behavior as we increase
n. Namely, the absolute value of 77 decreases as we increase the number of moments, but
does not stabilize to a constant value after taking into account a maximum of 50 moment
equations, independent of the truncation scheme we choose. We will be investigate the scheme
dependence in further detail in Sec. The result we obtained using the KV network
matches the result obtained in Ref. [13] very well. The minor differences are most likely
attributed to a difference in the definition of V}, (see App. as well as in the equation
used to obtain the final BAU (Eq. in our case). However, a key discrepancy to the
aforementioned reference is that we do not observe a significant difference in convergence
behavior depending on the truncation choice.

We would like to also note that, since the BAU is negative, this model describes a universe
that is full of anti-matter compared to matter. This cannot be solved by a simple relabeling
of names as it ultimately emerges from the Lagrangian, where the labels for what matter and
anti-matter are set to match the observed experiments. Hence, this parameter point does not
lead to physical scenario.

13.1.1. Eigenvalue Spectrum

We can investigate the oscillatory and decaying/growing eigenmodes of the fluid network by
considering the transport equations in the asymptotic limits z — +oo. In this limit, the
equations reduce to W = X W, where X is the constant matrix defined in Eq.

already mentioned, the solutions of this equation will be a linear combination of u; ~ exp(/\ z)
where the ); are the complex eigenvalues of X. We show the eigenvalue spectrum of X in
Fig. [13.4 for different numbers of equations per particle n. In the upper row we show the
eigenvalues for z — +o0o and in the lower row, the eigenvalues for z — —o0o.  We see that
for n = 2 (left column) all eigenvalues are real and therefore do not lead to oscillations far
away from the bubble wall. This is in concordance with what we observed in Fig.
For larger moments we obtain more and more eigenvalues with a small real part and a
large imaginary part which leads to slowly decaying and highly oscillatory modes. Another
important feature is that exactly half of the eigenvalues have a negative real part, ensuring
that we have a sufficient amount of decaying modes to obtain a converging solution to the
transport equations. Further, we see for the n = 12 scenario that we obtain very small
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Figure 13.4.: Eigenvalue spectrum of X with the imaginary part of A; on the y-axis and the
real part on the z-axis for different number of equations per particle, left to right column:
n = 2,12,50. The upper row shows the eigenvalues for z — oo and the lower row for z — —oc.

negative real parts for the eigenvalues and leads to very slow decaying modes, which cannot
be handled consistently by our numerical solver. This occurs, more generally, for the sequence
n=4,8,12,... as was also observed in Ref. .

13.1.2. Truncation Dependence

We saw in Fig. that depending on the truncation scheme the moment expansion may
lead to different results. In this section we want to check if the results which we obtain,
are independent of the choice for R in the constant truncation scheme. To do this, we vary
this constant and compute how the results change based on the largest moment we consider.
In Fig. we show the dependence of the normalized BAU depending on the R constant
for different wall velocities. The different lines show the largest considered moment of the
transport equations and the dashed blue line marks the truncation choice R = —v,,. We
observe that for small wall velocities at low moment order, the result depends heavily on
our truncation choice. As we increase the number of moments the lines start to lose their
curved shape and begin to tend towards a constant, truncation scheme independent, value.
Since, this calculation is very computationally demanding for large moments, we only go
up to n = 50. To check if the BAU truly converges to a constant R-independent value in
this framework, larger moments have to be taken into account. However, for large wv,,, here
from v,, = 0.5 on, we already observe a convergence at n = 50, making these results more
robust than the ones obtained at small v,,. We would like to point out that as R — —1 the
numerical results for large v,, can break down. This comes from the fact that the eigenvalues
of the exponentially growing eigenmodes are of O(100) and cannot be stabilized reliably by
our algorithm.

We do the same analysis for different wall thicknesses instead of wall velocities as shown in
Fig. As in the case with v,,, the results depend strongly on the truncation choice at
low moment orders, while for larger ones they begin to flatten out. Although, similar to the
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Figure 13.5.: The normalized BAU 7 over the R-value used in the constant truncation scheme
for different wall velocities. The lines represent the largest moment taken into account in the
transport equations and the dashed blue line marks the truncation choice R = —u,,.
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Figure 13.7.: Error of the BAU as defined in Eq. 1) over the number of moments for
different v,, on the left and different L,, on the right.

Uy Case, it is not clear at all that for small L, i.e. L, < 1, they will reach a constant value
as n — oo. For L,, = 2 the moment expansion converges already at n = 14. For large L,,,
however, the BAU turns out to be smaller. A rapid convergence for large L,, is expected as
it is the underlying assumption of the WKB ansatz, which is L,,T;, > 1.

However, at this stage it is not clear that the BAU will converge to a constant value even if
the result is independent of the truncation choice. To investigate if the results for the BAU
really converge to a constant value for large v,, and L,,, when large n values are chosen, we
will consider the quantity
In+4 — TIn
Tin
err

If the BAU converges to a constant value we should see that n," — 0 as we increase n. In
Fig. we plot 7;" as a function of n for different v,, and L,,. For small wall velocities
as well as small wall thicknesses we see that 7, reaches either a constant value or starts
to increase for large n. This suggests that for these values the method does not lead to a
reliable and stable result. Only for large parameter values v, L,,, we observe a convergent

behavior. 8

(13.6)

err __
M =

There could be several causes why smaller values of L,, and v,, do not reach a stable solution.
The obvious cause is that we did not take sufficiently large n into account and that the result
might stabilize for larger n values. However, looking at the trends observed in Fig. this
seems unlikely. As already mentioned in Ref. another possibly large source of error could
come from the estimates used to obtain the ¢’th collision operator in Eq. (11.65). A more
detailed study of the collision rates for large moments might lead to a more stable solution for
the BAU. Another reason might be that the moment expansion approach is only valid in the
limit of large vy, or large L,, as these fulfill the requirement that s and J f are sufficiently small
perturbations allowing us to consider only linear terms in the transport equations. Hence,
the following results have to be evaluated, keeping in mind the discussed uncertainties.

13.2. Complex 2-Higgs Doublet Model

We will now switch from the simple toy model to a phenomenologically more relevant model,
the C2HDM [147H155]. In this model we add a second doublet to the SM scalar sector with
same gauge representation as the SM Higgs doublet and impose a softly broken Zs symmetry,

8 The fact that the L., = 2 does not keep decreasing is due to the maximum precision of our algorithm.
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where ®; — ®; and 3 — —P,. Following the model description in Ref. [156], we write the
scalar potential as

A A
V=) |12 + my| @] — (md, @]@ + he.) + SH(@]01) + 2 (@f@,)?
A
+ A3(®1D1 ) (D1Bo) + Ay (D] Do) (RS D1) + [25@{@2)2 +hel (13.7)

where, due to the hermicity of the potential, all couplings are real, except for m%Q and s
which are complex. We parameterize the doublets in terms of neutral components p; and 7;
as well as charged components gb;r, where i € {1,2} as

2 ¢3
0y = p1+im and Py = p2 + inn (13.8)
V2 V2
The general finite temperature vacuum is then given by
0 WCB (T)
(21) = | wi(D) and — (®2) = | ,)(T) + iwep(T) | - (13.9)
V2 V2

We enforce that the charge breaking VEV wep as well as the C' P-violating VEV wep have
to vanish at T' = 0, respectively. Further, we define vy/y = w;/o(T" = 0) which fulfill the
condition v? = v} 4 v2 ~ 246GeV at zero temperature. With this parameterization the
minimum conditions at zero temperature can then be written as three equations,

A A
mivy + ?111:1)’ + %vw% =Re (m%Q) vy, (13.10)
A A
M39vs + ?21)22)’ + %v%w =Re (m%Q) vy, (13.11)
2Im(m3y) =viveIm(As) , (13.12)

which, for non-zero VEVs v1 and vg, ensure one independent CP-violating phase if [147H149)

tm {3 (m3,)*} #0. (13.13)

Next, we proceed with the rotation into the Higgs basis via

H P cg S P
B I 2 R I Py (13.14)
HQ @2 —Sﬁ Cﬁ @2
with y
tan B = — . (13.15)
U1

The doublets in the Higgs basis can then be written, with the Goldstone bosons GF and G°
in Hy, as

Gi Hi
Hi = 1 and Ho 1
(v+ H° +iG) —2(R2 +ily)

(13.16)
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The mass matrix for the neutral Higgs states is defined for p1, ps and p3 = I3 as

92V
M?)i =< > 13.17

which can be diagonalized by a general orthogonal matrix R via

RM?RT = diag(m?,m3,m3) , (13.18)
with
C1C2 51C2 52
R= | —(c1s983 +s103) ci1c3 — s15283  cas3 | (13.19)

—c1852¢3 + 5153 —(c183 + s152¢3) C2C3

where the notation s; = sina;, ¢; = cosa; (i € {1,2,3}) was used and
—rm/2<oa1 <7w/2 , —Tw/2<ay<T7/2 , —7/2<a3<m7/2 (13.20)

The model contains three neutral particles with no definite CP quantum numbers, hi, ho
and hs, and two charged scalars H*. The masses for the neutral Higgs bosons are ordered
such that m; < mo < mgs. The set of independent parameters of the potential sector can be
chosen as

tan 8, A1, A2, A3, Ag, Im(X5), Re(A5), Re(m?s) . (13.21)

By imposing a Zs symmetry we have the possibility to forbid tree-level flavor-changing neutral
currents which are very constrained experimentally. The adopted natural flavor conservation
mechanism extends the symmetry to the Yukawa sector such that each of the three
families of fermions couples to one and only one scalar field. We introduce the up-, down-
and lepton-type fermion doublets as ®,,, ®; and ®,, which couple to up-type, down-type and
charged leptons, respectively. This gives us four possible Yukawa types of the softly-broken
Zo symmetric 2HDM:

o Type-l: &, =Py =Py = Py
e Type-Ill: &, =0y £ Oy =Py = Dy
e Lepton-Specific (LS) &, = &5 = Oy # Oy = Py
e Flipped &, = &, = &5 # ¢4 = P;.
This lets us write the Yukawa Lagrangian as follows

3
my — .

Ly = =3 =g [ (hif ) +ic(hif )] wshi (13.22)

i=1
where the coefficients of the CP-even and of the CP-odd part of the Yukawa coupling, c®(h; f f)
and ®(h;ff), are presented in Tab. The different families of fermions are identified
by choosing f with the labels ¢, b and 7 for up-type and down-type quarks and leptons,

respectively. In this section we will only consider Type-I of the C2HDM.

13.2.1. VEV-Profile

In a model with a multi-dimensional VEV structure, such as the C2HDM, it becomes more
challenging to determine the profile that interpolates between the false and the true vacuum.
A common ansatz used in the literature [135] 160] is to treat the VEVs as independent
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up-type down-type leptons
R; R; R; R; R; R;
Type—I 12 13 12 i, 13 s 12 4 13 5
S5 tg 58 tp JE tp
Type-ll —2 ;=3 : 57— — itgRizs
S5 tg g s
R; R; R; R; R;
Lepton-Specific 2 2y s L itgRizs
53 ts 53 tp cs
Flipped 22 ;208 35— iy
83 tg s Sp t

Table 13.1.: Yukawa couplings of the Higgs bosons h; in the C2HDM, divided by the corre-
sponding SM Higgs couplings. The expressions correspond to [c®(h;ff) + ic°(h;f f)7s5] from

Eq. (13.22).

and assume a kink profile as we did with the benchmark model. The VEV profile is then
given by

1 z . .
bi(2) = bri + (Pgi — ‘bt,i)g <1 4+ tanh <L )) with =1, - nHiggs (13.23)
w,i
where ¢; and ¢ are the true vacuum and false vacuum, respectively, and nyjggs denotes the
number of Higgs particles of the model.

In this thesis we will use a different approach where we solve the Equations Of Motion (EOM)
of the fields. We begin by considering the EOM of a scalar field in a plasma

3

d3p
Og; + Ve,V +Z V@m]/ TPIE, 517 (p,2)=0. (13.24)

Solving these equations directly is beyond the scope of this thesis. Instead, we note that
the last term in Eq.( 13.24]) acts as a friction term that stops the bubble from reaching the
speed of light. We assume that the bubble wall has already reached a terminal velocit

vy and substitute the friction term with Or¢;, where p is the friction coefficient [161].

YwVw
If the wall has reached a terminal velocity it is clear that the profile can only depend on

2 = Yu(Z — vyl), where tilde refers to the coordinates in the plasma rest frame. Plugging
$i(2) = ¢i(yw(Z — vyut)) into the EOM gives

d*¢; dg;
12 + e = Ve, V() -

(13.25)

To determine p we can simply multiply the above equation by d¢;/dz and integrate over z

which gives
Z/ [d¢’] dz = AV,

where we used that the derivative of the field vanishes at z — +oo and define AV =
V(gp(o0)) — V(¢p(—00)). With this we obtain a recursive definition of u, where we have
to compute the profiles of the different ¢;(z) with an initial p via Eq. and insert the
profiles into Eq. to compute a new friction. We do these recursive steps until we
obtain a constant p and thus a stable VEV profile for the corresponding potential. As an
initial guess for p we use the kink profile.

(13.26)
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Figure 13.8.: Scatter plot of the normalized BAU for the C2HDM at n = 2 over the real VEV
w1 (left) and we (right) at different wall velocities. The points fulfill all relevant experimental
and theoretical constraints.

13.2.2. Parameter Impact on the BAU

We want to investigate how different parameters of the C2ZHDM affect the generated BAU.
To do this, we generated a data sample which fulfills all relevant experimental and theoretical
constraints using the tools ScannerS and BSMPT . Additionally, we use BSMPT to
compute the percolation temperature 7, which is the temperature where at least 29% of
the false vacuum has tunneled into the true one. We use this temperature as our transition
temperature to solve the transport equations and compute the BAU. For the parameter scan
we compute the absolute value of the BAU for three wall velocities v,, = 0.1,0.5,0.9 and use
the truncation scheme R = —v,,. We will comment further below on why we only consider
the absolute value of the BAU and do not discard points with a negative sign in the BAU.
Further, we only consider n = 2 equations per particle species since this is sufficient to draw
conclusions about the parameter dependence of the BAU. As we saw in the benchmark model,
this leads to an overestimation of the BAU in most scenarios.

First, we will look at the dependence of the BAU on the neutral VEVs w; and wy at 7). The
corresponding plots are shown in Fig. In the left plot we observe a clear trend, namely
that smaller values of wy lead to a larger BAU. For ws there is no such clear trend as the BAU
remains relatively constant across the entire plotted wo region with only a slight increase for
larger wo values. As we already saw in the benchmark model in Sec. the magnitude of
the BAU decreases as we increase the wall velocity. This is a phenomenon that we observe
throughout the entire parameter space.

Next, we will investigate the dependence of the BAU on the complex parameters of the
C2HDM, i.e. M5 and m?,, as these are the sources of C'P-violation in this model. The
corresponding plots are shown in Fig. where on the left we show the normalized BAU
over the absolute value of the ratio between the imaginary part and the real part of A\s. In
the right plot we do the same but for the ratio between the imaginary and real part of m%Q
on the z-axis. Here, we see a clear correlation for both plots, namely that the normalized
BAU goes to zero as the respective ratios go to zero. This is expected as these ratios are
a measure of the complex phase of the respective parameters. As these complex phases go
to zero, the model loses its CP-violating properties which ultimately leads to a constant 6
such that the source terms in Eq. vanish. This gives a clear prescription on how to
maximize the BAU for future parameter searches. An interesting feature of this model is
that a sign flip of the imaginary parts of As, m%2 and a sign flip of wep leaves the potential
invariant. Therefore, flipping the signs of the imaginary parts is equivalent to flipping the
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Figure 13.9.: Scatter plot of the normalized BAU for the C2HDM at n = 2 over the absolute
value of the ratio between the imaginary and real part of A5 (m?3,) on the left (right). The
points fulfill all relevant experimental and theoretical constraints.

sign in wep. Since, observables are not influenced by a constant complex phase, the change
in the imaginary parts will leave them invariant. The key difference with the BAU is that the
complex phase coming from wep is z-dependent during the phase transition and therefore a
sign flip of wep will ultimately lead to a sign flip of the BAU. In short, if we obtain a negative
BAU, we can simply flip the signs of the imaginary parts of A5 and m?2, to obtain a positive
BAU without influencing other observables.!®

In Fig. [13.10| we show the normalized BAU over the wall thickness and LT}, as a color
gradient for the wall velocity v,, = 0.1. Important to note is that in order to obtain a value
for the wall thickness we use the approximation [159]

w?(T)p)
Ly ~ Spr . ATy = Wi(Ty) + wi(T)) + wip(Ty) + wip(T)) , (13.27)

where V} is the height of the potential barrier between the true and the false vacuum. This
definition is valid for a kink profile, but as we will see in the next section, does not necessarily
correspond to the wall thickness obtained from solving the field equations. Nevertheless, we
see a strong correlation between the wall thickness and the generated BAU, i.e. small L,
lead to a large BAU. However, as we have shown in the case of the benchmark model, values
of L,T < 100 (keeping in mind that 7' = T,, = 100GeV in the benchmark model) lead to
unreliable results and should be considered with caution. In general, we do not obtain a value
of LT, that is larger than 10 throughout the entire parameter space, which according to the
analysis we have done in the benchmark model, is not enough to obtain a stable BAU in the
moment expansion. Therefore, our approach to compute the BAU might not be suitable for
small velocities in this model.

13.2.3. Benchmark Points

To get a better picture of how our VEV profile and the kink profile differ in the C2HDM we
will consider two Benchmark Points (BP). These two points are chosen such that the first has

a large L,,T),, while the second BP has a large BAU. The input parameters of these BPs are
given in Tab. We additionally provide the values for L.,, T}, L,T), and the VEVs at T,

When we talk about other observables we mean observables obtained in today’s experiments where the VEV
does not change over space and time. If we at some point deduce other early universe observables that rely on
the VEV changing its phase, we have to be more careful.
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Figure 13.10.: Scatter plot of the normalized BAU for the C2HDM over the wall thickness
and L, T} as the color gradient. The points fulfill all relevant experimental and theoretical
constraints.

as well as the computed normalized BAU, where in one case we use the kink profile and in
the other case use the VEV profile obtained from solving the EOMs. In Fig. we show
the VEV profiles of wq,ws and wep of the presented BPs as a function of the bubble wall
distance z. In blue we show the kink profile, where we used the same wall thickness for each
VEV computed by BSMPT and in orange we show the profile obtained by solving the
EOMs given in Eq. . For BP1 we see that the field profiles match rather well with the
exception of wep, where we observe an additional dip before it reaches its true vacuum value.
Defining a wall thickness for the EOM profiles is a bit more difficult than for the kink profiles,
since we do not have an analytic expression for them. However, if we look at the z-values
at which the VEV profiles reach a constant value in each z-direction and take the distance
between the two, we can compare the kink and the EOM profiles. If we take this as our
measure for the wall thickness, we find that the EOM profiles predict a larger wall thickness
for each VEV compared the respective kink profiles. We know from our analysis in Sec.
that a larger L,, leads to a smaller BAU. This is consistent with the results obtained in the
BP1 scenario where we obtain for the kink profile a normalized BAU of |7|X"k ~ 0.123 and
for the EOM profile a normalized BAU of |7|E9M ~ 0.069 (see Tab. . We observe a
similar trend in the BP2 scenario. Here, the effect is even more drastic for wgop, where the
wall thickness is off by roughly one order of magnitude. Another effect that naturally occurs
when solving the EOMs, is that each VEV profile has their own wall thickness. As can be
seen in the BP2 scenario, the wall thicknesses of the different VEVs do not have to be of the
same order in magnitude.

Next, we want to check how the BAU evolves as we increase the number of considered moment
equations per particle. We plot the normalized BAU over n for both BPs in Fig. In
blue we show the results obtained via the kink profile and in orange using the EOMs. For
BP1 we observe a clear decrease of the absolute value of the BAU as we increase n. This is
not surprising as we already saw this in Sec. [13.1l Further, consistent with our investigation
in Sec. 71 does not stabilize to constant value, even after taking into account n = 50
moment equations per particle. However, we observe that the results from the kink profile
and the EOM profile move closer together as we increase n. This is a feature of BP1 and is
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BP1 BP2
tan/3 16.005 15.376
A1 0.027295 0.184255
Ao 0.240944 0.242595
A3 6.87916 8.945212
A4 -2.88470 -3.21397
Re(\s) 0.402294 1.710215
Tm()\s) 0.569051 0.460252
Re(miy) | 17318.771 19800.915
L 0.047673 0.015447
T, 150.82 51.1715
LT, 7.190045 0.790438
w1 (Tp) 13.9098 15.9542
wa(T}) 162.214 247.473
wep(Tp) -4.07453 0.074599
wep(T,) | 2.98062- 1077 | —1.3964 - 1078
| 77| Kink 0.122611 10.711
17|20 0.0692125 3.888

Table 13.2.: Benchmark points for the C2HDM. The first 8 rows provide the input parameters,
while the last 9 rows give the values for the wall thickness L,,, the percolation temperature 7,
L./, and the values of the VEVs at T}, as well as the absolute value of the normalized BAU
using the kink profile or using the solution of the field equations. The L,, values provided in
this table are computed using the approximation given in Eq. and are only valid in

the case of the kink solution (see text).



114 13. Numerical Analysis

not true in general as we can see in the case of BP2. For BP2 we observe a strange behavior,
namely that the BAU seems to diverge at n = 42 and then flips its sign and becomes negative
for n = 46,50. This indicates that this point is very unstable in the moment expansion
and does not lead to conclusive results. We observe such a behavior only for large phase
transition strengths, which in the case of BP2 is &, = w(T},) /T, ~ 4.846 (§, ~ 1.08 for BP1).
However, it is not clear why this occurs for large £, and further investigation is needed. A
possible explanation could be that the phase transition is too strong and that the perturbative
approach fails at this point.

To concluded this chapter, we want to say that one has to be cautious when computing
the BAU in phenomenological models such as the C2HDM. We have shown that for wall
thicknesses where L, 7" < 100 there is no clear convergence of the BAU in the moment
expansion using the current WKB method. A way to stabilize the moment expansion is
to increase the wall velocity, however this will result in a decreased BAU, making it more
challenging to find parameter regions which generate the observed BAU. However, we expect
that the found correlations, e.g. the correlation between the imaginary part of A5 and BAU
in Fig. will still hold regardless of the precise value of the BAU.
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Figure 13.11.: VEV profiles for wq,ws and wep in terms of the bubble wall distance z for BP1
and BP2 presented in Tab. In blue we show the kink profile and in orange the profile

obtained by solving the EOMs in Eq. (13.25).
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Figure 13.12.: The normalized BAU 7 over the number of moment equations n for the two
BPs presented in Tab. In blue: the results using a kink profile, in orange: the results
using the profile obtained from the EOMs. We used a wall velocity of v,, = 0.1 and a constant

truncation scheme with R = —u,,.



CHAPTER 14

Conclusions

In the second project of this thesis we have developed a code that is able to solve the transport
equations and thus compute the BAU within in a given model. This code is not publicly
available yet, but will be included in the next update of BSMPT ,. We have
performed a numerical investigation of the transport equations with respect to their moment
expansion as well as a phenomenological investigation in the C2HDM. To this end, we have
summarized the mechanism of EWBG which is required to obtain the matter anti-matter
asymmetry. Further, we provided a derivation of how to compute the BAU in this framework.
Doing so, we calculated the C'P-violating force that emerges when considering a complex
top-quark mass, derived the transport equations from the Boltzmann equation and gave the
formula for the final BAU integration. In this context, we calculated the value of the top
Yukawa rate which provides a new update compared to the previously available values from
the literature, which gives a relative difference of roughly 41% compared to the most recent
value where the leading log approximation was used .

With our code, we considered a benchmark model, where the relevant quantities such as
the wall thickness L,,, VEVs, nucleation temperature and the wall velocity v, are direct
input parameters of the model. Our investigation suggests that as we increase the number
of considered moments the BAU becomes truncation scheme independent. We observe this
trend throughout our investigated region. This finding is in disagreement with the previous
analysis done in this regard (see Ref. ), where it was found that the moment expansion has
a large truncation scheme dependence for small wall velocities. Further, it is not clear that
the BAU will always converge to a constant value for a large number of moment equations
per particle n. We have shown that for values of L, < 1 (i.e. LyT, < 100) or vy, < 0.5
there is no clear sign of convergence when taking into account n = 50 moment equations. We
think what most likely causes this, is that the assumption that p and  f are sufficiently small
perturbations is not fulfilled in this regime.

For our investigation of the C2HDM, we used the tools ScannerS and BSMPT
to generate a data sample that fulfills all relevant experimental and theoretical constraints.
Further, we implemented an algorithm in BSMPT which solves the EOMs given in Eq.
to determine the VEV profile of the scalar fields. In our phenomenological investigation we

observed a clear correlation between the BAU and the ratio between the imaginary part of
X5 (m3,) and the real part of A5 (m2,) in Fig. As this ratio goes to zero, so does the
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computed BAU. This is explained by the fact that this ratio is measure of the complex phase
which generates the C' P-violation within this model. By setting this to zero, the source terms
of the C'P-odd transport equations vanish and no out of equilibrium force can be generated.
Further, we showed that small values of L,, and L,, T}, lead to a larger BAU. However, we did
not find values for L,,7,, > 10 within our parameter search, which is not sufficient to obtain
BAU values that are stable in the moment expansion and therefore have to be considered
with caution.

Lastly, we compared the VEV profile stemming from the EOMs with a kink profile ansatz.
To do so, we considered two benchmark scenarios and compared the VEV profiles of wy,wo
and wep for the two approaches. We saw for both BPs, that the EOM profile predicts a
larger wall thickness compared to the kink profile, which led to a smaller BAU. Further, we
have found a strange behavior in the moment expansion of BP2, where the BAU seems to
diverge and flips its sign at a specific value of n. We believe that this is due to the large phase
transition strength of this BP, but further investigation has to be done in this regard.

We would like to remind the reader, that these results are new and have not been published
previously. Our publication on this topic is in preparation.



CHAPTER 15

Final Conclusion and Outlook

The Standard Model of particle physics stands as one of the most successful achievements in
modern science, with an unparalleled record of predictive power in collider experiments. Its
precise quantitative predictions have been confirmed time and again, most notably through
high-energy measurements at facilities such as the CERN and its Large Hadron Collider,
where even subtle effects have been observed in remarkable agreement with theoretical ex-
pectations. This agreement with the collider data makes the identification of physics beyond
the SM highly non-trivial. The absence of significant deviations from the predictions of the
SM leave little room in the parameters space for models that attempt to describe new phe-
nomena. At the same time, we know from cosmological observations that phenomena such
as the existence of DM and the matter anti-matter asymmetry of the universe point toward
the incompleteness of the SM.

To address these cosmological phenomena, i.e. DM and the observed BAU, it is necessary to
consider the state of the early universe at which it was made up of a hot, dense plasma. During
this time, particle interactions and out-of-equilibrium processes can lead through the evolu-
tion of the universe to the macroscopic structures and phenomena we observe today. These
interactions provide a link between particles physics which we probe at colliders and through
cosmological observables. In this context, the Boltzmann equation provides a useful tool to
study the evolution of particle species as they undergo an out-of-equilibrium transition. The
Boltzmann equation combines the microscopic particle interactions included in the collision
operator, with the macroscopic evolution of the particle densities via the Liouville operator,
thereby allowing us to make quantitative predictions with respect to relic abundances and
asymmetries generated during the evolution of the universe.

The inclusion of additional particles besides the ones contained in the SM, can change the
dynamics of the early universe plasma in a way that leads to the observed cosmological
phenomena. In this thesis, we make use of this effect and study extensions of the SM that
can accommodate the observed DM abundance as well as the observed BAU. More concretely,
we developed tools which are able solve the Boltzmann equations for the given scenarios and
performed phenomenological investigations using these tools.

In the context of DM we developed the tool RelExt, which assumes a DM model containing
WIMPs that are stabilized by a Zo symmetry and a single DM candidate. Although the
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code is shipped with a few of such models, the user can load their own model into the code
by providing the corresponding FeynRules model files. RelExt is then able to generate
all relevant (co-)annihilation channels, compute the corresponding TACs and numerically
solve the Boltzmann equation to obtain the DM relic density. Further, the code is able
to perform efficient parameter scans within a given model, to determine parameter regions
which are able to generate the observed DM abundance. In the first part of the thesis, we
provided a detailed description of this tool and its algorithms as well as its usage. We showed
that the parameter search techniques used in this code are able to determine the relevant
parameter regions to obtain the observed DM abundance and are therefore able to generate
phenomenologically relevant parameter points much faster than random searches. Further,
we provided a validation of the numerical results obtained by our tool by comparing it with
the well established code MicrOMEGAs.

In the next part of this thesis we finished a project that was already in the working, where we
considered the DM model CP in the Dark. We showed that by setting the model parameter
ay = m/2, the model is able to obtain two DM candidates. One, which generates the DM
abundance via freeze-out and one which generates the abundance via freeze-in. We have
derived that the Boltzmann equations describing the density evolution of these particles
can be decoupled and treated separately. For models that generate the relic density purely
via freeze-in, it is challenging to provide predictions that can be measured in upcoming
experiments. However, in our phenomenological investigation of this model, due to having
two DM candidates, we have found that if the diphoton branching ratio re-scaled to the
SM value is below one, the only way that this model is able to generate the observed relic
abundance is via a sizable freeze-in contribution. This means, that in a scenario where this
model accounts for the entire observed relic density, we would have a clear signal that could
point us towards a relic density density that is mostly generated via freeze-in.

Within the third project we developed a code that is able to compute the BAU in the frame-
work of EWBG by solving the necessary transport equations. We studied the stability of the
BAU as we increase the number of moment equations in the transport network as well as per-
formed a phenomenological investigation of the C2HDM with respect to the BAU. First, we
introduced the mechanism of EWBG and presented the derivation of the C' P-violating force
as well as the transport equations. This includes the perturbative expansion in the chemical
potentials of the involved particles as well as the average over arbitrarily large moments. For
the collision rates appearing in the transport equations we have calculated an updated value
for the top Yukawa rate, which gives a deviation to the most recent literature by roughly
41%. In our study of the stability of the BAU we considered a benchmark model, where
the relevant parameters for the computation of the BAU are direct input parameters of the
model. Our results suggest, that the BAU becomes independent of the chosen truncation
scheme as we increase the number of moments. Further, we have found that for small bubble
wall thicknesses and small bubble wall velocities the moment expansion does not converge to
a constant value for the BAU and should therefore be considered with caution. In our phe-
nomenological investigation of the C2HDM we were able to show clear correlations between
certain parameters of the model and the generated BAU. We picked two BPs, for which we
saw that the bubble wall thickness obtained from the EOMs is larger than the one obtained
from the typically used kink ansatz for the VEV profile, which leads to a decrease in the
computed BAU. The results obtained in this part are new and will be published soon.

Despite significant progress, the origins of DM and the observed matter—antimatter asymme-
try remain unresolved, leaving key questions in fundamental physics open. Addressing these
issues will require continued theoretical development on both the particle physics and astro-
physical fronts, alongside increasingly precise observational and experimental input. Only
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through the combined effort of experiment and theory we can hope to obtain answers on the
fundamental questions about the universe we find ourselves in.






APPENDIX A

RelExt Structure and Algorithms

In the following, we describe the class structure of the code in more detail as well as explain
the relevant algorithms used throughout RelExt mentioned in Chapter Further, we will
give a more detailed description on how these algorithms work.

A.1. Class Structure of RelExt

The class structure of RelExt is depicted in Fig. Each box represents a separate class of
the code, except for the external Mathematica package, which feeds all the information about
the model into the classes ModelInfo and AnnihilationAmps. We color coded the different
classes based on the purposes they fulfill which are the following

Blue

Turquoise

Green

Highlights the classes which are responsible for running necessary compu-
tations and storing required information before the matrix elements are
evaluated. This includes the Mrun class which computes the running quark
masses, the class Width which computes the total decay widths of the s-
channel mediator particles and ModelInfo which loads the denominator
structure of a given process and the tokens used in the matrix elements.

Highlights all classes which are responsible for the computation of the
TAC given in Eq. . The class AnnihilationAmps is responsible for
loading and evaluating the appropriate (co-)annihilation channels which
are integrated over cosf by the class SigvInt which is also responsible for
computing the remaining integrand of the TAC. Lastly, the Tac class is
responsible for the s integration.

Highlights the classes which are responsible for solving the freeze-out Boltz-
mann equation. The class BeqInfo contains all the relevant information
about the Boltzmann equation such as the value of the gravitational con-
stant, the formula for Yy? and the effective degrees of freedom which are
loaded via the EffDof class. This information is then used by the classes
FOCondition, FOAppr and FOFull. The first of these classes contains the
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formula for the freeze-out condition given in Eq. (4.10). The second class
contains the formula for the integrand appearing in Eq. and the
third class contains the complete Boltzmann equation given in Eq. (3.33).
These classes are then used by FO1DM to solve the Boltzmann equation and
compute the relic density.

Steel blue Highlights the classes which are necessary to setup the search algorithms.
The OmegaGoal class simply computes the difference between the desired
relic density and the currently computed relic density. This class is used
in every search algorithm to make sure that the next step step of these
algorithms is taken into the correct direction. The class MonteCarlo is
responsible for tracking the best cells as well as generating new parameters
based on these cells.

Yellow These are the classes with which the user interacts directly. First, we have
the DataReader class which reads the input files of the user, but is also used
internally to load the necessary data for the effective degrees of freedom.
The Main class contains all the functions to which the user has access and
which the user can use throughout the main. cpp files.

In the shown class diagram we omitted the parts of the code that are responsible for the
numerical algorithms since these are global functions and classes used throughout the code.
The connections between the classes show their respective dependencies between each other.
The important thing to note is that the Main class has a direct link to many of the other
classes which allows the user to invoke them via the functions we provide within the Main
class.

A.2. Key Algorithms of RelExt

In this section we describe in the detail the code for the algorithms described in Sec. We
will not discuss the numerical algorithms, as these are well known (see Ref. [109]) and instead
will focus on the ones unique to RelExt.

A.2.1. Algorithms to compute the TAC

We start of with the functions that load in the requested (co-)annihilation channels and eval-
uate their matrix elements. These are provided in Listing [A.1l The function set_channels
takes in a vector of strings with the names of the channels we want to load and a boolean which
determines if we want to include the flux factor of the given channel.?’ These strings are used
to identify the corresponding (co-)annihilation functions via the maps amp2fls and amp2s
which then fill the cur_channel vector with the functions of the channels we want to load.
The difference between the two maps is that the former has the flux factors already included,
while the latter does not. Next, we define a bracket operator for our AnnihilationsAmps class
that evaluates the loaded matrix elements. Here, we simply iterate over all current channels
and add them up for a given cosf and an s that can be set via a separate function. The sum
of these channels is then returned.

Next, we will go through the algorithm that sorts the (co-)annihilation channels based on
the prescription provided in Eq. (4.3). The corresponding function is given in Listing .
It takes a vector of strings as an input with the channel names that we want to include in
the freeze-out process. In line 3 we assign memory to the vector polK2s with a size that is

20This is not the flux factor that is used in the calculation of a cross section.
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Figure A.1.: Class diagram showing the class dependencies of the C++ part of RelExt. The

figure has been made using the open source program VisualParadigm.

void AnnihilationAmps::set_channel (const VecString &ch_str, const
bool flux) {
cur_channel.clear ();

if (flux)
for (auto it : ch_str) cur_channel.push_back(amp2fls[it]);
else
for (auto it : ch_str) cur_channel.push_back(amp2s[it]);
}
double AnnihilationAmps::operator () (const double cos_t) {
double res = 0.;
for (auto it : cur_channel) res += it(cos_t, s);

return res;

3

Listing A.1: Code responsible for loading the wanted channels and evaluating the matrix

elements.
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bool Tac::sort_inimasses(const VecString &ch_str) {
double temp;
sigv.polK2s.resize (AA.bath_masses.size());

for (auto it : ch_str) {
AA.set_channel ({it});
AA.assign_masses(ml, m2, it);
AA.set_s((ml1 + m2) * (ml + m2) * 100);
temp = AA(0.5);
if (std::isnan(temp) || std::isinf (temp)) {
std::cout << "The channel: " << it << " evaluates to non
numerical values.\n";
return false;
}
inimap [ml + m2].push_back(it);
}
return true;
}

Listing A.2: Code responsible for sorting the (co-)annihlation channels.

equal to the number of DS particles involved in the DS thermal bath - more on this later.
In lines 4-14 we loop over all channels. First we load the channel via the function shown in
Listing then we call the function assign_masses which determines if the initial or final
state masses are larger and assigns these to m1 and m2 for the given channel. In the lines
7-12 we test for a fixed s and cosf value if the channel results gives us nans or infinities and
warn the user if this is the case. If we indeed find non-numerical results, the function returns
false for this parameter point which ultimately leads the code to return a relic density of 0.
However, if the channel passes the test it is sorted into the hashmap inimap which assigns
the sum of the masses to a vector that contains the channel names for the given mass (see

Tab. [4.1)).

Now we move on to the integrand of the TAC given in Egs. and . The function
calc_polK2 precomputes the whole or parts of the denominator of the TAC. We first define
Tinv via the formula 77! = 2 /mpwm and also set a flag that we want to treat numerator and
denominator as two separate parts of the calculation via separate_num_den = true. Next,
in lines 7-16 we loop over the DS particles which are included in the DS thermal bath. In this
loop we save the mass of the considered DS particle in line 8 and compute the corresponding
denominator without the exponential function which we store in the vector polK2s. The
map DSdof returns the internal degrees of freedom of the DS particle. Next, we check if
the exponent of the exponential function is smaller than 700 to ensure that it is within the
definition boundaries of the C++ standard library. If it is, we treat the denominator separately
as indicated by Eq. and if not we then set the flag separate_num_den to false which will
result in the code using Eq. in the lipsv function. The lipsv function properly combines
the denominator determined via calc_polK2 with the Bessel function of the numerator. In
this function, we first define the relevant variables in lines 20-25. With the if-case in line
27 we check if x = mpn/T > 5 to determine if the approximation given in Eq. is valid
or not. If it is, we proceed using Eq. and Eq. to compute the integrand. If not
then we do not approximate the Bessel function in the denominator.?! When we use the
approximation we first check if the flag seprate_num_den is set to true and if the exponent of
the exponential function is less than 700. If so, we use Eq. , otherwise we use Eq. .
Lastly, we define a bracket operator for the SigvInt class that takes the variable u € (0, 1]

21During the computation of the freeze-out relic density this case should never occur since we require that the

freeze-out point should be at least xy = 5.
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as an input, converts it to the corresponding s-value and returns the entire TAC integrand,
where wij is given by Eq. (3.40). The variable lower_bound stores the current lower boundary
of the s integral as we will see later. Important is the multiplication by the Jacobian u 2
coming from the variable transformation between s and w.

Before we go over to the code responsible for the s integration, we will first look at the
algorithms which set the internal boundaries around the resonance peaks preparing the in-
tegration over s. The corresponding functions are given in Listing We start with the
function peak_relevance. It determines the x-value until which a given peak is relevant, i.e.
it returns Eq. inverted with respect to x. The variable peakpos stores the position of
the peak (mmeq) and beps_eps is the natural log of B.. In case the peak position matches the
lower integral boundary it returns -1, making the peak irrelevant for additional boundaries.
The next function, peak_bounds, sets the boundaries around the peak. As already stated in
Sec. we start with a boundary around the peak position with a size of 2 - 20" ,eq. In
line 9 we check if the lower boundary of the peak is smaller than the lower boundary of the
entire integral. While this is the case we keep reducing the size of the boundary by factors
of 2. Once this is set, we assign 3 boundaries in lines 11-13, where the first and the third
boundaries are specified via the width, while the second boundary is set exactly at the peak.
These are converted from s space to u space using

u = (s—(mi+mj)2+1)_1 : (A1)

The next function, check_boundaries, checks if the boundaries do not overlap. It is possible,
that if the peaks are too close to each other, their boundaries might overlap leading the
code to compute the same integral area twice. To avoid this, we ensure that subsequent
boundary values are sorted in descending order (ascending in s space). For the boundary
triplets returned by peak_bounds this is true by construction. However, for different boundary
triplets the last boundary of the first triplet might be larger than the first boundary of the
second triplet. In such a scenario they are set to the same boundary to resolve the overlap.
This check only works if the boundaries are sorted. These functions are now combined in
set_boundaries to set the inner boundaries of the s integral. In this function we keep
track of the number of relevant peaks fulfilling the criterion in Eq. via the variable
N_relevant_peaks. From line 30-41 we loop over the number of possible resonances that can
occur during the computation. In line 31, we determine the x-value up to which the peak
is relevant, where denstructures contains the information about the width and the mass of
the mediator particles. Next, we check in the if-case if the peak is relevant at the current
x-value. If this is the case, we set peak boundaries, append them to the boundaries array
and increase the number of relevant peaks. Lastly in lines 42 and 43, respectively, we sort
the boundaries using an insertion sort algorithm and check these for overlaps.

Now that we are able to set the integration boundaries we move on to the integration over s.
Here, we have two functions that are relevant shown in Listing estimate_integrate_s
and integrate_s. As indicated by the function name, the former function is responsible for
giving us a first estimate of the s integral. We keep track of the total result and current
estimate by passing the res and estimate variables by reference. Although the purpose of
this function is to estimate the integrand, the peaks are already precisely computed at this
stage and are added to both the result and the estimate as can be seen in lines 4 and 5. In
the for-loop in lines 7 and 8 we estimate the integrand between the peaks using the Kronrod
61-point method and in line 10 we add the estimate of the integral between 0 and the
first peak boundary as well as the integral between the last peak boundary and 1. This code
is only executed if the number of relative peaks is greater than zero. In the case that the
integrand contains no peaks, we estimate the integrand in a different manner via the loop
shown in lines 19-26. During the first iteration we subdivide the integral into two subintegrals
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void SigvInt::calc_polK2() {
double Tinv = x / AA.MDM;
double mtemp, cur;

size_t 1 = 0;
separate_num_den = true;
den_save = 0.;

for (auto it : AA.bath_masses) {
mtemp = *AA.DSmasses[it];
cur = AA.DSdof[it] * mtemp * mtemp * polK2(Tinv * mtemp);
polK2s[i] = cur;
if (Tinv * mtemp < 700. && separate_num_den)
den_save += cur * exp(-Tinv * mtemp);

else
separate_num_den = false;
i++;
}
}
double SigvInt::lipsv(const double &s) {
size_t 1 = 0;
double num = O0.;

double den = O0.;

double mtemp;

double sqgs = sqrt(s);
double Tinv = x / AA.MDM;

if (x > 5) {
if(sqs * Tinv < 700. && separate_num_den) {
num += Tinv * exp(-sqs * Tinv) * polKl(sgs * Tinv);
den += den_save;
}
else {
num += Tinv * polK1l(sqgs * Tinv);
for (auto it : AA.bath_masses) {
mtemp = *AA.DSmasses[it];
den += exp(-Tinv * (mtemp - sqs / 2)) * polK2s[i];
i++;

} else {
num += Tinv * polK1l(sgs * Tinv) * exp(-sqgs * Tinv);
for (auto it : AA.bath_masses) {
mtemp = *AA.DSmasses[it];
den += mtemp * mtemp * besselK2(Tinv * mtemp) ;

3

return num / (den * den);

}

double SigvInt::operator () (const double &u) {
double s = lower_bound * lower_bound + (1 - u) / u;
return wij(s) * lipsv(s) / (u * u);

Listing A.3: Code responsible for computing the = dependent part of the TAC.
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double Tac::peak_relevance (const double &peakpos) {

if (peakpos == sigv.lower_bound) return -1.;

return -beps_eps * AA.MDM / (peakpos - sigv.lower_bound) ;
}

double *Tac::peak_bounds (const double &peakpos, const double &width) {
static double bounds [3];
double n = 0.1;
while (peakpos - 2 * width / n < sigv.lower_bound) n *= 2;

bounds [0] = 1 / ((peakpos - 2 * width / n) * (peakpos - 2 * width
/ n) - sigv.lower_bound * sigv.lower_bound + 1);

bounds [1] = 1 / (peakpos * peakpos - sigv.lower_bound *
sigv.lower_bound + 1);

bounds [2] = 1 / ((peakpos + 2 * width / n) * (peakpos + 2 x width
/ n) - sigv.lower_bound * sigv.lower_bound + 1);

return bounds;

}
void Tac::check_boundaries () {
for (size_t i = 0; i < boundaries.size() - 1; i++)
if (boundaries[i] < boundaries[i + 1])
boundaries[i + 1] = boundaries[i];

}

void Tac::set_boundaries(const double &x) {
double peak_xf;
double *b;

N_relevant_peaks = 0;

for (int j = 0; j < AA.N_widths; j++) {
peak_xf = peak_relevance (*AA.denstructures.at(2 * j));

if (peak_xf > 0 && x < peak_xf) {
b = peak_bounds (*¥AA.denstructures.at(2 * j),
*AA.denstructures.at(2 * j + 1));
boundaries[3 * N_relevant_peaks] = *b;
boundaries[3 * N_relevant_peaks + 1] = *x(b + 1);
boundaries[3 * N_relevant_peaks + 2] *(b + 2);
N_relevant_peaks++;

}
}
i_sort_boundaries () ;
check_boundaries () ;

Listing A.4: Code responsible for assigning the integral boundaries on resonances.
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void Tac::estimate_integrate_s(const double &x, double &res, double
kestimate) {
double error;
if (N_relevant_peaks > 0) {
res = res + integrate_peaks(x);
estimate += res;

for (size_t i = 1; i < N_relevant_peaks; i++)
estimate += kronrod_61(sigv, boundaries[3 * i],
boundaries[3 * i - 1], error);

estimate += (kronrod_61(sigv, O, boundaries[3 =*

N_relevant_peaks - 1], error) + kronrod_61(sigv,
boundaries [0], 1, error));
} else {

double temp;
double a = 1., b;

size_t i, dimax = 1;
do {
error = 0;
temp = O0;
b =1.;
for (i = 1; i < imax; i++) {

a = (double)i * 1e-3 * b;
temp += kronrod_61(sigv, a, b, error);

b = a;
}
temp += kronrod_61(sigv, 0., a, error);
imax++;

} while ((error > 0.5 * std::abs(temp)) && (imax < 4));
estimate += temp;

0| }

void Tac::integrate_s (const double &x, double &res, double &estimate)
{
if (N_relevant_peaks > 0) {
res +=
h_adap_gauss_kronrod_15(sigv, 0, boundaries[3 =
N_relevant_peaks - 1], estimate, gauss_kronrod_eps) +
h_adap_gauss_kronrod_15(sigv, boundaries[0], 1, estimate,
gauss_kronrod_eps) ;

for (size_t i = 1; 1 < N_relevant_peaks; i++) {
res +=
h_adap_gauss_kronrod_15(sigv, boundaries[3 * i],
boundaries[3 * i - 1], estimate,
gauss_kronrod_eps) ;
}
} else {
res +=
h_adap_gauss_kronrod_15(sigv, 0, 1le-3, estimate,
gauss_kronrod_eps) ;
res +=

h_adap_gauss_kronrod_15(sigv, 1e-3, 1, estimate,
gauss_kronrod_eps) ;

Listing A.5: Code responsible estimating and computing the s integral.
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with boundaries u € {(0,1073), (1072,1)} and use the Kronrod 61-point method to obtain
an estimate on the integral. If the relative error of this method is larger than 50 % we divide
the integral into more subintegrals such that v € {(0,107%"), (107", 1073~ 1) (1073,1)}
until the error is small enough or if a maximum number of n = 3 is reached.?? The computed
estimate is then used in the numerical algorithms to compute the integral value in the function
integrate_s. This function works similar to the previous one, but instead of using an
estimator, we use adaptive integration algorithms to compute the integral. In line 32, we first
check if we have peaks that relevant in the integration region, then we integrate between 0
and the first peak boundary as well as the last peak boundary and 1. With the for-loop in
lines 37-39 the areas between the peaks are integrated. In the case that there are no relevant
peaks, we integrate the two subintegrals u € {(0,1073), (1072,1)}.2% With every integration
the result is added to the total result saved in the variable res.

We are now at the stage where we can compute the TAC given in Eq. (3.51). The corre-
sponding function is defined via the bracket operator shown in Listing In the lines 2-5
we prepare the computation by setting the total result as well as the estimate to 0. In line 4
we pass the x-value to the SigvInt instance sigv and in line 5 call the calc_polK2 function
used to initialize the denominator of the TAC. Next, we loop over the data structure that we
set up in Listing in lines 6-14. During this loop we compute an estimate of the TAC. We
do this by loading the channels that are assigned the same mass value via the condition given
in Eq. in line 7. Next, we assign the masses which correspond to aforementioned mass
value to the variables m1 and m2 in line 8 and with them set the lower integration boundary in
line 9. With the if-statement in line 10 we check if the criterion in Eq. is fulfilled. If this
is the case, we set the integral boundaries and estimate the contribution to the integral of the
currently set channels in lines 11 and 12, respectively. The for-loop in lines 15-23 is identical
to the previous one, except that we call integrate_s instead of estimate_integrate_s. At
the end we return the result of the computed TAC.

A.2.2. Algorithm to compute the Relic Density

For the computation of the relic density we will only describe the function which returns the
relic density but not the classes used within it. We do this, because the classes FOCondi-
tion, FOAppr and FOFull are straightforward implementations of Eq. , Eq. and
Eq. , respectively. The function to compute the relic density is shown in Listing
First, the channels are sorted via sort_inimasses which returns false if the parameter
point leads to problems. In that case the map with the sorted channels gets cleared via
clear_state and a relic density of 0 is returned. With the for-loop in lines 10-18 we deter-
mine the freeze-out point via the freeze-out condition that is declared in the object foc. We
start by computing the condition at x = 50 in line 9 and decrease it by 2 with each itera-
tion. If we notice a sign flip between the current result y1 and the previous result y2 via the
if-condition in line 12, we know the freeze-out point must be between the two corresponding
x-values. We then apply a bisection algorithm to determine the freeze-out point. Next, we
check if the freeze-out point is smaller than 5 in case the freeze-out point is not valid. In line
27 we define the initial starting value of the yield using Y (zs) = (1 + )Yy (xf). We then
check whether the freeze-out approximation should be used or not. If yes, an FOAppr object
is instantiated in line 29, which contains the integrand of Eq. , and integrated over x
using an adaptive integration method in line 30. The result is then combined with the initial
yield to give the current yield in lines 31 and 32. In the case where the approximation is not
used, the Boltzmann equation is instantiated via FOFull and used within the ODE solver

22 . .. .
In most cases the first iteration is sufficient.

23 . . . .. . .. . . .
This acts as an artificial minimal recursion limit we set on the entire integral region.
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double Tac::operator () (const double &x) {
double res = 0.;
double estimate = 0.;
sigv.set_x(x);
sigv.calc_polK2();
for (auto &it : inimap) {
AA.set_channel (it.second) ;
AA.assign_masses(ml, m2, it.second[0]);
sigv.set_lower_bound (ml + m2);
if (beps(x)) A
set_boundaries (x) ;
estimate_integrate_s(x, res, estimate);

}

for (auto &it : dinimap) {
AA.set_channel (it.second);
AA.assign_masses(ml, m2, it.second[0]);
sigv.set_lower_bound (ml + m2);
if (beps(x)) {
set_boundaries (x) ;
integrate_s(x, res, estimate);

}

return res;

Listing A.6: Code responsible for computing the thermally averaged cross section.

Odeint to compute today’s yield in the lines 34-37. At the end we clear the map of sorted
channels and return the relic density via the function omega.

A.2.3. Parameter Search Algorithms

Lastly, we will present the algorithms used to search the parameter space to obtain the desired
relic density. We start with the Monte Carlo based algorithm where we have the two main
functions. The first, set_weight, is responsible for keeping track of the best cells and the
second, generate_new_pars, generates new parameters based on these cells. Both functions
are presented in Listing |[A.8 In the set_weight function we need to provide the current
parameter values pars and the computed relic density relic with these parameters. With
the relic density we compute the weight given by Eq. in line 2. Next, we convert the
parameters into a vector of bins that uniquely assign a cell to the parameter point and convert
it to a cell ID in lines 3 and 4, respectively. The conversion prescription from a bin to an ID
in the example of 4 parameters is given by

[b1,b2,b3,b4] — "bl,b2,b3,b4",

where bi is the bin number of the corresponding parameter. In lines 5 and 6 we check if
this cell ID already exists among the best cells and if it does, we update its weight in case
it is larger than the currently saved one. With the else if-condition that follows we check if
the number of best cells has already reached the user requested size. If this is not the case
we add the new cell to the best cells and update the worst cell. The last else if-statement
is only reached if the best_cells map is full. In that case we check if the weight of the
current cell is larger than the worst cell. If it is, we remove the worst cell and insert the new
one. After that, we search for the new worst cell and save it for the next time the function
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double FO1DM::operator () (const VecString &channels) {
if (!'BI.tac.sort_inimasses (channels)) {
BI.tac.clear_state (true);
return O.;
}
double res;
double x1 = 50., x2 = 50.;
double yl1, y2 = foc(x2);
for (x1 = 48.; x1 > 3.; x1 -= 2.) {
yl = foc(x1);
if (y1 * y2 < 0) {
x1 = bisec_to_x(foc, xl1, x2, secant_eps);
break;
}
x2 = x1;
y2 = yi;
}
if (x1 < 5.) {
if (!suppress)
std::cout << "Freeze-out temperature could not be
found.\n";
BI.tac.clear_state (true);
return O.;
}
double yfo = (1. + foc.del) * BI.yeq(xl);
if (appr) A
FOAppr foa(BI);
res = adap_gauss_kronrod_15(foa, x1, xtoday, le-4);
res = 1. / yfo - res;
res = 1. / res;
} else {
FOFull fof (BI);
Output out;
Odeint <StepperDopr853<F0Full>> ode(yfo, x1, xtoday, 0., le-6,
0.1, 0., out, fof);
ode.integrate () ;
res = yfo;
}
BI.tac.clear_state (true);
return omega(res);
}

Listing A.7: Code responsible for the computatoin of the relic density.
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void MonteCarlo::set_weight (const VecDoub &pars, const double &relic)
{
double weight = relic > target 7 pow(target / relic, 2)
pow(relic / target, 2);

std::vector<int> bins = get_bins(pars);
std::string ID = bins_to_ID(bins);
if (best_cells.count(ID) != 0) {
best_cells[ID] = (best_cells[ID] > weight) 7 best_cells[ID]
weight;

} else if (best_cells.size() < N_best) {
best_cells [ID] = weight;
if (worst_cell > weight) {
worst_cell = weight;
worst_cell_ID = 1ID;
¥
} else if (weight > worst_cell) {
best_cells.erase(worst_cell_ID);
best_cells[ID] = weight;
double new_worst = 2.;
std::string new_worst_ID =
for (auto it : best_cells) {
if (it.second < new_worst) {
new_worst = it.second;
new_worst_ID = it.first;

nn.,
)

¥
worst_cell = new_worst;
worst_cell_ID = new_worst_ID;

}

9| VecDoub MonteCarlo::generate_new_pars () {

VecDoub res(N_pars);

double rand = generate_random(0., 1.);

if ((best_cells.size() == N_best) && (rand > p_random)) {
std::string cell_ID = select_random_cell_ID();
std::vector<int> bins = ID_to_bins(cell_ID);

for (size_t i = 0; i < lbounds.size(); i++) {
double dx = (ubounds[i] - 1lbounds[i]) / (double)N_bins;
res[i] = generate_random(lbounds[i] + dx =*
(double)bins[i], lbounds[i] + dx * ((double)bins[i] +
1.));
}
} else {
for (size_t i = 0; i < N_pars; i++)
res[i] = generate_random(lbounds[i], ubounds[il]);

}
return res;

}

Listing A.8: Code responsible for tracking the best cells and generating new parameters during
the Monte Carlo search.
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template <class >

VecDoub RandomWalk::walk( &f) {
size_t cur_step = O0;
VecDoub xnew (f.get_parvals());
ynew = f(xnew);
do {

yold = ynew;

x0ld = xnew;

if (is_good) {
same_step (xnew) ;

} else {
random_step (xnew) ;

}
ynew = f(xnew);
if (std::abs(ynew) >= std::abs(yold)) {
xnew = xold;
ynew = yold;
is_good = false;
} else
is_good = true;
if ((cur_step % 100) == 0) {
std::cout << "Current Step: " << cur_step
<< " Omega: " << f.get_omega() << "\n'";
}

cur_step++;
} while (std::abs(ynew) > eps && (cur_step < maxit));
std::cout << "Steps taken: " << cur_step << "\n";
return xnew;

Listing A.9: Code repsonsible for the random walk.

is called. As already mentioned we can also generate new parameters from the best cells via
the generate_new_pars function. In this function we first prepare in line 30 a vector res
where we will save the new set of parameters. Next, we generate a random number between
0 and 1 which will be used to determine if we will generate a parameter point from the best
cells or a random one. In line 32 we therefore first check if the best cells vector is already
full and then check if the generated random number rand is larger than one set by the user
p_random (p,). If this is the case we generate a parameter point from the best cells. We do
this by first selecting a random cell from the best cells in line 33 and converting it to a vector
of bin numbers in line 34. Next, in the for loop in lines 35-41 we loop over the parameters and
define dx to be the size of a single bin for the given parameter boundaries. With this dx, we
generate a new random parameter value inside the given bin and save it in the res vector in
line 38. In the case that rand is smaller than the user specified value p_random we generate
a random parameter between the given parameter boundaries in lines 40 and 41. Finally, we
return the new parameters in line 43.

The search algorithm we will discuss next, is the random walk. We give the corresponding
code in Listing The template function walk takes a functor f as an input. For our
purposes, this functor will return the difference between the computed relic density and the
desired relic density (i.e. AQhQ) when called via the bracket operator. We start in line 4,
where we get the current parameter values of the model and save them in a vector xnew. In
line 5 we compute AQA? and save it in the variable ynew. Now, we enter the while loop in
which we first save the current value of AQA? in yold and the current parameter values in
x0ld. In line 9 we check if the previous step was a good step, i.e. reduced AQh2. If this is
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the case, we take the same step via same_step and if not then we take a random step via
random_step. In line 14 we compute a new AQA? and in line 15 check if its larger than the
previous one. If the computed AQA? is larger, then we load the old parameter values and the
old AQh? value as well as set is_good to false. Otherwise it was a step in the right direction
and we set is_good to true. In lines 21 to 24 we print the relic density after every 100 steps
taken and update the number of steps taken in line 25. The loop keeps going until either the
desired accuracy eps or the maximum iteration number maxit is reached. Once it exits the
loop, it returns the found parameter values.

The last algorithm we will describe in this section will be single parameter search with the
code given in Listing [A.10. As already stated in Sec. [4.2.4] the single parameter search
consists of three search modes: vanguard, descent and bisect. The algorithm always starts in
the vanguard mode. With the function update_mode we update the current mode after each
step. As an input it takes the current step of the parameter search and the current AQAZ.
In line 2 we check if the sign between the previous AQA? and the current one has flipped. If
it has, we switch to the bisect mode via line 3. In line 7 we check if this was the first step
of the parameter search to ensure the next if statement is consistent. There, we compare the
signs between the previous step and the current step. If the signs are different, we must be in
a local minimum and switch to the descent mode in line 14. Now we move on to the actual
search algorithm which is provided in the template function find. As with the random walk
we need to provide a functor that calculates AQA? and a starting value of the parameter
we want to search for. In line 20 we define the maximum allowed number of iterations and
compute the initial AQA? in line 21. During the while loop that starts in line 23, we first
increase the number of iterations, save the parameter value and the corresponding AQR? in
lines 24, 25 and 26, respectively. Moving on to the switch case, we have three possible cases
- one for each search mode. If we are in the vanguard mode we first determine the direction
which minimizes AQA? in line 29. We then define a step multiplier based on how large AQh?
is, i.e. for large AQA? the multiplier becomes large but is bounded by a maximum size of
1. The step itself is then defined in lines 32 and 33 where we multiply the direction with
the multiplier, the default vanguard step size (0.5) and the absolute value of the parameter.
The addition with 107> acts as minimum step size. With this step, the new parameter is
computed in line 34 and checked if it differs from the previous one in line 35. Using this
parameter, we compute the next AQA? in line 37. Based on this new AQA? and the current
step we update the search mode in line 38. We save the current step in line 39 and return
the parameter value in line 40 if we have already reached the desired accuracy in AQR%. In
the case that we are in the descent mode we first compute the gradient in line 43 and adjust
the parameter accordingly in line 44. With the new parameter we compute AQA? in line 45.
We update the mode in the following line since it can still happen that the sign flips. Lastly,
we check if the relative difference between the previous and current AQA? is smaller than the
desired accuracy and if that is the case we return the parameter value. In the bisect mode
we simply call the bisection algorithm between the previous parameter value and the current
one.
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void FindRoot::update_mode(const double step, const double y) {

if (std::signbit(yold) != std::signbit(y)) {
searchmode = bisect;
std::cout << "Switch to bisect mode.\n";
return;

}

if (first_step) {
first_step = false;

return;
}
if (std::signbit(stepold) != std::signbit(step)) {
if (!(searchmode == descent)) {
std::cout << "Switch to descent mode.\n";
searchmode = descent;
}
}

}
template <class FUNC>
double FindRoot::find (FUNC &f, double xstart) {
static const int MAXIT = 500;
double y = f(xstart);
int it = 0;
while (it != MAXIT) {

++it;
xo0ld = xstart;
yold = y;

switch (searchmode) {
case vanguard: {

’

double dir = absgradient(f, xstart, y) > 0 7 1. : -1.;
double step =
std::abs(y) / scale > 1 7 1. : std::abs(y) /
scale;
step =

dir * (step * vanguard_step_size + le-5) *
std::abs(xstart);

xstart = next_x(f, xstart - step);

if (std::abs(xstart - xo0ld) < le-14 * std::abs(xold))
return xstart;

y = f(xstart);

update_mode (step, y);

stepold = step;

if (std::abs(y) < eps) return xstart;

} break;
case descent: {
double grad = descent_rate * absgradient(f, xstart,
y);
xstart = next_x(f, xstart - grad);

y = f(xstart);
update_mode (grad, y);
stepold = grad;
if (std::abs(y - yold) < eps * std::abs(yold)) return
xstart;
} break;
case bisect:
return bisec_to_y(f, xold, xstart, eps);
break;
default:
break;

}

return xstart;

Listing A.10: Code repsonsible for the single parameter search.







APPENDIX B

Model Parameters

In this appendix we provide the parameters of the potential of the models we used in the
thesis in terms of their input parameters.

B.1. CxSM Model Parameters
The CxSM model, introduced in Sec. has the following set of input parameters,

v, VS, &, Mpy , Mpy, MA . (B.1)
We can express the remaining parameters from this set of inputs to obtain

2 2 2 2
my, +m;p,, + cos 2cy (mh1 — th)

A= 2 , (B.2)
2 2 2 2
ms +ms 4+ cos2a(mi —m
dy — hy ho . ( ho hl) ’ (B.3)
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by = 3 (2m2A —mj - m,212 + cos2a (mj, — m%z) - (U;“ i) , (B.6)

by = —m% . (B.7)
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B.2. CP in the Dark Model Parameters

The model CP in the Dark was introduced in Sec. with the following input parameters,
UV, Mpy, Mpy s Mpy s Mpp+, A1, G2, O3, A2, A6, A3, M22, M . (B.8)

With these the remaining parameters are given by

2 2
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Universal Transport Functions

In this appendix we want to derive explicit expressions for the universal functions defined in

Egs. (11.47), (11.49) and (11.66]). We start by considering the generic integral form
pL k
Ko, ) = (¥ (E.p) T
1
d3
Y /

where V(E, p,) is an arbitrary function of E and p,, N; is a normalization constant given by

Eq. and

D 17 7 (B + v (C.1)

% 0w (B + vup:))* '

where fg,, is defined in Eq. (11.28). First, we perform a Lorentz transformation

E=7(E —vup,)  pz:=%0,—vwE) , pz=0, , py=01y,, (C.3)

where our new variables E' and p, are the energy and momentum in the plasma frame
resulting in
1 (4% (yw(pl — vwE))"

S T - R )

VFEET. (C.4)

Next, we do the coordinate transformation (p/, p’y, p.) — (E',p.,0) via

/
p
= \/pg +pZ+pZ+m? , tan(f) = p? . pL=1.,. (C.5)
X
This leads to the Jacobian det(.J) = E’ and turns Eq. 1} into
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where pgpr = V/ E’2 — m2. Next, we make the substitutions p/, = ypg and E' = wT to arrive
at the final expression

V., m. k) = = =T k+1/ dw/ dy = J“pz VF W], (C.7)
with

T = m/T y Dw= w? — x? y Dz = ’Yw(yﬁw - wa) , E= ’Yw(w - Uwyﬁw) . (08)

We can now define the universal functions in terms of K as follows

Ky =T7'K(1,4,,0) , (C.9)

Dy =K(1,4,0,1), (C.10)
TZ

Qg:7IC( A—1,0,2), (C.11)
T2

Q= 5 K(Vin, £ = 2,4,1) (C.12)
4

%0 = TT KKVl = 2,04 2,1) — 3, K(Vyjp, £ — 2,04+ 1,2)] (C.13)

where V, are functions that depend on if we use the spin or helicity basis and are given

by [135]

2| )7
Py tx

Note that the T' dependence of the universal functions cancels, making them dimensionless
and solely dependent on z and wy,.
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