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Abstract

The discovery of the Higgs boson in 2012 was a major milestone of modern particle physics.
The Higgs boson was the last puzzle piece of the Standard Model (SM) required for consis-
tent description of all properties and interactions of the fundamental particles in terms of
a quantum field theory. Up to now the SM was confirmed to a remarkable precision, how-
ever, the SM does not provide solutions to all open remaining questions of modern physics.
Non-minimal extended Higgs sector are a promising approach to overcome certain open issues
of the SM. Four different non-minimal extended Higgs sector models are considered in the
context of this thesis.

We investigate the Pseudo-Nambu Goldstone Dark Matter and the Vector Dark Matter model
as two possible extensions of the SM yielding a Dark Matter candidate. We calculate the
electroweak next-to leading order corrections to the spin-independent cross-section for both
models. We analyze the impact of the quantum corrections on the blind spots of the direct
detection experiments and discuss the phenomenological consequences of the derived model
parameter space. Furthermore, we compare different approaches to include the higher-order
corrections and comment on related issues.

The parameter space of the Next-to-Minimal Two-Higgs Doublet model is explored with the
additional requirement of a strong first-order electroweak phase transition. The interplay be-
tween the theoretical and experimental constraints as well as the electroweak phase transition
narrows down the compatible parameter space of the model significantly. For a sufficient large
and efficient parameter scan of the model parameters, the C++ BSMPT code was extended and
further improved. The major update to the second release version BSMPT v2 is published.

In addition, the possibility to calculate the produced baryon asymmetry of the universe in
the Complex Two-Higgs doublet (C2HDM) model is included in BSMPT v2. Two non-local
electroweak baryogenesis approaches are investigated and systematically compared within the
C2HDM. We argue why the interplay between the constraints on the electric dipole moment,
the requirement of an electroweak phase transition as well as a sufficient produced baryon
asymmetry of the universe significantly reduces the viable parameter space of the C2HDM.

Zusammenfassung

Die Entdeckung des Higgs Bosons in 2012 war einer der grundlegenden Meilensteine der mod-
ernen Teilchenphysik. Das Higgs Boson war das letzte Puzzleteil des Standard Models (SM),
das fiir eine konsistente Beschreibung aller Eigenschaften und Wechselwirkungen zwischen
den fundamentalen Teilchen innerhalb einer Quantenfeldtheorie benétigt wurde. Bis zum
heutigen Tag wurde das SM bis hin zu einer bemerkenswerten Prézession bestétigt, jedoch
vermag das SM nicht alle offenen Fragen der modernen Physik zu beantworten. Nichtmini-
male Erweiterungen des Higgs Sektors liefern einen vielversprechenden Ansatz, um bestimmte
offene Probleme des SM zu lésen. Innerhalb dieser Thesis werden insgesamt vier verschiedene
Modelle mit nichtminimale Erweiterungen des Higgs Sektors betrachtet.

Als zwei mogliche SM Erweiterungen untersuchen wir das Pseudo-Nambu Goldstone Dun-
kle Materie und das Vektor Dunkle Materie Modell, welche jeweils einen Dunkle Materie
Kandidaten liefern. Wir berechnen fiir beide Modelle die néchst fithrenden elektroschwachen
Korrekturen zum Spin-unabhéngigen Wirkungsquerschnittes. Wir analysieren den Einfluss
der Quantenkorrekturen auf die insensitiven Bereiche der direkten Dunklen Materie Suchen
und diskutieren die phénomenologischen Konsequenzen der abgeleiteten moglichen Parame-
terbereiche. Weiterhin werden wir verschiedene Ansétze, die Korrekturen héherer Ordnung



einzubinden vergleichen und auf etwaige Probleme eingehen.

Der Parameterbereich des Nichtminimalen Zwei-Higgs-Dublett-Modell wird mit der Zusatzbe-
dingung eines starken elektroschwachen Phaseniiberganges erster Ordnung untersucht. Das
Zusammenspiel zwischen theoretischen und experimentellen Einschrankungen wie auch der
elektroschwache Phaseniibergang schrinkt den moéglichen Parameter Bereich des Modells sig-
nifikant ein. Fiir einen hinreichend grofien und effektiven Parameterscan der Modellparameter
wurde das C++ Programm BSMPT erweitert und optimiert. Das Update zur zweiten Release-
Version BSMPT v2 ist veroffentlicht.

Zusétzlich wurde die Moglichkeit der Berechnung der Baryon Asymmetrie des Universums
fiir das komplexe Zwei-Higgs-Doublet Modell (C2HDM) in BSMPT v2 entwickelt. Zwei nicht-
lokale elektroschwache Baryogenese Ansétze wurden hierzu untersucht und systematisch in-
nerhalb des C2HDM verglichen. Wir begriinden, wieso das Zusammenspiel zwischen den
Beschrankungen induziert durch die Messungen des elektrischen Dipol Moments, die Zusatzbe-
dingung eines elektroschwachen Phaseniibergangs sowie die Forderung einer hinreichender
Baryon Asymmetrie des Universums signifikant den kompatiblen Parameter Bereich des
C2HDM einschrankt.
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CHAPTER 1

Introduction

The Standard Model (SM) of particle physics is a quantum field theory describing the prop-
erties and interactions of the fundamental particles [7-14]. With the discovery of an SM-like
Higgs boson at the Large Hadron Collider (LHC) in 2012, the last remaining puzzle piece
of the SM was found [15,16]. The Higgs boson is the first observed elementary spin-zero
particle. The associated field is responsible for the mass generation of all massive SM-fields.
Thus, the properties of the SM-like Higgs boson are indeed the crucial input required for a
consistent description of particle interactions. So far the predictions of the SM have been all
confirmed to remarkable precision and no significant deviations are observed [17-19].
Despite the enormous success, it is not possible to explain all observed physical phenomena
within the SM. The evolution of our universe after the Big Bang can be described within
the A-Cold-Dark-Matter model, the standard model of Big Bang cosmology. It allows for
a consistent description of the structure formation and the Cosmic Microwave Background
(CMB). In particular, the measurement of the CMB predicts the abundance of the different
constituents of our universe [20]. Astonishingly only roughly 5% of the mass-energy of our
universe is baryonic matter, while ~ 27% consists of the so-called Dark Matter (DM). The
DM is assumed to be non-baryonic (electrically neutral), cold, dissipationless and collision-
less. The DM interaction proceeds solely through gravitation and at most weakly interacts
with the SM particle content. The SM does not provide a DM candidate.

While the nature of DM is unknown, Weakly-Interacting-Massive particle (WIMP) models
provide a promising solution to incorporate the particle nature of DM in the SM. The use
of a Higgs portal is an economic realization of a WIMP model. The DM and SM particles
are coupled through a Higgs boson mediator. On the one hand, these Higgs portal models
feature a rich phenomenology at the LHC. On the other hand they allow for further experi-
mental approaches to probe the parameter space of the new physics models. Direct detection
experiments utilize the Higgs portal to probe the effective DM-nucleus coupling in a recoil
experiment [21]. Up to now, no significant signals could be observed within a direct detection
experiment. However, the absence of such signal can be used to derive constraints on the
model parameter space. Even though there is a remarkable precision in experiments as well
as in theoretical calculations for the SM at the LHC, higher-order corrections to DM observ-
ables, like the spin-independent cross-section in a direct detection experiment, are lacking in
the literature.



2 1. Introduction

In this thesis we calculate the electroweak next-to-leading order corrections to the spin-
independent cross-section (SI-cxn) in two different Higgs-portal DM models. Higher-order
corrections play an important role in the discussion of the sensitivity of experimental results
and the derived parameter constraints. Especially in one of the models, the SI-cxn is vanish-
ing in the leading-order prediction, hence there is no possibility to extract information from
a direct detection experiment without higher-order corrections.

Besides a non-zero DM relic density, also a non-zero baryon asymmetry is observed by the
CMB measurement. Sakharov introduced three conditions a model needs to fulfill in order to
be able to provide a dynamical generation of a baryon asymmetry [22]: (i) a particle physics
model needs to have C- and CP-violation, (7i) B-violating processes as well as (74i) a departure
from thermal equilibrium in the early universe. The two former conditions can be realized
within the SM, the latter could be achieved through a strong first-order electroweak phase
transition (SFOEWPT). An SFOEWPT is only possible in the SM for Higgs boson masses
below ~ 70 GeV [23-25]. Singlet and doublet extensions of the Higgs potential are a promis-
ing approach, that allow us to fulfill the Sakharov conditions without violating the gauge
symmetries of the SM while being compatible with electroweak precision measurements, such
as the p-parameter [26]. With increasing precision in the Higgs property measurements, the
new physics extensions get more and more constrained. However, there is still plenty of free-
dom in the parameter space. The additional demand to fulfill further conditions derived from
cosmological considerations, like the requirement of an SFOEWPT, helps to narrow down
the parameter space of new physics models significantly. In the context of this thesis, we in-
vestigate the impact of the additional requirement of an SFOEWPT in the Next-to-Minimal
Two-Higgs-Doublet (N2HDM) [27], which is a model extending the SM Higgs potential with
a doublet and a singlet field.

The SFOEWPT is only the first step to achieve a successful generation of the baryon asymme-
try of the universe (BAU). The predicted amount of the produced BAU requires a consistent
description of the non-equilibrium thermal system of the early universe. There are several at-
tempts to calculate the BAU, for instance leptogenesis [28,29], local and non-local electroweak
baryogenesis [24,30-32]. Two non-local electroweak baryogenesis approaches are considered
in the context of this thesis. Both approaches derive quantum transport equations describing
the thermal system of the early universe [33-39]. The solution of these transport equations
allows us to predict the BAU by utilizing electroweak sphaleron transitions.

This thesis is divided into four different parts.

In Part I of the thesis, we first briefly introduce the SM and discuss the shortcomings as well
as the open questions of the SM. Afterwards, we discuss the theoretical and experimental
constraints, that all SM-extensions need to fulfill. Subsequently, we introduce in Chapter 3
the non-minimal extensions of the SM used in the thesis: the complex Two-Higgs Doublet
Model (C2HDM) in Sec. 3.2, the Pseudo-Nambu Goldstone DM (PNGDM) model in Sec. 3.3,
the vector DM model (VDM) in Sec. 3.4 and the Next-to-Minimal Two-Higgs Doublet model
(N2HDM) in Sec. 3.5.

In Part II of the thesis we present the electroweak next-to-leading order corrections of DM
direct detection. We start with a brief theoretical introduction in Chapter 4 by discussing
the renormalization of non-minimal extended Higgs sectors in Sec. 4.1, followed by the dis-
cussion of the DM phenomenology required DM direct detection in Sec. 4.2. We conclude the
theoretical introduction with the description of the calculation of DM direct detection in the
different DM models in Sec. 4.3. The calculation and results of the PNGDM and the VDM
model are presented in Chapter 5 and Chapter 6, respectively.

The Part III deals with the combination of the additional requirement of a strong first-order
electroweak phase transition and the collider phenomenology in the N2HDM. Again, we start
with a brief theoretical introduction of the one-loop effective potential at finite temperatures



in Sec. 7.1 as well of the electroweak phase transition in Sec. 7.2. We show the results for the
Type I and Type II N2HDM in Chapter 8, respectively.

The combination of electroweak baryogenesis with the most recent collider phenomenology is
presented in Part IV. After a brief theoretical introduction in electroweak baryogenesis and
the corresponding quantum transport equations in Chapter 9, we present the results obtained
in the C2HDM in Chapter 10.

We conclude in Chapter 11.






Part |I.

Non-Minimal Extensions of the
Standard Model






CHAPTER 2

The Standard Model

The Standard Model (SM) of particle physics is the most successful theory describing the
interplay between all observed elementary particles and their interactions mediated by the
fundamental forces, namely the electroweak and the strong force. The former is the unifi-
cation of quantum electrodynamics and the weak force. Gravitational interactions are not
included in the SM.

In the following we will give a short overview of the SM especially its gauge structure and
the Brout-Englert-Higgs (BEH) mechanism [8-10]. We conclude the chapter with the short-
comings and open questions not answered by the SM.

2.1. Gauge Invariance

The SM is a renormalizable quantum field theory (QFT) describing all observed particles as
excitations of quantized fields. The gauge group which reflects the local symmetries of the
SM Lagrangian is given by the direct product of

SU(?))C &® SU(2)L ® Uy . (2.1)

The gauge group SU(3)¢ corresponds to quantum chromodynamics (QCD) describing the
interactions between particles with a color charge [40-42]. The direct product of SU(2);,® Uy
forms the electroweak (EW) gauge group describing the EW interactions [14,43,44]. Left-
chiral fields (indicated by the index L) carrying a hypercharge (Y) transform accordingly
under the electroweak gauge group. The particle content of the SM can be categorized into
fermions (spin 1/2), gauge bosons (spin 1) and scalar fields (spin 0). The mediators of the
strong force are the gluon fields denoted by G}, where a is the SU (3)¢ index of the adjoint
representation. The SU(2); gauge group yields the gauge field Wy and Uy the field By,
respectively. All gauge bosons have a spin of one.

The SM fermions can be split into quarks forming a triplet under SU(3)¢c and leptons, which
are SU(3)¢ singlets. All fermions come with two chiralities, left- and right-handed, where the
left-handed fields are charged under the gauge group SU(2)r, while the right-handed fields
are SU(2)r, singlets. Both chiralities also carry a U(1) hypercharge.

With the discovery of the Higgs boson the first fundamental spin-0 particle was discovered
[15,16]. The role of the Higgs boson will be discussed later on.



8 2. The Standard Model

For a generic QFT with fermions represented as ¥, gauge fields AZ and a scalar ¢, the kinetic
Lagrangian reads

Liin = il — LFR, FP + (0,0) (0"9) | (22)

with the Dirac spinors ¢ = 977" and the slash notation @ = Yu0". The field-strength tensors
of the gauge fields are defined as
Fl, = 0,A% — 0,A% + gf*™ AL AS (2.3)
where ¢ is the respective gauge coupling and f%¢ the structure constant of the gauge group.
Local gauge transformations can be represented with the generators t* of the respective Lie-
1
group

U — (14 ia"t) 1), (2.4a)
a a 1 a aoc c

Al = At Oua® + f Al ol (2.4b)

¢ — (1+ia"t") ¢ . (2.4c)

Demanding local gauge invariance of Eq. (2.2) under the gauge transformations defined in
Eq. (2.4) requires the introduction of a covariant derivative defined for the SM as
a

A .o .
D, =0,- zgs?QGZ —ig2— Wi —iq

Y
. °B,. (2.5)

2
The gauge coupling gs corresponds to the SU(3)¢, g2 to SU(2)r, and ¢; to Uy, respectively.
The Gell-Mann matrices A\, are eight linear-independent 3 x 3 matrices and span the Lie
algebra of SU(3)c. Analogously, the Pauli matrices 0 form the Lie-algebra of the SU(2)r,
gauge group. For the SM particle content Eq. (2.2) reads
- 1
Lin= Y iy - i (G4,GM + W, W 4 B, B"™) + (D,®)' (D"®) . (2.6)

Fermions

The field-strength tensors G, W, and By, correspond to the gauge fields of the SU(3)c
Gy (a=1,...,8), SU2)L Wi (a = 1,2,3) and U(l)y By, respectively. The structure
constants and the respective indices a are in accordance with the gauge group and represen-
tations.

After the rotation to the mass eigenstates the fields W and By, yield the W- and Z-gauge
bosons as well as the photon. Note that Eq. (2.6) is indeed gauge invariant under the SM
gauge group, but does not include explicit mass terms for the respective particles. It is not
possible to write down explicit mass terms in a gauge invariant way. To generate masses
for the fermions and bosons, the spontaneous electroweak symmetry breaking formalism is
utilized discussed in the following.

2.2. Electroweak Symmetry Breaking of the SM

Spontaneous electroweak symmetry breaking (BEH mechanism) yields a possibility to gener-
ate mass terms for the gauge bosons and fermions of the SM in a gauge invariant way. For
this purpose, a SU(2)r, doublet

¢+
P = 1 . , (2.7)
ﬁ (p+in)

"Note that the Einstein sum convention is implicitly assumed.
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is introduced in the SM, with the weak hypercharge ¥ = 1. All field components of this
doublet are color singlets, implying no strong interactions. The upper component ¢* denotes
a complex field and the normalization is chosen such that the real and imaginary part are
canonically normalized. The lower components p and 7 are real fields.

Given that only one Higgs doublet ® breaks the SM symmetry groups, the most general scalar
potential reads

V(®) = — 1200 + A (qﬂ@)z , (2.8)

with the mass parameter ;2 and the Higgs self-coupling A. For z2, A > 0 the minimum of the
potential in Eq. (2.8) is not at the origin. Hence, the ground state of the potential corresponds
to a non-zero expectation value of the field component denoted as

0
(2.9)

with the vacuum expectation value (VEV)

2 _H
=—. 2.10
of? = £ (2.10)
Note that the condition in Eq. (2.10) applies on the absolute value, hence there is an infinite
number of equivalent minima of the Higgs potential, related through an SU(2) transformation.
By expanding the Higgs field around the VEV as

¢+
o=\ . , (2.11)
NG (v+p+in)

and therefore choosing an explicit direction in the (p,n) plane the EW symmetry is spon-
taneously broken. Additionally by choosing the VEV to lie in the neutral component, the
residual U(1)em remains unbroken, so that the symmetry of quantum electrodynamics (QED)
persists.
According to the Goldstone theorem [45-47], breaking the EW symmetries by Eq. (2.11)
yields three massless Nambu-Goldstone bosons, however this is only true for global symme-
tries. Gauging (demanding local gauge invariance) causes the Nambu-Goldstone bosons to
be associated with the gauge bosons. In particular, the remaining degrees of freedom of the
SU(2)p ® U(1)y-fields after the spontaneous symmetry breaking, are transformed into lon-
gitudinal components of the gauge fields. In this way the gauge bosons receive mass terms.
This is related with the common phrase the Nambu-Goldstones are eaten up by the gauge
bosons.
In the unitary gauge?, the bosonic mass terms are given as

53”2[2(W1)2+2(W2)2+( B, — g:W?3)?| = a?p? 2.12
g 192 (W)™ +g1 (W, 91B, — g2aW},) vip” . (2.12)

Introducing the Weinberg angle 0y allows us to diagonalize the resulting mass matrix yielding
the mass eigenstates

1 2
e _ W W
2 V2 )
2In principle, an additional term is needed to fix the gauge condition. The usual approach is to introduce an
R gauge term. However, for simplicity the unitarity gauge is chosen, where the limit of the gauge parameter
& — oo is taken. This is equivalent to integrating out the Goldstone field with mass ém. (a = W, Z) which
thus decouples in all quantum corrections.

(2.13a)
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_ g2W,L£3) - ng,u

Z, = cos Oy W? —sinOw B, , (2.13b)
N R g
W + 9B
Ay = = Tl —gin HWWE +cosOw B, , (2.13c¢)

N R

with the relation between the Weinberg angle and the gauge couplings

92

cos by = ——— . (2.14)
V95 + 4t
The masses of the bosonic states are given by
mw = gg% s (2.15&)
v
myz =\/g3 + 935 , (2.15b)

mp = V2 2 = /2u? . (2.15¢)

The photon field A, is massless and the Higgs boson A is identified with the field component
p. The mass terms for the fermions can be realized by the introduction of Yukawa terms in
the Lagrangian coupling the SU(2), Higgs doublet with the SU(2)y, fermion doublet and the
respective right-handed fermion singlet

v+ h
\/§ 9

Ly =— Y ypo il (2.16)
!

with the corresponding Yukawa coupling y;. Note that these terms on the one hand generate
mass terms for the fermions scaling with the coupling strength

v

\/§yf )

and on the other hand introduce Higgs interactions with a pair of left- and right-handed
fermions

my (2.17)

m

9hss ::-—Z‘;jf : (2.18)
Introducing the covariant derivative in Eq. (2.5) also gives rise to Higgs-gauge-boson vertices
proportional to the respective mass squared (V = Z, W)

2
.m
ghvv = QZTV ; (2.19)

note that the coupling scales with the mass squared in contrast to Eq. (2.18).

2.3. Open Questions of the Standard Model

Regardless of the success of the SM and its power in making falsifiable predictions, there are
still open problems in modern physics, which cannot be explained within the SM framework.
To name the most obvious one, the gravitational force is not embedded in the SM. Due to
its relatively weak strength (on short distances), the gravitational force is mostly neglected
in particle physics phenomena.

Further, the SM of particle physics does not provide a suitable candidate for Dark Matter
(DM). Cosmological observations indicate that baryonic matter accounts only for a small
fraction of the matter content of the universe [48,49], the remaining part, roughly 84%,
consists of non-luminous matter, Dark Matter [20]. There are several attempts to solve the
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missing mass problem like modified newtonian gravity [50-52] or introducing new particles
interacting only gravitationally with the SM particle content. Extending on this idea, one
possible solution is to have weakly interacting massive particle (WIMP) allowing us to explain
the missing mass in the universe. At the same time, there is the possibility to search for new
interactions between WIMPs and SM particles. The general idea of a WIMPs will be discussed
in Sec. 4.2.2.

Besides the DM problem it is also unknown how the baryon asymmetry of the universe
(BAU) is generated. The matter-antimatter asymmetry can be estimated by assuming that
all Cosmic Microwave Background (CMB) photons are the result of thermal annihilation of

the baryon pairs [26]
ny — N np

~n=-—=(62+04)-10710 2.20
ny 1z n ", ( ) (2.20)

where ny, (n;) indicates the (anti-) baryon density and n, the photon density of today’s
universe. The baryon-to-photon ratio is the crucial tuning parameter for the prediction of
the abundance of light elements in the Big-Bang nucleosynthesis. Hence, the measurement
of deuterium and hydrogen distributions gives the precise value in Eq. (2.20). Further, it
is possible to relate n to the fraction of the cosmological density parameter €2 given by the
baryons [26]

O = 3.66 x 10"ph =2, (2.21)

or reformulated as 10'%n = 274Q,h%. The Planck measurement of the baryon fraction Qj =
0.0224 4 0.0002 directly translates to an even tighter limit of 7 = (6.12 + 0.04) - 1071,

Explaining the dynamical generation of the BAU is a demanding theoretical task. Sakharov
proposed three necessary conditions a model needs to fulfill in order to enable a dynamical
production of the BAU in the early universe [22]. The first condition of baryon-number
violating processes can be achieved in the SM through sphaleron transitions (discussed in
Sec. 9.1.1). The second condition, C- and CP-violation, is present in the SM as well, but
the amount of CP-violation is not sufficient [53]. The last condition is the departure from
thermal equilibrium. As we will discuss later, the non-equilibrium state can be reached
through a strong first-order electroweak phase transition. However, the SM provides only a
smooth crossover implying that the third Sakharov condition is not fulfilled in the SM.






CHAPTER 3

Non-Minimal Extensions of the Standard Model

The SM does not provide a sufficient framework to solve all remaining open problems of
modern physics as mentioned already in Sec. 2.3. Thus, it is interesting to study beyond the
Standard Model (BSM) models. However, the great success of the SM describing all particle
interactions indicates that the SM somehow has to be embedded in the new physics models.
There are attempts to utilize further symmetry relations to extend the SM to a full theory,
as done for instance in Supersymmetry (SUSY) models. SUSY models as e.g. the Minimal-
Supersymmetric Standard Model (MSSM) introduce for each SM particle a superpartner
extending the particle content of the SM significantly. These newly introduced particles
could yield a DM candidate, and in addition the new degrees of freedom in the spectrum
could change the thermodynamical properties of the early universe. SUSY models have the
capability to solve several remaining problems at once, however SUSY models also introduce a
plethora of new particles. Due to missing new signatures at the Large Hadron Collider (LHC),
it might be a more pragmatic approach to start with smaller models to attack the open
questions.

A bottom-up approach are the non-minimal extended Higgs sector models. The SM Higgs
potential is the least well studied sector experimentally. Hence, the experimental constraints
on the Higgs potential parameters are rather weak. FEspecially the trilinear and quartic
couplings of the Higgs boson are predicted by the SM. They read expressed in Feynman rules

2
my

Ghhh = —32'7 ; (3.1a)
9hhhh = 79;2711 ) (3.1b)

but are not validated by experiment. Thus, it is a pragmatic approach to extend the SM Higgs
potential in a minimal way while respecting the gauge structure of the SM and requiring that
the extended Higgs sector remains renormalizable. By respecting the gauge structure of the
SM, it is ensured that the electroweak symmetry breaking yields the same SM particles as
the gauge bosons and fermions, while the Higgs sector is extended with non-SM like Higgs
bosons. The renormalizability ensures that no divergences occur in higher order corrections,
allowing for accurate and precise predictions.
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One of the strongest constraints for extended Higgs sector BSM models comes from the p

parameter [54]

2207 [4w, (Iw,i +1) = Y7
>0 2Y5 7 ’

where the sum runs over any scalar Higgs multiplet ¢ with the corresponding VEV v;, weak

isospin Iyy; and weak hypercharge Y;. The experimentally measured value for this parameter
comes from precise EW measurements and is given by [26]

p (3.2)

Pexp. = 1.00039 £ 0.00019 . (3.3)

The SM provides by construction a p parameter at tree level

miy
p=— W (3.4)
my cos b Eq. (2.15¢)

so that the SM automatically fulfills the experimental value. The Eq. (3.2) implies that it
is possible to add an arbitrary number of SU(2); scalar doublets with Iyy = 1/2 and a
hypercharge of Y = +1, fulfilling automatically Eq. (3.3). Further, SU(2);, singlets with
vanishing hypercharge ¥ = 0 can also be added arbitrarily. Consequently, doublet and
singlet extensions providing a renormalizable Lagrangian are viable model candidates to look
for BSM physics. In the context of this thesis, several doublet and singlet extensions are
considered.

The following chapter is structured as follows: We start with the discussion of the theoretical
and experimental constraints applied on the BSM models in Sec. 3.1. We will comment
shortly on the theoretical constraints on the general Higgs potential giving first requirements
on the model parameters, followed by the experimental constraints governed by the precise
measurements present today. Subsequently, we introduce the complex two-Higgs doublet
model in Sec. 3.2, the complex singlet extension in Sec. 3.3, the vector dark matter model in
Sec. 3.4 and finally the next-to-minimal two-Higgs doublet model in Sec. 3.5. We restrict the
introduction to the minimum required for the phenomenological discussion in this thesis and
refer to the literature accordingly.

3.1. Theoretical and Experimental Constraints

Extending the SM Higgs sector yields a large plethora of possibilities, hence it is important
to constrain the models under investigation. In the following the different constraints applied
on the various non-minimal extended Higgs sector models are presented. The constraints can
be categorized by theoretical and experimental constraints.

Unitarity is one of the theoretical constraints. The mechanism of electroweak symmetry
breaking does not solely give mass to the fermions and gauge bosons, but provides a mech-
anism to unitarize the scattering of e.g. longitudinal gauge bosons at high energies. The
scattering amplitude of longitudinal gauge bosons is proportional to the center-of-mass en-
ergy squared s in the high-energy limit, thus the resulting cross section would be divergent.
However, the electroweak symmetry breaking also introduces additional Higgs boson con-
tributions canceling the terms proportional to s. The resulting cross section gives a finite
limit for s — co. Extending the Higgs sector also introduces additional Higgs bosons, hence
the newly introduced couplings have to fulfill the same cancellation mechanism in order to
unitarize the cross section in the high-energy limit. The unitarity requirements are usually
expressed as constraints on the Higgs self-coupling A;.

Quantum tunneling allows for transitions between different vacuum states. Consequently, if
there is a deeper vacuum state of the Higgs potential, there exists a non-zero possibility that
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dgp L Ilg d-type leptons

Type I - + - b2 b2
Type II + + + ¢ $1
lepton-specific - + + ®2 1
flipped + + - b1 b2

Table 3.1.: The first three columns provide the fermionic Zs charge assignments in order to
obtain the coupling structure given in the last two columns. For instance, in the Type I the
down-type and leptons are simultaneously coupled to the second Higgs doublet.

the known Higgs vacuum state tunnels to the deeper one. Since we obviously live in a rather
stable universe, it is presumed that our Higgs vacuum state is at least meta-stable®, implying
that the tunnel time is longer than the age of the universe. For simplicity, we demand that
the chosen Higgs vacuum state in the extended Higgs sector models yields a global (tree-level)
minimum by construction. In this way it is ensured that the predicted vacuum state of the
models is a stable one. Further, we impose that the model is bounded from below. Bounded-
ness from below implies that the ground state is the true global minimum of the potential,
hence there are no falling field directions. Both the global minimum condition and bound-
edness from below conditions are usually expressed in constraints in terms of the Lagrange
parameters of the model. For more complex Higgs sectors, there is also the possibility to
check these conditions numerically [58].

3.1.1. Flavor-Changing Neutral Currents

Besides the theoretical considerations, there are many experimental results which have to be
accounted for. An important set of constraints is given by the absence of Flavour Changing
Neutral Currents (FCNCs). In the SM, FCNCs are avoided at tree level and highly sup-
pressed at one-loop level. However, BSM extensions might introduce FCNCs already at tree
level requiring fine-tuning in order to be compatible with the experimental findings. It is
possible, however, to ensure that such BSM contributions to FCNC remain small e.g. due to
additional (flavor) symmetries. Another possibility is the so-called natural flavor conservation
requiring each fermion multiplet to be coupled to exactly one scalar mutliplet. For doublet
and singlet extensions, the coupling structure can be enforced by imposing discrete or contin-
uous symmetries on the Yukawa and Higgs sector. Additional symmetries in the potentials
are often used to reduce the number of free parameters or e.g. to ensure the stability of DM
candidates as discussed later on. These symmetries can be extended to the Yukawa sector to
ensure the absence of FCNCs.

Suppose in a theory, two SU(2);, Higgs doublets ¢1 and ¢o are introduced with the Zs sym-
metry

b1 —=> P11, P2 — —a . (3.5)

Without loss of generality, the up-type quark can be assumed to be coupled solely to the
second Higgs doublet. This can be achieved by extending the Zs to the Yukawa sector

Qr—QL, ur— —ugr, (3.6)

with the left-handed SU(2); quark doublet Q1 and the right-handed up-type quark singlet

3For a detailed discussion of the vacuum stability of the Higgs potential we refer to e.g. [65-57].
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ur. The remaining down-type quarks and leptons can be coupled to the Higgs doublets in
four different combinations. The corresponding coupling structures and the respective Zo
assignments are listed in Tab. 3.1. Consequently, in Type I models all fermions are coupled
to the same Higgs doublet, whereby Type II models differentiate. The up-type quarks are
coupled to the second Higgs doublet and the down-type quarks and leptons to the first
Higgs doublet, respectively. This coupling structure corresponds to the structure obtained
in supersymmetric models such as the MSSM. The remaining types lepton-specific and
flipped are not discussed in the context of this thesis.

3.1.2. 5, 7T,U Oblique Parameters

The oblique parameters S,T,U are a generalization of the p parameter defined in Eq. (3.2)
taking higher-order corrections into account. The experimental values can be extracted from
a global fit to electroweak precision measurements [59]

S$=004£011, T=009£014, U=-0.02+0.11. (3.7)

These quantities are sensitive to BSM contributions altering the gauge boson self energies,
and hence provide a strict limit for BSM models. The predictions for the oblique parameters
are calculated for a large variety of BSM models, especially for doublet and singlets exten-
sions, allowing us to check the model predictions with the experimentally measured values.
The C++ code ScannerS [60,61] provides an implementation of the oblique parameter S, T, U
for several doublet and singlet extensions. Furthermore, it allows us to generate benchmark
scenarios fulfilling theoretical and experimental constraints presented subsequently in this
section. Doublet extensions of the SM provide additional charged scalars in the Higgs spec-
trum. The T parameter sets a strict upper bound on the mass difference between the charged
and the corresponding closest-in-mass neutral Higgs boson, whereas the S parameter on the
other hand provides a constraint on the mass differences between mixing scalars.

3.1.3. Flavor Constraints

Even in the absence of FCNCs at tree level, there is the possibility for loop-induced FCNC
processes. Moreover, in doublet extensions typically also charged Higgs bosons are a part
of the Higgs spectrum giving rise to charge currents in the flavor sector, even at tree level.
Precise flavor observables are especially sensitive to the charged Higgs boson, allowing us to
constraint the parameter space concerning the charged Higgs significantly. In Fig. 3.1, the
results of a fit to flavor observables within the Two-Higgs Doublet Model are shown. Both
plots depict the plane spanned by the charged Higgs boson mass and tan 8, one mixing angle
of the model. The details will be discussed in Sec. 3.2. These results are applicable to all
models with one additional SU(2);, Higgs doublet and the respective Yukawa type (as listed
in Tab. 3.1). Additional singlets in the model do not alter these results (as discussed in
Sec. 3.5). The color code indicates the excluded parameter regions by the respective decay
channels. For the Type I model the exclusion limit shows a stronger dependence on tan 8 and
the charged Higgs mass My+, whereas for the Type II models only charged Higgs masses
above 2 580 GeV are allowed regardless of tan 5. Additionally, Bs — puu decays also give an
upper bound on tan 3 in Type II models.

3.1.4. Electric Dipole Moment

One of the striking experimental constraints to be accounted for in the context of electroweak
baryogenesis is given by the electric dipole moment (EDM). Within the SM the CP-violating
sources are expected to be tiny, since these effects arise at the multi-loop level. Moreover,
the precise measurement of the electron EDM by the ACME collaboration [62]

de <111 x107® ecm (3.8)
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Figure 3.1.: Result of a fit to flavor observables within the Two-Higgs doublet model for the
plane of the charged Higgs mass versus tan 3, one mixing angle of the model. The results are
taken from [59].

puts severe constraints on BSM models with additional CP-violating sources in the scalar
sector. The electric charge of the electron is denoted as e. Again the theoretical predictions
are calculated in many models, where we use the implementation in ScannersS.

3.1.5. Higgs Measurements

With the discovery of the Higgs boson in 2012, the search for additional scalars did not end.
The ATLAS and CMS experiments at the LHC as well as the older experiments e.g. Tevatron
and LEP put an enormous effort in the search for new scalars.

The program HiggsBounds [63—67] provides a framework to test the theory predictions for
all Higgs production processes and decay rates of the model and compares it to several phe-
nomenological studies. The predictions are compared to the experimental results as expected
and observed limits at 20 or 95% confidence level as function of the model parameters.

To check for the validity of the SM-like Higgs boson in the BSM model, the code HiggsSig-
nals [68,69] provides a framework to compute the x? value of the given parameter point,
where the y? values allows us to quantify the agreement between prediction and observation.
For the proper interpretation of the statistical significance of a parameter point in HiggsSig-
nals, we refer to [68-70].

Both programs are linked within ScannerS allowing for an extensive parameter region scan
for BSM models with extended Higgs sectors.

3.2. The (Complex) Two-Higgs Doublet Model

The scalar sector of the SM is extended by an additional SU(2);, Higgs doublet with a softly-
broken Zo symmetry, yielding the CP-violating Two-Higgs-Doublet Model (C2HDM) [71,72].
The general Lagrangian of the CP-violating C2HDM is built of

LEN v = Ly + Lr + LSPPM L Lo+ Lar + Lrp . (3.9)

The Yang-Mills Lagrangian Lyy and the fermion Lagrangian Lr contain the kinetic terms
for the gauge bosons and fermions, respectively. They describe the interactions between the
gauge bosons with fermions and themselves. Since these parts of the Lagrangian do not differ
compared to the SM, we do not list them explicitly here.

The scalar Lagrangian L'gQHDM contains the covariant derivatives of the Higgs fields and the
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corresponding Higgs potential. The explicit form will be discussed in the following subsection.
The Yukawa Lagrangian Ly provides the terms describing the Higgs interactions with the
fermions and the fermion mass terms, respectively. Due to the second SU(2), Higgs doublet
compared to the SM, the avoidance of FCNCs at tree level allows for four different possibilities
to extend the Zo symmetry to the Yukawa sector. The resulting coupling structure is discussed
in Sec. 3.1.1.

The gauge-fixing and the Fadeev-Popov Lagrangian are not needed in their full form, hence
we refer to [73] for the explicit definition.

In order to define the gauge condition to remove the redundant degrees of freedom of the
gauge boson fields, we use the renormalizable Ry gauge?. Thereby, gauge-fixing parameters
& (V. = W, Z,~) are introduced for each gauge boson. The inclusion of the nonphysical
Fadeev-Popov ghost fields uy =, uz and u, allows us to cancel the nonphysical degrees of
freedom of the gauge bosons, resulting physical observables that are independent of the gauge
fixing parameters. We follow the approach of [73], where Lgr and Lpp are introduced after
the renormalization of the rest of the Lagrangian. Therefore, all introduced fields in Lgr and
Lrp are already considered to be renormalized and hence no introduction of counterterms is
needed.

3.2.1. The Scalar Lagrangian of the C2HDM

The scalar Lagrangian of the CP-violating C2HDM contains the kinetic terms of the Higgs
bosons and their respective interactions with the gauge bosons and the self-interactions. The
corresponding Lagrangian reads

2
LGN — §™ (D, @,)T (DID;) — ) oM (3.10)
i=1

with two SU(2), Higgs doublets ®; (i = 1,2) and the covariant derivative defined in Eq. (2.5).
The scalar Higgs potential of the C2HDM is given by (for a phenomenological discussion see

e.g. [71])

A 2 A 2
Véston = mh @] @1 + m3, @10, + ?1 <‘I’I‘I)1> + ?2 (CI)];‘IH) + A3 <<I>I<I>1> <¢£¢2>

+ (@{%)2 n [25 <<1>§<1>2)2 —m2, (@}@z) + h.c} : (3.11)
where all Lagrange parameter are real due to the hermicity of the potential except for mqo
and A5. These two complex parameters give rise to the CP-violation in the C2HDM. The
potential obeys a softly broken discrete Zo symmetry under which the doublets transform
as ®; — ®; and o - —P5. The mass parameter m%Q softly breaks this symmetry. The
extension of this Zy to the Yukawa sector ensures the absence of tree-level FCNCs as discussed
in Sec. 3.1.1. The spontaneous EW symmetry breaking requires the field expansion of the
two Higgs doublets around its VEVs in terms of the charged CP-even and CP-odd field
components ¢; and 7; and the neutral CP-even and CP-odd fields p; and ¢; (i = 1,2)

1 G +im 1 (2 + weB + M2
B = L By = — : (3.12)

V2 p1 + w1 + iy V2 p2 + wa + i (Y2 + wep)

“We emphasize that the framework of the effective potential is using the Landau gauge. It is also possible to
formulate the effective potential in the general Re gauge. However, the renormalization of the Pseudo-Nambu-
Goldstone Dark Matter (PNGDM) and Vector Dark Matter (VDM) requires the discussion of the gauge-fixing
terms, where the treatment is analogous to the C2HDM.
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with the most general vacuum structure of the C2HDM

1 (0 1 we
(@) = and  (®y) = —— T (3.13)
V2 w1 V2 wa + tWwop

The general tree-level vacuum structure of the 2HDM allows for three different possible vacua,
the normal EW-breaking, a CP-breaking and a charge breaking (CB) vacuum. It was shown
that these vacua cannot coexist simultaneously at tree-level [74-76]. However, higher-order
corrections or finite temperature effects might alter these statements and we allow for the
most general vacuum structure by including wcp and wep in the VEV structure defined
in Eq. (3.13). In this way, it is possible to check for next-to-leading-order (NLO) vacuum
stability or investigate the vacuum structure at finite temperature. To identify the correct
EW-breaking tree-level vacuum at zero temperature, we enforce

i=1,2,CP,CB, (3.14)

V; = W T—0"

with
vep =veB =0. (3.15)

The SM VEV v is related to the VEV components of the two Higgs doublets through
v? +0? = 0% = (246.22GeV)? . (3.16)

The ratio of the VEV components is defined by the mixing angle 5 as

tan f = v (3.17)
U1
After the EW symmetry breaking three of the eight degrees of freedom introduced through
the two Higgs doublets become the would-be Goldstone bosons. They are absorbed by the
EW gauge bosons in order to give them mass. The remaining degrees of freedom (; and n;
can be diagonalized to the charged sector with the rotation matrix

Ry— cosf sinf . (3.18)

—sinfB cosf

The mass eigenstates are the charged Goldstone bosons G* and the charged Higgs bosons
H¥*. The remaining neutral scalar sector consists of three neutral Higgs bosons. In a CP-
conserving 2HDM these mass eigenstates correspond to two CP-even neutral Higgs bosons h,
H and the pseudoscalar A [77,78]. However, in the C2HDM the neutral mass eigenstates are
CP-mixed states.

The tree-level minimum conditions on the tree-level potential

0
9 VC(?2)HDM

! ..
a(I)T ‘@j:(@j) = 07 (ZWS {172}7 (319)

yield the following relations between the Lagrange parameters

A A3+ A4+ Re A
2'[}2 1’(}2— 3+ 4+ (3] 51}2

mi; =Re Mz T Y 5 2 (3.20a)
A A3+ A+ Re A
m3, =Re m%Qﬂ - —203 _ Azt At Re 511% , (3.20b)
V2 2 2
Im m?2, =Im )\5w , (3.20c)

2
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allowing us to express the mass parameters m%l and m%z in terms of the Higgs self-couplings
Ai, the VEVs v1,v9 and the soft breaking parameter m%Q. Because of two complex Lagrange
parameters, two complex phases ¢(m?,) and ¢()\s) can give rise to CP-violation. The phases
are defined by

m%Q = }m%Q‘ exp(iqﬁ(m%z)) and A5 = |As]| exp(ids) , (3.21)

where Eq. (3.20c) can be used to relate the two phases to each other [71]
2Re (m?2,) tan ¢(m3y) = vivaRe (A5) tan p(As) . (3.22)

By requiring ¢(X\5) # 2<Z>(m%2), it is ensured that both phases cannot be removed simultane-
ously [79].

The diagonalization of the mass matrix of the neutral sector requires the introduction of three
mixing angles «; (i = 1,2, 3) and the rotation matrix

C1C2 51C2 Ss
R=1- (15283 + s1¢3)  cic3 — S15253  Ccas3 | (3.23)
—C152C3 + 5183 — (6153 + 818263) CoC3

with the shorthand notation ¢; = cos o; and s; = sin ;, respectively. The mixing angles can
be chosen without loss of generality in the range of

T 7r
The resulting diagonalised mass matrix
RM?RT = diag(m3;,,m¥,, miy,) (3.25)

is assumed to be mass ordered, mpy, < mpg, < mpy,. Note that one of the three neutral Higgs
bosons will be identified to be the SM Higgs boson, hence three different mass hierachies are
possible, where the SM-like Higgs boson is the lightest, heaviest or lies in between of the two
non-SM like neutral Higgs bosons. The nine independent input parameters of the C2HDM
are given by

v,tanf ,a123 ,mH, ,MH, ,My+ ,Re (m%) , (3.26)

where the remaining heaviest neutral Higgs boson mass can be expressed as [71]

2

m2 m%ﬁ Ri3 (ng tan 8 — RU) + mgbRgg (RQQ tan 8 — Rgl)
Hs — .

3.27
R33 (R31 — R3p tan 3) (3.27)

3.2.2. The Yukawa Sector of the C2HDM

In order to avoid the presence of FCNCs at tree level, the natural flavor conservation allows
us to extend the Zo symmetry in four different ways to the Yukawa sector. The Yukawa
Lagrangian has the following form in the mass basis (i = 1,2,3) [71]

Ly > ==L [ (Hf ) + ic (Hif f)vs) o5 Hi (3.28)

with the respective SM fermion mass my and spinor ¢ ;. The effective CP-even (odd) Higgs
fermion couplings ) are given in Tab. 3.2. However, the effective Higgs fermion couplings
can also be interpreted as complex fermion masses which allows for the extraction of the
corresponding source term required for electroweak baryogenesis as discussed in Chapter 9.
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Type I Type II FL LS
c c° c© c® c c® c© c?
to-tvbe quarks Riz  Rg Ri> _ R Rip  Ris Rip R
R sin 8 tang sinpg tan g sin 8 tan8  sinf tan g
Ris Ri3 R Ri Ris Ri3
d -1, k —Ri3t Rist —
OWITLYDE quaris sing  tanf  cosf i3 tan 5 cos 3 i3 tan 5 sin 3 tan 3
R; R; R; R; R; R;
leptons 2 i3 i —R;3tan 8 2 3 £ R;3tan 8

sing  tanf  cosf sin 3 ~ tan B8 cosf

Table 3.2.: The effective CP-even and CP-odd couplings between the Higgs boson H; (i =
1,2,3) and the SM fermions ¢ for Type I, Type II, Lepton-specific (LS) and Flipped
(FL).

3.3. The Singlet Extension of the Standard Model

Another possibility to extend the SM Higgs sector while automatically fulfilling the experi-
mental results for the p parameter defined in Eq. (3.2), is to extend the SM with additional
singlets. Singlet extensions yield a rich phenomenology at the LHC. Since the additional
singlet is not charged under the SM gauge groups SU(3)c ® SU(2)r ® U(1)y, it is not cou-
pled to fermions or gauge bosons. Hence, the only SM interaction is through the Higgs field
itself. The mixing of the singlet with the Higgs doublet allows for modifications of the Higgs
interactions and changes the Higgs decay processes compared to the ones expected in the SM.
In the following we introduce a complex singlet extension of the SM providing a DM WIMP
candidate in the Higgs spectrum. The Yang-Mills Lagrangian and the kinetic Lagrangian
Lyy and Ly are the same as in the SM, hence we do not show their explicit form. Also
the gauge-fixing and Fadeev-Popov Lagrangian are analogous to the C2HDM. The scalar
Lagrangian for the PNGDM reads

LENGPM — (D, &)1 (DF®) + (8,5)* (9"S) — Vieapns » (3.29)

with the Higgs doublet ® and the complex singlet S. Note that the singlet field S does
not have a charge under the SM group, consequently the covariant derivative reduces to the
conventional partial derivative. The tree-level Higgs potential VPSON)GDM is given by

2
0 H ,U *
Vinaow = — 2L 2 2 el - E2 |5 128 S 1S)" + Ams |l IS - X<52+52>. (3.30)

The first two terms in the potential reflect the SM Higgs potential for a single Higgs doublet
® and the following two terms correspond to a singlet scalar Higgs potential. The term
proportional to Apg corresponds to a Higgs portal mixing the singlet field .S with the Higgs
doublet. Note that the potential without the last term is symmetric under a global U(1)
gauge transformation
S —exp(ia)S, @ — exp(ia)d . (3.31)
2
However, the mass term ~ %(S 2+ 5*2) breaks explicitly the U(1) symmetry of the potential.

This U(1) breaking gives rise to the Pseudo-Nambu Goldstone nature of the DM candidate and
yields interesting phenomenological consequences [80]. They will be discussed in Chapter 5.
The boundedeness from below condition as discussed in Sec. 3.1 implies that the self-couplings
obey

i > 0, Ag > 0, s > —V AgAs . (3.32)
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The vacuum structure of the PNGDM is chosen to be the normal EW breaking vacuum with
the additional singlet contribution,

(H) = —= , (8=

vl 7 (3.33)

with the EW VEV v = 246.22 GeV and the singlet VEV v,. The singlet VEV v, is an open
input parameter in the PNGDM and chosen to be real and positive.
The minimum conditions analogous to Eq. (3.19) are given by

IR
<PNGDM =0 <= Te = (—,u%{—&—)\HUQ—{—)\HSUE):O,

N <

0
(3.34)

0
aVP(‘N)GDM -0 T _Us 2 4 \ev? 4 \HSv> 2\ _
9S = — S = 9 (_,uS + SUg + v _mx) = U,

where the tadpoles Tp and T are explicitly kept. They are required to formulate the proper
renormalization conditions and the correct treatment of the VEV renormalization. The details
will be discussed in Sec. 4.1. The singlet and doublet are expanded around their VEV with
the fields according to

G+ 1
o= 4 ) S=— s+ ®5+ix) , (3.35)
—(v—i—@H—i—iGO) V2
V2
with the scalar fields in the gauge basis {®p, Pg}, the VEVs v, v,, the charged and neutral
Goldstone bosons GT,G" and the DM field x. Note that the imaginary component of the
singlet does not obtain a VEV contribution, hence it is not coupled to the SM particle content.
Solely, an interaction between the Higgs bosons with the DM field y is present in this model.
This kind of models is often referred to as Higgs portal models.
The neutral Higgs mass matrix is given by

Apv? A SV Ty/v 0
MG =M +T, M= , T = / , (3.36)
Agsvvs  Agv? 0 Ts/vs

S

where the explicit tadpole contributions are kept. The diagonalization of the mass matrix
can be achieved by introducing a mixing angle a with the rotation matrix

cosa sino
R(a) = , (3.37)

—sina cos «

yielding the diagonal mass matrix and the mass eigenstates h; (i = 1,2),

2
m 0 h P
M2 = R(a) M2R Y a)= [ ™ 7 Nzra 7). (3.38)
0 mj, ha Pg

Note that the explicit tadpole contribution in Eq. (3.36) is dropped in Eq. (3.38). The mass
terms in Eq. (3.38) correspond to the tree-level masses of the PNGDM parameters.
The PNGDM can be described with eight independent input parameter given by

2 2 2
'vasaaamh17mh27mX7TH7T57 (339)
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where the Lagrange parameters can be determined via

m%z - m%l )
g = ————— =+ sin 2a,
200,
2 12 2 2
m;_SIn® o« +m;  Cos“ «
h h
A\ = —2 — L 7 (3.40)
2 2 2 a2
g = My, COs™ & + My, Sn” o

v3

Analogous to the C2HDM, FCNCs can be avoided by extending the Zs symmetry of the
Higgs doublet ® — —® to the Yukawa sector. Since there is only one Higgs doublet ® in
the PNGDM, all quark types (up- and down-type) and leptons have to be coupled to the

Higgs doublet in order to enable the BEH mechanism giving mass to the fermions. Hence,
the PNGDM corresponds effectively to a Type I model.

3.4. The Vector Dark Matter Model

The nature of possible DM particles remains an open question in modern physics. However,
the framework of non-minimal extended Higgs sector models allows us to investigate all the
different spin constellations for the DM candidate. By demanding renormalizability of the
model, there remain three different spin natures of the DM candidate, spin 0, 1/2 and 1. The
PNGDM presented in Sec. 3.3 yields a spin 0 DM candidate. In the following we will present a
possible spin 1 DM candidate, thus the DM candidate corresponds to a vector DM candidate.
The VDM model is similar to the complex singlet extension in Sec. 3.3, however the dark
U(1), is gauged. Thus, the covariant derivative in the scalar Lagrangian of the VDM model

¥ 0
LM — (D, &) (D"®) + (d,S)* (d"S) — Vil » (3.41)
is extended by the new gauge field x,, and the respective gauge coupling g,
dy =0, + 10Xy - (3.42)

Note that the Higgs doublet is not charged under the dark U(1),, hence the covariant deriva-
tive D,, applied on the Higgs doublet is given by Eq. (2.5), while the covariant derivative
d, acting on the singlet field solely consists of the partial derivative plus the additional DM
gauge field x. The tree-level Higgs potential reads

V = —u%|®2 + Mg |®|* — 42|S|2 + As|S|* + k|52 @)%, (3.43)

with the Higgs doublet & and the complex singlet S. All parameters in the potential are
real. Contrary to Eq. (3.30), there is no soft-breaking mass term present in the potential.
Consequently, the dark U(1) is not broken explicitly.

The field expansion is analogous to the PNGDM given by

G* 1
H = 1 and S =-— (vg+ ®g+iog) , (3.44)
— (v+ Py + io V2
7 ( H+105H)
with the real scalar fields @y, ®g, oy and og. The VEVs are denoted by v = 246.22GeV
and the singlet VEV as v;.
The neutral scalar mass matrix is given by

Te
22gv?  Kkovg —£ 0
Mo, 3, = + v , (3.45)
h¥®S 9 TCI)S
KUVS  2AgUg 0

vs
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where again the explicit tadpole contributions are kept in the mass matrix. The tadpoles are
defined through the minimum conditions of the tree-level potential

ov -\ _Te, m)% 9 9

<6<I>H> =, = < 5 AHVT = pgr | (3.46)
8V _ T(I)S . K:’UQ 2 2

<8(I)5> = s == < 9 + )\SUS — Ug . (347)

These contributions are needed in order to renormalize the EW VEV consistently. Defining
a mixing angle a as in Eq. (3.38) makes it possible to diagonalize the mass matrix and with
the help of the minimum conditions it is possible to relate the Lagrange parameters to the
masses masses, the VEVs and the mixing angle «

2 2 2 2
My, cos a+mh25m o

)\H = 202 s (3.48&)
o (m%1 — m%u) cos a sin «v (3.48h)
VUg ’ '
2 a2 2 2
my,. SIN” o + my  COos” «v
Ag = 1 2 3.48
s 205 , (3.48c¢)
vg = X (3.48d)
9x

We emphasize, that the singlet VEV is now a function of the DM mass and the gauge coupling
contrary to the PNGDM, where the singlet VEV was an input parameter. The resulting input
parameters of the VDM model are chosen to be

mh1amh27mxaaaU>gX7T‘1>HaTCI>s . (349)

3.5. The Next-to Minimal Two-Higgs Doublet Model

The last non-minimal extended Higgs sector model presented in this thesis is a combination of
a doublet and singlet extension, the Next-to-Two-Higgs-Doublet Model (N2HDM). It consists
of a CP-conserving Two-Higgs-Doublet Model (2HDM) with a softly broken Zy symmetry
between the two Higgs doublets ®; (i = 1,2) analogous to the C2HDM, while the singlet field
does not transform,

CI)l — @1 s q)g — —‘I)Q s (I)S — (I’S . (350)

Another Z} symmetry is introduced under which the fields transform as
CI)1 — @1 s q)g — @2 s q)s — _(I’S . (351)

The overall EW Lagrangian remains unchanged compared to Eq. (3.9). Note that the singlet
field is not charged under the SM gauge groups SU(3)¢c ® SU(2) ® U(1)y, yet the covariant
derivatives for the two Higgs doublets are the same as in the C2HDM in Eq. (2.5).

The tree-level potential of the N2HDM is given by

p 2\ 2
VO o =m2 @l @) + m2,dl0, — m2, (qﬁ@g + h.c.> +5 (@}@1) +2 (@5%) (3.52)
A
. ((@{@z)Q + h.c.)

1 A
+mEPE+ T+ A7 (cb{q)l) B2+ Ag (q>§<1>2) o2

+ X3P 0 BI Dy + A BT Dy DI +
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with the two Higgs doublets ®; (i = 1,2) and the singlet field ®g. All Lagrange parameters
are real due to hermicity implying that the N2HDM is a CP-conserving extension of the SM.
The mass parameter m%2 breaks the Zs symmetry, while the terms proportional to A7 and Ag
induce the mixing of the doublet fields and the singlet field.

The field expansions around the VEV are defined as

1 G +1im 1 (2 + weB + N2
<I>1:7 5 (1)2:7 5 ‘I)S:PB+WSa

V2 \ oy +wn + it V2 \ gy 4w + i (2 + wor)

(3.53)
with the CP-even (odd) charged components ¢; (1;) and the CP-even (odd) neutral com-
ponents p; (1;). The singlet field is assumed to be real. The general tree-level vacuum
structure of the 2HDM is shown to be either a normal EW-breaking, CP-violating or a CB-
vacuum [74-76], however this does not generalize to the N2HDM. In [81,82] explicit counter
examples are given, where the CP/CB-vacua coexist next to EW-breaking vacua. Thus,
we include the most general vacuum structure in Eq. (3.53) with the EW-breaking VEVs
w; (i =1,2), the CP-violating VEV wcp and the CB VEV wcp. The inclusion of the general
vacuum structures allows for the investigation of the NLO stability of the EW minimum and
furthermore the stability concerning finite temperature effects on the Higgs potential. To
obtain the EW-breaking vacuum at zero temperature, we enforce

1 0 1 0
(1) = NAA (®2)| 7y = 7 o (9 = s, (3.54)
1 U2
with the VEV definitions
vi = wilp_,, i=1,2,5CP,CB. (3.55)

The CP-violating and CB VEVs are hence chosen to be vanishing at zero temperature
vep = veg = 0. (3.56)

Requiring the tree-level potential to be minimized at the EW VEV leads to three minimum
conditions given by

<

U2m%2 - ’Ulm%l = 51 (U%)\l + U%/\345 + v?g)w) (3.57a)
vImiy — vamiy = %2 (vEA345 + V3 A2 + VENS) (3.57b)
—miv, = % (VEA7 + V3As + VENG) (3.57c)
where the shorthand notation
Ag45 = A3+ A+ As (3.58)

is introduced. With the introduction of the singlet field and the mixing terms (~ A7, Ag) in

Eq. (3.52), the CP-even neutral Higgs sector of the N2HDM is extended with respect to the

real CP-conserving 2HDM. The resulting 3 x 3 neutral scalar Higgs mass matrix is given by
1)2)\16% + m%ztlg v2/\3450535 —m2, VUgATC

M2 = 02)\3450555 — m%Q U2>\28% + m%Q/t,g UUS)\gslg . (3-59)

vUgA7Cg VUSARSR v?g)\G
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By introducing three mixing angles «; (i = 1,2,3) and using the same parametrization as in
Eq. (3.23) the mass matrix can be diagonalized,

RM?RT = diag(m3, , m¥,, m¥,) | (3.60)

with three Higgs mass eigenstates

h1 p1
he | =R 5 | - (3.61)
h3 ps

An explicit mass ordering is assumed for the mass eigenstates with
mmp, S mmy, S mmgs . (3.62)

Both neutral Higgs sectors of the C2HDM and N2HDM yield three neutral Higgs bosons
h; (i =1,2,3). Note that the mass eigenstates of the C2HDM are CP-mixed states, contrary
to the Higgs mass eigenstates in the N2HDM. The fields h; (i = 1,2, 3) are all CP-even fields.
The diagonalization of the CP-odd part of the N2HDM requires the introduction of

tan = v2/v; , (3.63)

yielding the mass eigenstates of the charged Goldstone boson, the charged Higgs boson and
the pseudo-scalar Higgs boson A [81]. In the end, the following input parameters for the
N2HDM are chosen

2
aq, ag, as, tanﬂa v, vs, mH1,2’3 ) ma, mpg+, myg (364)

where the soft-breaking mass scale m%Q is kept as open input parameter.
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CHAPTER 4

Theoretical Foundations

Dark Matter (DM) is one of the remaining open questions in modern physics. While its
nature and properties are unknown, one thing we know is that there must be some sort of
matter interacting gravitationally with observable matter. One possibility to explain the non-
observable mass is through the introduction of weakly interacting massive particles (WIMPs).
These additional massive particles contribute to the mass density of the universe, however
their weak interactions with the Standard Model (SM) particle content would explain why
we have not observed them (yet). There is a substantial effort to develop search strategies
for DM to derive its properties and nature. Such experiments rely on precise predictions of
the underlying DM models. So far, most of the WIMP DM model predictions are based on
tree-level calculations, where NLO corrections might play an important role, or even alter
the derived constraints on the parameter space of the underlying models. Hence, we want
to investigate the electroweak (EW) next-to-leading-order (NLO) corrections on one possible
observable, the spin-independent cross-section (SI-cxn). In particular, the predicted SI-cxns
are calculated with the respective EW NLO corrections taken into account and compared to
the recent Xenon-1T results. For that purpose, we introduce the basic idea of regularization
and renormalization of UV divergences in Sec. 4.1. We introduce the on-shell (OS) coun-
terterms required to cancel all emerging UV poles in a consistent way in Secs. 4.1.1 to 4.1.5.
We further introduce some basics in DM phenomenology required for the derivation of the
expected signals in a direct detection experiment in Sec. 4.2.2. We conclude our introduction
with the discussion of the theoretical prediction of the SI-cxn in terms of effective Wilson
coefficients, which can be identified with Feynman diagrams of the underlying DM model in
Sec. 4.3. In the end, we explain how do we extract the Wilson coefficients for the models
Pseudo-Nambu-Goldstone Dark Matter (PNGDM) and Vector Dark Matter (VDM).

4.1. Regularization and Renormalization of Non-minimal Extended
Higgs Sectors

An example to illustrate the problem of renormalization is given by the following simple

diagram in a ¢* theory
. 4 .
ROBTYY N W

2 (m* k> —m?’
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with the quartic self-coupling A, the mass m of the field ¢ and the loop momentum &k, re-
spectively. This kind of diagrams occurs in higher-order corrections. However, the integral is
explicitly UV divergent, as we show in the following. Performing a Wick rotation k° — ik%
and identifying the components of the 4-momentum as k — kg, yields the integral in a
FEuclidean metric

; 4 ; ; 00 3
g 2 _z)\‘i/dkE i _4m)\/ dkp K} 42)
0

2 @m)*k2+m?2 2 (2m)* k% +m?

Introducing a cut-off on the loop momentum A,

Q _ _A4mi /A dkp __kp _ __imA (A2 A +A2> (4.3)
2 Jo @n)tky+m? (2n)! m? ’
makes the UV divergence explicit. The appearance of the divergences cannot be circumvented
in a fixed-order calculation. However, higher-order predictions of physical observables are in-
deed finite, due to the cancellation of all emerging divergences.
The systematic cancellation of the divergences can be achieved by regularization and renor-
malization. In the process of the regularization the contributing UV poles are isolated from
their finite contributions in a self-consistent way. A possible approach to regularize the UV
poles is shown in Eq. (4.3). By introducing a cut-off for the loop momentum A, the UV poles
are explicitly given in terms of A. If this regularization is applied on all contributions, the
dependence on the cut-off scale A is canceled leaving the physical observable finite. However,
the introduction of a cut-off scale is inconvenient especially for a gauge theory, due to the
breaking of internal symmetries.
A more convenient method to regularize the UV poles is given by dimensional reqularization
(DimReg). The actual calculation of the integrals is performed in d = 4 — 2¢ dimensions in-
troducing an infinitesimal parameter €. The introduced parameter restores the 4-dimensional
result for ¢ — 0 and thus serves as a regulator. To ensure the correct mass dimension in the
integration, an additional mass scale, the renormalization scale u, has to be introduced

d*p sma [ 4%
/ ent / (2m)® 44

Performing the d-dimensional integral and expanding the result for small € allows us to cal-
culate the above integral to be

Q __2 <_ 16;2 m? [1 — g + log(47) + log <;f;> + 1] +0 (e)> (4.50)

2

A2
i352™M (Ac+1+0(e) , (4.5b)

with the Euler-Mascheroni constant vg =~ 0.577. In this way, the UV pole of the integral
becomes explicit in terms of 1/e, where the additional typical constants are taken in the
definition of )

A = - + log (4m) . (4.6)
In this way, it is possible to isolate all UV divergences in a fixed order calculation in terms
of A.. In a second step, we need to cancel all UV divergences. The systematic cancellation
method is called renormalization.
The basic assumption is that the independent input parameters of the underlying (renormal-
izable5) model are bare parameters. These bare parameters are not related to the physical

°In the context of this thesis, we deal only with renormalizable QFTs. It is also possible to cancel all UV
divergences in a non-renormalizable QFT, however this has to be achieved order-by-order and thus requires
the introduction of an infinite number of counterterms.
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observed parameters and still contain the infinities. By expanding the bare parameters in
terms of the renormalized parameters and the respective counterterms,

pPi0 — pi t+ 0p; , (4.7a)
5Z¢j

¢j70 = Z¢j¢j ~ 1+ 5 qu R (47b)

7_’i,O — E + 51_; 9 (47C)

it is possible to separate the infinities in the counterterms and interpret the renormalized
parameters to be the physical (finite) observables. In Eq. (4.7) we differentiate between three
different kinds of counterterms. The first kind in Eq. (4.7a) corresponds to the input pa-
rameters e.g. the masses of the respective particles. Eq. (4.7b) indicates the wave-function
renormalization constant (WFRC) \/ZT;) ensuring the field renormalization, and the tadpole
counterterms are introduced in Eq. (4.7c). These tadpole counterterms yield the proper treat-
ment of the quantum corrections affecting the EW minimum. We will comment on this, while
discussing the explicit form of the tadpole counterterms.

The renormalization scheme, or rather the renormalization condition, determines the finite
parts of the counterterms. For example, in the minimal subtraction (MS) renormalization
scheme the respective counterterms are expected to exactly contain solely the UV poles
(e.g. the A, part in Eq. (4.5)) and thus they do not have finite pieces apart from the univer-
sal constants defined in A.. Thus, the resulting renormalized parameter is finite.

Another approach is the so-called OS scheme. In the OS scheme three renormalization con-
ditions are imposed

e the mixing of fields with same quantum numbers vanishes on the mass shells p* = mz,i

e the physical masses are defined as the real parts of the poles of the renormalized prop-
agator

e the normalization of the fields ¢; is such that the residue of the corresponding propagator
at its pole is 1.

We assume a scalar multiplet with the fields ¢; (i = 1,...,N). These conditions allow us
to determine the counterterms in terms of the self-energies evaluated at the respective mass
shells.

In the following, we will introduce the explicit counterterms required for the renormalization
of the VDM and PNGDM. Both models yield a similar scalar sector consisting of an SU(2)
doublet with an additional singlet field. The corresponding neutral Higgs sector consists of
two mixing mass eigenstates h; (i = 1,2) with the mixing angle a. The fermion sector is
equivalent in both models, hence the counterterms have the same form®. Furthermore, the
SM-like gauge boson sector is the same in both models. For this reason, we can formulate the
counterterms for both models simultaneously. The renormalization of the dark sector differs
in the models, which we discuss at the end of this section.

4.1.1. Scalar Sector

We start the introduction with the scalar sector. We choose to renormalize the model in the
mass basis, implying that we renormalize the input parameters listed in Egs. (3.39) and (3.49).

5Note, however that the corresponding self-energies required for the determination of the counterterms are
indeed different for both models.
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Both models yield a CP-even neutral sector consisting of two mass-ordered mass eigenstates
hi (i =1,2). The WFRC are defined as

1 1
1+ =67 VA
hl N —|1_ 2 h1h1 2 1 hlhg hl (48)
ho iéZthl 1+ §5Zh2h2 ho
The (bare) mass matrix is split into the mass terms and the respective tadpole matrix
2
my, 0 Tu/v 0
Mpih, = ! ) + R(«) R(a)T . (4.9)
0 mj, 0 Ts/vs
=0T

Note that Ty and Ts correspond to the tadpoles of the scalar field of the doublet ® gy and
the singlet field ®g, respectively. The rotation matrix R(«) transforms from the gauge basis
to the mass basis. The resulting tadpole matrix contributing to the mass matrix is referred
to as 07T

EW corrections might alter the structure of the EW vacuum. To conserve the tree-level
relations between the VEVs and input parameters, it is required to introduce tadpole coun-
terterms, so that the renormalized tadpole T} vanishes

Ty =T, — 6T; = 0. (4.10)

Note that this renormalization condition in Eq. (4.10) can be imposed on the gauge basis
(1 = H,S) or the mass basis (i = hy, h2), since the tadpoles are related through the rotation

= R(a) - . (4.11)
Thz Ts
This allows for the expansion of Eq. (4.9) to strict one-loop order
Mhpyhg = Mhashy + Mpyhg (4.12)

with the renormalized mass matrix My, p, and the required counterterms

oT
omi, 0 — 0 . [omi, 0 5Thiny 0Thin
OMpn, +R() v 5Ts R(a)' = +
0 57)?%2 O — 0 (577’L%2 5Th2h1 5Th2h2

vs
(4.13)

The terms of the order O (6adT;) are dropped, since they are beyond the one-loop expansion.
Imposing the OS condition yields the following set of counterterms for the CP-even neutral
Higgs bosons h; (i = 1,2) [83]

6m}2lz = Re [Ehihi (m%ll) - 5Thlh1] ) (414&)
0%, (p?
5Zhihi = —Re |:héhzg<p):| ) (414b)
D pzzm%i
2 2 . .
6Zhihj = WRQ |:Ehihj (mhj) - 5Th,-h]} R (4.14c)

We emphasize again, that the equations are valid for both models PNGDM and VDM, however
the explicit scalar self-energies Xp, ,; depend on the underlying model.



4.1. Regularization and Renormalization of Non-minimal Extended Higgs Sectors 33

4.1.2. Renormalization of the Mixing Angle

The diagonalization of the mass matrix requires the introduction of a mixing angle. The
mixing angle as an input parameter is promoted to one-loop order by splitting the mixing
angle into a renormalized part and its respective counterterm,

ap = o+ da. (4.15)

However, there is no obvious physical observable that can be used to impose an OS scheme.
Thus the renormalization is a non-trivial task.

One possible approach is proposed in [84], which we refer to as the KOSY scheme. The basic
idea of the KOSY scheme is to relate the counterterms of the mixing angle to the off-diagonal
elements of the OS WFRCs of the scalar sector. To do so, it is assumed that \/Zg contains
the WFRCs of the gauge basis {¢5, ¢s}, which can be related to the mass basis after the
rotation

hi Oy

= R(a+da)\/Zs . (4.16)
hQ Dg
Expanding Eq. (4.16) to strict one-loop level yields
by T by ) hi
R(a+d0a)\/Zs = R(0a)R(a)\/ZoR(a)” R(cv) +000a) =/Zpy ,
(I)S \ (I>S hg
=VZu
(4.17)
allowing us to express the alternative WFRC matrix in the mass basis as
07z 07,
o) L+ =25 50, L+ =5 60 + ba w1
vV Zg = R« ~ 4.18
Z Z ’
5Ch 14 2l 5Ch — da 14 Fhaka

with some constants §C}, the respective WFRCs 67,5, of the mass basis and the mixing
angle counterterm da. Note that the specific form of §C}, is not of importance, since v/ Zg
is only required to be symmetric. Imposing the OS conditions on the WFRCs in Eq. (4.18)
yields

07, A4
% Z6C, + 0o and % = 6C), — bar, (4.19)
and finally the mixing counterterm in the KOSY scheme [84] is given by
1
da = 1 (0Zpyhy — 0 Znyhy) (4.20)
1
= ﬁRe (Eh1h2 (m%Q) + Zh2h1 (m%l) - 26Th1h2) . (4.21)

Q(mh1 — th)

Note that the explicit form of the KOSY counterterm of the mixing angle v in Eq. (4.20) re-
quires exactly the same parametrization of the rotation matrix as the one defined in Eq. (3.18).

Another approach to renormalize the mixing angle is a process-dependent scheme. While the
KOSY mixing angle counterterm is universal in the sense that the counterterm is unambigu-
ous, a process-dependent scheme is as the name already suggests dependent on the process
chosen to renormalize the angle. A specific process is taken. In particular, the SM-like Higgs
boson decay h — 77 is chosen for the renormalization of da in the VDM model. The NLO
corrections involve infrared (IR) divergences stemming from the QED corrections’. Since the

"We refer to NLO corrections with internal photon lines as QED corrections.
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corresponding QED corrections form a UV-finite subset, it is possible to impose the renor-
malization conditions solely on the weak subset of diagrams. Hence, we require that the NLO
and LO amplitude of the process are the same

ANLO,weak ; .ALO (4.22)

h—T1T h—T1 >

where the 'weak’ indicates the NLO EW corrections without the QED subset. The NLO am-
plitude consists of the LO amplitude A", the genuine one-loop vertex corrections A"tWeak
and the respective vertex counterterm A

ANLOweak _ LO  gvirt,weak 4 gt (4.23)

h—T1T
Imposing the process-dependent renormalization condition allows us to express the mixing
angle counterterm as

-1
S — — <8g}27—> [Avirt,weak + Act‘(sazo] . (4.24)
Here ACt‘ sa—o denotes the complete counterterm amplitude but without the contribution
from da and g indicates the LO coupling of the respective process.

The MS scheme yields another approach to express the mixing angle counterterm. Since the
UV pole of the respective counterterm is unambiguous, the MS counterterm can be extracted
from the the process-dependent counterterm by taking solely the UV-pole. The resulting MS
counterterm does not contain any finite pieces, thus it is not dependent on the chosen process.
In [85-88] different approaches to renormalize the mixing angle are discussed for the 2HDM
and N2HDM, respectively. It turned out that process-dependent and MS renormalization
scheme yield unphysically large counterterms, where the KOSY scheme tends to produce
moderate NLO corrections. Nevertheless, all mentioned renormalization schemes for the
mixing angle counterterm introduce explicit gauge parameter dependence in the counterterm.
For a detailed discussion of this gauge dependence issue we refer to [85,87].

The choice of the renormalization scheme for the mixing angle affects the NLO predictions (see
e.g.[89,90]). We treat this freedom of choice as a theoretical uncertainty and compare different
renormalization schemes for the mixing angle in the VDM model. This might allow for a rough
estimate of the overall impact of theoretical uncertainty on the NLO EW predictions for the
Sl-cxn due to missing higher-order corrections beyond NLO.

4.1.3. Renormalization of the Gauge Sector

The VDM and PNGDM incorporate the SM gauge sector and the renormalization is not
required to be changed compared to the SM. However, we introduce in the following our
notation and conventions for the renormalization of the SM gauge sector. For a detailed
introduction of EW radiative corrections we refer to [83,91].

Analogous to the previous section, the bare input parameters are split into the renormalized

parameter and its counterterm, respectively,
miy — miy 4+ omiy (4.25a)

my — my + om%, (4.25b)

e—e+0Zce, (4.25¢)

g—g+dg, (4.25d)

with the masses myy and myz of the SM gauge bosons W and Z, the electrical charge e and
the SU(2) gauge coupling g. The photon v and Z gauge boson are allowed to mix with each
other, hence the corresponding WFRCs have to form a 2 x 2 matrix,

1 1
A 1+ =0Z44 *5ZZ'y A
. 2 2

4.26a)
1 ; (
~ 55273 1+ §5Zw ~y
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e SN

Figure 4.1.: The QED vertex counterterm of the three-point interaction of a photon with two
fermions cancel the external leg corrections of the photon line if §Z, is related to 02,

1
wt - (1 + 26ZWW> w*, (4.26D)

where the W boson does not require a matrix structure. In the general R¢ gauge, the renor-
malized two-point correlation function of the gauge bosons V;, V; € {Wi, Z,~} can be brought
into the following form [83]

~ ) y pHp¥ ptpY 1
N i L L e e G R LT (kY

. PP & phpY
-1 (EJW - pg> 2’5(1)2) — 1 2 EZLj(PQ) )

with the respective mass of the vector boson my, the corresponding gauge parameter &, and
the momentum p. The renormalized self-energies fffj (p?) are separated into a transversal
(z = T) and longitudinal (z = L) contribution. Imposing OS conditions permits us to derive
the corresponding OS counterterms for the gauge boson masses and WFRCs [83]

om¥, = Re L4 (miyy) and dm7 = Re »L, (m%) , (4.28)
and
azT 2
§Zww = —Re Wvg(p ) , (4.29a)
(92? p2:m‘2/V
T
“Re w QEZW(O)
0277 0Zzy op? | emm my
_ ST (0 O5T (2 (4.29b)
62y 6Zyny _9 Z’Y() —Re M
m2Z ap2 p2=0

Note that the self-energies correspond to the genuine one-loop self-energies. In order to fix
the counterterm 6Z. in Eq. (4.25) an additional condition is required. The electric charge
is fixed or required to reproduce the physical value in the so-called Thomson limit. This
corresponds to the limit of vanishing photon momentum in the Thomson scattering between
a photon and an electron [92]. In Fig. 4.1 the corresponding process is shown. The gray blob
indicates the genuine EW one-loop corrections to the photon line, the crossed blob depicts
the vertex counterterm, required to cancel all UV divergences. However, due to the mixing of
the photon with the Z boson in the SM, an additional contribution occurs. This contribution
can be related to the photon-photon external leg corrections which allows us to derive the
counterterm as [83]

32%(;02) 4 SW E?z(o)

Op? c m2
p p2 =0 w Z

1

with the abbreviation sy = sinfy and ¢y = cos Oy, where 6y stands for the Weinberg
angle. The SU(2) gauge coupling g is related to the electric charge and the Weinberg angle
through

my

e=gsinfy, with cosfy =—, (4.31)
myz
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which allows us to derive the counterterm of the gauge coupling
og 1 1 2 2 2
? = 5Ze + §m ((5mW - CW(SmZ) . (432)

4.1.4. Renormalization of the Quark Sector

For simplicity, we consider the fermion sector to be flavor diagonal, thus the mixing through
the CKM matrix is neglected. This implies, that the renormalization and respectively the
counterterms can be formulated for each quark generation separately. Further, both models
under investigation do not provide CP-violation, hence the derivation of the counterterms
is simplified. For a detailed introduction and discussion of the counterterms of the EW
corrections see e.g. [83].

In the following, we present the renormalization of the quark sector of the SM. The respective
counterterms for the lepton sector can be directly taken over, since the CKM matrix is
neglected in this work.

A WFRCs and a mass counterterm is introduced for each chiral quark,

1
qL/R_> <1+25Z£1/R> dL/R > (433)
and

mg — Mg + 6myg . (4.34)

Analogous to the gauge sector, also the two-point correlation function of the quarks can be
split into different tensor structures. For the quarks, we find left-/right-handed and a scalar
part

Loq(p) =i (p—mg) +1i [pw_Equ(pQ) +pw+2fq(p2) +mg (wy +w_) E;ng(pQ)] , (4.35)

1
with the chiral projectors w1 = 3 (1 £ 5). The mass of the corresponding quark is denoted as
mq. X, indicates the genuine one-loop self-energy of the quark g with the projected chirality
x, respectively. Note that there is no flavor mixing, hence there are no off-diagonal self-energy
contributions. The momentum p denotes the in- and out-going momentum of the self-energy.
Imposing the OS renormalization conditions yields the following set of OS counterterms for

a quark ¢ [83]

m

omg = —tRe [Sgy(mg) + Bgg(mg) + 255, (mg)] (4.36a)
[0Sh,?)  OZEOY) 055, (v ]

szl — _ L (m2)] — m2 aq qaq qq 4.36b

aq Re [ qq(mq)] mgRe Ap? op? Op? . A (4.36D)

L . —mq
[0S (p?)  osE@?) 085 (Y]

ZR - _ ZR 2 _ 2 qq qq qq 4.

0Z4q Re [Xgq(mg)] —mgRe op? ap? ap? e (4.36c)
L . —mq

4.1.5. Renormalization of the Dark Sector

Both models PNGDM and VDM provide two different kinds of DM candidates. The U(1)
symmetry in the PNGDM yields a Pseudo-Nambu Goldstone DM candidate y, where the
gauged U(1), present in the VDM model provides an additional vector x,. The scalar DM
candidate in the PNGDM can be renormalized analogously to the scalar sector of the Higgs
sector, hence the corresponding OS counterms read

2
0Zyx = —Re [aEXX(p )]

op? ) 5mi = Re EXX(p2 = m2) -

p:mi vs

(4.37)
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Since the scalar DM candidate x does not mix with any other particle, there are no off-diagonal
contributions to the genuine one-loop self-energy X,,. The singlet tadpole counterterm 07
can be related to the mass eigenstate tadpole by Eq. (4.11).
The renormalization of the input parameters of the dark sector of the VDM is a bit more
involved. The WFRC can be derived accordingly to the WFRC of the W-gauge boson,

resulting in

%1, (p?)
(5ZXX = —Re —22—=-
Op>?
p2=m2
X
h h- h h
[ S 4t U .- S ot
----- F T S U %
hy 4 hy i hy : hy
F - __ R L —
h1 S h1 v h1 S h1
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s v o Mm s M
77777 s T 1
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(4.38)

Figure 4.2.: Generic diagrams contributing to .AXSL \h,- Here F' denotes fermions, S scalars,

V' gauge bosons, and U ghost fields.

Note that the self-energy in Eq. (4.37) is a scalar self-energy, whereas in Eq. (4.38) the
transversal part of the vector self-energy has to be projected. The mass of the DM candidate
of the VDM is related to the dark gauge coupling g, through Eq. (3.48d). Due to the chosen
treatment of the tadpole renormalization, it is not required to renormalize the singlet VEV
vs°. Thus, either the dark gauge coupling or the dark mass can be chosen to be renormalized.
We take the dark gauge coupling g, to be the independent input parameter. However, the

8In the alternative tadpole scheme as proposed by Fleischer and Jegerlehner [93], the singlet VEV requires an
introduction of a singlet VEV counterterm Av, [87].
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dark gauge coupling g, cannot be linked to a physical observable, which prevents the usage
of OS conditions for the renormalization. For the derivation we use a process-dependent

renormalization scheme, which also enables to extract the MS counterterm 5956/18 since the
UV divergence is universal. We use the process h; — hih; to extract the counterterm. The
EW NLO amplitude Al,f}h?h , of this trilinear vertex consists of the LO amplitude .A%?h Ly the

genuine one-loop virtual corrections AXSL 1h, and the respective vertex counterterm Anghl by
NLO _ 4LO VC CT
Ah1h1h1 - Ah1h1h1 + Ah1h1h1 + Ah1h1h1 . (439)

We will drop the index hihihy for better readability. The counterterm amplitude is split into

the vertex counterterm g7 and the external leg corrections 6™
.ACT _ 5mix + 5gCT , (4.40)
with 3 3
M = 7gh1h1h162h1h1 + 7gh1h1h25Zh2h1 : (4‘41)

2 2
The trilinear LO coupling gp;n,n, denotes the coupling between three neutral Higgs bosons
hi, hj and hy. In the VDM the trilinear LO coupling between three h; reads

Do = _BQm,QL1 cos® a B 3ng,211 sin® o (4.42)
v 2myy My ’ '
hence the vertex counterterm is given by
69T = Z m(5p . pE{mp,my, 0, gy, g, mw} . (4.43)

P op
The genuine one-loop virtual corrections are depicted in Fig. 4.2. The counterterm in the
process-dependent scheme then reads

i = (g ) (470 47, ) (a9

hi1°a

with s, = sina and the subscript g, = 0 indicating the counterterm amplitude without
the contribution of g,. Eq. (4.44) contains finite pieces induced by the virtual corrections
and counterterms, hence the counterterm is dependent on the chosen process. By solely
extracting the UV poles (terms proportional to A.) of g, in Eq. (4.44), the corresponding
MS counterterm is found to be

3
MS _ _ 9%
59)( = 6gX|A€ == WAg . (445)
The MS counterterm can also be derived from the 3 function of the respective RGE evolution
of g,. The result in Eq. (4.45) was checked against the RGE obtained from SARAH [94-97].

We now have all the required counterterms for the PNGDM and VDM.

4.2. Dark Matter Phenomenology

The existence of DM is one of the most demanding open questions in modern physics. So
far there is only bare knowledge about the nature and properties of DM, however there is a
plethora of evidences for the existence of DM. In the following, we discuss one phenomenon
requiring the introduction of additional mass in the content of the universe - the Cosmic
Microwave Background (CMB). By discussing the CMB, we will introduce the basics of the
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ACDM model needed for the discussion of the SI-cxn in Sec. 4.2.2. We will restrict the
DM phenomenology to the discussion of WIMPs. Without doubt, there exists a substantial
amount of possible other solutions for DM models. For a broad overview and introduction in
DM, we recommend e.g. [98,99].

The expansion of our universe is dictated by the content of the universe, where the different
contributions scale differently with respect to the scale factor of the universe a. The scale
factor a(t) is time dependent and describes the change in the three dimensional Euclidean
spatial coordinates in the Friedmann-Lemaitre-Robertson-Walker metric [100]. By using the
equations of state for non-relativistic matter, radiation and the cosmological constant, the
Friedmann-Lemaitre equation can be cast in the following form [100]

H2

i Qo™+ Qa2+ Qa2 +Qp . (4.46)

The Hubble constant is defined as H = 4 and the reference value Hy indicates the Hubble
a
k
m . The densities (2; are normalized to the critical

constant of today’s universe Hy ~ 70
sMps
mass density p. which separates the collapsing and expanding universe

0= (4.47)
Pc

The radiation density €2, scales with a to the power of minus four, the non-relativistic mass
density €2, with the power of minus three, the curvature density {3 with minus two and the
cosmological density does not scale at all, hence all different contributions show a different
behavior. Starting with the radiation dominated universe in the Big Bang and the different
scaling behavior of the different contributions in Eq. (4.46) immediately implies, that there are
epochs of the universe, where the non-relativistic matter starts to dominate the expansion
of the universe until the dictating contribution is the non-relativistic matter density. The
dynamics of the universe and especially the structure formation can be described within the
ACDM model which acts as the Standard Model of Big Bang Cosmology [100].
The non-relativistic matter density consists of two contributions, namely the baryonic matter,
which makes up for the observable matter and DM

Q=+ Q. (4.48)

The isotropic photon background - the CMB - yields an efficient way to probe the parameters
of the ACDM model. The origin could be interpreted as the sphere of last photon scattering
before the decoupling of the photons. The small temperature fluctuations in the CMB

6T

— <107° 4.49
S0 (1.49)
however, indicate that the photons have to be causally connected at some point of the history
of the universe. The measurement of the CMB is given as a power spectrum, where the
temperature fluctuation is expanded in spherical coordinates

5T(1§0, ¢) _ T(Q,q;i -To _ S5 wYim(6.6) .

with the normalization Ty as the decoupling temperature of the photons, the spherical angles
0, ¢ and the spherical surface functions Y,,;. This allows us to investigate the correlations
of the temperature fluctuations on the sky sphere. Since there is no special direction in an
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Figure 4.3.: CMB temperature anisotropy band-power estimates from the Planck, WMAP,
ACT, and SPT experiments as a function of the multipole parameter {. The plotted curve
indicates the best-fit Planck ACDM model. This plot is taken from [100].

isotropic universe, the average over the magnetic number m can be taken and only the mean
values of the temperature fluctuation are of interest

1 ST\? X 20+1
—ldo(=) =N""""¢ 4.51
Ar (Tg) lz:; ar b (4:51)

with
1 l
2

=S Jaml? 4.52
Ci 2l+1m:_l“”| (4.52)

The power spectrum of the CMB is shown in Fig. 4.3 as a function of the multipole parameter
[. A peak structure is observable for [ = 30. These peaks can be associated with the acoustic
oscillation of the baryon-photon fluid before the decoupling. The interplay of gravitational
and electromagnetic forces acting on baryonic matter does not allow for structure forma-
tion. Simply because the compression of baryonic matter due to gravity yields immediately
a counter acting radiation pressure induced by the Coulomb interaction. Without further
mass content, this would end in an endless oscillation of compression and rarefaction of the
baryonic matter. To account for forming structures in the universe, it is essential that there
exists a neutral mass interacting solely gravitationally. This neutral mass, the DM, acts as an
gravitational well, since the corresponding mass is not affected by radiation pressure, hence
it can clump together. The gravitational well pulls the baryon-photon fluid, which results
in temperature fluctuations in the photon gas due to the compression. The first peak, the
fundamental tone, indicates a sound wave corresponding to the horizon at decoupling. This
sound wave just compressed once. The second peak in Fig. 4.3 is induced by the sound wave
undergoing one compression followed by one rarefaction induced by the radiation pressure.
In this way, the even peaks are associated with the process of compression due to the gravita-
tional potential, odd-numbered peaks correspond to the rarefaction induced by the radiation
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pressure. Due to the different dependence on gravity and radiation pressure, the relative
difference of the peak structure allows us to extract Q,,, and €,°. Furthermore, the height of
the peaks is sensitive to the cosmological constant A, permitting the extraction of 5. The
measurement of the CMB by Planck determines [103]

Qh? = 0.02225 + 0.00023 ,  Q,, = 0.308 +0.012 , (4.53)
which allows us to estimate the DM density to be

Qh? ~0.12 . (4.54)

Up to this point, the DM is only required to be electric neutral’® and interacting gravita-

tionally. However, an additional requirement to account for is, that the DM has to be cold
(non-relativistic). This implies the decoupling of the cold DM from the thermal bath well
before recombination, due to the requirements of the formation of the gravitational wells. The
generation of DM is another open question in modern physics. In the context of WIMPs, the
freeze-out mechanism is one possible solution, corresponding to thermal production of DM.
Analogous to the neutrinos, photons and all other SM particles, the DM is frozen out of the
high-density thermal bath if the respective interaction rate of the particle drops below the ex-
pansion rate of the universe, the Hubble rate H. In this case, the particle cannot interact with
the thermal bath anymore and is chemically decoupled. A rough estimate of the freeze-out
temperature can be obtained by equating the interaction rate with the Hubble rate, however
a more sophisticated calculation requires the solution of the Boltzmann equations [99,100],

= —3Hn = —(0v) (n* —n2) , (4.55)
with n being the particle distribution function, (ov) the thermally averaged cross-section
multiplied with the particle velocity v and the equilibrium density neq. It is convenient to
switch the variables to Y = n/s and = = m/T. Solving Eq. (4.55) allows us to determine the
freeze-out temperature x5, and evaluate the density expected today for the respective particle.
The relic density of a (cold) WIMP-like DM candidate is given by [100]

10-8GeV—2
Qeolah? ~ 0.1 (ﬁ) < ° > ; (4.56)
20 ODM+DM-—sanything

with opM4DM—sanything corresponding to the cross-section obtained for an arbitrary 2 — 2
process xx — SM 4+ SM. The freeze-out temperature can be approximated by the solution
of

VT e = (mpm - Mpy - ODMADM sanything) s (4.57)

and is given as a number between 10 and 50. Eq. (4.56) is often referred to as the " WIMP mir-
acle”. For typical EW-scale cross-sections of the order O (IO*SGeV*Q) and masses, Eq. (4.56)
predicts the correct amount of DM in Eq. (4.54).

4.2.1. Density and Velocity Distribution of Dark Matter

The actual distribution of DM in the universe, or rather in our galaxy is a difficult question
to answer. The DM density is described in terms of a local density pg, which corresponds
to the average over a volume of few hundreds parcecs in the solar neighborhood. There are
attempts to measure locally and globally the shape of the Milky Way DM halo. However,

9Note that Q is associated with the electric charge inducing the radiation pressure [101,102].
YT here are investigations allowing for milli-charged DM as for instance dark photon models. However, the
resulting upper limit on the electric charge of the DM candidate is rather strict.
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the actual shape of the DM halo has to be extracted from simulations and yields rather
large theoretical errors. For direct detection of DM, an attempt to measure the interaction
of DM in a laboratory experiment (see next section), it is crucial to know the kinematical
distribution of DM in the solar system. We will use the Standard Halo Model (SHM) for
the DM halo description. It assumes an isotropic, isothermal sphere of DM particles with a
density profile of p(r) ~ r~2. The velocity distribution is assumed to be Maxwellian with a
dispersion of o, = v¢/v2. The local circular speed v, is of the order (218 — 246) km/s [100].
The velocity distribution is cut at the escape velocity ves. = 5281 3akm/s [100]. An improved
model setup of the SHM is discussed in [104] including the data obtained by Gaia. They
estimate the systematic error to be of the order O(30%) for the local DM density. Due to the
large uncertainties in the DM distribution, it is important that observables are isolated from
these possible errors. As we will see in the next section, the prediction for the direct detection
of DM on the Earth is separated into a kinematical part involving the velocity distribution
and one part, which allows us to compare different experiments independent of the local DM
distribution.

4.2.2. Direct Detection

In the following, we assume that the DM consists of WIMPs. WIMPs do not interact electro-
magnetically and yield a weak interaction with the SM. Furthermore, we consider thermally
produced WIMPs. The relic density is calculated with the standard freeze-out mechanism as
sketched in Eq. (4.56). The weak interaction with the SM particle content is achieved through
a Higgs portal. Higgs portal models usually extend the Higgs sector and simultaneously in-
troduce a DM candidate. In the context of this thesis, the models PNGDM and VDM are
considered. The Higgs-DM coupling is introduced through a new dark gauge coupling in the
VDM, whereas the PNGDM introduces a DM candidate in the complex singlet.

The basic idea of direct detection is simple and was proposed first in [21]. Since the DM
candidate is coupled to a mediator (in our case the Higgs bosons) and the corresponding
mediator to SM particles, there exists an effective DM-SM particle interaction e.g. also a
DM-nucleus interaction.

If we assume the SHM, there is a local non-zero DM density pg in which the Earth is traveling.
This implies that DM particles steam through the Earth every second. This DM stream might
interact with some nuclei and transfer a small amount of energy, in the following referred to
as recoil energy. If this recoil energy is measured, we would have an evidence for the exis-
tence of weakly-interacting DM. So far, no clear signal could be observed in direct detection
experiments. However, the absence of such events can be used to set exclusion limits on the
DM-nucleus interaction strength, allowing us to constrain DM models.

The differential scattering rate R as a function of the nuclear recoil energy Frp, is given as [100]

dR(ER7 t) £0 / dJ(ER7 ’U) 3
——~ = Np— t)—————=d 4.58
[ gty e P (459

with the number of target nuclei Ny, the DM mass m,, v = |v| as the speed of the particle in
the rest frame of the experiment, the DM velocity distribution function f(v+vg(t)) depending
on the Earth’s frame, vy, as the minimum speed of the DM causing a recoil energy and o as
the scattering cross-section on the nucleus [105,106]. The minimum velocity can be expressed

as Umin = (mNER / 2u2)1/ ? for elastic scattering with the reduced mass pu =

mass of the nucleus is denoted as my.

If the DM-nucleus interaction of the DM-nuclei is split into spin-independent (SI) and spin-
dependent (SD) interactions, the corresponding differential cross-section obeys do/dp, ~ v 2
allowing us to rewrite the velocity distribution as [106,107]

9(Vmin, t) = /> | Wd?’v. (4.59)
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Eq. (4.59) enables the comparison of various experimental results independently of the un-
derlying velocity distribution [107]. This allows us to separate the uncertainty due to the
velocity distribution from SI/SD interactions. The time-integrated differential cross-section
reads [100]
do(Eg,v)  my
dEr  2u2v?
with my as the nucleon mass, the SI/SD cross-section in the limit of zero momentum trans-
fer and the nuclear form factors F?(Eg). The DM velocity is non-relativistic v/c ~ 1073,
hence the expected recoil energies are quite low (O(keV)) and the momentum transfer ¢ =
(2myER)"? ~ © (10 — 100GeV). This implies that the nuclei cannot be treated as point-like
objects in the scattering process with DM and necessitates the inclusion of non-trivial form
factors. These form factors have to be calculated for all different target materials, respectively.
The Sl-cxn for a target nucleus ¢ can be expressed as

(0™ F&i(ER) + 0°P F§p(ER)) (4.60)

ot = B |zigl + (4 - 2) 3| IF@) (4.61)
with 4 indicating the detector material and the proton number Z; and mass number A; of the
target material. However, to compare results from different experiments and target materials,
it is convenient to express the SI/SD cross-sections for a single nucleon. The derivation of
the theoretically predicted Sl-cxn on a single nucleon n, either a proton or neutron, will be
discussed in the next section.

4.3. Spin-Independent Cross Section

The goal of this section is to derive an efficient and sufficient approach to describe the inter-
action between DM and nuclei. As already stated, the DM velocity is expected to be small in
the SHM yielding small momentum transfers. Hence, the interaction of DM particles with the
nuclei can be described within a non-relativistic effective field theory (NREFT). The operator
basis is built of operators obeying Galilean-invariance, T-symmetry and are Hermitian [108].
The corresponding nuclear response, required to determine the recoil energy, is evaluated
in shell-model calculations regarding the target material of the detector, respectively. The
kinematics are defined by the two in- and out-coming momenta of the WIMP candidate y
and the nucleon N

N(p) + x(k) = N(p') +x(K) . (4.62)

where the momentum transfer is given as
q=kK -k=p' -p. (4.63)

The perpendicular velocity is defined as

. _k+k p+p
v — —

2m, 2my (4.64)
which implies v - q = 0. The operator basis is then given by [108-111]
O, =1, Oy = (VL)Z , (4.65)
ngisN-(qva), Oy =Sy Sy .
05:z'sx-(qxvi), Os =S, aSy - q .

O7 =Sy v, Os =S, v,
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OQZiSX~(Squ), O10=1Sy-q,
Ollzisx-q, 012:SX-<SN><VJ‘),

with the spin-operators of the DM candidate S, and of the nucleon Sy. Indeed there are
operators depending on the spin configurations of the DM candidate and the nucleon, hence
these operators contribute to the spin-dependent interactions. Note that these operators
would vanish for scalar DM. Furthermore, there are operators depending on the momentum
transfer q or the perpendicular velocity v. These operators are suppressed compared to
the spin-dependent contributions due to the small velocity expected in the SHM. However,
the operator O; yields an unsuppressed operator and a spin-independent interaction. This
operator 1 induces the dominant contribution to the SI-cxn.

Apart from the NREFT approach, a low-energy effective theory of QCD, based on chiral
effective field theory (ChEFT), determines the WIMP-nuclei interaction [112-114]. By map-
ping the operator basis of the ChEFT in the NREFT basis, it is possible to identify which
operators in ChEFT!! contributes to the SI-interaction required for the SI-cxn.

ChEFT requires the knowledge of the nuclear matrix elements of the parton operators. They
are defined for on-shell nucleons n as

(nlmqqq|n) = mnfy (4.66a)
S a apy — 2 n

(n] = 5= G, G [n) = —mafy (4.66b)

(11 O% 1) = - (e = o) @)+ 7)) (4.660)

with the quark spinor g, the respective quark mass mg, the nucleon mass m,,. The expectation

value of the gluon field strength tensor GZVG‘“‘” is rescaled with the strong coupling as. The

twist-2 operator [115,116]
q 1_. 1
O#V = §q7x 3,ﬁy + &ﬁu - 53 q, (467)

requires the second momenta of the quarks ¢"(2). The numerical values for the nuclear matrix
elements f' (n = P, N) are determined on the lattice, where we use the values from [117],

P =0.01513, f7=0.00191, fF=0.0447, (4.68a)
N =0.0110, fV=0.0273, £ =0.0447, (4.68b)

where P indicates the value for a proton and N for a neutron, respectively. The nuclear
matrix elements for the gluon interactions can be related to the quark interaction as

f=1=Y" . fN=1- > £y (4.69)

q=u,d,s q=u,d,s

The second momenta of the quarks are given as [118]

uf’(2) =0.22,  @f(2) =0.034, (4.70a)
df(2)=0.11, d(2)=0.036, (4.70b)
sP(2)=0.026, 357(2)=0.026, (4.70c)
F(2) =0.019, &"(2)=0.019, (4.70d)

"The operators in the ChEFT are expressed in terms of parton operators, hence can be directly identified with
the corresponding fields in the underlying model.



4.3. Spin-Independent Cross Section 45

vP(2) =0.012,  bF(2)=0.012. (4.70e)

The identification of the corresponding contributions of the operators and the relation to the
ST operator O; in Eq. (4.65) has to be discussed for different spin configurations of the DM
candidate. In the following, we will introduce the identification for scalar and vector-like DM
candidates.

4.3.1. Scalar Dark Matter

Scalar DM as present in the PNGDM cannot produce spin-dependent interactions with the
nuclei'?, thus only the SI contributions are unsuppressed by the perpendicular velocity or
the momentum transfer. The effective Lagrangian with the parton operators is given as
[116,119,120]

Leg=Y CLOL+CLO%L+ Y CLOY., (4.71)
q q

with the Wilson coefficients C%, C%, C% and the parton operators, respectively,

0% = myx*qq, (4.72a)
Qs 92 ~a apv
0% = —X GG m (4.72b)
1 : a2
o1 = m—?c)(u?“za xOL, . (4.72¢)

The sum runs over all contributing quarks. The SI-cxn on a single nucleon n is then given
by

1 m 2 8 3 7l
()| Y et St Y worre] .
™ mx+m’n q:u,d,s q:u7d75707b

(4.73)
with m,, either the proton or neutron mass, the Wilson coefficients in accordance to Eq. (4.71)
and the nuclear matrix elements as in Eqs. (4.68) and (4.70). Note that the first sum runs
solely over the light quarks ¢ = u, d, s, whereas the second sum runs over all quarks, except
for the top quark.

4.3.2. Vector Dark Matter

Analogous to the previous subsection, the SI-cxn on a single nucleon can be determined for
vector-like DM. The VDM introduces a vector-like DM candidate, which is coupled to the
Higgs sector. The effective Lagrangian with the contributing parton operators reads [121]

cf= 3" oty gl (4.74)
q=u,d,s
with
_ g AL -
Egﬂ = faXuX"mqeqq + migXplaulayXpOZu ) (4.75a)
X
O = fax,x"Go, G . (4.75b)

2Even though there are operators in Eq. (4.65) depending on the spin of the nucleon, the corresponding operators
are suppressed by the perpendicular velocity or momentum transfer. These operators are neglected in our
analysis.
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The operator structure reflects Eq. (4.72), however, we have a vector-like state x, in the
parton operators. The Sl-cxn on a single nucleon, either a proton (n = P) or a neutron
(n = N) reads

1 My, 2 2
=—| — 4.76
o=z () 1 (1.76)
with the effective nucleon coupling
3 ~ 8T
fafmn=>_ fafy+ D>, @@+ )9~ 5 —fE fa- (4.77)
q:uvdvs q=u,d,8,c,b S

Again the prefactors f;, g, and fg are the Wilson coefficients of the parton operators, respec-
tively. The corresponding nuclear matrix elements are given in Eqs. (4.68) and (4.70).

4.3.3. Extracting the Wilson Coefficients

The only missing piece required for the determination of the SI-cxn of an underlying model
is the matching of the Wilson coefficients in front of the ChEFT operators in Eqs. (4.72)
and (4.75). The procedure applied in this thesis will be discussed in the following section,
followed by a separate discussion on the inclusion of NLO EW corrections in Chapter 5 and 6.
Comparing the contributing operators in Egs. (4.72) and (4.75), we have two different kinds
of DM interactions with the nuclei. The first one is induced through an effective DM-quark
interaction, whereas the latter is induced through an effective DM-gluon interaction. Even
though there is no direct coupling between the DM candidate and quarks neither to gluons
in PNGDM and VDM, there exist Feynman diagrams generating this interaction.

Quark Contributions:

The t-channel interaction between the DM and a quark mediated through a Higgs boson can
be generically described as

1 _
Agen = Z CXXhi quhi 7(12
i

u
_ 2
mh

1

2
my.

7

(Julp+ @) % =37 Coun Con, - u(Pulp) + (1.75)

i

with the generic trilinear coupling Cy, 4, between two x’s and the i-th Higgs boson and the
generic trilinear coupling Cyq,, between two quarks and the i-th Higgs boson, respectively.
The sum runs over all involved Higgs bosons of the underlying model. The quark spinor with
its corresponding momentum p is described as u(p). The explicit zero momentum transfer
limit (q2 — 0) is taken to extract the SI-cxn, since we neglect the velocity or momentum
transfer suppressed operator contributions. For simplicity let us assume scalar DM implying
scalar-like couplings. Such a diagram would be produced by the EFT operators

CyxniCaqhi
LD =) %quq : (4.79)
% i

with the scalar fields x and the quark spinor ¢q. Note the additional factor 1/2 to account for
the symmetry factor due to the scalar fields. The comparison with Eq. (4.72) allows us to
extract the contribution to the Wilson coefficient for the quark operator xxmqqq to be

CovnCooh
Cf o -y Sodimai (4.80)

2
2mthi

Furthermore, there can be additional contributions to the quark operators generated through
other diagrams, even though at tree level the ¢-channel exchange is the only topology con-
tributing to this operator in the models under investigation. This method can be applied to
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both models PNGDM and VDM. In addition, it can be generalized to NLO. The application
to the specific model will be discussed in Chapter 5 for the PNGDM and in Chapter 6 for
the VDM, respectively.
Gluon Contributions:

In the following, we discuss the extraction of the gluon interaction. The effective DM-gluon

Figure 4.4.: Interaction of a DM particle and a gluon via a Higgs boson mediator and a quark
loop.

interaction arises at one-loop level. One example of such a diagram is depicted in Fig. 4.4,
where the quark triangle induces the coupling to the Higgs mediator. This triangle can be
expanded for heavy quark masses and for vanishing momentum transfer, however there is
also the possibility to extract this coupling from the effective Higgs-nuclei interaction [122].
The derivation is based on the QCD trace anomaly allowing us to determine the trace of the
energy-momentum tensor of the nuclei to be [122,123]

(03
0 = Y my(1—y)ag + ) e o (481)

%"
q<Ny 5

with Ny being the number of active quark flavors, the anomalous dimension v and By, as
the S-function. In the leading-order approximation, the three lightest quarks ¢ = u, d, s yield
the mass of the nucleon n

/83(045)

dog

my = (n|©%,|n) = (n| Y mg(1—7)dq+

q=u,d,s

Go, G n) . (4.82)

Eq. (4.82) implies that the heavy quarks @ = ¢, b, ¢t do not contribute to the nucleon mass (at
leading order). By going from Ny — Ny + 1 it is possible to determine the expectation value
for the heavy quark operator

ApB(as)
4045(1 - 7)

with AB = 4 — B3 = @3/(3m)? indicating the difference of the S-function between Ny + 1 and
Ny. This coincides with the result for the effective hG, G** vertex for small ¢* at the order
of vy [124].

Thus, in order to derive the effective DM-gluon interaction, one can calculate the correspond-
ing diagram with a heavy quark line and replace

as
127

(nlmqQQQ|n) = - (n] G, G |n) = (n| G, G [n) + O (a3) , (4.83)

Qs
127

meQQ — ——>=G4,GM . (4.84)
This replacement yields the Wilson coefficient of the effective gluon contributions to the
Sl-cxn as depicted in Fig. 4.4. This method implies subtle problems when including NLO
EW corrections. We will discuss the implications of this problem and possible solutions in
the specific part of the calculation.

Besides the triangle quark loop, also a fermion box-like topology can induce an effective
DM-gluon interaction. However, these contributions are of two-loop order. Nevertheless, we
want to investigate their overall effect on the SI-cxn in suitable approximations.

The corresponding topology is shown in Fig. 4.5. The upper gray blob indicates possible
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Figure 4.5.: Effective DM-gluon interactions induced by a quark box. The lower gray blob
indicates the quark loops contributing to the effective Higgs-gluon vertex, whereas the upper
vertex corresponds to the quartic vertex of two Higgs bosons and the external DM particles.
The upper vertex will be discussed separately in both models.

couplings of the quartic vertex between two y and two Higgs bosons. The upper part will
be discussed in the respective chapters. The lower gray blob indicates the effective quartic
coupling of two Higgs boson mediators and two external gluons. The naive approach to
use Eq. (4.84) in the box topology to derive the Wilson coefficient would yield large errors
[115,125]. However, it is possible to derive an effective h;h;G}, G vertex in the Fock-
Schwinger gauge for heavy top quark masses m; [125],

hi h;
AN e . 9
NP . vy o
M ~ ma@% s (485)
g g

where a; ; are the Higgs-quark couplings, which depend on the underlying model and gy is
the strong gauge coupling. The vertex is produced by the effective Lagrangian

1 gi v
L D imaiaj h”lh‘JGZV Ga“ . (486)

We will include this effective quartic vertex h;h;G}, G to derive additional gluon contribu-

tions to the SI-cxn. We will discuss the overall size of the corrections induced by this quartic
coupling and the corresponding complications in the models, respectively.



CHAPTER D

Sl-cxn in the Pseudo-Nambu Goldstone Dark Matter Model

In this following chapter, we discuss the calculation of the EW NLO corrections to the SI-cxn
in the PNGDM. The PNGDM features an interesting consequence of the U(1) symmetry of
the potential. The resulting tree-level SI-cxn vanishes in the limit of vanishing momentum
transfer [80], which is taken to extract the SI-cxn. Thus, there is no possibility to derive any
exclusion limits based on the tree-level predictions for the direct detection experiments in the
PNGDM. There are already calculations concerning EW one-loop corrections for this specific
model [119,126]. In [126], they utilize the U(1) symmetry of the potential yielding a crucial
cancellation of diagrams. These cancellations allow them to drop specific types of diagrams.
However, we provide a systematic full on-shell calculation including all contributions, allow-
ing for a consistency check.

Even though we follow the calculation of [119], we will pin down conceptional problems in
their calculation concerning the calculation of the EW NLO corrections of the lower vertex.
Our proposed solution restores the Goldstone nature of the DM candidate, which is not ob-
servable in the approach of [119].

We start the discussion with the determination of the tree-level SI-cxn, followed by the cal-
culation of the EW NLO corrections to the SI-cxn. We will separately discuss the different
topologies of the 2 — 2 DM-nuclei scattering process.

5.1. Tree-Level Matching

There are no direct couplings between the DM weakly interacting massive particle (WIMP)
candidate and quarks or gluons. As already discussed in Sec. 4.3.3, the contributing diagrams
generating the effective interaction have to be identified and the respective Wilson coefficient
has to be matched. At tree-level, there are two contributing diagrams. The required vertices
for the calculation between two quarks ¢ and the Higgs boson h; as well as the vertex between
two DM fields x and the respective Higgs boson h; read

2

My,

.m
Vagh;, = @TqRu ; Vixhi = —1 (5.1)

Vs
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Figure 5.1.: One-loop EW corrections to DM-quark scattering. They are given by propagator
corrections, vertex corrections, box and triangle diagrams.

Both Higgs bosons h; (i = 1,2) of the PNGDM act as mediator between the DM candidate
x and the quark ¢. The tree-level diagram for a quark ¢ is then given by

XW*T”’X XW*T”X '(m,%l—m%m)cosasina -
: hl + : h2 = —1 P) P} mqtu(pQ)u(p1)7 (52>
(t —mj )t —mg,)ovs

with the masses my, and my, of the two mass eigenstates hy and hg, respectively, the singlet
VEV vy, the mixing angle o and the quark mass m,. The Mandelstam variable is indicated
as t = (py —pq). The amplitude in Eq. (5.2) allows us to read off the required Wilson
coefficient C% in Eq. (4.71). Further, Eq. (4.84) allows us to replace mqygq in Eq. (5.2),
hence the extraction of the Wilson coefficient Cg in Eq. (4.71) is possible. However, both,
the amplitude and thus the Wilson coefficients are proportional to ¢ and vanish in the limit
of vanishing momentum transfer, resulting in a vanishing tree-level predicted SI-cxn. This
behavior of vanishing SI-cxn can be linked with the softly-broken U(1) symmetry of the
Lagrangian [80].

In conclusion, the tree-level SI-cxn is expected to be highly suppressed and to avoid naturally
the direct detection limits. Even though, the velocity and momentum transfer suppressed
operators could yield a non-zero cross-section in a direct detection experiment, we explore
the possibility that EW NLO corrections generate a non-zero SI-cxn. The calculation of the
NLO EW corrections will be discussed in the following section.

5.2. Electroweak Next-to-leading Order Corrections

The EW NLO corrections of the SI-cxn can be categorized in quark and gluon contributions.
Subsequently, they can be separated in the respective topologies. We start the discussion
with the quark contributions. The EW NLO corrections to the gluon interactions is discussed
afterwards in detail. The effective one-loop quark interaction is depicted in Fig. 5.1 denoted
as the gray blobb on the left side of the equation. The one-loop coupling can be split into
mediator, upper and lower vertex, triangle and box-like corrections indicated as generic gray
blobs, respectively. All gray blobbs on the right-hand side of the equation correspond to EW
one-loop corrections. The triangle- and box-type diagrams are generated through two scalar
mediators. To simplify the bookkeeping, we discuss each topology separately.

5.2.1. Mediator Corrections

The calculation of the one-loop corrections to the mediator requires the evaluation of the
genuine virtual one-loop diagrams depicted in Fig. 5.2. The genuine one-loop diagrams in
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Figure 5.2.: The one-loop EW corrections to the mediator. They can be split into the genuine
one-loop diagrams diagrams a)-e)) and the respective counterterm amplitude (diagram f)).
The indices 4, j, k,l = 1,2 indicate the respective Higgs mediator hi, hs. The possible field
insertions are given by ®; = {h;, x, GO®) 7. W*} and &, = {x, GOH 7 WE g, nw, £},
where f stands for all SM fermions, GO%) for the neutral and charged Goldstone bosons,
respectively, and 1z for the ghost fields.

Fig. 5.2 a)-e) are calculated in the general R¢ gauge in order to be able to check for gauge
parameter cancellation in the final result. The last diagram f) indicates the corresponding
counterterm of the mediator corrections. We express the sum of all one-loop contributions in
terms of the renormalized one-loop propagator (i,j = 1,2)

(5.3)

with the renormalized self-energy matrix

0z

hih1 “hihe _ 2(}92) _ 2(]32) —om2— 6T + = (pQ _ MQ) + (p2 — M2) 672 . (5.4)

Yhoht Shohso

The genuine one-loop self-energy is denoted by >, with the tadpole and mass counterterm
and the Z-factors as defined in Eq. (4.14). The scalar mass matrix of the two Higgs bosons
is denoted as M. Some remarks about the treatment of §Z counterterm: the Higgs boson
mediators correspond to an internal degree of freedom, hence the introduction of the §Z part
in Eq. (5.3) is artificially. However, if the WFRCs are included in all different topologies
(upper, lower vertex and mediator), they cancel each other exactly in the sum. Even though
the introduction of these §Z parts is artificially, it allows us to check for UV finiteness in each
topology separately and simplifies the bookkeeping, or rather enables the comparison of the
size of the corrections induced by the different topologies. The actual cancellation is checked
analytically and numerically in our calculation.

5.2.2. Upper Vertex Corrections

The genuine one-loop upper vertex corrections are depicted in Fig. 5.3 a)-f), the diagram
g) indicates the respective vertex counterterm. The virtual corrections are calculated in the
limit of vanishing momentum transfer, where we assume p;, = pout- We emphasize that this
limit is stricter than taking ¢ = (py — pq)2 = 0, since e.g. the Gram determinant is vanishing
implying a complication in the reduction of the standard one-loop scalar integrals [127-133].
We used FeynArts [134] to generate the respective Feynman diagrams and FeynCalc v9.2
[135] to reduce the corresponding amplitudes. Since the expressions of the genuine one-loop
corrections are rather lengthy, we do not list them explicitly.
The vertex counterterm in Fig. 5.3 g) is derived from the tree-level coupling of the upper
vertex (1 =1,2)

Cyxhy = ———Riz, (5.5)

Vs
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Figure 5.3.: The EW NLO corrections to the upper vertex. The indices 7, j, k = 1,2 indicate
the respective Higgs mediator hj, hy. The field insertion is given by ®; = {x, G(O’i)}.

yielding

R, SR;om? R, Riym?

T2 2T 22 T Thi g (5.6)
Vg ‘ Vs Us ‘ Vs

0Cxh; =

The rotation matrix R;; is given in Eq. (3.18). This allows us to construct the counterterm
amplitudes for the upper vertex topology (referred to as upV)

—Cluony | 1 _
AupV h1 = % 0Cyxhy + ) (Cxxh15Zh1h1 + CXXh262h2h1) + Cyxhi 02y u(pq)ulpyq) ,
h1 L i
(5.7a)
- 4CT _quhz [ 1 1
ZAupV,hQ = m2 0Cyxhy + ) (Cxxh252h2h2 + Cxxh15Zh1h2) + Cyxxha0Zyx u(pq)u(pq) 5
hy L i

(5.7b)

where we again include the artificially introduced §Z parts for the internal degree of freedom,
the Higgs boson. The quark couplings are given by (i = 1,2)
gmyq

2my

Coqh; = — Rip . (5.8)

5.2.3. Lower Vertex Corrections

The EW NLO corrections of the lower vertex can be determined analogously to the upper
vertex. The genuine one-loop diagrams are depicted in Fig. 5.4, where we again impose the
limit of vanishing momentum transfer, pi, = pout- Again we use FeynArts and FeynCalc
to calculate the reduced amplitudes. The vertex counterterm is derived from the tree-level
coupling in Eq. (5.8)

—gmy omi, g 5mq> )
0Cun, = —— | Rin | — + =4+ — ] — Ripda | , 5.9
qqh; 2y < 1 < Qm%‘/ g mq 2 (5.9)

hence the counterterm amplitudes read for the lower vertex topology (referred to as loV)

_C h ]- e _
AGE 1y = 8 (3Cyn, + 01 ) alpy)utr) (5.100)
h1
. _C e _
AT 1, = 2 (3C,n, + 0157 ) alp)utr) (5.100)
ho

with the external leg corrections

5}%?% = (quh15Zh1h1 + quh252h2h1 + quhlstqu + quhﬁszzf;) ) (5-113)
5}I;jg = (quh252h2h2 + quh152h1h2 + quh262(f;] + quhzciZﬁz) . (5.11b)
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Figure 5.4.: The EW NLO corrections to the lower vertex. The indices 4,j,k = 1,2 in-
dicate the respective Higgs mediator hi,hs. The possible field insertions are given by
o = {G(O’i),Z, Wi}, oy = {hi,G(O’i),%Z, Wi}. The quark ¢’ corresponds to the up-
or down-type quark depending on the field insertion, respectively. Note that for simplicity a
diagonal CKM matrix is assumed.

14

q
q :
q

Figure 5.5.: The QED subset. Left: The quark self-energy containing an internal photon line.
Right: The vertex correction with an internal photon line.

Again, we artificially introduce the §Z WFRCs for the internal Higgs boson mediator to
ensure the proper cancellation in the sum of all topologies. There is one subtle problem in
the EW NLO corrections of the lower vertex. The presence of charged external particles, the
quarks, implies infrared (IR) divergencies arising in the corrections. They are related to the
diagrams including the massless propagators of the photon. The IR divergent diagrams form a
UV-finite closed subset depicted in Fig. 5.5, which we refer to as QED subset. The self-energy
correction enters through the counterterms (see Sec. 4.1) and the other diagram corresponds
to a genuine one-loop virtual correction to the quark-Higgs boson vertex. However, due to the
softly-broken U(1) symmetry of the Lagrangian, the QED subset cancels out in the sum of
all contributing diagrams. So no IR divergent diagrams contribute to the Wilson coefficient
and thus to the Sl-cxn. Hence, a regularization of the IR divergencies is not required in
the PNGDM. This conclusion does not generalize to other models. The QED subset does
contribute in the VDM. We will discuss the relating problems in Chapter 6.

5.2.4. Box Corrections

The box corrections, which contribute to the Sl-cxn, are depicted in Fig. 5.6. They can
be separated in the pure box diagrams and the triangle topology. For simplicity, we show
the calculation for diagrams with only Higgs boson mediators, the respective diagrams with
Goldstone mediators are calculated analogously.

The extraction of the SI-cxn requires the limit of vanishing momentum transfer. To account
for this, we expand the box diagrams for small momentum transfer and follow [125,136]. The
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Figure 5.6.: Box topologies contributing to the DM-quark scattering referred to as A~ and
the triangle topologies denoted by A®. The indices i, J denote the Higgs mediators hq, ho.

conventions of the momenta are defined in Fig. 5.6, where the incoming and outgoing quark
momentum is the same. The corresponding amplitudes read

d*k 1 1 1

(2m) k2 —m? (p1 — k)2 —mi k2 —m3

3 m (5.12a)
(Bt min

(p2 + k)% — mg (p2 — k)% — mg

'k 1 1 Pytkt+mg
u
(2m)1 k2 —m? k2 —m3 (p2 + k)% —m]

’L.Ag = i4Aij ’L_L(pQ)/

iAf} = i'Bij u(ps) / (p2) , (5.12b)
with the generic couplings defined as A;; = a;a;b;b; and B;; = a;a;b;j, where a;; and b; ;
are the coefficients of the h; jGq and h; ;xx vertices, respectively, and b;; is the coefficient of
the h;h;xx vertex. The coefficients are explicitly given by

. 2 2
__,quOSOz __.quHlOé b ___mhlsmoz b _7.mh2008a
ap = —1t , a2 = —1 ) 1= —1 ) 2= —1 )
v v Vg Us
sin « . .
b1 = TooZ (vs (m,212 — m,%l) cos® o + ’um,Q12 cos? arsin o + ’um,%l sin® a) ,
vV
COSZ‘ 2 3 2 2 2 2 3 (5:13)
bog = Too? (vmh2 cos” o + vmy, cosasin® o + U (mh2 - mhl) sin a) ,
S
cos o sin « 9 9 59 .. 9 9 2\ .
bia = ol (2vmh2 cos” a + 2vmy,, sin” a — vy (mh2 — mhl) sin 3a) .
S

The dominant contributions of the propagators to the integrals in Eq. (5.12) are coming from
the regions close to the poles, i.e. k* ~ m%i (1 = 1,2). In the same time, the target nucleus
is assumed to be at rest, hence its energy can be approximated by the Fermi energy, which
is of the order of few MeV. This might allow us to expect ps < k [125,136], where po is the
momentum of the quark. Furthermore, we want to achieve that all momentum dependence
is removed in the amplitude, since these parts would contribute to the momentum transfer,
velocity suppressed operators nevertheless. They are neglected in this study. This yields the
following expansion of the propagators in Eq. (5.12)

1 1 1 2py-k po - k\2
_ R R _ 14
(p2 £ k)2 — mg k2 +£2py -k k2 + L4 + O(( L2 ) (5.14)
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Using the expansion and utilizing the Dirac equation pu(p) = mgu(p) we obtain

dk 1 1 1 <4mq —dpy - k

. 0 .4 _
I A, ,
ZA’L] 1 j U(pQ)/ (27‘_)4 k2 — m? (p1 — k)2 — mi k2 — mg k‘2 + k4 %) U(p2)

(5.15a)

. . _ d*k 1 1 1 2py-k
iAS =By U(m)/ T <k2 - ) (2mg + k) u(p2). (5.15b)
{ J

These amplitudes in Eq. (5.15) are then reduced to the Passarino-Veltmann integral basis.

5.2.5. Gluon Contributions

The effective gluon-DM interaction is shown in Fig. 5.7. The first two diagrams correspond to
the mediator and upper vertex corrections in combination with the lower effective gluon-Higgs
interaction induced through the quark triangle. Strictly speaking, these diagrams correspond
to a mixed QCD-EW two-loop order correction. However, as discussed in Sec. 4.3.3, we treat
the Higgs-gluon vertex as an effective vertex by integrating out the heavy quarks. We first
evaluate the upper vertex and mediator corrections as discussed in the previous sections and
use Eq. (4.84) to derive the effective gluon-Higgs interaction.

Even though, this approach is used in several publications (e.g. [119]), we want to discuss
several problems arising if these contributions are taken into account.

The naive approach to calculate the EW NLO corrections of the lower vertex in accordance
with Sec. 5.2.3 and using Eq. (4.84) would ensure the proper cancellation of the artificially
introduced 6 Z part of the internal Higgs boson mediator. Furthermore, this would ensure the
numerical stability of the KOSY renormalization scheme for the mixing angle . Note that
there is an explicit mass pole 1/(m,2Z2 - m,%l) in the definition of da in Eq. (4.20). In [89], it
is discussed that the KOSY scheme provides numerical stable predictions in the sense that
there are no pole structures induced by degenerate Higgs boson masses, if either da and
0Zp;n; occur in a specific combination or only the combination of (m,%2 —mj )0 occurs in
the final result. The former is present in 1 — 2 on-shell decays, the latter for instance in the
full 2 — 2 process, since the upper and lower vertex contribute da. Both contributions add
up to the required combination (m,zl2 —m3 L )oa.

However, it is unclear if the matching in Eq. (4.84) holds if EW corrections are taken into
account. A proper calculation would require a two-loop matching of the QCD trace anomaly
in this specific model. This is beyond the scope of this thesis. We circumvent this uncertainty,
by dropping the EW corrections of the lower vertex in the context of the gluon contributions.
Though, this immediately implies that both, the upper and mediator corrections, cannot be
included either, since we would miss the proper cancellation of the 6Zp,p, (or rather UV poles
in the full 2 — 2 process). To compare with [119], we nevertheless include both (upper vertex
and mediator) corrections while using Eq. (4.84) and compare to our approach, where we
drop them completely. We refer to this approach including the first two diagrams in Fig. 5.7
as additional gluon contributions.

Furthermore, we take the effective quartic Higgs-gluon vertex in Eq. (4.85) into account
corresponding to the last diagram in Fig. 5.7. This vertex generates diagrams depicted in
Fig. 4.5b) which show in detail in the upper gray blob. They are discussed in the literature
to be crucial to have the dominant gluon contributions to the Sl-cxn [115,125]. We include
them and investigate their overall impact on the SI-cxn.
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Figure 5.7.: Generic one-loop correction of the DM-gluon interaction. The contributions can
be split in mediator, vertex corrections and the effective two-loop contributions. The gray
blob indicates the genuine one-loop corrections and the respective counterterm insertion. The
upper vertex is shown explicitly in Fig. 4.5 b).

Figure 5.8.: Triangle and box diagrams with external gluons. a) shows the different contribu-
tions of the lower gray blobb; b) indicates the contributing coupling structures of the upper
vertex.

5.2.6. Contributing Tensor Structures

All NLO corrections generate in the limit of vanishing momentum transfer two independent
spinor structures, @(p2)u(pz) (with the remainder of the amplitude being independent of the
momenta) and terms proportional to (p1 - p2) u(p2)p,u(p2). This allows us to cast the full
amplitude into the form

iA =i (Au(p2)u(ps) + B (b1 - p2) Wpa)pupo)) (5.16)

with some momentum-independent constants A and B. The twist-2 operator O}, can be
rewritten as

. Oy — Oy 1
qi0uvq = Ofw + 1q (W + 49uu(3> q, (5.17)

where the asymmetric part is not relevant for the SI-cxn, thus it can be dropped. This
amplitude can be produced by the following effective Lagrangian

1 R D
Legy = <2 A+ 8mXB> maxxqq + 5B (x10"i0"x) Of, . (5.18)
Comparing the coefficients in Eq. (5.18) with the Wilson coefficients of Eq. (4.72) yields
2
m
t— 4+ xp 1
Cg = 2m, 5 B (5.19a)
2
m
Cp=—B. (5.19b)

The identification in Eq. (5.19) allows us to extract the NLO corrections to the Wilson
coefficients, hence allows for the determination of the SI-cxn at EW NLO.
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5.3. Results

Before we discuss the results of [3], we list the numerical values used in the analysis and the
respective tools. Furthermore, we only discuss the SI-cxn for the proton in the following

O=0p . (520)

The SI-cxn for a neutron is slightly different due to the different nuclear matrix elements and
respective mass. The proton mass is taken as

mp = 0.938 GeV . (5.21)

The SM input parameters are taken as [137]

my = 0.19GeV me = 1.4GeV my = 172.5GeV , (5.22)
mg = 0.19GeV , ms = 0.19 GeV my = 4.75GeV ,
me = 0.511 MeV m,, = 105.658 MeV , m, = 1.777GeV ,

my = 80.398 GeV , v = 246 GeV ,

my = 91.188 GeV .
The electroweak gauge input parameters are chosen to be
g =2my /v = 0.653, sin Oy = my /mz = 0.472. (5.23)

One of the two neutral Higgs bosons h; (i = 1,2) is identified with the SM-like Higgs boson
with a mass of [18]
mp = 125.09GeV | (5.24)

which we refer to as h in the following. The other remaining non-SM like Higgs boson is
referred to as ¢ with its mass mg. The nuclear matrix elements and second momenta are
given in Egs. (4.68) and (4.70). The parameter sample used for this analysis is generated by
ScannerS [60,61]. Thus the generated parameter points obey theoretical and experimental
constraints as discussed in Sec. 3.1. The DM relic abundance is calculated with MicrOMEGAS
[138] and required to be below the Planck measurement of (Qh2)%bl\s/[ = (0.1186 + 0.002 [103].
The Feynman diagrams are generated with FeynArts [134], where the required model file
is created with the help of SARAH [139]. The reduction to the standard Passarino-Veltmann
basis is done with FeynCalc v9.2.0 [135]. For the numerical evaluation of the scalar one-loop
integrals, we use Collier [140].

In our analysis, we do not demand that the DM candidate accounts for the full relic abun-
dance. This requires that the expected Sl-cxn in a direct detection experiment has to be
corrected to take into account the reduced flux of DM particles. The ratio of the produced
DM relic abundance of the WIMP particle (Qh2)x normalized to the measured DM density

(9h) pg
_ (o),
hoc= (i,

allows us to rescale the SI-cxn expected for a single nucleon to the expected SI-cxn in a direct
detection experiment. This effective SI-cxn is shown as function of the DM mass in Fig. 5.9.
The color code indicates the mass of the non-SM like Higgs boson. The solid and dashed
lines indicates the derived upper limits on the SI-cxn from the XenonlT and XenonlOT ex-
periments, respectively. The red vertical line corresponds to m,, = mr/2.

The gray background shows the neutrino floor, which puts the natural limit on the sensitiv-
ity of direct detection. The neutrino floor is the result of coherent neutral neutrino-nucleus

(5.25)
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Figure 5.9.: The effective SI-DM nucleon cross-section versus the DM mass m,, is shown. The
gray background corresponds to the neutrino floor. The color code indicates the mass of the
non-SM like Higgs boson and the red vertical lines indicates the half of the SM-like Higgs
boson mass, m, = mn/2. The curves denote the corresponding limits derived from XenonlT
and XenonlOT. The figure is takem from [3].

elastic scattering [141,142], hence yields an irreducible background for DM direct detection.
Concluding, DM parameter points below the neutrino floor predict signals that are not dis-
tinguishable from neutrino scattering.

The color points in Fig. 5.9 correspond to the generated sample used in this analysis. The DM
masses lie in the range of roughly 40 GeV up to 1TeV, which is also true for the non-SM like
Higgs boson masses. Almost all of the benchmark scenarios are below the neutrino floor and
in this way cannot be probed in direct detection. However, there are two specific mass regions
my 2 mn/2 and m, =~ me/2, which allow for SI-cxns above the neutrino floor. Both regions
correspond to the resonant region, in which the decay {h, ¢} — xx is kinematically possible.
This enhancement can compensate for the suppression of the corresponding couplings, which
is required to remain below the relic abundance.

The absence of valid parameter points with m, < ms/2 is induced through the Higgs-to-
invisible searches. The decay channel h — xx is open in this specific mass region.

We emphasize again, that the leading-order (LO) prediction of the Sl-cxn is zero in the
PNGDM. By including the EW NLO corrections in the ChEFT and the NREFT framework,
it is possible to produce Sl-cxns above the neutrino floor and even almost in reach of the
Xenonl0T experiment. The XENONnT projection [143] suggests that some of the bench-
mark scenarios could even be probed. Therefore, higher-order corrections for SI-cxns might
play an important role to discuss the sensitivity of future DM direct detection experiments
and thus also for the derivation of exclusion limits for DM models.

~

The discussion of Fig. 5.10 requires some comments about the expectations. The potential
of the PNGDM in Eq. (3.30) has a softly-broken U(1) symmetry, which is induced by the
parameter mi As it turns out, this parameter is also the mass of the DM candidate, the
imaginary part of the singlet field x in Eq. (3.35). The U(1) gives rise to the (pseudo-) Gold-

stone nature of the dark matter candidate [80] resulting in the cancellation mechanism, so
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m¢ [GeV] my [GeV] v [GeV] a foo oY [cm?]

546.93 72.53 152.05  0.224 0.40 8.63-10~%

Table 5.1.: Benchmark point of the PNGDM: The benchmark point is used to illustrate the
parameter dependencies in the following. This parameter point provides an SI-cxn above the
neutrino floor.
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Figure 5.10.: In both figures the SI-cxn is shown as a function of the DM mass m,.. The green
curve corresponds to our proposed approach to treat the gluon contributions, whereas the
blue line is the result including the addition gluon contributions. For both plots, we used one
single parameter point and varied the DM mass m,. The left plot is obtained by using the
benchmark scenario presented in Tab. 5.1. For the right plot, we use the presented benchmark
scenario from [119] with mg = 1TeV, v, = 2v and sina = 0.2. The figures are taken from [3].

that the limit of vanishing momentum transfer yield a vanishing LO SI-cxn. There are addi-
tional U (1) breaking terms generated at one-loop, however, these vanish if the soft-breaking
parameter vanishes [80]. Consequently, if the DM mass m, is zero, the U(1) symmetry of the
potential is explicit and thus, the (pseudo-) Goldstone nature of the DM candidate has to
be restored. The one-loop Sl-cxn is expected to be zero in the limit of vanishing momentum
transfer and simultaneously vanishing DM mass.

In Fig. 5.10, we investigate the SI-cxn as a function of the DM mass while keeping the re-
maining input parameters of the benchmark scenario fixed. The left plot corresponds to the
benchmark point presented in Tab. 5.1, while the right plot is obtained by using the bench-
mark point from [119]. The parameter point in Tab. 5.1 provides a SI-cxn above the neutrino
floor, while the latter one enables a direct comparison of our results with [119]. In both plots,
the green line corresponds to the calculation of the SI-cxn as we proposed in Sec. 4.3. The blue
line is taking the additional gluon contributions into account. The vertical lines show mn/2
and ms/2, respectively. The small kinks at these masses are due to the crossing of thresholds
in the loop-integrals. In principle, these numerical instabilities due to the thresholds could
be cured by a proper resummation or introduction of a finite decay width in the respective
propagators. Since these effects are due to special kinematic configurations, we left out the
proper treatment in our calculation.

Both green lines show the expected behavior. The SI-cxn vanishes if the DM mass approaches
zero. However, by including the additional gluon contributions, the SI-cxn does not reflect
the proper limit. As already pointed out in Sec. 4.3.3, the inclusion of the additional gluon
contributions without a proper matching of the h; G}, G*"" vertex, implies several problems.
In addition, the expected limit for vanishing DM masses cannot be reproduced in this ap-
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proach as shown in Fig. 5.10.

Furthermore, both approaches differ around by a factor of nine for large DM masses, which
can be explained by the additional gluon contributions, which roughly scales with the squared
color factor. We can reproduce the scaling behavior of the SI-cxn as showed in [119], however,
only if the additional gluon contributions are included.

0%
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(a) (b)

Figure 5.11.: Left: The relative change of the SI cross-section as defined in Eq. (5.26) is shown
as a function of the gauge parameter £. The green line indicates the result calculated in our
presented approach and the blue line corresponds to the approach including the additional
gluon contributions.; Right: The relative change of the SI cross-section as defined in Eq. (5.27)
as a function of the DM mass m,. The figures are taken from [3].

In addition, for a consistency check, we investigate the gauge parameter dependence of the
SI-cxn. We define the relative change of the SI-cxn as follows

Aeo = — =1 (5.26)

with 0'|£:1 as the SI-cxn in the Feynman gauge (all gauge parameters set to 1). In Fig. 5.11(a),

the relative change of the SI-cxn is shown as a function of the gauge parameter £3. The
benchmark point presented in Tab. 5.1 is used for the variation of the gauge parameter £.
The green line indicates again our proposed approach to calculate the SI-cxn. As can be seen,
we do not have a gauge parameter dependence in the SI-cxn, indicating a proper cancellation
of all gauge dependent pieces'®. We emphasize that the inclusion of the triangle diagrams in
Fig. 5.6 with Goldstone bosons as mediator, is crucial in order to obtain a gauge-independent
result. These contributions are usually not discussed or dropped in the literature.

The inclusion of the additional gluon contributions yield a strong dependence on the gauge
parameter & up to 100%. This does not allow us to rely on the prediction, since the dependence
and hence the uncertainty on the gauge parameter (a nonphysical parameter) is of the same
order as the prediction.

13 . ..
For simplicity, we set all gauge parameter to éw = &€z =&, = &.

Note that the KOSY scheme as presented and used here for the renormalization of the mixing angle introduces
an explicit gauge-dependent counterterm. This can be circumvented by using the pinched scheme as proposed
in [85,87]
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In Fig. 5.11(b), we investigate the overall impact of the effective two-loop contributions in-
duced by the quartic h;h;GY, G vertex in Eq. (4.85). For this, we define

oc—o0
ﬂj (5.27)

Agbo’ =
U|nogb

where a]nogb indicates the SI-cxn without the effective two-loop diagrams depicted in the last
diagram in Fig. 5.7. We show the relative change Ag,, as a function of the DM mass. The
benchmark scenario in Tab. 5.1 is used for this variation. The most dominant impact on the
Sl-cxn is obtained for small and large DM masses. Despite that, the overall effect is in the
sub-percentage region.

5.4. Conclusion

We extended the calculation of [126] to an approach taking into account a full on-shell renor-
malization scheme of the 2 — 2 process. By utilizing the ChEFT framework, it is possible
to derive a SI-cxn depending on Wilson coefficients, which can be determined in a matching
procedure. We compared our results with [119].

We discussed the problems related to the introduction of the additional gluon contributions
depicted as the first two diagrams in Fig. 5.7. Including these contributions yield an explicit
mass pole for degenerate Higgs boson masses, a gauge-dependent SI-cxn and furthermore the
proper limit for vanishing DM masses cannot be reproduced. This leads to the conclusion
that these contributions can only be taken into account if a proper matching of the h; G}, G**”
vertex with EW corrections, or a full two-loop mixed EW-QCD calculation is performed. In
view of the plethora of different DM models and missing strong arguments for a specific DM
model, it is questionable if such an involved calculation is promising. We showed, however,
that indeed EW NLO correction might play an important role in the context of direct de-
tection and especially in the discussion of the sensitivity of experimental constraints and the
resulting derived limits for the parameter space of the underlying model. In addition, we
discussed several technical subtleties in the renormalization of dark sectors.






CHAPTER O

Sl-cxn in the Vector Dark Matter Model

The VDM presented in Sec. 3.4 provides a vector-like DM candidate. The spin-nature of
the DM candidate allows for an interesting and rich phenomenology in particular for spin-
dependent interactions with nuclei [144-150]. The gauged U(1), symmetry introduces a new
gauge interaction which couples the singlet field with the respective gauge boson y, the DM
candidate. Through the mixing of the singlet field S and the Higgs doublet, the vector-like
DM candidate is coupled to the Higgs bosons of VDM. Hence, the VDM corresponds to a
Higgs portal model. Contrary to the PNGDM, the VDM model does not provide (naturally)
suppressed Sl-cxns at tree level. The tree-level matching yields a non-vanishing SI-cxn, how-
ever, as we will see in the next section, there are blind spots. These blind spots indicate
parameter regions, or rather points, which yield a vanishing SI-cxn. The vanishing SI-cxn
is due to the choice of parameters, unlike to the PNGDM, where a symmetry ensures the
cancellation of the different mediator contributions. EW NLO corrections might shift or avoid
blind spots, which is a crucial point in the derivation of constraints on the parameter space
of the VDM in respect of direct detection experiments.

We present the tree-level matching required for the LO SI-cxn of the VDM in Sec. 6.1, followed
by the discussion of the EW NLO corrections in Sec. 6.2. We again split the presentation in
the different topology classes. We discuss each topology separately in Secs. 6.2.1 to 6.2.5. We
conclude the calculation of the EW NLO corrections to the SI-cxn in Sec. 6.2.6. The results
of the phenomenological analysis are presented in Sec. 6.3

6.1. Tree-Level Matching

As described in Sec. 4.3, the leading-order SI-cxn is built of two contributions: light quark
and gluon contributions. By using Eq. (4.84), however, it is possible to relate the gluon
interactions with the heavy quark contributions. This allows us to calculate the LO Sl-cxn
by first evaluating the diagrams in Fig. 6.1 and then identifying the corresponding dim-6
operators and reading off the Wilson coefficients, respectively. The required vertices between
the two DM fields x and the Higgs boson h; as well as the vertex between two quarks ¢ and
the respective Higgs boson h; read

. .m
Vi, = 12gxmyRai s Vogn, = i—LRui . (6.1)
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Figure 6.1.: Generic tree-level diagram contribution to the Sl-cxn. The mediator h; cor-
responds to the two Higgs bosons h; and hs. The quark line ¢ corresponds to all quarks
q=u,d,s,cb,t.

The Wilson coefficient of the operator mqqgx,x" is then given by

1 sin(2a) My, —m
=t 99y sin(2a) h12 5 ho my, q=u,d,s,cb,t, (6.2)
2 myy 2 my, My,

with the input parameters of the VDM and the SM parameters. Eq. (4.84) yields the Wilson
coefficient required for the gluon contribution

as

= ——f, . 6.3

fo= 2. 12770 (63)
q=c,b,t

Note that the LO Wilson coefficient of the gluon operator can be expressed in terms of the

Wilson coefficient of the quark operator. Furthermore, the Wilson coefficients of the respective

quark type are independent of the quark family. Thus, the resulting LO SI-cxn for a nucleon

n (n = N, P) is given by

2
.2 2 2 . 23\2 2 9
SLO _ sin“ 2« My My, (mh1 th) mymy, Z o3, gfn (6.4)
P my +m mi m 0202 Tq o7/ Tal 7 '
X n ha Ty S g=ud,s

where the Wilson coefficient of the quark operator f, is factorized and where we used g, =
my/v,. The LO Sl-cxn is in agreement with [150]. The authors of [150] use an effective
coupling constant fy = 0.3 between the Higgs boson and a nucleon, which allows us to
derive the Sl-cxn in a similar manner. The quark line in Fig. 6.1 has to be replaced by an
effective nucleon spinor line with the corresponding coupling fx. The effective nucleon-Higgs

boson coupling approximately coincides with the factor Z fg +3- % f%VG ~ 0.3, where
q=u,d,s
we used the nuclear matrix elements in Eq. (4.68). Even though the LO predictions are
approximately the same, the approach of the effective Higgs-nucleon coupling fn does not
allow for a consistent generalization to NLO corrections.
Eq. (6.4) indicates three different blind spots: a = 0, degenerate Higgs boson masses my, =
mp, and g, = 0. The case of vanishing mixing o = 0 implies a complete singlet-like Higgs
boson hy = ®g and a doublet-like hy = @y (c.f. Eq. (3.44)). Due to the missing mixing, the
singlet field is solely coupled to the DM candidate and cannot interact with the SM particle
content. From a phenomenological point of view, this is not an appealing situation.
The blind spot with degenerate Higgs boson masses is a specific kinematical parameter point.
In particular, the renormalization and virtual corrections introduce severe numerical problems
related with this specific kinematical configuration. Mass poles ~ 1/ (m%l—m%u) are explicitly
present, which requires a proper treatment, or resummation of higher-order corrections. This
is beyond the scope of this thesis. However, as we will see in the discussion of the EW
NLO corrections, the blind spots at degenerate Higgs boson masses remain at NLO and show
similar behavior.
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Figure 6.2.: Generic one-loop corrections to the scattering of VDM with the nucleon. The
gray blob indicates the renormalized one-loop corrections. The corrections can be separated
into upper vertex (a), mediator (b), lower vertex (¢) and box (d) corrections.

The last blind spot g, = 0 can be achieved through two conditions. Note that the dark
gauge coupling is related to the DM mass and the singlet vacuum expectation value (VEV),
gy = ™x/vs. Vanishing DM masses m, are phenomenologically not of interest and tiny DM
masses m, are strictly constrained by indirect searches [150]. In addition, we ezpect DM
masses of the order of the EW scale due to the WIMP miracle as indicated in Eq. (4.56). To
account for large vg, we included a wide range of possible values in our parameter scan.

6.2. Electroweak Next-to-Leading Order Corrections

Analogous to Sec. 5.2, we separate the discussion of the EW NLO corrections in all different
topology classes. This allows us to discuss the different sizes of corrections induced by the
different topologies and hereby the importance of the corrections, respectively. The four
topology classes for the quark contributions are shown in Fig. 6.2. Again we have two vertices,
the upper and lower vertex, the mediator and box-type corrections. The gray blobs indicate
the fully renormalized EW one-loop diagrams i.e. the sum of the virtual genuine one-loop
diagrams and the respective counterterm amplitude.

6.2.1. Mediator Corrections

The mediator corrections in Fig. 6.2(b) are calculated analogous to Sec. 5.2.1 by evaluating
the renormalized one-loop propagator at zero momentum transfer (i,j = 1,2)

Shihr‘ (p2 = 0)
Aphy=——95 5 (6.5)
mp, My,
with the renormalized self-energy matrix
Shih Shin - 0Z 0Z
T = 52 = 2(p?) — om® — 6T + -5 (p*> — M?) + (p* — M?) 5 - (66)

Yhoht Lhoho

Note that E(pQ) indicates here the 2 x 2 matrix with the genuine one-loop self-energies of
hihj, respectively. Similarly, the mass counterterm matrix om? = diag (5m,2“,5m,2“) (c.f.
Eq. (4.13)), the tadpole counterterm matrix 67", the WFRC matrix 6Z (c.f. Eq. (4.14¢)) and
the mass scalar mass matrix M (c.f. Eq. (3.45)) of the VDM have the 2 x 2 matrix structure.
The renormalized one-loop propagator at zero momentum transfer yields the following Wilson
coeflicient for the quark operator mqqqx . x"

m
fqmed - 9297);17”/)( ZRaﬂRa,lehihj ’ (6.7
i?j

with the rotation matrix R, ;; defined in Eq. (3.18) and the one-loop propagator in Eq. (6.5).
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Figure 6.3.: Generic diagrams contributing to the virtual corrections to the vertex xxh;. The
generic symbols denote F fermions, S scalars and V' gauge bosons.

6.2.2. Upper Vertex Corrections

We construct the full 2 — 2 process with the renormalized upper vertex by first evaluating
the fully renormalized upper vertex and plugging the respective NLO coupling in the full
process. To avoid double counting of the LO contributions, we calculate in the following only
the pure NLO corrections of the upper vertex. They consist of the genuine one-loop diagrams

AXSM and the vertex counterterm .Agghi, respectively,
- 4NLO _ . 4VC . 4CT
WA vxhs = WA AR, - (6.8)

The LO amplitude is given in terms of the polarization vectors £ of the in- and out-going
Xy and the tree-level coupling gyyn;, = 29ymyRa i2

. sina, =1
1AL = Gone(D) - €7 (p) = 2gymye(p) - € (p) { o ; (6.9)
cosa, 1=2
where p denotes the four-momenta of the DM particles. The counterterm amplitude is derived
from the tree-level coupling to be

. 1 *
ZASEXIM = [2 (9xxh20Zhoty + Gxxhi0Znihy) + Gxxhi 0Ly + 59xxh1} £(p) - €*(p) (6.10a)

iAggxhz = B (9xxh10Zhyhy + Gxxha0Znahy) + Gxxha0 Zyx + 5gxxh2} e(p)-€*(p), (6.10b)

where we take the 67y, (i,j =1,2) into account. The WFRCs of the Higgs bosons are
introduced artificially, since the Higgs boson mediators are actually internal degrees of freedom
in the full 2 — 2 process. However, if we include the §Z WFRCs for the Higgs mediators and
in this way treat the Higgs to be on-shell, we can check for UV finiteness in each topology
separately. The artificially introduced §Z contributions cancel each other in the sum of all
topologies. The variation of the tree-level coupling yields the respective counterterm

9Gxxh,
Sy = ) 75‘; 5p, pe{m} g, a}. (6.11)
p

The genuine one-loop diagrams are depicted in Fig. 6.3, where S indicates the involved scalars,
F fermions and V' vector bosons. An additional tensor structure arises at the NLO level, given
by
iANLO = ( . ) E(pin) : 5*(p0ut) + ( . ) (pin . 5*(p0ut)) (pout : E(pin)) 3 (612>
—_
~LO ~NLO
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with the in- and out-going momentum piy, poyt of the DM particle. We emphasize that we
assume Pin, = Pout, Which yields a stricter assumption than solely pi?n = pgut. This allows us
to drop the newly arising NLO tensor structure for freely propagating gauge bosons, since
they obey e(p) - p = 0. The expressions for the one-loop corrected vertices are quite lengthy,
hence we do not list them explicitly.

The counterterm amplitude in Eq. (6.10) cancels all UV divergences of the virtual corrections,
which is checked numerically and analytically. Plugging the NLO vertex coupling in the full
2 — 2 process while taking symmetry factors into account allows us to extract the respective
the Wilson coefficient f;pv of the upper vertex.

6.2.3. Lower Vertex Corrections

The calculation of the EW NLO corrections of the lower vertex is analogous to Sec. 5.2.3. The
respective one-loop Feynman diagrams of the lower vertex can be taken over from Fig. 5.4
where the upper scalar line has to be replaced with a gauge boson line indicating the vector
DM candidate x,. The tree-level coupling in Eq. (5.8) can also be taken over. This allows us
to derive the counterterm amplitude to be

. 1
Z-Ag\;hl - <5quh1 + 5 (quh152h1h1 + quh252h2h1 + quh152<1Lq + quh152£)> Rq,

(6.13a)
) 1
“45\;,@ = <5quh2 + 9 (quh25thh2 + quh15Zh1h2 + quh25Zqu + quhﬁ&ﬁ;)) Ra
(6.13b)
with the tree-level like remainder
_ CXXhi — *
Ri=— m2 u(pg)u(pg)e(py) - (px)”™ - (6.14)
hi

We indicate the momentum of the quark (DM candidate) as p, (py) and the corresponding
tree-level trilinear couplings between the particles ijk as C;j. The quark-quark-Higgs vertex
counterterm is defined in Eq. (5.9) with the counterterms and WFRCs defined in Egs. (4.14),
(4.28), (4.29) and (4.36).

The crucial difference compared to the PNGDM is that the different contributions of the QED
subset do not cancel each other and hence require a proper treatment to regularize the IR
divergences. These IR divergences arise due to the presence of charged particles in the final
state. The two generic diagrams are depicted in Fig. 5.5. The usual approach of including
real radiation in order to regulate the IR divergences in the cross-section does not apply
here. First of all, the cancellation is taking place on the cross-section level and hence requires
the squared amplitude and integration over the phase space. However, the matching of the
Wilson coefficients happens on the amplitude level. Furthermore, real radiation introduces
an additional polarization vector in the final state introducing new tensor structures which
are not taken into account in the non-relativistic operator basis. We use the approach of
strictly vanishing external momentum for the quark propagator. This allows us to isolate
the IR divergences and in addition we can show that these IR divergences cancel each other
in the expansion. The detailed discussion and derivation of the virtual one-loop corrections
and the respective counterterm of the QED subset is presented in Appendix A. The QED
subset contributions are dropped in the virtual one-loop diagrams and the corresponding
counterterms in Eq. (6.13). They are included by the expanded expressions presented in
Appendix A. By doing so, we can ensure a UV and simultaneously IR safe amplitude and
thus Wilson coefficient. We refer to this Wilson coefficient as f;v.
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Figure 6.4.: Generic diagrams of the box topology contributing to the Sl-cxn. The symbol
S denotes scalars, F' fermions and V vector bosons. The flavor of the fermion F and the
external quark ¢ are the same as we set the CKM matrix equal to the unit matrix.
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Figure 6.5.: The full two-loop gluon interaction with the DM candidate (left) and the effective
two-loop interaction after integration out the heavy quarks (right).

6.2.4. Box Corrections

We now present the box corrections. The generic diagrams are depicted in Fig. 6.4, where S
indicates scalars, F' fermions and V gauge bosons, respectively. Again, we assume the strict
assumption py, = pouwt for the quark and DM momenta. To be consistent with the strict
vanishing momentum expansion in Sec. 6.2.3, we expand the quark propagator as follows

- {1 Ta o3| +0 (r7) . (6.15)

(I£pg)°—m2 1P—mg 7

with the respective quark mass my, the quark four-momentum p, and the loop momentum
[. The expansion in Eq. (6.15) allows us to extract Wilson coefficient corresponding to the
unsuppressed operators. Note that without this expansion, the amplitude and thus the Wil-
son coefficient is dependent on the Mandelstam variables and in this way on the kinematics.
These kinematically dependent pieces would contribute to the velocity and momentum trans-
fer suppressed non-relativistic operators.

With the expansion at hands, the one-loop diagrams can be reduced to the standard Passarino-
Veltmann integral basis. The corresponding Wilson coefficient can be read off, which we refer
to as fé)oz and ¢?°. Note that Eq. (5.17) enables to rewrite Gid,7,q, so that additional

q
contributions to the twist-2 operator arise in the box topology.

6.2.5. Gluon Contributions

As already discussed in Chapter 5, the EW NLO corrections of the gluon contributions are a
non-trivial task. Using Eq. (4.84) in an EW one-loop diagram would require a proper mixed
QCD-EW matching of the QCD trace anomaly. This is beyond the scope of this thesis. We
emphasize again, that the neglection of the EW corrections of the lower vertex would induce

a missing cancellation of the artificially introduced §Z parts of the internal Higgs bosons'.

51f the artificially introduced §Z parts are dropped in the first place, the overall result would not be UV finite,
if the lower vertex is neglected.
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This immediately implies that we cannot use Eq. (4.84) while considering EW corrections. As
shown in [120], the naive usage of the replacement in Eq. (4.84) in the box topologies would
yield rather large theoretical errors. However, the VDM allows for the usage of Eq. (4.84)
in combination with the tree-level amplitude'®. These gluon contributions are already taken
into account in Egs. (6.3) and (6.4), respectively.

We investigate the gluon contribution induced by a fermion box depicted in Fig. 6.5. Q
denotes heavy quarks, which are integrated out. If the mediator masses are assumed to be
small compared to the heavy quark (in the following only the top quark), it is possible to
derive an effective quartic coupling between two Higgs bosons h;h; and external gluons. The
effective Lagrangian reads [125]

ﬁthG *deﬁh hJ s Ga GCL,U«I/ (616)
with .
eff _
(dG>ij = (Ra)il(Ra)jlﬁ. (6.17)

Including this effective quartic vertex allows us to calculate the triangle diagram in Fig. 6.5
(right) and read off the resulting Wilson coefficient for the gluon operators

top eff ij —ag
4 (d )chT%, (6.18)

where CZ accounts for the one-loop pre-factor required for the matching of the Wilson coef-
ficient. These NLO gluon contributions have to be taken with a grain of salt. One the one
hand, the effective quartic coupling induces vertex corrections in the lower vertex h;Gj, G,

which introduces UV-divergences. This would require a corresponding vertex counterterm.
However, the effective quartic operator is not renormalizable, indicating the need of the in-
troduction of counterterms order-by-order. It was argued in [119], that these additionally
induced gluon interactions are small compared to the dominant contribution depicted in
Fig. 6.5 (right). This hierarchy could not be reproduced in our calculation and so these ef-
fective two-loop contributions might be of the same order.

On the other hand, the approximation used in [125] assumes that the mediator masses are
small compared to the heavy quarks and compared their result to a full two-loop calculation.
It showed good agreement between the approximate and the exact result for mediator masses
below m;. Even though there is this good agreement, not all parameter points used in this
analysis obey this condition.

In summary, a consistent inclusion of the EW NLO gluon contributions is not possible. There-
fore, we investigate the overall effect of the effective two-loop order gluon contributions given
in Eq. (6.16) (right) by considering the SI-cxn with and without these additional contribu-
tions. We refer to this contribution as fg)p. We observed that the contribution by fg) P is of
the same order or below the box induced contributions. As it will turn out, the box contri-
butions to the SI-cxn are suppressed compared to the vertex, mediator and LO corrections,

hence also the f".

6.2.6. Building the Cross Section

In the following, we summarize the inclusion of the EW NLO corrections in the SI-cxn. To
avoid double counting of the LO contributions, we divide the SI-cxn in purely NLO and LO
contributions. The NLO nuclear factor of a nucleon n, where n = N for a Neutron and n = P
for a proton, respectively, is given by

fNLO

3 N 8
= 2 L0 2 1@ +a@) g0 - g f5 (6.19)
q:u,d7s q:u,d,s,c,b

' This corresponds to one-loop QCD corrections.
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Figure 6.6.: The effective SI-cxn as expected in a direct detection experiment is shown as a
function of the DM mass m,. The dashed line indicates the current expected Xenon-1T limit.

where we introduced the (purely) NLO Wilson coefficients

S A A Al e (6.20)
gqNLO — g;)ox (6.21)
FALO — glop (6.22)

The LO Wilson coefficients are given in Eqgs. (6.2) and (6.3). The strictly one-loop expanded
SI-cxn for a nucleon n (n = P, N) is then given by

1 ma 1 op LO# ¢NLO
=—|(—- 2R * . 6.23
rn = () RO 2Re (4400 100 (6.23)
Note that this is a different treatment as in the PNGDM. The LO Wilson coefficients in
the PNGDM are zero, hence the first non-vanishing terms are the squared f,l:ILO, which are
dropped here.

6.3. Results

The parameter sample of roughly 2.3- 10° points used in this analysis is taken from [150]. The
generation of the parameter sample was performed with an early version of ScannerS [61,151],
which checked for theoretical constraints as described in Sec. 3.1 as well as experimental
constraints. The used tools conincide with those described in Sec. 3.1. We refer to [150] for
further details. We show the results of the SI-cxn for a proton in the following and use the
same input values of the nuclear matrix elements as well as the SM input parameter as those
presented in Sec. 5.3.

We start the discussion with Fig. 6.6. The rescaled LO Sl-cxn is shown as a function of the
DM mass m,. Note that if the DM candidate does not account for the full relic density, the
expected SI-cxn has to be corrected by the factor f,, defined in Eq. (5.25). The gray points
denote the benchmark scenarios used in the analysis, where the blue dashed line indicates the
central value of the current Xenon-1T limit. The DM mass m, ranges from roughly 30 GeV
up to 1TeV which coincides with the scan ranges used in the parameter scan. There is no
strong correlation between the effective SI-cxn and the DM mass. We can observe a wide
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Figure 6.7.: The mass plane of the DM m, and the non-SM like Higgs boson mass mg is
shown. The blue points denote all parameter points fulfilling theoretical and experimental
constraints and that are compatible with the Xenon-1T limits if the LO predictions are
considered. Green points indicate benchmark scenarios where the NLO prediction of the
SI-cxn is above the current Xenon-1T limit. The figure is taken from [2].

range of possible effective SI-cxns near the Xenon-limit as well far below the sensitivity of
the direct detection experiment. We emphasize that the Xenon limit is already applied in
the parameter scan, hence there are no benchmark scenarios above the Xenon limit. As an
additionally applied parameter cut, we demand gi < 47 to account for the usual unitarity
bounds of gauge couplings.

We show the mass plane of (m,,me) in Fig. 6.7. The blue points indicate all parameter

points of the analysis, where the green points are shifted above the Xenon limit if the EW
NLO corrections, as described in the above sections, are included. We observe the same mass
range for the non-SM like Higgs boson mass from roughly 30 GeV up to 1 TeV. Consequently,
both mass hierarchies are possible, mj, < mg and my > mg. There are three distinct mass
regions present. The widest range is the mass configuration m, > mg. The narrow region
around m,, ~ mxr/2 and the triangle-shaped narrow region centered around mg ~ 2-m, indicate
special mass configurations. As soon as the DM mass obeys 2-m, < max (my,mg), the decay
channel h; — xx is kinematically open and the possibility of invisible searches of the LHC,
or indirect detection will become significant contraints. Furthermore, the thermal average
annihilation cross-section required for the relic density calculation is significantly enhanced
near the resonances (c.f. [99]). To account for the correct relic density, the corresponding
couplings have to be suppressed to compensate the kinematic resonance. These suppressed
couplings result in less severe constraints by direct detection near the two resonances 2-m, ~
Mp, Mep.
The exclusion of benchmark scenarios due to the inclusion of EW NLO corrections does not
show a significant pattern in the mass regions m, > mg and m, ~ msr/2. However, in the
remaining narrow region, which is centered around the mass configurations mgy ~ 2 - m,,
only the edges are excluded due to the EW NLO corrections. In particular in this region,
the direct detection constraint is dominant as discussed above, hence, the sensitivity to NLO
corrections is strengthened.

We show the ratio of the NLO Sl-cxn and the LO Sl-cxn in Fig. 6.8 as a function of the
LO SI-cxn (Fig. 6.8(a)) and the non-SM like Higgs boson mass mg (Fig. 6.8(b)). The ratio
allows for an estimate of the significance of the EW NLO corrections. Overall, the size of
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Figure 6.8.: The ratio of the NLO and LO Sl-cxn is shown as a function of the LO SI-cxn
(left) and of the non-SM like Higgs boson mass mg (right). All points of the analysis are
shown. The color code indicates the size of the dark gauge coupling g,. The figures are taken

from [2].

the EW NLO corrections is of ~ 30% of the LO SI-cxn, except for few outliers. These
outliers, however, are all centered around mg ~ mp'7. Degenerate neutral Higgs boson
masses introduce severe numerical issues related with the introduction of 1/(m2-m?) poles in
the WFRCs and counterterms as well as in the virtual corrections. To achieve a smoothly
behaving NLO Sl-cxn, a proper treatment of the degenerate mass limit has to be taken
into account or rather a proper resummation of higher order corrections. Since we are only
interested in the overall possible parameter space of the VDM, we skip this specific mass
configuration and emphasize that these predictions have to be taken with some grain of salt.
Besides this specific mass configuration the ratio of NLO and LO Sl-cxn yields a stable
prediction.

The ratio scales with the dark gauge coupling g, as one can infer from both plots in Fig. 6.8.
On the one hand the LO SI-cxn is proportional to gi (c.f. Eq. (6.4) and note g, = ™x/v,), on
the other hand the virtual corrections of the upper vertex contribute gi due to the squared
xXxh; coupling. It turns out that the upper vertex corrections are the most dominant NLO

corrections contributing to the SI-cxn. Thus the NLO SI-cxn scales as Re ( f;o* fé\ILO) ~ gi.

In Fig. 6.8(a), it becomes clear that the blind spots of the SI-cxn in the VDM remain at NLO.
The ratio of NLO and LO SI-cxn decreases with decreasing LO SI-cxn. One obvious argument
for this behavior is the different scaling behavior of the NLO SI-cxn in terms of the dark gauge
coupling g,. To achieve suppressed LO SI-cxn, the corresponding gauge coupling g, has to
be sufficiently small, however, this pushes the NLO corrections to even lower values.

We compare the sizes of the different contributions of the topologies in Fig. 6.9. We restrict
ourself to the Wilson coefficients of the quark contributions. Each Wilson coefficient of the
different topologies is normalized to the LO Wilson coefficient defined in Eq. (6.2). We see
no significant dependence of the Wilson coefficient on the mass m of the non-SM like Higgs
boson, except near the SM Higgs boson mass, mg ~ my. There, we can observe a clear peak
in the vertex and mediator corrections, while the box contributions significantly drop. This
can be explained with the related numerical issues of degenerate neutral Higgs boson masses.
Furthermore, a clear hierarchy between the vertex/mediator and the box topology can be
observed. The box contributions are several orders of magnitude below the vertex corrections,

indicating that also the effective two-loop top gluon interactions (referred to as fg)p) are

7One specific benchmark scenario at mg ~ 850 GeV predicts a highly suppressed NLO SI-cxn. This specific
benchmark points yields mg ~ m, indicating as well numerical instabilities.
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Figure 6.9.: The normalized absolute values of the Wilson coefficients of the different topolo-
gies are shown as a function of the non-SM like Higgs boson mass mg. The NLO Wilson
coefficients are normalized to the LO Wilson coefficient defined in Eq. (6.2). The figure is
taken from [2].

Subleadingls. The upper vertex and mediator corrections show a wide variation of the order
of their size, whereas the lower vertex corrections remains stable in its order. Note that the
corrections of the lower vertex include almost exclusively SM-like particles, which explains the
independence of the non-SM like input parameters of the VDM. The strong hierarchy between
the box contributions and the remaining topologies might justify the argument of [126] to
drop box-like contributions in the first place. However, we emphasize that the relative sizes
of the contributions are not clear a priori, yielding possible large theoretical errors in the
prediction.

We conclude the discussion of the EW NLO corrections in the VDM with the comparison
of the different renormalization schemes for the mixing angle . In Fig. 6.10, the ratio of
the NLO to the LO Sl-cxn is shown as a function of the LO Sl-cxn. The three different
colors indicate three different renormalization schemes for the mixing angle «. The yellow
points corresponds to the KOSY scheme defined in Eq. (4.20). The process-dependent (green
points) counterterm da is extracted from the decay hy — 77 as described in Sec. 4.1.2.
The respective MS counterterm (purple points) is obtained by using the process-dependent
counterterm and solely taking the UV pole into account. The renormalization scale is taken to
be u = 1 GeV. The predictions of the process-dependent and MS renormalization schemes are
highly enhanced/suppressed compared to the KOSY scheme. There are differences of several
orders of magnitude in the prediction. It was already shown that the scheme dependence
induced by the mixing angle is rather large in non-minimal extended Higgs sectors [85, 87].
The NLO corrections obtained in the process-dependent and MS scheme are unacceptably
large, hence unsuitable for practical use. We recommend the usage of the KOSY scheme
which yields mild EW NLO corrections and shows a numerically stable behavior.

6.4. Conclusion

We used the framework of ChEFT to extract the effective DM-nucleon interaction in terms
of Wilson coefficients. These Wilson coefficients are matched to the physical 2 — 2 scattering

81t was explicitly checked that fg)p is of the same order as the box contributions or even several orders below.
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Figure 6.10.: The NLO Sl-cxns are shown for different renomalization schemes for the mixing
angle do as a function of the LO SI-cxn. The figure is taken from [1].

process while including EW NLO corrections. This allows us to consistently include EW
quantum corrections in the prediction of the SI-cxn. The VDM provides a vector-like DM
candidate. The spin-nature of the DM candidate does not solely allow for spin-independent,
velocity and momentum transfer suppressed interactions with the nucleon, but also for spin-
dependent interactions. Contrary to the PNGDM, the VDM model does not provide a natu-
rally suppressed LO Sl-cxn, so that already tree-level calculations are able to derive significant
model constraints from direct detection experiments (cf. [150]). However, there are still blind
spots remaining which are caused by specific choice of parameters. We showed, that the blind
spots remain at the EW NLO level.

Furthermore, we showed that the overall NLO corrections behave mildly and are of the order
of ~ 30% of the LO SI-cxn. The size of the EW NLO corrections shows a scaling behavior in
terms of the dark gauge coupling g,, which we could explain from the behavior of the virtual
one-loop vertex corrections. The only unstable region for the NLO corrections are induced
by the degenerate neutral Higgs boson masses mg ~ my, which requires a proper treatment
in the renormalization. For instance a proper limit in the WFRCs, or a resummation of
higher-order corrections might help to ensure a smooth behavior. This is beyond the scope
of this thesis.

The renormalization of mixing angles is a non-trivial task [85,87,89,152]. There are several
suggestions to define a respective counterterm da. Each approach does have advantages as
well as disadvantages. We compared three different approaches, namely the KOSY scheme,
based on a rigid symmetry argument, a process-dependent and the MS scheme. We found
that only the KOSY provides reasonable EW NLO corrections of the order ~ 30%, whereas
the other two schemes predict highly suppressed/enhanced EW NLO SI-cxns.

We discussed the problem of the gluon contributions. Since we are not able to include EW
NLO corrections in the effective h;Gj, G vertex in a self-consistent way, we cannot use
Eq. (4.84) to derive the Wilson coefficient for the DM-gluon interactions. Otherwise, we
would miss a proper cancellation of the UV-poles as well as the KOSY-scheme for the renor-
malization of the mixing angle would introduce numerical instabilities if the lower vertex is
dropped. To avoid nonphysical enhancements/suppression in the SI-cxn, we left out com-
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pletely the EW NLO corrections while deriving the DM-gluon interactions. Only the LO
contributions while using Eq. (4.84) are taken into account.
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Theoretical Foundations

7.1. One-loop Effective Potential at Finite Temperature

The description of the early universe during the electroweak phase transition (EWPT) is a
demanding task. On the one hand, the system is in a non-equilibrium state. On the other
hand, quantum corrections might also play an important role to describe the system properly.
In the context of this thesis, the ansatz of the one-loop effective potential at finite temperature
is chosen. This approach allows us to include next-to-leading-order (NLO) corrections and
further finite temperature effects, needed to describe the Higgs potential in the early universe.
In the following we will give a short introduction in the effective potential at zero temperature,
followed by a discussion of finite temperature effects. We will comment on the resummation of
the hard thermal loops and discuss different ansétze. We close the discussion with fixing our
notation of the general Coleman-Weinberg potential and the temperature dependent potential
for a generic extended Higgs sector and conclude with the discussion of the renormalization
scheme used in this work.

7.1.1. One-loop Effective Potential at Zero Temperature

In a quantum field theory (QFT) in the presence of an external field, the quantum effective ac-
tion allows us to determine propagators or vertices (including all-order quantum corrections).
The effective action corresponds to the one-particle-irreducible connected vacuum-vacuum
amplitude in the presence of an external field. Furthermore, it allows us to express the effec-
tive potential allowing us to define the true ground state of the theory including higher-order
corrections. The effective action of a QFT theory is given by the Legendre transformation of
the generating functional for the connected Greens functions W [J] [153]

3] = wiJ) - / Az d () (z) | (7.1)
with the corresponding source J(z) and the field ¢. For simplicity, a field theory with only

one scalar field is considered in the following. The generalization to a theory with multiple
scalar fields or fermions is discussed in [153].
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Expanding the effective action in terms of the external momenta
_ R
6] = [ de |-Viald) + 50,0200+ .| 72

allows us to define the effective potential Vg indicating the zeroth order in the external
momentum expansion. For a translation invariant theory the field does not show a space-
time dependence

¢ = ¢, = const. , (7.3)

hence the effective potential can be expressed as

r [(z)c] = _QVefF((bc) ) (74)

with the overall space-time volume 2. So far the effective action and potential includes all
orders, however in a general QFT it is often not possible to calculate the full-order result.
Nonetheless, it is possible to expand the effective action in the loop order parameter A in
order to obtain a perturbative one-loop result [154]

Lo = —QVO(g.) + %Trln D+ O, (7.5)

with the tree-level potential V(© and the inverse propagator D! in the presence of the
constant background field. Identifying Eq. (7.4) with Eq. (7.5) allows us to express the pure
one-loop effective potential as

m_ 1 [d%s. o

Several comments are needed for the last step. The Tr is resolved by writing the propagator
in the momentum space, where the zero component kg is Wick-rotated to kg — iks. The
transformation to the Euclidean space will become clear while considering the finite tempera-
ture field theory. The effective mass term mz 77 1s given as the eigenvalues of the mass matrix
determined by the tree-level potential

921/ (0)

(mgff) = 8¢2 ) (77)

P=(¢)
with the VEV field configuration (¢).

7.1.2. Intermezzo: Finite Temperature Field Theory

The description of quantum fields as a thermal system is an intricate problem. However, for
systems in thermodynamical equilibrium or near-equilibrium, there are various, but equiva-
lent, ways to describe the thermodynamical system. The oldest approach to describe quantum
systems at finite temperature relies on the imaginary time formalism [155,156].
The statistical ensemble of a thermodynamical system in equilibrium is described by its par-
tition function [156]

Z(8) = Tr p(8) = Trexp(—BH) , (7.8)

with the density matrix p and the inverse temperature § = 1/7. The Hamilton operator of
the system is denoted as H. The following discussion is restricted to quantum mechanical

19To be consistent with the literature the order parameter h is taken. We emphasize that this parameter is not
related with the Plank constant, but indicates the number of loops taking into account in the evaluation of
the effective potential. Let L be the number of loops and P the power of A, then L = P + 1.
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operators, the generalization to QFTs will be discussed later on.
A physical observable O in a thermodynamical system can be measured as thermal ensemble

average which is given by
1
O)g=—="Tr 0. 7.9

One important consequence of the cyclicity of the Tr in Eq. (7.9) is the so-called Kubo-Martin-
Schwinger (KMS) relation [157,158]

(010t = Z(lﬁ) Tre 1 O, (1) Os(#) (7.10a)
_ Z(lﬂ) Tre 1 Oy(t') 1 O, () (7.10D)
- Z(lﬁ) Tr e85 Oy (t)O1 (¢ + iB) (7.10¢)
= (02(t)Ou(t +iB)) 4 (7.10d)

which can be generalized to all statistical ensembles. Note that the KMS relation implies
a periodicity in the complex time for the quantum operators, which can be generalized for
quantum fields.

The crucial observation in the imaginary time formalism is that the operator e # in Eq. (7.8)
can be related to the time-evolution operator with imaginary time 7 = —¢3, which was also
used in Eq. (7.10b) for the time-evolution of the operator. Hence, the partition function of
the thermodynamical system can be represented by the path integral

Z(B) = / Dye Sel (7.11)

with the Euclidean action Sg [z]. Note that the Euclidean action is defined over a finite time
interval

B
S z] = /0 Lz, ) (7.12)

The cyclicity of the trace immediately implies periodic boundary conditions z(3) = x(0).
Analogously, the partition function of a QFT at finite temperature can be formulated as

Z(8) = / DYDYDe SElov4] (7.13)

with the spinor fields v, 1 and the scalar field ¢. Again, the Euclidean action of the QFT is
denoted by Sg [(b, 1, w]. Similar to the periodic boundary conditions also the fields obey the
(anti-) periodic boundary conditions

¢(8,x) = ¢(0,x) ,  p(B,x) = —¢(0,%) . (7.14)

Since the complex time interval is finite, the Fourier transformation of the time component
results in discrete energies. Hence, the Greens functions defined by the QFT in Eq. (7.13)
can be written in the following general form

Gp(r,x) = ; Z e T Gg(wn, x) (7.15)

ne”

n
with the Fourier transformation Gg(wp,x) and the discrete energies w,, = FF (n € Z). The

KMS relation in Eq. (7.10) implies an important consequence for the fermionic and bosonic
Greens functions for 7 < 0 [156]

Ga(T,x) = £Gp(T + 8,%) (7.16)



82 7. Theoretical Foundations

with 7 being the complex time and the +(—) sign corresponds to the bosonic (fermionic)
Greens functions. Using this periodicity (anti-periodicity) of the Greens function in Eq. (7.16)
allows us to find the possible modes

1 (B .
(%wmmzz/)Me“WGMn@ (7.17a)
—6
1 [P 4 1[0 4
:/(heM”Gﬂﬂ@+/‘Me“WGMﬂ@ (7.17b)
2 J, 2 )
Bq (r16) 1 (P . 1[0 T
= ii dr e "n G5(7-+,6’,x)+§ dre """ Gg(T, %) (7.17¢)
0 -B
B 5
- (1ie—2%5) / dr ™" Gy (7) (7.17d)
T2 0
. s
Qui(lyﬁ/ dr e Gy(r) | (7.17¢)
0

with n € Z. Depending on the spin of the particle, only even or odd n € Z are possible. The
possible frequencies are referred as Matsubara modes and are given by [155]

2mn
—_— for bosons

p
Cn+1)m
B

Contrary to a QFT at zero temperature, the quantum fields at finite temperatures do not
have a continuous energy spectrum. Overall, the discrete energy spectrum of the QFT at
finite temperatures is a consequence of the KMS relation and therefore also of the definition
of the partition function of the QFT. By identifying the partition function with the path
integral representation of the Euclidean action, it is possible to calculate all thermodynam-
ical observables by the usual perturbative methods as in the zero-temperature field theory.
Analogous to the QFT at zero temperature the respective Feynman rules can be derived for
the QFT at finite temperature. The resulting propagators for the bosonic (Gg) and fermionic
(Sp) fields in momentum space are then given by [156]

Wn =

(7.18)

for fermions.

1
w2 +k24+m2’
'YOWn+7'k+m
w2 + k% + m?2

Galwk) = (7.19)

Sg(wn, k) = (7.20)
with the Matsubara frequencies wy, defined in Eq. (7.18) and the Dirac matrices 7o and
the remaining three denoted as vector «v. Note that the imaginary time formalism used the
Euclidean action of the theory, hence the usual mass pole of the zero temperature propagators
is not present. In addition, the integration over internal energies has to be replaced by

[ e o

to account for the periodicity of the complex time. With these tools at hand, it is possible to
calculate observables perturbatively.

It is worth noting that the imaginary time formalism is well suited for physical systems in
thermodynamical equilibrium, since the time variable is traded for the temperature. Con-
sequently, the time-evolution of a thermodynamical system cannot be described within this
formalism. However, especially the description of the Higgs potential in the early universe de-
mands on the one hand a time evolution and on the other hand incorporates non-equilibrium
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effects. Thus, the imaginary time formalism is not sufficient to describe the full picture.

A better suited approach is the so-called Closed-Time Path (CTP) formalism [159-161]. This
formalism allows us to describe the thermal- and the time-evolution of a physical system by
using the time evolution of the density matrix, allowing us to express the thermal expectation
value in terms of time evolution operators on a closed time path. This closed time path is
going back and forth on the real time branch and along the complex time branch, hence it is
required to describe the quantum fields on both branches (real and complex) and the degrees
of freedom have to be doubled. For instance, in a scalar field theory with the field ¢, it is
needed to introduce a field ¢4 propagating forward towards positive (real) times and a field
¢_ propagating backwards in (real) time. The resulting propagator of the field becomes a
2 x 2 matrix. For a detailed introduction and discussion of the CTP formalism we refer to
the literature.

7.1.3. One-loop Effective Potential at Finite Temperature

In the following we will present the one-loop effective potential at finite temperature. We
start the discussion by showing a generic feature of the one-loop effective potential while
considering finite temperatures, followed by the discussion of mass corrections induced by
the so-called hard thermal loops resummation. Afterwards, we present a generic formalism
to express the one-loop effective potential at finite temperature for arbitrary extended Higgs
sectors.

Starting with the one-loop effective potential at zero temperature in Eq. (7.6), we can apply
the replacement rules for finite temperature field theory discussed in Sec. 7.1.2,

1 _ 1 [d'%g 2 2 \ 170 T 2 | L2 2

with the Matsubara modes w,, defined in Eq. (7.18) and the respective mass m of the scalar
field. Note that this potential corresponds to a single scalar field. Defining w,% = k% +m?
allows us to express the Bose sum as

k 2u

nez nez /8 nez

w

Considering the sum identity

Z S coth(y) , (7.24)

2 2.2
oy Yy + nem
and identifying
ov 2u
— 2 2 —
nel nez
allows for a closed expression of the one-loop effective potential at finite temperatures
v / &k w —I—/ @k 11 (1 efﬁw’“> + (wg-independent const. ) (7.26)
= — —In(1- Wi-in ndent const. ) . .
of @nP2 ") @n)?p RIEEP

The first term is temperature independent and UV divergent. This term incorporates the
one-loop corrections present at zero temperature and is referred to as Coleman-Weinberg
potential. By using an MS renormalization, the first term can be written as [154,162]

m* m? 3
Vewlsis = 642 <1Il <’u2> - 2> . (7.27)
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with the renormalisation scale .
The second term in Eq. (7.26) represents the temperature dependent part of the one-loop
effective potential and it is often expressed as [156]

3k 1 pw) 1 5 o
with the thermal bosonic function Jg defined as

o0
JB [m252] = / dzz?In [1 — exp (a:2 + 62m2)] . (7.29)
0

Up to this point the effective potential describes only one single scalar field, but can be gen-
eralised including multiple scalar fields, fermions and gauge bosons. However, also in the gen-
eral case the one-loop effective potential at finite temperature splits into a zero-temperature
part containing the one-loop corrections present at zero temperatures and one temperature-
dependent part. For the general case we will provide the corresponding formulas.

In the following the different treatments of including thermal mass corrections in the effec-
tive potential are discussed. For simplicity, we start the discussion with a simple scalar field
theory with the Lagrangian

1 o KMo Ay
5—5(3/@) +7¢ +Z¢ : (7.30)

with the scalar field ¢ and the Lagrange parameters p and A\. Expanding the field around its
vacuum expectation value (VEV)

¢—=o+(P)=¢+v, (7.31)
allows us to express the mass of the scalar field as
mi =3\? — u? . (7.32)

In addition to the UV divergences in the one-loop effective potential, also infrared (IR)
divergences are present. The Matsubara zero-modes (n = 0) yield an IR divergence in the
limit of vanishing momentum

k—0

Ve ~ In (DY) = . (7.33)

|n:0
It turns out that higher-order corrections to thermal masses are required to cure the IR
divergences. However, finite temperature alters the usual perturbative expansion in the self-
coupling A\. Eq. (7.32) implies that the mass scales with the self-coupling, m¢ ~ A, hence
an expansion in terms of the mass corresponds to an expansion in the self-coupling simul-
taneously. The temperature dependent potential of a single scalar field in Eq. (7.28) in the
high-temperature limit [163]

2 2 3
V _ T4 _l m ('U) o m (U)
r(v) 00 T T2 T 12773

+ O (m*/1)| | (7.34)

shows indeed that the next leading order correction is not of the order of A\? as expected,
but of the order m®(v) ~ X¥?. In [163] it was shown that the ring corrections (or Debye
corrections) reproduce exactly this order in the self-coupling and hence have to be taken into
account as they are the leading corrections. The Debye corrections correspond to the one-loop
corrections to the polarisation tensor of the field. They are calculated in the soft-momentum
limit (k — 0) and in the so-called hard thermal loop approximation, where m/T < 1. The
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scalar field in Eq. (7.30) would produce the following one-loop correction with vanishing
external momentum

7(0) = 3AT Z: % (7.35a)

w2 + w;
Bk 1
= 3AT 1 35b
3 /(2w32wkdwkzn”+w’“ (7.35D)
Pkl d*k 1
- {/ (2m)3 2wy, +/ (2)% wy (P —1)} ’ (7:35¢)

where in the last step the same trick was used as in Eq. (7.25) to perform the Bose sum. In

the hard thermal loop limit (/T < 1) the temperature dependent one-loop mass correction
reads )
3T

M) = 12— .
m(0) 19

The approach of [164] suggests to resum the thermal mass corrections in the propagators of
the theory by replacing the tree-level masses with the thermal masses

(7.36)

mo — m =mg + 71 (0) , (7.37)

in the propagator. The non-zero thermal masses cure the IR-divergences depicted in Eq. (7.33).
Indeed, this replacement yields cubic mass terms in the temperature dependent effective po-
tential, hence they are of the correct order in the self-coupling [164]. Alternatively, Par-
wani [165] suggests to replace all masses by their thermal masses m. However, this method
admixes higher-order corrections which at one-loop level could lead to a non-consistent de-
scription, since effective one-loop masses are used.

Another approach is given by [166]. In this approach the different Matsubara modes, namely
the heavy (n # 0) and zero (n = 0) modes are treated independently. To motivate the differ-
ent treatments of the Matsubara modes a typical one-loop integral in d = 4 — 2¢ dimensions
can be split into the zero and heavy modes by [166]

I(m) = Io+ Inxzo , (7.38)
with the zero mode contribution
d3-2 1 ['(=1/2+¢€) [4mu?]° e0 1
Iy = p*T = T ——mT 7.39
o=k / (2m)3 2 k2 + m2 (4m)3/2 { m2 } " i (7.39)
and the heavy modes
d3 2e 1
= 2u%T 7.40
Inzo =21 Z/ 2m)3=2¢ (2anT)2 + k2 + m? (7.40)
d3 2e (_1)lm2l
Q,BET /
1, 1 ,[1 ,ﬁ

472 Z <4W2T2> (Qé;lf_) C@L—1)+0).

The crucial point is that the integral of the heavy modes can be treated as an expansion in
m?, while the zero mode gives rise to the only non-analytical term in m2. So the Matsubara
zero modes are the origin of the problematic term, hence it is sufficient to resum only the
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static zero Matsubara modes. The resummation results in the following replacement in the
bosonic (fermionic) thermal integral

2

m i
J_(k) = T (/T = mi T, k= Wi, Zp, 1, 0°, 0%
2 m;
JE = J_(—Tg) k=Wr,Zr,yr (7.41)
2
J+(7;§) k = fermion ,

where k denotes all particles present in the Standard Model (SM), or also in extended Higgs
sectors. The bosonic (fermionic) thermal integral is given by

Jo(z?) = /OOO dkk? log (1 + exp (—\/kQ n x2>> , (7.42)

where the + sign corresponds to fermions and — to bosons, respectively. The index L,T
refers to the longitudinal and transversal polarisations of the respective particle. The mass
my, indicates the tree-level mass of the particle and 7y the respective thermal mass. The
thermal mass for e.g. a scalar field is given by Eq. (7.37). Note that fermions do not require
a resummation of thermal mass corrections, since there are no zero modes and in this way
no IR divergences. We will provide a generic description in the following section. All results
shown in this work use the resummation prescription for the static zero modes. We refer to
this procedure as Arnold Espinosa method.

7.1.4. Generic Extended Higgs Sector Models

In the last section several aspects of the one-loop effective potential at finite temperature were
shown, such as the splitting in a temperature dependent and independent part. Further, the
different approaches to resum the thermal mass corrections were discussed. In this section,
we show a possibility to write the Coleman-Weinberg and temperature dependent potential
in terms of generic tensors describing an arbitrary extended Higgs sector. The approach is
based on [167] and it is implemented in the C++ code BSMPT [5, 168].

The scalar, fermion and gauge boson sector in an arbitrary extended Higgs sector?® can be
written in terms of the tensors describing the coupling structure

) 1 .. 1 .. 1 ..
—Ls = L'®; + 5LV 0;®; + gLU’f@i@j@k + EL”“@@%@; : (7.43a)
1
—Lp = §YI"’“\I'1\I/J<I>k + c.c., (7.43b)
1 L
Lo = EG“b”AauAZ(I)Z»CDj , (7.43c)

with the real scalar fields ®; introduced by the Higgs multiplets. The index i of the scalar

fields runs up to the number of included real scalar field components npiggs. The fermion
fields have to be expressed in terms of Weyl spinors W with I = 1. .. nFermions and the four-
vector fields A,, correspond to the gauge field with the index a = 1...ngauge. The tensors
L', LY, LU and L™ indicate the Higgs self-interactions, whereas the Y!/* correspond to
the Yukawa interactions between the Ith and Jth fermion with the k-th real scalar field and
G to the gauge interaction between two gauge bosons with the indices a,b and the real
scalar fields with the indices i, j, respectively. Note that the tensors in Eq. (7.43) are defined
in the unbroken Higgs basis with all VEVs of the scalar fields set to zero. After electroweak
symmetry breaking, the scalar fields are expanded around their VEV w; as

Qi =wi +¢i, (7.44)

20 At least for non-minimal extended Higgs sector models as presented in Chapter 3.
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resulting in the following Lagrangians

—Ls = A+ Mg i+ A“ 0i0) + 5 A”’“¢2¢3¢k+ A““qﬁzqﬁmmz, (7.452)

—Lr 2M”\I’;\I{;+ Y”k\IfI\Iqusz, (7.45b)
1 abii

Lo = MG A} + A??f Aup Al + A(éwaAg‘m. (7.45¢)

The corresponding tensors in the broken phase read [167]

1 ..
A=VO = Liy, + L Uww; + L Tk iwiwr + — L w000 7.46a
J 3' J 41 J
Aés) =L+ L”wj + §L” wjwy, + Eszklewkwl , (7.46b)
Adsy = LY + L% wy, + §L”klwkwl : (7.46¢)
AG = L9* 4 Ly (7.46d)
Az(‘{qk)l _ ik (7.46e)
1 .
A((lg) — iGabz]wiwj’ (746f)
AfG = Gy, (7.46g)
A?g)] _ Gabij (746h)
A{J) M*]LMJ Y*ILkYmekwm ’ (7461)
MY =ylIky, (7.467)

Note that the tensors Ai{g , A?g and M'’ coincide with the respective mass matrices of
the scalar, gauge and fermion fields, respectively. With the definition of the tensors, the
Coleman-Weinberg potential can be written as [167]

VCW:@ ST (SN (1 25x) T [(Af;’()) (log< A(y)> —kx>] . (7.47)

X=S,G,F

with the spin and MS constants

5
(i scalars 5 gauge boson
Sx = B fermion , and kx = 5 (7.48)
1 gauge boson 3 scalar and fermions

The indices x, y reflect the respective indices depending on the type of the field 75, ab or , I.J
for X = S,G or F. The temperature dependent potential is then given by [167]

T .
Vr = X; F(—1)25X(1 + 2sx)5 5 T (A&)/T?) , (7.49)

with the fermionic (bosonic) thermal integral defined as

o0

Ji (Ag{) /T2> _ / dkk? log [1 + exp (—, [k + ATY, /T?)] . (7.50)

0
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The thermal mass corrections, or Debye corrections can also be expressed in terms of the
tensor couplings. They are given by

- T2 NHiggs B Ngauge B
Mgy =55 [(FD* (1 +2s5) Y L7+ (-1)*9(1+250) ), GV
k=1 a=1
MNfermion )
—(0Er 4 2se)g > (VYL YY) | (7.51)
I,J=1
) ,2 [y 1 e
o4, =T°= [ — —|—5> - G ob s 7.52
(@) 3 ( ] T mzzjl ab ( )

with Ny being the number of real scalar fields coupled to gauge bosons. The presented
formulas are only valid, if the model does not introduce additional fermions or gauge bosons
compared to the SM. Since all models under investigation in the context of the electroweak
phase transition in this thesis solely extend the Higgs sector and leave the fermion and gauge
sector unchanged, the formulas do not need to be changed. The resummation of the static
Matsubara zero modes is then equivalent to add the additional term to the temperature
dependent potential

VT(wv T) _>VT(W7 T) + VDebye(w7 T) > (753)
VDebye(W,T) = — % Z: ((m?)?)/?_ (m?)3/2) 4 Z_: <(m§)3/2_ (m3>3/2>] . (7.54)

The tree-level masses m?/ ., are the eigenvalues obtained from the mass matrices A%) and A‘(lg).

The thermal masses -, are the eigenvalues of the thermal mass corrected mass matrices

respectively
ALy — A+ 11 (7.55)
AfGy — Ay + 1185 (7.55b)

The evaluation of the one-loop effective potential and the required mass eigenvalues is per-
formed numerically within BSMPT.

7.1.5. Renormalisation

In what follows, we present the renormalisation prescription introduced in [169] and applied
in [4,72]. Up to this point, higher-order corrections in the Coleman-Weinberg potential are
renormalised in the MS-scheme (see Eqs. (7.27) and (7.47)) changing the input parameters,
especially the masses and mixing angles of the theory, compared to their tree-level values.
However, for large parameter scans it is convenient to use the tree-level parameters as direct
input parameters. This can be achieved by absorbing the radiative corrections in on-shell
counterterms. By identifying all Lagrange parameters in the tree-level Lagrangian to be bare
parameters and expanding them in renormalised parameters and the respective counterterms

po — D+ 0p, (7.56)
the additional counterterm potential can be split off as
V(w,T) = VOw) + Vew(w) + Ver(w) + Vr(w, T) . (7.57)
The counterterm potential reads then

oy ()
Op;

Vor = opi+ Y 0Ty (dn +wi) (7.58)
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where the first sum runs over all Lagrange parameters present in the tree-level potential
and the second sum runs over all fields getting a non-zero VEV at tree level. The tadpole
counterterms 67; are needed to ensure that the NLO vacuum ground state yields the same
masses and mixing angles as the LO vacuum state.

Fixing the counterterms defined in Eq. (7.58) requires to impose several renormalisation
conditions. To ensure that the NLO masses and mixing angles remain the same as the tree-
level input parameters, the following conditions are imposed at zero temperature

0 =05, (Vew + Ver)l g = (o) (1=0) » (7.59)
0= 9p,0; (Vow + VCT)‘¢,€=<¢;€)(T=0) ) (7.60)

where Oy, indicates the derivatives with respect of the i-th scalar field component and the
indices 1, j, k indicate all different scalar field components introduced in the Higgs multiplets.
Note that (¢x) (T" = 0) corresponds to the zero-temperature ground state of the scalar fields
as defined e.g. in Eq. (3.14). The first condition ensures that the NLO vacuum state remains
unchanged and the second one the NLO masses to be the same. To be precise, the renormali-
sation conditions ensure that the NLO vacuum is a local minimum of the potential, though it
has to be checked numerically if it is still the global minimum of the effective potential. The
first and second derivatives of the Coleman-Weinberg potential can be expressed in terms of
the tensors defined in Eq. (7.43) and are given in [167].

In general, the system of equations defined in Eq. (7.60) is overconstrained, so that additional
assumptions are needed in order to regularize the system. These assumptions have be found
case by case in the different extensions of the SM.

7.2. Electroweak Phase Transition

As will be discussed in Chapter 9 the EWPT is one required condition for electroweak baryo-
genesis (EWBG) and needed to explain the baryon asymmetry of the universe. However, the
EWPT is not only of interest concerning the EWBG, but can also give contributions to the
gravitational wave spectrum [170-172].

We investigate the possibility of a strong first-order electroweak phase transition (SFOEWPT)
in non-minimal Higgs sectors. In order to describe the Higgs potential in the early universe
we chose the ansatz of the effective potential at finite temperature presented in Sec. 7.1.3.
In the following we will first sketch the evolution of the universe starting in the Big Bang
and ending in the today’s present vacuum structure, followed by the discussion of the used
method to quantify the strength of the phase transition.

In Secs. 7.1.1, 7.1.3 and 7.1.4 it was demonstrated that the effective potential of an arbi-
trary non-minimal extended Higgs sector can be found by including higher-order quantum
corrections and at the same time finite temperature effects. The effective potential can be
parametrized at high temperature as follows [173-175]

AT)

V(p,T) =D (T? - 13) ¢* — ET$* + 1

o, (7.61)
with some coefficients D, E, \(T') and Tp. These coefficients are functions of the particle
masses and the respective couplings of the theory at zero temperature. However, the exact
dependence of the parameters is model dependent and not important for the following dis-
cussion. The coupling A\(T") shows also a mild temperature dependence, but can be neglected
compared to the other temperature dependencies.

The first crucial observation is, that at sufficiently high temperatures the global minimum of
the effective potential is in the symmetric ground state (¢) = 0, regardless if the electroweak
symmetry breaking takes place at zero temperature. Hence, a phase transition must take
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Figure 7.1.: The different vacuum structures of the one-loop effective potential at finite tem-
perature are shown for different temperatures.

place between the Big Bang starting in the symmetric phase of the universe ({(¢) = 0) and
the broken phase ({¢) # 0) as present in our today’s universe.

The so-called smooth crossover is the continuous phase transition between the two vacuum
states without a barrier separating both vacua. The smooth crossover is obtained if the cubic
mass term in Eq. (7.61) is dropped

MT)

4
o (7.62)

V(p,T) =D (T? - T3) * +
The mass term or rather potential curvature is then given by

m?(¢,T) = 3\(T)¢* + 2D (T? - T5) , (7.63)
and the extrema of the potential can be expressed as

2D (T? — T7)

(bc =0, and ¢c = A(T)

(7.64)

Eq. (7.64) indicates the critical temperature to be T, = Ty yielding two degenerate extrema
at ¢ = 0 with mZ(O,TC) = 0. For temperatures above the critical temperature T" > Ty we
have only one global minimum at ¢ = 0, since mQ(O,T) > 0. For temperatures below the
critical temperatures T, < Tp, the second extrema in Eq. (7.64) is present which turns out to
be new global minimum since m2(¢c, T) > 0 and the extremum at ¢ = 0 is a local maximum.
Despite the smooth crossover, successful baryogenesis requires a first order phase transition.
To enable a first order phase transition the cubic mass term is needed in Eq. (7.61). Note
these exactly cubic mass terms arise by including the thermal mass corrections, the Debye
corrections, in the effective potential. The evolution of the effective potential in Eq. (7.61) is
shown in Fig. 7.1 For sufficiently high temperatures (7' > T.) the symmetric potential has
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only one global minimum, namely (¢) = 0. For decreasing temperatures (7" < T.) a new local

minimum arises at
3E T2

@) =51z 9E2/SAD ’ (7.65)

still with one global minimum at (¢) = 0. The two minima are degenerate at the critical
temperature (T = T,), where the cubic mass term generates a barrier between both equivalent
minima. At this point the vacuum state of the universe is metastable and quantum tunneling
between both vacua is possible. For temperatures below the critical temperature only one
global minimum is present in the potential, the broken minimum. At zero temperature the
effective potential reflects the well-known Higgs potential with the VEV at (¢) = 246.22 GeV.
As an additional condition it is required to have a strong first-order EWPT in the context of
electroweak baryogenesis as discussed in Chapter 9, but also for gravitational waves. The so-
called baryon wash-out condition yields a requirement for the ratio of the critical temperature
and the electroweak VEV configuration v, at the critical temperature (see e.g. [31]),
(%

& = T 1. (7.66)
The exact numerical value of the required condition is model dependent, however for simplicity
we take £, > 1 as the SFOEWPT condition.
In general the coefficients in Eq. (7.61) cannot be calculated analytically and if at all, then
only for rather simple models (e.g. see [176]) or under additional simplifications. Thus, we
use a numerical approach to find the global minimum of the one-loop effective potential at
finite temperature. All used numerical routines are implemented in BSMPT [5,168].






CHAPTER 8

Phenomenological Study of the Electroweak Phase Transition

In this chapter we will present the results of the N2HDM. We start with the discussion of the
general idea of the analysis, followed by the presentation of the used approach and numer-
ical tools. We conclude with the phenomenological impact on the parameter region of the
N2HDM by requiring an SFOEWPT.

For the numerical analysis we sample a parameter set of the N2HDM by using the program
Scanners$ [60] allowing us to generate benchmark points fulfilling all experimental and theo-
retical constraints discussed and presented in Sec. 3.1. The scan ranges used in this analysis
are listed in Tab. 8.1 for the Type I N2HDM and in Tab. 8.2 for Type II, respectively. To
account for the flavor constraints B — X 4~ shown in Fig. 3.1 the scan range of the charged
mass in the Type II N2HDM starts at 580 GeV [177]. The SM-input parameters are listed in
Appendix B.

To check if a considered benchmark point also provides an SFOEWPT, we implemented
the calculation of the one-loop effective potential at finite temperatures in the C++ code
BSMPT. BSMPT allows us to find the global minimum of the one-loop effective potential at
finite temperature, in particular the vacuum structure of the N2HDM in Eq. (3.53) at a given
temperature. Hence, it is possible to deduce the strength of the phase transition £. defined
in Eq. (7.66). Note that only the electroweak SU(2);, VEV components enter the definition
of £ in Eq. (7.66). Therefore, the critical VEV squared of the N2HDM is given by

2

w? = wi + w3 +wip +wip , (8.1)

where w; (¢ = 1,2,CP,CB) correspond to the VEV configuration at finite temperatures. To
calculate w., BSMPT uses the following algorithm:

e Determine the NLO global minimum of the effective potential at zero temperature. If
the NLO vacuum reflects the tree-level minimum, the parameter point provides an NLO
stable vacuum.

e Determine the NLO global minimum of the effective potential at 7' = 300 GeV. Check if
the resulting electroweak VEV w, vanishes. If not, the benchmark point cannot provide
an SFOEWPT.*

2o provide an SFOEWPT, the electroweak VEV w. can be at most given by the electroweak VEV v = 246 GeV.
To allow for some numerical fluctuations, 7" = 300 GeV is chosen as starting point, since temperatures above
the chosen limit do not yield an SFOEWPT.
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2
T ma mH;t m12

in GeV in GeV?

125.09  [30,1500] [30,1500] [30,1500] [30,1500] [107%,10°]

a1 1% as tan 3 vg [GeV]
5D (50 (39 pem nww

Table 8.1.: Parameter ranges for the N2HDM T1 input parameters used in ScannersS.

2
mp mHL mHT ma mpg+ mq9
in GeV in GeV?

125.09  [30,1500] [30,1500] [30,1500] [580,1500] [107?,10°]

ay ay o tan 3 vs [GeV]
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Table 8.2.: Parameter ranges for the N2HDM T2 input parameters used in ScannersS.

e Following a bisection method in the temperature interval with the starting points T; =

T+ 1T,
0GeV and T, = 300 GeV, allows us to determine the electroweak VEV w( s 0).

T+ T,
If the obtained VEV vanishes, the right side of the interval is set to T} = 142- L

T+ 7T,

2
precision of Tj — T, < 1072 GeV is achieved. The critical temperature is then set to

T. = T; and the critical VEV to v, = w.(T}).

otherwise the left side T; = , respectively. This procedure is repeated until a

Some additional remarks on the chosen approach are in order. By using a bisection in or-
der to determine the critical temperature and thereby the critical VEV, it is not possible to
track down possible two-step phase transitions. To discuss the full vacuum structure with
possible multi-step phase transitions, it would be required to track the vacua at all temper-
atures. A possible ansatz is realized in the program package PhaseTracer [178], enabling to
track all minima evolving with the temperature. However, since we are only interested in
single SFOEWPT and not in multi-step EWPTs, the usage of the bisection method yields a
significantly better run time performance allowing for a more efficient parameter scan.

8.1. Type I N2HDM

In the following, we present the results of the numerical analysis for both types of the N2HDM.
We start with the discussion of the impact on the overall mass spectrum induced by the
requirement of an SFOEWPT, followed by the trilinear Higgs self-couplings, in particular the
trilinear self-coupling between three SM-like Higgs bosons.
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8.1.1. Mass Spectrum of the N2HDM Type I

The N2HDM is a combination of a doublet and singlet extension of the SM. Hence, the
resulting Higgs mass spectrum is enlarged compared to the SM. The model includes three
CP-even neutral Higgs bosons, which we will refer to as h as the SM-like Higgs boson, H|
as the non-SM-like Higgs boson with the lower mass my, and Hy with higher mass mpy,,
respectively. Note that three mass hierarchies are possible within the neutral CP-even Higgs
sector,

mp < mpg, < mH,, (8.2)

the semi-inverted mass hierarchy with

my, <mp <mp,, (8.3)
and the inverted mass hierarchy

mp, <mg, <myp , (8.4)

where the masses are identified with the masses in Eq. (3.62). Moreover, a charged Higgs H ™
and a pseudoscalar A are part of the Higgs particle spectrum of the N2HDM. For a detailed
introduction of the N2HDM see Sec. 3.5 and references therein. Due to the additional singlet,
all of the three CP-even neutral Higgs bosons acquire a contribution of the singlet field.
Henceforth, we define the singlet admixture of the i-th CP-even neutral Higgs boson to be

Yu, = R, (8.5)

where we identify H; (i = 1,2,3) with either h, H| or Hy depending on the mass hierarchy.
In Fig. 8.1 the two non-SM like Higgs bosons masses my, and mpy, versus the respective
singlet admixture are shown. In both plots, the gray points denote all parameter points used
in the analysis fulfilling all experimental and theoretical constraints presented in Sec. 3.1.
The brown points additionally provide an NLO stable vacuum. The global minimum of the
effective one-loop potential at zero temperature is equal to the tree-level potential defined in
Eq. (3.54) for these points. The color code indicates the strength of the EWPT as defined in
Eq. (7.66) and thus also the parameter points providing an SFOEWPT.

The strength of the EWPT is required to be at least £ > 1, where the maximum value is
given by £'** = 2.04 for the Type I N2HDM. The theoretical and experimental constraints
allow for a large mass range for the CP-even neutral Higgs bosons up to 1.5 TeV. For heavy
mp, 2 1250 GeV configurations it is getting gradually more difficult to provide NLO stable
vacua. However, the full parameter space up to 1.5 TeV?? can be filled with valid parameter
points if the parameter scan is extended in that regard. Though, the additional requirement
of an SFOEWPT significantly pushes the overall mass spectrum to intermediate mass ranges,

my, € [53,513]GeV , my, € [136,1479] GeV | (8.6)

apart from the heavy masses my, above 800 GeV which are only possible for singlet-like Higgs
bosons, where the singlet admixture is X, 2 80%. These heavy singlet-like Higgs bosons
are especially interesting, since the large mass allows for Higgs to Higgs decays Hy — H;H;.
At the same time, the singlet nature of the heavy Higgs boson yields a suppression of the
Higgs-to-Higgs coupling, so that the Higgs-to-Higgs decay branching ratios are suppressed.

As Eq. (8.6) implies, the normal and semi-inverted mass hierarchy is possible while requiring
an SFOEWPT. Note that only a few parameter points with an inverted mass hierarchy
were found in this analysis fulfilling all experimental and theoretical constraints, which might

cause the missing SFOEWPT benchmark points. To summarize, the overall bulk of the

*2Note that the upper limit of the scan range is chosen to be 1.5 TeV.
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Figure 8.1.: N2HDM Type I The singlet-admixture is shown as a function of the non-SM
like Higgs mass mpy, (mp,) on the left (right) side. The gray parameter points are all points
fulfilling theoretical and experimental constraints, while the brown points additionally provide
an NLO stable vacuum. The color code indicates the strength of the phase transition &. and
thus parameter points providing an SFOEWPT. The blue dashed line indicates the SM-like
Higgs boson mass my, = 125 GeV. The figures are taken from [4].

CP-even neutral Higgs boson masses is pushed to intermediate mass ranges of the order
O (200 — 500 GeV) by requiring an SFOEWPT. Nonetheless, the singlet admixture present
in the N2HDM allows for significantly larger masses for Hy. This fact enables also stronger
SFOEWPTs in the N2HDM as for instance for the C2HDM [4,72]. A possible reason is
discussed in the context of the trilinear self-couplings later on.

In Fig. 8.2 the charged mass my=+ (left) and the mass gap between the charged mass and
the pseudoscalar mass mq — my=+ (right) are shown as a function of tan 5. In both plots,
the gray points denote all parameter points in the sample fulfilling all experimental and
theoretical constraints, where the brown points additionally provide an NLO stable vacuum.
The color code indicates the strength of the EWPT and thus all parameter points providing
an SFOEWPT.

The strongest constraint in this parameter plane is given by the B — X + v constraint
discussed in Sec. 3.1.1. The exclusion limits for the 2HDM Type I are shown in Fig. 3.1
yielding the sharp cut-off on the left side of the viable parameter region in Fig. 8.2 (left).
Note that the limits of the 2HDM can be taken over to the N2HDM [81]. This allows for
charged Higgs boson masses from 150 GeV up to 1.5TeV while fulfilling all experimental
and theoretical constraints, where the lower bound on tan 8 depends on the charged mass
(induced by the experimental flavor constraints) which is roughly tan Spnin, ~ 0.8 for heavy
charged masses and up to tan By =~ 2.5 for light charged Higgs masses. Again by demanding
an SFOEWPT the charged Higgs mass spectrum is pushed to intermediate mass ranges of
the same order as observed in the CP-even neutral non-SM like Higgs bosons and hence tan 8
is above its minimal allowed value of 0.8.

In Fig. 8.2 (right) the mass gap between the pseudoscalar mass and the charged mass is
shown. The requirement of an SFOEWPT allows for two distinct parameter regions. One in
which the charged and pseudoscalar mass are degenerate and one parameter region in which
the pseudoscalar mass is significantly heavier compared to the charged mass. Especially the
T parameter of the oblique precision parameters discussed in Sec. 3.1.2 puts a stringent upper
bound on the mass gap between the charged Higgs boson and the corresponding closest-in-
mass neutral scalar. So either one of the CP-even neutral Higgs boson is mass degenerate with
the charged Higgs boson, or the pseudoscalar Higgs boson. The requirement of an SFOEWPT
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Figure 8.2.: Left: The charged Higgs mass myg+ is shown as a function of the mixing angle
tan 3; Right: The mass gap between the pseudoscalar Higgs bosons A and the charged Higgs
boson as a function of tan 8. In both plots, the gray parameter points are all points fulfilling
theoretical and experimental constraints, while the brown points additionally provide an
NLO stable vacuum. The color code indicates the strength of the phase transition &, and
thus parameter points providing an SFOEWPT. The figures are takem from [4].

strengthens this behavior [4]. We emphasize that especially the parameter region with a mass
gap between A and H™ is often neglected in the phenomenological discussion of EWBG and
gravitational waves, since the additional assumption of m4 ~ mpy+ = me with the non-SM
like neutral Higgs boson mass mg is taken to simplify the calculation. In Fig. 8.2 (right) a
slight tendency for stronger EWPTs for increasing mass gaps m4 — mpy+ in the parameter
region with large mass gaps in Fig. 8.2 (right) can be observed. In order to understand this,
we recapitulate the findings in [72,179]. The strength of the EWPT scales with the size of the
couplings of the light bosonic particles to the SM-like Higgs boson and is suppressed with the
Higgs boson mass. Furthermore, non-SM like Higgs bosons contribute to the EWPT through
their non-vanishing electroweak VEV?3. Hence, for a stronger EWPT, the masses of the Higgs
bosons have to be either light or their electroweak VEV contributions small, in the case of the
N2HDM the corresponding singlet admixture high. Particles which do not get an electroweak
VEV (A, H") and singlet-like CP-even neutral Higgs bosons (¥; ~ 1) are still allowed to
be heavy without decreasing the strength of the EWPT. They can even enable a deeper
potential barrier between the broken and symmetric vacuum state, which might enhance
the strength of the EWPT [180]. Exactly this behavior can be observed in the parameter
region with a large mass gap between the pseudoscalar and charged Higgs boson mass. The
pseudoscalar mass is getting larger for increasing mass gap, while the charged Higgs mass
remains mass degenerate with one of the CP-even neutral Higgs bosons. The neutral Higgs
bosons remain light to enable an SFOEWPT, where the heavy degree of freedom A produces
a higher potential barrier to strengthen the EWPT. However, there are additional interplays
determining the size of the actual strength of the EWPT .. Hence, the actual effect is not
significantly enhanced.

8.1.2. Trilinear Couplings of the N2HDM Type I

In the following we want to discuss the impact of the SFOEWPT on the effective one-loop
trilinear Higgs self-coupling. The one-loop trilinear Higgs self-couplings are derived from

%Note that in the N2HDM the three CP-even neutral Higgs bosons have an electroweak VEV contribution, but
also a singlet contribution due to the singlet admixture.
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the one-loop effective potential by the respective third derivative with respect to the Higgs
fields. Infrared divergencies related to the Goldstone bosons in the Landau gauge are treated
analogously to the mass derivation from the effective potential, see [167] for details.

As SM reference values we take the values of [181] given as

2
LO,SM 3m
N = f—vh , (8.7)
2 4 2 9 o
NLO,SM _ 3mj my my  p;mg
M =T [1 - WQm%LUQ] +0 <02 ; fn;%v2> : (8.8)

where the dominant top-loop contributions are taken into account with the top quark mass
my. In Fig. 8.3 the NLO trilinear coupling between three SM-like Higgs bosons is shown
as a function of the leading-order (LO) self-coupling, both are normalized to the respective
SM reference value. The color code is the same as above. The strongest SFOEWPTs are
obtained for the largest NLO/LO Higgs self-coupling, however the maximum values of the
trilinear Higgs self-coupling remain significantly below the allowed values by the experiments.
This can be explained by an interplay between the corresponding Higgs masses and quartic
couplings. Besides the dominant top-loop corrections, also loop-corrections due to internal
Higgs-loops are present in the extended Higgs-sector models as the N2HDM [88,181]. The
Higgs boson masses of the N2HDM can be cast in the following schematic form

m% = M? + f,(\)v? + frn(N)vvs + fo(N)v2 + O (v*/ar2,vi/m2) (8.9)

with M? being a mass scale independent of the VEV as well as quartic couplings and the
functions f; (i = v, m, s) are linear combinations of the quartic couplings of the Higgs potential
in Eq. (3.52). Fig. 8.3 shows that, the strongest EWPTs are obtained for the largest Higgs self-
couplings, which are also a function of the quartic couplings. Hence, large quartic couplings
are needed for SFOEWPTs. On the other hand, we observe that a sufficiently strong EWPT
requires intermediate Higgs masses, thus limiting the maximum values for the quartic coupling
due to Eq. (8.9). Henceforth, the strongest EWPTs are observed for the largest trilinear
coupling, but the maximum enhancement of the trilinear Higgs self-coupling remains below
the values compatible with the applied constraints.

8.2. Type II N2HDM

In this section, the results for the Type II N2HDM are shown. Beside the different couplings
structure in the Yukawa sector as discussed in Sec. 3.1.1 both types do not show significant
differences. The most impactful difference is induced by the flavor constraints B — X + ~.
This constraint requires the charged Higgs mass to be at least ~ 580 GeV. In combination
with the S,T,U oblique parameter constraints, especially the 7' parameter, this forces the
overall Higgs mass spectrum to be heavier. We start the discussion with the overall Higgs
mass spectrum, followed by the trilinear one-loop coupling.

8.2.1. Mass Spectrum of the N2HDM Type II

In Fig. 8.4 the singlet admixture of the two non-SM like Higgs bosons is shown as a function of
the respective mass. The gray points indicate the full parameter sample fulfilling all applied
constraints, whereas the brown points additionally provide an NLO stable vacuum. The color
code indicates the strength of the EWPT, thus all parameter points providing an SFOEWPT.
The strength of the EWPT is weaker compared to the Type II. Furthermore, the normal and
semi-inverted mass hierarchy is possible in the N2HDM in both scenarios with and without
an SFOEWPT. However, the complete inverted mass hierarchy is already excluded by the
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Figure 8.3.: N2HDM Type I:The NLO trilinear Higgs self-coupling between three SM-like
Higgs bosons normalized to the SM reference value is shown as a function of the LO trilinear
self-coupling between three SM-like Higgs bosons again normalized to the SM reference. The
gray parameter points are all points fulfilling theoretical and experimental constraints, while
the brown points additionally provide an NLO stable vacuum. The color code indicates the
strength of the phase transition . and thus parameter points providing an SFOEWPT. The
figure is taken from [4].

experimental constraints, as seen in Fig. 8.4 (right). The requirement of a heavy charged Higgs
mass of at least 580 GeV in combination with the oblique parameters pushes the overall CP-
even neutral Higgs bosons around or above 500 GeV. Note that the T" parameter puts strict
constraints on the upper bound on the mass difference between the charged Higgs boson and
the neutral one, whereas the S parameter tighten the possible mass gaps between the mixing
scalars. The semi-inverted mass hierarchy is also only possible for singlet-like H| as seen in
left plot in Fig. 8.4. For all other points non-singlet-like Higgs bosons H| are of the order
O(500 GeV) or above. The requirement of an SFOEWPT yields the same results as observed
in the Type I N2HDM. The overall Higgs mass spectrum is pushed significantly below its
compatible upper mass ranges. Only singlet-like non-SM like Higgs bosons can be either light
or heavy.

In Fig. 8.5 on the left hand side, the charged Higgs mass is shown as a function of tan 8 with
the same color code as above. On the right hand side, the mass gap between the charged
and pseudoscalar Higgs bosons is shown as a function of the mass gap between the two non-
SM like CP-even neutral Higgs bosons. As in the Type I N2HDM the sharp cut-off in the
mpy+ — tan 8 plane is induced by the flavor constraints B — X + v, where in Type II the
depence on the minimal tan f does not depend on the corresponding charged Higgs mass.
By demanding an SFOEWPT, again the charged Higgs mass is pushed significantly to lower
masses and additionally also large tan § are unfavored by the SFOEWPT. An additional
difference compared to Type I is that there is no parameter space providing an SFOEWPT
with a large mass gap between A and H™', which can be simply explained by the already
large charged Higgs mass. Since the mass spectrum is overall heavier compared to Type I,
also the strength of the EWPT is weaker, as discussed in Sec. 8.2.

To conclude the discussion of the N2HDM Type II, we show the normalized NLO and
LO trilinear Higgs self-couplings between three SM-like Higgs bosons in Fig. 8.6. Again the
dominant top-loop contributions are taken into account for the NLO SM reference value as
defined in Eq. (8.8). The color code is the same as above. While all factors between £2 for
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Figure 8.4.: N2HDM Type II: The singlet-admixture is shown as a function of the non-SM
like Higgs mass mpy, (mpu,) on the left (right) side. The gray parameter points are all points
fulfilling theoretical and experimental constraints, while the brown points additionally provide
an NLO stable vacuum. The color code indicates the strength of the phase transition &. and
thus parameter points providing an SFOEWPT. The figures are taken from [4].
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Figure 8.5.: N2HDM Type Il:Left: The charged Higgs mass is shown as a function of the
mixing angle tan 3; Right: The mass gap between the charged and pseudoscalar Higgs boson
as a function of the mass gap between the two non-SM like CP-even neutral Higgs bosons.
In both plots, the gray parameter points are all points fulfilling theoretical and experimental
constraints, while the brown points additionally provide an NLO stable vacuum. The color
code indicates the strength of the phase transition &, and thus parameter points providing
an SFOEWPT. The blue dashed line indicates the SM-like Higgs boson mass mj; = 125 GeV.
The figures are taken from [4].
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Figure 8.6.: N2HDM Type II:The NLO trilinear Higgs self-coupling between three SM-like
Higgs bosons normalized to the SM reference value is shown as a function of the LO trilinear
self-coupling between three SM-like Higgs bosons again normalized to the SM reference. The
gray parameter points are all points fulfilling theoretical and experimental constraints, while
the brown points additionally provide an NLO stable vacuum. The color code indicates the
strength of the phase transition . and thus parameter points providing an SFOEWPT. The
figure is taken from [4].

the NLO self-coupling and +1 for the LO one, respectively are compatible with the applied
constraints, the parameter points providing an SFOEWPT lie on the maximum values. The
behavior is analogous to the Type I N2HDM.

8.3. Conclusion

The N2HDM studied in this chapter provides a rich phenomenology due to the additional
Higgs doublet and the singlet added to the Higgs sector. The applied theoretical and exper-
imental constraints put strict limits on the viable model parameter space, however there is
still a large amount of freedom involved. For instance, the CP-even neutral Higgs mass spec-
trum can vary from ~ 30 GeV up to ~ 1.5 TeV. Where we again emphasize, that the chosen
upper limit of our parameter scan is chosen to be 1.5 TeV. By requiring an SFOEWPT as
additional model requirement and in turn linking cosmological theoretical constraints with
the LHC phenomenology, it is possible to reduce the possible parameter space significantly.
We observed that with the required SFOEWPT the overall Higgs mass spectrum involving
the neutral CP and CP-odd Higgs bosons h, H|, H+ and A and the charged Higgs boson H ™
is pushed to intermediate mass ranges of the order O (200 — 500 GeV) remaining significantly
below the compatible lower and upper bounds. Only singlet-like Higgs bosons with a singlet
admixture above ~ 80% might have larger masses. In both types of the N2HDM the pa-
rameter points providing an SFOEWPT are on the edge on the valid my+ — tan 8 plane, so
that future updates on the flavor constraints might have an important impact on the valid
benchmark points with an SFOEWPT.

Furthermore, the trilinear one-loop self-couplings between three SM-like Higgs bosons are
enhanced compared to the SM reference given by the interval

Type I: AZ’,%,?’NQHDM/A%?SM]&M €[-24,-1.2]U[1.0,2.4] (8.10a)
—1.9,-1.5] U [1.6,2.0] (8.10b)

. NLO,N2HDM ; NLO,SM
Type I: Anwn /Now ‘§C>1 <
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as long as an SFOEWPT is required. These kind of enhanced trilinear coupling might be in
reach for future LHC searches.



Part 1V.

Electroweak Baryogenesis






CHAPTER 9

Theoretical Foundations

In the following, we discuss the important theoretical foundations for electroweak baryogenesis
(EWBG). For a detailed introduction and further discussions of other approaches we refer
to the excellent reviews [30,31, 33,34, 182-184]. We start with the discussion of one of the
Sakharov conditions: B-violating processes. This condition is already fulfilled in the Standard
Model (SM) and allows us to produce a baryon asymmetry through a topological transition
between different vacuum states of an SU(2) gauge theory. Followed by a rough sketch of the
actual calculation of the baryon asymmetry of the universe (BAU), we end our theoretical
introduction with the presentation of the two used approaches to determine the quantum
transport equations and the needed transport parameters.

One of the outstanding open problems in modern physics is to explain the BAU. As already
mentioned in Sec. 2.3 the BAU can be measured in terms of the baryon-to-photon ratio by
the CMB measurement and is given by

npg
Ty

n=—=(62404) 1071 (9.1)
The ratio of the baryon asymmetry np = n, — ng and the photon number density n, is a
crucial parameter for the prediction of the CMB, hence through its measurement, it is possible
to deduce a strict limit on this quantity. Note that during the expansion of the universe the
photon density is not a conserved quantity. It is more convenient to use the entropy density,
s, of the universe to calculate the actual BAU. However, both quantities can be related to
each other, which we will discuss shortly in order to compare the experimentally measured
value in Eq. (9.1) and the calculated quantity ns/s.
In the radiation dominated early universe the particle number density of the photons is a
function of the temperature of the photons [26]
2¢(3) 13
n, = —=T° | 9.2

= 92)
with the numerical prefactor of 2¢(3)/x2 ~ 0.2436. Whereby, the entropy density of the universe
at high temperatures is given as [26]

7 472 4
s=|D 9+t 9r )35, (93)
B F
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where the sum runs over all bosonic (B) and fermionic (F) degrees of freedom g, (z = F, B)
with the respective masses m; < T. Note that all other particles with m 2> T are effectively
decoupled from the thermal system. The entropy density indeed obeys d(sR?)/dt = 0 with R
being the radius of the expanding universe, hence it is conserved in a co-moving frame.
Quantitatively, a particle ¢ is in equilibrium with the thermal system if the respective rate I';
describing an interaction of the particle ¢ with the plasma is larger than the expansion rate
of the universe which is given by the Hubble rate H,

I's>H. (9.4)
The interaction rate of a specific process can be estimated by
I ~n; (vo) (9.5)

where n; indicates the particle number density, v the velocity of the particle and o the
respective cross-section of the process. The (...) corresponds to the thermal average. With
the minimal condition for thermal equilibrium in Eq. (9.4) and Eq. (9.5) it is possible to
determine the temperature at which the particle specie decouples from the thermal system of
the universe. The universe becomes transparent for this specific specie at this point. After the
decoupling of the neutrinos at the freeze-out temperature, the photons are the only remaining
particles in thermal equilibrium. If the temperature further falls below the electron mass
(T < me), the annihilation of electron-positron pairs heat the photon background relative

to the neutrinos. It is possible to determine the relative temperature between photons and
neutrinos to be [26]

4N\
T, = <11> T, ~19K. (9.6)
The total entropy density including the photons and three neutrino flavors is then given by
472 21 3\ 3
$=335 <2+4(TV/T7) )T,y =1T7.04 ny , (9.7)

allowing us to find a relation between the photon density and the entropy density.

The non-zero value of the BAU entails a problem: If the universe begins with the Big Bang
and furthermore the CPT symmetry is not broken, we would expect a symmetric universe,
where the baryon density is equal to the anti-baryon density. It might be the case that the
BAU is just a local phenomenon: we just live in a local cluster of matter and the respective
anti-matter is somewhere else. However, the matter domain must be of large size, roughly
10 Mpc [185,186], since otherwise annihilation processes would be observed.

Another possibility is to produce the BAU dynamically starting with a symmetric universe.
In this context Sakharov [22] proposed three required conditions a model needs to fulfill in
order to be able to explain such a dynamical production of the BAU, namely C- and CP-
violation, departure from thermal equilibrium and B-violating processes. The CP-violation
has to be included through the beyond the Standard Model (BSM) model, since the CP-
violation present in the SM through the CKM matrix is not sufficient to explain the BAU
[53]. The departure from thermal equilibrium can be achieved through an strong first-order
electroweak phase transition (SFOEWPT) as presented in Sec. 7.2. The requirement of B-
violating processes will be discussed in the following section.

9.1. B-violating Processes (in the SM)

At the classical level, the number of each fermion species is separately conserved in all possible
processes, which is related to the presence of exactly classical conserved global U(1) currents.
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Figure 9.1.: The SU(2) vacuum structure as a function of the Chern-Simons number.

For the SM particle content, there are 12 different fermion species, hence 12 conserved global
currents, which can be written as

s = 50vQ 99)

with the quark spinor () and analogous for the leptons. However, any axial current of a gauge
coupled Dirac fermion is anomalous [30,187] making it possible to write the divergence of the
bosonic and leptonic current as

2 2

. . g ~ g ~
aﬂj§ = aﬂjg = Nf <327T2 W;LLVWCL’HV B 3272 FﬁVFa“LW> ’ (99)

with Ny as the family number or number of generations, g the SU(2) gauge coupling and ¢’
as the U(1) gauge coupling. The field-strength tensors W}, (F},) correspond to the SU(2)
(U(1)) gauge fields. The tilde indicates the dual field strength tensor e.g.

Truv 1 vafS

WH = 56“ Wags - (9.10)
Note that Eq. (9.9) directly implies the conservation of B — L, while B + L is anomalous.
The crucial point is that the right-hand side of Eq. (9.9) can be written as a divergence of
the non-invariant gauge currents K* and k*

2 12
. . g g

This relation allows us to relate the change of the baryon and lepton number with the vacuum
structure of the gauge fields. Since the U(1) as an abelian group does not contribute, it is
sufficient to consider the SU(2) vacuum structure. The Chern-Simons number

Neg = / drK° | (9.12)

corresponds to the winding number of the SU(2) gauge field and allows us to label the infinite
equivalent vacuum states for the gauge field, depicted in Fig. 9.1. Each minimum yields a
valid physical vacuum state and classically these minima are degenerate. However, if it is
possible to perform a transition from one vacuum to the next-closest, the Chern-Simons
number changes by an integer

t1
Ncs(t1) — Nes(to) = / /dSSU auK’u =n€eZl. (9.13)
to
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The change of the Chern-Simons number and the bosonic/fermionic current can then be
related with the help of Eq. (9.11) yielding the change of the baryon and lepton number in
terms of the change in the Chern-Simon numbers in units of the family number

AB = AL = N;ANcs . (9.14)

To summarize, nine left-handed quarks (three color states for each generation) and three
left-handed leptons are generated, if it is possible to perform a transition from one SU(2)
vacuum state to the next-closest one.

9.1.1. Topological Transitions

In 1976, 't Hooft discovered that indeed there exists a classical non-perturbative solution to
the equations of motion with a non-vanishing action, which tunnels between two adjacent
vacua [188]. The field configuration is referred as an instanton. As it turns out, the transition
rate per unit volume of instanton processes (at zero temperature) is approximately given
by [188]

(T =0)~10717 (9.15)

indicating that not even one event would have occurred within the present Hubble volume in
the history of the universe. Hence, instantons are not able to explain the produced BAU.
However, in the year 1985 Kuzmin, Rubakov and Shaposhnikov realized that at high tem-
perature the possibility exists, that these transitions between two vacua become unsup-
pressed [189]. Instead of tunneling through the potential barrier separating two adjacent
vacua, the solution at finite temperature hops over the barrier due to the availability of ther-
mal energy. The resulting pseudo-particles are named sphalerons [190] (Greek: “ready to fall”)
to refer to their meta-stability. The sphaleron is a non-perturbative saddle point solution of
the energy functional. The determination of the thermal transition rates of the sphalerons
requires the considerations of both Higgs phases. After the SFOEWPT the electroweak sym-
metry breaking has taken place and the universe is in its broken phase. The corresponding
transition rate per unit volume is then suppressed by the (Euclidean) action®* [189)]

Tspn(T) = & <%>3m%v exp <—ESZ’":(T)) , (9.16)

with the W-boson mass myy, the SU(2) gauge coupling «,, and some dimensionless parameter
k. The sphaleron energy in the broken phase is given as
my (T
Egn(r) = @) (9.17)

Qo

with a dimensionless parameter € of the order O (1) and thermal mass of the W-gauge boson.
In the symmetric phase of the universe, before the electroweak symmetry breaking, the de-
termination of the transition rate per unit volume requires a careful treatment of high tem-
perature effects, which is in general an involved task. A rough estimate can be obtained by
the following consideration. The only important length scale in the symmetric phase® is
given by the magnetic screening length £ = (awT)fl. The magnetic screening length reflects
exactly the thermal mass corrections discussed in Sec. 7.1.2. Hence, on dimensional grounds,
the transition rate per unit volume of the sphaleron is expected to be

Tspn = kam T (9.18)

24Here, the Euclidean action is denoted as the sphaleron energy Esph.
*Note that the Higgs vacuum expectation value (VEV) is zero, hence all particles are massless.
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B
L B
Sphaleron
L >
L B

Figure 9.2.: The effective Feynman diagram for a sphaleron transition, where three left-handed
leptons L and nine left-handed quarks (three baryons) are involved.

with a dimensionless factor x of the order O(1). Arnold et al. criticized that the inclusion
of hard thermal loop contributions would damp the transition further [191,192]. The most
precise calculation of the transition rate per unit volume is obtained on the lattice, where the
additional hard thermal loop contributions as well as further improvements are taken into
account. The lattice result is then given by [193,194]%

Tsph (T > To) = K'a (0, T)* (9.19)

with
K =294+6. (9.20)

In summary, in models with an SU(2) gauge structure it is possible to generate B-violating

processes at quantum level through sphaleron transitions. This process is a non-perturbative
solution at finite temperatures, consequently there is no corresponding Feynman diagram.
The large sphaleron transition rate in the symmetric phase yields a thermal equilibrium
between three left-handed leptons and nine left-handed quarks, which can be schematically
interpreted as an effective Feynman diagram, depicted in Fig. 9.2. However, the transition
rate in the broken phase is exponentially suppressed, such that produced baryon asymmetries
are conserved in the broken phase. As it turns out, this is a crucial point in order to produce
the BAU through electroweak baryogenesis.

9.2. General Idea of the Electroweak Baryogenesis

So far we discussed the three required conditions Sakharov proposed in order to be able to
explain the dynamical production of the BAU as well as the need for BSM physics to enable
an SFOEWPT. In the following section we want to sketch the general idea of the actual cal-
culation of the BAU in a non-local approach of electroweak baryogenesis. For a more detailed
discussion, see e.g. [31].

The departure from thermal equilibrium requires that an SFOEWPT is present. The elec-
troweak phase transition (EWPT) is taking place at the critical temperature T, as discussed
in Sec. 7.2. Both vacua are degenerate and quantum tunneling is possible. At this point, a
bubble with the broken phase (the Higgs VEV is non-zero) inside and the symmetric phase
outside starts to evolve. However, the interplay between surface tension and internal pressure

26 For simplicity, we dropped the discussion of the leading log contributions present in the sphaleron transition
rate, since this is beyond the scope of this thesis.
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does not allow the bubble to nucleate. At the nucleation temperature T < T, the probabil-
ity of a bubble to nucleate is of the same order as the Hubble expansion. Hence, the bubble
can grow and does not collapse until the whole universe is filled with the broken phase®’.
At some point the growing bubble is large enough to be approximated as a planar wall ne-
glecting curvature terms. By doing so the problem reduces to an effective 1 + 1 dimensional
problem with only one spatial coordinate z indicating the perpendicular distance to the bub-
ble wall. The bubble wall separating the symmetric phase (positive z) from the broken phase
inside the bubble (negative z), is set at the origin z = 0.

The actual production of the BAU can be divided in three steps. As a first step the (pseudo-)
particles in the plasma scatter with the bubble wall. The CP-violation, which is required to
be provided by the underlying BSM model, generates an asymmetry in the particle number
densities during the interaction with the propagating bubble wall. We end up with a net
non-zero excess of left-handed fermions in front of the bubble wall, biasing the electroweak
sphaleron transition discussed in Sec. 9.1.1 to produce more baryons than anti-baryons in a
second step.

In the final step, the net baryon charge is then swept up by the expanding wall inside the
bubble. Since the electroweak sphaleron transition rate is exponentially suppressed in the
broken phase, the produced BAU is conserved and a wash out is avoided. This step also
makes clear why we have to demand an SFOEWPT. The criterion in Eq. (7.66) ensures to
avoid the baryon washout. In this way all three Sakharov conditions can be fulfilled in a CP-
violating model. In this work we calculate the BAU within the C2HDM, presented in Sec. 3.2.

The BAU can be calculated for small bubble wall velocity as follows

_ f‘ws > f‘ws
"B _ =3 / exp <Rz’> nY (2)dz | (9.21)
0

S 208 Vw

where Ty, is the (rescaled) sphaleron transition rate of the symmetric phase, vy, is the bubble
wall velocity?®, R = 15/4 the SM relaxation constant and nY(z) is the left-handed fermion
number density profile in front of the bubble wall. The left-handed fermion particle number
density profile n}(z) is obtained by solving the quantum transport equations describing the
diffusion process in front of the propagating bubble wall. A detailed motivation of Eq. (9.21)
is described in Appendix C.

9.3. Bubble Wall Profile

The left-handed asymmetry in front of the bubble wall is produced through a CP-violating
interaction between the propagating wall and the plasma. Hence, a description of the bubble
dynamics is needed, which requires the solution of the equations of motions for the scalar
fields. However, this is an involved task in non-minimal extended Higgs sectors and in general
not analytically solvable without approximations. In this work, we choose a rather simple
approach to approximate the wall profile, which we will discuss in the following. We start
the discussion with one single real scalar field.

The decay rate of a meta-stable vacuum state is given as an exponential decay law

P ~ A(T) exp (—53/T) , (9.22)

2"The nucleation and possible collisions of the growing bubbles might also contribute to the stochastic spectrum
of gravitational waves. For simplicity, we assume that only one bubble nucleates and fills the whole universe
at some point.

2Note, that we treat the bubble wall velocity as direct input parameter in our calculation.
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with some temperature dependent prefactor A(7") and the three-dimensional euclidean action
S3. The corresponding equation of motion for the scalar field derived from the 3-D Euclidean
action reads
d’¢  2do 0
dr? " rdr 98¢
In Eq. (9.23) it is already assumed that the field obeys a spherical symmetry, allowing us to
describe the field with the radial distance r. If the bubble described by the scalar field is large

10
enough, we can neglect curvature terms and drop the first derivative <¢ B22le ) in

Vet(0,T) (9.23)

r or
Eq. (9.23). This reduces on the one hand the dimensionality of the problem from a 3 + 1
to an effective 1 + 1 dimensional one with the spatial coordinate z and further simplifies the
equations of motion significantly to

T _ 0y (6T) (9.24)

d22 a¢ eff\ @, . .
Suppose the following example for a potential reflecting the vacuum structure at the critical
phase transition point

Var(9) = 2 (¢ (6 — ) | (9.25)

with some quartic coupling A and the critical VEV v.. The potential in Eq. (9.25) has two
degenerate global minima, one at (¢) = 0 and one at (¢) = v.. Both minima are separated
by a potential barrier with the height V4. Solving the equation of motion in Eq. (9.23) for
the potential in Eq. (9.25) yields the following Kink wall profile and barrier height

o) =% (1=t () | Vi = Vi = ve/2) = o (9.26)

The wall profile ¢(z) is then described with the critical VEV v, and the wall thickness Ly,
given by

8 v2
L? = =_° . 2

For simplicity, we assume for a non-minimal extended Higgs sector, that all scalar fields can
be independently described by the Kink profile in Eq. (9.26). Hence, for the description of
the field configuration as a function of the perpendicular distance to the bubble wall, we need
to determine the critical field configuration at the SFOEWPT and the wall thickness Ly,.
In what follows, we describe the numerical approach to determine the wall thickness in a
non-trivial scalar sector.

In the first step, we determine the critical temperature and the critical VEV by using the
routines as implemented in BSMPT. The numerical minimization of the effective potential
allows us to find the VEV configuration of the broken phase denoted as wj. The vector w
contains all scalar degrees of freedom which have to be taken into account in the minimization.
The VEV configuration of the C2HDM is given in Eq. (3.13) implying w = (w1, w2, wcp, weB)-
We parametrize the straight line connecting both vacua as

w(t) =ws+1in, with n=w,— ws, (9.28)

with ws being the symmetric VEV configuration, n as the direction of the straight path

connecting both vacua and t € [0,1]. Now we subsequently go step wise with steps ¢; = %

and N as the number of steps. We perform a minimization of the effective potential in the
orthogonal plane at w(t;)
w € {w|(w—w(t;)) -n=0}. (9.29)
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The value of the minimum in the orthogonal plane at w(t;) is referred to as V;. Once all V; are
determined, the tunnel path can be approximated with a spline of the points (¢;|V;) denoted
as Vp(t). Note that the broken and symmetric minima are degenerate, hence Veg(ws, ;) =
Vesi(wp, T). For the determination of the barrier height, we calculate the maximum V,ax of
Vin(t) and find

Vi = Vinax — V(wp, T¢) . (9.30)

Eq. (9.27) allows us then to evaluate the wall thickness and thus the parametrization of the
wall profile in Eq. (9.26).

Some final remarks concerning the wall profile: Both approaches to derive the quantum
transport equations are based on the fact, that the particles in front of the bubble wall
acquire a space-dependent mass and a respective space-dependent complex phase

mi(z) = mi(z) ) (9.31)

with the absolute value m; and the phase factor 6(z). The absolute mass at a given z is
calculated by determining numerically the eigenvalues of the mass matrix, where the Higgs
fields are parametrized as in Eq. (9.26). The evolution of the phase factor is obtained as
follows. First, we determine the phase of the broken minimum by calculating the argument of
the complex mass obtained by the mass matrix, referred to as 6y,. The determination of the
symmetric phase gy, is a bit more involved. In a completely symmetric VEV configuration,
the phase is arbitrary, however we want to achieve a smooth function for 6(z) along the
tunnelpath. For that reason, we determine the complex phase of the mass matrix shortly
before the symmetric phase by searching the global minimum in the orthogonal VEV plane
in

p. =ws+en, (9.32)

with some small number ¢ = 1072, Since we use a bisection method to obtain the critical
temperature and set the critical temperature to be the lower bound of the bisection interval,
we are slightly below the true critical temperature, where both minima are exactly degenerate.
To compensate this, we furthermore extract the symmetric phase at the temperature T' =
T. 4+ 0T to ensure that the global minimization finds the symmetric minimum. The default
value for this temperature shift is chosen to be 07" = 1 GeV in BSMPT v2. It was explicitly
checked that both numerical parameters € and 67" do not show any significant impact on the
overall predicted BAU.

Finally, the phase factor is then parametrized as [35]

0(z) = <0brk - w <1 + tanh Lz>) . (9.33)

w

9.4. Quantum Transport Equations

In the following, we present the two approaches used in this thesis to formulate the quantum
transport equations. These systems of equations are required to describe the thermal system
of the early universe and to determine the profile of the left-handed chemical potential in front
of the bubble wall, needed in the Eq. (9.21). It is an ongoing discussion in the literature how
to extract the corresponding source terms, which enables the generation of the asymmetries
in the first place. A first systematical comparison of both approaches was done in [195]. They
parametrized the CP-violation in a generic way by including a space-dependent phase factor
0(z) in the top quark mass

Lvuk D mt(z) (EL ew(z) tr +tr eiie(z) tL) . (9.34)
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Such structures also occur in the C2HDM, since the corresponding Yukawa terms in the
Lagrangian include the coupling of the Higgs doublets and the left- and right-handed top
quark spinors. The complex nature of A5 and m?, in Eq. (3.11) introduces a complex phase
6(z) analogous to Eq. (9.34). The space-dependence of the mass terms is due to the space-
dependent Higgs background, parametrized as in Eq. (9.26).

We investigate two approaches taking the full model-dependence into account. We start the
discussion of the approach based on the top transport referred as FH ansatz and afterwards
we introduce the concepts of the VEV insertion approximation (VIA). We conclude the the-
oretical introduction with the discussion of the thermal interactions present in the plasma of
the early universe.

9.4.1. Top Transport Equations

The introduction of the quantum transport equations based on the top transport closely fol-
lows [195] based on the work of Fromme and Huber in [35] which has been applied to the
2HDM in [36]. However, we emphasize that the derivation of the quantum transport equa-
tions is also possible from first principles by considering the Kadanoff-Baym equations as
presented in [37-39]. A good overview of both derivations can be found in [196].

In principle, the thermodynamical system of the early universe is in a non-equilibrium state.
However, for small wall velocities?? we can treat the system to be near equilibrium and con-
sider a small perturbation around the equilibrium. As follows, we consider a single top quark
interacting with the thermal system and the bubble wall. The thermodynamical evolution of
the particle distribution function f is given by the Boltzmann equation

(vg0> + FOp,) f =CIf] , (9.35)

with the group velocity vy, the force F' acting on the respective particle and the collision
integral C[f]. Note, that the equation is formulated in the rest-frame of the bubble wall,
hence there is only one spatial coordinate z and the respective momentum p,. The complex
top quark mass is parametrized as

m(z) = m(z)e0G) (9.36)

with the Dirac gamma matrix 5 and the absolute space-dependent mass value m(z) and
phase factor 6(z). Note, that this parametrization is equivalent to Eq. (9.34) and hence
induces CP-violation in top quark interactions.

Expanding the Dirac equation with the complex mass in Eq. (9.36) with a WKB ansatz for
the spinor in terms of the gradient, allows us to find the group velocity and the semi-classical
force acting on the top quark [35,195,199]

20/
b m=6
Vg = I + SpSk, 72E2Ez , (9.37)
(m2)/ (m20/)/ m2 (m2)’9/
F=—-———" — . 9.38
or T hth |\ SRR, AERE, (9.38)

The energy of the Dirac fermion is given by £ = \/p 2+m?2 and E, = \/p2+m?. The
mass m and phase factor @ are defined in Eq. (9.36) and (...)" denotes the derivative with
respect to the perpendicular distance to the bubble wall z. The helicity factor is given by

*The typical bubble wall velocities are assumed to be of the order O (1071) for the SM( see e.g. [197,198]).
This might be not the case for an arbitrary extended Higgs sector model. Since we treat the bubble wall speed
as direct input parameter, we emphasize that the following approaches are only valid for small wall velocities.
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sp = h sgn (p,), where h = %1 corresponds to the helicity of the particle. The sign s, is +1
for particles and —1 for anti-particles, respectively. Thus, the second term in Eq. (9.38) is
acting differently on particles and anti-particles. Hence the second term is CP-odd. The first
term is CP-even and corresponds to the classical force term present for a varying mass.

The particle number density is assumed to be near equilibrium, which allows us to parametrize
the distribution function as follows

1
f - eﬁ [’Yw (Ew +Uwpz)_ld

+6f, (9.39)

with § as the inverse temperature, v, the Lorentz boost factor v, = 1/,/1—2 and the con-
served wall frame energy

20!

m
Ew ~F— ShSkoﬁ
z

=F+ ShSkOAE . (9.40)
Here p stands for the pseudo-chemical potential defining the particle asymmetry and ¢ f
describes kinematical perturbations in the distribution function. To ensure that § f does not
affect the local particle density, the following normalization is chosen

/ dBpsf=0. (9.41)

The CP-even part of Eq. (9.38) is of first order in gradient, while the CP-odd (second term) is
of second order in the gradient expansion. This means that there exists a hierarchy between
both parts, hence the CP-even and CP-odd equations can be solved separately. Starting
with the expansion of the (pseudo) chemical potential and kinematical perturbation in a
CP-even/odd part>°

= fte + Sk tlo (9.42)
O0f =0fe+ sk,0fo (9.43)

allows us to expand the distribution function as

= fow+ Afe+ sk, Afo (9.44)
with the definitions
1
Jow = eBlw(Bw+vwp:)] £1 (9.45a)
Af(i = _,u/eféw + 5f6 ) (945b)
Afo = (—tio + s7wAE) fouw — shYwAE faybte + 0 fo - (9.45¢)

The CP-even equation then reads

L [pe, 0 fe] = Se + 6Ce (9.46)
with the Liouville operator
2/ 2/
— Pz (m?) Pz _ (m?)

and the respective CP-even source term

(m?)’

2F

Se = VoY fow - (9.48)

301 [35] the chemical potential and kinematical perturbation of a particle specie i are expanded as p; =
Wite + Mi20 + pi2e and 0f; = dfi1e + 0fi20 + 0fi2e. The index 1,2 indicates the order of the gradient
expansion.
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The collision integral 6C,. incorporates all interactions present in the plasma. The inclusion
or rather the impact on the interactions depends on the relevant time-scale of the respective
process. For instance, if a process A = B has a large interaction rate I'4—p, i.e. the process
happens fast on a small time-scale ty—p = (I'a— B)_l, the participating particles A, B are
in equilibrium and the respective chemical potentials pua, g can be related to each other.
However, a slow process can be decoupled in the description of the thermal system, since the
process is not taking place on the relevant time-scale. In this way, the question which process
has to be taken into account in the collision integral requires a careful analysis of the relevant
time-scale for the corresponding processes, which is a model dependent decision. Since the
same question arises in the second approach to determine the quantum transport equations,
we postpone the discussion of the relevant interactions to Sec. 9.5.

Analogous to Eq. (9.46) the CP-odd equation can be formulated with the following source
term

m29')/

P OFE,

m2 m2 9/ !
So = — VuYuw féw + Uw7w3p¥ <wa - Tw (/)/w> ) (9~49)

4E2F, E
with s, = sgn (p,).
The goal is to find a closed set of equations for the (pseudo) chemical potentials. The two

lowest moments of the CP-even and CP-odd equations are considered. In doing so, we
integrate over the momentum, weighting the equations with (p:/£)' and normalize it to

A 273
Ny = / & fow.rp = Yoo / &pforp =N = ~Yu 5T 2 (9.50)

The distribution function fo, rp corresponds to the distribution function of a massless
fermion in the fluid frame. The average over the phase space is of the form

(X) = ]\1]1/d3pX . (9.51)

The [-th moment of the velocity perturbations is defined through the kinematical perturbation

w = <(73E)l 5f> , (9.52)

and similar the /-th moment of the evolution equation as

pz>l B (pz)l

— | L)y=((=) (S+46C)) . 9.53
() £y ={(%) s +a0 (9.53)
The results for the zero and first moment of the Liouville operator are then given by

(L) = =Dipt + )y + vyw (m2) Qupt (9.54a)

z 1
<%L> = —Dop/ — vt} + vy (mz)/qu + (mz)/ <2E25f> , (9.54b)

where (.. .)" corresponds to the derivative with respect of the spatial coordinate z. The
thermal transport coeflicients are given as

D= <(%)l f()w> , (9.55a)

-1
Q= <(’;El> 6’w> , (9.55D)
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where (...) indicates the derivative 9(y,E)- So far the full dependence of the bubble wall
velocity is kept in Eq. (9.55). In [35,36] an additional expansion for small wall velocities is
performed, such that the thermal coefficients in Eq. (9.55) become [35]

.
Ki;= — <23123fi,0> ; (9.56a)
Ey
% fip
Ky = (-2=- .56b
2, <2E0>, (9.56b)
p?
Ky; = <EZ2 aEfi,O> : (9.56¢)
0
K5 = [ZaEfi,O] ; (9.56d)
Ey
~ E2 _p2
Ko;= | —2—=208fio| .
6, [ 257 aEf,D] (9.56¢)
2|9k fi0
Kgi=("T" ) 9.56f
® < 2F2Ey, (9.561)
‘pz| aEsz 2
Ky; = = — 0% f; . 9.56

In the above equations we wrote the explicit partial derivatives with respect to the energy,
since the corresponding Lorentz boost factor 7, is expanded to be 1. The thermal averages
are defined in accordance with [35]

[ &*pX(p)
X)=— , 9.57
X) J d3pdg for(m = 0) (9:57)
J @*pX(p)
X =L """+ 9.58
with the corresponding distributions functions of particle ¢

fio = filpi=0.6f,=0,00=0 5 (9.59)

f0+ = fi|i:Fermion,ui:0,6fi:O,UU,:O . 960)

Furthermore, we introduced an index ¢ indicating the respective particle. The momentum
integrals in Eq. (9.56) require a numerical integration. These numerical integrations are
in general time consuming. Hence, we created a bi-cubic spline over the equidistant plane

(mg, T) over the interval m? € [O, (200)2} GeV? and T € [10,250] GeV. This bi-cubic spline

allows for a fast evaluation of the respective thermal transport coefficients in BSMPT [5, 168].
The interaction of fermions with the bubble wall scales with their respective masses. Thus,
the dominant contributions are obtained from the heaviest particles. In this way, the top
quark is expected to dominate the production mechanism. The thermodynamical system is
then described by the chemical potential of the left-handed top quark g4 2, its right-handed
counterpart pe described as the charged conjugated field and the left-handed bottom quark
chemical potential ji,9. Further, a chemical potential for the Higgs boson fields is intro-
duced through pp, 2. Note, that we follow the notation of [35,36], where the index 2 in y; 2
indicates the order of the gradient expansion and further corresponds to the net-chemical
potential, meaning the difference between the particle and anti-particle chemical potential.
The corresponding transport equations are then given by [36]

0 = 30 K14 (O2p1,2) + 3vp Koy (@mf) 2 + 3 (0zug2)
— 30y (pe,2 + puae 2 + pin,2) — 60 (pe2 + pae 2) — 30w (pe,2 — pp,2)
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— 3l [(1 + 9K17t) 2 + (1 + 9K1,b) b,2 + (1 — 9K17t) ,U,tc72] , (961&)
0 = v K1 p (0zp1,2) + 3 (Ozup2) — 3Ly (v,2 + piee 2 + pn2) — 30w (pp,2 — pee,2)
— 30 [(1 4+ 9K14) 2 + (1 + 9K p)pip2 + (1 — 9K 1) pige o] (9.61b)

0= 3va1,t (6z,utc,2> + 3UwK2,t (azm?) e 2 +3 (azutc,Q)
=30y (ue2 + po2 + 2pte 2 + 24n,2) — 6L (pe,2 + fize 2)

= 35 [(L 4+ 9K1) e + (1 + 9K ) pp2 + (1 — 9K ) puee o] (9.61c)

0 = 4vy K1 b (0zpin,2) + 4 (0zun2) — 30y (pe2 + pio,2 + 240e2 + 2pp2) — 4l ppp2,  (9.61d)

S = — 3K47t (Bzut,g) + 3Uwf~{57t (6zut72) + 3UwK6,t (asz) U2 + 3F§Otut72 , (9.616)

0= — 3K47b (az/tbg) + 3Uwf~(57b (azubg) + 3F(t)0tub’2 , (9.61f)

Sy = — 3Ky (D:pite2) + 300 Ks ¢ (Quge 2) + 30 Koy (0:m7) ge 2 + 3T use 2, (9.61g)

0= —4Kyp (Ozpin2) + 40 Ks p, (Osup ) + ATy o (9.61h)
with the source term for the top quarks

Sy = — vy Kz 10, (m?@zG) + vy Ky ¢ (0.0) m? (8zmt2) ) (9.62)

Some additional comments are required. As already mentioned, all interactions which are
present on the relevant time-scale have to be included in the collision integrals §C.. This will
be discussed in detail in Sec. 9.5. There are two major contributions, the elastic and inelastic
scatterings in the hot plasma. As shown in [200], the zeroth and first moment of the collision
integral in Eq. (9.53) are related through

(C[f]) ~ FinelZMm , (9.63)

<<Z> C[f]> ~ —uptt | (9.64)

with the inelastic and total interactions rates, respectively. The sum of the chemical potentials
depends on the specific inelastic process.

The following processes are included in the transport equations in Eq. (9.61). First, the
W-scattering is included coupling left-handed top and bottom quarks to each other. This
interaction is described by the rate I'yy. Further, the Yukawa interaction of the top quark is
included described with the rate Fy31. The strong sphaleron rate corresponds to the SU(3)
sphaleron transitions. We refer to this rate as I's; and it is discussed in Sec. 9.5.2. The top
helicity flipping rate is referred to as

m?(z,T)
r, =M l) 9.65
T (9.65)

describing the helicity flip of a top quark through the interaction with the Higgs background
field. The space-dependent mass of the top quark is determined at the critical temperature.
Furthermore, Higgs boson interactions are included through the rate

2
miy (2, T)
Iy, =22 9.66
h 0T (9.66)
The space-dependent W-mass is determined analogously to the top quark mass. Using the
Kink profile for the Higgs field in Eq. (9.26) allows us to express the mass matrix of the gauge
boson as a function of z and by finding the eigenvalues the respective masses of the gauge

310 be consistent with the notation in Sec. 9.5.3: F;t) =TI,
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bosons. The total interaction rates (corresponding to the inelastic scatterings) can be related
with the diffusion constants of the quarks Dy, D; and Higgs bosons Dy, respectively,

Ki,

D, = ——&t 9.67

LT K et (9-67)
Kis

Dy = — b 9.68

P T K et (9.68)
Kuin

Dy = —&h 9.69

MUK e (9.69)

Eq. (9.61) yields a closed set of differential equations for the chemical potentials and the
respective plasma velocities of the particles w;. Assuming, that the thermal system is in
equilibrium far from the bubble wall allows us to choose the boundary conditions for the
chemical potential and plasma velocities to vanish for z — oco. Note that we use net chemical
potentials and plasma speed perturbations. With this association at hand, it is possible
to solve the transport equations for {u, u} and evaluate the left-handed chemical potential
triggering the electroweak sphaleron transition in Eq. (9.21) [36]

1 1
ML — 5 (]_ —|— 4K1,t) /Jt72 + 5 (]. + 4K1’b) /,Lb,2 — 2K17tut672 ) (970)

since the left-handed chemical potential u;, and particle distribution function nOL are related

through the high-temperature expansion.

9.4.2. VEV Insertion Approximation

In the following, an alternative way to derive the quantum transport equations will be in-
troduced and the relevant notation is fixed. The FH approach uses a WKB ansatz for the
fermion spinor to derive the semi-classical force. The corresponding WKB ansatz is valid, if
the respective typical length-scale of the particles, the de Broglie wave-length A\g, is smaller
than the length-scale of the bubble profile, given by the wall thickness L,,

Ap ~ YT < Ly . (9.71)

Since, the typical length-scale of the particles in a plasma is given by the inverse temperature,
the validity condition for the FH approach is given by L., > 1. Hence, this approach is
valid in the thick wall regime. The VEV insertion approximation (VIA) can be understood
as an expansion in v(2)/T, where v(z) is the VEV of the Higgs profile at a given space-point.
Thus, the resulting space-dependent masses can be treated perturbatively.

For the following discussion and derivation of the quantum transport equations within the
VIA approximation we closely follow [201-203], where the general idea of the approximation
is based on the work of [204,205].

The characterization of the thermal system of the universe right after the EWPT requires a
description of non-equilibrium. As indicated in Sec. 7.1.2, this can be accomplished within
the Closed-Time-Path formalism (CTP) [159-161]. The number current of a fermion(e.g. top
quark) is then given by the Schwinger-Dyson transport equation

gt (x) = —/d3z /_:vo dzg Tr [Ef(m,z)Sf(z,x) — 87 (z,2)55 (2, x) (9.72)
+S5 (2, 2)%7 (2,2) — Ef(x,z)Sf(z,x)] ,

where we have to distinguish between both chiralities (i = L, R). The fermionic Wightman
function S (x,y) corresponds to the thermal (massless) propagators

S7(x,y) = (V(@)(y)) , S<(z,y) = W(@)Y(y)) (9.73)
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The explicit form of the fermionic Wightman functions is given by [206] (A =<, >)

4
P ay) = / (;’;e—““'@-wg}<ko,u>p<ko,k> (k+mr) | (9.74)

with the spectral density p, as function of the particle energy k¢ and its momentum k, the
thermal mass of the fermion mp and the thermal distribution function g}‘ for fermions as
a function of the chemical potential p and the particle energy kg. Near-equilibrium these
thermal distribution function can be related with the distribution function in equilibrium e.g.

07 (o.) =1~ ko) + u" 2 4 02)

with the equilibrium distribution function for a fermion and its derivative
n(z) = (€*+1)"" | h(z) =e® (e*+1)72 | (9.75)

We refer to [201] for more details. The thermal self-energies E? will be discussed in a moment.
The left-hand side of Eq. (9.72) can be simplified by using Fick’s law

gt = (ni, —D;Vn;) (9.76)

relating the particle current with the scalar distribution function n; and the respective diffu-
sion constant D;, to
Ot (x) = vy — DiV?n; ~ vynl — Dinll . (9.77)

In Eq. (9.77) it was further used, that we perform the calculation in the wall frame, hence
the problem reduces to a one dimensional problem.

The Higgs field background ¢3(z) in front of the bubble wall yields space-dependent masses
for the fermions. Hence, the actual determination of the propagator is a sophisticated prob-
lem. The VIA proposes an approach to calculate the fermionic propagator [207-210]. In this
approximation the field dependent part of the fermion mass is treated as perturbation. The
idea is to split the mass of the respective fermion in a Higgs field dependent and independent
part (in the following for the top quark)

Liee D Y L (i) = omi*(T)) i , (9.78)
i=L,R

f(T, by)-

V2

where 6mi® (T') are the one-loop thermal masses and my(¢,) corresponds to the field depen-
dent complex top quark mass (split in its real and imaginary part). The thermal masses can
be interpreted as the resummed thermal one-loop corrections to the massless propagator and
are given for right-(left-) handed quarks gg (z) and leptons I (1 as

Ling D — [mg®(ds)) + imy™(¢p) Trtp + hec. = ———="f;tg + h.c. (9.79)

Ren2 (14 3 1 1 2 Re) 2 12,1 1 2
(6mgs)” = <695 + @92 + 23391 + E T (Gmgp)” = 69s + 1891 * Syt r
(9.80a)
Rer 2 1 3 1 5 Rey2 _ (Lo 15
(myy7)” = (3291 HETECRT )T (omi)” = (891 T8
(9.80D)

with the SM gauge couplings gs, g2 , g1 and the top-Yukawa coupling ;.
The interaction strength f(7T,¢p) € C is implicitely defined In Eq. (9.79). The interaction
Lagrangian implies that for each VEV insertion (interaction with Higgs background field) a
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Figure 9.3.: The fermionic propagator of a right-handed fermion is shown with two VEV
insertions indicated by the gray blobs. This diagram corresponds to the leading-order of the
transport equations.

factor f(x) = f, in the specific space-point = has to be multiplied in the respective amplitude.
Thus, the right-hand self-energy in Fig. 9.3 reads

Sh(z,y) = —f(2) f*(y) PrSL(z — y) PL (9.81)

with the left- and right-handed projectors Pr, gr. Using Eq. (9.81) in Eq. (9.72) allows us to
recast the right-hand side in the form

AL /f/“ﬂf+fmmﬂﬂﬁu@¥@m SE (,2)S7 (% 2)] 1y(my—o
(9.82)

+ % /d3z /_; i[fofl — faf.]Im Tr [Sf(x, z)SE(z,x) — S’f(x, z)SE(z, ac)]Tr(m):()
= S§¥(2) + SET (x) .

The subscript Tr(m) = 0 indicates that the mass can be set to zero in the respective prop-
agators. Hence, the transport equations split into a CP-conserving and CP-violating part.
The CP-violating part is crucial to generate particle asymmetries in the first place. The cor-
responding transport equations for the left-handed top quark can be determined analogously.
It turns out that S¥¥(z) = —S§F () and $F (2) = —S%F(:c).

The thermalization of the particles in front of the bubble is assumed to happen on a faster
time-scale compared to the bubble dynamics, hence the prefactors can be simplified further

n (fof? + [0 =20l [fof? = fi1) = 2ivdm (f/(@)f* () (") |

(9.83)

allowing us to express the CP-conserving interactions as
Sk" =Th (e + pr) + Ty (un — pr) (9.84)

with the relaxation rates
k*dk (h(er F h(e%)))
r¥ =_— it 5 — k2 9.85
M2 2772T |f’ /wLwR [ Ep —EL (ELgR ) ( )
(h(eL) F h(er)) 2

+ erer+ k , 9.86
€L, +E€R ( L=R ) ( )

and the corresponding left- and right-handed chemical potentials of the top quark. Some
remarks about the relaxation rate in Eq. (9.86): we already included the factor 6/72 in the
definition of the relaxation rate. This factor will be explained as we discuss the corresponding
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chemical potentials. The color factor IV, is 3 for quarks and 1 for leptons, respectively. Due to
the CP-violation (complex nature of the top quark mass) the dispersion of the left- and right-
handed particles is different, hence we have to distinguish between the left- and right-handed
energies

e = w; — iTy = \/k2 + (6mBe)® — T, (9.87)

with the thermal masses defined in Eq. (9.80) and the thermal decay width I'x. The thermal
width is different for quarks and leptons and they are given by

I; = %asT ~ 0.167 I = a,T ~ %T ) (9.88)
The derivative of the distribution function h is defined in Eq. (9.75).
For the evaluation of the relaxation rate, we further expand the rate for small mass differences
for left- and right-handed particles (thus also the dispersion can be expanded)

(6myp)? = (5mBe)® — (6mPe)? (9.89)
(6my)°
Sw = Ld , (9.90)
21/ k2 + (§mBe)?

where p indicates either the quark (g) or lepton (I). For simplicity we drop the index in w.
The approximation for degenerate thermal masses is an excellent approximation for quarks,
however this does not hold for leptons in the same way. Furthermore, we assume that the
thermal widths of the left- and right-handed quarks and leptons are the same and given by
Eq. (9.88). This allows us to expand the relaxation rate to

6 N,

2 2 2 2 2 2
2 FT 2 /
and
o\ 2
FLN(...)dw.h/(w)—i—(’)(éwg; <TT> ;h}) . (9.92)

Eq. (9.92) indicates that the positive rate FJT/I is directly proportional to the small difference
dw and does not have any other (dominant) contributions. For that reason, we drop in the
following the contribution Fj\r/[ and only take into account I';, = I'ps, which is compatible
with the literature [203].

Analogously, the right-handed CP-violating source term can be found

g toley (f’f*)/ Kk [(n(EL) — ) (e g (9.93)

*7 WLWR (€L—€})2
(n(er) +nler) — 1) 2
T (erer+ k)| ,

with the same definition as in Eq. (9.86), vy, as the bubble wall velocity and the (equilibrium)
distribution function n(ky) as defined in Eq. (9.75). The derivative acting on the interaction
strength f’ is the derivative with respect to the bubble wall distance z. The same arguments
as above allow us to expand the CP-violating source term for the particle ¢, which enters the
quantum transport equations32 to

7 Nc w k?4 T T I T'rd
S0 = Zelupy (f;j;.*)/dkw4 {—T+ AT 50+ <T ol “) n(w) (9.94)

oF T g2 2w 4w? w Qw2

32Note that we use net-chemical potentials in the transport equations, hence we have to use also the difference
of right- and left-hand source terms in the transport equations.
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2 4
—Ww w I'r w 3l I
v, ¥ T KT s
* <2FT+2I<;2FT 2 +<2FT+ 2w> w)”(w)

rr\?
+0 <5w2; () ;n") )
T

Both expansions in Egs. (9.91) and (9.94) are implemented in BSMPT v2.0 [5], where the inte-
gration is performed numerically with the C++ library Boost [211]. The interaction strength
in Eq. (9.79) can be identified with the complex mass parametrized as in Eq. (9.31), allowing
us to write

P =2Im(z)* , and Im(ff*) =20'(2)m?(2) . (9.95)

The masses are determined by evaluating numerically the eigenvalues of the mass matrix ob-
tained with the Higgs field configuration at the given distance z by using the parametrization
of Eq. (9.26). Analogously, the evolution of the phase factor (z) is governed by the described
approach in Sec. 9.3 while using Eq. (9.33).

At sufficiently high temperatures, the chemical potential and the particle number density can

be related to each other by
2

T .
Mtp = ipp=Hp +0 (ug) , (9.96)
for a particle specie p and the statistical factor

kp(z) = Kp(0) cﬁ’f /OO dm(éf:i)Q\/xQ —m?/72 (9.97)

m/T

The factor 7%/6 is absorbed in the interaction rates (see e.g. in Eq. (9.86)) and the normal-
izations are given by cp gy = 6(3). The statistical factors at zero temperature for right-and
left-handed quarks, leptons and a Higgs boson are given by

ke (0) =6, Kqa(0)=3, kuy(0)=4, £,(0)=2, and r,0)=1. (9.98)

Up to this point, the transport equation for one single particle was discussed. However, we
want to describe the complete thermal system of the early universe at the EWPT. For sim-
plicity, we assume the top and bottom quarks to be massive, while the remaining quarks
are assumed to be massless. Furthermore, we include massive 7 leptons in the transport
equations allowing us to investigate if a leptonic degree of freedom enhances the overall BAU
production.

At a first glance, the CP-violating source term in Eq. (9.93) is proportional to the respec-
tive mass of the particle, hence the 7-leptons might suffer from a large suppression in the
production for e.g. for the C2ZHDM

~0.1, for Type I
S/CHD/ m7(¢b7T)

TR

S%D/ mt(¢b7 T) B

(9.99)

NI
~ for T 11
mi(0) wo(T) ~ tanf ™ TP

with the thermal VEVs w1, wy and the mixing angle tan 5 2 1. However, leptons do provide
advantages compared to quarks. For instance, the diffusion constants (as discussed in the next
chapter) are larger for leptons compared to quarks, allowing for a more efficient diffusion and
production of asymmetries. Moreover, leptons do not suffer from strong sphaleron washout
(also discussed in the next chapter), which allows us to keep produced asymmetries [203].

In the following we refer to the particle distribution functions of the left-and right-handed
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top,bottom and 7, the 7-neutrino v, the light quark contributions u and the scalar degrees of
freedom hj, (k denotes the k-th Higgs doublet) as follows

Ng = Ny, + Ny, Ny = Nip , ny = Ny, , (9.100a)
Ny = Ny ng=mny, + N, Ny = Nrp (9.100Db)
Ny = Ny, My, = g9 + Mt (9.100c¢)

where we use Eq. (9.96) to relate the chemical potentials with the particle distribution func-
tions. Note, that we explicitly separate the left- from the right-handed densities. Furthermore,
we identify these distributions functions to describe the net densities, meaning the distribu-
tion of the particle density minus the anti-particle distribution.

As discussed in the next section, gauge interactions and Higgs self-interaction rates are fast
compared to the time-scale of the diffusion process, hence particles corresponding to the up-
and down-components of SU(2)y, doublets are assumed to be in thermal equilibrium (as well
as the Higgs boson components), implying e.g. ny, = np,. This is also the reason, why only
one distribution function for the left-handed densities is required to describe the system.
Due to the small mass of the remaining quarks (u,d,c,s), or rather the small Yukawa in-
teractions, the light quarks effectively decouple from the thermal system. However, they
participate in strong sphaleron transitions, hence their respective chemical potentials (parti-
cle distribution functions) are related to each other through

Ng, = Ngy = =20y = —2ng = —2ng = —2n, . (9.101)

Eq. (9.101) allows us to choose the particle distribution function of the right-handed up-
type quark to describe the light quark sector completely. Including the strong sphaleron
transition and further Yukawa interactions in the transport equations, allows us to formulate
the (quantum) transport equations for massive top, bottom and 7 as follows [203]

@®) (&) (), (b) (t) (0)

9.102g
9.102h

. b u u T T
Ouity, = +T Py = TPy + T ~TOw,

~—~~

a,u]{f = +1gsptss

Ougtt = AT 4+ T 4 7O O 1O —orpy, — 50, - 5;25, (9.102a)
it = =T ui) = TPl + Tasprs + S5, (9.102b)
it = —Tlny) =TVl + Daspras + S (9.102c)
Ouif = +T5 Sy + T D) — Sg}.r, (9.102d)
gy =0, (9.102¢)
Ouit = ~Tiiuy) TP m + S0y, (9.102f)

)

)

with the (rescaled) chemical potentials

) _ ”t_”q> 0 _ (™ _ g N~ P 9.103a

= (2 m), e ( oy )
ny, nNg hy,
— - — 9.103b
(m, Y ) (9.103b)

(1) nr ny (7) nr ny Tip,,
=|—-= =|—=-= —k 1
Y (K fﬂ) : By <KT HZ+—§: ) . (9.103¢)

2 u 4’11,
%:<%_m_%_w__n>_ (9.103d)
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The index p of the statistical factor x, indicates the respective particle. The index L, R cor-
responds to the massless left- or right-handed particle, respectively. It is required to define
an effective statistical factor for the left-handed density n,.
Eq. (9.77) defines the left-hand side of the coupled differential system of equations with the
diffusion constants for quarks and leptons, respectively. Assuming equilibrium far from the
bubble wall in the symmetric phase, allows us to formulate boundary conditions for all par-
ticles p as ny(2) 7%, 0. Note, that we are considering net distribution functions.
This coupled system of differential equations can be solved for all particle distribution func-
tions as a function of the bubble wall distance z. Finally, the left-handed density required for
Eq. (9.21) can be written as

nd(z) = Z (ng +ny) i a ng +mnp —4n, . (9.104)

fam.

The transport equations in Eq. (9.102) can also be formulated for massless 7 leptons or b
quarks. The corresponding Yukawa, relaxation rates and source terms have to be set to zero
accordingly. Furthermore, massless b quarks have to be taken into account in the strong
sphaleron interactions as an effective light quark degree of freedom (i.e. n, = np). This
allows us to investigate the following three different cases for the transport equations

e Taking massive ¢, b and 7 into account: The transport equations are given by Eq. (9.102).
We refer to this scenario as VIA — 7.

e Neglecting the 7 masses, where the b and ¢ quarks are assumed to be massive. The
respective Yukawa, relaxation rates and source terms for the 7 lepton have to be dropped
in Eq. (9.102). This scenario is referred to as VIA — b.

e Only the t quark is taken into account as massive degree of freedom. All remaining
quark degrees of freedom are assumed to contribute to the light quarks. Furthermore,
all leptons are neglected. This scenario is referred to as VIA — t.

9.5. Plasma Interactions and Thermal Rates

The thermal system of the early universe incorporates many interactions. In the following,
we want to discuss which processes have to be taken into account in the quantum transport
equations to describe the system in a consistent way.

As indicated in Sec. 9.2, the calculation of the BAU is performed in a two-step approach.
First, the left-handed excess in front of the bubble wall is generated. In a second step, the
baryon asymmetry is calculated by considering the electroweak sphaleron transitions. This
requires that the corresponding interaction rate of the electroweak sphaleron I'ys and the
interaction rate of the diffusion process I'p obey

IFws <Tp . (9.105)

By demanding Eq. (9.105), it can be ensured that these two processes can be treated sepa-
rately. A rough estimate of the diffusion rate can be obtained by considering the distance of

a particle diffusing
dp ~~/D1p , (9.106)

with the respective diffusion constant D and relate it with the distance the bubble wall has
traveled in the same time

dy = VwTw - (9.107)
Hence, the resulting time-scale of the diffusion process (and diffusion rate) is given as
! _ D
Tw:TD:(FD) 1:7 . (9108)
U’LU
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Note, that Eq. (9.108) and Eq. (9.105) imply a lower bound on the wall velocity. However,
the typical order of wall speeds ((9 (vy) = 10_1) required for the EWBG is above this lower
limit.
If an interaction rate, describing a process A = B, is (much) larger compared to the process
under investigation (in our case I'p defines the relevant time-scale of the diffusion process),
the chemical potentials involved in the process A = B can be equated pu4 = pp, since
the fast process yields equilibrium between both particles A and B. We assume, that the
gauge interactions (I'gauge ~ o1 [200]) are fast on the relevant diffusion time-scale, hence
the chemical potentials of the components of the SU(2)1, doublets can be set equal, implying
e.g.

Mgy, = Npy, 5 Npt = Npo - (9.109)
These two interaction rates, the EW sphaleron and Yukawa rate, dictate the relevant time-
scale and thus the relevant processes, which have to be taken into account in the description
of the quantum transport system. The lower bound is given by I'ys ~ aiT in terms of the
electroweak coupling o, = 92/4r and the upper bound by the gauge interactions I'gange ~ ;T
with either the strong gauge coupling a; = 9s/4r or the electroweak coupling av,.
We start the discussion of the diffusion constants of quarks and leptons in a hot plasma. The
diffusion constants describe the mean free path of the respective particle in the hot plasma.
Followed by the discussion of the strong sphaleron transitions and the Yukawa interactions.

9.5.1. Diffusion Constants

In this section, the diffusion constants D; for quarks and leptons are motivated. The sketch
of the derivation closely follows [32].

The diffusion constant of a particle in a hot plasma gives a measure of the mean free path
of the respective particle. It relates the particle current to the corresponding distribution
function n

Jp=—-DVn. (9.110)

Since the equilibrium distribution function does not provide a current, we allow for a small
perturbation 0 f in the equilibrium distribution fy (see Eq. (9.39)). The determination of the
0 f by solving the Boltzmann equations, allows then to calculate the resulting current by

Ip= /ME , (9.111)
p

and read off the resulting diffusion constant. The static Boltzmann equations read

L[f] = —C[f] (9.112)

with the Liouville operator on the left side and the respective collision integral C[f]. The
collision integral for two incoming {p, k} and outgoing {p’, ¥’} momenta is given by

_ b (@) 2
CUI= 5 ™) ML (9.113)

with the delta function ensuring momentum conservation and the respective matrix element
M. As mentioned in the last section, the gauge interactions are assumed to be dominant in
the hot plasma, limiting the mean free path of quarks and leptons. Hence, M corresponds
to the t-channel vector boson exchange diagrams. The statistical factor is defined as

Plfl = fofu (L= fpr) (0= far) = S o (1= fp) (1 = fr) - (9.114)

Note, that the electroweak symmetry breaking is restored at high temperatures. There-
fore, the corresponding diagrams have to be evaluated with the gauge interactions states
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By, W; (1=1,2,3) (c.f. Eq. (2.13)) and the masses of the external legs are zero. The regu-
larization of the divergences related to the massless propagators is achieved by including the
one-loop thermal masses of the longitudinal vector bosons:

4

m2 = %aw tan® 0, T ~ 0.04 T2 , (9.115a)
2

miy, = %asz ~ 0.69 T? , (9.115b)

m; = 8ra,T? ~ 3.6 T? (9.115¢)

with the electroweak vector bosons B, W; associated to the U(1)y and SU(2)r, and the gluon
g. The Weinberg angle is denoted as 6,,. Expanding the Boltzmann equations in terms of
0 f and considering small momentum transfers in the elastic scattering processes, allows us to
find the diffusion constants for left- and right-handed leptons ({1 r) and left- and right-handed

quarks (qr.r) [32]

~— Dt~ Dl o~

Dre > 355 - L7100 9L.R

T T
! G (9.116)

9.5.2. Strong sphaleron Transition

The strong sphaleron is the correspondence of the electroweak sphaleron discussed in Sec. 9.1.1
for the SU(3). gauge group. The strong sphaleron yields an equilibrium between the left-
and right-handed up- and down-type quarks for each generation %

uf? +d¥ =l 4 al) (9.117)
The corresponding transition rate was calculated on the lattice and is given by [212,213]
[y o~ 14T | (9.118)

where it is assumed that the strong coupling oy ~ 0.1 and Ny = 6 as the number of active
quarks. However, due to the large QCD gauge coupling, the theoretical error on the strong
sphaleron transition rate might be huge and of the order O (50%) [213].

9.5.3. Yukawa Interactions

The last contributing interaction, which is included in the transport equations, is the Yukawa-
like interaction. Since the corresponding ¢-channel diagrams have the same form as the gauge
interactions, we expect that the thermal decay width is proportional to the respective gauge
coupling «; (i = w for leptons and i = s for quarks, respectively). However, as it turns
out the thermal decay widths induced through fermion exchanges are proportional to the
squared zero-temperature Yukawa coupling y;. Hence, they are suppressed compared to the
gauge-interactions.

The starting point is the thermal rate per unit time, which can be evaluated by using the
real time formalism [32]

_ L2

I'= fofe U+ f) (1= fi) 6D (p+ &k —p/ —K) IM*, (9.119)

Ts {p.p' k,k'}

with the in-coming {p,k} and out-going {p’,k’} momenta. The delta distribution ensures
the conservation of the 4-momentum and the matrix element M denotes the scattering of an
incoming left- (right-)handed quark/lepton with either a Higgs boson or a gauge boson. The
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distribution functions f; are taken in accordance with the spin-nature of the particles. All
diagrams yield a similar structure. Thus, the rate can be cast in the following form

12
P [ BAT. (9.120)
pk
with the integral
—t
7= / SOp+k—p —K)A— (9.121)
(t—m3)

The variable A indicates the couplings of the involved particles and ¢, s are the usual Mandel-
stam variables. The mass in the propagator is the respective thermal mass of the quark/lepton
m#% = g?CgT?/8 with the Casimir constant C'r of the representation R.

The remaining integrals over the momenta in Eq. (9.120) can be performed approximately
(for details we refer to [32]), allowing us to find the thermal decay rates for the left- (right-)
handed leptons and quarks, respectively,

FélR) — 2F1(/ZL) ~ 0.28c, 7T (9.122)
I‘z(/QR) — pqu) = Fz(/q) ~ O.lQOzsygT , (9.123)

with the corresponding zero-temperature Yukawa couplings.
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Phenomenological Study of the Electroweak Baryogenesis

The phenomenological study of the impact of the additional requirement of EWBG on the
valid parameter space of the C2HDM concerning the LHC measurements, requires valid
benchmark scenarios. The parameter points under investigation have to fulfill experimen-
tal and theoretical constraints. The constraints are presented and discussed in Sec. 3.1.

In a first step, we produce parameter points compatible with the experimental and theoret-
ical constraints by using ScannerS [60,61,81, 214}33. The corresponding scan ranges of the
input parameter of the C2HDM are given in Tabs. 10.1 and 10.2 for the Type I and Type II
C2HDM, respectively. Note that the flavor constraints B — X requires the charged Higgs
boson mass to be heavier than 580 GeV in the Type II C2HDM (see for details Sec. 3.1.1).
In a second step, we check for the benchmark scenarios if the global minimum of the ef-
fective potential is NLO stable in the sense, that the NLO global minimum is the same as
the tree-level one. Subsequently, we check if the benchmark points provides an SFOEWPT
with BSMPTv2.1 [5,168]. The impact of the SFOEWPT on the valid parameter space of the
C2HDM is discussed in [72] and updated in [4]. However, here we want to focus on the
discussion of the EWBG.

Overall, 186 benchmark points were produced for the C2HDM providing an SFOEWPT,
where 166 are of Type I and 20 of Type II, respectively. This required a large amount of
valid benchmark scenarios, which had to be neglected due to too weak EWPT. Hence, we
do not perform the direct comparison of the experimentally allowed parameter space of the
C2HDM and the parameter space providing an SFOEWPT due to too less statistics.

We start the discussion with two single benchmark scenarios of Type I C2HDM and investi-
gate the impact of the input parameters and the renormalization scale p, followed by the full
scan results of the C2HDM. The differences between both types of the C2HDM are not that
significant concerning EWBG. Hence, we do not separate the discussion of both types of the
C2HDM.

10.1. Parameter Dependence

We start with the discussion of two benchmark points of Type I C2HDM. The input param-
eters are given Tab. 10.3. The SM parameters are listed in Appendix B. The non-SM like

33The linked HiggsBound and HiggsSignal versions are HiggsBounds5.7.1 and HiggsSignal2.4.0.
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M+ Re m?,

in GeV in GeV?

125.09  [30,1500] [30,1500] [30,1500] [107%,107]

a1 o2 Qs tan 8
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Table 10.1.: Parameter ranges for the C2ZHDM T1 input parameters used in ScannersS.

2
+ mpg+ Re m12

in GeV in GeV?

125.09  [30,1500] [30,1500] [580,1500] [1072,10%]

o a9 a3 tan 8

5D [53) 53 vew

Table 10.2.: Parameter ranges for the C2ZHDM T2 input parameters used in ScannersS.

Higgs boson masses are all in intermediate mass ranges of the order O (450 GeV) and rather
large tan 3. The corresponding strengths of the EWPT are given by

0 mp £ = 117, (T. = 191.62GeV, v, = 163.20GeV) (10.1a)
clap 17 = 1.05, (T. = 166.02GeV, v, = 174.61GeV) . (10.1b)

The BMP I yields a rather strong EWPT(compared to the overall sample), whereas BMP II
is almost dropped by the washout condition.

The wall thicknesses as defined in Eq. (9.27) and calculated as described in Sec. 9.3 is obtained
from

Ty Luy|gyp ; = 10.77, (10.2a)
T Luy|gyp 17 = 17-89 - (10.2b)

These wall thicknesses indicate that both benchmark scenarios yield a proper scenario in
which the WKB expansion used in the FH approach is valid, T.L,, > 1. The different predicted
BAUs are derived as described in Secs. 9.4.1 and 9.4.2, where the different approaches of the
quantum transport equations result in

n) =2469-10712, 50| =1.990-107%,  (10.3a)

BMP I BMP II

p(VIA=7) =0482.1071,  p(VIA-T) =3.250-107",  (10.3b)
BMP I BMP II

p(VIAD) = 94821071, (VA =3250-107,  (10.3¢)
BMP I BMP II

U —9.354.1071,  p(VIA-D) =3.138-107'%,  (10.3d)
BMP I BMP II
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mpy, [GeV] mpy, [GeV] mpse [GeV] tanp aq Qo Qs
BMP I 400.96 430.86 461.46 1434 -1.5229 -0.0012 1.2023
BMP II  436.37 485.68 515.92 10.83  -1.5341  0.0055 -0.5623
A1 A2 A3 A4 ReXs Im)\s Remi, [GeV?]
BMP I 1.8807 0.2517 59276 -1.3312 0.3029  0.2758 12570.8
BMP II  1.0828 0.2360 6.6691  -1.7342 -0.3084 -0.6776 18702.5

Table 10.3.: The input parameters of the two benchmark points discussed in Sec. 10.1 are
given together with the corresponding quartic couplings and the softly Zo breaking term m%Q.
The remaining neutral Higgs boson mass my, is set to the SM reference of 125.09 GeV.

where we used for the bubble wall velocity v,, = 0.1. The mean measured value of the BAU
used for the normalization in the following, is given by 7gps, = 8.81 - 1071

The dependence of the produced BAU as a function of the bubble wall velocity is shown in
Fig. 10.1. The BMP I is used for the numerical evaluation. The left Fig. 10.1(a) shows the
normalized BAU obtained in the FH approach, whereas the right Fig. 10.1(b) corresponds to
the different VIA approaches. The differences of the VIA approaches are introduced at the
end of Sec. 9.4.2.
The FH approach shows a mild dependence on the wall velocity for small wall velocities (up
to vy, ~ 0.2). This mild dependence is expected, since the FH approach uses an explicit
expansion for small wall velocities. Note, that the FH approach is only valid for small wall
velocities. This mild dependence ensures, that the choice of the input value for v,, does not
alter the resulting BAU significantly. However, if the bubble wall velocity approaches the
plasma sound speed (v, ~ 1/v3), the predicted BAU diverges. This divergent behavior can
be explained, since the corresponding diffusion lengths (see Eq. (9.108)) is expected to di-
minish for large v,,. Though, if the full wall velocity dependence is taken into account in the
thermal transport coefficients in Eq. (9.55), the divergent behavior might be cured [195]. As
long as we are only considering small wall velocities, which is also an assumption used in the
VIA approach, we do not need to take the full dependence into account.

The normalized BAUs in the different VIA approaches are shown in Fig. 10.1(b). For this
specific benchmark point the difference between the inclusion of massive b, 7 in the transport
equations is not significant. The overall behavior or rather the impact of the inclusion will
be discussed in the next section.

The gray band in Fig. 10.1(b) indicates the upper and lower limit on the observed BAU, hence
all points inside this band would be compatible with the CMB measurement. The predicted
BAU falls drastically if the wall velocity approaches zero. Note, that the movement of the
bubble induces the diffusion process in the first place, since the corresponding source terms
are proportional to the wall velocity (see Eq. (9.93)). However, the dependence of n on the
wall velocity for the EWBG relevant wall velocities (v, ~ 0.1 — 0.2) is rather mild, so that
a large range of wall velocity would produce the correct amount of BAU predicted by the
experiment.

A similar behavior can be obtained for different benchmark scenarios: The divergence at
the plasma sound speed in the FH approach and the maximal predicted BAU is obtained at
roughly v, ~ 0.1 in the VIA approach, regardless of the chosen ansatz.

The Coleman-Weinberg potential incorporating one-loop effects at zero temperature is renor-
malized in the MS scheme. This procedure requires the introduction of a renormalization scale
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Figure 10.1.: Left: The BAU normalized to observed value obtained by solving the top trans-
port equations (see Sec. 9.4.1) is shown versus the wall velocity v,,. The divergence is ap-
proximately at the plasma sound speed. Right: The BAU calculated in the VIA method is
shown as a function of the wall velocity. All three different mass scenarios are shown, where
e.g. © = 7 + b+t indicates, that massive 7, b and ¢ are taken into account in the transport
equations. The benchmark scenario BMP I presented in Tab. 10.3 is used for the numerical

evaluation. The figures are taken from [6].

w in Eq. (7.27). In principle, the input parameters used in the calculations are dependent
on the renormalization scale and thus have to be chosen in accordance with the given scale.
However, as discussed in Sec. 7.1.5, the additional counterterm potential has been chosen such
that it allows us to treat the input masses as direct one-loop masses. Since the renormaliza-
tion conditions applied on the counterterms in Eq. (7.60) do not correspond to a true on-shell
scheme (see e.g. Sec. 4.1), a p dependence remains in the final result. But precisely this re-
maining p dependence can be used to estimate the theoretical uncertainty. For this purpose,
we vary the default renormalization scale pg = v = 246.22 GeV at which the input parameters
are defined. We emphasize, that the variation is done without taking renormalization-group-
equations (RGE) effects into account. Hence, we vary the renormalization scale only between
v/2 to 1.5v. It is possible to change the variation range in BSMPT.
In Fig. 10.2(a) the critical VEV and temperature are shown as a function of the normalized
renormalization scale #/v. The benchmark point BMP I is taken for the numerical evaluation.
We see, that the critical temperature shows only a small variation (~ 10%), while the critical
VEV breaks down for #/v < 0.95. For the remaining stable region (#/v 2 0.95%), the critical
VEV shows a similar behavior as the critical temperature. The resulting BAUs in the dif-
ferent approaches are shown in Fig. 10.2(b) as a function of the renormalization scale. The
values are normalized to the value obtained for the default settings, respectively. Since the
critical VEV breaks down for small i, the predicted BAUs show a large derivation. However,
this might indicate numerical problems, rather than a physical effect. The dependence in
the stable region indicates a rather mild variation in the predicted BAU of the order of 10%,
where the VIA approaches tend to depend more on the renormalization scale.
To conclude the discussion of the renormalization scale dependence, we observed overall in all
benchmark points, that the dependence on the renormalization scale is of similar size as for
BMP I, if the corresponding benchmark point provides a numerically stable minimum. There
are parameter points with a vacuum structure that are quite sensitive to the renormalization
scale. As observed in Fig. 10.2(a) the global minimum of the effective potential at finite
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Figure 10.2.: Left: The critical VEV and temperature are shown as a function of the renor-
malization scale p normalized to the default value v indicating the SM VEV. Right: The
different BAUs obtained by the several approaches to solve the quantum transport equations
are shown as function of the renormalization scale. The benchmark scenario BMP I presented
in Tab. 10.3 is used for the numerical evaluation. The figures are taken from [6].

temperature drops significantly for g < v. The inclusion of RGE effects might cure these
effects, but it is beyond the scope of this thesis.

The complex top quark mass induces a phase factor (see Eq. (9.31)), which is a crucial tuning

parameter for the quantum transport equations in Eqs. (9.61) and (9.102). If the correspond-
ing complex phase of the top quark (and other quarks and leptons) vanishes, the source terms
vanishes too. Thus, EWBG is not possible. Hence, we investigate the scaling behavior of
the produced BAU as a function of the complex phase in Fig. 10.3. We use the benchmark
point BMP II and vary the input parameter Im (m%g) to achieve a variation of the top quark
phase. All other input parameters are kept fixed. To see the scaling behavior of the BAU,
we normalize the results to the minimum obtained in the variation. The FH approach (green
points) shows a clear dependence on the phase factor implying that a large complex phase is
required in order to produce sufficient BAU. However, the gray shaded region indicates the
parameter space excluded by the EDM constraints, which shows the problematic situation
in the FH approach: on the one hand, a large complex phase factor is favored, but on the
other hand the complex phase is strictly constrained by the EDM measurements, requiring
the phase factor to be small.
The VIA approach also shows a dependence on the complex phase 6;, but it is rather mild
compared to the FH ansatz. Note that the jumps in the VIA approach are due to numerical
uncertainties in the evaluation of the complex phase and the respective solution of the trans-
port equations, resulting in the unstable scaling behavior. However, only the overall scaling
behavior is important, indicating a major difference in both approaches.

10.2. Parameter Space for Electroweak Baryogenesis

In the following, we will discuss the overall parameter space of the C2HDM in the context of
EWBG. We emphasize again, that all points in this sections obey theoretical and experimental
constraints as discussed in Sec. 3.1, provide an NLO stable vacuum and an SFOEWPT. In
this way all required conditions for a successful EWBG are fulfilled and the calculation of the
expected produced BAU can be performed. The bubble wall velocity is taken as v,, = 0.1 for
all points.

In Fig. 10.4, the normalized produced BAUs in the FH and VIA approach are shown. The
VIA results are only shown for the case where massive 7, b and t are taken into account in
the transport equations. The impact of the different inclusions will be discussed later on.
The results for Type I C2HDM are indicated with blue points, while the Type II points
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Figure 10.3.: The produced BAUs in the different approaches are shown as a function of the
phase factor of the top quark ;. The different approaches of the quantum transport equations
are introduced in Secs. 9.4.1 and 9.4.2. The phase factor is varied, while all other input
parameters are kept fixed of the benchmark point BMP II. The gray shaded region indicates
the parameter space excluded by the EDM constraints. The figure is taken from [6].
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Figure 10.4.: The BAUs in both approaches for the quantum transport equations are shown,
both normalized to the measured value. The blue dots correspond to the Type I C2HDM
and the green triangles to the Type II C2HDM, respectively. The figure is taken from [6].

are shown as green triangles. First of all, both approaches to derive the quantum transport
equations are correlated in the sense, that both approaches predict largest BAUs for the same
benchmark points. However, the FH ansatz tends to produce significantly less BAU compared
to the VIA method, around two to three orders of magnitudes. This is a known issue in the
literature [195] and lead to some criticism about the validity of the approximations in the VIA.
The expansion used in the derivation of the source term for the top quark might break down
due to the large top quark mass [195,206]. This might explain why it is possible to generate
benchmark scenarios with such enhanced BAU. In this way, parameter points obeying all
required conditions (experimental and theoretical constraints, NLO stable vacuum and an
SFOEWPT) can be found which predict the correct amount of BAU in the VIA. However, the
FH ansatz predicts less BAU and we could not find a benchmark scenario providing sufficient
BAU with a small bubble wall velocity simultaneously in the FH ansatz. We try to give an
explanation for this at the end of the section.

Furthermore, both types of the C2HDM predict similar BAU. For this reason, we discuss
both types of the C2HDM simultaneously in the following.

In Fig. 10.5 the charged Higgs boson mass is shown as a function of the mass gap between
hs and hs. Note, that h; (i = 1,2,3) corresponds to mass ordered mass eigenstates of
the neutral Higgs bosons. The color code indicates the normalized produced BAUs in the
FH (VIA) approach on the left (right) side. As a starting the point, we want to discuss the
overall mass spectrum of the C2HDM. We emphasize, that all shown points are compatible
with recent measurements and provide an SFOEWPT. The upper bound of the scan ranges
of the random sampling of the parameter space is given by 1.5 TeV. However, the heaviest
charged and neutral masses with an SFOEWPT are of the order O (700 GeV) and remain
significantly below the experimentally possible masses. The SFOEWPT pushes the overall
mass spectrum to intermediate mass ranges [4,169], which can be also observed in the N2HDM
in Sec. 8.2. Furthermore, the mass gaps between the neutral Higgs bosons are rather small.
Only a few parameter points provide a mass gap of the order O (100 GeV). The electroweak
oblique parameters S,T,U (see Sec. 3.1.2) put strict constraints on the mass spectrum of
doublet extensions. The T parameter limits the upper bound on the mass difference between
the charged Higgs bosons and the corresponding closest-in-mass neutral Higgs boson, whereas
the S parameter constrains large mass-gaps between mixing Higgs bosons (in the C2HDM ;).



136 10. Phenomenological Study of the Electroweak Baryogenesis

8001 8001 10!
700 o L0 7001 T L0
° e o ° . e ° °

600 0 6009 g
% otz " i3 o, s
S 500 R =2 &0 B R =
- o0 00 10—4> _ o . T
= 400 °t S ot 1072
g = g ?/?

300 3001 107°

L4 ° 1076 ° °
2001 > o 2001 oo ”
. F o B Uvte . F o 8 Awte 10
102 1000 100 10! 102 102 1000 10° 10! 102
Mpg — Mpy [GQV} Mhy — TMhy [GQV]

(a) (b)

Figure 10.5.: The charged Higgs boson mass my+ is shown versus the mass gap between the
two heaviest neutral Higgs bosons h3 and he. The color code indicates the normalized BAU
predicted in the FH approach (left) and VIA (right). The figures are taken from [6].

So, already the experimental constraints influence the mass spectrum significantly. However,
the additional requirement of an SFOEWPT enforces the degenerate mass spectrum even
more [4,169]. The largest produced BAU in both approaches are obtained in the heaviest
mass scenarios, meaning for the largest charged Higgs boson masses and largest mass gaps.

In the following we want to investigate how we can enhance the produced BAU, or at least
try to answer the question "Why is it so difficult to find valid benchmark scenarios in the
C2HDM?”. In Fig. 10.6 we plot the normalized BAU as a function of the product of 6;&.L,,T..
The color code indicates the average mass scale of the Higgs bosons

WA
m= 1 <Z M, —I—mHi> . (10.4)

=1

As already discussed in Sec. 10.1, we expect that the produced BAU scales with the phase
factor of the complex top quark mass 6, since this parameter indicates the amount of CP-
violation present in the benchmark point. Furthermore, the source terms in the transport
equations are proportional to the phase factor. The strength of the phase transition &, is also
discussed in the literature to be a crucial tuning parameter for the EWBG (see e.g. [36]). It is
expected to produce more BAU for stronger EWPT. The strength of the phase transition can
be understood as a parameter describing the dynamics of the phase transition. The bubble
wall thickness times the critical temperature L,,T, corresponds to the expansion factor used
in the WKB ansatz in the FH method allowing us to estimate the validity of the expansion
or approximations used in the FH ansatz. Moreover, L,, is used to parametrize the bubble
wall profile in Eq. (9.26), thus can be understood as a parameter describing the state of the
bubble. The parameter for the bubble dynamics, the wall velocity v, is fixed at 0.1 for all
parameter points. The impact of the bubble wall velocity is shown in Fig. 10.1.

Both approaches (FH and VIA) show a clear scaling behavior with the product of all tuning
parameters of the EWBG. For the FH approach this was already shown in [36]*1. Additionally,
we observe that also the average mass scale of the Higgs bosons turns out to be a crucial tuning
parameter for EWBG. For a fixed factor 8;£.L,,T., the BAU can be enhanced by increasing
the overall Higgs boson mass spectrum.

This might already answer the question. Large values for the phase factor of the top quarks are

34The authors assumed additionally that the non-SM like neutral and charged Higgs boson masses are degenerate.
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Figure 10.6.: The predicted normalized BAUs in the FH(left) and VIA(right) approach are
shown as a function of the product of all tuning parameters in the electroweak baryogenesis.
The color code indicates the average mass of all neutral and charged Higgs bosons. The
figures are taken from [6].

limited through the EDM constraints, hence 6, is pushed to tiny values. So the enhancement
induced by the top quark phase is limited significantly. Furthermore, on the one hand side,
strong EWPTs are favored, requiring the overall Higgs boson mass spectrum to be in the
intermediate mass range [4,72] and on the other hand, large BAU favors heavy Higgs boson
mass scenarios. In combination with the bias induced by the oblique parameters S,T,U
enforcing the charged mass to be mass degenerate with one of the neutral Higgs bosons and
the mixing neutral Higgs boson masses to be mear to each other in the masses, it is not
possible to realize scenarios with large mass gaps. This contradictory requirements on the
overall Higgs boson mass spectrum also limit the possibility for enhanced BAU. In this way,
the crucial tuning parameters of the EWBG are separately constrained or rather the interplay
between the constraints requires the tuning parameters to be small, resulting in suppressed
produced BAU.

The last remaining tuning parameter L, T, is discussed in the following. If both figures in
Fig. 10.6 are directly compared to each other, the VIA approach tends to depend stronger on
the scaling factor 6.£.L,,T.. However, the FH approach scales stronger with the top quark
phase factor (see Fig. 10.3) and the dependence on the strength of the phase transition is
not sufficient to explain the difference. Consequently, both approaches scale differently with
L,T.. In Fig. 10.7, the ratio of the FH and VIA approach is shown as a function of the WKB
expansion parameter /e, = L, .. The color code indicates again the average mass scale of
the Higgs bosons. Note, that the ratio is shown on a log scale, hence there is a power law
between the ratio and the expansion parameter ¢,,, where the off-set of the ratio is determined
by the average mass scale of the Higgs bosons.

The source terms in the FH approach are derived by using a systematic expansion in €,. The
corresponding WKB ansatz is valid if the typical length scale of the particles, the de Broglie
wavelength, is smaller than the length scale of the bubble wall profile, L,,. This requirement
translates to 1 < L,T, and indicates that the FH approach can be trusted for thick wall
scenarios, or small €,,. But exactly for small €,, (thick bubble walls), the largest discrepancies
between both approaches are observed.

In the end, it is not possible to decide which approach predicts the most precise BAU, however
it is remarkable, that especially the region in which the expansion used in the FH approach
is valid, the VIA method predicts significantly more BAU. The different scaling behavior in
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Figure 10.7.: Left: The ratio of the BAU in the FH and VIA approach as a function of the
expansion parameter 1/L,T.; Right: The ratio of the predicted BAU in VIA while including
massive 7, b and ¢ and the result while solely including massive . The color code indicates
the average mass scale of the neutral and charged Higgs bosons in both figures. The figures
are taken from [6].

terms of €, might indicate, that the VIA method is more sensitive to the bubble wall profile,
which is not surprising. The VIA method derives the source term by considering the thermal
fermionic propagator in the Higgs background, hence an expansion in v(2)/T, with the Higgs
VEV at given space point z corresponding to the Higgs bubble wall profile. The wall thickness
determines the Higgs bubble wall profile completely (see Eq. (9.26)).

To conclude the investigation of the impact of the EWBG, the comparison of the different
VIA approaches is discussed. The ratio of the produced BAU in the VIA approach while
including massive 7, b and ¢ in the transport equations with their respective source terms and
the BAU predicted by solely including a massive top quark in the transport equations, while
assuming all other remaining quarks and leptons to be massless, is shown as a function of €.
The color code indicates the average mass scale of the Higgs bosons. The differences between
the predicted BAUs is small for thin bubble walls. The largest differences are obtained for
thick walls and heavy Higgs boson spectra. Since the bubble wall velocity is fixed for all
parameter points, the corresponding diffusion time scale or rather the diffusion length scale
is fixed. The only changing length scale in the system between two parameter points is given
by the wall thickness, which indicates the length where the Higgs bubble profile is changing.
In particular in this region the diffusion process is taking place, simply because the varying
Higgs profile is triggering non-zero source terms. So the additional massive particles (7 and b)
with their respective source terms can produce more efficiently a left-handed asymmetry for
thick bubble walls. This results in the enhanced BAU compared to the approach solely taking
the top quark as massive quark into account. This effect can be enhanced if the corresponding
Higgs boson mass spectrum is heavy.

However, the overall effect on the enhancement of the BAU by including the 7 lepton lies in the
percentage range. Compared to other theoretical uncertainties as for instance the electroweak
and strong sphaleron transition rates or systematical errors induced through the numerical
integrations, the enhancements are almost negligible. There are attempts to further enhance
the BAU through additional lepton-quark interactions [203]. This requires the introduction of
dimension six operators, or including additional thermal interactions, which then are added
to the transport equations. These considerations are beyond the scope of this thesis.
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10.3. Conclusion

We investigated the C2HDM for the possibility of a sufficient production of BAU. We linked
the theoretical and experimental collider constraints with the additional requirements of an
SFOEWPT and a sufficiently large generation of BAU. To be able to calculate the BAU
we first discussed the three required Sakharov conditions for a successful generation of BAU
and how they can be realized in non-minimal extended Higgs sector models. After the brief
sketch of the EWBG, we introduced our approach to calculate the Higgs bubble wall profile
as well as both approaches to formulate the quantum transport equations. We found that
both approaches FH and VIA show a mild dependence on the bubble wall velocity v, in the
relevant velocity range 1072 < v,, < 0.2. For the remaining wall velocities the FH diverges for
wall velocities approaching the plasma sound speed, which is a known result in the literature.
Taking into account the full wall velocity dependence in the thermal transport coefficients
might cure this problem [195]. The VIA approach yields vanishing BAU for vanishing wall
velocities as expected.

We showed that both types of the C2HDM yield similar predicted BAU and demonstrated that
the respective BAU scales with the tuning parameters of the EWBG, namely the strength of
the phase transition ., the complex phase of the top quark mass 6, the expansion parameter
LT, with the bubble wall thickness L,, and the overall mass scale of the Higgs boson masses
m. Exactly the interplay of the electric dipole moments requiring the complex phase factor to
be small and simultaneously having a strong first-order electroweak phase transition pushing
the overall Higgs boson mass spectrum to intermediate ranges and the scaling with the overall
mass spectrum of the Higgs bosons, complicates the search for valid benchmark scenarios in
the C2HDM. This results in that we could not find any valid benchmark scenario for the
FH approach (while using v,, = 0.1). However, the VIA approach yields valid benchmark
scenarios with a sufficiently large produced BAU, while fulfilling all other remaining applied
constraints.
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Final Conclusion and Outlook

The Standard Model (SM) of particle physics is confirmed to a remarkable precision and pro-
vides with the discovery of the SM-like Higgs boson in 2012 a self-consistent quantum field
theory describing the properties and interactions between all observed fundamental particles.
Despite its tremendous success, the SM does not provide an answer to all open questions of
modern physics. In this thesis we discussed four different non-minimal extended Higgs sector
models. Each of these models addresses one open issue of the SM. By linking the collider
phenomenology and the investigation of the validity of the benchmark scenarios to provide
a proper solution to (some of) the open questions of the SM, the parameter space of the
respective model can be narrowed down significantly. This allows for more definite model
predictions and a more reliable deduction of further constraints on the exclusion bounds.

In part I we briefly introduced the SM and discussed its short-comings. We reviewed the
theoretical and experimental constraints, which we require for all four non-minimal extended
Higgs sector models. The respective parameter scans used in this thesis are performed with
the help of ScannersS, which applies the discussed theoretical and experimental constraints
in its scans. Afterwards, we subsequently introduced the four non-minimal extended Higgs
sector models: the Complex Two-Higgs Doublet model (C2HDM), which extends the SM-
Higgs sector by an additional SU(2) doublet, the Pseudo-Nambu-Goldstone Dark Matter
model (PNGDM) extending the SM with a complex singlet, the Vector Dark Matter (VDM)
model utilizing a gauged U(1) symmetry to include an additional gauge boson and finally the
Next-to-Minimal Two-Higgs Doublet model (N2HDM) extending the SM by an additional
SU(2) doublet and singlet.

In part II we presented the calculation of the electroweak next-to leading order corrections
to the spin-independent cross-section (SI-cxn). The SI-cxn is an observable to detect possi-
ble weakly-interacting massive Dark Matter (DM) candidates by measuring the recoil energy
of DM-nucleon scattering processes. The inclusion of higher-order corrections gives rise to
UV-divergences which have to be canceled systematically. For this purpose, we briefly dis-
cussed the on-shell renormalization of extended Higgs sectors, followed by a description of
the calculation of the SI-cxn while including electroweak higher-order corrections. The de-
tailed calculations and results of both models are shown subsequently in Chapter 5 and 6.
We discussed the impact of the electroweak corrections on the blind spots of the respective
models, hence also the sensitivity on the model constraints derived from the direct detection
experiments.
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In part III, we investigated the interplay between the additional requirement of a strong
first-order electroweak phase transition (SFOEWPT) and the collider phenomenology of the
N2HDM. The dynamics of the Higgs fields in the early universe is described within the one-
loop effective potential at finite temperatures approach. A brief introduction of the one-loop
effective potential was given, followed by the explanation of the numerical approach used in
this thesis. We observed that the additional requirement of an SFOEWPT pushes the overall
Higgs boson mass spectrum to the intermediate mass ranges of the order O (600 GeV) in both
types of the N2HDM. Furthermore, the one-loop trilinear couplings between three SM-like
Higgs bosons derived from the effective potential are enhanced compared to the SM-reference
value, while significantly remaining below the maximal allowed value by the experimental
constraints.

The final part IV of this thesis dealt with the calculation of the additional requirement of
a sufficiently large produced baryon asymmetry of the universe (BAU) in combination with
the collider phenomenology within the C2ZHDM. The C2HDM provides an extended Higgs
sector enabling an SFOEWPT on the one hand and on the other hand also CP-violation.
CP-violation is one of three required conditions a model needs to fulfill for successful baryo-
genesis. We used a two-step approach to calculate the BAU, where we first introduced two
different approaches to derive the quantum transport equations, the top transport based on
the semi-classical force as well as the VEV-insertion approximation. Both approaches yield
a set of coupled quantum transport equations for the particle densities in front of the Higgs
bubble wall. The solution allows for the determination of the BAU by solving the thermal-
ization through electroweak sphaleron processes in a second step. We extended the C++ code
BSMPT to be able to solve the transport equations numerically and to provide the predicted
BAU. We used several parametrizations of the quantum transport equations in order to com-
pare the different impacts of the approximations. In all approaches we observed that the
predicted BAU is enhanced for heavy Higgs boson mass scenarios and scales with the com-
plex phase factor of the top quark, a measure for the CP-violation in the model. However, the
electric dipole moment constraints put a severe constraint on the C2HDM parameter space
requiring the complex phase of the top quark to be small. In addition, the requirement of
an SFOEWPT pushes the overall Higgs boson mass spectrum to intermediate range limiting
indirectly the sufficient production of the BAU. This interplay of the collider and cosmological
constraints made it so problematic to find valid benchmark scenarios.

In the absence of new physics signatures at the LHC, and at the same time the demanding
task to explain the outstanding open problems of modern physics such as the generation of
the BAU or DM, it is important to explore a wide range of avenues beyond the measure-
ments at the LHC to answer questions about the nature of DM or the BAU. The electroweak
phase transition is not only required in the context of electroweak baryogenesis, but could
also gives rise to a contribution to the gravitational waves spectrum. With the upcoming
LISA experiment and the detection of the gravitational waves, a new window is opened to
the exploration of the universe. These insights may give further additional constraints on the
respective model parameter space. Furthermore, a closer look in the phase structure of the
effective potential at finite temperature in non-minimal extended Higgs sector models may
allow us to find more complex phase transitions. Temperature effects may allow for spon-
taneous generation of CP-violation in otherwise CP-conserving models or even CP-violation
in dark sectors could be transferred to the visible sector. These effects could enhance the
amount of CP-violation and hence the production of the BAU. With the development of
BSMPT v2, we have a generic tool at hands allowing us to investigate the phase structures at
finite temperatures in an arbitrary extended Higgs sector.

Next to the solution of conceptional problems and new approaches, also precision in the
experiment as well as in the theoretical predictions enables to derive more appropriate con-
straints. Especially in DM studies, often higher-order corrections are missing due to the
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plethora of different DM models, or even conceptional problems. Automatized calculations of
electroweak higher-order corrections are a challenging task, but might be possible in the near
future. This might allow for a systematic investigation of the impacts of higher-order cor-
rections on the DM phenomenology in different models. In addition to the spin-independent
interactions, also the velocity and momentum transfer suppressed operators contribute to the
effective DM-nucleus interactions. A priori it is unclear if these operator contributions are
of the same order as the electroweak corrections. A proper treatment of these operators and
corresponding higher-order corrections are required.
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Appendix A

A.1. Strict Vanishing Momentum Expansion

The regularization of the IR divergences in the QED subset requires a different approach
than the usual inclusion of real radiation. In the following, we show the detailed derivation of
the virtual one-loop vertex corrections and the required counterterms in the strict vanishing
momentum ezxpansion. The expansion allows us to regulate and cancel the IR divergences in
the QED subset. The corresponding virtual one-loop correction is depicted in Fig. A.1(a).
The one-loop tensor integral C), arises in the reduction of the amplitude in Fig. A.1(a), which
can be expanded as follows

B k
i [+ p1)? - m} [(k+pa)? = m?]
:/k,, 1 1 1 (A1D)

R K2 (k2 —m2)® |1 4 B2k || patomek

(A.1a)

k2—m? kZ—m?2
- /k % (k2 —1m2)2 [1 - k22k_ leLQ:| [1 - k22k_ 22] +0 (p}) (A.lc)
= =i W +0 (p)) (A.1d)
- _2%w . :;22((]521 j:;); +0 (p}) (A.le)
— —% A (p1+p2), Co(0,0,0,m,m,m) ,+O (pf) (A.1f)
where we used the symmetry of loop integrals
sy =% [ (A2

in Eq. (A.1le). For better readability, we use m as the quark mass m, here and in the following.
D indicates the dimension and it is treated in DimReg, D = 4 — 2¢. Furthermore, we use
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q

(a) (b)

Figure A.1.: Both diagrams of the QED subsets. Left: the virtual one-loop vertex corrections;
Right: one-loop self-energy contribution required for the derivation of the WFRC and mass
counterterm.

- D—4 d"k
the shorthand notation | = u )0
T

k
scalar integral was identified with the standard Passarino-Veltmann integral Cy. The vertex
correction in Fig. A.1(a) is given as

In the last step in Eq. (A.1f), the three-point

[ K Aprm) i prtm) . —ig®P
Myc = [ ) (iero) AT (iCy,) A TEEI (—ies) —f—u(po
(A.3a)
20 - Yo K+ pr+m) K+ ps+m)y*
= — _ A.3b
e Chlu(pl)/k DoD1Dy ; (A.3b)
with the denominators
Dy = k2, (A.4a)
Dy = (k+p1)*—m® (A.4b)
Dy = (k+ p2)* —m?. (A.4c)
Ch, indicates the quark-quark-Higgs boson coupling.
Applying the equations of motion and using the slash identities in DimReg
Yoty = 4ab + (D — 4)dp (A.5a)
Yoty = —(D —2)d (A.5b)

allows us to reduce the vertex corrections further

1
21 = 2 .2
= 20, e [2(Dy+Dy) —p? — :
QD) e hZU(pl)/kDODlDQ[ (D1 + D3) — pi — p5 +p1 - p2

—2eDg — AmK + 4m2} u(p2)

1
= —2Cy.u [/ 2(Dy + Dy) — 2eDg + 4m?] — 4mC " | u A.6a
h; U(p1) kDoDng[ (D1 2) 0 ] W u(p2) (A.6a)
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= —e2Cy,,u(p1){4Bo(0,0,m) — 2¢By(0,m, m) + 4m>Cy(0,0,0,0,m, m)

A.6b
—4mC, 7" u(pz) (4.65)

= —ie* M1o{4By(0,0,m) — 2eBy(0,m, m) + 4m>Cy(0,0,0,0,m, m)
1 2 (A6C)

+ 6;)1 CO(Oa Oa 07 m,m, m)} .

In the last step, the LO amplitude is factorized. In conclusion, the one-loop vertex correction
can be expressed in terms of the one-loop standard integrals of the Passarino-Veltmann basis.
All contributing integrals are IR-safe. The UV poles can be identified by further reduction
to Ag and By

1 B Ag(0) — A
CQ(O,O,O,O,m,m):/2: o(0.m,m) -, Ao(0) ~ Ao(rm) (A7)
K k2 (K2 —m?) m m

L (In(22 /m?)+A)

and
2

Bo(0,0,m) =1+1n (:12> TA,. (A.8)

The calculation of the counterterm requires the self-energy diagram in Fig. A.1(b). We use
the following reduction of the tensor integral B,

1

By = puBi(p,0,m) = p, [2}?2 (AO(O) — Aop(m) — (p2 — m2) By(p, O,m))] . (A.9)

This allows us to calculate the one-loop self-energy

>p) = /k (~iew) m (=) %gw (A.10a)
= —¢? (2— D)k (2—-D)p Dm
£a (oe) Uk R+ ) —m?] /k Rlk+p)?—m? /k k2[(k + p)? — m?]}

(A.10D)

— —¢? | DmBy(p,0,m) + (2 — D)p (AO(O) — Ao(m) + (v +m?) Bo(p, 07m>>

(A.10c)

We refer to the brackets as F' (pZ). The self-energy can be separated in left-, right-handed
and scalar parts in accordance to [83]

i2(p*) = i [po-SH () + pur ZP07) + mE (%) (A.11)

with the corresponding left-/right-handed projectors ws. This allows us to identify and
expanding for strict vanishing momentum

sHp?) = £ (p?) = —*(2 - D)F(p*) = —¢*(2 = D)F(0) + O(p?) (A.12)

,2—D
2

=—¢ [Bo(0,0,m) +m>B)(0,0,m)] + O(p*) (A.13)

and

¥9(p?) = —e*DBy(p,0,m) = —e*DBy(0,0,m) + O(p?) (A.14)



148 A Appendix A

With this at hand, the required mass counterterm for the quark ¢ is given by

D42 D -2
5miQEP) = —e? | =By (0,0,m) — ——m*B}(0,0,m) | + O() (A.15)

The WFRCs of the quark requires the derivatives of the self-energies with respect to the
external momentum

ES
a@pQ _ a‘z [—e2DBy(p,0,m)] = —DeBl(p.0,m) = —De2B)(0,0,m) + O(p?), (A.16)
On(L/R) ) OF (p?)
— 2 (- D)/ _ 2 Al
G~ 2= D) Tk = 06 (A17)
2
~p

which allows us to formulate the WFRCs as

,2—D 243D

52 L/ (QED) — Re ¢ By(0,0,m) + e2m? By(0,0,m)| +O(p*) . (A.18)
Using the presented results for the virtual one-loop correction and the respective counterterms
of the QED subset in the same way as presented in Sec. 6.2.3, the QED subset yields a UV

and IR safe result, allowing for a consistent extraction of the Wilson coefficient.
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SM Input Parameters for BSMPT

We list the SM input parameters used in BSMPT. The fine structure constant is taken at the
Z boson mass scale [215],
apy (M%) = 128.962 , (B.1)

and the respective masses for the gauge bosons are
mw = 80.385GeV and myz = 91.1876 GeV . (B.2)
The lepton and quark masses are taken as
me = 0.511 MeV, m, = 105.658 MeV, m, = 1.777GeV , (B.3)

and
my, = mg = mg = 100 MeV . (B.4)

For consistency, the on-shell top quark mass is used as input parameter [137]
my = 172.5 GeV (B.5)
and the recommended charm and bottom quark on-shell masses
me = 1.51 GeV and my =4.92 GeV. (B.6)

To account for the CP-violation in the CKM matrix, we parametrize the CKM matrix by
three mixing angles and the CP-violating phase § [100]

—i8
C12C13 512C13 s13€
_ 0 70
Vexkm = —812€23 — C12523513 € C12C23 — 512523513 € 523C13 ) (B'7>

70 0
512523 — C12€23513 € —C12823 — S12€23C13 € C23C13

where s;; = sin6;; and ¢;; = cos0;;. The EW VEV is taken as

v =1/\/V2GF = 246.22GeV . (B.8)
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Calculation of the Baryon Asymmetry

In this appendix we present the derivation of the master equation

B f‘ws > f"Lus
"B _ =3 / exp <—Rz/> nY (2)dz | (C.1)
0

Vw

in detail. The equation allows us to determine the BAU as a function of the rescaled sphaleron
transition rate (per unit volume) Lo = GKaiT, the bubble wall velocity and the initial profile
of the left-handed fermion density.
There are several time-scales involved in the description of the thermal system of the early
universe. The time-scale of the sphaleron transition is given by the inverse of the transition
rate

Tws = (Dws) " . (C.2)

In addition, there are interactions present in the plasma. However, it turns out that the inter-
action rates as e.g. the Yukawa interactions, relaxations and the strong sphaleron transitions
are much larger than the electroweak sphaleron rate. Hence, the actual calculation of the
BAU can be separated in two distinct steps: First determine the net left-handed fermion ex-
cess in front of the bubble wall by solving the quantum transport equations. As a second step
consider the actual transition of the left-handed fermion density to the baryon-asymmetry
through sphaleron transitions.

In this way, the diffusion process of the left-handed fermions equilibrating through sphaleron
transitions on a time-scale 7,5 can be considered completely decoupled from the other inter-
action present in the hot thermal system. This means that the net left-handed quark and
lepton densities n(), are in a chemical balance in the symmetric phase

3ng +ny, =0. (C.3)

If the bias is small (the densities correspond almost to the equilibrium values), detailed
balance arguments with the usage of Fick’s Law allow us to find an equation for the baryon
asymmetry np (e.g. [189])

. r
np — DVQTLB = _Nf%(ﬂws + M?L)s) y (04)
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with the diffusion constant D of the baryons in the symmetric phase, the family number N,
the electroweak sphaleron rate I'y,s and the chemical potentials trigger the baryon-asymmetry
production. In the wall rest-frame, which corresponds to a co-moving frame with bubble-wall
velocity vy, we are interested in a static solution obeying np(z,t) = ng(z — v,t). Hence, the
left-hand side of Eq. (C.4) can be formulated as

ong = —vuny — D n'f | (C.5)

with (...)" denotes the derivative with respect to the only spatial coordinate z. The chemical
potentials thriving the baryon production consist of two parts, the first term describes the
dynamically produced chemical potentials, which are produced during 7,s. The initial con-
dition ,u%s corresponds to the bias left-handed density produced by the CP-violation at the
bubble wall beforehand. The chemical potential 1, of a particle specie p can be linked with
its particle number density n, through the high-temperature expansion

np = Ky <T62) o+ O (1) (C.6)

with the statistical factor x,, which is 6 for quarks and 2 for leptons at zero temperature.
Eq. (C.3) implies that the contributing chemical potentials are given by

e = 3 G+ 1) = X () (3 " ") g (2) Xt t ) (C)

fam. fam. fam.

1/6
=5\ )

where we used the high-temperature expansion and the zero temperature statistical factors
to define the left-handed particle density.

The strong sphaleron rate is fast on the relevant time-scale, hence the involved particles are
in equilibrium and the respective chemical potential is zero

0= pss ~ Z (n(IL — Nug — Ndg) (C.8)
fam.

with the left- and right-handed quark particle number densities. This implies that any net
number of left-/right-handed particles are immediately divided into left- and right-handed
quarks of the same generation through a strong sphaleron transition. Since the strong
sphaleron ensures the balance between left- and right-handed quarks, the baryon number
can be expressed in terms of the quark number density

2
nB:nB|L+nB|R:2nB|L:§anL. (C.9)
fam.

The electroweak sphaleron conserves B — L and thus all produced leptons on the time-scale
Tws are directly related with the baryon asymmetry

np =y ny, - (C.10)

fam.

Egs. (C.9) and (C.10) allow us to express the first relaxing term in Eq. (C.4) as

1/6 3 1/6
Lhs = 5 <T2> (2 + 1) ng = g <T2> Rnp . (C.ll)

The SM relaxation term R is given by 15/4. Finally, we can write down the differential
equation for the baryon number density

. (3
— vpnly — Dn/fy = —Ts <2n% + Rn3> : (C.12)
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where the family number is already taken to be Ny = 3 and the electroweak sphaleron rate
is rescaled by

Tws = —=Tus - (C.13)

Solving the harmonic oscillator equation yields the following result (see next section for de-
tails)

ng —3fws & VU — §2
& = 20 /0 exp( 5D z') nY (2)dz | (C.14)
with
Q= \/v2 + 4T DR , (C.15)
and the entropy density
272
=" q.T>. 1
T (C.16)

The entropy density is given in terms of the effective degrees of freedom of the universe
at electroweak temperatures, g, ~ 106.75, and the temperature 7. The exponent can be
simplified further to the result in Eq. (C.1) by using 4DL,sR < v2,, which is true for typical
wall speeds of O (v,,) = 1072,

C.1. Intermezzo: Solving the HO Equation

In this section, we want to present the solution of the differential equation defined in Eq. (C.12)
to fix all sign conventions. Simplifying and writing the equation in Eq. (C.12) in the canonical
form of a harmonic oscillator yields

Wl (2) + 2yl (2) — winp(z) = i (2) | (C.17)

where we implicit defined

Vw T'uwsR - / 5
7:ﬁ7 W(%: D ”L(Z): D L: 7+W0—2D vy, + 4w DR (C.18)

Note that the initial left-handed fermion density is z dependent. We are interested in the
particular solution. Hence, we need to solve for the Green’s function

(02 + 270, —w§] G(2,2') = 6(2 — 7). (C.19)

Using the following conventions for the Fourier transformation

G(z,z’):/dwe_i“ZG(w,z'), G(w,z'):/eisz(z,z'), (C.20)
R 27 R

allows us to find the solution of the Fourier transformed function
iwz!

G(w,?) =

5 C.21
w? + 2iyw + wg ( )

and finally the Green’s function in coordinate space

_ —iw(z—2") _ —iw(z—2")
G(Z,Z’)Z/dw - z/dw c : (C.22)

R 27T w? + 2w + w} R 2T (W —w_) (w—wy)

with two purely imaginary poles at

wi =i (—’y + \/m> . (C.23)
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The Cauchy theorem allows us to perform the integration over w by closing the integral path
in the complex plane. However, we have to distinguish between to cases: for z > 2’ we have
to close the integration contour below the real axis, where the Cauchy theorem yields

274 _ o—iw(z—2")
1) fim (C.24)
2 ZoW- W — Wy

G(z,2)=0(z—27)

Note the additional sign due to the index of the path. Analogously for z < 2’ we find

_67w+ (Zizl)

G(z,7)=0(2 — 2)i(+1) (C.25)

Wy — W—

Combining both results and using the definition of w4

Gz, 7) = sge 1) (00 = e VIR 4 (o) — )V TTHEE)
2v/7% + wi

(C.26)

allows us to calculate the particular solution by
np(z) = / d2'G(z, 2 (7). (C.27)
R

We want to find the produced BAU at the origin of the bubble wall (z = 0) and further need
to account for the exponentially suppressed sphaleron transition rate in the broken phase
(z < 0). Hence, the baryon number in the broken phase remains constant and we only need
to integrate over the symmetric phase (2’ > 0) yielding

n5(0) VPR () de (C.28)

o0
= -t / et e
2/72 + wi Jo

By plugging in the definitions in Eq. (C.18) we reproduce the solution given in Eq. (C.14).
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