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SUMMARY

Summary

This thesis addresses several observations in nature that cannot be explained by the

Standard Model of particle physics. The overarching topic is the theoretical description

of dark matter (DM) which constitutes the framework for two further conundrums:

the baryon asymmetry of the Universe and neutrino masses. In the context of e�ective

�eld theories (EFTs) we �rst compare an extended DM EFT to UV theories and

investigate its range of validity. Making use of the power of EFTs in the next chapter,

we augment the Inert Doublet Model by a CP-violating e�ective operator which can

thereby explain the imbalance between matter and antimatter in the Universe and

simultaneously account for DM while eluding constraints from electron electric dipole

moment searches and DM direct detection. We further discuss possible UV realizations

of the e�ective operators. Lastly, we turn to the unknown origin of neutrino masses and

connect this puzzle to DM via the analysis of potential DM indirect detection signals

as well as of collider signatures that o�er insights into the free neutrino oscillation

parameters and the neutrino mass hierarchy. We �nd potential for synergies between

the di�erent experimental approaches to determine neutrino properties.

Zusammenfassung

Diese Thesis behandelt mehrere Beobachtungen in der Natur, die nicht mit dem Stan-

dardmodell der Teilchenphysik erkl•art werden k•onnen. Das •ubergeordnete Thema

ist die theoretische Beschreibung der Dunklen Materie (DM), welches den Rahmen

f•ur zwei weitere R•atsel bildet: die Baryonasymmetry im Universum und Neutrino-

massen. Im Kontext der e�ektiven Feldtheorien (EFTs) stellen wir eine `erweiterte

DM EFT' UV-Theorien gegen•uber und untersuchen ihren G•ultigkeitsbereich. Das

Potenzial der EFTs nutzend, erweitern wir anschlie�end das `Inertes Dublett'-Modell

um einem CP-verletzenden e�ektiven Operator, welches dadurch das Ungleichgewicht

zwischen Materie und Antimaterie sowie die Existenz von DM erkl•aren kann, w•ahrend

Experimente zum elektrischen Dipolmoments des Elektrons und zur DM-Streuung die

Theorie nicht ausschlie�en. Des Weiteren diskutieren wir m•ogliche UV-Realisierungen

der e�ektiven Operatoren. Zum Schluss widmen wir uns dem Ursprung der Neutri-

nomassen und verbinden dieses R•atsel mit der Analyse von indirekten Suchen nach

DM sowie Teilchenbeschleunigersignaturen, die Auskunft •uber Oszillationsparameter

und die Massenhierarchie von Neutrinos geben k•onnen. Wir �nden die M•oglichkeit f•ur

Synergien zwischen den verschiedenen experimentellen Herangehensweisen zur Bestim-

mung der Neutrinoeigenschaften.

xi





Chapter 1

The Standard Model and its

shortcomings

This chapter aims at providing a coarse overview of the building blocks of the Stan-

dard Model of particle physics (SM) and motivating the examinations of SM extensions

which shall be presented in the next chapters. For a comprehensive summary of the

various aspects, phenomenological discussions, and the rigorous mathematical formu-

lation, the reader is referred to Refs. [5{10].

One cornerstone of the SM is the concept of symmetries and the description of

the strong, weak, and electromagnetic forces by the exchange of spin-1 mediators.

These mediators arise from local (i.e. gauge) symmetries which form the underlying

symmetry group of the SM. With Emmy Noether's proof of a conserved current and

charge associated with every continuous symmetry of the action of the theory [11], the

concept of symmetries became even more appealing in theoretical particle physics. The

symmetry group of the SM is

GSM = SU(3)c � SU(2)L � U(1)Y (1.1)

and is associated with Quantum Chromodynamics (QCD) and the electroweak (EW)

sector. A unitary gauge groupU(N ) featuresN 2 generators, whereas a special unitary

group SU(N ) has N 2 � 1 generators. The SMU(1)Y is an abelian group. In general,

the generators of the symmetry groups are associated withmasslessgauge bosons.

The symmetry group manifests itself today inSU(3)c � U(1)Q and describes eight

gluons as the gauge �elds of QCD and one photon for Quantum Electrodynamics (QED).

Both theories are described well by massless mediators, whereas the weak interactions

are mediated by massive particles and therefore short-ranged. To reconcile the fact of

1



CHAPTER 1. THE STANDARD MODEL AND ITS SHORTCOMINGS

massive force mediators for the weak interactions with the descriptions via gauge sym-

metries, the EW theory was proposed by Glashow [12], Salam [13], and Weinberg [14]

(hence known as the GSW theory) which evolves spontaneously via electroweak sym-

metry breaking (EWSB) to the present gauge symmetry groupSU(3)c � U(1)Q.1 With

the particles and interactions observed in experiments and the SM gauge symmetry, one

can �nd proper representations of these �elds with respect to the SM gauge groupGSM .

We shall specify the representations below when needed. The renormalizable opera-

tors of the Lagrangian are prescribed by the gauge and Lorentz symmetries and the

Lagrangian can be categorized into di�erent sectors, reading

L SM = L gauge + L Dirac + L Yukawa + L Higgs : (1.2)

Beginning with the �rst part, the gauge sector describes the dynamics (including

potential self-interactions) of the gauge �elds which transform under the adjoint rep-

resentation of the respective gauge group. De�ning the �eld strength tensor for the

abelian symmetry groupU(1)Y ,

B �� = @� B � � @� B � ; (1.3)

and for the non-abelian groupSU(2)L ,

W I
�� = @� W I

� � @� W I
� + g"IJK W J

� W K
� (1.4)

with the indices I; J; K = 1; 2; 3, the gauge coupling parameterg, and the Levi-Civita

tensor " IJK as the structure function (similar for SU(3)c with the �eld strength ten-

sorsGa
�� , the color indexa = 1; : : : ; 8, and the structure functionf abc), the Lagrangian

of the SM gauge sector reads

L gauge = �
1
4

Ga
�� Ga�� �

1
4

W I
�� W I�� �

1
4

B �� B �� : (1.5)

A notable di�erence between the abelian and non-abelian symmetry groups is the

presence of self-interactions of gauge �elds in non-abelian symmetry groups. Neither

Lorentz nor gauge symmetries prohibit the CP-violating operatorsV i
��

eV i�� with the

gauge �eld strength tensorsV i
�� and their duals eV i�� � V i

�� " ���� =2. As stated in

Ref. [15] and discussed below in Section 4.1, the operator for the abelian gauge �elds

vanishes and the renormalizable operator with theSU(2)L gauge �eld strength tensors

1Note that the former symmetry is rather hidden than broken.
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CHAPTER 1. THE STANDARD MODEL AND ITS SHORTCOMINGS

can be eliminated by making use of the anomalous globalU(1)B + L symmetry of the

SM [16{18]. The QCD� -term, on the other hand, can be present and shall be discussed

below in the list of shortcomings.

Moving on to the second sector of the SM, the dynamics of the fermions are de-

scribed, in particular their interactions with the gauge �elds. Omitting the indices for

generation, color, and 
avor, the Lagrangian reads

L Dirac = Qi =DQ + Li =DL + uR i =DuR + dR i =DdR + `R i =D` R (1.6)

with the short-hand notation =D � 
 � D � for the product of Dirac matrices
 � and the

gauge covariant derivativeD � (see below). Its building blocks are the left-handed (LH)

Dirac fermion �elds Q, L and the right-handed (RH) �elds uR , dR , eR which transform

as doublets and singlets, respectively, upon anSU(2)L gauge transformation. The

isospin doublets are given byQ : (3; 2; 1=3) and L : (1; 2; � 1), while the singlets

are `R : (1; 1; � 2), uR : (3; 1; 4=3), and dR : (3; 1; � 2=3). For instance, the �rst

generation of leptons is embedded inL1 = ( � e; e� )T and the second generation of

quarks in Q2 = ( c; s)T . In the present work we shall work with the gauge covariant

derivative

D � = @� � igs
� a

2
Ga

� � ig
� I

2
W I

� � ig0Y
2

B � : (1.7)

The generators ofSU(3)c are related to the Gell-Mann matrices� a which obey the

commutation relation
�
� a; � b

�
= 2 if abc� c. For SU(2)L the generators are proportional

to the Pauli matrices � I , satisfying
�
� I ; � J

�
= 2 i" IJK � K . As seen above, the structure

function for the abelian symmetry groupU(1)Y is zero, preventing the gauge �eld of an

abelian symmetry group from interacting with other gauge �elds of the same symmetry

group. The gauge �eldsB � , W (3)
� in the weak eigenbasis do not equal the corresponding

mass eigenstates. After EWSB the gauge �elds in the mass eigenbasis read

 
A �

Z �

!

=

 
cos� W sin� W

� sin� W cos� W

!  
B �

W (3)
�

!

: (1.8)

The weak mixing angle� W which governs the rotation of the gauge �elds is related to

the elementary electric charge viae = gsin� W = g0cos� W with the SU(2)L � U(1)Y

gauge coupling parametersg, g0. With the electric chargeQ, the third componentT3 of

the weak isospin, and the weak hyperchargeY, we shall use the conventionQ = T3+ Y=2

throughout this thesis.

3



CHAPTER 1. THE STANDARD MODEL AND ITS SHORTCOMINGS

The third part of the SM Lagrangian connects the fermions to the Higgs �eld

which shall be de�ned below in Eq. (1.11). Besides describing the Yukawa interactions

between the scalar Higgs boson and the fermions, it serves as the sector in which the

fermion masses are generated via EWSB. The Yukawa Lagrangian reads

L Yukawa = �
�

yd
ij Qi � dj;R + yu

ij Qi
e� uj;R + y`

ij L i � ` j;R + h :c:
�

(1.9)

with the 3� 3 Yukawa matrices with the generation indicesi; j = 1; 2; 3.2 One can show

that the Yukawa matrices are generally complex for more than two fermion generations

as the phases can be absorbed via proper �eld rede�nitions. The three Yukawa matrices

can be diagonalized viaU(3) rotations of the fermion �elds, with the consequence that

the mass eigenstates of one of the quark types (either up- or down-type quarks) are

not any longer identical to their weak eigenstates. The rotations are dictated by the

Cabibbo{Kobayashi{Maskawa (CKM) matrix for that type of quarks.

The last part of the Lagrangian that shall be relevant for this thesis is the scalar

sector which is described by

L Higgs = ( D � �) y (D � �) � � 2 j� j2 � � j� j4 (1.10)

with the Higgs doublet

� =
1

p
2

 p
2G+

v + h + iG0

!

(1.11)

and its dual e� � i� 2� � which occurs also in the Yukawa sector. The potential in

Eq. (1.10) with a negative bare mass term leads to a ground state at �nite �eld value.

This vacuum expectation value (vev)v is given in neutral component of the doublet,

alongside the physical Higgs bosonh. According to the Goldstone theorem [19], the

spontaneous EWSB of the SM gauge group toSU(3)c� U(1)Q via the electroweak phase

transition (EWPhT) breaks three generators and hence gives rise to three Goldstone

bosons. These Goldstones, which areG� and G0 from the Higgs doublet in Eq. (1.11),

become the longitudinal components of the EW gauge bosons and thus give rise to

the masses ofW � and Z bosons. This mechanism was proposed almost simultane-

ously by independent groups and is sometimes referred to as the Brout{Englert{Higgs

mechanism [20{23]. Following the widespread terminology in the literature, we refer to

2The Yukawa sector breaks the accidental, global symmetryU(3)5 � U(3)Q � U(3)L � U(3)u R �
U(3)dR � U(3)eR .
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CHAPTER 1. THE STANDARD MODEL AND ITS SHORTCOMINGS

this mass-generating mechanism and the doublet as the `Higgs mechanism' and `Higgs

doublet' in this thesis.

The kinetic term in the Lagrangian of the scalar sector above in Eq. (1.10) describes

the interactions between the EW gauge bosons and the Higgs �eld which result in their

masses after EWSB. One �nds

L Higgs � �
g2v2

4
W +

� W � � �
(g2 + g02) v2

8
Z � Z � �

(g0cos� W � gsin� W ) v2

8
A � A � ;

(1.12)

which leads to the tree-level EW gauge boson masses

mW =
gv
2

; mZ =

p
g2 + g02v

2
; mA = 0 : (1.13)

The properties of the Higgs multiplet and the interactions of the physical Higgs boson

are of utmost importance for the understanding of the fundamental mechanism behind

the mass generation of the fermions and of the EW gauge bosons.

The characteristic feature of the Higgs potential at (virtually) zero temperature

today is the negative mass parameter� 2. The resulting non-zero Higgs vev determined

as v = (
p

2GF )� 1=2 � 246 GeV with Fermi's constantGF is known remarkably pre-

cisely and allows, together with the measured massmh = 125:25 � 0:17 GeV of the

Higgs boson, to infer the Higgs mass parameterj� j � 88:4 GeV and the Higgs self-

coupling parameter� = m2
h=(2v2) � 0:13 [10]. The latter is of great interest as it is

{ in principle { accessible via the measurement of Higgs self-interactions and indicates

directly whether the SM scalar sector describes nature accurately or whether physics

beyond the SM (BSM) is at work. On the downside, the accuracy level of dedicated

measurements are to date far too low to draw conclusions. Working in the� -framework

in which the SM prediction corresponds to� � = 1, the results by the ATLAS [24] and

CMS [25] collaborations at 95% C.L. read

� 1:2 . � � . 6:5 ; � 1:4 < � � < 6:1: (1.14)

Another interesting property of the Higgs boson is its decay width as it tells whether

it decays into su�ciently light BSM �elds. The ATLAS [26] and CMS [27] results are

� h =

8
<

:
4:5+3 :3

� 2:5 MeV for ATLAS

3:2+2 :4
� 1:7 MeV for CMS

(1.15)
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CHAPTER 1. THE STANDARD MODEL AND ITS SHORTCOMINGS

and hence in agreement with the SM prediction �SM
h = 4:1 MeV [28]. As for the mea-

surement of the Higgs self-coupling� , an improvement of accuracy in �h could even-

tually result in evidence for a connection between the Higgs sector and BSM physics.

So far the SM has demonstrated its power in an overwhelmingly large fraction of

experiments and experimental anomalies perished with more statistics or improved

analyses (see,e.g., Refs. [29{33] for the 750 GeV diphoton excess and Refs. [34{36] for

the RK ( � ) anomaly).3 However, the SM falls in fact short in explaining some obser-

vations or theoretical curiosities which either suggest or clearly indicate BSM physics.

Besides the rather large number of free model parameters, the hierarchical ordering of

the fermion masses or the stark di�erence between the measured Higgs mass and the

Planck scaleMPl � O (1019 GeV) { just to mention two prime examples for mysterious

hierarchies in the SM { lead to the expectation of yet-to-unveil BSM physics. Further

curiosities are the mere number of fermion generations, which appear to be copies of

each other (except for their masses), and the same number of generations of quarks

and leptons. A brief overview of further puzzles within the SM is following.

Strong CP problem

Besides the �eld strength operators listed in Eq. (1.5), the QCD� -term can exhibit

physical consequences and reads

L � -QCD = �
g2

s

32� 2
Ga

��
eGa�� : (1.16)

Since this operator violates the CP symmetry, an enhanced electric dipole moment

of the neutron (nEDM) is expected which might be much larger than the SM pre-

diction jdn=ej � 10� 34 cm [52{54], although it might receive signi�cant QCD contri-

butions, as pointed out in Ref. [55]. A dedicated measurement conducted at Paul

Scherrer Institute (PSI) �nds for the nEDM dn=e= (0 :0 � 1:1stat � 0:2sys) � 10� 26 cm,

which is suggested to be interpreted as the upper boundjdn=ej < 1:8 � 10� 26 cm

at 90% C:L: [56]. De�ning the parameter � / � + arg det M with the quark mass

matrix M (cf. Eq. (2.18) for the de�nition), the CP-violating parameter can conse-

quently be constrained toj� j . 10� 10 [57]. Although the proposal of the axion which

results in the perfect cancellation of the tiny parameter is intriguing, the answer to this

conundrum remains elusive to date. See,e.g., Refs. [18, 57{59] for reviews.

3Note that the prominent RD ( � ) anomaly for the charged-current decayB ! D ( � ) `� tended towards
the SM prediction in the recent years, but still exhibits a 3:3� deviation with respect to the SM
prediction and thus poses a possible window for new physics (see Refs. [36{51]).
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CHAPTER 1. THE STANDARD MODEL AND ITS SHORTCOMINGS

Neutrino masses

The observation of neutrino 
avor oscillation cannot be explained within the SM frame-

work and is clear evidence for BSM physics. There is a plethora of proposals for neu-

trino mass-generating mechanisms but the fundamental theory for neutrino masses as

well as the nature of the neutrino itself (whether it is a Dirac or Majorana particle)

is still inconclusive for the lack of clear experimental indications. An introduction to

neutrino oscillations as well as an overview of neutrino mass models can be found in

Chapter 5 where two speci�c neutrino mass models shall be investigated.

Baryon asymmetry of the Universe

Furthermore, the obvious imbalance between the amount of ordinary matter and anti-

matter in the (visible) Universe serves as a further indication for BSM physics. As we

shall examine in detail in Chapter 4, the SM does not ful�l the necessary conditions

for generating the baryon asymmetry of the Universe. Although the violation of the

CP symmetry, experimentally con�rmed in,e.g., K - and B-meson decays, is explained

by the complex phase in the CKM matrix, its magnitude is not large enough to explain

the excess of ordinary matter. Moreover, the out-of-equilibrium condition during the

EWPhT is not given in the SM. In principle, the SM provides the ingredients, but falls

short in ful�lling them to a su�cient amount. An extension of the SM for generating

the measured baryon asymmetry of the Universe shall be elaborated on in the last

section of Chapter 4.

Dark matter

As the last shortcoming of the SM focused on in this thesis, we shall discuss the

experimental evidence for the still-unknown type of matter which we shall refer to

as dark matter (DM). Besides its gravitational e�ects in weak-lensing observations,

we know from experiments that this new type of matter does e�ectively not interact

via the electromagnetic and strong force. Furthermore, the DM must be stable on

cosmological time scales. The SM does not feature an appropriate candidate which

can account for the entire amount of DM. More details shall be presented in the next

chapter, including prominent DM candidates and detection methods.
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Chapter 2

Introduction to Dark Matter

As pointed out in the previous section, the SM is a very successful theory but fails in

numerous aspects. In this section we want to delve into one of these, namely DM. After

discussing the various observations which all lead to the conclusion of the existence of

DM, we provide a broad overview of DM models and detection strategies.

2.1 Experimental Evidence

The experimental evidence for the existence of DM spans a wide range of length scales

(see,e.g., Refs. [60, 61] for reviews) which we shall brie
y summarize in the following.

Evidence at galactic scale

The measurements of the circular velocities of the stars and gas of a galaxy for dif-

ferent radii allow to compare the rotation curves to the expectations from Newtonian

dynamics, namely

v (r ) =

r
GN M (r )

r
(2.1)

with Newton's constant GN as well as the massM (r ) =
R

d3r � (r ) of the sphere with

radius r and mass density� (r ), and feature a stark discrepancy for large radii. This

disagreement between prediction and observation strongly suggests the presence of a

new kind of matter which cannot be observed through optical telescopes and whose

mass density pro�le must be� DM (r ) / r � 2 for large radii to reproduce a 
at velocity

distribution (see Fig. 2.1) [60]. An historical overview of this �eld's development can

be found in Ref. [62] for instance.
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CHAPTER 2. INTRODUCTION TO DARK MATTER

A spherically symmetric DM halo encompassing the galactic disk with the den-

sity � DM (r ) / r � 2 for large radii ameliorates the problem. However, the density pro�le

of the inner part of the galaxy is inconclusive and known as thecore-cusp problem, based

on the di�erence between some observations suggesting a rather radius-independent

DM density at the center andN -body simulations �nding a cuspy pro�le (see Ref. [63]

for a review).

Further evidence for the existence of DM from galactic-scale measurements comes

from the Oort discrepancy which refers to the discrepancy between the amount of stars

in the Milky Way and the induced gravitational potential (see Refs. [60, 64] for details).

Evidence at galaxy cluster scale

Another indication for the existence is the study of galaxy clusters and the application

of the Virial theorem. Following the investigation conducted by Zwicky in 1937 [65],

the Virial theorem is based on the fundamental law of motion for a galaxy labelled by

the index i in the cluster,

F i = mi
d2r i

dt2
; (2.2)

Figure 2.1: Velocity distribution of the galaxy with the number 6503 in the New

General Catalogue (NGC). The contributions from the visible components are pre-

sented as dashed and dotted lines. The putative DM halo contribution is shown as a

dot-dashed line. The contribution from the DM halo is clearly necessary to explain the

experimental data. Taken from Ref. [60].
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CHAPTER 2. INTRODUCTION TO DARK MATTER

with the force F i , massm i , and distancer i , which leads to

1
2

X

i

mi
d2r 2

i

dt2
=

X

i

F i r i

| {z }
� Vir

+
X

i

mi

�
dr i

dt

� 2

| {z }
� 2� K T

(2.3)

after scalar multiplication with the distance r i [65]. The lefthand side of this equation

is proportional to the time derivative of the cluster's polar moment of inertia and zero

after averaging over time. Hence, we obtain the Virial theorem

Vir = � 2 � K T (2.4)

for the averaged virial Vir and the kinetic energy of translationK T of the whole galaxy

cluster. Applying the Virial theorem, Zwicky found the conversion factor of approxi-

mately 500 from luminosity to the cluster's mass which is much larger than his expec-

tations and can be explained by a non-luminous kind of matter in the Coma cluster.

The last point in this list of astronomical evidence is the collision of galaxy clusters,

e.g. in the `bullet cluster' (with the designation 1E 0657-558) [66{70] and MACS

J0025.4-1222 [71]. The spatial di�erence between the bary-centers of the subclusters

and the originating regions of the X-rays produced by the collisions of the intergalactic

gas lead to the conclusion of the existence of a type of matter that causes weak-lensing

e�ects while it interacts at most weakly with the ordinary matter.

Figure 2.2: Observations of the cluster 1E 0657-558 in the visible (left) and X-ray

spectrum (right ). The green contours correspond to di�erent magnitudes of weak-

lensing e�ects and the color-encoded regions between the bary-centers of the two

subgroups of galaxies indicate the origin of the detected X-rays. Images taken from

Ref. [69].
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CHAPTER 2. INTRODUCTION TO DARK MATTER

Evidence at cosmological scale

After the prediction of background photons propagating since the Early Universe [72,

73] and their Nobel prize-awarded discovery by Penzias and Wilson in 1965 [74], the

measurements of the cosmic microwave background (CMB) were continuously improved

and serve as an excellent source for extracting information about the Early Universe.

The temperature anisotropies in the CMB can be expanded as [60]

�T
T

(�; ' ) =
1X

`=2

`X

m= � `

a`m Y`m (�; ' ) (2.5)

with the spherical harmonicsY`m . If the temperature anisotropies obey a Gaussian

distribution, the CMB can be transformed into a power spectrum which is typically

presented asD` � `(` + 1) C`=(2� ) in terms of the multipole `. Here, the varianceC`

of the coe�cients a`m is de�ned as [60]

C`
def= hja`m j2i �

1
2` + 1

`X

m= � `

ja`m j2 : (2.6)

The CMB power spectrum is depicted in Fig. 2.3 and the blue line, corresponding to

the �t of the cosmological �CDM model which describes both dark energy � and cold

Figure 2.3: The CMB power spectrum measured by the Planck satellite. The

data (red) matches well the �CDM �t (blue). See Refs. [75, 76] for details.
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CHAPTER 2. INTRODUCTION TO DARK MATTER

dark matter (CDM), �ts the data impressively well and allows to extract cosmological

parameters. In particular, the pattern of the baryon acoustic oscillations, which origi-

nate from the competing processes of contraction due to gravity and expansion due to

thermal pressure, strongly suggests the large proportion of DM in the energy budget

of the Universe. The anisotropies of the CMB are imprints of the cosmological density


uctuations at the time of recombination1 and allow to determine the relic abundance

of cold DM of


 DM h2 = 0:1200(12); (2.7)

which quanti�es the DM relic abundance in terms of the DM energy density� DM

in units of the critical energy density � crit , i.e. 
 DM � � DM =� crit , and the reduced

Hubble constant h � H0=(100 km s� 1 Mpc� 1) with today's Hubble constant H0 �

67:4(5) km s� 1 Mpc� 1 [75]. Besides the DM content of the Universe, the CMB power

spectrum allows to infer the abundance 
b of baryonic matter and the total abun-

dance 
 m of any kind of matter in the Universe, quanti�ed as [75]


 bh2 = 0:02237(15) ; 
 mh2 = 0:1430(11): (2.8)

Another �nding on very large scales is the formation of large scale structures in the

Universe which was compared toN -body simulations (cf. Fig. 2.4). The structure of

galaxies, and whole galaxy clusters in respectively opposite slices in Fig. 2.4 resemble

each other astonishingly well, providing additional support for the hypothesis of the

existence of DM. Simulations like the one in Fig. 2.4 demonstrate thatcold, that is

non-relativistic, DM is a vital ingredient for the structure formation on large scales.

2.2 Overview of Dark Matter Candidates

Since neither the SM nor the former cosmological standard model (i.e., without DM)

provide an explanation for the observations above, new physics is expected to be respon-

sible for these. Besides theories like modi�ed Newtonian dynamics (MOND) [78, 79]

and massive astrophysical compact halo objects (MACHOs) [80, 81] like primordial

black holes (PBHs) [82{84], it is not excluded that a yet unknown particles species

1The term recombination refers to the point in time at which the plasma got cold enough to
facilitate the nuclei bind electrons and thus form electrically neutral atoms. By that, the mean free
path of the photons increased substantially and the photons could travel through the neutral medium
for the �rst time.
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constitutes the full or a fraction of the measured DM energy density. In this thesis we

pursue the hypothesis of particle DM which needs to ful�l a set of requirements to con-

stitute the type of matter that these measurements suggest (see,e.g., Refs. [10, 85, 86]

for further details on the experimental evidence and DM models).

One striking feature of DM results from the large range of distances (from galactic

up to cosmological scales) which translates into a large range in time at which DM

must have been in place. Consequently, DM is required to be stable on cosmological

time scales. DM models can account for this via additional symmetries.2

Moreover, the measurement of the CMB and the analysis of the `bullet cluster'

in light of X-rays and weak gravitational lensing require zero or at least close-to-zero

electric charge of the DM particle. Assuming that DM is decoupled from the baryon-

photo plasma at the time of recombination, the authors of Ref. [87] �nd� � QDM =e.

10� 6 for mDM = 1 GeV and � . 10� 4 for mDM = 10 TeV for the upper limits on the

DM electric chargeQDM in units of the elementary chargee.

As the second-to-last aspect, the mass of fermionic and bosonic DM is subject to

constraints which limit the mass from below. In case of DM fermions, Pauli's exclusion

principle results in an upper limit for the viable phase space of the dark fermions

and hence in the lower limitmfDM & 100 eV [10, 88] for the DM mass (known as the

2It cannot be concluded from this observation that DM must be absolutely stable but its decay
rate must be su�ciently slow such that many DM models feature non-decaying DM particle(s).

Figure 2.4: Comparison of galaxy surveys (left and top) to simulation of structure for-

mation on large scales with DM contribution (right and bottom). Taken from Ref. [77].
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Tremaine-Gunn bound [89]). Similarly, the mass of bosonic DM cannot be smaller

than a certain value because its Compton wavelength could be larger than galactic

scale structures which in turn would be washed out (see,e.g., Ref. [90]). One �nds as

lower limit for the bosonic DM massmbDM & 10� 22 eV [10].

Lastly, a key feature of DM is its small interaction strength with ordinary matter.

The observation of the `bullet cluster' 1E 0657-558 and the comparison of the gravi-

tational center of mass to the origin of the X-ray emission strongly suggests a small

interaction strength between DM and ordinary matter as well as between DM particles

themselves (see,e.g., Ref. [91]). This �nding was already used for putting an upper

bound on the electric charge of the DM particle, but can be applied also to QCD in-

teractions as well as BSM forces.

After the discussion of the requirements a particle has to ful�l in order to serve as

a DM candidate, we shall elaborate on di�erent proposals for DM models in the fol-

lowing.

Weakly and feebly interacting massive particles

One very prominent DM candidate is the weakly interacting massive particle (WIMP)

which we shall consider in the investigations in Chapters 3{5. The reader may be

referred to the studies and reviews in the Refs. [92{95] for details.

If the DM particles are in thermal equilibrium with the SM particles in the Early

Universe, the evolution of the DM number densitynDM obeys the Boltzmann equa-

tion [95]

dnDM

dt
+ 3Hn DM = � h �v i

�
n2

DM � n2
DM ;eq

�
(2.9)

with the time-dependent Hubble parameterH , the thermally averaged DM annihilation

cross sectionh�v i , and the DM number density in thermal equilibrium nDM ;eq (see

Refs. [96, 97] for detailed calculations). Using the comoving DM number density,

which is de�ned as

YDM
def=

nDM

s
(2.10)

with the entropy density

s def=
2� 2

45
he� (T) T3 (2.11)
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in terms of the e�ective number he� of entropy degrees of freedom, and the entropy

conservation ds=dt = � 3Hs, the evolution of YDM is described by

dYDM

dt
=

ds
dt

h�v i
3H

Y 2
DM

�
1 �

Y 2
DM ;eq

Y 2
DM

�
: (2.12)

At a su�ciently early time in the Early Universe, i.e. at su�ciently high tempera-

tures, the DM annihilation rate � DM-ann = h�v i YDM s is larger than the Hubble expan-

sion rateH and the DM particles are hence in thermal equilibrium with the SM bath,

provided the interaction strength between particles in the dark sector and the SM sec-

tor is large enough to guarantee thermalization. The expansion of the Universe causes

a drop in temperature which in turn leads to an increasingly ine�cient DM production

in the thermal bath as the DM production cross section scales with exp (� mDM =T)

and hence gets Boltzmann suppressed for temperatures smaller than the DM mass. If

the DM interaction rate � DM is large enough, the DM destruction continues and the

comoving DM number density decreases. Once the DM interaction rate drops below

the Hubble rate, DM annihilation processes get suppressed and eventually shut o�

e�ectively. Consequently, the comoving DM number densityYDM tends to approach

a constant value,i.e. to freeze out. The corresponding freeze-out temperature is la-

belled asTf :o:. The comoving DM number density today at temperatureT = T0 can

be estimated as

YDM (T = T0) �

r
�
45

MPl

� Z Tf :o:

T0

dT g1=2
� h�v i

� � 1

(2.13)

with

g1=2
� =

he�

g1=2
e�

�
1 +

T
3he�

dhe�

dT

�
(2.14)

in terms of the e�ective number ge� of relativistic degrees of freedom. The comoving

DM number density in terms of the dimensionless parameterx � mDM =T is shown in

Fig. 2.5.

The comoving DM number density today in Eq. (2.13) involves the thermally aver-

aged DM annihilation cross sectionh�v i . Adopting the formal de�nition from Ref. [95]

with the modi�ed Bessel function of the �rst (second) kind K 1(2) (x), it reads

h�v i =
1

8m4
DM TK 2 (mDM =T)2

Z 1

4m2
DM

ds � (s)
p

s
�
s � 4m2

DM

�
K 1

� p
s=T

�
(2.15)
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and the DM relic abundance can be evaluated as


 DM h2 � 8:76� 10� 11 GeV� 2

� Z Tf :o:

T0

dT g1=2
�

h�v i
mDM

� � 1

(2.16)

with the today's critical energy density � crit (T = T0) � 10� 5 GeV cm� 3. It turns out

that the measured DM relic abundance in Eq. (2.7) requires the thermally averaged

annihilation cross section

h�v i � O
�
10� 26

�
cm3 s� 1 ; (2.17)

which translates into the freeze-out temperatureTf :o: � mDM =20 (see,e.g., Ref. [94]).

The freeze-out temperature can be read o� Fig. 2.5 for a speci�c WIMP DM mass.

Surprisingly, the measured DM relic abundance can be obtained with a interac-

tion strength comparable to the EW interactions in the SM and a DM mass of the

order O(0:1 � 1) TeV [95]. This `miraculous' coincidence was dubbedWIMP mira-

cle and sparked great excitement and expectations. However, a large fraction of this

energy range can be probed in collider experiments nowadays and present DM direct

detection (DMDD) experiments like XENONnT, LZ, and PandaX-II are sensitive to

the expected cross sections for scattering o� a nucleon. The null results in these ex-

periments exclude a substantial fraction of the parameter space in WIMP models.3

3Note that the terminology `null results' refers only to the fact that the searches did not lead to

Figure 2.5: Comoving DM number densityYDM in freeze-out models for di�erent

values of the thermally averaged DM annihilation cross sectionh�v i . Taken from

Ref. [94].
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Besides the weakly interacting massive particles, there are models involvingfeebly

interacting massive particle (FIMP; see,e.g., Refs. [100, 101] for details). The distinct

feature of FIMP DM models is the DM production mechanism which is not described

by the freeze-out but rather by thefreeze-in mechanism. Brie
y summarized, a small

abundance of heavy DM particles is present in the Early Universe at high tempera-

tures T � mDM . The DM particles are virtually decoupled from the thermal SM bath

due to the feeble interaction strength but can be produced nevertheless by interactions

in the thermal bath. As a consequence, the DM abundance builds up steadily until

the temperature of the thermal bath becomes comparable to the DM mass and renders

the DM production ine�cient due to Boltzmann suppression. The gain in DM abun-

dance 
attens and eventually reaches a practically constant value for the entire further

evolution of the Universe.

Weakly interacting slim particles

Based on reviews by Jaeckelet al. [102] and Grahamet al. [103], we shall brie
y present

the axion as a prominent example for weakly interacting slim particles (WISPs).

As motivated in the (incomplete) list of shortcomings of the SM in Chapter 1, the

SM gauge group allows the CP-violating QCD term in Eq. (1.16) which in turn predicts

the contribution to the neutron EDM that scales as

jdn=ej �
mq

m2
n

j� + arg detM j
| {z }

� �

(2.18)

with the massesmn and mq of the neutron and light quarks, respectively, and the quark

mass matrix M . The proposal by Peccei and Quinn [104, 105] explains the smallness

of the e�ective QCD � parameter by promoting the QCD� parameter to a dynamical

�eld which transforms under the globalU(1)PQ symmetry. By that, the Lagrangian

gains additional terms, reading

L axion �
g2

s

32� 2

�
a
f a

�
Ga

��
eGa�� (2.19)

for instance, which demonstrates that the axion decay constantf a governs the in-

teraction strengths. The non-trivial QCD vacuum structure features a minimum

at ha + �f ai = 0 such that the contribution to the nEDM vanishes.

the discovery of a DM particle yet. The experiments provide valuable bounds for DM model building
and are poised to enter a new era after the announcement of having dived into the neutrino fog for
the �rst time in DMDD experiments (see Refs. [98, 99]).
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The mass of the axion as the pseudo-Nambu-Goldstone boson from the explicit

U(1)PQ symmetry breaking is determined by the axion decay constant on the one hand

and the pion massm� , its decay constantf � , and the light quark massesmu;d on the

other hand. The relation reads

ma � m�

�
f �

f a

� p
mumd

mu + md
: (2.20)

In spite of its small mass, the axion can account for the amount of cold DM in the

Universe thanks to the misalignment mechanism (see,e.g., Refs. [106, 107]).

2.3 Strategies of Detection

Before concluding this chapter, we shall turn to the experimental endeavours to detect

DM. The strategies can be divided into three categories: (i ) DM direct detection,

(ii ) DM indirect detection, and (iii ) collider searches for DM. In the following, we

shall brie
y summarize the basics of the �rst two search strategies which are depicted

in Fig. 2.6, while we refer the reader to Refs. [90, 108] for a comprehensive overview of

the variety of collider searches and bounds on a wealth of DM models.

Dark Matter direct detection

Although to date we only have evidence for DM interacting gravitationally, it is not

excluded that the DM particle couples to SM particles via the exchange of SM gauge

bosons (if the DM particle is charged under the SM gauge group or an extension of it) or

via the Higgs portal. The possibility of those interactions are probed in DMDD experi-

ments whose characteristic feature is a target which triggers an interaction between an

atom in the target material and a bypassing DM particle by enhancing the scattering

DM

SM

DM

SM

indirect collider

direct

Figure 2.6: Three possible strategies for DM searches involving SM particles. The

blue blob at the center represents any particle physics model that describes the inter-

action.
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cross section due to an appropriate selection of the target material. The cross section

for a DM particle scattering o� a nucleus scales with its atomic number,i.e. � / A2,

and a large atomic number of the target material is therefore one of the selection cri-

teria [90, 95]. In the case of an interaction, the detector is sensitive to recoil events of

either the whole nucleus or an electron in the atomic shell of the target material due

to elastic DM-target scattering. The di�erential rate of WIMP DM scattering o� a

nucleus reads

dRDM (E; t )
dE

=
Nnucleus� DM

mDM mnucleus

Z vesc

vmin

d3v vf Earth (v; t)
d� (v; E)

dE
(2.21)

with the recoil energyE, the number Nnucleus of nuclei with massmnucleus in one kilo-

gram of target material, the velocityv of the DM particle in the reference frame of the

Earth, and the velocity distribution f Earth [95]. The minimum velocity leading to an

observable signal is given byvmin =
p

mnucleusE=(2� 2) with the reduced mass� of the

DM-nucleus system and the escape velocityvesc is the DM velocity beyond which the

DM particle is not gravitationally bound to the Milky Way any longer. The di�erential

scattering cross section reads

d�
dE

=
mnucleus

2 (�v )2

�
� SIF (q)2 + � SDS (q)

�
(2.22)

with the momentum transfer-dependent form factorsF (q) and S(q) and the spin-

independent (spin-dependent) scattering cross section� SI(SD) in the limit of zero mo-

mentum transfer [95]. A wealth of experiments is dedicated to detect DM scattering

events. In the upcoming chapters we shall focus on WIMP DM, so we present in Fig. 2.7

current exclusion limits set by several experiments, in particular by XENONnT and

LZ [109, 110], alongside the development of the experimental sensitivity by comparing

to other, less stringent upper limits. The yellow region in the lower part of the ex-

clusion plot corresponds to theneutrino fog for experiments with a xenon target, for

which neutrino-target scatterings are expected to mimic DM scattering processes and

hence to render the identi�cation of DM scattering events in the target material more

complicated (see Refs. [117, 118] for further information).

Dark Matter indirect detection

A second possibility of looking for DM is DM indirect detection (DMID) which is based

on DM annihilations in a region of a high DM density (e.g., the Galactic center) and

the measurement of the produced SM particles like photons, positrons, or neutrinos. In
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addition to these, also the 
ux of composite particles like antiprotons or anti-deuterium

is measured and potentially serves as an indicator for DM annihilations. A compre-

hensive review of the di�erent approaches to DMID and current experiments can be

found in Refs. [60, 85, 90].

The di�erential 
ux � of photons, for instance, with respect to the solid angle 


and the energyE is given by

d�
d
 d E

=
�v

8�m 2
DM

�
dN
dE

�
Z

l:o:s:
d3x � 2

DM (r [x; 
]) (2.23)

with the DM annihilation cross section� , the mean velocityv of the DM particles in

the region of interest, the energy spectrum dN=dE, and the integral of the DM density

along the line of sight (l.o.s.)x [95].

The advantage of DMID searches is the accessibility of the regime of large DM

mass which DMDD experiments nor collider searches are sensitive to. Hence DMID

experiments allow to cover a much larger range of DM mass, although astrophysical

uncertainties must be taken into account and might render the results less accurate

than results from experiments in laboratories.

After this introduction to DM, including its motivation, prominent models, and detec-

tion methods, we shall next turn to DM models and a new way of describing multiple

DM models in an e�ective �eld theory framework.

Figure 2.7: DMDD exclusion curves by several experiments [111{116] in light of the

practically irreducible neutrino background [117] (indicated in yellow). Plot created

with the Dark Matter Limit Plotter v5.18, accessed on July 8th 2024.
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Chapter 3

New E�ective Field Theory

Approach to Dark Matter

Particle physics phenomena in nature occur at di�erent energy scales: while electron

transitions in atoms occur atO( eV) and nuclear processes like excitations and deex-

citations involve energies atO( MeV), weak interactions like � decays are explained

by the exchange of heavy mediators with masses around the EW scale� 100 GeV

and gravity is expected to be explained by physics at the Planck scaleO(1019) GeV in

the context of quantum gravity. Notably, the progress in the past demonstrates that

it is not necessary to have a grasp of the high-energy physics to explain processes at

comparably low energies. One prime example is the four-fermion theory by Fermi for

describing the� decay, which ultimately culminated in the discovery of theW boson.

Fermi's e�ective operator for � decay reads

�L Fermi � GF J y
� J � (3.1)

with the current J� = n
 � p+ e
 � � e [9]. If the momentum transfer (i.e. the characteristic

energy scale of the process) is much smaller than the mass of the mediatingW boson,

Fermi's constant can be related to theW boson mass by [9, 10]

GF �

p
2g2

8m2
W

� 1:17� 10� 5 GeV� 2 : (3.2)

The negative mass dimension of Fermi's constant signals the non-renormalizability of

the operator in Eq. (3.1) and hence suggests physics at the cuto� scale which can

be estimated by assuming values for the couplingsC(6)
i in Eq. (3.4). By that the

measurement of Fermi's constant suggested �� O (100 GeV) which is fairly close to
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the measuredW boson massmW � 80 GeV [10]. This great success of the EFT

approach supports studies in this framework whenever it is reasonable to stay agnostic

of the underlying theory and should serve as motivation for analyses in this framework.

Bearing the success of the EFT approach in mind, what follows is an introduction

to EFTs and their applications (based on Refs. [119{122]). Formally, the full theory is

described by the LagrangianL which in turn determines the actionS =
R

d4x L . In

line of the decoupling theorem by Appelquist and Carazzone [123], a heavy �eld � is

e�ectively `integrated out' from the theory by de�ning the e�ective action Se� [� j ] via

eiSe� [� j ] �
Z

D� eiS [� j ;�]

� Z
D� eiS [� j ;0]

� � 1

(3.3)

with the set of su�ciently light �elds � j and the path integral over all possible �eld

values of � [121]. This approach allows to describe the physical phenomena at low

energiesE � �, where the cuto� scale � is typically set by the mass of the heavy �eld.

The e�ective Lagrangian at the speci�c mass dimensionD > 4 is de�ned by

L (D )
e� =

nDX

i =1

C(D )
i

� D � 4
O(D )

i (3.4)

with the Wilson coe�cients C(D )
i and the operatorsO(D )

i and is renormalizable order

by order. The latter are made up by the �eld content of the speci�c `low-energy' theory.

Note that the local operatorsO(D )
i in the EFT describe non-local interactions in the

underlying, high-energy theoryafter integrating out the heavy degree of freedom [119].

In the e�ective Lagrangian in Eq. (3.4), the e�ective couplings and the suppression

scale are separated, but they can be collectively called Wilson coe�cients.

The cuto� scale � indicates the energy scale at which the low-energy theory is not

reliably applicable any longer. It is one of the key aspects of EFTs that the new physics

beyond the cuto� scale � is encapsulated in the Wilson coe�cients. The ratioE=� � 1

serves as an appropriate expansion parameter in the EFT. The closer the energy scale

of a process approaches the cuto� scale (i.e., the larger the contributions from the

�elds integrated out in the EFT), the worse the expansion in this ratio and the more

inaccurate the predictions of the EFT. Typically, observables get contributions from

these non-renormalizable operators. The accuracy parameter� can be de�ned as

� �
�

E
�

� D � � 4

; (3.5)
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which consequently leads toD � � 4 + log (1=�) =log (� =E) as a rough estimate for the

dimensionD � required to reach an accuracy goal� [119] (see also Ref. [124] for more

details).

The EFT framework can be applied in two ways. In thebottom upapproach the UV

theory is typically not known. By considering the symmetries and degrees of freedom of

the `low-energy theory', the most general e�ective Lagrangian is built and the Wilson

coe�cients are free parameters. A typical example for such a `low-energy' theory is

the SM which is incomplete (cf. list of shortcomings in Chapter 1) and might need to

be augmented by new, heavy �elds. Suggested by the absence of particle discoveries at

particle colliding experiments like the Large Hadron Collider (LHC) after the one of

the Higgs boson in 2012, these new degrees of freedom might reside well separated from

the EW scale. Thetop downapproach, on the other hand, makes use of the knowledge

about the UV theory and usually simpli�es the calculation remarkably since the heavy,

in the best case at most negligibly contributing degrees of freedom do not appear in

the calculations. After matching the UV theory onto the EFT at the cuto� scale �,

the Wilson coe�cients are determined at this energy scale. Since the characteristic

energy scale of the process of interest is substantially smaller than the matching scale,

the renormalization group running of the full set of Wilson coe�cients must be taken

into account (see calculation below).

The aforementioned matching of a UV model onto the EFT in the `top down'

approach results in relations between the UV model parameters and the Wilson coef-

�cients. There are several approaches for this,e.g. via the path integral, the equations

of motion, or the Feynman diagrams for speci�c processes (see Ref. [9] for examples).

As a �rst attempt for the analysis in this thesis, we shall compare the operators of

a speci�c EFT (will be introduced in Section 3.3) to the operators in the UV model

and thereby identify the matching conditions. The shortcomings of this approach and

possible improvements shall be discussed at the end of this chapter. But before we

begin with our investigation, we shall introduce di�erent EFT frameworks.

3.1 Introduction to the Standard Model EFT

Motivated by the great success of the SM, one may be inclined to take the SM with

its gauge symmetries and �eld representations and construct higher-dimensional, non-

renormalizable operators with these. With the de�nition of an e�ective Lagrangian in

Eq. (3.4) at hand, the general Lagrangian for the SM e�ective �eld theory (SMeft )
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without the truncation in mass dimension reads

L SMeft = L SM +
1X

D =5

nDX

i =1

C(D )
i

� D � 4
O(D )

i (3.6)

with the operators O(D )
i being gauge invariant with respect to the SM gauge group

SU(3)c � SU(2)L � U(1)Y [121, 125].

For practical purposes, the number of mass dimensionsD is limited in the EFT of

interest and the �nite number of non-renormalizable operators can be found systemat-

ically. Potentially redundant operators can be identi�ed and eliminated via equations

of motion. The `Warsaw basis' of non-redundant higher-dimensional operators up

to D = 6 is given in Refs. [126, 127]

Assuming that the SM with its gauge groups and the �elds in their respective

SM representations is the correct way of describing the physics at low energies, the

SMeft framework provides a powerful tool in addressing experimental anomalies (see

Refs. [128{131] for examples forSMeft analyses).

3.2 Introduction to the Higgs EFT

Unlike the SM and SMeft with their linear realization of the EW symmetry, the

Higgs e�ective �eld theory (Heft ) describes the non-linear realization thereof [125].

Instead of the Higgs doublet, theHeft contains the physical Higgs boson as a scalar

singlet and the three Goldstone bosons� I (which give rise to the mass of the EW gauge

bosons) in the Goldstone matrix [121]

� = exp
�

i� I � I

v

�
; (3.7)

which transforms as

� ! exp
�

i' I
L (x)

� I

2

�
� exp

�
� i' Y (x)

� 3

2

�
(3.8)

under the SM gauge symmetry with spacetime-dependent phases' L;Y (x). The bi-

doublet made up by the Higgs doublet � and its conjugatee� is related to the Goldstone

matrix by

�
e� �

�
=

v + h
p

2
� : (3.9)
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As a summary, the three theories are related to each other by

SM (� ; � ! 1 ) � SMeft (� ; � < 1 ) � Heft (h; � < 1 ) ; (3.10)

which showcases the advantage of working in theHeft framework to allow a high

degree of generality and consequently a reduced theoretical bias in the interpretation

of experimental data [121].1 The measurement of Higgs self-couplings (involving three

and four scalars) could help shed light on the Higgs embedding asSMeft predicts self-

interactions arising from� (v+ h)4, while, e.g., the three- and four-Higgs interactions in

Heft are not necessarily dictated by the same quartic coupling parameter� . Hence,

the measurement of the Higgs quartic coupling, as outlined in Chapter 1, is crucial for

the understanding of the scalar sector.

3.3 Introduction to the extended DM EFT

Inspired by the analysis in Ref. [132], in which the SM is extended by a DM particle (in

one scenario bosonic, in the other fermionic) andone mediator, the following analysis

aims at lifting the assumption of the SM Higgs representation in the context of an

extendedHeft . Another distinct feature of this extended DM EFT (eDMeft ) is the

number of mediators: here we considertwo scalar mediatorsS1; S2 (with masses smaller

than the cuto� scale �) in order to account for resonantly enhanced interactions with

the two BSM scalars involved. The eDMeft approach allows us to stay agnostic of

their representation with respect to the underlying gauge group. They can originate

either from singlet representations or from higher multiplets like doublets, triplets, or

quadruplets for instance. In our scenarios, they shall serve as mediators linking the

SM and the dark sector. The latter consists of the fermion� which is { like the new

scalarsSi and the Higgs bosonh { a gauge singlet underSU(3)c � U(1)Q.

The operators encoding all interactions between the Higgs bosonh and the new

scalarsSi up to dimensionD are de�ned as

OC
D (h; S1; S2) def=

DX

k=0

D � kX

j =0

jX

i =0

C(k)
i;j � i h

kSi
1Sj � i

2 : (3.11)

Although we could go up to an arbitrarily high mass dimension in the expansion,

we shall truncate our eDMeft Lagrangian with a non-linearly realized EW symmetry

1Note that the SM has not been constructed with an energy cuto� scale but is expected to be
superseded by a theory for energies& M Pl at the latest.
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at mass dimensionD = 5. It reads

L = L SM
gauge-ferm +

�
�i =@�� O y

2 (h; S1; S2) � L � R + h :c:
�

+
1
2

X

� = S1 ;S2 ;h

@� �@� �

� O �
5 (h; S1; S2) +

v2

4
Tr

h
(D � �) y (D � �)

i
O�

3 (h; S1; S2)

+ i
v2

4
Tr

�
� y (D � �) � 3

� �
Os

2 (h; S1; S2) @� h + Os1
2 (h; S1; S2) @� S1 + Os2

2 (h; S1; S2) @� S2
�

�
v

p
2

 
�
ui;L ; di;L

�
�

 
Y u

ij uj;R

Y d
ij dj;R

!

Ocq
2 (h; S1; S2) + ` i;L � Y `

ij ` j;R Oc`
2 (h; S1; S2) + h :c:

!

�
X

�

�
16� 2

h
g02c�

B B �� B �� + g2c�
W W I

�� W I�� + g2
sc�

GGa
�� Ga��

i

�
X

�

�
16� 2

h
g02~c�

B B ��
eB �� + g2~c�

W W I
��

fW I�� + g2
s ~c�

GGa
��

eGa��
i

; (3.12)

with the kinetic term L SM
gauge-ferm including the SM fermions and gauge bosons and with

the gauge covariant derivative, acting on the Goldstone matrix �,

D � � � @� � � i
g
2

� I W I
� � + i

g0

2
B � � � 3 : (3.13)

As outlined above, the purpose of this eDMeft is the description of DM models with

a dark fermion while minimising the assumptions for the representations of �elds in

the UV theory beyond the eDMeft cuto� scale. The scalars are described as singlets

in the eDMeft but can emerge from higherSU(2)L multiplets. Their representations

impact the power counting of the e�ective operators: singletsSi result in cSi
V � 1=�

from Eq. (3.12), whereasSi from an SU(2)L doublet lead to cSi
V � v=� 2 with the

vev v of the doublet. In an analogous way, the scaling of the other Wilson coe�cients

can be derived and comparing the scaling behaviour of di�erent �eld representations to

experimental data (cf. the processes in Appendix A) might allow to survey the possible

representations both of the Higgs scalar and of the BSM scalarsS1;2 in a systematic

way. In the following sections, we shall compare the eDMeft to a set of models with

a richer scalar sector and investigate whether the eDMeft is capable of capturing the

relevant DM physics and a subset of collider signatures presented in Appendix A. The

latter might help identify typical signatures for the models to distinguish one model

from another. The model �les for the numerical analysis were created with the public

FeynRules package [133{135] and the DM relic abundance and the cross sections were

computed with the micrOMEGAscode [136, 137] andMadGraph5aMC@NLO[138, 139].
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3.3.1 SM + Complex Scalar Singlet + Fermionic Singlets

With the purpose of a sanity check of our eDMeft , we shall compare it to a light

extension of the SM scalar and fermion sectors. Here the scalar sector with the Higgs

doublet � is augmented by a complex scalar singletS which transforms non-trivially

under a global, spontaneously brokenU(1) symmetry. The scalar multiplets read

� =
1

p
2

 p
2G+

vh + ĥ + iG0

!

; S =
1

p
2

(vs + ŝ + ia) : (3.14)

While the three GoldstonesG0;� and the pseudoscalar singleta are already mass eigen-

states, the two CP-even, neutral scalars generally mix with each other due to the two

�nite vevs. Throughout our analysis, we shall use the hat notation for indicating weak

eigenstates to distinguish them from the mass eigenstates. The scalar potential reads

�L � V = � 2
� j� j2 + � � j� j4 + � 2

S jSj2 + � S jSj4 + � � S j� j2 jSj2 + � 2
aa2 (3.15)

with the last term explicitly breaking the global U(1) and thereby generating a para-

metrically small massma =
p

2� a of the pseudo-Goldstone boson. Furthermore, the

fermion sector is extended by four heavy chiral quarksBL;R , TL;R as well as two chiral

DM fermions � L;R and is described by

�L � y�S � L S� R +
X

Q

yQSQL SQR + h :c: (3.16)

with the heavy chiral quarks Q = B; T and the coupling parametersy�S , yQS. The

heavy quarksQ are charged under theSU(3)c � U(1)Y like their RH SM siblings, while

the DM fermion transforms as a singlet under the SM gauge group. The BSM fermions

transform non-trivially under the global U(1) for sake of couplings to the BSM scalar

singlet S. The representations of the BSM �elds underGSM � U(1) are presented in

Tab. 3.1. The resulting loop-induced decay of the pseudo-Goldstone into a pair of pho-

tons for instance prevents it from being stable on cosmological time scales. Moreover,

the U(1) charges prevent the BSM quarks from mixing with the SM quarks. In order

to integrate out the BSM quarks, the mass of the lightest BSM quarkmQ = yQSvs=
p

2,

which is generated via spontaneous symmetry breaking (SSB) of the globalU(1), equals

the cuto� scale � of the e DMeft . In this simpli�ed analysis, we consider a degenerate

mass spectrum of the BSM quarks. Note that large BSM quark masses do not pose

problems for the comparably small DM mass although the masses are proportional
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to the BSM vev vs altogether. The DM mass can be much smaller than the cuto�

scale,i.e. m� = y�S vs=
p

2 � �, for y�S � 1 and a BSM vevvs . �, while yQS & 1 to

ensure the high mass of the BSM quarksQ.

The symmetric mass matrix of the two scalar �elds in this model is given by the

second derivative of the scalar potential in Eq. (3.15) and reads

M s �
�

@2V
@�@�0

�

�;� 0= h;s

=

 
2� � v2

h � � Svhvs

� � Svhvs 2� Sv2
s

!

(3.17)

and the masses of the SM Higgs and the BSM scalar are given by

m2
h;s = � � v2

h + � Sv2
s �

� � v2
h � � Sv2

s

cos 2�
(3.18)

upon diagonalization. The angle� in the orthogonal rotation matrix governs the mixing

between the weak eigenstate forming the two mass eigenstates,i.e.

 
h

s

!

=

 
cos� sin�

� sin� cos�

!  
ĥ

ŝ

!

� R �

 
ĥ

ŝ

!

; (3.19)

and reads

� =
1
2

arctan
� � Svhvs

� � v2
h � � Sv2

s
: (3.20)

Although already clear from the mass matrix in Eq. (3.17), the necessity of both vevs

being nonzero for a �nite mixing angle� manifest itself once more in the expression

for the mixing angle. The six free model parameters from the Lagrangian above can

be traded for a di�erent set of parameters which contains the masses, the BSM vev,

Field SU(3)c SU(2)L U(1)Y global U(1)

S 1 1 0 +1
TL 3 1 4=3 +1=2
TR 3 1 4=3 � 1=2
BL 3 1 � 2=3 +1=2
BR 3 1 � 2=3 � 1=2
� L 1 1 0 +1=2
� R 1 1 0 � 1=2

Table 3.1: Quantum numbers of BSM �elds in one-singlet extension.

30



CHAPTER 3. NEW EFFECTIVE FIELD THEORY APPROACH TO DM

and the mixing angle,i.e. f ms; ma; m� ; mQ ; vs; � g. The relations for the parameters are

relegated to Appendix B.1. The theoretical and experimental constraints are presented

in Appendix C.1 and the subsequent numerical investigation is based on sampling

random parameter points. Taking the parametersmh = 125 GeV, vh = 246 GeV, and

mB;T = � = 1 TeV, the ranges for the other parameters read

ms 2 [mh=2; �] ; ma 2 [1 GeV; 0:01mh] ; m� 2 [mh=2; �] ;

vs 2 [100 GeV; 1600 GeV] ; sin� 2 [0; 1] : (3.21)

Note the small massma / � a of the pseudoscalar in comparison to the other scales in

this theory which re
ects the soft breaking of the globalU(1) in Eq. (3.15). The lower

bound of the breaking parameter in the scan was chosen arbitrarily; any choice serves

the purpose of comparing this model to the eDMeft .

We shall now turn to the comparison of the collider cross sections and the predic-

tions for the DM relic abundance. The matching conditions for this model and the

eDMeft at the cuto� scale � are presented in Appendix B.1.

Collider signatures

Out of many possible signatures one can study in this model, we select the mono-h

and mono-Z processes for this �rst analysis and compute the cross sections� UV(EFT)
pp

in the UV model (eDMeft ) in order to compare the relative di�erence

� def=
�
� EFT

pp � � UV
pp

�
=� UV

pp : (3.22)

We consider LHC-like beam conditions,i.e. proton-proton collisions with a center-of-

mass energy of 13 TeV. Since the two new scalar degrees of freedom are su�ciently light

and therefore not integrated out in our scenario, we assignS1 = s andS2 = a. The BSM

quarks Q, on the other hand, are integrated out in the eDMeft . The processes for

q

q

h

s

q

q

h

s
h=s

g

g

h

s(a)

q=Q
h=s(a)

Figure 3.1: Processes for mono-h signatures with and without scalar resonances at

hadron colliders. The quark loop in the third diagram involves SM quarks as well as

BSM quarks. See text for mono-Z processes.
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the mono-h signatures are shown in Fig. 3.1.2 Processes with SM quarks in the initial

state lead tos-channel interactions, mediated by the scalarsh; s as well as tot-channel

interactions. Those with gluons in the initial state, on the other hand, are possible

due to the e�ective couplings ofh; s to gluons via a loop of SM and BSM quarks.3 For

the processes with the BSM scalars and the Z boson in the �nal state (i.e. mono-Z

processes), the scalar mediators in the processes for the mono-h are replaced by the

pseudoscalara or the Z boson. The comparison of the predictions for the cross sections

is shown in Fig. 3.2. The eDMeft describes both processes,i.e. mono-h and mono-Z ,

in the mono-singlet model very well with a numerical inaccuracy of only up to one

per cent without a bias for either of the two models. A bias would manifest itself in

a substantial relative di�erence � which would result from mismatching contributions

to the cross sections. The results in Fig. 3.2 meet our expectation as the eDMeft

contains all the mediating degrees of freedom at tree level.

Dark Matter relic abundance

Besides the pseudoscalara, also the scalar singlets couples to the DM fermion �

and hence mediates the DM annihilation. For this reason, a �nite mixing angle�

allows the coupling of the SM Higgs to the DM fermions and thus opens more possible

annihilation channels. Note that the �nal state is made of a pair of pseudoscalars

for many parameter points in our set of parameter points due to the small mass of

the pseudoscalar and a decent coupling strength� � Svs, resulting in a large phase

space for this annihilation channel. Since the spin-0 �eldsh; s; a are comparably light

2The Feynman diagrams in this thesis have been drawn by usingTikZ-Feynman [140].
3Note that the largest SM contribution comes from the top-quark due to its large Yukawa coupling

to the SM Higgs �eld.

Figure 3.2: Comparison of mono-h (left) and mono-Z (right ) cross sections.
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and hence present in the eDMeft , the DM annihilation processes are fully described

by the eDMeft and the DM relic abundance therein are expected to match the one

in the mono-singlet extension. The comparison of the predictions for the DM relic

abundance 
DM h2 in the two models is shown in Fig. 3.3.4 The heavy degrees of freedom

(here the heavy chiral quarksB; T ) contribute to the DM annihilation processes as

additional particles in the �nal state via the coupling to the mediators s; a, and {

due to the mixing { the SM Higgs bosonh. As a result, the DM relic abundance in

the mono-singlet model consequently decreases when the center-of-mass energy of the

initial state opens further phase space for the DM annihilation into a pair of heavy

quarks. The surge of the ratio of the DM relic abundance in the two models begins

already for a DM mass smaller than the cuto� scale,i.e. m� < �, due to the kinetic

energy of the annihilating DM particles. Note that the kinetic energy is expected to

be signi�cantly smaller than the DM mass for the DM to constitutecold DM. That is

why the mismatch between the predictions sets in close to the cuto� scale � = 1 TeV.

To sum up, the eDMeft captures the relevant processes of the singlet extension and

the comparison of the predictions for the DM relic abundance shows the DM mass range

in which the eDMeft is valid. In conclusion, the eDMeft behaves as anticipated and

we can move on to a model which features more degrees of freedom.

4For the sake of readability, the subscript `DM' for the DM relic abundance 
 DM h2 is omitted in
the �gures of this chapter.

Figure 3.3: Ratio of the DM relic abundance in the eDMeft and the one in the

mono-singlet model. Close to the new-physics scale � = 1 TeV the heavy degrees of

freedom impact the DM annihilation cross section and the eDMeft cannot accurately

describe the model any longer.
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3.3.2 2HDM + Pseudoscalar Singlet + Fermionic DM

After the sanity check above, we shall compare the eDMeft to an extension of the

two-Higgs doublet model (2HDM) as one of many well motivated new-physics models.

The 2HDM has been discussed,e.g., in Refs. [141{145] and Ref. [142] shall be closely

followed in the present introduction. The most general Lagrangian of the 2HDM reads

L 2HDM =
X

j

jD � � j j
2 � yd

j;mn Qm � j dn;R � yu
j;mn Qm

e� j un;R � y`
j;mn Lm � j `n;R

� M 2
11 j� 1j2 � M 2

22 j� 2j2 � M 2
12

�
� y

2� 1 + h :c:
�

�
� 1

2
j� 1j4 �

� 2

2
j� 2j4

� � 3 j� 1j2 j� 2j2 � � 4

�
�
� � y

1� 2

�
�
�
2

�
1
2

� 5

� �
� y

2� 1

� 2
+ h :c:

�

�
�
� 6 j� 1j2 + � 7 j� 2j2

� �
� y

2� 1 + h :c:
�

(3.23)

with the gauge covariant derivativeD � from Eq. (1.7), the usual notatione� j � i� 2� �
j ,

and the two Higgs doublets

� j =
1

p
2

 p
2�̂ +

j

vj + �̂ j + i �̂ j

!

with j = 1; 2 (3.24)

in the weak eigenbasis. Like already in the previous sections, those �elds dressed

with a hat are not mass eigenstates and their rotations to the mass basis shall be

discussed below. Rather than the general Lagrangian in Eq. (3.23), it is customary

to eliminate the last two terms by imposing a (softly broken) discreteZ2 symmetry

with the doublets transforming as �1 ! � 1 and � 2 ! � � 2. This discrete symmetry is

softly broken by M 2
12 6= 0 in general.5 Moreover, assuming real parametersM 2

12 and � 5

renders the scalar potential CP invariant. It is useful to introduce the so-called `Higgs

basis' with the two Higgs doublets de�ned by the orthogonal rotation

 
� h

� H

!

=

 
c� � s�

s� c�

!  
� 1

� 2

!

(3.25)

and the rotation angle� is determined by the two vevs,i.e.

tan � =
v2

v1
with v2

1 + v2
2 = v2

h � (246 GeV)2 : (3.26)

5We shall examine a 2HDM with an exact discrete Z2 symmetry in Chapter 4.
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De�ning the angle � in this way results in the characteristic feature of the Higgs basis

which is that only one of the two doublets gets a vev. Moreover, the mass matrices

of the charged scalars as well as of the neutral pseudoscalars are diagonalized therein.

The doublets in the Higgs basis read

� h =
1

p
2

 p
2G+

vh + ĥ + iG0

!

; � H =
1

p
2

 p
2H +

Ĥ + iA

!

: (3.27)

The scalarsĥ and Ĥ are eventually linear combinations of the 125 GeV scalar, which

was discovered at LHC and shall be referred to as the SM Higgs bosonh, and the second

CP-even physical �eld H . The mass eigenstates are related to the weak eigenstates

and to the eigenstates in the Higgs basis via

 
h

H

!

=

 
� s� c�

� c� � s�

!  
�̂ 1

�̂ 2

!

=

 
� s� � � c� � �

� c� � � � s� � �

!  
ĥ

Ĥ

!

; (3.28)

and they equal their respective eigenstate in the Higgs basis for the particular choice

� � � = � �= 2. This relation of the two angles is called the Higgs alignment limit. Since

the observed scalar matches the SM prediction very accurately (see,e.g., Ref. [146] for

constraints from the Higgs signal strengths), the Higgs alignment limit shall be imposed

in the remainder, i.e. we consider̂h � h and Ĥ � H .

The Yukawa sector of the 2HDM in the �rst line of Eq. (3.23) generally leads

to 
avor-changing neutral currents (FCNCs) since the two Yukawa matrices for the

fermions f = u; d; ` are not diagonalizable simultaneously. However, contributions

must be suppressed in the theory due to compelling experimental evidence (e.g. from

kaon mixing) for the smallness of FCNCs. One straightforward way to avoid dangerous

tree-level contributions in the 2HDM is assuming that the BSM Yukawa matrix is

proportional to the SM Yukawa matrix, with di�erent proportionality factors, i.e.

yf
� = � f

� yf
SM with yf

SM �
p

2
mf

vh
(3.29)

for the three generations of fermionsf = u; d; ` with respective massesmf . This leads to

the so-called Aligned Yukawa Model [147{151]. To avoid radiative deviations from the

SM Yukawa structure, it is customary to impose additionalZ2 symmetries, such that

the doublets couple selectively to the fermion �elds.6 There are four possible ways to

6In a more extended framework, theZ2 symmetry can be superseded by a gauge symmetry. See,
e.g., Refs. [152, 153].
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impose such symmetries, leading to the type-I, type-II, type-X (or `lepton speci�c') and

type-Y (or `
ipped') variants of the 2HDM. In the Higgs alignment limit ( i.e. � f
h = 1),

the coupling modi�ers of the BSM bosons are functions of tan� and summarized in

Tab. 3.2. Conventionally, the second doublet �2 couples to up-type quarks in each type.

The characteristic feature of the type-I 2HDM is that the �rst doublet is decoupled

from the fermions, such that only the second doublet �2 couples to the fermions. In

contrast, the other three types describe couplings of both doublets to the fermions in

di�erent combinations. The second doublet couples in the type-II 2HDM exclusively

to the up-type quarks, while � 1 can interact with the other two types of fermions. The

type-X 2HDM is called lepton speci�c as only �1 couples to the leptons and type-Y

2HDM features interactions between �1 and down-type quarks.

In the following analysis we shall consider the type-II 2HDM. Its Lagrangian for

the Yukawa sector reads

�L � yu
2 Qe� 2uR + yd

1Q� 1dR + y`
1L� 1`R + h :c: (3.30)

�
yu

2p
2

uu (v2 + �̂ 2) +
yd

1p
2

dd(v1 + �̂ 1) +
y`

1p
2

`` (v1 + �̂ 1) (3.31)

with the 3 � 3 Yukawa matricesyf
1;2. Identifying the massesmu = yu

2 v2=
p

2, md;` =

yd;`
1 v1=

p
2 and replacing the weak eigenstates by the mass eigenstates via Eq. (3.28),

we �nd

�L �
mu

vh
uu

�
c�

s�
h �

s�

s�
H

�
+

�
md

vh
dd+

m`

vh
``

� �
�

s�

c�
h �

c�

c�
H

�
(3.32)

and the prefactors are recognized as the Yukawa modi�ers� f
� . The modi�ers for the

four types of 2HDM in the alignment limit are shown in Tab. 3.2.

Type I Type II Type X Type Y Inert

� 1 � d; ` ` d �
� 2 u; d; ` u u; d u; ` �

� u
H cot � cot � cot � cot � 0

� d
H cot � � tan � cot � � tan � 0

� `
H cot � � tan � � tan � cot � 0

Table 3.2: Types of 2HDMs and modi�ers of Yukawa interactions between the BSM

Higgs boson and fermions in the Higgs alignment limit,i.e. � f
h = 1. The expressions

can be found in Ref. [154].
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Furthermore, the scalar and fermion sectors of the type-II 2HDM are extended by

SU(2)L singlets. Allowing for a soft breaking of the CP symmetry in the scalar sector,

the Lagrangian with an additional real pseudoscalar̂P : (1; 1; 0) reads [154]

�L �
�

M 2
P P

2
+ � 11P j� 1j2 + � 22P j� 2j2

�
P̂2 +

� P

4
P̂4 +

�
i� 12P � y

1� 2P̂ + h :c:
�

(3.33)

with the CP-violating interaction in the last term. The CP-conserving Lagrangian for

the fermionic DM is given by

L � = �i =@�� m� �� � iy �P �
 5� P̂ : (3.34)

EW symmetry breaking triggers the mixing between the singlet �eldP̂ and the pseu-

doscalar Â from the second doublet in the Higgs basis, while the mixing with the

pseudoscalarG0 is absent in the Higgs alignment limit. The entries of the pseudoscalar

mass matrix read

(M ps)22 = �
�
2M 2

12=s2� + � 5v2
h

�
(3.35)

(M ps)23 = � � 12P vh (3.36)

(M ps)33 = M 2
P P +

�
� 11P c2

� + � 22P s2
�

�
v2

h : (3.37)

The mass matrix can be diagonalized via a rotation matrixR � , de�ned in Eq. (3.19),

with the angle that satis�es

tan 2� =
2 (M ps)23

(M ps)22 � (M ps)33

: (3.38)

The theoretical and experimental constraints are discussed in Appendix C.2. The set of

the physical scalar mass states is composed by two CP-even states,h; H , two CP-odd

states, a; A and two electrically charged HiggsH � . Expressing their masses in terms

of the model parameters, we �nd

m2
h =

�
� 2 sin2 � + � 345 cos2 �

�
v2 (3.39)

m2
H = �

2M 2
12

sin 2�
+ ( � 2 � � 345) v2 sin2 � (3.40)

m2
H � = �

2M 2
12

sin 2�
�

� 4 + � 5

2
v2 (3.41)

m2
A;a =

1
2 cos 2�

�
(cos 2� � 1) m2

AA + (cos 2� � 1) m2
P P

�
: (3.42)
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Imposing the Higgs alignment limit leads to the condition

� 1 =
� 2 sin2 � + � 345 cos 2�

cos2 �
(3.43)

and thus reduces the number of free model parameters. Similar to Ref. [155], we shall

adopt the following set of free parameters for our numerical study:

f m2
H ; m2

H � ; m2
A ; m2

a ; m� ; � ; � ; � 3 ; � P ; � 11P ; � 22P ; y�P g: (3.44)

The relations between the original model parameters and the new set are presented in

Appendix B.2. The 2HDM+a will be compared to the eDMeft in two scenarios. First,

we shall consider the case in which both mediatorS1;2 in the eDMeft are pseudoscalar

and hence identifyS1 � A and S2 � a. Consequently, the scalarsH; H � are heavy

and integrated out in the eDMeft . The theoretical and experimental constraints that

we have summarized in Appendix C.2 require a rather compressed mass spectrum for

the �elds originating from the doublet. The mass of the pseudoscalara is taken lighter

than its sibling A and also the DM fermion� is assumed to be lighter than the heavy

pseudoscalar. For the subsequent numerical analysis the model parameters have been

varied over the following ranges:

mA 2 [� � 100 GeV; �] ; ma 2 [1 GeV; mA ] ; mH;H � = � ;

m� 2 [ma=10; mA ] ; � P;11P;22P 2 [0; 4� ] ; � 3 2 [0:01; 4� ] ;

� 2 [�= 4; 0:468� ] ; � 2 [0; 0:7] ; y�P 2 [0:01; 3] : (3.45)

In the second scenario the masses of the neutral scalar and pseudoscalar are inter-

changed,i.e. mA = � and � � 100 GeV � mH � �. Note that the Lagrangian in

Eq. (3.34) and the mixing of the pseudoscalars does not feature an interaction between

DM and the SM Higgs boson. That is why the DM fermion can be much lighter than

the SM Higgs mass in spite of the strong constraint from the small di�erence between

the measurement and SM prediction of the Higgs decay width, outlined in Chapter 1.

Dark Matter relic abundance

In analogy to the examination in the previous model, we shall compare the prediction

for the DM relic abundance in UV model to the one in the eDMeft in order to assess

the capability of capturing the relevant features of the UV model with the eDMeft .

First, we shall consider the scenario with two comparably light pseudoscalars.
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While the t- andu-channel with the pseudoscalarsa, A in the �nal state are the same

in both the UV model and in the eDMeft (as only the pseudoscalars couple to the DM

fermion), the pseudoscalar-mediateds-channel can lead to deviation if the mediator

goes into a �nal state that contains particles not present in both theories. Depending

on the center-of-mass energy of the two annihilating DM particles, the heavy HiggsH

with the massmH = � can be produced, accompanied by the light pseudoscalara. This

process cannot be captured by the eDMeft and we hence expect an underestimated

annihilation cross section in the eDMeft for DM massesm� & (�+ ma)=2 because this

process with a di�erent �nal state contributes constructively to the DM annihilation

cross section. Consequently, the DM relic abundance in the UV model is smaller than

in the eDMeft . The results are shown in Fig. 3.4 and the accurate description of the

UV model by the eDMeft is given up to the DM mass slightly larger than half of the

cuto� scale. For m� & 540 GeV the predictions of the DM relic abundance begin to

feature deviations in our numerical analysis. Note that there are still parameter points

in the mass regime in which the eDMeft can fail that lead to a good agreement

between the two models because of a su�cient suppression of the �nal state with the

heavy scalarH .

It is enlightening to study the second scenario as this appears to render the eDMeft

description for this particular scenario in general futile already form� & 0:2�. In this

scenario the light pseudoscalara as well as the heavy scalarH are the additional prop-

agating degrees of freedom. Unlike the previous scenario, only one of the two mediators

in the eDMeft couples to the DM fermions, although also the heavy pseudoscalar con-

tributes to DM annihilations in the UV model. The DM annihilation can proceed either

Figure 3.4: Ratio of the DM relic abundance for the eDMeft and the 2HDM+a with

the new-physics scale � = 1 TeV. Left : The pseudoscalarsA, a are the light mediators

in the eDMeft . Right: The �elds H , a act as mediators in the eDMeft .
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via t-channel annihilation with two pseudoscalars in the �nal state or vias-channel pro-

cesses into one pseudoscalar and one scalar. Thet-channel DM annihilation is captured

by the eDMeft for DM massesm� . (�+ ma)=2; larger DM masses lead to di�erences

and the eDMeft is therefore expected to fail for those DM masses. For the following

discussion, we consider the DM mass range tom� . � =2. In this mass regime, the

s-channel DM annihilations create the �nal state with the light pseudoscalara and

one of the scalarsH; h. Since the mass of the former scalar is constrained to be rather

close to the mass of the heavy pseudoscalarA and therefore to the cuto� scale (cf. Ap-

pendix C.2), we can focus on the channels�� ! A; a ! ha. The matrix element

for the s-channel annihilation mediated by the heavy pseudoscalarA with the light

pseudoscalar and the SM Higgsh in the �nal state scales with y�P sin�� A v=(s � m2
A ),

where � A corresponds to the vertex factor forAah. Analogously, the contribution of

the s-channel annihilation viaa scales withy�P cos�� av=(s � m2
a) with the aah vertex

factor � a. Since the eDMeft can capture only thea-mediated process, the ratio of

the DM relic abundance in the two theories can be estimated as


 h2
EFT


 h2
UV

�
� UV

� EFT
�

�
�
�
�1 �

y�P tan �
m2

A � s

�
s � m2

a

� � A

� a

�
�
�
�

2

: (3.46)

Note that an accurate calculation requires the evaluation of the integral in Eq. (2.16),

but the relation allows to explain the relevant features in Fig. 3.4. While the sign of

the �rst fraction in the second term is positive for any choice of parameters in the DM

mass range of consideration, the remaining terms can be positive or negative due to

the random values for the center-of-mass energy
p

s � 2m� , the pseudoscalar massma,

and the couplings� A;a . This possibility of a sign 
ip results in ratios of the DM relic

abundance in the two models being larger or smaller than unity. Moreover, the relation

in Eq. (3.46) re
ects the resonance fors ! m2
A that is visible in Fig. 3.4.

This feature is absent in the previous scenario (both pseudoscalars are degrees of

freedom in the eDMeft ) as the scalarH does not act as a DM mediator at tree level.

The analysis of the extended 2HDM demonstrates that the eDMeft as a model for

capturing the relevant physics reveals its limitations if a particle that is not part of the

eDMeft particle spectrum acts as a mediator of,e.g., DM annihilations and possesses

a mass not much larger than the masses of the other mediators. It is not surprising

that an EFT lacks in accuracy of describing the physics if the cuto� scale is not much

larger than the particle masses. If the theoretical and experimental constraints allowed

a substantial mass di�erence between the heavy pseudoscalarA and the other scalar

masses from theSU(2)L doublet, the second term in parentheses in Eq. (3.46) would
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get suppressed by the pseudoscalar mass and the ratio of the DM relic abundance in

the two models would approach unity { as expected for a well-behaving EFT.

Since the scenario withmA = � can generally su�er from large di�erences between

the predictions for the DM relic abundance, an analysis of collider signatures is not

promising. Rather limited mass di�erence between the states from doublets and higher

multiplets are expected due to perturbativity constraints on the coupling parame-

ters which determine the scalar masses. Consequently, the �elds with masses at the

eDMeft cuto� scale might still contribute to processes to a non-negligible extent and

therefore not be eligible to get integrated out. This can be ameliorated by taking the

relevant DM annihilation channels and derive the Wilson coe�cient for the e�ective

operator ��ha . This matching would render the eDMeft prediction for the DM anni-

hilation more reliable and consequently improve the right plot in Fig. 3.4 in the mass

regimem� . � =2. Neither the resonance nor the annihilation channels with the heavy

pseudoscalar in the �nal state can be described by the eDMeft as they are outside

the range of validity due to the large center-of-mass energy.

With this improvement of the analysis, potentially interesting signatures could be

studied as a next step with the two pseudoscalars in the eDMeft particle spectrum.

Besides the mono-h and mono-Z signatures, that have been considered in the study

of the one-singlet extension in Section 3.3.1, further signatures from Tab. A.2 in the

appendix might reveal which signatures are most promising to distinguish between UV

models. Moreover, the pattern of suppression in the Wilson coe�cients for several UV

models with di�erent representations of the �elds is arguably worth being investigated

to assess the possibility to di�erentiate between the UV models.

In conclusion, we demonstrated the capabilities of the eDMeft in the context of

describing the relevant DM annihilation processes and mono-h/ Z signatures at col-

liders. Besides a good agreement for the �rst, minor extension of the SM in these

regards, the comparison to the extended 2HDM revealed limitations of the eDMeft

that we explained and that are not surprising due to the small mass di�erences for the

�elds from the BSM doublet. Further UV models with scalar mediators for,e.g., en-

hancing the mono-h/ Z cross sections at colliders are worth being studied in light of

additional collider signatures in order to assess the power of the eDMeft approach in

a comprehensive way.

In line of the power of EFTs for capturing many UV theories, we shall study another

EFT in the next chapter in the context of a second particle physics puzzle.
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Chapter 4

Baryon Asymmetry in Scalar Dark

Matter Extensions

After the coarse discussion of a subset of the shortcomings of the SM in Chapter 1 and

the introduction to a new EFT approach in light of DM physics in the previous chapter,

we shall now take one more shortcoming into account. Before investigating both DM

and the generation of the baryon asymmetry of the Universe in an EFT framework

for a speci�c DM model in Section 4.3 (see Ref. [3] for the publication), we shall �rst

examine the experimental and theoretical details of the baryon asymmetry in the next

section and then move on to some prominent models in Section 4.2.

4.1 Theoretical and Experimental Background

Following Section 24.4 in Ref. [156], the measurements of the CMB as well as of the

primordial abundance of light elements (e.g. D, 3He, 4He, 7Li) allow to quantify the

baryon-to-photon ratio � as

5:8 � 10� 10 � � �
nB

n

� 6:5 � 10� 10 (4.1)

with the di�erence nB of the baryon and anti-baryon number densities and theT-

dependent photon number density

n
 =
� (3)
� 2

g� T3 ; (4.2)

where � (3) � 1:202 is the Riemann� -function and g� = 2 is the number of polar-

ization states of the photon [157]. In the subsequent analysis we shall consider the
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mean value� ref = 6:15� 10� 10 as the reference value for the baryon asymmetry. The

measurements of the primordial abundance of light elements are confronted with their

theoretical predictions of the big bang nucleosynthesis (BBN) model in Fig. 4.1. While

the measurement of7Li poses a discrepancy (known as thelithium problem), the mea-

surements and predictions of the abundances of the other isotopes shown in the �gure

match the results from CMB measurements. The right panel shows the span of results

for the baryon-to-photon ratio with respect to di�erent approaches.

Intuitively, one may expect a perfect balance between ordinary matter and antimat-

ter if the particle interactions are independent of the type of matter. The mere absence

of antimatter in the observable Universe drives one to think about consequences for

the particle physics model to explain the imbalance.1 Assuming CPT invariance (i.e.,

1Note that antimatter can be produced at colliders and is present in the observable Universe as
secondary particles in cosmic rays but not as planets, stars, or gas clouds (see,e.g., Ref. [159]).

Figure 4.1: Measurements of baryon-to-photon ratio.Left: The curved bands show

the predicted abundance of light elements with respect to the baryon-to-photon ratio

and the baryon density. The measured abundances are indicated by the yellow areas,

while the vertical lines correspond to the results of CMB and BBN measurements.

Right: Results for the baryon-to-photon ratio from various measurements of BBN and

CMB. Taken from Refs. [156, 158].
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the invariance of a physical process after considering the opposite type of matter and

parity and time reversal), it was realized by Sakharov in 1967 [160] that the successful

generation of the baryon asymmetry requires three vital ingredients:2

(1) B violation: neither baryon nor lepton number is conserved in the SM because of

the U(1)B + L anomaly, as shown by 't Hooft in 1976 [162]. At high energies, the

B-violating processes are mediated by sphalerons (see details below) [163, 164].

(2) C and CP violation: both the charge conjugation symmetry C and the CP sym-

metry of charge conjugation and parity transformation are violated in the weak

interactions of the SM, as shown,e.g., in Ref. [165] (see also Ref. [15]).

(3) Departure from thermal equilibrium which can be realized,e.g., by either the out-

of-equilibrium decay of a heavy particle or a phase transition with a potential

barrier between the two local minima (see discussion below).

The three Sakharov conditions and their connections to the SM shall be elaborated on

in the following.

Baryon number violation

While the necessity of the �rst requirement is obvious (because a physical system

with initial zero net baryon number cannot evolve to a state with a �nite net baryon

number if B is not violated), the precise mechanism ofB violation in the SM is rather

sophisticated, as we shall see in the following.

The vacuum structure of a non-abelian gauge theory, likeSU(2)L for instance,

features an in�nite number of vacua which are degenerate in energyin the absence of

fermions. Including fermions in the consideration leads to a modi�ed vacuum structure

such that it features a global minimum (cf. Fig. 4.2). The subsequent description of

the non-conservation of the fermion number closely follows the review by Rubakov and

Shaposhnikov [167] and the lecture notes by Bernreuther [15].

The SM features the following classically conserved vector currents for the baryon

number B and lepton numberL:

@� J B
� =

1
3

X

q

@� (qL 
 � qL + qR 
 � qR) = 0 (4.3)

@� J L
� =

X

`

@�
�
`L 
 � `L + `R 
 � `R

�
= 0 (4.4)

2Note that the experimental limits for CPT-violating interactions are remarkably strong and sug-
gest that the CPT symmetry is preserved in nature (cf. Refs. [10, 161] for the limits).
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The simple Lie group and gauge groupGof dimensiondG features the anomaly equation

for the vector currents with di�erent chiralities of the generic fermion �eld 	,

@� 	 L;R 
 � 	 L;R = � cL;R F (i )
��

eF (i )�� ; (4.5)

with the �eld strength tensor F (i )
�� for the (non-)abelian gauge group, its dualeF (i )

�� ,

the index i = 1; : : : ; dG, and chirality-dependent constantscL;R [15]. Since QCD is

not a chiral theory, i.e. gluons do not di�erentiate between LH and RH quarks in the

interactions, the constants are equal (cL = cR) and QCD does consequently not feature

this anomaly. The EW sector, however, does distinguish and the divergences of the

two current from above are not conserved at quantum level. One �nds

@� J B
� = @� J L

� =
N f

32� 2

�
� g2W I

��
fW I�� + g02B ��

eB ��
�

; (4.6)

which immediately shows thatB � L is a conserved quantity in the SM, whereas the

sumB + L is not [15]. The right-hand side can be cast as a divergence of the current [15]

K � = �
g2

16� 2
" ���� W I

�

�
@� W I

� +
g
3

" IJK W J
� W K

�

�
+

g02

32� 2
" ���� B � B �� : (4.7)

The next step involves the integration over spacetime. The term with the weak hy-

percharge �eld strength tensor does not contribute to this integral for well-behaving

�elds, i.e. �elds vanishing at in�nity, and the integration eventually leads to

Z
d4x @� K � =

g3

96� 2

Z

@V4

dn� " ���� " IJK W I� W J� W K� = � NCS (4.8)

NCS

E

Esph

0 1 2

sphaleron

instanton NCS

E

� 3 � 2 � 1 0 1 2

Figure 4.2: Qualitative vacuum structure of non-abelian theories likeSU(2)L .

Left : The instanton and sphaleron processes are indicated.Right: The fermion contri-

butions lead to a global minimum atNCS = 0 which eventually results in the washout

e�ect for su�ciently rapid transitions between the local minima ( cf. Ref. [166]).
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with the surface @V4 of the four-dimensional volume, the corresponding unit normal

vector n� , and the Chern-Simons numberNCS [15]. That is, the divergence of the

current equals the change in the Chern-Simons number. A one-dimensional slice of the

hypersurface is shown in Fig. 4.2. The `topological charge' �NCS governs the change

of baryon and lepton number. The integral of the left-hand side in Eq. (4.6) gives rise

to the selection rule [15]

� B = � L = N f � NCS : (4.9)

A consequence of this selection rule is that both baryon numberB and lepton numberL

change by an integer multiple of the number of fermion generations due to the (non-

perturbative) transition from one vacuum to another, as depicted in Fig. 4.2. The

SM features three experimentally con�rmed fermion generations and does therefore

neither permit proton decay (j� B j = 1) nor the oscillation of an electrically neutral

baryon to its antipartner ( j� B j = 2). This prediction of the absence of these twoB-

violating processes both at the perturbative and at the non-perturbative level motivates

dedicated searches which we shall summarize towards the end of this section.

We have seen so far that the combinationB + L is violated in the SM by the non-

perturbative transition from one vacuum state to another and thus allows to ful�l the

�rst Sakharov condition. The fundamental concepts of quantum mechanics allow a

�eld con�guration in one vacuum state to either tunnel through (instanton) or passing

over (sphaleron) the potential barrier separating distinct vacua. The temperature-

dependent height of the potential barrier is associated with the sphaleron energy

Esph (T) =
2mW (T)

� W
� O (1:5 � 2:7) (4.10)

and is governed by the mass of theW boson and the weak coupling parameter� W �

g2=(4� ) [166]. The transition amplitude of the instanton process is exponentially sup-

pressed and with� O (10� 160) virtually unobservable in experiments today [167, 168].

The sphaleron process, however, turns out to be appealing because of the high tem-

peratures present in the early Universe. It was shown in Refs. [157, 169] that the

sphaleron processes are active, in equilibrium with the thermal bath, and e�ectively

prevent the creation of a �nite net baryon number at high temperaturesT . 1013 GeV.

The sphaleron rate per unit volume at high temperatures is given by [170]

� sph � O (0:1 � 1) (� W T)4 : (4.11)
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For temperatures below a critical temperature, on the other hand, the sphaleron rate

per unit volume for transitions between neighbouring vacua gets exponentially sup-

pressed [170]:

� sph /
Esph (T)7

T3
e� Esph (T )=T : (4.12)

The Boltzmann suppression of the sphaleron rate at temperatures below the critical

temperature (and at today's temperatureT0 � 0 in particular) results in the apparent

B-conservation in the SM and the null results of searches for the violation of this

accidental, global symmetry.

C and CP violation

Considering a C- and CP-invariant statej	 0i with zero baryon number,i.e. B j	 0i = 0,

one �nds that both C and CP invariance must be violated to allow for a �nite baryon

number. If the C or CP symmetry were respected,i.e. [� ; H ] = 0 with � � C; CP

and the Hamiltonian H , the time-dependent statej	 ( t)i = eiHt j	 0i would still be

invariant with respect to the C and CP symmetry and the baryon number would

remain zero (see,e.g., Ref. [170]).

Departure from thermal equilibrium

The third and last Sakharov condition is associated with the direction of the arrow

of time, so that the generated net baryon asymmetry is not erased. Following the

description in Ref. [15], a physical system in thermal equilibrium can be described by

the Hamiltonian H and the density operator� = exp( � H=T). The expectation value

of the time-dependent baryon number operatorB(t) reads

hB (t)i T = Tr
�
� e iHt B (t = 0) e� iHt

�
= hB (t = 0) i T (4.13)

after exploiting the cyclic property of the trace in the last step. This demonstrates

that the initial baryon number of the physical system in thermal equilibrium does not

change. Moreover, the CPT invariance of the system,i.e. [� ; H ] = 0 with � � CPT,

and f B; � g � B � + � B = 0 result in zero baryon number because

hB (t)i T = Tr ( �B (t)) = Tr( � � B (t) � � 1

| {z }
= � B (t )

) = � h B (t)i T : (4.14)
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The departure from thermal equilibrium can be realized by a �rst-order phase transition

which is characterized by a potential barrier between local minima in the scalar poten-

tial of the theory. Focusing on the possibility of baryogenesis at the EW scale (i.e., at

T � 100 GeV), a �rst-order EWPhT can serve as the needed departure from ther-

mal equilibrium which poses an appealing scenario for the comparably low energies

associated with it and accessibility in collider experiments.

Considering the evolution of the Higgs potential in Fig. 4.3 from high to low tem-

peratures for a �rst-order EWPhT, the parabola-like potential at temperatures much

higher than the critical temperature, i.e. T � Tc, features one minimum at the origin.

The EW symmetry is restored and the EW gauge bosons as well as the fermions are

massless. During the expansion of the Universe and the resulting decrease of the tem-

perature, the Higgs potential develops a local minimum at �nite �eld value in addition

to the global minimum until the two minima become degenerate in energy at the critical

temperature Tc with the two local minima located at h = 0 and h = vc. The resulting

potential barrier is the characteristic feature of a �rst-order EWPhT and its height

and width drastically impact the following evolution of the vacuum con�guration. For

temperatures below the critical temperature, the new minimum at �nite �eld value

becomes the global minimum and the transition from the former to the new minimum

via tunneling is energetically favored. The potential barrier disappears at the temper-

ature Tb < T c and the Higgs potential ultimately features the vevv � 246 GeV today.

This evolution of the scalar potential occurs at every point in space and causes the

formation of bubbles within which the EW symmetry is broken while the EW symme-

Figure 4.3: Evolution of the scalar potentialV in case of a �rst-order EWPhT. Taken

from Ref. [2].
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try is restored outside the bubbles. The critical temperatureTc indicates the earliest

possible beginning of the phase transition by quantum tunneling, which however might

prevent the phase transition from proceeding e�ciently due to its suppressed transi-

tion amplitude [170]. As a consequence, the phase transition begins at the nucleation

temperature Tn 2 [Tb; Tc], which depends on the probability for tunneling from the

false to the true vacuum. The nucleation rate per unit volume reads

� ( T) = A (T) e� S3 (T )=T (4.15)

with the temperature-dependent prefactorA(T) � O (T4) and the three-dimensional

bounce actionS3(T) [170]. An e�cient nucleation of bubbles and �lling of the Universe

with the true vacuum requiresS3=T � O (130� 140) [170]. Considering a theory with

n real scalars� 1;:::;n , the three-dimensional Euclidean action from Ref. [170] can be

written as

S3 =
Z

d3x

"
1
2

nX

i =1

(r � i )
2 + V (� 1; : : : ; � n ; T)

#

: (4.16)

With time passing, the bubbles grow because the transition from the false to the

true vacuum is energetically favored and eventually �ll the entire Universe (see the

simulation in Fig. 4.4). If more than one bubble is formed (which is a reasonable

assumption and results from simulations), the collision of bubbles is inevitable, caus-

ing gravitational waves which might be detectable as a stochastic gravitational wave

background and o�er valuable insights into the dynamics in the early Universe (see,

e.g., Refs. [171{175]).

Figure 4.4: Simulation of formation and collision of bubbles. The color indicates the

kinetic energy of the particles (e.g. `red' corresponds to a large energy). Taken from

Ref. [171].

50



CHAPTER 4. BARYON ASYMMETRY IN SCALAR DM EXTENSIONS

The three-dimensional Euclidean action in Eq. (4.16) determines the duration of

the phase transition. De�ning � as the inverse duration, one �nds

�
H

=
�

T
d

dT
S3 (T)

T

� �
�
�
�
T = Tn

(4.17)

with the Hubble parameterH at the nucleation temperatureTn [171].

Notably, the baryon asymmetry can be created during the EWPhT if the three

Sakharov conditions are satis�ed and persist until today if the sphaleron processes are

turned o� rapidly thereafter. If the departure from thermal equilibrium is not fast

enough, the sphalerons might have enough time towash out the generated baryon

asymmetry and render the baryogenesis not successful. A su�ciently strong �rst-order

EWPhT in which the scalar potential features a potential barrier and the ratio of the

critical vev vc and the critical temperatureTc is larger than unity can generate such an

out-of equilibrium situation described above. This approximation is often applied in ex-

aminations of the EWPhT strength but not su�cient as the value of the critical vev vc

in the loop-corrected, e�ective scalar potential is gauge-dependent (cf. Refs. [176{185]).

However, this approximation is adopted in the literature and our �ndings in Ref. [1, 2]

are based on this.

Summarizing the three Sakharov conditions and their ties to the SM, the theory is

close to accounting for them but falls short in ful�lling them to a su�cient extent.

As one of its shortcomings, the SM Higgs massmh � 125 GeV is too large to facil-

itate a �rst-order EWPhT, let alone a strong �rst-order EWPhT. In lattice computa-

tions conducted already in the late 1990s, the nature of the EWPhT was determined to

be a crossover for a Higgs massmh & 72 GeV [186{191]. It was found in Refs. [192, 193]

that the crossover phase transition in the SM occurs at the temperatureT � 160 GeV.

In addition to that, the CP violation in the EW sector of the SM seems to be too

small to explain the measured baryon asymmetry of the Universe even if the other two

Sakharov conditions were ful�lled. The Jarlskog invariantJ = det [ M 2
u ; M 2

d ] with the

commutator of the mass matricesM u(d) for up-type (down-type) quarks, introduced in

Refs. [194, 195], suggests a far too small amount of CP violation in the quark sector.

Note, however, the debate on this conclusion, summarized in Ref. [157].

Consequently, any SM extension must feature an additional source of CP violation

and an out-of-equilibrium scenario like a strong �rst-order EWPhT in order to account

for the creation of the baryon asymmetry of the Universe. Without specifying the
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underlying physics at high energies, the possibility of baryogenesis at EW scales in the

context of SMeft was investigated in Refs. [196, 197].

Before moving on to two prominent models for explaining the baryon asymmetry,

we shall brie
y review the experimental e�orts to search forB-violating processes and

CP-violating particle properties.

Searches for proton decay

The baryon number is { like the lepton number { an accidental symmetry in the SM

and a prominent example for the `robustness' of this symmetry is the non-observation

of proton decay. The lower limit � p � 3:6 � 1033 years on the proton lifetime is set

by the Super-Kamiokande experiment [198] via looking for the decayp ! � + K 0 and

combining with previous results. Focusing on the decayp ! e+ � 0 (p ! � + � 0) results

in the partial lifetime � p > 2:4 � 1034 years (1:6 � 1034 years) [199]. This rules out a

substantial fraction of the parameter space in many BSM theories predicting processes

with j� B j = 1 and thus proton decay (see,e.g., Refs. [200{203]).

Searches for n-n oscillations

Another probe for baryon number violation is the oscillation between neutrons and an-

tineutrons. Such a process would inducej� B j = 2 but respect the gauge symmetries of

the SM (see Ref. [204, 205] for further details). The search for antineutron appearance

in 16O nuclei, conducted at Super-Kamiokande, set the limit� nuc
nn > 3:6 � 1032 years

to this characteristic lifetime [206]. A lower bound on the oscillation time of quasi-

free, moving neutrons, characterized by� nn � 8:6 � 107 s at 90% C.L., was set by the

Institute Laue-Langevin in Grenoble in 1994 [207] and improved to� nn � 4:7 � 108 s

by the Super-Kamiokande collaboration. The proposal by the HIBEAM/NNBAR col-

laboration would improve the experimental sensitivity by three orders of magnitude

and thereby push the bound on the oscillation time of quasi-free neutrons to higher

values [208].

Searches for lepton electric dipole moment

In contrast to the previous strategies for unravelling the nature of baryon number

conservation in nature, another vital ingredient for the generation of the baryon asym-

metry of the Universe is the violation of C and CP invariance. While the violation of

the C and CP symmetries is an established fact in weak interactions of quarks, further
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sources of CP violation can arise in BSM models and naturally a�ect particle proper-

ties which are sensitive to CP violation.3 Such a property is the permanent electric

dipole moment of a lepton (̀EDM) which dictates the coupling strength of the spin of

the lepton to an external electric �eld. For elementary particles like leptons in the SM,

the EDM is rather an intrinsic property than a consequence of spatially distributed

electric charges, as it is the case for extended objects like atoms or molecules. The

Hamiltonian for the `EDM reads

H `EDM = � d`
~S � ~E (4.18)

with the `EDM parameter d` , the spin ~S of the lepton, and the electric �eld ~E (see,

e.g., Ref. [209]). In case of a CP-invariant theory, thè EDM exactly vanishes and

the lepton does not exhibit an EDM. Since the weak sector does not respect the CP

symmetry, the SM predicts an`EDM which arises at four-loop level (see diagram in

Ref. [210], for instance) and is therefore largely suppressed.

The low-energyD = 5 operator in an e�ective Lagrangian, associated with the CP

violation-inducing `EDM, is given by

L `EDM
e� = �

i
2

d` `� �� 
 5`F �� (4.19)

with the electromagnetic �eld strength tensorF�� (see,e.g., Refs. [210{212]).4

The evolution of the experimental precision of theeEDM de is very impressive and

hence worth being summarized. After the proposal by Purcell and Ramsey [213] in

1950, searches for theeEDM were conducted and reached a limit ofde=e� 10� 16 cm.

In 1965, Sandars proposed the use of atoms instead of the elementary electron [214]

which lead to a further improvement by about eleven orders of magnitude. Nowadays,

molecules with their strong internal electric �eld are deployed for the searches and yield

the upper limits we shall list below. For an illustration of the evolution of the upper

limit on the eEDM as well as further details, we refer to the dissertation by Ang [209]

and the references therein.

To date the sensitivity of dedicated experiments is too low by several orders of

magnitude to probe the SM predictiondSM
e � 10� 35ecm [215] for the electron, which

is by three orders of magnitude larger than calculated before [216]. The current

3Note that the quark sector of the SM might not be the only source of CP violation. The measure-
ment of the Dirac CP phase in the PMNS neutrino mixing matrix ( cf. Chapter 5) is still inconclusive
and, strictly speaking, the QCD sector might contribute to CP violation as well.

4The reader is referred to Appendix D for further details of this operator. Note the negative mass
dimension of the `EDM parameter, i.e. [d` ] = � 1.
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best upper bound on theeEDM, set by the Joint Institute for Laboratory Astro-

physics (JILA) [217], and the projection of the ACME collaboration read [210, 218]

jdJILA
e =ej < 4:1 � 10� 30 cm � 2:1 � 10� 16 GeV� 1 (4.20)

jdACME III
e =ej < 0:3 � 10� 30 cm � 1:5 � 10� 17 GeV� 1 : (4.21)

These upper limits on theeEDM are still about �ve orders of magnitude larger than

the SM prediction. Therefore, the SM contribution could be neglected and a signal in

a dedicated experiment would clearly serve as abona �de indicator for BSM physics.

Based on the �nding in Ref. [219] and the assumption of lepton universality, the

ratio of `EDMs is governed by the respective mass ratio,i.e.

d`0 =
m`0

m`
d` ; (4.22)

and consequently leads to the SM predictiondSM
� � 10� 33ecm for the � EDM. The

current limit on the � EDM is set by the muong� 2 experiment at Brookhaven National

Laboratory (BNL) and the projected limits by J-PARC and PSI muEDM read [220{

222]

jdBNL
� =ej < 1:9 � 10� 19 cm � 9:6 � 10� 6 GeV� 1 (4.23)

jdJ� PARC
� =ej < 1:5 � 10� 21 cm � 7:6 � 10� 8 GeV� 1 (4.24)

jdPSI
� =ej < 6 � 10� 23 cm � 3 � 10� 9 GeV� 1 : (4.25)

The absence of signals helps rule out models which predict a large contribution

to the leptons' electric dipole moments. These measurements need to be taken into

account whenever the BSM theory features new sources of CP violation.

With this we close the brief excursion to experimental searches for insights into the

conditions facilitating the baryon asymmetry of the Universe in nature and take a

closer look at two distinct realizations thereof in the next section. One could argue

that a �nite net baryon number was one of the initial conditions of the Universe. This,

however, is disfavored by the present paradigm of cosmic in
ation (see,e.g., Ref. [223])

and supports the notion of a particle physics reason for the baryon asymmetry.
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4.2 Prominent Models for Generating the Baryon

Asymmetry

Before delving into one particular realization of generating the baryon asymmetry of

the Universe, it is worth presenting a coarse overview of two prominent mechanisms.

A plethora of models have been invented and a summary of those can be found in

Refs. [224, 225] for instance.

Leptogenesis

The measurement of the baryon asymmetry of the Universe described in the previ-

ous section requires a mechanism for generating an imbalance between baryons and

antibaryons. The sphaleron processes, however, connect the baryon number with the

lepton number by violating B + L while preservingB � L. This feature is exploited

by models of leptogenesis: A net lepton number is generated at su�ciently high tem-

peratures which is converted into a baryon asymmetry via the sphaleron processes

afterwards (see Ref. [226] for the original proposal by Fukigita and Yanagida and,

e.g., Refs. [227{230] for comprehensive reviews).

The key feature of leptogenesis models is a heavy lepton that drops out of equilib-

rium via CP-violating decays in the Early Universe when the sphalerons are active (see

Fig. 4.5). With that, the three Sakharov conditions are ful�lled and the successful

generation of the baryon asymmetry is possible.

For this description we consider a model with three heavy, RH neutrinosN i which

transform as singlets under the SM gauge group. We shall encounter this model a

second time in Section 5.2 in the context of neutrino mass generation. This is the

attractive feature of this leptogenesis model: it can account for both baryon asymmetry

and neutrino masses. The relevant operators for the production and decay of the RH

N

h

`

N

h

`

N

h

`

`

h

N
h

`

`

Figure 4.5: Overview of tree-level and one-loop level decay processes of the heavy

neutrino N . [225]
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Majorana neutrino read

�L �
M ij

2
N c

i N j + ( y� ) ij L i
e� N j + h :c: (4.26)

with the RH neutrino mass matrix M ij and the complex Yukawa matrixy� [230]. The

CP-violating decays of the heavy neutrino at tree as well as one-loop level are shown

in Fig. 4.5 and lead to a mismatch between leptonic matter and antimatter.

For temperatures above the RH neutrino mass, the production and depletion of

the heavy neutrinos are balanced and no persistent lepton asymmetry is generated.

Once the temperature drops below the RH neutrino mass, the thermal production gets

Boltzmann suppressed and the heavy RH neutrino leaves thermal equilibrium, yielding

a lepton asymmetry via CP-violating decay (see,e.g., Ref. [228] for details). Owing

to the sphaleron processes, the lepton asymmetry is partially converted into a baryon

asymmetry which can eventually give rise to the baryon asymmetry of the Universe.

The net baryon number and lepton number are related to each by [230]

B =
8N f + 4

22N f + 13
L SM= �

28
51

L : (4.27)

The evolution of the baryon and lepton number is depicted in Fig. 4.6. The conser-

vation of B � L and the equilibration via Yukawa and gauge interactions can drive

the sphaleron processes, indicated by the teal dashed arrow, to generate a net lepton

and baryon number. An initial state with B 6= L yields �nite net lepton and baryon

number.5

5A recent EMPRESS measurement suggests an asymmetry in the lepton sector between the
abundance of electron neutrinos and antineutrinos which is translated to the lepton asymmetry

L

B
B � L

B + 28
51L

sphaleron

L

B
B � L

B + 28
51L

Figure 4.6: Evolution of baryon and lepton number in leptogenesis models. The left

panel shows the evolution for an initial state withB = L, while the scenario in the

right one is L 6= 0 for zero baryon number. Inspired by Ref. [230].
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Electroweak Baryogenesis

Unlike leptogenesis models which rely on CP-violating out-of-equilibrium decays of

heavy particles, another class of models describes the creation of the baryon asymmetry

at much lower temperatures and without the generation of a lepton asymmetry as the

seed for the baryon asymmetry. Since the transition from the phase in which the EW

symmetry is restored to the phase with a �nite Higgs vev takes place in the SM, it is

worth investigating whether the baryon asymmetry can be generated in this epoch.

The basic principle of electroweak baryogenesis (EWBG) is the creation of a baryon

asymmetry in the vicinity of the bubble wall in the symmetric phase which is eventually

captured by the expanding bubble. The baryon asymmetry that might be produced

anywhere else in the symmetric phase is rapidly eliminated by the sphaleron processes

that are active outside the bubble. If a baryon asymmetry is created in a region of

space just prior to being swallowed by the expanding bubble, the baryon asymmetry

enters the region of space in which the EW symmetry is broken and the sphaleron

processes are exponentially suppressed. This, however, is not su�cient to generate a

persistent baryon asymmetry in this phase as the dynamics of the suppression of the

sphaleron process is important. In case of an EWPhT which does not feature a drop

of the sphalerons out of equilibrium, the sphalerons can reduce (if not even totally

erase) the captured baryon asymmetry. A strong �rst-order EWPhT, on the other

hand, prevents the sphaleron processes from washing out the baryon asymmetry and

is therefore a necessary condition for successful baryogenesis during the EWPhT.

This scenario of baryogenesis has been studied extensively in the literature (see,

e.g., Refs. [166, 169, 170, 185, 235{242]) and will be subject of the next chapter.

4.3 Baryon Asymmetry and Dark Matter in the In-

ert Doublet Model

After the introduction to the current status of the baryon asymmetry of the Universe

and two possible mechanisms of generating the asymmetry, this section is dedicated

to our results in a speci�c framework. The results are based on our publication [3]. A

few results can be found in my colleague's Master's thesis [243] which emerged from

our investigation.

parameter � L � 5 � 10� 3 [231, 232]. A CMB analysis [233] constrains the lepton asymmetry
to � 0:085 < � L < +0 :084 (95% C.L.). As stated in Ref. [234], drawing a conclusion on the lep-
ton asymmetry might be premature due to the small number of examined galaxies in the study.
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The framework in which we want to investigate the interplay between DM and the

generation of the baryon asymmetry of the Universe is the Inert Doublet Model (IDM)

(see,e.g., Refs. [1, 2, 244{261] for further details on this model in the context of DM and

EWPhT). In addition to the Higgs doublet de�ned in Eq. (1.11), the scalar sector of

this model hosts a secondSU(2)L doublet � 2 : (1; 2; 1) which transforms as �2 ! � � 2

with respect to a discreteZ2 symmetry while the SM �elds are invariant with respect

to this symmetry. The SU(2)L doublet scalars in this theory read

� 1 =
1

p
2

 p
2G+

v1 + h + iG0

!

; � 2 =
1

p
2

 p
2H +

v2 + H + iA

!

: (4.28)

The characteristic feature of the IDM is the vanishing vevv2 of the second doublet at

zero temperature, which in turn prevents the Higgs bosons from mixing with each other.

Consequently, the vev of the �rst doublet equals the SM vev,i.e. v1 = v � 246 GeV at

zero temperature. Furthermore, theZ2 symmetry prohibits dangerous contributions

to FCNCs due to absent Yukawa interactions between the �elds from the second Higgs

doublet and fermions and stabilizes the lightest �eld from �2. In the remainder of this

analysis we choose the scalarH to be the lightest BSM �eld and therefore the DM

candidate in this model.

With the de�nition of the gauge covariant derivative in Eq. (1.7), the Lagrangian

of the scalar sector reads

L �
X

j

(D � � j )
y (D � � j ) � � 2

j j� j j
2 � � j j� j j

4

� � 3 j� 1j2 j� 2j2 � � 4

�
�
� � y

1� 2

�
�
�
2

�
1
2

�
� 5

�
� y

1� 2

� 2
+ h :c:

�
(4.29)

and the tree-level masses of the scalars are given by

m2
h = 2� 1v2

1 ; m2
H = � 2

2 + � 345
v2

1

2
; m2

A = m2
H � � 5v2

1 ; m2
H � = � 2

2 + � 3
v2

1

2
(4.30)

with the short-hand notation � 345 � � 3 + � 4 + � 5. Since the complex phase of the (gen-

erally complex) coupling parameter� 5 can be absorbed by the inert Higgs doublet �2
and is therefore without any physical meaning, the IDM does not feature BSM CP-

violating interactions. For the theoretical and experimental constraints (perturbative

unitarity, vacuum stability, invisible SM Higgs decays into a pair of inert scalars, or

EW precision tests, for instance) as well as for the parameter space allowing for the

correct DM abundance the reader is referred to Refs. [1, 2] and the references therein.
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As listed above, the IDM with an exact discreteZ2 symmetry at zero temperature

as its prominent feature was studied extensively in the past, even in the spirit of a new

source of CP violation (see,e.g., Refs. [262{264]). In this thesis we shall investigate

the impact of the CP-violating D = 6 operator

L � ~c2 j� 2j2 V��
eV �� �

~c2

2
" ���� j� 2j2 V�� V�� (4.31)

with at least one heavy beyond-IDM particle integrated out and hence giving rise to

the e�ective vertex. Consequently, we refer to this e�ective model as an Inert Doublet

Model e�ective �eld theory ( IDMeft ) and considerV��
eV �� = W I

��
fW I�� + B ��

eB ��

as the sum of products of theSU(2)L isospin andU(1)Y hypercharge �eld strength

tensors and their respective duals. Since the sphalerons which will serve as the baryon

asymmetry-generating processes correspond to theSU(2)L sector, the termW I
��

fW I��

determines the resulting baryon asymmetry and the assumption of equal coe�cients for

the �eld strengths could be lifted without any consequences for the results. A natural

choice of coe�cients would include theSU(2)L and U(1)Y gauge couplings.

The reader might wonder why we focus on a model with an e�ective operator

instead of a model with renormalizable operators only. The absent signal in`EDM ex-

periments suggests to expect CP violation at a higher energy scale for which an EFT

approach seems to be reasonable.6 It is these experimental constraints which render

this operator advantageous over itsSMeft sibling ~c1 j� 1j2 V��
eV �� with the SM Higgs

doublet � 1. Unlike the SMeft operator which was studied recently by Kleyet al. in

Ref. [210] and contributes at one-loop level to thèEDM, the IDMeft operator does

not couple to fermions at tree level due to the discreteZ2 symmetry at zero tempera-

ture and the leading-order contributions are expected to arise at two-loop level. The

complete calculation of the contributions to the`EDMs from both e�ective operators

is presented in Appendix D. While theSMeft operator is taking into account here for

comparison, we shall focus in particular on theIDMeft operator in the light of the

baryon asymmetry and the DM relic abundance.

As required by the Sakharov conditions, creating the baryon asymmetry calls for a

BSM theory which provides an additional source of CP violation and departure from

thermal equilibrium. In the IDMeft a strong �rst-order EWPhT serves as the de-

parture from thermal equilibrium and the e�ective operator from Eq. (4.31) is not

expected to a�ect the evolution of the scalar potential signi�cantly, i.e., the �ndings

for the EWPhT in the IDM apply to the IDMeft . The IDM features a strong �rst-

6See Refs. [265{268] for scenarios where the EWPhT is lifted accordingly to such higher scales.
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order EWPhT via one and multiple steps (cf. Fig. 4.7) and we explore the multi-step

EWPhT (see Ref. [1] for the study of a multi-step EWPhT in the original IDM). Begin-

ning at su�ciently high temperatures at which the EW symmetry is restored,i.e. both

vevs are zero, the evolution of the scalar potential can feature either one transition

in � 1 direction, i.e. h� 1; � 2i = (0 ; 0) !
�
v1=

p
2; 0

�
, or multiple steps in di�erent di-

rections. The IDM predicts a vanishing BSM vev at zero temperature and we shall

study the discrete two-step EWPhT h� 1; � 2i = (0 ; 0) !
�
0; v2=

p
2
�

!
�
v1=

p
2; 0

�
.

Note that this series of phase transitions features at least one zero vev at any point in

time after EWSB. The scenario with two simultaneous vevs was investigated recently

by Benincasaet al. [269] and its rami�cations for the baryon asymmetry are yet to be

studied. For this analysis we keep the scenario with only one �nite vev at a time.

Results for the baryon asymmetry

In the following we shall investigate the impact of theD = 6 operator in Eq. (4.31) on

the baryon asymmetry of the Universe. For this we adopt the analytical results from

Dine et al. in Ref. [270] and theIDMeft operator can be re-formulated as

~c2 j� 2j2 W I
��

fW I�� =
32� 2

N f g2
~c2J �

B @� j� 2j2 (4.32)

with the Wilson coe�cient ~c2 � � CP=� 2 comprising both the coupling parameter� CP

entering CP-violating interactions in the fundamental theory and the energy scale �

p
2h� 1i

p
2h� 2i

(0; 0) (v1; 0)

(0; v2)

(v0
1; v0

2)

one-step

two-step

Figure 4.7: Possible scenarios for the evolution of the EW vacuum. A two-step

EWPhT (teal lines) features either two discrete transitions with one vanishing vev in

each phase or a non-trivial vev con�guration (dashed line).
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which is larger than any IDM-related energy scale, and the baryon currentJ �
B (see

also Refs. [271{273]). This formulation can be derived from Eq. (4.6) via integration

by parts. Similar operators involving scalar multiplets have been examined in the

literature (see, e.g., Refs. [252, 270, 274]), but { to our knowledge { this particular

operator has not. The operator in Eq. (4.32) causes an e�ective chemical potential and

non-degenerate energy levels for baryons and antibaryons in the thermal distribution

which drive the sphalerons to generate a baryon asymmetry in front of the bubble wall

during a moderate change ofh� 2i in time. This baryon asymmetry is captured by the

expanding bubble in which the sphalerons are highly suppressed, such that the baryon

asymmetry cannot get washed out.

We aim at �nding the range of Wilson coe�cients which gives rise to the measured

baryon asymmetry of the Universe. In the remainder of this investigation we shall

take N f = 3 for the three experimentally con�rmed generations of fermions. The shift

in the free energy results in a minimum associated with an equilibrium value for the

baryon number density of [270]

neq
B = ~c2

8� 2

3g2
@t j� 2j2T2 (4.33)

and the evolution of the baryon number density is governed by the di�erential equation

dnB

dt
= � 18

� sph

T3
(nB � neq

B ) (4.34)

with the sphaleron rate from Eq. (4.11). Adopting the result from Ref. [270], the

assumption of a rapid strong �rst-order EWPhT, which was justi�ed in Ref. [269],

allows to estimate the resulting baryon number density

nB � 4� ~c2 jvcj
2 � 4

W � t T 4
c (4.35)

in terms of the BSM vevh� 2i � vc=
p

2 at the critical temperature Tc, where � t is the

time needed by the transition to occur in a sphere with a radius given by the correlation

length � � (� W Tc)
� 1. Without taking the details of the dynamics into account, the

bubble expansion is simpli�ed here in the sense that its growth is assumed to occur with

a constant velocityvwall , such that the transition time is � t = �=vwall .7 The resulting

dependence of the baryon asymmetry on the critical vev, the bubble wall velocity,

and the Wilson coe�cient ~c2 is presented in Fig. 4.8. Assuming the new coupling

7As found in Refs. [275, 276], an ultra-relativistic bubble wall velocity changes the bubble dynamics.
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parameter � CP � O (0:1), we �nd that new physics resides at 50 TeV. � . 140 TeV

and results in the measured value of the baryon asymmetry of the Universe for a viable

value of vc (gray band in Fig. 4.8) and a wide range of bubble wall velocities for the

CP-violating IDMeft operator. Note that the SMeft operator requires a somewhat

higher scale for new physics but it is still � � O (100 TeV).

Since the energy scales at which the model predicts new physics are far out of reach

of the current LHC with a center-of-mass energy
p

s � 14 TeV, the model appears

to be experimentally not accessible today at the �rst glance.8 However, the putative

heavy particles do not need to be produced at colliders as precision experiments are

sensitive (up to a certain extent) to new physics contributions at loop level. In the

following we shall confront the model predictions for thèEDM with the current and

projected upper limits, presented above in Section 4.1.

Beginning with the SMeft operator whose analytical expression for contribution to

the `EDM is presented in Section D.1, we choose 4 PeV� 2 � ~c1 = 15 PeV� 2 � 25 PeV� 2

at the energy scale� = mh, that gives the measured baryon asymmetry (cf. Fig. 4.8).

Due to the large separation between the energy scale� = mh and the energy scale at

which the experiment is performed (� = m` ), the running of the model parameters must

8The proposed Future Circular Collider (FCC) with colliding hadrons might reach a center-of-
mass energy

p
s � 100 TeV and hence open the door for probing the physics beyond the IDM at the

collider. [277]

Figure 4.8: The baryon asymmetry parameter� in terms of the critical vev vc =
p

2h� i (Tc)i , the bubble wall velocity vwall , and the Wilson coe�cients ~ci for the

SMeft (left) and IDMeft operators (right ). The bubble wall velocity is indicated

by the line style, whereas the values of the Wilson coe�cients are color-encoded. The

light-gray parameter space corresponds to the range of possible critical vevs at the �rst

stage of a two-step EWPhT found in Ref. [1]. Similar to the plots in Ref. [3].
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be taken into account which is dictated by the renormalization group equation (RGE)

d�
d log�

=
1

16� 2
� � (4.36)

for the generic model parameter� . This is accounted for by using the Mathematica

packageDsixTools 2.0 [278, 279] and we �nd for the`EDM of the three leptons

�
�
�
�
d� 1

`

e

�
�
�
�
� = m `

�

8
>>><

>>>:

2:6 � 10� 16 GeV� 1 for ` = e

5:6 � 10� 14 GeV� 1 for ` = �

9:7 � 10� 13 GeV� 1 for ` = �

: (4.37)

Notice that the scaling of the `EDMs meets our expectation in Eq. (4.22). These

contributions are much less suppressed than the SM ones which means that the induced

`EDM is e�ectively given by the SMeft contributions. Note that the results are

already in tension with the experimental upper limits in Eq. (4.20), but corners of the

parameter space can still be open to create the baryon asymmetry while the induced

`EDM is smaller than the corresponding limit.

Owing to the loop suppression of theIDMeft contribution with respect to the

one by the SMeft operator, we expect a smaller induced̀EDM. Its full calculation

is presented in Section D.2. Making use of the �ndings in Refs. [1, 2] and therefore

assuming the DM massmH = 71 GeV, the other inert states being degenerate in mass

in the entire analysis with � m � mH � ;A � mH = 410 GeV, and the Higgs portal

coupling � 345 = � 2 � 10� 3, the result for the Wilson coe�cient ~c2 = 25 PeV� 2 from

Fig. 4.8 leads to

�
�
�
�
d� 2

`

e

�
�
�
�
� = m `

�

8
>>><

>>>:

5:9 � 10� 17 GeV� 1 for ` = e

1:3 � 10� 14 GeV� 1 for ` = �

2:2 � 10� 13 GeV� 1 for ` = �

: (4.38)

These results suggest that theIDMeft operator can indeed account for the baryon

asymmetry of the Universe while the inducedeEDM is not large enough to cause a

signal in the JILA experiment (cf. Eq. (4.20)) and the other two EDMs are far out

of experimental reach. It is remarkable though that the projected sensitivity of the

ACME III experiment in Eq. (4.21) includes the predictedeEDM. Hence, we live in

exciting times in which near-future experiments might shed light on the mechanism

investigated here for the generation of the baryon asymmetry on the Universe!
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Results for the Dark Matter relic abundance

Next, we shall investigate whether the �nding for the Wilson coe�cient ~c2 � 25 PeV� 2

for the baryon asymmetry gives rise to the measured DM relic abundance. We com-

pute the DM relic abundance as well as the DMDD cross sections with the public

micrOMEGAscode.

As it was shown in previous studies (see,e.g., Refs. [246, 280]), the DM mass range

in the IDM is either 55 GeV . mH . 80 GeV or mH & 500 GeV. Note that the �rst

range can be expanded towards smaller DM masses to� 44 GeV for a narrow BSM

mass spectrum [261]. A strong �rst-order EWPhT via one step or two steps requires

a large mass di�erence, which is possible in the low-mass regime without spoiling the

results for the DM relic abundance. Following the estimate in Chapter 2, the freeze-

out temperature is Tf :o: � O (1) GeV in this DM mass regime and thus below the

temperature at which the EWPhT takes place. Consequently, the intermediate phase

with v2 > 0 is expected not to a�ect the computation of the DM relic abundance.

As long as theIDMeft operator does not contribute signi�cantly, the DM relic

abundance can be accomplished by theIDMeft alongside the results for the baryon

asymmetry of the Universe. Therefore, we shall �rst investigate the thermally averaged

annihilation cross sectionh�v i in the light of the IDMeft Wilson coe�cient (see

Fig. 4.9). Regardless of the sign of ~c2, the e�ective operator contributesconstructively

to the total thermally averaged annihilation cross section. The DM annihilation cross

section h�v i and thus the resulting DM relic abundance are virtually identical for

j~c2j . 10� 1 TeV � 2 in the IDM and the e�ective theory. From that we conclude that the

Figure 4.9: Thermally averaged DM annihilation cross sectionh�v i in terms of the

Wilson coe�cient ~c2. The DM mass is mH = 71 GeV, the mass splitting � m =

410 GeV, and the Higgs portal coupling� 345 = � 2 � 10� 3. The arrows indicate the

values of the Wilson coe�cients considered in Fig. 4.8. Taken from Ref. [3]
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Wilson coe�cients in Fig. 4.8 do not substantially a�ect the DM relic abundance. In

particular, the Wilson coe�cient ~c2 = 25 PeV� 2 does not alter the DM relic abundance

and gives rise to the measured baryon asymmetry. The parameter space in the low-mass

regime is presented in the left panel of Fig. 4.10. The parameter space formH < m h=2

is insensitive to the sign of the Higgs portal coupling which is because of the main

DM annihilation channel HH ! h� ! bb with an o�-shell SM Higgs boson. The DM

annihilation cross section hence scales with� 2
345=(s � m2

h) and the parameter space

for the measured DM relic abundance consequently tends towards smallerj� 345j as the

momentum transfer, i.e. s � 4m2
H for non-relativistic DM, approaches the resonance

at mH = mh=2. The shape of the parameter space beyond the resonance is dictated

by the interplay between the on-shell Higgs production and the DM annihilations

with mediating EW gauge bosons. The red lines represent the XENONnT [109] and

LZ [110] DMDD bounds which rule out the parameter space with Higgs-portal couplings

j� 345j & 0:01 in this mass regime. It is worth pointing out that the parameter space

in this regime of mass splitting is virtually insensitive to even larger mass splittings as

co-annihilations of the DM particleH and another inert scalar are greatly suppressed.

One may wonder whether the viable parameter space for 70 GeV. mH . 74 GeV

in the left panel of Fig. 4.10 can be broadened in the presentIDMeft framework in a

natural way. Connecting the results in Figs. 4.9 and 4.10, one could open the parame-

ter space which overcloses the Universe for ~c2 = 25 PeV� 2 by assuming a larger value

for the Wilson coe�cient. Owing to the constructive contribution to the thermally av-

eraged annihilation cross section, the currently excluded parameter space would open,

but at the same time the baryon asymmetry of the Universe gets too large. As a

conclusion, the CP-violating operator alone cannot account for the new parameter

space. Remarkably however, a UV theory generating the operator in Eq. (4.31) would

naturally give rise to the CP-conservingoperator

L � c2j� 2j2V�� V �� (4.39)

with the same nomenclature as for the CP-violating operator in Eq. (4.31). The right

panel in Fig. 4.10 clearly shows that further viable parameter space opens for contri-

butions from the new, CP-conservingD = 6 operator. The right panel in Fig. 4.10

shows the corresponding DM parameter space forc2 = 6 � 10� 7 GeV� 2. Note that this

CP-conserving operator could be generated by new physics which includes particles

not much heavier than� O (1 TeV) with O (1) CP-conserving couplings.
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After having discussed the DM phenomenology of theIDMeft and identi�ed a new

parameter space with an additional, yet naturally arising e�ective operator, we shall

elaborate on possible realizations in a UV theory before we move on to the mass regime

with large DM masses.

The power of the description in the EFT framework manifests itself in the fact

that the new physics at a higher energy scale is encapsulated in the Wilson coe�cient.

The e�ective operators � y
2� 2B ��

eB �� and � y
2� 2W I

��
fW I�� in Eq. (4.31) can be generated

either via tree-level interactions mediated by a su�ciently heavy �eld beyond the IDM

spectrum or via loop processes which might also account for the large suppression scale.

Applying the results of Ref. [281] to the IDM, we �nd that the e�ective operators

can be induced by the following operators including heavy scalar and vector �elds:

�L V;S �
�

 VVy

� D � � 2 + h :c:
�

+ igW
V Vy

� � I V� W I�� + ig
fW
V Vy

� � I V�
fW I��

+ igB
V Vy

� V� B �� + ig
eB
V Vy

� V�
eB �� + "SVSVy

� V� + � SS� y
2� 2

+ h(1)
V Vy

� V� � y
2� 2 + h(2)

V

�
Vy

� � 2
� �

� y
2V�

�
+

h
h(3)

V

�
Vy

� � 2
� �

Vy� � 2
�

+ h :c:
i

+
h
gSV� y

2 (D � S) V� + g0
SV (D � � 2)y SV� + h :c:

i
: (4.40)

Figure 4.10: Parameter space for 0:6 � 
 DM h2=(
 DM h2)obs � 1 in terms of the DM

massmH and the Higgs portal coupling� 345 for �xed mass splitting � m and Wilson

coe�cients ~c2, c2 (c2 = 0 if not stated di�erently). The inner boundary corresponds to

the full amount of DM. The red, solid lines enclose the parameter space in agreement

with the XENONnT and LZ DMDD constraints. Taken from Ref. [3] and see further

details on the DM investigation in Ref. [1].
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The operators are generated at tree level in case of a heavy vector �eldV� : (1; 2; 1),

as depicted in the upper left diagram in Fig. 4.11. In this case the vectorV� must

transform under the aforementionedZ2 symmetry asV� ! �V � . Instead of adding

just one �eld, a UV theory with the aforementioned vector and a scalar singletS leads

to additional contributions at loop level.

Owing to the operators in the �rst line of Eq. (4.40), the UV extension with

the heavy vector naturally generates the CP-conserving operators �y
2� 2W I

�� W I�� and

� y
2� 2B �� B �� at tree level. Loop-suppressed realizations are possible via the other

CP-conserving operators. Remarkably, the CP-conserving operator receives contribu-

tions proportional to j
 V j2, which might motivate the hierarchy c2 � ~c2 of the Wilson

coe�cients.

In general, this UV completion generates the operator �y2� I � 2
fW I

�� B �� in addition.

Here we assume a vanishing coupling and expect that the qualitative �ndings do not

get altered by including this operator.

Lastly, a possible UV realization of the operators could involve heavy, vector-like

fermions instead of bosons. Generating the e�ective operators requires a gauge sin-

glet N : (1; 1; 0) and the SU(2)L doublet � (L;R ) : (1; 2; � 1). The operators read

L N; � � Ni =DN + � i =D� �
h
yN � NR

e� y
2� L + y� N � R � 2NL + h :c:

i
: (4.41)
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Figure 4.11: Example diagrams for realizing the e�ective operators in the low-mass

regime, including a vectorV� , a scalar singletS, and two vector-like fermionsN , �.
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Further UV completions include, for instance, fermions transforming asSU(2)L triplets.

Summarizing the �ndings so far, our scenario accounts for the measured baryon

asymmetry as well as the DM relic abundance in the broader DM mass range. Both

is not possible in the original IDM as the IDM does neither provide a BSM source of

CP violation nor the broader DM mass window due to ine�cient DM annihilations in

this range.

Comments on the High-Mass Regime

The analysis of theIDMeft so far featured theD = 6 operator for the DM relic abun-

dance and the baryon asymmetry in the DM mass regime in the vicinity of the resonance

at mH = mh=2. But what about the other possible mass range atmH & 500 GeV?

According to the results in Ref. [1], this mass regime does not provide the parameter

space for a two-step EWPhT and the e�ective operator in Eq. (4.31) can therefore not

be used to generate the baryon asymmetry of the Universe. However, a strong �rst-

order EWPhT is possible and the CP-violatingSMeft operator ~c1j� 1j2V��
eV �� can be

applied instead. However, there is in fact the problem that the parameter space for the

strong �rst-order EWPhT does not lead to the measured DM relic abundance (cf. Fig. 7

in Ref. [1]) as the model requires a quasi-degenerate mass spectrum of the scalars from

the inert doublet � 2 for the measured DM relic abundance [1, 261]. Mass splittings

of � m & 10 GeV between the DM particleH and the other BSM scalars lead to siz-

able cross sections for the DM annihilations into pairs of longitudinally polarized gauge

bosons and consequently to underabundant DM [1]. This is in con
ict with the mass

splitting � m � 200 GeV for a strong �rst-order EWPhT. Additional e�ective opera-

tors might ameliorate this problem by modifying interactions between the DM particle

and SM gauge bosons. The e�ective operators which modify the DM annihilations into

longitudinally polarized gauge bosons read

L BSM � C1 j� 1j2 (D � � 2)y D � � 2 + C2 j� 2j2 (D � � 1)y D � � 1

+ C3

h
� y

1� 2 (D � � 1)y D � � 2 + h :c:
i

+ C4

h
� y

1� 2 (D � � 2)y D � � 1 + h :c:
i

: (4.42)

Although the Wilson coe�cients C3 and C4 can be complex in principle and might

pose new source of CP violation, we assume real Wilson coe�cientsCi for the sake of

simplicity. According to our �ndings, negative Wilson coe�cients result in an enhanced

DM relic abundance. In fact, the behaviour of the total cross section is determined

by an interplay between reducing the contributions of the DM annihilations into EW
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gauge bosons and increasing the annihilations into a pair of either SM Higgs bosons

or top quarks. Sampling the Wilson coe�cients leads for example to the benchmark

points

C1 = � 5:4 TeV� 2 ; C3 = � 3:1 TeV� 2 ; C4 = � 3:2 TeV� 2 (4.43)

with C2 � 0. The resulting parameter space for these Wilson coe�cients with a mass

splitting � m � 120 GeV � 10 GeV is shown in Fig. 4.12 and confronted with the

currently most stringent limits from DMDD experiments and theoretical constraints

from vacuum stability.

Note that this is an improvement but not enough to realize a strong �rst-order

EWPhT in this model since the mass splitting is too small. Nevertheless, the expansion

of the viable DM region to signi�cantly larger mass splittings is an important �rst step

towards a realistic model of baryogenesis and DM side by side for DM masses far

beyond the resonance regime. Considering possible UV completions, further operators

like j� 1j6 can enhance the EWPhT (see Refs. [196, 197, 282, 283]) and collectively

give rise to a strong �rst-order EWPhT in this mass regime. Yet, in light of the

beauty of minimality, this mass regime is arguably a less attractive scenario for DM

and baryogenesis in the IDM framework than the mass regime discussed before.

Before studying potential UV completions of this mass regime, we shall examine the

new IDMeft operators in Eq. (4.42) which include the SM gauge covariant derivative

and thus the gauge �elds. Due to the large DM mass the center-of-mass energy of the

Figure 4.12: Parameter space for 0:6 � 
 DM h2=(
 DM h2)obs � 1, with respect to

the DM mass mH , the Higgs portal coupling� 345, and the mass splittings � m. We

assume ~c2 = 0, since this operator is not capable of generating the baryon asymmetry

in this mass regime. Adopting the results from Ref. [258], the Higgs portal coupling is

bounded from below,� 345 > � 2
p

� 14�= 3 � � 1:47. Taken from Ref. [3].
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DM annihilation process is much larger than the masses of the SM gauge bosons and

the Goldstone boson equivalence theorem applies. The Goldstone boson equivalence

theorem says that the longitudinal polarization states of the gauge bosons dominate

the cross sections for high energies (see,e.g., Ref. [9]). Therefore, we shall consider only

the longitudinal components of the gauge bosons which are the Goldstone bosonsG0

and G� from the SM Higgs doublet.

In the following, we shall discuss the individual operators and present the depen-

dence of the thermally averaged DM annihilation cross sections in Fig. 4.13. For this

we consider the interactions between two DM �eldsH and either the SM Higgs bosonh

and the Goldstone bosonsG0;� .

The cross sections were computed with the publicmicrOMEGAspackage which is

based on the mathematicalCalcHEPcode [284{287] and takes only interactions with

up to four �elds into account. Therefore, we shall restrict the analysis of relevant

interaction terms to this.

The �rst operator, which corresponds to the Wilson coe�cient C1, leads to the

interaction terms

j� 1j2 jD � � 2j2 �
1
4

@� H@� H
�
h2 + 2vh + G0G0 + 2G+ G�

�
: (4.44)

As shown in Fig. 4.13, the sign of the Wilson coe�cientC1 impacts the DM annihilation

cross section for large values ofjC1j because of interference e�ects. Not surprisingly,

the contribution of this IDMeft operator tends to zero towards smaller values of the

Wilson coe�cient and the DM annihilation cross sections for positive and negative

Wilson coe�cients converge towards the annihilation cross section predicted by the

original IDM.

The secondIDMeft operator reads

j� 2j2 jD � � 1j2 �
1
4

H 2
�
@� h@� h + @� G0@� G0 + 2@� G� @� G+

�
: (4.45)

The shape of the four curves as well as the dependence on the sign of the Wilson co-

e�cient is qualitatively the same for the two IDMeft operators associated withC1

and C2. Note that the minima of the DM annihilation cross sections forHH ! ZZ

and HH ! W + W � for each operator are located at the same values of the Wil-

son coe�cients because the contributions of the DM annihilation channels (four-point

interaction, s- and t-channel, andu-channel if necessary) for both DM annihilation

processes are equal.
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Lastly, the third and fourth operators, associated withC3 and C4, respectively,

involve the interactions

� y
1� 2 (D � � 1)y D � � 2 + h :c: �

1
2

@� H
�
Hh@� h + vH@� h � HG0@� G0 + vA@� G0

�

+
v
2

H
�
@� G0@� A + @� G� @� H + + @� G+ @� H �

�
(4.46)

� y
1� 2 (D � � 2)y D � � 1 + h :c: �

1
2

@� H
�
Hh@� h + vH@� h + HG0@� G0 � vA@� G0

�

+
v
2

H
�
@� G0@� A + @� G� @� H + + @� G+ @� H �

�
(4.47)

and the DM annihilation cross sections in Fig. 4.13 feature qualitative di�erences com-

pared to the �rst two operators. The two IDMeft operators in Eqs. (4.46) and (4.47)

are identical except for two interaction terms involving the neutral Goldstone bosonG0.

Figure 4.13: Thermally averaged DM annihilation cross sectionh�v i in terms of the

Wilson coe�cients Ci for the DM mass mH = 490 GeV, the mass di�erence �m =

120 GeV between the DM scalar and the other, equally heavy scalars from the inert

Higgs doublet, and the Higgs portal coupling� 345 = � 1:3. Taken from Ref. [3].
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Therefore, the DM annihilation cross sections forhh and W + W � in the �nal state are

the same for these twoIDMeft operator, whereas the processHH ! ZZ is modi�ed.

In addition to the DM annihilation cross section, the reader may wonder whether

and to what extent the IDMeft operators a�ect the spin-independent DMDD cross

section � SI. The SI scattering processes are mediated by the SM Higgs boson exclu-

sively. Besides the contribution from the original IDM and theIDMeft operator

associated withC1, the last two e�ective operators contribute to the SI DMDD cross

section via the momenta. The contribution of these two operators is

(C3 + C4) (p1;� p�
2 � p1;� p�

3) / p1;� p�
1 : (4.48)

With the momentum p1 of the SM Higgs boson andp2;3 being the DM particles' mo-

menta, the term on the right-hand side results from momentum conservation in the

HHh -interaction. Due to the fact that micrOMEGAscomputes the SI scattering cross

section� SI in the limit of vanishing momentum transfer, i.e. p1;� p�
1 = 0, the contribu-

tions of the IDMeft operators associated withC3;4 are absent in our numerical results.

This approximation is reasonable because the momentum transfer in DM-nucleus scat-

tering processes is� O (10 � 100) MeV � mh [10]. Summarizing the recent �ndings,

only the �rst e�ective operator contributes to the SI DMDD cross section whose de-

pendence on the sign ofC1 and the Higgs portal coupling� 345 is presented in Fig. 4.14.

The plots show that the possible window for the Wilson coe�cientC1 = �= � 2 for a

speci�c Higgs portal coupling is rather small. While the other two values for the Higgs

Figure 4.14: Spin-independent DMDD cross section� SI in terms of the negative (left)

and positive (right ) Wilson coe�cient C1. The DM mass ismH = 490 GeV, the mass

splitting � m = 120 GeV, and the Higgs portal coupling� 345 is shown in the plots. The

DMDD cross sections are confronted with the latest LZ limits [110].
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portal coupling serve as subjects of comparison, the coupling� 345 = � 1:3 was found

in Fig. 4.12 and results in the energy scale �� 4:5 TeV for � � O (� 0:01).

Before �nishing this chapter and in spite of the �nding that this mass regime and

the e�ective operators in Eq. (4.42) are not as well motivated as the e�ective operators

in Eq. (4.31) for smaller DM mass, we shall proceed the same way as we did for the

e�ective operator in the small DM mass regime and provide an overview of possible

realizations beyond the cuto� scale. For this we make use of the summary in Ref. [281]

which we used already for the other DM mass regime.

As a reminder, the inert doublet � 2 transforms non-trivially under the discrete

Z2 symmetry. Considering the operators

�L B;W �
h�

gD 1
B

�
B� � y

2iD � � 1 +
�
gD 2

B

�
B� � y

1iD � � 2 + h :c:
i

+
�
�
gD 1

W

�
W I� � y

2
� I

2
iD � � 1 +

�
gD 2

W

�
W I� � y

1
� I

2
iD � � 2 + h :c:

�
: (4.49)

with the vectors B� : (1; 1; 0) and W I
� : (1; 3; 0) transforming as a singlet and a triplet

with respect toSU(2)L , respectively, these heavy �elds must transform in the same way

under the discreteZ2 symmetry as the inert doublet. Hence, the �elds must transform

as B� ! �B � and W I
� ! �W I

� under the Z2 symmetry to generate the �rst three

IDMeft operators from Eq. (4.42).

The fourth operator from Eq. (4.42), however, requires a very similar set of renor-

malizable operators and heavy vectors that are invariant under theZ2 transformation.

The set of operators reads

�L B0;W 0 �
h�

gD 1
B0

�
B0� � y

1iD � � 1 +
�
gD 2

B0

�
B0� � y

2iD � � 2 + h :c:
i

+
�
�
gD 1

W 0

�
W 0I� � y

1
� I

2
iD � � 1 +

�
gD 2

W 0

�
W 0I� � y

2
� I

2
iD � � 2 + h :c:

�
(4.50)

with the primed vectors being in the same representations as the vectors for the other

set of operators above. The relevant tree-level diagrams for the matching of the UV

theory onto the IDMeft are presented in Fig. 4.15.
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Discussion

The results from this investigation can be understood as a motivating�rst step an

accurate calculation of the baryon asymmetry. Consequently, deploying the estimate

from Ref. [270] su�ers from the uncertainty that it omits the precise dynamics of the

sphaleron processes in the vicinity of the bubble wall. One way towards an accurate

calculation was outlined,e.g., in Ref. [288]. Considering the center of the bubble wall

at the space coordinatez = 0 and the broken EW symmetry in the region withz � 0,

the gradient of the di�erence nB of the number densities of baryons and antibaryons

obeys the di�usion equation. It reads

@znB =
3� sph

2vwall

�
Nc� L T2 � A nB

�
(4.51)

with the sphaleron rate � sph for di�erent temperature regimes given in Eqs. (4.11) and

(4.12), the number of colorsNc, the chemical potential � L of LH quarks in front of

the bubble wall, and the parameterA = 15=2 governed by the number of fermions

in thermal equilibrium during the sphaleron processes. With this, the asymmetry

parameter � can be inferred from Ref. [288] and is given by

� �
nB (z ! �1 )

n

=

3NcT2

2n
 vwall

Z + 1

�1
dz � sph� L e� 3A

2vwall

Rz
�1 dz0 � sph : (4.52)

The chemical potential � L of the LH quarks is increased by an enhanced interaction

strength of CP-violating processes and must be calculated meticulously for a reliable re-

sult. For this the relation between the e�ective, CP-violating operator and the chemical

potential must be derived. Moreover, an accurate calculation requires a careful anal-

ysis of the bubble dynamics, including the wall velocity and the pro�le of the bubble

wall with a �nite thickness. The latter governs the z-dependent sphaleron rate �sph.

H

H

h

h

B=W I

H

H

h

h

B0=W 0I

Figure 4.15: Example diagrams for realizations of the e�ective vertices in Eq. (4.42),

induced by a heavy vector singletB(0) or vector triplet W (0)I . Taken from Ref. [3].
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A precise calculation of the baryon asymmetry for the e�ective, CP-violating operator

has not been performed to our knowledge, but would be enlightening to assess quanti-

tatively the quality of the estimate and the results we presented above.

In conclusion, this chapter demonstrated the possibility to account for the baryon

asymmetry of the Universe in scalar DM models via an EFT approach and presented

a couple of potential UV realizations. Recalling the list of shortcomings of the SM, the

reader might wonder whether there is a connection between the presence of DM and

the neutrino properties that allows to determine the latter experimentally. This shall

be the subject of the next chapter.
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Chapter 5

Neutrino Properties from Dark

Matter Annihilations

For this last chapter before the conclusion, we shall still consider a theory with a dark

sector but put the motivation of explaining the baryon asymmetry of the Universe aside.

We rather turn to the puzzling observation of neutrino oscillation and the consequence

of massiveneutrinos.1 Before presenting a few models for explaining the tiny { but

�nite { neutrino masses in Section 5.2 and discussing our results on the potential

for inferring neutrino properties from studying DM annihilations in the consecutive

sections, we shall �rst elaborate on the theoretical and experimental motivation for

this study.

5.1 Theoretical and Experimental Background of

Neutrino Properties

As we have seen already above in the introduction to the SM and the discussion on the

EW sector in Chapter 1, the SM provides remarkably successful predictions,e.g.for the

masses of the EW gauge bosons. The prediction of exactly massless neutrinos, however,

is experimentally disproved by the discovery of non-zero masses and mixings. Unlike

the other fermions in the SM which are charged underSU(3)c� U(1)Q, the SM neutrinos

are a singlet under this gauge group. The SM contains only LH neutrinos which reside

in the sameSU(2)L doublets as their associated charged lepton siblings. Therefore, the

only neutrino Majorana mass term in agreement with the SM gauge group and particle

content would be the bilinear operatorL cL � LT CL with the charge conjugation

1In this context the term `massive' refers to a�nite mass.
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operator C � i
 2
 0 [289]. However, the lepton number symmetry would be violated by

two units by this operator and thus forbids this term in the SM. Moreover, as we have

seen in Section 4.1, the global symmetryU(1)B � L is exact and consequently prevents

this bilinear operator from being generated by non-perturbative e�ects [10]. Hence, the

SM neutrinos are exactly massless { which contradicts the experimentally con�rmed

neutrino oscillations. The experimental evidence for at least two massive neutrinos via

neutrino oscillation measurements, which culminated in the Nobel Prize for Kajita and

McDonald in 2015, reshaped the notion of neutrinos substantially [290, 291]. The SM

falls short also in this point and the search for BSM physics is in order.

Before we provide a brief overview of potential particle physics models for the

generation of neutrino masses and elaborate on two speci�c neutrino mass models,

we shall begin with the theoretical foundation of neutrinos and their masses (see,

e.g., Refs. [292, 293] for overviews).

Analogously to the CKM matrix in the quark sector, the weak and mass eigenstates

of the neutrinos are not identical. The corresponding Pontecorvo-Maki-Nakagawa-

Sakata (PMNS) mixing matrix for Dirac neutrino reads [10]

V D
PMNS =

0

B
@

c12c13 s12c13 s13e� i� CP

� s12c23 � c12s23s13ei� CP c12c23 � s12s23s13ei� CP s23c13

s12s23 � c12c23s13ei� CP � c12s23 � s12c23s13ei� CP c23c13

1

C
A (5.1)

with the short-hand notation sij � sin� ij , cij � cos� ij , and the CP-violating Dirac

phase� CP . The PMNS matrix for the case of Dirac neutrinos contains 3(n � 2) angles

and 2n � 5 physical phases, wheren = 3 is the number of massive neutrinos we shall

consider in the tree-level investigation below [10]. For Majorana neutrinos, the number

of physical phases is 3(n � 2) and the PMNS matrix for this scenario is given by

V M
PMNS = V D

PMNS � D M � V D
PMNS � diag

�
1; ei' 1=2; ei' 2=2

�
(5.2)

with the two Majorana phases' 1;2. The entries of the neutrino mass matrix for three

massive neutrinos are hence given by [294]

(m� ) ij =
h
V M

PMNS diag (m1; m2; m3)
�
V M

PMNS

� T
i

ij
: (5.3)

This PMNS matrix describes how the neutrino 
avors mix with each other to create

the respective mass eigenstates. As the latter are those that propagate in spacetime,

the PMNS matrix plays a prime role in neutrino oscillations and mixings and determin-
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ing its parameters is key for understanding the nature of neutrinos. The neutrino sector

is described by nine parameters in total which are the three mixing angles� 12, � 23, � 13,

two mass di�erences �m2
21, � m2

3` with ` = 1(2) for NH (IH), the lightest neutrino

massm0 � m1(3) for normal mass hierarchy (inverted mass hierarchy), and three CP

phases� CP , ' 1;2. While the mass di�erences �m2
21, � m2

3` are fairly precisely known by

the measurement of solar and atmospheric neutrinos, respectively, the masshierarchy

of the neutrino masses is yet unknown. It can be either the normal hierarchy with

m1 < m 2 < m 3 or the inverted hierarchy with m3 < m 1 < m 2. The �rst �ve neutrino

parameters have been experimentally determined very accurately (cf. Tab. 5.1). Ex-

perimental data could in principle allow to determine the Dirac CP phase� CP , but the

results from the long-baseline T2K [296] and NO� A [297] experiments are yet incon-

clusive. More data for better statistics as well as mitigating systematic uncertainties

with the help of future, improved experimental setups might help narrow down the

range. In the subsequent analysis we adopt the best-�t values from theNuFIT group

which has specialized on analyses of the neutrino oscillation measurements in light

of three massive neutrinos in the SM (see,e.g., Refs. [295, 298, 299] for recent pub-

lications). The remaining three neutrino parameters are the absolute neutrino mass

scalem0 and the two Majorana phases' 1; ' 2 which cannot be speci�ed by neutrino

oscillation experiments.

Neutrino oscillations occur as the weak eigenstates of the neutrinos are not identical

to their mass eigenstates. The neutrino 
avor eigenstates with the 
avor index� can

be expressed in terms of the three mass eigenstates with the mass indexi as [10]

j� � i =
3X

i =1

�
V M

PMNS

� �

�i
j� i i : (5.4)

Neutrino Parameter Normal Mass Hierarchy Inverted Mass Hierarchy

� m2
21=

�
10� 5 eV2

�
7:42 7:42

� m2
3`=

�
10� 3 eV2

�
2:517 � 2:498

sin2 � 12 0:304 0:304
sin2 � 23 0:573 0:575
sin2 � 13 0:02219 0:02238
� CP=� 197+27

� 24 282+26
� 30

Table 5.1: Summary of the best-�t neutrino oscillation parameters with Su-

perKamiokande atmospheric neutrino data [295]. The di�erence betweenm2
3 and m2

`

depends on the mass hierarchy with̀ = 1(2) for NH(IH).
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The probability to �nd a neutrino with the 
avor � after being produced in 
avor � is

thus given by [10]

P�� = j h� � j� � (t)i j 2 =

�
�
�
�
�

3X

i;j =1

�
V M

PMNS

� �

�i

�
V M

PMNS

�
�j

h� j j� i (t)i

�
�
�
�
�

2

: (5.5)

The ansatz of a plane wave,j� j (t)i = e� iE j t j� j (t = 0) i and of a relativistic neutrino

leads to the oscillation probability [10]

P�� = � �� � 4
3X

i<j

Re
h�

V M
PMNS

�
�i

�
V M

PMNS

� �

�i

�
V M

PMNS

� �

�j

�
V M

PMNS

�
�j

i
sin2 � m2

ij L

4E

+ 2
3X

i<j

Im
h�

V M
PMNS

�
�i

�
V M

PMNS

� �

�i

�
V M

PMNS

� �

�j

�
V M

PMNS

�
�j

i
sin

� m2
ij L

2E
(5.6)

with the di�erence of the squared masses �m2
ij � m2

i � m2
j . The oscillation length in

vacuum is given by [10]

Losc
ij =

4�E
j� m2

ij j
: (5.7)

The oscillation probability described above applies to neutrino propagating in vacuum.

Measurements of solar neutrinos and the unexpected result in the counts of electron

neutrinos led to the idea that the matter along the way impacts the neutrino oscilla-

tion. The Mikheyev{Smirnov{Wolfenstein (MSW) e�ect successfully accounts for the

neutrino propagation in varying matter densities [300, 301].

Besides con�rming the mere fact that at least two of the three SM neutrinos are

massive, neutrino oscillation experiments o�er insights in the mass di�erences between

the di�erent states. What this type of experiments is not sensitive to is the Majorana

phases, the absolute neutrino mass scalem0, and the sign of the mass di�erences. The

CP phases are interesting to know as they would show whether the CP symmetry is

violated also in the SM lepton sector. In the following we shall brie
y discuss three

experimental approaches for determining the absolute neutrino mass scale as well as

the mass hierarchy.

Concerning the massm0 of the lightest active neutrino, one approach is the precise

measurement of the electron energy spectrum of the� decay. Regardless of the nature of

the neutrinos (i.e., whether it is a Dirac or Majorana particle), the emission of a massive
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neutrino impacts the part of the energy spectrum near the end point and thus provides

information about the neutrino mass for su�ciently good energy resolution [292]. The

e�ective electron neutrino mass is de�ned as

m�
def=

s X

i

mi jV M
PMNS j2ei (5.8)

and the currently best limit from these� decay experiments ism� < 0:8 eV, set by the

KATRIN collaboration [302].

Another approach is the precise analysis of the CMB. The sum of the neutrino

masses is experimentally constrained by Planck [75], extended Baryon Oscillation Spec-

troscopy Survey (eBOSS) [303], Atacama Cosmology Telescope (ACT) [304], and Dark

Energy Spectroscopic Instrument (DESI) [305]. The limits read

X

i

mi <

8
>>>>>><

>>>>>>:

0:12 eV for Planck (95% C:L:)

0:12 eV for ATC (95% C:L:)

0:082 eV for Planck + eBOSS (95% C:L:)

0:072 eV for Planck + DESI (95% C:L:)

(5.9)

and allow to infer the upper bounds on the absolute neutrino mass scale with the

precise measurements of the neutrino mass di�erences.

A third possibility to determine the neutrino mass scale as well as the neutrino

mass hierarchy and to gain insights into the nature of neutrinos is the search for

neutrinoless double� decay (0��� ). The coincident � decay with only two instead of

four leptons in the �nal state is only possible if the neutrino is a Majorana particle and

annihilates (cf. Fig. 5.1). The two possible mass hierarchies as well as the mass of the

lightest neutrino result in di�erent 0 ��� rates which is possible for Majorana neutrinos

only (see,e.g., Ref. [306]). Strong limits on the characteristic time scaleT0���
1=2 are set

by KamLAND-Zen [307] for 136Xe and the GERDA collaboration [308] for76Ge,

T0���
1=2 >

8
<

:
1:07� 1026 yr for KamLAND-Zen

1:8 � 1026 yr for GERDA
: (5.10)

It is worth mentioning that the discovery of 0��� was claimed in the early 2000s

by parts of the Heidelberg-Moscow collaboration [309{311] for76Ge and disputed in

Refs. [312{315]. Comparing to the lower limits for the characteristic time scale in

81




	The Standard Model and its shortcomings
	Introduction to Dark Matter
	Experimental Evidence
	Overview of Dark Matter Candidates
	Strategies of Detection

	New Effective Field Theory Approach to Dark Matter
	Introduction to the Standard Model EFT
	Introduction to the Higgs EFT
	Introduction to the extended DM EFT
	SM + Complex Scalar Singlet + Fermionic Singlets
	2HDM + Pseudoscalar Singlet + Fermionic DM


	Baryon Asymmetry in Scalar Dark Matter Extensions
	Theoretical and Experimental Background
	Prominent Models for Generating the Baryon Asymmetry
	Baryon Asymmetry and Dark Matter in the Inert Doublet Model

	Neutrino Properties from Dark Matter Annihilations
	Theoretical and Experimental Background of Neutrino Properties
	Overview of Neutrino Mass Models
	Dark Matter Mediators in Type-II Seesaw
	Dark Matter Mediators in the Zee-Babu Model
	Dark Matter Phenomenology
	Connection to Dark Matter Indirect Detection
	Collider Complementarity

	Summary & Conclusion
	Processes for eDMEFT Analysis
	Relations for Model Parameters
	SM + Complex Scalar Singlet + Fermionic Singlets
	2HDM + Pseudoscalar + Fermionic DM

	Constraints for UV Models
	SM + Complex Scalar Singlet + Fermionic Singlets
	2HDM + Pseudoscalar + Fermionic DM

	Calculation of the Lepton EDM
	SM Effective Operator
	IDM Effective Operator

	Analytical Expressions for Neutrino Mass Models
	Type-II Seesaw Model
	Zee-Babu Model

	Bibliography

