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Abstract

Despite the huge success of the Standard Model (SM) of particle physics, many open
problems indicate the need for New Physics. One particular extension of the SM is
the Two Higgs doublet model with an additional complex scalar singlet (2HDMS).
This model provides an enlarged scalar sector resulting in seven physical Higgs par-
ticles, of which one is a suitable candidate to explain dark matter (DM). In this
work the DM and collider phenomenology of the 2HDMS is investigated. Repre-
sentative benchmark points with light, intermediate-range and heavy masses for the
DM candidate are chosen. The benchmark points are consistent with all theoreti-
cal and experimental constraints and, in some cases, also accommodate the excess
around 95GeV, observed in the bb channel at the Large Electron-Positron Collider
(LEP) and in the v channel at the Large Hadron Collider (LHC). In terms of DM
phenomenology, the focus is on matching the required DM relic density, as well as
direct and indirect detection bounds of DM. In terms of collider phenomenology, the
focus is on relevant signatures at the LHC and at proposed future lepton colliders,
such as electron-positron colliders and a proposed muon collider.

The 2HDMS model, as well as other beyond-the-Standard Model (BSM) theories,
can provide a first-order electroweak phase transition (EWPT), which proceeds via
the formation of bubbles. A second focus of this work is the investigation of the
wall velocity of expanding bubbles from first-order phase transitions (FOPTs) with
symmetry breaking and with symmetry restoration. In standard symmetry-breaking
FOPTs, the frictional pressure on the expanding bubble walls can be dominated by
transition radiation, the process of one particle from the surrounding plasma passing
into the bubble and radiating off an additional particle. This process is enhanced in
the soft-momentum limit of the radiated particle, and is known to produce significant
frictional effects that are proportional to the Lorentz factor v of the bubble wall.
This dependence of the frictional pressure on the Lorentz factor prohibits runaway
behaviour of the bubble walls. The focus of this work is on the analogous pressure
for phase transitions with symmetry restoration. It is shown that, in such transitions
the pressure due to transition radiation can be negative for small and intermediate
Lorentz factors, leading to a further acceleration of the bubble wall. However, for
very large Lorentz factors the pressure approaches the same positive scaling as the
standard symmetry-breaking scenarios. Therefore, the terminal Lorentz factor of
the bubble wall can be significantly larger (by more than an order of magnitude)
than in the corresponding symmetry-breaking scenario. This can carry important
implications for various phenomenological applications, from gravitational waves

(GWs) up to BSM physics.
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Zusammenfassung

Trotz des grofien Erfolgs des Standard Modells (SM) der Teilchenphysik, gibt es
noch viele offene Probleme, die auf die Notwendigkeit neuer Physik hindeuten. Ei-
ne mogliche Erweiterung des SM is die Erweiterung um ein zusétzliches komple-
xes skalares Doublett und ein komplexes skalares Singulett, das sogenannte ‘Two
Higgs doublet model with an additional complex scalar singlet’ (2HDMS). Die-
ses Modell bietet einen erweiterten skalaren Sektor und fithrt zu insgesamt sie-
ben physikalischen Higgs-Teilchen, von welchen eines ein geeigneter Kandidat ist,
um dunkle Materie (DM) zu erkldren. In dieser Arbeit wird die Phédnomenologie
des 2HDMS-Modells mit Blick auf DM und Beschleunigerexperimente untersucht.
Dafiir werden reprasentative Benchmark-Szenarios mit unterschiedlichen Massen
fir den DM-Kandidaten ausgewéhlt - im Bereich leichter, mittlerer und schwerer
Masse. Die ausgewéhlten Benchmark-Szenarios stimmen mit allen herkémmlichen
theoretischen und experimentellen Grenzen iiberein und kénnen in einigen Féllen
sogar einen experimentellen Uberschuss, der bei etwa 95GeV im bb-Kanal am Lar-
ge Electron-Positron Collider (LEP) und im ~+-Kanal am Large Hadron Collider
(LHC) beobachtet wurde, berticksichtigen. Mit Hinblick auf die Phénomenologie
von DM liegt der Fokus darauf, die experimentell vorhergesagte Dichte von DM im
heutigen Universum zu erreichen. Aulerdem werden experimentelle Grenzen von di-
rekten und indirekten Detektionsexperimenten berticksichtigt. Mit Hinblick auf die
Phénomenologie von Beschleunigerexperimenten mit Teilchenkollisionen liegt der
Fokus auf experimentellen Signaturen, die relevant sind fiir den LHC und vorgeschla-
gene Leptonen-Teilchenbeschleuniger, wie Elektronen-Positronen-Beschleuniger und

Myonen-Beschleuniger.

Das 2HDMS-Modell, sowie andere Theorien, die iiber das SM hinaus gehen, kann
einen Phaseniibergang erster Ordnung untergehen. Ein solcher Phasentibergang er-
folgt iiber das Formen von Blasen-artigen Regionen der neuen Phase. Ein weiterer
Fokus dieser Arbeit beschaftigt sich mit der Geschwindigkeit der sich ausdehnenden
Blasen in solchen Phaseniibergidngen erster Ordnung, wobei Phaseniiberginge mit
Symmetrie-Brechung und mit Symmetrie-Wiederherstellung betrachtet werden. Da-
bei kénnen die Teilchen des umgebenden Plasmas einen Reibungsdruck auf die Wan-
de der Blasen auswirken. In standardméBigen Ubergingen mit Symmetrie-Brechung
kann dieser Druck von einem Vorgang namens ‘Transition Radiation’ dominiert
werden. Bei diesem Prozess strahlen Teilchen, die aus dem Plasma in die Blase
iibergehen, ein weiteres Teilchen ab. Dieser Prozess wird verstarkt, wenn der Impuls
des abgestrahlten Teilchens gering ist. Der daraus resultierende Reibungsdruck ist

proportional zum Lorentzfaktor v der sich ausdehnenden Wand der Blasen. Die-
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se Abhangigkeit vom Lorenztfaktor fithrt dazu, dass die Expansionsgeschwindigkeit
der Blasen nicht unendlich beschleunigt werden kann, sondern ab einer bestimmten
Geschwindigkeit stagniert. Der Fokus dieser Arbeit liegt darauf den aquivalenten
Reibungsdruck in Phansiibergdngen mit Symmetrie-Wiederherstellung zu berech-
nen. Es wird gezeigt, dass der Druck in solchen Ubergingen fiir niedrige Werte des
Lorentzfaktors negativ sein kann, was zu einer zusatzlichen Beschleunigung der Ex-
pansion fiihrt. Jedoch wird fiir hohe Werte des Lorentzfaktors die gleiche positive
Proportionalitit zum Lorentzfaktor erreicht, wie in Ubergéingen mit Symmetrie-
Brechung. Der finale Lorentzfaktor kann daher deutlich héher sein in Ubergingen
mit Symmetrie-Wiederherstellung. Dies hat wichtige Konsequenzen fiir unterschied-
liche phanomenologische Anwendungen, zum Beispiel fiir Gravitationswellen bis hin
zu Physik, die iiber das SM hinaus geht.
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1 INTRODUCTION

1 Introduction

The Standard Model (SM) of particle physics is one of the most successful theories
in science. It is of high predictive power and experimentally very well confirmed.
In 2012 its particle content was completed with the discovery of a Higgs boson [4,
5], about 50 years after its prediction by Peter Higgs [6] in the 1960s. The SM
describes three of the four fundamental forces of nature and how the elementary
particles interact via these forces. Its predictions are tested in collider experiments
which give insights on the interactions between elementary particles. By colliding
particles, high energies are concentrated in a small point, revealing the physics at
higher energies as in the early Universe. So far no significant deviation to the SM

has been observed.

However, other observational probes of the early Universe, like observations of
the cosmic microwave background (CMB) reveal a different picture. This radiation
was emitted in the early Universe after free electrons and protons combined to form
neutral hydrogen atoms. The Universe became transparent and light was able to
stream freely between the neutral atoms. This radiation was first observed in the
same decade as the prediction of the Higgs mechanism, in the 1960, by the radio-
astronomers Wilson and Penzias [7]. Later, more elaborate measurements of the
anisotropies in the CMB radiation revealed that the Universe largely consists of
another unknown type of matter. Other observations made earlier, like observations
of the rotation curves of galaxies already showed that there must be more matter in
the Universe than the known visible matter. This unknown type of matter does not
seem to interact electromagnetically and hence does not emit light, which led to it
being called dark matter (DM). Observations show that it must make up about five
times the amount of the known ordinary matter. Furthermore, it plays an important
part in the formations of structures in the Universe via its gravitational interaction.
Without this type of matter, galaxies could not have formed and our Universe would
look very different today. Yet, this type of matter is not accounted for in the SM -

one of the most successful theories of science.

Many beyond-the-Standard Model (BSM) theories have been proposed in order
to explain DM and many experiments have been built in order to detect it. But
this type of matter interacts only very weakly and so far no significant signals have
been observed in any experiment, leading to tighter constraints on the parameters

of various models but not yet to a confirmed detection.

In this work one of these models will be investigated, namely the Two-Higgs-
doublet model extended by an additional complex scalar singlet (2HDMS). This

model is a well-motivated extension of the SM, adding a doublet and a singlet to
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the scalar sector of the SM. Other than the SM which includes one physical Higgs
boson, this model includes seven physical Higgs bosons, of which one has the correct
properties to explain DM. The DM candidate will be called Ag in this work and is
given rise by the imaginary component of the additional scalar singlet. It is massive,

electrically neutral, colour neutral and stable.

But DM is not the only phenomenon that can be explained by this model. Re-
cently a few excesses have been observed in collider experiments. These are not
strong enough to claim the detection of a new particle, but there are weak hints
towards new physics. For example there has been an excess around 95 GeV observed
both at the former Large Electron-Positron Collider (LEP) [8] in the bb mode as well
as in the vy mode at the Large Hadron Collider (LHC) experiments CMS [9] and
ATLAS [10]. This excess can be embedded in several BSM models with extended
scalar sectors [11-41] and also in the 2HDMS [20, 42].

The first main focus of this work is the investigation of the parameter space of
the 2HDMS model with respect to DM and collider phenomenology, where different
benchmark points will be analysed, some of which can also accommodate the excess

at 95 GeV mentioned above.

But the story of the SM is not finished here, despite its huge success there are
more shortcomings than just the lack of an explanation of DM. Another question
which remains unanswered in the SM is where all the matter comes from. Due to
the symmetries of the SM matter and antimatter should always be created and an-
nihilated in equal amounts. However, our Universe is dominated by matter. If there
were regions in the Universe dominated by antimatter one should observe highly en-
ergetic gamma-rays from matter-antimatter annihilations at the boundary of matter
dominated regions and antimatter dominated regions. However, observations of the
Universe show that no such regions exist, hence the whole observable Universe - a
radius of about 46.5 billion light-years [43] - must be dominated by matter. The
process generating the asymmetry between matter and antimatter is called baryoge-
nesis. One possible explanation is via electroweak (EW) baryogenesis. This process
requires the electroweak phase transition (EWPT), which is realised via sponta-
neous symmetry breaking, to have taken place through a first-order phase transition
(FOPT) - rather than a second-order phase transition or a smooth cross-over as is
the case for the SM.

The 2HDMS also provides a solution for this. Through the modification of the
scalar sector, many regions of the parameter space naturally lead to a FOPT. Also
this model gives the option of including explicit sources for charge and parity (C'P)
violation, which is another necessary ingredient for successful baryogenesis. The

investigation of this is beyond the scope of this work, however, currently a follow-up
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on the investigation of a FOPT in the 2HDMS is being done but will not be included

in this work.

FOPTs proceed via the formation of bubbles, which will be the second main focus
of this work. One important parameter is the velocity of the expanding bubble walls.
This has important consequences for the out-of-equilibrium conditions for baryogen-
esis. Furthermore, the wall velocity has an impact on observable signals, such as the
gravitational wave (GW) signal from a FOPT. Leading order (LO) calculations of the
wall velocity lead to constant friction terms which, for standard symmetry-breaking
transitions, decelerate the wall velocity but can lead to a runaway of the wall if the
force driving the expansion is greater than the friction [44]. Next-to-leading order
(NLO) calculations of the wall velocity include higher-order terms called transition
splitting, where particles from the surrounding plasma pass into the bubble of the
new phase and radiate off an additional particle during the passing through the
bubble wall. The inclusion of these terms leads to velocity dependent friction terms,
which grow with growing wall velocity. This avoids runaway scenarios and leads
to a terminal wall velocity [45]. There have been extensive studies on standard
symmetry-breaking scenarios [44-50] which can naturally occur during the standard
cooling of the Universe. Less investigation has been done on the inverse process,
symmetry-restoring transitions, where the Universe starts from a phase of broken
symmetry and undergoes a FOPT to a symmetric state. Such transitions could have
occurred, for example, during reheating, but even in specific thermal histories dur-
ing the standard cooling of the Universe [51]. Symmetry-restoring transitions will

be the main focus, along with a review of standard symmetry-breaking transitions.

This work is organised is four main sections which concern the topics of particles
physics phenomenology and cosmology. The first two sections give a theoretical
background of the current status of these two fields of physics. In ‘The evolution of
our Universe’ a short introduction is given on how our Universe evolved from the
very early states until today. This is to set the stage and give an understanding of
the chronological order of events in our Universe. In the next section ‘The current
state of particle physics’ the current state-of-the-art theory of particle physics, the
SM, is introduced. This section describes the symmetries of the SM, as well as the
Higgs mechanism. After that the shortcomings of the SM are explained followed by

a short discussion of the detection techniques relevant for this work.

Section 4 and 5 are the main part of this work. Section 4 covers the first main
focus, the DM and collider phenomenology in the 2HDMS model, based on the
publications [1] and [2]. First, the model is introduced, then, current theoretical
and experimental constraints are discussed, followed by a discussion of the DM

phenomenology in section 4.3 and the collider phenomenology in 4.4. The focus is
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on future lepton colliders (electron-positron colliders like the proposed International
Linear Collider (ILC), Compact Linear Collider (CLIC), Circular Electron Positron
Collider (CEPC) and Future Circular Collider in electron-positron mode (FCC-
ee) and the proposed muon collider) but also the High-Luminosity Large Hadron
Collider (LHC) and the Future Circular Collider in proton-proton mode (FCC-hh)
will be considered. Section 5 covers the second main focus, the bubble wall velocity
in FOPTs, with a special emphasis on symmetry-restoring transitions, based on the
publication [3]. Here, a more general approach is followed which applies to various
models in which a FOPT with a mass change across the different phases is induced.
First, a general introduction of FOPTs is given along with the calculation of the wall
velocity following the approach in Ref. [45]. After that, estimates of the calculation
are given for both symmetry-restoring and symmetry-breaking scenarios along with a
discussion on phenomenological implications. The last section concludes this thesis.

Note that the publications [1], [2] and [3] are works in collaboration with other
authors. At the beginning of section 4 and 5 the contributions of collaborators and

my own contributions to these works are pointed out, respectively.

Notation and Conventions:
In this work natural units will be used if not stated otherwise, meaning c=h=1,
where c is the speed of light and # is the reduced Planck constant. Derivatives with

respect to spacetime coordinates x#, with Lorentz indices p = 0,1,2,3 are often

9
oxh*

Furthermore, the following acronyms will be used:

written in the form: 8M =

SM Standard Model (the Standard Model of particle physics)
BSM Beyond-the-Standard Model
EW Electroweak

EWSB  Electroweak symmetry breaking
EWPT  Electroweak phase transition

vev Vacuum expectation value
DM Dark matter
GW Gravitational wave

FOPT First-order phase transition

CMB Cosmic microwave background

BBN Big Bang nucleosynthesis

FLRW  Friedmann-Lemaitre-Robertson-Walker (metric)
BH Black hole
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PBH
QFT
QCD
QED
CPp
FCNC
BRST
LO
NLO
NNLO
NNLL
2HDM
N2HDM
2HDMS
LHC
HL-LHC
LEP
ILC
CLIC
CEPC
FCC-ee
FCC-hh
SPPC
MET
GGF
VBF
BBH
LZ

HB
PTA
LISA
WMAP

Primordial black hole

Quantum field theory

Quantum chromodynamics

Quantum electrodynamics

Charge-parity

Flavour-changing neutral currents
Becchi-Rouet—Stora—Tyutin (symmetry)

Leading order

Next-to-leading order

Next-to-next-to-leading order

Next-to-next-to-leading logarithmic

Two-Higgs-doublet model

Next-to-minimal Two-Higgs-doublet model
Two-Higgs-doublet model with additional complex scalar singlet
Large Hadron Collider

High-Luminosity Large Hadron Collider

Large Electron-Positron Collider (former collider)
International Linear Collider (proposed collider)

Compact Linear Collider (proposed collider)

Circular Electron Positron Collider (proposed collider)
Future Circular Collider in electron-positron mode (proposed collider)
Future Circular Collider in proton-proton mode (proposed collider)
Super Proton-Proton Collider (proposed collider)

Missing transverse energy

Gluon-gluon fusion

Vector boson fusion

bb-associated Higgs boson production

LUX-ZEPLIN (experiment)

HiggsBounds (public code)

Pulsar timing array

Laser Interferometer Space Antenna (planned experiment)

Wilkinson Microwave Anisotropy Probe
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2 THE EVOLUTION OF OUR UNIVERSE

2 The evolution of our Universe

Contents
21 The ACDM model . .. ... .. ... .00 ee.... 7
2.2 Chronology of our Universe ... .............. 11

In order to get an understanding of the events in the Universe important for this
work and at what stage in the evolution of the Universe they have occurred, this
section starts by explaining the ACDM model. This is the current standard model
of cosmology. After that, a timeline of the evolution of our Universe is outlined and
important events are pointed out. This section follows the descriptions in Refs. [43,
52-55].

The content of the SM model of particle physics will be introduced afterwards
in section 3.1. However, for this section it is assumed that the particle content of
our Universe is known. Furthermore this is only an introduction to get an approxi-
mate understanding of which events in the Universe were important and when they
occurred. For a detailed understanding the references mentioned above should be

consulted.

2.1 The ACDM model

The ACDM model is the currently accepted standard model of cosmology. It includes
three major components: A cosmological constant which is associated with dark
energy and denoted A, cold DM denoted CDM and ordinary matter, also referred to
as baryonic matter. These components make up the energy content of our universe,
where today dark energy comprises about 68%, DM about 26% and ordinary matter
about 5% [56]. Another fourth component, radiation, which mainly consists of
neutrinos and photons, makes up less than about 1% of the energy content of the
Universe. This is schematically shown in Figure 1.

Dark energy is a form of energy responsible for the expansion of space, which
can be observed by the recession of far away galaxies. The resulting redshift in
the spectra of galaxies was first investigated by Hubble [57] using observations from
supernovae (see Ref. [58] for an update of the original data). The expansion of
space is experimentally well confirmed, however, the exact nature of dark energy is
currently not known.

The other unknown component in the ACDM model is DM. This type of matter
has only been observed via its gravitational interaction. Interactions with ordinary
matter or electromagnetic interactions have not been observed so far, hence this

form of matter does not interact with photons and is not luminous, which is the
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ACDM

5%
Ordinary <1%
Matter Radiation

Figure 1: The energy content of our Universe today according to the ACDM model.

reason for its naming. The ACDM model assumes cold DM, meaning that it moves
at non-relativistic velocities. Observational evidence comes from galaxy rotation
curves, observations of hot gas in galactic clusters, bulk flows, structure formation,
Big Bang nucleosynthesis (BBN) and CMB measurements (see for example section
2.12.1 of Ref. [55]). DM is a main focus of this work and will be discussed more in
detail throughout this work.

Along with the components of the Universe mentioned above, the ACDM model
assumes general relativity to be the correct theory of gravity and makes use of the

cosmological principle:

Cosmological principle:

The cosmological principle states that the Universe is homogeneous and isotropic
on large scales. Homogeneity means that the Universe is the same at every point in
space and isotropy means that it looks the same in every direction. A visualisation
of this can be seen in Figure 2. This can indeed be observed as the distribution of
galactic clusters and superclusters becomes uniform on scales above 100 Mpc, which
is about a few percent of the size of the observable Universe [55]. Furthermore,
isotropy is supported by observations of the CMB by the Planck collaboration [59]
and the Wilkinson Microwave Anisotropy Probe (WMAP) [60].

The assumption of our Universe being homogeneous and isotropic leads to in-
variance under spatial translations and rotations. Such a universe can be described
by the Friedmann-Lemaitre-Robertson—Walker (FLRW) metric. One form to write

the line element is:
2

1—kr2

ds? = g datda” = —dt* +a®(1)] +72(dh? + sin?(9)de?)] (2.1)

where r, ¢ and ¢ are polar coordinates. The metric tensor is described by g, and
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2 THE EVOLUTION OF OUR UNIVERSE

Cosmological principle: homogeneity + isotropy
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Figure 2: The cosmological principle. Our Universe is homogeneous and isotropic
(left). A universe where an observer would see a preferred direction would not be
isotropic (middle) and a universe where an observer sees inhomogeneity (right).

the indices p and v run over 0,1,2,3. The scale factor a(t) describes the expan-
sion of the Universe and k describes the curvature of the spatial coordinates, with
k = +1 corresponding to a positively curved space (locally isometric to 3-spheres),
k = —1 corresponding to a negatively curves space (locally hyperbolic) and k£ =0
corresponding to a flat space. Our Universe corresponds to a remarkably flat geom-
etry (k~0) as indicated by measurements from the Planck collaboration [61] and
WMAP [60].
From the scale factor a(t) the Hubble factor can be defined as:

alt) (2.2)

alt)’

H(t)

with an overdot denoting a derivative with respect to time t: a(t) = d‘égt). As
mentioned above, the expansion of space can be observed for example through the
cosmological redshift. Because of the expansion of space, distant galaxies recede
and their light appears redshifted to a distant observer. The recession speed can
be calculated via Hubble’s law as: v ~ Hy-d, where d is the distance between the
observer and the galaxy and Hy is the value of the Hubble factor evaluated today
Hy= H(t)|t:t0.

When applying the FLRW metric to the Einstein equation one obtains the first

Friedmann equation:

. 2
0= (50) = Sn - gag 23

where G is Newton’s gravitational constant and p; are the densities of the different

forms of energy in the Universe, i.e. dark energy, DM, ordinary matter and radia-

9



2 THE EVOLUTION OF OUR UNIVERSE

tion. This equation describes the dynamics of the Universe determined by a balance

between its geometry and its content.

Assuming that volumes grow with V oc a3(t), since distances grow with d =
a(t) - x, where d is the proper distance and x the comoving distance, the total
energy density p = >, p; can be related to the Hubble factor and one obtains the

continuity equation:

p(t)+3H(t)[p(t) +p(t)] = 0, (2.4)
where the pressure is given by p(t) = —%%, with M being the mass within a

volume V. This equation is valid individually for all independent components 7 of
the total energy density p, where independent components do not decay into each
other. (One can also derive the continuity equation via application of the second
Friedmann equation as done for example in Refs. [53, 54]. However the derivation

can also be done without this. Here the description in Ref. [55] was followed.)

If one considers the energy content of the Universe as a barotropic fluid (a fluid
whose density is a function of pressure only) one can write an equation of state for

each energy component as:

Di = W5, (25)

where w; are the equation of state parameters for each energy component. Inserting
this definition into the continuity equation above and integrating gives the relation

between the energy density and the scale factor:
pi oc a~30Fwi) (2.6)

The different energy components of the Universe correspond to:

) _ -3
matter: wWmatter = 0 > Pmatter X @
e o -4
radiation:  Wradiation = 1/3 ~ Pradiation X @ (2.7)
dark energy: wp =—1 > o xa’.

This means that matter dilutes as space expands with the scale factor to the power
—3, since there are three spatial dimensions. Radiation dilutes with one more neg-
ative power since, additionally to the spacial dilution, wavelengths are redshifted.
And finally, dark energy does not dilute with the expansion of space. This corre-
sponds to a cosmological constant, it is also called a vacuum constant. A curvature

term k would dilute with a2, however, it is not listed above since this is not a
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2 THE EVOLUTION OF OUR UNIVERSE

component of the energy content of the Universe.
One more point remains to be discussed, namely the curvature of our Universe.
For the first Friedmann equation, written above, one can define a critical density

corresponding to a flat (k= 0) universe:

3H?
=—. 2.8
This is often used to define the density parameter:
Q— Zili. (2.9)
Pc

Now Q > 1 corresponds to a positively curved space (k= +1), 2 < 1 to a negatively
curved space (k= —1) and, by definition, {2 =1 corresponds to a flat space (k =0).
Hence, the density of the universe determines its geometry in an expanding space.
As mentioned, cosmological observations, in particular CMB precision measure-
ments [60, 61], have shown that our Universe today is extremely spatially flat. Hence
k=0 and 2 =1 for our Universe.
In the next subsection the evolution from the early Universe until today will be

discussed.

2.2 Chronology of our Universe

Our Universe is about 13.8 billion years old according to measurements from the
Planck collaboration [61]. Its evolution can be divided according to the dominating
energy components mentioned in the previous subsection. A schematic image of the
chronology of our Universe is shown in Figure 3. On the top axis the division into
three eras is marked. The first era from the end of inflation until about 10%years is
radiation dominated. This can be understood by looking back at Equation 2.7. The
radiation density decays with the scale factor a~#, while matter density decays with
a~3. This means that radiation dilutes faster than matter, hence there must have
been a time in the evolution of the Universe when there was more radiation than
matter. The value of the scale factor today is defined as ag = 1. Since the Universe
is always expanding, it is smaller at earlier times. The scale factor when both
components were of equal amounts can be calculated by comparing their densities
today. With a radiation density of about 9-1073% and a total matter density

of about 31% (DM and ordinary matter) this amounts to about aeq = Zadiation ~

Pmatter

2.9-10~%. The relation between time and the scale factor can be obtained from the
Friedmann equation (see for example Ref. [53] for a derivation) and gives the time

of matter-radiation equality: teq = 5- 10%years (In Figure 3, for simplicity, this was

11
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Figure 3: Chronology of the Universe, figure adapted from NASA Cosmic History
Note: events without a time stamp are not well established. They are still marked
here since they are believed to have happened and are of importance for the later
content of this work.

rounded down to only give the rough order of magnitude 10*years).

The same procedure can be followed to determine the scale factor and the time
at which matter and dark energy were of equal amounts: a5 = (%)1/3 ~0.77
(the power 1/3 comes from the matter density decaying with a3 while the density
of dark energy does not decay with with the scale factor.), which results in the

010

matter domination era lasting until about 10*”years and dark energy domination

since then until today.

On the bottom axis of the image important events in the evolution of our Universe
are marked and explained in the following. The Universe starts from a hot and dense
state. As it expands the energy density is diluted and the temperature drops, hence
time ¢ and temperature T oc a(t)~3 can be linked to the size of the Universe. But

before going through each event one important concept needs to be explained:

Thermal equilibrium and freeze-out:

To understand the thermal plasma of the early Universe and the densities of the
different particle species different evolutionary stages need to be considered, namely
when particles are relativistic, become non-relativistic and when they eventually
drop out of thermal equilibrium as the Universe expands.

In thermal equilibrium particle densities are calculated via integrating over the

Bose-Einstein (for bosons) or Fermi-Dirac (for fermions) distribution. Weighted by
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the degrees of freedom ¢ of the particle species one obtains:

g 3 1
nT) = g | v

(2.10)

with the ‘+’ sign for fermions and the ‘—’ sign for bosons. F(p) denotes the total
energy of a particle with momentum p, u denotes the chemical potential and 7' the
temperature. At energies much higher than the particle mass T > m, particles be-
have relativistic and their rest mass can be neglected compared to the temperature.
At lower energies T' < m their rest mass becomes important. The particle densities

in the relativistic and in the non-relativistic limit are then:

¢(3) 3 1, bosons, .
g TT relativistic limit (T N 0),
3 :
7, fermions,
n(T) = (2.11)
mT\3/2 _(m-p),T lativistic mit (7 > 1
9(?) € ) non-relativistic limi (T > )7

with the Riemann zeta function ((3) ~ 1.202. The chemical potential p can in
general be neglected since < T in the early Universe and for photons (which

dominate the early Universe) it is always zero.

As one can see, in the relativistic limit the particle density depends only on the
temperature, whereas in the non-relativistic limit it becomes Boltzmann suppressed
for T' < m via the exponential term. This can be interpreted as the annihilation
of particles and antiparticles. At higher energies annihilation and production of
particles and antiparticles are balanced. At low temperatures, however, the thermal
energy of the particles is not sufficient for pair production. Annihilation becomes

larger than production and the density of the particle species decreases.

This would mean that, as the temperature decreases, all particles would annihi-
late at some point and there would be no particles left today. But there are still a lot
of particles present in the Universe today. Because, luckily, our Universe expands.
When the interaction rate of particles becomes smaller than the expansion rate of
the Universe, the particles drop out of equilibrium and decouple from the thermal
bath. A relic distribution of the particles remains in the Universe. This process is
called freeze-out and is described by the Boltzmann equation. The integrated form
of the Boltzmann equation, for each particle species, can be written as:

1 d(na®) e
L) Gy, (2.12)

where the function C;[{n;}] on the right-hand side is a collision term describing
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2 THE EVOLUTION OF OUR UNIVERSE

the interactions of particle species ¢ with particle species 7 and the left-hand side
describes the dilution of particle numbers with the expansion via the scale factor
a. When considering the process of some particle species 1 interacting with another
species 2 to produce species 3 and 4 and the inverse process: 12 <+ 34 one arrives at
the form (see section 3.2.1 of Ref. [43]):

1(1(722:13) = —<UU> lanLQ - <nlnz>eq713n4] ) (2-13)

a3 nsng
with the subscript ‘eq’ denoting the equilibrium densities and (ov) the thermally
averaged cross section for the interaction between particle species 1 and 2. This

is schematically shown in Figure 4. At high temperatures the particle density fol-

relativistic non-relativistic
T T T
107% - -
o0
B 107t =
= ' relic density
2 v
1
107° - \ T
A
1
'\ equilibrium
1078 L) Ll P -
0.1 1 10 100

m/T

Figure 4: Schematic evolution of the particle density n against the ratio of mass m
over temperature T, figure taken from Ref. [43].

lows the equilibrium distribution which becomes Boltzmann suppressed for lower
temperatures (dashed line). When the interaction rate is much larger than the ex-
pansion ng(ov) > H, where H is the Hubble factor, this equilibrium distribution
is followed. However, at some point the interaction rate drops below the Hubble
factor ng(ov) < H and the comoving density Ny o nia® approaches a constant relic
density (tail of the solid line). This is how a relic density forms in the early Universe.
(A relic density can also develop via freeze-in, which describes the inverse process.
Particles that were not in thermal equilibrium are produced via a relative increase
in their interaction rate.)

This process of freeze-in will be important in understanding some of the events

in the chronology of our Universe explained below:

Chronology of our Universe (see Figure 3):
Inflation:
The first event in the evolution of our Universe marked in Figure 3 is inflation.

It is a period of exponential expansion. To be precise inflation is not experimentally
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2 THE EVOLUTION OF OUR UNIVERSE

confirmed, however, generally is accepted since there are strong indications for it to
have occurred. It solves the horizon and flatness problem (see for example Refs. [62—
64]). The horizon problem is the question why the Universe is so smooth on large
scales (larger than galaxies and clusters) even if spatially separated regions have
never been in causal contact. The flatness problem is the question why the observed
spatial curvature of the Universe is so small. Inflation solves these questions by
introducing a period of rapid expansion, where the Universe increased its size by

026, smoothing out any curvature. This rapid expansion also

a factor of about 1
means that the Universe used to be much smaller, hence regions which are very
distant today could have been in causal contact earlier, explaining the homogeneity
of the Universe. The temperature and time at which inflation happened is not
known. Usually it is placed at around the order of 1073%s to 10732s. The simplest
model of inflation assumes a scalar field, the inflaton field, to be responsible for the
exponentially accelerated expansion by slowly rolling down a nearly flat potential
hill. Inflation ends when the potential steepens and the field picks up kinetic energy.

After inflation the energy is diluted so much that the Universe is basically empty.

Reheating:

After inflation most of the energy is stored in the inflaton field. Reheating con-
verts this energy into a thermal bath of SM particles [65-67]. The Universe is then
filled with particles. As for inflation, the time and temperature of the reheating
phase are not known. The dynamics during reheating can be very rich and are im-
portant for understanding how the hot Big Bang began. Some observable relics from
this phase can be isocurvature perturbations, stochastic GWs, non-Gaussianities,
DM, dark radiation, primordial black holes (PBHs), matter-antimatter asymmetry,
and primordial magnetic fields.

[socurvature, or entropy, perturbations are the complement of adiabatic pertur-
bations. Adiabatic perturbations can be generated by starting with a homogeneous
universe and performing a common, local shift in time of all background quantities.
[socurvature perturbations, on the other hand, are defined by relative perturba-
tions between different species. An overdensity in one species can compensate for
an underdensity in another species, such that no net curvature perturbation results.
Non-Gaussianities describe the deviation of the initial perturbations from a Gaussian
probability distribution. The simplest inflationary models predict Gaussianity to be
a good approximation. Dark radiation is a postulated form of a relativistic energy
component that is not part of the known SM particles like photons and neutrinos.

It is characterised by having very weak interactions with ordinary matter.

Baryogenesis:

Another event that is believed to have happened in the early stages of the Uni-
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verse is baryogenesis (see for example Refs. [68, 69] or chapter 6 of Ref. [52]). This
is the process leading to the observed matter-antimatter asymmetry. The required
asymmetry to generate the amount of matter present in the Universe today is very
small. For about 10'0 antimatter particles there must have been one extra matter
particle. Matter and antimatter would then annihilate into photons leaving 1 matter

0'0 annihilated matter-antimatter pairs behind and thus producing the

particle per 1
observed matter-to-photon ratio. Since the details of this event are not known also

time and temperature are not defined here.

Electroweak phase transition (T ~ 100GeV, t ~ 107125):

The first event that can be linked to a temperature and time is the EW phase
transition. This event describes the breaking of the EW symmetry in the SM through
which the gauge bosons and fermions obtain their mass (more on this will be ex-
plained in the section 3.1.2). It is currently under debate whether this transition
was a first-order or second-order transition (also this will be discussed in more detail
later).

Dark matter freeze-out:
It is currently not known when DM froze-out, or if it froze-out at all as it could
also have been generated via freeze-in or be explained by PBH. If DM via freeze-out

is considered, the time of the freeze-out depends on the chosen model. A rough

estimate for the freeze-out temperature can be obtained via T ~ ml%M, where mpy

is the mass of the DM candidate (see Section 3.2.2 of Ref. [43] for a derivation).
Quantum chromodynamics phase transition (7'~ 150MeV, ¢t ~ 10765s):

The next event is the quantum chromodynamics (QCD) phase transition. This
describes the process where the quark-gluon plasma coalesces into hadrons. But
this did not happen to all the quarks. As the temperature of the Universe drops,
massive particles become non-relativistic and start to annihilate. Heavier particles
become non-relativistic earlier and annihilate first. Top quarks are the heaviest SM
particles and annihilate first (at roughly 7"~ émt ~ 30GeV). Next the SM Higgs
boson and the gauge bosons W+ and Z° annihilate, followed by bottom quarks,
charm quarks and tau leptons. Then, before strange quarks annihilated, the QCD
phase transition occurred, confining quarks and causing them to bind to hadrons
together with gluons. Heavier hadrons are non-relativistic below the temperature of
the QCD phase transition and are hence Boltzmann suppressed. The only particles
left in large numbers after the QCD phase transition are pions, electrons, muons,
neutrinos and photons. Soon after the QCD phase transition also pions and muons

annihilate.

Neutrino decoupling (7'~ 0.8MeV, t ~ 1s):
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Neutrinos are the most weakly interacting particles of the SM since they only
interact via the weak force, hence they decouple first from the thermal plasma and
freeze out while they are still relativistic due to their small mass. They travel freely

through the Universe and form the cosmic neutrino background.

Electron-position annihilation (7"~ 500KeV, ¢t ~ 6s):

As the Universe cools down further also electrons and positrons become non-
relativistic. Hence, photons do not have sufficient energy to produce pairs of them.
Annihilation of electron-position pairs into photons then dominates. Whenever a
particle species becomes non-relativistic and annihilates, its entropy is transferred
to the other relativistic species still present in the thermal plasma. Since neutrinos
already decoupled from the thermal plasma this entropy can only be transferred to

the photon bath, increasing its temperature relative to that of the neutrinos.

Big Bang nucleosynthesis (7'~ 100KeV, t ~ 3min):

BBN is the process where protons and neutrons are bound into the first atomic
nuclei. These are hydrogen and helium-4. Small amounts of deuterium, helium-3,
and lithium-7 also form. The good agreement between observed amounts of these

light elements and the predictions of the ACDM model are one of its great successes.

Recombination (T ~ 0.3eV, t ~ 3.8-10° years):

At this point the Universe has cooled down enough so that it becomes energeti-
cally favourable for electrons and protons to stay bound and form neutral hydrogen
atoms. The number of photons which are energetic enough to ionise hydrogen is very
low now and this process become suppressed. Since the Universe is now primarily
filled with neutral particles, rather than charged free electrons and protons, Thom-
son scattering becomes suppressed. Hence, at the end of recombination photons
have decoupled from the thermal bath and can stream freely between the neutral
atoms. At this point the Universe first becomes transparent. The photons emitted
right after recombination form the CMB which carries important information about
the anisotropies in the early Universe.

No information about the Universe before this epoch can be gained by observa-
tions based on photons, since Thomson scattering did not allow for photons to travel
freely. However, GWs are unaffected by this and could give information about the

early Universe even before recombination.

First stars and reionisation (7 ~ 5meV, t ~ 2-10% years):

After recombination and the emission of the CMB radiation a dark period follows.
When the first stars form, photons are emitted by these and light the Universe again.
The surrounding gas is ionised by these photons.

Later the first modern galaxies form within halos of DM.
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Today (T ~ 240 eV, t ~ 13.8-10% years):

As written above the current age of our Universe is about 13.8 billion years.
Remnants of the CMB can still be detected today. In order to extract informa-
tion about events earlier than recombination, measurements of GWs or primordial
magnetic fields can be used. But also, particle colliders today give insights on the

physics of the early universe.

Not all of the events above are part of the well established chronology. Inflation,
reheating, baryogenesis and the DM freeze-out are current areas of active research.
They are still mentioned here for completeness. In Figure 3 these events do not
have a time stamp to distinguish them from experimentally confirmed events. This
introduction should set the stage to understand the history of our Universe and the
standard model of cosmology, the ACDM model.

In the next section the SM of particle physics will be explained.
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In this section a short introduction to the SM of particle physics is given. This
will help understand the following section of the main part of this work where a
particular extension of the SM, the 2HDMS, will be investigated. This model takes
all ingredients from the SM and extends only its scalar sector. Therefore, in this
introduction there will be a special emphasis on the scalar sector of the SM. After
the introduction, the shortcomings and unresolved problems of the SM as well as

possible solutions are discussed. This section follows the descriptions in Refs. [70,
71].

3.1 The Standard Model of particle physics

The SM of particle physics successfully describes how the elementary particles (which
make up ordinary matter, corresponding to about 5% of the energy content of our
Universe, as discussed earlier) interact via the fundamental interactions. However,
the description only includes 3 of the 4 fundamental interactions, namely the electro-
magnetic, the weak and the strong interaction. The SM, however, does not include
a quantum description of the gravitational interaction. In order to describe these
interactions, the SM makes use of the framework of Quantum field theory (QFT),
which combines the principles of quantum mechanics and special relativity. The fun-
damental components of nature are described via fields which are defined at every
point in spacetime. Particles are then interpreted as quantum excitations of these
fields.

The elementary particle content of the SM is depicted in Figure 5. In the out-
ermost grey ring, the 12 fermions are depicted. Fermions have half-integer spin and
are the main building blocks of matter. For each fermion there is an antifermion
with the same mass and spin but opposite charge (electric charge and also colour

charge in the case of quarks) and additive quantum numbers. The fermions are
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Figure 5: The elementary particle content of the Standard Model of particle physics,
along with their mass m, electric charge ¢ and spin s.

divided into quarks, which carry a colour charge and take part in strong interac-
tions, and leptons. Both, quarks and leptons, take part in weak interactions. All
electrically charged particles take part in electromagnetic interactions. The leptons
are split into charged leptons, carrying -1 elementary charge, and neutral leptons,
the neutrinos. The quarks are split into up-type quarks, carrying a charge of +2/3,
and down-type quarks, carrying a charge of -1/3. All four fermion sub-types, i.e.
up-type quarks, down-type quarks, charged leptons and neutrinos, further come in
three generations, which have similar properties but different masses. The lightest
generation consists of up-quarks, down-quarks and electrons which form the main

components of atoms.

In the inner rings of the image, the bosons are depicted. Bosons have integer
spin and act as force carriers. They are divided into gauge bosons which are vector
bosons, meaning they have spin 1, and the Higgs boson which is a scalar boson,
meaning it has spin 0. Bosons without a charge are their own antiparticles (The W*-
boson comes with a charge of either +1 or -1. They are each others antiparticles).
The W and Z- bosons are the force carriers of the weak force, photons 7 are the
force carriers of the electromagnetic interaction and gluons g are the force carriers
of the strong force. The Higgs mechanism plays a special role in giving masses
to the other particles. This mechanism will be explained in more detail later. As

mentioned already, gravity is not part of the SM and currently there is no force
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carrier for it. In quantum theories of gravity, a hypothetical particle with spin 2
called graviton is proposed as a force carrier for the gravitational interaction, but it

has not been experimentally observed.

The distinction between fermions and bosons can be understood by taking the
wave function ® of a composition of particles and exchanging two particles of the

same species n with momenta p and p’ and spins o and ¢’ respectively:

(I)...pan...p’a’n... — q)...p’a’n...pan... = :l:q)...pan...p’o’n... ) (31)

where the ‘+’ sign corresponds to bosons which are symmetric under the exchange

)

of particles and the ‘—’ sign corresponds to fermions which are antisymmetric un-
der the exchange of particles and the dots represent other particles that might be
present. As can be seen, since fermions are antisymmetric under the exchange of
particles, the wave function of two particles having the same momentum p and spin
o, hence occupying the same quantum state, must vanish. This corresponds to the
Pauli exclusion principle, which states that two or more identical particles with half-
integer spin cannot simultaneously occupy the same quantum state. This does not
apply to bosons. Multiple bosons can occupy the same quantum state. Accordingly,
they follow Bose-Einstein statistics, whereas fermions follow Fermi-Dirac statistics.
(These were already mentioned in the previous section in Equation 2.10, but no ex-
planation was given at that point. In QFT, this symmetry property is implemented

at the level of field operators and leads to the same statistical behaviour.)

The Standard Model Lagrangian:

The elementary particles and their interactions in the framework of QFT can be
described mathematically by the SM Lagrangian. Here, the Lagrangian is first stated
without deeper explanation. One important thing to note is that the fundamental
interactions, namely the strong (with gluons as force carriers), weak (with W=+ and
Z-bosons as force carriers) and electromagnetic (with photons as force carriers)
can be described via symmetry groups: The strong interaction is described by the
SU(3)¢ group with colour charge C' and the EW interaction is described by the
SU(2) xU(1)y group with weak isospin T' charge and hypercharge Y. The electric
charge @) is a combination of the third component T3 of the weak isospin and of
hypercharge Y: Q = T35+ %Y. Also, the photon of the electromagnetic interaction
and the Z-boson of the weak interaction are in fact linear combinations of the neutral
gauge fields of the U(1)y x SU(2), group. After the spontaneous breaking of the EW
symmetry, the electromagnetic interaction emerges as an unbroken U(1)en group.
The process of spontaneous symmetry breaking will be explained in section 3.1.2.

The role of these symmetry groups and how a Lagrangian can be constructed from
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them will be explained in the following section 3.1.1. First the final form is presented
here and later the details behind it will be discussed.

The full form of the SM Lagrangian can be separated into four parts:
Lsm = Lym+ Lwp + Lyu+ L (32)

The Yang-Mills part Ly describes the fundamental gauge fields of the SM, namely
the fields emerging from the full SM gauge group SU(3)c x SU(2)r x U(1)y. The
Weyl-Dirac part Lywp describes the fermion fields and their gauge interactions. The
Yukawa part Ly, describes the interactions of the fermions with the Higgs field,
which give rise to their mass terms after spontaneous symmetry breaking. The
Higgs part Ly describes the Higgs field and its scalar potential. There is no mass
term for neutrinos included in the minimal SM and this is a subject of current

research.

The Yang-Mills part can be written as:

1 1 1
Lym = —iGﬁyGﬁ‘”A — Wi, W — 2 By B, (3.3)

with the field strength tensors:

Gﬁy = 0,G4 — ayGﬁ + gngBCGEGE (SU(3)¢, colour charge),
Wi, =0,W; —0,Wji— gzeachZzW,f (SU(2)r, weak isospin), (3.4)
B, = 0,8, —-0,B, (U(1)y, hypercharge),

where g9 and g3 denote the dimensionless coupling constants corresponding to the
weak and strong interaction, respectively. The indices p and v are Lorentz indices
which run over 0,1,2,3, the indices A, B and C' run over the adjoint representation
of SU(3), hence over 1,...,8 and the indices a,b and ¢ run over the adjoint repre-
sentation of SU(2), hence over 1,2,3. Gﬁ represents the eight gluon fields, fAB¢
are the structure functions of the Lie algebra of the SU(3)c group, Wi and By,

abc

represent the intermediate vector bosons and €%°¢ are the structure functions of the

Lie algebra of the SU(2)r, group.

The Weyl-Dirac part can be written in short as:
Lwp =Y fildf, (3.5)
f

describing the kinetic terms of the fermions and their interactions with the gauge
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bosons. With the covariant derivative:

a A
D, zau—iglgBﬂ—iQQWﬁ(;—iggGﬁ/\z, (3.6)
where g1 denotes the dimensionless coupling constant corresponding to the hyper-
charge gauge group and the sum above is taken over all fermion fields f. f denotes
the antifermion fields, the slash indicates contraction of vector fields with gamma
matrices ) = YuDH. Y is the generator of the U(1)y group, the Pauli matrices
o® are the generators of the SU(2)y group and the Gell-Mann matrices A4 are the
generators of the SU(3)¢ group.

The Yukawa part can be written as:
Lyy = —yuQrio”®* up — ysQrPdr — y Ly Plr + h.c., (3.7)

with the Higgs field, left-handed quark doublets and left-handed lepton doublets,

respectively:

N ~ fuL _ (v
S S

The Higgs doublet ® is an SU(2), doublet, meaning that it transforms as an SU(2)
vector or, more technically expressed, that it transforms under the fundamental rep-
resentation of SU(2). It has two complex components. The upper component ¢* is
electrically charged and the lower component ¢ is neutral. For the left-handed quark
and lepton doublets uy, denote the three up-type quark generations, dj the three
down-type quark generations, v the three neutrino generations and ej the three
charged lepton generations. ugr, dr and [ denote the right-handed lepton singlets,
again with three generations, and y,, y4 and y; are the Yukawa couplings for up-type
quarks, down-type quarks and charged leptons, respectively and h.c. denotes the
hermitian conjugate. Since neutrinos do not have mass terms in the minimal SM,

there are no right-handed neutrino singlets included in the SM Lagrangian.

The Higgs part can be written as:
Ly = (D,®) (D) +V (D), (3.9)
with the scalar potential:
V(D) = —p20Td + \(@TD)?2, (3.10)
where 12 > 0 and ) are coupling parameters with mass dimension 2 and 0, respec-
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tively, and & is the scalar doublet which gives rise to the Higgs boson.

These are the components of the SM Lagrangian. Of course, at this point one
cannot understand where it comes from, how it is constructed, how the gauge bosons
are related to the symmetry groups and what role spontaneous symmetry breaking
plays. The following subsections will give a rough description of the ideas behind

the formula above and help to understand these questions.

3.1.1 Symmetries of the Standard Model

Symmetries are an important tool in physics. The SM Lagrangian, which was given
above in Equation 3.2 and explained in the subsequent equations, obeys a few sym-
metries. A symmetry can be defined as a transformation under which physical
observables remain invariant, hence it does not change the results of possible exper-
iments. One important concept in understanding symmetries of a physical system

and their relation to conserved quantities is the Noether theorem.

Noether’s theorem(s):

Noether’s first theorem states that every continuous symmetry of the action of
a physical system leads to a corresponding conservation law [72]. A symmetry of
the action is a transformation 7 of the fields ¢ which leaves the action § invariant.
The action is defined as the integral over space and time of the Lagrangian density
function: S| = [d*zL(p,d,p). The corresponding conservation law can then be
written in form of a continuity equation with a conserved current. This statement

can be written as follows:

S[p] =S[r(p)] (7 is a symmetry of S)

(3.11)
= 3j"(z) suchthat 8,j"(z)=0 and Q:/d3xj0, dQ/dt =0,

where ¢ are differentiable fields on which the Lagrangian depends, z* are the space-
time coordinates and p=0,1,2,3 as usual. j# is the conserved current which results
from the symmetry of the action and @) is a constant of motion (or conserved charge)
which can be constructed from it.

In order to better understand this statement, consider a schematic continuous

infinitesimal transformation 7 under which the action is invariant:

€ = const. (global),
7o) = p(z) +e(x), (3.12)
e =€(x) (local),

where € is a small parameter and v is a general function. If € =const. does not

depend on the coordinates x the symmetry is a global symmetry and Nother’s first
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theorem applies. If € = €(x) does depend on the coordinates = the symmetry is
a local symmetry and Noether’s second theorem applies, which will be discussed
afterwards. The action is then invariant under 7 if the Lagrangian density £ itself
is invariant under the transformation, but also if it changes only by a divergence
term, hence if one can write the Lagrangian density of the transformed fields in the

form:

T7:L—= LA €0, T for € = const. (global),
oL
T: L= L+, T+ (Oue)ym— for e = €(x) (local). (3.13)
0(0,0)
Then the action is invariant under the transformation 7 since the integral of a
divergence term becomes a boundary term according to Gauss’s theorem. From this

the conserved current can be constructed:

oL
i —JH
" o) 614

with 8,/ =0 andQ:/d3xj0, dQ/dt =0.

In general, there can be multiple symmetries leading to multiple conserved currents.
For example, symmetry under time translation leads to the conservation of energy,
symmetry under spatial translations leads to conservation of momentum, symmetry
under spatial rotation leads to conservation of angular momentum and symmetry
under a phase shift leads to conservation of electric charge. These are global sym-

metries for which Noether’s first theorem is usually applied.

There is also Noether’s second theorem which is often used in gauge theory which
plays an important role in the SM. The second theorem applies when there is a col-
lection of infinitesimal local symmetries the action and it states that then there exist
corresponding differential relations between the Euler-Lagrange equations. The Eu-
ler-Lagrange equations describe the equations of motion of a system. They consist
of a system of partial differential equations. Their solutions are stationary points of

the action which can be obtained by the principle of least action: 8% a(gﬁo) = %'

The mathematical formulation of the theorem is somewhat involved but a good re-
view can be found in Ref. [73]. The main message from this theorem is that the
equations of motion are not all independent, and therefore some degrees of freedom
remain. Since physical observables should be uniquely determined, these degrees
of freedom are gauged, meaning that a term can be added to the fields of the the-
ory which does not influence the experimental outcome. The connection between

symmetries and group theory will be explained in the next paragraph.
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Gauge theory and Lie groups:

Gauge theory relates to Noether’s second theorem as explained above. Precisely
a gauge theory is a type of field theory where the action is invariant under local
continuous transformations. As explained above, local symmetries lead to redun-
dancy in the field description due to differential dependencies among the equations
of motion. This so called gauge freedom, allows for transformations of the fields
without affecting physical observables. The fundamental interactions, i.e. the elec-
tromagnetic, the weak and the strong interaction, are all gauge theories. Their force
carriers arise from gauge fields associated with the generators of the local symmetry

group, hence they are called gauge bosons.

The examples of symmetries which follow from Noether’s first theorem, i.e. sym-
metry under time translation, spatial translation, spatial rotation and phase shift,
which were mentioned above, are global symmetries. They lead to conserved charges.
Gauge (local) symmetries, on the other hand, reflect redundancies in the description
and describe the effect of dynamical fields (the gauge bosons) which interact locally.

These symmetries can be described by Lie groups.

A Lie group (G,-) is defined as a group on a smooth (differentiable) manifold G
such that group multiplication p: G x G — G, pu(z,y) =z -y and taking inverses
are both smooth (differentiable). The smoothness of the group operation provides

a natural model for the concept of continuous symmetries.

For every Lie group there is also an associated Lie algebra which is the tangent
space at the identity. A Lie algebra g is defined as a vector space g over a field F
together with a binary operation [-,-] : ¢ X g — ¢ called the Lie bracket, which is an
alternating bilinear map that satisfies the Jacobi identity. (Side note: The commu-
tators in quantum mechanics satisfy the same properties as the Lie bracket. Hence
the generators of a Lie algebra satisfy commutation relations.) The Lie algebra is
often a simpler object to study than the Lie group and the direct correspondence
between them allows to study a Lie group by studying its associated algebra. One
can map from the algebra to the group via the exponential operation: exp: g — G,
and the Lie group (G,-) can be generated by mapping the elements of the algebra
g onto the group (G,-). This is where the term generator comes from. A set of
generators of a Lie algebra ¢ is a subset of g such that any Lie subalgebra that
contains the set of generators must be all of g. Equivalently, the vector space g is
spanned by all iterated Lie brackets of the elements of the set of generators.

Relating this to gauge theory, the transformations between possible gauges,
called gauge transformations, form a Lie group which is also referred to as the
symmetry group or the gauge group of the theory. The corresponding Lie algebra

can then be seen as the infinitesimal transformations of fields under the respective
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symmetry group. The generators of the algebra can be mapped to generators of the
group. For each generator of the Lie algebra, there is a corresponding component
of the gauge fields, such that the gauge field is a Lie-algebra-values vector field.
After quantisation of the theory, the quantum excitations of the gauge fields, also
called quanta of the gauge fields, are associated with gauge bosons which can be
interpreted as physical particles.

If the symmetry group is non-commutative, then the gauge theory is called a
non-abelian gauge theory and the associated gauge bosons can couple to each other.
If the symmetry group is commutative, it is called abelian and the associated gauge
bosons do not couple to each other. The gauge group of the SM is the product group
SUB)exSU((2), xU(1)y.

The U(1) and U(1)y group:

The U(1) group is the group of 1 x 1 unitary matrices, with the group operation
of matrix multiplication. A unitary matrix U is an invertible complex square matrix
with U~! = UT, hence UUT = UTU =1, where 1 is the identity matrix and UT is the
conjugate transpose of U. Since a 1 x 1 matrix is just a number this group consists
of complex numbers z with zz% = 1, the elements z can also be written as z = e'®
with some phase «, hence it is also called the circle group, since the elements form
a circle on the complex plane. It is an abelian Lie group with one generator.

As a gauge group, the U(1) group describes quantum electrodynamics (QED).
The generator of the symmetry gives rise to the electromagnetic field which in turn
gives rise to the photon. Since the group is abelian photons do not interact with each
other. In general a local U(1) transformation can be written as multiplication with
a complex number of norm 1 (a phase shift) 1 (z) — ¢?*®)i(z). The Lagrangian
density for the electromagnetic field can be written as Lgy = —%FWF HY o with
F = 0,A, —0,A, and A, the electromagnetic field. This term is invariant under
a U(1) transformation. The global form of the symmetry (if & =const.) reveals that
electric charge is the conserved charge associated with a global U(1) transformation.
The local form of the symmetry (if @ = a(z)) has another interesting consequence.
In order to include fermions (for example the electron and the positron) in the
theory, their kinetic terms which include derivatives also need to be included in the
Lagrangian. However, when transforming a fermion field as v (x) — e'*®)y(z), its
derivatives with respect to x will include an extra term due to the dependence of
a on z. In order to compensate this the covariant derivative is introduced: D, =
Oy +ieA,, with deA, = Jd,a(z) and the elementary electric charge e. Now the
Lagrangian for electrons and positrons can be written as L. .+ = ¥ (iv* Dy —m)1,
with ¥ = ¢T7? and +* being the Dirac matrices and m the mass of electrons e~ and

positrons e™. This term is invariant under U(1) transformations and introduces the
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electromagnetic field, which gives rise to the photon, as a force carrier between the
fermions. (The Noether current in this case is j* = ei)y*¢, which corresponds to
the electromagnetic current.)

The U(1)y group describes the weak hypercharge interaction with the hyper-
charge Y as a conserved charge. Together with the SU(2)r, group it mixes to form
the EW interaction describing the electromagnetic interaction (via QED as described
above) and the weak interaction. The photon and the Z-boson arise from mixtures
of the intermediate vector boson fields of the U(1)y x SU(2), group. The W*-boson
arises purely from vector boson fields of the SU(2)r, group:

photon field: A, = cos(Ow)B,, —i—sin(GW)Wj,

Z-boson field: Z, = —sin(Ow)B,+ cos(HW)WS , (3.15)
1 :

W*-boson field: Wy =—(W, FiW}),

V2

where Oy is the weak mixing angle and B, and W are the intermediate vector
boson fields of the U(1)y and the SU(2)r group, respectively, from which the fields
strength tensors in Equation 3.4 were constructed. Then the covariant derivative
in Equation 3.6 can be constructed analogously to the covariant derivative of QED,
described above. This mixing of the gauge fields is due to the spontaneous breaking

of the EW symmetry which will be explained in more detail in the next subsection.

The SU(2)r, group:

The SU(2) group is the group of 2 x 2 unitary matrices with determinant 1, with
the group operation of matrix multiplication. It is a non-abelian Lie group with
three generators.

As a gauge group, the SU(2)r group describes the weak isospin interaction with
the third component T3 of the weak isospin as a conserved charge. The genera-
tors are the Pauli matrices which give rise to the weak boson fields. As mentioned
above, together with the U(1)y group it mixes to form the EW interaction. Since
the SU(2) group is a non-abelian Lie group, W= and Z-bosons can interact with
each other. The subscript L indicates that only left-handed fermions (and right
handed antifermions) take part in the weak interaction. For left-handed particles
spin and momentum are aligned in opposite directions. For right-handed particles
spin and momentum are aligned in the same direction. This preference for left-
handed fermions results in weak interactions being asymmetric under parity trans-
formations. A parity transformation is the flip in the sign of spatial coordinates,
which corresponds to the mirror image. (Since spin can be described in the form of
an angular momentum it does not change sign under a parity transformation, how-

ever momentum does change sign.) This phenomenon, that the weak interaction
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only includes left-handed fermions and hence interactions are not identical to their
mirror image, was first observed by Wu in weak interaction particle decay [74]. The
Wu experiment showed that experimentally left and right-handed processes can be
distinguished in weak interactions. This is not the case for the other fundamental
forces.

This results in left-handed fermions carrying weak isospin charge. They are

usually arranged in doublets:

Ly = (VL> , Qr= (;L) (3.16)
er L,

where v7, denote the three neutrino generations, ey, the charged lepton generations,
uy, the up-type quark generations and dj, the down-type quark generations and the
index L again indicates left-handedness. Right-handed fermions, on the other hand,
do not carry isospin charge and are written as singlets (g, ugr, dr equivalently.

As mentioned earlier, due to the mixing of the U(1)y x SU(2)r, group, isospin T3
as the conserved charge of the SU(2), group and hypercharge Y as the conserved
charge of the U(1)y group mix to generate the electric charge QQ = T3+ %Y.

The SU(3)c group:

The SU(3) group is the group of 3 x 3 unitary matrices with determinant 1, with
the group operation of matrix multiplication. It is a non-abelian Lie group with
eight generators.

As a gauge group, the SU(3)c group describes the strong interaction (QCD)
with colour charge C' as a conserved charge. The generators are the Gell-Mann
matrices which give rise to the gluon fields from which the field strength tensors in
Equation 3.4 were constructed. Since the SU(3) group is a non-abelian Lie group,
gluons can interact with each other. Fermions which carry colour charge take part
in strong interaction, i.e. the quarks.

An overview of the gauge charges of the fermion fields of the SM can be found
in Table 1.

Other symmetries of the Standard Model:

Above, the role of symmetries in the SM was discussed along with a short preview
on how to construct parts of the Lagrangian, for example the covariant derivative,
from these symmetries. A full derivation is beyond the scope of this work and
pedagogical reviews or textbooks should be consulted in this case.

For completeness it remains to state that the full SM Lagrangian is invariant
under Lorentz transformations. Lorentz transformations are a family of linear coor-

dinate transformations from one inertial frame to another which moves at a constant
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Fermion field | Spinor representation | (SU(3)c,SU(2)r,U(1)y)-charges
QL (ZL> (3725 1/6)
L
UR UR (37 1a 2/3)
dr dr (3,1,-1/3)
L. (1) (12172
€L
€eR E€R (1) 17 _1)

Table 1: The fermion fields of the Standard Model and their corresponding gauge
charges [75], where u denote the three up-type quark generations, d the three down-
type quark generations, v the three neutrino generations and e the three lepton
generations. The subindex L denotes left-handedness and R right-handedness. Bold
numbers 1, 2 and 3 denote singlets, doublets and triplets, respectively.

Symmetries of the Standard Model

Poincaré group: Gauge symmetries:
—
Lorentz group: U)y, SUQ2),, SUB),
p —~ = dY/dt=0,dT,/dt =0,
dc/dt =0
7 t =Yy(t-vx/&
* I q P =\\((((x _Vft/) ) Discrete symmetries:
* — T —> Vv CPT
t t7
translations rotations boosts ‘
- dE/dt =0 = dL/dt=0 - dM/dt=0 @
dp/dt=0 L= (xxp) M= tp-xFE

*vector quantities: x, v, p, L, M, C

Figure 6: The symmetries of the Standard Model Lagrangian.

velocity relative to the first one. They are parameterised by six parameters which
include boosts and rotations.

Lorentz transformations together with time and space translations generate the
Poincaré group. The Poincaré group describes the full symmetry of special relativity.

Another symmetry in the SM is the symmetry under C'PT transformations.
This is a discrete, and not continuous, symmetry. (Noether’s theorem does not ap-
ply here.) C' denotes charge conjugation and turns particles into antiparticles. P is
the parity transformation flipping the sign of spacial coordinates, as mentioned ear-
lier, and T is time reversal. C' and P-symmetry and the combined C'P are violated
by the weak interaction. (CP-violating terms are allowed in the SM if the quark
mixing matrix, the Cabibbo-Kobayashi-Maskawa (CKM) matrix, contains a com-

plex phase. A necessary condition for this is the existence of at least three fermion
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generations, which if fulfilled in the SM.) Only the combined C'PT transformation is
a global symmetry of the SM. It is a consequence of locality, causality and unitarity.
A schematic summary of the symmetries of the SM Lagrangian is depicted in
Figure 6.
After having discussed the symmetries of the SM and how gauge symmetries
give rise to the fundamental interactions, the next subsection will concentrate on

the scalar potential and how the EW symmetry is spontaneously broken.

3.1.2 Scalar potential and spontaneous symmetry breaking

The scalar potential, also called the Higgs potential, can be written as above in
Equation 3.10:

V(®) = - 2010+ \(@TD)?,

with the scalar field which gives rise to the Higgs boson:

(%), -

where ;2 > 0 and A are parameters and the scalar field ® is a scalar SU(2)7, dou-
blet, meaning that it has spin 0, transforms under the fundamental representation
of SU(2) and has two complex components. The upper component ¢* is charged
and the lower component ¢ is neutral. The shape of the potential is schematically

shown in Figure 7. (This is the form the potential takes at zero temperature after

M@)o

Y

&

% -
Im(¢)

Figure 7: Schematic shape of the scalar potential V' in dependence of the neutral
component ¢ of the scalar field after spontaneous breaking of the electroweak sym-
metry. The spontaneous breaking of the symmetry through choosing one particular
vacuum configuration is indicated by the large blue dots in the image, figure adapted
from Oxford Department of Physics.

electroweak symmetry breaking (EWSB). At higher temperatures thermal correc-
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2 2
tions change its shape.) The potential has degenerate minima at dTp = /2‘—)\ =5,
where v is called the vacuum expectation value (vev) of the scalar field. This leads
to the process of spontaneous symmetry breaking. (The spontaneous breaking of
the EW symmetry is also referred to as electroweak symmetry breaking (EWSB) or

electroweak phase transition (EWPT).)

Spontaneous symmetry breaking:

Spontaneous symmetry breaking refers to the process where a field acquires
a nonzero expectation value that has a directional character and thus breaks the
symmetry of the Lagrangian. This is analogous to the magnetisation of a ferro-
magnet. The ferromagnet undergoes a phase transition starting from a symmetric
non-magnetic state to a magnetic state with a preferred direction.

The spontaneous breaking of the symmetry can be understood by taking the
scalar potential above (for simplicity the upper component of the scalar field will
be set to zero here and the scalar field will be treated as a singlet with only one
component ¢) and writing the scalar field as: ¢ =v+ p, where v = \/g is the chosen
vev of the field (chosen vev meaning that without loss of generality one vacuum
configuration can be chosen from the set of degenerate minima). Inserting this

expression back into the potential gives:

V(p) = -2 o+ \(9!9)?

3.18)
p=vipu=\[hy b (
S —Mf+2u2,02+,uv8)\,03+)\p4,

4\

where, before inserting the form ¢ = v+ p, the potential was symmetric under a
U(1) transformation: ¢ — e'®¢. After inserting the form ¢ = v+ p, however, this
symmetry is not obvious anymore. Hence the symmetry is spontaneously broken.
When a global symmetry is broken spontaneously, the symmetry currents re-
main conserved and interactions still manifest in the same way as for the unbroken
symmetry. However, the vacuum state does not respect the symmetry. According
to Goldstone’s theorem such a theory contains massless particles, called Goldstone
bosons. For each generator of the symmetry which is spontaneously broken one such
massless Goldstone boson appears. So, if taking the example of a global U(1) symme-
try, which has one generator, and breaking the symmetry spontaneously, then there
must be one massless Goldstone boson. For the SU(2), which has three generators,
consequently three massless Goldstone bosons are generated by the spontaneous

breaking of the symmetry.

The Higgs mechanism:

The discussion above is true for a global symmetry that is broken spontaneously.
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For local symmetries, like the gauge symmetries, that are broken spontaneously it
gets a little more complicated. Furthermore, in the SM the Higgs field is a scalar
field coupled to both the U(1)y and SU(2)y, fields via the covariant derivative in
Equation 3.6. It does not couple to the SU(3)¢ fields, hence the last term of the
covariant derivative can be dropped and one obtains:

Y a0
D#®I au—ZglgBM—ZQQWM? q), (319)

with the U(1)y and SU(2)r, coupling constants g; and g2 and the Pauli matrices
o with a =1,2,3 as the generators of the SU(2)y, group. The generator Y of the
U(1)y group acts on a field ® by multiplication with the hypercharge which is 1 for
the Higgs field, hence it can be set to 1. Before going through the Higgs mechanism
for the combination of the U(1)y and SU(2)r gauge groups there are a few points

to note:

o Massive bosons: Spontaneously broken gauge theories lead to nonzero mass
terms for the gauge bosons. The interactions of these massive gauge bosons are

constrained by the underlying gauge symmetry with observable consequences.

o Goldstone bosons: As mentioned above, in theories with spontaneously broken
global symmetries massless Goldstone bosons arise. In spontaneously broken
gauge theories the involvement of Goldstone bosons is necessary in order for
the gauge bosons to acquire their mass. However, the Goldstone bosons can
be formally eliminated from the theory but do not disappear completely. They
form the longitudinal polarisation state, that the corresponding gauge bosons
obtained when acquiring a mass term. It is often said that the gauge bosons
acquired this extra degree of freedom by ‘eating’ the Goldstone boson. The
influence of the Goldstone boson then still manifests via the Goldstone boson
equivalence theorem, which sates that at high energies the amplitude for emis-
sion or absorption of a longitudinally polarised gauge boson becomes equal
to the amplitude for emission or absorption of the Goldstone boson that was

eaten.

o Direction of the vacuum expectation value: For a non-abelian example of the
Higgs mechanism, consider the scalar field coupled only to the SU(2) gauge
fields. If the scalar field, which also is a vector of SU(2), acquires a vev, one
can choose (by rotations according to the generators, the Pauli matrices) the
coordinates so that this vector points in a particular direction in internal space.
Hence, the vev destroys the symmetry of rotation about two of the axes, but

it preserves the symmetry of rotation about the third axis. Then only two of
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the three generators acquire mass terms. The third one remains unbroken and

massless.

o Interesting fact on superconductivity: A purely abelian example of the Higgs
mechanism is the Meissner effect. It describes the exclusion of macroscopic
magnetic fields from a superconductor. When breaking the abelian U(1) sym-
metry spontaneously, the gauge field acquires a nonzero mass term m4. This
is what happens in a superconductor. External electromagnetic fields then

penetrate the superconductor only to the depth mzl.

Now consider a simultaneous U(1)y and SU(2); gauge transformation of the

scalar field and the following vev configuration for the scalar field:

d eiaaaa/QeiY/Q@ :

3.20
@)= (0) , -

where again Y =1 for the Higgs field. The gauge transformation can be chosen such
that a! =a? =0and o =Y. This configuration leaves the vacuum configuration (®)
invariant. (This choice can be made since there is some freedom of rotations as in the
example for the non-abelian case of the Higgs mechanism above.) This configuration
of the gauge transformation will result in one massless gauge boson and three massive
gauge bosons which acquire their masses through the Higgs mechanism.

The mass terms of the gauge bosons can be calculated via the kinetic term of the
scalar field in Equation 3.9, which includes the covariant derivative, and evaluating
the scalar field at the vev:

Ly, xinlo—(@) = (Du®) (D"®)|g (a)

1 1 o 1, uad® (0
AL=3 (0 v) (9123p+92WH2> (9123 +eWH o . (3:21)

_11}2

=5 [BW) WD)+ (=92Wi+1B,)7),

I

where AL includes only the terms relevant for the calculation of the mass terms and
Y was set to 1. From the fields B, and W, with a =1,2,3, now the photon, the Z
and the W*-boson can be constructed as in Equation 3.15 with cos(fy) = —~2

V9i+gs

and sin(fy) = ﬁ. The masses of the gauge bosons are:

v v
my =0, mZ:\/g%—l—g%§, mwi:ggg, (3.22)
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for the photon ~, the Z-boson and the W¥-boson, respectively. The derivation
along with more details can be found for example in chapter 20 of Ref. [71]. As
one can see, because of the breaking of the symmetry in three directions the Z and
W#*-boson obtained mass terms. However, the photon does not obtain a mass term.
The SU(2)p x U(1)y-symmetry was broken to a U(1)ep. This residual symmetry
is the reason why the combination ) = T3+ % is unbroken and the photon remains
massless.

The masses my of the fermions arise from the Yukawa interactions in Equa-
tion 3.7 and also depend on the vev of the scalar field: my = %, where yy is the
Yukawa coupling constant of the corresponding fermion.

There is one more symmetry to be mentioned, the custodial symmetry. In general
a custodial symmetry is a symmetry which remains unbroken after spontaneous
symmetry breaking and can prevent higher-order radiative corrections from spoiling
certain properties of the theory. In the case of the SM the custodial symmetry is a
residual global SU(2) symmetry. The scalar potential has a global symmetry under
SU(2)SU(2) g transformations. (This is a symmetry of the scalar potential, not of
the entire SM Lagrangian. For example gauge interactions and Yukawa couplings
do not respect this symmetry, which makes it an approximate symmetry of the
SM.) This symmetry is also spontaneously broken by the vev of the Higgs field to
the diagonal subgroup SU(2)y, which protects the following tree-level mass relation

from higher-order radiative corrections: p= e y = 1. Experimentally p is very

close to 1, which indicates that the custodial symmetry is nearly preserved. New
physics is constrained by the requirement of preserving of the custodial symmetry
which affects EW precision tests.

The Higgs boson, corresponding to the physical excitation of the neutral real
component of the scalar SU(2) doublet was discovered in 2012, about 50 years after
its prediction by Higgs [6]. Its mass was measured to be about 125GeV [4, 5]. The

vev is related to the Fermi constant Gp via v = ﬂ%’ which in turn is related to
F

2
the mass of the W*-boson: YE = 9% The Fermi constant gives the strength of
the weak interactions at low energies (much lower than my+). It can be measured
experimentally from muon decay. The value of v calculated from this results to

about 246 GeV.

3.1.3 Methods in quantum field theory

In order to calculate physical observables the Lagrangian in Equation 3.2 must be
quantised. Here the path integral formalism will be followed. This method is man-

ifestly Lorentz-invariant. The path integral formalism captures all possible paths
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connecting two points by taking the sum over all possible classical field configurations
weighted by the exponential of the classical action S = [d4xzL. This is described by

the generating functional:
Z[J] = / D (Ssut[ A"z ()6 () (3.23)

where Sgyp = [d*zLgy is the SM action and J(x) is an auxiliary field that captures
external sources. ¢ is used here as a short notation to collect all dynamical fields,
i.e. scalar, vector and fermion fields. The generating functional Z[.J] is a functional

integral, where D¢ and encodes all possible configurations of the fields ¢.

Correlation functions, also called Green functions, then, can be computed by
taking functional derivatives of Z[J]. Before doing this, the gauge needs to be fixed.
However, this will be described below, while here, first the general relations between
correlation functions and scattering amplitudes will be described. So, assuming that
the gauge was fixed already, one can go on to calculating the Green function. The

Green function for the correlation between n points can be written as:

Gn(21,...,2n) = (0|TP(x1) ... p(24,)|0)
1 " Z[J]

(3.24)
FT =0 T 6T o

where T is the time ordering operator. The functional derivative %(x) obeys the
axiom: %J(y) =W (x—y) or %(x)fd‘lyJ(y)qﬁ(y) = ¢(x). The n-point function
(0|T¢(z1)...¢0(xy)|0) corresponds to the sum of all full contractions. This can be
obtained using Wick’s theorem. For example .ghe contraction of two fields is defined
Doe'® ¢p(x1)p 4y, - —ik-(x1—x3) .
as: (0[T6(21)0(w2)|0) = Dp(ay — ) = LPXp R _ podlipac 280 sohich
is the form of a Feynman propagator. In the last step a Fourier expansion with

momentum k has been done and ie is a convergence factor (see chapter 9 of Ref. [71]
for a full derivation). From the correlation function, the Feynman rules can be

derived, which provide a more intuitive understanding of scattering amplitudes.

The scattering amplitude can then be related to the Green function via the

Lehmann-Symanzik-Zimmermann (LSZ) reduction formula:

(fIS]i) = dp +i(2m)ts™ (pf —pi) My

- (3.25)
= (2m) "6 (py —p) G (p1, - D)l p2—m? 5

where 4 denotes the initial and f the final state with momenta p; and py, respec-
tively, S = 1 +:¢T is the scattering matrix describing the probability to go from an

initial state to a final state, with 1 the identity matrix and 7T the transition matrix
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accounting for interactions between the states. My; is the scattering amplitude
and G is the truncated Green function in momentum space (truncated meaning
that external legs are removed). The relation of the scattering amplitude M and the
cross section o of a scattering process can be written as: o= [ dH%|/\/l MQ, where F'
is a flux factor describing incoming particles and dII is the Lorentz invariant phase

space for outgoing particles.

Gauge-fixing:

As mentioned above, the gauge still needs to be fixed. This is necessary since,
because of gauge invariance, the functional integral [D¢ in the expression for Z[J],
above, redundantly integrates over a continuous infinity of physically equivalent field
configurations. In order to isolate the interesting part of the functional integral,
which counts each physical configuration only once, the gauge needs to be fixed.
This can be done with the Faddeev-Popov method [76], where a representation of 1
is inserted into the integral in Equation 3.23:

1= / Da(x)é(G(gzﬁa))det((SG;ja) ), (3.26)

where ¢® denotes the gauge-transformed field and « is the parameter of the gauge
transformation. For example, in the case of QED: ¢ = A, where A denotes the
electromagnetic field and the gauge transformed field can be written in the form:
Af(z) = Ap(z) + 10,0(x) (this comes from the definition deA,, = d,o(x) which was
used in constructing the covariant derivative for the U(1) gauge group, discussed

above).

Now the condition G(¢) =0 is the gauge fixing condition. This condition is
adhered to by the delta function 6(G(¢)) above. This delta function constrains the
functional integral to cover only the configurations with G(¢) = 0. For the example
of QED, the Lorentz gauge would correspond to the choice G(A) = d,A*. This
condition is Lorentz invariant. For the example of a spontaneously broken gauge
theory, the gauge fixing function can be chosen such that mixing with the massless
Goldstone boson is eliminated. For example, in the R¢-gauge for the Z-boson:
GZ] = 0, 2" +&,myGY, where €4 is the gauge fixing parameter, my the mass of
the Z-boson and G is the neutral Goldstone boson. This gauge is commonly used
in perturbative calculations. One can also choose the unitary gauge. In this gauge
the Goldstone degrees of freedom are set to zero to disappear from the theory and
are ‘eaten’ by the massive gauge bosons, as was mentioned earlier in the description

of the Higgs mechanism.
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This can be now inserted into the functional integral, giving:
Z[J] = /D¢ei(SSM+fd4$J($)¢($))

= det(“E2)) [ Da [ DoeitSa [ HIDHD5 G 4)).

(3.27)

The integral is now restricted by the delta function to cover only physically inequiva-
lent field configurations. For perturbative computations, however, a Gaussian repre-
sentation is more suitable than the delta function form: 6(G(¢)) — e % fd%[G(x)F,
where ¢ is a gauge fixing parameter. The choice of the gauge fixing function G(¢)

can now be inserted.

Another note on gauge fixing needs to be made. Gauge fixing introduces the

Faddeev-Popov determinant. Using the identity this can be written as:

det(éG((ba)) = / DeDeet [ d'we5e (3.28)
Yel
where ¢ and ¢ are Grassmann-valued (anticommuting) scalars. They are auxil-
iary fields whose quantum excitations have the wrong relation between spin and
statistics to be considered physical particles. They are Lorentz scalars but obey
Fermi-Dirac statistics and only contribute through loop diagrams. Hence they are
called Faddeev-Popov ghosts. Their excitations can be treated as additional parti-
cles in the computation of Feynman diagrams. One can write a Lagrangian Lyt for
the ghosts and a Lagrangian Lqp for the gauge fixing part and add them to the SM
Lagrangian. The ghost part would look like Lgpost = Ea(—(‘?“DZb)cb. And the gauge
fixing part for the abelian example of QED would look like LGF, abelian = —2%(8“14“)2
and equivalently for the a non-abelian multiplet LgF, non-abelian = —%(&‘AZ)Q. The

full effective Lagrangian then is:
L& = Lsn + Lar + Lahost - (3.29)

The action of this Lagrangian is invariant under a global fermionic transformation
called Becchi-Rouet—Stora—Tyutin (BRST) symmetry [77], which is a transforma-
tion of the fields adding an anticommuting parameter. According to Noether’s theo-
rem this implies the existence of a conserved charge, which is described by the BRST
operator Q. The BRST operator is nilpotent (Q? = 0) and divides the eigenstates
of the Hamiltonian into three subspaces which correspond to: 1. forward-polarised
gauge bosons and antighosts, 2. ghosts and backward-polarised gauge bosons and 3.
transverse-polarised gauge bosons. This way the BRST operator separates ghosts

and unphysical polarisation modes, which belong to the first two subspaces, from
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physical transversely-polarised gauge bosons (see chapter 16 of Ref. [71] for a more

in-depth explanation).

Renormalisation:

In perturbative QFT, loop diagrams typically lead to divergent integrals. These
divergences can be fixed in two steps. First, the theory is regularised making diver-
gent expressions well-defined. Then, the theory is renormalised by redefining bare

parameters in terms of finite renormalised quantities.

There are different ways to regularise a theory. One of the usual choices is the so-
called cutoff regularisation where a cutoff scale A is introduced in the upper bound of
momentum integrals. Another usual choice is dimensional regularisation where the
dimension d of the integrals is first left as a free parameter d = 4 — 2¢. Divergences
then appear as poles in 1/e. A renormalisation scale p then needs to be introduced

in order to assure the correct mass dimension of the integral.

After regularisation, which is a purely mathematical procedure to control di-
vergences, renormalisation redefines the parameters of the Lagrangian through the
introduction of counterterms. This removes infinities form the theory and main-
tains its physical meaning. For a coupling g and a field ¢ the bare quantities, with

subindex 0, can be related to the renormalised quantities, with subindex R, as:

90 = Zg(1)gr ~ (1+0Z4(1))9r

1/2

. (3.30)
$o=Zy "(1)pr=>=(1+ §5Z¢(M))¢>R,

where the second equalities are only valid to first perturbation order and Z; and Z
are renormalisation constants. The terms 67, and §Z; are called counterterms with
it as the renormalisation scale. The Lagrangian can then be rewritten in terms of

the renormalised quantities and the counterterms:

L(p0,90) = L($R,9r) + LcT(PR:9R,0Z,02) - (3.31)

The bare terms and the counterterms are infinite, however, the cancellations of these
infinities gives the finite renormalised parameters calles subtraction. Again, there
are different options of subtraction. One usual choice is the minimal subtraction
(MS) scheme where the counter terms are defined such that they cancel divergent
poles of the theory but preserve the finite parts. This scheme is mass-independent
but a matching must be applied when comparing physical quantities at different
energy scales. A similar subtraction scheme is the modified minimal subtraction
(MS) scheme. In this scheme the divergent poles plus finite constant parts, like

the Euler-Mascheroni constant yg and terms of In(4m) which usually arise along
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with the divergent poles, are absorbed. Another usual choice is the On-shell scheme

where the renormalised masses are equal to the physical masses of the particles. In

this scheme the propagator has a pole at this mass.

3.2 Shortcomings of the Standard Model

The SM of particle physics is experimentally very well explored. Despite its success,

however, there are several shortcomings and phenomena which it does not address:

40

o Gravity: As already mentioned, a quantum description of gravity, one of the

four fundamental forces, is not included in the SM. The SM is considered to
be incompatible with general relativity, as its inclusion in the QFT framework

is non-renormalisable.

Theories which could combine QFT and general relativity are theories of quan-

tum gravity, such as for example string theories.

Neutrino masses: Currently the SM does not include mass terms for neutrinos,
however observations of neutrino oscillations indicate that at least two of the
three neutrino generations do have mass. In theory, neutrino mass terms can
be added to the SM, however, it is currently not clear how these mass terms
arise in nature or whether they arise in the same way as for other fundamental
particles of the SM.

One possible inclusion of neutrino masses in BSM theories is as Majorana
particles. Unlike Dirac fermions, like the other SM fermions, a Majorana
fermion is its own antiparticle. This is a possibility for neutrinos since they
do not carry electric charge or colour charge. With the seesaw mechanism and
the inclusion of very massive right-handed neutrinos it is possible to explain
why the masses of left-handed neutrinos are so small compared to other SM

fermions.

Baryon asymmetry: The asymmetry between baryons and antibaryons in the
Universe is about: ns = % ~6-10719 where np is the number of baryons,
n g the number of antibaryons and s is the entropy density. In the SM however,
due to C'PT-symmetry, baryons and antibaryons are always produced and
annihilated in equal amounts. Thus a mechanism is needed to explain the
observed asymmetry between baryons and antibaryons. This mechanism is
called baryogenesis, as mentioned in the first section of this work. There
are three necessary conditions, called the Sakharov conditions, for sufficient
baryogenesis: baryon number violation, C- and C' P-symmetry violation and

departure from thermal equilibrium [78].
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These conditions are present in the SM, however, not of sufficient amount to
generate the observed asymmetry. One popular realisation of baryogenesis is
via the EW phase transition, called EW bayogenesis (see for example Refs. [79—
81]). This requires a strong first-order EW phase transition. In the SM the
EW phase transition via the process of spontaneous symmetry breaking is
a smooth cross-over rather than a first-order transition. Extensions of the
scalar sector can modify the scalar potential in such a way that the transition
becomes first-order. Such a transition proceeds via the formation of bubbles of
the new broken phase, where the speed of the expanding bubble walls impacts
the out-of-equilibrium conditions. Baryons are then created in the vicinity
of the expanding bubble walls in three steps [82]: First, particles from the
surrounding plasma (in the old symmetric phase) scatter with the bubble
walls. If the theory contains C'P violation, this scattering can generate C'P
(and C') asymmetries in particle number densities outside the bubble. Then,
these asymmetries diffuse into the old symmetric phase outside the bubble,
where EW sphaleron transitions lead to the production of more baryons than
antibaryons. Finally, a part of the net baryon charge created outside the
bubble becomes enclosed by the expanding bubble wall and is transferred into
the new broken phase. The rate of sphaleron transitions is strongly suppressed

in the new phase, hence the created baryons are not washed out.

(Sphalerons are unstable field configurations of the EW field equations that
exist at high energies. They can be seen as a saddle point between two minima
of the EW potential. Since they appear at high energies they play a role in non-
perturbative effects and can lead to baryon number violation. Baryon number
conservation is an accidental symmetry in the SM which can be violated in

non-perturbative effects.)

Dark matter: There is no explanation for the observed amount of DM in
the SM. According to the ACDM model, DM must be cold (non-relativistic),
non-baryonic and interacting very weakly with baryonic matter. Also self-
interactions of DM are assumed to be weak. The main interaction is gravita-

tionaly.

Measurements of the luminosity of stars indicate that the amount of known
ordinary matter is about 5% of the total energy content of the Universe, as
mentioned in the first section. However observations from galaxy rotation
curves, bulk flows, hot gas in galactic clusters, structure formation, and CMB
observations indicate that there must be more matter present in the universe

than this 5%. The aforementioned observations indicate that DM must com-
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prise about 26% of the energy density of our Universe. BBN poses stringent
bounds on the amount of baryonic matter. This suggests that most DM must

be non-baryonic. (See Ref. [55] for more details.)

Some proposed candidates for DM are: weakly interacting massive particles
(WIMPs) which are predicted in many supersymmetric theories and theories
with extended scalar sectors, axions which were originally introduced to solve
the strong CP problem, PBHs and sterile neutrinos. A good overview can be

found for example in Ref. [83].

strong CP problem: The strong CP problem is a fine-tuning problem concern-
ing the question why QCD preserves C' P-symmetry. QCD, in theory, allows for
C'P violation (which is also present in weak interactions as discussed earlier).
However, measurements of the neutron electric dipole moment have shown
that the C'P-violating angle 6 of QCD is very small (§ < 10710) [84]. This

smallness of the C' P-violating angle is a fine tuning problem.

There are several proposed solutions. A popular solution is the Peccei-Quinn
mechanism which predicts the existence of a pseudo-Goldstone boson called
axion which dynamically sets the C'P-violating angle to 0 [85]. Axions are also

a popular candidate for DM.

Hierarchy problem: The hierarchy problem is another fine-tuning problem con-
cerning the question why the weak force with the Fermi constant is much
stronger than gravity with the Newtonian constant of gravitation. This can
be translated to the question why the mass of the Higgs boson is much lighter
than the Planck mass. When treating the SM as an effective field theory of
a more complete description (for example including gravity), the mass of the
Higgs boson would receive quantum corrections from loop diagrams involv-
ing all particles that couple to it. Since there is no symmetry protecting the
mass of the Higgs boson from such large corrections, these quantum correc-
tions would make the mass very large, unless there is a fine-tuned cancellation

between these corrections and the bare mass.

There are several proposed solutions to this fine-tuning problem, for example
supersymmetry, composite Higgs models or the inclusion of extra dimensions

which lower the energy cut-off scale.

Cosmological constant problem: The cosmological constant problem is another
fine-tuning problem concerning the large discrepancy between the observed
small value of the cosmological constant and the much larger zero-point energy
theoretical prediction by QFT.
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There are several proposed solutions, for example modifications of gravity or

arguments based on the anthropic principle.

The three fine-tuning problems mentioned above, the strong CP problem, the
hierarchy problem and the cosmological constant problem, relate to the con-
cept of naturalness. This is the requirement that the parameters of a theory

should be of a similar order of magnitude.

3.2.1 Extended scalar sectors and first-order phase transitions

Some of the problems mentioned above, for example the explanation of DM or the
baryon asymmetry, can be addressed with extended scalar sectors. In these theories
additional scalar fields are added to the scalar potential in Equation 3.17. One
example is the Two-Higgs-doublet model (2HDM) where an additional scalar SU(2)
doublet is added to the SM, or its further extensions with not only a scalar doublet
but also an additional scalar singlet. In case of a real singlet the model is called Next-
to-minimal Two-Higgs-doublet model (N2HDM) and in case of a complex singlet
the model is called 2HDMS. The 2HDMS will be investigated further in section 4.
The particle content of the scalar sector in this model is schematically shown in
Figure 8. On the left, the SM doublet which gives rise to the SM-like Higgs boson

éQ?t
AoF 8 4
] = (3 ) co

Figure 8: The particle content of the scalar sector in the SM (left) and in the 2HDMS
extension (right). The SM contains one complex scalar doublet. The 2HDMS con-

tains two complex scalar doublets and one complex scalar singlet, figure adapted
from Ref. [86].

is depicted. On the right, the 2HDMS which contains two doublets and one singlet
and gives rise to seven scalar particles is depicted. (Each component is complex and
in both cases three degrees of freedom become part of the massive W= and Z-boson
via spontaneous symmetry breaking, as explained earlier.) This model provides a
natural candidate for DM, when imposing certain symmetries, and also modifies the
scalar potential such that the EW phase transition can be of first-order for parts

of the parameter space. Furthermore, in the recent past there have been several
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anomalies (also commonly called excesses) observed in collider experiments which
can be explained in this model. An introduction to the model and the investigation
of its phenomenological consequences will be provided in section 4.

As mentioned above, FOPTs proceed via the formation of bubbles. The speed
of the expanding bubble walls is of importance for the out-of-equilibrium conditions
in baryogenesis. The speed of bubble walls from FOPTs is the second main topic of
this work treated in section 5, where there will be a special emphasis on transitions
with symmetry restoration instead of symmetry breaking. In Figure 9 the difference
between a second-order (or smooth cross-over) and a first-order EWPT is shown

schematically. A FOPT is characterised by a discontinuous change in the relevant

second-order first-order
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Figure 9: Schematic difference between a second-order and first-order electroweak
phase transition. Left-hand side: Second-order transition. Shown is the continuous
change of the vacuum expectation value (¢) against temperature 7" and the scalar
potential V' against the scalar field value ¢ for different temperatures T'. Right-hand
side: First order transition. Shown are the same quantities as for the second-order
case.

quantity (or order parameter). For the EWPT via spontaneous symmetry breaking,
the relevant quantity is the vev which changes as the Universe cools down. Such
a discontinuous change can happen when the scalar potential is modified in such a
way that there is a potential barrier between the old symmetric vacuum and the new
broken vacuum phase. This is depicted in the middle image, where on the left side
of the vertical axis the smooth transition, as in the SM, is shown and on the right
side of the vertical axis a small potential barrier can be seen. Thermal corrections
modify the potential at higher temperatures such that at high temperatures the
minimum of the potential is at ¢ = 0. At the critical temperature T, the potential
is modified in such a way that there are two degenerate minima separated by a
potential barrier. Below the critical temperature the new minimum at ¢ = v becomes
favoured. As a result the field needs to tunnel through this potential barrier and
changes its value discontinuously as shown in the right-most image. The left-most
image shows the case for a second-order transition where the vev of the field changes
smoothly. In many BSM scenarios the case of a FOPT is realised. In the 2HDMS
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both, the first-order and the second-order scenario, can be realised, depending on
the chosen parameters of the model. More information on FOPTs will be introduced

in section b.

3.3 Detection strategies

Since this work primarily studies phenomenology, a few detection strategies relevant
for this work will be explained briefly in this section. A good overview of DM

searches can be found in Ref. [87].

Dark matter relic density:
The DM relic density is a measure for the amount of DM particles found in the
Universe today. To avoid the uncertainty of the Hubble rate it is usually given as

Qh2, where h is the normalised Hubble expansion rate today (Hg = h- 15018[1;?) [88]:

. mDM/GeV

QOh?
10.57

Yy -2.889- 107, (3.32)
where mpy; is the DM mass, 10.57 is the critical density in [GeV/m3] for H =
100322 and 2.889- 107 is the entropy density today in [m™3]. (H = = VEp is

S MPC planck

the Hubble expansion rate, which depends on the current matter density p.)
The DM abundance today Yy (number of particles divided by entropy density s)

can be calculated by solving the equation:

o) Yoy (TP), (333)
where the subscript eq denotes taking the abundance Y in thermal equilibrium, 7" is
the temperature and (o) is the thermally averaged cross section of DM annihilating
into SM particles.

Equation 3.33 can be solved numerically using the Runge-Kutta methods. With
the assumptions as in Ref. [88] the freeze-out approximation for Yy can be written

as:

1 1 sp M kmck(av)
. S / (g planck\TV) 3.34
Yo 25-Ye(sy) Jso O 2mp (3:34)

where the subscript f denotes the freeze-out value and the subscript 0 the present
day value. This solution has an accuracy of ~ 2%.

The term depending on the parameters of the considered model is the thermally
averaged cross section (ov). As can be seen from Equation 3.32 and Equation 3.33
the relic density depends on <le;> (ov) in turn depends on ¢ which is the total cross

section for annihilation of a pair of DM particles. (See Equation (2.2) of Ref. [89]

45



3 THE CURRENT STATE OF PARTICLE PHYSICS

for the full expression.)

Experimentally, the DM relic density can be measured from observations of CMB
anisotropies. It was first measured by the WMAP collaboration [60] and later by
the Planck collaboration [61]. The DM relic density measured by the more advanced

Planck experiment is:
Qh? = 0.120+0.001.

Any model that predicts a higher amount of DM is excluded within the standard
cosmological history according to this measurement. A model that predicts a lower
amount of DM would be allowed. In that case the lack of predicted DM must be

explained by another source of DM.

Dark matter direct detection:

When a DM particle comes close to a nucleon, it can scatter off elastically via
effective couplings to quarks and gluons. In the 2HDMS, which is the model focused
on in this work, this scattering is mediated by a scalar Higgs particle.

As in ref. [90, Equation (75)] the total cross section for scattering on protons

and neutrons can be written as:
 Apk ASI|2 4 31 4SD2 335
UN—TT(’N|+|N|)7 (3.35)

where ST and SD stand for spin-independent and spin dependent amplitudes A and

_ _MDMMN
KN mpM+my

mpy is the DM mass. In this work, the considered DM candidate has spin 0, hence

is the reduced mass for protons (/N = p) and neutrons (N =n) and

the spin dependent amplitude is zero and only the spin-independent amplitude A7

needs to be considered:
|A]‘S<7I|2 = 64(/\NmDMmN)2 y (3.36)

where the coefficient Ay depends on the trilinear couplings of two DM particles to
one scalar Higgs particle and on the trilinear coupling of that scalar Higgs particle
to two quarks.

One can also consider the rescaled indirect detection cross section. In this case
the cross section is multiplied with the ratio of the predicted DM relic density over
the measured DM relic density. This way, underabundance of DM can be accounted
for. For this work the rescaled cross section will be considered.

Experimentally, the spin-independent DM direct detection cross section can be

measured for example with liquid xenon time projection chambers, like the LUX-
ZEPLIN (LZ), XENON and PANDAX experiments. These are chambers filled with
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large amounts of liquid xenon where the recoil of xenon nuclei from collisions with
DM particles can be measured. Currently the strongest constraints come from the

LZ experiment [91], hence these results will be used in this work.

Dark matter indirect detection:

The indirect detection of DM relies on detecting remnant photons from the
annihilation of two DM particles. Hence, it depends on the thermally averaged cross
section (ov). If interactions are stronger and more DM annihilates, stronger direct
detection signals can be observed. This means that the relic density goes down as,
after annihilation, less DM is left in the Universe. As for the direct detection cross
section, one can consider the rescaled cross section. In the case of indirect detection,
the cross section is multiplied with the square of the ratio of the predicted DM relic
density the over measured DM relic density. For this work the rescaled cross section
will be considered.

The particles produced from the DM annihilation then decay further into SM
particles and photons which can be detected by experiments.

Experimentally, the DM indirect detection cross section can be measured for
example by satellite-based instruments like Fermi-LAT which detects low-energy
gamma-rays (~ 20Mev —300GeV). For TeV-range gamma-ray detection, atmo-
spheric Cherenkov telescopes can be used, like the MAGIC, HESS and VERITAS
telescope. They can specifically look in the direction of objects where a large amount
of DM is expected. In the keV-range, X-ray satellites can be used, like XMM- New-
ton and Chandra. For DM annihilations into neutrinos, large neutrino detectors
like Ice Cube, ANTARES or Super- Kamiokande can be used. However, these ex-
periments are not of relevance for the DM candidate considered in this work. The

relevant range for this work is covered by the Fermi-LAT experiment [92, 93].

Dark matter production and detection at colliders:

As DM interacts very weakly with baryonic matter and since detector materials
are made from baryonic matter, DM will only show up as missing transverse en-
ergy (MET). Only the by-products of the relevant process can be detected. Which
channels are of interest depends on the chosen model.

In this work mainly lepton colliders (electron-positron colliders like the proposed
ILC, CLIC, CEPC and FCC-ee and the proposed muon collider), will be considered.
The production of DM via the collision of a lepton and antilepton depends again on
the chosen model.

The relevant production channels, as well as interesting detection channels, for

the 2HDMS will be discussed in the next section after introducing the model.

The detection strategies for DM are wrapped up in Figure 10. Since, so far,

47



3 THE CURRENT STATE OF PARTICLE PHYSICS

annihilation
(indirect detection)

—— >
DM\%SM
DM SM

<—

production
(colliders)

(woryoe30p 30011p)
Surrs)yeds

Figure 10: The detection strategies for dark matter. Annihilation of dark matter
(DM) into Standard Model particles (SM) can be detected via indirect detection
experiments, scattering of dark matter on Standard Model particles can be detected
via direct detection experiments and the production of dark matter from Standard
Model particles can be achieved in colliders.

no significant signal for the detection of DM has been observed, the experiments

mentioned above only provide bounds on the model parameter space.

Gravitational waves:

As mentioned earlier, the second main topic of this work is the velocity of ex-
panding bubble walls from FOPTs. Observable imprints of FOPTs are for example
GWs. These can be produced via the collision of bubbles and via hydrodynamic
turbulence. Good reviews can be found in Refs. [94-97].

The dynamics of bubble walls generate tensor perturbations which can be mea-
sured as GWs. However, most of the released energy is transferred to the surrounding
plasma affecting its hydrodynamics. Hence hydrodynamical processes are the dom-
inant sources of GWs from FOPTs. The frequencies of the GWs are set by the size
of the bubble and the transition temperature.

Experimentally, GWs from FOPTs can be detected with interferometers such as
the planned Laser Interferometer Space Antenna (LISA) [98], which could measure
GWs directly by using laser interferometry. LISA would be the first space-based
interferometer of this kind. But also already existing experiments such as pulsar
timing array (PTA) experiments, like NANOGrav [99], the Parkes Pulsar Timing
Array [100], the International Pulsar Timing Array [101] or the European Pulsar
Timing Array [102], give insights on a stochastic GW background. The so far de-
tected signals can be explained by cosmological FOPTs [95, 103, 104]. PTA experi-
ments work by analysing signals from pulsars and searching for correlated signatures

between them. This way they can detect a low-frequency GW background. A pulsar
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is a magnetised rotating neutron star. Because of its magnetisation electromagnetic
radiation is emitted on its magnetic poles. Due to the rotation of the pulsar, this
radiation can be observed periodically, where the intervals between the observed
pulses are extremely precise. Information on GWs can be drawn from deviations
from the exactly periodic signals.

Since the SM does not feature a FOPT, the detection would be a clear indicator
for new physics. However, signals of GWs which have been detected so far can also
be explained by SM processes or other BSM processes. Hence a cosmological FOPT
is not confirmed yet but remains a popular phenomenon to study in the context of
BSM physics.
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This section is based on the following publications:

e [1] J. Dutta, J. Lahiri, C. Li, G. Moortgat-Pick, S. Farah Tabira, and J. A.
Ziegler, “Dark matter phenomenology in 2hdms in light of the 95 gev excess”,
The FEuropean Physical Journal C, vol. 84, no. 926, 2024, 1SSN: 1434-6052.
arXiv: 2308.05653 [hep-ph]

 [2] J. Dutta, J. Lahiri, C. Li, G. Moortgat-Pick, S. F. Tabira, and J. A. Ziegler,
Search for dark matter in 2hdms at lhc and future lepton colliders, 2025. arXiv:
2504.14529 [hep-ph],
to appear in the European Physical Journal C

In this section a specific extension of the SM is investigated, namely the 2HDMS.
First the model and current constraints are explained in the following subsections 4.1
and 4.2. In subsection 4.3 ‘Dark matter phenomenology’ parameter scans are pre-
sented to investigate the influence of different model parameters on DM observables,
namely DM relic density, direct and indirect detection cross section. In subsec-
tion 4.4 ‘Collider phenomenology’ benchmarks which are interesting from the point
of view of future colliders searches are presented along with their production cross
section values for different detection channels. Moreover, some of the benchmark
points presented can explain an excess around 95GeV observed both at the for-
mer LEP [8] in the bb mode as well as in the 7y mode at the LHC experiments
CMS [9] and ATLAS [10]. Such an excess can be explained in several BSM models
with extended scalar sectors [11-41]. In the context of 2HDM extensions, it was
shown in [20] and [42] that such an excess can be accommodated within the 2HDMS

scenario.

Declaration on the content:

The content of this section is based on the publications [1] and [2]. The content
is taken from those publications and adapted in parts. The theoretical background
and the part on DM phenomenology was written by myself to a large extent for both
publications. However, the collaborators named above also took part in the writing
of this content. The basis change equations and bounded-from-below constraints
were derived by myself and written into a Python code. The implementation of the
2HDMS model in the public code SARAH was done in parallel by myself and Juhi
Dutta, in order to compare with each other. However, the implementation by Juhi
Dutta was used in the end. The scan code which automatically scans over selected
parameter regions, performs the basis change, runs SPheno and micrOMEGAs and
checks for all constraints mentioned in the the constraints section was written by
myself. T used this code to generate the data in Figure 17 - 23, which were also

created by myself along with other figures in this section, like Feynman diagrams
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or Figure 21. The scans to find viable benchmark points were performed by both
myself and Cheng Li. Figure 24 - 30 were generated by Juhi Dutta, Jahita Lahiri
and Sheikh Farah Tabira. The collider phenomenology was also written to a large
extent by them.

Furthermore, Figure 18 - 20 are reruns of the original scans presented in Ref. [1].
The reason for this is that in Ref. [2] a slightly different input basis was used than
in Ref. [1]. For this thesis I decided to use only the basis as in Ref. [2] and rerun

the old scans from Ref. [1] in this new basis, in order to avoid confusion.

4.1 The model

The 2HDMS extends the 2HDM by an additional scalar singlet. Compared to the
SM, which contains one scalar SU(2) doublet, this model contains two scalar dou-
blets and a scalar singlet.! This type of model was investigated for example in [20,
106, 107]. The scalar potential can be written as the sum of the 2HDM potential
Voupm and the singlet potential Vg. Considering a U(1), Zs and Z5 symmetry, the

most general expression can be written as:

Voupms = Voupm + Vs, (4.1a)
A
Vot = miy ] @1 +m3, @i @y — [mdy @] @y +hoc] + 5 (2{81)°
A
5 (@302)° + A5 (2] @1) (2102) + a (B[ B) (@] 1)

+ [zf’(cb{@)? +h.c.] : (4.1D)

m/2
Vg =m%STS + l;sz + h.c.]
)\// )\// )\//
+ | 225 fhe | + | 22(S2S1S) + hee | + 22(5T5)2
24 6 4
+ STSIN BT D) + My ®ido) + [S2 (N BT D1 + NI Dy) + hc],  (4.1c)

where ®; and ®9 are the two SU(2) doublets and S is the SU(2) singlet field.
The parameters m3,, m3y, m3y, m% and m?g/ have dimension mass squared and the
parameters A1, A2, Az, A1, As, A1, Ay, Ny, A5, A, A§ and A§ are dimensionless. All
parameters are taken as real.

For this work a type II 2HDMS is considered. A type II structure of the model

!The SU(2) group is the group of special unitary matrices of degree 2 which can be represented
by complex rotations of the two dimensional complex space C2. An SU(2) doublet (singlet)
field is an object with two components (one component) such that its dynamics does not change
under SU (2) transformations. The form of the potential Voppyms in Equation 4.1a guarantees this
symmetry [105, Equation 268].
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4 PHENOMENOLOGY OF THE 2HDMS

means that right-handed down-type quarks and charged leptons couple only to ®;
and right-handed up-type quarks couple only to ®s.
The imaginary part of the scalar singlet will provide the DM candidate in this

work.

4.1.1 Symmetries and their physical effects

The potential in Equation 4.1a is C'P-conserving, does not allow flavour-changing
neutral currents (FCNCs) and provides a stable DM candidate. In the following

each symmetry that leads to these properties is explained.

CP conservation and symmetry under U(1):

As mentioned above the potential Voppamg conserves charge C' and parity P. This
means that the potential is invariant (symmetric) under transformations with the

C and P operator:

Vorpms (@) = Varpwms (CP[®j]), (4.2)

with 7 =1,2,3 and ®3 = S. The parity operator P flips the sign of the spatial coor-
dinates and the charge conjugation operator C' changes particles into antiparticles

and flips all charges:

P
D, (t,z) = np®; (t,—x),
C
®;(t,x) S ne®l(tx), (4.3)

CP
®;(t,z) ¥ nenpdi(t,—z).

For C'P-conserving fields npnc =1 and @} = ®;. As can been seen, requiring the
potential to be symmetric under this transformation results in fields always appear-
ing in combination with hermitian conjugates and parameters being real. To see
this more clearly, below the transformation is performed for one example: The term
in the potential containing the parameter A5, transforms under C'P as:

A5

A
7(‘1%‘1’2) o

2

P A5 AE
(@501) ¥ T (@h@1)* + D (@] @) (4.4)
As can be seen, because A5 = A} and because fields appear as pairs with a hermitian
conjugate, this term is invariant under C'P transformations.
The explanation could be finished here, however it is customary to say the po-
tential is U(1) symmetric instead of referring to the C'P operator. To see that U(1)

symmetry in combination with real-valued parameters results in C'P conservation,
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4 PHENOMENOLOGY OF THE 2HDMS

it is useful to understand the U(1) symmetry group: The U(1) group is the group of
unitary matrices of degree 1. Since a matrix of degree 1 (a 1 x 1 matrix) is simply
a number and unitarity of an object A means that ATA = 1, this group consists of
complex numbers with norm 1 and multiplication as group operation. The group
can be written as: ({¢},-), 6 € [0,27). Hence U(1) transformations add a phase to
the fields as:

i@q),
J

:84
1
[

(4.5)

T UW) —io gt
<I>j — e ! <I>j.

®

As can be seen, symmetry under (U1) is achieved by requiring that fields always
appear in combination with a hermitian conjugate which cancels the contribution
UL _igrt i 0 i . -
é) e‘leéjew@k = ¢ 00 CID;[CI)k, j,k=1,2. In practice it

=1
is enough to demand the 2HDM-part of the potential to be symmetric under U(1)

of a complex phase: @}(I)k

transformations and the singlet to appear in even orders along with all parameters
being real in order to achieve C'P conservation (and hence scalar and pseudo scalar
sectors do not mix).

Phenomenologically C'P violation is known to be very small [105, Chapter 1]
which is the reason why it is not included here. However it can be interesting to
include C'P violation in order to achieve baryogenesis, but this is not considered in

this work.

Avoiding Flavour-changing neutral currents and symmetry under Zs:

FCNCGs should be avoided, since they have not been observed so far. This can
be achieved if all fermions with the same quantum numbers couple to the same
Higgs multiplet [105, Chapter 2]. In the Type II model this is ensured by assuming
symmetry under Zs transformations. The Zs group is the cyclic group of degree 2.
(It is isomorphic to the symmetry group Sz and contains 2 elements.) One realisation
of the group is with the elements 1 and -1 and multiplication as group operation.
The group can be written as: ({1,—1},-). Using this realisation, Z transformations
can either change the sign of an object (object is odd under Z3) or preserve the sign
of an object (object is even under Z3). In this case the Zy symmetry is chosen to

transform the fields as:

o8 o,
By B @y, (4.6)
s% g,
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And right-handed fermion singlets are transformed as:

Z

ejR i —€jR,
Z

dir 3 —d;p, (4.7)
Z

’LLjR 4 u]'R,

where j =1,2,3 denotes the three lepton and quark generations and the R denotes
right-handedness. By demanding symmetry under these transformations down-type
quarks and leptons, couple only to ®; (all are odd under Z3) and up-type quarks
couple only to ®5 (both are even under Z3). The Yukawa potential describing the
interaction of the fermions with the Higgs fields, then looks as [108, Equation (2.7)]:

Wkawa = — (4 Qi ®1djR + 7 Qi Pousp + y Lir ®1e;R)
Z — — — —
B —(y;Qir, (—®1)(—djr) +y5;Qir Paujr + yj Lir (—®1)(—€jR)). (48)
—_— —

:CI’lde :‘1)16jR

As can be seen this potential is symmetric under the above Z, transformation of
the scalar doublet fields and the fermion fields.

However, the Zs symmetry of the 2HDMS potential is softly broken by the pa-
rameter m3,. This is introduced because the symmetry is broken spontaneously
by the vevs v and ve (which will be introduced later) and the spontaneous break-
ing of an exact symmetry can result in the creation of domain walls. Domain
walls are transitions between regions of space that live in different vacua, created
through spontaneous symmetry breaking. Stable domain walls are cosmologically
unfavourable. One solution is to introduce a term, here the m3,-term, which breaks
the symmetry explicitly, where it is sufficient to break the symmetry softly [109]
[110]. This parameter is called soft breaking parameter, since its term includes only
quadratic powers of the fields and therefore does not spoil the behaviour of the po-
tential at high energies (at high values of the fields the terms containing four powers

of fields dominate the behaviour of the potential).

Stabilisation of DM and symmetry under ZJ:

The Z, symmetry transforms the fields as:

o, B,
By 2 Dy, (4.9)
s% _g.
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This symmetry ensures that the field .S only appears in even orders in the potential.
This is needed as the pseudo-scalar (imaginary) component of the complex singlet
S plays the role of the DM candidate in this work. The Z) symmetry then stabilises
the DM by avoiding odd powers of S which would lead to decaying of S [111].

This symmetry is not broken explicitly, contrary to the Z symmetry. Since
there is more work needed on the domain wall sector of the singlet extension of the
2HDM a soft breaking parameter is not included here. The formation of domain
walls, however, can still be avoided by assuming that they were created before
inflation. Domain walls could then be inflated away such that they are absent in
our observable Universe today [112].

The symmetries of the potential and their physical effects are summarised in
Table 2.

Symmetry Transformation | Broken sponta- | Broken softly Physical effect
of fields neously
U() .
Vaogpm symmetric under U(1), D —<>) ewtbj, No No Conservation of C'P
U(1 X
(4 all parameters real) <I>; L>) e*w@;
Z
VoupwMm symmetric under Za o, 23 -y, Yes via vy, v2 Yes via m%z Avoiding of FCNC
(+ type II model) 3, B2 o,
Z/
V symmetric under Zé = -5, Yes via vg No Stabilisation of DM
Z/
D; 3D

Table 2: Symmetries of the scalar potential and their physical effects.

4.1.2 Spontaneous symmetry breaking and eigenfields

Both symmetries, Z2 and Zs’, are broken spontaneously, where a neutral minimum
is considered. This means the fields acquire vevs, which are real-valued and only
appear in the neutral component of the fields. This breaks the EW symmetry.
One could have also include a charge breaking minimum by assigning a a non-
zero vev to the charged components (upper components) of the fields, or a CP-
breaking minimum by assigning a complex vev to the lower components of the fields
[105]. However, as C' P-breaking is small in nature and charge breaking has not been
observed until now a neutral minimum is considered here.

Without loss of generality the vevs can be chosen to be positive and the fields,

after EWSB, can be developed around the vevs as:

; 0
(I)i_<1 ¢Z . )7 <(I)Z>_(Uz)’ 1=1,2,
7(”i+ﬂi+“7i) 2

S \}§<vs+ps+m5), (S) = i’/% (4.10)
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where ¢f (and ¢; in case of the transposed fields) are the complex charged com-
ponents, p; are the real parts of the neutral components and 7; are the imaginary
parts of the neutral components of the doublets ®;, i = 1,2. The singlet S has only
a neutral component which is parameterised by the real part pg and the imaginary
part Ag. (By charged and neutral, electrically charged and neutral is meant in this
case.) As mentioned earlier, the imaginary component Ag of the singlet S serves as
DM candidate in this work.

The charged components of the doublets give rise to charged scalar particles H*,
the real parts of the neutral components of the doublets and the singlets give rise to
neutral scalar particles hy, ho and h3 and the imaginary parts of the neutral com-
ponents of the doublets and the singlets give rise to neutral pseudo-scalar particles
A and Ag. (There are also a charged Goldstone bosons G* and a neutral pseudo-
scalar Goldstone G, which are absorbed by the W# and Z-boson after EWSB.)
Furthermore, one of the neutral scalar particles has to be the SM-like Higgs boson
with a mass of about 125GeV. For this work ho will always play this role. These are
the eigenfields in the mass basis, which correspond to physical particles. They can
be obtained via rotations of the fields in the interaction basis and their eigenvalues

are the squares of their masses. They are summarised in Table 3.

Mass basis Interaction basis | Rotation
Eigenfields Eigenvalues Eigenfields
+ ot 2 2 + o+ H* 4 [oF
Charged H* G mi ., mby =0 o7, &5 (Gi>:R ¢§:
h1 P1
Scalar hi, ha, hs m%l, Moo M, P1, P2, PS ha | =R p2
hs Ps
Pseudo-scalar A, GO m2, m? 0 43 = RA (M
) A Go — n, N2 GO - N2
DM Ag m2 Ag (AS) = (AS)

Table 3: The eigenfields in the mass basis and interaction basis and the rotations
to convert between them for each block (charged, scalar and pseudo-scalar). Since
the vevs are real, the scalar mass basis eigenfields hi, hy and h3 are mixtures of the
interaction basis fields p1, p2, ps. However, there is no imaginary vev, hence the
DM component does not mix with the other pseudo-scalar components.

Free parameters:

The 19 free parameters from Equation 4.1a are:

2 2 2 2 12 NI NI NI N\ N\ A\ AN
)\1>>\2>)\37)\47)\57m12am117m227tan6aUS>mSva> 1 Qa)‘4’ 5y 27)‘3’ (4'11)
where tan 3 = Z—f, v =/v} +v3 ~ 246 GeV is fixed by measurements of the SM.
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Minimisation conditions:

The 2HDMS potential in Equation 4.1a has three minima at the three vevs vy, vy
and vg.

At a minimum the derivative of the potential is equal to zero. This results in
three equations, the minimisation conditions, which can be used to eliminate three

of the free parameters from the model:

oV 1 345 Y
Boy=(Ds >
§=<s>
(4.12a)
oV 1 A345 %
0= Ga, =) = glmbova = + 5 b+ St (G Nen)ed)
S=(S)
(4.12b)
O—all = 1[mv +mZv +X/v +/\*”U +>\*”U
Bl e
S=(S)
VS \1 9 2
-+ ?()\11)1 + /\27)2) —|—US(>\ (% + )\5'172)] (412C)

The parameters m$;, m3, and m% are chosen to be replaced. Furthermore, the
choice Ay = \[ is made. In the tree-level calculation presented here, this simplifi-
cation leaves the couplings of the DM candidate to other particles unchanged as
can be seen in the next section in Equation 4.19, since the parameter \j does not
appear in the couplings of the DM candidate to the scalars, but only in the DM
self-couplings, see Equation 4.1a.

This results in 15 free parameters:
)\17>\27)\3a/\47>\57m%27tanB7U57mS7 1 >\47 57>‘/1/: /2/7>\g (413)

These are the parameters of the interaction basis. One can change to the mass

basis?, as in Table 3. The 15 free parameters in the mass basis are:

~2
mhlamhzamh;g:mAamHiamAsvtanﬁa’USau y 1, 02,3

, , Y (4.14)
1= A1 = 2N}, Ao5 = Ay — 2X5, X3 = ] —

where mp,,, mp,, mp,, ma, mag and my=+ are the masses of the three scalars, the

2To be precise the basis used here is a mixed mass basis, since some of the parameters from
the interaction basis appear. The combinations A}, = ] —2X), Aoz = X;, —2AL and A{5 =\ —\§
were chosen because they appear in the couplings of the DM candidate to the scalar particles h1,
ho and hs, Equation 4.19. This gives some freedom to control these couplings in the analysis.
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pseudo-scalar, the pseudo-scalar DM and the charged Higgs particle, respectively,

2
as in Table 3, 2 = —— 112 @ and aq, ag and a3 are the mixing angles of the scalar

rotation matrix in Equation 4.16. Note that one of the scalars hy, ho, h3 has to
comply with the SM-like Higgs boson with a mass of about 125GeV. In this work
hs is chosen to be this particle.

The equations for how to change between the interaction basis and the mass

basis can be found below.

Basis change equations:

One can choose to either work in the interaction basis, using the parameters as in
Equation 4.13, or in the mass basis, using the parameters as in Equation 4.14 as
input parameters. Since the mass basis is more physical this basis will be used for
the input parameters. The corresponding parameters in the interaction basis can

be obtained via the following basis change equations:

m%z :,&Q-Sinﬂcosﬁ,
1 3 2 ~2 . 2
AL = m(z =11 R — [ sin” j3),
1 3 2 ~2 2
)\2 = m(E —1m; R — W COS 5),
1 1
A3 = SP_ymi R Rio — [i* +2m7;+ ),

v2 sinfBcosf3 '

1
A= ﬁ(mA‘i‘/i _zmHi)
1
A5 = ﬁ( m3+ i),
1 1
>‘/1 = §(m2§21m?&13i3+)\34), <4'15>
1 1
47 4 ovgcos BT 1m 1fis =),
/ 1 1 3
A= Z(mz ' miRipRiz — Nyg),
N = i(zii 2 R2 _*_ﬁ)\”
1= 1 % 1My 43 13);
3 3 2 5U
1 1 v COos vsin
m§ = (QmAS+423 m; (Ris+ Rit Ris 6+RZ2RZS B)
2

- vz( 14c08% B+ Nyssin? B) + Ugs)\llls),
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where \j = \{ was fixed, m;, with i =1,2,3, are the masses of the three scalars and
R;;, with 7,7 = 1,2,3 are the entries of the scalar rotation matrix in Table 3.

The scalar rotation matrix can be expressed via the mixing angles a1, as and

ag:
R = _80410053 _Calsagsag Calcag _Salsagsag Ca28a3 ) (416)

where the short-hand notation s, = sin(«), ¢, = cos(a) is used.

Alignment limit:

The alignment limit corresponds to a specific setting of the scalar mixing angles
a1, ag and ag and the angle § such that the lowest-order couplings of the neutral
scalar hg to fermions and gauge bosons are exactly the same as the couplings of the
Higgs boson in the SM. This is the case for the setting [113]:

cos(ﬂ—oq) :O:OQ:Ozg. (4.17)

4.1.3 Scalar-to-dark matter couplings and dark matter phenomenology

As written above, the DM candidate in this work will be the pseudo-scalar Ag,
which arises from the imaginary component of the complex singlet S and it does not
mix with the imaginary components from the doublets. Its mass can be obtained

from Equation 4.1a and expressed as:

s OV |
7 04L0As by (a)
S=(S (4.18)
)\// )\//
= —(2m?2 —i—v%(?l + 32) +2(Njv? + \503)) .

Furthermore, the couplings of the DM candidate to the scalar Higgs particles are
of importance, since the DM does not couple to SM particles directly, but only via
exchanges of scalar Higgs particles, the so called scalar portal. The trilinear and

quatrilinear couplings are:

An.
ZhiAsAs _ —i[N]4caRj1 + Nos53R 2 — ;i 13R)3], (4.19a)
U v
» 1
MhjhpasAs = —i[N1aRj1 Ria + Nos Rja Rz — 5)‘11/3RJ'3R’€3] ’ (4.19b)

where h;, hj with j,k=1,2,3 denote the three scalars and R;; with j,k =1,2,3

are the entries of the scalar rotation matrix in Table 3. )\hj AgAg is normalised to
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v = y/v} +v3 in order to obtain a dimensionless quantity and the short-hand notation
sg =sinf3, cg = cos 3 is used.

These couplings play an important role for the phenomenology of DM observables
such as DM relic density and direct and indirect detection of DM.

Relic density:
The calculation of the DM relic density was explained in section 3.3, where it was
shown that the relic density depends on the total cross section for annihilation of a

pair of DM particles. This cross section depends on couplings and propagators. As

As hj  As hi  As SM
T N R
Ly by
Ag h, Ag h; Ag SM
Ag h] Ag hy,
Ag SM v N
R Ag ! Ag )
\\r,,,, )\ )/ \\
AS SM AS hk AS hj

Figure 11: Tree-level Feynman diagrams relevant for calculation of relic density,
created using TikZ-Feynman [114]

the DM could, for example, annihilate into two scalar Higgs particles or into other
SM particles mediated by one scalar Higgs particle, both trilinear and quadrilinear
vertices containing two DM particles and scalar Higgs particles need to be taken into
account. The corresponding tree-level Feynman diagrams, relevant in this model,

can be seen in Figure 11.

Direct detection cross section:

Figure 12: Tree-level Feynman diagram relevant for calculation of the direct detec-
tion cross section, created using TikZ-Feynman [114]
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The calculation of the DM direct detection cross section was also explained in
section 3.3, where it was shown that the cross section depends on the trilinear
couplings of two DM particles to one scalar Higgs particle and on the trilinear
coupling of that scalar Higgs particle to two quarks. The corresponding tree-level

Feynman diagram, relevant in this model, can be seen in Figure 12.

Indirect detection cross section:

The calculation of the DM indirect detection cross section was also explained in
section 3.3, where is was explained that similar diagrams as for the calculation of

the DM relic density in Figure 11 play a role here.

Please note that the above discussion is focused on tree-level processes. Higher-
order terms will also play a role, however at sub-leading order. The same applies to

the discussion in the next section.

4.1.4 Scalar-to-fermion couplings and collider phenomenology

As mentioned earlier a type II 2HDMS is considered. In this model right-handed
electrons and down-type quarks couple only to the doublet ®; and right-handed
up-type quarks only couple to the doublet ®5. This choice in combination with the
Zo symmetry leads to the absence of FCNCs, as explained above. Other types of the
2HDMS which lead to natural flavour conservation can been seen in Table 4 below.

It can be useful to define reduced couplings as the ratio between the coupling of the

Type er | dir | UjR

I Dy | Dy | Do

1I Py | D1 | Do

X (‘lepton specific’) | &1 | P2 | Do
Y (‘ﬂipped’) (1)2 (I)l (I)Q

Table 4: Couplings of the doublets ®; and ®5 to right-handed fermions for models
which lead to natural flavour conservation in the 2HDM and its extensions [105].
The subscript j = 1,2,3 denotes the three lepton and quark generations and the R
denotes right-handedness.

scalars h;, i =1,2,3 in the 2HDMS and the corresponding coupling of the SM Higgs
boson Hgyp to fermions f [20]:

9h;
Chiff = ¢ (4.20)
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In the type IT 2HDMS these are:

Ri1

Ch,rr — Chiejej = @7 (4.21&)
R

Chibb = Chidjd; = @ ; (4.21b)
Rio

Chitt - Chiuj"LLj - ﬁ; (421C)

where R is the scalar rotation matrix in Equation 4.16 and again 7 = 1,2,3 denotes
the three lepton and quark generations with 7, b and ¢ being the heaviest.

The couplings to gauge bosons are equivalently:

Ch,VV = Ch;zZ = Ch;ww = cos BR;1 +sin SR;s. (4.22)

Along with the couplings of the DM candidate to scalar Higgs particles these play

an important role for the collider phenomenology.

Dark matter production and detection at colliders:

Concerning the analysis of collider phenomenology, the main focus will be on
future lepton colliders (electron-positron colliders and muon colliders), where one of
the scalar Higgs particles can be produced directly via the collision of leptons. The
produced scalar Higgs particle then acts as a mediator to DM particles. Since DM
can not be detected directly, the following detection channels are considered, namely
where two DM particles Ag are produced along with a photon « (mono-photon
channel), a Z-boson (mono-Z channel) or two b-quarks (bb-channel or tt-channel for
sufficiently high energies). The two DM particles will show up as MET and only
the v, Z or b particles will be detected. The leading Feynman diagrams are shown
below in Figure 13, 14 and 15.

e/t Ag

Figure 13: Feynman diagrams for AgAg and AgAgy production at lepton colliders,
created using TikZ-Feynman [114].

At hadron colliders on the other hand, such as the LHC, a scalar Higgs particle
can not be produced directly. The main production channels are via gluon-gluon

fusion (GGF), vector boson fusion (VBF) and the production of two b-quarks along

64



4 PHENOMENOLOGY OF THE 2HDMS

Ag € /mt

y et ut ///
> ’ h1,2\,§
A A LLK‘EAS
e /n z A
Figure 14: Feynman diagrams for ZAgAg production at lepton colliders, created
using TikZ-Feynman [114].

et /ut Ag Ag
/// €+/M+ I
77777 < < e
h123 "~ RN
145 77777 7 higg Ag
b h123 >« b
,,,,, hi23
A
. e /-
e/ b & b

Figure 15: Feynman diagrams for bbAgAg production at lepton colliders, created
using TikZ-Feynman [114]. Similar diagrams will take part in producing the final
state ttAgAg.

(ol

q

Figure 16: Feynman diagrams for the production of a scalar Higgs boson h;, with
i=1,2,3 via GGF (top left), VBF (top right) and BBH (bottom row) at the LHC.
The bottom left and middle diagrams correspond to four-flavour (4f) scheme and
the bottom right diagram corresponds to the five-flavour (5f) scheme, created using
TikZ-Feynman [114].

with a scalar Higgs particle (BBH). The corresponding Feynman diagrams can be

seen in Figure 16.
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4.2 Constraints

The aim of this work is to scan the parameter space of the 2HDMS and identify

viable regions. Various theoretical and experimental constraints need to be taken

into account.

4.2.1 Theoretical constraints

Important theoretical constraints for a viable extension of the SM are: the potential

being bounded from below (bfb), tree-level perturbative unitarity and the stability

of the vacuum. The constraints are explained below in detail.
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+ Boundedness-from-Below (bfb) conditions: The potential is required

to be bounded from below, which means that at large field values it must
remain positive. At large field values quadratic terms can are sub-dominant
and the behaviour of the potential is dominated by the quartic terms. This
puts constraints on the quartic couplings of the scalar potential. The part of
the potential containing only quartic terms is denoted V4. The bfb condition

can then be expressed as:

q)i}kigrgoo‘/ll >0, (4.23)
where ¢ = 1,2. The required conditions for the 2HDM and its extension with
a real singlet scalar have been calculated in [115-117]. Here the conditions
for the complex singlet extension of the 2HDM are derived following the ap-
proach in Ref. [118] using copositivity criteria and the Cottle-Habetler-Lemke
theorem [119]. The conditions are obtained as follows: First the minimum
of the potential V4 has to be found and written in matrix form in the basis
r=(0]®), ®fds, p3, n2) . with 5= pg+ins:

1
min[Vy| = ixTAx, (4.24)
with

A Mg+ (Aa—[Asl) NP 20 N —2))

A3+ p2 (M —1|s)) Ao )
- / / / / 527 +3)\% =N | (425>

A+ 2N, Xy + 204 t 5
Ny —2X, Ny — 2X A A



4 PHENOMENOLOGY OF THE 2HDMS

where two cases are distinguished:

case 1: (Ay—|X5]) >0 = min[Vy] = Vy|,—0, (4.26)
case 2: (Ap—|A5]) <0 = min[Vy] = Vy|,=1. '

Requiring the potential to be bounded from below then is equivalent to re-
quiring the matrix A to be copositive. A matrix A is strictly copositive, if the
form 7 Az >0, Vz>0. Ais a symmetric 4 x 4 matrix. In order to derive
the copositivity conditions the Cottle-Habetler-Lemke theorem [119] can be
followed, as described in Ref. [118]. This can be done in two steps:

— The order 3 principal submatrices of A are required to be copositive. (The
order 3 principal submatrices are obtained by deleting the i-th row and
column from A, i =1,2,3,4. This results in 4 symmetric 3 X 3 matrices.)
The explicit copositivity conditions for a symmetric order 3 matrix B
with entries b;;, 7,7 = 1,2,3 can be found in [118, eq. (5) and (6)] and

are:

b1 >0, byp>0, b33>0,

b12 ﬂnﬁ@E 0,

bis = big +1/biibss > 0, (4.27)
b3 2523+\/m2 0,

\/ b11b22033 + 512\/%—# 513\/@+ 523\/a+ V/ 2b12b13b23 > 0.

— The matrix A has to satisfy: det(4) >0 Vv (adjA);; <0, for some 1, .
The adjugate of A is defined as the transpose of the cofactor matrix:
(adjA);; = (—1)" Dj;, with D;; being the determinant of the submatrix
that is obtained by deleting the i-th row and j-th column from A.

In practice each parameter point is checked for these conditions with a Python

code using numpy [120].

Tree-level unitarity conditions: The requirement of the model to be uni-
tary at tree-level constrains the eigenvalues of the scattering matrices between
the scalars and the longitudinal components of the gauge bosons to be lower
than & [121]. This condition is checked for each point of the scans using
SPheno-v4.0.5 [122, 123].

Vacuum stability conditions: The requirement of vacuum stability at the

EW scale places additional constraints on the parameter space. The strongest
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constraint comes from demanding the EW vacuum to be the global minimum
of the full scalar potential. In this case the EW vacuum will be absolutely sta-
ble. The absolute stability implies that there exist no charge or C'P-breaking
minima, or non-EW vacuum lower than the EW vacuum. However this con-
straint can be relaxed if one demands the transition time from the EW vacuum
to unphysical lower minima to be larger than the age of the Universe, thus
indicating metastability. In that case the EW vacuum is not absolutely stable
but sufficiently long-lived. In the considered model, although the bfb con-
ditions put strong constraints on the quartic couplings, there can be further
constraints on the quartic couplings, from the requirement of (meta)stability
of the EW vacuum. For this work all chosen benchmark points are checked
to have an absolutely stable EW vacuum. In the earlier stages of this project,
EVADE [124, 125] was used for this purpose, which uses HOM4SP2 [126] to find
the tree-level minima and in case of an unphysical deeper minimum, calculates
the bounce action using a straight path approximation [124]. However, as the
project proceeded a switch to BSMPT-v3.0.6 [127-129] was made. This change

was due to convenience as for a follow-up project this code was used, too.

4.2.2 Experimental constraints

The relevant experimental constraints for this work are:
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e One of the scalar particles needs to comply with the SM-like Higgs boson with

a mass of 125.25+0.17GeV [130]. The second lightest scalar hg is chosen to
be this particle.

The invisible decay width of the SM-like Higgs boson to the DM candidate
Ag, is constrained by ATLAS and CMS as below:

BR(hy — AgAg) <0.0715:059 (ATLAS) [131],
<0.15 (CMS) [132].

Note, that this constraint is automatically fulfilled if the mass of the DM
candidate is too heavy for the SM-like Higgs boson to decay into two DM
particles, hence if m 4, > 62.5GeV.

o Constraints from flavour physics set the following bounds:

BR(b— s7) = (3.55+0.24+0.09) x 10~ [133],
BR(Bs — p ) = (3.271370:3) x 1072 [134, 135].
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Furthermore, the benchmark points are within the upper limit of A(g—2), =
261(63)(48) x 10711 [136].

The EW precision observables are parameters sensitive to deviations from the
SM. These are, for example, the masses of the gauge bosons myz, my,+, the
Fermi constant G and the decay width I'; of the Z-boson. For extensions of
the scalar sector of the SM, as is the 2HDMS, some of these constraints can
be expressed in terms of the oblique parameters S, T" and U. The parameter
S is sensitive to new physics affecting the Z-boson propagator and the photon
propagator and is related to anomalies in neutral currents. The parameter T
is sensitive to new physics affecting the ratio of the masses of the W+ and
the Z-boson and the parameter U is sensitive to new physics affecting the

W*-boson propagator.

The EW precision tests constrain the STU parameters to [136]:

S =0.02+0.1,
T =0.07+0.12,
U = 0.00£0.09.

The model predictions for the STU parameters are obtained from [137, 138].

The DM relic density is constrained by the upper limit from the Planck ex-
periment [61]:

QOh% =0.12040.001.

The predictions of the model for the DM relic density are calculated using the
code micrOmegas-v5.3.35 [139-142].

The spin-independent cross sections for scattering of DM on protons and neu-
trons is constrained by direct detection experiments from LZ [91]. The pre-
dictions of the model for the direct detection cross sections are calculated
using micrOmegas-v5.3.35 [139-142], where the direct detection cross sec-
tion is rescaled by the fraction of the predicted relic density to the observed
relic density [21, 143, 144].

The spin-independent cross sections for DM annihilation are constrained by
indirect detection experiments from Fermi-LAT (Fermi) [92, 93]. The pre-
dictions of the model for the indirect detection cross sections are calculated

using micrOmegas-v5.3.35 [139-142], where the indirect detection cross sec-
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tion is rescaled by the squared fraction of the predicted relic density to the
observed relic density [21, 143, 144].

o The constraints from LEP [145], ATLAS [146] and CMS [147] on the heavy
Higgs searches and the 125GeV Higgs signal strength measurements [148] are

taken into account.

4.2.3 Software used

In order to calculate the DM spectrum, which includes the masses of the Higgs
sector particles, mixing angles of the Higgs sector, as well as couplings to fermions
and vector bosons and branching ratios of decays, SPheno-v4.0.5 [122, 123)? is
used.
The Spheno output is then used as input for micrOmegas-v5.3.35 [139-142]* which
calculates the DM relic density and the direct and indirect detection cross sections
of DM. The implementation of the 2HDMS model into SPheno and micrOMEGAs
is done with the Mathematica package SARAH-v4.14.3 [149]. Constraints on the
Higgs sector are checked using HiggsTools [150-154] (which is a unification of the
former HiggsBounds-5 (HB) and HiggsSignals-2).

The constraints are applied as binary-cut, meaning only parameter points passing

all constraints are considered allowed.

4.3 Dark matter phenomenology

In this section the impact of the free parameters on the DM phenomenology as
well as the impact of the excess around 95GeV is discussed. In order to do this
an exemplary benchmark point BP1yg95 satisfying all constraints explained in the
section above is chosen. The parameters in the mass basis along with the reduced

value of 2 to model the excess at 95GeV can be found in Table 5. The low m4

2
mhl th mhg ma mpg+ X

95.4GeV | 125.09 GeV | 900 GeV [ 900 GeV | 900 GeV | 1.01
mas | N —2XN; | AN, —2X [ M —X\I| tanf

326 GeV 12.3 —-0.31 | —1.36 10
Vg i (o%1 o%) as
240GeV | 902 GeV 1.52 1.14 —1.60

Table 5: The benchmark point BP1y49s5 in the mass basis.

region would be excluded by the LHC A — 7177 searches [155-157] for high tan 3

values. Therefore, my4, my, and mpy+ are chosen appropriately heavy.

3https://spheno.hepforge.org/
4https://lapth.cnrs.fr/micromegas/
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In the following subsection more information on the excess at 95GeV is given
and the impact of it on the DM phenomenology is discussed. After that the impact
of the other free parameters on the DM phenomenology is investigated by scanning
around BP1ygs5, using fixed grids and varying two parameters at the same time.
About 100 steps are used for each parameter. This leaves a total of 100 x 100 = 10000

points for each scan.

4.3.1 Impact of excess at 95 GeV

As mentioned earlier an experimental excess around 95GeV was observed both at
LEP [8] in the bb mode as well as at CMS [9] and ATLAS [10] in the vy mode. This
excess can be explained with a sclar particle with a mass of 95GeV in the 2HDMS.
Some of the benchmarks presented in the following sections include such a scalar in
order to explain this excess in addition to providing a viable DM candidate.

For the benchmarks with a scalar Higgs particle at 95GeV as a part of the mass
spectrum, it must be ensured that its signal strengths satisfy the following: The
lightest scalar h; has a mass of 95.4GeV and plays the role of a scalar particle
responsible for the observed signal strengths, which are for LEP in the bb mode
(~20) [8] and for LHC in the vy mode (~30) [9, 10]:

bb +0.057 0.09
prep = 0.11775 057, 17110 —combined = 0-2470.08 (4.28)

where uzﬁc_combmed is a combination of the ATLAS and CMS results following
Ref. [23]. The combined y? = Xgl—)jt X?w values are calculated according to Ref. [20]
and [42] and given in Table 5 and 7 - 9.

According to Ref. [20], the coupling ¢; ;5 can not strongly affect the hy — bb
branching ratio, while the total width of hy is dominated by the Cpypy coupling. In
this case, the Higgs strahlung production plays the most important role of the LEP
signal strength, and the h; — vy branching ratio is strongly dependent on the hq
total width. Therefore, the signal strengths of the observed 95GeV excess may be

correlated with the reduced couplings and mixing angles as below:

d
HEEp =ty o< lemyvl?,
pred ~ onpms  (epil)?  tanag (4.29)
HeMS/ATLAS = Hoyy )%,

(|Chlbé|)2 tan

2HDMS 2HDMS : : 7
' and 5y are the predicted signal strengths of the bb and ~~v-

channels computed in the 2HDMS.

In order to remind the reader the relations between the reduced couplings of the

where p

lightest scalar particle h; and the scalar rotation matrix R from Equation 4.21 and
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4.22 are repeated here:

R11  cos(ay)cos(az)

Chabh = cosfB cos(f3) ’
_ Rip sin(ag)cos(az)
Chatt = sinff sin(3)

ch,vv = cos BR11 +sinSR12,

= cos 3 cos ] cos g +sin fsinag cosas .

This can be translated into expressions for the scalar mixing angles:

ay = arCtan(W)

/ 4.30
0 = anccos( IO () .
2= tan(B) + tan(ay) | b Tmit)):

Hence when performing a parameter scan the input parameters o and ag can be
replaced by cp,pp and cp, s (or equivalently cp 1), which in turn can be expressed
via the predicted signal strengths ,uErEBS and MI()JT/IdS JATLAS" This was done for he
following scan where the reduced couplings are varied in the ranges given below in

Table 6 while all other parameters are kept fixed to the values in Table 5. These

Parameters Range
Chybb [0.0996,0.320]
Chytt [0.309,0.529]

Table 6: Ranges of parameters varied. The rest of the parameters are kept fixed to

BP1ygs in Table 5. (The ranges for cp,pp and cp, 4 are chosen such that constraints

from Ref. [20] are respected. This results in some areas in the uEﬁS—ug&ds JATLAS

plane in Figure 17 being white, as those values are not allowed by the constraints
from the observed 95GeV excess.)

pred
cMs/aTLAs and

are shown on the x and y-axis of Figure 17. Theoretical constraints from bfb and

values for the reduced couplings are then translated to NEISS and p

tree-level unitarity and experimental constraints from the Higgs sector as well as
constraints from DM observables, namely, spin-independent direct detection cross
section for scattering on protons and on neutrons, indirect detection cross section
for DM annihilation (for the dominant annihilation channels hahy, WW and bg) and
relic density are shown as hatched areas on the u%rl\cfs JATL AS-;LEISEGS plane.

As can be seen in Figure 17 from the top left plot the direct detection cross
section has a minimum along an arched line. Close to this line lies BP1y,95, marked
with a red star. The regions where the cross section grows too large and exceeds the

upper bounds from LZ are excluded and shown as a dotted area. This occurs due to
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Figure 17: Variation of M%ﬁ\?{% JATL As—ulﬁr]fg (the short-hand notation pcas — ULEp

is used in the plots) to fit the 95GeV excess signal strength for h;. The relevant
constraints which stringently restrict the allowed regions are shown in the plots. The
coloured palette on the z-axis denote the spin-independent direct detection DM-
proton/neutron cross section (top left), indirect detection DM annihilation cross
section (top right), relic density (bottom left) and the allowed parameter regions
under combining all constraints (bottom right). BP1lygs, in Table 5, is marked
with a red star. [1]

insufficient cancellations between the different contributions to the spin-independent

direct detection cross section from hi,ho and hs.

From the top right plot one can see how the indirect detection cross sections
for the channels hoho, WW and bb behave. The cross section for the hoho-channel
decreases with uEIEg, whereas the other two channels do not show large changes. Due
to the hgoho-channel dominating for the chosen benchmark BP1yg95 the variations
of the other channels are on a smaller scale. Only a thin line in the hgho-channel

with low u%rl\c;[% JATLAS and low uilgg is excluded by Fermi data.

In the bottom left plot the relic density is shown. It shows small changes and
reaches the highest values around u%rfﬁq JATLAS & 0.3. However, it is very low across

the whole region and always remains underabundant.

In the bottom right plot all the constraints from bfb, unitarity, Higgs and DM
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searches are combined, revealing the allowed region, shown in green.

4.3.2 Impact of free parameters on dark matter observables

Before discussing the impact of the free parameters on DM observables, a few impor-
tant comments should be made. The DM phenomenology in this model is crucially
coupled with the chosen symmetries of the DM sector, which is a discrete Z5 symme-
try in this case. A relevant comparison can be made with several earlier works [21,
158, 159] with a complex singlet, where the DM sector is instead stabilised by a
softly broken U(1) symmetry along with a Zs symmetry. In those models, the spon-
taneous breaking of the continuous Zs symmetry by the singlet vev gives rise to
a pseudo Nambu-Goldstone boson (pNGB) DM, which can evade direct detection
constraints to a large extent and these models are difficult to probe even in future
direct search experiments. This is not the case here. Spontaneous breaking of the
Z4 symmetry does not lead to pNGB DM, due to the presence of the U(1) breaking
terms in the singlet part of the potential allowed by the Z5 symmetry. Therefore in
this case the direct detection bounds constrain the parameter space significantly, as
shown below. Furthermore, there are parts of parameter space in this models which
will necessarily come under the reach of future direct search experiments.

Below the impact of the free parameters on the DM observables is studied, where

again parameter scans are performed around BP1g5.

Influence of A}, and A}

Earlier two variables were defined X}, = \] —2X) and \y5 = My —2\L. These are varied
around BP1yg5 in the ranges as shown in Figure 18. The influence on the direct
detection cross section for scattering on protons and on neutrons (top left plot),
indirect detection cross section for DM annihilation (top right plot) and relic density
(bottom left plot) are shown in the coloured palette. BP1y95 is marked with a red
star and the excluded regions are shown as hatched areas. The bottom right plot
shows a summary of all exclusions and the allowed region in green. As can be seen,
the impact of Ay is stronger than the impact of A}, in this benchmark. This can be
explained by the choice of tan 8. From Equation 4.19 it can be seen that by setting
tan 3 = 10 (see Table 5), cos suppresses the influence of A\, and sin enhances
the influence of \ys. For the direct detection cross section a strong dip appears
around Ay ~ 0. Such a dip can in principle occur due to a cancellation between
the elastic scattering amplitudes involving h; and ha (owing to their closeness in
mass), if their contribution comes with opposite signs. Such cancellations also arise

in simple Higgs portal models such as the complex scalar extended SM [158]. For
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Figure 18: Influence of M, = A} — 2\, and \y; = \; — 2)5. The coloured palette on
the z-axis denote the spin-independent direct detection DM-proton/neutron cross
section (top left), indirect detection DM annihilation cross section (top right), relic
density (bottom left) and the allowed parameter regions under combining all con-
straints (bottom right). BP1ygs, in Table 5, is marked with a red star. (This figure
is a rescan of the original in Ref. [1])

the chosen parameter space, it was checked that they indeed come with opposite
signs. In addition the choice Ays =0 minimises the scalar-to-DM coupling. The
areas away from the dip are above the upper bounds from LZ and are therefore
excluded, shown as dotted regions.

For the indirect detection cross section in the hoho-channel and the W -channel
one can see similar dips around A5 ~ 0. For the parameter regions shown here the
cross sections stay low enough to not be excluded by Fermi. The bb-channel on
the other hand shows a peak around M\ys ~ 0 (except for the region around A, ~ 0).
Since fermions do not couple directly to the DM candidate in this model, this can be

explained by an enhancement of the tilinear coupling between the mediating scalar,

hs in this case, and b-quarks which gets enhanced by the -term.

cos b’

The relic density also shows a slight peak around M5 ~ 0 as shown in the bottom
left plot remaining below the upper bound from PLANCK. This can be explained as
follows. As can be seen from Equation 4.19, increasing |\ys| increases the trilinear

and the quatrilinear scalar-to-DM couplings. This causes stronger interactions and
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hence more annihilation of DM particles. After annihilation there is less DM left
in the Universe. Hence the relic density drops with higher values of |\y5| and the
inverse behaviour as for direct and indirect detection cross sections can be observed.

For all three observables, regions below Ay ~ —0.3 and N4 ~ 0 are excluded by
bfb constraints, shown as hatched regions in the bottom right plot. There are no
regions excluded by unitarity constraints or HB for the shown region. Combining
all constraints from bfb, unitarity, Higgs and DM searches, this results in a narrow

allowed band between A5 ~ [—0.3,0.1] and A}, ~ [0,20], shown in green.

Influence of vg and tan g

In this section, vg and tan 3 are varied around BP1yg5 in the ranges as shown in
Figure 19. The influence on the DM observables, as well as excluded and allowed

regions are shown in the same manner as in the previous plots. As can be seen, both
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Figure 19: Influence of vg and tanf. The coloured palette on the z-axis denote
the spin-independent direct detection DM-proton/neutron cross section (top left),
indirect detection DM annihilation cross section (top right), relic density (bottom
left) and the allowed parameter regions under combining all constraints (bottom
right). BP1ygs, in Table 5, is marked with a red star. (This figure is a rescan of
the original in Ref. [1])

vg and tan § have an impact on the direct detection cross section, which results in a
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4 PHENOMENOLOGY OF THE 2HDMS

dip visible as a straight diagonal line around BP 195 which again can be explained
by cancellations between diagrams involving hy and hs. Areas away from this dip
have a higher cross section but remain below the constraints from LZ.

Contrary to the results from the former subsection, here the dip from the direct
detection cross section does not show up for the indirect detection cross section.
This can be understood from looking at Equation 4.19, where vg and tan/ (via
cos 3 and sin ) show up directly in the trilinear scalar-to-DM couplings but not in
the quatrilinear couplings. For indirect detection both couplings play an important
role, whereas for direct detection the trilinear couplings are more important. The
influence of vg, increasing the last term in the trilinears coupling with a negative
sign, can be seen best in the hoho-channel. There are no areas excluded by Fermi
here.

For the relic density the impact of vg and tan 3 is difficult to observe as overall the
values are quite low. However, vg increases the relic density slightly. The influence
of tan 3 is barely visible which can be explained by the fact that tan was varied
only over a small range and the sin 3 and cos3-terms in Equation 4.19 do not vary
over large ranges as vg. Furthermore, with growing tan$ the sin§ increases, while
cos§ decreases, hence partly counterbalancing the effect of the first two terms in
the trilinear couplings. There are no areas excluded by PLANCK here and the relic
density remains underabundant throughout the ranges of the scan.

For all three observables, regions above tan 8 ~ 10.5 and below ~ 8.5 are excluded
by bfb constraints, shown as hatched regions in the bottom right plot. Regions above
tan 3 ~ 10.7 are further excluded by HB, shown as left directed hatches. Combining
all constraints results in an allowed region between tan 5 ~ [8.5,10] across the whole

range of vg.

144
Influence of m 44 and Aj,

Finally m4y and A{3 = A{ — X5 are varied around BP1yygs in the ranges shown in
Figure 20. Again the DM observables, as well as excluded and allowed regions are
shown in the same manner as in the previous plots. As can be seen m 4, and A3
change the direct detection cross section in such a way that two dips appear as a
vertical line along m a4 ~ 450 GeV = % and as a horizontal line along \{3 ~ —1.5
along which BP1yg5 lies. The first can be explained by reminding that the shown
cross sections are rescaled by the fraction of predicted relic density to observed relic
density as mentioned in section 4.2.2. Hence when the relic density (bottom left plot)
shows a strong enough dip, this will also show up in the direct and indirect detection
cross sections. In the previous subsections the effects on the relic density were less

strong and the direct effects of the parameters on direct and indirect detection
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Figure 20: Influence of mu, and A{3 = X{ — 3. The coloured palette on the z-
axis denote the spin-independent direct detection DM-proton/neutron cross section
(top left), indirect detection DM annihilation cross section (top right), relic density
(bottom left) and the allowed parameter regions under combining all constraints
(bottom right). BP1wgs, in Table 5, is marked with a red star. (This figure is a
rescan of the original in Ref. [1])

cross sections were stronger which is the reason why this argument did not play
such an important role there. The peak at low m 44 can be explained equivalently.
The horizontal dip along \{5 ~ —1.5, on the other hand, can be understood by
looking at the trilinear scalar-to-DM couplings in Equation 4.19, where the A[3-
term contributes with a negative sign and can cancel the first two terms. This
corresponds to a cancellation between the contributions from h; and ho as was the
case in the previous subsections. The areas excluded by LZ are shown as dotted

areas.

The behaviour of the indirect detection cross section is quite interesting, as one
can see some peaks and dips around myg ~ 450GeV. This is half the mass of the
heavy scalars mp, = ma = mpy+ = 900GeV. The dips slightly below this value can
be explained as above by using the rescaled cross sections. At the same time indirect
detection cross sections and relic density behave roughly inversely. These counter

acting effects can be responsible for the peak-dip structure. In the bb-channel, for
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example, the peak can be due to the resonant annihilation of two DM particles into
the heavy scalar hg which then, in turn, decays into bb. In the WWW-channel, on the
other hand, another dip can be observed slightly above m 44 ~ 450GeV due to the
preferred annihilation into bb and and other channels. In all three plots, some white
areas can be seen. This is due to micrOMEGAs not returning values in these regions.
This can happen when the cross section is too small. For example, in the hoho-
channel and the WW-channel, where m s, < mp, and mag < my, the respective
annihilation processes are kinematically forbidden. Other channels dominate in this
case. Regions excluded by Fermi are again shown as dotted areas.

The influence on the relic density is also interesting, as a peak can be seen around
mag ~ 75GeV. For lower masses may S 62.5GeV ~ % resonant annihilation of
two DM particles into one SM Higgs boson is possible and causes a drop in the relic
density. For higher masses m a4 2 95GeV =~ my, the annihilation channel into one
light scalar hy opens up and also causes the relic density to drop. This could explain
why in between those areas the relic density appears higher and looks like a peak.
Another interesting feature is the dip at mu, ~ 450GeV, which is half the mass
of the heavy scalars mj, =mg =mpg+ = 900GeV. Here resonant annihilation into
those particles causes the relic density to drop. This drop is strong enough to show
up in the direct and indirect detection cross sections as explained above. Regions
excluded by PLANCK are shown as dotted areas.

For all three observables, the region above \{3 ~ —1 is excluded by bfb con-
straints, shown as a hatched area in the bottom right plot. Small regions at low
values of m 4, are excluded by LZ. Combining all constraints shows an allowed area
below A5 ~ —1.

4.4 Collider phenomenology

In this section the phenomenology od the 2HDMS and prospect of detection at
future colliders and at HL-LHC is discussed. In order to do this, parameter regions
which are interesting from the point of view of possible detection at future colliders
are identified and benchmark points are selected in the following subsection. After
that signal processes are generated for these benchmark points and the results are

discussed.

4.4.1 Parameter regions of interest and benchmark selection

This work aims to perform a systematic analysis of DM phenomenology at cur-
rent and future colliders. Therefore, different DM mass regions are considered: low,

intermediate-range and heavy mass DM produced via the decay of the Higgs bosons.
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The benchmark points presented here are consistent with all theoretical and experi-
mental constraints mentioned earlier in the text. Further, the interplay of DM relic
density and the invisible branching ratio of a mediating scalar Higgs particle to DM
candidates is discussed as well as the dominant signal processes at different colliders
and the signal topologies for each of the different DM mass regions. An exhaustive
collider analysis is performed here and the efficacy of lepton colliders, particularly
electron-positron colliders like ILC/CLIC/CEPC/FCC-ee for low and intermediate
mass DM and muon colliders for heavy DM over HL-LHC is highlighted.

While this analysis is performed in the context of the 2HDMS, it is representative
of generic DM models with a scalar portal. The proposed signatures for detecting
low, intermediate-range and heavy mass DM signals produced from scalar mediators
at colliders can serve as a general guide to probe DM at future colliders. Further-
more, the complimentarity of lepton colliders to HL-LHC is compared to further
motivate the need for lepton colliders as a robust discovery probe for new physics.

The representative benchmark scenarios selected in the chosen model are now
discussed in more detail. After imposing various constraints on the 2HDMS, a
number of benchmark regions are selected (as shown schematically in Figure 21 and
also explained in the paragraphs below), which satisfy all relevant constraints and at

the same time are interesting from the point of view of discovery at future colliders.
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Figure 21: The masses of the scalar particles in the different benchmarks. The mass
of the neutral scalars, charged and pseudo-scalar particles (in black) are on the left
y-axis while the mass of the DM candidate (in magenta) are shown on right the
y-axis. Please note that the point 2900 GeV is not to scale, but was lowered to make
the plot more balanced. [2]

Since multiple future collider scenarios are explored with different energy reach,
different mass-ranges are presented for the DM candidate as well as for the mediator
(the scalar that acts as a major portal between DM and SM sector). Furthermore,
in some benchmarks the recently observed excess at 95GeV in the bb and ~v final
state is also taken into account in this study, in order to see the impact of such a

scalar on the DM phenomenology. In the rest of the benchmarks, such an excess is
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not considered. Furthermore, different possibilities in terms of the DM relic density
are explored, namely when the DM candidate in the chosen model accounts for the
total observed relic density and also when it accounts for only a part of it. As
will be seen in the following, these two scenarios also have some correlation to the
discovery potential at collider experiments. In the light of the discussion above, first
the benchmarks with the 95GeV excess are discussed followed by the benchmarks
without it.

Notation: The benchmark points in the following subsections are labelled ‘DM’
with the mass of the DM candidate and, for the benchmark points including the
excess at 95GeV a subscript ‘w95’

Benchmarks with a 95 GeV scalar

For the benchmarks, with a scalar at 95GeV as a part of the mass spectrum, it was
ensured that its signal strengths satisfy the conditions mentioned in section 4.3.1,
with lightest scalar h; having a mass of 95.4GeV and playing the role of a scalar
particle responsible for the observed excesses at LEP in the bb mode (~ 20) [8] and
at LHC in the vy mode (~30) [9, 10].

The combined x? = ng—kx% values are calculated according to Ref. [20] and
[42] and provided with each benchmark point (see Table 7 - 9).

~

62.5GeV. The benchmark point DM55,95 falls into this category and fully satisfies
the observed relic density. In such a scenario, the 125GeV SM-like Higgs boson acts

e DM55y95: The low mass DM can be quite interesting, especially, when m 4 S

as the major portal to the DM sector. By virtue of having an extended scalar
sector, it is possible to achieve such couplings between the SM-like Higgs boson
and the DM candidate, such that, it satisfies the stringent bounds from the direct
detection experiments, while the observed relic density can also be accounted for.
The dominant annihilation channel for a pair of DM candidates is into the bb-state.
Furthermore, the upper bound from the invisible decay of the 125GeV Higgs boson
is also respected, since the SM-like Higgs boson only has a small branching ratio to a
pair of DM candidates in this case. Although the aforementioned invisible branching
ratio is small, it is highly likely, that signals from such a scenario will be visible at
future colliders. Therefore, it is quite important to explore this benchmark at the
colliders and make predictions.

The parameters in the mass basis as well as the y?-value for the excess at 95GeV

are provided in Table 7.

e DM156,95: Furthermore, the region where a heavier scalar particle from the
extended scalar sector acts as a portal to the DM sector is explored. In this case,
the mass of the DM candidate is taken to be 156 GeV and the heavier scalar mediator
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mp, mp, mpg ma mg+ X2
95.4GeV [125.09GeV | 650GeV | 800GeV |800GeV |0.973
M No=2XN, | M—2X, | A/ =X] | tanp
55.596 GeV | 0.0020912 |0.00074611 | —0.025735 2
vg f aq o’ ag
300 GeV 650 GeV 1.213 —1.270 | —1.486

Table 7: The benchmark point DM55ywg95 in the mass basis.

hs is taken to be of 700 GeV mass. This benchmark also accommodates the 95 GeV
scalar with the required signal strengths. One should note that, since the 95GeV
scalar is mostly singlet-like (in order to satisfy all the experimental bounds so far),
the heavier scalar hs is dominantly doublet-like. The DM portal couplings are
scanned as well as the mixing angles between the two scalar doublets, and it was
found that in this mass range, it is typically difficult to account for the entire relic
density while ensuring a significant branching ratio BR(hs — AgAg) of the heavy
mediator to the DM candidate. Since the focus in this work is the prospect of DM
discovery at future colliders, the parameters for this benchmark are chosen leading
to a considerable BR(hs — AgAg) and consequently larger production rate. The
dominant annihilation channel for a pair of DM candidates in this scenario is into a
pair of light scalars hy.

The parameters in the mass basis as well as the y?-value for the excess at 95GeV

are provided in Table 8.

mp, Mh, My ma mpg+ x°
95.4GeV [125.09GeV | 700GeV | 700GeV | 700GeV |0.983
mAg AL =2X) | N5 =2X, | M/ =)X5 | tanp
156 GeV 12.753 —0.31351 | —2.6747 6.6
vs /:L (651 (65) a3
239.86 GeV | T700GeV 1.4661 1.1920 | —1.5989

Table 8: The benchmark point DM156.95 in the mass basis.

e DM1000y95: For the next case, a heavy DM scenario is considered which may be
detectable at high energy future colliders. For this purpose, a DM mass of 1TeV is
chosen, and a mediator (hz) mass of 2.9TeV. The primary motivation for choosing
this benchmark is to study a physics case for a future muon collider which will
possibly operate at /s = 3TeV and 10TeV and therefore can produce the heavy
scalar h3 on-shell which can decay into a pair of heavy DM particles. Since here
too, a singlet-like 95GeV scalar is part of the mass spectrum, the 2.9 TeV scalar hj is
doublet-like. However, in the heavy mass range for h3 as well as the DM candidate

Ag, satisfying the observed relic density could be achieved with a branching ratio
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of BR(h3 — AgAg) < 4%. The dominant annihilation channel for a pair of DM
particles in this scenario is into a pair of gauge bosons.

In this way three mass ranges for the DM candidate as well as scalar mediators
is covered, namely light, intermediate-range and heavy scenarios in the presence of
a 95GeV excess.

The parameters in the mass basis as well as the y?-value for the excess at 95GeV

are provided in Table 9.

mp, mp, mp, ma mpg+ X
95.4GeV [125.09GeV | 2900 GeV | 2900 GeV | 2900 GeV | 0.997
mAg AN =2N; | AL=2X0 | A= )\§ tan 3

1000 GeV 7.616 0 —0.463 )
s m aq Q2 a3
1000GeV | 2900 GeV 1.358 —1.223 1.554

Table 9: The benchmark point DM 100095 in the mass basis.

Benchmarks without a 95 GeV scalar
In the following, the interesting regions of parameter space without considering the

95 GeV excess are discussed.

e DMT70: Again a low mass DM candidate is considered. However in this case, the
focus is on a light scalar mediator hs which is singlet-dominated. In this case, the
invisible branching ratios of the singlet-like mediator to a pair of DM particles are
naturally large (close to 100%). Satisfying the observed DM relic density is easily
achieved as well, especially close to the resonance region. The major annihilation
channel is into a pair of gluons in this case. The gluons will further hadronize mostly
into pions and and then finally lead to photons or charged leptons in the final state.
The production of a singlet-dominated scalar state is challenging at future lepton
colliders, because of the feeble coupling of the singlet to the gauge bosons. However,
the lightness of the mass of the scalar hg (150GeV) is kinematically advantageous
in this benchmark, leading to its sufficient production cross section. Such scenarios
may have good prospect at the LHC where GGF production dominates.

The parameters in the mass basis are provided in Table 10.

mp, M, M ma m g+
800GeV |125.09GeV | 150GeV | 800GeV | 800GeV
MAg AN =2N, | N5 —=2XF | N[ =) tan 8
70GeV —0.10783 | 0.063127 | —0.47818| 1.3728
vg f o1 Qg Qg
219.05GeV | 751.54 GeV | —0.60016 | 0.042445 | —0.054807

Table 10: The benchmark point DM70 in the mass basis.
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e DM400: The next benchmark falls under the intermediate mass range category.
The scalar mediator hg in this case is of 900GeV and it is chosen to be singlet-
dominated. Here too, a substantial invisible branching ratio is achievable along
with the correct relic density. DM annihilation is dominated by the ¢ final state.
On the other hand, the production at colliders is naturally challenging due to the

singlet nature of the mediating scalar.

The parameters in the mass basis are provided in Table 11.

mp, mp, mp, ma mg+
800GeV |125.09GeV | 900GeV | 800GeV 800 GeV
M No=2N, [ N—2X | A= tan 3
400 GeV 0.077784 |0.036923 | —0.42725 2.1309
vg i a1 Qo Qg
587.17GeV | 755.39 GeV | —0.41245 | —0.0086501 | —0.0055431

Table 11: The benchmark point DM400 in the mass basis.

e DM1000: Finally, a benchmark with heavy DM (1TeV) is chosen as well as a
heavy mediator hs (2.9TeV). Interestingly, the other non-SM-like scalars, are at
800GeV. Such a large mass-gap between the non-SM-like scalars is only possible
because the heavy scalar is largely singlet-like in this case, the strong constraints
from S,T,U parameters can be evaded. Achieving the observed DM relic density is
possible in this scenario as well, but with a compromise on the invisible branching
ratio. This benchmark has prospects to be discovered at high energy colliders.
In this case, annihilation into a charged scalar and a pseudo-scalar opens up and

dominates over other channels, owing to the mass hierarchy.

The parameters in the mass basis are provided in Table 12.

mp, M, My, ma M+
800GeV |125.09GeV |2900GeV | 800GeV | 800GeV
MAg AN =2N; | Ny —=2XL | A=) tan 8
1000 GeV 0.32873 0.21320 | —0.41541 1.3414
vg f o Q2 ag
2271.3GeV | 768.14GeV | —0.54917| 0.036530 | —0.056095

Table 12: The benchmark point DIM1000 in the mass basis.

In order to summarise the various mass hierarchies pertaining to the chosen
benchmarks, a schematic representation was provided above in Figure 21. Fur-
thermore, an overview of the benchmarks including tan S-values, corresponding DM

observables as well as invisible branching ratios is presented in Table 13.
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tanB| Qh? opag/Pb onag/pPb UASASﬁXX/C:ﬁ BR(h; — AgAg)
h1 ha h3
DM55w95 2 0.11 4.21 x10~12 [ 4.08 x10~ T2 1.98x10~28 - 0.0199(3.81-1079
DM156495 | 6.6 |1.61-107%(3.903 x 10711 [4.160 x 10~11| 3.875x 10—2? - - 0.692
DM1000w95| 5 0.111 {3.323 x10~ 11| 3.369x10~ 1 | 2.045x10—26 - 0.0360
DM70 1.37| 0.113 [8.938 x10~16|2.651x10~13 2.13x10—28 1.80-10~* 0.999
DM400 |[2.13| 0.106 |4.960x10~1!|5.101x10~11 3.67x10—26 - 0.822
DM1000 |1.34 0.117 [8.263x 1011|8464 x 10~ | 2.018 x 10~26 - 0.00514

Table 13: The benchmark points considered in this work. Shown are the values for
tan 3, DM observables: relic density Qh2, direct detection cross section Op/mag for
DM scattering on protons (p) and on neutrons (n), indirect detection cross section
0AgAg—xx and the invisible branching ratios BR(h; — AgAg), with i = 1,2,3, for
the decays of the scalars hi, ho and h3 into two DM particles Ag. Decays which are
kinematically not allowed are marked with a ‘->. The direct and indirect detection
cross sections are rescaled according to the relic density.

4.4.2 Search strategy for benchmark selection

This section describes how the benchmark points explained above were selected
with respect to the DM phenomenology. In practice, first the regions of interest
were identified, then detailed parameters scans were conducted within these regions
and finally specific benchmark points, as given in Table 7 - 12, were chosen from
these scans. As an example, the search strategy is explained for the benchmark
point DM400 below.

To find a benchmark point which has good prospects to be observed at a future
collider a high invisible branching ratio (of one of the scalars, for example the heavy
scalar h3 to two DM particles Ag) is favourable. On the other hand, to explain
the DM abundance in the Universe, the DM relic density should be close to the
observed limit from the Planck collaboration. However, for the chosen model a high
branching ratio and high relic density counteract each other in many of the chosen
benchmark scenarios.

In the following this behaviour is shown and how benchmark points are selected
using the example of a benchmark with intermediate DM mass, and not including
the 95GeV excess.

In order to find a suitable benchmark point, the first step was to randomly vary
95 = Ap — 25, Az =

fixing the masses of the scalar particles as for the point DM400 in Table 11 and

the parameters A\, = \| — 2\, N =4, vg and tan while
keeping the mixing angles a1, ao and a3 such that the scalar A is singlet-dominated
and hy and hsz are doublet-dominated. (Note that the exact values as in Table 11
were not known before performing the scans. The point was selected from the results
of these scans.) In Figure 22 one can see the invisible branching ratio (of the heavy
scalar hg to two DM particles Ag) against the DM relic density.

As described above a higher branching ratio results in a lower relic density.
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Figure 22: Invisible branching ratio BR(hs — AgAg) of the heavy scalar hz to two
DM particles Ag against DM relic density Qh? for randomly varying A4, Ay, A,
vg and tan around the region of DM400. The different constraints are shown
by different colours. Please note that most points are excluded by more than one
constraint, hence different point sizes were chosen to make overlapping constraints
visible. The red line shows the relic density limit measured by Planck. Points in
the red shaded area are above this limit and are excluded. The points passing all
constraints are shown in black. [2]

Furthermore, there are strong constraints from LZ (blue), unitarity (light pink) and
bfb (green). The points passing all constraints are shown in black and all lie in an

area with low branching ratio.

In order to open up the area of high branching ratio and high relic density, also
the scalar mixing angles a1, as and a3 need to be varied. The results of this more

elaborate scan can be see in Figure 23.

As can be seen now there are also strong constraints from HB (magenta). How-
ever, the new points split into two areas, one stretched along the x-axis with low
branching ratio and one stretched along the y-axis with relic density around the
limit from Planck. The splitting into these two areas results from the chosen scan
regions for the mixing angles. With a different choice one could also fill the sparse
white area with more points. The points passing all constraints are again shown in
black. From these results the point DM400 in Table 11 was selected.

To summarise the results one can say that, when only varying the coupling
parameters N4, 55 and A5, branching ratio and relic density behave inversely. To
find a point with high branching ratio and high relic density one needs to also vary

the scalar mixing angles a1, as and «a3. Another conclusion is, that the allowed
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Figure 23: Invisible branching ratio BR(hs — AgAg) of the heavy scalar hs to
two DM particles Ag against DM relic density Qh? for randomly varying \j,, Ajs,

I3, vg, tanf, 2 and the scalar mixing angles oy, as and ag around the region of
DM400. The different constraints are shown by different colours. Please note that
most points are excluded by more than one constraint, hence different point sizes
were chosen to make overlapping constraints visible. The red line shows the relic
density limit measured by Planck. Points in the red shaded area are above this limit
and are excluded. The points passing all constraints are shown in black. [2]

points (in black) which correspond to the observed relic density and also lead to a
large invisible branching ratio of hs3, imply a combination of mixing angles, where

hs is largely singlet-like. This is the scenario considered in DM400 in Table 11.

4.4.3 Signals at future colliders and software used

Having identified interesting regions of parameter space in the 2HDMS, the next
step is to probe such regions in future colliders. The focus lies on low, intermediate-
range and high DM mass, as well as mediator mass (the scalar which acts as a
portal between the DM candidate and SM particles), as discussed in the previous
section. On the one hand, various possible final states are investigated, such as
mono-photon (7)+MET?, mono-Z+MET, bb+MET, tt+MET. On the other hand,
possibilities at various future colliders are considered, i.e. the hadron collider High-
luminosity LHC (HL-LHC), eTe™ colliders such as ILC, FCC-ee and CLIC, and

finally a muon-collider.

5The term ‘MET’ is used in a generic sense in this work. At the LHC, MET is used to define
missing transverse momenta. On the other hand, at lepton colliders, alongside missing transverse
momenta, missing energy (/) and missing mass (M) also become important. Therefore, MET
is used as a generic umbrella term to define all these quantities and the explicit definitions are
presented specific to the particular collider and final state.

87



4 PHENOMENOLOGY OF THE 2HDMS

The LHC is currently in its Run 3 phase with centre-of-mass energy /s =
13.6 TeV. Further upgrades to the high-luminosity run of the LHC [160], planned
after Run 3, are set to further enhance the centre-of-mass energy up to /s = 14TeV
and the integrated luminosity up to 3000 fh=t, Along with present Run 3 results
and the future planned HL-LHC run, several New Physics models are expected to
be constrained from experimental data. Further, upcoming lepton collider machines
would also play a crucial role in looking for New Physics in potentially complimen-
tary discovery channels. Lepton colliders would not only shed light on investigating
indirect effects of New Physics via precision studies but also, via direct searches of
new particles for high energy lepton colliders. Below some of the proposed upcoming

high precision and high energy future lepton colliders are discussed.

The ILC [161-167], is a proposed linear eTe™ collider with centre-of-mass en-
ergies in the range of /s = 92 and 250 — 550 GeV, which can be upgraded up to
Vs = 1000 GeV. The ILC provides a comprehensive and complementary physics
potential [168] and an advantage over the HL-LHC due to its clean environment,
high luminosity, tuneable energy as well as the possibility to apply precise and high
polarisations of both the electron and positron beams. This not only leads to in-
creased background suppression, higher rates and better control of systematics but
also opens new windows in direct, as well as indirect searches for New Physics of-
fering high precision measurements [161, 169]. Other proposed eTe™ colliders are
the CLIC [170, 171] with energy upgrades up to /s =1.5,3 TeV, the Linear Collider
Facility at CERN (LCF) [167, 172], the FCC-ee [173] with energy upgrades up to
Vs =350GeV and the CEPC [174] with energy upgrades up to /s = 240 GeV.

A multi-TeV circular muon collider [175] is also proposed to be built with centre-
of-mass energies /s = 3 and 10TeV with target integrated luminosity up to £ =
10ab~? [176]. While providing a cleaner environment compared to hadron ma-
chines, it also provides access to higher centre-of-mass energies, thereby extending
the reach for New Physics searches. Besides, the enhanced muon Yukawa coupling
compared to electron Yukawa coupling significantly enhances production cross sec-
tions of beyond-the-Standard-Model (BSM) particles compared to electron-positron
colliders, especially in the context of models with extended scalar sectors. Beam
polarisation may also be useful for a muon collider [177, 178], but since polarised
muon beams are not yet foreseen in the current design, the focus lies on unpolarised

muon beams for the present study.

In this work, the prospects of new physics searches for the 2HDMS in the high-
luminosity LHC, electron-positron colliders and muon colliders are studied in the

following subsections.

A detailed comparison between future colliders is presented in terms of probing
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various benchmark scenarios. Furthermore, complimentarity between various collid-
ers as well as different final states is established. The parton-level events are gener-
ated at \/s = 14TeV using MadGraph MG5_aMC_v3.4.1 [179, 180] followed by show-
ering and hadronization using Pythia_v8.3.06 [181], where the default parton dis-
tribution function NNPDF2.3[182] was used. The detector simulation for the hadron
level events is performed using the fast detector simulator Delphes-v3.5.0 [183].
The signal analyses at LHC have been performed using MadAnalysis-v5 [184]. The
signal processes are generated in WHIZARD-v3.1.5 [185] for the eTe™ and putpu~

collider studies.

4.4.4 Benchmarks at LHC

For the SM-like Higgs boson with a mass of 125GeV at the LHC, the dominant pro-
duction processes are GGF and VBF. For heavy scalar Higgs bosons, the associated
production with bb (BBH) dominates both GGF and VBF for certain parameter re-
gions due to the tan 5 enhancement of the bottom quark Yukawa coupling. Figure 16
shows the Feynman diagrams for GGF, VBF and BBH processes, respectively. For
BBH, both four-flavour and the dominant five-flavour contributions are considered
and the Santander matching [186] is performed with the matched cross section de-
fined as a weighted average of the four- and five-flavour cross sections. The cross
section then reads:
ot 4 w;o®!

(2

where w; = ln(Tn:Z) —2, with i = 1,2,3. The production cross section of the Higgs
bosons, with the Higgs decaying invisibly are presented in Table 14 and 15 for the

light, intermediate-range and heavy benchmarks, respectively.

Process Production cross section (fb) at /s = 14TeV

DM55y95 | DM156y95 DMT70

GGF(hy — AgAg) 533.9 - 19.29 x 103

GGF(hg — AgAg) - 0.015 -

VBF (hy — AgAg) 54.33 - 2.72 x 103

VBF(hs — AgAg) - 0.134 0.0022

BBH(hQ — ASAS) 21.6 - 0.137

BBH(hg — ASAS) - 47.24 -

Table 14: The production cross sections at leading order (LO) for the relevant
processes at /s = 14TeV at LHC. All cross sections below 107%fb are denoted by
‘-’ For BBH the Santander matched cross section is used as defined in the text.

For the light DM benchmark point, DM5595 the relevant scalar decaying into
DM particles is the SM-like Higgs boson. Hence the dominant production processes
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Process Production cross section (fb) at /s = 14TeV
DM400 | DM1000 DM1000y95
GGF(h3 — AsAg) | 0.013 | 6.35x 1077 4.5x107°

VBF(hs — AgAg) | 0.0008 - -
BBH(hg — ASAS) 0.007 - -

Table 15: The production cross sections at leading order (LO) for the relevant
processes at /s = 14TeV at LHC. All cross sections below 107fb are denoted by
‘-’ For BBH the Santander matched cross section is used as defined in the text.

are GGF and VBF. While DM55y95 has an invisible branching ratio of ~ 2%, the
cross section is appreciable. For DM70 the singlet dominated scalar with a mass
of mp, =150GeV almost always decays invisibly (99%) (meaning into a pair of DM
particles). Despite the singlet admixture, the cross section for the production of hs
using GGF in DMT70 is appreciable and benefits from the large invisible branching
ratio which otherwise suppresses the cross section for DM5595.

For the intermediate benchmark DM15695 the dominant processes for the
production of the heavy scalar hs invisibly decaying into a pair of DM candidates
are mainly from bbhs which may benefit from the increase in the Yukawa coupling
of the b-quark via its dependence on f for large values of tan 3 [105]. While this
process is suppressed for the SM-like Higgs boson production, it may be comparable
or even larger than traditional production channels, such as GGF or VBF and could
be an alternative channel of discovery for heavy Higgs boson searches in Type II
2HDM.

The production cross sections for the intermediate and heavy benchmark points
are shown in Table 15. For the intermediate DM benchmark DM400, the mass of
the heavy scalar my, = 900 GeV, which dominantly decays invisibly, the dominant
contribution to the production mainly arises from GGF owing to the heavy mass
of the scalar while BBH and VBF are sub-dominant contributions. For the heavier
DM benchmarks DM1000yg95 and DM1000 with a heavy scalar such that my,, =
2900 GeV, the production cross sections for GGF, VBF and BBH are shown in
Table 15. The production cross section greatly suffers owing to the heavy mass of
the scalar particle my, = 2900GeV and therefore does not produce an observable
number of events at £ = 3000fb ™. Such scenarios are beyond the reach of the HL-
LHC. However, such benchmarks have a larger production cross section at a higher
Vs such as at future hadron colliders like FCC-hh or the Super Proton—Proton
Collider (SPPC) at /s =100TeV as will be discussed later in subsection 4.4.7.

The possible final states at LHC for this scenario are:
« Mono-jet + Frp,
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e Two forward jets + ET,
o Two b-jets + Er.

Each of the final states from the production channels GGF, VBF and BBH is
discussed in the following subsections. The prospective signals are studied at the
LHC at /s = 14TeV with an integrated luminosity of £ = 3000ab !,

Gluon-gluon fusion

In this paragraph the final state mono-jet+MET from the GGF production channel

is considered. For the collider analyses the following cuts [187] are used:
o C1: The final state consists of up to four jets with pp > 30GeV and |n| < 2.8,
« C2: Large MET is demanded, f7 > 250GeV,
o C3: The hardest leading jet has py > 250GeV with |n| < 2.4,

o C4: AD(j,Fr) > 0.4 for all jets and A®(j,Fr) > 0.6 for the leading jet is

demanded,

o C5: A lepton-veto is imposed for electrons with pp > 20GeV and |n| < 2.47
and muons with pp > 10GeV and |n| < 2.5.

The SM background of 7.07pb is obtained from the mono-jet + Jr search studied
in Ref. [108].

The signal significance for GGF is shown in Table 16, using a K-factor of 1.91
(at Next-to-next-to-leading order (NNLO) plus Next-to-next-to-leading logarithmic
(NNLL)). Only benchmarks which are sensitive at HL-LHC with significance at least
greater than 0.050 are listed. While both the light DM benchmarks have appreciable
cross sections at LHC, their significance suffers due to the high-py cuts as in usual

mono-jet searches at LHC.

Benchmark | Significance
DM55y95 0.300
DM70 0.550

Table 16: The signal significance from GGF for HL-LHC at an integrated luminosity
of 3000fb ™!, for the benchmarks sensitive to this process.
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Vector boson fusion

Now the final state with two forward-jets+MET from the VBF production channel

is considered. For the collider analyses the following cuts [188] are used:

o D1: The final state consists of at least two jets with pp(ji1) > 80GeV and
pr(jo) > 40GeV and A®(j;, Fr) > 0.5,

o D2: n(ji1j2) <0 and Adj1j5 < 1.5 is demanded,
« D3: |Anl|;; > 3.0 is demanded,

« D4: The invariant mass of the two forward jets is required to be large, M;; >
600 GeV,

e D5: Fp > 200GeV is demanded,

o DG6: Furthermore, a lepton veto is imposed for electrons with pp > 20GeV or

muons with pr > 10GeV.

The signal significance for VBF is shown in Table 17, using a K-factor of 1.73 (NLO
QCD + NLL). The VBF process, as can be seen, is only sensitive for DM70 with
nearly 20 excess at HL-LHC.

Benchmark | Significance
DMT70 1.940

Table 17: The signal significance from VBF for HL-LHC at an integrated luminosity
of 3000 fb~1, for the benchmarks sensitive to this process.

bb-Higgs associated production

As next case, the associated production channel of a scalar Higgs boson along with
bb is discussed, namely the BBH process, for DM156wg5 with the heavy scalar
decaying invisibly into a pair of DM candidates. The matched cross section for this
process is estimated using Santander matching as discussed above. For DM 156,95
the mass of the heavy scalar is 700 GeV and the mass of the DM candidate is 156 GeV.
The heavy scalar decays into a pair of DM particles with a branching ratio of 69%.
This high invisible branching ratio in combination with the large production cross
section may yield a significant number of signal events at the HL-LHC. The prospects
of the final state bb+MET is studied at /s = 14 TeV. Dominant SM backgrounds to
this final state arise from t£, Z+jets, bbZ, Z(— viz)h, semi-leptonic Z(— bb)Z(— viv)
and bbvv. The dominant SM backgrounds are generated with a MET cut of 100 GeV
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Figure 24: The distribution for the invariant mass of the bb pair for the two b-
jets+MET > 100GeV (with photon and lepton veto) final state for the bench-
mark DM15695 and dominant SM backgrounds, before applying further analyses
cuts. [2]

in order to tame the production cross section. The distribution for the invariant
mass M (b1by) with two b-jets in the final state is presented in Figure 24. While the
SM backgrounds from Higgs and Z-bosons typically have a peak at lower values of
M (b1b2) the signal has a longer tail. Keeping this in mind, the following cuts are

utilised to separate the signal from the background.

o E1: The final state consists of two b-jets and no photons or leptons. AR(by,b2) >
0.4, pr(b1) > 150GeV and pr(bz) > 100GeV are demanded,

« E2: A large MET P > 200GeV is demanded to reduce the SM background,

« E3: M(bb) > 200GeV is demanded to reduce the SM background contribu-

tions.

In Table 18 the cross sections are presented after imposing the cuts for the BBH
channel for DM156.95 and the dominant SM background.

The matched BBH channel for DM156495 at the LHC was found to have a
significance ~ 2.650 at LO at the HL-LHC. Using a higher-order K-factor of 1.94
for ¢ to match the predicted cross section at /s = 14TeV [189], 1.76 for bbZ [179]
and bbvv and an approximate K-factor of 1.2 for the processes Z+jet and hZ, where
h is the SM-like Higgs boson, a total background cross section of ~ 100£{b is obtained

which reduces the signal significance to 1.950 for the LO signal cross section. Thus,
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Benchmark Cross section after cuts (fb)
DM156y95 0.357
SM Background

bbZ 18.3

by 13.46

tt 66.46

Z+7 2.04

hZ 0.012

Total Background 100.27

Table 18: The cross sections for the signal and SM backgrounds after applying the
cuts E1-E4 as discussed in the text for signal-background distinction for BBH for
HL-LHC at an integrated luminosity of 3000fb™*.

Benchmark | Significance
DM156w95 1.950

Table 19: The signal significance from BBH for HL-LHC at an integrated luminosity
of 3000fb ™!, for the benchmarks sensitive to this process.

it is observed that, while GGF and VBF are popular channels for heavy Higgs boson
searches, BBH also is a competitive channel compared to VBF at HL-LHC as is the
case here for DM15695.

Future hadron colliders such as the proposed FCC-hh/SPPC to run at /s =
100TeV may further enhance the discovery potential of this scenario especially for
the heavy benchmarks DM400, DM1000y95 and DM1000. The discussion for
these benchmarks at FCC-hh/SPPC is deferred to subsection 4.4.7. The signal cross
sections for a /s = 100TeV collider like FCC-hh/SPPC are presented in Table 20.
One can clearly see the prospects of improvement of the GGF, VBF and BBH
signals for the benchmarks DM5595, DM156y,95 and DM70 at FCC-hh/SPPC
at /s =100TeV. From Table 20 an increase in the production cross sections is
observed at FCC-hh/SPPC by a factor of 100-1000 over LHC and thus channels for
heavy Higgs searches are favourable at FCC-hh/SPPC.

Besides LHC, the focus will be on future lepton colliders i.e. ILC and a muon
collider as two possible future options, as will be discussed in the following subsec-
tions. However, these results can be used in the context of other lepton colliders as

well, as demonstrated shortly.
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Process Production cross section (fb) at /s =100 TeV
DM55w95 | DM156y95 DM70

GGF(hy — AgAg) | 10.1x 10° - 4.09 x 10°
GGF(hs — AgAg) - 1.596 -

VBF(hy — AgAg) | 5.97x10? - 81.87
VBF(hg — AsAs) - 3.12 -

BBH(hy — AgAg) | 6.43 x 102 - 17.2 x 10°
BBH(hg — AgAg) - 5.00 -

Table 20: The production cross sections at leading order (LO) for the relevant
processes at /s = 100 TeV. All cross sections below 1079 fb are denoted by ‘-’ For
BBH the Santander matched cross section is used as defined in the text.

4.4.5 Benchmarks at electron-positron colliders

First the discovery prospects at ete™ colliders are discussed, i.e. at ILC, CEPC,
CLIC and FCC-ee. Following ILC-TDR [161], three different centre-of-mass ener-
gies, v/s = 250GeV, 500GeV and 1TeV are considered for a comparative analysis.
On the other hand, the design energy for CLIC is 3TeV [170]. First the production
cross sections for several benchmarks in different final states are show in Figure 25.
It is clear from Figure 25, that for low DM mass benchmarks namely DM55yg95
and DMTO0, the largest cross sections pertain to the mono-Z final state at ete™
colliders. Furthermore, the cross sections peak at the lowest value /s =250 GeV for

both aforementioned benchmarks.

Benchmark Production cross section (fb)
at /s =250GeV | at /s =500GeV | at /s =1TeV
DMbB5wos 142 1.1 0.24
DM70 0.33 0.15 0.035
vvZ background 503 491 950

Table 21: The Production cross sections for signal (for DM55y95 and DM70) and
background (vvZ) for Z+MET final state at a /s = 250GeV, 500GeV and 1TeV

eTe™ collider.

In case of DM55ygs5, the major production of DM at an e™e™ machine is via
the Higgsstrahlung process and further decay of the SM-like 125GeV Higgs boson
into a pair of DM particles. Therefore, Z+MET final states are considered to probe
this scenario. The invisible branching ratio of the SM-like 125GeV Higgs boson hg
is 1.99% (see Table 13). Further, the benchmark DMT70 is examined, where the
pair of DM particles results from a light singlet-like non-SM-like scalar (150 GeV),

following Higgsstrahlung production of the mentioned scalar. The corresponding
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Figure 25: Variation of the production cross section against /s for the final states

AsAgy, ZAsAg, and bbAsA, at ete™ colliders, computed using WHIZARD [185] for
different benchmark points. [2]

invisible branching ratio is almost 100%.

The production cross section of the Z+MET final state is presented in Table 21
at different /s for both benchmarks. The major background corresponding to the
Z+MET state comes from the vvZ final state.

For the signal-background analysis the most sensitive kinematic observable, the

missing mass ()/) is examined which is defined as follows:

M2 = (pin _pout>2> (432)

where p;,, corresponds to incoming four-momenta and py,; corresponds to outgoing
four-momenta of visible final states.

The analysis found that ) provides the best discrimination between signal and
backgrounds. Therefore, the signal and background distribution is shown for this
variable for the benchmarks DM5595 and DM70 and for backgrounds. For the
benchmarks, )/ peaks at the mass of the scalar, which decays into a pair of DM
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Figure 26: Distribution of missing mass M for signal (for DM55yw95 and DM70)
and background (vvZ) for Z+MET final state at a /s = 250GeV (top left), /s =
500GeV (top right) and /s =1TeV (bottom) eTe™ collider. [2]

particles. On the other hand, at low /s, the major background contribution comes
from the resonant ZZ(vv) final state, and therefore N peaks at the Z mass (see
Figure 26 top left and top right). At higher /s, the dominant contribution to the
background comes from the non-resonant v Z final state, and as a result, J/ peaks
at a larger value (see Figure 26 bottom centre).

One can infer from Figure 26 and Table 21 that, at low /s, the event rate
is larger, but the signal-background separation is best at higher /s. The signal
significance for the two benchmarks DM55,95 and DMT7O0 is presented in Table 22.
It is worth emphasising that the low mass DM is best probed with the mono-Z final
state owing to a substantial event rate via Higgsstrahlung. Furthermore, low /s is
favoured in this context. Therefore, such low mass DM scenarios are best probed at
eTe™ colliders, namely at ILC, FCC-ee or CEPC at /s = 250GeV.

4.4.6 Benchmarks at a muon collider

In this section, the focus lies on the dominant channels for the study of the DM

candidate at a muon collider for the chosen benchmarks, as shown in Figure 27. It is
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Benchmark NG Cut Significance
DM55w95 | 250GeV M > 100GeV 110 (lab™ 1)
DM70 | 250GeV M > 130GeV 30 (3ab™1)
DM55495 | 500GeV | ¥ > 100GeV and M < 150GeV | 3.60 (1ab™ 1)
DM70 | 500GeV | ¥ > 140GeV and M < 190GeV | 1.50 (3ab™ 1)
DM554w95 | 1TeV | Y >120GeV and M < 250GeV | 2.40 (3ab™ ')

DM70 1TeV | M >120GeV and M < 250GeV | 0.360 (3ab™!)

Table 22: The signal significance (for DM55y95 and DM70) for Z+MET final
state at a /s =250GeV, 500GeV and 1TeV eTe™ collider.
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Figure 27: Variation of the production cross section against /s for the final
states AgAsy, ZAGAg, bbAGA,, and ttAgzAg at a muon collider, computed using
WHIZARD [185] for different benchmark points. [2]

worth mentioning that the conventionally favoured VBF final state at a high energy

muon collider is sub-leading for the chosen benchmarks. Furthermore, charged Higgs

boson final states where the DM candidate comes from the cascade decay (HT —

h;W*, h; — AgAg) are also suppressed in this case.

The possibility of probing DM156w95 at a muon collider is explored first. It
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is clear from Figure 27, that this scenario can be probed best, at a muon collider,
in the final state where DM particles are pair-produced in association with bb. The
cross section for the signal is largest (=~ 0.5fb) at /s =3TeV. The SM background
contribution is considered in the bbvv as well as ¢ final state. The total background
cross section amounts to 800fb. Two b-tagged jets are demanded in the final state
for the analysis selection and the invariant mass distribution of the b-jet pair is
investigated. This variable offers significant signal background separation (see Fig-
ure 28). After applying a suitable cut on this variable, a signal significance of 6.3

can be achieved at an integrated luminosity of 3ab™ .
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Figure 28: Distribution of invariant mass my, of a b-jet pair for signal (for
DM156ywg95) and background (bbvi and tt) for bb+MET final state at a /s = 3TeV
muon collider. [2]

Benchmark Production cross section (fb)
at \/s=3TeV | at /s =10TeV
DM156v95 0.48 0.063
bbrv background 758 1.3
tt background 20 1.7

Table 23: The Production cross section for signal (for DM156y95) and background
(bbvv and tt) for bb+MET final state at a /s = 3TeV and 10 TeV muon collider.

Cut
100 GeV < my, < 500GeV

Significance
6.30 (3ab™ 1)

Benchmark
DM15695

Table 24: The Signal significance and corresponding cuts (for DM156y95) for
bb+MET final state at a /s = 3TeV muon collider.

It is worth emphasising another interesting point. The analysis for DM15695
at a muon collider is performed at /s = 1TeV. Although, the design energy for a
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muon collider starts at 3TeV [175], the physics case at /s = 1TeV is investigated
here. There is a possibility that a 1TeV muon collider will have a stronger physics
case compared to ILC or CLIC operating at 1TeV. Here such an example is pre-
sented. The reason behind this are larger muon-Yukawa couplings compared to
electron-Yukawa couplings. Owing to this significant enhancement, one can achieve
substantial production cross sections (at least four orders of magnitude larger than at
the ete™ collider [1]) in the mono-photon+MET final state, mediated via s-channel
hs production at a muon collider.

Keeping this fact in mind the detection prospects of DM 156,95 presented are at
a muon-collider at 1 TeV in the mono-photon final state. The signal and background
production cross sections are presented in Table 25. The missing-mass M is found to
offer best separation between signal and background. The distribution is presented
in Figure 29. Choosing suitable cuts on this variable, an appreciable detection

prospects for this benchmark is achieved, which can be seen in Table 26.

Benchmark Production cross section (fb) at /s = 1TeV
DM15695 0.23
vvy background 2.45

Table 25: The Production cross section for signal (for DM156y95) and background
(vvy) for v+MET final state at a /s = 1TeV muon collider.
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Figure 29: Distribution of missing mass ) for signal (DM156yg5) and background
(vvy) for v+MET final state at a /s = 1TeV muon collider. [2]

The motivation for this particular study may not be practical from the per-
spective of the current experimental designs of future colliders. However, as stated
before, a muon collider at y/s = 1TeV can be beneficial for specific regions of param-
eter space compared to eTe™ colliders of the same /s. Furthermore, in the context
of a muon collider, the mono-photon final state at /s = 1TeV can provide a good
hint for the DM signal.
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Benchmark Cut Significance
DM156y95 | 690GeV < Y < 710GeV | 30 (3ab™ 1), 5.30 (10ab™ 1)

Table 26: The Signal significance and corresponding cuts (for DM156y95) for
v+MET final state at a /s = 1TeV muon collider.

Benchmark Production cross section (fb) at /s =10 TeV
DM1000y95 0.027
SM tt background 1.66

Table 27: The Production cross section for signal (DM1000y95) and background
(tt) for tt+MET final state at a /s = 10TeV muon collider.
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Figure 30: Distribution of invariant mass my;, of a b-jet pair for signal (DM1000yg95)
and background (SM tt) for tt+MET final state at a /s = 10 TeV muon collider. [2]

Finally, the benchmark in the heavy mass region DM1000yg95 is considered.
Here the DM candidate is of 1 TeV mass, and the non-SM-like scalars hg, A and H*
are at 2.9TeV. The production cross section of such a benchmark across various /s
is presented in Figure 27. One can see that the best prospects for this benchmark are
at the high energy muon collider i.e. at /s =10TeV. And the most suitable channel
in this case turns out to be pair-produced DM in association with tf. The major
reason behind this is the considerable branching ratio of h3 to tt. However, the large
branching ratio of t¢ naturally leads to a somewhat reduced invisible branching ratio
of hz. In the performed scan, the largest invisible branching ratio was found to be
of <21%. However, the large branching ratio of h3 to tt fairly compensates for this
when looking at the tt+MET final state. The major SM background in this case
is the SM tt process. The signal and background cross sections are presented in
Table 27. One may note the generic feature in Figure 25 and 27, that there is an
s-channel resonant enhancement when /s is in the vicinity of the mediator mass,

resulting in a peak. At higher /s the t-channel processes start to dominate and
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Cut
mpp < 2TeV

Benchmark
DM100095

Significance
2.90 (10ab™ 1)

Table 28: The Signal significance and corresponding cuts (for DM1000yy95) for
tt+MET final state at a y/s = 10TeV muon collider.

the production cross section rises again (see, in particular, the bb and tf associated
production).

Finally, the invariant mass of a bb pair is shown for signal and background in
Figure 30. Since in case of the signal the bb pair comes from a tf pair from the decay
of hs, they are relatively close, whereas in case of the tt background, the two b-
quarks come from a tt pair, which are back-to-back. This leads to a larger invariant
mass of the bb pair in case of the background compared to the signal. After choosing
a suitable cut on the invariant mass, a signal significance of ~ 3¢ is achieved (see
Table 28).

4.4.7 Challenging scenarios

Having discussed benchmark regions which can possibly be probed at HL-LHC and
future lepton colliders, in this section the attention is shifted to the scenarios which

are extremely difficult to probe at future colliders.

Final state | Production cross section (fb) at a muon collider
at /s =3TeV at /s =10TeV
Y+MET 5.3x 1077 4.9%x1078
Z+MET 1.1x107° 1.5x107°
bb+MET 2.7x1073 4.5% 1073
tt+MET 3.7x107° 8.9x 1073

Table 29: The Production cross sections (for DM400) for different final states at a

/s =3TeV and 10 TeV muon collider.

Final state | Production cross section (fb) at a muon collider
at /s =3TeV at /s =10TeV
Y+MET 3.5 x 107" 1.3x10°10
Z+MET 44x1078 2.2x1076
bb+MET 3.7x 1078 2.0x 1075
tt+MET 7.8x 107" 3.7x107°

Table 30: The Production cross sections (for DM1000) for different final states at

a y/s =3TeV and 10 TeV muon collider.
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It was found that in case of DM400 and DM1000, where the mediating scalar
hs is singlet-dominated, the production cross section decreases significantly, due to
its suppressed couplings to SM particles. Due to the same reason the branching ratio
of hy to DM particles can become quite significant, which is the case for DM400
(82%). However, since the the production cross section is small, the resulting event
rate in all the final states considered decreases significantly. This can be seen in
Table 29 and 30 when compared with Figure 27. As stated earlier, both these
benchmarks can fully account for the observed DM relic density, and are allowed
by all relevant constraints. However, such scenarios will be extremely difficult to
probe at future lepton colliders. The possibility of probing these at future high
energy hadron colliders, such as FCC-hh/SPPC was explored for these benchmarks.
Although no detailed study is presented, the production cross sections for these
benchmarks at FCC-hh/SPPC are mentioned here. The production cross sections at
LHC with /s =14TeV and FCC-hh/SPPC with /s =100 TeV are listed in Table 32
and 31, respectively. As can be observed, at least an increase in the production cross
section at FCC-hh/SPPC over LHC by a factor of ~ 30 —40 can be achieved for VBF
and BBH for DM400. While for GGF the increase in the production cross section
is by a factor of 100. For DM1000, the increase in the production cross section is

by a factor of 1000. Such a large production cross section provides a favourable case
for probing heavier Higgs masses at FCC-hh/SPPC.

Process | Production cross section (fb) at /s = 14TeV
DM400 DM1000
GGF 0.016 1.27x 1071
VBF 0.001 4.7 %1076
BBH 0.008 1.96 x 1076

Table 31: The production cross sections at leading order (LO) of relevant processes
at /s =14TeV at LHC.

Process | Production cross section (fb) at /s = 100 TeV
DM400 DM1000
GGF 1.456 0.117
VBF 0.039 1.182
BBH 0.264 0.029

Table 32: The production cross sections at leading order (LO) of relevant processes
at /s =100TeV at FCC-hh/SPPC.
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4.4.8 Complimentarity in dark matter searches at future colliders

In this work, different regions of parameter spaces were studied in detail for the
2HDMS scenario as well as the prospects of their detection at future colliders. Here,
the salient points highlighting the complimentarity of the different present and future
colliders in the context of DM searches are summarised.

The dominant production channels at HL-LHC are GGF, VBF and BBH pro-
duction. In the low mass range (i.e. DMb55y95), while GGF and VBF processes
dominate over BBH due to the small invisible branching ratio, the HL-LHC would
not be sensitive to these channels. In the intermediate/heavy mass range, the pro-
duction cross section is already too small. Interestingly, for DM70, where the pair
of DM particles comes from a singlet-like light scalar, the production cross section
is enhanced due to kinematic reasons. In this case, LHC yields a good signal signif-
icance in the GGF final state, owing to the substantial production cross section and
an invisible branching ratio of almost 100%. For the intermediate mass benchmark
DM156.95 the BBH channel can provide a possible hint with an excess of ~ 20 at
the HL-LHC. These channels may have better detection prospects at a future high
energy hadron colliders such as the FCC-hh/SPPC with a centre-of-mass energy of
Vs =100TeV owing to the larger enhancements in the production cross sections
which are left for future studies.

The low mass benchmarks (DM55y95 and DM70) have best prospects at
ILC/CEPC/FCC-ee operating at /s =250GeV in the mono-Z final state, due to
the large Higgstrahlung cross section. Among lepton colliders the best prospects for
the intermediate benchmark DM156y95 turns out to be at a muon collider with
/s =3TeV in the associated bb final state. Interestingly, it is also possible to probe
such a scenario at lower /s at a muon collider, i.e. y/s =1TeV, in the mono-photon
final state. The heavy DM as well as heavy mediator scenario DM1000yg95 can
only be probed at a muon collider with /s = 10TeV in the associated ¢t final states.
There are a few challenging scenarios. Especially when the DM candidate comes
from the decay of a singlet-dominated scalar, which is rather heavy in mass, the
production cross section becomes too small for such scenarios to be probed at any of
the future lepton colliders. Proposed future hadron colliders such as FCC-hh/SPPC,
operating at /s = 100 TeV, can be helpful in probing such challenging scenarios due

to the significant enhancement in the signal cross section.

4.5 Summary

In this work, the Two Higgs doublet model extended by a complex scalar singlet

(2HDMS) was investigated in terms of DM phenomenology as well as searches at
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future colliders. The DM candidate in this model is provided by the imaginary com-
ponent of the scalar singlet, which is stabilised by the imposition of a Z5 symmetry.
It is further assumed, that the imaginary part of the complex scalar singlet does not
acquire a vev, but the real part does, giving rise to a mixing between the singlet
and the scalar sector of the 2HDM.

In the first part, section 4.3, an example benchmark point satisfying all theoret-
ical and experimental constraints was chosen and parameter scans were performed
around this point. Where different model parameters were varied and DM observ-
ables, such as the DM relic density as well as the direct and the indirect detection
cross sections of DM, were investigated. In addition the impact of an experimental
excess on the DM phenomenology was explored. This excess was observed around
95GeV both at LEP [8] in the bb mode as well as at CMS [9] and ATLAS [10] in
the vy mode. Due to the mixing between the singlet and the scalar sector of the
2HDM, this excess can be modelled in the 2HDMS while respecting current con-
straints from DM searches and explaining the content of DM in our Universe, all
at the same time. Strong theoretical constraints arise from bfb and tree-level uni-
tarity, while the strongest experimental constraints come from DM direct detection
searches and precision observables. Allowed regions under these constraints were
identified, where the first subsection focused on the observed excesses at LEP and
the LHC experiments CMS and ATLAS and the region consistent with the observed
signal strength p of the 95GeV state was identified.

In the second part, section 4.4, the focus shifted towards probing the 2HDMS
model at future colliders. Different benchmarks were chosen which are interesting
from the point of view of probing them at future colliders, where most of the bench-
marks can account for the observed amount of DM in our Universe. In this regard, in
some of the chosen benchmarks the possibility that one of the scalars in the particle
spectrum has a mass of 95GeV and can explain the aforementioned excess at LEP
and the LHC experiments CMS and ATLAS was considered. However, this crite-
rion is not central to this work. The main aim was a detailed comparison between
various future colliders including HL-HLC, future eTe™ colliders such as FCC-ee,
ILC, CLIC and the proposed muon collider, exploring various final states which can
possibly probe such DM scenarios at a substantial signal significance. The results

of the analysis can be summarised in the following points:

It was found that future e™e™ colliders such as FCC-ee, ILC and CEPC, are most
promising in probing the low mass region, where the mass of the DM candidate and
of the mediating scalar which acts as a portal between the DM candidate and the
SM sector, are below 250 GeV. Especially the mono-Z+MET final state gives good

prospects in these scenarios, where this channel yields 110 signal significance for
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the benchmark DM55y95 and 3o signal significance for the benchmark DM70 at
Vs =250 GeV.

The scenario with DM and mediator in the intermediate mass region, can pro-
duce an excess of ~ 20 the HL-LHC, when a pair of DM particles is produced in
association with a bb-pair. On the other hand, such a scenario can be probed at a
muon collider operating at a high centre-of-mass energy (y/s = 3TeV), with much
larger significance of ~ 60 at 3ab~! in associated production with a bb-pair.

The benchmark with a heavy DM candidate and mediator mass is beyond the
reach of the considered ete™ colliders as well as HL-LHC and can be probed at a
muon collider with /s = 10TeV, with a signal significance of ~ 3.

Furthermore, it was found that, the benchmarks which are under-abundant in
terms of DM relic density, are easier to probe at future colliders. This is due to the
fact that a smaller DM relic density implies a larger annihilation cross section of a
pair of DM particles and consequently larger branching fractions of heavier scalars
to a DM pair. An example of this is the benchmark DM156g95 discussed in this
work.

The results in this work apply to the HL-LHC, ILC and a muon collider for
unpolarised beams. However, they can be easily tuned for other future colliders,
including different polarisation setups and integrated luminosity.

There are a few challenging scenarios, where a cosmologically viable DM scenario
can be out of reach for HL-LHC as well as future lepton colliders, due to feeble
interaction strength. For example, scenarios where a pair of DM particles comes
from a singlet-dominated heavy scalar, it is possible to achieve the observed DM relic
density and a large invisible branching ratio simultaneously. However, such cases
are challenged by small production cross sections of the singlet-dominated heavy
scalar. Such scenarios could be probed at a future hadron collider FCC-hh/SPPC.
A comparison of event rates for HL-LHC and FCC-hh was provided while a detailed
analysis is left for future investigation.

Overall, this work uses the 2HDMS as a reference model to perform a systematic
analysis of DM phenomenology and searches at future colliders as a probe of BSM
physics. However there are other observables, for example GWs from FOPT which
could potentially be used to probe the 2HDMS or other BSM models. This will be

the focus of the next section.
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5 Phenomenology of first-order phase transitions
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This section is based on the following publication:

e [3] A. J. Long, B. Shakya, and J. A. Ziegler, Bubble friction in symmetry-
restoring transitions, 2025. arXiv: 2511.10415 [hep-phl,
to appear in the Journal of High Energy Physics

In the last section the DM and collider phenomenology was investigated for the
example of a specific model. Other phenomenological aspects are for example GWs
which can be produced from FOPTs. Contrary to the SM of particle physics where
the EW phase transition proceeds via a smooth cross-over, in many BSM models
FOPTs arise naturally, such as in extended Higgs models as the 2HDMS discussed
in the last section. FOPTs proceed through the formation of bubbles and can be
divided into three important stages: Nucleation, expansion and collision. All of
these stages play an important role for the GW signal. However, in this section
the focus will be on the expansion of bubbles from cosmological FOPTs, where a
model independent approach will be followed. Furthermore, there is a special focus
on FOPTs with symmetry restoration. First a short introduction to the theoretical
background of cosmological FOPTs is given. Then in subsection 5.2 ‘Thermal pres-
sure on bubbles’ numerical results for the pressure on bubbles from cosmological

FOPTs and estimates of terminal bubble velocities are given.

Declaration on the content:

The content of this section is based on the publication [3]. The content is taken from
this publications and adapted in parts. All figures in this section were created by
myself. The calculations were performed by both myself and Andrew Long, in order
to compare with each other. Large parts of the text were written by Bibhushan

Shakya and Andrew Long.
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5 PHENOMENOLOGY OF FIRST-ORDER PHASE TRANSITIONS

5.1 First-order phase transitions

FOPTs have received significant research scrutiny in recent years, driven primarily
by the prospect that they are well-motivated early Universe events in several beyond-
the-Standard-Model (BSM) frameworks that can produce observable stochastic GW
signals. Interest in FOPTs has further grown with the recently published results from
PTA experiments such as NANOGrav [99], the Parkes Pulsar Timing Array [100],
the International Pulsar Timing Array [101] or the European Pulsar Timing Array
[102], indicating a stochastic GW background which could, among other explana-
tions, be explained by cosmological FOPTs [95, 103, 104] (see also Refs. [96, 97] for
reviews on FOPTs and GWs).

In the SM, however, there is no indication for a FOPT. The EW phase transition
is rather a smooth cross-over, meaning that the breaking of the EW symmetry is a
smooth process and the vacuum transitions continuously from the old phase to the
new stable vacuum phase. A first order phase transition, on the other hand, is char-
acterised by a discontinuous change between the two phases. This can arise naturally
in many BSM models via additional parameters which modify the scalar potential.
The difference between a smooth and a first-order transition is schematically shown
in Figure 31 (this image was already shown in Figure 9 and is repeated here for
convenience), where the example of the scalar potential developing a non-zero vev

during the cooling of the Universe was chosen. A strong FOPT is a necessary con-

second-order ﬁrst-order
\\‘/
T< Tc

Figure 31: Schematic difference between a smooth (left) and a first-order (right)
phase transition. Depicted is the example of the scalar potential developing a non-
zero vev as the Universe cools down, with the field value ¢ of a scalar field on
the x-axis and the value of the potential V(¢) on the y-axis. In the case of first-
order, two degenerate minima develop at the critical temperature 7T, separated by a
potential barrier. As the field tunnels through this potential barrier its vev changes
discontinuously and bubbles of the new phase form (indicated by the small bubble
image at the minimum).

dition providing out-of-equilibrium conditions to explain the baryon asymmetry of
the Universe via EW baryogenesis [78]. And the detection of a cosmological FOPT

would be a clear indicator of BSM physics and require extensions of the SM. Many
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extensions involving additional scalar degrees of freedom (for example the 2HDM
and its extensions), hidden sectors, or supersymmetric frameworks predict strong
FOPTs capable of producing observable GW [95].

FOPTs proceed via the formation of bubbles, meaning that both, the old and the
new phase can exist simultaneously. The bubbles of the new phase then expand and
enclose the regions of the old unstable phase around them. In this work the focus
lies on transitions between symmetric and broken vacuum phases, where particles
obtain a mass in the broken phase and are massless in the symmetric phase. This
is also what happens during the EW phase transition. Hence this work provides
implications on the EW phase transition but can also be applied to more general
phase transitions where a change of mass occurs when passing into the bubble of the
new phase. Furthermore, as mentioned before, also transitions from a broken to a
symmetric phase are considered in this work, where the following difference should

be considered:

Symmetry-breaking transitions

In standard symmetry-breaking transitions the expansion of the bubbles is driven
by the difference of the potential in the symmetric and broken phase. Such transi-
tions are considered to have happened during the standard cooling of the Universe,
such as during the EW phase transition. This scenario is well studied (for example
in Refs. [44-50]) and the approach followed by Refs. [44, 45] will be reviewed in this

work.

Symmetry-restoring transitions

In symmetry-restoring transitions, on the other hand, the expansion of the bub-
bles is against the difference of the potential and driven by thermal corrections (if
one considers that the value of the potential in the symmetric phase is higher than
in the broken phase, which is considered here). Such transitions could have occurred
during reheating or preheating [190, 191]. This scenario is less well studied (see for

example Refs. [191, 192]) and is the main objective of this work.

An important parameter in the phenomenology of FOPTs is the speed of the
expanding bubble walls of the stable vacuum. This parameter is known to be of
particular importance in models of EW baryogenesis (see e.g. [193] for a recent
overview), where the interaction between the expanding bubble walls and the sur-
rounding plasma is responsible for creating a nonvanishing baryon asymmetry, with
the amount of asymmetry produced being sensitive to the speed of the bubble wall.
Understanding whether the bubble walls achieve some terminal velocity or continue
to accelerate (the so-called runaway regime) is also important for deducing the form

of the GWs produced from such transitions. If the walls run away, most of the energy
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released in the phase transition is stored in the bubble walls, and GWs are sourced
by the scalar field energy densities during bubble collision [44, 94, 194-204] or by
the distribution of particles produced from bubble collisions [205]. On the other
hand, in the presence of significant energy transfer from the walls to the particles
surrounding the bubbles, most of the energy gets transferred to these particles, and
GWs instead arise from sound waves [206-211] and turbulence [94, 209, 212-216]
in the plasma, or through nontrivial spatial configurations of particles that do not
thermalise [217]. Moreover, the speed (and consequently the energy density) of the
bubble wall also determines the energy scale and efficiency of producing high energy
or high mass particles from the bubble walls interacting with the plasma or with
other bubbles, which has found many applications for various BSM phenomena such

as DM production and baryogenesis [218-229].

In this work the approach studied in Refs. [44, 45] is followed to calculate the
speed of the expanding bubble wall. Opposed to the original work, where symmetry-
breaking transitions were studied, here the calculation will be extended to the case of
symmetry-restoring transitions. It was shown that at LO, the plasma imparts some
thermal pressure on the expanding bubble walls as the particles from the surrounding
plasma move across the bubble wall and experience a change in mass. Whereas in
the symmetry-breaking scenario particles obtain mass inside the bubble, hence their
mass increases (and in the symmetry-restoring scenario particles become massless
inside the bubble, hence their mass decreases). This change in the particle’s mass
introduces a change in their momentum which is transferred to the bubble wall and
acts as friction (or thermal pressure). For the symmetry-breaking case (studied in
Refs. [44, 45]), this pressure was calculated to be independent of the speed of the
bubble walls. At NLO, a different process becomes crucial: transition radiation,
the emission of a vector boson as particles cross into bubble walls, was shown to
produce a pressure that scales linearly with the Lorentz factor of the bubble wall,
which inevitably saturates the latent energy released from the vacuum and leads to
a terminal velocity for the bubble wall [45]. The dominant effect comes from the
emission of soft bosons, which has an enhanced probability and imparts the largest
pressure on the bubble walls. While these calculations were performed with several
approximations, other subsequent, more rigorous calculations in the literature have

confirmed the general veracity of these results [46-50].

While the above results hold for symmetry-breaking transitions, which are the
primary form of FOPTs studied in the literature, there has recently been growing
interest in FOPTs with symmetry restoration. Such transitions could generally
take place, in particular, during reheating or preheating [190, 191], including for
the SM Higgs field [230, 231] (see Refs. [232-235] for other studies). In this work,
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the nature of plasma friction on the expanding bubble walls is studied for such
symmetry-restoring transitions, as such configurations display several qualitatively
different characteristics compared to the standard symmetry-breaking transitions.
First, the LO pressure from particles crossing into the bubbles in this case is negative,
since particles are massive outside the bubbles in the broken phase but lose mass
when entering the symmetry restored phase inside the bubbles, thereby creating
an antifriction effect. As will be demonstrated in the following, the NLO pressure
arising from the emission of gauge bosons can also be negative, especially in the soft
limit that dominates the distribution, producing the same antifrictional effect.

On the other hand, a recent calculation [192] demonstrated that the NLO pres-
sure in symmetry-restoring phase transitions scales in the same manner as in the
symmetry-breaking scenario (i.e, positive pressure that grows linearly with the wall
Lorentz factor) in the limit of large Lorentz factor. Given the broad phenomenolog-
ical importance of the bubble wall speed, it then becomes important to understand
how the pressure transitions from a negative effect to a positive one, restoring the
standard behaviour known from symmetry-breaking transitions, and how it impacts
the terminal velocity achieved by the bubble walls. The following sections attempt
to answer these questions by extending the original calculations of Bodeker and
Moore [44, 45], which were performed for the symmetry-breaking scenario, to the
symmetry-restoring scenario.® This will inherit the simplifying approximations used
in these calculations, but should provide a correct order-of-magnitude estimate of
the effect, and shed light on the underlying physics.

The calculation of the speed of the expanding bubble walls is explained in the

following subsection.

5.1.1 Wall velocity of expanding bubbles

The bubble wall velocity is determined by the interactions between the bubble wall
and the particles present in the surrounding plasma. These particles of the surround-
ing plasma exert friction (or thermal pressure) on the bubble wall when passing into
the bubble. But also the expanding bubble wall can impact the plasma around it,
where three different cases are distinguished: deflagration, detonation and hybrid-
cases. These cases are schematically shown in Figure 32. For bubble walls moving
slower than the speed of sound in the surrounding plasma (cs =~ 1/v/3 for a rel-
ativistic plasma) a shock front forms in front of the bubble. This case is called

deflagration. The case where the bubble wall moves faster than the speed of sound

SNote that the calculation in Ref. [192] cannot answer these questions. This paper demonstrated
that the standard (symmetry-breaking) result reemerges in the large Lorentz factor limit, but did
not calculate at what value it is reached. In fact, Ref. [192] speculated that an intermediate regime
of negative friction might be possible.
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Deflagration: Detonation:
Vw < Cs Vw > Cs
Vplasma - shock front in - rarefaction
A front of bubble behind
wall bubble wall
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l rarefaction
| > v
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Figure 32: Schematic influence of the bubble wall velocity on the surrounding
plasma, where v,, is the speed of the bubble wall and ¢ is the speed of sound
in the surrounding plasma. Depicted are the cases for slow (slower than cs) mov-
ing bubble walls, called deflagration, and fast (faster than ¢;) moving bubble walls,
called detonation.

is called detonation, where rarefaction forms behind the bubble wall. Intermediate
cases, where both, a shock front and rarefaction, form are called hybrid.
Throughout this work the attention is restricted to bubble walls that are moving
at relativistic velocities relative to the plasma, hence the detonation case. If v, de-
notes the wall’s velocity in the rest frame of the plasma and v =1/,/1— |vy,|? is the
associated Lorentz factor, then the regime of interest corresponds to v > 1. The cal-
culation of the thermal pressure is significantly simplified for relativistic walls [44].
Since the wall travels much faster than the speed of sound, nearly all particles from
the surrounding plasma pass into the bubble with negligible reflections. Conse-
quently, the plasma in front of the wall is unaffected by the wall’s approach, and
the flux of particles onto the wall is simply a thermal distribution. The assumption
of relativistic bubble walls also allows to use the so called kick-approach which was
studied in detail in the seminal papers by Bédeker and Moore [44, 45] for symmetry-
breaking phase transitions. This approach is based on calculating the pressure from
the imparting flux of of particles and, as mentioned above is only valid for rel-
ativistic bubble walls, while neglecting outgoing particles. Another approach to
calculating the velocity of the expanding bubble wall is the kinetic approach, which
is based on solving coupled equations of motion for the background scalar field and
the surrounding plasma. This approach also includes non-equilibrium effects but
no scattering processes. (See Ref. [50] for a comparison of the two approaches).
Another assumption made in Refs. [44, 45] which will also be made in this work is
the WKB approximation. This approximation applies for temperatures much lower
than the critical temperature where the height of the potential barrier is small com-

pared to the depth of the minimum and the bubble wall can be approximated as a
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thick wall [192]. This approximation can be used if the momentum of the particles
which pass through the wall is much larger than the inverse width of the wall. As

relativistic walls are considered here, this approximation can be applied.

In the following the kick-approach studied in Refs. [44, 45] is followed while

discussing symmetry-breaking and symmetry-restoring transitions side-by-side.

As explained above, thermal pressure arises as the particles from the surrounding
plasma move across the bubble wall into the new phase and undergo a change in
mass. The two phases are denoted as the symmetric phase (subscript s) and the
broken phase (subscript h for Higgsed, since particle become massive here). Particles
in the symmetric phase are assumed to be massless, i.e. mqg=mps=mes =0, and
particles in the broken phase have masses denoted by mg 1, mypp, mc’h.7 The mass
change across the bubble wall results in a change of momentum which in turn is
transferred to the bubble wall and acts as friction or antifriction, depending on the
scenario. For the symmetry-breaking scenario, the broken phase is inside the bubble,

and for the symmetry-restoring scenario, the broken phase is outside the bubble.

The aforementioned LO process is characterised by one particle passing into the
bubble and continuing its travel inside the bubble, while not interacting with other
particles during the transition. This process is also called 1-to-1 processes. The NLO
process, on the other hand, is characterised by the original particle radiating off an
additional particle while passing through the bubble wall. Inside the bubble there
will then be two particles. This process is also called 1-to-2 process or transition
radiation. These two cases will be discussed later separately. The 1-to-2 process
for the symmetry-breaking and the symmetry-restoring scenario is illustrated in
Figure 33.

The thermal pressure Py, may be calculated using perturbation theory as a se-
ries in powers of squared couplings, Pi, = P11+ P12+ ---. The leading term,
called the 1-to-1 pressure and denoted by Pj_,1, is zeroth order in the squared cou-
plings [44]. Meaning that one particle passes into the bubble and interacts only with
the bubble wall and no other particles. The next-to-leading term, called the 1-to-2
pressure and denoted by P1_s9, is first-order in the squared couplings, and it captures
the effect of transition radiation [45], where one particle radiates off an additional
particle as it passes into the bubble. See Refs. [46-50, 236, 237] for studies of thermal
pressure on relativistic bubbles. In the following, the results from this literature for
1-to-1 and 1-to-2 contributions to the thermal pressure are summarised, emphasising

differences between the symmetry-breaking and symmetry-restoring scenarios.

"It was checked that the results derived in this paper remain applicable if the particles have
nonzero but small masses in the symmetric phase, on the order of mg = 0.1my,.
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Figure 33: Illustration of the 1-to-2 transition, the main process studied in this
work. Left: For the symmetry-breaking scenario, massless particles (mq s =0) are
incident on the bubble wall from the symmetric phase, and they transition into pairs
of massive particles (mpp,men > 0) in the broken phase. Right: For the symmetry-
restoring scenario, the phases are switched, so that incident particles are massive
and emergent particles are massless. In the rest frame of the plasma, the wall moves
left with Lorentz factor ~; in the rest frame of the wall, the particles have a thermal
distribution of momenta boosted to the right by the Lorentz factor +. [3]

1-to-1 thermal pressure

Consider a particle, denoted a, that has mass m,s = 0 in the symmetric phase
and mass mgp > 0 in the broken phase. For the symmetry-breaking scenario, the
mass rises from mg out = Mas = 0 t0 Mg in = Mg > 0 when the particle enters the
bubble, where m, out denotes the particle’s mass outside the bubble and mg i, the
mass inside. For the symmetry-restoring scenario, the mass decreases from mg out =
Mg.h > 010 Mg in =mqs=0. In the following the rest frame of the wall is considered,
and the wall is treated as planar since its curvature radius is significantly larger than
particle physics length scales. The background of the planar wall at rest maintains
time-translation invariance and transverse spatial-translation invariance (along the
wall), but it is not invariant under longitudinal spatial translations (normal to the
wall, which is denoted as z-direction here). As a result, a particle may cross the
wall while maintaining its energy F and transverse momentum p |, but while losing
or gaining longitudinal momentum p, to compensate for the increase or decrease of
its mass. (Here, bold letters are used for vector quantities and non-bold letters are
used for single components or scalar quantities in general.)

The change in the particle’s longitudinal momentum p, is calculated as [44]:

2__ .2 2 2 .2 2 2
Ea - pa,z,in + pa,L + ma,in - pa,z,out + pa,L + ma,out
2 2 2 2
Mg out — Mag,in ~ Mg .out — Mg,in (51)

Pa,z,in +pa,z,0ut 2Ea

= Da,z,in — Pa,z,out =
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The approximation follows because the particle is boosted in the longitudinal di-
rection (in the rest frame of the wall). The wall’s longitudinal momentum change,
denoted by Ap;_.1, is opposite to the particle’s longitudinal momentum change.

Therefore, one can evaluate:

2 2 1,2 : :
A B  Mgin—Mgou | T, Mgy, Sym-breaking scenario,
P1—1 = Pa,z,out — Pa,z,in ~ T - 1 9 ) )
a —3p, Mg p, Sym-restoring scenario.
(5.2)

For the symmetry-breaking scenario, mgin = Mg n and mgout = Mas = 0; hence,
the wall’s longitudinal momentum change Ap;_; = mg,h /2E, is positive. For the
symmetry-restoring scenario, Mmout = Mg and min = mqs = 0; hence, the wall’s
longitudinal momentum change Ap_1 ~ —mg’h /2E, is negative. In the rest frame
of the plasma, the wall moves in negative z-direction, so the symmetry-breaking
scenario’s positive z-momentum change implies a deceleration, and the symmetry-

restoring scenario’s negative z-momentum change implies an acceleration.

This opposite behaviour carries over to the thermal pressure. The thermal pres-
sure is calculated by integrating the wall’s longitudinal momentum change over the
thermal flux of incident particles [238]. Let f,(p) denote the thermal one-particle
phase space distribution function of the incident a-type particles in the rest frame

of the wall. Then the pressure is calculated by the following integral [44]:

—i—imz’hTZ, sym-breaking scenario,

Ppas p
P11 :/ 2 L2 fa(pa,s)Apl—ﬂ ~

(2m)3 E, 1

—2—4m(217hT2, sym-restoring scenario.
(5.3)
For the symmetry-breaking scenario the wall experiences a positive thermal pressure,
which is friction force that retards its motion [44]. For the symmetry-restoring
scenario the wall experiences a negative thermal pressure, which is an antifriction

force that accelerates its motion [190].

If the full thermal pressure were well-approximated by the 1-to-1 contribution,
Pin =~ P11, then bubble walls in the symmetry-restoring scenario would achieve
runaway behaviour [190]. That is to say, a wall’s speed would approach v,, =1 (in
natural units) and its Lorentz factor would grow arbitrarily large v — oo. The same
can in principle happen in the symmetry-breaking scenario, if the driving force of
the expansion is larger than the above calculated friction term, as was discussed in
Ref. [44].

The next subsection will discuss how the 1-to-2 contribution Pj_9 dominates

over the 1-to-1 contribution at large wall speeds, and prohibits this runaway be-
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haviour [192].

1-to-2 thermal pressure

Interactions allow for different behaviours when particles encounter the bubble
wall [45]. Consider three species of particles having masses mqs = mps = Mmes =0
in the symmetric phase and mg1n, mpn, men = 0 in the broken phase. When a
particle of species a is incident on the wall, there is a nonzero probability for it to
convert into two particles, one each of species b and ¢, that pass into the bubble.
This process is also called transition radiation. The wall’s longitudinal momentum

change is then calculated as:

2 2 2
1 2 Mp,in | Meji k1
Ap1o = Pzout — kz,in —(z,in =~ E <_ma,out + xm + 1 ij + J](l = :L') , (54)

where pout is the momentum of the incident a-particle, and where kj, and q;i, are
the momenta of the recoiling b and c-particles, respectively. The approximation
uses B, = Ey+ Eq, x = Ey/FE,, p1. =k, +q1 =0 (since one can always transition
to a frame where the transverse momentum of the incident particle is zero), k, =
k1], Pzout > Maout, k1, Kzjin > Mpin, k1, and gz in > Mejin, k. In what follows,
additionally it will be assumed that the b-particle is soft, so that its energy Ej =
B, < E, is much smaller than the incident a-particle’s energy.

For the symmetry-breaking scenario out = s and in = h, and for the symmetry-
restoring scenario in = s and out = h. The wall’s longitudinal momentum change is

then given by:

mb,h mg,h kﬁ_ b k .
A N 1 o T 1= T Z(i—z) Sym-pbreaking scenario, 55
P12~ o5 ) K2 ) ) (5.5)
a|—mgy+ (=)’ sym-restoring scenario.

For the symmetry-breaking scenario, the wall’s longitudinal momentum change
Ap1_s9 is positive, which is the same sign as Ap;_,1. However, for the symmetry-
restoring scenario, the wall’s longitudinal momentum change Ap;_2 may be either
positive or negative depending on the kinematic variables k| and x. This is crucially
different from the 1-to-1 calculation in Equation 5.2 where Apj_,; is always negative
for the symmetry-restoring scenario. Note that Apy 2 <0 for k| < mgp[z(1—)]/2.
It follows that the thermal pressure P;_s2 in the symmetry-restoring scenario is neg-
ative for small values of the Lorentz factor v, and it is positive for large 7. Roughly
speaking, this is because the phase space integral over k| is dominated by the re-
gion k| ~mpy and the x-integral is dominated by the IR cutoff xmin = mpn/Eq,
and E, = T is the energy for a thermal distribution of a-particles, such that
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ki Jx ~mpyyT. Thus for large v the phase space integrals are dominated by the
positive terms, giving Ap;_,2 > 0 for both the symmetry-breaking and restoring sce-
narios. This is consistent with the results of Ref. [192], whose authors found that
the pressure in the symmetry-restoring scenario approaches its counterpart in the

symmetry-breaking scenario in the limit of large Lorentz factor.

The thermal pressure is calculated by the integral [45] (see also Sec. 3B of
Ref. [46]):

d®py d?ks dPgs  pas
P1—>2:/(27T)3P;Ea (27T)32Eb/(27T)3q2Ec pEa fa(ps)(lzlsz<ks)) (1:l:fc(QS))

x (2m)30%(p, — k1 —q ) )0(Eq— Ey— E.) |M|* Ap1 o .

For small occupation numbers one can approximate (1+ f,.) ~ 1. The matrix
element M was calculated by the authors of Ref. [45] using the WKB approximation

as

Vi Vi

A, Al

where V5 and V4, are the vertex functions in the symmetric and broken phases,

(M? =45, : (5.6)

respectively. The focus, in this work, is on the case where the emitted particle b is a
transversely polarised vector boson® with energy Fj and transverse momentum k|
for which (see Tab. 1 in Ref. [45]):

1
Val? = [Vi ~ 49°Col B 5 K% . (5.7)

where ¢ is the gauge coupling constant, Co[R] is the second Casimir, z = E/E, is
assumed to be 0 <2 < 1, and k; = |k, |. The kinematical factors are given by’

2 2 2
As - _2Ea (pz,s - kz,s - q,z,s> ~ mg s = 2 L )
’ x l—z z(l—2) 5 g
2 m%h mgh ki (58)
Ah = _2Ea (pz,h _kz,h _QZ,h> ~ Magh — - 1— 1 - I’(l _$) :

where the same approximations as in Equation 5.4 are made. Putting together these

8The transverse polarisation modes are conceptually and technically easier to study than the
longitudinal polarisation mode. Whereas the vector boson’s transverse polarisations are present in
both the symmetric and broken phases, its longitudinal polarisation is only present in the broken
phase. The authors of Ref. [239] found that both polarisations contribute comparably to the
pressure for symmetry-breaking transitions with mild super-cooling. Therefore, it can be expected
that no significant error arises by neglecting the longitudinal polarisation.

91t was verified, for this work, that the impact of these approximations on the thermal pressure
is sub-O(10%).
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factors gives the squared matrix element [45] (see also App. B in Ref. [49]):

2
2 (2 2
k1 (mb,h - mb,s) 2

|M’2 = 169202[R] 2 2Ea ) (59)
(K2 +mZ,) (k2 +m,)

where only the terms that are leading as © — 0 are kept. Note that this expression
is identical for both the symmetry-breaking scenario (with myp ou = mps = 0 and
Mp,in = Mp 1 = My) and for the symmetry-restoring scenario (with mp gt = mpn = my,
and my i, = mps = 0). This is to be expected, since the symmetry-breaking and
restoring scenarios simply switch the “in" and “out' labels, and the squared matrix
element in Equation 5.6 is invariant.

Combining the expressions above allows the thermal pressure in Equation 5.6 to
be estimated as'’:

2 2
™Mp.h 2 k1
T+mc,h+7’ S-b,

¢2Cs|R| T? //u,max dk | /w dz  myy y
2 . 2 k2
47 k Tmin L (k‘i —+ m%’h) _mg,h —+ TJ‘, S-r,

(5.10)

1 min kJ_

where ‘symmetry-breaking’ was shortened ‘s-b” and ‘symmetry-restoring’ was short-
ened ‘s-r’. For the limits of integration, infrared (IR) and ultraviolet (UV) cutoffs
are introduced. This is because several approximations have been made when evalu-
ating the integrand, and these approximations are only valid in a restricted domain
of integration that gives the largest contribution to the integral. The UV cutoffs are
taken k| max = [2E2 — mih]l/ 2 and Tpax = 1 — Men/Eq in the symmetry-breaking
scenario, and k| ymax = 2E, and rmax = 1 in the symmetry-restoring scenario. The
IR cutoffs are taken k| min = 0.1mpy and min = mpn/E,. Various choices of IR
cutoffs were discussed by the authors of Ref. [47], with the thermal mass of the
b-particle or a phase-space saturation mass considered as viable options. Both of

these evaluate to ~ 0.1my,, hence this is used as an IR cutoff for k£, in this work.

5.2 Thermal pressure on bubble walls

In this section the thermal pressure is calculated using numerical integration meth-
ods to evaluate the phase space integrals in Equation 5.10. It is examined how the
pressure depends on the bubble wall’s velocity via the Lorentz factor v, while con-
trasting the symmetry-breaking and symmetry-restoring scenarios. For the symmetry-

restoring scenario, the value of the Lorentz factor where the pressure switches from

10The integration is performed only over ks > 0 corresponding to particles that pass into the
bubble. Particles with k, s <0 would contribute a larger momentum transfer, but the probability
is low enough to neglect them.
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Figure 34: Dependence of the 1-to-2 thermal pressure P;_o as a function of the
bubble wall’s Lorentz factor v, for various choices of particle masses for symmetry-
restoring scenarios (h — s, blue curves) and symmetry-breaking scenarios (s — h,
orange curves). In the first panel mgy, =m.y =T is fixed and my ), is varied, and in
the second panel myy, = 0.17 is fixed and mg, = m,y, is varied. The gauge factor
is taken to be g?Cy[R] = 1, and more generally the pressure scales linearly with this
factor. [3]

negative to positive, and where the pressure approaches the same form as in the
symmetry-breaking scenario is calculated. Finally, various phenomenological impli-
cations of this modified form of pressure are discussed.

In order to demonstrate a comparison of the symmetry-breaking and symmetry-
restoring scenarios, the focus is on a model in which a and ¢ are the same particle
species. The pressure above is then determined by five independent parameters:
the broken-phase masses m,y = m.y and my ), the temperature T', the Lorentz
factor of the bubble wall , and the gauge factor g> Co[R]. Dimensionful parame-
ters are evaluated in units of the temperature 7' of the surrounding plasma outside
the bubble. The scaling with ¢ is trivial, since it only appears as an overall nor-
malisation via FEquation 5.7. The three nontrivial independent parameters are thus
man/T,mpn/T,y. Note that the expectation value of the scalar SM-Higgs field in
the broken phase v}, only affects the thermal pressure via the relation my,j, = guy. It
also impacts the bubble wall’s terminal velocity via the latent vacuum energy, which

is discussed in the next subsection.

5.2.1 Pressure comparison

Figure 34 illustrates how the 1-to-2 thermal pressure P;_,9 varies with the Lorentz
factor v for a few fiducial masses in both the symmetry-breaking (orange) and
symmetry-restoring (blue) scenarios. Note that the gauge factor is fixed to g?Co[R] =
1 while varying my,;,. If the b-particles are gauge bosons which receive their mass
from the Higgs field that forms the bubble, then the coupling and mass are related
by mp 1 = gvp where vy, is the expectation value of the Higgs field inside the bub-
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ble, so vy, = my /g varies implicitly with my,. If the Lorentz factor v becomes too
small, then the approximations made in this work break down; thus the curves are

truncated at y7" < 3min[mgp,mp 1), indicated by dots in the panels.

By inspecting the figure, several notable features can be observed. For large
values of the Lorentz factor ~, the 1-to-2 thermal pressure scales as P12 o v for
both the symmetry-breaking and the symmetry-restoring scenarios and for all the
masses shown. As noted in earlier studies [45, 47, 48, 50], this scaling arises because
the average momentum transfer (Apj_.9) oc7? at large v, and the pressure scales
with the Lorentz-boosted flux o< y'. Also for large values of 7, it can be observed
that the pressure scales with the masses as P2 x m%’hmgjh. One can see from

Equation 5.10 that the pressure behaves as mgh /xmin and the IR cutoff is taken as

Lmin = mb,h/Ea'

Regarding the sign of the 1-to-2 thermal pressure, a striking difference can be
noted between the symmetry-breaking and symmetry-restoring scenarios. For the
symmetry-breaking scenario, the pressure is positive for all values of v, which implies
that the thermal pressure always tends to retard the motion of the bubble wall.
However, for the symmetry-restoring scenario, the pressure is negative for small
values of v, which tends to accelerate the bubble wall. The possibility of this negative
pressure had been noted in earlier works [192], and here it is demonstrated with
an explicit calculation. One can understand the negative pressure from the wall’s
longitudinal momentum change, which is also negative in a region of phase space.
Note that Apj_2 ~ (—mg’h +k2 Jx)/2E, in Equation 5.5, and since the integral over
k| is dominated by the mass k| ~ my 1, and the integral over x is dominated by the
IR cutoff & ~ min = mpn/Eq, then it follows that Apy_o ~ (—mz’h +mynyT)/2E,.
For small values of 7, the negative mass term dominates, which is why the 1-to-2
thermal pressure is negative for small v. For large values of ~, the positive transverse
momentum term dominates, and the pressure is positive. For intermediate values

of v, the pressure vanishes.

Figure 35 shows the ratio of the 1-to-2 thermal pressure in the symmetry-
restoring scenario to that in the symmetry-breaking scenario, P12 h—ys/P1-2,5h-
For large values of the Lorentz factor v, the ratio asymptotes to = 0.2 for all values
of the masses that are shown. This universal scaling can be understood from the
expression in Equation 5.5 for the wall’s longitudinal momentum change Ap;_,5. For
small z the leading terms are Apj_,o ~ (mz’h + k2 ) /22 E, for the symmetry-breaking
scenario and Ap_o ~ ki /2xE, for the symmetry-restoring scenario. The absence
of the mz,h term causes the symmetry-restoring scenario to have a pressure that is

smaller by an order one factor since the integral is dominated by k| ~ myp .
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Figure 35: The ratio of the pressure in the symmetry-restoring scenario to that in
the symmetry-breaking scenario as a function of the wall’s Lorentz factor for several

choices of masses. [3]

The curves in Figure 35 were found to admit a simple empirical fitting function:

Prosdbons o 0.5 tanh [log(y/7.) + arctanh(0.6)] — 0.3,
7)1—>2,s—>h (5 11)
26 (ma h/T)2'2 .
*% ’ 121 )13,
! (14 [logmypp/T|*95) (mpn/T)1-2 og(man/T)

for myy, <T',mg 1. This formula can be used to approximate the transition pressure

in the symmetry-restoring scenario as a function of the masses m, and myy in a

specific model without performing any numerical integrals.

5.2.2 Special Lorentz factors

Focusing now on the symmetry-restoring scenario, it is useful to identify two special
values of the Lorentz factor 7. First v, is define to be the value of « at which the

pressure vanishes:

P1os2h—ssly = 0. (5.12)

Second 7gg is defined to be the value of v at which the the pressure ratio, which

appears in Figure 35, has reached 90% of its asymptotic value:

Pl%?,h%s Pl%Q,h%s (5 13)

=0.9x lim )
P12y, 770 P19k

121



5 PHENOMENOLOGY OF FIRST-ORDER PHASE TRANSITIONS

contours of y« contours of yw
101

= Mep / T
—

Mg p | T

n n I 0.01 ¢t n I ! .
0.01 0.1 1 10 100 0.01 0.1 1 10 100

myp | T Mp,h | T

Figure 36: Special Lorentz factors across the parameter space of particle masses.
In both panels the parameter space in which the broken-phase masses (mgn = men
and my ) are varied is shown. The first panel shows contours of 7, (defined in
Equation 5.12), and the second panel shows 79g (defined in Equation 5.13). [3]

Note that 0 < . < 799. The choice of 90% is arbitrary. These two quantities, v, and
Y90, represent two important stages in the bubble expansion process where the pres-
sure changes qualitatively. Below 74, the pressure is negative, hence thermal pressure
does not slow the wall down. Above ., the pressure switches to positive values,
hence the pressure acts as a frictional force, as familiar in the standard (symmetry-
breaking) phase transitions. However, the pressure is smaller in magnitude than
in the symmetry-breaking scenario, hence the frictional force is not as efficient at
slowing down the bubble wall. The behaviour familiar from the symmetry-breaking
scenario, where pressure scales as ~ fymb7hT3, is achieved only at ~ v99. Beyond g,
the pressure can be expected to scale in the same way as the symmetry-breaking

scenario for the same mass parameters.

In Figure 36 two contour plots are presented which show how v, and g9y vary
with the masses. For the plot of 7., in the bottom-left black region the thermal
pressure does not vanish for any ~. For both plots, the top-left region bounded
by the black-dashed lines, defined by the union of the two bounds m,} > 7T and
Mgh > Mpy, Tepresents the parameter space where the calculation is either inap-
plicable or requires additional model building. If mqy, 2 T and mgy > mpp, then
Boltzmann suppression (depletion of the a-particle abundance via aa — bb annihila-
tions) would prevent a-particles from achieving a thermal abundance n, ~ T, which
was assumed in the derivation of the pressure. This constraint can be circumvented

with additional model-building: for example, if a-particles dropped out of thermal
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Figure 37: Terminal Lorentz factor v+ as a function of the difference in vacuum en-
ergy AV/T*, for various choices of particle masses for symmetry-restoring scenarios
(h — s, blue curves) and symmetry-breaking scenarios (s — h, orange curves). The
gauge factor is taken to be g?Cs[R] = 1. [3]

equilibrium while they were still relativistic, then aa — bb annihilations are inactive
at T'< mg ), and a thermal abundance can be maintained even for m,j >T. Note
that there is no analogous restriction on my, , > T', since the pressure calculation only
assumes a thermal population of a-particles, and the b-particles are not required to
be present in the thermal bath. Recall that various approximations used in the
Bodeker and Moore calculation break down if 1" < mgp,mypp; in the top panel,
this region is represented by the bottom grey shaded region, where as a conservative

boundary T > 3my 1, was used.

5.2.3 Terminal velocity

Relativistic bubble walls can reach a terminal velocity at which the thermal pres-
sure is balanced against the vacuum pressure [45]. For this discussion, the thermal
pressure is denoted by Py = P11 + P12, and the vacuum pressure is denoted by
Pyac = —AV where AV is the latent heat of the phase transition. If P+ Py <0
the bubble wall accelerates and the wall’s Lorentz factor v grows larger. As dis-
cussed above, P11 70 and P9 x 71 for large . Also, note that Py,e o 'yo. So
as the wall accelerates, the bubble wall eventually reaches a terminal velocity at
which v = and Pyye + Pn = 0.

In Figure 37 it is shown how the terminal Lorentz factor 4 depends on the
vacuum energy AV for several choices of the particle masses for symmetry-breaking
(orange) and symmetry-restoring (blue) transitions. For large values of AV the

terminal Lorentz factor grows as 7 o< AV for both the symmetry-breaking and
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symmetry-restoring scenarios. However, the bubble walls move more quickly in the
symmetry-restoring scenario, and their ~; is larger by a factor of ~ 10.

As can be seen, this implies that the terminal behaviour is reached for v ~
O(10 —10%) for the shown masses in the symmetry-breaking scenario. For smaller
values of AV, it can be observed that 7; decreases sharply for AV/T* <1 in the
symmetry-breaking scenario. From comparing with Figure 34 one can see that in the
symmetry-breaking scenario the pressure reaches a plateau for low ~, which comes
from the positive contributions from my,}, and m.) appearing in the momentum
transfer in Equation 5.10. This plateau means that a small increase in AV leads
to a large increase in 7. However, in the symmetry-restoring scenario the terminal
Lorentz factor remains large even as AV/T* < 1. This is because of the negative
contributions for small 7 in the symmetry-restoring scenario. Since the thermal
pressure drops to zero at finite v = 74, an arbitrarily small AV will not correspond

to an arbitrarily small ~;, but rather a finite v ~ .

5.2.4 Implications for phenomenology

Various cosmological relics are expected to arise from cosmological FOPTs. These
include GW radiation, primordial magnetic fields, particle asymmetries such as the
cosmological baryon asymmetry, stable particles such as DM, topological defects,
and PBHs. The detection of these relics in the Universe today is of paramount
importance for understanding the physics of the early Universe. As demonstrated
in this work, FOPTs in the symmetry-restoring scenario tend to produce faster
bubbles than the symmetry-breaking scenario. A few consequences and observable

signatures of these faster bubbles are briefly remarked here.

Gravitational waves:

A stochastic background of GW radiation is expected to arise from a cosmological
FOPT. If the bubble walls achieve runaway behaviour, GWs are sourced by the scalar
field energy densities during bubble collision [44, 94, 194-204] or by the distribution
of particles produced from bubble collisions [205]. On the other hand, if the bubble
walls achieve some terminal velocity long before the bubbles collide, GWs instead
arise from sound waves [206-211] and turbulence [94, 209, 212-216] in the plasma,
or through nontrivial spatial configurations of particles that do not thermalise [217].
The GWs produced by these various sources have different peak frequencies and
spectral shapes (e.g. see Fig. 3 in Ref. [205]), as determined by the details of the
underlying physics.

Since a symmetry-restoring phase transition tends to reach larger Lorentz factors,
a greater fraction of the energy released in the phase transition is stored in the
bubble walls at collision. This implies that the GW contribution from the first
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group of sources above (bubble collision, particles produced from collisions) is always
greater in a symmetry-restoring transition. The amplitude of this GW component
is expected to scale as the square of the energy density on the bubble walls, which
scales linearly with 7;; hence Qgy o< 77 for this component. The GW signal from
symmetry-breaking and restoring transitions are therefore expected to be different
even in the same theory (i.e. with the same particles and similar AV') (see also
Ref. [190, 191, 232]).

Heavy relics:

During a cosmological FOPT, heavy particles can be produced even if their
mass is far above the temperature of the phase transition [218-229]. This is possible
because the energy scale of bubble collisions or bubble-plasma interactions is set
by the boosted bubble wall energy ~ T, which can be several orders of magnitude
higher than the temperature when 4 > 1. Such interactions can produce massive
states with mass T'<m < T

Since the symmetry-restoring transitions always reach larger +; values compared
to the symmetry-breaking counterpart, they are more amenable to the production
of such heavy states. For concreteness, consider the case where mgy =T, mp} =
10737 and AV/T* =1 in Figure 37. Then ; ~ 103(10°) for the symmetry-breaking
(restoring) scenario. In this case, states with mass m = 10*T can be readily produced
in the symmetry-restoring scenario, but not the symmetry-breaking scenario. Such
particles could be DM [218, 221, 226, 227], source the baryon asymmetry of the
Universe [219, 220, 222, 228, 229], or be of general interest for other reasons. In
this sense, the phenomenology of symmetry-restoring transitions can be far richer
than that of the symmetry-breaking ones due to the larger terminal Lorentz factors

reached by the bubble walls.

5.3 Summary

In this section the dynamics of ultrarelativistic bubble walls during a cosmological
FOPT were investigated. While there has been extensive research on symmetry-
breaking scenarios in the past, this work focused on symmetry-restoring scenarios
and the comparison of both. The thermal pressure that arises when particles in
the plasma interact with the bubble wall was calculated. Earlier works by other
authors have established that the 1-to-1 contribution to the thermal pressure is
negative in the symmetry-restoring scenario, and that the 1-to-2 contribution is
positive in the limit where the wall’s Lorentz factor v is large. In this work, there
is a particular interest in understanding how the 1-to-2 thermal pressure behaves

for small and intermediate values of v. In the remainder of this summary, several
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qualitative results are highlighted which are important for various phenomenological
applications.

The main result of this study is that the 1-to-2 thermal pressure can be negative
if the bubble wall’s Lorentz factor v < 7, takes small-to-intermediate values (see
Figure 34). This is in contrast with symmetry-breaking transitions, where the 1-to-
2 pressure is always positive. The left panel of Figure 36 shows how v, depends on
the masses of particles in the model (in which the 1-to-2 pressure is dominated by
the emission of a transversely-polarised vector boson). This result is contrary to the
intuition that the presence of significant interactions between the expanding bubble
walls and the surrounding plasma produces a frictional force that slows the walls
down.

For large values of 7 2 ~99, it was found that the 1-to-2 thermal pressure is
positive and scales o v, consistent with the results reported in Ref. [192]. The right
panel of Figure 36 shows how 799 depends on the particle masses.

A simple empirical fit function was provided in Equation 5.11 for the 1-to-2
thermal pressure as a function of the masses involved. This can be used to obtain
an estimate of the pressure in a specific model of symmetry-restoring transitions in
a straightforward manner without performing numerical phase-space integrations.

The Lorentz factor ; corresponding to the terminal velocity at which the thermal
pressure balances the vacuum pressure was calculated. Since the thermal pressure
in the symmetry-restoring scenario is smaller than the pressure in the symmetry-
breaking scenario, it follows that the terminal velocity is larger. This enhancement
factor is found to be 2 10 for the parameters illustrated in Figure 37.

The relatively larger terminal boost factor in a symmetry-restoring transition
can have important phenomenological implications and applications. It can en-
hance the component of the GW signal produced from bubble collisions and from
particles produced at bubble collisions, qualitatively modifying the peak, amplitude,
and spectral features of the overall GW signal. Similarly, it can also enhance the
production of particles with masses far higher than the temperature of the plasma,
opening rich possibilities for various BSM applications such as the production of
DM and the baryon asymmetry of the Universe.

In this work a model independent approach was followed. An interesting next
step would be to apply the results to a specific model and compare for exam-
ple the predicted GW signals to observed signals from PTA experiments such as
NANOGrav [99], the Parkes Pulsar Timing Array [100] or the European Pulsar
Timing Array [102]. Also the above mentioned implications for DM production and
the baryon asymmetry are worth investigating further. Currently, a follow-up study

is conducted where the parameter space of the 2HDMS, which was investigated ear-
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lier within the scope of this thesis, is checked for the possibility of a FOPT (see also
the following references for studies on the 2HDM [42], the Minimal SM [240], Com-
plex extension of the SM [241], N2HDM [242] and a study in the 2HDMS without
the Z5 symmetry [243]). Including the possibility of C'P violation could give insights
on whether this model can provide a strong enough phase transition to provide suf-
ficient baryogenesis. However, the mentioned follow-up project will concentrate on
the standard symmetry-breaking EW phase transition. Whether this model would
in fact exhibit a symmetry-restoring FOPT during the evolution of our Universe
remains to be investigated. In the aforementioned references on extensions of the
SM, the possibility of restoring the EW symmetry at high energies was partly inves-
tigated which, however, is not a sufficient condition for a symmetry-restoring phase
transition to indeed take place via the evolution of the Universe.

The results obtained here on the differences between symmetry-breaking and
restoring transitions are only a first step which opens up new directions that need

more investigation.

127



5 PHENOMENOLOGY OF FIRST-ORDER PHASE TRANSITIONS

128



6 CONCLUSIONS

6 Conclusions

In this work two main topic were treated. The first main topic was on dark matter
(DM) and collider phenomenology in a Two-Higgs-doublet model with an additional
complex scalar singlet (2HDMS). The second main topic was on bubble wall velocity

in FOPTs with symmetry restoration.

In the first part it was shown that the 2HDMS model can provide a viable DM
candidate under consideration of all current theoretical and experimental constraints
and explain the total relic amount of DM measured by the Planck experiment. At the
same time this model can also accommodate the recently observed excess around
95GeV observed both at the former Large Electron-Positron Collider (LEP) [8]
in the bb mode as well as in the 7y mode at the Large Hadron Collider (LHC)
experiments CMS [9] and ATLAS [10]. In section 4.3 scans over a large range
of parameters were presented showing that a wide range of masses for the DM
candidate can be accommodated within this model (see Figure 20). In section 4.4
six different benchmark points covering different regions of parameter space were
chosen and investigated with respect to their prospects at future lepton colliders
(electron-positron colliders like the proposed International Linear Collider (ILC),
Compact Linear Collider (CLIC), Circular Electron Positron Collider (CEPC) and
Future Circular Collider in electron-positron mode (FCC-ee) and the proposed muon
collider) but also at the High-Luminosity Large Hadron Collider (LHC) and the
Future Circular Collider in proton-proton mode (FCC-hh). It was shown that the
selected benchmark scenarios have different prospects of discovery at the different
proposed colliders. A general guide with different proposed final states to search for
DM at these colliders was provided. At the HL-LHC the best prospects were found
for DM70 in the vector boson fusion (VBF) mode with a signal significance of 1.94¢
and for DM156,95 in the bb-associated Higgs boson production (BBH) mode with
a signal significance of 1.950. For electron-positron colliders the best prospects were
found for DM55y,95 in the Z+Missing transverse energy (MET) mode with a signal
significance of 110 and for DM70 in the same mode with a significance of 3o, both
at /s =250GeV. For the proposed muon collider the best prospects were found for
DM1564g95 in the bb+MET mode with a signal significance of 6.30 at /s = 3TeV
and for the same benchmark is the v+MET mode with a signal significance of 3¢ at
v/ =1TeV and for DM1000ygs5 in the tt+MET mode with a signal significance of
2.90 at /s =10TeV. The choice to also investigate the prospect of a muon collider
at 1TeV even though the starting energy was proposed to be 3TeV mas made in
order to show that even at low energies a muon collider can give good prospects for

some of the benchmarks. In cases where the scalar Higgs boson, which mediates

129



6 CONCLUSIONS

between the DM candidate and SM particles, is singlet dominated, detection at
the proposed colliders can be extremely difficult. Hence, there exist viable DM
scenarios which maybe can not be detected at any of these colliders. However, a
rough analysis shows that the production cross section for these scenarios at future
hadron colliders, like the FCC-hh or the Super Proton—Proton Collider (SPPC), can
be improved by a factor of about ~ 30 —40 compared to the current LHC.

In the second part the bubble wall velocity in first-order phase transitions (FOPTs)
was investigated. Here, a more general approach was followed which can be applied
to various models in which a FOPT occurs where in one phase particles are mass-
less and in the other massive. This applies for example to the electroweak phase
transition (EWPT) but also includes more general scenarios of phase transitions.
The pressure on the bubble wall from transitions radiation, a process where a par-
ticle from the surrounding plasma passes into the bubble and radiates off an ad-
ditional particle, was calculated for symmetry-restoring transitions and compared
to the results for standard symmetry-breaking transitions following the approach
in Ref. [45]. It was shown that in both scenarios runaway behaviour is inhibited
by transition radiation processes and a terminal wall velocity is reached. However,
in the symmetry-restoring scenario an intermediate regime, where the wall velocity
gets further accelerated, was found. This leads to higher terminal velocities in the
symmetry-restoring scenario than in the symmetry-breaking scenario. The terminal
velocity of bubble walls can have an important impact on phenomenological conse-
quences for example on the gravitational wave (GW) signal or on the production of
heavy particles.

An interesting next step can be to apply the results for the bubble wall velocity
to a specific model and check its viability. Currently a follow-up on the first topic
is being done, investigating the parameter space of the 2HDMS model with respect
to FOPTs. The investigation of the possibility of a symmetry-restoring transition
in that model could be a next step and might open interesting phenomenological
insights. In general the interplay of particles physics and cosmology is an interesting

direction with still many topics to investigate.
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