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Abstract

The Standard Model of Particle Physics (SM) explains particle masses via the spontaneous
breaking of the electroweak symmetry by the ground state of the scalar Higgs potential. In
the early universe at high temperatures, the electroweak symmetry in the SM is restored and
the universe is in a vacuum in which all particles are massless. Today, at low temperature,
the electroweak vacuum expectation value of the ground state breaks the electroweak sym-
metry and the universe has massive particles. The experimental observation of a Higgs boson
confirms the realization of a fundamental scalar sector in nature. All collider data agrees
with the minimal scalar sector of the SM within theoretical and experimental uncertainties.
However, cosmological observations, in particular the excess of matter over antimatter and
the existence of non-baryonic dark matter, cannot be explained by the SM. Therefore, this
strongly suggests the presence of physics beyond the SM (BSM). Extensions of the scalar
sector of the SM provide a promising avenue for studying BSM physics, as not only the min-
imal scalar sector of the SM, but also BSM extensions of the scalar sector can reproduce
all experimental collider data. Additionally, BSM scalar sector extensions can incorporate
mechanisms to produce a matter—antimatter asymmetry, and can as well contain dark mat-
ter candidates. The matter—antimatter asymmetry can be dynamically generated through
electroweak baryogenesis (EWBG) if the three Sakharov conditions are fulfilled. These are
the existence of baryon number violation, violation of the charge conjugation (C) and charge-
conjugation and parity (CP) symmetry, as well as departure from thermal equilibrium. In
EWBG, a matter-antimatter asymmetry is produced through a combination of CP-violating
processes and sphaleron-mediated baryon number violating processes. The excess of mat-
ter is then conserved by the departure from thermal equilibrium which is realized through
a strong first-order electroweak phase transition (EWPT) from the electroweak symmetric,
false vacuum at high temperatures to the electroweak broken, true vacuum at low temper-
atures. While sphaleron-mediated processes in the SM can violate the baryon number, the
SM does not have enough CP violation, neither does it predict a strong first-order EWPT.
Therefore, BSM extensions are required to enable a strong first-order EWPT as well as to
provide additional sources of CP violation. In addition to providing the departure from ther-
mal equilibrium which is necessary for EWBG, first-order EWPTs also source a stochastic
gravitational wave (GW) background that could be detectable at GW observatories in the
near future.

In this thesis, we connect the parameter space for first-order EWPTs for selected BSM models
to collider observables and to their potential to source gravitational waves to which future GW
observatories might become sensitive. Further, we show that the models under investigation
provide intermediate temperature regions with spontaneous breaking of the electromagnetic
symmetry or additional sources of CP violation, as well as dark matter.



Zusammenfassung

Das Standardmodell der Teilchenphysik (SM) erkldrt Teilchenmassen iiber den Mechanis-
mus der spontanen Brechung der elektroschwachen Symmetrie durch den Grundzustand des
skalaren Higgspotentials. Im frithen Universum, bei hohen Temperaturen, ist die elektro-
schwache Symmetrie des Standardmodells exakt und das Universum befindet sich in einem
Grundzustand, in welchem alle Teilchen masselos sind. Heute, bei niedriger Temperatur,
bricht der Vakuumerwartungswert des Grundzustandes die elektroschwache Symmetrie, und
das Universum befindet sich in einem Grundzustand, in welchem Teilchen massebehaftet sind.
Die experimentelle Entdeckung eines Higgs-Bosons bestéitigt, dass ein fundamentaler skalarer
Sektor in der Natur realisiert ist. Alle Daten von Beschleunigerexperimenten stimmen inner-
halb theoretischer und experimenteller Unsicherheitsgrenzen mit den Theorievorhersagen des
minimalen Skalarsektors des SM iiberein. Kosmologische Beobachtungen, wie der Uber-
schuss von Materie gegeniiber Antimaterie, oder die Existenz von nicht-baryonischer Dunkler
Materie, kénnen jedoch nicht mit dem SM erklidrt werden und bilden damit eine deutliche
Evidenz fiir Physik jenseits des Standardmodells (BSM). Erweiterungen des Skalarsektors des
SM erklédren, genau wie der minimale Skalarsektor des SM, die Daten der Beschleunigerex-
perimente. Sie konnen jedoch zusétzlich Mechanismen enthalten, um den Materieiiberschuss,
sowie Dunkle Materie zu erkliaren. Die Materie-Antimaterie Asymmetry kann durch elektro-
schwache Baryogenese (EWBG) dynamisch erzeugt werden, wenn die drei Sakharov Bedin-
gungen erfiillt sind. Diese sind die Existenz von Baryonenzahl-verletzenden Prozessen, Verlet-
zung der Ladungskonjugation- (C) und Ladungskonjugations- und Paritéits-Symmetrie (CP),
sowie Abweichung vom thermischen Gleichgewicht. In EWBG wird durch eine Kombina-
tion von CP-verletzenden Prozessen und von Baryonenzahl-verletzenden Sphaleron-Prozessen
ein Materieiiberschuss erzeugt. Der Materieiiberschuss wird dann anschlieend durch einen
starken elektroschwachen Phaseniibergang erster Ordnung zwischen dem elektroschwach-
symmetrischen falschen Grundzustand bei hohen Temperaturen zu dem elektroschwach-ge-
brochenen wahren Grundzustand bei niedrigen Temperaturen erhalten. Wéhrend Sphaleron-
Prozesse im SM die Baryonenzahl verletzen kénnen, hat das SM jedoch nicht geniigend CP-
Verletzung und sagt auflerdem keinen starken elektroschwachen Phaseniibergang erster Ord-
nung voraus. BSM-Erweiterungen sind somit notwendig, um einen starken elektroschwachen
Phasentiibergang erster Ordnung, sowie zusétzliche CP-Verletzung zu ermdglichen. Zusétzlich
zur Bereitstellung einer Abweichung vom thermischen Gleichgewicht, welche eine notwendige
Bedingung fiir erfolgreiche EWBG ist, sind elektroschwache Phaseniibergéinge erster Ordnung
auch Quellen fiir einen stochastischen Gravitationswellenhintergrund, welcher von zukiinftigen
Gravitationswellendetektoren gemessen werden koénnte.

In dieser Arbeit stellen wir eine Verbindung her zwischen dem Parameterraum spezieller BSM-
Modelle, welcher elektroschwache Phaseniibergénge erster Ordnung erlaubt, und Observablen
an Beschleunigerexperimenten, sowie zu erzeugten Gravitationswellen, fiir die zukiinftige
Gravitationswellendetektoren empfindlich sein konnen. Auflerdem konnen die untersuchten
BSM-Modelle spontan die elektromagnetische Symmetrie in zwischenzeitlichen Temperatur-
regionen brechen, zusétzliche Quellen fiir CP-Verletzung haben, sowie Kandidaten fiir Dunkle
Materie enthalten.
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CHAPTER 1

INTRODUCTION

The Standard Model of Particle Physics (SM) currently gives the best understanding of
the high-energy, or small-scale, universe made up of massive particles and their interactions
[1-12]. It describes the particle content of the universe based on symmetries, split into
the categories of fermions, i.e. quarks and leptons, as matter particles and bosons as force
carriers. Particle masses are generated through spontaneous symmetry breaking in the Higgs
mechanism [13-16]. The ground state of the SM Higgs potential breaks the electroweak
symmetry spontaneously and is invariant under the electromagnetic symmetry, rendering the
photon massless. The Higgs mechanism further predicts a scalar boson, the Higgs boson h.
The experimental observation of a scalar boson consistent with the Higgs boson predicted by
the SM was first reported in 2012 [17, 18]. Since then increasingly precise measurements have
substantiated its SM-like properties. The ATLAS and CMS collaboration have independently
measured a scalar boson of mass my = 125 GeV, that is even under charge conjugation parity
(CP) symmetry. It is observed in multiple final states [19, 20]. The observations are consistent
with theoretical predictions for coupling strengths and production probabilities calculated
with the SM within experimental and theoretical uncertainties.

The SM, however, cannot be the underlying theory of nature. Besides its lack of an explana-
tion for gravity as the fourth fundamental force of nature, there are experimental observations
that the SM cannot explain. These are of cosmological nature [21], e.g. dark energy, dark mat-
ter, the matter—antimatter asymmetry, or concern particle physics, like e.g. neutrino masses
[22-24], the flavour puzzle [25], or the hierarchy problem [26-29]. The SM was established
based on a multitude of independent collider experiments and can be interpreted as a low-
energy approximation of an underlying theory that manifests itself at higher energies beyond
the reach of current collider experiments.

Extensions of the SM scalar sector represent a promising portal to explore physics beyond the
SM (BSM) and to explain at least some of the open questions of the SM. The measured mass
of the observed Higgs boson adds the last missing theoretical piece to the Standard Model.
However, further experimental efforts are needed in order to precisely determine the shape
of the scalar potential, independently of the Higgs boson mass, to test the SM assumption
of a minimal scalar sector. These efforts include direct measurements of the Higgs boson
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self-interaction. Current experimental data does not exclude more complicated scalar sectors
that allow for a rich BSM phenomenology, while containing an SM-like Higgs boson.

One promising possibility in BSM scalar sectors is a first-order electroweak phase transition
(EWPT). At high temperatures in the early universe, the electroweak symmetry, which is
spontaneously broken by the ground state of the scalar potential today, can be restored. In the
SM the restoration of the electroweak symmetry takes place via a smooth cross-over [30, 31].
However, with BSM-extended scalar sectors, it is also possible, and allowed by experimental
data, to restore the spontaneously broken electroweak symmetry via a first-order EWPT. In
a first-order EWPT, a false vacuum of the scalar potential decays by transitions to a barrier-
separated true vacuum. The temperature at which both vacua are degenerate is the critical
temperature, T,.

A first-order EWPT in the early universe is theoretically motivated because the matter—
antimatter asymmetry of our universe can be explained if a strong first-order EWPT appears
together with additional violation of the CP symmetry and baryon number violating processes
[32—34]. There are direct consequences on observable signatures, i.e. promising connections
to collider signatures, see e.g. [35-38]. Furthermore, a first-order EWPT sources a stochastic
gravitational wave (GW) background [39-45]. First evidence for a stochastic GW background
was published in 2023 [46-50]. The signal is found to be compatible with a range of sources,
including first-order EWPTs [47]. The observation of a stochastic GW background exclusively
sourced by a first-order EWPT would be a clear evidence for BSM physics. Therefore, the
theoretical possibility of first-order EWPTs provides a link between cosmology and collider
physics.

In this thesis, we extend the SM scalar sector to provide mechanisms to generate a first-order
EWPT as well as dark matter within experimental bounds. We link the parameter space
that allows for first-order EWPTSs to collider signatures, dark matter observables, and future
GW measurements. This way, we aim to shed light both on the true nature of underlying
physics and on the evolution of the early universe. More specifically, this thesis is organized
in two parts. In the first part we study prerequisites for a first-order EWPT. For this, we
parametrize the strength of a first-order EWPT via the coordinate of the electroweak vacuum
expectation value (VEV) wrw at the critical temperature T, divided by critical temperature,
& = wrpw(Te) /T, and define a first-order EWPT to be strong, if £, 2 1. We then investigate
the relation between strong first-order EWPTs in the dimension-six extended Two-Higgs-
Doublet Model (2HDM) and collider signatures. The existence of a critical temperature
is, however, only a prerequisite for a first-order EWPT. To determine whether a first-order
EWPT takes place in the early universe or not, we need a calculation of vacuum transition
rates and the derivation of characteristic temperatures that takes into account the expansion
rate of the universe. In the second part of this thesis, we perform these calculations and find
completing first-order EWPTs in a 2HDM with intermediate electromagnetic charge breaking
as well as with gravitational waves sourced by it. Additionally, we investigate and show the
ability of the model ‘CP in the Dark’ to allow for first-order EWPTSs, to source observable
gravitational waves, to explain dark matter and to provide additional CP violation.

This thesis is structured as follows. First, we describe the SM and general BSM scalar sector
extensions in Chapter 2. We give a short overview of the early universe in Chapter 3. In
the first part of this thesis, we then discuss prerequisites for a first-order EWPT in the
early universe. We describe the finite-temperature ground state of the scalar potential by
the one-loop effective potential in Chapter 4. We provide an overview of the computer code
framework that was used in the context of this thesis in Chapter 5. In Chapter 6, we discuss
dimension-six operators added to a 2HDM that can promote a first-order EWPT with &, <
1 to a strong first-order EWPT with & 2 1. For such operators, we draw relations to
signatures at collider experiments. We implemented the calculation of the vacuum transition
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rate and the derivation of characteristic temperatures for first-order EWPTs, as well as the
derivation of the GW spectrum that is sourced by first-order EWPTs, in the new public code
BSMPTv3 as a part of this thesis. We present it in detail in Chapter 7. We further review the
derivation of the transition rates and the characteristic temperatures for a first-order EWPT
in Chapter 8. In Chapter 9 we describe how a stochastic GW background is sourced by
first-order EWPTs. In Chapter 10 we discuss EWPTs in a 2HDM with intermediate phases
that violate the electromagnetic symmetry. In Chapter 11 we investigate first-order EWPTs
and gravitational waves in the model ‘CP in the Dark’. We furthermore discuss dark matter
and CP violation within the model, as well as possible phase histories. We summarize and
conclude in Chapter 12.






CHAPTER 2

THE STANDARD MODEL AND SCALAR SECTOR EXTENSIONS

The Standard Model of Particle Physics (SM) [1-4] has been developed based on a strong
interplay between theory and experiment. No other theory so far is in better agreement with
experimental findings for small-scale interactions. In this chapter we summarize the SM; for
a review, consult e.g. Ref. [51]. We follow the conventions of Ref. [52].

The SM is postulated as a renormalizable [5-9] non-Abelian spontaneously broken [10-12]
gauge theory with a Lagrangian which is locally gauge invariant under the symmetry group

SU@3)c x SU@2)r, x U(1)y . (2.1)

The gauge group of quantum chromodynamics (QCD) is SU(3)¢ with conserved colour charge
(C). The strong force is mediated by eight colour-neutral gauge fields, the gluons G}, and
acts on colour triplets of quarks {u, d, ¢, s, t,b} and their corresponding antiquarks. The gauge
group SU(2)r, x U(1)y describes the unification of the weak and electromagnetic force. The
electroweak (EW) force is associated with the weak isospin through its third component I,
for SU(2), and the weak hypercharge Yy for U(1)y and is mediated by four gauge bosons,
{W1, Wy, W3, B}. As a chiral theory, the EW force acts on left-handed fermion doublets, i.e.
quarks (07, and leptons Lj, and right-handed fermion singlets, i.e. quarks ugr, dr and leptons
IR, which are defined in Table 2.1. There are three fermion families for quarks and leptons
each. The respective upper (lower) component of the SU(2)y, left-handed quark doublets of
the three families define the up-type (down-type) quarks. The leptons are the electron e, the
muon x and the tau 7 as well as the three neutrinos {ve, v, v-}. The Higgs field ® is a
scalar, colour-neutral, SU(2);, doublet field with Yy = 4+1/2. The field content of the SM is
summarized in Table 2.1. The SM Lagrangian reads (a € {1,...,8}, 7 € {1,2,3})

1 1., . 1
Lon = =G, G = JWi, W — 1B, B"
+iQ QL +iLPLL + iurlPup + i dglpdr + i [Pl
+ (D,®)(DH®) + 12D — ND|* + [—@’LY/U% Wy — QrYy®dy — L Yi® g + hec.
+ ﬁghost + £ﬁx .
(2.2)
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Summation over repeated indices is implied, following the Einstein sum convention. We
denote the contraction with a Dirac matrix 4* in the Feynman slash notation, ) = y*D,,.
Local gauge invariance is enforced through the definition of the covariant derivative,
D, QL =8, +¢gSTGGg+igTiW;+¢g/YWBM] Q1
- ———— | —— S——
SU(3) ¢ SU(2)L Uy
Dyl = |0, +igT Wi+ig Yiw By| L,

r . . 2.3
Dyqr = 8u+zgsT“GZ+zg’YwBu]qR, (23)

Dylp = 'auﬂg’YWBu} In,

Dy® = [0, +igT' Wi +ig Yiv B| @,

where we denoted the right-handed up-type and down-type quarks by qgr = {ugr, dr}. The
T% = X\%/2 are the generators of the SU(3)c written in terms of the Gell-Mann matrices
Ao with a € {1,...,8}. The generators of the SU(2)., T® = ¢%/2, are written in terms of
the Pauli matrices o with i € {1,2,3}. The coupling strengths w.r.t. the gauge groups are
denoted by gg, g and ¢, respectively. The Lagrangian in Eq. (2.2) includes kinetic terms for
the gauge bosons,! the kinetic terms for the fermions {Qr, Ly, ug, dg, [g}, as well as terms
involving the Higgs field ® that we will discuss in more detail below. The ghost and gauge
fixing terms, Lghost and Lgy, are required for theoretical completeness [53].

Both the gauge bosons that mediate the weak force and the fermions are massive,? however,
explicit mass terms are not allowed in the SM Lagrangian, because they would violate the
gauge symmetry. In the Englert-Brout—Higgs—Guralnik—Hagen—Kibble mechanism [13-16],
abbreviated as Higgs mechanism, gauge boson and fermion masses are generated in a gauge-
invariant way via the introduction of a scalar sector with a scalar Higgs field ® which has
a non-vanishing vacuum expectation value (VEV) that breaks the SU(2)r x U(1)y gauge
symmetry spontaneously. Furthermore, the Higgs mechanism predicts a scalar Higgs boson
h that couples to fermions (gauge bosons) proportional to their mass (squared mass), as will
be derived below. The existence of such a scalar boson is required to restore unitarity of the
weak interaction.? In the Higgs mechanism, the electroweak subgroup of the SM gauge group
in Eq. (2.1) is spontaneously broken down to a U(1)gm,

SUR2)L xU)y - UD)eMm, (2.4)
with conserved electromagnetic charge Qg given by the Gell-Mann—Nishijima formula,
Qem = Ijy + Yw . (2.5)
The Higgs mechanism extends the theory by the scalar potential
V(®) = —p2|®> + \|®|*, with g? >0 and X\ > 0, (2.6)

'A field strength tensor is defined as F,, = g[D", D¥] with generic coupling constant g. For an Abelian gauge
theory, e.g. U(1)y, it follows By, = 8,B, — 0, B,. Non-Abelian gauge theories, e.g. SU(2)r and SU(3)¢,
have Wf;,, =9, Wi — 8l,Wf; —g eijkWin and G}, = 0,Gy —0.,G}, — gs fachZG,c,, respectively. The €% and
fb are the respective structure constants.

2Neutrinos are massless in the SM. However, from observations [22-24] we know that neutrinos have a mass. An
upper limit on the neutrino mass is derived from e.g. the KATRIN experiment [54], as well as from cosmological
probes, cf. Chapter 3. A discussion of BSM sources for neutrino masses is beyond the scope of this thesis.

$Without an SM-like Higgs boson, the cross section of longitudinal W boson scattering diverges for high centre-
of-mass energies. Unitarity of the S matrix, i.e. probability conservation, is restored through the introduction
of a neutral scalar particle that couples to the W boson proportional to the W mass squared. The additional
diagrams with this neutral scalar particle then cancel those diagrams that show the unphysical high-energy
behaviour. The existence of an SM-like Higgs boson therefore is not just a consequence of the Higgs mechanism
that consistently explains gauge boson and fermion masses, but is required to restore unitarity.
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Field Spin  (SU(3)c, SUQ)L) {Ii, Yiv}
G, ae{l,...,8} 1 (8, 1) {0, 0}
Wﬁ, i€{1,2,3} 1 (1, 3) Y = 0, see caption
B 1 (1,1) {0, 0}

_[oF +1/2
() o () )

o {()-(0)- Gl e ()

UR = {uR,cR,tR} 1/2 (3, 1) {0, +2/3}
dr = {dR, sr,br} 1/2 (3,1) {0, —1/3}
_ Ver, Vur, Vrp, +1/2 B
a () () (e)y oo {(R)
lr= {eR):U’RaTR} 1/2 (1’ 1) {07 _1}

Table 2.1.: Fields of the Standard Model. Fields with integer spin follow Bose—Einstein statis-
tics, fields with spin 1/2 follow Fermi-Dirac Statistics. The gauge group representation is
given in the third column, respectively. Gluons, Gy, are octets (8) under SU(3)¢ and sin-
glets (1) under SU(2)r. The third component of the weak isospin is denoted by If,, the weak
hypercharge by Y. The values for Yy are given in the convention of Eq. (2.5). The elec-
troweak gauge bosons W), are singlets (1) under SU(3)¢ and triplets (3) under SU(2)r,. The
electroweak gauge boson B, is a singlet both under SU(3)¢ and under SU(2)r. Eigenstates
w.r.t. the weak isospin are {WJ,WJ,WS}, with W/f = % (Wl} :FZW/%) and eigenvalues
IﬁV(WMi) = +1 and I (WJ) = 0. The scalar Higgs field ® is a doublet (2) under SU(2)r.
The left-handed fermions, i.e. quarks (); and leptons L, are doublets, the right-handed
fermions, i.e. quarks ugr, dr and leptons lg, are singlets under SU(2)r. The quarks are
charged under SU(3)¢c and transform as triplets.



18 2. The Standard Model and Scalar Sector Extensions

with a complex scalar SU(2), doublet field

oo <¢+> with {I@(dﬁ) = +1/2, Yiw(9") =+1/2 = Qea(¢¥) = +1

¢° (%) = —1/2, Yin(6") =+1/2 = Qenl(¢) =0 (2.7)

The Higgs field ® has a non-vanishing EW VEV wvgw that in unitary gauge can be rotated
to

o= \}i (h +0va> , (2.8)

with h denoting fluctuations around the EW VEV corresponding to the SM Higgs boson. In
unitary gauge, three degrees of freedom of the Higgs field are absorbed into the longitudinal
degrees of freedom of the massive electroweak gauge bosons,

1
Lsv D (D, ®@)(DH®) = <m%VWjW“— - 2m2ZZuZ“> +..., (2.9)

where we have identified the mass eigenstates

1

Wi = 7% (W FiW7) | (2.10)
Z,, = cos Oy WEL’ —sinfw By, , (2.11)
A, =sinfy Wi’ + cosOw By, (2.12)
with the Weinberg angle 0y,
g g

cos Oy = sin Oy = (2.13)

/92 + ¢ ’ /92 + g7 ’
The masses of the W+ and Z bosons and the photon ~, which is associated with the field Ay,
are

1 my

mw = 59gVEwW, Mz = )
2 cos Oy

m, =0. (2.14)
The value of the EW VEV vgw can be derived from the Fermi constant G as

2
g 1 L e —
Wamd, — V2udy o

Gr ~ 246.22 GeV . (2.15)

1
V2GF

Furthermore, in unitary gauge, with 2u% = 2\ ’U%W = m%, the scalar potential simplifies to

2 A A
V(®) = —%hQ + ’;’Lh h? + hﬁhh h* 4 const. (2.16)

which defines the tree-level Higgs boson trilinear and quartic self-couplings as

3m? 3m?
Mrh = —L . Npppn = 2. (2.17)
UVEW VEw

The SM Higgs potential therefore is completely determined by the electroweak VEV vgw
through Eq. (2.15) and the SM Higgs boson mass my. The Higgs field and the fermion sector
are coupled in the Yukawa sector

Lsv D Lyukawa = —QYu®ul — Q1 Va®dy — LiYi® g + hec. (2.18)
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where ® = io2®* and Y,, Y, and Y] are complex Yukawa coupling matrices for the up-type
quarks, down-type quarks and leptons, respectively. }Afl can be chosen diagonal without loss
of generality. Consequently, the interaction eigenstates of the leptons are equivalent to their
mass eigenstates.* The derivation of the mass eigenstates in the quark sector requires a
diagonalization of both Y, and Yy. We perform rotations with unitary matrices U and D,
ie. U'U = UU' = 1 and D'D = DD' = 1, to define the quark mass eigenstates, with

Q= (. dz),
E/LEEL Uz, E’LEQLDE, U%EURUR, d%EDRdR. (2.19)

The quark mass matrices M, and M, are then given by

UE—WU}:}A/UUR = M, = diag(my, mc, my), (2.20)
V2
UEW DEYdDR = Md = diag(md, mg, mb) . (221)

V2

The Yukawa sector is diagonal in the basis defined in Eq. (2.19). The covariant derivative of
Eq. (2.3) introduces couplings between quarks and gauge bosons stemming from the kinetic
terms, igl)q. The v and Z couplings to quarks are diagonal in the mass basis. However,
because the W+ couplings mix up-type and down-type quarks, their basis change introduces
the Cabibbo-Kobayashi-Maskawa (CKM) matrix [55, 56], defined as V' = UzD 1, and

Lev O QL DQ, > %mvw@w; the.. (2.22)

In 2012, the ATLAS and CMS collaborations reported an observation of a Higgs boson at
the Large Hadron Collider (LHC) [17, 18]. Since then the Higgs boson has been studied
and has so far been found to agree with the predictions for an SM Higgs boson within
experimental and theoretical uncertainties, as summarized in Refs. [19, 20]. The observations
are compatible with a CP-even scalar,” with SM-like couplings and measured signal strengths
compatible with the SM predictions.® The mass of the observed Higgs boson is determined
as my = [125.09 + 0.21(stat.) = 0.11(syst.)] GeV in an official combination of the ATLAS
and CMS result after LHC Run 1 [58]. We will use this result for our calculations in the
context of this thesis. An average by the Particle Data Group based on recent independent
mass measurements by ATLAS and CMS determines the observed Higgs boson mass to be
mp, = (125.27 £ 0.17) GeV [51].

The SM cannot be the complete theory of nature as it does not include gravity, which is the
fourth fundamental force present in nature. Further hints towards BSM physics come from
its inability to explain experimental data like, e.g. non-zero neutrino masses, dark matter
and the matter—antimatter asymmetry of the universe. Concerning the latter two, we will go
into more detail in Chapter 3. The scalar sector provides a promising venue to include BSM
physics into the successful framework of the SM while matching experimental observations.
Besides the mass measurement, an independent measurement of the Higgs boson trilinear
and quartic self-couplings is necessary to determine whether the shape of the Higgs potential
follows the prediction of the SM, or whether it deviates from it. Current bounds on the
trilinear Higgs boson self-coupling, e.g. Ref. [19, 59], still allow for significant deviations from

“This no longer holds when mass terms for neutrinos are included in a BSM theory.

5The possibility of a CP-odd admixture in e.g. the top quark Yukawa coupling of the observed Higgs boson is
still allowed by experimental data, as investigated e.g. in Ref. [57].

5In the experimental analysis, the production rates that are observed in a specific channel or for a specific
final state, are parameterized by signal strengths. A signal strength normalizes the measured cross section
multiplied by the branching ratio to the SM prediction.



20 2. The Standard Model and Scalar Sector Extensions

the SM prediction. Furthermore, extensions of the scalar sector, while being in agreement
with the observation of an SM-like Higgs boson, can enable a first-order EWPT as well as
incorporate dark matter candidates that produce the observed dark matter relic density. In
this thesis we study SM extensions that are in agreement with experimental collider data
like the SM is, but in addition can allow for first-order EWPTs that might source observable
gravitational waves, or can incorporate a candidate for dark matter.

The construction of an extended scalar sector, is constrained by the experimental non-
observation of flavour-changing neutral currents (FCNCs) and the measurement of the p
parameter that is very close to one [51]. At tree-level the p parameter can be expressed as
[60-62]

m? Siy [ (wi + 1) = 3] v
p=———— = 3 = (2.23)
m, cos? Oy 21 3 Vi Vi

where the sums run over weak isospin Iy and weak hypercharge Yy of all n scalar multiplets
with VEVs v;. The scalar sector can be expanded by any number of SU(2); doublets with
Iy = % and Yiy = 41 or SU(2)-singlets with Iyy = Yy = 0, as both fulfil Iyy (Iy + 1) =
%YQ , leaving the p parameter precisely at unity at tree-level.

When extending the scalar sector with additional doublets and singlets, additional Zy sym-
metries are imposed on the model at T = 0 GeV in order to prevent FCNCs at tree-level and
zero temperature to comply with the strict experimental bounds. However, if a Zs symme-
try is spontaneously broken by scalar fields developing a VEV, domain walls are introduced
[63—65], cf. the discussion in [66]. Domain walls are in conflict with observations, as they
would dominate the energy density of the universe at some late time [67-69]. In the case of
an explicitly or softly” broken Zs symmetry, domain wall networks are unstable and decay
[70].

The two BSM models that are studied in this thesis are the following ones: In Chapters 6
and 10 we focus on a CP-conserving Two-Higgs-Doublet Model (2HDM) that extends the SM
scalar sector by one additional scalar SU(2), doublet. In Chapter 11 we investigate a Next-
To-Minimal Two-Higgs-Doublet Model (N2HDM) where the SM scalar sector is extended by
an additional SU(2)r, doublet and a real singlet under SU(2)p,.

"A 7y symmetry is softly broken if the Zs-breaking term comes with a parameter carrying mass dimension.



CHAPTER 3

THE EARLY UNIVERSE

We observe an expanding universe, filled with almost perfect black-body background radi-
ation, with visible matter structured into solar systems, galaxies and galaxy clusters. This
chapter briefly sketches the cosmological history of the early universe along the lines of the
SM of cosmology, the A cold dark matter model (ACDM), that is experimentally tested e.g.
by the space telescopes WMAP [71] and Planck [21]. Reviews on the topic are given in e.g.
Refs. [51, 72-75].

The universe is observed to be homogeneous and isotropic on large scales above the size
of galaxy superclusters of O(10Mpc) [51, 76]. Not only the matter density of the universe
today is on large scales homogeneous, also the cosmic microwave background (CMB) which
is the almost perfect black-body background radiation with a temperature of T' = (2.7255 +
0.0006) K [51]. The CMB is made up of free-streaming photons that were produced at the
time of last recombination, when the photons dropped out of thermal equilibrium. More on
the topic of thermal relics will follow below. The large-scale isotropy and homogeneity of
the universe at recombination and today can be explained if there existed an early period of
accelerated expansion, called inflation, that leads to causal connections on large scales.

Today, the universe is still observed to be expanding, as inferred from e.g. the redshift of
photons emitted from visible matter [77]. The Hubble rate H describes the expansion rate of
the universe, as a function of time ¢,

H(t) = @, (3.1)

in terms of a growing scale factor a(t). The Hubble constant Hy defines the Hubble rate
today at T' = Ty. There is an unresolved tension between Hy determined from indirect
measurements, e.g. by fitting ACDM to the CMB from which the Planck collaboration obtains
Hy = (67.49 + 0.53) kms ™ 'Mpc~! [21], and from direct measurements, e.g. the measurement
of redshifts of stars, which leads to Hy = (73.241.3) kms ™ Mpc~! [78], cf. e.g. Ref. [79]. Our

calculations in the presented work use the result by Planck.

The time evolution of the energy density content of the universe is written in terms of the
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Friedmann equation in the form of

k _ Prad (t) + Pmat (t) + pA (t)

H(t)? =
O+ aee 3MZ, |

(3.2)

with the Planck mass Mp; = (1.220 89040.000 014) x 10*® GeV [80], the curvature k, radiation
energy density praq < a”%, matter energy density pma; < > and vacuum energy density
pa o< a®. The critical density p. is defined by multiplying Eq. (3.2) with H(t)~2, cf. Ref. [72],

k _ Prot (1)
H(t)%at)?  pe(t)

Consequently, if the total energy density of the universe, piot = pPrad + Pmat + PA, IS equal
to the critical density, then the universe is flat, i.e. k = 0. As the scale factor a grows with
time, initially the radiation density o< a~* dominated the energy density content so that the
universe was radiation dominated. An earlier time is associated with a higher cosmological
redshift z, derived via

1+ , with p.(t) = 3H(t)> M3, . (3.3)

ao
1 = 3.4
2= (3-4)
with a redshift of today at ¢ = ty of zg = 0. Radiation domination ended at the point
of matter-radiation equality at a cosmological redshift of zeq = 3411 £ 48 [21], before the
photons decoupled at zgqoc = 1090.30 & 0.41 [21]. Today, the energy density of the universe is

dominated by vacuum energy [51].

In the hot early universe, that is the focus of this thesis, all particles were in thermal equi-
librium inside a thermal bath, and relativistic particles, i.e. particles for which m <« T,
dominated the energy density. Within this thesis, we study EWPTs that we assume to
take place in this radiation-dominated epoch. In the following, we review expressions for
the energy density and Hubble rate in the radiation-dominated universe that will be used in
later calculations. We can express the scale factor as a function of temperature under the
assumption of conservation of the entropy density s per comoving volume

0= % (sa3) % (g+ T3a3) ~ % (T3a3) & ax T, (3.5)
where we also assumed that during the radiation-dominated epoch the number of effective
degrees of freedom, g, remains constant.! Furthermore, the assumption of entropy conserva-
tion can be directly used to relate time and temperature in the radiation-dominated epoch.

Assuming again that in the radiation-dominated epoch, % g« = 0, it follows

dr dTl
=3T%" ( —a+Ta dt = — . :
0=3T"a (dta+ a> & TH(T) (3.6)

The energy density in the radiation-dominated epoch as a function of temperature is

7.[.2

~ 30
We obtain the Hubble rate in the radiation-dominated era, where the total energy density is
given by prot = praa, using Eq. (3.2), as,

BTy = [elD) K [pea) T e (38)

o 2 2 2 : :
3M2,  a(T) 3M2,  Mp \ 90

! After the radiation-dominated epoch, the number of effective degrees of freedom ¢ decreases with time and

decreasing temperature from g. = 106.75 when all particles are relativistic, to g«(To) = go ~ 3 — 4 today,

depending on the assumed temperature of neutrino decoupling, when only the photons are still relativistic.

For a derivation see e.g. Ref. [81]. Planck measures go = 3.11f8j§, and is consequently deriving upper bounds

on the neutrino masses [21].

prad(T) T (3.7)
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When particles of mass m are in thermal equilibrium, their interaction rate is larger than
the Hubble rate, I'(T") > H(T). However, as the universe cools down, the Hubble rate
grows and reaches I'(T;,.) = H(Tt,.) and for T < Tt , I'(T) < H(T) and massive particles
are decoupled from the thermal plasma. The relic number density of a particle species is
determined by the number density at the freeze-out temperature T¢,. The redshift during
the expansion of the universe until today then determines the relic number density of the
particle species today. For hot relics, the freeze-out takes place when T;, > m, for cold
relics, the freeze-out takes place in the non-relativistic regime, when T;, < m.

On small scales, the CMB is observed to have temperature fluctuations of §7/T ~ O(107)
[51]. A spherical Fourier transform of the temperature fluctuations yields the CMB power
spectrum which is fitted to the ACDM prediction to determine e.g. the energy density pa-
rameters (), defined as energy density ratios to the critical density p. of Eq. (3.3). These
measurements are in agreement with a flat universe with €2 = 0.001 4+ 0.002, and an energy
content made out of vacuum energy 24 = 0.679 + 0.001 and matter Q. = 0.3150 + 0.0007,
with negligible contribution from radiation, Q..q = O(107?) [21]. The matter energy density
Qmat is measured to consist of ordinary, baryonic, matter, €2, and non-baryonic non-luminous
matter, also called dark matter (DM), €, here written multiplied with the reduced Hubble
constant h = 0.674 £ 0.005 [21]

Q% = 0.0224 + 0.0002, (3.9)
Q,h? = 0.1200 4+ 0.0012. (3.10)

Consequently, only less than 5% of the energy density of the universe today is made of
baryonic matter and almost 26 % consists of non-baryonic DM. Aside from the peak spectrum
inferred from the temperature anisotropies in the CMB, other evidence for DM comes e.g. from
galaxy clusters [82] and galaxy rotation curves [83]. Furthermore, DM plays an important role
in the formation of structures in the early universe, which can only be explained if the DM is
a cold relic to stabilize matter accumulation [84, 85]. No particle of the SM can fully explain
the DM relic density.? In Chapter 11 we will discuss a BSM model that contains a candidate
for dark matter in the form of a weakly interacting massive particle (WIMP), which interacts
weakly with the SM sector and freezes out in the non-relativistic regime, when m, > T". The
nature of DM is an open question as there is no evidence for DM found at collider searches
[86, 87], at direct detection experiments [88-91] and at indirect detection experiments [92].
Consequently, all current experiments searching for DM give rise to exclusion bounds on
the parameter space of specific DM models. The exclusion bounds set by direct detection
experiments will be illustrated further in Chapter 11 for the model ‘CP in the Dark’.

Another open question is the origin of the matter—antimatter asymmetry, also called baryon
asymmetry of the universe (BAU). The puzzle is that the difference between the number
density of baryons, n;, and the number density of anti-baryons ng, often written normalized
to the photon number density n,, is determined to be non-vanishing [21, 51]

ny — Ny ng

~ —2 ~ (6.12+0.04) x 10719, (3.11)
Ny Ny

Ui

However, any initial excess of matter over antimatter would be washed out during inflation.
Moreover, the causally connected regions after inflation are too small for a mechanism to
separate matter and antimatter successfully. An excess of matter over antimatter can be
dynamically generated if for a system with initial matter—antimatter symmetry, the Sakharov
conditions are satisfied [32]. These are: (1) existence of a baryon number violating process,

2Neutrinos are part of dark matter, however, they cannot explain the complete relic density, as they constitute
hot dark matter.
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(2) violation of the C and CP symmetries, and (3) departure from thermal equilibrium. A
mechanism that fulfills all these necessary conditions is electroweak baryogenesis (EWBG) [33,
34]. In EWBG, the departure from thermal equilibrium is realized through a strong first-order
EWPT from a false vacuum, where the electroweak symmetry is exact, to a true vacuum,
where it is spontaneously broken. The strong first-order EWPT takes place at a temperature
T < T., where the critical temperature T, is defined as the temperature at which the true and
false vacuum are degenerate. It then proceeds via the formation and expansion of bubbles
filled with the true vacuum within a false vacuum plasma. Inside the false vacuum, where the
electroweak symmetry is unbroken, sphaleron-mediated baryon- and lepton-number violating
processes are in thermal equilibrium [93, 94].3 CP-violating interactions between plasma and
bubble wall create a CP asymmetry which is transferred into a baryon excess by the sphaleron
transitions. Inside the true vacuum, the electroweak symmetry is spontaneously broken, which
translates into a damped sphaleron interaction rate. A non-zero BAU is conserved inside the
true vacuum bubble, if the sphaleron interactions are sufficiently suppressed [95, 96],

_ psph
i (3.12)

that is if the baryon wash-out condition [34]

(e =¢(Te) = ZaulC 21

3.13
Tc ~ ? ( )

is fulfilled, defining a strong first-order EWPT. The electroweak VEV of the true vacuum
at T, is denoted by witue(T,). As the SM neither predicts a strong first-order EWPT, nor
provides enough CP violation,® BSM physics is required to explain the generation of the
matter—antimatter asymmetry of the universe.

In this thesis, we focus specifically on BSM realizations of first-order EWPTs and investigate
if they can be of strong first order with £ > 1. A strong first-order EWPT could have taken
place in the universe after inflation around Tgw = 100 GeV [97]. At later times, around
T = O(100MeV), the QCD phase transition takes place, where quarks ¢ and gluons form
bound states [97].5 After neutrinos decouple from the thermal bath at T = O(1MeV),
the abundances of light nuclei in the universe are produced via Big Bang nucleosynthesis
(BBN) [97]. Using the value for the BAU determined from the CMB measurement [21, 71],
BBN predicts abundances in agreement with the measured abundances in the universe. This
makes BBN the earliest stage in the evolution of the early universe that is probed by current
experiments. After BBN comes the recombination stage, when electrons decouple and form
electrically neutral hydrogen atoms together with protons. Only then photons can no longer
be coupled to the thermal plasma via scattering with the electrons, and therefore decouple
and form the CMB [21, 71].

3This period of electroweak symmetry restoration can also take place in an intermediate stage of the scalar
potential evolution. Anything taking place at even higher temperature is then not constrained by EWBG,
as the sphaleron processes wash out any remnants of any earlier baryon—antibaryon asymmetry once thermal
equilibrium is reached.

4The only source for CP violation in the SM is the complex phase in the CKM matrix.

5Due to the non-zero quark masses, lattice gauge theory determines the QCD phase transition to not be of
first-order [98]. It is therefore not able to provide a sufficient departure from thermal equilibrium to explain
baryogenesis.
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CHAPTER 4

ONE-LOOP FINITE-TEMPERATURE EFFECTIVE POTENTIAL

Zero-temperature loop corrections as well as finite-temperature effects can have a significant
impact on the ground state of the scalar potential [99]. Ideally, we would gain a complete un-
derstanding of the scalar potential to all loop orders and at finite temperature by taking into
account an infinite number of Feynman diagrams. This is encoded in the effective potential,
first described by [100, 101] and later used for theories with spontaneous symmetry breaking
[102, 103], at one-loop [104] and higher loop [105] level. For a review consult e.g. Refs. [106,
107]. In the context of this thesis, we work with the effective potential up to next-to-leading
order (NLO) in the perturbative expansion, including the resummed higher-loop daisy dia-
grams that are dominant in the high-temperature expansion, the one-loop resummed effective
potential.

In Section 4.1 we summarize the derivation of the effective potential at zero temperature.
In Section 4.2 we introduce finite temperature field theory. We then formulate the finite-
temperature description of the effective potential in Section 4.3. We discuss perturbativity of
the finite-temperature effective potential in the high-temperature limit in Section 4.4. Finally,
in Section 4.5, we summarize initial conditions for a first-order EWPT.

4.1. Effective Potential at Zero Temperature

Today, at a temperature of T'= 0 GeV, the ground state of the scalar potential receives loop
corrections. Because a potential generally contains all non-derivative terms allowed by the
symmetries of a theory, the effective potential corresponds to summing all Feynman diagrams
with zero external momentum in the diagrammatic approach. The effective potential can also
be calculated from the effective action using the background field method which we discuss
in the following. We will sketch the derivation of the effective potential for a field theory
with one scalar field ¢ along the lines of [104, 105, 108]. In the path integral formalism, the
generating functional Z[.J]| defines the amplitude for a transition from an initial vacuum to a
final vacuum under the presence of a source J,

2191 = Oonlow)s = [ ooy 516 +1 [ atarwiot)] (4.1)
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where S is the action that is derived from the Lagrangian density £ as

ﬂ@—/ﬁ%cww». (4.2)

The Green’s functions are derived as functional derivatives,

ol (6 0H0w) = (1) 217, (13)

where T{¢...¢} is the time-ordered product of n scalar fields ¢. The generating functional
of the connected! Green’s functions W1J] is defined as

WIJ] = —ilog Z[J]. (4.4)
Using Eq. (4.3), we derive the functional derivative of W[J],

_ WL _ [ (Oout|¢(x)|0in)
4 [ <00ut’01n> ]} ‘

T 6J(x)
In Eq (4.5) we defined the classical background field ¢.. It is defined as the VEV in the
presence of J. Therefore, ¢, takes into account quantum corrections hj(z) induced through
J, and schematically,

(4.5)

be(x) = ¢(x) + hy(z). (4.6)

The effective action is the generating functional of one-particle irreducible? Green’s functions
and is defined via a functional Legendre transformation of W[.J],

Diod = W)~ [ dtas(@)octa). (4.7)

Equations (4.5) and (4.7) imply that the variation of the effective action with respect to the
classical field yields the external source J [104]

T [¢c]
e

We expand the effective action in powers of derivatives of the classical background field ¢,
and obtain

=—J. (4.8)

Niod = [ '

— Ver(¢e) + O (Oudpe) + ... | - (4.9)
N——

effective

potential

The effective potential Veg(¢pe) is defined as the zeroth-order term in the derivative expansion
of the effective action. An alternative expansion of I" in powers of ¢, yields the following form
for the effective potential

o0

Var(6e) = = 3 T (p=0) (4.10)

n=1

'For a connected Feynman diagram, all internal lines are connected. In other words, a connected diagram has
no disconnected vacuum loops. Only connected diagrams contribute to the S matrix [109].

2Connected Feynman diagrams that cannot be split in two separate Feynman diagrams by cutting one internal
line are named one-particle irreducible diagrams [109].
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The T'™ are the one-particle irreducible Green’s functions with n external legs, p is the
external momentum. We derive the one-loop effective potential Ve(é) by expanding Eq. (4.10)
in terms of the loop order and calculate the Green’s function Fgl) for the one-loop one-particle
irreducible diagrams with up to n external legs as follows,

[e.9]

Vi (@e) = VO (6e) + VO (0e) = VO (g0) = 3 01" (p = 0), (4.11)
n=1
1 [ d*%
=VO(ee) + 5 / ﬁ log (k3 + m?(¢¢)) - (4.12)

To obtain Eq. (4.12), a Wick rotation to the Euclidean momentum was performed,
kg = (iko, k), k% = k24 k> = —k%. (4.13)

We denote external momenta with p and loop momenta with k£ in the following. The field-
dependent mass m?(¢.) is defined as

2V O (¢,

The one-loop effective potential derived in Eq. (4.12) is ultraviolet (UV) divergent, i.e. the
integral diverges for kg — oo. The integral in Eq. (4.12) can be rendered UV finite through
dimensional regularization and renormalization in the MS renormalization scheme, cf. e.g.
Ref. [106]. The UV-finite one-loop effective potential for a theory with scalars ¢, gauge

bosons V' and fermions f reads [110]

(4.14)

1

VO(ge) = Vew(e) = 515

Y (CDP(L A+ 2s0) mi (o)

. 2
g 72
i=¢,V.f

> —cz} . (4.15)

summed over all particles with spins s; and with the renormalization constants

3 5
— = 2 =° 4.1
C¢ Cf 27 CV 6 Y ( 6)
and the renormalization scale i, that we choose to we set to = v(T' = 0GeV) = 246.22 GeV
for the work presented in this thesis. Equation (4.15) defines the Coleman—Weinberg (CW)

potential in the Landau gauge.?

The shape of the zero-temperature one-loop effective potential around its minima at moderate
field values is well described by the CW potential of Eq. (4.15). Therefore in this thesis, we
use Eq. (4.15) to study minima in the effective potential. However, we note, that for too large
field values, large logarithms spoil the perturbative validity of Eq. (4.15) which can be cured
using the renormalization group improved effective potential [116-120].

3The CW potential is gauge dependent [105], but observables calculated from it have to be gauge independent.
The gauge-dependence of the effective potential is further discussed in e.g. Refs. [111-115]. We choose the
Landau gauge, where the gauge parameter vanishes £ = 0, to have no ghost contribution and to obtain purely
transverse gauge boson propagators.
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4.2. Field Theory at Finite Temperature

At finite temperature T' > 0GeV the vacuum is a thermal bath. A system that exchanges
particles and energy with the thermal bath is described by the finite-temperature partition
function Z(3) for a grand canonical ensemble with 3 = T, chemical potential 1 and particle
number operator N,

Z(B) = Tr exp PH=N) = Ty expﬁH . (4.17)

Finite-temperature observables are Adescribed via Gibbs averages using the grand canonical
density operator p = Z ()" Lexp P as

(0)5 =Tr(Op). (4.18)
Using cyclicity of this trace, it follows that finite-temperature observables are periodic in
it = it + 3. (4.19)

Therefore, while zero-temperature Green’s functions have causal boundary conditions at t =
+00, finite-temperature Green’s functions are periodic in Euclidean time 7 = it with period .
Consequently, the Fourier transform of the Green’s functions involves discrete frequencies, the
Matsubara frequencies [121]. In summary, the following replacements are needed to perform
a field theory calculation at finite temperature

R* 5 R3 x S,
/ d4l<: Z / d3k (4.20)
2m)3”’

where S! denotes the one-dimensional sphere and with the Matsubara frequencies with n € Z
defined as

A . (4.21)

ko = (2n+1)m
B

2nm for bosons
Wn,
for fermions

At finite temperature, the time variable is traded for the equilibrium temperature. The
bosonic and fermionic momentum space causal two-point Green’s functions in finite temper-
ature field theory read, respectively,

1 1

Do(k,wn) = w% T k2 —|—m2 = w2 —}—wz = Do, (422)

YOw, + vk —m
w} + w?

Dl/Z(k7 Wn) = ) (4.23)

where we define w,% = k? + m?. The indices of the propagators D correspond to the spin

quantum numbers of bosons, S = 0, and fermions, S = 1/2.
4.3. Effective Potential at Finite Temperature

The one-loop effective potential at finite temperature is derived by applying the replace-
ments of Egs. (4.20) and (4.21) to the zero-temperature one-loop effective potential defined
in Eq. (4.12)

a 1 d*k d3
v _2/(%) log(w?) — V= Z log (W2 +w?). (4.24)
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The temperature dependence of the finite-temperature one-loop effective potential can be
isolated, cf. e.g. Ref. [106],

&k &k
v;(é):/(z L 6/ 7log (1—e %) . (4.25)

EVI(})

The first term of Eq. (4.25) can be rewritten using that [106]
. / or log(—2? +w}) = % + const. , (4.26)

and we obtain

*k w i 4 4
/(37:{)32]{::_2/(;7:{)41 g(—ko +wi) = 2/212k)E log(kf +m?) = Vow,  (4.27)

where in the last step, we again performed the Wick rotation, kg — ik, to the Euclidean mo-
mentum kg as defined in Eq. (4.13). Consequently, in Eq. (4.25), we identify the temperature-
independent CW potential as the first term and define the temperature-dependent potential
VT(l) as the second term. The temperature-dependent potential VFF)
¢, gauge bosons V and fermions f reads [110]

for a theory with scalars

V3 (e, T) %wiz 1) (1 + 259) Ty [B*mi (6c)] - (4.28)
i=9,V.f

Equation (4.28) is summed over the particle species with spins s; with Jp,p defined as

Jpr(a?) = J5(2?) = /000 dk k*log [1 F exp (—\/ k2 + .TQ)} . (4.29)

The temperature-dependent one-loop effective potential is a function of 22 = 3%2m? = m? /T2,
the ratio of the eigenvalues of the field-dependent mass matrix and the temperature 7. In
the limit of m < T, or x — 0, Jp,p can be expanded as [106, 107, 110, 122],

lim Jp(2?) = T T T@¥? — L(@?P2log[a? —e] + (4.30)
z—0 45 12 6 32 B e '
Tt 71'2 1 22)2 9

with ¢4 = 3/2+2logm —27g and c_ = ¢4 +2log4, and with the Euler-Mascheroni constant
denoted by yg. The expansion of the bosonic thermal function contains a term which is cubic
in & which is absent for fermions.

The finite-temperature effective potential up to one-loop order has the following form

VO (60, T) = VO(60) + Vow(de) + Vi (6e, T) . (4.32)

It is split into the tree-level potential V(%) the one-loop temperature-independent and MS-
renormalized potential Vow, defined in Eq. (4.15), and the UV-finite one-loop finite-temper-

ature corrections, VT(,I), defined in Eq. (4.28).
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Figure 4.1.: Daisy resummation with a bosonic central loop in ¢* theory. The left-most dia-
gram is the dominant one-loop finite-temperature diagram oc AT that is derived in Eq. (4.34).
The other N-loop diagrams on the left side of the equation, that are summed over for N — oo,
are the daisy diagrams with N — 1 insertions of II; around the bosonic central loop. The
result of the daisy resummation is Hdalsy see Eq. (4.38), which is illustrated by the diagram
on the right side of the equation Wlth the dressed propagator drawn as a solid double line.

4.4. High-Temperature Limit and Resummation

The high-temperature limit of the finite-temperature effective potential gives insights into
possible EWPTs in the early universe. The EW symmetry of the SM, SU(2) x U(1)y
is spontaneously broken to U(1)gym at low temperatures, as discussed in Chapter 2. From
the one-loop effective potential as defined in Eq. (4.32), it can be deduced that the leading
field- and temperature-dependent term of Vr}l) is oc ¢2 T2, which can be seen when inserting
Egs. (4.30) and (4.31) into Eq. (4.28). In the SM, this term comes with a positive prefactor,
cf. e.g. Ref. [106] and consequently, at high temperature, the EW symmetry is restored by

the temperature corrections [123].

However, the restoration of a symmetry which is broken for the zero-temperature tree-level
potential by the loop-level finite-temperature corrections indicates the breakdown of perturba-
tivity of the fixed loop-order expansion at finite temperature [122, 124, 125], cf. e.g. Refs. [106,
126] for reviews. The reason for this breakdown is that contributions of higher-order finite
temperature diagrams of the form illustrated in Figure 4.1 must not be neglected in the
finite-temperature perturbative expansion. Perturbativity of the finite-temperature expan-
sion is restored if in addition to the one-loop finite-temperature diagram, that is illustrated in
Figure 4.1 (left), also higher-order finite-temperature diagrams are taken into account through
resummation which we will discuss in the following.

Following the lines of [106, 126], we will sketch in the following the procedure of resummation
for the case of a self-interacting real scalar field ¢ with quartic self-coupling A. The leading-
order (LO) finite-temperature correction stems from the one-loop thermal mass diagram with
zero external momentum, p = 0, that is illustrated in Figure 4.1 (left) [126]. The amplitude
is calculated as follows,

d3k 1
I (p=0) x AT Z/ e (4.33)
nez

The finite-temperature integral in Eq. (4.33) can be split analogously to Eq. (4.25). Taking
only the temperature-dependent part into account, this yields

P11 m<T o k| )

In the second-to-last step, the integral is approximated in the high-temperature limit m < T
and evaluated in spherical coordinates. Numerical prefactors are neglected. Consequently,
the dominant one-loop finite-temperature contribution in the limit m < T scales oc T2. It is
called hard thermal loop in the following.

Higher-order loop diagrams with insertions of hard thermal loops around the central loop are
called daisy diagrams and are illustrated in Figure 4.1. These diagrams have to be resummed
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to restore perturbativity at finite temperature, cf. e.g. Ref. [106]. The amplitude of the N-loop
daisy diagram with (N — 1) petals attached to the central loop is, cf. e.g. Ref. [127],

dk

Mxso(p = 0) L TR (4.35)

nel

where the finite-temperature propagator Dy was defined in Eq. (4.22). However, in the high-
temperature limit, defined as x = m/T — 0, the integral of Eq. (4.35) is infrared (IR)
divergent, i.e. divergent for k — 0, for the Matsubara zero mode n = 0, because

1 1
lim Dy(n =0) = lim ——— = lim — . 4.
ap Doln =00 =l pomr = 2 (4.36)
z—0 z—0

While the individual petal with N = 1 is IR-safe in the massless limit, compare Eq. (4.34), the
IR divergence of the higher-loop daisy diagrams becomes worse with more petals attached. We
find, however, that in the infinite sum of the N-loop daisy diagrams, called daisy resummation,
the IR-divergence is cured, cf. e.g. Ref. [127],

o0 [ee] 1
~1, VN 'pYN = p, DN = 4.
szjl[ 1] 0 oNz::O[ 1 Do) T (4.37)

Daisy resummation leads to an IR-finite leading thermal self-energy correction in the hard
thermal loop approximation, m < T'. The daisy-resummed IR-finite one-loop amplitude is

T2y — —T > / Ak (4.38)
= PBw?+wl+Il ’

In Figure 4.1, we illustrate the derivation of Hdalsy in terms of Feynman diagrams. As can be

seen from Eq. (4.37), performing a daisy resummation is equivalent to shifting the propagator
mass by the thermal one-loop self-energy correction 11y,

m? — m? + 11y, (4.39)

yielding a dressed propagator in which the thermal mass, the eigenvalue of II;, acts as an
IR-regulator. The dressed propagator is illustrated by a solid double line in the Feynman
diagram on the right side in Figure 4.1. II; is also called the Debye mass. The IR divergence,
induced by the bosonic Matsubara zero mode, is a symptom of the loss of perturbativity,
not its cause. Perturbative breakdown is caused due to sizable higher-loop temperature
corrections that spoil the zero-temperature loop expansion. All-order daisy resummation of
the hard thermal loops cures the perturbative breakdown by re-ordering the counting and
taking the dominant all-loop temperature correction into account already at one-loop level.
Daisy resummation of infinitely many hard thermal loop petal insertions also cures the IR
divergence of individual daisy diagrams with N > 1 loops. In summary, taking into account
leading temperature corrections restores perturbativity, but they have to be resummed to all
orders in order to cure the IR divergence that appears in fixed-order finite temperature field
theory.

In the following, we will comment on two commonly used resummation methods, the Parwani
method [125] and the Arnold-Espinosa method [122]. In the Parwani method, the replace-
ment m? — m? + II; is done in Eq. (4.32) in both the CW and the temperature-dependent
potential for all bosonic Matsubara modes. In the Arnold-Espinosa method, the propagator
of the bosonic Matsubara zero mode of the finite-temperature effective potential of Eq. (4.24)
is dressed before the potential is split into CW and finite-temperature contribution. We will



34 4. One-loop Finite-Temperature Effective Potential

illustrate below, that the Arnold-Espinosa method is equivalent to adding the ring potential.
In the Arnold-Espinosa method it follows that, cf. Ref. [12§],

(1) d3 d3k
Vet AE = Z log wi 4+ w?) + 2n) log(wk +1I;) (4.40)
nez,
n;eéo
&’k 2 2
= Z log wi 4+ w2) + ) [log(wy + 1) — log(wy)] (4.41)
1 T
_ ve(ﬁ) t s " |k [log(k? + m? +11;) — log(k? + m?)] (4.42)
ny T 1
_ e(ff) 7@ [(m + H1)3/2 . (m2)3/2] _ V;)(ﬁ?) + Vringa (4.43)
E‘/ring
using that
Re {/ dx 2? log(z* + a)] = —g a3? for aeR. (4.44)
0

By dressing the bosonic Matsubara zero mode propagator in Eq. (4.24) directly, we recovered
the undressed effective potential of Eq. (4.32) and the ring corrections, Ving, which contain
all daisy corrections. Moreover, in Eq. (4.43), we derived the cubic term that appears in
the high-temperature limit of the bosonic thermal function in Eq. (4.30). Consequently, the
Arnold-Espinosa method is equivalent to taking into account one more order in the high-
temperature limit of Eq. (4.30). Analogously, the lack of fermionic zero mode also explains
the lack of a cubic term in the high-temperature limit of the fermionic thermal functions in
Eq. (4.31). For fermions, the non-zero Matsubara frequency already acts as an IR regulator
in the massless limit.

In the high-temperature limit, the Parwani and Arnold—Espinoa methods yield different re-
sults, even if in the Parwani method also only the bosonic Matsubara zero mode are resummed,
as was shown in Ref. [129]. In the Parwani method, the replacement m? — m?+11; is applied
in the CW and finite-temperature potential of Eq. (4.32). Consequently, the argument 22 of
the temperature-dependent potential in Eq. (4.28) scales as #2 = 2 (m?+111) oc 82 (m2+\T?)
which in the high-temperature limit, defined as m < T or x — 0, becomes of order O(\).
Therefore, the expansion of Eq. (4.30) is no longer valid. An expansion of the thermal func-
tions for large x, cf. e.g. Ref. [130], then yields the leading difference between the Parwani
and Arnold-Espinoa method, as was derived in [129].

In this thesis, we perform daisy resummation following the Arnold-Espinosa method. In
this method, applying the high-temperature assumption, the bosonic zero-mode propagator
is dressed in the full one-loop finite-temperature potential of Eq. (4.24) directly, and conse-
quently all Debye mass corrections are isolated into the ring potential. The ring potential
exactly reproduces the next order in the high-temperature expansion of the bosonic thermal
functions of Eq. (4.30). In the Parwani method, the dressing of the bosonic propagators takes
place after the undressed one-loop finite temperature potential was split into the CW and the
temperature-dependent potential A
mixed inside the CW potential.

, as described above. Therefore, loop orders become
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4.5. Initial Conditions for an Electroweak Phase Transition

In this thesis, we study the vacuum phase structure of parameter points of BSM models. This
section will review our terminology as well as describe some necessary conditions for EWPTs
in the early universe.

The term phase is used to describe a temperature-dependent minimum configuration in the
multi-dimensional field space, meaning a minimum that moves through the field space when
the temperature change leads to a deformation of the effective potential. In this thesis, we
use the following terminology to describe phases specified by their VEVs:

o Electroweak (EW) broken phase: A phase is called an EW broken phase if

WEW = Z(qﬁi)Q >0 with ¢;: real components of the doublet field,

7

where all VEVs contribute that originate from the scalar SU(2)r x U(1)y doublet. Our
universe today is in an EW broken phase with vgw = Wgw|r=0Gev = 246.22 GeV.

o EW symmetric phase: If wpw = 0, the EW symmetry SU(2);, x U(1)y is exact and a
phase is named EW symmetric.

e Charge-Breaking (CB) phase: If a phase develops a non-vanishing VEV of the charged
doublet component, (¢¥) # 0, this phase generates non-vanishing mass terms for the
photons. This phase is called charge-breaking (CB) phase as it breaks U(1)guy.

e Neutral phase: It is experimentally confirmed that U(1)gy is an unbroken symmetry
at T = 0GeV, due to the photon being massless and traveling at the speed of light.
Our universe today is in an electromagnetically neutral phase with (¢*) = 0, that in
addition has vgpw = 246.22 GeV (EW broken phase), i.e. at T'= 0GeV a valid model
needs to be in an electromagnetically neutral EW broken phase with vgw = 246.22 GeV.
On the one hand, EW symmetric phases are implied to be electromagnetically neutral.
A CB phase is therefore necessarily also an EW broken phase. On the other hand, an
EW broken phase can either be electromagnetically neutral or CB.

e CP-violating phase: A process involving a particle violates the charge conjugation and
parity (CP) symmetry, if it is not the same for the antiparticle in the mirrored space
[131]. In the models discussed in this thesis, CP violation is parametrized by a non-
vanishing relative phase between doublets, cf. Section 6.1 and Chapter 11.4 If a phase
has CP violation parametrized by such a relative phase between the doublets, it is
necessarily also an EW broken phase.

e Singlet phase: If a BSM model has an SU(2)r x U(1)y singlet sector, a singlet phase
is realized when any of its real component fields exhibits a non-vanishing VEV. VEVs
of singlet fields do not contribute to the EW VEV. If in addition to a non-zero singlet
VEV a phase also develops a non-zero EW VEV, the model would be in an EW broken
singlet phase.

Today at T' = 0GeV, our universe is in a neutral EW broken minimum with vgw =
246.22 GeV that belongs to a neutral EW broken phase which evolves with temperature.
However, spontaneously broken gauge symmetries can be restored at higher loop order as
well as higher temperature [104]. Electroweak symmetry restoration (EWSR) can be realized
due to the dominating terms in the high-temperature expansion, m < T. The universe at

“In the model discussed in Chapter 11, as we will review, CP can also be violated in an EW symmetric phase
through a different mechanism.



36 4. One-loop Finite-Temperature Effective Potential

high temperature could therefore have been in a different phase than today, which opens the
possibility of an EWPT in the early universe.

As we are mostly interested in EWPTSs, we choose the EW VEV as order parameter for the
phase transitions studied in the context of this thesis.® In general, the phase diagram of two
coexisting phases is characterized by three regions [132]. First, a temperature range in which
a first-order EWPT can occur. A first-order transition is characterized by a discontinuity of
the free energy in the order parameter, the VEV. This range, or line in a phase diagram,
terminates with one phase space point at which a second-order EWPT can occur. This
transition is continuous in the free energy, but has a discontinuity in the first derivative of
the free energy. Beyond this point, no perturbative phase transition is possible anymore. For
higher temperatures, the two phases are no longer distinct and the ground state can move
smoothly from one to the other. This is called a smooth cross-over.

We are interested in model realizations with first-order EWPTs, ideally from an EW symmet-
ric into an EW broken phase as these can serve as the necessary third ingredient for EWBG,
as discussed in Chapter 3. First-order EWPTs alone (whether from an EW symmetric into
an EW broken minimum or not) are interesting to study, because they source gravitational
waves that might be within reach of future detection methods. We will review this in the
second part of this thesis.

In order to realize a first-order EWPT, the scalar potential needs to induce a critical temper-
ature at which two degenerate minima of the coexisting true and false phase are separated
by a potential barrier. A potential barrier can be realized e.g. through a cubic term oc —¢?
in the effective potential.

For the SM, the ring corrections of the one-loop effective potential lead to a cubic term that
is generated by the W and Z bosons, cf. e.g. Ref. [122]. Therefore, in the one-loop treatment,
there exists a small potential barrier between the high-temperature EW symmetric and low-
temperature EW broken phase. However, the perturbative treatment at one-loop order does
not accurately describe the phase transition in the SM. In non-perturbative lattice studies,
the phase diagram of the SM was calculated, for a review see e.g. Ref. [132]. It was found
that for an SM Higgs boson mass larger than the W boson mass, my, > myy, there is neither
a first- nor a second-order EWPT in the SM [30]. Furthermore, the endpoint of an EWPT in
the SM was tied down to my, = 72.4 GeV [31]. For the experimentally found SM-like Higgs
boson with my; = 125.09 GeV, there is no phase transition to the EW broken phase in the
SM. The SM is in the smooth cross-over regime. A first-order EWPT can only be realized
with BSM physics. BSM scalars can add additional terms to the one-loop daisy-resummed
effective potential that can induce a first-order EWPT, as discussed in e.g. [126].

5For a transition between an EW symmetric singlet phase and an EW symmetric phase with zero singlet VEV,
the appropriate order parameter would not be the EW, but the singlet VEV.



CHAPTER 5

SOFTWARE TOOLCHAIN

In this thesis, we perform scans and phenomenological analyses in the theoretically and exper-
imentally allowed parameter regions of models with extended scalar sectors. In this chapter
we briefly review the codes used to constrain the parameter space of models by applying
theoretical and experimental constraints with ScannerS [133-137], see Section 5.1, and to
calculate first-order phase transitions with BSMPT, see Section 5.2.

5.1. ScannerS

The code ScannersS [133, 137-139] is used to perform random scans in user-defined parameter
regions for models with extended Higgs sectors and checks for theoretical and experimental
constraints in order to identify a set of valid points that pass all imposed constraints. Contrary
to codes that perform a resource-intensive global model fit to derive a parameter point that
fits best with all considered constraints, e.g. [140-144|, Scanner$S performs a parameter scan
[137]. For this, model-specific points are obtained by generating uniformly distributed random
numbers within the user-defined ranges for each of the input parameters of the model. It is
then checked whether the random point passes all imposed theoretical and experimental
constraints, as will be further detailed below. If so, the random point is returned as a valid
point within the allowed parameter region of the model. This parameter scan principle allows
for a time-efficient generation of allowed points for BSM models. Using parameter scans, we
can generate a set of valid points for a specific model and investigate features of this point
sample. This allows us to show that certain features are allowed within the theoretically and
experimentally parameter space of a model. The distribution of a point sample generated
in a random scan, as outlined above, is a relic of the random seed only and in general
no global phenomenological conclusions can be drawn from the shape or the density of point
distributions. We will use points generated in parameter scans with ScannersS in the following
Chapters 6 and 10 for the CP-conserving 2HDM as well as for the model ‘CP in the Dark’ in
Chapter 11.

The theoretical constraints that are checked for ensure that the model is theoretically valid.
We perform the following checks on the models that are discussed in the scope of this thesis:
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e Perturbative unitarity: Using ScannerS, we ensure perturbative unitarity in Higgs
boson 2 — 2 scattering by restricting the eigenvalues of the tree-level 2 — 2 scattering
matrix, cf. Refs. [136, 145]

|M5_,o| < 8, (5.1)

which in the high-energy limit translates to an upper bound on functions of the quartic
couplings, dependent on the model.

¢ Boundedness from below: A necessary ingredient for absolute stability of the elec-
troweak vacuum is that the tree-level potential tends to positive infinity for large field
values. Analytical conditions derived from the requirement of boundedness from below
are presented e.g. in [136, 146, 147] for the models discussed in the scope of this thesis.

e Vacuum stability: The requirement of boundedness from below just fixes the large-
field behaviour of the tree-level potential and the electroweak minimum with vpw =
246.22 GeV could therefore still be a metastable, non-global minimum (as in the SM,
see below). In this thesis, we require the one-loop potential to have a global minimum
with vpw = 246.22 GeV. We do not use the ScannerS check for vacuum stability, but
check for vacuum stability with BSMPT, as will be explained in the following section.

Valid points are furthermore required to meet the following experimental constraints.

e Electroweak precision data: Electroweak observables, e.g. the W boson mass, the Z
resonance and the electroweak mixing angle, are precisely measured. But they are
altered in extended scalar sectors if BSM scalars lead to additional contributions to
the gauge boson self-energies. The electroweak one-loop self-energies are combined to a
UV-finite set of oblique parameters S, T and U [148, 149]. Using ScannerS we require
the oblique parameters to agree within 20 with the SM fit [150].

e Higgs data: ScannerS uses HiggsSignals and HiggsBounds to check for compatibility
with Higgs data, as described in the following. The SM-like Higgs boson predicted by
the model is required to comply with the experimentally measured signal rates of the
detected Higgs boson, checked using HiggsSignals [151-154]. Exclusion bounds from
Higgs boson searches at LEP, Tevatron, and LHC are enforced by using HiggsBounds
[155-161]. HiggsSignals and HiggsBounds are superseded by HiggsTools [162] which
we link to ScannerS to take into account the most up-to-date Higgs data constraints
for our parameter scans. The Higgs data constraints are applied with a 20 confidence
level in a x? fit [137].

e Flavour constraints: The flavour observables R; [163, 164] and B — Xgy [165-169]
impose constraints on the my+ —tan 8 plane. Here, myg+ denotes the mass of the BSM
charged scalar boson and tan 3 describes the ratio of doublet VEVs.

e Dark matter data: For the model with a dark sector that we discuss in Chapter 11,
we use MicrOMEGAs 5.2.7 [170] to ensure that the predicted dark matter relic density
Qprodh2 does not exceed the experimental value Qexph2, Qprodh2 < Qexphz = 0.1200 £+
0.0012 [21] and that the dark matter escapes direct detection at XENONI1T [88] to
agree with the experimental null result. In Chapter 11 we further discuss the dark
matter constraints and also take into account more recent exclusion bounds by spin-
independent direct detection experiments [89-91].

e Electric dipole moments: For models with CP violation, electric dipole moment (EDM)
constraints by ACME [171] are imposed by ScannersS.
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5.2. BSMPT

The C++ package BSMPT [66, 110, 172] calculates phase transitions for BSM models with
extended scalar sectors and gravitational waves in the newest version, BSMPTv3 [66]. BSMPT is
an abbreviation for Beyond the Standard Model Phase Transitions. The code is open-source,
continuously maintained and tested and available from

https://github.com/phbasler/BSMPT.

The latest version v3 [66] was developed within the scope of this thesis and will be further
reviewed in Chapter 7. Here, we give a overview on the code of v1 and v2 which is used for
the analysis that will be discussed in Chapter 6.

Since its first version, BSMPT provides an implementation of the one-loop-corrected daisy-
resummed effective potential at finite temperature in an on-shell (OS) renormalization scheme.
The application of the OS scheme allows to use tree-level masses and mixing angles as input
parameters for the scan. It is ensured by adding a finite counterterm (CT) potential Véifﬁite

to the effective potential defined in Eq. (4.32),

Veswer (@, T) = VP (@, T) + V(&)

, (5.2)
= VO@) + Vow(@) + Vi@, T) + V@),
with the individual terms written in terms of the tree-level coupling tensors in the notation

of Ref. [173], as further illustrated in Appendix B or in Ref. [110]. The finite CT potential
(0)

is constructed by replacing the n, bare parameters p,’ of the tree-level potential, by the

renormalized parameters p; and finite CTs dp;
pgo) — pi + 5}?2' . (53)

In addition, tadpole CTs, §T}, are included that are multiplied by terms linear in the n, real
scalar component fields ¢y, in which a non-zero VEV wy, is allowed to develop. The finite CT
potential then reads [110, 130, 172, 174, 175]

finite nP 8‘/(0) -
Ver™ = o 0pi+ > 6Th(dr + wi) - (5.4)
i=1 v k=1

The renormalization scheme is defined such that it is ensures that the electroweak tree-level
minimum with vgw = 246.22 GeV is still a local minimum of the one-loop effective potential
and that masses and mixing angles derived from the one-loop mass matrix agree with the
tree-level values. In practice this is achieved by applying the CT conditions [128, 130, 176]

0

9o (VCW(Q) + Véi%ite(@)) o =0 (5.5a)
82 = nite / =
06:6; (VCW(W) + VR (w)) =0 (5.5b)

The first and second derivatives in all scalar field directions are evaluated at the tree-level zero-
temperature electroweak minimum ¢. The field structure of Véi%ite needs to include also field
combinations that are possibly generated only at one-loop level. Consequently, models e.g.
with loop-induced CP violation require an extension of Véi%ite beyond the tree-level potential

structure, cf. Refs. [177, 178].

In BSMPT and all analysis presented in this thesis, we moreover ensure absolute vacuum sta-
bility. That is, the electroweak minimum with vgw = 246.22 GeV remains not only a local
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minimum as ensured by the choice of Véi%ite, but also the global minimum of the one-loop

effective potential at zero temperature. This choice makes sure that the universe today is in
a stable vacuum, however it excludes metastable vacuum configurations, which are experi-
mentally valid as long as the lifetime of the vacuum is sufficiently long, i.e. larger than the
lifetime of the universe. Already the vacuum of the SM is metastable as it was found that an
extrapolation of its quartic coupling A to high renormalization scales using the renormaliza-
tion group equations (RGEs) flips A to negative values for scales > 100 GeV [99, 179-188].
Studies of vacuum stability for extended scalar sector models beyond the SM can be found
e.g. in Refs. [189-191].

The first and second version of BSMPT, which we use for the analysis in Chapter 6 and the
first part of the analysis of Chapter 10, determines the position of the global minimum of
the one-loop daisy-resummed effective potential in a temperature range 7' € [0, 300] GeV
and determines the critical temperature T,. Furthermore, in BSMPTv1 and v2, restoration of
the electroweak symmetry latest at 7' = 300 GeV is required, i.e. Wrw(300GeV) = 0GeV.
Therefore, BSMPTv1 and v2 identify points that are possible candidates for a one-step strong
first-order EWPT from a symmetric false to an electroweak broken true phase, that is, if
the baryon wash-out condition &, 2 1 is fulfilled, as defined in Eq. (3.13). In Chapter 6 and
in the first half of Chapter 10, we study the temperature evolution of the global minimum.
Furthermore, in Chapter 6, we determine critical temperatures T, with ¢ = wrpw(1¢)/T.
in the CP-conserving 2HDM and discuss the phenomenological implications associated with
these parameter points.



CHAPTER 6

STRONG FIRST-ORDER ELECTROWEAK PHASE TRANSITIONS IN THE
DIMENSION-SIX EXTENDED TwO-HIGGS-DOUBLET MODEL

The Two-Higgs-Doublet Model (2HDM) [192, 193] extends the scalar sector of the SM by
an additional complex SU(2)r, x U(1)y doublet. In the 2HDM, new degrees of freedom are
introduced that can induce a strong first-order EWPTs. Its capability to provide a strong first-
order EWPT and the related implications for collider phenomenology have been well studied
in e.g. Refs. [130, 175, 177, 194-202]. The 2HDM continues to provide its wide phenomenology
in parameter regions that are still allowed by collider searches, cf. e.g. Ref. [203] and that
might be in reach of future collider experiments [204].

We focus on the real, or CP-conserving, 2HDM in its type-2 realization. The type-2 2HDM,
on the one hand, is particularly compelling as it links the SM to its supersymmetric UV-
completion. On the other hand, it is more and more challenged w.r.t. its capability to provide
a strong first-order EWPT [130, 175, 201, 205], compared to its type-1 realization. The aim
of this chapter is the discussion of an effective field theory (EFT) dimension-six extension for
a real type-2 2HDM [206] with regard to its capability to facilitate a strong first-order EWPT
within its still allowed parameter space. We characterize the strength of the first-order EWPT
at the critical temperature T, via the &. parameter and define a strong first-order EWPT if
& 2 1, as defined in Eq. (3.13). In the course of this chapter, we consider parameter points of
the dimension-four theory that we find to have €44 < 1. For these points, we investigate the
dimension-six dynamics that lift €34 < 1 to €96 > 1 and study their interplay with collider
phenomenology. We limit our study to points that potentially have a one-step first-order
EWPT, i.e. we look for critical temperatures in 7" € [0, 300] GeV and require the restoration
of EW symmetry to take place until 7" = 300 GeV.

The outline of this chapter is as follows. The CP-conserving 2HDM will be introduced in
Section 6.1. In Section 6.2 we study purely scalar dimension-six dynamics and their potential
to promote first-order EWPTs to strong first-order EWPTs as well as collider-relevant impli-
cations on top quark pair as well as Higgs boson pair production. In Section 6.3 we present
our study of the type-2 real 2HDM extended by dimension-six top quark Yukawa couplings.
We show, that the top sector still allows for such modifications that can be correlated with
a potential strong first-order EWPT. Our results generalize to the type-1 2HDM. The work
presented in the following sections was published in [207, 208].
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6.1. CP-conserving Two-Higgs-Doublet Model

In the real, or CP-conserving, 2HDM [192] (see e.g. [193] for a review), the SM scalar sector
is extended by a second complex SU(2)r, x U(1)y scalar doublet @,

L (p1+im L (p2+in
P = — . , Do = — . , 6.1
! ﬂ(@ﬂ% 2= B \G + i (6.1)
written in terms of the real scalar fields {p;, 7;, ¢;, ¥;} with i = 1,2. To avoid FCNCs at

tree-level, cf. Chapter 2, a Zy symmetry is imposed on the potential under which the doublet
fields transform as

(I)l — (1)1, Py — —Dy. (62)

This Zg symmetry is furthermore extended to the Yukawa sector, as will be described below.
A (soft) Zo-breaking term o m?, # 0 is added to avoid domain-wall domination, as described
in Chapter 2. The tree-level potential for the CP-conserving 2HDM with a softly broken Zs
symmetry is!

Viiton = mii[ @12 + m3y|@af? — my(@] @y + hc) + A1 [ + Ao|ol*
A 2 (6.3)
+ Aa|12| 2] + Ay(O]02) ()1) + T [(@{@2) + h.c.] .

The assumption of CP conservation renders all tree-level potential parameters real. Masses
are generated via spontaneous symmetry breaking. We choose the general finite-temperature
vacuum of the real 2HDM to be

-h() mehli) e

The finite-temperature VEVs, i.e. the coordinates of the finite-temperature minimum, are
denoted by w;, i € {CB,1,2,CP}. The CP-violating VEV is rotated to the second doublet
and the CB VEV is chosen real without loss of generality [209]. We include a CB, as well
as the CP-violating VEV in the finite-temperature vacuum, to be as general as possible.
However, in the analysis, we only find points that conserve the CP symmetry with wgp = 0.
For the analysis in Chapter 6, also the CB VEV is found to be zero, wcg = 0. The vacuum
parametrization aligns with the SM-like zero-temperature vacuum as

{@ce, w1, W, wCP}’T:OGeV = {0, vy, v2, 0}, (6.5)

and

246.22 GeV = vpw = WEW |y goy = \/w%B +wi+w3+ wgp‘TZOGeV =/v?+v:. (6.6)

The ratio of the zero-temperature electroweak VEVs defines

tan § = v (6.7)

Cil
As mentioned above, the Zos symmetry is extended to the fermion sector to avoid FCNCs.
The right-handed fermion singlets and the Higgs doublets are defined to transform under the
Zo symmetry, while the left-handed fermion doublets are defined invariant under Z,. This
requirement restricts the right-handed fermions to only couple to one of the two doublets,

'"Hard-breaking terms have the form )\6,7(<I>I<I>i)((1>z¢j + <I>;[<I>,-) with 4,7 = 1,2 and 7 # j. We only include
soft-breaking via m?, # 0, and no hard-breaking via the choice \g = A7 = 0.
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u-type d-type leptons

Type 1 ‘I)g (I)Q @2
Type 2 @2 (191 q)l
Lepton-specific Dy D) d,
Flipped ‘PQ (I)l (132

Table 6.1.: Yukawa coupling types for a (softly-broken) Zs symmetric 2HDM. Noted is the
doublet to which the right-handed up-type quarks, down-type quarks and leptons are re-
stricted to couple, respectively.

opin (@] )3 o2 (@1,)?
o122 @1%)2@;@2) O}12222 (qﬂq)l)(@;(bzy
OF21L | (91 d,)(01d))(@1D1) || 02222 | (31 d,) (I D,)(B]Dy)

Oézun (¢§@2)2(¢1¢)1) + he. (f)é?l??? (@I@Q)Q(Qgtbg) + h.c.

Table 6.2.: Zs symmetric dimension-six operators of class QJ?J with 7,7 € {1,2}.

respectively and consequently introduces four types of Yukawa couplings in the 2HDM that
are noted in Table 6.1. The theoretically and experimentally allowed parameter space for the
2HDM depends on its type, cf. e.g. Ref. [210].

The spectrum of scalar particles consists of a light, CP-even neutral Higgs boson h that we
choose to be SM-like to comply with experimental data, and a heavy CP-even neutral Higgs
boson H, as well as a neutral CP-odd scalar A and a pair of scalars HT charged under
U(1)gMm.

6.2. Scalar Dimension-Six Extension

An EFT is a bottom-up formulation of BSM physics that is assumed to manifest itself at
a higher energy scale A. For energies £ < A the high-energy physics is integrated out and
its effects are parametrized by higher-dimensional operators, in a power series normalized
by powers of A. EFTs are non-renormalizable, i.e. cannot be renormalized with a finite
set of CTs and instead require a new set of CTs for each loop level. In the first part of
this chapter, we extend the scalar potential of the type-2 CP-conserving 2HDM by the purely
scalar dimension-six operators listed in Table 6.2 that are part of and follow the convention of
the Warsaw 2HDM EFT basis defined in [206]. The dimension-six 2HDM tree-level potential
is then given by [211-213]
1 7

Loupm-erT D Lonpm + Z %Oé = Vd(g) = - Z %Oé : (6.8)

(2 (2

with the dimension-six scalar operators Oé for all field configurations i listed in Table 6.2 and
the dimensionless Wilson coefficients (WCs) C.

The purely scalar dimension-six operators lead to tree-level and loop-induced shifts of the
scalar mass spectrum, that we choose to absorb into the parameters of the theory to ensure
that the tree-level mass matrix remains unchanged and also the one-loop mass matrix remains
at its tree-level values. For the latter, we use the OS scheme, defined in Section 5.2, as will
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be illustrated below. We can thus use tree-level scalar masses and mixing angles as input
parameters for our parameter scan. In the following, we discuss how to deal with the tree-level
and one-loop shifts, respectively.

At tree level, the scalar mass shift induced by the operators of Table 6.2 is absorbed by a
redefinition of the (unphysical) Lagrangian parameters \;, i € {1,...,5} and m?, as \; —
i + AXIS and m2, — m2, + Am%Qd(j, where we choose the following redefinition

A)\dﬁ 4A2 2 [60111111 4 (20121211 _i_CéZQlll)v%U%
_{ (0112222 0521222) + Cé22122)7)§}] ’
A)\%G 4A2 2 [{2( 111122+C6121211)+C6122111}U411
o (20121222 + 0322122) 60222222 4] ’
AAdG 0111122 C121211 C122111
42 A2 (0112222 + Cé21222 + Cé22122) ’
1
d
A)‘E)G _ 2A2 [(20111122 + 40121211 + 0122111),0%
+ (26%12222 + 40121222 + CéQlez)U%] 7
V11U
Am %2(16 — 1 2[{2(0111122 06121211)_‘_0%22111}2}%

2A2
+ {2(0112222 + 06121222) + Cé22122}vg] )

These shifts ensure that the dimension-six tree-level scalar mass spectrum is the same as the
dimension-four tree-level. Consequently, dimension-six effects are shifted into Higgs boson
self-couplings and multi-Higgs boson final states.

As introduced in Section 5.2, at one-loop level and at zero temperature we define the finite CT
potential to absorb the NLO vacuum and the mass and mixing angle shifts such that the EW
vacuum position as well as the tree-level mass matrix are preserved. The general dimension-
six EFT-extended effective potential framework is discussed in detail in Appendix B and we
will not go into further detail here. Using Eq. (5.4), we derive V&3ite from the tree-level

potential extended by Vd(g ) and require Eq. (5.5) to be fulfilled. We find a solution that has
the analytical freedom to choose a parametrization where all eight new dimension-six CTs
are free parameters. In other words, the degrees of freedom of the dimension-four theory
are sufficient to capture all zero-temperature induced one-loop shifts stemming from the CW
potential. We choose the free parameters t,s; € R with i € {1,...,8} to be zero, and the
finite CTs in that parametrization are given by

5 lv
2 CW 2 CW
omi; = Hcm +HyY, — SH T35 (H<1<z Hy o)

2 P1P1 7112
3vd 202 1)21)2
2 1 12 1Y
MRV CA T AR CRC (610
B viv3 s v5 3vj v%
AZ 4T gAZ%0 T gp20T T 9p2 %8
1 1o
2 _ cwW 1 CwW cwW CW
5m22 - 5 (Hggcg - 3Hn2n2) + 57 (HQCQ H771772) (thﬂlll Hp1p1)
PR SN DU i (6.10b)
1 4A2 4A2%3 T gpA2 %
3v; v3v3 v3v3 v%v%
S M

TN T A2 %0 T TN T T )2
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2 CW CW z1)’712 v1v3
omiy = Hyy, + o (kum Hy ) +vivat — < s — st (6.10c)
2A 2A
1 cw
0N = v? ( Hpipy — HC1C1 Hwﬂlll)
6.10d
2t + 3v? n v3 n 32 L2 202 n v5 ( )
L PR G T I s
TCR TR T AR CRCR N PR
L ow v ow
0Ny = U% (annz HCzCz) (Hmpl H¢1¢1)
6.10e
_ij v U2S . 28 . Uzs +2U1 ( )
A A A VALY AR ARV
1 cw
oA = V13 (H771772 HC1C2) (H,Olpl Hd)ldu)
2 2 (6.10f)
v
—t+A—12(32+33+34) A2(36+37+38)
Shg = t, (6.10g)
CW vi U% 5 v3
SA5 = 2 (me Hy 0 ) +t— WS*”‘ + 455 2A2 —Zs1+ =2 A2 (6.10h)
SO — 5 (6.10i)
SOFHI22 = 5o (6.107)
SO — o5 (6.10k)
SO — ¢, | (6.101)
5O — 5, (6.10m)
SO2222 — g (6.10n)
JOI2 — o (6.100)
JOI22 _ g (6.10p)
0Ty = HS vy + HOW vy — NSV, (6.10q)
0Ty = HOW vy + HoW vy — NGV (6.10r)
§Tcp = —NGW (6.10s)
§Teg = —NJV, (6.10t)

where we defined N¢CW = 0yVow and Hm; = 0p,9, Vow-

At non-zero temperature, the dimension-six purely scalar contributions also allow for more
diagrams contributing to the finite-temperature scalar self-energy corrections. At dimension
four, we perform the resummation of the hard thermal loops taking into account the leading
dimension-four one-loop thermal self-energy corrections, as described in Section 4.4. At di-
mension six, new diagrams emerge and their power counting has to be performed with care.
The leading dimension-four scalar Debye mass correction scales o< ¢ T2, with g denoting a
generic coupling constant. We choose to take into account the dimension-six two-loop con-
tribution to the thermal mass, which in the hard-thermal loop assumption scales g%,

compare e.g. with Ref. [214].

After discussing the model building of a dimension-six purely-scalar EFT-extended 2HDM,
let us now move on to the observed phenomenology. We implement the model discussed
above in ScannerS and BSMPT and perform scans in the theoretically and experimentally
allowed parameter space, more details are summarized in Sections 5.1 and 5.2, as well as in
Appendix B. First, we consider at a benchmark point with a first-order EWPT at dimension
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mp, myg ma mg+ tanpf CHVV m%Q T§4 wEW(Tc)fM 524

125.09 681 855 884 1.362 -0.00459 220945 250.55 226.76 0.91

Table 6.3.: Input parameters of the benchmark point used for Figure 6.1. Unit of m2, in
GeV?, tan 8, cavv, 44 are dimensionless, all other units in GeV. cgyy denotes the value of

the coupling of H to two gauge bosons V.

mp, [GeV] mpg [GeV] my [GeV] mpy+ [GeV]  tanp CHVV m32, [GeV?]
125.00  [130,3000] [30,3000] [800,3000] [0.8,30] [-0.3,1.0] [107%,107]

Table 6.4.: Scan ranges for the type-2 CP-conserving 2HDM input parameters used for the
scan with ScannerS. The light CP-even neutral scalar h is the SM-like Higgs boson.

four, ¢4 = 0.91, whose parameter values are summarized in Table 6.3. In Figure 6.1, we
show the dimension-six first-order EWPT strength €96 for individual variations of the WCs

in the range % € [~1, 1] TeV~2 in all eight WC directions. In order for the EFT expansion
to be valid, we need to ensure that the dimension-six corrections are small compared to the
dimension-four contribution. From Figure 6.1 we deduce that the response in €96 is to good

approximation linear in % Consequently, the introduction of non-linear terms in the EFT
scale expansion via e.g. the thermal masses numerically plays an insignificant role. Our EFT
expansion is not only valid for small variations of the WCs,? but Figure 6.1 also shows that
within this WC range it is possible for this benchmark point to strengthen the first-order
EWPT to a strong first-order EWPT with §g6 2 1 for a moderate choice of 06222222.

In the following, we discuss whether a dimension-six enhanced first-order EWPT strength
can have collider-relevant implications. We choose individual WCs to strengthen the first-
order EWPT to ¢%6 > 1 and ensure that the response in €96 that we calculate with BSMPT

remains linear when varying % € [~1,1] TeV~2 for a parameter scan with ScannerS in the
ranges shown in Table 6.4. In Figure 6.2, we show cross section results for a top quark
pair final state t¢ (left) and for SM-like Higgs boson pair production hh (right) for points
that yield a dimension-six strong first-order EWPT when varying single WCs. Points with
d4 > 0.8 are highlighted by orange squares. As different directions of WCs do not differ in
their phenomenological outcome, they are not distinguished further in the following.

Our parameter sample shows a top quark philic decay of the heavy neutral CP-even Higgs
boson H with a branching ratio (BR) BR(H — tt) 2 0.8. Therefore, the measurement of the
tt final state would be the prime candidate for an exotic Higgs boson discovery. We show the
decay width sensitive (leading-order) interference cross section between tt production via a
H resonance, gg — H — tt, and the gluon-fusion continuum, gg — tt

o™t~ 2Re {M(gg — H — tH)M*(gg — t1)} , (6.11)

versus the (leading-order) resonant gg — H — tt production cross section ratio between
dimension-six and dimension-four in Figure 6.2 (left). The size of the resonant modifications
scales proportional to |1—£S4|, i.e. resonant production is amplified or weakened more strongly

2The operators taken into account here are manifestly momentum independent. Therefore, the scalar ampli-

tudes are not kinematically enhanced. For high energies compared to the particle thresholds, the dominant

contribution to the zeroth partial wave scales %X—Z Consequently, the requirement of perturbativity and

unitarity constrains the WCs to % < O(1)-32r TeV ™2,
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Figure 6.1.: Impact of the variation of individual WCs on the first-order EWPT strength of
the benchmark point presented in Table 6.3. Figure published in Ref. [207].
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Figure 6.2.: Left: Dimension-six continuum interference cross section versus resonant pro-
duction cross section into ¢, normalized to the dimension-four value. Right: Dimension-six
modifications of the Higgs boson pair production continuum versus resonant production via
gg — H — hh. Blue (orange) circles (squares) yield €46 ~ 1 with ¢ > 0.3 (¢€4* > 0.8) for
individual WCs choices. Figure published in Ref. [207].

in case larger dimension-six modifications are necessary to obtain £46. However, these per-
mille level modifications are far beyond the reach of current and near future hadron collider
experiments.

As our chosen parametrization shifts the one-loop dimension-six scalar mass spectrum to
their tree-level values, EFT effects are shifted to the Higgs boson self-couplings, which are
an important input for multi-Higgs boson final states. In Figure 6.2 (right) we display the
modification of the Higgs boson pair production continuum, gg — hh, cross section versus
the resonance cross section modification, g9 — H — hh. We observe enhancements of the
resonance signal up to a factor six due to modifications of Agpp. The continuum rate is
decreased, we find deviations of 096(hh)/a%(hh) ~ 0.4 (0.8) for €3 = 0.3 (0.9). Therefore,
we find smaller dimension-six continuum modifications for smaller |1 — 44|, The overall
observed decrease in the dimension-six continuum cross section for gg — hh is correlated
with an enhancements of the trilinear SM-like Higgs boson coupling Appnp up to 50 %. This is
because the gg — hh NLO cross section is decreased if the trilinear self-coupling Appp becomes
enhanced w.r.t. the SM value and a minimal cross section is reached for an enhancement of
the trilinear self-coupling by a factor of 2.3 [215, 216].

In the example discussed so far, the heavy Higgs boson H is top quark philic, i.e. decays
to tt with BR(H — tt) 2 0.8. Therefore, as mentioned above, H — tt should be the first
channel to be sensitive to H. However, the separation of the continuum from the resonance
modifications in ¢f require significant experimental efforts, probably out of reach in the near
future. On the other hand, modifications are more sizable in the hh final states. Therefore,
the hh final state could possibly allow to constrain the size of £, indirectly.

In a second scan we therefore look for points with an enhanced heavy Higgs boson production
cross section in the SM-like Higgs pair production channel, so that the OS hh-production and
the hh-continuum production are less statistically limited. The result of this scan is displayed
in Figure 6.3 (left). The figure illustrates that the more sizable hh signal strengths for this
sample are correlated with a larger |1 — £94|. In the following, we therefore study uniform
modifications of C§ = C' to achieve €96 > 1 again for the general sample with €34 > 0.3, as
well as for the new Higgs boson philic sample illustrated in Figure 6.3 (left). Our findings are
illustrated in Figure 6.3 (right). Similar to Figure 6.2, we see a decrease in the hh continuum
and enhancements for resonant production. Large resonant enhancements in the uniform
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Figure 6.3.: Left: Heavy Higgs boson production cross section in the SM-like Higgs pair
production channel versus ¢4 for the Higgs boson philic sample. Right: Same figure as
Figure 6.2 (right), but now with all WCs C{ = C varied uniformly to reach 46 ~ 1 (blue
points). The Higgs boson philic sample is shown as red points. Figure published in Ref. [207].

dimension-six scan appear for top quark philic points of the old 634 > 0.3 sample (blue points)
where 034 (H — hh) is small and 0% (H — hh) /o4 (H — hh) can grow up to > 3. Yet, they
are not correlated with large cross sections. However, we now find resonant enhancements
up to a factor of 2.5 for cross sections in the order of fb. The LHC might become sensitive
to this range of cross sections in the bbbb [217-221] and bbrT channels [222-228]. The newly
generated Higgs boson philic sample (red points) receives resonance modifications between
5-10 % with continuum modifications up to 50 %.

6.3. Dimension-Six Yukawa Extension

In the second part of this chapter, we analyse effective dimension-six top quark Yukawa
interactions in the context of the type-2 CP-conserving 2HDM. The top quark is the heaviest
quark of the SM and plays a key role in electroweak physics. It couples to the SM-like Higgs
boson via a Yukawa coupling of O(1). The dominant SM-like Higgs boson production channel
is mediated via a top quark loop, therefore the top quark mass can be predicted from the
electroweak fit [229]. Also, vacuum stability is closely determined by the value of the top quark
mass [185, 230]. We investigate the potential of dimension-six modifications of the interaction
between the top quark and the Higgs boson to induce a strong first-order EWPT taking into
account theoretical constraints and current experimental limits using ScannerS and BSMPT.
All implied constraints are discussed in Sections 5.1 and 5.2. To this end, we extend the
dimension-four Yukawa potential by CP-conserving dimension-six EFT terms [206, 211-213]
as
) cio
LU =Pt + ) 1506 (6.12)
7

The dimension-six scalar-fermion operators Oé are multiplied by dimensionless WCs Cé and

normalized to the EFT scale A%2. The dimension-six EFT operators (’)g concerning the top
quark are summarized in Table 6.5.

The introduction of dimension-six top quark Yukawa couplings leads to corrections to the top
mass (in general finite-temperature notation with w; = w;(T)) of

w2 (i 1 1(12) 1(21) 2(11) —2 2(22) 2
M=% [YQ - 553 ((CQt + e + O )wl + O wQ)] . (6.13)
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0532) (QLtr®1)(D]Dy)
047" | (@t ®:)(@101)
Oé(t”) (Qrtr ‘52)(‘51‘1’1)
Oé(fz) (QL tr o) (DLDy)

Table 6.5.: Dimension-six 2HDM EFT operators of class W2®3. The Hermitian conjugates for
each of these operators are also taken into account. We define Q; = (f;, by) and ® = ioc?®*.

In order to take the dimension-six top quark mass M; as input parameter, we shift the
dimension-four Yukawa coupling Y* by

1 1(12 1(21 2(11 2(22
Vo Y+ o (00! + cof + o) vl + 0g3) (6.14)

and consequently obtain at T'= 0 GeV

U2

V2

With this redefinition, we obtain the dimension-four Yukawa interaction of the top quark in
the electroweak vacuum at 7' = 0 GeV, where @; = v; with i € {1, 2}, and the dimension-six
effects are shifted into the coupling modifiers between the top quark and the Higgs boson.
They are given by

M Y (6.15)

CcOoS & 31 [

- =
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The dimension-four coupling modifiers are recovered in the EFT decoupling limit A — oc.

[COSB Cé?(tm} : (6.18)

At finite temperature, the dimension-six top quark Yukawa terms introduce new contributions
to the thermal masses, cf. Ref. [214, 231], due to modifications of the Yukawa couplings
through one-loop corrections and due to new interaction vertices through one- and two-loop
corrections. We calculate and include these contributions to be consistent, but note that for
our considered parameter choices they do not play a significant role.

It is furthermore convenient to require an OS scheme via Eq. (5.5) to enforce at T'= 0 GeV
an agreement between one-loop and tree-level for the minimum position and the mass matrix.
However, in our chosen dimension-six Yukawa-extended effective potential, its temperature-
independent one-loop correction, the CW potential, receives dimension-six corrections. While
at T = 0GeV the dimension-four CW potential is defined at its tree-level value due to
the dimension-four Yukawa shift introduced above, the first and second derivatives receive
dimension-six corrections, as further illustrated in Appendix B. Consequently, enforcing
Eq. (5.5) with a VJli* that has a dimension-four field structure cannot capture the dimension-
six CW shift which is introduced at the level of the derivatives. The reason is that due to the
inclusion of these EFT couplings, in the CW potential, the EFT expansion is no longer under
analytical control when using a numerical code like BSMPT. If we were to perform a linearised
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Figure 6.4.: Response in ¢96 under individual variation of the four top quark Yukawa
dimension-six WCs. The black line denotes the dimension-four €44 value for the parame-
ter point. The point is detailed in Table 6.6. Figure published in Ref. [208].

expansion in A and take into account only the leading-order EFT terms, we could solve
Eq. (5.5) analytically. However, in our numerical treatment we are using the full, untrun-
cated top contribution to the effective potential. We emphasize again, that for our considered
parameter choices in the perturbative regime, the numerical relics of not using a strictly linear

EFT expansion are of subdominant order and do not lead to numerically relevant deviations
[208].

We now study the phenomenological impact of varying these dimension-six top quark Yukawa
WCs. First, we look at the benchmark point defined in Table 6.6 and vary all four WCs as
shown in Figure 6.4. The response in £9 is linear for all four directions. This illustrates
that the formally higher-order non-linear EFT contributions to the effective potential are
subleading in the chosen range of WCs. Even though we do not perform an analytical fixed-
order EF T-truncation, our studied EFT-extension is under good numerical control.

We now perform a parameter scan in the ranges of Table 6.4 and keep the points for which we
find €46 > 1 for a variation of individual WCs.? Modifications of the top quark Yukawa WCs
impact the SM-like signal strengths directly through the Yukawa coupling modifiers. Using
HiggsTools, we check for agreement with the experimental exclusion limits for BSM Higgs
bosons, as well as for agreement of the resulting SM-like Higgs boson signal strengths with
the experimentally allowed ranges.* This provides strong constraints on the experimentally

3We check that €95 > 1 is realized in the linear response regime. This ensures that our EFT expansion remains
under perturbative control.
“In Section 5.1 we elaborate in detail on how we use ScannerS, HiggsSignals, HiggsBounds and HiggsTools

mp, myg ma Mg+ tanf  cgyvy m%Q Tcd4 EEW(TC)‘14 524

125.09 683 872 868 1.658 0.00350 205007 226.29 215.69 0.95

Table 6.6.: Input parameters of the benchmark point used for Figure 6.4. Unit of m?2, in

GeV?, tan 83, cayy, d4 are dimensionless, other units in GeV.
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Figure 6.5.: Dimension-six to dimension-four cross section ratios for H (left) and A (right)
production via the dominant gluon fusion channel in the t¢ final state. Displayed is the
interference cross section (including interference effects from propagating h, H for A produc-
tion and h propagation for H production) versus the resonance cross section. The points
correspond to different operator choices distinguished by different colours to lift points with
0.96 < £ < 1 to €96 ~ 1. Figure published in Ref. [208].

allowed WC ranges. We find that only |1 — §g4| < 0.1 can be enhanced to 536 2 1 while
still fulfilling the signal strength constraints. Furthermore, as the measurements identify the
measured Higgs boson to be an SM-like Higgs boson, the alignment limit of the 2HDM with
cosa ~ sin 8 and tan 5 ~ O(1) is favoured. In our conventions, this results in sin @ < 0 and
relates negative WCs that drive €46 > 1 to enhanced coupling modifiers &}. For the heavy
Higgs boson H, the absolute value of the coupling modifier £}, is reduced, similarly to &/ for
variations in C’é?(tw).

In Figure 6.5 we show the g9 — A/H — tt cross section ratios for points with individual
choices of the WCs to achieve ¢96 > 1 with 0.96 < ¢34 < 1. All WC directions are capable of

strengthening the first-order EWPT to a strong first-order EWPT.
The variation of 01(7512) shows an interesting feature. We observe strong first-order EWPTs
connected with an underabundance of ¢£ production in the dominant gluon fusion channels via
an H-resonance, Figure 6.5 (left), and an A-resonance, Figure 6.5 (right). The dimension-six
heavy Higgs boson phenomenology parametrized by Cé(tlz) is allowed to deviate significantly
from its dimension-four prediction due to H and A not being as strictly constrained as h by

LHC searches. The WC C’é(fz), on the other hand, shows an enhancement up to 20 % of only
the H — tt, but not the A — t¢ channel. The A — ¢t channel only receives contributions from

Cclg(tu), as can be inferred from the equation of the top-A coupling modifier, Eq. (6.18). The

impact and phenomenology of C’é(fl) and C’é&ll) is correlated and similar to C’é(tw), but with

a smaller underproduction of resonant H. This aligns with Figure 6.4, where the gradient for

1(21 1(12
olen (12)

ot and C’é(tu) is steeper than for C’Q , i.e. less dimension-six modifications are necessary

to achieve €46 > 1 leading to smaller phenomenological impact.

In Figure 6.6 we illustrate the dimension-six modified pp — tttt cross section normalized to
the dimension-four value versus the EWPT strength parameter ratio £36/¢34. This channel
shows the same phenomenological imprint as the H — tt channel depicted in Figure 6.5
(left). Furthermore, the tttt-channel is of particular interest due to it being more robust

(and MicrOMEGAs for DM constraints) to limit the parameter space of models to the subspace that agrees with
the applied theoretical and experimental constraints.
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Figure 6.6.: Dimension-six to dimension-four cross section ratios for tttt-production versus
the ratio in the first-order EWPT strength, £46/¢44. Point sample and colour scheme for the
individual dimension-six top quark Yukawa operators are the same as for Figure 6.5. Figure
published in Ref. [208].

against signal-background interference [232-238] and might consequently play an important
role in observing BSM at particle colliders.

6.4. Conclusions

In this chapter we investigated whether new TeV-scale dynamics can enhance the EWPT
strength &. in the type-2 CP-conserving 2HDM to £96 > 1, which defines a strong first-
order EWPT. In the first part of this chapter, we considered effective potential extensions
with dimension-six purely scalar CP- and Zs-conserving operators. We found it possible to
overcome |1—£34| > 0 for WCs in the perturbative range of the EFT. Furthermore, dimension-
six strong first-order EWPT's can be correlated to signatures in collider phenomenology. While
modifications in the tf channel are too small to be measurable in the near future, SM-like
Higgs boson pair production is promising. We derived modifications of Higgs boson pair
production cross sections, which might be within the reach of LHC in the future. Therefore,
it might be possible in the future to derive indirect constraints on the strength &, of an EWPT
from Higgs boson pair production measurements at LHC.

In the second part of this chapter, we considered dimension-six top quark Yukawa extensions.
We found again that all WCs studied are able to overcome |1 — £34| > 0, however they are
limited to |1 —&£%4| ~ 10 % due to SM-like Higgs boson signal strength modifications. The top
quark Yukawa WCs are strongly correlated with phenomenology in the ¢t and ¢ttt final states.
While being in alignment with the SM-like Higgs boson, the dimension-six modifications lead
to characteristic signatures for the heavy BSM scalars H and A, especially a decreased cross
section in the direction of Cé?(tu). Therefore, if a strong first-order EWPT is realized via the

Cclggm) degree of freedom, the LHC BSM sensitivity is overestimated. This means, that current

constraints on the type-2 2HDM are weakened and the allowed parameter space could widen
again.

The condition for strong first-order EWPTs, £, = 1, that we studied in this first part, is only
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one of the prerequisites for a first-order EWPT in the early universe. In the second part of
this thesis, we will calculate transition rates for first-order EWPTs, as well as gravitational
waves sourced by first-order EWPTs. All calculations are implemented in the code BSMPTv3,
which was developed and released as a part of this thesis and which will be presented in the
next chapter.



Part II.

First-Order Electroweak Phase
Transitions and Gravitational Waves






CHAPTER 7

BSMPTv3

The presence of a critical temperature is a prerequisite, but not sufficient for a first-order
phase transition (PT) to take place and complete.! Only by computing the vacuum transi-
tion rate and by taking the expansion rate of the universe into account, it can be determined
whether a first-order PT to the true vacuum takes place or whether the universe remains
trapped in the false vacuum. Furthermore, first-order PT's in the early universe source grav-
itational waves, possibly within the sensitivity range of future space-bound interferometers.
The public code BSMPTv3 [66], which was developed and published during the scope of this
thesis, is the first self-contained open-source code that implements the whole calculation
chain starting from a particle physics model to calculating GW spectra sourced by first-order
PTs. BSMPTv3 extends the previous versions of BSMPT that were reviewed in Section 5.2,
with the ability to trace phases of the effective potential over the whole temperature range in
which they exist, to identify and calculate multi-step phase transitions and their character-
istic temperatures, phase transition strengths and time scales, as well as other characteristic
parameters related to first-order EWPTs. Based on these calculations, BSMPTv3 calculates
the gravitational waves that are produced by first-order EWPTs. Because these new features
are implemented in the framework of BSMPT, we use the model-independent implementation
of the OS-renormalized one-loop daisy-resummed effective potential at finite temperature,
cf. Section 5.2. Furthermore, BSMPT comes with several models already pre-implemented and
also offers an interface to implement user-defined models. BSMPTv3 adds four new executables
to BSMPT:

e MinimaTracer: Tracing of phases in a user-defined temperature range.

e CalcTemps: Calculation of false vacuum decay rates and derivation of the characteristic
temperatures of a first-order PT.

e CalcGW: Calculation of the GW spectrum sourced by first-order PTs.

e PotPlotter: Derivation of user-defined multi-dimensional potential grids in the VEV
coordinate space, which are useful for a visualization of the effective potential.

!Note, that the following considerations apply for generic first-order PTs, of which EWPTs are a special case.
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In this chapter we review the new features which were added to BSMPT with the release of
BSMPTv3. The code can be obtained from

https://github.com/phbasler/BSMPT.

For a detailed description on how to install BSMPTv3 and run the new executables with their
optional arguments, we refer to Ref. [66].

The new features of BSMPTv3 are the following:

e Phase Tracking: BSMPTv3 tracks phases in a user-defined temperature interval. Phase
tracking is necessary to identify overlaps of phases, i.e. temperature regions in which
multiple phases coexist. Between such identified phase overlaps, BSMPTv3 then calculates
first-order PTs, as will be described below. Here, we first describe, how an individual
phase is tracked. In the next step presented below, we will elaborate on how BSMPTv3
handles phase histories with multiple phases.

A phase exists as long as we can trace its temperature-dependent minimum position,
that is as long as it contains a local minimum of the effective potential. For a seed point
of the phase tracking, we use global minima determined by using a set of gradient-free
minimizer routines, cf. [66]. We obtain a more precise position of the initial seed point
by the means of the Newton—Raphson method. In this method, the potential shape is
approximated locally by a multivariate second-degree polynomial. The polynomial is
constructed based on numerically derived first and second derivatives, i.e. the gradient
and the Hessian matrix, of the effective potential at the initial seed point. We then
iteratively minimize the gradient at the seed point by taking educated steps into the
minimum location of the multivariate second-degree polynomial. After a seed point
for the tracking is found with that method, we vary the temperature and repeat the
procedure to track the phase over the user-defined temperature interval. If the predicted
next minimum position is identified to be a saddle point, we decrease the temperature
step to converge to the phase endpoint.

Symmetries of the multi-dimensional effective potential can cause problems for the
numerical tracking of phases. BSMPTv3 deals with discrete symmetries and flat directions
of the effective potential as follows. In BSMPTv3, we determine all Zo symmetries, also
including Zo subgroups of gauge symmetries, that the model-specific effective potential
exhibits. We then map the seed point to the same ‘principal quadrant’ to ensure that we
only track phases which are not related by symmetry transformations, cf. [66]. BSMPTv3
is additionally able to identify combinations of up to three field directions under which
the effective potential is invariant. If such flat directions are found, BSMPTv3 uses a
lower dimensional field space.

e Multi-Step Phase Tracking: The multi-dimensional effective potential can exhibit mul-
tiple and potentially overlapping phases. We have implemented five multi-step phase
tracking modes in BSMPTv3 that are optimized for different exemplary phase histories.
Four of these modes are illustrated in Figure 7.1. The fifth mode combines two of the
displayed modes, as we will describe below. By default, the default mode, cf. Fig-
ure 7.1 (left), is chosen. The default mode can track most (multi-step) phase histories,
while having the lowest runtime. It assumes the universe to be in the global minimum
at the user-defined high temperature. We then trace the high-temperature phase down
to T'= 0GeV. If the phase is found to end, a new global minimum is determined and
traced until the global electroweak minimum at 7" = 0 GeV is part of the traced phases.?

2By default, BSMPTv3 requires absolute vacuum stability, i.e. the zero-temperature global minimum of the one-
loop daisy-resummed effective potential at the electroweak minimum with vgw = 246.22 GeV, cf. Section 5.2.
In BSMPTv3, this requirement can optionally be switched off, cf. Ref. [66].


https://github.com/phbasler/BSMPT
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Figure 7.1.: Illustration of the multi-step phase tracking modes (from left to right) default,
0, 1, 2 for the exemplary type of phase history, for which the respective mode is optimized for.
Displayed are the phases with the generic VEV coordinate (¢) as function of the temperature
T. Thick red lines mark the temperature region, in which the phase contains the global
minimum. Regions, in which the phase only contains a non-global minimum are marked
by thinner dashed blue lines. The vertical dotted lines in the leftmost figure illustrate the
seed point grid which is used in the default mode, cf. text for details. Figure published in
Ref. [66].

The default mode then checks if the global minima found at an equidistant tempera-
ture grid are already part of the traced phases, and if not, adds the newly found phases.
This mode can be fine-tuned by the user, through increasing the number of points in
the grid. The other modes are specialized for certain types of phase histories, cf. Fig-
ure 7.1. For example, mode O only looks for one-step first-order PTs by tracing the
low-temperature and the high-temperature global minimum and reporting a valid can-
didate point, if a phase overlap is identified. It additionally requires that at the phase
endpoints, the global minimum is contained within the respective other phase. The
other modes, mode 1 and mode 2, can deal with multi-step phase histories. The former
enforces that at least one phase is found for each temperature while requiring that the
global minimum at the phase endpoints is part of the traced phases. Therefore, mode
1 is optimized to deal with phase histories that have overlaps of exactly two phases at
a time, cf. Figure 7.1. The latter, mode 2, works similar to mode 1, but for each phase
it keeps track how long the phase contains the global minimum. If a phase no longer
contains the global minimum, a new phase is tracked using the new global minimum as
seed point. With a sufficient grid size, the default mode gives the same result as mode
2, while being significantly faster. The fifth mode automatizes the choice between mode
1 and mode 2. The multi-step phase tracking modes are described in more detail in
Ref. [66].

e Electroweak Symmetry Restoration: We derive whether the electroweak symmetry is
restored at high temperature. In the high-temperature limit the eigenvalues of the Hes-
sian matrix of the one-loop daisy-corrected effective potential become field independent
and are used by BSMPTv3 to determine the high-temperature shape of the potential. We
refer to Ref. [66] for more details.

e Bounce Solution: Based on the results of the multi-step phase tracking, BSMPTv3 iden-
tifies temperature regions in which pairs of phases coexist. For each found phase pair,
we then calculate the decay rate of the false vacuum. This rate can be written in terms
of the bounce solution, that is the solution to a second-order differential equation. The
derivation of the vacuum decay rate and the algorithm used by BSMPTv3 to determine
the bounce solution will be discussed in detail in Section 8.1.

e Characteristic Temperatures: We derive the critical temperature 7, for each phase pair
as the temperature at which false and true minimum are degenerate. The possibility
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of a first-order PT opens for temperatures T' < T,.. If a false vacuum decay rate can
be calculated, BSMPTv3 derives the nucleation, percolation and completion temperature.
These temperatures are calculated by taking into account the false vacuum decay rate,
as well as the Hubble rate, that parametrizes the expansion of the universe. The char-
acteristic temperatures of a first-order PT are discussed in detail in Section 8.2. For
the calculation of the GW spectrum, as well as the characteristic parameters that will
be discussed below, BSMPTv3 by default assumes the transition temperature T} of the
first-order PT to be equal to the percolation temperature. This choice can be optionally
modified by the user.

e Transition History: BSMTPv3 reports on the transition history, based on the calculation
of completion temperatures for the found phase pairs. Starting from the initial false
phase which is assumed to contain the global minimum at the user-defined high temper-
ature, BSMPTv3 checks all found phase pairs and identifies the highest found completion
temperature for a PT from the initial false phase to a true phase. This true phase
is then the new false phase for a possible next transition, for which the search for a
completion temperature is repeated. The code then reports on the transition history,
i.e. which first-order PTs take place and which phases are populated.

e Characteristic Parameters: A first-order PT releases vacuum energy into the false vac-
uum plasma in front of the bubble wall. This process sources gravitational waves, as we
will in detail discuss in Chapter 9. In BSMPTv3, we calculate the strength of the PT « at
the transition temperature 7, which is directly related to the released vacuum energy
density. The vacuum energy density is converted into kinetic energy of the plasma.
This process is parametrized by an efficiency factor s that defines the kinetic energy
fraction K in terms of . The bubble wall velocity v,, is taken as an input parameter in
BSMPTv3. The timescale of the PT is determined from the bounce solution. We review
all the characteristic parameters, as well as their derivations, that were implemented in
BSMPTv3, in Section 9.1

e Gravitational Wave Spectrum: Gravitational waves are sourced through the breaking
of the spherical symmetry by a first-order PT at the transition temperature Ty in the
early universe, as will be reviewed in Chapter 9. The spectrum of the gravitational
waves is parametrized as a function of the above mentioned characteristic parameters
of a first-order PT. With BSMPT, we calculate the peak frequency and peak amplitude
of two sources of gravitational waves, i.e. plasma sound waves and plasma turbulence.
In Section 9.4, we discuss in detail the parametrization of the GW spectrum for both
cases in the notation used in BSMPTv3.

e Signal-to-Noise Ratio: Gravitational waves sourced by first-order PTs can have peak
frequencies within the sensitivity of the future space-bound interferometer LISA. As a
measure for detectability of the calculated gravitational waves at LISA, we provide in
BSMPTv3 the calculation of the signal-to-noise ratio (SNR). We describe this calculation,
as well as give an overview on the experimental search program for gravitational waves,
in Section 9.5.

In Ref. [66], we present a comparison with the widely-used code CosmoTransitions [239].
We will summarize the results of this comparison in the following. CosmoTransitions de-
rives the bounce solution, as well as critical temperatures and nucleation temperatures via
an approximation.> We find overall good agreement for the critical and (approximate) nu-
cleation temperatures, for a parameter sample of the CP-conserving 2HDM, cf. Section 6.1.

3In CosmoTransitions, the nucleation temperature is determined as the temperature T}, for which the bounce
solution at T, divided by T}, is ~ 140, cf. Ref. [239].
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The mean (median) relative differences in the critical temperature are 0.07 % (0.003 %). For
the nucleation temperature, derived via the approximation used by CosmoTransitions, we
find mean and median relative differences below 1 %.* While being in good agreement for the
determined temperatures, BSMPTv3 is observed to be significantly faster than CosmoTransi-
tions. BSMPTv3 can be up to 103 faster with a mean (median) runtime of 4.15min (3.47 min).
CosmoTransitions is observed to have a mean (median) runtime of 41.46 min (5.61 min) for
the parameter sample.® We moreover find BSMPTv3 to be able to calculate multi-step phase
transitions for cases in which CosmoTransitions fails, cf. Ref. [66].

The subsequent chapters contain an in-depth review of the derivations and the implementation
in BSMPTv3 of the false vacuum decay rate, cf. Chapter 8, and of GW spectra sourced by first-
order EWPTs, cf. Chapter 9. The code BSMPTv3 is used in the phenomenological analysis
presented in the second part of Chapter 10, as well as in Chapter 11.

“We also find, that O(1 %) changes in the nucleation temperature can have O(10 %) effects on &, = Grw (T)/Tn,
defined analogously to Eq. (3.13), for cases where the minimum position changes significantly in small tem-
perature ranges.

5The runtimes are measured by running the codes on a mixture of Intel Xeon and AMD EPYC processors with
Python 3.6.15 for CosmoTransitions.






CHAPTER 8

PHASE TRANSITIONS IN THE EARLY UNIVERSE

So far, we discussed critical temperatures in an effective potential at which two degenerate
minima exist. These are one low-temperature minimum that evolves to be the electroweak
broken minimum today at 7' = 0 GeV and one high-temperature minimum that restores the
EW symmetry. Having a minimum constellation with a critical temperature is a requirement
for a first-order PT.! It does not ensure, however, that the PT actually takes place. For
this, the transition rate has to be determined. We will present this calculation in Section 8.1.
A first-order PT proceeds via bubble nucleation and expansion. Bubble expansion then
competes against the expansion of the universe and from the interplay between transition
rate and Hubble rate, we derive in Section 8.2 temperatures which are characteristic for
first-order EWPTs.

8.1. Calculation of Vacuum Decay Rates

In this section we elaborate on how transition rates between vacua are calculated. We review
the zero-temperature derivation of Refs. [240, 241] adapting to their language of false and
true vacua and then generalize to finite temperature along the lines of Refs. [242, 243].

We consider the following minima constellation, illustrated in Figure 8.1: The potential has
two barrier-separated minima, one being the non-global false minimum at @150, the other one
the global true minimum at ¢grye, With V(¢gaise, T') > V(dtrue, T'). Classically, both minima
are stable ground states. However, quantum mechanical tunnelling leads to the decay of the
false vacuum. Therefore, the false vacuum is metastable. At finite temperature, in addition
to quantum mechanical tunnelling, the energy of the thermal bath can directly lift particles
over the potential barrier.

In summary, a transition between two barrier-separated minima, from the false to the true
vacuum, can take place in three ways in a finite-temperature quantum field theory:

1. Zero-temperature tunnelling through the barrier (Figure 8.1 left).

2. Finite-temperature tunnelling through the barrier (Figure 8.1 middle).

!Note, that the following considerations apply for generic first-order PTs, of which the EWPT is a special case.
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Figure 8.1.: One-dimensional potential projection V = V(¢, T') with a false (metastable)
vacuum at ¢ = ¢pse and a true (stable) vacuum at ¢ = ¢yrye. On the left, we show false
vacuum decay via zero-temperature tunnelling. In the middle, at finite temperature, the
tunnelling takes place after thermal excitation of the particle. On the right, the particle is
directly lifted over the barrier by energy induced from the photon bath.

3. Thermal fluctuations over the barrier (Figure 8.1 right).

In the following, we derive the transition rate normalized to unit volume for the transition
between the false and the true vacuum.

At zero temperature, a particle in the potential at ¢pse can tunnel through the barrier and
appear at rest on its other side at ¢4, at the same potential energy, after which it classically
rolls down into the true vacuum. We will sketch the derivation of the zero-temperature
false vacuum decay rate in the following for one-dimensional quantum mechanics and then

generalize our findings to quantum field theory.
The one-dimensional quantum mechanical amplitude of the particle going from x; at t; = —%
toxy at ty = % described by a Hamiltonian H can be expressed by a path integral with

normalization factor N as [241],
. xf .
(zy |e_ZHT‘ z;) = N/ [da] ™) (8.1)
z;

where we defined 7 as the duration of the transition. The left side of Eq. (8.1) can be
expanded in a complete set of eigenstates with H|n) = E,|n),

<xf ‘e_iHT| xz> = Ze_E"T(xf\n) (n|z;) . (8.2)

From this expansion, it becomes apparent that in the limit 7 — oo the leading contribution
stems from the ground state with n = 0, we have

(xy ‘e_iHT| Ti) e BT (2 40) (0] ;) - (8.3)

The path integral on the right-hand side of Eq. (8.1) is a weighted sum over all paths that
respect the boundary conditions, x (—I) =ux; and z (I) = xy. Performing a Wick rotation

2 2
to 7 = it we obtain

by 1 /8> s 1 /82>
1Slz] =1 dt|=|—=— | =V =— dr = | =— Vv
iS[x] Z/t,- [2(815) (x) /n T 2(8T> + V(x)
The Euclidean action Sg in Eq. (8.4) corresponds to a particle moving in an inverted potential,
—V. Consequently,

= —SE[Q,’] . (8.4)

e BT (24|0)(0]z;) = N / %f [da] e~ 55 (8.5)
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Using the method of steepest decent, the Fuclidean action Sg can be semi-classically expanded
around its extremum B as S &~ B+0Sg. The path integral on the right-hand side of Eq. (8.5)
can then be approximated as, cf. Ref. [244],

g zy
/ [da] e 97l) </ [dx] e_(SSE[””]) e B=Ce B, (8.6)

The bounce action B is the action of a stationary path T which satisfies the equations of
motion for a classical particle in a potential —V,

0y 0B _ T av@
oz 0T dr2? dz

~0. (8.7)

We will qualitatively discuss solutions Z(7) of Eq. (8.7) in two cases:

1. If 2; = 2§ = Ttrue, Only T = Zyrye can satisfy the boundary conditions. The particle is
in a bound state with the ground state energy of a harmonic oscillator [241].

2. If 7; = 2 = Tfalse, there exists another solution in which the particle starts at z; = x¢ase,
rolls down the well and up the barrier (in —V') until it reaches a turning point from
which it bounces back and ends at rest at ; = Tfse. In the limit of 7 — oo this
solution is called bounce solution.

For the first case, the bounce action is zero, B = 0 [241]. Therefore only the second case can
give rise to a non-zero decay rate of the false vacuum, as we will describe below. We assume
Tj = T§ = Tpalse i0 the following and simplify Eq. (8.5) to

e7E0T|¢O(xfalse)‘2 = CeiB ) (88)
where ¢ is the wave function of the ground state.

For the derivation of the prefactor C' we refer to Ref. [241] and will here only quote the result.
C is calculated as Gaussian integral over second-order variations of the Euclidean action, as
the first-order variations vanish in the expansion around the extremum. Furthermore, the
right-hand side of Eq. (8.8) has to be generalized to n bounces of the particle in between
Ti = Tfalse aNd Tf = Tpalse. Equation (8.8) is finally simplified (using the notation adapted
from Ref. [244]) to [241]

¢ BT | g (pae) 2 = [det (—02 + V"(3))] /2 AT (8.9)

with 02 = 02/072, V"(7) = d?/dz* V(%) and

1/2
(@)
2

The notation det’ indicates that the determinant is calculated leaving out the zero eigenvalue,
and we defined V" (zg160) = w?. The false vacuum ¢g(zfa1se) in Equation (8.9) is an unstable
quantum mechanical state associated with a decay rate I', that is defined via

det’ (=02 + V"(T))
det (=02 + w?)

—-1/2
‘ (8.10)

|60 (2gatse)|? ox 2T ()t = =Tt — D — _9Tm(Ey). (8.11)
It was shown in Ref. [241] that the ground state energy Ej including n bounces is

Ey=-Ke B 4e, (8.12)
where the constant c¢ is a real number and therefore,

I=2Im(K)e 5. (8.13)
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A non-zero imaginary part of the ground state energy is sourced by the right-hand side of
Eq. (8.9), and by inserting Eq. (8.12) into (8.9) and separating real and imaginary parts, we

extract
1 (B2 |det! (=02 + V"(2))|V?
Im(K)==|— = 8.14
m(K) =3 (%) det(—02 + w?) (8.14)
The decay rate of the false vacuum is
B\'? |det'(~02 + V"(2)) | /*
I=2Im(K)e P == z -5, 8.15
m (K)e <27T> det(—92 + w?) ¢ (8.15)

The generalization from one-dimensional quantum mechanics to quantum field theory is [241]

r B?

VvV 4r2

det'(—9% + V" (¢))

-B
det(—0% + V(b)) | (8.16)

‘1/2

In Eq. (8.16), the false vacuum decay rate is normalized to a three-dimensional volume. In
zero-temperature quantum field theory, the bounce action B is an O(4)-symmetric function
[241], that we will denote by B = Sy in the following.

Going to finite temperature via the replacement of Egs. (4.20) and (4.21) in the four-dimen-
sional Euclidean space path formalism equals a summation over paths periodic in Euclidean
time with period 8 = T~!'. The free energy F of the false vacuum is found to develop
an imaginary part that relates to the tunnelling rate. Using the techniques of Boltzmann
averaging we derive [245-247],

I'=—2Im[F(B)] for B7'< AVamier (8.17)
I'= —a;_j Im [F(ﬁ)] for Avaarrier < /871 . (818)

For temperatures above the barrier height AV} aier, the bounce action has a negative eigen-
value A_ and w = \/—A_ [247]. Both solutions agree for Ty = ;' = . For temperatures
T < Ty, Eq. (8.17) describes Boltzmann-averaged thermal tunnelling through the potential
barrier, cf. Figure 8.1 (middle). For T' 2 Ty, Eq. (8.18) describes thermal fluctuations over
the barrier, cf. Figure 8.1 (right). Both regimes have a decay rate induced by a non-vanishing
imaginary part from the finite-temperature path integral periodic in Euclidean time . For
B8 — oo, T — 0, one obtains the zero-temperature vacuum decay rate dependent on the
O(4)-symmetric bounce action. For § — 0, T' — oo, the periodicity approaches zero and
the solutions become independent of Euclidean time. Consequently, the bounce action B is
three-dimensional in this limit [242, 243, 248],
S3

B =353 = T (8.19)
Bubbles in zero-temperature field theory are O(4)-symmetric, bubbles in finite temperature
field theory are O(3)-symmetric. The tunnelling rate per unit volume then has contributions
of the form

T r

— =|Ale™™ and — = A(T e*SS/T, 8.20
VIT=0Gev = Vir>0Gev (T) ( )
with prefactors analogous to the prefactor of e in Eq. (8.16). As the prefactors require
the analytically notoriously difficult calculation of functional determinants, they are often
approximated by their relevant dimensional scaling under the assumption that their precise
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form is only a subleading contribution. This, however, might not always hold, as discussed in
Ref. [249]. Approximating the functional determinants by dimensional analysis yields [244]

2 3/2
A~ Ry* <§;> and A(T) ~T* <;3T> : (8.21)

with the critical bubble radius Ry. Consequently, finite-temperature tunnelling and thermal
fluctuations across the potential barrier are assumed to contribute with the same prefactor.

Qualitatively, the metastable false vacuum decays via bubble nucleation, expansion and col-
lision until one bubble contains the whole universe. Initial seed bubbles are constantly nu-
cleated due to thermal fluctuations. The free energy ‘cost’ of bubble formation is defined
as

AF(R) = —%ﬂ R3AE + 4nR*o(T) , (8.22)

hd h
volume energy surface energy

for T < T, and with the surface tension o(7"). For a growing bubble, the bubble radius
R increases and consequently, the surface energy term in Eq. (8.22) increases o< R? and
the volume energy term in Eq. (8.22) decreases o —R3. A nucleated bubble grows if the
cost in surface tension is overcompensated by a gain in volume energy and consequently, the
expansion reduces the total energy. The radius Ry, for which AF(R > Ry) < 0 is named the
critical bubble radius and defined as [240, 250, 251]

dAF(R)

=0. 8.23
TR (8.23)

R=Ryo

The bounce action B is in general determined numerically. In the following, we will describe
the approach used in BSMPTv3 [66]. We neglect the contribution of the zero-temperature so-
lution, because for PTs at finite temperature, the finite-temperature rate yields the dominant
contribution to the false vacuum decay rate. Therefore, using Eqs. (8.20) and (8.21), we write
the finite-temperature false vacuum decay rate per unit volume as

D(T) ~ T* <S3>3/2 e~ Ss/T (8.24)
- 27T ’ ’

In quantum field theory, the Euclidean action Sg has the following form

Sp = /d7d3x [; <3u5) (8“5) + V(*)] . (8.25)

We change variables to p = /72 + |Z|? and derive the finite-temperature bounce action Ss
as

N 2
Sg(T)—47r/0 dp p* ;(jﬁ) + V()] . (8.26)

The path qg is a solution to the Euler-Lagrange equations

P26 2dp  _. -
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¢false d)mid ¢true

Figure 8.2.: Bounce solution derivation in the upturned potential with false vacuum at ngalse
and true vacuum at ¢yue. The value ¢piq marks the field value where a particle has the same
potential energy as a particle resting at ¢fase-

with the boundary conditions

o(p)| psoo = Palse f;z o= 0. (8.28)
The boundary conditions ensure that far away from the bubble filled with the true vacuum, at
p — 00, the universe is in the false vacuum, (5 = ¢ralse and, without loss of generality, at p =0
the transition to the true vacuum takes place. At p = 0 a particle moving in the upturned
potential —V is at rest at ¢g. Coleman proved the existence of a solution to Eqs. (8.27) and
(8.28) along the following lines [240]. The problem is illustrated in Figure 8.2. Knowing that
the drag term leads to energy dissipation, because

d |1 (do\? 2 (do\?

() —ve| =2 (L) <o, (8.29)

dp |2 \ dp p \ dp
we conclude that if @pse < @0 < dmia in Figure 8.2, the particle undershoots as it cannot
reach ¢gse for p — oco. If on the other hand, ¢g ~ @iue, the particle is too energetic for
the drag term to compensate and the particle overshoots ¢ps.. Continuity then requires the

existence of a ¢g and therefore a bounce solution that fulfills the Euler-Lagrange equation
with the specified boundary conditions.

Except for p = 0, where we implement an analytical solution, we solve the Euler—Lagrange
equation (8.27) numerically in BSMPTv3 using the iterative method of path deformation. In
this method, an initial guess path is deformed by perpendicular forces that originate from
the potential until convergence to a solution of Eq. (8.27) is obtained as described in [66].
This method was developed and implemented first by [239, 252, 253]. With BSMPTv3 we then
obtain the finite-temperature transition rate as a function of temperature using Eq. (8.24).

8.2. Characteristic Temperatures

First-order PTs from a high-temperature false vacuum to a low-temperature true vacuum
are associated with a set of characteristic temperature scales that will be discussed in the
following.

At the critical temperature T, the free energy of the false vacuum equals the free energy of the
true vacuum. Both vacua are degenerate and separated by a barrier. For the following dis-
cussion, we assume the case of only two barrier-separated phases coexisting for temperatures



8.2. Characteristic Temperatures 69

below the critical temperature and the true minimum to be lower than the false minimum for
T < T,.. Quantum mechanical tunnelling becomes possible for temperatures T' < T,. In case
the potential barrier does not exist down to T' = 0 GeV, the false vacuum will decay, either
through the quantum mechanical and thermal processes discussed above while the barrier still
exists, or through classical processes after the barrier has disappeared. If the barrier however
continues to exist down to T = 0 GeV, there exists the possibility of vacuum trapping, cf.
e.g. Refs. [129, 202, 254]. In the case of vacuum trapping, neither tunnelling, nor thermal
fluctuations seed enough fast growing true vacuum bubbles that overcome the expansion of
the universe, and the universe remains trapped in the false vacuum down to 7' = 0 GeV.

The nucleation temperature T}, relates the false vacuum decay rate to the expansion rate of
the universe. At T' = T, one true-vacuum bubble is nucleated per Hubble volume and per
Hubble time, i.e. the false vacuum decay rate as defined in Eq. (8.24) matches the inverse
Hubble volume times inverse Hubble time

=1. (8.30)

The evolution of a first-order PT for T' < T, can be quantified by the fraction of the universe
which remains in the false vacuum and the fraction which transitioned into the true vacuum,
respectively. The false vacuum fraction equation [255, 256], in chemical physics also known
as Johnson-Mehl-Avrami-Kolmogorov equation [257-261], was first formulated as

Py(t) = exp (—#(t)), (8.31)

with the time-dependent fraction of the universe that is in the false vacuum, Py, parametrized
by an exponential decay width the time-dependent exponent x that is a measure of the volume
of the universe which is filled with the true vacuum. Taking into account that true-vacuum
bubbles are nucleated by a decay of the false vacuum with rate I'(¢), that is calculated via
Eq. (8.24), with the scale factor of the universe a(t), cf. Chapter 3, k can be calculated as

t a N3
k(t) = —/tc dt’ a((tt))?’ LYV (t,t). (8.32)

The integration goes from the critical time t., when the transition starts at T¢, to the time
t > t. where the false vacuum fraction is to be calculated. The integrand I'(t") V' (¢, t) describes
the true-bubble volume V' (#',t) of a bubble nucleated at ¢’ and measured at ¢, weighted with
its probability for nucleation, I'(¢'). Assuming a vanishing initial bubble radius [262, 263] as
well as a constant terminal wall velocity v, during the false vacuum decay period, the true
vacuum bubble volume is further estimated as [248, 264]

t a 3
V(1) = 4?” (vw [ ar a(gf,,))) . (8.33)

In Section 8.1 we derived the false vacuum decay rate as a function of the temperature. As-
suming the radiation-dominated epoch to last during the PT (an assumption that necessarily
breaks down for long-lasting, supercooled, transitions), we can relate time and temperature
via the assumption of adiabatic expansion of the universe, i.e. assuming that the entropy den-
sity s per comoving volume is conserved, as derived in Eq. (3.6). The temperature-dependent
true-bubble volume is then written as

’ 3
A (v, [T dT”
VT .T)= — | =2 dr” 8.34
(T = (T/T H(T,,)) , (8.3
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and the temperature-dependent false vacuum fraction is finally derived as [264]

, 3
4 4 [Te I(T") = ar
Pf(T) = exp —3'Uw/11 dT/T/4H(T/) . H(T’/) . (835)

Using Pf(T), we will define the percolation and completion temperature. The percolation
temperature T), is defined as the temperature where 29 % of the universe has transitioned into
the true vacuum while 71 % is still in the false vacuum, i.e.

Py(T},) = 0.71. (8.36)

At this false vacuum fraction a universe-wide true-vacuum bubble cluster has formed and
the universe is set to end up in the true vacuum [265-269]. Analogously, a first-order PT is
complete when only 1% of the universe is left in the false vacuum, defining the completion
temperature Ty as

Pf(Tf) = 0.01. (8.37)

In the following Chapter 9, we review how gravitational waves are sourced by first-order PTs.
For this, we assume that the transition temperature Ty of the first-order PT is equal to the
percolation temperature,2

T.=T,. (8.38)

The derivation of all mentioned characteristic temperatures is implemented in the public code
BSMPTv3. The false vacuum fractions Py at the percolation and completion temperature, as
well as the transition temperature can be chosen by the user, as further described in Ref. [66].

2If the transition is not fast, e.g. in case T < T, the predicted GW signal can change significantly depending
on the transition temperature chosen for the calculation, e.g. in that case between the choice 7% = T}, or the
choice T = Ty, respectively [270].



CHAPTER 9

GRAVITATIONAL WAVES SOURCED BY PHASE TRANSITIONS

First-order PTs! in the early universe source an isotropic, stochastic gravitational wave (GW)
background. Plasma interactions during the expansion of the nucleated true vacuum bubbles
as well as bubble collisions break the spherical symmetry implying a perturbation of the
spacetime metric. As the origin of the metric perturbation is stochastic, and the locations
of the source are homogeneously spread across the universe, the induced gravitational waves
are expected to constitute an isotropic, stochastic background.?

This chapter summarizes the derivation of the characteristic parameters of first-order PT's in
Section 9.1 and their impact on the generated gravitational wave in Section 9.4. We give a
brief review of the physics behind gravitational waves in Section 9.2. The gravitational wave
is sourced by the PT at the transition temperature 7T, and its spectrum is then redshifted
to today, as we will describe in Section 9.3. A first-order PT is only one possible source of
a stochastic GW background. Other possible sources are supermassive black hole binaries,
cosmic strings and domain walls, see e.g. Refs. [47, 48] and references within. In Section 9.5
we give a brief overview of on-going and planned experimental efforts to measure a stochastic
GW background and identify its origin.

9.1. Characteristic Parameters of a First-Order Phase Transition

The spectrum of the gravitational wave can be parametrized by a set of characteristic param-
eters that will be briefly reviewed in this section.

First, we take a thermodynamic viewpoint on an early universe PT that is assumed to take
place at a transition temperature T,. The effective potential can be related to the free energy
density F and the thermodynamic pressure p by

Vig=F = —p. (9.1)

!The derivations presented in this chapter apply for general first-order PTs, of which the EWPT is a special
case.

2The GW background created by PTs is, similarly to the CMB, also sensitive to primordial density fluctua-
tions and therefore also expected to have anisotropies, as discussed in Ref. [271]. See Ref. [49] for a recent
experimental study by the NANOGrav collaboration.
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For detailed reviews consult e.g. Refs. [107, 127, 244, 272]. In a first-order PT the released
vacuum energy is transferred to the plasma and into kinetic and gradient energy of the scalar
fields in the bubble wall [273]. In scenarios in which the friction between the expanding bubble
wall and the surrounding plasma leads to a terminal wall velocity v,,, the latter two scalar
field contributions are negligible. They can play a dominant role in cases in which friction
is negligible and the bubble wall acceleration is not slowed down significantly, called run-
away, which takes place for long transition durations during which the universe cools down
significantly and the plasma is sufficiently diluted, called supercooled transitions [274-276].

In this thesis, as well as in the code BSMPTv3, we focus on scenarios with terminal wall
velocities where the scalar field contribution can be neglected. In the following Section 9.4
this assumption then leads to the conclusion that only two (sound waves and turbulence)
out of the three possible GW contributions sourced by a first-order PT play a role. The
scalar field contribution can source gravitational waves through spherical symmetry breaking
in bubble collisions, whose emission compared to the other contributions is limited to a short
timescale while the other contributions are enhanced by a factor of the timescale of the PT.

Assuming that the plasma behaves as a perfect relativistic fluid [273], its energy-momentum
tensor is given as

T;Ile/asma = WuyUy — GuD, (9.2)

with the enthalpy density w, the fluid four velocity defined as

(1, 9)
VI-[a?

and the pressure p = — Vg, as defined in Eq. (9.1). The enthalpy density w is defined as

ut =~(1, v) = (9.3)

dp Vet
=T_—=-T . A4
YT har oT (0:4)
The trace of the energy-momentum tensor then defines the trace anomaly 60
1 w T OVeg
f = 7Tplasma wy = eft 9.5
4 g 4 b eff 4 T ( )

The strength of the PT « at the transition temperature T} is defined as the released vacuum
energy density pyac normalized to the value of the radiation energy density p;aq as defined in
Eq. (3.7),
T,
o= Paclls) (9.6)
Prad (T*)

We choose to parametrize pyac by the difference in the trace anomaly and normalize to the
enthalpy density w to define a,> where we use that for a relativistic fluid w = % Prad [278]

ANO(T,) 1 1 T Vg
= ease T, _erue T.)| = ——= AVe - —A
Bw(T*) prad(T*) [ ol ( ) ' ( )] prad(T*) .

4 9T |~
During a first-order PT, the vacuum energy density pyac is released into the plasma and, as
discussed above, is converted mostly to kinetic energy if a terminal wall velocity v,, is reached.
The kinetic energy fraction K describes the kinetic plasma energy density pyin normalized to
the total plasma energy density piot,

(9.7)

o=

K = Pkin (T*) :
Ptot (T*)

3 Alternative conventions for defining « use the energy density or pressure difference [244, 273, 277].

(9.8)
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where the energy densities are evaluated at the transition temperature T,. While the pressure
difference Ap = —AVeg = Ve — Veff?lse < 0 drives the expansion of the true-vacuum bubbles,
their expansion is slowed down by friction with the plasma until a terminal wall velocity v,
is reached, for the cases considered here. The requirement of energy-momentum conservation
at the bubble wall then leads to a set of hydrodynamic equations. In a simplified treatment,
K is determined from the solutions of these equations for one isolated bubble. In [41] the
bag equation of state is assumed, where the symmetric and broken phase are described as
relativistic plasmas that differ in their number of relativistic degrees of freedom. Following
this assumption, the speed of sound in the symmetric and broken phase is ¢s = 1/ V/3. The
strength of the PT, «, and K are expressed via the definition of an efficiency factor x that
defines how efficient the conversion of liberated vacuum energy to kinetic plasma energy is
[41, 273]

inT*
oo Pan(T) R e € (9.9)

€ Ptot (T* ) Prad (T* )

The bag constant € can be related to the released vacuum energy, € >~ pyac,

€ Pvac Ro
K=r—~xk = ,
Ptot Prad + pvac 1+«

(9.10)

where we used that the total plasma energy is given by the energy density of radiation
and the vacuum energy density that is released into the plasma during the first-order PT,
Ptot = Prad + Pvac- The bubble wall velocity vy, in the non run-away case, can also be
determined from solving the hydrodynamic equations, in more detail by solving coupled
scalar field equations of motion and Boltzmann equations for the different bubble expansion
modes, by usually assuming a model-dependent ansatz for the bubble wall profile and particle
distribution functions. This highly non-trivial task of solving the hydrodynamic equations
for the complete set of hydrodynamic parameters has seen progress, e.g. through Refs. [41,
273, 279-300], but so far no model-independent general treatment has been established. In
BSMPTv3 the wall velocity v,, is an input parameter. We choose

vy = 0.95 (9.11)

for the analysis below in Chapter 10 and Chapter 11. The efficiency factor x is determined
in BSMPTv3 as a function of a and v, by using the numerical fit result of [273].4

Another characteristic parameter of a first-order PT that impacts the spectrum of sourced
gravitational waves is the duration of the PT. Assuming a fast enough transition so that the
bounce action can be linearly expanded in time ¢ as

B(t) N S3(ts)

= Bt —t.), (9.12)

~

T(t)  T(ts)
and using Eq. (3.6), the temperature-dependent transition rate is proportional to

S3(T%) _ g
T H.T,

I(T) x exp |— (T =Ty . (9.13)

“This method of taking « as the trace anomaly difference in Eq. (9.7) and determining K from the fit of [273]
implicitly assumes the bag model, as explained above. In [301] the authors compared different methods to
derive k. The authors find that our chosen method leads to the smallest numerical deviations from the more
sophisticated model presented in [285] compared to other estimations of a in Eq. (9.10). Still, deviations of
up to 50 % in K are found for our chosen method in [301], which call for a more complete treatment beyond
assuming the bag equation of state, by e.g. also taking into account the full temperature dependence of the

speed of sound, ¢? = j—; j—;.
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The inverse timescale of the first-order PT is then given by

g (S0)

=1 , .14
H, dr T (9.14)

T=T

where H, is the Hubble parameter at the transition temperature, derived via Eq. (3.8). As
pointed out in Ref. [302], o and Hﬁ* are correlated. Because

ax AV,g and ﬂwﬁw !

H T  /AVg’

larger « are correlated with smaller inverse timescales Hi*, i.e. longer durations of the first-
order PT.

(9.15)

The derivation of the characteristic parameters of a first-order PT, i.e. the strength « via
Eq. (9.7), the kinetic energy fraction K via Eq. (9.10), as well as the inverse duration of the
PT 5/H, via Eq. (9.14), was implemented in the public code BSMPTv3. For the wall velocity
we assume Eq. (9.11) in the context of this thesis. Details on the usage of BSMPTv3, e.g. the
selection of different assumptions for vy, can be found in Ref. [66].

9.2. Gravitational Waves

The Einstein field equations [303] connect the curvature of spacetime (parametrized by the
Ricci curvature tensor R, and its trace, the Ricci curvature IR, that both solely depend on
the spacetime metric g,,,) to the energy-momentum tensor 7, via the gravitational constant
G,

1
Ry = 5 Rgyuw = 87G Ty (9.16)

If the spacetime metric g, is expressed as the flat-spacetime metric 7, with a perturbation
h,w added, i.e.

v = Npw + €hyy, with e <1, (9.17)

then Eq. (9.16) can be simplified to the form of a wave equation for h,, [304], in Lorenz gauge
and transverse-traceless gauge® written as (following the lines of e.g. [305])

Ohyy = —167GT), . (9.18)
If there are no sources, i.e. ), = 0, the solution to Eq. (9.18) is a plane wave,
Ry = Cppe®e™ (9.19)

with k2 = 0, i.e. the wave propagates at the speed of light. This gravitational wave is described
by three parameters: Its frequency f and two polarizations, Cy and C. In the case of C,
the xy-space is periodically deformed parallel to the axes in a ‘+’-shape, while for the C'yx-case
the deformation is diagonal [305].

After the initial derivation of gravitational waves from perturbations of the flat-spacetime
metric, their existence was deduced also for perturbations of the Friedmann—-Lemaitre-Ro-
bertson—Walker metric which parametrizes an isotropic, homogeneous, expanding universe in
general relativity [306-314].

5In transverse-traceless gauge, the perturbation hy, is traceless and k,h** = 0 [305].



9.3. Gravitational Wave Parameters Today 75

The solution for the metric perturbation in the presence of sources with 7}, # 0 can be
derived as [305]

2G

hul/ == ﬁQ’ (920)

with R, the distance between source and observer. The gravitational wave therefore depends
on @, the quadrupole moment of the energy density of the source, which is defined via a
volume integral over the T°°-component of the energy-momentum tensor. Spherical symmetry
breaking during first-order PTs leads to Q # 0 and sources an isotropic, stochastic GW
background that be characterized by a GW power spectrum as we will see in the following.
The GW energy density is related to the metric perturbations via [315, 316]

1 . dpcw
= — (h,, h'") = 1 = p. 1 Q , 21
PGW 327rG<h“ ) /d og f dlog [ P /d og f Qaw(f) (9.21)

where in the last step, we defined the GW amplitude Qgw as a function of the GW frequency
f as [41, 302, 315, 317-320]

1 dpcw
QGW = — y
) pe dlog f
with the critical density today, defined via Eq. (3.3). We comment on the GW power spectra
for different sources during a first-order PT in Section 9.4. In the following Section 9.3, we
first discuss the redshift of the GW spectrum from its time of production at T' = T} to today
at T' =Ty < T.

(9.22)

9.3. Gravitational Wave Parameters Today

With gravitation being the weakest of all known interactions, gravitons already decouple from
thermal equilibrium at energies below the Planck mass Mp as [321]

()~ (itt)- (- (5) . e

where we used the Hubble rate in the radiation dominated era H(T) ~ T?/Mp), compare
Eq. (3.8), and assumed for the cross section that it scales similar to the weak interaction cross
section o ~ G?T? = T? /Mél. Therefore, gravitational waves produced by PTs at T, < Mp
are immediately decoupled. Their characteristic parameters become redshifted until today,
but aside from the redshift, they still encode the conditions of their production. Assuming
an adiabatic expansion of the universe, the scale factor at the transition a, versus the scale
factor today ag is [41, 322], cf. Chapter 3,

1/3
Ay go Th
= ( L .24
ao (9*) (T*> (9-24)

A frequency redshifts with a factor (a./ag). The amplitude scales like an energy density over
the critical density and therefore changes like (ay/ag)* (redshift of the energy density) divided
by (H./ H0)2 (redshift of the critical density). The GW frequency fj of today, as well as the
GW amplitude Qgw, o of today are then derived from the frequency and amplitude at the
transition temperature, assuming radiation domination and thermal equilibrium at 7' = T,
as [41]

1
A« _ g« \6 T, f*
=f(=)=1 107°H — | = 2
fo=1 <a0> 6510 Z(1oo) <100Ge\/> H,’ (9.25)

4 2 1
. H, = 5 (1003
Qaw.o = Qaw. « (Z(}) (HO) =1.67x10°h2 ( p; ) Qaw, « - (9.26)
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9.4. First-Order Phase Transition Sources of Gravitational Waves

The GW power spectrum of Eq. (9.22) sourced by first-order PTs can be split into three
contributions [277]

R Qaw (f) = B*Qcon(f) + 22 Qsw(f) + h2Qrun (f) = 22 Qsw(f) + 22 Qrum(f) . (9.27)

As already motivated in Section 9.1, we will in this thesis focus on scenarios, with sufficient
friction between the bubble wall and the plasma in which a terminal wall velocity v, is
reached. In such scenarios, the plasma sound waves (SW) [39-41] and turbulence in the
plasma (Turb) [43] yield the bulk of the GW energy density and gravitational waves from
collisions (Coll), cf. e.g. Refs. [42, 44, 45], can be neglected.

The GW power spectrum can be parametrized by the peak amplitude QP of the power
spectrum multiplied by spectral functions that depend on the peak frequency fPeak [323]

4 7% f 3 3 f 2 _%
R Qaw(f) ~ hZQgggk () (ak> 1+ = (ak> (9.28)
7 fsw 4\ 15w
3
f e
+ hzgl”}urlt{) ( ) I (929)

(14 7/ 75) ™ (0 4 s/ )

The frequency and amplitude of the peak of the sound wave spectrum are parametrized
semi-analytically by the results of a numerical hydrodynamic lattice simulation [277, 324,
325],

1
1 T :
peak —6 * g« \ 6
=26x 1 ( ) Hz | .
Jsw = 2610 (H*R> <1OOGeV> 100/ (9:30)
= 2 3 2 H,R
2 Hpeak 2 2 *
R QL = 2.061 h FgW,oQgW% (Hi.R)* K&y for H.rg = ﬁ@ <1, (9.31)
. 2 H.R
2 eak 2 2 *
h*Qgw" = 2.061 h*Fyy 0Qgw (HoR) Kgyy - for  Hargy = Nk L, (9.32)
SW
4 1
ho\® gs 5 (100\3
Fawo = Qaa [ 2 ) 2 ~ (357 £0.05) x 107 , (9.33)
h. 9o h

with the fluid turnover or shock formation time 74, 2gw = 0.012 and the effective entropy
degrees of freedom at the transition temperature, hy, and today at Ty, hg. We assume that
he =~ g« and hg = go. The kinetic energy fraction for sound waves Kgw is defined following
Eq. (9.10) with the efficiency factor xkgw derived in Ref. [273], as discussed in Section 9.1.
The mean bubble separation R is defined by

H,
8

The speed of sound is denoted by ¢, = 1/1/3, see Section 9.1 for a discussion. Numerical fits
of the turbulence GW spectrum yield the peak frequency and amplitude [43]

W=

H.R = (87)3 max (vy), ¢s) - (9.34)

1
peak -5 1 T, g% \6
=7. 1 H :
Tup =909 10 <H*R> <1OOGeV> (100) o (9.35)
1
1 3 3
h2OPeAE —1.144 x 107 < ;0> (H.R) K2, , (9.36)
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with the kinetic energy fraction Ky, defined as in Eq. (9.10) with the efficiency factor

ETurb = 0.1 Kgw . (9.37)

All above mentioned GW spectrum formula in terms of the characteristic parameters, that
were defined in Section 9.1, were implemented in the public code BSMPTv3 [66].

9.5. Experimental Search Program

The experimental measurement of the stochastic GW background enables a pioneering view
on the early universe. In this section we want to briefly summarize some ongoing search
programs, their different strategies and obtained results. In Figure 9.1 the sensitivities of
some of the below-mentioned detectors are visualized.

In 2015, a gravitational wave, GW150914, was detected for the first time by a correlated mea-
surement at both sites of the Laser Interferometer Gravitational-Wave Observatory (LIGO)
by the Virgo and LIGO collaborations [326], confirming the prediction of gravitational waves
in general relativity.® Since 2015, many more gravitational waves of different origins were
detected using data correlations of Virgo (Italy) and LIGO (US). Their results of their first
three runs are categorized in a set of Gravitational-Wave Transient Catalogs [327-329], also
together with the underground interferometer Kamioka Gravitational Wave Detector (KA-
GRA) [330-333] (Japan), and also joint with GEO600 [334-338] (Germany). The next gen-
eration of ground-based GW observatories that are panned, are the Einstein Telescope (ET)
in Europe [339] and the Cosmic Explorer (CE) in the US [340].

The setup of the (under)ground-based GW detectors follows the principles of a Michelson
interferometer. A laser beam is reflected at the end-points of two same-size orthogonal arms
with lengths O(km). A passing gravitational wave induces a length difference of the arms
proportional to its amplitude that is then measured as a phase difference of the two laser
beams. This detector type is most sensitive in the Hz—kHz frequency band.

In order to go to lower frequencies of order mHz, the order of frequencies of a stochastic GW
background emitted e.g. in gravitational waves of first-order electroweak PTs, longer arm
lengths are required. They are planned to be realized by a set of space-based interferometers.
The first one planned to be launched is the Laser Interferometer Space Antenna (LISA)
[341-344] by NASA and ESA. LISA is planned to launch in 2035 and will be operating as a
Michelson interferometer with three spacecrafts organized in an equilateral triangle with arms
of a length of 2.5 x 106km. Its mission is planned to be supported by e.g. the DECi-hertz
Interferometer Gravitational wave Observatory (DECIGO) [345]. As a future successor to
LISA, the Big Band Observer (BBO) [346], is planned.

The first evidence of a stochastic GW background in the nHz-frequency range was published
in 2023 by the pulsar-timing array experiment NANOGrav (North American Nanohertz Ob-
servatory for Gravitational Waves) [46-50] as part of the collaboration of the International
Pulsar Timing Array (IPTA) [347] consisting of the European Pulsar Timing Array together
with the Indian Pulsar Timing Array [348] and the Parkes Pulsar Timing Array [349]. The
measured GW background can be explained by astronomical sources such as supermassive
black hole binaries [48], but also by cosmological sources including e.g. domain walls and
first-order PTs, as presented in Ref. [47]. In pulsar-timing array experiments, pulsars, ro-
tating neutron stars that emit jets of electromagnetic radiation, are used as reference clocks

5Moreover, GW150914 agrees with the theoretical prediction for the GW emission by a binary black hole merger.
Its observation is also the first-ever observation of a binary black hole merger event [326].
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and gravitational waves are inferred from deviations in their pulse arrival times, based on the
works of e.g. Refs. [350-352].

In this thesis, we investigate gravitational waves sourced by first-order PTs that constitute
a stochastic GW background with peak frequencies in the mHz range. Therefore, the space-
based interferometer experiments will be most sensitive to their spectra. In the following,
we will focus on the detection potential for gravitational waves sourced by first-order PTs of
LISA, as it is not only the first-to-be launched space-based experiment, but also, compared to
the other experiments, has the highest expected sensitivity in the mHz-range, as illustrated
in Fig 9.1. The detection potential of LISA of a predicted gravitational wave is characterized
by the signal-to-noise ratio (SNR). The SNR is a measure for the detectability of a GW
signal with amplitude h2Qqw given an experimental sensitivity 22Qgens in a frequency range
Sfmin < f < fmax, to which the experiment is sensitive, given a data acquisition time T,

oo h?ﬂewm i
SNR \/ / hQSens(f)] . (9.38)

min

Given the expected data acquisition time of LISA of 4yrs with a minimum duty cycle of
75 % [353], we take T = 4yrs-75% = 3yrs for the calculation of the SNR implemented
in BSMPTv3.” The sensitivity of LISA is written as a function of the power spectral density
Sk(f), given by the mission requirements [277, 353, 354], as

472

3
Qsens(f) = 3ngf Sn(f)- (9.39)
As described further in Chapter 3, we take the value measured by Planck for the Hubble
constant of today Hyp = (67.4 + 0.5)km/s/Mpc [21]. A GW signal is within sensitivity
of LISA, if SNR > 1. However, in order for it to be detectable independent of a potentially
underestimated experimental noise, we consider it to be detectable if it gives rise to SNR > 10.

"The result obtained for the SNR. with BSMPTv3 which assumes 7 = 3 years can be rescaled to obtain any value
of T by SNR(T) = 1/ ZSNR(3yrs).
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Figure 9.1.: Gravitational wave detector sensitivity curves in the GW amplitude versus GW
frequency plane. The sensitivity of the pulsar-timing array experiment is depicted with a
black curve, the sensitivities of space-bound interferometers are displayed with red and the
sensitivities of ground-based experiments with blue curves, respectively. Solid lines are cur-
rently operating experiments, dashed lines are planned experiments. All experiments are
further described in the text. This figure uses data provided by Refs. [315, 355], and the
latest data for the LISA sensitivity curve from Refs. [277, 325, 356].






CHAPTER 1 O

CHARGE-BREAKING PHASE TRANSITIONS IN THE
Two-H1GGs-DOUBLET MODEL

The origin of cosmic magnetic fields is still an open question [357-359] and aside from plasma
turbulence, which leads to magneto-hydrodynamic turbulence, during a first-order PT [43,
360, 361] also an intermediate period of electromagnetic charge violation could provide a
production mechanism. Models with extended scalar sectors can exhibit complicated multi-
step phase transition histories, cf. e.g. Refs. [209, 362-370]. In the following, we will discuss
transition histories with several phases. The nomenclature for phases depending on their
characteristic features is summarized in Sec 4.5. An interesting multi-step transition his-
tory with an intermediate charge-breaking (CB) phase in a BSM model can proceed via the
following steps

. . TN _ _ TN _ _
wEw:O, wCB:0—>wEw7éO, wCB#0—>wEw7éO, weg =0. (10.1)
EW symmetric, EW broken, EW broken,
neutral phase CB phase neutral phase

In a CB phase, the U(1)gym is broken by the VEVs, i.e. for the CP-conserving 2HDM in our
notation outlined in Section 6.1, this corresponds to wep # 0. Consequently, the electromag-
netic gauge boson, the photon, becomes massive and electric charge is no longer conserved,
leading e.g. to mixing between the formerly charged leptons and neutrinos.

The 2HDM is the simplest possible BSM model that allows for intermediate CB phases. The
real 2HDM allows for CB, neutral CP-violating, and neutral CP-conserving vacua. Because
both, the CB and the CP-violating VEV contribute to the EW VEV, defined in Eq. (6.6),
the EW symmetry is broken if one of them is non-zero. At zero temperature, it was shown
that an existing neutral CP-conserving electroweak broken vacuum must always be a global
minimum [371, 372], rendering any additionally existing CB or CP-violating minima non-
global. Although theoretically in a 2HDM, a lower, neutral CP-conserving electroweak broken
vacuum with vgw # 246 GeV can exist [373-375], its existence is ruled out as discussed by
Refs. [376, 377] when taking into account LHC bounds. At finite temperature, a vastly diverse
landscape of minima of the scalar potential can evolve.

In Section 10.1, we briefly summarize the results of our work in Ref. [378] on intermediate
CB minima in the type-1, CP-conserving 2HDM as introduced in Section 6.1. Furthermore,
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in Section 10.2 and 10.3 we go beyond the study of Ref. [378] by calculating EWPTs with
intermediate CB phases, using BSMPTv3. We focus on a study of EWPTs for two exemplary
benchmark points with CB phases in Section 10.2. This study with BSMPTv3 was presented
in Ref. [66]. We conclude this chapter in Section 10.3 with an analysis of the EWPTs of
the full sample of points that exhibit intermediate CB phases generated for Ref. [378], using
BSMPTv3. We furthermore present calculated SNRs for first-order EWPTs with intermediate
CB phases.

10.1. Charge-Breaking Phases in the Two-Higgs-Doublet Model

Using an approximation for the high-temperature behaviour, in which the temperature cor-
rections are absorbed into modified quadratic mass parameters of the tree-level potential,
m% — m? + ¢;T? with i € {1,2}, the authors of Refs. [209, 379] showed that transition his-
tories involving intermediate CB phases are possible in the 2HDM. Based on CB seed points
generated via the high-temperature approximation, we extended the study of Refs. [209, 379]
in Ref. [378] by showing that parameter regions that allow for global intermediate CB min-
ima exist also beyond the high-temperature approximation in the finite-temperature effective
potential with one-loop corrections and daisy resummation. We check for agreement with
theoretical and experimental constraints using ScannersS, as detailed in Section 5.1, and fur-
ther require zero-temperature absolute vacuum stability at NLO using BSMPTv2, as described
in Section 5.2. We then calculate the temperature evolution of the global minimum for the
valid points with BSMPTv2. We find theoretically and experimentally valid points with in-
termediate CB phases for scenarios with large scalar quartic couplings, 4 < |Amax| < 8, and
low charged Higgs boson masses, mpy+ < 210 GeV. Experimental constraints for the type-1
2HDM, on the one hand, limit the allowed range for charged scalar masses for which in-
termediate CB minima appear to 100 GeV < mg+. Here, we find that using the one-loop
resummed effective potential helps fulfilling the lower bound on the charged scalar mass, as
the full one-loop treatment allows intermediate CB minima up to mg+ < 210 GeV, while the
high-temperature approximation can only realize CB phases with my+ < 100 GeV, which is
ruled out by experiment. However, this consequently means that type-2 2HDM parameter
points are ruled out w.r.t. the ability to generate an intermediate CB minimum, as here the
experimental lower limit on the charged scalar mass is above 800 GeV [166-169]. On the other
hand, large quartic scalar couplings are in conflict with electroweak symmetry restoration at
high temperatures. We find no intermediate CB point that is experimentally valid and has
high-temperature electroweak symmetry restoration. We find, however, experimentally valid
intermediate CB points with a period of intermediate EWSR. Any EWSR period followed by
a strong first-order EWPT can possibly yield the initial conditions for successful EWBG, cf.
Chapter 3.

On the side of collider phenomenology, the parameter space of intermediate CB points can
be probed for in decays of the heavy Higgs boson. As most intermediate CB points of our
sample are characterized by Ay & A5, the CP-odd neutral scalar mass m 4 and the charged
scalar mass my+ are almost degenerate, while the heavy CP-even neutral mass my is heavier
by ~ 100 GeV. This mass spectrum favours decays of a H into a scalar boson plus vector
boson pair, H — AZ or H — HTWT. Experimental searches for AZ, cf. e.g. Refs. [380,
381], and searches for H¥WT could therefore specifically test this parameter space.
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Figure 10.1.: Phases for BP1 (left) and BP2 (right) tracked with BSMPTv3 in the temperature
range T € [0, 400] GeV. The high-temperature phase is coloured in red, the low-temperature
phase in blue. Coordinates of w; are marked by solid lines, wy by dashed lines and wcp by
dotted lines. The vacuum coordinate of the CP-violating VEV is zero for the whole tem-
perature range for both points, Wop = 0. The low-temperature phase contains a continuous
transition between the intermediate CB phase and the low-temperature neutral phase.

10.2. Phase Transition Analysis for Benchmark Points

Having shown the existence of global CB minima in the one-loop and daisy-resummed effective
potential at finite temperatures for the type-1, CP-conserving 2HDM with a softly-broken Zo
symmetry, we will discuss in the following whether such CB minima can play a role in the
transition history of the early universe. Using BSMPTv3, cf. Chapter 7, we will therefore
investigate whether first-order EWPTSs from a neutral to a CB phase (or vice-versa) can take
place in the early universe. For this we consider two benchmark points that were already
studied in detail in Ref. [378]. These are benchmark point BP1, defined as

BP1:  type=1, A\ =6.931, Ay = 0.263, A3 = 1.287, \y = 4.772, A5 = 4.728,
m3y = 1.893 x 10* GeV?, tan 3 = 16.578 , (10.2)

and benchmark point BP2, given by

BP2:  type=1, A\; = 6.846, Ao = 0.259, A3 = 1.466, Ay = 4.498, A5 = 4.450,
m2, = 6.630 x 103 GeV?, tan 3 = 45.320 . (10.3)

We trace all phases for these points using the code BSMPTv3 and find a phase structure in
agreement with the global minimum evolution that we found using BSMPTv2 [378], as pre-
sented in Ref. [66]. In Figure 10.1, we illustrate the result of the phase tracing. For both
points, we find a neutral high-temperature phase with @w; # 0 and @Ws # 0 (red lines). We
furthermore find an intermediate CB phase (blue dotted line) that transitions continuously to
the electroweak broken neutral phase that leads to the electroweak minimum at 7' = 0 GeV.
We then calculate the bounce solution and characteristic temperature scales for the overlap
between the neutral phase at high temperature and the CB phase at low temperature for both
points. We find for both of them valid first-order EWPTs. For BP1 we find T, = 226.3 GeV
and T}, T}, and T close together around 223 GeV. This corresponds to a first-order EWPT
from wéa]lgse = 0GeV to wl® = 148 GeV. The first-order EWPT of BP1 therefore sponta-
neously violates the U(1)gym symmetry. This symmetry is then restored around 200 GeV. For
BP2 we find T, = 231.0GeV, T}, = 203.5GeV, T, = 199.0 GeV and T} = 198.4 GeV. While
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Figure 10.2.: Potential contours for BP1 defined in Eq. (10.2), at the critical temperature
T¢ (top row) and at the percolation temperature 7}, (bottom row). In the left column, one-
dimensional slices from the false to the true vacuum versus the coordinate of the electroweak
VEV wrw are illustrated. In the middle column we show the two-dimensional contours in
the ({1, (2) = (w1, wa)-plane, in the right column we show the two-dimensional contours in
the (p2, ¥2) = (weB, wep)-plane, respectively. Field directions not displayed are set to the
coordinates of the true minimum. The false (true) minimum is illustrated with a white dot
(asterisk). Figure published in Ref. [66].

at T, the electromagnetic symmetry is violated in the true phase with wgge = 188.3GeV,
at Ty, T, and Ty we find wtcrge = 0GeV. The true minimum therefore transitions to the
neutral phase before the first-order EWPT in BP2 takes place. Consequently, even though
a global CB minimum exists in an intermediate temperature region for BP2, no significant
fraction of the universe will transition into it and the CB phase cannot leave an imprint on
the cosmological history.

In Figures 10.2 (for BP1) and 10.3 (for BP2) we illustrate potential contours for both points
at the critical (top row) and percolation temperature (bottom row). In the respective left
columns of the figures, we illustrate the degeneracy of true and false minima at T' = T, and the
lower true minimum at 7" = 7,,. The middle columns display the two-dimensional potential
contours in the ({1, (2) = (w1, wy)-plane. The position of the false (true) minima are marked
with a white dot (asterisk). For BP1 and BP2, the false and true minima at 7. and T, are
close together, in accordance with Figure 10.1. In the respective right-most columns, we show
two-dimensional potential contours in the (p2, ¥2) = (wep, wep)-plane. As both points are
characterized by A4 ~ X5, the potential is almost invariant under change of (wip + wip).
At the critical temperature, the near degeneracy of A4 and A5 leads to a minimum in the
(wep, wep)-plane in form of a slightly dented ring in favour of Wep # 0 for both points, while
wcp = 0GeV for the whole temperature range. At the percolation temperature, this ring
still exists for BP1, and the true minimum lies at e # 0. For BP2, the ring has contracted
onto wep = wep = 0 and consequently, the true phase is no longer a CB phase.

To conclude, intermediate CB minima are possible in a type-1, CP-conserving 2HDM with
a softly-broken Zo symmetry. The analysis of the benchmark points, however, shows that a
detailed calculation of transition rates between false and true phases is inevitable to be able
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Figure 10.3.: Potential contours for BP2 defined in Eq. (10.3), with the same panels as in
Figure 10.2. Figure published in Ref. [66].

to judge if an intermediate CB phase is populated by a significant vacuum fraction during
the temperature evolution of the universe.

10.3. Phase Transition Analysis for Point Sample

After looking at these two benchmark points in detail, we perform a calculation of the first-
order EWPTs with BSMPTv3 for the complete point sample of Ref. [378], for which the ex-
istence of finite-temperature global CB minima was found with BSMPTv2.! For each point
of the sample, we trace its minima in the range 7' € [0, 1] TeV, identify overlaps between
phases and calculate transition rates for overlaps. For first-order EWPTs, we then derive
the characteristic temperatures and the GW spectrum and evaluate the SNR for a three-year
data acquisition period at the LISA experiment.

In Figure 10.4 we illustrate the results. We show all points that are confirmed to have an
intermediate CB phase with the new phase identification and tracing algorithms of BSMPTv3
as magenta stars in the two-dimensional plane spanned by the absolute value of the maximal
quartic coupling | Apax| versus the value of the charged scalar mass mg+. The results obtained
with BSMPTv3 are in accordance with the overall results that were obtained by the global
minimum search performed with BSMPTv2 for Ref. [378]. We confirm finding points with
intermediate CB phases for 4.8 < [Amax| S 8 and 130 GeV < mpy+ < 210GeV.

In Figure 10.4 (top), we display by coloured dots the points for which we find completing first-
order EWPTs in addition to an intermediate CB phase. These points have 6.4 < [Apax| < 7.7
and 130GeV < my+ < 190GeV, and, as a subset of the magenta points, align with the
results of Ref. [378]. The coloured dots have a completing first-order EWPT from a neutral
false phase to a CB true phase with a value of [W@E*(T)| > 0 of the true phase indicated
by the colour code. The transition history of the points illustrated by the coloured dots is
therefore similar to the one of BP1. The black squares are points with an intermediate CB
true phase that, however, transitions to a neutral true phase before the first-order EWPT

'Details on BSMPT and the differences between its versions can be found in Section 5.2 and in Chapter 7.
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Figure 10.4.: Results of the EWPT calculation for the CB sample generated in Ref. [378] using
BSMPTv3. Displayed as magenta stars are points where we identify intermediate CB phases
in the parameter plane spanned by the maximal absolute quartic coupling |Apax| versus the
charged scalar mass mpy+. The coloured points that are displayed on top of the magenta
stars indicate points for which in addition to an intermediate CB phase we find completing
first-order EWPTs. The colour of the overlaying points indicates the size of @& (T) of the
true vacuum (top) as well as the SNR at LISA with a three-year data acquisition period
(bottom), calculated assuming radiation domination. The black squares in the top figure
mark points for which [WE°(T)| < 1 GeV and therefore the U(1)gy is already restored when

the first-order EWPT completes.
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from a neutral false phase takes place, i.e. they show transition histories similar to the one of
BP2. Therefore, in the full CB-point sample, we find versions of the transition history of BP1
and BP2. However, only histories similar to BP1, in Figure 10.4 displayed by the coloured
dots, can potentially imprint their CB properties on the cosmological history of the universe.

With BSMPTv3 we furthermore calculate the SNR at LISA with a three-year data acqui-
sition period for gravitational waves sourced by first-order EWPTs. Under the assump-
tion that the universe is radiation-dominated at the percolation temperature,? we calculate
10716 < SNR(LISA-3yrs) < 10~° for the points for which we find first-order EWPTs with an
intermediate CB phase. In Figure 10.4 (bottom), we show the SNR at LISA as colour code
of these points. Due to SNR(LISA-3yrs) < 1079, gravitational waves of the displayed points
will escape detection at LISA.

10.4. Conclusions

In this chapter we showed the possibility of first-order EWPT with intermediate CB in a
type-1, CP-conserving 2HDM with a softly-broken Zs symmetry. We found first-order EW-
PTs from a neutral to a CB phase that transitions continuously at a lower temperature into
the neutral phase of today. We furthermore calculated the gravitational waves associated
with such CB first-order EWPTs. The SNRs that we identified for the first-order EWPT
points of our CB sample are too low to be in the sensitivity range of LISA. However, we
note that this may be merely a result of our sparse point sample and that no general phe-
nomenological statement can be drawn from this observation. Moreover, even in our sparse
CB first-order EWPT point sample, we found SNRs spanning over ten orders of magnitude,

—true

with larger [wWg°(7y)| correlated with higher SNRs. This clearly shows the potential of grav-
itational waves being amplified by strong first-order EWPTs. As the size of [w@E°(Ty)| > 0
directly drives the strength of the first-order EWPT, a more detailed parameter scan in the
discussed parameter regions might well reveal strong first-order EWPTs with spontaneous
CB that source gravitational waves which are in the detectable range of future space-bound

interferometers, such as LISA.

We further note, that the impact of the CB phase on the energy density of the universe
adds to the existing theoretical uncertainties of the GW calculation, consisting of e.g. the
determination of the wall velocity. A consistent treatment of the change in the energy density
content of the universe during a first-order EWPT into a CB phase would be desirable, and is
left for future work. The presented SNRs already illustrate the potential of first-order EWPT's
into CB phases to also source gravitational waves with large ranges of possible SNRs.

2The first-order EWPTs that are under investigation here, take place from a neutral false phase to a CB
true phase at the percolation temperature T = T}, where 71 % of the universe is still in the false radiation-
dominated phase.






CHAPTER 1 1

PHASE TRANSITIONS IN ‘CP IN THE DARK’

In this chapter we discuss a specific N2HDM extension of the SM, named ‘CP in the Dark’
[178, 382-384]. We focus on its ability to facilitate a one-step first-order EWPT and source
gravitational waves. We furthermore show the possible transition histories. The characteristic
feature of this model is the possibility of CP violation that is not in tension with the EDM
bounds [171], as will be elaborated below, as its CP violation resides in the dark sector. CP
violation in the dark sector has also been studied in the literature, e.g. for a 2HDM plus real
singlet and real triplet field in Refs. [385, 386], named partially secluded CP violation, where
the authors showed that the BAU can be generated and transferred to the EW broken phase
of today in a two-step PT.

The model ‘CP in the Dark’ has a scalar sector extended by an additional doublet ®5 and a
real singlet ®¢ with an imposed Zy symmetry,

(131 — (I)l R (1)2 — —‘1>2, (I)S — —(I)S . (111)

The fermion fields are assumed to be invariant under the Zo symmetry. Therefore, only
the first doublet ®; couples to fermions, the Yukawa sector is identical to the SM Yukawa
sector, and tree-level FCNCs are prohibited. The SU(2)r x U(1)y and Zg-invariant tree-level
potential of ‘CP in the Dark’ reads

m2
VO = @12 + k| @ + T2 0% + (A2] 2205 + A 0}0105)

A A A
+ *21 1] + —22 | ot + N3] D1 |2 Da|? + Ay | D] o + *25 (@]®)% + (2]®1)? (11.2)
A A A

While A5 can be chosen real without loss of generality, by absorbing its complex phase into
a redefinition of the doublets, the trilinear coupling A is in general complex. The finite-
temperature vacuum structure is defined by taking into account the neutral CP-even doublet
and singlet VEVs, W) 2 and Wg, respectively, as well as the CP-violating (wcp) and the
charge-breaking (wcg) VEV

! pLtim ) 1 ( p2 +WeB + 2 > _
"= w4l ) 2T Do 4 i = ) ®s=(s+ws, (113
' V2 <C1 +w + 1y 2 Co+wa + (Vg + Wep) s =(s s, (11.3)

2
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introducing the charged CP-even fields p;, charged CP-odd fields n;, neutral CP-even fields
iy Cs and neutral CP-odd fields ¥; (i = 1,2). To be as general as possible, we allow for Wcp,
find however, that numerically, wcp is zero for all parameter points discussed below. The
zero-temperature minimum conserves the Zs symmetry,

(@1)|T=0Gev = \}5 (i) , (P2)|7=0Gev = \2 (8)  (Ps)|T=0cev = 0, (11.4)

with
W1 |p_g ey = V1 = vEw = 246 GeV . (11.5)

Therefore, at T' = 0 GeV, there is a conserved quantum number, named dark charge, asso-
ciated with the exact Zs symmetry. The first doublet is SM-like with dark charge +1. Its
neutral CP-even mass eigenstate is the SM-like Higgs boson h. The second doublet and real
singlet form a dark sector with dark charge —1. The neutral fields (o, U9 and (g mix with a
mixing matrix given by

02
m%2 + 71)\345 0 , Re (A)Ul
M]2V = 0 m%Q + %)\345 —Im (AQ)UI > (11'6)
Re (A)vq —Im (A)vy m% + %1)\7

where A\345 = A3 + M + A5 and A\345 = A3 + A\s — As. The mass eigenstates are derived via
diagonalization with a rotation matrix R that is parametrized in terms of three mixing angles
i, 1 =1,2,3,

Can Casy Say Cas Sag
R = | —(ca;Sas5as T SaiCas) Cay Cas — Say SasSas CasSas | » (11.7)
“CaiSazCas + Sy Saz _(Coq Sas + Salsazcas) CasCas
so that
. 2 2 2\ _ 2 pT
diag(my,, , mp,, mj,) = RMNR™ . (11.8)

By convention, the masses are ordered, my, < mp, < mp,. The dark sector consists of a
pair of dark charged scalars H* and three neutral dark scalars h;, i € {1, 2, 3}. The lightest
neutral dark scalar, hy, is a stable dark matter candidate.

The model ‘CP in the Dark’ exhibits explicit CP violation in the dark sector [382]. Under
CP, the complex scalar doublets and the real scalar singlet transform as

CcP

— (I)T(ta _f)7 ¢)2(t> f) r

4 (t,7) Ly oy(t,—1), Bs(t,7) L ds(t, —7), (11.9)

and the tree-level potential is invariant except for the trilinear term oc A that transforms as
T= (A@{cp? n A*@Q@l) os L (AT D5 + A*BT D) D5

- (A*(I)J{q)g v Aq>§<1>1) by (11.10)
= T2 7 it A= A"

Therefore, if Im (A) # 0, the tree-level potential is not invariant under the CP transformation
defined in Eq. (11.9). However, the vacuum after spontaneous symmetry breaking at 7" =
0GeV, defined in Eq. (11.4), is invariant under CP. Therefore, CP is not spontaneously, but
explicitly broken in case Im (A) # 0 [382]. Moreover, the dark neutral scalars h;, (i = 1,2, 3),
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mp, mp, M+ o Ao A6 A8 m§2 m%

7

125.09 [1,10% [65,10% [-Z,%] [0,9] [0,17] [-26,26] [0,10° [0,109]

Table 11.1.: Ranges for the input parameters used for the scan with ScannerS. Units of the
masses my, mp,, my+ are in GeV, the units of the mass-squared parameters m3,, m% are in
GeV?, all other parameters are dimensionless. The chosen ranges for the dark scalar masses
are further discussed in the text.

are mixtures of the CP-even and CP-odd neutral dark fields in case Im (A) # 0, as can be
seen from Eq. (11.6). This shows that the explicit CP violation is in the dark sector. Because
the dark sector does not couple directly to fermions, this explicit CP violation in the dark
sector is not constrained by the stringent EDM constraints. As the dark charged scalar does
not couple to fermions, the B-physics bounds, compare Section 5.1, are fulfilled. Its mass
is furthermore not constrained by the direct LEP bound of mg+ > 90 GeV, because this
constraint assumes an exclusive decay of H* into fermions [382].

The neutral CP-mixed dark scalars h; couple to the Z boson, in a Zh;h; vertex with i # j
[382], and to neutral scalars, e.g. in vertices with the SM-like Higgs boson, hh;h; and the
neutral Goldstone boson, Gohihj, i,7 € {1,2,3}. Loop effects can therefore transfer CP
violation from the dark to the visible sector. In Ref. [382] the impact of explicit CP violation
on anomalous triple gauge boson vertices was studied in detail. The possibility of loop-induced
CP violation furthermore requires an extension of the finite CT potential, introduced for our
OS renormalization, cf. Section 5.2, beyond the field combinations appearing in the tree-level
potential. One additional CT needs to be introduced, which parametrizes the additional
CP-violating structure, as was discussed in detail in Ref. [178].

In the following, we discuss results for ‘CP in the Dark’ for a random parameter scan'

performed with ScannerS and BSMPTv3 in the input parameter ranges of Tab 11.1. With
ScannerS and BSMPT, we ensure that our points today at T' = 0 GeV lie within the theoretically
and experimentally allowed parameter space, as discussed in detail in Section 5.1.

Let us add a remark on the compatibility with the LHC Higgs data in this context. The only
decays of h into SM particles that are influenced by dark sector contributions are the decays
into a pair of photons v, as well as the decay into Z+~, stemming from a loop with the dark
charged scalar H*. Therefore, the h — vy and h — Z~ branching ratio can be modified
w.r.t. the SM prediction. The mass of the dark charged scalar HT is chosen to vary between
65 GeV and 1 TeV to eliminate the possibility of h — HTH~ decays. We furthermore allow a
range of 1 GeV < my, < 1TeV for the dark neutral scalar masses.? This allows for decays of
the SM-like Higgs boson h into h;h; when my, +mp; < my, with i,j € {1,2,3}. When such
new dark decay channels open up, all branching ratios of h into SM particles are reduced
w.r.t. the SM prediction. With ScannerS, using HiggsTools, as described in Section 5.1, we
take into account all Higgs data constraints.

In our earlier analysis [178, 383] of ‘CP in the Dark’ with BSMPTv2, cf. Section 5.2, we found
points that allow for a strong first-order EWPT, & = 1. The analysis presented in this
chapter goes beyond this earlier analysis by calculating first-order EWPTs and gravitational
waves with BSMPTv3, cf. Chapter 7. For the parameter points, that we find to be valid using
Scanners$ as described above, we look exclusively for completing® one-step first-order EWPTs

!The seed point distribution for the scan is random, therefore the point density in the scatter plots has no
physical meaning.

2In the scan of [382] the masses of hy (k = 1,2,3) were constrained to be above 70 GeV which ruled out
h — h;h; decays, with i,5 = {1,2,3}. Consequently, all h branching ratios, except for h — vy were SM-like.

3For a completing transition, there exists a completion temperature that we can calculate as defined in Eq. (8.37).
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in a temperature range T € [0, 300] GeV with BSMPTv3. We require absolute vacuum stability,
i.e. that the NLO zero-temperature global minimum lies at the position of the EW tree-level
vacuum vgw = 246.22 GeV. We also choose to only take into account points with T, > Tgw =
100 GeV, cf. Chapter 3, to not include points in the analysis that depart too far from the
high-temperature approximation, c.f. Chapter 4. We furthermore enforce EWSR in the false
phase at the critical temperature by requiring that w%‘\l%e(Tc) = (0. Consequently, sphaleron-
mediated transitions are in thermal equilibrium in the false phase, which ensures one necessary
condition for electroweak baryogenesis, as discussed in Chapter 3. For the computation of
the GW signals, we assume the EWPT to take place at a transition temperature equal to the
percolation temperature

T.=T,), (11.11)

see Section 8.2. We define the &-parameter at the critical temperature, &, as in Eq. (3.13)
and at the percolation temperature, §,, analogously,

wtrue T
& = (1) = ST (11.12)
D
with
Upw = \/w§+@2+w%P+w%B. (11.13)
The superscripts @™ and @™1%¢ label the VEVs of the true and false phase, respectively.

In Section 11.1 we discuss the generated point sample with a one-step first-order EWPT
with respect to the expected SNR at LISA. In Section 11.2, we show DM observables, e.g.
the direct detection cross section and DM relic density for the point sample and comment
on the impact of the latest experimental direct detection exclusion bounds. We present a
detailed discussion of the observed different phase histories in Section 11.3 and conclude in
Section 11.4.

11.1. First-Order Phase Transitions and Gravitational Waves

In agreement with our earlier studies [178, 383, 384] using BSMPTv2, we find that ‘CP in the
Dark’ allows for strong first-order EWPTs. Moreover, we find completing strong first-order

EWPTs with £, 2 1 across the allowed mass region mpy+ > my,, as illustrated in Figure 11.1
(left).4

Furthermore, we derive the acoustic and turbulence GW spectrum sourced by the first-order
EWPTs and calculate the corresponding SNR at LISA with a three-year data acquisition
period. Figure 11.1 (right) shows the point sample in the my, —my+-plane, colour coded with
the value of the SNR. We find strong first-order EWPTs with up to SNR(LISA-3yrs) = 17.11
and points with SNR > 10 scattered across the allowed myp, —my+-region. Only the strongest
first-order EWPTs with &, > 3.2 lead to a value of SNR > 1, as illustrated by Figure 11.2.
Here, we show &, versus . for the allowed point sample, colour coded corresponding to the
SNR. All points with SNR > 1 are strong first-order EWPT points with 1.3 < & < &, as
T, <T..

In Figure 11.3, we show peak amplitude and peak frequency values of the GW spectrum,
colour coded corresponding to the value of the SNR at LISA with a three-years data acqui-
sition period. From the figure, we see that, as expected, points with SNR > 1 lie above

“The mass hierarchy my+ > mp, stems from the requirement that h; is the lightest stable state in order to
have a neutral DM candidate.
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Figure 11.1.: Scatter plot in the myj, — mpy+-plane for the parameter sample generated in
the ranges of Table 11.1 with applied the constraints from ScannerS and BSMPT, cf. text for
details. Left: Colour code denotes §,. Points with &, < 0.5 are coloured in grey. Right:
Colour code corresponds to the value of the SNR of the gravitational waves sourced by the
first-order EWPTSs in sound waves and turbulence measured at LISA with a three-years data
acquisition period. The grey points have an SNR < 1 and therefore escape detection at LISA.

the LISA sensitivity curve, shown as the dashed grey line. For this figure, we exceptionally
take into account only the sound-wave contribution to the GW signal. We find that gravi-
tational waves sourced by turbulence only play a subdominant role for our points, which we
will elaborate on in the following. After the period, during which sound waves are sourced,
turbulence is sourced by non-linearities in the plasma. In particular, strong transitions with
long durations and therefore possible supercooling are expected to lead to an early start of
the turbulent regime [244, 323-325, 387]. However, in our point sample we maximally find
a < 0.3, with « defined as in Eq. (9.7). Using the categorization of [388], this corresponds to
the regime of mild supercooling.? This is compatible with the observed O(10 GeV) differences
between nucleation and percolation temperature, T,, — T, for points with SNR > 1. Our point
sample is therefore characterized by comparably short durations of the first-order EWPTs,
that are primarily in the acoustic regime, in which the bulk of the vacuum energy is emitted
as sound waves. The SNR is therefore dominantly given by the sound wave contribution.
Based on these observations, we assume that the first-order EWPTs of the point sample take
place fast enough to ensure that our assumption of a terminal bubble wall velocity holds.

®We find 1.01 < SNR(LISA-3yrs) < 4.14 for a < 0.1 (slight supercooling) and 1.98 < SNR(LISA-3yrs) < 17.11
for 0.1 < a < 0.5 (mild supercooling), according to the classification of supercooling by the PT strength a of
Ref. [388].
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Figure 11.2.: &, versus &.. The colour indicates the SNR for gravitational waves produced via
sound waves and turbulence at LISA after a three-year data acquisition period. Points with
SNR < 1 are coloured in grey.
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Figure 11.3.: Sound-wave GW peak amplitude versus peak frequency. The colour code shows
the SNR calculated from the sound-wave contribution only. Grey points have SNR < 1. The
dashed grey line marks the sensitivity curve of the LISA experiment taken from Refs. [277,
325, 356], cf. Section 9.5.
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11.2. Dark Matter Observables

The model features a WIMP as a DM candidate, given by h;. In this section we show how
the obtained sample of strong first-order EWPT points matches the DM constraints from
the measured relic density and direct detection experiments. In Figure 11.4 (left column)
we show the freeze-out relic density Qprodh2 for the DM, which is given by hy calculated
with MicrOMEGAs, versus my, for all allowed parameter points coloured by &, (top), as well
as their corresponding value of the SNR (bottom) for the resulting GW spectrum at LISA
with a three-year data acquisition period. Using ScannerS and MicrOMEGAs, as described in
Section 5.1, only (under)abundant points with a DM relic density of Qproah? < Qexph?® =
0.1200 £ 0.0012 [21] are retained.® We find strong first-order EWPTs with &, > 1 within
the 1o error bands of the measured relic density. For the points with SNR > 1 we find
at most Qprodh2 = 0.08, which is slightly underabundant w.r.t. to the experimental result.
The underabundance does not rule out these points, it just raises the need of additional
DM candidates to saturate the measured relic density. Consequently, a strong first-order
EWPT and observable gravitational waves are compatible with the observed DM relic density.
Parameter points with a strong first-order EWPTs can even saturate the measured DM relic
density. The latter conclusion was reached already in Ref. [178], based on only the BSMPTv2
analysis.

In Figure 11.4 (right column) we show the effective spin-independent direct detection cross
section f,, - o versus the DM mass my, for the allowed parameter points coloured again
according to their value of £, (top), as well as SNR value (bottom). The effective cross
section is calculated by rescaling the cross section o with

- Qprod h2

Fox = Qogh? (11.14)

to account for underabundance Qproth < Qexth, cf. Refs. [389, 390]. The null result of
direct detection experiments [88-91] constrains the dark sector of BSM models such that the
allowed interaction of the dark sector with the SM-like sector is more and more suppressed.
Applying the constraints of ScannerS using MicrOMEGAs, points that have fy, - o above the
exclusion limit measured in 2018 by XENONIT [88] are discarded. Since 2018, updated
exclusion limits were published by the PandaX collaboration in 2021 [89], by LUX-ZEPLIN
(LZ) in 2022 [90] and by XENONnT in 2023 [91]. We show all mentioned exclusion limits
in Figure 11.4 (right column). The parameter space is most constrained by the LZ exclusion
limit. An application of the LZ exclusion limit on our parameter points would remove a
slice of the parameter space including points with SNR > 10. We still find strong first-order
EWPT points, however, with SNR > 10 and &, > 1 below the LZ exclusion limit. Such
points are furthermore found to be above the neutrino floor, below which elastic coherent
neutrino-nucleus scattering becomes undistinguishable from the dark matter signal [391].
Consequently, the requirement of escaping detection at current direct detection experiments
is compatible with points that have a strong first-order EWPT with £, > 1 as well as with
an SNR > 10.

Figure 11.5 shows the effective direct detection cross section f,, -0 versus the DM mass my,, for
the allowed point sample, with the colour code indicating the corresponding DM abundance
ratio, 0 < Qprodhz/ﬂexth < 1. From the figure, we can deduce that €,,0q ~ Qexp >~ 1 is
found for low, as well as for high DM masses my,.” In addition, the requirement of escaping
direct detection is compatible with saturating the measured DM relic density.

5The most precise value of the DM relic density is derived from CMB data collected by the Planck satellite
[21], from which the CMB anisotropy power spectrum is obtained. The values of the baryonic and DM relic
densities are then directly derived by fitting the CMB anisotropy power spectrum assuming the ACDM model.

"The high density of points with Qprod/Qexp =~ 1 for large mp, is a relic of the random seed of the scan, cf.
Section 5.1. We also find points that saturate the DM relic abundance for lower my,,, cf. Figure 11.5.
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Figure 11.4.: Left column: Relic density versus DM mass my, for the allowed parameter
points. The red line marks the experimental central value of Qex,h? = 0.12 [21]. Right
column: Effective spin-independent direct detection cross section versus DM mass my, for
the allowed parameter points. The light grey area is the neutrino floor, below which WIMP
DM cross sections become indistinguishable from coherent elastic neutrino scattering with
the nucleus [391]. The coloured lines illustrate exclusion limits by XENONIT (dotted blue
line) [88], XENONNT (dash-dotted red line) [91], PandaX (dashed orange line) [89] and LZ
(solid green line) [90]. The parameters space that is excluded by LZ is hatched. The colour
code of the top row indicates the value of £, and the colour code in the bottom row indicates
the SNR for gravitational waves produced via sound waves and turbulence at LISA after a
three-year data acquisition period. Points with £, < 0.5 or SNR < 1 are displayed in grey,
respectively.
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Figure 11.5.: Same figure as Figure 11.4 (right), but points are colour coded by the value of
the calculated relic density Qproth normalized to the experimental central value Qexph2 =
0.12 [21].

11.3. Phase Histories

We now look in more detail at the different possible phase histories that we find to allow
for a one-step first-order EWPT while requiring the restoration of the electroweak symmetry
in the false phase at T, as well as absolute vacuum stability at T = 0GeV. In [178] we
found points with a strong first-order EWPT with two different temperature evolutions of
the global minimum. In the first one, only the SM-like finite-temperature VEV participates,
|o1| > 0, while the dark VEV coordinates of the global minimum are zero across the whole
temperature range. In the second one, additionally the dark VEV coordinates of the global
minimum are non-zero (excluding @Wcp which is found to be zero for T € [0, 300] GeV) in
intermediate temperature-ranges.

Using BSMPTv3, we go beyond a global minimum analysis and trace the five-dimensional local
minima positions of the high- and the low-temperature phase over the temperature range in
which they exist within 7' € [0, 300] GeV. This does not only allow for a calculation of the
transition rates between false and true phases and the deduction of characteristic temperatures
and GW parameters as already discussed above, but also gives more insight into the possible
phase patterns.

Our study confirms the observation presented in Refs. [178] and further details the possible
phase histories by categorizing them into four cases. Phase histories for exemplary bench-
mark points for each category are shown in Figure 11.6 and will be further discussed below.
The benchmark points are given in Appendix A. Each row of the figure corresponds to one
benchmark point. The columns (from left to right) illustrate the temperature evolution of the
false, high-temperature, phase (red dashed line) and the true, low-temperature, phase (blue
solid line) of one of the five VEV coordinates {w1, wa, Wcp, Ws, WeB}, respectively. We find
the following four categories:

1. For points of the first category, only the SM-like neutral CP-even doublet VEV @; par-
ticipates in the first-order EWPT and is non-zero for the low-temperature EW broken
phase. In the high-temperature phase, all VEVs are zero at T.. Therefore, the Zo
symmetry is exact in the false and in the true phase and the EW symmetry is broken
spontaneously by wy. In short, the phase history associated with the first category is:

EW symmetric and 1st-order EWPT EW broken and
. —_— > 3 .
Zo-symmetric phase Zp-symmetric phase
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Figure 11.6.: Four benchmark points exemplary for the four categories of found phase his-
tories that can yield a first-order EWPT with EWSR at T, illustrated in all five VEV
coordinates. The columns (from left to right) show the temperature evolution of the high-
temperature phase (red dashed line) and the low-temperature phase (blue solid line) in the five
coordinates {wy, Wa, Wcp, Ws, WCB ), respectively, versus the temperature T € [0, 300] GeV.
The rows correspond to one benchmark point, respectively. The critical temperature T, is
marked as a vertical dashed line in the leftmost column. The benchmark points are given in
Appendix A. The second and fourth benchmark points are taken from Figure 5 (and Table 2
and Table 3) of Ref. [178].
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2. For points of the second category, the high-temperature phase has a non-zero dark
singlet VEV coordinate at T.. Consequently, the Zs symmetry is broken® at T, in
the false phase. The first-order EWPT spontaneously breaks the EW symmetry and
restores Zs. All dark VEVs are zero in the low-temperature phase and the phase history
for the second category is:

EW symmetric 1st-order EWPT EW broken and
=

Zo-broken ~ b .
singlet phase Za-symmetric phase

We comment on the high-temperature behaviour for T' > T, of the potential for ‘CP
in the Dark’ further below, but already note here that any domains that exist at high
temperature merge at the first-order EWPT with the EW broken phase in which, by
definition, the Zs symmetry is exact. The benchmark point BP2 displayed in Figure 11.6
is taken from Figure 5(a) (and Table 2 and Table 3) of Ref. [178].

3. Points of the third category have an exact Zs symmetry at T, in the false phase and
a first-order EWPT into a phase with non-zero dark VEVs, with the exception of
|esl|, which is found to be zero in the whole temperature range. Consequently, the
EW symmetry and the Zs symmetry are spontaneously broken through the first-order
EWPT. The point then transitions continuously into the EW broken, Z,-symmetric
low-temperature phase:

EW broken and

EW symmetric and 1st-order EWPT EW broken and
Sl : .
Zo-symmetric phase

Za-symmetric phase Za-broken phase —

In this transition history, as the Zs symmetry is spontaneously broken in an intermedi-
ate temperature range, domain walls are created. The domain walls decay when the Zo
symmetry is restored in the EW broken, Zs-symmetric low-temperature phase. How-
ever, their existence in an intermediate temperature range could influence the energy
density of the universe, which might raise the need to apply additional constraints on
such points, cf. Chapter 2. A detailed discussion of domain walls within this model is
left for future work.

4. The fourth category contains points with non-zero dark VEVs in the low-temperature
phase similarly to third category, but in addition the high-temperature phase has
|wg‘?lse(Tc)\ > 0 similar to points of the second category. Consequently, the Zo symme-
try is already broken in the false phase and the first-order EWPT spontaneously breaks
the EW symmetry. The EW broken and Zs-broken intermediate phase then transitions
continuously into the EW broken, Zs-symmetric phase in which the universe is in today.
The transition history for the fourth category is:

EW symmetric 1st-order EWPT EW broken and
=

Za-broken ’
singlet phase Za-broken phase

The benchmark point BP4 displayed in Figure 11.6 is taken from Figure 5(b) (and
Table 2 and Table 3) of Ref. [178].

EW broken and
Za-symmetric phase *

—

All points of our generated sample have explicit CP violation with Im (A) # 0. However,
we also find the possibility of first-order EWPTs with [w{3°(7},)| > 0 in transition histories
similar to the ones of BP3 and BP4 as discussed above. These points therefore have a source
of additional CP wviolation through |[wWcp| > 0 at finite temperature. If Im (A) = 0, and a
non-vanishing CP-violating VEV wcp is generated, this would correspond to spontaneous CP
violation.” The additional CP violation through |@cp| > 0 is accompanied by the violation

8The Zs symmetry, as defined in Eq. (11.1), is broken if any of the dark fields acquires a non-zero VEV at finite
temperature.

9The possibility of spontaneous CP violation was first discussed by Lee in Ref. [192], and for example in Ref. [392]
spontaneous CP violation was studied for a softly-broken Zs symmetric 2HDM with an additional pseudoscalar
singlet field. For this model, the authors discussed that there might be a promising link to EWBG.



100 11. Phase Transitions in ‘CP in the Dark’

&
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0

0 30 60 90 120 150 180
|wlse(TL)] [GeV]

SNR(LISA-3yrs)
1 3 5 7 9 11 13 15 17

10~ 102 100 102 10* 0 30 60 90 120 150 180
|Im (A)/Re (A)]| |l (T,)| [GeV]

Figure 11.7.: Left column: CP-violating VEV coordinate of the true phase at the critical
temperature versus the imaginary part the trilinear scalar potential parameter A normalized
to its real part for the generated point sample. The colour indicates the value of &, (top) as well
as the SNR for gravitational waves produced via sound waves and turbulence at LISA after a
three-year data acquisition period (bottom). Dots indicate points for which w@p® is either zero
or non-zero both at the critical temperature T;. and at the completion temperature T's. Squares
indicate points for which only [w@p®(T.)| > 0, but WEE(T,) = WEE(Tp) = wips(Ty) = 0.
Right column: CP-violating VEV coordinate of the true phase, |[w@&i¢(T:)|, versus the singlet
VEV coordinate of the false phase, |w!5¢(T,)| at the critical temperature T, for the generated

point sample. The colour code is the same as for the rows in the left column, respectively.
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of the Zo symmetry of Eq. (11.1). We find that if |wcp| > 0, the SM-like neutral scalar
mixes with the former dark neutral CP-mixed scalars. The possibility of non-zero |wcp| at
finite temperature is a great opportunity for EWBG: It may allow for sufficiently large CP
violation, that can be transferred to the visible sector, without being in conflict with the strict
EDM bounds. A more detailed study of EWBG within ‘CP in the Dark’ is left for future
work.

In the following, we compare the EWPT strength, &,, and the SNR for points with and
without additional CP violation at finite temperature. In Figure 11.7 (left column) the CP-
violating VEV coordinate of the true phase is displayed versus the tree-level parameter that
parametrizes explicit CP violation in the model, the value of Im (A) normalized to its real part,
Re (A) for the whole allowed first-order EWPT data sample. The points are colour coded by
the value of £, (top row) as well as the size of the SNR at LISA with a three-year data acquisi-
tion period (bottom row). The dots represent all points for which |[w@p°| is zero, respectively
non-zero, at both the critical temperature and at the completion temperature. The squares
mark points for which only [@W&E ()| > 0, but WEEH(T,) = wept(Ty) = wEpe(Ty) = 0.
Consequently, for the points displayed as squares, the true phase, which has at T, a non-
zero C’P-violating VEV coordinate, [wcp(T¢)| > 0, transitions continuously into a phase with
wiie = 0, before the first-order EWPT takes place.

We find strong first-order EWPT points with additional CP violation at finite tempera-
ture, cf. Figure 11.7 (top row). We also find |[w@p®(T.)| > 0 for SNR(LISA-3yrs) > 10,
cf. Figure 11.7 (bottom row), however, only for the points displayed as squares. The lat-
ter points are all found to be characterized by my, ~ my/2. This does not mean that an
SNR/(LISA-3yrs) > 10 together with non-zero CP-violating VEV coordinate at the transi-
tion temperature, [W&E®(T,)| > 0, is impossible in ‘CP in the Dark’, just that this feature
is not part of the generated random sample. The generated random sample clearly shows
the possibility of additional CP violation through [w&p°| > 0 for valid first-order EWPTs. A
more dedicated scan could reveal valid parameter regions that source detectable gravitational
waves from a first-order EWPT into a true phase with an additional source of CP violation
at finite temperature.

In Figure 11.7 (right column) we show the allowed sample in the two-dimensional plane
spanned by [w8ie(T,)| versus |[@2l(T.)|, again colour coded by the value of &, (top) and
SNR(LISA-3yrs) (bottom). This figure illustrates the relation between the benchmark phase
histories, cf. Figure 11.6, and the first-order EWPT strength as well as the detectability of the
sourced gravitational wave. The points of the first category have wWiie(7.) = wilse(T,) = 0
and are located in the left bottom corner of the figures, respectively. Our random sample
for these points has a maximal SNR(LISA-3yrs) of 11, so within detectable ranges at LISA.
For points of the second category with @ii¢(7,) = 0, but [@@¢(7.)| > 0, we also observe
SNR(LISA-3yrs) > 10 for points with the largest found &,. Points of the third category, where
Zs is spontaneously broken at T, by an intermediate phase with |wcp| > 0, are found to allow
for &, > 1, but are not found to have an SNR(LISA-3yrs) > 1. Again, this is just a feature of
the randomly generated points and not necessarily a global feature of the model. For points
of the fourth category with intermediate [Wcp| > 0 and already broken Zy symmetry in the
high-temperature phase, we find points with SNR(LISA-3yrs) > 10, but as already discussed
above, these have no additional CP violation any more at temperatures where the first-order

EWPT takes place.
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Let us add a few remarks on the found high-temperature behaviour of these points. We find
high-temperature EWSR and Zs conservation for 2% of the points of the full sample, using
the symmetry restoration check implemented in BSMPTv3, cf. Chapter 7.10 These points have
a maximal £, = 2.4 as well as a maximal SNR(LISA-3yrs) = O(10~3). The remaining bulk of
the parameter sample has either non-restoration of the EW symmetry, a broken Zs symmetry,
or both combined, in the high-temperature limit. In the first case, the dark fields have zero
VEV, but [w;| > 0, which breaks the EW symmetry, but leaves the Zy symmetry exact. In
the second case, all doublet VEVs are zero, i.e. the EW symmetry is restored, but the dark
singlet acquires a non-zero VEV which breaks the Zs symmetry. The third case includes
points for which at least one of the dark doublet fields acquires a VEV, or the dark singlet
and the SM-like doublet acquire a VEV, as well as combinations of the two. We note, that
these cases of non-restoration of the EW symmetry or the Zs symmetry can be accompanied
with minima at large field values. While our approach is under good numerical control for
high temperatures, large field values break perturbativity and a complete RGE treatment of
the effective potential is necessary to consistently handle such situations, cf. Section 4.1.

11.4. Conclusions

In this chapter we studied an N2HDM-like model, ‘CP in the Dark’. We analysed its pa-
rameter space allowed by theory and experiment in detail and found that it allows for points
with a strong first-order EWPT, whose associated GW signal is within the sensitivity of the
future space-bound interferometer LISA. Furthermore, we identified regions of the parameter
space in which valid strong first-order EWPT points can abundantly predict dark matter
while escaping direct detection. We showed that the latter can also be true for points with
an SNR above ten. Therefore, a measurement of the stochastic GW background can shed
light on parameter regions beyond the sensitivity of current and future direct detection ex-
periments. In a detailed study of the possible phase histories that induce first-order EWPTs,
from an EW symmetric false phase to an EW broken true phase, we identified cases with and
without additional CP violation at finite temperature. We argued that this makes the model
a promising candidate for EWBG. A dedicated analysis of possible portals for the transfer
of CP violation to the SM-like Higgs couplings to fermions at finite temperature is left for a
future study.

10The EW symmetry is restored, if all doublet VEVs are zero. The Z; symmetry, defined in Eq. (11.1), is exact,
if all VEVs of the second doublet and the singlet are zero.



CHAPTER 1 2

FINAL CONCLUSIONS AND OUTLOOK

Nature has realized a fundamental scalar sector that is described by a Higgs potential in
the SM. The ground state of the Higgs potential breaks the EW symmetry of the SM spon-
taneously and is further associated with a scalar Higgs boson which determines the experi-
mental phenomenology today, e.g. through masses and couplings of the SM particles. While
the masses are input parameters of the SM, couplings of SM particles to the observed Higgs
boson are measured to agree with the SM predictions within experimental and theoretical
uncertainty bounds. The observed Higgs boson behaves SM-like. However, more data is
needed to resolve the shape of the scalar potential independently from the Higgs boson mass
measurement to receive more insight in the nature of the scalar sector.

While the postulated minimal SM scalar sector can accommodate for all observations made
at colliders, there are strong cosmological hints that the SM is not the complete underlying
theory of nature, e.g. the observed matter excess over antimatter in the universe and dark
matter. The former can be generated dynamically through EWBG, given that all three
Sakharov conditions are fulfilled. These are the existence of baryon number violation, C
and CP violation, as well as departure from thermal equilibrium. Baryon number violating
processes are possible in the SM through sphaleron-mediated transitions. In EWBG the
departure from thermal equilibrium is realized through a strong first-order EWPT from a
high-temperature EW symmetric false phase, where the sphaleron processes are in thermal
equilibrium, to a low-temperature true phase which spontaneously breaks the EW symmetry
and agrees with the SM Higgs ground state at zero temperature. The strong first-order
EWPT conserves the matter—antimatter asymmetry, that was generated in the false phase by
the interplay of CP violation with baryon number violation in the sphaleron transitions. Even
though the EW symmetry is restored at high temperatures in the SM, this restoration takes
place via a smooth cross-over that does not provide the departure from thermal equilibrium
that is required in EWBG. Furthermore, the SM does not offer enough CP violation. Also,
the explanation of dark matter necessitates an extension of the SM.

Within current experimental bounds, the SM scalar sector can be extended to accommodate
(strong) first-order EWPTs and dark matter, as well as additional CP violation. First-order
EWPTs are a particularly promising tool, as they can connect collider signatures with grav-
itational waves. If our universe underwent a first-order EWPT during the early phase of its
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existence, such a violent transition sourced a stochastic GW background. Through future
space-bound experiments, we might be able to observe a stochastic GW background sourced
by first-order EWPTs. If so, then this is a clear signal of BSM physics. The parameter config-
urations of this BSM physics leading to observable gravitational waves may imply interesting
phenomenology that can be investigated at present and future colliders.

In this thesis, we studied two promising extensions of the SM scalar sector. In Chapters 6
and 10, we investigated the CP-conserving 2HDM that extends the SM scalar sector by
an additional complex SU(2); doublet. In Chapter 11, we presented an extension by an
additional SU(2)r, doublet and a real SU(2)y, singlet. This model, named ‘CP in the Dark’,
has CP violation in its dark sector at zero temperature.

In Chapter 6, we investigated dimension-six enhanced strong first-order EWPTs, character-
ized through the ratio of the EW VEV at the critical temperature over the critical temper-
ature, £, = wrpw(T,)/T, = 1 in a 2HDM. We find that, purely scalar dimension-six mod-
ifications as well as top quark Yukawa dimension-six modifications can enable 536 2 1 for
points with 5?4 < 1, i.e. no strong first-order EWPT in the 2HDM without dimension-six
extensions. The purely scalar dimension-six modifications lead to enhancements of the Higgs
boson pair production cross section within the sensitivity range of future colliders. The top
quark Yukawa modifications can be correlated to the phenomenology of heavy Higgs states in
top quark final states. Overall, this analysis illustrates the connection between the strength
of a first-order EWPT parametrized by & and parameter spaces that could be probed at

present and future collider experiments.

However, only a calculation of false vacuum decay rates and the calculation of characteristic
temperatures, which takes into account the expansion rate of the universe, can determine
whether a first-order EWPT in the early universe takes place. Furthermore, a first-order
EWPT releases vacuum energy into the surrounding plasma, which is a source for gravita-
tional waves. These calculations have been implemented in the public code BSMTPv3, which
was presented in Chapter 7. The code BSMPTv3 was developed and published during the
course of this work.

In Chapter 10, we showed that at finite temperature and in the description of the one-loop
daisy-resummed effective potential, the possibility of intermediate electromagnetic CB phases
exists. Using BSMPTv3, we find valid first-order EWPTs from an electromagnetically neutral
to a CB phase, where consequently the electromagnetic charge is spontaneously broken. Such
CB phases are then found to continuously transition to the electromagnetically neutral, but
EW broken minimum in which the universe manifests itself today. First-order EWPTs into
CB true phases were further related to a GW background. The associated SNRs for a mea-
surement of this background at the future space-bound interferometer LISA, are found to be
below the estimated sensitivity.

In Chapter 11 the model ‘CP in the Dark’ was studied with BSMPTv3 w.r.t. its ability to enable
first-order EWPTs and explain dark matter. We find wide ranges of the parameter space to
be able to source strong first-order EWPTs in agreement with theoretical and experimental
constraints. Furthermore, the dark matter candidate h; can saturate the experimentally
measured relic density as well as escape direct detection. In correlation to strong first-order
EWPTs, ‘CP in the Dark’ is found to be able to source gravitational waves that will lead to
detectable signals at LISA, with SNR > 10. We also investigated different phase histories that
allow for a one-step first-order EWPT from an EW symmetric false to an EW broken true
phase. In addition to the explicit CP violation that is in the dark sector at zero temperature,
at finite temperature, phase histories are possible that allow for additional CP violation via
the generation of a non-zero complex phase between the scalar doublets, which is parametrized
by a non-zero CP-violating VEV coordinate. Together with a strong first-order EWPT, the
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additional CP violation makes ‘CP in the Dark’ a promising model to be studied further in
the context of the generation of the matter—antimatter asymmetry in the early universe.

Based on the presented findings, there are numerous directions that can be pursued in the
future. For ‘CP in the Dark’ a calculation of the baryon asymmetry based on the present
initial conditions could reveal if the additional CP violation can be successfully transferred to
the visible sector and lead to the generation of enough matter excess that is then conserved
in a strong first-order EWPT. Additionally, a future analysis on domain walls in this model
might reveal the necessity of additional constraints on the parameter space. Moreover, a
more complete understanding of the composition of the universe during a CB phase in the
2HDM could shed light on how such a phase in detail could influence the cosmological history.
Finally, the presented study is based on the assumption that the one-loop daisy-resummed
effective potential yields a perturbatively valid description of the physics at temperatures
around the EWPT. This assumption could be replaced by an EFT-motivated approach with
a careful consideration of all relevant scales. Additionally, the presented derivation of a GW
signal from a first-order EWPT relies on assumptions, e.g. of the energy density content of
the universe and of a simplified solution to the set of hydrodynamic equations and relies
on numerical fits for the GW spectrum. While this approach allowed us to estimate the
potential of the presented models to generate an observable GW background through first-
order EWPTSs, any step of the calculation could be refined with more precise calculations and
approaches that may become available in the future.

In summary, we outlined several BSM avenues that agree with experimental collider data
and moreover fill in shortcomings of the SM. The presented BSM scenarios allow for a first-
order EWPT. The search for a first-order EWPT is especially interesting, as it provides a
link between collider physics and early universe cosmology. With the upcoming experimental
program of space-bound interferometers, the study of first-order EWPTs presents exciting
avenues for possible groundbreaking discoveries. New physics might just be ‘around the
corner’ and the observation of a first-order EWPT, e.g. through the GW background, would
then be a clear evidence for it.
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APPENDIX A

BENCHMARK POINTS OF ‘CP IN THE DARK’

In Table A.1 we provide the input parameters of the four benchmark points BP1-BP4 shown
in Figure 11.6 in Chapter 11. In Table A.2 we give the corresponding mass spectra, as well
as the critical temperatures 7. and the VEVs of the true vacuum at T, together with the
derived values of &, using Eq. 3.13.

point  m3, [GeV?]  m%[GeV?] Re(A)[GeV] Im(A)[GeV] A2

BP1 529186.148 356 345.493 476.542 —678.778 4.299

BP2  96703.414  32442.949 159.627 —325.391 3.532

BP3  34330.331 206553.473 142.797 814.968 4.679

BP4  65258.809  36279.847 279.502 —326.645 3.660

point A3 bV A5 A6 A7 A8

BP1 —0.782 0.572 0.071 1.053 16.810 —2.093

BP2 —0.796 0.787 —0.055 10.446 7.596  4.683

BP3 2.779 3.093 0.840 10.188 1.243 —4.563

BP4 —0.821 0.220 —-0.371 4.715 7.760 14.781
Table A.l.: Input parameters for the benchmark points of Figure 11.6. We set v; =

246.22 GeV and mp = 125.09 GeV. The quartic coupling A; is fixed through mi = \ov?
to A1 ~ 0.258. Also, m?, follows from the minimum condition, m3; + %)\w% = 0, to be

m3, ~ —7824 GeV? [382].
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A. Benchmark Points of ‘CP in the Dark’

point M+ mp, Mp, Mpg T w‘g\lil\?(T )
BP1  710.979 653.473 723.595 980.264 121.96 230.06
BP2  269.386 241.718 308.943 549.265 144.45 234.08
BP3  344.358 102.422 486.105 649.695 204.04 175.41
BP4  200.940 62.680 218.700 560.206 191.38 233.12
point &  [WER(Te)|  [@i(Te)|  |wie(Te)|  |wEpt(Te)|  [wgte(Te)]
BP1 1.89 0 230.06 0 0 0
BP2 1.62 0 234.08 0 0 0
BP3 0.85 0 167.65 5.89 41.83 29.64
BP4 1.22 0 223.42 53.25 39.91 27.97

Table A.2.: Masses, critical temperature and critical VEV, ., and individual VEVs at T, of
the four benchmark points of Figure 11.6 calculated with BSMPTv3. &, is dimensionless, all
other units are in GeV. VEV coordinate values |[w;| < 107° are numerically zero and set to
zero in the table.



APPENDIX B

ONE-LOOP DIMENSION-SIX EFFECTIVE POTENTIAL

For the implementation in BSMPT, the one-loop daisy-resummed effective potential at finite
temperature is constructed in terms of coupling tensors following the notation presented in
Ref. [173]. This notation has to be extended when dimension-six EFT terms are included.
In this chapter we summarize these extensions in the notation of Ref. [173]. The presented
formula were implemented in BSMPT for the calculation presented in Chapter 6. We review
the tensor notation for a dimension-four Lagrangian in Section B.1 following the conventions
of Ref. [110] and generalize the notation to dimension six in Section B.2.

B.1. Tensor Notation for the Four-Dimensional Effective Potential

The one-loop daisy-resummed effective potential at finite temperature is constructed in terms
of the tree-level scalar coupling tensors, L?, LY, L¥* Lk the tree-level Yukawa tensor Y!7/*
and the gauge boson scalar coupling tensor G%%. The Lagrangian is written in terms of
tensors multiplied with real scalar component fields ®;, fermion fields V; and electroweak
gauge boson fields A, following the notation of Ref. [173]. Terms that do not contribute to
the effective potential, i.e. that do not involve scalar fields, as well as derivative terms o< 9,®;,
are therefore not considered. The Lagrangian is given by

1

) 1 .. 1 ..
—L= L0+ ;LY ®®; + ngﬂkq)icqu)k + 4

LM @3 ;0,9

—Lg

1Y”’“\P U 1G‘”’“A AlP, P .
+§ I J(Zsk—i-C.C.—i—Z apn Ay PP .

—Lp —Lg

The indices i, j, k, I run over the number of real scalar component fields, Ny, the indices I, J
run over the number of fermion fields, Ny, and the indices a,b run over the number of
electroweak gauge boson fields, Ni. We sum over repeated indices following the Kinstein
sum convention. The daisy-corrected one-loop effective potential at finite temperature can
be expressed in terms of these tensors for the four-dimensional renormalizable Lagrangian.
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After spontaneous electroweak symmetry breaking, the scalar fields ®; are expanded around
their VEVs w;, ®; = ¢; + w;, and the Lagrangian can be written as

~Ls = A+ Algdi+ A” L it + ,Aﬁ{;’gmﬂk + A”’“’qszcb]cémz,

~LF = *MIJ\I’I\I’J + §Y1Jk\I’I‘I/J¢k +ec., (B-2)
1 abi abij

Lo = A(c)f“wA?f + S A Aan Ay 61 + 4A<G>J Aau Ay 6165 -

The A tensors are defined as

. 1., 1 .. 1 ..

A=V @) = L'w; + o L@+ gL”’“w,wjm; + IL”M@@@’@Z : (B.3a)

A . y 1 .. 1 ..
sy = L'+ LYw; + iL”"?ijk + gL”’%jw,@l : (B.3b)

y y 1 ..

Az{g) =LY + L”kwk + EL”’“@;@Z , (B.3c)
A;{g’g = LUk 4 LUk, (B.3d)
Az(];;l = [k (B.3e)
A(G) = Gab“w Wy, (B.3f)
A?gz) = Gabzgwj ’ (B3g)
A((lb’L)j Gabz] (B.3h)
Ay = MMy, MY =y, (B.3i)

The tensors Aé] ) A(I fé) and A‘(l are the tree-level mass matrices for the scalars, fermions and
electroweak gauge bosons, respectively. The CW and the temperature-dependent potential

in terms of these tensors read
oy \2 Afy)
(A(X)) log H — kX s (B4)

€

Vow = > (-1 (14 2sx) Tr

X=S,G,F
T (AR
1 s X
VI(“ ) = Z (—1)%x(1 —G—QSx)TWQJi ( 1(12)) ) (B.5)
X=8.G,F

with € = ﬁ and zy € {ij,ab,IJ}, X € {S,G,F}. The CW potential is given in Landau

gauge and in the MS scheme, with the renormalization constant kyx

o

Resummation is performed following the Arnold—Espinosa method, as described in Section 4.4

, for gauge bosons (B.6)

, otherwise

NI Dot

by adding a ring potential of the form

> (7)) 3 () )

1= a=1

T

V;ing - _m

with m3, ms denoting the eigenvalues of A7%, and A?)y() + H:(E)y(), respectively, and with zy €

(X)
ij,ab and X € {S,G}. The bosonic thermal masses Hf)y() are calculated from their leading
hard-thermal loop contribution, which is expressed in the tensor notation as illustrated in

Ref. [110].
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B.2. Dimension-Six Extension of the Tensor Notation

In Chapter 6, we discuss an extension of the tree-level scalar and Yukawa Lagrangian by
dimension-six operators. Following the tensor notation of Ref. [173], we will in the following
denote the purely scalar dimension-six operators by LJkimn
six operators by Y™ with 4, 5. k,1,m,n going up to Ny. The dimension-six tensors are
divided by the EFT scale A=2 and the dimension-six scalar and Yukawa tree-level Lagrangians
before spontaneous electroweak symmetry breaking read

and the scalar-fermion dimension-

. 1. 1 .. 1.
—Lg=L'd, + fL%Z-cI)j + gm’f@i@j@k + EL”’“ch%q)jq)kcI)l

Lz]klmn (BSa)
R et LI
1 Ik IJklm

After spontaneous electroweak symmetry breaking, the scalar Lagrangian is again written in
the A basis, which at dimension six is extended by Azfgk)lm and Azjsk)lm", which are defined

analogously to Eq. (B.2)

—Es =A+ Als)qbi + EA(JS)@@ + *A Jk¢i¢j¢k + EA(jSk)lgblqugbkqbl

(B.9a)
Aljklmﬁbzd)j ¢k¢l¢m A”klmnﬁf)ngj ¢k¢l¢m¢n y
The dimension-six A tensors are defined analogously to Eq. (B.3) as
(0) (= i— | - Lo ijh— — — Lo iib— — —
A=VVY(w;) = Lw; + EL Wi + gL Witd jw, + EL 00 00k
1 Lijklmn (BlOa)
+ aTwiijkwlimwn )

Nig = Li 4 Liig, 4 Lijk* Dy + LMl L L T B.10b
sy = L+ LYW, —I— — Wiy + 3l WjWEw; + — 5 A — W0 WmWns , (B.10b)
ij ij 4 iskg, ikl 1 Likmn

A(S) = LW 4 LUk LJ Wy + — U AT PrEEmn, (B.10c¢)

Az]k Lljk’ + Lljk’l— + lL”klmnww . (B 10d)
(s) — 31 A2 [WYmWn .

klmn
zgkl ijkl 1 sz —
ijklmn

ijktm LY _

A(S) = Twn, (B.10f)
ikl Lijklmn
The dimension-six fermion mass matrix extended by terms oc Y//*™ reads
B 1 YIJk:lm o

We choose to take into account leading dimension-six coupling tensor L¥*mn and yI/kim
contributions to the thermal masses, as described further in Chapter 6.

As already detailed in Section 6.3, we absorb the dimension-six shift of the fermion mass
matrix into a redefinition of the dimension-four Yukawa coupling in order to take the tree-
level fermion masses as input values. In the tensor notation, this corresponds to a redefinition
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of the form of

Ik 1 YIJklm 17k Ik 1 YIJklm
M =Y. o wk + 3 AT WE Wy, with Yoo =Y — 3 A2 ViU, , (B.12)
with @‘T:O Gey = Vi- This coupling redefinition fixes the zero-temperature fermion masses
to
M7 =Y 1hy, . (B.13)
T=0GeV

This redefinition of the dimension-four Yukawa coupling shifts dimension-six effects into cou-
plings between scalars and fermions. In Ref. [173] it was shown, using the tensor notation,
that the first and second derivatives of the CW potential depend only on the mass matrices as
well as the trilinear and quartic couplings, which receive corrections from the dimension-six
EFT expansion.! The dimension-six corrected trilinear fermion-scalar coupling reads

M= alfy =0 () .1t
. 1 y*Likl . 1 YJ%WL
(cholrfﬂ + 5 A2 Ldkwl> Mi,] +M IL <}/;0rr LT3 2 A2 wmwn> ’ (B14b)

which gives a dimension-six contribution to the zero-temperature trilinear coupling of the
form

IJz

}T ey = (Y*ILiYi]k+Y*ILkYi]i) Vi

(B.15)

4+ (Y*ILzlmka Y*Ikaﬁilm) VKU U -

3A2

Analogously, the dimension-six corrected fermion-scalar quartic coupling reads
1Ji 1J ILiy/J. ILi~ Jjkl ILikly Jj _ . .
)\( ;j 828] A( ) = [Y;erl}/;oﬁr 2A2 (YVCZYF ZY ! + Y* ’ }/coir L) WEWi + (Z AN ]):|

corr

+ = = (Y*ILkaYOH L+ Y*Ikangl) D + (’)(A_4) 7
(B.16)

and

NI e = [Y*WYL"J+ 5 (YIEYN gy vkvl+(z’Hj)] (B.17)

+ 5 (Y*IWY” Y*IL’“YL‘]”Z) vk + O(A™Y). (B.18)

The dimension-six corrected trilinear and quartic scalar self-couplings are

ijk
AGs)

as defined in Eq. (B.10).

= giAd*

lo = Ay, and NG = 0P ALy = ALY, (B.19)

(S) (5)

!The OS-renormalization scheme only requires derivatives of the CW potential up to second order. Therefore,
the derivation of Ref. [173] generalizes to dimension six, as only for the third and higher derivatives, the
dimension-six coupling structure would generate new quintic and sextic vertices.
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