Master’s thesis

Theoretical Physics

Dimensional reduction in the study of the electroweak
phase transition

Lauri Niemi
April 4, 2018

Supervisors: Tuomas V.I. Tenkanen, Aleksi Vuorinen and David J. Weir

UNIVERSITY OF HELSINKI
DEPARTMENT OF PHYSICS

PL 64 (Gustaf Héllstromin katu 2)
00014 University of Helsinki



HELSINGIN YLIOPISTO — HELSINGFORS UNIVERSITET — UNIVERSITY OF HELSINKI

Tiedekunta/Osasto — Fakultet/Sektion — Faculty Laitos — Institution — Department

Faculty of Science Department of Physics

Tekijia — Foérfattare — Author

Lauri Niemi

Tyén nimi — Arbetets titel — Title

Dimensional reduction in the study of the electroweak phase transition

Oppiaine — Larodmne — Subject

Theoretical physics

Tyén laji — Arbetets art — Level Aika — Datum — Month and year Sivumédrd — Sidoantal — Number of pages

Master’s thesis March 2018 64

Tiivistelmd — Referat — Abstract

First-order phase transitions in the electroweak sector are an active subject of research as they
contain ingredients for baryon number violation and gravitational-wave production. The electroweak
phase transition in the Standard Model (SM) is of a crossover type, but first-order transitions are
possible in scalar extensions of the SM, provided that interactions of the Higgs boson with the
new particles are sufficiently strong. If such particles exist, they are expected to have observable
signatures in future collider experiments. Conversely, studying the electroweak transition in theories

beyond the SM can bring new insight on the cosmological implications of these models.

Reliable estimates of the properties of the transition require non-perturbative approaches to quan-
tum field theory due to infrared problems plaguing perturbative calculations at high temperatures.
We discuss three-dimensional effective theories that are suitable for lattice simulations of the tran-
sition. These theories are constructed perturbatively by factorizing correlation functions so that
contributions from light field modes driving the phase transition can be identified. Resummation
of infrared divergences is naturally carried out in the construction procedure, and simulating the
resulting effective theory on the lattice allows for a non-perturbative phase-transition study that
is also free of infrared problems. Dimensionally-reduced theories can thus be used to probe the

conditions under which perturbative treatments of the electroweak phase transition are valid.

We apply the method to the SM augmented with a real SU(2) triplet scalar and provide a detailed
description of dimensional reduction of this model. Regions of a first-order transition in the pa-
rameter space are identified in the heavy triplet limit by the use of an effective theory for which
lattice results are known. We provide a rough estimate for the accuracy of our results by consi-
dering higher-order operators that have been omitted from the effective theory and discuss future
prospects for the three-dimensional approach.

Avainsanat — Nyckelord — Keywords

thermal field theory, effective theories, cosmological phase transitions, scalar extensions

Siilytyspaikka — Fo6rvaringsstille — Where deposited
Kumpula campus library

Muita tietoja — 6vriga uppgifter — Additional information




CONTENTS

Contents
1 Introduction 1
2 Aspects of thermal field theory 5
2.1 Imaginary time formalism )
2.2 Effective masses and the thermal scale hierarchy 7
2.3 The infrared problem of perturbative calculations 8
3 Dimensional reduction 10
3.1 High-temperature effective theories 10
3.2 Construction of the heavy-scale theory by parameter matching 11
3.3 Induced adjoint scalars in the heavy-scale theory 14
3.4 Effective theory for the light scale 15
3.5 Phase transitions in the light-scale theory 16
4 The triplet Higgs model 19
4.1 Full structure of the theory 19
4.2 Triplet model phenomenology 20
4.3 Two step EWBG in the XSM 22
4.4 Effective 3d theories for the ¥SM 23
5 Technical details of dimensional reduction of the >SM 25
5.1 One-loop renormalization of the 4d theory 25
5.2 Two-loop mass parameter matching 28
5.3 Renormalization of the effective theories 30
5.4 Resummation in DR 31
5.5 Loop corrections to MS parameters 33
5.6 Error estimates from omitted higher-dimension operators 35
6 Single-step transition in the XSM: results 38
6.1 Main results and physical implications 38
6.2 Importance of the vacuum renormalization procedure 41
6.3 One-loop approximation 41
7 Summary 43
A Symmetric phase Feynman rules for the real triplet 44
B Diagrams for integration over the superheavy scale 46
B.1 Four-point correlators 46

B.2 Two-point correlators 47



CONTENTS

C Diagrams for integration over the heavy scale 55
C.1 Integrating out temporal scalars Ay, By and Cj 55
C.2 Integrating out heavy X 57

D One-loop counterterms in the >SM 59



1 Introduction

Explaining the observed asymmetry in the numbers of baryons and their antiparticle coun-
terparts is a long-standing problem in particle physics and cosmology. Most recent cosmo-
logical observations suggest a baryon to entropy density ratio of [1]

%B = (8.61 £ 0.09) x 1071, (1.1)

and while the behavior of antimatter is described well by quantum field theories (QFT),
the origin of this baryonic excess remains a mystery. Furthermore, if this asymmetry was
something the universe was born with, any excess of particles of either kind is expected to
be quickly washed away by thermal fluctuations in the early universe [2]. This suggests
that the universe was initially matter-antimatter symmetric with a vanishing total baryon
number B. The symmetry is then broken at some later stage by an unknown baryogenesis
process.
Minimum requirements for baryogenesis to occur are summarized in the three Sakharov’s

conditions [3]:

1. Existence of baryon number violating processes
2. Violation of both C' and C'P symmetries
3. Interactions outside of thermal equilibrium.

While the first requisite is self-explanatory, the remaining conditions are necessary to pre-
vent baryon number compensation by antimatter-producing processes. Various mecha-
nisms satisfying all three Sakharov’s conditions have been proposed, many of which rely on
physics beyond the Standard Model (SM) of particle physics (see Refs. [4-6] for reviews).
The baryonic excess should be produced before light elements are formed in the primor-
dial nucleosynthesis [7], and most proposed models predict baryogenesis at energy scales
ranging from that of Grand Unification Theories (GUT) to the electroweak (EW) scale.
One particularly interesting scenario is electroweak baryogenesis (EWBG), which at-
tempts to explain generation of the observed baryon number during the spontaneous sym-
metry breaking of the SU(2); x U(1), gauge symmetry and takes place in a hot plasma
of interacting particles in the early universe [6, 8-15]. In the language of thermodynamics,
the transition corresponds to a Bose-condensation of the Higgs field [16-19] and occurs
at a critical temperature of T, ~ 100 GeV [17, 18]. The two phases are characterized by
the vacuum expectation value (vev) v of the Higgs field. The third Sakharov’s condition
requires this transition to be of first-order, so that thermodynamic quantities of relevance
change discontinuously as the universe transitions into the present EW vacuum of v = 246
GeV in the minimal SM. Such transitions proceed by bubble nucleation, in which expand-
ing bubbles of the broken phase form inside the symmetric phase. This nucleation is a
consequence of metastability of the v = 0 vacuum state at temperatures higher than 7.
During the transition, the two phases are separated by bubble walls of finite thickness,
and as the bubbles expand, particles in the plasma are forced to interact with the walls.



These interactions provide a framework in which all Sakharov’s conditions are satisfied and
a baryonic excess can be generated.

Baryon number B violation in the SM manifests itself via the axial anomaly [20].
The processes responsible for B violation are topologically non-trivial field configurations
satisfying the classical equations of motion. These correspond to transitions from one de-
generate SU(2); minimum to another, and for baryogenesis, the most interesting solutions
are sphalerons, corresponding to classically passing over the potential barrier separating
two minima [21]. Sphalerons are strongly amplified by the external temperature, and at
the electroweak scale of T' ~ 100 GeV, sphaleron transition rates become unsuppressed
and are able to cause significant baryon number violation [22-24].

However, the sphalerons are CP-symmetric, and external CP violation is thus needed
to produce a net baryon asymmetry. This is achieved via scattering processes in the
vicinity of the bubble walls: the SM provides CP violation via a complex phase in the
Cabicco-Kobayashi-Maskawa (CKM) matrix, causing fermions and antifermions to have
different transition amplitudes when interacting with the bubble boundaries [25, 26]. The
magnitude of this CP violation determines the total amount of baryons created during the
transition. Finally, for any baryonic excess produced in the electroweak phase transition
(EWPT) to survive, the sphaleron rate has to become suppressed after the transition ends.
In the phase of broken SU(2); symmetry, sphalerons are suppressed by a Boltzmann factor
whose magnitude is directly related to the strength of the transition, characterized by the
latent heat [23, 27]. The minimum criterion for a successful EWBG is therefore a strong
first-order phase transition, accompanied by a suitable amount of CP violation.

Independently of the question of baryogenesis, a first-order EWPT may also act as a
source of gravitational waves [28, 29]. These are produced as the bubbles of broken phase
expand and interact with the surrounding plasma, causing friction and converting vacuum
energy into kinetic energy. Strong enough phase transitions are expected to leave behind
gravitational-wave signatures that could be observed in the near future with detectors such
as LISA [30].

Making quantitative estimates of the final baryon number density or the gravitational-
wave power spectrum requires comprehensive knowledge of bubble nucleation dynamics in
the plasma, such as the speed at which the bubbles expand [10]. Computation of many
of these quantities in perturbation theory is unreliable due to the non-equilibrium nature
of the transition and infrared (IR) problems related to perturbative expansions in the
symmetric phase [10, 31, 32]. Non-perturbative methods are thus needed for quantitative
studies of the EWBG and possible gravitational-wave signals.

The most robust non-perturbative results are obtained by directly simulating the sys-
tem on a lattice. Lattice simulations, however, suffer from slow convergence due to the
sign problem when applied to theories containing chiral fermions, such as the SM [33].
One way to bypass this problem is provided by the effective theory approach in which
fermionic fields can be integrated out, resulting in a simpler theory that can be studied
on the lattice. In practice, the effective theory is most conveniently constructed by us-
ing dimensional reduction (DR), a well-defined technique for building three-dimensional
(3d) effective field theories from the full four-dimensional (4d) theory at high temperature



[34, 35]. The method is based on factorization of fields into static and time-dependent
components, the latter of which generate effective masses via their interactions with the
surrounding plasma. Static long-distance Green’s functions of the full theory can then
be reproduced to a good accuracy by a time-independent 3d theory containing only the
static field modes. DR produces a direct temperature-dependent mapping from the 4d
fields and couplings to parameters of the 3d theory. In particular, the effective theory con-
tains no fermions, whose effects have been encoded into the coupling constants and fields
of the dimensionally-reduced theory. Furthermore, the 3d theory is super-renormalizable,
providing a great simplification for lattice analyses.

Extensive lattice simulations performed on a dimensionally-reduced effective theory in
the 1990’s have demonstrated that the EWPT in the SM is inadequate for baryogenesis
[36, 37]. In particular, the measured Higgs boson mass mpy = 125 GeV results in an
analytic crossover instead of a first-order transition [35, 38], rendering EWBG impossible
in the SM. Similar results have been obtained from simulations in the full 4d theory with
a discarded fermion sector in Refs. [39, 40]. Furthermore, even if the transition was of first
order, the CP violation provided by the CKM matrix would be insufficient to produce the
observed baryonic excess [41-43]. Remarkably, perturbative approaches using the effective
potential in the full 4d theory tend to overestimate both the order and the strength of the
transition, at least in the SM case [44].

Modern research of EWBG is centered around extensions of the SM and their effects
on the EWPT. New particles in the Higgs sector can considerably modify dynamics of the
transition and may allow for extra CP violation beyond that of the CKM matrix, as well as
provide strong first-order phase transitions. An essential feature of these extended models
is that for EWBG to be possible, the new scalar fields cannot be much more massive than
the electroweak scale and must couple to the Higgs doublet with moderate strength [14].
These properties imply that the predictions of EWBG models should be testable in collider
experiments in the near future. This property is the main advantage of EWBG over its
strongest competitor, leptogenesis, which assumes new physics only at an energy scale of
100 GeV [45-47].

Despite the IR catastrophe of high-temperature QFT, which causes a breakdown of per-
turbative expansions when massless particles are present [10, 31, 32], the primary method
of EWPT studies in Beyond Standard Model (BSM) theories today is to use the pertur-
bative effective potential. While these analyses are generally easy to perform relative to
a full lattice study, the reliability of the fully perturbative approach is questionable al-
ready on theoretical grounds. In addition to the IR problems, it has been known for a
long time that the traditional effective potential approach is inadequate for calculation of
gauge invariant quantities relevant for baryogenesis [48, 49]. An alternative perturbative
method for constructing the effective potential in a gauge-invariant way has been discussed
in Refs. [50, 51], but this method is particularly sensitive to higher-order loop corrections.
On the other hand, gauge fixing on the lattice is not required at all, and the parameter
mappings produced by DR can be explicitly shown to be gauge invariant [35].

Recently, attempts to validiate perturbative results by analyzing the nature of the
EWPT using dimensionally-reduced effective theories have arisen in various BSM models.



One of these is the triplet Higgs extension, in which the SM is augmented with an SU(2)
triplet scalar field . This model has been studied perturbatively in the context of the
EWPT in Ref. [52] and, more recently, non-perturbatively using DR in Ref. [53], on which
this thesis is based on. DR has also been used to study the EWPT in the Minimally
Supersymmetric Standard Model in [54-56], the Two Higgs Doublet Model in [57-60] and
the real singlet extension of the SM in [61].

The aim of this thesis is to present a detailed description of the dimensionally-reduced
effective theory approach to studying the EWPT non-perturbatively. We begin reviewing
the mathematical formalism needed to describe field theories at nonzero temperatures in
section 2.1, before proceeding to discuss the framework of dimensional reduction in sec-
tion 3. For the latter part of the thesis we focus on the triplet Higgs model, describing its
general properties and dimensional reduction of the model in detail in sections 4 and 5.
Finally, in section 6 we use existing lattice results to find regions of a first-order phase tran-
sition in the limit of a heavy triplet field. The results presented here have previously been
published in the main paper [53], while many omitted technical and computational details
are presented in this thesis. In particular, a diagrammatic calculation of the correlation
functions needed to construct the DR mappings are presented in the appendices.



2 Aspects of thermal field theory

As a prerequisite for understanding dimensional reduction, we start by reviewing how
statistical mechanics is incorporated into QFT. Since thermal field theory by itself is a
vast area of theoretical physics, we shall only concentrate on topics of importance for DR.
Throughout the thesis we shall use a natural system of units by setting c = kg = h = 1.

2.1 Imaginary time formalism

In statistical mechanics, the main quantity of interest is the partition function Z, defined
in terms of the Hamiltonian H as

Z=Tre "= " (¢l |g) (2.1)
¢

with § being the inverse temperature. Thermodynamic quantities, such as free energies,
can be calculated from Z by direct differentation, and we would now like to construct a
field theoretical counterpart of the partition function. The most practical way of achieving
this is to let the time coordinate take on imaginary values. In this section, we shall
mainly describe the formalism for the case of a scalar field theory for simplicity, as more
complicated systems are treated in a similar manner.

Consider the path integral representation for the amplitude that a field configuration
changes from |¢g) at time ¢t = 0 to |¢’) at some later time ¢ = ¢/. The path integral can
be expressed in Hamiltonian formalism by performing a Legendre transformation on the
Lagrangian, £ = m¢ — H (¢, ), and integrating over the conjugate momentum 7:

(@] et |go) = N / D D exp [z /0 " / P [rd— Hip, 1) |. (2.2)

Here N is a normalization factor. Next, consider Wick rotating the system to Euclidean
spacetime by analytically continuing the time variable onto the imaginary axis, 7 = it. If
the Hamiltonian density is at most quadratic in 7, we can bring the rotated path integral
back to the Lagrangian form by completing the square and performing the momentum
integral. For a careful analysis of how this is done in a more general case, where e.g.
gauge fields are present, see Refs. [62, 63]. The result after integrating over the canonical
momentum is a functional integral resembling the usual path integral of quantum field
theory,

<¢’]e*HT |po) = N’/D¢ exp {/OT dT/deE(T =1it, ¢, ¢) . (2.3)

The form of the new normalization factor N/ is irrelevant, as it cancels when calculating
correlation functions.

It is now clear that by requiring that the field returns to its initial value after time 7’/
and identifying the period as the inverse temperature S = 1/T, one gets a path integral
expression for the partition function in Euclidean space. However, integration is now



2.1 Imaginary time formalism

restricted to only include paths that are periodic in the imaginary time coordinate. The
partition function has then the schematic form

Z[¢] = /Dqﬁ e 5", (2.4)

where we have defined the Euclidean action as

1/T
Sp :/ dT/d3:L"LE, (2.5)
0

and the Euclidean Lagrangian is obtained from its Minkowskian counterpart by Lg =
—Lp(7 = it). From now on, we will drop the subscripts and work solely in the Euclidean
formalism, unless stated otherwise.

The equilibrium dynamics of the theory are characterized by Euclidean correlation
functions, which can be computed from the path integral using familiar methods from
zero-temperature QFT, with the modification that the metric is now Euclidean. Note,
however, that we explicitly break rotational symmetry by imposing periodicity on the time
coordinate but not on the spatial coordinates. Physically, this can be interpreted to mean
that a system coupled to a heat bath has a preferred frame of reference, and therefore
Lorentz invariance does not hold in finite temperature QFT [62, 63].

The periodicity of the field ¢ implies that one can represent it as a Fourier series
expansion in the imaginary time coordinate 7. We therefore write

o
o(1,x) = Z B(wn, x)enT, (2.6)
n=-—oo

From the above discussion it follows instantly that for scalar fields and, in fact, for bosonic
fields in general, w? = 27nT. For fermionic fields, there is a complication arising from
their anti-commutative nature, and Fourier modes for fermions are characterized by wy =
(2n 4 1)7xT [62, 63]. These frequences are called Matsubara modes and the case of bosonic
n = 0 is called the Matsubara zero-mode. In particular, bosonic fields have a vanishing
zero-mode, while fermions do not. Remarkably, the bosonic n = 0 modes are static in the
sense that the exponential containing dependence on the temporal coordinate 7 vanishes.
A Fourier expansion with respect to the remaining spatial coordinates is readily con-
structed by restricting the system into a finite volume V' and taking the limit V' — oo.
The temporal coordinate remains discrete and has to be treated carefully when performing
momentum-space loop calculations. A Matsubara sum-integral is associated with each loop

momentum (in D = 4 — 2¢ dimensions):

dd
T Zn: / ﬁ, (2.7)

where d = D — 1. We adopt the shorthand notation

Tzn:/p = ZP’ (2.8)



2.2 Effective masses and the thermal scale hierarchy

which is understood to include the integration measure as well as any constant factors
associated with it.

Computation of these thermal sum-integrals is usually done by applying techniques
from complex analysis after a careful change of integration and summation order. It is
worth noting that one can always separate the Matsubara zero-mode from other modes in

ZSP:T /p,n:o+ XP (2.9)

where all non-zero modes are included in the primed sum-integral. This separation is

the sum and write

useful in construction of dimensionally-reduced theories where it is important to distinguish
between static and time-dependent field modes.

2.2 Effective masses and the thermal scale hierarchy

An important consequence of thermal field theory is that fields generate temperature-
dependent effective masses. For concreteness, let us first see how this occurs for a scalar
field of mass mg. As discussed in the previous section, periodicity in the imaginary time
coordinate has the consequence that the temporal momentum component becomes dis-
cretized, P = (wp,p). The free Euclidean propagator in momentum space is found by
Wick-rotating the Klein-Gordon operator and reads

- 1 1
Go(P) = = )
o(P) P2+m% p2+w%+m%

(2.10)

This corresponds to the propagator of a field mode of mass /w2 + mg. Using perturbation
theory, one is able to calculate loop corrections to the mass of the original scalar field. This
correction obtains contributions from all Matsubara modes via sum-integrals, and the one-
loop corrected mass has the form m(7T)? = m% + T2, where v depends on the type of
the field in question and mg is the zero-temperature mass. The temperature-dependent
term is understood as an effective thermal mass and its existence reflects the fact that the
propagation of the field is altered by its interactions with the heat bath.

Consider now a Yang-Mills theory possessing gauge invariance. In zero-temperature
QFT, gauge fields are generally made massless by their corresponding Ward identities. The
situation becomes more complicated when considering systems at finite temperatures as
the heat bath breaks Lorentz invariance, forcing the temporal component of a vector gauge
field to behave differently from its spatial counterparts. Physically, this behaviour arises
from the fact that presence of mobile charge carriers causes exponential damping in the
corresponding interaction strength. This phenomenon is known as screening and occurs in
both electroweak theory and quantum chromodynamics (QCD) [62, 63]. For our purposes,
the relevant heat bath is a hot plasma in the early universe with temperature 7" ~ 100
GeV. Damping caused by the plasma manifests itself as a T-dependent effective mass,
called the Debye mass mp, in the temporal gauge field component when loop corrections
are taken into account. The spatial components, on the other hand, are protected by gauge
invariance and remain massless.



2.3 The infrared problem of perturbative calculations

In the SM, there are three gauge fields Cy,, A,,, B, associated with the SU(3),., SU(2),
and U(1), symmetries respectively, that all generate effective masses. Their Debye masses
can be computed perturbatively by calculating the gauge field two-point functions to the
required loop order and identifying the arising correction to the propagator [63]. In sec-
tion 3.3, we compute them as a natural part of dimensional reduction, but at this stage,
it is useful to note that the Debye mass of a gauge field is proportional to the respective
gauge coupling. In particular, the n = 0 mode of the temporal SU(2) gauge field Ay has
the thermal mass mp ~ g7

Let us now consider the situation from the point of view of the Matsubara field modes.
We may interpret each of these modes as an independent field, with their respective mass

parameters having the form m2 = m2 +w?2, meaning that all bosonic n # 0 modes obtain a

n

mass correction of order 7#7". The Matsubara frequencies for fermions are wi, = (2mn+1)T,
implying that the thermal mass correction for all fermionic modes is always of O(7wT'). We
now observe that the heat bath has generated a natural scale hierarchy in the system: At
sufficiently large temperatures, thermal corrections to the masses of the Matsubara modes
will dominate over the zero-temperature masses, so that the bosonic modes with n # 0
and all fermionic modes have effective masses of order 77", while the zero-mode of A, has
mass proportional to g7'. The canonical terminology here is to call the thermal scale n7T’
superheavy and the scale g1 heavy. In addition, the scale g?T — which can arise if the loop
correction to a mass parameter is close to cancelling the tree-level mass — is dubbed [light.
Spatial gauge fields that remain completely massless are also included in this category.

In a realistic model describing the EWPT, there should exist a scalar field that spon-
taneously breaks the electroweak symmetry. In the SM, this role is played by the Higgs
field ¢, with its potential being V' (¢) = —,ui(c;ﬂgf)) + M¢T¢)2. The transition occurs when
the initial minimum of the potential at ¢ = 0 becomes a metastable state due to a decrease
in the temperature, and in the tree-level potential, this corresponds to a change of sign in
the squared mass. At the critical temperature, the mass parameter is thus forced to be
light due to a cancellation caused by the thermal mass correction.

The emergence of a thermal scale hierarchy suggests the possibility of constructing
simplified effective theories for describing physics at different energy scales. For large T, the
superheavy scale becomes so massive that its effect on long-distance physics is negligible.
Integrating the superheavy fields out from the partition function results in a theory for
heavy and light fields that is considerably easier to use for studying the EWPT than the
full theory. Similar reasoning can be applied to the scale ¢7" to integrate out the heavy
scale as well; this gives a theory containing only light field modes. These considerations
underlay the discussion of section 3, where we give a detailed description of the effective
theory approach.

2.3 The infrared problem of perturbative calculations

Perturbative calculations of quantum correlators in the imaginary time formalism come
with intrinsic problems related to small momenta [31, 32]. The situation is especially
grief in the symmetric phase, where all known fields, with the exception of the Higgs
doublet, are massless. Formally, these IR divergences arise from the leading contributions of



2.3 The infrared problem of perturbative calculations

bosonic propagators inside loop integrals, i.e, from Matsubara zero-modes. The appropriate
expansion parameter for high-T perturbative expansions is p ~ g’ng(F), where

np(E) = ﬁ (2.11)
is the Bose distribution function, arising from the thermal loop integrals, and E corresponds
to the energy of individual particles in the plasma [62, 63].

The distribution function obtains its largest contribution from the Matsubara n = 0
modes, and in particular, the largest expansion parameter for bosonic fields is p ~ ¢>T/m,
indicating a breakdown of perturbation theory in the limit m — 0. Conversely, all fermionic
and n # 0 bosonic propagators contain an effective thermal mass and are IR safe, even if the
fields in vacuum were massless. Perturbation theory for the superheavy scale, constructed
using the expansion parameter p ~ ¢g2/T2, is then free of IR problems and valid for large
T. In the broken phase, an IR cutoff is provided by the gauge boson masses and the
SU(2) sector can thus be treated perturbatively. However, knowledge of the system in
the symmetric phase is indispensable for quantitative analysis of the EWPT, and the IR
problems have to be accounted for when performing perturbative calculations.

The breakdown of perturbative expansions can be postponed by identifying the IR-
divergent contributions and summing them together to infinite order in perturbation theory
[64, 65]. This is known as thermal resummation and has the effect of generating a dynamical
mass that dampens IR divergences in the problematic propagators. However, this method
of IR regularization can become cumbersome at higher loop orders, and resummation of
the light scale is especially problematic as the loop-corrected masses can be close to zero.
For these reasons, it is often more convenient to implement resummation via an effective
theory approach. We shall discuss resummation in detail in the context of dimensional
reduction in section 5.4.



3 Dimensional reduction

The emergence of a thermal mass hierarchy suggests that at length scales parametrically
larger than 1/¢T, both superheavy and heavy fields decouple from physics. The statement
of dimensional reduction is that there exists a mapping from the full 4d theory at high
temperature to a simpler Euclidean theory in three dimensions that only contains light
fields and procudes the same long-distance Green’s functions as the underlying theory.
Originally applied to QCD to study its high-T" behavior [66, 67], it was realized in the 1990’s
that the same method of DR could be used to facilitate lattice studies of the EWPT [34, 35].
The resulting effective theory possesses 3d gauge invariance and is able to describe physics
of the EWPT at sufficient accuracy via the remaining scalar zero-modes. In practice,
construction of this mapping requires perturbative computation of several two- and four-
point functions. In this section, we describe how the dimensionally-reduced theory can
be constructed by an explicit matching of Green’s functions and discuss the conceptual
foundations of the method.

3.1 High-temperature effective theories

To illustrate the basic principles behind dimensional reduction, consider a general renor-
malizable gauge field theory in a 4d Euclidean space and write the fields in terms of their
Fourier components as in Eq. (2.6). When the expansions are inserted into the path in-
tegral, the partition function factorizes into integrals over zero-modes and modes with
wp, # 0. The Matsubara zero-modes contain no dependence on the imaginary time, and
the integration over 7 can, in principle, be trivially carried out for the zero-modes. The
remaining field modes obtain thermal masses of order ~ 77, and at a high temperature,
decouple from physics at distances larger than 1/7.

The bosonic n = 0 mode part of the action is then treated as an effective action for
a time-independent theory, obtained by integrating out the decoupled superheavy modes.
Before going into details about how this theory is, in practice, constructed, let us make a few
historical remarks about effective theory approaches to thermal field theory. The original
method of constructing high temperature dimensionally-reduced theories, described in [66],
consists of writing an effective action of the form

¢S = [ DYDonsg e (3.1)

and perfoming integrations over superheavy fields. The effective action is then to be cal-
culated perturbatively to the desired order in 1/7T, dropping all induced higher-order op-
erators. As has been pointed out in Refs. [35, 68], a perturbative computation of Seg
constructed from Eq. (3.1) is problematic due to the emergence of non-local operators
caused by the integration over the superheavy fields. All diagrams integrated out in this
way consist solely of superheavy internal lines, ignoring diagrams that can additionally
contain light propagators. Since light fields interacting with superheavy fields can have
momenta on the scale of T', the effect of these diagrams cannot be expanded in terms of
p?/T?, causing a breakdown of perturbation theory when attempting to calculate Seg.
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3.2 Construction of the heavy-scale theory by parameter matching

While this complication has been taken into account in more modern approaches (see
[69] for a review), we will follow the method introduced in Refs. [34, 35] that bypasses the
problem discussed above by using an explicit matching of the static Green’s functions of
the full and effective theories. Super-renormalizability of the effective 3d theory plays an
important role in construction of the parameter mapping and will be discussed in detail in
section 5.3. It is useful to carry this matching procedure out in two separate steps, first
mapping the full 4d theory to a 3d theory for heavy and light scales, and then integrating
the remaining heavy fields out of the theory. It is worth emphasizing that in this method,
fields are not actually ”integrated out” in the Wilsonian sense as the effective theory is
constructed simply by first writing down a field theory in three dimensions, and then
defining its parameters so that the effective vertices match those of the underlying theory.

Throughout the thesis, we shall describe DR with the assumption that the underlying
4d theory is an SM-like gauge theory in the unbroken SU(2); x U(1)y phase, unless stated
otherwise.

3.2 Construction of the heavy-scale theory by parameter
matching

To facilitate the upcoming discussion, we adopt a power counting scheme similar to that of
Ref. [35]. All relevant gauge and Yukawa couplings are assumed to scale as ~ g, where g is
the SU(2) coupling, while scalar couplings scale as ~ g?. The main purpose of this power
counting is to provide a systematic method for estimating the accuracy of dimensionally-

reduced effective theories. In Ref. [35], the scaling assumption ¢’ ~ g*/?

was presumed
for the U(1) coupling; we choose to use the power counting ¢’ ~ g to obtain slightly more
accurate matching relations. We shall perform DR perturbatively to O(g*) accuracy, with
the exception of Debye mass computations, which we only do at O(g?) accuracy.
Consider a finite-temperature theory containing only static bosonic modes. This theory
can possess 3d gauge invariance and contain gauge, ghost and scalar fields, which we identify
as the Matsubara zero-modes of the fields of an underlying 4d theory. The Lagrangian bears
no time dependence, and effectively corresponds to a 3d field theory. We can write the

action as

1
Se = 7 / A3z Lsq, (3.2)

where the prefactor 1/T follows from the integral over 7. The 3d theory is super-renormalizable
due to the reduced number of spacetime dimensions, providing a significant simplification
over the full theory. In order for this theory to be a true effective theory for the underlying
4d theory, we define its parameters so that to a given accuracy, the connected Green’s
functions of this theory match to the static Green’s functions of the full theory.

To see how this matching can be performed, consider the Higgs doublet in four dimen-
sions, with the potential V(¢) = m2¢T¢ + A(¢7¢)? and with the mass being either heavy
or light. Suppose this theory has a 3d counterpart with the 3d fields ¢3 corresponding to
the n = 0 modes of the 4d theory. The 3d scalar potential has the same form as in four
dimensions, but the mass and the coupling are different, denoted mj3 and A3. In the 3d
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3.2 Construction of the heavy-scale theory by parameter matching

theory, we can write the renormalized two-point function for the field ¢3 as

G3'(p) = p* +m3 — I3(p?), (3.3)

where p is an external 3d momentum and the self-energy II3(p?) contains loop corrections
from one-particle-irreducible (1PI) diagrams evaluated in the 3d theory!. Since the 3d
theory consists of heavy and light field modes only, II3(p?) receives no corrections from
fields at the superheavy scale.

Next, consider the analogous quantity in the 4d theory, evaluated for the Matsubara
zero-modes:

G~HP) = P> + m? — II(P?), (3.4)

where P = (0, p) is now the n = 0 external momentum in four Euclidean dimensions and
the II-function receives correction from superheavy field modes in addition to the heavy
and light contributions. By requiring that the n = 0 mode corresponds to the scalar field
¢3 in the 3d theory, we can separate the self-energy into a contribution from zero-modes
only that is reproduced by the 3d theory, and an additional contribution that comes solely
from diagrams containing superheavy propagators. We write the self-energy as

(P?) = I3(p%) + T(p?), (3.5)

where superheavy diagrams are contained in II(p?). Strictly speaking, Il is reproduced
correctly only if resummation is implemented in the 4d theory. We shall postpone this
discussion until section 5.4.

Analyticity of II(p?) is guaranteed by the fact that the superheavy scale is free of IR
problems, so for p < T it can be expanded in the external momentum p?. Following our
power counting scheme, already the p* term in the expansion will be of order O(g°%) if the
momentum is restricted to the heavy scale (p < ¢7'). Thus

II(p*) = T1(0) + IT'(0)p” + O(g°), (3.6)

where it is assumed that II'(0) has been computed to O(g?) accuracy and II(0) to O(g*)
accuracy, corresponding to one-loop and two-loop orders respectively.
We can now write the 4d two-point function as

GH(P) =1~ ()] {p* + [m* — T(O)][1 + II'(0)] — M3(p*)} , (3.7)

which is equivalent to Eq. (3.4) up to terms of order O(g*). It is then straightforward
to match Eq. (3.7) against the two-point function in the effective theory, Eq. (3.3), by
demanding that the fields are related as

(616)3a = 1~ TO)(6' D) (38)

"We find it convenient to define the self-energy with a minus sign. II is then given directly by the sum
of 1PI diagrams [62].
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3.2 Construction of the heavy-scale theory by parameter matching

and that the mass in the 3d theory is given by
m3 = [m? — T1(0)][1 + IT'(0)]. (3.9)

Note that we have absorbed the factor of 1/7 multiplying the action into the normalization
of the 3d fields. The fields then have mass dimensionality of 1/2. A one-loop computation
of the correction to the field normalization suffices, as the product m?I1’(0) is then of O(g*)
when the 4d mass is heavy.

Other fields and couplings can be matched in a similar fashion, by calculating renor-
malized correlation functions to a given order in g and deriving matching relations as above.
O(g*) accuracy for mass parameters generally requires perturbative computation of self-
energy correlators to two-loop order, while for coupling constants, a one-loop calculation
of their respective four-point correlators is sufficient. For example, the quartic coupling As
in three dimensions can be matched by directly equating the effective vertices of the two
theories:

—2X3T (615051 + 0u6;) (b1 b5l d1)aa = [—24 + Ta(0)] (6150, + 6udin) (Sl dsel),  (3.10)

where I14(0) is the renormalized one-loop correction from the superheavy modes to the four-
point function, and the SU(2) structure has been written down explicitly. The coefficient
T on the left-hand side follows from the definition of 3d fields. Taking into account the
field normalization factor in Eq. (3.8), the 3d coupling is then given to O(g*) by

A3 =T <>\ + 2AIT'(0) — ;114(0)) : (3.11)

Note that for couplings appearing in more than one vertex, such as g, it is sufficient to
calculate the correction to just one of the relevant vertices, and the final matching relations
will not depend on this choice.

In some BSM theories, additional complications can arise due to reducible diagrams
that are not necessarily reproduced by the effective theory. Such situation arises in, for
example, models containing multiple Higgs doublets [54, 60]. If the second doublet is
integrated out as a heavy field, the two-loop diagram depicted in Fig. 1 is not reproduced
by the resulting 3d theory due to the internal heavy line connecting the two 1PI parts.
This diagram has to be explicitly included in the matching procedure for the connected
Green’s functions to match.

Since the matching procedure is performed perturbatively, usual constraints of pertur-
bation theory hold. In particular, DR becomes unreliable if the couplings of the full 4d
theory are large. The accuracy of the resulting effective theory can be estimated by cal-
culating higher-order correlation functions in the 4d theory and explicitly matching their
effect to the heavy-scale theory. This allows for a simple power-counting estimate for the
accuracy at which the static Green’s functions are reproduced. If the heavy-scale param-
eters are matched at O(g*) accuracy, the theory is able to reproduce the light and heavy
Green’s functions up to terms of order g* [35]. We will discuss the omitted dimension-six
operators further in section 5.6.
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3.3 Induced adjoint scalars in the heavy-scale theory
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Figure 1: Example of a reducible diagram that needs to be included when performing
matching. If the double line is a superheavy propagator, this diagram is not reproduced
by the effective theory.

3.3 Induced adjoint scalars in the heavy-scale theory

As an illustrative example of the matching procedure, let us continue the discussion of
section 2.2 about the temporal components of gauge fields. Dimensional reduction of vector
fields requires extra care. We would like to write an effective 3d theory that incorporates
effects of the temporal gauge field components, despite the fact that at most 3d gauge
invariance is expected in this theory. Broken Lorentz symmetry in the temporal direction
and the generation of a Debye mass suggest that the Matsubara zero modes of these
temporal components should behave not as gauge fields, but as massive scalars in the
effective theory.

Consider the Standard Model in the imaginary time formalism. Focusing especially on
the SU(2) field Au and ignoring the other gauge fields for simplicity, we write a heavy-scale
Lagrangian for a SU(2) temporal scalar adjoint field Ap in three dimensions as follows:

L)t = S(DAAD+ S (A5 A8 + ha(010ATAD) + Ts(A3ADE. (312
Here mp is the Debye mass and the subscripts denote a 3d field or coupling. This is the
most general 3d scalar Lagrangian consistent with SU(2) gauge symmetry, and our claim
is that Ap can be directly matched to the zero-component of A, in the full 4d theory.

Following the matching procedure described above, we need to calculate the two-point
correlator of the temporal gauge field component Ag in the 4d theory at external momentum
P. To get a full O(g*) result, we would need the correlator at two-loop order. However, the
effect of the temporal scalars on DR in total is small compared to that of the superheavy
scale [35], so we shall be content with the much simpler one-loop result.

The self-energy correction has been calculated in Refs. [35, 61]. In order to counter
inevitable ultraviolet (UV) divergences, dimensional regularization in D = 4—2e dimensions
has been used in conjunction with the MS renormalization scheme. The fully renormalized
result in the SM reads

11 P2 25
a b 2 2
4§~~~ Ay = —g 5ab[T ST <1+6 Lb—4Lf)>], (3.13)
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3.4 Effective theory for the light scale

where P = (0, p), and dependence on the renormalization scale A has been incorporated
into the shorthand notations

Ly, = QIH% — 2[In(47) — 7], (3.14)
Ly=1Ly+4In2, (3.15)

with v being the Euler-Mascheroni constant.
According to Eq. (3.8), we then find that the corresponding field (Af)s3 in the 3d theory
is given by

Ag Ag 2 25
(ATAD)y, = ( oTo)4d [1 _ 1gﬂ2 <1 + L - 4Lf)> ] (3.16)

The Debye mass can then be calculated from Eq. (3.9), with the 4d mass parameter being
zero. Note, however, that by restricting ourselves to O(g?) calculation of mp, the derivative
term can be neglected, as its contribution is of O(g*). The result is thus
11
ma = g2T2€7 (3.17)
showing explicitly that mp ~ gT'. Therefore, the temporal scalar (A§)s is indeed a heavy
field, justifying its inclusion in the 3d theory.

3.4 Effective theory for the light scale

The effective 3d theory constructed above can be further simplified by integrating out the
heavy degrees of freedom. These include the temporal scalar fields and possible additional
heavy scalars that do not directly take part in the phase transition. The resulting theory is
a 3d theory containing only light field modes and is valid for momenta p < ¢>T. It can be
constructed by performing parameter matching similarly as in the case of the heavy-scale
theory. For example, two-point function of a light scalar field is

Gyt (p) = p* +mj — T3(p”) — T3(p?), (3.18)

where II3(p?) receives contributions from heavy fields and can be expanded in the external
momentum p. We may now write down the corresponding two-point function in the light-
scale theory,

G igne (p) = P + 3 — 3(p%), (3.19)

and follow the recipe given in section 3.2. This results in the matching relations
(6463)nane = [1 = I (0)](0}63), (3.20)
m3 = [m3 — I(0)][1 + II'(0)]. (3.21)

Couplings are, again, matched by comparing the effective vertices. Loop corrections
should be computed to O(g3) for consistency; the leading order matching results are then
of O(g*). In practice, this step of DR is often simpler to perform than the first step due to
the lack of superheavy field modes, as well as because of the super-renormalizable nature of
the 3d theories. We may again estimate the validity of this DR step by computing omitted
higher-order operators. Green’s functions computed in the light-scale theory are within
O(g?) of the respective 4d Green’s functions (see section 5.6).
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3.5 Phase transitions in the light-scale theory

3.5 Phase transitions in the light-scale theory

Of particular interest is the light-scale theory obtained by performing DR on the SM. After
the first step of DR, the only remaining heavy fields are the temporal scalars Ag,Bg and Cjy.
Integrating them out leaves a theory containing only the 3d gauge fields and a light scalar
field that drives a phase transition in the effective theory. To be precise, this theory is only
valid near the transition, as the scalar field cannot be guaranteed to be light otherwise.
The scalar potential is

V(9) = fis(¢') + As(9'9)?, (3.22)

where the fields and couplings are now understood to be those of the light scale theory.
Since this simpler theory is constructed to reproduce the same long distance physics as the
underlying 4d theory, it can be used to study various properties of the EWPT. In particular,
non-perturbative lattice simulations are more readily performed on the light-scale theory
than the full 4d theory due to the lack of fermions. However, we emphasize that the utility
of DR is limited to studying time-independent quantities, since the effective theories are
completely static with respect to the temporal coordinate.

In the context of non-perturbative EWPT studies, a good approximation to the SM is
given by a SU(2)+ Higgs theory, as the effect of the U(1) field on the transition is small [37].
Notably, the dimensionally-reduced form of this theory only contains three parameters that
the transition can depend on: the gauge coupling g3, the scalar mass i3 and the quartic
coupling A3. After dimensional reduction, the full light scale Lagrangian reads

Lig = {FAF + (D,0)'(D6) + ps(619) + Xa(66), (3.23)

where D¢ = (0, —ig% - A,)¢ is a spatial covariant derivative and Fj.; is the SU(2) field
strength tensor. Note that we have suppressed irrelevant ghost and gauge-fixing terms.

Due to the matching procedure used to construct the theory, the parameters gs, fiz, A3
are dimensionful and have intrinsic temperature-dependence. It is convenient to parametrize
the theory using the dimensionless quantities

5\ =2
r=20 y=58 (3.24)
g3 93

At tree-level, transition from the symmetric to the broken phase occurs when the squared
mass parameter changes sign. The mass obtains temperature dependence from the match-
ing procedure and in general, has the form

i3 =m? +T(T), (3.25)

with m being the mass in the underlying full theory. I'(T") is the thermal correction obtained
by integrating out superheavy and heavy fields. The tree-level transition occurs when the
4d mass is cancelled by the thermal effects encoded in I'(T'), causing the minimum to
shift from its original location at ¢ = 0 to a non-zero field value. The actual critical line
is not exactly at y = 0 due to radiative corrections [37], but we shall approximate the
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3.5 Phase transitions in the light-scale theory

critical point to be that at which the y parameter changes sign. It is then possible to find
the critical temperature by varying the temperature inputted into the matching relations.
However, in order to obtain additional information about the transition, such as the latent
heat or the nucleation rate, further analysis using either perturbative or lattice methods is
required.

The theory defined in Eq. (3.23) has been studied non-perturbatively on the lattice in
Ref. [36], where it was found that the transition is of first order if 0 < = < 0.11 at the
critical temperature, while for x = 0.11, the transition is of a crossover type, meaning that
all derivatives of thermodynamic quantities are continuous. Furthermore, the transition
becomes increasingly stronger the closer x is to zero. If x < 0, the potential is no longer
bounded from below and the effective theory breaks down. This can happen if the pertur-
bative construction of the matching relations has failed, in particular, when the omitted
higher-dimension operators are large enough to cause considerable errors (see section 5.6).

DR accompanied with the above lattice results was applied to the Standard Model in
Ref. [35]. A remarkable finding is that in the SM, the electroweak phase transition is of
first order only if the Higgs mass has an unphysically small value of my < 75 GeV, and is
a crossover for larger my. The endpoint at which the transition turns into a crossover is
not achievable perturbatively [44], highlighting the importance of lattice approaches. We
also stress that the DR procedure is free of the IR problems that usually plague high-T
perturbation theory. This is because the IR divergences are caused by massless propagators
of Matsubara zero-modes, but we have only performed integrations over superheavy and
heavy field modes, which are IR finite. The problematic zero-modes can then be treated
completely non-perturbatively on the lattice. There is one complication arising at two-loop
level where diagrams can contain mixed n = 0 and n # 0 propagators, and resummation
needs to be applied. The resummations are, however, easy to implement for O(g*) DR,
and the perturbative expansions remain IR finite (for details, see section 5.4).

We emphasize that the light-scale theory in Eq. (3.23), and the existing lattice results
for it, are also useful in the study of the EWPT in scalar extensions of the SM. If the
additional scalar fields appearing in the theory are sufficiently heavy, corresponding to
masses of order ~ ¢gT' or larger, it is possible to integrate them out in either the first or
the second step of DR. This results in a light-scale theory identical to the one discussed
in this section — neglecting the U(1) field — with modified matching relations, and a non-
perturbative analysis can be carried out without the need for new simulations. Note,
however, that dynamical information is lost when fields are integrated out, and the effective
theory of Eq. (3.23) is unable to describe phase transitions in which more than one light
scalar take part in the symmetry breaking.

Finally, we point out that it is also possible to apply perturbative methods to the 3d
theories. The downside of this approach is that by construction, the effective theories pos-
sess the same IR behavior as the underlying theory, and an effective potential constructed
from the effective theory will thus suffer from the same IR problems as a similar approach
in four dimensions. However, since proper resummations for the heavy and superheavy
scales have been implemented when constructing the effective theories, we can expect bet-
ter convergence near the phase transition than what is achieved in the full theory [70]. A
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3.5 Phase transitions in the light-scale theory

3d perturbative analysis may therefore be useful for improving the results obtained from
the corresponding 4d effective potential. This has been performed for the SM in Ref. [34].
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4 The triplet Higgs model

For the rest of this thesis, we shall concentrate on the triplet extension of the SM, abbrevi-
ated XSM. It is a model where, in addition to the usual Higgs doublet, a real-valued scalar
field ¥ belonging to the adjoint representation of the SU(2) group is introduced. New par-
ticle content in the ¥SM includes a neutral scalar ° and a charged scalar pair ¥*. What
makes the triplet model particularly interesting in the study of baryogenesis is its ability
to produce a phase transition occuring in two steps [52]. The first step consists of isospin
symmetry breaking for the triplet field, while in the second step, there is a transition from
the isospin breaking phase to the phase where the Higgs doublet obtains a vacuum expeca-
tion value. It is, of course, possible that the transition only occurs in the doublet direction.
We will identify the regions of parameter space where a two-step transition is possible, and
derive a dimensionally-reduced effective theory that can be used to study the EWPT in
this model. For numerical analysis, we limit ourselves to the simpler single-step case.

4.1 Full structure of the theory

We write the full symmetric-phase Lagrangian in Fuclidean space as
L= [fgauge + Eghost + »CGF + Lfermion + »CYukawa + »Cscalary (41)

where the scalar sector reads
1
ﬁscalar = (Du¢)T(D#¢) + E(D#Ea)(D,MZa) + V((ba Z) (42)

and the potential is given by

V(0.) = 3ot — Lpdurnt + Aol + S em)? + Lotorene. (43)
Here ¢ is the Higgs doublet and ¥ is the SU(2) triplet. Collider experiments at the
Large Hadron Collider (LHC) set strong constraints on first-order EWPT scenarios in BSM
models involving scalars transforming non-trivially under SU(3) [71, 72]; we therefore omit
gluon-3} couplings. Furthermore, we choose to set the hypercharge of the triplet to zero,
so that its covariant derivative reads D3¢ = 9,3 4 geabCAZEC.

The potential possesses a global symmetry under SO(3)s. Adding terms of the form
#T(X9T%)¢, where T are the SU(2) generators, would break this rotational symmetry and
induce a non-zero vev for the neutral triplet component in the broken phase [73]. However,
the triplet vev is strongly restricted by electroweak precision tests and has negligible effect
on the EWPT in the its allowed value range [52], so we have chosen to discard the O(3)s
breaking terms from the potential. Furthermore, in Ref. [74] it has been pointed out that
the neutral BSM scalar can fit the role of a cold dark matter (CDM) candidate in the
absence of a vev. Note that this scalar potential is also symmetric under cyclic group Zs
transformations:

¢— —¢, X — —X. (4.4)
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4.2 Triplet model phenomenology

We use a simplified Yukawa sector in which only the top quark is coupled to the Higgs
doublet, as the other Yukawa couplings are small and insignificant for EWPT. Furthermore,
possible fermion couplings to the triplet field would lead to right-handed neutrinos and are
generally strongly restricted by experiments [75], so we omit them. Yukawa sector of the
Lagrangian reads

ﬁYukawa = gY(QtQNSt + Eéth)v (45)

where ¢; is the left-handed top quark.
Rest of the theory has the same form as in the SM, but for clarity, we write it down
explicitly as well. The gauge fields Aj, By, C}y are contained in the field strength tensors

Gl Fyuwy Hp,. Their respective ghost fields are 7%, £, (%, and the gauge sector reads

1 1 1
Egauge = ZGZVGI?W + EF,LLZ/F,U,Z/ + ZHEZVHEV’ (46)
Lahost = Ol Dy + 9,E0,€ + 9,C* D¢, (4.7)
1 a\2 1 2 1 a\2
Lar = 5g(Ou )" + 52 (OuBu)" + 5 (0uCh)" (4.8)

We choose to express the intermediate diagrammatic results for parameter matching using
the Landau gauge £ = 0, but emphasize that the final DR relations are gauge invariant. All
parameters introduced here are to be understood as the bare parameters; we will discuss
renormalization in section 5.

New vertices induced by the triplet and their respective Feynman rules have been listed

in Appendix A.

4.2 'Triplet model phenomenology

In order to study zero-temperature vacuum structure of the scalar sector, we parametrize

the fields as
W 2 . 4
(b - L(h + ’LZ) ) - g2 ) ( 9)

V2 o3

where the physical neutral scalars are h and o3. The potential possesses multiple stationary
points, which can be identified by imposing extremization conditions in neutral component
directions,
ov._ov
Oh ~ doz

with other components set to zero. We find nine solutions, but due to Z3 symmetry, only

0, (4.10)

four of these correspond to distinct extrema. Apart from the symmetric phase vacuum at
h = 0,03 = 0, the extrema are given by

(h,o3) = (v,0) (4.11)

(h7 03) - (07 .%'), (412)
20913, — 4b4,u,§5 2(12/@5 — A\,

h = 4.13

(h, o3) (\/ a2 —4bn O\ a2 — dba ) (4.13)
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4.2 Triplet model phenomenology

where v = py/ VX is the usual SM vev and = = px/v/bs. The first choice corresponds to
the standard vacuum of broken electroweak symmetry, given that A > 0. Since we restrict
the triplet field to real values, the solution o3 = x is only meaningful if ,u% > 0.

Mass spectrum in the (h,03) = (v,0) vacuum is found by shifting h — h + v and
diagonalizing the potential. In the absence of aforementioned O(3)y, breaking terms, there
is no mixing between mass eigenstates of ¢ and X, and the calculation is straightforward.
The four degrees of freedom of ¢ become three Goldstone bosons and the physical Higgs
boson of mass

my = 2u5 = (125 GeV)?. (4.14)

The triplet sector is already diagonal with degenerate mass eigenvalues,

1
mé = —pd + iagvz. (4.15)

The neutral scalar is given by ¥° = o3 and o1, 09 mix to form the charged scalars: Y% =
%(01 F io9). Note that at tree level, all three BSM particles have an equal mass of my.
However, loop corrections are different for the neutral and charged scalars, the latter of
which obtains additional contributions from its interactions with photons. This leads to a
slight splitting of the physical masses by roughly Méﬁ — M2 =160 MeV.

Stability of the EW vacuum requires that (h,o3) = (v,0) gives the global minimum,
with real mass eigenvalues. A direct calculation shows that the stationary point h #
0,03 # 0 does not correspond to a physically meaningful local minimum. Provided that
A > 0, a stability condition can then be found by requiring that V(v,0) < V(0, z), which
is satisfied for by > 0 if
%m%vQ > b14(m22 - %a2v2)2 or % <0. (4.16)
If the latter inequality holds, the stationary point in the o3 direction is achieved only with
complex field values and is ruled out for a real-valued ¥. Furthermore, for the discussion
of a two-step phase transition, it is useful to identify regions of the parameter space where

the solution (h,o3) = (0,z) is a local minimum of the potential. This requires?

p% >0 and %m%{ < 26224(;@202 — mQE) (4.17)

In particular, the EW vacuum is always stable in the region of a single-step transition.
Finally, measurements of decay widths in collider experiments set additional con-
straints on the XSM parameters. In particular, presence of the charged triplet modifies
the observable Higgs-diphoton branching fraction I'g—,~ [52, 73, 76]. In the SM, leading-
order contributions to this process come from top quark and W boson loop diagrams. The
branching fraction is modified by the portal coupling a2, and the change in I'y7_,,- can be
calculated. For sufficiently large values of the triplet mass, small deviations in the branch-
ing fraction are currently not excluded by experiments [52, 73]. This may change once the

ZNote that in Ref. [52], there are misprints in both vacuum stability and second minimum conditions.
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4.3 Two step EWBG in the ¥SM

LHC enters the high luminosity phase, which is expected to allow the determination of
I 7~ with precision of ~ 5 —10% [77]. Furthermore, the charged triplet can decay into
Yo via pion emission, which would leave signatures in charge tracks [73]. Due to the short
lifetime of the neutral triplet however, no significant restriction have yet been obtained
for this decay [78, 79], and the ¥SM parameter space remains relatively unconstrained by
experiments.

4.3 Two step EWBG in the XSM

In the SM, EWPT takes place when the Higgs doublet obtains a non-zero vacuum expecta-
tion value. When additional scalars are introduced, it becomes possible that the transition
is driven by multiple scalars instead of just the SM Higgs. For two scalars transforming
non-trivially under the SU(2), group, this scenario is usually modeled in two steps [80].
First, the BSM field undergoes a phase transition by generating a non-zero vev. If this
transition is of first order, bubbles of the new phase are formed and baryon creation via
sphaleron processes becomes possible. In the second step, the SM doublet settles to its vev
of v = 246 GeV. The electroweak symmetry is broken already during the first step, causing
considerable suppression of B violation in the second step [81]. It is thus preferable to have
the baryon excess generated in the first step. For successful baryogenesis, re-excitement of
the SM sphalerons in the later step needs then to be avoided, as these could negate the
non-zero baryon number of the first step.

In the ¥SM, this scenario has been considered perturbatively in Ref. [52]. In the
parameter space spanned by as,bs and my, there exists a region of stable EW vacuum
where the potential additionally possesses a local minimum in the ¥ direction. When
thermal corrections to the potential are taken into account, this triplet minimum can
become energetically favorable over the symmetric phase vacuum, and the universe can
then undergo a transition into the minimum at (h,o3) = (0,z). As the temperature
decreases, the global minimum shifts to the EW vacuum and an another transition occurs.
In the model considered in Ref. [52], the triplet vev is relaxed to zero during the second
transition, allowing the neutral component become a CDM candidate. Furthermore, it was
demonstrated that a first-order transition is achievable for ¥SM couplings within current
phenomenological bounds. The perturbative analysis also suggests that in the region of
a viable two-step transition, the second step occurs via a strongly first-order transition.
This is favorable for baryogenesis, as the expanding bubble walls allow for CP violating
scattering processes, preventing a baryon washout by the SM sphalerons. As the existence
of a metastable minimum requires p? > 0, a single-step transition is expected in regions
not satisfying this condition.

Quantitative estimates concerning the baryon excess produced during a two-step tran-
sition in the XSM have been left for a future study. For this, non-perturbative methods
become essential. We will now apply DR to the 3SM and describe the resulting 3d theories
that can be used for lattice studies of this model.
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4.4 Effective 3d theories for the XSM

4.4 Effective 3d theories for the >SM

Dimensionally-reduced effective theories for heavy and light scales are constructed as de-
scribed in section 3, by calculating the relevant correlation functions to order O(g*) and
matching the static Green’s functions to those of the underlying theory. Conceptually, DR
is made possible by the emergence of a thermal scale hierarchy in the effective field masses;
therefore, a scaling assumption for the triplet mass parameter uy is in order. If the triplet
is sufficiently light, its zero-mode will remain in the final effective theory together with that
of the doublet field, and this theory can describe a two-step phase transition. However, if
the triplet belongs in the "superheavy” or "heavy” category, we may integrate it out in
first or second step of DR and obtain the light-scale theory of Eq. (3.23). We may study
this case by using the existing lattice results of Ref. [36].
For concreteness, let us write down the 3d theories for different choices of uy, scaling.
In a pure SM theory, the field driving the EWPT is the Higgs doublet ¢, and therefore
its mass parameter is assumed to scale at least as pg ~ g7T'. After integrating out the
superheavy field modes, we obtain a Euclidean 3d theory defined as
LO =@ o+ L9 L8+ e (4.18)

gauge ghost scalar temporal’

with the scalar section

£ = (D:9) (D,9) + 5 (D) + V(6,3 (419)
V(6,0) = 1,060 + 5p a0 + As(010)” + 43 (20me)? 4 Bgtomene (420)

The index r runs from 0 to 3. In order to simplify the notation, we have denoted the 3d
fields, defined as in Eq. (3.8), with the same symbol as their 4d counterparts, while 3d
couplings are denoted by a subscript. We have now assumed that the triplet is heavy. In
the case of a superheavy triplet, even its zero mode has to be integrated out in the first
step of DR and so the resulting 3d theory only contains the doublet field. We will not
consider this scenario in this thesis; see, however, appendix B of Ref. [53].

The temporal scalars Af, By, C§ are contained in £ which reads

temporal’
3 1 a 1 a ra 1 1 2 1 o 1 2 e
ﬁt(:el)nporal = §<DTA0)2 + §m%)(Avo) + 5(&30)2 + §m/D Bj + 5(&00 ) §m73 (C3C)
_1_1 AaAa2 1 /B4 1 //AaAaBQ h t A% AQ B T B2
4"03( 045) + g fsbo + 3 Ao A By + 3(¢'AGAG) + hs (o9 Bg)
T W Bo(61 A0 ) + B5(S050) (ABAB) + 84(S0AG)? + wsCECE oo, (421)

where o, are the Pauli matrices. Performing parameter matching for the couplings x3, kK, k%
one finds that their leading-order results are ~ g*, so their effects to O(g*) DR are always of
higher order [53, 60]. Furthermore, we have suppressed operators of the form A3AZCGCY,
BgCg‘C’g“ and (0303)2, which only contribute at higher orders in our power counting. We
have also simplified the SU(3) sector by omitting the gluon coupling to C§'. This is because
spatial gluons do not couple to the scalars ¢, Y, and thus do not contribute to light-scale
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4.4 Effective 3d theories for the XSM

matching. Other parts of the Lagrangian are analogous to those defined in section 4.1,
with the couplings and fields replaced by their respective 3d counterparts.

In the second step of DR, a light-scale theory is constructed by integrating out the
heavy temporal scalars. Near the transition, mass corrections from the first DR step force
the doublet mass parameter p4 3 to be light. If a similar cancellation occurs for the triplet,
it is justified to include ¥ in the light-scale theory as well. We then obtain the theory

LO =L@ o+ LD+ L3+ L) (4.22)

ghost scalar’

constructed as described in section 3.4. The scalar sector reads
~(3 1 _ 1
Eécs)ilar = (DT¢)T(DT¢) - 5(D'I‘Ea)2 + M¢,3¢T¢ + 5“273Ea2a
_ b =
+Ra(919)” + S (Um)? + HEglgmrnt, (4.23)

This theory is able to describe a two-step phase transition, since the triplet field is included
dynamically. We plan on simulating this theory on the lattice in the near future in order
to make non-perturbative statements about the effect the triplet field has on transition
dynamics.

However, given the amount of effort required for such simulations, we shall now focus
on the simpler case in which the triplet is integrated out as a heavy field. This modifies
the matching relations for the light-scale theory, and scalar potential in the final theory is
then given by

V(9) = 13,36'¢ + ha(070)*. (4.24)

Effects of the triplet field are incorporated into the matching relations for the fields and
parameters. We then simplify this theory further by discarding SU(3) and U(1) gauge
fields which have little effect on the transition, obtaining the effective theory discussed in
section 3.5. Lattice results for this theory are known, and we can obtain non-perturbative
results in the limit where the triplet field only affects transition dynamics via its interactions
with the doublet. The transition then occurs in a single step driven by the doublet field,
from the (¢) = 0 symmetric phase directly to the EW vacuum (¢) = 246 GeV. In the SM,
this transition is of a crossover type. However, the 3d parameters are now modified by the
triplet field in a way determined by the matching relations, and the transition may become
strong enough to be of first order in some regions of the 4d parameter space.

Matching relations in each of these cases can be found in the main paper [53], while
intermediate results of a diagrammatic calculation of the relevant correlation functions are
listed in Appendices B and C of this thesis.
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5 Technical details of dimensional reduction of the
YSM

While the construction of the effective theories described above is, in principle, straight-
forward, there are subtleties that we previously overlooked when describing the matching
procedure. In order to produce sensible mappings to the effective 3d theories, a proper
renormalization of the 4d theory is required. This subsection is devoted to discussion of
technical subtleties related to renormalization of both the full underlying theory as well as
the effective theories. Furthermore, the importance of resummation is discussed in detail.
We address numerical uncertanties related to dimensionally-reduced effective theories and
perform a simple error estimate that can provide insight into the reliability of our results.
It is worth pointing out that the techniques presented here can readily be generalized to
other scalar extensions of the SM as well.

5.1 One-loop renormalization of the 4d theory

Let us begin with the first step of DR and seek to integrate out the superheavy field modes.
As described in section 3.2, calculation of several two and four-point functions is needed to
construct parameter mappings to the 3d theory. Remarkably, it is enough to compute only
the contributions from superheavy Matsubara modes, as the diagrams containing solely
light and heavy modes are reproduced by the 3d theory and need not be matched. For
now, we will assume that the triplet field is heavy; superheavy contributions then come
from bosonic n # 0 modes and all fermionic modes.

We apply the MS renormalization scheme in D = 4 — 2¢ dimensions and define the
bare fields and parameters as

Gi0) = Z;i/QgZ)i =(1+ 5Z¢i)1/2¢,- (for gauge, fermion and scalar fields), (5.1)

i) = A(gi +0g;) (for gauge couplings) (5.2)
and

Yib) = ZJ%Z;%Z;%AE(QY + 69y ), Ay = Z5 2N (A+0)), (5.3)

by by = Z5;>AN*(by + 6by), ag,w) = 2y 25 N*(ag + daz), (5.4)

By = Zo (13 + 6p3), B3y = Zx (13 + 0ps:). (5.5)

Here A is the renormalization group (RG) scale, and its inclusion in bare coupling definitions
makes the renormalized couplings dimensionless. Technically, all O(g*) Feynman diagrams
then come with a factor of A%, but we absorb it into the integration measure by introducing

[=(5) [ 59

where d = 3 — 2¢. Note that due to broken Lorentz invariance, dimensionality of the

the shorthand notation

temporal direction is exactly one, while the spatial space is d-dimensional. As usual in
dimensional regularization, all integrals encountered are at most logarithmically divergent.
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5.1 One-loop renormalization of the 4d theory

O(g*) matching relations for the coupling constants are obtained from one-loop cor-
rections to their respective vertices. For example, matching of the SU(2) gauge coupling ¢
is readily performed by calculating the gf)TquZAﬁ correlator. It contains the ring diagram
depicted in Fig. 2, which is proportional to the sum-integral

1
Lo v ap o0

As pointed out in section 2.1, we can now separate the above expression into a zero-mode
part and a sum-integral over all n # 0 modes. The zero-mode contribution is reproduced
by the 3d theory and is not needed for the construction of the DR mapping. For heavy
ux, we may simplify these integrals by expanding in ,u% /T? ~ g% in the n # 0 part:

/ 1 B / 1 9 / 1 s
ZPW—ippﬁuzzPPﬁO(g ); (5.8)

where it is sufficient to only pick the zeroth-order term, since the diagram itself is propor-
tional to g* and thus any positive powers of uyx; lead to corrections beyond O(g*). Note that
a similar expansion is not allowed for zero-mode propagators as each term in the resulting
expansion would vanish in dimensional regularization, leading to a wrong result [63].

\
\

|\

\
\

1

|

!
1
1

Figure 2: Ring diagram containing a 3 loop. For spatial A, this diagram cancels against a
triangle diagram at O(g*), and the temporal part contributes only to the matching relation
for the ¢ — Ap portal coupling hs.

Under the assumption that all mass parameters appearing in the theory scale at least
as ~ g7, we can follow the recipe introduced above to reduce all other integrals appearing
in the four-point function to bosonic sum-integrals of the form

) P2\B(12)6
4 (£5)"(p?)
155 = zp (Fo)a (5.9)
which can further be simplified using common algebra (see the list of integrals in Ref. [60]).
A direct computation then shows that for spatial A, the diagram in Fig. 2 cancels against

a triangle diagram of the same type at O(g*). Two particularly important one-loop sum-
integrals are [35, 61]

Z’ 1 T2 3T
4b — 2
7" = 5= 19 {1 eLy 4e<c+ln )} + O(€), (5.10)

Z’ 1 1 1
4b e
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5.1 One-loop renormalization of the 4d theory

where logarithms of A are contained in L; as defined in Eq. (3.14), and we have denoted

= ;(m <8§> 4 %,((22)) - 27). (5.12)

The O(e) terms are important for two-loop renormalization of two-point functions where

products of the above sum-integrals appear. Note in particular that at one-loop, logarithms
of the form In(A?/T?) always come with the same coefficient as the corresponding UV-
divergent 1/e term. This is a reflection of the fact that UV and IR divergences cancel each
other in dimensional regularization, as the role of an IR regulator is played here by 7. The
counterterm dg is defined, as usual, to exactly cancel the 1/e poles arising from these sum-
integrals, and the renormalized four-point function is what enters the matching relations.
Note, however, that an additional computation and renormalization of the respective two-
point functions are needed to obtain the correct field normalization relations.
In the 3¥SM, §g is given by

3
_ g 41 2
%9 = Y57 (12 3Nf>’ (5.13)

where Ny = 3 is the number of fermion families and we have separated it from the bosonic

contributions for convenience. Using this, one is able to find the corresponding S-function
by requiring that the bare parameter g, defined in Eq. (5.2), is independent of A. The
O(g*) result reads

3
Blo) = 10— <461 -2 f>- (5.14)

The B-functions are needed to account for running when studying dimensionally-reduced
effective theories. A full list of one-loop counterterms in the XSM is presented in Ap-
pendix D, while the S-functions can be found in the main paper [53].

After calculating the relevant correlator functions in the ¥SM, one finds the O(g?)
matching relation for gs:

2
i = ot 1+ 1 (R - 2w + )] (5.15)

Running of g* is of higher order and we have simplified the notation to reflect this fact.
Note that the total coefficient of the In(A%?/T?) term is exactly the renormalization group
equation 3(g?) = 2gB(g) with its sign flipped. This is because the only UV-divergent
sum-integral we face at one-loop level is I3, and therefore all emerging logarithmic A
dependence is equal to the 1/e poles. What this implies is that any A dependence in the
O(g?) term will cancel against the logarithmic term, rendering the 3d coupling independent
of A at O(g*). This is a general result that reflects the super-renormalizable nature of the
effective theory, and applies to all coupling constants in the matched theory [34, 35, 82].
A remarkable result of thermal field theory is that a Wick rotation from vacuum to an
Fuclidean finite-temperature theory preserves the ultraviolet behavior of the theory. The

omitted zero-mode integrals at one-loop level are all UV-finite (see section 5.3), implying

27



5.2 Two-loop mass parameter matching

that the one-loop counterterms calculated from the superheavy diagrams are sufficient
to renormalize the corresponding vacuum theory as well. This comes in handy when
considering loop corrections to relations between physical and MS parameters, discussed
in section 5.5.

5.2 Two-loop mass parameter matching

Matching becomes more complicated at two-loop level. It is still useful to decompose
bosonic sum-integrals into purely zero-mode contributions and n # 0 mode sum-integrals,
but one also gets mixed terms:

XP’K — T2 /pk +T2/P/k+Tz/K/p+Z/P,K' (5.16)

Again, the zero-mode term proportional to 72 corresponds to a 3d integral and has a direct
counterpart in the effective theory, while the terms linear in T turn out to be irrelevant for
parameter matching (for details, see section 5.4). Finally, the last contribution consisting
only of non-zero mode momenta is what enters the matching relations for mass parameters.
The total two-point function is renormalized by O(g?) counterterm diagrams containing
one-loop counterterms. However, at two-loop level even the purely zero-mode 3d integrals
can be UV divergent, and one would find an excess of logarithmic divergence if attempting
to renormalize only the supermassive contributions. This leftover divergence cancels exactly
against the remaining UV divergence in the zero-mode parts, and the total correlator is
thus UV finite. In fact, this observation allows one to find the O(g?) result for the mass
counterterm of the effective 3d theory in terms of parameters of the 4d theory.

Integrals relevant for two-loop DR can be found in Ref. [60], and remarkably, all n # 0
mode contributions can be expressed as products of the integrals in Eq. (5.10), from which
we can deduce the UV structure of the scalar self-energy functions. Two-loop diagrams, as
well as one-loop counterterm diagrams, therefore produce logarithms of the type In(37/A)
that were not present in one-loop calculations. These logarithms correspond to two-loop
running, and their RG-scale dependence cannot be canceled by one-loop § functions.

Renormalized mass parameters of the heavy scale theory are obtained from Eq. (3.9).
One-loop diagrams now produce O(g?) terms proportional to mass squared when the in-
tegrals are expanded as in Eq. (5.8); these lead to logarithmic terms of the form pu2Ly(A),
where p denotes a general heavy mass. Similar terms are also produced by the one-loop
field normalization correction I1'(0), which is proportional to I3 on dimensional grounds.
As in coupling constant matching, this implies that the one-loop logarithmic structure
corresponds to the UV divergence of these terms, and the A dependence is cancelled by
running of the tree-level term. Finally, note that L; cancels in the product Ifblgb. This
means that terms of the form T2L;, emerge from counterterm diagrams and O(g*) parts
of one-loop diagrams, but not from two-loop diagrams. We can therefore write down the
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5.2 Two-loop mass parameter matching

general structure for the matched mass parameters:
H3(A) = =i (A) + (T? f1(A) o)

T <ﬁ(u2)Lb(A) + T2{ fo+ foLo(A) + f4(1n % + c> })()@4), (5.17)

where the f; are functions of the couplings and only the running of f is of O(g*), canceling
exactly the A dependence of the T2L; terms originating from one-loop diagrams. Note the
that we have accounted for the sign difference in mass parameter definitions.

As opposed to the 3d couplings, ,ug by itself will generally not be A invariant. This is
because of the two-loop logarithms discussed earlier, and reflects the fact that 3d theory
requires renormalization at two-loop level. However, the 3d bare mass parameter, defined
as

13 ) = M3+ 013 (5.18)

is independent of the renormalization procedure of either theories and ought to be RG
invariant. This statement is physically justified, as the bare mass parameter corresponds
to a screening mass similar to the Debye masses and bears physical meaning [83]. This
implies that running of the counterterm 6u3 must match that of the In(37/A) terms.

The counterterm can be calculated to O(g*) accuracy in the 4d theory either by directly
computing the contributions from Matsubara zero modes, or by looking at the leftover
divergence in the superheavy contributions. It is of the form

SuZ=""A 5.19
H3 = A, (5.19)

where Ayq is an O(g*) function of the couplings. Naively, one might think that its running is
of higher order, but this is only true in the limit ¢ — 0. To be more specific, the e-dependent
scaling of the couplings in Eq. (5.3) induces O(¢e) running: For gauge and Yukawa couplings
we find Ak g; ~ —egi + O(®), while the quartic couplings run as A{kA ~ —2eX + O(€°).
The O(g*) running of §u3 is therefore

Aicsu% = —T?Ayq, (5.20)

dA

and Eq. (5.18) is RG invariant at O(g*) if running of the two-loop logarithms in Eq. (5.17)
is cancelled by this running of the counterterm, i.e, if Ayq = —f4. This can be verified by
directly calculating the zero-mode contributions. By doing so, one indeed finds that the
bare 3d mass is independent of A by construction.

Strictly speaking, DR is only valid when the logarithmic corrections are small [34, 82].
With the choice A = 4xTe™ ~ 7T, all one-loop logarithms can be set to zero. We shall
next discuss how super-renormalizability of the effective theory can be used to increase the
accuracy of two-loop matching.
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5.3 Renormalization of the effective theories

5.3 Renormalization of the effective theories

UV divergences in the 3d theories arise at two-loop level and renormalization of the heavy-
scale theory is required for O(g*?) mass parameter matching to the light-scale effective
theory. Application of the MS scheme in three dimensions introduces a new renormalization
scale Az that is independent of the RG-scale A in the underlying theory. This follows from
the fact that the bare 3d parameters are explicitly RG-invariant with respect to A at order
O(g*) [35].

The reduced amount of spacetime dimensions guarantees that all one-loop diagrams
are UV finite [83]. To see this, consider an integral of the type

d3
/m (5.21)

and averaging it over angles. UV behavior of the resulting integral is [ d®p/p*™, which
converges for n > 2 and for n = 1 gives a power divergence that vanishes in dimensional
regularization. This suggests that no renormalization is needed for the couplings nor the
fields. In order to give the couplings an integer dimension in dimensional regularization, we
nevertheless scale them as in Eq. (5.3), with the counterterms set to zero and A replaced
by the 3d scale As.

Mass divergences in this effective theory are artifacts of the matching process in which
the superheavy scale is integrated out. We have already defined the bare mass parameter
ua(b) in Eq. (5.18), and pointed out that it can be calculated in the 4d theory to O(g*)
accuracy. However, due to super-renormalizability, it is possible to include higher order
corrections by computing it directly in the effective theory. The mass counterterms are
especially important for 3d lattice analyses, as they can be used in calculation of discretized
counterterms for substracting lattice divergences.

By calculating the UV divergence to order O(g3), one finds

1
op3 = —A 5.22
:u’3 46 3d» ( )
which is equal to Eq. (5.19) up to higher-order corrections in g. As the 3d couplings only
have O(e) running, solving the RG equation for 43 is trivial. Integration over A3 produces
a constant mass scale Ag, and the mass parameter reads
2 Ao
w3 = —Asln ~ + constant. (5.23)
3
Ay can be fixed by comparing this expression against the full matching relation for 3,
computed in terms of 4d parameters in Eq. (5.17). In the previous section we argued that
invariance with respect to the 4d RG scale requires the running of the counterterm to cancel
that of the two-loop logarithms. The O(g*) counterpart of the logarithm in Eq. (5.23) is
therefore the term f4(1n 3T/A + c), and we deduce that

Ag = 3T¢® ~ 2.1T. (5.24)
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5.4 Resummation in DR

The matching relation for ;3 thus defines an initial condition for the RG equation of the
3d theory.

Note that both the mass counterterm and the RG equation are exact quantities due to
the super-renormalizable nature of the theory and receive no corrections at higher orders of
perturbation theory [34]. We can use this information to our advantage by performing the
parameter matching at scale A3 = A and replacing the two-loop logarithmic term in the
matching relation by its higher-order corrected value, given by Eq. (5.22). This discussion
demonstrates that the structure of the matching relations is determined in a non-trivial
way by RG equations of both the 4d and 3d theories.

5.4 Resummation in DR

When we described construction of the heavy-scale theory in section 3.2, it was essential
to be able to separate the 4d correlation functions into a static 3d part and a contribution
from the superheavy modes, denoted II. In order to match the off-shell Green’s func-
tions, it was then assumed that the static contribution, corresponding to diagrams that
only contain light or heavy propagators, could be directly matched to the full correlation
function of the 3d theory. There is a complication, however, since the masses entering the
propagators are different in the two theories. The importance of this statement becomes
explicit when considering diagrams containing gauge fields. In 4d, the (¢'¢) correlator
obtains a contribution from the gauge bubble diagram depicted in Fig. 3a. Since gauge
fields are massless in the symmetric phase, the n = 0 portion of this diagram vanishes
in dimensional regularization. However, in the 3d theory the gauge fields only have three
components, and to compensate for this, there exist additional massive scalars that are not
present in the 4d theory. The corresponding 3d diagrams are shown in Fig. 3b, and the
Ap contribution is non-vanishing due to the propagator containing a mass scale. The mass
in question is exactly the Debye mass, generated in the temporal component by screening
effects. The contribution from this diagram is not present in the 4d theory, and it seems
like the matching procedure has failed.

The above discussion demonstrates the need for a systematic method for distinguishing
between diagrams that are reproduced by the 3d theory and those that are not, the latter
of which contribute to the parameter matching. This becomes even more important at two-
loop level where the integrals can contain mixed n = 0 and n # 0 field modes. The formal
way of identifying the 3d contributions is to use the resummation method of Arnold and
Espinosa [84]. For all fields appearing in both the 4d and the 3d theory, we explicitly add
and subtract thermal mass terms for their Matsubara zero-modes in the 4d Lagrangian.
For example,

1 1 1-

iﬂéza((x p)za<07 p) = §H;Ea(07 p)E“(O, p) - §HZEG(07 p)za((): p)v (525)
where p5, = M22 + Iy, is called a resummed mass and enters the propagator, while Il
is the squared thermal mass of the triplet field, corresponding to a loop correction from
the n # 0 modes to the two-point correlator. Similar procedure is carried out for the
doublet field. The term —3IIx¥%(0,p)X%(0,p) is treated as an interaction, producing
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5.4 Resummation in DR

AIL AO Ar
-t - -- -t -V--t-- - -d--a--
(a) 4d gauge field loop (b) 3d temporal scalar and gauge field loops

Figure 3: A 4d diagram that is screened into two separate diagrams in the 3d theory.
The scalar contribution needs to be separated in the 4d diagram in order to match the
two-point functions.

additional vertices in perturbation theory. For this reason, we refer to terms of the form
—IIy; as "thermal counterterms”, despite being both UV and IR finite. For gauge fields
in particular, resummation is only performed for the temporal component by adding and
subtracting the term mpA§(0, p)A§(0, p) for the SU(2) field, and similarly for By and Cjp.
This introduces a term of the form 1/(p? + m%) in the n = 0 mode propagator, generating
the contribution that was previously seemingly missing from the 4d theory.

The thermal counterterms have a subtle effect on the construction of the matching re-
lations. The tree-level interaction diagram will just cancel the added term in the resummed
propagator, but at O(g*), the thermal counterterms appear also in one-loop diagrams con-
tributing to self-energies. Recall that a general two-loop sum-integral can be written as in
Eq. (5.16). The thermal counterterm diagrams are proportional to T1II times a resummed
3d integral and their added effect is to cancel the mixed n = 0 and n # 0 contributions
linear in T from the sum-integrals [35, 84]. This is the reason for neglecting these terms
from parameter matching in the previous section. The mixed terms are problematic due
to the zero-mode propagators that can cause IR divergences. The fact that they can be
canceled by reorganizing the perturbative expansion indicates that the linear terms do not
contribute to physical screening effects.

The main advantage of DR over the perturbative 4d effective potential approach lies
in the handling of IR divergences. The resummation described here shows explicitly that
integration over the superheavy scale is completely IR safe, despite being perturbative
in nature. The inevitable IR problems have been included into the 3d theory where their
effects are easier to study. To see the cancellation of the linear terms, it suffices to compute
the thermal masses at one-loop level. Ultimately, the outcome is that only the purely n # 0
modes are needed for DR, and resummed masses do not enter the matching relations. In
fact, as long as one knows which diagrams contribute to matching, it is possible to ignore
this procedure completely, calculating only the relevant contributions. It is, however, useful
to verify the cancellation explicitly by performing resummation as described here.

When integrating out heavy fields in the second DR step, similar considerations are in
order to identify contributions that are reproduced by the light-scale theory. If a field has
a counterpart at light scale, a mass correction is introduced in the heavy-scale Lagrangian.
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5.5 Loop corrections to MS parameters

For the Higgs doublet specifically,
Hosd'd = il 10T — Ty 30T9, (5.26)

and the triplet field is treated similarly in the case of a light s 3. fI¢73 is again computed
from the two-point correlator, and a one-loop evaluation is sufficient. New diagrams gener-
ated by —1:[¢73¢T¢ cancel two-loop contributions proportional to 1/ug 3, which would other-
wise cause IR divergences near the phase transition. Again, construction of the light-scale
theory is thus free of IR problems. The resulting effective theory can then be discretized
and studied non-perturbatively on the lattice, avoiding IR divergences completely.

5.5 Loop corrections to MS parameters

In the MS scheme, mass parameters and couplings of the full 4d theory are explicitly RG-
scale dependent and do not reflect any on-shell physics by themselves. They nevertheless
are indispensable for DR, as the whole point is the matching of off-shell Green’s functions.
We therefore need to relate the MS parameters to measurable quantities, such as physical
masses and charges. At tree-level, this is done by bringing the broken-phase Lagrangian
into a mass-diagonal basis as in section 4.2. Inverting the mass eigenvalue relations, we

obtain
1
2
2 _ 2 az My 2 2
ps = —ms + 2€7m72z(mz —miy), (5.28)
2 2 .92
e mims
R o ernt (5.29)
w iy W
2 2,2
e mims,
_e , 5.30
Y= mé, (m% —mi,) (5.30)
2
2 2 Mz
=e'— 5.31
s (5.31)
2
% = eZ—mQZ (5.32)
my

where my, my, my are the tree-level masses of the top quark and the W and Z bosons,
respectively. e is the elementary charge unit, related to the fine-structure constant « as
e? = 4ma.

However, matching the MS parameters only at tree-level can lead to significant errors
in the matching relations if couplings and masses are allowed to be large. Loop correc-
tions to the above relations are thus necessary for reliable results — see section 6.2 for
comparison. These are achieved by a perturbative calculation of pole masses in the phase
of broken SU(2) symmetry, where particle masses are measured. This computation can be
performed in Minkowski space at zero temperature, as definitions of the MS parameters are
T-independent. For convenience, we choose to use the Feynman gauge in this calculation,
since the resulting physical quantities are independent of the choice of gauge.
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5.5 Loop corrections to MS parameters

By definition, the mass of a particle is given by the pole of its propagator, and exper-
imentally determined masses correspond to pole masses computed to an infinite order in
perturbation theory. Loop-corrected propagators for the physical particles read

1

(h(=p)h(p)) = T (5.33)

(£ (—p)sVE (p)) = R TR O (5.34)

(W (-p)Wo(p) = 5 mwg_ ARt (5.35)
(Zul =) Z0(p)) = —— mQZg’“‘_” Pl (5.36)

(ta(P)T(p) Z' (5.37)

p—mi — pEu(p?) — prsXa(0?) — miZs(0?) ] 05
The II functions now obtain corrections from reducible tadpole diagrams in addition to
the usual 1PI diagrams. This is a general feature of theories with spontaneously broken
symmetries [85, 86]. For a consistent O(g*) analysis, the loop corrections need to be
calculated at one-loop order, and proper renormalization needs to be implemented [35].
Note that since the UV behavior is the same both in vacuum and at finite temperature,
we may use the one-loop counterterms that were previously calculated for DR.

Denoting the physical masses by capital M, we obtain pole conditions for bosons in
the form

M? — Re[m? + Iz (M?)] = 0. (5.38)

For the fermionic propagator, the situation is somewhat more complicated as the self-energy
consists of independent axial, vector and scalar parts. The pole condition is

=0, (5.39)
p?=M7

a(p) [p — mi — pu(p?) — prsSa(p?) — mtEs(pQ)] u(p)

where u(p) is an asymptotic spinor satisfying the Dirac equation. Using the Gordon de-
composition identity

u(p)pu(p) = u(p) >+ (), (5.40)
we find
MP =mi(1+ 2% +2%,). (5.41)

Note that the axial ¥, does not contribute to the pole mass.

From the pole conditions we can solve loop-corrections to the mass eigenvalues. In
section 4.2 we stated that the triplet field has three mass eigenstates with the eigenvalue
my, being degenerate. The loop corrections are, however, slightly different for neutral and
charged scalars, and we choose to write the MS parameter uy, in terms of the correction
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5.6 Error estimates from omitted higher-dimension operators

to the neutral scalar mass. Pole masses are measured at the scale of weak interactions,
so the IT functions and « should be evaluated at A = my, with the exception of the top
Yukawa coupling, which is evaluated at A = M. Substituting these into Egs. (5.27)-(5.32)
gives O(g*) corrected expressions for the MS parameters. They have been listed in the
main paper [53]. Note that loop corrections to the XSM parameters ag and by need not be
calculated as their values have not been determined experimentally, and we can treat their
input values as corresponding directly to their values at scale A = M.

5.6 Error estimates from omitted higher-dimension opera-
tors

Effective theories always come with intrinsic uncertainties, and error estimates should be
provided to address the reliability of the DR procedure. Errors arise both from higher-order
contributions to parameter matching, as well as from effective higher-order operators that
have not been explicitly matched. These correspond to n-point operators of the form O,, /T"
that are generated when performing integrations over fields. Provided that the couplings
are small enough for perturbation theory to be applicable, the leading-order error comes
from omitted dimension-six operators. In principle, the effects of these operators could
be included in the effective theories by calculating six-point functions in the underlying
theory and matching them into the 3d coefficients. A comprehensive estimation of the
error caused by neglecting these corrections is generally a non-trivial task. In this section,
we present rough estimates for reliability of DR based on the analysis in Ref. [35], and
derive an expression for the leading-order error in the ¥SM that can be used to estimate
the validity of our EWPT study.

Inclusion of higher-order operators allows for a simple power-counting estimate of the
accuracy at which the Green’s functions are reproduced. For example, consider introducing
an operator of the form Q¢Tp(AgEAZ)? in the heavy-scale effective theory. Note that
dimensionality of this operator is three and the coefficient €2 is dimensionless. In the 4d
theory, an effective six-point operator is generated via loop corrections to the (¢f¢(A2AZ)2)
six-point function. Denoting the leading-order correction by IIg ~ ¢% we can perform
matching for the 3d parameter )¢ just as we would match quartic couplings. The effective
vertices are matched as

_ T a Aa)2
Q6(dTG(AGAG)?)3a = lHﬁ(O) (¢ ¢(qu;40) )4d7

(5.42)

and the O(g*) result is just 23 = ITs. The six-point operator now generates new diagrams
in the heavy-scale theory. In particular, new contributions to the (¢'¢) correlator are
dominated by the diagram

Ao

1 1
VN , 5.43
6/pkp2+szk2—|—m2D (5.43)

A
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5.6 Error estimates from omitted higher-dimension operators

which is scales as g6m2D ~ ¢%. The 3d mass parameter squared “3%3’ produced by matching
of Green’s functions, is of order g*T?. We therefore estimate that the relative error in the
reproduced Green’s functions of the heavy-scale theory is of O(g?).

We would now like to address the accuracy at which our DR is able to describe the
EWPT. For this, consider the six-point operator Ag(¢T¢)? at heavy-scale. The coefficient
Ag can be matched to the one-loop corrected six-point function ((¢f¢)3) in the 4d theory
by Ag = ﬁg (0). The value of this loop correction is most conveniently obtained from the
one-loop effective potential. In the XSM, the result is [53]

_ B
6

— > (306 4 5 13020742 1+ ¢'*) 4 64003 — 22445 + 8a3 ). 5.44
163847r4<g +9" +39°9" (9" +97) + Yy + 8ay (5.44)

In Ref. [35], the effect of dimension-six operators has been estimated by calculating the
relative shift these operators cause to the Higgs vev in the final effective theory. In the
minimal SM, the leading-order contribution to the (¢'$)3/T? operator comes from the top
quark and causes an error of roughly one percent in the vev. In the XSM, there is an
additional contribution proportional to a%, and we can estimate its effect by comparing it
against the top quark term in Eq. (5.44).

However, dominant BSM contributions to the higher-dimension operators are obtained
from integrating out the triplet field as a heavy degree of freedom in the second step of
DR. We may include an operator of the form Ag(4¢)? in the final light-scale theory and
match it to the corresponding six-point function at heavy scale. At O(g%), we find simply
that

A = Ag + ALY, (5.45)

where one-loop corrections from the triplet and temporal scalars are contained in Ageavy.
Errors caused by the temporal scalars are subdominant relative to that of the top quark
in the first DR step [35]. In the XSM, there is a new contribution to Ag, coming from
the diagram depicted in Fig. 4. By a direct calculation, we find that the heavy triplet

contributes as

1 ass )\’
Aheavy7 BSM - = » 5.46
6 5120 \ sy ) (540

which scales parametrically as ~ g°.

In our analysis, this heavy-scale contribution generally dominates over the effective
coupling Ag, obtained in the first step. We therefore identify Eq. (5.46) as the dominant
source of errors in our DR, procedure. The relative shift caused to the Higgs vev can be
approximated by comparing the dominant BSM term to the top quark contribution,

7¢(3)
AG = — g 5190 (5.47)
and we define
Aheavy, BSM
Ag = ‘6’ (5.48)

Ag
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5.6 Error estimates from omitted higher-dimension operators

1

4 \|

-

-

Figure 4: 3d diagram providing a dominant contribution to the omitted light-scale oper-
ator (¢T@)3, when the triplet is integrated out.

If this ratio is large in some region of the parameter space, we can expect severe uncertain-
ties in our results within this region.

Finally, let us note that if the triplet zero-mode itself is light and is included in the
light-scale theory, error estimates become more difficult. In this case, we also have to
consider omitted operators of the ¥ field. For present purposes, we shall be content with
the rough estimate provided above for the heavy ¥ case, and leave a more comprehensive
analysis of the dimension-six operators for a future study.
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6 Single-step transition in the >SM: results

We shall now assume that the triplet field is integrated out in the second step of DR and
study the one-step scenario in this approximation. By performing DR as described above,
we obtain a parameter mapping from the full 3SM to the simplified 3d theory introduced
in section 3.5. Nature of the EWPT and its critical temperature can be studied non-
perturbatively by looking at the parameters = = A3/ g§ and y = /13)’3 / gg, evaluated at RG
scale A3 = g3. Since these are now functions of the XSM parameters Ms;, as and by, we
proceed to scan the parameter space spanned by My, ao, by and evaluate x and y at each
point using the DR mapping. Temperature is then varied from 80 GeV to 200 GeV in
steps of 10 GeV and the critical temperature T, is determined by looking for solutions
to y(T') = 0 using linear interpolation. At points with y = 0, the type of the transition
is then determined by the value of z. Our scans reveal a region in the heavy ¥ domain
where 0 < x < 0.11, indicating a first-order phase transition. In particular, we are able
to accurately find the endpoints at which the first-order transition turns into a crossover,
characterized by = > 0.11. This is not possible with purely perturbative methods.

Results of the parameter space scans have previously been published in the main paper
[53]. Here we present additional plots that provide insight into inner workings of DR.

6.1 Main results and physical implications

Fig. 5 shows regions of first-order phase transition in (Ms;, a2) and (Msy, bg) planes, scanned
uniformly in steps of 5 GeV for Msx, and 0.05 for ao,bs. The plots have been produced
using full O(g*) DR for couplings and scalar masses, including the loop corrections to
MS parameters, but Debye masses have been matched using O(g?) relations. The gray area
corresponds to px;, > 0 where a two-step transition becomes possible. To quantitatively
describe the EWPT in this region, the triplet needs to be dynamically included in the
Monte Carlo simulations and therefore we make no statement about the phase transition
there.

Curves of constant Ag, defined in Eq. (5.48), are illustrated in Figs. 5a and 5b to
address credibility of the results. First-order transitions are found in a region where the
above analysis of dimension-six operators estimates an error of roughly 10%. As the error
grows larger, construction of the effective theory breaks down due to neglected higher-order
operators in the dark-green region. Fig. 5b indicates that the transition bears reduced
sensitivity to the triplet self coupling b4. This is to be expected, since in the single-step
scenario, transition dynamics are modified mainly by interactions of 3 with the Higgs field.

A first-order transition requires the remaining two parameters be sufficiently large,
and we obtain lower bounds of My 2 200 GeV and a2 2 1.5. The reason for this becomes
clear if one considers the effective theory used to study the transition: In the SM, the
EWPT is a smooth crossover, with the x parameter becoming larger as the physical Higgs
mass is increased. For my fixed at 125 GeV, large thermal corrections and therefore large
couplings are needed to strengthen the transition enough to bring x sufficiently close to zero
for a first-order transition to be possible. This raises concerns whether the perturbative
construction of DR mappings is reliable in the region of interest. This question has been
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6.1 Main results and physical implications

[ First order PT (0 < z < 0.11)
Il DR breaks down (z < 0)
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[ First order PT (0 <z < 0.11) ||
B DR breaks down (z < 0)
3 Crossover (x > 0.11)
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My, Ms
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(a) Fixed by = 0.75. A single-step transition fa- (b) Fixed as = 2.0. The transition is relatively
vors large portal coupling as. insensitive to the self-coupling b4.

4.0

F3.5
3.0
r2.5
S) -2.0
-1.5
L Crossover (z > 0.11) 1.0
- B First order PT (0 < 2 < 0.11) 0.5
El DR breaks down (z < 0) '
T T T T ()-0
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(¢) Contour plot showing the relative shift caused to the SM value of H — v decay width. We
find first-order transitions in the negative-d region, which is also slightly preferred by experiments
[73].

Figure 5: Main results of our effective theory approach in the single-step transition region.
Plots (a) and (c) have been published in the main paper [53].

addressed in Refs. [87, 88|, where the authors conclude that the high-T expansion used in
DR works well even if couplings are allowed to become large. We hope that forthcoming
simulations on a dynamical triplet model will bring new insight on both the validity of DR,
as well as that of perturbative studies of the EWPT performed in the full 4d theory.

A connection to collider phenomenology is provided by Fig. 5c. Parameter ¢ is defined
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6.1 Main results and physical implications
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Figure 6: Critical temperature curves in the single-step transition region. A similar plot
can be found in Ref. [53].

as the change in the Higgs-diphoton partial width relative to its SM value [52, 53],

5 DM = yy) = TM(h = 79)
ISM(h — )

. (6.1)

Our analysis sees no first-order transitions in the light > region where ¢ is strongly con-
strained by experiments [73]. Conversely, deviations of ~ 10% when My 2> 200 GeV
are within current experimental bounds. Fig. 5¢ demonstrates that the requirement of
a first-order transition sets a lower bound on the deviation |§| for a given My. Future
measurements on the decay rate may thus be used to probe the validity of the model.
Contours of critical temperature are shown in Fig. 6. Our analysis predicts a first-order
transition in temperature range of 120 — 130 GeV. Values of both the physical triplet mass
My, as well as the mass parameter uy; are well below the thermal scale 7T, justifying the
inclusion of the triplet field in the heavy-scale 3d theory. Note that the curves of constant
T, closely follow z-contours, which determine the strength of the EWPT. The criterion for
a transition strong enough for baryogenesis and graviational waves is roughly = = 0.04,
as demonstrated by the lattice analysis of Ref. [36]. Fig. 6 suggests that the transition

strength is inversely proportional to 7., which is in concordance with perturbative results
[52].
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6.2 Importance of the vacuum renormalization procedure

6.2 Importance of the vacuum renormalization procedure

It is interesting to see how the results change if we omit loop corrections to the mass
eigenvalues and match the MS parameters to physical quantities using only the tree-level
relations given in Egs. (5.27)-(5.32). This modifies the initial conditions of our DR map-
ping. Following the scanning protocol described above, this approximation leads to Fig. 7.
Critical temperature in the white region is too large for realistic EWPT, T, > 200 GeV, so
we have not included it in our scans.

4.0

3.5

3.0

2.5

Figure 7: Regions of first-order phase transition and the respective T, curves in the
simplified case where tree-level eigenvalue relations have been used for the parameters.
Errors in both T, and x are significant in the large My, limit.

The most obvious change from the proper loop-corrected plot in Fig. 6 is the behavior of
T, contours, which suffer from large deviations in the heavy My region. This is unfortunate,
as knowledge of the critical temperature is crucial for gravitational-wave or baryon number
predictions. Neglecting the initial loop corrections also cause considerable shrinking of the
first-order region. We conclude that O(g*) corrections to MS parameters are indispensable
in order to reliably study the EWPT via DR, at least if the BSM parameters are allowed
to obtain large values.

6.3 One-loop approximation

Finally, let us consider omitting O(g*) corrections to mass parameter matching relations in
both steps of DR. The two-loop calculation of scalar self-energies is often the most involved
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6.3 One-loop approximation

600

Figure 8: Results of parameter space scanning using one-loop matching for the scalar
mass parameters. Input parameters have been evaluated at RG scale A = 4me™" using 3
functions. This approximation highly overestimates the critical temperature.

stage of the DR procedure, and it would be convenient to skip this computation if a one-
loop matching is able to provide sufficient accuracy. Unfortunately, O(g?) mass parameter
matching is unreliable already on theoretical grounds, as the resulting bare 3d mass is then
explicitly dependent on the 4d RG scale A, and a similar problem arises in the second
DR step. One may attempt to minimize the logarithmic running effects by performing the
analysis at scale A = 4we™”, which sets all one-loop logarithms to zero in the 4d theory.
The results in this approximation are illustrated in Fig. 8, with fixed by = 0.75 as
before. The first-order transition region becomes distorted at large My and as due to
running of 4d parameters that is not properly canceled from the mass parameter matching
relations at one-loop level. Furthermore, relative errors in critical temperatures in the
first-order region compared to the more accurate Fig. 6 are large, almost fifty percent at
the worst. This behavior is unsurprising, as the critical temperature is directly related
to the thermal correction of the doublet mass parameter. Corrections to the triplet mass
also propagate to the final theory and can have considerable effect on the y parameter,
especially. Thus, two-loop mass parameter matching should not be neglected in DR for

quantitative results.

42



7 Summary

Electroweak baryogenesis is a promising candidate for explaining the origin of the baryon
asymmetry in the present universe during the electroweak phase transition. It relies on
sphaleron transitions that convert CP violation into baryon asymmetry during the bubble
nucleation stage of the transition, provided that the phase transition is of strongly first
order. However, new physics is required, as this transition in the Standard Model is
a smooth crossover. By introducing new scalar fields, it is possible to strengthen the
transition and make it first order, rendering electroweak baryogenesis a viable scenario in
these extended models.

Independently of the question of baryogenesis, the full structure of the scalar sector re-
mains an active area of both theoretical and experimental research. New scalars modify the
phase transition dynamics via their couplings to the SM particles, which can leave observ-
able signatures in branching ratios that can potentially be measured in collider experiments.
Furthermore, first-order phase transitions are expected to produce gravitational-wave sig-
nals that could be detected in future detectors. Research of the electroweak baryogenesis
is thus strongly coupled to the phenomenology of BSM theories and can provide insight
into the viability of such models.

In this thesis, we have discussed effective theories that can be used to facilitate the
study of the electroweak phase transition. These theories are three dimensional and are
constructed by matching of static Green’s functions. The effective theories have a universal
structure, determined by the renormalization procedure that is essential for the parameter
mapping. Although the matching procedure is perturbative, construction of the effective
theories is free of infrared problems that otherwise render high-temperature perturbative
calculations unreliable. Dimensional reduction bypasses these complications by implement-
ing a resummation process that takes advantage of a thermal scale hierarchy generated by
the heat bath. For this reason, dimensionally-reduced theories are, in many cases, preferred
for EWPT analyses over the traditional effective potential approach in four dimensions. Of
particular importance are non-perturbative lattice simulations that are readily performed
on the effective theories.

We have applied dimensional reduction to the Standard Model augmented with a real
triplet scalar. By treating the triplet as a sufficiently heavy field, it becomes justified
to integrate it out, resulting in a light-scale theory identical to that obtained from the
minimal SM. Using existing lattice results for this theory, we have performed a scan over
the triplet model parameter space, identifying regions of a first-order phase transition
and the corresponding critical temperatures in the domain where transition dynamics are
not largely modified by the presence of the triplet. Such single-step transitions necessitate
large values for the Higgs-triplet portal coupling, which may cause large uncertainties in the
perturbative construction of the effective theory. However, this concern is present in many
other extensions of the SM as well, and lattice simulations are needed to verify perturbative
results obtained in these models. Starting by simulating the triplet dynamically on the
lattice in the near future, our hope is to provide a trustworthy benchmark for the accuracy
of perturbative calculations concerning the electroweak phase transition.
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A  Symmetric phase Feynman rules for the real
triplet

We list Feynman rules for new vertices appearing in the XSM, with the theory being as
defined in section 4.1. Rules for SM vertices in a similar setting have been presented in
Ref. [61].

Scalar propagators:

- 1
jamm 0= gl _ (A1)
P2+ (_Mgs> +0py 1Ly

1
P2+ (=) + 0p Il

g=—= b =0 (A.2)

where 6p, = dp, 0, and II are the thermal masses needed for resummation and are applied
only for the n = 0 modes. The sign in front of the mass parameters follows from our sign
convention in defining the scalar potential.

Interactions with the SU(2) gauge field:

b c al
I; ap _ igEabC(K o P)u — 92(6ac(5bd + 5ad5bc . 2(5ab(50d)(5w,
¢ d b (A.3)
Scalar interactions:
a d a 7
bd d sb b scd / ij
= —2by(§9°67 4 69907 + 09°0°Y) = —a907 4.
» (A.4)
\
b ¢ b J

For unoriented lines, the momenta are understood to flow into the vertex.
Counterterms and the thermal counterterm as defined in sections 5.1 and 5.4:

G—— b =0y (PZ(SZE - MZ), G—t— b  =0yls. (A5

c ap

= (2959 + 92(52.4 + 522)) (5a05bd 4 5ad5bc . 26ab(scd)5uu
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= —20by(5°¢5% 4- §adgbe 4 gabged) = —6a0Y 5.

Rules for the heavy-scale 3d theory
Relevant propagators and vertex rules for the second step of DR are presented below. The
theory is as defined in section 4.4.

Temporal scalar propagators:

Ao b1
P2 my
By 1
_ " (A.7)
Co _ 50 1 .
p + m//
Interaction vertices:
Af ar
>Ma7’ _ Zggeabc k— p)r’ _ gg((;ac(;bd + 5ad6bc _ 25ab56d)5’l"5a
Ad bs (A.8)
Ag By i A i
‘ b / ] / ]
—2h36°08%, = —2h30, = —h3(0a)”,
S . >
Af By J By J (A.9)
&y 1 Aj a
4 y .
= —2uw36°P 5 = 46306 — 264 (80c0bd + Saddbe). (A.10)
\\
o 45"
(A.11)
Interactions with the 3d mass correction terms are given by
I .- .- ] = 51‘]‘1:.[(7573, (A.12)
@ ——— b = 5abﬁ273- (A.13)
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B Diagrams for integration over the superheavy
scale

Diagrams needed to construct the O(g*) DR mapping to the heavy-scale theory, calculated
in the MS scheme, are listed in this appendix. It is assumed that the triplet field is either
light or heavy. The results are written in terms of master integrals that have been defined
and computed in Ref. [60]. For simplicity, the calculation is performed in Landau gauge;
this reduces the number of needed diagrams drastically. Furthermore, we introduce the
following short-hand notations to facilitate the calculation:

d=3— 2 (B.1)
N. =3 (number of quark colors), (B.2)
Ny =3 (number of fermion families), (B.3)
Ny =1 (contributions from the SU(2) doublet), (B.4)
Ny =1 (contributions from the SU(2) triplet). (B.5)
Fermion hypercharges are given by Y, = —1,Y, = —2,Y, = %, Y, = %, Y, = —%.

B.1 Four-point correlators

We list the one-loop corrections from superheavy fields to the relevant four-point correlation
functions. These are needed for coupling constant matching relations.

The A8A8A8Ag correlator

1
= ~(d—-1)(d-3) (8d = 84 Ny + 8N, + (1= 27 Ns (14 N,) )
X 94(5ab50d + 0acOba + 5ad5bc)I§b‘ (BG)

The qﬁZT o} AZA?, correlator
»
4

/

= 8;j0ap{d(d — B)g" + 979" + 3(d — 3)Ag* + 2(d — 3)azg® (B.7)

T+ 1 1)(2 - d)gPNegh I
for py=v =0,

5ij5ab6rs{*%g4 + %.929/2 - %(24_6[ - 1)92Ncg}2f}124b
forp=r,v=s. (B.8)
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B.2 Two-point correlators

The ECZdAZA,ﬁ correlator

= (23 = d)gbu + d(d — 4)9" ) (Sacd + Gaadoe) 13

+ (@ 3)(8bs + az)g? + 2d(d — 2)g" ) dapieal” (B.9)

for uy=v =0,

= —30%0rs(—20u50cd + SacObd + Sadlpe) 120 (B.10)

for u=r,v=s.

The qb;-rquqﬁ};d)g correlator

» 4 5y ) ,
— (24)\2 + §a% + §(394 + 9" +24%¢7) —2(2"9 - 1)Ncg§n) (8ir 00 + 600 j) 150
4 >
/ \
(B.11)
The qbgrqﬁjZaEb correlator
»
- (6@2)\ + 5asby + dg* + 2a§)5ij5ab1§b. (B.12)
YA
/
The £%¥¢%4 correlator
= <2a§ + 2207 + 4d94> (BabOcd + SacOba + Saadee)I”. (B.13)

Correlators not listed here obtain no contributions from the triplet and have been calculated
in Refs. [35, 61].

B.2 Two-point correlators

Again, we only list the superheavy contributions, needed for mass parameter and field
matching.
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B.2 Two-point correlators

SU(2); gauge boson self-energy at one-loop

a,u'vx@'w bv

= ¢%0ap[—(d —1)(2d — 2+ Ny + 2Ny I}

+ 3 (= A5+ N+ 2]) + d(Ng + 2, — 4+ 2d) ) PI3'] (B.14)
+9%0ap(d — DNy (1+ N[22 = ) — 121 = 1) P 1]
for y=v =0,

= ¢%0ap[5(32 — Ny — 2N; — 2d) — (247 — 1)Ny(1 + N.)| (6,5 P* — P, P,)I;" (B.15)

foru=r,v=s.

P? is the external momentum, and its coefficient gives the 3d field normalization correction
according to Eq. (3.8).

U(1), gauge boson self-energy at one-loop

1 AMGW v

= ¢”Na[(1 - ) [{* = 5(1 = HP?L,"] — 3™ (d — 1)y (B.16)
x 27 + Y2 + Ne(2Y? + Y2 + YD) [(1 = 22N + L(2' — 1) P17

for py=v =0,

= =3 {Na+ (2" = )Ny 2V + Y2 + N2V + Y} + Y)]} (B.17)

X (6,4 P? — P,P,)I3°

foruy=r,v=s.

Gluons play an irrelevant role in the 3d theories, and loop corrections to temporal gluons
are of higher order, so we omit writing down their correlators [61].

Scalar doublet ¢ self-energy
One-loop diagrams, evaluated at external momentum P:

IA\|
/
\
- - +—>m>+*§‘ww%>+
\ ! \ !
N N

3 1
= —6Ady; <Ifb + M?Jé‘b) — 5020 (If‘b + M%I§b> - Zd(392 +9%)0, 1"

_ 9 3 _
+2(2% 1 — 1) Ny2oy I + (492 + 19’2 — (24— 1)Ncy§>5ijp21§b. (B.18)

The one-loop thermal mass correction 1:[¢, needed for resummation, is obtained from the
renormalized P = 0 part. After including the tree-level mass counterterm diagram, one
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B.2 Two-point correlators

obtains the O(g*) result

2

3 . . T 3 3
Hpdij = — 4 -4-@-4—]:(6)\—1—2@2—1—

2
5 4(392 +97)+ Ncy,?)dij-

Two-loop fermionic diagrams:

&

BB S48
@%~ 5 i

(e)

(a) = ( YYFl(mD)—i-Sg F1( ))yf%,
3
() = (S*NeFolmp) + 50 Ne(V2 + Y2) Falmlp) + 1662 Fo(m'h) )73, (B.20)
Nf 4 1 zt 2 2 2 2 2 4
1= 208, (30 N+ B (7 592 5 022 32 30 ).

(d) = —6y; Nedij Fulpy),
(e) = —12NAy; 65 F5 (1)
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B.2 Two-point correlators

Two-loop bosonic diagrams without the ¥ field:

QL B R s
+& e e —%%» R
!

(e) (f)

+ *S;M% + (B.21)
A

\ 4d 4

- - -p--p
(9) (h)

S~ B -

()

) Ql;; ) ) ) {:‘]
- - - -
(@)
where

(a) = 367251 (g, 11g)dij

3
(b) = 5/\<392311(M¢,mD) +9'2311(M¢,m'p)) Oij

1
(¢) = = (394 Bua(pg,mp) + ¢ Bia(pto, m'D)) 0ij,

(B.22)

(e) = 12X% S3(Le ters 1) i
1 4 14 / / 2 12 /
(f) = §(39 Be(ptg,mp,mp) + g Bes(ie, mp, mp) + 69°g Bﬁ(%amD,mD))%,

3
(9) = —5/\(39234(%, mp) + 9’234(u¢,m’p)>5m,
(h) = —394 B7(mD)5ij,

. 1 4
(i) = =5 (39" Bs (115, mp) + "' Bs 116, m}p) ) 3.
3

(j) = §Q4BB(WD)5ij-

Note that the 3d counterparts of diagrams (h) and (j) vanish in dimensional regularization
due to exact cancellation of UV and IR divergences. When calculating the mass countert-
erm directly in the 3d theory, UV divergent contributions need to be explicitly extracted
for the total counterterm to match that of the 4d theory.
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B.2 Two-point correlators

Finally, two-loop contributions new in the XSM:

Pl ﬁCi A48 8

(b)
+ @ + , (B.23)
\V/
- e d o
(c) (d)

15
(a) = 928551 (11, ) + 3a36:551 (ks pig) + 5@545@'51(#2, ps),

3
(b) = 3azg®0i; B (ps, mp) + 594&]‘312(#27 mp),
3
(c) = 5635@53(%,#2,#2),
3
(d) = —3a2925ijB4(,u2,mD) — 1945ijB5(MEamD)' (B.24)

One-loop counterterm diagrams:

(B.25)
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B.2 Two-point correlators

where

1
(a) = 4Nc (ytéyt + §yt(5Z¢ + (SZq + 5Zt)) (22_d — 1) (5@[{11),
(b) = ~2Ney (07, + 02 (2277 = 1) o,11,
() = 6N Zy0i; I — 6605;;I1°
1
(@) = (3g25z,4 v g'25ZB>5ijd I,

3
() =7 (2959 +9°(62 + 5ZA))57;jd I,

1
(f)=-3 (29’59’ +9%(0Zy + 5ZB))5ijd I,

3 3
(g) = 50,252']'5Z21%b - 55@251']]%5 .

(B.26)

Thermal counterterm diagrams that cancel terms linear in 7" from two-loop diagrams:

R o R R » 3

_ 3 _ 3 1
= —6)\6UH¢TI§(H¢) — iazéinETIS(HE) _ *gz5ijm2DTI§(mD) _ Zg/Q(SU'rn’QDTIg’(TnlD)

4

Scalar triplet X self-energy

One-loop diagrams, evaluated at external momentum P:

-~

— asdu (I{“’ + M§I§b> — 5bydap (I{“’ + ,1,221516) — 22d0 o ¥ + 697 P25, 110,

The O(g?) thermal mass correction is found to be
2

T
IIy, = §(2a2 + 5by + 692).
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B.2 Two-point correlators

Two-loop diagrams:

& 8 8885 3
+ﬁ +$(i +ﬁ +;§
R

(e)

+ +{:2 +‘7§2M§+Q

4 A4 A4

Rl -~
(@) (h)

(a) = 1220200551 (Hes 11g) + 3a30apS1 (f1es p11) + 10bsadapS1 (s, o)
+ 256300551 (ps, i),

b *a25ab(3g Bii(pg, mp) + ¢ Bll(l%’mD))

10b49%645B11 (1152, mp) + 29 6ap B1a (1, mp) + 49*0ap B2 (ps, mp),

(b) =
(c) =
(d) = —2¢*6aBa(mp), (B.31)
(e) =
) =

€) = 2a30a553(11g, fg, pix2) + 106580095 (ps, i, pis2) + 69" Bs (s, mp, mp),

1
(f) = —10b4g*6 o Ba(ps, mp) — *a25ab (39 By(pg, mp) + ¢ B4(,u¢,mD)>
- 4a2yt Nc(;abF5(/~L¢>)7
(9) = —29"6asB5 (s, mp) — g*0as Bs (119, mp) + 2N (1 + Ne)g*0ap Fs(mp),

(h) = =8¢ B7(mp) + 49*0upB3(mp).
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B.2 Two-point correlators

One-loop counterterm diagrams:

O 0 Q9 Q

+ : + (B.32)
(0)
(a) = 2020 Zy0ap 11’ 4 5046 Z5:6ap I1° — 28a98up 11 — 56b40ap 11"
(b) = 202d6 Z 46,12 — 2<295g + g2 (075 + 5ZA))5ab1fb (B.33)
Thermal resummation diagrams:
= 2a26abﬁ¢TI§(ﬁ¢) + 5b46abﬁETI§(HZ) + 2925abm2DTI§’(mD). (B.34)
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C Diagrams for integration over the heavy scale

Diagrams contributing to light-scale matching are presented here.

C.1 Integrating out temporal scalars Ay, By and C

Here we assume that the triplet field is sufficiently light and can be included into the light-
scale theory. We only list contributions from the temporal scalars, which are sufficient for

parameter matching.

The ¢I73¢j,3¢£ 40¢,3 correlator

» o
= (6:j0ke + 0i00;x) [6h315 (mp) + 2hF I3 (my) + h§*Li(mp, mp)].  (C.1)
AR
/ \
The ¢} 36,3545} correlator
»
= 4h3(353 + 5&)5ij6ablg(mD)' (02)
4
/
The %$¥835%¢ correlator
— 8(303 + 20305 + 5”) (OavGed + DacOha + Saadse) I3 (mp).  (C.3)

Gauge boson A7 ; self-energy at one-loop
1
ar -~~~ bs = 2930 (prps — Orsp”) I3 (D).

Scalar doublet ¢3 self-energy
At one-loop, there is the contribution

- >; » = —(3h3I}(mp) + h4I7 (mp) + 8ws i (mD))6ij, (C.4)

where the loop propagator is Ag, By or Cy. This gives the one-loop mass correction analo-
gously to the 4d thermal mass,

_ 1
43 = ~7 (3hamp + hm/p + 8wsm/)). (C.5)

7
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C.1 Integrating out temporal scalars Ag, By and Cj

The correction is needed to cancel IR divergent terms of the form 1/p4 3 from two-loop
diagrams.
Two-loop contributions and the 3d "resummation” diagrams:

+£L +-@ +-£(:\5> +-8> (C.6)

_ 3
(a) = —6)\3H¢35z’ﬂ§(ﬁ¢73) - §a2,3HE,35ijI§(H273)7

3
(b) = —6h3g30;; B} (mp, mp) — 195151]‘ B3(mp,mp),

where

(c) = dij (6h§5§’(u¢,37 mp,mp) + 2hy* 83 (1163, M, M)

+ 3h§253?.’(#¢,37mD,m/D))7 (C.7)
(d) = 6y (18A3h31§’(u¢ 3) 17 (mp) + 6Ashy I§(u¢,3)li”<mb>),
(€) = 3az,3(303 + 3)8;; 13 (us;3) 17 (mp),
() = 055 (120313 (1.5 B (mp) + 457 T (19,0 I () ),
(9) = 6h3(30s + 05)05;13 (mp) I} (ps3)-

Note that two-loop contributions from the temporal gluons are of higher order.

Scalar triplet X3 self-energy

i = —2(383 + 85)du I3 (mp), (C.8)

from which the mass correction is obtained as

One-loop:

Iy = — 52 (30 + ). (C.9)
™
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C.2 Integrating out heavy X

Two-loop and 3d resummation diagrams:

=L£1=Lﬁél

2 ©88 -

where
(a) = —2a2,30411 315 (,U¢ ) — 5b4,36abﬁ2,3lg(ﬂz73)a
(b) = 2a2,3 (3h311 (mp) + h31 (mD))5ab13(M¢,3)7
(¢) = 10b4,3(303 + 05)0ap I3 (112.3) I} (mp),
(d) = 8h3(363 + 05)dap s (mp) 7 (1.3, (C.11)
(e) = 4(363 + 03)*8ap L5 (mp) I} (1133,
(f) = 8(353 + 20304 + 205 )5ab53 (tx,3,mp, mp),
(9) = —4(303 + 63)g30a B (mp) — 29304 BE(mp).

C.2 Integrating out heavy X

Finally, we present a diagrammatic calculation for the heavy X case. In this scenario, the
triplet field is integrated out together with the temporal scalars, and the relevant diagrams
are listed here.

The ¢I,3¢j,3¢1173¢z73 correlator
» 4

1
= (0ij0ke + 0iedjk) <3
// \\

03 oI5 (13.) + G2 IE (mp) + 22T (mlp) + WL (mp, m'D>).

(C.12)

Gauge boson A7 self-energy at one-loop

1
r "\/\@'\/\; bs = gQ%‘Sab(prps - 57“8]72) (Ig(mD) + Ig(:U’Z,?)))‘

o7



C.2 Integrating out heavy X

Scalar doublet ¢3 self-energy
In addition to those listed in the previous section, there is the one-loop diagram

3
—>©> = —§a2,35ijff’(/i2,3)v (C.13)

which modifies the mass correction:

_ 1 /3
IMy3 = e (2a2,3u273 + 3hsmp + hgmlD + 8w3m//3> . (C.14)

At two-loop level, new contributions are obtained from diagrams

588 &89 89
L. - VN A
(@) Zl:) (¢) (d)

(a)

(C.15)
where
(a) = 9Nga2,30i515 (116,3) I} (ps,3) + 3a3 305515 (is,3) 17 (1e,3),
(b) = §0273b4,35ijf§’(ME,B)ff(ME,S)»
(c) = 203,351‘3‘53‘?’(%,3, 1,3, 1415,3), (C.16)

) 3 :
(d) = —3ag,3930i; Bi(1s3) — 19§5ij3§ (ks,3)-

No mass corrections to the X field propagator are included in this case as the mass param-
eter us 3 is heavy, and therefore terms of the form 1/us 3 are IR safe.
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D One-loop counterterms in the X>SM

In this appendix, we list the MS counterterms required for O(g*) renormalization of the
full theory. For definitions, see section 5.1. Although our diagrammatic calculation is
performed in Landau gauge, we choose to express the counterterms in a general £ gauge.
This is useful for vacuum renormalization, necessary to obtain O(g*) corrections to the
MS parameters, which is more convenient to perform in Feynman gauge (see section 5.5).

2
¢® /26— N;—2N, 4
574 = ( —ZN - ) D.1
A7 162 6 3 £ (D-1)
” ) ) ) g’2 40
0Zp = — 5o (Nd+Nf[2Y€ Y2432V + Y +Yd)])_ M(Nd—i— 3Nf)
(D.2)
1 /3 )
02, = m(g ~ 9%+ 13- 0"~ 347, (D3)
55 = 6( (3-8 ) (D4)
_ 1 2 12 4 2
02, = 167T ( VR 398))’ (D-5)
4 2
57, = — 16772 ( g°+39 s)) (D.6)
1
07 =~ 262(39 +Y2 ’2) (D.7)
3
¢ (44— N;j—2N, 2
— _iN D.
%9 167726< 12 3 ) (D-8)
g/3 40
8¢’ = 19272 <Nd + 3 Nf) (D.9)
y (1 2 (32 13 )2 42>
Syp = — - 4 e s 22)). D.10
Yt 167726(39 g +E( 497+ 3097 + 50 (D.10)
Scalar counterterms:
11 3 1 )
5/15) “ 1672 e (6)\/&225 + §a2ﬂ22 - Zﬁ#i(3g2 +9 ))7 (D.11)
11
ons =1p32 <2a2u§ + 5bypd — 2692/&), (D.12)
]. ]. 1 2 3 3 2 12
oA =1 62(24/\ +Sa3+ 260"+ 9" +20%0%) — 6yl — EABgP + g )), (D.13)
1 1 2 4 2 /2
dag =162 E(Qaz + 5agbs + 3g” + 6as A — Zé’ag(llg +g )), (D.14)
11
by == 6W2E(a%+llbi+6g4 —4gg2b4). (D.15)
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