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ABSTRACT: Making use of a dimensionally-reduced effective theory at high temperature,
we perform a nonperturbative study of the electroweak phase transition in the Two Higgs
Doublet model. We focus on two phenomenologically allowed points in the parameter space,
carrying out dynamical lattice simulations to determine the equilibrium properties of the
transition. We discuss the shortcomings of conventional perturbative approaches based on
the resummed effective potential — regarding the insufficient handling of infrared resumma-
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scalar couplings — and demonstrate that greater accuracy can be achieved with perturba-
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1 Introduction

The great triumph of the Standard Model (SM) of particle physics was achieved in 2012
with the discovery of its last missing piece, the Higgs boson, by the ATLAS and CMS
experiments at the Large Hadron Collider (LHC) [1, 2]. Although the properties of the
observed Higgs boson so far agree with the SM predictions, it may be just one member of
an extended Higgs sector. Frameworks with non-minimal scalar sectors are amongst the
best motivated beyond SM (BSM) scenarios, as they may provide solutions to many of the
SM shortcomings, such as the origin of the observed baryon excess in the universe.

One of the most promising frameworks for producing this asymmetry is electroweak
baryogenesis (EWBG), which produces the baryon excess during the electroweak phase



transition (EWPT) at a temperature 7' ~ 100 GeV. Although the SM contains all the
required ingredients for EWBG [3-5], it is unable to explain the observed baryon excess
due to its insufficient amount of CP violation [6-10] and the lack of a first-order EWPT.
Nonperturbative lattice studies in the SM have revealed that the Higgs boson is too heavy
to lead to a large potential barrier between the symmetric and broken phases, and the
electroweak symmetry breaking in the SM is thus a smooth crossover [11-15].

The study of EWBG is well-motivated in BSM models with extended Higgs sectors,
which allow for new sources of CP violation and could provide a strongly first order phase
transition. Among the simplest non-minimal Higgs frameworks are the Two Higgs Doublet
Models (2HDMs), where the scalar sector is extended with one scalar doublet that has the
same quantum numbers as the SM Higgs doublet. Both CP conserving and CP violating
2HDM frameworks have been studied in detail in the literature [16-27].

A common feature of BSM models with strongly first-order EWPT is that the relevant
new fields can be light and hence dynamically active during the phase transition. This
setup potentially leads to a multi-step transition with a tree-level potential barrier between
the intermediate minimum and the final Higgs phase [28-33]. Alternatively, radiative
corrections from new fields strongly coupled to the Higgs boson can induce a large barrier
between the origin and the Higgs phase and facilitate a strong single-step transition. In
what follows, we will focus on the latter option and leave the discussion of multi-step
phase transitions for future work. Strong phase transitions are interesting also because
they can produce gravitational waves that may be observed in the near future [34, 35]. For
both baryogenesis and gravitational-wave predictions, precise knowledge of the equilibrium
properties of the EWPT is crucial.

In the context of the EWPT, variations of 2HDMs have been considered where the
phase transition is analyzed using the perturbative effective potential [36-45]. Generically,
in these works, a strongly first order EWPT is achieved through scalar couplings of O(1) or
larger, which raises concerns of the performance of perturbation theory already at zero tem-
perature. Additionally, at finite temperatures perturbative expansions suffer from severe in-
frared (IR) divergences in the presence of massless bosons [46]. In particular, the symmetric
Higgs phase is inherently nonperturbative and cannot be rigorously described by perturba-
tive weak coupling methods, including the ring-improved perturbation expansions [47-50].

The IR problem can be overcome with lattice Monte Carlo simulations. However, it
is not known how to implement lattice fermions with non-Abelian chiral gauge couplings,
rendering simulations of the full electroweak sector of the theory impossible [51]. Hence,
the predominant approach for EWPT simulations is to make use of dimensionally-reduced
effective theories (EFTs) [52-55] (see however [14]). In short, the EFT is obtained by
integrating out non-zero Matsubara modes including all fermions, which have effective
masses of order 277" in the heat bath and decouple from the long-distance physics governing
the phase transition. The EFT is then effectively three dimensional (hereafter 3d EFT),

simplifying both perturbative and nonperturbative computations.!

n refs. [56-63], it is discussed how existing lattice results in the EFT with one Higgs doublet can
be applied to BSM theories using dimensional reduction, provided that the new degrees of freedom are
sufficiently heavy.



In the paper at hand, we present a state-of-art study of the equilibrium dynamics of
the EWPT, focusing on the CP-conserving 2HDM for simplicity. We carry out simula-
tions with two dynamical doublets, overcoming the limitations of the previous analysis of
ref. [61] where only a limited region of the parameter space could be studied nonpertur-
batively. Since nonperturbative methods are very time consuming, we limit our analysis
to two phenomenologically-motivated benchmark (BM) points where we carry out nonper-
turbative simulations, and perform a thorough comparison with conventional perturbative
approaches. We find that for the moderately strong transitions studied here, the nonper-
turbative effects from IR physics are small in comparison to inaccuracies arising from bad
convergence of perturbation theory due to the large scalar couplings, even at 2-loop level.
As very strong transitions are generally associated with even larger couplings, our results
suggests that in these cases perturbation theory fails to qualitatively describe the EWPT,
and purely nonperturbative methods are then required.

The remainder of the paper is organized as follows. In section 2 we review the scalar
potential of the 2HDM and identify experimental and theoretical constraints applicable to
our analysis. In section 3 we introduce the 3d EFT and discuss the basic ideas on which
dimensional reduction is based. Our benchmark points for the lattice analysis are presented
in section 4. Section 5 is devoted to describing the lattice simulations, while in section 6
we compare the perturbative and nonperturbative treatments of the model and justify the
validity of our effective theory. Finally, in section 7 we draw our conclusions.

2 The Two Higgs Doublet model

We start by introducing the 2HDM. It consists of gauge and fermion sectors as in the SM, a
scalar potential V' (¢1, ¢2) for the two SU(2)y, scalar doublets with hypercharges Y = 1 and
their kinetic terms, as well as Yukawa interactions. We describe below the scalar potential
and the structure of the Yukawa sector.

2.1 The scalar potential and the Yukawa sector

In general, models with multiple Higgs doublets which can couple to fermions are at the
risk of introducing Flavour Changing Neutral Currents (FCNCs) at tree level, which are
tightly constrained by experiment. In the case of the 2HDM, imposing a Z5 symmetry
— which can be softly-broken — on the scalar potential and extending it to the fermion
sector forbids these FCNCs. We therefore focus on a scalar potential of the form

V(g1, 92) = M%ﬂﬂ% + M%Q¢$¢2 + [M%Q(Qﬂ@) + h.c}
FA1(B101)% + Ao (@562)% + A3(d] 1) (dhda) + M) ) (8h1)

+ %((b%z)z 1 h.c.] , (2.1)

where 2, causes a soft violation of the Z symmetry, and explicitly Za-breaking terms of
the form (¢J{¢2)(¢J{(f)1) and (gb;gﬁl)(gb;gég) have been discarded. In general, u2, and A5 can



be complex. We write the field composition of the two scalar doublets as

o — 2 by = 2 (2.2)
o %(U1+P1+i771) L %(U2+P2+i772) ’ '

where the vacuum-expectation values (VEVs) v; and v could in principle be complex.

The complex phases of A5, 113, and the VEVs are connected to CP-violation in the scalar
sector, relevant for baryon number violation during the EWPT. In the case a softly broken
Zy symmetry, spontaneous CP violation can occur when Im(A:[u2,]?) # 0 [18, 64] and
there exist no basis in which A5, 2, and the VEVs are real. An exact Z symmetry forbids
the soft-breaking term p2,, which in turn leads to a real A\5.2 However, CP-violating phases
also contribute to the electric dipole moment (EDM) and are hence heavily constrained by
the strong bounds, in particular, on electron EDM from the ACME collaboration [66]. As
a result, baryogenesis does not seem feasible in a simple 2HDM framework. However, our
goal is not to solve the full EWBG problem, but to study how accurately one can determine
the main properties of the phase transition. Hence, in the paper at hand, we fix u2,, A5 as
well as the VEVs to be real, and do not discuss CP violation further. In the absence of
CP violation, the mass eigenstates {h, H, A, H*} can be written in terms of the fields in
eq. (2.2) and mixing angles «, 3 as

h = —8ap1 + Cap2, H = —cop1 — Sap2,

(2.3)
f[i = —Sg(bit + 05(;53:, A= —SgM + cano2.

where s, =sin «, ¢, =cos «, and the angle 3 is related to the doublet VEVs by tan =9 /v;.

The Zs charge assignment to fermions classifies four independent types of Yukawa
interactions which are known as Type-I, Type-II, Type-X and Type-Y? [67-69]. We shall
study a Type-I 2HDM, where fermions are coupled only to the ¢o doublet. Consequently,
constraints from flavor physics are less stringent than in Type-1I, where down-type quarks
are coupled to ¢; instead.?

Finally, if the vacuum respects the Zs symmetry the ¢; doublet does not acquire a
VEV, and the model is reduced to the Inert Doublet Model (IDM) [71-73], for which a
detailed EWPT analysis using a full 2-loop resummed effective potential has been per-
formed in [45].

2.2 Input parameters for the numerical analysis

For our analysis, we renormalize the theory in the MS scheme and treat tan 3 and « as
input parameters, together with the softly Z,-breaking parameter y? = —pu?, and the phys-
ical pole masses {Mp,, Mg, Mg, Mg+}. These are related to the Lagrangian parameters

2This is known as rephasing invariance [65], which also removes the phases of the v;’s in eq. (2.2) by a
redefinition of u?, and As and renders the model CP conserving.

3The Type-X and Type-Y 2HDMs are also referred to as the lepton-specific and flipped 2HDMs, respec-
tively [19].

4In particular, the experimental bound on the mass of the charged scalar H* from B-physics in Type-II
is mpy+ = 580 GeV [70], which is already so heavy compared to other mass scales in the theory that it could
cause unnaturally large logarithmic corrections in the self energies.



via a 1-loop renormalization procedure described in detail in appendix A. To summarize,
the renormalized parameters are solved by requiring that the poles of loop-corrected prop-
agators match the pole masses. Input parameters for the scalar sector are thus

{Mhy MH7 MA7 MHia tanﬂ? COS(B_O[)7 /’L27 aEM}? (24)

where the electromagnetic fine-structure constant amy essentially fixes the combination
v? = v} + v3 at 1-loop level, and the gauge couplings g,¢’ are fixed by loop correc-
tions to the masses of W=*,Z bosons. The scheme-dependent parameters tan 3, and
u? are input at a fixed MS scale. However, we will also discuss the EWPT in the pres-
ence of an inert ¢; (u?> = vy = 0). In this case, we input the MS couplings \; and
A345/2 = (A3 + Ay + X5) /2, corresponding to self-interaction and portal coupling of the dark
matter candidate H [71-73], instead of the mixing angles. In what follows, we identify h
as the observed scalar with My = 125.09 GeV.

The quantity cos( — «) is important for 2HDM phenomenology as it controls the in-
teraction strengths of the CP-even scalars h, H to electroweak gauge bosons. The case
cos( — a) = 0 corresponds to the alignment limit where h couples to SM particles exactly
as the physical Higgs in the SM. In practice, 2HDMs are driven to the alignment limit by
constraints from collider experiments [74-76]. Additional particles may introduce impor-
tant radiative corrections to gauge boson propagators. Furthermore, electroweak precision
measurements of the oblique parameters [77-80] are satisfied when the charged scalar H* is
close in mass with either H or A [80-82]. In our analysis, we consider the Mpy+ = My case.

In the phase transition analysis, we take into account the top Yukawa coupling, y;, to ¢2
and neglect the Yukawa couplings of other fermions due to their subdominant contribution.
As a result, our EWPT analysis is valid for 2HDMs of Type-1.% It is worth mentioning that
the light Yukawa couplings are included in our renormalization procedure, where we assume
Type-I Yukawa couplings, but have verified that their numerical effect on the self energies
is negligible.

3 High-temperature dimensional reduction

The concept of dimensional reduction in thermal field theory is based on the observation
that a quantum system in a heat bath possesses a natural scale hierarchy. In the Matsubara
formalism, this hierarchy can be made explicit by Fourier expanding the fields with respect
to the imaginary time. The theory can then be described in terms of 3d Fourier modes,
where the modes with a non-zero Fourier frequency obtain a mass correction of order 27T
in the propagators. These non-zero Matsubara modes can be integrated out perturbatively
in an IR safe manner, and the resulting 3d EFT for the IR-sensitive Matsubara zero modes
can then be studied nonperturbatively on the lattice. In general, the EFT is purely bosonic
due to the lack of fermionic zero-modes, and numerical simulations are straightforward.

®In the Type II model, the down-type Yukawa couplings obtain a large enhancement when tan 8 > 1
and cannot be neglected.



3.1 Three-dimensional effective theory for the 2HDM

The dimensionally-reduced EFT for the CP-conserving 2HDM has been derived in ref. [83],
extending the previous derivations of refs. [57, 84], and has the form

£ = 2 (Fra + (Dr0) g (Dr)sa
+ ity (8] 00)3a + iBa(0h02)sa + o (6] 62)sa + (Bhon)sa
+ M (016134 + Aa(Ghd2)30 + A3(6]61)3a(dhd2)3a + Aa($]d2)a (B b1)3a

+ 22 (8162 + (6hon)3a) (31)

where the (three-dimensional) field-strength tensor F,s and the covariant derivative D,
are understood to contain both the SU(2) and U(1) gauge fields with the gauge couplings
denoted by g and g’. We have suppressed the gluon and ghost terms which are irrelevant
for the EWPT, as they do not directly couple to the scalars.® Having effectively integrated
out the temporal direction, this theory is defined in a three-dimensional Euclidean space
and contains only the zero Matsubara frequency modes of the original fields. We denote
the fields with the subscript 3d to emphasize this fact. Furthermore, we absorb the factor
1/T multiplying the action into the field definitions, so that the fields have the dimension
GeV'/2 and all couplings have a positive mass dimension. Higher-order operators, such as
(<Z>Id>1)§d, have been dropped from eq. (3.1); we will discuss these operators in section 6.4.

This EFT is constructed perturbatively by matching the Green’s functions in both
theories at O(\?) accuracy in the scalar couplings and O(g*), O(y#) in the gauge and top
Yukawa couplings. This corresponds to a 1-loop matching of four-point functions and 2-loop
matching of the scalar two-point functions. We use high-7T" expansion in computation of the
sum-integrals, which leads to additional contributions of order O(u?);), O(u2g?), O(uy?)
that are also contained in the matching relations. Let us note that the construction of
the theory in eq. (3.1) also involves integrating out the temporal components of the gauge
fields, which generate effective masses of order g7 due to Debye screening. This results
in a small correction to the EFT parameters. A detailed derivation has been presented in
ref. [83]; in particular, see section 3.3 there for explicit matching relations for the couplings
of the effective theory.

We emphasize that the 3d EFT approach is useful not only for lattice simulations, but
also as a way of organizing perturbation theory. The reason is that thermal resummations
beyond 1-loop order are automatically implemented in the parameter matching. Indeed,
the renormalized masses fi2;, i3, are just the screened masses evaluated at 2-loop level [85].
Loop calculations are also simplified, as the 3d EFT is purely spatial and contains one mass
scale less than the full theory (the temperature), and is furthermore super-renormalizable.

5Ghosts do, however, appear in the perturbative calculation of section 6.1.



3.2 Lattice formulation of the effective theory

Our discretized action in three dimensions, corresponding to the 3d EFT in eq. (3.1), reads

S =60 X (1- 5Py (0))

X i<j

~2ay Z Re [@1(@&(9;)@1(3: + i) + B (2)Us (2) Doz + i)}

6 6
+ Za?’ [ <c12 + mﬂ) @J{‘IH + (aQ + m§2> ‘534’2 +mi, ((1)1@2 + <I>£<1>1)
X

+AL(B]D1)2 + Ao (@5 2)? + A3(B]D1) (D] o) + Ay (D] B2) (R D1)
Y
+ 3 (1oley + olmi) |, (32)

where a is the lattice spacing and the dimensionless constant Sg is given by

fo= o3 (3.3)
In eq. (3.2), U;(x) are the SU(2) gauge links and P;; is the standard Wilson plaquette.
Following previous lattice studies of the EWPT [11, 54, 86-88], we have dropped the U(1)
gauge field from the lattice action as its effect on the dynamics of the transition is small [13].
The masses m3;, m3y, m3, and fields ®1,®, in the lattice action are related to the
corresponding continuum quantities i3, fi3y, i35 and (¢1)sq, (¢2)34 in the MS scheme by
relations that can be found in ref. [88] (see appendix B therein). We emphasize that due
to the super-renormalizability of the effective 3d theory, eq. (3.1), these lattice-continuum
relations are exact and not susceptible to perturbative errors [89, 90]. Couplings in the 3d
theory do not run, so their lattice-continuum relations are trivial. For the actual simula-
tions, we find it convenient to make the fields and couplings dimensionless by scaling them
with appropriate factors of T" as in ref. [88].

4 Choosing the benchmark points

Because of the computational effort required for lattice simulations, it is not possible to
perform nonperturbative scans over the whole parameter space allowed by theoretical and
experimental constraints. We therefore need to focus our analysis on a couple of points
from which one can hope to draw more general conclusions about the performance of
perturbation theory. Let us reiterate that in order to generate a potential barrier for a
strong single-step EWPT, some of the Higgs sector couplings will necessarily have to be
large. Unfortunately, in many strong-EWPT scenarios present in the literature, some of
these couplings are so large that the convergence of perturbation theory is at best marginal
(cf. section 6.4), and care needs to be taken when constructing the 3d EFT perturbatively.

In order to guarantee the accuracy of our 3d EFT, the couplings should be kept small
enough so that loop corrections from the heavy Matsubara modes remain under control.
Furthermore, the thermal scale hierarchy should be respected, so that all scalar degrees of



BML Mpu My M+ Iz A345/2 A1 Ao

66 GeV  300GeV 300GeV 0GeV 1.07x1072 0.01 91GeV
BM2 My My My« i cos(f—a) tanf Ay

150GeV  350GeV  350GeV 80GeV —0.02 2.75  265.018 GeV

Table 1. Input parameters for our benchmark points. In BM1, the combination Agg5 = Az+ A4+ A5
corresponds to a dark matter portal coupling in the IDM [39], and u = \/—pu?, represents the soft
Zs-breaking parameter. Masses are assumed to be the physical pole masses, while the remaining
parameters are input directly in the MS scheme at the initial renormalization scale Aq.

freedom have to be lighter than 277" in both phases near the critical temperature, where
¢c ~ T, for strong transitions.

4.1 2HDM scenarios to be studied on the lattice

With the above considerations in mind, we have chosen two phenomenologically-viable BM
scenarios — described in table 1 — where we expect the 3d EFT to accurately describe the
EWPT. In addition to verifying boundedness from below of the scalar potential at 1-loop
level (see section 6.2), we have checked that tree-level unitarity constraints [91, 92] are
satisfied and that the largest coupling A3 stays below 27 at scales relevant for the EWPT?
(cf. section 5.1). Although some of the vacuum masses in both benchmarks are heavy
compared to the electroweak scale, the high-T expansion used in dimensional reduction can
still be expected to converge well as the fields are lighter near the phase transition [45, 96].

BM1 is specific to the IDM and has been studied perturbatively in refs. [39, 45]. Our
main motivation for studying this particular point on the lattice is to produce a quantitative
comparison with the resummed 2-loop result of ref. [45], where the 2-loop corrections to the
effective potential were found to make the transition considerably weaker relative to a 1-loop
calculation. To make this comparison, we have modified our renormalization procedure to
match that of ref. [45]; in particular, we neglect the U(1) sector by setting ¢’ = 0 in BM1,
but have numerically verified that its inclusion in the 1-loop calculation has a negligible
effect on the renormalized parameters listed in table 2. On the phenomenological side,
BM1 provides a dark matter candidate H, which can constitute a fraction of the observed
dark matter relic density [39].

BM2, in the softly Zs-breaking 2HDM, lies in the mass-hierarchy region where earlier
studies based on the 1-loop effective potential report strong first-order phase transitions [37,
41, 97]. Our BM2 approaches the parameter-space points in which refs. [34, 40] predict
gravitational-wave signatures in the sensitivity range of LISA. However, BM2 represents
a more conservative EWPT scenario than what is shown in e.g. [40] with a large A3, but
where perturbation theory still converges reasonably well (modulo the usual IR problems),
while also providing a moderately strong transition.

"The perturbativity bound X\; < 27 is motivated by refs. [93-95], where the breakdown of perturbation
theory is demonstrated for couplings much smaller than the naive upper bound of 47w. In practice, the
magnitude of our largest coupling A3 in BM2 is roughly A3 ~ 4 at the scale of EWPT dynamics, with the
other couplings being substantially smaller.



BM1  BM2
p3,/GeV? 842 12942
p3,/GeV?  —6669 —2751
125/GeV? 0 —6400
A 0.010  0.300
A 0.0670  0.0925
A3 2.757  3.675
4 —1.368 —1.780
As —~1.368 —1.792
g? 0.425  0.418
q? 0 0.130
g2 1.489  1.489
y? 0.971  0.998

Table 2. Renormalized parameters corresponding to the input parameters in table 1. The recipe
for obtaining these is described in the main text and in appendix A. In BM1, we have set the U(1)
coupling to zero for the sake of comparison with the results of ref. [45]. The SU(3) coupling g; is
fixed at tree level.

Phenomenologically, BM2 is motivated by possible collider signatures in the following
processes, away from the alignment limit and in the small tan 8 region: the ratio of decay
rates of h (the SM-like Higgs boson) to those of the h®M (the Higgs boson in the SM)
in bb, 7t77, gg channels, as well as the signal strength of the SM-like Higgs boson in the
777~ decay mode.® Complementary to those, the hW T and HW™ or AW™ decays of the
heavy charged Higgs produce interesting experimental signatures for this BM point [20].
Finally, the A — Zh channel acts as an extra probe of this BM point [38, 98].

Experimental constraints on 2HDMs come from gauge bosons width [74], direct
searches for charged scalars and lifetime of charged scalars [99], Higgs total decay
width [75], Higgs invisible branching ratios and Higgs to +y signal strength [100], A — Zh
searches [101], direct searches for extra Higgs bosons at the LHC [102] and flavour con-
straints [103]. We have verified that our benchmarks satisfy all current experimental bounds
arising from these sources.

In table 2, we list the renormalized parameters, obtained from the input parameters,
as described in appendix A. We have chosen different input MS scales for BM1 and BM2
points. In BM1, the parameters in table 2 are solved from the loop-corrected pole-mass
conditions at scale Mz ~ 91 GeV, in accordance with ref. [45]. In BM2, however, we choose
the initial scale to be the average of the pole masses, Ag = (Mp+ Mg+ Mg +2Mpy+)/5, in
order to reduce the size of logarithmic corrections in the self energies. This choice for the
input scale is justified by the numerical analysis of ref. [104], where the scale dependence
of different renormalization prescriptions is discussed.

o(gg—h) BR(h—7T77)

8The signal strength is defined as p 4+, - = Tl99 RSy X BR(SM SrF7=y




5 Lattice simulations

The discretized theory, eq. (3.2), is studied nonperturbatively by evaluating expectation
values of quantum operators using Monte Carlo integration. Our simulations are performed
with the same Monte Carlo code that was used in refs. [11, 87, 88], and the practical
procedure is similar to that of ref. [88] where the Minimally Supersymmetric Standard
Model (MSSM) was studied on the lattice. We emphasize that since gauge fixing is not
needed on the lattice, the results obtained here are manifestly gauge invariant.

5.1 Obtaining lattice parameters

Starting from a set of given input parameters, our analysis proceeds as follows. In order to
account for logarithmic corrections of thermal origin, we first run the parameters in table 2
to the scale

ADR =d4ne'T =~ 7.055T, (5.1)

with v being the Euler-Mascheroni constant, using 1-loop S functions found e.g. in
refs. [19, 83]. Eq. (5.1) has the physical interpretation of corresponding to the average
momentum of integration over the non-zero Matsubara modes [105]. We then apply the
matching relations of ref. [83] to obtain the parameters of the effective theory, eq. (3.1), as
functions of the temperature, which are converted to lattice parameters using the relations
provided in ref. [88].

When the RG scale is chosen as in eq. (5.1), all logarithmic corrections in the matching
relations vanish, apart from those corresponding to the (exact) RG running of the masses
within the 3d theory [83, 105]. RG scale in the effective theory is separate from that of
the full theory and we fix it as Agq = T, although the lattice results are insensitive to this
choice as RG running is exactly contained in the lattice-continuum relations.

5.2 Finding the transition point on the lattice

From the simulations, we obtain the gauge-invariant expectation values of the operators in
eq. (3.2) for fixed volume V' and ¢ which sets the lattice spacing. At the critical point, the
metastability of the phases is so strong that normal simulation methods do not efficiently
tunnel between the phases. Hence, we apply multicanonical simulations [106] to overcome
the potential barrier suppressing mixed-phase configurations. In both of our BM points,
the @ field (in lattice discretization) dominates the phase transition dynamics, while the
other doublet ®; is so heavy that its condensate, <<I>I<I>1), changes only slightly at the
transition point. We can therefore treat the expectation value (<I>J£<I>2> as an effective order
parameter that determines the transition point.

The composite operators are divergent in the ultraviolet (UV) and can hence obtain
negative values when renormalization is applied. The behavior of the condensates is plotted
in figure 1, where we have converted the lattice fields <I>I<I>Z- to the respective quantities in
the MS scheme, (¢I¢i)3d, by substracting the lattice divergence [90]. We shall drop the
field subscripts in the following discussion. In BM1, the change in the gﬂqﬁl condensate
is a result of field fluctuations becoming more constrained due to the ¢, field obtaining

~10 -
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Figure 1. Gauge-invariant condensates of the two doublets as measured on the lattice with fixed
volume and g, converted to MS quantities using the relations in ref. [90]. In both cases, the
doublet ¢, is heavy and almost inert at the phase transition. Instead, its fluctuations become more
constrained as <¢;¢2> changes due to the A3 term in the action. In BM2, (ng{qSl) increases smoothly
towards its T' = 0 value as governed by our choice of tan .

a VEV. In BM2, on the other hand, ¢; will also develop a VEV due to the requirement
that tan 8 is non-zero in the 7" = 0 vacuum. This change is compensated by decreased
fluctuations around the new minimum, and as a result, the condensate <¢J{¢1> remains in
practice constant in the transition.

In a first-order phase transition, the probability distribution of <¢£¢2> has a two-
peak structure such as the one shown in figure 2, with the peaks corresponding to the
symmetric and broken phases. The probability of field configurations between the peaks
is strongly suppressed, and the separation of the peaks corresponds to a potential barrier
that the system has to overcome in order for the phase transition to occur. At the critical
temperature T, the probability of finding the system in either phase is equal. Hence, our
criterion for finding 7, is that the integrated probability under the peaks in the histogram
is the same. In practice, the simulations are carried out at a temperature close to T,
and the precise critical temperature is then conveniently found by reweighting [107] the
multicanonical distribution to a temperature that minimizes the integrated probability
difference of the two phases.

5.3 Determining physical observables from the simulations

In both BM points, properties of the transition depend strongly on the lattice spacing, or
Ba, as well as on the volume to a lesser extent. Continuum results for the equilibrium
quantities characterizing the phase transition are obtained by first extrapolating to an
infinite volume, and taking the lattice spacing to zero afterwards (corresponding to 1/5¢ —
0). The simulated values of V' and fg are listed in table 3. Each simulation has been
weighted by an appropriate multicanonical weight function and consists of 1.5 x 108 — 2.5 x
10 measurements, depending on the volume. Cylindrical lattices have been used for a
precise measurement of the interface tension (see below).
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Figure 2. Unnormalized probability distributions of the expectation value <¢;¢2>3d in BM1,
measured on the lattice with varying S and converted to the corresponding continuum quantity.
The histograms have been obtained by reweighting in 7" and minimizing the integrated probability
difference between the peaks. As (g increases, the phases become more separated and thus the
transition grows stronger. Configurations between the two phases are suppressed exponentially by
the free energy carried by the phase interface, with the suppression increasing with the area of the
interface.

Ba Volumes, L, x Ly x L,

10 | 182 x72 202 x80 242 x 96
12 | 202 x 96 242 x 96 282 x 120
14 | 282 x84 282 x 140

16 | 242 x 96 322 x 120 322 x 162 Ba Volumes, L, x L, x L,
382 x 162 20 | 322 x 132 382 x 156 422 x 168
20 | 242 x 112 322 x 132 382 x 156 24 | 342 x 156 422 x 172 482 x 182
24 | 342 x 156 422 x 172 422 x 200 28 | 422 x 168 482 x 192 542 x 200
32 | 422 x 200 482 x 192 542 x 216 32 | 482 x 192 542 x 216 582 x 240
(a) BM1 (b) BM2

Table 3. Lattice volumes and values of ¢ used in simulations. The volumes are given in units of
a3. We use lattices cylindrical in the z direction, with the remaining two directions having equal
length. In BM2, some scalar degrees of freedom are so heavy that it is necessary to use small lattice
spacings (large S¢) to fully capture their effect on the phase transition. Simulations with S = 14
in BM1 are only used in the continuum extrapolation of T.
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T./GeV L/T# A¢)T a/T3
BM1 | 116.4021 + 0.0047 | 0.603 4-0.023 | 1.075 4 0.021 | 0.0270 £ 0.0013
BM2 | 112.4540 + 0.0145 | 0.807 4 0.051 | 1.087 & 0.034 | 0.0204 + 0.0045

Table 4. Nonperturbatively determined critical temperature, latent heat, order parameter discon-
tinuity and surface tension of the phase transition. The errors shown here are statistical errors of
least square polynomial fitting.
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Figure 3. Continuum extrapolation of the critical temperature. All volumes are plotted here and
are indistinguishable from each other at the same f(g.

Our results are collected in table 4 along with statistical errors, obtained with jackknife
sampling, related to the continuum extrapolations. The behavior of the extrapolations
is qualitatively similar to the MSSM case of ref. [88], however in our simulations, the
latent heat and order parameter discontinuity contain substantial dependence on the lattice
volume.

Critical temperature. For individual simulations with fixed volume and (¢, the critical
temperature is determined from equal-weight histograms as described above. T, in both
BM points is insensitive to the volume, and the dependence on 1/8g o a is linear over
the entire range of the lattice spacings used. Extrapolations to continuum are shown in
figure 3. Statistical errors from the Monte Carlo simulations — as well as those from

reweighting — are small for the critical temperature.

Discontinuity in the order parameter. From probability distributions at the critical
temperature, such as those shown in figure 2, it is straightforward to measure the disconti-
nuity in doublet condensates. In both of our BM points, however, only the ®, condensate
can be used as an order parameter, related to the condensate in MS renormalization as
described in ref. [90]. Volume dependence of the dimensionless quantity 2A<q§;¢2> 3a/T is
shown in figure 4. Unlike in the MSSM study of ref. [88], there is a significant depen-
dence on the lattice volume, and we find the dependence to be approximately linear in the

dimensionless combination 1/(VT3).
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Figure 4. Volume dependence of the order parameter discontinuity 2A<¢£¢2>3d /T for different
lattice spacings.

Ba dependence of the infinite-volume results is plotted in figure 5. In BM1, a least-
squares quadratic extrapolation fits nicely to the data points, but we have also included a
linear fit. The difference between the two extrapolations is roughly 3% in the continuum
limit, with the quadratic fit resulting in a slightly larger error. We shall use the quadratic
extrapolation from now on.

In BM2, however, extrapolation is more difficult due to the smaller range of Sz used
in the simulations. As a result, a quadratic polynomial does not fit the points well. We
have therefore used a linear fit in BM2, but emphasize that missing higher-order terms
may have a numerical impact. Reliably probing the effect of 1/ ﬁé and higher terms would
require the use of very small lattice spacings, which is computationally expensive due to the
large lattices required. Given that the perturbative uncertainty from dimensional reduction
and zero-temperature renormalization is possibly considerably large, of the order 20% as
estimated in section 6.4, we shall be content with a linear extrapolation here.

Often, the quantity used for determining the strength of the EWPT is not the order pa-
rameter discontinuity A(¢T¢), but the discontinuity in the (gauge-dependent) doublet VEV

1 0
=7 (@) (5.2)

— or, in the case of multiple doublets, some combination of their VEVs — which can conve-
niently be measured from the effective potential. We define a gauge-invariant counterpart
to the conventional ¢./T. as

1
2

A¢/T = =

which is dimensionless due to the different normalization of fields in the effective theory.
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Figure 5. Continuum extrapolations of the order parameter discontinuity in the infinite-volume
limit. Both quadratic (green) and linear (blue) fits are shown in BM1. A reliable higher-order
polynomial fit in BM2 would require the use of very large 8¢ — and consequently extremely large
lattices — due to the very massive scalar degrees of freedom.

Latent heat. By definition, the latent heat L is the discontinuity in the energy density
of the system, and is a concrete physical quantity characterizing the strength of the phase
transition. In terms of the partition function,

L 1 0

which can be determined from changes in the expectation values of composite field op-
erators. Following ref. [88], we measure the above quantity directly on the lattice and
extrapolate the results to the continuum. Unlike in the MSSM case of ref. [88] where all
couplings were very small, we find the temperature dependence of quartic couplings to be
significant and hence include also the interaction-term expectation values in the evaluation.

Schematically,
L L ooalete, YU o0, Y% | gle, 42 4y,
i~ vzt 1Pgp TR gy Ty TR
d\
dld )22t 4. .
+@{o S+, (5.5

where the ellipsis represent the remaining interaction terms. The above quantity is easily
obtained by reweighting.

Extrapolations of the latent heat to infinite volume and zero lattice spacing are shown
in figures 6 and 7. We find that the numerical behavior of the latent heat is very similar
to that of the order-parameter discontinuity and have hence used the same fitting ansatzes
as for Av/T. Again in BM1, we will use the quadratic fit as the final result. As pointed
out already in ref. [88], statistical errors are somewhat larger for the latent heat. This is a
natural result as there are more condensates involved in the determination of L/T*.
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Figure 7. Continuum extrapolation of the latent heat. The behavior is similar to that of Av/T,
but with slightly larger statistical errors. In BM1, we again show both linear and quadratic fits.

Surface tension. The final equilibrium quantity we measure is the tension o of the phase
boundary separating the symmetric and broken phases. The interface tension reduces the
likelihood of mixed-phase configurations, visible in the probability distributions of figure 2
as a suppressed “valley” between the two phases. The suppression is proportional to
exp(—oA/T), with A being the area of the phase boundary, and can be measured from the

probability distributions using the histogram method [108]. Specifically, the quantity

1 1 Pmax
— 11

24 Pmin ’

(5.6)

where Ppax and Py, denote the maximum and minimum probability distribution between
the peaks, respectively, will tend to /T in the infinite-volume limit.

In cylindrical lattices with L, > L, = L,, the phase interface generally will form per-
pendicular to the z direction, as this configuration is energetically favored over other pos-
sibilities. As in refs. [11, 87, 88], we apply a finite-volume scaling ansatz in order to reduce
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Figure 8. Extrapolation of the surface tension to an infinite surface area. Statistical errors are
substantial in the S5 = 32 case and could be improved with more simulations.
large-volume effects related to lattice geometry. For L, = L,, an appropriate ansatz is [108]

Prax 1
Poin (aLaz ) 2

o__ 1
T~ 2(al,)?

3 1 1
1 In LZ — 5 In Lz- + §G -+ const. s (57)

where G = 0 for cylindrical lattices. A periodic lattice will contain two interfaces, and it
is assumed that their mutual interactions can be neglected in eq. (5.7). In practice, this
condition is fulfilled for long lattices where the interfaces form far enough from each other.
Our lattices generally have L, ~ 4L, and, in this regard, are more ideal than the lattice
shapes previously used in EWPT simulations.

The extrapolations 1/(AT?) — 0 for the dimensionless combination ¢/T® are shown
in figure 8. The area dependence in both BM points is linear for all of our lattice spacings,
but the extrapolations for 8¢ = 32 come with large statistical uncertainty. Improving the
fits would require the use of very large lattices, being computationally expensive, and given
the limited use of the surface tension in practical applications we have chosen not to pursue
better accuracy here.

Figure 9 shows a continuum estimate of the surface tension. Due to the large un-
certainty in the Sg = 32 infinite-volume extrapolation, we again have chosen a linear fit.
Somewhat surprisingly, we find the dependence on g to be roughly as important as the de-
pendence on the interface area. This is due to the heavy degrees of freedom which become
dynamical only at small lattice spacings.

6 Comparison with perturbation theory

Having obtained the equilibrium characteristics of the EWPT nonperturbatively on the
lattice, we now wish to evaluate the same quantities in perturbation theory and compare
the results. We shall use the effective potential Veg(p1, ¢2) for classical background fields
; and assume that the background is only in the neutral component, i.e, the doublets ¢;
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Figure 9. Continuum extrapolation of the interface tension.

are shifted as

1 0
bi — ¢i + 7 <90z> : (6.1)

The background fields modify mass eigenvalues and couplings of the theory. The field-
dependent masses of the scalars are given by the eigenvalues of the mass matrix

a4
0¢i0¢;

where V' is the tree-level potential (eq. (2.1)) and the indices 4, j refer to the components

(M?); (6.2)

of the doublets (see eq. (2.2)). Correspondingly, gauge boson masses are obtained by

diagonalizing
20 0 0
MQZZj(w)Q 0¢g20 0 63)
g 4 00 g2 gg/ ' :
00 gg/ g/2

Finally, the field-dependent mass of the top quark in a Type I 2HDM is

2 yt2 2
my = ?@2’ (64)

and we neglect other fermions from the phase-transition analysis due to their small cou-
plings to the scalars.

At the critical temperature, the loop-corrected effective potential will have a symmetry-
breaking minimum that is degenerate with the symmetric minimum at the origin, and the
strength of the phase transition can be determined from the potential barrier separating the
two minima. The values of the potential in the minima are gauge invariant, in accordance
with the Nielsen identity, while the values of the background fields are not. However,
apparent violations of the Nielsen identity can arise if the broken minimum is not solved
consistently in the loop-counting sense, resulting in residual gauge dependence formally of
higher order than the calculation [109, 110]. The gauge dependence can be removed by
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careful resummations of Goldstone modes as in [111], but we are not aware of a simple
way to implement general thermal resummations consistently in this setting. Another
solution to gauge dependence is to compute Vig for the composite operators qS;fgzﬁi rather
than for ¢;, and the thermodynamical quantities can then be obtained from the potential
in a gauge-invariant manner [112].

In ref. [45] — where the Feynman-t’Hooft gauge was used — the authors argued that
ambiguities related to gauge dependence are overshadowed by the uncertainty related to
higher-order corrections from the large scalar couplings. We shall therefore be content with
the practical approach described at the beginning of this section, as is frequently done in
the literature, and use Landau gauge for the perturbative calculations.

6.1 Perturbative calculation in the effective theory

We start with the effective potential constructed within the 3d EFT, eq. (3.1). This cal-
culation is simpler than the conventional Vg in the full theory, both conceptionally and
computationally, as thermal corrections have already been accounted for in the dimen-
sional reduction procedure. As mentioned briefly in section 3.1, this also includes thermal
resummations beyond 1-loop order.

The 3d Vg allows for a direct comparison with the results obtained from lattice sim-
ulations that is not affected by possible uncertainties related to dimensional reduction. In
particular, the magnitude of nonperturbative effects related to the “ultrasoft” scale ¢>T, for
which no resummation is possible, can be estimated by comparing the 3d Vg to the lattice
results. As RG running in 3d starts only at 2-loop level, it is desirable to calculate the 3d
Vi to two loops. We carry out the calculation in d = 3—2e spatial dimensions using the MS
scheme. Since the U(1) subgroup has been left out from the lattice simulations, we choose
to drop its contributions to the 3d Vg as well. However, we have also performed the analy-
sis with the full U(1) contributions included at 2-loop level and verified that their effect on
the phase transition is small in comparison to systematic uncertainties in the calculation.

For a 3d EFT containing only one Higgs doublet, the 3d Vg and a list of the relevant
integrals have been presented in ref. [105]. We extend this calculation to our EFT with two
doublets. Having integrated out fermions already in the dimensional reduction, the 1-loop
correction to the 3d Vg is given by the bosonic zero modes as

V;a?i)g 1-loop — 2(d - 1)‘]3 (mW(SO:l))da (Pgd)) + (d - 1)J3 (mZ((p?d7 @%d))
+ 3 Js(my(ei e3Y) (65)
J

where the sum runs over all scalar eigenstates, and the UV-finite integral Js is given by

d
J3(m) = 1/ dﬂ-p In(p* +m?) = —m—g. (6.6)

We emphasize that all parameters entering the 3d Vg are those of the 3d EFT, eq. (3.1),
which themselves are functions of the renormalized parameters of the full theory and the
temperature, as dictated by dimensional reduction. Consequently, the masses in eq. (6.5)
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Figure 10. 2-loop topologies contributing to the 3d V.g, in Landau gauge. Sunset-type diagrams
on the first row are divergent in the UV and exactly determine the RG evolution of the mass
parameters in the 3d EFT.

are the thermally-screened masses. Note that when the U(1) sector is neglected (g’ = 0),
we have myz = my. In the Landau gauge, the SU(2) ghosts are massless and do not enter
the 1-loop corrections.

The 2-loop correction is obtained from vacuum diagrams shown in figure 10. Although
the calculation is standard, and the integrals can be found in ref. [105], the number of
diagrams is large due to the many scalar fields present in our theory. For this reason, we
choose not to give the 2-loop contribution in an explicit form, and shall simply present the
numerical results obtained with the full 2-loop potential in section 6.3.

UV divergent contributions arise at 2-loop level, which can be cancelled by introducing
mass counterterms in the tree-level potential. The divergence matches the counterterms
previously obtained in an independent calculation in ref. [83], which serves as a cross check
of our 3d Veg. As a result of super-renormalizibility, the RG running of the mass parameters
with respect to the MS scale A3 in 3d is defined exactly by the 2-loop counterterms, while
the couplings remain RG invariant.

6.2 1-loop effective potential in the full theory

Next, we discuss the predominant approach for studying the EWPT perturbatively, namely
the 1-loop resummed effective potential calculated in the full theory. It is given by

Vert(@1, 02) = Vg1, p2) + Vew (1, ¢2) + Vr(er, v2) (6.7)

where Vow is the T' = 0 1-loop Colemann-Weinberg correction to the tree-level potential
V', and Vp is the 1-loop finite temperature part. The Colemann-Weinberg part is [113]

N; m '(901a @2)2
Vew = Z 6in? mj {m [31\2 G (6.8)
J

where the sum runs over the particle content of the model, N; is the internal number

of degrees of freedom which is positive for bosons and negative for fermions, m; is the
field dependent mass, A is the renormalization scale, and C; = 5/6 for gauge bosons and
C; = 3/2 for fermions and scalars.

The unimproved thermal part is given by the integral

27r22N/ dy y? ln 1:Fexp[ \/y?—I—MjQ/T2 } (6.9)
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This expression can be improved by accounting for the thermal dispersion relations of the
(quasi)particles. Originally Parwani [48] suggested to do this by replacing the field depen-
dent masses of bosons by their thermal masses, m; — m;(T") in the whole 1-loop part of the
effective potential. This approach is not self-consistent however. It leads to T-dependent
divergences at higher orders and the choice of the thermal mass is ambiguous [45]. In a
more consistent approach by Arnold and Espinosa [49], one introduces thermal masses only
in the cubic terms. This corresponds to screening only the IR-sensitive zero modes and
results in the following ring-improved potential

T
Via-e=Vr+ 1o > [md—my(1)?] . (6.10)

jEbosons

On the other hand, this technique relies on the high-T expansion in separating the contri-
butions of the heavy modes from those of the zero-modes. Much like dimensional reduction,
this resummation procedure fails when the bosonic zero modes are also heavy. For this
reason, the Parwani resummation allows a smoother continuation to the nonrelativistic
limit in theories which contain heavy degrees of freedom [36, 45]. We shall perform our
numerical analysis using both of these resummation methods.

Fermions and transverse gauge boson modes do not receive thermal corrections. For the
longitudinal gauge bosons, the thermal masses are obtained by diagonalizing /\/lg + 5/\/15,

where
00 0
0¢20 0
SM? =272 , 6.11
g 00g¢%0 (6.11)
00 0g"?
and the thermal scalar boson masses are obtained from M? + § M?, where
T2 0%m?
S(M2)ii == Ny, k. 6.12
with ¢, = 1 for bosons and ¢, = —1/2 for fermions.

6.3 Numerical results in perturbation theory

The condition that the symmetry-breaking minimum becomes degenerate with the min-
imum at the origin determines the critical temperature 7. and the critical field value

O = ,/goic + 90%,@ Discontinuity in the quantity ¢./T. then corresponds roughly to the
order parameter discontinuity obtained from lattice simulations (eq. (5.3)), aside from the
ambiguities related to gauge fixing. In the 3d EFT where the fields are scaled to mass
dimension GeV/ 2 the corresponding quantity is <Z>§d /VTe.

In the thermodynamic limit, the value of V g in its minimum coincides with the grand
canonical free energy density. Hence, the latent heat can be obtained from the effective
potential as

(6.13)

L=T 6‘/;3(T7 SOI,C: SOQ,C) N 8Vv0ff(T7 07 0) ‘
¢ oT T=T. oT T=T.)
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In the 3d analysis, the factor 1/7 multiplying the 3d action has been absorbed into the
definition of Ve?;g, and so the latent heat is obtained from the 3d effective potential as

¢ oT T=T, oT (6.14)

L1 (8%%?@, rlodl)) _ET0.0 ) |
T=T.
For simplicity, we shall not compute the surface tension perturbatively.

The effective potential bears and explicit dependence on the RG scale A. While the
full effective action is A-independent, in perturbative expansions there is always an uncer-
tainty related to the scale variation, higher in order than the one under consideration. Due
to the large scalar couplings present in our analysis, this ambiguity in the choice of A is
a significant source of uncertainty. We demonstrate this by varying the RG scale along a
range of mass scales with dominant contributions to the effective potential. Clearly the
most dangerous logarithms are those proportional to the scalar couplings. In the full the-
ory, contributions of the form A\? In (m2 / A2), where m denotes a scalar mass, arise from the
T = 0 loop corrections, eq. (6.8). However, thermal fluctuations generate additional loga-
rithms of the type In(A/(7T)), making it difficult to ensure that all logarithmic corrections
stay small simultaneously. We choose to vary A between 0.577 and 1.577.

The situation is different in the 3d EFT, where the 3d Vg contains only logarithms of
the type ln(mg /A%), which furthermore arise only at 2-loop level at the earliest. Having
integrated out the mass scale nT", we vary the RG scale of the 3d EFT, A3, between 0.57
and 27". However, scale variations in the full theory affect the parameters of the EF'T via the
matching relations obtained from dimensional reduction. Although this uncertainty is less
severe than the corresponding ambiguity in the full Veg as only thermal logarithms appear
in dimensional reduction. For the sake of having a one-to-one comparison of perturbative
and nonperturbative analyses in the 3d EFT, we fix the RG scale of dimensional reduction
as in eq. (5.1), but discuss variations of this scale further in section 6.4.

Turning to numerical analysis, we present our findings in figure 11 and table 5. In
figure 11, we have plotted the global minimum of the potential as a function of the tem-
perature with different resummation implementations, as well as in the 3d EFT. For each
scenario, the RG scale has been varied as described above and the results for the smallest
and largest scale are plotted in figure 11. The colored bands depict the uncertainty related
to the scale sensitivity. In all plots, the parameters given in table 2 have been run to the
final scale using 1-loop § functions in the full theory. In the 3d analysis, the corresponding
parameters in the 3d EFT are first obtained from dimensional reduction, and then run to
the final 3d scale using exact RG evolution.

For both Parwani and Arnold-Espinosa resummations in the full theory, there is sig-
nificant uncertainty in determination of critical temperature, with Parwani resummation
giving a considerably smaller 7.. On the contrary, the magnitude of the jump ¢./T. is
not very sensitive to scale variations. In BM2, scale variations lead to much larger un-
certainty than in BM1 as the couplings and masses are larger. In 3d perturbation theory,
scale uncertainties are significantly less alarming, which is not surprising as the 3d EFT is
super-renormalizable and the 3d Vg is evaluated to two loops.
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Figure 11. Location of the global minimum of the perturbative effective potential as a function
of the temperature. At high temperature, the minimum is at the origin and the electroweak sym-
metry is restored. From left to right: 2-loop potential in the 3d EFT, 1-loop Veg with Parwani
resummation, 1-loop Vg with Arnold-Espinosa resummation. Values for two different choices of
the RG scale are shown, and the coloured band in between illustrates the perturbative uncertainty
as described in the text. In BMI1, the inert doublet ¢; does not develop a VEV due to unbroken
Z5 symmetry.

Method T./GeV L/T be/Te L/GeV*
1-loop Parwani resum. | 134.0 + 8.75 0.396 + 0.002 | 1.01 4 0.06 | 1.27 x 10®
BM1 1-loop A-E resum. 142.4 £ 6.88 0.33 +£0.02 1.00 +0.07 | 1.37 x 108
2-loop Veg in 3d 111.6 +2.30 0.57£0.10 0.98 +0.09 | 0.89 x 10®
3d lattice 116.40 £ 0.005 | 0.60 £ 0.02 1.08+0.02 | 1.11 x 10®
1-loop Parwani resum. | 142.6 + 18.0 0.29 £0.04 0.91 £0.06 | 1.19 x 108
BM?2 1-loop A-E resum. 162.5 +21.0 0.20 £ 0.03 0.88 £0.05 | 1.36 x 108
2-loop Vg in 3d 104.9 +2.30 0.61£0.10 0.97 £0.06 | 0.74 x 108
3d lattice 112.5 +£0.01 0.81 £ 0.05 1.09 4+ 0.03 | 1.29 x 10®

Table 5. Comparison of thermodynamic quantities as obtained either with the EFT approach, or
with the resummed 1-loop potential in the full theory. Error bars indicate sensitivity to the RG-
scale as described in the text. For the lattice results we show the statistical uncertainty. Numbers
in the last column correspond to central values without scale uncertainties.
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Thermodynamic quantities obtained from the perturbative calculations are collected
in table 5, along with the nonperturbative lattice results from section 5.3. Comparing first
the perturbative and nonperturbative results within the 3d EFT, we see that in both BM
points, the 3d Vg describes the EWPT quite well. The strength of the transition is slightly
underestimated by the perturbative analysis in BM2 and there is a ~ 5% discrepancy
in the critical temperature. Qualitatively the behavior is similar to that of the MSSM
case [88, 114].

We emphasize that apart from perturbative corrections beyond two loops, the main
difference between the 3d perturbative and nonperturbative approaches is the handling of
the IR sensitive fields in the symmetric phase. As such, we conclude that these nonpertur-
bative IR effects are, in fact, already suppressed for the marginally strong phase transitions
considered here. This is reassuring, and suggests that the EWPT can be studied reliably
with the relatively simple 2-loop 3d Vg, at least in the cases considered here.

Moving on, we find that the situation is not as good for the 1-loop potential in the
full theory. In particular, this approach overestimates T, by a large margin compared
to the analysis in the 3d EFT. This is because the critical temperature is particularly
sensitive to thermal mass corrections and resummations, which are incorporated at 2-loop
level in the 3d EFT. With additionally the scale uncertainty in 7. being about 10 to 25
percent, we conclude that at least in our studied BM points, the full 1-loop Vg with thermal
resummations is not a reliable tool for determining the temperature scale of the EWPT. On
the other hand, L and ¢./T qualitatively match the lattice results, but the dimensionless
combination L/T., important for gravitational-wave predictions, is underestimated due to
the overly large T..

BM1 has previously been studied at the full 2-loop level without dimensional reduction
in ref. [45], where a Parwani-type resummation was applied. According to their table 4,
the 2-loop corrections to the potential make the transition slightly weaker and therefore
shift the result away from what we find in our lattice analysis. As the authors point out,
their resummation scheme fails to take into account O(A3u?) and O(A3T?) corrections
to the thermal masses, which in turn are included in our 3d EFT and could explain the
discrepancy. This ambiguity in resummation at 2-loop level is another reason why the 3d
EFT approach is preferable over calculations in the full theory.

6.4 Validity of the effective theory

Let us reiterate that while our nonperturbative analysis in the 3d EFT is exact within sta-
tistical errors of Monte Carlo methods, the derivation of the EFT by dimensional reduction
is still performed perturbatively. Therefore, estimating the perturbative accuracy of the
dimensional reduction is a crucial part of our comparison with fully perturbative methods.
In this work, we have applied the dimensional reduction of ref. [83], which is performed at
1-loop level for the couplings, and at 2-loop level for the masses. In the SM, where all cou-
plings are small compared to the scalar couplings in our BM points, this next-to-leading
order (NLO) calculation (cf. dimensional reduction at leading order meaning tree-level
matching for couplings and one loop for masses) is highly accurate and reproduces the
equilibrium thermodynamics of the EWPT with errors of only 1% or less [55].
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T./GeV L)TA bc/Te L/GeV*
BM1: 3d Veg | 112.25+2.86 | 0.55+0.11 | 0.95+0.10 | 0.87 x 108
BM2: 3d Veg | 106.63 =4.03 | 0.71£0.27 | 1.04 £0.19 | 0.91 x 108

Table 6. Results in 3d perturbation theory with the renormalization scale of dimensional reduction
varied from 0.577 to 1.57T", and the 3d scale varied from 0.57 to 27" as in table 5. For corresponding
scale uncertainties, we show the most pessimistic values in the error bars.

At NLO, the couplings do not obtain significant loop corrections, while the mass pa-
rameters in the EFT — the Debye screened masses — have the schematic form

% = Hg(A) + Mitoop(A) + Iat00p(A), (6.15)

where ,ug is the corresponding mass parameter in the full theory and the loop corrections
Ii.100p and Ilp o0, are of the order O(MT?) and O(A%T?), respectively, with additional
mass-dependent corrections coming from the high-T" expansion. When running of the
parameters is taken into account, dependence on the RG scale A can be shown to cancel
exactly up to corrections formally of 3-loop order [55, 83]. The phase transition occurs
when at least one of the doublets in the EFT becomes very light, for which a cancellation
between the tree-level mass pZ and the thermal loop corrections is necessary. A qualitative
description may already be obtained at leading order with just the 1-loop thermal mass,
but for quantitative results the 2-loop part in eq. (6.15) can be significant, especially when
some couplings are large. In BM1, the relative importance of the 2-loop corrections for mass
parameters [i3,, fi3 and jil, are 13, 17 and 2 percent, respectively, when the temperature
is fixed to the critical value obtained from the simulations. In BM2, the respective numbers
are 11, 19 and 2 percent.

Although the above numbers do not immediately signal bad convergence, it is possible
for corrections at higher loop orders to be substantial. We can estimate the importance of
higher-order effects of O(A\?) and higher by varying the RG scale A in eq. (6.15) and the
other matching relations (see ref. [83]). This leads to increased uncertainty in our results
within the 3d EFT, and while it is difficult to quantitatively estimate this effect on the
lattice due to the computational effort required, we may use the 3d Vg to address the
issue. Hence, we have repeated the perturbative analysis of the previous section for the 3d
Ve with different scales used in the dimensional reduction. We chose the same range for
A which was used for the Vig in the full theory, 0.57T to 1.57T, and the results are shown
in table 6.

In BM1, the variation of A amounts to a slight increase of the uncertainty compared
to the earlier case in table 5, where A was fixed as in eq. (5.1). In BM2, there is a clear
shift in central values and the uncertainties are substantially larger than in the case of fixed
A. We therefore estimate that higher order effects in the dimensional reduction procedure
could lead to inaccuracies of a few percents in the thermodynamic quantities for the BM1
case, while for BM2, the uncertainty may be as large as few tens of percents, which can
compromise quantitative predictions.
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From the simple consideration above, it would clearly be preferable to include next-
to-next-to leading order (NNLO) contributions to the dimensional reduction. For the
parameters of the effective theory in eq. (3.1), this means 2-loop contributions in the cou-
plings and 3-loop contributions in the masses, and also higher-order terms originating from
high-T" expansions. While this calculation is highly non-trivial, important simplifications
can be made by focusing only on the most dominant contributions from the large scalar
couplings at order @(A\?). Recent developments in calculating higher-order corrections to
the dimensionally-reduced EFT of hot QCD (see [115, 116] and the references therein)
motivate applying similar techniques in the context of the EWPT. However, we will not
consider such improvements in this study.

Finally, at NNLO it is no longer justified to neglect higher-dimensional operators from
the 3d EFT. In our case, we expect the most dominant operators to be scalar opera-
tors of the type (¢T¢):§d, which in principle are straightforward to include in the EFT by
matching scalar 6-point functions. Unfortunately, these higher-dimension operators ruin
the super-renormalizibility of the 3d EFT, turning it into “only” a renormalizable theory.
Consequently, lattice analyses are complicated as the relations to continuum parameters
are no longer exact. We may nevertheless estimate the effect of these operators by including
them in the perturbative Vig. If the thermodynamic quantities obtained from this poten-
tial differ considerably from those in table 5, we can then conclude that the higher-order
operators’ contributions are too significant to be ignored in the lattice simulations.

A systematic determination of the aforementioned NNLO contributions, as well as a
numerical study of their effects in BM1 and BM2, will be published in a separate work.
According to preliminary results of this work, one can estimate that the inclusion of higher-
order operators weakens the transition by a few percentages in BM1 and about 20 percents
in BM2, while the critical temperature is not affected significantly. This estimate has been
obtained by performing a 1-loop dimensional reduction for all scalar operators of dimension
six (ignoring operators containing derivatives) and including their effect in the 3d effective
potential at a full 2-loop level.

Combined with the scale variation estimate above, we approximate that the accuracy
of the dimensional reduction for thermodynamic quantities is within a few percentages in
BMI1. In BM2 with somewhat larger couplings, the accuracy is significantly worse, of the
order 20%, and suggests that 3-loop corrections should be included if one seeks quantita-
tive results. For even larger couplings — such as those used in refs. [34, 40] to produce
very strong transitions in the heavy M4 = Mg+ regime — we believe that perturbation
theory may fail to give even a qualitative picture of the EWPT. New techniques relying
neither on the perturbative effective potential nor dimensional reduction are then required
for reliable results.

We emphasize that the shortcomings related to NNLO corrections in the dimensional
reduction are also present in perturbative analyses in the full theory, such as the 1-loop Vg,
eq. (6.7), in the form of missing higher-order corrections. However, due to the 2-loop mass
corrections from dimensional reduction and the efficient handling of IR resummations, our
EFT approach is still superior to the frequently-used 1-loop Vg approach.
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7 Conclusions

In this paper, we have performed a state-of-art study of the equilibrium properties of the
electroweak phase transition in the Two Higgs Doublet model. The main analysis is based
on a dimensionally-reduced effective theory [55, 83|, obtained by integrating out the heavy
thermal field modes while simultaneously incorporating thermal resummations beyond the
leading order. Using the effective theory, we perform nonperturbative lattice simulations in
two benchmark points motivated by model phenomenology. As a comparison, we also apply
conventional perturbative methods to compute the critical temperature and the strength
of the phase transition at 1-loop level.

In simple beyond the Standard Model settings where only one phase transition occurs
near the electroweak scale, it is necessary to have sufficiently strong interactions in the
scalar sector in order to produce a strong transition. We demonstrate that this requirement
of large couplings, substantially reduces the predictive power of traditional perturbative
approaches, due to the significant corrections at two loops and beyond. A clear sign of such
behaviour is the large uncertainty arising from residual dependence on the renormalization
scale. Furthermore, in both of our benchmark points the ring-improved 1-loop effective
potential fails to reproduce the nonperturbative critical temperature 7. obtained from
lattice simulations. We argue that this is due to higher-order resummations missing from
the 1-loop potential.

On the contrary, resummations beyond the leading order are conveniently incorporated
by performing dimensional reduction on the high-temperature theory. In section 6 we show
that the effective potential evaluated within the high-T effective theory — for which a 2-loop
calculation is straightforward — displays better convergence than its counterpart in the
full theory and agrees with the lattice results well within accuracy. This result suggests
that the aforementioned shortcomings of the resummed perturbation theory are not due to
nonperturbative effects related to the ultrasoft thermal modes, but rather a consequence
of bad convergence caused by large scalar couplings.

It should be pointed out that for cosmological applications, the thermodynamic quan-
tities in table 5 should be obtained at the nucleation temperature T,, instead of the critical
temperature T.. The computation of T}, nevertheless requires precise knowledge of the crit-
ical temperature, which, according to our results, is beyond the reach of 1-loop resummed
perturbation theory, and the 2-loop correction calculated in ref. [45] does not significantly
improve the result for T,.. For this reason, we advocate the use of the effective-theory ap-
proach even if the study is performed purely perturbatively, without numerical simulations.
This strategy has already been recommended earlier in refs. [45, 114].

For both baryogenesis and gravitational-wave production, the phase transitions consid-
ered here are possibly too weak. A tempting resolution could be to move in the parameter
space towards even larger couplings and consequently larger potential barriers — a lapse
that would come with a high price, as perturbative convergence will then only worsen. In
fact, the accuracy of many results in recent literature which invoke large scalar couplings
could be in jeopardy due to the 1-loop potential simply being too inaccurate in describing
the phase transition. We believe that more care needs to be taken in such scenarios, if one
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is willing to push perturbation theory to its limits. Unfortunately, for very large couplings
even the effective-theory approach is likely to fail, and purely nonperturbative methods
would then be necessary. Naturally, one would expect this conclusion to also hold for other
models which rely on large couplings for a strong phase transition.

Finally, we highlight an alternative setup for strong phase transitions where more
elaborate dynamics of multiple light fields are responsible for strengthening the transition.
While such multi-step transitions typically call for a degree of fine tuning, the requirement
of large couplings could be avoided in these scenarios.
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A Renormalization in the MS scheme

As mentioned in section 2.2, the input parameters for our analysis are the pole masses of
the scalars { M},, My, M4, M=}, the scheme-dependent parameters {tan 3, cos(3 — a), u?}
and the gauge boson and fermion pole masses [74]. In order to relate these to parameters
appearing in the Lagrangian, we apply a standard pole-mass renormalization at 1-loop
level in the Minkowski space vacuum. As some of the couplings and masses in our theory
are fairly large, loop effects can modify the relations between the two substantially. We
emphasize that although this calculation is important for making accurate physical pre-
dictions, it is not directly related to the high-T behavior of the theory, which is the main
focus of our paper.

Starting with the CP-conserving 2HDM, we first require that the VEVs, v; (cf. eq. (2.2)),
minimize the tree-level potential,

ov 0 ov

0gilo=6)  oglle=ien

0, (A1)

)

and rotate the fields to a diagonal basis as in eq. (2.3). The parameters {\1_5, 2, u3,} can
be expressed in terms of the mass eigenvalues m;, the mixing angles and u?; the explicit
relations can be found in e.g. appendix B.2 of ref. [83].
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In the renormalized theory, dressed propagators are of the form

1
p? —m? +1(p%, A)’

Gi ~ (A.2)

where I1;(p?) denotes a self energy evaluated at external momentum p and MS scale A. Be-
cause the minimization conditions (A.1) are imposed only at tree level, the VEVs generate
one-particle-reducible tadpole contributions to the self energies that need to be accounted
for, and are included in our study. The condition that the input masses M; correspond to
poles of the loop-corrected propagators is then equal to having

m? = M? + Rell;(M?, A), (A.3)

which is a system of four equations for the eigenvalues {mp, mg, ma, myg=+}. Similar pole-
mass conditions are obtained for the gauge fields W*, Z as well as for the top quark ¢ (a
detailed discussion can be found in ref. [55]). Pole conditions for the light fermions are not
needed in our case, as their Yukawa couplings are negligible in the phase-transition analysis.

Together with the direct input parameters tan 3,cos( — ) and p?, these equations
are sufficient to fix all but one parameter in the electroweak sector at some input scale Ag.
The final relation is obtained from charged particle scattering in the Thomson limit. This
fixes the electromagnetic fine-structure constant

) 1 ¢%g” A4
" G ) o
in the MS scheme via
(T)
5 'Rell’, /(0)
&M <1 + aEM) =apy | 1+22 27 L ReTl'(0)yy | = amu, (A.5)
QEM g my

where apy = 1/137.036 [74], and the photon self energy II,., and the (traverse) Z+ correla-
tion function are computed at one loop. In the 2HDM, dapn/apym obtains a subdominant
correction from H* loops.

Using the above relations and omitting terms beyond leading order in the correlation
functions, one obtains loop-corrected expressions for the renormalized parameters:

I, (M2, A
M}%<1+Re h( h>? )

1
M%I(A) :M2t5+§ M? > (C%—a+tﬁcﬂ—a5ﬂ—a_1)
h

Relly (M%,A
—M% <1+ ]\§2 H )> (c%_aﬂﬁcﬁ_asﬁ_a)], (A.6)
H
2 9,1, 1 2 Relly, (M27A) 2 —1
iy (N) = ptg o | ME (14— (e aspa—1)
2 M}
Relly MQ,A _
—M% <1+ ]\§2 H )> (c%_a—tﬁlcg_QSB_a)], (A7)
H
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_ rapuMz 1 2 2 2 2 2
M) = 3 4 (=202t + MZ+ MF — (MF ~ M)eza )
(e Rellyy)(M3,,A) Relly” (M3, A)
QEM Mg, M3
(T) (312 (T) (312
Relly ) (M2, A)—ReIl\,) (M2, A) ) )
+ +2s;, Rell, (M}, A)
MZ -0,
+2¢2 Relly (M3, A) |, (A.8)
_ rapuMz 1 _, 2,-1 2 2 2 2
)\2(A)_M3V(M%—M5V) 158 (—2# tg —|—Mh+MH—|—(Mh—MH)CQa)
RV Rellil) (MF,,A) Rell]” (M2,A)
QEM MI%V M%
ReTI') (M2, A)—ReIIll") (M2,, ) ) )
+ +2caReHh(Mh7A)
M7 — Mg,
+2s2 Rellg (M3, M) |, (A.9)
__ mopuMj 1 52 (a2 2 2 _ dagm
Ag(A)_Ma/(M%_M%V) 325( 202 — (M2 MH)SQQ+2MHi325) -
. Rellyy)(M3,,A) Relly” (M3, A) . ReTl) (M2, A)—ReTl{T) (M2, A)
M?, M2 MZ -0,
+(ReTly (Mg, A)—ReTly (M, A)) (s5-a+Co-aty ) (58-a—Co—atp)
+2Rell g+ (Mp+,A) |, (A.10)
(T) (ar2
___ mapuMj 2t 1, g2 o2 [ 1 0amm |, Relly’ (Mg A)
)\4(A)_M§V(M%—M$V) [(lu sg cg +Mjy 2MHi> 1 po— + Mz
_ Relly(M3,A) | Re 7 (M2, A)—Re Tl (M2, A)
M2 MZ M3
+Rell4(M3,A)—2Rell = (M7 +,A) |, (A.11)
(T) (312
WO(EMM% 1 2 2 (SOéEM ReHW (MW,A)
As(A) = tg+t —M3) [ 1-
5(4) M2, (MZ—M2,) ((“ 5 )m A) P M,
T T T
_ReH(Z)(M%vA) ReH(Z)(MgaA)_ReHE/V)(MI%VvA) —Rell M2 A
Z Z w
(A.12)
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F(A) = Ao M _1_5ozEM _ReH(ZT)(M%,A) _|_ReH(ZT)(M%,A)—ReHg)(M%/,A)
M%—M‘%V i QOEM M% M%_MI%V s
(A.13)
dropyM2 [ Sagy RellY)(MZ,A) ReTl'l) (M2, A)
gA(A) = TOEMTZ |y 0%EM ReTz VP2 D) ew Twe )| (A.14)
M, | QEM M2 M3,
y2(A) _ 27TCVEM]\4%]\4;52 1— 5QEM B H(ZT) (M%)A) Hg)(M%/,A)
t sy My (M7 — M) aEM M2 M2,
() ar2 (T) (272
I, (M2, A) 11y, (M2, A)
A (S, (M7 A) 4 2, (M A)) . (A.15)
z— My

where tg = tan 8. In eq. (A.15), ¥, and X, are the scalar and vector parts of the top quark
self energy, and the axial and axial vector parts do not enter the pole-mass condition. As
in refs. [45, 55, 62], we neglect loop corrections to the SU(3) coupling gs and fix its value
at tree level.

The expressions for the self energies are fairly long and, for the sake of readability,
will not be listed here. Explicit formulas can however be found in ref. [117], and we have
verified that our results match the expressions in their appendix C. In practice, we have
used the Feynman-t’Hooft gauge to simplify the calculation of the self energies. To 1-loop
order, the UV counterterms required for renormalization are the same as those used in
dimensional reduction. Apart from gauge-dependent terms, the counterterms can be found
in ref. [83].

Egs. (A.6)—(A.15) form a non-linear system of equations for the renormalized param-
eters, as the correlations functions and dagy/apym themselves are functions of the MS
couplings. The situation can, however, be simplified by substituting the renormalized pa-
rameters with the physical, scheme-independent parameters inside the loop corrections, i.e,
making the replacements m;(A) — M; and agppm(A) — apMm, and the difference between
the two prescriptions is formally of higher order in perturbation theory.

In the IDM limit (42 = 0 and v; = 0), the calculation proceeds analogously, but
instead of tan 8 and cos(8 — «) we input the self-coupling A;(A) and the combination
(A3(A) + Aa(A) + A5(A)) /2. Detailed formulas in the IDM case (neglecting ¢’ contributions
to the self energies) can be found in ref. [45]. In ref. [45], it is also discussed how higher-
order corrections to eqs. (A.6)—(A.15) can be partially resummed by solving the equations
“self-consistently”, without performing the linearization. In BM1, we adopt their approach
and solve the parameters iteratively, dropping ¢’ terms inside the loop corrections. This
ensures that our study of thermal effects in BM1 is directly comparable to the 2-loop results
of ref. [45].

In BM2 however, the iterative approach does not converge very well, whereby we take
the simplified approach. We find corrections of order 10% to the couplings relative to their
tree-level values. For the smallest coupling Ay, however, the correction is ~ 25%, while the
mass parameter 13, is modified by ~ 50%. Such large corrections, and the bad convergence
of the iterative approach, again indicate that our BM2 is already close to the border of
applicability of perturbation theory.

— 31 —



Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1]

ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [NSPIRE].

CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] InSPIRE].

V.A. Kuzmin, V.A. Rubakov and M.E. Shaposhnikov, On the Anomalous FElectroweak
Baryon Number Nonconservation in the Early Universe, Phys. Lett. 155B (1985) 36
[INSPIRE].

A.G. Cohen, D.B. Kaplan and A.E. Nelson, Baryogenesis at the weak phase transition,
Nucl. Phys. B 349 (1991) 727 [INnSPIRE].

N. Turok and J. Zadrozny, Dynamical generation of baryons at the electroweak transition,
Phys. Rev. Lett. 65 (1990) 2331 nSPIRE].

G.R. Farrar and M.E. Shaposhnikov, Baryon asymmetry of the universe in the standard
electroweak theory, Phys. Rev. D 50 (1994) 774 [hep-ph/9305275] [INSPIRE].

G.R. Farrar and M.E. Shaposhnikov, Baryon asymmetry of the universe in the minimal
Standard Model, Phys. Rev. Lett. 70 (1993) 2833 [Erratum ibid. 71 (1993) 210]
[hep-ph/9305274] [INSPIRE].

M.B. Gavela, P. Hernandez, J. Orloff, O. Pene and C. Quimbay, Standard model
CP-violation and baryon asymmetry. Part 2: Finite temperature, Nucl. Phys. B 430 (1994)
382 [hep-ph/9406289] [INSPIRE].

M.B. Gavela, M. Lozano, J. Orloff and O. Pene, Standard model CP-violation and baryon
asymmetry. Part 1: Zero temperature, Nucl. Phys. B 430 (1994) 345 [hep-ph/9406288]
[INSPIRE].

M.B. Gavela, P. Hernandez, J. Orloff and O. Pene, Standard model CP-violation and baryon
asymmetry, Mod. Phys. Lett. A 9 (1994) 795 [hep-ph/9312215] [INSPIRE].

K. Kajantie, M. Laine, K. Rummukainen and M.E. Shaposhnikov, The Electroweak phase
transition: A Nonperturbative analysis, Nucl. Phys. B 466 (1996) 189 [hep-lat/9510020]
[INSPIRE].

K. Kajantie, M. Laine, K. Rummukainen and M.E. Shaposhnikov, Is there a hot electroweak
phase transition at m(H) larger or equal to m(W)?, Phys. Rev. Lett. 77 (1996) 2887
[hep-ph/9605288] [INSPIRE].

K. Kajantie, M. Laine, K. Rummukainen and M.E. Shaposhnikov, A Nonperturbative
analysis of the finite T phase transition in SU(2) x U(1) electroweak theory, Nucl. Phys. B
493 (1997) 413 [hep-1at/9612006] [NSPIRE).

F. Csikor, Z. Fodor and J. Heitger, Endpoint of the hot electroweak phase transition, Phys.
Rev. Lett. 82 (1999) 21 [hep-ph/9809291] [INSPIRE].

M. D’Onofrio and K. Rummukainen, Standard model cross-over on the lattice, Phys. Rev. D
93 (2016) 025003 [arXiv:1508.07161] [INSPIRE].

~32 -


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7214
https://doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7235
https://doi.org/10.1016/0370-2693(85)91028-7
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B155,36%22
https://doi.org/10.1016/0550-3213(91)90395-E
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B349,727%22
https://doi.org/10.1103/PhysRevLett.65.2331
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,65,2331%22
https://doi.org/10.1103/PhysRevD.50.774
https://arxiv.org/abs/hep-ph/9305275
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9305275
https://doi.org/10.1103/PhysRevLett.71.210.2
https://arxiv.org/abs/hep-ph/9305274
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9305274
https://doi.org/10.1016/0550-3213(94)00410-2
https://doi.org/10.1016/0550-3213(94)00410-2
https://arxiv.org/abs/hep-ph/9406289
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9406289
https://doi.org/10.1016/0550-3213(94)00409-9
https://arxiv.org/abs/hep-ph/9406288
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9406288
https://doi.org/10.1142/S0217732394000629
https://arxiv.org/abs/hep-ph/9312215
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9312215
https://doi.org/10.1016/0550-3213(96)00052-1
https://arxiv.org/abs/hep-lat/9510020
https://inspirehep.net/search?p=find+EPRINT+hep-lat/9510020
https://doi.org/10.1103/PhysRevLett.77.2887
https://arxiv.org/abs/hep-ph/9605288
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9605288
https://doi.org/10.1016/S0550-3213(97)00164-8
https://doi.org/10.1016/S0550-3213(97)00164-8
https://arxiv.org/abs/hep-lat/9612006
https://inspirehep.net/search?p=find+EPRINT+hep-lat/9612006
https://doi.org/10.1103/PhysRevLett.82.21
https://doi.org/10.1103/PhysRevLett.82.21
https://arxiv.org/abs/hep-ph/9809291
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9809291
https://doi.org/10.1103/PhysRevD.93.025003
https://doi.org/10.1103/PhysRevD.93.025003
https://arxiv.org/abs/1508.07161
https://inspirehep.net/search?p=find+EPRINT+arXiv:1508.07161

[16]
[17]

[18]

[19]

[20]

[21]

[25]

[26]
[27]
[28]
[29]
[30]

[31]

J.F. Gunion, H.E. Haber, G.L. Kane and S. Dawson, The Higgs Hunter’s Guide, Front.
Phys. 80 (2000) 1 [nSPIRE].

J.F. Gunion and H.E. Haber, The CP conserving two Higgs doublet model: The Approach
to the decoupling limit, Phys. Rev. D 67 (2003) 075019 [hep-ph/0207010] [INSPIRE].

H.E. Haber and D. O’Neil, Basis-independent methods for the two-Higgs-doublet model. II.
The Significance of tan B, Phys. Rev. D 74 (2006) 015018 [Erratum ibid. D 74 (2006)
059905 [hep-ph/0602242] [INSPIRE].

G.C. Branco, P.M. Ferreira, L. Lavoura, M.N. Rebelo, M. Sher and J.P. Silva, Theory and
phenomenology of two-Higgs-doublet models, Phys. Rept. 516 (2012) 1 [arXiv:1106.0034]
[INSPIRE].

V. Keus, S.F. King, S. Moretti and K. Yagyu, CP Violating Two-Higgs-Doublet Model:
Constraints and LHC Predictions, JHEP 04 (2016) 048 [arXiv:1510.04028] [INSPIRE].

V. Keus, N. Koivunen and K. Tuominen, Singlet scalar and 2HDM extensions of the
Standard Model: CP-violation and constraints from (g — 2),, and eEDM, JHEP 09 (2018)
059 [arXiv:1712.09613] NSPIRE].

M. Jung and A. Pich, Electric Dipole Moments in Two-Higgs-Doublet Models, JHEP 04
(2014) 076 [arXiv:1308.6283] [INSPIRE].

J. Brod, U. Haisch and J. Zupan, Constraints on CP-violating Higgs couplings to the third
generation, JHEP 11 (2013) 180 [arXiv:1310.1385] [INSPIRE].

S. Inoue, M.J. Ramsey-Musolf and Y. Zhang, CP-violating phenomenology of flavor
conserving two Higgs doublet models, Phys. Rev. D 89 (2014) 115023 [arXiv:1403.4257]
[INSPIRE].

R. Gaitan, E.A. Garces, J.H.M. de Oca and R. Martinez, Top quark Chromoelectric and
Chromomagnetic Dipole Moments in a Two Higgs Doublet Model with CP-violation, Phys.
Rev. D 92 (2015) 094025 [arXiv:1505.04168] [INSPIRE].

C.-Y. Chen, S. Dawson and Y. Zhang, Complementarity of LHC and EDMs for Exploring
Higgs CP-violation, JHEP 06 (2015) 056 [arXiv:1503.01114] INSPIRE].

S. Ipek, Perturbative analysis of the electron electric dipole moment and CP-violation in
two-Higgs-doublet models, Phys. Rev. D 89 (2014) 073012 [arXiv:1310.6790] [INSPIRE].

J.R. Espinosa, T. Konstandin and F. Riva, Strong Electroweak Phase Transitions in the
Standard Model with a Singlet, Nucl. Phys. B 854 (2012) 592 [arXiv:1107.5441] INSPIRE].

J.R. Espinosa, B. Gripaios, T. Konstandin and F. Riva, FElectroweak Baryogenesis in
Non-minimal Composite Higgs Models, JCAP 01 (2012) 012 [arXiv:1110.2876] [INSPIRE].

J.M. Cline and K. Kainulainen, FElectroweak baryogenesis and dark matter from a singlet
Higgs, JCAP 01 (2013) 012 [arXiv:1210.4196] [INSPIRE].

H.H. Patel and M.J. Ramsey-Musolf, Stepping Into Electroweak Symmetry Breaking: Phase
Transitions and Higgs Phenomenology, Phys. Rev. D 88 (2013) 035013 [arXiv:1212.5652]
[INSPIRE].

J.M. Cline, K. Kainulainen, P. Scott and C. Weniger, Update on scalar singlet dark matter,
Phys. Rev. D 88 (2013) 055025 [Erratum ibid. D 92 (2015) 039906] [arXiv:1306.4710]
[INSPIRE].

N. Blinov, J. Kozaczuk, D.E. Morrissey and C. Tamarit, Flectroweak Baryogenesis from
Ezxotic Electroweak Symmetry Breaking, Phys. Rev. D 92 (2015) 035012
[arXiv:1504.05195] [INSPIRE].

— 33 —


https://inspirehep.net/search?p=find+J+%22Front.Phys.,80,1%22
https://doi.org/10.1103/PhysRevD.67.075019
https://arxiv.org/abs/hep-ph/0207010
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0207010
https://doi.org/10.1103/PhysRevD.74.015018
https://arxiv.org/abs/hep-ph/0602242
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0602242
https://doi.org/10.1016/j.physrep.2012.02.002
https://arxiv.org/abs/1106.0034
https://inspirehep.net/search?p=find+EPRINT+arXiv:1106.0034
https://doi.org/10.1007/JHEP04(2016)048
https://arxiv.org/abs/1510.04028
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.04028
https://doi.org/10.1007/JHEP09(2018)059
https://doi.org/10.1007/JHEP09(2018)059
https://arxiv.org/abs/1712.09613
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.09613
https://doi.org/10.1007/JHEP04(2014)076
https://doi.org/10.1007/JHEP04(2014)076
https://arxiv.org/abs/1308.6283
https://inspirehep.net/search?p=find+EPRINT+arXiv:1308.6283
https://doi.org/10.1007/JHEP11(2013)180
https://arxiv.org/abs/1310.1385
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.1385
https://doi.org/10.1103/PhysRevD.89.115023
https://arxiv.org/abs/1403.4257
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.4257
https://doi.org/10.1103/PhysRevD.92.094025
https://doi.org/10.1103/PhysRevD.92.094025
https://arxiv.org/abs/1505.04168
https://inspirehep.net/search?p=find+EPRINT+arXiv:1505.04168
https://doi.org/10.1007/JHEP06(2015)056
https://arxiv.org/abs/1503.01114
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.01114
https://doi.org/10.1103/PhysRevD.89.073012
https://arxiv.org/abs/1310.6790
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.6790
https://doi.org/10.1016/j.nuclphysb.2011.09.010
https://arxiv.org/abs/1107.5441
https://inspirehep.net/search?p=find+EPRINT+arXiv:1107.5441
https://doi.org/10.1088/1475-7516/2012/01/012
https://arxiv.org/abs/1110.2876
https://inspirehep.net/search?p=find+EPRINT+arXiv:1110.2876
https://doi.org/10.1088/1475-7516/2013/01/012
https://arxiv.org/abs/1210.4196
https://inspirehep.net/search?p=find+EPRINT+arXiv:1210.4196
https://doi.org/10.1103/PhysRevD.88.035013
https://arxiv.org/abs/1212.5652
https://inspirehep.net/search?p=find+EPRINT+arXiv:1212.5652
https://doi.org/10.1103/PhysRevD.92.039906
https://arxiv.org/abs/1306.4710
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4710
https://doi.org/10.1103/PhysRevD.92.035012
https://arxiv.org/abs/1504.05195
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.05195

[34]

[35]

C. Caprini et al., Science with the space-based interferometer eLISA. II: Gravitational waves
from cosmological phase transitions, JCAP 04 (2016) 001 [arXiv:1512.06239] [INSPIRE].

D.J. Weir, Gravitational waves from a first order electroweak phase transition: a brief
review, Phil. Trans. Roy. Soc. Lond. A 376 (2018) 20170126 [arXiv:1705.01783]
[INSPIRE].

J.M. Cline, K. Kainulainen and M. Trott, Flectroweak Baryogenesis in Two Higgs Doublet
Models and B meson anomalies, JHEP 11 (2011) 089 [arXiv:1107.3559] INSPIRE].

G.C. Dorsch, S.J. Huber and J.M. No, A strong electroweak phase transition in the 2HDM
after LHCS, JHEP 10 (2013) 029 [arXiv:1305.6610] [INSPIRE].

G.C. Dorsch, S.J. Huber, K. Mimasu and J.M. No, Echoes of the Electroweak Phase
Transition: Discovering a second Higgs doublet through Ag — ZHy, Phys. Rev. Lett. 113
(2014) 211802 [arXiv:1405.5537] [INSPIRE].

N. Blinov, S. Profumo and T. Stefaniak, The FElectroweak Phase Transition in the Inert
Doublet Model, JCAP 07 (2015) 028 [arXiv:1504.05949] [INSPIRE].

G.C. Dorsch, S.J. Huber, T. Konstandin and J.M. No, A Second Higgs Doublet in the Early
Universe: Baryogenesis and Gravitational Waves, JCAP 05 (2017) 052
[arXiv:1611.05874] [INSPIRE].

P. Basler, M. Krause, M. Miihlleitner, J. Wittbrodt and A. Wlotzka, Strong First Order
Electroweak Phase Transition in the CP-Conserving 2HDM Revisited, JHEP 02 (2017) 121
[arXiv:1612.04086] [INSPIRE].

P. Basler, M. Mihlleitner and J. Wittbrodt, The CP-Violating 2HDM in Light of a Strong
First Order Electroweak Phase Transition and Implications for Higgs Pair Production,
JHEP 03 (2018) 061 [arXiv:1711.04097] [ixSPIRE].

C.-W. Chiang, K. Fuyuto and E. Senaha, FElectroweak Baryogenesis with Lepton Flavor
Violation, Phys. Lett. B 762 (2016) 315 [arXiv:1607.07316] [INSPIRE].

K. Fuyuto, W.-S. Hou and E. Senaha, FElectroweak baryogenesis driven by extra top Yukawa
couplings, Phys. Lett. B 776 (2018) 402 [arXiv:1705.05034] [nSPIRE].

M. Laine, M. Meyer and G. Nardini, Thermal phase transition with full 2-loop effective
potential, Nucl. Phys. B 920 (2017) 565 [arXiv:1702.07479] [INSPIRE].

A.D. Linde, Infrared Problem in Thermodynamics of the Yang-Mills Gas, Phys. Lett. 96B
(1980) 289 [INSPIRE].

M.E. Carrington, The Effective potential at finite temperature in the Standard Model, Phys.
Rev. D 45 (1992) 2933 [InSPIRE].

R.R. Parwani, Resummation in a hot scalar field theory, Phys. Rev. D 45 (1992) 4695
[Erratum ibid. D 48 (1993) 5965] [hep-ph/9204216] [INSPIRE].

P.B. Arnold and O. Espinosa, The Effective potential and first order phase transitions:
Beyond leading-order, Phys. Rev. D 47 (1993) 3546 [Erratum ibid. D 50 (1994) 6662]
[hep-ph/9212235] [INSPIRE].

D. Curtin, P. Meade and H. Ramani, Thermal Resummation and Phase Transitions, Eur.
Phys. J. C 78 (2018) 787 [arXiv:1612.00466] INSPIRE].

M. Liischer, Chiral gauge theories revisited, Subnucl. Ser. 38 (2002) 41 [hep-th/0102028]
[INSPIRE].

P.H. Ginsparg, First Order and Second Order Phase Transitions in Gauge Theories at
Finite Temperature, Nucl. Phys. B 170 (1980) 388 [InSPIRE].

— 34 —


https://doi.org/10.1088/1475-7516/2016/04/001
https://arxiv.org/abs/1512.06239
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06239
https://doi.org/10.1098/rsta.2017.0126
https://arxiv.org/abs/1705.01783
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.01783
https://doi.org/10.1007/JHEP11(2011)089
https://arxiv.org/abs/1107.3559
https://inspirehep.net/search?p=find+EPRINT+arXiv:1107.3559
https://doi.org/10.1007/JHEP10(2013)029
https://arxiv.org/abs/1305.6610
https://inspirehep.net/search?p=find+EPRINT+arXiv:1305.6610
https://doi.org/10.1103/PhysRevLett.113.211802
https://doi.org/10.1103/PhysRevLett.113.211802
https://arxiv.org/abs/1405.5537
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.5537
https://doi.org/10.1088/1475-7516/2015/07/028
https://arxiv.org/abs/1504.05949
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.05949
https://doi.org/10.1088/1475-7516/2017/05/052
https://arxiv.org/abs/1611.05874
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.05874
https://doi.org/10.1007/JHEP02(2017)121
https://arxiv.org/abs/1612.04086
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.04086
https://doi.org/10.1007/JHEP03(2018)061
https://arxiv.org/abs/1711.04097
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.04097
https://doi.org/10.1016/j.physletb.2016.09.052
https://arxiv.org/abs/1607.07316
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.07316
https://doi.org/10.1016/j.physletb.2017.11.073
https://arxiv.org/abs/1705.05034
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.05034
https://doi.org/10.1016/j.nuclphysb.2017.04.023
https://arxiv.org/abs/1702.07479
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.07479
https://doi.org/10.1016/0370-2693(80)90769-8
https://doi.org/10.1016/0370-2693(80)90769-8
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B96,289%22
https://doi.org/10.1103/PhysRevD.45.2933
https://doi.org/10.1103/PhysRevD.45.2933
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D45,2933%22
https://doi.org/10.1103/PhysRevD.45.4695
https://arxiv.org/abs/hep-ph/9204216
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9204216
https://doi.org/10.1103/physrevd.50.6662.2
https://arxiv.org/abs/hep-ph/9212235
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9212235
https://doi.org/10.1140/epjc/s10052-018-6268-0
https://doi.org/10.1140/epjc/s10052-018-6268-0
https://arxiv.org/abs/1612.00466
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.00466
https://doi.org/10.1142/9789812778253_0002
https://arxiv.org/abs/hep-th/0102028
https://inspirehep.net/search?p=find+EPRINT+hep-th/0102028
https://doi.org/10.1016/0550-3213(80)90418-6
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B170,388%22

[53]

[54]

[55]

[62]

[63]

[64]

T. Appelquist and R.D. Pisarski, High- Temperature Yang-Mills Theories and
Three-Dimensional Quantum Chromodynamics, Phys. Rev. D 23 (1981) 2305 [INSPIRE].

K. Farakos, K. Kajantie, K. Rummukainen and M.E. Shaposhnikov, 3-D physics and the
electroweak phase transition: A Framework for lattice Monte Carlo analysis, Nucl. Phys. B
442 (1995) 317 [hep-1at/9412091] [INSPIRE].

K. Kajantie, M. Laine, K. Rummukainen and M.E. Shaposhnikov, Generic rules for high
temperature dimensional reduction and their application to the standard model, Nucl. Phys.
B 458 (1996) 90 [hep-ph/9508379] [INSPIRE].

M. Laine, Effective theories of MSSM at high temperature, Nucl. Phys. B 481 (1996) 43
[Erratum ibid. B 548 (1999) 637] [hep-ph/9605283] [INSPIRE].

M. Losada, High temperature dimensional reduction of the MSSM and other multiscalar
models, Phys. Rev. D 56 (1997) 2893 [hep-ph/9605266] [INSPIRE].

J.M. Cline and K. Kainulainen, Supersymmetric electroweak phase transition: Beyond
perturbation theory, Nucl. Phys. B 482 (1996) 73 [hep-ph/9605235] [INSPIRE].

J.M. Cline and K. Kainulainen, Supersymmetric electroweak phase transition: Dimensional
reduction versus effective potential, Nucl. Phys. B 510 (1998) 88 [hep-ph/9705201]
[INSPIRE].

T. Brauner, T.V.I. Tenkanen, A. Tranberg, A. Vuorinen and D.J. Weir, Dimensional
reduction of the Standard Model coupled to a new singlet scalar field, JHEP 03 (2017) 007
[arXiv:1609.06230] INSPIRE].

J.O. Andersen et al., Nonperturbative Analysis of the Electroweak Phase Transition in the
Two Higgs Doublet Model, Phys. Rev. Lett. 121 (2018) 191802 [arXiv:1711.09849]
[INSPIRE].

L. Niemi, H.H. Patel, M.J. Ramsey-Musolf, T.V.I. Tenkanen and D.J. Weir, Electroweak
phase transition in the X.SM — I: Dimensional reduction, arXiv:1802.10500 [INSPIRE].

0. Gould, J. Kozaczuk, L. Niemi, M.J. Ramsey-Musolf, T.V.I. Tenkanen and D.J. Weir,
Nonperturbative analysis of the gravitational waves from a first-order electroweak phase
transition, arXiv:1903.11604 [INSPIRE].

H.E. Haber and O. Stal, New LHC benchmarks for the CP-conserving two-Higgs-doublet
model, Eur. Phys. J. C 75 (2015) 491 [Erratum ibid. C 76 (2016) 312] [arXiv:1507.04281]
[INSPIRE].

LF. Ginzburg and M. Krawczyk, Symmetries of two Higgs doublet model and CP-violation,
Phys. Rev. D 72 (2005) 115013 [hep-ph/0408011] [INSPIRE].

ACME collaboration, Improved limit on the electric dipole moment of the electron, Nature
562 (2018) 355 INSPIRE].

V.D. Barger, J.L. Hewett and R.J.N. Phillips, New Constraints on the Charged Higgs Sector
in Two Higgs Doublet Models, Phys. Rev. D 41 (1990) 3421 [NSPIRE].

Y. Grossman, Phenomenology of models with more than two Higgs doublets, Nucl. Phys. B
426 (1994) 355 [hep-ph/9401311] [INSPIRE].

A.G. Akeroyd, Nonminimal neutral Higgs bosons at LEP-2, Phys. Lett. B 377 (1996) 95
[hep-ph/9603445] [INSPIRE].

M. Misiak and M. Steinhauser, Weak radiative decays of the B meson and bounds on M+
in the Two-Higgs-Doublet Model, Eur. Phys. J. C 77 (2017) 201 [arXiv:1702.04571]
[INSPIRE].

— 35 —


https://doi.org/10.1103/PhysRevD.23.2305
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D23,2305%22
https://doi.org/10.1016/0550-3213(95)80129-4
https://doi.org/10.1016/0550-3213(95)80129-4
https://arxiv.org/abs/hep-lat/9412091
https://inspirehep.net/search?p=find+EPRINT+hep-lat/9412091
https://doi.org/10.1016/0550-3213(95)00549-8
https://doi.org/10.1016/0550-3213(95)00549-8
https://arxiv.org/abs/hep-ph/9508379
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9508379
https://doi.org/10.1016/S0550-3213(96)90121-2
https://arxiv.org/abs/hep-ph/9605283
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9605283
https://doi.org/10.1103/PhysRevD.56.2893
https://arxiv.org/abs/hep-ph/9605266
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9605266
https://doi.org/10.1016/S0550-3213(96)00519-6
https://arxiv.org/abs/hep-ph/9605235
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9605235
https://doi.org/10.1016/S0550-3213(98)81005-5
https://arxiv.org/abs/hep-ph/9705201
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9705201
https://doi.org/10.1007/JHEP03(2017)007
https://arxiv.org/abs/1609.06230
https://inspirehep.net/search?p=find+EPRINT+arXiv:1609.06230
https://doi.org/10.1103/PhysRevLett.121.191802
https://arxiv.org/abs/1711.09849
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.09849
https://arxiv.org/abs/1802.10500
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.10500
https://arxiv.org/abs/1903.11604
https://inspirehep.net/search?p=find+EPRINT+arXiv:1903.11604
https://doi.org/10.1140/epjc/s10052-015-3697-x
https://arxiv.org/abs/1507.04281
https://inspirehep.net/search?p=find+EPRINT+arXiv:1507.04281
https://doi.org/10.1103/PhysRevD.72.115013
https://arxiv.org/abs/hep-ph/0408011
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0408011
https://doi.org/10.1038/s41586-018-0599-8
https://doi.org/10.1038/s41586-018-0599-8
https://inspirehep.net/search?p=find+J+%22Nature,562,355%22
https://doi.org/10.1103/PhysRevD.41.3421
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D41,3421%22
https://doi.org/10.1016/0550-3213(94)90316-6
https://doi.org/10.1016/0550-3213(94)90316-6
https://arxiv.org/abs/hep-ph/9401311
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9401311
https://doi.org/10.1016/0370-2693(96)00330-9
https://arxiv.org/abs/hep-ph/9603445
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9603445
https://doi.org/10.1140/epjc/s10052-017-4776-y
https://arxiv.org/abs/1702.04571
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.04571

[71]

[72]

[77]
[78]
[79]

[80]

[81]

[82]

[83]

[84]
[85]
[36]
[87]

[38]

[89)]

E. Ma, Verifiable radiative seesaw mechanism of neutrino mass and dark matter, Phys. Rev.
D 73 (2006) 077301 [hep-ph/0601225] [INSPIRE].

R. Barbieri, L.J. Hall and V.S. Rychkov, Improved naturalness with a heavy Higgs: An
Alternative road to LHC physics, Phys. Rev. D 74 (2006) 015007 [hep-ph/0603188]
[INSPIRE].

L. Lopez Honorez, E. Nezri, J.F. Oliver and M.H.G. Tytgat, The Inert Doublet Model: An
Archetype for Dark Matter, JCAP 02 (2007) 028 [hep-ph/0612275] [INSPIRE].

PARTICLE DATA GROUP collaboration, Review of Particle Physics, Chin. Phys. C 38
(2014) 090001 [INSPIRE].

CMS collaboration, Constraints on the Higgs boson width from off-shell production and
decay to Z-boson pairs, Phys. Lett. B 736 (2014) 64 [arXiv:1405.3455] [INSPIRE].

J. Haller, A. Hoecker, R. Kogler, K. Monig, T. Peiffer and J. Stelzer, Update of the global
electroweak fit and constraints on two-Higgs-doublet models, Eur. Phys. J. C 78 (2018) 675
[arXiv:1803.01863] [INSPIRE].

M.E. Peskin and T. Takeuchi, Estimation of oblique electroweak corrections, Phys. Rev. D
46 (1992) 381 [INSPIRE].

M.E. Peskin and T. Takeuchi, A New constraint on a strongly interacting Higgs sector,
Phys. Rev. Lett. 65 (1990) 964 [INnSPIRE].

W. Grimus, L. Lavoura, O.M. Ogreid and P. Osland, The Oblique parameters in
multi- Higgs-doublet models, Nucl. Phys. B 801 (2008) 81 [arXiv:0802.4353| [INSPIRE].

H.E. Haber and D. O’Neil, Basis-independent methods for the two-Higgs-doublet model I11:
The CP-conserving limit, custodial symmetry and the oblique parameters S, T, U, Phys.
Rev. D 83 (2011) 055017 [arXiv:1011.6188] [INSPIRE].

J.M. Gerard and M. Herquet, A Twisted custodial symmetry in the two-Higgs-doublet
model, Phys. Rev. Lett. 98 (2007) 251802 [hep-ph/0703051] [NSPIRE].

G. Funk, D. O’Neil and R.M. Winters, What the Oblique Parameters S, T and U and Their
Eztensions Reveal About the 2HDM: A Numerical Analysis, Int. J. Mod. Phys. A 27 (2012)
1250021 [arXiv:1110.3812] [INSPIRE].

T. Gorda, A. Helset, L. Niemi, T.V.I. Tenkanen and D.J. Weir, Three-dimensional effective
theories for the two Higgs doublet model at high temperature, JHEP 02 (2019) 081
[arXiv:1802.05056] [iNSPIRE].

J.O. Andersen, Dimensional reduction of the two Higgs doublet model at high temperature,
Bur. Phys. J. C 11 (1999) 563 [hep-ph/9804280] [INSPIRE].

E. Braaten and A. Nieto, Effective field theory approach to high temperature
thermodynamics, Phys. Rev. D 51 (1995) 6990 [hep-ph/9501375] [INSPIRE].

M. Laine and K. Rummukainen, The MSSM electroweak phase transition on the lattice,
Nucl. Phys. B 535 (1998) 423 [hep-1at/9804019] InSPIRE].

M. Laine and K. Rummukainen, A Strong electroweak phase transition up to m(H) is about
105-GeV, Phys. Rev. Lett. 80 (1998) 5259 [hep-ph/9804255] [INSPIRE].

M. Laine and K. Rummukainen, Two Higgs doublet dynamics at the electroweak phase
transition: A Nonperturbative study, Nucl. Phys. B 597 (2001) 23 [hep-1at/0009025]
[INSPIRE].

M. Laine, Fzxact relation of lattice and continuum parameters in three-dimensional
SU(2) + Higgs theories, Nucl. Phys. B 451 (1995) 484 [hep-1at/9504001] [INSPIRE].

— 36 —


https://doi.org/10.1103/PhysRevD.73.077301
https://doi.org/10.1103/PhysRevD.73.077301
https://arxiv.org/abs/hep-ph/0601225
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0601225
https://doi.org/10.1103/PhysRevD.74.015007
https://arxiv.org/abs/hep-ph/0603188
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0603188
https://doi.org/10.1088/1475-7516/2007/02/028
https://arxiv.org/abs/hep-ph/0612275
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0612275
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://inspirehep.net/search?p=find+J+%22Chin.Phys.,C38,090001%22
https://doi.org/10.1016/j.physletb.2014.06.077
https://arxiv.org/abs/1405.3455
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.3455
https://doi.org/10.1140/epjc/s10052-018-6131-3
https://arxiv.org/abs/1803.01853
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.01853
https://doi.org/10.1103/PhysRevD.46.381
https://doi.org/10.1103/PhysRevD.46.381
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D46,381%22
https://doi.org/10.1103/PhysRevLett.65.964
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,65,964%22
https://doi.org/10.1016/j.nuclphysb.2008.04.019
https://arxiv.org/abs/0802.4353
https://inspirehep.net/search?p=find+EPRINT+arXiv:0802.4353
https://doi.org/10.1103/PhysRevD.83.055017
https://doi.org/10.1103/PhysRevD.83.055017
https://arxiv.org/abs/1011.6188
https://inspirehep.net/search?p=find+EPRINT+arXiv:1011.6188
https://doi.org/10.1103/PhysRevLett.98.251802
https://arxiv.org/abs/hep-ph/0703051
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0703051
https://doi.org/10.1142/S0217751X12500212
https://doi.org/10.1142/S0217751X12500212
https://arxiv.org/abs/1110.3812
https://inspirehep.net/search?p=find+EPRINT+arXiv:1110.3812
https://doi.org/10.1007/JHEP02(2019)081
https://arxiv.org/abs/1802.05056
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.05056
https://doi.org/10.1007/s100520050655
https://arxiv.org/abs/hep-ph/9804280
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9804280
https://doi.org/10.1103/PhysRevD.51.6990
https://arxiv.org/abs/hep-ph/9501375
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9501375
https://doi.org/10.1016/S0550-3213(98)00530-6
https://arxiv.org/abs/hep-lat/9804019
https://inspirehep.net/search?p=find+EPRINT+hep-lat/9804019
https://doi.org/10.1103/PhysRevLett.80.5259
https://arxiv.org/abs/hep-ph/9804255
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9804255
https://doi.org/10.1016/S0550-3213(00)00736-7
https://arxiv.org/abs/hep-lat/0009025
https://inspirehep.net/search?p=find+EPRINT+hep-lat/0009025
https://doi.org/10.1016/0550-3213(95)00356-W
https://arxiv.org/abs/hep-lat/9504001
https://inspirehep.net/search?p=find+EPRINT+hep-lat/9504001

[90]
[91]
[92]

[93]

[94]

[101]

[102]

[103]

[104]

[105)

[106]

M. Laine and A. Rajantie, Lattice continuum relations for 3-D SU(N) + Higgs theories,
Nucl. Phys. B 513 (1998) 471 [hep-1at/9705003] InSPIRE].

S. Kanemura, T. Kubota and E. Takasugi, Lee-Quigg- Thacker bounds for Higgs boson
masses in a two doublet model, Phys. Lett. B 313 (1993) 155 [hep-ph/9303263] [INSPIRE].

A.G. Akeroyd, A. Arhrib and E.-M. Naimi, Note on tree level unitarity in the general two
Higgs doublet model, Phys. Lett. B 490 (2000) 119 [hep-ph/0006035] [INSPIRE].

U. Nierste and K. Riesselmann, Higgs sector renormalization group in the MS and OMS
scheme: The Breakdown of perturbation theory for a heavy Higgs, Phys. Rev. D 53 (1996)
6638 [hep-ph/9511407] [INSPIRE].

J. Braathen, M.D. Goodsell and F. Staub, Supersymmetric and non-supersymmetric models
without catastrophic Goldstone bosons, Eur. Phys. J. C 77 (2017) 757 [arXiv:1706.05372]
[INSPIRE].

M.E. Krauss and F. Staub, Perturbativity Constraints in BSM Models, Eur. Phys. J. C T8
(2018) 185 [arXiv:1709.03501] [INSPIRE].

M. Laine and M. Losada, Two loop dimensional reduction and effective potential without
temperature expansions, Nucl. Phys. B 582 (2000) 277 [hep-ph/0003111] [INSPIRE].

G.C. Dorsch, S.J. Huber, K. Mimasu and J.M. No, The Higgs Vacuum Uplifted: Revisiting
the FElectroweak Phase Transition with a Second Higgs Doublet, JHEP 12 (2017) 086
[arXiv:1705.09186] [INSPIRE].

CMS collaboration, Search for a heavy pseudoscalar Higgs boson decaying into a 125 GeV
Higgs boson and a Z boson in final states of two light leptons and two tau leptons at
Vs =13 TeV, CMS-PAS-HIG-18-023.

A. Pierce and J. Thaler, Natural Dark Matter from an Unnatural Higgs Boson and New
Colored Particles at the TeV Scale, JHEP 08 (2007) 026 [hep-ph/0703056] [INSPIRE].

ATLAS and CMS collaborations, Measurements of the Higgs boson production and decay
rates and constraints on its couplings from a combined ATLAS and CMS analysis of the
LHC pp collision data at /s =T and 8 TeV, JHEP 08 (2016) 045 [arXiv:1606.02266|
[INSPIRE].

ATLAS collaboration, Search for a CP-odd Higgs boson decaying to Zh in pp collisions at
Vs =8 TeV with the ATLAS detector, Phys. Lett. B 744 (2015) 163 [arXiv:1502.04478]
[INSPIRE].

ATLAS collaboration, Search for neutral Higgs bosons of the minimal supersymmetric
standard model in pp collisions at /s = 8 TeV with the ATLAS detector, JHEP 11 (2014)
056 [arXiv:1409.6064] [INSPIRE].

F. Mahmoudi and O. Stal, Flavor constraints on the two-Higgs-doublet model with general
Yukawa couplings, Phys. Rev. D 81 (2010) 035016 [arXiv:0907.1791] [nSPIRE].

L. Altenkamp, S. Dittmaier and H. Rzehak, Renormalization schemes for the
Two-Higgs-Doublet Model and applications to h — WW/ZZ — 4 fermions, JHEP 09
(2017) 134 [arXiv:1704.02645] [INSPIRE].

K. Farakos, K. Kajantie, K. Rummukainen and M.E. Shaposhnikov, 3-D physics and the
electroweak phase transition: Perturbation theory, Nucl. Phys. B 425 (1994) 67
[hep-ph/9404201] [iNSPIRE].

B.A. Berg and T. Neuhaus, Multicanonical algorithms for first order phase transitions,
Phys. Lett. B 267 (1991) 249 [nSPIRE].

- 37 —


https://doi.org/10.1016/S0550-3213(97)00709-8
https://arxiv.org/abs/hep-lat/9705003
https://inspirehep.net/search?p=find+EPRINT+hep-lat/9705003
https://doi.org/10.1016/0370-2693(93)91205-2
https://arxiv.org/abs/hep-ph/9303263
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9303263
https://doi.org/10.1016/S0370-2693(00)00962-X
https://arxiv.org/abs/hep-ph/0006035
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0006035
https://doi.org/10.1103/PhysRevD.53.6638
https://doi.org/10.1103/PhysRevD.53.6638
https://arxiv.org/abs/hep-ph/9511407
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9511407
https://doi.org/10.1140/epjc/s10052-017-5303-x
https://arxiv.org/abs/1706.05372
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.05372
https://doi.org/10.1140/epjc/s10052-018-5676-5
https://doi.org/10.1140/epjc/s10052-018-5676-5
https://arxiv.org/abs/1709.03501
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.03501
https://doi.org/10.1016/S0550-3213(00)00298-4
https://arxiv.org/abs/hep-ph/0003111
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0003111
https://doi.org/10.1007/JHEP12(2017)086
https://arxiv.org/abs/1705.09186
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.09186
http://cds.cern.ch/record/2667215
https://doi.org/10.1088/1126-6708/2007/08/026
https://arxiv.org/abs/hep-ph/0703056
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0703056
https://doi.org/10.1007/JHEP08(2016)045
https://arxiv.org/abs/1606.02266
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.02266
https://doi.org/10.1016/j.physletb.2015.03.054
https://arxiv.org/abs/1502.04478
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.04478
https://doi.org/10.1007/JHEP11(2014)056
https://doi.org/10.1007/JHEP11(2014)056
https://arxiv.org/abs/1409.6064
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.6064
https://doi.org/10.1103/PhysRevD.81.035016
https://arxiv.org/abs/0907.1791
https://inspirehep.net/search?p=find+EPRINT+arXiv:0907.1791
https://doi.org/10.1007/JHEP09(2017)134
https://doi.org/10.1007/JHEP09(2017)134
https://arxiv.org/abs/1704.02645
https://inspirehep.net/search?p=find+EPRINT+arXiv:1704.02645
https://doi.org/10.1016/0550-3213(94)90173-2
https://arxiv.org/abs/hep-ph/9404201
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9404201
https://doi.org/10.1016/0370-2693(91)91256-U
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B267,249%22

[107]
[108]
[109]
[110]
[111]
[112]
[113]
[114]
[115]
[116]

[117]

A M. Ferrenberg and R.H. Swendsen, New Monte Carlo Technique for Studying Phase
Transitions, Phys. Rev. Lett. 61 (1988) 2635 [INSPIRE].

Y. Iwasaki, K. Kanaya, L. Karkkainen, K. Rummukainen and T. Yoshie, Interface tension
in quenched QCD, Phys. Rev. D 49 (1994) 3540 [hep-1at/9309003] [nSPIRE].

M. Laine, Gauge dependence of the high temperature two loop effective potential for the
Higgs field, Phys. Rev. D 51 (1995) 4525 [hep-ph/9411252] [INSPIRE].

H.H. Patel and M.J. Ramsey-Musolf, Baryon Washout, Electroweak Phase Transition and
Perturbation Theory, JHEP 07 (2011) 029 [arXiv:1101.4665] INSPIRE].

M. Garny and T. Konstandin, On the gauge dependence of vacuum transitions at finite
temperature, JHEP 07 (2012) 189 [arXiv:1205.3392] [INSPIRE].

W. Buchmiiller, Z. Fodor and A. Hebecker, Gauge invariant treatment of the electroweak
phase transition, Phys. Lett. B 331 (1994) 131 [hep-ph/9403391] [INSPIRE].

S.R. Coleman and E.J. Weinberg, Radiative Corrections as the Origin of Spontaneous
Symmetry Breaking, Phys. Rev. D 7 (1973) 1888 [INSPIRE].

M. Laine, G. Nardini and K. Rummukainen, Lattice study of an electroweak phase
transition at my, ~ 126 GeV, JCAP 01 (2013) 011 [arXiv:1211.7344] INSPIRE].

I. Ghisoiu, J. Moller and Y. Schroder, Debye screening mass of hot Yang-Mills theory to
three-loop order, JHEP 11 (2015) 121 [arXiv:1509.08727] nSPIRE].

M. Laine, P. Schicho and Y. Schroder, Soft thermal contributions to 3-loop gauge coupling,
JHEP 05 (2018) 037 [arXiv:1803.08689] [NSPIRE].

S. Kanemura, M. Kikuchi and K. Yagyu, Fingerprinting the extended Higgs sector using
one-loop corrected Higgs boson couplings and future precision measurements, Nucl. Phys. B
896 (2015) 80 [arXiv:1502.07716] [INSPIRE].

— 38 —


https://doi.org/10.1103/PhysRevLett.61.2635
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,61,2635%22
https://doi.org/10.1103/PhysRevD.49.3540
https://arxiv.org/abs/hep-lat/9309003
https://inspirehep.net/search?p=find+EPRINT+hep-lat/9309003
https://doi.org/10.1103/PhysRevD.51.4525
https://arxiv.org/abs/hep-ph/9411252
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9411252
https://doi.org/10.1007/JHEP07(2011)029
https://arxiv.org/abs/1101.4665
https://inspirehep.net/search?p=find+EPRINT+arXiv:1101.4665
https://doi.org/10.1007/JHEP07(2012)189
https://arxiv.org/abs/1205.3392
https://inspirehep.net/search?p=find+EPRINT+arXiv:1205.3392
https://doi.org/10.1016/0370-2693(94)90953-9
https://arxiv.org/abs/hep-ph/9403391
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9403391
https://doi.org/10.1103/PhysRevD.7.1888
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D7,1888%22
https://doi.org/10.1088/1475-7516/2013/01/011
https://arxiv.org/abs/1211.7344
https://inspirehep.net/search?p=find+EPRINT+arXiv:1211.7344
https://doi.org/10.1007/JHEP11(2015)121
https://arxiv.org/abs/1509.08727
https://inspirehep.net/search?p=find+EPRINT+arXiv:1509.08727
https://doi.org/10.1007/JHEP05(2018)037
https://arxiv.org/abs/1803.08689
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.08689
https://doi.org/10.1016/j.nuclphysb.2015.04.015
https://doi.org/10.1016/j.nuclphysb.2015.04.015
https://arxiv.org/abs/1502.07716
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.07716

	Introduction
	The Two Higgs Doublet model
	The scalar potential and the Yukawa sector
	Input parameters for the numerical analysis

	High-temperature dimensional reduction
	Three-dimensional effective theory for the 2HDM
	Lattice formulation of the effective theory

	Choosing the benchmark points
	2HDM scenarios to be studied on the lattice

	Lattice simulations
	Obtaining lattice parameters
	Finding the transition point on the lattice
	Determining physical observables from the simulations

	Comparison with perturbation theory
	Perturbative calculation in the effective theory
	1-loop effective potential in the full theory
	Numerical results in perturbation theory
	Validity of the effective theory

	Conclusions
	Renormalization in the MSbar scheme

