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1 Introduction

1.1 Background

Quantitatively understanding the origin of the observed matter-antimatter asymmetry in
the present-day universe is one of the major open challenges in cosmology. A widely studied
scenario is that of electroweak baryogenesis [1, 2] (see refs. [3, 4] for reviews). This assumes
that the excess in baryon density was generated during the electroweak phase transition
in the early universe, when the Higgs field obtained its nonzero vacuum expectation value
(VEV). While all of the main ingredients for generating a baryon asymmetry can be found
in the Standard Model (SM) — an electroweak phase transition as well as the breaking of
charge conjugation (C), parity (P), CP and baryon number symmetries — it unfortunately
turns out that purely SM electroweak baryogenesis fails to live up to its promise.

The problem originates on the one hand from the severe suppression of CP violation
at high temperatures [5-12], and perhaps even more importantly from the fact that the
electroweak phase transition within the Standard Model is not of first order, but merely
of the crossover type. This conclusion was reached in the mid-1990s after extensive efforts
to build a dimensionally reduced effective theory to describe the long-distance dynamics of
the SM close to the phase transition [13], and to subsequently study it via nonperturbative
lattice simulations [14-16]. Later studies also confirmed this result with four-dimensional
simulations [17-19].

As a result of these studies, alternative scenarios such as leptogenesis [20, 21] (see
refs. [22, 23] for comprehensive reviews) and cold electroweak baryogenesis [24-27] have
been suggested to explain the observed baryon asymmetry. What is common to these
scenarios is that they involve degrees of freedom beyond the Standard Model, albeit some-
times at much higher energy scales. There are, however, many sound reasons to expect
new physics around the TeV scale, and a plethora of different scenarios have been proposed
to describe this new physics. It is clearly reasonable to investigate whether electroweak
baryogenesis might be viable within these models.

Given such a model of new physics at the TeV scale, the only degrees of freedom
requiring nonperturbative treatment at high temperatures are known to be the static modes
of the bosonic fields. Following the strategy taken in the original SM works [13-15], the
task therefore becomes to first derive three-dimensional effective theories for these modes,
and subsequently perform lattice studies of these dimensionally reduced theories.

The recent direct observation of gravitational waves [28] further strengthens the interest
in investigating high-energy phase transitions in the early universe. The gravitational waves
sourced by bubble collisions and the subsequent nonequilibrium dynamics of a first-order



electroweak-scale phase transition may be within the sensitivity range of the space-based
detector eLISA [29-32], due for launch in 2034. Understanding the strength of such a
phase transition in extensions of the Standard Model makes the detection or absence of
such primordial gravitational waves a valuable source of information about particle physics;
information that is complementary to collider experiments (see e.g. ref. [33] for a related
discussion). Indeed, eLISA may be able to probe new physics at temperatures above
10 TeV, a region beyond the reach of proposed colliders [32].

In this paper, we shall focus on one such model, the singlet-extended Standard Model
(SSM) [34-39], which has been studied in various different contexts including even infla-
tionary physics [40, 41]. This has, in its most general form, seven parameters in the scalar
sector, of which two are fixed by the experimental values of the Higgs mass and the Higgs
VEV. The remaining five-dimensional parameter space is a challenge to scan, which ex-
plains why no comprehensive attempt at a nonperturbative study has been made. The
common approach has been a semi-analytic daisy-resummed one-loop effective potential
treatment [42-51], which allows for a complete sampling of the parameter space and direct
comparison with experimental constraints. However, it is known that perturbative treat-
ments tend to over-estimate the strength of the phase transition [14, 15]. Hence we expect
that the region of (strongly) first order phase transitions is smaller than what has so far
been identified. In the present work, we derive the dimensionally reduced effective theory
for the SSM. This will be used in simulations, to be detailed in a companion paper [52].
Our main result here is a set of explicit matching relations, which allow us to relate a given
set of four-dimensional SSM parameters (and temperature) to the (fewer) parameters of
the three-dimensional theory.

We shall present our computation in a highly explicit manner, displaying most of the
intermediate results and presenting the final results in a such a form that the Standard
Model limit is simple to take. There are two reasons for this. First, the original derivation of
the dimensionally reduced effective theory of SM, carried out in the seminal paper [13], was
presented in a rather compact way, suppressing many calculational details. Second, apart
from the SSM, it is naturally very interesting and well-motivated to study baryogenesis in
a number of other beyond-SM models, which could be subjected to the same procedure
presented here. We hope that by providing more details of the calculations, our work will
be useful for a broader audience interested in the derivation or use of dimensionally reduced
effective theories either in the SM or in different beyond-SM scenarios.

A note of caution is, however, necessary. In our derivation of the dimensionally reduced
effective field theory, we work to one loop order for all the parameters of the effective theory
and only perform the matching to physical parameters at tree level. While this does not
match the accuracy of the original Standard Model calculation performed in ref. [13], we do
not expect this to affect the phenomenological implications of our calculation. Nevertheless
we shall revisit this issue in ref. [52].

This paper is organized as follows. In the remainder of this introductory section, we
explain the basic principles of dimensional reduction on a very general level. In section 2, we
then introduce the SSM, including the forms of its four- and three-dimensional Lagrangians
as well as the associated parameters. The actual dimensional reduction of the model is



performed in section 3. In section 4, we discuss our findings and investigate the extent
to which the inclusion of a scalar singlet improves the prospects for a first order phase
transition. Many details of the calculations, ranging from Feynman rules to the results for
individual graphs, are deferred to the appendices.

1.2 Dimensional reduction framework

Dimensional reduction is a generic physical principle governing the properties of quantum
field theories at high temperatures, stating that the low-energy behavior of static Green’s
functions can be determined through a lower-dimensional effective theory. In short, it
follows from the fact that in thermal equilibrium, four-dimensional fields can be reduced to
infinite towers of three-dimensional field modes — termed Matsubara modes — by means
of a Fourier series expansion in the imaginary time variable 7. The effective masses of the
three-dimensional fields become

MbQOSOH = MO2 + (2n7TT)2’ Mf?ermion = Mg + [(2n + 1)7TT]27 (1'1)

where My denotes the field mass at zero temperature and n takes integer values. Conse-
quently, at high temperatures, that is for T = M for all fields, all modes except for the
bosonic zero modes (n = 0) obtain thermal masses at least of order 77", and thus decouple
from physics at length scales parametrically larger than 1/7.

Let us now follow the discussion of ref. [13] and specialize to a model whose bosonic
sector can be described via a Euclidean Lagrangian density of the generic form

1

Z=1

FuwFu + Dud Dy + 157676 + N91 ) + gy o + 6.2, (1.2)
where A, (appearing inside F},, and D,,) is a gauge field, ¢ a complex scalar, 1) a fermion,
and 0.7 corresponds to counterterms. We further assume that the Yukawa coupling gy
and the scalar self-coupling A scale as gy ~ g and A ~ g2 in terms of the gauge coupling
g. Then it can be verified that at one-loop order, interactions contribute to the masses of
the zero Matsubara modes of the ¢, Ay and A, fields' as

Mz - Mg ~ 92T27 M%O ~ 92T27 M%T =0, (13)

where the last of the relations is consistent with the fact that the dimensionally reduced
effective theory possesses three-dimensional gauge invariance.

From the above considerations, we see the emergence of a scale hierarchy in the system.
The thermal scale 7T is canonically dubbed superheavy, while the mass scale of the Ag
field, g7, is referred to as heavy. Finally, the mass of the ¢ field depends on the value of
the mass parameter My: should My be comparable to T, the corresponding field mode is
treated as superheavy, whereas for My of order ¢7', it is heavy. An exception may, however,
occur near a phase transition, where the O(g?7T?) one-loop correction to M(g exactly cancels
the (negative) tree-level MZ. In this case, the mass of the n = 0 mode of the scalar field

In order to avoid confusion with the isospin doublet index i, j, . .., employed for the Higgs field and the
SM fermions, we use the letters r, s, ... to label spatial vectors.



becomes of order ¢?T and the field is referred to as light. The n = 0 component of the
spatial gauge fields A,, which is protected by gauge invariance, is naturally light as well.

The formal procedure of dimensional reduction consists of successively integrating out
the superheavy and heavy energy scales from the system. This implies deriving effective
Lagrangians for the relevant field modes, which is most easily done with the following recipe
(see e.g. refs. [53, 54]):

1. Determine the relevant light degrees of freedom of the effective theory.

2. Write down the most general local Lagrangian consistent with the symmetries of the
theory, including three-dimensional gauge invariance.

3. Order the operators in the Lagrangian in terms of their dimensions and discard terms
beyond a given order.

The essence of dimensional reduction is that the three-dimensional effective theory obtained
with the above procedure is capable of reproducing the long-distance — length scales
1/(¢T) and above — Green’s functions of the full four-dimensional theory. This can be
done to arbitrary accuracy, provided that operators of high enough dimension are included
in the corresponding Lagrangian density. In practice, this implies matching various Green’s
functions for the two theories, and deriving from them expressions for the parameters of
the effective theory.

Let us now specialize to the case of a high-temperature phase transition, and assume
that the thermal correction to the mass of the n = 0 scalar field mode exactly cancels its
negative zero-temperature mass parameter, so that the field becomes light. In this case,
dimensional reduction proceeds in two successive stages. In the first step, we integrate
out only the superheavy modes, leaving behind a three-dimensional superrenormalizable
effective theory for the spatial gauge field A,, the massive temporal gauge field Ag, and
the scalar ¢. This theory is capable of describing physics at length scales 1/(gT"), but still
contains two distinct scales: the O(gT') mass of Ay and the O(g*>T) mass of ¢. The former
can then also be integrated out, leaving a theory for the light modes only, i.e. the fields A,
and ¢. The construction of the Lagrangians and the matching calculations needed for the
determination of the corresponding parameters are discussed at length in ref. [13].

For the remainder of this paper, we take the basic principles of dimensional reduction
as given, referring the interested reader to refs. [13, 53, 54]. These principles will be applied
to the study of the SSM, which is introduced in the next section. There, we shall also write
down the explicit forms of the effective Lagrangians corresponding to two different scenarios
where the new singlet scalar is treated as superheavy and heavy, respectively, even though
we shall only carry out the dimensional reduction in the superheavy case. The matching
calculations are then presented in the following section, which is dedicated to the case
where the extra singlet is superheavy.

2 Standard Model with singlet scalar in Euclidean space

In this section, we review the Standard Model coupled to a singlet scalar field. In addi-
tion, we present the form of the three-dimensional effective Lagrangians for two scenarios,



in which the singlet is treated as superheavy and heavy, respectively. Throughout the
discussion, we shall work in a Euclidean spacetime of D = d + 1 = 4 — 2¢ dimensions.

2.1 Full four-dimensional theory

The classical Euclidean Lagrangian of our four-dimensional theory reads
2 = ggauge + gghost + ogfermion + o%calar =+ gYukawa + 5$a (21)

where the gauge field, ghost, fermion, scalar and Yukawa sector Lagrangians are defined
as follows (the counterterm part 0. will be discussed later):

1 1 1

Lpange = 4G$”GZV + ZFWFW + ZHE‘VH;j‘V, (2.2)
Lghost = Ou* Dyun® + 0,60,€ + 9,C" D¢, (2:3)
Lhormion = Y _, (CaDla +Eales+qaPqa +UaPua+daldda) (2.4)
A
1 1
Lrcatar = Du¢' Dy — 616 + M (610)° + 2 (9u0) + S0 (25)
1 1 1 1
+ p1o + §N3U3 + Z)\UOA + §Nm0¢T¢ + 5)\m0'2d;r¢7
Prukawa = Z [hff,)ngeB¢ + hffz:;@AdB¢ + h%)g@AUBQE +h.c. (2.6)

A,B

We shall work in the Landau gauge. The theory includes the following fields:

e The SU(2);, U(1)y and SU(3), gauge fields Aj, By, and C}} appearing inside the
field strength tensors G, F,, and Hp,. The associated gauge couplings are g, J,
and g,, and the corresponding ghost fields n%, &, and (.

e The left-handed doublet and right-handed singlet lepton fields with a flavor index, £ 4
and ey, as well as the left-handed doublet quark fields g4 and right-handed singlet
up- and down-type quark fields u4 and da.

e The Higgs field ¢, with the charge-conjugated Higgs doublet ¢ = ira¢*, where 75 is
the second Pauli matrix.

e The extra real singlet scalar field o.

The relation Q = I3 + % between electric charge @) and isospin I3 defines the hyper-

charge of the fields as follows: Y, = —1, Yo = -2, Y, = %, Y, = %, Y, = —%, Yy, =1,

Y, = 0. Finally, we shall for completeness write down explicit expressions for the covariant



derivatives and field strength tensors. The covariant derivatives read in different cases

P N~ Y

D, = <8M — igg A, - igs% -Cy — ig'2Bu>¢ (for q4), (2.7)
. 7? * . /Y

D=0, — 95 A, —ig §Bu P (for L4, ), (2.8)
. X = . /Y

Dy =0, — i9s5 - C, —ig EBM P (for ug,da), (2.9)
Y

Dy =(0,—1ig §Bﬂ ) (for eq,0), (2.10)

where 7 and X denotes the vector of Pauli and Gell-Mann matrices, respectively. Finally,
the field strength tensors take the forms

Gl = 0, A5 — 0, A% + ge", Ab A, (2.11)
Fuy = 0uBy — 0, By, (2.12)
Hﬁy = aucg - aI/C’;Y + gs Q/B»YCECZ- (2.13)

In the Yukawa part Akawa: 7€, A and h(® stand for the flavor-mixing matrices, while
h.c. represents hermitian conjugate. In the final stages of our calculation, we shall use
an approximation where only the top quark Yukawa coupling gy is nonzero. The Yukawa
sector then simplifies to

gYukawa = gY(CYtQEt + EQEth) (lf top—quark OHIY)' (214)

For the sake of convenience, the Feynman rules in the unbroken phase of this theory are
listed in appendix A.

Since ¢ is a real singlet, we can choose? the zero-temperature VEV, around which we
perturb, to be at ¢ = 0. This shift amounts to a redefinition of the parameters of the
potential, and since o = 0 is defined to be a minimum, we have that p2 > 0. Our choice
also imposes a relation between p1 and pp, in the vacuum where the Higgs field has a VEV,

given by <¢T¢>> = v2/2,
_m??

== (2.15)

To start with, however, we will not impose this constraint, treating p; and pu,, as indepen-
dent parameters. Keeping the parameter pg explicit will allow us to see in section 3.3.3
that the matching relations for the three-dimensional parameters are independent of the
renormalization scale of the four-dimensional theory; including the running of u; is essen-
tial to ensure this property. Later on, in section 3.5, we shall impose the condition (2.15)
when we relate the MS scheme parameters to physical observables in the vacuum. We will
assume throughout that p2 > 0. As argued above, this represents no loss of generality.

2A similar shift is not permitted for the Higgs field because of gauge invariance.



2.1.1 Renormalization

All fields and couplings appearing in the above Lagrangian are the renormalized ones, while
the counterterms, given explicitly in section 3.2, are included in §.Z. We use the following
conventions for the relations between the renormalized fields and couplings and their bare
counterparts, denoted by the subscript (b):

‘Iu(b) = Zi/qu = (1+0624)'?4,,

Buwy = 29 B, = (1+62Z5)?B,,
by = 2570 = (14 02,)'1%,
o) = ZMe = (1+62,)" %0,

for the fields, and

9wy =9+909,  gp =9+, gy () = 9y + 99y, (2.20)
iy = Zy ' (uis + ), My = Z5 2 (An + 52n), (2.21)
p) = Zy P +0m), 12wy = Zo (e + 0p3), (2.22)
paw) = Z5 2 (s + o), pn() = Z " 25 (i + S pm), (2.23)
Aoh) = Z5 (Ao + 6)o), M) = 2y 25 A+ 0Am), (2.24)

for the couplings. It is worth pointing out that at the one-loop level at which we work, the
singlet scalar does not receive any wavefunction renormalization, that is, Z, = 1.

2.1.2 Scaling of parameters

We assume that the parameters of the theory obey the following parametric scaling relations
in terms of the SU(2); coupling g:

* g.,9s,9v ~ 9,

o M\, A, Ao ~ G2,

® (i, p13 ~ g1,

oy~ gT?,

® ftm ~ g"T, and po ~ g™T,

where we keep some freedom in the choice of the scaling power for the mass and cubic in-
teraction of the singlet scalar. To find a suitable choice for m and n, consider schematically
the tree-level contribution to the Higgs four-point function originating from a ¢ exchange
at vanishing external momenta,

\ /

LY
e g2, (2.25)
Ko
A X
/ \



We require this contribution to be at least of order g2, so that it does not exceed the value of
the Higgs self-coupling A\,. We therefore have two interesting and very distinctive options:
superheavy o (corresponding to m = 0) combined with n = 1, and heavy o (corresponding
to m = 1), combined with n = 2.

In the first case, even the zero mode of o is superheavy and will therefore be inte-
grated out, together with the non-vanishing Matsubara modes. The three-dimensional
effective theory is then, up to operators of order six and higher in the fields, the same
as in the Standard Model. However, the dimensional reduction step contains new tech-
nical aspects compared to the Standard Model case considered in ref. [13], as one can-
not expand the superheavy ¢ mass term in the denominator of sum-integrals, but has to
consider massive sum-integrals instead, cf. section B. Furthermore, in addition to the one-
particle-irreducible (1PI) diagrams usually sufficient for matching of the four-dimensional
and three-dimensional theories, one needs to include graphs which are one-o-reducible.

When ¢ is itself heavy, it remains in the dimensionally reduced theory for the heavy
scale. Sum-integrals with o propagators can then be expanded in the mass parameter,
which generates higher-order corrections analogous to those stemming from the Higgs mass
parameter. Moreover, in this case the contributions originating from the coupling u,, are
highly suppressed.

We emphasize that our scaling relations above differ from those of ref. [13]; we do not
assume ¢’ to be parametrically smaller than g. As a result, we have to retain the U(1),
gauge field, treating it on the same footing as the SU(2), gauge field.

2.2 Effective three-dimensional theories

Unless explicitly stated otherwise, we choose to denote the fields of the effective theories
with the same symbols as those of the four-dimensional theory. However, the effective
theory gauge couplings are denoted by g3, g5 and gs 3. The classical Lagrangian density of
the effective theory (again in the Landau gauge) then has the schematic form

+.2%

temporal

PO — 4 g® | )

gauge ghost scalar

+0.28), (2.26)

We include the SU(2); and U(1), gauge fields in the gauge sector part

1 1
"g’ﬂg(:i)lge = ZGgngs + ZFrsFrsa (2.27)

where only spatial Lorentz indices are summed over. The explicit forms of .Z ®) and

ghost
6.2®) are not relevant for the present discussion. The scalar and temporal gauge field

sectors are discussed below for our two different cases.

2.2.1 The superheavy o case

As explained above, in this case the neutral scalar is completely integrated out in the
dimensional reduction step. To the order we are working, the three-dimensional Lagrangian



therefore coincides with that of SM, with the temporal gauge field part reading

3 1 1 1 1 1
t(erzlporal = g(DrAS)Q + §m%A8A8 + 5(@30)2 + §m/1:2>3(2) + i(DrCSZ)z (2.28)

1 1 1 1
- 5771’303“05“ - ZA?,(AgAg)Q - ZAng - ZAgAgvngg + h3pTp AL AL
+ 3o Bg + 15 Bog' Ay - 7o + 536 ¢Cy

with the covariant derivatives of the adjoint fields reading D, Af = 0, Af + gge“bcAI;Ag and
D,C§ = 0,C8 + gsf°3,Cr CY.
Finally, the scalar part of the Lagrangian is

LB = Do Dy — 1 3616 + Ma(616)°. (2.29)

In this case, the second step of dimensional reduction from the heavy to the light scale is
identical to that of SM, with the heavy temporal gauge fields Af, By and C§ integrated
out. The results for the parameters of the effective theory for the light scale, denoted by
g3, Gh, fin3, A3, can be taken from ref. [13] (apart from the contribution of temporal
gluon fields Cf'), and are therefore only briefly reviewed in section 3.4. In ref. [13], gluons
were completely neglected from the three-dimensional theory, expecting the effect of this
omission to be subdominant in the final conclusions regarding the order and properties of
the electroweak phase transition. We have, however, included the leading order contribution
from temporal gluons for completeness.

2.2.2 The heavy o case

When the o field is heavy, the static (zero Matsubara) mode of the o field appears in the
effective theory for the heavy scale, resulting in additional terms in the Lagrangian. The
scalar part .Z )

ealar DOW includes the operators

1 1 1 1 1 1
5(&0)2 + p1 30 + —;%302 + —u37303 + 1)\07304 + —um,gaqﬁTd) + 5/\%302&(;57 (2.30)

2 3 2
while ,,iﬂt(ei)lporal acquires the new terms
a pa / 2 2 qa qa /202 "t A =
230 AgAg + 230 By + Y30~ AGAg + y30° By + y30¢' Ag - T, (2.31)

The derivation of the effective theory for the light scale differs from the SM computation in
that one needs to integrate out the zero mode of o. Although in principle straightforward,
this calculation is left for future work. For the remainder of this paper, we focus exclusively
on the superheavy o case, where the singlet scalar is completely integrated out already in
the first dimensional reduction step.

2.2.3 Terms neglected from .Z®)

Before we close this section, we will briefly list and discuss examples of operators that have
been discarded from the three-dimensional effective theory for various reasons:

~10 -



o The effects of the SU(3), gauge fields, i.e. gluons, are partially neglected, as we discard
the operators H HY, (C§C§)?, AZALCECE and BECGCE from the effective theory
for the heavy scale. Spatial gluons do not couple to the scalar field, while the self
interactions of temporal gluons and their interactions with other adjoint fields would
have a very small contribution to our quantities of interest, such as the scalar mass

parameter of the effective theory for the light scale, cf. section 3.4.

e In the superheavy o case, a momentum-dependent four-point self-interaction of the
Higgs doublet is generated through the o-exchange diagram shown in eq. (2.25). To
see this, simply expand the ¢ propagator in powers of momentum, or equivalently
solve the equation of motion of ¢ including just its kinetic term and the u,, coupling.
This yields an induced interaction for the Higgs,

Lt = 2 ()

- ) (2.32)

From an expansion in powers of derivatives, one gets an infinite series of interactions.
Since jy is of order g° while the momentum in the effective theory for the heavy scale
is of order ¢!, the expansion starts at order g?. Every power of (J then adds an extra
factor of g2. The first operator containing derivatives, (¢'¢)(¢'¢), therefore comes
with an order-¢g* coefficient, which is safe to neglect to the order at which we work.

e The first non-derivative self-coupling of the Higgs doublet, not included in our ef-
fective theory, namely (¢7¢)3, receives a contribution proportional to uzu?, ~ g*,
generated by the tree-level diagram

\ '
\
\ 4
- - (2.33)
/,/ N

in the superheavy o case. While this is dominant over the contributions to the same
operator from the SM superheavy fields, which only start at order ¢°, it will be
likewise neglected in our analysis carried out below.

3 Dimensional reduction in the superheavy o case

In this section, we perform the dimensional reduction step for a superheavy singlet scalar.
This requires explicitly computing a set of Green’s functions in both the full and the effec-
tive theory, requiring that the results agree at distances of order 1/(¢T"). The calculations
are divided into three parts: in section 3.1, we list the results for the necessary two- and
four-point graphs; in section 3.2, we review the explicit counterterms needed; and in sec-
tion 3.3, we use these to derive results for the parameters of the effective theory.

The discussion of the present section follows closely that of the dimensional reduction
in the Standard Model performed in ref. [13]. In the main text, we only highlight explicitly

- 11 -



contributions from Feynman diagrams that are new compared to the Standard Model, that
is, those that involve at least one o propagator. For the sake of completeness, the results
for all SM Feynman diagrams contributing to the effective theory parameters are listed in
appendix C. Note that, in contrast to ref. [13], we do not make the scaling assumption
g ~ ¢3/2. Consequently, we must consider a group of SM diagrams that were neglected in
that work.

3.1 Correlators for the dimensional reduction

We start by calculating a set of correlators in the full four-dimensional theory. The results
listed below are given in terms of a set of master sum-integrals introduced in appendix B.
Special attention is paid to subtleties related to the assumed superheavy nature of o: apart
from having to deal with massive o propagators, a major modification is that we also need
to include graphs which are one-o-reducible. Led by practical convenience, we evaluate
the contributions to wavefunction renormalization and to the interaction vertices of the
temporal gauge fields by a direct diagrammatic analysis. The correlators in the scalar
sector, on the other hand, are determined afterwards using the effective potential.

3.1.1 Self-energy diagrams

We start by considering the two-point functions. In order to be able to extract the con-
tributions to both the kinetic terms and the mass parameters of the fields, we expand the
correlators to second order in the external momentum P.

SU(2); gauge boson self-energy.

a,ur\/\,@'\/\,bl/

1
= ¢%0ap [—(d —1)(2d — 1) I{* + 5(16 —3d+ 2d2)P21'§‘b] (3.1)
1
+ ¢%0ap(d — 1)N (1 + N.) [(QZ_d — I - o d=d _ 1)PQI§“’]
for y=v =0,

1 1
= *5um [6(31 —2d) — 5(24*01 —1)N(1+ NC)] (6,sP% — P, P,)I5° (3.2)
foru=r,v=s.

U(1)y gauge boson self-energy.

1 MWW, v

2 1
=g? [(1 —d) I - 3 <1 — Z) P2L§b] — 59’2(61 —1)N; (3.3)
1
X 2Y7 + Y2 + Ne(2Y2 + Y2 +Y7)] [(1 — 2yt 4 E(QH — 1P
for p=v =0,
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1
— —69,2{1 + 27T - D)NPRYE + Y2+ N2Y2 + Y2+ Y]} (3.4)
X (8,5 P% — P,P)I3°

for y=r,v=s.

These two-point gauge-field correlators are not affected by o at one-loop order. In an
analogous manner, we could determine the gluon Debye mass through the SU(3), gauge
boson self energy, but instead we take it from the literature, cf. section 3.3.1. The wave-
function renormalization of the temporal gluon fields is not needed at all, as the temporal
gluons do not couple to the Higgs field at tree level like the SU(2), and U(1), gauge fields.

Higgs doublet self-energy. Here we only consider the contributions to wavefunction
renormalization, i.e. the P? part of the correlator. (The corrections to the mass parameter
will be extracted below from the effective potential.) In the Standard Model alone, there
are three different one-loop diagrams that contribute to wavefunction renormalization, cor-
responding to the exchange of AZ and B,, and to the fermion loop, respectively. Altogether,
they give

5ij{ig2 + 29’2 — 27 — 1) tr[AORET 4 N W RT 4 N D D] }P2I§“’. (3.5)

In addition, there is one diagram containing a massive o propagator:

A brief calculation shows that the P? piece of this diagram reads®

Lo 2 1 4 K Lo 2|4 74 74b
Z/u’mdljp zK KQ(KQ + /1%-)2 <dK2 + ,U%- -1)= Z:u'mdljp &Ji’)/l,o,l(/"tﬂ') - JQ/l(/'LO') :
(3.6)
Note that this sum-integral is manifestly finite and thus does not require any regularization.

Also, unlike the sum-integrals with SM propagators only, the zero mode is included here.

3.1.2 Correlators with gauge fields

We consider first the self-couplings of the temporal gauge fields. At one loop, these do not
receive any contributions from the o field, and we therefore merely list the results.

The AgAgAgAg correlator.

1
= 6(d— 1)(d—3)[8d — 7+ (1 — 2 )Ny (1 + N)] (3.7)
X 94(5ab50d + 5ac(5bd + 5ad6bc)1§b-

3In our notation four-momenta are written K = (Ko, k); see appendix B.
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The Bg correlator.

= %(d— 1)(d—3){1+;(1—24d)Nf (3.8)

X [2Y] + Yo + Ne(2Y) + Y + Y] }g""fﬁ“’-

The AgAng correlator.
1 _
= (d=1)(d=3)[1+ (1 =27 )N; (V7 + NY)|darg®g” 1" (3.9)

Next, we consider the four-point functions with two gauge field and two scalar legs.
Knowing the wavefunction renormalization factors of all the fields, the correlators with
temporal gauge fields determine the new couplings of these fields in the three-dimensional
effective theory, whereas the correlators with spatial gauge fields determine the gauge
couplings g3 and g5. In principle, the same gauge couplings can also be extracted from
four-point gauge correlators, which are however somewhat more difficult to evaluate. The
correlators used here, albeit simpler to calculate, have a downside: they contain explicit
contributions from o, which in the final expressions for g3 and g4 have to cancel against sim-
ilar contributions coming from the Higgs field wavefunction renormalization.* We consider
this a nontrivial test of the correctness of our calculation.

.o b ] ]
The ¢lig AZAV correlator. We first put together all 1PI diagrams without any o
propagators, getting

25 d
5ij5ab{d <d — 8) gt + gg2g’2 + 3(d — 3)\pg? (3.10)
2@ 1)@~ d)g? e [BOROT 4 NAOAOT 4 N KO }ng
for y =v =0,

8 8 2
forp=r,v=s. (3.11)

1
6ij5ab6m{3g4 30 - Lara C @2 [OROt ¢ NAWRO 4 N @@ } Joe

In addition, there are two one-o-irreducible (101) and two one-o-reducible (10R) diagrams
which can be grouped into two pairs according to the coupling of the external gauge legs

4Since neither the two-point nor the four-point gauge correlators contain any o propagators at one loop,
the effective theory gauge couplings are manifestly independent of o.
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to the loop. The first pair reads

- PR 1 1 1 2
v s 2 2 i
- + 4‘:‘\ ) = 8(5136(1175#1/”1719 XK (KQ)Q <K2 +/1/(27 +,U%.>
\ 1

~»

1 - 2 -
= _g(sij‘gabéw/ﬂ%nf [J{%(NU) + u2]24b] - (312)

Note that both sum-integrals contain an infrared divergence due to the presence of the zero
Matsubara mode of a massless field. For diagrams without a o propagator, such divergences
cancel straightforwardly in the matching against a contribution of the corresponding dia-
gram in the three-dimensional theory, and can thus be dropped immediately. The treatment
of diagrams with a o propagator is, however, more subtle since ¢ is missing from the di-
mensionally reduced theory. This is resolved thanks to the tree-level self-interaction of the
Higgs field, induced by a o exchange, cf. graph (2.25) and eq. (2.32). Its effect can be viewed
as a modification of the quartic Higgs coupling A,. When inserted in the diagram (C.32) in
the three-dimensional theory, this correction yields —30;;0440, 12,97/ (812) [, ﬁ, which
is easily seen to cancel the infrared divergence in eq. (3.12). It is important to keep in
mind that as a result of nonzero u, in the o propagator, the zero mode contribution to
eq. (3.12) contains a finite remainder even after the infrared divergence has been canceled,
which has to be taken into account.

The other pair of diagrams with a o propagator reads

-4--(’—[ \ ,‘f 1 K, K 1 2
i\ n /ﬁ.\(i\ = 25ij5abu12ng2z[( (]gQ)g <K2 T2 + Mg)

>

/

1 ~ 2 -
= 0t [T o) + 51| 9
Uy
for y=v =0,

_1
2

for y=r,v=s.

. 9 _
8ij0abOrs i g [J{%,OJ(MJ) + MQI:?%J]
g

The temporal part of this expression is infrared finite. The spatial part, however, has
an infrared divergence. This is canceled by the mechanism described above, namely by
inserting the o-induced correction to A, into the diagram (C.36) in the three-dimensional
theory. Again, there is a finite leftover which must be evaluated properly.

The ¢tigpd B, B, correlator. This correlator is calculated following the same steps as
above, albeit with different combinatorial factors. We first present the sum of all 1PI
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diagrams without a o propagator,

3 d 1
Sij <8dg2g’2 +3 g +3(d - 3)A\g”? — 5(24*01 —1)g" (3.14)
x tr{(d — 2) [(YZ + YRR 4 N(V2 + YRR 4+ N(Y2 + YR DRI

_ Q[nnh(e)h(eﬁ + NcYquh(“)h(“)T + Ncydth(d)h(d)T] }>[§1b

for u =v =0,

3 1, .
5U5m{ ng’2+§ 5(24 d_1)g? (3.15)

x tr[(Ye — Yo)?h @R 4 N(Y, — Yo)?hWAMWT 4 N(Yy — Yy)?h( @ h(D1] }15“’
fory=r,v=s.

In addition to these, there are again two pairs of diagrams with a o propagator, which
differ from those with SU(2); gauge boson lines just by replacing ¢ with ¢’ and removing
the overall factor d,,. We collect the results here for completeness:

SR 1 2
f = _g‘sij(suvﬂgng [J1/2(:u0) + ngb:| ,  (3.16)
*b" Ho
%

-

\
‘ v 2
> &% / 7

% N ,
‘ = *5ij%2ngl2 [Ji%,l,o(ﬂo) + Mlél,bl]
% for y=v =0,

- 2 .
ab 4b
2d5zy5rsﬂmg [J1/3,0,1(Mcr) + Iug[g,o,l]

for y=r,v=s.

Upon subtracting the contribution of the three-dimensional theory, there is again a finite
leftover which must be carefully accounted for, and which expresses the contribution of the
zero mode of ¢ to the effective theory coupling.

The ¢Tt¢d AZB,, correlator. Since the information about the gauge couplings in the
three-dimensional theory can be extracted from the above correlators with two A% or two
B, fields, we only need the temporal correlators, u = v = 0, here. Putting first together
all the diagrams without any o propagators gives

i d d 1 B
(Ta) ]Igb ( [8939/ + ggg/3 +(d —3)A\ngg'| + 5(1 -9t d)gg’ (3.17)

x tr{ [(d—2)Yo— Y WO RO — N, [(d—2)Y, = VoA W 4 NL[(d—2) Y, — Y B RS }>
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Next, we have to consider diagrams containing a ¢ propagator, and there is again a one-
to-one correspondence between the 1ol and 1oR graphs. First, we find

. -~
P 4 + \‘=*/ N _ _1 2 /( )ijj4b ( ) (3 18)
\‘ / - 8ngg Ta 1/2 Ko )s .

A S

the latter diagram vanishes thanks to the trace in the scalar doublet loop. The same is
true for the other 1o0R diagrams, and we therefore only show here the 1ol graphs which
give a nontrivial contribution, namely

_4__‘.1" «-JQ .
* + * = iﬂgnggl(Ta)wJil})?),lp(ﬂa)- (3.19)
The ¢Tt¢p7 C'S‘C'é3 correlator.

*
A

/7

=221~ 1)(3 — d)g? tr [fWRWT 1 B DRDT)5,:5,5T5. (3.20)

3.1.3 Effective potential for the scalars

The correlators in the scalar sector are comprised of a large number of diagrams even at
the one-loop level. It is therefore advantageous to obtain the corresponding operators in
the effective theory using the effective potential method. To that end, we shift the scalar
fields by their assumed expectation values,

@)=,  (o)=p (3.21)

The shift affects the Zcalar and Hyukawa parts of the Lagrangian (2.1). For Aukawa, the
shift simply results in a number of mass terms for the fermions. On the other hand the
shift of the scalar fields has a twofold effect on Zca1ar. First, it leads to a modification of
some of the couplings in the form p; — fi;, with®

1 1
2 9 i 2 I
= uy — 2\ - - — —Amp”, = pu3 + 35 p,
M, Hp, hP P 2/~me 9 mpP M3 M3 aP (322)
ﬂg— = /‘3 +2u3p + 30 p” + )‘m‘PTSDa fom = pom =+ 2Amp.

Second, it produces a number of new operators that do not appear in the original La-
grangian. There are several new interaction vertices, encoded in

L 1 o o 1 - 5 -
oW = 1(92% A+ gPBY) (T + b)) + 599 B Ay - (p' 70 + ¢T7p)

) (3.23)
+200'6(010 + ¢16) + SAmo (01 + 019),

®The modified linear coupling ji1 is not needed for the calculation of the effective potential, and thus is
not given here explicitly.
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and in addition a number of new bilinear terms which introduce mixings between the fields.
Together with the already existing bilinear terms for the gauge fields and the scalars, these
can be written in the form

1 1
Loitin = 4GZVGG F;wF;w+ (g A, A+ gPBolo+ ggB A, pl7p  (3.24)

0u10,0 — 66+ (0o + 50" + <1um + Amp) o(¢'e+¢19)

ig - o
+ )\h(¢T<P + <PT¢>2 + EgAu ’ (SOTT(?;@ 6u¢T7'90) + 9 B ( TG;@ - au¢T<P)'

Note that the last two operators are irrelevant as they vanish when contracted with a
gauge boson propagator in the Landau gauge. The bilinear part of the Lagrangian, Zin
— together with a similar bilinear Lagrangian for the fermions — completely determines
the effective potential at the one-loop level. Hence we only need to know the eigenvalues of
the mass matrix for all the fields. Clearly, the masses of gluons as well as of all the ghosts
are independent of ¢ and p, and these fields therefore do not contribute to the effective
potential (apart from its constant part, which does not play a role in the matching to the
three-dimensional effective theory). In the electroweak gauge boson sector, the squared
masses read

t o L. oo i

1
0, miy= 59% o [2x],  mz=5(g"+g")e'e (3.25)

In the scalar sector, we find three modes with mass squared — ﬂi. The remaining component
of the Higgs doublet mixes with o, and the mass eigenvalues have to be found by explicit
diagonalization,

ﬂ2 _ ﬂ2 ’a2 + /]2 2 1 2
mi = ”Th + 2o £ (“2h - 2>\hs0Ts0> +2ptp <2um + Amp> - (3:26)

The full one-loop effective potential of the four-dimensional theory then reads

Ve = dK*(mz) + 2dK* (mw) + 3K* (ifip) + K*(my) + K*(m_) — 4 Z KY (hiv/¢T)

(3.27)
where the sum runs over all eigenvalues of the Yukawa coupling matrices,

hi € spectrum(\/h(e)h(e)T, VRORWT, VR p@1) (3.28)

including the N_-fold degeneracy due to different colors.

3.1.4 Scalar correlators from the effective potential

The 1PI correlators at zero momentum can be determined from the effective poten-
tial (3.27). As this is still an exact expression, we merely have to determine the scaling
of individual couplings. Together with the tree-level potential, the result can be written
using the generic notation

Vet = Voo + Voo o+ Vao(oT )2+ Vo1p+ Vo2p® + Vosp® + Voup' + VaapeTo+- - (3.29)
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where the relevant coefficients read
3 1 b 4 1 74b
Vap = — Ni% + <4d92 + ng/z + 6)\h> Iil - 22 h?]lf 4Hm*]1/1(,“0) + §>‘me (1),
7
3
Vio = A — | —dg* + —dg"* + ~dg?g? + 1223 | I hi1a7
1,0 h<169+169+89 + h2+;zz

3., - 1 1, -
S Mt o (o) = et T3y (o) + )‘m:um‘]/l(ﬂ'O) = 2" (o),

16
VE),I = K1 + Mmlfb + ,U/S'ji1 (:ua)7 (3'30)
1 1 ~ 3. =
Voo = 5#3 + )‘mlilb - Zﬂgnlgb - M§J24b(/~ba) + *)‘GJ%(/ia)u
1 1 ~ =~
Vou = §Mm—3>\humfz +2N3Msz/1(MJ)+8MmJ Do (o) = Atz J3" (o) = At T (o )-

This is, however, not quite enough. In order to match to the three-dimensional theory,
we have to determine all one-¢-irreducible contributions to the Higgs correlators. These
include in particular diagrams that are 1oR.

We first consider the Higgs two-point function. The corresponding wavefunction
renormalization was already found above, see eqs. (3.5) and (3.6). The static two-point
function, on the other hand, consists of contributions of the forms

<D=+ w{=--+- -, (3.31)

where the ellipsis stands for 1oR diagrams carrying contributing of orders ¢", n > 2. Note
that the full circle denotes connected Green’s functions, whereas the shaded circle the 1PI
ones. To order g2, we therefore obtain

II, = — V& \%Z
2 2,0 1+ ng 0,1
pap 3 1 S
= 'u}?l —+ 2M2m — <4d92 + ngl2 + 6)\h> Iilb +2 thIilf (332)
o 7
H3km 54p L o 2071 Ly s
J o — J —_— - 7)\ J o/
+2M3 1(M)+4ﬂm[1/1( o)+ 12 le(,u)

The one-¢-irreducible static four-point correlator is evaluated in a similar fashion.
Symbolically, it is given by

N AN ‘
b - @*@
// \\ /l

where the ellipsis now denotes contributions beyond order g*. To compute this, we need

e@=@ Ma e

\ / \

to know the two-point function of o. Fortunately, all the ¢ propagators in these diagrams
carry zero momentum so only the mass of ¢ is needed. This is given by
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DH— + 4+ (3.34)

in a similar manner to eq. (3.31). As we are calculating the Higgs four-point function to
order ¢* and the 0¢f¢ vertex begins at order ¢, we need to know the o mass to order g=.
Hence the one-point function of o is only needed to order g and is given by V1. Putting
all the pieces together, we find the “renormalized squared o mass” to be

lug',ren =2 <Vb,2 - ug%,l) . (335)
Ho

The full static four-point correlator of the Higgs field, indicated in eq. (3.33), then becomes
((57;]453‘( + 5ié5jk>n47 where

Vf 4
14 = —2‘/2104- - 7%,1‘6,1‘6,2
oren (e
2
PAR3Hm  PifmAm (34 1oy 19 2
= -2 Im — Sdgt + =d —d 24
)\+42+ 28 s +(8g+8g+4g + 24N,
7 3Ahum b M3l b
=22 W = S e T+ 5 gt [ e T o)
13 1 7 AmMatim | 5 7
T (ua>+u§J§‘b<ua>}—T[Jfbwa)wiﬁb(ua)] (3.36)
3o lt2, =~
- mﬁb(ﬂ o)+ 7[1 J1/2(Ma) +MJJ2/2(MU)]
. )\mﬂm

1 ~
o1 B + 205 J1) (15) + g Ty (Ho)] + 520" (o)-

3.2 Counterterms and (-functions

All the counterterms of the SSM are defined in section 2.1.1. We use the modified minimal
subtraction (MS) scheme. When implemented in combination with dimensional regulariza-
tion and the definition of momentum integrals according to eq. (B.1), finding the countert-
erms then amounts to extracting the pole part of the corresponding correlators.® From this
point on, we make the substitution N, = 3 in the main text. The field renormalization coun-
terterms can be extracted from the two-point correlators, obtained in section 3.1.1, giving

2
g 25 4
Zy=-— °N
024 167T26|:6 3 f]
/2
§Zp = _9gﬂ {1+ Np2Y? + Y2+ 302V + Y2+ Y]]}, (3.37)
57, — 1671T {9 N i ¢ — tx[ROROT 4 3RO 4 gh(d 1] }

5We note that the ultraviolet divergences are independent of temperature, hence the counterterms can
be extracted from correlators computed either at nonzero temperature or in the vacuum. We can, and will,
therefore make use of the previously calculated thermal correlators.
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The o field receives no divergent contribution to wavefunction renormalization at one loop,
and hence Z, = 1. The counterterms for the gauge and Yukawa couplings are not affected
by o at one loop, and thus agree with the SM results. We list here the results, valid in
Landau gauge and assuming that only the top quark Yukawa coupling is nonzero [13],

3
g 43 4
0g = — ——=N
g 327T26<6 3 f>7
13
g 40
59 = 1+—N 3.38
g 1927T26< 3 f)’ (3:38)
gy (99 9o 17 2
0gy = ——| 9y — =9 — —9~ — 495 ).
gy 16W26<49y g9~ 5g9 — 4

The counterterms for the couplings in the scalar sector can be found using the one-loop
effective potential, calculated in section 3.1.3. We take eq. (3.27) and expand the integrals
around the actual mass parameters of the fields in powers of the classical fields ¢ and p.
The individual counterterms are then readily identified as

Spj, = ﬁ(ﬂkhui — iy = 2Amiz),

5= e (99 + 3" + 60797 — a8gh +192X] + 432,

opt = ﬁ@ug + 2, + 6o piZ — ANpid),

Syi1 =~ g (i — 1i21s). (3.39)
Spus = %(6%#3 + Amftm),

Mo =7 671T2€ (A2, +9A2),

Oftm = # [BAnttm + A (3 + pim) ]

A, = ﬁ/\m (6Xn + 2Xm + 3As).

The wavefunction renormalization factors together with the coupling counterterms
determine, in the usual manner, the running of the couplings with renormalization scale
A. From the one-loop counterterms listed above, we obtain the one-loop S-functions of all
the couplings of the SSM:

d gt (43 4

Aeg?2= -2 [Z2Z_ZN 4
A’ 87r2<6 3 f)’ (3.40)
d gt /(1 20

A—g?=2— =4+ =N 3.41
dA? T sa2 (6 L f>’ (341)
d 1 /9 9 17

Midh = o (5o - st - ek - 5ot ) (3.42)
d o 1 M2 1 2 2 95 3 p 2
— k= —Bmo_ 2\ _ Ll 6A 3.43
T [ L gtmHe | =97 = 97 6 gy )| (3.43)
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d

a } 2 3 391 2 4
T z[m At At 169 +39%9% + 5 g Zh
3
—Ang (39° +¢”) + 2Ahg%,1] : (3.44)
— 2 2 _ L 2u2+ ,u + 3Ao 12 — 22t (3.45)
A o {72 3 m oMo mh |
1
Am @(Ms — M) (3.46)
3
AM?) = 871'2(3 o3 + Am#m) (347)
1 2
=53 (A2, +972), (3.48)
1 9 2 3 12 2
A Pm = =5 |2Amp3 + pm | — 79" — -9~ + 6 A + 2 A + gy, ||, and (3.49)
dA 82 4 4 )
d A 3
AN =2 =262 — 22 4+ 62 + 20 + 6 + 30s . 3.50
A 82< 49 19 T 9V T 2Am + 6A, + (3.50)

Note that the running of the strong coupling g, is not included here, as it is not needed
at the order of our calculation due to the fact that the parameter does not appear in any
tree-level results.

3.3 Matching relations

Having considered above both the correlators needed for dimensional reduction as well as
all the required counterterms, we are ready to move to the explicit derivation of the effective
theory parameters. For the heavy scale effective theory, these are obtained by matching
the long-distance behavior of various static Green’s functions with the full theory. The
final step to the effective theory for the light scale is described below in section 3.4.

3.3.1 Thermal masses and normalization of fields

We start with the mass parameters for the temporal gauge fields. These are forbidden in the
four-dimensional theory by gauge invariance, and therefore arise solely from integration of
the superheavy modes. To leading order in powers of the gauge couplings, they can simply
be read off the static limits of the two-point correlators, egs. (3.1) and (3.3),

= ?[(d — 1)(2d — 1) — 4Np(d - 1)(2 — 1)] 1}

5 N
— 272 f 3.51
A (3.51)

1
= 1){1 — NP2V 4+ Y2+ 3¥2 + Y2+ YD) (22 - 1) }Ii“’

1 5N
122 f
=g“T 3.52
g ( st g ) (3.52)
The gluon Debye mass m/, can be taken from the literature, see e.g. ref. [55]
N
mlf = g2T? (1 + Gf). (3.53)
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For the evaluation of (most of) the other couplings of the effective theory, we need to
know the relation between the three-dimensional and the four-dimensional fields. Within
this section, these will be distinguished by the lower indices 3d and 4d, respectively. For a
generic field, the relation between the fields reads

Vo = (L T0(0) = 02,]0R,, (3.54)

where I, (P) is the self-energy of the field, a prime denotes a derivative with respect to
P2, and 07y is the field renormalization counterterm. We will now consider all the fields
of the three-dimensional effective theory one by one.

The SU(2),; gauge fields. Using the momentum-dependent parts of egs. (3.1) and (3.2)
as well as the counterterm from eq. (3.37), the general relation (3.54) immediately leads to

A 2 25L AN
42, Mado [y g B b fr. 1 .
3d,0 T + (47_‘_)2 6 +3+ 3 ( f ) ) (3 55)
At 2 25L, 2 4N
A2, - Adrily 9 _ b 4 Ir 3.56
3dr = T [+(47r)2 6 37 3 )| (8:56)
where we have followed ref. [13] in defining
A
Ly, =2log <47rT> + 27, Ly =Ly +4log2. (3.57)

Note that the divergences coming from the two-point correlators and the wavefunction
renormalization factors have to cancel each other in the final matching relations for the
fields. This is another nontrivial check that our calculation is correct.

The U(1), gauge fields. Here we analogously use the momentum-dependent parts of
egs. (3.3) and (3.4) in combination with the counterterm from eq. (3.37) to get

B? 2 L, 1 20N
B2, =20}y 9 Eb Y g 3.58
340 = T +(47r)2 6 T3 9 Lr-Dp (3.58)
B2 2 /L, 20N
B2, — —dr\y 9 (Zb ZHU N .
3d,7‘ T |: + (47T)2 6 + 9 f (3 59)

The Higgs field. This is the first case where the effects of the new scalar o contribute.
Following the same steps as for the gauge fields, we combine egs. (3.5) and (3.6) with the
counterterm from eq. (3.37) to get

i 2 2
i :(¢¢)4d 1_ 2 2 Iv1 ;o Mg
(¢ ¢)3d T 4(47_‘_)2(39 +g ) bt (477')2 f 4 Jo |, (360)
where we have defined
;o4 . 4 - -
Jo = QJ§1?1,0,1(N0—) - J24/b1(,ua) = §J§71,0,1(Ma) - J2471(Ma)7 (3.61)
g2y = tr[AOROF L3RR 4 3R D D] ~ 362 (3.62)
Note that Jgp is finite and can be equivalently expressed as
. 1 T? 2T i(pe)  Jo(pe) 4[J101(pe) | J201(1e)  J301(po
Jomo L T 7T y 1(,Z )+ 2(/; ) 4 1,0,16(M )+ 2,0,14(M )+ 3,0,12(M ) .
2mipy 124 45 Ho py 3 Iho to Mo
(3.63)
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3.3.2 Coupling constants

The couplings of the effective theory are obtained by matching the correlators computed
in the three-dimensional and the four-dimensional theory. The calculation involves the
correlators evaluated in section 3.1 as well the wavefunction renormalization and coupling
counterterms listed in section 3.2. Note that the correlators computed in section 3.1 do
not include the effects of wavefunction renormalization, and hence are to be treated as

correlators of the bare four-dimensional fields.

The gauge couplings g3, g5. Let us illustrate the procedure by considering the SU(2)
coupling g3. We focus on the correlator with two Higgs legs and two spatial gauge field legs.
Putting together the tree-level vertices with the results of egs. (3.11), (3.12) and (3.13),
equating the correlators in the three- and four-dimensional theories amounts to setting

» 1
¢;r’,ld¢?§d Gr A s <_2.g§6ij5ab5rs>
1

=7 Zi(b) id(b)Affd,r(b)Azd,s(b)5ij5ab5rs (3.64)
<{-ga o0+ [2a0+ Bt = St - g+ bt T+ I
where we have defined
i) = —é [ji%(uo) + igléb}, (3.65)
I = ;[jff’g,l,o(ua) + i?, <1 - Z) I%"], (3.66)
J$) = % [Jff’s,o,l(ua) — /i%z 5“’]- (3.67)

Note that the combination jgf)l + jéi)l entering the above matching relation is ultraviolet

finite. It is now a matter of simple algebra to put together the definitions of the bare fields in
terms of the wavefunction renormalization factors, the coupling counterterm and the above-
derived expressions for relations between the renormalized three-dimensional and four-
dimensional fields. One arrives then at the final result for the three-dimensional coupling,

2 2
93 = g2(A)T{1 + (497)2 <?Lb + g - ngvaf) + %’%LD — 22, [T + )] } (3.68)
Here we have indicated explicitly the dependence of the four-dimensional coupling g on
the renormalization scale A. However, it is easy confirm with the renormalization flow
equation (3.40) that g3 is independent of A. The same comment applies to all the other
three-dimensional couplings discussed below. Again, renormalization group independence
represents a nontrivial check of the correctness of our calculation.
The evaluation of the coupling g5 proceeds along the same lines, and we therefore just
quote the final result,

g
95 = g’Q(A)T{l +

2 1 20N
(4m)?

2 ~ ~ ~
— ol - 9Lf> + %”Jq) — 202, [T + T } (3.69)
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An interested reader can easily check this expression themselves, using egs. (3.15)
and (3.16). We note that both g3 and g5 depend on the same combination of massive
master integrals, which can be seen to vanish by an explicit manipulation,

1. 1 . 33 Jo(po)  J301(ke) | 1 [Ji(pe)  J201(pe) ]| _
4Jq> [J<I>A + ']CDA] MU 4 3 + H% 9 3 =0. (370)

This is to be expected; we could have instead determined g3 and g4 using four-point cor-
relators of the gauge fields, to which o does not contribute at the one-loop level.

The temporal gauge field self-couplings Az, Aj, AJ. These couplings are forbidden
by gauge invariance in the four-dimensional theory. They are generated at nonzero tem-
perature by loop effects, and hence all appear at order ¢g*. Since we do not require higher
precision in our setup, wavefunction renormalization does not contribute. Hence all the
couplings can be straightforwardly obtained from the correlators of egs. (3.7)—(3.9),

gt 17— ANy
1672 3

4
g |1 4 4 4
Angl&rz [3—(3Yd + V! 42y + 6V, 4 3Y, )]

14
gt (1 380

2 12 2 12

8
N = §1}692 2 — 2N, (Ye + 3y2)] _ ?692 <2 - 3Nf>. (3.73)

A3 =T

(3.71)

The Higgs-gauge field couplings hg, h}, hy,d3. These couplings are extracted from
the correlators with two Higgs legs and two temporal gauge field legs. Putting together
the results of egs. (3.10), (3.12) and (3.13), equating the three-dimensional and the four-
dimensional correlators amounts to setting

¢:Tsi1¢§d 3, OAgd 0 (—2h36;50ap)

1 - -
¢4d(b a) Aa.00) A%a,00) 97 5ab{—2(92 +60%) + 12 g* [T + T2 (3.74)
25 d g 4—d _ 2 2 4b
d d—§ g* +8 +3(d = 3)Ang” +2(2 1)(2 = d)g*gy1 |13 ¢

A straightforward calculation then leads to

2(AVT 1 43 17 4N 2

) (3.75)
2 )+ )
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The coupling hj is obtained from the correlator with two external By legs, and its evaluation
proceeds in exactly the same fashion. Using egs. (3.14) and (3.16) yields

2( AT 1 392 1 20N
hgzg (A) <1+( {g+[—6(Lb—1)—9f(Lf_1> g’2+G%/71+12)‘h}

4 4r)2 | 2
2 ~ ~ ~
ey 2 4 ] ) 70
where 5
G%, = 3 tr[15AROT 4 17pW R 4 5pDp(DT], (3.77)

Finally, the hf coupling is obtained from the correlator with one A and By external leg,

'gT 1 1 43, 1 2 , 10
hy = gg{l + [— g+ 9%+ Lb<1292 - 129'2> ~ Ny(Ly—1) <92 + g’2>

2 (47)2 3 3 9
1 - -
+ 4\, + G%Q} + 12, <4J¢ — 2J¢AB> } (3.78)
where we have defined
T _ 1 74b 1 74b
Joas = —gJipt 50510 (3.79)
G3 o = 2tr[RORET 4 pW T — (A (D], (3.80)

Note that this coupling has a different sign compared to that of ref. [13] due to our different
convention for the covariant derivative of the B,-field.

The combinations of massive master integrals that enter the above expressions for hg,
h% and h% can be further simplified, as was the case for the g3 and g4 couplings. A short
manipulation shows that

1. . 3
T = 2[Tps + 2] = H(po), s

3.81
1

1. ~
—Jo — 2J. =H -
1o DAB (o) 6722

where the integral H(u,) is defined by eq. (B.39).
Finally, the coupling d3 is obtained from the correlator with two external C§ legs,
eq. (3.20)

2g2G3. ;T
SR hk £ i 82
where we defined
G35 = tr[hWRMT 4 Dp(DT], (3.83)

The scalar couplings pp,3, Ap,3. The mass parameter of the Higgs doublet is assumed
to be heavy, and one-loop corrections contribute to it at the same order. At this order,
g°, wavefunction renormalization of the Higgs field does not play a role and the squared
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mass parameter in the three-dimensional theory can be extracted directly from eq. (3.32),
to which we add the counterterm contributions p7 + 6p1m/(212), the result being

2 _ 2 Mm(A)Ml(A)_ 2 32 i/z ﬁ i 2
Phs = p(A) + — =T 9"+ =g +2+122i:hi

212 (A) 167 " 16
1 2 2 A T2 iy
+ @(2/%)% — 203 m + fyy,) [1 + log (M?y + E?%n
Am | [H3lm i
J - — — =), 3.84
+ () (- o4 il fon (3.8)

The scalar self-coupling Ap 3 can be obtained in a similar fashion from eq. (3.36). This
results in a lengthy expressions that is displayed in full in the overview of the matching
relations below.

3.3.3 Collected matching relations at one-loop order

For the reader’s convenience, we collect here all one-loop results for the parameters of the
effective theory for the heavy scale. The mass parameters are given to order g2, while the
couplings are given to order g*.

5 N
m} = g?T%( - + f>, (3.85)
6 3
1 5N
m = ¢?T?( =+ L), (3.86)
6 9
N
mp = 93T2<1 + 6f) (3.87)
2
2T+ L (2,42 -2 3.88
i =Wt Lo (Bne 2 - 1), (3.59)
12
2 2 g 1 20Ny
— ¢2(M)T|1 B s :
4
gt 1T — AN
N =Tl 5= (3.90)
"1 380
Ny=T-2 (- -2N 91
3 167r2<3 81 f)’ (3:91)
2 12 8
n_pd 9 _(9_°N 92
As =T 6 37 ) (3.92)
2 /2
F(A)T 1 ([43. 17  4N; . g )
hy = 1 iy T A AP I__ 9 12X
3 4 a6 2 3 (br = D9+ =297 + 12M
+ M%H(u0)> : (3.93)

/2 2
r 9 (AT 1 3i . 1 1y % . 2 2
R e b R e | A= AR Y

+ M%H(MU)) (3.94)
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Ng (AT 1 1 43 1
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2 5 10, 9 9 1
_Nf(Lf_1> 39 +§g +4)\h+GY,2 + U H(Mo)—m ) (3.95)
295G§/3
by = — =0
(4m)?
2 ()M() 2 3 o i/Qﬁi 2
Mh,3—ﬂh(/\)+ 2(A) =T (169 + 169 + 5 + 122%’

1 5 5 A?
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1
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Ah3 = - +
’ S 8p2(A) 4 S 2
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—|—T2 2 <)‘h_ :ugn M3 Hm Am>

4 322 T 12u2 4

3u2 43 ,u2 3N 3Am
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+ J Lo ) | L =3\, + — + -4+ — | = )\m[lm
1 )[ m( S 8u2 2u§ 2u2 4 2 H

2 2
Mo, H3 Hm, ,Uo—)\m )‘m
+ o (o) [;ﬁm <8 -5 L ) — 213 N i + uﬁQ] ] } (3.97)

In these expressions, we have used the following notation introduced earlier in this section:

Ly=2n (2) — oin(4r) — A1, (3.98)

Li=L,+4n2, (3.99)

931 = tr[AORET 4 3R R 4 3RO D] ~ 32 (3.100)
2 4

G%, = 3 tr[15h RO 4 17T 4 5RO DT ~ %g%, (3.101)

G3 o = 2tr [MORET 4 IR — RORDI] & 22 (3.102)

G35 = tr [MWRWT 4 pDpDT] ~ g2 (3.103)

~ 98 —



The given approximate values apply when only the top quark Yukawa coupling gy is
nonzero. We also have ), hl* ~ 3¢}, since here the sum runs over the spectrum of Gram
matrices of the Yukawa couplings, including the three-fold degeneracy due to different

colors,

hi € spectrum(\/h(e)h(e)T, VRORET, v R@R@T). (3.104)

The massive master integrals Ji(m), Jo(m) and H(m) are defined in appendix B.

3.4 Integration over the heavy scale

The effective theory for the heavy scale is already identical to the SM case, only differing
by the contributions of the new scalar o to the effective couplings. The next step, in
which heavy degrees of freedom are integrated out to leave an effective theory for the light
scale alone, therefore goes through without any modification. In particular, the matching
conditions that relate the couplings of the effective theories for the heavy and light scales
can be taken from ref. [13]. However, in addition we include here the leading contribution
of the temporal gluons to the scalar mass parameter in the last term in eq. (3.107). We
list these matching conditions here for the reader’s convenience,

2
- 9
7 =9 (1 - 247TinD>, (3.105)
9% = 95 (3.106)
=2 2 1 I "
B3 = Hh3 T E(3h3mD + hgmp + 833mp), (3.107)
_ 1 3h2 h/2 h//2
>\h3=>\h3—<3+ 2 +3,> (3.108)
’ ’ 8T \mp mp mp+mp

3.5 Relations to physical parameters

In this section, we have derived expressions for the parameters of the three-dimensional
effective theories of the SSM in terms of the running MS parameters of the original four-
dimensional theory. The ultimate aim is to translate the behavior of the effective theory
into physical insights concerning, amongst other things, the order of the electroweak phase
transition in the full theory. To do this, however, we need to express the MS parameters in
terms of measurable quantities such as pole masses and the Fermi constant. In this article,
we have worked only up to one-loop order in the scalar mass parameters (~ g?) so it suffices
to perform this translation at tree level. However, if our matching results are eventually gen-
eralised to two-loop order, providing g* accuracy, then one would need the MS parameters
to be related to the physical ones at the same g* order, requiring a one-loop renormalization
of the theory [13]. This rather tedious exercise is left to a forthcoming paper.
For the gauge couplings, we use the Standard Model results of ref. [13],

9> =g,
2 (3.109)
g% = B (m} —miy),
myy
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where we have denoted g3 = 4/2G fm%,V, with Gy being the Fermi constant. By inverting
the mass eigenvalues (cf. section 3.1.3) for both of the physical scalars, the W boson and the
top quark, one can on the other hand obtain the desired tree-level relations for the corre-
sponding parameters. An important simplification can be achieved by fixing the parameter
(1 as given in eq. (2.15) such that singlet Vacuum Expectation Value vanishes, p = 0, while
the doublet VEV is the same as in the SM, i.e. v = u/v/Ap. As a result, we obtain

4,4 2 22 2,2 .6
1 \/gomw (m? —m})" — Agguz,miy,
2 2 2
pp =~ |m2 +mi £ , (3.110)
4 * g%m%v
2
Gy (m? -+ m2) /by (m2 —m2)? ~ dgduz,mb,
B = . , (3.111)
16my,;,
2 2,2 1,6
1 4)\mm§V + \/gé‘mév (m% — m%r) — 4gg My
2 = 3 m? +m? — —s - , (3.112)

JoMw

where one must consistently take the same sign in all three equations. Identifying the
Higgs mass with m_ requires us to take the positive sign for each.

It is easy to see that in the decoupling limit where the portal couplings vanish, the
above relations reduce to those of the SM. Here, it would have been possible to eliminate
one of the portal couplings in favor of the mixing angle of the two physical scalars, but for
practical reasons we have kept both portal couplings as input parameters. Furthermore,
the Yukawa coupling obeys the relation

2 .2
¢ = 920% (3.113)
which is same as in the SM.

To obtain the MS and effective theory parameters as functions of the renormalization
scale, the above relations are used as initial conditions at the scale A = mz. We emphasize
that fixing py in terms of u,, and the doublet VEV at the initial scale — such that p =0
there — does not make this parameter vanish, in general. However, by solving p and
v in terms of the coupling constants by requiring that they minimize the tree-level scalar
potential, and allowing these expressions to run with the renormalization scale, the changes

in the VEVs remain numerically small.

4 Discussion

In the present work, we have performed a high-temperature dimensional reduction of the
Standard Model augmented by a singlet scalar field coupled in the most general way to the
Higgs field. For our purposes, the singlet is treated as a superheavy degree of freedom and
integrated out of the theory altogether; the only light fields remaining in the 3D theory
correspond to the Higgs, SU(2) and U(1) zero modes. As a consequence, the presence of the
singlet in the 4D theory appears through the enlarged RG-system of couplings (eq. (3.40)—
(3.50)); through the multiple occurrences of the non-SM couplings p2, fm, t1, f13; Am

— 30 —



180 / /
160f S g
10}
S
0)
S
120}
\
w00p N
80 2
60 70 100 110

mp (GeV)

Figure 1. The my-T plane in the Standard Model. Overlaid, curves of constant z and y as defined
in the main text. The black dot denotes the critical point in the 3D theory. This can be compared
with figure 8 of ref. [13], but note that we have chosen a different set of approximations in carrying

out the dimensional reduction, as explained in the main text.

and A\, in the matching relations in section 3.3.3 (and after integrating out the heavy
scale in section 3.4); and through the matching to physical parameters as described in
section 3.5. The SM limit (taking A, and p,, to zero) stands out clearly in the expressions
of section 3.3.3, and we note that the singlet addition is a highly non-trivial generalisation
of these expressions.

We match to the exact same 3D theory as in the seminal papers [14, 15], where the
nonperturbative lattice simulations are phrased in terms of the dimensionless combinations

=2 X .
9?37 x:g—g, y:g—g. (4.1)
It turns out that g§ varies very little for the parameter range considered, and one is left
with finding the position of the phase transition in x-y-space. This computation involves
only the 3D theory, and the result applies to any 4D theory that is matched to it. As
one might expect, the phase transition happens near y = 0, where the mass parameter m§
changes sign. The central result of [15, 16] is that there is a line 0 < z < x., y ~ 0, where
the phase transition is first order. This line ends at a critical point z. ~ 0.125, beyond
which the transition is a crossover.
In figure 1 we show the Higgs mass-temperature (7' — my) plane for the Standard
Model. Overlaid are curves of constant « and y as defined by the matching relations. We

have marked the point (x.,y = 0) with a black dot, and we see that it corresponds to a value
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Figure 2. The \,,-T plane in the Zs-symmetric singlet-extended Standard Model, when m, =
250 GeV and A\, = 1/4. Overlaid, curves of constant x and y as defined in the main text. The black
dot denotes the critical point in the 3D theory. In the shaded region the computation is unreliable
due to up > ue, which violates our assumption about scale hierarchy for mass parameters.

of my much below the measured value of ~ 125 GeV. The figure 1 can be compared with fig-
ure 8 of ref. [13]. The difference between these two is due to a different set of approximations
in carrying out the dimensional reduction: while we have included order ¢’* effect of U(1)y
gauge field and the effect of temporal gluons, we have not included two-loop contributions
to the mass parameter of Higgs, nor the one-loop relations between MS parameters and
physical quantities. Major difference comes from the omission of two-loop contributions.

The familiar conclusion is that in the Standard Model, the transition is a crossover. One
may approximately recover the whole first order range by following the y = 0 line from the
black dot towards x = 0. Nonperturbative simulations give a slight deviation from y = 0,
but the conclusion is the same. We see that the physical point has zgpys >~ 0.25 at y = 0.
This is one way of quantizing “how far” the Standard Model is from the first order range.

The object of this work is to investigate whether adding a singlet allows for a first
order transition while insisting that mpy = 125 GeV. The difference that the singlet makes
is that because the matching relations have changed, for a given set of 4D parameters in the
5-dimensional SM-singlet parameter space, varying the temperature over the electroweak
transition results in a different trajectory in {gg, gg2, ﬂ%73, 5\%73}—space, and, in turn, in x-y-
space. The task is therefore to identify these trajectories and perform similar multicanonical
simulations [14, 15]. For a complete scan of the singlet model, this is a challenge, but not
impossible. Fortunately, comprehensive scans already exist employing perturbation theory
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Figure 3. The pu,,-T plane in the singlet-extended Standard Model, when m, = 500 GeV, A, = 0,
w3 =0 and A\, = 1/4. Overlaid, curves of constant 2 and y as defined in the main text. The black
dot denotes the critical point in the 3D theory. In the shaded region the computation is unreliable
due to py, > po, which violates our scaling assumptions.

computations of the 4D effective potential which, together with experimental constraints,
may be used to guide non-perturbative searches [42-51]. A detailed numerical investigation
of this theory with the matchings presented here is underway [52].

For the present, we show in figure 2 a pencil in the 5-dimensional parameter space,
where we impose Zy-symmetry (ug = p,, = 0). Guided by existing perturbative results, we
choose A\, = 1/4 and m, = 250 GeV, and scan over the remaining parameter, the quartic
portal coupling \,,. Overlaid are again curves of constant x and y, and we have again
placed a black dot at the point (z.,y = 0) corresponding to the critical point. Following
the y = 0 line towards smaller = gives the first order range.

We see that the critical point requires A, ~ 2. This is rather large, which jeopardizes
the validity of our perturbative matching relations. Another, more serious issue is that the
whole first order line is located in a region where up > u,, explicitly violating one of the
assumptions of we made about how the mass parameters scale, namely that the o field is
superheavy. For more details, see section 2.1.2. Hence although the new matching relations
numerically allow us to approach the first order region, we cannot go closer than z = 0.2
and still trust our computation. That large couplings are necessary in the Zs-symmetric
case is also true perturbatively (see for instance [51]).

However Zs-symmetry need not be imposed, and in figure 3 we show the case where
Am = 0, \; = 1/4, u3 = 0 and where we have chosen m, = 500 GeV, while varying the cubic
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portal coupling t,,. We see that the critical point is within the scope of the matching rela-
tions, but it turns out that another of our scaling assumptions p,, < po is not fulfilled. The
closest we can go seems to again be x ~ 0.2, and we have been unable to find a parameter
set that obeys all the assumptions of section 2.1.2 while providing a first order transition.
We have however not systematically scanned the full parameter space in the present paper.

We conclude that, within the limits of our current approximation, we cannot argue
that adding a singlet provides a first order electroweak phase transition. We do believe
that at least in the non-Z-symmetric case, effort would be well spent on improving on this
approximation with the view of confirming the picture in figure 3. In the case of superheavy
o, our current approximation can be improved by adding two-loop contributions to the mass
parameters in the dimensional reduction step. Another improvement would be to give the
relations between MS parameters and physical quantities to one-loop accuracy. With these
improvements, one would obtain full g* accuracy, analogous to ref. [13] for the Standard
Model. This work is already underway.

There are many other generalisations of our results that deserve further consideration.
One could treat the singlet as a heavy rather than a superheavy field, which would still allow
us to integrate it out, and the theory would still reduce to the same 3D theory. Another
possibility is to include higher order operators (dimension 6 and above) in the 3D effective
theory. It is also possible to treat the singlet as a light field, permitting the (expectation
value of the) singlet to play an active role in the phase transition, with different values in
the high- and low-temperature phases. This is in contrast to the present case, where the
super-heavy singlet only acts as an additional spectator degree of freedom, impinging on
the Higgs effective potential through modified effective couplings. If the singlet was light, a
3D singlet-Higgs potential would come into play. Then the numerics would involve a whole
new 3D theory, with some additional work required for a consistent lattice implementation.

Other 4D theories also deserve investigation. A strong candidate for future study is
the Two-Higgs Doublet Model. This consists of two equivalent Higgs fields coupled to each
other and to gauge fields, and with one (Type I) or both (Type II) of the Higgs fields
coupled to fermions. Work on this is already underway. Several attempts have been made
on computing the strength of the 2HDM phase transition perturbatively [56—60], most
recently in [61]. However, the full 2HDM parameters space is 10-dimensional, posing an
even bigger numerical challenge than the singlet model addressed here. On the other hand,
the 2HDM readily allows for the inclusion of CP-violation, which the singlet model itself
does not.” From the point of view of baryogenesis, this is appealing, whereas it has no
relevance for sourcing observable gravitational waves.
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A Feynman rules in the unbroken phase

In this appendix we list the Feynman rules valid in the high-temperature phase where the
expectation value of the Higgs field vanishes. Note that our list is not complete in that
we leave out the gluon sector, which is not needed for dimensional reduction at the order
considered here.

Projectors to specific polarization states.

K, K
Transverse projector:  Pp(K)u = 0 — ;{2 v
1 1 (A1)
Chiral projectors: Pg = 5(1 +95), Pr= 5(1 —75)
A.1 Propagators in the Landau gauge
SU(2 b . _ 5abPT(K)MV
(2),, gauge bosons: ~AANANAL = 7z
Pr(K
U(1)y gauge boson: AMWWWWW = ,Tg(Q)HV
Pr(K
SU(3), gauge bosons: 000000 = 50‘5T§(2)W
1
SU(2), ghosts: --- - ---- = 6“bﬁ (A.2)
fermions: —a—— =Pp, R% (left /right-handed)
1
Higgs doublet: --—-a---=¢% e
1
neutral scalar: =— 5
K2+ 3

In the case of heavy o, its propagator is to be expanded in powers of 2.

A.2 Interaction vertices

For oriented lines, momentum is understood to flow in the given direction. For unoriented
lines, momentum flows into the interaction vertex.
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Gauge self-interactions.
ap

KR @

p CA\ = —igeabc[(P - Q)u(su)\ + (Q - K)V(S)\u + (K - P))\(;Ml/] (A3)

by

When cA is an external line with @ = 0, this vertex reduces in the Landau gauge to

2ige™ P\6,, = —2ige™ K6 . (A.4)
ap dA
= 92 [5ab50d(6;m6y>\ + 5;1)\61m - 25#1/55)\) (A5)
+ 5ac(5bd(5uz/6m\ + 5,u)\51/n - 25/m6u>\)
by o + 6ad5bc(5p,l/5/~t)\ + 5#561/)\ - 25uA5VH)]
b,
>
:r\/\/\, ap = igeabCP# (A.6)
4
c

Gauge-matter interactions.

7

ajp = % g(1a)? fyf (left-handed fermions) (A7)
J

T %g’ Yl (all fermions) (A.8)
g

ap= %gs()\a)ﬁp,yf (all quarks) (A.9)
p
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? ? ap

1 g 1., .
K/»\Mau = —59(7a) " (K + P), ) = _5925135“‘7% (A.10)
/ //

j J by
] 1 H

\
]} 1 .. \ 1 .
; YWWWE = —ig’d”(K—k P), ) - —Qg’zé”élw (A.11)
7 P
A o’ V
J J
7 14
\
\ 1 ii
; — 599 (7) 6. (A12)
//
j aft

Scalar self-interactions.

i J
\ /
\\ /
~ = —2A, (000 + 0icdjk) (A.13)
/l \\
/ \
k V4
) )
\
\ Lo \ ij
/\: = — S ; — AS (A.14)
/

J J
e = —i] % = —2’&3 X = —6)\0. (A15)

Yukawa interactions. The family indices are indicated explicitly.

iA B
——-j = =57 > =—6Tnl) (A.16)

B 1A
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1A

1A
- j = —i(m)Yh,pg --j = —0"h,p (A.17)
U, d
B

B
=g ——j = —i(ry) R (A.18)
q q
iA

B Integrals for the dimensional reduction step

iA

For spatial momentum integration, we use the shorthand notation

[-() [

where d = 3 — 2e. The Euclidean four-momentum is denoted as P = (wy,p) for bosons,

where wy, = 2n7T, and as P = (v, p) for fermions, where v, = (2n + 1)7T. For the com-
bined Matsubara sum and spatial momentum integration, we use the following shorthand:

bosons: zp = TZ /p,

, —
Zﬁp =T Z / (sum over nonzero modes), (B.2)

wn#0 7P

f ions: =T .
ermions X{P} ;/p

B.1 Massless bosonic sum-integrals

I4

«

poo(p)e 8 [ (3)T(a)r (5)
% (2ﬂ_T>1+d—2o¢+2,8+26

by N (PP (AT (a—§ —8)T (§+0) ¢(2a — 28 — 25 —d)
8,6 :j - %

)

€ _d _ _
[4b o I4bﬁ . :ilp Ei@;i _ (€7A2) T (Ot 2) 4(204 25 d) (27_‘_T)1+d—20¢+267 (B4)

wET e 8 T(3) ()
T R
TG :Z/P P12 - i <47TAT>2€ {1+2 [log 2+ — 2/((22))} 6+O(62)} . (B.6)
L’ :Z/p (P12)2 - 1617r2 (471:1’)26 [i 2 O(E)} ‘ (B-7)
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Useful recursive relations among the sum-integrals:

d
Igf—)t—l,ﬁ+1 = <1 - 2a> Iffg, (B.8)
d
5+0
Iy g1 =2 o 155, (B.9)
d
5+0
b 2 4b
lopron = =7 ra— glass (B.10)
2

Occasionally, we need analogous sum-integrals including the zero Matsubara mode; these
are denoted by a tilde, e.g. Iil,)ﬁ,d' Explicit expressions for these sum-integrals are not
needed, we merely note that they do not satisfy the above recursive relations.

B.2 Massless fermionic sum-integrals

' ; EZ{P} W - (220“*25*25*61 . 1) 5, (B.11)
=10 =3 312
I =ry, :Z{P} ( Plg)a, (B.13)
v :X{P} P12 = —Zj (42)26{1% [logﬂ +y - g((j))]e—i-(’)(e2)} , (B.14)

i :Z{P} (P12)2 _ 1617# <471:T>2€ [i 42y + 4log2 + (’)(e)] . (B.15)

Due to the first of the above relations, the fermionic sum-integrals satisfy the same recursive
identities as their bosonic counterparts.

B.3 DMassive sum-integrals

Ktb(m) = % ZP log(P2 + m2), (B.16)
KY(m) = % X{P} log(P? +m?), (B.17)
Hossm) = 3L g e vy (519
Tiatm) = Thoo0 3L ipr e (B.19)
Tm) = 0 =3, (B.20)

and likewise for the version without the zero mode, J:‘

I/’aﬂé(m). For 8 > 0, the two
integrals — with and without the zero mode — coincide. The two-index integrals satisfy
the recursive relation

Ti(m) = T fgia (m) = m2J 0 4 (m). (B.21)
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It is straightforward to verify that the following relations hold:

1 -
J1/1( m) = W[Ifb - Jilb(m)]a (B.22)
1 1
J1/2( m) = mZ 5 — m[ff‘b J4b(m)}a (B.23)
1 - -
Ty (m) = 3 2 (m) + m[ﬁlb — Ji*(m)], (B.24)
1 ~ 2 -
3o (m) = — (15" + J3"(m)] — nT 51— J4b(m)} (B.25)
1 1
J1/3o1(m) = Wlél,bo,l - m4—7§1%1+ ]101 J1/001( m), (B.26)
J1/310(m) :ji%( )*J1/301( ) (B.27)
1
J3/101(m) mgj/om( m) — J2/001( m) — m6J1/001( m) + 1101- (B.28)
Furthermore
JiP(m) = It (m) + Ji(m), (B.29)
Jy"(m) = Iy(m ) + Ja(m), (B.30)
3—
Hhoa(m) = T [14(m) — m*I(m)] + Js 0.1 (m), (B31)
3 — 2
J2/001( m) = 14— 2 [Il( ) — m2I§(m)] + Jo0,1(m), (B.32)
3 — 2¢
Tio01(m) = —4_26m21f(m) + J1,0,1(m), (B.33)
where we have defined
Y A2 n YA2\ € 2\ 2 —q T _n
A (m) = eTA / d"p 1 _ eTA (m)2n (a 2), (B.34)
Ar 2m)™ (p? + m?2)> 47 4m)z T(a)
where n = 4 — 2¢ and
_ d’p np(Ep) _ d’p pQTLB(Ep)
nm) = [ S, Taa(m) = [ S (mas)
_ d’p np(Ep) _ d’p 3np(Ep)
_ d’p 3np(Ep)
J3,0,1(m) = / @r) 82, (B.37)

where np is the Bose-Einstein distribution function and E, = \/p? + m2. These integrals
satisfy the simple relations
3 3
J270’1(m) = §J1(m), J370,1(m) = EJQ(m) (B.38)
Thus, the only master integrals needed are actually just Jy(m), Jo(m) and Jy9,1(m). The
summary of the results in the case of superheavy o only features explicitly Ji(m), Jo(m)
and the following particular combination of the three integrals:

H(m)= — — ! {T2 + Ji(m )] + Ti@.[%QTLl _ Aoa(m) ] (B.39)

32m2m? 12 45 3
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C Detailed results for the SM contributions to dimensional reduction

Below we provide a list of all one-loop diagrams in the SM that arise in the four-dimensional
theory, expressed in terms of the master sum-integrals introduced in appendix B. New
contributions from the neutral scalar are discussed in section 3.1. All the diagrams listed
below are given without the zero mode contribution, which at the one-loop level trivially
drops in the matching to the three-dimensional effective theory. Many of the diagrams
have already been calculated in ref. [13], but some of the contributions of the U(1), sector
included here are new. The indicated values of the diagrams already include combinatorial
factors due to permutations of external lines.

C.1 Self-energy diagrams

These are needed for the calculation of wave-function renormalization and of the Debye
masses of the gauge bosons. The diagrams with a single quartic vertex only contribute to
the latter. The wavefunction renormalization factors can be read off from the parts that
are quadratic in momentum, as detailed in section 3.2.

SU(2), gauge boson self-energy.

= —dg* S I} (C.1)
for y=v =0,

= ¢*(1 — 2d)6 30, 112

foru=r,v=s,

d 1
= 4¢%0y [d(l — 2)1{*’) + 57 (16 = 3d + 2d2)P2I§“’} (C.2)

for y=v =0,

= 2dg? 00,5 110 + g% 0up [2(31 — 2d)6,sP* + é(d - 17)P,,PS] Ek
foru=r,v=s,
e e = g% [(d Y %(4 - d)PQIg“b} (C.3)
T for y=v =0,
= b+ S0 bGP+ 2P P

foruy=r,v=s,
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1

= g*(d — 1)3apNp(1+ Ne) [ (2270 = 1) I — :

24— PP| (C.4)

for y=v =0,

1 _
= g92(24 4 18,4 N¢(1 4 N.)(PrPs — 8,5 P?)I3°

foru=r,v=s,

I/A\‘
v
\
ANAANAAN = —925ab6wjfilb, (C5)
-
4 \
/ d 1 d
N

for y=v =0,

1
= ¢*0up [(»sffb + (PP - 5T8P2)I§“’}
foru=r,v=s.

U(1), gauge boson self-energy.

1
=—5d- D) g2 N2Y7 + Y2 + N(2Y2 + Y2 + Y]] (C.7)
1
% (1 _ 22—d)Iilb + 6( 4—d 1)P2151b
for u=v =0,

1
G
x (P,Py — 6,s P15

foru=r,v=s,

(247 — 1) g2 N 2Y2 + Y2 + N2V + Y, + Y]]

1/4\‘
\ /'
\
MWW, = —g%5,, 112, (C.8)
-
4 \
/ o AN g 1 dY o
’\/\/\Q\ Wy =29 Kl 2>11 3 (1 4>P Iz] (C.9)
\’/
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for py=v =0,

1
= g |6, 11" + (PP — 8,5 P2) 15"
for y=r,v=s.

Higgs doublet self-energy. Only diagrams contributing to wavefunction renormaliza-
tion are shown here; the mass parameter can be extracted from the effective potential.

w<- = zg%ijpﬁgb, (C.10)

’25 P2I5Y, (C.11)

40‘ = 26;; tr[RORET 4 N W R 1 N @ (D] (C.12)

1
22 e (Ca s i o

C.2 Correlators for gauge fields

The various four-point correlators with two or four gauge field external legs are listed below
in the same order as in section 3.1.2.

The AgAgAgAg correlator.

m d(14 + d)g* (6abed + SacObd + Saadpe) 157, (C.13)

, = ~

1

5 (6ab50d + 5ac(5bd + 5ad6b0)12 ) (014)
AN »’

20 m

gd(d 4)g*(8ab0cd + SacObd + Saddpe) 15", (C.15)
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= (d — 4)g" (8abOed + GacOba + Gaadee) 15",

4
H = gd(4 - d)(6 - d>g4(5ab5cd + dacOpa + 5ad5bc)I§ba

Nl
\ A = _6(4 —d)(6 — d)g* (3ab0cd + OacOba + Saadbe) 3",
_ é(l — 2 (d — 1)(d — 3)N;(1 + No)g*
X (5ab5cd + 6ac5bd =+ 5ad5bc)12467
e

1
= 6(4 - d) (6 - d)g4(5ab50d + OacOpa + 5ad5bc)I§b‘

1 _
= (- 2479 (d — 1)(d — 3)Ny
x 2V} + Y + N2V} + Y, + Y]g TP,

1

S (4= d)(6—d)g"L".
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(C.17)

(C.18)

(C.19)

(C.20)

(C.21)

(C.22)

(C.23)
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The AgAg Bg correlator.

+ g )
The ¢TI AZAZ correlator.

for p =v =0,

h

~

— (d _ 4)929/25(1[)[417

2

1

> ‘929/25(117131177

= JU= )6 - d)g?

d - >g 51j5ab6r312

for,u:r,u:s,

\ =
= 3/\hg26ij6ab5/,wjgba

45 —

5 (1=29) (d=1)([d=3) N (Y2 +N.Y,)

920130,

(C.25)

(C.26)

(C.27)

(C.28)

(C.29)

(C.30)

(C.31)

(C.32)



\

\\

\/
S

d
= 3 g4 8ij0ab Igb

fOI‘ ,LL = U = 0’

3
= 3 9452‘]' SabOrs I;Lb
fOI‘ ILL =r,v=s,

d
— §g29/25ij5ab—[§b

for p=v =0,

3
= §g2gl25ij5ab5rsléb

fOr/_,L:/r',U:s,

= d(d — 4)9"0ij0ap 13"
for p=v =0,

= —dg*6,;0ap0rc I3

fOr/,L:/r',V:S,

=3(d - 4))‘hg25ij5abféb
fOI‘ ,LL = = O’

= —309%0i;0ap0rs 5"

fOI",u:hV:S’

= é( =4 1)(2 — d)g?6ij0up tr [h(e)h(e)’f n Nch(d)h(d)f]jélb
fOI" /_,L =y = 0’
= 524 = g8 tr BB N ORDT] 7

fOI',LL:T?V:S7
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(C.34)

(C.35)

(C.36)
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=%@*d—n@—dm%ﬂwmumwmwwéb (C.38)

for y=v =0,

N _%(24_d — 1)9°6ij0ab0rs Ne tr [RRIT] 13

for py=r,v=s.

The d)T"(j)jB“B,, correlator.

-5
4
\*, .
‘\\v’

= 3M,9"%0ij0,, 15", (C.39)

3
= §d929/2(5ij[§b (0.40)

for y=v =0,

9
= §g2g/26ijérslgb

foruy=r,v=s,

= ggﬂl%ﬁb (C.41)

for y =v =0,

3
= §9/46ij5rsléb

foruy=r,v=s,

-~ d
‘\’\: A =—12 (1 - 4> Ang?6i;15° (C.42)
// % for py =v =0,
- —3>\hg/25ij(575124b

foru=r,v=s,

= 5@ 1)t [P+ YOROROT  (C.3)

4 Nc(qu + yf)h(U)h(U)T + NC(Yq2 + Yd2)h(d)h(d)T]
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X 13 (d—2) for p=v=0,
Ors for u=r,v=s,

= (277 — 1)¢"%6;;0, tr [Yo Yo RO RO (C.44)

+ NY, Y h ROt 4 N Y v A D pDT] 130,

The ¢T"¢)jAgBO correlator.

(C.45)
(C.46)
(C.47)
=2 <1 — Z))\hgg’(Ta)ijféb, (C.48)
_ i(l — 21-4)(d — 2)gg (r) VI (C.49)

x tr[YehO ROt 4 N Y @D p( D],
= —i(l — 259 (d — 2)N.Y, tr [pWRWT] - (C.50)

x gq' ()7 1Y,

— _é( 4=d _ I)NCYU tr [h(")h(uﬁ]ggl(Ta)ijlébv

(C.51)
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= Lot ) [V OO £ N RO R@1]

2
x g9'(1a) 7 13" (C.52)
The ¢Tt¢p7 C(‘)"Cé3 correlator.
+ =229 -1)(2—d)g? tr [hWRWT L A D R D155, 5 T3
(C.53)
=229 — 1)g2 tr [HWRWT 4 DB DT)5,:5,5T3°,
(C.54)
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