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The significance of the electroweak phase transition is undeniable, and although initially it was
believed that it was second order, it is now believed that it is a first-order transition. However, it is not a
strong first-order phase transition in the context of the standard model, and the remedy to this issue is to
use the Higgs portal and directly couple the Higgs to a hidden scalar sector. This can result in a strong
electroweak phase transition, while the couplings to a hidden scalar are constrained by several
phenomenological constraints, such as the sphaleron rate criterion and the branching ratio of the Higgs
to invisible channels. In this work, we consider the standard singlet extensions of the standard model,
including dimension-six non-renormalizable operators that couple a real singlet scalar field with the
Higgs doublet. As a result, we examine the effects of those Higgs-singlet couplings on the electroweak
phase transition. The effective theory, where the nonrenormalizable couplings originate from, is
considered to be active beyond 15 TeV. As we show, the Universe experiences a two-step electroweak
phase transition, a primary phase transition in the singlet sector at a high temperature, and then a
subsequent first-order phase transition from the singlet vacuum to the electroweak vacuum. The singlet’s
phase transition can either be second order or first order, depending on the singlet mass and its couplings
to the Higgs. In particular, we show that the dimension-six operator assists in generating a strong
electroweak phase transition in regions of the parameter space that were excluded in the previous singlet
extensions of the standard model. This is further apparent for low singlet masses mg < my /2, which are
rarely taken into account in the literature due to the invisible branching ratio of the Higgs boson. In some
limited cases in the parameter space, the electroweak phase transition is weakened by the presence of the

higher order operator.

DOI: 10.1103/PhysRevD.109.055044

I. INTRODUCTION

The most mysterious eras of our Universe are the
primordial eras, specifically the inflationary era and the
reheating era. These two eras are strongly related, and to
date, no direct evidence of the occurrence of these two
exists. Much light on these two mysterious eras is expected
to be shed by the upcoming stage 4 Cosmic Microwave
Background (CMB) experiments [1,2] and of course by
the future interferometric gravitational wave experiments,
like the LISA, BBO, DECIGO, and the Einstein telescope
[3-11]. The stage 4 CMB experiments will directly probe
the B modes of the CMB polarization, if they exist, and the
interferometers will probe the stochastic primordial gravi-
tational waves. The latter is already confirmed to exist
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at nanohertz frequencies, in 2023 by the NANOGrav
collaboration [12] and by the EPTA [13], the PPTA [14],
and the CPTA [15] Collaborations. The future seems to be
fruitful in this research line.

Moreover, due to the complete absence of particle
detections at the LHC since the detection of the Higgs
particle, and recall that the LHC functions at a center-of-
mass energy 13.6 TeV, modern high energy physics relies
on gravitational wave experiments and astrophysical obser-
vations in order to address fundamental problems related to
baryogenesis, electroweak phase transition, and dark mat-
ter. However, we must mention that the particles colliding
at the LHC are basically hadrons, so have some non-
negligible form factors, so the actual theories and energies
probed at the LHC might actually correspond to lower
energies than 13.6 TeV center of mass. To date, the
electroweak phase transition is believed to be a first-order
phase transition [16], although earlier studies indicated that
it was a second-order phase transition [17]. The order of the
electroweak phase transition has triggered a great deal of
heated debate in the last decades. In the past years, it was
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shown in numerous studies using perturbative calculations
that the electroweak phase transition is a first-order phase
transition [16]. On the other hand, it is understood that this
topic is still controversial. In fact, recent simulations and
studies indicate that with the Higgs mass being ~125 GeV,
the phase transition is even a crossover, and not a first-order
phase transition, in the customary sense; see, for example,
[18,19], and for an older lattice simulation, see [17], which
points out to a second-order phase transition. A first-order
phase transition would provide nonequilibrium conditions,
and thus, one of the Sakharov criteria [20] would hold true
and the baryogenesis could occur during the electroweak
phase transition. First-order phase transitions also produce
a stochastic gravitational wave background and are thus
observationally important [11,21-44]. The problem with
the electroweak phase transition in the standard model
(SM) is that it is not strong enough, and thus, singlet
extensions of the SM active through the Higgs portal have
been proposed to solve it [25,28,42—70]. In this work, we
consider the standard real singlet extension, including
higher order non-renormalizable interactions between
the Higgs field and a real singlet scalar field, and we
concretely examine the effects of these Higgs-singlet
couplings on the electroweak phase transition. The dimen-
sion-six non-renormalizable operators are considered to
originate from a weakly coupled effective theory that
remains active well beyond 15 TeV. As we demonstrate,
the Universe experiences two phase transitions, a primary
phase transition in the singlet scalar sector at high temper-
atures, and then the ordinary electroweak phase transition.
The singlet scalar phase transition can either be a second-
order or a first-order phase transition, which depends solely
on the singlet scalar mass and its couplings to the Higgs
boson. More importantly, we demonstrate that due to the
presence of the dimension-six non-renormalizable operator,
the electroweak phase transition is stronger in some regions
of the parameter space, which were excluded in the
standard singlet extensions of the SM without the higher
order operators. However, we show that, in some limited
cases for some parameter values, the electroweak phase
transition is actually weakened by the presence of the
higher order operator.

This paper is organized as follows: In Sec. II, we present
the effective potential for the SM enriched with the singlet
extension, including the higher order non-renormalizable
operators. In Sec. III, we discuss the constraints from
the electroweak baryogenesis, which must be taken into
account in our analysis; in Secs. IV and V, we showcase the
allowed parameter space of our model, and we also discuss
various phenomenological constraints and constraints from
invisible Higgs decay. Finally, in Sec. VI, we study and
present all the different possibilities for the electroweak
phase transition in our singlet-extended SM, and the
conclusions follow at the end of the article.

II. SM EFFECTIVE POTENTIAL
WITH SINGLET EXTENSIONS AND
HIGHER ORDER OPERATORS

We extend the SM by introducing a real singlet scalar field
¢ [25,28,42-70] equipped with a Z, discrete symmetry,
under which ¢ — —¢ and all other SM fields remain
unaffected. In addition, we shall assume that a higher-
dimensional operator of the singlet scalar field is weakly
coupled to the Higgs sector. This dimension-six higher order
non-renormalizable operator originates from an effective
theory active at a scale M, which will be assumed to be way
higher than the electroweak scale, of the order M =
15-100 TeV, a fact that is further motivated by the lack
of new particle observations in the LHC, beyond the
electroweak symmetry breaking scale [25]. The dimension-
less coupling A is the Wilson coefficient of the higher
order effective theory, and we shall assume that the
theory is strongly coupled. In general, the coefficient of
the higher order term is considered small such that 1/ M? <
10~* GeV~2, and the contribution of the higher-dimensional
operator to the invisible Higgs decays is omitted. The tree-
level potential for the doublet Higgs field and the singlet
scalar field is given by

2
u A
Vo(H.§) = —piy|HP + ag|H|* =3¢ + 7 ¢

A
+ 2| HPG? + 5 [HP g, (1)

where my; = \/2uy is the Higgs boson mass, 4;; > 0 is the
Higgs self-coupling, and Ayg is the Higgs-singlet inter-
action coupling, which is assumed to be positive. In this
work, we consider one of the simplest higher-dimensional
operators in the real singlet extensions to the standard
model. The D > 6 operators are suppressed, and it can
be easily shown that their effect on the electroweak
phase transition is not so strong for valid values of the
Wilson coefficients. In principle, dimension-eight and
higher order operators can be added due to some non-
perturbative physics motivated Lagrangian terms of
the form ~|H|? cos(%), but the dominant term is always
the dimension-six operator. The tree-level potential of the
singlet scalar field is determined by the four parameters
Us, As, Ay, and A and the energy scale M. The SM Higgs
doublet is parametrized as follows:

1 +1i
g L ()m e ) 2)
V2 \ h+iys

where £ is the Higgs boson, y1, y», x5 are three Goldstone
bosons, and v = py/+/Ay is the electroweak symmetry
breaking minimum of the Higgs scalar field & at zero
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FIG. 1.

The tree-level potential in the field space for 1 = 0 (left) and /M? = 2 x 10~ GeV~2 (right), where the global minimum is

the electroweak vacuum. We assumed that mg = 62.5 GeV, Ays = 0.1, and a = 0.1.

temperature, without the singlet sector. The tree-level
potential (1) in the unitary gauge takes the following form:

2 2
Hi o A4 HS 0 As 4
h,¢p) =——"h"+—h" == =
Aus A
_h2 2 _hZ 4’ 3
e . ()

which is shown in Fig. 1. In the context of the SM, we
consider only the dominant contributions in the one-loop
finite temperature effective potential coming from the
gauge bosons, the top quark (the heaviest fermion), the
Higgs and Goldstone bosons. The effective masses of
the Higgs boson, the singlet scalar field, and those fields
that are coupled to the background fields /& and ¢ are

A
my(h, ) = —ug; + 3Auh* + dnsp* + W#’ (4)
2 0 2 2 Aoy
my(h, ) = —pz; + Agh® + Aus +W¢ . (5)

64
m3(h, ) = —u5 + 3As¢* + Aush® + thfﬁz, (6)

miy(h) = 1. (7)
my) =T e, ®)
() =2, ©)

where g, ¢ and y, are the SU(2),, U(1), and top quark
Yukawa couplings, respectively, and m;, = 125 GeV,

my = 80.4 GeV, mz =91.2 GeV, and m, =173 GeV
at the current vacuum state of the Universe (h = v).

The full effective potential is defined as the sum of
the tree-level potential and the one-loop finite-temperature
effective potential, which splits into a zero-temperature and
a temperature-dependent part, which will be presented
explicitly in the next two sections.

A. Zero temperature corrections

The zero-temperature one-loop contribution to the effec-
tive potential is called the Coleman-Weinberg (CW) poten-
tial [71] and is computed as the sum of all one-particle
irreducible Feynman diagrams with zero external momenta
and a single loop. In the MS renormalization scheme, it is
written as

Vi(h.¢)= (—I)anim;;ih’f’ ) [ln <m’2(h’¢)> —c,] . (10)

2
4 R

where i = {h, y, ¢, W, Z, t} counts the particles that mainly
contribute to the CW potential and couple with the Higgs
doublet and the singlet scalar field, F; = 1 (0) for fermions
(bosons), n; is the number of degrees of freedom of
each particle i, ug denotes the renormalization scale, and
C; =3/2 (5/6) for scalars and fermions (gauge bosons).
The degrees of freedom of each particle i are

n, =1, n, =3, ng =1,
ny = 6, ny, =3, n, = 12. (11)

The choice of the renormalization scale leads to an
uncertainty in the critical temperature 7. and to other
related quantities [66,72—74]. Different schemes can be
followed to compute the CW potential and handle this
uncertainty, such as the on-shell (OS) and on-shell-like
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schemes (OS-like). In the literature, the OS-like scheme is
commonly adopted since it has a fixed prescription for the
renormalization scales for each particle, and the tree-level
relations among the parameters are valid at higher loop
corrections, like in the OS scheme. For instance, in this
scheme, the CW potential takes the form,

_Fin 2
- prno e8]
+2m?(h, p)m? (v, O)] . (12)

However, both OS schemes suffer from an infrared diver-
gence that originates from the Goldstone bosons as they
acquire a zero mass at zero temperature. This subtlety can
be rectified by the proposed methods in Refs. [75,76], but
in our study, we extensively work in the MS scheme.

In Ref. [66], it was concluded that varying y from m, /2
to 2m,, the OS-like and MS schemes agreed with each other
within the scale uncertainties, which were (3.8-6.2)%

. .T4 oo
Vi(h,$,T) = (—I)F"nzl—z/ dxx?In ll —(=1)fiexp (— x*+
7= Jo

where the thermal functions integrals are defined as
follows:

JB/F(yZ)—Awdxlen [liFexp (-Wﬂ (14)

where the subscript B (F) stands for bosons (fermions).
The thermal functions can be computed numerically,
but they also admit a high-temperature expansion (for
|y?| < 1) [81], which will be applied in this work and is
given by

Pl & Vs

1 2
2y % = __4
10 ==t Ty =T - ytiog (L) + 009)

(15)

2

Tt 1 y?
Tp(y?) = - m T2 y4] 10) 16
F(y°) 360 137 35 0g< f>+ (%), (16)

where a, =n?exp(3/2—2yg), ay = 162% exp (3/2 — 27g),
¢ denotes the Riemann {-function, and yy is the Euler-
Mascheroni constant. Numerical analysis shows that the
high-temperature expansion up to the logarithmic term is
accurate to better than 5% for y < 1.6 for fermions and

in the critical temperature 7. and (10-23)% in the ratio
v./T.. In the case of up = m,/2, the two results were
approximately identical with the highest accuracy. In our
study, we have chosen up = m,/2. A similar analysis was
also developed in Ref. [72]. Lastly, the renormalization
scale dependence could be eliminated by the renormaliza-
tion group equations (RGE) improvement for the CW
potential [77-81], but this approach is left to be imple-
mented in future studies.

B. Finite temperature corrections
to the effective potential

The temperature dependence of the finite-temperature
one-loop potential is interpreted in terms of the free energy
of an ideal gas. The effective potential at finite temperature
contains the effective potential at zero temperature, which
was presented in the previous section. Thus, we focus on its
temperature-dependent component1 for each particle 7, and
it is equal to

m’Z(T]Z"ﬁ))], 13)
[

y < 2.2 for bosons [82,83]. Moreover, this approximation
for both the potential and its derivatives also agrees with the
exact form to better than approximately 10% for the values
v < (1-3), depending on the function [84].

The symmetry restoration at high temperature implies
that conventional perturbation theory breaks down near the
critical temperature [81]. As a matter of fact, if perturbation
theory were to remain valid, considering the temperature
independence of the tree-level potential, temperature-
dependent radiative corrections should be incapable of
restoring the symmetry. In particular, it can be proved that
the one-loop approximation in terms of small coupling
constants breaks down at a high temperature due to the
appearance of infrared divergences for the zero Matsubara
modes of bosonic degrees of freedom [40]. Therefore,
higher loop corrections that are contained in the daisy
diagrams have to be resummed in the perturbative expan-
sion. In principle, the so-called daisy resummation is a
method aiming to sum all powers of the coupling
constant resulting in a theory where the effective mass is
m? - M? = m? +I1;(T), which is called the thermal
mass, and I1;(7) is the temperature-dependent self-energy
corresponding to the one-loop resummed diagrams to
leading powers of the temperature. This replacement in

L .
This component vanishes at zero temperature.
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the full temperature-dependent effective potential is usually
described by the Parwani scheme [85] and leads to
Veie(h, ¢, T) =

Vo(h, o) —i—ZV’ 2(h, ¢) +T0,(T))

+ Vi(mi(h. ¢) +1L,(T). T)]. (17)
A similar method, developed by Arnold and Espinosa [86],
resums only the zero Matsubara modes that cause the
infrared divergence. In the Arnold-Espinosa scheme, the
resummed full effective potential is written as follows:

Veir(h, ¢, T) = Vo(h. ¢) +Z [V (m3 (h,¢))

+ Vi(mi(h, ¢), T) + Vo (m? (h, §). T)]

(18)

The last term is added to the field dependent masses,” and it
is given by

meg(

2(h ). T)
L) - (m

P(h.g) +1L(T))?] (19
12ﬂ

for the particles i = {h,y,¢,W,Z,y} and i; = {1,3,1,
2,1,1} is the modified number of degrees of freedom,
which takes into account that only the longitudinal polar-
izations of the gauge bosons contribute to the temperature-

apparently shown that the numerical differences between
the two schemes regarding the critical temperature and
the ratio v./T. are relatively small. Finally, the Arnold-
Espinosa scheme is widely preferred in beyond the standard
model physics, and it will be adopted throughout this paper.

In this model, the temperature-dependent self-energy for
the scalar fields are computed as

Mg(T) = <AS+@+’1L> 2. (21)

4 3 2M?

The thermal corrections of the gauge bosons require special
treatment as the transverse gauge fields have zero thermal
corrections [16]. According to Ref. [16], we compute
the temperature-dependent self-energy of the longitudinal
gauge bosons in the high-temperature limit,

My, (T) = ggQTZ, (22)
11 /2
My (hT)=— @1 - L p2, (23)
L 6 4
1, g” 2
M, (h.T) =~ g°T> + 7 %, (24)

dependent self-energy [16,86]. A comparison between  where the gauge boson mass matrix in the basis
these schemes is presented in Refs. [72,73], where it is (A}, A% A}, B,) is nondiagonal
|
L?h? + U 272 0 0 0
0 TR+ P T? 0 0
Mey(h.T) = + s 1272 11 270 12 (25)
0 0 19°h* + 5T —399h
0 0 —Llggn? Ly 4 Ugr2
|
Nevertheless, the photon and the Z boson are not mass 111
eigenstates at high temperature since there is an additional ~ M, = o (> + g*)h* + (92 + g*)T?
mixing term between the Z boson and the photon [73].
Therefore, the gauge boson mass matrix has the following | 11 > 2n
eigenvalues for the longitudinal photon and Z boson: - \/ (¢? — g?%)? (Z h? + €T2) + %h“] :
(27)
R L S AT SR L W S e
2,=3 Z(g +9%)h +g(9 +9°)T
2

1, 11\ P?
+\/(gz—g’2)2<4h2+6T2) +gfh41’ (26)

*This scheme is equivalent to the Parwani scheme in the high-
temperature limit [84].

In the limit m3,(h)/T?> < 1, the full resummed mass
eigenvalues (26) and (27) can be effectively approximated
by those in Eqgs. (23) and (24). The numerical difference
between these expressions is small, which indicates
that one could treat the photon and Z boson as mass
eigenstates [73].
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Finally, it is essential to mention that the full effective = breakdown of the perturbative expansion.3 Nevertheless,
potential can have imaginary contributions in the case of  the m?(h, ) + I1;(T) in the ring correction can be negative
negative squared effective masses. This holds true espe-  for certain temperatures and field values. As a result, the
cially for the scalar fields due to the logarithmic and cubic  effective potential is still complex, and we consider only the
terms in the thermal functions (15) and (16) since the  real part of the full effective potential and ensure the field’s
gauge bosons and the top quark have always a positive  stability during the phase transition, provided its imaginary
squared effective mass. In general, the effective mass in the  counterpart remains sufficiently insignificant. A relevant
logarithmic term is canceled by its counterpart in the one- discussion can be found in Ref. [37].
loop zero-temperature correction. Moreover, the daisy To sum up, in the Arnold-Espinosa scheme, the full
resummation could potentially cure the imaginary part  effective potential that describes the dynamics of the phase
originating from the cubic term, which signals the  transition of our singlet-extended SM reads
|

2 2 2 14 m 2
Hu A K 4 h*¢ h,¢ m;(h, ¢
Ver(h.§.1) = = 2Hh2+THh4_ES¢2+ P+ A+ Y () 6(4 2) In Lz N-c
i R

n,T* m?(h, ¢) T4 m?(h) n;T
(M) g (M) £ S

- lmi (s ) = (M3 (h, . T))*2), (28)

where i = {h,¢,y, W, Z,y} corresponds to the bosons in the extended SM.

Our main results are based on the high-temperature expansion (15) and (16), and its validity is primarily checked by
the condition on the value of the ratio M;/T, which was previously explained. If these conditions are violated, we
numerically compute the full effective potential (28). Therefore, according to the high-temperature expansion, the full
effective potential (28) becomes

VEH(h.¢.T) = —”7%”“2 +%Hh4 —”—§¢2 + e+ AHS h2¢2 h2¢4
R TR
e RS
e Lo ()
+%T2 —%mﬁv(h) 122T (M3, (hT)]% + 6’761371(2}1) [In (a/’;;z) —g]
r-fn-gen S
ot B ) 3

|

where the effective and thermal masses are given above. Itis  limitations and constraints apply that reduce significantly
interesting to notice that only the cubic terms of the gauge  the range of the values of the free parameters. Thus, before
bosons do not cancel each other in the high-temperature =~ we actually study the phase transition, in the next few
expansion of the effective potential and the ring corrections,  sections, we shall narrow down the values of the free
in contrast with the rest of the fields that have the same  parameters that are phenomenologically acceptable and
degrees of freedom in the ring correction. Our main aimis to ~ comply with all the experimental and theoretical constraints.
analyze in detail the phase transitions that occur at finite

temperature for the effective potential (29). This is a *Weinberg and Wu claimed that the imaginary part of the

cumbersome procedure though since the parameter space effective potential could also be interpreted as a decay rate of a
is highly constrained from various aspects, and several  state of the scalar fields [87].
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III. ELECTROWEAK BARYOGENESIS
CONSTRAINTS

Initially, the vacuum of the Universe was stabilized at the
origin (h,¢) = (0,0). At a high temperature 7', a phase
transition starts in the ¢ direction from the origin to a
nonzero vacuum expectation value (VEV). This phase
transition can be either first or second order, depending
on the singlet extension model’s parameters. As the
Universe cools down, a second local minimum appears
in the full effective potential, where a barrier is gradually
formed between the two local minima. At the temperature
T, the electroweak phase transition occurs as a first-order
phase transition when the two local minima (0,v) and
(v.,0) are degenerate as illustrated in Figs. 4 and 5.
Therefore, the transition from the false vacuum to the true
vacuum proceeds via thermal tunneling, when the bubbles
of the broken phase nucleate within the surrounding plasma
of the phase with the false vacuum.

The observed baryon asymmetry of the Universe can be
attributed to the electroweak baryogenesis (EWBG). This is a
physical mechanism in the early Universe that generates an
asymmetry between baryons and antibaryons in the electro-
weak phase transition. This asymmetry is established if the
so-called Sakharov criteria [20] are fulfilled, which namely
are: (i) baryon number violation, (ii) C-CP violation, and
(iii) departure from thermal equilibrium. The EWBG satisfies
these criteria requiring a first-order phase transition
[81,88-90]. Baryon creation in EWBG occurs at the vicinity
of the expanding bubble walls. More specifically, ahead of the
bubble wall, CP and C asymmetries in particle number
densities can be produced by CP-violating interactions of the
plasma with the expanding bubble wall of the true vacuum
[91]. Then, these asymmetries diffuse into the symmetric
phase in front of the bubble wall, where they are converted to
baryons by electroweak sphalerons [92]. In the broken phase,
the rate of sphaleron transitions can be strongly suppressed to
avoid washing out the generated baryons. Hence, it is
necessary for a successful EWBG scenario that the baryon
asymmetry generated at the expanding bubble wall is not
washed out by sphalerons within the broken phase. In
particular, EWBG requires a strong first-order electroweak
phase transition, characterized by the following condition,
which provides an approximation to a factor in the rate of
sphaleron transitions in the broken phase,

U,
25 06— 14,
7> 06 (30)

c

The lower bound of this so-called sphaleron rate criterion”
varies between 0.6 and 1.4 due to some uncertainties in the

*This ratio does not respect gauge invariance, and special
treatment is required to derive the gauge invariant form. However,
this approach affects the numerical results much less than the
two-loop approximation [93].

precise calculation, but it is conventionally taken to be
one [93,94]. In our study, we also consider the lower limit
in this range for the sake of completeness. The critical
temperature 7, and the Higgs VEV v, are computed numeri-
cally in this paper.

In fact, the three Sakharov criteria are satisfied in the
SM [81]: The baryon number is violated by nonperturbative
effects, CP violation can be induced by the CKM phase
in the fermion mass matrix, and the Universe is out of
equilibrium due to the electroweak phase transition.
However, CP violation is insufficient to produce large
enough chiral asymmetries to explain the observed baryon-
to-entropy ratio. Furthermore, the electroweak phase tran-
sition should be strong enough first order, a requirement
that is not met by the SM as demonstrated in Appendix A;
thus, the motivation for singlet extensions is clear. These
drawbacks in the SM motivate beyond the standard model
physics, which should suggest an extension of the Higgs
potential to realize a strong first-order electroweak phase
transition and an extra source of CP violation. The former
is successfully achieved by singlet scalar extensions of SM,
two-Higgs doublet models, and higher order operators to
SM [44], and this occurs in our case, too.

CP-violating sources in EWBG can be obtained by a
plethora of models such as real and complex singlet
scalar extensions [49,95-98], two-Higgs doublet models
[99], and composite Higgs models [100]. A promising
CP-violating source could be a dimension-six operator,
which is introduced as an effective field theory [49]. This
extension couples the singlet with the top quark’s mass
considering the singlet particle as a dark matter candidate
and modifying top quark’s mass for nonzero values of the
singlet scalar field so that it is given by

y,QLH<1 +%¢2) tr +H.c. (31)

where 7 is the complex phase, and A is the energy scale of
the effective field theory. Consequently, the top quark
acquires a complex phase that varies in space along the
profile of the bubble wall, offering the crucial source of CP
violation needed to explain baryon asymmetry.

This higher dimension operator does not affect the
critical temperature and VEVs as it vanishes at both the
Higgs and singlet direction. This operator mostly raises the
height of the barrier at temperature 7'., which leads to a
thinner bubble wall. It is additionally assumed that ¢/A
remains very small, resulting in a negligible contribution to
the effective potential, which does not significantly affect
the dynamics of the phase transition, and it is not included
in our analysis of the effective potential; see also [49,95].
However, a reasonable claim could be that the fact that
this higher dimension operator does not affect the critical
temperature and VEVs since it vanishes at both the Higgs
and singlet direction could lead to a deeper minimum away
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from these points. This could be possible, but it is clearly
mentioned that the ratio ¢/ A remains very small, resulting
in a negligible contribution to the effective potential, and a
deeper minimum cannot be generated in the context of a
valid perturbative analysis. The aforementioned higher
dimension operator is further discussed in [49]. The choice
of the phase 7 is not restricted by any additional exper-
imental constraints due to the forbidden Higgs-singlet
mixing and the behavior of the singlet at high temperatures.
As a result, this phase can be chosen to be maximally CP
violating, and it easily generates sufficient baryon asym-
metry for EWBG [49]. However, potential loop contribu-
tions to electric dipole moments might exist. This is an
important aspect that we did not take into account in this
work to simplify the discussion. The two-loop Barr-Zee
contributions to the electric dipole moments are discussed
in [100]. However, this would require Higgs-singlet mix-
ing, which is not the case in our model. In that scenario CP
would be broken spontaneously at high temperature.

IV. ALLOWED PARAMETER SPACE FOR THE
MODEL AND PHENOMENOLOGICAL
CONSTRAINTS

The parameter space of the model is generally described
by the three parameters of the real singlet extension ug, Ag,
and Ay, and the Wilson coefficient’ A. In addition, a strong
EWPT can be realized by a parameter space that is mainly
restricted by the sphaleron rate criterion, the vacuum
structure, the values of couplings, and on the fact whether
these values break perturbation theory, and the invisible
Higgs decay width.

Firstly, we proceed on the premise that the current
vacuum state of the Universe is described by the Higgs
VEV at zero temperature with broken SU(2) x U(1)y
symmetry, while the singlet has a zero VEV with unbroken
Z, symmetry. As a result, we demand that the Higgs
minimum is the global minimum of the effective potential
at zero temperature by requiring

4
Vo(0,0) < Vo(0,0,) = g > Ay 5, (32)
Ky

where v, is the zero-temperature VEV of the singlet scalar
field in the ¢ direction, and it is assumed that 43 > 0 for a
two-step electroweak phase transition.® We additionally
demand that the tree-level potential is bounded from below,
which leads to Ag > 0 and 4 > 0. Also the condition (32)
is essential to ensure that the electroweak vacuum is the
global minimum of the effective potential at zero temper-
ature, and the parameter values we shall use ensure that
the electroweak vacuum is always the lowest minimum of

>The effective field theory is considered active at the scale
M = 15 TeV in the following sections.
%See Sec. VI.

the effective potential. This vacuum structure further
implies that the singlet scalar field acquires the following
mass squared at zero temperature, which is required
to be positive,

m% = —//l?g ‘I—ﬂHsl)z > 0 (33)

An expression for the minimum value of Ag can then be
derived by Egs. (32) and (33), and it is

A

apin = M—j; (m% — Ausv?)?. (34)
Accordingly, the quartic coupling can be cast into the
form,

As =" +a, (35)

where a is a positive parameter.” Consequently, it is more
convenient and suitable to study the parameter space in
terms of myg, Ay, and A for a given parameter a. However,
it is worth mentioning that Eq. (32) could be rewritten in
the equivalent form in terms of the other parameters,

2
m
Uy < 0*\/Agks = s < 0—25 +\/Aghs.  (36)

Secondly, the validity of the one-loop approximation can
be violated by large coupling constants. Thus, we impose
the perturbativity of the couplings in high energy scales,
while the renormalization group equations (RGE) can be
solved at one loop for the couplings Ays, 4y, and Ag (see
Appendix B). The RGE evolution of the gauge couplings
and the top quark Yukawa coupling remains the same as in
the case of the SM. Moreover, the contribution of the
higher order operator to the RGEs is omitted since the
effective field theory is a weakly coupled theory with
A/M?* < 10™* GeV~2. Following Ref. [65], the RGE
evolution shows that the model remains perturbative up
to scales 10-100 TeV depending on the Higgs-singlet
coupling, as well as AT" < 8, is imposed for a reliable
perturbative analysis, which is equivalent to Agg < 5 with
the singlet mass ranging from 0-550 GeV.

Moving on, the tree-level potential has an inherent Z,
symmetry, allowing the singlet scalar to act as a dark matter
candidate [49,55,59,64,68,69,102—-104]. Hence, the unbro-
ken Z, symmetry at zero temperature ensures the stability
of the dark matter particle and prohibits the mixing between
the Higgs field and the singlet scalar field. As a conse-
quence, the couplings of the Higgs boson to fermions and
gauge bosons remain identical to the SM, as well as further
constraints from electroweak precision tests, and Higgs

Mtis commonly setto a =0.1 for mg >my /2 [40,65,66,70,101].
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coupling modifications are ruled out due to the forbidden
Higgs-singlet mixing.

Lastly, the EWBG can be probed by gravitational wave
and collider measurements [25,43,44,64,65]. In the case of
mg > mpy/2, the number of potential collider signatures
is highly restricted due to the forbidden Higgs-singlet
mixing. However, future colliders, such as a 100 TeV
hadron collider, could test this scenario, probing the direct
production of the singlet states, and the modification in
the triple Higgs couplings and Zh cross section [65].
Regarding the gravitational waves, their signals from an
electroweak first-order phase transition can be detected in
the future observatories [43,44,64], such as LISA.

V. CONSTRAINTS FROM INVISIBLE
HIGGS DECAY

If mg <my/2, the decay h — ¢p¢ is kinematically
allowed, and it contributes to the invisible decay width
of the Higgs boson. The ATLAS and CMS experiments
have reported numerous results of searches for invisible
Higgs decays over the last years. The branching ratio of
the Higgs to the invisible singlet sector is set to BR;,, <
0.11-0.19 at 95% CL, where the upper and lower limits of
the range correspond to the results from the ATLAS [105]
and the CMS Collaboration [106], respectively. In
Ref. [107], those results are analyzed further. However,
the most recent result from a combination of searches,
which is not included in Ref. [107], indicates BR;,, <
0.107 at 95% CL [108].

The Higgs decay width to visible channels is I'y;; =
4.07 MeV for my = 125 GeV. Thus, if the branching
ratio of the Higgs to the invisible particles is fixed at
BR;,, < 0.19, the upper bound on the invisible decay width
of the Higgs boson is

T'(h — ¢¢) < 0.955 MeV, (37)
0.08 T T T T
r — Invisible Higgs Decay
i 45 =0
0.06 -
. L
r§ 0.04_—
0.02
000 | 1 n L n n 1 i L L I 1 L I L L 1 n L L I Il I n L I 1 L
0 10 20 30 40 50 60
mg (Gel)

where this decay width is given by

A2 02 4m2
C(h = ¢g) = 321;SMH - m—%j (38)

Hence, this bound leads to an additional constraint for the
interaction coupling,

32xm 4m2\ ~1/2
s < \/ . (1 ——;) Tu(h = ¢),

where I',,(h — ¢¢) is the upper bound on the invisible
decay width of the Higgs boson. Requiring u3 >0 and
imposing the previous constraint result in

m= 327xm 4m2\ ~1/2
—2S</1Hs<\/72 H<1——ZS> L, (h—=¢p),  (40)
0 v m?,

which is completely independent of the coupling Ay (or
equivalently a) and the Wilson coefficient 4.

Consequently, the allowed singlet masses are divided
into two regions,

mg <30.19 GeV  and myg > 62.43 GeV,

where the two separated regions are merged only for
BR;,, > 0.59, which does not agree with the experimental
data [107]. We gathered the allowed singlet masses in
Fig. 2. The lower mass region generally has the upper
bound of A5 = 0.014, whereas the higher mass region is
characterized by a wider range of values for Ayg, but it has
almost a fixed singlet mass.

0.30 T T T T T T
— Invisible Higgs Decay
0250 u5 =0 :
0.20 i
g
~
0.15F i
0.10 i
S S S S S S S S S S S S S S S S S B S s |
62.43 6244 6245 6246 6247 6248 6249 62.50

mg (GeV)

FIG. 2. Left: the parameter space (blue shaded) for mg < 62.5 GeV, which satisfies the invisible Higgs Decay constraint (42) and
;4% > 0 setting BR;,, < 0.19. Right: the higher mass region, mg > 62.43 GeV, which satisfies the invisible Higgs Decay constraint (42)

and p% > 0 setting BR;,, < 0.19.
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FIG. 3. Left: the parameter space (blue shaded) for mg < 62.5 GeV, which satisfies the invisible Higgs Decay constraint (42) and

u% > 0 setting BR;,, < 0.11. Right: the higher mass region, ms > 62.48 GeV, which satisfies the invisible Higgs Decay constraint (42)

and p} > 0 setting BR;,, < 0.11.

The invisible Higgs boson branching ratio can be also set
to the BR;,, <0.11 at 95% CL in order to yield the
invisible decay width,

['(h - ¢¢) < 0.503 MeV, (41)
with the following allowed mass regions that satisfy the
condition (40),

mg <2545 GeV and mg > 62.48 GeV.

It is immediately obvious that this upper bound further
excludes the low-mass region because of the lower maxi-
mum value of the coupling Ayg compared to the pre-
vious case.

Taking into account the sphaleron rate criterion (30), the
parameter space is eliminated further since very low values
of the coupling Ayg generate a one-step or a two-step
EWPT with a weak first-order phase transition. Therefore,
the lower bound on the Higgs-singlet coupling can be
higher than the one depicted in Figs. 2 or 3.

VI. THE ELECTROWEAK PHASE TRANSITION
IN THE SINGLET-EXTENDED SM:
A DETAILED DESCRIPTION

Now we shall analyze the behavior of the singlet-
extended effective potential (29) in the full two-
dimensional configuration space spanned by the Higgs
and the singlet scalar fields (4, ¢). We shall describe in
some detail the behavior of the full effective potential at
finite temperature, and in the next subsections, we shall
constrain the free parameters of the model in order to be
phenomenologically viable from various aspects. The
results presented in Figs. 4 and 5 summarize some of
the main results of this paper.

In this work, the electroweak phase transition is con-
sidered as a two-step phase transition that consists of a

primary first-order or second-order phase transition in the ¢
direction from the origin (%, ¢) = (0, 0) to a nonzero VEV
and a subsequent first-order phase transition from (0, v}) to
the Higgs vacuum (v.,0). In the early Universe, as the
temperature decreases, the Higgs minimum is formed, and
a barrier is created between the Higgs and the singlet
minimum as shown in Figs. 4 and 5. Then a strong first-
order phase transition signals the tunneling to the electro-
weak vacuum, which remains the global minimum at zero
temperature. Instead of this cosmological history, the
electroweak symmetry breaking could alternatively take
place as a one-step strong first-order phase transition from
the origin (0, 0) to the electroweak vacuum (v,,0) along
the Higgs direction, while the singlet vacuum is stabilized
on the origin with zero VEV. This one-step scenario
can be driven by loop effects requiring y% < 0 [38,65,69].
A comprehensive study on the classification of numerous
models to thermally driven, tree-level driven, and loop-
driven is given in Ref. [38]. Nevertheless, a one-step phase
transition can be also realized in the case of % > 0 due to
thermal effects.

Furthermore, an instability can be developed along the
singlet’s direction at extremely high temperatures for large
values of the couplings 4, Ayg, and Ag. This instability can
also take place without the dimension-six operator, which
was included in the Lagrangian, but in our model, it is
mainly caused by large 1 and a, which importantly affect
the singlet’s effective potential. However, this behavior
does not alter the above discussion because the strong first-
order transition is still realized with T, < T';. Nevertheless
we need to stress that such an instability could lead to a
high temperature transition from the (s) = 0 minimum to
the (s) = vy vacuum, at a temperature way higher than the
one corresponding to the electroweak phase transition. This
phase transition would generate defects such as domain
walls, and these could remain as remnants of this phase
transition. This feature is mentionable, and it occurs for the
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The full effective potential during the strong electroweak phase transition as the temperature decreases. In this example,

the singlet’s phase transition is second order using a point of the parameter space with mg = 62.5 GeV, Ays = 0.15, A/M? ~

2x 107 GeV~2, and a = 0.1.

aforementioned values of the parameter; however, it relies
on the fact that the temperature indeed reached such high
values, which is not certain. We needed to report this
because it is a peculiar and mentionable feature, which
must be treated with reluctancy, however, due to the
extreme temperature that it occurs and also because if it
occurs, it occurs well before the electroweak phase tran-
sition. More importantly, from a physical point of view,
perturbation theory does not break in the singlet sector.
However, the ratio of the singlet mass over the correspond-
ing temperature would be nearly zero, mg/T, ~ 0; thus,
normally, such high temperatures and the corresponding
transitions in the effective potential should be disregarded,
in the same way we disregarded the effect of small mass

055044-11

quarks in the Higgs effective potential. We mention this
issue for completeness though and in order to provide a
spherical and complete view of the parameter space for the
convenience of the reader.

In addition, a common issue in this thermal history arises
when topological defects emerge due to the spontaneous
symmetry breaking of the discrete Z, symmetry, while the
singlet scalar field acquires a nonzero VEV at a high
temperature [109]. Namely, electroweak baryogenesis can
be highly affected by the generated domain walls after
the high-temperature spontaneous symmetry breaking.
Recently, it was shown in Ref. [110] that the inclusion
of a dimension-six singlet scalar field operator in the usual
real singlet extensions can resolve this problem considering
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a scenario in which the vacuum state never respected the Z,
symmetry. This scenario is not examined further in this
study, leaving such an analysis and the implications of
topological defects for future work. However, it is notice-
able that in our model, the Z, symmetry could be never
restored at high temperature due to the aforementioned
instability developed along the ¢ direction in the effective
potential. Namely, one observes that the singlet VEV
remains nonzero for large A and a at extremely high
temperatures 7' > T.. As a result, in these cases, the Z,
symmetry is not restored, and the issue of the domain walls
is avoided.

Finally, the influence of the higher order operator on
the electroweak phase transition can be comprehensively
understood by its mathematical aspects. In the Higgs
direction, the nonzero Wilson coefficient changes the
thermal mass of the singlet (21), where A is compared
with the couplings Ayg and Ag, which is then expressed in
terms of singlet mass myg, the coupling Ayg, and the
parameter a. This means that the relation between their
values can play an essential role for the effect of the higher
order operator. In the ¢ direction, on the other hand, the
Wilson coefficient mainly contributes to the effective mass
of the Higgs boson (4), the Goldstone bosons (5), and the
singlet (6), while the thermal mass of the singlet remains
the same as in the Higgs direction. As a consequence, in the
direction with i = 0, the effect of the Wilson coefficient is
primarily determined by the coupling Ayg and the singlet
mass mg. Therefore, it is worth mentioning that the non-
zero Wilson coefficient significantly changes the effective
potential (29) in the ¢ direction.

In the next subsections, the two-step strong electroweak
phase transition is studied by dividing the parameter space
of the singlet extension with the dimension-six operator
in three regions: the low-mass region (mg < my/2), the
Higgs resonance region (mg = my/2), and the high-mass
region (mg > my/2).

A. High-mass region: mg > my /2

First of all, the two-step electroweak phase transition can
be described by the parameter space for mpy < 2myg in
Fig. 6 with zero Wilson coefficient, adopting the common
parametrization with @ = 0.1. As it has been previously
mentioned, this parameter space includes a number of small
regions with a one-step electroweak phase transition.
In particular, it was found that the parameter space with
s S 90 GeV corresponds to a region with both scenarios.
On the other hand, imposing the criterion for a strong first-
order phase transition reduces the generic two-step param-
eter space with 1 =0. More specifically, it is mainly
changed for mg > 200 GeV and low Higgs-singlet cou-
plings as the criterion (30) requires higher coupling® Ays in

SThe difference between the lowest Ayg for satisfying the
sphaleron rate criterion with lower bound 0.6 and 1 is negligible.
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FIG. 6. The blue region is the parameter space of the singlet
model for a two-step electroweak phase transition with
mg > mpyg/2, a=0.1, and A =0. The orange dotted line de-
scribes the constant ug = 90 GeV. The parameter space of the
strong two-step electroweak phase transition with v./T,. > 1
corresponds to the blue region, which is bounded from below by
the blue dotted line. The critical temperature in this parameter
space varies from T, ~30-140 GeV.

comparison with the generic case of a two-step phase
transition. Those higher values of the lower bound for
the coupling Ays vary with different singlet masses, and
they are depicted by the blue dotted line in Fig. 6. These
results generally agree with similar studies [64,65,70,101].
The renormalization scale dependence and other theoreti-
cal uncertainties in the perturbative analysis (which
are discussed in Refs. [66,72-74]) may introduce small
differences between our results and the literature.
Moreover, the authors of Ref. [70] claimed that larger
parts of the two-step electroweak phase transition param-
eter space are ruled out since relativistic speeds during the
phase transition must not be reached by the expanding
bubble walls, and it is required that bubbles do nucleate
at finite temperature. Nonetheless, we do not consider
these effects in the present study, leaving such improve-
ment for future work.

The presence of the higher order operator with 1 < 10?
does not noticeably affect the aforementioned parameter
space of the strong electroweak phase transition. The
lowest coupling Ays for a strong phase transition slightly
increases with 4 < 10%, and the critical temperature is
significantly increased, whereas the ratio v./T,. shows a
downward trend. This effect is strengthened by very high
and very low singlet masses. On the other hand, the
maximum value of the coupling Ayg, which is shown in
Fig. 6, is not changed by the higher order operator. In this
case, the effect of the nonzero Wilson coefficient is highly
weakened by lower singlet masses. The comparison
between the parameter space of the singlet extension with
A =0 and A = 10* is presented in Fig. 7. It is clearly seen
that the influence of the dimension-six operator is not
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FIG. 7. The parameter space (blue region) of the singlet

extension with a dimension-six operator (A = 10*) in order to
realize a strong two-step electroweak phase transition
(v./T. > 1). The orange line shows the lower bound of the
parameter space of the singlet extension, which is represented by
a blue dotted line in Fig. 6. In both cases, we take a = 0.1.

crucial for @ = 0.1. On the contrary, this behavior dramati-
cally alters for higher values of the parameter a, and it is
extensively studied for lower singlet masses.

The behavior of the full effective potential at finite
temperature is depicted in Fig. 4 for the case at hand by
taking into account all the phenomenological constraints
obtained in this subsection and for various temperatures. In
this example, the singlet’s phase transition is first order
using a point of the parameter space with mg = 500 GeV,
s = 4.3, A/M? ~2 x 107 GeV~2, and a = 0.1, but it
can also be a second-order phase transition for lower singlet
masses and Higgs-singlet couplings. As it can be seen, at
high temperatures, the effective potential is symmetric,
and as the temperature decreases, the singlet vacuum with a
barrier between the second vacuum and the origin is
developed. As the temperature decreases, the Higgs vac-
uum is generated with another barrier between the latter and
the origin also existing. Accordingly, the Higgs vacuum is
deeper than the singlet vacuum, and the electroweak
symmetry breaking phase transition occurs.

B. Higgs resonance region: mg=mpg /2

The Higgs resonance region is highly motivated by
dark matter physics since the singlet should have a mass
near mg = 62.5 GeV as a viable dark matter candidate
[102-104], and it is strongly restricted by the direct dark
matter searches by LUX, XENONIT, and XENONnT
experiments [49,59,64,102-104]. While in the majority
of the parameter space without the dimension-six operator,
the assumption of the real singlet as a dark matter candidate
is inconsistent with a strong first-order electroweak phase
transition, it has been shown that in the Higgs resonance
region, the dark matter relic density can constitute an

important proportion of the total observed dark matter
density [102-104].

Additionally, the full effective potential at finite temper-
ature is illustrated in Fig. 5 using a point of the parameter
space with Ayg = 0.15, 1/M?~2x 107> GeV~2, and
a =0.1, and a similar behavior is followed in the total
parameter space with mg = my/2. The singlet’s phase
transition is generally second order in this region in which
the two-step electroweak phase transition satisfies the
sphaleron rate criterion.

Firstly, the common value of @ = 0.1 is selected in order
to compute the critical temperature 7., the critical temper-
ature T of the singlet’s phase transition and the sphaleron
rate criterion for various values of the Wilson coefficient,
and the Higgs-singlet coupling, which are presented in
Figs. 8—11. The electroweak phase transition is considerably
affected by the higher order operator for A > 103, and the
parameter space is restricted, as the ratio v, /T . drops for a
nonzero Wilson coefficient, and a higher A5 is necessary
to generate the strong electroweak phase transition.
Moreover, the phase transition in the ¢ direction occurs
at a very high temperature for A/M? ~4 x 107 GeV~2,
which shows the strong influence of the higher order
operator on the singlet’s dynamics.

On the other hand, the parameter space of the strong
electroweak phase transition is expanded by taking
a > 0.4. This is an important feature of our model that
we need to further highlight at this point. This is clearly
illustrated in the case of a =1 in Fig. 10, where the
criterion v./T,. > 1 can be satisfied by much lower Ayg
compared to the model with zero Wilson coefficient. As a
result, if 1/M? > 10~ GeV~2, a strong electroweak phase
transition can be realized for every low Higgs-singlet
coupling with y2 > 0. Hence, the higher order operator
could assist a strong electroweak phase transition in regions
of the parameter space that were excluded in the previous
singlet extensions of the SM.

Regarding the singlet’s phase transition, the trend of the
critical temperature 7', is similar to the case of a < 0.4, and
T, sharply increases as the Wilson coefficient increases. In
addition, the previously mentioned instability in the ¢
direction takes place for A > 3650 and Ayg > 0.52 with
a = 1, which is also showcased by the fact that Ay = 0.52
leads to Ty ~ 8768 GeV. It is noticeable that lower values
of a lead to this instability for higher values of the Wilson
coefficient and the Higgs-singlet coupling.

In Figs. 8 and 10, the critical temperature with 1 # 0
approaches the critical temperature with 1 = 0 for larger
values of the Higgs-singlet coupling. This behavior shows
that the effect of the higher order operator is stronger for
low values of Ayg. This is also apparent for the ratio for the
sphaleron rate criterion in Figs. 9 and 10. However, in the
case of a = 0.1, the influence of the higher order operator is
maximized for an intermediate low value of the Higgs-
singlet coupling and not for the lower values.
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SN Finally, it is essential to mention that if the value of

R IR i a < 0.1, at zero temperature, the Higgs VEV v is not much
SRR Te. A =0.5x10% 1 deeper than the singlet VEV v,. Namely, the condition (32)
. oo e 1=104 | is satisfied for every a in Eq. (35), but low values of a do

120+ . . : not satisfy the condition,

NSUREIREN ] Vy(0,05) > Vi (0,0), (42)

R . ] which ensures that the Higgs vacuum is by far more

sol NItiiel ] energetically favorable compared to the singlet vacuum.

1 L 1 1 .
010 015 0.20 005 C. Low-mass region: mg < mpg /2
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potential remains the same as in the Higgs resonance

FIG. 8. The critical temperature (7'.) as a function of the Higgs- region, while the high-temperature phase transition in

singlet coupling (dys) for ms = 62.5 GeV and a = 0.1. the ¢ direction is primarily second-order in the allowed
parameter space.
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FIG. 10. The electroweak phase transition with mg = 62.5 GeV and a = 1: Left: the critical temperature (7',) as a function of the
Higgs-singlet coupling (Ays). Right: the sphaleron rate criterion as a function of the coupling A5 in the case of zero and nonzero Wilson
coefficient.
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FIG. 11. The critical temperature of the singlet’s second-order

phase transition 7'y as a function of the coupling Ayg for mg =
62.5 GeV and a = 1 in the case of zero and nonzero Wilson
coefficient.
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FIG. 12. The critical temperature as a function of the Higgs-
singlet coupling for a = 0.75 and 1 and mg < 0.1 GeV.

It has been already shown that the parameter space for
mg < mpy/2 is severely eliminated by the invisible decay
width of the Higgs boson and the condition y% > 0. It is
initially assumed that the branching ratio of the Higgs
boson to invisible particles is set to BR;,, < 0.19. However,
the lower mass region mg < 30 GeV, which is allowed by
these constraints, is completely excluded by the sphaleron
rate criterion considering A = 0 and a 2 0.05 due to the low
values of the Higgs-singlet coupling. On the contrary, large
values of 4 > 103 and a = 0.05 can easily assist the strong
phase transition for mg < 1 GeV. This is clearly illustrated
if we take A =2 x 10%, and ¢ = 0.75 as a strong electro-
weak phase transition (v./T. > 0.6) occurs for every
coupling Ayg and mg < 10 GeV. This is shown in
Fig. 12. More specifically, the lower bound of Ayg with
a singlet mass mg = 0.1 GeV and 1 =2 x 10* can gen-
erate a strong electroweak phase transition, and it is at least
10° times smaller than the corresponding value in the
singlet extension without the higher order operator.

Therefore, the presence of the higher order operator allows
very low interaction couplings, which easily avoid the
constraint imposed by the branching ratio BR;,, < 0.10.
In contrast, the previous behavior is dramatically
changed for values a < 0.05, as the zero Wilson coefficient
can lead to a strong first-order phase transition, whereas
the presence of the higher order operator weakens the
electroweak phase transition. The electroweak phase tran-
sition with zero Wilson coefficient mainly occurs for mg <
10 GeV in order to have a two-step phase transition, but
this upper limit on the mass increases for very low values of
the parameter a and Ayg. This behavior is also illustrated in
Fig. 13 since it shows that the lowest allowed value of Ayg
decreases as the parameter a drops for a given singlet mass.
Some typical results are presented for mg < 1 GeV and
a = 0.001 in Figs. 14 and 15. Firstly, it can be clearly seen
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FIG. 13. The dependence of the lowest g, which is allowed
by all the previous constraints imposing the criterion

v./T, > 0.6, on the parameter a for mg =1 GeV and 1 = 0.
This dependence was numerically computed to explain qualita-
tively that the parameter space expands its lower bound for low
values of the quartic coupling Ag.
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FIG. 14. The critical temperature as a function of the coupling
Aus for mg <1 GeV and a = 0.001 in the case of zero and
nonzero Wilson coefficient A = 0 (blue), 85 (green), 600 (gray),
1200 (brown).
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FIG. 15. Left: the sphaleron rate criterion as a function of the coupling Ayg for mg < 1 GeV and a = 0.001 in the case of zero and

nonzero Wilson coefficient. Right: the critical temperature of the singlet’s second-order phase transition 7'y as a function of the coupling
Aus for mg < 0.1 GeV and a = 0.001 in the case of zero and nonzero Wilson coefficient.

that the lower bound of Ayg is strongly constrained by a
nonzero total Wilson coefficient 1/M? ~10~"-107> GeV 2.
In addition, the full effective potential around the critical
temperature 7. remains the same for masses between
0-1 GeV with maximum deviations in the critical temper-
ature of the order of 1072, In Fig. 14, the trend of critical
temperature 7', is similar to one in the previous mass
region, whereas the temperature 7', in Fig. 15 stabilizes for
large values of Ayg, in contrast to the behavior described in
the previous sections.

In the case of BR;,, < 0.11 in the lower mass region, the
previous conclusions do not change as this constraint only
decreases the maximum allowed value of the Higgs-singlet
coupling to Apg* = 0.10, which subsequently excludes
some scenarios, especially for 4 = 0.

In the second region of the parameter space for
mg < mpy/2, the singlet mass is strictly restricted to almost
the half mass of the Higgs boson due to constraints in
Eq. (40) (Figs. 2 and 3). As a result, there is no noticeable
difference between this case and the Higgs resonance
regarding the second step in the two-step electroweak
phase transition, while the phase transition in the ¢
direction is slightly affected. Namely, the results on the
critical temperature 7. and the Higgs VEV v. remain the
same as the results in the previous section.

Assuming BR;,, < 0.19, the constraint (40) leads to
singlet mass mg = 62.48 GeV and coupling Ay = 0.88 as
the only strong electroweak phase transition scenario’ for
a = 0.1 in the standard singlet extension. Thus, the con-
straint (40) imposes that mg > 62.48 GeV and leads to a
narrow parameter space.10 On the other hand, the higher

Ye

The sphaleron rate criterion is satisfied: 7=~ 0.61.

The maximum value of Ay in Eq. (39) sharply increases as it
approaches half of the Higgs mass. This maximum value for
mg = 62.49998 GeV reaches nearly half of the upper bound of
Ans in the parameter space shown in Fig. 7.

order operator can decrease the lower bound on the
Higgs-singlet coupling due to the sphaleron rate criterion
as it was discussed in the previous section. It is remark-
able that in the higher mass region, the coupling Ayg >
0.065 [allowed by Eq. (40)] generates a viable electro-
weak phase transition for 1/M?~9 x 107> GeV~? and
a = 0.75. Consequently, the inclusion of the dimension-
six operator can contribute to the occurrence of a strong
electroweak first-order phase transition in the higher mass
region of the parameter space for mg < mpy/2. This
discussion is analogous in the case of BR;,, < 0.11
because the lower bound of the Higgs-singlet coupling
remains unaffected, whereas the size of the parameter
space differs, with the parameter space being highly
restricted for mg < 62.499 GeV.

VII. CONCLUSIONS AND DISCUSSION

Our current perception for the Universe during its
primordial classical and quantum evolution stages is
rather vague. Too many questions have to be answered,
and the current and future CMB and gravitational wave
experiments are expected to shed light on these stages
of our Universe’s evolution. The mechanism that gave
masses to the matter particles is the electroweak sym-
metry breaking, and this is believed to have occurred via a
first-order phase transition. However, the electroweak
phase transition in the SM is not a sufficiently strong first-
order phase transition. To this end, in this article, we
studied the electroweak phase transition in the context
of the real singlet extensions of the SM, including
dimension-six non-renormalizable operators, which cou-
ple the singlet scalar field with the Higgs doublet. We
showed that the electroweak phase transition occurs as a
two-step phase transition, which consists of the singlet’s
phase transition at high temperature and a subsequent
strong first-order phase transition in the Higgs and SM
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sector. In addition, considering a viable CP-violation
source, such as a dimension-six operator, which couples
the singlet to the top quark mass, the electroweak
baryogenesis can be realized to describe the baryon
asymmetry in the current Universe. This scenario is also
compatible with assuming the singlet particle as dark
matter candidate with mass nearly half of the Higgs
mass, which is highly restricted by the direct dark matter
searches. As we previously discussed, the parameter
space is majorly reduced by the sphaleron rate criterion,
the vacuum structure, the perturbativity of couplings,
and the invisible Higgs decay width. Consequently, we
studied the two-step strong electroweak phase transition,
which respects those constraints for mg = 0-550 GeV.
In this model, the critical temperature of the first-order
phase transition varies from 7. ~ 30-200 GeV depending
on the parameters of the model.

The impact of the dimension-six operator is summarized
as follows:

(i) The presence of the dimension-six operator mainly
modifies the thermal mass of the singlet in the Higgs
direction, which alters the first-order phase transi-
tion, while the singlet’s phase transition is strongly
affected by the nonzero Wilson coefficient, and its
critical temperature increases for higher Wilson
coefficients. In addition, the effect of the higher
order operator is washed out by large values of the
Higgs-singlet coupling and is weakened for coef-
ficients 4 < 10% in most cases.

(i) The dimension-six operator can generally assist in
generating the strong electroweak phase transition
for low Higgs-singlet couplings, which were not
allowed in the standard singlet extensions of
the SM.

(iii) The parameter space of our model for mg > my /2
and a = 0.1 remains approximately the same as in the
standard singlet extension. In the Higgs resonance
region, the singlet particle could be a dark matter
candidate, and the parameter space for a > 0.4 is
expanded for large values of the Wilson coefficient,
whereas this trend is reversed for a < 0.4.

(iv) The low-mass region is significantly excluded by
the invisible Higgs decay width and the sphaleron
rate criterion in the context of the standard singlet
extensions. Nevertheless, a strong electroweak
phase transition can be generated for low singlet
masses mg < my/2 by including the dimension-
six operator with A/M?>5x107°GeV~2 and
a = 0.05.

A study we did not include in our analysis is the study
of the stochastic gravitational wave background that
corresponds to the first-order phase transitions occurring
in our model. It is expected that the collisions between the
bubbles of vacua during the first-order phase transition
can generate a stochastic gravitational wave background

in the frequencies probed by current and future gravita-
tional wave experiments. We aim to analyze the stochastic
gravitational wave background generated by our model in
a near future work.
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APPENDIX A: ELECTROWEAK PHASE
TRANSITION IN THE SM

The electroweak phase transition can be realized in the
context of the SM as a first-order phase transition
[16,40,81,83,86,91,111,112], but it is insufficiently strong
to generate the baryon asymmetry. The dynamics of the
phase transition are described by the temperature-
dependent effective potential of the Higgs field including
the dominant contributions of the gauge bosons, the top
quark, and the Goldstone bosons. This effective potential is
explicitly presented in Sec. II, and in the Arnold-Espinosa
scheme, it is written as

SM /41%1 2 An 4
Ve (h,T):—Th +—h

4
4 2
+ Z(_I)Fini ngil(]/;) |:1n (mi gh>> _ Cl:|
i 4 Hr
n; T m?(h) T4 m?(h)
+Z: 2m JB( T2 ) _122_7z2JF< T2 )
AT

[ (h) = (M7 (h.T))*2].

1

(A1)

where i = {h,y,W,Z,y} corresponds to the bosons in
the SM.

2000
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FIG. 16. The full effective potential of the SM at the critical
temperature for numerous renormalization scales pp = m,/2
(blue), m, (orange), v (green), and 2m, (red).
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The high-temperature expansion of the thermal functions (15) and (16) for the temperature-dependent one-loop effective
potential is valid with very high accuracy in the case of the phase transition. Hence, the high-temperature expansion is

implemented in the full effective potential, which reads

”_%1;12 ’th4 2(h)TZ_i

VSM(p T) = —
ait (1.T) 2 4 24 12;z[

m?(h) + T0,(T)]/? + M {m <a;2T2> ~ 5} .

T
I ) h IL(T 3/2

3m;4{(h) |:ln (ahTz
Ty

3 2
>_§]+ 24

S0
24

T2

64rn 2

R

6my, (h) AT
—T2 _ - 3 h
12”mW( )

3mi(h),, 2T T

64r

ms a,T?
‘_[m%v(h)+HWL(T)]3/2+6 W(2h) {111( ZT > _a t T -,

—— M3, (h. T)]P

4 2 2
+3mz(§l) n abg _S]  1emih) o,
641 w2 )6 48

where the effective masses are given by

m2(h) = 4 + 302, (A3)

m2(h. ) = —uy + Ak, (A4)
and Eqgs. (7)—-(9), while the temperature-dependent self-
energy of the Higgs and the Goldstone bosons reads

Hh(T):HZ(T)—(+gIZ+ +>T2, (AS)

and the thermal masses of the gauge bosons are given by
Egs. (22), (26), and (27).

The electroweak phase transition is studied by varying
the renormalization scale for different values. The full
effective potential (A2) is illustrated in Fig. 16 for up =
m,/2 (blue), m, (orange), v (green), and 2m;, (red).

It is immediately apparent that the sphaleron rate
criterion is not satisfied as well as the maximum ratio is
achieved for pz = m,/2 with v./T, ~0.2 < 0.6; namely,
the electroweak phase transition is not a strong enough
first-order phase transition.'" Similar calculations can be
found in Refs. [16,40,81,83,91]. In the context of the
perturbative analysis, the sphaleron rate criterion can be
translated into an upper bound on the mass of the Higgs
boson, such as m; <42 GeV [81], which showcases the
lack of a strong phase transition in SM, whereas this bound
is my, <72-80 GeV in lattice calculations [113-116].
While the height of the barrier in the effective potential
and the Higgs VEV during the phase transition clearly
change for different renormalization scales, the critical

"Likewise, the authors of Ref. [83] argued that the sphaleron
rate criterion is not satisfied for m;, = 125 GeV in SM. In
particular, they calculated that v./T.~0.2 for m, = 120 GeV
and m, = 170 GeV, considering the hlgh temperature expansion
without the daisy resummation.

L) () -3 - 2 5. 0.1

(A2)

2] 12n

I

temperature is slightly dropped by less than 1% for higher
values of the renormalization scale as presented in Table I.

APPENDIX B: ONE-LOOP BETA FUNCTIONS

The RGE:s for the parameters of the real singlet extension
to the SM are presented here:

1

167°p,, = 2423 —3(3¢* + ¢* — 4y?) Ay + ngHs
3

+3 (3g* +2¢%9”* + ¢*) — 6y}, (B1)

9 3
167[2ﬂﬁHS == 4/112_15 + (12/1[.1 + 6/’{51 —+ 6)}? _Egz _E‘dZ)ﬂHS’

(B2)

16226, = 1822 + 22 (B3)
1672, = 169 7. (B4)
16726, = % 7 (B5)
167‘:2ﬂgs =-7g3, (B6)

TABLE 1. The critical temperature of the electroweak phase
transition (7'.) and the Higgs VEV (v,.) for different values of the
renormalization scale.

sg (GeV) T. (GeV) v, (GeV)
86.5 148.987 30
173.0 148.326 23
246.2 148.002 20
346.0 147.693 18
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9 9 17
16ﬂ2ﬁy1 = 5)’? - <ZQZ + Edz + 89%))% (B7)

where the one-loop beta function is defined as

dg
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