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We examine CP-violating effects on electroweak phase transition (EWPT) in the standard model with a
complex singlet scalar focusing particularly on a scenario where additional scalars have masses close to
125 GeV. Such a high mass degeneracy makes collider signatures in the scenario standard model like,
and current experimental data cannot distinguish them from the standard model predictions. We utilize a
simplified scalar potential to understand impacts of CP violation on EWPT qualitatively. Then, one-loop
effective potential with a thermal resummation is employed for full numerical evaluations. As a
phenomenological consequence, gravitational waves from the first-order EWPT are also evaluated. We
find that the strength of the first-order EWPT would get weaker as the CP-violating effect becomes larger.
As a result, gravitational wave amplitudes are diminished by the size of the CP violation. Future
gravitational wave experiments may shed light on CP violation in the singlet scalar sector as well as the
experimental blind spot due to the high mass degeneracy.
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I. INTRODUCTION

The existence of physics beyond the standard model
(SM) is strongly suggested by cosmological observations
such as dark matter (DM) and baryon asymmetry of the
Universe (BAU). Despite this tangible experimental evi-
dence, their relevant energy scales are still unknown, and
diverse scenarios have been proposed. Extended models
with new particle masses around O(100 — 1000) GeV are
of particular interest from the viewpoint of high-energy
physics experiments. Dedicated new physics searches by
Large Hadron Collider (LHC) [1,2] and DM direct detec-
tion experiments [3] have made room for new physics at
this scale narrowed to a large extent. It might indicate
that some suppression mechanism or alignment should
be at work if new particles are still there. The so-called
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degenerate scalar scenario can account for such an exper-
imental blind spot. A representative example is an
extension of the SM with a complex singlet scalar field
S (so-called CxSM [4], see also Refs. [5-19]) in which a
mass of the additional scalar is close to 125 GeV [17]. The
highly degenerated mass spectrum can yield a suppressed
spin-independent cross section of DM (ImS) with nucleons,
moreover, the mass mixing angle between the degenerate
scalars can be maximal without conflicting with LHC
data [20].

In Ref. [18], the current authors studied DM and first-
order electroweak phase transition (EWPT) required by
electroweak baryogenesis (EWBG) [21] (for reviews, see,
e.g., Refs. [22]) in the CxSM taking the degenerate scalar
scenario. In contrast to the previous study [17], the sup-
pression mechanism for the DM cross section off nucleons is
not compatible with the requirement of the strong first-order
EWPT. Nevertheless, we can still find viable parameter
space, but the DM mass is limited to around 62.5 GeV and
2TeV. The 2 TeV DM is just on the border that is allowed by
the DM relic density and direct detection data. Away from
this point is excluded by either of them except for the
62.5 GeV case, where the DM annihilation cross section is
enhanced resonantly, contributing to only tiny portion of the
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observed DM relic density and evading the DM direct
detection constraints.

In the CxSM, the stability of DM is guaranteed by CP
conservation of the Higgs sector, i.e., ReS and ImS do not
mix. Given the fact that EWBG calls for CP violation beyond
the SM and 62.5 GeV DM is far from being main component
of the observed DM relic density, it is our next step to
consider CP-violating (CPV) Higgs sector in the CxSM
[7-9,12] by demoting ImS to an ordinary decaying particle.

It is known that the CPV phase in this model does not
generate a pseudoscalar coupling between the SU(2),
doublet Higgs and SM fermions, nor does CPV current.
Therefore, additional new particles, especially fermions
that couple to S, would be required to transmit the
CPV effect to the SM matter sector and drive BAU.
Nonetheless, as far as the dynamics of EWPT is concerned,
scalars play a leading role, and the analysis within the
CxSM is expected to give useful guidance toward more
complete analysis.

In this paper, we quantify the impacts of CPV on first-
order EWPT, focusing particularly on the degenerate scalar
case, which remains attractive as the experimental blind
spot regardless of DM physics. To clarify differences from
the previous CP-conserving (CPC) case [18] qualitatively,
we analyze EWPT using tree-level potential with thermal
masses (referred to as high-temperature (HT) potential in
this work). On the other hand, a finite temperature one-loop
effective potential with Parwani resummation method [23]
is used for a full numerical study. As a phenomenological
consequence of the first-order EWPT, we also evaluate
gravitational waves (GWs) [24,25] induced by the dynam-
ics of bubbles and thermal plasma, which may provide a
complementary probe of the experimental blind spot.

The paper is organized as follows. In Sec. II, we
introduce the CxSM and set our notation and input
parameters. In Sec. III, we present how to calculate
EWPT and bubble nucleation. In addition, the qualitative
study of EWPT is also demonstrated using the HT
potential. All the formulas necessary for the GW calcu-
lation are given in Sec. IV. Section V is devoted to
conclusion and discussions.

II. MODEL

The CxSM is the extension of the SM by adding the
complex SU(2), gauge singlet scalar field S. The model
was proposed in Ref. [4] and shows that DM can exist if the
scalar potential is invariant under CP transformation
S — §*, and a vacuum expectation value (VEV) of § is
real. Phenomenological studies of DM can be conducted in
Refs. [5,6]. Furthermore, one could obtain the strong first-
order EWPT in this model [10,11,13-16,18].

The most general CPC scalar potential contains 11 new
parameters [4]. Since not all of them are relevant to DM and
EWPT physics, we work on a minimal scalar potential
defined as

A 5,

2
m &
Vo(H,S) - H’H+4(H1H)2+ H'H|S|> + |S|2

d b
+ZZ|S|4+ (a]S+ZIS2+H.c.>, (1)

where both a; and b; break a global U(1) symmetry,
avoiding an unwanted massless particle, and a; is intro-
duced to avoid a domain wall problem which can arise
when Z, symmetry Vo(H,S) —» Vo(H,—-S) is spontane-
ously broken.' If the Higgs sector is CP conserving, real
and imaginary parts of S do not mix with each other and the
latter can be the DM candidate. As mentioned in Sec. I,
however, EWBG needs new CPV, and moreover, a con-
dition of the strong first-order EWPT in this minimal CxSM
renders the DM relic density much smaller than the
observed value in the lower viable DM mass window
~62.5 GeV [18], requiring additional stable particle as a
main component of the DM abundance. It is therefore more
reasonable to consider CxSM including CPV and leave the
DM issue to a more complete theory.

We parametrize the scalar fields as

G*(x)
H(x) = (%(v+h(x)+iG°(x))> @)
S(x) = \% (05 + vk + s(x) + iy (x))
- %(‘”seies +s(x) + iy (x)) (3)

where & is the SM-like Higgs field and v(=246.22 GeV) is
its VEV, while G° and G are Nambu-Goldsone (NG)
fields. v and v are the VEVs of s and y, respectively. In
the CPC limit, y becomes DM. For later use, we define
a; = a} + id} and by = b} + ib}.

At the tree level, tadpole conditions with respect to £, s
and y are, respectively, given by

oh St

v, by & , . do, , bt
<as> [2+4 Tl g

+\/§a1

ThsP| =0 @

fb’ tpi =0, (5)

'We could consider other Z, breaking terms such as $* or
HTHS to avoid the domain wall problem. However, we exclu-
sively focus on the potential Eq. (1) by reason of the minimality
and to make a comparison with our previous work [18], where
Eq. (1) is considered in the CP-conserving limit.
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oV, by & 5, d , b
<a;(> {2+4 Ty |S| 2

1

2a| — Ebll vs =0, (6)

where (- - -) denotes that all fluctuation fields are taken zero
after the derivative.

Note that v is nonzero if a] # 0, which is important
when discussing phase transitions in this model. We also
note that even though a; # 0, one could encounter another
domain wall in the case of spontaneous CPV (called CP
domain wall) [26] with @} = b} = 0. In this case, Vj is
invariant under Z, transformation y — —y. Once the Z,

h
1 5 1
_‘Cmass:_(h S )()MS s :_(hl
2 2
X
with
2a" b[ i .
M= | Bovs $oR T3S Sl
. bi l r
Doog  Yafopl Gof 420448
(9)
where m?, b,, and b} are eliminated using the tadpole
conditions
A 1)
2 _ 2_ 9% 12
m=-sr - | vsl, (10)

r 1
2 s Us

by = =22, —@|vs|2 ﬁ(ﬁ—a—?), (11)

b = V2 (al ) (12)
vy s
The mixing matrix O is parametrized as
1 0 O c, 0 —s5, cp =51 0
Ola))=|0 ¢35 —s3 01 O s1 ¢ 0],
0 535 o¢3 s 0 ¢ 0 0 1
(13)

where s; = sine; and ¢; =cosa; (i = 1,2, 3).

*According to Ref. [26], explicit CPV with O(10724-10"2) in
magnitude would be enough to avoid the big-bang nucleosyn-
thesis constraints. GW signatures of the domain wall collapses are
studied in detail there.

symmetry is broken spontaneously, the CP domain wall
would appear. After straightforward calculation, one finds

A 24 5,m? V2a,
=44 [ -0 - b L), (7

However, this vacuum degeneracy is resolved when the
explicit CPV is present, making the CP domain wall
unstable. We, therefore, assume explicit CPV throughout
this study.2

The tree-level masses of the scalars are obtained by

hy
1 3
hy hy)OTMZO| hy =§Zmiih%, (8)

Let us summarize our input parameters. There
are 9 degrees of freedom in the scalar potential,
{m?, 2,85, by, dy, ay, at, by, b}, where {m? b, b}} are
traded with 3 scalar VEVs. Without loss of generality,
we take b} = 0. The remaining 5 degrees of freedom are
fixed by {mhl,mhz,mh3,al,a2}. In this work, we
set my, = 125 GeV.

Here we list relationships between the input parameters
and original Lagrangian parameters. From Eq. (8), it
follows that

=> 040,m3,, (14)
k
from which one finds
Zo,,mh, (15)
2 2 2
o li 'mh[:v_vgzoliO?aimhp (16)
2 \/_a
s 7[ S oam ]
Vs
2 Zal
- o o]
Us Us
2
= 0,,0 17
USUS [Z 2i 3lmh:| ( )

Furthermore, the expressions of d, in Eq. (17) yield
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Note that a3 is not an independent parameter and deter-
mined by the second equality in Eq. (16)

ZO |02 _ O e — (M) (Mzs)ls 0. (20)
- 1i r 1}3 hi ,Ur 1}3, .

Vs S

In this model, Higgs couplings to fermions (f) and gauge
bosons (V = W*, Z) are, respectively, given by

mye - my -
Lizr = —Tfhff = —7f Z;Kifhiff’ (21)

1
’Ch,-VV = ;h(m%Z”Z" + Zm%VW;W_”)

1
== Kkyhi(m3Z,2" + 2my, Wi W), (22)
v,
i=1-3
where m; and my are the same as those in the SM and
Higgs coupling modifiers are
Kif = Oy, Kiy = Oy;. (23)
In the SM llmlt, Klf =Ky = 1 and K2.3f = Ky3y = 0. We
emphasize that the SM-like limit is also achieved in the
degenerate scalar scenario, my, =~ my, ~m;, = m,. In this
case, signal strengths of the Higgs boson could be SM like.

For example, the cross section of the process gg — h; —
VV* would be cast into the form

K'
~ ~SM if iV -SM
0gg—>h,~—>VV* - 6gg—>h |:Z Fh :| Iﬁh—>VV* ’ (24)

1 i

SM

where o,," , is the production cross section of gg — h in

the SM, and likewise I'3M,, .. is the partial decay width of
h — VV*inthe SM. T, denote the total decay widths of h;
and a narrow width approximation is used smce [y, < my,.
Here, the interference terms are neglected In this model,
I, are well approximated by I, ~x7I3M, where
K; = K;y = k;y. With this, the cross sectlon has the form

’The interference terms could be important if lmy,, — my, | <
0, +T h, [27,28] (for recent study, see Ref. [29]) In ‘our
benchmark points, however, the smallest mass differences is
500 MeV and the sum of the total decay widths are at most I'3M =
4.1 MeV [30].

SM SM
Oggh—VVs = 0oy - By (25)

We note that the current experimental constraints on the
Higgs total decay width are I';'? < 14.4 MeV (ATLAS
[31]) and T';? = 3.2774 MeV (CMS [32]), which are not
precise enough to constrain I'; in our scenario at this
moment.

In the degenerate scalar scenario, the mass matrix (14) is
simplified to

<M§)ij = ZOikOjkm%l = 5ijm%z' (26)
3

One may consider the cases [6,] <1 and |dy| <1 to
satisfy this condition. As discussed in Sec. III, however, the
size of 9, is closely related to the strong first-order EWPT.
Therefore, we have to take vs’ /v < 1 while maintaining
62 O(l) and d2 O(l)

Before closing this section, we make a comment on CPV
in the CxSM. Since S couples to fermions and gauge
bosons only through the mixing angles a;, a pseudoscalar
coupling &;fysf does not arise in this model. Therefore,
even though the complex phases exist in the scalar potential
and the singlet scalar VEV, they do not induce CPV in the
matter sector in the SM, implying that further extension is
needed to realize EWBG. One possible extension is adding
new fermions that couple to S. After integrating out the
fermions, one may find the following higher dimensional
operators contributing to the top Yukawa coupling

— — T Cl Cy 2 C3 )
ﬁ_thLH<1+XS+P|S| +PS +"'>1R+H.C.,
(27)

where g, is the left-handed doublet fermion, A = iz?H*
with 7% being Pauli matrix, the coefficients ¢, are
arbitrary complex parameters and A is the scale of the
integrated fermions. The imaginary parts of ¢S, ¢,, and
c3S? give the pseudoscalar coupling, which may fuel
EWBG. The possibilities of EWBG using Im(c;) or
Im(c,) in extensions of the SM with singlet scalar are
studied in Refs. [10,33-35]. If all the coefficients c ;3
happen to be real, the EWBG-related CPV should arise
from ImS. This is the exactly the case we are interested in
here. The possibility of spontaneous CPV is also studied in
Ref. [14], but the model setup is different from ours.

III. ELECTROWEAK PHASE TRANSITION

We begin by discussing possible patterns of phase
transitions in this model. Under the assumption of
aj # 0, one could find following phases:

EW,: (u(T). 5(T). 05(T): (28)
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EW,: (o(T). v§(T).0); (29)
§': (0, 75(T), 55(T)); (30)
S: (0,7%(T),0), (31)

where T denotes temperature. The EW symmetry-broken
phase comprises two cases EW, and EW, in which v # 0
and v§ = 0, respectively. Similarly, before the EW sym-
metry is broken, the vacua can be classified by the
condition that spontaneous CPV exists or not, denoted as
S’ and S, respectively. Therefore, the possible thermal
history in this model is as follows.

1stepPT: S —» EW, S’ - EW; (32)

2stepPT: S > S’ > EW, (33)

where EW denotes EW, or EW,. As seen from Eq. (6), v§
would not be zero even at sufficiently high temperature
if a’i # 0, which we assume here to avoid the CP domain
wall problem. Therefore, the PT pattern in our case
is S":(0,9%(7), 95(T)) = EW,: (v(T), v5(T), v§(T)).

As far as EWBG is concerned, EWPT has to be strong
first order such that [36—40]

’UC>
Ve > 4
Tz (34)

where T is the critical temperature at which the effective
potential has two degenerate minima, and v is the doublet
Higgs VEV at T. The lower value primarily depends on
saddle-point classical configuration called sphaleron
[41,42]. In the literature, the lower bound “1”” is commonly
adopted as a rough criterion. As noted in Sec. 11, the current
model must be extended to incorporate a new CPV. Even in
such a case, the dynamics of EWPT and the lower value of
Eq. (34) would not be drastically changed if the new
particles are fermions that are weakly coupled to S.
|

. . T2
VI (g, g%, 05 T) = Voo, @5, ¢k) + 5
m? A

s 4
=— @+ g+ 2R+ o) +1¢

4 16 8

by

Generally, the effects of the fermions appear at loop levels
and thus subleading.
To study EWPT, we use a one-loop effective potential

T_é
(35)

, T in?
Vile. 05 05:T) = Dy [Vcw(m?) + ﬁls,p< )} :

where @, ¢%, and @} are the constant classical background
fields of H, ReS, and ImS, respectively. The indices i
represent 53, W, Z, t, and b. The degrees of freedom of
each particle n; are nj, ., =1, ngo = 1, ng= =2, nyy =6,
ny =3, and n,=n, =—12. Vcy is the MS-defined
effective potential at zero temperature, while /g g are the
nonzero temperature counterparts, which are, respectively,
given by [43-45]

_ m} m?
Voul?) = s (n-c). o

Ipp(a?) = /0 T dxIn (1 F VIR (37)

Here r1; denote field-dependent masses of each particle i,
¢; = 3/2 for scalars and fermions while ¢; = 5/6 for gauge
bosons, Iz with the upper sign is the thermal function for
bosons while I with the lower one is that for fermions. z is
a renormalization scale. In this work, we impose renorm-
alization conditions such that the vacuum and scalar masses
are not altered at the one-loop level, viz, on-shell-like
scheme [46].4

To discuss the strong first-order EWPT qualitatively, we
expand I 5 in powers of /n?/T? and retain O(T?) term (see
Appendix for details).” Furthermore, we drop the zero-
temperature one-loop corrections for simplicity. We call
this simplified potential the high-temperature (HT) poten-
tial, which takes the form

[Enp* + ZspF + Zs0'?]
‘ o .
(08 + 0§ + V2(aiol - aio) + 5 b0 — ¢§)

‘ T2 .
+7 (9 + o) + > [Zue® + Zsd + 0], (38)

“In this scheme, the NG contributions cause an infrared divergence, requiring a special treatment. In Ref. [47], it is found that their
effects on EWPT are rather minor. We therefore exclude them in V.

SWe do not include the T>-like term here since (i) T is not the main source of the first-order EWPT in this model and (ii) CP-
violating effect that we are interested in this paper arises from the tree-level potential rather than the thermal potential. Therefore,

retaining O(T?) terms suffices for the qualitative study.
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where

A 8 3 1 v
T, == — 7b
H=gT g 162+161 +4 (39)

1
Yo = (52+d2)ﬁ,

(40)
with ¢,, g1, y;, and y, being the SU(2),, U(1), gauge
couplings, top, and bottom Yukawa couplings, respectively.
As analytically shown using the CPC HT potential [18],
when additional singlet fields are present, the doublet-
singlet mixing in the tree-level potential could contribute to
the first-order EWPT significantly (for classification of
first-order phase transitions, see, e.g., Ref. [48]). Here, we
generalize it to the CPV case and see to what extent CPV
can affect the strength of the first-order EWPT.

For the sake of convenience, the three scalar fields are
reexpressed in terms of the polar coordinates as

@ = zCO8Y, @ = zsinycos 0 + vy,

@l = zsinysin 0 + i, (41)

where the limit of z = 0 describes to the S’ phase. A critical
temperature (7'¢) of the first-order EWPT is defined by a
temperature at which the effective potential has two
degenerated minima, such as

<3

=— 42
<c 2C4 ’ ( )

V(ZC, Yc ec; Tc) = C4ZZ(Z - Zc)z,
where the subscripts C indicate that the quantities are
evaluated at T, c3, and ¢4 are the coefficients of the cubic
and quartic terms in z, ie., VHT 3 —c323 + ¢4z*. Their
explicit forms are, respectively, given by

2

Syc€ ~r ~i
_% (o U5 + 89,05)(82 + dat7.),  (43)

C3 =

4

S+ 26,8,

cy = +dyth), (44)

where sy, = sinfc, ¢y, = cos ¢ and

r ~r i ~i
;= Usc = VUsc _ VUsc — Usc (45)
Yc T - :

UCC(')C ’UCSQC

In the case of |£,.| <1, one could obtain simple expres-
sions of v¢c and T as

25 . i ~ 1}’
2 (55el vgcwsc—tecvsc))(l—NfC), (46)
A Ve

Ve

1 6
Te=~ \/E [_mz - 32 |”sc|z] ) (47)

where the first equality in Eq. (45) is used to obtain v.. The
second equality in Eq. (45) gives an equivalent expression
of v, which is obtained by exchanging the indices r and i
in Eq. (46). As is the CPC case studied in Ref. [18], the
larger 6, gives the more enhanced v-/T, and moreover,
T depends on |#4¢|* so that CPV does not matter. On the
other hand, the degree to which v is enhanced depends on
Ve, Ve, and Oc. If 15 <0, ve would get smaller
compared to the CPC case.
From the first equality in Eq. (16), one obtains

‘02,‘m%’[
2¢) 2 2 2 2 2 2 2
= p— [(mj, —my, )sicic3+sy53(mj, —my i —my s7)].
(48)

In the degenerate scalar scenario, the numerator in o, gets
small due to the orthogonality of the rotation matrix O,
>.:01;05; =0. To compensate for it, v§ has to be
correspondingly small. One can get a similar expression
from the second equality in Eq. (16) and find the
necessity of the small v§. As shown below, vg <1 GeV
and v§ <1 GeV are the typical sizes. The smallness of
those VEVs controls the magnitudes and signs of af and a}
in order not to make d, too large, as seen from Eq. (17).
Overall, the necessary conditions for the strong first-order
EWPT in CPV CxSM with the degenerate scalars are
closely parallel with those in the CPC case. That said, the
numerical values of v could be distinctive in the presence
of CPV. For instance, if we increase the CPV parameter v
while others are fixed, 6, would get smaller, as discussed
above, which could reduce v.. We quantify this state-
ment below.

Even though the HT potential makes it easy to extract the
essence of EWPT, the dropped terms in the full potential
Vet = Vo + V; should be incorporated for quantitative
studies. Furthermore, thermal resummation is needed to
improve perturbative expansion at finite temperature. There
exist two representative resummation methods called
Carrington-Arnold-Espinosa [49,50] and Parwani [23]
schemes. In the former, only a zero Matsubara frequency
mode is resummed, while all the modes are resummed in
the latter. Scheme dependence could be significant if the
first-order EWPT is induced by a cubic term originating
from 7. In the CxSM, however, the structure of the tree-
level potential plays a dominant role in realizing the strong
first-order EWPT. It is verified in Ref. [18] that T~ and
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VEVs at this temperature in the two schemes are not
different from each other significantly. Even though the
current analysis includes CPV, the strong first-order EWPT
is still controlled by the tree-level potential, and therefore
we consider only the Parwani scheme for illustration. A
comment on our resummation scheme should be made
here. In the original Parwani scheme, ;> are replaced with
thermally corrected ones in all the places in V|, which is the
consequence of the reorganization of the perturbation
theory in which mass parameters contain the temperature
corrections at zeroth order. On the other hand, we have
renormalized Vcyw in the temperature-independent on-shell
like scheme to maintain the tree-level relationships among
the input model parameters. Since Vcyw is free from
dangerous infrared divergences originating from the zero
Matsubara mode, we perform the thermal resummation
only in I, which is actually equivalent to a so-called daisy
resummation shown in the pioneering work of Dolan and
Jackiw [45].

In the above discussion, we define the transition temper-
ature by 7. To be more precise, however, the onset of the
transition is bubble nucleation which occurs at a temper-
ature lower than 7. Now let us define the nucleation
temperature 7y and study to what extent this temperature
deviates from 7.

A bubble nucleation rate I'y (7') per unit time and per unit
volume may take the form [51]

T) 3/2
FN(T) ~ T <523(T)> e_s3(T>/T, (49)
V4

where S3(7) is three-dimensional bounce action describing
an energy of a bubble that has a critical radius (critical
bubble) at T. The nucleation temperature 7' is defined by a
relation

Tw(Ty) T3
= H(Ty) = 1.661/g.(Ty)
BTy - W) 9T

(50)

where H(Ty) is the Hubble parameter, mp =~ 1.22 x
107" GeV, g,(Ty) denotes the massless degrees of free-
dom at 7'y, and we take g,(Ty) = 108.75 in the numerical
analysis. With 'y (7) in Egs. (49) and (50) is recast into the
form

S3(Tw) 3, (S3(Ty) 434-21n 9:(Tw)
Ty 2\ Ty 100

Ty
_4ln<100 Gev>’ 51

which implies that S;(Ty)/Ty < 140 would be required
for the occurrence of EWPT. There exists a tendency that
the stronger first-order EWPT induces the larger S3/7, and
beyond certain strength of the transition, the condition

S3/T < 140 would not be satisfied even at sufficiently low
temperature. We rule out such a case in our analysis.6

We obtain the critical bubble using the following energy
functional

S3(T) = /d3x[(6iH)T6,-H + O,S*alS + Veff(H’ S, T)],
(52)

where the classical background fields are parametrized as

1 0 1 r N
) =5 (0 ) 86 =5+ o)

(53)

Since a spherically symmetric configuration is expected to
give the least energy, the scalar fields depend only on the

radial coordinate r = /x> +y> +z2. In this case, the
energy functional (52) takes the simplified form

o 1 (dp\? 1 [dp;\? 1 [dpi\?
_ 22 (22 _ S _ S
S3(T)_4”A drr [Z(dr) +2<dr> +2<dr

+ Vet (p. 5. 5 T)} , (54)

where we normalize the potential as

Vert (0. 05, p5:T) = Vgt (0. 5. p5: T) = Ve (0, 0%, 0 T).
(55)

From this energy functional, one obtains the equations of
motion (EOMs) as

d’>p 2dp oV
a0 (56)
d’py  2dpy oV
“ds OV _, 57
dr* rdr dpj (57)

dr’ " rdr dpl

For the critical bubble, the boundary conditions are

lim p(r) =0, lim p%(r) = %, lim p(r) = L,

(59)

®EWPT may be triggered by QCD phase transition [52] (for
recent studies, see, e.g., Refs. [53-56]). Besides this possibility, it
is pointed out in Ref. [57] that domain walls, if exist, can catalyze
the bubble nucleation.
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| _, 0|,

dr r=0 dr r=0 dr r=0

(60)

By the first boundary conditions (59), V approaches to zero
in the symmetric phase (r — o) and S; remains finite. The
second boundary conditions (60) are needed to avoid the
singularities of EOMs at the broken phase (r = 0). We note
in passing that when dividing S3 into the kinetic and
potential parts, S3 = T + U, the classical solution satisfies
the relation 7 = —3U by the Derrick theorem [58]. This
gives a useful cross-check for the correctness of numerical
solutions.

Now we present our numerical results. To analyze
EWPT, we use a public code COSMOTRANSITIONS [59].
In finding T,, we simply employ the condition
S3(Ty)/Ty = 140. To see the impacts of CPV on
EWPT and make a comparison with the CPC case studied
in Ref. [18], we closely follow the parameter choices in
Ref. [18], where v = 0.6 GeV, m;, = 124.0 GeV, and
a; = n/4 are chosen. For other input parameters, we set
my,, = 124.5 GeV and a, = 0.0 radians for illustration.

Figure 1 shows vacuum expectation values (VEVs) in the
symmetric and broken phases at T¢ as functions of v,
where line and color schemes represent 7 (solid, red), v¢
(dashed, green), v, (thick-dotted, blue), ¥%. (thin-dotted,
blue), v, (thick-dot-dashed, magenta), and %, (thin-
dot-dashed, magenta), respectively. One can see that vl
and 75. are very sensitive to v%. The former is the

103
102 ’___'.,,_s
— 10! 4 /./'/ K
> st s
S T N
7 100'l----l-.-l------Ill""
> .
S .
_ -—
3 10 14 L
=] . / — TC
é.) . — - e
10_2 3 s m
Usc
—
10-3 - ¢
..... -
104 T ———TT . ~U5:C-‘
10-2 101
v [GeV]
FIG. 1. Shown here are T (solid, red), v (dashed, green), v,

(thick-dotted, blue), ¥4, (thin-dotted, blue), Ugc (thick-dot-
dashed, magenta), and ﬁgc (thin-dot-dashed, magenta) as func-
tions of v§. The other input parameters are listed in Table L.

monotonically increasing function, while the latter has
the similar behavior but turns around vg ~ (.5 and drops.
This result implies that sizable CPV at T requires the
sizable CPV at T = 0 GeV. In other words, the so-called
transitional CPV [60-64], in which CPV can be sizable at
T but suppressed or even zero at T = 0 GeV, does not
occur in the current case. Actually, we find that 04(T) =
tan~![v5(T)/v5(T)] is temperature independent, which
may be understood as follows. The phase-dependent part
of the HT potential is

- 1 .
VIT(95) = V2(afo§ - aigl) + 7 b1 (0 = o)
= V2¢s(a] cos 95 — a' sin I)

1
—l—Zb{go%(cosz 95 — sin? 9y), (61)

where ¢ = @4 cos 95 and gog = g sin Jg. Even though ¢y
evolves with temperature, 95 does not since the temperature-
dependent structure is 72 Zg (@5 + @) = T*Zs¢%, and thus
(94(T)) = 65(T) stays on its zero temperature value
Os(T = 0) = tan~! (vi/v5). This argument can also apply
to the case using the full effective potential.

The vi dependence on the other VEVs and 7' are rather
mild for v < 0.3 GeV. This may be due to the fact that the
leading CPV effect, which enters through the term
- 2a’igog in the tree-level potential (61),” has less effect

compared to the term v/2a} ¢} for v} < 0.3 GeV. Beyond
it, however, the CPV piece becomes comparable to the CPC
one and its effect starts to get pronounced. It is found that
ve/Te becomes weaker as vf increases, leading to
ve/Te < 1 for vi 2 0.5. The reduction of ve/T¢ is the
consequence of the diminution of §, o 1/ vg, which can be
understood by the analytic formulas Egs. (46) and (47).

As shown below, the bubble nucleation does not occur
for vg < 0.3 GeV; thus, we exclusively focus on the cases
vg = 0.3, 0.4, and 0.5 GeV while keeping others fixed,
which are referred to as BP1, BP2, and BP3, respectively.
The input and output parameters in those benchmark points
are summarized in Table I. Note that Eq. (12) with b} ~
10712 GeV? yields a} ~—ajvi/vy = —a’ tanfg. From
Eq. (20), it is found that az = 0.464, 0.588, 0.695 radians
in BP1, BP2, and BP3, respectively. In all the BPs,
k1 = 0.711, x, = —0.711, and x3 = 0.0, which implies
that &3 does not couple to SM particles and only couples
to hz.

T and the corresponding VEVs in the three BPs are
given in Table II. We also refer to the results in the CPC
cases quoted from our previous work [18]. Note that y plays
arole as DM, and the viable mass windows are only the two

7b{ is negligibly small in the chosen parameter space. See
Table 1.
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TABLE I. Input and output parameters in the three BPs. a; = 0.464, 0.588, 0.695 radians in BP1, BP2, and BP3, respectively. The
Higgs coupling modifiers are common to all the BPs, i.e., k; = 0.711, x, = —0.711, and x3 = 0.0.
Inputs v [GeV] vg [GeV] vg [GeV] my, [GeV] my, [GeV] my, [GeV] oy [rad] a, [rad]
BP1 246.22 0.6 0.3 125.0 124.0 124.5 /4 0.0
BP2 246.22 0.6 0.4 125.0 124.0 124.5 /4 0.0
BP3 246.22 0.6 0.5 125.0 124.0 124.5 /4 0.0
Outputs m? b, [GeV?] b} [GeV?] 0 d, a; [GeV?3] ai [GeV?]
BPI1 —(124.5)> —(121.2)>  -7.717 x 10712 0.511 1.51 1111 —(18.735)*  (14.870)°
BP2 —(124.5)? —(107.3)? 5.145 x 10712 0.511 1.40 0.962 —(18.735)3 (16.367)3
BP3 —(124.5)? —(90.82)? 0.0000 0.511 1.29 0.820 —(18.735)3 (17.630)3
TABLE II. VEVs at critical temperature 7 in the three BPs and two CPC cases. For details of the CPC cases, see Ref. [18].
CPV CPC

vl =03 GeV vl = 0.4 GeV vl =0.5 GeV m, = 62.5 GeV m, =2 TeV
ve/Te %:1.7 %:1.4 %:1.1 %:1.9 %:1.9
Ve [GeV] 1.249 1.634 2.403 1.250 1.171
vie [GeV] 0.624 1.089 2.003 o ‘e
U5e [GeV] 137.9 118.5 94.82 144.2 146.2
oo [GeV] 68.97 79.01 79.01 ‘e ‘e
TABLE III. VEVs at nucleation temperature 7y in the three BPs and two CPC cases. A = (T¢ — Ty)/T ¢, which characterizes the

degrees of supercooling.

CPV CPC
Ufg =0.3 GeV vg = 0.4 GeV vg =0.5 GeV m, = 62.5 GeV m, =2 TeV

vn/Tn 20 -36 =21 H2=14 B8 —42 B —42
vy [GeV] 0.657 0.921 1.446 0.636 0.634
vgN [GeV] 0.328 0.614 1.205 e

Tgy 1GeV] 143.7 122.3 97.26 150.1 150.2
vy [GeV] 71.83 81.55 81.05

A 40.5% 16.7% 7.3% 46.0% 46.7%

locations shown here. Even though some numerical
differences are observed in BP1 and CPC cases, they give
a similar EWPT since CPV is not much effective in BP1.

Now we show the numerical results of the bubble
nucleation. 7y and the corresponding VEVs in the three
BPs and CPC cases are summarized in Table III. The
stronger first-order EWPT leads to the larger supercooling,
which may be characterized by the quantity
A= (T¢c—Ty)/Tc. One finds that A = 40.5% for BP1,
A =16.7% for BP2, and A = 7.3% for BP3. Too large
supercooling prevents EWPT from developing since
S3/T > 140 at sufficiently low temperature, which occurs
in the region v§ < 0.3 GeV, as stated above. For the
CPC cases, it is found that A =46.0% for
m, =625 GeV, and A =467% for m, =2 TeV.

Despite the larger supercooling compared to BP1, we still
have bubble nucleations in those cases. In passing, it turns
out that the HT cases in Ref. [18], which give the even
stronger first-order EWPT, do not have the bubble
nucleation.

In the context of EWBG, the bubble wall profile is one of
the most important key parameters in generating BAU.
Figure 2 shows p(r) (solid, red), p§(r) (dashed, blue), and
pi(r) (dotted, green) in BP1 (left panel), BP2 (middle
panel), and BP3 (right panel), respectively. The left
endpoints correspond to the VEVs in the broken phase,
while the right endpoints approach those in the symmetric
phase. All the profiles have hyperbolic tangent shapes.
Besides the endpoints, one crucial difference among the
BPs is the thicknesses of the walls (L,,). One can see that
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250 - 1 250 250
v = 0.3 [GeV] p(r) vy = 0.5 [GeV] p(r)
=== ps(r) === p5(r)
200 200 004 pis(r)
w " (%]
2 150 A 2 150 R
= = =
o [ o
o o o
= 100 1 == 100 4 =
50 1 50 1
0 1 0
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.15 0.20 0.00 0.05 0.10 0.15 0.20
r [GeV™Y r [GeV™Y r [GeVTY]

FIG. 2. p(r) (solid, red), p%(r) (dashed, blue), and pi(r) (dotted, green) in BP1 (left), BP2 (middle), BP3 (right).

L, gets smaller as the strength of the first-order
EWPT becomes larger. Commonly, it is called a
thick wall regime if L,, > 1/T and otherwise a thin wall
regime. In BP1, L, ~0.1 GeV~', which is greater than
1/Ty ~0.01 GeV~!, and hence thick wall regime. In
Fig. 3, we also show the r dependence on the phase of
the singlet scalar profile. It is found that p’ /p% in all the BPs
are flat, which would be due to the same reason for the
temperature independence of Oy discussed around Eq. (61),
namely, Oy is not dynamical in our model.

In closing, we briefly discuss CPV relevant to EWBG.
As noted in Sec. II, our model has to be extended to
propagate CPV in the scalar sector to the SM fermion
sector. For illustrative purpose, we consider the dimension
5 operator in Eq. (27). The top mass during EWPT is cast
into the form

2.0 1
— v =0.3 [GeV]

—-== vk = 0.4 [GeV]
vis = 0.5 [GeV]

1.0 1

s/ P
(=]
[¥,]

0.0 1

—0.5 4

-1.0 T T
0.00 0.05 0.10 0.15

r [GeV™]

FIG. 3. pi/p% as a function of r in BPI (solid, red), BP2
(dashed, blue), and PB3 (dotted, green).

() ¢, .
() =222 (1 L o5t + k(o))

= [m,(r)|e? "), (62)
where the phase 6,(r) is expressed as
. ps(r)
0,(r) = tan 1(—) (63)
’ V2A/er +p5(r)

The CPV source term for BAU can arise from the
derivatives of 6,(r) with respect to r. It is interesting to
investigate to what extent BAU can be sourced. However,
the detailed analysis of EWBG is beyond the scope of this
paper, and we defer it to future studies.

IV. GRAVITATIONAL WAVES

One of the important consequences of the strong first-
order EWPT is GWs arising from bubble and plasma
dynamics. The amplitudes and frequencies of GWs would
be modulated according to the amount of latent heat and/or
duration of the phase transition. Those quantities may be
quantified by the so-called @ and f parameters [65,60]

T d T
o= ﬁEH*T*<S3( )> . (64)
prad(T*) ar T T=T,
with
O0AV o4 7’
T) = AV —T— T) = —g.(T)T*
€( ) Veff or prad( ) 309*( ) ’
(65)

where AV = Ve (0,05(T), 55(T); T) = Vgt (v(T ), v%(T),
v§(T);T) and H, = H(T,). T, is the temperature at which
GWs are produced. Without significant reheating, T,
would not much differ from Ty, and T, = Ty is taken
in this study.
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Sources of GWs arise from bubble collisions [67-72],
sound waves [73-76] and turbulence induced by percola-
tion [77-82]. The GW spectrum we observe is the sum of
them, i.e.,

QGW (f) h2 = Qcol (f)h2 + QSW (f)h2 + Qturb (f)hz’ (66>

where f is the frequency of GW. We estimate Qg using
the following equations [65,66]

-2 2 1/3
Qoh? = 1.67 x 107 A Kea@ \ (100
H, l+a) \ g

0'111}3" 3'8(f/fcol)2'8

X <0,42 + v%) 1+ 2'8(f/fcol)3'8 ) (67)

Q2 = 2.65 x 1076 (ﬁ)" ( Ky >2<100) 1/3

SW - . H* 1 + - g*
7\ 7 72

T (f_w> (W) ’ (68)

— o B\ (K@) 2 (100 1/3

Szturbh2 =335x%x10 4<E> <H_a> < . >

(f/fturb)3 (69>

U F/ fan)F (L + 827 /R

where v,, denotes the bubble wall velocity and £, is

T g 1/6
h,=165x105(— V(L) Hz (7
»=165x10 (100 GeV) (100) 2. (70)

From Egs. (67)-(69), one can see that Qgwh> becomes
more enhanced as « increases and/or f decreases. Since the
larger supercooling corresponds to the larger a, we can
expect that Qgyw in BP1 or CPC cases becomes the highest
among others. We also note that the powers of /H, in
Q. h? and Q. h” are higher than that in Q_,42, which is
attributed to the fact that the former two have the longer
duration of the sources. As numerically shown below, the
sound wave contribution is dominant in the vicinity of the
peak frequency.
For v,, ~ 1, it is found that

1 4 fa
v (07150 + /=), (71
Heol 1+O.715a( Ty 2) (71)

a
=073+ 0083 /a+a’

(72)

Kurb = (0.05 = 0.1)k,. (73)

In our numerical analysis, we take v, =0.95 and
Kb, = 0.1k, for illustration. The other choices, e.g.,
Ky = 0.05k,, do not change our conclusion.

The peak frequencies of the three sources are, respec-
tively, given by

P 0.62
—16.5%x 1076 -
fea x <H) (1.8 —0.1v, + 02,

T, g. \°
e V(%) H 74
% (100 GeV) (100) “ (74)
1 B T g 1/6
—19x105— (2 ) (" V(%) T H
Fow =19 107257 (H) (100 GeV> <1oo> “
(75)
T g 1/6
— o7 x 1050 (L) (L ) (2
Fuaro T <H> <100 GeV) (100) 8
(76)

Even though €, is the biggest contribution in Qgy around
the peak frequency, the other two contributions would
come into play at higher frequencies since Q,, o f~* while
Q. « £~ and Qp, /3 [66]. We, therefore, include
all the contributions in our numerical analysis.

In Fig. 4, Qgwh? in the three BPs and two CPC cases are
shown. The line and color schemes are as follows: BP1
(thick-solid, red), BP2 (thick-dashed, blue), BP3 (thick-
dotted, green), CPC with m, = 62.5 GeV (thin-solid,
black), and CPC with m, =2 TeV (thin-dotted, black).
We also overlay the sensitivity curves of the future GW

10-8 -
—— CPV,l = 0.3 GeV

== CPV,ul = 0.4 GeV

- CPV,vl = 0.5 GeV
—— CPC,my = 62.5 GeV
------ CPC,m\ = 2000 GeV

10710 -

10—12 -

DECIGO

Qcw h?

10—14 -

10-16 4/

10—18 V- r kY
10-° 10-3 10! 10!

f [H]

FIG. 4. Qgwh? in the three BPs and two CPC cases are plotted
as functions of f. The line and color schemes are coordinated as
follows: BP1 (thick-solid, red), BP2 (thick-dashed, blue), BP3
(thick-dotted, green), CPC with m, = 62.5 GeV (thin-solid,
black), and CPC with m, =2 TeV (thin-dotted, black). The
sensitivity curves of the future GW experiments TianQin, Taiji,
LISA, DECIGO, and BBO are also shown.
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experiments such as TianQin [83,84], Taiji [85,86], LISA
[66,87,88], DECIGO [89,90], and BBO [91]. In BP1 and
two CPC cases, Qgwh? can be as large as 107!! at the peak
frequencies, which can be probed by Taiji, LISA,
DECIGO, and BBO. On the other hand, it is found that
Qgwh? ~ 107'* in BP2 and Qgwh” ~ 107'° in BP3 at each
peak frequency. Therefore, only BBO may be able to probe
BP2, while BP3 is still beyond the reach of the proposed
experiments.

Our numerical results show that although GW is not the
CPV observable, it is highly sensitive to the size of CP
violation in the singlet scalar sector since the strength of the
first-order EWPT is primarily affected by it. In the
degenerate scalar scenario considered here, it is concluded
that the GWs could be detectable for ¢ < 0.7 radians.

Lastly, we address theoretical uncertainties in our calcu-
lation. Itis known that the renormalization scale dependence
on Qgwh? could be significant if one uses the resummed
one-loop effective potential (for a recent study, see, e.g.,
Ref. [92]). Moreover, our calculation misses a finite lifetime
factor of sound waves pointed out by Ref. [93]. Due to those
uncertainties, Qgwh?> could be modified by a factor to an
order of magnitude. Nevertheless, our main conclusion
would not be drastically changed.8

V. SUMMARY AND DISCUSSIONS

We have investigated the possibility of a strong first-order
EWPT taking CPV into account in the CxSM with degen-
erate scalars as a generalization of our previous study in
Ref. [18] where CP was assumed to be conserved in light of
DM physics. To understand the impacts of CP violation on
the first-order EWPT qualitatively, we derived the analytical
expressions of v¢ and T [Egs. (46) and (47)] using the HT
potential (tree-level potential together with the thermal
masses). As is the CPC case, v-/T ¢ can be enhanced by
the doublet-singlet Higgs mixing coupling 6,. However, we
found that o, is related to the imaginary part of the singlet
VEV vi [see Eq. (16)] in a way that &, decreases as v
increases. As a result, v./T in the CPV case tends to be
suppressed. This behavior was also numerically verified
using the one-loop effective potential with the Parwani
resummation scheme (Fig. 1). Because of the simplicity of
our scalar potential, the singlet phase g is temperature
independent, implying that the size of the CPV is fully
determined by that at zero temperature, and there is no
possibility of transitional CPV. In the investigated parameter
space, the least CPV case in BP1 gives more or less the
similar v./T ¢ as those in the CPC cases [18] (Table II).

We also evaluated the critical temperature and corre-
sponding bubble wall profiles. It was found that all of the
bubble wall profiles have hyperbolic tangent forms and

¥3 dimensional effective field theory approach would be one of
the methods to reduce the scale uncertainties [94].

their widths become thinner as the first-order EWPT gets
stronger (Fig. 2), which is consistent with the known
behavior. On the other hand, the phase of the singlet
bubble wall is constant in space (Fig. 3), which is the
reflection of the simple structure of the model setup.

As an interesting consequence of the strong first-order
EWPT, we also evaluated the GWs. Since GWs are
modulated by the strength of strong first-order EWPT,
the larger CPV in the singlet scalar can diminish the GW
amplitudes significantly (Fig. 4). In our degenerate scalar
scenario, the signatures of the GWs may be seen in future
experiments if fg < 0.7 radians. Conversely, the larger
CPV would not yield a detectable GW spectrum. In this
way, even though the GW is not the CPV observable, we
may get some useful information on CPV in the CxSM. We
also emphasize that the GW signals would provide an
exquisite probe of the degenerate scalars, which is currently
the experimental blind spot.

Besides the GW probes, detection of the interference
effects among the degenerate scalars would be a smoking
gun for our scenario. For example, off-shell Higgs pro-
duction cross sections, which can be used to extract
the total Higgs decay width [95,96], might be sensitive
to the interference effects. In addition, the degeneracy of the
scalars could be disentangled by a recoil mass technique at
lepton colliders [17]. Therefore, future collider experiments
such as High Luminosity-LHC and International Linear
Collider would play a complementary role in probing the
degenerate scalar scenario.

Finally, we make comments on theoretical issues in the
current model. As noticed, for successful EWBG, addi-
tional new particles are needed to induce CPV effects in the
SM fermion sector. Furthermore, a candidate for DM
should also be introduced (see, e.g., Ref. [97]). Those
issues will be addressed elsewhere.
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APPENDIX: FIELD-DEPENDENT MASSES
AND THERMAL MASSES

Here we list the field-dependent masses and derive the
thermal masses of the scalars. In the presence of CP
violation, the mass matrix of the scalars takes the 3-by-3
form

@

| o ]

S0 o5 P M3 | @5 |
@5

(A1)

where
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m?> 32 7 A A2 with |ps|> = @5 + . The field-dependent masses of the
(M) = +I Ty 4 |Ps (A2) NG bosons, gauge bosons, and top/bottom are, respec-
by b dy 5 tively, given by
v 2 i 2
(M) =5+ + 7 Bof +of) + 07 (A3)
52 52 m* A,
b, b d Mor = Mg =3 T3 T4 0% (A8)
y 2 2
(M) == - 21+4(¢2+3w)+ v’ (A4)
2 2
_ 95 5 _, BTG o,
_ 5 my, =22 ¢?, my; = . (A9)
(M3)1, = 7260%’ (AS) 4 4
) 5 yi Y
(M3)13 = Ezéﬂfﬂls’ (A6) m; Efﬂz’ iy, = ?(PZ (A10)
- b. d , 2 o
0 __b b, The thermal masses of ¢ to O(T*) appearing in the
-5+ . AT . :
(Ms) 2 + 2 bss (A7) potential (38) is calculated as follows.
J
5 T2:02V1|T>O:Zn T? 9l (a7) O*m 2+ I @Iy p(af) (9mi\?
" 0g? 272 da>  0p* 27 0(ad)? \ dp
T? azrh% T? 0%in?
=51 N T i
24 i=bosons 0(p 48 i=fermions 6(0
A 0 1 1
~ [ B BR D)+ 0| (A1)
where ) ;53 NS Y oic103 (/\_/lg) ;; 18 used for the scalars. Similarly, the thermal masses of the singlet fields ¢ and gog are
found to be
o’V L% 6, +d
ESTZ — a(){1)|r§>0 _ a(1p|l;‘>0 _ 2 f—z 2 T2 (A12)
s s
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