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In a singlet pseudoscalar extension of the two-Higgs-doublet model, we discuss spontaneous CP
violation electroweak baryogenesis via two different patterns of phase transitions (PTs): (i) two-step PTs
whose first step and second step are strongly first order; (ii) three-step PTs whose first step is second order
and the second step and third step are strongly first order. For the case of the two-step pattern, the first-step
PT takes place at a high temperature, converting the origin phase into an electroweak symmetry-broken
phase and breaking the CP symmetry spontaneously. Thus, the baryon number is produced during the first-
step PT. At the second-step PT, the phase is converted into the observed vacuum at zero temperature, and
the CP symmetry is restored. In both phases, the sphaleron processes are sufficiently suppressed, which
keep the baryon number unchanged. For the case of the three-step PTs, the pseudoscalar field first acquires
a nonzero vacuum expectation value (VEV), and VEVs of other fields still remain zero during the first-step
PT. The following PTs and electroweak baryogenesis are similar to the case of the two-step PTs. In
addition, the gravitational wave spectra can have one or two peaks through the two-step and the three-step

PTs, and we discuss the detectability at the future gravitational wave detectors.

DOI: 10.1103/PhysRevD.107.115008

I. INTRODUCTION

The baryon asymmetry of the Universe (BAU) is one of
the long-standing questions of particle physics and cos-
mology. The observed BAU from big bang nucleosynthesis
is given by [1]

Yy =pg/s=(82-92)x 107", (1)

where pjp is the baryon number density and s is the entropy
density. Generating such an asymmetry dynamically needs
to satisfy the well-known Sakharov conditions: baryon
number violation, sufficient C and CP violation, and
departure from thermal equilibrium [2]. A theoretically
attractive mechanism is provided by the electroweak baryo-
genesis (EWBG) [3,4], which can be tested at current or
future colliders, because it generally involves new physics
around TeV. In the EWBG scenario, the baryon number is
violated by a sphaleron process at high temperatures, and the
out-of-equilibrium environment is realized by a strong first-
order electroweak phase transition (SFOEWPT). The

*Corresponding author.
leiwang @ytu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2023/107(11)/115008(13)

115008-1

standard model (SM) contains the electroweak sphaleron
process, but it fails to provide the out-of-equilibrium and
sufficient CP violation. Therefore, a successful EWBG asks
for an extension of the SM with additional sources of CP
violation and extra particles coupling to the Higgs sector
producing a SFOEWPT, which can be realized in some
typical extensions of the SM, such as the singlet extension of
the SM (see, e.g., [5—18]) and the two-Higgs-doublet model
(2ZHDM) (see, e.g., [19-34]).

The explicit breaking of CP may appear in the scalar
couplings or Yukawa couplings, which can be severely
constrained by the nonobservation of electric dipole
moment (EDM) experiments [35]. Several cancellation
mechanisms are proposed to make the CP violation large
enough to achieve the EWBG while satisfying the EDM
data [33,34,36,37]. On the other hand, a finite temperature
spontaneous CP violation mechanism can naturally avoid
the constraints of the EDM data, where the CP symmetry is
spontaneously broken at the high temperature and it is
restored after the electroweak PT. The spontaneous CP
violation EWBG can be realized in the singlet complex
scalar extension of the SM [17,18] and the singlet pseu-
doscalar extension of 2HDM [38], in which the singlet field
first acquires a nonzero vacuum expectation value (VEV)
while the electroweak symmetry remains unbroken. Next, a
SFOEWPT takes place through the vacuum decay between
the singlet field direction and the doublet field direction in
which the net BAU is produced via the conventional
EWBG mechanism.

Published by the American Physical Society
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In Ref. [38], the authors proposed the singlet pseudo-
scalar extension of 2HDM to achieve the EWBG in which
the spontaneous breaking of CP is driven by the VEV of
the pseudoscalar in the early Universe. In this paper, we
continue the study of Ref. [38] and discuss the spontaneous
CP violation EWBG via two-step PTs and three-step PTs
as well as the corresponding the gravitational wave (GW)
signal. For the two-step PTs, the first step and second step
are both strongly first order. For the three-step PTs, the first
step is second order, and the second step and third step are
strongly first order. The GW spectra could have one or two
peaks through the two-step and the three-step PTs [39—41],
and we discuss the detectability at the future GW detectors,
such as LISA [42], Taiji [43], TianQin [44], Big
Bang Observer (BBO) [45], Decihertz Interferometer

|

Voupm = mﬁ@T(Dl) + m%z(q);q)z) -

+ 23 (D] @) (D)D) + Ay (D] D,) (PID)) +

[m},®]®, + H.c.] +

GW Observatory (DECIGO) [45], and Ultimate-DECIGO
(U-DECIGO) [46].

Our work is organized as follows. In Sec. II, we will give
a brief introduction on the model. In Secs. III and IV, we
discuss the possibility of explaining the BAU and detecting
the GW signal at the future space-based detectors. Finally,
we give our conclusion in Sec. V.

II. A SINGLET PSEUDOSCALAR
EXTENSION OF 2HDM

A singlet pseudoscalar S is introduced to the 2HDM, and
the Higgs potential includes two parts: Vogpy and V.
They are, respectively, the pure potential of 2HDM and the
potential containing the pseudoscalar S. The V,ypy with a
softly broken discrete Z, symmetry is written as

A A
> (®]@)) + > (®)D,)?

[25(@®,)% + H.c.]. (2)

The ®@; and ®, are complex Higgs doublets with hypercharge ¥ = 1:

(%
b %(”1+¢1+i’7) ’

where v, and v, are the electroweak VEVs with v? =
v? + 3 = (246 GeV)? and the ratio of the two VEVs is
defined as tanff = v,/ v,.

The Vg containing the singlet pseudoscalar S is given by

1
— —m282 + 4
Vs—szS 24S

+ 5 S olo, + 5 520l,. (4)

+ [juS®i®, + H.c.]

Here, we assume that all coupling coefficients and mass
terms are real, and the pseudoscalar S does not develop a
VEV at zero temperature. As a result, the Higgs potential
sector is CP conserved at zero temperature.

The potential minimization conditions require

1
miy = mity — 5 v*(A1¢5 + A34555)
1
may = mi, [ty — §v2<ﬂzs§ + A3sscy),

m%—l—gv cﬂ+22v2s§>0, (5)

with the shorthand notations 75 = tanp,
cp=cosf, and Azys = A3 + A4 + 4s.

sp = sinf,

o ¢3 5)
P\ St da i) )

After spontaneous electroweak symmetry breaking, we
can obtain the mass matrices of the Higgs fields from the
scalar potential in Egs. (2) and (4):

6 ¢ )( m,tg +/111ﬂc/% m12+ﬂv2s2ﬂ) (¢1)
1 2 5
-m?, + ““v Sop mu/t/;—i—/lzv 7 b

(6)
Mizty =i, ~HUSp
(n hy S)| —-mi, g/t HvCy
—pvsy  pvcy  mg 450y + 5 0%s)
n
x| hsy |, (7)
S

| ty -1 v
(o7 #5) ’”%2_1(’14+’15)1)2S2”}<—/}1 1/@)(47;—)’

(8)
with m?, = m3, — /1511 sop and 5,5 = sin 23.

The mass eigenstates are obtained from the original
fields by the rotation matrices:
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H Ca Sq 2 as longitudinal components of the Z and W* bosons. The
( h ) - ( ) (¢2 ) ©) remaining physical states are two neutral CP-even states h
and H, two neutral pseudoscalars A and X, and a pair of

G 1 0 O csg sz 0O n charged scalars H*, and their masses are obtained by using
the rotation matrices in Eqgs. (9)-(11) to diagonalize the

—Sa  Cqa

Al=10 - - 0 hs |, . .
Co 56 8 Cp 3 mass matrices in Egs. (6)—(8). These scalar masses can
X 0 59 ¢ 0 0 1 S determine other relevant parameters:
(10)
2 2
my — nmy
(Gi> ( cp s/;> <¢1i) (an H= o SeCo
Hi - —5 c + /)’ K1 Ky
s Cp) \; m§ = m3 s + myc; —Evzcé—gvzsé. (12)

where ¢, =cosa, s, =sina, cy =cosf, and sy = sin6.
The G° and G* are Goldstone bosons which are absorbed ~ The couplings 4; (i = 1, 2, 3, 4, 5) are determined by
|

2.2

2.2 2 22 2.2 _ 2 1
| My Cy + My sy — mily My Sy + MyCq — Mty

2 2
v = , vl = ,
1 Cz 2 Sz
o, (my —mp)sac, +2my, spep —miy L, (m3 =2my.)spep +mi,
v 13 — s v j-4 - )
S/;C/; S/;C/;
2 2
—mySzCp +m
Vs = ASpEp 12 (13)
S/}C/,’
I
with 7} = mjcj + mis;. where Of = (uy,d;), L] = (v;,1,), @15 = ir,®] », and
The general Yukawa interactions are written as Y12, Ya12, and Yy, are 3 x 3 matrices in family space.
_ . _ _ In order to avoid the tree-level flavor-changing neutral
—L=Y 01 Doug +YpQrPodr + YL Preg current, we take the Yukawa interactions to be
+Y, 0P iug+ Y0, @dg + Yo L @rep+He.,  aligned [47.48]:
(14)
J
\/Emui \/Emui
(Yur)i = » (cp = spKu), (Yia)i = ; (sp + cpku),
ﬂmf- \/szi
(Yer)i = » “(cp = spKe), (Yea)i = » (sp+ cpkr),
\/Emd- \/Emd»
(Xan)ii = » “(cp = SpKa), (Xa2)ii = » “(sp + cpka), (15)

where all the off-diagonal elements are zero. i = 1, 2, 3 is the index of generation, and X, , = VEKMYszVCKM. From
Egs. (10), (14), and (15), we can obtain the Yukawa couplings

m - m - .m, _ .m - .m -
Ly = Tfy{lhff + TfﬁI;Hff - ZTKuc,un}/Su + lechgAd}/Sd + lTLﬂK,;oCQALﬂ}/Sf

_ _ 2 2
— i B s Xitysu + i kgspXdysd + i L kpsoXPrst + HT 1V e (fmd k,Pr — vam, KMPL> d+H.c.
v v v v v
2
L V2m xk,H"DPge + He., (16)
v

where y/ = sin(f — a) + cos(f — a)k; and yh = cos(f — a) — sin(f — a)kp with f =u.d. 2.
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III. ELECTROWEAK PHASE TRANSITION AND
BARYOGENESIS

A. Relevant theoretical and experimental constraints

Before discussing the electroweak PT and EWBG, we
first introduce relevant theoretical and experimental con-
straints. We identify the lightest CP-even Higgs boson 4 as
the observed 125 GeV state and take sin(f—a) =1 in
order to avoid the constraints of the 125 GeV Higgs signal
data, for which the tree-level couplings of /4 to the SM
particles are the same as the SM. The 4 is assumed to have
no exotic decay mode. In addition, according to the
Yukawa couplings of the extra Higgs fields (H, H*, A,
and X) as shown in Eq. (16), we assume «,, k4, and «,
to be small enough to suppress the cross sections of
99— AX,H), g9 — AX,H)ff, gg — thH™, and gb —
tH™ at the LHC, so that benchmark points BP1 and BP2

|

1

2 2 2

S = n_—mz [CgFS(m%, my, mle) + SgFS(m%, my, mX) — Fs(m%, m2

z
1

- 16m3, %,
1
U=—5[Fs(mj, méi, m%) — 2Fg(m3,, mili,
my,
1

2
my

where

1 ab a
FT(a,b) _§(a+b)_a—blog<g>’
Fs(a,b,c) :Bzz((l,b,c) —B22(O,b,C), (18)
with

1 1 1 /1
B = ——al|l —= Xlog(X —i
»(a,b,c) 1 {b—i—c 3a} ZA dxXlog(X — ie),
X =bx+c(l —x)—ax(l—-x). (19)
Taking the recent fit results of Ref. [1], we use the
following values of S, T, and U:
S =-0.01 £0.10, T =0.03£0.12,

U=0.024+0.11, (20)
with the correlation coefficients

PsT = 092, Psu = —080, Pru = —0.93. (21)

m7.) + cFs(my,.m

can satisfy the exclusion limits of searches for additional
Higgs bosons at the LHC. Also, very small «,, x;, and «,
can satisfy flavor bounds like b — sy. The other effects
induced by the three parameters are ignored in the follow-
ing discussions.

The scalar potential of the model includes the potential
of 2HDM and the potential involved with the singlet field S,
which are constrained by the vacuum stability, perturba-
tivity, and tree-level unitarity. There are detailed discus-
sions in Refs. [49,50], and we employ the formulas in
Refs. [49,50] to implement the theoretical constraints. The
model can give additional corrections to the oblique
parameters (S, T, U) via the self-energy diagrams exchang-
ing extra Higgs fields (H, H*, A, and X). For
sin(ff — a) = 1, the expressions of S, T, and U in the this
model are approximately given as [51,52]

Hi’ m%_]i)]?

5 [—cgFr(my, m3) = sgFr(my, mx) + Fr(mp.,my) + cgFp(my., m3) + sgFp(my. my)],

fes M) + $5Fs (i, i m3)]

[€F s (m7, miy, m3) + SGFs(m3, miy, m3) = Fs(m3, my.., m3,.)], (17)

H*

|
B. Electroweak phase transition and bubble profiles

To analyze the electroweak PT, one needs the effective
potential of the model at the finite temperature. We
parametrize the neutral components of the two Higgs
doublets:

1 .
(hi+in)=—7=Ae",

V2

1 1 1 .
_ _ ih.) — —— ipy
\/i \/i(h2+lh3) \/§A2€ .
(22)
From Egs. (2) and (4), one finds that the effective potential
depends on only the relative phase ¢, — ¢;. Thus, we
choose to rotate ¢, to O and take i, h,, h3, and S as the
field configurations. The complete effective potential at
finite temperature includes the tree-level potential, the
Coleman-Weinberg term [53], the finite temperature cor-
rections [54], and the resummed daisy corrections [55,56],
which is gauge dependent [57,58]. Here, we take a gauge
invariant approximation, which keeps only the thermal
mass terms in the high-temperature expansion in addition to
the tree-level potential. Then the effective potential is
written as
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Veff(hh hy,a,, Sy, T)

L h
T3 B

1
+§(m3

with

2 39/2 T2
th |:2 +—+6/11+4/13+2/14+K1+6thﬂ:|ﬂ,

n {g+3iz+6z A+ 20 4k + 6 s}—z
h = 5 2 2 3 4 2 Vi Sp 24
thzl_[hz,

‘ 2
HS = [4K1 +4K2 + Ks] (24)

24°

where /_1345 = l?, —+ l4 — lS and y; = \/zm,.
In a first-order PT, bubbles nucleate and expand,

converting the high-temperature phase into the low-

temperature one. The probability of tunneling at the temper-

ature 7 per unit time per unit volume is given by [59-61]

I~ A(T)e /T, (25)

where A(T) ~ T*is aprefactor and S; is a three-dimensional
Euclidian action.

The Euclidian action is calculated with O(3) symmetric
solutions for the configurations 4y, h,, h3, and S, which are
determined by differential equations [62]

dp;  2dp; OV
drr " rdr  og;

(i=1,2,3,4), (26)

with the boundary conditions dg;/dr|,_, =0 and
@i(r = 00) = @;; with @;, being the VEV of the phase
outside the bubble. Here, ¢;_; » 3 4 denote hy, hy, h3, and S,
and r is the spatial radial coordinate. The solutions are used
to determine the value of S;:

Sy =4 /md 2 f Ldoi\* Ly (27)
= rr = gl
3 4 o i:12 dr eff

At the nucleation temperature 7, the thermal tunneling
probability for bubble nucleation per horizon volume and
per horizon time is of the order of one, and the conventional

condition i

The dynamlcs of the electroweak PT are characterized by
two key parameters f and a. f characterizes roughly the
inverse time duration of the strong first-order PT:

1 1 1
=5 (m3) + 10, )t + 2 (m3, + 10y, )h3 + 3 (m3, + 11, ) 3

2
—myyhihy

X 2 A A
Upt L 2R+ nd) + 2B R2R2 4 BE 22 4 222

4 4 4

K K K
+ I5)S? + uShy hy +ZlSzh% +f52(h§ + 1) +2—is4, (23)

B _ pd(S(1)/T)
H, ar  |,_;’

n

(28)

where H, is the Hubble parameter at the nucleation
temperature T',,. « is defined as the vacuum energy released
from the phase transition normalized by the total radiation
energy density pr at T,:

Ap Ap

e L A 29
PR ﬂZQ*Tﬁ/:))O ( )

where g, is the effective number of relativistic degrees of
freedom.

During the first SFOEWPT, the doublet fields develop
nonzero VEVs, namely, yielding a transition from (0, 0, 0)
to ({(hy), (hy), (h3)). The CP violation comes directly from
the spatial evolution of (h3), which renders the top quark
mass a complex-valued function of the spatial coordinate
across the bubble wall. The electroweak sphaleron proc-
esses [63-65] can bias the CP asymmetry produced
around the bubble wall into the baryon asymmetry. The
condition that guarantees the produced baryon asymmetry
inside the bubbles of the broken phase is not washed out by
the electroweak sphalerons leads to a bound on the PT
strength [66]:

fnl
Tnl

> 1.0, (30)

where &,; = /()% + (h,)? + (h3)? and T, is the nucle-
ation temperature for the first SFOEWPT.

As the temperature drops down to the T,,, the second
SFOEWPT takes place, in which the phase is converted
into the observed vacuum at zero temperature, and the CP
symmetry is restored. During the second SFOEWPT, the
sphaleron processes are sufficiently suppressed in both
phases, which keeps the baryon number unchanged.

In our calculations, we require that the potential has a
global minimum at the point of ((h) = vy, (hy) = v,
(h3) =0, (S) = 0) at zero temperature, which is numeri-
cally calculated. Considering the constraints from theory
and the oblique parameters, we take benchmark point 1
(BP1) and benchmark point 2 (BP2) to provide detailed
discussions on the physical processes for the two-step PTs
and three-step PTs, respectively, which are shown in Table I.
Because of the constraints of the oblique parameters, my and
my= for BP1 and BP2 are favored to have a small mass

115008-5



SONGTAO LIU and LET WANG

PHYS. REV. D 107, 115008 (2023)

TABLE L

Input and output parameters for BP1 and BP2 with m;, = 125 GeV and sin(f — a) = 1. Here, £,, and £, denote

/(1) 4 (hy)? + (hs)? of phases at the interior and exterior of the bubble from the second SFOEWPT. The first SFOEWPT is from the
first step of two-step PTs and the second step of three-step PTs, and the second SFOEWPT is from the second step of two-step PTs and

the third step of three-step PTs.

tan mi, (GeV)?  my (GeV)  my (GeV)  my= (GeV)  my (GeV) So Ky Ky Ky
BP1 0.867 4628.4 463.3 124.6 478.2 539.2 -0.372 9.294 7.176 0.881
BP2 1.084 2864.9 481.6 161.5 494.4 412.6 -0.325 7.198 4.361 10.677
The first SFOEWPT The second SFOEWPT
Tnl (GCV) gnl /Tnl TnZ (GCV) gnZ/TnZ 5:12/Tn2
BP1 71.86 1.24 34.82 6.11 4.72
BP2 62.48 1.20 58.11 2.39 1.66

splitting. From Eqgs. (17) and (18), one can find that the
correction of the model to the T parameter tends to decrease
with |my —mp=| and disappears for my = my=. The
pseudoscalar with a mass of 124.6 GeV for BP1 is allowed
by the signal data of the observed 125 GeV Higgs signal at
the LHC, since its couplings to WW and ZZ are absent, and
the couplings to fermions are taken to be negligibly small.
The phase histories for BP1 and BP2 are, respectively,
exhibited in Figs. 1 and 2 on field configurations versus
temperature plane. The numerical package CosmoTransitions
[67] is used to analyze the PTs. As the Universe cools, there
appear three different phases, and they follow two-step PTs
for BP1. At very high temperatures, because of the con-
tributions of the thermal mass terms, the minimum of the
potential is at the origin and the electroweak symmetry is
restored, namely, ((h,), (h,), (h3), (S)) = (0,0,0,0) GeV.
When the temperature decreases to 71.86 GeV, the system
tunnels to the second phase at (67.2, 28.1, 51.6, 28.5) GeV
via the first SFOEWPT. Because /5 and S acquire nonzero
VEVs, the CP symmetry is broken spontaneously. As the
temperature decreases, the system evolves along the second
phase until 7' = 34.82 GeV and ((h,), (h,), (h3),(S))
(123.5,67.2,85.4,35.1) GeV. Then it tunnels to the third

200 100 [~

phase at (161.1, 139.2, 0, 0) GeV, and the CP symmetry is
restored via the second SFOEWPT. Next, the system evolves
along the third phase and ultimately ends in the observed
vacuum at 7 = 0 GeV.

Figure 2 shows that the Universe undergoes three-step
PTs for BP2. At T =83 GeV, the S field acquires a
nonzero VEV, and the VEVs of h;, h,, and A5 still remain
zero via a second-order PT. When the temperature
decreases to 62.48 GeV, the system tunnels to a new phase
at (48.3, 25.8, 51.5, 39.8) GeV via the first SFOEWPT. As
the temperature decreases, the system evolves along the
phase until 7= 58.11 GeV and ({h,), (h,), (h3),(S)) =
(63.4,42.7,59.2,34.3) GeV. Then it tunnels to the
final phase at (93.4, 103.1, 0, 0) GeV via the second
SFOEWPT and ultimately ends in the observed vacuum
at T =0 GeV.

The bubble wall VEV profiles are determined by the
solutions of the bounce equations in Eq. (26), which are
approximately obtained by FindBounce [68]. The baryon
number is produced during the first SFOEWPT, and the
relevant calculation depends on the bubble wall profiles.
Therefore, in Fig. 3, we show the wall profiles of the first
SFOEWPT for BP1 and BP2.

250

80 200 \
150 \
}1/3
— < 60f < 150
> P > [72 7212, q2
& 100 hy 8 8 hi+hy+hi+S
> § 40 § 100
> ﬂ
50}
h2 20 50+
0 0 ot
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (GeV) T (GeV) T (GeV)
FIG. 1. Phase histories for BP1.
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250

200 100 —~
80} 200}
150
N S 60t S 150 — -
é')'i 100} M é-)'i hs &5'1 Vhi+hi+hi+S
@ o 4ot o 100
> > S >
50t i
h2 20+ 50}
0 0 ok
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (GeV) T (GeV) T (GeV)
FIG. 2. Phase histories for BP2.
80
70}
S S
) v
S S
> >
w w
> >
0.0 01 0.2 03 0.4 0.5 0.0 01 0.2 0.3 0.4 0.5
r (GeV ) r (GeV™)
FIG. 3. The radial nucleation bubble wall VEV profiles of the first SFOEWPT for BP1 and BP2. Here, r = 0 is the center of the
bubble.

C. Transport equations and baryon asymmetry

We take the WKB method to discuss the CP-violating
source terms and chemical potential transport equations of
particle species in the wall frame with a radial coordinate z
[21,69,70]. The bubble wall is located at z = 0, with z < 0
and z > 0 pointing toward the interior and exterior of the
bubble, respectively. In the model, the top quark plays the
most important role in generating the BAU during the first
SFOEWPT. It acquires a complex mass as a function of z
when passing through the bubble wall whose profiles
depend on the coordinate z. The mass of top quark is
given as

m(2) = 09 e (2) -+ 50 [13(3) + e,

- % \/(Cﬂin(z) +spha(2))? + sph3(2)e™, - (31)

with

hs(z)
hy(z) ’

¢, (z) = arctan
Sﬁl’l3 (Z)
Cﬂh] (Z) + Sﬂhg(Z) '

h3(z) + h3(2)
EECEET e

0, = ¢z(z) + arctan

0:907(2) = (32)

The addition phase ¢ (z) is from a local axial trans-
formation of the top quark which removes the CP-violating
force induced by the nonvanishing Z, field in the case of
¢ =0 [22].

The transport equations are derived for the top quark
with a complex mass term and include effects of the strong
sphaleron process (I'y,) [21,71], W scattering (I'y) [21,72],
the top Yukawa interaction (I'y) [21,72], the top helicity
flips (I'y;) [21,72], and the Higgs number violation (I';)
[21,72]. The transport equations are given by
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0.0010 | - =
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1\
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0.0005}|
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S
= _
< 0.0000H
—0.0005 |
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0 = 3vwK,,(9:p12) + 30wKs , (0:m7 )i + 3(0.15)
=30 (s + e o+ pnp) = O a(pen + pee2) = 30w (Heo — p2)
= 30 [(1 4+ 9K e + (149K, p)ppa + (1= 9Ky e o),
0 = 30wKy (0:ppe o) + 30w Ko (0.7 e 5 + 3(0.14ye 5)
=30y (kra + Hpo + 24 2 + 20p2) = 60y (2 + pie 2)
=30 [(1 + 9K D + (1 + 9K, p)ppp + (1= 9Ky pse 2]
0 =3vwK, ,(0:pp2) +3(0:up2) = 3Ty (Mpa + peen + pn2) = 30w (Hp2 — Hi2)
=30 [(1 + 9K Do + (1 + 9K, p)ppp + (1 = 9Ky Jpse 2]
0 = dvy K, (0 pp2) +4(0.up2) =30y (ki + Hpo + 2 5 + 2up2) — AT ppt 2,

0= —3K4,(0.up2) + 3vwKs ,(0,up2) + 3wy, 5,

Sy = —=3K4,(0-p:2) + 3”Wk5.t(az”t,2) + 3”Wk6,t(azmt2)”z,2 + 30U, 5,
(

S, = —3Ky,(0.p2) + 3UWk5,t(az”tf.2> + 3UWI~<6,t(azmt2)”t“,2 + 30 uye 5,

0= —4Ky,(0.un2) + 4vwKs 1, (0,up,2) + 4Ty, 5.

The p;, and u; , are the second-order CP-odd chemical
potential and the plasma velocity of the particle
i =t,1t°b, h, respectively. The source term S, is defined as

St = _UWK&taz(m%azet) + UWKQ,t(azet)m%(azmtz)' (34)
The functions K,; and IN(W- (a=1-9) are defined in
Ref. [70], and the I''" denotes the total reaction rate of the

particle i [21,70]. We treat the wall velocity vy, as an input
parameter and take vy, = 0.1.

(33)

[

The WKB method of calculating the source terms and
transport equations is valid for Ly T, > 1 with Ly being
the width of bubble wall. We evaluate Ly, by fitting the
profile of the VEV with the hyperbolic tangent function:

\/h%(z) +13(2) + h3(z) = % (1 - tanhLi>. (35)
w
Using this approach, one obtains Ly7T,; ~3.13 and
LyT, ~3.68 for the bubble wall of the first SFOEWPT
of BP1 and BP2, respectively.
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One solves the transport equations with the boundary
conditions y; (z = +o00) =0 (i =1t,1°,b, h) and obtains
the chemical potentials y; of each particle species. Using
local baryon number conservation, the chemical potential
of the left-handed quarks is then given by [69]

1
ip, = = (1 + 4K, )y + 3 (144K p)ppn — 2K, e .

(36)

N =

Next, the weak sphalerons convert the left-handed quark
number into a baryon asymmetry, which can be calculated

with
405T,, [ 45T,
[t @ exp (— ; ) (37)

B 4”2 Uy G Tnl

Uw

where T, ~1.0 x 107°T,, is the weak sphaleron rate
inside the bubble [73]. Figure 4 shows the solutions to
the transport equations for u; and u; for BP1 and BP2,
which give rise to the BAU, Y =~ 8.4 x 10~!! for BP1 and
Yp~83x 107! for BP2.

Notice that the effective potential V¢ has a Z, symmetry
under which
S - =S

h3 g —h3, (38)

Therefore, there will not be a bias between transitions to
(). (hy). (h3). (8)) and (k). (hs). ~{hs).~(S)) from
the origin (0, 0, 0, 0) GeV. Thus, there are two kinds of
bubbles relating to 6, and —6,, which produce baryon
asymmetry of opposite signs. Eventually, the averaged
baryon number is zero in the whole region due to their
opposite signs. A soft Z, symmetry-breaking term —u;S°
can be introduced to solve the problem. For BP2, the
temperature of the Z,-breaking PT is significantly higher
than 7, of the electroweak PT, and the regions with —(S)
can vanish when the electroweak PT takes place. The
needed condition is AV/T* > 107'¢ with AV being the
potential difference between the vacua with +(S) [74,75].
The u; with a value of O(107'%) GeV can realize the
condition for BP2. Unlike BP2, the vacua with +(S) for
BP1 are still around at the time of the electroweak PT, but
the volumes occupied by the +(S) phases can be signi-
ficantly different. One can approximately estimate the ratio
between the number densities of bubbles with a positive
baryon number (N, ) and a negative baryon number (N_)
[76,77]:

% — exp(—ASy/T), (39)

with AS; being the S5 difference between two types of
bubbles. The global baryon density is given by

N, -N_

YB:Y+_ )
BN, +N_

(40)

where Y7 is the BAU generated from the bubble with +(S).

For BP1, Y, ~Y7§ needs u3 ~ O(107") GeV, and such a
value seems to be incompatible with the expected sponta-
neous CP violation, since the u3S® term breaks the CP
symmetry explicitly.

IV. GRAVITATIONAL WAVE

There are three sources of GW production at a first-order
PT: bubble collisions, sound waves in the plasma, and
magnetohydrodynamic turbulence. We will focus on the
GW spectrum from the sound waves in the plasma, which
typically is the largest contribution among them. In
addition to the two parameters f and a describing the
dynamics of the PT, the GW spectra depends on the wall
velocity with respect to the plasma at infinite distance, ¥y
Note that 7y, can be significantly different from vy, [78],
which is the relative wall velocity to plasma in front of the
wall and relevant for baryogenesis. We take ¥y, = 0.6 in
our calculation.

The GW spectrum from the sound waves can be
expressed by [79]

H K, \2/100\1/3
Q. h?=265%x107°0( =2 L v
i =205 105 () () (7)o

(2) Grsggree) e

where f,, is the present peak frequency of the spectrum:

1 B T g 1/6
—19x105— () (-2 ) (L) e
fow =19 10720 (H) (100 Gev> (100) 8

(42)

(41)

The «, is the fraction of latent heat transformed into the
kinetic energy of the fluid [80]:

~ (T)W - Cs>3
Ky 2Kp + (Dw — ¢;)0k +——— 5 [k¢ —kp — (& — ¢;) 5K
(5] _Cs)‘
(for Cy < T)W < é‘/), (43)
with the sound velocity ¢, = 4/1/3 and
a*? Va
Kp R K~ s
5700174 (0997 +a)?5" "¢ 0.135+/098 +
/2 2
sata +4/1/3 JVa
~ , ok~ —0091 . (44
5! 1+C¥ K Ogl +\/a ( )

The suppression factor [81]
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FIG. 5. Gravitational wave spectra for BP1 and BP2.

1
T(rg) =1 45
(Taw) ST (45)

arises due to the finite lifetime 7, of the sound waves
[82,83]:

— /EW(SH’-)I/3 (‘]2. :§ Ky
W pU; I al+a

(46)

We examine the GW spectra for BP1 and BP2, which are
shown along with expected sensitivities of various future
interferometer experiments in Fig. 5. For BP1, the GW
spectra from the first-step and second-step PTs have peak
frequencies around 0.44 and 0.03 Hz, respectively, and the
peak strengths of the former and the latter exceed the
sensitivity curves of U-DECIGO and BBO, respectively.
For BP2, the GW spectra from the second-step and third-
step PTs have peak frequencies around 0.09 and 0.39 Hz,
respectively, whose peak strengths exceed the sensitivity
curves of U-DECIGO. For BP2, the superposed GW
spectra from the second step and third step have explicit
double peaks, which can be observed by U-DECIGO. Note
that there is still high uncertainty on the value of Y(zy,),

and its determination needs considerable numerical simu-
lations and analytical insights in the future. In addition, a
full exploration of the parameter space will potentially find
more promising regions for a detectable two-peaked GW
signal at U-DECIGO.

V. CONCLUSION

In a singlet pseudoscalar extension of 2HDM, we studied
the spontaneous CP violation EWBG via two-step PTs
and three-step PTs and took BP1 and BP2 to perform
detailed calculations. The first step of the two-step PTs is a
SFOEWPT, which converts ({(h,), (h,), (h3), (S)) into an
electroweak symmetry-broken phase from (0, 0, 0, 0) GeV
and breaks the CP symmetry spontaneously. The electro-
weak sphaleron processes bias the CP asymmetry into the
baryon number during the first-step PT. Also, the second
step of the two-step PTs is a SFOEWPT, which converts
the phase into the observed vacuum at zero temperature,
and the CP symmetry is restored. However, the vacua
with £(S) are still around at the time of the first
SFOEWPT, and an explicit CP-violation term, —u3S> with
us ~ (107') GeV, is required to guarantee the volumes
occupied by the £(S) phases to be significantly different,
leading to a sufficient baryon number density. The first step
of the three-step PTs is a second-order PT during which the
S field first develops a nonzero VEV, and VEVs of Ay, h,,
and /5 still remain zero. Similar to the case of two-step PTs,
the observed BAU is produced via the EWBG mechanism
at the second step. The third step of the three-step PTs is a
SFOEWPT, which converts the phase into the observed
vacuum at the zero temperature and restores the CP
symmetry. A very tiny CP-violation term, —u;S* with
usz ~ (107'%) GeV, is required to guarantee the regions with
—(S) disappear when the second-step PT takes place.
Meanwhile, the GW spectra through the two-step and
three-step PTs can reach the sensitivities of BBO and
U-DECIGO. Even more interesting is that a two-peaked
GW signal could be observed at U-DECIGO.
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