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With the motivation of explaining the dark matter and achieving the electroweak baryogenesis via the
spontaneous CP violation at high temperature, we propose a complex singlet scalar (S ¼ χþiηsffiffi

2
p ) extension of

the two-Higgs-doublet model respecting a discrete dark CP symmetry: S → −S�. The dark CP symmetry
guarantees χ to be a dark matter candidate on one hand and on the other hand allows ηs to have mixings
with the pseudoscalars of the Higgs doublet fields, which play key roles in generating the CP violation
sources needed by the electroweak baryogenesis at high temperature. The Universe undergoes multistep
phase transitions, including a strongly first-order electroweak phase transition during which the baryon
number is produced. At the present temperature, the observed vacuum is produced and the CP symmetry
is restored so that the stringent electric dipole moment experimental bounds are satisfied. Considering
relevant constraints, we study the simple scenario of mχ around the Higgs resonance region, and find that
the dark matter relic abundance and the baryon asymmetry can be simultaneously explained. Finally, we
briefly discuss the gravitational wave signatures at future space-based detectors and the LHC signatures.

DOI: 10.1103/PhysRevD.109.075024

I. INTRODUCTION

The baryon asymmetry of the Universe (BAU) presents
one of the major quests for particle cosmology. By the
observation based on the big bang nucleosynthesis, the
BAU is [1]

YB ≡ ρB=s ¼ ð8.2–9.2Þ × 10−11; ð1Þ

where ρB is the baryon number density and s is the entropy
density. Three necessary Sakharov conditions have to be
fulfilled for a dynamical generation of BAU: baryon
number changing interactions, nonconservation of C and
CP, and departure from thermal equilibrium [2]. The
electroweak baryogenesis (EWBG) [3,4] provides a prom-
ising and attractive mechanism of explaining the BAU since
it is testable at the energy frontier by the LHC and at the
precision frontier by the electric dipole moment (EDM)
experiments. To realize the EWBG, one needs extend the
SM to produce sufficient large CP violation and a strongly
first-order electroweak phase transition (EWPT), such as
the singlet extension of SM (see, e.g., [5–19]) and the two-
Higgs-doublet model (2HDM) (see, e.g., [20–38]).

The negative results in the EDM searches for electrons
impose stringent constraints on the explicit CP violation
interactions in the scalar couplings and Yukawa coup-
lings [39]. There are some cancellation mechanisms of CP
violation effects in the EDM, which can relax the tension
between the EWBG and the EDM data [36,37,40–45].
Even with the cancellation, there are several CP observ-
ables of radiative B meson decays that still provide
stringent constraints, such as the asymmetry of the CP
asymmetry of inclusive B → Xsγ decay [42,44], Alter-
natively, a finite temperature spontaneous CP violation
mechanism is naturally compatible with the EDM data,
where the CP symmetry is spontaneously broken at the
high temperature and it is recovered at the present temper-
ature. The novel mechanism was achieved in the singlet
scalar extension of the SM [13,14] in which a high
dimension effective operator needs to be added, and the
singlet pseudoscalar extension of 2HDM [46,47].
In addition to the BAU, the dark matter (DM) is one of

the longstanding questions of particle physics and cosmo-
logy. In this paper, we propose a complex singlet scalar
extension of the 2HDM respecting a discrete dark CP
symmetry, and simultaneously explain the observed DM
relic density and the BAU via the spontaneous CP violation
at high temperature. The dark CP symmetry allows the
imaginary component of singlet scalar to have mixings with
the pseudoscalars of scalar doublet fields, which play key
roles in generating the CP violation sources needed by the
EWBG at high temperature. On the other hand, the darkCP
symmetry guarantees the real component to be a DM
candidate.
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II. 2HDM+ S RESPECTING A DARK CP SYMMETRY

Imposing a discrete dark CP symmetry, we extend the SM by a second Higgs doublet Φ2 and a complex singlet S,

Φ1 ¼
 

ϕþ
1

ðv1þρ1þiη1Þffiffi
2

p

!
; Φ2 ¼

 
ϕþ
2

ðv2þρ2þiη2Þffiffi
2

p

!
; S ¼ ðχ þ iηsÞffiffiffi

2
p ; ð2Þ

with v1 and v2 being the vacuum expectation values (VEVs), v¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
¼ ð246 GeVÞ2 and tan β≡ v2=v1. The singlet

field S has no VEV. Under the dark CP symmetry, S → −S� (χ → −χ, ηs → ηs in the real parametrization), and while all the
other fields are not affected.
The full scalar potential is given as

V ¼ m2
11ðΦ†

1Φ1Þ þm2
22ðΦ†

2Φ2Þ þ
λ1
2
ðΦ†

1Φ1Þ2 þ
λ2
2
ðΦ†

2Φ2Þ2 þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þ þ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ

þ
�
λ5
2
ðΦ†

1Φ2Þ2 þ λ6ðΦ†
1Φ1ÞðΦ†

1Φ2Þ þ λ7ðΦ†
2Φ2ÞðΦ†

2Φ1Þ þ H:c:
�
þm2

SSS
� þ

�
m02

S

2
SSþ H:c:

�
þ
�
λ001
24

S4 þ H:c:
�

þ
�
λ002
6
S2SS� þ H:c:

�
þ SS�

�
λ01Φ

†
1Φ1 þ λ02Φ

†
2Φ2

�þ λ003
4
ðSS�Þ2 þ �S2�λ04Φ†

1Φ1 þ λ05Φ
†
2Φ2

�þ H:c:
�

þ �λ06SS�Φ†
2Φ1 þ λ07ðSSþ S�S�ÞΦ†

2Φ1 þ H:c:
�þ �−m2

12Φ
†
2Φ1 þ

μ

2
ðS − S�ÞΦ†

1Φ2 þ H:c:

�
; ð3Þ

where all the coupling coefficients and mass are real, and
thus the scalar potential sector is CP-conserved at zero
temperature. The last term leads to the mixings of ηs and the
pseudoscalars of Higgs doublet fields, and χ is allowed to
remain stable. For simplicity, we take λ6 ¼ λ7 ¼ λ06 ¼ λ07 ¼
λ002 ¼ 0 in the following discussions.
The stationary conditions give

m2
11 ¼ m2

12tβ −
1

2
v2
�
λ1c2β þ λ345s2β

�
;

m2
22 ¼ m2

12=tβ −
1

2
v2
�
λ2s2β þ λ345c2β

�
; ð4Þ

where tβ ≡ tan β, sβ ≡ sin β, cβ ≡ cos β, and λ345 ¼ λ3þ
λ4 þ λ5.
In addition to the 125 GeV Higgs h, the physical scalar

spectrum contains a CP-even states H, a DM candidate χ,

two neutral pseudoscalars A and X, and a charged scalar
H�. The mass eigenstates h, H, and H� and their masses
are the same as those of the pure 2HDM. The η1, η2, and ηs
are rotated into the A, X, and G by the two mixing angles θ
and β, where G is a Goldstone boson. The parameters μ,
m2

S, and m02
S are given as

m2
S ¼

1

2

�
m2

χ þm2
As

2
θ þm2

Xc
2
θ − λ01v

2c2β − λ02v
2s2β
�
;

m02
S ¼ 1

2

�
m2

χ −m2
As

2
θ −m2

Xc
2
θ − 2λ04v

2c2β − 2λ05v
2s2β
�
;

μ ¼
ffiffiffi
2

p �
m2

X −m2
A

�
v

sθcθ; ð5Þ

where sθ ≡ sin θ and cθ ≡ cos θ. The couplings λi (i ¼ 1,
2, 3, 4, 5) are determined by

v2λ1 ¼
m2

Hc
2
α þm2

hs
2
α −m2

12tβ
c2β

; v2λ2 ¼
m2

Hs
2
α þm2

hc
2
α −m2

12t
−1
β

s2β
;

v2λ3 ¼
ðm2

H −m2
hÞsαcα þ 2m2

H�sβcβ −m2
12

sβcβ
; v2λ4 ¼

ðm̂2
A − 2m2

H�Þsβcβ þm2
12

sβcβ
;

v2λ5 ¼
−m̂2

Asβcβ þm2
12

sβcβ
; ð6Þ

with m̂2
A ¼ m2

Ac
2
θ þm2

Xs
2
θ.
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The general Yukawa interaction is given by

−L¼ Yu2Q̄LΦ̃2uR þ Yd2Q̄LΦ2dR þ Yl2L̄LΦ2eR

þ Yu1Q̄LΦ̃1uR þ Yd1Q̄LΦ1dR þ Yl1L̄LΦ1eR þH:c:;

ð7Þ
where QT

L ¼ ðuL; dLÞ, LT
L ¼ ðνL; lLÞ, Φ̃1;2 ¼ iτ2Φ�

1;2, and
Yu1;2, Yd1;2, and Yl1;2 are 3 × 3 matrices in family space.
The Yukawa coupling matrices are taken to be aligned to
avoid the tree-level flavor changing neutral current [48,49],

ðYu1Þii ¼
ffiffiffi
2

p
mui

v
ρ1u; ðYu2Þii ¼

ffiffiffi
2

p
mui

v
ρ2u;

ðYl1Þii ¼
ffiffiffi
2

p
mli

v
ρ1l; ðYl2Þii ¼

ffiffiffi
2

p
mli

v
ρ2l;

ðXd1Þii ¼
ffiffiffi
2

p
mdi

v
ρ1d; ðXd2Þii ¼

ffiffiffi
2

p
mdi

v
ρ2d; ð8Þ

where Xd1;2 ¼ V†
CKMYd1;2VCKM, ρ1f ¼ ðcβ − sβκfÞ and

ρ2f ¼ ðsβ þ cβκfÞ with f ¼ u; d;l. All the off-diagonal
elements are zero. The couplings of the neutral Higgs
bosons normalized to the SM are given by

yhV ¼ sinðβ − αÞ; yhf ¼ ½sinðβ − αÞ þ cosðβ − αÞκf�;
yHV ¼ cosðβ − αÞ; yHf ¼ ½cosðβ − αÞ − sinðβ − αÞκf�;
yAV ¼ 0; yfA ¼ −iκf ðfor uÞcθ; yAf ¼ iκfcθ ðfor d;lÞ;
yXV ¼ 0; yfX ¼ −iκf ðfor uÞsθ; yXf ¼ iκfsθ ðfor d;lÞ;

ð9Þ
where α is the mixing angle of the two CP-even Higgs
bosons, and V denotes Z or W. The Yukawa couplings of
the charged Higgs are

LY ¼ −
ffiffiffi
2

p

v
Hþ	ūi�κdðVCKMÞijmdjPR

− κumuiðVCKMÞijPL

�
dj þ κlν̄mlPRl


þH:c:; ð10Þ
where i, j ¼ 1, 2, 3 are the index of generation.

III. RELEVANT THEORETICAL
AND EXPERIMENTAL

CONSTRAINTS

In our calculations, we consider the following theoretical
and experimental constraints:
(1) The signal data of the 125 GeV Higgs. We take the

light CP even Higgs boson h as the discovered
125 GeV state, and choose sinðβ − αÞ ¼ 1 to satisfy
the bound of the 125 GeV Higgs signal data, for
which the h has the same tree-level couplings to the
SM particles as the SM.

(2) The direct searches and indirect searches for extra
Higgses. From the Eqs. (9) and (10), one see that
the Yukawa couplings of the extra Higgses (H, H�,
A, X) are proportional to κu, κd and κl for
sinðβ − αÞ ¼ 1. Therefore, κu, κd and κl can be
small enough to suppress the production cross
sections of these extra Higgses at the LHC, and
satisfy the exclusion limits of searches for additional
Higgs bosons at the LHC. Simultaneously, very
small κu, κd and κl can accommodate the indirect
searches for these extra Higgses via the B-meson
decays. For example, for charged Higgs mass of
100 GeV, the measurements of Bd → μþμ− and
B → Xsγ exclude regions of κu ¼ κd ¼ κl > 1

3
and

κu ¼ κd ¼ κl > 1
2
, respectively [50]. In this paper

we assume κu → 0, κd → 0, and κl → 0, and ignore
the effects of the three parameters in our following
calculations and discussions while the constraints
from the direct searches and indirect searches for
extra Higgses are naturally satisfied.

(3) Vacuum stability. We require that the vacuum is
stable at tree level, which means that the potential in
Eq. (3) has to be bounded from below and the
electroweak vacuum is the global minimum of the
full scalar potential. To examine bounded from
below condition we consider the minimum of quartic
part in Eq. (3), V4−min, which is written in matrix
form in the basis B ¼ ðΦ†

1Φ1; Φ†
2Φ2; χ2; η2SÞT ,

V4−min ¼ CT 1

2

0
BBBBB@

λ1 λ3 þ Δ λ01 þ 2λ04 λ01 − 2λ04
λ3 þ Δ λ2 λ02 þ 2λ05 λ02 − 2λ05
λ01 þ 2λ04 λ02 þ 2λ05

λ1
00þ3λ3

00
6

−λ1 00þλ3
00

2

λ01 − 2λ04 λ02 − 2λ05
−λ1 00þλ3

00
2

λ1
00þ3λ3

00
6

1
CCCCCA

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A

C

¼ 1

2
CTAC; ð11Þ

where Δ ¼ 0 for λ4 ≥ jλ5j and Δ ¼ λ4 − jλ5j for λ4 < jλ5j.
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A copositive matrix A is required to ensure the potential to be bounded from below. Following the approaches described
in [51,52], the matrix A need satisfy detðAÞ ≥ 0∨ ðadjAÞij < 0, for some i, j. The adjugate of A is the transpose of the
cofactor matrix of A: ðadjAÞij ¼ ð−1ÞiþjMji, withMij being the determinant of the submatrix that results from deleting row
i and column j of A. In addition, one deletes the ith row and column of A, i ¼ 1, 2, 3, 4, and obtains 4 symmetric 3 × 3
matrices, which are required to be copositive. The copositivity of the symmetric order 3 matrix Bwith entries bij, i, j ¼ 1, 2,
3 requires

b11 ≥ 0; b22 ≥ 0; b33 ≥ 0;

b̄12 ¼ b12 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
b11b22

p
≥ 0;

b̄13 ¼ b13 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
b11b33

p
≥ 0;

b̄23 ¼ b23 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
b22b33

p
≥ 0;ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b11b22b33
p

þ b12
ffiffiffiffiffiffiffi
b33

p
þ b13

ffiffiffiffiffiffiffi
b22

p
þ b23

ffiffiffiffiffiffiffi
b11

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2b̄12b̄13b̄23

q
≥ 0: ð12Þ

(4) Tree-level perturbative unitarity. We demand that the amplitudes of the scalar quartic interactions leading to 2 → 2
scattering processes remain below the value of 8π at tree-level, which is implemented in SPheno-v4.0.5 [53] using
SARAH-SPheno files [54].

(5) The oblique parameters. The oblique parameters (S, T, U) can obtain additional corrections via the self-energy
diagrams exchanging H, H�, A, and X. For sinðβ − αÞ ¼ 1, the expressions of S, T and U in the model are
approximately written as [55,56]

S ¼ 1

πm2
Z

�
c2θFS

�
m2

Z;m
2
H;m

2
A

�þ s2θFS

�
m2

Z;m
2
H;m

2
X

�
− FS

�
m2

Z;m
2
H� ; m2

H�
��
;

T ¼ 1

16πm2
Ws

2
W

�
−c2θFT

�
m2

H;m
2
A

�
− s2θFT

�
m2

H;m
2
X

�þ FT

�
m2

H� ; m2
H

�þ c2θFT

�
m2

H� ; m2
A

�þ s2θFT

�
m2

H� ; m2
X

��
;

U ¼ 1

πm2
W

�
FSðm2

W;m
2
H� ; m2

H

�
− 2FS

�
m2

W;m
2
H� ; m2

H�
�þ c2θFS

�
m2

W;m
2
H� ; m2

A

�þ s2θFS

�
m2

W;m
2
H� ; m2

X

��
−

1

πm2
Z

�
c2θFS

�
m2

Z;m
2
H;m

2
A

�þ s2θFS

�
m2

Z;m
2
H;m

2
X

�
− FS

�
m2

Z;m
2
H� ; m2

H�
��
; ð13Þ

where

FTða; bÞ ¼
1

2
ðaþ bÞ − ab

a − b
log

�
a
b



; FSða; b; cÞ ¼ B22ða; b; cÞ − B22ð0; b; cÞ; ð14Þ

with

B22ða; b; cÞ ¼
1

4

�
bþ c −

1

3
a

�
−
1

2

Z
1

0

dxX logðX − iϵÞ;

X ¼ bxþ cð1 − xÞ − axð1 − xÞ: ð15Þ

Reference [1] gave the fit results of S, T, and U,

S ¼ −0.01� 0.10; T ¼ 0.03� 0.12; U ¼ 0.02� 0.11; ð16Þ

with the correlation coefficients

ρST ¼ 0.92; ρSU ¼ −0.80; ρTU ¼ −0.93: ð17Þ
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IV. DARK MATTER

The two neutral CP-even Higgs can mediate the inter-
actions of DM, λhvχ2h=2 and λHvχ2H=2 with

λh ≡ ðλ02 þ 2λ05Þvsβcα − ðλ01 þ 2λ04Þvcβsα;
λH ≡ ðλ02 þ 2λ05Þvsβsα þ ðλ01 þ 2λ04Þvcβcα: ð18Þ

We consider a light DM whose freeze-out temperature is
much lower than that of EWPT, and thus the effect of
EWPT on the current DM relic density can be ignored. We
take the new scalars to be much heavier than the DM so that
the DM pair-annihilation to these new scalars are kine-
matically forbidden. In the parameter space chosen pre-
viously, the couplings of H to the SM particles can be
ignored. Therefore, the DM relic density hardly constrains
the λH, and λ01;2;4;5 are allowed to have room enough to
produce the pattern of EWPT needed by the EWBG. The
annihilation processes with s-channel exchange of h are
responsible for the relic density. However, for a light χ, the
invisible decay h → χχ is kinematically allowed, and the
signal data of the 125 GeV Higgs impose strong upper
limits on the hχχ coupling [57], which is possible to
conflict with the requirement of the correct relic density
The elastic scattering of χ on a nucleon receives the
contributions of the process with t-channel exchange of
h, which can be strongly constrained by the direct searches
experiments of XENON [58]. Besides, the indirect searches
for DM can impose upper limits on the averaged cross
sections of the DM annihilation to eþe−, μþμ−, τþτ−, uū,
bb̄, and WW [59].

After imposing the relevant theoretical and experimental
constraints mentioned previously, we show the λh versus
mχ allowed by the invisible decay of the 125 GeV Higgs,
the DM relic density, the direct and indirect searches
experiments in Fig. 1. From Fig. 1, we find that the DM
with a mass of 55 GeV–62.5 GeV is allowed by the joint
constraints of the invisible decay of the 125 GeV Higgs,
the DM relic density, the direct and indirect searches
experiments.

V. EWPT AND BARYOGENESIS

We first consider the effective scalar potential at the finite
temperature. The neutral elements of Φ1 and Φ2 are shifted
by h1ffiffi

2
p and h2þih3ffiffi

2
p . It is plausible to take the imaginary part of

the neutral elements of Φ1 to be zero since the effective
potential of Eq. (3) only depends on the relative phase of
the neutral elements of Φ1 and Φ2.
The complete effective potential at finite temperature

contains the tree level potential, the Coleman-Weinberg
term [60], the finite temperature corrections [61] and the
resummed daisy corrections [62,63], which is gauge-
dependent [64,65]. Here we consider the high-temperature
approximation of effective potential, which keeps only the
thermal mass terms in the high-temperature expansion
and the tree-level potential. Therefore, the effective poten-
tial is gauge invariant, and it does not depend on the
renormalization scheme and the resummation scheme. The
high-temperature approximation of effective potential is
given by

Veffðh1; h2; h3; χ; ηsÞ ¼
1

2
ðm2

11 þ Πh1Þh21 þ
1

2
ðm2

22 þ Πh2Þðh22 þ h23Þ þ
1

2
ðm2

S þm02
S þ ΠχÞχ2 þ

1

2
ðm2

S −m02
S þ ΠηsÞη2s

þ 1

8
ðλ1h41 þ λ2h42 þ λ2h43Þ þ

1

4
λ345h21h

2
2 þ

1

4
λ̄345h21h

2
3 þ

λ2
4
h23h

2
2 −m2

12h1h2 −
μffiffiffi
2

p h3ηsh1

þ λ01
4
ðχ2 þ η2sÞh21 þ

λ02
4
ðχ2 þ η2sÞðh22 þ h23Þ þ

λ04
2
ðχ2 − η2sÞh21 þ

λ05
2
ðχ2 − η2sÞðh23 þ h22Þ

þ
�
λ001
48

þ λ003
16



ðχ4 þ η4sÞ þ

1

8
ðλ003 − λ001Þχ2η2s ;

Πh1 ¼
�
9g2

2
þ 3g02

2
þ 6λ1 þ 4λ3 þ 2λ4 þ 2λ01 þ 6y2t c2β

�
T2

24
;

Πh2 ¼
�
9g2

2
þ 3g02

2
þ 6λ2 þ 4λ3 þ 2λ4 þ 2λ02 þ 6y2t s2β

�
T2

24
;

Πh3 ¼ Πh2 ;

Πχ ¼ ½4λ01 þ 4λ02 þ 8λ04 þ 8λ05 þ 2λ003�
T2

24
;

Πηs ¼ ½4λ01 þ 4λ02 − 8λ04 − 8λ05 þ 2λ003�
T2

24
; ð19Þ
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where λ̄345 ¼ λ3 þ λ4 − λ5, yt ¼
ffiffi
2

p
mt
v , and Πi denotes the

thermal mass terms of the field i.
Because baryogenesis is driven by diffusion processes in

front of the bubble wall, one needs to compute the Tn at
which bubble nucleation actually starts. This can be
calculated straightforwardly from the nucleation rate per
unit volume by [66–68], Γ ≈ AðTÞe−S3=T , where AðTÞ ∼ T4

is a prefactor and S3 is a three-dimensional Euclidian
action. The nucleation temperature Tn is obtained by
Γ=H4 ¼ 1, where H is the Hubble parameter. It is roughly

estimated by S3ðTÞ
T jT¼Tn

¼ 140. The bubble wall VEV
profiles can be determined by the bounce equations of
fields.
The WKB approximation method is used to evaluate the

CP-violating source terms and chemical potentials trans-
port equations of particle species in the wall frame with a
radial coordinate z [22,69,70]. A top quark penetrating the
bubble wall acquires a complex mass as a function of z,

mtðzÞ ¼
ytffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcβh1ðzÞ þ sβh2ðzÞÞ2 þ s2βh

2
3ðzÞ

q
eiΘtðzÞ;

with ΘtðzÞ ¼ φZðzÞ þ arctan
sβh3ðzÞ

cβh1ðzÞ þ sβh2ðzÞ
;

∂zφZðzÞ ¼ −
h22ðzÞ þ h23ðzÞ

h21ðzÞ þ h22ðzÞ þ h23ðzÞ
∂zφðzÞ;

φðzÞ ¼ arctan
h3ðzÞ
h2ðzÞ

: ð20Þ

In our calculation, the imaginary part of the neutral element
of Φ1 is taken to be zero. As a result, the nonvanishing Zμ

field induces an additional CP-violating force acting on the
top quark, which is removed a local axial transformation of
top quark, reintroducing an additional overall phase φZðzÞ
into mt [27].
The transport equations are derived by the complex mass

of the top quark, and contains effects of the strong
sphaleron process (Γss) [22,71], W-scattering (ΓW)
[22,72], the top Yukawa interaction (Γy) [22,72], the top
helicity flips (ΓM) [22,72], and the Higgs number violation
(Γh) [22,72]. The transport equations are written as

0 ¼ 3vWK1;tð∂zμt;2Þ þ 3vWK2;tð∂zm2
t Þμt;2 þ 3ð∂zut;2Þ − 3Γyðμt;2 þ μtc;2 þ μh;2Þ − 6ΓMðμt;2 þ μtc;2Þ − 3ΓWðμt;2 − μb;2Þ

− 3Γss½ð1þ 9K1;tÞμt;2 þ ð1þ 9K1;bÞμb;2 þ ð1 − 9K1;tÞμtc;2�;
0 ¼ 3vWK1;tð∂zμtc;2Þ þ 3vWK2;tð∂zm2

t Þμtc;2 þ 3ð∂zutc;2Þ − 3Γyðμt;2 þ μb;2 þ 2μtc;2 þ 2μh;2Þ − 6ΓMðμt;2 þ μtc;2Þ
− 3Γss½ð1þ 9K1;tÞμt;2 þ ð1þ 9K1;bÞμb;2 þ ð1 − 9K1;tÞμtc;2�;

0 ¼ 3vWK1;bð∂zμb;2Þ þ 3ð∂zub;2Þ − 3Γyðμb;2 þ μtc;2 þ μh;2Þ − 3ΓWðμb;2 − μt;2Þ;
− 3Γss½ð1þ 9K1;tÞμt;2 þ ð1þ 9K1;bÞμb;2 þ ð1 − 9K1;tÞμtc;2�;

0 ¼ 4vWK1;hð∂zμh;2Þ þ 4ð∂zuh;2Þ − 3Γyðμt;2 þ μb;2 þ 2μtc;2 þ 2μh;2Þ − 4Γhμh;2;

St ¼ −3K4;tð∂zμt;2Þ þ 3vWK̃5;tð∂zut;2Þ þ 3vWK̃6;tð∂zm2
t Þut;2 þ 3Γtot

t ut;2;

0 ¼ −3K4;bð∂zμb;2Þ þ 3vWK̃5;bð∂zub;2Þ þ 3Γtot
b ub;2;

St ¼ −3K4;tð∂zμtc;2Þ þ 3vWK̃5;tð∂zutc;2Þ þ 3vWK̃6;tð∂zm2
t Þutc;2 þ 3Γtot

t utc;2;

0 ¼ −4K4;hð∂zμh;2Þ þ 4vWK̃5;hð∂zuh;2Þ þ 4Γtot
h uh;2; ð21Þ

FIG. 1. λh consistent with the relic data versus mχ . The dark
thick line is allowed by the direct and indirect searches for DM,
and the light thick line is excluded by the indirect searches.
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The μi;2 and ui;2 are the second-order CP-odd chemical
potential and the plasma velocity of the particle
i ¼ t; tc; b; h,. The source term St is

St ¼ −vWK8;t∂zðm2
t ∂zθtÞ þ vWK9;tð∂zθtÞm2

t ð∂zm2
t Þ: ð22Þ

The functions Ka;i and K̃a;i (a ¼ 1–9) are defined in
Ref. [70], and the Γtot

i are the total reaction rate of the
particle i [22,70].
The chemical potential of the left-handed quarks μBL

is
obtained by solving the transport equations. The left-
handed quark number is converted into a baryon asymme-
try by the weak sphalerons, which is calculated as

YB ¼ 405Γws

4π2vwg�Tn

Z
∞

0

dzμBL
ðzÞfsphðzÞ exp

�
−
45Γwsz
4vw



;

ð23Þ

where Γws ≃ 10−6Tn is the weak sphaleron rate inside
bubble [73] and the wall velocity vw is taken as 0.1.
The function fsphðzÞ ¼ minð1; 2.4 Tn

Γws
e−40ξnðzÞ=TnÞ with

ξnðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hh1i2 þ hh2i2 þ hh3i2

p
is used to smoothly inter-

polate between the sphaleron rates in the broken and
unbroken phases [27].
Now we discuss the pattern of PTs which can achieve

the spontaneous CP violation at a finite temperature and
recover the CP symmetry at the present temperature. The
CP symmetry is conserved both at a very high temperature
and the present temperature. Therefore, the CP violation
does not appear if the Universe only undergoes a single-
step PT. Next, we assume that the Universe undergoes a
two-step PTs, and the first-step PT is a strongly first-order
PT converting the origin phase of h1;2;3 and ηs into a broken
phase simultaneously. Thus, the CP symmetry is sponta-
neously broken, and then BAU can be generated during the
process of the first-step PT. After the second-step PT, the
observed vacuum is produced and the CP symmetry is
restored. However, the effective potential Veff in Eq. (19)
presents an unbroken Z2 symmetry under which h3 → −h3
and ηs → −ηs. As a result, there will not be a bias
between transitions to ðhh1i; hh2i; hh3i; hχi; hηsiÞ and
ðhh1i; hh2i;−hh3i; hχi;−hηsiÞ from the origin (0, 0, 0, 0,
0) GeV. Therefore, there are two kinds of bubbles relating
to Θt and −Θt, and they produce baryon asymmetry of
opposite signs. Eventually, the averaged baryon number in
whole region is zero because of their opposite signs.
As discussed in Ref. [47], in order to solve the problem,
one may try to introduce a Z2 symmetry breaking term,
−iμ3ðS − S�Þ3, which leads to a potential difference
between the vacua with �hηsi, ΔV. If ΔV is large enough
so that the volumes occupied by the �hηsi phases can be
significantly different, the net baryon number in whole

region will be nonzero [74,75]. Unfortunately, to explain
the observed BAU, μ3 need have a non-negligible value
compared to other parameters of potential, which is
incompatible with the expected spontaneous CP violation
at a finite temperature since the μ3 term breaks the CP
symmetry explicitly. The problem can be well solved via a
three-step PTs. At the first-step PT, the ηS field firstly
acquires a nonzero VEV while hh1;2;3i and hχi still remain
zero. The second-step PT is a strongly first-order EWPT
converting the origin phase of h1;2;3 into an electroweak
symmetry broken phase, where h3 is required to be non-
zero. In order to prevent the electroweak sphalerons to wash
out the produced BAU inside the bubbles of broken phase,
the PT strength is impose an bound [76], ξn

Tn
> 1.0 in the

broken phase. After the third-step PT, the observed vacuum
is produced and the CP symmetry is restored while the
BAU is not changed. The first-step PT is the Z2-breaking
PT, which means that two different domains with �hηsi
can appear. The temperature at the first-step PT can be
significantly higher than the temperature of the EWPT at
the second-step PT. The regions with −hηsi can vanish
when the EWPT takes place. The needed condition is
ΔV=T4 > 10−16 [77,78], which can be satisfied by μ3
around Oð10−14Þ GeV. For such small μ3 term, the
CP-conservation is a safe approximation in the model.
We employ the package CosmoTransitions to analyze the

PTs [79]. Some parameter space achieving the three-step
PTs are shown in Fig. 2, where we consider the constraints
of the vacuum stability, oblique parameter [1], dark matter
observables, and the 125 GeV Higgs signal data, and the
data of BAU is not included. From Fig. 2, we find that the
three-step PTs satisfying our requirements favor an appro-
priate value of μ since the μ term of Eq. (19) can lead to a
close correlation between hh3i and hηsi of the potential
minimum. As a result, according to Eq. (5), mA and mX is
required to have a large mass splitting.
We pick out a benchmark point BP1 to discuss the

EWPT and baryogenesis in detail, and the key input

FIG. 2. The scattering plots achieving the three-step PTs
with the characteristics mentioned in the text, where we take
mH ¼ mH� and 0.1 < sθ < 0.7.
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parameters are shown in Table I. The phase histories for
the BP1 are shown in Fig. 3. Because the contributions of
the thermal mass terms to the effective potential are
proportional to T2, the minimum of the potential is at
the origin at a very high temperature. As the Universe
cools, at T ¼ 85.38 GeV, a second-order PT takes place
during which ηs acquires a nonzero VEV and the other
four fields remain zero. At T ¼ 69.65 GeV, a strongly
first-order EWPT starts which breaks electroweak sym-
metry, ð0; 0; 0; 0; 73.71Þ GeV → ð62.42; 34.64; 55.24; 0.0;
37.50Þ GeV for (hh1i, hh2i, hh3i, hχi, hηsi). The PT
strength is 1.30, and the BAU is produced via the
EWBG mechanism. At T¼ 52.95 GeV, another second-
order PT happens, and then CP symmetry is recovered.
The vacuum evolves along the final phase, and ultimately
ends in the observed values at T ¼ 0 GeV. Meanwhile,
ξn > 1 is always kept so that the BAU is not washed out by
the sphaleron processes. The freeze-out temperature of χ
with a mass of 55.95 GeV is around 2.8 GeV, which is
much lower than the PT temperatures.
The calculation of BAU depends on the bubble wall

profiles, and we use the FindBounce [80] to obtain the bubble
wall VEV profiles for the first-order EWPT of BP1, which
is given in Fig. 4. The WKB method of calculating
transport equations needs the condition of LWTn ≫ 1,
where LW is the width of bubble wall. The LWTn of
BP1 is approximately estimated to be 3.4.
We solve the transport equations with the boundary

conditions μi ðz ¼ �∞Þ ¼ 0 (i ¼ t; tc; b; h), and obtain the
chemical potentials μi and velocity perturbations ui of each
particle species. We show the μi and ui for the BP1 in

Fig. 5, which give rise to the BAU, YB ≃ 8.4 × 10−11.
Figure 6 displays YB as a function of the wall velocity vw
for the BP1. YB tends to decrease with an increase of vw,
and it does change strongly in the range of vw < 0.4.
In Fig. 7, we show the dependences of YB on tan β and μ.

The tan β denotes the ratio of hh1i and hh2i at zero
temperature, and the μ term of Eq. (19) leads to a close
correlation between hh3i and hηsi of the potential minimum
at a finite temperature, which can play key roles in the
CP-violating source term. We find that YB can have a
large value for moderate values of tan β and μ, tan β
around 1.2 and μ around 2500 GeV. We roughly estimate
that the −iμ3ðS − S�Þ3 term with μ3 being Oð10−15Þ GeV
can eliminate the region with hηsi of opposite sign when
the EWPT takes place, and the result of BAU is not
affected.

TABLE I. Input parameters for the BP1, and other parameters
are given above.

mh
(GeV)

mH ¼ mH�

(GeV)
mχ

(GeV)
mA

(GeV)
mX

(GeV)
m2

12

ðGeVÞ2
125.0 467.69 55.95 69.80 333.67 2740.09

tβ sinðβ − αÞ sin θ λ01 λ02 λ04 λ05 λ001 ¼ λ003
1.0 1.0 0.324 2.293 1.351 −1.143 −0.675 1.839

FIG. 3. The phase histories of the BP1, where hχi is always 0.

FIG. 4. The radial nucleation bubble wall VEV profiles for the
first-order EWPT.

FIG. 5. The μi and ui from the transport equations as functions
of the position of the bubble wall.
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VI. COMMENT ON GRAVITATIONAL WAVE
SIGNATURES, DARK MATTER,
AND THE LHC SIGNATURES

The first-order EWPT needed by the EWBG can produce
the gravitational wave. We find that the gravitational wave
signatures from the three-step PTs mentioned above can
easily exceed the sensitivity curve of the U-DECIGO
detector [81], such as those of BP1. A full exploration of
the parameter space will potentially find promising regions
for detectable gravitational wave signal at the BBO [82].
The extra Higgses (H, H�, A, X) couplings to the SM
fermions are significantly suppressed for κu;d;l → 0.
Therefore, these extra Higgses are dominantly produced
at the LHC via the electroweak processes mediated by
Z;W�, and γ, and the main decay modes include H → AZ,
H� → AW�. The A decay modes depend on specific values
of κu;d;l. For a heavy DM whose freeze-out temperature is

higher than the EWPT temperature, the EWPT can give
significant effects on the DM relic density. The studies of
the LHC signatures and the heavy DMwill be carried out in
the future.

VII. CONCLUSION

We proposed a complex singlet scalar extension of the
2HDM respecting a discrete dark CP symmetry. The dark
CP symmetry guarantees χ to be a DM candidate on one
hand and on the other hand allows ηs to have mixings with
the pseudoscalars of the scalar doublet fields, which plays
key roles in producing the CP violation sources needed by
the EWBG at high temperature. Imposing relevant theo-
retical and experimental constraints, we studied the sce-
nario of mχ around the SM Higgs resonance region, and
found that the dark matter relic abundance and the BAU can
be simultaneously explained.
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