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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 = )L\/’;‘) extension of
the two-Higgs-doublet model respecting a discrete dark CP symmetry: S — —S*. The dark CP symmetry
guarantees y to be a dark matter candidate on one hand and on the other hand allows 7, 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 m, 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.
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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]

Ys=ps/s = (82-92) x 107, (1)

where pjp 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 (2ZHDM) (see, e.g., [20-38]).
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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 — X,y 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 dark CP
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 ®, and a complex singlet S,
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with v, and v, being the vacuum expectation values (VEVs), v = /% + v3 = (246 GeV)? and tan 8 = v,/v,. The singlet
field S has no VEV. Under the dark CP symmetry, S — —S* (y — —y, 1, — 7, in the real parametrization), and while all the

other fields are not affected.
The full scalar potential is given as
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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 77, and the
pseudoscalars of Higgs doublet fields, and y is allowed to
remain stable. For simplicity, we take g = 4, = 4y = 4, =
A5 =0 in the following discussions.

The stationary conditions give

m%l mlzt/; (/110/; +)“345S[3)

1
m%z = m%Z/Iﬁ - 5 v? (/Izsf, + /1345C[23) s (4)

where t3 =tanf, sz =sinf, cs =cosf, and Ays = A3+
Ay + 4s.

In addition to the 125 GeV Higgs A, the physical scalar
spectrum contains a CP-even states H, a DM candidate y,
|

2 2 2.2 2
My Cy + My Se — Mipls 2

’Uzﬂl = 5 s v 12 =

s
2 2

2.2 2
mySy + mjycy

|
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 7, #,, and 7,
are rotated into the A, X, and G by the two mixing angles 6
and f, where G is a Goldstone boson. The parameters p,
m?%, and m?? are given as

1
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where sy = sin@ and ¢y = cos . The couplings 4; (i =1,
2, 3, 4, 5) are determined by
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The general Yukawa interaction is given by

—L =Y 20, Prup+Yp0;Prdg + YL Prep
+ Y10, ®Prug+ Y50, ®dg + Yo L ®reg +He.,
(7)
where OF = (u;.d;), LT = (v.1;), @1, = it,®; ,, and
Y12, Ya12, and Yy, are 3 x 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],

\/Emui \/zmui
(Yul)ii = v Plu> (Yu2>ii = v P2us
V2my; V2my;
(Yfl)ii = . flpm (Yf2>ii = v flﬂzf,
V2my; V2my;
Xa1)ii = > L pras (Xa)ii = » X s (8)

where Xdl,Z = VZ:KMYdl,ZVCKM’ plf = (C/,v - S/}K'f) and
par = (sp+ cpks) with f=u,d,Z. All the off-diagonal
elements are zero. The couplings of the neutral Higgs
bosons normalized to the SM are given by

Yo=sin(f-a).  yh=[sin(f—a) +cos(p—alx,),
Vi =cos(f-a). v = [cos(f—a) — sin(p — a],
v =0,yh = —ix; (for u)cy, ¥} = ixscq (for d, £),
yE=0,y, = —ik (for u)sp, y§ = ixysg (for d, £),

©)

where a 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

N
Ly = _TH+{”1‘ [ka(Verm)ijmaiPr

- Kumui(VCKM)ijPL]dj + KfﬂmfPRf} +H.c., (10)

where i, j = 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 & as the discovered
125 GeV state, and choose sin(ff — ) = 1 to satisfy
the bound of the 125 GeV Higgs signal data, for
which the /4 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 Egs. (9) and (10), one see that
the Yukawa couplings of the extra Higgses (H, H,
A, X) are proportional to «,, k; and k, for
sin(f —a) = 1. Therefore, «,, k; and k, 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 «,, k; and k, 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 B; — u*pu~ and
B — X,y exclude regions of k, = k; = k, > 1 and
K, = Kq = kg > 3, respectively [50]. In this paper
we assume k, — 0, k; — 0, and x, — 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_in» Which is written in matrix
form in the basis B = (db'll'tl)l, (I);¢>2, 23’

A I A X 21 -2,
| As+a Xy + 20, XNy — 20
Vimin = ' ’ ’ / 1 W34 M +A" ¢
2| A 2d, a2z AR s
)4/1 _ 222‘ 1/2 _ 2ﬂ/s _11772_"_}'3” 21”'23}-3,[
A
1 T
= crac, (11)

where A =0 for A4 > |A5] and A = 14 — |45| for A4 < |4s].
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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 det(A) > 0V (adjA);; < 0, for some i, j. The adjugate of A is the transpose of the
cofactor matrix of A: (adjA),; = (-1 )"*/M ;;, with M ;; 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 =1, 2, 3, 4, and obtains 4 symmetric 3 x 3
matrices, which are required to be copositive. The copositivity of the symmetric order 3 matrix B with entries b;;, i, j = 1, 2,

3 requires

J°

by 20, by 20, b33 20,
biy = bis+ /b1y 20,
bis = b3+ +/biibs; 20,
byy = by + /Dby 2 0,

V b11b22b33 + b12\/ b33 + D13/ Doy + baz/ D1y + 1/ 2b13b13by3 > 0. (12)

(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 8z 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, 7, U) can obtain additional corrections via the self-energy
diagrams exchanging H, H*, A, and X. For sin( — a) = 1, the expressions of S, T and U in the model are
approximately written as [55,56]

1
S = 2 [CéFs(m%,Vn%i,mﬁ) + sg,FS(mé,m%,,mf() - FS(m%,mzi,mzi)],
z
= e [ (miy mi) = S5Fr (miy. ) + Fr(miymiy) + GFp (. m3) + 55Fr (miy, m3) ).
wSw
1
U=—7 [Fs(m3y, m%..m}) = 2Fs(m¥y,, m%..m2.) + cGFs(myy,.m2..m3) + s5Fs(m3y,. m2..m%)]
W
1
) [c5F s (m7, myy, m3) + s5Fs(m7, my, m3) — Fs(mz, my.,my. )], (13)
z
where
1 ab a
Fr(a,b) = E(a +b) - — blog b)) Fs(a,b,c) = By(a,b,c) — By (0,b,c), (14)
with
B(b)—1b+ ! 1/]d)(lo(X ic)
n(a.b.c) = c—za 5, x X log i€),
X =bx+c(l —x) —ax(1 —x). (15)

Reference [1] gave the fit results of S, 7, and U,
S =-0.01 £0.10, T =0.03+0.12, U=0.024+0.11, (16)
with the correlation coefficients

pPsr — 092, Psu — —080, Pru — —0.93. (17)
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IV. DARK MATTER

The two neutral CP-even Higgs can mediate the inter-
actions of DM, A,vy*h/2 and Ayvy*H /2 with

Ay = (A 4 225)vspe, — (A + 22, veps,,
A = (A + 245)vsps, + (4] + 243)vege,. (18)

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 Ay, and 4}, , s are allowed to have room enough to
produce the pattern of EWPT needed by the EWBG. The
annihilation processes with s-channel exchange of / are
responsible for the relic density. However, for a light y, the
invisible decay i — yy is kinematically allowed, and the
signal data of the 125 GeV Higgs impose strong upper
limits on the hyy coupling [57], which is possible to
conflict with the requirement of the correct relic density
The elastic scattering of y on a nucleon receives the
contributions of the process with f-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 e*e™, u*u~, , Ui,
bb, and WW [59].

After imposing the relevant theoretical and experimental
constraints mentioned previously, we show the 1, versus
m,, 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 ®; and ®, are shifted

\/— and hzj;i’”
the neutral elements of @, to be zero since the effective
potential of Eq. (3) only depends on the relative phase of
the neutral elements of ®; and ©®,.

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

It is plausible to take the imaginary part of

1 1 1 1
Vest (. o hazz.ns) = 5 (g + T, )hi 3 (i +Thy, ) (3 + 13) + 5 (m§ + mi§ + L )y* + 5 (m = mi§ + 10, )ng
1 1 1.
— (A h* + Aoh? + Ioh?) + = Aaush2h2 + — Aaushh? —2h2h2 hh han.h
+8(11+22+23)+434512+434513+43 miyhyhy — \/53’%1
A/

+ Zl (P +m)h?

l/
+ 202+ ) (B + 1)

vy yy
+5 02 =+ 20 = nd) ( + 1)

/1// A// 1
w2ty + g - e
9g 3912 T2
th |:2 +T—|—6ﬁl+4/13+2/14+2/1'+6y,cﬁ ﬁ’
992 39/2 T2
Hh3 = th,
TZ
L, = [44] + 4%, + 81, + 84 + 2] 7.
TZ
T, = [44) + 42 — 82, — 8% + 2]

24

(19)
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101
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m, (GeV)
FIG. 1. 4, consistent with the relic data versus m,. 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.

where Ays = A3 + Ay — As, ¥, = @, and II; 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 7, at
which bubble nucleation actually starts. This can be
calculated straightforwardly from the nucleation rate per
unit volume by [66-68], '~ A(T)e™5/T, where A(T) ~ T*
is a prefactor and S3 is a three-dimensional Euclidian
action. The nucleation temperature 7', is obtained by
I'/H* = 1, where H is the Hubble parameter. It is roughly

|

estimated by %TT) |7—7, = 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,

my(z) = \};_% \/(cﬁhl (2) + 5pha(2))* + s5h3(2) @),

with  ©,(z) = ¢z(z) + arctan e (Sz/i)hi(szz ()
B2 +K()
az(pZ(Z) = h%(z)2+ h%(Z)S—I— h%(z) GZQD(Z),
hs(z)

¢(z) = arctan (20)

hy(z)

In our calculation, the imaginary part of the neutral element
of @, is taken to be zero. As a result, the nonvanishing Zﬂ
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 ¢ (z)
into m, [27].

The transport equations are derived by the complex mass
of the top quark, and contains effects of the strong
sphaleron process (I'y;,) [22,71], We-scattering (I'y)
[22,72], the top Yukawa interaction (I')) [22,72], the top
helicity flips (I'y;) [22,72], and the Higgs number violation
(T",) [22,72]. The transport equations are written as

0 = 3vywK, (0,u,5) + 3vwK> ,(0,mF )y 4 3(0,14,0) — 30y (Hen + pre o + Hpo) = 60 ag (oo + e 2) = 30w (e 2 — pp )
= 30 [(1 4+ 9K e + (149K, p)ppa + (1= 9Ky e o),

0 = 3vywK, (0 ) + 3vwKo ((0,m7 Ve o +3(0 e ) = 30y (0 + o + 2pse o + 2p2) = 60 ny (oo + e o)
= 30 [(1 4+ 9K e + (14 9K, p)ppa + (1= 9Ky e o),

0 =3vwK, ,(0.pp2) +3(0,up2) = 30, (Upa + e n + o) = 30w (o2 — He2)s
=30 [(1 + 9K, D + (1 + 9K, p)up + (1 = 9Ky )pse 2.

0 = 4vwK, 4(0:p2) +4(0up2) = 30y (Hio + Hp2 + 24 o + 212) — AT 2,

S, = _3K4,t(az/’tt.2) + 3kas,t(az“tl) + 3UWK6,t(azmt2)ut,2 + 3F§°tut.z,
0 = —3Ky4(0.up) + 3vwKs (0,u5,5) + 308wy, 5,
S, = _3K4,t<az#t",2) + 3vwk5,l(azut",2) + 3vwk6,t(azmt2>utc,2 + 3F§Ot”t‘,27

0= —4K4,(0.up2) + 4vwKs ,(0,up,2) + 4Ty, 5,

(1)
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The p;, and u; , are the second-order CP-odd chemical
potential and the plasma velocity of the particle
i =t,1°Db,h, The source term S, is

S, = —UWK&,()Z(m,ZOZQt) + UWK9,I(()Z9t)mI2(azm%)' (22)

The functions K,; and K,; (a =1-9) are defined in
Ref. [70], and the "' are the total reaction rate of the
particle i [22,70].

The chemical potential of the left-handed quarks pp, 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

4050, [ Lt
i G e (55).

(23)

where I',,, ~ 107°T, is the weak sphaleron rate inside
bubble [73] and the wall velocity v, is taken as 0.1.

The function fy(z) = min(1,2.4 5= e405()/Tn)  with

E,(2) = V/(1)? + (1) + (h3)? 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 £, 5 3 and 7, 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 Vg in Eq. (19)
presents an unbroken Z, symmetry under which i3 — —h;
and 5, - —n,. As a result, there will not be a bias
between transitions to ({(h;), (h,), (h3), (x), (n,)) and
(k). (hs). ~{hs). (). ~(n,)) from the origin (0, 0, 0, 0,
0) GeV. Therefore, there are two kinds of bubbles relating
to ®, and —0,, 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 Z, symmetry breaking term,
—ip3(S — S$*)°, which leads to a potential difference
between the vacua with +(z,), AV. If AV is large enough
so that the volumes occupied by the +(5,) phases can be
significantly different, the net baryon number in whole

region will be nonzero [74,75]. Unfortunately, to explain
the observed BAU, p; 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 p5 term breaks the CP
symmetry explicitly. The problem can be well solved via a
three-step PTs. At the first-step PT, the g field firstly
acquires a nonzero VEV while (%, 3) and (y) still remain
zero. The second-step PT is a strongly first-order EWPT
converting the origin phase of /;,3 into an electroweak
symmetry broken phase, where /5 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], 5—” > 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 Z,-breaking
PT, which means that two different domains with =+(z,)
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 —(5,) can vanish
when the EWPT takes place. The needed condition is
AV/T* > 10719 [77,78], which can be satisfied by us;
around O(107'%) GeV. For such small u; 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 u since the y term of Eq. (19) can lead to a
close correlation between (h3) and (,) of the potential
minimum. As a result, according to Eq. (5), m, and my 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
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300 Lo o 1 ({036

D 250
L .

o
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0.24 200} 1 [qo.24

it &8

80 U aate Sopst Soy 3

G Ky d
70 A 52 s e, 150 n s n s
250 300 350 400 450 0 100 200 300 400 500
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FIG. 2. The scattering plots achieving the three-step PTs
with the characteristics mentioned in the text, where we take
my =mpy= and 0.1 < sy < 0.7.

075024-7



JINGHONG MA, JIE WANG, and LEI WANG

PHYS. REV. D 109, 075024 (2024)

TABLE 1. Input parameters for the BP1, and other parameters
are given above.

my, My = My my my my mi,
(GeV) (GeV) (GeV) (GeV) (GeV) (GeV)?
125.0 467.69 5595 69.80 333.67 2740.09

ty sin(f—a) sind 4 s 2 A
1.0 1.0 0.324 2293 1351 -1.143 -0.675

=2
1.839

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 72, the minimum of the potential is at
the origin at a very high temperature. As the Universe
cools, at T = 85.38 GeV, a second-order PT takes place
during which 7, acquires a nonzero VEV and the other
four fields remain zero. At T = 69.65 GeV, a strongly
first-order EWPT starts which breaks electroweak sym-
metry, (0,0,0,0,73.71) GeV — (62.42,34.64,55.24,0.0,
37.50) GeV for ({(h), (h,), (h3), {x), (n)). The PT
strength is 1.30, and the BAU is produced via the
EWBG mechanism. At T =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 = 0 GeV. Meanwhile,
&, > 1is always kept so that the BAU is not washed out by
the sphaleron processes. The freeze-out temperature of y
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 Ly T, > 1,
where Ly is the width of bubble wall. The LyT, of
BP1 is approximately estimated to be 3.4.

We solve the transport equations with the boundary
conditions y; (z = £o0) = 0 (i = t,1°, b, h), and obtain the
chemical potentials y; and velocity perturbations u; of each
particle species. We show the u; and u; for the BP1 in

200 T T T T T .| 120

100+
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80

100} 601

h3

VEV (GeV)
VEV (GeV)

40t

50

By 201

of

00 150 200 250 300
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100 150 200 250 300 0 50
T (GeV)

0 50

FIG. 3. The phase histories of the BP1, where (y) is always 0.

80
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r (GeV)

FIG. 4. The radial nucleation bubble wall VEV profiles for the
first-order EWPT.
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FIG. 5. The u; and u; from the transport equations as functions

of the position of the bubble wall.

Fig. 5, which give rise to the BAU, Yy ~8.4 x 107!,
Figure 6 displays Y as a function of the wall velocity v,,
for the BP1. Y tends to decrease with an increase of v,
and it does change strongly in the range of v,, < 0.4.

In Fig. 7, we show the dependences of Yz on tan  and p.
The tanf denotes the ratio of (h;) and (h,) at zero
temperature, and the p term of Eq. (19) leads to a close
correlation between (h3) and () of the potential minimum
at a finite temperature, which can play key roles in the
CP-violating source term. We find that Yy can have a
large value for moderate values of tanf and u, tangp
around 1.2 and p around 2500 GeV. We roughly estimate
that the —iu3(S — §*)* term with u3 being O(1071%) GeV
can eliminate the region with () of opposite sign when
the EWPT takes place, and the result of BAU is not
affected.
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FIG. 6. Y3 as a function of v,, for the BP1.

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 «,,, — 0.
Therefore, these extra Higgses are dominantly produced
at the LHC via the electroweak processes mediated by
Z, W#, and y, and the main decay modes include H — AZ,
H* — AW*. The A decay modes depend on specific values
of x, 4. For a heavy DM whose freeze-out temperature is

25 . K 5000 . tang
4000

4500
3600
4000} °
3200 3500

2800 > 3000}
[

- . o'
o whe
2000 2S00pNE 12
2000 &%) 1.0
2000 e .’_ .
15004 o0 e ° 1 Hos
e od) % 1600 4
05 ¢ 1000}
0.6
N 1200 500 N
10t 1010 107 101 1010 10°
Y3 Yp
FIG. 7. Yp versus tan f# and Y versus p for the left panel and
right panel.

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 DM will 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 y to be a DM candidate on one
hand and on the other hand allows 7, 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 m, 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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