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95 GeV Higgs boson and spontaneous CP-violation at the finite temperature
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The ATLAS and CMS collaborations reported a diphoton excess in the invariant mass distribution around the
95.4 GeV with a local significance of 3.16. Moreover, there is another 2.3¢ local excess in the bb final state at
large electron-positron collider in the same mass region. A plausible solution is that the Higgs sector is extended
to include an additional Higgs boson with a mass of 95.4 GeV. We study a complex singlet scalar extension of
the two-Higgs-doublet model in which the 95.4 GeV Higgs is from the mixing of three C P-even Higgs fields. In
addition, the extended Higgs potential can achieve spontaneous CP-violation at the finite temperature and
restore CP symmetry at the present temperature of the Universe. We find that the model can simultaneously
explain the baryon asymmetry of the Universe, the diphoton and bb excesses around the 95.4 GeV while
satisfying various relevant constraints including the experiments of collider and electric dipole moment.
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I. INTRODUCTION

The baryon asymmetry of the Universe (BAU) is a
fundamental question in particle physics and cosmology.
By the observation based on the big bang nucleosynthesis,
the BAU is [1]

Yg=pp/s =(82-92)x 10711, (1)

where s is the entropy density, and pjp is the baryon number
density. The three necessary Sakharov ingredients for
generating such an asymmetry dynamically: baryon num-
ber violation, C and CP violations, and a departure from
thermal equilibrium [2]. The electroweak baryogenesis
(EWBG) [3,4] is a promising and attractive mechanism
of explaining the BAU. In order to achieve the EWBG,
the SM need be extended to produce sufficient large
CP-violation and a strongly first-order electroweak phase
transition (PT), such as the singlet extension of SM (see
for example [5-20]) and the two-Higgs-doublet model
(2HDM) (see for example [21-41]).

The explicit CP-violation interactions in the lagrangian
required by the EWBG can be severely constrained by the
negative results in the electric dipole moment (EDM)
searches for electrons [42]. The spontaneous CP-violation
at finite temperature offers a valid mechanism for solving
the problem. In the mechanism, no explicit CP-violating
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interactions are added to the Lagrangian. Because of thermal
corrections to the effective potential, the vacuum structure of
the theory changes at finite temperature, and can dynami-
cally induce sufficient large CP-violation to obtain the
observed BAU via electroweak PT. However, as the temper-
ature decreases, the observed electroweak vacuum is
obtained and the CP symmetry is restored at the present
temperature. Thus, there are no new CP-violating inter-
actions beyond the Cabibbo-Kobayashi-Maskawa (CKM)
mechanism at the present temperature, and no new correc-
tions to the EDM. As a result, the stringent EDM exper-
imental constraints will be naturally avoided. The novel
mechanism has been realized in the singlet scalar extension
of the SM [14,15] in which one need introduce a high
dimension effective operator, the singlet pseudoscalar
extension of 2HDM [43,44], and the complex singlet scalar
extension of 2HDM respecting a discrete dark CP symmetry
in which the dark matter is simultaneously explained [45].
Based on full Run 2 dataset, the CMS collaboration
published the latest result of searching for low-mass
diphoton, and confirmed a previously released excess at
m,, = 95.4 GeV with alocal significance of 2.9¢ [46]. The
ATLAS collaboration also presented the result of searching
for diphoton signals in the mass range from 66 to 110 GeV
based on their full Run 2 dataset [47]. The ATLAS search
found a diphoton excess with a local significance of 1.7¢ at
the same mass value as the one that was previously reported
by CMS. Neglecting possible correlations, the combined
signal strength corresponds to a 3.1¢ local excess [48],
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where ¢ is a non-SM scalar with a mass of 95.4 GeV, and
hgM, is a hypothetical SM-like Higgs with the same mass.
Interestingly, there is a longstanding 2.3¢ local excess in
the ete™ — Z(¢p — bb) searches at large electron-positron

collider in the same mass region [49],
/AZ’};’ =0.117 +£ 0.057. (3)

There are numerous discussions on the excesses in the
new physics models, for example Refs. [48,50-96]. In this
paper, we propose a complex singlet scalar extension of
2HDM (2HDMS) to accommodate the diphoton and bb
excesses around 95.4 GeV. Meanwhile, we discuss the
spontaneous CP-violation at the finite temperature and
possibility of explanation on the BAU.

b7
O, = witpi+im) |° D, =
V2

(a+par+in)

¢ ) S (ps + v + in)
NG

The structure of this paper is outlined as follows. In
Sec. II, we introduce some characteristic features of the
2HDMS. In Secs. IIT and IV, we discuss relevant theoretical
and experimental constraints, and explain the diphoton and
bb excesses around the 95.4 GeV. In Secs. V and VI, we
discuss the PTs of the Universe and the possibility of
explaining the BAU, respectively. Finally, we draw our
conclusion in Sec. VIL

II. THE MODEL

The SM is augmented with a second Higgs doublet ®,
and a complex singlet S,

N : (4)

where vy, v,, and v, are the real vacuum expectation values (VEVs) acquired by the fields @, ®,, and S, respectively. We

define the ratio of the two VEVs as tanf = v,/ v;.
The scalar potential is given by

A A

V = m} (®]®@) + md,(PLD,) + 1 (D]D))? + 2 (DLD,)? + 13(D] D) ) (D] D,)

2 2

A .
A0 @10) + |5 (@]0:) + 40 0)(@]0:) + 1010, (@];) + He,

m/2

!/
+ m2SS* + [TS SS + H.C} + {% § 451588 + H.c}

/’{// l// /1//
[—1 S*+-25258* + H.c} - f (S5%)2 + SS* [, @D, + 2, D D,] + [S* (X, @D, + A, D]D,) + H.c.]

24 6

+ [(ASS* + 25,SS + 4S*S*) D@, + H.c] + {—m%ztbzcbl + g (S —S)D]D, + H.c} (5)

We focus on the CP-conservation case in which all the
coupling coefficients and mass are real. For simplicity, we
take dg = A, = Ay = A7 = 25 = 0 and p; = p§ in the fol-
lowing discussions. A softly-broken Z, symmetry under
which ®; - ®,S — S and ®, - —®,, can be imposed to
achieve dg =4, = Ay = A, = 4, =0.

The minimization conditions of the scalar potential give

2 2 v 2 2 s 2
mll = mllt/f —3(/11613 +l345Sﬂ) —Eﬂ.,l - Usﬂ.g,

2 2
v v
m3, = miy/ty — > (A255 + A345¢5) — 55/1’2 — 2L,

5 , vl v? v,
m3 = —m'; —E/l’{ —?‘/1’2’ - Z‘vsﬂg’ — V20,
1 1
_51}(1’1 +22,)c} —502(1’2 +22%)s3, (6)

|
where tp=tanp, sz=sinf, cy=cosp, and 35 =
Az + g + As.

After spontaneous symmetry breaking, the mass eigen-
states are obtained from the original fields by the rotation
matrices,

(hl’h21h3) = (Plyﬂz»ﬂs )RT’ (7)

(A,X,G):(I’]l,l’]z,ﬂs)Ri, (8)

G*\ [ cosp sinf [ 9
<Hi)_<—sinﬁ COSﬁ)<¢§>’ ®

with
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C1Cp §1Co o) —S/3C4 CﬂC4 S4q
R=] —sic3—ci5283 c1c3— 815283 €83 |, RA = SpSy  —CpSy Cy | (10)
§183 — C152C3 —81852C3 — C183 CrC3 C/} S/} 0

The shorthand notations s, = sin a,, s, = sina,, 53 = sinaz, and s, = sin 4. The G° and G* are Goldstones, and they are
absorbed by gauge bosons Z and W*. The remaining physical states includes three CP-even states /1, , 3, two pseudoscalars
A and X, and a pair of charged scalar H*.

Taking the scalar masses and mixing angles as the input parameters, one can express the coupling constants in the Higgs
potential as

V2¢ys4(my —m3)
l_l =

’

v
= miy Ry + mip R, + mis R, — miyty
- 22 J
v Cﬁ
P mp RYy + mj, R, + misR3, — m%zl/;l
2 1)25/2)» 5
l _ m]%lRllRlz —|— m%szRzz —|— m%3R31R32 + Zméisﬁcﬁ - m%z
3 vspcp ’
W (m3c3 + mysg —2m7,.)sgcy + mi,
4 vispcp ’
he —(mici + mxs3)spep + mi,
> vspcp ’
o 3cim} + 6m§ + 3m3si + 6255307 + 3V 2u,0, + (A + 43)v}
4= 7 22 ’
6v o
2= i (mp Ry Ry3 + mj, Ry Ros + mij3 Ry  R33)
! 4 vUsCy ’
2= 24+ (mj R12R 3 + miyRys Rz + mys RapRs3)
2 3 VUSp ’
e 6m3 Ry + 6m3, Ry, + 6m23 Ry — vg(67/ 24, + Xlvg + 425vy) "
N
|
The general Yukawa interactions are written as V2m,,; V2m,,;
(Yul)ii = v Plus (Yu2)ii = TPZM’
(Y ) _\/Emfi (Y ) _\/Emfl
—L=Y,,0,Dup + Y1 Q1 Prdg + YL Preg oL v P r2i v P
A & e = 2 2
+YulQLq)luR+YdeL(I)ldR+Yf1LL(DleR+H'C'9 (Xdl)l.i _ fmdlpld, (Xdz)ii _ fmdl » (13)
(12)

where all the off-diagonal elements are zero, and p;; =
(cp—spks) and pyy = (55 + cpkp) With f = u, d, €. ky are
where Q7 = (uy.d;), LT = (vp.1;), ®1, = it2®},, and  new free parameters, which determine the Yukawa cou-
Y12, Ya12and Y,y 5 are 3 x 3 matrices in family space. We ~ pling matrices of up-type quark, down-type quark, and
assume the Yukawa coupling matrices to be aligned to lepton. Xy, = VZZLYdLZVdR with V,;; = Vegm, Where
avoid the tree-level flavor changing neutral current [97,98], V 4.r are unitary matrices which transform the interaction
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eigenstates to the mass eigenstates for the left-handed and right-handed down-type quark fields. The Yukawa interactions

will explicitly break the Z, symmetry mentioned above.

The couplings of the neutral Higgs bosons with respect to the SM are given by

hy _
Yy = C2Cp1,s

2

hy )
Yy = [sa]sp13 +?C3Sﬂ1v

2
hy _ )
Yy = |52|Cﬂ13 3035/11,

vy =0, yh = —iky(for u)cy,
f
X

yE =0, vy = iks(for u)s,,

Iy
Yy = CZ(Cﬁl - S/ile)’

2

Iy c
Y= 2] (sp13 + cpizky) + ?203(5131 + cpiky),

2

hs ¢
v 2 1s2l(cps = Spiaky) — 32C3(Sﬁ1 + cpiky),
y? — inc4(f0r d, f),
y§ = —ikpsy(for d,?), (14)

where V denotes Z or W. The shorthand notations ¢z = cos(f — a;), sp = sin(f — a;), g3 = cos(f — a; —sgn(sy)az),

2
and 553 = sin(8 — a; — sgn(s,)as). We take the approximation of s, =~ sgn(s,)(1 — 2) for the expressions in the second

and third lines of Eq. (14).
The Yukawa couplings of the charged Higgs are

V2

Ly = _—H+{ui[Kd(VCKM)ijmdeR — ki (Vexm) i Prld; + Kfﬁmfpkf} +H.c, (15)

v

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 4, as
the observed 125 GeV state, and apply HiggsTools [99] to
calculate the total y? of the latest LHC rate measurements
of the observed Higgs boson at 125 GeV. HiggsTools
incorporates the codes HiggsSignals [99,100] and
HiggsBounds [101,102]. We pay particular attention to the
surviving samples with x? —y%,, < 6.18, where y3y,
denotes the y? value of the SM. These samples are favored
|

[
compared to the SM fit result within 2¢ confidence level
(assuming two-dimensional parameter estimations).

(2) The searches for extra Higgses at the collider and the
flavor observables. We employ HiggsTools to pick out the
samples which meet the 95% confidence level exclusion
limits from searches for the additional Higgs at the collider.
Superlso-v4.1 [103] is used to check the compatibility with
B — X,y transitions.

(3) Vacuum stability. We impose the conditions that the
vacuum should be a global minimum of the potential, and
the potential remains positive when the field values approach
infinity, namely boundedness from below. For large values
of the fields, the quadratic and cubic terms can be neglected,
and the quartic part V4_,;, in Eq. (5) is written in matrix
form in the basis B = (®]®, ®I®,, p}, 72)7,

A A X421 A =22
| A A M4 22 2 - 24
V —min = C - " " " _an " C
B—2k -2 A ;zg /1’1’+3/16’3’—4/1’2’
A
1 T
=5 CTAC. (16)

with A =0 for A4 > |45| and A = 4, — |4s| for 44 < |As|. Boundedness from below demands A is a copositive matrix.
Deleting the ith row and column of A, i = 1,2, 3,4, and four symmetric 3 x 3 matrices are remained. The copositivity of the

symmetric order 3 matrix B with entries b;;, i, j = 1,2,3 demands [75,104]
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by 20, by 20,

by, = by, +\/byby 20,

bis = by3++/byibs; 20,

byy = b3 + /b33 2 0,
Vbi1bnbsy + biay/bys + biay/by + by3y/biy

b33 >0,

+/ 2b1yb13by; > 0. (17)
Besides, the copositivity of matrix A requires

det(A) > 0V (adjA);; <0, for some i, j. The adjugate of
A is the transpose of the cofactor matrix of A,
(adjA);; = (=1)"/Mj;. The M;; is the determinant of
the submatrix which is obtained by deleting row i and
column j of A.

1
s=— [ S (Fy(mbm? m3) (R Ry + RbR,)?
mz ;973

(4) Tree-level perturbative unitarity. We require that the
eigenvalues of the 2 — 2 scalar-scalar scattering matrix are
below 8z, which is achieved in SPheno-v4.0.5 [105] employ-
ing SARAH-SPheno [106].

(5) The oblique parameters. The oblique parameters can
impose constraints on the Higgs mass spectrum in the
model. For points being in agreement with the experimental
observation, it was required that the values of the S and the
T parameter are within the 2¢ ranges, corresponding to
x> = 6.18 for two degrees of freedom. The fit results are
given in Ref. [1],

S =0.00 £ 0.07, T =0.05 £ 0.06, (18)
with the correlation coefficients, pgr = 0.92.

In the model, the S and T are approximately calculated

by [107,108]

+ Fs(m%’m%,i»m@(Réan +R5,R ) +FS<m%’m%’m%zi)(CﬁRil +s55R)?

—mZFgo(m%,mz,m; )(csRiy +55Rn)*) — Fs(my,m3,.,

= 2 2
16zmy, sy, 2133

m

Hi>—Fs<m%,m§,msef>+m%Fso<m§,m%,mfef>],

1
{ Z (=Fr(mj; ,m3) (R}, Ry + R, Rip)* = Fr(mj, ,m% ) (RS, Riy + R, Rip)? + Fr(my,.,mj, ) (cgRin—spR;y )

+ 3Fp(mz,m; ) (cpRiy +5pR12)> =3Fp(miyy,mj, ) (csRit +55R2)*)

+ Fr(m3,..m3)(csRYy = spRY, ) + Fr(m]

I
where
Fr(a,b) = % (a+b) - acf)blog (g)
Fgy(a,b,c) = By(a,b,c) — By(0,b,c)
with

1 1
By (a,b,c) = [b+c —ga

T4

) (cyRy — syRA )2 = 3F (. >+3Fr<m%wmfef>]

(19)

ref

Fg(a,b,c) = By(a,b,c) — Bx»(0,b,¢),

(20)

1 [
} —5/ dxXlog(X — ie),

0

I
By(a,b,c) = —/ dxlog (X — ie),

0

X =bx+c(l —x)—ax(1-x).

IV. EXCESSES AROUND 954 GeV

The assumed origins of the diphoton and bb excesses around the 95.4 GeV are the resonant productions of the lightest
CP-even Higgs h; in the model. In the narrow width approximation, these signal strengths can be expressed as follows:

~_ oompms(ete” = Zhy)

BRZHDMS(hl - bB)

BRZHDMS(hl - bB)

Hob = osm(ete™ — Zh3M,)

— 2 - )
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_ O2HDMS (99 = hy) _ BRoupms(hy = vy)
osm(gg = h3yy) ~ BRsm(hgdy = vy)

BRyupms (71 = 1)

BRSMU’S% = 77)

144

(23)

~ yﬁl |2

In our calculations, we take the mixing parameters and
Yukawa parameters as follows:

0 < Cy < 04, Sﬁ]3 = 10, 0.5 < tanﬁ < 2,
0<sp <10, 02<s <07,
kK, =0, k=0 —50<k;<50. (24)

For 543 = 1.0 and ¢, — 0, the couplings between the £,
and SM particles approach to those of SM, which is favored
by the signal data of the 125 GeV Higgs. In order to weaken
the bounds on the extra Higgses from the direct searches at
the LHC and indirect searches via the flavor physics data,
we choose k, = k, = 0 and —5.0 < k; < 5.0. The nonzero

Kk, can make yZ,‘ to be smaller than y;") and yﬁ‘ , and suppress

the total width of &, significantly. As a result, Br(h; — yy)
is sizably enhanced.

In Figs. 1 and 2 we respectively display the parameter
points explaining the bb and diphoton excesses at the
95.4 GeV within 1o and 26 ranges without imposing any
other constraints. From Fig. 1, it can be observed that ¢, is
imposed a lower bound for a given cp; since the signal
strength pu,; is directly proportional to |y}‘f1 |>. The Yukawa
coupling of bottom quark to h; is proportional to
Cp1 — Spikg, and therefore a relative large value of |cﬁ1 —
Sp1kq| is favored to explain the bb excess, especially for the
explanation within 1o range. The allowed «, and cy; are
displayed in the right panel of Fig. 1. Different from the
case of the bb excess, the explanation of diphoton excess at
the 95.4 GeV favors a relative small |c4 — s4k,|, which
can suppress the total width of #;, and then enhance
Br(h, — yy). As a result, a positive k, is favored for the
case of cg; > 0 and sp > 0. When ¢4, approaches to 1.0, a
negative k, is allowed to explain the diphoton excess with
20 range, as shown in the right panel of Fig. 2.

|Cm_— Sp1kq | \ﬁd \
0.40}
145 a {4.5
a4l
0.35} lao lao
0.30} {35 435
2+
=
0.25 43.0 4 43.0
=
@
o 4 4
< 0.20} 237 of 25
{20 = 42.0
0.15 N
5 _ab 1.5
0.10
1.0 1.0
0.05 05 _al i ?o.s
0.00 . . . . . . .
00 02 04 06 08 1.0 0.0 02 04 06 08 1.0
Ca1 Ca1 Ca1

FIG. 1.
and circles, respectively.

The samples accommodating the bb excess at the 95.4 GeV. The excess is explained within 1o and 26 ranges for the squares

Cg1 — Sp1ka [ a | C31 — Sp1Rd
———— —31.35 1.5 — il
0.401 i
L e R {4.5 al 1.2
Pl 1ol
035F ¢°; T ' {4.0 lo.9
.. f sl {35 2t loe
0.30} . s
© 43.0
o pul
@ - - {03
S 0.0f ° {2.5 0
© 025} | <
= 42.0 0.0
O
-0.5}) 11|
0.20f I 415 —2f
I {1.0
0.15} -1.0p 1
%0.5 -4t
0.10

0.3 04 05 0.6 0.7 0.8 0.9 1.0

Ca1

_15 1 L 1 1 L L 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Cm

0.3 0.4 05 0.6 0.7 0.8 0.9 1.0

Cﬁl

FIG. 2. Same as the Fig. 1, but for the diphoton excess at the 95.4 GeV.
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1.00

0.98

0.96 |-

0.92}

0.90

15

0.90 0.92 0.94 0.96 0.98 1.00

1.0}

0.5}

0.0

Cp1 — Sp1kd

—0.5}+

1.0}

‘04 05 06 07 08 09 1.0
Cﬂl

0.40

0.35

0.30

Co

0.25

0.20

FIG. 3. The circles (green) are excluded by the constraints of “pre-95” while the pluses (blue) and squares (red) are allowed. The bb
and diphoton excesses are simultaneously explained within 1o and 26 ranges for squares (red) and the pluses (blue).

After imposing the constraints of “pre-95” (denoting
theoretical constraints, the oblique parameters, the signal
data of the 125 GeV Higgs, the searches for extra Higgses
at the LHC and the flavor observables), we show the
parameter points explaining the diphoton and bb excesses
at the 95.4 GeV in Fig. 3. We find that the whole parameter
space chosen in the Eq. (24) can be consistent with the
measurement of B — X, y. The choice of x, =0 can
suppress the top Yukawa couplings to H, A, X, and H*,
and reduce the production cross sections of these extra
Higgses at the LHC. As a result, the exclusion bounds of
searches for additional Higgs bosons at the LHC can be
markedly weakened. The signal data of the 125 GeV Higgs
impose stringent constraints on y}"f and yZz, and exclude
many parameter points explaining the b and diphoton
excesses. In the region of 0.15<c¢, <04 and
0.45 < ¢4 < 1.0, the model can simultaneously explain
the bb and diphoton excesses at the 95.4 GeV within 2o
ranges. The |k,| is favored to decrease with cg, and 0 <
kg < lisrequired for the case of ¢ < 0.6. There is a small
region explaining both bb and diphoton excesses within 1o
range, in which ¢,, c¢g, and k; have strong dependencies.

V. PHASE TRANSITION

To examine the PTs we first study the effective scalar
potential of the model at finite temperature. The neutral
elements of @, and ®, are parametrized as \“}—‘5 and "’2\7‘”3,
and the singlet scalar field is parametrized as % It is
plausible to choose the imaginary part of the neutral
component of @, to be zero because the potential of
Eq. (5) only depends on the relative phase of the neutral
components of @, and ©,.

The full effective potential at finite temperature is gauge-
dependent [109,110], which is composed of four parts: the
tree level potential, the Coleman-Weinberg term [111], the
finite temperature corrections [112] and the resummed
daisy corrections [113,114]. In this paper we consider
the high-temperature approximation of effective potential,
which keeps only the tree-level potential and the thermal
mass terms in the high-temperature expansion. Therefore,
the effective potential is gauge invariant, and it does not
depend on the resummation scheme and the renormaliza-
tion scheme. The high-temperature approximation of
effective potential is written as
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1
(m}; + 10, )7 + 5

Veff((p17(p2’903’)(vrls) = 2

+ el

> N —

2 H A
+ pr%tﬂ% — mhp1p; = 7—603%601 + 1 (7 + 3ot

2

1
(m§z+H )(¢%+<p§)+2<ms+m + 1)

(m§ —m + I, n 4= (/11401 + hp3 + hed) +— /1345401(,02 +- 3345(,01%

p
+ 0 0003 + 93)

"

/121 2 2\ .2 /1{5 2 2 2 2 j’ /1” 4 1 " "\ .,2,.2
+5 W =m)ei + 3 0 —m) (@3 + k) + 1o+ 16 | +13) + +g (B = A

/1// \/§
(){4 M) + 5Kt

9/2
1 |: 2 + —_— + 6/11 + 4/13 + 2/14 + 2}/1 + 6y?<Cﬂ - SﬂKu)2 + 6y127(Cﬂ - Sﬂl('d)z

T2
ﬁa

9g 39’2 , T2
H(PZ = 2 2 +6/12+4/1'; +2&4+2/1 +6y[(5ﬁ+CﬂK ) +6yb(sﬂ+cﬁ’€d)
H% = H(ﬂz
T2
I1, = [42] + 42, + 245 + 245 + 82 + 814] 7
T2
I, = [A4] + 42 — 205 + 25 = 82, = 825] .. (25)

where /1345 = )«3 + )«4 - )«5, v = \/_vm,’ Vp = \/zvmb, and H

denotes the thermal mass terms of the field i.
In a first-order PT, the bubble nucleation rate per unit
volume at the finite temperature is given by [115-117]

'~ A(T)e ST, (26)

where A(T)~T?* is a prefactor and S; is a three-
dimensional Euclidian action,

S3 = 47:/ drr? [Z% (iﬁ’) ’ + Veff:| . (27)
0

i=1

The ¢i_12345 denotes @y, @,, @3, x, and 5y, which are
determined by bounce equations [118]

d*e; n 2d¢; Ve
drr rdr  o¢;’

(i=1,2,3,45. (28)

We employ FindBounce to solve the bounce equations, and
obtain the bubble wall VEV profiles [119]. At the nucle-
ation temperature 7, the thermal tunneling probability for
bubble nucleation per horizon volume and per horizon time
is of order one and this condition is roughly converted to
~ 140.

The CP symmetry is conserved both at very high
temperature and the present temperature, and it is only
spontaneously broken at the finite temperature. Therefore,
the Universe need undergo multistep PTs. It is noted that

[

the effective potential Vg in Eq. (25) has a Z, symmetry:
@3 — —@3 and 5, - —n,. Therefore, there will not be a

bias between transitions to ({@y),(@2).{®3),(x).(ns))

and ({¢1).(®2),—(93).(x).,—(n,)) from the origin (0, O,
0, 0, 0) GeV. The two kinds of bubbles will create baryon

asymmetry of opposite signs. As a result, the net BAU
averaged over the entire Universe will be zero resulting in a
null BAU. The issue can be solved in a special pattern of
three-step PTs. The first step is the Z,-breaking PT, and the
second step is a strongly first-order electroweak PT during
which the BAU is generated. Finally, through the third-step
PT the observed vacuum is obtained and the CP symmetry
is recovered at the present temperature. During the first
Z,-breaking PT, different patches of the Universe would
end up in either +(r,) or —(57,) vacuum, forming a network
of domains. One may add a Z, symmetry breaking term,
—ips(S —S*)3, which leads to a potential difference
between the vacua with +(5,), AV. The amount of bias
AV needed for the deeper minimum to be the only vacuum
remaining when the next electroweak PT transition happens
is very tiny, AV/T* > 107'¢ [5,120]. Despite the u3 term
breaks the CP symmetry explicitly, the CP-conservation
is still a safe approximation in the model because of a
negligible value of 5.

We apply CosmoTransitions to analyze the PTs [121]. After
imposing the constraints of “pre-95” and requirement of
explaining both bb and diphoton excesses within 20
ranges, we find two different patterns of the three-step
PTs with the characteristics mentioned above, and take two
benchmark points BP1 and BP2 to discuss the PTs in
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TABLE 1. Input parameters for the BP1 and the BP2.
my, (GeV) my, (GeV) my,, = my=(GeV) my(GeV) my (GeV) mi,(GeV)? m'?(GeV)?
BP1 95.4 125.0 451.42 80.99 412.39 5314.36 4720.09
BP2 95.4 125.0 570.22 70.40 275.10 2482.07 5067.11
Ip Sp13 &) Sp1 S4 5 v A ke  Ky=ks p(GeV) v,(GeV) Hpp Hyy
BP1 1.147 1.0 0.277 0.382 0.317 -1.429 3908 3.166 0.954 0.0 73.48 =50.11  0.0489 0.118
BP2 0950 1.0 0247 0498 0426 -1.024 4384 2.324 0.891 0.0 101.63 —67.05 0.0280 0.104

detailed. The key input parameters are displayed in Table I.
Figures 4 and 5 exhibit the phase histories for the BP1 and
BP2. For the BP1, at a very high temperature, the minimum
of the potential is at the origin since the contributions
of the thermal mass terms to the effective potential are
proportional to 72. When the temperature decreases
to T =83.15 GeV, a second-order PT starts during
which 5, develops a nonzero VEV and the other four

250

fields still remain zero. At T = 65.81 GeV, a strongly first-
order electroweak PT happens which breaks electroweak
symmetry, (0,0,0,0,68.27) GeV — (68.88,66.0,53.86,
—40.83, 25.47) GeV for ((¢1).(¢2).(93).(x).(ns)). The
strength of PT (¢ = 7”’)%?’%) is 1.66, and the BAU is
generated via the EWBG mechanism. At 7 = 56.59 GeV,

another second-order PT takes place. Next, the vacuum
evolves along the final phase, and ultimately ends in the

140

200

150+

100

50

VEV (GeV)

VEV (GeV)

—-50}

-100

120+

100 |

80

60

a0t

20+

) #93(?)

60 80 100 120 140

T (GeV)

40

FIG. 4. Phase histories for the BP1. ¢ (i) denotes the VEV of ¢ at the

the occurrence of a second-order PT.

250

60 80 100 120 140

T (GeV)

ith phase, where ¢ = @1, ¢, ¥, @3, 1. The black dot represents

120

200

150

100

VEV (GeV)

50

—50}

—-100

- 100
_\@ 25(3)
>N wf
< 13
. *@/ 9 60+ @
‘%3 i a &
= 40+
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4 D
X4 K L e o)
L (@) w2 ()
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
T (GeV) T (GeV)
FIG. 5. Same as Fig. 1, but for the BP2.
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FIG. 6. The scattering plots achieving the three-step PTs with the characteristics mentioned in the text. The third step is respectively

first-order PT and second-order PT for the squares and circles.

observed values at T = 0 GeV while the CP symmetry is
restored. Meanwhile, £ > 1 is always remained so that the
BAU is not washed out by the sphaleron process [122].

For the BP2, the first step is second-order PT and the
second step is strongly first-order PT, which are similar to
those of BP1. However, the third step is first-order PT
during which the observed vacuum is obtained and the CP
symmetry is restored.

There are no explicit CP-violating interactions in the
scalar potential in Eq. (5). Due to the thermal corrections to
the effective potential in Eq. (25), the #, field first acquires
a nonzero VEV at finite temperature. Naturally, the mass
term and interaction terms of the S field will play an
important role. In addition, the p term [see Egs. (5)
and (25)] can lead to a close correlation between (¢3)
and (57,) of the potential minimum, which plays a key role
in the ¢ field acquiring a nonzero VEV as the temperature
evolves. Thus, an imaginary part of the top quark mass is
induced by the interaction of 7(¢p, + ip3).

In Fig. 6 we display some parameter points achieving the
three-step PTs. From Fig. 6, we find that the three-step PTs
satisfying our requirements favor an appropriate value of y.
As aresult, according to Eq. (11), m4 and my is required to
have a large mass splitting, and the mass splitting tends to
increase with a decrease of s4. Also my is favored to have a
large value for a small s,. Besides, the PT, whose third step
is first order, tends to be achieved in the region of relatively
large |4s].

In BP1 and BP2, the 70-80 GeV lightest CP-odd scalar
boson A is predicted. Because of x, = k, = 0, k; = 0.954
(0.891) for BP1 and BP2, the A coupling to the top
quark is absent according to Eq. (14), leading to a
negligible production cross section via gluon-gluon fusion
process at the LHC. The A can be mainly produced via the
pp — Abb process at the LHC, and then A decays into bb.
However, it is challenging to isolate potential signals from
the overwhelming QCD background, and several strategies
need be improved, such as precise event selection with

optimized kinematic cuts, and advanced jet substructure
techniques to distinguish signal-like jets from QCD jets.
Additionally, the machine learning-based analyses can
enhance signal-to-background discrimination.

VI. BARYOGENESIS

We take the WKB approximation method to calculate the
CP-violating source terms and chemical potentials trans-
port equations of particle species in the wall frame with a
radial coordinate z [23,123,124]. When a top quark
penetrates the bubble wall, it acquires a complex mass
as a function of z,

m(@) =2 (g () +5p0(@) P+ 5jR (@) (29)

with
= arctan $993(2)
Oi(z) = ©z(z) + arct Cﬂ(ﬂl(z) + Sﬁfﬂz(z) ’
 RR+AR
02(2) = = e ) + i) P
(P3(Z) _

O(z) = arctan

@1 (z2) (30)

Because the imaginary part of the neutral element of @ is
chosen to be zero in our discussions, the nonvanishing Z,
field produce an additional CP-violating force acting on the
top quark, which is removed by a local axial transformation
of top quark, reintroducing an additional overall phase
©4(z) into m, [28].

The complex mass of the top quark drives the transport
equations, which include effects of the strong sphaleron
process (I'y,) [23,125], W-scattering (I'y,) [23,126], the top
Yukawa interaction (I'y) [23,126], the top helicity flips (I'y,)
[23,126], and the Higgs number violation (I',) [23,126].
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The transport equations are given by

0 = 3vwK 1, (9:p12) + 30wKs ,(0:m7 )i + 3(0:15)
=30 (s + e n + tp) = O ag(pen + pe o) = 30w (Heo — Hp2)
= 30 [(1 4+ 9K e + (149K, p)ppa + (1= 9K e o),
0 =3vwK (04 2) + 3vwKo (0.m2 )y 5 + 3(0.tyc )
=30 (e + oo + 240 5 4 2up0) = Oy (s + e o)
=30 [(1 + 9K Do + (1 + 9K, p)ppp + (1= 9Ky Jpse 2]
0 =3vwK, ,(0.pp2) + 3(0;up2) = 30y (kb2 + e n + pi2) = 30w (kb2 — pi2),
=30 [(1 + 9K Jura + (1 + 9K, p)ppp + (1 = 9Ky Jpse 2]
0 = 4vwK, 4(0:pn2) +4(0.up2) = 3Ty (o + p2 + 2 o + 2up2) — AT 2,

Sy = =3K4,(0-p:2) + 3”Wi(5.t(az“t,2) + 3vwk6,t(azmt2)ul,2 + 30", 5,

0= —3K,,(0.p2) + 3vwKs,(0,up5) + 300y, 5,

S; = =3K4, (0.4 2) + 3vwKs (0.1 5) + 30K, (0.mF Ve 5 + 3T % 5,

0 = —4K 4 ,(0:p12) + 40w Ks (0.1 2) + 4T3y, . (31)

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

St = _UWKS.taz(mtzaz(at) + UWK9,t(az®t)m%(azmtz)' (32)

The I''** are the total reaction rate of the particle i [23,124],
and the functions K,; and K,; (a = 1-9) are given in
Ref. [124].

We solve the transport equations with the boundary
conditions y; (z = +o0) = 0 (i = ¢, °, b, h), and obtain the
chemical potentials y; and velocity perturbations u; of each
particle species. The weak sphaleron process converts the
left-handed quark number into a baryon asymmetry, which
is calculated as

VEV (GeV)

-20

—40 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
r (GeV-1)

FIG. 7. The radial nucleation bubble wall VEV profiles for the
second-step PT of the BP1.

[

Y

405T,, [ 45T,z
/ dzpp, (2)fpn(z) exp (— >

B= 47r2vwg*Tn 0 4v,,
(33)

I,,~107°T, is the weak sphaleron rate inside
bubble [127] and v, is the wall velocity. ug, is the
chemical potential of left-handed quarks, and the

function fyy,(z) = min(1,2.4 L2 e=400@)/Th) with v, (z) =

Vo1 (2) + (#2(2))* + (@3(2))> is  employed  to
smoothly interpolate between the sphaleron rate in the
unbroken and broken phases [28].

1010k

Yy

10—11

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Uw

FIG. 8. Yjp as a function of v, for the BP1.
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The calculation of BAU for the BP1 depends on the
bubble wall profiles for the second-step PT, and they are
given in Fig. 7. The WKB method of calculating transport
equations needs the condition of LT, > 1, where Ly is
the width of bubble wall. The LT, for the BP1 is
approximately estimated to be 2.6. Figure 8 displays Yp
as a function of the wall velocity v,, for the BP1. Y tends
to decrease with an increase of v,,, and 8 x 107! < Y <
10 x 107! for 0.025 < vy < 0.19.

VII. CONCLUSION

In this work we studied a complex singlet scalar extension
of the 2HDM in which the 95.4 GeV Higgs is from the
mixing of three CP-even Higgs fields, and there is a mixing
between the two CP-odd Higgs fields. Considering relevant
theoretical and experimental constraints, we found that the

model can simultaneously explain the diphoton and bb
excesses at the 95.4 GeV while achieving spontaneous
CP-violation at the finite temperature. Some strong depend-
encies among several key parameters are displayed. Finally,
we picked out a benchmark point accommodating the
diphoton and bb excesses simultaneously, and found that
the model can explain BAU while satisfying the bound
of EDM.
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