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We study the two Higgs doublet model with a complex singlet scalar whose imaginary part 
acts as dark matter (DM). The scattering of DM and quarks, mediated by three CP-e v en 

scalars in this model, is suppressed when masses of CP-e v en scalars are degenera te; tha t is 
called the “degenerate scalar scenario.”Based on this scenario, we show that the strong first- 
order electroweak phase transition can be achieved without conflicting with constraints 
from the DM relic density and the direct detection experiments. We also discuss a shift of 
scalar trilinear coupling from the Standard Model prediction, which could be a test of this 
model in collider experiments. 
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1. Introduction 

Dark matter (DM), whose existence has been suggested by cosmological observations, pre-
dicts physics beyond the Standard Model (SM). Among the various DM candidates, weakly
interacting massi v e particles (WIMPs) are attracti v e because their abundance can be e xplained
thermally. It is the so-called “WIMP miracle.” Howe v er, despite vigorous searches, such as ac-
celerator experiments and DM direct detection experiments, the DM signal has not been found.
In particular, the LZ experiment [ 1 ] places very strong constraints on the scattering cross sec-
tions of WIMP-DM and nucleons, posing a major challenge for models that include WIMP-
DM. 

Possible scenarios consistent with the curr ent dir ect detection experiments include (i) DM
either has a mass that is sufficient to exceed the energy scale of current experiments or has only
tiny interactions with the SM particles and (ii) DM-nucleon scattering is suppressed by a built-
in mechanism in the model. Here, we focus on the second scenario. One model that realizes
this scenario is the complex singlet scalar extension of the Standard Model (CxSM) [ 2 ], which
includes a pseudo-Nambu–Goldstone (pNG) DM. In the CxSM, as the name suggests, the SM
is extended by adding a complex scalar single particle field S. The imaginary part of S behaves
as the pNG DM, whose stability is guaranteed by the CP symmetry of the scalar potential. On
the other hand, the real part of S mixes with the SM Higgs boson to form the mass eigenstates h 1 

and h 2 . These two particles mediate DM-quark scattering. In Ref. [ 3 ], the DM-quark scattering
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is suppressed due to the small momentum transfer. Howe v er, this model has a so-called domain
wall problem because the Z 2 symmetry ( S → −S) of the scalar potential V is spontaneously
broken due to the de v elopment of the vacuum expectation value (VEV) of the singlet scalar (S) .
Ther efor e, in Ref. [ 4 ], a linear term of S ( V ⊃ a 1 S) that breaks the Z 2 symmetry is introduced,
and in this case, it is proposed that when the masses of the two Higgs bosons are degenerate, i.e.
m h 1 � m h 2 , this scattering is suppressed. This suppression mechanism is called the degenerate
scalar scenario. 

On the other hand, baryon asymmetry of the uni v erse (BAU), along with DM, is one of 
the unsolved problems. The most testable scenario to realize BAU is electroweak baryogenesis
(EWBG) [ 5–14 ] associated with the Higgs physics. EWBG r equir es a strong first-order elec-
troweak phase transition (EWPT), which suggests the need for an extension of the SM [ 15–18 ].
The CxSM is an attracti v e model for both DM and BAU, but Ref. [ 19 ] found poor compatibility
between the degenerate scalar scenario and a strong first-order EWPT. In almost all models,
the strong first-order EWPT is caused by the effects of the finite temperature and the quan-
tum corrections on the scalar potential, the latter of which is known as the Coleman–Weinberg
potential. Howe v er, in some models with an extended Higgs sector, the potential barrier is en-
hanced by mixing between the electroweak Higgs sector and a new scalar sector at the tree level.
As investigated in Ref. [ 19 ], the contribution of the latter is large in the CxSM, and a large δ2 ,
which is the mixing parameter between the SM Higgs and the singlet scalar S, is favored to
realize the strong first-order EWPT. On the other hand, a small δ2 achie v ed through the de-
generate scalar scenario suppresses the DM-quark scattering, so these two gi v e contradictory
conditions for the parameters. To explain them sim ultaneousl y, the DM mass needs to be half 
the Higgs mass, but here, the DM relic abundance is very small due to the resonance effect of 
the DM annihilation process and is far from the observed value �DM 

h 

2 = 0 . 1200 ± 0 . 0012 [ 20 ].
In this paper, we consider a model in which an SU(2) L 

doublet scalar and a complex singlet
scalar are added to the SM. Since this model is the two Higgs doublet model (2HDM) with the
complex singlet S, we refer to this model as the 2HDMS. In the 2HDMS, the CP-e v en scalars
of the two Higgs doublet and the real part of S mix to form three Higgs particles H 1 , 2 , 3 . The
imaginary part of S acts as the DM. There are studies on the 2HDMS, such as Refs. [ 21–24 ],
but in these models, S has the Z 2 symmetry and may suffer from the domain wall problem, so
here we introduce a linear term for S that breaks the symmetry. Furthermore, since v S becomes
nonzero for any temperature due to a 1 � = 0 , the EWPT is also different from the model with
a 1 = 0 . As with the CxSM mentioned earlier, we investigate whether the DM-quark scattering
is suppressed when the mediators’ masses are degenerate ( m H 1 � m H 2 � m H 3 ); in other words,
we investigate the feasibility of the degenerate scalar scenario. We take into account four types
of Yukawa interaction between the SM fermions and the SU(2) L 

doublet Higgs bosons, which
are distinguished by the Z 2 charge of each fermion. In the 2HDMS, the one-loop effect is most
important for the strong first-order EWPT, unlike the CxSM, where the tree-le v el structure is
extremely important. As a result, it is shown that the degenerate scalar scenario is sufficiently
valid e v en in the parameter r egion wher e the strong first-or der EWPT is achie v ed. In or der to
resolve the conflict between the degenerate scalar scenario and the strong first-order EWPT, a
two-component DM model that adds a fermion DM to the CxSM is also being studied [ 25 ],
but here we explain the current DM abundance using only the pNG DM of the 2HDMS. 

The structure of this paper is as follows. Section 2 gi v es a brief re vie w of the 2HDMS. Af-
ter introducing the degenerate scalar scenario in Section 3 , to discuss the compatibility of the
2/20 
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degenerate scalar scenario and a strong first-order EWPT, we qualitati v el y anal yze the EWPT
in Section 4 . Then, we numerically investigate the parameter region consistent from the per-
specti v e of DM and the EWPT in Section 5 . Lastly, Section 6 summarizes this study. 

2. The model 
In the 2HDMS, the scalar potential is gi v en as 

V 0 = V 0 , 2HDM 

+ V 0 , S . (1) 

The first term in the r.h.s. in Eq. ( 1 ) contains only the doublet Higgs fields �1 and �2 , 

V 0 , 2 HDM 

( �1 , �2 ) = m 

2 
1 �

† 
1 �1 + m 

2 
2 �

† 
2 �2 −

(
m 

2 
3 �

† 
1 �2 + h.c. 

)

+ 

λ1 

2 

(
�

† 
1 �1 

)2 
+ 

λ2 

2 

(
�

† 
2 �2 

)2 
+ λ3 

(
�

† 
1 �1 

) (
�

† 
2 �2 

)

+ λ4 

(
�

† 
1 �2 

) (
�

† 
2 �1 

)
+ 

[
λ5 

2 

(
�

† 
1 �2 

)2 
+ h.c. 

]
, (2) 

w here onl y the m 

2 
3 term breaks the Z 2 symmetry of the doublets ( �1 → +�1 , �2 → −�2 )

softly. The second term in the r.h.s. in Eq. ( 1 ) is gi v en by the singlet S and doublets as 

V 0 , S ( �1 , �2 , S ) = 

δ1 

2 

�
† 
1 �1 | S| 2 + 

δ2 

2 

�
† 
2 �2 | S| 2 + 

b 2 

2 

| S| 2 + 

d 2 

4 

| S| 4 

+ 

(
a 1 S + 

b 1 

4 

S 

2 + h.c. 
)

, (3) 

where the terms in the first line are invariant under a global U(1) transformation (S → e iθS) ,
and terms in the second line break the symmetry softly. In the following, the scalar potential is
assumed to be CP-invariant, i.e. all coefficients are real. Three scalar fields �i (i = 1 , 2) and S
can be written as 

�i = 

(
φ+ 

i 
1 √ 

2 
( v i + h i + iηi ) 

)
, S = 

1 √ 

2 

( v S + s + iχ ) . (4) 

At this time, v = 

√ 

v 2 1 + v 2 2 = 246.22 GeV and tan β = v 2 /v 1 is defined. The following scalar

particles are present in this model: the charged scalar (φ+ 

i ) , the CP-odd scalar (ηi ) , and the
CP-e v en scalars (h 1 , h 2 , s ) . On the other hand, a pseudoscalar χ is the physical DM candidate.

The first deri vati v es of V 0 with respect to h 1 , h 2 , and s are gi v en by, respecti v ely, 〈
∂V 0 

∂h 1 

〉
= m 

2 
1 v 1 − m 

2 
3 v 2 + 

λ1 

2 

v 3 1 + 

λ345 

2 

v 1 v 2 2 + 

δ1 

4 

v 1 v 2 S = 0 , (5) 〈
∂V 0 

∂h 2 

〉
= m 

2 
2 v 2 − m 

2 
3 v 1 + 

λ2 

2 

v 3 2 + 

λ345 

2 

v 2 1 v 2 + 

δ2 

4 

v 2 v 2 S = 0 , (6) 〈
∂V 0 

∂s 

〉
= 

√ 

2 a 1 + 

b 1 + b 2 

2 

v S + 

δ1 

4 

v 2 1 v S + 

δ2 

4 

v 2 2 v S + 

d 2 

4 

v 3 S = 0 , (7) 

where λ345 = λ3 + λ4 + λ5 . The tree-le v el masses of the CP-e v en scalars are obtained by 

−L mass = 

1 
2 

(
h 1 h 2 s 

)
M 

2 
S 

⎛ 

⎜ ⎝ 

h 1 

h 2 

s 

⎞ 

⎟ ⎠ 

= 

1 
2 

(
H 1 H 2 H 3 

)
O 

� M 

2 
S O 

⎛ 

⎜ ⎝ 

H 1 

H 2 

H 3 

⎞ 

⎟ ⎠ 

= 

1 
2 

∑ 3 
i=1 m 

2 
H i 

H 

2 
i , (8) 
3/20 



PTEP 2025 , 023B04 G.-C. Cho and C. Idegawa 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2025/2/023B04/7965961 by guest on 07 M

arch 2025
with 

M 

2 
S = 

⎛ 

⎜ ⎝ 

m 

2 
3 

v 2 
v 1 

+ λ1 v 2 1 −m 

2 
3 + λ345 v 1 v 2 

δ1 
2 v 1 v S 

−m 

2 
3 + λ345 v 1 v 2 m 

2 
3 

v 1 
v 2 

+ λ2 v 2 2 
δ2 
2 v 2 v S 

δ1 
2 v 1 v S 

δ2 
2 v 2 v S −

√ 

2 a 1 
v S 

+ 

d 2 
2 v 

2 
S 

⎞ 

⎟ ⎠ 

. (9) 

The mixing matrix O is parameterized as 

O (αi ) = 

⎛ 

⎜ ⎝ 

1 0 0 

0 c 3 −s 3 
0 s 3 c 3 

⎞ 

⎟ ⎠ 

⎛ 

⎜ ⎝ 

c 2 0 −s 2 
0 1 0 

s 2 0 c 2 

⎞ 

⎟ ⎠ 

⎛ 

⎜ ⎝ 

c 1 −s 1 0 

s 1 c 1 0 

0 0 1 

⎞ 

⎟ ⎠ 

, (10) 

where s i = sin αi and c i = cos αi (i = 1 , 2 , 3) . Note that the mixing matrix is orthogonal, i.e. ∑ 

k 

O ik O jk = δi j . (11) 

Three Higgs particles appear in the 2HDMS, and H 1 is the Higgs boson observed at the Large
Hadron Collider (LHC) experiment. 

On the other hand, the charged Higgs H 

± and the CP-odd scalar A are defined from φ+ 

1 , 2 , η1 , 2 

as (
φ+ 

1 

φ+ 

2 

)
= R (β ) 

(
G 

+ 

H 

+ 

)
, 

(
η1 

η2 

)
= R (β ) 

(
G 

0 

A 

)
, (12) 

where 

R (β ) = 

( 

cos β − sin β

sin β cos β

) 

. (13) 

In Eq. ( 12 ), G 

± and G 

0 denote Nambu–Goldstone bosons. The mass eigenvalues of H 

± and A
are gi v en by 

m 

2 
H 

± = 

m 

2 
3 

sin β cos β
− 1 

2 

( λ4 + λ5 ) v 2 , (14) 

m 

2 
A 

= 

m 

2 
3 

sin β cos β
− λ5 v 2 , (15) 

respecti v ely. Also, DM mass is gi v en by 

m 

2 
χ = −

√ 

2 a 1 

v S 
− b 1 . (16) 

Let us summarize our input parameters. Ther e ar e 14 degrees of freedom in the scalar poten-
tial: { m 

2 
1 , m 

2 
2 , m 

2 
3 , λ1 , λ2 , λ3 , λ4 , λ5 , δ1 , δ2 , b 2 , d 2 , a 1 , b 1 } . First, { m 

2 
3 , a 1 } remain as input parame-

ters. { m 

2 
1 , m 

2 
2 , b 2 } are determined by the tadpole conditions ( 5 –7 ) and { λ4 , λ5 , b 1 } are fixed by the

particle masses ( 14 –16 ). The other six Lagr angian par ameters are determined by the mass ma-
trix of the CP-e v en scalars. In Appendix A , w e list relationships betw een the input parameters
and original Lagrangian parameters. 

In order to prevent the tree-level flavor-changing neutral current in this model, we consider
the case where one of the doublets couples with each fermion [ 26 ]. The Lagrangian of the
Yukawa interaction is gi v en as follows: 

−L Yukawa = Q̄ L 

Y u ˜ �u u R 

+ Q̄ L 

Y d �d d R 

+ L̄ L 

Y 
 �
 
 R 

+ h . c . , (17) 

where � f ( f = u, d, 
 ) is a Higgs doublet that couples to the fermion f and 

˜ �u ≡ iσ2 �
∗
u , with σ2 

being the Pauli matrix. Q L 

and L L 

r epr esent left-handed quarks and left-handed leptons, respec-
ti v ely, i.e. Q L 

= ( u L 

, d L 

) � 

, L L 

= ( νL 

, e L 

) � . u R 

, d R 

, and 
 R 

are right-handed up-type quarks,
right-handed down-type quarks, and right-handed leptons, respecti v ely. Y f ( f = u, d, 
 ) is the
4/20 
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Table 1. Assignment of Z 2 charge to the fermions and combination of the doublets that couples to each 

fermion. The Higgs doublets �1 and �2 transform as �1 → +�1 and �2 → −�2 , respecti v ely. 

Q L 

, L L 

u R 

d R 


 R 

�u �d �l 

Type-I + − − − �2 �2 �2 

Type-II + − + + �2 �1 �1 

Type-X + − − + �2 �2 �1 

Type-Y + − + − �2 �1 �2 
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3 ×3 Yukawa matrix of the fermions. As shown in Table 1 , by assigning the Z 2 charge to the
fer mions, we can deter mine the combination of � f ( f = u, d, 
 ) and classify them into four
types. 

3. Degenerate scalar scenario 

We study a mechanism suppressing the process of DM χ scattering off a quark q , 

χ (p 1 ) + q (p 2 ) → χ (p 3 ) + q (p 4 ) , (18) 

in the 2HDMS. The scattering amplitude M is gi v en by a sum of three amplitudes M 1 , M 2 ,
and M 3 mediated by H 1 , H 2 , and H 3 , respecti v ely: 

iM = i ( M 1 + M 2 + M 3 ) , (19) 

iM 1 = −i2 C χχH 1 C qqH 1 

1 

t − m 

2 
H 1 

ū ( p 4 )u( p 2 ) , (20) 

iM 2 = −i2 C χχH 2 C qqH 2 

1 

t − m 

2 
H 2 

ū ( p 4 )u( p 2 ) , (21) 

iM 3 = −i2 C χχH 3 C qqH 3 

1 

t − m 

2 
H 3 

ū ( p 4 )u( p 2 ) . (22) 

Here, C S 1 S 2 S 3 denotes the scalar trilinear coupling for S 1 , S 2 , and S 3 , i.e. L ⊃ C S 1 S 2 S 3 S 1 S 2 S 3 .
Thus, C χχH i is the three-point scalar coupling between two χ and H i ( i = 1 , 2 , 3 ). On the other
hand, C qqH i is the Yukawa coupling between the SM quarks q and H i , L ⊃ C qqH i ̄q L 

q R 

H i . A vari-
able t describes a momentum transfer, t ≡ ( p 1 − p 3 ) 

2 , and u(p) ( ̄u (p)) r epr esents an incoming
(outgoing) quark spinor with a momentum p. The factor of 2 in the right-hand side of Eqs.
( 20 –22 ) is a symmetry factor for the χχH i v erte x. 

First, we evaluate the degenerate scalar scenario in the mass eigenstates, and then use the
gauge eigenstate to understand this scenario better. In the 2HDMS, the scalar trilinear cou-
plings are gi v en as follows: 

C χχH i = 

1 

2 v S 

( 

m 

2 
H i 

+ 

√ 

2 a 1 

v S 

) 

O 3 i , (23) 

which is deri v ed from Eq. ( 8 ). On the other hand, the Yukawa interactions can be expressed as 

C qqH i = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

m q 

v 1 
O 1 i (when q couples to �1 ) , 

m q 

v 2 
O 2 i (when q couples to �2 ) , 

(24) 
5/20 
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where m q is the mass of quark q . Therefore, the amplitude ( 19 ) becomes 

iM = 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

−i2 

1 

2 v S 

3 ∑ 

i=1 

m 

2 
H i 

+ 

√ 

2 a 1 

v S 
t − m 

2 
H i 

O 3 i O 1 i ̄u ( p 4 )u( p 2 ) (when q couples to �1 ) , 

−i 2 

1 

2 v S 

3 ∑ 

i=1 

m 

2 
H i 

+ 

√ 

2 a 1 

v S 
t − m 

2 
H i 

O 3 i O 2 i ̄u ( p 4 )u( p 2 ) (when q couples to �2 ) . 

(25) 

If a 1 = 0 , the amplitude vanishes in the lo w-ener gy limit ( t → 0 ) due to the orthogonality of the
mixing matrix ( 11 ). Howe v er, as mentioned above, in order to avoid the domain wall problem
associated with the de v elopment of v S , we are currently setting a 1 to a nonzero value. In this
case, the Higgs masses m H i must be degenerate to suppress the amplitude. This is the mechanism
we call the degenerate scalar scenario. 

Next, we discuss the degenerate scalar scenario in the gauge eigenstates to explore the origin
of this mechanism. The doublets that couple to each fermion differ depending on the types in
the 2HDMS. Ther efor e, we investigate the suppression mechanism for (A) and (B): 

(A) T ype-I, T ype-X : both up- and down-type quarks couple to �2 

(B) T ype-II, T ype-Y : up (down)-type quark couples to �2 ( �1 ) . 

3.1. T ype-I, T ype-X 

The Yukawa interaction for Type-I and Type-X is gi v en by 

−L Yukawa = 

∑ 3 
i=1 C uuH i u L 

u R 

H i + 

∑ 3 
i=1 C d d H i d L 

d R 

H i + h.c. , (26) 

where 

C uuH i = 

m u 

v 2 
O 2 i , C d d H i = 

m d 

v 2 
O 2 i , (27) 

with m u,d being masses of up-type and down-type quarks. Here, the lepton sector is omitted
since we focus only on the scattering with quarks. On the other hand, the scalar trilinear inter-
action between χ and H i is described by 

−L ⊃ C χχh 1 h 1 χ
2 + C χχh 2 h 2 χ

2 + C χχs sχ2 

= C χχH i H i χ
2 , (28) 

where 

C χχH i ≡ C χχh 1 O 1 i + C χχh 2 O 2 i + C χχs O 3 i . (29) 

Explicit expressions of these couplings are summarized in Appendix B . Since the momentum
transfer t in the direct detection experiments is very small as compared to the mediator masses,
i.e. t 
 m 

2 
H i 

, the amplitudes related to up-type quarks and down-type quarks can each be writ-
ten by 

iM up = 2 i ̄u ( p 4 ) u ( p 2 ) 
m u 

v 2 

3 ∑ 

i=1 

C χχH i O 2 i 

m 

2 
H i 

, 

= 2 i ̄u ( p 4 ) u ( p 2 ) 
m u 

v 2 

3 ∑ 

i=1 

( 

C χχh 1 
O 1 i O 2 i 

m 

2 
H i 

+ C χχh 2 
O 

2 
2 i 

m 

2 
H i 

+ C χχs 
O 3 i O 2 i 

m 

2 
H i 

) 

, (30) 
6/20 
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Fig. 1. Feynman diagrams of the DM-quark scattering in the mass and gauge eigenstates of scalar me- 
diators. Both up-type quarks and down-type quarks couple to �2 in case A (Type-I, Type-X). 
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iM down = 2 i ̄u ( p 4 ) u ( p 2 ) 
m d 

v 2 

3 ∑ 

i=1 

C χχH i O 2 i 

m 

2 
H i 

, 

= 2 i ̄u ( p 4 ) u ( p 2 ) 
m d 

v 2 

3 ∑ 

i=1 

( 

C χχh 1 
O 1 i O 2 i 

m 

2 
H i 

+ C χχh 2 
O 

2 
2 i 

m 

2 
H i 

+ C χχs 
O 3 i O 2 i 

m 

2 
H i 

) 

. (31) 

Ther efor e, when the three Higgs masses are degenerate, due to the orthogonality of the mixing
matrix ( 11 ), the terms that are proportional to O 1 i O 2 i and O 3 i O 2 i vanish. On the other hand,
the term that is proportional to O 

2 
2 i includes C χχh 2 . In this model, C χχh 2 can be expressed as 

C χχh 2 = 

δ2 

4 

v 2 , (32) 

where 

δ2 = 

2 
v 2 v S 

∑ 3 
i=1 O 2 i O 3 i m 

2 
H i 

. (33) 

δ2 is also suppressed by the orthogonality of the mixing matrix. Therefore, the amplitudes van-
ish in the degenerate scalar scenario (m H 1 = m H 2 = m H 3 ) . Howe v er, note that this suppression
mechanism may not work well when v 2 and v S , which appear in the denominator of Eq. ( 33 ),
are very small. 

We comment on the sum rule for the degenerate scalar scenario. The scattering of DM and
quarks for case A (Type-I, Type-X) is as shown in Fig. 1 . The left side uses the mass eigenstates,
while the right side uses the gauge eigenstates. 

In order for the scalar h 1 and s to couple with the quarks q , h 1 and s must be converted into
h 2 through the couplings C h 1 h 2 and C h 2 s (the left and right diagrams of the right-hand side in
Fig. 1 ). On the other hand, the amplitude mediated by h 2 is proportional to the coupling C χχh 2 

(the middle diagram of the right-hand side in Fig. 1 ). 
The scalar potential in the 2HDMS allows us to rewrite the trilinear couplings C χχh 1 , C χχh 2 ,

and C χχs in terms of the bilinear couplings C h 1 s , C h 2 s , and C ss as 

C χχh 1 = 

A 

v S 
( C h 1 s + �1 ) , C χχh 2 = 

A 

v S 
( C h 2 s + �2 ) , C χχs = 

A 

v S 
( C ss + �3 ) , (34) 

where parameters A, �1 , �2 , and �3 are expressed by parameters besides C h 1 s , C h 2 s , and C ss in
the scalar potential. The bilinear couplings are also gi v en in Appendix B . Referring to Eqs. ( 30 )
7/20 
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and ( 31 ) and extracting the part that is involved in suppressing the scattering, one gets 

C χχH i O 2 i 

m 

2 
H i 

= 

A 

v S 

{
(C h 1 s + �1 ) O 1 i + (C h 2 s + �2 ) O 2 i + (C ss + �3 ) O 3 i 

} O 2 i 

m 

2 
H i 

, 

= 

A 

v S m 

2 
H i 

(
O 3 i O 2 i m 

2 
H i 

+ �1 O 1 i O 2 i + �2 O 

2 
2 i + �3 O 3 i O 2 i 

)
, (35) 

where we use relations of coefficients between the gauge and mass eigenstates, i.e. C h 1 s O 1 i +
 h 2 s O 2 i + C ss O 3 i = O 3 i m 

2 
H i 

. 1 Ther efor e, the amplitude in the degenerate Higgs region vanishes
when 

�2 = 0 . (36) 

We show that the condition ( 36 ) holds for the scalar potential V 0 ( 1 ). In the 2HDMS, the
couplings C h 2 s and C χχh 2 are related to 

V 0 ⊃ δ2 

2 

�
† 
2 �2 | S| 2 

⊃ C χχh 2 h 2 χ
2 + C h 2 s h 2 s, (37) 

where 

C χχh 2 = 

δ2 

4 

v 2 , C h 2 s = 

δ2 

2 

v 2 v S . (38) 

Comparing Eq. ( 38 ) with Eq. ( 34 ), we find 

A = 

1 
2 , �2 = 0 . (39) 

Ther efor e, in the degenerate limit of the mediator masses, the DM-quark scattering is sup-
pressed as long as the potential ( 1 ) is used. In other words, the mixing term between �2 and S
is constrained by the degenerate scalar scenario. For example, suppose that the mixing terms
c 2 
4 �

† 
2 �2 S are added to the potential ( 1 ). The couplings C χχh 2 and C h 2 s become 

C χχh 2 = 

δ2 

4 

v 2 , C h 2 s = 

δ2 

2 

v 2 v S + 

√ 

2 c 2 
4 

v 2 . (40) 

Then, 

A = 

1 
2 , �2 = −

√ 

2 c 2 
4 v 2 , (41) 

which is inconsistent with the condition ( 36 ). Thus, if the mixing terms such as �† 
2 �2 S, �

† 
2 �2 S 

2 

are added, the suppression mechanism does not work. 2 

3.2. T ype-II, T ype-Y 

The Yukawa interaction for Type-II and Type-Y is gi v en by 

−L Yukawa = 

∑ 3 
i=1 C uuH i u L 

u R 

H i + 

∑ 3 
i=1 C d d H i d L 

d R 

H i + h . c . , (42) 

where 

C uuH i = 

m u 

v 2 
O 2 i , C d d H i = 

m d 

v 1 
O 1 i . (43) 

The amplitude becomes 
1 This formula is deri v ed from O 

� M 

2 
S O = 

∑ 3 
i=1 m 

2 
H i 

related to Eq. ( 8 ). 
2 A more detailed analysis, including one-loop scattering, is gi v en in Ref. [ 27 ]. This discussion can be 

applied almost directly to the case of the 2HDMS. 
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Fig. 2. Feynman diagrams of the DM-quark scattering in the mass and gauge eigenstates of scalar me- 
diators. Up-type quarks u couple to �2 , while down-type quarks d couple to �1 in case B (Type-II, 
Type-Y). 
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iM up = 2 i ̄u ( p 4 ) u ( p 2 ) 
m u 

v 2 

3 ∑ 

i=1 

C χχH i O 2 i 

m 

2 
H i 

= 2 i ̄u ( p 4 ) u ( p 2 ) 
m u 

v 2 

3 ∑ 

i=1 

( 

C χχh 1 
O 1 i O 2 i 

m 

2 
H i 

+ C χχh 2 
O 

2 
2 i 

m 

2 
H i 

+ C χχs 
O 3 i O 2 i 

m 

2 
H i 

) 

, (44) 

iM down = 2 i ̄u ( p 4 ) u ( p 2 ) 
m d 

v 1 

3 ∑ 

i=1 

C χχH i O 1 i 

m 

2 
H i 

= 2 i ̄u ( p 4 ) u ( p 2 ) 
m d 

v 1 

3 ∑ 

i=1 

( 

C χχh 1 
O 

2 
1 i 

m 

2 
H i 

+ C χχh 2 
O 2 i O 1 i 

m 

2 
H i 

+ C χχs 
O 3 i O 1 i 

m 

2 
H i 

) 

. (45) 

As for case A (Type-I, Type-X), this scattering is suppressed when the three Higgs masses are
equal. In order to suppress the down-type quarks scattering, it is necessary to suppress C χχh 1 ,
which can be expressed as 

C χχh 1 = 

δ1 
4 v 1 , (46) 

with 

δ1 = 

2 
v 1 v S 

∑ 3 
i=1 O 1 i O 3 i m 

2 
H i 

. (47) 

Thus, in the degenerate scalar scenario, it is important to suppress δ2 for the up-type scattering
and δ1 for the down-type scattering. 

We also mention the sum rule for the degenerate scalar scenario in this case. The scattering
of DM and quarks for case B (T ype-II, T ype-Y) is as shown in Fig. 2 and up-type quarks u and
down-type quarks d couple to different Higgs doublets. The scattering of up-type quarks is the
same as in the discussion of case A, so we focus on that of down-type quarks. As can be seen
9/20 
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from Eq. ( 45 ), the relevant part of the suppression mechanism is 
C χχH i O 1 i 

m 

2 
H i 

= 

A 

v S 

{
(C h 1 s + �1 ) O 1 i + (C h 2 s + �2 ) O 2 i + (C ss + �3 ) O 3 i 

} O 1 i 

m 

2 
H i 

, 

= 

A 

v S m 

2 
H i 

(
O 3 i O 1 i m 

2 
H i 

+ �1 O 

2 
1 i + �2 O 2 i O 1 i + �3 O 3 i O 1 i 

)
. (48) 

In this case, the amplitude in the degenerate Higgs region vanishes when 

�1 = 0 . (49) 

In the 2HDMS, the couplings C h 1 s and C χχh 1 are related to 

V 0 ⊃ δ1 

2 

�
† 
1 �1 | S| 2 

⊃ C χχh 1 h 1 χ
2 + C h 1 s h 1 s, (50) 

where 

C χχh 1 = 

δ1 

4 

v 1 , C h 1 s = 

δ1 

2 

v 1 v S . (51) 

Comparing Eq. ( 51 ) with Eq. ( 34 ), we find 

A = 

1 
2 , �1 = 0 . (52) 

Thus, in the degenerate scalar scenario, the DM-quark scattering is suppressed with the poten-
tial ( 1 ), the same as in case A. 

3.3. Higgs search 

We mention the usefulness of the degenerate scalar scenario in the Higgs search experiments
a t the LHC . In the 2HDMS, the couplings between the Higgs boson H i and the SM particle X 

are gi v en b y the SM couplings multiplied b y the mixing matrix elements O 1 i . Taking the decay
widths of H i as an example, we obtain 

�H 1 → X X 

= �SM 

h → X X 

( m H 1 ) × O 

2 
11 , (53) 

�H 2 → X X 

= �SM 

h → X X 

( m H 2 ) × O 

2 
12 , (54) 

�H 3 → X X 

= �SM 

h → X X 

( m H 3 ) × O 

2 
13 , (55) 

where �SM 

h → X X 

( m H i ) is the decay width of the SM Higgs h as a function of m H i . When we add
up all the decay widths with m H i � m h = 125 GeV , 

�H 1 → X X 

+ �H 2 → X X 

+ �H 3 → X X 

� �SM 

h → X X 

( m h ) (56) 

is obtained. This SM-like process is effecti v e for all mixing angles, and H i cannot be distin-
guished in the current experiment [ 4 ]. 

4. Qualitative discussion for EWPT 

We discuss the compatibility of the degenerate scalar scenario and EWPT qualitati v ely. As
mentioned in Section 3 , the orthogonality of the mixing matrix ( 11 ) is important for the degen-
erate scalar scenario . Here , using the elements of the mixing matrix, the mixing parameters for
the SU(2) L 

doublet-singlet in the scalar potential can be expressed as 

δ1 = 

2 
v 1 v S 

(
O 1 i O 3 i m 

2 
H i 

)
, (57) 

δ2 = 

2 
v 2 v S 

(
O 2 i O 3 i m 

2 
H i 

)
. (58) 
10/20 
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As we discussed in Section 3 , it can be seen that the DM-quark scattering is controlled by δ1 and
δ2 . In other words, the degenerate scalar scenario is realized by δ1 and δ2 . A strong first-order
EWPT is essential for EWBG, and the condition is [ 28–30 ]: 

v C 

T C 

� 1 , (59) 

where T C 

is the critical tempera ture a t which the effecti v e potential has two degenerate minima,

and v C 

= 

√ 

v 2 1 C 

+ v 2 2 C 

is the nonzero Higgs VEV at T = T C 

. Possible origins of the first-order
EWPT ar e the finite-temperatur e boson loop and the structur e of the tr ee-le v el potential. In the
former case, the addition of multiple bosons is effecti v e, and the 2HDM specializes in this type
of EWPT. On the other hand, in the latter case, the existence of a single scalar is important,
and the CxSM causes this type of EWPT. Since the 2HDMS has multiple bosons and a singlet
scalar that does not exist in the SM, EWPT of both types can occur. First, we qualitati v ely
analyze a tree-le v el dri v en EWPT using the so-called high-temperature (HT) potential, which
is composed of the tree-le v el potential and thermal masses. In the HT expansion of the finite
tempera ture ef fecti v e potential, we can obtain not only the ther mal masses but also the ther mal
cubic terms. Howe v er, here, we only add the thermal masses to the tree-le v el potential since
we want to check whether the first-order EWPT occurs due to the effect of the doublet-singlet
mixing of the tree-le v el. Generally, a first-or der EWPT would be enhanced e v en more by adding
the thermal cubic terms. 

The EWPT pattern of the 2HDMS is (〈 �1 〉 , 〈 �2 〉 , 〈 S〉 ) = (0 , 0 , v ′ S ) → (v 1 , v 2 , v S ) , where 〈 �i 〉
and 〈 S〉 are defined as the VEVs of the doublet fields �i and the singlet field S, respecti v ely. To
discuss the EWPT, we take the Landau gauge and assume that the charged scalar bosons do
not have VEVs at any temperature in order to conserve the U(1) QED 

. We denote the classical
background fields of the Higgs doublets and singlet as 

〈 �i 〉 = 

(
0 ϕ i 

)� 

/ 

√ 

2 , 〈 S〉 = ϕ S / 

√ 

2 . (60) 

The tree-le v el potential ( 1 ) can be re written as 

V 0 ( ϕ 1 , ϕ 2 , ϕ S ) = 

m 

2 
1 

2 

ϕ 

2 
1 + 

m 

2 
2 

2 

ϕ 

2 
2 − m 

2 
3 ϕ 1 ϕ 2 + 

λ1 

8 

ϕ 

4 
1 + 

λ2 

8 

ϕ 

4 
2 + 

λ345 

4 

( ϕ 1 ϕ 2 ) 
2 

+ 

δ1 

8 

ϕ 

2 
1 ϕ 

2 
S + 

δ2 

8 

ϕ 

2 
2 ϕ 

2 
S + 

b 2 

4 

ϕ 

2 
S + 

d 2 

16 

ϕ 

4 
S + 

√ 

2 a 1 ϕ S + 

b 1 

4 

ϕ 

2 
S . (61) 

The HT potential is defined as 

V 

HT ( ϕ 1 , ϕ 2 , ϕ S ; T ) = V 0 ( ϕ 1 , ϕ 2 , ϕ S ) + 

(
�h 1 ϕ 

2 
1 + �h 2 ϕ 

2 
2 + �S ϕ 

2 
S 

)
T 

2 , (62) 

where 

�h 1 = 

δ1 

48 

+ 

g 

2 
1 

32 

+ 

3 g 

2 
2 

32 

+ 

λ1 

8 

+ 

λ3 

12 

+ 

λ4 

24 

+ 

y 

2 
t 

8 

+ 

y 

2 
b 

8 

, (63) 

�h 2 = 

δ2 

48 

+ 

g 

2 
1 

32 

+ 

3 g 

2 
2 

32 

+ 

λ2 

8 

+ 

λ3 

12 

+ 

λ4 

24 

+ 

y 

2 
t 

8 

+ 

y 

2 
b 

8 

, (64) 

�S = 

d 2 

24 

+ 

δ1 

24 

+ 

δ2 

24 

, (65) 

with g 2 , g 1 , y t , and y b being SU(2) L 

, U(1) Y 

, top Yukawa, and bottom Yukawa couplings, re-
specti v ely. It should be emphasized that the thermal cubic term of the field is necessary for a
loop-dri v en EWPT. Since the HT potential does not include that term, it is optimal for analyz-
ing EWPT deri v ed from the tree-le v el potential. 
11/20 
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For convenience, ϕ i and ϕ S are parameterized as 

ϕ 1 = z cos θ cos β, ϕ 2 = z cos θ sin β, ϕ S = z sin θ + v ′ S , (66) 

where v ′ S denotes the minimum on the ϕ S axis, which is always nonzero because of a 1 � = 0 in
our model. The HT potential ( 62 ) becomes 

V 

HT (z, θ, β; T ) = c 0 + c 1 z + 

(
c 2 + c ′ 2 T 

2 
)

z 2 − c 3 z 3 + c 4 z 4 . (67) 

Equation ( 67 ) is composed of the tree-le v el potential and the thermal masses, and there is no
ther mal cubic ter m like −c ′ 3 T z 3 . This means that a strong first-order EWPT could be achie v ed
e v en if c ′ 3 = 0 in this model. After shifting the vacuum energy with c 0 = 0 , the above potential
at T = T C 

takes the form 

V 

HT ( z, θ, β; T C 

) = c 4 z 2 ( z − z C 

) 2 , z C 

= 

c 3 
2 c 4 

, (68) 

where 

c 3 = 

1 
4 v 

′ 
S sin θ

(
δ1 cos 2 β cos 2 θ + δ2 cos 2 θ sin 

2 
β + d 2 sin 

2 
θ
)

, (69) 

c 4 = 

1 

16 

(
2 λ1 cos 4 β cos 4 θ + 2 λ2 cos 4 θ sin 

4 
β + 2 δ2 cos 2 θ sin 

2 
β sin 

2 
θ

+ d 2 sin 

4 
θ + 2 cos 2 β

(
2 λ345 cos 4 θ sin 

2 
β + δ1 cos 2 θ sin 

2 
θ
))

. (70) 

From this potential, v C 

and T C 

are deri v ed, which are 

v C 

= 

√ √ √ √ 

v ′ SC 

(v ′ SC 

− v SC 

)(δ1 cos 2 βC 

+ δ2 sin 

2 
βC 

) 

λ1 cos 4 βC 
+ λ2 sin 

4 
βC 

+2 λ345 sin 

2 
βC 

cos 2 βC 

, (71) 

T C 

= 

√ 

−m 

2 
1 cos 2 βC 

− m 

2 
2 sin 

2 
βC 

+ 2 m 

2 
3 cos βC 

sin βC 

− 1 
4 v 

′ 
SC 

(δ1 cos 2 βC 

+ δ2 sin 

2 
βC 

) 

�h 1 cos 2 βC 

+ �h 2 sin 

2 
βC 

. (72) 

The physical quantities evaluated by T C 

are labeled with the subscript C. We can find that the
condition of a strong first-order EWPT ( 59 ) r equir es large δ1 and δ2 . If, in Eq. ( 72 ), the following
relation holds, 

−m 

2 
1 cos 2 βC 

− m 

2 
2 sin 

2 
βC 

+ 2 m 

2 
3 cos βC 

sin βC 

= 0 , (73) 

it seems that v C 

/T C 

is independent from both δ1 and δ2 since the terms related to δ1 and δ2 are
canceled out between v C 

and T C 

. Howe v er, ther e ar e δ1 and δ2 in �h 1 ( 63 ) and �h 2 ( 64 ), and
large δ1 and δ2 are still preferred to satisfy the condition of a strong first-order EWPT. 

Howe v er, as mentioned abov e, small δ1 , δ2 ar e essential for r ealizing the degenerate scalar
scenario. Ther efor e, we do not entrust the EWPT to the tree-le v el doub le-single mixing δ1 , δ2 ,
but to the thermal loop. The 1-loop effecti v e potential can be written as follows: 

V eff ( ϕ 1 , ϕ 2 , ϕ S ; T ) = V 0 (ϕ 1 , ϕ 2 , ϕ S ) + V 1 (ϕ 1 , ϕ 2 , ϕ S ; T ) , 

= V 0 (ϕ 1 , ϕ 2 , ϕ S ) + 

∑ 

i 

n i 

[
V CW 

(
m̄ 

2 
i 

)+ 

T 

4 

2 π2 
I B,F 

(
m̄ 

2 
i 

T 

2 

)]
, (74) 

where T represents temperature. The subscript i represents the particles contained in the model,
and n i is the degree of freedom of each particle. The effecti v e potentials at zero temperature
and at the finite temperature are gi v en by [ 31–33 ]: 

V CW 

(
m̄ 

2 
i 

) = 

m̄ 

4 
i 

64 π2 

(
ln 

m̄ 

2 
i 

μ̄2 − c i 
)

, (75) 

I B,F 
(
a 

2 ) = 

∫ ∞ 

0 dxx 

2 ln 

(
1 ∓ e −

√ 

x 2 + a 2 
)

, (76) 
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where c i = 3 / 2 for scalars and fermions and c i = 5 / 6 for gauge bosons. m̄ i is the field-dependent
masses of each particle i. I B 

with the minus sign r epr esents the boson contribution, while I F with
the plus sign r epr esents the fermion one. μ̄ is a renormalization scale. 

In the following calculations, the condition ( 59 ) is checked using the 1-loop effecti v e potential
( 74 ). In order to prevent the breakdown of perturbation theory due to boson multiloop, the
P arwani r esumma tion, in which all the Ma tsubara fr equency modes ar e r esummed, is used [ 34 ].
Specifically, field-dependent masses m̄ 

2 
i in Eq. ( 74 ) are replaced by thermally corrected ones. 

5. Numerical results 
Before gi ving benchmar k points (BPs), we mention the theoretical and experimental constraints
imposed on the parameters. A r equir ement on the scalar potential that is bounded from below
is gi v en by [ 35 , 36 ]: 

λ1 > 0 , λ2 > 0 , λ3 + λ4 − λ5 > −
√ 

λ1 λ2 , d 2 > 0 . (77) 

The quartic couplings should also satisfy the following conditions from the tree-le v el unitar-
ity [ 37 , 38 ]: 

λ1 < 

8 π

3 

, λ2 < 

8 π

3 

, λ345 < 8 π, δ1 < 16 π, δ2 < 16 π, d 2 < 

16 π

3 

. (78) 

The constraint from the perturbativity is as follows [ 39 ]: ∣∣λ j 
∣∣ , d 2 < 4 π ( j = 1 –5) . (79) 

Furthermore, the sizes of δ1 and δ2 could be constrained by a global minimum condition at
zero temperature [ 40 ]. The ener gy of the electro weak vacuum has to be lower than that of the
local vacuum on the ϕ S axis. Experimental constraints here are primarily related to electroweak
precision data and flavor experiments. By assuming a mass degeneracy between the charged
scalar boson H 

± and the neutral scalar boson H or the CP-odd scalar boson A , i.e. m H 

± �
m H 

or m A 

, the electroweak precision data are satisfied [ 41 ]. In addition, for Type-I 2HDMS,
the B d → μμ process r equir es tan β � 1 . 75 for m H 

± = 500 GeV [ 42 ]. We should emphasize
that the Higgs coupling measurement usually places a constraint on cos (β − α) , but not now
since our analysis is based on the degenerate scalar scenario. 

The input and output parameters that satisfy the above constraints are summarized in Table 2 .
The masses of the three Higgs bosons are degenerate within 1 GeV. In addition, these three
BPs reflect the EWPT discussion in Section 4 . The difference between input parameters among
the BPs is the size of v S . The parameter a 1 is changed to keep the value of d 2 perturbati v ely
appropriate. The observed DM relic density is known as [ 20 ]: 

�DM 

h 

2 = 0 . 1200 ± 0 . 0012 , (80) 

and we choose the DM mass that reproduces this value at each BP. 
The public code cosmoTransitions [ 43 ] is used to evaluate the EWPT. In Table 3 , T C 

and
corresponding VEVs for the BPs are shown, and a strong first-order EWPT occurs in all BPs.
v C 

/T C 

is determined roughly by the ratio of the cubic and quartic terms of the field. The boson
masses are important for the former, and λi is important for the latter. Since the boson masses
are almost the same and the value of λi is completely the same for all BPs, the Higgs VEVs
and T C 

are almost identical in the three cases. In addition, the small change in the singlet VEV
before and after the EWPT shows that the tree-le v el effect by the introduction of the singlet does
not cause the EWPT this time. In fact, when using the HT potential ( 62 ), the EWPT becomes
second-order. 
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Table 3. T C 

and corresponding VEVs for the three BPs in Table 2 . Here, the calculations are performed 

by cosmoTransitions [ 43 ]. 

v 1 C 

[GeV] v 2 C 

[GeV] v SC 

[GeV] v ′ SC 

[GeV] v C 

/T C 

BP1 105.8 213.2 245.6 246.2 

238 . 0 
69 . 6 = 3 . 4 

BP2 105.8 213.2 199.5 200.1 

238 . 0 
69 . 6 = 3 . 4 

BP3 105.7 213.2 30.0 30.6 

238 . 0 
69 . 6 = 3 . 4 

Fig. 3. Spin-independent cross section for the scattering between the DM and nucleus σSI as a function 

of m H 2 . 
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Next, we show the results of numerical calcula tions rela ted to the DM using the public code
micrOMEGAs [ 44 , 45 ]. In Fig. 3 , the spin-independent cross section for the scattering between
the DM and nucleus σSI as a function of m H 2 is shown. Here, m H 2 is used once as a variable, and
the other parameters are the BPs in Table 2 . The shaded regions are ex cluded b y the LZ experi-
ment. For all BPs, there is a large dip around m H 2 � 125 GeV. This indica tes tha t the degenera te
scalar scenario is important for the suppression of DM and nucleon scattering. Although the
value of δ2 varies between the BPs, a 1 may be more closely controlling the overall magnitude
of σSI . As can be seen from Eq. ( 25 ), σSI is proportional to a 

2 
1 . For example, the difference in

σSI between BP1 and BP2 is roughly 10 

4 , which is due to the fact that a 

2 
1 (BP2) /a 

2 
1 (BP1) � 10 

4 .
a 1 is important for adjusting d 2 to an appropriate value, but it also affects the magnitude of σSI 

in this way. On the other hand, if the Higgs masses are degenerate, the scattering is suppressed
regardless of the value of a 1 . In other words, the degenerate scalar scenario is also valid when
a 1 = 0 , but to avoid the domain wall problem, we should consider a 1 � = 0 . Thus, although the
elastic neutrino-nucleon scattering makes DM detection difficult in some regions, this does not
rule out the existence of the WIMP-DM [ 46 ]. 

The left panel of Fig. 4 shows �χh 

2 as a function of m χ for all BPs in Table 2 . The value of the
DM relic density �DM 

h 

2 must not exceed the observed value ( 80 ), corresponding to the black
dashed line in the graph. The red dots indicate the points where the calculated value equals the
observed value ( 80 ) and BPs are included. 
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Fig. 4. (Left) DM relic density �χh 

2 as a function of DM mass m c hi for the BPs in Table 2 . The black 

dashed line r epr esents the observed value ( 80 ), and the region above this corresponds to overproduction. 
(Right) Scaled scattering cross section between the DM χ and quarks ˜ σSI as a function of DM mass 
m χ for all BPs. The dotted line r epr esents the bound of the LZ experiment, and the region above this is 
excluded. The red dots on both panels indicate where the observed relic density and the predicted one 
from the 2HDMS are equal. 
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On the other hand, the right panel of Fig. 4 shows the m χ -dependence of the spin-
independent scattering cross section between the DM and nucleus. For �χ < �DM 

, we should
scale σSI as 

˜ σSI = 

(
�χ

�DM 

)
σSI . (81) 

Here, the scaled cross section is shown for each BP. The dotted line is the bound of the LZ
experiment, and the region above this is excluded. The red dots correspond to those of the left
panel. It can be seen that many DM mass r egions ar e still allowed, and the DM χ may carry
all of the existing DM and explain the current experimental results. 

6. Summary and discussion 

In this paper, we hav e inv estiga ted the compa tibility of the degenera te scalar scenario and strong
first-order EWPT in the 2HDMS, which contains two Higgs doublets and one singlet scalar. In
this model, the imaginary part of S behaves as a DM χ , and CP-e v en scalars mix to form three
Higgs particles H i (i = 1 , 2 , 3) . The scattering of DM and quarks is mediated by H i , and we
have found that this scattering is suppressed in the region where Higgs masses are degenerate, as
shown in previous studies on pNG DM [ 4 ]. The suppression of SU(2) L 

doublet-singlet mixing
terms δ1 and δ2 , which are related to the orthogonality of the mixing matrix that transforms the
gauge eigenstates to the mass eigenstates of the CP-e v en scalars, is important for the degenerate
scalar scenario. 

A strong first-order EWPT, an essential element of EWBG, can be deri v ed from two sources
in the effecti v e potential: the thermal loop and the tree-le v el structure. Since the tree-le v el dri v en
EWPT is induced by the presence of the singlet field, i.e. large δ1 , δ2 are important, it was
pointed out here that this is inconsistent with the degenerate scalar scenario (a discussion in
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Table 4. The deviation from the SM values for the Higgs trilinear couplings λ111 , λ112 , λ113 and their sum 

defined as Eq. ( 83 ). 

λ111 /λ
SM 

hhh λ112 /λ
SM 

hhh λ113 /λ
SM 

hhh �λtotal 
11 

BP1 0.799 −0 . 00872 0.571 0.362 

BP2 0.780 0.0109 0.544 0.335 

BP3 0.701 0.0921 0.431 0.224 
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the context of the CxSM is given in Ref. [ 19 ]). Ther efor e, as is common with the 2HDM, it is
best to leave the strong first-order EWPT to the loop effect. 

We have set the BPs based on the qualitative discussion of the EWPT and confirmed that a
strong first-order EWPT actually occurs. Since we focus on the degenerate scalar scenario, the
DM-quark spin-independent cross section is suppressed even in regions that satisfy the DM
observed relic density, and w e w ere ab le to e xplain the constraint from the LZ experiment in
many r egions. Ther efor e, it was found that current observational data and experimental results
can be explained by the DM χ in this model and that it is also consistent with the condition
gi v en by the strong first-order EWPT. 

Finall y, we briefly discuss the possibility of verifying the model in future collider experiments.
A distincti v e feature of the thermal loop-deri v ed EWPT is a shift of the Higgs trilinear cou-
pling, 

L = λi jk H i H j H k (i, j, k = 1 , 2 , 3) , (82) 

from the SM prediction [ 47 , 48 ]. For example, we focus on the pair production of H 1 through
off-shell CP-e v en scalars H i , i.e. H i → H 1 H 1 . We compare each trilinear coupling λ11 i (i =
1 , 2 , 3) in three BPs (BP1, BP2, BP3) with the SM. Furthermore, since amplitudes mediated
by off-shell scalars H i interfere with each other, we also compare the sum of trilinear couplings
λ111 , λ112 , and λ113 to the SM pr ediction. The r esults ar e shown in Table 4 , where �λtotal 

11 is
defined as 

�λtotal 
11 = 

(λ111 + λ112 + λ113 ) − λSM 

hhh 

λSM 

hhh 

. (83) 

The Higgs trilinear coupling of this model is expected to differ from that of the SM by about
30%, and it may be confirmed at the High-Energy Large Hadron Collider (HE-LHC) and/or
the International Linear Collider (ILC), whose accuracy is estimated by Ref. [ 49 ]. We leave
the detailed analysis and the model verification in other experiments, such as the search for the
degenerate Higgs at the lepton collider and observation of gra vitational wa ves from the EWPT,
to future research. 
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Appendix A. Input and output parameters 
The following shows the relationships between the input and output parameters. Howe v er, m 

2 
3 

and a 1 remain as input parameters. The index i runs from 1 to 3, and the sum symbol ( 
∑ 

i ) is
omitted. 

m 

2 
1 = 

m 

2 
3 v 2 
v 1 

− λ1 v 2 1 

2 

− λ345 v 2 2 

2 

− δ1 v 2 S 

4 

, (A.1) 

m 

2 
2 = 

m 

2 
3 v 1 
v 2 

− λ2 v 2 2 

2 

− λ345 v 2 1 

2 

− δ2 v 2 S 

4 

, (A.2) 

λ1 = 

1 

v 2 1 

( 

3 ∑ 

i=1 

O 

2 
1 i m 

2 
H i 

− m 

2 
3 v 2 
v 1 

) 

, (A.3) 

λ2 = 

1 

v 2 2 

( 

3 ∑ 

i=1 

O 

2 
2 i m 

2 
H i 

− m 

2 
3 v 1 
v 2 

) 

, (A.4) 

λ3 = 

1 

v 1 v 2 

( 

3 ∑ 

i=1 

O 1 i O 2 i m 

2 
H i 

+ m 

2 
3 

) 

− λ4 − λ5 , (A.5) 

λ4 = 

2 

v 2 

(
m 

2 
3 

sin β cos β
− m 

2 
H 

±

)
− λ5 , (A.6) 

λ5 = 

1 

v 2 

(
m 

2 
3 

sin β cos β
− m 

2 
A 

)
, (A.7) 

δ1 = 

2 

v 1 v S 

3 ∑ 

i=1 

O 1 i O 3 i m 

2 
H i 

, (A.8) 

δ2 = 

2 

v 2 v S 

3 ∑ 

i=1 

O 2 i O 3 i m 

2 
H i 

, (A.9) 

d 2 = 

2 

v 2 S 

( √ 

2 a 1 

v S 
+ 

3 ∑ 

i=1 

O 

2 
3 i m 

2 
H i 

) 

, (A.10) 

b 2 = 

−4 

√ 

2 a 1 − 2 b 1 v S − δ1 v 2 1 v S − δ2 v 2 2 v S − d 2 v 3 S 

2 v S 
, (A.11) 

b 1 = −m 

2 
χ −

√ 

2 a 1 

v S 
. (A.12) 

A ppendix B . Trilinear and bilinear couplings in the pNG-DM model 
We collect trilinear and bilinear couplings of the potential ( 1 ) in the gauge eigenstate, which
appear in Section 3 . 

C χχh 1 = 

δ1 

4 

v 1 , C χχh 2 = 

δ2 

4 

v 2 , C χχs = 

d 2 

4 

v S , 

C h 1 s = 

δ2 

4 

v 1 v S , C h 2 s = 

δ2 

2 

v 2 v S , C ss = 

b 1 

2 

+ 

b 2 

2 

+ 

δ1 

8 

v 2 1 + 

δ1 

8 

v 2 2 + 

3 d 2 

8 

v 2 S . (B.1) 
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