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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-even
scalars in this model, is suppressed when masses of CP-even scalars are degenerate; that 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.

Subject Index B40

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 massive particles (WIMPs) are attractive because their abundance can be explained
thermally. It is the so-called “WIMP miracle.” However, 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 current direct 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 /1
and /,. 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. However, this model has a so-called domain
wall problem because the Z, symmetry (S — —S) of the scalar potential V' is spontaneously
broken due to the development of the vacuum expectation value (VEV) of the singlet scalar (S).
Therefore, in Ref. [4], a linear term of S (V' D a;S) that breaks the Z, symmetry is introduced,
and in this case, it is proposed that when the masses of the two Higgs bosons are degenerate, i.e.
my, >~ my,, this scattering is suppressed. This suppression mechanism is called the degenerate
scalar scenario.

On the other hand, baryon asymmetry of the universe (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 requires 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 attractive 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. However, 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 &5,
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 §, achieved through the de-
generate scalar scenario suppresses the DM-quark scattering, so these two give contradictory
conditions for the parameters. To explain them simultaneously, 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 QpymA®> = 0.1200 £ 0.0012 [20].

In this paper, we consider a model in which an SU(2); 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-even scalars
of the two Higgs doublet and the real part of S mix to form three Higgs particles H; » 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, symmetry and may suffer from the domain wall problem, so
here we introduce a linear term for S that breaks the symmetry. Furthermore, since vg becomes
nonzero for any temperature due to a; # 0, the EWPT is also different from the model with
a; = 0. As with the CxSM mentioned earlier, we investigate whether the DM-quark scattering
is suppressed when the mediators’ masses are degenerate (my, =~ my, >~ my,); 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); doublet Higgs bosons, which
are distinguished by the Z; 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-level structure is
extremely important. As a result, it is shown that the degenerate scalar scenario is sufficiently
valid even in the parameter region where the strong first-order EWPT is achieved. In order 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 gives a brief review of the 2HDMS. Af-
ter introducing the degenerate scalar scenario in Section 3, to discuss the compatibility of the
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degenerate scalar scenario and a strong first-order EWPT, we qualitatively analyze the EWPT
in Section 4. Then, we numerically investigate the parameter region consistent from the per-
spective of DM and the EWPT in Section 5. Lastly, Section 6 summarizes this study.

2. The model
In the 2HDMS, the scalar potential is given as

Vo = Vo.onpm + Voss. (1)
The first term in the r.h.s. in Eq. (1) contains only the doublet Higgs fields ®; and @,
Vo.2upMm (D, y) = Wl%CDJ{q)l + Wl%cbgq)z — <m§d>1 ®, + h.c. )

Mot N A2 (ot ) f t
+3 <<I>1d>1) +3 <c1>2q>2) NN (cblcbl) (<D2d>2)

a4 (@]02) (@l01) + [% (ob}cbg)z + he. } : @)

where only the m% term breaks the Z, symmetry of the doublets (& — +®;, &, - —Dy)
softly. The second term in the r.h.s. in Eq. (1) is given by the singlet S and doublets as

) 8 . b d
Vos (@1, @5, ) = =&l d,|S]? + 201Dy |S2 + =[S + = |S]*
2 2 2 4
b
+ (a1S + ZISZ + h.c.> , (3)

where the terms in the first line are invariant under a global U(1) transformation (S — ¢?5),
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=1,2) and S
can be written as

o7 1 :

cID’_(%z(wrh,-Jrz‘m))’ Sl @

At this time, v = /v 4+ v3 = 246.22 GeV and tan 8 = v,/v; is defined. The following scalar

particles are present in this model: the charged scalar (¢;"), the CP-odd scalar (;), and the

CP-even scalars (41, Kz, 5). On the other hand, a pseudoscalar x is the physical DM candidate.
The first derivatives of V; with respect to /4y, iy, and s are given by, respectively,

Vv Al A 1)
<a—h?>=MfV1 —M§Vz+3 +$ 1V§+ZIV1V§=0, ©)
aVO )\2 )\.345 5
<ﬁ>:m§vz—m§v1+ 2v§+ 5 vivs + 4vzvs—0 (6)
aVy by + by S1 ) d>
<8 > V2a; + 3 Vs+ZV%V5+4V%V5+4 ve =0, (7
where X345 = A3 + A4 + As. The tree-level masses of the CP-even scalars are obtained by
h1 Hl
Lo =3 (1o ) MG | I | = 4 (B > ;) OTAGO | B
S H3
= 32 my HE, ®)
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with
m%i—f + )»111% —m% + A345V1 V2 %lvl Vs
2 2 2V 2 8
MS =|—-m3+ A345V1 V2 Wl3v—; + )‘2V2 72112\75 . 9)
LIl & _ N | 2
> V1Vs 5 V2Vs Ve + 5

The mixing matrix O is parameterized as

1 0 0 (&) 0 —5 (&] —51 0
0(0[1') =10 Cc3 —353 0 1 0 81 Cl 01, (10)
0 853 C3 A\ 0 (&) 0 0 1

where s; = sina; and ¢; = cos; (i = 1, 2, 3). Note that the mixing matrix is orthogonal, i.e.
Y 00 =6y, (11)
k
Three Higgs particles appear in the 2HDMS, and H; 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 ¢1sz, N2

as
o\ G* my\ G
(o) =70 () ()= (5) 1

R(ﬂ):(cosﬁ —sinﬁ). (13)

where

sin B cos

In Eq. (12), G* and G° denote Nambu—Goldstone bosons. The mass eigenvalues of H* and 4
are given by

My = m—g — l(K4+k5)V2, (14)
sinfcosfB 2
2
2 3 2
= ———— — sV, 15
M sin 8 cos B S 15
respectively. Also, DM mass is given by
= Y2 _ h. (16)
X Vs

Let us summarize our input parameters. There are 14 degrees of freedom in the scalar poten-
tial: {m?}, m3, m3, A1, Ao, A3, Aa, As, 81, 82, ba, da, ay, by }. First, {m3, a;} remain as input parame-
ters. {m%, m% b,} are determined by the tadpole conditions (5-7) and {4, As, b1} are fixed by the
particle masses (14—16). The other six Lagrangian parameters are determined by the mass ma-
trix of the CP-even scalars. In Appendix A, we list relationships between 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 given as follows:

—Lyukawa = O Yu®uur + OLYyPudr + LY, @l + hec., 17
where ® /(f = u, d, £)is a Higgs doublet that couples to the fermion f and d, = iy @, with oy
being the Pauli matrix. Q; and L represent left-handed quarks and left-handed leptons, respec-
tively, i.e. O = (uy, dL)T, Ly = (v, eL)T. ug, dgr, and £ are right-handed up-type quarks,
right-handed down-type quarks, and right-handed leptons, respectively. Y,(f = u, d, £) is the
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Table 1. Assignment of Z; charge to the fermions and combination of the doublets that couples to each
fermion. The Higgs doublets ®; and ®; transform as ®; — +&; and &, — —P,, respectively.

O, L Ug dr LR o, o, b,
Type-1 + - - - @, b, @,
Type-IT + - + + 02 D D,
Type-X + — - + o, o, [of
Type-Y + - + - 03] D D

3x3 Yukawa matrix of the fermions. As shown in Table 1, by assigning the Z, charge to the
fermions, we can determine the combination of ®, (f = u, d, £) and classify them into four

types.

3. Degenerate scalar scenario
We study a mechanism suppressing the process of DM yx scattering off a quark ¢,

x(p1) +q(p2) = x(p3) + q(pa), (18)

in the 2HDMS. The scattering amplitude M is given by a sum of three amplitudes M, M,
and M3 mediated by H;, H>, and Hj, respectively:

iM=i(M;+ M+ Ms), (19)
. o 1 27
iMy = =12Cy 1, Coqry ————(pa)u(p2), (20)
t—mj,
I
i/\/lz = —izcxngcquz —zu(P4)u(P2)7 (21)
1 — my,
. . 1 -
iMs = —i2Cy i, Cyqrr, ———u(pa)u(p2). (22)
t—m3,

Here, Cs,s,s, denotes the scalar trilinear coupling for S, S», and S3, i.e. £ D Cs,s,5,515253.
Thus, C,, g, is the three-point scalar coupling between two x and H; (i = 1, 2, 3). On the other
hand, Cyyp, 1s the Yukawa coupling between the SM quarks g and H;, £ D Cyyn,qrqrH;. A vari-
able ¢ describes a momentum transfer, t = (p; — p3)2, and u(p) (u(p)) represents an incoming
(outgoing) quark spinor with a momentum p. The factor of 2 in the right-hand side of Egs.
(20-22) is a symmetry factor for the x x H; vertex.

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 given as follows:

Vs

1 V2a
CXXHi = 2_ (m%-[l + 1) 03[9 (23)
Vs

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

%OU (when ¢ couples to @),

C H, = Wvll[ (24)
“ —20,; (when ¢ couples to ®»),
)
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where m, is the mass of quark ¢. Therefore, the amplitude (19) becomes

, |, V2a
1 3., + .
—i2>— Y ————5—050y;u(ps)u(pz) (when ¢ couples to ),
M — 2yg 4 t—my 25)
e , | V2a
| S Myt
_i2m Z t_—mz;g03,-02,-ﬁ(p4)u(p2) (when ¢ couples to ©,).

If a; = 0, the amplitude vanishes in the low-energy limit (¢ — 0) due to the orthogonality of the
mixing matrix (11). However, as mentioned above, in order to avoid the domain wall problem
associated with the development of vg, we are currently setting @; to a nonzero value. In this
case, the Higgs masses my, 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. Therefore, we investigate the suppression mechanism for (A) and (B):

(A) Type-1, Type-X : both up- and down-type quarks couple to @,
(B) Type-II, Type-Y : up (down)-type quark couples to ®,(P).

3.1. Type-I, Type-X
The Yukawa interaction for Type-I and Type-X is given by

_»CYukawa = Z?:] CuuHiEuRHi + Z?=1 CddHid_LdRHi + h.C., (26)
where
m m
Cuut, = —~ 0, Caan, = —2 0, (27)
1% V2

with m, 4 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 x and H; is described by

—L D Cyymmix® + Cyymhax?® + Cyyssx?
= Cy o Hix?, (28)
where
Cyxt;, = Cyyn, O1i + Cy iy, O2i + Cy 503, (29)

Explicit expressions of these couplings are summarized in Appendix B. Since the momentum
transfer ¢ in the direct detection experiments is very small as compared to the mediator masses,
et K m%,l , the amplitudes related to up-type quarks and down-type quarks can each be writ-
ten by

My o Cyp 11, O
iMup = 2iu (P4)U(P2) — Z Xx—zil’
200 M
3 2
. my 01;09; 02- 03;0,;
=2 — C h C g — C N ’ 30
n (p4)u(p2) vz lzzl( XX/] m%]i + XX/Zm%_L_ + XX m%[[ ( )

6/20

G20z Yyotey 20 uo 1senb Aq L96596.2/709€20/2/S20Z/el01e/dsid/woo dno-olwepese//:sdiy woly pepeojumoq



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

=
[y

HleHa —

.
e

!
e 1 :
I
;

|
45

=
(Y]

hao
q//\\q q/\q

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 @, in case A (Type-I, Type-X).

)
)

3
. - my Cyxm, 02
lMdown = 2iu (p4) u (pZ) _— Z %,
20T M,

3 2
- Mg 01,0, 03; 03;0y;
= 2lu(P4)u(P2)— (Cxxh 5 +Cxxh —L +CXXS— . (31)
Therefore, when the three Higgs masses are degenerate, due to the orthogonality of the mixing
matrix (11), the terms that are proportional to O1;0; and O3;05; vanish. On the other hand,
the term that is proportional to O3, includes C,,,. In this model, C, ,, can be expressed as

Ly}
Coony = V2 (32)
where
8y = 230 05,03 (33)

V2vs

8, 1s also suppressed by the orthogonality of the mixing matrix. Therefore, the amplitudes van-
ish in the degenerate scalar scenario (my, = my, = my, ). However, note that this suppression
mechanism may not work well when v, and vg, 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 4#; and s to couple with the quarks ¢, /#; and s must be converted into
hy through the couplings Cj, 5, and Cp, (the left and right diagrams of the right-hand side in
Fig. 1). On the other hand, the amplitude mediated by /5 is proportional to the coupling C, 1,
(the middle diagram of the right-hand side in Fig. 1).

The scalar potential in the 2HDMS allows us to rewrite the trilinear couplings Cyy4,, Cy yi,»
and C,,, in terms of the bilinear couplings Cj, 5, Cp,s, and Cyy as

Coxin = VA;S (Cus + A1), Cyym = VA;S (Cips + A2), Cyys = % (Cs + A3), (34)

where parameters 4, Ay, Ay, and Az are expressed by parameters besides Cj, s, Cp,s, and Csg in
the scalar potential. The bilinear couplings are also given in Appendix B. Referring to Egs. (30)
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and (31) and extracting the part that is involved in suppressing the scattering, one gets

Co,nOy A 0y;
%12 = —{(Cs + A1) 01 + (Cpys + A2) 02 + (Cs + A3) 03} 22 :
WlHi Vs mH,»
A
= —— (03,023my, + A101;05; + 503, + A305,0y) (35)
VSmHl-

where we use relations of coefficients between the gauge and mass eigenstates, 1.e. Cp,Oy; +
Ch,sO2i + Cis O3 = 031”’”%11-'1 Therefore, the amplitude in the degenerate Higgs region vanishes
when

Ay =0. (36)

We show that the condition (36) holds for the scalar potential V4 (1). In the 2HDMS, the
couplings G, and C,, 5, are related to

1)
Vo D 52q>§c1>2|5|2
D Cyyihax® + Chnshos, (37)
where
82 82
Cyixiy = ey Chys = > V2s. (38)
Comparing Eq. (38) with Eq. (34), we find
A=1 Ay =0 (39)

Therefore, 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 ®, and S
is constrained by the degenerate scalar scenario. For example, suppose that the mixing terms
‘;_ZcpTchZS are added to the potential (1). The couplings C,, 5, and Cj,; become

P} Ly} V2
CXXhz = ZVQ, Ch2s = EVQVS 4 1 V). (40)
Then,
A=1 py=-Lay, (41)

which is inconsistent with the condition (36). Thus, if the mixing terms such as <I>;<I>2 S, d>£<1>2S2
are added, the suppression mechanism does not work.>

3.2. Type-II, Type-Y
The Yukawa interaction for Type-II and Type-Y is given by

—Lyukawa = Z?:] CuuH,-EuRHi + ZL] CddHid_LdRHi +h.c, (42)
where
m, m
Curt, = — 02, Caan, = m (43)
V2 V1

The amplitude becomes

I This formula is derived from OT M0 = Y}, m3, related to Eq. (8).
2A more detailed analysis, including one-loop scattering, is given in Ref. [27]. This discussion can be
applied almost directly to the case of the 2HDMS.
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X X X X X X X X
r” Tr v ‘ r
‘ ‘hy ! 's
' H\HH = . + 1 hy + ¢
' . : |
] :hg i :h2
. . u//\u u/\u u/\\u
X X b X X X X X

=
=osfee =y
Ca
&

Ca

i e et

)
)

a

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 ®,, while down-type quarks d couple to ®; in case B (Type-II,
Type-Y).

d d d d d d

Mu o C 1, O
iMup = 210 (pa) u (p2) T ) =05

i=1 H;

3 2

. my 01;09; 02~ 03;0y;

=2 3 Coen A+ Cppi—2 + Cro— ) 44
lll(p4)u(p2) V2 iz] ( xxh m%L + Xxhzm%{i + XX m%{]. ( )

mgy ’ C H 01'
. - XX !
iMaown = 21 (p4)u(p2) 7= Y e

i=1 My,

3 2

- my Oy, 0,;0; 03;0;

= 2il u — Cyym— +Cyyny—— + Cyys—— | - 45
(P4) (pZ) " IZZI ( xxh m%I[ xxha m%ii XXS m%{l ( )
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 Cy,,,

which can be expressed as

CXXh] = %vlv (46)
with
81 = ﬁ Z?:1 01103517”@{[_. @7

Thus, in the degenerate scalar scenario, it is important to suppress 8, for the up-type scattering
and §; 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 (Type-11, Type-Y) is as shown in Fig. 2 and up-type quarks z 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
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from Eq. (45), the relevant part of the suppression mechanism is

C H,-Ol' )
X;z - = 2 (G + ADO1; + (Chys + 82) 03 + (Cis + A3) 03} %,
H; .
= ﬁ (03,'01,77’!12% + A 0%1. + A20;04; + A303,'01,') . (48)
In this case, the amplitude in the degenerate Higgs region vanishes when

A =0. (49)
In the 2HDMS, the couplings Cp, ; and C,,, are related to

8
Vo > 2ol S

2
O Cyymmix* + Chshis, (50)
where
Cyyn, = (Z—lvl, Chs = 52—11111/5. (51)
Comparing Eq. (51) with Eq. (34), we find
A=1 A =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
at the LHC. In the 2HDMS, the couplings between the Higgs boson H; and the SM particle X
are given by the SM couplings multiplied by the mixing matrix elements O,;. Taking the decay
widths of H; as an example, we obtain

1—‘H1—>XX = Fhszl)()( (mHl) X 0%1, (53)
FH2»XX = FI?KIXX (mHz) X 0%2, (54)
P xxy = FEMXX (mpy) x 0%3’ (55)

where '™ . (my,) is the decay width of the SM Higgs / as a function of my;,. When we add
up all the decay widths with my, >~ m;, = 125 GeV,

Tooxxy + Troxy + Taoxy = TNy (my) (56)
is obtained. This SM-like process is effective for all mixing angles, and H; 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 qualitatively. 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), doublet-singlet in the scalar potential can be expressed as

81 = 2= (01;05m3;) . (57)

Vivs

8 = 2= (0,03m3;) . (58)

V2vs
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As we discussed in Section 3, it can be seen that the DM-quark scattering is controlled by §; and
8. In other words, the degenerate scalar scenario is realized by §; and §,. A strong first-order
EWPT is essential for EWBG, and the condition is [28-30]:

ve

2l (59)
where 7¢ is the critical temperature at which the effective potential has two degenerate minima,
and ve = /vi. + 3. is the nonzero Higgs VEV at T = T¢. Possible origins of the first-order
EWPT are the finite-temperature boson loop and the structure of the tree-level potential. In the
former case, the addition of multiple bosons is effective, 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 qualitatively
analyze a tree-level driven EWPT using the so-called high-temperature (HT) potential, which
is composed of the tree-level potential and thermal masses. In the HT expansion of the finite
temperature effective potential, we can obtain not only the thermal masses but also the thermal
cubic terms. However, here, we only add the thermal masses to the tree-level potential since
we want to check whether the first-order EWPT occurs due to the effect of the doublet-singlet
mixing of the tree-level. Generally, a first-order EWPT would be enhanced even more by adding
the thermal cubic terms.

The EWPT pattern of the 2HDMS is ((®1), (1), (S)) = (0,0, vy) — (v1, v2, vs), where (®;)
and (S) are defined as the VEVs of the doublet fields ®; and the singlet field S, respectively. 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)qep. We denote the classical
background fields of the Higgs doublets and singlet as

i
@) =(00) V2 (S)=gs/V2 (60)
The tree-level potential (1) can be rewritten as
i m3 Al A2 A3as
Volpr, 92, 95) = S01 + 5203 = mipign + =0l + =03 + = (p192)°
0 2 R b +~/_a1<os+b<p (61)
8 1¥S ] 2¥S 4 S 16 4 S
The HT potential is defined as
VIT (01, 02, 053 T) = Vo (91, 92, 95) + (Emef + Sines + Ssez) T2, (62)
where
a 38 P VR
=g o2 M T b 63
"= 48+32+32+8+12+24+8+8 (63)
5y g2 3g% A yt yb
S = 2 22 Zb 64
& 48+32+32 8+12+24+8+8 ©4)
A TR
Y= —+ — 65
s=ututau 65)

with g3, g1, y;, and y;, being SU(2),, U(1)y, top Yukawa, and bottom Yukawa couplings, re-
spectively. It should be emphasized that the thermal cubic term of the field is necessary for a
loop-driven EWPT. Since the HT potential does not include that term, it is optimal for analyz-
ing EWPT derived from the tree-level potential.
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For convenience, ¢; and ¢g are parameterized as
@1 =zcosOcosB, ¢y =czcosfsinf, ¢s=zsind + v, (66)

where v, denotes the minimum on the ¢g axis, which is always nonzero because of a; # 0 in
our model. The HT potential (62) becomes

VAT(2,0,B; T) = co + 1z + (c2 + 4 T?) 22 — e32° + ey (67)
Equation (67) is composed of the tree-level potential and the thermal masses, and there is no
thermal cubic term like —cf Tz. This means that a strong first-order EWPT could be achieved

even if ¢ = 0 in this model. After shifting the vacuum energy with ¢y = 0, the above potential
at T = T takes the form

VAT (2,0, 8: Te) = a7’ (z— Zc)z, Zc = ;i, (68)
C4
where
3 = 3Vgsind <61 cos? B cos? O + 8, cos? 0 sin® B + d sin’ 9) , (69)

1
Cs = T3 (2)\1 cos* Bcos* 0 + 21, cos* 6 sin* B + 28, cos> 0 sin’ B sin’ 6

+dy sin* 0 + 2 cos? B (2A345 cos* 0 sin® B + 8 cos’6 sin’ 0)) . (70)

From this potential, v¢ and T¢ are derived, which are

(Vo — 81 cos? 8, sin’
Vo = Vgc(VSC vsc)(61 Bc + 62 IBC)’ (71)

4 4 i 02 2
I8 cosg. +As sing,. +2X345 sing  COSg

T \/—m% cos? Bc — mj3 sin” B¢ + 2mj3 cos B sin Be — }‘vgc((ﬁl cos? B + 8, sin® Bc) )
c= )

i1 cos? Be + Tjasin® Be
The physical quantities evaluated by T¢ are labeled with the subscript C. We can find that the
condition of a strong first-order EWPT (59) requires large §; and 8. If, in Eq. (72), the following

relation holds,

—m% cos® e — m% sin® B¢ + 2m§ cos B¢ sin Be = 0, (73)

it seems that v¢/ T is independent from both §; and 8, since the terms related to §; and §, are
canceled out between ve and T¢. However, there are §; and 8, in Xj; (63) and X, (64), and
large §; and §, are still preferred to satisfy the condition of a strong first-order EWPT.

However, as mentioned above, small §;, §, are essential for realizing the degenerate scalar
scenario. Therefore, we do not entrust the EWPT to the tree-level double-single mixing 81, &3,
but to the thermal loop. The 1-loop effective potential can be written as follows:

Verr (01, 92, 053 T) = Volo1, 92, ¢s) + Vi(er, 92, 955 T),

T4 mn;
_ ) =2 i
= Volo1, @2, 9s) + Ei n [Vcw (77) + 32 8r (—T2>i| : (74)

where T represents temperature. The subscript 7 represents the particles contained in the model,
and n; is the degree of freedom of each particle. The effective potentials at zero temperature
and at the finite temperature are given by [31-33]:

VCW (n'alz) = 62;17;:2 (111 ’;—g — C,‘) s (75)
Ipr (@) = [;° dxx*In (1 ¥ e‘”2+"2> : (76)
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where ¢; = 3/2 for scalars and fermions and ¢; = 5/6 for gauge bosons. 7z is the field-dependent
masses of each particle i. [z with the minus sign represents the boson contribution, while 7 with
the plus sign represents the fermion one. & is a renormalization scale.

In the following calculations, the condition (59) is checked using the 1-loop effective potential
(74). In order to prevent the breakdown of perturbation theory due to boson multiloop, the
Parwani resummation, in which all the Matsubara frequency modes are resummed, is used [34].
Specifically, field-dependent masses 7/7? in Eq. (74) are replaced by thermally corrected ones.

5. Numerical results
Before giving benchmark points (BPs), we mention the theoretical and experimental constraints
imposed on the parameters. A requirement on the scalar potential that is bounded from below
is given by [35,36]:

M >0, 4 >0, A3+ Ay —Ais > —/A Ao, db > 0. (77)
The quartic couplings should also satisfy the following conditions from the tree-level unitar-
ity [37,38]:

8 8 16
A < T’T A < ?” haus < 87, 81 < 167, 8 < 167, dy < T” (78)
The constraint from the perturbativity is as follows [39]:
Aj] . do < 4 (j = 1-5). (79)

Furthermore, the sizes of §; and 8, could be constrained by a global minimum condition at
zero temperature [40]. The energy of the electroweak vacuum has to be lower than that of the
local vacuum on the ¢g 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 4, i.e. mpy=+ =~
my or m,, the electroweak precision data are satisfied [41]. In addition, for Type-I 2HDMS,
the B; — up process requires tan 8 = 1.75 for my+ = 500 GeV [42]. We should emphasize
that the Higgs coupling measurement usually places a constraint on cos(f — «), 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 vg. The parameter a; is changed to keep the value of @ perturbatively
appropriate. The observed DM relic density is known as [20]:

Qpm/i® = 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, 7 and
corresponding VEVs for the BPs are shown, and a strong first-order EWPT occurs in all BPs.
ve/ Te 1s determined roughly by the ratio of the cubic and quartic terms of the field. The boson
masses are important for the former, and A; is important for the latter. Since the boson masses
are almost the same and the value of A; is completely the same for all BPs, the Higgs VEVs
and T¢ 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-level 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. 7¢- and corresponding VEVs for the three BPs in Table 2. Here, the calculations are performed
by cosmoTransitions [43].

ve [GeV] vac [GeV] vse [GeV] Ve [GeV] ve Te
BP1 105.8 213.2 245.6 246.2 % =34
BP2 105.8 213.2 199.5 200.1 % =34
BP3 105.7 213.2 30.0 30.6 % =34
107 \\\ — |
‘. o

8] [Cinzl
/

I excluded region by 1.7 (2022)
excluded region by LZ (2024)

T T T T
80 100 120 140 160 180
Mg, [GGV]

Fig. 3. Spin-independent cross section for the scattering between the DM and nucleus og;y as a function
of m H>-

Next, we show the results of numerical calculations related 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 og; as a function of my, is shown. Here, my, is used once as a variable, and
the other parameters are the BPs in Table 2. The shaded regions are excluded by the LZ experi-
ment. For all BPs, there is a large dip around my, >~ 125 GeV. This indicates that the degenerate
scalar scenario is important for the suppression of DM and nucleon scattering. Although the
value of §, varies between the BPs, @; may be more closely controlling the overall magnitude
of og1. As can be seen from Eq. (25), og; is proportional to a%. For example, the difference in
os1 between BP1 and BP2 is roughly 104, which is due to the fact that a3 (BP2)/a?(BP1) ~ 10*.
a; is important for adjusting d> to an appropriate value, but it also affects the magnitude of og;
in this way. On the other hand, if the Higgs masses are degenerate, the scattering is suppressed
regardless of the value of «;. In other words, the degenerate scalar scenario is also valid when
a; = 0, but to avoid the domain wall problem, we should consider a; # 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 4% as a function of m, for all BPs in Table 2. The value of the
DM relic density QpwmA?> 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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i

A
10 . BP2
. BP3

== Qpuhi=0.12

BP1

BP2

BP3
B excluded region by [.7 (2022)
Overproduction excluded region by LZ (2024)
10 ¥ = T T T 10 g T T T
10° 10* 10°

my, [GeV] m, [GeV]

Fig. 4. (Left) DM relic density 2, /4* as a function of DM mass m_hi for the BPs in Table 2. The black
dashed line represents the observed value (80), and the region above this corresponds to overproduction.
(Right) Scaled scattering cross section between the DM y and quarks &g as a function of DM mass
m, for all BPs. The dotted line represents 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.

On the other hand, the right panel of Fig. 4 shows the m,-dependence of the spin-
independent scattering cross section between the DM and nucleus. For €, < Qpw, we should

scale ogy as
N Q, )
o] = [ —= | og1. 81
0= (g ) o 1)

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 regions are still allowed, and the DM x may carry
all of the existing DM and explain the current experimental results.

6. Summary and discussion

In this paper, we have investigated the compatibility of the degenerate 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 y, and CP-even scalars mix to form three
Higgs particles H; (i = 1, 2, 3). The scattering of DM and quarks is mediated by H;, 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); doublet-singlet mixing
terms 8; and &, which are related to the orthogonality of the mixing matrix that transforms the
gauge eigenstates to the mass eigenstates of the CP-even scalars, is important for the degenerate
scalar scenario.

A strong first-order EWPT, an essential element of EWBG, can be derived from two sources
in the effective potential: the thermal loop and the tree-level structure. Since the tree-level driven
EWPT is induced by the presence of the singlet field, i.e. large &;, 8, 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 A1y, A112, 2113 and their sum
defined as Eq. (83).

A /A An/ASM Mis/AM AN
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

the context of the CxSM is given in Ref. [19]). Therefore, 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 we were able to explain the constraint from the LZ experiment in
many regions. Therefore, it was found that current observational data and experimental results
can be explained by the DM y in this model and that it is also consistent with the condition
given by the strong first-order EWPT.

Finally, we briefly discuss the possibility of verifying the model in future collider experiments.
A distinctive feature of the thermal loop-derived EWPT is a shift of the Higgs trilinear cou-

pling,
L= ipH:H;H, (i,j,k=1,2,3), (82)

from the SM prediction [47,48]. For example, we focus on the pair production of H; through
off-shell CP-even scalars H;, i.e. H; — H;H;. We compare each trilinear coupling Ay; (i =
1,2, 3) in three BPs (BP1, BP2, BP3) with the SM. Furthermore, since amplitudes mediated
by off-shell scalars H; interfere with each other, we also compare the sum of trilinear couplings
Ai1s M1z, and Ajp3 to the SM prediction. The results are shown in Table 4, where A)\tﬁml 18
defined as

(A1 + Az + Aqiz) — M

SM
)‘hhh

AN = (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 gravitational waves 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. However, m%

and a; remain as input parameters. The index 7 runs from 1 to 3, and the sum symbol (} ) is

omitted.
2 2 2 2
5 M5 Alvl )»345"2 Sle
_mdv ~ Al
my Vi 2 2 4’ ( )
> 2 2 2
o m3vr o Ayvy Aysvy GV
_min kR ~ A2
ni, v P 2 4’ (A2
o (Pt
1 m )%
A2—7<ZO 3 ‘), (A.4)
15
. 3
Ay = —— 01:05imy; +m3 | = da — s, A5
X v1v2<; 1100y 3) 4—As (A.5)
2 m% 2
ho = > (m _ mHi> — As, (A.6)
1 m% 2
5= (e ) o
) 3
8= — Z 01;03mj;, A.8)
ViIvs o
, 3
§=—> 0,03mj, (A.9)
vs —1
2 (V24 &
=1 ( T 0'"”) | o
s i=1
by = —4y/2ay — 2bvs —;31"%"3 — 8,93V — dzv??’ (A.11)
Vs
2
b= it — V2ar (A.12)

Vs

Appendix 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.

5 8 d
CXXhl = Zlvl, Cxxhz = sz27 CXXS = ZZVSH
32 82 bl bz 51 51 3d2
Chs = Zs Chys = 5 V2vs. Cys = > + ) + = A - 2 -+ = 2 i (B.1)
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