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We propose a simple model of dark matter and CP violation and consider the associated triple and
quadruple productions of 125 GeV Higgs bosons at the Large Hadron Collider (LHC). In the model, the
dark matter is a vectorlike dark fermion ðχ̄; χÞ interacting with the Standard Model only through a complex
messenger scalar S which is an electroweak singlet. New sources of CP violation reside in the most general
scalar potential involving the doubletH and the singlet S, as well as in the dark Yukawa coupling between S
and ðχ̄; χÞ. We study current experimental constraints from Higgs measurements, searches for new scalars
at the LHC, precision electroweak measurements, EDM measurements, dark matter relic density, as well as
direct and indirect detections of dark matter. A smoking-gun signature of CP violation could come from the
Higgs-to-Higgs decays, h3 → h2h1, where h3=h2=h1 are the heaviest scalar, second heaviest scalar and the
SM-like 125-GeV Higgs, respectively. Taking into account other Higgs-to-Higgs decays, such as h3 → 2h2
and h3=h2 → 2h1, then gives rise to novel 3h1 and 4h1 final states, which have yet to be searched for
experimentally. We present four benchmarks and show the event rates for 3h1 and 4h1 final states could be
as large as Oð10Þ fb and Oð1Þ fb, respectively, at the 14-TeV LHC. This work opens up a new frontier of
searching for triple and quadruple Higgs bosons at a high energy collider.
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I. INTRODUCTION

Dark matter and CP violation (CPV) are two of the most
pressing puzzles in physics nowadays. Both relate to our
own being in the Universe: dark matter is necessary for
structure formation and CPV is a required condition for the
observed matter-antimatter asymmetry. In particular, there
is no cold dark matter candidate in the Standard Model
(SM) of particle physics and the amount of CPV in the SM
is insufficient to generate the observed baryon asymmetry.
Consequently, both problems hint at the presence of new
physics beyond the SM.
In this work we propose a simple extension of the SM to

accommodate the dark matter and new sources of CPV, by
including a vectorlike dark fermion ðχ̄; χÞ as the dark matter
and a complex singlet scalar S as the messenger mediating
interactions between the SM and the dark matter. The most
general scalar potential involving the Higgs doublet H and
the singlet S contains several new sources of CPV, as does

the dark Yukawa coupling between S and ðχ̄; χÞ. The
complex singlet scalar extended SM has been studied in
many contexts, such as the CPV, electroweak baryogenesis
(EWBG), electroweak phase transition (EWPT), and scalar
dark matter [1–12]. Our model is distinct in that (i) we do
not impose any discrete symmetries in the scalar potential,
(ii) the dark matter candidate is a vector-like dark fermion,
instead of a component of the singlet scalar, and (iii) new
sources of CPV are confined in the scalar potential and the
dark Yukawa coupling.1 We also do not introduce higher
dimensional operators beyond the renormalizable level.
An important aspect of our model is the consideration

of the “alignment limit” [14–16], where properties of the
125-GeV Higgs boson have been measured to be closely
aligned with those of a SM Higgs boson, and its interplay
with the CPV in the scalar sector. Previously this interplay
was studied in the context of complex two-Higgs doublet
models (C2HDM) [17–20]. In particular, Ref. [20] pointed
out the Higgs-to-Higgs decay in h3 → h2h1 and the

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

1If the complex singlet scalar S only couples to the SM Higgs
doublet H, its CP-property is not well-defined since the trans-

formations S→
CP
S and S→

CP
S� are both allowed [12,13]; intro-

ducing the dark fermion allows us to define the CP-property of S
through the dark Yukawa coupling.
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resulting triple Higgs final state as a novel signature for
CPV in the C2HDM and presented benchmarks where the
triple Higgs final states could be discovered at the High-
Luminosity Large Hadron Collider (HL-LHC). However,
the C2HDM model is severely constrained by the electric
dipole moment (EDM) measurements and the triple scalar
coupling mediating the h3 → h2h1 decay is suppressed near
the exact alignment limit [20]. We will see that in our
complex singlet scalar extended model, there is no new
physics contribution to the EDM and the particular scalar
coupling in h3 → h2h1 is not suppressed near the alignment
limit. Furthermore, including the other Higgs-to-Higgs
decays in h3 → 2h2 and h2=h3 → 2h1, there is not only
the triple Higgs but also the quadruple Higgs final states!
After performing a comprehensive study on current

experimental constraints fromHiggsmeasurements, searches
for new scalars at the LHC, precision electroweak measure-
ments, electron EDM measurements, dark matter relic
density, as well as direct and indirect detections of dark
matter, we present four benchmarks and consider the collider
phenomenology. Two of the benchmarks are chosen to allow
for a significant3h1 production,while the other twohave both
3h1 and 4h1 productions. Moreover, in two benchmarks the
dark matter relic density agrees with current measurements.
This paper is organized as follows. In Sec. II, we introduce

the complex singlet scalar extended model with the dark
matter (CPVDM model), and identify the CP-conserving
(CPC) and thegeneralCPVscenarios. InSec. III,we study the
experimental constraints from theLHCHiggsmeasurements,
electroweak oblique corrections, direct searches for heavy
scalars, the DM relic density and its direct and indirect search
bounds. In Sec. IV,we present the four benchmarks and study
the corresponding 3h1=4h1 decays at the LHC, assuming a
center-of-mass energy at 14 TeV. Finally in Sec. V, we
conclude our study and propose future prospects. We also
provide two appendices: Appendix A contains the full list of
scalar couplings and Appendix B presents the formulas
needed for computing the electroweak oblique corrections.

II. THE MODEL

In addition to the SM Higgs doublet denoted by H with
hypercharge 1=2,2 we introduce a complex scalar singlet S
with hypercharge 0. The most general renormalizable scalar
potential VðH; SÞ consistent with required symmetries is
given by [1]3

VðH;SÞ¼ μ2H†HþλðH†HÞ2þδ1
4
H†HSþδ2

2
H†HjSj2

þδ3
4
H†HS2þb1

4
S2þb2

2
jSj2þc1

6
S3þc2

6
SjSj2

þd1
8
S4þd2

4
jSj4þd3

8
S2jSj2þH:c:; ð1Þ

where the couplings δ1, δ3, b1, c1, c2, d1, d3 are generally
complex, and the term linear in the S field has been
removed without loss of generality. While in most complex
singlet scalar extended Standard Model studies, extra
symmetries are often imposed to simplify the potential
or to have a DM candidate [1,7–9,21–24], we keep the
potential as general as possible without imposing further
symmetries in this work. The DM will arise out of the
vectorlike fermion (VLF) χ, which we will discuss later.
With the SM Higgs vacuum expectation value (VEV)

v ≈ 246 GeV and assuming that S attains a VEV,
hSi ¼ vs expðiξÞ, where ξ is a generally nonzero phase,
we parametrize the two scalars as

H ¼
� Gþ

1ffiffi
2

p ðvþ ϕ1 þ iG0Þ
�
;

S ¼ 1ffiffiffi
2

p ðvs þ ϕ2 þ iaÞeiξ; ð2Þ

where Gþ and G0 are the Goldstone bosons to be “eaten”
by the weak gauge bosons. With the freedom to rephase S,
we choose to make hSi real and absorb ξ into the
Lagrangian parameters, resulting in the redefinitions:

θδ1 þξ→ θδ1 ; θc2 þξ→ θc2 ;

θδ3 þ2ξ→ θδ3 ; θb1 þ2ξ→ θb1 ;

θd3 þ2ξ→ θd3 ; θc1 þ3ξ→ θc1 ; θd1 þ4ξ→ θd1 ; ð3Þ

where we have parametrized the complex parameters in the
scalar potential as x ¼ jxjeiθx . From this reasoning it is
clear that the conditions for CP invariance in the scalar
sector is such that all phases in Eq. (3) now vanish upon a
phase rotation in S to make hSi real:

CP Invariance∶ ξ ¼ −θδ1 ¼ −θc2 ¼ −
1

2
θδ3 ¼ −

1

2
θb1

¼ −
1

2
θd3 ¼ −

1

3
θc1 ¼ −

1

4
θd1 : ð4Þ

Next, we introduce singlet VLF fields χL;R, which only
couples to the singlet scalar S. In this sense S is a messenger
field between the dark sector χ, which has odd parity under
a Z2 symmetry, and the SM. The Yukawa interactions
involving χ and S are given by

LNP ¼ −λχSχ̄LχR þ H:c:; ð5Þ

where λχ can be made real by a chiral phase rotation on χ.
In the end,

LNP ¼ −
λχffiffiffi
2

p χ̄ðvs þ ϕ2 þ iγ5aÞχ; ð6Þ
2We adopt the hypercharge convention Q ¼ Y þ T3.3We modify the parameter convention of the SM Higgs

potential in Ref. [1] by setting m2=2 → μ2 and λ=4 → λ.
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where ϕ2 and a are CP-even and CP-odd, respectively. For
simplicity we assume the VLF receives all of its mass from
the singlet VEV:4

mχ ¼ λχvs=
ffiffiffi
2

p
: ð7Þ

We impose a Z2 symmetry under which only χL;R have odd
parity, making it a DM candidate. The field contents of our
CPVDM model and the corresponding quantum numbers
are summarized in Table I.
Using the redefined parameters in Eq. (3), the minimi-

zation of the scalar potential in Eq. (1) gives the following
conditions:

∂V
∂ϕ1

����
0

¼ 4μ2þ4λv2þ
ffiffiffi
2

p
vsReδ1þv2sðδ2þReδ3Þ¼ 0;

∂V
∂ϕ2

����
0

¼
ffiffiffi
2

p
v2Reδ1þ2v2vsðδ2þReδ3Þþ4vsðReb1þb2Þ

þ2
ffiffiffi
2

p
v2sReðc1þc2Þþ2v3s ½d2þReðd1þd3Þ� ¼ 0;

∂V
∂a

����
0

¼ 3
ffiffiffi
2

p
v2Imδ1þ6v2vsImδ3

þ12vsImb1þ2
ffiffiffi
2

p
v2sImð3c1þc2Þ

þ3v3sImð2d1þd3Þ¼ 0: ð8Þ

The entry of the 3 × 3 mass-squared matrix M2 in the
ðϕ1;ϕ2; aÞT basis is given by

M2
11 ¼ μ2 þ 3λv2 þ

ffiffiffi
2

p

4
vsReδ1 þ

1

4
v2sðδ2 þ Reδ3Þ;

M2
22 ¼

1

2
ðReb1 þ b2Þ þ

1

4
v2ðδ2 þ Reδ3Þ

þ
ffiffiffi
2

p

2
vsReðc1 þ c2Þ þ

3

4
v2s ½d2 þ Reðd1 þ d3Þ�;

M2
33 ¼ −

1

2
ðReb1 − b2Þ þ

1

4
v2ðδ2 − Reδ3Þ

−
ffiffiffi
2

p

6
vsImð3c1 − c2Þ −

1

4
v2sReð3d1 − d2Þ;

M2
12 ¼

ffiffiffi
2

p

4
vReδ1 þ

1

2
vvsðδ2 þ Reδ3Þ;

M2
13 ¼ −

ffiffiffi
2

p

4
vImδ1 −

1

2
vvsImδ3;

M2
23 ¼ −

1

2
Imb1 −

1

4
v2Imδ3 −

ffiffiffi
2

p

6
vsImð3c1 þ c2Þ

−
3

8
v2sImð2d1 þ d3Þ: ð9Þ

The mixing matrix R, which relates the physical mass
eigenstates to the original basis ðh3; h2; h1ÞT ≡
Rðϕ1;ϕ2; aÞT , involves three Euler angles:

R¼

0
B@
c12 −s12 0

s12 c12 0

0 0 1

1
CA
0
B@
c13 0 −s13
0 1 0

s13 0 c13

1
CA
0
B@
1 0 0

0 c23 −s23
0 s23 c23

1
CA;

ð10Þ

where sij ≡ sin θij and cij ≡ cos θij, with θij being the
mixing angles. The ranges of the Euler angles are given
according to the Tait-Bryan convention by

θ12 ∈ ½−π=2;π=2�; θ13 ∈ ½−π;π�; θ23 ∈ ½−π;π�: ð11Þ

What is the alignment condition such that one of the
neutral Higgs bosons is exactly SM-like? Since the mes-
senger scalar S is a singlet and does not couple to the
electroweak gauge bosons and the SM fermions, the
125-GeV Higgs boson h1 will be SM-like if the 125-GeV
mass eigenstate coincides with ϕ1, the neutral scalar in H.
This can be achieved if, in the mass-squared matrix,
M2

12 ¼ M2
13 ¼ 0. From Eq. (9) we see that this leads to

the condition:

Alignment Condition∶M2
12 ¼M2

13 ¼ 0

⇔
1ffiffiffi
2

p δ1þvsðδ2þ δ3Þ ¼ 0:

ð12Þ

In terms of the mixing matrix R, h1 is aligned with ϕ1 if
θ13 ¼ π=2, inwhich caseh1 does not have components inϕ2

or a.
In reality we are only able to establish “approximate”

alignment limit due to the experimental uncertainty. In this
regard, we set θ13 ¼ π

2
þ ϵ with ϵ ≪ 1. Thus, we have

TABLE I. Field contents of the CPVDM model and their
corresponding charge assignments.

Field SUð3ÞC SUð2ÞL Uð1ÞY Z2

QL 3 2 1
6

þ
uR 3 1 2

3
þ

dR 3 1 − 1
3

þ
LL 1 2 − 1

2
þ

lR 1 1 −1 þ
χL;R 1 1 0 −
H 1 2 1

2
þ

S 1 1 0 þ

4In general, we could include a Dirac mass term for the dark
matter, which would not change the phenomenology other than
giving rise to an extra free parameter.
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R ¼

0
B@

−ϵc12 −c23s12 − c12s23 −c12c23 þ s12s23
−ϵs12 c12c23 − s12s23 −c23s12 − c12s23
1 −ϵs23 −ϵc23

1
CA

þOðϵ2Þ: ð13Þ

In the scalar potential in Eq. (1), there are 5 real
parameters fμ2; λ; δ2; b2; d2g and 7 complex parameters
fδ1; δ3; b1; c1; c2; d1; d3g. Among the three minimization
conditions in Eq. (8), two of them can be viewed as the
defining relations for v and vs. As such, only one is a
constraint among the parameters of the potential. Moreover,
we have chosen the phase of S such that its VEV is real.
Thus, in the end there are 18 real degrees of freedom in the
scalar potential, which we choose to be the following
parameters:

fmh1 ; mh2 ; mh3 ; v; vs; ϵ; θ12; θ23; δ2; b2; jc1j; θc1 ; jc2j;
θc2 ; jδ3j; θδ3 ; jd3j; θd3g: ð14Þ

There is an additional input parameter as the DM mass mχ

defined in Eq. (7). Using these input parameters, some
trilinear couplings of particular interest can be written as:

g123 ¼ −
v
2
Im½δ3e−2iðθ12þθ23Þ� þOðϵÞ;

g223 ¼ −
1

12vs
f3s12þ23½−8m2

h2
þ 4m2

h3

þ v2δ2 − 4b2ð1þ 3c2ð12þ23ÞÞ
þ 3v2ss2ð12þ23ÞImd3� − 9v2Imðδ3e−3iðθ12þθ23ÞÞ
−

ffiffiffi
2

p
vsImð3c1e−3iðθ12þθ23Þ − 2c2eiðθ12þθ23Þ

þ 3c2e3iðθ12þθ23ÞÞg þOðϵÞ;
g112 ¼

ϵ

v
fð2m2

h1
þm2

h2
Þ sin θ12 − v2½δ2 sin θ12

þ Imðδ3e−iðθ12þ2θ23ÞÞ�g þOðϵ2Þ;
g113 ¼

ϵ

v
fð2m2

h1
þm2

h3
Þ cos θ12 − v2½δ2 cos θ12

− Reðδ3e−iðθ12þ2θ23ÞÞ�g þOðϵ2Þ; ð15Þ

where we use gijkðlÞ to denote the trilinear (quartic)
coupling among the physical eigenstates hihjhkðhlÞ in
the Lagrangian

VðH; SÞ ∋ giii
3!

h3i þ
giij
2!

h2i hj þ gijkhihjhk þ
giiii
4!

h4i

þ giiij
3!

h3i hj þ
giijj
2!2!

h2i h
2
j þ

giijk
2!

h2i hjhk: ð16Þ

All of the scalar couplings are expanded to the first
nonvanishing order in ϵ. A complete list of all the trilinear
and quartic scalar couplings as well as the couplings of the

scalar fields to the SM fermions and weak gauge bosons is
given in Appendix A.
It is worth noting that the CPV coupling g123 is non-

vanishing in the exact alignment limit ϵ → 0.5 We will see
that this feature gives rise to a significant event rate for the
triple Higgs boson final state. Another trilinear coupling
that does not vanish as ϵ → 0 is g223, which will result in the
quadruple Higgs final state.

III. EXPERIMENTAL CONSTRAINTS

In this section, we study the viable parameter space of
the CPVDM model, using empirical constraints coming
from LHC Higgs measurements, electroweak oblique
parameters, LHC direct searches of additional scalars,
DM relic density, and DM direct and indirect search
bounds. Among input parameters in Eq. (14), we take
mh1 ¼ 125 GeV and v ¼ 246 GeV. We also remark in this
section how the model is free from the electron EDM
constraint up to at least the two-loop level.

A. LHC Higgs measurements

Due to the mixing between the doublet and singlet
scalars, the 125-GeV Higgs boson may have a new
invisible decay channel, if mh ≥ 2mχ , and its coupling
strength to the SM fields is universally reduced.
We first consider the constraint on the invisible decay

rate given by CMS [25]:6

BRðh1 → invÞ < 0.19 ð95% confidence level ðCLÞÞ: ð17Þ

For mχ < mh1=2, the h1 → χχ̄ partial width is given by

Γðh1 → χχ̄Þ ¼ ϵ2

8π

m2
χ

v2s
mh1

�
1 −

4m2
χ

m2
h1

�
1=2

×

�
s223

�
1 −

4m2
χ

m2
h1

�
þ c223

�
: ð18Þ

In Fig. 1, we show the constraint in the vs −mχ plane for
ϵ ¼ 0.1 and a few choices of θ23. The colored region is
allowed by the invisible decay constraint. The small gray
region at the bottom of the plot denotes the region where
λχ ¼

ffiffiffi
2

p
mχ=vs > 4π and violates the perturbativity bound.

The mixing angle θ23 has a significant impact on the
constraints when mχ is close to mh1=2, in which region the
phase space suppression becomes prominent. If h1 contains
moreCP-even component, i.e., s223 becomes larger, then the
allowed phase space also becomes larger due to the extra
factor of 1 − 4m2

χ=m2
h1
.

5This is in sharp contrast with the C2HDM [20], where the
corresponding g123 vanishes in the alignment limit.

6The bound given by ATLAS [26], BRðh1 → invÞ < 0.26
(95% CL), is weaker than the one given by CMS.
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Next we consider the constraints coming from the
measured Higgs signal strengths [27] listed in Table II.
In the model, the couplings of h1 to the other SM fields are
modified universally by a factor of 1 − ϵ2=2, leading to a
reduction in the production rate by 1 − ϵ2. The branching
ratios, however, remains the same unless new invisible
decay channel opens up when mh1 > 2mχ . The strongest
bound comes from the slightly enhanced signal strength in
μZZ, which at 95% CL requires

jϵj < 0.125: ð19Þ

On the other hand, if h1 → χχ̄ is kinematically allowed,
then the signal strengths of the SM channels are modified
to be

μ ¼ ð1 − ϵ2Þ½1 − BRðh1 → χχ̄Þ�

¼ 1 − ϵ2 −
Γðh1 → χχ̄Þ

ΓSM
h1

þOðϵ4Þ; ð20Þ

where ΓSM
h1

is the total decay width of the 125-GeV Higgs
predicted by the SM. Seeing that such modifications would
make the constraint on ϵ even stronger, we do not consider
this case and only explore the case of mχ > mh1=2 in the
benchmark studies, where we fix ϵ ¼ 0.1.

B. Electroweak oblique corrections

We now consider the Peskin-Takeuchi S and T param-
eters defined in Ref. [28]. The current fits given by PDG
[27] are

ΔS ¼ 0.00� 0.07;

ΔT ¼ 0.05� 0.06; ð21Þ

with a correlation of 0.92. In our model, because the vector
bosons only couple to the physical scalars through their
ϕ1-components, the mixing of which is determined entirely
by ϵ and θ12 as shown in Eq. (10),

7 S and T parameters only
depend on mh2 , mh3 , ϵ and, to a much less extent, θ12. We
fix ϵ ¼ 0.1 as in Sec. III A, and choose two sets of heavy
scalar masses:

ðmh2 ; mh3Þ ¼ ð280; 420Þ GeV;
ðmh2 ; mh3Þ ¼ ð280; 600Þ GeV: ð22Þ

The first set is chosen to allow the h3 → h1h2, h2 → 2h1,
and h3 → 2h1 decays, while the second further allows the
h3 → 2h2 decay. For both mass sets, the above constraint
can be satisfied within 1 − 2σ for all possible values of θ12.
In fact the oblique corrections have very little dependence
on θ12, whose contributions are suppressed by ϵ2. We show
the 68% CL and 95% CL contours in the ΔT-ΔS plane, as
well as the values for both sets of masses, in Fig. 2. The
detailed formulas for the electroweak oblique observables
are given in Appendix B.

C. LHC searches for heavy scalars

Here we consider constraints from direct searches of
heavy neutral scalars at the LHC, focusing on the diboson
final states: WW, ZZ and h1h1. The tt̄ channel is less
stringent. The light decay channels such as bb̄, τþτ−, and γγ
are also less stringent because of suppressed decay BRs.8

Because the singlet scalar S does not couple to the SM
gauge bosons and fermions directly, h2 and h3 couple to the
SM gauge bosons and fermions only through their ϕ1

component. As such, their productions will go through the

TABLE II. Higgs signal strengths given in Ref. [27].

Channel Signal strength

ZZ μZZ ¼ 1.20þ0.12
−0.11

WþW− μWW ¼ 1.19� 0.12
γγ μγγ ¼ 1.11þ0.10

−0.09
bb̄ μbb ¼ 1.04� 0.13
τþτ− μττ ¼ 1.15þ0.16−0.15
μþμ− μμμ ¼ 0.6� 0.8

FIG. 1. Constraints from the invisible decay of the 125-GeV
Higgs in the vs-mχ plane with θ23 ¼ 0; π (green), �π=4, �3π=4
(orange), �π=2 (blue). The gray region at the bottom denotes the
parameter space where λχ > 4π. Black lines are contours of λχ .

7θ23 only parametrizes the mixing between ϕ2 and a, but not
the gauge couplings, and hence does not take part in the oblique
corrections.

8Unlike in the C2HDM, we do not have to consider hi → h1Z,
i ¼ 2, 3, decays, which are absent in our model because the
singlet scalar does not contain any “eaten” Goldstone bosons.

SIMPLE MODEL OF DARK MATTER AND CP VIOLATION PHYS. REV. D 105, 075025 (2022)

075025-5



gluon-fusion (ggF) channel and are suppressed by the
alignment parameter ϵ:

σðgg → hiÞ ¼ R2
i1σ

SMðgg → hiÞ;
Γðhi → fSMÞ ¼ R2

i1ΓSMðhi → fSMÞ; ð23Þ

where R11 ¼ 1 − ϵ2=2, R21 ¼ −ϵs12, and R31 ¼ −ϵc12. In
addition, σSMðgg → hiÞ and ΓSMðhi → fSMÞ denote the SM
production rate and decay partial width at the mass mhi ,
which we obtain from Ref. [29]. In addition to direct two-
body decays from hi → VV=h1h1, we also include Higgs-
to-Higgs decays such as h3 → ðh2 → 2h1Þ þ h1.
We base our constraints on those in Refs. [30–45]. As

seen in Eq. (23), the direct search constraints are all
sensitive to jϵj, which suppresses the production rates by
a factor of ϵ2. Moreover, while theWW and ZZ constraints
only depend on ϵ and θ12 in addition to mh2 and mh3 ,
the h1h1 constraints further depend on θ23, δ2, and δ3
through their participation in the g112 and g113 couplings.
Moreover, θ23 always shows up in g112 and g113 in the
combination of θδ3 − ðθ12 þ 2θ23Þ, as can be seen in
Eq. (15). We choose to fix jδ3j ¼ 3.5 and focus on the
effects of δ2 on the constraints. In order to maximize the
3h1 cross sections, we further maximize jg123j by choosing
θδ3 − 2ðθ12 þ θ23Þ ¼ −π=2. Finally, we choose θ12 in a
way that the ggF production rates of h2 and h3 are similar,
which implies θ12 ¼ 0.73 for the first mass set and
θ12 ¼ 0.41 for the second mass set in Eq. (22).
We examine the direct search constraints in the δ2-jϵj

plane for the two mass sets, and in the mh2-jϵj plane
with ðδ2; mh3Þ ¼ ð−0.5; 420 GeVÞ and ðδ2; mh3Þ ¼

ð−0.5; 600 GeVÞ, respectively, focusing on the region
where δ2∈ ½−5;5�, mh2 ∈ ½260;600�GeV, and jϵj∈ ½0;0.5�.
For definiteness as well as to impose the constraints on the
parameter space in the strictest manner, we also neglect the
h2;3 → χχ̄ decays. We present the results in Fig. 3, where
we also include the μZZ constraint at 95% CL in Eq. (19).
Note that in Figs. 3(c) and 3(d), there are two sudden jumps
caused by the onset of the h3 → h2h1 decay when
mh3 ≥ mh1 þmh2 . It can be seen that the direct search
constraints are all less stringent than the μZZ constraint,
and thus for our choice of ϵ ¼ 0.1, both mass sets are
completely safe from the LHC direct search constraints
within the specified region.

D. Comments on electron EDM constraints

We remark in this section that our CPVDM model does
not generate new EDM contributions up to at least two-loop
level, in sharp contrast with the C2HMDs. This is mainly
due to the fact that new sources of CPV in our model are
confined to the scalar and dark sectors: the CPV inter-
actions take place among the scalars, or between χχ̄ and the
messenger scalar S. There is no new source of CPV in the
visible fermionic sector as the singlet scalar S does not have
Yukawa interactions with the SM fermions. Therefore, even
though the 125-GeV SM-like Higgs could have a compo-
nent in S due to the mass mixing, such a component does
not introduce any CP-odd coupling of the 125-GeV Higgs
to the SM fermions. Similar consideration applies to the
heavy scalars couplings to SM fermions, which are induced
only through the doublet component and remain CP-even.
This explains why no electron EDM appears at one loop.
Now we exhibit potential two-loop contributions to

e − e − γ coupling in our model in Fig. 4. To introduce
CPV into the three-point electron-photon interaction, we
must insert at least one trilinear/quartic CPV scalar vertex
or one CPV scalar-χχ̄ vertex into the internal loops. In the
first case, the scalars have to either all attach to the electron
lines, such as that in Fig. 4(a), or form an internal loop, such
as that in Figs. 4(b) and 4(c). As for the second case, since χ
only interacts with the scalars, it must form an internal loop,
as shown in Fig. 4(d). For the cases of Figs. 4(a)–4(c), no
factor of γ5 would appear, and hence no EDM would be
induced. As to Fig. 4(d), after taking the Dirac trace of the
fermion loop, no Lorentz-invariant terms of the form
ϵαβρσp1αp2βp3ρp4σ would be induced, where ϵαβμν is the
rank-four Levi-Civita symbol and p1;2;3;4 are generic four-
momenta, and hence there is no EDM contribution either.

E. Muon anomalous magnetic dipole moment

In this section, we briefly comment on the contributions
to the muon anomalous magnetic dipole moment, ðg − 2Þμ,
in our model. The latest measurement was made in the
E989 experiment at Fermilab, and the result was given
by [46]

FIG. 2. Oblique corrections for ϵ ¼ 0.1 and the two choices of
masses in Eq. (22). We remark that mass set 2 (orange) is on top
of mass set 1 (green).
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aFNALμ ¼ 116592040ð54Þ × 10−11; ð24Þ

while the SM prediction is given by [47]

aSMμ ¼ 116591810ð43Þ × 10−11; ð25Þ

leading to a 4.2σ discrepancy

Δaμ ¼ ð251� 59Þ × 10−11: ð26Þ

The leading contributions are the one-loop diagrams and
the two-loop Barr-Zee diagrams with top-, bottom-, τ-, and
W-loops running in the loop, as demonstrated in Fig. 5.

Denoting their contributions by Δað1Þμ and Δað2Þμ , respec-
tively, we have [48–51]

Δað1Þμ ¼
X
i

ϵ2κi
m2

μ

8π2v2

Z
1

0

dx
τμi x

2ð2 − xÞ
1 − xð1 − τμi xÞ

; ð27Þ

(a) (b)

(c) (d)

FIG. 3. Parameter space excluded by the LHC direct search constraints in the δ2-jϵj plane for (a) mass set 1 and (b) mass set 2,
and in the mh2 -jϵj plane with (c) ðδ2; mh3Þ ¼ ð−0.5; 420 GeVÞ and (d) ðδ2; mh3Þ ¼ ð−0.5; 600 GeVÞ. The parameter space
excluded by the μZZ measurement at 95% CL is also included in the plots. The vertical red dashed lines mark the onset of the
h3 → h1 þ h2 decay.

SIMPLE MODEL OF DARK MATTER AND CP VIOLATION PHYS. REV. D 105, 075025 (2022)

075025-7



Δað2Þμ ¼
X
i

ϵ2κi
αm2

μ

8π3v2

� X
f¼t;b;τ

Nf
cQ2

f

Z
1

0

dxτfi
2xð1 − xÞ − 1

τfi − xð1 − xÞ ln
�

τfi
xð1 − xÞ

�

þ 1

2

Z
1

0

dx
x½3xð4x − 1Þ þ 10�λi − xð1 − xÞ

λi − xð1 − xÞ ln

�
λi

xð1 − xÞ
��

; ð28Þ

where τfi ¼ m2
f=m

2
hi
, λi ¼ m2

W=m
2
hi
, and

κ1 ¼ −1; κ2 ¼ s212; κ3 ¼ c212: ð29Þ

(a) (b)

(c) (d)

FIG. 4. Two-loop CPV diagrams that include (a) three scalar lines that all attach to the electron lines, (b) three scalar lines with an
internal loop, (c) four scalar lines with an internal scalar loop, and (d) two scalar lines along with a χ-loop.

(a) (b)

FIG. 5. (a) One-loop and (b) two-loop Barr-Zee diagrams contributing to ðg − 2Þμ in our model.
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Note that they are both suppressed by ϵ2. With the two
chosen scalar mass sets, we haveΔaμ ∼Oð10−13Þ, which is
negligible compared to Eq. (26). Thus, ðg − 2Þμ cannot be
addressed in our model.

F. DM constraints: Relic density, direct
and indirect searches

The DM relic density is measured to be Ωχh2 ¼
0.1197� 0.0022 [52]. The χχ̄ annihilation processes are
shown in Fig. 6. We use MICROMEGAS [53–57] to calculate
the relic density of χ, which is mainly determined by mχ ¼
λχvs=

ffiffiffi
2

p
and vs. Other input parameters such as δ2 do not

have a significant impact on the constraints. In Fig. 7 we
show the relic density constraints in the vs-mχ plane for the
two mass sets mentioned in Eq. (22) with δ2 ¼ −0.5. The
small blue regions denote the parameter space that has a
relic density within the experimental 2σ bounds, and the
orange regions those below the lower 2σ bound. We also

plot the mχ ¼ mh1=2 contour (red dotted), the mχ ¼ mh2=2
contour (purple dotted), and the mχ ¼ mh3=2 contour
(magenta dotted) to show the resonance effect.
As can be seen in Fig. 7, the annihilation process is quite

efficient for a DM mass that is sufficiently heavy,
mχ ≳ 100 GeV, and/or small vs. In particular, a small vs
increases λχ for a fixed mχ , which makes the annihilation
rate larger. When the DM mass is close to the resonance
region, mχ ≈mhi=2, i ¼ 1, 2, 3, the annihilation rate
becomes enhanced and the relic density reduced, as can
be seen from the plot. For our benchmark study, we choose
the following four DM masses: mχ ¼ 156, 187, 280,
420 GeV, which will be further studied in Sec. IV.
As for the DM direct searches, we quote the results of

XENON1T [58]. Since δ2 is only relevant to scalar
interactions, it does not have a significant impact on the
DM-nucleon scattering at the leading order. Furthermore,
both scalar mass sets in Eq. (22) give roughly the same
results. In Fig. 8(a), we show the experimental constraint in
the mχ-vs plane for mass set 1 and δ2 ¼ −0.5, taking the
average of the spin-independent DM-proton and -neutron
scattering cross sections.
Finally, for indirect DM searches, we quote the results

of the Fermi-LATþMAGIC combined analysis [59] to
constrain dark matter annihilation in the bb̄ and WþW−

channels. In the 2h1 channel we use the recent results
given by MAGIC [60]. We perform a scan over mχ, vs, δ2
for the χ-pair annihilation rates into different final
states. The dominant annihilation channel is largely deter-
mined by kinematics: for mχ ≲ 85 GeV, χ-pairs mainly
annihilate into bb̄; for 85 GeV≲mχ ≲ 200 GeV, they

FIG. 6. DM annihilation processes. hi ¼ h1; h2; h3,
X ¼ q; l−; g;Wþ; Z; hj, and X̄ ¼ q̄;lþ; g;W−; Z; hk.

(a) (b)

FIG. 7. DM relic density constraint in the vs vs. mχ plane for (a) mass set 1 and (b) mass set 2, assuming δ2 ¼ −0.5. The blue regions
denote the parameter space that falls within the experimental 2σ bounds, and the orange regions those below the lower 2σ bound. The
red, purple, and magenta dotted line denote respectively the contour where mχ ¼ mh1=2, mh2=2, and mχ ¼ mh3=2. Black dashed lines
are contours of λχ .
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mainly annihilate into WþW− or h1h1; for mχ ≳ 200 GeV,
they mainly annihilate into heavy scalars, and occasionally
to WþW− or h1h1.
Again δ2 does not have a considerable impact for

annihilations into the SM particles, and we find the bb̄
and 2h1 constraints are always satisfied. In Fig. 8(b) we
show the WþW− constraint in the mχ-vs plane for the two

scalar mass sets in Eq. (22). As shown in the plot, the
indirect detection constraints are mostly caused by heavy
scalar resonances near mχ ¼ 140, 210, 300 GeV (black
dashed lines).
Before concluding this section, we summarize the

DM relic, direct, and indirect detection constraints in
Fig. 9.

(a) (b)

FIG. 8. (a) The 90% CL excluded parameter space from XENON1T on the spin-independent proton-neutron-averaged DM direct
detection cross sections in the mχ-vs plane for mass set 1 in Eq. (22) with δ2 ¼ −0.5. The bound is similar for the mass set 2 and is not
sensitive to the value of δ2. (b) The 95% CL excluded parameter space for the WþW− channel from the Fermi-LAT þMAGIC
combined analysis in the mχ-vs plane for the DM pair annihilation rate for the two scalar mass sets. We also mark the
h2; hmass set 1

3 ; hmass set 2
3 resonances near mχ ¼ 140, 210, 300 GeV (black dashed lines).

(a) (b)

FIG. 9. Summary of the DM relic, direct, and indirect detections in themχ-vs plane for scalar mass sets (a) 1 and (b) 2. The orange and
blue regions, black dashed contours, and vertical red, purple, and magenta lines are of the same meanings as in Fig. 7. We shade the
region excluded by the direct detection in red with dashed boundaries, and the region excluded by the indirect detection in purple with
dotted boundaries.
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IV. TRIPLE AND QUADRUPLE HIGGS
PRODUCTIONS AT THE LHC

After considering current experimental constraints on
our model, in this section we propose four benchmarks

and consider their collider phenomenology at the 14-TeV
LHC. To reduce the number of free parameters, we turn
off the cubic couplings for S, c1 and c2 in Eq. (1).
We choose to focus on the possibility that h2 is mostly

TABLE III. The parameters of the four BPs; δ2 is the only remaining free parameter.

BP1 BP3 BP2 BP4

mh2 ¼ 280 GeV, ϵ ¼ 0.1, b2 ¼ c1 ¼ c2 ¼ d3 ¼ 0, θδ3 ¼ − π
2
þ 2ðθ12 þ θ23Þ, jδ3j ¼ 3.5

mh3 ¼ 420 GeV, θ12 ¼ 0.73, θ23 ¼ −0.73 mh3 ¼ 600 GeV, θ12 ¼ 0.41, θ23 ¼ −0.41
mχ ¼ 280 GeV, mχ ¼ 187 GeV, mχ ¼ 420 GeV, mχ ¼ 156 GeV,
vs ¼ 200 GeV vs ¼ 241 GeV vs ¼ 200 GeV vs ¼ 200 GeV

Free Parameter: δ2

(a) (b)

(c) (d)

(e) (f)

FIG. 10. Decay BRs of h2 for (a) BP1/BP3 and for (b) BP2/BP4, and of h3 for (c) BP1, for (d) BP2, for (e) BP3, and for (f) BP4, as
functions of δ2.
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CP-even and h3 mostly CP-odd, which can be achieved by
setting θ12 þ θ23 ¼ 0. With this parameter choice, g223 is
completely determined and we are free to set b2 ¼ d3 ¼ 0.
In this scenario, CPV takes place in the Higgs-to-Higgs
decays in the 3h1 final state through the g123 coupling and
in the 4h1 final state through the g223 coupling, as can be
seen from Eq. (15).9 Therefore, the triple and quadruple
Higgs productions at the LHC could be smoking gun
signatures of CPV in the model.
In Table III we propose the four benchmark scenarios,

fBP1;BP2;BP3;BP4g, to further study the 3h1=4h1 sig-
natures at the LHC. These four benchmarks have different
collider phenomenology: BP1 and BP3 are chosen to allow
the 3h1 production, while BP2 and BP4 are chosen to
afford both the 3h1 and 4h1 productions. They satisfy all
experimental constraints considered in previous sections.
We fix all the parameters except δ2, so as to look for regions

of parameter space which maximize the event rates of
3h1=4h1 final states. In this regard, we need to suppress the
h2; h3 → χχ̄ decays by choosing the appropriatemχ and vs,
resulting in interesting interplay with the DM relic density
which we explain as follows.
In BP1 and BP2, we choose somewhat heavier DM

masses, ðmχ ; vsÞ ¼ ð280; 200Þ GeV for BP1 and (420,
200) GeV for BP2, both of which are heavier than
mh3=2 in their respective benchmarks so that h2; h3 →
χ̄χ decays are forbidden and the Higgs-to-Higgs decay
branching fractions are maximized. However, in this case χ
pairs annihilate efficiently into h1h2 (94%) and 2h2 (4%),
resulting in a vanishingly small relic density:

ΩBP1;BP2
χ h2 ∼ 10−4: ð30Þ

Other DM candidates (such as the axions) need to be
present in these two benchmarks to satisfy the relic density.
It is possible to choose benchmarks which fully account for
the DM relic density with lighter DM masses, and they are
presented in BP3 and BP4, where we choose ðmχ ; vsÞ ¼
ð187; 241Þ GeV for BP3 and (156, 200) GeV for BP4. In

(a) (b)

(c) (d)

FIG. 11. σggFðpp → h3 → 3h1=4h1Þ versus δ2 for (a) BP1, (b) BP2, (c) BP3, and (d) BP4.

9We could consider the other scenario where h3 is mostly CP-
even and h2 is mostly CP-odd. In this case the terms proportional
to s12þ23 in g223 could be canceled by properly choosing b2 and
d3, leading to similar 3h1=4h1 decay characteristics.

TING-KUO CHEN, CHENG-WEI CHIANG, and IAN LOW PHYS. REV. D 105, 075025 (2022)

075025-12



BP3, χχ̄ pairs mainly annihilate to WW (61%), ZZ (28%),
and tt̄ (8%), while in BP4, they mainly annihilate to WW
(61%), ZZ (27%), and 2h1 (12%), giving the DM relic
densities

ΩBP3
χ h2 ¼ 0.121; ΩBP4

χ h2 ¼ 0.124: ð31Þ
The production of the heavy scalars at the 14-TeV LHC

goes through the ggF channel and the cross sections are

σggFðpp → h2=h3ÞBP1;BP3 ¼ 55 fb;

σggFðpp → h2=h3ÞBP2;BP4 ¼ 20 fb; ð32Þ
where we have chosen the θ12 values in such a way that the
cross sections for h2 and h3 are the same, as mentioned in
Sec. III C. The decay branching ratios (BRs) of the heavy
scalars are plotted against δ2, the only free parameter in our
benchmarks, in Fig. 10. We note that the decay BRs of h2 in
BP3 are the same as those in BP1, and those in BP4 the same
as those in BP2. This is because the h2 → χχ̄ decay remains
forbidden in BP3 and BP4 and the partial widths of other
decay channels remain unchanged. Furthermore, as long as
the scalarmixing angles are fixed, the decay partial widths of
the hi → f̄SMfSM are also fixed in the benchmarks.
Given the production cross-sections and the decay BRs,

we show in Fig. 11 the event rate of 3h1=4h1 final states as
a function of δ2. In BP1/BP3, the maximum event rates for
the 3h1 are obtained for δ2 ¼ −1.13 and −3.27, respec-
tively, while in BP2/BP4, the maximum rates for 3h1 and
4h1 final states take place under different conditions.
Maximizing the 4h1 rate leads to δ2 ¼ −1.92 in BP2
and δ2 ¼ −4.56 in BP4. To summarize,

σggFðpp → h3 → 3h1ÞBP1max ¼ 38.2 fb;

σggFðpp → h3 → 3h1ÞBP3max ¼ 14.6 fb;

σggFðpp → h3 → 3h1ÞBP2max ¼ 8.60 fb;

σggFðpp → h3 → 4h1ÞBP2max ¼ 7.05 fb;

σggFðpp → h3 → 3h1ÞBP4max ¼ 3.82 fb;

σggFðpp → h3 → 4h1ÞBP4max ¼ 3.18 fb: ð33Þ

With event rates for 3h1 and 4h1 around Oð10Þ and
Oð1Þ fb, respectively, it is imperative to dedicate exper-
imental efforts to search for these final states at the
14-TeV LHC.

V. CONCLUSIONS

In this work we have proposed a simple model of CP
violation and dark matter, where the dark matter is a vector-
like “dark fermion” ðχ̄; χÞ which interacts with the SM only
through a messenger scalar S that is an electroweak singlet.
New sources of CPVarise in the most general potential for
the Higgs doublet H and the singlet S as well as the dark
Yukawa coupling between S and the dark matter. We have

shown that such a simple setup could satisfy all current
experimental constraints: Higgs signal strength measure-
ments and searches for new neutral scalars at the LHC,
precision electroweak measurements, electron EDM con-
straints, DM relic density, and DM direct and indirect
detections. Notably, there is no new contributions to the
electron EDM up to the two-loop level due to the fact that
there is no new sources of CPVentering the visible fermion
sector.
Novel signatures of CPV in this model come from Higgs-

to-Higgs decays, h3 → h1h2, which involves a CPV cou-
pling and does not vanish even in the exact alignment limit
when the 125-GeV Higgs is exactly SM-like, in sharp
contrast to the C2HDMs where the corresponding coupling
becomes zero in the alignment limit. Moreover, the Higgs-
to-Higgs decays, which include h3 → 2h2 and h2 → 2h1,
can give rise to yet-to-be-searched-for final states such as
triple and quadruple 125-GeV Higgs bosons, which are
highly suppressed within the SM. There is also no anoma-
lous couplings in the Higgs sector, since S is a singlet and
does not couple to SM fermions. Only the 125-GeV Higgs
coupling strengths are reduced due to the mass mixing.
While the 3h1 and 4h1 final states are smoking-gun

signatures of CPV in the model (and in C2HDMs as well), it
is conceivable that more complicated extensions of the SM
without CPV, such as 2HDMswith an additional real singlet
scalar, could also give rise to similar final states. In this
regard, we point out that these more complicated extensions
require the presence of additional neutral or charged scalars
that are not present in the CPVmodels, which could be used
to distinguish the models. Furthermore, it may be possible
to unambiguously detect the presence of CPV trilinear
scalar couplings through interference effects in the three-
body decay as described in Ref. [61], by considering the SM
production of 3h1 interfering with h3 → 3h1 in the off-shell
region, which is beyond the scope of the present work. It
would also be interesting to consider ways to detect the
CPV in the dark Yukawa coupling via, for example,
directional direct detection.
Whether this model can accommodate the observed

baryon asymmetry in the Universe remains to be seen.
The feature that new sources of CPV are associated with
interactions of the messenger scalar with the dark matter
and the Higgs boson may indicate a connection between the
proximity between the observed baryon relic abundance
and the dark matter relic abundance [62–64].
We hope it is clear that our work opens up a new frontier

of searching for multi-Higgs bosons at the LHC. A detailed
study on the discovery potential of the 3h1=4h1 final states
at the LHC is obviously necessary, which we plan to pursue
in the future.
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APPENDIX A: LIST OF COUPLINGS

We list in this appendix the trilinear and quartic
scalar couplings as well as the couplings of the scalar

fields to the SM fermions and weak gauge bosons in
the model:

(i) Trilinear couplings:

g111 ¼ −3
m2

h1

v
þOðϵ2Þ; ðA1Þ

g122 ¼ −
v
2
½δ2 þ Reðδ3e−2iðθ12þθ23ÞÞ� þOðϵÞ; ðA2Þ

g133 ¼ −
v
2
½δ2 − Reðδ3e−2iðθ12þθ23ÞÞ� þOðϵÞ; ðA3Þ

g123 ¼ −
v
2
Imðδ3e−2iðθ12þθ23ÞÞ þOðϵÞ; ðA4Þ

g223 ¼ −
1

12vs
f3s12þ23½−8m2

h2
þ 4m2

h3
þ v2δ2 − 4b2ð1þ 3c2ð12þ23ÞÞ þ 3v2ss2ð12þ23ÞImd3�

− 9v2Imðδ3e−3iðθ12þθ23ÞÞ −
ffiffiffi
2

p
vsImð3c1e−3iðθ12þθ23Þ − 2c2eiðθ12þθ23Þ

þ 3c2e3iðθ12þθ23ÞÞg þOðϵÞ; ðA5Þ

g233 ¼ −
1

12vs
f3c12þ23½8m2

h3
− 4m2

h2
− v2δ2 þ 4b2ð1 − 3c2ð12þ23ÞÞ þ 3v2ss2ð12þ23ÞImd3�

þ 9v2Reðδ3e−i3ðθ12þθ23ÞÞ þ
ffiffiffi
2

p
vsReð3c1e−3iðθ12þθ23Þ − 2c2eiðθ12þθ23Þ

− 3c2e3iðθ12þθ23ÞÞg þOðϵÞ; ðA6Þ

g222 ¼
1

4vs
½3c12þ23ð−4m2

h2
þ v2δ2 þ 8b2s212þ23Þ þ 3v2Reðδ3e−3iðθ12þθ23ÞÞ

þ
ffiffiffi
2

p
vsReðc1e−3iðθ12þθ23Þ − c2e3iðθ12þθ23Þ þ 2c2eiðθ12þθ23ÞÞ − 6v2ss312þ23Imd3� þOðϵÞ; ðA7Þ

g333 ¼ −
1

4vs
½3s12þ23ð−4m2

h3
þ v2δ2 þ 8b2c212þ23Þ þ 3v2Imðδ3e−3iðθ12þθ23ÞÞ

þ
ffiffiffi
2

p
vsImðc1e−3iðθ12þθ23Þ þ c2e3iðθ12þθ23Þ þ 2c2eiðθ12þθ23ÞÞ þ 6v2sc312þ23Imd3� þOðϵÞ; ðA8Þ

g112 ¼
ϵ

v
fð2m2

h1
þm2

h2
Þs12 − v2½δ2s12 þ Imðδ3e−iðθ12þ2θ23ÞÞ�g þOðϵ2Þ; ðA9Þ

g113 ¼
ϵ

v
fð2m2

h1
þm2

h3
Þc12 − v2½δ2c12 − Reðδ3e−iðθ12þ2θ23ÞÞ�g þOðϵ2Þ; ðA10Þ

(ii) Quartic couplings:

g1111 ¼ −3
m2

h1

v2
þOðϵ2Þ; ðA11Þ

g1122 ¼ −
1

2
½δ2 þ Reðδ3e−2iðθ12þθ23ÞÞ� þOðϵ2Þ; ðA12Þ

g1133 ¼ −
1

2
½δ2 − Reðδ3e−2iðθ12þθ23ÞÞ� þOðϵ2Þ; ðA13Þ
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g1123 ¼ −
1

2
Imðδ3e−2iðθ12þθ23ÞÞ þOðϵ2Þ; ðA14Þ

g2233 ¼
1

48v2s
f−24ðm2

h2
þm2

h3
Þ þ 72ðm2

h2
−m2

h3
Þc2ð12þ23Þ þ 24b2ð1þ 3c4ð12þ23ÞÞ

þ 12v2½δ2 − 3Reðδ3e−4iðθ12þθ23ÞÞ� − 4
ffiffiffi
2

p
vsReð9c1e−4iðθ12þθ23Þ − 4c2

− 3c2e4iðθ12þθ23ÞÞ − 9v2sReð3d3e−4iðθ12þθ23Þ − d3e4iðθ12þθ23Þ − 2d3Þg þOðϵÞ; ðA15Þ

g2223 ¼ −
1

16v2s
½−24ðm2

h2
−m2

h3
Þs2ð12þ23Þ − 24b2s4ð12þ23Þ − 12v2Imðδ3e−4iðθ12þθ23ÞÞ

− 4
ffiffiffi
2

p
vsImð3c1e−4iðθ12þθ23Þ þ c2e4iðθ12þθ23ÞÞ þ 3v2sImð4d3e−2iðθ12þθ23Þ

− 3d3e−4iðθ12þθ23Þ − d3e4iðθ12þθ23ÞÞ� þOðϵÞ; ðA16Þ

g2333 ¼
1

16v2s
½−24ðm2

h2
−m2

h3
Þs2ð12þ23Þ − 24b2s4ð12þ23Þ − 12v2Imðδ3e−4iðθ12þθ23ÞÞ

− 4
ffiffiffi
2

p
vsImð3c1e−4iðθ12þθ23Þ þ c2e4iðθ12þθ23ÞÞ − 3v2sImð4d3e−2iðθ12þθ23Þ

þ 3d3e−4iðθ12þθ23Þ þ d3e4iðθ12þθ23ÞÞ� þOðϵÞ; ðA17Þ

g2222 ¼
1

4v2s
f−6ðm2

h2
þm2

h3
Þ − 6ðm2

h2
−m2

h3
Þc2ð12þ23Þ þ 3v2½δ2 þ Reðδ3e−4iðθ12þθ23ÞÞ�

þ 12b2s22ð12þ23Þ þ
ffiffiffi
2

p
vs½Reð3c1e−4iðθ12þθ23Þ þ 4c2 − c2e4iðθ12þθ23ÞÞ�

− 6v2ss312þ23Imð3d3e−iðθ12þθ23Þ þ d3eiðθ12þθ23ÞÞg þOðϵÞ; ðA18Þ

g3333 ¼
1

4v2s
f−6ðm2

h2
þm2

h3
Þ − 6ðm2

h2
−m2

h3
Þc2ð12þ23Þ þ 3v2½δ2 þ Reðδ3e−4iðθ12þθ23ÞÞ�

þ 12b2s22ð12þ23Þ þ
ffiffiffi
2

p
vs½Reð3c1e−4iðθ12þθ23Þ þ 4c2 − c2e4iðθ12þθ23ÞÞ�

þ 6v2sc312þ23Reð3d3e−iðθ12þθ23Þ − d3eiðθ12þθ23ÞÞg þOðϵÞ; ðA19Þ

g1112 ¼
3

2
ϵ

��
2m2

h1

v2
− δ2

�
s12 − Imðδ3e−iðθ12þ2θ23ÞÞ

�
þOðϵ3Þ; ðA20Þ

g1113 ¼
3

2
ϵ

��
2m2

h1

v2
− δ2

�
c12 þ Reðδ3e−iðθ12þ2θ23ÞÞ

�
þOðϵ3Þ; ðA21Þ

g1223 ¼
ϵ

24v2s
f6½−2ðm2

h2
þm2

h3
Þ þ ðv2 þ 2v2sÞ�c12 þ 36ðm2

h2
−m2

h3
Þc12þ2ð23Þ

þ 12b2ðc12 þ 3c3ð12Þþ4ð23ÞÞ − 6Reð3v2δ3e−ið3θ12þ4θ23Þ − 3v2sδ3eið3θ12þ2θ23Þ

þ v2sδ3e−iðθ12þ2θ23ÞÞ − 2
ffiffiffi
2

p
vsReð9c1e−ið3θ12þ4θ23Þ − 4c2c12 − 3c2eið3θ12þ4θ23ÞÞ

− 9v2ss12þ23½Imð2d3c12þ23eiðθ12þ2θ23ÞÞ þ Imð3d3e−ið2θ12þ3θ23Þ þ 2d3e−ið2θ12þθ23Þ þ d3e−iθ23Þ�g
þOðϵ2Þ; ðA22Þ

g1233 ¼
ϵ

24v2s
f6½−2ðm2

h2
þm2

h3
Þ þ ðv2 þ 2v2sÞ�s12 − 36ðm2

h2
−m2

h3
Þs12þ2ð23Þ

þ 12b2ðs12 − 3s3ð12Þþ4ð23ÞÞ − 6Imð3v2δ3e−ið3θ12þ4θ23Þ − 3v2sδ3eið3θ12þ2θ23Þ

− v2sδ3e−iðθ12þ2θ23ÞÞ − 2
ffiffiffi
2

p
vsImð9c1e−ið3θ12þ4θ23Þ − 4c2s12 þ 3c2eið3θ12þ4θ23ÞÞ

− 9v2sc12þ23½Reð2d3s12þ23eiðθ12þ2θ23ÞÞ þ Imð3d3e−ið2θ12þ3θ23Þ þ 2d3e−ið2θ12þθ23Þ − d3e−iθ23Þ�g
þOðϵ2Þ; ðA23Þ
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g1222 ¼
ϵ

4v2s
f3½−2ðm2

h2
þm2

h3
Þ þ ðv2 þ 2v2sÞδ2�s12 þ 6ðm2

h2
−m2

h3
Þs12þ2ð23Þ

þ 6b2ðs12 þ s3ð12Þþ4ð23ÞÞ þ 3Imðv2δ3e−ið3θ12þ4θ23Þ − 2v2sδ3s12e−ið2θ12þ2θ23ÞÞ
þ

ffiffiffi
2

p
vsImð3c1e−ið3θ12þ4θ23Þ þ c2eið3θ12þ4θ23ÞÞ þ 4

ffiffiffi
2

p
vsReðc2s12Þ

− 3v2ss212þ23Imð2d3e−iθ12 þ 3d3e−iðθ12þ2θ23Þ þ d3eiðθ12þ2θ23ÞÞg þOðϵ2Þ; ðA24Þ

g1333 ¼
ϵ

4v2s
f3½−2ðm2

h2
þm2

h3
Þ þ ðv2 þ 2v2sÞδ2�c12 − 6ðm2

h2
−m2

h3
Þc12þ2ð23Þ

þ 6b2ðc12 − c3ð12Þþ4ð23ÞÞ þ 3Reðv2δ3e−ið3θ12þ4θ23Þ − 2v2sδ3c12e−ið2θ12þ2θ23ÞÞ
þ

ffiffiffi
2

p
vsReð3c1e−ið3θ12þ4θ23Þ − c2eið3θ12þ4θ23ÞÞ − 4

ffiffiffi
2

p
vsReðc2c12Þ

þ 3v2sc212þ23Reð2d3e−iθ12 þ 3d3e−iðθ12þ2θ23Þ − d3eiðθ12þ2θ23ÞÞg þOðϵ2Þ: ðA25Þ

where smð12Þþnð23Þ ¼ sinðmθ12 þ nθ23Þ, cmð12Þþnð23Þ ¼ cosðmθ12 þ nθ23Þ.
(iii) Couplings of scalar fields to SM fermions and gauge bosons:

h1ff̄∶ −
mf

v

�
1 −

ϵ2

2

�
; h1WW∶

2m2
W

v

�
1 −

ϵ2

2

�
; h1ZZ∶

m2
Z

v

�
1 −

ϵ2

2

�
; ðA26Þ

h2ff̄∶ −
mf

v
ð−ϵs12Þ; h2WW∶

2m2
W

v
ð−ϵs12Þ; h2ZZ∶

m2
Z

v
ð−ϵs12Þ; ðA27Þ

h3ff̄∶ −
mf

v
ð−ϵc12Þ; h3WW∶

2m2
W

v
ð−ϵc12Þ; h3ZZ∶

m2
Z

v
ð−ϵc12Þ; ðA28Þ

APPENDIX B: FORMULAS FOR ELECTROWEAK OBLIQUE CORRECTIONS

The scalar contributions to ΔT and ΔS are given by

ΔSh ¼ ϵ2½−ΔShSMðmh1Þ þ s212ΔShSMðmh2Þ þ c212ΔShSMðmh3Þ�;
ΔTh ¼ ϵ2½−ΔTh

SMðmh1Þ þ s212ΔTh
SMðmh2Þ þ c212ΔTh

SMðmh3Þ�; ðB1Þ

where

ΔShSMðmhÞ ¼ −
1

π

��
1 −

x
3
þ x2

12

�
FðxÞ − 3x − 7

72

�
; x ¼ m2

h=m
2
Z; ðB2Þ

ΔTh
SMðmhÞ ¼ −

3

16s2Wπ

�
m2

h
logðm2

h=m
2
WÞ

m2
W −m2

h

−
m2

Z

m2
W
m2

h
logðm2

h=m
2
ZÞ

m2
Z −m2

h

�
; ðB3Þ

and

FðxÞ ¼
8<
:

1þ ð x
x−1 −

1
2
xÞ log xþ x

ffiffiffiffiffiffi
x−4
x

q
log

� ffiffiffiffiffiffi
x−4
4

q
þ ffiffi

x
4

p 	
; x > 4

1þ ð x
x−1 −

1
2
xÞ log x − x

ffiffiffiffiffiffi
4−x
x

q
tan−1

ffiffiffiffiffiffi
4−x
x

q
; x < 4

: ðB4Þ

We have checked the consistency of these formulas with those in Ref. [65]. The only difference is inΔShSM, the formula of
which given in Ref. [65] is ϵ3 mentioned in Ref. [66], which further includes the derivative corrections.
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