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Baryon asymmetry of the Universe is evaluated in themodel originally proposed by Aoki et al. [Phys. Rev.
Lett. 102, 051805 (2009)], where Majorana masses of neutrinos are generated via three-loop diagrams
composed of additional scalar bosons including the dark matter candidatewhich is odd under an unbrokenZ2

symmetry. In order for themodel to includemultipleCP-violating phases, we do not impose the softly broken
Z2 symmetry imposed in the original model to avoid the flavor-changing neutral current at tree level. Instead,
for simplicity,we assume the flavor alignment structure in theYukawa interactions.We also simply assume the
alignment structure in the Higgs potential so that the Higgs couplings coincide with those in the standard
model at tree level. Under these phenomenological simplifications, the model still contains multiple CP-
violating phases. By using destructive interferences among them, it is compatiblewith the stringent constraint
from the electric dipole moment measurements to generate the observed baryon asymmetry along with the
scenario of electroweak baryogenesis. We show a benchmark scenariowhich can explain neutrino mass, dark
matter, and baryon asymmetry of the Universe simultaneously and can satisfy all the other available
experimental data. Some phenomenological predictions of the model are also discussed.
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I. INTRODUCTION

It is one of the most important tasks in high-energy
physics to explain phenomena that cannot be explained in
the standard model (SM), such as neutrino oscillation [1,2],
dark matter (DM) [3], and baryon asymmetry of the
Universe (BAU) [3,4]. New physics beyond the SM is
necessary to explain these phenomena.
There are roughly two directions for such new physics

models. Models along the first direction are those which
strongly dependonphysics at very high energies, likemodels
with the seesaw mechanism [5] and leptogenesis [6]. On the
other hand, models along the second direction have a strong
connection with the physics at TeV scales, for example,
radiative seesaw models [7–10], weakly interacting massive
particles (WIMPs) as DM, and electroweak baryogenesis
(EWBG) [11]. Although both directions are important, it
would be good timing to seriously consider the models with

the second direction from the viewpoint of the testability at
near-future experiments. TheHiggs bosonwas found in 2012
[12]. However, so little is known about the structure of the
Higgs sector and the nature of electroweak symmetry break-
ing. Models along the second direction are expected to be
strongly related to physics of the nonstandard Higgs sectors.
In the radiative seesaw models, neutrino masses are

generated by the quantum effects of additional scalar bosons
[7–10]. Thus, an extendedHiggs sector at theTeV scale plays
an essential role. In addition, if the extended Higgs sector
contains a new stable particle due to an additionally imposed
symmetry, like Z2 parity, it can be the dark matter candidate
as theWIMP.Therefore, suchmodels can explain darkmatter
simultaneously [13]. Various radiative seesaw models along
this line have been proposed so far [13–20].
In Ref. [15] (denoted by AKS09 in the following), a

radiative seesaw model was proposed. In this model,
neutrino mass, DM, and BAU can be simultaneously
explained by the new physics at the TeV scale without
assuming an unnatural hierarchy among the mass scales.
The Higgs sector of the model contains two Higgs doublet
fields Φ1 andΦ2, a couple of charged singlet fields S�, and
a real singlet field η. The softly broken Z2 symmetry is
assumed for avoiding flavor-changing neutral currents
(FCNCs) at tree level [21]. The Higgs doublets have the
type-X Yukawa interaction [22–25]. In this model, three
right-handed neutrinos Nα

R (α ¼ 1, 2, 3) are also added,
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which are odd under an unbrokenZ2 symmetry. S� and η are
also odd. Majorana masses of Nα

R violate lepton-number
conservation. Because of the unbroken Z2 symmetry, it is
prohibited to produceMajorana neutrino masses at tree level
like the type-I seesaw mechanism [5]. Instead, they are
generated at three-loop level. The unbroken Z2 symmetry
also has an important role in DM physics. The lightest Z2-
odd particle is a DM candidate if it is electromagnetically
neutral. Thus,η or the lightest ofNα

R ’s can be theDMparticle.
The extra Higgs doublet is required not only for neutrino
mass, but also for EWBG. This model can provide new CP-
violating phases, and, at the same time, it can realize the
strongly first-order electroweak phase transition (EWPT),
which is required for successful EWBG. However, in
AKS09, the authors have focused on the first-order EWPT
and have not evaluated the baryon number generation,
neglecting CP-violating phases for simplicity. Therefore,
it has been required to establish the complete model includ-
ing the CP-violating phases and to propose a benchmark
scenario that can simultaneously explain neutrinomass, DM,
and BAU with satisfying all the currently available data.
In this paper,we evaluateBAU in an extendedmodel of the

original model proposed in AKS09. We do not impose the
softly broken Z2 symmetry in the original model and instead
impose a flavor alignment structure of the Yukawa inter-
actions to avoid FCNCs [26]. Then, multiple CP-violating
phases can be introduced in theYukawa interaction aswell as
theHiggs potential. Because of their destructive interference,
large CP-violating phases required for successful EWBG
can be compatiblewith the severe constraint from the electric
dipole moment (EDM) measurements [27–30]. We discuss
theoretical and experimental constraints on this model.
Neutrino mass, lepton-flavor-violating processes, and DM
physics are also discussed, and some relevant formulas are
shown. We then evaluate the baryon number generation
along the scenario of EWBG. The EWPT in themodel is first
discussed. Next, we describe how to evaluate the baryon
number density by using the WKB method [31–34] in the
model. Consequently, we find a benchmark scenario that can
explain neutrino mass, DM, and BAU simultaneously with
satisfying all the other available experimental data such as
flavor observables, collider signals, and EDM measure-
ments. The benchmark scenario has rich phenomenological

predictions which can be tested in various current and future
experiments. The phenomenological impact of the model is
also discussed.
This paper is organized as follows. In the next section,

we show the particle content of the model and a part of the
Lagrangian. The theoretical and experimental constraints
on the model are also discussed in this section. In Sec. III,
formulas for neutrino mass, lepton-flavor-violating proc-
esses, and DM physics are presented. In Sec. IV, EWBG in
the model is discussed. We first discuss EWPT in the
model. Next, the mechanism of the baryon number gen-
eration in the model is explained. In Sec. V, we show the
benchmark scenario and some numerical evaluations. The
prediction of the benchmark scenario is also discussed.
Some discussions and conclusions are presented in Sec. VI.
In Appendixes A–C, we show some formulas omitted in the
text and detailed derivations of some formulas in the text.

II. MODEL

In this section, the Lagrangian of the model is given with
the notation following AKS09. We first show the most
general Lagrangian. Then, we simplify the Lagrangian with
a few phenomenological assumptions for satisfying exper-
imental constraints. Theoretical and experimental con-
straints on the model are also discussed.

A. Lagrangian

Fields in the model are shown in Table I. In the model, a
new unbroken Z2 symmetry is imposed. Two Higgs
doublets (Φ1 and Φ2) and the other SM particles are even
under the Z2 parity. On the other hand, the charged scalar
bosons S�, the real scalar boson η, and three Majorana
fermions Nα

R (α ¼ 1, 2, 3) are odd under the Z2 parity. The
Majorana fermions Nα

R have Majorana masses mNα . In
AKS09, a softly broken Z2 symmetry was also introduced,
while we here do not impose this symmetry.
The electroweak symmetry is broken by the vacuum

expectation values (VEVs) of the Higgs doublets. In the
following, we work on the Higgs basis [35], in which only
the neutral element ofΦ1 obtains the real VEV without loss
of generality.
The Higgs potential is given by

V¼
X2
a¼1

ðμ2ajΦaj2þ
λa
2
jΦaj4Þþðμ212Φ†

1Φ2þH:c:Þþλ3jΦ1j2jΦ2j2þλ4jΦ†
1Φ2j2

þ
��

λ5
2
ðΦ†

1Φ2Þþλ6jΦ1j2þλ7jΦ2j2
�
ðΦ†

1Φ2ÞþH:c:

�
þμ2SjSþj2þ

μ2η
2
η2

þ
��

ρ12jSþj2þ
σ12
2
η2
�
ðΦ†

1Φ2Þþ2κðΦ̃†
1Φ2ÞS−ηþH:c:

�
þ
X2
a¼1

�
ρajSþj2þ

σa
2
η2
�
jΦaj2þ

λS
4
jSþj4þλη

4!
η4þ ξ

2
jSþj2η2;

ð1Þ
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where μ212, λ5, λ6, λ7, ρ12, σ12, and κ are complex. The phase
of κ can be removed by rephasing S�. One of μ212, λ5, λ6, λ7,
ρ12, and σ12 can be real by rephasing Φ2. Therefore, there
are five CP-violating parameters in the Higgs potential.
We define components of the Higgs doublets as

Φ1 ¼
�

Gþ

ðvþH1 þ iG0Þ= ffiffiffi
2

p
�
;

Φ2 ¼
�

Hþ

ðH2 þ iH3Þ=
ffiffiffi
2

p
�
; ð2Þ

where v ≃ 246 GeV is the VEV of Φ1. The stationary
condition of the vacuum requires

2μ21 ¼ −λ1v2; 2μ212 ¼ −λ6v2: ð3Þ
The phase of μ212 is related to that of λ6. Therefore, the
Higgs potential includes four independent CP-violating
phases.
By using Eq. (2) and the stationary condition, the masses

of H�, S�, and η are given by

m2
H� ¼ μ22þ

λ3
2
v2; m2

S ¼ μ2Sþ
ρ1
2
v2; m2

η ¼ μ2ηþ
σ1
2
v2;

ð4Þ
respectively. G� and G0 in Φ1 are massless and Nambu-
Goldstone (NG) bosons.
H1, H2, and H3 are not mass eigenstates at this stage.

Their mass matrix M2
h is given by

M2
h ¼

0
B@

λ1v2 Re½λ6�v2 −Im½λ6�v2
Re½λ6�v2 M2þ −Im½λ5�v2=2
−Im½λ6�v2 −Im½λ5�v2=2 M2

−

1
CA; ð5Þ

where M2
� ¼ μ22 þ ðλ3 þ λ4 � Re½λ5�Þv2=2. As mentioned

above, Im½λ5� can be zero by rephasing Φ2. Then, the
nondiagonal terms are generated by only λ6. In the following,
we consider this case. Further discussion about mass
eigenstates of neutral scalar states is given in the next
section after imposing a phenomenological assumption for
simplicity.
Next, we consider Yukawa interactions in the model.

Both the Higgs doublets have Yukawa interactions with the
SM fermions:

−LY ¼ ðyauÞijQ0i
LΦ̃au

0j
R þ ðyadÞijQ0i

LΦad
0j
R

þ ðyalÞijL0i
LΦal

0j
R þ H:c:; ð6Þ

where the repeated indices are implicitly summed over. Z2-
odd fields S� and Nα

R also have Yukawa interactions:

−LlSN ¼ h0αi ðNα
RÞcl0i

RS
þ þ H:c: ð7Þ

Thematrix h0 has nine complex phases. Three of them can be
zero by rephasing lepton fields without changing other terms
in the Lagrangian. Therefore, the matrix h includes six CP-
violating phases. This degree of freedom is the same as that
for removing unphysical phases from the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [36,37].

B. Alignment scenario

While the above discussion is general, we impose a few
phenomenological assumptions in the following for sim-
plicity. The nondiagonal terms of M2

h in Eq. (5), which are
proportional to λ6, induce mixings among H1, H2, and H3.
These mixings lead to the deviations of the 125 GeV Higgs
boson couplings from their SM predictions. Since such
deviations are strictly constrained by the current LHC data
[38], λ6 is favored to be small. Thus, we assume that λ6 ¼ 0
[27–30,39]. Then, H1, H2, and H3 are mass eigenstates
whose masses are given, respectively, by

m2
H1

¼ λ1v2; m2
H2

¼ M2þ; m2
H3

¼ M2
−: ð8Þ

H1 corresponds to the SM-like Higgs boson at tree level.
The assumption λ6 ¼ 0 and the stationary condition lead

to μ212 ¼ 0. Since we set Im½λ5� to be zero, λ7, ρ12, and σ12
are CP-violating couplings in the Higgs potential. We
define their phases as θ7, θρ, and θσ , respectively.
Next, we discuss a simplification in the Yukawa inter-

action. In general, y1f and y2f (f ¼ u, d, l) are not
simultaneously diagonalized by the same biunitary trans-
formation. This fact leads to the FCNCs at tree level [21],
which are strongly constrained by the current data of the
flavor experiments. We avoid the dangerous FCNCs by
simply assuming that y1f and y2f can be simultaneously
diagonalized; i.e., y1f and y

2
f are assumed to be transformed

as follows by a single biunitary transformation:

TABLE I. Fields in the model. The indices i and α represent the generation of the fermions. η is a real scalar field.

Φ1 Φ2 Sþ η Q0i
L u0iR d0iR L0i

L l0i
R Nα

R

Spin 0 0 0 0 1=2 1=2 1=2 1=2 1=2 1=2
SUð3ÞC 1 1 1 1 3 3 3 1 1 1
SUð2ÞL 2 2 1 1 2 1 1 2 1 1
Uð1ÞY 1=2 1=2 1 0 1=6 2=3 −1=3 −1=2 −1 0
Z2 þ þ − − þ þ þ þ þ −
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ðy1fÞij →
�
mfi

v

�
δij; ðy2fÞij → ζfi

�
mfi

v

�
δij; ð9Þ

where mfi are masses of the SM fermions and ζfi are
complex parameters. In Eq. (9), the summation for the same
indices is not implemented. Then, the strength of the
Yukawa interactions between Φ2 and the SM fermions is
controlled by ζfi.
In addition, we make further simplifications for the quark

Yukawa couplings. We assume flavor universality for ζui
and ζdi . The Yukawa interactions between Φ2 and quarks
are then described by two parameters ζu and ζd. It is the
same situation in two-Higgs-doublet models (THDMs)
with Yukawa alignment [26]. On the other hand, we allow
flavor dependence for the lepton Yukawa couplings
ðζl1 ; ζl2 ; ζl3Þ ¼ ðζe; ζμ; ζτÞ so as to explain neutrino mass
data as discussed later.
By using the above assumptions for simplification, the

Yukawa interactions between the SM fermions and the
Higgs bosons are given by

−LY ¼
ffiffiffi
2

p

v
fuiVijðζdmdjPR − ζumuiPLÞdjHþ

þ ζlimliν
iPRliHþ þ H:c:g

þmfi

v
f̄iðZk

fi þ iXk
fiγ5ÞfiHk þ � � � ; ð10Þ

where � � � denotes the other terms in LY . The fermions
without a prime represent the mass eigenstates. The matrix
V is the Cabibbo-Kobayashi-Maskawa matrix [40,41]. The
coefficients Zk

fi and Xk
fi (k ¼ 1, 2, 3) are defined as

Z1
ui ¼ 1; Z1

di ¼ 1; Z1
li ¼ 1;

Z2
ui ¼ Re½ζu�; Z2

di ¼ Re½ζd�; Z2
li ¼ Re½ζli �;

Z3
ui ¼ −Im½ζu�; Z3

di ¼ −Im½ζd�; Z3
li ¼ −Im½ζli �;

ð11Þ

X1
ui ¼ 0; X1

di ¼ 0; X1
li ¼ 0;

X2
ui ¼ −Im½ζu�; X2

di ¼ Im½ζd�; X2
li ¼ Im½ζli �;

X3
ui ¼ −Re½ζu�; X3

di ¼ Re½ζd�; X3
li ¼ Re½ζli �:

ð12Þ

After the biunitary transformation, the Yukawa inter-
actions among S�, Nα

R, and the charged leptons are
given by

−LlSN ¼ hαi ðNα
RÞcli

RS
þ þ H:c:; ð13Þ

where the coupling constants hαi are defined in the mass
eigenstate basis of the charged leptons.

In this section, we have assumed the alignment structures
in the Higgs potential and the Yukawa interactions for
simplicity. Considering radiative corrections, these assump-
tions are broken. However, their effects are expected to be
small and would not largely change the following dis-
cussion [27].

C. Theoretical constraints

We here discuss theoretical constraints on the model
from the vacuum stability, the triviality bound, and the
perturbative unitarity. The vacuum stability in the original
model has been studied in Ref. [42]. They required that the
Higgs potential is bounded from below in any direction of
the scalar fields and found 11 inequalities of the scalar
couplings below the cutoff scale Λ. We use their result. See
Ref. [42] for the explicit formulas of the inequalities.
The triviality bound in the original model has also been

discussed in Ref. [42]. They investigated constraints so that
all the running scalar couplings do not blow up or fall down
below Λ. Referring to their results, it is simply supposed
that absolute values of all the dimensionless scalar cou-
plings are less than two in order to keep Λ to be larger
than 10 TeV.
The perturbative unitarity requires that each wave

amplitude al is bounded within a circle in the complex
plane described by j2al − ij ¼ 1 [43]. At tree level, as the
constraint for the Higgs potential, it is often imposed that
ja0j < 1=2 for all two-to-two-body scalar boson scatter-
ings. This constraint can be generally satisfied as long as
the scalar couplings are not too large or, equivalently, the
masses of the additional Higgs bosons (H2, H3, and H�),
S�, and η are not far from μ22, μ

2
S, and μ2η, respectively [44–

47]. We now consider the scalar couplings less than two as
a criterion to satisfy the above triviality bound. We assume
that this is also sufficient to satisfy the perturbative
unitarity. More detailed analyses on the above theoretical
constraints will be performed elsewhere [48].

D. Experimental constraints

We here discuss constraints on the model from current
experimental data. For simplicity, we focus on the case that
mNα ¼ Oð1Þ TeV and masses of the other new particles are
around the electroweak scale. η is then the DM particle.
This setup is valid in the benchmark scenario discussed
in Sec. V.
First, we give a quick review of direct searches for the

additional Higgs bosons at high-energy colliders. We use
the theoretical results in Refs. [49,50] and experimental
data from LEP and the LHC. By the direct search for H� at
LEP, the lower bound on mH� is given by mH� ≳ 80 GeV
[51]. This bound is almost independent of the value of jζfi j.
At the LHC, light H� can be produced via the decay of top
quarks and predominantly decays into τν. The latest result
of the search for this signal is given in Ref. [52]. When all
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ζfi couplings are real and have the same absolute value,
the upper bound on them is given by jζfi j≲ 0.06 (0.04)
for mH� ¼ 100 GeV (150 GeV). If mH� > mt −mb≃
170 GeV,H� is predominantly produced via the associated
production; gg → tbH�. Then, the main decay mode ofH�
is tb unless jζuj is too small. The latest search for this signal is
given in Ref. [53]. In the case that all ζfi have the samevalue,
the upper limit for jζfi j is given by jζfi j≲ 0.5 (0.6) for
mH� ¼ 200 GeV (400 GeV).
The additional neutral Higgs bosons H2 and H3 are

predominantly generated via the gluon-fusion process at
the LHC.1 If H2 and H3 are lighter than 2mt ≃ 350 GeV,
they decay into ττ or bb̄. The latest result of the search for
H2;3 → ττ̄ is given in Ref. [54]. The upper bound on jζfi j is
estimated as 0.35 for mH2;3

¼ 200 GeV. Heavier H2;3 can
decay into tt̄. Given the same real-valued jζfi j, the con-
straint from H2;3 → tt̄ is given by jζfi j≲ 0.67 for mH2;3

¼
400 GeV according to the latest data in Ref. [55].
The additional Higgs bosons are also produced by pair

productions via electroweak gauge bosons [39,56–59]. In
particular, in Ref. [39], the pair productions in the Higgs
alignment scenario of the THDM with the flavor-aligned
Yukawa interaction like the present model but neglecting
the CP-violating phases have been investigated. It has been
found that the search for the multilepton final states at the
LHC strongly constrains the additional Higgs bosons
whose masses are smaller than 2mt in the case that jζli j
is much larger than jζdj. On the other hand, in the case that
jζdj ≃ jζli j, there is almost no constraint from the multi-
lepton search, because the additional Higgs bosons pre-
dominantly decay into a pair of quarks. This constraint is
also relaxed for the heavier additional Higgs bosons than
2mt, because H2;3 → tt̄ is kinematically allowed.
A pair of S� is produced via the electroweak gauge

bosons Z and γ at hadron colliders. At eþe− colliders, there
is an additional t-channel diagram for the pair production
via the Yukawa couplings hαi [15]. Since we consider the
case of mNα > mS, S� predominantly decay into H�η via
the κ coupling in the Higgs potential. H� predominantly
decay into τν or tb depending on their mass. For lighterH�,
the main signal from SþS− pair production is τ−τþE, where
η and ντ are observed as a missing energy. Such a final state
is well investigated in the context of the stau searches in the
supersymmetric models and strongly constrained from the
latest LHC data [60]. On the other hand, the main decay
mode of S� in the case of heavier H� is tt̄bb̄E. The
constraint on such a signal is expected to be weak enough at
both eþe− colliders and hadron colliders.
A pair of Nα

R ’s are produced at eþe− colliders via
t-channel and u-channel diagrams [15]. Since mNα is at a

few TeV, the production cross section is so small that no
effective constraint is obtained from the current data. At
hadron colliders, Nα

R productions are loop-induced proc-
esses or much suppressed tree-level processes, because Nα

R
does not have couplings with quarks at tree level. The
current LHC data would, thus, give almost no constraint
on Nα’s.
Next, we discuss constraints from the flavor experi-

ments. The charged Higgs bosons are constrained by

B0
d → μþμ−, B → Xsγ, B0 − B0, and so on [49,61,62]. In

the case that all jζfi j have the same value, the strongest
constraint comes from B0

d → μþμ−. The upper limit on jζfi j
is given by jζfi j≲ 0.33 (jζfi j≲ 0.5) for mH� ¼ 100 GeV
(mH� ¼ 400 GeV) at 95% CL.
The Yukawa interaction LlSN in Eq. (13) induces the

lepton-flavor-violating processes. Various experiments
search for such processes and give so strong constraints
on new physics violating lepton-flavor conservation [63–
66]. This constraint in the model is discussed in detail in
Secs. III and V.
Finally, we discuss constraints on theCP-violating phases

in the model. The strongest constraint on the CP violation is
given by the electron EDM (eEDM) measurements [67,68].
The current upper limit for the eEDM is given by jdej <
4.1 × 10−30 e cm with 90% CL [68]. In the model, the
leading contribution to the eEDM comes from the Barr-
Zee-type diagrams [69]. The diagrams including the loop of
the additional Higgs bosons and S� are proportional to
sinðθ7 − θeÞ and sinðθρ − θeÞ, respectively, where θe is the
phase of ζe [27].On the other hand, the diagram including the
top quark loop is proportional to sinðθu − θeÞ. In the case that
jζuj ¼ jζdj ¼ jζli j, the loop diagrams of other fermions are
negligibly small. Thus, three independent phases θ7 − θe,
θρ − θe, and θu − θe mainly contribute to the eEDM in the
model. By using the destructive interferences among these
phases, the eEDM can be smaller than the current upper
bound [27–30]. Other EDM measurements, for example,
the neutron EDM (nEDM), also give constraints on the
model [70]. However, we do not consider them, because they
are weaker than the constraint from the eEDM in the
parameter region discussed below [27–30].

III. NEUTRINO MASS, LEPTON-FLAVOR
VIOLATION, AND DARK MATTER

In this section, we discuss neutrino mass, lepton-flavor
violation, and DM in the model. Some formulas for them
are presented.

A. Neutrino mass

In this model, Majorana neutrino masses are generated at
three-loop level. The Feynman diagrams are shown in
Fig. 1 [15]. The neutrino mass matrix Mν is evaluated as

1The bottom quark associated production is also important in
the case that jζdj is much larger than jζuj like the minimal
supersymmetric standard model with a large tan β.
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ðMνÞij ¼
κ2ðζ�limliÞðζ�ljmljÞ

ð16π2Þ3
X3
α¼1

hαi h
α
jmNαðF1α þ F2αÞ:

ð14Þ

The loop functions F1α and F2α correspond to the left and
right diagrams in Fig. 1, respectively, which are given by

Fnα ¼
Z

1

0

d̃4x
Z

∞

0

du
Z

∞

0

dv
8

ffiffiffiffiffiffi
uv

p
F̃ðan;bnÞ

ðuþm2
H�Þðvþm2

H�Þ ; ð15Þ

where

Z
1

0

d̃4x¼
Z

1

0

dx
Z

1

0

dy
Z

1

0

dz
Z

1

0

dwδð1−x−y− z−wÞ:

ð16Þ

In Eq. (14), we consider only the leading terms of the
charged lepton masses. The function F̃ðx; yÞ and the
arguments an and bn are defined as follows:

F̃ðx; yÞ ¼ 1

y3

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 − y2

q
þ x2ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 − y2
p − 2x

�
; ð17Þ

a1 ¼ ðyþ zÞm2
S þ xm2

Nα þ ωm2
η þ zð1 − zÞuþ yð1 − yÞv;

ð18Þ

a2 ¼ ðyþ zÞm2
S þ xm2

Nα þ ωm2
η þ ðyþ ωÞðxþ zÞu

þ ðxþ yÞðzþ ωÞv; ð19Þ

b1 ¼ 2yz
ffiffiffiffiffiffi
uv

p
; b2 ¼ 2ðyz − xωÞ ffiffiffiffiffiffi

uv
p

: ð20Þ

See Appendix A for the derivation of the neutrino mass
matrix formula.
The loop function F1α has a more simple integral

formula [15]:

F1α ¼
4

m4
H�ðm2

Nα −m2
ηÞ
Z

∞

0

dxx
�

m2
Nα

xþm2
Nα

−
m2

η

xþm2
η

�

× ðB1ðm2
H� ; m2

S;−xÞ − B1ð0; m2
S;−xÞÞ2; ð21Þ

where B1 is the tensor coefficient in the formalism by
Passarino-Veltman for one-loop integrals [71]. This simple

representation is due to the topological property of the
Feynman diagram. The left diagram in Fig. 1 can be divided
into two one-loop diagrams by cutting the internal lines of
Nα

R and η. The derivation of Eq. (21) is also shown in
Appendix A.
Our formula is partly different from that in AKS09 even

considering the extension explained in Sec. II. The function
F1α corresponding to the left figure in Fig. 1 is consistent.
On the other hand, the formulas for F2α disagree with each
other. In AKS09, F1α ¼ F2α, while we numerically found
that F2α in our formula gives only one order smaller
contribution than F1α.

B. Lepton-flavor violation

The Yukawa couplings hαi in Eq. (13) induce lepton-
flavor-violating (LFV) processes as mentioned in Sec. II D.
In particular, accessible processes in the model are li →
ljγ (i ≠ j) and li → ljlkl̄m (i ≠ j, k, m), which are
generated at one-loop level [15,42]. The branching ratio for
li → ljγ is given by [15,42]

Brðli → ljγÞ
Brðli → ljνli ν̄ljÞ

¼ 3α

64πG2
F

����
X
α

ðhαj Þ�hαi
m4

S
f

�
m2

Nα

m2
S

�����
2

;

ð22Þ

where α and GF denote the fine structure constant and the
Fermi coupling constant, respectively. The function fðxÞ is
defined as

fðxÞ ¼ 1 − 6xþ 3x2 þ 2x3 − 6x log x
6ð−1þ xÞ4 : ð23Þ

The three lepton decay processes li → ljlkl̄m are
generated by photon penguin diagrams and box diagrams
[42]. The box diagrams mainly contribute to the process
with the large Yukawa coupling hαi that is favored to
explain the neutrino oscillation data. Thus, we neglect the
contribution of the photon penguin diagrams. The branch-
ing ratio is given by [42]

Brðli → ljlklmÞ
Brðli → ljνli ν̄ljÞ ¼

2 − δjk
4096π2G2

F
jAjk

i;mj2: ð24Þ

The tensor Ajk
i;m is defined by using other two tensors Bjk

i;m

and Cjk
i;m as

Ajk
i;m ¼ Bjk

i;m þ Bkj
i;m þ Cjk

i;m þ Ckj
i;m: ð25Þ

The tensors Bjk
i;m and Cjk

i;m are given by

Bjk
i;m ¼ hαi ðhαj Þ�ðhβkÞ�hβm

m2
S

�
g2ðrαÞ − g2ðrβÞ

rα − rβ

�
; ð26Þ

FIG. 1. Feynman diagrams for neutrino masses. Red lines are
Z2-odd fields. The symbol ⊗ means the Majorana masses of Nα

R.

AOKI, ENOMOTO, and KANEMURA PHYS. REV. D 107, 115022 (2023)

115022-6



Cjk
i;m ¼ hαi ðhβj Þ�ðhβkÞ�hαm

m2
S

�
g1ðrαÞ − g1ðrβÞffiffiffiffiffiffiffiffiffiffiffi
rα=rβ

p
−

ffiffiffiffiffiffiffiffiffiffiffi
rβ=rα

p
�
; ð27Þ

respectively, where rα ¼ m2
Nα=m2

S. The function gkðxÞ
(k ¼ 1, 2) is defined as

gkðxÞ ¼
1

2

�
xk

ð1 − xÞ2 log xþ
1

1 − x

�
: ð28Þ

C. Dark matter

In the model, there are two kinds of Z2-odd neutral
particles: the real scalar boson η and the Majorana fermions
Nα

R. The scalar boson η or the lightest Majorana fermion
can be the dark matter candidate. In the following, we
consider the case that η is the lightest Z2-odd particle,
because heavy Nα

R’s are favored to suppress the LFV
processes. [See Eqs. (22) and (24).] We discuss the relic
abundance of η generated via the freeze-out mechanism.
A pair of η annihilates into a pair of fermions fif̄i

(f ¼ u, d, l and i ¼ 1, 2, 3), that of weak bosons ZZ and
WþW− at tree level if it is kinematically allowed. At one-
loop level, it also annihilates into a pair of photons [15]. We
do not include other channels, for example, annihilations
into two scalar bosons, because they are expected to
contribute little in our benchmark scenario discussed
in Sec. V.
The thermally averaged annihilation cross section at the

temperature T is evaluated as [72]

hσvi ¼ 2x
K2ðxÞ2

Z
∞

1

dyσallvy
ffiffiffiffiffiffiffiffiffiffiffi
y − 1

p
K1ð2x

ffiffiffi
y

p Þ; ð29Þ

where x ¼ mη=T, y ¼ s=ð4m2
ηÞ with the Mandelstam

variable s, K1 and K2 are the modified Bessel functions
of the second kind, v is the Mølloer velocity [72], and σall is
the sum of the annihilation cross section.

The annihilation cross section for ηη → fif̄i is given by

ðσvÞfi ¼
Nf

cm2
fi

4π

�
hðmfiÞ3

����
X3
a¼1

ληηaZa
fi

s −m2
Ha

þ imHa
ΓHa

����
2

þ hðmfiÞ
����
X3
a¼1

ληηaXa
fi

s −m2
Ha

þ imHa
ΓHa

����
2�

; ð30Þ

where hðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x2=s

p
, ΓHk

is the decay width of Hk,

Nf
c is the color factor, and ληηα is given by

ληη1 ¼ σ1; ληη2 ¼ Re½σ12�; ληη3 ¼ Im½σ12�: ð31Þ

We note that the CP-violating coupling ληη3 induces the
additional contribution to the annihilation cross section
from the H3-mediated diagram compared with AKS09
neglecting the CP violation.
The annihilation cross section for ηη → VV (V ¼ Z or

W�) is given by

ðσvÞV ¼ SVσ21
16πs

hðmVÞ
ðs − 2m2

VÞ2 þ 8m4
V

ðs −m2
H1
Þ2 þm2

H1
Γ2
H1

; ð32Þ

where SV is one for the Z boson and two for the W boson.
We note that there is no contribution fromH2 andH3 at tree
level because we assume the alignment in the Higgs
potential (λ6 ¼ 0).
A pair of η annihilates into two photons via one-loop

diagrams including S� andH�. The Feynman diagrams are
shown in Fig. 2. In AKS09, the right box diagram in Fig. 2
is not included, and the result violates the Ward-Takahashi
identity. We evaluated all the diagrams by performing the
loop calculation. The annihilation cross section is given by

ðσvÞγ ¼
α2

512π3s

Z
1

−1
d cos θð2s2jAγγj2

þ 2s2m2
ηðAγγB�

γγ þ A�
γγBγγÞ

þ 2jBγγj2ððm4
η − utÞ þ s2m4

ηÞÞ; ð33Þ

FIG. 2. Feynman diagrams for ηη → γγ. For the left four diagrams, there are also diagrams where S� and H� are interchanged. In
addition, it includes diagrams with an appropriate momentum exchange in the initial and final states.
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where Aγγ and Bγγ are loop functions depend on s and the
scattering angle cos θ. The explicit formulas for Aγγ

and Bγγ are shown in Appendix B. In the case that
mη; s ≪ mS;mH� , ðσvÞγ can be approximately evaluated by

ðσvÞγ ≃
sα2

96π3

���� κ2v2

m2
H�m2

S
−
1

4

�
σ2
m2

H�
þ ξ

m2
S

�����
2

: ð34Þ

We numerically checked that this formula gives a good
approximation if mη and

ffiffiffi
s

p
are smaller than about half of

mS and mH� .
By using Eqs. (30), (32), and (33), we evaluate hσvi. The

relic abundance is then approximately given by [72]

Ωηh2 ≃ 8.5 × 10−11
�Z

Tf

T0

g1=2�

� hσvi
GeV−2

�
dT
mη

	
−1
; ð35Þ

where T0 ≃ 2.73 K is the present temperature of the cosmic
microwave background [73]. See Ref. [72] for the defi-
nition of g1=2� . Tf is the freeze-out temperature, which is
approximately evaluated by

mη

Tf
≃ log

�
0.038

Mplffiffiffiffiffi
g�

p mηhσvi0
�

þ 1

2
log

�
log

�
0.038

Mplffiffiffiffiffi
g�

p mηhσvi0
��

; ð36Þ

where Mpl is the Planck mass and hσvi0 is the zeroth term
in the expansion of hσvi by x−1 [74]. The approximate
formula in Eq. (35) is expected to work to about 20%
accuracy [75].
The DM-nucleon scattering is searched for by several

experimental groups, and it is severely constrained [76–78].
In the model, ηN → ηN, where N is the nucleon, is
generated via a t-channel diagram mediated by the neutral
Higgs bosons. The spin-independent cross section is
approximately given by

σSI ≃
m2

Nv
2

4πðmη þmNÞ2
X3
a;b¼1

�
gasληηa
m2

Ha

��
gbsληηb
m2

Hb

�
; ð37Þ

where mN is the nucleon mass. gas (a ¼ 1, 2, and 3) are
coupling constants of scalar couplings between the Higgs
bosons and nucleons. According to Ref. [79], they are
roughly estimated by

gas ≃
2

27

mN

v
ðZa

c þ Za
b þ Za

t Þ; ð38Þ

where Za
c , Za

b, and Za
t are defined in Eq. (11). For the SM-

like Higgs boson H1, we obtain g1s ≃ 10−3.

IV. BARYON ASYMMETRY OF THE UNIVERSE

In this section, we discuss baryogenesis in the model.
From big bang nucleosynthesis (BBN) and the observation
of the light elements of the Universe, the ratio of the baryon
and photon density, the so-called baryon-to-photon ratio
ηB, is observed as

5.8 × 10−10 < ηB < 6.5 × 10−10 ðBBNÞ; ð39Þ

with 95% CL [4]. The cosmic microwave background
(CMB) observation also gives a consistent result:

6.04 × 10−10 < ηB < 6.20 × 10−10 ðCMBÞ; ð40Þ

with 95% CL [3]. These values mean an unbalance
between baryons (matter) and antibaryons (antimatter).
Considering the cosmic inflation, this asymmetry must not
have existed from the beginning but must have been
created in some era of the early Universe. Such a scenario
is called baryogenesis.

A. Scenarios of baryogenesis in this model

For successful baryogenesis, the Sakharov conditions
[80] have to be satisfied: (i) the existence of the baryon
number violation, (ii) C and CP violation, and (iii) depar-
ture from thermal equilibrium. In our model, there are
roughly two ways to generate the nonzero baryon number
satisfying the Sakharov conditions, namely, EWBG and
leptogenesis.
In EWBG [11], the Sakharov conditions are satisfied as

follows. The baryon number conservation is broken by the
sphaleron transition at high temperatures [81]. The electro-
weak gauge interaction violates C symmetry. The CP-
violating source is provided in the Yukawa interaction and/
or the Higgs potential. Finally, the nonequilibrium state is
realized by the strongly first-order electroweak phase
transition.
It is known that EWBG cannot work in the SM, because

the EWPT in the SM is not strongly first order but the
crossover transition [82,83]. In addition, it is known that
CP violation in the SM is too small to generate enough
baryon asymmetry even if we assume the strongly first-
order EWPT [84,85]. On the other hand, in the present
model, the Higgs potential is extended at the TeV scale. The
strongly first-order EWPT can thus occur. In addition, new
CP-violating sources are provided in the Higgs potential
and the Yukawa interaction. Therefore, the observed
baryon number can be successfully generated via EWBG.
In leptogenesis [6], the nonzero lepton number is

generated via the out-of-equilibrium decay of the
Majorana fermions Nα

R. C and CP violation are supplied
by the phases in the Yukawa matrix hαi . The generated
lepton number is transformed into the baryon number by
the sphaleron transition. In leptogenesis, superheavy
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Majorana fermions are necessary [86] if we do not assume
the unnatural degeneracy in the mass spectrum of Nα

R [87].
However, in the model, such superheavy Nα

R makes the
neutrino mass too small to explain the experimental data,
because it is generated at three-loop level.
Therefore, in this paper, we focus on EWBG, which is

more natural as a scenario of baryogenesis in the present
model. In the model, the strongly first-order EWPT can be
realized by nondecoupling quantum effects of the addi-
tional scalar bosons like in THDMs [88–91]. EWBG in
THDMs has been investigated in Refs. [29,30,92–95]. It is
known that, for successful EWBG in THDMs, it is
necessary to consider a scenario where a cancellation
mechanism works to suppress the eEDM without assuming
tinyCP-violating phases [27,96–98]. One example of such a
scenario is proposed in Ref. [27], where the eEDM can be
suppressed by the destructive interference between the CP-
violating phase in the Yukawa interaction and that in the
Higgs potential. In addition, in Refs. [29,30], it has been
shown that there are some allowed regions in the THDM for
the successful EWBG along this scenario. The model in this
paper is an extension of the THDMs. Therefore, the above
cancellation mechanism is also applicable in this model.

B. Electroweak phase transition

In this section, we show formulas for the effective
potential at finite temperatures of the model, which is
necessary to evaluate the EWPT. We focus on field
configurations maintaining the electromagnetic and Z2

symmetries. We, thus, consider only the classical fields
of the Higgs doublets given by

Φcl
1 ¼ 1ffiffiffi

2
p

�
0

φ1

�
; Φcl

2 ¼ 1ffiffiffi
2

p
�

0

φ2 þ iφ3

�
: ð41Þ

The imaginary part of Φcl
1 can be zero by an appropriate

gauge fixing.
The one-loop effective potential Veff is given by the sum

of the tree-level effective potential V0, one-loop corrections
V1, and counterterms. V0 is given by substituting the
classical fields into the Higgs potential given in Eq. (1).
It is the same as that in the general THDMs with λ6 ¼
μ212 ¼ 0 [29,30,95]. V1 is described by the Coleman-
Weinberg potential [99]:

V1 ¼
X
a

sana
64π2

m̃4
a

�
log

m̃2
a

Q2
−
3

2

	
; ð42Þ

whereQ is the renormalization scale. The index a denotes a
particle in each loop diagram. We employ the Landau
gauge, where V1 includes the loop diagrams of the SM
fermions, Z,W�, γ, the physical scalar bosons, and the NG
bosons. m̃a and na are the field-dependent mass and the
degree of freedom of the particle a, respectively. Formulas
for the field-dependent masses are shown in Appendix C.

The statistical factor is denoted by sa in Eq. (42), which is
one for bosons and minus one for fermions.
To fix counterterms, we impose the following renorm-

alization conditions:

�
∂Veff

∂φi

�
0

¼ 0;
�
∂
2Veff

∂φi∂φj

�
0

¼ ðM2
hÞij; ð43Þ

with i, j ¼ 1, 2, 3 on the one-loop effective potential Veff ,
which is the sum of V0, VCW, and the counterterms [95].
The subscript 0 means that the derivatives are evaluated at
the zero temperature vacuum (φ1 ¼ v and φ2 ¼ φ3 ¼ 0).
These renormalization conditions fix the counterterms
except for those of μ22, λ2, and λ7. These three counterterms
are determined by the MS scheme [95].
Next, we evaluate the finite temperature correction VT at

one-loop level. We employ the Parwani scheme for the
resummation [100]. Then, VT at temperature T is given
by [101]

VT ¼
X
a

sanaT4

2π2

Z
∞

0

dx log

�
1 − sa exp

�
−
ϵa
T

��
; ð44Þ

where ϵa ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ m̂2

a=T
p

and m̂2
a is the field-dependent

mass of the particle a including the finite temperature
correction. Formulas for m̂2

a are shown in Appendix C.
If EWPT is a first-order phase transition, the vacuum

bubble is created all over the Universe. The bubble profiles
of the critical bubble are given by the solutions of the
following differential equation:

d2φi

dr2
þ 2

r
dφi

dr
¼ ∂ðVeff þ VTÞ

∂φi
ði ¼ 1; 2; 3Þ; ð45Þ

with the boundary conditions

φið∞Þ ¼ 0;
dφi

dr

����
r¼0

¼ 0; ð46Þ

where r is the radial coordinate of the bubble [102].
The probability of the bubble nucleation at temperature

T is evaluated as [102]

Γ ≃ AðTÞ exp
�
−
SE
T

�
; ð47Þ

where AðTÞ ≃ T4. SE is the Euclidian action given by

SE ¼ 4π

Z
∞

0

drr2
�X

i

1

2

�
∂φi

∂r

�
2

þ Veff þ VT

	
; ð48Þ

where φi is the solution of Eq. (45). The nucleation
temperature Tn, at which one bubble is expected to exist
in each Hubble volume, is roughly evaluated by
S3=TjT¼Tn

≃ 140 [102].
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C. Electroweak baryogenesis

In this section, we discuss EWBG in the model. We
consider the case that the baryon asymmetry is generated
by the charge transport mechanism [103]. We shortly
review it in the following.
In the first-order EWPT, vacuum bubbles are created all

over the Universe. Bubbles with a large enough radius
expand, and the broken phase finally fills the entire
Universe.2 This bubble expansion makes the Universe far
from thermal equilibrium. The bubble wall interacts with
plasmas in the thermal bath during the expansion. If this
interaction includes enough C and CP violation, the charge
accumulations with opposite signs are generated in the front
and the back of the wall, respectively, by the reflection and
the penetration of the plasmas [103]. The accumulated
charge of the left-handed fermions is converted into the
baryon asymmetry by the sphaleron transition [81]. In the
strongly first-order EWPT, the sphaleron transition can occur
outside of the bubble (the symmetric phase); on the other
hand, it rapidly decouples inside the bubble (the broken
phase) due to a nonzero VEV. Then, the generated baryon
asymmetry in the front of the bubble wall freezes out in the
broken phase and remains in the present Universe. As
explained above, in order to calculate the baryon number
density, the interaction between the bubble wall and thermal
plasmas is so important in the charge transport mechanism.
Thus, we first discuss which particles are in thermal plasmas
and should be included in the evaluation of baryon asym-
metry. In the charge transport mechanism, a heavier SM
fermion gives a larger contribution, because it more strongly
interacts with the Higgs doublets, i.e., the bubblewall. Thus,
the top quark gives the main contribution [33]. Although the
other quarks are light, they interact with the top quark via
QCD processes. Therefore, they should also be included in
the evaluation. On the other hand, the leptons can be
neglected [32,33,94].
We assume thatmNα ’s are a few TeV, and the masses of the

other new particles in the model are around the electroweak

scale. This is the case of the benchmark scenario shown in
Sec. V. Nα

R are, thus, absent from the thermal bath at the
EWPT. On the other hand, the scalar bosons can be included
in the thermal bath. The Higgs doublets interact with the top
quark via the Yukawa interaction. It affects the charge
accumulation. Therefore,we include both theHiggs doublets
in the evaluation. S� interact with only the leptons at tree
level. In addition, the interaction between S� and the leptons
receives a suppression by mNα. Thus, the effects of S� are
expected to be negligibly small. η does not have interaction
with theSMfermions at tree level.η is also expected to give no
considerable contribution to baryon asymmetry. Con-
sequently, in the evaluation of the charge accumulations,
we consider the quarks and the Higgs doublets in the thermal
bath. It is the same situation of EWBG in the THDMs
[29,30,92–95].
In evaluating the charge accumulation, we employ the

WKB method [31–34], where the typical momentum of the
plasmas is assumed to be sufficiently larger than1=Lw,where
Lw is the bubblewall width. Thus,Lw has to be larger enough
than 1=T for the WKB method to be valid, where T is the
typical temperature of EWPT. In addition,we assume that the
bubblewall velocity vw is so small that the relativistic effects
can be neglected [29,94,95]. We use formulas in Ref. [29],
where the same situation is considered. See Ref. [29] for
explicit formulas.
Once the charge accumulation is found, nB=s is given by

integrating the charge accumulation of the left-handed
fermions in the front of the bubble wall considering the
sphaleron transition rate [95], where nB and s are the baryon
number and entropy density, respectively. The baryon-to-
photon ratio ηB is then given by ηB ≃ 7.04 × ðnB=sÞ [73].

V. A BENCHMARK SCENARIO

In this section, we introduce a benchmark scenario of the
model, where neutrino mass, dark matter, and the BAU can
be explained simultaneously. The input parameters are
given as follows.

(i) Masses of the new particles.—

mH� ¼ mH3
¼ 250 GeV; mH2

¼ 420 GeV; mS ¼ 400 GeV; mη ¼ 63 GeV;

ðmN1 ; mN2 ; mN3Þ ¼ ð3000; 3500; 4000Þ GeV:
(ii) Parameters in the Higgs potential.—

μ22 ¼ ð50 GeVÞ2; μ212 ¼ 0; μ2S ¼ ð320 GeVÞ2; λ2 ¼ 0.1; λ6 ¼ 0;

jλ7j ¼ 0.817; θ7 ¼ −0.730; jρ12j ¼ 0.1; θρ ¼ −2.94; ρ2 ¼ 0.1;

σ1 ¼ jσ12j ¼ 1.1 × 10−3; θσ ¼ 0; σ2 ¼ 0.1; κ ¼ 2;

λS ¼ 1; λη ¼ 1; ξ ¼ 1:

2If the nucleation rate is too small, it can happen that there is no solution of S3=TjT¼Tn
≃ 140. In such a case, EWPT has not been

completed until the present [104].

AOKI, ENOMOTO, and KANEMURA PHYS. REV. D 107, 115022 (2023)

115022-10



(iii) Parameters in the Yukawa interaction.—

mu

v
jζuj ¼ 2.15 × 10−6;

mc

v
jζuj ¼ 1.26 × 10−3;

mt

v
jζuj ¼ 0.172;

md

v
jζdj ¼ 4.65 × 10−6;

ms

v
jζdj ¼ 9.31 × 10−5;

mb

v
jζdj ¼ 4.16 × 10−3;

me

v
jζej ¼ 2.5 × 10−4;

mμ

v
jζμj ¼ 2.5 × 10−4;

mτ

v
jζτj ¼ 2.5 × 10−3;

θu ¼ θd ¼ 0.245; θe ¼ θμ ¼ θτ ¼ −2.946;

0
B@

h11 h12 h13
h21 h22 h23
h31 h32 h33

1
CA ¼

0
B@

1.00e−0.314i 0.196e0.302i 1.04e−2.39i

1.08e−1.88i 0.205e−1.80i 1.05e2.33i

0.449e2.74i 1.31e−0.0331i 0.100e0.628i

1
CA:

By using these input values, the remaining scalar couplings are determined as

μ2η ≃ ð62.7 GeVÞ2; λ3 ≃ 1.98; λ4 ¼ λ5 ≃ 1.88; ρ1 ≃ 1.90: ð49Þ

We can see that all the theoretical constraints in Sec. II C
can be avoided in the benchmark scenario. According to
Ref. [105], the Landau pole is around 5–10 TeV in the
benchmark scenario. At the scale above the Landau pole, a
new UV theory is expected to appear including the present
model as an effective low-energy theory. An example of
such a UV theory has been investigated in Ref. [106],
where the Higgs bosons are composite states of heavy
fermions confined by the nonperturbative effect of an
additional SU(2) gauge symmetry. More details on the
Landau pole and a UV extension of the present model will
be studied elsewhere [48].
We also have checked that the benchmark scenario

avoids the constraints from the high-energy colliders and
the flavor experiments explained in Sec. II D. The branch-
ing ratios of the lepton-flavor-violating decays and their
experimental upper bounds are shown in Table II. We can
see that the experimental constraint can be avoided in all
the lepton-flavor-violating decays.
The CP-violating phases θe and θρ have the same value

in the benchmark scenario. The Barr-Zee-type diagram
including the S� loop gives no contribution to the eEDM,
because it is proportional to sinðθe − θρÞ. Then, the eEDM
in the benchmark scenario can be evaluated by using the
formula in Ref. [27] at one-loop level. The result is
de ¼ 0.22 × 10−30 e cm, which is less than the latest upper
bound jdej < 4.1 × 10−30 e cm [68]. Consequently, the
benchmark scenario can avoid all the current experimental
constraints discussed in Sec. II D.
With the above input values, the model can reproduce the

neutrino mass parameters in the normal ordering case
derived in the global fit by the Particle Data Group [73]:

Δm2
21¼ 7.53×10−5 eV2; Δm2

32¼ 2.453×10−3 eV2;

sin2θ12¼ 0.307; sin2θ23¼ 0.546;

sin2θ13¼ 2.20×10−2; δ¼ 1.36π; ð50Þ

where the notation follows Ref. [73]. In addition, the
Majorana phases in the PMNS matrix are predicted to
be α1 ¼ 0 and α2 ¼ −π=2. The lightest neutrino mass is
mν1 ≃ 0.006 eV. Thus, the sum of the neutrino mass is
about 0.067 eV, which is lower than the current upper
bound from the CMB observation [3].
The effective Majorana neutrino mass hmββi ¼ jðMνÞeej

induces the neutrinoless double beta decay (0νββ), which

TABLE II. The branching ratio for the lepton-flavor-violating
decays in the benchmark scenario and the current experimental
bounds at 95% CL.

Process Branching ratio Upper bound

μ → eγ 1.4 × 10−14 4.2 × 10−13 [63]
τ → eγ 5.3 × 10−10 3.3 × 10−8 [64]
τ → μγ 1.1 × 10−11 4.4 × 10−8 [64]

Process Branching ratio Upper bound

μ → 3e 1.0 × 10−13 1.0 × 10−12 [65]
τ → 3e 6.2 × 10−10 2.7 × 10−8 [66]
τ → 3μ 2.4 × 10−11 2.1 × 10−8 [66]
τ → eμe 5.1 × 10−12 1.8 × 10−8 [66]
τ → μμē 1.1 × 10−12 1.7 × 10−8 [66]
τ → eeμ̄ 4.5 × 10−13 1.5 × 10−8 [66]
τ → eμμ̄ 9.6 × 10−11 2.7 × 10−8 [66]
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violates lepton-number conservation [107–116]. Ignoring
the difference in isotopes, the strongest bound is given by
the KamLAND-Zen experiment: hmββi < 36–156 meV
[116]. In the benchmark scenario, hmββi is about 1 meV,
and it avoids the current constraint. In the present model,
0νββ is also caused by a one-loop-induced dimension-five
operator e−Re

−
RH

þHþ described by red subdiagrams of the
neutrino mass diagrams in Fig. 1. In the benchmark
scenario, the coefficient of this operator is roughly evalu-
ated by C=Λ ≃ 2 × 103 TeV−1, where C ≃ ð16π2Þ−1 and
Λ ≃mN1 ≃ 3 TeV. Although it seems to give a larger
contribution to 0νββ, we found that it gives only 2–3
orders of magnitude smaller contributions to the amplitude
of 0νββ than the active-neutrino-mediated contribution
because of the suppression by mH� > mW and small
couplings between H� and nucleons roughly evaluated
by 10−3 × jζqj [see Eq. (38)]. Therefore, the benchmark
scenario avoids the current constraint from observations
of 0νββ.
We have also checked that the benchmark scenario can

reproduce the observed DM relic abundanceΩDMh2 ≃ 0.12.
For the value of g1=2� in Eq. (35), we have used the result in
Ref. [117]. The spin-independent cross section in the bench-
mark scenario is σSI ¼ 2.3 × 10−48 cm2. It is lower than the
current upper bound [76–78].
Finally, we evaluate the baryon asymmetry. In Fig. 3, we

show the result of the numerical evaluation of baryon
asymmetry for various masses of the additional Higgs

bosons. In the evaluation, we set vw to be 0.1 [29,94,95].mH3

and mH� are degenerated. The model parameters but mH2
,

mH3
, and mH� are fixed to the values in the benchmark

scenario. We have used CosmoTransitions [118] for the evalu-
ation of the EWPT. The renormalization scale Q is set to be
mZ. We employ the nucleation temperature Tn as the typical
temperature of the EWPT. The black solid, dashed, and
dotted lines are contours for vn=Tn ¼ 1, 1.5, and 2.0,
respectively, where vn is the VEVat the nucleation temper-
ature. In the gray region, although the EWPT occurs in the
first order, vn=Tn is less than one; i.e., the EWPT is not the
strongly first-order one. vn=Tn is larger in heavier mass
regions. It is because μ22 is fixed in the evaluation. Then, the
nondecoupling effect of the additional Higgs bosons is
enhanced by heavier masses. The region for successful
EWBG is shown in the red and yellow regions. In the red
(yellow) region, the observed baryon-to-photon ratio from
CMB (BBN) can be explained within 95% CL. In these
regions, the WKB method gives a valid approximation,
because the bubble wall width is estimated as 5=Tn. In
heavier mass regions, the baryon asymmetry is, thus, over-
produced. In such regions, the bubble wall width is smaller,
and the WKB method would not be valid. The blue point
corresponds to the benchmark scenario ðmH2

; mH3
; mH�Þ ¼

ð420; 250; 250Þ GeV.
In the benchmark scenario, the nucleation temperature is

Tn ≃ 100 GeV, and vn=Tn ≃ 1.7. In Fig. 4, we show the
distributions of the chemical potentials normalized by Tn in
the benchmark scenario. The horizontal axis of the figure
is the radial coordinate z of the vacuum bubble normalized
by the nucleation temperature Tn in the wall frame, where
the bubble wall is stationary at z ¼ 0. The positive
(negative) direction of z is directed to the symmetric
(broken) phase. The main source of the charge asymmetry
is given by the charge transport of top quarks. The chemical
potentials of the left-handed (LH) and right-handed (RH)
top quarks are shown in black solid and black dashed lines,

FIG. 3. The baryon asymmetry in the model. Parameters but
mH2

, mH3
ð¼ mH�Þ are fixed to the benchmark values. In the red

(yellow) region, the observed baryon asymmetry from CMB
(BBN) can be explained within 95% CL. Contours for
vn=Tn ¼ 1, 1.5, and 2.0 are shown with the black solid, dashed,
and dotted lines, respectively. In the gray region, vn=Tn is less
than one, and the EWPT is not the strongly first-order one,
although it is still the first-order one. The blue point corresponds
to the benchmark scenario.

LH top
RH top
LH baryons
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FIG. 4. The distributions of the chemical potentials of the LH
top quark, the RH top quark, and the LH baryons are shown in
black solid, black dashed, and red solid lines, respectively.

AOKI, ENOMOTO, and KANEMURA PHYS. REV. D 107, 115022 (2023)

115022-12



respectively. The source of baryon asymmetry is given by
the chemical potential of the LH baryons μBL

[32]:

μBL
¼ 1

2

X
q

μqL : ð51Þ

μBL
in the symmetric phase (z > 0) is transformed into a

nonzero baryon number by the sphaleron transition. μBL
in

the benchmark scenario is shown in the red solid line in
Fig. 4. The baryon-to-photon ratio in the benchmark
scenario is evaluated as ηB ¼ 6.17 × 10−10. It is consistent
with observed values from CMB and BBN.
Consequently, the benchmark scenario can explain the

neutrino mass, dark matter, and the BAU simultaneously
with satisfying the theoretical and experimental constraints.
In the following, we shortly discuss the prediction of the
benchmark scenario in several future experiments.
The charged Higgs boson in the benchmark scenario is

dominantly produced at hadron colliders via gg → H�tb
and decays into tb at almost 100%. For mH� ¼ 250 GeV,
the future HL-LHC with the integrated luminosity L ¼
3000 fb−1 is expected to verify the signal up to jζuj ≲ 0.2
[49,50,119]. In the benchmark scenario, jζuj ≃ 0.25, and
H� would be detected in the HL-LHC.
H2 and H3 in the benchmark scenario is predominantly

produced via the gluon fusion gg → H2;3 at hadron col-
liders.H2 decays into tt̄ at almost 100%. On the other hand,
H3 → tt̄ is kinematically prohibited. It mainly decays into
gg, bb̄, and ττ̄. These signals would also be tested at the
future HL-LHC.
A pair of S� is expected to be produced at future eþe−

and hadron colliders. In the benchmark scenario, S� decays
intoH�η at almost 100%, andH� decays into tb. Thus, the
signal from SþS− → tt̄bb̄E is expected. The final states
depend on the decay of W�: 2b2b̄4jE, 2b2b̄2jl�E, or
2b2b̄l−lþE. This signal would be effective to search for
S� at future high-energy colliders.
In the MEG-II experiment, the expected upper limit on

Brðμ → eγÞ is 6 × 10−14 [120]. Although this is a quite
precise measurement, the prediction in the benchmark
scenario is smaller. τ → eγ and τ → μγ are expected to
be tested at the Belle-II experiment. The upper limits for
them are expected to be improved to 3 × 10−9 and
1 × 10−9, respectively, with the integrated luminosity L ¼
50 ab−1 [121]. However, the predictions in the benchmark
scenario for them are also smaller than these expected
upper limits. The Mu3e experiment will search for μ → 3e.
At phase I and phase II, the expected upper bound on the
branching ratio is 2 × 10−15 and 1 × 10−16, respectively.
The benchmark scenario would be tested at phase I. The
other three-body decays will be searched at the Belle-II
experiment. The expected upper bounds on the branching
ratios are a few 10−10 with L ¼ 50 ab−1. The benchmark
scenario would be tested by the observation of τ → 3e.

In the benchmark scenario, the eEDM is evaluated as
jdej ¼ 0.22 × 10−30 e cm. The ACME experiment expects
that future improvement can reduce the upper bound to
10−30 e cm [67]. Thus, it might be difficult to detect the
eEDM in the benchmark scenario at the improved ACME
experiment. However, more future experiments would be
possible to reach the value in the benchmark scenario. The
nEDM measurement is also expected to improve the upper
bound by an order of magnitude [122]. However, the
nEDM in the benchmark scenario is a few orders of
magnitude smaller than this expected upper limit.
CP violation in the model would also be possible to be

tested at future collider experiments. In Ref. [28], the
collider test of θτ is investigated in the THDM focusing on
the azimuthal angle distributions of a pair of τþτ− as a
decay product of the additional neutral Higgs bosons at
high-energy eþe− colliders. This would be useful to test θτ
and H2;3 in the present model.
The KamLAND-Zen experiment has a future plan to

improve the 0νββ search, KamLAND2-Zen [123]. It is
planned to explore hmββi down to 20 meV in five years and
will cover the whole region in the case of the inverted
neutrino mass ordering. However, the prediction in the
benchmark scenario, which is the normal ordering case, is a
smaller value hmββi ≃ 1 meV. One more order of magni-
tude update would be necessary to test it.
The one-loop-induced lepton-number-violating (LNV)

operator e−Re
−
RH

þHþ gives only a negligibly small con-
tribution in 0νββ as explained above. Thus, it would also be
difficult to test it at future 0νββ searches. However, this
kind of operator l−l0−HþHþ (l, l0 ¼ e, μ, τ) induces other
LNV processes, for example, LNV signals at high-energy
colliders. Such an effect can be sizable enough to be
detected in future experiments, because it is not suppressed
by the small couplings between H� and nucleons. In
general, such LNV effective operators, which do not
directly cause tiny Majorana neutrino mass at tree level
but generate it at loop level, can induce larger LNV effects
than those via the Majorana neutrino mass because of fewer
loop suppressions. Hence, they can lead to a richer
phenomenology at searches for lepton-number violation,
for example, 0νββ, μ−-eþ conversion, LNV rare meson
decays, and LNV signals at colliders. This gives an
important prediction in radiative seesaw models and has
been investigated in various models [7–10,13–16,124–128]
and by using LNV effective operators [129–139]. Thus,
studies on LNV processes via the l−l0−HþHþ operator are
also expected to provide an effective way to verify the
present model in future experiments and will be inves-
tigated elsewhere [48].
The LZ experiment with the full dataset is expected to be

possible to test σSI up to 10−48 cm2 [140]. The prediction in
the benchmark scenario is σSI ¼ 2.3 × 10−48 cm2. It would
be possible to test the DM in the benchmark scenario at the
improved LZ experiment.
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In the benchmark scenario, strongly first-order EWPT is
expected to occur by the nondecoupling effect of the
additional scalar bosons. It has been investigated in several
previous works how such a nondecoupling effect is exper-
imentally tested. First, it is known that the Higgs triple
coupling largely deviates from the SM prediction
[90,141,142]. This deviation is expected to be tested at
future high-energy colliders. At the HL-LHC, measurement
with 50% accuracies is expected [143]. Furthermore, more
precise measurements with 27% and 10% accuracies are
expected at the future upgraded International Linear Collider
(ILC) with the beam energy 500 GeV and 1 TeV, respec-
tively [144].
In the present model, this deviation at one-loop level is

evaluated by [141,142]

ΔR¼ 1

12π2v2m2
H1

�
2ðm2

H� −μ22Þ3
m2

H�
þðm2

H2
−μ22Þ3

m2
H2

þðm2
H3

−μ22Þ3
m2

H3

þ2ðm2
S−μ2SÞ3
m2

S
þðm2

η−μ2ηÞ3
m2

η

�
: ð52Þ

In the benchmark scenario, ΔR is predicted to be 38%. This
would, thus, be verified at the HL-LHC and the upgraded
ILC. In evaluating the nondecoupling effect inΔR, two-loop
corrections are also important. Two-loop corrections in other
extended Higgs sectors are studied in Refs. [145,146].
The nondecoupling effect of the charged scalar bosons

can also largely shift the prediction for the diphoton decay
of the Higgs boson H1 → γγ [147,148]. The product of the
total production cross section of the Higgs boson and the
branching ratio for the diphoton decay is currently observed
with the value σ × Br ¼ 127� 10 fb by using the full run 2
data [149]. In the present model, the production cross
section of the Higgs boson is almost the same as that in the
SM, because we assume the alignment structures at tree
level explained in Sec. II. The branching ratio for H1 → γγ
receives contributions from pne-loop diagrams of H� and
S�. In the benchmark scenario, it is expected that
σ × Br ¼ 100� 4 fb, where we use the value 116� 5 fb
as the total production cross section in the SM [149]. There
is a small overlap in the 2σ regions of the observed σ × Br
and that in the benchmark scenario. It would be tested at
near-future upgrades at LHC [150]. If the benchmark
scenario will be excluded by future H1 → γγ measure-
ments, the strongly first EWPT would still be possible to
occur in the present model by considering the larger
nondecoupling effect of the additional neutral scalar bosons
H2,H3, and η. Thus, even in such a case, it is expected that
there are some parameter regions of the model where
neutrino mass, dark matter, and the BAU can be explained
simultaneously.
The strongly first-order EWPT can also be tested by

future gravitational wave (GW) observations in space
[30,105,151–155]. During the phase transition, GWs are

expected to be produced from three sources: the collision of
bubble walls [156], sound waves in the plasma after the
bubble collisions [157], and magnetohydrodynamic turbu-
lence forming after the bubble collisions [158]. Some
space-based observatories are currently planned to aim
to detect such GWs: LISA [159], DECIGO [160], and BBO
[161]. In Refs. [30,105], GWs from the strongly first-order
EWPT in THDMs with CP violation have been evaluated,
and detectable GWs spectra are expected in some param-
eter regions. Since the present model is an extension of
THDMs, it would also be tested at the future space-based
observatory. This will be investigated in more detail else-
where [48].
Finally, it has recently been studied to test the first-order

EWPT in observations of the primordial black holes
(PBHs) [162]. According to these references, sizable non-
decoupling effects can make the remnant of the PBHs large
enough to be probed by current and future PBH observa-
tions. This way might be applicable in some parameter
regions of the present model.
Although we show only one benchmark point in this

paper, it is expected that there are various other parameter
points where neutrino mass, dark matter, and BAU can be
explained under theoretical and experimental constraints.
However, an exhaustive examination of the entire param-
eter space of the model is beyond the scope of this work. It
will be performed elsewhere [48].

VI. DISCUSSIONS AND CONCLUSIONS

In this paper, we show only one benchmark scenario.
However, there would be several other possible scenarios.
For the neutrino mass, the scenario for the inverted ordering
case can be considered. It would be given by changing the
value of hαi . A scenario with Majorana dark matter N1

R
would also be conceivable. In that case, N1

R is the so-called
leptophilic dark matter [13]. A pair of them annihilates into
a pair of charged leptons. In order to avoid strong LFV
limits, heavy Majorana fermions are favored to be at the
TeV scale. Thus, in the case that N1

R is the dark matter
particle, all the Z2-odd particles are heavy. In such a case, it
would be difficult to reproduce the neutrino oscillation
data, because the three-loop neutrino masses are too small.
In this paper, we have ignored the effect of the lepton-

number violation via the Majorana masses of Nα
R ’s during

baryogenesis. Considering strongly degenerated Majorana
fermions, it would be possible to generate the observed
baryon asymmetry by the mechanism of resonant lepto-
genesis. In the case that their mass spectra are separated
enough, like in the benchmark scenario, the generated
lepton-number density is expected to be much less than the
amount needed to explain the observed baryon asymmetry.
Even in such a case, it would slightly affect the conversion
rate of the charge accumulation into baryon asymmetry via
the sphaleron transition [32]. This possibility will be
studied in more detail elsewhere.
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In this paper, BAU has been evaluated in the model
originally proposed in Ref. [15], where Majorana masses of
neutrinos are generated via three-loop diagrams composed
of additional scalar bosons including the DM candidate
which is odd under an unbroken Z2 symmetry. In order for
the model to include multipleCP-violating phases, we have
not imposed the softly broken Z2 symmetry imposed in the
original model to avoid FCNC at tree level. Instead, for
simplicity, we have assumed the flavor alignment structure
in the Yukawa interactions. We have also simply assumed
the alignment structure in the Higgs potential so that the
Higgs couplings coincide with those in the SM at tree level.
Under these phenomenological simplifications, the model
still contains multiple CP-violating phases. By using
destructive interferences among them, it is compatible with
the stringent constraint from the EDM measurements to
generate the observed baryon asymmetry along with the
scenario of EWBG. We have shown a benchmark scenario
which can explain neutrino mass, DM, and BAU simulta-
neously and can satisfy all the other available experimental
data. Some phenomenological predictions of the model
have also been discussed.
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APPENDIX A: NEUTRINO MASS MATRIX
FORMULA

In this appendix, we show the derivation of the neutrino
mass formula in Eq. (14). The left diagram in Fig. 1 is
evaluated as

iΣ1
ij ¼ −i

�
1

16π2

�
3

κ2ζ�limliζ
�
ljmlj

X3
α¼1

hαi h
α
jmNαF1α:

ðA1Þ

The loop function F1α is given by

F1α ¼−4ið16π2Þ3
Z

d4p
ð2πÞ4

Z
d4q
ð2πÞ4

Z
d4k
ð2πÞ4

1

p2

1

q2
1

p2−m2
H�

1

q2−m2
H�

×
1

k2−m2
η

1

k2 −m2
Nα

1

ðk−pÞ2−m2
S

1

ðk−qÞ2−m2
S
=qp;

ðA2Þ

where we neglect the masses of the charged leptons in the internal lines. Considering the interchange of momenta pμ and qμ,
the gamma matrices =qp can be replaced by q · p ¼ qμpμ.
The integral by kμ can be performed by using Feynman parametrization as follows:

Z
d4k
ð2πÞ4

1

k2 −m2
η

1

k2 −m2
Nα

1

ðk − pÞ2 −m2
S

1

ðk − qÞ2 −m2
S

¼
Z

1

0

d̃4x
Z

d4k
ð2πÞ4

3!

ðk2 −DÞ4 ¼
i

16π2

Z
1

0

d̃4x
1

D2
; ðA3Þ

where the integral
R
1
0 d̃

4x is defined as

Z
1

0

d̃4x≡
Z

1

0

dx
Z

1

0

dy
Z

1

0

dz
Z

1

0

dωδð1 − x − y − z − ωÞ ðA4Þ

and D is given by

D ¼ xm2
Nα þ ðyþ zÞm2

S þ ωm2
η − yð1 − yÞp2 − zð1 − zÞq2 þ 2yzp · q: ðA5Þ

After the Wick rotations, we define the Euclidean momenta P⃗ ¼ ðP0; P1; P2; P3Þ and Q⃗ ¼ ðQ0; Q1; Q2; Q3Þ with

P0 ¼ −ip0; Pk ¼ pk; Q0 ¼ −iq0; Qk ¼ qk ðk ¼ 1; 2; 3Þ: ðA6Þ

Then, the loop function F1α is given by
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F1α ¼
4

π4

Z
1

0

d̃4x
Z

d4P
Z

d4Q
1

jP⃗j2
1

jQ⃗j2
1

jP⃗j2 þm2
H�

1

jQ⃗j2 þm2
H�

×
P⃗ · Q⃗

ðxm2
Nα þ ðyþ zÞm2

S þ ωm2
η þ yð1 − yÞjP⃗j2 þ zð1 − zÞjQ⃗j2 − 2yzP⃗ · Q⃗Þ2 : ðA7Þ

The inner product P⃗ · Q⃗ can be evaluated as P⃗ · Q⃗ ¼ jQ⃗jP0 by arranging the P0 axis along the vector Q⃗.
The following polar coordinate is useful for the integral:

P⃗ ¼ ffiffiffi
u

p ðcos θ cosϕ; cos θ sinϕ; sin θ cos χ; sin θ sin χÞ; ðA8Þ

where variables are in the domains 0 ≤
ffiffiffi
u

p
≤ ∞, 0 ≤ θ ≤ π=2, 0 ≤ ϕ ≤ 2π, and 0 ≤ χ ≤ 2π. Then, the integral by P⃗ and Q⃗

is transformed as

Z
d4P

Z
d4Q ¼ π2

2

Z
∞

0

du
Z

∞

0

dv
Z

2π

0

dϕ
Z

2π

0

dχ
Z

1

0

dtuvt; ðA9Þ

where v≡ jQ⃗j2 and t≡ cos θ. The loop function F1α is given by

F1α ¼
4

π

Z
1

0

d̃4x
Z

∞

0

du
Z

∞

0

dv
Z

2π

0

dϕ
Z

1

0

dt
ffiffiffiffiffiffi
uv

p
t2

ðuþm2
H�Þðvþm2

H�Þ
cosϕ

ða1 − b1t cosϕÞ2
; ðA10Þ

where

a1 ¼ ðyþ zÞm2
S þ xm2

Nα þ ωm2
η þ zð1 − zÞuþ yð1 − yÞv; ðA11Þ

b1 ¼ 2yz
ffiffiffiffiffiffi
uv

p
: ðA12Þ

In the domain of the integral, a1 is always positive and satisfies the following inequality:

0 ≤
jb1jt
a1

< 1: ðA13Þ

Thus, the integral by ϕ can be performed by using the residue theorem:

F1α ¼ 8

Z
1

0

d̃4x
Z

∞

0

du
Z

∞

0

dv
ffiffiffiffiffiffi
uv

p
b1

ðuþm2
H�Þðvþm2

H�Þ
Z

1

0

dt
t3

ða21 − b21t
2Þ3=2 : ðA14Þ

The integral by t can be easily calculated by changing the integral variable as s ¼ t2. Consequently, we obtain the formula in
Eq. (15):

F1α ¼
Z

1

0

d̃4x
Z

∞

0

du
Z

∞

0

dv
8

ffiffiffiffiffiffi
uv

p
F̃ða1; b1Þ

ðuþm2
H�Þðvþm2

H�Þ ; ðA15Þ

where

F̃ðx; yÞ ¼ 1

y3

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 − y2

q
þ x2ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 − y2
p − 2x

�
: ðA16Þ

The right figure in Fig. 1 can be calculated in the same way:

iΣ2
ij ¼ −i

�
1

16π2

�
3

κ2ζlimliζljmlj
X3
α¼1

hαi h
α
jmNαF2α: ðA17Þ
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The loop function F2α is given by replacing F̃ða1; b1Þ in Eq. (A15) into F̃ða2; b2Þ with

a2 ¼ ðyþ zÞm2
S þ xm2

Nα þ ωm2
η þ ðyþ ωÞðxþ zÞuþ ðxþ yÞðzþ ωÞv; ðA18Þ

b2 ¼ 2ðyz − xωÞ ffiffiffiffiffiffi
uv

p
: ðA19Þ

Then, neutrino mass ðMνÞij ¼ iðiΣ1
ij þ iΣ2

ijÞ is given by

ðMνÞij ¼
κ2ðζ�limliÞðζ�ljmljÞ

ð16π2Þ3
X3
α¼1

hαi h
α
jmNαðF1α þ F2αÞ: ðA20Þ

This is the formula in Eq. (14).
Next, we derive the simple formula for F1α in Eq. (21). First, we change the integral variables in Eq. (A2) as follows:

F1α ¼ −4ið16π2Þ3
Z

d4p
ð2πÞ4

Z
d4q
ð2πÞ4

Z
d4k
ð2πÞ4

1

p2 −m2
Nα

1

p2 −m2
η

×
1

q2 −m2
H�

1

q2
1

ðpþ qÞ2 −m2
S

1

k2 −m2
H�

1

k2
1

ðpþ kÞ2 −m2
S
ðq · kÞ; ðA21Þ

where the gamma matrices =q=k are replaced into q · k, since the integrand is symmetric with respect to q ↔ k. Then, F1α can
be calculated as follows:

F1α ¼
4ð16π2Þ3
im4

H�

Z
d4p
ð2πÞ4

1

p2 −m2
Nα

1

p2 −m2
η

Z
d4q
ð2πÞ4

�
1

q2 −m2
H�

−
1

q2

�
qμ

ðpþ qÞ2 −m2
S

×
Z

d4k
ð2πÞ4

�
1

k2 −m2
H�

−
1

k2

�
kμ

ðpþ kÞ2 −m2
S

¼ −
64π2

im4
H�

Z
d4p
ð2πÞ4

p2

p2 −m2
Nα

1

p2 −m2
η
ðB1ðm2

H� ; m2
S;p

2Þ − B1ð0; m2
S;p

2ÞÞ2; ðA22Þ

where B1 is the Passarino-Veltman function for one-loop integrals [71]. By using the Wick rotation, we obtain the following
result:

F1α ¼
4

m4
H�ðm2

Nα −m2
ηÞ
Z

∞

0

dxx

�
m2

Nα

xþm2
Nα

−
m2

η

xþm2
η

�
ðB1ðm2

Hþ ; m2
S;−xÞ − B1ð0; m2

S;−xÞÞ2: ðA23Þ

This formula is the same as that in Eq. (21).

APPENDIX B: THE TENSOR STRUCTURE OF THE SCATTERING AMPLITUDE FOR ηη → γγ

In this appendix, we show the cross section for the diphoton annihilation of the dark matter ηη → γγ. Before calculating
Feynman diagrams in Fig. 2, we give a general discussion on the scattering amplitude for the diphoton annihilation of a pair
of real scalar bosons. In the following, the momenta of scalar bosons are denoted by pμ

1 and p
μ
2, while those of photons are

denoted by kμ1 and kμ2.
The scattering amplitude of ηη → γγ are generally given by

iM ¼ iα
4π

Mμνϵ�μðk1Þϵ�νðk2Þ; ðB1Þ

where ϵμðkÞ is a polarization vector of the photon with momentum kμ and α is the fine structure constant. The prefactor
α=ð4πÞ is just for normalization. Without parity-violating interactions, the tensor structure of Mμν is given by

Mμν ¼ a00gμνþb12kν1k
μ
2þc11kν1p

μ
1þc12kν1p

μ
2þc21k

μ
2p

ν
1þc22k

μ
2p

ν
2þd11p

μ
1p

ν
1þd12p

μ
1p

ν
2þd21p

μ
2p

ν
1þd22p

μ
2p

ν
2; ðB2Þ
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where we use ϵ�μðk1Þkμ1 ¼ ϵ�νðk2Þkν2 ¼ 0. The coefficients a00, b12, cij, and dij (i, j ¼ 1, 2) are functions of the Mandelstam
variables. The scattering amplitude Mμν has to be symmetric for the replacements p1 ↔ p2 and ðk1; μÞ ↔ ðk2; νÞ. This
leads to the following conditions:

a00 ¼ ã00; b12 ¼ b̃12; c11 ¼ c22 ¼ c̃12 ¼ c̃21; d11 ¼ d22; d12 ¼ d̃21; ðB3Þ

where functions with a tilde represent the functions with the replacement of Mandelstam variables t ↔ u. In addition, by
momentum conservation, the terms pμ

1p
ν
2 and pμ

2p
ν
1 can be represented by the other tensors. Consequently, Mμν are

generally given by

Mμν ¼ agμν þ bkν1k
μ
2 þ cðkν1pμ

1 þ kμ2p
ν
2Þ þ c̃ðkν1pμ

2 þ kμ2p
ν
1Þ þ dðpμ

1p
ν
1 þ pμ

2p
ν
2Þ: ðB4Þ

The coefficients a, b, and d are symmetric for t ↔ u. On the other hand, c are generally not symmetric.
Four coefficient functions can be reduced to two by using the Ward-Takahashi (WT) identity Mμνk1μ ¼ Mμνk2ν ¼ 0.

The WT identity gives the two conditions for the coefficient functions:

aþ bðk1 · k2Þ þ cðk1 · p1Þ þ c̃ðk1 · p2Þ ¼ 0;

cðk1 · k2Þ þ dðk1 · p2Þ ¼ 0: ðB5Þ

Thus, the functions a and c can be represented by using b and d. Finally, the scattering amplitude Mμν can be represented
by only two functions:

Mμν ¼ Aγγðsgμν − 2kν1k
μ
2Þ þ Bγγfðu −m2

ηÞðt −m2
ηÞgμν þ sðpμ

1p
ν
1 þ pμ

2p
ν
2Þ

þ ðu −m2
ηÞðkν1pμ

1 þ kμ2p
ν
2Þ þ ðt −m2

ηÞðkν1pμ
2 þ kμ2p

ν
1Þg; ðB6Þ

where Aγγ ¼ −b=2 and Bγγ ¼ d=s. The scattering cross section is then given by

σηη→γγ ¼
α2

512π3
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sðs − 4m2
ηÞ

q
Z

1

−1
d cos θðs2jAγγj2 þ s2m2

ηðAγγB�
γγ þ A�

γγBγγÞ þ jBγγj2ðs2m4
η þ ðut −m4

ηÞ2ÞÞ; ðB7Þ

which leads to Eq. (33). This result is so general that we can use it for a diphoton annihilation for any real scalar boson η
which does not have to be dark matter as long as the parity-violating interactions can be neglected.
Next, we show the calculation of ηη → γγ in the model described by Feynman diagrams in Fig. 2. To this end, the

formulas for Aγγ and Bγγ are required. They are given by the sum of two kinds of contributions:

Aγγ ¼ A1
γγ þ A2

γγ; Bγγ ¼ B1
γγ þ B2

γγ; ðB8Þ

where A1
γγ and B1

γγ are proportional to the scalar coupling κ and A2
γγ and B2

γγ are proportional to other scalar couplings σ2
and ξ.
First, we consider the Feynman diagrams induced by κ, which are the upper-left, upper-middle, and right diagrams in

Fig. 2. A1
γγ and B1

γγ are given by

A1
γγ ¼ 8ðκvÞ2ðD13ðd1Þ þD13ðd̃1Þ þD23ðd1Þ þD23ðd̃1Þ þD13ðd2Þ þD13ðd̃2Þ

þD23ðd2Þ þD23ðd̃2Þ þD23ðd3Þ þD23ðd̃3ÞÞ; ðB9Þ

B1
γγ ¼

8

s
ðκvÞ2ðD22ðd1Þ þD22ðd̃1Þ þD22ðd2Þ þD22ðd̃2Þ

þD11ðd3Þ þD11ðd̃3Þ þ 2D12ðd3Þ þ 2D12ðd̃3Þ
þD22ðd3Þ þD22ðd̃3Þ þD1ðd3Þ þD1ðd̃3Þ þD2ðd3Þ þD2ðd̃3ÞÞ; ðB10Þ

respectively, whereDij (i, j ¼ 1, 2, 3 and i ≤ j) andDi (i ¼ 1, 2) are the Passarino-Veltman functions for one-loop integrals
with four external lines [71]. The arguments of the functions are abbreviated by d1, d2, and d3 as follows:
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d1 ¼ ð0; m2
η; m2

η; 0; t; s;m2
H� ; m2

H� ; m2
S; m

2
H�Þ; ðB11Þ

d2 ¼ ð0; m2
η; m2

η; 0; t; s;m2
S; m

2
S; m

2
H� ; m2

SÞ; ðB12Þ

d3 ¼ ðm2
η; 0; m2

η; 0; t; u;m2
H� ; m2

S; m
2
S; m

2
H�Þ; ðB13Þ

where the notation follows LoopTools [163]. The arguments
with tilde d̃1, d̃2, and d̃3 represent the replacement t ↔ u
in d1, d2, and d3, respectively.
Second, we consider the lower-left and lower-middle

diagrams in Fig. 2. The diagrams including a loop of H�

and S� are proportional to σ2 and ξ, respectively. A2
γγ and

B2
γγ in Eq. (B8) are given by

A2
γγ ¼ 2σ2

�
1 − G

�
s

4m2
H�

��
þ 2ξ

�
1 −G

�
s

4m2
S

��
;

ðB14Þ

B2
γγ ¼ 0. ðB15Þ

respectively, where the function GðrÞ is defined as

GðrÞ ¼
8<
:

− 1
4r

�
log

�
1þ

ffiffiffiffiffiffiffiffiffi
1−r−1

p

1−
ffiffiffiffiffiffiffiffiffi
1−r−1

p
�
− iπ

�
2

ðr > 1Þ;
1
r ðsin−1

ffiffiffi
r

p Þ2 ð0 < r < 1Þ:
ðB16Þ

B2
γγ ¼ 0 is the consequence of the fact that the Feynman

diagrams depend on only ðp1 þ p2Þμ, kμ1, and kμ2 but not on
pμ
1 and pμ

2 separately. Then, the amplitude can be repre-
sented by only Aγγ like in the case of the Higgs diphoton
decay [147,148].
We now obtain all the required formulas to evaluate

ηη → γγ in the model. Although we here show only Aγγ and
Bγγ , we have calculated all the coefficient functions a, b, c,
and d in Eq. (B4), and we have confirmed the WT identity
in Eq. (B5) numerically with at least 10−10 accuracy.

APPENDIX C: FORMULAS FOR FIELD-
DEPENDENT MASSES

In this appendix, the formulas for the field-dependent
masses used in Sec. IV B are shown. We show formulas for
m̂2

a in the following. By taking T ¼ 0, the field-dependent
masses at zero-temperature m̃2

a are obtained. The classical
field for the Higgs doublets is defined as follows:

Φcl
1 ¼ 1ffiffiffi

2
p

�
0

φ1

�
; Φcl

2 ¼ 1ffiffiffi
2

p
�

0

φ2 þ iφ3

�
: ðC1Þ

In the following results, we assume alignment in the Higgs
potential: λ6 ¼ μ23 ¼ 0. In addition, we consider the case
that λ5 is a real number by an appropriate rephasing of Φ2.
First, the field-dependent masses for G� and H� are

given by the eigenvalues of a 2 × 2 Hermitian matrix M̂2
�.

Each element of M̂2
� is given by

ðM̂2
�ÞGþG− ¼ μ21 þ

λ1
2
φ2
1 þ

λ3
2
ðφ2

2 þ φ2
3Þ þ

T2

24

�
6λ1 þ 4λ3 þ 2λ4 þ 2ρ1 þ σ1 þ 6y2t þ

9g2L
2

þ 3g2Y
2

�
; ðC2Þ

ðM̂2
�ÞGþH− ¼ ðM̂2

�Þ�HþG− ¼ 1

2
ðλ4 þ λ5Þφ2 þ

i
2
ðλ4 − λ5Þφ3 þ

λ�7
2
ðφ2

2 þ φ2
3Þ þ

T2

24
ð6λ�7 þ 2ρ12 þ σ12 þ 6y2t ζ�uÞ; ðC3Þ

ðM̂2
�ÞHþH− ¼ μ22 þ

λ2
2
ðφ2

2 þ φ2
3Þ þ

λ3
2
φ2
1 þ Re½λ7�φ1φ2 − Im½λ7�φ1φ3

þ T2

24

�
6λ2 þ 4λ3 þ 2λ4 þ 2ρ2 þ σ2 þ 6y2t jζuj2 þ

9g2L
2

þ 3g2Y
2

�
; ðC4Þ

where yt is defined as yt ¼
ffiffiffi
2

p
mt=v. Next, the field-dependent masses for the neutral scalar bosonsH1,H2,H3, andG0 are

given by the eigenvalues of a 4 × 4 real symmetric matrix M̂2
0. Each element of M̃2

0 is given by

ðM̂2
0ÞG0G0 ¼ μ21þ

λ1
2
φ2
1þ

1

2
ðλ3þλ4−λ5Þφ2

2þ
1

2
ðλ3þλ4þλ5Þφ2

3þ
T2

24

�
6λ1þ4λ3þ2λ4þ2ρ1þσ1þ6y2t þ

9g2L
2

þ3g2Y
2

�
;

ðC5Þ

ðM̂2
0ÞH1H1

¼ μ21þ
3

2
λ1φ

2
1þ

1

2
ðλ3þλ4þ λ5Þφ2

2þ
1

2
ðλ3þλ4−λ5Þφ2

3þ
T2

24

�
6λ1þ4λ3þ2λ4þ2ρ1þσ1þ6y2t þ

9g2L
2

þ3g2Y
2

�
;

ðC6Þ
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ðM̂2
0ÞH2H2

¼ μ22 þ
λ2
2
ð3φ2

2 þ φ2
3Þ þ

1

2
ðλ3 þ λ4 þ λ5Þφ2

1 þ 3Re½λ7�φ1φ2 − Im½λ7�φ1φ3

þ T2

24

�
6λ2 þ 4λ3 þ 2λ4 þ 2ρ2 þ σ2 þ 6y2t jζuj2 þ

9g2L
2

þ 3g2Y
2

�
; ðC7Þ

ðM̂2
0ÞH3H3

¼ μ22 þ
λ2
2
ð3φ2

2 þ φ2
3Þ þ

1

2
ðλ3 þ λ4 − λ5Þφ2

1 þ Re½λ7�φ1φ2 − 3Im½λ7�φ1φ3

þ T2

24

�
6λ2 þ 4λ3 þ 2λ4 þ 2ρ2 þ σ2 þ 6y2t jζuj2 þ

9g2L
2

þ 3g2Y
2

�
; ðC8Þ

ðM̂2
0ÞG0H1

¼ ðM̂2
0ÞH1G0 ¼ λ5φ2φ3; ðC9Þ

ðM̂2
0ÞG0H2

¼ ðM̂2
0ÞH2G0 ¼ λ5φ1φ3 þ Re½λ7�φ2φ3 þ

1

2
Im½λ7�ð3φ2

2 þ φ2
3Þ þ

T2

24
ð6Im½λ7� þ 2Im½ρ12� þ Im½σ12� − 6y2t Im½ζu�Þ;

ðC10Þ

ðM̂2
0ÞG0H3

¼ ðM̂2
0ÞH3G0 ¼ λ5φ1φ2 þ

1

2
Re½λ7�ðφ2

2 þ 3φ2
3Þ þ Im½λ7�φ2φ3 þ

T2

24
ð6Re½λ7� þ 2Re½ρ12� þ Re½σ12� þ 6y2tRe½ζu�Þ;

ðC11Þ

ðM̂2
0ÞH1H2

¼ ðM̂2
0ÞH2H1

¼ ðλ3 þ λ4 þ λ5Þφ1φ2 þ
1

2
Re½λ7�ð3φ2

2 þ φ2
3Þ − Im½λ7�φ2φ3

þ T2

24
ð6Re½λ7� þ 2Re½ρ12� þ Re½σ12� þ 6y2tRe½ζu�Þ; ðC12Þ

ðM̂2
0ÞH1H3

¼ ðM̂2
0ÞH3H1

¼ ðλ3 þ λ4 − λ5Þφ1φ3 −
1

2
Im½λ7�ðφ2

2 þ 3φ2
3Þ þ Re½λ7�φ2φ3

þ T2

24
ð−6Im½λ7� − 2Im½ρ12� − Im½σ12� þ 6y2t Im½ζu�Þ; ðC13Þ

ðM̂2
0ÞH2H3

¼ ðM̂2
0ÞH3H2

¼ λ2φ2φ3 þ Re½λ7�φ1φ3 − Im½λ7�φ1φ2: ðC14Þ

The field-dependent masses for the Z2-odd scalar bosons S� and η are given by

m̂2
S ¼ μ2S þ

ρ1
2
φ2
1 þ

ρ2
2
ðφ2

2 þ φ2
3Þ þ Re½ρ12�φ1φ2 − Im½ρ12�φ1φ3 þ

T2

6
ðρ1 þ ρ2 þ 6g2YÞ; ðC15Þ

m̂2
η ¼ μ2η þ

σ1
2
φ2
1 þ

σ2
2
ðφ2

2 þ φ2
3Þ þ Re½σ12�φ1φ2 − Im½σ12�φ1φ3 þ

T2

6
ðσ1 þ σ2Þ: ðC16Þ

The field-dependent masses for the gauge bosonsWa
μ (a ¼ 1, 2, 3) and Bμ are given by a 2 × 2 real symmetric matrix ðM̂2

VÞ
whose elements are defined as follows:

ðM̂2
VÞWa

μWb
ν
¼

�
g2L
4
φ2 þ 2g2LT

2δμ;jj

�
δabδμν; ðC17Þ

ðM̂2
VÞW3

μBν
¼ 1

4
gLgYφ2δμν; ðC18Þ

ðM̂2
VÞBμBν

¼
�
g2Y
4
φ2 þ 8

3
g2YT

2δμ;jj

�
δμν; ðC19Þ
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where φ2 is the total VEV; φ2 ¼ φ2
1 þ φ2

2 þ φ2
3. The

symbol δμ;jj means that only the longitudinal components
of the gauge bosons receive the thermal corrections at this
order [164].
Finally, we show the field-dependent masses of the top

quark. We do not consider the thermal resummation for the
top quark, since thermal fermion loops do not have the
infrared problems caused by zero modes of Matsubara

frequency [101]. Then, the field-dependent mass of the top
quark is given by

m̂2
t ¼ m̃2

t ¼
m2

t

v2
fðφ1 þ φ2jζuj cos θu þ φ3jζuj sin θuÞ2

þ ðφ2jζuj sin θu − φ3jζuj cos θuÞ2g: ðC20Þ
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Beretta, L. Bergé, J. Billard, Y. A. Borovlev, L. Cardani,
N. Casali et al., Eur. Phys. J. C 82, 1033 (2022).

[114] D. Q. Adams et al. (CUORE Collaboration), Phys. Rev.
Lett. 129, 222501 (2022).

[115] D. Q. Adams et al. (CUORE Collaboration), Nature
(London) 604, 53 (2022).

[116] S. Abe et al. (KamLAND-Zen Collaboration), Phys. Rev.
Lett. 130, 051801 (2023).

[117] M. Drees, F. Hajkarim, and E. R. Schmitz, J. Cosmol.
Astropart. Phys. 06 (2015) 025.

[118] C. L. Wainwright, Comput. Phys. Commun. 183, 2006
(2012),

[119] A. Arhrib, R. Benbrik, H. Harouiz, S. Moretti, and A.
Rouchad, Front. Phys. 8, 39 (2020).

[120] A. M. Baldini et al. (MEG II Collaboration), Eur. Phys. J.
C 78, 380 (2018).

[121] E. Kou et al. (Belle-II Collaboration), Prog. Theor. Exp.
Phys. 2019, 123C01 (2019); 2020, 029201(E) (2020).

[122] J. W. Martin, J. Phys. Conf. Ser. 1643, 012002 (2020).
[123] K. Ichimura (KamLAND-Zen Collaboration), Proc. Sci.,

NOW2022 (2023) 067.
[124] M. Aoki and S. Kanemura, Phys. Lett. B 689, 28 (2010).
[125] M. Gustafsson, J. M. No, and M. A. Rivera, Phys. Rev. D

90, 013012 (2014).
[126] Y. Cai, T. Han, T. Li, and R. Ruiz, Front. Phys. 6, 40

(2018).
[127] M. Gustafsson, J. M. No, and M. A. Rivera, J. High Energy

Phys. 11 (2020) 070.
[128] K. S. Babu, R. K. Barman, D. Gonçalves, and A. Ismail,

arXiv:2212.08025.
[129] K. S. Babu and C. N. Leung, Nucl. Phys. B619, 667

(2001).
[130] A. de Gouvea and J. Jenkins, Phys. Rev. D 77, 013008

(2008).

[131] F. del Aguila, A. Aparici, S. Bhattacharya, A. Santamaria,
and J. Wudka, J. High Energy Phys. 06 (2012) 146.

[132] P. W. Angel, N. L. Rodd, and R. R. Volkas, Phys. Rev. D
87, 073007 (2013).

[133] J. M. Berryman, A. de Gouvêa, K. J. Kelly, and A. Kobach,
Phys. Rev. D 95, 115010 (2017).

[134] R. Cepedello, M. Hirsch, and J. C. Helo, J. High Energy
Phys. 01 (2018) 009.

[135] J. Herrero-García and M. A. Schmidt, Eur. Phys. J. C 79,
938 (2019).

[136] A. De Gouvêa, W. C. Huang, J. König, and M. Sen, Phys.
Rev. D 100, 075033 (2019).

[137] M. Aoki, K. Enomoto, and S. Kanemura, Phys. Rev. D
101, 115019 (2020).

[138] F. F. Deppisch, K. Fridell, and J. Harz, J. High Energy
Phys. 12 (2020) 186.

[139] B. Fuks, J. Neundorf, K. Peters, R. Ruiz, and M. Saimpert,
Phys. Rev. D 103, 115014 (2021).

[140] V. A. Kudryavtsev (LUX and LZ Collaborations), Uni-
verse 5, 73 (2019).

[141] S. Kanemura, S. Kiyoura, Y. Okada, E. Senaha, and C. P.
Yuan, Phys. Lett. B 558, 157 (2003).

[142] S. Kanemura, Y. Okada, E. Senaha, and C. P. Yuan, Phys.
Rev. D 70, 115002 (2004).

[143] M. Cepeda, S. Gori, P. Ilten, M. Kado, F. Riva, R. Abdul
Khalek, A. Aboubrahim, J. Alimena, S. Alioli, A. Alves
et al., CERN Yellow Rep. Monogr. 7, 221 (2019).

[144] P. Bambade, T. Barklow, T. Behnke, M. Berggren, J. Brau,
P. Burrows, D. Denisov, A. Faus-Golfe, B. Foster, K. Fujii
et al., arXiv:1903.01629.

[145] J. Braathen and S. Kanemura, Eur. Phys. J. C 80, 227
(2020).

[146] J. Braathen, S. Kanemura, and M. Shimoda, J. High
Energy Phys. 03 (2021) 297.

[147] J. R. Ellis, M. K. Gaillard, and D. V. Nanopoulos, Nucl.
Phys. B106, 292 (1976).

[148] M. A. Shifman, A. I. Vainshtein, M. B. Voloshin, and V. I.
Zakharov, Sov. J. Nucl. Phys. 30, 711 (1979).

[149] ATLAS Collaboration, Measurement of the properties of
Higgs boson production at

ffiffiffi
s

p ¼ 13 TeV in the H → γγ
channel using 139 fb−1 of pp collision data with the
ATLAS experiment, Report No. ATLAS-CONF-2020-026.

[150] X. Chen (ATLAS and CMS Collaborations), arXiv:
1703.07689.

[151] C. Grojean and G. Servant, Phys. Rev. D 75, 043507
(2007).

[152] M. Kakizaki, S. Kanemura, and T. Matsui, Phys. Rev. D
92, 115007 (2015).

[153] K. Hashino, M. Kakizaki, S. Kanemura, and T. Matsui,
Phys. Rev. D 94, 015005 (2016).

[154] K. Hashino, R. Jinno, M. Kakizaki, S. Kanemura, T.
Takahashi, and M. Takimoto, Phys. Rev. D 99, 075011
(2019).

[155] S. Kanemura, R. Nagai, and M. Tanaka, J. High Energy
Phys. 06 (2022) 027.

[156] A. Kosowsky, M. S. Turner, and R. Watkins, Phys. Rev.
Lett. 69, 2026 (1992); Phys. Rev. D 45, 4514 (1992).

[157] M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J.
Weir, Phys. Rev. Lett. 112, 041301 (2014).

ELECTROWEAK BARYOGENESIS IN THE THREE-LOOP … PHYS. REV. D 107, 115022 (2023)

115022-23

https://doi.org/10.1016/0550-3213(92)90440-M
https://doi.org/10.1016/0550-3213(92)90440-M
https://doi.org/10.1016/S0550-3213(02)00264-X
https://doi.org/10.1016/S0550-3213(02)00264-X
https://doi.org/10.1088/1475-7516/2017/05/052
https://doi.org/10.1088/1475-7516/2017/05/052
https://doi.org/10.1103/PhysRevD.89.013005
https://doi.org/10.1016/j.physletb.2014.09.013
https://doi.org/10.1103/PhysRevC.78.058501
https://doi.org/10.1016/j.nuclphysa.2010.07.009
https://doi.org/10.1016/j.nuclphysa.2010.07.009
https://doi.org/10.1103/PhysRevD.94.072003
https://doi.org/10.1103/PhysRevD.94.072003
https://doi.org/10.1103/PhysRevD.98.092007
https://doi.org/10.1103/PhysRevD.98.092007
https://doi.org/10.1103/PhysRevLett.125.252502
https://doi.org/10.1103/PhysRevLett.125.252502
https://doi.org/10.1103/PhysRevLett.129.111801
https://doi.org/10.1103/PhysRevLett.129.111801
https://doi.org/10.1140/epjc/s10052-022-10942-5
https://doi.org/10.1103/PhysRevLett.129.222501
https://doi.org/10.1103/PhysRevLett.129.222501
https://doi.org/10.1038/s41586-022-04497-4
https://doi.org/10.1038/s41586-022-04497-4
https://doi.org/10.1103/PhysRevLett.130.051801
https://doi.org/10.1103/PhysRevLett.130.051801
https://doi.org/10.1088/1475-7516/2015/06/025
https://doi.org/10.1088/1475-7516/2015/06/025
https://doi.org/10.1016/j.cpc.2012.04.004
https://doi.org/10.1016/j.cpc.2012.04.004
https://doi.org/10.3389/fphy.2020.00039
https://doi.org/10.1140/epjc/s10052-018-5845-6
https://doi.org/10.1140/epjc/s10052-018-5845-6
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1093/ptep/ptaa008
https://doi.org/10.1088/1742-6596/1643/1/012002
https://doi.org/10.1016/j.physletb.2010.04.024
https://doi.org/10.1103/PhysRevD.90.013012
https://doi.org/10.1103/PhysRevD.90.013012
https://doi.org/10.3389/fphy.2018.00040
https://doi.org/10.3389/fphy.2018.00040
https://doi.org/10.1007/JHEP11(2020)070
https://doi.org/10.1007/JHEP11(2020)070
https://arXiv.org/abs/2212.08025
https://doi.org/10.1016/S0550-3213(01)00504-1
https://doi.org/10.1016/S0550-3213(01)00504-1
https://doi.org/10.1103/PhysRevD.77.013008
https://doi.org/10.1103/PhysRevD.77.013008
https://doi.org/10.1007/JHEP06(2012)146
https://doi.org/10.1103/PhysRevD.87.073007
https://doi.org/10.1103/PhysRevD.87.073007
https://doi.org/10.1103/PhysRevD.95.115010
https://doi.org/10.1007/JHEP01(2018)009
https://doi.org/10.1007/JHEP01(2018)009
https://doi.org/10.1140/epjc/s10052-019-7465-1
https://doi.org/10.1140/epjc/s10052-019-7465-1
https://doi.org/10.1103/PhysRevD.100.075033
https://doi.org/10.1103/PhysRevD.100.075033
https://doi.org/10.1103/PhysRevD.101.115019
https://doi.org/10.1103/PhysRevD.101.115019
https://doi.org/10.1007/JHEP12(2020)186
https://doi.org/10.1007/JHEP12(2020)186
https://doi.org/10.1103/PhysRevD.103.115014
https://doi.org/10.3390/universe5030073
https://doi.org/10.3390/universe5030073
https://doi.org/10.1016/S0370-2693(03)00268-5
https://doi.org/10.1103/PhysRevD.70.115002
https://doi.org/10.1103/PhysRevD.70.115002
https://arXiv.org/abs/1903.01629
https://doi.org/10.1140/epjc/s10052-020-7723-2
https://doi.org/10.1140/epjc/s10052-020-7723-2
https://doi.org/10.1007/JHEP03(2021)297
https://doi.org/10.1007/JHEP03(2021)297
https://doi.org/10.1016/0550-3213(76)90382-5
https://doi.org/10.1016/0550-3213(76)90382-5
https://arXiv.org/abs/1703.07689
https://arXiv.org/abs/1703.07689
https://doi.org/10.1103/PhysRevD.75.043507
https://doi.org/10.1103/PhysRevD.75.043507
https://doi.org/10.1103/PhysRevD.92.115007
https://doi.org/10.1103/PhysRevD.92.115007
https://doi.org/10.1103/PhysRevD.94.015005
https://doi.org/10.1103/PhysRevD.99.075011
https://doi.org/10.1103/PhysRevD.99.075011
https://doi.org/10.1007/JHEP06(2022)027
https://doi.org/10.1007/JHEP06(2022)027
https://doi.org/10.1103/PhysRevLett.69.2026
https://doi.org/10.1103/PhysRevLett.69.2026
https://doi.org/10.1103/PhysRevD.45.4514
https://doi.org/10.1103/PhysRevLett.112.041301


[158] C. Caprini and R. Durrer, Phys. Rev. D 74, 063521 (2006).
[159] P. Amaro-Seoane et al. (LISA Collaboration), arXiv:

1702.00786.
[160] N. Seto, S. Kawamura, and T. Nakamura, Phys. Rev. Lett.

87, 221103 (2001).
[161] V. Corbin and N. J. Cornish, Classical Quantum Gravity

23, 2435 (2006).

[162] K. Hashino, S. Kanemura, and T. Takahashi, Phys. Lett. B
833, 137261 (2022); K. Hashino, S. Kanemura, T.
Takahashi, and M. Tanaka, arXiv:2211.16225.

[163] T. Hahn and M. Perez-Victoria, Comput. Phys. Commun.
118, 153 (1999).

[164] J. R. Espinosa, M. Quiros, and F. Zwirner, Phys. Lett. B
314, 206 (1993).

AOKI, ENOMOTO, and KANEMURA PHYS. REV. D 107, 115022 (2023)

115022-24

https://doi.org/10.1103/PhysRevD.74.063521
https://arXiv.org/abs/1702.00786
https://arXiv.org/abs/1702.00786
https://doi.org/10.1103/PhysRevLett.87.221103
https://doi.org/10.1103/PhysRevLett.87.221103
https://doi.org/10.1088/0264-9381/23/7/014
https://doi.org/10.1088/0264-9381/23/7/014
https://doi.org/10.1016/j.physletb.2022.137261
https://doi.org/10.1016/j.physletb.2022.137261
https://arXiv.org/abs/2211.16225
https://doi.org/10.1016/S0010-4655(98)00173-8
https://doi.org/10.1016/S0010-4655(98)00173-8
https://doi.org/10.1016/0370-2693(93)90450-V
https://doi.org/10.1016/0370-2693(93)90450-V

