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1 Introduction

In spite of the success of the standard model (SM) for elementary particles, there are

still phenomena which cannot be explained by this model. Baryon asymmetry of the

Universe (BAU) is one of such phenomena beyond the SM. It is well known that the

Sakharov’s three conditions have to be satisfied for viable baryogenesis which explains

the observed BAU from a baryon symmetric universe [1]; (1) existence of baryon number

changing interaction, (2) C and CP violation, and (3) departure from thermal equilibrium.

In the SM, these conditions can be satisfied qualitatively by the sphaleron transition, the

Kobayashi-Maskawa (KM) phase, and the strongly first-order electroweak phase transition

(EWPT), respectively [2]. However, the magnitude of CP violation by the KM phase is

numerically not sufficient to realize the observed BAU [3]. Furthermore, it turned out
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that the EWPT is crossover with the measured value of the mass of the Higgs boson [4].

Therefore, a new physics model has to be introduced to explain the BAU.

So far, various new physics scenarios for baryogenesis have been proposed such as

those based on grand unification theories [5, 6], leptogenesis [7], electroweak baryogene-

sis (EWBG) [2] and so on. Among these scenarios, EWBG requires new physics at the

TeV scale, so that it can be tested at high-energy collider experiments as well as flavor

experiments and astrophysical observations. Thus, it is interesting and timely to consider

EWBG. For the successful scenario of EWBG, the Higgs sector is extended in order to ob-

tain additional CP-violating phases and the strongly first-order EWPT from the minimal

form assumed in the SM. For example, the EWBG scenario was discussed in models with

additional isospin singlets [8–10], doublets [11–17] and triplets [18, 19].

One of the important properties of models for the successful EWBG is the strongly

first-order phase transition, whose phenomenological consequence can be a prediction on

the large deviation in the triple Higgs boson coupling from the SM value [20], in particular,

in models with multi Higgs doublets [21]. Therefore, measuring the triple Higgs boson

coupling at future collider experiments, such as the high-luminosity upgrade of the LHC

(HL-LHC) [22], the the International Linear Collider (ILC) [23, 24], etc., is important

not only to explore the dynamics of electroweak symmetry breaking but also to test the

scenario of electroweak baryogenesis. In addition, the first-order phase transition can also

be tested by detecting the gravitational waves with a unique spectrum at future space-

based gravitational-wave interferometers such as LISA [25], DECIGO [26] and BBO [27]

as discussed in refs. [28–36].

The second important property is detecting the effect of CP violation in the Higgs

sector. The CP violation in extended Higgs sectors can be explored by the experiments for

electric dipole moment (EDM) [37–45]. By using high-energy collider experiments, it can

be tested by searching for the deviations from the SM predictions in the couplings of ZZZ,

ZWW [46, 47] and hff [48–50]. Many methods have been studied in refs. [51–55]. The CP

violation in extended Higgs sectors can also be tested by measuring the angular distribution

of the decays of the SM-like Higgs boson and also those of the extra Higgs bosons [56–63].

However, such additional CP-violating phases are strongly constrained by the EDM data,

so that it is generally difficult to keep the sufficient amount of CP-violating phases.

In this paper, we discuss models with an extended Higgs sector which has multiple

sources of CP-violating phases. We investigate the possibility that the effects of CP vio-

lation on the EDM are destructive each other, while each CP-violating phase can play an

important role of EWBG. We focus on a general two-Higgs-doublet model (THDM) [64]

as a simple example, in which CP-violating phases appear in the Higgs potential and in

the Yukawa interaction. The general THDM, however, introduces dangerous flavor chang-

ing neutral currents (FCNCs) mediated by Higgs bosons. Thus, we impose the so-called

Yukawa-alignment where two-Yukawa interaction matrices for each charged fermion are

proportional to each other [65]. In addition, we impose another alignment for the Higgs

potential such that the Higgs boson with the mass of 125 GeV has the same couplings with

the SM particles as those of the SM Higgs boson at tree level because of the measurements

of the property of the discovered Higgs boson at the LHC [66, 67].
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It is found that the dominant contributions from the Barr-Zee (BZ) diagrams [68]

to the EDM are destructive between fermion-loops and additional scalar boson-loops by

keeping O(1) CP-violating phases and therefore they can be significantly suppressed by

the cancellation.1 Even when the EDM data can be satisfied by the consequence of the

destructive cancellation, each CP-violating phase is not small, so that the model can be

tested at future collider experiments by measuring angular distributions of particles gener-

ated from the decays of additional Higgs bosons. Furthermore, we confirm that the above

scenario can be perturbatively stable up to a scale much higher than the TeV scale by the

analysis using renormalization group equations (RGEs).

This paper is organized as follows. In section 2, we give a brief review of the THDM

with CP violation in the Higgs potential and the Yukawa interaction. Then, in section 3,

we discuss the current constraints from electron and neutron EDMs. We then explain the

destructive interference between the BZ contributions. In section 4, we consider the collider

phenomenology to test the CP-violating phases in our model. In section 5, we discuss the

scale dependence of the parameters in our scenario by the RGEs. Finally, we summarize

our results in section 6.

2 Two Higgs doublet model

We consider the general THDM in which the scalar sector consists of two isospin doublets

Φ1,2 and the other particle content is the same as the SM. In this model, the scalar potential

V and the Yukawa interaction term Lyukawa contain additional CP-violating phases.

2.1 Higgs potential

In any basis for the two isodoublet fields (Φ′1,Φ
′
2), the general Higgs potential is given by

V =− µ′21(Φ′
†
1Φ′1)− µ′22(Φ′

†
2Φ′2)−

[
µ′

2
3(Φ′

†
1Φ′2) + h.c.

]
+

1

2
λ′1(Φ′

†
1Φ′1)2 +

1

2
λ′2(Φ′

†
2Φ′2)2 + λ′3(Φ′

†
1Φ′1)(Φ′

†
2Φ′2) + λ′4(Φ′

†
2Φ′1)(Φ′

†
1Φ′2)

+

{[
1

2
λ′5(Φ′

†
1Φ′2) + λ′6(Φ′

†
1Φ′1) + λ′7(Φ′

†
2Φ′2)

]
(Φ′
†
1Φ′2) + h.c.

}
, (2.1)

where µ′21,2 and λ′1,2,3,4 are real, while µ′23 and λ′5,6,7 are complex. The potential is un-

changed under the U(2) transformation between the doublet fields. When the neutral com-

ponents of the doublet fields get the vacuum expectation values (VEVs), (〈Φ′01〉, 〈Φ′
0
2〉) =

(v1e
iξ1/
√

2, v2e
iξ2/
√

2), so-called the Higgs basis [70, 71] can be realized by the U(2) trans-

formation as (
Φ1

Φ2

)
=

(
cosβ sinβ

− sinβ cosβ

)(
e−iξ1 0

0 e−iξ2

)(
Φ′1
Φ′2

)
, (2.2)

1Recently, in ref. [69] another scenario based on the cancellation of the BZ diagrams has been discussed

in the general THDM without the alignments in the Yukawa interaction and the Higgs potential. In that

paper, the cancellation occurs between the diagrams of fermion-loops and gauge boson-loops.
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where tan β ≡ v2/v1. The two doublet fields Φ1 and Φ2 are parametrized as

Φ1 =

(
G+

1√
2
(v + h0

1 + iG0)

)
, Φ2 =

(
H+

1√
2
(h0

2 + ih0
3)

)
, (2.3)

where G+ and G0 are the Nambu-Goldstone bosons and v ≡
√
v2

1 + v2
2 = (

√
2GF )−1/2 with

GF being the Fermi constant. In the Higgs basis, the potential is rewritten by

V =− µ2
1(Φ†1Φ1)− µ2

2(Φ†2Φ2)−
[
µ2

3(Φ†1Φ2) + h.c.
]

+
1

2
λ1(Φ†1Φ1)2 +

1

2
λ2(Φ†2Φ2)2 + λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†2Φ1)(Φ†1Φ2)

+

{[
1

2
λ5(Φ†1Φ2) + λ6(Φ†1Φ1) + λ7(Φ†2Φ2)

]
(Φ†1Φ2) + h.c.

}
. (2.4)

These parameters, µ2
i and λi, can be expressed by µ′2i and λ′i (see appendix A), and µ2

1,2

and λ1,2,3,4 are real, while µ2
3 and λ5,6,7 are complex. The stationary conditions

0 =
∂V
∂h0

j

∣∣∣∣∣Φ1=〈Φ1〉
Φ2=〈Φ2〉

, (2.5)

lead to

µ2
1 =

1

2
λ1v

2, µ2
3 =

1

2
λ6v

2. (2.6)

The remaining demensionful parameter is redefined as M2 ≡ −µ2
2. The squared mass of

the charged Higgs boson is given by

m2
H± = M2 +

1

2
λ3v

2. (2.7)

The squared-mass matrix for the neutral Higgs bosons in the basis of (h0
1, h

0
2, h

0
3) is given by

M2
ij ≡

∂2V
∂hi∂hj

∣∣∣∣Φ1=〈Φ1〉
Φ2=〈Φ2〉

= v2

 λ1 Re[λ6] −Im[λ6]

Re[λ6] M2

v2
+ 1

2(λ3+λ4+Re[λ5]) −1
2 Im[λ5]

−Im[λ6] −1
2 Im[λ5] M2

v2
+ 1

2(λ3+λ4−Re[λ5])


ij

.

(2.8)

This is diagonalized as RTM2R = diag(m2
H0

1
,m2

H0
2
,m2

H0
3
), where R is the orthogonal ma-

trix. The mass eigenstates of the neutral scalars are expressed as

h0
i = RijH0

j . (2.9)

In the model, one of the phase of parameters can be absorbed by redefinition of the

doublet fields. Consequently, the potential has 11 parameters: v,M, λ1,2,3,4, |λ5,6,7| and the

2 physical phases. Hereafter, we take Im[λ5] = 0 by using the phase redefinition, (Φ†1Φ2)→
e− arg[λ5]/2(Φ†1Φ2), and we also redefine the other complex parameters as µ2

3e
− arg[λ5]/2 →

µ2
3, λ6e

− arg[λ5]/2 → λ6 and λ7e
− arg[λ5]/2 → λ7.
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We impose the condition of the potential alignment,

λ6 = 0, (2.10)

in Which Rij = δij , so that the neutral scalar bosons do not mix with each other. The

squared masses of the neutral scalars are then given by

m2
H0

1
= λ1v

2, (2.11)

m2
H0

2
= M2 +

1

2
(λ3 + λ4 + Re[λ5])v2, (2.12)

m2
H0

3
= M2 +

1

2
(λ3 + λ4 − Re[λ5])v2. (2.13)

We identify H0
1 as the discovered Higgs boson with the mass of 125 GeV, and we consider

that the other Higgs bosons H0
2 , H

0
3 and H± have larger masses. Consequently, there are

7 free parameters which can be chosen as follows

mH0
2
,mH0

3
,mH± ,M, λ2, |λ7| and θ7, (2.14)

where θ7 ≡ arg[λ7] ∈ (−π, π].

2.2 Yukawa interaction

The Yukawa interaction term is given by

Lyukawa = −
2∑

k=1

(
Q̄′Ly

′†
u,kΦ̃

′
ku
′
R + Q̄′Ly

′
d,kΦ

′
kd
′
R + L̄′Ly

′
e,kΦ

′
ke
′
R + h.c.

)
, (2.15)

where Q′L (L′L) is the left-handed quark (lepton) doublet, and u′R, d′R and e′R are the

right-handed up-type quark, down-type quark and charged lepton singlets. In eq. (2.15),

Φ̃′k = iσ2Φ′∗k, and y′f,k (f = u, d and e) are 3× 3 complex Yukawa coupling matrices. The

Yukawa interaction term can be also expressed in the Higgs basis as follows

Lyukawa = −
2∑

k=1

(
Q̄′Ly

†
u,kΦ̃ku

′
R + Q̄′Lyd,kΦkd

′
R + L̄′Lye,kΦke

′
R + h.c.

)
, (2.16)

where the Yukawa coupling matrices are expressed as

yf,1 =
(
y′f,1e

iξ1
)

cosβ +
(
y′f,2e

iξ2
)

sinβ, (2.17)

yf,2 = −
(
y′f,1e

iξ1
)

sinβ +
(
y′f,2e

iξ2
)

cosβ. (2.18)

In the mass eigenstate of the fermions represented as those without a prime, eq. (2.16) is

rewritten as

Lyukawa =− Q̄uL
(√

2
Mu

v
Φ̃1 + ρuΦ̃2

)
uR − Q̄dL

(√
2
Md

v
Φ1 + ρdΦ2

)
dR

− L̄L
(√

2
Me

v
Φ1 + ρeΦ2

)
eR + h.c., (2.19)

– 5 –
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Model ζu ζd ζl

Our model arbitrary complex arbitrary complex arbitrary complex

Type-I THDM 1/ tanβ 1/ tanβ 1/ tanβ

Type-II THDM 1/ tanβ − tanβ − tanβ

Type-X THDM 1/ tanβ 1/ tanβ − tanβ

Type-Y THDM 1/ tanβ − tanβ 1/ tanβ

Table 1. ζf factors in the THDMs. The names of the models are referred to refs. [65, 74].

where QuL = (uL, VCKMdL)T and QdL = (V †CKMuL, dL)T with VCKM being the Cabibbo-

Kobayashi-Maskawa (CKM) matrix. In the above expression, Mf are the diagonalized-mass

matrices for the fermions and ρf are the general complex 3× 3 matrices. The off-diagonal

elements of ρf generally induce FCNCs which are strongly constrained by flavor experi-

ments.

In order to avoid such FCNCs, we impose the Yukawa-alignment proposed by Pich

and Tuzon [65] as

yf,2 = ζf yf,1, (2.20)

where ζf are complex values. Thus, yf,1 and yf,2 are diagonalized at the same time, and

then ρf is expressed by ρu =
√

2
v Muζ

∗
u and ρd,e =

√
2
v Md,eζd,e. There is another prescription

suggested by Glashow and Weinberg [72], in which a Z2 symmetry is imposed to the

Higgs sector. The doublet fields are transformed as Φ′1 → Φ′1 and Φ′2 → −Φ′2 under

the Z2 symmetry. One of the Yukawa matrices y′k,f is then forbidden. There are four

types of Yukawa interactions depending on the Z2 charge assignment for the right-handed

fermions [73, 74]. The ζf factors in each model are summarized in table 1.

The Yukawa interaction term can be written by the mass eigenstates of the fermions

and the Higgs bosons as follows:

Lyukawa ⊃−
∑

f=u,d,e

f̄LMffR +

3∑
j=1

f̄L

(
Mf

v
κjf

)
fRH

0
j + h.c.

 (2.21)

−
√

2

v

{
−ζuūR(M †uVCKM)dL + ζdūL(VCKMMd)dR + ζeν̄LMeeR

}
H+ + h.c..

We introduce κjf as the coupling factors for the interactions of the neutral Higgs bosons

and fermions defined as

κjf = R1j + [R2j + i(−2If )R3j ] |ζf |ei(−2If )θf , (2.22)

where θf ≡ arg[ζf ] ∈ (−π, π] and Iu = 1/2, Id = Ie = −1/2. As we mentioned above,

Rjk = δjk is taken, so that κ factors are written as

κ1
f = 1, (2.23)

κ2
f = |ζf |ei(−2If )θf , (2.24)

κ3
f = i(−2If )κ2

f . (2.25)

– 6 –
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We can see that the Yukawa couplings for H0
1 do not contain the CP-violating phases at

tree-level. On the other hand, those of H0
2,3 have the CP-violating phases, and thus they

can contribute to the EDMs.

2.3 Kinetic terms of the scalar fields

The kinetic term for the scalar doublet fields can be rewritten by

Lkin = |DµΦ′1|2 + |DµΦ′2|2 = |DµΦ1|2 + |DµΦ2|2, (2.26)

where Dµ is the covariant derivative given by Dµ = ∂µ + ig2
σa

2 W
a
µ + ig1

1
2Bµ with g2

and g1 being the SU(2)L and U(1)Y gauge coupling constants, respectively. The trilinear

Higgs-gauge-gauge type couplings are given by

Lkin ⊃
3∑
j

R1j

(
2m2

W

v
WµW

µ +
m2
Z

v
ZµZ

µ

)
H0
j , (2.27)

where mW = g2v/2 and mZ =
√
g2

2 + g2
1 v/2. In the alignment limit Rjk = δjk, the

couplings of H0
1V V (V = W, Z) are the same as the SM ones, and those of H0

2V V and

H0
3V V vanish at tree level.

2.4 Theoretical and experimental constraints

The parameters in the potential are constrained by taking into account the perturbative

unitarity [75–78] and the vacuum stability [79, 80]. In addition, the electroweak S, T and

U parameters [81, 82] constrain the masses and mixings of the Higgs bosons. When we

impose mH3 = mH± and λ6 = 0, new contributions to the T parameter vanish at one-

loop level, because of the custodial symmetry in the Higgs potential [83–87]. Furthermore,

the constraints from B physics should be considered [88]. The constraint on the mass

of charged Higgs bosons and ζq in the Yukawa-alignment scenario has been discussed in

ref. [89]. For example, for mH± = 200 GeV, we estimate the upper limit of |ζ∗uζd| to

be 0.32 (2.4) for arg[ζ∗uζd] = 0 (1) by using the relation of the constrained combination

ζ∗uζd/m
2
H± for |ζu| � |ζd|.

3 Electric dipole moment

The Hamiltonian of the EDM for non-relativistic particles with the spin ~S can be de-

scribed by

HEDM = −df
~S

|~S|
· ~E, (3.1)

where ~E is the external electric field. Under the time reversal transformation T (~S) = −~S
and T ( ~E) = + ~E, the sign of this term HEDM is flipped. Therefore, if the EDM is nonzero,

time reversal invariance is broken, then the CPT theorem implies that CP symmetry is

also broken. In terms of the effective Lagrangian, the EDM df for a fermion is written as

LEDM = −
df
2
f̄σµν(iγ5)fFµν , (3.2)

– 7 –
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where Fµν is the electromagnetic field strength tensor and σµν = i
2 [γµ, γν ]. The neutron

EDM receives the additional contribution from the chromo-EDM (CEDM) dCq for a quark

q being expressed as

LCEDM = −
dCq
2
q̄σµν(iγ5)qGµν , (3.3)

where the Gµν is the QCD field strength tensor.

The electron and neutron EDMs are constrained by various atomic and molecule exper-

iments [41, 43] as follows. First, the ACME collaboration gave the upper limit |de+kCS | <
1.1×10−29 e cm at the 90% confidence level (CL) [90] by using the thorium-monoxide EDM,

where CS is defined by the coefficient of the following dimension six operator

L ⊃ CS(ēiγ5e)(N̄N), (3.4)

with N being a nucleon. The coefficient k is given by k ∼ O(10−15) GeV2 e cm [43]. In our

benchmark scenario, which is explained below, the contribution from kCS is typically two

orders of the magnitude smaller than the current bound, according to the discussion given

in refs. [41, 43]. Therefore, we can safely neglect this contribution, and we simply impose

the bound |de| < 1.1× 10−29 e cm (90% CL) in the following discussion.

Second, very recently the nEDM collaboration updated the constraint on the neutron

EDM as |dn| < 1.8 × 10−26 e cm (90% CL) [91]. In our analysis, the neutron EDM is

estimated by using the following QCD sum rule [42, 92–94]:

dn = 0.79dd − 0.20du + e(0.59dCd + 0.30dCu )/g3, (3.5)

where g3 is the QCD gauge coupling constant. There are the other contributions to the

neutron EDM from the Weinberg operator L ⊃ 1
3CWG

a
µνG̃

bνσGcσ
µ and the four-fermi

interaction L ⊃ Cff ′(f̄f)(f̄ ′iγ5f
′). However, in our benchmark scenario, the contribution

from CW (Cff ′) is typically two (more than two) orders of the magnitude smaller than the

current bound, according to the discussion given in refs. [37, 41, 43] (ref. [41]). We thus

simply apply eq. (3.5) to our analysis.

Finally, the bounds from the other EDMs of atoms are satisfied by considering the

constraints for the above electron and the neutron EDMs. Consequently, what we need to

take into account is the contributions from df (f = e, d and u) and dCq (q = d and u).

The dominant contribution to df appears from the two-loop BZ type diagrams [68].

We note that the one-loop contributions to df are negligibly smaller than those from

the BZ diagrams, because the one-loop contribution has two additional powers of small

Yukawa couplings for light fermions with respect to the BZ diagrams. In fact, we obtain

de(1-loop) ∼ O(10−34) e cm, while de(2-loop) ∼ O(10−27) e cm in the typical input pa-

rameters with O(100) GeV of the masses of additional Higgs bosons and the κf factors

of O(1) [37].

The BZ diagrams contain the effective H0
j V

0γ (V 0 = γ, Z) and H±W∓γ vertices.

The BZ contribution to df is decomposed into the contributions from fermion-loops, Higgs

boson-loops and gauge bosom-loops as follows

df = df (fermion) + df (Higgs) + df (gauge). (3.6)

– 8 –



J
H
E
P
0
8
(
2
0
2
0
)
0
2
6

(a) Fermion-loop. (b) Higgs boson-loop.

Figure 1. BZ type diagrams contributing to the electron EDM.

Furthermore, each contribution can be classified as

df (X) = dγf (X) + dZf (X) + dWf (X), (3.7)

where dγf (X), dZf (X) and dWf (X) are the contributions from diagrams with γ, Z and W

exchange, respectively. The explicit expressions for each component of df are given in

appendix B in the Yukawa-aligned THDM. The gauge boson-loop contributions de(gauge)

are proportional to
∑3

j=1R1jIm[κjf ].2 Thus, by imposing the potential alignment Rij =

δij this contribution vanishes. In addition, it is confirmed in refs. [39, 41] that non-BZ

type diagrams at two-loop level with a Higgs boson mediation are also proportional to∑3
j=1R1jIm[κjf ], so that they vanish in the alignment limit. Therefore, the dominant

contributions arise from the Higgs boson and fermion-loops as shown in figure 1.

Requiring the destructive interference between the fermion-loop and Higgs boson-loop

in order to realize de ' 0, we obtain the following relation assuming the extra Higgs boson

masses to be nearly degenerate and θd = 0,(
AγIγ +AZIZ +AW IW

)
|ζu| sin(θu − θe) ' −

(
BγJγ +BZJZ +BWJW

)
|λ7| sin(θ7 − θe),

(3.8)

where A and B are the constant factors:

Aγ =
32

3
sin2 θW

m2
t

v2
, (3.9)

AZ =
1

3

(1− 4 sin2 θW )(3− 8 sin2 θW )

cos2 θW

m2
t

v2
, (3.10)

AW = 3
m2
t

v2
, (3.11)

Bγ = 4 sin2 θW , (3.12)

BZ =
1

2

(1− 4 sin2 θW )

cos2 θW
cos 2θW , (3.13)

BW = −1

2
, (3.14)

2When we take all the neutral Higgs bosons degenerate in mass, de also vanishes because of the orthog-

onality of the R matrix [41].
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mu = 1.29× 10−3, mc = 0.619, mt = 171.7,

md = 2.93× 10−3, ms = 0.055, mb = 2.89,

me = 0.487× 10−3, mµ = 0.103, mτ = 1.746 (in GeV).

αem = 1/127.955, mZ = 91.1876 GeV, mW = 80.379 GeV, αS = 0.1179.

λ = 0.22453, A = 0.836, ρ̄ = 0.122, η̄ = 0.355.

Table 2. Input values for the SM parameters at the scale of mZ . We refer to refs. [95, 96] for the

fermion masses at mZ . The other parameters in the table are taken in ref. [97]. The parameters in

the last line are the Wolfenstein parameters of the CKM matrix [97].

and I and J are the loop functions depending on the masses of the extra Higgs bosons:

IV = 2

∫ 1

0
dz

[
1

z
− (1− z)

]
CV H̃tt (z), (V = γ and Z), (3.15)

IW =

∫ 1

0
dz

2− z
z

[
2

3
− z
]
CWH̃
tb (z), (3.16)

JV = 2

∫ 1

0
dz(1− z)CV H̃

H̃H̃
(z), (V = γ, Z and W ), (3.17)

where CGHXY (z) are given in appendix B, and its argument mH̃ denotes the mass of the

extra Higgs bosons in the loop. From eq. (3.8), it is clear that the two independent phases

θu and θ7 can be taken such that the fermion- and the Higgs boson-loop contributions to

de cancel with each other.

We numerically calculate the electron EDM by using the input parameters in the SM in

table 2. As we mentioned in section 2, we take mH0
3

= mH± in order to avoid the constraint

from the T parameter in the following analysis. In figure 2, the electron EDM is shown by

the contour plot as a function of mH0
2

and mH±(= mH0
3
) with (θu, θd, θe, θ7) = (2, 0, π/2, 1),

|λ7| = 0.3, |ζu| = 0.01, |ζd| = 0.1 and |ζe| = 0.5 at the scale mZ . The green solid line denotes

de = 0 and the area between green dashed lines is the allowed region against the constraint

from the electron EDM. It is seen that de is getting close to 0 when the masses of the

additional Higgs bosons are taken to be O(200) GeV. If one of the masses is taken to be

much larger than that of the others, de is getting larger because the cancellation becomes

weaker. If all the masses are simultaneously taken to be larger up to about 400 GeV, de
becomes larger because of the same reason. If they are further taken to be larger, de turns

out to be decreasing due to the decoupling behavior of the additional Higgs bosons.

In figure 3, the electron EDM is shown by the contour plot as a function of θu and θ7

in the case with mH0
2

= 280, mH± = 230, |λ7| = 0.3, |ζu| = 0.01, |ζd| = 0.1 and |ζe| = 0.5.

The left (right) panel corresponds to the case with θd = 0 and θe = 0 (π/4). Similar to

figure 2, the green solid line denotes de = 0, and the area within dashed lines is allowed

by the constraint from the electron EDM. It is seen that |de| becomes maximal at around

(θu, θ7) = (±π/2,±π/2) in the left panel. We find that there are regions satisfying de ' 0

away from the origin, in which the destructive interference works successfully. In the right
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Figure 2. Contour plot for the electron EDM de in the unit of 10−29 e cm as a function of mH0
2

and

mH±(= mH0
3
) with (θu, θd, θe, θ7) = (2, 0, π/2, 1), |λ7| = 0.3, |ζu| = 0.01, |ζd| = 0.1 and |ζe| = 0.5

at the scale mZ in the panel. The green solid line denotes de = 0 and the area between the green

dashed lines is the allowed region against the constraint from the electron EDM.
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Figure 3. Contour plot for the electron EDM de in the unit of 10−29 e cm as a function of θu and

θ7 in the case with mH0
2

= 280, mH± = 230, |λ7| = 0.3, |ζu| = 0.01, |ζd| = 0.1 and |ζe| = 0.5. The

left (right) panel corresponds to the case with θd = 0 and θe = 0 (π/4). The green solid lines denote

de = 0 and the area between the green dashed lines is the allowed region against the constraint

from the electron EDM. In the right panel, the point marked by the star (θu, θ7) = (1.2,−1.8) is

the benchmark point.

panel, the shape of the contour is shifted to the upper-right region from that of the left

panel. Similarly, we find the regions satisfying de ' 0 away from the origin.

From the discussion above, it is clarified that CP-violating phases of O(1) are allowed

under the constraints from de and dn, because of the destructive interference. It is also

shown that the masses of O(100) GeV of the additional Higgs bosons are required to realize
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M = 240, mH0
2

= 280, mH0
3

= 230, mH± = 230 (in GeV).

|ζu| = 0.01, |ζd| = 0.1, |ζe| = 0.5, |λ7| = 0.3, λ2 = 0.5.

θu = 1.2, θd = 0, θe = π/4, θ7 = −1.8 (in rad).

Table 3. Input values for the THDM at the scale mZ .

the destructive effects. We note that in the parameter region allowed by de the neutron

EDM is typically two orders of the magnitude smaller than the current upper limit. We

set the benchmark point given in table 3. This point is marked as the star in the right

panel of figure 3.

There are several plans of the future experiments for the electron and neutron EDM.

For example, the sensitivity for the electron and neutron EDM might reach around 10−30

e cm [98] and 10−27 e cm [99], respectively. The improvement for the electron EDM

makes the widths of the allowed region in figures 2 and 3 about 1/10. On the other hand,

the improvement for the neutron EDM can give the upper limit for θu. However, in our

scenario, the predicted value of the neutron EDM is two orders of magnitude smaller than

the current bound. Therefore, the one-order magnitude improvement does not change the

allowed region given in figures 2 and 3. In addition to the above mentioned improvements

of the measurement of EDMs, the sensitivity for the neutron EDM can further be improved

to be 10−28 e cm level by using spallation neutron sources [100]. Moreover, there is a plan

to measure the proton EDM with the accuracy of 10−29 e cm level [101]. These future

experiments will be able to play a complementary role to prove our scenario.

4 Collider signals

4.1 Overview

As we have discussed in the above section, the masses of the additional Higgs bosons H2,

H3 and H± have to be O(100) GeV in order to realize the cancellation of the contribution

from the Barr-Zee diagrams. On the other hand, the couplings of the SM-like Higgs boson

h(= H1) are the same as those of the SM Higgs boson at tree level, because we have imposed

the alignment limit to the Higgs potential; i.e., R = 1. Therefore, the phenomenology

for the additional Higgs bosons can be important in order to test our scenario. In what

follows, we first discuss the production mechanism of the additional Higgs bosons at hadron

colliders. We then investigate their decays, in which we can extract the effect of CP-

violating phases by looking at the decay products of these Higgs bosons.

4.2 Productions of the additional Higgs bosons

In the scenario with the potential alignment, the H2V V and H3V V (V = W,Z) vertices

vanish at tree level. In addition, for the charged Higgs bosons the H±W∓Z vertex generally

does not appear at tree level in THDMs [102–104], because we can define the Higgs basis,

see eqs. (2.2) and (2.3). Furthermore, in general the H±W∓γ vertex does not appear at

tree level in any kind of extended Higgs models, because of the U(1)em invariance. The
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Figure 4. Cross section for gg → φ0 (left) and gg → bb̄φ0 (right) at
√
s = 13 TeV (φ0 = H2 or

H3). We take |ζu| = 0.01, |ζd| = 0.1, θu = 1.2 and θd = 0.

additional Higgs bosons can then be produced via the Yukawa interactions as follows:

gg → φ0 (gluon fusion), (4.1)

gg → tt̄φ0 (top quark associated production), (4.2)

gg → bb̄φ0 (bottom quark associated production), (4.3)

gb→ H±t (gluon-bottom fusion), (4.4)

where φ0 is H2 or H3. They can also be produced in pair via the s-channel gauge boson

mediations;

qq̄ → Z∗ → H2H3, (4.5)

qq̄′ →W ∗ → H±φ0, (4.6)

qq̄ → Z∗/γ∗ → H+H−. (4.7)

Let us first consider the processes induced by the Yukawa interaction. The dominant

cross section for φ0 is provided from the gluon fusion process given in eq. (4.1) whose value

is estimated by

σ(gg → φ0) = σ(gg → h)SM ×
Γ(φ0 → gg)

Γ(h→ gg)SM
, (4.8)

where σ(gg → h)SM is the cross section for the SM Higgs boson, and Γ(φ0 → gg) [Γ(h →
gg)SM] is the decay rate of the φ0 → gg in our scenario [h → gg in the SM]. The value

of σ(gg → h)SM can be referred from the LHC Higgs Cross section Working Group [105]

at N3LO in QCD. The cross sections for the top and bottom quark associated production

can also be estimated by σSM
tt̄h × |ζu|

2 and σSM
bb̄h
× |ζd|2 with σSM

tt̄h and σSM
bb̄h

being the cross

section for gg → tt̄h gg → bb̄h in the SM, respectively. According to [105], σSM
tt̄h and σSM

bb̄h

are almost the same value for a fixed value of mh; e.g., they are given to be about 120

(100) fb at NLO in QCD, where mh = 200 GeV and
√
s = 13 TeV are taken. Thus, the

cross section for the top quark associated production is negligibly small, because we have

taken |ζu| = 0.01 as the benchmark. The cross sections for the gluon fusion and the bottom

quark associated processes are shown in figure 4. It is seen that the cross section of the
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Figure 5. Cross section for gb → H−t at
√
s = 13 TeV. We take |ζu| = 0.01, |ζd| = 0.1, θu = 1.2

and θd = 0.

gluon fusion process is typically one order of the magnitude larger than that of the bottom

quark associated process.

For the charged Higgs bosons, if they are lighter than the top quark mass, they can

be produced via the top decay t → H±b. However, such light charged Higgs bosons have

already been highly constrained by the current LHC data [106, 107]. For instance, the upper

limit on B(t → H±b) is given to be of order 10−3 at 95% CL assuming B(H± → τ±ν) =

1 [107]. We thus consider the case with the heavier charged Higgs bosons mH± > mt,

in which they can be produced via the gluon-bottom fusion process given in eq. (4.4).

We evaluate the production cross section by using CalcHEP 3.4.2 [108] with the parton

distribution functions of CTEQ6L [109]. In figure 5, we show the production cross section

of gb → H±t process as a function of mH± at LO in QCD with
√
s = 13 TeV. NLO

corrections in QCD have been discussed in refs. [110, 111].

As mentioned above, there are pair production processes given in eqs. (4.5)–(4.7).

Differently from the Yukawa induced processes, their cross section is determined by the

gauge coupling for a fixed value of the mass of the additional Higgs boson. Therefore,

even when we take very small values of the ζf parameters, these production processes

can be important. Again, we use CalcHEP 3.4.2 and CTEQ6L for the evaluation of the

cross section. The cross section is shown in figure 6. We see that these cross sections

can be larger than those given by the Yukawa induced processes in the wide range of the

mass region.

4.3 Decays of the additional Higgs bosons

We discuss the branching ratios of the additional Higgs bosons. In the alignment limit

Rjk = δjk, the additional Higgs bosons can mainly decay into a fermion pair. They can also

decay into a (off-shell) gauge boson and another Higgs boson if it is kinematically allowed.

In addition to these decay modes, we can consider loop-induced decay processes such as

H0
2,3 → γγ, Zγ, gg and H± →W±Z,W±γ. Except for the H0

2,3 → gg, the branching ratios

of loop-induced processes are negligibly small; i.e., BR(H0
2,3 → γγ/Zγ) and BR(H± →

W±Z,W±γ) [104] are typically smaller than O(10−4). In our benchmark point given in
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Figure 7. Branching ratios of H0

2 (left), H0
3 (center) and H± (right) as the function of |ζe| with

the fixed parameters given in table 3. The vertical line denotes the upper limit |ζe| > 0.58 by the

electron EDM.

table 3, the main decay modes of the additional Higgs bosons are given as follows

H0
2 → bb̄, cc̄, τ+τ−, gg,W±∗H∓, Z∗H0

3 , (4.9)

H0
3 → bb̄, cc̄, τ+τ−, gg, (4.10)

H± → tb, τ±ν. (4.11)

The explicit analytic formulae for the above decay rates are given in appendix C.

In figure 7, we show the branching ratios of H0
2 (left), H0

3 (center) and H± (right) as a

function of |ζe| with the fixed parameters given in table 3. In this case, the upper limit of

|ζe| is given to be 0.58 from the constraint of de, which is denoted by the vertical solid line.

For the decay of H0
2 , H0

2 → W±∗H∓ and H0
2 → Z∗H0

3 are dominant in the wide range of

|ζe|. On the other hand, H0
2 → ττ can be important in the case with larger values of |ζe|,

whose branching ratio can be maximally about 20%. For the decay of H0
3 , the behavior

of BR(H0
3 → ττ) is similar to that of H0

2 . However, because of the absent of the decays

into a gauge boson and a Higgs boson the value of BR(H0
3 → ττ) increases as compared

with BR(H0
2 → ττ). In fact, it can be almost 100% with |ζe| & 0.5. For the decay of

H±, it is seen that BR(H± → τ±ν) can be larger than BR(H± → tb) with |ζe| & 0.4.

Therefore, H0
2,3 → ττ and H± → τ±ν can be important in our scenario. The decays of the

heavy scalars into τ leptons have been looked for at the LHC. If the masses of the heavy

scalars are taken to be 200 GeV, the observed upper limit for the gluon-fusion cross-section
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(a) H0
j rest frame. (b) τ∓ rest frame. (c) View looking along the

z axis.

Figure 8. Schematic pictures for the angles θ± and φ± defined on the rest frame of τ±. The z

axis is defined along with the direction of τ− on the rest frame of H0
j .

is given by O(100) fb [112] which is roughly two orders of magnitude larger than our cross

section. Thus, we can safely avoid the constraint from the current LHC data.

4.4 Angular distribution

If the additional Higgs bosons are produced, the CP-violating phases can be measured from

their decay products at collider experiments. In our scenario, the CP-violating phases from

the Yukawa interaction affect angular distributions of such decay products. On the other

hand, the effect of the CP-violating phases from the Higgs potential do not directly appear

in the decays of the extra Higgs bosons into fermions. However, if we can measure the

CP-violating effect in the angular distributions, it indirectly proves the existence of the

CP-violating phases in the Higgs potential because of the necessity of the cancellation of

the EDM as discussed in section 3.

We discuss the decay of the extra neutral Higgs bosons into a pair of τ , because

it provides relatively clearer signatures than the others and it can be dominant in our

scenario, see figure 7. As discussed in refs. [56–59], the hadronic decays of τ can be

useful to extract the CP-violating effects due to their simple kinematic structure. We thus

consider H0
j → τ−τ+ → h−νh+ν̄, where h± are hadrons, for instance, ρ± or π± mesons.

The average of the squared amplitude for H0
j → τ−τ+ → h−νh+ν̄ is calculated as

|M(θ−,φ−, θ+,φ+)|2 ∝ (1+cosθ− cosθ+)−sinθ− sinθ+ cos(2arg[κje]+φ−−φ+), (4.12)

where the mass of τ is neglected, and the angles θ± and φ± are defined as the momentum

direction of the meson on the rest frame of τ± as depicted in figure 8. By applying eq. (4.12)

to the decays of H0
2,3, the angular distribution of the decay products of H0

2,3 are obtained

as follows∫ ∫
dθ−dθ+ |M(H0

2 → τ−τ+ → h−νh+ν̄)|2 ∝ π2 − 4 cos(2θe −∆φ), (4.13)∫ ∫
dθ−dθ+ |M(H0

3 → τ−τ+ → h−νh+ν̄)|2 ∝ π2 − 4 cos(2θe −∆φ+ π/2), (4.14)
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Figure 9. Normalized ∆φ distributions for H0
j → τ−τ+ → h−νh+ν̄ with j =2 (left) and 3 (right).

where ∆φ ≡ φ+ − φ−. From these expressions, we can extract θe by looking at the ∆φ

distributions. In figure 9, we show the ∆φ distributions in the decay of H0
2 (left) and

that of H0
3 (right) for each fixed value of θe. Depending on the value of θe, the shape

of the distributions changes, so that we may be able to extract the information of θe. It

goes without saying that dedicated studies with signal and background simulations have

to be performed in order to know the feasibility of extracting the CP-violating phases in

our scenario.

5 Renormalization group equation analysis

One might think that the destructive cancellation of the contributions from BZ diagrams

seems to be a kind of artificial fine tuning to satisfy the data. In order to see the stability

of our scenario, we investigate the high energy behavior by the RGE analysis. We discuss

the scale dependence of the electron EDM de in the case where the destructive interference

sufficiently realizes at the scale of mZ so that the current data are satisfied. We evaluate

the running of all the dimensionless couplings from the scale of mZ to a high energy scale

by using the one-loop β-functions given in appendix D.

In order to investigate the scale dependence of de, we first consider how the alignment

of the Yukawa interaction can be broken at a high energy scale. The magnitude of the

departure from the alignment limit can be parametrized as [113]

∆q ≡ Tr[δy†qδyq], where δyq ≡ ρ̂q −

(
ρ̂33
q

M̂33
q

)
M̂q, (q = u, d). (5.1)

We note that ∆q vanishes at the alignment limit which is assumed at the scale of mZ . The

behavior of the running of ∆u (left) and ∆d (right) is shown in figure 10. It is clearly seen

that both ∆u and ∆d are significantly small up to a high energy scale such as at least about

1010 GeV where the Landau pole appears (see the discussion below). This is because the

source of the breaking of the alignment mainly arises from the tiny off-diagonal elements

of the CKM matrix. Therefore, the Yukawa alignment approximately holds up to a high

energy scale.
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Next, we consider how the alignment of the Higgs potential can be broken at a high

energy scale. This can be clarified by looking at the running of the λ6 parameter, see

eq. (2.8). In figure 11, we show the scale dependence of the magnitude of all the dimen-

sionless parameters in the Higgs potential. We can see that the |λ6| parameter quite slowly

increases as the scale is getting higher, and it blows up together with all the other cou-

plings at around µ = 1010 GeV which is the scale appearing the Landau pole. Therefore,

our scenario is stable up to such a high energy scale.

Finally, we discuss the scale dependence of de which can be evaluated by

µ
∂

∂µ
d̂e(µ) = µ

∂

∂µ
d̂e(fermion) + µ

∂

∂µ
d̂e(Higgs) + µ

∂

∂µ
d̂e(gauge). (5.2)

We note that the contribution from the gauge boson loop d̂e(gauge) appears at higher

energy scales, because of the breaking of the potential alignment. In addition, the SM-like

Higgs boson H0
1 is no longer the pure CP-even state at higher energy scales, so that H0

1

can also but slightly contribute to d̂e as well as H0
2 and H0

3 . In figure 12, we show the scale

dependence of each contribution to d̂e; i.e., d̂e(fermion), d̂e(Higgs) and d̂e(gauge), by taking

into account the above mentioned issues, where we neglect subdominant contributions from

non-BZ type diagrams. We see that the cancellation between d̂e(fermion) and d̂e(Higgs)
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Figure 12. RGE running of the electron EDM from mZ with the benchmark parameters given

in table 3.

still works at higher energy scales. However, because of the appearance of d̂e(gauge),

the total value is getting larger, and it exceeds |de| = 1.747 × 10−16 GeV−1 at around

µ = 108 GeV.3 We note that the dimensionless scalar couplings can blow up at the lower

scales when the realization of the first-order phase transition is considered.

6 Discussions and conclusions

We have discussed the general THDM with the multiple sources of CP-violating phases in

the Yukawa interaction and the Higgs potential. In order to avoid the FCNCs at tree-level,

we have imposed the Yukawa alignment. In addition, the alignment in the Higgs potential

is imposed in order that coupling constants of the Higgs boson with the mass of 125 GeV

with SM particles are the same as those of the SM Higgs boson at tree level.

In this framework, we have computed the contributions from the BZ type diagrams to

the electron and neutron EDMs. We have found that there are non-trivial regions of the

parameter space with O(1) CP-violating phases allowed by the current bounds from the

EDM searches if the masses of the additional Higgs bosons are taken to be O(100) GeV.

Such non-trivial solutions to satisfy the EDM bounds are obtained due to the destructive

interference between the fermion and the Higgs boson loop contributions in the BZ diagram.

We then have considered how our scenario can be tested at collider experiments. In

particular, we have focused on the decays of the additional neutral Higgs bosons into a pair

of tau leptons with their hadronic decays. The difference of the azimuthal angles between

the two hadron jets strongly depends on the CP-violating phases of the Yukawa interaction

for the decaying Higgs boson. Therefore, measurements of such a specific distribution can

be the direct test of the CP-violating phases in the Yukawa interaction. Furthermore,

this can be the indirect test of the CP-violating phase in the Higgs potential, because

of the necessity of the destructive cancellation of the EDM. We have shown the angular

distributions for several values of the CP-violating phases of the Yukawa interaction.

3Although d̂e at the high energy scale is not constrained by experiments, it would be viable to see the

stability of the parameter set to realize the destructive cancellation at the mZ scale.
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Finally, we have discussed the scale dependence of the dimensionless couplings by using

the RGEs at one-loop level. We have confirmed that both the alignment in the Yukawa

interaction and that in the Higgs potential can be stable up to a high energy scale such

as 108 GeV.

Before closing this paper, we give a brief comment on the possibility of EWBG in

our scenario. At the zero temperature, the VEVs of the Higgs doublets are taken to

be (〈Φ0
1〉, 〈Φ0

2〉) = (v/
√

2, 0), while at the finite temperature, they can be (〈Φ0
1〉, 〈Φ0

2〉) =

(v′1, v
′
2)/
√

2 [14]. If this kind of the structure of the phase transition can be realized, the

complex phase can appear in the top quark mass via ζu during the EWPT, which may be

able to generate the baryon asymmetry of the Universe. In this case, our scenario discussed

in this paper is important for successful and tastable models for EWBG.
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A Parameters of the scalar potential: relations between two bases

The relations between the potential parameters on the original basis and the Higgs basis

given in eqs. (2.1) and (2.4) in section 2 are expressed as follows [71]

µ2
1 =+µ′

2
1c

2
β+µ′

2
2s

2
β+2Re[µ′

2
3e
iξ]cβsβ , (A.1)

µ2
2 =+µ′

2
1s

2
β+µ′

2
2c

2
β−2Re[µ′

2
3e
iξ]cβsβ , (A.2)

µ2
3 =−(µ′

2
1−µ′

2
2)cβsβ+Re[µ′

2
3e
iξ](c2

β−s2
β)+iIm[µ′

2
3e
iξ], (A.3)

λ1 =+λ′1c
4
β+λ′2s

4
β+2λ′345c

2
βs

2
β+4

(
Re[λ′6e

iξ]c2
β+Re[λ′7e

iξ]s2
β

)
cβsβ , (A.4)

λ2 =+λ′1s
4
β+λ′2c

4
β+2λ′345c

2
βs

2
β−4

(
Re[λ′6e

iξ]s2
β+Re[λ′7e

iξ]c2
β

)
cβsβ , (A.5)

λ3 =+λ′3+(λ′1+λ′2−2λ′345)c2
βs

2
β−2

(
Re[λ′6e

iξ]−Re[λ′7e
iξ]
)

(c2
β−s2

β)cβsβ , (A.6)

λ4 =+λ′4+(λ′1+λ′2−2λ′345)c2
βs

2
β−2

(
Re[λ′6e

iξ]−Re[λ′7e
iξ]
)

(c2
β−s2

β)cβsβ , (A.7)

λ5 =+Re[λ′5e
2iξ]+(λ′1+λ′2−2λ′345)c2

βs
2
β−2

(
Re[λ′6e

iξ]−Re[λ′7e
iξ]
)

(c2
β−s2

β)cβsβ

+i
[
Im[λ′5e

2iξ](c2
β−s2

β)−2
(

Im[λ′6e
iξ]−Im[λ′7e

iξ]
)
cβsβ

]
, (A.8)

λ6 =−
[
λ′1c

2
β−λ′2s2

β−λ′345(c2
β−s2

β)
]
cβsβ+Re[λ′6e

iξ]c2
β(c2

β−3s2
β)−Re[λ′7e

iξ]s2
β(s2

β−3c2
β)

+i
(

Im[λ′5e
2iξ]cβsβ+Im[λ′6e

iξ]c2
β+Im[λ′7e

iξ]s2
β

)
, (A.9)

λ7 =−
[
λ′1s

2
β−λ′2c2

β+λ′345(c2
β−s2

β)
]
cβsβ−Re[λ′6e

iξ]s2
β(s2

β−3c2
β)+Re[λ′7e

iξ]c2
β(c2

β−3s2
β)

−i
(

Im[λ′5e
2iξ]cβsβ−Im[λ′6e

iξ]s2
β−Im[λ′7e

iξ]c2
β

)
, (A.10)

where ξ ≡ ξ2 − ξ1, cβ = cosβ, sβ = sinβ and λ′345 ≡ λ′3 + λ′4 + Re[λ′5e
2iξ].
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B Exact formulae of the Barr-Zee type contributions

We here list the Barr-Zee type contributions to the EDM (CEDM) for a fermion (quark)

dγf , dZf and dWf (dCq ) given in eqs. (3.6) and (3.7) (eq. (3.5)) in section 3. The fermion-loop

contributions to the EDM are

dVf (f ′) =
emf

(16π2)2
8gvV ffg

v
V f ′f ′Qf ′NC

m2
f ′

v2
(B.1)

×
3∑
j

∫ 1

0
dz
{

Im[κjf ]Re[κjf ′ ]
(
1

z
−2(1−z)

)
+Re[κjf ]Im[κjf ′ ]

1

z

}
C
V H0

j

f ′f ′ (z),

dW

f

(
If=−

1

2

)(tb) =
eg22mf

(16π2)2
NC (B.2)

×
∫ 1

0
dz

{
m2

t

v2
Im[ζ∗f ζu]

2−z
z

+
m2

b

v2
Im[ζ∗f ζd]

}
[Qt(1−z)+Qbz]CWH±

tb (z),

dW

f

(
If=+

1

2

)(tb) =
eg22mf

(16π2)2
NC (B.3)

×
∫ 1

0
dz

{
m2

t

v2
Im[ζfζ

∗
u]+

m2
b

v2
Im[ζfζ

∗
d ]

1+z

1−z

}
[Qt(1−z)+Qbz]CWH±

tb (z),

the Higgs boson-loop contributions to EDM are

dVf (H±) =
emf

(16π2)2
4gvV ff (igH+H−V )

3∑
j

Im[κjf ]
gH±H∓H0

j

v

∫ 1

0
dz(1− z)C

V H0
j

H±H±
(z),

(B.4)

dWf (H±H0) =
eg2

2mf

(16π2)2

1

2

3∑
j

Im[κjf ]
g
H±H∓H0

j

v

∫ 1

0
dz(1− z)CWH±

H±H0
j

(z), (B.5)

the gauge-loop contributions to EDM are

dVf (W ) =
emf

(16π2)2
8gvV ff (igWWV )

m2
W

v2

3∑
j

R1jIm[κjf ]

×
∫ 1

0
dz

[{(
6− m2

V

m2
W

)
+

(
1− m2

V

2m2
W

)
m2

H0
j

m2
W

}
(1−z)

2
−
(

4− m2
V

m2
W

)
1

z

]
C
V H0

j

WW (z),

(B.6)

dWf (WH0) =
eg22mf

(16π2)2
1

2

m2
W

v2

3∑
j

R1jIm[κjf ]

∫ 1

0
dz

{
4−z
z
−
m2

H±−m
2
H0

j

m2
W

}
(1−z)CWH±

WH0
j

(z),

(B.7)

and the quark-loop contributions to CEDM are

dCq (q′) =
mq

(16π2)2
4g3

3

m2
q′

v2

3∑
j

∫ 1

0
dz

{
Im[κjq]Re[κjq′ ]

(
1

z
−2(1−z)

)
+Re[κjq]Im[κjq′ ]

1

z

}
C
gH0

j

q′q′ (z),

(B.8)
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where V = γ, Z andNC is the color factor. The coupling constants are given by gvγff = eQf ,

gvZff = gz(If/2 − Qfs2
W ), gH+H−γ = −ie, gH+H−Z = −igZc2W /2, gH±H∓H0

j
= (λ3R1j +

Re[λ7]R2j − Im[λ7]R3j)v, gWWA = −ie and gWWZ = −igZc2
W , where Qf are the electric

charges of the fermion, gZ =
√
g2

1 + g2
2, sW = sin θW , cW = cos θW and c2W = cos 2θW .

CGHXY (z) = C0

(
0, 0;m2

G,m
2
H ,

(1− z)m2
X + zm2

Y

z(1− z)

)
, (B.9)

and where C0 is the Passarino-Veltman function [114],

C0(0, 0;m2
1,m

2
2,m

2
3) =

1

m2
1 −m2

2

{
m2

1

m2
1 −m2

3

log

(
m2

3

m2
1

)
− m2

2

m2
2 −m2

3

log

(
m2

3

m2
2

)}
. (B.10)

We confirmed the consistency of our results with refs. [39–43, 45].

C Decay of the heavy Higgs bosons

We here list the partial decay width of the extra Higgs bosons given in eqs. (4.9), (4.10)

and (4.11) in section 4. We refer to refs. [52, 55, 115, 116].

Γ(H0
i → ff̄) =

NCGFmH0
i
m2
f

4
√

2π

(
1−

4m2
f

m2
H0

i

)3/2
(Re[κif ])2 +(Im[κif ])2

(
1−

4m2
f

m2
H0

i

)−1
 ,

(C.1)

Γ(H0
i → gg) =

GFα
2
s(mH0

i
)m3

H0
i

64
√

2π3

∣∣∣∣∣∑
q

Re[κiq]A
H
1/2(τ iq)

∣∣∣∣∣
2

+

∣∣∣∣∣∑
q

Im[κiq]A
A
1/2(τ iq)

∣∣∣∣∣
2
 , (C.2)

Γ(H0
i → φV ∗) =

9G2
µm

4
V

8π3
δ′VmH0

i
g2
H0

i ϕV
G

(
m2
ϕ

m2
H0

i

,
m2
V

m2
H0

i

)
, (C.3)

Γ(H+→ ff ′) =
NC

16πm3
H±

[(
m2
H±−m

2
f −m2

f ′
)2−4m2

fm
2
f ′

]1/2

×
[(
m2
H±−m

2
f −m2

f ′
)(
|y+
f |

2 + |y+
f ′ |

2
)
−4mfmf ′Re[y+

f
∗y+
f ′ ]
]
, (C.4)

where τ iX = m2
H0

i
/4m2

X , δ′Z = 7
12 −

10
9 sin2 θW + 40

27 sin4 θW , δ′W = 1 and φ = H0
j 6=i(H

±) for

V ∗ = Z∗(W ∗). The couplings y+
f and y+

f ′ are given by L ⊃ (f̄Ry
+
f f
′
L + f̄Ly

+
f ′f
′
R)H+ + h.c..

The functions A(τ) are given by

AH1/2(τ) = 2[τ + (τ − 1)f(τ)]τ−2, (C.5)

AA1/2(τ) = 2τ−1f(τ), (C.6)

and where

f(τ) =

 arcsin2√τ , for τ ≤ 1,

−1
4

[
log 1+

√
1−τ−1

1−
√

1−τ−1
− iπ

]2
, for τ > 1.

(C.7)
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In terms of λ(x, y) = −1 + 2x + 2y − (x− y)2 with x = m2
X/m

2
H0

i
, the function G(x, y) is

given by

G(x, y) =
1

4

{
2(−1 + y − x)

√
λ(x, y)

[
π

2
+ arctan

(
y(1− y + x)− λ(x, y)

(1− x)
√
λ(x, y)

)]

+ (λ(x, y)− 2x) log x+
1

3
(1− x)

[
5(1 + x)− 4y − 2

y
λ(x, y)

]}
. (C.8)

D Beta functions

We here list the beta functions of the dimensionless coupling constants of general THDM

up to one-loop level given in section 5. The couplings are expressed in any basis of the

fermions and the scalar doublet fields given in eqs. (2.1) and (2.15) in section 2. The beta

functions of the gauge coupling constants are given as

16π2βg3 =

(
−11 +

4

3
ng

)
g3

3, (D.1)

16π2βg2 =

(
−22

3
+

4

3
ng +

1

6
nd

)
g3

2, (D.2)

16π2βg1 =

(
20

9
ng +

1

6
nd

)
g3

1, (D.3)

where ng is the number of the generation of the fermions and nd is the number of scalar

doublets. The beta functions of the Yukawa-coupling matrices are given as

16π2βyu,k =− 2

2∑
l

(yu,lyd,ky
†
d,l) +

1

2

2∑
l

yu,k[(y
†
u,lyu,l) + (yd,ly

†
d,l)] +

2∑
l

(yu,ly
†
u,l)yu,k

+
2∑
l

Tr[yy]lkyu,l −
(

8g2
3 +

9

4
g2

2 +
17

12
g2

1

)
yu,k, (D.4)

16π2βyd,k =− 2
2∑
l

(y†u,lyu,kyd,l) +
1

2

2∑
l

[(y†u,lyu,l) + (yd,ly
†
d,l)]yd,k +

2∑
l

yd,k(y
†
d,lyd,l)

+

2∑
l

Tr[yy]lkyd,l −
(

8g2
3 +

9

4
g2

2 +
5

12
g2

1

)
yd,k, (D.5)

16π2βye,k =
1

2

2∑
l

(ye,ly
†
e,l)ye,k +

2∑
l

ye,k(y
†
e,lye,l) +

2∑
l

Tr[yy]lkye,l −
(

9

4
g2

2 +
15

4
g2

1

)
ye,k,

(D.6)

where

Tr[yy]lk = Tr[NC

(
y†u,lyu,k + y†d,lyd,k

)
+ y†e,lye,k]. (D.7)
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The beta functions of the scalar self-couplings are given as

16π2βλ1 = 2
{

6λ2
1+2λ2

3+2λ3λ4+λ2
4+|λ5|2+12|λ6|2

}
−4
{
NC

(
Tr
[
yu,1y

†
u,1yu,1y

†
u,1

]
+Tr

[
yd,1y

†
d,1yd,1y

†
d,1

])
+Tr

[
ye,1y

†
e,1ye,1y

†
e,1

]}
+4Tr[yy]11λ1+2Tr[yy]21(λ6+λ∗6)+

3

4
(3g4

2 +g4
1 +2g2

2g
2
1)−3(3g2

2 +g2
1)λ1, (D.8)

16π2βλ2 = 2
{

6λ2
2+2λ2

3+2λ3λ4+λ2
4+|λ5|2+12|λ7|2

}
−4
{
NC

(
Tr
[
yu,2y

†
u,2yu,2y

†
u,2

]
+Tr

[
yd,2y

†
d,2yd,2y

†
d,2

])
+Tr

[
ye,2y

†
e,2ye,2y

†
e,2

]}
+4Tr[yy]22λ2+2Tr[yy]12(λ7+λ∗7)+

3

4
(3g4

2 +g4
1 +2g2

2g
2
1)−3(3g2

2 +g2
1)λ2, (D.9)

16π2βλ3 = 2
{

(λ1+λ2)(3λ3+λ4)+2λ2
3+λ2

4+|λ5|2+2|λ6|2+2|λ7|2+4(λ6λ
∗
7+λ∗6λ7)

}
−4
{
NC

(
Tr
[
yu,1yd,2y

†
d,2y

†
u,1

]
+Tr

[
yu,2yd,1y

†
d,1y

†
u,2

]
−Tr

[
yu,1yd,2y

†
d,1y

†
u,2

]
−Tr

[
yu,2yd,1y

†
d,2y

†
u,1

])
+NC

(
Tr
[
yu,2y

†
u,1yu,1y

†
u,2

]
+Tr

[
yd,2y

†
d,2yd,1y

†
d,1

])
+Tr

[
ye,2y

†
e,2ye,1y

†
e,1

]}
+2(Tr[yy]11+Tr[yy]22)λ3+Tr[yy]12(λ6+λ∗6)+Tr[yy]21(λ7+λ∗7)

+
3

4
(3g4

2 +g4
1−2g2

2g
2
1)−3(3g2

2 +g2
1)λ3, (D.10)

16π2βλ4 = 2
{

(λ1+λ2+4λ3)λ4+2λ2
4+4|λ5|2+5|λ6|2+5|λ7|2+(λ6λ

∗
7+λ∗6λ7)

}
−4
{
NC

(
Tr
[
yu,2yd,1y

†
d,2y

†
u,1

]
+Tr

[
yu,1yd,2y

†
d,1y

†
u,2

]
−Tr

[
yu,2yd,1y

†
d,1y

†
u,2

]
−Tr

[
yu,1yd,2y

†
d,2y

†
u,1

])
+NC

(
Tr
[
yu,2y

†
u,1yu,1y

†
u,2

]
+Tr

[
yd,2y

†
d,2yd,1y

†
d,1

])
+Tr

[
ye,2y

†
e,2ye,1y

†
e,1

]}
+2(Tr[yy]11+Tr[yy]22)λ4+Tr[yy]12(λ6+λ∗6)+Tr[yy]21(λ7+λ∗7)

+3g2
2g

2
1−3(3g2

2 +g2
1)λ4, (D.11)

16π2βλ5 = 2
{

(λ1+λ2+4λ3+6λ4)λ5+5λ2
6+5λ2

7+2λ6λ7

}
−4
{
NC

(
Tr
[
yu,2y

†
u,1yu,2y

†
u,1

]
+Tr

[
yd,2y

†
d,1yd,2y

†
d,1

])
+Tr

[
ye,2y

†
e,1ye,2y

†
e,1

]}
+2(Tr[yy]11+Tr[yy]22)λ5+2Tr[yy]12λ6+2Tr[yy]21λ7−3(3g2

2 +g2
1)λ5, (D.12)

16π2βλ6 = 2{(6λ1+3λ3+4λ4)λ6+(3λ3+2λ4)λ7+λ5(5λ∗6+λ∗7)}

−4
{
NC

(
Tr
[
yu,1y

†
u,1yu,2y

†
u,1

]
+Tr

[
yd,1y

†
d,1yd,2y

†
d,1

])
+Tr

[
ye,1y

†
e,1ye,2y

†
e,1

]}
+(3Tr[yy]11+Tr[yy]22)λ6+Tr[yy]12λ1+Tr[yy]21(λ3+λ4+λ5)−3(3g2

2 +g2
1)λ6,

(D.13)

16π2βλ7 = 2{(6λ2+3λ3+4λ4)λ7+(3λ3+2λ4)λ6+λ5(λ∗6+5λ∗7)}

−4
{
NC

(
Tr
[
yu,2y

†
u,2yu,2y

†
u,1

]
+Tr

[
yd,2y

†
d,2yd,2y

†
d,1

])
+Tr

[
ye,2y

†
e,2ye,2y

†
e,1

]}
+(Tr[yy]11+3Tr[yy]22)λ7+Tr[yy]21λ2+Tr[yy]12(λ3+λ4+λ5)−3(3g2

2 +g2
1)λ7.

(D.14)

We confirmed the consistency of our results with refs. [96, 113, 117].
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