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We investigate a scale-invariant general two-Higgs-doublet model with explicit CP violation. Using the
Gildener-Weinberg method, we analyze the Higgs mass spectrum and couplings at the one-loop level,
focusing on CP violation originating from both the Higgs potential and the Yukawa sector. We show that,
due to the flatness condition, both CP-even and CP-odd mixings between the 125 GeV Higgs boson and
the heavier Higgs states arise only radiatively. As a result, the Higgs couplings to gauge bosons and
fermions remain Standard Model-like, in agreement with current LHC constraints. We also find that the
magnitude of CP violation from the Higgs potential depends on the new complex Yukawa couplings and
heavy Higgs masses, due to the flatness condition. In the case where only an additional top Yukawa
coupling (ρtt) is present, the electron electric dipole moment is directly proportional to Im ρ2tt. Furthermore,
a nontrivial cancellation region can occur for a specific Higgs mass spectrum. We extend our analysis to
scenarios with an additional complex electron Yukawa coupling, identifying the conditions under which the
electron electric dipole moment is suppressed or vanishes.
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I. INTRODUCTION

Since the discovery of the Higgs boson, its properties
have been gradually revealed, with current measurements
from the LHC exhibiting excellent agreement with the
predictions of the Standard Model (SM) [1,2]. Despite
these experimental successes, the fundamental origin of
electroweak symmetry breaking (EWSB) remains an open
question. In the SM, EWSB is induced by a negative
squared mass term in the tree-level Higgs potential.
However, current data do not preclude alternative scenarios,
such as radiative EWSB [3], in which classical scale
invariance is preserved at tree level and the electroweak
scale arises dynamically via quantum corrections [4].
Although such a mechanism is, in principle, viable

within the SM, standard perturbative analyses suggest that
the electroweak vacuum becomes unstable due to the large

top-quark contribution, rendering the potential unbounded
from below.1

The well-known shortcomings of the SM, including its
inability to explain dark matter and the baryon asymmetry
of the Universe, strongly motivate the existence of physics
beyond the SM, though its energy scale remains unknown.
Among the simplest extensions is the two-Higgs-doublet
model (2HDM), which introduces a second scalar doublet
[6]. The 2HDM offers a well-motivated framework for
electroweak baryogenesis (EWBG) [7] (see also Ref. [8]),
accommodating both a strongly first-order electroweak
phase transition and new sources of CP violation (CPV).
At present, the strength of CP violation is tightly

constrained by null results from searches for the electron
electric dipole moment (EDM), with the most stringent
bounds reported by the ACME [9] and JILA [10] experi-
ments. These constraints have significantly restricted the
viable parameter space for successful EWBG in 2HDMs
with a softly broken Z2 symmetry. On the other hand, the
general 2HDM (g2HDM), in which no symmetry is
imposed on the model, still allows for viable CPV sources.
In particular, Ref. [11] demonstrated that a complex extra
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top Yukawa coupling (ρtt) can generate the observed
baryon asymmetry (see also Ref. [12] for a recent study).
Moreover, a cancellation mechanism involving a complex
electron Yukawa coupling (ρee) can suppress the electron
EDM even in the presence of sizable CPV [13].
In this work, we explore the scale-invariant general two-

Higgs-doublet model (SI-g2HDM) [14–24], focusing on
CP violation arising from both the scalar and Yukawa
sectors. Radiative EWSB is analyzed using the Gildener-
Weinberg (GW) formalism [25], which enables a consistent
perturbative treatment of loop-induced effects on Higgs
couplings and their phenomenological implications, includ-
ing contributions to the electron EDM.
It is found that at tree level, the flatness conditions in the

GW approach ensure the absence of CP mixing in the
neutral Higgs mass matrix. At one-loop level, however, CP
violation in the Higgs sector becomes correlated with that
in the Yukawa sector through the GW flat direction. Since
both CP-even and -odd mixings between the 125 GeV
Higgs boson and the heavier neutral scalars arise only at the
loop level, the Higgs couplings to gauge bosons and
fermions remain consistent with current LHCmeasurements.
We also find that, when only the additional top Yukawa

coupling ρtt is nonzero, the dominant CP-violating con-
tribution to the electron EDM is proportional solely to
Im ρ2tt. Our analysis reveals that the electron EDM can
vanish in the parameter region where the CP-even-like
Higgs boson is heavier than the CP-odd-like one, and the
charged Higgs mass is nearly degenerate with the CP-odd
Higgs mass (i.e., the custodially symmetric case). In
contrast, such a cancellation region does not arise in the
twisted custodially symmetric scenario, where the non-SM-
like CP-even Higgs boson is nearly degenerate with the
charged Higgs boson. If, in addition, a nonzero electron
Yukawa coupling is introduced via the parametrization
ρee ¼ −rρ�ttðye=ytÞ [13], where r is a real parameter and
ytðyeÞ denotes the SM top (electron) Yukawa coupling, the
electron EDM remains proportional to Im ρ2tt. In this case, a
nontrivial cancellation region appears in both the custo-
dially and twisted custodially symmetric mass spectra
for r ¼ Oð1Þ.
The remainder of this paper is organized as follows. In

Sec. II, we present the SI-g2HDM and study its scalar
sector at both tree and one-loop levels, with emphasis on
CP-violating effects. Numerical results are also discussed.
In Sec. III, we analyze the electron EDM, focusing on a
simplified scenario in which analytic expressions can be
obtained. Our conclusions are summarized in Sec. IV, and
additional technical details are provided in the Appendixes.

II. MODEL

We consider a SI-g2HDM, whose Lagrangian is
obtained by removing all mass terms from the g2HDM
(for an extensive review of the 2HDM, see Ref. [6]; see also
Refs. [26–30] for the g2HDM),

LSI-g2HDM ¼ Lg2HDMjw=o mass terms: ð1Þ

In the so-called generic basis, both Higgs doublets can
simultaneously acquire vacuum expectation values (VEVs).
However, since the two doublets are not distinguished by
definite quantum numbers, one may instead adopt the
Higgs basis [26] (also known as the Georgi basis [31]),
in which only one doublet develops a VEV while the other
does not. The two bases are physically equivalent, and the
choice can be made according to convenience. In what
follows, we work in the Higgs/Georgi basis, where the
direction of spontaneous symmetry breaking (SSB) is more
transparent than in the generic basis.
The tree-level scalar potential is purely quartic and takes

the form

V0ðH1; H2Þ ¼
Λ1

2
ðH†

1H1Þ2 þ
Λ2

2
ðH†

2H2Þ2

þ Λ3ðH†
1H1ÞðH†

2H2Þ þ Λ4ðH†
1H2ÞðH†

2H1Þ

þ
�
Λ5

2
ðH†

1H2Þ2 þ fΛ6ðH†
1H1Þ

þ Λ7ðH†
2H2ÞgðH†

1H2Þ þ H:c:

�
; ð2Þ

where Λ1−4 are real parameters, whereas Λ5−7 may in
general be complex. Although the individual phases are
unphysical, the following rephasing-invariant combinations
serve as physical CP-violating invariants [26–29]:

ImðΛ�
5Λ2

6Þ; ImðΛ�
5Λ2

7Þ; ImðΛ6Λ�
7Þ: ð3Þ

The Higgs doublets are parametrized as

H1ðxÞ ¼
 

GþðxÞ
1ffiffi
2

p ðvþ h01ðxÞ þ iG0ðxÞÞ

!
;

H2ðxÞ ¼
 

HþðxÞ
1ffiffi
2

p ðh02ðxÞ þ iAðxÞÞ

!
; ð4Þ

where v ≃ 246 GeV, G0 and Gþ [G− ≡ ðGþÞ�] are the
Nambu-Goldstone (NG) bosons, and Hþ [H− ≡ ðHþÞ�]
are the charged Higgs bosons. The CP-even Higgs bosons
h01 and h

0
2 and the CP-odd Higgs boson A would mix if CP

is violated.
In the Yukawa sector, the Lagrangian is given by

−LYukawa ¼ q̄iLðYd
0ijH1 þ ρd0ijH2ÞdjR

þ q̄iLðYu
0ijH̃1 þ ρu0ijH̃2ÞujR

þ liLðYe
0ijH1 þ ρe0ijH2ÞejR þ H:c:; ð5Þ

where i, j are generation indices, and H̃1;2 ¼ iτ2H�
1;2 with

τ2 denoting the second Pauli matrix. One can diagonalize
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Yf
0 by biunitary transformations, while ρf0 remain the

nondiagonal 3-by-3 complex matrices,

Vf
LY

f
0V

f
R ¼ Yf

diag; Vf
Lρ

f
0V

f
R ¼ ρf; ð6Þ

where each element of Yf
diag is the mass-giving Yukawa

coupling, yf ¼ ffiffiffi
2

p
mf=v. The couplings ρf can be CP-

violating sources, and their off-diagonal elements induce
tree-level flavor-changing neutral current processes,
which are constrained by experimental data [30]. As
demonstrated in the ordinary massive g2HDM [13],
complex phases of ρf could play a role in EWBG
scenarios. The full expressions of the Yukawa inter-
actions in the mass eigenbasis are shown in Appendix A.
Here, we present the Yukawa interactions in the nearly
CP-conserving limit, where the CP mixing is absent in
the tree-level Higgs sector. This situation pertains to our
case, as demonstrated in the following section. The
diagonalizing matrix for the neutral Higgs bosons and
the mass eigenstates in the CP-conserving limit is
defined as

0
B@

h01
h02
A

1
CA ¼

0
B@

cγ sγ 0

−sγ cγ 0

0 0 1

1
CA
0
B@

H

h

A

1
CA; ð7Þ

where the 0 ≤ γ ≤ π. We define the SM-like limit (also
known as the alignment limit) as γ ¼ π=2, i.e., sγ ¼ 1.
With this definition, the Yukawa interactions of the
neutral Higgs bosons can be written as

−LYukawa ∋ f̄iL

�
yfiffiffiffi
2

p sγδij þ
ρfijffiffiffi
2

p cγ

�
fjRh

þ f̄iL

�
yfiffiffiffi
2

p cγδij −
ρfijffiffiffi
2

p sγ

�
fjRH

þ iffiffiffi
2

p
h
−ūiLρuijujR þ d̄iLρdijdjR þ ēiLρeijejR

i
A

þ H:c:: ð8Þ

This implies that CP violation is transmitted to the h
sector through the mixing angle γ. In the SM-like
limit, h becomes a purely CP-even state, while the
Yukawa couplings of H are entirely governed by ρf

and are independent of the mass-generating Yukawa
couplings yf. By contrast, the Yukawa couplings of
A are consistently determined by ρf. These features
stand in sharp contrast to those of the softly broken
Z2-symmetric 2HDMs. In this work, we restrict our
attention to the diagonal elements of ρf and neglect the
off-diagonal ones. For notational simplicity, we denote
the diagonal elements as ρtt ≡ ρu33, ρbb ≡ ρd33, and

ρee ≡ ρe11, etc. In the presence of ρtt and ρee, which
are the relevant couplings in the current analysis, the
rephasing invariants, in addition to Eq. (3), are given
by [26,29]

Imðρ2ttΛ5Þ; ImðρttΛ6Þ; ImðρttΛ7Þ;
Imðρ2eeΛ�

5Þ; ImðρeeΛ�
6Þ; ImðρeeΛ�

7Þ;
ImðρttρeeÞ; Imðρttρ�eeΛ5Þ: ð9Þ

Although the analysis can be carried out directly in
terms of these invariants, it can be simplified by
choosing a basis in which Λ5 is real. We adopt this
convention in the following discussion.

A. Higgs sector at the tree level

The first derivatives of V0 with respect to the neutral
Higgs fields (called tadpole conditions, actually the
flatness conditions at the tree level) are, respectively,
given by2

Tð0Þ
h0
1
¼
�
∂V0

∂h01

�
¼ 1

2
Λ1v3 ¼ 0; ð10Þ

Tð0Þ
h0
2
¼
�
∂V0

∂h02

�
¼ 1

2
ReΛ6v3 ¼ 0; ð11Þ

Tð0Þ
A ¼

�
∂V0

∂A

�
¼ −

1

2
ImΛ6v3 ¼ 0; ð12Þ

where the bracket denotes that the fluctuation fields are
taken to be zero after the derivatives. The trivial
solution v ¼ 0 defines the massless theory. For v ≠ 0,
the solutions are Λ1 ¼ ReΛ6 ¼ ImΛ6 ¼ 0. However, the
vacuum energy of V0 turns out to be zero for any v ≠ 0,
namely, V0 is flat in the h01 direction, meaning that the
EW symmetry is not spontaneously broken at the
tree level.
Generally, the mass matrix of the neutral Higgs bosons

takes the 4-by-4 form

1

2

�
h01 h02 G0 A

�
M2

0

0
BBB@

h01
h02
G0

A

1
CCCA;

M2
0 ¼

 
M2

S M2
SP

ðM2
SPÞT M2

P

!
: ð13Þ

2Tð0Þ
G0 ¼ h∂V0=∂G0i ¼ 0 is guaranteed by the gauge invariance.
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Since the NG bosons are separated from the physical
spectrum in the vacuum, the mass matrix is reduced to
the 3-by-3 form

M2
N ¼

0
BBB@

3
2
Λ1v2

3
2
ReΛ6v2 − 3

2
ImΛ6v2

3
2
ReΛ6v2 1

2
Λ345v2 0

− 3
2
ImΛ6v2 0 1

2
ðΛ3 þ Λ4 − Λ5Þv2

1
CCCA

¼

0
BB@

0 0 0

0 1
2
Λ345v2 0

0 0 1
2
ðΛ3 þ Λ4 − Λ5Þv2

1
CCA; ð14Þ

whereΛ345 ¼ Λ3 þ Λ4 þ Λ5, and we have used the tadpole
conditions Eqs. (10)–(12) in the second equality. Therefore,
the CP mixing is absent at this order, and the Higgs boson
masses are, respectively, given by

m2
h ¼ 0; m2

H ¼ 1

2
Λ345v2;

m2
A ¼ 1

2
ðΛ3 þ Λ4 − Λ5Þv2: ð15Þ

The appearance of the massless particle is the consequence
of the classical scale symmetry. Moreover, because of the
classical symmetry, h01 does not mix with the additional
Higgs bosons and becomes SM-like, which is favored by
the current LHC data, and is also the consequence of this
symmetry.
The mass matrix of the charged scalars is also derived

from the second derivatives of V0,

�
Gþ Hþ

�
M2

�

	
G−

H−



; ð16Þ

where

M2
� ¼

 
1
2
Λ1v2

1
2
ðReΛ6 − i ImΛ6Þv2

1
2
ðReΛ6 þ i ImΛ6Þv2 1

2
Λ3v2

!

¼
	
0 0

0 1
2
Λ3v2



: ð17Þ

The flatness conditions (10)–(12) are used in the second
equality. Thus, the charged Higgs boson mass at the tree
level is

m2
H� ¼ 1

2
Λ3v2: ð18Þ

Note that m2
A ¼ m2

H� þ 1
2
ðΛ4 − Λ5Þv2. As is well known, a

mass splitting betweenmA andmH� signals custodial SU(2)

symmetry breaking, which is tightly constrained by the T
parameter. Therefore, the choice mH� ≃mA is favored to
remain consistent with experimental data [32]. An alter-
native way to evade the T parameter constraint is the
so-called twisted custodially symmetry scenario, where
mH� ≃mH [33]. We focus exclusively on those two cases
in this study.
Here, let us see the tree-level relationships between the

original parameters and Higgs masses. We have seven
quartic couplings in V0, Λ1−7. The flatness conditions
enforce that Λ1 ¼ ReΛ6 ¼ ImΛ6 ¼ 0, while Λ3, Λ4, and
Λ5 can be expressed by

Λ3 ¼
2m2

H�

v2
; ð19Þ

Λ4 ¼
1

v2
ðm2

H þm2
A − 2m2

H�Þ; ð20Þ

Λ5 ¼
1

v2
ðm2

H −m2
AÞ: ð21Þ

In contrast, Λ2, ReΛ7, and ImΛ7 are unrelated to the Higgs
VEV and masses at the tree level.

B. Higgs sector at the one-loop level

Now, we analyze the Higgs sector at the one-loop level.
The tadpole conditions at this order are

Th0
1
¼ Tð0Þ

h0
1
þ Tð1Þ

h0
1
¼ 1

2
Λ1v3 þ

�
∂V1

∂h01

�
¼ 0; ð22Þ

Th0
2
¼ Tð0Þ

h0
2
þ Tð1Þ

h0
2
¼ 1

2
ReΛ6v3 þ

�
∂V1

∂h02

�
¼ 0; ð23Þ

TA ¼ Tð0Þ
A þ Tð1Þ

A ¼ −
1

2
ImΛ6v3 þ

�
∂V1

∂A

�
¼ 0; ð24Þ

where V1 denotes the one-loop effective potential. In this
work, we regularize it in the MS scheme. From the above
tadpole conditions, one gets

Λ1 ¼ −
2

v3

�
∂V1

∂h01

�
; ReΛ6 ¼ −

2

v3

�
∂V1

∂h02

�
;

ImΛ6 ¼
2

v3

�
∂V1

∂A

�
: ð25Þ

The one-loop mass matrix of the neutral Higgs is
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M2
N ¼

0
BBBBB@

− 3
v T

ð1Þ
h0
1
þ
D
∂
2V1

∂h02
1

E
3
v T

ð1Þ
h0
2
þ
D

∂
2V1

∂h0
1
∂h0

2

E
− 3

v T
ð1Þ
A þ

D
∂
2V1

∂h0
1
∂A

E

3
v T

ð1Þ
h0
2
þ
D

∂
2V1

∂h0
1
∂h0

2

E
1
2
Λ345v2 þ

D
∂
2V1

∂h02
2

E D
∂
2V1

∂h0
2
∂A

E

− 3
v T

ð1Þ
A þ

D
∂
2V1

∂h0
1
∂A

E D
∂
2V1

∂h0
2
∂A

E
1
2
ðΛ3 þ Λ4 − Λ5Þv2 þ

D
∂
2V1

∂A2

E

1
CCCCCA
; ð26Þ

where we have used the one-loop tadpole conditions (22)–(24). The off-diagonal elements, including the CP mixings, are
nonzero at the one-loop level. Consequently, h01 is neither massless nor a pure CP-even state.
Following the GW method, we first find the flat direction of V0 and investigate the SSB in that direction. The tadpole

conditions while maintaining Λ1 ¼ ReΛ6 ¼ ImΛ6 ¼ 0 at some scale (denoted as μ̄GW) become

Tð1Þ
h0
1
¼
�
∂V1

∂h01

�
¼ 0; Tð1Þ

h0
2
¼
�
∂V1

∂h02

�
¼ 0; Tð1Þ

A ¼
�
∂V1

∂A

�
¼ 0: ð27Þ

The first condition gives

Tð1Þ
h0
1
¼

X
i¼H;A;H� ;
W� ;Z;t;b

ni
m4

i

16π2v

�
ln

m2
i

μ̄2GW
− ci þ

1

2

�
¼
�
4Aþ 2Bþ 4B ln

v2

μ̄2GW

�
v3 ¼ 0; ð28Þ

where ni denotes degrees of freedom with a statistical sign: nH ¼ nA ¼ 1, nH� ¼ 2, nW ¼ 6, nZ ¼ 3, nt ¼ nb ¼ −4Nf
C

with Nf
C ¼ 3 being the number of color, while ci ¼ 3=2 for scalars and fermions and 5=6 for gauge bosons. All masses mi

are defined at the tree level. The parameters A and B are, respectively, given by

A ¼ 1

64π2v4

�
m4

H

	
ln
m2

H

v2
−
3

2



þm4

A

	
ln
m2

A

v2
−
3

2



þ 2m4

H�

	
ln
m2

H�

v2
−
3

2




þ 6m4
W

	
ln
m2

W

v2
−
5

6



þ 3m4

Z

	
ln
m2

Z

v2
−
5

6




− 4Nf
C

�
m4

t

	
ln
m2

t

v2
−
3

2



þm4

b

	
ln
m2

b

v2
−
3

2


��
; ð29Þ

B ¼ 1

64π2v4
½m4

H þm4
A þ 2m4

H� þ 6m4
W þ 3m4

Z − 4Nf
Cðm4

t þm4
bÞ�: ð30Þ

The vacuum energy is found to be V1ðvÞ ¼ −Bv4=2. Thus, the EW symmetry is spontaneously broken if B > 0 and v is
generated by μ̄GW (dimensional transmutation),

v2 ¼ μ̄2GWe
−1=2−A=B: ð31Þ

As seen from Eq. (30), B would become negative if the additional Higgs bosons, H, A, and H� are absent. In other words,
SSB does not occur in the massless SM. Furthermore, the magnitude of lnðv2=μ̄2GWÞ is not sizable as the A and B are the
same order in magnitude.
The one-loop tadpole conditions with respect to h02 are identified as

Tð1Þ
h0
2
¼ v

16π2

�
−2
X
f

Nf
CyfReρffm

2
f

	
ln

m2
f

μ̄2GW
− 1



þ 1

2
ReΛ7

�
3m2

H

	
ln

m2
H

μ̄2GW
− 1




þm2
A

	
ln

m2
A

μ̄2GW
− 1



þ 2m2

H�

	
ln
m2

H�

μ̄2GW
− 1


��
; ð32Þ

where we take sγ ¼ 1. The error in this approximation is a two-loop order, which has been discarded. Similarly, the one-
loop tadpole condition with respect to A is
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Tð1Þ
A ¼ v

16π2

�
�2
X
f

Nf
Cyf Im ρffm2

f

	
ln

m2
f

μ̄2GW
− 1




þ 1

2
ImΛ7

�
m2

H

	
ln

m2
H

μ̄2GW
− 1



þ 3m2

A

	
ln

m2
A

μ̄2GW
− 1



þ 2m2

H�

	
ln
m2

H�

μ̄2GW
− 1


��
; ð33Þ

where the upper sign is for up-type fermions and the lower sign is for down-type fermions.

Solving Tð1Þ
h0
2
¼ 0 for ReΛ7 and Tð1Þ

A ¼ 0 for ImΛ7, one obtains

ReΛ7 ¼
4
P

fN
f
CyfReρffm

2
f

	
ln

m2
f

μ̄2GW
− 1




3m2
H

	
ln m2

H
μ̄2GW

− 1



þm2

A

	
ln m2

A
μ̄2GW

− 1



þ 2m2

H�

	
ln

m2

H�
μ̄2GW

− 1


 ; ð34Þ

ImΛ7 ¼
�4
P

fN
f
Cyf Im ρffm2

f

	
ln

m2
f

μ̄2GW
− 1




m2
H

	
ln m2

H
μ̄2GW

− 1



þ 3m2

A

	
ln m2

A
μ̄2GW

− 1



þ 2m2

H�

	
ln

m2

H�
μ̄2GW

− 1


 : ð35Þ

Therefore, Λ7 is fixed by ρff and additional Higgs bosons.
The (1,1) element of M2

N is given by

ðM2
NÞ11 ¼

�
∂
2V1

∂h021

�
¼ 8Bv2; ð36Þ

where Eq. (31) is used to eliminate μ̄GW. Since the off-diagonal elements ofM2
N are one-loop suppressed, the approximate

Higgs mass is given by m2
h ≃ 8Bv2. This implies that the requirement of mh ≃ 125 GeV leads to a mass relation,

ðm4
H þm4

A þ 2m4
H�Þ1=4 ≃ 540 GeV. For a degenerate mass case mH ¼ mA ¼ mH� ≡mΦ, one gets mΦ ≃ 382 GeV. The

sum rule for the mass spectrum does not significantly change even when the one-loop corrections are included.
The (1, 2) element of M2

N is cast into the form

ðM2
NÞ12 ¼

−1
16π2

�X
f

4Nf
CyfReρffm

2
f ln

m2
f

μ̄2GW
− ReΛ7

	
3m2

H ln
m2

H

μ̄2GW
þm2

A ln
m2

A

μ̄2GW
þ 2m2

H� ln
m2

H�

μ̄2GW


�
: ð37Þ

Note that ðM2
NÞ12 becomes zero for Reρff ¼ 0 because of vanishing ReΛ7 as given by Eq. (34). On the other hand, the CP-

mixing mass matrix elements are, respectively, given by

ðM2
NÞ13 ¼

1

16π2

�
∓ 4Nf

Cyf Im ρffm2
f ln

m2
f

μ̄2GW
− ImΛ7

	
m2

H ln
m2

H

μ̄2GW
þ 3m2

A ln
m2

A

μ̄2GW
þ 2m2

H� ln
m2

H�

μ̄2GW


�
; ð38Þ

ðM2
NÞ23 ¼

1

16π2

�
�4Nf

CReρff Im ρffm2
f ln

m2
f

μ̄2GW
þ v2

2
ReΛ7 ImΛ7

�
3 ln

m2
H

μ̄2GW
þ 3 ln

m2
A

μ̄2GW
þ 2 ln

m2
H�

μ̄2GW

þ 2

m2
H −m2

A

�
m2

H

	
ln

m2
H

μ̄2GW
− 1



−m2

A

	
ln

m2
A

μ̄2GW
− 1


���
: ð39Þ

Since both terms arise from the scalar-pseudoscalar mixings, they depend on the imaginary parts of the couplings, Im ρff
and ImΛ7. Moreover, these imaginary parts are related by the condition Eq. (35), thus making the CP mixing zero for
Im ρff ¼ 0 only. Additionally, we note that ðM2

NÞ23 ¼ 0 for Reρff ¼ 0.
The one-loop corrections to ðM2

NÞ22 and ðM2
NÞ33 are also included in our study, though their numerical impacts are

subleading. For their explicit formulas, see Appendix B.
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M2
N is diagonalized by an orthogonal matrix O as

OTM2
NO ¼

0
BB@

m2
h1

m2
h2

m2
h3

1
CCA; ð40Þ

where mh1 ≤ mh2 ≤ mh3 . We evaluate O numerically. In this study, h1 refers to the SM-like Higgs boson with a mass of

125 GeV. We will quantify the proximity of mh1 to the approximate Higgs mass mh ¼ 2
ffiffiffiffiffiffi
2B

p
v below.

The mass matrix of the charged scalars at the one-loop level is

M2
� ¼

0
BBB@

1
2
Λ1v2 þ

D
∂
2V1

∂Gþ
∂G−

E
1
2
ðReΛ6 − i ImΛ6Þv2 þ

D
∂
2V1

∂Gþ
∂H−

E
1
2
ðReΛ6 þ i ImΛ6Þv2 þ

D
∂
2V1

∂Hþ
∂G−

E
1
2
Λ3v2 þ

D
∂
2V1

∂Hþ
∂H−

E
1
CCCA

¼

0
B@ 0 0

0 1
2
Λ3v2 þ

D
∂
2V1

∂Hþ
∂H−

E
1
CA ¼

 
0 0

0
�
m1-loop

H�

�
2

!
; ð41Þ

where the tadpole conditions are used in the second
equality. The explicit formulas of the one-loop contribution
to mH� are displayed in Appendix B.
We parametrize the Higgs couplings to the fermions as

Lhif̄f ¼ −hif̄ðgShif̄f þ iγ5gPhif̄fÞf; ð42Þ

where

gS
hif̄f

¼ 1ffiffiffi
2

p ½yfO1i þ ReρffO2i � Im ρffO3i�; ð43Þ

gP
hif̄f

¼ 1ffiffiffi
2

p ½Im ρffO2i ∓ ReρffO3i�; ð44Þ

where the upper signs for f ¼ u and lower signs for
f ¼ d, e.
The Higgs couplings to the gauge bosons are the same as

in the ordinary 2HDM and are given by

LhiVV ¼ 1

v

X3
i¼1

ghiVVhiðm2
ZZμZμ þ 2m2

WW
þ
μ W−μÞ; ð45Þ

LhihjZ ¼ −
g2
4cW

X3
i;j¼1

ghihjZðhi ∂
↔

μhjÞZμ; ð46Þ

LhiH�W∓ ¼ −
g2
2

X3
i¼1

ghiHþW−ðhii∂
↔

μHþÞW−μ þ H:c:; ð47Þ

where g2 denotes the SUð2ÞL gauge coupling, ∂

↔

μ ¼
∂⃗μ − ∂⃖μ, and

ghiVV ¼ O1i; ð48Þ

ghihjZ ¼ O2iO3j −O2jO3i ¼ ϵijkghkVV; ð49Þ

ghiHþW− ¼ O2i − iO3i; ð50Þ

where ϵijk denotes the Levi-Civita symbol, and detðOÞ ¼ 1

is assumed. It follows that
P

3
i¼1 g

2
hiVV

¼ 1, and, for each i,
g2hiVV þ jghiHþW− j2 ¼ 1. In the CP-conserving limit, these
relations yield ghVV ¼ sγ , gHVV ¼ cγ , and gAVV ¼ 0.
Here, let us summarize our input parameters. We have

five real and two complex parameters in the scalar potential
and extra complex Yukawa couplings,

Λ1; Λ2; Λ3; Λ4; Λ5; ReΛ6; ImΛ6;

ReΛ7; ImΛ7; Reρff; Im ρff: ð51Þ

From the flatness condition, Λ1 ¼ ReΛ6 ¼ ImΛ6 ¼ 0. Λ3,
Λ4, and Λ5 are replaced by mH, mA, and mH� using
Eqs. (19)–(21), where the heavy Higgs masses must
satisfy ðm4

H þm4
A þ 2m4

H�Þ1=4 ≃ 540 GeV. Moreover,
as noted in Sec. II A, we consider the custodially
symmetric (mA ¼ mH�) and twisted custodially symmetric
(mH ¼ mH�) cases in order to avoid significant corrections
to the T parameter [34], thereby effectively reducing the
number of independent heavy Higgs mass scales to one.3

As we will discuss in detail in Sec. III, the region in
which the electron EDM cancels depends on whether the

3Since mA and mH are mixed by the CP violation, those
symmetries are approximate.
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Higgs spectrum is custodially symmetric or twisted cus-
todially symmetric. Although one could in principle take
ðmh2 ; mh3 ; m

1-loop
H� Þ as inputs, using ðmH;mA;mH�Þ is tech-

nically simpler and makes the specification of the (twisted)
custodial-symmetric Higgs spectrum more transparent.
ReΛ7 and ImΛ7 are replaced by Eqs. (34) and (35). Λ2

and ρff are given as inputs. For late use, we parametrize
ρff ¼ jρffjeiϕff . Until we discuss the electron EDM in
Sec. III, we assume that ρtt ≠ 0 and ρii ¼ 0 for all i ≠ t. In
the remainder of this Section, we mainly focus on the
impacts of ρtt on the Higgs mass spectrum and the Higgs
couplings to gauge bosons and the top quark, and the
combined analysis with the current electron EDM con-
straints will be presented in Sec. III.
In our numerical analysis, we impose the relevant theo-

retical constraints, including vacuum stability [35–42] and
perturbative unitarity [43–47].
In the left panel of Fig. 1, the contours of mh1 are shown

as a function of mH and mAð¼ mH�Þ. As an illustrative
example, we take Λ2 ¼ 1.0, jρttj ¼ 0.1, and ϕtt ¼ 75°.
The orange solid line corresponds to mh1 ¼ 125 GeV. For

comparison, the contour of mh ¼ 2
ffiffiffiffiffiffi
2B

p
v ¼ 125 GeV,

which corresponds to the square root of ðM2
NÞ11, is also

shown as a black dashed line. Except for the region in which
eithermH or mA lies below approximately 140 GeV, the two
contoursofmh1 andmh nearly coincide. In this region,we find
that jðmh1 −mhÞ=mh1 j ≤ 1.3 × 10−2.We do not consider the
portion of the mh1 ¼ 125 GeV contour that significantly
deviates from the mh contour, because the coupling gh1VV
is no longerSM-like there, and that part of the parameter space
is partly excluded by perturbative unitarity.

In the right panel, mh1 (solid, orange), mh2 (dashed, dark
blue), and mh3 (dotted, purple) are shown for
mA ¼ mH� ¼ 382 GeV, Λ2 ¼ 1.0, and jρttj ¼ 0.1, with
mH numerically adjusted to yield mh1 ¼ 125.0 GeV.
The resulting heavier Higgs boson masses are
mh2 ∈ ½380.5; 381.0� GeV and mh3 ∈ ½381.2; 381.5� GeV,
respectively. This demonstrates that the tree-level Higgs
masses provide a good approximation to the one-loop
corrected values. The small mass splitting between
mh3ð≃mAÞ and mH� remains, ensuring that the correction
to the T parameter is kept small. Nevertheless, the
correction to the S parameter is not always small to avoid
the experimental constraint. Experimental consideration
including the electron EDM will be given in Sec. III.
In Fig. 2, the Higgs masses and their couplings to the

gauge bosons are shown as functions of ϕtt. The left panel
displays jgh1VV j (solid, orange), jgh2VV j (dashed, dark blue),
and jgh3VV j (dotted, purple), while the right panel shows
jgh1HþW− j (solid, orange), jgh2HþW− j (dashed, dark blue),
and jgh3HþW− j (dotted, purple). We observe that jgh1VV j ≃ 1

as a consequence of the one-loop suppressed off-diagonal
elements ðM2

NÞ12 and ðM2
NÞ13, which is fully consistent

with current LHC data. In contrast, jgh2VV j and jgh3VV j
remain at most at the Oð10−2Þ level, in accordance with
the sum rule

P
3
i¼1 g

2
hiVV

¼ 1. The vanishing of jgh2VV j ¼
jO12j at ϕtt ¼ �90° is explained by the zero of
ðM2

NÞ12 ∝ cosϕtt. From the right panel, we find
jgh1HþW− j ¼ Oð10−2Þ, while jgh2HþW− j ≃ 1 and
jgh3HþW− j ≃ 1. This behavior follows from the sum rule
g2hiVV þ jghiHþW− j2 ¼ 1 for each i. It is worth noting that the
numerical values of the ghihjZ couplings can be obtained

FIG. 1. Left: contours of mh1 in the ðmH;mAÞ plane, where the orange solid line represents mh1 ¼ 125 GeV. For reference, mh ¼
2
ffiffiffiffiffiffi
2B

p
v is also shown by the black dashed curve. We takemH� ¼ mA, Λ2 ¼ 1.0, and jρttj ¼ 0.1 and ϕtt ¼ 75°. Right: The Higgs masses

against ϕtt with fixed mA ¼ mH� ¼ 382 GeV, jρttj ¼ 0.1, and Λ2 ¼ 1.0. mH is numerically tuned to realize mh1 ¼ 125.0 GeV.
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from the relation ghihjZ ¼ ϵijkghkVV , as shown in Eq. (49).

We find jgh2h3Zj ≃ 1, jgh1h2Zj≲ 10−2, and jgh1h3Zj≲ 10−2,
respectively.
In Fig. 3, the Higgs couplings to the top quark are shown

as functions of ϕtt. In the left panel, jgSh1 t̄tj (solid, orange),jgSh2 t̄tj (dashed, dark blue), jgSh3 t̄tj (dotted, purple), and κt
(dot-dashed, black) are displayed, where jκtj ¼ vjgSh1 t̄tj=mt.

We find that jgSh1 t̄tj ≃ 0.7, while jgSh2 t̄tj≲ 0.1 and jgSh3 t̄tj≲ 0.1.

In the right panel, jgPhit̄tj and κ̃t are shown, where
jκ̃tj ¼ vjgPh1 t̄tj=mt, with the line and color assignments cor-

responding to those in the scalar case. In contrast to jgSh1 t̄tj, we
find jgPh1 t̄tj < 10−3, while jgPh2 t̄tj ≃ jgSh3 t̄tj and jgPh3 t̄tj ≃ jgSh2 t̄tj.
The CMS collaboration has placed limits on κt and κ̃t.

The one-dimensional 95% confidence intervals are given
by [48]

0.86 ≤ κt ≤ 1.26; −1.07 ≤ κ̃t ≤ 1.07: ð52Þ

As shown in Fig. 3, our results are fully consistent with
these bounds. A parameter characterizing the CP nature of
the tt̄h interaction, defined as a signal strength multiplier
for the SM tt̄h cross section, is

jfhttCPj ¼
jκ̃tj2

jκtj2 þ jκ̃tj2
: ð53Þ

From Fig. 3, we obtain jfhttCPj < 1.4 × 10−6, which is far
below the current bound jfhttCPj < 0.55 at 68% CL [48].

III. ELECTRIC DIPOLE MOMENTS

Here, we present the impacts of CP violation on electron
EDM in this model. The electric dipole moment of a

FIG. 2. jghiVV j (left) and jghiHþW− j (right) as functions of ϕtt. The input parameter is the same as in the right panel of Fig. 1.

FIG. 3. jgShit̄tj (left) and jgPhit̄tj (right) as functions of ϕtt. The input parameter is the same as in the right panel of Fig. 1.
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fermion df is defined as the coefficient of the following
operator

LEDM ¼ −
i
2
dfFμνf̄σμνγ5f; ð54Þ

where Fμν denotes the electromagnetic field strength tensor.
Currently, de is constrained by the ACME and JILA
experiments as [9,10]

jdACME
e j < 1.1 × 10−29 e cm ð90%CLÞ; ð55Þ

jdJILAe j < 4.1 × 10−30 e cm ð90%CLÞ: ð56Þ

In this work, we express the electron EDM as

de ¼ dBZe þ dkitee ; ð57Þ

where the first term arises from the Barr-Zee diagrams
[49–63], while the second originates from the kite diagrams
[62,64,65] at the two-loop level. We first analyze the
Barr-Zee contributions to determine which model para-
meters control them, and subsequently consider the kite
contributions.
Depending on the particles running in the loop, we

decompose the Barr-Zee contributions into three parts

dBZe ¼ dhγe þ dhZe þ dHW
e : ð58Þ

The Feynman diagram for each contribution is shown in
Fig. 4. The shaded regions together represent the loops of
the fermions, W bosons, and charged Higgs bosons.
Dominant contributions to de usually come from dhγe
among others, so we first focus on it. For clarification,
dhγe is further decomposed into

dhγe ¼ ðdhγe Þt þ ðdhγe ÞW þ ðdhγe ÞH� ; ð59Þ

where the subscripts denote the particles running the upper
loop in the Barr-Zee diagrams, and each contribution is,
respectively, given by [49,50,58]

ðdhγe Þt
e

¼
X3
i¼1

αem
6π3mt

½gPhiēegShit̄tfðτthiÞ þ gShiēeg
P
hit̄t

gðτthiÞ�

≡ αem
6π3mt

Xhγ
t ; ð60Þ

ðdhγe ÞW
e

¼ −
X3
i¼1

−
ffiffiffi
2

p
GFαemv
32π3

gPhiēeghiVVJ
γ
WðmhiÞ

≡ −
ffiffiffi
2

p
GFαemv
32π3

Xhγ
W ; ð61Þ

ðdhγe ÞH�

e
¼ −

X3
i¼1

αemv
32π3m2

H�
λ̄hiHþH−gPhiēeIðτH�hiÞ

≡ −
αemv

32π3m2
H�

Xhγ
H� ; ð62Þ

where αem ¼ e2=4π with e ¼ jej, GF ¼ 1=
ffiffiffi
2

p
v2, fðτthiÞ,

gðτthiÞ, J γ
WðmhiÞ, and IðτH�hiÞ ¼ fðτH�hiÞ − gðτH�hiÞwith

τAB ¼ m2
A=m

2
B are loop functions defined in Appendix C. It

should be noted that the charged Higgs mass used in the
EDM calculation is taken at the one-loop level.
As studied in Ref. [13], Im ρtt could play a pivotal role in

generating Baryon Asymmetry of the Universe (BAU)
in the g2HDM, while Im ρee can invoke a cancellation
mechanism for the electron EDM in the presence of the
nonzero ρtt [13]. We thus concentrate exclusively on those
couplings and take other extra Yukawa couplings ρff to
vanishingly small values in this work.4 In the following
discussion, we consider two cases:

(i) ρtt ≠ 0 and ρee ¼ 0.
(ii) ρtt ≠ 0 and ρee ≠ 0.

FIG. 4. Barr-Zee diagrams contributing to the electron EDM, which are, respectively, denoted as dhγe , dhZe , and dHW
e .

4ρff with f ≠ t, e can in principle be generated through
renormalization group running, since no symmetry or protection
mechanism forbids them. If we impose ρff≠t;e ¼ 0 as a boundary
condition at the input scale, the radiatively induced values are one-
loop suppressed and proportional to the correspondingSMYukawa
couplings. Such contributions are far too small to competewith the
dominant effects arising from ρtt and ρee, and therefore they do not
affect our conclusions in any meaningful way.
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Before proceeding to the details, we summarize the CP-
violating phases considered in this study. Recalling
the flatness conditions, Λ6 ¼ 0, ReΛ7 ∝ Reρtt, and
ImΛ7 ∝ Im ρtt, the rephasing invariants in Eq. (9) can
be expressed as

Im ρ2tt; Im ρ2ee; ImðρttρeeÞ; Imðρttρ�eeÞ: ð63Þ

Thus, the electron EDM in this study is a function of
these imaginary parts. In Case (i), de ∝ Im ρ2tt. The
vanishing of the EDM in the presence of an Oð1Þ CP-
violating phase should depend sensitively on the Higgs
mass spectrum. In light of the heavy Higgs mass
relation ðm4

H þm4
A þ 2m4

H�Þ1=4 ≃ 540 GeV, the solution
space for de ¼ 0 is highly nontrivial. In Case (ii), ρee
can contribute to realizing de ¼ 0, as in the ordinary
g2HDM. However, the cancellation region is also
constrained by the heavy Higgs mass relation. Note
that in the analysis of Ref. [13], the kite contributions
were not taken into account. Clarifying their numerical
impact is therefore also one of the objectives of the
present work.

A. Case (i) ρtt ≠ 0 and ρee = 0

In this case, the contribution arises solely from ðdhγe Þt. To
elucidate the dependence of the model parameters on the
condition ðdhγe Þt ¼ 0, we consider a simplified example.
Let us parametrize M2

N and O as

M2
N ¼

0
B@

m2
h aReρtt bImρtt

aReρtt m2
H cReρtt Imρtt

bImρtt cReρtt Imρtt m2
A

1
CA;

O¼

0
B@
1 0 0

0 c3 s3
0 −s3 c3

1
CA
0
B@

c2 0 s2
0 1 0

−s2 0 c2

1
CA
0
B@

c1 s1 0

−s1 c1 0

0 0 1

1
CA; ð64Þ

where si ¼ sin αi and ci ¼ cos αi (i ¼ 1, 2, 3). Note that
α1 ¼ γ defined in Eq. (7). Under the condition that jaj, jbj,
and jcj are smaller than the diagonal elements and
mh ≠ mH ≠ mA, one would have jδj ≪ 1 and jα2;3j ≪ 1,
where δ ¼ π=2 − α1, and thus the rotation matrix O can be
approximated as

O ≃

0
B@

âReρtt 1 b̂ Im ρtt

−1 âReρtt ĉReρtt Im ρtt

ĉReρtt Im ρtt −b̂ Im ρtt 1

1
CA

þOððâ; b̂; ĉÞ2Þ; ð65Þ

where â ¼ a=ðm2
h −m2

HÞ, b̂ ¼ b=ðm2
A −m2

hÞ, ĉ ¼ c=
ðm2

A −m2
HÞ, and Oððâ; b̂; ĉÞ2Þ denotes terms that are

second order in â, b̂, and ĉ, including both diagonal

(e.g., â2) and mixed terms (e.g., â b̂). The factor Xhγ
t in

the case of ρee ¼ 0 is calculated as

Xhγ
t ¼ ye

2

X
i

O1i½Im ρttO2i − ReρttO3i�gðτthiÞ

≃
ye
4
jρttj2 sin 2ϕtt½−âΔg12 þ b̂Δg23� þOððâ; b̂; ĉÞ2Þ;

ð66Þ
where Δgij ¼ gðτthiÞ − gðτthjÞ. Therefore, the electron
EDM is proportional solely to sin 2ϕtt, as required. This
stands in contrast to the case discussed in Ref. [13], where
ðdhγe Þt ∝ sinϕtt in the nearly CP-conserving limit, in which
CP violation is absent in the Higgs potential. It should be
emphasized that Xhγ

t can vanish if the two terms in the
parentheses cancel each other, corresponding to a specific
Higgs mass spectrum. Moreover, the electron EDM also
vanishes in the case of complete mass degeneracy,
mh1 ¼ mh2 ¼ mh3 , although such a situation cannot be
realized in the present model. For related discussions of
vanishing electron EDM scenarios, see, e.g., Ref. [66].
While the analytic expression is useful for illustrating the

parameter dependence of de, its numerical accuracy is
limited. We therefore evaluate the electron EDM without
employing such simplifications. In Fig. 5, the contours
of jdej are shown, where jdej ¼ 4.1 × 10−30 e cm (solid,
orange), jdej ¼ 5.0 × 10−31 e cm (dashed, dark blue),
and jdej ¼ 1.0 × 10−31 e cm (dotted, purple). The shaded
region in gray is excluded by the measurement of ΔMBs

,

FIG. 5. Contours of jdej are shown, where jdej ¼
4.1 × 10−30 e cm (solid, orange), jdej ¼ 5.0 × 10−31 e cm
(dashed, dark blue), and jdej ¼ 1.0 × 10−31 e cm (dotted, pur-
ple). The shaded region in gray is excluded by the measurement
of ΔMBs

. We take mA ¼ mH� ¼ 382 GeV, Λ2 ¼ 1.0, and mH is
chosen to have mh1 ¼ 125.0 GeV.
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where our theoretical calculation is based on Refs. [67,68].
We take mA ¼ mH� ¼ 382 GeV, Λ2 ¼ 1.0, and mH is
numerically adjusted to realize mh1 ¼ 125.0 GeV. As
discussed above, the electron EDM vanishes not only
for ϕtt ¼ 0° and �180° but also for �90°. Regardless of
ϕtt, however, jρttj ≳ 0.3 is ruled out by the experimental
data ofΔMBs

. Other than the region where sin 2ϕtt ¼ 0, the
current electron EDM experiment excludes jρttj≳ 0.1. If
future experiments achieve a sensitivity to the electron
EDM at the level of de ¼ 5.0 × 10−31 e cm, values of
jρttj ≃ 0.03 will become testable. The prospects can be
further extended toward jρttj ≃ 0.01 if the sensitivity
reaches de ¼ 1.0 × 10−31 e cm.
In Fig. 6, the dependence ofmH andmA on jdej is shown

for ϕtt ¼ 75° (left) and ϕtt ¼ 45° (right). The shaded
orange region corresponds to the JILA bound
jdej < 4.1 × 10−30 e cm, while the contours of jdej ¼
5.0 × 10−31 e cm and jdej ¼ 1.0 × 10−31 e cm are indi-
cated by the dashed dark blue and dotted purple curves,
respectively. The solid black line denotes the mh1 ¼
125.0 GeV contour, and the red crosses along this line
indicate points excluded by the S and T parameter con-
straints from the electroweak fit at 95% CL [32]. In this
analysis, we employ the S, T, and U formulas given
in Ref. [29].
It should be noted that constraints from B-physics

processes, such as B → Xsγ, are not sufficient to exclude
the parameter region with jρttj ¼ 0.1.
Among the LHC constraints, the signal strength of h1 →

γγ (μγγ) and direct searches for the charged Higgs boson are

potentially relevant in the presence of ρtt. Due to the
charged Higgs loop contribution, μγγ can be as small as 0.9,
which lies within the 2σ range of the ATLAS measurement,
μATLASγγ ¼ 1.04þ0.10

−0.09 [69], but outside the 2σ range of the
CMS result, μCMS

γγ ¼ 1.12þ0.09
−0.09 [70]. Additional data will

therefore be required to reach a definitive conclusion. If the
charged Higgs mass is below about 160 GeV, μγγ can fall
outside the two-sigma ATLAS range; however, this region
is already excluded by the electroweak precision fit.
ATLAS places a 95% CL upper bound on σðpp →

t̄bHþÞBrðHþ → tb̄Þ < ð3.6 − 0.036Þ pb for mH� ∈
½200; 2000� GeV [71]. Similarly, CMS reports a 95% CL
upper bound on σðpp → tbH�ÞBrðH� → tbÞ < ð9.25 −
0.005Þ pb for mH� ∈ ½200; 3000� GeV [72]. The parameter
space with jρttj ¼ 0.1 is consistent with these bounds.
Other LHC constraints depend sensitively on additional

Yukawa couplings, such as ρbb, ρττ, etc., which are set to
zero in the present analysis; hence no strong bounds arise
from them.
We find that the Higgs mass dependence on the electron

EDM is nontrivial. This may be attributed to the compli-
cated Higgs mass function of the off-diagonal elements of
M2

N with the mass relation ðm4
H þm4

A þ 2m4
H�Þ1=4 ≃

540 GeV. For ϕtt ¼ 75°, points away from themH ≃mA ¼
382 GeV remain consistent with the current electron EDM
bound. For ϕtt ¼ 45°, on the other hand, even though the
nearly degenerated mass point mH ≃mA ¼ 382 GeV is
ruled out by the current electron EDM data, the allowed
region could be found whenmH increases and, correspond-
ingly, mA decreases. We also find that future electron EDM

FIG. 6. Electron EDM jdej in the ðmH;mAÞ plane for ϕtt ¼ 75° (left) and 45° (right). The orange-shaded region indicates
jdej ≤ 4.1 × 10−30 e cm. The dark-blue dashed and purple dotted curves show the contours jdej ¼ 5.0 × 10−31 e cm and
jdej ¼ 1.0 × 10−31 e cm, respectively. The solid black curve denotes mh1 ¼ 125 GeV; cross marks along this curve indicate points
excluded by the electroweak S–T fit at 95% CL. We fix Λ2 ¼ 1.0.
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experiments can further probe the Higgs mass spectrum,
squeezing the allowed region to mH ≳ 500 GeV and mA ≲
250 GeV for sin 2ϕtt ≠ 0.

B. Case (ii) ρtt ≠ 0 and ρee ≠ 0

In this case, all the contributions come in. After
straightforward calculation, the factor Xhγ

t in the presence
of the nonzero ρee is found to be

Xhγ
t ¼ 1

2
Reρtt Im ρee½−ytâΔf12 þ fðτth1Þ þ gðτth3Þ�

þ 1

2
Reρee Im ρtt½−yeb̂Δf23 þ fðτth3Þ þ gðτth1Þ�

þ ĉ
2
½ReρttReρee þ Im ρtt Im ρee�

× Reρtt Im ρttð−Δf13 þ Δg13Þ
þ ye

2
Reρtt Im ρtt½−âΔg12 þ b̂Δg23�; ð67Þ

where Δfij ¼ fðτthiÞ − fðτthjÞ. Now, Xhγ
t contains terms

proportional to Reρtt Im ρee and Reρee Im ρtt, in addition to
Reρtt Im ρtt, that is, Im ρ2tt, ImðρttρeeÞ, and Imðρttρ�eeÞ. If ρee
is proportional to either ρtt or ρ�tt, the electron EDM
becomes simply proportional to Im ρ2ttð¼ jρttj2 sin 2ϕttÞ.
We adopt the parametrization of ρee used in Ref. [13],
which takes the form

ρee ¼ −r
ye
yt
ρ�tt; ð68Þ

where r is a real parameter, which measures how close
the flavor structure between the two ρff matrices is to
the SM Yukawa structure, namely, jρee=ρttj ¼ rjye=ytj. In
this parametrization, all terms proportional to ImðρttρeeÞ
vanish.
As is the Xhγ

t case, Xhγ
W and Xhγ

H� are estimated as

Xhγ
W ≃−

1ffiffiffi
2

p ½âReρtt ImρeeΔJ
γ
W12þ b̂Reρee ImρttΔJ

γ
W23�;

ð69Þ

Xhγ
H� ≃

1ffiffiffi
2

p ½Im ρeefReΛ7IðτH�h1Þ − âΛ3ReρttΔI12

þ ĉ ImΛ7Reρtt Im ρttΔI13g
− ReρeefImΛ7IðτH�h3Þ þ b̂Λ3 Im ρttΔI23

þ ĉReΛ7Reρtt Im ρttΔI13g�; ð70Þ

where ΔJ γ
Wij ¼ J γ

WðmhiÞ − J γ
WðmhjÞ and ΔI ij ¼

IðτH�hiÞ − IðτH�hjÞ. With the parametrization of
Eq. (68), together with the expressions for Λ7 given in
Eqs. (34) and (35), Xhγ

W and Xhγ
H� are also proportional

to jρttj2 sin 2ϕtt.

We may infer the relative magnitude and sign between
ðdhγe Þt and ðdhγe ÞW from the analysis of hi → γγ, since the
Barr-Zee diagrams shown in Fig. 4 reduce to the Feynman
diagrams for hi → γγ once the electron line is removed. In
the latter process, the W-loop contribution is dominant,
followed by the top-loop contribution, and the two interfere
destructively. An identical or closely similar pattern is
likewise observed in the electron EDM. In addition,
ðdhγe ÞH� can also be relevant, as Λ3 may be of Oð1Þ in
magnitude, as follows from the tree-level relation
Λ3 ¼ 2m2

H�=v2.
For dhZe and dHW

e defined in Eq. (58), their CP-violating
dependences are analogous to that of dhγe , precisely as
required by the rephasing invariance structure.
Now we turn to the kite contributions. The representative

contributions are displayed in Fig. 7. As shown in Ref. [65],
the kite contribution can be numerically comparable to the
Barr-Zee diagrams. To ensure consistency with theW-loop
Barr-Zee diagrams in Eq. (58), which are based on
Ref. [58], the kite contributions that should be included
are [65]

dkitee

e
¼

ffiffiffi
2

p
αemGFme

64π3
½δNCkite þ δCCkite�; ð71Þ

where the explicit expressions for δNCkite and δ
CC
kite are provided

in Appendix C. As shown in Eqs. (C25) and (C26), these
contributions are proportional to gPhiēeghiVV , as is ðdhγe ÞW ,
implying that dkitee ∝ jρttj2 sin 2ϕtt. Thus, the electron EDM
can be written as

de ¼ dBZe þ dkitee ¼ jρttj2 sin 2ϕttðxþ ryÞ; ð72Þ

where x and y are functions of the heavy Higgs boson
masses.
The vanishing of the electron EDM with an Oð1Þ CP-

violating phase is realized if r ¼ −x=y. Following
Ref. [13], we refer to this as structured cancellation when
r ¼ Oð1Þ, since the hierarchy among the ρff elements
echoes the SM Yukawa structure, jρee=ρttj ≃ ye=yt;
otherwise, it is referred to as unstructured cancellation.

FIG. 7. Representative kite-type two-loop diagrams contribut-
ing to the electron EDM, dkitee , with the gauge boson V ¼ Z;W�.
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The electron EDM cancellation in the context of ρtt EWBG
[13] corresponds to structured cancellation, whereas that in
the context of ρbb EWBG [73] corresponds to unstructured
cancellation. In the following, we numerically evaluate de
to identify which type of cancellation is realized.
In Fig. 8, the contours of jdej ¼ 4.1 × 10−30 e cm are

shown in the ðjρttj;ϕttÞ plane for r ¼ 0.0 (solid, orange),

r ¼ 0.5 (dashed, dark blue), and r ¼ 1.0 (dotted, purple).
We set mA ¼ mH� ¼ 382 GeV and Λ2 ¼ 1.0, while mH is
adjusted such that mh1 ¼ 125.0 GeV. The gray shaded
region is excluded by the ΔMBs

measurement, as indicated
in Fig. 5. The electron EDM vanishes at jϕttj ¼ 90°, in
addition to jϕttj ¼ 0° and 180°, as expected. Moreover, for
r ≠ 0, partial cancellation occurs in de, arising mainly from
the destructive interference between dhγe and other contri-
butions that grow with r.
In the left panel of Fig. 9, we show the decomposition of

jdej (solid, orange) into jdhγe j (dashed, dark blue), jdhZe j
(dash–dot, purple), jdHW

e j (dotted, red), and jdkitee j (dash–
dot–dot, green) as functions of r for jρttj ¼ 0.1 and
ϕtt ¼ 45°. The other input parameters are the same as
those used in Fig. 5. The shaded region represents the
exclusion limit from the JILA experiment. As seen in the
figure, both jdHW

e j and jdkitee j increase with r and can
become comparable to jdhγe j, eventually leading to the
cancellation around r ≃ 0.67.
To examine this cancellation behavior in more detail, the

right panel of Fig. 9 shows de and its individual compo-
nents without taking the absolute value. The vertical axis is
plotted on a symmetric logarithmic scale for 10−31 ≤ jdej ≤
10−28 and on a linear scale for jdej ≤ 10−31. It can be seen
that dhγe changes sign from negative to positive at r ≃ 0.44.
A closer inspection shows that ðdhγe Þt, ðdhγe ÞW , and ðdhγe ÞH�

are all negative for r < 0. For r > 0, however, the latter two
contributions become positive and cancel the former
negative contribution around r ≃ 0.44 and then dominate
beyond this point. Similarly, dHW

e ð≃ðdHW
e ÞH�=hiÞ and

FIG. 8. Contours represent jdej ¼ 4.1 × 10−30 e cm for r ¼ 0.0
(solid, orange), r ¼ 0.5 (dashed, dark blue), and r ¼ 1.0 (dotted,
purple), with Reρee ¼ −ryeReρtt=yt and Im ρee ¼ rye Im ρtt=yt.
The gray shaded region is excluded by the measurement of
ΔMBs

. The same input parameters as in Fig. 5 are used.

FIG. 9. In the left panel, the decomposition of jdej (solid, orange) into jdhγe j (dashed, dark blue), jdhZe j (dash–dot, purple), jdHW
e j

(dotted, red), and jdkitee j (dash–dot–dot, green) is shown as functions of r for jρttj ¼ 0.1 and ϕtt ¼ 45°. The other input parameters are the
same as in Fig. 5. The shaded region is excluded by the JILA experiment. In the right panel, the decomposition of de without taking the
absolute value is shown to illustrate the sign of each contribution. The vertical axis is plotted on a symmetric logarithmic scale for
10−31 ≤ jdej ≤ 10−28 and on a linear scale for jdej ≤ 10−31.
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dkitee ð≃ðdCCe ÞkiteÞ become negative, and their magnitudes
increase with positive r. These negative contributions

cancel the positive dhγe term at r ≃ 0.67, resulting in
de ≃ 0. This figure also indicates that such a cancellation
occurs only for positive r in the parametrization of Eq. (68).
We now present the dependence of the Higgs mass

spectrum on the electron EDM by considering both the
custodially symmetric (mA ¼ mH�) and twisted custodially
symmetric (mH ¼ mH�) cases. Figure 10 shows the jdej
contours on the ðm1-loop

H� ; rÞ plane for jρttj ¼ 0.1 with

ϕtt ¼ 75° (left) and 45° (right). The horizontal axis uses
the one-loop–corrected charged-Higgs mass m1-loop

H� as
given in Eq. (41), while the scan itself is performed by
varying the tree-level heavy-Higgs masses (mH;mA;mH�)
subject to the above custodial relations; m1-loop

H� is thus a
derived quantity used only as a physically meaningful
plotting variable, not an independent input. Its accessible
range is restricted by the requirement mh1 ¼ 125 GeV. On
the secondary top x axis we display ðmA;mHÞ for the upper
row and ðmh2 ; mh3Þ for the lower row. In the custodially

FIG. 10. Electron EDM jdej on the ðm1-loop
H� ; rÞ plane for jρttj ¼ 0.1 with ϕtt ¼ 75° (left) and 45° (right), where r is a real parameter

defined via ρee ¼ −rρ�ttðye=ytÞ. Upper row: custodial spectrum defined at tree level, mA ¼ mH� ; lower row: twisted custodial spectrum
defined at tree level, mH ¼ mH� . The common x axis uses the one-loop–corrected charged-Higgs mass m1-loop

H� [Eq. (41)]. The orange
shading indicates jdej ≤ 4.1 × 10−30 e cm; dark-blue dashed and purple dotted contours mark jdej ¼ 5.0 × 10−31 and 1.0 × 10−31 e cm,
respectively. Hatched regions are excluded by the electroweak S–T fit at 95% CL. Secondary x-axis ticks annotate mA, mH (upper) and
mh2 ; mh3 (lower).

EXPLORING CP VIOLATION AND VANISHING ELECTRIC … PHYS. REV. D 113, 015019 (2026)

015019-15



symmetric case, we have m1-loop
H� ≃mh2 ∼mA for m1-loop

H� <

382 GeV and m1-loop
H� ≃mh3 ∼mA for m1-loop

H� > 382 GeV;

in the twisted custodially symmetric case, m1-loop
H� ≃mh2 ∼

mH for m1-loop
H� < 382 GeV and m1-loop

H� ≃mh3 ∼mH for

m1-loop
H� > 382 GeV. The colors and line styles of the jdej

contours match those in Fig. 6, and the hatched regions are
excluded by the electroweak S–T fit at 95% CL. In the
custodially symmetric case, the electron EDM vanishes in
the low-mH� region for r ≃ 0 (as already seen in Fig. 6); for
r > 0, this cancellation region shifts to larger values of
mH� . For m1-loop

H� ≃ 400 GeV, we find jdej ¼ 0 at r ≃ 0.9.
In contrast, in the twisted custodially symmetric case,
no cancellation is observed at r ≤ 0, whereas solutions
with jdej ¼ 0 appear for r > 0. In all cases, such can-
cellations are possible only when r ¼ Oð1Þ, namely,
structured cancellation, analogous to the situation dis-
cussed in Ref. [13].
Before closing, some comments are in order.
(i) Other EDMs, such as those of the neutron and

mercury, are also subject to experimental upper
bounds [74,75],

jdnj < 1.8 × 10−26 e cm ð90%CLÞ; ð73Þ

jdHgj < 7.4 × 10−30 e cm ð95%CLÞ: ð74Þ

Furthermore, by combining the upper limit on the
mercury EDM with nuclear calculations, Ref. [76]
inferred an indirect bound on the proton EDM,
jdpj < 2.1 × 10−25 e cm. We find that these EDMs
remain below the current experimental sensitivities
in the parameter space under consideration, and thus
impose no additional constraints.

(ii) It is known that the SI-2HDM has a relatively low
cutoff scale at which a Landau pole emerges. This
scale is typically identified as the energy scale at
which one of the Higgs quartic couplings diverges.
For example, in the softly Z2-broken SI-2HDM [21],
the Landau pole scale is found to be 6.3 TeV. In the
g2HDM, however, the Higgs quartic couplings
depend on the choice of basis, such as the Higgs/
Georgi basis or the generic basis. For instance, Λ1 is
given by

P
i ciλi, where λi are the Higgs quartic

couplings and ci are model-dependent coefficients in
the generic basis. Therefore, the scale at which
jΛ1j → ∞ generally differs from the scale at which
jλij → ∞ for some λi. We are not aware of a basis-
independent study of the Landau pole scale in the
literature. In the Higgs/Georgi basis adopted
throughout our analysis, it is found that the Landau
pole scale in the explored parameter space lies in the
range 3–10 TeV using one-loop β functions [77].

IV. CONCLUSION

We have analyzed the Higgs mass spectrum and couplings
in the SI-g2HDM with explicit CP violation, using the GW
method. At tree level, the scalar potential exhibits a flat
direction, resulting in a massless scalar and the absence of
CP-even and CP-odd mixings in the neutral Higgs mass
matrix.At theone-loop level, radiative electroweaksymmetry
breaking generates both a nonzero mass and CP-violating
mixings for the massless scalar, yielding mh1 ¼ 125 GeV.
TheGWflatness conditions fix the complexHiggs quartic

couplingΛ7 in terms of the extra Yukawa couplings ρff and
the heavy Higgs masses. Assuming only the extra top
Yukawa couplingρtt is significant,wenumerically evaluated
the Higgs couplings to gauge bosons and fermions. For a
typical parameter set, the lightest neutral Higgs boson
exhibits SM-like couplings to gauge bosons, jgh1VV j ≈ 1,
while theheavier states satisfy jgh2VV j; jgh3VV j≲Oð10−2Þ. In
contrast, the chargedHiggs couplings, jgh1HþW− j ¼ Oð10−2Þ
and jgh2;3HþW− j ≈ 1, indicate stronger interactions between
the charged Higgs bosons, the heavier neutral Higgs
bosons, and the W boson. The top Yukawa couplings
satisfy jgSh1 t̄tj ≈ 0.7, jgPh1 t̄tj < 10−3, and jκtj ≈ 1, with

jκ̃tj ¼ Oð10−3Þ, consistent with current LHC constraints.
We also investigated CP-violating contributions to the

electron EDM arising from ρtt and an additional complex
electron Yukawa coupling ρee. In the absence of ρee, the
EDM is proportional solely to Im ρ2tt, a direct consequence
of the GW flatness conditions [Eqs. (34) and (35)], which
distinguish the SI-g2HDM from the ordinary g2HDM.
These conditions also imply a nontrivial dependence of
the neutral Higgs mass spectrum on the EDM. In the
custodially symmetric case, parameter regions consistent
with mh1 ¼ 125 GeV and suppressed EDMs arise when
mAð≃mh2Þ < mHð≃mh3Þ; for example, vanishing EDM
points appear for mH > 500 GeV and 200 GeV < mA <
250 GeV (see Figs. 6 and 10). By contrast, no such
cancellation region exists in the twisted custodially sym-
metric case. When a nonzero electron Yukawa coup-
ling is further introduced through the parametrization
ρee ¼ −rρ�ttðye=ytÞ, which preserves the proportionality
of the EDM to Im ρ2tt, a nontrivial cancellation region
emerges in both custodially and twisted custodially sym-
metric mass spectra for r ¼ Oð1Þ (see Fig. 10).
Since CP violation induced by ρtt has been proposed as a

viable source of the baryon asymmetry [11], the possibility
of realizing successful EWBG within the SI-g2HDM is
both important and of broad interest. A detailed study of
this aspect is left for future work. The fact that the electron
EDM can be suppressed in this model—similarly to the
ordinary g2HDM [13]—further strengthens the plausibility
of the scenario. At the same time, the predictive mass
relations enforced by scale invariance restrict the parameter
space more strongly than in the ordinary g2HDM, thereby
making future experimental tests particularly decisive.
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To investigate the cancellation regions in greater detail,
complementary constraints from other EDMmeasurements
and collider searches will be essential. A systematic study
including additional Yukawa couplings, such as ρbb and
ρττ, also represents an important direction for future work.
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APPENDIX A: HIGGS COUPLINGS TO
FERMIONS

After performing the biunitary transformations of the
fermion fields given in Eq. (6), the Yukawa interactions in
Eq. (5) take the following form in the mass eigenstate
basis.

−LYukawa ¼
X

f¼u;d;e

mðfÞ
i f̄ifi

¼ ūi

�
yuiffiffiffi
2

p O1aδij þ
1ffiffiffi
2

p ρuijðO2a − iO3aÞPR þ 1ffiffiffi
2

p ρu†ij ðO2a þ iO3aÞPL

�
ujha

þ d̄i

�
ydiffiffiffi
2

p O1aδij þ
1ffiffiffi
2

p ρdijðO2a þ iO3aÞPR þ 1ffiffiffi
2

p ρd†ij ðO2a − iO3aÞPL

�
djha

þ ēi

�
yeiffiffiffi
2

p O1aδij þ
1ffiffiffi
2

p ρeijðO2a þ iO3aÞPR þ 1ffiffiffi
2

p ρe†ij ðO2a − iO3aÞPL

�
ejha

þ
�
ūifðVCKMρ

dÞijPR − ðρu†VCKMÞijPLgdjHþ þ ν̄iρ
e
ijPRejHþ þ H:c:

�
; ðA1Þ

where O is the orthogonal matrix defined in Eq. (40), VCKM denotes the Cabibbo-Kobayashi-Maskawa matrix [78,79], and
the operators PL;R ¼ ð1 ∓ γ5Þ=2 are the standard chirality projectors constructed from the Dirac gamma matrices.
Let us parametrize the Higgs couplings to the fermions in Eq. (A1) as

−Lhif̄jfk ¼ hif̄jðgRhif̄jfkPR þ gL
hif̄jfk

PLÞfk ¼ hif̄jðgShif̄jfk þ iγ5gPhif̄jfkÞfk; ðA2Þ

−LHþf̄↑f↓ ¼ Hþf̄↑ðgRHþf̄↑f↓
PR þ gL

Hþf̄↑f↓
PLÞf↓ þ H:c:

¼ Hþf̄↑ðgSHþf̄↑f↓
þ iγ5gPHþf̄↑f↓

Þf↓ þ H:c:; ðA3Þ

where f↑ ¼ u, ν and f↓ ¼ d, e, and

gS
ϕf̄AfB

¼
gR
ϕf̄AfB

þ gL
ϕf̄AfB

2
; gP

ϕf̄AfB
¼ −i

gR
ϕf̄AfB

− gL
ϕf̄AfB

2
; ðA4Þ

with ϕ ¼ hi, Hþ. For the diagonal couplings of the neutral Higgs bosons to fermions, the interactions can be written in a
simpler form shown in Eqs. (43) and (44).
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APPENDIX B: ONE-LOOP CORRECTIONS TO THE HIGGS MASSES

The one-loop corrections to the diagonal elements ofM2
N can be obtained by taking p2 ¼ 0 in the following expressions:

Σ̄h0
1
ðpÞ ¼ −1

16π2

�
−4
X
f

Nf
C

�
1

2
ðgS

hf̄ifj
gS
hf̄jfi

þ gP
hf̄ifj

gP
hf̄jfi

ÞðĀðmfiÞ þ ĀðmfjÞ þ ðm2
fi
þm2

fj
− p2ÞB̄0ðp2;mfi; mfjÞÞ

þmfimfjðgShf̄ifjg
S
hf̄jfi

− gP
hf̄ifj

gP
hf̄jfi

ÞB̄0ðp2;mfi; mfjÞ
�
þ 1

2

X
ϕ¼H;A;H�

nϕðλhhϕϕĀðmϕÞ þ λ2hϕϕB̄0ðp2;mϕ; mϕÞÞ
�
;

ðB1Þ

Σ̄h0
2
ðpÞ ¼ −1

16π2

�
−4
X
f

Nf
C

�
1

2
ðgS

Hf̄ifj
gS
Hf̄jfi

þ gP
Hf̄ifj

gP
Hf̄jfi

ÞðĀðmfiÞ þ ĀðmfjÞ þ ðm2
fi
þm2

fj
−p2ÞB̄0ðp2;mfi;mfjÞÞ

þmfimfjðgSHf̄ifj
gS
Hf̄jfi

− gP
Hf̄ifj

gP
Hf̄jfi

ÞB̄0ðp2;mfi ;mfjÞ
�

þ 1

2
λhhHHĀðmhÞ þ

1

2
λHHHHĀðmHÞ þ

1

2
λHHAAĀðmAÞ þ λHHHþH−ĀðmH�Þ

þ 1

2
λ2HHHB̄0ðp2;mH;mHÞ þ

1

2
λ2HAAB̄0ðp2;mA;mAÞ þ λ2HHþH−B̄0ðp2;mH� ;mH�Þ

þ λ2hHHB̄0ðp2;mh;mHÞ þ λ2HG0AB̄0ðp2;mG0 ;mAÞ þ λ2HHAB̄0ðp2;mH;mAÞ þ 2λ2HH�G∓B̄0ðp2;mG� ;mH�Þ
�
; ðB2Þ

Σ̄AðpÞ ¼
−1
16π2

�
−4
X
f

Nf
C

�
1

2
ðgS

Af̄ifj
gS
Af̄jfi

þ gP
Af̄ifj

gP
Af̄jfi

ÞðĀðmfiÞ þ ĀðmfjÞ þ ðm2
fi
þm2

fj
− p2ÞB̄0ðp2;mfi ; mfjÞÞ

þmfimfjðgSAf̄ifjg
S
Af̄jfi

− gP
Af̄ifj

gP
Af̄jfi

ÞB̄0ðp2;mfi ; mfjÞ
�
þ 1

2
λhhAAĀðmhÞ þ

1

2
λHHAAĀðmHÞ

þ 1

2
λAAAAĀðmAÞ þ λAAHþH−ĀðmH�Þ þ λ2hAAB̄0ðp2;mh;mAÞ þ λ2HAAB̄0ðp2;mH;mAÞ þ λ2HG0AB̄0ðp2;mG0 ; mHÞ

þ 2λAHþG−λAH−GþB̄0ðp2;mG� ; mH�Þ þ 1

2
λ2AAAB̄0ðp2;mA;mAÞ þ

1

2
λ2HHAB̄0ðp2;mH;mHÞ

þ λ2AHþH−B̄0ðp2;mH� ; mH�Þ
�
; ðB3Þ

Σ̄H�ðpÞ ¼ −1
16π2

�
−4
X
f

Nf
C

�
1

2
ðjgS

Hþf̄↑f↓
j2 þ jgP

Hþf̄↑f↓
j2ÞðĀðmf↑Þ þ Āðmf↓Þ

þ ðm2
f↑

þm2
f↓

− p2ÞB̄0ðp2;mf↑ ; mf↓ÞÞ þmf↑mf↓ðjgSHþf̄↑f↓
j2 − jgP

Hþf̄↑f↓
j2ÞB̄0ðp2;mf↑ ; mf↓Þ

�

þ 1

2
λhhHþH−ĀðmhÞ þ

1

2
λHHHþH−ĀðmHÞ þ

1

2
λAAHþH− ĀðmAÞ

þ λHþH−HþH−ĀðmH�Þ þ λ2hHþH−B̄0ðp2;mh;mH�Þ þ λ2HHþH− B̄0ðp2;mH;mH�Þ
þ λ2HH�G∓B̄0ðp2;mG� ; mHÞ þ λAHþG−λAH−GþB̄0ðp2;mG� ; mAÞ

þ λ2AHþH−B̄0ðp2;mA;mH�Þ
�
; ðB4Þ

where the self-energies are regularized in the MS-scheme. The self-couplings are defined as

λϕiϕjϕk
¼ ∂

3V0

∂ϕi∂ϕj∂ϕk
; λϕiϕjϕkϕl

¼ ∂
4V0

∂ϕi∂ϕj∂ϕk∂ϕl
: ðB5Þ

DANG BAO NHI NGUYEN and EIBUN SENAHA PHYS. REV. D 113, 015019 (2026)

015019-18



The couplings gS;P
ϕf̄ifj

and gS;P
Hþf̄↑f↓

are defined in Eqs. (A2) and (A3). We take the approximation defined in Eq. (7) with

sγ ¼ 1 in the one-loop self-energies, as the dropped terms are of two-loop order. The loop functions ĀðmÞ and B̄0 are,
respectively, given by

ĀðmÞ ¼ −m2

	
ln
m2

μ̄2
− 1



; ðB6Þ

B̄0ðp2;m1; m2Þ ¼ −
Z

1

0

dx ln

�
−xð1 − xÞp2 þ ð1 − xÞm2

1 þ xm2
2 − iϵ

μ̄2

�
; ðB7Þ

where the iϵðϵ > 0) term is needed when B̄0 has an imaginary part. For p2 ¼ 0, one gets

B̄0ð0;m1; m2Þ ¼
−1

m2
1 −m2

2

�
m2

1

	
ln
m2

1

μ̄2
− 1



−m2

2

	
ln
m2

2

μ̄2
− 1


�
: ðB8Þ

Note that B̄0ð0;m;mÞ ¼ − lnðm2=μ̄2Þ. The general analytic expressions of B̄0 can be found in Ref. [80].

APPENDIX C: ELECTRON EDM

We collect formulas for calculating the electron EDM. The relevant interactions are parametrized as

LA=Zf̄f ¼ −eQfAμf̄γμf − gZZμf̄γμðvZf̄f − aZf̄fγ5Þf; ðC1Þ

LWþf̄f ¼ −Wþ
μ f̄↑γμ½gLWþf̄↑f↓

PL�f↓ þ H:c; ðC2Þ

LhiHþH− ¼ −λ̄hiHþH−vhiHþH−; ðC3Þ

LZHþH− ¼ igZHþH−fð∂μH−ÞHþ −H−ð∂μHþÞgZμ; ðC4Þ

where e is the positron charge, Qf denotes the electric charge of the fermion f, gZ ¼ g2=cW , and

vZf̄f ¼
1

2
T3
f −Qfs2W; aZf̄f ¼ 1

2
T3
f; ðC5Þ

gLWþq̄↑q↓
¼ g2ffiffiffi

2
p ðVCKMÞ↑↓; gL

Wþl↑l↓
¼ g2ffiffiffi

2
p ; ðC6Þ

λ̄hiHþH− ¼ Λ3O1i þ ReΛ7O2i − ImΛ7O3i; ðC7Þ

gZHþH− ¼ e cot 2θW; ðC8Þ

with T3
f ¼ �1=2 being the third component of the weak isospin.

The expressions for dhZe and dHW
e defined in Eq. (58) are, respectively, given by [49–63]

ðdhZe Þt
e

¼ −
X
i

αemvZēevZt̄t
4π3mfs2Wc

2
W
½gShiēegPhit̄tF̃Aðτthi ; τtZÞ þ gPhiēeg

S
hit̄t

F̃Hðτthi ; τtZÞ�; ðC9Þ

ðdhZe ÞW
e

¼
X
i

ffiffiffi
2

p
αemGFvvZēe
32π3s2W

gPhiēeghiVVJ
Z
WðmhiÞ; ðC10Þ

ðdhZe ÞH�

e
¼
X
i

gZvZēegZHþH−v
128π4m2

H�
λ̄hiHþH−gPhiēe½F̃HðτH�hi ; τH�ZÞ − F̃AðτH�hi ; τH�ZÞ�; ðC11Þ
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ðdHW
e Þt=b
e

¼ −
Nf

C

256π4m2
H�

Z
1

0

dx

	
Qt

x
þ Qb

1 − x



J

	
rWH� ;

rtH�

x
þ rbH�

1 − x



× Im

hn
gL�Wþν̄eðgSHþν̄e þ igPHþν̄eÞ

o

×
n
GLRþ mtð1 − xÞ2 þGLR

− mtð1 − xÞ þ GRLþ mbx2 þ GRL
− mbx

oi
; ðC12Þ

ðdHW
e ÞW=hi

e
¼ −

e2

ð16π2Þ2 ffiffiffi
2

p
vs2W

X
i

Im½gSHþν̄eg
�
hiHþW− �ghiVVI4ðm2

hi
; m2

H�Þ; ðC13Þ

ðdHW
e ÞH�=hi

e
¼

ffiffiffi
2

p

ð16π2Þ2v
X
i

Im½gSHþν̄eg
�
hiHþW− �λ̄hiHþH−I5ðm2

hi
; m2

H�Þ; ðC14Þ

where τAB ¼ m2
A=m

2
B, G

AB
� ¼ ðgSHþ t̄bÞ�ðgAWþ t̄b � gBWþ t̄bÞ þ iðgPHþ t̄bÞ�ðgAWþ t̄b ∓ gBWþ t̄bÞ, and the loop functions are, respec-

tively, defined as

fðτÞ ¼ τ

2

Z
1

0

dx
1 − 2xð1 − xÞ
xð1 − xÞ − τ

ln

	
xð1 − xÞ

τ



; ðC15Þ

gðτÞ ¼ τ

2

Z
1

0

dx
1

xð1 − xÞ − τ
ln

	
xð1 − xÞ

τ



; ðC16Þ

F̃Aða; bÞ ¼
1

a − b
½agðbÞ − bgðaÞ�; F̃Hða; bÞ ¼

1

a − b
½afðbÞ − bfðaÞ�; ðC17Þ

J V
WðmϕÞ ¼

2m2
W

m2
ϕ −m2

V

�
−
1

4

�	
6 −

m2
V

m2
W



þ
	
1 −

m2
V

2m2
W



m2

ϕ

m2
W

�
× ðI1ðmW;mϕÞ − I1ðmW;mVÞÞ

þ
�	

−4þ m2
V

m2
W



þ 1

4

	
6 −

m2
V

m2
W



þ 1

4

	
1 −

m2
V

2m2
W



m2

ϕ

m2
W

�
ðI2ðmW;mϕÞ − I2ðmW;mVÞÞ

�
; ðC18Þ

I4;5ðm2
1; m

2
2Þ ¼

m2
W

m2
H� −m2

W
½I4;5ðm2

W;m
2
1Þ − I4;5ðm2

2; m
2
1Þ�; ðC19Þ

with

I1ðm1; m2Þ ¼ −2
m2

2

m2
1

f

	
m2

1

m2
2



; I2ðm1; m2Þ ¼ −2

m2
2

m2
1

g

	
m2

1

m2
2



; ðC20Þ

I4ðm2
1; m

2
2Þ ¼

Z
1

0

dxð1 − xÞ2
�
x − 4þm2

H� −m2
2

m2
W

x

�
m2

1

m2
Wð1 − xÞ þm2

2x −m2
1xð1 − xÞ ln

	
m2

Wð1 − xÞ þm2
2x

m2
1xð1 − xÞ



; ðC21Þ

I5ðm2
1; m

2
2Þ ¼ 2

Z
1

0

dx
m2

1xð1 − xÞ2
m2

H�ð1 − xÞ þm2
2x −m2

1xð1 − xÞ ln
	
m2

H�ð1 − xÞ þm2
2x

m2
1xð1 − xÞ



; ðC22Þ

Jða; bÞ ¼ 1

a − b

�
a

a − 1
ln a −

b
b − 1

ln b

�
: ðC23Þ

Note that ðdHW
e Þt=b is absent in softly Z2 broken 2HDMs.

In addition to the above contributions, we also include the kite diagrams derived in Ref. [65]. To maintain consistency
with ðdhγe ÞW , ðdhZe ÞW , and ðdHW

e ÞW=hi , which are based on Ref. [58], we set ξ ¼ 1 when incorporating the kite contributions
of Ref. [65],
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dkitee

e
¼ ðdNCe Þkite

e
þ ðdCCe Þkite

e
¼

ffiffiffi
2

p
αemGFme

64π3
½δNCkite þ δCCkite�; ðC24Þ

where

δNCkite ¼
X
i

gPhiēeghiVV
24s2Wc

2
W

ffiffiffi
2

p

ye
½3ð16v2Zēe − 1ÞK1ðτZhiÞ þ ð16v2Zēe þ 1ÞK2ðτZhiÞ�; ðC25Þ

δCCkite ¼
X
i

gPhiēeghiVV
4s2W

ffiffiffi
2

p

ye
½KðτWhiÞ þ Fξ¼1ðτWhiÞ −Gξ¼1ðτWhiÞ�; ðC26Þ

with

K1ðτÞ ¼
1

τ3

�
z2 þ π2

6
ð1 − 4τÞ − 2τ2 ln τ þ 1

2
ð1 − 4τÞln2τ þ 2ð1 − 4τ þ τ2ÞLi2

	
1 −

1

τ



þ 1

2
ð1 − 6τ þ 8τ2ÞΦðτÞ

�
; ðC27Þ

K2ðτÞ ¼
1

τ

�
2τð1 − 4τÞ þ π2

3
ð3τ2 þ 4τ3Þ − 2τð1 þ 4τÞ ln τ þ 2ð1 − 3τ2 − 4τ3ÞLi2

	
1 −

1

τ



þ ð1 − 2τ − 8τ2ÞΦðτÞ

�
;

ðC28Þ

KðτÞ ¼ 2π2

9
τð3þ 4τÞ þ 2

3
ð5 − 8τÞ − 16

3
ð1þ τÞ ln τ þ 2ð3þ 2τ − 6τ3 − 8τ4Þ

3τ2
Li2

	
1 −

1

τ



þ ð1þ 2τÞð3 − 10τ þ τ2Þ

3τ2
ΦðτÞ;

ðC29Þ

Fξ¼1ðτÞ ¼ ð3 − 2τÞΦðτÞ; ðC30Þ

Gξ¼1ðτÞ ¼ −2þ 2

�ð1 − τÞ2
τ2

− 1

�
Li2

	
1 −

1

τ



þ
�
2þ 1 − 4τ

τ2

�
ΦðτÞ; ðC31Þ

ΦðτÞ ¼ 2ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4τ

p
�
π2

6
−
1

2
ln2 τ þ ln2

	
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4τ

p

2



− 2Li2

	
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4τ

p

2


�
: ðC32Þ
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