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Based on the weakly coupled spontaneous CP-violation two-Higgs-doublet model (called the Lee
model) and the mechanism to generate the correlation between the smallness of CP violation and the
lightness of the scalar mass, as we proposed earlier, we predict a light CP mixing scalar η in which the
pseudoscalar component is dominant. It is a natural scenario in whichmη ∼Oð10 GeVÞ ≪ v. It means new

physics might be hidden below the electroweak scale v. Masses of all other scalars (h, H, H�) should be
around the electroweak scale v. Among them, the 125 GeV Higgs boson (h) couplings are standard-model-
like, and the charged Higgs boson (H�) mass should be around the heaviest neutral scalar (H) mass. We
discussed all experimental constraints and showed that this scenario is still allowed by data. The strictest
constraints come from the flavor violation experiments and the electric dipole moments of the electron and
neutron. We also discussed the future tests for this scenario. It is possible to discover the extra scalars or
exclude this scenario at future colliders, especially at the LHC and eþe− colliders withOðab−1Þ luminosity.
We also pointed out that the Z-mediated Higgs pair production via eþe− → hihj (hi, hj stand for two of the
η, h,H) would be the key observable to confirm or exclude CP violation in the Higgs sector. The sensitivity
to test this scenario is worth studying in greater detail.
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I. INTRODUCTION

The realization of electroweak symmetry breaking and
CP violation are two important topics both in the standard
model (SM) and beyond the standard model (BSM). It is
also attractive to relate them with each other. In our
previous work [1], we proposed the correlation between
the lightness of the Higgs boson and the smallness of CP
violation. In this paper, we will continue to explore an
alternative natural scenario and its phenomenology.
In 1964, the Higgs mechanism [2] was proposed. In the

Higgs mechanism, a scalar doublet with nontrivial vacuum
expectation value (VEV) was introduced to break the
electroweak gauge symmetry spontaneously. After sponta-
neous gauge symmetry breaking in the SM, there exists a
scalar named the Higgs boson.1 In July 2012, both ATLAS
[4] and CMS [5] collaborations at the LHC discovered a
new boson with its mass around 125 GeV [6]. The
subsequent measurements by CMS and ATLAS [7–9] on

its signal strengths showed that the scalar behaves similarly
to the SM Higgs boson. However, there is still plenty of
room for the BSM. In some BSM models, there exist new
light particles which may appear in the final states during
Higgs decay processes. For example, in the next-to-
minimal super-symmetric standard model (NMSSM)
[10], the simplest little Higgs model (SLH) [11–13], or
the left-right-twin-Higgs model (LRTH) [14,15], a light
scalar η with its mass of Oð10Þ GeV will naturally appear.
For some cases in 2HDM [16–20], a light scalar η is
allowed as well, though there are strict constraints on them.
Ifmη < mh=2 ¼ 62.5 GeV, there would be an exotic decay
channel h → ηη, while if mη < mh −mZ ¼ 34 GeV, an
exotic decay channel h → Zη should also be open. There is
no evidence for exotic Higgs decay channels at the LHC
until now, and the constraints on the exotic Higgs decay
branching ratio are set to be Brexo ≲ ð20–30Þ% [21] if the
production rate of the Higgs boson is close to that in the
SM. The spin-parity property for the Higgs boson is
expected to be 0þ in the SM. Experimentally, a pure
pseudoscalar state (0−) is excluded at over 3σ [22–24], but
a mixing state is still allowed; thus, the spacious room for
BSM scenarios has not been closed yet.
Theoretically, CP violation in SM is induced by the

Kobayashi and Maskawa (K-M) mechanism [25] proposed
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1There may exist more particles in the extension of SM. For

example, in the two-Higgs-doublet model (2HDM) [3] in which
two scalar doublets were introduced, there exist five scalars. Two
of them are charged and three of them are neutral.
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by Kobayashi and Maskawa in 1973. They proved that a
nontrivial phase which leads to CP violation in quark
mixing matrix (called the CKM matrix [25,26]) would
appear if there exist three or more generations of quarks.
The CKM matrix is usually parametrized as the
Wolfenstein formalism [27]

VCKM ¼

0
B@

1 − λ2=2 λ Aλ3ðρ − iηÞ
−λ 1 − λ2=2 Aλ2

Aλ3ð1 − ρ − iηÞ −Aλ2 1

1
CA

þOðλ4Þ: ð1Þ

The Jarlskog invariant J [28] defined as

det ði½MUM
†
U;MDM

†
D�Þ

¼ 2J
Y
i<j

ðm2
Ui

−m2
Uj
Þ
Y
i<j

ðm2
Di

−m2
Dj
Þ ð2Þ

measures the effects of CP violation where MUðDÞ is the
mass matrix for up- (down-) type quarks. J ≈ λ6A2η ≈ 3 ×
10−5 [29] means CP violation in the SM is small.
Experimentally, in the K- and B-meson systems, several
kinds of CP violation have been discovered [29] which
represent the success of the K-Mmechanism. However, it is
still attractive to search for new sources ofCP violation, not
only to search for BSM physics but also to understand the
matter-antimatter asymmetry in the Universe [29,30]. SM
itself cannot provide enough baryogenesis effects [29–32],
but in some extensions of SM, for example, 2HDM with
CP violation in the Higgs sector, it is possible to generate
large enough baryogenesis effect [31,33].
The Lee model [34] is a possible way to connect the

Higgs mechanism and CP violation with each other. It was
proposed by Lee in 1973 as the first 2HDM. In the Lee
model, the Lagrangian is required to be CP conserved, but
the VEV of one Higgs doublet can be complex; thus, the
CP symmetry is spontaneously broken due to the complex
vacuum. In this case, the neutral scalars are CP mixing
states so that CP violation effects should occur in the Higgs
sector. All the three neutral scalars should couple to
massive gauge bosons with the effective interaction,

LhiVV ¼
X
i

ci;Vhi

�
2m2

W

v
WþμW−

μ þm2
Z

v
ZμZμ

�
; ð3Þ

where ci;V ≡ ghiVV=ghVV;SM is the ratio between the hiVV
coupling strength and that in SM. c21;V þ c22;V þ c23;V ¼ 1

due to the mechanism of spontaneous gauge symmetry
breaking. The quantity

K ≡ c1;Vc2;Vc3;V ð4Þ

measures the CP-violation effects in the Higgs sector
[3,35] when the masses of the neutral scalars are

nondegenerate.2 In our recent paper [1], we proposed
the correlation between the lightness of the Higgs boson
and the smallness of CP violation through small tβsξ in
the Lee model.3 In that paper, we treated the 125 GeV
scalar as the lightest one; thus, it implied a strongly
interacted scenario beyond [36]. However, another natural
scenario with a weakly interacted scalar in which the
heavy scalars have the mass mi ∼OðvÞ is also possible
where v ¼ 246 GeV is the VEV of the scalar doublet in
SM. In this scenario, the Lee model would predict a light
scalar η with mass mη ≪ v for the small tβsξ case based
on our paper [1]. In this paper, we will discuss this
scenario and its phenomenology.
This paper is organized as follows. In Sec. II, we

introduce the Lee model and its main properties. In
Sec. III, we discuss the constraints for this scenario by
recent experiments, including data from both high- and
low-energy phenomena. In Sec. IV, we consider the
predictions and future tests for this scenario. Section V
contains our conclusions and discussions.

II. THE LEE MODEL AND A LIGHT SCALAR

In the Lee model [34], the Lagrangian is required to be
CP conserved in both scalar and Yukawa sectors. For the
scalar sector,

L¼ðDμϕ1Þ†ðDμϕ1ÞþðDμϕ2Þ†ðDμϕ2Þ−Vðϕ1;ϕ2Þ ð5Þ

in which the scalar potential

Vðϕ1;ϕ2Þ ¼ μ21R11 þ μ22R22 þ λ1R2
11 þ λ2R11R12

þ λ3R11R22 þ λ4R2
12 þ λ5R12R22

þ λ6R2
22 þ λ7I212: ð6Þ

Here the scalar doublets

ϕ1 ¼
� ϕþ

1

v1þR1þiI1ffiffi
2

p

�
; ϕ2 ¼

� ϕþ
2

v2eiξþR2þiI2ffiffi
2

p

�
ð7Þ

and RðIÞij denotes the real (imaginary) part of ϕ†
iϕj.

4ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
¼ v ¼ 246 GeV. The general Yukawa cou-

plings can be written as

2If at least two of the scalars have the same mass, we can
always perform a field rotation between them to keep at least one
ci;V ¼ 0; thus, there would be no CP violation in the Higgs
sector.

3The parameters will be defined in the next section or see [1].
4We can always perform a rotation between ϕ1 and ϕ2 to keep

the term proportional to R12 vanish.
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Ly ¼ −Q̄LiððY1dÞijϕ1 þ ðY2dÞijϕ2ÞDRj

− Q̄LiððY1uÞij ~ϕ1 þ ðY2uÞij ~ϕ2ÞURj; ð8Þ

where all coupling constants should be real and ~ϕi ≡ iσ2ϕ�
i .

We choose the type III [3,37] Yukawa couplings because
there is no additional discrete symmetry to forbid any term
in (8). It is possible to generate correct fermion mass
spectrum and CKM matrix from (8), for example,
see [38,39].
We should minimize the potential (6). For some param-

eter choices, there is a nonzero ξ which means the
spontaneous CP violation.5 If v1, v2, ξ ≠ 0, we have

μ21 ¼ −λ1v21 −
λ3 þ λ7

2
v22 −

λ2
2
v1v2 cos ξ; ð9Þ

μ22 ¼ −
λ3 þ λ7

2
v21 − λ6v22 −

λ5
2
v1v2 cos ξ; ð10Þ

0 ¼ λ2
2
v21 þ

λ5
2
v22 þ ðλ4 − λ7Þv1v2 cos ξ: ð11Þ

jλ2v21 þ λ5v22j < 2jλ4 − λ7jv1v2 is required to keep ξ ≠ 0.
Define sα ≡ sin α, cα ≡ cos α, tα ≡ tan α in the following
parts of this paper, and tβ ≡ v2=v1 is the ratio of the VEVs
for scalar doublets. The vacuum stability conditions can be
found in [3] or Appendix. A in [1]. The Goldstone fields
can be written as

G� ¼ cβϕ�
1 þ e∓iξsβϕ�

2 ; ð12Þ
G0 ¼ cβI1 þ sβcξI2 − sβsξR2: ð13Þ

The charged Higgs field is orthogonal to the corresponding
charged Goldstone field as

H� ¼ −e�iξsβϕ�
1 þ cβϕ�

2 ð14Þ

with the mass square

m2
� ¼ −

λ7
2
v2: ð15Þ

The symmetric mass matrix ~m for neutral scalars is written
as [1]

0
BBBBBBBB@

ðλ4 − λ7Þs2ξ −ððλ4 − λ7Þsβcξ þ λ2cβÞsξ −ððλ4 − λ7Þcβcξ þ λ5sβÞsξ

4λ1c2β þ λ2s2βcξ þ ðλ4 − λ7Þs2βc2ξ
ððλ3 þ λ7Þ þ ðλ4 − λ7Þc2ξ=2Þs2β

þλ2c2βcξ þ λ5s2βcξ

ðλ4 − λ7Þc2βc2ξ
þλ5s2βcξ þ 4λ6s2β

1
CCCCCCCCA

ð16Þ

in the basis ð−sβI1 þ cβcξI2 − cβsξR2; R1; sξI2 þ cξR2ÞT
in unit of v2=2. To solve the eigenvalue equation with
perturbation method,6 we should expand ~m in powers of
ðtβsξÞ in small tβ limit as

~m ¼ ~m0 þ ðtβsξÞ ~m1 þ ðtβsξÞ2 ~m2 þ…: ð17Þ

For the two heavy scalars, we have [1]

m2
h;H ¼ v2

2
ðð ~m0Þ22ð33Þ þOðtβsξÞÞ; ð18Þ

where

ð ~m0Þ22ð33Þ ¼
4λ1 þ λ4 − λ7

2

∓
�
4λ1 − ðλ4 − λ7Þ

2
c2θ þ λ2s2θ

�
: ð19Þ

Here θ ¼ ð1=2Þ arctanð2λ2=ð4λ1 − λ4 þ λ7ÞÞ labels the
mixing angle of the real parts of the two scalar doublets.
The scalar fields

�
h

H

�
¼
�

cθ sθ
−sθ cθ

��
R1

R2

�
þOðtβsξÞ: ð20Þ

We treat the lighter one asmh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið ~m0Þ22=2

p
v ¼ 125 GeV.

Different from the scenario in [1], in this paper, the
dominant component for the 125 GeV scalar should be
CP even so that there exists a SM limit for its couplings,
while for the lightest scalar η, to the leading order of ðtβsξÞ,
we have

6For the calculations in details, please see the Appendix. B in
our recent paper [1], with the same conventions as those in this
paper.

5We can always perform a global phase redefinition for ϕ1 and
ϕ2 to keep one of the VEVs real, just like the case in (7).
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m2
η ¼

v2t2βs
2
ξ

2

�
ð ~m2Þ11 −

ð ~m1Þ212
ð ~m0Þ22

−
ð ~m1Þ213
ð ~m0Þ33

�

¼ v2t2βs
2
ξ

2

�
4λ6 þ 2λ5ðλ3 þ λ7Þs2θ

�
1

ð ~m0Þ22
−

1

ð ~m0Þ33

�
− 4ðλ3 þ λ7Þ2

�
c2θ

ð ~m0Þ22
þ s2θ
ð ~m0Þ33

�
− λ25

�
s2θ

ð ~m0Þ22
þ c2θ
ð ~m0Þ33

��
;

ð21Þ
η ¼ I2 − tβsξ

�ð ~m1Þ12
ð ~m0Þ22

ðcθR1 þ sθR2Þ þ
ð ~m1Þ13
ð ~m0Þ33

ðcθR2 − sθR1Þ þ
I1
tξ

�

¼ I2 − tβsξ

��
2ðλ3 þ λ7Þ

�
c2θ

ð ~m0Þ22
þ s2θ
ð ~m0Þ33

�
þ λ5s2θ

2

�
1

ð ~m0Þ22
−

1

ð ~m0Þ33

��
R1

þ
�
ðλ3 þ λ7Þs2θ

�
1

ð ~m0Þ22
−

1

ð ~m0Þ33

�
þ λ5

�
s2θ

ð ~m0Þ22
þ c2θ
ð ~m0Þ33

��
R2 þ

I1
tξ

�
: ð22Þ

Thus, in the limit tβsξ → 0, we havemη ∝ tβsξ → 0 and η → I2, which means that η behaves like a light pseudoscalar but it
has a small CP-even component.
We can diagonalize the fermion mass matrixes as

VU;LMUV
†
U;R ¼

0
B@

mu 0 0

0 mc 0

0 0 mt

1
CA; VD;LMDV

†
D;R ¼

0
B@

md 0 0

0 ms 0

0 0 mb

1
CA ð23Þ

in which, according to (8), the mass matrixes are

ðMUÞij ¼
vffiffiffi
2

p ððY1uÞijcβ þ ðY2uÞijsβe−iξÞ; ðMDÞij ¼
vffiffiffi
2

p ððY1dÞijcβ þ ðY2dÞijsβeiξÞ: ð24Þ

The CKM matrix VCKM ¼ VU;LV
†
D;L as usual. We can rewrite the Yukawa couplings (8) in the quark sector adopting the

Cheng-Sher ansatz [40]

L0
Yuk;Q ¼ −

X
f¼Ui;Di

mff̄LfR

�
1þ cβR1 þ sβcξR2 þ sβsξI2

v

�

−
X
i;j

ξUij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mU

i m
U
j

q
v

Ūi;LUj;RððcβR2 − sβcξR1 þ sβsξI1Þ − iðcβI2 − sβcξI1 − sβsξR1ÞÞ

−
X
i;j

ξDij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mD

i m
D
j

q
v

D̄i;LDj;RððcβR2 − sβcξR1 þ sβsξI1Þ þ iðcβI2 − sβcξI1 − sβsξR1ÞÞ

−
X
i;j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mD

i m
D
j

q
v

Ūi;LðVCKM · ξDÞijDj;RHþ −
X
i;j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mU

i m
U
j

q
v

D̄i;LðV†
CKM · ξUÞijUj;RH− þ H:c: ð25Þ

Similarly, in the lepton sector

L0
Yuk;l ¼ −

X
l

mll̄LlR

�
1þ cβR1 þ sβcξR2 þ sβsξI2

v

�

−
X
i;j

ξlij

ffiffiffiffiffiffiffiffiffiffiffiffi
ml

i m
l
j

q
v

l̄i;Llj;RððcβR2 − sβcξR1 þ sβsξI1Þ þ iðcβI2 − sβcξI1 − sβsξR1ÞÞ

−
X
i;j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ml

i m
l
j

q
v

ν̄i;LðVPMNS · ξlÞijlj;RHþ þ H:c: ð26Þ
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Here VPMNS is the lepton mixing matrix [41] and

ξUij ¼ ðVU;LÞikð−sβeiξðY1uÞkl þ cβðY2uÞklÞðV†
U;RÞlj; ð27Þ

ξDðlÞ
ij ¼ ðVDðlÞ;LÞikð−sβe−iξðY1dðlÞÞkl

þ cβðY2dðlÞÞklÞðV†
DðlÞ;RÞlj: ð28Þ

The off-diagonal elements of ξU;D;l
ij induce the flavor-

changing processes at tree level. It was proved in [1] that in
the tβsξ → 0 limit, all the four quantities mη, cη;V , K, J ∝
tβsξ which means the correlation between the lightest scalar
and smallness of CP violation.
In the scenario we discuss in this paper, there can be

exotic Higgs decay channels h → ηη, Zη induced by

Lexo ¼
chηg

2cW
ðh∂μη − η∂μhÞZμ −

1

2
ghηηvhη2: ð29Þ

It leads to the branching ratios

Brðh → ZηÞ ¼ g2c2hηm
3
h

64πm2
WΓh;tot

F
�
m2

Z

m2
h

;
m2

η

m2
h

�
; ð30Þ

Brðh → ηηÞ ¼ g2hηηv
2

32πmhΓh;tot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
η

m2
h

s
ð31Þ

where F ðx; yÞ ¼ ð1þ x2 þ y2 − 2x − 2y − 2xyÞ3=2, g is
the weak coupling constant and cW ≡mW=mZ. For the
detail couplings, please see Sec. A in the Appendixes, in
which all ch;f are defined as the ratio between the Higgs-ff̄
couplings and those in the SM.

III. CONSTRAINTS FOR THIS SCENARIO
BY RECENT DATA

Besides the 125 GeV Higgs boson (h), there are two
extra neutral scalars and one of which is expected to be
light in this scenario. For the lightest scalar η with its mass
mη ∼Oð0.1 − 1Þ GeV, the BESIII [42], BABAR [43,44],
and CMS [45] experiments gave strict constraints; thus, we
will focus on the cases mη ∼Oð10Þ GeV. Type II 2HDM
including a light scalar with mass (25–80) GeV is excluded
[46] through the search for ηbb̄ associated production,
while, in general, it is still allowed by collider data, as we
will show below. The two extra scalars would face the
constraints from the direct searches at the LEP and LHC. In
the Lee model scenario, with a light particle η, the exotic
decay channels h → ηη; Zη will modify the total width and
signal strengths for the 125 GeV Higgs boson so that we
should also consider the constraints from the Higgs signal
strengths.
In the Lee model, there is no additional discrete

symmetry to forbid flavor-changing processes at the tree

level, and there are also new origins for CP violation. Thus,
it must face the constraints in flavor physics, including rare
decays, meson mixing, etc. The electric dipole moments
(EDM) for electron [47] and neutron [48] would also give
strict constraints in many models with additional CP-
violation sources [49] including the Lee model, so we
must consider the EDM constraints here as well.

A. Direct searches for extra scalars

The LEP experiments [50–52] set strict constraints on
this scenario through the eþe− → Zη and eþe− → hη
associated production processes. For η with its mass
(15–40) GeV, [50,51] gave σZη=σSM ≲ ð1.5–4Þ × 10−2 at
95% C.L. which meant

cη;V ≲ ð0.12 − 0.2Þ; ð32Þ

thus, tβsξ ≲ 0.1 in this scenario. At the same mass region
for η, assuming both η and h decay to bb̄ final states
dominantly, [51,52] gave c2hη ≲ ð0.2 − 0.3Þ. According to
(A15), cH;V ¼ chη; thus, cH;V should also be small. The
results implied that ch;V ∼ 1; thus, the couplings of h should
be SM-like.
The direct searches for a heavy Higgs boson at the LHC

[53,54] excluded a SM Higgs boson in the mass region
(145–1000) GeV at 95% C.L. A SM Higgs boson with its
mass around v would decay to WW and ZZ final states
dominantly with BrðHSM → VVÞ ≈ 1 [55], while in the
2HDM it can be modified because of a suppressed HVV
coupling and the existence of other decay channels like
H → Zη, ηη, hη, and Zh (if mH > mZ þmh ¼ 216 GeV),
hh (ifmH > 2mh ¼ 250 GeV),HþH− (ifmH > 2m�). For
a heavy scalar H, analytically the partial widths should be

ΓHðVVÞ ≈ c2H;VΓH;SM; ð33Þ

ΓHðηηÞ ¼
g2Hηηv

2

32πmH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
η

m2
H

s
; ð34Þ

ΓHðZηÞ ¼
c2h;Vm

3
H

8πv2
F
�
m2

η

m2
H
;
m2

Z

m2
H

�
: ð35Þ

The suppression in ΓHðVVÞ comes from small cH;V , while
ΓHðZηÞ ∝ c2h;V is not suppressed because h is SM-like and
ch;V ∼ 1. According to CMS results [53] which gave the
most strict constraint, for mH ∼ ð200–300Þ GeV, the
95% C.L. upper limit for the signal strength is7

μH ≡ σH
σH;SM

·
BrðH → VVÞ

BrSMðH → VVÞ≲ ð0.1 − 0.2Þ: ð36Þ

7For a heavy Higgs boson, BrSMðH → VVÞ ∼ 1 according
to [55].
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Numerically, we show the BrðH → VVÞ −mH plots for
different parameter choices fixing cη;V ¼ 0.1 in Fig. 1.
From the figures, we can see that if the production cross
section σH ∼ σH;SM, cH;V ≲ 0.3 would be allowed; while if
σH ∼ 0.5σH;SM, cH;V ≲ 0.4 would also be allowed. It is not
sensitive to mη. We did not consider the H → hh channel
for mH > 2mh ¼ 250 GeV in the discussions above.
Numerically, for gHhh ∼ 1, we have BrðH → hhÞ≲ 0.1
which leads to σðpp → H → hhÞ ≲ 0.4 pb [55]. For this
case, the direct search for H → hh channel by CMS [56]
cannot give further constraint. We don’t consider the case
mH ≫ v here because of the weakly coupled hypothesis.
No significant evidence for a charged Higgs boson had

been found at colliders. Recently the ATLAS searches
through gb → tH−ð→ t̄bÞ process gave constraint on the
tbH� vertex as [57]

jξttj ≲ ð1.5–3Þ ð37Þ

for a charged Higgs boson with mass m� in the region
(200–600) GeV. In these searches, some hints for a charged
Higgs signal with about 2.4σ significance were also found
in this mass region. As can be seen below, it is consistent
with this scenario.

B. Global-fits for Higgs signal strengths

The Higgs signal strength for a channel which exists in
the SM is defined as

μi;f ≡ σ · Br
ðσ · BrÞSM

¼ σi
σi;SM

·
ΓhðfÞ

Γh;SMðfÞ
·
Γh;tot;SM

Γh;tot
: ð38Þ

The SM Higgs boson with its mass mh ¼ 125 GeV has a
total width Γh;tot;SM ¼ 4.1 MeV [55]. In this scenario, Γh;tot

is also modified by the exotic decay channels h → Zη, ηη.
Here for the VBF or Vh associated production channel,
σ=σSM ¼ c2h;V , while for gluon fusion production,

σ

σSM
¼
����Reðch;tÞ þ i

B1=2ðxtÞ
A1=2ðxtÞ

Imðch;tÞ
����2: ð39Þ

For the decay channels h → WW� and ZZ�, we have
ΓhðVVÞ=Γh;SMðVVÞ ¼ c2h;V , for h → bb̄, cc̄ and τþτ−,
ΓhðfÞ=Γh;SMðfÞ ¼ jch;fj2, and for the loop-induced decay
processes,

ΓhðggÞ
Γh;SMðggÞ

¼
����Reðch;tÞ þ i

B1=2ðxtÞ
A1=2ðxtÞ

Imðch;tÞ
����2; ð40Þ

ΓhðγγÞ
Γh;SMðγγÞ

¼
���� ch;VA1ðxWÞ þ 4

3
Reðch;tÞA1=2ðxtÞ þ ðgh;�v2

2m2
�
ÞA0ðx�Þ þ 4

3
iImðch;tÞB1=2ðxtÞ

A1ðxWÞ þ 4
3
A1=2ðxtÞ

����
2

: ð41Þ

Here xi ≡m2
h=4m

2
i where i denotes the particles t,W, orH� in loops. The index j inAðBÞj denotes the spin of the particle

in loops; see the Feynman diagrams in Fig. 2. The analytical loop integration functions given by [58,59] are listed in Sec. B
as (B1)–(B5). According to [55],

Γh;tot ¼ Γh;tot;SMð0.58jch;bj2 þ 0.24c2h;V þ 0.06jch;τj2 þ 0.03jch;cj2þ0.09jch;tj2ð1þ 1.31sin2αtÞÞ þ Γh;exo ð42Þ

where Γh;tot;SM ¼ 4.1 MeV for mh ¼ 125 GeV. αt ≡ argðch;tÞ and Γh;exo is the exotic decay width. Define
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FIG. 1. BrðH → VVÞ −mH plots for different parameter choices fixing cη;V ¼ 0.1. The green, yellow, blue, and red lines stand for
cH;V ¼ 0.2, 0.3, 0.4, 0.5, respectively, in each figure. The upper figures are for mη ¼ 20 GeV, while the lower figures are for
mη ¼ 40 GeV. In each line, from left to right, we take gHηη ¼ 0, 0.5, 1.

YING-NAN MAO and SHOU-HUA ZHU PHYSICAL REVIEW D 94, 055008 (2016)

055008-6



χ2 ≡X
i;f

�
μi;f;obs − μi;f;pre

σi;f

�
2

ð43Þ

ignoring the correlations between different channels.
μi;f;obsðpreÞ means the observed (predicted) signal strength
for production channel i and decay final state f and σi;f
means the standard deviation of the signal strength meas-
urement for the corresponding channel. Numerically, the
fitting results are not sensitive to the charged Higgs
contribution in h → γγ channel.
According to (A21), in this scenario, ch;f ∼ 1 holds for

all fermions since h contains large component of R1. Thus,
for all ch;f, the modifications from 1 are suppressed by tβ.
We also have ch;V ∼ 1 in the text above. Thus, for any
channel, according to (38),

μi;f;pre ¼
σi

σi;SM
·

ΓhðfÞ
Γh;SMðfÞ

·
Γh;tot;SM

Γh;tot
∼
Γh;tot;SM

Γh;tot
; ð44Þ

which means the signal strengths are mainly modified by
the exotic decay width Γexo. Numerically, Γexo ≲
ð1–2Þ MeV is still allowed for other couplings close to
those in SM. For mη < mh=2, the h → ηη channel is
available. And according to (31), we have

ghηη ≲Oð10−2Þ; ð45Þ

which means a strong correlation among λi in the Higgs
potential. To the leading order,

ghηη ¼ ðλ3 þ λ7Þcθ þ
1

2
λ5sθ þOðtβsξÞ; ð46Þ

which gives λ3 þ λ7 ≃ −λ5tθ=2þOðtβsξÞ, while for
mη < mh −mZ, the h → Zη channel is open, and
Eq. (30) gives

cH;V ¼ chη ≲Oð10−2 − 10−1Þ: ð47Þ

For mη ∼ ð15–30Þ GeV, chη ¼ 0.05 is still allowed.
According to the direct searches for the heavy neutral

Higgs boson H, we can see that cH;V ¼ 0.3 is in the
allowed region for almost all cases. According to the
bounds from the Higgs signal strengths, we can see for
mη < mh −mZ ¼ 34 GeV, there would be further con-
straint on cH;V from the h → Zη rare decay channel. In this
case, cH;V ¼ 0.05 would be allowed. Thus, we have two

groups of typical benchmark points as listed in Table I. We
choose mη ¼ 20 and 40 GeV as the two typical cases.

C. Constraints from oblique parameters

The GFitter group gave updated electroweak fitting
results [60] for oblique parameters [61] as

S ¼ 0.05� 0.11; T ¼ 0.09� 0.13; U ¼ 0.01� 0.11;

RST ¼ þ0.90; RSU ¼ −0.59; RTU ¼ −0.83; ð48Þ

where Rmeans the correlation between two variables. Here
U is also treated as a free variable and the reference points
are taken as mh;ref ¼ 125 GeV, mt;ref ¼ 173 GeV. In
2HDM, U is expected to be ignorable thus we can fix
U ¼ 0 and get [60]

S ¼ 0.06� 0.09; T ¼ 0.10� 0.07; R ¼ þ0.91:

ð49Þ
In 2HDM, the contribution to δS and δT [3,62,63] are

δS¼ 1

24π

�
ð1−2s2WÞ2Gðz�;z�Þþc21Gðz2;z3Þþc22Gðz3;z1Þ

þc23Gðz1;z2Þþ
X3
i¼1

�
c2i HðziÞþ ln

�
m2

i

m2
H�

��

−H

�
m2

h;ref

m2
Z

�
− ln

�
m2

h;ref

m2
H�

��
; ð50Þ

δT ¼ 1

16πs2Wm
2
W

�X3
i¼1

ð1−c2i ÞFðm2
H� ;m2

i Þ−c21Fðm2
2;m

2
3Þ

−c22Fðm3
3;m

2
1Þ−c23Fðm2

1;m
2
2Þ

þ3
X3
i¼1

c2i ðFðm2
Z;m

2
i Þ−Fðm2

W;m
2
i ÞÞ−3ðFðm2

Z;m
2
h;refÞ

−Fðm2
W;m

2
h;refÞÞ

�
: ð51Þ

The arguments above are defined as zi ≡ ðmi=mZÞ2 and
z� ≡ ðm�=mZÞ2. The analytical loop integration functions
given by [3,62,63] are listed in Sec. B as (B6)–(B9).

FIG. 2. Feynman diagrams for h → γγ decay in this model.

TABLE I. Benchmark points in the scalar sector for the
following parts of this paper. The first line is a typical choice
for the allowed case of h → Zη decay, while the second line is a
typical choice for the forbidden case of h → Zη decay.

Case mη mH ch;f cη;V cH;V ch;V tβsξ

I 20 GeV ∼v ∼1 0.1 0.05 0.994 ∼0.1
II 40 GeV ∼v ∼1 0.1 0.3 0.95 ∼0.1
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We perform the fitting process based on the mathematica
code [64]8 with the benchmark points in Table I. We plot
the curves using the charged Higgs massm� as a parameter
in Fig. 3. Direct searches by LEP gave constraints on the
charged Higgs boson mass as m� > 78.6 GeV [65] at
95% C.L. so that we begin from m� ¼ 80 GeV. The thick
regions in the curves stands for allowed regions by oblique
parameter constrains for both benchmark points. For both
cases in Table I, we list the allowed m� in Table II. For all
the cases, allowed m� are around the heavy neutral Higgs
mass mH, as the scenario discussed by [16,66]. For mH
around the electroweak scale v, a charged Higgs boson
should also have its mass around that scale. A light charged
Higgs boson (with its mass m� < mt) is disfavored here;
thus, we don’t consider the constraints from the rare decay
process t → Hþb.

D. Constraints from meson mixing data

The neutral mesons K0, D0, B0, and B0
s should mix with

their antiparticles through W� mediated box diagrams in
the SM. Thus, a nontrivial contribution to hM̄0jHjM0i
leads to the mass splitting effect between different CP
eigenstates for the meson.9 Here we list the experimental
data [29,67] and SM predictions [68–71]10 for meson
mixing in Table III, where the decay constants and bag
parameters are from lattice data [72].
In general, we can parametrize the off-diagonal element

in the mass matrix as [73,74]

m12;M ≡ 1

2mM
hM̄0jHjM0i ¼ mSM

12;Mð1þ ΔMe2iδMÞ; ð52Þ

where the factor ð2mMÞ−1 comes from the normalization
condition. In the SM, we must have ΔM ¼ δM ¼ 0. In the
B0ðB0

sÞ system, ΔmBðBsÞ ¼ 2jm12;BðBsÞj, while in the K0

system, ΔmK ¼ 2Reðm12;KÞ. A nonzero δM would also
modify the CP-violation effects from those in SM. In
the Lee model, the additional contributions to m12;M are
shown in Fig. 4. The neutral scalars ϕ ¼ η, h, H in the
diagrams.
First, consider the left diagram in Fig. 4 which induce the

mixing directly at tree level. It can contribute to the mixing
of all the four kinds of mesons. The dominant contribution
must come from η because it is light and its flavor-changing
couplings are not suppressed by tβsξ or sθ. The tree level η
induced contribution for M0ðfif̄jÞ − M̄0ðfjf̄iÞ mixing is
[75,76]

0.2 0.1 0.1 0.2 0.3
S

0.2

0.1

0.1

0.2

T

0.2 0.1 0.1 0.2 0.3
S

0.2

0.1

0.1

0.2

T

FIG. 3. Oblique parameter constraints for the scenario we discussed in this paper. The green region is 68% C.L. allowed and the yellow
region is 95% C.L. allowed. The left figure is for case I, while the right figure is for case II in Table I. We plot the curves with a parameter
m�. In each curve, we begin with m� ¼ 80 GeV. In both figures, the curves from left to right are for mH ¼ ð200; 250; 300Þ GeV,
respectively. For the allowed regions in the curves, we made them thick and black, please see the allowed regions in Table II in details.

TABLE II. Allowed regions for m� for each case above.

mH (GeV) 200 250 300

Allowed m� for case I (GeV) 190–231 242–277 293–323
Allowed m� for case II (GeV) 185–228 232–269 279–311

TABLE III. Experimental data and SM predictions for mass
splitting effects in meson mixing.

Meson Δmexp (GeV) ΔmSM (GeV)

K0ðds̄Þ ð3.483� 0.006Þ × 10−15 ð3.30� 0.34Þ × 10−15

D0ðcūÞ ð5.9� 2.6Þ × 10−15 � � �
B0
dðdb̄Þ ð3.36� 0.02Þ × 10−13 ð3.57� 0.60Þ × 10−13

B0
sðsb̄Þ ð1.1686� 0.0014Þ × 10−11 ð1.14� 0.17Þ × 10−11

8The second χ2 (for 95% C.L.) should be 6.0 according to [29].
9In fact, in the real world, CP is not a good symmetry; thus, a

mass eigenstate is modified a little from a CP eigenstate. See the
details for this formalism in Sec. C.

10No SM prediction results for ΔmD appear because the
dominant contribution comes from long-distance interactions;
thus, it is difficult to calculate.
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mη;tree
12;M ¼ f2MBMmMmimj

12m2
ηv2

��
1þ 6m2

M

ðmi þmjÞ2
�
cη;ijc�η;ji

−
5m2

M

2ðmi þmjÞ2
ðc2η;ij þ c�2η;jiÞ

�
: ð53Þ

Here fM and BM are the decay constant and bag parameter
for meson M0 separately. According to (A23), cη;ij ¼
�ξijð1þOðtβsξÞÞ. With the experimental constraints in
[74,77], for different δBðBsÞ,ΔBðBsÞ ≲ ð0.1–0.4Þ at 95% C.L.
Assuming jξijj ∼ jξjij, numerically for mη ∼ ð20–40Þ GeV,
we have

jξbdðdbÞj≲ ð0.7–3Þ × 10−2;

jξbsðsbÞj ≲ ð0.9–2.5Þ × 10−2:
ð54Þ

Similarly, jξsdðdsÞj≲ ð0.8–1.7Þ × 10−2 for K0 − K̄0 mixing
from [74], while for D0 − D̄0 mixing, we have
jξcuðucÞj≲ ð1.7–3.4Þ × 10−2. For all four types of mixing,
the constraints on ξij are of Oð10−2Þ.
Next, consider the middle diagram in Fig. 4 which can

induce a D0 − D̄0 mixing through top quark and a scalar
mediated in the box. Assuming jξtuðcÞj ∼ jξuðcÞtj, its con-
tribution to ΔmD is [78]

Δmη;box
D ≈

mumcjξtuξtcj2
24π2v4

f2DmDBDrF 0

�
m2

t

m2
η

�
; ð55Þ

where r ¼ ðαsðmtÞ=αsðmbÞÞ6=23ðαsðmbÞ=αsðmcÞÞ6=25 ¼
0.8 describes the QCD effects and loop function F 0ðxÞ
[78] is listed as (B10) in Sec. B in the Appendixes.
Assuming its contribution is less than the complete
ΔmD, numerically we have

jξtuξtcj≲ 6 ð56Þ

for a η with its mass (20–40) GeV.
Last, consider the right diagram in Fig. 4 which induce

B0ðB0
sÞ − B̄0ðB̄0

sÞmixing through the box diagram in which
one or two W� should be replaced by H� comparing with
the case in SM. This kind of diagrams are highly sup-
pressed in K0 − K̄0 mixing. In neutral B sector, the
contributions from W� −H� box and H� box can be
estimated as [79]

ΔBðBsÞe
iδBðBsÞ

¼ ξ2tt ·
F 1ðm2

t =m2
W;m

2
t =m2

�;m
2
�=m

2
WÞþ ξ2ttF 0ðm2

t =m2
�Þ

F 2ðm2
t =m2

WÞ
:

ð57Þ

The loop functions F i [79] are listed as (B10)–(B12) in
Sec. B in the Appendixes, and F 0 is the same as that in the
box diagram forD0 − D̄0 mixing in (55). It is sensitive only
to ξtt because the other terms are suppressed by the mass of
down-type quarks. The S-T parameter fits favor a charged
Higgs boson with massm� ∼mH ∼ v (see also Table II), so
numerically we have

jξttj≲ ð0.6–0.9Þ ð58Þ

using the B0ðB0
sÞ − B̄0ðB̄0

sÞ mixing constraints [74,77].
This bound is stricter than that from the direct searches
for a charged Higgs boson in (37).

E. LHC constraints on top quark flavor violation

The ϕtq (where q ¼ c, u and ϕ ¼ η, h) direct inter-
actions in (A23) and (A24) would induce t → ϕq rare
decay processes. The partial widths can be given by

Γðt→ϕqÞ¼m2
t mqðjcϕ;tqj2þjcϕ;qtj2Þ

32πv2

�
1−

m2
ϕ

m2
t

�2

: ð59Þ

For ϕ ¼ η, we have cη;ij ¼ iξij þOðtβsξÞ ∼ iξij, while for
ϕ ¼ h, if mη < 34 GeV, ch;ij ∼ −itβsξξij ∼ −0.1iξij with
tβsξ ∼ 0.1; else ch;ij ∼ ð−0.1iþOð0.1ÞÞξij. For the latter
case,

jch;ijj ∼ ð0.1–0.3Þjξijj: ð60Þ

All the numerical estimations above are based on (A23)
and (A24) etc. in Sec. A. The combined experimental result
by ATLAS [80] gave

Brðt → hcÞ < 0.46% and Brðt → huÞ < 0.45%;

ð61Þ

respectively, at 95%C.L. Assuming jξijj ∼ jξjij as usual, we
have

FIG. 4. Additional Feynman diagrams contributed to m12;M in the Lee model.
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jξtuj≲ ð1–3Þ × 102 and jξtcj≲ ð5–14Þ; ð62Þ
using the SM predicted top quark total width Γt;tot ≈
1.3 GeV [29,81].
It is difficult to search for t → ηq rare decay since η

decays to jets dominantly, but we can obtain the constraints
through the exotic decay branching ratio of top quark. The
tt̄ production cross section measurements at the LHC withffiffiffi
s

p ¼ 8 TeV gave σtt̄ ¼ ð237� 13Þ pb [82] assuming
mt ¼ 173 GeV and Brðt → WbÞ ¼ 1, which is consistent
with the SM prediction σtt̄;SM ¼ ð246þ9

−11Þ pb [83]. Thus,
we have for the top exotic decay channels that Γðt →
exoticÞ=Γðt → WbÞ < 8% at 95% C.L. In this scenario,
Brðt → ηqÞ=Brðt → hqÞ ∼Oð10–102Þ; thus, t → hq can
be ignored in this paragraph. With these data, we have

2 × 10−4jξtuj2 þ 0.1jξtcj2 ≲ 1 ð63Þ
for mη ∼ ð20–40Þ GeV.
The last constraint comes from same-sign top produc-

tion. The 95% C.L. upper limit given by CMS [84] is
σtt < 0.37 pb. Theoretically, η mediated uu → tt process
would be the dominant production channel in this scenario.
The cross section can be expressed as

σðuu → ttÞ ¼
Z

dx1dx2fuðx1Þfuðx2Þσðs0Þ; ð64Þ

where fuðxÞ is the parton distribution function (PDF) for up
quark and

σðs0Þ ¼
m2

um2
t βtðjξtuj2 þ jξutj2Þ2

64πs0v4

×
Z

1

−1
dcθ

��
1 − βtcθ

1þ β2t þ 4m2
η=s0 − 2βtcθ

�
2

×

�
1þ βtcθ

1þ β2t þ 4m2
η=s0 þ 2βtcθ

�
2

−
1þ β2t ðc2θ − 2Þ

ð1þ β2t þ 4m2
η=s0Þ2 − 4β2t c2θ

�
: ð65Þ

Here s0 ≡ x1x2sLHC is the square of energy in the moment
center frame of two partons, βt ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

t =s0
p

is the
velocity of the top quark, and θ is the azimuth angle of the
top quark in respect to the beam line. Numerically, for
mη ∼ ð20–40Þ GeV, assuming jξtuj ∼ jξutj and using the
MSTW2008 PDF [85], we have

jξtuj≲ 102: ð66Þ
Combining the equations (56), (62), (63), and (66), we

plot the estimations of allowed region in the jξtuj − jξtcj
plane in Fig. 5. The strictest upper limit jξtcj≲ 3 and jξtuj ≲
70 comes from (63), and the obvious behavior of the
correlation between jξtcj and jξtuj comes from (56). The
boundary contains relative errors of Oð10%Þ and it is not
sensitive to mη for mη ∼ ð20–40Þ GeV.

F. Constraints on lepton flavor violation

In type III 2HDM [37] there exist direct liljϕ vertices to
be constrained. For the discovered 125 GeV Higgs boson, a
straightforward calculation gives [86]

Brðh → l�
i l

∓
j Þ ¼

mhmimj

8πΓhv2
ðjch;ijj2 þ jch;jij2Þ: ð67Þ

For h → μτ process, direct searches by CMS [86] and
ATLAS [87] collaborations gave Brðh → μτÞ < 1.51% and
Brðh → μτÞ < 1.85%, respectively, both at 95% C.L.11 In
this scenario, jch;ijj is suppressed to be ð0.1–0.3Þjξijj for
mη ∼ ð20–40Þ GeV, assuming jch;ijj ∼ jch;jij, we have the
bound

jξμτj≲ ð5–16Þ: ð68Þ
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FIG. 5. Allowed region for top flavor-changing couplings. Notice in the right figure we used double-log coordinates to show a very
large region.

11Especially for the h → μτ signal, the CMS result gave a 2.4σ
hint corresponding to the best-fit branching ratio Brðh → μτÞ ¼
ð0.84þ0.39

−0.37 Þ% [86].
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Another kind of strict constraint on the liljϕ vertices
comes from radiative LFV decays as τ → μγ and μ → eγ.
For τ → μðeÞγ, Belle and BABAR collaborations gave the
90% C.L. upper limit as [88,89]

Brðτ → μγÞ < 4.5 × 10−8;

Brðτ → eγÞ < 1.2 × 10−7 ðBelleÞ; ð69Þ
Brðτ → μγÞ < 4.4 × 10−8;

Brðτ → eγÞ < 3.3 × 10−8 ðBABARÞ; ð70Þ
while for μ → eγ, the MEG Collaboration gave [90]

Brðμ → eγÞ < 5.7 × 10−13 ð71Þ
at 90% C.L. In the SM, the branching ratios of li → ljγ
processes are estimated to be ofOð10−56–10−54Þ [29,91,92]
which are far below the experimental sensitivity. But in
2HDM with LFV, it can be larger or even comparable to

recent data. In this model, li → ljγ process can be
generated by Feynman diagrams in Fig. 6, and the
branching ratios can be expressed as [93]

Brðli → ljγÞ
Brðli → ljνiν̄jÞ

¼ 48π3α

G2
F

ðjALj2 þ jARj2Þ; ð72Þ

where ALðRÞ are defined through [94,95]

Mðli → ljγÞ
¼ emiūjðpjÞiσμνqνðALPL þ ARPRÞuiðpiÞϵ�μðqÞ ð73Þ

in which PLðRÞ ≡ ð1 ∓ γ5Þ=2 and q is the momentum of the
photon. According to Fig. 6, there are one-loop and two-
loop contributions to these processes where the two-loop
diagrams are called Barr-Zee-type diagrams [96].12 For
τ → μðeÞγ, the analytical expression for left-handed (right-
handed) amplitude should be [92–95,97,98]13

A�
LðARÞ ¼ A�

L;one-loopðAR;one-loopÞ þ A�
L;two-loopðAR;two-loopÞ

¼
X
ϕ

ffiffiffiffiffiffiffiffiffiffiffimimj
p cϕ;ijðcϕ;jiÞ

16π2v2

�
mi

m2
h

�
cϕ;i ln

�
m2

h

m2
i

�
−
4

3
jcϕ;ij cosðαϕ;iÞ −

5

3
ijcϕ;ij sinðαϕ;iÞ

�

þ cϕ;Vα

πmi

��
3þ m2

ϕ

2m2
W

�
f

�
m2

W

m2
ϕ

�
þ
�
23

4
−

m2
ϕ

2m2
W

�
g

�
m2

W

m2
ϕ

�
þ 3

4
h

�
m2

W

m2
ϕ

��

−
8αjcϕ;tj
3πmi

�
cosðαϕ;tÞf

�
m2

t

m2
ϕ

�
þ i sinðαϕ;tÞg

�
m2

t

m2
ϕ

���
; ð74Þ

where i ¼ τ, j ¼ e, μ, αϕ;f ≡ argðcϕ;fÞ and the loop
integration functions f, g, h [93,97] are listed in (B13)–
(B15) in Sec. B. Numerically, the loop contributions with a
charged Higgs or Z boson inside are both small; thus, we
ignore them. However, for the μ → eγ decay, which means

i ¼ μ and j ¼ e, the one-loop contribution should be
changed to

A�ðμ→eγÞ
L;one-loop ¼

ffiffiffiffiffiffi
me

mμ

r X
ϕ

m2
τcϕ;τecϕ;μτ
16π2m2

ϕv
2

�
ln

�
m2

ϕ

m2
τ

�
−
3

2

�
ð75Þ

because the loop with τ inside is expected to give a larger
contribution compared with the μ case when adopting the
Cheng-Sher ansatz [40]. For AR, we should take cϕ;eτcϕ;τμ
instead of cϕ;τecϕ;μτ in A�

L.
Numerically, we take the benchmark points as those in

Table I. For mη ¼ 20 GeV,

FIG. 6. Feynman diagrams contributed to radiative LFV decays li → ljγ.

13Notice that the analytical formulas for the li → ljγ decay
process in these papers are not consistent with each other. We
checked the calculation during completion of our recent paper
[92] and confirmed that the result by Omura et al. [94,95] is
correct.

12This kind of two-loop diagram was first used by Barr and Zee
to calculate the electric dipole moments for fermions in [96]
which will also be discussed later.
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Brðτ → μγÞ≃ 1.7 × 10−10ðjξτμj2 þ jξμτj2Þj
− 5.7ξττ − 5.4ξtt þ 1.2ij2; ð76Þ

Brðτ → eγÞ≃ 8.4 × 10−13ðjξτej2 þ jξeτj2Þj
− 5.7ξττ − 5.4ξtt þ 1.2ij2: ð77Þ

We used Brðτ → eντν̄eÞ ¼ 17.8% and Brðτ → μντν̄μÞ ¼
17.4% [29] in the calculations above. For a typical
case, jξμðeÞτj ∼ jξτμðeÞj, ξtt ∼ 0.6, and ξττ ∼ 1, we have
Brðτ → μγÞ ∼ 3 × 10−8jξμτj2; thus, the upper limit for
jξμτj should be around 1. For Brðτ → eγÞ ∼ 10−10jξeτj2,
jξeτj ∼Oð10Þ is still allowed. For mη ¼ 40 GeV,

Brðτ → μγÞ≃ 1.7 × 10−10ðjξτμj2 þ jξμτj2Þj
− 2ξττ − 2.5ξtt − 0.3þ ij2; ð78Þ

Brðτ → eγÞ≃ 8.4 × 10−13ðjξτej2 þ jξeτj2Þj
− 2ξττ − 2.5ξtt − 0.3þ ij2: ð79Þ

Choosing the same parameters as above, Brðτ → μγÞ ∼ 5 ×
10−9jξμτj2 which gives the upper limit of jξμτj to be
around 3, while for Brðτ → eγÞ ∼ 2 × 10−11jξeτj2, jξeτj ∼
Oð10–102Þ are allowed. In the discussions above, we
assumed real ξttðττÞ. If ξttðττÞ were complex, some accidental
cancellation would make larger jξμτj possible.
For τ → μγ decay, it poses a stricter constraint than that

from h → μτ decay in (68) with mη ∼ ð20–40Þ GeV.
Different from the cases discussed in [92] in which the
125 GeV scalar is the lightest one, in this scenario, the one-
loop contribution from (20–40) GeV light scalar would be
dominant or at least comparable with the two-loop con-
tributions. At the same time, hμτ vertex is suppressed by sθ
and tβsξ to be of Oð0.1Þ. So that in this scenario, τ → μγ
decay gives dominant constraint on the LFV vertex instead
of h → μτ decay. For τ → eγ decay, jξeτj is constrained to
be less than Oð10–102Þ which is still away from the
expected magnitude by Cheng-Sher ansatz.
Numerically, for the μ → eγ decay, choosing typically

ξij ∼ ξji, we have

Brðμ→ eγÞ ¼ 5.7× 10−9j− ξeτξμτ þ ξeμð−0.9ξtt þ 0.2iÞj2;
ðmη ¼ 20 GeVÞ; ð80Þ

Brðμ → eγÞ ¼ 5.7 × 10−11j − 3.6ξeτξμτ

þ ξeμð−7.7ξtt þ 1.6iÞj2; ðmη ¼ 40 GeVÞ:
ð81Þ

Choosing jξttj ∼ 0.6 as usual, the three LFV couplings
ξeμ;eτ;μτ are strongly correlated between each other. The
typical upper limit for jξeμj and jξeτξμτj are both ofOð10−2Þ

for mη ∼ ð20–40Þ GeV. For example, fixing ξeτ ¼ 0 (or
ξμτ ¼ 0),

jξeμj≲ ð1.4–3.3Þ × 10−2; ð82Þ
while fixing ξeμ ¼ 0,

jξeτξμτj≲ ð1.0–2.8Þ × 10−2: ð83Þ

G. Constraints from electric dipole moments

The effective interaction for EDM of a fermion f can be
written as [49]

LEDM ¼ −
i
2
dff̄σμνγ5fFμν; ð84Þ

which violates both P and CP symmetries. In the SM, the
only origin of CP violation is the complex CKM matrix
[25,26]; thus, the EDM for electrons and neutrons are
generated at the four- and three-loop level, respectively, and
they are estimated to be [49]

de ∼ 10−38e · cm; and dn ∼ 10−32e · cm: ð85Þ
Theyare still far below theexperimental upper limits [47,48],

jdej < 8.7× 10−29e · cm; and jdnj < 2.9× 10−26e · cm;

ð86Þ
both at 90% C.L. In the BSM with additional origins of CP
violation, the EDM for a fermion might be generated at the
one- or two-loop level14; thus, they can be quite a bit larger
than those in the SM or even reach the sensitivity of
recent data.
The EDM for a fermion f can be generated from the

Feynman diagrams in Fig. 7 if there exists CP violation in
ϕff̄ vertices. The two-loop diagrams are called Barr-Zee
diagrams [96]. If there is no CP violation in flavor-
changing vertices, the one-loop contributions are propor-
tional to ðmf=vÞ;3 thus, they are usually negligible for light
fermions. The dominant contributions come from the Barr-
Zee diagram as [96,100–102]

df
e

¼
X
ϕ

2
ffiffiffi
2

p
αemGFQfmfjcϕ;fj

ð4πÞ3

×

�
sin αϕ;fðcϕ;VJ 1ðmW;mϕÞ þ gϕ;�J 0ðm�; mϕÞÞ

−
8

3
jcϕ;tjðsin αϕ;t cos αϕ;fJ 1=2ðmt;mϕÞ

þ cos αϕ;t sin αϕ;fJ 0
1=2ðmt;mϕÞÞ

�
: ð87Þ

14Nonperturbation effects arising from the θ term may also
give significant contributions to the neutron EDM [99], but we
don’t include that in this paper.
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Here Qf is the electric charge for the fermion f,
αϕ;f ≡ argðcϕ;fÞ, and the ϕHþH− vertex gϕ;� ≡
ð1=vÞð∂3V=∂ϕ∂Hþ∂H−Þ is defined in (A10). The first
term comes from the W�-loop contribution (the second
figure in Fig. 7), the second term comes from the H�-loop
contribution (the last figure in Fig. 7)15, and the last two
terms come from the top-loop contribution (the third figure
in Fig. 7). The loop functions J i [101] are all listed in
Sec. B in (B16)–(B19).
For an electron, (87) can fully describe its EDM if

we ignore the one-loop contributions. Numerically, we
take the benchmark points as those in Table I and fix
jξttj ¼ 0.6 as usual. Precision measurement by [47]
requires strong correlation among parameters to gen-
erate the cancellation between different contributions
[1,103]. We define αij ≡ argðξijÞ and show some
allowed regions at 90% C.L. in Figs. 8–11 in the
αee − αtt plane.
From the figures, we can see for fixing jξee;ttj, αtt and αee

have strong negative correlation. In Fig. 8 and Fig. 9, we
both choosemη ¼ 20 GeV. For jξeej ¼ 1, the allowed band

is very narrow for Δα ∼ 10−2, while for jξeej ¼ 0.3, the
allowed band is wider for Δα ∼ ð3–4Þ × 10−2. In Fig. 10
and Fig. 11, we both choose mη ¼ 40 GeV. The behaviors
are the same as the case mη ¼ 20 GeV, but the constraints
are a bit weaker. For jξeej ¼ 1, Δα ∼ ð1–2Þ × 10−2; while
for jξeej ¼ 0.3, Δα ∼ ð5–7Þ × 10−2. The charged Higgs
loops give subdominant contributions, thus the final results
are not sensitive to ϕHþH− couplings. The location of the
allowed regions would shift a little bit for different choices
of ϕHþH− couplings.
The one-loop contribution induced by flavor-diagonal

interaction, shown as the first figure in Fig. 7, is estimated
for election as jdej ∼ ðem3

e=16π2v2m2
ϕÞ lnðm2

ϕ=m
2
eÞ ∼

10−32e · cm which is negligible small. But the flavor-
changing vertices should also generate CP-violation
effects. If a τ runs in this loop, the one-loop contribution
for de is [98,104,105]

Δde ¼ −
X
ϕ

emem2
τ jcϕ;eτj2 sinð2αϕ;eτÞ
16π2v2m2

ϕ

�
ln

�
m2

ϕ

m2
τ

�
−
3

2

�
:

ð88Þ

For jξeτj≲ 0.1, the one-loop contribution is jdej≲
10−28e · cm; thus, it is negligible compared with the
recent experimental sensitivity [47]. While if jξeτj
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FIG. 8. Constraints in αee − αtt plane by electron EDM. Fix mη ¼ 20 GeV, jξttj ¼ 0.6, and ξee ¼ 1. Yellow regions are allowed at
90% C.L, here and until Fig. 11.

FIG. 7. Feynman diagrams contributed to EDM for a fermion f.

15Numerically, the charged Higgs contribution is small com-
pared with W� or top contributions as usual, but it may be
comparable with experimental data especially for electrons, so it
is not negligible like that in radiative LFV decay calculations.
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is larger, for example, we can take jξeτj ∼Oð1Þ,16 and
the one-loop contribution to jdej would reach
Oð10−27–10−26Þe · cm. In this case, the allowed region
would be modified a little bit. As an example, for the
parameters in Fig. 8, we show the allowed region
before and after adding the one-loop contribution Δde ¼
�10−27e · cm in Fig. 12.
The neutron EDM contains four types of contribution

[49], including quark EDM dq, quark color EDM (CEDM)
~dq, Weinberg operator [106,107] w, and the strong CP term
[99] which would not be discussed in this paper. Thus,
[49,100]

dn
e
≃ 1.4

�
dd
e
− 0.25

du
e

�
þ 1.1ð ~dd þ 0.5~duÞ þ ð22 MeVÞw:

ð89Þ

We ignore the CP-violation effects in flavor-changing
vertices now. The EDM for u and d quarks are just those

in (87) which come from the Barr-Zee-type contributions,
and the CEDM from the Barr-Zee diagrams are given by
[96,100]

~dq ¼ −
X
ϕ

2
ffiffiffi
2

p
GFαsmqjcϕ;tcϕ;qj

ð4πÞ3

× ðsin αϕ;t cos αϕ;qJ 1=2ðmt;mϕÞ
þ cos αϕ;t sin αϕ;qJ 0

1=2ðmt;mϕÞÞ; ð90Þ

where the loop functions are the same as those in (87).
The contribution from the Weinberg operator is
[100,106,107]

w ¼
X
ϕ

ffiffiffi
2

p
GFgsαsjcϕ;tj2
4 · ð4πÞ3 sin αϕ;t cos αϕ;tK

�
m2

t

m2
ϕ

�
; ð91Þ

where the loop function K is listed in (B22) in Sec. B.
Including the running effects for these operators as well
(see the Appendixes in [100]),
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FIG. 10. Constraints in αee − αtt plane by electron EDM. Fix mη ¼ 40 GeV, jξttj ¼ 0.6, and ξee ¼ 1.
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FIG. 9. Constraints in αee − αtt plane by electron EDM. Fix mη ¼ 20 GeV, jξttj ¼ 0.6, and ξee ¼ 0.3.

16Which means jξμτj ≲Oð10−2Þ according to (83).
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dn
e
≃ mdðμHÞ

mdðμWÞ
�
0.63

ddðμWÞ
e

þ 0.73~ddðμWÞ
�

þ muðμHÞ
muðμWÞ

�
−0.16

duðμWÞ
e

þ 0.19~duðμWÞ
�

þ ð8.8 MeVþ 0.17mdðμHÞ þ 0.08muðμHÞÞwðμWÞ:
ð92Þ

Here μH is the hadron scale and μW is the electroweak scale,
αsðμWÞ ≈ 0.11 [108], and mdðμHÞ ≈ 4.8 MeV, muðμHÞ ≈
2.3 MeV [29]. dqðμWÞ, ~dqðμWÞ, and wðμWÞ are all calcu-
lated at the electroweak scale.
Numerically, we use the same benchmark points as

above. Fixing jξuuj ¼ jξddj ¼ 1, jξttj ¼ 0.6, and αtt ¼ 0.
For mη ¼ 20 and mη ¼ 40 GeV, we show the allowed
regions in αuu − αdd plane in Fig. 13. There exists can-
cellation between different contributions as well. From the
figures, we can see αuu is almost free, and αdd is con-
strained in a narrow band. For both cases, αuu ¼ αdd ¼ 0 is

inside the allowed region, andΔαdd ∼ 0.1. The cancellation
behavior is not sensitive to mη. It is also a strict constraint
from neutron EDM, but not so strict as that from elec-
tron EDM.
Next, consider the contributions from flavor-changing

vertices. Strict constraints from meson mixing (see the text
in Sec. III D) require that the contributions for dn from the
bdϕ, sdϕ, and ucϕ vertices should be less than
Oð10−30Þe · cm; thus, they are ignorable. But CP violation
in the tuϕ vertex would give a larger contribution to du and
~du [98,104,105] through the one-loop diagram as the left
figure in Fig. 7,

Δdu
e

¼
X
ϕ

mujcϕ;tuj2 sinð2αϕ;tuÞ
24π2v2

P1

�
m2

t

m2
ϕ

�
; ð93Þ

Δ ~du ¼
X
ϕ

mujcϕ;tuj2 sinð2αϕ;tuÞ
16π2v2

P1

�
m2

t

m2
ϕ

�
: ð94Þ
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FIG. 11. Constraints in αee − αtt plane by electron EDM. Fix mη ¼ 40 GeV, jξttj ¼ 0.6, and ξee ¼ 0.3.
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FIG. 12. Constraints in αee − αtt plane by electron EDM. Fix mη ¼ 20 GeV, jξttj ¼ 0.6, and ξee ¼ 1. Yellow regions are allowed for
the case without one-loop contribution. Green regions are for one-loop contributionΔde ¼ þ10−27e · cm while blue regions are for one-
loop contribution Δde ¼ −10−27e · cm.
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The loop function P1ðxÞ is listed in (B23) in Sec. B. For
jξtuj ∼ 1, the additional contribution to the neutron EDM
can reach Δdn ∼Oð10−26 − 10−25Þe · cm, which would
change the cancellation behavior and shift the allowed
region a little bit. In Fig. 14, we show the allowed region
before and after adding the one-loop contribution
Δdn ¼ �10−25e · cm. The case jΔdnj≳ 6 × 10−25e · cm
is excluded for this benchmark points choice because

enough cancellation between different contributions cannot
be generated.

H. Constraints from B-meson rare decays

The leptonic decay B0
ðsÞ → μþμ− was measured by CMS

and LHCb collaborations and the results [109–111] are
listed in Table IV together with their SM predictions
[112,113]. Both measurements are almost consistent
with SM predictions17; thus, new physics contributions
would be limited.
The tree-level contributions to B0

ðsÞ → μþμ− are
negligible [1] due to the constraints from B-meson mixing.
Here we consider the charged Higgs contribution only.
In this scenario, m� ∼ v is favored as above. For
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FIG. 13. Allowed region on the αuu − αdd plane with constraint from neutron EDM. We fix jξuuj ¼ jξuuj ¼ 1, jξttj ¼ 0.6, and αtt ¼ 0.
The left figure is for mη ¼ 20 GeV and the right one is for mη ¼ 40 GeV. All other benchmark points are the same as above. Yellow
regions are allowed at 90% C.L.
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FIG. 14. Allowed region by the constraint from neutron EDM. Benchmark points are the same as above in Fig. 13. Yellow regions are
allowed for the case without one-loop contribution. Green regions are for one-loop contributionΔdn ¼ þ10−25e · cm while blue regions
are for one-loop contribution Δdn ¼ −10−25e · cm.

TABLE IV. Recent experimental and theoretical results for
B0
ðsÞ → μþμ− decay branching ratios.

Result BrðB0
s → μþμ−Þ BrðB0 → μþμ−Þ

CMS ð2.8þ1.1
−0.9 Þ × 10−9 ð4.4þ2.2

−1.9 Þ × 10−10

LHCb ð2.7þ1.1
−0.9 Þ × 10−9 ð3.3þ2.4

−2.1 Þ × 10−10

Combined ð2.8þ0.7
−0.6 Þ × 10−9 ð3.9þ1.6

−1.4 Þ × 10−10

SM prediction ð3.65� 0.23Þ × 10−9 ð1.06� 0.09Þ × 10−10

17The CMS result for BrðB0 → μþμ−Þ has a deviation from
SM prediction at about 2σ level. The same thing happens to the
combined result for BrðB0 → μþμ−Þ.
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jξbb;dd;llj ∼Oð1Þ, the modified branching ratio for B0
ðsÞ →

μþμ− should be [114]

BrðB0
ðsÞ → μþμ−Þ

BrSMðB0
ðsÞ → μþμ−Þ

¼
�
1 −

jξttj2
η

Y2HDMðm2
t =m2

W;m
2
�=m

2
WÞ

YSMðm2
t =m2

WÞ
�

2

ð95Þ

where η ¼ 0.987 is the QCD and electroweak correlation
factor and the loop functions Yi are listed in (B25)–(B26)
in Sec. B. Numerically, consider B0

s → μþμ−, both CMS
and LHCb results give

jξttj≲ ð0.7–0.8Þ ð96Þ

at 95% C.L. which is near the constraint by B
meson mixing in (58). For B0

d → μþμ− decay, these regions

are also allowed at 95% C.L. by both CMS and LHCb
results.18

The world averaged value for B radiative decay branch-
ing ratio reads BraveðB̄ → XsγÞ ¼ ð3.43� 0.22Þ × 10−4

[67] which is consistent with its SM prediction BrSMðB̄ →
XsγÞ ¼ ð3.36� 0.23Þ × 10−4 [115]. In 2HDM, according
to (25), a charged Higgs boson can also run in the loop
instead of W� for the radiative decay process; thus, the
branching ratio can be modified. In type II 2HDM, the
charged Higgs mass is constrained to be larger than about
410 GeV [116]19 at 95% C.L. But in a general 2HDM, a
lighter charged Higgs boson may be allowed [1]. Different
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FIG. 15. Constraints by BrðB̄ → XsγÞ fixing m� ¼ 200 GeV. In the left figure, we take jξttj ¼ 0.6 and plot the allowed region in
jξbbj − αbt plane. In the right figure, we take αbt ¼ 0 and plot the allowed region in jξbbj − jξttj plane. In both figures, green regions are
allowed at 68% C.L. and the yellow regions are allowed at 95% C.L.
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FIG. 16. Constraints by BrðB̄ → XsγÞ fixing m� ¼ 300 GeV. All other sets are the same as those in Figure 15.

18If considering the combined result, jξttj ≲ ð0.5–0.6Þ is still
allowed by data due to B0

s → μþμ− which is a bit stricter than that
in (58). For B0

d → μþμ−, we also need jξttj ≳ ð0.2–0.3Þ at
95% C.L. because the combined deviation between BrðB0 →
μþμ−Þ and its SM prediction is a bit larger than 2σ.

19This value is different from the data in the text of [116]
because the SM prediction result was updated in [115] recently.
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from leptonic decay, the radiative decay branching ratio is
sensitive to not only m� and ξtt, but also ξbb. For a general
case, αbt ≡ argðξbb=ξttÞ is also a free parameter. Based on
[116] and the mathematica code, we plot the constraints on
these parameters in Figs. 15 and 16, fixing m� ¼ 200 and
m� ¼ 300 GeV, respectively. From the figures, we can see
that for jξttj ¼ 0.6, for most αbt choices, we have jξbbj≲ 1;
however, for some αbt choices, a larger jξbbj is also allowed.
While for fixed αbt, there is also a larger allowed region in
jξbbj − jξttj plane. The constraint is not so strict as that for
the type II 2HDM because more parameters are free, just
like the case in [1].

IV. PREDICTIONS AND FUTURE TESTS
FOR THIS SCENARIO

We have discussed all the constraints on the Lee model in
an alternative scenario which is weakly coupled. As shown
above, it is still not excluded by experimental results.
Comparing with the scenario in [1], the particle spectrum
are the same. But in this scenario, all the scalars are
required to have their mass around electroweak scale or
lighter. Especially, the lightest scalar is required to have its
massmη ∼Oð10 GeVÞwhich means new physics is hidden
in the scale lower than electroweak scale. That’s different
from the scenario in [1] in which new physics would appear
at OðTeVÞ or higher scale.
In this scenario, the couplings of the 125 GeV Higgs

boson is SM-like, but other particles are not decoupled;
thus, they would face future tests at colliders. A lighter
scalar can also appear through the Higgs decay channels
h → Zη, ηη, which are worth searching. Different scalars
may also be produced associated with each other or with
the heavy quark (pair). h → Zη, ηη rare decays would also
be constrained by Higgs signal strengths which would be
measured precisely in the future. Experiments on flavor-
changing processes and EDM measurements would also
help to confirm or exclude this scenario indirectly.

A. Direct searches for extra scalars at future colliders

The key prediction of this scenario (the weakly coupled
Lee model) is a light particle η with a mass of Oð10 GeVÞ.
It should be a CP-mixing state with the pseudoscalar
component dominant. Its low mass is correlated with the
smallness of the CP violation. At the LHC, it certainly can
be produced through gluon fusion or bb̄ fusion with a large
cross section, but such a light particle would be hidden
below the huge QCD background [13]; thus, it is difficult to
discover. At the LHC, with

ffiffiffi
s

p ¼ ð13–14Þ TeV, η can also
be produced in associated with top quark pair with a cross
section of Oð0.1Þ pb [117]. According to [117], at the
LHC with

ffiffiffi
s

p ¼ 14 TeV and 3 ab−1 luminosity, for mη∼
ð20–40Þ GeV, the constraint jξttj≲ ð0.34–0.54Þ at
95% C.L. would be achieved assuming no positive results.
It would be stricter than all the recent constraints obtained

from indirect processes. On the other hand, for
mη ∼ ð30–40Þ GeV, the benchmark case jξttj ¼ 0.6 would
be discovered at more than 5σ.
η can also appear as the decay final state of other scalars,

such as h, H → ηη, Zη, etc. We will study the cascade
decay channels in detail in the future. LHeC [118,119]
would be a better collider in searching for the exotic Higgs
decays [120]. At future eþe− colliders [121–124], it is also
possible to discover η through Higgs rare decay processes,
such as eþe− → Zhð→ ηηÞ. At the Higgs factories withffiffiffi
s

p
∼ ð240–250Þ GeV like CEPC [123] or TLEP [121],

this process can be discovered at 5σ with 5 ab−1 luminosity
if Brðh → ηηÞ > 10−3 [123]. η can also be produced in
associated with Z or h at CEPC or TLEP. With a roughly
estimation comparing with LEP results [50–52,65] we used
in Sec. III A, using Oð102–103Þ fb−1 luminosity, the
sensitivity to cη;V and chηð¼ cH;VÞ would improve at least
an order. At eþe− colliders with

ffiffiffi
s

p
> mη þmH, it is

possible to produce η and H through eþe− → ηH.20 It’s
worth noting that under weak-coupling assumption, mH
should be around the electroweak scale, and cηH ¼ ch ∼ 1

would never be suppressed; thus, this is also a key process
to confirm or exclude this scenario at future eþe− colliders.
For the heavy Higgs boson H, a mass around v is

required; thus it is possible to discover it at the LHC [125].
For mH ∼ ð200–300Þ GeV, we choose jξttj ¼ 0.6 and
cH;V ¼ 0.3 from above, with the cross section σðpp →
H → ZZÞ ∼ ð120–200Þ fb according to [126] at the future
LHC with

ffiffiffi
s

p ¼ 14 TeV. It is larger than the 5σ discovery
threshold ð50–100Þ fb using 3 ab−1 luminosity [125]; thus,
it could be easily discovered. If no signal evidence were
found, according to [125], the 95% C.L. limit for σðpp →
H → ZZÞ would be (20–40) fb for the mass region
mH ∼ ð200–300Þ GeV. Since the dominant production
channel for H is gluon fusion, this result means the future
LHC would be able to set the constraint

jξttjcH;V ≲ 0.08 ð97Þ

at 95% C.L. if no evidence for this channel were found.
Through the oblique parameter constraints, the charged

Higgs mass is around v in this scenario. It must face the
direct searches at the LHC or eþe− colliders. At the LHC, it
can be produced through gb → tH− associated production
[127] which was used to search for the charged Higgs
boson in [57]. For a light charged Higgs with
m� ∼ ð200–300Þ GeV, for jξttj ∼ 0.6 and jξbbj ∼Oð1Þ, it
would be discovered at the LHC with

ffiffiffi
s

p ¼ ð13–14Þ TeV
and 300 fb−1 luminosity, and the polarization of the top
quark would also be useful to test the chiral structure in the
tbH− vertex [128–130]. At the eþe− colliders with

20IfmH ∼ 200 GeV, the Higgs factory mentioned above is also
allowed for this process.
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ffiffiffi
s

p ≳ 500 GeV, we can discover the charged Higgs
boson through the eþe− → HþH− process [131,132].
This process would not be suppressed; thus, it is useful
to confirm or exclude this scenario. In Tables V and VI,
we summarize the mentioned channel above which
would be useful for testing this scenario in the future
[117,123,125–133].
If all three neutral scalars and their couplings to VV were

discovered in the future, the associated productions for any
two scalars would be important to confirm CP violation in
the Higgs sector as well. Since in a general model, if no CP
violation exists in the scalar sector, all three discovered
neutral scalars should be CP even21; thus, there would be
no direct hihjZ vertices. The eþe− → hihj process would
be loop induced in this case; thus, the cross section would
be highly suppressed. If the cross sections show that there
exists tree-level hihjZ vertices,22 the scalars must contain

different CP components and, thus, we would be able to
confirm CP violation in the scalar sector [133].23

B. Future measurements on the 125 GeV Higgs boson

In this scenario, the couplings between the 125 GeV
Higgs boson h and SM particles should be SM-like. Exotic
decay channels h → ηη or Zη make the total width of h
larger, which would also affect other decay channels of h.
In the future, the LHC will be able to measure the signal
strengths h → γγ, ZZ�, WW�, bb̄, τþτ− to the precision
ð11–14Þ% with 300 fb−1 luminosity, and (7–8)% with
3 ab−1 luminosity [134,135].
In this scenario, the modification of Higgs couplings to

fermions or gauge bosons should be at percent level, for
some cases it can reach 10%. Under this assumption, if the
future signal strengths were all consistent with SM pre-
diction, we perform a global-fit and estimate that at least

TABLE VI. Examples for main processes which would be useful to test this scenario at future eþe− colliders. “*”means we will study
this process in detail in the future. In this table, all masses are chosen as:mη ¼ 40; mh ¼ 125 andmH ¼ m� ¼ 300 GeV as an example.
The benchmark points listed here for collider or model parameters are possible choices but not the only choice for the corresponding
processes.

Collider Process

ffiffiffi
s

p
(TeV)

Couplings and/or
branching ratios

Cross
section (pb) Implications

CEPC eþe− → Zη 0.25 cη;V ¼ 0.1 4.4 × 10−3 *Sensitivity to cη;V would reach Oð10−2Þ
with 5 ab−1 luminosity.

CEPC eþe− → hη 0.25 chη ¼ cH;V ¼ 0.3 7.3 × 10−3 *Sensitivity to cH;V would reach Oð10−2Þ
with 5 ab−1 luminosity.

CEPC eþe− → ZhðηηÞ 0.25 ch;V ¼ 0.95, Brη→bb̄ ¼ 1 0.19 × Brh→ηη 5σ discovery with 5 ab−1 luminosity
if Brh→ηη > 10−3

ILC eþe− → Hη 0.5 ch;V ¼ 0.95 1 × 10−2 *To be studied.
ILC eþe− → HþH− 0.8 BrH−→t̄b ¼ 1 1.4 × 10−2 Cross section can be measured to 9%

with 1 ab−1 luminosity.

TABLE V. Examples for main processes which would be useful to test this scenario at future pp collider. “*”means we will study this
process in detail in the future. In this table, all masses are chosen as:mη ¼ 40mh ¼ 125, andmH ¼ m� ¼ 300 GeV as an example. The
benchmark points listed here for collider or model parameters are possible choices but not the only choice for the corresponding
processes.

Collider Process

ffiffiffi
s

p
(TeV)

Couplings and/or
branching ratios

Cross
section (pb) Implications

LHC pp → tt̄η 14 jξttj ¼ 0.6 0.18 Over 5σ discovery with 3 ab−1 luminosity
assuming Brη→bb̄ ¼ 1.

LHC pp → HðZZÞ 14 jξttj ¼ 0.6, BrH→ZZ ¼ 3% 0.12 Over 5σ discovery with 3 ab−1 luminosity.
LHC pp → HðZη; ηηÞ 14 cHη ¼ ch;V ¼ 0.95, jξttj ¼ 0.6,

gHηη ∼ 1

4 × BrH→Zη;ηη *To be studied.

LHC ppðbgÞ → tH−ðt̄bÞ 14 jξttj ¼ 0.6, jξbbj≲ 1, BrH−→t̄b ¼ 1 0.6 5σ discovery with Oð102Þ fb−1 luminosity.

21This case cannot appear in 2HDM because there must be
additional scalar degree of freedoms, such as another Higgs
doublet.

22For example, if the cross sections satisfied the relations in
(A15).

23Notice this is a model-independent method to confirm CP-
violation in scalar sector. But it cannot be used to exclude CP-
violation in the scalar sector because, in some models, there are
no direct hihjZ vertices even if CP violation exists in the scalar
sector.
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Γexo ≲ ð0.4–0.6Þ MeV (or equivalently Brexo ≲ ð10–15Þ%)
would still be allowed in this scenario. The direct mea-
surements at the future LHC cannot reach the sensitivity to
test the modification of Higgs signal strengths from those
in SM.
At future eþe− colliders, such as the Higgs factories

CEPC [123] or ILC [124,131] with
ffiffiffi
s

p
∼ ð240–250Þ GeV,

to the luminosity of Oðab−1Þ, all the channels mentioned
above together with the Higgs total width can be measured
to percent level or even better. For ch;V ∼ 0.95,ΔσZh=σZh ∼
10% which can be measured with Oð0.1 ab−1Þ luminosity.
The precision measurements on h → bb̄, τþτ− are also
helpful to distinguish this scenario from SM. If no devia-
tions were found, jξbb;ττj would be constrained toOð1Þ. For
h → gg decay, it is sensitive to both jch;tj and αh;t. The
exotic decays h → ηη, Zη would also be discovered or
further constrained at the Higgs factory.
CP violation is a main component of the Lee model,

for example, the hff̄ couplings would contain CP
violation. For the τ lepton and top quark, the decay
distribution would include its polarization information;
thus, it is possible to test the CP-violation effects in the
htt̄ and hτþτ− vertices [131]. At the LHC with

ffiffiffi
s

p ¼
13 TeV and 3ab−1 luminosity, using the h → τþτ− decay
mode, it is possible to measure αh;τ to the sensitivity
Δαh;τ ∼ 4° with the help of the final states distribution in
the τ decay [136], while at the eþe− collider, with

ffiffiffi
s

p ¼
250 GeV and 1 ab−1 luminosity, this sensitivity would
reach Δαh;τ ∼ 2.8° [137], both of which are enough to
test this scenario. For the htt̄ coupling, we can use
eþe− → tt̄h associated production to test αh;t
[105,131,138], with

ffiffiffi
s

p
> 2mt þmh ∼ 470 GeV.

C. EDM for third-generation fermions

As mentioned above, the polarization of a τ lepton or top
quark can affect on the distribution of its decay final states.
With this property, it may be possible to test their
anomalous electroweak couplings including EDM. For a
heavy fermion such as τ, b, t, if one-loop contribution to
CP violation (see Figure 7) exists, the Barr-Zee-type
contribution would be ignorable. The one-loop contribution
reads [104,105]

df ¼ Qfm3
f

16π2v2
X
ϕ

jcϕ;fj2 sinð2αϕ;fÞ
m2

ϕ

P2

�
m2

f

m2
ϕ

�
; ð98Þ

where the loop function P2ðxÞ is listed in (B24) in Sec. B.
For a τ lepton,

jdτj≲ m3
τ jξττj2

16π2v2m2
η

�
ln

�
m2

η

m2
τ

�
−
3

2

�
∼ 10−22jξττj2e · cm:

ð99Þ

If jξττj ∼ 1, it is still far away from the future sensitivity of τ
EDM, around Oð10−19e · cmÞ, given by SuperB [139,140]
with

ffiffiffi
s

p ¼ mϒð4SÞ and ð50–75Þ ab−1 luminosity or CEPC
[123] with

ffiffiffi
s

p ¼ 240 GeV and 5 ab−1 luminosity. But for a
top quark, it can be larger due to its large mass. With the
benchmark points in Table I, for jξttj ¼ 0.6 and
mη ∼ ð20–40Þ GeV, jdtj can reach Oð10−19–10−18Þe · cm
which would be possibly tested at future eþe− colliders
with Oðab−1Þ luminosity [105,141].

D. Future tests in flavor physics

At the future SuperB with ð50–75Þ ab−1 luminosity
[139,140] and the LHCb with 50 fb−1 luminosity [142]
experiments, for B0

ðsÞ − B̄0
ðsÞ mixing, the sensitivity to

ΔBðBsÞ in (52) would reach ð3–7Þ × 10−2 given by [74].
With these sensitivities, if no deviations in B meson mixing
were found, it would require jξttj≲ ð0.2–0.3Þ at 95% C.L.,
while the benchmark point we choose in the text above,
jξttj ∼ 0.6, would lead to at least a 5σ deviation from the
SM prediction in B meson mixing results.
Another important indirect constraint on ξtt comes from

the leptonic decay of B meson. Future measurements on
BrðB0

s → μþμ−Þ would reach 12% with 3 ab−1 luminosity
by CMS [143] and 4% with 50 fb−1 by LHCb [142]. If no
deviation from SM were found, it would require jξttj≲ 0.4
at 95% C.L. If jξttj ¼ 0.6, the LHCb result would be larger
than the SM prediction at 3σ level.
At the LHC with

ffiffiffi
s

p ¼ 13 TeV and 300 fb−1 luminos-
ity, if no LFV signal were found, it would require Brðh →
μ�τ∓Þ < 7.7 × 10−4 at 95% C.L. [144], or equivalently
jξμτj≲ ð1.1–3.5Þ which is still not strict. To 3 ab−1, the
upper limit for jξμτj would reduce to (0.6–2.0). At the
SuperB factory with 75 ab−1 luminosity, Brðτ → μγÞ can
be constrained to less than 2.4 × 10−9 at 90% C.L., or be
discovered at 3σ level if it is larger than 5.4 × 10−9 [140].
According to (76) and (78) taking the benchmark points

in Table I, fix jξμτj ¼ jξτμj ¼ jξττj ¼ 1 and ξtt ¼ 0.6, we
plot the Brðτ → μγÞ distributions in αtt − αττ plane in
Figure 17, for mη ¼ 20 (left) and mη ¼ 40 GeV (right).
If no evidence for τ → μγ were found, the parameters
would be constrained to be in the green regions, while if the
parameters were in blue (orange) regions, τ → μγ would be
discovered at the 3ð5Þσ level at the SuperB factory with
75ab−1 luminosity. Fixing jξμτj ¼ jξτμj ¼ 1 and leaving
other parameters free, if no evidence were found at SuperB,
jξττj would be required less than 1.2 for the mη ¼ 20 GeV
case or less than 2.6 for the mη ¼ 40 GeV case.
At the SuperB factory, the dominant background for τ →

μγ should be eþe− → τþτ−γ [139] which would be sup-
pressed at a collider with

ffiffiffi
s

p
not far above 2mτ, such as

Super tau-charm factory [145]. At Super tau-charm factory
with 10 ab−1 luminosity, the sensitivity of Brðτ → μγÞ
would reach around 2 × 10−10 [146], which can give
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further constraints. Future MEG experiments on Brðμ →
eγÞ would reach the sensitivity 6 × 10−14 in three years
[147], which can give stricter constraints for all the three
LFV couplings ξeμ;eτ;μτ.

V. CONCLUSIONS AND DISCUSSIONS

In this paper, based on weakly coupled spontaneous CP-
violation 2HDM (named Lee model), using the correlation
between the lightest scalar and smallness of CP violation
through small tβsξ which was proposed in our recent paper
[1], we predicted that a light CP-mixing scalar with its
mass of Oð10 GeVÞ should exist. It is pseudoscalar
dominant with only about Oð0.1Þ scalar component. In
this scenario, other scalars’ masses are all around the
electroweak scale v. It’s attractive because there should
be new physics hidden at Oð10 GeVÞ scale which is below
the electroweak scale, different from the scenario we
discussed in [1] in which the Higgs sector is strong-coupled
and new physics appear at OðTeVÞ or higher scale.
We discussed all experimental constraints, at both high

and low energy, for two typical lightest scalar (η) masses,
mη ¼ 20 GeV (h → Zη decay allowed) and mη ¼ 40 GeV
(h → Zη decay forbidden). For these ηmasses, cη;V ∼ 0.1 is
required theoretically and it is also allowed by data. The
125 GeV Higgs boson h has SM-like couplings to fermions
and gauge bosons. With a global fit to Higgs signal
strengths, branching ratio for exotic decay channels are
constrained to less than about 30%, which leads to strict
constraints on hηη (and hZη if mη < 34 GeV) couplings.
The constraints from oblique parameters require m� ∼
mH ∼ v under the weak-coupling assumption. The typical
benchmark points listed in Table I are chosen according to
these constraints.
In the Lee model, there is no additional discrete

symmetry except CP; thus, there may exist flavor-changing

interactions at the tree level. We adopted the Cheng-Sher
ansatz to parametrize the flavor-changing effects. High
energy processes including top flavor-changing inter-
actions cannot give strict constraints. The most strict
constraint from high energy experiments comes from an
indirect test, top quark widths limit from tt̄ pair production,
which requires jξtcj ≲ 1. A more strict constraint comes
fromD0 − D̄0 mixing which requires jξtcξtuj ≲ 6. All other
jξijj in quark sector are constrained to be less than around
Oð10−2Þ, through meson mixing measurements. In the
lepton sector, indirect tests (especially radiative LFV
decays) require jξμτj≲Oð1Þ, while the upper limits on
jξeμj or jξeτξμτj are of Oð10−2Þ. EDM tests also favor
jξeτ;utj≲Oð1Þ. These constraints are usually stricter than
those in [1] as we discussed, that’s because in this scenario,
a lighter scalar would give more significant contribution to
the flavor-changing processes.
B meson mixing and B leptonic decay processes are all

sensitive to ξtt. With these data, jξttj≲ 0.6 is favored at
95% C.L., which is the reason why in most parts of the text
we choose jξttj ¼ 0.6 as a benchmark point. The B radiative
decay process is sensitive to both ξtt and ξbb. With the
assumption m� ∼ ð200–300Þ GeV and jξttj ¼ 0.6, ξbb ≲
Oð1Þ is allowed by data. That is a difference between this
scenario and type II 2HDM in which the charged Higgs
should be heavier than around 410 GeV at 95% C.L.
The EDM constraints are also strict just like the

scenario we discussed in [1]. For both the electron and
neutron EDM, we need a large cancellation between
different contributions, as shown in Fig. 8–Fig. 14. In
each of the figures, the two shown parameters are con-
strained in a narrow band which means a strong correlation
between them.
We also discussed the future tests for this scenario. For

the lightest scalar η, the dominant ways to discover it at the
LHC are associated production pp → tt̄η and cascade

3 2 1 1 2 3 tt
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FIG. 17. Distributions of Brðτ → μγÞ in αtt − αττ plane with the benchmark points in Sec. III F. The left figure is formη ¼ 20 GeV and
the right figure is for mη ¼ 40 GeV. In both figures, jξμτj ¼ jξτμj ¼ jξττj ¼ 1 and ξtt ¼ 0.6. The green regions are for
Brðτ → μγÞ ≤ 2.4 × 10−9; the yellow regions are for 2.4 × 10−9 < Brðτ → μγÞ ≤ 5.4 × 10−9; the blue regions are for
5.4 × 10−9 < Brðτ → μγÞ ≤ 9 × 10−9; and the orange regions are for Brðτ → μγÞ > 9 × 10−9.
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decay pp → h, H → ηη, Zη. However, since the heaviest
neutral scalar is also required to have its mass around v, it
can also be searched through Zη or VV final states. At the
LHeC or eþe− colliders, the exotic decays h → ηη, Zη
would be tested. In particular, at the Higgs factory, with
Oð10–102Þ fb−1 luminosity, cη;V ∼ 0.1 can be discovered at
ð3–5Þσ through rescaling the LEP constraints. If nothing
were found, constraints on cη;V would improve an order
which also implies mη ∼OðGeVÞ; thus, this scenario is
disfavored. The mass of the charged Higgs boson is
predicted to be around v which is in the range to be
discovered at the future LHC or eþe− colliders withffiffiffi
s

p ≳ 500 GeV, using Oð0.1–1Þ ab−1 luminosity. Note
that the eþe− → HþH− process cannot be suppressed with
fixed m�. If nothing were found, this scenario would be
excluded.
If all three scalars are discovered and they all have direct

vertices to massive gauge boson pairs, the Z-mediated
Higgs associated pair production via eþe− → hihj would
be a key observable to confirm CP violation in the scalar
sector. It can be used to distinguish Lee model and models
in which the scalar sector contains more CP-even degrees
of freedom but no CP violation.

Indirect tests on B meson mixing and B leptonic decay
can be used to test a nonzero ξtt or give a stricter limit on
jξttj. For the case jξttj ¼ 0.6 we used in this paper, there
would appear ð3–5Þσ deviations in these experiments. If
nothing anomalous were found, jξttj would be pushed to
less than about (0.2–0.3). Radiative LFV decays would also
confirm a nonzero LFV vertex or push them to a smaller
number, depending on the results positive or negative.
In this attractive scenario, all new physics would appear

below or at electroweak scale which behaves different from
most models in which new physics appear at or above
OðTeVÞ scale. It means this scenario is testable. The
roughly estimation showed it is able to discover or exclude
this scenario, especially for η who is hidden at Oð10 GeVÞ
scale. It is also possible to distinguish whetherCP violation
in the Higgs sector exists if all neutral scalars were found.
Thus, it is worth further detailed study, especially at future
eþe− colliders.
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APPENDIX A: SPECTRUM AND COUPLINGS

The expansion for the neutral scalar mass matrix

0
BBBBBBBBBB@

ðλ4 − λ7Þs2ξ −ððλ4 − λ7Þsβcξ þ λ2cβÞsξ −ððλ4 − λ7Þcβcξ þ λ5sβÞsξ

4λ1c2β þ λ2s2βcξ þ ðλ4 − λ7Þs2βc2ξ
ððλ3 þ λ7Þ þ ðλ4 − λ7Þc2ξ=2Þs2β

þλ2c2βcξ þ λ5s2βcξ

ðλ4 − λ7Þc2βc2ξ
þλ5s2βcξ þ 4λ6s2β

1
CCCCCCCCCCA

ðA1Þ

is ~m ¼ ~m0 þ ðtβsξÞ ~m1 þ ðtβsξÞ2 ~m2 þ…. To the first order, we have

mη ¼ 0; mh;H ¼ v
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4λ1 þ λ4 − λ7Þ ∓ ðð4λ1 − ðλ4 − λ7ÞÞc2θ þ 2λ2s2θÞ

p
; ðA2Þ

where θ ¼ ð1=2Þ arctanð2λ2=ð4λ1 − λ4 þ λ7ÞÞ is the mixing angle. The scalar fields are

η0 ¼ I2;

�
h

H

�
0

¼
�

cθ sθ
−sθ cθ

��
R1

R2

�
: ðA3Þ

Calculation by the perturbation method to the leading order of ðtβsξÞ gives

η ¼ I2 − ðtβsξÞ
�ð ~m1Þ12
ð ~m0Þ22

ðcθR1 þ sθR2Þ þ
ð ~m1Þ13
ð ~m0Þ33

ðcθR2 − sθR1Þ
�
− tβcξI1; ðA4Þ
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h ¼ cθ0R1 þ sθ0R2 þ
ð ~m1Þ12
ð ~m0Þ22

ðtβsξÞI2; ðA5Þ

H ¼ −sθ0R1 þ cθ0R2 þ ðtβsξÞ
�
I1 þ

ð ~m1Þ13
ð ~m0Þ33

I2

�
; ðA6Þ

mη ¼
vtβsξffiffiffi

2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð ~m2Þ11 −

ð ~m1Þ212
ð ~m0Þ22

−
ð ~m1Þ213
ð ~m0Þ33

s
: ðA7Þ

Here

θ0 ¼ θ þ ðtβsξÞð ~m1Þ23
ð ~m0Þ22 − ð ~m0Þ33

: ðA8Þ

The scalar self-interactions,

L ¼ −
X�

1

Sijk
gijkvhihjhk þ

1

Sijkl
gijkhihjhkhl

�
; ðA9Þ

where the symmetric factor S≡Qðni!Þ and ni denotes the
appearance time for hi in the Lagrangian. The couplings
can be obtained directly from

gijk ¼
1

v
∂3V

∂hi∂hj∂hk
����
all hi¼0

; gijkl ¼
∂4V

∂hi∂hj∂hk∂hl
����
all hi¼0

:

ðA10Þ

As an example, the hηη vertex is given by

ghηη ¼
∂3V
∂h∂η2

¼ ðλ3 þ λ7Þcθ0 þ
1

2
λ5sθ0 −

tβcξ
2

ðλ2cθ0 þ ðλ4 − λ7Þsθ0 Þ:
ðA11Þ

For mη < mh=2, the strict constraints from the h → ηη rare
decay showed that

λ3 þ λ7 þ
λ5tθ0

2
≃ tβcξ

2
ðλ2 þ ðλ4 − λ7Þtθ0 Þ; ðA12Þ

which means we can ignore ð ~m1Þ12 ∼OðβÞ in the for-
mula above.
For the hiVV and hihjZ couplings, the effective inter-

action should be written as

LhiVV ¼ ci;Vhi

�
2m2

W

v
WþμW−

μ þm2
Z

v
ZμZμ

�
; ðA13Þ

LhihjZ ¼ cijg

2cW
Zμðhi∂μhj − hj∂μhiÞ: ðA14Þ

With a straightforward calculation, we have

cη;V ¼ chH; ch;V ¼ cHη; cH;V ¼ cηh; ðA15Þ

thus,
P

c2i;V ¼P c2ij ¼ 1. In this scenario, to the leading
order of tβsξ,

cη;V ¼ tβsξ

�
1þ sθ

ð ~m1Þ13
ð ~m0Þ33

− cθ
ð ~m1Þ12
ð ~m0Þ22

�
; ðA16Þ

ch;V ¼ cθ0 þ tβcξsθ0 ; ðA17Þ

cH;V ¼ −sθ0 þ tβcξcθ0 : ðA18Þ

For the case mη < mh −mZ, strict constraints from
the h → Zη rare decay showed that cH;V ≪ 1;
thus, tθ0 ≃ tβcξ.
The Yukawa interactions are

LY ¼ −
X
ϕ

�X
f

cϕ;fmf

v
f̄LfRϕ

þ
X
i≠j

cϕ;ij
ffiffiffiffiffiffiffiffiffiffiffimimj

p
v

f̄LifRjϕ

�
þ H:c:; ðA19Þ

where ϕ denotes any scalar and f denotes any fermion.
The factors for diagonal terms can be generated
directly as

cη;f ¼ �iξff

�
1þ tβsξ

�ð ~m1Þ12
ð ~m0Þ22

cθ0 −
ð ~m1Þ13
ð ~m0Þ33

sθ0
��

þ tβsξ

�
1 − cθ0

�
ξff

ð ~m1Þ12
ð ~m0Þ22

þ ð ~m1Þ13
ð ~m0Þ33

�

− sθ0
�
ξff

ð ~m1Þ12
ð ~m0Þ22

−
ð ~m1Þ13
ð ~m0Þ33

��
; ðA20Þ

ch;f ¼ cθ0 þ ξffsθ0 þ tβcξðsθ0 − ξffcθ0 Þ

� itβsξξff

�ð ~m1Þ12
ð ~m0Þ22

− cθ0
�
; ðA21Þ

cH;f ¼ −sθ0 þ ξffcθ0 þ tβcξðcθ0 þ ξffsθ0 Þ

� itβsξξff

�ð ~m1Þ13
ð ~m0Þ33

þ sθ0
�
; ðA22Þ

while the factors for the off-diagonal term are

cη;ij ¼ �iξij

�
1þ tβsξ

�ð ~m1Þ12
ð ~m0Þ22

cθ0 −
ð ~m1Þ13
ð ~m0Þ33

sθ0
��

− tβsξξij

�
cθ0

ð ~m1Þ13
ð ~m0Þ33

þ sθ0
ð ~m1Þ12
ð ~m0Þ22

�
; ðA23Þ

ch;ij ¼ ξij

�
sθ0 − tβcξcθ0 � itβsξ

�ð ~m1Þ12
ð ~m0Þ22

− cθ0
��

; ðA24Þ
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cH;ij¼ ξij

�
cθ0 þ tβcξsθ0 � itβsξ

�ð ~m1Þ13
ð ~m0Þ33

þ sθ0
��

: ðA25Þ

In each of the six formulas, when “�” appears, “þ” stands
for down-type fermions and “−” stands for up-type
fermions.

APPENDIX B: USEFUL ANALYTICAL LOOP
INTEGRATIONS

The loop integration functions for the h → γγðggÞ decay
width in (40) and (41) are

A0ðxÞ ¼
x − fðxÞ

x2
; ðB1Þ

A1=2ðxÞ ¼ −
xþ ðx − 1ÞfðxÞ

x2
; ðB2Þ

B1=2ðxÞ ¼ −
2fðxÞ
x

; ðB3Þ

A1ðxÞ ¼
2x2 þ 3xþ 3ð2x − 1ÞfðxÞ

x2
; ðB4Þ

where

fðxÞ ¼
(
arcsin2ð ffiffiffi

x
p Þ; ðfor x ≤ 1Þ;

− 1
4
ðln 1þ

ffiffiffiffiffiffiffiffiffi
1−x−1

p

1−
ffiffiffiffiffiffiffiffiffi
1−x−1

p − iπÞ; ðfor x > 1Þ: ðB5Þ

The difference between A1=2 and B1=2 comes from the
different tensor structures for the scalar and pseudoscalar
components.
The loop integration functions for the oblique parameters

in (50) and (51) are

Fðx; yÞ ¼ xþ y
2

−
xy

x − y
ln

�
x
y

�
; ðB6Þ

Gðx; yÞ ¼ −
16

3
þ 5ðxþ yÞ − 2ðx − yÞ2

þ 3

�
x2 þ y2

x − y
þ y2 − x2 þ ðx − yÞ3

3

�
ln

�
x
y

�
þ ð1 − 2ðxþ yÞ þ ðx − yÞ2Þ
× fðxþ y − 1; 1 − 2ðxþ yÞ þ ðx − yÞ2Þ; ðB7Þ

HðxÞ ¼ −
79

3
þ 9x − 2x2

þ
�
−10þ 18x − 6x2 þ x3 − 9

xþ 1

x − 1

�
ln x

þ ð12 − 4xþ x2Þfðx; x2 − 4xÞ; ðB8Þ

where

fðx; yÞ ¼
8<
:

ffiffiffi
y

p
ln
��� x− ffiffiyp
xþ ffiffi

y
p
���; y ≥ 0;

2
ffiffiffiffiffiffi−yp

arctan
� ffiffiffiffi−yp

x

	
; y < 0.

ðB9Þ

The loop integration functions for meson mixing in (55)
and (57) are

F 0ðxÞ ¼
xð1 − x2 þ 2x ln xÞ

ð1 − xÞ3 ; ðB10Þ

F 1ðx; y; zÞ ¼
2y

1 − z

�ðz − 4Þ ln y
ð1 − yÞ2 þ 3z ln x

ð1 − xÞ2

−
ð1 − zÞð4 − xÞ
ð1 − yÞð1 − xÞ

�
; ðB11Þ

F 2ðxÞ ¼ 1þ 9

1 − x
−

6

ð1 − xÞ2 −
6x2 ln x
ð1 − xÞ3 : ðB12Þ

The loop integration functions for two-loop radiative
LFV τ decay in (74) are

fðzÞ ¼ z
2

Z
1

0

dx
1 − 2xð1 − xÞ
xð1 − xÞ − z

ln

�
xð1 − xÞ

z

�
; ðB13Þ

gðzÞ ¼ z
2

Z
1

0

dx
1

xð1 − xÞ − z
ln

�
xð1 − xÞ

z

�
; ðB14Þ

hðzÞ ¼ −
z
2

Z
1

0

dx
1

xð1 − xÞ − z

×

�
1 −

z
xð1 − xÞ − z

ln

�
xð1 − xÞ

z

��
: ðB15Þ

For z < 1=4, the integrations are defined as their Cauchy
principle value.
The loop integration functions for the two-loop Barr-

Zee-type contribution in calculating the EDM for a fermion
f in (87) are

J 0ðm�; mϕÞ ¼
v2

2m2
ϕ

�
I
�
m2

�
m2

ϕ

�
− I 0

�
m2

�
m2

ϕ

��
; ðB16Þ

J 1=2ðmt;mϕÞ ¼
m2

t

m2
ϕ

I
�
m2

t

m2
ϕ

�
; ðB17Þ

J 0
1=2ðmt;mϕÞ ¼

m2
t

m2
ϕ

I 0
�
m2

t

m2
ϕ

�
; ðB18Þ

J 1ðmW;mϕÞ ¼
m2

W

m2
ϕ

��
5 −

m2
ϕ

2m2
W

�
I
�
m2

W

m2
ϕ

�

þ
�
3þ m2

ϕ

2m2
W

�
I 0
�
m2

W

m2
ϕ

��
; ðB19Þ
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where

IðzÞ ¼
Z

1

0

dx
1

xð1 − xÞ − z
ln

�
xð1 − xÞ

z

�
; ðB20Þ

I 0ðzÞ ¼
Z

1

0

dx
1 − 2xð1 − xÞ
xð1 − xÞ − z

ln

�
xð1 − xÞ

z

�
: ðB21Þ

For z < 1=4, the integrations are defined as their Cauchy
principle value as above. The loop function for the
Weinberg operator in (91) is

KðxÞ ¼ 4x2
Z

1

0

du
Z

1

0

dv
ðuvÞ3ð1 − vÞ

ðxvð1 − uvÞ þ ð1 − uÞð1 − vÞÞ2 :

ðB22Þ

The loop functions for the one-loop contribution to the
fermion EDM in (93)–(94) and (98) are

P1ðxÞ ¼
x

ðx − 1Þ2
�
x − 3

2
þ ln x
x − 1

�
; ðB23Þ

P2ðxÞ ¼
Z

1

0

dz
z2

1 − zþ xz2
: ðB24Þ

The loop integration functions for B-meson leptonic
decays in (95) are

YSMðxÞ ¼
x
8

�
x − 4

x − 1
þ 3x ln x
ðx − 1Þ2

�
; ðB25Þ

Y2HDMðxÞ ¼
x2

8

�
1

y − x
þ y
ðy − xÞ2 ln

�
x
y

��
: ðB26Þ

APPENDIX C: FORMALISM FOR MESON
MIXING

We begin with the Schrödinger equation,

i
∂
∂t jψi ¼ Hjψi ¼

�
m −

i
2
Γ
�
jψi; ðC1Þ

where jψi ¼ ðjM0i; jM̄0iÞT with the normalization
condition hM0jM0i ¼ hM̄0jM̄0i ¼ 2mM in position space,
and m, Γ are 2 × 2 matrixes. The Hamiltonian can be
written as

H ¼ H0 þHΔF¼1 þHΔF¼2: ðC2Þ

The matrix element is

�
m −

i
2
Γ
�

ij
¼ mMδij þ

1

2mM
hψ ijHΔF¼2jψ ji þ

1

2mM

×
Z

dΠf
hψ ijHΔF¼1jfihfjHΔF¼1jψ ji

mM − Ef þ iϵ
;

ðC3Þ

where the states jψ i;jimean jM0i or jM̄0i, and jfi denotes a
mediated state. The second and third terms correspond to
short- and long-distance contributions, respectively, and
from the third term,

Γij ¼
1

2mM

Z
dΠfhψ ijHΔF¼1jfihfjHΔF¼1jψ ji

× 2πδðEf −mMÞ: ðC4Þ

The masses and widths for the mass eigenstates are

mHðLÞ ¼ mM � Re

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
m12 −

i
2
Γ12

��
m�

12 −
i
2
Γ�
12

�s !
;

ðC5Þ

ΓHðLÞ ¼ ΓM ∓ Im

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
m12 −

i
2
Γ12

��
m�

12 −
i
2
Γ�
12

�s !
;

ðC6Þ

where H (L) denotes the heavy (light) mass eigenstate

jMHðLÞi ¼ pjM0i ∓ qjM̄0i: ðC7Þ

p and q are determined through

jpj2 þ jqj2 ¼ 1 and

�
p
q

�
2

¼ m12 − iΓ12=2
m�

12 − iΓ�
12=2

: ðC8Þ

In the K0 − K̄0 system, m12 is almost real and Γ12 ∼m12;
thus, ΔmK ≈ 2Rem12, while in the B0

ðsÞ − B̄0
ðsÞ system,

jΓ12j ≪ jm12j and, thus, ΔmB ≈ 2jm12j.
To transform to momentum space, we take H as the

Hamiltonian density and change the normalization con-
dition to hM0jM0i ¼ hM̄0jM̄0i ¼ 2mMδ

ð3ÞðpÞ, with the
matrix elements

h0jf̄iγμγ5fjjM0ðpÞi ¼ −ifMpμ;

h0jf̄iγ5fjjM0ðpÞi ¼ i
m2

MfM
mi þmj

ðC9Þ

and the useful ΔF ¼ 2 matrix elements
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hM̄0jf̄LiγμfLjf̄LiγμfLjjM0i
¼ hM̄0jf̄RiγμfRjf̄RiγμfRjjM0i

¼ 2

3
f2Mm

2
M; ðC10Þ

hM̄0jf̄LiγμfLjf̄RiγμfRjjM0i ¼ −
5

6
f2Mm

2
M; ðC11Þ

hM̄0jf̄LifRjf̄LifRjjM0i ¼ hM̄0jf̄RifLjf̄RifLjjM0i

¼ −
5

12
f2Mm

2
M; ðC12Þ

hM̄0jf̄LifRjf̄RifLjjM0i ¼
7

12
f2Mm

2
M; ðC13Þ

where the bag parameters are all taken as 1 for simplicity.
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