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We proposed a mechanism in which the lightness of Higgs boson and the smallness of charge parity
(CP) violation are correlated based on the Lee model, namely, the spontaneous CP-violation two-Higgs-
doublet model. In this model, the mass of the lightest Higgs boson mh as well as the quantities K and J
are ∝ tβsξ in the limit tβsξ → 0 (see text for definitions of tβ and ξ), namely, the CP conservation limit.
Here, K and J are the measures for CP-violation effects in scalar and Yukawa sectors, respectively. It is a
new way to understand why the Higgs boson discovered at the LHC is light. We investigated the important
constraints from both high energy LHC data and numerous low energy experiments, especially the
measurements of electric dipole moments of electron and neutron as well as the quantities of B meson and
kaon. Confronting all data, we found that this model is still viable. It should be emphasized that there is no
standard-model limit for this scenario; thus it is always testable for future experiments. In order to pin down
the Lee model, it is important to discover the extra neutral and charged Higgs bosons and measure their CP
properties and the flavor-changing decays. At the LHC with

ffiffiffi
s

p ¼ 14 TeV, this scenario is favored if there
is significant suppression in the bb̄ decay channel or any vector boson fusion, Vþ H production channels.
On the contrary, it will be disfavored if the signal strengths are standard-model–like more and more. It can
be easily excluded at ð3–5Þσ level with several fb−1 at future eþe− colliders, via accurately measuring the
Higgs boson production cross sections.
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I. INTRODUCTION

How to realize the electroweak gauge symmetry break-
ing and charge parity (CP) violation is an important topic
in the standard model (SM) and beyond the SM (BSM) in
particle physics. In order to induce the spontaneous gauge
symmetry breaking, the Higgs mechanism was proposed
in 1964 [1]. Meanwhile, in the SM theCP violation was put
by hand via the complex Yukawa couplings among Higgs
field and fermions, namely, the Kobayashi and Maskawa
(KM) mechanism [2]. In 1973, Kobayashi and Maskawa
[2] proposed that if there are three generations of fermions,
there would be a nontrivial phase that leads to CP violation
in the fermion mixing matrix (CKM matrix [2,3]). In a
word, one single scalar field plays the two-fold roles. In
the SM, only one doublet Higgs field is introduced. After
spontaneous symmetry breaking, there exists one physical
scalar, the Higgs boson. It is essential to discover and
measure the properties of the Higgs boson, in order to test
the SM or discover the BSM.

A. Status of experimental measurements
on new scalar boson

Experimentally, in July, 2012, both CMS [4] and ATLAS
[5] discovered a new boson with the mass around
125.7 GeV in γγ and ZZ� final states with the luminosity
of about 10 fb−1. At the LHC, the SM Higgs boson can be

produced through the following three processes: (1) gluon-
gluon fusion (ggF); (2) vector boson fusion (VBF); and (3)
associated production with a vector boson (Vþ H). It can
also be produced associated with a pair of top quarks due
to the large mt, but the cross section is suppressed by its
phase space and parton distribution function (PDF) of
protons. A SM Higgs boson would mainly decay to
fermion pairs (bb̄; τþτ−, or tt̄ if heavier than 2mt), massive
gauge boson pair (WþW−; Z0Z0), massless gauge boson
pair (gg; γγ), etc. The decay properties for a 125.7 GeV SM
Higgs boson are listed in Table I; for the production and
decay properties, see also the reviews [6] and [7].
The updated searches by CMS [8–11] and ATLAS

[12–15] with the luminosity of about 25 fb−1 till the end
of 20121 gave the significance s and signal strengths μ
(defined as the ratios between observed σ · Br and the
corresponding SM prediction) for some channels. Because
the measurements will be utilized to constrain the new
model in this paper, we list the results in Table II for CMS
and Table III for ATLAS.2 The new boson has a combined
mass 125.7 GeV and it is also favored as a 0þ particle in

1Some new analyses updated in 2014 are used as well, which
modify the old results a little bit.

2The VBF events are usually easy to tag with two jets that have
large invariant mass, while sometimes it is difficult to tag a gluon
fusion event.

PHYSICAL REVIEW D 90, 115024 (2014)

1550-7998=2014=90(11)=115024(27) 115024-1 © 2014 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.90.115024
http://dx.doi.org/10.1103/PhysRevD.90.115024
http://dx.doi.org/10.1103/PhysRevD.90.115024
http://dx.doi.org/10.1103/PhysRevD.90.115024


spin and parity by the data [9,16,17] if we assume that there
is no CP violation induced by this boson.
The experimental measurements of the new particle are

in agreement with the SM predictions within the current
accuracy. In the SM the electroweak fitting results [18] also
favor a light one. It allows a SM Higgs boson lighter than
145 GeVat 95% C.L. inferred from the oblique parameters
[19] with fixed U ¼ 0. However, there is still spacious
room for the BSM. For example, if we assume that the new
particle is a CP-mixing state, the general effective inter-
action for hZZ can be written as [9,20,21]

LhZZ ¼ h
v

�
a1m2

ZZ
μZμ þ

1

2
a2ZμνZμν þ 1

2
a3Zμν

~Zμν

�
ð1Þ

with ~Zμν ¼ ð1=2ÞϵμναβZαβ. Define

fa3 ¼
ða3=a1Þ2

ða3=a1Þ2 þ σ1=σ3
ð2Þ

where σ1ð3Þ is the partial width for a pure CP even (odd)
state with a1ð3Þ ¼ 1. Direct search by CMS gives
fa3 < 0.47 at 95% C.L., which leads to ja3=a1j < 2.4
[9]. In a renormalized theory, a2 and a3, which are loop
induced, are expected to behave as a2;3=a1 ≪ Oð1Þ, so
they are still not constrained by current LHC data.

B. The issue of lightness of new scalar boson
in the SM and BSM

BSM is well motivated because the SM cannot account
for the matter-dominant Universe and provide the suitable
dark matter candidate. However, BSM scale is usually
pushed to a much higher value than that of weak inter-
action, given the great success of the SM. In such circum-
stance, the 125.7 GeV scalar boson is unnatural. In other
words, the lightness of the new scalar must link to a certain
mechanism. The issue of the lightness of the new scalar
differs in the SM and BSM. In the SM, we cannot predict
the mass of Higgs boson, and the Higgs boson with the
mass 125.7 GeV simply implies that the interactions are in
the weak regime. For example, the Higgs boson self-
coupling

λ ¼ m2
h

2v2
¼ 0.13 ≪ 1: ð3Þ

Compared with the strong interactions at low energy,
the mass of σ particle [or we call it f0ð600Þ, which plays
a similar role as the Higgs boson) mσ ≫ fπð≈93 MeVÞ
appears at a typical scale Λ ∼ 4πfπ ∼Oð1Þ GeV. Thus,
we can argue that the new boson with mass 125.7 GeV is
rather light compared with the strong interaction. As a side
remark, the pion massmπ ∼OðfπÞ is light compared with σ
due to the approximate chiral symmetry. This has motivated
the idea that the new scalar boson may be the pseudo–
Nambu-Goldstone boson for certain unknown symmetry
breaking.
Theoretically, in some BSM models there exists a light

scalar naturally. For example, (1) in the minimal super-
symmetric model, the lightest Higgs boson should be
lighter than 140 GeV including higher-order corrections
[22] (at tree level it should be lighter than the mass of Z0

boson); (2) in the little Higgs model, a Higgs boson that is
treated as a pseudo–Nambu-Goldstone boson must be light
due to classical global symmetry and it acquires mass
through quantum effects only [23]; (3) similarly, anomalies
in scale invariance can also generate a light Higgs boson
as well [24]; and (4) the lightness of Higgs boson can
intimately connect with the spontaneous CP violation [25].
While the first three approaches are based on the conjec-
tured symmetry, the last one utilizes the observed approxi-
mate CP symmetry. Historically, Lee proposed the

TABLE II. Signal strengths for some production and decay
channels of the new boson at CMS (with combined significance
over 3σ).

μðVBF=Vþ HÞ μðggFÞ μðcombinedÞ Significance

γγ 1.58þ0.77
−0.68 1.12þ0.37

−0.32 1.14þ0.26
−0.23 5.7σ

ZZ� 1.7þ2.2
−2.1 0.80þ0.46

−0.36 0.93þ0.29
−0.25 6.8σ

WW� 0.60þ0.57
−0.46 0.74þ0.22

−0.20 0.72þ0.20
−0.18 4.3σ

τþτ− 0.94� 0.41 0.78� 0.27 3.2σ

TABLE III. Signal strengths for some production and decay
channels of the new boson at ATLAS (with combined signifi-
cance over 3σ).

μðVBF=Vþ HÞ μðggFÞ μðcombinedÞ Significance

γγ 0.8� 0.7 1.32� 0.38 1.17� 0.27 5.2σ
ZZ� 0.26þ1.64

−0.94 1.66þ0.51
−0.44 1.43þ0.40

−0.33 8.1σ

WW� 1.28þ0.53
−0.45 1.01þ0.28

−0.26 1.09þ0.23
−0.20 6.1σ

τþτ− 1.24þ0.58
−0.54 1.93þ1.45

−1.15 1.42þ0.44
−0.38 4.5σ

TABLE I. Table for the SM prediction for the decay branching
ratios of a 125.7 GeV Higgs boson; the numbers are from [7].

Decay channel Branching ratio (%) Relative uncertainty (%)

bb̄ 56.6 �3.3
cc̄ 2.85 �12.2
τþτ− 6.21 �5.6
gg 8.51 þ10.2

−9.9
WW� 22.6 þ4.2

−4.1
ZZ� 2.81 þ4.2

−4.1
γγ 0.228 �4.9
Zγ 0.16 þ8.9

−8.8
Total width 4.17 MeV �3.9
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spontaneous CP violation in 1973 [26] as an alternative
way to induce CP violation. For the fourth approach, Lee’s
idea is extended to account for the lightness of the observed
Higgs boson.

C. The lightness of new scalar boson
and spontaneous CP violation

CP violation was first discovered in neutral K meson in
1964 [27]. Experimentally, people have already measured
several kinds of CP-violated effects in neutral K and B
meson, and charged B-meson systems [28]. This CP
violation can be successfully accounted for by the CKM
matrix, which is usually parametrized as the Wolfenstein
formalism [29]

VCKM ¼

0
B@

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

Aλ3ð1 − ρ − iηÞ −Aλ2 1

1
CA

þOðλ4Þ: ð4Þ

The Jarlskog invariant [28,30]

J ¼ A2λ6η ¼ ð3.06þ0.21
−0.20Þ × 10−5 ð5Þ

measures the CP violation in flavor sector. The smallness
of J means the smallness of CP violation in the real world
in the SM. Another possible explicit CP violation comes
from the θ term

Lstr ¼
θαs
8π

Gμν
~Gμν ð6Þ

in the QCD Lagrangian [31,32]. The parameter θ is
strongly constrained by the neutron electric dipole
moment (EDM) measurement [33,34], namely,
jθj≲ 10−10. Why θ is extremely small is known as the
strong CP problem. It is often interesting, necessary, and
useful to search for other sources of CP violation beyond
the KM mechanism. As a common reason, for example,
CP violation is one of the conditions needed to produce
the matter-antimatter asymmetry in the Universe today
[35], but the SM itself cannot provide the first order
electroweak phase transition and large enough CP vio-
lation to get the right asymmetry between matter and
antimatter [28,36–38].
In 1973, Lee proposed a two-Higgs-doublet model

(2HDM; Lee model) [26] in which all parameters in the
scalar potential are real but it is possible to leave a
nontrivial phase ξ between the vacuum expectation values
(VEV) of the two Higgs doublets.CP can be spontaneously
broken in this model. Chen et al. [39] proposed the
possibility that the complex vacuum could lead to a correct
CKM matrix, which means that we can set all Yukawa
couplings to be real; thus, the complex vacuum would

become the only source ofCP violation. It is also a possible
way to solve strong CP problem, for example, in sponta-
neous CP-violation scenarios, θ arises only from the
determinant of quark mass matrix. Assuming θ≡ 0 at tree
level, the loop corrections can generate naturally small θ
[40,41], the so-called “calculable θ” [31]. Without impos-
ing symmetry [42], the Yukawa couplings are arbitrary,
which will generate the flavor-changing neutral currents
(FCNC) at tree level. FCNC are severely constrained by
experiments. Cheng and Sher proposed an ansatz [43] that
the flavor-changing couplings should be ∝ ffiffiffiffiffiffiffiffiffiffiffimimj

p for two
fermions with mass mi and mj. One of the authors of this
paper had proposed a mechanism [25] to understand the
lightness of Higgs boson in the ξ → 0 limit. In this paper,
we will explore the relation between the smallness of CP
violation and the lightness of Higgs boson in a similar way
as the Lee model further. Specifically, we will study the full
phenomenology of the Lee model to see whether this model
is still viable to confront LHC data and numerous low
energy measurements.
We should mention that there are also cosmological

implications for the Lee model. In this model, CP is a
spontaneously broken discrete symmetry; thus, it may face
the domain wall problem [44] during the electroweak phase
transition. It is argued that if there is a small initial bias,
and thus one of the vacuum states is favored, the domain
walls would disappear soon [44,45], for example, if there is
small explicit CP violation [46]. In the soft CP breaking
model, the electroweak baryogenesis effects are estimated
by Cohen et al. [38] at early time, and was estimated again
by Shu and Zhang [47] after including LHC data. They
found that the observed matter-antimatter asymmetry can
be explained. It is also discussed numerically that an
inflation during the symmetry breaking would forbid the
domain wall production [48].
This paper is organized as follows. Section II presents

the Lee model and the scenario that lightness of Higgs
boson and smallness of CP violation are correlated.
Sections III–IV contain the constraints on the Lee model
from high energy and low energy data, respectively.
Section V studies the perspectives for the Lee model for
future experiments. The last section collects our conclu-
sions and discussions.

II. THE LEE MODEL: MASS SPECTRUM
AND COUPLINGS

We begin with the description of the Lee model [26]
assuming that in the whole Lagrangian there are no explicit
CP-violation terms, which means all the CP-violation
effects come from a complex vacuum.3 For the Lee model,
the interactions of scalar fields read [26]

3For a review on 2HDM, the interested reader can read
Ref. [49].
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L ¼ ðDμϕ1ÞðDμϕ1Þ þ ðDμϕ2ÞðDμϕ2Þ − Vðϕ1;ϕ2Þ: ð7Þ

Here,

ϕ1 ¼
 

ϕþ
1

v1þR1þiI1ffiffi
2

p

!
; ϕ2 ¼

 
ϕþ
2

v2eiξþR2þiI2ffiffi
2

p

!
ð8Þ

are the two Higgs doublets. We can get the masses of gauge
bosons

mW ¼ g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
2

; mZ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðg2 þ g02Þðv21 þ v22Þ

p
2

ð9Þ

by setting v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
¼ 246 GeV. Defining RðIÞij as

the real (imaginary) part of ϕ†
iϕj, we can write a general

potential as

V ¼ V2 þ V4

¼ μ21R11 þ μ22R22 þ λ1R2
11 þ λ2R11R12 þ λ3R11R22

þ λ4R2
12 þ λ5R12R22 þ λ6R2

22 þ λ7I212; ð10Þ

in which we can always perform a rotation between ϕ1

and ϕ2 to keep the coefficient of R12 term zero in V2. We
can also write the general Yukawa couplings as

Ly ¼ −Q̄LiðY1dϕ1 þ Y2dϕ2ÞijDRj

− Q̄LiðY1u
~ϕ1 þ Y2u

~ϕ2ÞijURj; ð11Þ

in which ~ϕi ¼ iσ2ϕ�
i and all Yukawa couplings

are real.
By minimizing the Higgs potential, and for

some parameter choices, we can get a nonzero phase
difference ξ between two Higgs VEVs, which would
induce spontaneous CP violation. We can always
perform a gauge transformation to get at least one of
the VEVs real like in (8). When v1; v2; ξ ≠ 0, we can
express

μ21 ¼ −λ1v21 −
λ3 þ λ7

2
v22 −

λ2
2
v1v2 cos ξ; ð12Þ

μ22 ¼ −
λ3 þ λ7

2
v21 − λ6v22 −

λ5
2
v1v2 cos ξ: ð13Þ

tan β is identified as v2=v1 as usual. We also have an
equation about ξ,

λ2
2
v21 þ

λ5
2
v22 þ ðλ4 − λ7Þv1v2 cos ξ ¼ 0; ð14Þ

which requires λ2v21 þ λ5v22 < 2jλ4 − λ7jv1v2. Of course,
the couplings λi must keep the vacuum stable; for the
conditions see Sec. A for details.
All the CP-violation effects in the real world are small

(see the data in [28]), corresponding to the smallness of the
off-diagonal elements in the CKM matrix that leads to the
smallness of the Jarlskog invariant. As a limit, when
tβ ≡ tan β → 0,4 or we may write tβsξ → 0 instead since
jsξj < 1 always holds, there would be no CP violation in
the scalar sector. The CKM matrix would be real; thus,
there would be no CP violation in the flavor sector as well.
In this paper we will consider the small tβ limit, in which all
CP-violation effects tend to zero as tβ → 0. We treat the
whole world as an expansion around the point without CP
violation.
The two Higgs doublets contain eight degrees of

freedom, three of which should be eaten by massive
gauge bosons as Goldstones. So there are five physical
scalars left, two of which are charged and three of which
are neutral. If CP is a good symmetry, there will be
two CP even and one CP odd scalar among the three
neutral ones. However, when CP is spontaneously break-
ing, the CP eigenstates will mix with each other; thus, the
neutral scalars have no certain CP charge. We have the
Goldstones as

G� ¼ cβϕ�
1 þ e∓iξϕ�

2 ; ð15Þ

G0 ¼ cβI1 þ sβcξI2 − sβsξR2: ð16Þ

The charged Higgs boson is the orthogonal state of the
charged Goldstone as

H� ¼ −e�iξsβϕ�
1 þ cβϕ�

2 ð17Þ

and its mass square should be

m2
H� ¼ −

λ7v2

2
; ð18Þ

while for the neutral part, we write the mass square matrix
as ~mv2=2 in the basis ð−sβI1 þ cβcξI2 − cβsξR2; R1;
sξI2 þ cξR2ÞT . The symmetric matrix ~m is

4We write sα ≡ sin α, cα ≡ cos α, tα ≡ tan α for short in this
paper.
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0
BBBBBBBBBB@

ðλ4 − λ7Þs2ξ
−ððλ4 − λ7Þsβcξ

þλ2cβÞsξ
−ððλ4 − λ7Þcβcξ

þλ5sβÞsξ
4λ1c2β þ 2λ2cβsβcξ

þðλ4 − λ7Þs2βc2ξ
ð2ðλ3 þ λ7Þ þ ðλ4 − λ7Þc2ξÞsβcβ

þλ2c2βcξ þ λ5s2βcξ

ðλ4 − λ7Þc2βc2ξ
þ2λ5sβcβcξ þ 4λ6s2β

1
CCCCCCCCCCA
; ð19Þ

and its three eigenvalues correspond to the masses of three
neutral bosons.
We expand the matrix ~m in series of tβðsξÞ as

~m ¼ ~m0 þ ðtβsξÞ ~m1 þ ðtβsξÞ2 ~m2 þ � � � ð20Þ

to get the approximate analytical behavior of its eigenval-
ues and eigenstates. Certainly, we have

lim
tβsξ→0

detð ~mÞ ¼ detð ~m0Þ ¼ 0; ð21Þ

which means a zero eigenvalue of ~m0; thus, there must be a
light neutral scalar when tβsξ is small. To the leading order
of tβsξ, for the lightest scalar h, we have

m2
h ¼

v2t2βs
2
ξ

2

�ð ~m1Þ212
ð ~m0Þ22

þ ð ~m1Þ213
ð ~m0Þ33

þ ð ~m2Þ11
�

¼ v2t2βs
2
ξ

2

�
4ðλ3 þ λ7Þ2

�
c2θ

ð ~m0Þ22
þ s2θ
ð ~m0Þ33

�
þ λ25

�
s2θ

ð ~m0Þ22
þ c2θ
ð ~m0Þ33

�
− 2λ5ðλ3 þ λ7Þs2θ

�
1

ð ~m0Þ22
−

1

ð ~m0Þ33

�
þ 4λ6

�
;

ð22Þ

h ¼ I2 þ tβsξ

�ð ~m1Þ12
ð ~m0Þ22

ðcθR1 þ sθR2Þ þ
ð ~m1Þ13
ð ~m0Þ33

ðcθR2 − sθR1Þ −
I1
tξ

�

¼ I2 þ 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 −

I1
tξ

�
; ð23Þ

while for the two heavier neutral Higgs bosons, we have

m2
2ð3Þ ¼

v2

2
ðð ~m0Þ22ð33Þ þOðtβsξÞÞ; ð24Þ

in which ð ~m0Þ22ð33Þ are the other two eigenvalues of ~m0 and

ð ~m0Þ22ð33Þ ¼
4λ1 þ λ4 − λ7

2

�
�
4λ1 − ðλ4 − λ7Þ

2
c2θ þ λ2s2θ

�
; ð25Þ

where θ ¼ ð1=2Þ arctanð2λ2=ð4λ1 − λ4 þ λ7ÞÞ. The physi-
cal states are

�
h2
h3

�
¼
�

cθ sθ
−sθ cθ

��
R1

R2

�
þOðtβsξÞ: ð26Þ

For all the details about scalar spectra and their small tβsξ
expansion series, the interested reader can see Sec. B.
From the Yukawa couplings we will get the mass

matrices for fermions as

ðMUÞij ¼
vffiffiffi
2

p ðY1ucβ þ Y2usβe−iξÞij; ð27Þ

ðMDÞij ¼
vffiffiffi
2

p ðY1dcβ þ Y2dsβeiξÞij: ð28Þ

We can always perform the diagonalization forMUðDÞ with
matrices UðDÞL and UðDÞR as

LIGHTNESS OF HIGGS BOSON AND SPONTANEOUS CP … PHYSICAL REVIEW D 90, 115024 (2014)

115024-5



ULMUU
†
R ¼

0
B@

mu

mc

mt

1
CA;

DLMDD
†
R ¼

0
B@

md

ms

mb

1
CA: ð29Þ

And VCKM ¼ ULD
†
L is the CKM matrix.

In this scenario, the couplings for the discovered light
Higgs boson should be modified from the SM by a factor as

Lh;eff ¼ cV

�
2m2

W

v
Wþ

μ Wμ− þm2
Z

v
ZμZμ

�
h − c�vHþH−h

−
X
i

ðcUiŪLiURi þ cDiD̄LiDRi þ H:c:Þh; ð30Þ

where the factors c� and cV must be real, but cUi and cDi
may be complex. According to (C1)–(C4) in Sec. C, to the
leading order of tβsξ, we straightforwardly have

cV ¼ tβsξð1þ η1Þ; ð31Þ

cDi ¼
tβsξffiffiffi
2

p ðη1ðY 0
1dÞii þ η2ðY 0

2dÞiiÞ þ
iðY 0

2dÞiiffiffiffi
2

p ; ð32Þ

cUi ¼
tβsξffiffiffi
2

p ðη1ðY 0
1uÞii þ η2ðY 0

2uÞiiÞ −
iðY 0

2uÞiiffiffiffi
2

p ; ð33Þ

and the coupling including charged Higgs boson should be

c� ¼ tβsξ

�
ð2λ6 − λ7Þ þ λ3η1 þ

λ5η2
2

�
; ð34Þ

where

η1 ¼ cθ
ð ~m1Þ12
ð ~m0Þ22

− sθ
ð ~m1Þ13
ð ~m0Þ33

¼ 2ðλ3 þ λ7Þ
�

c2θ
ð ~m0Þ22

þ s2θ
ð ~m0Þ33

�

þ λ5s2θ
2

�
1

ð ~m0Þ22
−

1

ð ~m0Þ33

�
; ð35Þ

η2 ¼ sθ
ð ~m1Þ12
ð ~m0Þ22

þ cθ
ð ~m1Þ13
ð ~m0Þ33

¼ ðλ3 þ λ7Þs2θ
�

1

ð ~m0Þ22
−

1

ð ~m0Þ33

�

þ λ5

�
c2θ

ð ~m0Þ22
þ s2θ
ð ~m0Þ33

�
: ð36Þ

We choose all the nine free parameters as nine observ-
ables in the Higgs sector: masses of four scalars mh, m2,

m3, and mH� ; vacuum expected values v1, v2, ξ; and two
mixing angles for neutral bosons. The mixing angles are
represented as c1 and c2.

LhiVV ¼ cihi

�
2m2

W

v
Wþ

μ Wμ− þm2
Z

v
ZμZμ

�
: ð37Þ

The ci just stands for the hiVV vertex strength ratio
compared with that in SM.5 In the scalar sector, for
nondegenerate neutral Higgs bosons, a quantity K ¼
c1c2c3 measures the CP-violation effects [49,50],6 while
in the Yukawa sector, the Jarlskog invariant J [30] measures
that. In this scenario, to the leading order of tβsξ, we have

K ¼ c1c2c3 ¼ −sθcθð1þ η1Þtβsξ ∝ tβsξ: ð38Þ

In order to calculate J, we define matrix Ĉ as

Ĉ≡ ½MUM
†
U;MDM

†
D�: ð39Þ

We can always choose a basis in which the diagonal
elements of Ĉ are zero. Thus,

Ĉ ¼

0
B@

0 C3 −C2

−C3 0 C1

C2 −C1 0

1
CAþ i

0
B@

0 C�
3 C�

2

C�
3 0 C�

1

C�
2 C�

1 0

1
CA

¼ ðReĈþ iImĈÞ; ð40Þ

in which using Eqs. (27)–(28), to the leading order of tβsξ,
we have

ReĈ ¼ v4c4β
4

½Yu1Y
†
u1; Yd1Y

†
d1�; ð41Þ

ImĈ ¼ v4c4β
4

ð½Yu1Y
†
u2 − Yu2Y

†
u1; Yd1Y

†
d1�

þ ½Yu1Y
†
u1; Yd2Y

†
d1 − Yd1Y

†
d2�Þtβsξ ∝ tβsξ: ð42Þ

To the leading order of tβsξ, the determinant

det ðiĈÞ≡ 2J
Y
i<j

ðm2
Ui

−m2
Uj
Þ
Y
i<j

ðm2
Di

−m2
Dj
Þ

¼ C1C2C3

�
C�
1

C1

þ C�
2

C2

þ C�
3

C3

�
; ð43Þ

where C�
i ∝ tβsξ; thus,

5There is a sum rule c21 þ c22 þ c23 ¼ 1 due to spontaneous
electroweak symmetry breaking; thus, only two of the ci are free,
and c1 here is just the cV in (31).

6If at least two of the neutral bosons have degenerate mass, we
can always perform a rotation among the neutral fields to keep
K ¼ 0.
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J ¼
Q

Ci
PðC�

i =CiÞQ ðm2
Ui

−m2
Uj
ÞQ ðm2

Di
−m2

Dj
Þ ∝ tβsξ: ð44Þ

According to the Eqs. (38), (44), and (22), we propose
that the lightness of the Higgs boson and the smallness of
CP-violation effects could be correlated through small tβsξ
since both the Higgs mass mh and the quantities K and J to
measure CP-violation effects are proportional to tβsξ at the
small tβsξ limit.
In the following two sections, we will study whether the

Lee model is still viable to confront the current numerous
high and low energy measurements. From Eq. (31), it is
quite clear that couplings of discovered scalar boson differ
from those in the SM, namely, the Lee model does not have
a SM limit. Provided that the LHC obtained only a small
portion of its designed integrated luminosity, there would
be spacious room for the Lee model. In the long run, the
LHC and future facilities have the great potential to
discover/exclude the Lee model. We will discuss this part
in Sec. V.

III. CONSTRAINTS FROM HIGH
ENERGY PHENOMENA

In this model there are two more neutral bosons and one
more charged boson pair comparing with the SM; these
degree of freedoms may affect the physics at electroweak
scale, and they could also be constrained by direct searches
at the LHC. For the discovered boson, the SM predicts
the decay branching ratios for a Higgs boson with mass
125.7 GeV in Table I. However, in the Lee model, the
modified couplings will change the total width and branch-
ing ratios due to Eqs. (31)–(34), together with the pro-
duction cross sections modified by (33) for gluon fusion
and (31) for vector boson fusion and the associated
production with vector bosons. Of course, this model
may also affect top physics because the couplings between
Higgs boson and top quark are not suppressed and it may
also change the flavor-changing couplings especially for
the top quark. Thus, it is necessary to discuss the con-
straints to this model from high energy phenomena.

A. Constraints on heavy neutral bosons

A heavy Higgs boson may decay to WþW−, 2Z0, 2h, tt̄
(for neutral bosons heavier than 2mt ≈ 346 GeV), or
HþH− (for light charged Higgs boson and a neutral boson
heavier than 2mH�). Based on the searches for the SM
Higgs boson using diboson final state [51], masses and
couplings of the other two heavier neutral Higgs bosons
should be constrained by the data. For a neutral Higgs
boson heavier than 350 GeV, the tt̄ resonance search [52]
may also give some constraints.
In this scenario, the total width of a heavy boson can be

expressed as

Γi ¼ Γi;VV þ Γi;� þ Γi;2h þ Γi;tt̄; ð45Þ

where Γi;VV , Γi;�, Γi;2h, Γi;tt̄ correspond to massive gauge
boson pairs, charged Higgs pair, neutral Higgs pair, and top
quark pair final states, respectively. The partial decay width
for a heavy neutral Higgs boson with mass mi is

Γi;VV

mi
¼ 3c2i

16π

�
mi

v

�
2

ðmi ≫ mVÞ; ð46Þ

Γi;tt̄

mi
¼ 3jct;ij2

8π

�
mt

v

�
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
t

m2
i

s �
1 −

4m2
t cos2ðargðct;iÞÞ

m2
i

�
;

ð47Þ

Γi;�
mi

¼ λ2i;�
16π

�
v
M

�
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
H�

m2
i

s
; ð48Þ

Γi;hh

mi
¼ λ2i;hh

32π

�
v
M

�
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
h

m2
i

s
ð49Þ

in units of its mass. Here, we have the vertices

λi;� ¼ 1

v
∂3V

∂hi∂Hþ∂H− ; λi;hh ¼
1

v
∂3V

∂hi∂h2 : ð50Þ

The couplings λi;�, λi;hh ∼Oð1Þ.
The signal strength is defined as

μ ¼ σ

σSM
·
Γi;VV

Γi
·

1

BrSMðVVÞ
ð51Þ

for a production channel. The σ=σSM ≲Oð1Þ for different
channels. For a heavy Higgs boson with mi ≤ 2mt,
BrSMðVVÞ is very close to 1; while for mi > 2mt,
BrSMðVVÞ has a minimal value of about 0.8 when
mi ∼ 500 GeV. According to (46)–(49), we can estimate
that for both mi ∼ v and mi ≫ v, μ ∼Oð0.1–1Þ.
Thus, according to the figures in [51], we have three

types of typical choices for the mass of two heavy neutral
Higgs particles in Table IV. (Here, we write the mass of the
lighter boson m2 and the heavier one m3.)

TABLE IV. Typical choices for the masses of the two heavy
neutral scalars.

Case Allowed m2 (GeV) Allowed m3 (GeV)

I ≲300 ≲300
II ≲300 ≳700
III ≳700 ≳700

LIGHTNESS OF HIGGS BOSON AND SPONTANEOUS CP … PHYSICAL REVIEW D 90, 115024 (2014)

115024-7



B. Constraints due to oblique parameters

Since the discovery of the new boson, there are new
electroweak fits for the standard model [18]. Choosing
mt;ref ¼ 173 GeV and mh;ref ¼ 126 GeV, the oblique
parameters [19] are

S¼ 0.03�0.10; T¼ 0.05�0.12; U¼ 0.03�0.10;

RST ¼þ0.89; RSU ¼−0.54; RTU ¼−0.83;

ð52Þ

with R being the correlation coefficient between two
quantities; or

S ¼ 0.05� 0.09; T ¼ 0.08� 0.07; R ¼ þ0.91;

ð53Þ
with fixed U ¼ 0, where R is the correlation coefficient
between S and T. The basic Mathematica code to draw
the S-T ellipse can be found on the webpage [53].7 The
contribution to S and T parameters due to multi-Higgs
doublets was calculated in [54] (see the formulas in [49]).

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

þ 3
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

�
; ð54Þ

ΔS ¼ 1

24π

�
ð1 − 2s2WÞ2Gðz�; z�Þ þ c21Gðz2; z3Þ þ c22Gðz3; z1Þ þ c23Gðz1; z2Þ

þ
X3
i¼1

�
c2i HðziÞ þ ln

�
m2

i

m2
H�

��
−H

�
m2

h;ref

m2
Z

�
− ln

�
m2

h;ref

m2
H�

��
; ð55Þ

where ci is the rate of the hiVμVμ coupling to that in the
SM (c1 represents the above-mentioned cV) and

P
c2i ¼ 1.

mh;ref ¼ m1 ¼ 126 GeV is the reference point for Higgs
boson, z� ¼ ðmH�=mZÞ2 and zi ¼ ðmi=mZÞ2. The func-
tions F, G, H read (following the formulas in [49])

Fðx; yÞ ¼ xþ y
2

−
xy

x − y
ln

�
x
y

�
; ð56Þ

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; ð57Þ

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; ð58Þ

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.

ð59Þ

At removable singularities the functions are defined as the
limit.
The parameter U is usually small so that we fix U ¼ 0

from now on. We take the benchmark points according
to the cases in Table IV. We show the contours in Figs. 1–3
for the cases listed in Table IV in the last section.
Throughout the paper, the region outside the green area
is excluded at 68% C.L. and the region outside the yellow
area is excluded at 95% C.L. First, for case I, we take
m2 ¼ 280 GeV andm3 ¼ 300 GeV. The typical values for
the left diagram in Fig. 1 are c21 ¼ 0.2, c22 ¼ c23 ¼ 0.4.
Here, the blue and red lines refer to 86 GeV < mH� <
126 GeV and 312 GeV < mH� < 350 GeV, respectively.
For the right diagram, c21 ¼ 0.25, c22 ¼ 0.4, c23 ¼ 0.35, and

7Assuming Gaussian distribution, the second Δχ2 should be
6.0 instead of 6.8 in the code. See the 36th chapter (statistics) of
the reviews in PDG [28], in for its 2014 updated version please
see the 38th chapter instead.
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the blue and red lines refer to 94 GeV < mH� < 136 GeV
and 312 GeV < mH� < 351 GeV, respectively.
Second, for case II, we take m2 ¼ 300 GeV and

m3 ¼ 700 GeV. The typical values for the left diagram
in Fig. 2 are c21 ¼ 0.2, c22 ¼ 0.5, c23 ¼ 0.3. Here, the blue
and red lines refer to 127 GeV < mH� < 149 GeV and
580 GeV < mH� < 600 GeV, respectively. For the right

diagram, c21 ¼ c23 ¼ 0.25, c22 ¼ 0.5, and the blue and
red lines refer to 141 GeV < mH� < 163 GeV and
598 GeV < mH� < 618 GeV, respectively.
Third, for case III, we take m2 ¼ 700 GeV and

m3 ¼ 750 GeV. The typical values for the left diagram
in Fig. 3 are c21 ¼ 0.2, c22 ¼ c23 ¼ 0.4. Here, the blue and
red lines refer to 218 GeV < mH� < 235 GeV and

0.2 0.1 0.1 0.2
S

0.1

0.1

0.2

0.3
T

0.2 0.1 0.1 0.2
S

0.1

0.1

0.2

0.3
T

FIG. 2 (color online). S-T ellipse for case II, m2 ¼ 300 GeV and m3 ¼ 700 GeV.

0.2 0.1 0.1 0.2
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0.1

0.1

0.2

0.3
T

0.2 0.1 0.1 0.2
S

0.1

0.1

0.2

0.3
T

FIG. 3 (color online). S-T ellipse for case III, m2 ¼ 700 GeV and m3 ¼ 750 GeV.

0.2 0.1 0.1 0.2
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0.1

0.1
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0.3
T
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S

0.1

0.1

0.2

0.3
T

FIG. 1 (color online). S-T ellipse for case I, m2 ¼ 280 GeV and m3 ¼ 300 GeV.
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748 GeV < mH� < 765 GeV, respectively. For the right
diagram, c21 ¼ 0.25, c22 ¼ 0.4, c23 ¼ 0.35, and the blue
and red lines refer to 250 GeV < mH� < 269 GeV and
749 GeV < mH� < 767 GeV, respectively.
In type II 2HDM the charged Higgs boson should be

heavier than 360 GeV [55,56] mainly due to the constraint
from inclusive b → sγ process. However, in other models,
there are no such strict constraints. Direct searches by LEP
told us that the charged Higgs boson should be heavier
than 78.6 GeV [57]. In cases I–II above, a light (around
100–200 GeV) charged Higgs boson is allowed, while in
case III the charged Higgs boson cannot be lighter than
about 250 GeV. In cases I and III, a charged Higgs boson
with the mass near the heavy neutral bosons is allowed,
while in case II a heavy charged Higgs boson must be
lighter than the heaviest neutral scalar.

C. Constraints due to signal strengths

In Tables II–III, for a certain channel, the signal strength
is defined as

μf ¼
σ · Brf

ðσ · BrfÞSM
¼ σ

σSM
·

Γf

Γf;SM
·
Γtot;SM

Γtot
; ð60Þ

in which σ=σSM ¼ jc0tj2 for gluon fusion processes and
σ=σSM ¼ c2V for VBF processes and associated productions
with a gauge boson. For decays without interference,
we simply have Γf=Γf;SM ¼ jcfj2 such as for f ¼ V, b,
τ, while for the two photons final state, we have [6,22]

Γγγ

Γγγ;SM

¼
����ð4=3Þc0tA1=2ðxtÞþcVA1ðxWÞþðc�v2=2m2

H�ÞA0ðx�Þ
ð4=3ÞA1=2ðxtÞþA1ðxWÞ

����2;
ð61Þ

in which xi ¼ m2
h=4m

2
i for i ¼ t, W, H�. The loop

integration functions are

A0ðxÞ ¼
1

x2
ðx − fðxÞÞ ð62Þ

A1=2ðxÞ ¼ −
2

x2
ðxþ ðx − 1ÞfðxÞÞ ð63Þ

A1ðxÞ ¼
1

x2
ð2x2 þ 3xþ 3ð2x − 1ÞfðxÞÞ ð64Þ

for scalar, fermion, and vector boson loops, respectively,
and

fðxÞ ¼
8<
:

arcsin2
ffiffiffi
x

p
; x ≤ 1;

− 1
4

�
ln

�
1þ

ffiffiffiffiffiffiffiffiffi
1−1=x

p
1−

ffiffiffiffiffiffiffiffiffi
1−1=x

p
�
− πi

�
2

; x > 1.
ð65Þ

In a spontaneous CP-violation model, c0t (together with
other cf for fermions) can be complex while cV and c�
must be real. Notice that all the cV , c�, cb, and cτ are the
same as those in (31)–(34), but ct should be modified to c0t
as

c0t ¼ ReðctÞ þ i
B1=2ðm2

h=4m
2
t Þ

A1=2ðm2
h=4m

2
t Þ
ImðctÞ ð66Þ

in which the function

B1=2ðxÞ ¼ −
2fðxÞ
x

: ð67Þ

Thus, defining αt ≡ argðctÞ and α0t ≡ argðc0tÞ, numerically
we have

α0t ¼ arctanð1.52 tan αtÞ; jc0tj ¼ jctj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1.31sin2αt

q
:

ð68Þ

Assuming there is no unknown decay channel that con-
tributes several percentages or more to the total width, we
can estimate that

Γtot

Γtot;SM
¼ 0.57jcbj2 þ 0.25c2V þ 0.06jcτj2

þ 0.03jccj2 þ 0.09jc0tj2 ð69Þ

according to Table I.
Define the χ2

χ2 ¼
X
i;f

�
μi;f;obs − μi;f;pre

σi;f

�
2

; ð70Þ

where i ¼ VBF, ggF, VH and f ¼ γγ,WW�, ZZ�, τþτ− at a
detector (CMS or ATLAS). The μi;f;obsðpreÞ are the observed
(predicted) signal strength for the production channel
i and final state f. We ignored all correlation coefficients
between channels since they are small.
Numerically, we find that the minimal χ2 is not sensitive

to the charged Higgs mass since the scalar loop contributes
less than the top and W loop in the γγ decay channel.
Thus, we take the benchmark point as mH� ¼ 150 GeV.
For six degrees of freedom, parameter space with χ2 ≤ 7.0
is allowed at 68% C.L. and χ2 ≤ 12.6 is allowed at
95% C.L. For both CMS and ATLAS data, the minimal
χ2 is very sensitive to cV and c0t, since they give dominant
contributions to most production cross sections and partial
decay widths; it is sensitive to cb as well since the total
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width is sensitive to jcbj. With the CMS data, we have
cV ≥ 0.22; and with the ATLAS data, we have cV ≥ 0.31,
both at 95% C.L. So cV ¼ 0.5 is a good benchmark point
as we have chosen in the last section, and it will also be
taken around this point in later analysis. The χ2 is not very
sensitive to jcτj and c�, as both of them contribute to only
one channel, and the charged Higgs loop contributes less in
the γγ decay channel. Thus, for most analysis we do not
discuss these two parameters carefully.
For the CMS data, when cV ∼ 0.5, the χ2min ≈ 2. The data

favor smaller jcbj but the minimal value of χ2 changes little
as cb varies, since the points are far away from the 95%
allowed boundary cV ¼ 0.22. Figures 4–6 show CMS
allowed jc0tj and α0t ≡ argðc0tÞ for some benchmark points.8

In Figs. 4–5, we choose cV ¼ 0.4. Fixing c� ¼ 0.2
and jcτj ¼ 0.8, and taking jcbj ¼ 0.1, 0.4, 0.7, we have

the three figures in Figs. 4–5. The best fit point for jctj
has positive correlation with jcbj. For larger jcbj, the
best fit point for jcτj increases as well; thus, in the right
figure in Fig. 5 we set jcτj ¼ 1.3 and get a better fitting
result.
In Figure 6, we have cV ¼ 0.5. Fixing c� ¼ 0.2 and

jcτj ¼ 0.9, and taking jcbj ¼ 0.1, 0.3, 0.5, 0.7, we get the
four figures. The fitting results are less sensitive to jcτj than
in Figs. 4–5, and the best fit point for jc0tj has positive
correlation with jcbj as well. Usually α0t ∼ 0 is disfavored
while for smaller jcbj and larger cV any α0t is allowed. For
each case, the best fit point is about jα0tj ∼ 1.2.
For the ATLAS data, when cV ∼ 0.5, the χ2min ≈ 7,

which is near the 1σ allowed boundary. The data favor
smaller jcbj as well just like the CMS case. Figures 7–8
show ATLAS allowed jc0tj and α0t ≡ argðc0tÞ for some
benchmark points.
In Fig. 7 we show the allowed regions for c0t. Fixing

cV ¼ 0.5, c� ¼ 0.4, and jcτj ¼ 0.7, choosing jcbj ¼ 0.2,
0.4, we have the two figures. In Fig. 8, fixing cV ¼ 0.6,

3 2 1 1 2 3

0.5

1.0

1.5

2.0

2.5

3.0
ct'

3 2 1 1 2 3

0.5

1.0

1.5

2.0

2.5

3.0
ct'

t't'

FIG. 5 (color online). Allowed jc0tj − α0t contour when taking cV ¼ 0.4, c� ¼ 0.2, and jcbj ¼ 0.7 for CMS data. jcτj ¼ 0.8 for the left
figure and jcτj ¼ 1.3 for the right figure.
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1.0

1.5

2.0
ct'

3 2 1 1 2 3

0.5

1.0

1.5

2.0
ct'
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FIG. 4 (color online). Allowed jc0tj − α0t contour when taking cV ¼ 0.4, c� ¼ 0.2, and jcτj ¼ 0.8 for CMS data. jcbj ¼ 0.1 for the left
figure and jcbj ¼ 0.4 for the right figure.

8In this paper, the benchmark points are close to the best fit
points for a certain case; thus, the allowed regions are typical
enough.
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c� ¼ 0.4, and jcτj ¼ 0.8, and taking jcbj ¼ 0.1, 0.3, 0.5,
0.7, we have the four figures. Usually, α0t ∼ 0 is disfavored
while for smaller jcbj and larger cV any α0t is allowed.
The best fit points for α0t are around jα0tj ∼ 1.2; all these
behaviors are similar to the results from CMS data.

For both CMS and ATLAS data, smaller jcbj is favored.
In most cases, the best fit points for jc0tj, jcτj are around 1,
and c� ∼Oð0.1Þ. The fitting results for α0t favor smaller
jα0tjð∼1.2Þ by both data for most jcbj inputs. We also have
the χ2 for the SM as
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FIG. 6 (color online). Allowed jc0tj − α0t contour when taking cV ¼ 0.5, c� ¼ 0.2, and jcτj ¼ 1 for CMS data. The four figures
correspond to jcbj ¼ 0.1, 0.3, 0.5, 0.7, respectively.
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FIG. 7 (color online). Allowed jc0tj − α0t contour when taking cV ¼ 0.5, c� ¼ 0.4, and jcτj ¼ 0.7 for ATLAS data. The left and right
figures correspond to jcbj ¼ 0.2 and jcbj ¼ 0.4, respectively.
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χ2SM;CMS ¼ 2.4; χ2SM;ATLAS ¼ 3.7 ð71Þ

close to the minimal χ2 for the Lee model we discussed in
this paper. So the Lee model can fit the current data as well
as those in the SM.

D. Same sign top production

We put no additional symmetries in the Yukawa sector to
avoid tree-level FCNC; thus, the model must be constrained
by processes including flavor-changing interactions. The
tree-level FCNC for up-type quarks will lead to same sign
top quarks production at the LHC. An upper limit at
95% C.L. was given as [58]

σtt < 0.37 pb ð72Þ

by the CMS group with an integrated luminosity 19.5 fb−1

at
ffiffiffi
s

p ¼ 8 TeV.
In this model, we can write the interaction that can

induce same sign top quark production at the LHC as

LI;tuh ¼ −
1ffiffiffi
2

p t̄ðξ1tu þ ξ2tuγ
5Þuhþ H:c: ð73Þ

The lightest neutral boson gives the dominant contribution
when the effect couplings are similar. A direct calculation
gives

σtt ¼
Z

dx1dx2fuðx1Þfuðx2Þσ0 ð74Þ

in which

σ0 ¼
jξtuj4βt
64πs0

Z
1

−1
dcθ

��
1 − βtcθ

1þ β2t þ 4m2
h=s0 − 2βtcθ

�
2

þ
�

1þ βtcθ
1þ β2t þ 4m2

h=s0 þ 2βtcθ

�
2

−
1þ β2t c2θ − 2β2t

ð1þ β2t þ 4m2
h=s0Þ2 − 4β2t c2θ

�
; ð75Þ

if ξ1tuξ�2tu þ ξ2tuξ
�
1tu ¼ 0 where s0 is the square of energy in

the frame of momentum center of two partons (both u
quarks). βt ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

t =s0
p

is the velocity of a top quark
and θ is the radiative angle in the same frame and
jξtuj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jξ1tuj2 þ jξ2tuj2

p
. Using the MSTW2008 PDF
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FIG. 8 (color online). Allowed jc0tj − α0t contour when taking cV ¼ 0.6, c� ¼ 0.4, and jcτj ¼ 0.8 for ATLAS data. The four figures
correspond to jcbj ¼ 0.1, 0.3, 0.5, 0.7, respectively.
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[59] and comparing with (72), we can estimate
that jξtuj ≲ 0.4.

E. Top rare decays

In this model, the FCNC interactions including up-type
quarks will induce rare decay processes of top quark, such
as t → ch and t → uh, usually with a larger decay rate than
that in the SM. When the charged Higgs boson is lighter
than the top quark, there will be a new decay channel t →
Hþb as well. Direct search results at

ffiffiffi
s

p ¼ 8 TeV by CMS
at the LHC gave the top pair production cross section [60]
σtt̄ ¼ ð237� 13Þ pb assuming mt ¼ 173 GeV and
Brðt → bWÞ ¼ 1, while theoretical calculation predicts
that [61] σtt̄;pre ¼ ð246þ9

−11Þ pb. Assuming there are no
effects beyond the SM during the production of top pair,
these results can constrain the top rare decay (all channels
except bW) branching ratio

Brt;rare ¼ 1 − Brðt → bWÞ < 7.4% ð76Þ

at 95% C.L.
For the rare decay processes above, the interactions can

be written as

LI;tch ¼ −
1ffiffiffi
2

p t̄ðξ1tc þ ξ2tcγ
5Þchþ H:c: ð77Þ

LI;tbHþ ¼ −t̄ðξ1tb þ ξ2tbγ
5ÞbHþ þ H:c: ð78Þ

together with (73). Direct calculations give the decay rates

ΓhuðhcÞ ¼
jξtuðtcÞj2mt

32π

�
1 −

m2
h

m2
t

�
2

ð79Þ

ΓHþb ¼
jξtbj2mt

16π

�
1 −

m2
H�

m2
t

�2

; ð80Þ

where jξtij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jξ1tij2 þ jξ2tij2

p
.

Direct search for t → cðuÞh → cðuÞγγ decays [62] at
ATLAS gives the bound for branching ratios

Brðt → chÞ þ Brðt → uhÞ < 0.79% ·

�
Brðh → γγÞSM
Brðh → γγÞ

�
ð81Þ

at 95% C.L., which leads to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jξtuj2 þ jξtcj2

q
< 0.16κ; where

κ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Brðh → γγÞSM
Brðh → γγÞ

s
∼Oð1Þ ð82Þ

and κ ¼ 1 in the SM. For most cases it is a stronger
constraint on jξtuj than that in the same sign top production
process, but they are of the same order. A similar
measurement by CMS [63] gives a 95% upper limit
Brðt → chÞ < 0.56%; hence, jξtcj < 0.14 with the combi-
nation of Higgs boson decaying to diphoton or multileptons
assuming the SM decay branching ratios of Higgs boson.
If we allow different branching ratios into the SM, the
constraints on this coupling is still of that order. Adopting
the Cheng-Sher ansatz [43], we have

jξtcjvffiffiffiffiffiffiffiffiffiffiffiffiffi
2mtmc

p ≲ 1.5; and
jξtujvffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mtmu

p ≲ 44 ð83Þ

assuming SM branching ratios of Higgs boson. For other
branching ratios, the constraints are of the same order.
Direct searches for t → bHþ → bτþντðcs̄Þ at ATLAS

[64] for 90 GeV < mH� < 160ð150Þ GeV and at CMS
[65] for 80 GeV < mH� < 160 GeV gave the results in
Table V. These results lead to the upper limits region on
jξtbj at 95% C.L. as

jξtbj <

8>>>>><
>>>>>:

ð0.15–0.59Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðτνÞp

; ðCMS; 80 GeV < mH� < 160 GeVÞ;
ð0.15–1.12Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Brðcs̄Þp
; ðCMS; 90 GeV < mH� < 160 GeVÞ;

ð0.13–0.45Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðτνÞp

; ðATLAS; 90 GeV < mH� < 160 GeVÞ;
ð0.19–0.27Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Brðcs̄Þp
; ðATLAS; 90 GeV < mH� < 150 GeVÞ:

ð84Þ

TABLE V. Constraints on the t → bHþ → bτþνðcs̄Þ from
direct searches for light charged Higgs boson (lighter than top
quark).

Process ðHþ → fÞ
Charged Higgs
mass (GeV)

Brðt → bHþ → bfÞ
(95% C.L.)

Hþ → cs̄ðATLASÞ 90–150 < ð1.2%–5.1%Þ
Hþ → τþνðATLASÞ 90–160 < ð0.8%–3.4%Þ
Hþ → τþνðCMSÞ 80–160 < ð1.9%–4.1%Þ
Hþ → cs̄ðCMSÞ 90– 160 < ð1.7%–7.0%Þ
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For some typical mass of charged Higgs boson (which are
allowed for some cases in the S-T ellipse tests) we have the
upper limits of jξtbj in Table VI. From all the direct searches
for top decays, we must have a relation

Brðt → hcÞ þ Brðt → huÞ þ Brðt → bHþÞ < 7.4% ð85Þ
according to (76) at 95% C.L. as well.

IV. CONSTRAINTS FROM LOW
ENERGY PHENOMENA

The Lee model we discussed in this paper contains
additional sources of CP violation and tree-level FCNC
interactions; therefore, they will affect many kinds of
low energy phenomena, especially for the CP-violation

observables and the FCNC processes. For the CP-violation
observables, we will focus on the constraints from the
EDMs of electron and neutron [66]. For the constraints
on FCNC interactions, we will focus on the mesonic
measurements.

A. Constraints due to EDM and strong CP phase

Direct searches of the EDM for electron (de) and neutron
(dn) are given as [34,67]

de ¼ ð−2.1� 4.5Þ × 10−29e cm

dn ¼ ð0.2� 1.7Þ × 10−26e cm;
ð86Þ

which will constrain the corresponding CP-violation
interactions.
The effective interaction for electrons can be written

as [66]

Le;EDM ¼ −
ide
2

ēσμνγ5eFμν; ð87Þ

where de is the EDM for electrons. In our scenario, the
dominant contribution to electron EDM should be due to
the two-loop Barr-Zee–type diagrams [68,69] involving the
lightest scalar as follows:

de
e
¼
�
de
e

�
W�

þ
�
de
e

�
t
þ
�
de
e

�
H�

¼ 2
ffiffiffi
2

p
αemGFme

ð4πÞ3
�
−cVImðceÞJ1ðmW;mhÞ þ

8

3
ReðceÞImðctÞJ1=2ðmt;mhÞ

þ 8

3
ImðceÞReðctÞJ01=2ðmt;mhÞ − c�ImðceÞJ0ðmH� ; mhÞ

�
; ð88Þ

in which the loop integration functions J1 come from the
W loop, J1=2ðJ01=2Þ comes from the top loop, and J0
comes from the charged scalar loop. The analytical
expressions are [69]

J1ðmW;mhÞ ¼ −
m2

W

m2
h

��
5 −

m2
h

2m2
W

�
I1ðmW;mhÞ

þ
�
3þ m2

h

2m2
W

�
I2ðmW;mhÞ

�
; ð89Þ

J1=2ðmt;mhÞ ¼ −
m2

t

m2
h

I1ðmt;mhÞ; ð90Þ

J01=2ðmt;mhÞ ¼ −
m2

t

m2
h

I2ðmt;mhÞ; ð91Þ

J0ðmH� ; mhÞ ¼ −
v2

2m2
h

ðI1ðmH� ; mhÞ − I2ðmH� ; mhÞÞ;
ð92Þ

where

I1ðm1; m2Þ ¼
Z

1

0

dz
m2

2

m2
1 −m2

2zð1 − zÞ ln
�
m2

2zð1 − zÞ
m2

1

�
;

I2ðm1; m2Þ ¼
Z

1

0

dz
m2

2ð1 − 2zð1 − zÞÞ
m2

1 −m2
2zð1 − zÞ ln

�
m2

2zð1 − zÞ
m2

1

�
:

ð93Þ

Numerically, the contribution from charged Higgs loop
is usually small comparing with the W and top loop,
especially for heavy charged Higgs bosons. As a bench-
mark point, take mH� ¼ 150 GeV; we have

TABLE VI. Constraints on the tbHþ vertex coupling jξtbj for
some typical mass of the charged Higgs boson.

Mass (GeV) 100 120 150

CMSðτνÞ 0.17=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðτνÞp

0.20=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðτνÞp

0.38=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðτνÞp

CMSðcs̄Þ 0.15=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Brðcs̄Þp

0.16=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Brðcs̄Þp

0.43=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Brðcs̄Þp

ATLASðτνÞ 0.16=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðτνÞp

0.12=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðτνÞp

0.25=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðτνÞp

ATLASðcs̄Þ 0.17=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Brðcs̄Þp

0.16=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Brðcs̄Þp

0.27=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Brðcs̄Þp
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de ¼ ½−ð14.0cV þ 1.28c�ÞImðceÞ þ 6.53ReðctÞImðceÞ
þ 9.32ReðceÞImðctÞ� × 10−27 e · cm: ð94Þ

As benchmark points, take cV ¼ c� ¼ 0.5, jctj ¼ 1. For
both CMS and ATLAS data, small αð< π=2Þ is favored.
Take α0t ¼ 1.2 around the best fit point; thus, αt ≈ 1.0, and
the EDM data strongly constrain the coupling ce. For most
αe ≡ argðceÞ, the coupling strength jcej is constrained to be
as small as Oð10−2–10−1Þ. But for some special angles, as
αe ≈ −2.04 and αe ≈ 1.09, jcej may be as large as Oð1Þ.
But the windows are very narrow; in Fig. 9 we show the
constraints close to the special angles.
If adding the contributions from heavy neutral Higgs

bosons, the constraints on ce would be shifted. Since both
heavy scalars are CP even dominant, we can estimate that

argðce;2Þ≃argðce;3Þ≃argðct;2Þ≃argðct;3Þ∼Oð0.1Þ;
ð95Þ

and for the two jce;ij, at least one of them is of Oð1Þ
because of its mass, which is the same for jct;ij. For the

couplings to gauge bosons, we can estimate

c22 þ c23 ¼ 1 − c21 ≃ 0.7; ð96Þ

thus, at least one of them must be large enough to be
close to Oð1Þ. For a neutral Higgs boson with mass
m2 ∼ 300 GeV or m2 ∼ 700 GeV, the contributions can
be estimated as

de;2 ≃ ð1–5Þ × 10−28 e cm; ð97Þ

de;3 ≃ ð0.5–3Þ × 10−28 e cm: ð98Þ

As an example, if the heavy scalars contribute a
d0e ¼ 2 × 10−28 e cm, Fig. 9 would be changed to
Fig. 10. It still imposes strict constraints on ce, but the
behaviors are different from that without including the
contributions from the heavy scalars.
For neutrons, the effective interaction can be written as

[66,70,71]
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FIG. 9 (color online). Constraints on ce taking αt ¼ 1.0.
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FIG. 10 (color online). An example of modified constraints by heavy neutral scalars.
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Ln;EDM ¼ −
i
2

X
q

ðdqq̄σμνγ5qFμν þ ~dqgsq̄σμνγ5taqGa
μνÞ

−
w
3
fabcGμνG

ν;b
σ ~Gμσ;c þ θαs

8π
Gμν

~Gμν: ð99Þ

The first two operators correspond to the EDMðdqÞ
and color EDMð ~dqÞ(CEDM) of light quarks; the third
operator is the Weinberg operator; and the last operator, in
which θ ¼ argðdetðMu ·MdÞÞ, is the strong CP phase. The

EDM of the neutron [66,70,71] is

dn
e
≃1.4

�
dd
e
−0.25

du
e

�
þ1.1ð ~ddþ0.5~duÞ

þð2.5×10−16θþ4.3×10−16wðGeV−2ÞÞ cm ð100Þ

at the hadron scale with a theoretical uncertainty of about
50%. At weak scale the EDM and CEDM for quarks are
given as [70,71]

dq
e

¼ 2
ffiffiffi
2

p
αemQqGFmq

ð4πÞ3
�
cVImðcqÞJ1ðmW;mhÞ þ c�ImðcqÞJ0ðmH� ; mhÞ −

8

3
ðReðcqÞImðctÞJ1=2ðmt;mhÞ

þ ImðcqÞReðctÞJ01=2ðmt;mhÞÞ
�
; ð101Þ

~dq ¼ −
2
ffiffiffi
2

p
αsGFmq

ð4πÞ3 ðReðcqÞImðctÞJ1=2ðmt;mhÞ

þ ImðcqÞReðctÞJ01=2ðmt;mhÞÞ; ð102Þ

and the Weinberg operator [70]

w ¼
ffiffiffi
2

p
GFgsαs

4 · ð4πÞ3 ReðctÞImðctÞg
�
m2

t

m2
h

�
ð103Þ

with

gðxÞ ¼ 4x2
Z

1

0

dv
Z

1

0

du
u3v3ð1 − vÞ

ðxvð1 − uvÞ þ ð1 − uÞð1 − vÞÞ2 :

ð104Þ

Following the appendix in [70], with the input
mu ¼ 2.3 MeV, md ¼ 4.8 MeV and αsðmtÞ ¼ 0.11 [28],
numerically, the EDM for the neutron is

dn≃ ð0.5–1.5Þ× ð−ð7.0ReðcuÞImðctÞþ4.9ImðcuÞReðctÞÞ
− ð29ReðcdÞImðctÞþ20ImðcdÞReðctÞÞ
− ð2.8cV þ0.25c�ÞImðcdÞ− ð0.66cV þ0.06c�ÞImðcuÞ
þ2.5×1010θþ2.3jctj2 sinð2α0tÞÞ×10−26 e · cm:

ð105Þ

Take benchmark points as usual, and fix cV ¼ c� ¼ 0.5
and jctj ¼ 1, αt ¼ 1.0 as usual. For jcuj≃ jcdj ∼Oð0.1Þ,
there are almost no constraints on αu ≡ argðcuÞ and
αd ≡ argðcdÞ. For jcuj≃ jcdj ∼Oð1Þ, constraints on αd
and αu are shown in Fig. 11. Ignoring the θ term, for
jcuj ¼ jcdj ¼ 1, αd is constrained in two bands with a width
of Δαd ≃ ð0.2–1Þ from the uncertainties in calculating dn.
And the widths are more sensitive to cd, for example, if
jcdj ¼ 0.5, Δαd ≃ ð0.5–2Þ. The constraints by neutron
EDM are less strict compared with those by electron
EDM in this model. Contributions from heavy neutral
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FIG. 11 (color online). Plots on the allowed αd − αu, taking αt ¼ 1.0.
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Higgs bosons and nonzero θð≲10−10Þ would also change
the location of the bands.

B. Meson mixing and CP violation

In the SM the neutral mesons K0, D0, B0
d, and B0

s mix
with their corresponding antiparticles through weak inter-
actions. Usually, BSM will give additional contributions
to the mixing matrix elements hM̄0jHΔF¼2jM0i; thus,
they will modify the mass splitting and mixing induced
CP-violation observables. We can parametrize the new
physics effects as [72]

M12;M ≡ 1

2mM
hM̄0jHΔF¼2jM0i ¼ M12;M;SMð1þ ΔMeiδMÞ:

ð106Þ
For mass splitting, we list the world averaging results
[28,73,74] and SM predictions [75–77] for Δm in
Table VII. The useful decay constants and bag parameters
are from the lattice results [78]. Only for the D0 − D̄0

system it is difficult to predict ΔmD since the long-distance
effects are the dominant contributions. Nonzero δM from
new physics will modify the CP-violated effects from
those in the SM; thus, it will be constrained by CP-violated
observable, as ϵK in K0 − K̄0 mixing and sinð2βdðsÞÞ in
B0
dðsÞ − B̄0

dðsÞ mixing. They are defined as

ϵK ¼ 1

3

�
MðKL → 2π0Þ
MðKS → 2π0Þ

�
þ 2

3

�
MðKL → πþπ−Þ
MðKS → πþπ−Þ

�
;

ð107Þ
where KLðSÞ is the long (short) lived neutral kaon andM is
the amplitude for the process and

β ¼ arg

�
−
VtbV�

td

VcbV�
cd

�
; βs ¼ arg

�
VtbV�

ts

VcbV�
cs

�
; ð108Þ

where Vij are CKM matrix elements.
First, assuming the charged Higgs boson is heavy and

considering the contribution only from the 126 GeV Higgs
boson, we can write the flavor-changing effective inter-
action as

Lij ¼ f̄iðξ1ij þ ξ2ijγ
5Þfjhþ H:c: ð109Þ

The lightest neutral Higgs boson contribution to matrix
elements for meson mixing is [79,80]

M12;M;SMΔMeiδM

¼ f2MBMmM

6m2
h

�
ξ21ij − ξ22ij þ

ðξ21ij − 11ξ22ijÞm2
M

ðmi þmjÞ2
�
: ð110Þ

The parameters fM, BM, and mM are the decay constant,
bag parameter, and mass for meson M0, and miðjÞ are
masses for the quark fiðjÞ. For B0

dðsÞ − B̄0
dðsÞ mixing,

according to fitting results [81] (see the plots in [82] for
details), for different δBdðBsÞ,

ΔBd
≲ ð0.1–0.4Þ and ΔBs

≲ ð0.1–0.3Þ: ð111Þ

For δBdðBsÞ ¼ 0, the upper limit on ΔBdðBsÞ is about 0.2.
Comparing with (106) and (110) and adopting the Cheng-
Sher ansatz [43], the typical upper limit on ξbsðbdÞ has the
order

jξbsjvffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mbms

p ≲ 2 × 10−2 and
jξbdjvffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mbmd

p ≲ 6 × 10−2;

ð112Þ

both of Oð10−2–10−1Þ. For D0 − D̄0 mixing, we have the
upper limit

jξcujvffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mcmu

p ≲ 0.1: ð113Þ

For K0 − K̄0 mixing, when δK ≈ 0 or π, we have
ΔK ≲ 0.25, which leads to

jξsdjvffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2msmd

p ≲ 2 × 10−2; ð114Þ

while for a general δK , ΔK is strongly constrained to be
less than Oð10−3Þ because of the smallness of ϵK . New
CP-violation effects must be very small in neutralK system
while they are allowed or even favored [81] for other
mesons.
Next, consider the contribution to B0

dðsÞ − B̄0
dðsÞ mixing

from charged Higgs boson. Box diagrams with one or two
charged Higgs boson instead of W boson will contribute to
ΔBdðBsÞ expðiδBdðBsÞÞ as [83,84]

ΔBdðBsÞe
iδBdðBsÞ ¼ F 1ðxtW; xtH; xHWÞ þ F 2ðxtHÞ

F 0ðxtWÞ
; ð115Þ

where

TABLE VII. SM predictions and experimental values for mass
difference in meson mixing.

Meson Δmexp (GeV) ΔmSM (GeV)

K0ðds̄Þ ð3.474� 0.006Þ × 10−15 ð3.30� 0.34Þ × 10−15

D0ðcūÞ ð1.0� 0.3Þ × 10−14 � � �
B0
dðdb̄Þ ð3.33� 0.03Þ × 10−13 ð3.3� 0.4Þ × 10−13

B0
sðsb̄Þ ð1.1663� 0.0015Þ × 10−11 ð1.14� 0.17Þ × 10−11
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F 0ðxtWÞ ¼ 1þ 9

1 − xtW
−

6

ð1 − xtWÞ2
−
6x2tW ln xtW
ð1 − xtWÞ3

ð116Þ

F 1ðxtW; xtH; xHWÞ ¼ η2dðsÞ
xtH

1 − xHW

�
8 − 2xtW
1 − xtH

þ ð2xHW − 8Þ ln xtH
ð1 − xtHÞ2

þ 6xHW ln xtW
ð1 − xtWÞ2

�

ð117Þ

F 2ðxtHÞ ¼ η4dðsÞxtH
1 − x2tH þ 2xtH ln xtH

ð1 − xtHÞ3
ð118Þ

at leading order in which ηdðsÞ≈ðξ1tbξ1tdðsÞ=2VtbV�
tsðdÞÞ1=2

v=mt and xij ¼ ðmi=mjÞ2. We can parametrize the inter-
actions (80) as

LI;tDiHþ ¼ −
VtDi

v
t̄ðXtmtPL þ XDi

mDi
PRÞDi þ H:c:;

ð119Þ

in which PLðRÞ ¼ ð1 ∓ γ5Þ=2. Thus, ηdðsÞ ≈ jXtjv=ð
ffiffiffi
2

p
mtÞ

and it is not sensitive to XDi
if they are of the same order as

Xt. According to the constraints in Sec. III E for light charged
Higgs mH� < mt, with a typical coupling jXtj≲ 0.5,
ΔBdðBsÞ ≲ 0.2 holds for mH� ≥ 100 GeV and additional
CP-violation effects induced by charged Higgs boson
mediated loop are negligible. Thus, take a benchmark
point mH� ¼ 150 GeV as usual; it is allowed by B-meson
mixing data, while for heavy charged Higgs mH� > mt,
the coupling Xt is not constrained by t → bHþ decay
process. We can give an upper limit jXtj≲ ð0.6–1Þ
when 200 GeV < mH� < 600 GeV.
In the D0 − D̄0 mixing, another useful constraint comes

from the neutral Higgs boson mediated box diagram. Its
contribution to ΔmD is [85]

Δm�
D ¼ G2

Fv
4jξtuξtcj2

12π2m2
t

f2DmDBBrF 2ðxthÞ

≈ 4 × 10−9jξtuξtcj2 ð120Þ

where r ¼ ðαsðmtÞ=αsðmbÞÞ6=23ðαsðmbÞ=αsðmcÞÞ6=25 ≈
0.8 and loop function F 2 is the same as that in (118).
For Δm�

D contributing less than the order of measured
ΔmD, we have jξtuξtcj≲ 1.5 × 10−3 and hence we can put a
stronger constraint than (83) on the flavor-changing inter-
actions including top as

jξtuξtcjv2
2mt

ffiffiffiffiffiffiffiffiffiffiffiffi
mumc

p ≲ 5; ð121Þ

which is of Oð1Þ.

C. The B leptonic decays

The rare decay process Bs;d → μþμ− has been measured
by LHCb [86] and CMS [87] Collaborations, respectively,
with the results

BrðBs → μþμ−Þ

¼
(
2.9þ1.1

−1.0 × 10−9; ðLHCb; 4.0 σ significanceÞ;
3.0þ1.0

−0.9 × 10−9; ðCMS; 4.3 σ significanceÞ ;

ð122Þ

and

BrðBd → μþμ−Þ ¼


3.7þ2.5

−2.1 × 10−10; ðLHCbÞ;
3.5þ2.5

−1.8 × 10−10; ðCMSÞ
: ð123Þ

A combination result is BrðBs → μþμ−Þ ¼ ð2.9� 0.7Þ ×
10−9 by CMS and LHCb Collaborations [88]. There is no
evidence for the process Bd → μþμ−. The results correspond
to the SM prediction [89] (and updated results [90] in 2014),

BrðBs → μþμ−ÞSM ¼ ð3.65� 0.23Þ × 10−9; ð124Þ

BrðBd → μþμ−ÞSM ¼ ð1.06� 0.09Þ × 10−10; ð125Þ

where the modified branching ratio Br means the averaged
time-integrated branching ratio and it has the relation with the
branching ratio Br as [91,92]

BrðBs → μþμ−Þ ¼ BrðBs → μþμ−Þ
�
1þO

�
ΔΓ
Γ

��
:

ð126Þ

See Sec. D for details.
Consider the neutral Higgs boson mediated flavor-

changing process first. Using the constraints in (112),
we can estimate the contributions to BrðBsðdÞ → μþμ−Þ as

δBrðBs → μþμ−Þ ¼ mBs
jcμj2

8πΓBs;tot

�
fBs

m2
Bs
mμ

ðmb þmsÞvm2
h

�2

≲ 4 × 10−12jcμj2; ð127Þ

δBrðBd → μþμ−Þ ¼ mBd
jcμj2

8πΓBd;tot

�
fBd

m2
Bd
mμ

ðmb þmdÞvm2
h

�2

≲ 1 × 10−12jcμj2: ð128Þ

We cannot get stronger constraints through these processes
on jcμj than direct search [93], which gives jcμj≲ 7.
Next, consider the charged Higgs boson contribution.

For jXtj ∼ jXb;s;μj ∼Oð1Þ, the charged Higgs boson loop is
sensitive to Xt and mH� only [94]. According to [94], it is
estimated that
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δBrðBs → μþμ−Þ
BrðBs → μþμ−Þ ≈

�
1 −

jX2
t j
η

Y2HDM

YSM

�
2

; ð129Þ

where η ¼ 0.987 is the electroweak and QCD correction
factor and

YSM ¼ xtW
8

�
xtW − 4

xtW − 1
þ 3xtW
ðxtW − 1Þ2 ln xtW

�
; ð130Þ

Y2HDM ¼ x2tW
8

�
1

xHW − xtW
þ xHW

ðxHW − xtWÞ2
ln

�
xtW
xHW

��
:

ð131Þ
If the charged Higgs boson is light, ðmH�Þ < mt, jXtj ¼ 0.5
is allowed at 95% C.L., while for a heavy charged Higgs
boson, when 200 GeV < mH� < 600 GeV, we have the
95% C.L. upper limit on jXtj as jXtj≲ ð0.6–1.1Þ with the
combined experimental results or jXtj ≲ ð0.8–1.4Þ with
single experimental result.

D. The B radiative decays

The inclusive radiative decays branching ratio of B̄
meson B̄ → Xsγ (or we say b → sγ at parton level) has
the averaged value [73]

BrðB̄ → XsγÞ ¼ ð3.43� 0.22Þ × 10−4; ð132Þ
with the photon energy Eγ > 1.6 GeV. The SM prediction
for that value is ð3.15� 0.23Þ × 10−4 to Oðα2sÞ [56,95].
In a 2HDM, the dominant contribution to modify this decay
rate is from a loop containing a charged Higgs boson
instead of the W boson in the SM. The neutral Higgs loop
contribution is negligible because of the suppression in ξbs
and mbðsÞ=v.
The charged Higgs boson loop is sensitive to both Xt

and Xb thus we should take some benchmark points.
Defining αbt ≡ argðXb=XtÞ, for a light charged Higgs

boson, take jXtj ¼ 0.5 and mH� ¼ 150 GeV as before;
while for a heavy charged Higgs boson, take jXtj ¼ 0.8
and mH� ¼ 500 GeV. We show the allowed region for
αbt − jXbj in Fig. 12 utilizing the calculations in [56,96].
From the figures, we can see that for most αbt the coupling
jXbj is constrained to be ≲Oð1Þ; while for some angles it
can be larger.9

V. FEATURES OF THE LEE MODEL AND
ITS FUTURE PERSPECTIVES

One of the main goals of this paper is the phenomeno-
logical study of the Lee model with spontaneous CP
violation [26]. We can see from the last two sections that
the Lee model is still viable to confront the high and low
energy experiments. The next natural question is how to
confirm/exclude this model at future facilities.
In the scalar sector there are nine free parameters μ21, μ

2
2,

and λ1;2;…;7, corresponding to nine observables:
(i) Four masses mh, m2, m3, and mH� ;
(ii) VEVs and a physical phase v1, v2, ξ (or equivalently

v, tan β, ξ);
(iii) Two neutral scalar mixing angles; equivalently we

choose the ratios c1 and c2 of the couplings to gauge
boson compared to the corresponding ones in the SM.

We treat the discovered scalar with mass 126 GeVas the
lightest neutral Higgs boson. If the Lee model is true, the
extra neutral and charged Higgs bosons should be discov-
ered at high energy colliders. As a general rule, the lighter
the extra Higgs bosons, the easier they can be produced.
In order to confirm the Lee model, another possible signal
can be the FCNC decay of the neutral Higgs bosons that

3 2 1 1 2 3

0.5

1.0

1.5

2.0
Xb

3 2 1 1 2 3

1

2

3

4
Xb

btbt

FIG. 12 (color online). Plots on allowed αbt − jXbj. For the left figure, jXtj ¼ 0.5 andmH� ¼ 150 GeV; for the right figure, jXtj ¼ 0.8
and mH� ¼ 500 GeV.

9That is because with merely the decay rate, we can only
determine the absolute value for the b → sγ amplitude. The
largest allowed Xb can reach 14 for the left figure and 28 for the
right figure, in which case the new physics contribution is twice
as large as the SM but with the opposite sign.
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are unobservably small in the SM. Furthermore, the CP
properties of the Higgs boson are essential measurements,
though measuring is a very challenging task.
As we have pointed out there is no SM limit in this

scenario; thus, it is always testable at the future colliders,
such as the LHC with

ffiffiffi
s

p ¼ 14 TeV, CEPC, ILC, or TLEP
with

ffiffiffi
s

p ¼ ð240–250Þ TeV, even before the discovery of
other neutral Higgs bosons and charged Higgs boson. The
coupling between the lightest Higgs boson and other
particles (especially for massive gauge bosons W� and
Z0) is usually suppressed by the factor ofOðtβsξÞ. In the bb̄
decay channel or any VBF, Vþ H production channel, a
significant suppression can be the first sign of this scenario.
On the contrary if the signals become even more SM-like,
this scenario will be disfavored.
For future LHC with

ffiffiffi
s

p ¼ 14 TeV, the signal strengths
will be measured with an uncertainty of about 10% at the
luminosity 300 fb−1 [97,98]. Perform the same χ2 fit as in
(70), and add the bb̄ decay mode in. The value of χ2 is
sensitive to cV and cb, and the magnitude of cV is a criterion
for this model. A Higgs boson with cV ≳ ð0.6–0.7Þ is
hardly pseudoscalar dominant; thus, if cV ≲ ð0.6–0.7Þ is
excluded, we can say this scenario is excluded. So we can
test this scenario by fitting the signal strengths. We list the
estimating results in Table VIII.
If all signal strengths and the overall χ2 are consist with

SM at 1σ level, for the integrated luminosity 300 fb−1, all
cV ≲ 0.62 can be excluded at 95% C.L. (2σ) while all cV ≲
0.55 can be excluded at 99.7% C.L. (3σ); For the integrated
luminosity 3000 fb−1, all cV ≲ 0.77 can be excluded at
95% C.L. (2σ) while all cV ≲ 0.72 can be excluded at
99.7% C.L. (3σ). If all signal strengths and the overall χ2

are consistent with SM at 2σ level, for the integrated
luminosity 300 fb−1, all cV ≲ 0.53 can be excluded at
95% C.L. (2σ) while all cV ≲ 0.45 can be excluded at
99.7% C.L. (3σ); For the integrated luminosity 3000 fb−1,
all cV ≲ 0.7 can be excluded at 95% C.L. (2σ) while all
cV ≲ 0.65 can be excluded at 99.7% C.L. (3σ). All the
results are for the largest parameter space in this scenario

because the true ability to test this scenario by χ2 depends
strongly on the real signal strengths from future
experiments.
Another useful observable is fa3 defined in (2). Forffiffiffi
s

p ¼ 14 TeV, the 95% C.L. upper limit on fa3 will reach
about 0.14 (0.04) for the luminosity 300ð3000Þ fb−1
[97,98],10 which leads to the constraints ja3=a1j <
1.0ð0.5Þ ∼Oð1Þ separately. For jctj ∼Oð1Þ, it is still too
large to give direct constraints on αt ≡ argðctÞ.
At a Higgs boson factory with the eþe− initial state atffiffiffi
s

p ¼ ð240–250Þ GeV, the dominant production process
for a Higgs boson is associated with a Z0 boson. Another
important production process is through VBF. In this
scenario it is suppressed by a factor c21; thus, we can
exclude this scenario if the total cross section favors the
SM. For the total cross section, a measurement with
Oð10%Þ uncertainty is accurate enough to distinguish
the scenario we discussed in this paper and SM at 3σ or
even 5σ significance. Such accuracy can be achieved at
CEPC/ILC/TLEP. At

ffiffiffi
s

p ¼ 240 GeV TLEP, the total cross
section can be measured with an uncertainty 0.4% for the
integrated luminosity 500 fb−1 [99,100], while that value is
about 3% for the integrated luminosity 250 fb−1 ILC atffiffiffi
s

p ¼ 500 GeV [101].

VI. CONCLUSIONS AND DISCUSSIONS

In this paper we proposed a scenario in which the
smallness of CP violation and the lightness of the Higgs
boson are correlated through small tβsξ, based on the Lee
model, namely, the 2HDM with spontaneous CP violation.
The basic assumption is that CP, which is spontaneously
broken by the complex vacuum, is an approximate sym-
metry. We found that mh as well as the quantities K and J
are ∝ tβsξ in the limit tβsξ → 0. Here, K and J are the
measures for CP-violation effects in scalar and Yukawa
sectors, respectively. It is a new way to understand why the
Higgs boson discovered at the LHC is light. In this
scenario, all the three neutral physical degrees of freedom
mix with each other; thus, none of them is a CP eigenstate.
We then investigated the phenomenological constraints

from both high energy and low energy experiments and
found the scenario still alive. The lightest Higgs boson
usually couples with SM gauge and fermion particles with a
smaller strength than in the SM; thus, the total width must
be narrower than that in the SM. Such choice of the
parameters makes the Lee model still allowed by the CMS
or ATLAS data. The LHC search for heavy neutral bosons
implies that the masses of the other two neutral bosons
should be away from the region 300–700 GeV. The S-T

TABLE VIII. Abilities to test the scenario at
ffiffiffi
s

p ¼ 14 TeV
LHC. Lower limits for the allowed cV at 2σ and 3σ levels are
listed in the tables. For the top/bottom tables we assume that all
signal strengths are consist with SM at 1 and 2σ level,
respectively.

Excluded level 2σ 3σ

300 fb−1 0.62 0.55
3000 fb−1 0.77 0.72

Excluded level 2σ 3σ

300 fb−1 0.53 0.45
3000 fb−1 0.7 0.65

10Almost the same for the CMS and ATLAS detector, with
300ð3000Þ fb−1 luminosity, the upper limit can reach 0.15
(0.037) for ATLAS and 0.13 (0.04) for CMS; see details in
the references.
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ellipse also strictly constrains the mass relation between the
charged and neutral bosons as can be seen in Figs. 1–3. We
also fitted the CMS and ATLAS data, respectively, for
example, see Figs. 4–8. We found that this scenario is still
allowed for either collaboration’s data. It is not sensitive to
the charged Higgs contribution. After considering all the
data, a light charged Higgs boson with the mass of about
100 GeV is still allowed. Small hb̄b vertex is favored for
both CMS and ATLAS data. The minimal χ2 is close to the
χ2 in the SM; thus, we cannot conclude that the SM is better
than the Lee model.
We forbid the explicit CP violation in the whole

Lagrangian, including the Yukawa sector; thus, we must
tolerate the tree-level FCNC. The flavor-changed couplings
including top quark are constrained by the same sign top
production process and the top quark rare decay, besides
the constraints by B physics processes. The tree-level
FCNC vertices including five light quarks are strongly
constrained to be less thanOð10−2–10−1Þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

2mimj
p

=vwhile
for the vertices including top quark it should be less than
Oð1Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mtmq
p

=v. The coupling Xt for tbHþ vertex is
constrained to be less than Oð0.1–1Þ for different mH� ,
while Xb ∼Oð1Þ are usually allowed by b → sγ data.
The constraints by EDMs are usually very important in

discussing a model with CP violation, because new sources
of CP violation may modify the theoretical prediction of
EDMs from the SM by several orders of magnitude, and
may be testable by the experiments now. The EDM for
electrons gave very strict constraints on the hēe vertex as
shown in Figs. 9–10, while the EDMs for neutrons gave
weaker constraints on hd̄d and hūu vertices; see Fig. 11.
There is no SM limit for the lightest Higgs boson in this

scenario; thus, it is testable at future colliders. Atffiffiffi
s

p ¼ 14 TeV, besides discovering the extra neutral and
charged Higgs bosons, the ability to test this scenario
depends on how far the signal strengths for the 126 GeV
Higgs boson differ from the SM predictions, as listed in
Table VII. From the discovery point of view, if any
suppression in the VBF, VH production channel or bb̄
decay channel is confirmed, this scenario would be favored.
On the contrary, if all signals are SM-like more and more
at future colliders, this scenario would be disfavored by
data. For most cases 300 fb−1 luminosity is not enough to
exclude this scenario, while 3000 fb−1 luminosity is better.
At

ffiffiffi
s

p ¼ ð240–250Þ GeV eþe− colliders, several fb−1

luminosity is enough to distinguish this scenario and SM
at ð3–5Þσ level by accurately measuring the total cross
section. We emphasize that measuring the CP properties
and the flavor-changing decay of the Higgs bosons is
essential to pin down the Lee model.
We did not build the model for the flavor sector in detail;

thus, we did not solve the natural FCNC and strong CP
problems. It is possible to solve the FCNC and strong CP
problems together, for example, see the model proposed by
Liao [102]. We also did not discuss the constraints from

flavor-changing processes in the lepton sector. As a model
with CP violation, there may also be some new CP-
violation effects, especially in top, τ, and neutral D sector
where no CP violation has been discovered. We did not
study the cosmological effects in this paper, like the domain
wall and electroweak baryogenesis in this model. All these
consequences will be further scrutinized in the future.
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APPENDIX A: VACUUM
STABILITY CONDITIONS

For the potential (10), when jϕij≡
ffiffiffiffiffiffiffiffiffiffi
ϕ†
iϕi

q
→ ∞, V ≥ 0

must hold to keep the vacuum stable. Writing jϕ1j ¼ r1,
jϕ2j ¼ r2, and ϕ†

1ϕ2 ¼ r expðiαÞ, we have

jϕ†
1ϕ2j ¼ r ≤ jϕ1j · jϕ2j ¼ r1r2: ðA1Þ

The Rij and Iij can be expressed as

R11 ¼ r21; R22 ¼ r22; R12 ¼ r cos α;

I12 ¼ r sin α:
ðA2Þ

Thus, we have that the equation

V ¼ λ1r41 þ λ3r21r
2
2 þ λ6r42

þ rcαðλ2r21 þ λ5r22Þ þ r2ðλ4c2α þ λ7s2αÞ ðA3Þ

holds for any α and 0 ≤ r ≤ r1r2.
Another type of condition is that the potential should be

minimized when

hϕ1i ¼
1ffiffiffi
2

p
�

0

v1

�
; hϕ2i ¼

1ffiffiffi
2

p
�

0

v2eiξ

�
: ðA4Þ

It is equivalent to the conditions that the mass matrix for
neutral Higgs boson, ~m in (19), must be positive definite.
We write the conditions as

tr ~m > 0; ðtr ~mÞ2 − trð ~mÞ2 > 0; det ~m > 0: ðA5Þ
If there exists more than one local minimal point for the
potential, the physical vacuum should be chosen at the
global minimum if we want to forbid a metastable vacuum.

APPENDIX B: SCALAR SPECTRA
AND SMALL tβsξ EXPANSION

In the unitary gauge the mass square matrix for charged
scalars reads
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M2
� ¼ −

λ7
2

�
v22 −v1v2e−iξ

−v1v2eiξ v21

�
: ðB1Þ

The eigenvalues are

m2
G� ¼ 0; m2

H� ¼ −
λ7v2

2
; ðB2Þ

where the zero eigenvalue corresponds to the charged
goldstones, which will be eaten by the longitudinal part
of W bosons. Diagonalize (B1) by performing a rotation,

�
Gþ

Hþ

�
¼
�

cos β e−iξ sin β

−eiξ sin β cos β

��
ϕþ
1

ϕþ
2

�
: ðB3Þ

For the neutral parts, in the basis ðI1; I2; R1; R2ÞT , for any
angle α to appear below, we have the mass square matrix
M2

0 ¼ ðv2=2Þmij, where

m11 ¼ ðλ4 − λ7Þs2βs2ξ ;
m12 ¼ λ5s2βs

2
ξ ;

m13 ¼ ðλ2cβ þ ðλ4 − λ7ÞsβcξÞsβsξ;
m14 ¼ ððλ4 − λ7Þcβ þ λ5sβcξÞsβsξ;
m22 ¼ 4λ6s2βs

2
ξ ;

m23 ¼ 2ððλ3 þ λ7Þcβ þ λ5sβcξÞsβsξ;
m24 ¼ ðλ5cβ þ 4λ6sβcξÞsβsξ;
m33 ¼ 4λ1c2β þ 2λ2cβsβcξ þ ðλ4 − λ7Þc2ξs2β;
m34 ¼ λ2c2β þ ð2λ3 þ λ4 þ λ7Þsβcβcξ þ λ5s2βc

2
ξ ;

m44 ¼ ðλ4 − λ7Þc2β þ 2λ5cβsβcξ þ 4λ6s2βc
2
ξ :

Perform the same rotation as (B3) between ϕ1 and ϕ2,
which in the basis above can be written as

R ¼ R1R2 ¼

0
BBB@

cβ sβ 0 0

−sβ cβ 0 0

0 0 1 0

0 0 0 1

1
CCCA
0
BBB@

1 0 0 0

0 cξ 0 −sξ
0 0 1 0

0 sξ 0 cξ

1
CCCA;

ðB4Þ

and we have

~M2
0 ¼ RM2

0R
−1 ¼ v2

2

�
0

ð ~mÞ3×3

�
; ðB5Þ

where the zero eigenvalue corresponds to the neutral
Goldstone,

G0 ¼ cβI1 þ sβcξI2 − sβsξR2; ðB6Þ

which will be eaten by the longitudinal part of Z boson.
The matrix elements for ~m in the basis ð−sβI1 þ cβcξI2 −
cβsξR2; R1; sξI2 þ cξR2ÞT should be

~m11 ¼ ðλ4 − λ7Þs2ξ ;
~m12 ¼ −ðλ2cβ þ ðλ4 − λ7ÞsβcξÞsξ;
~m13 ¼ −ðλ5sβ þ ðλ4 − λ7ÞcβcξÞsξ;
~m22 ¼ 4λ1c2β þ 2λ2cβsβcξ þ ðλ4 − λ7Þs2βc2ξ ;
~m23 ¼ λ2c2βcξ þ ð2ðλ3 þ λ7Þ þ ðλ4 − λ7Þc2ξÞsβcβ þ λ5s2βcξ;

~m33 ¼ ðλ4 − λ7Þc2βc2ξ þ 2λ5sβcβcξ þ 4λ6s2β: ðB7Þ

We can expand ~m in powers of tβsξ as follows:

~m ¼ ~m0 þ ðtβsξÞ ~m1 þ ðtβsξÞ2 ~m2 þ � � � ðB8Þ

In the basis ð−sβI1 þ cβcξI2 − cβsξR2; R1; sξI2 þ cξR2ÞT
the matrix ~m0 can be written as

~m0 ¼

0
B@

ðλ4 − λ7Þs2ξ −λ2sξ −ðλ4 − λ7Þsξcξ
−λ2sξ 4λ1 λ2cξ

−ðλ4 − λ7Þsξcξ λ2cξ ðλ4 − λ7Þc2ξ

1
CA: ðB9Þ

Diagonalizing it with a 3 × 3 matrix,

r ¼ r1r2 ¼

0
B@

1 0 0

0 cθ sθ
0 −sθ cθ

1
CA
0
B@

cξ 0 sξ
0 1 0

−sξ 0 cξ

1
CA; ðB10Þ

we have

r ~m0r−1 ¼

0
B@

0

ð ~m0Þ22
ð ~m0Þ33

1
CA; ðB11Þ

in which

ð ~m0Þ22ð33Þ ¼
4λ1 þ λ4 − λ7

2

�
�
4λ1 − ðλ4 − λ7Þ

2
c2θ þ λ2s2θ

�
; ðB12Þ

θ ¼ 1

2
arctan

�
2λ2

4λ1 − ðλ4 − λ7Þ
�
: ðB13Þ

The two heavy scalars have their masses

m2
2ð3Þ ¼

v2

2
ðð ~m0Þ22ð33Þ þOðtβsξÞÞ: ðB14Þ

The new basis is then
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r

0
B@

cξI2 − sξR2

R1

sξI2 þ cξR2

1
CA ¼

0
B@

I2
cθR1 þ sθR2

−sθR1 þ cθR2

1
CA; ðB15Þ

in which the useful matrix elements for ~m are

ð ~m1Þ11 ¼ 0; ðB16Þ

ð ~m1Þ12 ¼ ð2ðλ3 þ λ7Þcθ þ λ5sθÞ; ðB17Þ

ð ~m1Þ13 ¼ ðλ5cθ − 2ðλ3 þ λ7ÞsθÞ; ðB18Þ

ð ~m2Þ11 ¼ 4λ6: ðB19Þ

Thus, to the leading order of tβsξ, for the lightest scalar h
we have

m2
h ¼

v2t2βs
2
ξ

2

�ð ~m1Þ212
ð ~m0Þ22

þ ð ~m1Þ213
ð ~m0Þ33

þ ð ~m2Þ11
�

¼ v2t2βs
2
ξ

2

�
4ðλ3 þ λ7Þ2

�
c2θ

ð ~m0Þ22
þ s2θ
ð ~m0Þ33

�
þ λ25

�
s2θ

ð ~m0Þ22
þ c2θ
ð ~m0Þ33

�
− 2λ5ðλ3 þ λ7Þs2θ

�
1

ð ~m0Þ22
−

1

ð ~m0Þ33

�
þ 4λ6

�
;

ðB20Þ

h ¼ I2 þ tβsξ

�ð ~m1Þ12
ð ~m0Þ22

ðcθR1 þ sθR2Þ þ
ð ~m1Þ13
ð ~m0Þ33

ðcθR2 − sθR1Þ −
I1
tξ

�

¼ I2 þ 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 −

I1
tξ

�
: ðB21Þ

APPENDIX C: SOME USEFUL FEYNMAN RULES IN THIS MODEL

From the Lagrangian we have some useful coupling vertices directly,

LhVV ¼
�
2m2

W

v
Wþ

μ Wμ− þm2
Z

v
ZμZμ

�
ðcβR1 þ sβcξR2 þ sβsξI2Þ; ðC1Þ

LhHþH− ¼ −vHþH−
�
λ2 þ λ5

2
sβsξI1 þ

�
λ3c2β þ

�
−λ2 þ

λ5
2

�
c2βsβcξ þ ð2λ1 − λ4c2ξ − λ7s2ξÞcβs2β þ

λ2
2
s3βcξ

�
R1

þ ðð2λ6 − λ7Þc2β − λ5cβsβcξ þ λ3s2βÞI2 þ
�
λ5
2
c3β − ðλ4 − 2λ6Þc2βsβcξ þ

�
λ2
2
− λ5c2ξ

�
cβs2β þ λ3s3βcξ

�
R2

�
; ðC2Þ

LhDD ¼ −
1ffiffiffi
2

p D̄LiðY 0
1dðR1 þ iI1Þ þ Y 0

2dðR2 þ iI2ÞÞijDRj þ H:c:; ðC3Þ

LhUU ¼ −
1ffiffiffi
2

p ŪLiðY 0
1uðR1 − iI1Þ þ Y 0

2uðR2 − iI2ÞÞijURj þ H:c:; ðC4Þ

LCh ¼ −
1ffiffiffi
2

p ŪLiðVCKMÞijð−Y 0
1dsβe

−iξ þ Y 0
2dcβÞjkDRkHþ −

1ffiffiffi
2

p D̄LiðV†
CKMÞijðY 0

1usβe
iξ − Y 0

2ucβÞjiURkH− þ H:c: ðC5Þ

The Y 0 in Yukawa couplings means the couplings in the mass eigenstates. For neutral Higgs triple vertex, the Feynman rules
are all from
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−iλijk ¼ −
i∂3V

∂hi∂hj∂hk : ðC6Þ

APPENDIX D: FORMALISM FOR
NEUTRAL MESON

The mesons K0; D0; B0
d, and B0

s can mix with their
charged conjugate particles, through weak interaction in the
SM. We begin with the Schrödinger equation

i
∂
∂t
� jM0i
jM̄0i

�
¼
�
m − i

2
Γ

�� jM0i
jM̄0i

�
; ðD1Þ

wherem and Γ are a 2 × 2matrix. Writing the Hamiltonian
as

H ¼ H0 þHΔF¼1 þHΔF¼2; ðD2Þ
we have the matrix elements�
m−

i
2
Γ

�
ij
¼mMδij þ

1

2mM
hψ ijHΔF¼2jψ ji

þ 1

2mM

Z
dΠf

hψ ijHΔF¼1jfihfjHΔF¼1jψ ji
mM −EðfÞ þ iϵ

ðD3Þ
with the normalized condition hψ ijψ ji ¼ 2mMδij where
ψ i;j ¼ jM0i or M̄0. The second and third terms come from
short-distance and long-distance effects separately and
according to (D3)

Γij ¼
1

2mM

Z
dΠfhψ ijHΔF¼1jfi

× hfjHΔF¼1jψ ji2πδðEðfÞ −mMÞ: ðD4Þ

The solutions for the eigenvalues are

mHðLÞ ¼ mM � Re

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
m12 −

i
2
Γ12

��
m�

12 −
i
2
Γ�
12

�s !
;

ðD5Þ

ΓHðLÞ ¼ Γ ∓ Im

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
m12 −

i
2
Γ12

��
m�

12 −
i
2
Γ�
12

�s !
:ðD6Þ

The H(L) means the heavy (light) mass eigenstate

jMHðLÞi ¼ pjM0i ∓ qjM̄0i; ðD7Þ

where

jpj2 þ jqj2 ¼ 1; and

�
p
q

�
2

¼ m12 − iΓ12=2
m�

12 − iΓ�
12=2

: ðD8Þ

The time-dependent solution

� jM0ðtÞi
jM̄0ðtÞi

�
¼
� gþðtÞ −ðq=pÞgðtÞ
gþðtÞ −ðp=qÞgðtÞ

�� jM0ð0Þi
jM̄0ð0Þi

�
; ðD9Þ

where

g�ðtÞ ¼
1

2
ðe−imHt−

ΓH
2
t � e−imLt−

ΓL
2
tÞ: ðD10Þ

For Γ12 ∼m12 and m12 is almost real like K0 system,
Δm ≈ 2Rem12; while for Γ12 ≪ m12 like B0

dðsÞ system,

Δm ≈ 2jm12j. All the measurements and SM predictions
are listed here. It is difficult to estimate the long-distance
effects that give the dominant contribution in D0 system.
For decay processes to CP eigenstate f, for example,

B0 → μþμ−, the direct observable is the time-integrated
averaged branching ratio that has a relation

BrðM → fÞ≡ 1

2

Z
∞

0

ðΓðMðtÞ → fÞ þ ΓðM̄ðtÞ → fÞÞ;
ðD11Þ

which leads to

BrðM → fÞ ¼ 1þ AΔΓ=Γ
1 − ðΔΓ=ΓÞ2 BrðM → fÞ; ðD12Þ

where −1 ≤ A ≤ 1 and in SM A ¼ 1.
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