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Abstract. We propose that the CP violating phase in the CKMmixing matrix is identical to the CP phases
responsible for the spontaneous CP violation in the Higgs potential. A multi-Higgs model with Peccei–
Quinn (PQ) symmetry is constructed to realize this idea. The CP violating phase does not vanish when all
Higgs masses become large. In general, here are flavor changing neutral current (FCNC) interactions me-
diated by neutral Higgs bosons at the tree level. However, unlike general multi-Higgs models, the FCNC
Yukawa couplings are fixed in terms of the quark masses and CKM mixing angles. Implications for meson–
anti-meson mixing, including recent data on D–D̄ mixing, and the electric dipole moment (EDM) of the
neutron are studied. We find that the neutral Higgs boson masses can be at the order of one hundred GeV.
The neutron EDM can be close to the present experimental upper bound.

1 Introduction

The origin of CP violation is one of the outstanding
problems of modern particle physics. There have been
several experimental measurements of CP violation [1].
All of them are consistent with the Cabibbo–Kobayashi–
Maskawa (CKM) model [2, 3], where the source of CP
violation comes from the phase [3] δKM in the CKM mix-
ing matrix for quarks. A successful model of CP violation
at the leading order should have the successful features of
the CKMmodel. It is important to understand the origin of
CP violation. An interesting proposal due to Lee was that
CP is spontaneously violated [4, 5]. The popular Weinberg
model [6, 7] of spontaneous CP violation has problems [8–
11] with the data and has been decisively ruled out by CP
violating measurement in B decays [1]. Spontaneous CP
violation in left–right models has also been ruled out for
the same reason [12]. In this work we restore the idea that
CP is broken spontaneously and the phase δKM is the same
as the phase δspon that causes spontaneous CP violation in
the Higgs potential. We construct some examples of such
models that realize this idea. The main difference of our
models lies in how the CP violating phase in the CKM
matrix is identified [13, 14].
Let us start by describing how a connection between

δKM and δspon can be made. It is well known that to have
spontaneous CP violation, one needs two or more Higgs
doublets φi. Consider the following Yukawa couplings with
multi-Higgs doublets:

LY = Q̄L(Γu1φ1+Γu2φ2)UR+ Q̄LΓdφ̃dDR+h.c. , (1)

a e-mail: hexg@phys.ntu.edu.tw

where QL, UR and DR are the left-handed doublet, right-
handed up and right-handed down quarks, respectively.
Generation indices are suppressed. φ̃d = −iσ2φ∗d and φd
may be one of the φ1,2 or another doublet Higgs field. The
Yukawa couplings Γu1,u2,d must be real if CP is only vio-
lated spontaneously.
The Higgs doublets when expressed in terms of the

component fields and their vacuum expectation values
(VEVs) vi are given by

φi = e
iθiHi = e

iθi

( 1√
2
(vi+Ri+ iAi)

h−i

)
. (2)

The quark mass terms in the Lagrangian are

Lm =−ŪL
[
Mu1e

iθ1+Mu2e
iθ2
]
UR− D̄LMde

−iθdDR

+h.c. , (3)

whereMui =−Γuivi/
√
2.

The phases θ1 and θd can be absorbed by redefining the
fields UR andDR. However, the phase difference δ= θ2− θ1
cannot be removed, and it depends on the Higgs poten-
tial. A non-zero δ indicates spontaneous CP violation,
δ = δspon. Without loss of generality, we work in the basis
whereDL andDR are already in their mass eigenstates. In
this basis the down quark mass matrixMd is diagonalized,
which will be indicated by M̂d. In general, the up quark
mass matrix Mu =Mu1+e

iδMu2 is not diagonal. Diago-
nalizing Mu produces the CKM mixing matrix. One can

write M̂u = VCKMMuV
†
R. Here VCKM is the CKM matrix

and VR is an unknown unitary matrix. A direct identifica-
tion of the phase δspon with the phase δKM in the CKM
matrix is not possible in general at this level. There are,
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however, classes of mass matrices that allow such a con-
nection. A simple example is provided by setting VR to be
the unit matrix. With this condition,Mu = V

†
CKMM̂u. One

then needs to show that V †CKM can be written as

V †CKM =
(
Mu1+e

iδMu2
)
M̂−1u . (4)

Expressing the CKMmatrix in this form is very suggestive.
If VCKM (or V

†
CKM) can always be written as a sum of two

terms with a relative phase, then the phase in the CKM
matrix can be identified with the phase δ.
We now demonstrate that it is the case by using the

Particle Data Group (PDG) parametrization as an ex-
ample. To get as close as possible to the form in (4), we
write the PDG CKMmatrix as [1]

VCKM =

⎛
⎝e
−iδ13 0 0
0 1 0
0 0 1

⎞
⎠

×

⎛
⎜⎝

c12c13e
iδ13 s12c13e

iδ13 s13

−s12c23− c12s23s13e
iδ13 c12c23− s12s23s13e

iδ13 s23c13

s12s23− c12c23s13e
iδ13 −c12s23− s12c23s13e

iδ13 c23c13

⎞
⎟⎠,

(5)

where sij = sin θij and cij = cos θij .
Absorbing the left matrix into the definition of the UL

field, we have

Mu1 =

⎛
⎝ 0 −s12c23 s12s230 c12c23 −c12s23
s13 s23c13 c23c13

⎞
⎠ M̂u ,

Mu2 =

⎛
⎝c12c13 −c12s23s13 −c12c23s13s12c13 −s12s23s13 −s12c23s13
0 0 0

⎞
⎠ M̂u , (6)

and δ =−δ13. We therefore find that it is possible to iden-
tify the CKM phase with that resulting from spontaneous
CP violation. Note that as long as the phase δ is not zero,
CP violation will show up in the charged currents medi-
ated by W exchange. The effects do not disappear even
when the Higgs boson masses are all set much higher than
the W scale. Furthermore, M1,2 are fixed in terms of the
CKMmatrix elements and the quark masses, as opposed to
being arbitrary in general multi-Higgs models.
We comment that the solution is not unique, even when

VR is set to be the unit matrix. To see this, one can take
another parametrization for the CKM matrix, such as the
original Kobayashi–Maskawamatrix [3]. More physical re-
quirements are needed to uniquely determine the connec-
tion. The phenomenological consequences will therefore be
different. We will come back to this when we look at the
phenomenology of the models. The key point we want to
establish is that there are solutions in which the phase in
the CKM matrix can be identified with the phase causing
spontaneous CP violation in the Higgs potential.
The mass matrices Mu1 and Mu2 can be written in

a parametrization independent way in terms of the eigen-

mass matrix M̂u, the CKM matrix, and the phase δ,

Mu1 = V
†
CKMM̂u−

eiδ

sin δ
Im(V †CKM)M̂u ,

Mu2 =
1

sin δ
Im(V †CKM)M̂u . (7)

Alternatively, a model can be constructed with two
Higgs doublets coupled to the down sector and one Higgs
doublet coupled to the up sector, so that we have

LY = Q̄LΓuφuUR+ Q̄L(Γd1φ̃1+Γd2φ̃2)DR+h.c. (8)

In this caseMdi =−Γdivi/
√
2, and

Md1 = VCKMM̂d+
e−iδ

sin δ
Im(VCKM)M̂d ,

Md2 =−
1

sin δ
Im(VCKM)M̂d . (9)

We denote the above two possibilities as model a) with
two Higgs doublets coupled to the up sector, and model b)
with two Higgs doublets coupled to the down sector.

2 Model building

A common problem for models with spontaneous CP vio-
lation is that a strong QCD θ term will be generated [11].
The constraint from neutron dipole momentmeasurements
will rule out spontaneous CP violation as the sole source
if there is no mechanism to make sure that the θ term
is small enough if not zero. The models mentioned above
face the same problem.We therefore supplement the model
with a Peccei–Quinn (PQ) symmetry [15, 16] to ensure
a small θ.
To have spontaneous CP violation and also PQ sym-

metry simultaneously, more than two Higgs doublets are
needed [17–19]. For our purpose we find that in order
to have spontaneous CP violation with PQ symmetry at
least three Higgs doublets φi = e

iθiHi and one complex
Higgs singlet S̃ = eiθsS = eiθs(vs+Rs+ iAs)/

√
2 are re-

quired. The Higgs singlet with a large vacuum expectation
value renders the axion from PQ symmetry breaking invisi-
ble [20–23], thus satisfying the experimental constraints on
the axion couplings to fermions. We will henceforth work
with models with an invisible axion [20, 21].
The PQ charges for models a) and b) are as follows

model a)

QL : 0 , UR :−1 , DR :−1 , φ1,2 : +1 , φd = φ3 :−1 ;

model b)

QL : 0 , UR : +1 , DR : +1 , φ1,2 : +1 , φu = φ3 :−1 .
(10)

In both cases, S̃ has PQ charge +2. For leptons, the
PQ charges can have different assignments. For example,
LL : 0, eR :−1 or LL : 0 and eR : +1.
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For both model a) and b), the Higgs potentials have the
form that is given by

V =−m21H
†
1H1−m

2
2H
†
2H2−m

2
3H
†
3H3

−m212
(
H†1H2e

i(θ2−θ1)+h.c.
)
−m2sS

†S+λ1(H
†
1H1)

2

+λ2(H
†
2H2)

2+λt(H
†
3H3)

2+λs(S
†S)2

+λ3(H
†
1H1)(H

†
2H2)+λ

′
3(H

†
1H1)(H

†
3H3)

+λ′′3(H
†
2H2)(H

†
3H3)+λ4(H

†
1H2)(H

†
2H1)

+λ′4(H
†
1H3)(H

†
3H1)+λ

′′
4(H

†
2H3)(H

†
3H2)

+
1

2
λ5
(
(H†1H2)

2ei2(θ2−θ1)+h.c.
)

+λ6(H
†
1H1)(H

†
1H2e

i(θ2−θ1)+h.c.
)

+λ7(H
†
2H2)

(
H†1H2e

i(θ2−θ1)+h.c.
)

+λ8(H
†
3H3)

(
H†1H2e

i(θ2−θ1)+h.c.
)

+f1H
†
1H1S

†S+f2H
†
2H2S

†S+f3H
†
3H3S

†S

+d12
(
H†1H2e

i(θ2−θ1)+H†2H1e
−i(θ2−θ1)

)
S†S

+f13
(
H†1H3Se

i(θ3+θs−θ1)+h.c.)

+f23
(
H†2H3Se

i(θ3+θs−θ2)+h.c.
)
. (11)

Only two phases occur in the above expression, which we
choose to be δ = θ2− θ1 and δs = θ3+ θs− θ2. The phase
θ3+θs−θ1 can be written as δ+δs. Differentiating with re-
spect to δs to get one of the conditions for minimization of
the potential, we get

f13v1v3vs sin(δs+ δ)+f23v2v3vs sin δs = 0 . (12)

We see that δ and δs are related by

tan δs =−
f13v1 sin δ

f23v2+f13v1 cos δ
. (13)

Therefore, δ is the only independent phase in the Higgs po-
tential. A non-zero sin δ is the source of spontaneous CP
violation and also the only source of CP violation in the
model.
Since a large separation for the VEVs of the doublets vi

and singlet vs is required to make the axion invisible in the
model, there will be needed fine tuning between the param-
eters in the Higgs potential. This is a common problem for
invisible axionmodels. We will allow such fine tuning in the
model and concentrate on the implications for spontaneous
CP violation and FCNC.
In this model the Goldstone fields hw and hz, which are

“eaten” byW and Z, and the axion field are given by

hw =
1

v
(v1h

−
1 + v2h

−
2 + v3h

−
3 ) ,

hz =
1

v
(v1A1+ v2A2+ v3A3) ,

a=
(
−v1v

2
3A1− v2v

2
3A2+ v

2
12v3A3− v

2vsAs
)
/Na ,

(14)

where v2 = v21 + v
2
2 + v

2
3 and N

2
a = (v

2
12v
2
3v
2+ v4v2s) with

v212 = v
2
1+ v

2
2.

We remove hw and hz in the Yukawa interaction by
making the following changes of basis:

⎛
⎜⎝
A1
A2
A3
As

⎞
⎟⎠=

⎛
⎜⎜⎜⎝
v2/v12 −v1v3vs/NA v1/v −v1v23/Na
−v1/v12 −v2v3vs/NA v2/v −v2v23/Na
0 v212vs/NA v3/v v

2
12v3/Na

0 v212v3/NA 0 −v2vs/Na

⎞
⎟⎟⎟⎠

×

⎛
⎜⎝
a1
a2
hz
a

⎞
⎟⎠ ,

⎛
⎝h

−
1

h−2
h−3

⎞
⎠=

⎛
⎝ v2/v12 v1v3/vv12 v1/v−v1/v12 v2v3/vv12 v2/v

0 −v12/v v3/v

⎞
⎠
⎛
⎝H

−
1

H−2
hw

⎞
⎠ , (15)

where N2A = v
2
12(v

2
12v
2
3 + v

2
sv
2). a1,2 and H

−
1,2 are the

physical degrees of freedom for the Higgs fields. With
the same rotation as that for the neutral pseudoscalar,
the neutral scalar Higgs fields (R1, R2, R3, Rs)

T become
(H01 ,H

0
2 ,H

0
3 ,H

0
4 )
T. Since the invisible axion scale vs is

much larger than the electroweak scale, to a very good ap-
proximationNa = v

2vs and NA = v12vvs.
In the rotated basis described above, we have the

Yukawa interactions for the physical Higgs degrees of free-
dom as follows:

L
(a)
Y =

ŪL

[
M̂u

v1

v12v2
−

(
M̂u−VCKM Im(V

†
CKM)M̂u

eiδ

sin δ

)
v12

v1v2

]

×UR
(
H01 + ia

0
1

)
+ ŪLM̂uUR

[
v3

v12v

(
H02 + ia2

)
−
1

v
H03 +

v23
v2vs

(
H04 + ia

)]

− D̄LM̂dDR

[
v12

v3v

(
H02 − ia2

)
+
1

v
H03 +

v212
v2vs

(
H04 − ia

)]

+
√
2D̄L

[
V †CKMM̂u

v1

v2v12

−

(
V †CKMM̂u− Im(V

†
CKM)M̂u

eiδ

sin δ

)
v12

v1v2

]
URH

−
1

−
√
2
v3

v12v
D̄LV

†
CKMM̂uURH

−
2

−
√
2
v12

vv3
ŪLVCKMM̂dDRH

+
2 +h.c. ,

L
(b)
Y =

D̄L

[
M̂d

v1

v12v2
−

(
M̂d+V

†
CKM Im(VCKM)M̂d

e−iδ

sin δ

)
v12

v1v2

]

×DR
(
H01 − ia

0
1

)
+ D̄LM̂dDR

[
v3

v12v

(
H02 − ia2

)
−
1

v
H03 +

v23
v2vs

(
H04 − ia

)]

− ŪLM̂uUR

[
v12

v3v

(
H02 + ia2

)
+
1

v
H03 +

v212
v2vs

(
H04 + ia

)]

−
√
2ŪL

[
VCKMM̂d

v1

v2v12
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−

(
VCKMM̂d+Im(VCKM)M̂d

e−iδ

sin δ

)
v12

v1v2

]
DRH

+
1

+
√
2
v3

v12v
ŪLVCKMM̂dDRH

+
2

+
√
2
v12

vv3
D̄LV

†
CKMM̂uURH

−
2 +h.c. (16)

Note that the couplings of a and H04 to the quarks
are suppressed by 1/vs and that only the exchange of
H01 and a

0
1 can induce tree level FCNC interactions. The

FCNC couplings are proportional to VCKM Im(V
†
CKM)M̂u

and V †CKM Im(VCKM)M̂d for models a) and b), respectively.
We have mentioned before that the identification of the

phase δ with that in the CKM matrix does not uniquely
determine the full Yukawa coupling. Here we give two of-
ten used parameterizations, the PDGCKMmatrix and the
original KM matrix with the CP violating phase indicated
by δKM, to illustrate the details. In the two cases under con-
sideration, the phases δ are identified with−δ13 and−δKM,
respectively. The differences will show up in the FCNC of
the neutral Higgs coupling to quarks, which are propor-
tional to the following quantities:

PDG :

VCKM Im(V
†
CKM)M̂u =− sin δ13e

iδ13

×

⎛
⎝ c213 −s23s13c13 −c23s13c13
−s23s13c13 s223s

2
13 s23c23s

2
13

−c23s13c13 s23c23s213 c223s
2
13

⎞
⎠ M̂u ,

V †CKM Im(VCKM)M̂d = sin δ13e
−iδ13

×

⎛
⎝ c212 s12c12 0

s12c12 s212 0
0 0 0

⎞
⎠ M̂d ;

KM :

VCKM Im(V
†
CKM)M̂u =− sin δKMe

iδKM

×

⎛
⎝0 0 0
0 s22 −s2c2
0 −s2c2 c22

⎞
⎠ M̂u ,

V †CKM Im(VCKM)M̂d = sin δKMe
−iδKM

×

⎛
⎝0 0 0
0 s23 −s3c3
0 −s3c3 c23

⎞
⎠ M̂d . (17)

3 Meson and anti-meson mixing
and neutron EDM

In this section we study some implications for meson and
anti-meson mixing and the electric dipole moment of the
neutron.

3.1 Meson and anti-meson mixing

Meson and anti-meson mixing has been observed previ-
ously in K0–K̄0, B0d,s–B̄

0
d,s [1] and in D

0–D̄0 very re-
cently [26–28]. In the models considered in the previous

section, besides the standard “box” diagram contributions
to the mixing due to W exchange, there are also tree level
contributions due to the FCNC interactions ofH01 and a1.
The interaction Lagrangian for Hl and ak with quarks

have the following form for both models a) and b):

L= q̄i
(
alij+ b

l
ijγ5
)
qjH

0
l + iq̄i

(
ckij+d

k
ijγ5
)
qjak . (18)

For the meson and anti-meson mixing, only the FCNC
interaction terms of H01 and a1 contribute. We can write
a1 = d1 = α and b1 = c1 = β, with α= (A+A†)/2 and β =
(A−A†)/2, and A given by

for a), A= VCKM Im(V
†
CKM)M̂u

eiδ

sin δ

v12

v1v2
;

for b), A=−V †CKM Im(VCKM)M̂d
e−iδ

sin δ

v12

v1v2
. (19)

Using the definition 〈0|q̄iγµγ5qj〉 = ifP p
µ
P /
√
2mP and

the equation of motion q̄iγ5qj = (pi − pj)µq̄iγµγ5qj/
(mi+mj) with p

P = pj−pi, we obtain the matrix element
for P–P̄ mixing in the vacuum saturation approximation
as

M12 =
1

m2H1

[(
b2ij−

1

12

(
a2ij+ b

2
ij

)) f2Pm
3
P

(mi+mj)2

+
1

12

(
b2ij−a

2
ij

)
f2pmP

]

−
1

m2a1

[(
a2ij−

1

12

(
a2ij+ b

2
ij

)) f2Pm
3
P

(mi+mj)2

+
1

12

(
a2ij− b

2
ij

)
f2PmP

]

+
i2m2H1a1
m2H1m

2
a1

5aijbij
6

f2Pm
3
P

(mi+mj)2
, (20)

where m2H1a1 parameterizes the mixing between a1 and
H1, which is determined from the Higgs potential V =
m2H1a1H1a1+ . . . From the Higgs potential given earlier,

we find the mixing parameters,

m2H1a1 =
[
(λ6−λ7)v1v2−λ5(v

2
1− v

2
2) cos δ

]
sin δ ,

m2H1a2 �−
f13 sin(δ+ δs)vvs√

2v2
,

m2H2a1 �
1

2v2v

[
−2λ5v1v3v

2
2 sin 2δ

+2
(
−λ6v

2
1−λ7v

2
2+(λ8+d12)v

2
12

)
v2v3 sin δ

+
√
2f13v

2vs sin(δ+ δs)
]
,

m2H3a1 =
v12

v

[
2λ5v1v2 cos(θ1− θ2)+λ6v

2
1+λ7v

2
2+λ8v

2
3

]
× sin δ . (21)

Note that all the parameters above are zero if sin δ = 0.
Note also that only m2H1a1 contribute to meson mixing,
since theH2,3 and a2 Yukawa couplings are flavor diagonal.
But the parameters m2Hiaj all contribute to the neutron

EDM, which will be discussed later.
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It is obvious from the structure of the flavor chang-
ing coupling in (17)) that the flavor changing structure for
the PDG and KM cases are different. For the PDG case,
in model a) there is a tree level contribution from neutral
Higgs exchange to D0–D̄0 mixing but no contribution to
K0, B0d and B

0
s mixing. In model b), there is only a non-

zero contribution to K0–K̄0 mixing at the tree level. For
the KM case, there is no tree level contribution to meson
mixing in model a). For model b), there is only a non-zero
contribution to B0s mixing.
In our numerical analysis, we will use the following

values for the relevant parameters. For the CKM matrix
elements, we take the PDG central values with [1] s12 =
0.227, s23 = 0.042, s13 = 0.004 and sin δ13 = 0.84 (equiva-
lently s1 = 0.227, s2 = 0.0358, s3 = 0.0176 and sin δ = 0.97
for the KM parameterization). For the quark masses,
we take [24] mu(1 GeV) = 5MeV, md(1 GeV) = 10MeV,
ms(1 GeV) = 187MeV, mc(mc) = 1.30GeV, mb(mb) =
4.34 GeV and mt = 174GeV. For the meson decay con-
stants, we take [25] fK = 156MeV, fD = 201MeV, and
fBs = 260MeV.

Models with PDG parameterization

We consider the models with PDG parameterization first.
Model a): in this case there is mixing only in theD0–D̄0

system. Combining the BaBar and Belle [26–28] results,
the 68% C.L. range for x = ∆m/ΓD is determined to be
(5.5± 2.2)× 10−3 [29–34]. Theoretically the elements in
A for this particular case are A12 =−s23s13c13

mcv12
v1v2

and
A21 = −s23s13c13

muv12
v1v2

, which implies that a12 ∼ b12 ∼

−s23s13c13
mcv12
2v1v2

. We obtain

x≈
5

12
s223s

2
13c
2
13

(
v12mc

v1v2

)2
f2DmD

ΓD

(
mD

mc+mu

)2

×

(
1

m2H1
−
1

m2a1

)

= 7.5×10−5
1

(sin 2β)2v212

(
1

m2H1
−
1

m2a1

)
(100 GeV)4 ,

(22)

where tanβ is defined to be v1/v2.
It is well known that the SM short distance contribu-

tion to the D–D̄ mixing is small. Long distance contribu-
tions can be much larger, but they suffer from considerable
uncertainty. New physics may contribute significantly [29–
34]. It is tempting to see if the new contribution in this
model can account for the full measured value. If the ef-
fective neutral Higgs massm2eff = 1/(1/m

2
H1
−1/m2a1) is of

order 100GeV, one would require sin2 2βv212 ∼ (12)
2GeV2.

Since v1,2 are related to the top quark mass, with the as-
sumption that the top quark Yukawa coupling yt ≤ 1, one
of them should be large,∼ 240GeV. Saturating the experi-
mental central value for x, we would have sin(2β) ∼ 0.05
implying v1/v2 or v2/v1 to be of the order of 1/40. If all
VEVs are of the same order of magnitude, the new contri-
bution does not produce a large enough x to saturate the
measured value.

Model b): in this case there is mixing only in theK0–K̄0

system. We have

∆mK
mK

= 4.4×10−12
1

sin2 2βv212

(
1

m2H1
−
1

m2a1

)
(100GeV)4.

(23)

This is to be compared with the experimental data,
∆mK/mK = 7.0×10−15. It puts strong constraints on the
scalar masses, i.e., the Higgs particles must be at least in
the TeV scale to suppress the value if a1 and H1 are not
degenerate in mass.
In this model there is also a contribution to the CP vi-

olating parameter ε for K0–K̄0 at the tree level if m2H1a1
is not zero, which is true in general. Using (20), we find
that theH1 and a1 contributions toM12 have the following
relation:

Im(M12)

Re(M12)
=
2m2H1a1
m2H1−m

2
a1

. (24)

Combining information from the above relation, the
experimental value of |ε| = (2.233± 0.015)× 10−3, and
the constraint from ∆mK discussed above, we find that
|2m2H1a1/(m

2
H1
−m2a1)| is constrained to be less than

6×10−3.

Models with KM parameterization

We now come to models with the original KM parame-
terization. In this case, there is no meson and anti-meson
mixing in model a).
Model b): there is mixing only in theBs–B̄s system.We

have

∆mBS
mBs

= 9.5×10−12
1

sin2 2βv212

(
1

m2H1
−
1

m2a1

)
(100GeV)4.

(25)

The experimental value ∆mBs = 17.4 ps
−1 implies

∆mBs/mBs = 2.1× 10
−12. It has been shown in [35–37]

that the new physics contribution to ∆mBs can be up to
10%. To obtain the lowest Higgs boson mass, we maximize
sin 2β = 1, which requires v1 = v2. Taking v1,2,3 to be all
equal, the Higgs boson mass can be as low as 300GeV.
Smaller v1,2 or non-equal v1 and v2 would lead to more
stringent bound on the Higgs mass.

3.2 The neutron EDM

The neutron EDM can also provide much information on
the model parameters. The standard model predicts a very
small [38–41] dn (< 10

−31e cm). The present experimen-
tal upper bound on the neutron EDM dn is very tight [1]:
|dn| < 0.63×10−25e cm. We now study whether the neu-
tron EDM can reach its present bound after imposing the
constraints from meson and anti-meson mixing discussed
in the previous section.
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In the models we are studying, the quark EDMs will
be generated at loop levels due to mixing between ai and
Hi. The one loop contributions to the neutron EDM are
suppressed for the usual reason of being proportional to
light quarks masses to the third power for a diagram in
which the internal quark is the same as the external quark.
In model a) with PDG parameterization, there is a poten-
tially large contribution when there is a top quark in the
loop. However, the couplings to the top are proportional
to s13; therefore, the contribution to the neutron EDM is
much smaller than the present upper bound. We will not
discuss them further.
It is well known that exchange of Higgs at the two loop

level may be more important than the one loop contri-
bution, through the quark EDM Oγq [42–44], quark color
EDM OCq [42–44], and the gluon color EDM O

C
g [45, 46]

defined as

Oγq =−
dq

2
iq̄σµνγ5F

µνq , OCq =−
fq

2
igsq̄σµνγ5G

µνq ,

OCg =−
1

6
CfabcG

a
µνG

b
µαG̃

c
να , (26)

where Fµν is the photon field strength, Gµν is the gluon
field strength and G̃µν = 12εµναβG

αβ .
In the valence quark model, the quark EDM and color

EDM contributions to the neutron EDM dn are given
by [38–41]

dγn = ηd

[
4

3
dd−

1

3
du

]
Λ

, dCn = eηf

[
4

9
fd+

2

9
fu

]
Λ

,

(27)

where [47, 48] ηd = (
αs(MZ)
αs(mb)

)16/23(αs(mb)αs(mc)
)16/25(αs(mc)αs(Λ)

)16/27

≈ 0.166 and ηf =
(αs(MZ )
αs(mb)

)14/23
(αs(mb)
αs(mc)

)14/25(αs(mc)
αs(Λ)

)14/27

αs(MZ)
αs(Λ)

≈ 0.0117 are the QCD running factors from the
scalemZ to the hadron scale Λ.
A naive dimensional analysis (NDA) estimate gives the

gluon color EDM contribution to the neutron EDM as fol-
lows:

dn ≈
eM

4π
ξC , (28)

where M = 4πfπ = 1190MeV is the scale of the chiral
symmetry breaking. The QCD running factor is [49, 50]

ξ =
( g(Λ)
4π

)3(αs(mb)
αs(mt)

)−54/23(αs(mc)
αs(mb)

)−54/25( αs(Λ)
αs(mc)

)−54/27
≈

1.2×10−4.
The two loop contributions dq, fq and C are given by

dq =
eαemQq

24π3
mqG(q) , fq =

αs

64π3
mqG(q) ,

C =
1

8π
H(g) , (29)

where Qq is the charge of q quark and

G(q) =

[(
f

(
m2t
m2Hl

)
−f

(
m2t
m2ak

))
ImZlktq

+

(
g

(
m2t
m2Hl

)
− g

(
m2t
m2ak

))
ImZlkqt

]
,

H(g) =

(
h

(
m2t
m2Hl

)
−h

(
m2t
m2ak

))
ImZlktt , (30)

where ImZij is defined through ImZ
lk
ij = 2a

l
iid
k
jjλlk/

(mimj) with a
l and dk defined by (18), and λlk =m

2
Hlak
/

(m2Hl −m
2
ak
) is a mixing factor depending on the neutral

Higgs bosons exchanged in the loop.
The functions f(z), g(z) and h(z) are given by

f(z) =
z

2

∫ 1
0

dx
1−2x(1−x)

x(1−x)− z
ln
x(1−x)

z
,

g(z) =
z

2

∫ 1
0

dx
1

x(1−x)− z
ln
x(1−x)

z
, (31)

h(z) =
z2

2

∫ 1
0

dx

∫ 1
0

du
u3x3(1−x)

[zx(1−ux)+ (1−u)(1−x)]2
.

(32)

Numerically we find that the functions (f, g, h) change
slowly from (0.5, 1, 0.1) to (0.2, 0.2, 0.03) when the Higgs
masses are increased from 100GeV to 1 TeV.

Models with PDG parameterization

Model a): the two loop contributions to the neutron EDM
due to the Higgs bosons exchange in the loop are pro-
portional to the mixing factor λlk(f, g, h) . We take these
factors to be approximately equal to estimate the contribu-
tions from different Higgs exchanges.
If using the parameters that produce D mixing, i.e.,

tanβ = 40, v12 ∼ 240GeV and v3 ∼ 10GeV and a Higgs
value around 100GeV are used, we find that the dominant
contribution is fromH3, a1 exchange,

dn ≈−1.5×10
−25

m2H3a1
m2H3 −m

2
a1

e cm . (33)

If all VEVs are of the same order, i.e., taking v1 = v2 =
v3 with a Higgs mass of order 100GeV, we have

dn ≈ 8×10
−26

m2H3a1
m2H3 −m

2
a1

e cm . (34)

Model b): in this case H1 and a1 do not couple to t̄t, so
the two loop contribution to the quark EDM and the quark
and gluon color EDM from theH1 and a1 are small.
The contributions to the neutron EDM are about the

same from the H1, a2 andH2,3, a1 exchange, with different
mixing factors. Explicitly as an example, for the case H1
and a2 exchange with the Higgs mass taken to be 1 TeV, as
high as allowed byK0–K̄0 mixing, we have

dn ≈−1×10
−26

m2H1a2
m2H1 −m

2
a2

e cm . (35)
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Ifm2H1a2 is not too much smaller thanm
2
H1,a2

, the neutron
EDM can be close to the upper bound. The contribution
from H1 and a1 mixing is smaller due to the constraints
from ε discussed earlier.

Models with KM parameterization

Model a): in this case there are no constraints from meson
mixing, and the Higgs mass can be low. If all VEVs are of
the same order, i.e. taking v1 = v2 = v3 with Higgs mass of
order 100GeV, we have the main contribution coming from
H1, a2 exchange,

dn ≈ 5×10
−26

m2H1a2
m2H1 −m

2
a2

e cm . (36)

Model b): similar to the case for model b) as in the PDG
parameterization case, the contributions from the H1 and
a1 exchange are small. Taking the VEVs to be of the same
order and the Higgs mass to be of the order of 100GeV,
we find that the contributions from H1, a2 exchange and
H2,3, a1 exchange are comparable. For the case of H1 and
a2 exchange, the contribution is given by

dn ≈ 5×10
−26

m2H1a2
m2H1 −m

2
a2

e cm . (37)

If one takes the Higgs mass to be 300GeV as that fromBs–
B̄s mixing, the neutron EDM will be smaller.

4 Discussion and conclusions

In our previous discussions, we have not consideredYukawa
coupling for the lepton sector. An analogous study can
be carried out. If one introduces right-handed neutrinos,
the see-saw mechanism can be applied to generate small
neutrino masses if the axion scale vs is identified with the
see-saw scale. We briefly discuss two classes of models par-
allel to the quark sector before our conclusion.
Model a): the PQ charges for the lepton doublet LL, the

electron eR and neutrino νR are assigned as follows: LL(0),
eR(−1) and νR(−1). The Yukawa couplings are then

L= L̄L
(
Y1H1+Y2H2e

iδ
)
νR+ L̄LY3H̃3eR

+ ν̄CRYsSe
i(δ+δs)νR+h.c. (38)

In this case the mass matrices in Lm = −ēLMeeR−
ν̄LMDνR− (1/2)ν̄CRMRνR can be written as

Ml =−
1
√
2
Y3v3 , MD =−

1
√
2

(
Y1v1+Y2v2e

iδ
)
,

MR =−
√
2Ysvse

i(δ+δs) . (39)

The charged current mixing matrix in the lepton sec-
tor, the Pontecove–Maki–Nakagawa–Sakata (PMNS) ma-
trix [51, 52], VPMNS, similar to the VCKM matrix is given
by VPMNS = V

e
LV

ν†
L , where V

e
L and V

ν
L are defined byMe =

V e†L M̂eV
e
R andMν =−MDM

−1
R M

T
D = V

ν†
L M̂νV

ν∗
L with M̂e

and M̂ν the charged lepton and light neutrino eigen-mass
matrices.
Model b): the PQ charges for the lepton doubletLL, the

electron eR and neutrino νR are assigned as follows: LL(0),
eR(+1) and νR(+1). The Yukawa couplings are

L= L̄LY3H3νR+ L̄L
(
Y1H̃1+Y2H̃2e

−iδ
)
eR

+ ν̄CRYsS
†e−i(δ+δs)νR+h.c. , (40)

and

Ml =−
1
√
2

(
Y1v1+Y2v2e

−iδ
)
, MD =−

1
√
2
Y3v3 ,

MR =−
√
2Ysvse

−i(δ+δs) . (41)

From the above we see that, in general, there is CP vio-
lation in the mixing matrix VPMNS, and the source is the
same as that in the Higgs potential. But the identification
of the phase δ with the phase in the VPMNS becomes more
complicated due to the appearance ofMR. The related de-
tails will be discussed elsewhere.
We have proposed that the CP violating phase in the

CKM mixing matrix be the same as that causing sponta-
neous CP violation in the Higgs potential. Specific multi-
Higgs doublet models have been constructed to realize this
idea. There are flavor changing neutral currents mediated
by neutral Higgs bosons at the tree level. However, even
when the Higgs boson masses are set to be very large, the
phase in the CKM matrix can be made finite and CP vio-
lating effects will not disappear, unlike in other models of
spontaneous CP violation where the CP violation disap-
pears when the Higgs boson masses become large. Another
interesting feature of this model is that the FCNC Yukawa
couplings are fixed in terms of the quark masses and CKM
mixing angles, making a phenomenological analysis much
easier.
We have studied some implications for meson–anti-

meson mixing, including recent data on D–D̄ mixing, and
the electric dipole moment of the neutron. We find that the
neutral Higgs boson masses can be at the order of 100GeV.
The neutron EDM can be close to the present experimental
upper bound.
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