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CP Violation

♣ In 1956, Lee and Yang proposed that parity P might to be violated in weak
interactions.

♣ In 1957, Parity Violation Discovery: (C.S. Wu)

♣ In 1964, CP Violation in the Kaon system. (Christenson, et al.)

♣ In 2001, Discovery CP Violation in the B system. (Belle and Babar)

♣ CPV in other systems?
light baryons, lepton sector,...
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CP Violation in the Standard Model

Charged Current: UL = (u, c, t)L , DL = (d, s, b)L

weak eigenstate basis:

LW = − g√
2
ULγµDLW+µ + h.c.

mass eigenstate basis:

LW = − g√
2
U

m

L γµV †
UVDDm

L W+µ + h.c.

CKM matrix: (Cabbibo 1963, Kabayashi & Maskawa 1973)

VCKM = V †
UVD =







Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb







♣ n × n unitary matrix: (n − 1)(n − 2)/2 physical phases.
n = 2 one Cabbibo angle, no phase.
n = 3 three mixing angles with one phase. Accident?
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Parametrization of the CKM matrix

KM parametrization: (Kabayashi & Maskawa 1973)

VKM =







c1 −s1c3 −s1s3

s1c2 c1c2c3 − s2s3e
iδ c1c2s3 + s2c3e

iδ

s1s2 c1s2c3 + c2s3e
iδ c1s2s3 − c2c3e

iδ







with ci = cos θi and si = sin θi.

Standard (PDG) parametrization: (Miani 1977, Chau & Keung 1984)

VCKM =







c12c13 s12c13 s13e
−iδ13

−s12c23 − c12s23s13e
iδ13 c12c23 − s12s23s13e

iδ13 s23c13

s12s23 − c12c23s13e
iδ13 −c12s23 − s12c23s13e

iδ13 c23c13







with cij = cos θij and sij = sin θij .

the non-zero phase in the CKM matrix: The source of CP violatoin in the SM.
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Parametrization of the CKM matrix

Wolfenstein parametrization: (Wolfenstein 1984)

V =







1 − λ2/2 λ Aλ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1






+ O(λ4) .
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Successful CKM mechanism
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excluded at C
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BEAUTY 2006

CKM
f i t t e r

The best fit values (PDG):

λ = 0.2272 ± 0.0010 , A = 0.818+0.007
−0.017 ρ̄ = 0.221+0.064

−0.028 , η̄ = 0.340+0.017
−0.045 .
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New Physics

♣ This is NOT the Full Story of CP violation.

♣ QCD θ problem.

♣ The Origin of the observed CKM CP Violation.
♦ Explicitly violated by Yukawa Couplings?
♦ Spontaneous CP Violation (SCPV) in the Higgs potential?

♣ The asymmetry between matter and antimatter.

CP violation is one of the necessary ingredients for the generation for matter-

antimatter asymmetry.
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Strong CP problem and PQ Symmetry

♣ The QCD lagrangian includes one gluon gluon interaction term which violates
CP symmetry.

LCP = −θ
g2

32π2
G̃µν

a Ga
µν

♣ At one loop level a non-zero neutron electric dipole moment (EDM) is
generated,

2.5 × 10−16θ e-cm < |dn| < 4.6 × 10−16θ e-cm

♣ The experimental upper limit dn < 6.3 × 10−26 e-cm implies that θ be less
than 3 × 10−10. Unnatural small coupling.
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Strong CP problem and PQ Symmetry

♣ The QCD lagrangian includes one gluon gluon interaction term which violates
CP symmetry.

LCP = −θ
g2

32π2
G̃µν

a Ga
µν

♣ At one loop level a non-zero neutron electric dipole moment (EDM) is
generated,

2.5 × 10−16θ e-cm < |dn| < 4.6 × 10−16θ e-cm

♣ The experimental upper limit dn < 6.3 × 10−26 e-cm implies that θ be less
than 3 × 10−10. Unnatural small coupling.

♦ PQ Symmetry U(1)PQ: one possible solution (Peccei & Quinn 1977)

♦ θ relaxes to zero dynamically, by the VEV of the axion

♦ Axion is a weakly interacting particle ⇒ darkmatter.

♣ It is not possible to explain CPV in kaon mixing with θ-term. θ as the only

source of CPV is not enough.
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Spontaneous CP Violation

♣ Models with spontaneous CP breaking, should have one or more Higgs fields
to have complex vevs. ⇒ Extended Higgs structure (T.D. Lee 1973)

♣ Side effects: FCNC effects induced (Extra discrete symmetries, Large
falvor-violating-neutral-Higgs masses, Fine-tunning Yukawa couplings...)

♣ Introduction of extra discrete symmetries can eliminate FCNC in the Higgs
sector. But the introduction of such symmetries in the two Higgs doublet models
cannot have Spontaneous CP Violation.

(Glashow & Weinberg, Deshpande & Ma 1977)

♣ So the minimal model with Spontaneous CP violation but without tree level

FCNC has Three Higgs doublets. (Weinberg 1976, Branco 1980)

Weinberg model: 3 Higgs doublets + two discrete symmetries

the Weinberg Model is in conflict with the data and ruled out:

sin 2βeff less than 0.05.

Ruled out decisively by BaBar and Belle data measurement on

sin 2θeff = 0.678 ± 0.032.

the ratio ǫ′/ǫ, the ǫ parameters in K0 − K̄0 mixing; the neutron EDM;
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Using SCPV to reproduce the CKM matrix

♣ Low energy CP violation mainly arises from the complex CKM matrix, which
has one Dirac phase δKM (weak CP).

♣ We propose one multi-Higgs model to indentify the CKM phase with the
spontaneous CP phase in the Higgs potential, i.e. reproduce CKM matrix and
solve strong CP problem with PQ symmetry.

♣ The minimal extension with both spontaneous CP violation and an invisible
axion has three Higgs doublets and one complex singlet.

♣ There are FCNC interactions mediated by neutral Higgs bosons at the tree
level. But the FCNC Yukawa couplings are fixed in terms of the quark masses and
CKM mixing angles .
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Connecting the SCPV phase with CKM phase

♣ Consider the following Yukawa couplings

LY = Q̄L(Γu1φ1 + Γu2φ2)UR + Q̄LΓdφ̃3DR + h.c. ,

with

φi = e
iθi Hi = e

iθi

 

1√
2
(vi + Ri + iAi)

h
−
i

!

.

♣ The quark mass terms in the Lagrangian are

Lm = −ŪL

[

Mu1e
iθ1 + Mu2e

iθ2
]

UR − D̄LMde
−iθ3DR + h.c.
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Connecting the SCPV phase with CKM phase

♣ The quark mass terms in the Lagrangian are

Lm = −ŪL

[

Mu1 + Mu2e
i(θ2−θ1)

]

UR − D̄LMdDR + h.c.

♣ In this basis Md = M̂d is diagonalized, the up quark mass matrix
Mu = Mu1 + eiδMu2 is not diagonal. Diagonalizing Mu produces the CKM
mixing matrix.

M̂u = VCKMMuV †
R

if taking VR = I , we have

Mu = V †
CKMM̂u = Mu1 + eiδMu2
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Connecting the SCPV phase with CKM phase

♣ The quark mass terms in the Lagrangian are

Lm = −ŪL

[

Mu1 + Mu2e
i(θ2−θ1)

]

UR − D̄LMdDR + h.c.

♣ In this basis Md = M̂d is diagonalized, the up quark mass matrix
Mu = Mu1 + eiδMu2 is not diagonal. Diagonalizing Mu produces the CKM
mixing matrix.

M̂u = VCKMMuV †
R

if taking VR = I , we have

Mu = V †
CKMM̂u = Mu1 + eiδMu2

♣ Taking PDG parametrization CKM matrix as an example

VCKM =

0

B

B

@

e−iδ13 0 0

0 1 0

0 0 1

1

C

C

A

0

B

B

@

c12c13eiδ13 s12c13eiδ13 s13

−s12c23 − c12s23s13eiδ13 c12c23 − s12s23s13eiδ13 s23c13

s12s23 − c12c23s13eiδ13 −c12s23 − s12c23s13eiδ13 c23c13

1

C

C

A

Absorb the left matrix into the UL field.
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Connecting the SCPV phase with CKM phase

♣ From V †
CKMM̂u = Mu1 + eiδMu2 , we have

0

B

B

@

c12c13e
−iδ13 −s12c23−c12s23s13e

−iδ13 s12s23−c12c23s13e
−iδ13

s12c13e
−iδ13 c12c23−s12s23s13e

−iδ13 −c12s23−s12c23s13e
−iδ13

s13 s23c13 c23c13

1

C

C

A

M̂u

= Mu1 + Mu2e
iδ
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Connecting the SCPV phase with CKM phase

♣ From V †
CKMM̂u = Mu1 + eiδMu2 , we have

0

B

B

@

c12c13e
−iδ13 −s12c23−c12s23s13e

−iδ13 s12s23−c12c23s13e
−iδ13

s12c13e
−iδ13 c12c23−s12s23s13e

−iδ13 −c12s23−s12c23s13e
−iδ13

s13 s23c13 c23c13

1

C

C

A

M̂u

= Mu1 + Mu2e
iδ

♣ we get

Mu1 =

0

B

B

@

0 −s12c23 s12s23

0 c12c23 −c12s23

s13 s23c13 c23c13

1

C

C

A

M̂u

Mu2 =

0

B

B

@

c12c13 −c12s23s13 −c12c23s13

s12c13 −s12s23s13 −s12c23s13

0 0 0

1

C

C

A

M̂u

♣ δ = −δ13

Identified the CKM phase with the phase resulting from spontaneous CP violation!
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Remarks(I)

As long as the phase δ is not zero, CP violation will show up in the charged
currents. The effects do not disappear even when Higgs boson masses are all
set to be much higher than the W scale.

M1,2 are fixed in terms of the CKM matrix elements and the quark masses,
as opposed to being arbitrary in general multi-Higgs models.

The solution is not unique. Different parametrization for the CKM matrix
has different result. We consider the cases of PDG and KM parametrization.

Models can be constructed with two Higgs doublets couple to the up sector
(down sector) and one Higgs doublet couples to the down sector (up sector),
called Case A (Case B).

We build models for case A and case B with PDG and KM parametrization
and consider the phenomenological consequences for each case.
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Model Building

3 Higgs doublets, 1 Higgs singlet

PQ charge assignment

QL UR DR φ1,2 φ3 S

Case A 0 −1 −1 +1 −1 +2

Case B 0 +1 +1 +1 −1 +2

♣ Case A:

LY = Q̄L(Γu1φ1 + Γu2φ2)UR + Q̄LΓdφ̃3DR + h.c.

♣ Case B:

LY = Q̄LΓu1φ3UR + Q̄L(Γd1φ̃1 + Γd2φ̃2)DR + h.c.
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Model Building

3 Higgs doublets, 1 Higgs singlet

Higgs potential (Case A,B):

V = −m
2
1H

†
1H1 − m

2
2H

†
2H2 − m

2
3H

†
3H3 − m

2
12(H

†
1H2e

i(θ2−θ1)
+ h.c.) − m

2
sS

†
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)

2
e

i2(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))S†
S

+ f13(H
†
1H3Se

i(θ3+θs−θ1)
+ h.c.) + f23(H

†
2H3Se

i(θ3+θs−θ2)
+ h.c.) .

Choosing δ = θ2 − θ1, δs = θ3 + θs − θ2 , from minimization condition, we

get

tan δs = − f13v1 sin δ

f23v2 + f13v1 cos δ
.

♣ Non-zero sin δ is the only source of CP violaton!
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Higgs sector

Goldstone fields, axion

hw =
1

v
(v1h

−
1 + v2h

−
2 + v3h

−
3 ) ,

hz =
1

v
(v1A1 + v2A2 + v3A3) ,

a = (−v1v
2
3A1 − v2v

2
3A2 + v2

12v3A3 − v2vsAs)/Na .

where N2
a = (v2

12v
2
3v2 + v4v2

s) with v2
12 = v2

1 + v2
2 .
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Higgs sector

Goldstone fields, axion

hw =
1

v
(v1h

−
1 + v2h

−
2 + v3h

−
3 ) ,

hz =
1

v
(v1A1 + v2A2 + v3A3) ,

a = (−v1v
2
3A1 − v2v

2
3A2 + v2

12v3A3 − v2vsAs)/Na .

where N2
a = (v2

12v
2
3v2 + v4v2

s) with v2
12 = v2

1 + v2
2 .

making the following changes of basis and remove hw, hz from Yukawa
interaction:











A1

A2

A3

As











=











v2/v12 −v1v3vs/NA v1/v −v1v
2
3/Na

−v1/v12 −v2v3vs/NA v2/v −v2v
2
3/Na

0 v2
12vs/NA v3/v v2

12v3/Na

0 v2
12v3/NA 0 −v2vs/Na





















a1

a2

hz

a











,

with Na = v2vs and NA = v12vvs
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Higgs sector

Goldstone fields, axion

hw =
1

v
(v1h

−
1 + v2h

−
2 + v3h

−
3 ) ,

hz =
1

v
(v1A1 + v2A2 + v3A3) ,

a = (−v1v
2
3A1 − v2v

2
3A2 + v2

12v3A3 − v2vsAs)/Na .

where N2
a = (v2

12v
2
3v2 + v4v2

s) with v2
12 = v2

1 + v2
2 .

making the following changes of basis and remove hw, hz from Yukawa
interaction:











R1

R2

R3

Rs











=











v2/v12 −v1v3vs/NA v1/v −v1v
2
3/Na

−v1/v12 −v2v3vs/NA v2/v −v2v
2
3/Na

0 v2
12vs/NA v3/v v2

12v3/Na

0 v2
12v3/NA 0 −v2vs/Na





















H0
1

H0
2

H0
3

H0
4











,

with Na = v2vs and NA = v12vvs
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Higgs sector

Goldstone fields, axion

hw =
1

v
(v1h

−
1 + v2h

−
2 + v3h

−
3 ) ,

hz =
1

v
(v1A1 + v2A2 + v3A3) ,

a = (−v1v
2
3A1 − v2v

2
3A2 + v2

12v3A3 − v2vsAs)/Na .

where N2
a = (v2

12v
2
3v2 + v4v2

s) with v2
12 = v2

1 + v2
2 .

making the following changes of basis and remove hw, hz from Yukawa
interaction:







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







with Na = v2vs and NA = v12vvs
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Yukawa interaction

♣ In the new basis, we have Yukawa interactions as:

♦ Case A:

L
(a)
Y

= ŪL[M̂u

v1

v12v2

− (M̂u − Y
a

FCNCM̂u)
v12

v1v2

]UR(H0
1 + ia

0
1)

+ ŪLM̂uUR[
v3

v12v
(H0

2 + ia2) −
1

v
H

0
3 +

v2
3

v2vs

(H0
4 + ia)]

− D̄LM̂dDR[
v12

v3v
(H0

2 − ia2) +
1

v
H

0
3 +

v2
12

v2vs

(H0
4 − ia)] + ... + h.c.

Y
a

FCNC = VCKM Im(V †
CKM )

eiδ

sin δ
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Yukawa interaction

♣ In the new basis, we have Yukawa interactions as:

♦ Case A:

L
(a)
Y

= ŪL[M̂u

v1

v12v2

− (M̂u − Y a
F CNC M̂u)

v12

v1v2

]UR(H
0
1 + ia

0
1)

+ ŪLM̂uUR[
v3

v12v
(H

0
2 + ia2) −

1

v
H

0
3 +

v2
3

v2vs

(H
0
4 + ia)]

− D̄LM̂dDR[
v12

v3v
(H0

2 − ia2) +
1

v
H

0
3 +

v2
12

v2vs

(H0
4 − ia)] + ... + h.c.

Y
a

FCNC = VCKM Im(V
†

CKM )
eiδ

sin δ

♣ FCNC terms:

PDG : Y
a

F CNC =

0

B

B

@

c2
13 −s23s13c13 −c23s13c13

−s23s13c13 s2
23s2

13 s23c23s2
13

−c23s13c13 s23c23s2
13 c2

23s2
13

1

C

C

A

,

KM : Y
a

F CNC =

0

B

B

@

0 0 0

0 s2
2 −s2c2

0 −s2c2 c2
2

1

C

C

A

.

♣ PDG case: D0 − D̄0 mixing, small s13 suppress the FCNC effects.
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Yukawa interaction

♣ In the new basis, we have Yukawa interactions as:

♦ Case B:

L
(b)
Y

= D̄L[M̂d

v1

v12v2

− (M̂d − Y
b

F CNCM̂d)
v12

v1v2

]DR(H0
1 − ia

0
1)

+ D̄LM̂dDR[
v3

v12v
(H0

2 − ia2) −
1

v
H

0
3 +

v2
3

v2vs

(H0
4 − ia)]

− ŪLM̂uUR[
v12

v3v
(H0

2 + ia2) +
1

v
H

0
3 +

v2
12

v2vs

(H0
4 + ia)] + ... + h.c.

Y
b

FCNC = −V
†

CKM Im(VCKM )
e−iδ

sin δ
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Yukawa interaction

♣ In the new basis, we have Yukawa interactions as:

♦ Case B:

L
(b)
Y

= D̄L[M̂d

v1

v12v2
− (M̂d − Y b

FCNC M̂d)
v12

v1v2
]DR(H

0
1 − ia

0
1)

+ D̄LM̂dDR[
v3

v12v
(H0

2 − ia2) −
1

v
H

0
3 +

v2
3

v2vs

(H0
4 − ia)]

− ŪLM̂uUR[
v12

v3v
(H0

2 + ia2) +
1

v
H

0
3 +

v2
12

v2vs

(H0
4 + ia)] + ... + h.c.

Y
b

FCNC = −V
†

CKM Im(VCKM )
e−iδ

sin δ

♣ FCNC terms:

PDG : Y
b

FCNC =

0

B

B

@

c2
12 s12c12 0

s12c12 s2
12 0

0 0 0

1

C

C

A

,

KM : Y
b

FCNC =

0

B

B

@

0 0 0

0 s2
3 −s3c3

0 −s3c3 c2
3

1

C

C

A

.

♣ PDG case: K0 − K̄0 mixing; KM case: B0
s − B̄0

s mixing.
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Phenomenology-Meson mixing

♣ Taking PDG parametrization Case A as an example, there is tree level FCNC

interaction contributes to D0 − D̄0 mixing. We get

x =
∆m

ΓD

≈ 5

12
s2
23s

2
13c

2
13(

v12mc

v1v2
)2

f2
DmD

ΓD

(
mD

mc + mu

)2(
1

m2
H1

− 1

m2
a1

)

= 7.5 × 10−5 1

(sin 2β)2v2
12

(
1

m2
H1

− 1

m2
a1

)(100 GeV)4 .

where tanβ = v1/v2.
♣ Combining the recent Babar and Belle results, have

x = (5.5 ± 2.2) × 10−3 (M.Chiuchini et al. 2007)

♣ In the SM, short distance contribution gives small value x ∼ 10−6 .
♣ When we take tanβ = 40, v12 = 240 GeV and Higgs mass of order 102 GeV,
we can get the exp. value for x.

♣ If take all vevs are the same order, the new contributions are small.
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Mixing in the Higgs sector

♣ There are mixings between scalar Higgs and pseudoscalar Higgs, which violate
CP symmetry and contribute to neutron EDM.

♣ The mixing parameters

m
2
H1a1

= [(λ6 − λ7)v1v2 − λ5(v
2
1 − v

2
2) cos δ] sin δ ,

m
2
H1a2

≃ −
f13 sin(δ + δs)vvs√

2v2

,

m
2
H2a1

≃
1

2v2v
[−2λ5v1v3v

2
2 sin 2δ + 2(−λ6v

2
1 − λ7v

2
2 + (λ8 + d12)v

2
12)v2v3 sin δ

+
√

2f13v
2
vs sin(δ + δs)] ,

m
2
H3a1

=
v12

v
[2λ5v1v2 cos(θ1 − θ2) + λ6v

2
1 + λ7v

2
2 + λ8v

2
3 ] sin δ.
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Neutron EDM

♣ The SM predicts a very small dn (< 10−31 e-cm).

♣ The present experimental upper bound: dn < 6.3 × 10−26 e-cm.
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Neutron EDM

♣ The SM predicts a very small dn (< 10−31 e-cm).

♣ The present experimental upper bound: dn < 6.3 × 10−26 e-cm.

♣ One-loop contribution is small due the suppression by the internal quark
masses or the small couplings s13 in the case when there is top quark in the loop.

♣ two loop level: It is well known that exchange of Higgs at the two loop level

may be more important than one loop contribution.

Two loop operators:

the quark EDM : Oγ
q = −dq

2
iq̄σµνγ5F

µνq

the quark color EDM : OC
q = −fq

2
igsq̄σµνγ5G

µνq

the gluon color EDM : OC
g = −1

6
CfabcG

a
µνGb

µαG̃c
να
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Neutron EDM

♣ The SM predicts a very small dn (< 10−31 e-cm).

♣ The present experimental upper bound: dn < 6.3 × 10−26 e-cm.

♣ One-loop contribution is small due the suppression by the internal quark
masses or the small couplings s13 in the case when there is top quark in the loop.

♣ two loop level: It is well known that exchange of Higgs at the two loop level

may be more important than one loop contribution.
Two loop operators:

t

γ(g)

q qq

H0

a0

γ(g) t

g

g

g

a

H
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Neutron EDM

♣ In the valence quark model, we have

dγ
n = ηd

»

4

3
dd − 1

3
du

–

Λ

, dC
n = eηf

»

4

9
fd +

2

9
fu

–

Λ

, dn ≈ eM

4π
ξC

where ηd, ηf , ξ are QCD running factors.

♣ The two loop contributions:

dq =
eαemQq

24π3
mqG(q) , fq =

αs

64π3
mqG(q) , C =

1

8π
H(g)

with

G(q) = (f(
m2

t

m2
Hl

) − f(
m2

t

m2
ak

))ImZlk
tq + (g(

m2
t

m2
Hl

) − g(
m2

t

m2
ak

))ImZlk
qt ,

H(g) = (h(
m2

t

m2
Hl

) − h(
m2

t

m2
ak

))ImZlk
tt ,

where ImZij is defined through ImZlk
ij = 2

YiiHl
Yjjak

mimj

m2
Hlak

(m2
Hl

−m2
ak

)
.
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Neutron EDM

♣ Like for meson mixing, taking PDG parametrization Case A as an example:

♦ when taking tanβ = 40, v12 = 240GeV, 102 GeV order Higgs, we find that
the dominant contribution is from H3, a1 mixing, we have

dn ≈ −1.5 × 10−25
m2

H3a1

m2
H3

− m2
a1

e cm

♦ when taking all vevs are same with 102 GeV order Higgs, we have

dn ≈ 8 × 10−26 m2
H3a1

m2
H3

− m2
a1

e cm .

♣ For the other 3 cases, we find the contribution to the neutron EDM has the

same order as above numbers.
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Remarks(II)

♣ For the lepton sector, An analogous study can be carried out. With
right-handed neutrinos, through seesaw mechanism, neutrinos get small Majorana
masses.

♣ There are 2 cases to assign PQ charge to leptons, like quark sector.

LL eR νR

Case I 0 −1 −1

Case II 0 +1 +1
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Remarks(II)

♣ For the lepton sector, An analogous study can be carried out. With
right-handed neutrinos, through seesaw mechanism, neutrinos get small Majorana
masses.

♣ There are 2 cases to assign PQ charge to leptons, like quark sector.

LL eR νR

Case I 0 −1 −1

Case II 0 +1 +1

Case I: The Yukawa couplings:

L = L̄L(Y1H1 + Y2H2e
iδ)νR + L̄LY3H̃3eR + ν̄C

RYsSei(δ+δs)νR + h.c.

which gives

Ml = − 1√
2
Y3v3, MD = − 1√

2
(Y1v1 + Y2v2e

iδ), MR = −
√

2Ysvse
i(δ+δs).

♣ neutrino mass matrix is given by: Mν = −MDM−1
R MT

D .
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Remarks(II)

♣ For the lepton sector, An analogous study can be carried out. With
right-handed neutrinos, through seesaw mechanism, neutrinos get small Majorana
masses.

♣ There are 2 cases to assign PQ charge to leptons, like quark sector.

LL eR νR

Case I 0 −1 −1

Case II 0 +1 +1

Case II: The Yukawa couplings:

L = L̄LY3H3νR + L̄L(Y1H̃1 + Y2H̃2e
−iδ)eR + ν̄C

RYsS
†e−i(δ+δs)νR + h.c.

which gives

Ml = − 1√
2
(Y1v1 + Y2v2e

−iδ), MD = − 1√
2
Y3v3, MR = −

√
2Ysvse

−i(δ+δs)
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Summary

♣ CP violating phase in the CKM mixing matrix is indentified to be the same as
that causing spontaneous CP violation in the Higgs potential.

♣ CP violating effects will not disappear when Higgs boson masses become large.

♣ The FCNC Yukawa couplings are fixed in terms of the quark masses and CKM
mixing angles in this model.

♣ Some phenomenological implications, meson-antimeson mixing, neutron EDM,
are studied. The neutron EDM can be close to the present experimental upper
bound.
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