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. . . . . .

The scalar potential

.

......

Z4 : S → −S , ϕ → iϕ , ∆1 → ∆1 , ∆2 → −∆2

V CP×Z4 = VS + Vϕ + V∆ + VSϕ + VS∆ + Vϕ∆ + VSϕ∆

.

......

VS =µ2
S
(S2 + S∗2) +m2

S
S∗S + λ′

S
(S4 + S∗4)

+ λ′′
S
S∗S(S2 + S∗2) + λS (S

∗S)2 ,

Vϕ∆ =
∑

a

[
ξ′
a
(ϕ†ϕ)Tr

(
∆†
a
∆a

)
+ ξ′′

a
(ϕ†∆†

a
∆aϕ)

]
+ (µ2M2ϕ̃

T∆2ϕ̃+ H.c.)

VSϕ∆ =ϕ̃T∆1ϕ̃ (λ1 S + λ′
1 S

∗) + H.c.

Hugo Serôdio (CFTP-IST) Spontaneous leptonic CP violation FLASY-2012 3 / 13



. . . . . .

The scalar potential
.

......

VS =µ2
S
(S2 + S∗2) +m2

S
S∗S + λ′

S
(S4 + S∗4) + λ′′

S
S∗S(S2 + S∗2)

+ λS (S
∗S)2 , ⟨S⟩ = vSe

iα

Besides the trivial solution vS = 0, which leads to V0 = 0, there are
other three possible solutions to the above system of equations:

(i) v 2
S
= − m2

S
+ 2µ2

S

2(λS + 2λ′
S
+ 2λ′′

S
)
, α = 0,±π;

(ii) v 2
S
=

−m2
S
+ 2µ2

S

2(λS + 2λ′
S
− 2λ′′

S
)
, α = ±π

2
;

(iii) v 2
S
=

−2λ′
S
m2
S
+ λ′′

S
µ2
S

4λSλ′
S
− 8λ′2

S
− λ′′2

S

, cos(2α) = −µ2
S
+ λ′′

S
v 2
S

4λ′
S
v 2
S

.
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Spontaneous CP violation
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. . . . . .

The model ⟨Φ⟩ = (r , 0, 0) , ⟨Ψ⟩ = (s, s, s)

Field L eR , µR , τR ∆1 ∆2 ϕ S Φ Ψ

A4 3 1, 1′, 1′′ 1 1 1 1 3 3

Z4 × Z4 (i , i) (−i , i) (1, 1)(−1, 1) (i , 1) (−1,−1)(i , 1)(1,−1)
SU(2)L × U(1)Y (2,−1/2) (1,−1) (3, 1) (3, 1) (2, 1/2) (1, 0) (1, 0) (1, 0)

.

......

L =
y ℓ
e

Λ

(
LΦ

)
1
ϕeR +

y ℓ
µ

Λ

(
LΦ

)
1′′
ϕµR +

y ℓ
τ

Λ

(
LΦ

)
1′
ϕτR

+
y2

Λ
∆2

(
LTLΨ

)
1
+

1

Λ
∆1

(
LTL

)
1
(y1S + y ′

1S
∗) + H.c. .

Y
e =

ye 0 0

0 yµ 0

0 0 yτ

 , Y∆1 = y∆1

1 0 0

0 0 1

0 1 0

 , Y∆2 =
y∆2

3

 2 −1 −1

−1 2 −1

−1 −1 2

 ,

with

ye,µ,τ =
r

Λ
y ℓ
e,µ,τ , y∆1

=
vS

Λ′

(
y1e

iα + y ′
1e

−iα) , y∆2
=

y2

Λ
s.
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. . . . . .

Low-energy phenomenology

.
Mass matrix
..

......

mν = m
(1)
ν +m

(2)
ν , with m

(a)
ν = 2uaY

∆a and ua = µ∗
a
v 2/Ma

mν = U∗ dν U
† , dν = diag

(
|z1e iβ + z2|, z1, |z1e iβ − z2|

)
za = 2|uay∆a

| ,
β = arg(u1y∆1) .

CP phase

Normal hierarchy (π/2 < β < 3π/2)

z1 ≃ − 1

2 cosβ

√
∆m2

31

2
, z2 ≃

√
∆m2

31

2

.

......

U = e−iσ1/2


2√
6

1√
3

0

− 1√
6

1√
3

− 1√
2

− 1√
6

1√
3

1√
2


1 0 0
0 e iγ1 0
0 0 e iγ2


Majorana phases: γ1 ≃ −β , γ2 ≃ −β

2
− 1

2
arctan

(
tanβ
3

)
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. . . . . .

Vacuum-alignment perturbations Schwetz, Tortola, Valle, NJP (2011)

.

......T2K and MINOS: sin2 θ13 = 0.013+0.007
−0.005

(
+0.015
−0.009

) [
+0.022
−0.012

]
.
Case A (charged leptons): ⟨Φ⟩ = r(1, ϵ1, ϵ2)
..

......

Yℓ =

 ye yτε1 yµε2
yτε2 yµ yeε1
yµε1 yeε2 yτ


Neutrino masses not a�ected
No Dirac-type CP-violation
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-0.15

-0.10

-0.05

0.00

0.05
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1
2
3

U = U
†
ℓUTBM

sin2 θ12 ≃ 1

3
[1− 2(ϵ1 + ϵ2)]

sin2 θ23 ≃ 1

2
(1+ 2ϵ1)

sin2 θ13 ≃ (ϵ1−ϵ2)2

2

.

......sin
2 θ13 ≃ (4 sin2 θ23−3 cos2 θ12)2

8

0ν2β decay |mee |
1

3

∣∣2m1(1+ ε1 + ε2) +m2 e
−2iγ1

∣∣
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. . . . . .

Vacuum-alignment perturbations

.
Case B (Neutrinos): ⟨Ψ⟩ = s(1, 1+ ϵ1, 1+ ϵ2)
..

......

Y∆2 =

y∆2

3

 2 −1− ε2 −1− ε1
−1− ε2 2+ 2ε1 −1

−1− ε1 −1 2+ 2ε2



-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20
 

 

sin2 θ12 ≃ 1

3
+ 2

9
(ϵ1 + ϵ2)

sin2 θ23 ≃ 1

2
+ 1

6
(ϵ1− ϵ2)

sin2 θ13 ≃ (ϵ1−ϵ2)2

72 cos2 β

Dirac-type CP-violation
.

......

JCP = Im [U11U22U
∗
12U

∗
21 ]

≃ ε2−ε1
36

tan β

Neutrino masses su�ers small
corrections
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. . . . . .

Vacuum-alignment perturbations

.

......Daya Bay: sin
2(2θ13) = 0.092± 0.016(stat)± 0.005(syst), 5.2σ

.
Only case B (Neutrinos) survives:
..

......

sin2H2Θ13L=0.092±0.021

-0.2 0.1 0.0 0.1 0.2
-0.2

0.1

0.0

0.1

0.2

¶1

¶
2

E
xc

lu
de

d
by

co
sm

ol
og

ic
al

bo
un

d

sin2H2Θ13L=0.092±0.021

Π 5Π�4 3Π�2
2.8
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3.2

3.4

3.6

3.8

4.0

Β
ÈJ

C
P
È´

10
2

Predicts: 11

8
π . β . 3

2
π with 0.03 . |JCP | . 0.04.

Neutrino spectrum near degenerated.
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. . . . . .

Leptogenesis
Ma, Sarkar, PRL (1998)

∆a

Lα

Lβ

∆a

φ

φ

φ

φ

∆a

∆b

Lα

Lβ

.
Tree-level decay
..

......

BL

a
Γ∆a

≡
∑
α,β

Γ(∆∗
a
→ Lα + Lβ) =

Ma

8π
TrY∆a†Y∆a ,

Bϕ
a
Γ∆a

≡ Γ(∆∗
a
→ ϕ+ ϕ) =

Ma

8π
|µa|2 ,

.
One-loop decay
..

......

ϵαβa =2
Γ(∆∗

a → Lα + Lβ)− Γ(∆a → L̄α + L̄β)

Γ∆a
+ Γ∆∗

a

≃− g(xb)

2π

cαβ Im
[
µ∗
aµbY

∆a

αβY
∆b∗
αβ

]
Tr (Y∆a†Y∆a) + |µa|2

cαβ =

{
2− δαβ (∆0

a,∆
++
a )

1 (∆+
a )

g(xb) =
√
xb (1−xb)

(xb−1)2+(Γ∆
b
/Ma)2

Hambye, Raidal, Strumia, PLB (2006)
Dorsner, Fileviez Perez, Gonzalez Felipe, NPB (2006)
Branco, Gonzalez Felipe, Joaquim, (2011)
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. . . . . .

Leptogenesis
.
In the hierarchical limit Ma ≪ Mb..

......

ϵαβa ≃Ma(BL
a Bϕ

a )
1/2

4πv2
cαβ Im

[
m

(a)
ν,αβm

∗
ν,αβ

][
Trm

(a)†
ν m

(a)
ν

]1/2 , ϵa ≃
Ma(BL

a Bϕ
a )

1/2

4πv2
Im

[
Trm

(a)
ν m†

ν

][
Trm

(a)†
ν m

(a)
ν

]1/2
.

......
ϵαβ
a

= cαβ P
a

αβ ϵ
0
a
, ϵ0

a
=

1

3π

za zb |ua|2 M2
a
sin β

z2
a
tav 4 + 4 |ua|4M2

a

, (t1 = 3 , t2 = 2)

Case A:

P
a =

(−1)a

2

−2(1+ ε1 + ε2) ε1 − ε2 ε2 − ε1
ε1 − ε2 4

(
ε1 + ε2 y

2

µ/y
2

τ

)
1+ ε1 + ε2

ε2 − ε1 1+ ε1 + ε2 −4
(
ε1 + ε2 y

2

µ/y
2

τ

)
 ,

Case B:

P
a = (−1)a

[
1

2
+ δa2

v4z2
2
(ε1 + ε2)

18M2

2
u4
2
+ 9v4z2

2

] −2 0 0

0 0 1

0 1 0

 ,
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Leptogenesis
Maximizing ϵ0

a
with respect to the VEV of the decaying scalar triplet
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M
1,

2
HG

eV
L

Π 5Π�4 3Π�2
108
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1010
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.

......
ϵ01,max ≃

M1

√
∆m2

31

12
√
6πv 2

sin β, ϵ02,max ≃
M2

√
∆m2

31

48πv 2
tan β .
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Conclusion

Model with spontaneous CP violation

Single phase responsible for low and high energy CP violation

Flavon vev corrections allow for the new Daya Bay results
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