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Additional scalar doublets

ATLAS and CMS found a Higgs particle at mH ≃ 125 GeV
Can we have more than one?

New sources of CPV
CP can be spontaneously generated
Dark matter candidates
New mechanisms for neutrino mass

Drawback: FCNCs are no longer strongly suppressed
These extensions need additional requirements to be compatible with
experiments.
These requirements can also help

Solution to the Strong CP problem: The pseudo-Goldstone (Axion)

θ
α3

8π
Gµν
a G̃aµν −→ a

f

α3

8π
Gµν
a G̃aµν
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Flavor Changing Neutral Currents

The simplest extension is the 2HDM

−LY = Q0
L

(
∆1Φ̃1 +∆2Φ̃2

)
u0
R + Q0

L (Γ1Φ1 + Γ2Φ2) d
0
R + h.c.

SSB

⟨Φ1⟩ =
1√
2

(
0
v1

)
, ⟨Φ2⟩ =

1√
2

(
0

v2e
iθ

)
√

v2
1 + v2

2 = v ≃ 246GeV

Higgs Basis

(
H1
H2

)
=

1
v

(
v1 v2
v2 −v1

)(
Φ1

e−iθΦ2

)
H1 =

(
G+

1√
2
(v + H0 + iG 0)

)
H2 =

(
H+

R + iI

)
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Flavor Changing Neutral Currents

The Yukawa Lagrangian will contain

−LY ⊃ u0
L

1
v

(
Mu(v + H0) + N0

uR − iN0
u I
)
u0
R

+ d0
L

1
v

(
Md(v + H0) + N0

dR + iN0
d I
)
d0
R

+

√
2
v

(
u0
LN

0
dd

0
R − u0

RN
0†
u d0

L

)
H+ + h.c.

with Md = 1√
2

(
v1Γ1 + v2e

iαΓ2
)
, Mu = 1√

2

(
v1∆1 + v2e

−iα∆2
)

and N0
d = 1√

2

(
v2Γ1 − v1e

iαΓ2
)
, N0

u = 1√
2

(
v2∆1 − v1e

−iα∆2
)
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Flavor Changing Neutral Currents

Flavour basis (u0
L,R , d

0
L,R) −→ Mass basis (uL,R , dL,R)

U†
uLMuUuR = diag (mu,mc ,mt) , U†

dLMdUdR = diag (md ,ms ,mb)

Not true, in general, for the other coupling matrices

U†
uLN

0
uUuR ̸= diag , U†

dLN
0
dUdR ̸= diag ⇒ Tree-level FCNCs

Therefore:
M and N not simultaneously diagonalizable
⇔
∆1 (Γ1) and ∆2 (Γ2) not simultaneously diagonalizable
⇔
FCNCs at tree level
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Flavour Conserving solutions

Natural Flavour Conservation [Weinberg, Glashow (1977); Pachos (1997)]
Idea: Allow just one Yukawa coupling in each sector
Model up down lepton
Type-I Φ2 Φ2 Φ2

Type-II Φ2 Φ1 Φ1

Lepton-specific Φ2 Φ2 Φ1

Flipped Φ2 Φ1 Φ2

• Pros: No FCNCs at tree level; Easy to implement with a symmetry
• Cons: No spontaneous CPV
• PQ symmetry: invisible DFSZ axion model

[Zhitnitskii (1980); Dine, Fischler, Srednicki (1981)]

Yukawa alignment [Pich, Tuzon (2009)]
Idea: Request that in each sector all Yukawas are proportional

• Pros: No FCNCs at tree level; General scalar sector; Contains the NFC
cases as particular limits; Allows spontaneous CPV

• Cons: Not implemented by symmetry [Ferreira, Lavoura, Silva (2010)]
• PQ symmetry at the UV level. At low energies effective aligned 2HDM

with DFSZ-like axion [Celis, Fuentes-Martin, Serodio (2014)]
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Idea: Request that in each sector all Yukawas are proportional

• Pros: No FCNCs at tree level; General scalar sector; Contains the NFC
cases as particular limits; Allows spontaneous CPV
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Flavor violating solution

The BGL model [Branco, Grimus, Lavoura (1996)]
Idea: Allow FCNCs in just one sector, and make then naturally
suppressed

Up Yukawas: ∆1 =

× × 0
× × 0
0 0 0

 , ∆2 =

0 0 0
0 0 0
0 0 ×


Down Yukawas: Γ1 =

× × ×
× × ×
0 0 0

 , Γ2 =

0 0 0
0 0 0
× × ×


• Implemented by abelian symmetry. Unique solution in 2HDM

[Ferreira, Silva (2011); Serodio (2013)]
• No FCNCs in the up sector
• FCNCs in the down sector. Are they dangerous?
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Flavour violating solution

FCNCs in the down sector

N0
d =

1√
2
(v2Γ1 − v1e

iθΓ2) =
v2

v1
Md − v2√

2

(
v1

v2
+

v2

v1

)
e iθΓ2

In the mass basis

U†
dLN

0
dUdR =

v2

v1
Dd − v2√

2

(
v1

v2
+

v2

v1

)
U†
dLe

iθΓ2UdR

What is U†
dLe

iθΓ2UdR in BGL model?
Is it large?
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Flavour violating solution

U†
dLΓ2UdR ∝ U†

dLPMdUdR = U†
dLPUdLDd

where

P =

0 0 0
0 0 0
0 0 1

→ v2√
2
e iθΓ2 = PMd

and from the up sector

UuL =

× × 0
× × 0
0 0 1

 ⇒ V = U†
uLUdL ⇒ [UdL]3i = V 3i

Leading to

[Nd ]ij =
v2

v1
[Dd ]ij−

(
v2

v1
+

v1

v2

)
V ∗

3iV 3j [Dd ]jj →
[
|∆S | = 2 transitions
|V ∗

tdVts |2 ∼ λ10

[Botella, Branco, Carmona, Nebot, Pedro, Rebelo (2014)]
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The anomalous implementation

Up sector block diagonal

SL = diag
(
1, 1, e iXtL θ

)
, Su

R = diag
(
e iXuR θ, e iXuR θ, e iXtR θ

)
Down sector unconstrained

Sd
R = e iXdRθ I

Yukawa phase transformation matrix

Θu =θ

 XuR XuR XtR

XuR XuR XtR

XuR − XtL XuR − XtL XtR − XtL


Θd =θ

 XdR XdR XdR

XdR XdR XdR

XdR − XtL XdR − XtL XdR − XtL



Anomaly free condition: 2XtL − (2XuR + XtR − 3XdR) = 0

BGL 2HDM is anomaly free. We need at least 3 Higgs
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The anomalous implementation

Case I

• Restrictions: XdR = −XuR , XtL ̸= −(XuR − XtR)

Texture Matching:
{

XuR ̸= XtR ,
XtL ̸= XtR − XuR

Anomaly: XtL ̸= −1
2
(XuR − XtR)

• Higgs charges: XΦ1 = XuR , XΦ2 = XtR − XtL, XΦ3 = XtL + XuR

Yukawa textures

Γ1 =

× × ×
× × ×
0 0 0

 , Γ2 = 0 , Γ3 =

0 0 0
0 0 0
× × ×

 ,

∆1 =

× × 0
× × 0
0 0 0

 , ∆2 =

0 0 0
0 0 0
0 0 ×

 , ∆3 = 0 ,

Hugo Serôdio (IFIC) September 15, 2014 12 / 28



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

The anomalous implementation

Case II

• Restrictions: XtR = 2XtL − XdR , XtL ̸= −(XuR − XtR)

Texture Matching:
{

XtL ̸= XuR + XdR ,
XtL ̸= 1

2 (XuR + XdR)

Anomaly: XuR ̸= −XdR

• Higgs charges: XΦ1 = XuR , XΦ2 = −XdR , XΦ3 = XtL − XdR

Yukawa textures

Γ1 = 0 , Γ2 =

× × ×
× × ×
0 0 0

 , Γ3 =

0 0 0
0 0 0
× × ×

 ,

∆1 =

× × 0
× × 0
0 0 0

 , ∆2 = 0 , ∆3 =

0 0 0
0 0 0
0 0 ×

 .
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The anomalous implementation

Case III

• Restrictions: XtR = XuR + XtL

Texture Matching:
{

XuR ̸= −XdR , XtL ̸= XuR + XdR ,
XtL ̸= − (XuR + XdR) , XtL ̸= 1

2 (XuR + XdR)

Anomaly: XtL ̸= 3 (XuR + XdR)

• Higgs charges: same as in Case II
Yukawa textures

Γ1 = 0 , Γ2 =

× × ×
× × ×
0 0 0

 , Γ3 =

0 0 0
0 0 0
× × ×

 ,

∆1 =

× × 0
× × 0
0 0 ×

 , ∆2 = 0 , ∆3 = 0 .
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The anomalous implementation

In 3HDM the sources of FCNCs are

N0
d =

1√
2

(
v2e

iα1Γ1 − v1e
iα2Γ2

)
,

N0
u =

1√
2

(
v2e

−iα1∆1 − v1e
−iα2∆2

)
,

N ′0
d =

1√
2

(
v1e

iα1Γ1 + v2e
iα2Γ2 −

v ′2

v3
e iα3Γ3

)
,

N ′0
u =

1√
2

(
v1e

−iα1∆1 + v2e
−iα2∆2 −

v ′2

v3
e−iα3∆3

)
.

• Up sector: No FCNCs
• Down sector: ∝ vev ratio × (V †)i3(V )3j(Dd)jj

Just like in the BGL 2HDM, but the U(1) is anomalous
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The scalar sector

Add complex scalar singlet: S → e iXS θS , with |⟨0| S |0⟩| ≫ |⟨0|Φi |0⟩|
The scalar potential: V (Φ, S) = [V (Φ, S)]blind + [V (Φ, S)]sen

[V (Φ, S)]blind =m2
i Φ

†
iΦi + λii ,jj

(
Φ†
iΦi

)(
Φ†
jΦj

)
+ λ′

ij ,ji

(
Φ†
iΦj

)(
Φ†
jΦi

)
+m2

S |S |2 + λS |S |4 + λΦS
i (Φ†

iΦi )|S |2

[V (Φ,S)]blind is U(1)4 invariant. We need two phase sensitive terms

U(1)4 −→ U(1)PQ × U(1)Y
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The anomalous implementation

Case Phase sensitive Constraint

(1)
(
Φ†

1Φ2

)(
Φ†

1Φ3

)
XΦ2 + XΦ3 − 2XΦ1 = 0

(2)
(
Φ†

2Φ1

)(
Φ†

2Φ3

)
XΦ3 + XΦ1 − 2XΦ2 = 0

(3)
(
Φ†

3Φ1

)(
Φ†

3Φ2

)
XΦ1 + XΦ2 − 2XΦ3 = 0

(4)
(
Φ†

1Φ2

)
{S , S∗}k1 k1XS = ∓(XΦ2 − XΦ1)

(5)
(
Φ†

1Φ3

)
{S , S∗}k2 k2XS = ∓(XΦ3 − XΦ1)

(6)
(
Φ†

2Φ3

)
{S , S∗}k3 k3XS = ∓(XΦ3 − XΦ2)

Combinations
T1,2 : (4) + (5), T3,4 : (4) + (6), T5,6 : (5) + (6),
T7 : (4) + (5) + (1), T8 : (4) + (6) + (2), T9 : (5) + (6) + (3)
T10 : (4) + (5) + (6) + (1), T11 : (4) + (5) + (6) + (2),
T12 : (4) + (5) + (6) + (3)
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The anomalous implementation

Case I:

XtL =
1
C I
S

, XdR = −XuR , XtR = XuR − 1
C I
SCI

.

Case II:

XtL =
1
C II
S

, XdR = −XuR +
1

C II
S CII

, XtR = XuR − 1 − 2CII

C II
S CII

.

Case III:

XtL =
1

C III
S

, XdR = −XuR +
1

C III
S CIII

, XtR = XuR +
1

C III
S

.
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Axion properties

Axion mass

ma =
fπmπ|Cag |

vPQ

[
z

(1 + z) (1 + z + w)

]1/2

≃ 6 meV ×
(

109 GeV
vPQ/|Cag |

)

Coupling to gluons

I: C I
ag = −1 + 2CI

CIC
I
S

, II: C II
ag =

2
CIIC

II
S

, III: C III
ag =

3 − CIII

CIIIC
III
S

Domain wall number NDW = |Cag |/|XS |

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

N I
DW 3 3 2 1 2 1 − 2 2 − 1 1

N II
DW 2 4 2 4 6 6 4 4 − 2 2 −

N III
DW − 3 5 7 7 8 2 − − 1 − −
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Axion-Photon interaction

La ⊃
1
4
gaγ a Fµν F̃

µν , gaγγ =
α

8πvPQ
CagC

eff
aγ

Effective axion-photon coupling (mixing with neutral mesons)

C eff
aγ =

Caγ

Cag
− 2

3
4 + z + w

1 + z + w

axion-photon coupling (from triangular anomaly)

Caγ = 2
∑

i=charged

(XiR − XiL)Q
2
i

Experimental bound (globular-cluster stars)

gaγγ < 1 × 10−10 ⇒ vPQ > 106 GeV

In the DFSZ vPQ > 108 GeV
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Axion-Photon interaction

øøìì

ìì DFSZ, flipped
øø DFSZ, type II

Case  I
Case  II
Case  III

T5

T4

T3

T2

T1

T6

T9

T8

T7

T12

T11

T10

-15 -10 -5 5 10 15
CaΓ�Cag

Hugo Serôdio (IFIC) September 15, 2014 21 / 28



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Axion-Photon interaction

øøìì

I,T4

I,T6

I,T8

I,T9

III,T7

Models with NDW = 1 ìì DFSZ, flipped
øø DFSZ, type II

- 10
3

2
3

8
3

14
3

20
3

26
3

32
3

38
3

44
3

- 34
3

- 28
3

- 22
3

- 16
3

- 10
3

- 4
3

CaΓ�Cag
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Axion-matter interaction

axion-quark couplings
1
2
∂µa

vPQ

[
uαγ

µ
(
CV
au + γ5 C

A
au

)
αβ

uβ + dαγ
µ
(
CV
ad + γ5 C

A
ad

)
αβ

dβ

− η Cag

(
uγµγ5u + zdγµγ5d + wsγµγ5s

)]
with

CV ,A
au = diag , CV ,A

ad = XtL

 |Vtd |2 V ∗
tdVts V ∗

tdVtb

V ∗
tsVtd |Vts |2 V ∗

tsVtb

V ∗
tbVtd V ∗

tbVts |Vtb|2

± (XdR + Z )I

axion-lepton couplings
1
2
∂µa

vPQ
eαγ

µ
(
CV
aℓ + γ5C

A
aℓ

)
αβ

eβ
with

CV ,A
ae = diag , or CV ,A

ae = XτL

 |Vτ1|2 V ∗
τ1Vτ2 V ∗

τ1Vτ3
V ∗
τ2Vτ1 |Vτ2|2 V ∗

τ2Vτ3
V ∗
τ3Vτ1 V ∗

τ3Vτ2 |Vτ3|2

±(XlR+Z )I
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Axion-matter interaction

K+ → π+ a

Γ(K+ → π+ a) =
1

16π
m3

K

4vPQ2

∣∣∣CV
ad

∣∣∣2
21
β3 |F1(0)|2 ,

Experimental bound: Br(K+ → π+a) < 0.73 × 10−10 (90%C .L.)

vPQ >
∣∣∣CV

ad

∣∣∣
21

×
(
3.5 × 1011 GeV

)
µ+ → e+ a

Γ(lα → lβ a) =
1

16π
m3

α

4vPQ2

(∣∣∣CV
ae

∣∣∣2 + ∣∣∣CA
ae

∣∣∣2)
αβ

β3

Experimental bound: Br(µ+ → e+ γ a) < 1.3 × 10−9 (90%C .L.).

vPQ >
∣∣∣CV

ae

∣∣∣
21

×
(
2.1 × 109 GeV

)
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Axion-matter interaction

Quark sector small mixing angles: |VCKM | ≃

 0.974 0.252 0.00351
0.225 0.973 0.0412

0.00867 0.040 0.999


|CV

ad |21 ∼ O(1)× |V ∗
tsVtd | ∼ 5 × 10−4

Leptonic sector large mixing angles: |VPMNS | ≃

0.82 0.55 0.11
0.41 0.58 0.72
0.41 0.58 0.69


|CV

ae |21 ∼ O(1)× |V ∗
τ2Vτ1| ∼ 2 × 10−1

Bound on the PQ scale

Both sectors give: vPQ ≥ 108 GeV
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Conclusion

Besides NFC and alignment in 2HDM, BGL implementation is also an
interesting and viable extension of the SM
We extend this implementation to 3 Higgs scenario
The symmetry can be made anomalous with the same Yukawa
textures as in the 2 Higgs implementation

The axion is implemented in a DFSZ-like extension by adding a
complex singlet field
From the 27 model implementations (without counting the lepton
variations), there are 5 with DW=1
The axion has flavor changing interactions suppressed by off diagonal
elements of the mixing matrix
The flavor violating decays give the strongest bounds
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Conclusion

In summary
Simple minimal flavor violation extension of the SM. Flavor violation is
proportional to CKM and quark masses. No θ̄ term. Axion with scalar and
pseudo-scalar couplings and DW one

Hugo Serôdio (IFIC) September 15, 2014 28 / 28


	Introduction
	Anomalous 3HDM
	Axion properties
	Conclusion

