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Flavor problem

z 3 Families

z Hierachy of fermions mixings

z Origin of masses

z Hierarchy of masses

Dark matter is the key to solve this problem



Yukawa sector for Multi-Higgs Models

LY = −
√
Nf̄Li

[
δijm

f
j

v0
φ0

0 +

N∑
a=1

(
va
v0
eiαaφ0

0 + φa

)
ỹfa,ij

]
fRj

We consider transformations of the form

f ′Li = eiθLifLi

f ′Ri = eiθRifRi

φ′a = Sabφb

Invariance is reached when

y′fa,ij = e−i(θiL−θiR)S−1
ab y

f
b,ij

FCNC at tree level is the main signature of non-standard scalar
interactions



Yukawa Sector with 2 Doublets

L2HDM
Y = −QL

2∑
a=1

(Y da ΦadR + Y ua Φ̃auR)− LL
2∑
a=1

Y laΦalR + h.c.

Φa =

(
ϕ+
a

ϕ0
ae
iθa

)
; ϕ0

a = va +
ρa + iηa√

2
; a = 1, 2

Mass Matrices

Mf =
1√
2

(v1Y
f
1 + v2Y

f
2 ) ; f = u, d, l

z Same symmetries as SM

z 4 NEW scalars : H0, H± and A0

z New sources of CP violation (θa and phases in Y u,d,la )

z FCNC at tree level



Versión III: Motivations

z E�ective couplings at 1−loop level in SUSY models contains
FCNC: decoupling limit scenario at low energies

z Minimal framework to parameterized �avor physics: a few free
parameters

z Versions with NFC can no explain simultaneously: B → Dτν,
B → D∗τν y B → τν

z Analysis with non correlated VCKM elements leads to:
(χfij . 10−3)

At the Higgs basis

LY = ηuQ̄LH̃1uR + ηdQ̄LH1dR + η`L̄LH1`R

+Ŷ uQ̄LH̃2uR + Ŷ dQ̄LH2dR + Ŷ `



FCNC Suppression

z "Non elegant"way: mH,A ∼ O(103TeV)

gSff ∼ 1/m2
S

z Alignment:
Y f2 = γfY f1 con γf ∈ C

z Textures compatible with VCKM :

Mf =

 0 Cf 0
C∗f Df Bf
0 B∗f Af


where |Cf | << |Bf | << |Df | << |Af |



Partially aligment of the 2HDM

Same texture, di�erent scale: for 4-zeros

Y f2 =

 0 c2Cf 0
c∗2C

∗
f d2Df b2Bf

0 b∗2B
∗
f Af


χ̃fij = χ̃fij(b2, c2, d2, a2, φC , φB)

Bilinear �avor transformations

Y f = a′ ·ALMf ′AR

where

|mf1(ÃfL)i1(ÃfR)1j+mf2(ÃfL)i2(ÃfR)2j+mf1(ÃfL)i3(ÃfR)3j | ≤
√
mfimfj |χ̃fij |



Bilinear �avor transformations

Y f = a′ ·ALMf ′AR

z Less restrictive than direct alignment (FCFN y LFV)

z Works for Multihiggs models

z Starting point for �avor symmetries

z Suitable scenarios reproduce previous versions

Versión AuL AuR AdL AdR

I
√

3MW
v λ0

√
3MW
v λ0

√
3MW
v λ0

√
3MW
v λ0

II
√

3MW
v λ0

√
3MW
v λ0 03×3 03×3

III
∑
a=0,3,8 C

u
aλa (

∑
a=0,3,8 C

u
aλa)†

∑
a=0,3,8 C

d
aλa (

∑
a=0,3,8 C

u
aλa)†

A2HDM Cu0 λ0 C̃u∗0 λ0 Cd0λ0 C̃d∗0 λ0



Unitary Transformations A†L = AR = U ∈ SU(3)

Yf = a′U†MfU

U =
∑
a

Caλa ; Cab ≡ C∗a · Cb

z Hermitian case: Cab = C∗ba.

z Phenomenology is given by

Tr(λaY
fλb) =

∑
c,d

CcdTr(λaλcMfλdλb)

z Textures is preserved when U only have λ3, λ8 contributions.



Generalized CP symmetries

z On scalars

♦Family symmetries for Higgs doublets

Φa → Sab(θ)Φb

♦Generalized Symmetries

Φa → XabΦ
∗
b

Sab and Xab are SU(2) matrices

z SU(3) Fermion symmetries (Isospin)

QL → Xαγ
0CQ∗l

uL → Xβγ
0Cu∗l

dL → Xγγ
0Cd∗l



Restricctions on Yukawa matrices

GCP symmetries

XαY
∗f
1 − (cos θY f1 − sin θY f2 )Xβ = 0

XαY
∗f
2 − (sin θY f1 + cos θY f2 )Xβ = 0

For 0 < θ <
π

2

Y f1 =

 ia11 ia12 a13

ia12 −ia11 a23

a31 ia32 0

 ; Y f2 =

 ia12 −ia11 −a13

−ia11 −ia12 a13

−a31 a31 0


At the mass basis and Higgs basis

Hd =
v2

2
Y f1 (Y f1 )† = UfL

[
diag(mf

1 ,m
f
2 ,m

f
3 )
]
Uf†L

Using mass matrix

Y f2 =
1

v2

(√
2Mf − v1Y

f
1

)



Invariant subgroups of SU(3)

UfL = a0λ0 + Re(AX)λi + Im(AX)λj +BXλk

Subgroup Generators UfXL

Isospin λ1, λ2, λ3

 a0 +BS A∗S 0
AS a0 −BS 0
0 0 a0


U-Spin λ4, λ5,

1
4 (
√

3λ3 + λ8)

 a0 +BU 0 A∗U
0 a0 0
AU 0 a0 −BU


V-Spin λ6, λ7,

1
4 (
√

3λ3 − λ8)

 a0 0 0
0 a0 +BV A∗V
0 AV a0 −BV



Ỹ dX2 = (
√

2GF )
1
2UdXLD

dUd†XL

Ỹ uX2 = (
√

2GF )
1
2UdXLV

†
CKMD

uVCKMU
d†
XL

Ỹ `X′2 = (
√

2GF )
1
2U `†X′LD

`U `X′L



2HDM with CP conservation

(a)

τ

A0

P 0

l

(b)

P 0

A0

l

l′

z Free parameters: MA, tanβ, a0 , AX y BX

− LXX
′

e� =
√

2GF
M2
W

M2
A0

gXA0`i`j

(
¯̀
iγ

5`j
) [ ∑

qn,qm

gX
′

A0qmqn
q̄nγ

5qm

]

g
X
A0`i`j

=
1

MW

[
−mi tan βδij +

1√
2 cos β

(
U
`†
XLD

d
U
`
XL

)
ij

]
g
X
A0didj

=
1

MW

[
−mdi tan βδij +

1√
2 cos β

(
U
d†
XLD

d
U
`
XL

)
ij

]
g
X
A0uiuj

=
1

MW

[
−mi cot βδij +

1√
2 sin β

(
U
d
XLV

†
CKM

D
u
VCKMU

d†
XL

)
ij

]
.



B mixing as a bound for MA

HA0 =
√

2GF
m2
W

M2
A0

|gAsb|2(q̄sγ
5qb)(q̄bγ

5qs)

gAsb =
i

2
√

2 cosβ

√
msmb

mW
χ̃dij

∆ms '
2

mB0
s

(
〈B0

s |HSM|B̄0
s 〉+ 〈B0

s |HA0 |B̄0
s 〉
)

Taking only the pseudoscalar contribution

〈B0
s |HA0 |B̄0

s 〉 =
√

2GF
m2
W

M2
A0

|gAsb|2
|fBs |2m4

B0
s

(mb +ms)2

That can be explicitly cast in the form

∆ms ' ∆mSM
s +

(
9.6030× 10−7GeV3

) |χdsb|2
M2
A0

(1 + tan2 β)



Bounds on χsb

Minimizing the function with non correlated CKM matrix elements

χ2 =
∑

i=d,s,b

(∣∣V thui (χij)
∣∣− |V exui |)2

σ2
Vui

+

(∣∣V thcb (χij)
∣∣− |V excb |)2

σ2
Vcb

,

O. Félix-Beltrán, et.al. , Phys. Lett. B742, 347 (2015)

|V exud | = 0.97425± 0.00022, |V exus | = 0.22523± 0.00080,
|V exub | = 0.00413± 0.00049, |V excb | = 0.0411± 0.00130.

With this calculation 2HDM-III is as predictive as versions with NFC



Lower Bound on M 0
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Upper Bounds on FCNC in B decays
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LFV in τ decays

ΓXX′(τ → `P 0) =
G2
F

8π

(
MW

MA0

)4 [
(mτ −m`)

2 −m2
P

] λ1/2(m2
τ ,m

2
` ,m

2
P )

m3
τ

×|gXA0τ`|2
∣∣∣∣∣∣〈P |

∑
qi,qj

(gX
′

A0qiqj
)q̄iγ

5qj |0〉

∣∣∣∣∣∣
2

Channel Upper bound [PDG]
|gX
A0τ`

|
M2
A

∣∣∣〈P |∑qi,qj
(gX

′

A0qiqj
)q̄iγ

5qj |0〉
∣∣∣

τ → e−π0 < 8.0× 10−8 < 2.13× 10−8

τ → µ−π0 < 1.1× 10−7 < 2.67× 10−8

τ → e−K0
s < 2.6× 10−8 < 1.31× 10−8

τ → µ−K0
s < 2.3× 10−8 < 1.32× 10−8

τ → e−η < 9.2× 10−8 < 2.52× 10−8

τ → µ−η < 6.5× 10−8 < 2.27× 10−8

τ → e−η′ < 1.6× 10−7 < 4.24× 10−8

τ → µ−η′ < 1.3× 10−8 < 1.32× 10−8



Pseudoscalars meson decays

ΓXX′(P
0 → ``) =

G2
F

8π

(
MW

MA0

)4 [
m2
P − (m` −m`)

2
] λ1/2(m2

P ,m
2
` ,m

2
`)

m3
P

×|gXA0``|2
∣∣∣〈P |(gX′A0qiqj

)q̄iγ
5qj |0〉

∣∣∣2

Channel Upper Bound [PDG 2014]
|gX
A0``
|

M2
A

∣∣∣〈P |(gX′A0qiqj
)q̄iγ

5qj |0〉
∣∣∣

B0
d → e−e+ < 8.3× 10−8 < 9.7× 10−10

B0
d → µ−µ+ < 6.3× 10−10 < 3.12× 10−9

B0
s → τ−τ+ < 4.1× 10−3 < 2.20× 10−7

B0
s → e−e+ < 2.8× 10−7 < 1.32× 10−10

D0 → e−e+ < 7.9× 10−8 < 2.52× 10−8

D0 → µ−µ+ < 6.2× 10−9 < 2.27× 10−7

B0
s → µ−µ+ = (3.1± 0.7)× 10−9 Compatible with SM



Isospin subgroup

Y fU =

 ∗ ∗ 0
∗ ∗ 0
0 0 ∗

 ; f = d, `

Couplings: gSA0τe = 0, gSA0τµ = 0

g
S
A0uu

=
mt√

2MW sin β

{
(a
d
S0)

2
V

2
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Vud(a

d
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+
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d
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d
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g
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√
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g
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2MW cos β
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d
S)
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√
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2

(
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.

g
S
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=
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2MW sin β

{
(a
d
S0)

2
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(
Vus(a

d
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d
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d
S

)(mc
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)
+
(
Vud(a

d
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d
S) + VusA

d
S

)(
Vcd(a

d
0 + B

d
S) + VcsA

u∗
S

)(mu
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g
S
A0sd

=
ms√

2MW cos β

[
A
d
S(a

d
S0 − B

d
S) + (a

d
S0 + B

d
S)A

d∗
S

(
md
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.



U-Spin Subgroup

Y fU =

 ∗ 0 ∗
0 ∗ 0
∗ 0 ∗

 ; f = d, `

Couplings: gA0τµ = 0

gA0τe =
mτ√

2MW cos β

[
A
`
U (a

`
U0 − B

`
U ) + (a

`
S0 + B

`
U )A

`∗
U

(
me

mτ

)]
g
U
A0uu

=
mt√

2MW sin β
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Vub(a

d
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d
U ) + A

d
UVud

]2
+ (a

d
0)

2
V

2
us

(
mc

mt
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Vud(a

d
U0 + B

d
U ) + A

d
UVub

] [
Vud(a

d
U0 + B

d
U ) + VubA

d
U

]
−
√

2 cos β
)(mu

mτ
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g
U
A0dd

=
mb√

2MW cos β

[
A
d2
U +

(
(a
d
U0 − B

d
U )

2 −
√

2 sin β
)(md

mb

)]
g
U
A0ss

=
ms√

2MW cos β

[
(a
d
U0)

2 −
√

2 sin β
]

g
U
A0uc

=
mt√

2MW sin β

{[
Vub(a

d
U0 − B

d
U ) + A

d
UVud

] [
Vcb(aU0 − B) + A

d
UVcd

]
+
[
Vud(a

d
0U + B

d
U ) + A

d
UVub

] [
Vcd(a

d
U0 + B

d
U ) + VcbA

d∗
U

](mu
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)
+(a

d
U0)

2
VudVcs

(
mc

mt

)}
g
U
A0sd

=
ms√

2MW cos β
(a
d
U0)

2
.



V-Spin Subgroup

Y fU =

 ∗ 0 0
0 ∗ ∗
= ∗ ∗

 ; f = d, `

Couplings: gV
A0τe

= 0 gA0τµ
mτ√

2MW cos β

[
AdV (adV 0 − BdV ) + (adV 0 + BdV )Ad∗V

(
mµ
mτ

)]
g
V
A0uu

=
mu√

2MW sin β

(
(a
d
V 0)−

√
2 cos β

)
g
V
A0dd

=
mb√

2MW cos β

{
[Vub(a0 − B) + VusA]

2

+ [Vus(a0 + B) + AVub]
[
Vus(a0 + B) + VubA

∗](ms
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)
+
(

(a0)
2
V

2
ud −

√
2 sin β

)(md
mb

)}
g
V
A0ss

=
mb√

2MW cos β

[
A

2
+
(

(a0 + B)
2 −
√

2 sin β
)(ms

mb

)]
g
V
A0uc

=
mt√

2MW sin β
{[Vub(a0 − B) + VusA] [Vcb(a0 − B) + AVcs]

+ [Vus(a0 + B) + AVub]
[
Vcs(a0 + B) + VcbA

∗](mc
mt

)
+ (a0)

2
VudVcd

(
mu

mt

)}
g
V
A0sd

= 0 .



The U-Spin case

z B0
s → µ+µ− compatible with SM, thus U−Spin (gAsb = 0) is a

good possibility

z Isospin subgroup predicts the absence of LFV τ decay as in SM.

z The V−Spin e�ects are given at high energies and are very small
given B0

s → µ+µ−



And example with τ → eK0
s with U-Spin

Γ(τ → eK
0
s ) ' (8.606× 10

−15GeV5
) × |ζ`U |2(ad0U )4
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A general parametrization

SU(3) Transformation

Ỹ f
′

ext(t) = (
√

2GF )1/2etλDfe−tλ

with

λ =
i

2

Ng∑
n=1

θnλn ; Df = diag(mf
1 ,m

f
2 ,m

f
3 )

z Perturbative Yukawa:

Ỹ f
′

ext(t) =
√

2GF )1/2(Df + t
[
λ,Df

]
+
t2

2!

[
λ
[
λ,Df

]]
+ · · · )

z Additional bound: det(UfXL) = 1

z Framework for a dynamics of �avor



Yukawa Elements

De�nimos los parámetros

z R2 = θ2
i + θ2

j + θ2
k ; Non standard contribution

z |ζ| =
√
θ2
i + θ2

j ; Flavor violation parameter

z MA is chosen in order to have no empty parameter space (∼ 50
TeV)

U-Spin in leptonic sector



Parameters space

Channel Upper Bound

τ → e−π0 < 8.0× 10−8

τ → µ−π0 < 1.1× 10−7

τ → e−K0
s < 2.6× 10−8

τ → µ−K0
s < 2.3× 10−8

τ → e−η < 9.2× 10−8

τ → µ−η < 6.5× 10−8

τ → e−η′ < 1.6× 10−7

τ → µ−η′ < 1.3× 10−8

B0 → e−e+ < 8.3× 10−8

B0 → µ−µ+ < 6.3× 10−10

B0 → τ−τ+ < 4.1× 10−3

B0
s → e−e+ < 2.8× 10−7

D0 → e−e+ < 7.9× 10−8

D0 → µ−µ+ < 6.2× 10−9

MA ≥ 50TeV



Bound using U-Spin parametrization

Bounds Upper Limit

Γ(τ → e−π0) < 2.3× 10−19

Γ(τ → e−η) < 4.5× 10−20

Γ(τ → e−η′) < 4.3× 10−20

Γ(B0
d → e−e+) < 2.1× 10−21

Γ(B0
d → µ−µ+) < 2.5× 10−22



Local �avor transformation

Y f (x) = ξfet(x)λfDe−t(x)λf

z t(x): scalar �eld that leads to e�ective couplings

z The matrix D is diagonal in the mass basis

z Perturbative method

Y f (x)

ξf
= D +

t(x)

1!
[λf , D] +

t2(x)

2!
[λf , [λf , D]] + · · ·



Final Comments

z 2HDM-III is a good frame to parameterized New Physics

z Invariants subgroups of SU(3) reduce the nnumebr of free
parameters and can shed light on �avor symmetries

z New restriction can be imposed on τ → `P 0
1P

0
2 y P 0

i → P 0
f `1`2

z Textures can be seen as a consequence of suitable discret charges
assigment for fermions

z Pseudoscalar is a WIMP
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