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Collaboration

Part of this work has been done with G.C. Branco, A. Carmona, M.
Nebot, L. Pedro and M.N. Rebelo: arXiv:1401.6147, arXiv:1210.8163,
arXiv:1102.0520, arXiv:0911.1753.
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The flavour structure of the SM I

It is controlled by the Yukawa matrices: Γ,∆ and Π

LY = −QL ΓΦdR −QL∆Φ̃uR − LL ΠΦlR + h.c

In the absence of Yukawa coupling the SM has a large global U (3)5

symmetry SU (3)3q ⊗ SU (3)
2
l ⊗ U (1)

5 that correspond to
QL → WLQL; uR → W u

R uR ; dR → W d
R dR ; LL → W L

L LL; lR → W l
R lR

The gauge and pure Higgs Lagrangians are invariant and the Yukawa
couplings break this flavour symmetries. So the entire SM is not
invariant under these weak basis (WB) transformations.

Physical observable should be independent of the weak basis we chose
to formulate the theory. So two theories whose Yukawa are related by

Γ→ W †
L ΓW d

R
∆→ W †

L ∆W u
R

should be identical.
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The flavour structure of the SM II

Therefore in general Physical Observables should be made out of

Hd = MdM†
d =

υ2

2 ΓΓ†

Hu = MuM†
u =

υ2

2 ∆∆†

transforming as
Hd → W †

LHdWL

Hu → W †
LHuWL

And they will have the general form

Tr
[
(Hu)

α (Hd )
β (Hu)

γ (Hd )
δ ....

]
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The flavour structure of the SM III
The diagonalization of the mass matrices Md = υΓ/

√
2 and

Mu = υ∆/
√
2 are done with

Ud†
L MdUdR = Dd = diag(md ,ms ,mb) =

υ√
2
diag(yd , ys , yb)

Uu†
L MuUuR = Du = diag(mu ,mc ,mt ) =

υ√
2
diag(yu , yc , yt )

Note that this is not a WBT. Without loose of generality, sometime is
useful to choose a special WBT

WL = UdL ; W u
R = U

u
R ; W d

R = U
d
R

such that

Γ =

 yd 0 0
0 ys 0
0 0 yb

 ; ∆ = V †

 yu 0 0
0 yc 0
0 0 yt


Y d and Y u are the diagonal Yukawa coupling and all the changes of
flavour are encoded in the CKM matrix V = Uu†

L U
d
L .
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Minimal Flavour Violation I

The legacy of B factories can be summarized by:

Flavour violation and CP violation in flavour changing processes are
dominated by the CKM mechanism.

But even more, if to the SM Lagrangian we add for K 0 −K 0,
B0 − B0, B0s − B

0
s mixing the New Physics (NP) Lagrangian

LNP = ∑
i 6=j

C 2ij
Λ2

(
QLi γ

µQLj
)2

The condition
|ANP | < |ASM |

Implies

Λ >

{ (
104 TeV

)
(Csd )(

102 TeV
)
(Cbq)
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Minimal Flavour Violation II
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Minimal Flavour Violation III

If one insist, for example, that the scale of NP is at the TeV, we need
to suppress very strongly cij .they cannot be order 1, the NP flavour
structure is highly non generic.

A popular way to implement this non generic structure of the NP
operators is the so called Minimal Flavour Violation (MFV)
hypothesis. It consists of two ingredients:

1 A flavour symmetry: SU (3)QL ⊗ SU (3)uR ⊗ SU (3)dR
2 A set of symmetry breaking flavour terms: The Yukawa Couplings Γ
and ∆ are the unique sources of flavour symmetry breaking in the NP
model we are considering.
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Minimal Flavour Violation IV

In our previous example we have that C should transform as
O → W †

LOWL

C =
(
aI + bΓΓ† + c∆∆† + dΓΓ†ΓΓ† + e∆∆†∆∆† + · · · · · · · · · · ·

)

Γ =

 yd 0 0
0 ys 0
0 0 yb

 ; ∆ = V †

 yu 0 0
0 yc 0
0 0 yt


Taking into account the differences of the eigenvalues of the Yukawa
couplings, neglecting all of them but the top, we get that the unique
flavour changing relevant structure is:(

∆∆†
)n
i 6=j

∝
(
V †y2t P3V

)n
i 6=j
= y2nt V

∗
3iV3j

Ci 6=j ∝ f
(
y2t
)
V ∗3iV3j
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Minimal Flavour Violation V

So in theories of NP with MFV one gets:

A (dj → di )MFV = (V
∗
tiVtj )A

(∆F=1))
SM

(
1+ a1

16π2M2
W

Λ2

)

A
(
Mij → M ij

)
MFV = (V

∗
tiVtj )

2A(∆F=2))SM

(
1+ a2

16π2M2
W

Λ2

)
that essentially implies the same relative correction for b → s, b → d
and s → d transitions. Some important predictions are

Γ (Bd → l+l−)
Γ (Bs → l+l−)

≈
f 2BdmBd
f 2BsmBs

|Vtd |2

|Vts |2

∆MBd

∆MBs
=
f 2BdmBdBBd
f 2BsmBsBBs

|Vtd |2

|Vts |2
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MFV IN 2HDM I

In the two Higgs doublet model, the flavour structure is much more
involved (Φ̃j = iσ2Φ∗j )

LY = −QL (Γ1Φ1 + Γ2Φ2) dR −QL
(
∆1Φ̃1 + ∆2Φ̃2

)
uR + h.c.

In the Higgs basis: 〈H1〉T =
(
0 υ√

2

)
, 〈H2〉T =

(
0 0

)
(

Φ1

Φ2

)
=

(
e iθ1 υ1

υ e iθ1 υ2
υ

e iθ2 υ2
υ −e iθ2 υ1

υ

)(
H1
H2

)

LY = −QL
√
2

υ
[MdH1 +NdH2] dR −QL

√
2

υ

[
MuH̃1 +NuH̃2

]
uR +h.c.

Md =
1√
2

(
Γ1υ1e iθ1 + Γ2υ2e iθ2

)
Nd = 1√

2

(
Γ1υ2e iθ1 − Γ2υ1e iθ2

)
Mu =

1√
2

(
∆1υ1e−iθ1 + ∆2υ2e−iθ2

)
Nu = 1√

2

(
∆1υ2e−iθ1 − ∆2υ1e−iθ2

)
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MFV IN 2HDM II

In this framework the MFV hypothesis would be: all the flavour
symmetries are broken by only two independent structures
transforming as

Od → W †
LO

dW d
R

Ou → W †
LO

uW u
R

One could choose
(√

2
υ

)
Md and

(√
2

υ

)
Mu . Traditionally it is used:

Γ1 and ∆2. And the MFV expansion is now

Γ2 =
[
ε0I + ε1Γ1Γ†

1 + ε2∆2∆†
2 + ε3∆2∆†

2Γ1Γ
†
1 + ε4Γ1Γ†

1∆2∆
†
2 + ··

]
Γ1

∆1 =
[
ε′0I + ε′1Γ1Γ

†
1 + ε′2∆2∆

†
2 + ε′3∆2∆

†
2Γ1Γ

†
1 + ε′4Γ1Γ

†
1∆2∆

†
2 + ··

]
∆2
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MFV IN 2HDM III

The presence of two vacuum expectation values invalidates the
argument previously used to neglect the down Yukawa couplings.
Therefore here one has to keep

Γ1Γ†
1 ∼

 0 0 0
0 0 0
0 0 y2b

 ; ∆2∆†
2 ∼ V †

 0 0 0
0 0 0
0 0 y2t

V
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MFV IN 2HDM: new approach I

We can try again the MFV in the 2HDM but this time we will use Md

and Mu as the basic objects that brakes the flavour symmetries

LY = −QL
√
2

υ
[MdH1 +NdH2] dR −QL

√
2

υ

[
MuH̃1 +NuH̃2

]
uR +h.c.

Md =
1√
2

(
Γ1υ1e iθ1 + Γ2υ2e iθ2

)
Mu =

1√
2

(
∆1υ1e−iθ1 + ∆2υ2e−iθ2

)
Nd = 1√

2

(
Γ1υ2e iθ1 − Γ2υ1e iθ2

)
Nu = 1√

2

(
∆1υ2e−iθ1 − ∆2υ1e−iθ2

)
So we need the MFV expansion of Nd and Nu . This time one would
write (Hd = MdM†

d , Hu = MuM†
u )

Nd = [ε0I + ε1Hd + ε2Hu + ε3HuHd + ε4HdHu + · · ·]Md

Nu =
[
ε′0I + ε′1Hd + ε′2Hu + ε′3HuHd + ε′4HdHu + · · ·

]
Mu
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MFV IN 2HDM: new approach II

The key point for the new approach is that there are other matrices in
addition to Hd and Hu that transform under a WB transformation as

O → W †
LOWL

From
Md = U

d
LDdU

d†
R

Hd = MdM
†
d = U

d
LD

2
dU

d†
L = UdL

3

∑
i=1
m2diPiU

d†
L =

3

∑
i=1
m2diP

dL
i

PdLi = UdL PiU
d†
L ; (Pi )jk = δijδik
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MFV IN 2HDM: new approach III

are the projector operators over the lefthanded down quarks in an
arbitrary weak basis.

PdLi P
dL
j = δijPdLi

3
∑
i=1
PdLi = I

and obviously they transform as Hd :

PdLi → W †
LPdLi WL

In general we can define up, down, left and right projection operators:

Hd = MdM†
d = ∑3

i=1m
2
di
PdLi ; PdLi = UdL PiU

d†
L

Hu = MuM†
u = ∑3

i=1m
2
uiP

uL
i ; PuLi = UuLPiU

u†
L
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MFV IN 2HDM: new approach IV

That transform under a WB transformation as

PdLi → W †
LP

dL
i WL ; PuLi → W †

LP
uL
i WL

Therefore we get the most general MFV expansion in 2HDM:

Nd =
(
a0I + a1jPdLj + a2jP

uL
j + a3ijP

uL
i P

dL
j + a4ijP

dL
i P

uL
j + · · ·

)
Md

Nu =
(
a′0I + a

′
1jP

dL
j + a

′
2jP

uL
j + a

′
3ijP

uL
i P

dL
j + a

′
4ijP

dL
i P

uL
j + · · ·

)
Mu

Remarkably enough it can be shown that renormalizable models
known long time ago and enforced by flavour symmetries
(Branco, Grimus, Lavoura) realize the most simple MFV
expansion with controlled FCYC.
For example one BGL model is enforced by

QL3 → e iαQL3 ; uR3 → e i2αuR3 ; Φ2 → e iαΦ2

(IFIC) MFV-2(BEH)DM at Santi60 01/07/14 17 / 35



MFV IN 2HDM: new approach V

It correspond to the model defined by the MFV expansion

Nd =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PuL3

]
Md

Nu =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PuL3

]
Mu

This is the Up3 model and obviously there are other two Up1,2
models. These models have FCYC in the down sector controlled by
quark masses and CKM matrix elements:

N̂d = Ud†
L NdU

d
R =

[
υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
V †P3V

]
Dd

N̂u = Uu†
L NuU

u
R =

[
υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
P3
]
Du(

N̂d
)
ij
=
[

υ2
υ1

δij −
(

υ2
υ1
+ υ1

υ2

)
V ∗3iV3j

]
mdj(

N̂u
)
ij
=
[

υ2
υ1

δij −
(

υ2
υ1
+ υ1

υ2

)
δijδi3

]
muj
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MFV IN 2HDM: new approach VI

In a similar way there are three Down models with FCYC in the up
sector defined by

QL3 → e iαQL3 ; dR3 → e i2αdR3 ; Φ2 → e iαΦ2

Nd =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PdL3

]
Md

Nu =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PdL3

]
Mu

Because two exact relations of the 2HDM are

Nd =
υ2
υ1
Md −

(
υ2
υ1
+

υ1
υ2

)
υ2√
2
e iθ2Γ2

Nu =
υ2
υ1
Md −

(
υ2
υ1
+

υ1
υ2

)
υ2√
2
e−iθ2∆2
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MFV IN 2HDM: new approach VII

These BGL models are fully defined by the relations (Up3)

υ2√
2
e iθ2Γ2 = PuL3 Md

υ2√
2
e−iθ2∆2 = PuL3 Mu = MuPuR3

So these models are also defined by

PuL3 Γ2 = Γ2 and PuL3 Γ1 = 0
PuL3 ∆2 = ∆2 and PuL3 ∆1 = 0 ; ∆2PuR3 = ∆2 and ∆1PuR3 = 0
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MFV IN 2HDM: new approach VIII

In some basis this implies

Γ1 =

 × × ×
× × ×
0 0 0

 ; Γ2 =

 0 0 0
0 0 0
× × ×



∆1 =

 × × 0
× × 0
0 0 0

 ; ∆2 =

 0 0 0
0 0 0
0 0 ×


QL3 → e iαQL3 ; uR3 → e i2αuR3 ; Φ2 → e iαΦ2
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MFV IN 2HDM: new approach IX

Other models like

Nd =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PuL3

]
Md ↔ PuL3 Γ2 = Γ2, PuL3 Γ1 = 0

Nu =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PdL3

]
Mu ↔ PdL3 ∆2 = ∆2, PdL3 ∆1 = 0

Nd =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PuL3

]
Md ↔ PuL3 Γ2 = Γ2, PuL3 Γ1 = 0

Nu =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PuL2

]
Mu ↔

{
PuL2 ∆2 = ∆2, PuL2 ∆1 = 0
∆2PuR2 = ∆2, ∆1PuR2 = 0

are not stable under RGE. There are other models stable under RGE
that in one sense or another are trivially equivalent to BGL.
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Including Leptons (Dirac Neutrinos) I

In the framework where the SM is enlarged with three right handed
neutrino νR but imposing at the same time total lepton number
conservation we are in the case of Dirac Neutrinos. The Yukawa
sector in this case is

LY = −QL (Γ1Φ1 + Γ2Φ2) dR −QL
(
∆1Φ̃1 + ∆2Φ̃2

)
uR + h.c.

= −LL (Π1Φ1 +Π2Φ2) lR − LL
(
Σ1Φ̃1 + Σ2Φ̃2

)
νR + h.c.

and the extension of BGL to leptonic sector is absolutely similar to
the quark sector. The full model will be enforced by

QLi → e iαQLi ; uRi → e i2αuRi ; Φ2 → e iαΦ2

LLj → e iαLLj ; νRj → e i2ανRj
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Including Leptons (Dirac Neutrinos) II
Here we have 3× 3 models of BGL type with FCYC in the down quark
sector and in the charged leptons sector. The 3× 3 stands for the
three i and j we can choose. In this case the model is fully defined by

Nd =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PuLi

]
Md ↔ PuLi Γ2 = Γ2, PuLi Γ1 = 0

Nu =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PuLi

]
Mu ↔ PuLi ∆2 = ∆2, PuLi ∆1 = 0

Nl =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PνL
j

]
Ml ↔ PνL

j Π2 = Π2, PνL
j Π1 = 0

Nν =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PνL
j

]
Mν ↔ PνL

j Σ2 = Σ2, PνL
j Σ1 = 0

By changing

uRi → e i2αuRi by dRi → e i2αdRi
νRj → e i2ανRj by lRj → e i2αlRj

We generate a total of (2× 2)× (3× 3) models with FCYC in
different sectors and controlled by VCKM .
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The Majorana Case I

Including a Majorana Mass term can be analyzed by adding an
effective Majorana mass term for the three light neutrinos of the form

LMajorana =
1
2

ν0L
T
C−1mνν0L

which violates lepton number. Such a mass term is generated after
spontaneous gauge symmetry breaking from an effective dimension
five operator O which, in the two Higgs doublet model can be written
as:

O=
2

∑
i ,j=1

∑
α,β=e ,µ,τ

κ
(ij)
αβ

(
LcLαφ̃

∗
i

) (
φ̃

†
j LLβ

)
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The Majorana Case II

So we have now 6 flavour structures: four κ(ij) and the two Πi from
−LL (Π1Φ1 +Π2Φ2) lR . A priori, it looks more diffi cult to implement
MFV in the Majorana case. However, it is remarkable that it can be
done by imposing the following Z4 symmetry in the effective
Lagrangian:

L0Lj → exp (iα) L0Lj , Φ2 → exp (iα)Φ2

with α = π/2. It implies (j = 3)

κ(12) = κ(21) =

 0 0 0
0 0 0
0 0 0

 ; mν = υ21κ
(11) + υ22κ

(22)e2iθ

κ(11) =

 × × 0
× × 0
0 0 0

 ; κ(22) =

 0 0 0
0 0 0
0 0 ×


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The Majorana Case III

Π1 =

 × × ×
× × ×
0 0 0

 ; Π2 =

 0 0 0
0 0 0
× × ×


The neutrino mass matrix mν is block diagonal with each block given
by a different matrix. As a consequence, in the diagonalization of mν,
the matrices κ(11) and κ(22) are diagonalized separately. Therefore,
any linear combination of these two matrices will be simultaneously
diagonalized. As a result the lepton number violating Weinberg O
does not give rise to Higgs mediated FCNC in the neutrino sector.
For the charged lepton sector we will have Higgs mediated FCNC.

The projector conditions equivalent to this symmetry are:

κ(12)=κ(21) = 0 ; κ(11)Pν
3 = 0 ; κ(22)Pν

3 = κ(22)

Pν
3Π1 = 0 ; Pν

3Π2 = Π2
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CP violating invariants in the SM and BGL I

It is well-known that the leading order invariant -without projecting
over any quark- that violates CP in the SM is

JSM = ImTr
[
MuM†

uMdM†
d

(
MuM†

u

)2 (
MdM†

d

)2]
=

3
∏
i<j

(
m2uj −m2ui

) 3
∏
k<l

(
m2dl −m

2
dk

)
Im [V22V33V ∗23V

∗
32]

that appears at order twelve in Yukawa couplings

In BGL it turns out that the leading order invariant -without
projecting over any quark- that violates CP appears at order eight in
Yukawa couplings and is for the model (BGL up 3)

Ju3BGL = ImTr
[
MdN†

dMdM†
dMuM†

uMdM†
d

]
=(

υ2
υ1
+ υ1

υ2

) (
m2c −m2u

) 3
∏
k<l

(
m2dl −m

2
dk

)
Im [V22V33V ∗23V

∗
32]
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CP violating invariants in the SM and BGL II

This result is in agreement with the MFV character of BGL models,
namely, all flavour changing and CP violation are controlled by V ,
therefore this CP violating quantity must be proportional to the
imaginary part of rephasing invariant quartets of V as in the SM.

Another important result is that Ju3BGL is different from zero even if
mt = mc or mt = mu . In fact the discrete symmetry leading to this
specific BGL model singles out the top quark.

It is important to emphasize that this invariant is defined in such a
way that the trace involves the sum over all quarks, therefore it can
be related to the baryon asymmetry generated at the electroweak
phase transition
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CP violating invariants in the SM and BGL III

If we consider a model of the type (BGL down 1), where

Nd =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PdL1

]
Md

Nu =
[

υ2
υ1
I −

(
υ2
υ1
+ υ1

υ2

)
PdL1

]
Mu

we can get an enhancement in the CP violating contribution to the
baryon asymmetry of order:

Jd1BGL
JSM

(
E 12

E 8

)
' Jd2BGL
JSM

(
E 12

E 8

)
'
(

υ2
υ1
+

υ1
υ2

)
E 4

m2bm
2
s

where E is the scale relevant for baryogenesis at the electroweak
phase transition. For E ∼ 100GeV we get an enhancement of
1010.
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Phenomenology I

We have analysis the 36 models and we have included

Processes mediated by charged scalars at tree level: universality in
leptonic processes (τ → lνν) and semileptonic (B → τν,
B → D(∗)τν, D+s → τ+ν).

Processes mediated by neutral scalar at tree level: pure leptonic
(µ→ 3e...), neutral meson mixing contributions (B0 − B0...)
including CP violation, helicity suppressed rare decays
(B0s → l+l−....).

Loop induced decays, mainly: B → Xsγ (also li → ljγ).

Electroweak precision data: Z → bb, S ,T ...

We have work in the following scenario: The Higgs with non zero
vacuum expectation is the one discovered and does not mix with the
other scalar.
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Phenomenology II
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Phenomenology III
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Conclusions I

We have present a new and general approach to the MFV expansion.

In the 2HDM the most general MFV expansion is

Nd =
(
a0I + a1jPdLj + a2jP

uL
j + a3ijP

uL
i P

dL
j + a4ijP

dL
i P

uL
j + ·

)
Md

Nu =
(
a′0I + a

′
1jP

dL
j + a

′
2jP

uL
j + a

′
3ijP

uL
i P

dL
j + a

′
4ijP

dL
i P

uL
j + ·

)
Mu

In these sense we have find that the first models that implement the
MFV ansantz in a fully renormalizable theory: The Branco Grimus
Lavoura models with the flavour symmetries

QLj → e iαQLj ; uRj → e i2αuRj ; Φ2 → e iαΦ2
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Conclusions II

meet this MFV expansion in a very simple way

Nd =

[
υ2
υ1
I −

(
υ2
υ1
+

υ1
υ2

)
PuLj

]
Md

Nu =

[
υ2
υ1
I −

(
υ2
υ1
+

υ1
υ2

)
PuLj

]
Mu

The extension to the leptonic sector is possible both for Dirac and
Majorana neutrinos, generating essentially 36 models

In some of these models there can be a substantial enhancement in
the CP violation contribution to the baryon asymmetry generated at
the electroweak phase transition.

The flavour and electroweak precision constraints allow the new
scalars with masses reachable at the next round of experiments
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