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INTRODUCTION:
MINIMAL FLAVOUR VIOLATION & TWO-HIGGS-DOUBLET MODELS



INTRODUCTION: MINIMAL FLAVOUR VIOLATION

SYMMETRIES AND SYMMETRY BREAKINGS IN THE SM

Natural: 3 parameters of order 1

Highly experimentally tested

Stable under quantum corrections

Highly symmetric:

LSM = Lgauge + LHiggs

Ad hoc: 19 parameters, 5 orders

Poorly tested in its dynamical form

Not stable under quantum corrections

Symmetry breakings:

Gauge breaking Flavour breaking

VCKM =

� �

Local gauge symmetry Global flavour symmetry

SU(3)c

SU(2)L

U(1)Y

⊗

⊗
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INTRODUCTION: MINIMAL FLAVOUR VIOLATION

MAIN PROBLEMS OF THE SM

Where is the Higgs boson?

Not enough CP violation

Dark matter

Gravity

Experimental

Quadratic divergence of the Higgs mass

Landau pole / vacuum instability: 
possible internal inconsistency

Structure of the Yukawa coupling

Theoretical

V (H) = −µ
2
�
H

†
H
�
+ λ

�
H

†
H
�2

+ ψ̄LH Y ψR

Flavour problem

The SM is likely to be only an effective theory,
i. e. the low-energy limit of a more fundamental theory.
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INTRODUCTION: MINIMAL FLAVOUR VIOLATION

THE FLAVOUR PROBLEM

The SM as an effective theory:

How large is the New Physics scale "?

LNP = Lgauge + LHiggs +
�

d≥5

cn

Λd−4
O

(d)
n

From the Flavour sector

Precision flavour physics

∆M exp
�
Bd − B̄d

�
= 3.337 MeV ± 1 %

∆M theor
�
Bd − B̄d

�
≈ (ytV ∗

tbVtd)
2

16π2M2
W

+
cNP

Λ2

Λ � O(10 TeV)

From the Higgs sector

Quantum corrections to the Higgs mass

∆m2
H

= −|λt|2

8π2
Λ2

Λ � O(1TeV)

h h
t

t̄
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INTRODUCTION: MINIMAL FLAVOUR VIOLATION

THE FLAVOUR STRUCTURE OF THE SM

Large global symmetry in the gauge sector

Gq = (SU(3)⊗ U(1))3

This specific symmetry + symmetry-breaking pattern is responsible 
for all the successful SM predictions in the quark flavour sector.

SU(3)3 = SU(3)QL ⊗ SU(3)UR ⊗ SU(3)DR U(1)3 = U(1)B ⊗ U(1)Y ⊗ U(1)PQ

broken only by the Yukawa couplings

QR

h

QL

LY = −Q̄LYdDRH − Q̄LYuURH
c

5/19



INTRODUCTION: MINIMAL FLAVOUR VIOLATION

MINIMAL FLAVOUR VIOLATION

Idea: using the same flavour structure 
of the SM in the NP models.

Minimal Flavour Violation hypotesis:

A theory satisfies the MFV criterion if it is formally invariant under      .

MFV requires that the dynamics of flavour violation is completely determined by the 
structure of the SM Yukawa couplings.

Gq
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Buras, Gambino, Gorbahn, Jager and Silvestrini, 2001
D’Ambrosio, Giudice, Isidori and Strumia, 2002 

Yu ∼ (3, 3̄, 1)SU(3)3 Yd ∼ (3, 1, 3̄)SU(3)3

Flavour symmetry is formally recovered by promoting the Yukawa couplings to spurions



MFV does not:

represent a theory of flavour 
violation;

explain the size of fermion 
masses and mixing angles.

MFV does:

provide additional suppression 
factors for NP flavour transitions;

imply correlations between 
different flavour observables;

reduce the free parameters in NP 
flavour sector;

allow to formulate flavour 
violation within effective theory 
approach.

INTRODUCTION: MINIMAL FLAVOUR VIOLATION

MFV: SHORT OVERVIEW OF CHARACTERISTICS
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INTRODUCTION: TWO-HIGGS-DOUBLET MODELS

MOTIVATIONS

In the SM the chioce of only one Higgs doublet is not the 
only possible, but just the most economical.

Several New Physics models contain more Higgs doublets.

Adding more Higgs doublet brings many interesting phenomenological features:

New sources of CP violation Dark matter candidates Axion phenomenology
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Possible but not necessary: ruled out by Occam’s Razor?



H2 =

� 1√
2
(v2 + ρ2 + iη2)

φ−
2

�

H1 =

�
φ+
1

1√
2
(v1 + ρ1 + iη1)

�

INTRODUCTION: TWO-HIGGS-DOUBLET MODELS

GENERAL FEATURES

H+ H-

h H A

−LY = Q̄LXd1DRH1 + Q̄LXu1URH
c
1 + Q̄LXd2DRH

c
2 + Q̄LXu2URH2 +h.c.

The most general renormalizable and gauge-invariant Yukawa interaction is

: 3 × 3 matrices with a generic flavour structureXi

Flavour Changing Neutral Currents

qL qLqR
qR qR qR

S1 S2 S3

uL

dR

H
+

q�L q�L

Standard Model-like
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PROTECTION MECHANISMS FOR FCNCS



PROTECTION MECHANISMS FOR FCNCS

FLAVOUR SYMMETRIES VS. FLAVOUR-BLIND SYMMETRIES

Gq = (SU(3)⊗ U(1))3

Suppression of FCNCs  obtained by protecting the 
breaking of one of these types of symmetry:

flavour symmetries

flavour-blind symmetries

Minimal Flavour Violation

Natural Flavour Conservation

flavour-blind symmetriesflavour symmetries
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PROTECTION MECHANISMS FOR FCNCS

NATURAL FLAVOUR CONSERVATION

For a two-Higgs doublet model:
assumption that only one Higgs field can couple to a given quark species.

11/19

−LY = Q̄LXd1DRH1 + Q̄LXu1URH
c
1 + Q̄LXd2DRH

c
2 + Q̄LXu2URH2 +h.c.

Continuous symmetry U(1)PQ

must be broken beyond the tree level:

Xd2 = �d ∆d

the consistency with experimental data requires

|�d| × |Im[(∆d)
∗
21(∆d)12]|1/2 � 3× 10−7 × cosβ MH

100 GeV

Discrete Z2 symmetry
Z2 could be exact in principle

but it allows higher-dimensional operators:
qL

qR

H1

H2

H2

X(6)
q

ci
Λ2

Large amount of fine tuning needed to suppress FCNCs!
Buras, MVC, Gori and Isidori - arXiv:1005.5310



Beyond the lowest order in the Yukawas the only relevant non-diagonal structures are

YuY
†
u , YdY

†
d ∼ (8, 1, 1)SU(3)3q

⊕ (1, 1, 1)SU(3)3q

Xd1 = Yd

Xd2 = Pd2(YuY
†
u , YdY

†
d )× Yd = �0Yd + �1YdY

†
d Yd + �2YuY

†
uYd + . . .

Xu1 = Pu1(YuY
†
u , YdY

†
d )× Yu = ��0Yu + ��1YuY

†
uYu + ��2YdY

†
d Yu + . . .

Xu2 = Yu

Renormalization group invariant.

D’Ambrosio, Giudice, Isidori and Strumia, 2002 

LFCNC
MFV =

1

sinβ
d̄iL

��
a0V

†λu
2V + a1V

†λu
2V∆+ a2∆V †λu

2V
�
λd

�
ij
djR

S2 + iS3√
2

+ h.c.

double CKM suppression + down-type Yukawa suppression

PROTECTION MECHANISMS FOR FCNCS

MFV STRUCTURE
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PROTECTION MECHANISMS FOR FCNCS

FCNCS IN MFV

|a0| tanβ
v

MH

< 18 from �K
�
|(a∗0 + a∗1)(a0 + a2)| tanβ

v

MH

= 10 from ∆Ms

�
|a0 + a1| tanβ

v

MH

< 8.5 from Br
�
Bs → µ+µ−�

Parameter constraints from experiments:

Perfectly natural values.
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Buras, MVC, Gori and Isidori - arXiv:1005.5310



PHENOMENOLOGY OF

MFV WITH FLAVOUR-BLIND PHASES



MFV WITH FLAVOUR-BLIND PHASES

BASIC OBSERVABLES IN  ΔF=2  TRANSITIONS

Neutral mesons systems:

2� 1012 4� 1012 6� 1012 8� 1012
t �GeV�1�

0.2

0.4

0.6

0.8

1.0

P � Bs�t� �

B B̄

b̄d̄

t̄t

b dW

W

Flavour Eigenstates

Mass Eigenstates

CP Eigenstates

Main observables:

Mass differences

CP asymmetries

af (t) =
Γ
�
M̄(t) → f

�
− Γ (M(t) → f)

Γ
�
M̄(t) → f

�
+ Γ (M(t) → f)

∆m = mMH
−mML

K0 − K̄0

KL −KS

K1 −K2
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MFV WITH FLAVOUR-BLIND PHASES

TENSIONS IN THE ΔF=2 OBSERVABLES

dm

K

K

sm & dm

ubV

(excl. at CL > 0.95)
 < 0sol. w/ cos 2

sin 2

s

excluded at CL > 0.95

s

-0.10 -0.05 0.00 0.05 0.10

s

-0.10

-0.05

0.00

0.05

0.10
excluded area has CL > 0.95

Moriond 09

CKM
f i t t e r

dm
K

K

sm & dm

SLubV

 ubV

sin 2

(excl. at CL > 0.95)
 < 0sol. w/ cos 2

excluded at CL > 0.95

1.0 0.5 0.0 0.5 1.0 1.5 2.0
1.5

1.0

0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

Beauty 09

CKM
f i t t e r
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-3 -2 -1

SM

0 1

0.4

0.2

0.0

-0.2

-0.4

68% CL
95% CL
99% CL

D   , 2.8 - 6.1 fb-1

The large mixing phase in the Bs mixing The #K - S$ Ks anomaly

The Unitarity Triangles

VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0



MFV WITH FLAVOUR-BLIND PHASES

DECOUPLING FLAVOUR AND CP VIOLATION
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In the SM the Yukawa couplings are the only sources of

However, the mechanisms of flavour and CP violation do not necessary need to be related.

ai complex                    MFV with flavour-blind CP-violating phases

LFCNC
MFV =

1

sinβ
d̄iL

��
a0V

†λu
2V + a1V

†λu
2V∆+ a2∆V †λu

2V
�
λd

�
ij
djR

S2 + iS3√
2

+ h.c.

In the two-Higgs-doublet models with MFV:

VCKM =

� �flavour breaking CP breaking

VCKM =




c1c3 s1c3 s3e−iδ

−s1c2 − c1s2s3e−iδ c1c2 − s1s2s3eiδ s2c3
s1s2 − c1c2s3eiδ −c1s2 − s1c2s3eiδ c2c3





Buras, MVC, Gori and Isidori - arXiv:1005.5310



MFV WITH FLAVOUR-BLIND PHASES

CORRELATION OF THE MIXING PHASES

Sψφ = sin (2βs + |θs|)

Moreover, MFV implies a definite relation between S$! and S$Ks.

SψKS

Sψφ

better agreement
with 

experimental data
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New complex phases possibility to accommodate
a large mixing phase

Buras, MVC, Gori and Isidori - arXiv:1005.5310



MFV WITH FLAVOUR-BLIND PHASES

RELAXING THE εK-SΨKS TENSION

Corrections to  #K  "  md ms : to small to hope in an improvement.

but

SψKS = sin (2β − θd)

�K ∝ sinβ

extraction of the “real” %

SψKS

103 · �K

better agreement
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Buras, MVC, Gori and Isidori - arXiv:1005.5310



CONCLUSIONS



Two-Higgs-doublet models: interesting features but dangerous FCNCs.

Two mechanisms to protect from FCNCs:

Natural Flavour Conservation            not stable under quantum corrections

Minimal Flavour Violation                  natural and renormalization group invariant

With MFV and flavour-blind CP-violating phases we can describe the recent !F = 2 
anomalies.

Next step: extimation of the contributions of the charged Higgses.

CONCLUSIONS
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