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FLAVOUR PROBLEM

1.- All flavour observables consistent with a Yukawa
description of flavour in SM.
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FLAVOUR PROBLEM

1.- All flavour observables consistent with a Yukawa
description of flavour in SM.
2.- 22 incoherent flavour parameters to be fitted
(6+6+4+6)
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FLAVOUR PROBLEM

1.- All flavour observables consistent with a Yukawa
description of flavour in SM.

2.- 22 incoherent flavour parameters to be fitted
(6+6+4+6)

3.- Most of the observable parameters already
known at better than per cent level
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FLAVOUR PROBLEM

1.- All flavour observables consistent with a Yukawa
description of flavour in SM.

2.- 22 incoherent flavour parameters to be fitted
(6+6+4+6)

3.- Most of the observable parameters already
known at better than per cent level

⇓

Still, lots of work needed!!
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Standard Model

All Observed Flavour Changing Neutral Currents can be

accomodated in Yukawa couplings:

LY = H Q̄i Y
d
ij dj + H∗ Q̄i Y

u
ij uj

Only masses and CKM mixings, VCKM, observable...

⇒ a) what is the origin of the Yukawa structures??

b) why is there a CP-violating phase in CKM??

New flavour observables needed !!
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Standard Model

All Observed Flavour Changing Neutral Currents can be

accomodated in Yukawa couplings:

LY = H Q̄i Y
d
ij dj + H∗ Q̄i Y

u
ij uj

Only masses and CKM mixings, VCKM, observable...

⇒ a) what is the origin of the Yukawa structures??

b) why is there a CP-violating phase in CKM??

New flavour observables needed !!

New Physics

New flavour structures generically present ⇒ measure of

new observables provides new information on flavour origin...
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SUSY Flavour (and CP) problems

Soft masses fixed by m3/2. O(m3/2) elements in soft matrices.

⇒ Severe FCNC problem !!!

CP broken, we can expect all complex paramaters have

O(1) phases. ⇒ Too large EDMs !!!
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SUSY Flavour (and CP) problems

Soft masses fixed by m3/2. O(m3/2) elements in soft matrices.

⇒ Severe FCNC problem !!!

CP broken, we can expect all complex paramaters have

O(1) phases. ⇒ Too large EDMs !!!

SM Flavour and CP

Fermion masses fixed by MW . If O(1) elements in Yukawa

matrices and O(1) phases

⇒ Impossible reproduce masses, mixings

and CP observables !!!
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FLAVOURED NEW PHYSICS

Ex. 1 2 Higgs Doublet Models

• Four possible Yukawa matrices. ⇒ Large FCNC.

• Discrete symmetry (type I, type II) to forbid FCNC. ⇒
No connection with structure of flavour matrices.

• Alignment of Yukawa matrices⇒ ad hoc requirement, no

connection with struct. of flavour matrices.

• Flavour symmetry fixes Yukawa structures⇒ Yukawa

couplings to the same quark quasi-aligned.
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FLAVOURED NEW PHYSICS

Ex. 1 2 Higgs Doublet Models

• Four possible Yukawa matrices. ⇒ Large FCNC.

• Discrete symmetry (type I, type II) to forbid FCNC. ⇒
No connection with structure of flavour matrices.

• Alignment of Yukawa matrices⇒ ad hoc requirement, no

connection with struct. of flavour matrices.

• Flavour symmetry fixes Yukawa structures⇒ Yukawa

couplings to the same quark quasi-aligned.

Ex. 2 Supersymmetry

• Five sfermion mass matrices and Three trilinear matrices

⇒ Lots of new observables to understand flavour.
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COMPLEMENTARITY LHC-FLAVOUR

LHC bounds: No excess over SM expected backgrouds

⇒ Bounds on masses and couplings: gluinos and

1st generation squarks >
∼ 1 TeV.
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COMPLEMENTARITY LHC-FLAVOUR

LHC bounds: No excess over SM expected backgrouds

⇒ Bounds on masses and couplings: gluinos and

1st generation squarks >
∼ 1 TeV.

EW production: Direct limits on chargino and slepton masses

→ EW production chargino/neutralino and 1st, 2nd gen.

slepton. M >
∼ 300 GeV. No signif. bounds on 3rd gen.

ATLAS-CONF-2013-049, CMS PAS SUS-12-022
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– Flavour information at difficult at ATLAS & CMS. Only

gaugino and sfermion masses and main decay channels

– FC experiments, MEG, LHCb, SuperB fact. . . . necessary to

measure flavour couplings, 3rd gen., tan β. . .
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– Flavour information at difficult at ATLAS & CMS. Only

gaugino and sfermion masses and main decay channels

– FC experiments, MEG, LHCb, SuperB fact. . . . necessary to

measure flavour couplings, 3rd gen., tan β. . .

LHC–Flavour fact. Feedback:

1. LHC measures squark, gluino, neutralino mass scale

2. With this information Flavour factories determine tan β
and mixings

3. These parameters help reanalyze LHC data

4. . . .
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EXPERIMENTAL RESULTS

mode BR. upper limit (90%) Experiment Year

µ+
→ eγ 5.7× 10−13 MEG 2013

µ+
→ e+e+e− 1.0× 10−12 SINDRUM I 1988

µ− Ti → e− Ti 5.7× 10−13 SINDRUM II 1998

µ− Au → e− Au 7× 10−13 SINDRUM II 2006

τ → µγ 4.4× 10−8 BaBar 2011

τ → e γ 3.3× 10−8 BaBar 2011

τ → µµµ 4.0× 10−8 Belle 2011

τ → µρ 1.2× 10−8 Belle 2012

Future prospects:

MEG ⇒ B(µ → eγ) < 5× 10−14, Mu3e ⇒ B(µ → eee) < O(10−16) ,

mu2e ⇒ µ → e conv. < O(10−16), LHCb ⇒ B(τ → µ . . . ) < O(10−9)
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µ PHYSICS

• Very sensitive experiments in muon, ⇒ Explore

small couplings. . . or large NP scales for O(1) couplings.

⇒ LFV decays: µ → eγ, µ → lll, µ− e conv. in nuclei.

⇒ CP violation. µ Electric Dipole Moment

τ PHYSICS

• 3rd generation (Yukawa) couplings larger, ⇒ possible

sizeable flavour effects.

⇒ LFV decays: τ → µγ, τ → lll.

⇒ CP violation. τ Electric Dipole Moment (and also AMM)

τ PHYSICS 11



MI CONSTRAINTS

tanβ = 10, ml̃ = 400 GeV, M2 =150 GeV.

δl12 µ → e, γ µ → e, e, e

LL 2× 10−4 2× 10−3

RR - 0.09

LR/RL 3× 10−6 3.5× 10−5

δl13 τ → e γ δl23 τ → µγ

LL 0.12 LL 0.12

RR - RR -

LR/RL 0.03 LR/RL 0.03

Ciuchini et al., Nucl.

Phys. B 783, 112

(2007)

I. Masina, C.A. Savoy,

Nucl. Phys. B 661, 365

(2003)
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FLAVOUR SYMMETRIES IN SUSY

• Very different elements in Yukawas: yt ≃ 1, yu ≃ 10−5

• Expect couplings in a “fundamental” theory O(1)

• Small couplings generated at higher order or function of

small vevs.

• Froggatt-Nielsen mechanism and flavour symmetry to

understand small Yukawa elements. Example: U(1)fl

×

×

ψL i

Q=1

ψc
R j

Q=0

Ψ

M

H

〈θ〉Q=-1

⇒ Yij =

(

〈θ〉
M

)

≪ 1
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• Flavour symmetry to understand

masses and mixings in Yukawas.

• Yukawas forbidden by symmetry,

generated only after Spontaneous

Symmetry Breaking.
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• Flavour symmetry to understand • Unbroken symmetry applies

masses and mixings in Yukawas. both to fermion and sfermions.

• Yukawas forbidden by symmetry, • Diagonal soft masses allowed

generated only after Spontaneous by symmetry.

Symmetry Breaking. • Nonuniversality in soft terms

proportional to symm. breaking.

FLAVOUR SYMMETRIES IN SUSY 14-A



• Flavour symmetry to understand • Unbroken symmetry applies

masses and mixings in Yukawas. both to fermion and sfermions.

• Yukawas forbidden by symmetry, • Diagonal soft masses allowed

generated only after Spontaneous by symmetry.

Symmetry Breaking. • Nonuniversality in soft terms

proportional to symm. breaking.

⇓
We can relate the structure in Yukawa matrices to

the nonuniversality in Soft Breaking masses !!!
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Symmetric texture Asymmetric texture

• Non-Abelian flavour symmetries. • Abelian flavour symmetries.

Y d,e =







0 1.5 ε3 0.4 ε3

1.5 ε3 Σ ε2 1.3 Σ ε2

0.4 ε3 1.3 Σ ε2 1






yb Y d,e =







ε4 ε3 ε3

ε3 ε2 ε2

ε 1 1






yb

• Universal sfermion masses in • In principle nonuniversal masses

in unbroken limit: in unbroken symmetry:

Lm2 = m2
0Φ

†Φ = m2
0 (φ1 φ2 φ3)

∗





φ1

φ2

φ3



 Lm2 = m2
1 φ∗

1φ1 +m2
2 φ∗

2φ2 +m2
3 φ∗

3φ3

• After symmetry breaking: • After symmetry breaking:

M2

D̃R,ẼL

≃







1 + ε̄3 ε̄3 0

ε̄3 1 + ε̄2 ε̄2

0 ε̄2 1 + ε̄






m2

0 M2

D̃R,ẼL

≃







1 ε̄ ε̄

ε̄ c b

ε̄ b a






m2

0
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LEPTON FLAVOUR VIOLATION

Off-diagonal entries in slepton masses generate LFV processes:

BR(li → ljγ) ≃
3πα3

2

G2

F

∣

∣

∣

∣

(δeL)ij
m2

l̃

µM2 tanβ
(M2

2 −µ2)
F2L(a2, b)

∣

∣

∣

∣

2
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LEPTON FLAVOUR VIOLATION

Off-diagonal entries in slepton masses generate LFV processes:

BR(li → ljγ) ≃
3πα3

2

G2

F

∣

∣

∣
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(δeL)ij
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µM2 tanβ
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∣

∣

∣

∣

2

SU(3) Flavour model

M2

ẼL

≃ 0.5M2

1/2 1l+









1 + ε3 ε2ε̄
3 ε2ε̄+ crun ε̄3

ε2ε̄
3 1 + ε2 ε2 + 3 crun ε̄2

ε2ε̄+ crun ε̄3 ε2 + 3 crun ε̄2 1 + ε






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m2
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= 1

3
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L
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2 ≃ 10−2.
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tanβ = 10, A0 = 0 tanβ = 10, A0 = m0

0 500 1000 1500 2000
0

200

400

600

800

1000

1200

1400

m0

M
����

1
2

0 500 1000 1500 2000
0

200

400

600

800

1000

1200

1400

m0

M
����

1
2

Brown(light):10−11 (10−13) µ→ eγ, Green (light): 10−8 (10−9) τ → µγ.
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FLAVOURED EDMS

– SUSY EDMs in presence of flavour-blind phases (ϕµ, ϕA) directly
proportional to lepton masses,

dlχ+ ≃
−α e ml tanβ
4π sin2 θW

Im[M2 µ]
m2

ν̃e

A(r1)−A(r2)
m2

χ+

1

−m2

χ+

2

– Still, if ϕµ, ϕA = 0, contributions to EDMs from offdiagonal
elements in sfermion masses:

de ∝ (δeLL)1i(δ
e
LR)i1 f1 + (δeLR)1i(δ

e
RR)i1 f2 + (δeLL)1i(δ

e
LR)ij(δ

e
RR)j1f3

– In 2HdM dl proportional to three masses and mixings

dl ∝ ml m
2
i |Kli|

2 f

⇒ Three leptonic EDMs must be measured

independently to discriminate the source!!!
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From light to dark: de = 1× 10−30, 5× 10−29, 1× 10−29 e cm

FLAVOURED EDMS 19



Conclusions

LFV experiments necessary

to solve the flavour problem.

⇓
• New flavour structures provide valuable information on origin of
flavour

• Rare muon decays, µ → eγ, very sensitive to LFV entries.

• LFV processes, τ → µγ, τ → lll, constrain 3rd generation
couplings.

• Ratios of leptonic EDMs depend on flavour structures and new
physics model.

• LFV and EDMs can explore large areas of flavour MSSM.
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