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The fermion mass puzzle
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SM flavour puzzle

Nir
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SM success
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CKM
f i t t e r

Very likely, flavour and CP violation in FC processes
are dominated by the CKM mechanism (Nir)
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UT tensions
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UT tensions
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UT tensions
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UT tensions
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sin 2βeff tensions
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CPV in Bs mixing
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Minimal Flavor Violation
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SUSY flavour and CP problems
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SM vs. SUSY flavour problems
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Minimal Flavour Violation

SM without Yukawa interactions: SU(3)5 global flavour symmetry

SU(3)u ⊗ SU(3)d ⊗ SU(3)Q ⊗ SU(3)e ⊗ SU(3)L

Yukawa interactions break this symmetry

Proposal for any New Physics model:

Yukawa structures as the only sources of flavour violation

⇓

Minimal Flavour Violation
Notice that MFV allows for new CPV phases!
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NP search strategies

Where to look for New Physics?

Processes very suppressed or even forbidden in the SM

FCNC processes (µ → eγ, τ → µγ, B0
s,d → µ+µ−, K → πνν̄)

CPV effects in the electron/neutron EDMs, de,n...

CPV in Bs,d decay/mixing amplitudes

Processes predicted with high precision in the SM

EWPO as ∆ρ, (g − 2)µ....

LU in Re/µ
M = Γ(K (π) → eν)/Γ(K (π) → µν)
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Flavour Matrix
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Flavor blind MSSM ≈ MFV + CPV
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Phenomenology of the flavor blind MSSM
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SUSY flavour models
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Abelian vs. non-Abelian flavour models
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Examples of flavour models

Altmannshofer et al. ’09
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Br (Bs → µ+µ−) vs. Sψφ
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SφKS vs. Sψφ
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Model with purely left-handed currents
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Br (Bs → µ+µ−) vs. Br (Bd → µ+µ−)

Abelian (AC) Non abelian (RVV)

Br(Bs → µ+µ−)/Br(Bd → µ+µ−) = |Vts/Vtd |2 in MFV models

IFAE 2010 P. Paradisi (TUM) Recent progress in the theory of Flavour Physics IFAE 2010 Rome, Italy April 08, 2010 25 / 16



CPV in D-physics

CPV in D0 − D̄0 ∼ ((VcbVub)/(VcsVus)) ∼ 10−3 in the SM

〈D0|Heff |D̄0〉 = M12 − i
2Γ12, |D1,2〉 = p|D0〉 ± q|D̄0〉

q
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aSL =
Γ(D0 → K +ℓ−ν) − Γ(D̄0 → K−ℓ+ν)

Γ(D0 → K +ℓ−ν) + Γ(D̄0 → K−ℓ+ν)
=

|q|4 − |p|4
|q|4 + |p|4
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CPV in D-physics vs. neutron EDM in SUSY
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K → πνν̄ in the SM

K → πνν processes offer a unique possibility in probing the
underlying flavour mixing mechanism:

No SM tree-level contributions (FCNC decays );

One-loop SM contributions CKM-suppressed (V∗

tsVtd ∼ λ5);

High precision of the SM prediction thanks to short distance (e.w.)
dynamics dominance:

H(s.d.)
eff =

∑

l=e,µ,τ

V ∗
tsVtd [XL(s̄d)V−A + XR(s̄d)V+A] (ν̄lνl)V−A

Br(K →πνν)∼|X = XL + XR |2

X ∼cSM
y2

t V ∗
tsVtd

16π2M2
W

XSM
L = 1.464 ± 0.041 , XSM

R = 0
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K → πνν̄ and NP

K → πνν has a high sensitivity to NP effects of many theories as
SUSY, LHT, Z’ models.....

Large NP effects only if δ21 ≁ V ∗
tsVtd (beyond MFV)

The dominant effects to K → πνν̄ arise from χ̃/ũ diagrams with
double-MIA [Colangelo, Isidori ’98] .

Gluino-type amplitudes (LL, RR and LR-down squarks type mixings)
essentially negligible contrary to ǫK , b → sγ, B0 − B̄0

Minor effects within pure MFV.

The maximal sensitivity to the up-type
trilinear terms is obtained for

Light stop and charginos
small tanβ
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Chargino mediated K → πνν̄

Isidori et al., ’06

IFAE 2010 P. Paradisi (TUM) Recent progress in the theory of Flavour Physics IFAE 2010 Rome, Italy April 08, 2010 30 / 16



Chargino mediated K → πνν̄

Isidori et al., ’06
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LFV

Neutrino Oscillation ⇒ mνi 6= mνj ⇒ LFV

see-saw : mν =
(mD

ν
)2

MR
∼ eV , MR ∼ 1014−16 ⇒ mD

ν ∼ mtop

LFV transitions like µ→ eγ @ 1 loop with exchange of

W and ν in the SM framework (GIM)

Br(µ → eγ) ∼
m4

ν

M4
W

≤ 10−50 mν ∼ eV

W̃ and ν̃ in the MSSM framework (SUPER-GIM)

Br(µ → eγ) ∼
mD 4

ν

m̃4
≤ 10−11 mD

ν ∼ mtop

⇓
LFV signals are undetectable (detectable) in the SM (MSSM)
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LFV in SUSY

LFV interactions – leptons/sleptons/gauginos

L = ℓi

(

CR
ijAPR + CL

ijAPL

)

χ̃−
A ν̃j + ℓi

(

NR
ijAPR + NL

ijAPL

)

χ̃0
Aℓ̃j . (1)

� e~� (~l)
~�� ( ~�0)

BR(ℓi → ℓjγ)

BR(ℓi → ℓjνi ν̄j )

∣

∣

∣

∣

Gauge

≃ αel

20π

(

m4
W

m4
SUSY

)(

δ21
LL

)2

t2
β δLL ∼ hνhν†
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SUSY see-saw

RG induced LFV interactions in SUSY see-saw

SUSY see-saw superpotential (MSSM + RN)

W = heLecH1+hνLνcH2+MRν
cνc +µH1H2,

Mν = −hνM−1
R hν T v2

2 ,

M2
ℓ̃

=

(

m2
L(1 + δij

LL) (A−µtβ)mℓ + mLmRδ
ij
LR

(A−µtβ)mℓ + mLmRδ
ij
LR

†
m2

R(1 + δij
RR)

)

If he = he
ij δij and MR = MRijδij ⇒ hν 6= hν

ij δij in general.

δij
LL ≈ − 3

8π2 (hνhν†)ij ln
MX

MR
,

[Borzumati & Masiero, ’86]
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LFV in SUSY

hν is unknown ⇒ No model independent predictions for LFV

hν = U⋆
MNS D√

Mν

RT D√
MR

1
v2
,

R†R = 1 ⇒ three angles and three phases

νL & νR hierarchical (and R real)

B(µ → eγ)
B(τ → µγ)

∼ |Ue3|2
B(τ → µντ ν̄µ)

νL hierarchical and νR degenerate (and R real)

B(µ → eγ)
B(τ → µγ)

∼ |s12c12 (msol/matm) + Ue3|2
B(τ → µντ ν̄µ)
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µ → eγ and τ → µγ in SUSY see-saw

Herrero et al., ’06
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(g − 2)µ vs ℓi → ℓjγ

|δ12
LL | = 10−4 and |δ23

LL | = 10−2, Isidori et al., 07

BR(ℓi → ℓjγ) ≈
[

∆aµ

30 × 10−10

]2

×
{

2 × 10−4
∣

∣δ12
LL

∣

∣

2
[µ→ e]

5 × 10−5
∣

∣δ23
LL

∣

∣

2
[τ → µ]
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LFV in SUSY GUTs

RG induced Flavor Violating interactions in SUSY GUTs

SUSY SU(5) [Barbieri & Hall, ’95]

(δq̃
LL)ij ∼ huhu†

ij ∼ h2
t V ik

CKMV kj∗
CKM → (δℓ̃

RR)ij ≃ (δq̃
LL)ij

SUSY SU(5)+RN [Yanagida et al., ’95]

(δℓ̃
LL)ij ∼ (hνhν†)ij & (δℓ̃

RR)ij ∼ (huhu†)ij

SUSY SU(5)+RN [Moroi, ’00] & SO(10) [Chang et al., 02]

sin θµτ ∼
√

2
2

⇒ (δν̃
LL)23 ∼ 1 ⇒ (δq̃

RR)23 ∼ 1
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µ → eγ and τ → µγ in SUSY SU(5)+RN

Hisano et al. ’09
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BR(µ → eγ) in SU(5)RN and the LHC reach

hierarchical νL and NR , Ue3 = 0.1, MN3 = 10−13 GeV

Hisano et al. ’09
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Higgs Mediated LFV

LFV Yukawa Interactions (if δij =m̃2
ij/m̃

2 6= 0):

−L ≃ (2G2
F )

1
4

mτ

c2
β

(

∆3j
L τR l jL + ∆3j

R τ Ll jR
)

(

cβ−αh0 − sβ−αH0 − iA0)

+ (8G2
F )

1
4

mτ

c2
β

(

∆3j
L τRν

j
L + ∆3j

R ν
τ
L l

j
R

)

H± + h.c.

∆3j ∼
α2

4π
δ3j

Higgs (gaugino) mediated LFV effects decouple as mH → ∞
(mSUSY → ∞),

Key ingredients in the Higgs mediated LFV:

tan β ∼ 50
δ3j ∼ O(1) and mSUSY ≥ 1TeV
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τ → ljX (X = γ, η, f0, lj lj(lk lk))

��
��
��
����������������������

µ

µ

τ

µ

h ,H ,A
0 0 0

� e~� (~l)
~�� ( ~�0)

BR(τ→3µ)

BR(τ→µνν̄)
≃
( α2

48π

)2
(

mτ mµ

M2
H

)2

δ2
32t6

β

BR(τ → µγ)

BR(τ → µνν̄)
≃ αel

20π
m4

w

m̃4 δ
2
32t2

β

If tβ ∼ 50 and MH ≪ m̃, i.e. MH ∼ mw and m̃ ∼ TeV

⇓

BR(τ→3µ)

BR(τ→µγ)
≁ αel
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µ − e universality in K → lν

RK = (1 + ∆re−µ

K ) =

∑

i K → eνi
∑

i K → µνi
≃ ΓSM(K → eνe) + Γ(K → eντ )

ΓSM(K → µνµ)

eH±ντ → g2√
2

mτ

MW
∆31

R tan2β

∆31
R ∼ α2

4π
δ31

RR

∆31
R ∼5 ·10−4 tβ =40 MH± =500GeV

∆re−µ

K SUSY ≃
(

m4
K

M4
H±

)(

m2
τ

m2
e

)

|∆31
R |2tan6β≈ 10−2

∆re−µ

K SUSY≈ 10−2 =⇒ Br th.(exp.)(τ → eX) ≤ 10−10(−7)

Masiero, P.P., Petronzio, ’05,’08
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“DNA-Flavour Test”

Altmannshofer et al. ’09
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Isidori’s view
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Murayama’s view
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Masiero’s view
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