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Open questions

1 Which is the underlying mechanism regulating the EWSB?

2 Which is the connection between EWSB and flavor physics?

3 Are there new flavor symmetries beyind the puzzling fermion mass
spectrum?

4 Are there new flavor violating interactions not governed by the SM
Yukawas? That is, to which extent the MFV hypothesis is valid?

5 Do the new sources of CPV accounting for the BAU have an impact on
flavor physics and/or EDMs?

6 Which is the role of flavor physics in the LHC era?

7 Do we expect to understand the (SM and NP) flavor puzzles through the
interplay of flavor physics and the LHC?

8 ......
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The fermion mass puzzle

|VCKM| ∼

0@ 1 λc λ3
c

λc 1 λ2
c

λ3
c λ2

c 1

1A , |VPMNS| '

0@0.79− 0.86 0.50− 0.61 0.0− 0.2
0.25− 0.53 0.47− 0.73 0.56− 0.79
0.21− 0.51 0.42− 0.69 0.61− 0.83

1A
3σ

Hierarchical Anarchic / Tribimaximal
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The fermion mass puzzle

• Quark/charged-lepton mass hierarchy

Yt ∼ 1, Yc ∼ 10−2, Yu ∼ 10−5

Yb ∼ 10−2, Ys ∼ 10−3, Yd ∼ 10−4

Yτ ∼ 10−2, Yµ ∼ 10−3, Ye ∼ 10−6

• Quark mixing angles hierarchy

|Vus| ∼ 0.2, |Vcb| ∼ 0.04, |Vub| ∼ 0.004 (δKM ∼ 1)

• Neutrinos

∆m2
sol = (7.9± 0.3)× 10−5

eV
2, |∆m2

atm| = (2.6± 0.2)× 10−3
eV

2,

sin2 θsol = 0.31± 0.02, sin2 θatm = 0.47± 0.07, sin2 θe3 = 0+0.08
−0.0 ,

• Quark-Lepton complementarity: GUT + Flavor Symmetry? [Raidal ’04]

θsol + θc ≈
π

4
, θatm + θ23 ≈

π

4
• SM gauge couplings

gs ∼ 1, g ∼ 0.6, g
′
∼ 0.3, λHiggs ∼ 1
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NP search strategies

• High-energy frontier: A unique effort to determine the NP scale

• High-intensity frontier (flavor physics): A collective effort to determine the
flavor structure of NP

Where to look for New Physics at the low energy?

• Processes very suppressed or even forbidden in the SM

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

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

I FCNC & CPV in Bs,d decay/mixing & D mixing amplitudes

• Processes predicted with high precision in the SM

I EWPO as ∆ρ, (g − 2)µ....

I LU in Re/µ
M = Γ(K (π)→ eν)/Γ(K (π)→ µν)
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Experimental status

[Lusiani @ HQL10]
Paride Paradisi (TUM) Lepton Flavor Violation and Neutrino Physics

XVI International Workshop on “Neutrino Telescopes” 6
/ 26



The NP “scale”

• Gravity =⇒ ΛPlanck ∼ 1018−19
GeV

• Neutrino masses =⇒ Λsee−saw . 1015
GeV

• Hierarchy problem: =⇒ ΛNP . TeV

• Dark Matter =⇒ ΛNP . TeV

• BAU: evidence of CPV beyond SM

I Electroweak Baryogenesis =⇒ ΛNP . TeV

I Leptogenesis =⇒ Λsee−saw . 1015 GeV

SM = effective theory at the EW scale

Le� = LSM +
X
d≥5

c(d)
ij

Λd−4
NP

O(d)
ij

• Ld=5
e� =

y ij
ν

Λ
see−saw

LiLjφφ,

• Ld=6
e� generates FCNC operators BR(`i → `jγ) ∼ 1

Λ4
NP
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LFV frameworks

• 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

I W and ν in the SM framework (GIM) with ΛNP ≡ MR

Br(µ→ eγ) ∼
mD 4
ν

M4
R
≤ 10−50

I W̃ and ν̃ in the MSSM framework (SUPER-GIM) with ΛNP ≡ m̃

Br(µ→ eγ) ∼
mD 4
ν

m̃4
≤ 10−11

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

Flavour universal SUSY breaking and yet large LFV from SUSY see-saw

• SUSY see-saw superpotential (MSSM + RN)

W = heLecH1 +hνLνcH2 +MRν
cνc +µH1H2,

Mν = −hνM−1
R hν T v2

2 ,

M2
˜̀ =

 
m2

L(1 + δij
LL) (A−µtβ)m` + mLmRδ

ij
LR

(A−µtβ)m` + mLmRδ
ij
LR
†

m2
R(1 + δij

RR)

!

• If he = he
ij δij and MR = (MR)ijδij ⇒ hν 6= hνij δij in general.

δij
LL ≈ −

3
8π2 (hνhν†)ij ln

MX

MR
,

[Borzumati & Masiero, ’86]
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LFV in SUSY

LFV interactions – leptons/sleptons/gauginos

L = `i

“
CR

ijAPR + CL
ijAPL

”
χ̃−A ν̃j + `i

“
NR

ijAPR + NL
ijAPL

”
χ̃0

A
˜̀j

� �
���� ����

�	�
�� �	�
 �

BR(`i → `jγ)

BR(`i → `jνi ν̄j )
∼
„

m4
W

m4
SUSY

«„
δ21

LL

«2

t2
β δLL ∼ hνhν†
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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

 10-15

 10-14

 10-13

 10-12

 10-11

 10-10

 10-9

 10-8

 10-14  10-13  10-12  10-11  10-10  10-9  10-8  10-7

BR
 (µ

→
 e

 γ)

BR (τ → µ γ)

SPS 1a
mN1 = 1010 GeV, mN2 = 1011 GeV
mν1 = 10-5 eV
0 ≤ |θ1| ≤ π/4
0 ≤ |θ2| ≤ π/4
θ3 = 0

mN3 = 1012 GeV
mN3 = 1013 GeV

mN3 = 1014 GeV

θ13 =   1°
θ13 =   3°
θ13 =   5°
θ13 = 10°mN3 = 1012 GeV

[Herrero et al., ’06]
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LFV in SUSY

RG induced LFV interactions in SUSY GUTs

• SUSY SU(5) [Barbieri & Hall, ’95]

(δq̃
LL)ij ∼ huhu†

ij ∼ h2
t V ik

CKMV kj∗
CKM → (δ

˜̀
RR)ij ' (δq̃

LL)ij

• SUSY SU(5)+RN [Yanagida et al., ’95]

(δ
˜̀
LL)ij ∼ (hνhν†)ij & (δ

˜̀
RR)ij ∼ (huhu†)ij

• SUSY SU(5)+RN [Moroi, ’00] & SO(10) [Chang, Masiero & Murayama, ’02]

sin θµτ ∼
√

2
2
⇒ (δ

˜̀
LL)23 ∼ 1⇒ (δq̃

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

[Hisano, Nagai, Paradisi & Shimizu, ’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, Nagai, Paradisi & Shimizu, ’09]
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SM vs. NP flavor puzzle

æ æ ææ æ æ æ æ æ

10-4 0.01 1 100

10.0110-410-6

e Μ,s Τu d c b t
GeV

Yi
VCKM ∼

Froggat-Nielsen ’79: Hierarchies from SSB of a Flavour Symmetry

ε =
〈φ〉
M
� 1⇒ Yij ∝ ε(ai +bj )

...

Non-abelian SU(3) SUSY flavour model [Ross, Velasco-S., Vives]

δLL
d ∼

0@ · λ5 λ3

λ5 · λ2

λ3 λ ·

1A δRR
d ∼

0@ · λ3 λ2

λ3 · λ

λ2 λ ·

1A
δLL
` ∼

0B@ · λ5

3
λ3

3
λ5

3 · λ2

λ3

3 λ ·

1CA δRR
` ∼

0B@ · λ3

3
λ2

3
λ3

3 · λ
λ2

3 λ ·

1CA
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Phenomenology of a SUSY SU(3) flavor models

• Yellow points satisfy ∆aµ > 10−9

• Scan ranges: m0 < 2 TeV, M1/2 < 1 TeV, |A0| < 3m0, 5 < tanβ < 55

[Altmannshofer, Buras, Gori, Paradisi and Straub, ’09]
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(g − 2)µ vs `i → `jγ

|δ12
LL | = 10−4 and |δ23

LL | = 10−2, [Isidori, Mescia, Paradisi & Temes, 07]

BR(`i → `jγ) ≈
»

∆aµ
20× 10−10

–2

×

(
1× 10−4

˛̨
δ12

LL

˛̨2
[µ→ e]

2× 10−5
˛̨
δ23

LL

˛̨2
[τ → µ]

)
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The P-odd asymmetry in µ+ → e+γ [Okada et al., ’96]

• After µ+ → e+γ will be (hopefully!) observed...

BR(`i → `jγ)

BR(`i → `jνi ν̄j )
=

48π3αem

G2
F

“
|A`i`j

L |
2 + |A`i`j

R |
2
”

A(µ+ → e+γ) =
|AL|2 − |AR |2

|AL|2 + |AR |2

• SUSY see-saw

Aµe
L =

α2

4π
tβ
m̃2

δL
µe

15
Aµe

R '
me

mµ
Aµe

L

• SUSY SU(5)+RN

Aµe
L =

α2

4π
tβ
m̃2

δL
µe

15
Aµe

R = −αY

4π
tβ
m̃2

mτ

mµ

δL
µτδ

R
τe

30
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A(µ→ eγ) in SUSY SU(5)+RN

[Hisano, Nagai, Paradisi & Shimizu, ’09]
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Pattern of LFV in NP models

• Ratios like Br(µ→ eγ)/Br(τ → µγ) probe the NP flavor structure

• Ratios like Br(µ→ eγ)/Br(µ→ eee) probe the NP operator at work

ratio LHT MSSM SM4
Br(µ→eee)
Br(µ→eγ)

0.02. . . 1 ∼ 2 · 10−3 0.06 . . . 2.2
Br(τ→eee)
Br(τ→eγ)

0.04. . . 0.4 ∼ 1 · 10−2 0.07 . . . 2.2
Br(τ→µµµ)
Br(τ→µγ)

0.04. . . 0.4 ∼ 2 · 10−3 0.06 . . . 2.2
Br(τ→eµµ)
Br(τ→eγ)

0.04. . . 0.3 ∼ 2 · 10−3 0.03 . . . 1.3
Br(τ→µee)
Br(τ→µγ)

0.04. . . 0.3 ∼ 1 · 10−2 0.04 . . . 1.4
Br(τ→eee)
Br(τ→eµµ)

0.8. . . 2 ∼ 5 1.5 . . . 2.3
Br(τ→µµµ)
Br(τ→µee)

0.7. . . 1.6 ∼ 0.2 1.4 . . . 1.7
R(µTi→eTi)
Br(µ→eγ)

10−3 . . . 102 ∼ 5 · 10−3 10−12 . . . 26

[Buras et al., ’07, ’10]
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“DNA-Flavour Test”

SUSY model GMSSM AC RVV2 AKM δLL FBMSSM

SφKS
FFF FFF •• � FFF FFF

ACP (B → Xsγ) FFF � � � FFF FFF

B → K (∗)νν̄ •• � � � � �

τ → µγ FFF FFF FFF � FFF FFF

D0 − D̄0 FFF FFF � � � �

A7,8(B → K∗µ+µ−) FFF � � � FFF FFF vs.

A9(B → K∗µ+µ−) FFF � � � � �

Sψφ FFF FFF FFF FFF � �

Bs → µ+µ− FFF FFF FFF FFF FFF FFF

εK FFF � FFF FFF � �

K + → π+νν̄ FFF � � � � �

KL → π0νν̄ FFF � � � � �

µ→ eγ FFF FFF FFF FFF FFF FFF

µ+ N → e + N FFF FFF FFF FFF FFF FFF

dn FFF FFF FFF FFF •• FFF

de FFF FFF FFF •• � FFF

(g − 2)µ FFF FFF FFF •• FFF FFF

[Altmannshofer et al., ’09]
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µ− e universality in K → lν

RK =
Γ(K→eνe) + Γ(K→eνµ) + Γ(K→eντ )

Γ(K → µνµ) + Γ(K→µνe) + Γ(K→µντ )

• Violations of LU in CCI can be classified as (RK/RSM
K = 1 + ∆r e−µ

K NP )

I i) Corrections to (V−A)×(V−A) interaction through W `ν` vertex correction
induced by a loop of NP particles

∆re−µ
SUSY ∼

α2

4π

 
m̃2
µ − m̃2

e

m̃2
µ + m̃2

e

!
m2

W

M2
SUSY

≤ 10−4

I ii) New Lorentz Structures, i.e. scalar CCI with H`ν ∼ m` tanβ.

(Re/µ
K )exp. [10−5]

PDG 2006 2.45± 0.11
KLOE ’09. 2.477± 0.01
NA62 ’11. 2.487± 0.013
SM prediction (Cirigliano & Rossel ’07) 2.477± 0.001
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RLFV
K in SUSY

RLFV
K =

P
i K → eνiP
i K → µνi

' ΓSM (K → eνe) + Γ(K → eντ )

ΓSM (K → µνµ)
, i = e, µ, τ

eR,µR

   ντ

H+
sR

uL

eH±ντ →
g2√

2
mτ

MW
∆31

R tan2β

∆31
R ∼

α2

4π
δ31

RR

∆31
R ∼5 · 10−4 tβ =40 MH±=500GeV

⇓

∆r e−µ
K SUSY '

 
m4

K

M4
H±

!„
m2
τ

m2
e

«
|∆31

R |2 tan6β ≈ 10−2

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

[Masiero, Paradisi and Petronzio, ’05]
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Slepton mass-splittings vs. LFV @ LHC

[Buras, Calibbi, Paradisi, ’09]

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

 0.001  0.01  0.1  1

B
R

(τ
 →

 µ
 γ)

|∆m/m|

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

 0.001  0.01  0.1  1

B
R

(τ
 →

 µ
 γ)

|∆m/m|˛̨̨̨
∆m ˜̀

m ˜̀

˛̨̨̨
=

˛̨̨̨
mẽ −mµ̃

m ˜̀

˛̨̨̨
' |δ32|

2

• For all points χ̃0
2 → `± ˜̀∓ → χ̃0

1`
±`∓ (` = e, µ) with m ˜̀ < mχ̃0

2
→ the di-lepton

invariant mass spectrum has a prominent kinematic edge that may be
measured up to 0.1% precision.

• Left, right: tanβ = 10, m0,M1/2 < 1 TeV, A0 = 0, |δ32
LL,RR| > 10−3.

• green (blue) points satisfy ∆aµ =
(g−2)µ

2 > 1(2)× 10−9

Paride Paradisi (TUM) Lepton Flavor Violation and Neutrino Physics
XVI International Workshop on “Neutrino Telescopes” 25

/ 26



Conclusions

The origin of flavour is still, to a large extent, a mystery. The most important
open questions can be summarized as follow:

• Which is the organizing principle behind the observed pattern of fermion
masses and mixing angles?

• Are there extra sources of flavour symmetry breaking beside the SM
Yukawa couplings which are relevant at the TeV scale?

Evidence for LFV in charged leptons could tell us a lot...
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