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I.

Introduction

Lepton flavour is violated!
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Status ν’s
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Latest ν’s

Normal hierarchy: Inverted hierarchy:

★
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Thanks to:

M. Tortola

T2K [arXiv:1106.2822]:

0.03(0.04)< sin2(2θ13) < 0.28(0.34)

Double Chooz [arXiv:1112.6353]:

sin2(2θ13) = 0.086± 0.041(stat)± 0.030(syst)

Daya Bay [arXiv:1203.1669]:

sin2(2θ13) = 0.092± 0.016(stat)± 0.005(syst)

RENO [arXiv:1204.0626]:

sin2(2θ13) = 0.113± 0.013(stat.)± 0.019(syst.)

Last mixing

angle has finally

been measured: θ13
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Don’t know ν’s

Open questions:

Which hierarchy: Normal or inverted?

What is the absolute neutrino mass scale?

Is there CP violation in the lepton sector?
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Don’t know ν’s

Open questions:

Which hierarchy: Normal or inverted?

What is the absolute neutrino mass scale?

Is there CP violation in the lepton sector?

Is lepton number violated???
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Majorana Mν

If Lepton Number is Violated:

〈H〉 〈H〉

(MLNV)−1

νL νL

Weinberg, 1979

mν = 1
MLNV

(LH)(LH)

Many possible models:

(i) Seesaw mechanism: Type-I, Type-II,

Type-III, Inverse seesaw, etc ...

(ii) Radiative models: Zee, Babu, LQs ...

(iii) SUSY neutrino masses: Rp/

(iv) · · ·
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Majorana Mν

If Lepton Number is Violated:

〈H〉 〈H〉

(MLNV)−1

νL νL

Weinberg, 1979

mν = 1
MLNV

(LH)(LH)

Many possible models:

(i) Seesaw mechanism: Type-I, Type-II,

Type-III, Inverse seesaw, etc ...

(ii) Radiative models: Zee, Babu, LQs ...

(iii) SUSY neutrino masses: Rp/

(iv) · · ·

Experimental tests?

0νββ decay!

LHC (???)
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II.

Charged Lepton Flavour violation

RPP 2012, 14/05/2012 – p.8/38



Experimental status: CLFV

Decay Current Limit

τ → µγ 4.4 · 10−8

τ → eγ 3.3 · 10−8

µ → eγ 1.2 · 10−11

τ → 3µ 2.1 · 10−8

τ− → e−µ+µ− 2.7 · 10−8

τ− → e+µ−µ− 1.7 · 10−8

τ− → µ−e+e− 1.8 · 10−8

τ− → µ+e−e− 1.5 · 10−8

τ → 3e 2.7 · 10−8

µ → 3e 1 · 10−12

All values from:

Particle Data Group

http://pdg.lbl.gov/
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Experimental status: CLFV

Decay Current Limit

τ → µγ 4.4 · 10−8

τ → eγ 3.3 · 10−8

µ → eγ 1.2 · 10−11

τ → 3µ 2.1 · 10−8

τ− → e−µ+µ− 2.7 · 10−8

τ− → e+µ−µ− 1.7 · 10−8

τ− → µ−e+e− 1.8 · 10−8

τ− → µ+e−e− 1.5 · 10−8

τ → 3e 2.7 · 10−8

µ → 3e 1 · 10−12

All values from:

Particle Data Group

http://pdg.lbl.gov/

MEG 2011,

PRL107, 171801:

Br(µ → eγ)≤ 2.4× 10−12
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Experimental status: CLFV

Decay Current Limit

τ → µγ 4.4 · 10−8

τ → eγ 3.3 · 10−8

µ → eγ 1.2 · 10−11

τ → 3µ 2.1 · 10−8

τ− → e−µ+µ− 2.7 · 10−8

τ− → e+µ−µ− 1.7 · 10−8

τ− → µ−e+e− 1.8 · 10−8

τ− → µ+e−e− 1.5 · 10−8

τ → 3e 2.7 · 10−8

µ → 3e 1 · 10−12

All values from:

Particle Data Group

http://pdg.lbl.gov/

MEG 2011,

PRL107, 171801:

Br(µ → eγ)≤ 2.4× 10−12

Limit on µ → 3e from:

SINDRUM 1988

New experiment could reach:

Br(µ → 3e) ≃ 10−16 (?)

A. Schöning et al.,

Physics Procedia 17 (2011) 181
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Experimental status: CLFV

Capture Current Limit

µ− 32S → e− 32S 7 · 10−11

µ− 32S → e+ 32Si 9 · 10−10

µ−T i → e−T i 4.3 · 10−12

µ−T i → e+Ca 3.6 · 10−11

µ−Pb → e−Pb 4.6 · 10−11

µ−Au → e−Au 7 · 10−13

All values from:

Particle Data Group

http://pdg.lbl.gov/
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Experimental status: CLFV

Capture Current Limit

µ− 32S → e− 32S 7 · 10−11

µ− 32S → e+ 32Si 9 · 10−10

µ−T i → e−T i 4.3 · 10−12

µ−T i → e+Ca 3.6 · 10−11

µ−Pb → e−Pb 4.6 · 10−11

µ−Au → e−Au 7 · 10−13

All values from:

Particle Data Group

http://pdg.lbl.gov/

Future experiments:

Sensitivities of O(10−16) (?)

COMET:

Letter of interest @:

http://j-parc.jp/

Mu2E:

Proposal @:

http://mu2e.fnal.gov/

Timeline: 2016 (?)

RPP 2012, 14/05/2012 – p.10/38



Guaranteed CLFV

Oscillations experiments have shown that mν 6= 0:

µ e

γ

W W

νi

Br(µ → eγ) ∼

3α
32π

(
∑

i=2,3 U
∗
µiUei

∆m2
i1

m2
W

)2

≤ 10−53

⇒ GIM suppressed by small neutrino masses
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Guaranteed CLFV

Oscillations experiments have shown that mν 6= 0:

µ e

γ

W W

νi

Br(µ → eγ) ∼

3α
32π

(
∑

i=2,3 U
∗
µiUei

∆m2
i1

m2
W

)2

≤ 10−53

⇒ GIM suppressed by small neutrino masses

Any observation of charged LFV

points to physics beyond neutrino masses

RPP 2012, 14/05/2012 – p.11/38



CLFV beyond mν

Simple example: Heavy neutrinos (N) with mN O(TeV ):

µ e

γ

W W

Ni

Br(µ → eγ) ∼

α3s2W
256π2

m5
µ

m4
W

Γµ

(

∑

i K
∗
µiKeiG(

m2
Nk

m2
W

)
)2

≤ 9× 10−6
(

∑

i K
∗
µiKeiG(

m2
Nk

m2
W

)
)2

− Kik heavy neutrino - lepton mixing

− G(x) loop function, G(1) = 1/8
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CLFV beyond mν

Simple example: Heavy neutrinos (N) with mN O(TeV ):

µ e

γ

W W

Ni

Br(µ → eγ) ∼

α3s2W
256π2

m5
µ

m4
W

Γµ

(

∑

i K
∗
µiKeiG(

m2
Nk

m2
W

)
)2

≤ 9× 10−6
(

∑

i K
∗
µiKeiG(

m2
Nk

m2
W

)
)2

− Kik heavy neutrino - lepton mixing

− G(x) loop function, G(1) = 1/8

Practically any extension of SM

with new states at TeV scale

generates large charged LFV!
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(C)LFV - Models

⇒ Example models that produce sizeable CLFV:

- TeV scale seesaw: Inverse seesaw, linear seesaw, etc.

- Radiative neutrino mass models: Zee-, Babu-Zee model, etc.

- RPC Supersymmetry

- RPV Supersymmetry

- Practically any extended Higgs sector:

Little Higgs models, additional Higgs doublets, triplets, etc...

- Extra (large) dimensions

- etc ...

⇒ In fact, many models generate way to much CLFV:

“Flavour problem” of BSM

RPP 2012, 14/05/2012 – p.13/38



Schematically:

µ → eγ: µ → 3e µ-capture:

µ

γ

e

e

e

e

µ

eµ

N N

Can we learn about

different BSM models

from different LFV processes?

RPP 2012, 14/05/2012 – p.14/38



µ → eγ versus µ → 3e

Consider µ → eγ:

µ e

γ

Some physics

beyond SM

generates blob:

RPP 2012, 14/05/2012 – p.15/38



µ → eγ versus µ → 3e

Consider µ → eγ:

µ e

γ

Some physics

beyond SM

generates blob:

Compare µ → 3e:

µ e

e

e

+

µ e

e e

Same blob

appears in

µ → 3e

If photon

diagram dominates:

Br(li → ljlklk) ∼

α×Br(e → lj + γ)

RPP 2012, 14/05/2012 – p.15/38



Simple example

Babu-Zee model for neutrino mass:

L = f(LTL)h+ + g(eTReR)k++ − µh+h+k−−hh�� ��`a `bk

Cheng & Li, 1980

Zee, 1985

Babu, 1988

Neutrino mass is

2-loop suppressed!

Babu & Macesanu, 2003

Aristizabal & Hirsch, 2006:

Large neutrino mixing angles

require large CLFVMν
αβ =

8µ

(16π2)2m2
h

fαamagxymbfbβI(
m2

k

m2
h

),

RPP 2012, 14/05/2012 – p.16/38



CLFV in Babu-Zee model

If g2

m2
k
≪ f2

m2
h
: if f2

m2
h
≪ g2

m2
k
:

µ e

γ

hh

ν
µ e

γ

kk

lα

µ e

hh

ν

e

e µ e

e

e

k

Photon dominance! µ → 3e tree-level!

RPP 2012, 14/05/2012 – p.17/38



Target dependence

Fig. from Cirigliano et al., 2009
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⇒ use different nuclear targets to distinguish different operators

Kitano et al., 2002

µ-capture

on different

nuclei
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III.

SUSY, neutrino masses and LFV
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SUSY flavour problem

Soft SUSY breaking:

V = (m2
L̃
)ijL̃

∗
i L̃j + · · ·

Off-diagonal elements induce decays,

such as:

eµ
µ

χ

e~ ~

γ

0
k

∼ (m2
L̃
)21

Example only!

RPP 2012, 14/05/2012 – p.20/38



SUSY flavour problem

Soft SUSY breaking:

V = (m2
L̃
)ijL̃

∗
i L̃j + · · ·

Off-diagonal elements induce decays,

such as:

eµ
µ

χ

e~ ~

γ

0
k

∼ (m2
L̃
)21

Example only!

A very old problem indeed!

Ellis and Nanopoulos, 1981

Donoghue et al., 1983

Gerard et al., 1984

Hall et al., 1985

Romao et al., 1985

Borzumati, Masiero, 1986

· · · many

δ12 =
(m2

L̃
)21

m2
SUSY

<
∼10−4

RPP 2012, 14/05/2012 – p.20/38



mSugra

Boundary conditions: mSUGRA (“minimal Supergravity”) :

M1 = M2 = M3 = M1/2,

m2
Hu

= m2
Hd

= m2
0,

M2
Q̃

= M2
Ũ

= M2
D̃

= M2
L̃
= M2

Ẽ
= m2

013,

Ad = A0Yd, Au = A0Yu, Ae = A0Ye.

⇒ # of parameters: 4 1
2
(m0, M1/2, A0, tan β, sgn(µ))

⇒ Sometimes also called the CMSSM (C = constrained)

⇒ All low energy masses can then be calculated by RGE

(“renormalization group equations”)

⇒ No neutrino masses and no LFV

⇐ Flavour blind SUSY breaking!

RPP 2012, 14/05/2012 – p.21/38



Seesaw mechanism

Seesaw type-I, right-handed neutrinos:

m1/2 ≃ (−
Y 2
ν v2

MM
,MM )

〈H〉 〈H〉

νR

νL νL

Seesaw type-II, scalar triplet:

mν ≃ YT 〈∆0
L〉 ≃ YT

v2

m∆

〈H〉 〈H〉

∆

νL νL

Type-III: Replace νR by Σ = (Σ+,Σ0,Σ−):

m1/2 ≃ (−
Y 2
Σv2

MΣ
,MΣ)

〈H〉 〈H〉

Σ0

νL νL

RPP 2012, 14/05/2012 – p.22/38



mSugra and RGEs

Seesaw type-I: Borzumati & Masiero, 1986

(∆M2
L̃
)ij ∼ −

1

8π2
f(m0, A0,M1/2, ...)(Y

†
ν LYν)ij

Note: Li = log[MG/Mi].

⇒ 9 new independent parameters

Seesaw type-II: Rossi, 2002

(∆M2
L̃
)ij ∼ −

1

8π2
g(m0, A0,M1/2, ...)(Y

†
T YT )ij log(MG/MT )

⇒ 9 entries, but proportional to Y 2
T

⇒ Measuring all entries in (∆M2
L̃
)ij “over-constrains” type-II seesaw!

Note: type-III equation as type-I, but larger LFV ... see below

RPP 2012, 14/05/2012 – p.23/38



µ → eγ in mSugra sessaw

B
r(

µ 
→

  e
 γ

)

MSeesaw (GeV)

m0=M1/2=300 (GeV), tanβ=10, A0=0 (GeV)

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

1012 1013 1014 1015 1016

B
r(

µ 
→

  e
 γ

)

MSeesaw (GeV)

m0=M1/2=1000 (GeV), tanβ=10, A0=0 (GeV)

10-14

10-13

10-12

10-11

10-10

10-9

1012 1013 1014 1015 1016

⇒ The three different seesaws are: type-III, type-II and type-I

⇒ General expectation: “Large” LFV for “large” MSeesaw

⇒ General expectation LFV in type-III ≫ type-I

Esteves et al., 2011

See talk by:

A. Villanova

RPP 2012, 14/05/2012 – p.24/38



Only for Type-II

Neutrino angles fix relative size of entries in YT :

10-210-310-4

sin2
 Θ13

102

101

100

10-1

10-2

10-3

10-4H
r 1

3
1

2
L
,2
H

r 2
3

1
2
L
,2
H

r 2
3

1
3
L
2

10-210-310-4

sin2
 Θ13

102

101

100

10-1

10-2

10-3

10-4H
r 1

3
1

2
L
,2
H

r 2
3

1
2
L
,2
H

r 2
3

1
3
L
2

Here: (r1323)
2 = Br(τ → eγ)/Br(τ → µγ) etc.

Ratios of BR’s “predicted” as function of neutrino parameters

Hirsch et al., 2008
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LFV in SUSY LR model

MSeesaw= 1012 (GeV) tanβ=10, A0=0 (GeV)

1.2x10-11

10-12

10-13

10-14 10-15

 250  500  750  1000  1250  1500
M1/2 (GeV)

 0

 250
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m
0 

(G
eV

)

MSeesaw= 1013 (GeV) tanβ=10, A0=0 (GeV)

1.2x10-11

10-12 10-13

2x10-14

 250  500  750  1000  1250  1500
M1/2 (GeV)

 0

 250

 500

 750

 1000

 1250

 1500

m
0 

(G
eV

)

⇒ As in seesaw Br(µ+ → e+γ) strong function of MSeesaw

... but ...

Esteves et al., 2010
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LFV in SUSY LR model

MSeesaw= 1012 (GeV) tanβ=10, A0=0 (GeV)
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MSeesaw= 1013 (GeV) tanβ=10, A0=0 (GeV)
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 1250

 1500

m
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(G
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)
Asymmetry:

A(µ+ → e+γ) =
|AL|

2 − |AR|
2

|AL|2 + |AR|2
,

⇒ Note: In mSugra seesaw A = 1 always

Esteves et al., 2010

RPP 2012, 14/05/2012 – p.27/38



Linear & inverse seesaw

Inverse seesaw, basis (ν, νc, S):

Mν =









0 mD 0

mT
D 0 M

0 MT µ









,

After EWSB the effective light neutrino mass matrix is given by

Mν = mDMT−1

µM−1mT
D.

Linear seesaw:

Mν =









0 mD ML

mT
D 0 M

MT
L MT 0









.

Light neutrino mass:

Mν = mD(MLM
−1)T + (MLM

−1)mD
T

Mohapatra &

Valle, 1986

Akhmedov et al., 1995

RPP 2012, 14/05/2012 – p.28/38



SUSY Inverse seesaw

500 1000 1500 2000

-26

-24

-22

-20

-18

-16

mν̃1

lo
g(

∑
F

2
),
lo
g(

∑
B

2
),
lo
g(

∑
A

2
)

500 1000 1500 2000
-16

-14

-12

-10

-8

-6

-4

mν̃1

lo
g(
B
r(
µ
→

eγ
))
,
lo
g(
B
r(
µ
→

3e
))

Z-penguin

γ-penguin

Higgs diagrams

µ → 3e

µ → eγ

Hirsch, Staub

& Vicente, 2012

Z-penguin dominates

when MSSM extended:

(i) particle content (ν̂c)

(ii) new Yukawa-like interactions

(example also: RPV)

See talk by:

C. Weiland

RPP 2012, 14/05/2012 – p.29/38



IV .

Discrete symmetries and LFV
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Discrete flavour symmetries

A very partial list:

S3: Kubo et al., 2003; Chen et al., 2004; Grimus and Lavoura, 2005;

Lavoura and Ma, 2005; Teshima, 2006;

Koide, 2006; Mohapatra et al., 2006; · · · , · · ·

S4: Ma, 2006; Hagedorn et al., 2006; Cai & Yu, 2006;

Zhang, 2006; Koide, 2007; · · · , · · ·

A4: Ma & Rajasekaran, 2001; Ma, 2002; Babu et al., 2003; Hirsch et al., 2003;

Altarelli and Feruglio, 2005; Babu and He, 2005; Koide, 2007; · · · , · · ·

Q4: Frigerio et al. 2005, · · ·

D4: Grimus & Lavoura, 2003; Grimus et al., 2004; · · · , · · ·

· · ·

Many Refs in
Reviews by:

Altarelli & Feruglio, 2010
arXiv:1002.0211

Ishimori et al.
arXiv:1003.3552

RPP 2012, 14/05/2012 – p.31/38



Summary: A4

- 12 elements: rotations

- 4 irreps: 1, 1′, 1′′ and 3

- smallest group with 3

⇒ Symmetry of the tetrahedron:

RPP 2012, 14/05/2012 – p.32/38



Summary: A4

- 12 elements: rotations

- 4 irreps: 1, 1′, 1′′ and 3

- smallest group with 3

⇒ Symmetry of the tetrahedron:

Assign:

Li, l
c
j , Hk (νcm, · · · )

to different irreps of A4

⇒ · · ·

RPP 2012, 14/05/2012 – p.32/38



A4: models

Barry & Rodejohann,

PRD81 093002 (2010)

Many - but not all! -

can give TBM

Classify:

(a) High-scale models

(b) EW-scale models

RPP 2012, 14/05/2012 – p.33/38



Linear and inverse SS in A4
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Discrete sym’s and 0νββ
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Hirsch, Morisi & Valle, 2009:

Inverse and linear seesaw
both A4 based TBM
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Discrete Dark Matter

RPP 2012, 14/05/2012 – p.36/38



Discrete Dark Matter
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Discrete Dark Matter

Hirsch, Morisi, Peinado & Valle

arXiv:1007.0871

Boucenna et al.

arXiv:1101.2874

RPP 2012, 14/05/2012 – p.37/38



Discrete Dark Matter

Hirsch, Morisi, Peinado & Valle

arXiv:1007.0871

Boucenna et al.

arXiv:1101.2874

Boucenna et al.

arXiv:1204.4733Group: ∆(54)

DM as in original,

but θ13 <> 0

RPP 2012, 14/05/2012 – p.37/38



Summary

⇒ Neutrino oscillations show LF is violated

⇒ last neutrino angle θ13 has been measured

⇒ Charged LVF not seen

⇒ CLVF interesting model discriminator

⇒ Discrete symmetries may help, but · · ·

⇒ Flavour problem not understood!

⇒ New ideas needed!

RPP 2012, 14/05/2012 – p.38/38
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