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Sources of lepton flavour violation (LFV) and CP violation (CPV)

Low energy manifestations in supersymmetric models

Large neutrino angles and colliders
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The SM flavor sector 
(at the ren. pert. level)

No lepton or baryon number violation

No individual lepton number or CP violation in the lepton sector

All flavor and CP violating effects (neglecting ϑQCD)

• reside in the quark charged current 

• are encoded in the unitary 3x3 CKM matrix V
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Is that so?

Unitarity of V (I)

4

|Vud|2 + |Vus|2 + |Vub|2 = 1 o PDG-2004

0 -

V
!

"# -Summer 2005
K

us f

|V|Vusus||
KKl3 =(0.2263=(0.2263$$%&%%'()***************%&%%'()*************** ++|V|Vusus| ~ 1% | ~ 1% 

(dominated by the f(dominated by the f
++(0) theoretical uncertainty)(0) theoretical uncertainty)

∑

i or a

|Vai|2 = 1

|Vudf
ud(0)| from N → N ′eν (δfud(0) = O (0.1%))

|Vusf
us(0)| from K → πeν (δfus(0) = O (1%))

|Vub| from b→ ulν̄ (subdominant)

0.9739(3) + 0.2263(19) + small = 0.9997(10)

[Mescia]
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Is that so?

5

A triangle in the complex plane

(when properly normalized, it has vertex in (ρ,η)
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VaiV
∗
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∗
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∗
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Is that so?
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A triangle in the complex plane

(when properly normalized, it has vertex in (ρ,η)
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∗
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∗
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Is that so?

BR(µ → e ϒ) < 1.2 x 10-11            ✓ 

de < 1.6 x 10-27 e cm ~ 10-11 µB             ✓

νei ↔ νej   (i ≠ j)                           ✕
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Large scale indirect probes

Neutrino physics (as proton decay) is sensitive to 
much higher scales than the flavour physics of 
charged fermions

and strongly suggests the existence of a source of 
lepton flavour violation (LFV) from lepton number 
violation at Λ ⋲ 1015 GeV

in addition to the source of LFV suggested by GUT
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Supersymmetry
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m:  SUSY~

Supersymmetry
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Neutrino physics and LFV
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Physical parameters in the lepton sector

me, mµ, mτ , mν1 , mν2 , mν3 , θ23, θ12, θ13, δ, α, β

−L ⊃ mνi

2
νiνi + meie

c
iei +

g√
2
UijeiŴνj + h.c.

U =




c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13siδ −c12s23 − s12c23s13siδ c23c13








1 0 0
0 eiα 0
0 0 eiβ





0 ≤ θ23, θ12, θ13 ≤
π

2
, 0 ≤ δ < 2π, 0 ≤ α, β < 2π



Accessible
to oscillations

Charged
sector

Not accessible
to oscillations

11
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Charged
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Not accessible
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mlightest

α
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Accessible
to oscillations

Charged
sector

Not accessible
to oscillations

11

me,µ,τ

mlightest

α

β

∆m2
12

|∆m2
23|

sign(∆m2
23)

θ12, θ23, θ13, δ
Well known

Known Bounds
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Experimental constraints (oscillations)

sin22!

"
m

2  (e
V2 )

Zenith angle analysis
L/E analysis

0.8 0.85 0.9 0.95 1.0
0.0

1.0

2.0

3.0

4.0

5.0
× 10-3

Su
pe

r-
K

am
io

k
an

de
, h

ep
-e

x/
0

5
0

1
0

6
4

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

1 10 10
2

10
3

10
4

L/E (km/GeV)

D
a
ta

/P
re

d
ic

ti
o
n
 (

n
u

ll 
o
s
c
.)

Su
pe

r-
K

am
io

k
an

de
, h

ep
-e

x/
0

4
0

4
0

3
4

68, 90, 99% CL

(ATM, K2K)

(SUN,KamLAND)

(CHOOZ, Palo Verde + ATM)θ13 < 10◦

∆m2
23 ∼ 2.5× 10−3 eV2 θ23 ∼ 45◦

∆m2
12 ∼ 0.8× 10−4 eV2 θ12 ∼ 30◦–35◦



20 30 40 50 60 70 80
0

0.2

0.4

0.6

0.8

1

1.2

1.4

 (km/MeV)
e!

/E
0

L

R
at

io

2.6 MeV prompt

analysis threshold
KamLAND data

best-fit oscillation

best-fit decay

best-fit decoherence

)
2

 (
e
V

2
m

!

-5
10

-410

" 2tan

-1
10 1 10

KamLAND

95% C.L.

99% C.L.

99.73% C.L.

KamLAND best fit

Solar

95% C.L.

99% C.L.

99.73% C.L.

solar best fit

" 2tan

0.2 0.3 0.4 0.5 0.6 0.7 0.8

)
2

 (
e
V

2
m

!

KamLAND+Solar fluxes

95% C.L.

99% C.L.

99.73% C.L.

global best fit
-5

10!4

-5
10!6

-5
10!8

-410!1

-410!1.2

La
m

LA
N

D, 
he

p-
ex

/0
4

0
6

0
3

5

La
m

LA
N

D, 
he

p-
ex

/0
4

0
6

0
3

5

13

Experimental constraints (oscillations)

95, 99, 99.73% CL

(ATM, K2K)

(SUN,KamLAND)

(CHOOZ, Palo Verde + ATM)θ13 < 10◦

∆m2
23 ∼ 2.5× 10−3 eV2 θ23 ∼ 45◦

∆m2
12 ∼ 0.8× 10−4 eV2 θ12 ∼ 30◦–35◦
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Experimental constraints (oscillations)



(ATM, K2K)

(SUN,KamLAND)

(CHOOZ, Palo Verde + ATM)

∆m2
ATM ∼ 2.5× 10−3 eV2 θ23 ∼ 45◦

∆m2
SUN ∼ 0.8× 10−4 eV2 θ12 ∼ 30◦–35◦

θ13 < 10◦
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Experimental constraints

(Heidelberg-Moscow)

(Mainz, Troitsk)

(Cosmology)

|mee| = |U2
eimνi | < O (1)× 0.4 eV

(m†m)ee = |Uei|2m2
νi

< (2.2 eV)2
∑

i

mνi < 0.6 eV (priors)



(ATM, K2K)

(SUN,KamLAND)

(CHOOZ, Palo Verde + ATM)

∆m2
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∆m2
SUN ∼ 0.8× 10−4 eV2 θ12 ∼ 30◦–35◦

θ13 < 10◦
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Experimental constraints

(Heidelberg-Moscow)

(Mainz, Troitsk)

(Cosmology)

|mee| = |U2
eimνi | < O (1)× 0.4 eV

(m†m)ee = |Uei|2m2
νi

< (2.2 eV)2
∑

i

mνi < 0.6 eV (priors)

Guidelines for theory:

mνi ! 174 GeV

θ23 ∼ 45◦(= 45◦?)

θ12 ∼ 30◦–35◦ #= 45◦ (> 5σ)
θ13 < 10◦

|∆m2
12/∆m2

23| ≈ 0.035! 1



Origin of neutrino masses

MGUT ⋲ 2 x 1016 GeV

ΛL ~ 1015 GeV,  ΛB > 4 x 1015 GeV  

(no or small L, B violation at TeV scale)

16

mν = hv × v

Λ

Λ ∼ 0.5× 1015 GeVh

(
0.05 eV

mν

)

Leff
SM = Lren

SM +
hij

Λ
(HLi)(HLj) + . . .
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Right-handed neutrinos
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( )( )
SU(3)C x SU(2)W x U(1)Y

λνcLH → mν = λνv (like the other fermions)

νc is a SM singlet and can therefore be heavy

LHE ⊃ −
M

2
νcνc (unlike the other fermions)



See-saw
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See-saw

18

νc νc

LL

M

X

HH

Integrate out νc: 

h

Λ
(HL)(HL)

h

Λ
→ −λT 1

M
λ

mν = −mT
D

1
M

mD Majorana

More options: additional fermion singlets, fermion or scalar triplets, type II see-saw
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Model dependence

Overall size of neutrino Yukawa couplings

Unknown flavour structure

20

vdλE , vuλN , M 21 physical parameters
me mµ mτ , mν1 mν2 mν3 , U 12 known or measurable parameters

e.g. vuλN = vuλdiag
N VN or Mdiag,

R = 1/
√

Mdiag vuλN U†/
√

Mdiag
9 unknowns = 3 masses + 3 angles + 3 phases

Casas Ibarra 01

Ellis Gomez Leontaris Lola Nanopoulos 99
Lavignac Masina Savoy 01
Casas Ibarra 01
Masiero Vempati Vives 02

Petcov Shindou Takanishi 05

λN → k λN

M → k2M
⇒

mν → mν

BR(ei → ejγ)→ k4 log k BR(ei → ejγ)



The overall size of λN and Pati-Salam (SO(10))

GPS = SU(2)L x SU(2)R x SU(4)c       SU(4)c ⊃ SU(3)c x U(1)B-L 

3rd family:

Lighter families: may involve NR operators

21

FL,R =
(

ντ t1 t2 t3
τ b1 b2 b3

)

L,R

λ1F̄RFLH1 + λ15F̄RFLH15 →
{

λν3 = aλ1 + 3bλ15

λt = aλ1 − bλ15
(H15 ∝ B − L)

λν3 ∼ λt



The flavour structure and the origin of ϑATM

The large atmospheric neutrino angle can originate from mν or mE 

In the see-saw context, from

Ultimately, from the Yukawa matrices (presumably λE) or the see-saw mechanism

22

mν = UT
ν mdiag

ν Uν

mE = UT
ecmdiag

E Ue
U = UνU†

e

λE or λT
N

1
M

λN



The large atmospheric angle originates from (misaligned) Yukawas:

The large atmospheric angle originates from the see-saw

LFV processes probe the origin of neutrino angles

23
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→ B-physics 
Harnik Larson Murayama 02



Assume λU = λN  and λN, MN can be simultaneously diagonalized (ϑATM from λ’s)

Then

BR(µ→eγ) can also be predicted (in terms of Ue3) and turns out to be large (all angles 
from Yukawas?)

24

SO(10) inspired example

Masiero Vempati Vives 02

90 GeV < m0 < 900 GeV
90 GeV < M1/2 < 700 GeV
  A0 = a m0          -3 < a < 3

mν1 = 10-3 eV     tanβ = 40

If Ue3 is close to its present limit, the current bound on BR(µ → e, γ) would already be sufficient
to produce stringent limits on the SUSY mass spectrum. Similar Ue3 dependence can be expected
in the τ → e transitions where the off-diagonal entries are given by :

(m2
L̃
)31 ≈ −

3m2
0 + A2

0

8π2
h2

t Ue3Uτ3 ln
MGUT

MR3

+ O(h2
c). (34)

The τ → µ transitions are instead Ue3-independent probes of SUSY, whose importance was first
pointed out in Ref. [75]. As in the rest of the cases, the off-diagonal entry in this case is given by :

(m2
L̃
)32 ≈ −

3m2
0 + A2

0

8π2
h2

t Uµ3Uτ3 ln
MGUT

MR3

+ O(h2
c). (35)

In the PMNS scenario, Fig. 3 shows the plot for BR(µ → e, γ) for tan β = 40. In this plot,
the value of Ue3 chosen is very close to the present experimental upper limit [74]. As long as
Ue3

>∼ 4 × 10−5, the plots scale as U2
e3, while for Ue3

<∼ 4 × 10−5 the term proportional to m2
c

in Eq. (32) starts dominating; the result is then insensitive to the choice of Ue3. For instance, a
value of Ue3 = 0.01 would reduce the BR by a factor of 225 and still a significant amount of the
parameter space for tan β = 40 would be excluded. We further find that with the present limit on
BR(µ → e, γ), all the parameter space would be completely excluded up to M1/2 = 300 GeV for
Ue3 = 0.15, for any vale of tan β (not shown in the figure).

In the τ → µγ decay the situation is similarly constrained. For tan β = 2, the present bound of
3 × 10−7 starts probing the parameter space up to M1/2 ≤ 150 GeV. The main difference is that
this does not depend on the value of Ue3, and therefore it is already a very important constraint
on the parameter space of the model. In fact, for large tan β = 40, as shown in Fig. 4, reaching
the expected limit of 1 × 10−8 would be able to rule out completely this scenario up to gaugino
masses of 400 GeV, and only a small portion of the parameter space with heavier gauginos would
survive. In the limit Ue3 = 0, this decay mode would provide a constraint on the model stronger
than µ → e, γ, which would now be suppressed as it would contain only contributions proportional
to h2

c , as shown in Eq. (32).

10
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µ > 0

FIG. 4: The scatter plots of branching ratios of τ → µ, γ decays as a function of M1/2 are shown for the
(maximal) PMNS case for tan β = 40. The results do not alter significantly with the change of sign(µ).

In summary, in the PMNS/maximal mixing case, even the present limits from BR(µ → e, γ )
can rule out large portions of the supersymmetry-breaking parameter space, if Ue3 is either close to

14

BR(τ→µγ) < 3 x 10-7 → 

δL
µτ = −λ2

t sin 2θATM
3

(4π)2
log

M0

M3
, M3 =

m2
t

2mν1

Future: BR(τ→µγ) < 10-8



Assume λU = λN  and λE= λD = (λD)T (ϑATM from see-saw)

Then

BR(τ→µγ) can also be predicted and turns out to be interesting only for large tanβ

25

δL
µτ = −λ2

t V
∗
tsVtb

6
(4π)2

log
M0

M3
, M3 =

m2
t

2mν1

Masiero Vempati Vives 02

90 GeV < m0 < 900 GeV
90 GeV < M1/2 < 700 GeV
  A0 = a m0          -3 < a < 3

mν1 = 10-3 eV     tanβ = 10

BR(µ→eγ) < 1.2 x 10-11 → 

induced off-diagonal entries relevant to lj → li, γ are of the order of:

(m2
L̃
)21 ≈ −

3m2
0 + A2

0

8π2
h2

t VtdVts ln
MGUT

MR3

+ O(h2
c), (20)

(m2
L̃
)32 ≈ −

3m2
0 + A2

0

8π2
h2

t VtbVts ln
MGUT

MR3

+ O(h2
c), (21)

(m2
L̃
)31 ≈ −

3m2
0 + A2

0

8π2
h2

t VtbVtd ln
MGUT

MR3

+ O(h2
c). (22)

In these expressions, the CKM angles are small but one would expect the presence of the large top
Yukawa coupling to compensate such a suppression. The required right-handed neutrino Majorana
mass matrix, consistent with both the observed low energy neutrino masses and mixings as well as
with CKM-like mixings in hν is easily determined from the seesaw formula defined at the scale of
right-handed neutrinos 13

MR = VCKM hu
diag V T

CKM m−1
ν VCKM hu

diag V T
CKM, (23)

where we have used Eq. (19) for hν . For hierarchical neutrino mass spectrum, mν3
≈

√

∆m2
atm,

mν2
≈

√

∆m2
", and mν1

$
√

∆m2
" and for a nearly bi-maximal UPMNS, it is straightforward to

see that the right handed neutrino mass eigenvalues are given by:

MR3
≈

m2
t

4 mν1

; MR2
≈

m2
c

4 mν1

; MR1
≈

m2
u

2 mν1

. (24)
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FIG. 2: The scatter plots of branching ratios of µ → e, γ decays as a function of M1/2 are shown for the
(minimal) CKM case for tan β = 40. Results do not alter significantly with the change of sign(µ).

The Br(µ → e, γ) is now predictable in this case. Considering mSUGRA boundary conditions,
we compute these branching ratios numerically. In Fig. 2) we show the scatter plots (in mSUGRA

13 The neutrino masses and mixings here are defined at MR. Radiative corrections can significantly modify the
neutrino spectrum from that of the weak scale [66]. This is more true for the degenerate spectrum of neutrino
masses [67] and for some specific forms of hν [68]. For our present discussion, with hierarchical neutrino masses
and up-quark like neutrino Yukawa matrices, we expect these effects not to play a very significant role.
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Future: BR(µ→eγ) < 10-(13-14)
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SO(10): (mτ/mµ)2 enhancement of     
BR(µ→eγ)

BR(τ→µγ)  suppressed compared to 
the SU(5) case by Vts
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Fig. 8. Same as in Fig. 7 for moR = 300GeV. 

( b )  f rom the diagram o f  Fig. 6b: 

F2(b - - a  m * -- meR) -- G 2 ( m ~ L , m ~ R ) ]  ( 1 9 b )  4"n'cos20w izve~V~re(Ae + t z t a n f l ) [ G 2 ( m 2 L ,  2 

( c )  from the diagram o f  Fig. 6c: 

F2(C ) a m v . e * v . e : l I t x G  : m  2 2 - m~. R ) 4 q . / . C O S 2 0 w "  /~ r/~ ~-ek3 G )  21, eL '  ( 1 9 C )  

where  

4 H 2_ m2 - 1  
G l ( m 2 )  = Z  nB 1 ) 4 1 2 + 3 r _ 6 r 2 + r 3 + 6 r l n r  ] 

-~--TgJ ( M-~2)' gl ( r )  - 6 ( r  - 
n=l  - - r t  
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BR(µ→ eγ)→ 1
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BR(µ→ eγ) Future: BR(µ→eγ) < 10-(13-14)
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From see-saw: significantly below the present experimental limit

In unified models: prediction close to the present experimental limit (SO(10) allows to 
avoid dei ∝ mei)

dei ∝ λei Im[λ†
N f(MM†)λNλ†

N g(MM†)λN ]eiei

(SU(3)L x SU(3)e x SU(3)ν transformation properties:                                                                

                                                                                                                                       )
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“λ4
ν” = λ3

ν3
λν2 × Im(mixings)

(SU(3)16 transformation properties:                                                    )dei ∝ Im[λUλ†
DλUλ†

UλU ]eiei
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ν log
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Masina 03
Farzan Peskin 04

Future: de/(e cm) →10-29 →10-31, muon EDM
de

10−27e cm
= sinφ

(
BR(µ→ eγ)

10−12

)1/2



LFV and colliders
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Mixing angles and limits on mass insertions

The ei → ej γ rates are controlled by the size of the mass insertions

• e.g. for ``left-handed’’ sleptons

δij ≪ 1 (i≠j) ⇔ small mixing or GIM cancellation

32

δL
eiej

≡
(m2

L)eiej

m2
ẽ






|δL
eµ| < 3× 10−4

|δL
µτ | < 0.09

|δL
eτ | < 0.09

Hisano Nomura 98
Masina Savoy 02
Ciuchini Masiero Silvestrini 
Vempati Vives 03

e.g. neglecting 1-[23] mixing: δL
µτ = sin 2θ̃L

m2
µ̃ −m2

τ̃

2m̃2
(θ̃L = mixing [µτ ]L- [µ̃τ̃ ]L)

•
m2

µ̃ −m2
τ̃

2m̃2
= O (1) , small θ̃ :

{
τ̃ → τ (mainly)
µ̃→ µ (mainly)

• sin 2θ̃ = O (1) , small
m2

µ̃ −m2
τ̃

2m̃2
:

{
τ̃ → τ + µ

µ̃→ µ + τ

(m0 = 400 GeV)



 If ϑ is large

• example: see-saw induced LFV + large mixings in Yukawas

  (the lepton-slepton mixings is determined by        )

 then                                                                                                          , independently    

of             , provided that

• the process is allowed

•   
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∆m2
µ̃τ̃

2m̃2
! Γµ̃,τ̃
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(m2
L)eiej ∼ m2

0 δij −
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(4π)2
(λ†

N log
M2

0

MM†λN )eiej m
2
0

~

P (χ2 → (ẽiej)L → µ±τ∓χ1) ∼ P (χ2 → (ẽiej)L → µ±µ∓χ1)

∆m2
µ̃τ̃
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If the large atmospheric angle observed in neutrino physics originates from λE,                               

we do expect a large ϑ

{
λE

m2
L

= UT
ecλdiag

E UL, with UL ! θATM

= whatever (with µ̃, τ̃ degenerate enough)

34

~

Origin of
flavour

m2
L → U†

Lm2
LUL " θATM

Measuring lepton-slepton mixing at colliders would provide a crucial handle on the 
origin of flavour
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Minimal effects get quickly negligible for 
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The effects of generic soft terms become 
unobservable above 100 TeV
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dark matter)
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Future: de/(e cm) →10-29 →10-31
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Conclusions

1. Leptons provide so far the only clear evidence of flavour structure beyond the SM

2. The new flavour structure is characterized by large mixings

3. Lepton radiative decays and EDMs provide important constraints on possible 
manifestation of LFV and CPV. Signals could be around the corner. 

4. 1+2: in a supersymmetric scenario the slepton sector would be especially suited to 
study flavour changing phenomena and could provide unique information on the origin 
of flavour structure


