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Dear Colleague,

On 19-20 December 2013 the  first  NuPhys  workshop will  be held  at  the Institute  of  Physics,  

London, UK.

In this conference we will discuss the current status and prospectives of the future experiments, 
their performance and physics reach. This conference will  be unique in addressing the synergy 
between the planned experiments  and their  phenomenological  aspects and is  timely as these 
experiments are currently  being  designed.  A dedicated poster  session has been organised for 
December 19. Speakers include leading scientists from the UK, Europe, US, China and Japan: F. 
Feruglio,  E.  Lisi,  Y.  Wang,  M.  Fallot,  P.  Huber,  S.  Soldner-Rembold,  T.  Nakaya,  D.  Wark,  C. 
Backhouse, R. Wilson, T. Katori, A. Bross, A. Blondel, J. Kopp, M. Pallavicini, G. Drexlin, M. Chen, 
F. Simkovic, F. Deppisch, L. Verde, J. Miller and C. Kee.

 

The conference website, including travel details, can be found at 

http://nuphys2013.iopconfs.org 

As co-Chair of the Organising Committee I would like to ask you to display the workshop poster 

and to convey the information about the event to all  interested parties.  Participation by young 

researchers is particularly encouraged.

Best wishes,

                                   Shaped by the past, creating the future

mass
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1. Present status of neutrino parameters

2. Neutrinos and physics BSM
- The origin of neutrino masses
- The problem of leptonic flavor

3. How to discriminate between different 
models of neutrino masses:

- CLFV
- Leptogenesis

4. The new mass scale and its tests

5. Conclusions
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Free Fluxes + RSBL Huber Fluxes, no RSBL

bfp ±1σ 3σ range bfp ±1σ 3σ range

sin2 θ12 0.304+0.012
−0.012 0.270 → 0.344 0.311+0.013

−0.012 0.276 → 0.352

θ12/◦ 33.48+0.77
−0.74 31.30 → 35.90 33.91+0.80

−0.76 31.67 → 36.41

sin2 θ23
[

0.451+0.001
−0.001

]

⊕ 0.577+0.027
−0.035 0.385 → 0.644

[

0.451+0.026
−0.020

]

⊕ 0.580+0.024
−0.039 0.383 → 0.644

θ23/
◦

[

42.2+0.1
−0.1

]

⊕ 49.4+1.6
−2.0 38.4 → 53.3

[

42.2+1.5
−1.1

]

⊕ 49.6+1.4
−2.2 38.2 → 53.4

sin2 θ13 0.0219+0.0010
−0.0011 0.0188 → 0.0251 0.0223+0.0011

−0.0010 0.0192 → 0.0255

θ13/
◦ 8.52+0.20

−0.21 7.87 → 9.11 8.60+0.20
−0.20 7.97 → 9.19

δCP/
◦ 251+67

−59 0 → 360 259+76
−69 0 → 360

∆m2
21

10−5 eV2
7.50+0.19

−0.17 7.03 → 8.09 7.55+0.18
−0.17 7.07 → 8.12

∆m2
31

10−3 eV2
(N)

[

+2.458+0.002
−0.002

]

+2.325 → +2.599
[

+2.462+0.033
−0.033

]

+2.326 → +2.608

∆m2
32

10−3 eV2
(I) −2.448+0.047

−0.047 −2.590 → −2.307 −2.453+0.047
−0.047 −2.596 → −2.312

2 mass squared 
differences and 3 

sizable mixing 
angles 

M. C. Gonzalez-Garcia et al., 1209.3023

Neutrino properties 
after Neutrino 2014

http://www.nu-fit.org/
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There is a slight 
preference for CP-
violation, which is 
mainly due to the 
comb ina t ion o f 
T2K and reactor 
neutrino data.

NuFit: M. C. Gonzalez-Garcia et al., 1209.3023
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FIG. 6: As in Fig. 4, but in the plane (sin2 θ13, δ/π).
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FIG. 7: As in Fig. 4, but in the plane (sin2 θ23, δ/π).

F. Capozzi et al., 1312.2878
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FIG. 3: Left panels: contour regions with ∆χ2 = 1, 4, 9 in the θ13-δ plane from the analysis of LBL data alone (lines) and from

the combined global analysis (coloured regions). Right panels: ∆χ2 as a function of the CP-violating phase δ from the analysis

of LBL data (dashed line) as well as from the global analysis (solid line). Upper (lower) figures correspond to NH (IH).

and 1σ errors on δ are given by:

δ = (1.34+0.64
−0.38)π (normal hierarchy) (3)

δ = (1.48+0.34
−0.32)π (inverted hierarchy) (4)

Comparing now with other global neutrino oscillation analyses in the literature we find our results on the CP phase

qualitatively agree with the ones in the updated version of [38] available in [39]. The agreement holds for their global

analysis without atmospheric data. Note, however, that these authors have also included the effect of the δ in the

atmospheric data sample, not included in the official Super-Kamiokande analysis we adopt here. As a result, their

global fit results show a somewhat stronger rejection against δ ! π/2 than we find, as expected. Turning now to the

results of the analysis given in Ref. [40] we find, in contrast, that their agreement with our results is worse.

C. Summary of global fit

In this section we summarize the results obtained in our global analysis to neutrino oscillations. In Fig. 4 we

present the ∆χ2 profiles as a function of all neutrino oscillation parameters. In the panels with two lines, the solid

one corresponds to normal hierarchy while the dashed one gives the result for inverted mass hierarchy. Best fit values

as well as 1, 2 and 3σ allowed ranges for all the neutrino oscillation parameters are reported in Table I.

D. V. Forero et al., 1405.7540

NH NH
NH

IH IH

Neutrino 2014 Daya Bay results Neutrino 2014 RENO results
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After Neutrino 2014!
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�m2
s � �m2

A implies at least 3 massive neutrinos. 

m1 = mmin m3 = mmin

m2 =
�

m2
min + �m2

sol m1 =
�

m2
min+�m2

A��m2
sol

m3 =
�

m2
min + �m2

A m2 =
�

m2
min + �m2

A

Measuring the masses requires: 
● the mass scale:
● the mass ordering. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering. 

mmin

5
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1. What is the nature of neutrinos? 

2. What are the values of the masses? Absolute 
scale (KATRIN, ...?) and the ordering.

3. Is there CP-violation? 

4. What are the precise 
values of mixing angles?

5. Is the standard picture correct? Are there NSI? 
Sterile neutrinos? Other effects?

•

•

•

•

•

Phenomenology questions for the future

6

Very exciting experimental programme now 
and for the future. 

Friday, 20 June 14
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Very exciting experimental programme now 
and for the future. 

MINOS, T2K, 
NOvA, LBNE, 
LBNO, T2HK, 
nuFACT... 
MINERvA

MINOS+, MiniBooNE, 
MicroBooNE

Friday, 20 June 14



8

Neutrino oscillations imply that 
neutrinos have mass and mix.

First evidence of physics 
beyond the SM. 

The ultimate goal is to 
understand

- where do neutrino masses come 
from?

- what is the origin of leptonic 
mixing?

Friday, 20 June 14
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Neutrinos give a different perspective on physics BSM.
1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

Why are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf$~ λ#

Why neutrinos have mass? 
and why are they so lighter?
and why their hierarchy is at 
most mild?

Why leptonic mixing is 
so different from 
quark mixing?

9

This points towards a different origin of neutrino 
masses and mixing from the ones for quarks: a 
different window on the physics BSM.

Friday, 20 June 14
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Neutrinos give a different perspective on physics BSM.
1. Origin of masses

Open window on Physics beyond the SM

Why are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf$~ λ#

Why neutrinos have mass? 
and why are they so lighter?
and why their hierarchy is at 
most mild?

10

This points towards a different origin of neutrino 
masses and mixing from the ones for quarks: a 
different window on the physics BSM.

2. Problem of flavour

Why leptonic mixing is 
so different from 
quark mixing?

Friday, 20 June 14



Neutrino Masses in the SM and beyond

In the SM, neutrinos do not acquire mass and mixing:

● like the other fermions as there are no right-handed 
neutrinos.

Solution:   Introduce         for Dirac masses

● they do not have a Majorana mass term

as this term breaks the SU(2) gauge symmetry.
 This term breaks Lepton Number.

meēLeR m� �̄L�R

�R

M�T
L C�L

11
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L = �y⌫L̄ · H̃⌫R + h.c.

If we introduce a right-handed neutrino, then an 
interaction with the Higgs boson is allowed.

Dirac Masses

12

This 
conserves 
lepton 
number!

Masses and Mixing emerge from diagonalising this matrix.

This is the mixing matrix which 
enters in neutrino oscillations.

nL = U †⌫L nR = V †⌫R

Thanks to 
H. Murayama

mD = y⌫v = V mdiagU
†

Friday, 20 June 14



Many theorists consider this explanation of neutrino 
masses not satisfactory. We would expect this Yukawa 
couplings to be similar to the ones in the quark 
sector:

1. why the coupling is so small????
2. why the mixings are large? (instead of small as in 
the quark sector)
3. why neutrino masses have at most a mild hierarchy 
if they are not quasi-degenerate? instead of what 
happens to quarks?

Tiny couplings!

y⌫ ⇠
p
2m⌫

vH
⇠ 0.2 eV

200 GeV
⇠ 10�12

13
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�L = �
L ·HL ·H

M
=

�v2H
M

⌫TLC
†⌫L

Majorana Masses

D=5 term

If neutrino are Majorana particles, a Majorana mass 
can arise as the low energy realisation of a higher 
energy theory (new mass scale!).

14

In order to have an SU(2) invariant mass term for 
neutrinos, it is necessary to introduce a Dimension 5 
operator (or to allow new scalar fields, e.g. a triplet):

Lepton number
violation!

Masses and mixing come from diagonalising the mass matrix

MM = (U †)TmdiagU
† nL = U †⌫L

Weinberg operator

Friday, 20 June 14



L / GF (ēL�µ⌫L)(⌫̄L�
µeL) LSM / g⌫̄L�

µeLWµ ) GF / g2

m2
W

�L = �
L ·HL ·H

M
=

�v2H
M

⌫TLC
†⌫L

?

e f f e c t i v e 
theory

S t a n d a r d 
Model:
W exchange

H

H

Neutrino mass
New theory:
new particle 
exchange with 
mass M

15
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H

H

H

H

H

H

H
H

Fermion
singlet Scalar

triplet

Fermion
triplet

See-saw Type I See-saw Type II See-saw Type III

Minkowski, Yanagida, Glashow,
Gell-Mann, Ramond, Slansky,
Mohapatra, Senjanovic

Magg, Wetterich, Lazarides,
Shafi. Mohapatra, Senjanovic,
Schecter, Valle 

Ma, Roy, Senjanovic, 
Hambye

16

�L = �
L ·HL ·H

M
=

�v2H
M

⌫TLC
†⌫L

Friday, 20 June 14
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Neutrino masses BSM: see saw mechanism type I

m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

 Introduce a right handed 
neutrino N
 Couple it to the Higgs

�
0 mD

mT
D MN

⇥

See-saw type I models can be embedded in GUT theories 
and  explain the baryon asymmetry via leptogenesis.

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond, 
Slansky; Mohapatra, Senjanovic

2
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Pros:
- they explain “naturally” the smallness of masses.
- can be embedded in GUT theories!
- have several phenomenological consequences 
(depending on the mass scale), e.g. leptogenesis, LFV

Cons:
- the new particles are typically too heavy to be 
produced at colliders (but TeV scale see-saws)
- the mixing with the new states are tiny
- many more parameters than measurable
- in general: difficult to test

The resulting massive states are Majorana particles and 

⌫active = Ui ni,light + Uk Nk,heavy

Non unitarity
Active and heavy 
neutrino mixing:

18
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L� / y�L
TC�1�i�iL+ h.c.

�i =

0

@
�++

�+

�0

1

A

m⌫ ⇠ y�v�

HH

We introduce a Higgs triplet which 
couples to the Higgs and left handed 
neutrinos. It has hypercharge 2.

with

Once the Higgs triplet gets a vev, 
Majorana neutrino masses arise: 

Cons: why the vev is very small?
Pros: the component of the Higgs triplet could tested 
directly at the LHC.

Neutrino masses BSM: see saw mechanism type II

19
Friday, 20 June 14



T =

✓
T 0 T+

T� �T 0

◆
LT / yT L̄�H · T + h.c.

We introduce a fermionic triplet 
which has hypercharge 0.

with

Majorana neutrino masses are 
generated as in see-saw type I:

Pros: the component of the fermionic triplet have gauge 
interactions and can be produced at the LHC 
Cons: why the mass of T is very large?

m⌫ ' �yTTM
�1
T yT v

2
H

H

H

Fermion
triplet T

Neutrino masses BSM: see saw mechanism type III

20
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Models in which it is possible to lower the mass scale 
(e.g. TeV or below), keeping large Yukawa couplings and 
sizable mixing have been studied.

Let’s introduce two right-handed singlet neutrinos.
L = Y L̄ ·HN1 + Y2L̄ ·HN c

2 + ⇤N̄1N2 + µ0NT
1 CN1 + µNT

2 CN2

Extensions of the see saw mechanism

0

@
0 Y v Y2v
Y v µ0 ⇤
Y2v ⇤ µ

1

A

doDirac limit). In fact, in Ref. [24] it is shown how the constraints from neutrino oscillation

experiments leave those limits as the only allowed regions for n = n0 = 1 and M̃
1

= M̃
2

.

The region of the parameter space in between is ruled out and only the pseudoDirac and

seesaw limits survive. Reasonably extrapolating these results to the more general case with

M̃
1

6= M̃
2

studied here, leaves the seesaw limit (M̃i � m̃D) as the only relevant part of the

parameter space in the 0⌫�� decay context2. From now on, we will focus on the seesaw

limit. Notice, however, that this does not necessarily mean that M̃i have to be at the GUT

or the TeV scale and can be considerably lighter [25–27].

IV. LIGHT NEUTRINO MASSES AND 0⌫�� DECAY

For M̃i � m̃D, the light neutrino mass matrix is given at tree level by

mtree ' �mT
DM

�1mD ' v2

2(⇤2 � µ0µ)

�
µY T

1

Y
1

+ ✏2µ0Y T
2

Y
2

� ⇤✏(Y T
2

Y
1

+ Y T
1

Y
2

)
�
, (12)

where mD and M are the 2 ⇥ 3 Dirac and 2 ⇥ 2 Majorana sub-matrices respectively in

Eq. (8) for n = n0 = 1. Here, we have performed the standard “see-saw” mD/M expansion

keeping the leading order terms. We will discuss later if the higher order corrections can be

relevant. The contribution of the light mostly-active neutrinos to the 0⌫�� decay amplitude

is proportional to the “ee” element of this e↵ective mass matrix as

Alight /
3X

i=1

miU
2

eiM0⌫��(0) ⇡ �
�
mT

DM
�1mD

�
ee
M0⌫��(0) =

=
µY 2

1e + ✏Y
2e (✏µ0Y

2e � 2⇤Y
1e)

2(⇤2 � µ0µ)
v2M0⌫��(0) . (13)

Therefore, the light neutrino contribution is strictly cancelled as long as the parameters of

the model satisfy the following relation

µY 2

1e + ✏Y
2e (✏µ

0Y
2e � 2⇤Y

1e) = 0 . (14)

This condition is fulfilled for

✏ = µ = 0 . (15)

2 Of course, the Dirac limit will not be considered in this analysis where the 0⌫�� decay phenomenology is

studied.

9

Small neutrino masses emerge due to cancellations 
between the contributions of the two sterile neutrinos 
(typically associated to small breaking of some L).

Examples: inverse see-saw, extended see-saw...

See e.g. Gavela et al., 0906.1461; 
Ibarra, Molinaro, Petcov, 
1103.6217; Kang, Kim, 2007; 
Majee et al., 2008; Mitra, 
Senjanovic, Vissani, 1108.0004; 
Malinsky, Romao, Valle, 2005
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Radiative masses
If neutrino masses emerge via loops, in models in which 
Dirac masses are forbidden, there
is an additional suppression.
Some of these models have 
also dark matter candidates.

R-parity violating SUSY
In the MSSM, there are no neutrino masses. But it is 
possible to introduce terms which violate R (and L).

The bilinear term induces mixing between neutrinos 
and higgsino and therefore neutrino masses, the 
trilinear term induces masses at the loop-level.

Other models of neutrino masses

m⌫ / g2

16⇡2
f(M,µ2

�)

V = . . . � µH1H2 + ✏iL̃iH2 + �0
ijkL̃iL̃jẼk + ...
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@
0.8 0.5 0.16
�0.4 0.5 �0.7
�0.4 0.5 0.7

1

A

0

@
⇠ 1 � �3

� ⇠ 1 �2

�3 �2 ⇠ 1

1

A � ⇠ 0.2

1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

Why are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf$~ λ#

Why leptonic mixing is 
so different from 
quark mixing?

23

Neutrinos give a different perspective on physics BSM.

Why neutrinos have mass? 
and why are they so lighter?
and why their hierarchy is at 
most mild?

This points towards a different origin of neutrino 
masses and mixing from the ones for quarks: a 
different window on the physics BSM.

Friday, 20 June 14



Values of mixing angles suggest an underlying pattern.

Example: Bimaximal mixing

In this case, theta23 requires small perturbations but 
theta12 and theta13 large ones.

Example: Tribimaximal mixing

Large corrections to theta13 are needed.

U0 =

0

B@

1p
2

1p
2

0

� 1
2

1
2

1p
2

1
2 � 1

2
1p
2

1

CA+

0

@
O(0.1) �O(0.1) O(0.1)
O(0.1) O(0.1) �O(0.01)
�O(0.1) �O(0.1) O(0.01)

1

A
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U0 =

0

B@

p
2p
3

1p
3

0

� 1p
6

1p
3

1p
2

1p
6

� 1p
3

1p
2

1

CA+

0

@
O(0.001) �O(0.01) O(0.1)
O(0.1) O(0.05) �O(0.01)
�O(0.1) �O(0.05) O(0.01)

1

A

Three other patterns: golden ratio (                 ),  and 
hexagonal (           ) mixing patterns.

tan ✓12|0 =
2

1 +
p
5

✓12|0 = 30o

Harrison, Perkins, Scott
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Masses and mixing from the mass matrix

Recall that the mixing matrix arises from the 
diagonalisation of the mass matrix 

so the form of the mass matrix will lead to specific 
values of the masses (mass ordering) and angles.

25

MM = (U †)TmdiagU
† nL = U †⌫L

Example. In the diagonal basis for the leptons

the angle is

and masses

M⌫ =

✓
a b
b c

◆

tan 2✓ =

2b

a� c
� 1 for a ⇠ c and, or a, c ⌧ b

m1,2 ' a+ c± 2b

2
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Example: mu-tau symmetry

Large theta23 motivates to consider the mu-tau 
symmetry.

The mixing is given by 

For 3 generations, this mass matrix respects the 
symmetry

leading to

The large value of theta13 needs additional corrections.

M⌫ =

✓
a b
b a

◆

tan 2✓ =
2b

0
= 1 ) ✓23 = 45o

26

M⌫ =
q

�m2
A

0

@
⇠ 0 a✏ a✏
a✏ 1 + ✏ 1
a✏ 1 1 + ✏

1

A

✓23 =
⇡

4
�

�m2
�

�m2
A

✓13 ⇠ ✏2 ⇠
�m2

�
�m2

A

⇠ 0.04
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Example: a discrete symmetry A4

An example of discrete symmetry: Z2 (reflections).

A4 is the group of even 
permutations of (1234). 
This is a very studied 
example of discrete symmetry.
It is the invariant group of a
tetrahedron.

The resulting mass matrices are

27

Ml = v
vHd

⇤

0

@
ye ye ye
yµ yµei4⇡/3 yµei2⇡/3

y⌧ y⌧ei2⇡/3 y⌧ei4⇡/3

1

A M⌫ =
v2u
⇤2

0

@
a 0 0
0 a d
0 d a

1

A

The two matrices can be diagonalised and the resulting 
mixing matrix is the TBM one:                          .UPMNS = U †

eU⌫
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Various strategies and ideas: can be employed to 
understand the observed pattern (many many models!).

● Texture zero models with

● Flavour symmetries

● Complementarity between quarks and leptons

● Anarchy (all elements of the matrix of same order).

The models predict specific values for the mixing angles 
and specific relations between the deviations from 
special values                                      .

✓12 + ✓
C

' 45o

✓12,23,13 = function(

me

mµ
, . . . ,

m1

m2
)

too small

✓23 ⇠ 45o, ✓13 ⇠ 0o
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Different flavour models can also lead to predictions 
for the value of the delta phase:
● Sum rules: 

● discrete models
● charged lepton corrections to       : UPMNS = U †

eU⌫

2

lation amongst the mixing angles and phases. We refer
to this relation as a sum-rule and it provides a constraint
which reduces the number of degrees of freedom in the
leptonic mixing sector. It is convenient to parameterize
these relations by employing the notation of Ref. [1], and
introduce the parameters s, r and a defined by

sin θ12 =
1 + s√

3
, sin θ13 =

r√
2
, sin θ23 =

1 + a√
2

.

These parameters, originating from studies of tribimaxi-
mality, provide a close phenomenological fit to the known
mixing angles. A recent global fit [2] provides the follow-
ing 1σ intervals

−0.07 ≤ s ≤ −0.01,

0.21 ≤ r ≤ 0.23,

−0.15 ≤ a ≤ −0.07.

In this paper, we will focus on a specific set of correla-
tions which are primarily dependent on the atmospheric
mixing angle θ23, reactor mixing angle θ13 and the cosine
of the Dirac CP-phase, cos δ. It will be useful to work
with the first-order expansion of the complete sum-rule
in the small parameters s, r and a, which we call the lin-
earized sum-rule. For the models that we are interested
in, these will take the general form

a = σr cos δ, (1)

and we will treat σ as a new model-dependent constant.
Although we will consider questions based on a range
of values of this general parameter, there are two specific
values which we would like to highlight. These two values
have a degree of universality, having arisen in the liter-
ature from fully consistent models, whilst also remain-
ing the only simple rules that we’ve found in our more
phenomenological treatments: the first of these rules has
σ = 1, and the second is given by σ = −1/2. A dis-
cussion of higher-order effects, correcting the linearized
sum-rule, is presented in Section III.
We will quickly illustrate this discussion with an ex-

ample from the literature. A recent model presented in
Ref. [3] imposes an A4 symmetry, broken at low energies
by a set of flavons, which leads to the second column of
the PMNS fixed at its tribimaximal value,

|Uµ2| ≡
∣

∣cos θ12 cos θ23 − sin θ12 sin θ13 sin θ23e
iδ
∣

∣ ,

=
1√
3
.

This complete sum-rule can be linearized in terms of the
s, r and a parameters,

a = −
r

2
cos δ,

which is a specific realization of our general rule, Eq. 1,
with σ = 1.

A. Hernandez-Smirnov framework

A novel approach was recently introduced in Ref. [4] to
find flavour-symmetric correlations amongst the PMNS
mixing matrix elements, whilst making minimal assump-
tions about the details of the model. This approach
was built around the assumption that there exists a dis-
crete flavour group which is broken into two subgroups
at low-energy. These subgroups act independently on the
charged lepton and neutrino sectors of the theory, and
their misalignment leads to a non-trivial PMNS matrix.
If we assume, in this framework, that some of the known
symmetries of the leptonic mass terms are in fact residual
symmetries arising from this larger broken group, con-
straints can be placed on the PMNS matrix in a general
manner, regardless of the precise implementation of the
symmetry breaking. Some correlations were reported in
Ref. [4]; however, these correlations lead to linearized
sum-rules identical to those reported in previous studies.
In this section, we weaken some of the assumptions made
in the derivations of these relations and generate ad-
dtional sum-rules with distinct linearized relations. We
refer the reader to Ref. [4] for a detailed discussion of the
method for finding parameter correlations in the “sym-
metry building” approach, and we will only summarize
the steps here, highlighting where we alter the derivation.
The approach in Ref. [4] assumes that grand flavour

group is a von Dyck group, D(2,m, p). These are defined
by the presentation

S2
iU = Tm

αU = W p
U = SiUTαUWU = 1.

The choice of m and p dictates the unbroken group that
we are considering, and the assumption that the un-
broken group is finite restricts these to specific values.
Representing each choice by the ordered pair (m, p), the
choices which lead to finite groups are exhausted by 5
special pairs

(3, 3), (3, 4), (3, 5), (4, 3), (5, 3),

and 2 infinite sequences

(2, N) and (N, 2) ∀N ≥ 2.

For a given (m, p), two generators of symmetries
present in the leptonic mass terms must be chosen which
are assumed to be residual symmetries, remaining after
the breakdown of the full group Gf . In this work, we will
focus on the specific choice of Te which is given by

Te =





1 0 0
0 ei

2πk

m 0
0 0 e−i 2πk

m



 ,

where m is specified by the choice of group, and k ∈ Zm.
The second generator, governing the neutrino sector, will
be taken to be either S1 or S2, given by

S1 =





1 0 0
0 −1 0
0 0 −1



 , S2 =





−1 0 0
0 1 0
0 0 −1



 .

King, 0710.0530

Ballett, King, Luhn, SP, Schmidt, PRD89
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FIG. 2. The current experimental status of the sum rules in Eq. (3) given by λ = 1 and λ = −0.5, with a0 = 0. The diagonal
lines show the regions predicted for a and cos δ given the 3σ bounds on r, assuming both normal ordering (Fig. 2(a)) and
inverted ordering (Fig. 2(b)). The vertical line shows the current best-fit for a where the projected sensitivity is indicated by
the red bands; the dark (light) grey regions show the current 1σ (2σ) allowed intervals [6].

given model, our general sum rule can be used to predict
the value cos δ. Fixing a, we define cos δ by the mapping
from r which is found by inverting Eq. (3); r is then
allowed to vary across its 1σ interval [6] and the image of
this mapping is taken to be the range of potential values
for cos δ.
In Fig. 2 we show the predictions of our two specific

sum rules and their compatibility with the current global
data on a (the grey regions). We have also shown (the
red bands) the projected sensitivity to the a parameter as
reported in Ref. [18]. These projections are for the global
parameter sensitivity in 2025 assuming only the current
experimental programme: 5 years of data from T2K, 6
from NOνA, and 3 years each for Double Chooz, RENO
and Daya Bay. As we cannot predict the future best-fit
value, the horizontal location of the predicted regions is
largely irrelevant, and in Fig. 2 they have been arbitrarily
centred around the current best-fit value.
We see that the predictions of δ for these two models

are currently consistent with the global data. However,
the overlap for some of these 1σ intervals can be seen to
require some quite specific correlations: for example, λ =
−0.5 and NO requires cos δ ! 0.5. With the projected
sensitivity to a, these correlations could create tension
with the future data, and the consistency of these models
will start to become rather constrained. For example, in
a strictly CP-conserving theory, sin δ must vanish. The
corresponding value of cos δ would then be difficult to
reconcile with the sum rule given by λ = 1, leading to
a possible exclusion of such a sum rule. The limiting
factor for the general exclusion of these models with the
current experimental programme will be the attainable
precision on cos δ. It has been shown that, in the most
optimistic case, the current experimental programme will

only be able to provide a 3σ region for δ with a width
of around 300◦[19]. It is clear, therefore, that testing
mixing sum rules will be a task to be addressed by a
next-generation neutrino oscillation facility, one which
focuses on precision.

V. TESTING SUM RULES AT
NEXT-GENERATION FACILITIES

With the knowledge of the value of θ13 the campaign
for a next-generation facility, designed to make preci-
sion measurements of the neutrino mixing parameters,
is greatly strengthened. It is likely that within the ex-
tant experimental neutrino physics programme, we will
see hints towards the measurement of two of the most im-
portant unknowns in the conventional neutrino flavour-
mixing paradigm: the sign of the atmospheric mass-
squared difference and the value of the CP-violating
phase, δ. It is, however, unlikely that these questions
will be resolved at an acceptable statistical confidence
level: the projected 3σ CP-violation discovery fraction
with the current experimental programme only reaches
around 20% of the parameter space [18] and it is only
modestly higher for the determination of the mass order-
ing at around 40%. The desire for a definitive 5σ answer
to these questions provides the first motivation for the
construction of a next-generation neutrino oscillation fa-
cility, capable of precision measurements of the oscilla-
tion parameters. In this work, we will focus on two such
designs: the low-energy neutrino factory (LENF) and a
wide-band superbeam (WBB).
The WBB is an extrapolation of existing technology,

using a more powerful version of the conventional neu-

U⌫
M.-C. Chen and Mahanthappa; Girardi et al.; Petcov; 
Alonso, Gavela, Isidori, Maiani; Ding et al.; Ma; 
Hernandez, Smirnov; Feruglio et al.; Mohapatra, 
Nishi;  Holthausen, Lindner, Schmidt; see also 
studies by Altarelli, Alonso, Ballett, Bazzocchi, 
Brahmachari, Branco, M.-C. Chen, Ding, Felipe, 
Ferreira, Feruglio, Fonseca, Frigerio, Gavela, Ge, 
Grimus, Gupta, Hagedorn, Hanlon, Hernandez, 
Holthausen, Hu, King, Joaquim, Joshipura, Ishimori, 
Lam, Lavoura, C.-C. Li, Lindner, Luhn, Ludl, B.-Q. 
Ma,  E. Ma, Marzocca, Merle,  Merlo, Meroni, 
Mohapatra, Morisi, Nishi, Ohlsson,  Otto Ludl, 
Pascoli, Patel, Petcov, H. Qu, Rebelo, Repko, Rigolin, 
Romanino, Roy, Schmidt, Sevilla, Silva-Marcos, 
Smirnov, Stamou, Stuart, Tanimoto, Valle, Villanova 
del Moral, Vitale, Wegman, Zhang, Zhou, Ziegler...

a = a0 + �r cos � + higher orders
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TABLE I: Mixing Angles for Models with Lepton Flavor Symmetry.

Reference Hierarchy sin2 2θ23 tan2 θ12 sin2
θ13

Anarchy Model:

dGM [18] Either ≥ 0.011 @ 2σ

Le − Lµ − Lτ Models:

BM [35] Inverted 0.00029

BCM [36] Inverted 0.00063

GMN1 [37] Inverted ≥ 0.52 ≤ 0.01

GL [38] Inverted 0

PR [39] Inverted ≤ 0.58 ≥ 0.007

S3 and S4 Models:

CFM [40] Normal 0.00006 - 0.001

HLM [41] Normal 1.0 0.43 0.0044

Normal 1.0 0.44 0.0034

KMM [42] Inverted 1.0 0.000012

MN [43] Normal 0.0024

MNY [44] Normal 0.000004 - 0.000036

MPR [45] Normal 0.006 - 0.01

RS [46] Inverted θ23 ≥ 45◦ ≤ 0.02

Normal θ23 ≤ 45◦ 0

TY [47] Inverted 0.93 0.43 0.0025

T [48] Normal 0.0016 - 0.0036

A4 Tetrahedral Models:

ABGMP [49] Normal 0.997 - 1.0 0.365 - 0.438 0.00069 - 0.0037

AKKL [50] Normal 0.006 - 0.04

Ma [51] Normal 1.0 0.45 0

SO(3) Models:

M [52] Normal 0.87 - 1.0 0.46 0.00005

Texture Zero Models:

CPP [53] Normal 0.007 - 0.008

Inverted ≥ 0.00005

Inverted ≥ 0.032

WY [54] Either 0.0006 - 0.003

Either 0.002 - 0.02

Either 0.02 - 0.15

19

Two necessary 
ingredients for testing 
flavour models:

● Precision 
measurements of the 
oscillation parameters 
at future experiments 
(including the delta 
phase).

● The determination of 
the mass hierarchy and 
of the neutrino mass 
spectrum.

Albright, Chen, PRD 7430
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What is the new physics?

MeV GeV TeV GUT scalekeVeVsub-eV

The new Standard Model will contain 
● new particles at a new physics scale 
● new interactions.

L⌫ = y L̄ ·H new
31

Coupling with the dark sector. Neutrinos can be a 
portal to new physics:

GUT see-saw I

TeV see-saw I (small couplings)

see-saw II, see-saw III
extended-type seesaws

radiative models
R-parity V SUSY...

See-saw I (tiny couplings)
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GUT see-saw ILow energy See-saw

Neutrino masses
and mixing

TeV see-saw I
see-saw II, see-saw III

extended-type seesaws
radiative models
R-parity V SUSY...
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GUT see-saw ILow energy See-saw

Neutrino masses
and mixing

? ? ?

TeV see-saw I
see-saw II, see-saw III

extended-type seesaws
radiative models
R-parity V SUSY...
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Complementarity with other searches

Signatures

Neutrino 
masses

Charged lepton 
flavour violation

Leptogenesis

Indirect signals 
(proton decay)

34

There are many (direct and indirect) signatures of 
these extensions of the SM.

Direct signals in 
colliders

Peak searches

Nuless 2beta decay
Kinks in beta 

decay

Establishing the origin of neutrino masses requires to 
have as much information as possible about the masses 
and to combine it with other signatures of the models.
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CLFV plays a special role. Neutrino masses induce 
LFV processes but they are very suppressed.

e
⌫i

W

µ

�

Br(µ ! e�) ⇠ 3↵
32⇡ (

P
i=2,3 U

⇤
µiUei

�2mi1

m2
W

)2 ⇠ 10�53

Br(µ ! e�) ⇠ 3↵
32⇡ (

P
i=2,3 U

⇤
µiUei

�2mi1

m2
W

)2 ⇠ 10�53

Charged lepton flavour violation

Any observation of CLFV would show new physics BSM 
and provide clues on the origin of neutrino masses.

Br(µ ! e�) ⇠ 3↵
8⇡ (

P
j U

⇤
µjUejg(

M2
N

m2
W
))2

Example: extension 
of the SM with 
singlet 
neutrinos 
N

N
e

W

µ

�
Br ⇠ 10�5 m4

W

M4
SUSY

|
m̃2

eµ

m2
`

|2 tan2 �/ |
X

N

Y ⇤
NµYNe ln(m0/mN )|2

Example: SUSY see-saw

�̃

⌫̃µ ⌫̃e
eµ

�

The 
same 

parameters 
enter in LFV, 

nu masses and 
leptogenesis.Borzumati, Masiero35
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Many models of neutrino masses lead to sizable LFV:
Models at the TeV scale with large mixing 
Radiative neutrino mass models
SUSY GUT see-saw models
Extra D, extra Higgs etc.

Other processes can also 
take place: 
●               conversion
●
● LFV      decay

Their relative Br depend on 
the underlying new physics 
BSM and flavour structure.

µ� e
µ ! eee

⌧

10
3

10
4

10
-2

10
-1

1 10 10
2

!

"
 (

T
e

V
)

EXCLUDED (90% CL)

B(µ # e$)=10
-13

B(µ # e$)=10
-14

B(µ # e conv in 
27

Al)=10
-16

B(µ # e conv in 
27

Al)=10
-18

Figure 2: Sensitivity of a µ ! e conversion in 27Al experiment that can probe a normalized
capture rate of 10�16 and 10�18, and of a µ ! e� search that is sensitive to a branching ratio
of 10�13 and 10�14, to the new physics scale ⇤ as a function of , as defined in Eq. (2). Also
depicted is the currently excluded region of this parameter space.

A model independent comparison between the reach of µ ! eee and µ ! e conversion in nuclei is
a lot less straight forward. If the new physics is such that the dipole-type operator is dominant ( ⌧ 1
in Figures 2 and 3), it is easy to see that near-future prospects for µ ! e conversion searches are
comparable to those for µ ! eee, assuming both can reach the 10�16 level. µ ! e conversion searches
will ultimately dominate, assuming these can reach beyond 10�17, and assuming µ ! eee searches
“saturate” at the 10�16 level. Under all other theoretical circumstances, keeping in mind that  and ⇤
in Eqs. (2,3) are not the same, it is impossible to unambiguously compare the two CLFV probes.

The discussions above also serve to illustrate another “feature” of searches for CLFV violation.
In the case of a positive signal, the amount of information regarding the new physics is limited. For
example, a positive signal in a µ ! e conversion experiment does not allow one to measure either ⇤ or
 but only a function of the two. In order to learn more about the new physics, one needs to combine
information involving the rate of a particular CLFV process with other observables. These include other
CLFV observables (e.g., a positive signal in µ ! e� and µ ! eee would allow one to measure both

7

After integrating out heavy degrees of freedom, and after electroweak symmetry breaking, CLFV
is mediated by e↵ective operators of dimension five and higher. We first concentrate on the following
e↵ective Lagrangian6

LCLFV =
mµ

(+ 1)⇤2
µ̄R�µ⌫eLF

µ⌫ + h.c.



(1 + )⇤2
µ̄L�µeL

�
ūL�

µuL + d̄L�
µdL

�
+ h.c. . (2)

The subscripts L,R indicate the chirality of the di↵erent Standard Model fermion fields, F µ⌫ is the
photon field strength and mµ is the muon mass. The coe�cients of the two types of operators are
parameterized by two independent constants: the dimensionful ⇤ parameter (with dimensions of mass),
which is meant to represent the e↵ective mass scale of the new degrees of freedom, and the dimensionless
parameter , which governs the relative size of the two di↵erent types of operators. The magnetic-
moment type operator in the first line of Eq. (2) directly mediates µ ! e� and mediates µ ! eee and
µ ! e conversion in nuclei at order ↵. The four-fermion operators in the second line of Eq. (2), on the
other hand, mediate µ ! e conversion at the leading order and µ ! e�, µ ! eee at the one-loop level.
For  ⌧ 1, the dipole-type operator dominates CLFV phenomena, while for  � 1 the four-fermion
operators are dominant.

The sensitivity to ⇤ as a function of  for µ ! e� and µ ! e conversion e↵orts is depicted in Fig. 2.
For  ⌧ 1, an experiment sensitive to Br(µ ! e�) > 10�13 will probe ⇤ values less than 2500 TeV,
while for  � 1 an experiment sensitive to Br(µ ! e conv in 27Al) > 10�16 will probe ⇤ values less
than 7000 TeV.

Relevant information can be extracted from Fig. 2. CLFV already probes ⇤ values close to 1000 TeV
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e conversion experiment is “guaranteed” to outperform a µ ! e� experiment for any value of  as
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
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µ̄L�µeL (ē�
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Similar to the dimension-six operators in the second line of Eq. (2), the dimension-six operator in the
second line of Eq. (3) mediates µ ! eee at the tree level and µ ! e�, µ ! e conversion at the one-
loop level. Similar to Eq. (2), the dimensionless parameter  determines whether the dipole-like or the
four-fermion interaction is dominant when it comes to CLFV.

The sensitivity to ⇤ as a function of  for µ ! e� and µ ! eee e↵orts is depicted in Fig. 3. Here,
for  � 1, an experiment sensitive to Br(µ ! eee) > 10�15 will probe ⇤ values less than 1800 TeV. As
in the example depicted in Fig. 2, we note that a µ ! eee experiment is guaranteed to outperform a
µ ! e� experiment, for any value of , as long as it is a few hundred times more sensitive. Whether
this can be realistically achieved in future experiments is still under investigation [12, 19].

6The most general e↵ective Lagragian includes several other terms [14]. The subsets included in Eqs. (2,3), however,
are su�cient to illustrate all issues discussed here. Modulo extreme constructive/destructive interference e↵ects among
di↵erent e↵ective operators, the points made here remain valid.
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Record of selected lepton flavor violation searches.

cascade down to 1S orbitals. There, they can undergo (a) ordinary decay with a rate of ∼5×105 s−1,
(b) weak capture, µ−p → νµn (which exceeds the ordinary decay rate for nuclei with Z > 6), or
(c) coherent flavor changing conversion, µ− N → e− N. The last of these reactions has already
been significantly constrained using various targets. Indeed, the ratio of conversions to capture,

Table 1 A sample of various charged lepton flavor violating reactions

Reaction Current bound Reference Expected Possible
B(µ+ → e+γ ) <1.2 × 10−11 28 2 × 10−13 2 × 10−14

B(µ± → e±e+e−) <1.0 × 10−12 37 – 10−14

B(µ± → e±γ γ ) <7.2 × 10−11 92 – –
R(µ−Au → e−Au) <7 × 10−13 15 – –
R(µ−Al → e−Al) – 10−16 10−18

B(τ± → µ±γ ) <5.9 × 10−8 Table 2 O(10−9)
B(τ± → e±γ ) <8.5 × 10−8 Table 2 O(10−9)
B(τ± → µ±µ+µ−) <2.0 × 10−8 Table 2 O(10−10)
B(τ± → e±e+e−) <2.6 × 10−8 Table 2 O(10−10)
Z0 → e±µ∓ <1.7 × 10−6 90
Z0 → e±τ∓ <9.8 × 10−6 90
Z0 → µ±τ∓ <1.2 × 10−5 91
K 0

L → e±µ∓ <4.7 × 10−12 74 10−13

D0 → e±µ∓ <8.1 × 10−7 78 10−8

B0 → e±µ∓ <9.2 × 10−8 79 10−9

Data from current experimental bounds, expected improvements from existing or funded
experiments, and possible long-term advances.

318 Marciano · Mori · Roney

A
n
n
u
. 
R

ev
. 
N

u
cl

. 
P

ar
t.

 S
ci

. 
2
0
0
8
.5

8
:3

1
5
-3

4
1
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 w

w
w

.a
n
n
u
al

re
v
ie

w
s.

o
rg

b
y
 U

n
iv

er
si

te
 L

ib
re

 d
e 

B
ru

x
el

le
s 

(U
L

B
) 

o
n
 0

6
/2

5
/1

3
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.

ANRV358-NS58-12 ARI 18 September 2008 23:47

1940 1960 1980 2000 2020

Year

90
%

–C
L 

bo
un

d 

10–14

10–12

10–10

10–8

10–6

10–4

10–2

100

μ eγ
μ 3e
μN eN
τ μγ
τ 3μ

Figure 1
Record of selected lepton flavor violation searches.

cascade down to 1S orbitals. There, they can undergo (a) ordinary decay with a rate of ∼5×105 s−1,
(b) weak capture, µ−p → νµn (which exceeds the ordinary decay rate for nuclei with Z > 6), or
(c) coherent flavor changing conversion, µ− N → e− N. The last of these reactions has already
been significantly constrained using various targets. Indeed, the ratio of conversions to capture,

Table 1 A sample of various charged lepton flavor violating reactions

Reaction Current bound Reference Expected Possible
B(µ+ → e+γ ) <1.2 × 10−11 28 2 × 10−13 2 × 10−14

B(µ± → e±e+e−) <1.0 × 10−12 37 – 10−14

B(µ± → e±γ γ ) <7.2 × 10−11 92 – –
R(µ−Au → e−Au) <7 × 10−13 15 – –
R(µ−Al → e−Al) – 10−16 10−18

B(τ± → µ±γ ) <5.9 × 10−8 Table 2 O(10−9)
B(τ± → e±γ ) <8.5 × 10−8 Table 2 O(10−9)
B(τ± → µ±µ+µ−) <2.0 × 10−8 Table 2 O(10−10)
B(τ± → e±e+e−) <2.6 × 10−8 Table 2 O(10−10)
Z0 → e±µ∓ <1.7 × 10−6 90
Z0 → e±τ∓ <9.8 × 10−6 90
Z0 → µ±τ∓ <1.2 × 10−5 91
K 0

L → e±µ∓ <4.7 × 10−12 74 10−13

D0 → e±µ∓ <8.1 × 10−7 78 10−8

B0 → e±µ∓ <9.2 × 10−8 79 10−9
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Figure 1. History of searches for selected lepton flavour violating processes. Shown
are 90% CL upper limits, and the experiments setting the best current limits and future
prospectives for LFV searches in � decays and µ–e conversion are indicated. This
graph has been modified from [5].

2. Charged-lepton flavour violation

Flavour violation involving charged leptons (LFV) belongs to the class of flavour-changing neutral currents
(FCNC), which are suppressed at tree level in the SM where they are mediated by � and Z0 bosons, but
arise at loop level via weak charged currents mediated by the W± boson. The GIM mechanism [1] further
suppresses loop-induced FCNC in the quark sector, so that FCNC effects are generally small in the SM.
Rare FCNC processes such as B0

s � µµ or K+ � ⌅+⇤⇤ (and many others) are therefore sensitive probes
for new physics. The former mode is currently actively investigated at the LHC [2, 3], while the latter
channel will be studied by the NA62 experiment that is under construction at CERN [4].

Because flavour violation requires mixing between generations, charged LFV exactly vanishes in the SM
for massless neutrinos. Extending the SM to include neutrino masses induces charged LFV via chirality
flipping dipole amplitudes, which are however proportional to the fourth power in the ratio of neutrino mass
splitting to W mass, giving, e.g., for the LFV decay µ � e� a branching fraction of roughly 10�54 [5],
depending on the neutrino mixing angle ⇥13. This is an unobservably tiny branching fraction so that the
search for charged LFV probes new physics without SM contamination.

Experimentally, no evidence for charged LFV has been found so far. It is searched for in a variety of
modes including the neutrinoless decays of a heavy lepton into a light one under emission of a radiative
photon, or of a heavy lepton into three light ones. Using muonic atoms it is also possible to look for
µ–e conversion in the electromagnetic field of the nucleus. Finally, ⇧ leptons provide a profuse field of
LFV searches with 48 different final states studied so far (see [6] for a recent summary). A chronological
overview of LFV limits is drawn in Fig. 1. It witnesses the many orders of magnitude improvement in
the sensitivity obtained during half a century of LFV experiments. The tightest absolute limits on LFV
effects are obtained in µ decays and µ–e conversion experiments. However, because different new physics
phenomena induce different LFV effects, a quantitative comparison between the limits is model-dependent.

The absence of charged LFV had important consequences in the early days of particle physics when the
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phenomena induce different LFV effects, a quantitative comparison between the limits is model-dependent.

The absence of charged LFV had important consequences in the early days of particle physics when the

2

 future sensitivities:

 1 order of magnitude improvement

 updated from Marciano‐Mori 09’

 4 order of magnitude improvement

 ~4‐6 order of magnitude improvement

Br(µ ⇥ e�) < 10�14 (MEG� II � future)

Br(� ⇥ µµµ) < 10�9,�10,�11? (SuperBfactories, SHIP...� future)  ~2 order of magnitude improvement

T. Hambye, update of Marciano, Mori 09

-18

-17

-16
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⌘B ⌘ nB � nB̄

n�
= (6.14± 0.08)⇥ 10�10

There is evidence of the baryon asymmetry:

38

Leptogenesis and the Baryon asymmetry

Planck, 1303.5076

In order to generate dynamically a baryon asymmetry, 
the Sakharov’s conditions need to be satisfied:

- B (or L) violation;

- C, CP violation;

- departure from thermal equilibrium.
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⌘B ⌘ nB � nB̄

n�
= (6.14± 0.08)⇥ 10�10

There is evidence of the baryon asymmetry:

39

Planck, 1303.5076

In order to generate dynamically a baryon asymmetry, 
the Sakharov’s conditions need to be satisfied:

- B (or L) violation;

- C, CP violation;

- departure from thermal equilibrium.

Leptogenesis in models at the origin of 
neutrino masses

Neutrinoless double beta decay

LBL

Expansion of the Universe

Leptogenesis and the Baryon asymmetry
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● At T>M, the right-handed neutrinos N are in 
equilibrium thanks to the processes which produce 
and destroy them:

● When T<M, N drops out of equilibrium

● A lepton asymmetry can be generated if 

● Sphalerons convert it into a baryon asymmetry.

N $ `H

N ! `H

�(N ! `H) 6= �(N ! `cHc)

Leptogenesis in see-saw type I

40 Fukugita, Yanagida, PLB 174; Covi, Roulet, Vissani; Buchmuller, Plumacher; Abada et al., ...

N ! `cHc

T

-T=M

-
T=100
GeV
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YB =
k

g⇤
cs✏ ⇠ 10�3 � 10�4✏

In order to compute the baryon asymmetry:

1. evaluate the CP-asymmetry

2. solve the Boltzmann equations to take into account 
the wash-out of the asymmetry

3. convert the lepton asymmetry into the baryon one

✏ ⌘ �(N ! `H)� �(N c ! `cHc)

�(N ! `H) + �(N c ! `cHc)

YL = k✏

For T < 10   GeV,  flavour effects are important.
12

41
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Is there a connection between low 
energy CPV and the baryon 

asymmetry?

42
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     depends on the CPV phases in 

and in the U mixing matrix via the see-saw formula.

Let’s consider see-saw type I with 3 NRs.

3 phases missing!

✏ /
X

j

=(Y⌫Y
†
⌫ )

2
1j
Mj

M1

m⌫ = U⇤miU
† = �Y T

⌫ M�1
R Y⌫v

2

MR 3 0
Y⌫ 9 6

mi 3 0
U 3 3

43

The general picture

✏

High energy Low energy

Y⌫
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In understanding the origin of the flavour structure, the 
see-saw models have a reduced number of parameters.

It may be possible to predict the baryon asymmetry 
from the Dirac and Majorana phases.

44

Specific flavour models6 – Leptogenesis

In understanding the origin of the flavour structure, the see-saw models have
a reduced number of parameters, with no independent R.

In some cases, it is possible to predict

the baryon asymmetry from the Dirac and/or Majorana phases.

ν

FLAVOUR P.
Leptogenesis

masses
mixing (U)

models
See saw
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It has been shown that, thanks to flavour effects, the low 
energy phases enter directly the baryon asymmetry. 
Example in see-saw type I, with NH (m1<< m2 <<m3), M1<M2<M3, M1~5 
10^11 GeV:

45

Does observing low energy CPV imply a baryon asymmetry?

7 – Observing low-energy CPV implies leptogenesis?

Leptogenesis due uniquely to the Dirac phase.
|YB| ∝ c2

23 s12 s13 |sin δ|.

For R2
12 = 0.85, R2

13 = 0.15, we get
|YB| ∼= 2.8 × 10−11 | sin δ|

(
s13

0.2

) (
M1

1011 GeV

)
.

Imposing M1 < 5 × 1011 GeV for flavour effects to be important, we find
| sin θ13 sin δ| >∼ 0.11 , sin θ13

>∼ 0.11 .

!11.5 !11 !10.5 !10 !9.5 !9
Log10YB

!0.04

!0.02

0

0.02

0.04

J CP

Large theta13 implies that delta can give an important 
(even dominant) contribution to the baryon asymmetry.    
Large CPV is needed and a NH spectrum. 

SP, Petcov, Riotto, 
PRD75 and NPB774

✏⌧ / M1f(Rij)
h
c23s23c12 sin

↵32

2
� c223s12s13 sin(� �

↵32

2
)
i

| sin ✓
13

sin �| > 0.11

sin ✓
13

|
exp

' 0.15

Friday, 20 June 14



46

Observing L violation and CPV 
would constitute a strong hint in 

favour of leptogenesis as the 
origin of the baryon asymmetry, 

although not a proof.
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

Signatures

Neutrino 
masses

Leptogenesis

Charged lepton 
flavour violation, in 

SUSY models

47

Proton decay
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

SignaturesNeutrino 
masses

Charged lepton 
flavour violation

Leptogenesis with 
enhancements of CPV 

effects
Direct signals in 
colliders

48

Neutrinoless 
double beta

decay
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Direct searches at the TeV scale

● LNV: same-sign dilepton signal with no missing energy
● multilepton production.

p-p 
interaction

N

visible particles: photons, 
electrons, muons, pions....

The decay length is controlled by the mixing angle and 
the branching ratios by SM interactions (and kinematics).

Friday, 20 June 14
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Searches for LNV decays at colliders

LFV&LNV&LHC*********************************************
George*Lafferty*(University*of*Manchester)* 22*

LNV'in'B'decays'at'LHCb'–'Majorana'neutrinos'

ATLAS, CMS and LHC-b have 
already put new bounds.

CMS left-right model 
with heavy neutrinos

Search'for'heavy'Majorana'neutrinos'in'µ±µ±'+'jets'and'e+eO'+'jets'at'CMS'

LFV&LNV&LHC*********************************************
George*Lafferty*(University*of*Manchester)* 35*

•  Analysis*uses*4.98*tX1*at**√s*=*7*TeV*
•  N*may*decay*to*sameXsign*(WX*l+)or*oppositeXsign*(W+*lX)*lepton**
•  SameXsign*events*have*no*SM*background*–*search*for*events*with*two*isolated*

leptons*of*same*sign*and*same*flavour,*plus*at*least*two*jet*
•  Free*parameters*are*heavy*neutrino*mass*mN*and*mixing*parameters*|VlN|2*for*l=e,µ 

LFV&LNV&LHC*********************************************
George*Lafferty*(University*of*Manchester)* 24*






 

Lepton Number Violating Charmless B Decays 


  







  





K∗e±µ∓
Ke±µ∓

πe±µ∓

ρe±µ∓

K∗0e±µ∓

K∗+e±µ∓

K0e±µ∓

K+e±µ∓

π+e±µ∓

π0e±µ∓

e±µ∓

K−e+e+

K−µ+µ+

K∗−e+e+

K∗−µ+µ+

π−e+e+

ρ−e+e+

π−µ+µ+

ρ−µ+µ+

K−e+µ+

K∗−e+µ+

π−e+µ+

ρ−e+µ+

K∗+e+µ−

K∗+e−µ+

K+e+µ−

K+e−µ+

LHCb*

LHCb*

From Lafferty, talk at UKHEP Forum 13
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

Signatures

Neutrino 
masses

Peak searches

Neutrinoless double 
beta decayKinks in beta 

decay

Dark Matter: 
WDM

51
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Tau and Meson decays 
get resonantly 
enhanced for M~ GeV.

Atre, Han, Pascoli, Zhang, 0901.3589

Rare tau and meson decays

52

5 – Peak searches

5 – Peak searches

If a heavy neutrino mixes with νe,µ, it would modify the spectrum

of e and µ in meson decays. For ex., in π → µνµ a peak would

appear at

Ti = (m2
π + m2

µ − 2mπmµ − m2
νi
)/2mπ,

[Shrock, PRD 1980]

Shrock, PRD 1980

Peak searches

Kinks in beta decays

For M~10-100MeV

Mitra, SP, Wong, 1310.6218

7

10-8 10-6 10-4 0.01
10-9

10-7

10-5

0.001

0.1

m 4 HGeVL

»U e4
2

187 Re 3 H 63 Ni

35 S

20 F
Fermi2

Bugey
Borexino

p->en
GERDA 90%

PS191

64 Cu

FIG. 2. Upper bound of |U2
e4| as a function of m4 from the limit on the half-life from GERDA [28]. The gray band is due

to the uncertainty on the NMEs. For comparison, we also show the di↵erent bounds from beta decay, solar and reactor
experiments, peak search and beam dump experiment, first compiled in Ref. [101] .

nucleous would never be observed. However, this does not need to be the case for another isotope. Between two
isotopes (A, B), if this cancellation is e↵ective for isotope A, then the half life for isotope B is

1

T 0⌫
1/2(B)

= GB
0⌫ |⌘21 |(M1,B � M1,A

M2,A
M2,B)

2, (9)

where M1,A, M2,A are the NMEs for the two exchange processes in isotope A and M1,B , M2,B are for isotope B.
As an example we consider the case when the cancellation is e↵ective in 136Xe. In this case, the bound on half-life
T 0⌫
1/2 > 3.4 ⇥ 1025 yrs [31] is automatically satisfied, irrespective of the absolute magnitude of |⌘1,2|. Denoting the

nuclear matrix elements for 76Ge and 136Xe by M1,Ge, M2,Ge and M1,Xe, M2,Xe and the phase space of 76Ge by
GGe

0⌫ , the half-life of 76Ge is

1

T 0⌫
1/2(

76Ge)
= GGe

0⌫ |⌘21 |(M1,Ge � M1,Xe

M2,Xe
M2,Ge)

2. (10)

The value of |⌘1| that saturates the lower limit of half-life from GERDA [28] and GERDA+HDM+IGEX [28] are

|⌘1|  (2.87, 2.40)⇥ 10�6

��(M1,Ge � M1,Xe

M2,Xe
M2,Ge)

�� , (11)

while the range of |⌘1| that satisfies the positive claim (90% C.L.) in [26] is

|⌘1| = (2.42� 3.18)⇥ 10�6

��(M1,Ge � M1,Xe

M2,Xe
M2,Ge)

�� . (12)
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Neutrinoless double beta decay

As for light neutrinos, sterile neutrinos, if Majorana, will 
induce neutrinoless double beta decay.

(T 1/2
0⌫ )�1 / G0⌫

�����
X

i

NMEihmii

�����

2

53

The half-life time depends 
on neutrino properties.

If the masses are below 100 MeV, their effects are not 
suppressed

13 – Laboratory constraints

The half-life time, T1/2
0ν , of the (ββ)0ν -decay can be factorized as:

[

T1/2
0ν (0+ → 0+)

]−1
∝ |MF − g2

AMGT |2 |<m>| 2

• MF , MGT are nuclear matrix elements.

• | < m > | is the effective Majorana mass parameter:

|<m>| ≡
∣

∣

∣

∑

light miU2
ei + m4|Ue4|2eiα41

∣

∣

∣ ,

|<m>| contains all the dependence of T1/2
0ν on the neutrino parameters.

Uej are the elements of the lepton mixing matrix UPMNS, mj the masses of
the massive neutrinos νj , αj1 the CP-violating phases.

The NME behaviour changes at p~100 MeV, the scale of 
the process. In most cases they are subdominant as the 
NME for heavy particles suppress their contribution 
w.r.t. the long range processes.
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Particles can be produced directly but very small Yukawa 
couplings are required or specific cancellations in the 
masses (e.g. extended see-saw).

54

Atre, Han, 
SP, Zhang, 
0901.3589

m= 1 eVm= 0.1 eV
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

Signatures

Neutrino 
masses

Neutrino 
oscillations

Neutrinoless double 
beta decayKinks in beta 

decay

Dark Matter: 
HDM
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MiniBooNE was designed to test the 
LSND excess. It found an excess of 
events at low energy. MicroBooNE is 
going to probe these hints.
Reactor anomaly: A recomputation of 
the reactor fluxes seems to indicate 
neutrino disappearance.
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FIG. 1: The neutrino mode (top) and antineutrino mode (bot-
tom) EQE

ν distributions for νe CCQE data (points with sta-
tistical errors) and background (histogram with systematic
errors).

bins. In neutrino (antineutrino) mode, a total of 952
(478) events pass the νe event selection requirements with
200 < EQE

ν < 1250 MeV, compared to an expectation of
790.0±28.1±38.7 (399.6±20.0±20.3) events, where the
first error is statistical and the second error is systematic.
This corresponds to a neutrino (antineutrino) excess of
162.0± 47.8 (78.4± 28.5) events. Combining the data in
neutrino mode and antineutrino mode, the total excess
is 240.3 ± 62.9 events. Fig. 2 shows the event excesses
as a function of EQE

ν in both neutrino and antineutrino
modes. The number of data, fitted background, and ex-
cess events for neutrino mode, antineutrino mode, and
combined are summarized in Table II.

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rates are stable to < 2% and that
the detector energy response is stable to < 1% over the
entire run. In addition, the fractions of neutrino and an-
tineutrino events are stable over energy and time, and
the inferred external event rate corrections are similar in
both neutrino and antineutrino modes.

A comparison between the MiniBooNE and LSND an-
tineutrino data sets is given in Fig. 3, which shows the
oscillation probability as a function of L/Eν for νµ → νe
and ν̄µ → ν̄e candidate events in the L/Eν range where
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FIG. 2: The neutrino mode (top) and antineutrino mode (bot-
tom) event excesses as a function of EQE

ν . Also shown are the
expectations from the best two-neutrino and 3+2 joint oscilla-
tion fits with 200 < EQE

ν < 3000 MeV and from two reference
values in the LSND allowed region. All known systematic er-
rors are included in the systematic error estimate.

MiniBooNE and LSND overlap. The data used for LSND
and MiniBooNE correspond to 20 < Eν < 60 MeV and
200 < EQE

ν < 3000 MeV, respectively. The oscilla-
tion probability is defined as the event excess divided
by the number of events expected for 100% νµ → νe
and ν̄µ → ν̄e transmutation in each bin, while L is the
distance travelled by the neutrino or antineutrino from
the mean neutrino production point to the detector and
Eν is the reconstructed neutrino or antineutrino energy.
The largest oscillation probabilities from both LSND and
MiniBooNE occur at L/Eν ≥ 1 m/MeV.

The MiniBooNE data are next fit to a two-neutrino
oscillation model, where the probability, P , of νµ →
νe and ν̄µ → ν̄e oscillations is given by P =
sin2 2θ sin2(1.27∆m2L/Eν), sin

2 2θ = 4|Ue4|2|Uµ4|2, and
∆m2 = ∆m2

41 = m2
4 − m2

1. The oscillation parameters
are extracted from a combined fit to the νe, ν̄e, νµ, and
ν̄µ CCQE event distributions. The fit assumes CP con-
servation with the same oscillation probability for neu-
trinos and antineutrinos, including both right-sign and
wrong-sign neutrinos, and no significant νµ, ν̄µ, νe, or ν̄e
disappearance. Using a likelihood-ratio technique [4], the
best oscillation fit for 200 < EQE

ν < 3000 MeV occurs at

Non-standard effects: sterile neutrinos

(
_

)

ν µ disappearance in the 3+1 scenario
Parameter regions favored by tentative hints are in

tension with null results from
(
_

)

ν µ disappearance searches
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Preliminary99% CL

Joachim Kopp Theory and Phenomenology of Sterile Neutrinos 12

JK Machado Maltoni Schwetz, 1303.3011

Kopp et al., JHEP 1305 2013 + preliminary at Neutrino 2014
See also Giunti et al., 1308.5288, Conrad et al., 1207.4765

There is a significant tension 
b e tween appe a r a n ce a nd 
disappearance data. Many plans 
to test these anomalies in short 
baseline oscillations: nuclear 
d e c a y s , r e a c t o r s a n d 
accelerators.
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If light sterile neutrinos are found, it would change our 
perspective on neutrino mass models and the flavour 
problem.

1. Do they give mass to the light neutrinos, via a low 
energy see-saw? Testable in neutrinoless double beta 
decay.

2. Why are they so light? Is there a common origin for 
sterile neutrino and standard neutrino masses?
3. What is the origin of the mixing pattern?
4. Are there new sources of CPV?
5. What is their effect on the evolution of the Universe?

✓
0 mD

mT
D M

◆
= U

total

✓
m

light

0
0 m

4

◆
UT
total

0 =
X

i

UeimiUei

Although Majorana neutrinos, no signal in 
neutrinoless double beta decay!
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Conclusions
● Neutrino masses are the first evidence of Physics 
BSM and they provide a new complementary window 
w.r.t. collider and flavour physics searches.

● It is necessary to have precise information on the 
values of the masses and on the mixing angles and CPV 
phase. This is crucial to understand the origin of the 
leptonic flavour structure (e.g. flavour symmetries).

● Determining the New Standard Model (nuSM), 
responsible for neutrino masses, is the ultimate goal. It 
requires complementary information: CLFV, 
leptogenesis, direct searches at TeV scale and below, 
low energy probes (e.g. short baseline neutrino 
oscillations). 
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