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                         Evidences for   oscillations:    deficits

flux deficits have been observed in a large variety of experiments:

Solar   : Homestake, Sage, Gallex, SuperKamiokande, SNO, Borexino...•

ν

p-p expt?, Be  expt?,...

Atmospheric   : SuperKamiokande,...•
Icecube, Antares, INO?, HyperK?...

ν

ν

νBeam   : K2K, Minos•
Miniboone, OPERA, T2K, T2HyperK?,    factory?,    beam?...βν
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Reactor   : Kamland,...•
DoubleChooz, Daya Bay?...
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                         Neutrino oscillations

flux deficits can be explained if the neutrino have a massν

example:              system:νµ − ντ Mν =
(

mµµ mµτ

mτµ mττ

)
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mass eigenstates
neutrino mixing matrix

flavour states
neutrino masses
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                         The 3 neutrino picture

νe, νµ, ντ system:

Mν =




me−e me−µ me−τ

mµ−e mµ−µ mµ−τ

mτ−e mτ−µ mτ−τ





UT ·




mν1 0 0
0 mν2 0
0 0 mν3



 · U

3 neutrino masses

=

mixing matrix: - 3 angles:
                                         - 3 CP violating phases:

mν1,2,3

θ23, θ12, θ13

δ, φ1,2



                         Data constraints on the 3 massive neutrino picture
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                        Testing further the 3 massive neutrino picture

validating it further or invalidating it at least partially

                           - new long range force?
                                              - non standard neutrino interaction? 

 - ......?

requires: -to measure better and better:  

-to measure new parameters:  

∆m2
21, ∆m2

31, θ12, θ23

θ13, mee, δ, mν3

ultimately the hope is to check the unitarity of the neutrino 
mixing matrix: requires to measure at least:           and       or   θ13, δ, mν3 mee



                        Special role played by the         decay 0ν2β

its observation would establish 

that neutrino have Majorana masses

Lepton Number is violated  

crucial information for beyond the 

Standard Model physics 

mν×



                        Origin of Neutrino Masses? 

neutrino masses require new fields beyond the Standard Model •  

most straightforward possibility: heavy right-handed neutrinos: •  NR

! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

! masses beyond the SM

 Favorite options: new physics at higher scale M 

Heavy fields manifest in the low energy effective theory (SM)

via higher dimensional operators

Dimension 5 operator:

It’s unique ! very special role of ! masses:

lowest-order effect of higher energy physics

! "/M (L L H H)  "v/M (!!) 
2
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Od=5

#L=ci Oi

! masses beyond the SM

 Favorite options: new physics at higher scale M 

Heavy fields manifest in the low energy effective theory (SM)

via higher dimensional operators

Dimension 5 operator:

It’s unique ! very special role of ! masses:

lowest-order effect of higher energy physics

! "/M (L L H H)  "v/M (!!) 
2

c

Od=5

#L=ci Oi

να νβ

+ +v v

interaction
λαβ

MN
LαLβHH

( λ

MN
= Y T

N
1

MN
YN

)

could we confirm this    mass origin from    experiments?       ν ν

Mν = Y T
N

1
MN

YN v2



                        Origin of Neutrino Masses? 

neutrino masses require new fields beyond the Standard Model •  

most straightforward possibility: heavy right-handed neutrinos: •  NR

! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

! masses beyond the SM

 Favorite options: new physics at higher scale M 

Heavy fields manifest in the low energy effective theory (SM)

via higher dimensional operators

Dimension 5 operator:

It’s unique ! very special role of ! masses:

lowest-order effect of higher energy physics

! "/M (L L H H)  "v/M (!!) 
2

c

Od=5

#L=ci Oi

! masses beyond the SM

 Favorite options: new physics at higher scale M 

Heavy fields manifest in the low energy effective theory (SM)

via higher dimensional operators

Dimension 5 operator:

It’s unique ! very special role of ! masses:

lowest-order effect of higher energy physics

! "/M (L L H H)  "v/M (!!) 
2

c

Od=5

#L=ci Oi

να νβ

+ +v v

interaction
λαβ

MN
LαLβHH

( λ

MN
= Y T

N
1

MN
YN

)

could we confirm this    mass origin from    experiments?       ν ν

Mν = Y T
N

1
MN

YN v2

No!



                        Origin of Neutrino Masses? 

neutrino masses require new fields beyond the Standard Model •  

most straightforward possibility: heavy right-handed neutrinos: •  NR

! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

! masses beyond the SM

 Favorite options: new physics at higher scale M 

Heavy fields manifest in the low energy effective theory (SM)

via higher dimensional operators

Dimension 5 operator:

It’s unique ! very special role of ! masses:

lowest-order effect of higher energy physics

! "/M (L L H H)  "v/M (!!) 
2

c

Od=5

#L=ci Oi

! masses beyond the SM

 Favorite options: new physics at higher scale M 

Heavy fields manifest in the low energy effective theory (SM)

via higher dimensional operators

Dimension 5 operator:

It’s unique ! very special role of ! masses:

lowest-order effect of higher energy physics

! "/M (L L H H)  "v/M (!!) 
2

c

Od=5

#L=ci Oi

να νβ

+ +v v

interaction
λαβ

MN
LαLβHH

( λ

MN
= Y T

N
1

MN
YN

)

could we confirm this    mass origin from    experiments?       ν ν

Mν = Y T
N

1
MN

YN v2

No!

basically an infinity of possibilities 



The 3 basic seesaw models 

i.e. tree level ways to generate the dim 5                 operator
! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

! masses beyond the SM : tree level

Fermionic Triplet 

Seesaw ( or type III)

2 x 2 = 1 + 3

! masses beyond the SM : tree level

2 x 2 = 1 + 3

Scalar Triplet 

Seesaw ( or type II)

Right-handed singlet:
(type-I seesaw)

Scalar triplet:
(type-II seesaw)

Fermion triplet:
(type-III seesaw)

mν = Y T
N

1
MN

YNv2 mν = Y∆
µ∆

M2
∆

v2 mν = Y T
Σ

1
MΣ

YΣv2

λ

M
LLHH

all these models can give any     mass matrix which could be observedν



                        Number of parameters: model vs    mass matrixν

more parameters in the model than in the neutrino mass matrix

Example: 3 right-handed neutrinos:

 15 parameters in Yukawa matrix
 9 real parameters

 6 phases
 3 masses of the N

18 parameters
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Example: 3 right-handed neutrinos

 15 parameters in Yukawa matrix
 9 real parameters

 6 phases
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           to be compared with 
   9 parameters in Mν

               to distinguish the    mass models we 
                   need to have access to the other para-

                    meters from non neutrino experiments

ν
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                            Why other effects associated to the same    physics 
     are e.g. expected very suppressed (1)

ν

•

•

Writing down the possible low energy effects involving SM fermions

which could be induced by any kind of new heavy physics at a scale M:

- the                  effect turns out to be the only possible one in 
λ

M
LLHH

1
M

- all other possible effects are in 1
M2

,
1

M3
, ...

 special status of    masses ν

 neutrino masses 



                            Why other effects associated to the same    physics 
      are e.g. expected very suppressed (1I)

ν

• Neutrino masses are very tiny:   mν < 2.2 eV

so tiny that even                       can give themM = 1015 GeV

bad news for other effects in   
1

M2
,

1
M3

, ...

•                       So tiny    mass effects could be observed because they are very 
long distance processes unlike other effects like    

ν
µ→ eγ, ....

µ→ eγ, .... e.g. very suppressed (but not necessarily always)  



Summary 

•               It is important to measure better the already known oscillation     
parameters as well as new neutrino mass parameters  θ13, δ, mν3 , mee

to test further the neutrino mass pattern

: simply because they are new parameters of natureθ13, δ, mν3

mee : would bring an essential ingredient: Dirac or Majorana

• Important to keep in mind that    experiments alone 
  cannot distinguish between the neutrino mass models

ν

other complementary searches are essential:                    

(even if e.g. expected suppressed)

µ→ eγ, µ→ eee, ...



                        On the expected value of θ13

                                                     Example: determine the Yukawa and N mass matrix which can 
                                             reproduce all the data with a minimum of non-negligible 

uncorrelated parameters
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Figure 1: Ranges of values for sin θ13 at
90% confidence level for the different cases,
plotted as a function of ∆m2

32. Cases D,
E, which only give a bound on sin θ13, are
shown with a double arrow.

Figure 2: Ranges of values for mee at 90%
confidence level.

While the prediction for sin θ13 are in an experimentally interesting range, the expecta-
tions for the 0ν2β-decay effective mass are mostly on the low side, except, as expected [8],
in the only inverted hierarchical case E. The ranges for each individual cases with non-
vanishing mee are shown in Fig. 2. The challenge of detecting a non zero mee, when
applicable, is therefore harder than for sin θ13, with a better chance for the only inverted
hierarchical case E.

3 Table 1 justified

In this Section we describe how we arrive to select the relatively small number of cases
enumerated in Sect. 2. We build up the overall picture by commenting on the individual
cases, which are summarized in Tables 2, 3 and 4. It is non trivial to make sure that
we are not missing any possibility. This is obtained partly by general considerations and
partly by direct inspection of the individual cases.
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Figure 8: In fig. 8a we show the 90% and 99% CL ranges of mee in the cases of normal hierarchy
(i.e. 0 = m1 ! m2 ! m2, so that ∆m2

23 > 0) inverted hierarchy (i.e. 0 = m3 ! m1 ≈ m2, so that
∆m2

23 < 0) and almost degenerate neutrinos at 1 eV (a value chosen for illustration). LOW collectively
denotes large mixing angle solutions other than LMA. In fig. 8b, without distinguishing LMA or LOW,
we plot the 90% CL range for mee as function of the lightest neutrino mass, thereby covering all spectra.

• In the case of normal hierarchy (i.e. m1 ! m2 ! m3, see section 2.5) we get the 90% CL range
|mee| = (0.7 ÷ 4.6)meV. If θ13 is somewhat below its present bound and LMA is the solution of
the solar neutrino anomaly, this case gives a testable prediction: mee ≈ (∆m2

12)
1/2 sin2 θ12.

• In the case of inverted hierarchy (i.e. m3 ! m1 ≈ m2, see section 2.4) we get the 90% CL
range |mee| = (12÷ 57)meV. However, a much smaller mee is allowed at somewhat higher CL and
suggested by theoretical considerations.

These results are summarized in fig. 8a, where we also show the ranges of mee, restricted to the LMA
and to the other large mixing angle solutions of the solar anomaly (collectively denoted as ‘LOW’). The
SMA solution is only allowed at higher CL than the ones we consider.

Beyond these two special cases (where the lightest neutrino has a little or negligible mass), there
is a family of more generic spectra (sometimes named ‘partial hierarchy’, ‘partial degeneracy’, . . . )
conveniently parametrised by the lightest neutrino mass, mmin. In fig. 8b we show how the 90% CL range
for mee varies as a function of mmin (note that this figure improves on traditional plots in mmin − mee

plane [46], which are done at fixed values of the oscillation parameters). When mmin is larger than the
oscillation scales (so that neutrinos are almost degenerate at a common mass mνe) we get the 90% range
mee = (0.17 ÷ 1) mνe (see fig. 8a for more detailed results). We also considered the implications of
present data:

• In the case of almost degenerate neutrinos (section 2.5) we converted the present 0ν2β bound
(mee < 0.38h eV at 95% CL; h ∼ 1 parameterizes nuclear uncertainties, see section 2.1) into a 90%
CL bound on their common mass, mνe < 1.05h eV, competitive with the direct β-decay bound.

This bound could become stronger with future oscillation data. In particular, if KamLAND will confirm
the LMA solution of the solar neutrino anomaly, it will be important to update the inferences on mee

performed in the present work. Within the three Majorana neutrino context we assumed, existing and
planned β decay experiments can see a signal only if neutrinos are almost degenerate. However, future
0ν2β experiments alone could rule out this possibility, if future oscillation data will safely tell us that
| cos 2θ12| > tan2 θ13. If neutrinos indeed have a large common Majorana mass, only with both β and
0ν2β experiments will it be possible to measure it, and learn on relevant Majorana phase.

18
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                        Importance of measuring    for leptogenesisδ

 wouldn’t bring any definite answer for leptogenesis 

 the right-handed neutrino seesaw model has 18 parameters 

 6 phases

    is not expected to be 
e.g. the dominant phase 
δ


