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1. Introduction

Neutrino physics is a very exciting field at this moment. From the plenary talks by T.Kobayashi [1]
and J.Cao [2] as well as from the talks by P. Novella [3], W.Liangjian [4], K. Sakashita [6], G.
Barr [5], Y. Hayato [7], L. Ludhova [8] in the neutrino parallel session we have heard about the
enormous progress made and being made in the experimental front in current neutrino oscillation
experiments from which we have established with high or at least good precision that:

• Atmospheric νµ and ν̄µ disappear most likely converting to ντ and ν̄τ . The results show an
energy and distance dependence perfectly described by oscillations.

• Accelerator νµ and ν̄µ disappear over distances of ∼ 200 to 700 Km. The energy spectrum
of the results show a clear oscillatory behaviour.

• Solar νe convert to νµ or ντ . The observed energy dependence of the effect is well described
by neutrino conversion in the Sun matter according to the MSW effect [13].

• Reactor ν̄e disappear over distances of ∼ 200 Km. The observed energy spectrum shows
an oscillatory behaviour with a wavelength distinct from the one observed in accelerator νµ disap-
pearance and compatible with the required parameters for MSW conversion in the Sun.

• Some accelerator νµ appears as νe at distances ∼ 200 to 700 Km.
• Reactor ν̄e disappear also over distances of ∼ 1.5 Km.
The last two last results are new since the last ICHEP conference and, as we will see, have help

us to finalize the determination of the magnitude of all the entries of the leptonic mixing matrix.
All these results imply that neutrinos are massive and there is physics beyond the Standard

Model (SM).
The fundamental question opened by these results is what is the underlying BSM theory for

neutrino masses. In this talk, however, I will start on the more mundane but difficult approach
of the detailed determination of the minimum low energy parametrization required to describe the
bulk of data. The last part of the talk is devoted to discuss the implications of these results trying
to follow as much as possible and within its limitations a model independent approach. At these
times of LHC operation, I finish by commenting on some avenues which could connect the physics
of neutrino masses with low energy lepton flavour experiments and collider phenomenology.

2. The New Minimal Standard Model

The SM is a gauge theory based on the gauge symmetry SU(3)C× SU(2)L×U(1)Y sponta-
neously broken to SU(3)C×U(1)EM by the the vacuum expectation value of a Higgs doublet field
φ . The SM contains three fermion generations which reside in chiral representations of the gauge
group. Right-handed fields are included for charged fermions as they are needed to build the elec-
tromagnetic and strong currents. No right-handed neutrino is included in the model since neutrinos
are neutral and colourless and therefore the right-handed neutrinos are singlets of the SM group.

In the SM, fermion masses arise from the Yukawa interactions which couple the right-handed
fermion singlets to the left-handed fermion doublets and the Higgs doublet. After spontaneous
electroweak symmetry breaking (EWSSB) these interactions lead to charged fermion masses but
leave the neutrinos massless. No Yukawa interaction can be written that would give a tree level
mass to the neutrino because no right-handed neutrino field exists in the model.
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Furthermore, within the SM Gglobal
SM = U(1)B×U(1)e×U(1)µ ×U(1)τ is an accidental global

symmetry. Here U(1)B is the baryon number symmetry, and U(1)e,µ,τ are the three lepton flavor
symmetries. Any neutrino mass term which could be built with the particle content of the SM
would violate the U(1)L subgroup of Gglobal

SM and therefore cannot be induced by loop corrections.
Also, it cannot be induced by non-perturbative corrections because the U(1)B−L subgroup of Gglobal

SM
is non-anomalous.

It follows then that the SM predicts that neutrinos are strictly massless. Consequently, there
is neither mixing nor CP violation in the leptonic sector. Clearly this is in contradiction with the
neutrino data summarized in the introduction. So the Standard Model has to be extended at least to
include neutrino masses. This minimal extension is what I call The New Minimal Standard Model
(NMSM).

The two minimal extensions to give neutrino mass and explain the data are:
• Introduce νR and impose total lepton number (L) conservation so after EWSSB

LD = LSM−Mν ν̄LνR +h.c. (2.1)

In this case mass eigenstate neutrinos are Dirac fermions, ie νC 6= ν .
• Construct a mass term only with the SM left-handed neutrinos by allowing L violation

LM = LSM−
1
2

Mν ν̄Lν
c
L +h.c. (2.2)

In this case the mass eigenstates are Majorana fermions, νC = ν . Furthermore the Majorana mass
term above also breaks the electroweak gauge invariance. In this respect LM can only be under-
stood as a low energy limit of a complete theory while LD is formally self-consistent.

Either way, in the NMSM flavour is mixed in the CC interactions of the leptons, and a leptonic
mixing matrix appears analogous to the CKM matrix for the quarks. However the discussion of
leptonic mixing is complicated by two factors. First the number massive neutrinos (n) is unknown,
since there are no constraints on the number of right-handed, SM-singlet, neutrinos. Second, since
neutrinos carry neither color nor electromagnetic charge, they could be Majorana fermions. As
a consequence the number of new parameters in the model depends on the number of massive
neutrino states and on whether they are Dirac or Majorana particles.

In general, if we denote the neutrino mass eigenstates by νi, i = 1,2, . . . ,n, and the charged
lepton mass eigenstates by li = (e,µ,τ), in the mass basis, leptonic CC interactions are given by

−LCC =
g√
2

liL γ
µ U i j

ν j W+
µ +h.c.. (2.3)

Here U is a 3×n matrix which verifies UU† = I3×3 but in general U†U 6= In×n.
For most of this talk I will be assuming only three massive states. In this case U is a 3× 3

matrix analogous to the CKM matrix for the quarks [14, 15] but due to the Majorana (Dirac)
nature of the neutrinos it depends on six (four) independent parameters: three mixing angles and
three (one) phases

U =

 1 0 0
0 c23 s23

0 −s23 c23

 ·

 c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13

 ·

 c21 s12 0
−s12 c12 0

0 0 1

 ·

 eiη1 0 0
0 eiη2 0
0 0 1

 , (2.4)
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where ci j ≡ cosθi j and si j ≡ sinθi j. In addition to the Dirac-type phase δCP, analogous to that of
the quark sector, there are two physical phases ηi associated to the Majorana character of neutrinos.

A consequence of the presence of the leptonic mixing is the possibility of flavour oscillations
of the neutrinos [16]. Neutrino oscillations appear because of the misalignment between the inter-
action neutrino eigenstates and the propagation eigenstates ( which for propagation in vacuum are
the mass eigenstates). Thus a neutrino of energy E produced in a CC interaction with a charged
lepton lα can be detected via a CC interaction with a charged lepton lβ with a probability which
presents an oscillatory behaviour, with oscillation lengths given by the phase difference between
the different propagation eigenstates – which in the ultrarelativistic limit is Losc

0,i j = 4πE
∆m2

i j
– and am-

plitude that is proportional to elements in the mixing matrix.
It follows that neutrino oscillations are only sensitive to mass squared differences and do not

give us information on the absolute value of the masses. Also the Majorana phases do not affect
oscillations. As mentioned in the previous section the observed oscillation patterns require two
distinctive oscillation wavelengths. Thus there are two possible non-equivalent orderings for the
mass eigenvalues, which are conventionally chosen as

∆m2
21 � (∆m2

32 ' ∆m2
31 > 0) ; (2.5)

∆m2
21 �−(∆m2

31 ' ∆m2
32 < 0) , (2.6)

with ∆m2
i j ≡ m2

i −m2
j . As it is customary we refer to the first option, Eq. (2.5), as Normal ordering

(NO), and to the second one, Eq. (2.6), as Inverted ordering (IO); in this form they correspond to
the two possible choices of the sign of ∆m2

31.

2.1 The parameters of the NMSM

In total the 3-ν oscillation analysis of the existing data involves six parameters: 2 mass differ-
ences (one of which can be positive or negative), 3 mixing angles, and the CP phase. I summarize
in Table 2.1 the different experiments contributing dominantly to the present determination of the
different parameters.

Experiment Dominant Important
Solar Experiments θ12 ∆m2

21 , θ13

Reactor LBL (KamLAND) ∆m2
21 θ12 , θ13

Reactor MBL (Daya-Bay, Reno, D-Chooz) θ13 |∆m2
31,32|

Atmospheric Experiments θ23 |∆m2
31,32|, θ13 ,δCP

Accelerator LBL νµ Disapp (Minos) |∆m2
31,32| θ23

Accelerator LBL νe App (Minos,T2K) δCP θ13 , θ23

Table 1: Experiments contributing to the present determination of the oscillation parameters.

At present the determination of the leptonic parameters requires global analysis of the data
which is in the hands of a few phenomenological groups [17, 18, 19]. The results I summarize here
are from Ref. [19]. In Fig1 I show different projections of the allowed six-dimensional parameter
space. The best fit values and the derived ranges for the six parameters at the 1σ (3σ ) level are
given in Tab. 2. For each parameter the ranges are obtained after marginalizing with respect to the
other parameters.
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Figure 1: Global 3ν oscillation analysis. The red (blue) curves are for Normal (Inverted) Ordering. Re-
sults for different assumptions concerning the analysis of data from reactor experiments are shown: for solid
curves the normalization of reactor fluxes is left free and data from short-baseline (less than 100 m) reactor
experiments are included. For dashed curves short-baseline data are not included but reactor fluxes as pre-
dicted in [22] are assumed. Note that as atmospheric mass-squared splitting we use ∆m2

31 for NO and ∆m2
32

for IO.
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The results are shown for two choices of the reactor fluxes. Up to very recently the inter-
pretation of neutrino oscillation searches at nuclear power plants was based on the calculations of
the reactor ν̄e flux from Ref. [20]. Indeed, the observed rates at all reactor experiments performed
so-far at distances L . 1 km (which we label as reactor short-baseline experiments (RSBL) are
consistent with these fluxes, therefore setting limits on ν̄e disappearance. Over the last two years
the flux of ν̄e emitted from nuclear power plants has been re-evaluated [21, 22], yielding roughly
3% higher neutrino fluxes than assumed previously. This might indicate an anomaly in RSBL ex-
periments, which according to the new fluxes observe a slight deficit. Motivated by this situation
in Ref. [19] the results are shown for the two limiting assumptions of either taking the predicted
fluxes of [22] and ignore the RSBL data (which we label in the figures as “Huber”) or to allow
for a free normalization of the reactor fluxes and include the RSBL data to determine its possible
allowed range (labeled as “Free Fluxes + RSBL”).

From these results we conclude that:

1. The present global analysis disfavours θ13 = 0 with a ∆χ2 ≈ 100. This is mostly driven by
the new reactor data from Daya Bay, Reno and Double Chooz.

2. An uncertainty on θ13 at the level of 1σ remains due to a tension between predicted reactor
neutrino fluxes and data from RSBL experiments.

3. Non-maximal θ23 is favoured at the level of ∼ 2σ (∼ 1.5σ ) for Normal (Inverted) ordering
for either choice of the reactor fluxes.

4. The statistical significance of the preference of the fit for the first octant of θ23 is ≤ 1.5σ

(≤ 0.9σ ) for Normal (Inverted) ordering for either choice of the reactor fluxes.

5. When the normalization of reactor fluxes is left free and data from RSBL experiments are
included, the absolute best-fit occurs for Normal ordering but the statistical significance of
the preference Normal versus Inverted is ≤ 0.7σ .

6. The best fit occurs for Inverted ordering when RSBL data are not included and reactor fluxes
as predicted in [22] are assumed but the statistical significance of the preference Inverted
versus Normal is ≤ 0.75σ .

7. The statistical significance of the effects associated with δCP is≤ 1.5σ (≤ 1.75σ ) for Normal
(Inverted) ordering.

It is important to stress that in the present global analysis both the sensitivity to the octant of θ23 and
to δCP still relies on the observability of sub-dominant oscillation effects in the atmospheric neu-
trino analysis. Atmospheric neutrino results from Super-Kamiokande collaboration are presented
in terms of a large number of data samples and the rates for some of those samples cannot be theo-
retically predicted (and therefore included in a statistical analysis) without a detailed simulation of
the detector, which can only be made by the experimental collaboration itself. Hence, although the
results of the analysis performed by the different groups contain the most up-to-date analysis of the
atmospheric neutrino data which can be performed outside the collaboration, such analysis have
unavoidable limitations. Caution is mandatory when “hints” of such small effects are claimed.
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Free Fluxes + RSBL Huber Fluxes, no RSBL
bfp ±1σ 3σ range bfp ±1σ 3σ range

sin2
θ12 0.302+0.013

−0.012 0.267→ 0.344 0.311+0.013
−0.013 0.273→ 0.354

θ12/
◦ 33.36+0.81

−0.78 31.09→ 35.89 33.87+0.82
−0.80 31.52→ 36.49

sin2
θ23 0.413+0.037

−0.025⊕0.594+0.021
−0.022 0.342→ 0.667 0.416+0.036

−0.029⊕0.600+0.019
−0.026 0.341→ 0.670

θ23/
◦ 40.0+2.1

−1.5⊕50.4+1.3
−1.3 35.8→ 54.8 40.1+2.1

−1.6⊕50.7+1.2
−1.5 35.7→ 55.0

sin2
θ13 0.0227+0.0023

−0.0024 0.0156→ 0.0299 0.0255+0.0024
−0.0024 0.0181→ 0.0327

θ13/
◦ 8.66+0.44

−0.46 7.19→ 9.96 9.20+0.41
−0.45 7.73→ 10.42

δCP/◦ 300+66
−138 0→ 360 298+59

−145 0→ 360

∆m2
21

10−5 eV2 7.50+0.18
−0.19 7.00→ 8.09 7.51+0.21

−0.15 7.04→ 8.12

∆m2
31

10−3 eV2 (N) +2.473+0.070
−0.067 +2.276→+2.695 +2.489+0.055

−0.051 +2.294→+2.715

∆m2
32

10−3 eV2 (I) −2.427+0.042
−0.065 −2.649→−2.242 −2.468+0.073

−0.065 −2.678→−2.252

Table 2: Three-flavour oscillation parameters from our fit to global data after the Neutrino 2012 conference.
For “Free Fluxes + RSBL” reactor fluxes have been left free in the fit and short baseline reactor data (RSBL)
with L . 100 m are included; for “Huber Fluxes, no RSBL” the flux prediction from [22] are adopted and
RSBL data are not used in the fit.

From the global χ2 one can derive the following 3σ CL ranges on the magnitude of the ele-
ments of the leptonic mixing matrix

|U |=

 0.795→ 0.846 0.513→ 0.585 0.126→ 0.178
0.205→ 0.543 0.416→ 0.730 0.579→ 0.808
0.215→ 0.548 0.409→ 0.725 0.567→ 0.800

 . (2.7)

By construction the derived limits in Eq. (2.7) are obtained under the assumption of the matrix U
being unitary.

2.2 Neutrino Mass Scale: Laboratory-Cosmology Connection

Oscillation experiments provide information on ∆m2
i j, and on the leptonic mixing angles, Ui j.

But they are insensitive to the absolute mass scale for the neutrinos. Of course, the results of an
oscillation experiment do provide a lower bound on the heavier mass in ∆m2

i j, |mi| ≥
√

∆m2
i j for

∆m2
i j > 0. But there is no upper bound on this mass. In particular, the corresponding neutrinos

could be approximately degenerate at a mass scale that is much higher than
√

∆m2
i j. Moreover,

there is neither upper nor lower bound on the lighter mass m j.
Information on the neutrino masses, rather than mass differences, can be extracted from kine-

matic studies of reactions in which a neutrino or an anti-neutrino is involved. In the presence of
mixing the most relevant constraint comes from Tritium beta decay 3H→ 3He+ e−+νe which,
within the present and expected experimental accuracy, can limit the combination

mβ = ∑
i

mi|Uei|2 (2.8)

7
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The present bound is mβ ≤ 2.2 eV at 95 % CL [23] which is expected to be superseded soon by
KATRIT [9]-

Direct information on neutrino masses can also be obtained from neutrinoless double beta de-
cay (A,Z)→ (A,Z +2)+e−+e−. The rate of this process is proportional to the effective Majorana
mass of νe,

mee =

∣∣∣∣∣ ∑
i

miU2
ei

∣∣∣∣∣ (2.9)

which, unlike Eq. (2.8), depends also on the three CP violating phases. Notice that in order to
induce the 2β0ν decay, ν’s must be Majorana particles. For years the strongest bound from 2β0ν-
decay was mee < 0.34 eV at 90 % CL [24] (which taking into account systematic errors related
to nuclear matrix elements may be weakened by a factor of about 3). As we heard in this confer-
ence this range of masses is started to be tested also by running experiments like EXO [10] and
KamLAND-ZEN [11]. A series of new experiments is planned with sensitivity of up to mee ∼ 0.01
eV [12].

Neutrinos, like any other particles, contribute to the total energy density of the Universe. Fur-
thermore within what we presently know of their masses neutrinos are relativistic through most of
the evolution of the Universe and they are very weakly interacting which means that they decou-
pled early in cosmic history. Depending on their exact masses they can impact the CMB spectra,
in particular by altering the value of the redshift for matter-radiation equality. More importantly,
their free streaming suppresses the growth of structures on scales smaller than the horizon at the
time when they become non-relativistic and therefore affects the matter power spectrum which is
probed from surveys of the LSS distribution. Within their present precision, cosmological obser-
vations are sensitive to neutrinos only via their contribution to the energy density in our Universe,
Ωνh2 = ∑i mi/(94eV) Therefore cosmological data mostly gives information on the sum of the
neutrino masses and has very little to say on their mixing structure and on the ordering of the mass
states.

Correlated information on the three probes of neutrino masses can be obtained by mapping
the results from the global analysis of oscillations presented in the previous section in combination
with the information from global analysis of cosmological data [25]. I show in Fig. 2 the present
status of this exercise from Ref.[26]

3. Some Implications

The determined ranges of neutrino masses and leptonic mixing raise two main questions:
•Why are neutrinos so light?, which is directly related to issue of the origin of neutrino mass.
•Why is lepton mixing so different from quark mixing?, which is related to the flavour puzzle.
The relevance of the new determination on θ13 in the answer of this second question is illus-

trated in Fig.3 where I show the compilation in Ref.[27] (taken from [28]) of the predictions of
the expected values of θ13 is 63 types of flavour models. As seen from the figure only about 10%
of the models survived the test. Among the successful are the proposal based on flavour anarchy
of Ref.[29] which predicted relatively large values of θ13 but still compatible with the measured
values with about 40% probability. The observation of a possible quark-lepton complementarity

8
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Figure 2: 95% allowed regions (for 2 dof) in the planes (mνe ,∑mν ) and (mee,∑mν ) from the global anal-
ysis of oscillation data (full regions). We also show superimposed the 95% upper bounds on ∑mν from
cosmological constraints for the different analysis presented in Ref.[26].

[30] based on the empirical relation θC + θ12 = 40◦ lead to the prediction |Ue3| = tanθC|Uµ3| →
sin2

θ13 = 0.026 which is in perfect agreement with the present determination.
Among those which did not survive the test of the precise determination of the mixing param-

eters were the models predicting bimaximal mixing (θ12 = θ23 = 45◦, θ13 = 0)[31], tri-bimaxmial
mixing (θ12 = 35.2◦ θ23 = 45◦, θ13 = 0)[32] , and the golden ratio (θ12 = 31.7◦ θ23 = 45◦, θ13 = 0)
[33]. Generically these structures appear in models with flavour symmetries with the smallest sym-
metry groups A4, S4 and A5. Consequently either the group has to be enlarged, or corrections to the
mixing have to be obtained from other sectors, like, for example, from the charge lepton mixings in
GUTs inspired models [28]. Generically these attempts lead to new sum rules relating the leptonic
flavour parameters among themselves and with those of quarks. Relations which can be testable
with enough experimental precision.

3.1 Neutrino Masses and Effective Lagrangians

There are many good reasons to think that the SM is not a complete picture of Nature and
some new physics (NP) is expected to appear at higher energies. In this case the SM is an effective
low energy theory valid up to the scale ΛNP which characterizes the NP. In this approach, the gauge
group, the fermionic spectrum, and the pattern of spontaneous symmetry breaking are still valid
ingredients to describe Nature at energies E � ΛNP. The difference between the SM as a complete
description of Nature and as a low energy effective theory is that in the latter case we must consider

9
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Figure 3: Compilation in Ref.[27] of the prediction of the value of θ13 in several flavour models compared
with the present determination.

also non-renormalizable (dim> 4) terms whose effect will be suppressed by powers 1/Λ
dim−4
NP . In

this approach the largest effects at low energy are expected to come from dim= 5 operators.
There is a single set of dimension-five terms that is made of SM fields and is consistent with

the gauge symmetry given by

c5αβ

ΛNP
O5 =

c5αβ

ΛNP

(
L̄Lα φ̃

)(
φ

+LC
Lβ

)
+h.c., (3.1)

which violates total lepton number by two units and leads, upon EWSB, to neutrino masses:

(Mν)αβ = c5αβ

v2

ΛNP
. (3.2)

This is a Majorana mass term.
Eq. (3.2) arises in a generic extension of the SM which means that neutrino masses are very

likely to appear if there is NP. Furthermore from Eq. (3.2) we find that the scale of neutrino masses
is suppressed by v/ΛNP when compared to the scale of charged fermion masses providing an expla-
nation not only for the existence of neutrino masses but also for their smallness. Finally, Eq. (3.2)
breaks not only total lepton number but also the lepton flavor symmetry. Thus we should expect
lepton mixing and CP violation.

Given the relation (3.2), mν ∼ v2/ΛNP, it is straightforward to use measured neutrino masses
to estimate the scale of NP that is relevant to their generation. In particular, if there is no quasi-
degeneracy in the neutrino masses, the heaviest of the active neutrino masses can be estimated,

mh = m3 ∼
√

∆m2
31 ≈ 0.05 eV (in the case of inverted hierarchy the implied scale is mh = m2 ∼√

|∆m2
31| ≈ 0.05 eV). It follows that the scale in the non-renormalizable term (3.1) is given by

ΛNP ∼ v2/mh ≈ 1015 GeV. (3.3)

We should clarify two points regarding Eq. (3.3):

10
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Figure 4: Tree level diagrams for the Type-I,II and III see–saw, leading to the dim-5 operator for neutrino
mass after integrating out the intermediate state

1. There could be some level of degeneracy between the neutrino masses that are relevant to
the atmospheric neutrino oscillations. In such a case Eq. (3.3) becomes an upper bound on the scale
of NP.

2. It could be that the c5αβ couplings of Eq. (3.1) are much smaller than one. In such a case,
again, Eq. (3.3) becomes an upper bound on the scale of NP.

Of course, neutrinos could be conventional Dirac particles described as in Eq. (2.1) and we
would be left in the darkness on the reason of the smallness of the neutrino mass.

In simple renormalizable realizations of NP this dimension-5 operator can be generated by the
tree-level exchange of three types of new particles (see Fig.4):

• Type-I [34] and Type-III [36] see–saw : One adds at least two fermionic singlets (Type-I) or
triplets (Type-III) of mass M and Yukawa couplings λ . The neutrino masses are as Eq. (3.2) with
ΛNP = M and c5 ∼ λ 2.

• Type-II see–saw [35]: One adds an SU(2)L Higgs triplet ∆ of mass M which couples to the
SM SU(2)L leptons with coupling f , with a neutral component and scalar doublet-triplet mixing µ

term in the scalar potential. The neutrino masses are as Eq. (3.2) with ΛNP = M2/µ and c5 ∼ f .
One may notice that even in these particularly simple forms of NP, the full theory contains

very different high–energy particle contents but they lead to the same low energy operator O5,
which contains only 9 parameters which is everything we can measure at the neutrino oscillation
experiments. This simple example illustrates the limitation of the “bottom-up” approach in deriving
model independent implications of the presently observed neutrino masses and mixing. This is the
challenge of performing measurements at a much lower scale than that of the NP.

Alternatively one can go “top-down” by studying the low energy effective neutrino masses and
mixing induced by specific high energy models as sketched in the discussion about flavour models
above.

The bottom line of this discussion is that in order to advance further in the understanding of
the dynamics underlying neutrino masses in a model independent approach we need more (and
more precise) data. Furthermore synergy among different types of observations such as charge
lepton flavour experiments and collider experiments are probably going to be fundamental in this
advance. In this respect I will finish by discussing a possible framework in which this connection
between neutrino physics and collider signatures arises.
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Generically, at low energies the Lagrangian of the full theory can be expanded as

L = LSM +
c5

ΛLN
O5 +∑

i

c6,i

Λ2
FL

O6,i + . . . (3.4)

where O5 is Weinberg’s operator responsible for neutrino masses given above, and O6,i are flavour-
changing, but lepton number conserving, dimension-6 operators. In writing Eq.(3.4) we have ex-
plicitly denoted ΛLN as the NP scale for lepton number breaking and ΛFL the NP scale for lepton
flavour breaking. In this context attractive testable scenarios are those for which it is possible to
relate the mass of the new states M ∼ ΛFL ∼ O (TeV) but still keep ΛLN � ΛFL to explain the
smallness of the neutrino mass.

Furthermore to relate the flavour structure of the signals at collider, or low energy charged lep-
ton flavour experiments with that derived from the neutrino sector one would need some connection
between the coefficients c5 and c6. This is precisely provided by the assumption of minimal lepton
flavour violation (MLFV) [38, 39, 37, 40] of the NP. Indeed these conditions are automatically
fulfilled by the simplest Type-II see–saw model if a light double-triplet mixing µ is assumed. For
LHC phenomenology this leads to the interesting possibility studied in detail in Refs. [41, 42] of
the production of the triplet scalar states with all their decay modes determined by the neutrino
mass parameters. From the theoretical side, one drawback of such a scenario is that it is difficult to
keep such a low µ stable if generated by spontaneous breaking of lepton number. The possibility
of constructing MLFV scenarios of Type-I and Type-III see-saws was explored in Ref.[37]. The
observability of the corresponding signals at LHC was studied in Ref.[43].

4. Conclusion

Neutrino physics is a very exciting field which is at the moment experimentally driven. An
enormous experimental effort has been devoted in the last years to prove beyond doubt the presence
of neutrino masses and mixing. In particular this year has seen the determination of the third mixing
angle in the leptonic mixing matrix θ13.

Neutrino masses imply physics beyond the Standard Model. Determining the parameters of
the neutrino mass matrix is providing fundamental information to understand the dynamics at the
new physics scale. However even at the end of the existing neutrino programs, we will still be
far from reaching this goal. Further advance requires a new generation of neutrino experiments.
Furthermore, only with neutrino experiments it is impossible to completely determine the new
physics dynamics. In the era of LHC one can only hope for signatures of the new dynamics which
will help us to finally establish the new standard model.
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