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1. Introduction: The New Minimal Standard Model

The SM is a gauge theory based on the gauge symmetrySU(3)C ×SU(2)L ×U(1)Y sponta-
neously broken toSU(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 neutrinois included in the model since neutrinos
are neutral.

In the SM, fermion masses arise from the Yukawa interactionswhich couple the right-handed
fermion singlets to the left-handed fermion doublets and the Higgs doublet. After spontaneous
electroweak symmetry breaking 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.

Furthermore, within the SMGglobal
SM = U(1)B×U(1)e×U(1)µ ×U(1)τ is an accidental global

symmetry. HereU(1)B is the baryon number symmetry, andU(1)e,µ ,τ are the three lepton flavor
symmetries. Any neutrino mass term which could be built withthe particle content of the SM
would violate theU(1)L subgroup ofGglobal

SM and therefore cannot be induced by loop corrections.
Also, it cannot be induced by non-perturbative correctionsbecause theU(1)B−L subgroup ofGglobal

SM

is non-anomalous.

It follows then that the SM predicts that neutrinos arestrictly massless. Consequently, there is
neither mixing nor CP violation in the leptonic sector.

We now know that this picture cannot be correct. Over severalyears we have accumulated
important experimental evidence that neutrinos are massive particles and there is mixing in the
leptonic sector. In particular we have learned that:
– Solarν ′

esconvert toνµ or ντ with confidence level (CL) of more than 7σ [1].
– KamLAND find that reactorνe disappear over distances of about 180 km and they observe a

distortion of their energy spectrum. Altogether their evidence has more than 3σ CL [1].
– The evidence of atmospheric (ATM)νµ disappearing is now at> 15σ , most likely converting to

ντ [1].
– K2K observe the disappearance of acceleratorνµ ’s at distance of 250 km and find a distortion

of their energy spectrum with a CL of 2.5–4σ [2].
– MINOS observes the disappearance of acceleratorνµ ’s at distance of 735 km and find a distor-

tion of their energy spectrum with a CL of∼ 5 σ [2].
– LSND found evidence forνµ → νe. This evidence has not been confirm by any other experiment

so far and it is being tested by MiniBooNE.

These results imply that neutrinos are massive and 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.

In the New Minimal Standard Model 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
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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 byνi , i = 1,2, . . . ,n, and the charged
lepton mass eigenstates byl i = (e,µ ,τ), in the mass basis, leptonic CC interactions are given by

−LCC =
g√
2

l i L γµ Ui j ν j W+
µ +h.c.. (1.1)

HereU is a 3× n matrix Ui j = Pℓ,ii Vℓ
ik

†
Vν

k j (Pν , j j ) whereVℓ (3× 3) andVν (n× n) are the di-

agonalizing matrix of the charged leptons and neutrino massmatrix respectivelyVℓ†
MℓM

†
ℓV

ℓ =

diag(m2
e,m

2
µ ,m2

τ) andVν †M†
νMνVν = diag(m2

1,m
2
2,m

2
3, . . . ,m

2
n).

Pℓ is a diagonal 3×3 phase matrix, that is conventionally used to reduce by three the number
of phases inU . Pν is a diagonal matrix with additional arbitrary phases (chosen to reduce the
number of phases inU ) only for Dirac states. For Majorana neutrinos, this matrixis simply a unit
matrix, the reason being that if one rotates a Majorana neutrino by a phase, this phase will appear
in its mass term which will no longer be real. Thus, the numberof phases that can be absorbed by
redefining the mass eigenstates depends on whether the neutrinos are Dirac or Majorana particles.
In particular, if there are only three Majorana (Dirac) neutrinos,U is a 3×3 matrix analogous to
the CKM matrix for the quarks but due to the Majorana (Dirac) nature of the neutrinos it depends
on six (four) independent parameters: three mixing angles and three (one) phases.

A consequence of the presence of the leptonic mixing is the possibility of flavour oscillations
of the neutrinos. Neutrino oscillations appear because of the misalignment between the interaction
neutrino eigenstates and the propagation eigenstates ( which for propagation in vacuum are the
mass eigenstates). Thus a neutrino of energyE produced in a CC interaction with a charged lepton
lα can be detected via a CC interaction with a charged leptonlβ 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 amplitude that is

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

give us information on the absolute value of the masses. Alsothe Majorana phases do not affect
oscillations because total lepton number is conserved in the process. Experimental information on
absolute neutrino masses can be obtained from Tritiumβ decay experiments and from its effect
on the cosmic microwave background radiation and large structure formation data [3]. If neutrinos
are Majorana particles their mass and also additional phases can be determined inν-lessββ decay
experiments.

Besides the flavour vacuum oscillations, described above, further flavour dependent effects
occur when neutrinos travel through regions of dense matter. This is so, because they can undergo
forward scattering with the particles in the medium and these interactions are, in general, flavour
dependent and as a consequence the oscillation pattern is modified. However the flavour transition
probability still depends only on the mass squared differences and it is independent of the Majorana
phases.

The neutrino experiments described above have measured some non-vanishingPαβ and from
these measurements we have inferred all the positive evidence that we have on the non-vanishing
values of neutrino masses and mixing. In the following I willderive the allowed ranges for the
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Figure 1: Allowed regions for 2-ν oscillations of solarνe and KamLANDν̄e and for the combination of
KamLAND and solar data under the hypothesis of CPT conservation. The different contours correspond to
the allowed regions at 90%, 95%, 99% and 3σ CL.
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Figure 2: Allowed regions from the analysis of ATM data (left), K2K (central) and MINOS (right). The
different contours correspond to at 90%, 95%, 99% and 3σ CL.

mass and mixing parameters when the bulk of data is consistently combined. In Fig. 2 I show the
results of our latest analysis of the ATM neutrino data whichincludes the full data set of Super-
Kamiokande phases I+II.

2. The Parameters of the NMSM: 3ν Analysis

I describe here our present determination of the parametersof the model from the analysis
which try to explain the evidences from solar, KamLAND, ATM and K2K experiments and assume
that the LSND evidence will not be confirmed by MiniBoone.

In Fig. 1 I show the results from our latest analysis [4] of KamLAND νe disappearance data,
solarνe data and their combination under the hypothesis of CPT symmetry. The main features of
these results are:
– In the analysis of solar data, only LMA is allowed at more than 3σ and maximal mixing is

rejected by the solar analysis at more than 5σ . This is so since the release of the SNO salt-data
(SNOII) in Sep 2003.

– In the analysis of the KamLAND data the 3σ region does not extend to mass values larger than
∆m2

21 = 2×10−4 eV2 because for larger∆m2
21 values, the predicted spectral distortions are too
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small to fit the spectral KamLAND data.
– the combined analysis allows only the LMA-I region at 3σ .
The evidence of oscillation of ATMνµ has been now confirmed by two long-baseline (LBL) ex-
periments: K2K which first observed not a deficit ofνµ ’s at a distance of 250 km and in his final
results also measured the distortion of their energy spectrum, and MINOS which has reported his
first data in 2006 and which also observes an energy dependentdeficit with a confidence level of
about∼ 5 sigma. I show the results of our analysis of the K2K and MINOSdata which graphically
illustrate this agreement.

The minimum joint description of ATM, LBL, solar and reactordata requires that all the three
known neutrinos take part in the oscillations. The mixing parameters are encoded in the 3× 3
lepton mixing matrix which can be conveniently parametrized in the standard form

U =





1 0 0
0 c23 s23

0 −s23 c23









c13 0 s13eiδ

0 1 0
−s13e−iδ 0 c13









c21 s12 0
−s12 c12 0

0 0 1



 (2.1)

whereci j ≡ cosθi j andsi j ≡ sinθi j . The anglesθi j can be taken without loss of generality to lie in
the first quadrant,θi j ∈ [0,π/2].

There are two possible mass orderings, which we denote asNormalandInverted. In the normal
schemem1 < m2 < m3 while in the inverted onem3 < m1 < m2.

In total the 3-ν oscillation analysis involves six parameters: 2 mass differences (one of which
can be positive or negative), 3 mixing angles, and the CP phase. Generic 3-ν oscillation effects
include: (i) coupled oscillations with two different wavelengths; (ii) CP violating effects; (iii)
difference between Normal and Inverted schemes.The strength of these effects is controlled by the
values of the ratio of mass differences∆m2

21/|∆m2
31|, by the mixing angleθ13 and by the CP phase

δ .
From the previous 2ν analysis we see that∆m2

⊙ = ∆m2
21 ≪ |∆m2

31| ≃ |∆m2
32| = ∆m2

atm. As a
consequence the joint 3-ν analysis simplifies as follows:
– for solar and KamLAND neutrinos, the oscillations with the∆m2

31-driven oscillation length are
completely averaged and the survival probability takes theform:

P3ν
ee = sin4 θ13+cos4θ13P

2ν
ee (2.2)

where in the SunP2ν
ee is obtained with the modified sun densityNe→ cos2θ13Ne. So the analyses

of solar data constrain three of the six parameters:∆m2
21,θ12 andθ13.

– for ATM and LBL neutrinos, the∆m2
21-driven wavelength is too long and the corresponding

oscillating phase is almost negligible. As a consequence, the ATM and LBL data analysis mostly
restricts∆m2

31≃ ∆m2
32, θ23 andθ13, the latter being the only relevant parameter common to both

solar+Kamland and ATM+LBL neutrino oscillations and whichmay potentially allow for some
mutual influence. The effect ofθ13 is to add aνµ → νe contribution to the ATM and LBL
oscillations;

– at CHOOZ the∆m2
21-driven wavelength is unobservable and the relevant oscillation wavelength

is determined by∆m2
31 and its amplitude byθ13.

The CP phase is basically unobservable although there is some marginal sensitivity in the
present ATM neutrino analysis [4]. Normal versus Inverted orderings could be discriminated due
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to matter effects in the Earth for ATM neutrinos. However, this effect is controlled by the mixing
angleθ13. Presently all data favour smallθ13 with best fit point very nearθ13 = 0. The dominant
constraint arises from the combined analysis of CHOOZ reactor and ATM data and it is further
limited by the solar and KamLAND results. Consequently, thedifference between Normal and
Inverted orderings is too small to be statistically meaningful in the present analysis.

Altogether the derived ranges for the six parameters at 1σ (3σ ) are: The derived ranges for
the six parameters at 1σ (3σ ) are:

∆m2
21 = 7.67+0.22

−0.21

(

+0.67
−0.61

)

×10−5 eV2 ,

∆m2
31 =







−2.37±0.15
(

+0.43
−0.46

)

×10−3 eV2 (inverted hierarchy),

+2.46±0.15
(

+0.47
−0.42

)

×10−3 eV2 (normal hierarchy),

θ12 = 34.5±1.4
(

+4.8
−4.0

)

,

θ23 = 42.3+5.1
−3.3

(

+11.3
−7.7

)

,

θ13 = 0.0+3.9 (

+9.0) ,

δCP∈ [0, 360] .

(2.3)

These results can be translated into our present knowledge of the moduli of the mixing matrixU :

|U |3σ =







0.77→ 0.86 0.50→ 0.63 0.00→ 0.22
0.22→ 0.56 0.44→ 0.73 0.57→ 0.80
0.21→ 0.55 0.40→ 0.71 0.59→ 0.82






. (2.4)

3. Neutrinos as Tests of Other Forms of New Physics

Using the good description of neutrino data in terms of neutrino oscillations, it is also possible
to constraint other exotic forms of new physics. In my talk I discussed also some of the results
in constraining the possibility of mass varying neutrinos [5, 6, 7] and the possibility of long-range
leptonic forces [8]. In these proceedings I will summarize only the constraints which can be im-
posed in the violation of some fundamental symmetries. Examples of those are the violation of
Lorentz Invariance (VLI) [9] induced by different asymptotic values of the velocity of the neutri-
nos,c1 6= c2, or the violation of the equivalence principle (VEP) [10] due to non universal coupling
of the neutrinos,γ1 6= γ2 to the local gravitational potential. These forms of new physics, if non-
universal, can also induce neutrino flavour oscillations whose main differentiating characteristic is
a different energy dependence of the oscillation wavelength. For example for both VLI and VEP
the oscillation wavelength decreases with energy unlike for mass oscillations. ATM neutrino events
extend over several decades in energy. As a consequence theycan test the presence of this effect
even at the subdominant level. In Ref. [11] we performed an analysis of ATM and LBL neutrino
data in terms of neutrino mass oscillations plus these new physics effects and we have concluded
that the determination of mass and mixing parameters is robust under the presence of these un-
known forms of new physics. Conversely, the analysis permits to impose strong constraints on the
violations of these symmetries. For instance we find that at 90% CL the possible VLI a and VEP
are limited to

|∆c|
c

≤ 1.2×10−24 , |φ ∆γ | ≤ 5.9×10−25 . (3.1)
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Figure 3: Allowed regions for neutrino and anti-neutrino mass splittings and mixing angles in the CPT
violating scenario. Different contours correspond to the two-dimensional allowed regions at 90%, 95%,
99% and 3σ CL. The best fit point is marked with a star.

which constitute the strongest constraints on the violation of these symmetries.

As another example of the reach of the present experimental data in constraining exotic forms
of new physics I comment here on alternative explanations tothe LSND result which include the
possibility of CPT [12] violation and imply that the masses and mixing angles of neutrinos may
be different from those of antineutrinos. To test this possibility, in Ref. [13] we performed an
analysis of the existing data from solar, ATM, LBL, reactor and SBL experiments in the framework
of CPT violating oscillations. The outcome of the analysis is that, presently, the hypothesis of CPT
violation is not supported by the data. This arises from two main facts: (i) KamLand finds that
reactorνe oscillate with wavelength and amplitude in good agreement with the expectations from
the LMA solution of the solarνe; (ii) both ATM neutrinos and antineutrinos have to oscillate with
similar wavelengths and amplitudes to explain the ATM data.In general, as a result of these effects,
the best fit to the data is very near CPT conservation as illustrated in Fig. 3.

Concerning LSND, the results show that values of∆m̄2
31 = ∆m̄2

LSND large enough to fit the
LSND result do not appear as part of the 3σ CL allowed region of this all-but-LSND analysis. It
is bounded to∆m̄2

31 < 0.01 eV2 with this upper bound being determined by atmospheric neutrino
data. It is clear from these results that the CPT violation scenario cannot give a good description of
the LSND data and simultaneously fit all-but-LSND data.
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