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• Experiments have shown that neutrinos oscillate → they have
mass

• Few oscillation parameters are well measured

• Only upper limits on the absolute mass scale
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absolute mass scale

• Supernovae produce neutrinos copiously

• Measuring time shifts makes it possible to measure masses
down to 30 eV

• Even tiny masses can have cosmological implications and
current bounds set Mν < 0.17− 0.33 eV (model dependent...

Results from Planck should be available soon)

• Cannot replace direct lab. experiments
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• Recent new value for
Hubble's constant from
HST H0 =
74.3± 2.1 km/s/Mpc

• This then leads to
ω = −1.08± 0.10,
Ωk = 0.007± 0.007,
matter makes up
27.8± 1.8% of total, and

Ne� = 4.3± 0.67
• Planck should

con�rm/refute these
results in early 2013

L. Freedman et al., Carnegie Hubble

Program: A Mid-Infrared Calibration of

the Hubble Constant, arXiv:1208.3281,

Submitted. Aug 16, 2012.
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absolute mass scale

• Doble beta decay experiments at the tail can measure

m2
νe =

3∑
1=1

|Uei |2m2
i

• current upper limit: mνe < 2.3 eV Krauss C et al. 2005 Eur. Phys. J. C40

447-468
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Neutrinoless double beta decay experiments

• Majorana vs Dirac

• can also probe the absolute mass scale

• in combination with oscillation experiments, can give hint of
mass hierarchy
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Oscillation parameters

• Neutrinos oscillate (Super-K, SNO)

• Oscillations are governed by a 3× 3 unitary matrix and by
mass di�erences

• The mixing angles have been measured

• mass di�erences have been measured (although not the
hierarchy)

• CP violating phase is unknown.
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θ13

• Accelerator experiments:

P(νµ → νe) = F(θ13, δCP)

• A year ago T2K presented candidates for νe appearance - six
events (on an expected background of 1.5± 0.3)

• MINOS followed with 62 events (on a background of 49.6)

Abe K et al.. (T2K Collaboration) 2011 PRL 107 041801

Adamson P et al. (MINOS Collaboration) 2011 PRL 107 181802
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θ13

• Reactor experiments:

P(ν̄e → ν̄e) ≈ 1− sin2 2θ13 sin
2(1.267∆m2

13L/E )

• in march 2012

• Daya Bay excludes θ13 = 0 at 5.2σ

• RENO at 4.9σ

• Daya Bay: sin2 2θ13 = 0.089± 0.010(stat.)± 0.005(syst.)

• RENO: sin2 2θ13 = 0.113± 0.013(stat.)± 0.019(syst.)

−→ θ13 6= 0!

An F et al.. (DAYA-BAY Collaboration) 2012 PRL 108 171803

Ahn J et al. (RENO Collaboration) 2012 PRL 108 191802
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θ13

Daya Bay (left): Best-�t solution with sin2 2θ13 = 0.089

RENO (right): Best-�t solution with sin2 2θ13 = 0.113
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and θ12

• Current values

∆m2

21
= 7.59+0.20

−0.18 × 10
−5
eV

2

sin
2 θ12 = 0.312+0.017

−0.015

Schwetz T, Tortola M and Valle J 2011 New J. Phys 13 063004
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Neutrino mass?

There are no right-handed neutrinos in the SM

If there are no right-handed neutrinos in nature → Lepton
number violation and neutrinos are Majorana

Mass: the simplest way (same particle content of the SM) is
through the Weinberg term

Mν ∼
LLHH

Λ

Λ → LARGE mass scale.
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Neutrino mass?
Next minimal setup: Radiative masses

Requires introduction of new �elds

mab = κab(m2

b
−m2

a)
λ12v2
v1

F (m2

H ,m
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)
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Neutrino mass?
Next possible setup: Right-handed neutrinos

Dirac and Majorana mass terms are now possible

Mν =

(
mL mD

mD mR

)
mR must be large

mν ∼ m2

D
/mR

P. Minkowsli, Mohapatra, Senjanovic, Yanagida,

Gell-Mann, Ramond, Slansky, Schechter, Valle,

....
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Neutrino mass?
... and implementation of these ideas into scenarios involving

SUSY, extra dimensions, GUT's, ....

• Of course, masses of all fermions must be explained!
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Mixing angles?

The TBM structure suggests an underlying symmetry (?)

Abelian, non Abelian, continuous, Discrete, Global, Local

Recall that the mixing matrix is given by

UPMNS = U
†
l
Uν ≈ UTB

If charged leptons are diagonal

UPMNS = Uν ≈ UTB

→ Mν is magical and 2− 3 symmetric
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Mixing angles?

Z2, Z4, S3, Q4,

S4, A4, T
′, ...
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But θ13 6= 0
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a small step for Mν, a giant leap for ?

Consider the following series of simple questions:

Minimally extending the SM particle content, is it possible to
describe the mass patterns and mixings in both the quark and
lepton sector? What is the minimum price?

Imposing renormalizability and a non-abelian family group:

If νR are introduced, it usually requires the additional

introduction of SEVERAL scalar �elds (doublets and
singlets)

minimizing the number of scalar �elds leads to the possibility
of using the group Q4 with 4 SU(2) doublets and radiative
masses for the neutrinos (which costs an additional singlet charged scalar).

AA, Bonilla, Ramos, Rojas
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a small step for Mν, a giant leap for ?

• Even cheaper: It has been known that quark mixing angles and
masses can be obtained in a �avor scenario with 2 �avored

Higgses and a Z4 �avor symmetry. Branco, Grimus, et al.

• Introducing a charged singlet, it is possible to extend this to
the lepton sector (again with no νR).AA, Bonilla, Rojas

• A bit more expensive, but still interesting: What is the
smallest Abelian group that can be used such that it
reproduces both sectors using 3 �avored Higgses?

• Z5 AA, Bonilla, Diaz-Cruz

• Forgetting economy and consciously contributing to the
evidently catastrophic global warming, it is possible to embed
some of these economical models in more ambitious settings,
for example in a Randall-Sundrum scenario Alvarado, AA, Corradini,

Rojas, Santos
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... almost there!

• Neutrino physics has always played a decisive role in the
developments of particle physics.

• Most of the time they confuse us and lead to interesting and
unexpected results.

• It is currently a very active and promising area of investigation

• Finaly, they are my favorite particles!
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