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1 — Outline

We have compelling evidence of neutrino oscillations from
atmospheric, solar, reactor and accelerator neutrino

experiments.

Neutrino oscillations require neutrino (Am? £ 0)
and neutrino & #£ 0):

1F

P(ve — v,)= sin”20 sin’ (Amgll}>

First evidence of Physics beyond the Standard Model




2 — Neutrino oscillations - Experiments

The solar and KamLAND v/, flux depletion can be explained in term of

Ve <= V. Osclillations.

tan=6

Am2 =8 x 107°eV? and sin®fg = 0.31




2 — Neutrino oscillations - Experiments

The SuperKamiokande (IMB, Kamiokande, MACRO, Soudan2) and

experiments data require

Vi

< /- oscillations

Best Fit:

sin220 = 1.02
Am2=2.4 x 103 eV?2
%2 = 37.7/40 dof

— 99% C.L.
— 90% C.L.
— 88% C.L.
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2 — Neutrino oscillations - Experiments

, (first data March 31), confirmed the oscillation hypothesis.

FNAL, IL : il . Soudan, Mn
Beam Production a A | Far' detector
& "Near' detector [ 1o 2 "

x?/n.d.f= 20.5/13.0= 1.6

MINOS Best Fit
MINOS 68% C.L.
—— MINOS 90% C.L.

—— SuperK 90% C.L.
Super-K (L/E)

K2K 90% C.L.




2 — Neutrino oscillations - Experiments

The LSND exp took data from 1993 to 1998.

Accelerator neutrinos, v, V. and v/, were produced In 71 and ,u+ decays.
The LSND detector was located at a distance of 30 m. ./, were revealed.
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3 — Present status of neutrino physics

Am? < Am3 implies at least

S S ———————— —? r*r*|2O
my1 =— TMMIN ms3 = TMMIN
My = \/mMINQ + Am2, my = \/mM1N2 + Am% — Amg,
2 2
ms — \/mMIN2 T AmA Mo = \/mMIN2 o AmA

Measuring neutrino masses requires to know 772, and sign(Ams, ).




3 — Present status of neutrino physics

Mixing Is described by a unitary matrix:

[/ is the

CPV phase

vy = X Ugi|vs)

—S12

0 0 1

Solar, reactor g ~ 30°

C13 0 si13
0 1 0
—S13 0 ci13

Reactor, Acc. 0 < 12°

madtrix.

0 0
C23 523
0 —S23 C23
Atm, Acc. 04 ~ 45°
0
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p—icn1 /2448

CPV Majorana phases




- 4 — Questions for the future

What are the fundamental questions for the present and the

future?

1. Nature of neutrinos: Majorana vs Dirac?
2. Number of neutrinos: Are there sterile neutrinos?

3. Neutrino masses: absolute mass scale and type of hierarchy?

4. 20 # 0,7 and/or a;; # 0, w?




- 4 — Questions for the future

QUESTION 1: Nature of neutrinos.

Neutrino can be either

Dirac or Majorana

lepton number conserved lepton number broken

The nature of neutrinos Is directly related to the

of elementary particles interactions.

It provides important information on the origin of neutrino masses : in the

see-saw mechanism neutrinos are predicted to be Majorana particles.

Lepton number violation is one of the key ingredients of leptogenesis as

the mechanism for generating the baryon asymmetry of the Universe.




- 4 — Questions for the future

Neutrino oscillations are not sensitive to the nature of neutrinos.
The most sensitive process of all is (/7/7),-decay
(A, Z) — (A, Z + 2) 4+ 2¢e7). It can proceed through the

exchange of light Majorana neutrinos:

The half-life time, T(l)/z, of the (33)¢,-decay depends on the

1%

effective Majorana mass parameter, |[<m >|:

|<m>\ — ‘ ml\Uel|2 + m2|Ueg|26ia21 + mg‘Ueg‘Qeia?’l | :




4 — Questions for the future

=

A positive signal would imply that
the lepton number is not a conserved symmetry in nature,

neutrinos are Majorana particles,

and it would give information on




- 4 — Questions for the future

The present best limit on |<m >| reads:

<m>| < (350 — 1050) meV  Heidelberg-Moscow

<m>| < (680 — 2800) meV  NEMO3
<m>| < (200 — 1050) meV  CUORICINO

Recently a claim of ((33)g, decay discovery has been published

. It implies
<m>| ~ 200 — 600 meV .
The sensitivity will be increased
to|<m>| ~ 10— 30meV,
In the new generation of experiments

Genius

which 1s now under R&D and construction

(CUORE, SuperNEMO, EXO, GERDA, COBRA).




- 4 — Questions for the future

QUESTION 2: Number of neutrinos.

The LSND signal requires the existence of sterile neutrinos and

maybe new interactions.

It is currently checked by the exp.
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- 4 — Questions for the future

QUESTION 3: Neutrino masses, m1, 1Mo, mMs.

As we know only AmZand Am3, we need:
the absolute mass scale (mpN).
the type of hierarchy (sgn(Ams3,)).

Knowing the type of spectrum (NH, IH, QD) is crucial for
understanding the origin of neutrino masses in the context of

models Beyond the Standard Model.

Direct mass searches in exp. The present

limit is M < 2.2 eV (Troiztk and Mainz). KATRIN can reach a

sensitivity to my ~ 0.2 eV, covering all the QD spectrum.




- 4 — Questions for the future
Type of hierarchy

(6 5)oy-decay: It can distinguish between different types of

spectra (NH, IH, QD). The role of sin? 613 is subdominant.

atmospheric neutrino experiments: exploiting matter effects in

magnetized or not detectors (Hyper-Kamiokande, INO).

neutrino oscillation experiments exploiting

maltter effects. It depends crucially on the value of sin’ 013.

Degeneracies arise with the CP-violating phase 0.




- 4 — Questions for the future

Neutrinos travelling through the Earth are affected by matter.

The mixing angle changes with respect to the vacuum case:
(Am?/2F) sin 20

For Am? > 0, mixing gets for neutrinos and

suppressed for antineutrinos.

For Am? < 0, the opposite happens.
P(v, — ve) # P(v, — )




- 4 — Questions for the future

QUESTION 4: CP-violation.

If U/ is complex we have

P(Vl — Vl/) 7é P(ﬂl — ﬂl/)

Establishing leptonic CP-V (0) is a fundamental and

challenging task.

Leptogenesis takes place in the context of see-saw models,
which explain the origin of neutrino masses.
The observation of neutrinoless double beta decay (L violation)
and of CPV in the lepton sector would be an indication, even if

not a proof, of leptogenesis as the explanation for the observed

baryon asymmetry of the Universe.




- 4 — Questions for the future

The CP-asymmetry and the type of hierarchy will be searched

for in future long base-line exp: P(v, — v.) # P(v, — 7).

It is necessary to disentangle true CP-V effects due to the 0

phase from the ones induced by matter. degeneracies .

Degeneracies worsen the possibility of future experiments In

resolving the type of hierarchy and the sensitivity to CP-violation.




- 4 — Questions for the future

Many future LBL v oscillation exp will do precision studies.

1. Superbeams.
2. Neutrino factories.

3. Beta-beams.
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- 4 — Questions for the future

Superbeams (NOVA, T2K):

a very intense v, beam produced in 7Ti, K+ decays to search
for v, disappearance, 1/, appearance and v/ appearance.

Off-axis detector to achieve a narrow energy beam.
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4 — Questions for the future

90% C.L. sensitivities
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2 o Resolution of the Mass Hierarchy
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4 — Questions for the future

Sensitivity to CP violation

Kamioka 0.27Mton + Korea 0.27Mton detectors
v dyr + v 4yr, 4AMW beams

— normal mass hierarchy

---- inverted mass hierarchy
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- 4 — Questions for the future

Neutrino factories:

v, and V. are produced in very relativistic muon decays.
Energies of 20-50 GeV.

Distance 3000—7000 Km.

Rammam

fi .\rr A possible
[ layout of a
neutrino factory

12.71-13.1

9.0~ 1215




- 4 — Questions for the future

Beta-beams:

V. are produced by beta decay of accelerated ions.
Energies 200-2000 MeV.

Distance 100-1000 Km.

M. Lindroos et al., see http://beta-beam.web.ch/beta-beam
EURISOL
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- 4 — Questions for the future

Normal hierarchy
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5 — Conclusions

We have strong evidence for neutrino oscillations. They imply that
(Am? # 0) and that they mix (sin & # 0).

Neutrino masses and mixing reguires new physics beyond the SM

Questions for the future:
1. Nature of neutrinos: Majorana vs Dirac?
2. Number of neutrinos: Are there sterile neutrinos?

3. Absolute value of neutrino masses: mass scale and hierarchy?

4. 10 # 0, mandlor o;; # 0, 7?

A wide experimental program is going to address these questions in the

next future: (3)q,-decay experiments, LBL experiments.




