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mailto://giunti@to.infn.it

Neutrino Unbound: http://www.nu.to.infn.it

SIF, XCII Congresso Nazionale, Torino, 20 Settembre 2006

Introduction to Neutrino Masses, Mixing and Oscillations
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Neutrino Mass
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Standard Model can be extended with �
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smallness of neutrino masses

massive neutrinos are Majorana!
[Minkowski, PLB 67 (1977) 42; Yanagida (1979); Gell-Mann, Ramond, Slansky (1979); Mohapatra, Senjanovic, PRL 44 (1980) 912]
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Standard Model: Lepton numbers are conserved
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Two-Neutrino Mixing and Oscillations
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Solar Neutrinos

Solar �

e Energy Spectrum

[J.N. Bahcall, http://www.sns.ias.edu/~jnb]
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Homestake+Kam.+GALLEX+SAGE+Super-K+SNO
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[SNO, PRL 89 (2002) 011301, nucl-ex/0204008]
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[SNO, PRC 72 (2005) 055502, nucl-ex/0502021]
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KamLAND

Reactor
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e : confirmation of LMA (December 2002)
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[KamLAND, PRL 90 (2003) 021802, hep-ex/0212021]
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Combined Fit of Solar and Reactor Neutrino Data

[KamLAND, hep-ex/0406035]
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Atmospheric Neutrinos
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Super-Kamiokande Up-Down Asymmetry
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6 � MODEL INDEPENDENT EVIDENCE OF � � DISAPPEARANCE!
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Fit of Super-Kamiokande Atmospheric Data
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future: CNGS � � � � � (OPERA)
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Kamiokande, Soudan-2, MACRO and MINOS
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K2K
confirmation of atmospheric allowed region (June 2002)

KEK to Kamioka
(Super-Kamiokande)
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[K2K, Phys. Rev. Lett. 90 (2003) 041801]
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MINOS
May 2005 – Feb 2006 http://www-numi.fnal.gov/
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Experimental Evidences of Neutrino Oscillations
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Three-Neutrino Mixing
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Allowed Three-Neutrino Schemes
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Mixing Matrix
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ARE PRACTICALLY DECOUPLED!
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sin2 �

SUN

�
�

Ue2

�

2

1 � �

Ue3

�

2
� �

Ue2

� 2 sin2 �

ATM

� �

U �3

� 2 [Bilenky, C.G, PLB 444 (1998) 379]

[Guo, Xing, PRD 67 (2003) 053002]

C. Giunti � Neutrino Physics: Status and Perspectives � SIF, XCII Congresso Nazionale, Torino, 20 Settembre 2006 � 19



Standard Parameterization of Mixing Matrix
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[Fogli et al, hep-ph/0608060]
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Global Fit of Oscillation Data: Bilarge Mixing
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[Fogli et al, hep-ph/0608060]
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future: measure

�
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� � 0 � �
CP violation, matter effects, mass hierarchy
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Future Reactor Experiments
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e
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13 sin2
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� Duration�
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� Sensitivity�

sin2 2

�

13

�

Double-CHOOZ
Far Detector

France 1.0 2008 1.5 0.06

Double-CHOOZ
Near+Far

France 1.0 2010 3 0.03

KASKA Japan 2010 3 0.02
RENO Korea 1.5 2009 3 0.02

Daya Bay
Near+Mid

China 1.0 2008 1 0.03

Daya Bay
Near+Far

China 1.9 2010 3 0.01
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Future Accelerator Experiments: Off-Axis
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� Duration�
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� Sensitivity�

sin2 2

�

13

�

T2K Japan 0.7 295 2009 4 0.01
NO �A USA 2 810 2011 4 0.01
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The Hunt for 13

Year
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[Blondel et al, hep-ph/0606111]
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[Albrow et al, hep-ex/0509019]
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Absolute Scale of Neutrino Masses
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Tritium Beta-Decay
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2 � 2 eV (95% C.L.)

Mainz & Troitsk
[Weinheimer, hep-ex/0210050]

future: KATRIN (start 2010)

[hep-ex/0109033] [hep-ex/0309007]

sensitivity: m 	

e

� 0 � 2 eV
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Neutrinoless Double-Beta Decay
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Two-Neutrino Double-
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Majorana Neutrino Mass?

������
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	�
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 � � � �

�� 
 ��� 
 
�� 
��� ��� ��� ��� ��� ��� ��� ��� ��� 
�� ��� � 
�� � ��� � ��� � �

known natural explanation of smallness of � masses

New High Energy Scale

� See-Saw Mechanism (if �

R ’s exist)
5-D Non-Renormaliz. Eff. Operator

both imply

�
�

�

Majorana � masses
� � � �

L

� � 2

� � � �

0 	 decay

see-saw type relation m 	 �

2
EW

Majorana neutrino masses provide the most accessible
window on New Physics Beyond the Standard Model
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Effective Majorana Neutrino Mass
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Experimental Bound

Heidelberg-Moscow

�

76Ge

�

[EPJA 12 (2001) 147]
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FUTURE EXPERIMENTS
NEMO 3, CUORICINO, COBRA, XMASS, CAMEO, CANDLES

�

m � �
� � few 10

�1 eV
EXO, MOON, Super-NEMO, CUORE, Majorana, GEM, GERDA

�

m � �
� � few 10

�2 eV
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Bounds from Neutrino Oscillations
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Experimental Positive Indication

[Klapdor et al., MPLA 16 (2001) 2409; FP 32 (2002) 1181; NIMA 522 (2004) 371; PLB 586 (2004) 198]
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pulse-shape selected spectrum 3 � 8 � evidence [PLB 586 (2004) 198]

the indication must be checked by other experiments

1 � 35 .

�

0 	
�

. 4 � 12 � �

0 � 22 eV .

�

m � �
�

. 1 � 6 eV

if confirmed, very exciting (Majorana � and large mass scale)
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Cosmology

H0 (Hubble Space Telescope Key Project)

CMBR (COBE, WMAP, Boomerang, DASI, MAXIMA, VSA, CBI, ACBAR)

LSS (2dFGRS, SDSS)

SNIa (High-z SN Search Team, Supernova Cosmology Project)

�

CDM � �

3

k
�1

mk . 0 � 2 � 0 � 7 eV
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LSND
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[Gonzalez-Garcia, Maltoni, Schwetz PRD 68 (2003) 053007]
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31
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(CPT violation) GoF � 7 �5 � 10

�4
MiniBooNE � � � �

e [hep-ex/0406048]
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Conclusions
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FUTURE

Theory: Why lepton mixing
� � quark mixing?

Why only

�

Ue3

�

2 1?
Improve calculation of 0 	!

Exp.: LSND?
Measure

�

Ue3

� �

0
�

CP violation, matter effects, mass hierarchy
Check

� �

0 	 signal at Quasi-Degenerate mass scale
Improve

�

Decay, Cosmology,

� �

0 	 Decay measurements
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