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Neutrinos:
A fascinating quest for
masses and oscillations
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Fundamental Blocks 

νν�� ννµµ ννττ

Electromagnetic Weak Strong Gravity

γγ ���� ΖΖ �� ��������	
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The neutrino“ birth ” 
(1930)

� β decay: (A,Z)→(A,Z+1) e−

Q=MZ−MZ +1
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�Niels Bohr puts forward the idea that energy
is not conserved in nuclei
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neutrino
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Can we detect
neutrinos?
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The neutrino discovery

• Reines and Cowan (1956)
– Savannah River Nuclear Plant (EE.UU.)

νν��

	���

+→ν

• Lederman, Schwartz, Steinberger  (1962)
– AGL Acelerator (Brookhaven, EE.UU.)

ννµµ


� −→ µν µ

• DONUT  Collaboration (2000)
– Booster (Fermilab, EE.UU.)

ννττ

µττ ννµττν −−− →→ 
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Number of light 
neutrinosLEP (electron-positron collider)

��,, ��−−& →→→→ ΖΖ →→→→ '
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What is a neutrino?

UnknownMass

UnknownNature: Dirac, Majorana?

UnknownMagnetic Moment

UnknownLifetime

Weak onlyInteraction

It seems 100% left-
handed

Chirality

1/2Spin

0Electric Charge

/
�/
����������� #�#� ���������� 0��#�0��#�"�#"�# � ����� ���� ���������� ������������������
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Neutrino Sources
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Direct Search for
Neutrino Masses

• mνe<2.2 eV (95% C.L.)
- End point of tritium beta decay
- Transition energy E0 = Ee + Eν (+ recoil corrections)

• mνµ<170 KeV (90% C.L.)
– From π+→ µ+ νµ decays

• mνµ<18.2 MeV (95% C.L.)
– From τ →hadrons + ντ decays

-3            -2             -1             0  
Ee-E0 [eV]

re
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.] theoretical β spectrum near endpoint

mνννν = 0eV

mνννν = 1eV



A. Bueno, U. 
Granada

Neutrino Oscillations
(B. Pontecorvo, 1957)

• An oscillation takes place when in a detector 
we observe flavour eigenstates different from
the ones originally created � neutrinos have
mass

• να produced at time tp and spatial location xp
by means of a weak interaction
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Oscillation Probability
(I)
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Oscillation Probability
(II)
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Three Family Mixing
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Solar Neutrinos
νν��
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PP  Chain

&& →→→→→→→→ &&��@�@���		@@ �""-γγ
��@�@� ��@�@�&& →→→→→→→→ 

@�@� ���� &&&&#!-

��@�@� && →→→→→→→→

@�@� &&
�!-

77ΒΒ�� γγ

��,,�� 		@@ νν���� && →→→→→→→→ && &&
�νννν≤≤≤≤ 0. 423 0. 423 0. 423 0. 423 ��.

������ 		@@ νν���� && →→→→→→→→&& &&
�νννν = 1.445 = 1.445 = 1.445 = 1.445 ��.

�� /- " �-

77ΒΒ�� && ��−−

77.�.�

77.�.�

νν��&&

νν��&&

�νννν= 0. 863 = 0. 863 = 0. 863 = 0. 863 ��.

�νννν= 0. 385 = 0. 385 = 0. 385 = 0. 385 ��.

77.�.� ��&& 

@�@�++→→→→→→→→

" """"+-
��@�@� ��&& →→→→→→→→ 

@�@� ��,,&& && νν��

�νννν≤≤≤≤ 18.8 18.8 18.8 18.8 ��.

→→→→→→→→77ΒΒ�� && �� 88ΒΒ && γγ

88ΒΒ�� ��,,&& && νν��

�νννν≤≤≤≤ 14.06 14.06 14.06 14.06 ��.
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Solar Neutrino Energy 
Spectrum

88ΒΒ

A���������B�� ��;��A���������B�� ��;��
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Solar Neutrino Flux
• Sun Luminosity = 3.86 x 1026 joules/s
• Each reaction frees 4 x 10-12 joules (26.7 MeV)

�*�� ��
	 �Cνφν ×≈

• Each second 7 x 1028 ν traverse Earth’s surface

	�
 ���
� ���νφ ×≈
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A Massive Chlorine
Detector

�D�?�D�?���D��(��D��(�8��������8�������� 8����8���� E���������E���������

=��=��A�*��A�*��

−+→+ ���+��

�/�/ν ,-#��	�������"#./0/
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The Homestake
Detector

• Homestake Gold
Mine
� ����������	
 ��
����������

• 14.6 m long
• 6.1 m diameter

• 615 tons (380 000 l) 
de C2Cl4

• Detector surrounded
by water to suppress
background
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Homestake : Detection
Principle
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γγγγ
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Capture energy
threshold
0.86 MeV

88ΒΒ

3!��������������������3!��������������������

1.5 37Ar atoms/day
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are emitted by the
Sun?8<�≡ 8���� <������� ���� ≡ ������������� ������ ��� �
�� F��&� �" �/E�
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More More thanthan 20 20 
yearsyears ofof data data 

takingtaking

Only one third of the expected neutrinos is measured
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Kamiokande (1982-
1990)

��0���� �"

6+7

����� ��*���� #�� 

�


��4B�

1000 m 1000 m undergroundunderground (2700 (2700 
m m w.ew.e.).)

1987: first demonstration that neutrinos come from the S un

�4B�4B

4��4��H�� ���H�� ���
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Super -Kamiokande
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Eiffel Tower:               
10 ktons
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Super -Kamiokande
Inner View
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Kamiokande : 
Detection Principle

νν
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• Direction:
– Ring axis

• Energy: 
– Light intensity

• Time: 
– Signal arrival time
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Super -Kamiokande
Events3�������3������� I�
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Neutrinos do come 
from the Sun

Solar 
Peak

Bckgnd

cos ΘΘΘΘsol

su
ce

s o
s/

d
ía

/k
t o

n
/b

i n

νν
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ΘΘΘΘsol
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Solar Neutrino Deficit
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SNO and the Solar 
Neutrino Problem
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Solar Neutrinos After
SNO
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Long Baseline
Experiments:Kamland

H�&���� K?@4��#"���

L<���������"��& ��*���� ���������������

LA��������������" �����ν�

L �H������;��� ������������

��
M�� ������ ��� ��*�����
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Kamland Results

A��	�B��?�C( *�	 	
 
���22�	�
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Atmospheric Neutrinos
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Atmospheric Neutrino 
Deficit

8����H�&��0���� &������� ��νµ ��"����

(�=�
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SuperKamiokande Results
on Atmospheric Neutrinos

ννννµµµµ→→→→ ννννττττ
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�
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Super Kamiokande : L/E 
Distribution
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Two Family Oscillation Probability
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Long Baseline
Experiments: K 2KH	H ?4�+!"���
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K 2 K Results

S����S����2��2�� J�����J�����
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Accelerator Neutrinos: 
LSND

• anti-νµ beam coming from π+ and
µ+ decays at rest

• Contamination of anti-νe:                   
10−4 in the range 36<Eν<53 MeV

• anti-νe excess: 33.9 ± 8.0
• Decays in flight: beam of νµ

• Electron excess: 18.1+6.6-3.5

data

ν Bgd.

Small ∆m
2
 + ν Bgd.

Large ∆m
2
 + ν Bgd.

positron energy (MeV)

b
e
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 e
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c
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ss
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γ
ν
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→ +
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−→ν
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Mini-Boone
• 12 m diameter sphere
• 950 litres of pure mineral oil
• 1280 inner 8” PMTs (10% coverage)
• 240 PMT outer veto region

-�� � ��� �" �����������' ��0��
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Summary of
Experimental Results

LSND

Atmospheric

Solar
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Known and Unkown
Things
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Long Baseline
Experiments: NUMI
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Experiments: CNGS 
Projectνννν *�
� ��<C
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The Future is Bright…

� Conventional neutrino beam with (Multi-)MW proton beam
Pure νµ beam (�99%)

� νe (�1%) from π�µ�e chain and K decay(Ke3)
� νµ/anti−νµ can be switched by flipping polarity of focusing 

device
� Experiments under                                              consideration:
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…and Brighter…
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…and even Brighter
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Neutrino Telescopes
Astrophysics / Cosmology / Particle Physics

Primary CR spectrum

���� atmospheric muons / neutrinos (also calibration of AMANDA)

���� CR composition (with surface detector SPASE-2)

CR origin (acceleration sites: AGN, GRBs)

���� extra-terrestrial flux (diffuse / focused / punctua l / transient) @ >TeV energies

Dark matter / exotic particles: neutralinos, magnet ic monopoles, extra dim.

���� WIMP signature: excess from center of Sun/Earth

���� topological defects: extra-terrestrial UHE diffuse flux

SN monitor of the Milky Way

���� burst of low-energy neutrinos (global noise rate in crease)

Amundsen-Scott South Pole station

South Pole
Dome

Summer camp

AMANDA

road to work

1500 m

2000 m

[not to scale]

PMT noise: ~1 kHz
Optical Module

AMANDA-II
19 strings
677 OMs

Trigger rate: 80 Hz
Data years: 2000-

Detector design (1)
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Conclusions
• Contrary to the low-level past, sad present, 

negative surprises and dark future (if any)…

• Neutrino Neutrino Neutrino Neutrino PhysicsPhysicsPhysicsPhysics hadhadhadhad anananan outstandingoutstandingoutstandingoutstanding pastpastpastpast andandandand a a a a brilliantbrilliantbrilliantbrilliant

presentpresentpresentpresent.... ItsItsItsIts futurefuturefuturefuture isisisis brightbrightbrightbright andandandand hopefullyhopefullyhopefullyhopefully itititit has a full stock has a full stock has a full stock has a full stock 

ofofofof (positive) (positive) (positive) (positive) surprisessurprisessurprisessurprises
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Back-Up
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Supernova Neutrino 
Detection in Super-K
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Kamiokande y 
SN1987a

Doce sucesos detectados en una ventana de tiempo de 13 s

Primera detección de 
neutrinos extra-galácticos
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