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  Introduction
  to Neutrino Physics



Discovery
of the Neutrino

Prediction of  its existence   (1930)
(Wolfgang Pauli)

Neutrino Theory                  (1933)
(Enrico Fermi)
 
First Detection                     (1953)
(F. Reines, C. Cowan)



1930:
PREDICTION  of the EXISTENCE 
of the  NEUTRINO.

Wolfgang PAULI

Study  of Nuclear 
Beta  Decay



Carbon-14
6 protons,
8 neutrons

Nitrogen-14
7 protons,
7 neutrons + electron

Nuclear  BETA  Decay
Missing

Energy
Momentum

Angular
momentum



Carbon-14
6 protons,
8 neutrons

Nitrogen-14
7 protons,
7 neutrons + electron

Nuclear  BETA  Decay

neutrino



1933
Enrico  Fermi  

develops  
the  theory 
of  Beta  Decay

Current-Current 
Interaction

[Nobel Prize in 1938]
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Fermi :  Current- Current Interaction 
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Neutrino  Cross  section
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Fermi :  Current- Current Interaction 

n

p

e-n

Neutrino  Cross  section



Neutrino  Energy
few MeV

 s = 10-44  cm2

Interaction Probability

  = 10-11





Quark  description



 Detection Method 



Neutrino  Discovery
(antineutrinos
 from Nuclear Reactors) 

Reines e Cowan
1953-1956



Delayed 
coincidence
 e+   n



Delayed  neutron  capture
(after  thermalization   of the neutron)

Neutrino Detection:
 
Delayed Coincidence
 of  prompt  energy release (the  positron)
 and  delayed  neutron capture photon  



Standard Model

8 Gluons W+    W-   Z0    g

Interactions  are due  to the EXCHANGE
of SPIN 1  Particles  



   

   

Z0

   

Z0   
(M = 91 GeV)

Neutral Currents 



ELECTROMAGNETISM
Exchange of  Photons  

STRONG Interaction 
Exchange of  Gluons

WEAK Interaction
Exchange of   3 Massive  Particles 

Interactions  are due  to the EXCHANGE
of SPIN 1  Particles  



Potential  of a point
electric  charge 

Potential  
Weak Force

Short Range



Comparing the   Cross section 
of two Processes:
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PARITY   SYMMETRY
Can we understand  if  we see  the
real  world   or a  “Mirror Image” 
 of the world  ?





Momentum 
direction

Spin 
direction

Neutrino

Momentum 
direction

Spin 
direction

Anti-Neutrino

 spin 1/2



Spin ½  Particles  are described by
4 components  “Dirac Spinors”

Left and Right 
Chirality Projectors

Only the 
Left-Chirality
component  of a fermion
interacts with the W bosons.

For a massless particle
CHIRALITY = HELICITY 



Particles:  Left-chirality Anti-Particles:  Right-chirality



Fermion Particles in the  Standard Model



Neutrino Neutrino



Neutrino Neutrino

Possible 
Picture

Impossible 
Picture



Neutrino Neutrino

Possible 
Picture

Impossible 
Picture

PARITY  VIOLATION



Spin-0

Allowed Forbidden

Conservation
of angular momentum



DISCOVERY of  PARITY  VIOLATION

Lee and  Yang “Madame” Wu 



Cobalt-60  in a  Cryostat



The Experiment
(dec. 1956)
lead by:
“Madame”
Chien-Shiung WU

that  determined
that
“PARITY”
is  VIOLATED



Neutrino Neutrino

Possible 
Picture

Impossible 
Picture



Neutrino Anti-Neutrino

Possible 
Picture

Possible 
Picture

Charge  Conjugation Operation



APPROXIMATE  SYMMETRY  of NATURE

 CP  Transformation

C =  Charge Conjugation
       [Particle               Anti-Particle ]

P = Parity
        [Reflection in a  Mirror ]

↔



Paul M. Dirac

P C

CP



The  NEUTRINO    
        FLAVOR



3  type  (FLAVORs)   of  Neutrinos  



In 1947 Powell, Occhialini and Lattes  discover the

existence of the pion  thanks  to  observation

of  Cosmic Rays   with Emulsions in the

Chacaltaya Laboratory.

 



Steinberger,
Schwartz, 
Lederman
Measure (1962) 
Nobel -1988



FLAVOR

   



FLAVOR  Electron-flavor





First Generation: 

Ordinary Matter

3  GENERATIONS
of elementary 
fermions



PION  DECAY



Kinematically Forbidden

Dynamically suppressed 



Decay  is  nearly
forbidden  by
Angular  Momentum 
Conservation

Pion
(spin 0)

CHIRALITY 

   versus  

HELICITY



Particles:  Left-chirality Anti-Particles:  Right-chirality



MUON   DECAY:



How  Many  Light  Neutrinos  Exist  ?

Answer :    3



NEUTRINO  FLAVOR 
OSCILLATIONS 



3  Neutrinos  states:   3 masses   m
1
, m

2
, m

3 

States  with   definite  masses 
in general  do not coincide with   the "flavor" states

Flavor basis 

Mass  basis 



-(+2/3)   + (-1/3) = -1 



Pontecorvo, Maki, Nakagawa, Sakata Matrix 

Cabibbo, Kobayashi, Maskawa  matrix



2 Flavor   case m

m
1

m
2



      created  at t =0

with momentum  p

Neutrino   Propagation

Different mass 
components
have different energy 

     
  state at time  t 



= 

Oscillation   Probability 





m
3

m
2

m
1

3 Flavor  Oscillations

3 X 3 
Unitary Matrix
3 angles
6 phases



Mixing Matrix:  3 angles,  1 phase

 More   complex   expressions 
 for   the   Oscillation Probabilities

U*  :  Mixing  Matrix  for  Antineutrinos

(relevant  for neutrino oscillations)



3 - Flavor  Transitions



L, E

Oscillation Probability



CP  violated

T  violated

CPT  conserved



The “BOX  description” of the Neutrinos

Mass



Neutrino  Description

Mass of the lightest Neutrino  m
0

Normal  Hierarchy Inverted Hierarchy

















Double beta decay



Double Beta Decay



Double Beta Decay

Neutrino-less
Double beta decay





Resolution















Neutrino  as

Astrophysical Messenger



Essentially all our knowledge 
about the Universe outside the  solar  system 
Stars, Galaxies, …..

is  because we have “seen” it

[that is we have observed photons  
emitted  from this far  regions of space.



Light  (Photons)

“Nuncius Sidereus”

Messenger from the stars



History of Astronomy :

Improvement of the “telescope”.
expansion of the range of wavelengths
available for observations.

New telescopes
 “new eyes”

 New  astrophysical objects.
 
 Deeper understanding 
 of known astrophysical objects



 New, more dramatic expansion  of

 our method  to “SEE”  the Universe 

 Use of NEW PARTICLES as

 “MESSENGERS of the  STARS” 

Photons

Neutrinos

Cosmic Rays

Gravitational Waves



 New, more dramatic expansion  of
 our method  to “SEE”  the Universe

 Use of NEW PARTICLES as

 “MESSENGERS of the  STARS” 

Photons

Neutrinos

Cosmic Rays

Gravitational Waves

  A “Messenger” 
  with very  different properties
  that will allow us to 
  “SEE”  the universe
  in a profoundly different way

Very small cross section.
neutrinos arrive from 
the “deep interior”
of astrophysical sources



 Neutrino  Astronomy 
 has just been born  at the end of
 the last Century 

TWO (+1)  ASTROPHYSICAL  OBJECTS 
have  been “seen” in neutrinos”

 
SuperNova  SN1987A 

The SUN

The Earth:    (Geophysical Neutrinos detection)



23 decades 

3
0
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e
ca

d
e
s 

Natural
Neutrino
Fluxes



Natural
Neutrino
Fluxes

Astro-
physical 

Atmospheric 

Solar 
Cosmological Supernova

Geophysical
neutrinos

SuperNova
relic  



SOLAR   NEUTRINOS

Source of Energy of the SUN  : Nuclear Fusion 

Energy Released per each Cycle 





5
cm

Prediction



Super
Kamiokande 

42 m

39 m

DATA/SM = 0.465± 0.015

9
0

 d
e
g

re
e
s



NEUTRINOS  
from 
SUPERNOVAE
EXPLOSIONS
(Gravitational Collapse)

Energy ∼ 30  MeV 



Neutrinos  from Supernovae





From Georg Rafelt



From Georg Rafelt



From Georg Rafelt



The neutrinos  from  SN1987A 
still the subject of many  works  every  year   !



SN1987A



Kamiokande + IMB    detection of SN1987A

Controversial  Results  from other detectors  [LSD – Mont Blanc]



Maxwell-Boltzmann
Energy Distribution

[Average Energy (MeV)]





23  february 1987

 ....  32   years  ago  .......

We   want a new   close-by  
 (... but not too much..... )
 Gravitational Collapse
 Supernova

Scientifc Potential
(with the new  detectors)
 is  very important   



GEOPHYSICAL
NEUTRINOS







Events (1 sigma) 

BOREXINO

(march 2010)







Up-Down 
Symmetry

































HIGH  ENERGY  NEUTRINO  

DETECTION 

The Km3  concept



New  Conceptt

“Beaded string”





3600 m

NT-200

1
3

6
6

 m

– 4 cables x 4km to shore.
– 1070m depth







9
22

40

1

59

125 m string separation
17 m between PMT's



Deployment   of
the  strings











Observation of
neutrino-induced muons

(see ½ of the sky)







New class of events where the 
Neutrino interacts inside  
 the detector Fiducial Volume

HESE

“High Energy Starting Events"

Outer Layer of the detector is used as a veto

No PMT  us have a hit in the veto 
With an “early time”

[charged particles can  exit the  detector, but not enter]



 Starting 
 events



“TRACK”



“Shower”



Two Classes of events

“Tracks"

"Showers"



Tau  Neutrinos

Path-length of tau's    before decay 







Efect of VETO:  rejection of  atmospheric neutrinos



Efect allows
to separate

Atmospheric-
charm

from 
isotropic
astrophysical



Absorption of neutrinos in the Earth



Fraction of up-going neutrinos  (isotropic fux)
that survives crossing the Earth





“Glashow Resonance”







 High Energy Starting Events 
4 years data

Track      [(small) black circles]
Showers  [ (large) blue circles]

Galactic
equator



IceCube  4-years  HESE  events

Celestial  coordinates

Galactic plane

Galactic  coordinates

 horizon 



 High Energy Starting Events    [HESE]  



 High Energy Starting Events    [HESE]  

 3  “PeV events”
 carry most of the
 statistical  signifcance
 for an excess



 Upgoing  (neutrino induced)  Muons



Upgoing muon events



EXTRA-GALACTIC 
NEUTRINOS

AGN 
GRB
 ......

Main candidate sources

Intimate relation  with 
UHECR  [extragalactic  cosmic rays]



The 3-dimensional  lampposts ensemble  “paradox”
[Kepler – Olbers  paradox].

Linear sequence  of lampposts:

Most of the light you  receive
from  the nearest lamppost

3D ensemble of lampposts:
[Euclidean  static  space]

Light diverges !



Homogeneous (in average)  density of sources:
spherical shells  between  radii:   1,  2,  3,  4, .... 

All  spherical  shells  contribute equally.:  DIVERGENCE! 



Homogeneous (in average)  density of sources:
spherical shells  between  radii:   1,  2,  3,  4, .... 

All  spherical  shells  contribute equally.:  DIVERGENCE! 

Divergence  cured
By cosmological efects



Expected favor composition
of High energy astrophysical neutrinos

[Standard mechanism of production]



Space  averaged 
favor transition probability

Neutrinos  created in  volume
 of  sufciently large linear   size

Oscillating terms  average to zero





 “Standard
 mechanism”

 “Muon 
  absorption”

 “Neutron 
   decay”

much more
“astrophysically
  plausible”

Very high
magnetic feld

Nuclear
fragmentation



 Include  
 best ft of oscillation
 parameters 
 (delta dependence)





Resolved
sources

Contribution
of all unresolved sources



IceCube     GCN 21916     17/09/23



….  Great source of excitement …...
Texas  Survey  of Radio Sources [365 Mhz, (1974-1983)]
66841 sources  [TXS …..] 



Very Long Baseline Array (VLBA)   
[ensemble of 10 radio telescopes]

8000 km
baseline



TXS 0506+056



Flux [               ]





Three More Topics:

[1.]   “Cosmogenic Neutrinos”

[2.]   Neutrinos from Dark Matter
         Self-annihilation

[3.]    New Concepts for Neutrino
          detection



108107106

 MeV  EeV PeV TeV GeV

SN

Neutrino Astronomies



Energy Loss  Mechanisms for Protons:

NEUTRINO
PRODUCTION

Greisen-Zatsepin- Kuzmin  
(GZK) suppression



Proton Energy Evolution with Redshift

E
n

e
rg

y 
(e

V
)

Redshift (z)





Invisible in 
High energy Photons

Invisible in Cosmic  Rays

High  Energy Proton Horizon

“VISIBLE”
  with
  NEUTRINOS



Dark Matter detection 
with neutrino telescopes.

Accretion of  DM 
Particles in the Sun  (and Earth)



Number of neutrinos in the sun

Capture
Rate

Evaporation
Rate

Annihilation
Rate



Annihilation
Rate





Muon (up-going)  fron the direction of the SUN.



No excess from the sun direction  (cos theta = 1)



]

Red line=
   estimated
   Background
   from atmospheric 
   neutrinos



Neutrino Astronomy:  
 beyond the 
 “Km3 concept”

 Radio, Acoustic,.....
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