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Neutrino  Oscillations

Neutrino Masses and Mixing

Majorana or Dirac Nature of the Neutrino

[Neutrinos  as new Messenger from the Universe]



Fermion Particles in the  Standard Model

Minimal SM
R  absent



3  type  (FLAVORs)   of Neutrinos  



FLAVOR

   



Dirac Particle Majorana  Particle



FLAVOR  Electron­flavor



How  Many  Light  Neutrinos  Exist  ?

Answer :    3



3  Neutrinos  states:   3 masses   m
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States  with   definite  masses 
in general  do not coincide with   the "flavor" states

Flavor basis 

Mass  basis 
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      created  at t =0

with momentum  p

Neutrino   Propagation

ν
 
 state at time  t 

Different mass 
components
have different energy 
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3 Flavor  Oscillations



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
ν

Oscillation Probability



CP  violated

T  violated

CPT  conserved



m2

Atmospheric Neutrinos

Upper Limit
Reactor Neutrinos

Solar Neutrinos
KamLand (Reactors)

8

2.5



Neutrino MASS Hierarchy

Mass of the lightest Neutrino  m
0

Normal  Hierarchy Inverted Hierarchy



 Matter  Effects 

in 

Neutrino Oscillations



MATTTER   EFFECTS

Neutrino Propagation:

Amplitude  =
Amplitude (No­Scattering) + Amplitude (forward Scattering)

EFFECTIVE POTENTIAL







NEUTRINO
MASSES
and  MIXING



Fermion Masses :
Yukawa  Fermion-Higgs Coupling 

 m
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QUARK MIXING

Mass Matrix
for down quarks
{d,s,b}

Mass Matrix
for up quarks
{u,c,t}



WEAK CURRENT

Linear  Transformation of the fields

CKM Matrix



DIRAC , WEYL  and MAJORANA  SPINORS

DIRAC SPINOR 

Weyl Representation



Charged  Conjugation Operator

Exchange 
particle  antiparticle



The conjugate of
the (conjugate field) 
goes back to the original  field

The conjugate of a Left-field
is a Right-field

(and vice-versa)



Weyl Representation



Majorana  Field
Conjugate of  itself



Mass Terms in the Lagrangian

Majorana mass term
 not  invariant
for  U(1)  transformations



Include the 3-Right  Neutrino Fields  Nj

Dirac Masses Majorana  Masses

Terms  bilinear 
in the fields



Only   One Family  

Eigenvalues



The SEE-SAW   Mechanism

  m = m2/M



What  High-Mass scale is implied by
 the neutrino mass  determinations ? 

 



Additional Phases  in the  Mixing Matrix
(for Majorana neutrinos)

Majorana  
Phases

Non  detectable
in oscillation
 experiments



Phases  can be eliminated
redefining the fermion fields

DIRAC and Majorana  phases



DIRAC or 
MAJORANA ?



Gedanken
Experiment

Neutrino at Rest 
with spin  pointing
downward.

Strumia, Vissani 



Atmospheric 

Solar 

Astro­
physica
l 

Natural
ν
Fluxes

Cosmological  Supernova



ATMOSPHERIC 
NEUTRINOS



ATMOSPHERIC NEUTRINOS



1  m2

1  sec

≈ 3000  ν
µ

≈ 3000  ν
µ

≈ 1600  ν
e

≈ 1400  ν
e

≈ 3000  ν
µ

≈ 3000  ν
µ

≈ 1600  ν
e

≈ 1400  ν
e

Expected 

Event Rate 
100  /  (Kton  year)



Detailed  prediction:

  Primary Cosmic  Rays

  Hadronic interactions

  Neutrino Cross section



The   Primary Cosmic Ray Fluxes

Interstellar Fluxes

Solar
Modulation

Geomagnetic
Effects



Leading nucleon
 50% of energy

 πο→ γ γ
Electromagnetic 
Shower

HADRONIC   INTERACTIONS

Interaction

Decay



HADRONIC INTERACTIONS

A precise knowledge of hadronic interactions is essential
for the calculation of the atmospheric neutrino fluxes.

E
p 

= 100 GeVInclusive spectra of
 secondary particles



COMPARISON with DATA  π+

 X = E
π
/Eproton



Constraint  from 
Atmospheric Muon measurements

Measurements  

Ground level

Balloon Float

Balloon Ascent

 Height



2   Very Robust  Properties of the 
Atmospheric Neutrino Fluxes

Strict Relation  between  
 the  fluxes
of different   flavor

Up­Down Symmetry 
 of the Fluxes



Assume  all muons  decay
AND
an important kinematical  fact.
All 3 neutrinos  in decay
have approximately the same 
energy 



ν

GEOMETRY  THEOREM If :
the Earth  is spherical 
Cosmic Rays are Isotropic

Then:

Neutrino Fluxes are 
Up­Down Symmetric

Each neutrino
"enters" the Earth as 
downgoing  

with zenith angle  down  

"exits"  the Earth  as upgoing 
with zenith angle 

 up =  ­ down



Zenith angle distribution
maximum   |cos θ| = 0
minimum    |cos θ| = 1
(µ and π decay effect)

Ratio ν
µ
/ν

e 

is energy dependent
(grows with increasing energy)

Ratio ν
µ
/ν

e 

is zenith angle dependent
(grows with  |cos θ| )

Zenith angle distribution
is Up­Down symmetric



The Neutrino Cross section 

Charged 
Current 

Neutral  
Current 

Quasi Elastic Scattering



Atmospheric Neutrino events

Soudan­2 detector

ν
µ + n →  µ− + p  ν

e
+ N →  e± + Ν' 

ν interaction  
vertex

ν
µ
+ N →  µ± + X 



IMB detector





SuperKamiokande 
 detector

42 m

39 m

 50,000 tons of ultrapure water50,000 tons of ultrapure water

  2 m of water = veto counter2 m of water = veto counter

  Fiducial volume = 22,500 tonsFiducial volume = 22,500 tons

  11,146  (20 inch) PMT's 11,146  (20 inch) PMT's 

  1,885 veto PMT's1,885 veto PMT's

1 Km underground



11,146  20 inch Photomultipliers  (PMT's)
(40 % of surface is  sensitive) 





µ­like

e­like





Neutrino

Muon

Nucleon

Angle (Muon­Neutrino)  
 decreases with the Neutrino Energy

Angle    60        degrees for subGeV
            10­15    degrees for multiGeV 



Interpretation  in terms of:

ν
µ
→ ν

τ
     Oscillations

Disappearance

Appearance



Energy Threshold for CC  interactions of   ν
τ

 

E(ν
τ
 )   ≥   m

τ
 + m

τ
2 / 2m

p 
   ≈   3.5 GeV

In atmospheric  neutrinos  most  ν
τ  

 
are  below  threshold  for CC interactions and 
therefore  simply "disappear".

 



Distance from the Neutrino  creation point

Broad 
Range

Horizontal ≈  500 Km





1



Measurement
of sin2 2θ





ν
µ

µ

E
µ0

E
ν

E
µ

X

µ  and ν  collinear 
to a good approximation

A different way to see 
Neutrinos:   (ν

µ 
  ,  ν

µ
 )



SNO  detector    µ angular distribution 

Atmospheric
 µ

 ν  induced 
 µ



Super­Kamiokande





Alternative Models  for the "disapperance" of ν
τ

ν decay



Neutrino Decay
(Barger  et al)

Decoherence : Lisi, Marrone e Montanino











561 ν events

5.1 (Kton yr) 



MACRO detector
Gran Sasso laboratory

[a]  Through­going muons

[b]  Internally produced
       up­going  events

[c] Up­going stopping 
    + Down­going internal
         interactions



Comparison   of :



 Absence  of   Neutral Currents 

 Matter Effects 
 
Tau Appearance events 



Effective  Potential  in  Ordinary  Matter









3 samples of data to  study 
the  ν

µ
⇔ ν

s
  hypothesis 



 sin2ξ < 0.19 





 τ  "candidates"
Zenith Angle Distribution 



Evidence for  New Physics 
in  Atmospheric Neutrinos
is SOLID

The Oscillation interpretation 
is very satisfactory

Parameter determination:

90% CL



m2



Confirmation of the  
Atmospheric Neutrino Results

with 

ACCELERATOR NEUTRINOS 



LONG BASELINE   NEUTRINO   BEAMS

KEK  to  Kamioka   (K2K)  project Fermilab to MINOS
CERN to Gran Sasso



12  GeV  Protons











Neutrinos  from
NUCLEAR  REACTORS

Neutron Rich Nuclei 92 p, 143 n  

Beta decay





For precision estimate of the flux  need to follow
the  chemical evolution of the nuclear fuel









Chooz  Experiment           (L = 1 Km)
(Palo Verde)

KamLand Experiment      (L 150 Km)

Study of   Transitions 



Chooz 
Detector



Data/Prediction =
1.01 ± 2.8% (stat) ± 2.7% (sys)



 Sin2 2θ
13

∆m2

SK

Chooz

|U
e3

|2 < 0.06 



m2 |U
e3

|2 < 0.06 



KAMLAND   
Experiment





















Geophysical   Neutrinos



Geophysical   Neutrinos









Where are the  Geo-neutrinos  coming from ?





From FIORENTINI



Measurement of 13










