
Supernova 1987a in Large Magellenic Cloud
       L = 50 kpc (150 light years ) 

p  +  e− → n + e

 e+ +  e− → e + e, ,  +

Neutrino Mass from Time-of-flight

M(νe ) < 23 eV/c2

t = 0 unknown
use arrival time as function of energy
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Limits on M(ντ )
Measured in τ decays at LEP

e+e− →  τ+ τ− 
                 τ → nπ ντ  (n=3, 5, 6)

contours are  limits when Eν = 0



Limits on M(ντ )

In tau rest frame energy 
of hadronic system h:

E*
h =

mτ
2 + mh

2 − mν
2 

2 mτ

Total decays
 2939 :  τ− → 2 π− π+ ντ 
     52 :  τ− → 3 π− 2π+  ντ
       3 :  τ− → 3 π− 2π+ π0  ντ

 only events with high mh
contribute to M(ντ ) limit

M(ντ ) < 18.2 MeV/c2 (95% CL)



Limits on M(νµ )

M(νµ ) < 170 keV/c2 (95% CL)



Limits on M(νe )

Detailed study of end-point of spectrum: many experiments



Limits on M(νe )

Mainz spectrometer



Limits on M(νe )

End-point spectra

Troitsk experiment Mainz experiment



Limits on M(νe )
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Double Beta Decay
A(Z,N) → A(Z+2, N−2)+2e−

(neutrino-less)

A(Z,N) → A(Z+2, N−2)+2e−+2νe

Only possible M( )  0
Majorana neutrino   

2



Must be energetically allowed
and single beta decay suppressed

Only a few possible double beta isotopes



Example: 100Mo in MOON detector

100Mo  → 100 Ru  + 2 e−  (+ 2 νe )
Both:
   Double beta decay:

Solar neutrino:          100Mo + νe → 
100Mo∗ → 100 Tc + e− → 100 Ru + e− 

Mo(42,48) → Ru(44, 46)



Physics beyond Standard Model in 0νββ

Right-Handed Currents

 Majoron production 

Supersymmetry 



NEMO 3 (100Mo)
At Modane laboratory in Frejus tunnel



Heidelberg-Moscow (76Ge)
At Gran Sasso laboratory

 signal of 2νββ  expected 0νββ

Half-life T_
2ν = 1.55±0.17 × 1021 years T_

0ν > 3.1 × 1025 years (90% CL)



Summary of Double Beta Decay Results

Limits on Majorana neutrino mass



Latest News

August 2001 limit:
T_

0ν > 3.1 × 1025 years (90% CL)
   M <   0.3 eV /c2

January 2002 evidence:
T_

0ν = (0.8-18.3) × 1025 years (95%CL)
                      1.5 × 1025 years: best value
    M =  0.11-0.56 eV /c2 (95% CL)
             =  0.39 eV /c2: best value
            

- same data, not all same people…..



Summary of Particle Data Group 2001

M(ν e ) <     3 eV /c2

M(νµ ) < 190 keV/c2

M(ντ ) <  18.2 MeV/c2

Majorana mass M(νe ) <   0.24 eV /c2

                              ( dependent on Nuclear Matrix Element)

Number of light ν: 2.994 ± 0.012 



Possible Neutrino Mass Splitting

Zero of mass scale ?

M(νe) < 3 eV ?

0



Neutrino Mixing
Analogy with quarks

For massive particles:
               flavour eigenstates can be different from mass eigenstates

=

d′

s′

b′

d

s

b

Vud     Vus     Vub

Vcd     Vcs      Vcb

Vtd      Vts      Vtb 

leptons quarks

U : leptonic mixing matrix
V : quark mixing matrix, ( CKM matrix )
 
Standard Model,
         U and V unitary 3 × 3 complex matrices:    Σ  Ukµ

*   Ukν
 =  δµν

=

νe

νµ

ντ

Ue1     Ue2     Ue3

Uµ1    Uµ2     Uµ3 

Uτ1      Uτ2      Uτ3 

ν1

ν2

ν3



W decays
leptons quarks

W → qα  qβ W → l νl 

W  → e ν1  ∝  Ue1 2 
      → e ν2  ∝  Ue2 2

      → e ν2  ∝  Ue3 2

      → µ ν1  ∝  Uµ1 2 
      → µ ν2  ∝  Uµ2 2

      → µ ν3  ∝  Uµ3 2

      → τ ν1  ∝  Uτ1 2 
      → τ ν2  ∝  Uτ2 2

      → τ ν3  ∝  Uτ3 2 

W  → u d   ∝  Vud 2 
      → u s   ∝   Vus 2

      → u b   ∝  Vub 2

      → c d   ∝  Vcd 2 
      → c s    ∝  Vcs 2

      → c b   ∝  Vcb 2

          
      ( → t X  m(t) > m(W) ) 
           

Unitarity:
  Ue1 2 +  Ue2 2 +  Ue3 2  = 1

                                              etc.

 Vud 2 +  Vus 2 +  Vub 2  = 1 



 Numerical Values

0.97     0.22     0.003

0.22    1.0    0.04       

0.006   0.04  1.0     

Vud        Vus        Vub

Vcd        Vcs         Vcb

Vtd          Vts         Vtb 

Ue1     Ue2     Ue3

Uµ1    Uµ2     Uµ3 

Uτ1      Uτ2      Uτ3 

?



 Possibilities for Leptonic Mixing

Ue1     Ue2     Ue3

Uµ1    Uµ2     Uµ3 

Uτ1      Uτ2      Uτ3 

0.97     0.22    0.003

0.22    1.0    0.04

0.006   0.04  1.0

1                0             0

0           1            0

0           0            1

1/√2    −1/√2         0

1/2       1/2   −1/√2

1/2        1/2    1/√2

No mixing                  like  quarks                  bi-maximal mixing

If Ue3 =  0 no CP violation ( like Vub =  0 for quarks) 



 CP Violation in Neutrino Sector

Ue1     Ue2     Ue3

Uµ1    Uµ2     Uµ3 

Uτ1      Uτ2      Uτ3 

If  Ue3 =  0 no CP violation ( like Vub =  0 for quarks) 

CP conservation:

Same parameterisation as quark sector:


