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Electroweak theory: 
 

SU(2) x SU(2) x U(1) 
 





           Interaction  
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     6 leptons – 6 quarks   

      

3 doublets 
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 weak transitions and weak mixing  
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   observed CKM – matrix 
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New parametrization: 
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neutrinos => lefthanded 
  
 

     no mass  



   
   



Since 1998: 
 
Observation of neutrino oscillations  
in Kamioka (Japan) 
 

Neutrinos must  
       have  a mass 



cccc sd
c

sd
u

θθθθ cossinsincos +−+

µ
νν µ

e
e



21

21

cossin
sincos

νθνθν
νθνθν

µ ⋅+⋅−=
⋅+⋅=e





A neutrino is produced with a  
certain momentum. 
The  different mass eigenstates 
propagate with different 
velocities, less than the speed  
of light. The composition of the 
neutrino state is changing. 
 
 neutrino oscillation 
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• Long Baseline (180 km) 
• Calibrated source(s) 
• Large detector (1 kton) 
• Deep underground (2700 mwe) 





Sudbury Neutrino Observatory (SNO) 

Schwer-Wasser-Čerenkov-Detektor 
Ontario, USA 
 

       Sonne        Experimente I        SNP        Experimente II        Lösung     

1000 t D2O 

Unterstützungsstruktur 
9500 PMTs  

(60% Abdeckung) 

Kessel, Ø 12m 

innere Wasserabschirmung 
1700 t 

äußere Wasserabschirmung 
5300 t 

Abschirmung 



ν ν νµ



           
 

           neutrinos   

                   
 massive fermions 

neutrino oscillations: 
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Superposition of Dirac mass and 
Majorana mass: 
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History of Seesaw   

This idea was very clearly elaborated by Minkowski in his paper PLB 67 (1977) 
421 ---- but it was unjustly forgotten  until 2004. 

Footnote: 
H. Fritzsch, M. Gell-Mann,  
P. Minkowski,  PLB 59 (1975) 256 

— T. Yanagida 1979 
— M. Gell-Mann, P. Ramond, R. Slansky 1979 
— S. Glashow 1979 
— R. Mohapatra, G. Senjanovic 1980 

The idea was later on embedded into the GUT 
frameworks in 1979 and 1980: 

It was Yanagida who named this mechanism as “seesaw”. 



       Neutrino Masses  
  Mass terms for charged 
leptons and neutrinos 
are not parallel  

Neutrino Mixing 



  
















=

τττ

µµµ

321

321

321

VVV
VVV
VVV

V
eee



332211 νννν eeee VVV ++=

332211 νννν µµµµ VVV ++=

332211 νννν ττττ VVV ++=



















=
100
00
00

σ

ρ

i

i

e
e

P

atθθ ≈ sunθθν ≈
)(unknown

anglereactorl −≈θ 















=
100
00
00

σ

ρ

i

i

e
e

P



















=
100
00
00

σ

ρ

i

i

e
e

P

atθθ ≈ sunθθν ≈
)(unknown

anglereactorl −≈θ

atθθ ≈

sunθθν ≈

)(unknown
anglereactorl −≈θ















 −

•
















−
•















−=

−

100
0cossin
0sincos

cossin0
sincos0

00

100
0cossin
0sincos

νν

νν

ϕ

θθ
θθ

θθ
θθθθ

θθ i

ll

ll e
U



o
sun

o 3.367.31 ≤≤θ

o
at

o 5238 ≤≤θ

23
32

2 104.2 eVm −⋅≈∆

252
21 106.7 eVm −⋅≈∆



0 0

0

A
A C B

B D

∗

∗

 
 
 
 
 

0 0

0

A
A C B

B D

∗

∗

 
 
 
 
 

















 −
•
















−
•















−=

−

100
0cossin
0sincos

cossin0
sincos0

00

100
0cossin
0sincos

νν

νν
ϕ

θθ
θθ

θθ
θθθθ

θθ i

ll

ll e
U

12

212
2tan

mm
mm

−
=νθ

0695.0
2

2tan ≅
−

=
e

e
l mm

mm

µ

µθ



observation 
 
 oo 45__33 ≈≈ θθν

12.0
04.021 42.0/ +

−≈==> mm
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42.0/ 21 ≈mm
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m(1) = ( 0.0040  +/- 0.001 ) eV 
 
m(2) = ( 0.0096  +/- 0.002 )eV 
 
m(3) = ( 0.049 eV +/- 0-007 ) eV  
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Observed: 
 

          m(c) : m(t) = m(u):m(c)  
                1/207                        1/207 

 

           m(s):m(b) = m(d):m(s) 
                               1/23                           1/23 
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radiative corrections  
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   muon and tauon not much  
changed by radiative corrections  
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Double Chooz 

     Expect: 
11.02sin 13

2 ≈θ



Best fit: Combined? 



Reno  experiment  ( South Korea ) 
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Daya Bay  
Experiment 









111 

Total Tunnel length  ~ 3000 m 

Daya Bay 

• Multiple detectors 
per site cross-check  
detector efficiency 
 
• Two near sites 
 sample flux from  
reactor groups 
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Dirac mass 
( )LRRLmm ψψψψψψ +=

Lψ

Rψ
mass 





       



Majorana mass 

Lψ

mass 

Rψ



double  
  beta  
 decay 



48  Ca       76  Ge       82  Se    
96  Zr      100  Mo     116  Cd    
128  Te    130  Te      130  Ba                    
136  Xe    150  Nd     238  U 

         double beta decay  
first observed in 1987 ( 82 Se ) 

http://en.wikipedia.org/wiki/Calcium-48�
http://en.wikipedia.org/wiki/Calcium-48�
http://en.wikipedia.org/wiki/Germanium-76�
http://en.wikipedia.org/wiki/Germanium-76�
http://en.wikipedia.org/wiki/Selenium-82�
http://en.wikipedia.org/wiki/Zirconium-96�
http://en.wikipedia.org/wiki/Zirconium-96�
http://en.wikipedia.org/wiki/Molybdenum-100�
http://en.wikipedia.org/wiki/Cadmium-116�
http://en.wikipedia.org/wiki/Cadmium-116�
http://en.wikipedia.org/wiki/Tellurium-128�
http://en.wikipedia.org/wiki/Tellurium-128�
http://en.wikipedia.org/wiki/Tellurium-130�
http://en.wikipedia.org/wiki/Tellurium-130�
http://en.wikipedia.org/wiki/Barium-130�
http://en.wikipedia.org/wiki/Barium-130�
http://en.wikipedia.org/wiki/Xenon-136�
http://en.wikipedia.org/wiki/Xenon-136�
http://en.wikipedia.org/wiki/Neodymium-150�
http://en.wikipedia.org/wiki/Neodymium-150�
http://en.wikipedia.org/wiki/Uranium-238�
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Gran Sasso  



  

  
GERmanium  
Detector  
Array 

Phase I:  15 kg y:        0.3 – 0.9  eV 
Phase II:  37.5  kg y:  0.09 – 0.29  eV 
Phase III: 1 ton           0.01 eV 

CUORE-0 

 130Te 

Cryogenic Underground  
Observatory for Rare Events 

Xe- Observatory 



GERDA 
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 flavor mixing angles  
  
 
 

       mass ratios  
                  of  

 quarks / leptons 



                                                            neutrino  
      masses 

      
      

 

          m(1): 0.0041 eV       
 m(2): 0.0097 eV 
 m(3): 0.0510 eV 

 



 
      neutrinoless double                        
…       beta decay 

        improvement:  
    factor 15 necessary 



17.03 ≈eV

11.02sin 13
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texture zero  
mass matrices  

 
masses of quarks - leptons  

 
 
 

flavor mixing angles  
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