
 

 

 

 

 

 

 





   

 



 

 



 

 





 

 

 

 

 

 



Bruno Pontecorvo, 
«Inverse β processes and 
nonconcervation of leptonic charge», 

JINR Preprint P-95, Dubna, 1957,  
3 pages : 
 
«Neutrinos in vacuum can transform 
themselves into antineutrino and vice 
versa. This means that neutrino and 
antineutrino are particle mixtures… 
So, for example, a beam of neutral 
leptons from a reactor which at first 
consists mainly of antineutrinos will 
change its composition and at a 
certain distance R from the reactor 
will be composed of neutrino and 
antineutrino in equal quantities». 

 

    if 
 
then 
   in  vacuum  

 



Bruno Pontecorvo, 
«Мезоний и антимезоний», 
ЖЭТФ 33 (1957) 549-551 : 
 
«Выше предполагалось, что имеет  
место закон сохранения нейтринного 
заряда… Этот закон пока не  
установлен… Если теория 
двухкомпонентного нейтрино  
оказалась бы неверной… и если бы не  
имел места закон сохранения  
нейтринного заряда, то в принципе 
переходы  

нейтрино → антинейтрино  
в вакууме возможны».  

if  
 
then 
 
 
In vacuum  
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In vacuum  
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Studenikin, PRD 2004  
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                      Gabral-Rosetti,  
                       Bernabeu,  
                       Vidal,  Zepeda,  
                       Eur.Phys.J C 12  
                       (2000) 633 
 

Dvornikov,  
Studenikin,   
Phys.Rev.D 69  
(2004)  073001;  
JETP 99 (2004) 254 
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If           is generated by physics beyond the SM at energy scale  Λ , 

then 

contribution to             given by       m , then 

P.Vogel e.a., 2006 

 

Voloshin, 1988; 

Barr, Freire, 

Zee, 1990 

…combination of constants  

          and loop factors… 

…  problem to get large                and  still  acceptable                 m 

- - - 



i j 

i j 

, 

Gauge bosons 

mass states 

with mixing angle           of  gauge bosons                with pure                      couplings  

Kim, 1976; Marciano, Sanda, 1977; 

Beg, Marciano, Ruderman, 1978 

, , 

… charged lepton mass …  … neutrino mass …  



for BSM (                    ) without fine tuning and 
under the assumption that  

                                                              

“On compatibility of  small                          
with large           of neutrino”, 
Sov.J.Nucl.Phys. 48 (1988) 512 

Voloshin, 1988 

… there may be  (2)SU 
symmetry that forbids but not  

supersymmetry 

extra dimensions 

considerable enhancement of  
to experimentally relevant range 

Bar, Freire, Zee, 1990 

model-independent constraint Bell, Cirigliano,  
Ramsey-Musolf,  
                Vogel,  
                  Wise,  
                  2005 

“Enhanced electromagnetic transition 
dipole moments and radiative decays of 
massive neutrinos due to the seesaw-
induced non-unitary effects” 

Z.Z.Xing, Y.L.Zhou, 

Phys.Lett.B 715 (2012) 178 



 

 



ν

 

 

  

T  

 

 ??? 



Although it is usually assumed that         are electrically neutral  

                                                                              (charge quantization implies               ), 

         can dissociates into charged particles so that                                          : 

                          

dipole 
1. electric 

4. anapole  

  2. magnetic  

  3. electric 

 

where the massive           charge radius 
For massless  

anapole moment 

Interpretation of charge radius as an observable is rather delicate issue:         represents a  

correction to tree-level electroweak scattering amplitude between      and charged particles, 

which receives radiative corrections from several diagrams ( including       exchange) to be  

considered simultaneously               calculated CR  is  infinite and gauge dependent quantity.  

For massless     ,       and         can be defined (finite and gauge independent) from scattering  

cross section. 

                              ? ? ?     For massive          ? ? ?                                                                        

3.11 

Bernabeu, Papavassiliou, Vidal,  

Nucl.Phys. B 680 (2004) 450 
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Nucl.Phys.

Phys.Rev.Lett.  

J.Phys.: Conf.Ser

Phys.Rev.D  
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… However, strict requirements for  
Q quantization may disappear in extensions 
of  standard                              EW model  if  

         with  Y = 0 are included :  in the absence  

of  Y quantization  electric charges  Q gets dequantized 
  

In SM   (without        )  triangle anomalies 
cancellation constraints          certain relations among particle hypercharges     , 
that is enough to fix all          so that they, and consequently Q,  are quantized 

gauge invariance                                                                                         
+                                                                  

anomaly cancellation constraints 

neutrality Q=0                         
is attributed to 

imposed in SM of 
electroweak  
 interactions 

Foot, Joshi, Lew, Volkas, 1990; 
Foot, Lew, Volkas, 1993; 
Babu, Mohapatra, 1989, 1990 
Foot ,  He (1991)  
 

…General proof: 

In SM : 

Q=0 
Q=0 is proven also by direct calculation in SM  

within different gauges and methods 

              Bardeen, Gastmans, Lautrup, 1972; 
       Cabral-Rosetti, Bernabeu, Vidal, Zepeda, 2000; 
       Beg, Marciano, Ruderman, 1978; 
       Marciano, Sirlin, 1980; Sakakibara, 1981; 
       M.Dvornikov, A.S., 2004 (for extended SM in  
                                                 one-loop calculations) 
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 where      

matter 

current 

matter  

polarization 

It is supposed that there is a macroscopic amount of 

electrons in the scale of a neutrino de Broglie wave 

length. Therefore, the interaction of a neutrino with 

the matter (electrons) is coherent. 

This is the most general equation of motion of a 

neutrino in which the effective potential 

accounts for both the charged and neutral-

current interactions with the background matter 

and also for the possible effects of the matter 

motion and polarization. 

Addition to the vacuum neutrino Lagrangian 

 

A.Studenikin,  A.Ternov,  hep-ph/0410297;    

Phys.Lett.B 608  (2005) 107 

L.Chang, R.Zia,’88; J.Panteleone,’91; K.Kiers, N.Weiss,  

M.Tytgat,’97-’98; P.Manheim,’88; D.Nötzold, G.Raffelt,’88;  

J.Nieves,’89; V.Oraevsky, V.Semikoz, Ya.Smorodinsky,89; 

W.Naxton, W-M.Zhang’91; M.Kachelriess,’98;  

A.Kusenko, M.Postma,’02. 

 



                                    
  

Quantum treatment of spin light of neutrino 

showns that this process originates from the two subdivided phenomena: 

in matter 

the radiation of the photon in the process of the 

neutrino transition from the “excited” helicity 

state to the low-lying helicity state in matter 

the shift of the neutrino energy levels in the 

presence of the background matter, which is 

different for the two opposite neutrino 

helicity states, 

A.Studenikin, A.Ternov,       Phys.Lett.B 608  (2005) 107; 

neutrino-spin self-polarization effect  in the matter 

A.Lobanov, A.Studenikin,  Phys.Lett.B 564 (2003) 27;   

                                              Phys.Lett.B 601 (2004) 171  

                   A.Grigoriev, A.Studenikin, A.Ternov,      Phys.Lett.B 622 (2005) 199;                                                                 

Grav. & Cosm. 14 (2005) 132; 
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…for recent analysis see 
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spin evolution in presence of general external fields 
M.Dvornikov, A.Studenikin, 

JHEP 09 (2002) 016 

General types non-derivative interaction with external fields 

scalar,  pseudoscalar, vector,  axial-vector, 

tensor  and  pseudotensor  fields: 

Relativistic equation (quasiclassical) for                spin vector:   

Neither   S  nor  π   nor   V  contributes to spin evolution 

Electromagnetic interaction SM weak interaction 
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… However, strict requirements for  
Q quantization may disappear in extensions 
of  standard                              EW model  if  

         with  Y = 0 are included :  in the absence  

of  Y quantization  electric charges  Q gets dequantized 
  

In SM   (without        )  triangle anomalies 
cancellation constraints          certain relations among particle hypercharges     , 
that is enough to fix all          so that they, and consequently Q,  are quantized 

gauge invariance                                                                                         
+                                                                  

anomaly cancellation constraints 

neutrality Q=0                         
is attributed to 

imposed in SM of 
electroweak  
 interactions 

Foot, Joshi, Lew, Volkas, 1990; 
Foot, Lew, Volkas, 1993; 
Babu, Mohapatra, 1989, 1990 
Foot ,  He (1991)  
 

…General proof: 

In SM : 

Q=0 
Q=0 is proven also by direct calculation in SM  

within different gauges and methods 

              Bardeen, Gastmans, Lautrup, 1972; 
       Cabral-Rosetti, Bernabeu, Vidal, Zepeda, 2000; 
       Beg, Marciano, Ruderman, 1978; 
       Marciano, Sirlin, 1980; Sakakibara, 1981; 
       M.Dvornikov, A.S., 2004 (for extended SM in  
                                                 one-loop calculations) 

  

  

 



Astrophysics bounds on  

Mostly derived from consequences of helicity-state change 
in astrophysical medium: 
                           available degrees of freedom in BBN, 
                           stellar cooling via plasmon decay, 
                           cooling of SN1987a 

A global treatment would be desirable, incorporating 
oscillation and matter effects as well as the complications due 

to interference and competitions among various channels 

      Bounds depend on  
                                          modeling of astrophysical systems, 
                                          on assumptions on the neutrino properties.  
      Generic assumption: 
                                          absence of other nonstandard interactions  
                                          except  for               
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#2:  14 m 
 
 

#3:  10 m 
KNPP 
Udomlya 
Russia 



Lifting  
mechanism 

GEMMA-II 
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(2004)1948
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Technological room 

just under reactor 

14 m only! 

 

2.71013 /cm2/s 

Power:      3 GW 

ON:   315 days/y 

OFF:   50 days/y 

Total mass above 
(reactor, building, shielding, 

etc.): 

 ~70 m  of  W.E. 
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N     ~   ( ~ Power / r 2 )    

         ~  ( Tmax- Tmin / Tmax*Tmin )1/2 

 

                                     
   ~   2.7 ×1013  / cm2 / s 

             t    ~   4  years                                          

            B    ~   2.5   keV-1 kg-1 day-1                                          

            m   ~   1.5  kg  

            Tth  ~   2.8 keV    

 

  2.9  10 –11  B 
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 – 6798  1021  

  2874  

 

 – 6152  613   
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B
1110*9.2 

Beda A.G. et al. // Advances in High Energy Physics. 2012. V. 2012, 

Article ID 350150. 

Beda A.G. et al. // Physics of Particles and Nuclei Letters, 2013, V. 10, 

№2, pp. 139–143. 

B
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= 0.2 1/ / /   

, 10-1 μ

4.5 0.4 5.8 

10 0.4 4.7 

20 0.4 4.0 

4.5 0.3 5.6 

10 0.3 4.6 

20 0.3 3.9 

 



 

 



 

 



 



3.7      Neutrino   radiative   decay 

i j 

i j 

Radiative decay rate 

Radiative decay has been constrained from absence of decay photons: 

1) reactor         and solar              fluxes,  
e e 

2) SN 1987A              burst (all flavours), 

3) spectral distortion of CMBR 

Raffelt 1999 

   Kolb, Turner 1990;                                                                                                                                         

Ressell, Turner 1990 

Petkov 1977;     Zatsepin, Smirnov 1978;  

Bilenky, Petkov 1987;   Pal, Wolfenstein 1982 



i j 

Neutrino radiative two-photon decay 

i j 

… there is no GIM cancellation… 

Nieves, 1983; Ghosh, 1984 

… can be of interest for certain range of           masses…  

3.8 

fine structure constant 



 where      

matter 

current 

matter  

polarization 

It is supposed that there is a macroscopic amount of 

electrons in the scale of a neutrino de Broglie wave 

length. Therefore, the interaction of a neutrino with 

the matter (electrons) is coherent. 

This is the most general equation of motion of a 

neutrino in which the effective potential 

accounts for both the charged and neutral-

current interactions with the background matter 

and also for the possible effects of the matter 

motion and polarization. 

Addition to the vacuum neutrino Lagrangian 

Modified Dirac equation for neutrino in matter 

A.Studenikin,  A.Ternov,  hep-ph/0410297;    

Phys.Lett.B 608  (2005) 107 

L.Chang, R.Zia,’88; J.Panteleone,’91; K.Kiers, N.Weiss,  

M.Tytgat,’97-’98; P.Manheim,’88; D.Nötzold, G.Raffelt,’88;  

J.Nieves,’89; V.Oraevsky, V.Semikoz, Ya.Smorodinsky,89; 

W.Naxton, W-M.Zhang’91; M.Kachelriess,’98;  

A.Kusenko, M.Postma,’02. 

 



The quantity 

in the limit of vanishing matter density, 

reproduce the positive and negative-frequency solutions, respectively. 

splits the solutions into the two branches that 

 

A.Studenikin, A.Ternov,         

Phys.Lett.B 608  (2005) 107 

 

A.Grigoriev, A.Studenikin, A.Ternov, 

Phys.Lett.B 622  (2005) 199 

, 



Quantum theory of  spin light of neutrino (I) 

Quantum treatment of spin light of neutrino 

showns that this process originates from the two subdivided phenomena: 

in matter 

the radiation of the photon in the process of the 

neutrino transition from the “excited” helicity 

state to the low-lying helicity state in matter 

the shift of the neutrino energy levels in the 

presence of the background matter, which is 

different for the two opposite neutrino 

helicity states, 

A.Studenikin, A.Ternov,       Phys.Lett.B 608  (2005) 107; 

neutrino-spin self-polarization effect  in the matter 

A.Lobanov, A.Studenikin,  Phys.Lett.B 564 (2003) 27;   

                                              Phys.Lett.B 601 (2004) 171  

                   A.Grigoriev, A.Studenikin, A.Ternov,      Phys.Lett.B 622 (2005) 199;                                                                 

Grav. & Cosm. 14 (2005) 132; 
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