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(A)   In the framework of the  Standard Model, 
 for relativistic neutrinos 

(A.1) Produced and detected neutrinos are described by the pure QM 
         states: 

(A.2) Number of neutrinos in a detector is described by the factorized  
         formula:  
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(A.3) Dirac and Majorana neutrinos oscillate in the same way, so it 

          is impossible to distinguish both types of neutrinos in any  

          oscillation experiment. 

   Initial and final states are the same for 
      both neutrino types.  

   The CP Majorana phases disappear 
      from the oscillation probabilities. 

(B) Beyond the Standard Model 
(B.1) Initial neutrino states are not pure, they are mixed even for 
         relativistic neutrinos. State of the neutrinos produced in  the  
         process 

is described by the density matrix (if initial particles (l, A) are 
not polarized and polarization of the final particles (B) is not 
measured): 

where                                           is the amplitude for the 
production process:  

(B.2) There is no factorization for the detection rate  

Where now 
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We have to know the density matrix in the laboratory = detector 

Calculated in the CM of decaying  particle: 

Lorentz boost, 

Wigner spin 

  rotation 

Neutrino propagation in  
vacuum or in matter 

Accelerator neutrinos Neutrino factory Beta beam 

H – vacuum or matter Hamiltonian 

(B3) Dirac and Majorana neutrinos propagate in matter in a  
        different way, so in principle both types of neutrinos can be 
        distinguish in future oscillation experiments. 

  Production and detection states are the same (charge currents  
    are responsible for production and detection), but 

  Propagation in matter distinguishes both types of neutrinos 
    (neutral currents are crucial). 

A D B D 

Physics beyond the Standard Model is parameterized by two diagrams 
with vector (W±) and scalar (H±) particles exchange for charge current 
interactions, and only by vector (Z0) exchange for neutral current 
interactions. Coupling constants are generally momentum dependent.    

For production and detection For matter oscillation 

New Physics parameterization 

, 
,

Let us introduce the explicit Lagrangian 

For production and detection 

For matter oscillation 

Parameterizing muon  decay (the same can be done for neutron beta 
decay) 

http://pdg.lbl.gov/2007/reviews/muondec_s004259.pdf 

There are relations between the parameters we use  
       and  the usual four-fermion muon decay ones:  

Still observable values 
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Impact of Lorentz boost             helicity Wigner rotation 
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In practice Lorentz 
boost has no effect 

θ

Because of New Physics production and detection neutrino 
states are not pure quantum mechanical states 

Mixing between 
different helicity 

states 

Mixing between 
different mass states 

New Physics can change the production and 
detection  neutrino states and has impact on 

the full oscillation process 

Scalar and pseudoscalar 
couplings have no effect 
on neutrino oscillation in 

matter  

Tensor terms are 
important only for 
polarized media 
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New Physics can modify the neutrino oscillation in matter. The 
picture shows the full effect of the generalization of the neutrino 
states and of their different interaction inside matter 

For L = 13000 km, N = 0.01,   = 1.0 and   =  
= 0. 

18% 

Dirac and Majorana neutrinos can be distinguished in relativistic 
neutrino oscillations, due to their different propagation in matter 
if new right handed interactions exist  

Disappearence muon neutrino oscillation 

  large new physics effects  

  no difference between Dirac and Majorana 

Dirac and Majorana neutrino oscillations in the SM and BSM 

    the effect is larger for Dirac neutrinos  

   Dirac and Majorana neutrino oscillations differ                                                   


