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Introduc=on	
  

Currently, the νSM is used for the analysis of neutrino 
oscillation data,  
                                     where 
 
❀ neutrinos interact through a left-handed currents, 
 
❀ mixing between the flavour and the mass of neutrino 
    states is unitary, 
 
❀ only extremely relativistic neutrino are produced and 
    detected,  
                                          so 

 
 In the processes of production and detection of neutrinos, 

lepton flavour number violation  (LFV) can be safely ignored  



To observe neutrino oscillation  
	
  Kinematical disentanglement is necessary to have coherence 
for neutrino production and detection processes,  

    (Neutrino  energy and momentum  states in the 
production and detection processes are not entangled  

with energy and momentum states of other accompanying 
particles)    
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There is no entanglement between internal neutrinos 
degree of freedom (spin, mass, flavour) in the production 
and detection processes, and neutrinos (antineutrinos) 
states are pure quantum mechanical states	
  

Then 



But, NSI can change the neutrino propagation in a matter 
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Generally  NSI can: 
	
  
✺ 	
  	
  In	
  addiYon	
  to	
  the	
  leC-­‐handed,	
  also	
  the	
  right-­‐handed	
  currents	
  	
  can	
  describe	
  the	
  
	
  	
  	
  	
  	
  	
  processes	
  of	
  neutrino	
  producYon	
  and	
  detecYon,	
  

✺ 	
  Neutrino	
  mixing	
  matrix	
  for	
  light	
  neutrinoes	
  can	
  not	
  be	
  	
  unitary,	
  sterile	
  neutrinos	
  
	
  	
  	
  	
  	
  can	
  	
  exist,	
  

✺ 	
  Open	
  LFV	
  	
  and	
  /	
  or	
  LNV	
  (Lepton	
  Number	
  ViolaYon)	
  	
  interacYon	
  
	
  	
  	
  	
  	
  exist	
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  oscilla=on	
  beyond	
  the	
  SM	
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The	
  neutrino	
  states	
  are	
  calculated	
  from	
  the	
  producYon	
  
amplitudes	
  

The	
  final	
  cross	
  secYon	
  is	
  calculated	
  from	
  the	
  detecYon	
  
amplitudes	
  and	
  the	
  iniYal	
  density	
  matrix	
  



The decay of pions, nuclei, or muons are in the lowest order 
described by the d=6 effective Lagrangian 

where the field  Ψa( Ψb) describes the produced neutrino 
(antineutrino). 

If only left-handed neutrino fields Ψa,L are present, five couplings 
are not vanishing: and 

Neutrino	
  states	
  –	
  pure	
  or	
  mixed	
  Neutrino	
  states	
  for	
  NSI	
  

If two left-handed neutrinos appear (e. g., in addition d = ν, such 
as in muon decay) then only:  
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NSI	
  described	
  by	
  the	
  effecYve	
  Lagrangian	
  for	
  two	
  	
  leh-­‐handed	
  
neutrinos:	
  

As	
  an	
  example	
  of	
  neutrino	
  producYon	
  let	
  us	
  consider	
  the	
  muon	
  
decay	
  process	
  

Aher	
  Fierz	
  rearrangement	
  	
  	
  



With	
  the	
  SM	
  part	
  

We	
  can	
  calculate	
  the	
  producYon	
  two	
  neutrino	
  density	
  
matrix,	
  only	
  L	
  neutrinos	
  

1)	
  



Tr[!2 ] = 1

State	
  of	
  two	
  neutrinos	
  is	
  pure	
  Quantum	
  Mechanical	
  state	
  

! = "W
N

,    W =U +GU,    N = Tr(WW + )

To	
  get	
  one	
  parYcle	
  states	
  	
  



Now	
  in	
  both	
  cases,	
  for	
  neutrino	
  and	
  for	
  anYneutrino	
  	
  	
  

,	
  

Neutrino	
  and	
  anYneutrino	
  states	
  are	
  pure,	
  if	
  

Independently	
  whether	
  the	
  matrix	
  U	
  is	
  unitary	
  or	
  not,	
  
the	
  quantum	
  	
  states	
  of	
  the	
  neutrinos	
  are	
  pure,	
  if	
  	
  

=	
  0	
  



In	
  models	
  with	
  two	
  leh-­‐handed	
  neutrinos	
  	
  

1)	
  In	
  models	
  with	
  heavy	
  neutrinos,	
  U	
  matrix	
  is	
  not	
  unitary	
  –	
  standard	
  
	
  	
  	
  	
  	
  approach	
  is	
  correct,	
  if	
  there	
  are	
  no	
  new	
  LFV	
  interacYon	
  

2)	
  In	
  models	
  with	
  an	
  open	
  LFV	
  –	
  standard	
  approach	
  is	
  correct,	
  if	
  	
  

Standard	
  approach	
  must	
  be	
  modified,	
  if	
  two	
  raws	
  and	
  two	
  
columns	
  have	
  not	
  zero	
  elements	
  e.g.	
  

Only	
  one	
  column,e.g.	
   Only	
  one	
  row,	
  e.g.	
  ParametrizaYon	
  of	
  G	
  	
  matrix	
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2)	
  
In	
  models	
  with	
  charged	
  
scalar	
  boson	
  e.g.	
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  and	
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Then	
  the	
  neutrino	
  state	
  is	
  pure	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  ,	
  if	
  	
  

The	
  criteria	
  are	
  very	
  similar	
  to	
  those	
  that	
  were	
  previously	
  
considered	
  



3)	
  One	
  leh-­‐handed	
  neutrino	
  (pion	
  decay,	
  nuclear	
  	
  
	
  	
  	
  	
  beta	
  decay)	
  	
  

Generally	
  5	
  parameters:	
   and	
  

Without	
  tensor	
  operators	
  for	
  anYneutron	
  beta	
  decay	
  

If	
  the	
  couplings	
  have	
  a	
  similar	
  
structure	
  as	
  before,	
  e.g.,	
  

!



The	
  decay	
  amplitudes:	
  

The	
  leh-­‐handed	
  
neutrino	
  density	
  matrix:	
  

where:	
  

= 1
N
(U +AU)ik

N = Tr(U +AU)



so	
  

Neutrino	
  state	
  is	
  pure	
  QM	
  state,	
  	
  if	
  	
  

then	
  	
  

W =U +AUwhere	
  

	
  If	
  there	
  is	
  only	
  one	
  spin	
  amplitude,	
  like	
  in	
  pion	
  decay	
  

A! ," = c!c"
* c! = g!

!

!
" f!where	
  



For	
  a	
  	
  richer	
  structure	
  of	
  spin	
  amplitudes	
  (as	
  in	
  nuclear	
  beta	
  
decay)	
  without	
  explicit	
  lepton	
  flavour	
  number	
  violaYon	
  

g!
! = "!e  #

!

A!" = a#!e#"e
Then	
  	
  

And,	
  once	
  again	
  



Conclusions	
  

1.	
  	
  Without	
  NSI	
  (SM	
  interacYon	
  and	
  massive	
  neutrinos)	
  intrinsically	
  
	
  	
  	
  	
  	
  (mass,	
  flavour,	
  spin)	
  	
  parYcles	
  	
  and	
  neutrinos	
  states	
  	
  are	
  not	
  
	
  	
  	
  	
  	
  entangled,	
  and	
  for	
  this	
  reason,	
  neutrino	
  states	
  are	
  pure	
  

2.	
  If	
  NSI	
  describes	
  the	
  processes	
  of	
  producYon	
  and	
  detecYon,	
  	
  
	
  	
  	
  	
  neutrinos	
  and	
  parYcles	
  accompanying	
  them	
  become	
  entangled,	
  	
  
	
  	
  	
  	
  then	
  the	
  neutrino	
  states	
  are	
  mixed	
  
	
  
	
  	
  a.	
  If	
  there	
  is	
  only	
  one	
  helicity	
  amplitude	
  which	
  descibes	
  the	
  
	
  	
  	
  	
  	
  neutrino	
  producYon	
  process	
  (as	
  in	
  a	
  pion	
  decay)	
  neutrinos	
  are	
  	
  
	
  	
  	
  	
  	
  always	
  in	
  pure	
  QM	
  state	
  (their	
  states	
  as	
  not	
  entangled),	
  	
  
	
  
	
  	
  b.	
  Entanglement	
  	
  between	
  the	
  states	
  of	
  massive	
  neutrinos	
  and	
  	
  
	
  	
  	
  	
  	
  	
  other	
  parYcles	
  is	
  a	
  consequence	
  of	
  the	
  explicit	
  LFN	
  violaYon.	
  
	
  
	
  	
  c.	
  The	
  LFV	
  violaYon	
  caused	
  by	
  the	
  coupling	
  with	
  sterile	
  neurYnos	
  
	
  	
  	
  	
  	
  	
  does	
  not	
  	
  cause	
  an	
  entanglement	
  



3.	
  In	
  the	
  	
  future	
  neutrino	
  oscillaYon	
  	
  experiments	
  (neutrino	
  	
  
	
  	
  	
  	
  factory	
  -­‐	
  muon	
  decay	
  or	
  beta	
  beam	
  -­‐	
  neutrino	
  from	
  nuclear	
  	
  
	
  	
  	
  	
  beta	
  decay)	
  we	
  must	
  remember	
  that	
  in	
  tha	
  case	
  of	
  NSI	
  the	
  	
  
	
  	
  	
  	
  known	
  approach	
  is	
  only	
  the	
  first	
  approximaYon.	
  
	
  


