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1. Neutrino Chiral Oscillation
Equation of motion for a neutrino in free space

In chiral representation:

Oscilation probability from i to k for Dirac neutrinos:

How left-handed and right-handed are entangeled in free space?



Neutrion oscillations with 3 generations

PDG 2023



Weak interaction produced neutrinos



Chiral oscillation probability extremely small for relativistic 
neutrinos because the suppresion factor: m2/E2.

Numerically vailid to use Dirac neutrinos to describe neutrino 
oscillations.  Oscillation period can of order ps. Similar for 
charged lepton, bu the oscillation period is Et = 2pi, 

t <2pi.me = 1.3x10-21s too short. Always time averaged effect.
However the effect can be large for non-relativistic 
netrinos, such as background cosmic nutrinos where 

p is small compared with m.

S-F Ge & P Pasquini, PLB811(2020)135961;                                            V Bittencourt, A. Bernardini & M. Blasone, EPJC81 (2021)411.



Neutrino Chiral Oscillation

Used

Left-handed neutrinos oscillated into right-handed ones!

S-F Ge & P Pasquini, PLB811(2020)135961; V Bittencourt, A. Bernardini & M. Blasone, EPJC81 (2021)411.



2. Neutrino Oscillation in Matter
When neutrinos travel in matter, due to interaction of neutrions with matter 
mediated by W and Z, the Lagrangian is modified





3. Majorana and Seesaw Neutrinos in Free Space

3. Majorana Neutrino Oscillation



Seesaw Neutrino Oscillation







Majorana phase effects on chiral oscillation

Majorana phase show up in the chiral oscillation explicitly!
This also applies to Type II seesaw with two generations!





4. Majorana and Seesaw Neutrinos in Matter



Because the off-diagonal interaction, difficulty to get U(t). For just one light and one 
heavy neutrinos, can get a closed analytic expression.



Time averaged oscillation





η enters the chiral oscillation, even when time averaged!



Detailed Numerical calculations





Massive neutrinos can have chiral oscillation, supressed by m2/E2 for relativistic
neutrinos, but the supression is lefted for non-relativisitc neutrions.

Majorana phases modify the oscillatin pattern. In principle Majorana phases can
be probed in chiral oscillation.

When matter effects are included, energies are splitted into two, there is a
resoant point for chiral oscillation. Also even the oscillation is time aeraged,
Majorana phase still affect oscillatin pattern.

Thank you for your attentions
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