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Plan 

What is the problem ? 

How do we solve it ? 

Two generation probabilities in matter

Three generation probabilities in matter 

Some interesting observations 



The Problem 
In presence of decay the Hamiltonian is non-hermitian

                         

The decay eigenstates and mass eigenstates need not be the same                 

Hence these are not simultaneously diagonalisable by Unitary 
transformations    [Berryman, De Gouvea, Hernandez, Oliveira  Phys. Lett. B, 2015]

Even if they are same in vacuum,  matter effects make this 
mismatch inevitable 

We consider invisible decay 



The Hamiltonian in Matter 

The Hamiltonian in matter can be written in general as

Choose  matter basis such that  the  hermitian part  is diagonal 

 The flavour evolution is given as                                    

Since                                                     

One needs to express             as a chain of commutators using  
Zassenhaus formula (inverse Baker-Campbell- Hausdroff formula)    



Probabilities  (two-flavour) 

Survival probability  to  

  Conversion Probability

                      ,                        unlike oscillation

Probabilities to               and  expressions  expanding             in terms of the 
Pauli  matrices were also done 
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 Accuracy of the approximations 

More realistic :  three generation 

Chattopadhyay, Chakroborty, Dighe, SG, Mohan, PRL 2022

Chattopadhyay, Chakroborty, Dighe, SG, arXiv 2111.13128



A specific example 

The Hamiltonian in vacuum with mass and decay states same 

In matter of constant density  

Usual two flavour 
mass matrix in 

matter 
Decay part 
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The decay part 
In  the matter mass basis,  the decay matrix  

        

Comparing with the general form 

With this mapping probabilities can be calculated using the general formula 

Off diagonal terms 
generated
 in matter  



Single decaying neutrino 
If only the 2nd state decays  =>              

Interestingly even if we started with only one decaying state 
in vacuum, in matter both states can decay

Conversion Probability:                              
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No decay limit 



Three Generation: Decay of only 

OMSD approximation (                 ) 

Probabilities expanded in                   

Probabilities expanded in             and exact in 
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OMSD probabilities 

In the matter mass basis         generated  
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Accuracy of the approximations
The regions in (L-E) plane 
where                         

Grey region :               and 
analytic expressions not 
valid 
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The general decay matrix 

Decay is a sub-leading effect  =>  length scale associated with 
decay  < that of  oscillation 

The decay matrix is positive definite  => 



Probabilities expanded in 

Decay part no matter dependence
Effect of off-diagonal decay 

terms as important as   
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Increase in probability due to decay ? 

Increase in the survival 
probability due to decay 
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Pµµ at  survival  probability Minima (SPMIN) 



The  first two Dips in  Pμμ

Second dip 
Possible to observe in 

ESSNUSB/T2HKK 



Octant sensitivity from 
No octant sensitivity in absence of decay

Pμμ

Octant sensitivity in presence of decay 

K. Chakraborty, D. Dutta, SG, D. Pramanik.  JHEP05 (2021) 



Future Possibilites 

Calculation of probabilities in varying density, relevant for 
astrophysical sources of neutrinos like Sun, Supernova.

Studying the implications at a phenomenological level, extra 
degeneracies ..

Decay and other new physics .. 





Back up slides 



Formalism 



Zassenhaus Expansion 
The inverse Baker-Campbell-Hausdraff expansion                                     

Note that 

                                                                                                         

To obtain expression upto          we need to consider p=1 !(γ̄)



Probability calculation 
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O(�̄)


