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1.1) Show that only for a free massless fermion the chirality eigenstates 
are also helicity eigenstates. 
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1.2) Show that the mass matrix M of a Majorana mass must be symmetric 
Mij=Mji.



1.3) Show that if there are N=3+s massive neutrinos, the leptonic mixing 
matrix is dimension 3×N and contains 3s+3 physical angles and 2s−1 
phases for Dirac neutrinos and 3s+3 for Majorana neutrinos
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1.4) The decay width for 𝛽 decay after integrating over the 
proton momentum is

GF is the Fermi constant, 𝜃C is Cabbibo’s angle, F(E,Z) a Coulomb factor, 
E0 is the mass difference between the initial and final nuclei, E is the 
electron energy and 𝜔 is the neutrino energy. Obtain the electron energy 
spectrum d𝛤/dE and show that the Kurie function

with Q=E0 − me, T=E − me, C=G2
Fcos2𝜃C/𝜋3. Show that the last equality 

holds only for Q−T≫mi and 

Plot K(T) as a function of T for tritium (Q = 18.6 KeV) for 
and for 









1.5) The charged pion decays almost 100% of the time into a muon and a 
(muon-type) neutrino. In the reference frame where the parent pion is at 
rest, compute the muon energy as a function of the muon-mass (m𝜇), the 
charged pion mass (m𝜋), and the neutrino mass (m𝜈). What is the absolute 
value of the muon momentum (tri)vector? Numerically, what is the relative 
change of the muon momentum between m𝜈=0 and m𝜈=0.1 MeV? It is 
remarkable that the muon momentum from pion decay at rest has been 
measured at the 3.4×10-6 level (Phys. Rev. D53, 6065 (1996)). This 
provides the most stringent current constraint on the muon-neutrino mass.
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1.6) Derive the characteristic E/L in eV2 for atmospheric neutrinos, and for 
T2K and for Daya Bay.



1.7) Show that in a disappearance experiment, the survival probability for 
neutrinos and antineutrinos is the same.





Backup 



1.8) a) What is the matter potential for 𝜈𝜏→𝜈s? (𝜈s is a sterile neutrino.) 
Compare with the potential for 𝜈e→𝜈𝜇,𝜏.

b) In the core of a supernova, the matter density is ρ~1014 g/cm3. Obtain 
the characteristic value for the matter potential for 𝜈𝜏→𝜈s and 𝜈𝜏→𝜈s in the 
core of the supernova.

c) For what characteristic mass differences (assume E𝜈~10 MeV) can the 
MSW effect occur in such supernova? In which of the two channels does 
it occur?



Lepton-Nucleus Cross Section Theory

(1)

(2)

(3)

(4)

Combining (2), (3) and (4) we can have,
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(2), we have



Lepton-Nucleus Cross Section Theory

Then we got
(4)

(5)

Finally using (4) and (5) in (1). Also considering W3=0,  


