
The Physics of 

Neutrino Oscillation



History of Neutrino Oscillations



Neutrino Oscillation

• Neutrino quantum states produced via weak interactions:

→ flavor eigenstates

• There are 3 flavor eigenstates, and each of these is

associated with the corresponding lepton- flavor.

e ,  , 

e ,  , 



• Neutrino flavor와 charged-lepton flavor 사이의

연관성이의미하는것 :
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Over short distance, neutrinos do not change flavor
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Neutrino Oscillation

• Flavor states do not coincide with mass states

• Flavor states :

• Mass states :

• Neutrino quantum state produced by weak interactions         

| > =  U*i |i>      mass eigenstates .

flavor  : e, , or 

Mixing matrix



Neutrino Oscillation



Neutrino Oscillation

Fermion Mixing



Neutrino Oscillation in Vaccum

 1 2

Flavor states Mass states

• Quantum mechanical effects  when

Evolution of  :    



Neutrino Oscillation

• Non-relativisitic Schrodinger Eq. for a free particle

Substituting 

• Relativistic quantum equation from energy-momentum rel.

→ Klein-Gordon Eq.

→free particle solution



Neutrino Oscillation

• Natural Units : choosing units   



Neutrino Oscillation

cannot be numbers but matirces



Neutrino Oscillation



Neutrino Oscillation in Vaccum

 1 2

Flavor states Mass states

• Quantum mechanical effects  when

Evolution of 𝜈𝑘
(mass states) :    

Evolution of 𝜈α
(flavor states) :    



Neutrino Oscillation

Plugging into above



Neutrino Oscillation



Neutrino Oscillation



2-Neutrino Oscillation Probability 

In natural unit, t=L

Converting natural unit to lab. unit :



:

Dm2q

2-Neutrino Oscillation Probability 

2 fundamental parameters (                    )

q

Neutrino energy

Neutrino 
trajectory

▪νe is created at L=0 (t=0) and travels a distance of L
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▪ Oscillations require neutrinos to have different 
masses (Dm2  ≠0) and to mix (UiU

*
bi ≠0).

Survival (disappearance)
probability



:
2-Neutrino Oscillation Probability 

q

example

survival eμ
P 1 P= −

E=1 MeV, q=40 deg    

Dm2=810–5(eV)2

▪ Neutrino survival probability



Neutrino Oscillation

Production
Flavor state

Propagation
Mass state Detection

Flavor state



:

Average over energy resolution of detector

q

• <Pb> = 

=  db − (2db -1)sin22q <sin2 (Dm2L/4E)>.

∫dE dF/dE sCC(E) Pb(E) e(E)

∫dE dF/dE sCC(E) e(E)



Two-Neutrino Oscillation



Three Neutrino Oscillations

i i
U  = 

Mass

eigenstate

Weak 

eigenstate

Neutrino Mixing



Neutrino Mixing
• The unitary mixing matrix U occurs in C.C. 

weak interactions

( in the flavor basis) :

( in the mass basis) :



Neutrino Mixing matrix



Neutrino Mixing matrix

• From charged current :

- under global phase transformation: 

• 5 phases can be eliminated by redefining fields



Neutrino Mixing matrix

• The mixing matrix contains 1 physical phase.

• 3x3 unitary mixing matrix can be expressed in 
terms of 3 mixing angles and 1 phase.

• Standard parameterization


