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Introduction

• neutrino mass causes flavor oscillation

• medium influences behavior → MSW effect

The plan:

• consider two neutrino generations

• electron neutrino source (monochromatic)

• analogy to spin precession in mag. field
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Mathematical preliminaries

Two bases for wavefunction (vectors):

• massive | µ〉 and flavored | φ〉

• related via mixing matrix | φ〉 = Û (θ0) | µ〉

with Û (θ0) =

(
cos (θ0) sin (θ0)
− sin (θ0) cos (θ0)

)

Form flavor density matrix ρ̂ =| φ〉〈φ |≡
(
Pee C
C † Peµ

)

solve von Neumann equation ic ∂ρ̂∂x =
[
ĤF, ρ̂

]
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ĤF, ρ̂

]



Introduction Vacuum oscillations Matter effect

Oscillation probabilities

rotate to flavor space ĤF = Û (θ0) ĤMÛ† (θ0)

Hamiltonian ĤM =

√
p2 + M̂2 ≈ p + M̂2

2p

solve ic ∂ρ̂∂x = ∆M2

2p

[(
− cos (2θ0) 1

2 sin (2θ0)
1
2 sin (2θ0) cos (2θ0)

)
, ρ̂

]

oscillation probability Peµ = 1− Pee = sin2 (2θ0) sin2
(

∆M2

2p x
)
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Spin analogy

convert 2× 2 matrices to
polarization vectors

ρ̂ ≡
−→
P · −̂→σ and ĤM ≡

−→
B 0 · −̂→σ

EoM =̂ Bloch equation
−̇→
P =

−→
B ×

−→
P
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MSW effect

matter tilts rotation axis
Ĥ = ĤM + V̂ e

with V̂ e ∼
(
ne 0
0 0

)

diagonalize Ĥ with effective
mixing angle

tan (2θm) =
sin (2θ0)

cos (2θ0)− Ve/∆M2

→ resonance possible
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Outlook

stringent approach via Wigner function

ραβ (x , p) =

∫
d∆ e−ip∆ψ†β

(
x − ∆

2

)
ψα

(
x +

∆

2

)

von Neumann equation → Moyal equation

e.g. c
∂ρ̂

∂x
→

{
∂Ĥ

∂p
,
∂ρ̂

∂x

}
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