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Introduction

The n × n mixing matrix will indeed to be unitary to preserve
probability, the same is not true for any given m ×m, with
m < n
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The effective Lagrangian

The effective low-energy Lagrangian in the mass basic

Leff =
1

2
(ν i i∂νi − νc

imiνi + hc)

− g

2
√

2
(W+

µ lαγµ(1− γ5)Nαiνi + hc)

− g

2 cos θW
(Zµν iγ

µ(1− γ5)(N†N)ijνj + hc) + · · · (1)
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The relation between mass and flavour eigenstates

να = Nαiνi (2)

Mass eigenstates are orthonormal 〈νi |νj〉 = δij

Flavour eigenstates are not orthonormal

〈νβ|να〉 = (ÑÑ†)βα 6= δαβ

where Ñ is the normalization factor
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The effective Lagrangian in the flavour basis

Leff =
1

2

(
iνα∂(NN†)−1

αβνβ − νc
α[(N−1)tmN−1]αβνβ + hc

)
− g

2
√

2
[W+

µ lαγµ(1− γ5)να + hc]

− g

2 cos θW
[Zµναγ

µ(1− γ5)να + hc] + · · · (3)
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Neutrino oscillations in vacuum

We have

|να〉 =
1√

(NN†)αα

∑
N∗αi |νi〉 =

∑
i

Ñ∗αi |νi〉 (4)

|να(L)〉 =
∑

i

Ñ∗αi |νi (L)〉 =
∑

i

Ñ∗αie
−iφ |νi (0)〉

=
∑

i

Ñ∗αie
−iφ (Ñ∗βi )

−1|νβ〉 (5)
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The probability amplitude of flavour transition να → νβ after
distance L

Aνα→νβ = 〈νβ|να(L)〉 =
∑

i

Ñ∗αie
−iφÑβi

=
1√

(NN†)αα(NN†)ββ

∑
i

N∗αie
−iφNβi (6)

8 / 9



Introduction
The effective Lagrangian

Neutrino oscillations in vacuum

The oscillation probability

Pνα→νβ =|Aνα→νβ |2 =
1

(NN†)αα(NN†)ββ

∣∣∣∑
i

N∗αie
−iφNβi

∣∣∣2
=

1

(NN†)αα(NN†)ββ

(∑
i

|N∗αi |2|Nβi |2

+ 2
∑
j>i

Re[N∗αiNβiNαiN
∗
βi ] cos

∆m2
jiL

2E

− 2
∑
j>i

Im[N∗αiNβiNαiN
∗
βi ] sin

∆m2
jiL

2E

)
(7)
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