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Reactor Neutrino Oscillation

Electron antineutrinos from reactor core

A few kilometres
ν̄e → ν̄µ, ν̄τ

Daya Bay, RENO, Double Chooz, and long baseline beam
experiments T2K, MINOS.

Reactor oscillation - Mixing angle θ13 and neutrino
mass-squared difference ∆m2

13

Global fit
sin2 θ13 = 0.0181− 0.0327
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Neutrino Oscillation

Flavour Eigenstate 6= Mass Eigenstate
Production - Flavour Eigenstates
Propagation - Mass Eigenstates
Transition Probability

Pνα→νβ = sin2 2θ cos
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A little history

Solar Neutrino Problem

Standard Solar Model - neutrino flux
Neutrino deficit - MSW effect
ν1 = νe cos θ + νµ sin θ, ν2 = −νe sin θ + νµ cos θ

sin θ = 1√
3

∆m2 = 75meV2
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A little history

Atmospheric Neutrino Anomaly

Cosmic rays and muon flux
The double ratio

R =
Rdata
νµ/νe

RMC
νµ/νe

< 1

sin θ = 1√
2

∆m2 = 2500meV2

νµ → ντ

Reactor neutrinos and Beam neutrinos

No evidence for νe → νµ compatible with ∆m2
atm.

New results - νe disappearance - θ13 oscillations
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The Standard Model Lagrangian - mass terms

Charged leptons

yeLeHeR + yµLµHµR + yτLτHτR

meeLeR + mµµLµR + mττLτR

SM - Neutrinos are massless

How to add mass? Add a right-handed field νR .

Dirac term

ywLH̃νR
mw νLνR

Majorana term
mMaj ν

c
RνR

Gauge invariance - no νcLνL term
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The Seesaw Mechanism

Dirac mass term alone - Dirac particles
Independent fields νL, νR - like the charged-leptons eL, eR .
Why are the neutrino masses so small?

The Seesaw mechanism

Dirac and Majorana mass terms(
νL
νcR

)T (
0 mw

mw mMaj

)(
νcL
νR

)

Diagonalise
Effective Seesaw mass matrix(
ν light
νheavy

)T
(

m2
W

mMaj
0

0 mMaj

)(
νlight
νheavy

)
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The three families

Effective Seesaw light neutrino mass

m2
W

mMaj
ν lightνlight = mssν lightνlight

Three families? (
νL
νcR

)T (
0 Mw

Mw MMaj

)(
νcL
νR

)

Complex symmetric effective seesaw mass matrix

Mw (MMaj)
−1(Mw )Tν lightνlight = Mssν lightνlight
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The three families

Mss diagonalised using unitary matrix U

U†MssU
∗ = diag(m1,m2,m3)

m1ν1ν1 + m2ν2ν2 + m3ν3ν3
να = Uαiνi

Parameterisation of the PMNS mixing matrix, U.

UMNS =

(
c12c13 s12c13 s13e−iδ

−s12c23−c12s23s13e iδ c12c23−s12s23s13e iδ s23c13
s12s23−c12c23s13e iδ −c12s23−s12c23s13e iδ c23c13

)(
e iα1 0 0
0 e iα2 0
0 0 1

)

δ - CP violation in oscillations
α1, α2 - Majorana phases - Neutrinoless Double β Decay
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The Standard Model
The Seesaw Mechanism
Neutrino mixing

Observed values

sin2 θ12 = 0.273− 0.354
sin2 θ23 = 0.341− 0.670
sin2 θ13 = 0.0181− 0.0327
The phases unknown

A first approximation - Tribimaximal mixing

|UTBM| ≡


√
2√
3

1√
3

0
1√
6

1√
3

1√
2

1√
6

1√
3

1√
2


Mixing angles

sin2 θ12 = 1
3 , sin2 θ23 = 1

2 , θ13 = 0
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Neutrino mixing

Discrete symmetries

Defined by 3 Symmetries:

UTBM =
e
µ
τ


2√
6

1√
3

0

− 1√
6

1√
3

1√
2

− 1√
6

1√
3
− 1√

2

 CP Symmetry
µ− τ Symmetry

Democracy

Symmetries reflected in neutrino mass matrix in the flavour basis:
νe νµ ντ

Mss =
νe
νµ
ντ

c + a + b b b
b c + b a + b
b a + b c + b


CP Symm. ⇒ parameters Real; µ− τ Symm. is Manifest;
Democracy ⇒ rows and cols sum to same value - Magic matrix.
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Triχmaximal Mixing: Relax CP Symmetry

Retains two symmetries:

UMNS =


√

2
3 cosχ 1√

3
i
√

2
3 sinχ

− cosχ√
6

+ i sinχ√
2

1√
3

cosχ√
2
− i sinχ√

6

− cosχ√
6
− i sinχ√

2
1√
3
− cosχ√

2
− i sinχ√

6

 CP Violated
µ− τ Symmetry

Democracy

Allows b param. to become complex (b + id) ⇒ 3 masses and θ13 6= 0
arbitrary.

νe νµ ντ

Mss =
νe
νµ
ντ

c + a + b b + id b − id
b + id a + b − id c + b
b − id c + b a + b + id


µ− τ Symm. still Manifest (need to take c. conjugate);

Democracy ⇒ rows and cols still sum to same value.
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Triχmaximal Mixing: Relax CP Symmetry

TχM

UMNS =


√

2
3 cosχ 1√

3
i
√

2
3 sinχ

− cosχ√
6

+ i sinχ√
2

1√
3

cosχ√
2
− i sinχ√

6

− cosχ√
6
− i sinχ√

2
1√
3
− cosχ√

2
− i sinχ√

6


Mixing angles

|U†e3|2 = sin2 θ13 = 2
3 sin2 χ

|U†e2|2 = sin2 θ12 cos2 θ13 = 1
3

|U†µ3|2 = sin2 θ23 cos2 θ13 = sin2 χ
6 + cos2 χ

2 =⇒ sin2 θ23 = 1
2

δCP = ±π2

Non-zero θ13 - opened the door for leptonic CP violation

TχM - δCP = ±π2 - Maximal CP violation
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Flavons
The “Simplest” ansatz

Flavons

Flavons

Scalar fields like the Higgs

Often gauge singlets

Representations of discrete symmetries

Couple to fermions

Spontaneous symmetry breaking and VEVs

The pattern of VEVs - the structure of mass matrix
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An example: S4 discrete group

Νe

Ν Μ
ΝΤ

axisa

axisb

Rotational symmetries of a cube

3D space - νe , νµ, ντ -
3′ a representation of S4
Note the of alignment of νe , νµ, ντ

Irreps of S4 - 1, 2, 3, 3′

Mass term - νcRMMajνR -
couplings among two triplets, νR

Tensor product of two triplets

3′ ⊗ 3′ = 1 + 2 + 3 + 3′
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An example: S4 discrete group

Using 3′ = (νe , νµ, ντ ):

ψ1 =
1√
3

(νe .νe + νµ.νµ + ντ .ντ ),

ψ2 =

(
−
√

2
3νe .νe + 1√

6
νµ.νµ + 1√

6
ντ .ντ

1√
2

(νµ.ντ + ντ .νµ)

)
,

ψ3 =


1√
2

(νµ.νµ − ντ .ντ )
1√
2

(ντ .νe + νe .ντ )
1√
2

(νe .νµ + νµ.νe)

 ,


1√
2

(νµ.ντ − ντ .νµ)
1√
2

(ντ .νe − νe .ντ )
1√
2

(νe .νµ − νµ.νe)

 = 0.

Postulate three flavons φ1, φ2, φ3 - obtain the invariant

Majorana mass term = c1ψ1.φ1 + c2ψ2.φ2 + c3ψ3.φ3
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The flavon VEVs

Flavon potential - like the Higgs potential

The doublet flavon φ2

V (φ2) ∝ −φ3x + 3φ2yφx +
(
φ2x + φ2y

)3

VEV ⇒ 〈Φ2〉 = (−1
2 ,
√
3
2 )

Similarly we obtain 〈Φ1〉 = 1, 〈Φ3〉 = (1, 1,−1)
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The “Simplest” ansatz

Using the above VEVs

Majorana mass term = c1ψ1.〈φ1〉+ c2ψ2.〈φ2〉+ c3ψ3.〈φ3〉

which gives

MMaj =

c + a + b b + id b − id
b + id a + b − id c + b
b − id c + b a + b + id


with a, c , d = f (c1, c2, c3) and b = 0

‘Simplest” ansatz - the observables are constrained

TχM mixing - χ = χ(c2, c3),

Masses - eigenvalues - ei (c1, c2, c3)

Mss ∝ M−1Maj - neutrino masses ∝ inverse of eigenvalues
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Neutrino mass prediction

Neutrino mass squared differences and the non-zero θ13 -
three parameters of the model

Predict neutrino mass offset - All the neutrino masses

The lightest neutrino mass

solution 1

solution 3

solution 2
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Neutrino mass prediction

The neutrino masses - best fit

solution 1 solution 2 solution 3

m1

m2

m3

m1

m2

m3

m1

m2

m3

20

40

60

80

100

120

massesHmeVL
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Summary

A brief overview of neutrino oscillations

See-saw mechanism and Majorana neutrinos

Triχmaximal mixing - non-zero θ13

Discrete symmetries, eg: S4 group

Flavons and Model building

“Simplest” ansatz and predictions
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