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The nature of neutrinos: Dirac vs Majorana

Dirac neutrino: four components
particle: spin up/down anti-particle: spin up/down(

νL
↗CPT↘(νc)R↖Lorentz↙(νc)L

↗CPT↘
νR

)
D

Majorana neutrino: just two components
Neutral particles can be their own anti-particle (Majorana 1937)
example: neutral pion (neutral kaon is not) !
Majorana neutrino is its own antiparticle
spin up/down (

νL
↗CPT↘
↖Lorentz↙νR

)
M



The nature of neutrinos: Dirac vs Majorana

Dirac Neutrino Majorana Neutrino
� Neutrino and Antineutrino are �Neutrinos and Antineutrinos are
distinct particles. the same particles
(like their charged lepton (This can only happen since
partners) Neutrinos have no charge!)
� Flavor lepton number is not
conserved but total lepton
number is conserved.
•Neutrino �Lepton number is not conserved
•Antineutrino Neutrino ⇔ Antineutrino

Dirac Mass Term Majorana Mass Term
� Need to have a right-handed New type of mass.
neutrino.
(Not in the Standard Model)
•Mass term like e, µ, τ .
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Dirac Neutrino Majorana Neutrino
� Neutrino and Antineutrino are �Neutrinos and Antineutrinos are
distinct particles. the same particles
(like their charged lepton (This can only happen since
partners) Neutrinos have no charge!)
� Flavor lepton number is not
conserved but total lepton
number is conserved.
•Neutrino �Lepton number not conserved
•Antineutrino Neutrino ⇔ Antineutrino

Dirac Mass Term Majorana Mass Term
� Need to have a right-handed New type of mass.
neutrino.
(Not in the Standard Model)
•Mass term like e, µ, τ .

The nature of neutrinos is linked to the conservation of
The the Lepton number (L). This information is crucial in
understanding the Physics BSM: with or without
L-conservation?
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How to test the nature of neutrinos

Neutrinoless double beta decay, (A,Z )→ (A,Z + 2) + 2e,
tests the nature of neutrinos. It violates L by 2 units.

The half-life time depends on neutrino properties

[T
1/2
0ν (0+ → 0+)]−1 ∝ |MF − g2

AMGT |2|〈 m 〉|2

|〈 m 〉| ≡ |m1|Ue1|2 + m2|Ue2|2e iρ + m3|Ue3|2e iσ|
Uei Mixing angles (known) and ρ, σ CPV phases(unknown)



How to test the nature of neutrinos

Predictions for Neutrinoless double beta decay
The predictions for |〈 m〉| depend on the neutrino mass spectrum

NH (m1 ∼ m2 << m3) : |〈 m 〉| ∼ 1− 5 meV

IH (m3 << m1 ∼ m2) : 10 meV < |〈 m 〉| < 50 meV

QD (m1 ∼ m2 ∼ m3) : 44 meV < |〈 m 〉| < m1
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What type of masses neutrinos can have

Neutrino masses in the SM lagrangian
A mass term for a fermion connects a left-handed field with a
right-handed one. For example the usual Dirac mass

mψ(ψRψL + h.c .) = mψψψ

Recall: In the standard model, νβR (the RH neutrino) doesnt exist,
therefore neutrinos are massless.
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What type of masses neutrinos can have

Neutrino masses in the SM lagrangian
A mass term for a fermion connects a left-handed field with a
right-handed one. For example the usual Dirac mass

mψ(ψRψL + h.c .) = mψψψ

Recall: In the standard model, νβR (the RH neutrino) doesnt exist,
therefore neutrinos are massless.

Now that we know that neutrinos have mass.

Solution: Introduce νR for Dirac masses
Dirac masses

This is the simplest case. We assume that we have two
independent Weyl fields: νL and νR
and we can write down the term as above.

mν(νRνL + h.c .) = mννν



What type of masses neutrinos can have

Dirac Neutrino mass term

We could simply put in νβR (sterile neutrino)
−Lmass =

∑
αβMαβ (ναLνβR) + h.c .

Mαβ = υ√
2
λαβ The coupling λαβ

doesnt have to be
diagonal and in general
it isnt. To find the
physical fields, those of
definite mass, we need
to diagonalize Mαβ .
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U is the mixing matrix which enters in neutrino oscillations.
So the form of the mass matrix determines the mixing pattern.



What type of masses neutrinos can have

Dirac Neutrino mass term

We could simply put in νβR (sterile neutrino)
−Lmass =

∑
αβMαβ (ναLνβR) + h.c .

Mαβ = υ√
2
λαβ The coupling λαβ

doesnt have to be
diagonal and in general
it isnt. To find the
physical fields, those of
definite mass, we need
to diagonalize Mαβ .

U†MV = mdiag

ναL =
∑

i UαiνiL ; ναR =
∑

i VαiνiR

Mαβ and Uαi
Flavor Lepton number violate.

U is the mixing matrix which enters in neutrino oscillations.
So the form of the mass matrix determines the mixing pattern.

−LD
mass =

∑
i ν iLmiνiR + h.c .

This conserves total lepton number!
νL → e iα νL
νR → e iα νR ⇒ LD

mass → LD
mass



What type of masses neutrinos can have

Dirac Neutrino mass term
It follows that

λν ∼
√

2mν
νH
∼ 0.2 eV

200GeV ∼ 10−12

Tiny couplings!

1. why the coupling is so small????
2. why the mixings are large? (instead of small as in the quark
sector)
3. why neutrino masses have at most a mild hierarchy if they are
not quasi-degenerate? instead of what happens to quarks?
4. Dirac masses are strictly linked to lepton number conservation.
But this is an accidental global symmetry. Should it be conserved
at high scales?



What type of masses neutrinos can have

There are models which address the problem of the smallness of
the couplings.

Extra-D models

In these models all gauge-interacting fields are in the SM
brane. Right-handed neutrinos are singlets and therefore will
be in the bulk.

The overlap of the wavefunctions (which are normalised) of
the left-handed and right-handed neutrinos leads to a small
Yukawa coupling.
See e.g. Arkani-Hamed et al., 2002; Grossman and 49 Neubert, 2000. Models with warped extra-D....



What type of masses neutrinos can have

Majorana Neutrino mass term
Other possibility: Since neutrinos have electric charge = 0, neutrinos
could be Majorana particles, i.e. be their own antiparticles (ν = νC )

We use the fact that
(νL)C = (νC )R

then the mass term is
Majorana mass term for left-handed neutrinos:
−LM

mass,L = 1
2mL(νL)CνL + h.c .

Majorana mass term for right-handed neutrinos:
−LM

mass,R = 1
2mR(νR)CνR + h.c .

NOTE: Majorana mass terms break lepton conservation by 2 units.
νL → e iα νL ⇒ LM

mass → e2 iαLM
mass



What type of masses neutrinos can have

Diagonalize a Majorana mass term
If there are several fields, there will be a Majorana mass matrix.
We can show that it is symmetric.

MM = MT
M

In fact:

This implies that only one unitary mixing matrix is required to
diagonalise it

MM = (U†)T mdiagU
†



What type of masses neutrinos can have

Dirac + Majorana masses
If we have both the left-handed and right-handed neutrinos, we
can write down three mass terms:

- a Dirac mass term
- a Majorana mass term for the left-handed neutrinos
- a Majorana mass term for the right-handed neutrinos.

−LD+M
mass = MD νLνR + 1

2M
M
L (νL)CνL + 1

2M
M
R (νR)CνR + h.c .



What type of masses neutrinos can have

−LD+M
mass = MD νLνR + 1

2M
M
L (νL)CνL + 1

2M
M
R (νR)CνR + h.c .

and one can use νCL (MD)TνCR = νR MD νL

We start by rewriting −LD+M
mass = 1

2 (ψL)CMψL + h.c.

with ψ ≡
(

νL
νCR

)
and M≡

(
MM

L (MD)T

MD MM
R

)



What type of masses neutrinos can have

−LD+M
mass = MD νLνR + 1

2M
M
L (νL)CνL + 1

2M
M
R (νR)CνR + h.c .

and one can use νCL (MD)TνCR = νR MD νL

We start by rewriting −LD+M
mass = 1

2 (ψL)CMψL + h.c.

with ψ ≡
(

νL
νCR

)
and M≡

(
MM

L (MD)T

MD MM
R

)
Then, we need to diagonalise the full mass matrix, and we find the
Majorana massive states, in analogy to what we have done for the
Majorana mass case.

χ ≡ νiL + νCiL ⇒ χ = χC

The difference is that νiL = UjνL + Ukν
C
R

UjNot unitary and Uk Mixing between mass states and sterile neutrinos
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Models of neutrino masses BSM

See-saw type I

General case: both Dirac and Majorana mass terms
→ See-saw Mechanism an explanation of mν << m`,mq

−Ltotmass = LDmass + LMmass Mixing between active neutrinos and heavy neutrinos
will emerge but it will be typically very small

MR >> MD
↗mlight'MT

D M
−1
R

MD
↘mheavy'MR

No SM principle prevents MR from being large but we expect MD to be
of the same order of the mass of the quarks and charged leptons.

mlight ∼ 1GeV 2

1010GeV ∼ 0.1eV tan 2θ = 2MD

MR



Models of neutrino masses BSM

See-saw type II
We introduce a Higgs triplet which couples to the Higgs and left

handed neutrinos. It has hypercharge 2.

−L∆ ∝ y∆ LT C−1 σi ∆i L + h.c .

with, ∆i =

 ∆++

∆+

∆0


Once the Higgs triplet gets a vev, Majorana neutrino masses
arise:mν ∼ y∆ ν∆

The component of the Higgs triplet could tested directly at the
LHC.



Models of neutrino masses BSM

see-saw type III
We introduce a fermionic triplet which has hypercharge 0.

−LT ∝ yT Lσ H.T + h.c .

with, T =

(
T 0 T+

T− −T 0

)

mν ' (−yT )T M−1
T yT ν2

H

Majorana neutrino masses are
generated as in see-saw type I:
The component of the fermionic triplet have gauge interactions
and can be produced at the LHC
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Analyzing Data

Tri-bi maximall mixing
In the first experimental approximation:
U → Utri−bi maximall L.Wolfenstein

P.F.Harrison
D.H. Perkins
W.G. Scott

Solar Neutrinos θ12 ' 32◦

Atmospheric Neutrinos θ23 ' 45◦

Reactor Neutrinos θ13 = 0

UTBM =

 −
√

2
3

1√
3

0
1√
6

1√
3
− 1√

2
1√
6

1√
3

1√
2

 .

ν2 is tri-maximally mixed.
ν3 is bi-maximally mixed.
No CP violation.



Analyzing Data
The form of the mass matrix determines the mixing pattern.

magic matrix ⇒ ν2 is tri-maximally mixed.
the row sums and column sums are each equal to m2.

Mν =

 a b c
d e a + b + c − d − e

b + c − e a + c − d d + e − c


magic

exact µ− τ symmetry ⇒ ν3 is bi-maximally mixed.

Mν =

 A B B
B C D
B D C


µ↔τ

Discrete Family Symmetries: S3, A4, S4 and ...

complex component of mass matrix⇒CP violation.

magic matrix and exact µ− τ symmetry ⇔ Tribimaximally mixing
matrix



Analyzing Data

DayaBy=⇒ θ13 6= 0 UTBM =

 −
√

2
3

1√
3

0 0.15
1√
6

1√
3
− 1√

2
 0.62

1√
6

1√
3

1√
2
 0.78

 .

θ13 is small ⇒ µ− τ symmetry must be broken, may softly.



Analyzing Data

Perturbative approach

Mν = M0 + Mδ

M0 is a magic matrix with exact µ− τ symmetry
Mδ Must break µ− τ symmetry⇒ θ13 6= 0



Summary

Neutrinos have masses and a wide experimental programme
aims at measuring them.

Neutrinos can be Dirac or Majorana particles. Neutrinoless
double beta decay is the most sensitive test.

Neutrino masses beyond the Standard Model: Dirac,
Majorana and Dirac+Majorana masses

We have looked at models of masses BSM: Dirac masses
see saw type I
see-saw type II
see-saw type III
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