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Neutrinoless double beta decay

In standard beta decay:

(A,Z) ! (A,Z + 1) + e� + ⌫̄e

<latexit sha1_base64="9sgPifvW/Lf3mCSbGDbqvvwQ+8A="></latexit>

This arises from the weak decay of a bound d-quark: 


d ! u+ e� + ⌫e

<latexit sha1_base64="GiG7uCxGjzz0AIzSCHEKAJQSwhk="></latexit>

Double beta decay is far more rare (probabilistically need beta decay happen twice 
simultaneously )


(A,Z) ! (A,Z + 2) + e� + e� + ⌫̄e + ⌫̄e

<latexit sha1_base64="WT+zKsYqBF8AvZGlv4Tbj3NWJzw="></latexit>

We have 0 leptons before (L=0) and we have 0 leptons after (-2+2=0). This clearly 
conserved lepton number




Neutrinoless double beta decay

W

e� ⌫e

⌫e e�

k

�

e�

e+

µ+

µ�

k

p1 p2

b b u

d d d

u

d

W

W

W�

B0

⇡�

⇡+

R

W

e
�

⌫ e

⌫ e

e
�

k

�

e
�

e
+

µ
+

µ
�

k

p 1

p 2

b

b

u

d

d

d

u

d

W

W
W

�

B
0

⇡
�

⇡
+

R

W

e �

⌫
e

⌫
e

e �

k

�

e �

e +

µ +

µ �k

p
1

p
2

b

b

u

d

d

d

u

d

W

W W �

B 0

⇡ �

⇡ +

R

W

e� ⌫e

⌫e e�

k

�

e�

e
+

µ
+

µ�

k

p1 p2

b b u

d d d

u

d

W

W

W�

B
0

⇡�

⇡
+

R

W

e
�

⌫ e

⌫ e

e
�

k

�

e
�

e
+

µ
+

µ
�

k

p
1

p
2

b

b

u

d

d

d

u

d

W

W

W
�

B
0

⇡
�

⇡
+

R

W

e �

⌫e

⌫e

e �

k

�

e �

e +

µ +

µ �k

p1

p2

b

b

u

d

d

d

u

d

W

W W �

B 0

⇡ �

⇡ +

R

u

d

d

u

e-

e-

Z

e� e�

⌫� ⌫�

k

�

e�

e+

µ+

µ�

k

p1 p2

R

W

W

d

d

u

u

e-

e-

W

e� ⌫e

⌫e e�

k

�

e�

e+

µ+

µ�

k

p1 p2

b b u

d d d

u

d

W

W

W�

B0

⇡�

⇡+

R

W

e �

⌫
e

⌫
e

e �

k

�

e �

e +

µ +

µ �k

p
1

p
2

b

b

u

d

d

d

u

d

W

W W �

B 0

⇡ �

⇡ +

R

W e�

⌫e

⌫e

e�

k

�
e�

e+

µ+

µ�

k p1

p2

b

b

u

d

d

d

u

d

W

W

W
�

B
0

⇡�

⇡+

R

W

e� ⌫e

⌫e e�

k

�

e�

e
+

µ
+

µ�

k

p1 p2

b b u

d d d

u

d

W

W

W�

B
0

⇡�

⇡
+

R

W

e �

⌫e

⌫e

e �

k

�

e �

e +

µ +

µ �k

p1

p2

b

b

u

d

d

d

u

d

W

W W �

B 0

⇡ �

⇡ +

R

W e�

⌫
e

⌫
e

e�

k
�

e�

e+

µ
+

µ�

k p
1

p
2

b

b

u

d

d

d

u
d

W

W

W
�

B
0

⇡�

⇡
+

R

W

W

Z

e� e�

⌫� ⌫�

k

�

e�

e+

µ+

µ�

k

p1 p2

R

e
—

Z

e� e�

⌫� ⌫�

k

�

e�

e+

µ+

µ�

k

p1 p2

R

e
—

Figure 3: Feynman diagrams at the quark level for neutrinoless double beta decay (left) and for the SM
allowed two-neutrino double beta decay (right).
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where G0⌫ is a known phase-space factor, me is the electron mass, MNUCL is the nuclear matrix element
(NME) for the nucleus of the process. m�� is the effective Majorana mass parameter which parameterises
all the decay rate dependence on the neutrino quantities, namely the neutrino masses, mixing angles and
CP-violating phases. Restricting the discussion to the standard case of 3-neutrino mixing, its expression is
given by

|m�� | ⌘

���m1|Ue1|
2 + m2|Ue2|

2 ei↵21 + m3|Ue3|
2 ei(↵31�2�)

��� . (4)

Here, mi, i = 1, 2, 3, indicate the three light neutrino masses, which can be expressed in terms of the
measured mass squared differences �m2

31
and �m2

21
and an unknown overall scale set by the lightest

neutrino mass, m1 for normal ordering and m3 for inverted ordering. Uei are the elements of the first row of
the PMNS lepton mixing matrix which depend on the angles ✓12, ✓13 and on the CP violating phases ↵31/2
and �� + ↵21/2. The latter phases are unknown and need to be taken as free parameters.

From Eq. (4) we see that the predicted value of m�� depends critically on the neutrino mass spectrum
and on the values of the two unknown Majorana phases in the PMNS matrix, ↵21 and ↵31. We find that
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where we have used the measured values of the oscillation parameters, including a 3� error, and we varied
the CPV phases in their allowed ranges. In the most general case, varying the minimal value of neutrino
masses, we show in Fig. 4 the current predictions for m�� for the two mass orderings.

As the mixing angle ✓12 is large but non-maximal, there is significant lower bound on m�� for IO given
by

|hmi|
IO

�

q
|�m2

32
| cos 2✓12 ' 15 meV . (8)

In the case of NO the effective Majorana mass can go from the current bound to zero, even if neutrinos are
Majorana particles due to a cancellation for values of mMIN ⇠ 5 meV, as shown in Fig. 4.

Neutrinoless double beta decay can provide information on the neutrino mass spectrum. In the ideal
case of perfectly known nuclear matrix elements, a measurement of m�� > 0.1 eV would imply that the

8

Neutrinoless double beta decay, (A, Z) → (A, Z+2) + 2 e, will test the nature of neutrinos. 

Massive Majorana neutrinos mediate neutrino less double beta decay which violates 
lepton number by two units (L=0 before, L=2 after) 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Figure 3: Feynman diagrams at the quark level for neutrinoless double beta decay (left) and for the SM
allowed two-neutrino double beta decay (right).
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where G0⌫ is a known phase-space factor, me is the electron mass, MNUCL is the nuclear matrix element
(NME) for the nucleus of the process. m�� is the effective Majorana mass parameter which parameterises
all the decay rate dependence on the neutrino quantities, namely the neutrino masses, mixing angles and
CP-violating phases. Restricting the discussion to the standard case of 3-neutrino mixing, its expression is
given by

|m�� | ⌘

���m1|Ue1|
2 + m2|Ue2|

2 ei↵21 + m3|Ue3|
2 ei(↵31�2�)

��� . (4)

Here, mi, i = 1, 2, 3, indicate the three light neutrino masses, which can be expressed in terms of the
measured mass squared differences �m2

31
and �m2

21
and an unknown overall scale set by the lightest

neutrino mass, m1 for normal ordering and m3 for inverted ordering. Uei are the elements of the first row of
the PMNS lepton mixing matrix which depend on the angles ✓12, ✓13 and on the CP violating phases ↵31/2
and �� + ↵21/2. The latter phases are unknown and need to be taken as free parameters.

From Eq. (4) we see that the predicted value of m�� depends critically on the neutrino mass spectrum
and on the values of the two unknown Majorana phases in the PMNS matrix, ↵21 and ↵31. We find that
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where we have used the measured values of the oscillation parameters, including a 3� error, and we varied
the CPV phases in their allowed ranges. In the most general case, varying the minimal value of neutrino
masses, we show in Fig. 4 the current predictions for m�� for the two mass orderings.

As the mixing angle ✓12 is large but non-maximal, there is significant lower bound on m�� for IO given
by

|hmi|
IO

�

q
|�m2

32
| cos 2✓12 ' 15 meV . (8)

In the case of NO the effective Majorana mass can go from the current bound to zero, even if neutrinos are
Majorana particles due to a cancellation for values of mMIN ⇠ 5 meV, as shown in Fig. 4.

Neutrinoless double beta decay can provide information on the neutrino mass spectrum. In the ideal
case of perfectly known nuclear matrix elements, a measurement of m�� > 0.1 eV would imply that the

8

n

2 – Neutrino masses

(ββ)0ν -decay

neutrinoless double beta decay : (A,Z) → (A,Z + 2) + 2e−, is the
most sensitive of processes (∆L = 2) which can probe the nature of
neutrinos (Dirac vs Majorana).
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via the effective Majorana mass parameter:


Decay Rate


�0⌫�� = GM |m�� |2
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G = phase space factor

M = nuclear matrix element

m�� = e↵ective majorana mass
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● NO ( ): m1 ≪ m2 ≪ m3 |⟨mββ⟩ | ∼ 1 − 5 meV

● IH ( ): m3 ≪ m1 ∼ m2 15 meV ≲ |⟨mββ⟩ | ≲ 50 meV

m1 ' 0
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Neutrinoless double beta decay



Neutrino Masses - Dirac Mass 
Introduce a RHN ( ) into the SM particle and assume lepton number is conserved 
We find neutrinos are Dirac fermions. This term is  invariant
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Hypothesise that lepton number is violated and form  invariant term mass 
term for neutrinos 
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Neutrinos Concha Gonzalez-Garcia
ΛNP in See-Saw Models

Mohapatra,Senjanovich; Foot,Lew,He,Joshi

O5 can be generated by tree-level exchange of singlet (Ni ≡ (1, 1)0) (Type-I) or triplet
fermions (Ni ≡ Σi ≡ (1, 3)0) (Type-III) or a scalar triplet ∆ ≡ (1, 3)1 (Type-II)
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Need to form gauge invariant interaction to “complete” the Weinberg operator
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Type-I 
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Minus  
sign can be removed 
by rephrasing fields



Type-I
One heavy state per one light state but we know from oscillation

data there are at least two non-zero neutrino masses  two non-zero 
heavy RHN

⟹

Mixing between active and very heavy state will occur but you can  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Pros and cons of type I see-saw models


Pros:

• they explain “naturally” the smallness of neutrino masses.

• can be embedded in GUT theories!

• neutrino masses are a indirect test of GUT theories

• have several phenomenological consequences (depending on 

the mass scale), e.g. leptogenesis, LFV


Cons:

• the new particles are typically too heavy to be produced at 

colliders (but TeV scale see-saws)

• the mixing with the new states are tiny

• in general: difficult to test
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Type-II Add  triplet scalarSU(2)L

Gauge invariant Yukawa potential:

Ex: show that minimum occurs at

SS2 can be tested at LHC
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Type-II Add  triplet scalarSU(2)L

Gauge invariant Yukawa potential:
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Type-III Add  triplet fermionSU(2)L ⌃ ⇠ (1,3, 0)
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SS2 can also be tested at LHC



Type-III Add  triplet fermionSU(2)L ⌃ ⇠ (1,3, 0)
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