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1 Introduction

The neutrino is a very common particle in the universe and yet very hard to detect. It was

postulated by Enrico Fermi in 1930 and it is included in the Standard Model as a masless and

non-charged particle. Neutrinos feel only the weak force. Lastly, they exist in three flavours:

electron, muon and tau.

In the context of quantum field theory, a Dirac particle is a particle which is different from

its antiparticle. In contrast, a Majorana particle is a particle which is equal to its antiparticle.

According to the Standard Model, all fermions belongs to the category of Dirac particles [1].

Nevertheless, neutrinos might be an exception.

Majorana particles do not have any conserved charge-like quantum number because it

would induce to distinguish between the particle and its antiparticle. This means that the

particle must be neutral. The only fermion that fulfils this condition is the neutrino [2].

The goal of the first part of this work is to discuss the mathematical background of Dirac

and Majorana particles. For this purpose, the Dirac and Majorana lagrangian mass terms

are derived from the lagrangian of 1
2
-spin particles. Moreover, their properties are explained

and the differences among the massless, Majorana and Dirac case or cases are discussed.

The second part consists in the search for experimental evidence that could verify the

identity of neutrinos. Are they Dirac or Majorana particles? For this purpose, the double

beta decay is addressed. The use of this kind of decay in experiments is the best procedure

to investigate their nature.

The beta decay minus consists in the decay of a neutron into a proton with an emission of

an electron and a antineutrino:

N (A,Z)→ N (A,Z + 1) + e− + ν̄e (1)

where A and Z are the mass and atomic numbers, respectively.

The beta decay is forbidden in some even-even nuclei because energetically is not favourable

(the final energy would be higher). However, these elements can decay through a double beta

decay due to the fact that they decay into more tightly bounded nuclei. In this case, the
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corresponding equation for the double β− decay (2νββ−) is

N (A,Z)→ N (A,Z + 2) + 2e− + 2ν̄e. (2)

Theoretically, a neutrinoless double beta decay (0νββ−) is also possible. Moreover this

could be experimentally confirmed. Whereas in 2νββ−decays, electron energies correspond

to a broad spectrum, in 0νββ−decays the two electrons would carry the total energy and

a peak, instead of a spectrum, would be observed. The goal of every experiment related to

neutrinoless double beta decay is to find this peculiar signal [3].

If neutrinoless beta decays were experimentally observed, neutrinos would be Majorana

particles [4]. In this case, there would not be any difference between a neutrino and a

antineutrino, so they could be emitted and absorbed in the same process without appearing

in the final state. Thus, the study of this decay is very important because it can shed light

on the question proposed in this work: are neutrinos Dirac or Majorana particles?
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2 Neutrinos in Quantum Field Theory

2.1 The Lagrangian of 1
2-spin particles and Dirac equation

In quantum field theory, fields describe the behaviour of particles. The Lagrangian, L, as a

function of its general coordinates is replaced by the Lagrangian density, L, which depends

on the fields φ and its derivatives respect the spatial coordinates ∂iφ (i = 1, 2, 3) and time

∂0φ. Regarding 1
2
-spin particles, the associated field is the Dirac field ψ(x). The variable x is

referred to the four-vector Xµ = (t,x). The space and time evolution of fields are represented

by the Lagrangian density.

The free Lagrangian density of spin-1
2

particles is presented below 1

L = ψ̄(x)
(
i~cγµ∂µ −mc2

)
ψ(x), (3)

where ψ̄ = ψ†γ0 is the adjoint field, c is the speed of light in vacuum, ~ is the Planck’s

constant divided by 2π and m the rest mass. The matrices γµ, despite the µ index, are

not four-vectors. Taking the Einstein convention, it is implied the summation over repeated

indices. These γ-matrices satisfy the anticommuting relation

{γµ, γν} = γµγν + γνγµ = 2gµν ν, µ = 0, 1, 2, 3 (4)

and the condition

γ0γµ†γ0 = γµ, (5)

where gµν is the metric tensor (g00 = 1, gii = −1 and gµν = 0 for µ 6= ν). The square of

γ-matrices is calculated from (4)(
γ0
)2

= 1,
(
γi
)2

= −1 (i = 1, 2, 3) (6)

and equation (5) gives an additional constraint(
γ0
)†

= γ0,
(
γi
)†

= −γi. (7)

Thus, γ0 is hermitian and γi are antihermitian. The last important property is that the

γ-matrices are Lorentz invariant, this is they are invariant under Lorentz transformations.

1It is important to note that the simultaneous appearance of c and ~ in (3) implies the attempt to unify

the quantum theory and the special relativity.
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Pauli proved that all representations of γ-matrices are equivalent [4]. From now on, the

Pauli-Dirac representation will be used. In this representation, these matrices have the

following form:

γ0 =


1 0 0 0

0 1 0 0

0 0 −1 0

0 0 0 −1

 and γk =

(
0 σi

−σi 0

)
, (8)

where σi are the Pauli matrices

σx =

(
0 1

1 0

)
, σy =

(
0 −i
i 0

)
, σz =

(
1 0

0 −1

)
. (9)

The Euler-Lagrange equation determines the spacial and time evolution of the Dirac field

∂µ
∂L

∂
(
∂µψ̄

) =
∂L
∂ψ̄

(10)

Hence, the Lagrangian density must be Lorentz invariant. Otherwise, two observers in two

different rest frames would obtain different equations. This would violate the first postulate

of special relativity: the laws of physics take the same form in all inertial frames of reference.

The quantity ψγµψ behaves as a contravariant four-vector and ∂µ as a covariant-four vector

under a Lorentz transformation. Then, the product ψ∂µγ
µψ is a Lorentz invariant and so

does the Lorentz density [5].

Appling the Euler-Lagrange equation to (3),

∂µ
∂L

∂
(
∂µψ̄

) = 0 (11)

∂L
∂ψ̄

=
(
ci~γµ∂µ −mc2

)
ψ(x) (12)

the Dirac equation is obtained

(i~γµ∂µ −mc)ψ = 0 . (13)

The Dirac equation presents Lorentz covariance [3]. This means that it preserve its form

in every rest frame. Therefore (13) it is said to be written in a covariant form.
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The lowest object that fulfills the anticommuting relation (4) are 4x4 matrices. Therefore,

the solution of the Dirac equation must be a vector of four components called spinor. The

spinor ψ and the adjoint spinor are represented below in order to ease the concept of a

4-component spinor:

ψ =


ψ1

ψ2

ψ3

ψ4

 , ψ̄ =
(
ψ∗1 ψ∗2 −ψ∗3 −ψ∗4

)
. (14)

In the free case, when the fermion is free of any interaction, the normalized solution to the

Dirac equation is formed by a set of spinors presented below [6]

Ψ(+)
p (x, t) =

1√
V
upe

i
~ (p·x−Et), Ψ(−)

p (x, t) =
1√
V
wpe

− i
~ (p·x−Et) (15)

u1,p =

√
E +mc2

2mc2


1

0
pzc

E+mc2
(px+ipy)c

E+mc2

 ; u2,p =

√
E +mc2

2mc2


0

1
(px−ipy)c
E+mc2

−pzc
E+mc2

 , (16)

w1,p =

√
E +mc2

2mc2


−pzc
E+mc2

(−px−ipy)c
E+mc2

1

0

 ; w2,p =

√
E +mc2

2mc2


(−px+ipy)c
E+mc2

pzc
E+mc2

0

1

 . (17)

The spinors up and wp represent solutions of free particles with momentum p and positive

and negative energy, E = ±
√
m2c4 + p2c2, respectively. The adjoint spinors are:

ū1,p =

√
E +mc2

2mc2

(
1 0 − pz

E+mc2
− (px−ipy)c

E+mc2

)
, (18)

ū2,p =

√
E +mc2

2mc2

(
0 1 − (px+ipy)c

E+mc2
pzc

E+mc2

)
, (19)

w̄1,p =

√
E +mc2

2mc2

(
−pzc
E+mc2

(−px+ipy)c
E+mc2

1 0
)
, (20)

w̄2,p =

√
E +mc2

2mc2

(
− (px+ipy)c

E+mc2
pzc

E+mc2
0 1

)
. (21)
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2.2 Dirac mass term

Let us begin defining the chirality matrix γ5

γ5 ≡ γ5 ≡ iγ0γ1γ2γ3. (22)

In the Dirac representation γ5 has the form

γ5D =


0 0 1 0

0 0 0 1

1 0 0 0

0 1 0 0

 . (23)

This matrix (23) can be useful to compute the eigenvalues of the chirality matrix. These are

+1 and -1 and the associated eigenfunctions are ψR and ψL, respectively:

γ5ψR = +ψR, (24)

γ5ψL = −ψL. (25)

They are denoted as right-hand field, ψR, and left-hand field, ψL. An important property is

that a wavefunction can be always split as the sum of its chiral right-handed and left-handed

field:

ψ = ψR + ψL, (26)

where

ψR =
1 + γ5

2
ψ, ψL =

1− γ5

2
ψ. (27)

The chiral fields are two-component spinors. In order to prove this, let us define the chiral

projection operators

ψR = PRψ; ψL = PLψ, (28)

so

PR =
1 + γ5

2
; PL =

1− γ5

2
. (29)
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They are hermitian, fulfill the usual projector properties and

PRPL = PLPR = 0, (30)

PRγ
0 = γ0PL, (31)

PLγ
0 = γ0PF , (32)

ψR = ψPL, (33)

ψL = ψPR. (34)

As a result of (26), the Dirac Lagrangian density can be rewritten as

L =
(
ψR + ψL

)
(i~c/∂ −mc2) (ψR + ψL) , (35)

where we have used the Feynman-dagger notation /A = γµAµ.

Developing the expression (35), we find that there are four vanishing terms

ψR/∂ψL = ψ̄PL/∂PLψ = ψ/∂PRPLψ = 0, (36)

ψL/∂ψR = ψ̄PR/∂PRψ = ψ/∂PLPRψ = 0, (37)

ψRψR = ψ̄PLPRψ = 0, (38)

ψLψL = ψ̄PRPLψ = 0. (39)

Then, the Lagrangian density depending on the chiral fields is presented below

L = ψRi~c/∂ψR + ψLi~c/∂ψL −mc2(ψRψL + ψLψR). (40)

The Dirac mass term is clearly

LDm = −mDc
2(ψRψL + ψLψR). (41)

From this last expression an important point can be made. The Dirac mass term implies

that left and right states must exist for neutrinos in order to have a non-zero Dirac mass.

The field equations are, applying the Euler-Lagrange equation (3)

i~/∂ψR = mcψL, (42)
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i~/∂ψL = mcψR. (43)

Although the chiral fields have independent kinetic terms, their equations are coupled due

to the mass. Therefore this is the role of the mass in the Dirac equation: it forces to the

chiral fields ψR and ψL to depend on each other.

2.3 The two-component theory of massless neutrinos

After Dirac derived his famous equation in 1929, the German scientist Hermann Weyl tried

to build a Lorentz invariant equation whose solution was a two-component wavefunction. He

found that this was possible by taking m = 0 in equation (13) [7].

Neutrinos have shown to have a very small mass, less than a few electronvolts. This is four

units of magnitude less than the rest mass of the electron. Consequently it seems reasonable

to study the Dirac equation for the chiral fields (42) and (43) when m = 0. In this case, one

gets the Weyl equations

i~/∂ψR = 0, (44)

i~/∂ψL = 0. (45)

The chiral fields ψL and ψR are called Weyls spinors because they are spinors with two

components [3]. This can be visualizated in the following way. Let us write a four-component

spinor as

ψ =

(
χR

χL

)
, (46)

where χL and χR are two-component spinors. Considering the γ5 in the chiral representation

[4]

γ5C =


−1 0 0 0

0 −1 0 0

0 0 1 0

0 0 0 1

 . (47)
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Then, the chiral projection operators are

PL =


0 0 0 0

0 0 0 0

0 0 1 0

0 0 0 1

 , PR =


1 0 0 0

0 1 0 0

0 0 0 0

0 0 0 0

 . (48)

Applying (28) the chiral fields are obtained, each with two independent components:

ψR =

(
χR

0

)
, ψL =

(
0

χL

)
. (49)

The neutrino now can be described through two independent two-component spinors. In

fact, this independence implies that only one chiral field could be enough to represent the

massless neutrino.

Let us see the relation between the chirality and the helicity in this case. The helicity is

defined as the projection of the momentum onto the spin

h =
~S · ~p
s|~p|

. (50)

The spin is defined as [4]

~S =
1

2
~Σ, (51)

where

Σk = γ0γkγ5. (52)

For this purpose, let us assume that ψ(x, p) is an eigenfunction of the four-momentum P µ =

i~∂µ
P µψ(x, p) = pµψ(x, p), (53)

which is also a solution of the massless Dirac equation

i~/∂ψ(x, p) = 0. (54)

The energy in special relativity is (under the approximation m = 0)

E2 = m2c4 + p2c2 = p2c2, (55)
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p0 =
E

c
= |~p|. (56)

Then, (54) yields (
γ0|~p| − ~γ · ~p) ψ(x, p) = 0. (57)

Multiplying this last equation by γ5γ0 on the left

γ5γ0~γ · ~p ψ(x, p) = γ5|~p| ψ(x, p). (58)

Using the anticommutation relation

{γ5, γµ} = 0, (59)

we obtain the following result

~Σ · ~p
|~p|

ψ(x, p) = γ5ψ(x, p). (60)

Applying this to the chiral fields,

~Σ · ~p
|~p|

ψR(x, p) = γ5ψR(x, p) = +ψR(x, p), (61)

~Σ · ~p
|~p|

ψL(x, p) = γ5ψL(x, p) = −ψL(x, p). (62)

Hence, the relation between the helicity and the chirality is clear through (60): they coincide

for eigenfunctions of the four-momentum which are also solution of the massless Dirac equa-

tion. Moreover, equations (61) and (62) show that a massless right-handed chiral field with

a definite four-momentum has helicity h = +1 and a massless left-handed chiral field with a

definite four-momentum has helicity h = −1.

In 1957, the helicity of neutrinos was successfully measured in the Goldhaber et al experi-

ment [4]. They discovered that the neutrinos helicity is h = −1 and antineutrinos helicity is

h = 1. Consequently, within the two-component massless theory neutrinos are described by

left-handed chiral fields and antineutrinos by right-handed chiral fields.

It is known that neutrinos have masses due to neutrino oscillations [7]. If the neutrino

mass is produced by the Dirac mass term, a right-handed field must exist. Nevertheless it

has not been detected in experiments because it does not interact with the electroweak force.

This kind of field is called sterile field.
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2.4 Majorana mass term

The Italian physicist Ettore Majorana wondered if he could construct a mass term only using

a left-handed chiral field. This way, nature would dispose of the neutrino right-handed field

and would choose the most economical option. Before starting any calculation, let us define

the concept of charge conjugation and its properties.

The charge conjugation is a discrete symmetry transformation. It consists in transforming

a particle wavefunction by its respective antiparticle wavefunction through the charge con-

jugation operator Ĉ. Let ψ be the spinor of a neutrino and ψC the charge-conjugated field,

this transformation is defined as:

ψ(x)
C−→ ψC(x) = ξCCψ̄T (x) = −ξCγ0Cψ∗(x). (63)

The coefficient ξC is constrained since two charge conjugation transformations must leave ψ

invariant

ψ
C−→ ξCCψ̄T

C−→ |ξC|2 ψ, (64)

so

|ξC|2 = 1. (65)

In the Dirac representation [4]

C = iγ2γ0 = i


0 0 0 i

0 0 −i 0

0 i 0 0

−i 0 0 0

 . (66)

Then, the charge conjugated spinor is

ψ → ψC = iξCγ
2ψ∗ = iξC


−ψ∗4
ψ∗3
ψ∗2
−ψ∗1

 . (67)

In the free case, the charge-conjugated spinors present the following form

uC1,p = iξC

√
E +mc2

2mc2


−px−ipy

E+M
pz

E+M

0

−1

 ; uC2,p = iξC

√
E +mc2

2mc2


− −pz
E+M

px+ipy
E+M

1

0

 , (68)
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wC1,p = iξC

√
E +mc2

2mc2


0

1
−px+ipy
E+M

− −pz
E+M

 ; wC2,p = iξC

√
E +mc2

2mc2


−1

0
pz

E+M

−−px−ipy
E+M

 . (69)

The charge conjugation matrix fulfills the following relations

C† = C−1, (70)

CT = −C, (71)

CγTµ C−1 = −γµ, (72)

Cγ5T C−1 = γ5. (73)

Now, let us have a look at the coupled equations for the chiral fields (42) and (43) presented

again below

i~γµ∂µψR = mcψL, (74)

i~γµ∂µψL = mcψR. (75)

The goal is to be able to describe the mass term such that it depends on the left-handed

chiral field. For this purpose, we are going to try to make the first equation (75) look like

the second (74). Taking the hermitian conjugate of the first equation

(i~γµ∂µψR)† = mcψ†L (76)

− i~∂µψ†Rγ
µ† = mcψ†L (77)

and multiplying on the right by γ0 we get

− i~∂µψ†Rγ
µ†γ0 = mcψ†Lγ

0. (78)

The γ-matrices property (5) multiplied by γ0 on the left yields γµ†γ0 = γ0γµ. Then,

− i~∂µψRγµ = mcψL. (79)

Now, we want to get rid of the negative sign. In order to achieve this, the transpose is taken

− i~
[
∂µψRγ

µ
]T

= mcψL
T

(80)
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− i~γµT∂µψR
T

= mcψL
T
. (81)

Using the property (72),

i~γµ∂µCψR
T

= mcCψL
T
. (82)

This last equation has the same form as (75) and they are identical assuming

ψR = CψL
T
. (83)

This makes sense if CψL
T

is a right handed component of ψ. Let us demostrate this consid-

ering the property of the charge conjugation matrix (73) in the form PLC = CP T
L

PL

(
CψL

T
)

= C
(
ψLPL

)T
= C

[
(PRψL)† γ0

]T
= 0. (84)

As the projection onto the left-handed chiral projection operator is zero, this means that

CψL
T

is a right-handed component. Then, substituting (83) into (75) yields

i~γµ∂µψL = mcCψL
T
. (85)

The goal has been achieved: (85) is the Dirac equation written only in terms of the left-

handed field. It is called the Majorana equation.

From the definition of the charge conjugation operator (63), the term CψL
T

is equal to the

charge-conjugated field except for the coefficient ξC . This phase can be chosen arbitrarily

[4], so it is set to be the unity. Then,

ψCL = CψL
T

= ψR. (86)

Assuming this convention, the field ψ becomes

ψ = ψL + ψR = ψL + CψL
T

= ψL + ψCL . (87)

This field is called the Majorana field and it fulfills the important Majorana condition

ψC = (ψL + ψCL )C = ψCL + ψL = ψ. (88)

The charged conjugated field is equal to the field itself. This has an astonishing consequence:

a Majorana particle is its own anti-particle. Thus, only neutral fermions can be Majorana

fermions like the neutrino. The other neutral fermion candidate to be a Majorana fermion is
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the neutron. However, neutron and antineutron have equal and opposite magnetic moment.

This requires that they must be described by Dirac theory [8].

If the neutrino is a Majorana particle, a left-handed field is sufficient to describe it. The

corresponding Majorana mass term is obtained substituting ψR in the Dirac mass term by

ψCL
LMm = −mMc

2
(
ψCLψL + ψLψ

C
L

)
. (89)

To sum up, in order the mass term to depend only on the left chiral field the Majorana

condition must be fulfilled. Consequently if the neutrino has a Majorana mass term there is

no difference between a neutrino and a antineutrino.

2.5 Dirac and Majorana particles. Properties. Lepton number.

Interaction.

Every elementary particle has at least two fundamental properties: the mass and the spin.

In case of neutrinos and antineutrinos, their mass is very small and they have spin s = 1
2
.

Experimentally, it has been confirmed the following statement. When a neutrino is created in

a weak process, its spin is antiparallel to the direction of motion. In contrast, an antineutrino

carries a spin parallel to the direction of motion. Then, they are characterised by the states

left-handed LH and right-handed RH, respectively [8]. These states can change during the

subsequent propagation. There are three kind of approaches to link the LH and RH states.

The first case is the one where the neutrino is m = 0, as it was assumed in the standard

model until less than twenty years ago. In this case, the neutrino (antineutrino) moves at

the speed of light and remains exactly LH (RH), just like at its creation. This endures

until it ”dies”, for example generating the corresponding lepton `− (`+) in a charged current

interaction [3]. The quantum field describing a masless neutrino is a two-component Weyl

field: LH for neutrinos and RH for antineutrinos. The idea of the neutrino as a Weyl particle

is rejected due to the fact they have mass.

Regarding the not massless case, neutrino and antineutrino no longer remain in the state in

which they were ”born”. As they have mass, their speed is limited and less than the speed of

light. A hypothetical observer moving at speed higher than a neutrino (but less than speed

of light) would see the direction of motion reversed but the spin would remain the same.
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Thus the helicity would be reversed and a neutrino created in a LH state would present a

small RH component. Similarlly, an antineutrino initially RH would develop a small LH

component. The quantum field describing this type of neutrinos is called Dirac field and has

four independent components: ν (LH and RH) and ν̄ (LH and RH).

Concerning the case when neutrinos are described by a Majorana field, the components

can be halved. The neutrino is equal to its antiparticle, the antineutrino, so their LH and

RH component are identical two by two. Then there is no distinction between neutrino and

antineutrino but only two possible states of the same particle-antiparticle. Then there are

only two independent components.

To sum up, the masless Weyl neutrino is a two-component field. Neutrinos are LH and

antineutrinos RH and they remain in these states unless they take part in a reaction. In the

massive case, there are two possibilites. The first one is the Dirac case, where neutrinos and

antineutrinos are described by four-component fields. In contrast, the Majorana neutrino

has only two independent component because it is equal to its antiparticle. Then there are

only two states of the same particle-antiparticle.

Once the relation between the neutrino and antineutrino has been discussed, the next step

is to cover their family. Neutrinos are leptons and thus they have assigned a lepton number

L. Leptons have L = 1, antileptons L = −1 and any non-leptonic particle L = 0 [5]. The

lepton number is a symmetry of the Standard Model. Any reaction is possible if it conserves

the lepton number. For this purpose, the total lepton number of the reactives must be equal

to the total lepton number of the product. Let us see two examples, the first one

ν̄ + p→ n+ e+ (90)

conserves the lepton number ∆L = 0. Moreover, the charge is also conserved, so this decay

can be observed. The second one

ν̄ + n→ p+ e− (91)

violates the conservation of the lepton number ∆L = 2. Hence, the Standard Model predicts

that it will never take place.

Lastly, let us discuss the way neutrinos interact with other particles. As neutrinos are

leptons, they do not feel the strong force. Moreover, they are non-charged particles so they
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do not feel the electromagnetic force either. Thus, they only feel the weak interaction.

Processes by the weak interactions are described through the exchange of the W+ and W−

bosons. Their respective conjugated fields are W ν(x) and (W ν(x))∗. W ν(x) creates a boson

W− or annihilates its antiparticle W+, meanwhile (W ν(x))∗ does the opposite. The form of

the Lagrangian density for the weak interaction is the product of the bosons fields and the

weak density current:

Lw =
gw√

2

(
W µ(x)j+µ (x) + (W µ(x))∗ j−µ (x)

)
. (92)

The weak current is the sum of a weak leptonic current and a hadronic weak current

j±µ (x) = j±lepµ (x) + j±hadµ (x). (93)

The positive weak current for electrons has the following expression:

j+,elµ = i
∑
j

ψ̄νe(x)
1− γ5

2
γµψe(x), (94)

so the current is an operator that annihilates an antineutrino (or creates a neutrino) and

annihilates an electron (or creates creates a positron). Concerning the negative weak current

for electrons, it is:

j−,elµ = i
∑
j

ψ̄e(x)
1− γ5

2
γµψνe(x). (95)

Regarding the hadronic case, the weak force changes the flavour of the quarks. For instance,

a weak process where a quark d is annihilated and a quark u is created is given by the current:

j+,hadµ = cos (θc) iψ̄u(x)
1− γ5

2
γµψd(x) (96)

where θc is the Cabibbo angle. On the other hand, if a quark u is annihilated and a quark

d is created

j−,hadµ = cos (θc) iψ̄d(x)
1− γ5

2
γµψu(x). (97)

These expresions will be useful to describe the double beta decay on the next chapter.
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3 Double beta decay

3.1 Description of double beta decay process. Relevant nuclei.

Double beta decay with and without neutrinos

The beta minus decay is a process where a neutron decays into a proton, an electron and an

electron antineutrino

(Z,N)→ (Z + 1, N − 1) + e− + ν̄e. (98)

This process conserves the mass number and the charge. This decay is only possible if it is

energetically favourable. Consequently, in terms of the mass defect ∆(Z,N) and neglecting

the neutrino mass, the Q-value of the nuclear reaction must be positive

Q =
∑
i

Mic
2 −

∑
i

Mfc
2 = ∆(A,Z)−∆(A,Z + 1) > 0. (99)

In the double beta minus decay, 2νββ−, two neutrons decay into two protons, two electrons

and two electron antineutrinos:

(Z,N)→ (Z + 2, N − 2) + 2e− + 2ν̄e. (100)

The corresponding Q-value is

Q = ∆(A,Z)−∆(A,Z + 2). (101)

Although double electron capture can also occur, we will focus only to this process throughout

the entire document when we refer to the double beta decay. The mass number and the charge

are also in this case conserved. This process is one of the rarest processes in nature with

half-lives in the range of 1018-1021 years. This is a very long period of time, greater than the

age of the universe [7]. In 1987 it was experimentally observed for the first time in 82Se [9].

Nowadays this kind of decay has been detected in several isotopes.

The double beta decay is observable in two different cases. The first occurs when the

intermediate state cannot be reached because the single beta decay is forbidden (Q < 0). For

instance, as it is illustrated in Figure 1, 76
32Ge cannot decay in 76

33Ar because it has a smaller

binding energy. Nevertheless, 76
34Se has a larger binding energy so it is energetically favourable

to decay through a double beta decay.
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Figure 1: Decay scheme of 76Ge [9].

The second possibility consists in the single beta decay being energetically allowed but the

spin difference being very large. In a beta decay, the allowed transitions are those in which

the difference of angular momentum is ∆J = 0, 1. The forbidden decays are unlikely to occur,

with ∆J > 1. This is the case of 48
20Ca in the 0+ state depicted in Figure 2. It can decay to

48
21Sc with accessible states 4+, 5+, 6+. This would require either fourth- or sixth-forbidden

decays [10]. An alternative possibility is to decay into 48
22Ti in the state 0+. In addition to

being energetically allowed, it is a 0+ → 0+ transition so it called a superallowed transition.

Figure 2: Decay scheme of 48Ca.
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The double beta decay is characterized by a long half-life and rare natural abundances

[9]. Several isotopes have been proposed to undergo through double beta decay. Some nuclei

which have been experimentally observed are shown in Table 1.

2νββ− mode Half-life (1021 years) [9]
48Ca → 48Ti 0.064(13)
76Ge → 76Se 1.92(9)
82Se → 82Kr 0.096(10)
96Zr → 96Mo 0.023(3)

100Mo → 100Ru 0.00693(4)
116Cd → 116Sn 0.026(9)
130Te → 130Xe 0.82(6)
136Xe → 136Ba 2.16(8)
150Nd → 150Sm 0.10(4)

Table 1: Experimentally confirmed isotopes that undergo two-neutrino double beta decay.

In order to gain a deeper insight of the double beta decay, let us describe the force respon-

sible of the beta decay: the weak interaction. Nucleons, like the proton and the neutron, are

made up of up quarks and down quarks. The weak force changes the flavour of a quark emit-

ting a W− or a W+ boson, which decays to an electron-antineutrino or a positron-neutrino

pair, respectively. This can be seen in the weak currents from section 2.5. A neutron is

composed of an up quark and two down quarks whereas the proton is made up of two up

quarks and a down quark. In a single beta decay minus, one down quark of the neutron

changes its flavour to an up quark and a W− boson is emitted. Thus, the neutron turn into

a proton and the W− boson decays to an electron and an antineutrino.

In Figure 3a, the Feynman diagram for the double beta decay is shown. Two protons decay

simultaneously into two neutrons by emitting two W− bosons that lead to the creation of

two electrons and two antineutrinos.

So far, we have only discussed the double decay in the presence of neutrinos. But is it

possible to occur without them? The answer is affirmative only if neutrinos are Majorana

particles. This means, as we stated before, there is no distinction between the neutrino and
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the antineutrino. This kind of decay is called neutrinoless double beta decay, 0νββ−. In

this case, it is assumed that first a virtual right-handed antineutrino is emitted. Then a

left-handed neutrino is absorbed.

n→ p+ e− + ν̄, (102)

ν + n→ p+ e−. (103)

Hence the net result is

2n→ 2p+ 2e−. (104)

This can occur if the emitted right-handed antineutrino develops a left-handed component

while it propagates to the second interaction. Thus any neutrino that undergo through

0νββ− cannot be massless. In addition, the neutrino must be equal to the antineutrino. The

difference respect the 2νββ− case is that Majorana particles can be emitted and absorbed

in the same process without showing up in the final state [12]. Therefore, only two electrons

would be experimentally observed. The Feynman diagram for this process is depicted in

Figure 3b.

(a) Two-neutrino double beta decay. (b) Neutrinoless double beta decay.

Figure 3: Two possibilities of double beta decay [11].

Summarising, the neutrinoless double beta decay is described by the following nuclear
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reaction:

(Z,N)→ (Z + 2, N − 2) + 2e−. (105)

At first there is not any lepton but after the decay there are two electrons. Then the lepton

number is violated by two units. The observation of 0νββ− would imply three important

consequences:

• Neutrinos are Majorana particles.

• Neutrinos are massive, so an indirect measurement of the neutrino mass can be made.

• The lepton number, a classical symmetry of the Standard Model, is violated.

3.2 Half-life of double beta decay. Dependence on the nuclear

structure. Dependence on the neutrino mass.

An estimation of how big can be the half-life for the double beta decay can be made with

the Q-value. The Fermi’s golden rule states

Wi→f =
2π

~
|〈f |H ′| i〉|2 ρ (Ef ) , (106)

where Wi→f is the probability per unit time for the transition to occur, |〈f |H ′| i〉| is the

matrix element of the perturbation H ′ and ρ(Ef ) the density of states. The inverse of Wi→f

is the mean life, τ . This is defined as the time in which a nuclei population is reduced by

a factor of e. In contrast, the half-life is the time required to reduce the sample by a factor

of 2. Thus, these quantities are proportional T1/2 = τ ln 2. On the other hand, the density

of states is proportional to the Q-value [5]. Hence, through the Fermi’s golden rule T1/2 is

inversely proportional to Q.

In order to check this proportionality, the Q-values of the decays from Table 1 have been

calculated with equation (101) and with values provided by [14]. Then, the plot of the half-

life in logarithm scale versus Q can be seen in Figure 4. The plot verifies our proposition:

the Q-value and the half-life for double beta decay with neutrinos are inversely proportional.

The greater the half-life, the smaller is the Q-value. Different nuclei have different matrix

element and consequently there are fluctuations over the general tendency.
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Figure 4: Half-life versus the Q-value of different 2νββ decays.

Regarding the half-life of the 0νββ decay, it is larger than the half-life for the 2νββ decay.

Mathematically, the half-life for the neutrinoless decay, T 0ν
1/2(A,Z), can be summarised to

depend on three terms. It has the following form [7]:

1

T 0ν
1/2(A,Z)

=
∣∣M0ν(A,Z)

∣∣2G0ν(Qββ, Z) |mββ|2 . (107)

The first parameter is the nuclear matrix element |M0ν(A,Z)|. It depends only on the nuclear

structure and it is a complicated many-body nuclear problem. In order to calculate it different

approximations are used. The interval of the theoretical calculated values of |M0ν(A,Z)| are

gathered in Table 2.

The second term G0ν(Qββ, Z) is a known phase space factor [13]. It depends on Qββ, which

is the Q-value of the double beta decay, and the atomic number Z. It takes into account the

Coulomb interaction between electrons and the daughter nucleus.
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ββ− mode |M0ν |
76Ge→ 76Se 3.59− 10.39

100Mo→ 100Ru 4.39− 12.13
130Te→ 130Xe 2.06− 8.00
136Xe→ 136Ba 1.85− 6.38

Table 2: Ranges of calculated values of |M0ν(A,Z)| for several ββ− modes [7].

The last parameter |mββ|2 is called the effective Majorana mass. It is defined as

mββ =
3∑

k=1

U2
ekmk, (108)

where mk are the mass eigenstates and Uek are the matrix elements of the mixing neutrino

matrix, also known as PMNS (Pontecorvo–Maki–Nakagawa–Sakata) matrix [3]. Each flavour

neutrino is in a superposition of three mass eigenstates. The PMNS relates two orthonormal

basis: the flavour eigenstates basis (νe, νµ, ντ ) and the mass eigenstates basis (ν1, ν2, ν3) νe

νµ

ντ

 =

 Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3


 ν1

ν2

ν3

 . (109)

These matrix elements of the PMNS matrix are experimentally known. If T 0ν
1/2 is suc-

cessfully measured in an experiment and |M0ν(A,Z)| as well as G0ν(Q,Z) are known, the

effective Majorana mass can be calculated. Then the mass of neutrinos can be indirectly

obtained!

3.3 Experimental set-ups for neutrinoless double beta decay

The 0νββ decay is a very rare event so it requires a big effort to be able to detect it. The

main measurements obtained in this kind of experiments are the number of particles detected

and their respective energy. In the double beta decay, the sum energy of the two electrons

consists in a continuous spectrum. However, in the case of neutrinoless double beta decay,

the energy available for electrons is only the Q-value of the decay. Then, the experimental

evidence of this neutrinoless decay is a spike at the Q-value. Hence, experiments must have
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good energy resolution and prevent to count background events which have similar energies

to the Q-value.

The goal of neutrinoless double beta decay detection experiments is to obtain the half-

life of this process. A key concept in these experiments is the sensitivity. It is defined as

the the process half-life that generates a number of events which is equal to the expected

background fluctuation at 1σ (68.27% confidence level, CL) [7]. To put it in another way,

a 0νββ signal can be hidden in the 1σ background fluctuation if the half-life is greater

than the sensitivity. An experiment that presents a larger sensitivity, have a larger half-life

and consequently a smaller effective Majorana mass mββ according to equation (107). The

experimental sensitivity of the half-life is an exclusion limit and it scales as [13]

T 0ν
1/2 ∝ a ε

√
M t

B ∆E
, (110)

where a is the abundance of the isotope in the source, ε is the detection efficiency for the

decay process, M the total mass of the source, t the lifetime of the measurement, B the

number of background counts in the relevant energy region and ∆E the energy resolution

(full width at half maximum, FWHM).

Equation (107) as well as (110) depend on several isotope parameters, so different tech-

niques can be exploited to find an experimental evidence of the 0νββ decay. The sensitivity

is linear in a but this is limited because a ≤ 1. The same holds for the efficiency. The

unlimited parameters are unfortunately under a square root. This means that in order to

gain an improvement of the sensitivity by a factor of two, the mass source (for instance) must

increase by a factor of four.

This work focuses on two kind of experiments to detect 0νββ decay: germanium- and

xenon-based detection systems.

3.3.1 Ge-based detection systems

The double beta decay of Ge76 is

76Ge→ 76Se + 2e− (+2ν̄e) . (111)

Considering the defect masses ∆(76Ge) = −73.21288899 MeV and ∆(76Se) = −75.25195

MeV provided by [14], the Q-value can be calculated with (101) and it is Qββ = 2039.06 keV.
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The germanium is used as a source as well as a detector. This element is a semiconductor,

so this feature is going to be exploited. The electrons produced by the 0νββ decay in

the germanium interact with the lattice. The result of this interaction is the promotion of

electrons to the conduction band. Thus, electron-hole pairs are formed. The energy of the

emitted electrons is proportional to the number of electron-hole pairs. An external electric

field is applied so it drifts the electrons and holes to the electrodes. Then a pulse is created

and it can be measured through an electrical circuit. This pulse carries the information of

the initial energy of the electrons produced in the decay.

The obtained measure is a voltage pulse that, after calibrating the detector, gives the sum

energy of the electrons. Thus, if a 0νββ decay has been produced, the measured energy

would be the Q-value.

The main advantage of this kind of detector is its high energy resolution. On the other

hand, it must be cooled down. This increase the technology of the detector and the cost.

In a semiconductor, electron-pairs are formed due to thermal excitation. This implies a big

noise and it ruins the high energy resolution. To avoid this, the detector is cooled down

to temperatures of liquid nitrogen (77.2 K). At this temperature the thermal excitation of

valence electrons is highly decreased. Therefore only an energetic event such as electrons

from the double beta decay can provide enough energy to promote electrons from the valence

to the conduction band. The germanium systems are kept inside of a cryostat, which keeps

the needed low temperature.

Moreover, the background radiation is a problem because it might have enough energy to

excite electrons. Examples of the radiation to be aware are primordial radionuclides (238U,
232Th, 40K) in the detector materials, muons from cosmic rays or radon in air. As a conse-

quence, different kind of shields surround the cryostat to prevent noise in the measurements.

Furthermore, the 2νββ decay of the germanium is an irreducible background noise. This

demands a very high energy resolution.

An example of application of this detector is found in the gerda experiment (Germanium

Detector Array). It is performed at the Laboratori Nazionali del Gran Sasso in Italy. An

array of high-purity germanium detectors, HPGe, are used. Eight of them are enriched up

to 86% in 76Ge and three are made from natural germanium. The experimental set-up is
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Figure 5: Experimental set-up of gerda experiment [15].

depicted in Figure 5. The array of detectors are placed in the core, surrounded by liquid argon

(LAr). This material has a double goal: act as a coolant and shield against the background

radiation. All this is contained in a vacuum insulated cryostat with a volume of 64 m3.

In turn, the LAr cryostat is surrounded of 590 m3 of pure water. The water is used as a

moderator to absorb neutrons. Also, inside the water container there are 66 photomultipliers

in order to detect the Cherenkov light produced by cosmic muons and hence veto the event.

3.3.2 Xe-based detection systems

The 136Xe undergo under double beta decay

136Xe→ 136Ba + 2e− (+2ν̄e) . (112)

The defect mass of the nuclei are ∆(136Xe) = −86.429159 MeV and ∆(136Ba) = −88.886921

MeV, so the Q-value is Qββ = 2457.762 keV.
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Xenon-based detection systems are time projector chambers abbreviated as TPC. This

device detects and identifies particles by reconstructing their path as they go through a

volume filled with a fluid. Two kind of TPCs are used in experiments related to double beta

decay: liquid xenon TPCs (LXe-TPCs) and high-pressure xenon gas TPCs (GXe-TPCs).

Moreover, Xe-TPCs are also used in experiments regarding dark matter [16].

Concerning the working principle of a TPC, it consists of a charged ionizing particle that

enters in the TPC and ionizes the fluid. The released electrons are drifted by an external

homogeneous electric field to sensitive image planes. Then their (X,Y) position is recorded.

In addition, their average drift velocity is used to convert their arrival times (relative to the

event’s start time) to longitudinal positions, Z.

The electric field inside the TPC is created by a cathode connected to a negative high

voltage. The anode is placed on the opposite side and it is formed by anode wire planes.

These planes collect the electrons and read out voltage signals. Between the cathode and

the anode there is a field cage, which keeps constant the electric field. This is essential to

guarantee a constant drift velocity. Considering an uniform velocity and having the electrons

arrival time, is it possible to determine with good resolution the location, in the drift direction,

where the ionization took place [17].

In order to determine the electron drift time, light-collection systems, such as photomulti-

plier tubes (PTM) and silicon photomultipliers, are used. They collect the scincillation light

produced after the ionasing particle travels through the detector and set a trigger time t0.

Then, the electron drift time can be computed as the difference between the electron arrival

time and the trigger time. Hence the three-dimensional reconstruction of the event can be

obtained.

The energy of the decay is relatively low (Qββ = 2457.762 keV) compared to other ionizing

particles analysed in TPCs. Therefore the tracks left by the two electrons can be rather short

for GXe-TPCs or even point-like objects for LXe-TPCs [16].

An example of a experiment using a Xe-based detection system is EXO-200 (Enriched

Xenon Observatory). This experiment performed in United States used a LXe-TPC with 200

kg of xenon, which 80% was enriched 136Xe. Another experiment that used a xenon detector

is PandaX-II. It took place at China Jinping Underground Laboratory and it consisted of
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(a) TPC main components: anode, cathode,

the PMTs and the field cage [18].

(b) Layered passive system shield of the de-

tector [18].

Figure 6: PandaX-II detector schematic picture.

a dual phase xenon TPC. This kind of detector combined two phases of xenon: liquid and

small portion of gas on top, so its working principle is more advanced than the usual TPC

explained before.

In a dual-phase time projection chamber, photomultipliers receive two signal (whereas in

GXe- and LXe-TPC PTM only get one). The main part is the liquid phase where ionization

and prompt scintillation occurs. The photomultipliers receive the signal from the scintillation

event and it is marked as S1. Freed electrons are drifted to the top of the liquid phase by

the external electric field. In this part the drift velocity is kept constant. Then, the ionized

electrons are extracted into the gas phase by a stronger field. In the gas phase, electrons

produce electroluminescence and the PTMs receive the second signal S2. The difference

between S2 and S1 yields the depth of the interaction.

An schematic drawing of the PandaX-II detector can be seen in Figure 6a. The vessel of

dual phase TPC is cylindrical and it is made of polytetrafluoroethylene (PTFE) reflectors

with a diameter of 646 mm [18]. Two sets of PTMs are placed at the top and at the bottom of
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ββ− mode Experiment T 0ν
1/2 (yr) mββ (eV)

76Ge →76Se
Heidelberg-Moscow [22] ≥ 2.23 · 1025 ≤ 0.32

GERDA [21] > 1.8 · 1026 < 0.079− 0.180
100Mo→ 100Ru NEMO-3 [19] > 2.1 · 1023 < 0.32− 0.88
130Te →130Xe CUORICINO [20] > 2.8 · 1024 < 0.32− 1.2

136Xe →136Ba
PandaX-II [18] > 2.4 · 1023 < 1.3− 3.5

EXO-200 [16] > 3.7 · 1025 < 0.147− 0.398

Table 3: Recompilation of experimental lower limits of T 0ν
1/2 values at 90% confidence level

and the corresponding upper limits for mββ. About the equal sign in the Heidelberg-Moscow

experiment, see the discussion below.

the chamber. In order to prevent environmental background event, the PFTE reflectors are

surrounded by different layers of diverse materials like polyethylene, lead and copper. This

is depicted in Figure 6b. Moreover, to prevent the radon concentration, the gap between the

TPC and the innermost layer is filled with nitrogen gas [18].

Xenon is the ideal element to be used in the TPC for different reasons. First, it is a

noble gas so it has a vanishing electronegativity. For this reason, released electrons do not

recombine with ions and are drifted to the anode. Furthermore, xenon scintillates when

energetic particles passes by. Lastly, xenon is abundant and the process of enrichment (by

centrifugation) to get 136Xe is very cheap and has a high production capacity. This features

makes Xe-TPC to be easily scalable.

3.4 Present limits on the Majorana mass

Several experiments have been proposed and performed all over the world to find an evidence

of the 0νββ decay. The results of these experiments are gathered in Table 3. Every experi-

ment coincides in the order of magnitude of the limit on the effective Majorana mass: between

10−1 and 1 eV. The lowest limit is provided by gerda in which mββ < (0.067 − 0.180) eV.

After gerda, the next large enriched germanium experiment carried out by legend-200,

will try to increase the sensitivity of the half-life up to 2028 years and beyond [21].

In Spain, the NEXT collaboration is building a high pressurised xenon TPC. They are
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Figure 7: Sum of the spectrum of the 76Ge detectors of HdM experiment. A peak is observed

at Qββ [21].

trying to have a very good energy resolution (< 1%), low background radiation and a large

target mass.

Nowadays, only the Heildelberg-Moscow (HdM) experiment has claimed to have observed

the 0νββ decay. They used five enriched 76Ge detectors of in total 11 kg. H.V. Klapdor-

Kleingrothaus (the spokeperson of the HdB experiment) alongside his colleague I. V. Krivosheina

stated, after years of analysing the data, that a peak was found at Qββ at a significance of

6.2 σ [22]. The peak almost did not have background from any surrounding γ-rays and it is

seen in Figure 7. If this is true, they claim mββ = (0.32± 0.03) eV [22].

The HdM results are very controversial among particle physicists, due to the fact that no

experiment has shown the same results. In fact, gerda used eight detectors equal to the HdM

detectors [13] and was very careful about the background, taking special care of statistical

analysis techniques. In particular, one used technique was PSD (Pulse Shape Discrimination)

which allows to distinguish between 0νββ like signals and photons like multi-site events. The
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Figure 8: The combined energy spectrum from all gerda detectors is represented. Open

histogram includes PSD and filled histogram does not. The Qββ zone is highlighted in red

without any observable peak. The upper histogram shows the region used in the background

interpolation [13].

results of gerda are presented in Figure 8. The 0νββ decay is not observed as there is not a

visible peak at 2039 keV. Hence, as it used the same kind of detectors, it does not corroborate

the HdM results and 0νββ decay remains to be observed.
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4 Summary and conclusions

From the lagrangian for 1
2
-spin particles, first the Dirac mass term was obtained. The Dirac

mass term forces to the neutrino to have a right-handed component which does not interact

with matter (sterile). If the neutrino is a Dirac particle, there is distinction between a

neutrino and a antineutrino. Then, a neutrino with a RH component and a antineutrino

with a LH should exist. So far this has not been observed.

If the neutrino is a Majorana particle, the neutrino is identical to the antineutrino. There

are only two possible states of the same particle-antiparticle, this is the LH and RH com-

ponents of the neutrino and antineutrino are equal two by two. This Majorana idea can be

verified if a neutrinoless beta decay is ever observed. Then, the lepton number would be

violated by 2 units. Therefore the importance of this experiment if it is ever observed: it

sheds light on the neutrino’s identity and breaks the conservation of the lepton number, a

fundamental symmetry of the Standard Model.

We have seen that neutrinos have a very small mass compared to other particles. The

mystery of the origin of the neutrino mass has several hypothesis but it is not still solved.

There are several models beyond the Standard Model that try to give an explanation of

this with different lagrangian mass terms. For instance, the see-saw mechanism considers

the neutrino to be a Majorana particle and includes in the lagrangian the Dirac mass, the

Majorana mass and a general mass. It explains why the neutrino mass is much smaller than

other leptons masses [7].

Concerning the double beta decay, the decay with antineutrinos have been experimentally

observed with half-lives in the range of 1018 − 1021 years. The neutrinoless case remains

unobserved with upper limits of the order of 1025 years. Two kind of experiments have been

reviewed, each one with advantages and drawbacks. The Ge-based detector increases its

sensitivity by maximizing the source mass and presents very good energy resolution. However

they struggle to prevent background count events. On the other hand, the Xe-based detector

system presents a lower energy resolution but they stand out for a extremely good background

rejection. Furthermore, TPCs are easily scalable, a very attractive advantage.

Next experiments will try to increase the upper limit of the half-life up to 2028 years. Only

the Heidelberg-Moscow has claimed a measurement of a 0νββ decay. However, this should be
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treated with scepticism as the gerda collaboration did not back up their results. Hence, the

answer to the question proposed in this work (are neutrinos Dirac or Majorana particles?) is

still unsolved.
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