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Abstract

This work considers the following problem: what type (Dirac or Majorana) of neutri-
nos is produced in standard weak interactions? It is concluded that only Dirac neutrinos
but not Majorana neutrinos can be produced in these interactions. Then neutrino in-
teracts with W* and Z bosons but neutrinoless double beta decay is absent. It means
that this neutrino will be produced in another type of interaction. Namely, Majorana
neutrino will be produced in the interaction which differentiates spin projections but can-
not differentiate neutrino (particle) from antineutrino (antiparticle). Then neutrino will
interact with W* bosons and neutrinoless double beta decay will arise. But standard
interaction with Z boson will be absent. Such interaction has not been discovered yet.
Therefore experiments with very high precision are important to detect the neutrinoless
double decay if they are realized in the Nature.



1 Introduction

The standard model [1] is composed by using Dirac fermions [2]. At present time violation
of the electron (l,,), muon (l,,), tau (I,,) numbers have been detected, then only the
common lepton number is conserved but not every lepton number individually. Then
there is a question: Does full violation of lepton numbers take place? In this case the
Majorana neutrino [3] can be realized where the conservation lepton number does not
appear. Realization of the Majorana neutrino can be fulfilled in two ways:

1. To suppose that a priori neutrino is a Majorana particle, i. e., to work in the
framework of the standard model where it is presumed that neutrinos are Majorana
particles.

2. To search for a condition (interaction) when Majorana neutrino is produced.

Almost in all works [4] + [9] where the Majorana neutrino is investigated the first
approach is used and there is a conclusion that there is no possibility to differ is neutrino
a Majorana or Dirac particle, except the case of neutrinoless double beta decay. In work
[10] it has been shown that for chiral invariance of the standard weak interactions the
neutrinoless double beta decay cannot be realized.

In this work we will use the second approach. In means that it is necessary to
find when and how (or in which interactions) the Majorana neutrino can be produced.
This approach is based on the fundamental physical principle that in every interaction the
particles are produced in eigenstates. Then our aim is to find in which type of interactions
the Majorana neutrino can be produced as eigenstate.

Now come to a consideration of properties of Dirac and Majorana particles.

2 Dirac neutrino

The equation for a particle with spin % was first formulated by Dirac [2] in 1928. After-
wards it turned out that this representation was adequate to describe neutral and charged
fermions, i.e., fermions are Dirac particles. Dirac equation for free fermion (spinor with
spin 3) has the following form:

(V'pu —m)Y =0, (1)

where v#- are Dirac matrices, p, -are energy and impulse of the particle, m - is a particle
mass and ¢ is the fermion wave function.

If to introduce the following projecting operators

A0 (8) met-(10).

which form the full system

P}=P,, Pi=Pr, P,+Pr=1P,Pr=0, (3)



then we can write 1 in the form
Y =v¢r+ YL, (4)
where

Yr = Ppy, ¢ =Py,

are the left and right spin projections.

Above we have considered free fermions, then to consider their productions, anni-
hilations and et cetera, it is necessary to introduce their interactions. For introducing
interactions in the framework of the quantum field theory [11] we use derivative length-
ening and the principle of gauge invariance. For example, in the electrodynamics:

P — pu —ieAu(x),  AL(r) = Au(z) + alz), ()

V' =vexp(ia(z)), o' =1 exp(ia()), (6)

where A, is a vector field, e- a couple constant of electromagnetic interactions, a - a
phase of gauge transformation. Then equation (1) is invariant relative to the above gauge
transformation. The Lagrangian of electromagnetic interactions is

L(, ¢, Ay) = —iepy"p A, = —ie(Vr + )y (VL + Yr) Ay (7)

In analogous manner we also introduce interactions in the strong interaction [12], [13] and
the electroweak model [1]. In electromagnetic and strong interactions the left and right
components of fermions participate in a symmetric manner and

w:wL—i_wR:

while left doublets and right singlets of fermions participate in weak interactions [1] (in
charged current on weak interactions only left components of fermions participate). The
Lagrangian of the interaction of the electron neutrino with the electron-positron (charged
leptons) by W bosons, has the following form:

LOW) =~ (e, WiE + ey W, (8)

= V2 LeY €LYV, LY VLeW,, |-

For neutrinos it means that only the left components of neutrinos and antineutrinos
participate in the weak interactions.

Experiments [14] were performed to measure the neutrino spirality. The result is the
following - neutrino has the left spirality and antineutrino has the right spirality. These
characteristic of neutrino was used to formulate the electroweak model [1].

So, in electromagnetic and strong interactions the left and right components of
fermions (quarks and charged leptons) participate in a symmetric form:

V=1L + v, ¢ =1vL+Ur, 9)



while only the left components of quarks and leptons participate in the weak interactions:

1;—”;L+07 wHwL—i_Ou

1. e. for neutrino
v

DL, vV =Vy. (10)

So, if neutrino is Dirac particle then there are interactions (by using the principle of
gauge invariance) with W= and Z bosons but neutrinoless double beta decay is absent.

3 Majorana neutrino

In 1937 Majorana found an equation [3] for a fermion with spin 3. Then it became clear
that this fermion could be only a neutral particle since the particle and antiparticle are
joined in one representation. The Majorana equation for neutrino is [3]

i(otd,)vgp — m¥evy, =0,
i(otd, v, —mYPev; =0,

(11)

where # = (0°,0), o = (0°, —0), o is Pauli matrices,

(01
€= 1.0 )

These equations describe two completely different neutrinos with masses m% and m}
which do not possess any additive numbers and neutrinos are their own antineutrinos;
i.e., particles differ from antiparticles only in spin projections. Now it is possible to
introduce the following two Majorana neutrino states:

XL =vp+ (VL>Cv (12>
Xr = VR + (Vr)".
(vir)® = Cpp,
where C' - is a matrix of charge conjugation, 7" - is transposition [4]-[6]. Formally the
above Majorana equation (11) can be rewritten in the following form:

(70 +m)x(x) = 0, (13)
with the Majorana condition (x = xLr)
O (z) = Ex(@), (14)
where ¢ is a phase factor (§ = £1)

It is necessary to stress that

X(z)y"x(x) = 0; (15)



i.e., vector current of Majorana neutrino is equal to zero.

In 1950s the Majorana neutrino study was very extensive [15]. Later it stopped. By
that time the spirality of neutrinos had been measured [14].

From the above consideration now we know that in strong and electromagnetic inter-
actions the left and right components of fermions participate symmetrically while in the
weak interactions only the left components of fermions participate (in neural current the
right components of fermions are also present, but in a nonsymmetric form).

What is a Majorana neutrino? As it has been stressed above, that Majorana particle
x with spin % has two spin i% projections. The (left) component with projection —% is
correlated with neutrino vy, and the (right) component with projection —i—% is correlated
with antineutrino (vr)¢. Here is an analogy with the electromagnetic or strong interactions
(see exp. (7)), where the left and right components of fermions participate symmetrically.
In order to produce the Majorana neutrino, we must have an interaction where neutrino
and antineutrino participate symmetrically. From the experimental data we have known
that in the weak interactions neutrino and antineutrino are produced in separate processes
but not in one process symmetrically. So, Majorana neutrino can be produced only in the
interaction which does not differentiate particle from antiparticle but differentiates spin
projections of the particles (fermions). By analogy with electromagnetic interactions we
can introduce Majorana neutrino current in the following form:

J* = x(@)v"x(x), (16)

but as it is stressed in exp. (15) this value is zero. We can introduce the gauge transfor-
mation for the following Majorana neutrinos xr and xg:

Xr = exp(if)xr
then we can also introduce Majorana charge gy;. It is clear that this charge will differ
from Dirac charge gyy. If this Majorana particle interacts with a Dirac particle it must
have the Dirac charge (i.e., Majorana neutrino must have a double charge). Since usu-

ally it is supposed that masses of y; and yxgr neutrino differ very much then this gauge
transformation must be strongly violated.

A reaction with the double beta decay with two electrons
(Z,A) = (Z +2,A)+e] + ey + Ve + Vea, (18)

is possible if M4(Z, A) > Ma(Z +2, A).
If neutrino is a Majorana particle (x, = v + (v1)¢), then the following neutrinoless
double beta decay is possible:

(Z,A) = (Z+2,A) +ef +e5, (19)

if Ma(Z,A) > Ma(Z +2,A).



The lepton part of the amplitude of the above two neutrino decay has the following
form [5], 6], [8] :

e (1% )50 (1 £ 26)e(y). (20)

After substituting the Majorana neutrino propagator and its integrating on the momen-
tum of virtual neutrino, the lepton amplitude gets the following form:

d4q e~iale=y) 1 1
~i0i | O3 (1w m) (£ e). (21)

If we use the following expressions:

S (=5 @+ )3 (1= 76) = my (1= 7s), (22)
;(1 = 75)(¢" 7 + mj);(l +75) = q‘%;(l +75), (23)

then we see that in the case when there are only left currents (expression (22)) we get a
deposit only from the neutrino mass part,

d4q e—zq(w ) 1 1
Z%k/ ( )%2(1 —¥5)(q" v + mj)§(1 — ¥5)V0e(y) =

d4q e_ZQ(:L‘ y) 1
Z(Sjk‘ 2 ( )mej§(1_75)706(y)7 (24)

while at the presence of the rlght currents (expression (23))

d4q e ta(@—y) 1 1
83k | i oz O (1= 6@+ ) 51+ 35 v0ely) =
J

d4q ety —ig(z—y) 1
~idyi / et 5 (1+75)10e(v), (25)

the amplitude includes the term proportlonal to four momentum ¢ in the neutrino prop-
agator.

So, we see that if neutrino is a Majorana particle, then the neutrinoless double decay
will take place. As we have shown above, the standard weak interactions can produce only
Dirac neutrinos. The Majorana neutrino can produce only the interaction which does not
differentiate neutrino from antineutrino and, then neutrino and antineutrino are left and
right spin projections of one particle. Until now this interaction has not been discovered.
Detection of the neutrinoless double decay will be an indication on the existence of such
interaction, therefore experiments with very high precision are needed. Consideration of
the problem, in what concrete interaction the Majorana neutrino can be produced, will
be continued in subsequent works.



So, if neutrino is Majorana particle then there are interactions with W= bosons (con-
structed by hand). The standard interaction with Z boson is absent (see expression (15))
but then neutrinoless double beta decay arises. Obviously from the available experimental
data we can come to conclusion that neutrino produced in the standard weak interactions
are Dirac particles.

4 Conclusion

In this work the next problem was considered: what type (Dirac or Majorana) of neutrinos
is produced in the standard weak interactions? We have come to a conclusion that
these interactions can produce only Dirac neutrinos but not Majorana’s. Then neutrino
interacts with W+ and Z bosons but neutrinoless double beta decay is absent. It means
that this neutrino will be produced in another type of interaction. Namely, Majorana
neutrinos will be produced in the interaction which differentiates spin projections but
cannot distinguish neutrino (particle) from antineutrino (antiparticle). Then neutrino will
interact with W bosons and neutrinoless double beta decay will arise. But the standard
interaction with Z boson will be absent. Such interactions have not been discovered
yet. Therefore experiments with very high precision are needed to detect the neutrinoless
double decay if they are realized in the Nature.
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