
PHYSICAL REVIEW D 72, 035006 (2005)
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In this work we show that the implementation of spontaneous breaking of the lepton number in the 3-3-
1 model with right-handed neutrinos gives rise to fast neutrino decay with Majoron emission and
generates a bunch of new contributions to the neutrinoless double beta decay.
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I. INTRODUCTION

The detection of neutrino oscillation [1] experimentally
indicates that neutrinos are massive particles and that
flavor lepton number is not conserved. Since the standard
model has no room neither for massive neutrinos, and
consequently, nor for flavor lepton number violation, thus
the neutrino oscillation experiments provided an important
and undoubted signal of new physics.

Despite the present experimental advance in neutrino
physics, we do not know yet if neutrinos are Dirac or
Majorana particles. The latter case is particularly interest-
ing because demands violation of the lepton number which
has important consequences in particle physics.

The natural way of getting violation of the lepton num-
ber is through its spontaneous breaking. However, when
the lepton number is not a gauge symmetry, the Goldstone
boson that results in spontaneous breaking of the lepton
number (SBLN), the Majoron, is very problematic, as this
scalar has also to be invisible, i.e., very weakly interacting
with ordinary matter.

It was recently shown in Ref. [2] that the SU�3�C �
SU�3�L �U�1�N (3-3-1 for short) model with right-handed
neutrinos [3] disposes automatically of a structure that
makes the SBLN possible once the associated Goldstone
boson is an invisible Majoron [4].

The 3-3-1 model with right-handed neutrinos is one
of the possible models allowed by the 3-3-1 gauge sym-
metry where the fermions are distributed in the following
representation content [3]. Leptons come in triplets and
singlets
faL �

�a
ea
�ca

0
@

1
A
L

� �1; 3;�1=3�; eaR � �1; 1;�1�;

(1)
where a � 1; 2; 3 refers to the three families. In the quark
sector, one generation comes in the triplet and the other
two compose an antitriplet with the following content,
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where i � 1; 2. The primed quarks are the exotic ones but
with the usual electric charges.

In the scalar sector, this model possess three triplets
responsible for the fermion masses,
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both transforming as �� �1; 3;�1=3� and ��
�1; 3;�1=3� and �� �1; 3; 2=3�.

In the gauge sector, the model recovers the standard
gauge bosons and disposes of five more called V	, U0,
U0y and Z2 [3,5]. The interactions of the first four gauge
bosons with the leptons are
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This means that the new gauge bosons V� and U0 both
carry two units of lepton number, thus we call them vector
bileptons.

On the other hand, these new gauge bosons present the
following interactions with quarks
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p � �u03L�
�d3L � �uiL��d0iL�V

�
� ;
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p � �u3L��u03L � �d0iL�
�d0iL�U

0
� � H:c:

(5)

Consequently the new quarks, u03 and d0i, also carry two
units of lepton number, thus we call them leptoquarks.

In order to see which other particles carry two units of
lepton number, we have to look at the Yukawa interactions
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of the fermions with the scalar content of the model

LY � �1
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Perceive that these interactions impose that the scalars �00,
�0�, �0 and �� also carry two units of lepton number, they
are the scalar bileptons.

In summary, we have the following lepton number as-
signment [6]:

L�V�; Uy0; u03; �
00; �0�� � �2;

L�V�; U0; d0i; �
0; ��� � �2:

(7)

Note that we have two neutral scalar carrying lepton
number, �00 and �0. Therefore when one (or both) of these
scalars develop a vacuum expectation value (VEV), we are
going to have spontaneous breaking of the lepton number.
For the sake of simplicity, in the mechanism of SBLN
developed in Ref. [2] only �00 developed VEV, �00 !

�
���
2

p
=2��v�0 � R�0 � iI�0 �. It was shown in Ref. [2] that

I�0 is the Majoron, J, and that it decouples from the other
scalars. Based on the Yukawa interactions above, the
Majoron does not couple directly with any lepton.
Interesting enough, it interacts only with quarks and lep-
toquarks,
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Despite the fact that neutrinos do not present couplings
with the Majoron at tree level, such couplings will arise
through one-loop corrections. In order to see that, consider
the following interactions

hab ��
C
aLebR�

0� � hab ��
C
bR�e

C�aL�� � i�9v�J���0�: (9)

The first two terms come from the Yukawa interactions
above and the last term comes from the potential given in
Ref. [2].

The three terms in Eq. (9) generate, through one-loop,
the following effective coupling among neutrinos and
Majoron

Gab ��
C
aR�bLJ; (10)

where

Gab �
haimihib�9v�
16%2m2

�0�

; (11)

with a; b � 1; 2; 3 and i � e;�; &. v� and v� are the VEVs
of �0 and �0, respectively.

Apart from the prediction of a viable Majoron, the
mechanism of SBLN led to an interesting interplay among
neutrino and charged lepton masses, as shown in Ref. [2]
035006
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This neutrino mass matrix originated from one-loop radia-
tive corrections, but observe that it can be obtained from
the effective neutrino-Majoron coupling by replacing J by
v�0 .

Thus we have a model that violates lepton number,
disposes of light Majorana neutrinos and contains a
Majoron in its spectrum of scalars. The investigation of
neutrino decay and neutrinoless double beta decay be-
comes mandatory in a model with such ingredients. This
is the aim of this work. Basically we will study neutrino
decay with Majoron emission and obtain the dominant
contributions of the model for the neutrinoless double
beta decay. What justify such investigation is the cosmo-
logical importance of fast neutrino decays and the role of
the neutrinoless double beta decay in determining the
nature of the neutrinos.

We organize our study in the following sequence. In
Sec. II we derive the charged gauge boson mixing. Next in
Sec. III we obtain the lifetime for neutrino decaying with
Majoron emission and in Sec. IV we present the significant
contributions to the neutrinoless double beta decay. We
finish our work with a brief conclusion in Sec. V.
II. CHARGED GAUGE BOSON SECTOR

The main consequence of v�0 � 0 in the charged gauge
boson sector is a mixing among W� and the bilepton V�.
In order to see that, we must open the scalars kinetic term,P�;�;�

’ �D�’�
y�D�’�, then obtaining,
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�V�

� �
g2

4

	
v2
� � v2

� v�v�0

v�v�0 v2
� � v2

� � v2
�0


	
W��

V��



: (13)

In view of this mixing, the new charged gauge boson mass
eigenstates, that we call ~W� and ~V�, relate to W� and V�

in the following way,

	 ~W�
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; (14)

where tan* � �v�0v�=v2
��. According with our notation,

c* � cos* and s* � sin*.
As a consequence of this mixing, each ~W� and ~V� will

interact, separately, with the two leptonic charged currents
of the model, j� � �g=

���
2

p
� �eLU���L and JC� �

�g=
���
2

p
� �eLU�

��CL, as shown below,

L CC
l � �j�c* � jC�s*� ~W

�
� � �jC�c* � j�s*� ~V

�
�; (15)

where U is the PMNS (Pontecorvo-Maki-Nakagawa-
Sakata) leptonic mixing matrix.

In the quark sector, the standard quark current now
interact with both ~W� and ~V� in the following way
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L CC
q �

g���
2

p �uLVCKM�
�dL� ~W

�
�c* � ~V�

�s*�; (16)
with VCKM is the usual Cabibo-Kobayashi-Maskawa mix-
ing between quarks.

It is in this new basis of charged current interactions that
we will investigate neutrino decay with Majoron emission
and neutrinoless double beta decay.
FIG. 1. One-loop diagram that leads to left-handed neutrino
decay.
III. NEUTRINO DECAY WITH MAJORON
EMISSION

The discovery of neutrino oscillation [1] by atmospheric
and solar neutrino experiments can be also used as a
definitive proof that neutrinos are massive particles. The
surprise of those discoveries were twofold: the lightness of
the neutrino masses and the largeness of their mixing. The
present data provide (at 3- level) [7–10] �m2

31 �
�1:6–3:6� � 10�3 eV2 and angle *23 � 45� for atmos-
pheric neutrino oscillation, while for solar neutrinos we
have �m2

21 � �6:8–8:1� � 10�5 eV2 and angle *12 �
30; 9–34; 2�. For the third angle we have an upper bound
*13 � 6�. Despite these tiny differences among neutrino
masses, its decay is possible through appropriate modes.

But before we start our analysis of neutrino decay with
Majoron emission, remember that the known Majorons are
singlet, doublet or triplet Majoron [11–13] under the
SU�3�C � SU�2�L �U�1�Y symmetry. In the singlet case,
the Majoron couples directly only to heavy right-handed
neutrinos. In this case the width of the decay is suppressed
by the scale of the heavy right-handed neutrino mass,
which usually is at the GUT scale. Consequently this leads
to a large neutrino lifetime [14]. On the other hand,
Majorons that belong to doublets or triplets do couple
directly with left-handed neutrinos and then can lead to
fast neutrino decay [14]. However these Majorons were
already ruled out by experiments [15].

Let us return to our model. There are two basic differ-
ences among our Majoron and the other known Majorons.
First, our Majoron belongs to a triplet, but now under the 3-
3-1 symmetry. Second, instead of interacting with leptons,
it interacts with leptoquarks. This implies that the neutrino
decay process, �i ! �j � J, is only possible through ra-
diative corrections. Besides, this process happens through
two modes. In one mode the daughter neutrino is a left-
handed one, while in the other mode it is a right-handed
neutrino. In view of all these differences, it turns out
necessary to establish if neutrinos are stable or not in our
model, which can have important consequences for
cosmology.

We start studying the mode �iL ! ��C�JL � J. This
mode is allowed by the charged currents in Eq. (15) and
the following interaction among the Majoron and the
charged gauge bosons originated from the kinetic term
�D���y�D���,
035006
i
g2

2
v�W

��V�
�J: (17)

We restrict our analysis to the main contributions to the
neutrino decay processes. In view of this, in this section we
neglect the mixing in Eq. (14). Moreover, since we are
interested in fast neutrino decay, we also restrict our study
to the decay �3L ! ��C�1L � J where �3 and �1 are the
neutrino mass eigenstates. This process is depicted in
Fig. 1.

After summing over all the intermediate charged lep-
tons, and assuming m�3 >m�1 , we obtain for the decay
width in the rest frame,

��3L!��C�1LJ �

g8�
P
a
U3aUa1�

2v2
�m3

�3

2�64�3%5�m2
V �m2

W�
2

�

	
1�

m2
V

m2
V �m2

W

ln
	
m2
V

m2
W




2
; (18)

where a � e;�; &. Uij is the UPMNS neutrino mixing. For
the sake of simplicity we consider UPMNS real. Because of
the cubic dependence of this width with the neutrino mass,
we are going to have a large lifetime for this decay mode.
In order to check how large it is, let us assume v� � v�
which implies, from the constraint v2

� � v2
� �

�247�2 GeV2, that v� � v� � 176 GeV, and take m�3 �

0:2 eV. With those neutrino mixing angles presented in the
beginning of this section, we obtain

P
U3aUa1 �

U3&U&1 �U3�U�1 �U3eUe1 � 0:7. Using for the other
parameters the values g � 0:66, mW � 81 GeV and taking
mV � 250 GeV [16], we obtain the following prediction to
the lifetime of the neutrino decay mode �iL ! ��C�JL � J,

&�3L!��C�1LJ � 3� 1019 s: (19)

Based on WMAP best fit, the age of the Universe is t0 �
2:1� 1017 s [17]. This means that the decay mode �3L !
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��C�1L � J is stable in face of the present age of the
Universe.

Let us then pass to the other mode where the daughter
neutrino is a right-handed antineutrino, �iL ! ��C�jR � J,
as depicted in Fig. 2. Here again we take i � 3 and j � 1.
In order to see how such mode arises, note that we can
rewrite the charged current that couples with the charged
gauge boson W� and V� in the following way:

g���
2

p �eL���LW�
� �

g���
2

p ��CR�
�eCRW

�
� : (20)

In calculating that loop we find in the rest frame

��3L!��C�1RJ �

g8�
P
a
U3amaUa1�

2v2
�m�3

�16�3%5�m2
V �m2

W�
2

ln
	
m2
V

m2
W



2
: (21)

Differently from the other mode, this one depends linearly
on neutrino mass. Certainly this will imply a fast neutrino
decay. To check this, let us substitute the same set of values
for the parameters used in the previous case, which leads to

&�3L!��C�1RJ � 8� 10�3 s: (22)

As expected we got a relatively fast neutrino decay mode.
Observe that such prediction does not enter in conflict
neither with the SN1987A lower bound for this neutrino
decay mode, which is, for m�3 � 0:2 eV, &�3 �
2:5� 10�8 s [14], nor with the solar neutrino observations,
whose lower bound for this case is &�3 � 2� 10�5 s [18]

We know that fast neutrino decay has its main implica-
tions in cosmology and astrophysics. Such implications
have already been extensively investigated in the literature
[19]. However all those investigations considered at least
one heavy neutrino with mass around MeV’s. After Super-
Kamiokande experiment have shown that the heavier ac-
tive neutrino is around few eVs, the interest in neutrino
decay in Majoron ceased because only a doublet or triplet
Majoron (under 3-2-1) could lead to a fast decay. As we
FIG. 2. One-loop diagram that leads to right-handed neutrino
decay.

035006
said before, such Majorons were ruled out [15]. The main
point of this section lies in the fact that our model is
naturally providing a fast neutrino decay mode in
Majoron that comes from a triplet by the 3-3-1 symmetry,
and in this case the usual constraints that ruled out those
Majorons do not apply here. This turns this 3-3-1 model of
particular interest from the point of view of neutrino
cosmology.

IV. NEUTRINOLESS DOUBLE BETA DECAY

Although the experiments with neutrino oscillations
showed that neutrinos are massive [1,7–10], they cannot
determine if neutrinos are Majorana or Dirac particles. A
crucial process that will help in determining neutrino na-
ture is the neutrinoless double beta decay �00�0� [20]. It is
also a typical process which requires violation of the lepton
number. Thus it can be useful in probing new physics
beyond the standard model.

Let us start our analysis reviewing the standard contri-
bution. The interactions that lead to the �00�0� decay
involve hadrons and leptons. For the case of the standard
contribution, its amplitude can be written as

M �00�0� �
g4

4m4
W

M�h�
�� �u��HL

q6 �m�

q2 �m2
�
��HRv; (23)

with M�h�
�� carrying the hadronic information of the pro-

cess and HR;L � �1	 �5�=2. In the presence of neutrino
mixing and considering that m2

� � q2, thus we can write

M �00�0� � A�00�0�M
�h�
�� �uHR����v; (24)

with

A �00�0� �
g4hM�i

4m4
Whq

2i
(25)

being the strength of the effective coupling of the standard
contribution. For the case of three neutrino species hM�i �P
U2
eim�i is the effective neutrino mass which we use as

reference value 0:2 eV. hq2i is the average of the trans-
ferred squared four-momentum.

The contributions to the �00�0� decay in our model
come uniquely from the charged currents interactions
with the charged gauge bosons ~W� and ~V�. Perceive
that, due to the mixing in Eq. (14), each charged gauge
boson will interact, separately, with the two leptonic
charged currents j� and jC�, as showed in Eq. (15).
Those new interactions generate a total of 12 contributions
to the �00�0� decay. Four contributions involving only the
~W�, other four involving only the ~V� and other four

involving both ~W� and ~V�.
In general, all the contributions to the �00�0� decay will

have an amplitude like this

M �00�0� �
g4

4m2
Xm

2
Y

M�h�
�� �u��HL

q6 �m�

q2 �m2
�
��HRv; (26)
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FIG. 4. The same as the standard contribution but now involv-
ing the currents J� and JC�.
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with X� and Y� being any of the charged gauge bosons
~W� and ~V�. Note that Eq. (26) implies that all the out-

going electrons are left-handed. After all this we can say
that, except by the mixing angle in Eq. (14), the effective
couplings of any contribution to the �00�0� process take
then the form

A �00�0��new� �
g4hM�i

4m2
Xm

2
Yhq

2i
: (27)

As the �00�0� decay has not been experimentally de-
tected yet, the analysis we do here is to identify the new
contributions and compare them with the standard one
[21,22] in order to see if the model disposes of any other
relevant contribution to the �00�0� decay [21,22].

To compare the contributions means to compare the
effective couplings. Thus we first obtain the effective
coupling of the standard contribution in our model, which
involves only ~W� and the current J�, as depicted in Fig. 3.
Its effective coupling takes now the form

A �00�0��1� �
g4hM�i

4m4
~W
hq2i

c4*: (28)

The first new contribution that we compare with the
standard one is the contribution that involves only ~W�

but now interacting with the two charged currents, J�

and JC�. Such a combination of currents generates two
identical contributions that are depicted in Fig. 4, whose
effective coupling is given by

A �00�0��2� �
g4hM�i

4m4
~W
hq2i

c3*s*: (29)
FIG. 3. Standard contribution to the �00�0� decay.
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In comparing both effective couplings, we obtain the ratio

A�00�0��2�

A�00�0��1�
� tan*: (30)

Note that the relevance of this contribution depends solely
on the angle *. For v� � 176 GeV and v� � 103 GeV, the
� parameter requires v�0 � 40 GeV [2]. On taking v�0 �

40 GeV, we obtain

tan* � 0:007: (31)

This implies that

A �00�0��2� � 7� 10�3A�00�0��1�: (32)

This is an interesting new contribution since it mimics the
standard contribution once the particles involved are the
same that appears in the standard contribution. Moreover
the order of magnitude of this contribution is superior to
those that involves new particles intermediating the pro-
cess, as analyzed in Ref. [21].

The other contribution involving only ~W� is the one
where the current JC� appears in the two vertices. In this
case the ratio is proportional to tan2*.

Let us now consider contributions that involve both ~W�

and ~V�. The first one we consider is that depicted in Fig. 5.
It involves the two currents J� and JC� interacting with
~W� and ~V�, respectively. The effective coupling in this

case is given by

A �00�0��3� �
g4hM�i

4m2
~W
m2

~V
hq2i

c3*s*: (33)

Comparing with the standard effective coupling, we get the
-5



FIG. 5. The main contribution involving both ~W� and ~V�.

FIG. 6. The main contribution involving two ~V�.
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ratio

A�00�0��3�

A�00�0��1�
�

	
m ~W

m ~V



2
tan*: (34)

Differently from the previous case, the relevance of this
contribution depend on the angle * and the mass of ~V�. For
m ~V � 250 GeV, we obtain

A�00�0��3�

A�00�0��1�
� 7� 10�4: (35)

For m ~V � �500 and 1000� GeV we get
�A�00�0��3��=�A�00�0��1�� � 1:7� 10�4 and 4:7� 10�5,
respectively.

The next contributions are inferior in magnitude to those
presented above, thus in what follows we just present their
behavior with tan* and m ~V .

The second possible contribution involving ~V� and ~W�

is the one where the current J� appears in both vertices. In
this case the ratio is proportional to �m ~W=m ~V�

2tan2* which
is equal to the contribution where J� appears in both
vertices instead of the current JC�. The fourth possible
contribution in this case is the one where the currents J�

and JC� appear interacting with ~V� and ~W�, respectively.
The ratio now is proportional to �m ~W=m ~V�

2tan3*.
The last possible four contributions are the ones involv-

ing only ~V�. In Fig. 6 we display an example of this kind of
contribution where the current JC� appears in the two
vertices. Its effective coupling is given by

A �00�0��4� �
g4hM�i

4m4
~V
hq2i

c2*s
2
*: (36)

Comparing with the standard effective coupling, we get the
035006
ratio

A�00�0��4�

A�00�0��1�
�

	
m ~W

m ~V



4
tan2*: (37)

There are two other contributions involving the currents
J� and JC� and ~V�. Both develop the same effective
couplings and the ratio with the standard contribution get
proportional to �m ~W=m ~V�

4tan3*. The fourth contribution
with only ~V� is the one that involves only the current J�.
In this case the ratio with the standard contribution is
proportional to �m ~W=m ~V�

4tan4*.
Let us briefly discuss neutrinoless double beta decay

with the emission of one Majoron. We refer to this decay
as �00�0�J. Despite the fact that our Majoron does not
couple directly with neutrinos, the �00�0�J decay is still
possible due to the coupling of the Majoron with the
charged gauge bosons given in Eq. (17). In the face of
the mixing in Eq. (14), the coupling in Eq. (17) gets
multiplied by c2*.

The dominant contribution for the �00�0�J decay is the
one depicted in Fig. 7, with an effective coupling given by

A �00�0�J �
g6v�hM�ic

6
*

8m4
~W
m2

~V
hq2i

: (38)

Comparing with the standard effective coupling, we get the
ratio

A�00�0�J

A�00�0��1�
�
g2v�c

2
*Q

2m2
~V

; (39)

where Q denotes the energy available in the process and
-6



FIG. 7. The main contribution to the �00�0�J decay.
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whose value is 2038:56 KeV [23]. In our analysis here we
take Q � 1 MeV. For g � 0:66, m ~V � 250 GeV, v� �

247=
���
2

p
GeV and taking c* � 1, we get,

A�00�0�J

A�00�0��1�
� 6:0� 10�5: (40)

This contribution is in the level of magnitude of that one
involving one ~V� depicted in Fig. 5.

V. CONCLUSIONS

In this paper we investigated the implications of sponta-
neous breaking of the lepton number in the 3-3-1 model
with right-handed neutrinos in neutrino decay with
Majoron emission and in neutrinoless double beta decay
with and without Majoron emission.
035006
In regard to neutrino decay with Majoron emission, the
main result is that, although this decay arises only through
radiative correction, the model still disposes of a fast
neutrino decay mode, namely �3L ! ��C�1R � J, with a
lifetime of the order of 8� 10�3 s, which is of the order of
magnitude to be interesting for cosmological purposes.

With respect to neutrinoless double beta decay, the
spontaneous breaking of the lepton number generates a
proliferation of contributions. Differently from other cases
[21,22,24], all the new contributions take place with the
exchange of virtual light neutrinos, similarly to the stan-
dard contribution. We performed a systematic analysis of
the couplings of all contributions. The relevance of the new
contributions will be dictated by the mixing angle * and the
mass m ~V . Thus, to determine correctly the value of the
angle * and the massm ~V turns out to be a matter of primary
interest in what concerns the relevance of the new contri-
butions to the neutrinoless double beta decay in the model
in question [25]. By estimating the order of magnitude of
the new contributions, we predicted that the most robust
one is that depicted in Fig. 4 whose order of magnitude is
7� 10�3 of the standard contribution. If these new con-
tributions are important or not, only the accuracy of the
experiments will tell us.

In summary, the spontaneous breaking of the lepton
number in the 3-3-1 model with right-handed neutrinos
leads to fast neutrino decay in Majoron and generates a
bunch of new contributions to the neutrinoless double beta
decay whose relevance is dictated by the angle * and the
mass m ~V .
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