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Abstract—A new bound of the mixing angle between charged gauge bosons (the standard-model W and the
bilepton Y) in the economical 3—3—1 model is given. Possible contributions of the charged bileptons to the
neutrinoless double beta ((f3),,) decay are discussed. We show that the (), decay in this model is due to
both the Majorana (M,); and Dirac (M, neutrino masses. If the mixing angle is in the range of the ratio of
neutrino masses (M,);/{(M,)p, the Majorana and Dirac masses are comparable to each other and both may
give the main contribution to the decay. As a result, constraints on the bilepton mass are given.
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1. INTRODUCTION

The SUB), ® SU(2); ® U(1), standard model
(SM) of the strong and electroweak interactions, with
the SU(2), ® U(1), symmetry spontaneously broken
down to the U(1), of electromagnetism, is an excel-
lent description of the interactions of elementary par-
ticles down to distances of the order of 10~'® cm. How-
ever, the SM also leaves many striking features of the
physics of our world unexplained. Some of them are
the generation number problem, the electric charge
quantization, and the neutrino mass. Recent experi-
mental results of SuperKamiokande Collaboration
[1], KamLAND [2], and SNO [3] confirm that the
neutrinos are massive and the flavor lepton number is
not conserved; this implies that the SM must, be
extended.

A very common proposal to solve some of these
problems consists in enlarging the gauge symmetry
group, to the one that properly contains the SM group.
For instance, the SU(5) grand unification model [4]
can unify the interactions and predicts the electric
charge quantization, and the E4 group can also unify
the interactions and might explain the masses of the
neutrinos [5, 6]. Nevertheless, such models can-not
explain the generation number problem. Among the
extensions of the SM, the models based on the
SUB)-®SU3); ® U(1)y(3—3—1) gauge group |7, 8]
have some intriguing features. First, they can partly
explain the number of generations. This is because the
models are anomaly-free only if the number of gener-
ations /V is a multiple of three. If the condition of the
asymptotic freedom in QCD is also added, which is

! The article is published in the original.

valid only if the number of generations of quarks is not
less than 5, then it follows that the number of genera-
tions is equal to 3. Second, the third quark generation
has to be different from the first two, which leads to a
possible explanation of why the top quark is uncharac-
teristically heavy. Besides, the Peccei—Quinn symme-
try naturally occurs in these models [9].

A few different versions of the 3—3—1 model have
been proposed. In the minimal version [10], the three
known left-handed lepton components for each gen-
eration are associated with three SU(3); triplets as

(v;, 1, I, where [ is related to the right-handed isos-

pin singlet of the charged lepton /in the SM. The sca-
lar sector of this model is quite complicated (three
triplets and one sextet). In the variant, model, i.e., the
model with right-handed neutrinos [11], three SU(3);

lepton triplets are of the form (v, /, v¢);, where v; is

related to the right-handed component of the neutrino
field v;. The scalar sector of this model requires three
Higgs triplets. It is interesting to note that in this
model, two Higgs triplets have the same U(1)y charge
with, two neutral components at their top and bottom-
Allowing vacuum expectation values (VEVs) of these
neutral components, we can reduce the number of
Higgs triplets to two. A model of this kind was pro-
posed recently [12, 13]. The scalar sector of this model
is minimal with just two Higgs triplets, and hence it has
been called the economical 3—3—1 model [14]. The
phenomenology of this model is presented in detail in
[15, 16].

Despite the recent experimental advances in neu-
trino physics, we do not yet know if the neutrinos are
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Dirac or Majorana particles. If the neutrinos are
Majorana particles, then the mass terms violate the
lepton number by two units, which may result in
important consequences in particle physics and cos-
mology. A crucial process that will help in determining

the neutrino nature is the (f3)o, decaly.2 Itis also a typ-
ical process that requires violation of the lepton num-
ber, although it can say nothing about the value of the
mass because, although right-handed currents and/or
scalar bosons may affect the decay rate, it has been
shown that whatever the mechanism of this decay is, it
implies a nonvanishing neutrino mass [18]. In some
models, the (Bp),, decay can proceed with an arbi-
trarily small neutrino mass via a scalar boson exchange
[19].

The mechanism involving a trilinear coupling of
the scalar bosons was proposed in [20] in the context
of amodel with the SU(2) ® U(1) symmetry with dou-
blets and a triplet of scalar bosons. But because there is
no large mass scale in these types of models [21], the
contribution of the trilinear coupling is, in fact, negli-
gible. In general, in models with that symmetry, a fine
tuning is needed if we want the trilinear terms to give
important contributions to the (), decay [22]. It
was shown in [23] that in 3—3—1 model, which has a
rich Higgs bosons sector, there are many new contri-
butions to the (Bp),, decay. In recent work [24], the
authors showed that the implementation of spontane-
ous breaking of the lepton number in the 3—3—1
model with right-handed neutrinos gives rise to a fast
neutrino decay with a Majoron emission and generates
numerous new contributions to the (Bf),, decay.

In our earlier work [25], we analyzed the neutrino
masses in the economical 3—3—1 model. The masses
of neutrinos are given by three different sources widely
ranging over the mass scales including the GUT’s and
the small VEV u of spontaneous lepton number break-
ing. With a finite renormalization in mass, the spec-
trum of neutrino masses is neat and can fit the data. In
this work, we discuss possible contributions of the
bilepton to the (Bp),, decay in the model under con-
sideration. We show that in contradiction with the pre-
vious analysis, the (), decay arises from two differ-
ent sources, which require both the nonvanishing
Majorana and Dirac neutrino masses. If the mixing
angle between the charged gauge bosons is in the range
of the ratio of neutrino masses (M,);/{M,)p, then the
Majorana and Dirac masses are comparable to each
other and may give the main contribution to the decay.
The constraints on the bilepton mass are also given.

The rest of this paper is organized as follows. In
Section 2, we briefly review the economical 3—3—1
model. Charged currents and a new bound on the mix-
ing tingle are given in Section 3. Section 4 is devoted
to a detailed analysis of the possible contributions of

2 For experimental projects in preparation, see [17].
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the bilepton to the (Bf),, decay. We summarize our
results and make conclusions in Section 5.

2. A REVIEW OF THE MODEL
The particle content in this anomaly-free model is
given by [13]
T
Var = (VaL’ laL’ (VaR) ) ~ (3’ _1/3)’
laR~(11_1)5 a = 1,2’3a
0, = (uy, dyy, UL)T~ (3,1/3),

Q(xL = (daL’ —Ugps DaL)T~(3*a 0)’ a = 2:37
uaR~(192/3): daR~(19_1/3)s
UR~(1’2/3)3 DaR~(1a_1/3)a

where the values in the parentheses denote quantum
numbers based on the SU(3), ® U(1), symmetry.
Unlike the usual 3—3—1 model with right-handed
neutrinos, where the third family of quarks should be
discriminating, the first family has to be different from

the other two in the model under consideration [16].
The electric charge operator in this case takes the form

0= T;—%wa, @)

)

where the 7} (i=1, 2, ..., 8) and X are respectively the
SU(3), and U(1)ycharges. The electric charges of the
exotic quarks U and D, are the same as for the usual

quarks, i.e., ggy=2/3and g, =-—1/3.

The spontaneous symmetry breaking in this model
is obtained in two stages:

SU(3),® U(1)y — SU(2), ® U(1);, —U(1),. (3)

The first stage is achieved by a Higgs scalar triplet with
the VEV given by

_ T
%= O 1 %3 ~(3,-1/3),

1 4)
(v = —(u,0, oo)T.

J2
The last stage is achieved by another Higgs scalar-trip-
let needed with the VEV

b = (07,0501 ~(3,2/3),

@) =~

J2

The VEV o gives mass to the exotic quarks U and
D, and the new gauge bosons Z 2, X, and Y, while the
VEVs u and v give mass to all the ordinary fermions
and gauge bosons [13, 16]. The VEV o is responsible
for the first step of symmetry breaking; the second step
is due to u and v. Therefore, the VEVs in this model
have to satisfy the constraint u#, v << . It is interesting
to note that the VEV v is close to the SM one, v =
246 GeV; this is due to identification of the charged
gauge boson Wasthe Win the SM. From the p param-

5
0, v,0)". ©)
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eter, we obtain the constraint on u as u < 2.46 GeV
[13], which implies that « is much smaller than v.
Therefore, the VEVs in this model must satisfy the
constraint

U< v<<o. (6)
The masses of the gauge bosons are
2 2
My = &2, (7)
4
2 22 2
MY:g—(u+v+c0), (8)
M = g (03 +u’), )
and
2
2 g 2 2
MZ|~—2(V -3u), (10)
ey,
M~ S (11)
3-— 4sW

It follows from (7), (8), and (9) that the splitting
between the bilepton masses is governed by the law of
Pythagoras

My = My+ M, (12)

Hence, the charged bilepton Y is slightly heavier

than the neutral bilepton X. We recall that a similar
relation in the model with the right-handed neutrino is

My — My| < m), [11].

3. CHARGED CURRENTS AND A NEW
BOUND ON THE MIXING ANGLE

The consequence of u# # 0 in this model is a mixing
of the SM gauge boson W" and bilepton V",

gCG — gj(W'_ Y—) Ll2+ V2 uw W‘+
mass 4 b ) ) N
uo o +v Y
Physical charged gauge bosons are given by
W = Ce W + SeY‘,
(13)
Y = — SG W + Ce Y,
where the mixing angle is defined by
tanf = — (14)

®
and we use the notation ¢, = cos0 and s, = sin®.

As a consequence of this mixing, there exist lepton-
number violating (LNV) terms in the charged currents
proportional to s,

HC = j (S W, + VY,

Y, +H.c.), (15)

with
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JH+ =cC 70 HV + (_ja Hu
fV o( LE’ al L_Y al) (16)
- se( lﬂL’YHVfJR + dlL’YH UL + DOLL'YHuaL)a
JT = Ce(iaLYuVZR + aIILYM U, + DaLY“UaL) (17

+ So(Lary" Vo + dary"u,;).
Asin [13], the constraint on the W— Y mixing-angle
0 from the W width is given by s, < 0.08. But we show
in what follows that a stricter hound can obtain from

the invisible Z width through the unnormal neutral
LNV current

NC gt (V) _ _
gunnormal = _L(V(JL’Y“VZR + I'IIL'Y}1 UL

cw (18)
—T)mm(“aﬂu)Zfl +H.c.,

where the neutrino coupling constants (g;;, k = 1, 2)
are given by
c,—S A/4c2 -1
gw(VL)zL‘%, (19)
A/4 1
& V)= % (20)

It is worth mentioning that the mixing angle @
between the Z—Z" neutral bosons is very small. In the
case where u — 0, the analysis of the Z decay width
[26] shows that the Z—Z "' mixing angle is constrained
as —0.0015 <9 <0.001. The neutrino couplings in (18)
lead to additional invisible-decay modes to the Z
boson. For each generation of leptons, the corre-
sponding invisible-decay width can be approximately
written as

r t26(1 + ©( q)))rvv s

where N, = v¢, and Y = G.M, /1212 is the SM
prediction for the decay rate of Zinto a pair of neutri-
nos. The experimental data for the total invisible neu-
trino decay modes give [27]

Cov = (2.994 +0. 012)F (22)

From (21) and (22), we obtain the upper limit for the
mixing angle

21

VLNL

tan0 < 0.03,
which is smaller than that given in [13].

(23)

4. BILEPTON CONTRIBUTIONS
TO THE NEUTRINOLESS
DOUBLE BETA DECAY

The (BP),, decay is a typical process that requires
violation of the lepton number, and hence it can be
useful in probing new physics beyond the SM [17, 18].
The interactions that lead to the (Bf3),, decay involve
hadrons and leptons. For the standard contribution,
its amplitude can be written as [24]
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760 SOA et al.
(a) dL Ce llL (b) dL Ce UL
w- Co e; w- —Sp e
Vi VR
my, mp
Vi e Vi er

dr W=2c up

dr W= 3¢ up

Co

Co

Fig. 1. Contribution of the SM bosons W'to the (), decay; (a) is for the Majorana mass, (b) is for the Dirac mass.

(a) dL Se UL (b) dL Se IIL
Y Sp er Y Co e;
Vi VR
my, mp
Vi e Vi er

d, W 3% ur

dy W o ur

Co

Co

Fig. 2. Associated contribution of the W boson and the bilepton Y'to the (), decay.

(24)

2

t _ +m,
Mg, = S5 M, UY“P/—ZY PyV,
4my, qg —m,

where Mﬁv carries the hadronic information of the

process, Pr ; = (1 £ v5)/2, and U and V are Dirac
spinors. In the presence of neutrino mixing, assum-

ming that mi < ¢%, we can write

Mgy, = Ay, My UPRYY'V, (25)
where
4
Agp,, = % (26)
dmyq°)

is the strength of the effective coupling of the standard
contribution. In the case of three neutrino species,

(M,)= Z Ui,- m,, is the effective neutrino mass and (¢g?)

is the average of the transferred squared four-momen-
tum.

The contributions to the (3),, decay in our model
coming from the charged gauge bosons W~ and Y~
dominate the process. Because the (Bf3),, decay has
not yet been experimentally detected, the aim of our
analysis here is to obtain new contributions and to
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compare them with the standard one [18, 23]. Feyn-
man diagrams for the contributions are depicted in
Figs. 1-3. Left-handed figures (a) are given by the
non-vanishing Majorana mass, and the right-handed
figures (b) by the Dirac mass.

For the standard contribution as depicted in
Fig. 1a, its effective coupling takes the form

App), (1a) = Co» (27)

where M, is the Majorana mass. The first new contri-

bution involves only W=, as in the standard contribu-
tion, but W~ now interacts with two charged currents

J, and Jfl as depicted in Fig. 1b. We note that in this
case, the Dirac mass gives the contribution to the

effective coupling

g(Myy
. 05>

A (1b) =
(BBov
4my(q*)

(28)

where My, is the Dirac mass.

We see from Eqgs. (27) and (28) that the LNV in the
(BB)y, decay arises from two different sources respec-
tively identified by the nonvanishing Majorana and
Dirac mass terms. In Fig. 1a, the LNV is due to the
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Majorana mass, and the LNV in Fig. 1b is due to the
coupling of the W boson to the charged current (the
term is proportional to sy). Comparing these effective
couplings, we obtain the ratio

App, (10) _ M)y
Appy,(1a) (M),

We see from (29) that the relevance of this contribu-
tion depends on the angle 6 and on the ratio between
(M,) and (M, ;. It is worth noting that if (M, ) tan0 ~
(M,),, then the Majorana and Dirac masses are com-
parable to each other and both may give the main con-
tribution to the decay.

Next, we consider contributions that involve both

tan®. (29)

W= and Y~. They involve the two currents J, and Jil

interacting with W and Y as depicted in Fig. 2a for
(M), and Fig. 2b for (M,)p. The effective couplings in
this case are

4 22
M.
ov 2 2 2
dmymy(q")
and
g (M) pcos
A, (20) = =P, G
dmymy(q’)

We see from (30) and (31) that the Majorana mass
gives the contribution to the (Bp),, decay much
smaller than the Dirac mass. Comparing with the
standard effective coupling, we obtain the ratios

Appn(20) _ my (M),

Low bounds on the bilepton mass in range of (M, p/{(M,);

(M,)p/(M,),| 100
my, GeV 139.0

200
197.0

400
278.6

600 800
341.2 |394.0

1000
440.5

than the standard one; from Eq. (32), we then obtain a
lower bound on the bilepton mass as
M
m?, > miyﬁ-—-—-v-zl) tan0.
v/ L

With m2W = 80.425 GeV and tan6 = 0.03, the low

bounds on the mass min range of (M), /{M,), ~ 10°—

103 [25] are given in the table. It is interesting to note
that “wrong” muon decay experiments imply a bound
for the bilepton mass my, > 230 GeV [13, 28], and a
stronger mass bound has been derived from consider-
ing an experimental limit of lepton-number-violating
charged lepton decays [29] of 440 GeV.

We see from Eq. (33) that the order of the contribu-
tion is much smaller than the standard contribution;
this is because the LNV in the (3),, decay arises from
the Majorana mass term and the LNV coupling
between the bilepton Y and the charged current J* of
ordinary quarks and leptons. Taking my= 139 GeV, we
obtain

(34)

App,(29) _
Ay, (10)

We now examine the next four contributions that
involve only the bileptons Y. In Fig. 3a, we show an

3x 107" (35)

= tan© (32)  example of this kind of contribution where the current
Ay, (1a) ) (M), . . . .
q ) Y J; appears in two vertices. The effective coupling is
an
4 4
A 2a 2 & (M,);sq
Aopn(29) _ iy, 2 (33) A, B0 = 5 o (36)
Agp), (1a)  mi, v(q
In contrast to the previous case, Eq. (32) shows that 11 another case, we also have
the relevance of these contributions depends on the g4< M)y co sg
angle 0, the ratio (M,)p/(M,),, and the bilepton mass. Ay, (3b) = ————. (37)
We suppose that the new contributions are smaller 4my(q")
(a) dL Se HL (b) dL Se UL
Y™ Ssg e Y S sg e
v A3
my mp
' er VR e
dL Y So uy dL - Co uy
So Sp

Fig. 3. Contribution of the bileptons Y'to the (), decay.
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Comparing with the standard effective coupling, we

obtain
A 3a 4
App, G30) ("_?_gj tan'0. (38)
App,,(1a)  m
With the above data, the ratio upper limit is
A 3a
Appo39) 9x10°, (39)

Appyov(la)

which is very small. It is easy to verify that the remain-
ing contributions are much smaller than those with the
charged W bosons. This is because all the couplings of
the bilepton with ordinary quarks and leptons in the
diagrams in Fig. 3 are lepton number violating.

5. CONCLUSIONS

We have obtained a new bound on the mixing angle
between charged gauge bosons in the economical 3—
3—1 model from the invisible decay modes of the neu-
tral gauge boson Z. We have also investigated the
implications of spontaneous breaking of the lepton
number in the (Bf),, decay and systematically ana-
lyzed the couplings of all possible contributions of
charged gauge bosons to the decay. The result shows
that, in contradiction with previous analysis [23, 24],
the (Bp),, decay mechanism in the considered model
requires both Majorana and Dirac nonvanishing
masses. If the mixing angle between the charged gauge
boson and the bilepton is in the range of the ratio of
neutrino masses (M,); and (M,),, then the Majorana
and Dirac masses are comparable to each other and
both may give the main contribution to the decay.
Based on the result, the constraints on the bilepton
mass are given. It is interesting to note that the rele-
vance of the new contributions is dictated by the mix-
ing angle 0, the effective neutrino mass, and the bilep-
ton mass. By estimating the order of magnitude of the
new contributions, we predicted that the most robust
one is the contribution depicted in Fig. 2, whose order
of magnitude is 10~ of the standard contribution.

Finally, we emphasize that in the considered
model, the charged Higgs boson is a scalar bilepton
(with the lepton number L = £2). Therefore, their
Yukawa couplings to ordinary quarks and leptons vio-
late the lepton number and are very weak (see [30] for
the details). This means that their possible contribu-
tions to the (Bf3),, decay must be much smaller than
the contributions of charged gauge bosons.
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