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Radiative neutrino mass in 3-3-1 scheme
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We propose a new radiative mechanism for neutrino mass generation based on the SU(3). ®
SU3)rL ® U(1)x electroweak gauge group. Lepton number is a symmetry of the Yukawa sector
but spontaneously broken in the gauge sector. As a result light Majorana masses arise from neutral
gauge boson exchange at the one-loop level. In addition to the isosinglet neutrinos which may be
produced at the LHC through the extended gauge boson portals, the model contains new quarks
which can also lie at the TeV scale and provide a plethora of accessible collider phenomena.
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The origin of neutrino mass and mixing, required in
order to account for neutrino oscillation data [T, 2],
poses one of the biggest challenges in particle physics.
While charged fermions must be Dirac particles, neutri-
nos are generally expected to be Majorana fermions [3],
breaking lepton number and inducing neutrinoless dou-
ble beta decay [4]. While attractive, the idea that neu-
trino mass is related to unification, encoded in the high-
scale seesaw paradigm [3, [GHE] falls short of covering
the wealth of interesting neutrino mass schemes. Indeed
neutrino masses could well be a low-scale phenomenon,
both within the seesaw mechanism as well as other al-
ternative approaches [9]. This brings in substantial free-
dom in model building, making the structure of the lep-
tonic weak interaction much richer than the CKM ma-
trix [10} [I1] characterizing the quark sector, and opening
the exciting possibility of probing the associated neutrino
mass messenger particles at collider experiments [I2HI4].

Lepton number symmetry provides an important the-
oretical guide in neutrino mass modeling, depending on
its fate different classes of models can be envisaged. For
instance, lepton number can be conserved, leading to
Dirac neutrinos. Or it can be violated explicitly, since
gauge singlet Majorana masses can be added by hand
in the SU(3). ® SU(2)r, ® U(1)y model [3]. Or it can
be a spontaneously broken global or gauged U(1) sym-
metry. The former defines the so-called seesaw majoron
schemes [15] [T6], while the latter characterizes left-right
symmetric electroweak models [I7]. Another important
challenge is the origin of the number of families. We know
that three different flavors exist, i.e. states with the same
gauge quantum numbers but different mass. But we do
not know why nature replicates, nor why the masses of
the three generations of Standard Model quarks and lep-
tons are so different, nor why they mix in the way they
do (flavor problem).

In this paper we consider an alternative approach to
neutrino mass generation at accessible scales and ”ex-
plaining” the number of families. The model is based on
the SU(3). ® SU(3), ® U(1)x (3-3-1) electroweak gauge
structure and is consistent only if the number of families

equals the number of quark colors [I8][19], giving a reason
for having three species of fermions. This feature follows
from gauge anomaly cancellation and characterizes 331
models, including other variants e.g. [20H24].

Our new mechanism for generating neutrino mass at
the one-loop level involves a neutral gauge-mediated
lepton number-violating interaction. All new particles,
including the messengers associated to neutrino mass
generation can lie at the few TeV scale, hence accessible
to collider searches.

We start from the SU(3). ® SU(3); ® U(1)x gauge
framework suggested in [I8] [I9]. We concentrate on the
electroweak part of the model. The left-handed leptons
are assigned to the anti-triplet representation of SU(3),

-
Z/Jf; = Uy 5 (1)
N¢

where £ = 1,2,3 = e, u, 7. In addition to the new two-
component neutral fermions present in the lepton triplet
Ni = (N°)p = (vg)© where ¢ = CET and C is the
charge conjugation matrix, we introduce new sequential
lepton-number-carrying gauge singlets S = {51, 52,53}
sequentially [25H29]. The matter content of the model is
summarized in Tab. [l

[ [4r][Q1%]Q% [in [dr [ S [ 42 ] 05
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TABLE I. Matter content of the model, where ir =
(ur,cr,tr,tR) and dgr = (dr, Sr,br,dR, Sk) (see text).

With the above £ assignment the electric charge and
lepton number are given in terms of the U (1) x generator
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X and the diagonal generators of the SU(3), as

1
= Tyt —Ts+ X | 2
L= 2nir . (3)

V3

In order to spontaneously break the weak gauge sym-
metry, we introduce three scalar anti-triplets ¢; ~
(3*,4+2/3) and ¢235 ~ (3*,—1/3). Note that the third
component of ¢3 carries two units of lepton number. Fol-
lowing the notation of [19] we have the following vacuum
expectation values (VEVs)

k1 0 0
(p1) =1 0 | (d2)=| 0 |, (¢3)=| k2|, (4

0 n1 no

where the k1 and ks VEVs are at the electroweak scale
and correspond to the VEV of the SU(2), C SU(3)L
doublets. The VEVs ny and nsy are isosinglet VEVs that
characterize the SU(3), breaking scale. Note that while
¢3 takes VEV in both electrically neutral directions, the
second VEV of ¢, is neglected, so that lepton number is
broken only by SU(2);, singlets. This pattern gives the
simplest consistent neutrino mass spectrum, avoiding
the linear seesaw contribution [30, [31].

The kinetic term for the scalar fields is
Licin = Y (D"$:)(Dpus) - (5)
We define the covariant derivative as

g1
D, ¢; —
#¢ \/5
where X; is the U(1)x charge of the ¢; scalar field, B,
is the gauge boson of U(1)x and W, = 37, W/ \; where
A; are the Gell-Mann matrices. In matrix form one has

W3+ =W Wi Wit
W, = Wi, WP+ WS WO W
Ws WoHaw? 2w

where we defined the charged states as

1 _ 1 .
Wi = E(Wl FiWw?), Wi= E(W“ FiW®). (7)

There are in total nine electroweak gauge bosons, four
of which are charged (Wli2 and ng), giving the physical
W+ and W'#, while five are electrically neutral, namely
W3, W6, W8, B giving the physical bosons

v, Z, 7', X (8)
and finally one neutral boson, unmixed if CP is conserved

wWi=vY. 9)

Assuming for simplicity ko ~ k1 < ni ~ no one finds
the gauge boson masses to leading order

k2n?
2 212 UG
= k
myy 91(1"'”%_’_71%),
2 3 2 4 2 k2 2
- g1 (397 + 92)( 2 P ), (10)

33 +¢22 1 n?+nd
4
my, = 5(393+9§)(n?+n§),

mi = my = gi(ni +n3).

The ratio of the SM gauge bosons masses is given by
m%v . 3+ tan? 0331
TTLQZ 3+ 4tan2 9331 ’

(11)

where tan? 6331 = 92/91. The SM relation cos? Oy =
m¥, /m?% = 0.76 implies that tan? @33 = 0.57. The lep-
tonic neutral current weak interaction £yc contains

91

Lyc D \/iVL’Y;L VLWS* %ﬁ'ﬁt VLWS

ﬂgz _

g 3 vLyuviB, (12)

V2

The mixing of W% with W3, W?® and B is proportional
to the small parameter given by

Niffy‘u vy, WO +

kang
€ r~

nZ 1 n2 <1. (13)
In addition to breaking the standard electroweak sym-
metry, this mixing also violates lepton number by two
units as can be readily seen through its proportionality
to ny which is the scale of lepton number violation. The
spontaneous symmetry breaking follows the pattern

k1,2

SUB)L@U()x =2 SU@2)L, @ U(1)y —% U(1)g.

Turning to the lepton sector, the Yukawa terms are

£1eptons = yfjﬁlﬁ ¢1 + y;,lj wiTC_li/JJL ¢1 (]-4)
+y5 Ut S ¢+ hec.
where contraction of the flavor indices i,j = 1,2,3 is

assumed. Here y¢ and y® are arbitrary matrices while
y® is antisymmetric. The charged lepton mass matrix is
just M, = y* <q5(1)> and can be made diagonal in the usual
way. Note that, thanks to an auxiliary parity symmetry,
¢s does not couple to leptons. The tree level neutrino
mass matrix in the basis (vp, N¢, S) is given by

0 mp 0
M, = 0o M|, (15)
0
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FIG. 1: Gauge boson exchange diagram for radiatively in-
duced Majorana neutrino mass in the flavor basis.

where mp = k1 y®, and M = n;y®. Note that lepton
number conservation forbids the Majorana mass entry for
S. We denote the corresponding eigenstates as vy, va, V3.
The heavy states form Dirac pairs with masses Mp; (i =
1,2, 3) given by

MDi:(\/mDomDT+M~MT)¢, (16)

where the index 4 in the r.h.s denotes the i*" eigenvalue
of the matrix [25H29]. On the other hand the state 14
is massless because of lepton number conservation in
Eq. . This holds at tree level. However lepton num-
ber is broken spontaneously by ny # 0. This induces
light neutrino masses radiatively, as illustrated by the
diagram in Fig. [} In order to estimate the effective light
neutrino mass scale which results from Eq. , we adopt
for simplicity the one family approximation (generaliza-
tion to three is straightforward). Indeed, the interplay
of the intra-multiplet gauge boson exchange connecting
v to N¢ with the gauge boson mixing implicit in Eq.
implies that lepton number is necessarily violated in the
neutral fermion sector. As a result the massless neutrino
is not protected and radiative corrections involving the
gauge bosons will yield a calculable Majorana mass term
as depicted in the diagram of Fig. To perform the
corresponding estimate one goes to the mass basis. The
result is that the light neutrino v; gets a Majorana mass
by means of the exchange of the massive Dirac states v 3
and the gauge bosons Z and Z’. Now we describe in more
detail how this works.

Consider the 3 x 3 mass matrix given in Eq. . This
matrix is diagonalized by an orthogonal matrix, given by
a 1 — 3 rotation followed by a 2 — 3 maximal rotation

U, = 0 5 B (17)
s -7 v

where ¢ & 1 and s = 8 ~ mp/M < 1 characterizes
the doublet-singlet mixing, which could be at most a
few percent due to universality constraints. Then the

states v, Nf, S are related to the massive neutrino states
V1,2, v3 by (up to corrections of order €)

v ~ v — B+ Brs;

Ni ~ %(V2+V3); (18)
S ~ —BV1+%<—V2+V3).

Although both Z and Z’ enter in the loop, the main con-
tribution is from Z’ exchange, estimated from Eq.

and the diagonalization of the gauge bosons to be
m N g>ep m%, %
visht = 9652 P M2 4 m2, C M3

(19)

where ¢ is a simple function of gauge coupling constrants
g1 and g». Note that the contribution proportional to €2
and B2 vanish as expected.
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FIG. 2: Neutrino mass versus Z’ scale for various values of
the Dirac mass parameter Mp. Solid, dashed and dot-dashed
lines correspond to y* = 1, 10~2 and 10™° respectively. g1 =
0.6 and ko = 90 GeV and the scale of the new colored states
(n2) is fixed at 1 TeV (thick lines) and 10 TeV (thin lines).

Fig.[2|shows the correlation between the light neutrino
mass scale and the Z’' mass for various values of the
Dirac mass Mp, parametrized by the Yukawa coupling
y®. For definiteness we fix the no VEV, responsible for
the masses of the new iso-singlet colored states at 1 TeV
and 10 TeV. Increasing no would push up the Z’ mass
and, assuming Yukawas of order one, would increase the

exotic (primed) quark masses.

This brings us to the discussion of the quark sec-
tor. The two first generations @} and Q% transform
as triplets of SU(3). whereas the third one Q% is anti-
triplet:

u c b
Qr=1d Q=1 s Q=1 ¢ - (20)
d’ s’ t/

L L L



All right-handed states are SU(3)y, singlets. In order
to pair up the new left handed fields of the quark sector,
we introduce extra right handed fields df, s and th
that are singlets of SU(3)r. Note that the axial anomaly
cancels in this model because we have an equal number
of triplets and anti-triplets and the sum of the electric
charges on all the fermions vanishes [32].

The Yukawa Lagrangian of the quark sector is

= Yo QF iR ’f-i—y}{,»Q:zﬁ}g%

+ ygz@ % ¢1 + yiz@ I ¢35 +h.c. (21)

£quarks

and a=1,2. Contractions over ¢ and « indices are as-
sumed. The up (y*) and down (y?) quark mass matrices
are respectively 4 x 4 and 5 x 5. Note that we made use
of the same auxiliary parity symmetry to charge Q% and
dr. After spontaneous symmetry breaking, the top mass
is proportional to k; while the bottom mass is propor-
tional to k1. Hence k; and ks determine the electroweak
scale. On the other hand, the masses of the extra quarks
d', s', t' are proportional to n; and no which must be of
the order of TeV or greater in order to escape detection
at the LHC. Here we note a novel feature of this model,
namely, that while the extra quarks have standard elec-
tric charges, they carry two units of lepton number, re-
lating them directly to the lepton sector.

In summary, we have proposed a new mechanism to
generate neutrino mass based on the SU(3)r, ® U(1)x
gauge symmetry. At tree level neutrinos are massless be-
cause of lepton number conservation. Gauge interactions
violate lepton number and lead to a Majorana mass
term for light neutrinos at one-loop level. In contrast
to most neutrino mass generation schemes, such as the
seesaw mechanism, where the neutrino mass comes from
Yukawa couplings, here it arises directly from gauge
boson exchange as seen in Fig. [1| and Eq. . All
neutrino species are massive, and their splittings and
mixing parameters can be fitted to the oscillation data.
The further imposition of genuine flavor symmetries
would bring in predictions for oscillation parameters
and possibly Ov38 though we leave this for a separate
investigation. Note that the messenger particles respon-
sible for neutrino mass can be directly produced at the
LHC: the Z’ would de produced in Drell-Yan process
and provide a "portal” to access the isosinglet neutral
leptons [12]. Moreover, if light enough, the new exotic
colored states would also be produced at the LHC and
induce gauge-mediated flavor-changing neutral currents,
eg. b — sutu~ [33] providing a double test. These
issues will be taken up elsewhere.
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