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We propose a viable theory based on the SUð3ÞC × SUð3ÞL × Uð1ÞX gauge group supplemented by the
S4 discrete group together with other various symmetries, whose spontaneous breaking gives rise to the
current Standard Model (SM) fermion mass and mixing hierarchy. In the proposed theory the small light
active neutrino masses are generated from a linear seesaw mechanism mediated by three Majorana
neutrinos. The model is capable of reproducing the experimental values of the physical observables of both
quark and lepton sectors. Our model is predictive in the quark sector having 9 effective parameters that
allow to successfully reproduce the four Cabbibo-Kobayashi-Maskawa parameters and the six SM quark
masses. In the SM quark sector, there is particular scenario, motivated by naturalness arguments, which
allows a good fit for its ten observables, with only six effective parameters. We also study the single heavy
scalar production via gluon fusion mechanism at a proton-proton collider. Our model is also consistent with
the experimental constraints arising from the Higgs diphoton decay rate.
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I. INTRODUCTION

Although the Standard Model (SM) is a very well
established quantum field theory highly consistent with
the experimental data, it has several unexplained issues. For
instance, the current pattern of SM fermion masses and
mixing angles, the number of SM fermion families, the tiny
values of active neutrino masses are some of the issues that
do not find an explanation within the context of the SM.
The SM fermion mass hierarchy is spanned over a range of
13 orders of magnitude from the light active neutrino mass
scale up to the top quark mass. In addition, the experimental
data shows that the quark mixing pattern is significantly
different from the leptonicmixing one. Themixing angles of
the quark sector are small, thus implying that the Cabbibo-
Kobayashi-Maskawa (CKM) quark mixing matrix is
close to the identity matrix. On the other hand, two of the
leptonicmixing angles are large andone is small, of the order
of the Cabbibo angle, thus implying a Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) leptonic mixing matrix very
different from the identity matrix. This is the so called

flavor puzzle, which is not addressed by the SM and
provides reason for considering models with augmented
field content and extended symmetry groups added to
explain the current SM fermion mass spectrum and mixing
parameters.
Theories with an extended SUð3ÞC × SUð3ÞL ×Uð1ÞX

gauge symmetry [1–49] (3-3-1 models) are used to explain
the origin of the three family structure in the fermion sector,
which is left unexplained in the SM. In these models, the
chiral anomaly cancellation condition is fulfilled when there
are equal number of SUð3ÞL fermionic triplets and anti-
triplets, which occurs when the number of fermion families
is a multiple of three. In addition, when the chiral anomaly
cancellation condition is combined with the asymptotic
freedom inQCD, theories based on theSUð3ÞC × SUð3ÞL ×
Uð1ÞX gauge symmetry predict the existence of three
fermion families. Furthermore, the large mass difference
between the heaviest quark and the two lighter ones can be
explained in 3-3-1models due to the fact that the third family
is treated under a different representation than the first and
second ones.
Furthermore, the 3-3-1 models explain the quantization

of the electric charge [50,51], have sources of CP violation
[52,53], have a natural Peccei-Quinn symmetry, which
solves the strong-CP problem [54–57], predict the limit
sin θ2W < 1

4
, for the weak mixing parameter. Besides that, if

one includes heavy sterile neutrinos in the fermionic
spectrum of the 3-3-1 models, such theories will have cold
dark matter candidates as weakly interacting massive
particles (WIMPs) [58–61]. A concise review of WIMPs
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in 3-3-1 electroweak gauge models is provided in Ref. [62].
Finally, if one considers 3-3-1 electroweak gauge models
with three right handed Majorana neutrinos and without
exotic charges, one can implement a low scale linear or
inverse seesaw mechanism, useful for generating the tiny
active neutrinos masses.
In this work, motivated by the aforementioned consid-

erations, we propose an extension of the 3-3-1 model with
right handed Majorana neutrinos, where the scalar spec-
trum is enlarged by the inclusion of several gauge singlet
scalars. Our theoretical construction successfully explains
the current SM fermion mass spectrum and fermionic
mixing parameters. In the proposed model, the SUð3ÞC ×
SUð3ÞL ×Uð1ÞX gauge symmetry is supplemented by the
S4 family symmetry and other auxiliary cyclic symmetries,
whose spontaneous breaking produces the current SM
fermion mass spectrum and mixing parameters. In the
proposed model, the masses for the Standard Model
charged fermions lighter than the top quark are produced
by a Froggatt-Nielsen mechanism and the tiny masses for
the light active neutrinos are generated by a linear seesaw
mechanism. We employ the S4 family symmetry because it
is the smallest non-Abelian group having a doublet, triplet,
and singlet irreducible representations, thus permitting us
to accommodate the three fermion families of the SM. It is
worth mentioning that the S4 discrete group [10,63–84] has
been shown to provide a nice description for the observed
pattern of SM fermion masses and mixing angles.
The layout of the remainder of the paper is as follows. In

Sec. II A we describe the proposed model, its symmetries,
particle content and Yukawa interactions. The gauge sector
of the model is described in Sec. II B, whereas its low

energy scalar potential is presented in Sec. II C. In Sec. III
we discuss the implications of our model in quark masses
and mixings. In Sec. IV, we present our results on lepton
masses and mixing. The consequences of our model in the
Higgs diphoton decay rate are discussed in Sec. V. The
production of the heavy H1 scalar at proton-proton collider
is discussed in Sec. VI. We conclude in Sec. VII.
Appendix A provides a description of the S4 discrete
group. Appendices B and C present a discussion of the
scalar potentials for a S4 scalar doublet and S4 triplet,
respectively.

II. THE MODEL

A. Particle spectrum and symmetries

We propose an extension of the 3-3-1 model with right
handed Majorana neutrinos, where the SUð3ÞC × SUð3ÞL×
Uð1ÞX gauge symmetry is augmented by the S4 × Z6 ×
Z12 × Z16 discrete group and the scalar spectrum is
enlarged by considering gauge singlet scalars, which are
added in order to generate viable textures for the fermion
sector that successfully explain the current pattern of SM
fermion masses and mixing angles. The scalar and fer-
mionic content with their assignments under the SUð3ÞC ×
SUð3ÞL ×Uð1ÞX × S4 × Z6 × Z12 × Z16 group are given in
Tables I and II, respectively. The dimensions of the SUð3ÞC,
SUð3ÞL and S4 representations shown in Tables I and II,
are described by numbers in boldface and the additive
notation is used to specify the Uð1ÞX and ZN charges. We
choose the S4 symmetry since it is the smallest non-Abelian
group having doublet, triplet, and singlet irreducible repre-
sentations, thus allowing us to naturally accommodate the

TABLE I. Scalar transformations under the SUð3ÞC × SUð3ÞL ×Uð1ÞX × S4 × Z6 × Z12 × Z16 group.

χ η ρ σ1 σ2 ξ Δ Θ Φ Ξ Ω φ ϕ ζ Σ S

SUð3ÞC 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
SUð3ÞL 3 3 3 1 1 1 1 1 1 1 1 1 1 1 1 1
Uð1ÞX − 1

3
− 1

3
2
3

0 0 0 0 0 0 0 0 0 0 0 0 0
S4 1 1 1 1 10 2 2 2 3 3 3 3 30 3 30 30
Z6 0 0 0 0 0 0 0 0 2 2 2 1 1 0 0 0
Z12 0 0 0 −3 1 −5 −4 −2 1 0 1 1 1 −2 0 0
Z16 0 0 0 −1 −1 −2 −1 −1 0 1 0 0 0 0 0 1

TABLE II. Fermion transformations under the SUð3ÞC × SUð3ÞL × Uð1ÞX × S4 × Z6 × Z12 × Z16 group.

q1L q2L q3L u1R u2R u3R d1R dR t0R j1R j2R LL e1R e2R e3R N1R NR

SUð3ÞC 3 3 3 3 3 3 3 3 3 3 3 1 1 1 1 1 1
SUð3ÞL 3� 3� 3 1 1 1 1 1 1 1 1 3 1 1 1 1 1
Uð1ÞX 0 0 1

3
2
3

2
3

2
3

− 1
3

− 1
3

2
3

− 1
3

− 1
3

− 1
3

−1 −1 −1 0 0
S4 1 1 1 1 1 1 10 2 1 1 1 3 10 1 1 10 2
Z6 0 0 0 0 0 0 0 0 0 0 0 0 −1 −1 −2 0 0
Z12 0 0 0 4 0 0 5 0 0 0 0 −1 2 −6 −4 −1 −1
Z16 −4 −2 0 4 2 0 3 3 0 −4 −2 0 8 4 2 0 −1
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three families of the SM left handed leptonic fields into a S4
triplet, the three gauge singlet right handed Majorana
neutrinos into one S4 singlet and one S4 doublet, the three
right handed SM down type quarks into a S4 singlet and a S4
doublet, and the remaining fermionic fields as S4 singlets. In
addition, the S4, Z6, and Z12 symmetries shape the textures
of the SM fermionmassmatrices thus yielding a reduction of
the model parameters, especially in the SM quark sector. In
addition, the Z6 and Z12 symmetries separate the S4 scalar
triplets (Φ, Ξ, Ω, φ, ϕ) participating in the charged lepton
Yukawa interactions, from the ones (ζ,Σ, S) appearing in the
neutrino Yukawa terms. Moreover, the Z6 symmetry allows
to distinguish the S4 scalar triplets Φ, Ξ, Ω generating the
third column of the SM charged leptonmassmatrix from the
onesφ andϕ that give rise to the second and the first column
of the SM charged lepton mass matrix, respectively.
Consequently, the Z6 symmetry selects the allowed entries
of the SM charged lepton mass matrix, thus allowing to
reduce the number of lepton sector model parameters.
Furthermore, the Z12 symmetry distinguishes the S4 scalar
triplet ζ participating in the Dirac Yukawa interactions, from
the ones Σ and S appearing in the remaining neutrino
Yukawa terms. Besides that, the Z12 symmetry also dis-
tinguishes the different S4 scalar doublets ξ, Δ, and Θ that
contribute to the first, second and third rows of the SMdown
type quarkmassmatrix, respectively, thus allowing to obtain
a predictive texture for the down type quark sector that
generates the SM down quark masses, the Cabbibo mixing
as well as the mixing between the second and third quark
families. Furthermore, theZ12 symmetry also determines the
allowed entries of the SM up type quark mass matrix. It is
worth mentioning that due to the Z12 charge assignments,
the only nonvanishing entries of the SM up type quark mass
matrix are the diagonal ones aswell as the 13 entry, needed to
generate the SMupquarkmasses aswell as the quarkmixing
angle in the 13 plane and the quark CP violating phase,
respectively. The quark mixing angle in the 13 plane and the
quark CP violating phase only arise from the up type quark
sector. The Z16 symmetry shapes the hierarchical structure
of the SM fermion mass matrices crucial to yield the
observed SM fermion mass and mixing pattern. We remark
that Z16 is the smallest discrete symmetry permitting to

build the Yukawa terms ðl̄LρΠÞ1e1R σ8
2

Λ9 (Π ¼ Φ;Ξ;Ω) and

q̄1Lρ�u1R
σ8
2

Λ8, required to provide a natural explanation for the
small values of the electron and up quark masses, which are
λ9 vffiffi

2
p and λ8 vffiffi

2
p times a Oð1Þ coupling, respectively, where

λ ¼ 0.225 is one of the Wolfenstein parameters. In our
model, the masses of the Standard Model charged fermions
lighter than the top quark arise from a Froggatt-Nielsen
mechanism [85], triggered by nonrenormalizable Yukawa
interactions invariant under the different discrete group
factors. Thus, the current pattern of SM fermion masses
and mixing angles arises from the S4 × Z6 × Z12 × Z16

spontaneous symmetry breaking. The masses of the light

active neutrinos are generated from a linear seesaw
mechanism [86–90,90–94], which can be implemented in
our model because the third component of the SUð3ÞL
leptonic triplet is electrically neutral and the fermionic
spectrum includes three right handed Majorana neutrinos.
In addition, the non-SM fermions in our model do not have
exotic electric charges. Consequently, the electric charge is
defined as:

Q ¼ T3 þ βT8 þ XI ¼ T3 −
1ffiffiffi
3

p T8 þ XI; ð2:1Þ

with I ¼ diagð1; 1; 1Þ, T3 ¼ 1
2
diagð1;−1; 0Þ and T8 ¼

ð 1

2
ffiffi
3

p Þdiagð1; 1;−2Þ for a SUð3ÞL triplet. In our model the

full symmetry G experiences the three-step spontaneous
breaking pattern:

G ¼ SUð3ÞC × SUð3ÞL ×Uð1ÞX × S4 × Z6 × Z12 × Z16!Λint

SUð3ÞC × SUð3ÞL ×Uð1ÞX!
vχ

SUð3ÞC × SUð2ÞL ×Uð1ÞY !vη;vρ

SUð3ÞC ×Uð1ÞQ; ð2:2Þ

where the different symmetry breaking scales satisfy

Λint ≫ vχ ≫ vη; vρ, with
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2η þ v2ρ

q
¼ 246 GeV. The first

step of spontaneous symmetry breaking is produced by
all gauge singlet scalar fields (excepting ζ), charged
under the discrete symmetries, assumed to acquire vacuum
expectation values (VEVs) at a very large energy scale
Λint ≫ vχ ∼Oð10Þ TeV. The second step of spontaneous
symmetry breaking is caused by the SUð3ÞL scalar triplet χ,
whose third component acquires a 10 TeV scale vacuum
expectation value (VEV) that breaks the SUð3ÞL ×Uð1ÞX
gauge symmetry, thus providing masses for the exotic
fermions, non-Standard Model gauge bosons and the heavy
CP even neutral scalar state of χ. We further assume that the
S4 triplet gauge singlet scalar ζ acquires a VEVs at the same
scale of vχ . Finally, the remaining two SUð3ÞL scalar triplets
η and ρ, whose first and second components, respectively,
get VEVs at the Fermi scale, thus producing the masses
for the SM particles and for the physical neutral scalar states
arising from those scalar triplets. Here we are considering
that the SUð3ÞL ×Uð1ÞX gauge symmetry is spontaneously
broken at a scale of about 10 TeV in order to comply with
collider constraints [95] as well as with the constraints
arising from the experimental data on K, D, and B meson
mixings [96] and from the Bs;d → μþμ− and Bd →
K�ðKÞμþμ− decays [9,97–100].
The SUð3ÞL triplet scalars χ, η, and ρ can be

represented as:
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χ ¼

0
BB@

χ01
χ−2

1ffiffi
2

p ðvχ þ ξχ � iζχÞ

1
CCA;

η ¼

0
BB@

1ffiffi
2

p ðvη þ ξη � iζηÞ
η−2
η03

1
CCA;

ρ ¼

0
BB@

ρþ1
1ffiffi
2

p ðvρ þ ξρ � iζρÞ
ρþ3

1
CCA: ð2:3Þ

The SUð3ÞL fermionic antitriplets and triplets are
expressed as:

qnL ¼

0
BB@

dn
−un
jn

1
CCA

L

; q3L ¼

0
BB@

u3
d3
t0

1
CCA

L

;

LiL ¼

0
BB@

νi

ei
νci

1
CCA

L

; n ¼ 1; 2; i ¼ 1; 2; 3: ð2:4Þ

Using the particle spectrum and symmetries given in
Tables I and II, we can write the Yukawa interactions for the
quark and lepton sectors:

−LðqÞ
Y ¼ yðt0Þq̄3Lχt0R þ yðuÞ33 q̄3Lηu3R þ yðuÞ13 q̄1Lρ

�u3R
σ41
Λ4

þ yðuÞ22 q̄2Lρ
�u2R

σ41
Λ4

þ yðuÞ11 q̄1Lρ
�u1R

σ82
Λ8

þ yðjÞ1 q̄1Lχ�j1R þ yðjÞ2 q̄2Lχ�j2R þ yðdÞ3 q̄3LρðΘdRÞ1
σ22
Λ3

þ yðdÞ2 q̄2Lη�ðΔdRÞ1
σ42
Λ5

þ yðdÞ4 q̄1Lη�ðξdRÞ1
σ52
Λ6

þ yðdÞ1 q̄1Lη�d1R
σ72
Λ7

þ H:c:; ð2:5Þ

−LðlÞ
Y ¼ xðLÞ1 ðL̄LρϕÞ1e1R

σ82
Λ9

þ yðLÞ1 ðL̄LρφÞ1e2R
σ42
Λ5

þ yðLÞ2 ðL̄LρφÞ1e2R
σ42
Λ5

þ zðLÞ1 ðL̄LρΦÞ1e3R
σ22
Λ3

þ zðLÞ2 ðL̄LρΞÞ1e3R
σ32
Λ4

þ zðLÞ3 ðL̄LρΩÞ1e3R
σ22
Λ3

þ yρεabcðL̄a
LðLC

LÞbÞ3ðρ�Þc
ζ

Λ

þ yðLÞ1χ ðL̄LΣÞ10χN1R
1

Λ
þ yðLÞ2χ L̄LχðSNRÞ3

1

Λ
þ yðLÞ1η ðL̄LΣÞ10ηN1R

1

Λ
þ yðLÞ2η L̄LηðSNRÞ3

1

Λ
þ H:c: ð2:6Þ

As shown in detail in Appendices B and C, the following VEV configurations for the S4 scalar doublets and S4 scalar triplets
are in accordance with the minimization conditions of the scalar potential:

hξi ¼ vξð0;−1Þ; hΔi ¼ vΔffiffiffi
5

p ð2; 1Þ; hΘi ¼ vΘð1; 0Þ; hΦi ¼ vΦð1; 0; 0Þ; hΞi ¼ vΞffiffiffi
2

p ð0; 1; 0Þ;

hΩi ¼ vΩffiffiffi
2

p ð0; 0; 1Þ; hφi ¼ vφffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ r2

p ð1; 0; rÞ; hϕi ¼ vϕð1; 0; 0Þ;

hζi ¼ vζffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ c2

p ð1; 0; cÞ; hΣi ¼ vΣffiffiffi
3

p ð1;−1; 1Þ; hSi ¼ vSffiffiffi
3

p ð1; 1; 1Þ: ð2:7Þ

Given that the spontaneous S4 × Z6 × Z12 × Z16 symmetry breaking gives rise to the observed hierarchy
of SM charged fermion masses and quark mixing parameters, the vacuum expectation values of the gauge
singlet scalars can be expressed in terms of the Wolfenstein parameter λ ¼ 0.225 and the model cutoff Λ, in the
following way:

vη ∼ vρ ≪ vζ ∼ vχ ≪ vΔ ∼ vΦ ∼ vΞ ∼ vΩ ∼ vξ ∼ vΘ ∼ vΣ ∼ vS ∼ vσn ∼ vφ ∼ vϕ ∼ Λint ¼ λΛ; n ¼ 1; 2: ð2:8Þ

where the model cutoff Λ can be interpreted as the scale of the UV completion of the model, e.g., the masses of
Froggatt-Nielsen messenger fields.
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B. The gauge sector

Using β ¼ −1=
ffiffiffi
3

p
, the gauge bosons related with

SUð3ÞL are:

Wμ ¼ Wα
μGα

¼ 1

2

0
BBB@

W3
μ þ 1ffiffi

3
p W8

μ

ffiffiffi
2

p
Wþ

μ

ffiffiffi
2

p
K0

μffiffiffi
2

p
W−

μ −W3
μ þW8

μ

ffiffiffi
2

p
K−

μffiffiffi
2

p
K̄0

μ

ffiffiffi
2

p
Kþ

μ − 2ffiffi
3

p W8
μ

1
CCCA ð2:9Þ

where Gα (α ¼ 1; � � � ; 8) are the Gell-Mann matrices. The
representation of the gauge field related to the Uð1ÞX gauge
symmetry has QB ¼ 0 charge and is given by:

Bμ ¼ I3×3Bμ ð2:10Þ

In this model three gauge fields with no electric charge are
combined to form the photon as well as the Z and Z0 gauge
bosons. Moreover, there are two gauge fields with electric

charge �1 (W�) and four non-SM gauge bosons W0�,
K̄0, K0.
The covariant derivative in 3-3-1 models reads:

Dμ ¼ ∂μ þ igWα
μGα þ ig0XΦBμ ð2:11Þ

Replacing Eq. (2.11) in the scalar kinetic interactions
gives rise to the gauge boson mass terms as well as to the
interactions between the scalar and gauge bosons [101]:

LKin¼
X

Φ¼η;ρ;χ

ðDμΦÞ†ðDμΦÞ

¼
X

Φ¼η;ρ;χ

�
ð∂μΦÞ†ðDμΦÞþðDμΦÞ†ð∂μΦÞ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{ð1Þ

− ð∂μΦÞ†ð∂μΦÞ

þΦ†ðgWμþg0XΦBμÞ†ðgWμþg0XΦBμÞΦ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{ð2Þ �

; ð2:12Þ

where the terms denoted as (1) give rise to the interactions
between the Goldstone and massive gauge bosons. On the
other hand, the terms denoted as (2) produce the masses for
the gauge bosons and the interactions between the gauge
bosons and the physical scalar fields. The gauge boson
squared mass matrices read:

M2
charged ¼

0
B@ 1

8
g2v2η þ 1

8
g2v2ρ 0

0 1
8
g2v2ρ þ 1

8
g2v2χ

1
CA ð2:13Þ

M2
neutral ¼

0
BBBBBBBB@

1
4
g2ðv2η þ v2ρÞ g2v2η

4
ffiffi
3

p − g2v2ρ
4
ffiffi
3

p − 1
6
gg0v2η − 1

3
gv2ρg0 0

g2v2η
4
ffiffi
3

p − g2v2ρ
4
ffiffi
3

p 1
12
g2v2η þ 1

12
g2v2ρ þ 1

3
g2v2χ − gg0v2η

6
ffiffi
3

p þ gv2ρg0

3
ffiffi
3

p þ gv2χg0

3
ffiffi
3

p 0

− 1
6
gg0v2η − 1

3
gv2ρg0 − gg0v2η

6
ffiffi
3

p þ gv2ρg0

3
ffiffi
3

p þ gv2χg0

3
ffiffi
3

p 1
9
v2ηðg0Þ2 þ 4

9
v2ρðg0Þ2 þ 1

9
v2χðg0Þ2 0

0 0 0 1
8
g2ðv2η þ v2χÞ

1
CCCCCCCCA

ð2:14Þ

The physical gauge bosons and their masses are shown in Table III:

Ξ1 ¼ 3g2ðv2η þ v2ρ þ v2χÞ þ ðg0Þ2ðv2η þ 4v2ρ þ v2χÞ
Ξ2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3g2ðv2η þ v2ρ þ v2χÞ þ ðg0Þ2ðv2η þ 4v2ρ þ v2χÞÞ2 − 9g2ð3g2 þ 4ðg0Þ2Þðv2ηðv2ρ þ v2χÞ þ v2ρv2χÞ

q

with vη≃173.948GeV, vρ≃173.948GeV, and vχ≃10TeV.
Consequently, for these values we find that the heavy gauge
boson masses are MW0 ≈ 3.2 TeV, MZ0 ≈ 6.3 TeV. Notice
that the obtained value ofMZ0 ≈ 6.3 TeV is consistent with
the lower bound of 4 TeV on the Z0 gauge boson mass
imposed by the experimental data on theK,D and Bmeson
mixings [96].

In what follows we briefly comment about the LHC
signals of a Z0 gauge boson. The heavy Z0 gauge boson is
mainly produced via Drell-Yan mechanism and its corre-
sponding production cross section has been found to range
from 85 fb up to 10 fb for Z0 gauge boson masses between
4 TeV and 5 TeV and LHC center of mass energy

ffiffiffi
S

p ¼
13 TeV [102]. Such Z0 gauge boson after being produced

TABLE III. Physical gauge bosons and their masses.

Gauge boson Square mass

W� 1
4
g2ðv2η þ v2ρÞ

W0� 1
4
g2ðv2χ þ v2ρÞ

γ 0
Z 1

9
ðΞ1 − Ξ2Þ

Z0 1
9
ðΞ1 þ Ξ2Þ

K0, K̄0 g2

8
ðv2χ þ v2ηÞ
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will decay into pair of SM particles, with dominant decay
mode into quark-antiquark pairs as shown in detail in
Refs. [9,103]. Comprehensive studies of the two body
decays of the Z0 gauge boson in 3-3-1 models are performed
in Refs. [9,103], where it has been shown that the branching
ratios of the Z0 decays into a lepton pair are of the order of
10−2, thus yielding a total LHCcross section of about 1 fb for
the pp → Z0 → lþl− resonant production at

ffiffiffi
S

p ¼ 13 TeV
and MZ0 ¼ 4 TeV, which is below its corresponding lower
experimental bound resulting from LHC searches [104].
Finally, as pointed out in Ref. [102], at the proposed energy
upgrade of the LHC with

ffiffiffi
S

p ¼ 28 TeV, the LHC produc-
tion cross section for the pp → Z0 → lþl− resonant pro-
duction will be of the order of 10−2, atMZ0 ¼ 4 TeV, which
falls in the order of magnitude of its corresponding exper-
imental lower bound resulting from LHC searches.

C. The low energy scalar potential and
scalar mass spectrum

In our model, the renormalizable low energy scalar
potential reads:

V ¼ −μ2χðχ†χÞ − μ2ηðη†ηÞ − μ2ρðρ†ρÞ þ fðηiχjρkεijk þ H:c:Þ þ λ1ðχ†χÞðχ†χÞ þ λ2ðρ†ρÞðρ†ρÞ þ λ3ðη†ηÞðη†ηÞ
þ λ4ðχ†χÞðρ†ρÞ þ λ5ðχ†χÞðη†ηÞ þ λ6ðρ†ρÞðη†ηÞ þ λ7ðχ†ηÞðη†χÞ þ λ8ðχ†ρÞðρ†χÞ þ λ9ðρ†ηÞðη†ρÞ; ð2:15Þ

being χ, ρ, and η, the SUð3ÞL scalar triplets.
The following relations arise from the global minimal conditions of the low energy scalar potential:

μ2χ ¼ −
fvηvρffiffiffi
2

p
vχ

þ 1

2
λ5v2η þ

1

2
λ4v2ρ þ λ1v2χ ; ð2:16Þ

μ2ρ ¼ −
fvηvχffiffiffi
2

p
vρ

þ 1

2
λ6v2η þ λ2v2ρ2 þ

1

2
λ4v2χ ; ð2:17Þ

μ2η ¼ −
fvρvχffiffiffi
2

p
vη

þ λ3v2η þ
1

2
λ6v2ρ þ

1

2
λ5v2χ ; ð2:18Þ

From the scalar potential we find that the squared scalar mass matrices are

M2
ζζ ¼

0
BBBBB@

fvηvρffiffi
2

p
vχ

fvηffiffi
2

p fvρffiffi
2

p

fvηffiffi
2

p fvηvχffiffi
2

p
vρ

fvχffiffi
2

p

fvρffiffi
2

p fvχffiffi
2

p fvρvχffiffi
2

p
vη

1
CCCCCA; M2

ξξ ¼

0
BBBBB@

2λ1v2χ þ fvηvρffiffi
2

p
vχ

λ4vρvχ −
fvηffiffi
2

p λ5vηvχ −
fvρffiffi
2

p

λ4vρvχ −
fvηffiffi
2

p 2λ2v2ρ þ fvηvχffiffi
2

p
vρ

λ6vηvρ −
fvχffiffi
2

p

λ5vηvχ −
fvρffiffi
2

p λ6vηvρ −
fvχffiffi
2

p 2λ3v2η þ fvρvχffiffi
2

p
vη
;

1
CCCCCA;

M2
χ0
1
η0
3

¼ M2
χ̄0
1
η̄0
3

¼

0
B@ λ7v2η þ

ffiffi
2

p
fvρvη
vχ

ffiffiffi
2

p
fvρ þ λ7vηvχffiffiffi

2
p

fvρ þ λ7vηvχ λ7v2χ þ
ffiffi
2

p
fvρvχ
vη

1
CA; M2

η�
2
ρ�
1

¼

0
B@ λ9v2ρ þ

ffiffi
2

p
fvχvρ
vη

λ9vηvρ þ
ffiffiffi
2

p
fvχ

λ9vηvρ þ
ffiffiffi
2

p
fvχ λ9v2η þ

ffiffi
2

p
fvχvη
vρ

1
CA;

M2
χ�
2
ρ�
3

¼

0
BB@ λ8v2ρ þ

ffiffi
2

p
fvηvρ
vχ

ffiffiffi
2

p
fvη þ λ8vρvχffiffiffi

2
p

fvη þ λ8vρvχ λ8v2χ þ
ffiffi
2

p
fvηvχ
vρ

1
CCA: ð2:19Þ

The resulting physical scalars and their masses are given in Table IV.

TABLE IV. Physical scalar fields with their masses.

Scalars Masses

G0
1 ¼ −Sαζχ þ Cαζη M2

G0
1

¼ 0

A0 ¼ Cβζρ þ Sβζη MA0 ¼ fffiffi
2

p vχðvρvη þ
vη
vρ
Þ

G0
2 ¼ −Cγζχ þ Sγζρ M2

G0
2

¼ 0

H0
1 ¼ ξχ M2

H0
1

¼ λ1v2χ

h0 ¼ Cδξρ − Sδξη M2
h0 ¼ λ3v2η þ λ2v2ρ

H0
2 ¼ Sδξρ þ Cδξη M2

H0
2

¼ fvχffiffi
2

p ðv2ηþv2ρ
vηvρ

Þ
G0

3 ¼ −Cαχ
0
1 þ Sαη03 M2

G0
3

¼ 0

Ḡ0
3 ¼ −Cαχ̄

0
1 þ Sαη̄03 M2

Ḡ0
3

¼ 0

H0
3 ¼ Sαχ01 þ Cαη

0
3 M2

H0
3

¼ ð ffiffi
2

p
fvρþλ7vηvχÞðv2ηþv2χÞ

vηvχ

H̄0
3 ¼ Sαχ̄01 þ Cαη̄

0
3 M2

H̄0
3

¼ M2
H0

3

G�
4 ¼ −Cγχ

�
2 þ Sγρ�3 M2

G�
4

¼ 0

H�
4 ¼ Sγχ�2 þ Cγρ

�
3 M2

H�
4

¼ ð ffiffi
2

p
fvηþλ8vρvχÞðv2ρþv2χÞ

vρvχ

G�
5 ¼ −Cβη

�
2 þ Sβρ�1 M2

G�
5

¼ 0

H�
5 ¼ Sβη�2 þ Cβρ

�
1 M2

H�
5

¼ ð ffiffi
2

p
fvχþλ9vηvρÞðv2ηþv2ρÞ

vηvρ
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tanðαÞ ¼ vη
vχ

tanðβÞ ¼ vρ
vη

tanðγÞ ¼ vρ
vχ

tanðδÞ ¼
2ðvηλ6vρ − fvχffiffi

2
p Þ

fvηvχffiffi
2

p
vρ
− fvρvχffiffi

2
p

vη
− 2v2ηλ3 þ 2λ2v2ρ

The field composition of the low energy physical
scalar spectrum of our model is given by one light neutral
scalar h0 identified with the SM-like 125.09 GeV
Higgs boson found at the LHC, five neutral heavy Higgs
bosons ðH0

1; H
0
2; H

0
3; H̄

0
3; A

0Þ and four charged Higgs
bosons ðH�

4 ; H
�
5 Þ. It’s worth mentioning that the neutral

Goldstone bosons G0
1, G

0
2, G

0
3 and Ḡ0

3 are related to the
longitudinal components of the Z, Z0, K0 and K̄0 just like
the charged Goldstone bosonsG�

1 andG�
2 are related to the

longitudinal components of theW� andW0� gauge bosons.
The 125 GeV mass value for the SM-like Higgs boson

can be reproduced for the following benchmark point:

vχ ≃ 10 TeV; vη ∼ vρ ≃ 174 GeV; f ≃ 1000 GeV;

λ1 ≃ 0.016; λ2 ∼ λ3 ≃ 0.26; λ4 ∼ λ5 ∼ λ7 ≃ 1;

λ6 ≃ 10; λ8 ≃ 0.01: ð2:20Þ

where in this scenario, the trilinear parameter f
has to be fixed at 1000 GeV to get MA0 ≃ 5318.3 GeV
and MH� ≃ 5503.95 GeV.

III. QUARK MASSES AND MIXINGS

From the Yukawa interactions of the quark sector given
by Eq. (2.5), we find that the SM quark mass matrices read:

MU ¼ vffiffiffi
2

p

0
BB@

c1λ8 0 a1λ4

0 b2λ4 0

0 0 a2

1
CCA;

MD ¼ vffiffiffi
2

p

0
BB@

g1λ7 g4λ6 0

0 g2λ5 2g2λ5

0 0 g3λ3

1
CCA; ð3:1Þ

where λ ¼ 0.225 and v ¼ 246 GeV. In order to get quark
mixing angles and a CP violating phase consistent with the
experimental data, we assume that all dimensionless
parameters given in Eq. (3.1) are real, except for a1, taken
to be complex.

The exotic quark masses are

mt0 ¼ yðt0Þ
vχffiffiffi
2

p ; mj1 ¼ yðjÞ1

vχffiffiffi
2

p ¼ yðjÞ1

yðt0Þ
mt0 ;

mj2 ¼ yðjÞ2

vχffiffiffi
2

p ¼ yðjÞ2

yðt0Þ
mt0 : ð3:2Þ

The experimental values of the physical quark mass
spectrum [105,106], mixing angles and Jarlskog invariant
[107] are consistent with their experimental data, as shown
in Table V, starting from the following benchmark point:

c1 ≃ 1.2525; ja1j ≃ 1.48406; argða1Þ ≃ 68°;

a2 ≃ 0.989375; b2 ≃ 1.41504;

g1 ≃ 0.579397; g2 ≃ 0.57; g3 ≃ 1.40209;

g4 ≃ 0.583: ð3:3Þ

The result given in Eq. (3.3) motivates to consider the
simplified benchmark scenario:

c1 ≃ 1.2525; ja1j ≃ 1.48406; argða1Þ ≃ 68°;

a2 ≃ 0.989375;

g1 ≃ g2 ≃ g4 ≃ 0.579397; b2 ≃ g3 ≃ 1.41504: ð3:4Þ

Notice that a successful fit of the ten physical observables
in the quark sector can be obtained in the above described
scenarios where the first [Eq. (3.3)] and the second one
[Eq. (3.4)] only have 9 and 6 effective free parameters,
respectively. It is worth mentioning that in the general
scenario of 9 effective free parameters, such parameters fit
the CKM quark mixing matrix as well as 5 of the 6 quark
masses, whereas the remaining quark mass is predicted. In
the concerning to the scenario of 6 effective free para-
meters, the quark mixing angle θ13, the quark CP violating
phase δ and 2 quark masses are adjusted, whereas the

TABLE V. Model and experimental values of the quark masses
and CKM parameters.

Observable

Model
value with
Eq. (3.3)

Model
value with
Eq. (3.4)

Experimental
value

muðMeVÞ 1.44999 1.44999 1.45þ0.56
−0.45

mcðMeVÞ 635 635 635� 86
mtðGeVÞ 172.101 172.101 172.1� 0.6� 0.9
mdðMeVÞ 2.89988 2.90313 2.9þ0.5

−0.4
msðMeVÞ 59.1145 60.021 57.7þ16.8

−15.7
mbðGeVÞ 2.79418 2.82003 2.82þ0.09

−0.04
sin θ12 0.225402 0.220611 0.225
sin θ23 0.0412799 0.0415761 0.0412
sin θ13 0.00386484 0.0038648 0.00351
δq 68.021° 68.0198° 68°
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remaining quark mixing angles θ12, θ23 and 4 quark masses
are predicted.
Thus, the symmetries of our model give rise to quark

mass matrix textures that successfully explain the SM
quark mass spectrum and mixing parameters, with quark
sector effective free parameters of order unity.
In addition to the benchmark points of Eqs. (3.3) and

(3.4), correlation plots in Fig. 1 have been obtained to
analyze the behavior of some of the quark observables,
such as the CP violating phase δCP as a function of the
quark mixing parameters sin θ13 and sin θ23.
These plots were generated by varying the quark sector

parameters in Eq. (3.3) in a range of values that satisfies the
3σ experimental allowed values in the quark sector and
0.224 < sin θ12 < 0.226. The plots show that the CP-
violating phase is predicted to be in range 68.007°≲ δCP ≲
68.032° for the allowed parameter space. Figure 1(a) shows
that 0.0036≲ sin θ13 ≲ 0.0040 and as sin θ13 grows up δCP
goes down.On the other hand, Fig. 1(b) shows that 0.0377≲
sin θ23 ≲ 0.0434 and δCP is directly proportional to sin θ23.
Finally to close this section we briefly comment about the

LHC signatures of exotic t0, j1 and j2 quarks in our model.
Such exotic quarks will mainly decay into a top quark and
either neutral or charged scalar and can be pair produced at
the LHC via Drell-Yan and gluon fusion processesmediated
by charged gauge bosons and gluons, respectively. A
detailed study of the collider phenomenology of the model
is beyond the scope of this paper and is left for future studies.

IV. LEPTON MASSES AND MIXINGS

From Eq. (2.6), and using the product rules of the S4
group given in Appendix A, we find that the charged lepton
mass matrix is given by:

Ml ¼
vffiffiffi
2

p

0
BB@

x1λ9 x4λ5 x5λ3

0 x2λ5 x6λ4

0 0 x3λ3

1
CCA: ð4:1Þ

Regarding the neutrino sector, from Eq. (2.6), we find the
following neutrino mass terms:

−LðνÞ
mass ¼ 1

2

�
νCL νR NR

�
Mν

0
B@ νL

νCR
NC

R

1
CAþ H:c:; ð4:2Þ

where the neutrino mass matrix is given by:

Mν ¼

0
BB@

03×3 M1 M2

MT
1 03×3 M3

MT
2 MT

3 03×3

1
CCA; ð4:3Þ

and the submatrices take the form:

M1 ¼
hρvρvζ
2Λ

0
BB@

0 a 0

−a 0 b

0 −b 0

1
CCA;

M2 ¼ hðLÞη
vηvΣffiffiffi
6

p
Λ

0
BB@

x y −y
−x ω2y −ωy
x ωy −ω2y

1
CCA;

M3 ¼ hðLÞχ
vχvΣffiffiffi
6

p
Λ

0
BB@

r z −z
−r ω2z −ωz
r ωz −ω2z

1
CCA; ω¼ e

2πi
3 : ð4:4Þ

The light active neutrinomasses arise froma linear seesaw
mechanism and the physical neutrino mass matrices are

Mð1Þ
ν ¼ −½M2M−1

3 MT
1 þM1ðMT

3 Þ−1MT
2 �; ð4:5Þ

Mð2Þ
ν ¼−

1

2
ðM3þMT

3 Þ−
1

2
½MT

1M1ðMT
3 Þ−1þðM3Þ−1MT

1M1�;
ð4:6Þ

(a) (b)

FIG. 1. Correlations between the quark CP-violating phase δCP and the quark mixing parameters sin θ13, sin θ23.
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Mð3Þ
ν ¼ 1

2
ðM3þMT

3 Þþ
1

2
½MT

1M1ðMT
3 Þ−1þðM3Þ−1MT

1M1�;
ð4:7Þ

where Mð1Þ
ν corresponds to the active neutrino mass matrix

whereasMð2Þ
ν andMð3Þ

ν are the sterile neutrinomassmatrices.
The physical neutrino spectrum is composed of 3 light active
neutrinos and 6 nearly degenerate sterile exotic pseudo-
Dirac neutrinos. Furthermore, from Eqs. (2.6) and (2.8) and
considering vχ ∼Oð10Þ TeV, vη ∼ vρ ∼Oð100Þ GeV and
the Yukawa couplings of order unity, we find that the light
active neutrino mass scale ∼50 meV is estimated as
mν ∼

vηvρvζ
vχΛ

∼ vηvρ
Λ , which implies for the model cutoff the

estimate Λ ∼Oð1016Þ GeV.
The sterile neutrinos can be produced in pairs at the

LHC, via quark-antiquark annihilation mediated by a heavy
Z0 gauge boson. They can decay into SM particles giving

rise to a SM charged lepton and a W gauge boson in the
final state. Thus, observing an excess of events with respect
to the SM background in the opposite sign dileptons final
states can be a signal in support of this model at the LHC.
Studies of inverse seesaw neutrino signatures at colliders as
well as the production of heavy neutrinos at the LHC are
carried out in Refs. [108–122]. A detailed study of the
implications of our model at colliders goes beyond the
scope of this paper and is deferred for a future work.
The light active neutrino mass matrix is given by:

Mð1Þ
ν ¼

0
BB@

2A Beiφ−2A A−Beiφ

Beiφ−2A 2ðA−BeiφÞ 2Beiφ−A

A−Beiφ 2Beiφ−A −2Beiφ

1
CCA: ð4:8Þ

and the light active neutrino masses are

m1¼ 0;

m2¼
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5A2−2

ffiffiffi
6

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A4−3A3BcosðφÞþA2B2 cosð2φÞþ3A2B2−3AB3 cosðφÞþB4

q
−7ABcosðφÞþ5B2

r
;

m3¼
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5A2þ2

ffiffiffi
6

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A4−3A3BcosðφÞþA2B2 cosð2φÞþ3A2B2−3AB3 cosðφÞþB4

q
−7ABcosðφÞþ5B2

r
; ð4:9Þ

which implies that the experimental values of the neutrino
mass squared splittings can be very well reproduced for the
following benchmark point:

A ¼ B ¼ 0.00949663eV; φ ¼ 65.8796°: ð4:10Þ

The corresponding PMNS leptonic mixing matrix is
defined as U ¼ R†

l Rν, and from the standard parametriza-
tion of U, it follows that the lepton mixing parameters are
given by:

sin2ðθ13Þ ¼ jU13j2; sin2ðθ12Þ ¼
jU12j2

1 − jU13j2
;

sin2ðθ23Þ ¼
jU23j2

1 − jU13j2
:

It is worth mentioning that due to the complexity of the
expression for the PMNS matrix, the analytic form cannot
be shown.
Furthermore, the Jarlskog invariant JCP is determined

from the relation:

JCP ¼ ImðU�
11U

�
23U13U21Þ; ð4:11Þ

whereas the leptonic Dirac CP violating phase δCP can be
extracted from the equivalent definition of JCP [123] in the
standard parametrization:

JCP¼
1

8
sinð2θ12Þsinð2θ23Þsinð2θ13Þcosðθ13ÞδCP: ð4:12Þ

The charged lepton masses, leptonic mixing parameters
and CP-phase can be very well reproduced for the scenario
of normal neutrino mass ordering in terms of natural
parameters of order one, as shown in Table VI, starting
from the following benchmark point:

x1 ¼−0.85677−2.19346i; x2¼−2.84582−1.22066i;

x3 ¼−0.235108−0.00451549i;

x4 ¼ 0.979847þ2.04567i; x5 ¼ 0.220533þ0.440278i;

x6 ¼−2.69931−1.24421i: ð4:13Þ

As indicated by Table VI, our model is consistent with the
experimental data on lepton masses and mixings. Notice
that the ranges for the experimental values in Table VI were
taken from [124] for the case of normal hierarchy. Note that
we only consider the case of normal hierarchy since it is
favored over more than 3σ than the inverted neutrino mass
ordering.
Figure 2 shows the correlations of the leptonic DiracCP-

violating phase δCP with the solar sin2 θ12 and with the
reactor sin2 θ13 mixing parameters as well as the correla-
tions between the leptonic mixing parameters. To obtain
these figures, the lepton sector parameters were randomly
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generated in a range of values where the neutrino mass
squared splittings, leptonic mixing parameters and leptonic
Dirac CP violating phase are inside the 3σ experimentally
allowed range. We found a leptonic Dirac CP violating

phase in the range 247.5°≲ δCP ≲ 250.2°, whereas
the leptonic mixing parameters are obtained to be in the
ranges 0.316≲ sin2θ12≲0.324, 0.5462≲ sin2θ23 ≲ 0.5476
and 0.0208≲ sin2 θ13 ≲ 0.0224.

TABLE VI. Model and experimental values for the physical observables of the neutrino sector: neutrino mass squared splittings,
leptonic mixing angles and the leptonic CP phase for the scenario of normal ordering.

Experimental value

Observable Model Value 1σ range 2σ range 3σ range

me [MeV] 0.487 0.487 0.487 0.487
mμ [MeV] 102.8 102.8� 0.0003 102.8� 0.0006 102.8� 0.0009

mτ [GeV] 1.75 1.75� 0.0003 1.75� 0.0006 1.75� 0.0009

Δm2
21 ½10−5 eV2� 7.55 7.55þ0.20

−0.16 7.20–7.94 7.05–8.14
Δm2

31 ½10−3 eV2� 2.50 2.50� 0.03 2.44–2.57 2.41–2.60
sin2ðθ12Þ=10−1 3.20 3.20þ0.20

−0.16 2.89–3.59 2.73–3.79
sin2ðθ23Þ=10−1 5.47 5.47þ0.20

−0.30 4.67–5.83 4.45–5.99
sin2ðθ13Þ=10−2 2.160 2.160þ0.083

−0.069 2.03–2.34 1.96–2.41
δCP 248.78° 218þ38°

−27°
182°–315° 157°–349°

0.316 0.318 0.320

(a) (b)

(c) (d)

0.322 0.324

247.5

248.0

248.5

249.0

249.5

250.0

sin2
12

C
P
[°

]

0.0210 0.0215 0.0220

247.5

248.0

248.5

249.0

249.5

250.0

sin2
13

C
P
[°

]

0.0210 0.0215 0.0220

0.316

0.318

0.320

0.322

0.324

sin2
13

si
n2

12

0.0210 0.0215 0.0220

0.5465

0.5470

0.5475

sin2
13

si
n2

23

FIG. 2. Correlations between the different lepton sector observables.

A. E. CÁRCAMO HERNÁNDEZ et al. PHYS. REV. D 100, 095025 (2019)

095025-10



V. HIGGS DIPHOTON DECAY RATE
CONSTRAINTS

The decay rate expression for the h → γγ process is
given by [125–132]:

Γðh → γγÞ ¼ α2emm3
h

256π3v2

����X
f

ahffNCQ2
fF1=2ðρfÞ

þ ahWWF1ðρWÞ þ ahW0W0F1ðρW0 Þ

þ λhH�H∓v
2m2

H�
F0ðρH�Þ

����2; ð5:1Þ

where

ahWW ¼ sinðβ − δÞ; ð5:2Þ

ahW0W0 ¼ cos δ sin γ; ð5:3Þ

ahtt ¼ −
sin δ
sin β

; ð5:4Þ

λhH�H� ¼ 2ð−λ5 sinðδÞsin2ðγÞνη
þ λ6ð− sinðδÞÞcos2ðγÞνη þ cosðδÞðνρ ð5:5Þ

þ ððλ4 þ λ8Þsin2ðγÞ þ 2λ2cos2ðγÞÞ
þ λ8 sinðγÞ cosðγÞνχÞÞ: ð5:6Þ

Here ρi are the mass ratios ρi¼ m2
h

4M2
i
with Mi¼mf;

MW;MW0 ; αem is the fine structure constant; NC is the
color factor (NC ¼ 1 for leptons and NC ¼ 3 for quarks);
and Qf is the electric charge of the fermion in the loop.
From the fermion-loop contributions we only consider the
dominant top quark term.
Furthermore, F1=2ðzÞ and F1ðzÞ are the dimensionless

loop factors for spin-1=2 and spin-1 particles running in the
internal lines of the loops. These loop factors take the form:

F1=2ðzÞ ¼ 2ðzþ ðz − 1ÞfðzÞÞz−2; ð5:7Þ

F1ðzÞ ¼ −2ð2z2 þ 3zþ 3ð2z − 1ÞfðzÞÞz−2; ð5:8Þ

F0ðzÞ ¼ −ðz − fðzÞÞz−2; ð5:9Þ

with

fðzÞ¼
8<
:
arcsin2

ffiffiffi
2

p
for z≤ 1

−1
4

	
ln

	
1þ

ffiffiffiffiffiffiffiffiffi
1−z−1

p
1−

ffiffiffiffiffiffiffiffiffi
1−z−1

p
−iπ



2



for z> 1
ð5:10Þ

In order to get the constraints on the model parameter
space arising from the decay of the 126 GeV Higgs into a
photon pair, the observable Rγγ is introduced:

Rγγ ¼
σðpp → hÞΓðh → γγÞ

σðpp → hÞSMΓðh → γγÞSM
≃ a2htt

Γðh → γγÞ
Γðh → γγÞSM

:

ð5:11Þ

That observable, which is called the Higgs diphoton signal
strength, normalizes the γγ signal predicted by our model in
relation to the one given by the SM. We have used the same
normalization as in Refs. [77,132–138]. The ratio Rγγ has
been measured by CMS and ATLAS collaborations with
the best fit signals [139,140]:

RCMS
γγ ¼ 1.14þ0.26

−0.23 and RATLAS
γγ ¼ 1.17� 0.27: ð5:12Þ

The best fit result for the ratio Rγγ is

Rγγ ¼ 1.0267: ð5:13Þ

This value was obtained using the best fit results shown in
Table VII and is consistent with the current Higgs diphoton
decay rate constraints. Correlations plots have been
obtained to observe the behavior of the Rγγ parameter as
function of the scalar masses and W0 gauge boson mass.
They are shown in Fig. 3.
These plots were generated using random points in a

space in the neighborhood of the best fit values for f, vχ ,
and λ8. Figure 3(a) shows that the parameter Rγγ is strongly
restricted by the CP-odd Higgs mass MA0 , since the range
of allowed values for Rγγ decreases when the CP odd scalar
mass MA0 is increased. The Higgs diphoton signal strength
Rγγ features a similar behavior with the charged scalar mass
MH� , as indicated by Fig. 3(b). Notice that despite the CP
odd neutral scalar A0 does not contribute to the Higgs
diphoton decay rate, the Higgs diphoton signal strength
indirectly depends on MA0 since the parameters δ, γ, and
λhH�H� (that enter in the Higgs diphoton decay rate) as well
as the CP-odd Higgs mass MA0 are functions of vχ . In
addition, we have found that the Higgs diphoton signal
strength decreases when the W0 mass is increased,
approaching to 1 when MW0 ≳ 10 TeV, as indicated by
Fig. 3(c). Furthermore, Figs. 3(a), 3(b), and 3(c) show that
our model favors values for the Higgs diphoton decay rate

TABLE VII. Parameters with νη ¼ 173.948 GeV, νρ ¼
173.948 GeV and νχ ¼ 10 TeV.

Parameters Model value

Mh0 125.09 GeV
MH0 5319.77 GeV
MA0 5318.3 GeV
MH� 5503.95 GeV
ahW−Wþ 1.0
ahW0W0 0.0122981
ahtt 1.0
λhH�H� 2525.45 GeV

FERMION MASSES AND MIXINGS AND SOME … PHYS. REV. D 100, 095025 (2019)

095025-11



larger than the SM expectation. In addition, Fig. 4 shows
that the Higgs diphoton decay rate constraints are fulfilled
when MH� ≳MA0 . Finally, our obtained results for the
Higgs diphoton signal strength indicate that the Higgs
diphoton decay is a smoking gun signature of our model,
whose more precise measurement will be crucial to assess
its viability.

VI. HEAVY SCALAR PRODUCTION
AT PROTON-PROTON COLLIDER

In this section we discuss the singly heavy scalar
H1 production at proton-proton collider. It is worth
mentioning that the production mechanism at the LHC
of the heavy scalar H1 is via gluon fusion, which is a one
loop process mediated by the heavy exotic t0, j1, and j2
quarks. Consequently, the total H1 production cross
section in proton collisions with center of mass energyffiffiffi
S

p
is given by:

σpp→gg→H1
ðSÞ

¼ α2Sm
2
H1

64πv2χS

�
I

	
m2

H1

m2
t0



þ I

	
m2

H1

m2
j1



þ I

	
m2

H1

m2
j2


�

×
Z

− ln

ffiffiffiffiffiffi
m2
H1
S

q
ln

ffiffiffiffiffiffi
m2
H1
S

q fp=g

0
B@

ffiffiffiffiffiffiffiffiffi
m2

H1

S

s
ey;μ2

1
CA

× fp=g

0
B@

ffiffiffiffiffiffiffiffiffi
m2

H1

S

s
e−y;μ2

1
CAdy; ð6:1Þ

FIG. 4. Correlation plot of the CP-odd Higgs mass and the
charged Higgs mass.

(a) (b)

(c)

FIG. 3. Correlations of the Rγγ parameter with the masses of the CP-odd scalar, charged scalars, and W0 gauge boson.
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where fp=gðx1; μ2Þ and fp=gðx2; μ2Þ are the distributions of
gluons in the proton which carry momentum fractions x1
and x2 of the proton, respectively. Furthermore μ ¼ mH1

is
the factorization scale and IðzÞ is given by:

IðzÞ ¼
Z

1

0

dx
Z

1−x

0

dy
1 − 4xy
1 − zxy

: ð6:2Þ

Figure 5 displays theH1 total production cross section at
the LHC via gluon fusion mechanism for

ffiffiffi
S

p ¼ 13 TeV, as
a function of the SUð3ÞL × Uð1ÞX symmetry breaking scale
vχ , which is taken to range from 10 TeV up to 15 TeV,
which corresponds to a heavy scalar mass mH1

varying
between 1.3 TeVand 1.9 TeV. In addition, the exotic quark
Yukawa couplings have been taken equal to unity and the
scenario described by Eq. (2.20) has been considered in our
numerical analysis. Notice that the SUð3ÞL ×Uð1ÞX

symmetry breaking scale has been taken larger than
10 TeV, which corresponds to a Z0 gauge boson heavier
than 4 TeV, in order to comply with the experimental data
on K, D, and B meson mixings [96]. For such region of H1

masses, we find that the total production cross section is
found to be 0.28 − 0.02 fb. However, at the proposed
energy upgrade of the LHC with

ffiffiffi
S

p ¼ 28 TeV, the H1

production cross section is enlarged, reaching values of
2.9 − 0.4 fb in the same mass region as indicated by Fig. 6.
Such small values for the H1 production cross section at a
proton-proton collider with

ffiffiffi
S

p ¼ 13 TeV and
ffiffiffi
S

p ¼
28 TeV are small to give rise to a signal for the relevant
region of parameter space. However at a

ffiffiffi
S

p ¼ 100 TeV
proton-proton collider, there is a significant enhancement
of the H1 production cross section, which takes values of
51 − 10 fb for 1.3 TeV≲mH1

≲ 1.9 TeV, as shown in
Fig. 7. Finally, it is worth mentioning that one can safely
assume that the heavy H1 scalar after being produced will
mainly decay into a pair of SM Higgs bosons, since it is the
lightest non-SM scalar, as follows from Eq. (2.20) and
Table IV. Consequently, an enhancement of the SM Higgs
pair production with respect to the SM expectation, will be
a smoking gun signature of this model, whose observation
will be crucial to assess its viability.

VII. CONCLUSIONS

We have constructed a multiscalar singlet extension of
the 3-3-1 model with three right handed Majorana neu-
trinos, consistent with the observed SM fermion mass and
mixing pattern. The model incorporates the S4 family
symmetry, which is combined with other auxiliary sym-
metries, thus allowing a viable description of the current
SM fermion mass and mixing pattern, which is generated
by the spontaneous breaking of the discrete group. The
small masses of the light active neutrinos are produced by a

FIG. 5. Total cross section for the H1 production via gluon
fusion mechanism at the LHC for

ffiffiffi
S

p ¼ 13 TeV and as a
function of the SUð3ÞL × Uð1ÞX symmetry breaking scale vχ
for the scenario described in Eq. (2.20).

FIG. 7. Total cross section for the H1 production via gluon
fusion mechanism at a

ffiffiffi
S

p ¼ 100 TeV proton-proton collider as
a function of the SUð3ÞL × Uð1ÞX symmetry breaking scale vχ
for the scenario described in Eq. (2.20).

FIG. 6. Total cross section for the H1 production via gluon
fusion mechanism at the proposed energy upgrade of the LHC
with

ffiffiffi
S

p ¼ 28 TeV as a function of the SUð3ÞL ×Uð1ÞX
symmetry breaking scale vχ for the scenario described in
Eq. (2.20).
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linear seesaw mechanism mediated by three Majorana
neutrinos. The model provides a successful fit of the
physical observables of both quark and lepton sectors.
Our model is predictive in the SM quark sector, since it
only has 9 effective parameters that allow a successful fit of
its 10 observables, i.e., the 6 SM quark masses, the 3 quark
mixing parameters and the CP violating phase. In addition,
we have found that the SM quark sector of our model has a
particular scenario, which is inspired by naturalness argu-
ments and has only 6 effective parameters that allows to
successfully reproduce the experimental values of the ten
SM quark sector observables. Furthermore, we have also
shown that the proposed model successfully accommodates
the current Higgs diphoton decay rate constraints provided
that the charged Higgs bosons are a bit heavier than the CP
odd neutral Higgs boson A0. In addition, we have found
that it favors a Higgs diphoton decay rate larger than the
SM expectation. Finally, we have also discussed the single
production
of the heavy scalar H1 associated with the spontaneous
breaking of the SUð3ÞC ×Uð1ÞX symmetry, at a proton-
proton collider, via gluon fusion mechanism. We have
considered the cases where the center of mass energy
takes the values of

ffiffiffi
S

p ¼ 13 TeV,
ffiffiffi
S

p ¼ 28 TeV, andffiffiffi
S

p ¼ 100 TeV. For the first two cases corresponding to

the current LHC center of mass energy and the proposed
energy upgrade of the LHC, respectively, we have found
that the H1 production cross sections are small to give rise
to a signal for the relevant region of parameter space.
However, in a future

ffiffiffi
S

p ¼ 100 TeV proton-proton col-
lider, the H1 production cross section is significantly
enhanced reaching values between 51 fb and 10 fb, for
the mass range 1.3 TeV≲mH1

≲ 1.9 TeV.
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APPENDIX A: THE S4 DISCRETE GROUP

The S4 is the smallest non-Abelian group having
doublet, triplet, and singlet irreducible representations.
S4 is the group of permutations of four objects, which
includes five irreducible representations, i.e., 1; 10; 2; 3; 30
fulfilling the following tensor product rules [141]:

3 ⊗ 3 ¼ 1 ⊕ 2 ⊕ 3 ⊕ 30; 30 ⊗ 30 ¼ 1 ⊕ 2 ⊕ 3 ⊕ 30; 3 ⊗ 30 ¼ 10 ⊕ 2 ⊕ 3 ⊕ 30; ðA1Þ
2 ⊗ 2 ¼ 1 ⊕ 10 ⊕ 2; 2 ⊗ 3 ¼ 3 ⊕ 30; 2 ⊗ 30 ¼ 30 ⊕ 3; ðA2Þ

3 ⊗ 10 ¼ 30; 30 ⊗ 10 ¼ 3; 2 ⊗ 10 ¼ 2: ðA3Þ
Explicitly, the basis used in this paper corresponds to Ref. [141] and results in

ðAÞ3 × ðBÞ3 ¼ ðA ·BÞ1 þ
	

A · Σ · B

A · Σ� · B



2

þ

0
BB@

fAyBzg
fAzBxg
fAxByg

1
CCA

3

þ

0
BB@

½AyBz�
½AzBx�
½AxBy�

1
CCA

30

; ðA4Þ

ðAÞ30 × ðBÞ30 ¼ ðA ·BÞ1 þ
	

A · Σ · B

A · Σ� ·B



2

þ

0
BB@

fAyBzg
fAzBxg
fAxByg

1
CCA

3

þ

0
BB@

½AyBz�
½AzBx�
½AxBy�

1
CCA

30

; ðA5Þ

ðAÞ3 × ðBÞ30 ¼ ðA · BÞ10 þ
	

A · Σ · B

−A · Σ� ·B



2

þ

0
BB@

fAyBzg
fAzBxg
fAxByg

1
CCA

30

þ

0
BB@

½AyBz�
½AzBx�
½AxBy�

1
CCA

3

; ðA6Þ

ðAÞ2 × ðBÞ2 ¼ fAxByg1 þ ½AxBy�10 þ
	
AyBy

AxBx



2

; ðA7Þ

	
Ax

Ay



2

×

0
B@Bx

By

Bz

1
CA

3

¼

0
BB@

ðAx þ AyÞBx

ðω2Ax þ ωAyÞBy

ðωAx þ ω2AyÞBz

1
CCA

3

þ

0
BB@

ðAx − AyÞBx

ðω2Ax − ωAyÞBy

ðωAx − ω2AyÞBz

1
CCA

30

; ðA8Þ
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Ax

Ay



2

×

0
B@Bx

By

Bz

1
CA

30

¼

0
B@

ðAx þ AyÞBx

ðω2Ax þ ωAyÞBy

ðωAx þ ω2AyÞBz

1
CA

30

þ

0
B@

ðAx − AyÞBx

ðω2Ax − ωAyÞBy

ðωAx − ω2AyÞBz

1
CA

3

; ðA9Þ

with

A · B ¼ AxBx þ AyBy þ AzBz;

fAxByg ¼ AxBy þ AyBx;

½AxBy� ¼ AxBy − AyBx;

A · Σ · B ¼ AxBx þ ωAyBy þ ω2AzBz;

A · Σ� · B ¼ AxBx þ ω2AyBy þ ωAzBz; ðA10Þ

where ω ¼ e2πi=3 is a complex square root of unity.

APPENDIX B: THE SCALAR POTENTIAL
FOR A S4 DOUBLET

The scalar potential for a S4 doublet Δ is given by:

V ¼ −μ2ΔðΔΔ�Þ1 þ κ1ðΔΔ�Þ1ðΔΔ�Þ1 þ κ2ðΔΔ�Þ10 ðΔΔ�Þ10
þ κ3ðΔΔ�Þ2ðΔΔ�Þ2 þ H:c: ðB1Þ

This expression has four free parameters: one bilinear and
three quartic couplings. The μΔ parameter can be written as
a function of the other three parameters by using the scalar
potential minimization condition:

∂hVðΔÞi
∂vΔ ¼ 16κ1v3Δ þ 8κ3v3Δ − vΔμ2Δ ¼ 0: ðB2Þ

Solving the leading equation for μ2Δ yields the following
relation:

μ2Δ ¼ 8ð2κ1 þ κ3Þv2Δ: ðB3Þ

This result indicates that the VEV pattern of the S4
doublet Δ given in Eq. (2.7), is consistent with a global
minimum of the scalar potential of Eq. (B1) for a large
region of parameter space. The previously described
procedure can be used to show that the VEV patterns of
the remaining S4 doublets of the model are also consistent
with the minimization conditions of the scalar potential.

APPENDIX C: THE SCALAR POTENTIAL
FOR A S4 TRIPLET

The scalar potential for a S4 triplet S has six free
parameters: one bilinear and four quartic couplings, as
indicated by the relation:

V ¼ −μ2SðSS�Þ1 þ κ1ðSS�Þ1ðSS�Þ1 þ κ2ðSS�Þ3ðSS�Þ3
þ κ3ðSS�Þ30 ðSS�Þ30 þ κ4ðSS�Þ2ðSS�Þ2 þ H:c: ðC1Þ

Its minimization equation allows us to express the μS
parameter as follows:

∂hVðSÞi
∂vS ¼36κ1v3Sþ48κ2v3Sþ4κ4ð2e2iπ

3 vSþ2e−
2iπ
3 vSþ2vSÞ

×ðe2iπ
3 v2Sþe−

2iπ
3 v2Sþv2SÞ−6μ2SvS

¼0: ðC2Þ

Here we consider the phase ω ¼ e2πi=3 arising in the tensor
product of S4 scalar triplets. Then, we find the following
relation for the μ2S parameter:

μ2S ¼ 2ð3κ1 þ 4κ2Þv2S: ðC3Þ

This shows that the VEV configuration of the S4 triplet S
given in Eq. (2.7), is in accordance with the scalar potential
minimization condition of Eq. (C2). The remaining S4
triplets of the model are also consistent with the minimi-
zation conditions of the scalar potential and this can be
proved by using the same procedure described before.
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