
 

SUð3ÞC × SUð3ÞL × Uð1ÞX model from SUð6Þ
Tianjun Li,1,2,* Junle Pei ,1,2,† Fangzhou Xu,3,‡ and Wenxing Zhang1,2,§
1CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics,

Chinese Academy of Sciences, Beijing 100190, China
2School of Physical Sciences, University of Chinese Academy of Sciences,

No. 19A Yuquan Road, Beijing 100049, China
3Institute of Modern Physics and Center for High Energy Physics, Tsinghua University,

Beijing 100084, China

(Received 10 January 2020; accepted 23 June 2020; published 8 July 2020)

We propose the SUð3ÞC × SUð3ÞL × Uð1ÞX model arising from SUð6Þ breaking. One family of the
Standard Model (SM) fermions arises from two 6̄ representations and one 15 representation of SUð6Þ
gauge symmetry. To break the SUð3ÞC × SUð3ÞL × Uð1ÞX gauge symmetry down to the SM, we introduce
three SUð3ÞL triplet Higgs fields, where two of them come from the 6̄ representation while the other one
from the 15 representation. We study the gauge boson masses and Higgs boson mass in detail, and find that
the vacuum expectation value (VEV) of the Higgs field for SUð3ÞL × Uð1ÞX gauge symmetry breaking is
around 10 TeV. The neutrino masses and mixing can be generated via the littlest inverse seesaw
mechanism. In particular, we have normal hierarchy for neutrino masses and the lightest active neutrino is
massless. Also, we consider constraints from the charged lepton flavor changing decays as well.
Furthermore, introducing two SUð3ÞL adjoint fermions, one SUð3ÞC adjoint scalar, and one SUð3ÞL
triplet scalar, we can achieve gauge coupling unification within 1%. These extra particles can provide a dark
matter candidate as well.
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I. INTRODUCTION

The Standard Model (SM) has made a great achievement
in explaining the experimental result. However, many
significant problems remain to be answered. Two of the
most import issues are the fermion generation and the
Uð1ÞY hypercharge. Since the SM did not explain the origin
of the hypercharge, one may expect that the quantum
number comes from a bigger group, for example, the
grand unified theory (GUT). In the traditional SUð3ÞC ×
SUð3ÞL ×Uð1ÞX (331) model, it successfully explained
why there are three generations by tactfully eliminating
SUð3ÞL gauge anomalies. However, the Uð1ÞX number is
given by hand just like Uð1ÞY in the SM, which is not
satisfying and inspires us to embed the 331 model into a
bigger group to understand the Uð1ÞX number more
naturally. In this paper, we shall propose a 331 model

generated from a SUð6Þ model, where the Uð1ÞX charge is
determined from the SUð6Þ breaking.
In the traditional 331 models [1–21], the left-handed

lepton and one left-handed quark triplet are in the 3̄
antifundamental representation of SUð3ÞL, while two
left-handed quark triplets are in the 3 fundamental repre-
sentation. Thus, we must have three generations of leptons
in order to cancel gauge anomalies. The electric charge
operator could be calculated from the diagonal generators
of SUð3ÞL ×Uð1ÞX as follows

Q ¼ T3 þ βT8 þ X: ð1:1Þ

Previous models can be classified via the β value. For
models with β ¼ 1ffiffi

3
p [9,21–25], there are at least three

scalars [see the following Eq. (2.12)] in Higgs sector in
order to break SUð3ÞL to Uð1ÞEM and generate all the SM
fermion and gauge vector masses at tree level. In these
models, according to Eq. (1.1), Q ¼ �diag½2

3
þ X;− 1

3
þ

X;− 1
3
þ X� (there could be a minus sign for 3̄ multiplets),

all the representations must contain two particles with the
same charge. For Higgs fields which contain two zero-
charged particles, there must be two of them in the same
representation.
For models with β ¼ ffiffiffi

3
p

[9–11], it is obvious that all the
three scalar triplets are all in different representations,
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because Q ¼ �diag½1þ X;X;−1þ X� for particles in
(anti)fundamental representation. Moreover, to generate
all charged fermion masses in the tree level, we need three
scalar triplets and one scalar sextet. Such models also
contain exotic charged particles such as double charged
Higgs and quarks with charge � 5

3
and � 4

3
. In particular,

there exists the Landau pole problem for Uð1ÞX not far
from the TeV scale.
We propose the SUð3ÞC × SUð3ÞL ×Uð1ÞX model,

which can be obtained from the SUð6Þ breaking. Such kind
of models have been studied previously [26,27]. One family
of the SM fermions arises from two 6̄ representations and
one 15 representation of SUð6Þ gauge symmetry. To break
the SUð3ÞC × SUð3ÞL ×Uð1ÞX gauge symmetry down to
the SM gauge symmetry, we introduce three SUð3ÞL triplet
Higgs fields, where two of them arise from 6̄ representation
while the other one from 15 representation. We discuss the
gauge boson masses and Higgs boson mass in details, and
show that the vacuum expectation value (VEV) of the Higgs
field for SUð3ÞL × Uð1ÞX gauge symmetry breaking is
around 10 TeV. We explain the neutrino masses and mixing
via the littlest inverse seesaw mechanism. Especially, the
normal hierarchy for neutrino masses is realized and the
lightest active neutrino is massless. Moreover, we study
constraints from the charged lepton flavor changing decays as
well. Furthermore, introducing twoSUð3ÞL adjoint fermions,
one SUð3ÞC adjoint scalar, and one SUð3ÞL triplet scalar, we
can achieve gauge coupling unification within 1%. These
extra particles can give us a dark matter candidate as well.
The paper is organized as follows. In Sec. II, we present

the models and Yukawa terms. The gauge sector and Higgs
sector are studied in Sec. III and Sec. IV, respectively. We
discuss the neutrino masses and mixing, as well as the
charged lepton flavor changing decays in Sec. V. In Sec. VI,
we consider gauge coupling unification and dark matter
candidate. Our conclusion is in Sec. VII.

II. THE SUð3ÞC × SUð3ÞL × Uð1ÞX MODEL

In our 3-3-1 model, the SUð3ÞC × SUð3ÞL ×Uð1ÞX
gauge group arises from a large SUð6Þ gauge group.
The Uð1ÞX charge operator for the 6 representation of
the SUð6Þ group is

TUð1ÞX ¼ 1

2
ffiffiffi
3

p diag½−1;−1;−1; 1; 1; 1�: ð2:1Þ

The following representations of the SUð6Þ group
can be decomposed into representations of the SUð3ÞC ×
SUð3ÞL ×Uð1ÞX group as below

6 →

�
3; 1;

−1
2

ffiffiffi
3

p
�

⨁
�
1; 3;

1

2
ffiffiffi
3

p
�
; ð2:2Þ

6̄ →

�
3̄; 1;

1

2
ffiffiffi
3

p
�

⨁
�
1; 3̄;

−1
2

ffiffiffi
3

p
�
; ð2:3Þ

15 →

�
3̄; 1;

−1ffiffiffi
3

p
�

⨁
�
1; 3̄;

1ffiffiffi
3

p
�

⨁ ð3; 3; 0Þ: ð2:4Þ

One family of the SM fermions and extra fermions in our
model is

6̄ →

�
1; 3̄;

−1
2

ffiffiffi
3

p
�

⨁
�
3̄; 1;

1

2
ffiffiffi
3

p
�

ð2:5Þ

↪ fi ¼ ðeLi;−νLi; NiÞ ⨁ dcRi; ð2:6Þ

6̄0 →
�
1; 3̄;

−1
2

ffiffiffi
3

p
�

⨁
�
3̄; 1;

1

2
ffiffiffi
3

p
�

ð2:7Þ

↪ f0i ¼ ðe0Li;−ν0Li; N0
iÞ ⨁ Dc

Ri; ð2:8Þ

15 → ð3; 3; 0Þ ⨁
�
1; 3̄;

1ffiffiffi
3

p
�

⨁
�
3̄; 1;

−1ffiffiffi
3

p
�

ð2:9Þ

↪ Fi ¼ ðuLi; dLi; DLiÞ ⨁ Xfci ¼ ðν0cRi; e0cRi; ecRiÞ ⨁ ucRi:

ð2:10Þ

Besides, we have fermions transforming as singlet under
the SUð3ÞC × SUð3ÞL ×Uð1ÞX group, which are Nsi and
N0

si. For all the fermions above, i ¼ 1, 2, 3 stands for
fermion generation.
In SUð6Þ model, two 6̄ antifundamental representations

and one 15 antisymmetric representation of the fermions
are anomaly free. Thus, our model is anomaly free. To be
concrete, we can verify it easily as well. According to
[28,29], first, for Uð1ÞX, we have

X
ψi

Xψi ¼
X
ψi

X3
ψi ¼ 0; ð2:11Þ

which makes Uð1ÞX gauge structure anomaly free. For
gauge structure of SUð3ÞL=SUð3ÞC, since the number of
fermion multiplets in 3 representation equals to the number
of fermion multiplets in 3̄ representation for every gen-
eration, it is also anomaly free.
Our model has 3 scalar multiplets coming from

two 6̄ and one 15 representations of the SUð6Þ group,
which are

15 →

�
1; 3̄;

1ffiffiffi
3

p
�
∶ Tu ¼

1ffiffiffi
2

p

0
B@

vu þ ρ1 þ iσ1ffiffiffi
2

p
χþ1ffiffiffi

2
p

χþ2

1
CA;

hTui ¼
1ffiffiffi
2

p

0
B@

vu
0

0

1
CA; ð2:12Þ
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6̄ →

�
1; 3̄;

−1
2

ffiffiffi
3

p
�
∶ Td ¼

1ffiffiffi
2

p

0
B@

ffiffiffi
2

p
ξ−2

vd þ ρ2 þ iσ2
ρ3 þ iσ3

1
CA;

hTdi ¼
1ffiffiffi
2

p

0
B@

0

vd
0

1
CA; ð2:13Þ

6̄ →

�
1; 3̄;

−1
2

ffiffiffi
3

p
�
∶ T ¼ 1ffiffiffi

2
p

0
B@

ffiffiffi
2

p
ξ−1

ρ4 þ iσ4
vt þ ρ5 þ iσ5

1
CA;

hTi ¼ 1ffiffiffi
2

p

0
B@

0

0

vt

1
CA: ð2:14Þ

We use

tan θ ¼ vu
vd

; ð2:15Þ

k ¼ vt=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2d þ v2u

q
; ð2:16Þ

to parametrize the 3 VEVs, which break the SUð3ÞL ×
Uð1ÞX gauge group down to the Uð1ÞEM gauge group. We
write the Uð1ÞEM charge operator as

Q ¼ c1T8L þ c2T3L þ c3XI: ð2:17Þ
Then the condition, which only neutral states of the scalar
multiplets can get VEVs, gives

c1 ¼
c2ffiffiffi
3

p ¼ 1

2
c3: ð2:18Þ

To make SM particles have the same electric charges as in
the SM, we find

c3 ¼
2ffiffiffi
3

p ; ð2:19Þ

leading to

Q ¼ 1ffiffiffi
3

p T8L þ T3L þ 2ffiffiffi
3

p XI: ð2:20Þ

The Yukawa terms and Majorana mass terms of our
model are

−Lqua ¼ yuijFiucRjTu þ ydijFidcRjTd þ yDijFiDc
RjT þ H:c;

−Llep ¼ yνijfifjTu þ yeijfiXf
c
jTd þ yL

0
ij f

0
iXf

c
jT þ yNijfiT̄Nsj þ yN

0
ij f

0
iT̄N

0
sj þ H:c;

−Lmaj
neu ¼ 1

2
ðNsN0

sÞ
�
Ms Mss0

MT
ss0 M0

s

��
Ns

N0
s

�
þ H:c; ð2:21Þ

whereMs,M0
s andMss0 are 3 × 3matrix. For simplicity, we

do not include all the gauge invariant terms in Eq (2.21).

III. GAUGE BOSONS

We write Waða ¼ 1; 2;…; 8Þ, which is in the adjoint
representation of SUð3ÞL in the form of

WaTa ¼
1

2

2
6664
W3 þ 1ffiffi

3
p W8 W1 − iW2 W4 − iW5

W1 þ iW2 −W3 þ 1ffiffi
3

p W8 W6 − iW7

W4 þ iW5 W6 þ iW7 − 2ffiffi
3

p W8

3
7775:

ð3:1Þ

For the adjoint representation of the SUð3ÞL group, the
electric charge operator is

Q ¼ 1ffiffiffi
3

p T8L þ T3L ¼ 1

3
diag½2;−1; 1�; ð3:2Þ

giving

½Q;WaTa� ¼
1ffiffiffi
2

p

2
6664

0 W1−iW2ffiffi
2

p W4−iW5ffiffi
2

p

−W1þiW2ffiffi
2

p 0 0

−W4þiW5ffiffi
2

p 0 0

3
7775: ð3:3Þ

We thus define W� ≡ W1∓iW2ffiffi
2

p , W0� ≡ W4∓iW5ffiffi
2

p , V ≡ W6−iW7ffiffi
2

p ,

and V� ≡ W6þiW7ffiffi
2

p . W� and W0� are charged, while V is

neutral. Thus, we do not have the double-charged gauge
bosons in our model, which is a significant phenomeno-
logical difference from traditional 331 models.
With

Dμ ¼ ∂μ − igLWa
μTa − igXXBμ; ð3:4Þ

we get
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ðDμhTiÞ†ðDμhTiÞ þ ðDμhTdiÞ†ðDμhTdiÞ þ ðDμhTuiÞ†ðDμhTuiÞ

¼
�
gL
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2d

q �
2

Wþ
μ W−μ þ

�
gL
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2t

q �
2

W0þ
μ W0−μ þ

�
gL
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2d þ v2t

q �
2

VμV�μ þ 1

2
ðBW3W8ÞM2

mix

0
B@

B

W3

W8

1
CA;

ð3:5Þ

M2
mix ¼

8>>>>><
>>>>>:

g2X
12
ð4v2u þ v2d þ v2t Þ −

ffiffi
3

p
gLgX
12

ð2v2u þ v2dÞ − gLgX
12

ð2v2u − v2d þ 2v2t Þ
−

ffiffi
3

p
gLgX
12

ð2v2u þ v2dÞ g2L
4
ðv2u þ v2dÞ g2L

4
ffiffi
3

p ðv2u − v2dÞ
− gLgX

12
ð2v2u − v2d þ 2v2t Þ g2L

4
ffiffi
3

p ðv2u − v2dÞ g2L
12
ðv2u þ v2d þ 4v2t Þ

9>>>>>=
>>>>>;
: ð3:6Þ

And we get

MW ¼ gL
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2d

q
; ð3:7Þ

MW0 ¼ gL
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2t

q
; ð3:8Þ

MV ¼ gL
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2d þ v2t

q
: ð3:9Þ

To make W�, which is the familiar W� gauge boson in the
SM, have the right mass, we have

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2d

q
¼ 246 GeV: ð3:10Þ

Also, by diagonalizing M2
mix, we get

MA ¼ 0; ð3:11Þ

M2
Z ¼ m2

1ð1 −
ffiffiffiffiffiffiffiffiffiffiffi
1 − ρ

p
Þ; ð3:12Þ

M2
Z0 ¼ m2

1ð1þ
ffiffiffiffiffiffiffiffiffiffiffi
1 − ρ

p
Þ; ð3:13Þ

with

m2
1 ¼

1

6

�
g2Lðv2u þ v2d þ v2t Þ þ

g2X
4
ð4v2u þ v2d þ v2t Þ

�
;

ð3:14Þ

ρ ¼ 3g2Lðg2L þ g2XÞðv2t v2u þ v2t v2d þ v2uv2dÞ
ðg2Lðv2u þ v2d þ v2t Þ þ g2X

4
ð4v2u þ v2d þ v2t ÞÞ2

; ð3:15Þ

where A, Z, and Z0 are the eigenstates of the mixing of B,
W3. andW8. A and Z are the photon and the Z gauge boson
in the SM, respectively.

We also find

B ¼ gLffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2L þ g2X

p Aþ � � � ; ð3:16Þ

which means gX ¼ 2gLgYffiffiffiffiffiffiffiffiffiffiffi
3g2L−g

2
Y

p .

With the condition that jkj ≫ 1, we have

MZ ≈
gL

2 cos θW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2d

q
; ð3:17Þ

MZ0 ≈
gLffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 − tan2 θW
p jvtj; ð3:18Þ

and

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2θW −

sin2θW
3

r
Bþ sin θWW3 þ

sin θWffiffiffi
3

p W8;

ð3:19Þ

Z ≈ − sin θW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

tan2 θW
3

r
Bþ cos θWW3

−
sin θW tan θWffiffiffi

3
p W8; ð3:20Þ

Z0 ≈
tan θWffiffiffi

3
p B −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

tan2 θW
3

r
W8; ð3:21Þ

where θW is the Weinberg angle.
According to [30] MZ0 larger than 4.5 TeV, jvtj needs to

be larger than 10 TeV.
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IV. HIGGS SECTOR

The most general Higgs potential in our model is

VHiggs ¼ −m2
1jTj2 −m2

2jTdj2 −m2
3jTuj2 þ l1jTj4 þ l2jTdj4 þ l3jTuj4 þ l13jTj2jTuj2 þ l12jTj2jTdj2 þ l23jTuj2jTdj2

þ l012jT†Tdj2þl013jT†Tuj2 þ l023jT†
uTdj2 þ ðy1T†TdjTj2 þ y2T†TdjTdj2 þ y3T†TdjTuj2 þ H:c:Þ

þ ð−BT†Td þ ATuTdT þ y12T†TdT†Tdþy123T
†
uTdTuT† þ H:c:Þ: ð4:1Þ

Since h∂VHiggs

∂ρi i ¼ 0ði ¼ 1; 2;…; 5Þ, we get 4 independent
relations, which are

m2
1 ¼

l12v2dvt þ 2l1v3t þ
ffiffiffi
2

p
Avdvu þ l13vtv2u

2vt
; ð4:2Þ

m2
2 ¼

l12v2t vd þ 2l2v3d þ
ffiffiffi
2

p
Avtvu þ l23vdv2u

2vd
; ð4:3Þ

m2
3 ¼

l23v2dvu þ 2l3v3u þ
ffiffiffi
2

p
Avtvd þ l13vuv2t

2vu
; ð4:4Þ

B ¼ y1v2t þ y2v2d þ y3v2u
2

: ð4:5Þ

A. Mixing of ξ�1;2; χ
�
1;2

From the Higgs potential VHiggs, we get

VHiggs ∋ ðχþ1 ξþ2 χþ2 ξþ1 ÞM2
cðχ−1 ξ−2 χ−2 ξ−1 ÞT; ð4:6Þ

M2
c ¼

8>>>>>>>><
>>>>>>>>:

− Avdvtffiffi
2

p
vu
þ 1

2
l023v

2
d − Avtffiffi

2
p þ 1

2
l023vdvu

1
2
y123vdvt

1
2
y123vdvu

− Avtffiffi
2

p þ 1
2
l023vdvu − Avuvtffiffi

2
p

vd
þ 1

2
l023v

2
u

1
2
y123vuvt 1

2
y123v2u

1
2
y123vdvt

1
2
y123vuvt − Avtvdffiffi

2
p

vu
þ 1

2
l013v

2
t − Avdffiffi

2
p þ 1

2
l013vtvu

1
2
y123vdvu 1

2
y123v2u − Avdffiffi

2
p þ 1

2
l013vtvu − Avdvuffiffi

2
p

vt
þ 1

2
l013v

2
u

9>>>>>>>>=
>>>>>>>>;
: ð4:7Þ

Eigenstates from the mixing of ξ�1;2, χ
�
1;2 are

η�1 ¼ −
vuffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2u þ v2t
p χ�2 þ vtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2u þ v2t
p ξ�1 ; m2

η1 ¼ 0; ð4:8Þ

η�2 ¼ −
vuffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2u þ v2d

q χ�1 þ vdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2d

q ξ�2 ; m2
η2 ¼ 0; ð4:9Þ

and massive eigenstates η�3 , η
�
4 . The expressions and masses of η�3 and η�4 are not given here because they are tedious and

easy to get. Apparently, η�1 and η�2 are Goldstone bosons.

B. Mixing of σi
We have

VHiggs ∋
1

2
ðσ1σ2σ5σ3σ4Þ

8>>>>>>>>>>><
>>>>>>>>>>>:

− Avdvtffiffi
2

p
vu

− Avtffiffi
2

p − Avdffiffi
2

p 0 0

− Avtffiffi
2

p − Avuvtffiffi
2

p
vd

− Avuffiffi
2

p 0 0

− Avdffiffi
2

p − Avuffiffi
2

p − Avdvuffiffi
2

p
vt

0 0

0 0 0 − vt
vd
m2

34 m2
34

0 0 0 m2
34 − vt

vd
m2

34

9>>>>>>>>>>>=
>>>>>>>>>>>;

0
BBBBBB@

σ1

σ2

σ5

σ3

σ4

1
CCCCCCA
; ð4:10Þ
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where

m2
34 ¼ −

1

2
l012vdvt þ

Avuffiffiffi
2

p þ y12vdvt:

The eigenstates are

a1 ¼
vuffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2u þ v2t
p σ1 −

vtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2t

p σ5; ð4:11Þ

a2 ¼
v2t vuffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðv2u þ v2t Þðv2t v2d þ v2t v2u þ v2uv2dÞ
q σ1

−
vdðv2u þ v2t Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðv2u þ v2t Þðv2t v2d þ v2t v2u þ v2uv2dÞ
q σ2

þ v2uvtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðv2u þ v2t Þðv2t v2d þ v2t v2u þ v2uv2dÞ

q σ5; ð4:12Þ

a3 ¼
vdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2d þ v2t
q σ3 þ

vtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2d þ v2t

q σ4; ð4:13Þ

a4 ¼ −
vtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2d þ v2t
q σ3 þ

vdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2d þ v2t

q σ4; ð4:14Þ

a5¼
vtvdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2t v2dþv2t v2uþv2uv2d

q σ1þ
vtvuffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2t v2dþv2t v2uþv2uv2d

q σ2

þ vuvdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2t v2dþv2t v2uþv2uv2d

q σ5; ð4:15Þ

and their masses satisfy

m2
a1 ¼ m2

a2 ¼ m2
a3 ¼ 0; ð4:16Þ

m2
a4 ¼ −

v2d þ v2t
vdvt

m2
34; ð4:17Þ

m2
a5 ¼ −

Aðv2t v2d þ v2t v2u þ v2uv2dÞffiffiffi
2

p
vdvuvt

: ð4:18Þ

a1, a2 and a3 are Goldstone bosons.

C. Mixing of ρi
From the Higgs potential VHiggs, we have

VHiggs ∋
1

2
ρi½M2

ρ�i;jρj; ð4:19Þ

M2
ρ ¼

8>>>>>>>>>>><
>>>>>>>>>>>:

− Avdvtffiffi
2

p
vu
þ 2l3v2u

Avtffiffi
2

p þ l23vdvu
Avdffiffi
2

p þ l13vuvt y3vuvt y3vuvd
Avtffiffi
2

p þ l23vdvu − Avuvtffiffi
2

p
vd
þ 2l2v2d

Avuffiffi
2

p þ l12vdvt y2vdvt y2v2d
Avdffiffi
2

p þ l13vuvt
Avuffiffi
2

p þ l12vdvt − Avdvuffiffi
2

p
vt
þ 2l1v2t y1v2t y1vdvt

y3vuvt y2vdvt y1v2t − vt
vd
m02

34 m02
34

y3vuvd y2v2d y1vdvt m02
34 − vd

vt
m02

34

9>>>>>>>>>>>=
>>>>>>>>>>>;

; ð4:20Þ

m02
34 ¼ −

1

2
l012vdvt þ

Avuffiffiffi
2

p − y12vdvt: ð4:21Þ

The lightest eigenstate,

h1 ¼ −
vdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2d þ v2t
q ρ3 þ

vtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2d þ v2t

q ρ4; ð4:22Þ

is massless, which is a Goldsten boson.
The next to the lightest eigenstate is the SM Higgs

boson, whose mass MH should be 125 GeV. The inde-
pendent parameters in the Higgs potential affectingMH are
tan θ, k, l1, l2, l3, l12, l13, l23, l012, y1, y2, y3, y12, and A. All
these parameters except A are dimensionless. For simplic-
ity, in Fig. 1, we show the dependence ofMH on ðA; l3Þ and
ðtan θ; kÞ respectively while fixing other parameters.

V. NEUTRINO MASS, MIXING, AND FCNC

From Eq. (2.21), the neutrino mass matrix in the basis
ðνL; ν0L; ν0cR ; N; Ns; N0

s; N0Þ is

M¼

2
6666666666666666664

0 0 0
ðyνT−yνÞvuffiffi

2
p 0 0 0

0 0 yL
0
vtffiffi
2

p 0 0 0 0

0 yL
0 Tvtffiffi
2

p 0 yeTvdffiffi
2

p 0 0 0

ðyν−yνTÞvuffiffi
2

p 0 yevdffiffi
2

p 0 yNvtffiffi
2

p 0 0

0 0 0 yNTvtffiffi
2

p Ms Mss0 0

0 0 0 0 MT
ss0 M0

s
yN

0 Tvtffiffi
2

p

0 0 0 0 0 yN
0
vtffiffi
2

p 0

3
7777777777777777775

:

ð5:1Þ
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Every element inM is a 3 × 3matrix. Because ðyν − yνTÞ is
an antisymmetric matrix, we have

det½M� ¼ 0; ð5:2Þ
which means the lightest neutrino eigenstate is massless.
For simplicity, we chooseMss0 to be a zero matrix. In the

limits of tan θ ≫ 1 and jkj ≫ 1, we approximately get that
ðνL; N; NsÞ are only mixing with themselves and the mass
matrix is

M0 ¼

2
6664

0
ðyνT−yνÞvuffiffi

2
p 0

ðyν−yνTÞvuffiffi
2

p 0 yNvtffiffi
2

p

0 yN
T
vtffiffi
2

p Ms

3
7775: ð5:3Þ

We define MD ¼ ðyνT−yνÞvuffiffi
2

p and MN ¼ yNvtffiffi
2

p . Notice that the

situation here looks very similar to the littlest inverse
seesaw (LIS) model [31,32], in which the elements of Ms
are very small to generate the very small neutrino masses.
Since det½MD� is zero, the lightest eigenstate of the mixing
of νL, N and Ns is massless.
The three light eigenvalues of M0†M0 forms the SM

neutrino mass squares, which are constrained by neutrino
oscillation experiments. According to [31], in the case that
MD;Ms ≪ MN , the three light neutrino mass squares are
eigenvalues of M†

νMν with

Mν ¼ MDðMT
NÞ−1MsM−1

N MT
D: ð5:4Þ

For simplicity, we setMN andMs to be diagonal, which are

MN ¼ vtdiag½cN; cN; cN �; ð5:5Þ
Ms ¼ diag½k1; k2; k3�; ð5:6Þ

Since MD is antisymmetric, it can be written as

MD ¼ vu

2
664

0 d1 d2
−d1 0 d3
−d2 −d3 0

3
775: ð5:7Þ

So we have

Mν ¼
v2u

v2t c2N

2
664
d21k2 þ d22k3 d2d3k3 −d1d3k2

d2d3d3 d21d1 þ d23k3 d1d2k1
−d1d3k2 d1d2k1 d21k1 þ d23k3

3
775:

ð5:8Þ

Suppose eigenvalues of M†
νMν are m2

1 ¼ 0, m2
2, and m2

3.
However, we can always rescale di (i ¼ 1, 2, 3) and kj
(j ¼ 1, 2, 3) to 10−RDdi and Rskj without changing the
neutrino mixing pattern and m3

m2
. But the masses will be

changed to 10−2RDRsmiði ¼; 1; 2; 3Þ.
Because the lightest neutrino in our model is massless,

we should choose appropriate values of ai, kj, cN , tan θ,
and k to give

U†
νM

†
νMνUν ¼ diag½0; m2

2 ¼ Δm2
21; m

2
3 ¼ Δm2

31�; ð5:9Þ

where Uν is parametrized by θ12, θ13, θ23, and δ, i.e., the
normal hierarchy (NH) for neutrino masses. We choose

ðd1; d2; d3Þ ¼ 10−RDð0.49; 0.29; 0.82Þ; ð5:10Þ

ðk1;k2;k3Þ¼Rsð0.33;0.038e0.36πi;−0.027e0.13πiÞ; ð5:11Þ
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FIG. 1. Higgs boson mass. On the A − l3 plane, we choose that tan θ ¼ 6; k ¼ −60, and all other dimensionless parameters in VHiggs
are 0.1. On the tan θ − k plane, we choose that A ¼ 1 TeV, l3 ¼ 0.16, and all other dimensionless parameters in VHiggs are 0.1.
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where Rs is determined by tan θ, k, cN , and RD to give the
right neutrinomasses. For example, when tanθ¼6, k¼−60,
cN ¼ −1 and RD ¼ 1, Rs needs to be 1.8 × 10−4 GeV,
giving us the three mixing angles, CP violating phase δ and
neutrino masses in Table I.

Next, we shall discuss the implication of the 3 − 3 − 1
model in the charged lepton flavor changing decays.
There are in total three processes, which are μ → eγ, τ →
μγ and τ → eγ. The branch ratio of lepton ei decaying to
lepton ej is

BRðei→ ejÞ¼
α3Wm

5
eis

2
W

256π2Γi

����
Xk¼9

k¼1

�
U†

j;kUk;iG

�
m2

Nk

M2
W

�

×
1

M2
W
þU†

jþ3;kUk;iþ3

Xk¼9

k¼1

G

�
m2

Nk

M2
W0

�
1

M2
W0

�����
2

;

ð5:12Þ
where U†M0†M0U¼diag½m2

N1
;m2

N2
;…;m2

N9
�. Experimental

results ask us that the branch ratio of charged lepton decay
should satisfy

BRðμ → eγÞ ≤ 4.2 × 10−13; ð5:13Þ

FIG. 2. BRðμ → eγÞ. On the RD − k plane, we choose that cN ¼ −1, tan θ ¼ 6. On the cN − tan θ plane, we choose that k ¼ −60,
RD ¼ 2.5. The curve of BRðμ → eγÞ is got when tan θ ¼ 6, k ¼ −60, cN ¼ −1.

TABLE I. Model and experimental values of the light active
neutrino masses, leptonic mixing angles, and CP violating phase
for the scenario of the NH neutrino masses [33,34].

Observable Model bpf � 1σ bpf � 1σ

Δm2
21ð10−5 eV2Þ 7.36 7.55þ0.20

−0.16 7.39þ0.21
−0.20

Δm2
31ð10−3 eV2Þ 2.53 2.50� 0.03 2.525þ0.033

−0.031

θðlÞ12 ð°Þ 33.83 34.5þ1.2
−1.0 33.82þ0.78

−0.76

θðlÞ13 ð°Þ 8.57 8.45þ0.16
−0.14 8.61þ0.12

−0.13

θðlÞ23 ð°Þ 49.82 47.9þ1.0
−1.7 49.7þ0.9

−1.1

δðlÞCPð°Þ −142.05 −142þ38
−27 217þ40

−28
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BRðτ → μγÞ ≤ 4.4 × 10−8; ð5:14Þ

BRðτ → eγÞ ≤ 3.3 × 10−8: ð5:15Þ

Independent parameters influencing BRðei → ejγÞ are
tan θ, k, RD, and cN , while Rs is determined by
other parameters to give the right neutrino masses.
In Fig. 2, we show the dependence of BRðμ → eγÞ on
these parameters. We find that BRðμ → eγÞ mainly
depends on RD. To make that BRðμ→eγÞ≤4.2×10−13,
RD needs to be larger than 2.5, which means that
ðd1; d2; d3Þ < ð1.55; 0.92; 2.81Þ × 10−3. In the case that
RD ∼ 2.5, BRðτ → μγÞ, and BRðτ → eγÞ are around 10−14

and 10−13 respectively. Our model has more parameters in
the neutrino mass matrix M than traditional 331 models
[1–21], and then it is easier to satisfy these constraints from
lepton flavor changing decays.

VI. UNIFICATION OF GAUGE COUPLINGS

The renormalization group equation (RGE) for gauge
coupling is

μ
dgi
dμ

¼
X
n

1

ð16π2Þn β
ðnÞ
i ; ð6:1Þ

where i stands for the i-loop correction in RGE running. In
this section, we consider two-loop correction. Equations of
1-loop and 2-loop corrections are

βð1Þg ¼ big3i ; ð6:2Þ

βð2Þg ¼ Bijg2j þ
X
α

dαi Tr½yαyα†�; ð6:3Þ

where α ¼ d, u, D, ν, e, L0, N, N0.
In our model, we get

b ¼
�
13

2
;−

9

2
;−5

	
; ð6:4Þ

B ¼

2
664
6 20 12

5
2

23 12

3
2

12 12

3
775; ð6:5Þ

d ¼

2
664
− 3

4
−3 − 3

4
−2 − 5

2
− 5

2
− 1

4
− 1

4

− 3
2

− 3
2

− 3
2

−4 −2 −2 − 1
2

− 1
2

−3 −3 −3 0 0 0 0 0

3
775: ð6:6Þ

To make gauge couplings unify at the GUT scale,
we add two fermion multiplets, FA and FA0, as well as
two scalar multiplets, SA and T 0 in high scale. The
details are

ð1;8;0Þ∶ FA; Δb¼ð0;2;0Þ; ΔB¼

2
64
0 0 0

0 48 0

0 0 0

3
75;

ð6:7Þ

FIG. 3. Gauge coupling unification, where αi ¼ g2i
4π and g21 ¼ 5

3
g2Y .
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ð1;8;0Þ∶ FA0; Δb¼ð0;2;0Þ; ΔB¼

2
64
0 0 0

0 48 0

0 0 0

3
75;

ð6:8Þ

ð8;1;0Þ∶ SA; Δb¼ð0;0;1Þ; ΔB¼

2
64
0 0 0

0 0 0

0 0 42

3
75; ð6:9Þ

�
1; 3̄;

−1
2

ffiffiffi
3

p
�
∶T 0; Δb¼

�
1

12
;
1

6
;0

�
; ΔB¼

2
64

1
12

4
3

0

1
6

11
3

0

0 0 0

3
75:

ð6:10Þ

FA and FA0 can decay via the Yukawa coupling terms
FAfiðT 0Þ�, FA0fiðT 0Þ�, FAf0iðT 0Þ�, and FA0f0iðT 0Þ�. In
principle, we can introduce the Z2 symmetry where FA,
FA0, and ðT 0Þ� are odd while all the other particles are even.
Thus, the lightest particle of FA, FA0, and ðT 0Þ� can be a
dark matter candidate. In addition, SA can decay into the
SM quarks only at nonrenormalizable level, for example,
SAFiucRjTu=M�, SAFidcRjTd=M�, and SAFiDc

RjT=M�.
Thus, we have two cases. First, SA can be a dark matter
candidate if Z2 symmetry is imposed to forbid SA decaying
to quarks. We will leave this part of work in the future. For
simplicity, wemake all the particles beyond the SM take part
in the RGE running at the energy scale of 2 TeV, then the
gauge coupling unification can be satisfied with accuracy of
0.65% at the energy scale of 5.2 × 1016 GeV, which is
shown in Fig. 3. We define the accuracy of gauge coupling
unification as jα−1X ðμ0Þ − α−1C ðμ0Þj=α−1C ðμ0Þwith μ0 satisfying
α−1X ðμ0Þ ¼ α−1L ðμ0Þ, which is different from our choice of the
accuracy of unification of gauge couplings in Fig. 3 and
Fig. 5. Assuming all the new particles beyond the SM have
universal mass around the energy scale of μ0, we present the
relation of the accuracy of gauge coupling unification and μ0
in Fig. 4. μ0 needs to be smaller than 12 TeV to achieve the
gauge coupling unification with an accuracy better than 3%,
which implies that the mass of the dark matter candidate
needs to be smaller than 12 TeV.
Alternatively, to make SA decay, we can add two fermion

multiplets in 6 and 6̄ representation of the SUð6Þ gauge
group respectively, then the gauge coupling unification can
be satisfied with accuracy of 0.68% at the energy scale of
6.2 × 1016 GeV, which is shown in Fig. 5. Also, we make
all the particles beyond the SM take part in the RGE
running at the energy scale of 2 TeV.

FIG. 4. Accuracy of gauge coupling unification. We assume
that all the new particles beyond the SM have universal mass
around the energy scale of μ0.

FIG. 5. Gauge coupling unification, where αi ¼ g2i
4π and g21 ¼ 5

3
g2Y .
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VII. CONCLUSIONS

We have proposed a new SUð3ÞC × SUð3ÞL ×Uð1ÞX
model, in which gauge symmetry can be realized from
SUð6Þ breaking. The SM fermions in each of the three
generations come from two 6̄ representations and one 15
representation of the SUð6Þ gauge group besides two
singlets of the SUð3ÞC × SUð3ÞL ×Uð1ÞX gauge group.
There are three scalar multiplets, where two come from 6̄
representations of SUð6Þ and one from 15 representation.
And their VEVs are vu, vd, and vt, respectively. There are
additional gauge bosons, W�0, Z0, and V=V�, in our model
besides the SM gauge bosons. vt needs to be larger than
10 TeV to make the mass of Z0 larger than 4.5 TeV. It is easy
to give the 125 GeV Higgs boson mass when we set all the
dimensionless parameters in the Higgs potential to be ∼0.1
and A to be ∼1 TeV. WhenMss0 are set to be a zero matrix
and in the limits of tan θ ≫ 1 and jkj ≫ 1, the mixing of νL,
N and Ns is the same as in the littlest inverse seesaw model.
The lightest neutrino in our model is massless. With
parameters in yν, yN and Ms set to be appropriate values,
we obtained the light active neutrino masses, leptonic
mixing angles, and CP violating phase highly consistent

with the experimental data for the scenario of NH neutrino
mass. To make BRðμ→eγÞ≤4.2×10−13, parameters in yν

needs to be smaller than∼10−3, and in this case BRðτ → μγÞ
and BRðτ → eγÞ are around 10−14 and 10−13, respectively.
With additional two fermionmultiplets,FA andFA0, as well
as two scalar multiplets, SA and T 0, the gauge coupling
unification can be realized with accuracy of 0.65% at the
energy scale of 5.2 × 1016 GeV. SA can be a dark matter
candidate if Z2 symmetry is imposed. Alternatively, we can
add two fermionic multiplets in 6 and 6̄ representations of
the SUð6Þ gauge group to make SA decay, then the gauge
coupling unification can be satisfied with accuracy of 0.68%
at the energy scale of 6.2 × 1016 GeV.
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