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ABSTRACT
The decays of the SM-like Higgs boson h → Zγ in the 3-3-1 model with inverse seesaw neutrino
masses (331ISS) proposed in T. Phong Nguyen, et al., Phys. Rev. D 97, 0973003 (2018), are discussed.
They were using well-known general results in L.T. Hue, et al., Eur. Phys. J. C 78, (2018) 885, analytic
formulas for one-loop contributions are constructed. We will show that new particles predicted
by the model under consideration may have significant effects on the above-mentioned decay
channel of the SM-like Higgs boson. From numerical investigation, some details and properties
of the decay are presented. They may be useful for comparing with the experimental results that
could be detected in the future.
Key words: Extensions of electroweak Higgs sector, Electroweak radiative corrections, Neutrino
mass, and mixing

INTRODUCTION
After the discovery of the standard model-like (SM-
like) Higgs boson particle at LHC in 2012 1, the stan-
dard model (SM) has been again confirmed its valid-
ity, although many problems are still unsolved in the
SM framework. Hence, models beyond the SM have
been introduced to explain them. The 3-3-1 models
predict new particles, including new gauge and Higgs
bosons; therefore the branching ratio (Br) of the SM-
like Higgs boson decay into Zγ is strongly affected
by the above-mentioned particles. According to data
in Refs.2,3, within a mass of the Higgs boson mh =
125.09 GeV, the branching ratio predicted by the SM
is Br (h → Zγ) = 1.54× 10−3 (±5.7%). Recent ex-
perimental data indicate that the SM-likeHiggs boson
decayBr (h → γγ) is well consistentwith the SM’s pre-
diction, hence contributions from new physics to the
above-mentioned decay must be small. In this work,
we will discuss on Br (h → Zγ) in the 3-3-1 model
with inverse seesaw neutrino masses introduced re-
cently in Ref.4. Because the model under considera-
tion containsmany new particles, which contribute to
the decay amplitude h → γγ may be destructive, but
all of the contributions to the amplitude decay h→ Zγ
are constructive. The branching ratio can be large in
the limit of parameters in this model. Hence, these
particles may affect significantly on the second chan-
nel but still, satisfy the experimental boundon the first
one. In this work, the numerical results of the second
decay channel are presented.

The paper is organized as follows. In the section brief
review of the model, we present the overview of the
3-3-1model with inverse seesaw neutrinomasses. We
also present the vertexes and their couplingswhich are
relevant to the decay h → Zγ . Numerical results are
discussed in the next section. Finally, the summary is
then given in the conclusions section.

BRIEF REVIEWOF THEMODEL
The model based on the gauge group SU(3)C ×
SU(3)L ×U(1)X with inverse seesaw was introduced
in Ref.4. The electric charge operator of the model is
Q = T3 − 1√

3
Ts +X , where T3,8 are diagonal SU(3)L

generators and X is the new charge of the group
U(1)X . Fermions, including leptons and quarks, are
assigned as follows: Firstly, leptons are under the
SU(3)L triplet ψaL = (va,ea,Na)

T
L ∼

(
3,− 1

3
)
and a

right-handed charged lepton eaR ∼ (1,−1) with a =
1,2,3. Each left-handed neutrino NaL = (NaR)

c im-
plies a new right-handed neutrino beyond the SM.
Secondly, the first two generations of quarks are un-
der antitriplet, while the third one is under the triplet

QaL = (dαL,−uαL,DαL)
T
L ∼ (3∗,0) , α = 1,2,

Q3L = (u3L,d3L,TL)
T
L ∼

(
3, 1

3
)

(1)
Dβ r,dβR ∼

(
1,− 1

3
)
,uαR,TR ∼

(
1, 2

3
)
,β = 1,2,3.

There are totally nine electroweak (EW) gauge bosons,
included in the following covariant derivative

Dµ = ∂µ − igW a
µ T a − igX T 9XXµ , a = 1,2, ...,8, (2)
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whereW a
µ andXµ are the gauge bosons of SU(3)L and

U(1)X , respectively, Ta = λa
2 are the Gell-Mann ma-

trices, T 9 ≡ I
6 and 1√

6
for triplets and singlets 5.

The symmetry breaking happens in two steps:
SU(3)L⊗U(1)X

ω−→ SU(2)L⊗U(1)Y
v1,v2−−−→ U(1)Q,

leading to the limit v1,2 ≪ ω . To generate masses
for gauge bosons and fermions, three scalar triplets
are introduced as ρ =

(
ρ+

1 ,ρ0,ρ+
2
)T ∼

(
3, 2

3
)
, η =(

η+
1 ,η−,η0

2
)
∼
(
3,− 1

3
)
, and χ =

(
χ0

1 ,χ
−,χ0

2
)
∼(

3,− 1
3
)
. The necessary vacuum expectation values

for generating all tree-level quark masses are

⟨ρ⟩=
(

0, v1√
2
,0
)T

, ⟨η⟩=
(

v2√
2
,0,0

)
,

⟨η⟩=
(

0,0, ω√
2

)T
and

η0
1 =

v2 +R1 + iI2√
2

, ρ0 =
v1 +R2 + iI2√

2
,

χ0
2 =

ω +R3 + iI3√
2

, η0
2 =

R4 + iI4√
2

,

χ0
1 =

R5 + iI5√
2

.

(3)

It can be identified that

g = esw,
gx

g
=

3
√

2sW√
3−4s2

W

, (4)

where e and sW are the electric charge and sine of the
Weinberg angle, s2

W = 0.231, respectively. The model
includes two pairs of singly charged gauge bosons, de-
noted asW±and Y±, defined as

W±
µ =

W 1
µ ∓ iW 2

µ√
2

, m2
W =

g2

4

(
v2

1 + v2
2

)
,

Y±
µ =

W 6
µ ± iW 7

µ√
2

, m2
Y =

g2

4

(
v2

1 +ω2
)
.

(5)

The bosonsW± are identified with the SM ones, lead-
ing to v2

1 + v2
2 ≡ v2 = (246GeV )2 . In the remainder

of the text, we will consider the simple case v1 = v2 =
v√
2
=

√
2mW
g given in Refs.6,7.

The most general Yukawa Lagrangian is given as fol-
lows8

Lχ
Y = h1

_
Q3LTRχ +h2αβ

_
QαLDβRχ∗+h.c

= h1

(_
u3Lχ0

1 +
_
d3Lχ−

2 +
_
T Lχ0

3

)
TR

+h2αβ

(_
dαLχ0∗

1 − _
uαLχ+

2 +
_
DαLχ0∗

3

)
DβRχ∗

+h.c.
Lη

Y = h3a
_
Q3LuaRη +h4αa

_
QαLdaRµ∗+h.c.

= h3a

(_
u3Lη0

1 +
_
d3Lη_

2 +
_
T Lη0

3

)
uaR

+h4αa

(_
dαLη0∗

1 − _
uαLη+

2 +
_
DαLη0∗

3

)
daR

+h.c,
Lρ

Y = h5a
_
Q3LdaRρ +h6αa

_
QαLuaRρ∗ (6)

+Gab
_
f

a
Llb

Rρ

+Fabεi jk

(_
f L

)ai(_
f
C
L

)b j
(ρ∗)k +h.c

= h5a

(_
u3Lρ+

1 +
_
d3Lρ0

2 +
_
T Lρ+

3

)
daR

+h6αa

(_
dαLρ−

1 − _
uαLρ0∗

2 +
_
DαLρ−

3

)
uaR

+Gab

(_
vα

L ρ+
1 +

_
l
α
L ρ0

2 +
_
N

a
Lρ+

3

)
lb
R

+Fab{
_
vα

L

((
lL
C
)b ρ−

3 −
(
NC

L
)b ρ0

2

)
+
_
l
α
L

((
NC

L
)b ρ−

1 −
(
vC

L
)b ρ−

3

)
+

_
N

a
L

((
vC

L
)b ρ0

2 −
(
lCL
)b ρ−

1

)
}+h.c.

All tree-level lepton mass terms come from the fol-
lowing Yukawa part8

LY
l =−he

ab
_
ψaLρebR

+hv
abei jk(

_
ψaL)i (ψbL)

c
j ρ∗

k −Yab
_
ψaLχXbR

−1
2
(µX )

∗
ba

( _
XaR

)c
XbR +h.c.,

(7)

In the basis v
′
L = (vL,NL,(XR)

c)T and
(

v
′
L

)c
=

((vL)
c ,(NL)

c ,XR)
T , Lagrangian (7) gives a neutrino

mass term corresponding to a block form of the mass
matrix4, namely

Lv
mass =−1

2
_
v
′

LMv+
(

v
′
L

)c
+h.c., where

Mv+ =

 0 mD 0
mT

D 0 MR

0 MT
R µ+

X

 ,
(8)

where MR is a 3 × 3 matrix (MR)ab = Yab
ω√

2
,

(mD)ab ≡
√

2hv
abv1 with a,b = 1,2,3. Neutrino sub-

bases are denoted as vR = ((v1L)
c ,(v2L)

c ,(v3L)
c)T ,

NR = ((N1L)
c ,(N2L)

c ,(N3L)
c)T , and XL =

((X1R)
c ,(X2R)

c ,(X3R)
c)T . In the model under

consideration, the Dirac neutrino mass matrix mD

must be antisymmetric. The matrix µX defined in
Eq. (7) is symmetric, and it can be diagonalized by a
transformationUX :

UT
X µXUX = diag(µX1 ,µX2 ,µX3) . (9)
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The matrix UX will be absorbed in the redefinitions
the neutral fermion states Xa; hence we will consider
µX as a diagonal matrix given in Eq. (9).
The mass matrix Mv is diagonalized by a 9×9 unitary
matrixUv,

UvT MvUv = M̂v

= diag(mn1 ,mn2 , ...,mn9)

= diag
(

m̂v,M̂N

)
,

(10)

where mn1 (i = 1,2, ...,9) are masses of the
nine physical neutrinos states niL, namely
m̂v = diag(mn1 ,mn2 ,mn3) corresponding to
the three active neutrinos naL (a = 1,2,3) and
M̂N = diag(mn4 ,mn5 , ...mn9) corresponding the six
extra neutrinos nIL (I = 4,5, ...,9). The ISS mecha-
nism leads to the following approximate solution of
Uv,

Uv = Ω

(
UPMNS O

O V

)
,

Ω = exp

(
O R

−R† V

)

=

1− 1
2

RR† R

−R† 1− 1
2

RR†

+O
(
R3) ,

(11)

where

R∗ ≃
(
−m∗

DM−1,m∗
D

(
M†

R

))−1
,

M ≡ M∗
Rµ−1

X M†
R,

(12)

−m∗
DM−1m†

D ≃ mv ≡U∗
PMNSm̂vU

†
PMNS, (13)

V ∗M̂NV † ≃

MN +
1
2

RT R∗MN +
1
2

MNR†R,

MN ≡

(
0 M∗

R
M†

R µX

)
.

(14)

The relations between the flavor and mass eigenstates
are

v
′
L =UvnL, and v

′
L =UvnL, (15)

where nL ≡ (n1L,n2L, ...n9L)
T and (nL)

c =

((n1L)
c ,(n2L)

c , ...,(n9L)
c)T . The detailed cal-

culation has been shown in Ref.4.
The model predicts three neutral gauge bosons: the
massless photon, Z boson, and Z′ boson, where Z is
the SM’s Z boson which was found experimentally.
The relations between the original weak and physical

states of the neutral gauge boson are given in Ref. 9. In
this case s331 = 1, cθ = 1, we can write(

Zµ
Aµ

)
=

(
cW −sW

sW cW

)(
W 3

µ
Bµ

)
. (16)

The general Higgs potential has been discussed in
Ref.10, and the simple Higgs potential of it has been
studied in Ref.11, namely

VHiggs = µ2
1
(
η+η +ρ+ρ

)
+µ2

2 χ+χ
+λ1

(
η+η +ρ+ρ

)2
+λ2

(
χ+χ

)2

+λ12
(
η+η +ρ+ρ

)(
χ+χ

)
−
√

2 f
(
εi jkηiρ jχk +h.c.

)
,

(17)

where f is a mass parameter and is assumed to be
real. This simple potential has been used in our re-
search because it helps to reduce independent param-
eters in the Higgs potential. Relations between mass
eigenstates and the original states of the chargedHiggs
bosons are(

ρ±
1

η±
1

)
=

1√
2

(
−1 1
1 1

)(
G±

W
H±

2

)
,(

ρ±
2

χ±

)
=

1√
2

(
−sθ cθ
cθ sθ

)(
G±

Y
H±

1

)
,

h0
1

h0
2

h0
3

=


− cα√

2
− cα√

2
sα

sα√
2

sα√
2

cα

1√
2

1√
2

0


R1

R2

R3

 ,

(18)

where sθ = v2
ω , G±

V and G±
Y are the Goldstone bosons

eaten by gauge bosons W,Y±, respectively, h0
1 ≡ h is

identified with the SM-like Higgs boson found at the
LHC. The mixing parameters sα = sinα , cα = cosα
depend on many free parameters, but sα → 0 and
cα → 1, when SM-like Higgs couplings are identified
with those in the SM. The relevant couplings in the
first term of the Lagrangian (7) are

−he
ab

___
ψaLρEbR +h.c.⊃ magcα

2mW
h
_
eaea. (19)

The couplings of Higgs and gauge bosons are con-
tained in the kinetic terms of the Higgs bosons

LH
kin =

(
Dµ χ

)† (Dµ χ
)

+
(
Dµ ρ

)† (Dµ ρ
)
+
(
Dµ η

)† (Dµ η
)

→ ghvvgµvhv−Qµ vQv,

−ig∗hsvv−Qµ (s+Q∂µ h−h∂µ s+Q) ,
ighsvvQµ (s−Q∂µ h−h∂µ s−Q) ,
igZssZµ (s−Q∂µ sQ − sQ∂µ s−Q) ,
igZvsZµ vQvs−Qgµv,

ieQAµ (s−Q∂µ sQ − sQ∂µ s−Q) ,

(20)
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where s = H±
1 ,H±

2 . From the second line in (20)
we get the relevant terms contributing to the de-
cays h → Zγ . Similarly, for other vertices: the cou-
plings of three gauge bosons arise from the kinetic
term in Lagrangian of the non-Abelian gauge bosons,
the Higgs self-couplings of the SM-like Higgs bo-
son arise from the Lagrangian LhHH = −Vh. All
these couplings and vertices are shown in Table 1.
Here we have used a notation Γµvλ

(
p0, p+, p−

)
=(

p0 − p+
)

λ gµv +
(

p+− p−
)

µ
gvλ +

(
p−− p0)

v
gλ µ

where all momenta are incoming and p0,± are respec-
tive momenta of h and charged gauge and charged
Higgs bosons.
Based on the Yukawa Lagrangians (6) and (7), the
couplings of the SM-like Higgs boson with SM
fermions can be determined, see also in Table 2. The
notation of the Feynman rule is
−i
(

Yh
_
f fL

PL +Yh
_
f fR

PR

)
for each vertex h

_
f f . We note

that the couplings of u3d3 the same as the couplings of
uα and dα , respectively.

NUMERICAL DISCUSSIONS
In the unitary gauge, one-loop diagrams contributing
to the decay h → Zγ are shown in Figure 1.
The branching ratio of the decay h → Zγ is deter-
mined by

Br331ISS (h → Zγ) = Γ331ISS
(h→Zγ)

Γ331ISS
h

,

Γ331ISS
(h → Zγ) = m3

h
32π

(
1− m2

Z
m2

h

)∣∣F331ISS
21

∣∣2 , (21)

where Γ331ISS
h is the total decay width of the SM-like

Higgs boson h and Γ331ISS
h is the partial decay width

predict by the 331ISS model. The form factor F331ISS
21

is written as

F331ISS
21 = F331ISS

21, fi j j
+F331ISS

21,Vi j j

+F331ISS
21,Si j j

+F331ISS
21,V S j j

+F331ISS
21,SVj j

,
(22)

where particular contributions are derived based on
the general formulas in Ref.12, namely

F331ISS
21, f =− eQ f NcK f+

LL,RR
16π2 ×

[16(C12 +C22 +C2)+4C0] , F331ISS
5 f = 0,

F331ISS
21,H±

1,2
= KH1S × [4(C12 +C22 +C2)] ,

S = H±
1 ,H±

2 ,

F331ISS
21,G = KG × [(C12 +C22 +C2)×

2(4m2
G−m2

Z)C0

m2
G

+

(
8+ (2m2

G+m2
h)(2m2

G−m2
Z)

m4
G

)
],

F331ISS
21,V SS = KGSS × [2

(
1+ −m2

S+m2
h

m2
V

)
×(C12 +C22 +C2)+4(C1 +C2 +C2)],

F331ISS
21,SVV = KSGG × [2

(
1+ −m2

S+m2
h

m2
V

)
×(C12 +C22 +C2)−4(C1 +C2) , (23)

where G = W, Y are gauge bosons; K f+
LL,RR =

m f

(
Yh f L ×g∗Z f L +Yh f R ×g∗Z f R

)
. Here we use the

following notations: m f is mass of fermion, while mF

is mass of the exotic quark. Other factors are

KhH±
1,2

=
λhH±

1,2
×gZSi j

16π2 ,

KG =
2eghGi j ×gZGi j

16π2 ,

KSGG = KGSS =
eghGiS j ×gZGiS j

16π2 .

(24)

Here C0,i,i j with i, j = 1,2 are the Passarino-Veltman
functions (for analytic formulas, see Ref.12). The sig-
nal strength of the decay when v2 ≪ ω2, that means
O
(

v2

ω2

)
;0 is defined as below

µ331ISS
Zγ =

σ33ISS (pp → h)
σSM (pp → h)

× Br33ISS (h → Zγ)
BrSM (h → Zγ)

=

∣∣∣∣∣F331ISS
21
FSM

21

∣∣∣∣∣
2

.

(25)

Remind that in the SM,BrSM (h → Zγ)= 1.57×10−3

and ΓSM
h = 4.07×10−3 GeV with mh = 125.1 GeV.

In order to numerically investigate the decay of the
SM-like Higgs boson h → Zγ , we will use the follow-
ing well-known experimental parameters as in Ref.13:
the mass of the W boson mW = 80.385 GeV, the
charged lepton masses me = 5 × 10−4 GeV, mµ =

0.105 GeV, and mτ = 1.776 GeV, the SM-like Higgs
mass mh = 125.1 GeV, and the gauge coupling of the
SU(2)L symmetry g = 0.651.
Combined with the discussion in Ref.4, the indepen-
dent parameters are the exotic quark mD = mT , the
heavy gauge boson mass mY , the charged Higgs bo-
son mass mH±

2
, and the two Higgs selfcouplings λ1,12.

Other parameters can be calculated in terms of the
above free ones, namely,

v1 = v2 =

√
2mW

g
; sθ =

mW

mY
√

2
; ω =

2mY

gcθ

f =
gcθ m2

H±
2

4mY
, m2

H±
1
=

m2
H±

2

2

(
t2
θ +1

) (26)

The Higgs self coupling λ2 is determined as in
Refs.7,11

λ2 =
t2
θ
2

m2
h

v1
−

m2
H±

2

2ω2

+

λ12 −
m2

H±
2

2ω2

2

4λ1 −
m2

h
v1

.
(27)

Combiningwith the discussion in Ref.4, wewill be in-
vestigated in the range of 5×104 ≥ mH±

2
≥ 300 GeV,
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Table 1: Couplings related to the SM-like Higgs boson decay h → Zγ in the 331ISSmodel. All momenta in the
Feynman rule corresponding to these vertices are incoming

Vertex Coupling
_
h

_
eaea

igma
2mw

cα

H+
1 hY−

µ
ig

2
√

2

(
cα cθ +

√
2sα sθ

)(
pH−

1
− ph

)µ

hW+
µ W−

v −igmW cα gµv

hY+
µ Y−

v
igmY√

2

(√
2sα cθ − cα sθ

)
gµv

hH+
1 H−

1 −iω
{

sα c2
θ λ12 +2sα s2

θ λ2 −
√

2
(
2cα c2

θ λ1 + cα c2
θ λ12

)
tθ +

√
2 f cα cθ sθ

ω

}
hH+

2 H−
2 −iv1

(
2
√

2cα λ1 +
sα ωλ12+ f sα

v1

)
Zµ H+

1 Y−
v

1
4 ig2v1cθ

(
cW +

S2
W√

3(3−4s2
W )

)
gµv

Zµ H+
1 H−

1 ig
(

pH+
1
− pH−

1

)
µ

(
4
√

3c2
θ s2

W +
(

2
√

3s2
W −3cW

√
3−4s2

W

)
s2
θ

6
√

3−4s2
W

)
ZµW+vW−λ igcW Γµvλ (p0, p+, p−)

ZµY+vY−λ ig
2cW

Γµvλ (p0, p+, p−)

Table 2: The couplings of the Z boson to fermion and antifermion.

Vertex gL gR

Zµ
_
dα dα

1
2 −

s2
W cW√

3(3−4s2
W )

− s2
W cW√

3(3−4s2
W )

Zµ
_
µα µα − 1

2 −
s2
W cW√

3(3−4s2
W )

− 2s2
W cW√

3(3−4s2
W )

Zµ
_
Dα Dα

s2
W cW√

3(3−4s2
W )

s2
W cW√

3(3−4s2
W )

Zµ
_
eaea − 1

2 +
s2
W cW√

3(3−4s2
W )

3s2
W cW√

3(3−4s2
W )

Zµ
_
T 3T3 − 2s2

W cW√
3(3−4s2

W )
− 2s2

W cW√
3(3−4s2

W )

Figure 1: One-loop diagrams contributing to the decay h → Zγ in the unitrary gauge. Here fi j,si jand Vi ,j are
fermions, Higgs bosons and gauge bosons, respectively.
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Figure 2: The signal strength µ331ISS
Zγ in the 331ISS as a function of mH±

2

Figure 3: The signal strength µ331ISS
Zγ in the 331ISS as a function of λ12

4.5 ≥ mY ≥ 0.5 TeV, λ1 > 0,λ12 < 0. We will investi-
gate µ331ISS

Zγ case λ1 = 1,λ12 =−1 and λ1 = 1,λ12 =

−0.5. The signal strength µ331ISS
Zγ as a function of

mH±
2
, the results are plotted in Figure 2.

From the numerical analysis, we see that the
Br (h → Zγ) in the 331ISS is the same as the SM pre-
diction at large mH+

2
. On the other hand, small mH+

2

predicts µ331ISS
Zγ < 1, namely the largest deviation,

is about 0.126. In the SM, the branching ratio is
BrSM (h → Zγ) = 1.54× 10−3 ± 5.7%|mh = 125.09
GeV2,3, corresponding to the deviation from the SM
µSM

Zγ = 1 ± 0.01 or 1.01 ≥ µSM
Zγ ≥ 0.99. The latest

constraints of the signal strength for the decay h →
Zγ is µZγ = 1.00± 0.23 in Ref.13. Besides, the AT-
LAS expected significance to the SM-likeHiggs boson
channel h → Zγ is hoped to be 4.9σ with 300fb−1.
The 331ISS (BSM) predicts the values µ331ISS

Zγ out-
side the range of SM, implying that there is a con-
tribution of new particles. Namely, one-loop con-
tribution from the new gauge and Higgs bosons to
the decay amplitude h → Zγ , but this value is still far

from the expected sensitivity δµZγ =±0.23 in theHL-
LHC project. If δµZγ can be detected at current col-
liders, they require the charged Higgs mass mH±

2
to

be smaller than a TeV. Besides, δµZγ will only deviate
much from SM’s prediction if mF is small enough and
depends on the relationship of theHiggs self-coupling
λ1,12.

Let us consider the effect of self-couplings λ 1 ,12 on
the signal strength µ331ISS

Zγ in the 331ISS. The signal
strength µ331ISS

Zγ as a function of λ1,12 is depicted in
Figure 3, where mY was chosen to be from 1 TeV to 2
TeV and mH±

2
= 0.5 TeV. The figure shows that there

are two important features of µ331ISS
Zγ . Firstly, µ331ISS

Zγ
always returns the constant value when |λ12| is large
enough. And secondly, µ331ISS

Zγ depends very weakly
on the small values ofλ1 andwith large value ofλ1 will
allow µ331ISS

Zγ < 1 and the big difference compared to
that of the SM’s value.
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CONCLUSIONS
The signal strength of the decay h → Zγ has been
investigated for the charged Higgs mass mH±

2
var-

ied in the range from 100 GeV to O (10) TeV. The
Br (h → Zγ) is the same as the SM prediction at
large mH±

2
. On the other hand, small mH±

2
predicts

µ331ISS
Zγ < 1, implying that there is a new contribu-

tion of gauge bosons and charged Higgs bosons in the
decay amplitude h → Zγ . This shows that there exists
an extension of the standard group for µ331ISS

Zγ which
takes the large values and still satisfies the experimen-
tal limit of µγγ .
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