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Abstract. We investigate the Higgs phenomenology in the flipped 3-3-1 model, assuming the con-
servation of the B−L number. In addition to heavy scalar particles with masses at the new physics
scale, there are three other light Higgs bosons with masses at the electroweak scale, apart from
the SM-like Higgs ones. The new neutral CP-even scalar Higgs boson is identified as the scalar
Higgs one with a mass of 95 GeV, in a consistency with the observations from CMS experiment.
Regarding the light CP-even scalar, we characterize its Higgs coupling properties using a series of
strength modifier parameters. These parameters represent the ratios of the Higgs bosons-particle
couplings to their corresponding SM values. We examine various decay processes for the light
CP-even scalar Higgs boson and find that our numerical analysis aligns with experimental con-
straints.
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1. Introduction

After the discovery of the 125 GeV Higgs boson [1, 2], the question of whether another
Higgs scalar exists remains important and unanswered. To clear this point, researchers have ex-
tensively probed colliders like LEP, Tevatron, and LHC, unearthing intriguing clues [3–14]. These
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searches have provided valuable insights into the quest for new particles and phenomena. The in-
augural indication of a lighter Higgs boson surfaced in 2003 when the LEP experiment [4] reported
a 2.3σ local excess in the e+e−→ Z(H→ bb̄) channel with a mass around 98 GeV. Utilizing the
complete dataset from the LHC Run II, the CMS collaboration has published results on the search
for a low-mass Higgs boson in the di-photon states [15–17]. These results show an excess of
events at a mass of about 95 GeV with a local significance of 2.9σ [15]. A CMS search [16] per-
formed at center-of-mass energies of 8 and 13 TeV in the mass range of 70 or 80 GeV<mγγ < 110
GeV reported an excess with respect to the SM prediction, maximal for a mass hypothesis of 95.3
GeV, with a local (global) significance of 2.8 σ (1.3 σ ). This result is also confirmed by latest
CMS report [17]. In addition, there is another CMS seach for Higgs boson by using di-tau final
states which shows an excess compatible with a mass of 95 GeV [14]. This suggests the potential
existence of an undiscovered light scalar particle with a mass around 95 GeV.

In fact, many generalized models also include additional scalar fields such as the Two Higgs
Doublet Models (2HDMs) [18–20], the Three Higgs Doublet Models (3HDMs) [21, 22], Next-
to-Minimal Supersymmetric Models (NMSSM) [23], and models based on the extension of the
gauge symmetry group of the SM [24–28]. Among this class of models, those based on the
gauge symmetry group SU(3)C×SU(3)L×U(1)X (so-called 331 models) [29–34], are of interest
because the 3-3-1 models can account for the existence of only three fermions [30, 32], strong CP
conservation [35–37], and electric charge quantization [38–41], as well as dark matter [42–45],
neutrino masses [46–48], cosmic inflation, and matter-antimatter asymmetry [49–51]. We would
like to note that in the 3-3-1 models closely related to the SU(3)3

L anomaly, the arrangement of
fermions follows a specific pattern: the number of fermion multiplets equals that of the anti-
multiplets. The most common approach is to organize all three generations of fermions, with one
generation of quarks transforming as triplets under the SU(3)L symmetry, while the two remaining
quark generations transform as anti-triplets.

Recently, Fonseca and Hirch [52] showed that the [SU(3)L]
3 anomaly (A ) induced by a

fermion sextet is related to that induced by a fermion triplet as A (6) = 7A (3). Therefore, the
[SU(3)L]

3 anomaly can be eliminated if one places a lepton generation in a sextet, two other
lepton generations in triplets, and arranges three quark generations in anti-triplets. Due to the in-
terchange of quark and lepton representations, the 3-3-1 model is termed the flipped 3-3-1 model
(F331M). Flavor-changing processes in the quark sectors [53–60] are converted into the lepton
sector [61–64]. Additionally, research in [61] has shown that the F331M can be an effective the-
ory of a manifest B−L symmetry at high energy, analogous to the standard model. In this theory,
it is shown that the additional symmetry can resolve unwanted vacuum expectation values (VEVs)
and interactions, which otherwise might lead to significant flavor-changing neutral currents (FC-
NCs) in the lepton sector. The F331M consists of three scalar triplets and one scalar sextet, which
includes three doublet Higgs with three VEVs that break the SU(2)L×U(1)X symmetry. Conse-
quently, the scalar sector is expected to account for an excess of events at a mass of approximately
95 GeV. The properties of the SM-like Higgs boson may differ from those of the SM Higgs bo-
son. In this work, we focus on studying in detail the scalar sector in the F331M, especially the
production and decay of the SM-like Higgs boson, as well as the production of the 95 GeV scalar
associated with its decay to diphoton.

The paper is organized as follows: In Sec. 2, we review the key features of the F331M and
delve into a detailed study of the Higgs sector. The properties of the SM-like Higgs boson, denoted
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by h, are discussed in Sec. 4. Sec. 5 analyzes the implications of the model for the observed 95
GeV diphoton excess. Finally, Sec. 6 presents our concluding remarks.

2. The F331 model

The F331M is based on the gauge symmetry described by

SU(3)C⊗SU(3)L⊗U(1)X , (1)

where the first factor, SU(3)C, is the familiar symmetry group of QCD. The remaining, SU(3)L and
U(1)X represent non-trivial extensions of the electroweak symmetry group. The electric charge
(Q) and hypercharge (Y ) are embedded through the following relations:

Q = T3 +βT8 +X , Y = βT8 +X , (2)

where Tn (n = 1,2,3, ...,8) represent the generators of the SU(3)L group, and X is the generator of
the U(1)X group. While the coefficient β sets the electric charge of new particles, its theoretical
values remain undetermined. Unlike other parameters constrained by anomalies, β is free to take
any value and determines the electric charge of the new particle. One possible parametrization,
as suggested in [63], β =−(2q+1)/

√
3, expresses the left-handed fermion representations under

SU(3)L are generally given by

ψ1L =

 ξ
−q
1

1√
2
ξ
−1−q
2

1√
2
ν1

1√
2
ξ
−1−q
2 ξ

−2−q
3

1√
2
e1

1√
2
ν1

1√
2
e1 kq

1


L

∼ 3, (3)

ψαL =

 να

eα

kq
α


L

∼ 3, QaL =

 da
−ua

j−q−1/3
a


L

∼ 3∗. (4)

It is worth noting that the generation indexes used here are a = 1,2,3, and α = 2,3. Additionally,
all right-handed fermions are singlets under the SU(3)L group. An interesting exception arises
when β = 1√

3
. In this specific case, as detailed in (see in [63]), the right-handed ξiR, EiR can be

omitted as νaR. This simplification results in more economical fermion content, as follows:

ψ1L =

 ξ+ 1√
2
ξ 0 1√

2
ν1

1√
2
ξ 0 ξ− 1√

2
e1

1√
2
ν1

1√
2
e1 E1


L

∼
(

1,6,−1
3

)
, (5)

ψαL =

 να

eα

Eα


L

∼
(

1,3,−2
3

)
, (6)

eaR ∼ (1,1,−1), EaR ∼ (1,1,−1), (7)

QaL =

 da
−ua
Ua


L

∼
(

3,3∗,
1
3

)
, (8)

uaR ∼ (3,1,2/3), daR ∼ (3,1,−1/3), UaR ∼ (3,1,2/3). (9)
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It is important to note that the electric charges of E and U are equivalent to those of the charged
leptons and up-quarks, respectively.

The scalar sector, which is responsible for symmetry breaking and mass generation in the
F331M, is described as follows:

η =

 η0
1

η
−
2

η
−
3

∼ (1,3,−2/3), ρ =

 ρ
+
1

ρ0
2

ρ0
3

∼ (1,3,1/3), (10)

χ =

 χ
+
1

χ0
2

χ0
3

∼ (1,3,1/3), S =

 S++
11

1√
2
S+12

1√
2
S+13

1√
2
S+12 S0

22
1√
2
S0

23
1√
2
S+13

1√
2
S0

23 S0
33

∼ (1,6,2/3). (11)

Interestingly, the model exhibits a unique feature with the scalar fields ρ and χ . They are identical
under the gauge symmetry but possess distinct B− L charges, as detailed in [63]. The specific
values of these charges are presented in the following Table 1.

Table 1. B−L charges for each field in the F331M.

Field e− ν u2/3 d−1/3 ξ+ ξ 0 ξ− E− U2/3 X+ Y 0 ρ
+
1 ρ0

2

B-L -1 -1 1/3 1/3 0 0 0 −2 4/3 1 1 0 0

Field ρ0
3 χ

+
1 χ0

2 χ0
3 η0

1 η
−
2 η

−
3 S++

11 S+12 S+13 S0
22 S0

23 S0
33

B-L −1 1 1 0 0 0 −1 0 0 1 0 1 0

3. The Higgs mass spectrums

Based on the above Higgs multiplets, the scalar potential of the model can be described by
two key parts as follows

V =V +V/. (12)

The first part, denoted by V, is split into two parts as follows:

V =V1 +V2, (13)

with

V1 = µ
2
ηη

†
η +µ

2
ρρ

†
ρ +µ

2
χ χ

†
χ +µ

2
S Tr(S†S)

+λη(η
†
η)2 +λρ(ρ

†
ρ)2 +λχ

(
χ

†
χ
)2

+λ1STr2(S†S)+λ2STr(S†S)2

+ληρ(η
†
η)(ρ†

ρ)+λχη(χ
†
χ)(η†

η)+λχρ(χ
†
χ)(ρ†

ρ)

+ληS(η
†
η)Tr(S†S)+λρS(ρ

†
ρ)Tr(S†S)+λχS(χ

†
χ)Tr(S†S)

+λ
′
ηρ(η

†
ρ)(ρ†

η)+λ
′
χη(χ

†
η)(η†

χ)+λ
′
χρ(χ

†
ρ)(ρ†

χ)

+λ
′
χS(χ

†S)(S†
χ)+λ

′
ηS(η

†S)(S†
η)+λ

′
ρS(ρ

†S)(S†
ρ)

+
(
µηρχ +µ

′
χ

T S∗χ +H.c.
)
. (14)
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Here the couplings λ ’s are dimensionless, while the parameters µ’s have mass dimension,

V2 = λχρη(χ
†
ρ)(η†

η)+λχρρ(χ
†
ρ)(ρ†

ρ)+λχρη(χ
†
ρ)(η†

η)

+λχρS(χ
†
ρ)Tr(S†S)+λ

′
χρS(χ

†S)(S†
ρ)+H.c. (15)

The second part, denoted by V/, contains the unwanted interactions between the scalar fields, ρ,χ,
and S. These interactions might lead to undesirable phenomena in the model and they have the
following form as

V/= f 2
ρ

†
χ + f ′ρT S∗χ + f ′′ρT S∗ρ +H.c., (16)

where f ’s are mass parameters analogous to µ’s. The theory may contain hidden symmetries
which suppress these unwanted terms at low energy, we can safely ignore them in our studies
at such energy scales. Here, the U(1)N symmetry emerges as a potential hidden symmetry that
can suppress the unwanted interactions. The N−charge, associated with the U(1)N symmetry,
determines the B−L charge of a particle through the following relation:

B−L =
2√
3

T8 +N. (17)

In the Table 2, we list the specific N−charges assigned to the various particle multiplets in the
F331M.

Table 2. N−charge of particle multiplets.

Multiplet ψ1L ψαL QaL νaR eaR EaR uaR daR UaR ρ χ η S φ

N −2
3 - 4

3
2
3 −1 −1 −2 1

3
1
3

4
3 −1

3
2
3 - 1

3
4
3 2

We expand the neutral scalar components of the scalar multiplets around their VEVs as
follows:

η
0
1 =

1√
2
(u+S1 + iA1) , ρ

0
2 =

1√
2
(v+S2 + iA2) , ρ

0
3 =

1√
2
(S3 + iA3) ,

χ
0
2 =

1√
2
(S4 + iA4) , χ

0
3 =

1√
2
(w+S5 + iA5) , S0

22 =
1√
2
(κ +S6 + iA6) ,

S23 =
1√
2
(S7 + iA7) , S33 =

1√
2
(Λ+S8 + iA8) .

Noting that the B− L symmetry preserves the vacuum state, only scalar fields with even B− L
charges can develop the VEVs. The extreme condition of the scalar potential, expressed as ∂V

∂Si
= 0
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for all scalar fields Si, leads to the following system of equations

µ
2
η +

ληSuκ2 +ληSΛ2u+λχηuw2 +2ληu3 +ληρuv2 +
√

2µvw
2u

= 0,

µ
2
ρ +

(
(λ ′

ρS +λρS)κ
2 +Λ2λρS +λχρw2 +ληρu2

)
v+2λρv3 +

√
2µuw

2v
= 0,

µ
2
χ +

w
(

λχSκ2 +
(
(λχSΛ+λ ′

χS)+2
√

2µ ′
)
+2λχw2 +λχηu2 +λχρv2

)
Λ+
√

2µuv

2w
= 0,

µ
2
S +

√
2 f
′′
v2 +2λ1Sκ3 +2λ2Sκ3 +2λ1SκΛ2 +κλχSw2 +ληSκu2 +λ ′

ρSκv2 +λρSκv2

2κ
= 0,

µ
′+
−2 f

′′
Λv2−2

√
2λ2Sκ3Λ+2

√
2λ2SκΛ3 +

√
2κΛλ ′

χSw2−
√

2λ ′
ρSκΛv2

2κw2 = 0. (18)

After substituting the extreme conditions into the Higgs potential, we obtain the mass spectrum of
the particles which are shown below.

3.1. The CP-even scalar sector
The theory contains eight CP-even scalar fields. Five of them, S1,S2,S5,S6,S8, have zero

B−L quantum numbers, while the remaining fields, S3,S4,S7, have non-zero B−L quantum num-
bers. Fields carrying the same B−L quantum numbers mix. In the system (S1,S2,S5,S6,S8) the
mass mixing matrix is represented as follows:

M2
S =


2ληu2− µvw√

2u
ληρuv+ µw√

2
λχηuw+ µv√

2
κληSu ΛληSu

ληρuv+ µw√
2

2λρv2− µuw√
2v

λχρvw+ µu√
2

κv(λ ′
ρS +λρS) ΛλρSv

λχηuw+ µv√
2

λχρvw+ µu√
2

2λχw2− µuv√
2w

κλχSw (M2
S)36

kληSu kv(λ ′
ρS +λρS) kλχSw 2κ2(λ1S +λ2S) 2kλ1SΛ

ΛληSu ΛλρSv (M2
S)36 2kλ1SΛ (M2

S)66

 , (19)

where the matrix elements (M2
S)33,66 are given by

(M2
S)36 =

Λ

(
2κ2λ2S−2λ2SΛ2 +λχSw2 +λ ′

ρSv2
)

w
,

(M2
S)66 =

−2κ2λ2S +4λ1SΛ2 +6λ2SΛ2 +λ ′
χSw2−λ ′

ρSv2

2
. (20)

Before breaking the electroweak symmetry, the mass matrix shown above has the simple form:

M2
0S =


− µw√

2t
µw√

2
0 0 0

µw√
2
− µtw√

2
0 0 0

0 0 2λχw2 0 λχSΛw− 2λ2Sλ 3

w
0 0 0 0 0

0 0 λχSΛw− 2λ2Sλ 3

w 0 (2λ1S +3λ2S)λ
2 +

λ ′
χSw2

2

 , (21)

where t = u
v . This matrix identifies two massless fields: one is identified as the SM-like Higgs

boson (h0) and another identified as the 95 GeV Higgs boson (h0
95), potentially beyond the SM.
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There are also three massive Higgs boson fields with masses at the new physics scale, denoted
as H0

1 ,H
0
2 , and H0

3 . After electroweak symmetry breaking: there is an additional mixing term
appeared, ∆M2

S = M2
S −M2

0S. Assuming, w,Λ� u,v,κ , the term ∆M2
S is known as a "perturbing"

squared mass term. Up to the first-order perturbation, the expressions for the squared masses are

m2
h95

=

{
t ′2
(
t2 +1

)
(λ1S +λ2S)+ληt4 +ληρt2 +λρ −λeff

t2 +1

}
v2,

m2
h =

{
t ′2
(
t2 +1

)
(λ1S +λ2S)+ληt4 +ληρt2 +λρ +λeff

t2 +1

}
v2,

(22)

m2
H1

= −µw tanα√
2

+O (u,v,κ) ,

(23)

m2
H2

= 2(2λ1SΛ
2 +3λ2S)+(4λχ +λ

′
χS)w

2− ∆

4w
+O (u,v,κ) , (24)

m2
H3

= 2(2λ1S +3λ2S)Λ
2 +(4λχ +λ

′
χS)w

2 +
∆

4w
+O (u,v,κ) , (25)

with t ′ = κ

v , and

λ
2
eff =

(
t2 +1

)
t ′2
(

t4 (
λ

2
ηS−2λη(λ1S +λ2S)

)
+2ληSt2(λ ′ρS +λρS)+(λ ′ρS +λρS)

2
)

+
(
t2 +1

)2
t ′4(λ1S +λ2S)

2 +
(
ληt4 +ληρt2 +λρ

)2−2(λ1S +λ2S)
(
ληρt2 +λρ

)
,

(26)

∆
2 = 4

(
(2λ1S +3λ2S)

2−16λ2SλχS
)

Λ
4w2 +4

(
(2λ1S +3λ2S)(λ

′
χS−4λχ)+4λ

2
χS

)
Λ

2w4

+ 64λ
2
2SΛ

6 +(λ ′χS−4λχ)
2w6, (27)

and their eigenstates are given, respectively
h

h95
H1
H2
H3

=


sinα sinγ1 cosα sinγ1 cosγ1 0 0
sinα sinγ2 cosα sinγ2 cosγ2 0 0

cosα −sinα 0 0 0
0 0 0 sinβ cosβ

0 0 0 cosβ −sinβ




S1
S2
S6
S5
S8

 , (28)

where

tanα =
u
v
, tan2β =

8λ2SΛ3−4λχSΛw2

(4λχ −λ ′
χS)w3−2(2λ1S +3λ2S)Λ2w

,
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tanγ1 =

√
t2 +1t ′

(
ληSt2 +λ ′

ρS +λρS

)
(t2 +1) t ′2(λ1S +λ2S)+ληt4 +ληρt2 +λρ −2

(
ληt4 +ληρt2 +λρ

)
+λeff

,

tanγ2 =

√
t2 +1t ′

(
ληSt2 +λ ′

ρS +λρS

)
(t2 +1) t ′2(λ1S +λ2S)+ληt4 +ληρt2 +λρ −2

(
ληt4 +ληρt2 +λρ

)
−λeff

.

(29)

In this work, we assume that the lightest CP-even scalar field, h95, corresponds to a particle
with a mass of 95 GeV, aligning with the potential scalar resonance observed by CMS and ATLAS
[14–16]. We further identify h with the well-established 125 GeV Higgs boson discovered at the
LHC [1, 2].

The CP-even scalar fields carrying non-zero B− L quantum numbers S3,S4,S7, mix to-
gether. Their mixing matrix results in a massless neutral scalar, identified as the real component
of the Goldstone boson GℜY 0 , which is eaten by the complex gauge boson Y , contributing to its
mass. Additionally, two massive Higgs fields, H0

4 ,H
0
5 , emerge from this mixing. At the leading

order of approximation, we can derive the properties of these physical states.

H4 ' S3, H5 '−cosξ S4 + sinξ S7, GℜY 0 ' sinξ S4 + cosξ S7, (30)

with tanξ = w√
2Λ

, and their masses are given as follows

m2
H4
' 1

2

(
λ
′
ρSΛ

2 +λ
′
χρw2−

√
2tµw

)
+O (u,v,κ) , (31)

m2
H5
'

(
4λ2SΛ2 +λ ′

χSw2
)(

2Λ2 +w2
)

4w2 +O (u,v,κ) . (32)

3.2. The CP-odd scalar sector
Within the spectrum of the CP-odd neutral Higgs bosons, five scalar fields (A1,A2,A5,A6,A8)

carry zero B−L quantum numbers, while the remaining fields (A3,A4,A7) carry non-zero B−L
quantum numbers. Consequently, we can divide the mass mixing matrix for the CP-odd scalar sec-
tor into two submatrices. For the system consisting of fields (A1,A2,A5,A6,A8), the mass mixing
matrix takes the form

M2
A1 =


− µvw√

2u
− µw√

2
− µv√

2
0 0

− µw√
2
− µuw√

2v
− µu√

2
0 0

− µv√
2
− µu√

2
(M2

A1)33 0 (M2
A1)35

0 0 0 0 0
0 0 (M2

A1)35 0 (M2
A1)55

 , (33)
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where matrix elements (M2
A1)33,35,55 read

(M2
A1)33 = −

8κ2λ2SΛ2−8λ2SΛ4 +4Λ2λ ′
ρSv2 +

√
2µuvw−4Λ2λ ′

χSw2

2w2 ,

(M2
A1)35 =

Λ

(
2κ2λ2S−2λ2SΛ2−λ ′

χSw2 +λ ′
ρSv2

)
w

,

(M2
A1)55 =

−2κ2λ2S +2λ2SΛ2 +λ ′
χSw2−λ ′

ρSv2

2
. (34)

This matrix yields two massless eigenstates corresponding to the Goldstone bosons of gauges
boson Z,Z′, along with three massive fields denoted A1,A2, and A3. The physical states are
defined as follows

GZ ' sinθ1A1 + cosθ1A2, GZ′ = A6 A2 ' sinθ2A5 + cosθ2A8,

A1 ' cosθ1A1− sinθ1A2, A3 ' cosθ2A5− sinθ2A8, (35)

where tanθ1 =−u
v , tanθ2 =

4Λw
(−4Λ2+w2)(2λ2SΛ2+λ ′

χSw2)
, and their masses are respectively given

m2
GZ

= 0, m2
GZ′

= 0, m2
A1
'−

µ
(
t2 +1

)
w

√
2t

, (36)

m2
A2
' κA−

√
κ2

A +
−4Λ2 +w2

2(4Λ2 +w2)
κAκB−κ2

B +O (u,v,κ) , (37)

m2
A3
' κA +

√
κ2

A +
−4Λ2 +w2

2(4Λ2 +w2)
κAκB−κ2

B +O (u,v,κ) , (38)

with

κA =
4Λ2 +w2

4w2 (2λ2SΛ
2 +λ

′
χSw2), κB =

√
2µuv
4w

. (39)

Three remaining fields (A3,A4,A7 ) have non-zero B−L quantum numbers, so they are mixed.

M2
A2 =


1
2

(
λ ′

ρS(Λ
2−κ2)+

(
λ ′χρw−

√
2µt
)

w
) √

2µu−λ ′χρ vw
2

λ ′
ρSv(κ−Λ)

2
√

2√
2µu−λ ′χρ vw

2 (M2
A2)22 (M2

A2)23
λ ′

ρSv(κ−Λ)

2
√

2
(M2

A2)23 (M2
A2)33

 , (40)

where the matrix elements (MA2)
2
22,23,33 are given by

(M2
A2)22 =

2(Λ+κ)[2λ2S(λ
2−κ2)−2λ ′

ρSv2]Λ+[λ ′
χS(Λ+κ)2 +λ ′χρv2]w2−

√
2µuvw

2w2 ,

(M2
A2)23 =

−4λ2S(λ
2−κ2)Λ+2λ ′

ρSv2Λ−λ ′
χSw2(Λ+κ)

2
√

2w
,

(M2
A2)33 =

4λ2S(Λ−κ)Λ+(λ ′
χSw2−λ ′

ρSv2)

4
. (41)
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The obtained mass eigenstates from the above matrix include one massless scalar particle identi-
fied as an imaginary component of the Goldstone boson, GY 0 . This is eaten by the complex gauge
boson, Y 0, contributing to its mass. The remaining two eigenstates correspond to the physical
neutral Higgs bosons, denoted as A4,A5. At the leading order of approximation, their masses and
relationship to the original states can be derived

mG
ℑY 0 = 0, (42)

m2
A4
' 1

2

(
λ
′
ρSΛ

2 +λ
′
χρw2−

√
2tµw

)
+O (u,v,κ) , (43)

m2
A5
'

(
4λ2SΛ2 +λ ′

χSw2
)(

2Λ2 +w2
)

4w2 +O (u,v,κ) , (44)

A4 ' A3, A5 '−cosξ A4 + sinξ A7, GℑY 0 ' sinξ A4 + cosξ A7. (45)

3.3. The charged scalar sector
The model contains six singly charged Higgs: η

±
2 ,η±3 ,ρ±1 ,χ±1 ,S±12,S

±
13. Three of these

Higgs (η±2 , ρ
±
1 ,S±12) are mixed via the following mass matrix

M2
C1 =


λ ′

ηSκ2u+λ ′ηρ uv2−
√

2µvw
2u

1
2

(
λ ′ηρuv−

√
2µw

)
λ ′

ηSκu

2
√

2

1
2

(
λ ′ηρuv−

√
2µw

)
−λ ′

ρSκ2v−λ ′ηρ u2v+
√

2µuw
2v

λ ′
ρSκv

2
√

2
λ ′

ηSκu

2
√

2

λ ′
ρSκv

2
√

2
1
4

(
λ ′

ηSu2−λ ′
ρSv2

)
.

 . (46)

The calculation results in three eigenvalues

m2
G±W

= 0, (47)

m2
H±1

'
tv2
[
λ ′ηρ

(
1+ t2

)2
+
(

λ ′
ηS−λ ′

ρSt2
)

t ′2
]
−
√

2µ
(
1+ t2

)2 w

t(1+ t2)
+O

( v
w

)
, (48)

m2
H±2

'
(λ ′

ηSt2−λ ′
ρS)v

2

2
+O

( v
w

)
, (49)

and their corresponding eigenstates are related by G±W
H±1
H±2

=


t√

1+t2
−cosσ1+

√
2t ′ sinσ1√

1+t2
−
√

2t ′ cosσ1−sinσ1√
1+t2

−1√
1+t2

−t cosσ1√
1+t2

−t sinσ1√
1+t2

−
√

2tt ′
1+t2

√
2t ′ cosσ1+(1+t2)sinσ1

1+t2
(1+t2)cosσ1+

√
2t ′ sinσ1

1+t2


 η

±
2

ρ
±
1

S±12

 , (50)

with the mixing angle σ1 are defined by

tan2σ1 =
−2
√

2t2t ′v2(λ ′
ηS +λ ′

ρS)
√

t2 +1

2
√

2µ (t2 +1)2 w− tv2
[
(t2 +1)

(
2λ ′ηρ (t2 +1)−λ ′

ηSt2 +λ ′
ρS

)
−2t ′2(λ ′

ηS +λ ′
ρS)
] .

(51)
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The remaining singly charged Higgs (χ±1 ,η±3 ,S±13) mix via a separate mixing matrix as

M2
C2 =


(M2

C2)11
1
2

(
λ ′χηuw−

√
2µv

)
(M2

C2)13

1
2

(
λ ′χηuw−

√
2µv

)
Λ2λ ′

ηSu+λ ′χη uw2−
√

2µvw
2u

Λλ ′
ηSu

2
√

2

(M2
C2)13

Λλ ′
ηSu

2
√

2
(M2

C2)33

 , (52)

where some matrix elements read

(M2
C2)11 =

4λ2S(−κ2Λ2 +Λ4)+Λ2λ ′
χSw2−2Λ2λ ′

ρSv2 +λ ′χηu2w2−
√

2µuvw

2w2 ,

(M2
C2)13 = −

Λ

(
−4κ2λ2S +4λ2SΛ2 +λ ′

χSw2−2λ ′
ρSv2

)
2
√

2w
,

(M2
C2)33 =

1
4

(
−4κ

2
λ2S +4λ2SΛ

2 +λ
′
χSw2 +λ

′
ηSu2−2λ

′
ρS.v

2
)

(53)

Diagonalizing the squared matrix M2
C2 produces the following eigenvalues

m2
G±X

= 0,

m2
H±3

'

[
4λ2St

(
2Λ2 +w2

)
Λ2 +λ ′

χSw2
]

2w2

+
v2
[
−2λ ′

ρS

(
2Λ2 +w2

)2
+ tw

(
λ ′

ηSw3 +Λ2
(
−4
√

2µ +4λ ′χηtw
))]

2(2Λ2 +w2)w2 ,

m2
H±4

'
Λ2λ ′

ηSt +w
(
−
√

2µ +λ ′χηtw
)

t
, (54)

and corresponding eigenvectors

G±X ' −w√
2Λ2 +w2

χ
±
1 +

tvcosσ2 +
√

2Λsinσ2√
2Λ2 +w2

η
±
3 +

tvsinσ2−
√

2Λcosσ2√
2Λ2 +w2

S±13,

H±3 '
√

2Λ√
2Λ2 +w2

χ
±
1 +

wsinσ2√
2Λ2 +w2

η
±
3 −

wcosσ2√
2Λ2 +w2

S±13,

H±4 ' −tvw
2Λ2 +w2 χ

±
1 −

(
cosσ2−

√
2Λtvsinσ2

2Λ2 +w2

)
η
±
3 −

(
sinσ2 +

√
2Λtvcosσ2

Λ2 +w2

)
S±13,

(55)

where

tan2σ2 =
2tvw2Λ

√
2Λ2 +w2

[√
2
(

2λ ′χη −λ ′
ηS

)
−4µ

]
κH

, (56)
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and the parameter, κH , is defined as

κH ' −4λ2StΛ2 (2Λ
2 +w2)2

−w2 (2Λ
2 +w2)[2Λ

2t
(

λ
′
χS−λ

′
ηS

)
+w

(
tw(λ ′χS−2λ

′
χη)+2

√
2µ

)]
+tv2

{
tw
(
w2−2Λ

2)[tw(2λ
′
χη −λ

′
ηS

)
−2
√

2µ

]
+2λ

′
ρS
(
2Λ

2 +w2)2
}
. (57)

The results above show that G±W and G±X are identified as the Goldstone bosons. These Goldstone
bosons are eaten by W±µ and X±µ bosons, respectively. In addition, the model predicts one light
singly charged Higgs H±2 with mass at the electroweak scale v, whereas remaining singly charged
Higgs bosons H±1,3,4 have masses at the TeV scale.

4. The properties of the SM-like Higgs boson

Firstly, we investigate the couplings of the CP-even scalars,h and h95, to the SM fermions.
These couplings arise from the Yukawa Lagrangian

LYukawa = he
αaψ̄αLρeaR +hE

αaψ̄αLχEaR +hE
1aψ̄1LSEaR +hξ

ψ̄
c
1Lψ1LS

+hu
abQ̄aLρ

∗ubR +hd
abQ̄aLη

∗dbR +hU
abQ̄aLχ

∗UbR +H.c. (58)

These interactions describe the couplings between all scalar fields and the SM fermions Here,
the couplings of the specific scalar fields, h and h95, to the SM fermions are normalized to the
corresponding values in the SM values using the mixing angles γ1,2 as shown below:

κh f f̄ =
gh f̄ f

gSM
h f̄ f

=
cosγ2

sin(γ2− γ1)
, ah95 f f̄ =

gh95 f̄ f

gSM
h f̄ f

=
cosγ1

sin(γ2− γ1)
. (59)

Similarly, the couplings of the light CP-even Higgs to the SM gauge bosons (W±,Z) are also
normalized to the SM values as shown below

κhW+W− =
ghW+W−
gSM

hW+W−
' cosγ2

sin(γ2− γ1)
, ah95W+W− =

gh95W+W−

gSM
hW+W−

' cosγ1

sin(γ2− γ1)
,

κhZZ =
ghW+W−
gSM

hW+W−
' cosγ2

sin(γ2− γ1)
, ah95ZZ =

gh95W+W−

gSM
hW+W−

' cosγ1

sin(γ2− γ1)
.

The experimental data constraint the SM Higgs decays into a pair of fermions, leading to
the constraint on the coupling parameter ah f̄ f is shown in [65] as:

κ
exp
hb̄b = 0.91±0.17

−0.16, κ
exp
hµ̄µ

= 0.72+0.50
−0.72, κ

exp
hττ

= 0.93+0.13
−0.13. (60)

Figure 1 shows the correlation between two mixing angles γ1,γ2 that ensure consistency of
the κh f f values given in Eq. (60). We find the constraints for the mixing angle γ1 as: γ1 > 3 rad.
Furthermore, the discovery of the Higgs particle at the LHC during Run 1 [66, 67] was a major
success. The overall signal strengths are fully compatible with the SM expectation, µ = 1, with
a precision of 6%. For the Higgs boson which decays into two photons, the branching ratio
normalized to the SM prediction is determined as

µγγ =
σ(pp→ h)

σ(pp→ h)SM
× Br(h→ γγ)

Br(h→ γγ)SM
. (61)
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Fig. 1. Correlation between the angles γ1,γ2 that are consistent with the experimental
constraints given in Eq. (60).

Recently, ATLAS and CMS collaborations [68] have shown the values µγγ as follows

ATLAS : µ
ATLAS
γγ = 1.09±0.09,

CMS : µ
CMS
γγ = 1.13±0.09. (62)

The dominant production mechanism for the Higgs boson is gluon-gluon fusion, mediated by a
top quark loop. Because the coupling of the SM-like Higgs boson to fermions is normalized to the
SM values by Eq. (59), we obtain the following expression for the ratio of the Higgs production
cross section in our model σ(pp→ h) to the SM prediction σ(pp→ h)SM

σ(pp→ h)
σ(pp→ h)SM

'
(

cosγ2

sin(γ2− γ1)

)2

. (63)

The branching ratios, Br(hi→ γγ), represent the probability of the Higgs boson (hi) decaying into
two photons (γγ). It is calculated as follows

Br(hi→ γγ) =
γ (hi→ γγ)

γ (hi→ all)
, (64)

In the considered model, the couplings of light CP-even scalar Higgs boson, h1 ≡ h,h2 ≡ h95, to
two photons are determined from the Feynman diagrams given in Fig. 2 and the partial widths at
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leading order (LO) are given as follow

γ (hi→ γγ) =
GFα2m3

hi

128
√

2π3

∣∣∣∣∣∑f
N f

c Q2
f κhi f f A1/2(τ f )+ ∑

V=W,X

m2
W

m2
V

κhiVV A1(τV )

+ ∑
φ j

v
2m2

φ j

ghiφ jφ j A0(τφ )

∣∣∣∣∣
2

, (65)

where τk =
m2

hi
4m2

k
and the Ai(τ) functions have a following form

A0(τ) = −τ− f (τ)
τ2 ,

A1/2(τ) =
2(τ +(τ−1) f (τ))

τ2 ,

A1(τ) = −2τ2 +3τ +3(2r−1) f (τ)
τ2 , (66)

with the function f (τ) is determined as

f (τ) =

{
arcsin2√

τ if τ ≤ 1

−1
4

[
log
(

1+
√

1−τ−1

1−
√

1−τ−1

)
− iπ

]2
if τ > 1

(67)

It should be noted that the model contains a new heavy-charged Higgs boson X±µ , beside the
SM one W±µ , see in [63, 64]. This gauge boson also contributes to γ(hi → γγ). However, this

contribution is significantly suppressed by the factor m2
W

m2
X
� 1 (shown in Eq. (65)) compared to

SM contribution by W±µ since mX ∼ O(1) TeV much larger than mW . Therefore, in the following
numerical studies, we will ignore this kind of contribution.

φ∓

φ±

φ±

hi

γ

γ

V ∓

V ±

V ±

hi

γ

γ

f

f

f

hi

γ

γ

1

Fig. 2. 1-loop contribution to hi→ γγ . Here the first, middle, and third diagrams present
the contribution of charged Higgs φ

±
j , charged gauge bosons V = W,X , and fermion to

decays hi→ γγ , respectively.

The total Higgs decay width is significantly summed over channels

γ (hi→ all) = ∑
f=b,c,τ

γ
(
hi→ f f̄

)
+ ∑

V=W,Z
γ (hi→VV ∗)

+γ (hi→ γγ)+ γ (hi→ gg) , (68)
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with

γ(hi→ f f̄ ) = Nc
GFmhim

2
f

4
√

2π
g2

hi f f ,

γ(hi→VV ∗) =
3G2

Fm4
V mhi

16π3

(
ghiVV

gSM
hVV

)2

δV R(xi), xi =
m2

V

m2
hi

,

γ(hi→ gg) =
GFα2

s m3
hi

36
√

2π3

∣∣∣∣∣34 ∑
q

κhqq̄A1/2 (τq)

∣∣∣∣∣
2

, (69)

where

δW = 1, δZ =
7
12
− 10

9
s2
W +

40
27

s4
W , (70)

and the function R(x) is defined by

R(x) =
3
(
1−8x+20x2

)
√

4x−1
arccos

(
3x−1
2x
√

x

)
− 1− x

2x

(
2−13x+47x2)

−3
2
(
1−6x+4x2) lnx. (71)

The SM-Higgs decay widths are obtained from those of the SM-like Higgs bosons in the
limit: ghH+

i H−i
→ 0,γ1→ 2γ1+π

4 . The input parameters for estimating the signal strength are u2 +

v2 =(246 GeV)2, and other parameters are taken from Particle Data Group (PDG) [68]. The signal
strength is respectively scanned for ghH+

2 H−2
= 20 GeV,200 GeV and 2000 GeV, where we ignore

the contributions of the heavy charged Higgs bosons H±1,3,4 and the lightest charged Higgs mass
H±2 is scanned for mH±2

= 150 GeV,500 GeV. We consider the regions of mixing angles γ1,γ2

satisfying the experimental bounds given in Eq. (62).
From the Fig. 3, we see that for mH±2

= 150 GeV, the signal strength, µγγ , is sensitive
to the choices of the couplings between the SM-like Higgs boson and the singly charged Higgs
one ghH+

2 H−2
. Particularly, the regions fulfilled the CMS and ATLAS experimental constraints [68]

expand when the coupling ghH+
2 H−2

increases, except the case ghH+
2 H−2

= 2000 GeV, which generates
the tiny region compared to other options ghH+

2 H−2
= 20,200 GeV. On the other hand, for larger

mass mH±2
= 500 GeV, the behavior changes notably. In such scenario, the regions that correspond

to different values of ghH+
2 H−2

are quite overlapped, especially the regions with ghH+
2 H−2

= 20 and
200 GeV , which are nearly identical. This indicates that the signal strength µγγ is quite insensitive
to the choice of ghH+

2 H−2
in the scenario mH±2

= 500 GeV. We can explain this behavior for the
following reasons. The contribution of charged Higgs boson to signal strength µγγ depends on the
factor [v/(2m2

H±2
)]× ghH+

2 H−2
' 5.46× 10−3ghH+

2 H−2
for mH±2

= 150 GeV, whereas [v/(2m2
H±2

)]×
ghH+

2 H−2
' 4.9×10−4ghH+

2 H−2
for mH±2

= 500 GeV which is remarkably smaller. Therefore, if the
magnitude of coupling is ghH+

2 H−2
∼ O(101− 103) GeV, the contribution of charged Higgs boson

with mass mH±2
= 500 GeV will have a low order of magnitude O(10−3− 10−1), which will not

modify significantly to µγγ . Inversely, the case mH±2
= 150 GeV will induce the contribution with
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Fig. 3. The correlations between the mixing angles γ1,γ2 are consistent with the ex-
perimental constraints on the signal strength µγγ [68]. The left and right panels show
the regions satisfying the measurement by ATLAS and CMS, respectively. Besides, the
top and bottom panels are plotted when fixing the mass of the lightest charged Higgs at
mH±2

= 150 GeV and mH±2
= 500 GeV, respectively.

magnitude ∼ O(10−2− 100), larger 10 times compared to case mH±2
= 500 GeV. Consequently,

the panels with mH±2
= 500 GeV are insensitive with values of couplings ghH+

2 H−2
whereas the ones

with mH±2
= 150 GeV show the stronger influence of ghH+

2 H−2
.
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5. The 95 GeV diphoton excess

Let’s investigate if the Higgs boson h95 can explain the experimental hint observed around
95 GeV. This requires determining the regions in the parameter space that would produce a dipho-
ton signal strength for h95 consistent with the results reported in [17, 69]

µ
h95−CMS
γγ =

σCMS (gg→ h95→ γγ)

σSM (gg→ h→ γγ)
= 0.33+0.19

−0.12. (72)

In our theory, the diphoton signal strength for h95 is predicted as follows

µ
h95
γγ =

σ (gg→ h95)

σ (gg→ h)
× Br(h95→ γγ)

Br(h→ γγ)
=

(
cosγ1

cosγ2

)2

× Br(h95→ γγ)

Br(h→ γγ)
. (73)

Assuming mH±2
= 150 GeV, Fig. 4 shows contours of µ

h95
γγ in the γ1−γ2 plane for ghH+

2 H−2
=

20,200 GeV. The results indicate that our model allows the region for the mixing angles γ1,γ2 that
could accommodate the observed CMS diphoton excess [17, 69].

Fig. 4. Region of the γ1−γ2 plane that explains the CMS 95 GeV diphoton excesses [17,
69] for taking mH±2

= 150 GeV. The left and right panels are plotted by fixing gh95H+
2 H−2

=

20 GeV and gh95H+
2 H−2

= 2000 GeV, respectively.

6. Conclusions

We have studied in a more detail the scalar sector in the considered model. The model
possesses a sufficient number of massless particles to account for the longitudinal components
of the massive vector boson. In addition to the SM-like Higgs boson, the model predicts two
additional Higgs bosons at the electroweak scale: a neutral CP-even Higgs, and a singly charged
Higgs one. The remaining scalar particles have masses depending on the new physical scale.
The light even-scalar, h, aligns with the Higgs-like state discovered by the CMS and ATLAS in
2012 [1, 2]. The other, h95, potentially explains the 95GeV hinted at by CMS data. The couplings
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of the h to the SM fermion are normalized by factor κhVV ∼ κh f f =
cosγ1

sin(γ2−γ1) and those of the
h95 are normalized by factor ahVV ∼ ah f f =

cosγ2
sin(γ2−γ1)

. We have demonstrated that the model can
potentially explain both the main excesses observed in the scalar field at the LHC and the diphoton
excess hinted at by CMS data around 95 GeV, within specific regions of mixing angles γ1,γ2.
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