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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 2.30 local excess in the eTe~ — Z(H — bb) 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 2.96 [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 < myy, <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 ¢ (1.3 ¢). 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 x SU(3), x 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)2 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);, symmetry, while the two remaining
quark generations transform as anti-triplets.

Recently, Fonseca and Hirch [52] showed that the [SU(3);]® anomaly (<) induced by a
fermion sextet is related to that induced by a fermion triplet as </ (6) = 7.¢7(3). Therefore, the
[SU(3)7)? 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), x 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 A, 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
SUB3)c®SUQB)LaU(1)x, (1)

where the first factor, SU (3 )¢, is the familiar symmetry group of QCD. The remaining, SU (3),, 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:

0=T+BL+X, Y=PL+X, 2

where T,, (n = 1,2,3, ..., 8) represent the generators of the SU(3),, group, and X is the generator of
the U(1)x group. While the coefficient f3 sets the electric charge of new particles, its theoretical
values remain undetermined. Unlike other parameters constrained by anomalies, 3 is free to take
any value and determines the electric charge of the new particle. One possible parametrization,
as suggested in [63], B = —(2¢ + 1)//3, expresses the left-handed fermion representations under
SU(3),, are generally given by

S 56T v
_ 1 g—1—¢q —2—q 1 -~
Vi = \/5152 &, ﬁqel 3, (3)
VAL A
V(x da
Yoo = eq ~3, Qu= —Uq ~ 3% “4)
k?x —q—1/3
L Ja L

It is worth noting that the generation indexes used here are a = 1,2, 3, and @ = 2,3. Additionally,
all right-handed fermions are singlets under the SU(3), group. An interesting exception arises
when § = % In this specific case, as detailed in (see in [63]), the right-handed &g, E;z can be
omitted as V,g. This simplification results in more economical fermion content, as follows:

1 g0 1
§+ ﬁé ﬁvl

_ 1

W]L = %50 é ﬁel ~ (]767_3>7 (5)
\%Vl %61 E,
Va o)

l1l/OlL == €a ~ 1737_§ 9 (6)
Eq L

€aR "~ (Lla_l)v EaRN(lala_l)v @)
d, |

QuL = —Uq ~ (373*73> ) (8)
U, L

Ugr (37112/3)7 daRN(3717_1/3)7 UaRN(37172/3)~ (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:

0 +
m Py
n=\{ n | ~(13-2/3), p=| p) | ~(1,31/3), (10)
U Py
2 S Sk 5D
0 I+ 1 ¢0 0
A3 72513 ﬁszs 53

Interestingly, the model exhibits a unique feature with the scalar fields p and . 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 | v |u?3 | d7 VB3| EF|EO e | E- (U |XxT | Y0 |p/ | p?
B-L|-1|-1]1/3 1/3 0 0 0 | —2|4/3 1 1 0 0
Field | pf | 2" | %3 | 23 | n) | my | ms | S| | S | S [5% [ S5 | S5
B-L | -1 1 1 0 0 0O |—-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

VvV =V+V.
The first part, denoted by V, is split into two parts as follows:
V= Vl + V27

(12)

(13)
with

Vi

= ' n+uyp o+ X+ u3Te(S'S)

2 (T 0)2 4 Ap(pTP)? + Ay (27) + MsTE(SS) + AasTr(S7S)?
+np (M ) (PP) + Ay (X" 2) (1) + Ay (T 2) (p7p)

+Ans(n’ n)Tr(S )+ Aps(p*P)Tr(S™S) + Ays (" 2) Tr(S7S)
+A5,(M ) (0T N) + Ay (X ) (T 2) + Ay (X TP (P 1)
+Ays(178)(ST2) + Ans(nS)(S™n) + Aps(p"S)(S7p)

+(unpx+u'x"S*x+H.c). (14)
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Here the couplings A’s are dimensionless, while the parameters (’s have mass dimension,

Voo = Qon (X)) 4+ oo (X' 0) (07 P) 4 Agon (X Tp) (07 1)
+ps (X P)Tr(S™S) + Ay s (X 7S)(STp) + H c. (15)

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

V=r0o"2+1p"Sx+fp"Sp+Hec, (16)

where f’s are mass parameters analogous to u’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)y symmetry emerges as a potential hidden symmetry that
can suppress the unwanted interactions. The N—charge, associated with the U(1)y symmetry,
determines the B — L charge of a particle through the following relation:

2
B—L=—-Ty+N. (17)

V3

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 | YiL | War | Qar | Var | €ar | Ear | Uar | dar |[Usr | P | X | M | S
2 4 2 1 1 4 1 2 1 4
N 3l 3|3 |-V -2 53 3 [-3[3][3[3]2

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

1 . 1 , 1 .

m = 7\@(”+51+1A1)a szfﬁ(V‘FSz—HAz)a szfﬁ(&—kzm),

9 L (S4+iAs) o_ L (w+Ss+ids), S L (K + S +iAg)
= l ) = w L ) = L )
X2 /A 4 4 X3 V2 5 5 2="/5 6 6
1 ) 1 .

Sy = ﬁ(S7+lA7)’ S33 = \E(A—I—Sg—l-lAg).

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 % =0
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for all scalar fields S;, leads to the following system of equations

2 lngulcz + lnsAzu + l,muw2 + 21,,143 + lnpuv2 +2uvw

=0
n u )
) ((l”)s + Aps) K2 4+ A Aps + Aypw? + lnpuz) v+ 24507 + V2 uuw
I'Lp + = 0,
2v
- w (/lxsk‘z + ((lxsl\—}— g)+ 2V2u’ ) + 27wa2 + lantZ + lxpv2> A+ 2uuy .
.ux =Y,
2w
5 . \ﬁfﬁvz + 21151(3 + 2%251('3 + 27(451(/\2 + leswz + AUSKMZ + QLZ,SK'Vz + ApsKVZ 0
Us =0,
2K
—2f" AV =2V 2005 K3 A+ 20/ 2005 KA + V2KAAL W — V2A! sk AV
[.L/ + 2K 3 X p = (18)
w

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, S;,S>,S5,Sg,Ss, have zero
B — L quantum numbers, while the remaining fields, S3, S4, 57, have non-zero B — L quantum num-
bers. Fields carrying the same B — L quantum numbers mix. In the system (S, 52,S5,S¢,Ss) the
mass mixing matrix is represented as follows:

2Anu? % Anpuv+ ’ffw Aynuw + % KAnsu Adysu
Angpuv+E W 22507 — ﬁv: Aypvw + % Kv(Aps+2ps)  Adpsv

M= Aynuw + % Aygpyw+ £ ﬁ 2 w? — \/gvvv KAysw (M3)36 |. (19
ks kv(Ag+Aps)  kdgsw  2K%(Ais+Aas) 2kAisA
Adpsu Adpgy (M32)36 2kAisA (M3)66

where the matrix elements (M§)33766 are given by

A (21(2125 — 2)LzsA2 + Axswz + )L;)SVZ)

M3)36 =
(Ms)36 " )
*21(2125 + 4)(45/\2 + 67l,zsA2 + A Sw2 — )L/SVQ
(M5)o6 = 5 x = (20)
Before breaking the electroweak symmetry, the mass matrix shown above has the simple form:
_Mwoopw
; el \{sz 0 0 0
5 A 0 0 0
Mgs=| 0 0 2 w2 0 AysAw — 2ash : 2
0 0 0 0 0

AL w?
0 0 IAgsAw—222 0 (205430422 + B

where t = . This matrix identifies two massless fields: one is identified as the SM-like Higgs
boson (h°) and another identified as the 95 GeV Higgs boson (h)s), 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 H?,Hg, and Hg’ . After electroweak symmetry breaking: there is an additional mixing term
appeared, AM? = M§ — MSS. Assuming, w, A > u,v, K, the term AM§ is known as a "perturbing"
squared mass term. Up to the first-order perturbation, the expressions for the squared masses are

mh95 - t2+1 Vo,
s (1) Mis+Aas) + At + Anpt® + A + et |,
M = 241 Vo
(22)
2 Uwtan o
m = ——+4+0(u,v,x),
H, \/i ( )
(23)
A
mpy, = 2(2MsA® +3s) + (4hy + Apg)w® — I O (u,v,x), (24)
A
miy = 225+ 3hs) A+ (4 + Ags)w + =+ O (v, K), (25)
with#' = % and
M = (P02 (1 (s =22 (s + Aas) + st (s + Aps) + (Ags + Aps)?)
+ (P07 Mis £ 205) + (At + Aol +20)" = 2(Aas + Aas) (Apl>+2p)
(26)
A = 4((2hs+322s)* — 16d05Ays) A'w? +4 ((2&13 +3225) (Ays — 42y) +47L§S) APwt
+ 645G + (A — 44y )W, (27)
and their eigenstates are given, respectively
h sinosiny; cosQasiny; cosy 0 0 S1
hos sinosiny, cosasiny, cosyy O 0 S2
H, = cos o —sino 0 0 0 Se |, (28)
H, 0 0 0 sinB  cosf Ss
H; 0 0 0 cosB —sinf Sg

where

825 A% — 42, sAW?
(44y — ALgIw? —2(2A1s + 322s) A2w’

u
tanoe = —, tan2f =
v
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(2 + 1)1 (Mis + Aas) + Ant* + Anpt? + Ap — 2 (Agt* + Agpt® + Ap) — Aefr
(29)

tany; =

tany, =

In this work, we assume that the lightest CP-even scalar field, 95, 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 /& 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,S54,57, mix to-
gether. Their mixing matrix results in a massless neutral scalar, identified as the real component
of the Goldstone boson Ggyo, which is eaten by the complex gauge boson Y, contributing to its
mass. Additionally, two massive Higgs fields, HB,HQ , emerge from this mixing. At the leading
order of approximation, we can derive the properties of these physical states.

Hy~S3, Hs~—cos&S;+sin€S;, Ggyo ~sin€Sy +cosES7, (30)

with tan& = ﬁ, and their masses are given as follows

1

m%h > 5 (XIQSA2+7L)’CPW2—\f2t,uw) + O (u,v,x), (31)
(422502 + A7) (242 +?)

my, + O (u,v,K). (32)

4w?

3.2. The CP-odd scalar sector

Within the spectrum of the CP-odd neutral Higgs bosons, five scalar fields (A1,A2,As,A¢,As)
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,As,A¢,As), the mass mixing
matrix takes the form

_pwwo pw _& 0
"
_aw _puww _Hu 0
2 13 g NG 2
Muy=| —7% —75 Midsn 0 (Mi)s | (33)
0 0 0 0 0
0 0 (M3)ss O (Mg))ss
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. 2
where matrix elements (M3, )33 35,55 read

8 K2 Mas A — 8Mas At + 4N A v? + V 2uvw — 4N A ow?

(Mz))33 = 02 ;
o) A (262 h0s — 22252 = Ao + ) r? )
A1)35 — )
w
5 —2K‘2125 + 2%251\2 + )’)/(SWZ — l/)sv2
(Mjz))ss = 5 : (34)

This matrix yields two massless eigenstates corresponding to the Goldstone bosons of gauges
boson Z,Z', along with three massive fields denoted ./ ,.%, and .o/5. The physical states are
defined as follows

Gz ~ sin61A;+cosBiAy, Gy =A¢ @H ~sinbrAs+ cosAg,

) =~ cosOA; —sinB1Ay, @ ~ cos B,As5 —sin O Ag, 35)
_ _u _ 4Aw . . .
where tan 0; = —{,tan 6, = o) (2has e A ) and their masses are respectively given
2
2 2 ), M (FP+1)w
mg, 0, mg, = 0, My = _Tv (36)
—4A2 +W2
2~ 2 2
—4A2 +W2
2~ 2 2
my, o~ KA+\/KA+2(4A2+W2)KAKB—KB+6°’(u,v,1<), (398)
with
4% +w? V2uuy
Ka = —an? (2225A° + )L;C W), Kp= H ) (39)

4w
Three remaining fields (A3,A4,A7 ) have non-zero B — L quantum numbers, so they are mixed.

V2uu—2A,,vw Al v(k—A)
3 (Aps(A2 = K2) - (Agpw—v2ur ) w) T DT

22
2 u—/
M3, = M M) (My)n |- (40)
A v(k—A)
pszﬁ (M§2)23 (M§2)33

where the matrix elements (M42)3, 53 33 are given by

_ 2(A+k) [225(A% — k%) — ZAI’JSVZ]A—i— [Ays(A+ K)? + Ay pv7]w? — V2uvw

2
(MAZ)ZZ - 2 )
(M) — —42a5(A% = KA+ 22) * A — Ay ow* (A + K)
A2 2\/§W )
4205(A— K)A+ (Aygw® — A[51?)

(Mr)33 = 1 . 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, Gyo. This is eaten by the complex gauge
boson, Y, contributing to its mass. The remaining two eigenstates correspond to the physical
neutral Higgs bosons, denoted as 74, .o75. At the leading order of approximation, their masses and
relationship to the original states can be derived

mg.,, = 0, (42)
1
miﬁ ~ 5 (l;)SAZ +ljlcpw2 — \[2t,uw> + 0 (u,v,x), (43)
(422587 + 207 ) (242 +?)
m gy = 4?2 +0 (Lt, v, K) ) (44)
oy~ Az, s~ —cosEAs+sinéA7,  Ggyo ~sinEAs+ cosEA7. (45)

3.3. The charged scalar sector

The model contains six singly charged Higgs: nzi,nf,pli, xli,Sliz,Si. Three of these
Higgs (nzi, pli, Sﬁ) are mixed via the following mass matrix

A KPUAA, v —/2, Al oK
s g P (2 i
52 a2 /
M¢, = : (l,’”,uv - \@IJW> Jps )L"’;Z k2 12,)\5/’; : (46)
AgsKu Apskv 1 o2 12
;\@ gﬁ Z(Ansu —lpsv>.
The calculation results in three eigenvalues
mg. = 0, (47)
2 v {Mm (1+t2)2+(l1/7S*%5t2> tq ﬁ”(1+t2)2w+ﬁ(V) 48)
M = 1(1+12) w/’
(ALt — AL 2 v
2 ~ ns (S
my = o (D). “9)
and their corresponding eigenstates are related by
+ t —cos 01+V2t' sinoy —+/2t' cos 61 —sin oy 4
G‘l 1412 V1412 V1412 n,
H — —1 —1C0s O] —1sin o pi (50)
L Vits2 V1+2 V142 1 )
H, —V2rt V2 cosoy+(14+12)sinc;  (1412)cos 61 +1/2' sin o S12
1412 1412 1412

with the mixing angle o) are defined by
220V (Ap s+ Ap ) V2 + 1
> .
V20 (12 + 1) w— 12 [(ﬂ 1) (u;m (P24 1) = A + A,;S) — 22 (A s+ Ab)
(5D

tan20] =
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The remaining singly charged Higgs (jcli7 T]f,Sﬁ) mix via a separate mixing matrix as

(M&)n 3 (%nuw - \ﬁ/v“’) (MZ5)13
2 A2A! AL uw? —/2uvw AL cu
Me,=| 3 (l)’muw — \@/,Lv) T 2\'}% ) (52)
AL cu
(MZ5)13 SN (M25)33

where some matrix elements read

425(—K>A% + A + AZAJ’CSW2 - ZAZ%SV2 + Ay wWw? —\/2uuvw

(M(ZjZ) 1 = w2 ’
/13 = 24/2w 7
1
(Méz)33 = 1 (—4K27LQS + 47LQSA2 + l;cswz + 7%/75”2 - Z}L;/)S'V2> (53)

Diagonalizing the squared matrix Méz produces the following eigenvalues
2 —
mG§ = 0,

X (42t (202 +02) A2+ Ay on?|

My = w2
V2 [—ZX;S (2A2 + w2)2 +tw (M;SWS + A2 (—4\@” + 4kj’cntw> )}
+ 2 (2A2 +w?)w? ’
) ADpst +w (—ﬂuwt,’mtw)
me ~ ; , (54)
and corresponding eigenvectors
GE ~ —w Xi+tvcosaz+\/§Asin62ni+ tvsinoy — v2Acoso, .
X V2AZ w2 V2A% 4+ w? . V2A2 +w? 1
HE ~ V2A £ wsinoy WCOS 02 ot
: Ny RNy e Iy earratel
4 —tyw V2Atvsino, \ 4 _ V2Atvcosor \ .
He = et (COSGZ B =T RN Sy e RIS
(55
where

200w AVIATE W [V2 (244 — A — 44
tan20, = ” , (56)
H
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and the parameter, Ky, is defined as
Ky o~ —4dpstA (202 +w?)’
—w? (202 w?) [20% (A5 = Aps) +w (1w(Ays = 224,) +2v21 )|
2 {iw (w? = 28%) [tw (244, = A ) —2v2u] + 2255 A% +w?) . (57)

The results above show that Gat, and G;E are identified as the Goldstone bosons. These Goldstone
bosons are eaten by W#i and Xﬁ[ bosons, respectively. In addition, the model predicts one light

singly charged Higgs H2jE with mass at the electroweak scale v, whereas remaining singly charged
Higgs bosons H li3.4 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,s and hgs, to the SM fermions.
These couplings arise from the Yukawa Lagrangian

Prskawa = HoqWarpear + Moy War XEar + W W11SEar +h* Wi yirS
+1,Qarp o + he Qar N dpg + 5 Qar X Upr + H . (58)
These interactions describe the couplings between all scalar fields and the SM fermions Here,
the couplings of the specific scalar fields, 4 and hgs, to the SM fermions are normalized to the
corresponding values in the SM values using the mixing angles ¥; » as shown below:
8nif _ _ COSYh an o Shosir _  COSTh
gy sin(p-n) T g sin(n - n)

Knpf =

(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

K _ 8mwiw- _ COsY) u _ 8hosWtw— _ COSY
Wrw- — SM — . ; hosWHW—= =~ spm — ;
Ehw+w- sin(y, —n) Ehw+w- sin(2—n)
1< Shwrw— COSP 4 ShosWtw—  COSY
hZZ = s ~ — ; hosZZ = i ~ — .
Ehw+w- SIH(YZ - YI) Ehw+w- s (YZ - '}’1)

The experimental data constraint the SM Higgs decays into a pair of fermions, leading to
the constraint on the coupling parameter a7, is shown in [65] as:
Ky = 0915010, kb = 0.72%030, ke = 0.937013. (60)
Figure 1 shows the correlation between two mixing angles 71, 7> that ensure consistency of
the K77 values given in Eq. (60). We find the constraints for the mixing angle y; as: y; > 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, 4 = 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
o(pp—=h)  Br(h—7y)

= X . 61
" 6(pp — h)sm ~ Br(h— yy)sm D
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Fig. 1. Correlation between the angles 71,7 that are consistent with the experimental
constraints given in Eq. (60).

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

ATLAS : ™ = 1.09+0.09,
CMS: ug™ = 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 & (pp — h) to the SM prediction o (pp — h)sm

o(pp — h) N< cosp )2 63
o(op = Msw ~ \sin(a—m)) ©3)

The branching ratios, Br (h; — yy), represent the probability of the Higgs boson (/;) decaying into
two photons (yy). It is calculated as follows

¥ (hi — vy)

y(h; — all)’
In the considered model, the couplings of light CP-even scalar Higgs boson, h; = h,hy = hys, to
two photons are determined from the Feynman diagrams given in Fig. 2 and the partial widths at

Br(h; — yy) = (64)
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leading order (LO) are given as follow

h ) GFOCZm3 ZNfQ A Z
Y Y TN, K A1/2(Tr) P8
2
+Y e v2 ghio;0,A0(To)|
9 “Mo;
7 2
where 7, = 47% and the A;(7) functions have a following form
k
T—f(7)
Ao(r) =~
2(t+(t—1)f(7
bty = HHEDIE)
212 +314+3(2r— 1) f(t
N 2= 1)1(e)

with the function f(7) is determined as
arcsin? /7 if 7<1

f(T)Z{ —%[10g<%)_’”r if 7>1

Kh vwA(Ty)

(65)

(66)

(67)

It should be noted that the model contains a new heavy-charged Higgs boson X;-, beside the
SM one Wi, see in [63, 64]. This gauge boson also contributes to y(h; — yy). However, this

2
contribution is significantly suppressed by the factor ;"TVZV < 1 (shown in Eq. (65)) compared to
X

SM contribution by WMi since my ~ (1) TeV much larger than my . Therefore, in the following

numerical studies, we will ignore this kind of contribution.

Fig. 2. 1-loop contribution to #; — Y. Here the first, middle, and third diagrams present
the contribution of charged Higgs ¢)]-i, charged gauge bosons V = W X, and fermion to

decays h; — 77, respectively.

The total Higgs decay width is significantly summed over channels

y(hi—all) = Y y(hi— ff)+ Z y(hi = VV*)

f=b,c,T
+y(hi = yy) + vy (hi — gg) ,

(68)
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with
- Gpmh.m%
hi — = Ne—Frn"lgh o/,
Y(hi — ff) T aan 8hiff
" 3GEmymy, gy \? my
')/(h, —VV ) = 16713 gil“/lv évR(xi), X; = miﬁ’
2
Gpazm?l, 3
y(hi — gg) = ﬁ;n; ZZthqu/z ()] (69)
q
where
7 10 40
By = 1, & == syt s (70)
and the function R(x) is defined by
3(1—8x+20x -1\ 1-
R(x) = ( x+205) arccos 3 7 (2— 13x+47x2)
VAx—1 avi ) 2
3
-5 (- 6x+4x%) Inx. (71)

The SM-Higgs decay widths are obtained from those of the SM-like Higgs bosons in the
limit: g+ — 0,1 — 2}'{#. The input parameters for estimating the signal strength are u” +

v:= (246 GeV)z, and other parameters are taken from Particle Data Group (PDG) [68]. The signal
strength is respectively scanned for Sy H; = 20 GeV,200 GeV and 2000 GeV, where we ignore
the contributions of the heavy charged Higgs bosons Hf& 4 and the lightest charged Higgs mass
H2jE is scanned for My = 150 GeV,500 GeV. We consider the regions of mixing angles 7;,7»
satisfying the experimental bounds given in Eq. (62).

From the Fig. 3, we see that for My = 150 GeV, the signal strength, Ly, is sensitive
to the choices of the couplings between the SM-like Higgs boson and the singly charged Higgs
one g+ Particularly, the regions fulfilled the CMS and ATLAS experimental constraints [68]
expand when the coupling g+ ;- increases, except the case g, ;- = 2000 GeV, which generates
the tiny region compared to other options ShH Hy = 20,200 GeV. On the other hand, for larger
mass mp: = 500 GeV, the behavior changes notably. In such scenario, the regions that correspond
to different values of ShH; Hy Are quite overlapped, especially the regions with ShH; Hy = 20 and
200 GeV , which are nearly identical. This indicates that the signal strength L1,y is quite insensitive
to the choice of ShHy H; in the scenario My = 500 GeV. We can explain this behavior for the
following reasons. The contribution of charged Higgs boson to signal strength L, depends on the
factor [v/(2m12r12i)] X 8y Hy; ~ 546 X 10_3thz+H{ for my- = 150 GeV, whereas [v/(2mi12i)] X
ShiHy =49 X 10*4th2+ w; for my: = 500 GeV which is remarkably smaller. Therefore, if the
magnitude of coupling is SnHHy ~ 0(10' —103) GeV, the contribution of charged Higgs boson

with mass My = 500 GeV will have a low order of magnitude ¢’(10~2 —10~!), which will not
modify significantly to tly,. Inversely, the case m HE = 150 GeV will induce the contribution with
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Fig. 3. The correlations between the mixing angles 7;,7 are consistent with the ex-
perimental constraints on the signal strength 1y, [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
My = 150 GeV and My = 500 GeV, respectively.

magnitude ~ &(1072 — 10°), larger 10 times compared to case My = 500 GeV. Consequently,
the panels with My = 500 GeV are insensitive with values of couplings 8hH; Hy whereas the ones
with m HE = 150 GeV show the stronger influence of g, H Hy -
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5. The 95 GeV diphoton excess

Let’s investigate if the Higgs boson hgs 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 hgs consistent with the results reported in [17, 69]

oMS (gg — hos — y7)

oM (gg — h— vy)

hos—CMS _

T =0.33701. (72)

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

(73)

s O(88 = hos) ~Br(hos —vyy) (cosn > Br(hos — ¥Y)
Hyy = X = X

o(gg—h) Br(h — vy) cos P, Br(h—vyy)

Assuming Mye = 150 GeV, Fig. 4 shows contours of ,LL;,?,S in the y; — 9 plane for ShHy H; =
20,200 GeV. The results indicate that our model allows the region for the mixing angles 7, 7> that
could accommodate the observed CMS diphoton excess [17,69].

@

—0.50

o

— 045

0.40

0.35
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3.0 35 4.0 45 5.0 55 6.0
v1 (Rad)

3.0 35 40 45 5.0 55 6.0
v1 (Rad)

Fig. 4. Region of the y; — 7 plane that explains the CMS 95 GeV diphoton excesses [17,
69] for taking My = 150 GeV. The left and right panels are plotted by fixing ShosHy Hy =

20 GeV and ShosHy Hy = 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, A, aligns with the Higgs-like state discovered by the CMS and ATLAS in
2012 [1,2]. The other, hys, 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 K,yy ~ Kyrr = %

% 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 71, 7.

and those of the

hos are normalized by factor apyy ~ appyr =
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