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The CMS and ATLAS Collaborations recently published their results searching for light Higgs bosons,
using the complete Run 2 data of the LHC. Both reported an excess in the diphoton invariant mass
distribution at mγγ ≃ 95.4 GeV with compatible signal strengths. The combined result corresponded to a
local significance of 3.1σ. Besides, the mass of the diphoton signal coincided with that of the bb̄ excess
observed at the Large Electron Positron. Given the remarkable theoretical advantages of the general next-to-
minimal supersymmetric Standard Model, we interpret these excesses by the resonant productions of the
singlet-dominated CP-even Higgs boson predicted by the theory. Using both analytic formulas and
numerical results, we show that the idea can interpret the excesses by broad parameter space without
contradicting current experimental restrictions, including those from the 125 GeV Higgs data, the dark
matter relic abundance and direct detection experiments, and the collider searches for supersymmetry and
extra Higgs bosons. Although the explanations are scarcely affected by present Higgs data and the LHC
search for supersymmetry, the dark matter physics may leave footprints on them. We also survey the other
signals of the light Higgs boson at the LHC.
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I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron
Collider (LHC) in 2012 proved the existence of a scalar
field. It provided essential insights into the electroweak
symmetry breaking (EWSB) and mass generation mecha-
nisms. Although the properties of this boson are consistent
with the predictions of the Standard Model (SM), the
notorious hierarchy problem implies that the SM might
not be the whole story, and there ought to be a more
underlying framework from physics beyond the SM (BSM)
to account for the EWSB. Since the BSM physics often
gives rise to extended Higgs sectors in which additional
scalar particles are present, searching for extra Higgs bosons
becomes one of the primary objectives of the LHC. In this
regard, it is noticeable that the presence of additional scalars
with masses below 125 GeV is not excluded if their

couplings are suppressed compared to those of the SM
Higgs boson. These extra Higgs bosons are within the reach
of the LHC, and with moderately large couplings, they
would have been produced in small numbers in past runs.
Thus, an intriguing question is whether there could be hints
of one or more additional Higgs bosons in the currently
existing searches in the form of no-significant excesses over
the background expectation.
Among the ongoing searches for low-mass Higgs bosons,

the CMS Collaboration first revealed in 2015 an excess with
a local significance of 2.0σ in the diphoton invariant-mass
distribution at mγγ ≃ 97 GeV, based on 19.7 fb−1 of LHC
data at a center-of-mass energy of 8 TeV [1]. This excess
was reinforced to 2.8σ in 2018 at mγγ ≃ 95 GeV after
combining the Run 1 data and 35.9 fb−1 of LHC data at
13 TeV [2]. Remarkably, CMS released its latest analysis in
March 2023, confirming the excess at mγγ ¼ 95.4 GeV and
with a local significance of 2.9σ by employing advanced
analysis techniques and utilizing data collected during the
first, second, and third years of Run 2, which correspond
to integrated luminosities of 36.3 fb−1, 41.5 fb−1, and
54.4 fb−1, respectively, with a shared collision energy of
13 TeV [3]. By contrast, the observations of the ATLAS
Collaboration are somewhat different. Specifically, this
collaboration did not find a significant excess around
95 GeV after scrutinizing 80 fb−1 of LHC data in 2018
[4]. However, given that its sensitivity was minor, its limits
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on the diphoton production rate were not in tension with the
CMS results. Encouragingly, the collaboration recently
released its analysis in searching for the diphoton reso-
nances in the mass range from 66 GeV to 110 GeVusing the
full Run 2 LHC dataset (140 fb−1) [5]. Compared with its
previous one [4], using multivariate analysis techniques in
background mitigation and event classification improved
the sensitivity to BSM physics. Numerically speaking, this
further analysis revealed an excess in the diphoton channel
at an invariant mass around 95 GeV and with a local
significance of 1.7σ, remarkably aligning with the reported
CMS findings.
Regarding interpreting the new result from ATLAS and

the previously reported ones from CMS, one should note
that the observed diphoton events at about 95 GeV might
originate from fluctuating a much more extensive back-
ground, thus giving rise to a relatively small number of
pseudosignals. Therefore, one cannot necessarily expect
that the excesses should occur with the same signal strength.
In this context, the phenomenon that both collaborations
reported their most significant excess at the same mass value
has to be seen as a certain level of coincidence. However,
since for the same mass value, the renormalized diphoton
production rates revealed by the two collaborations, namely
μCMS
γγ ¼ 0.33þ0.19

−0.12 and μATLASγγ ¼ 0.18� 0.10, agree with
each other within their uncertainties, it is intriguing to
imagine that they arise from the production of a single new
particle. If it proves true, this will be the first sign of new
physics in the Higgs-boson sector [6]. With this assumption,
one could obtain a combined signal strength after neglecting
possible correlations. It is given by [6]

μexpγγ ≡ μATLASþCMS
γγ ¼ σðpp→ ϕ→ γγÞ

σSMðpp→ HSM → γγÞ ¼ 0.24þ0.09
−0.08 ;

ð1:1Þ

where ϕ is a postulated non-Standard scalar with
mϕ ¼ 95.4 GeV, responding for the diphoton excess, and
σSM denotes the cross section for a hypothetical SM Higgs
boson, HSM, at the same mass. According to the analysis in
Ref. [6], this fitted value corresponds to a 3.1σ local excess.
We note that the existence of a light ϕ might also be hinted
at by the results of the Large Electron Positron (LEP) in
2006, which showed an excess in the eþe− → Zϕðϕ → bb̄Þ
mode atmbb̄ ≃ 98 GeVwith a local significance of 2.3σ and
μexp
bb̄

¼ 0.117� 0.057 [7–9]. Considering the limited mass
resolution for the dijets at LEP, the bb̄ excess could
originate from the same particle responsible for the diphoton
excess summarized above.1 We also note that μexpγγ in

Eq. (1.1) is much smaller than its previous value
μCMS
γγ ¼ 0.6� 0.2, derived by the CMS Collaboration from

the analysis in 2018 [12]. This situation allows the new
particles contributing to the diphoton rate by loop effects to
be relatively heavy, consistent with the results of the LHC
search for new states.
The appearance of the excesses mentioned above

triggered studies on the possibility to accommodate them
in BSM models, which predict a SM-like Higgs boson
with a mass of around 125 GeV and a lighter nonstandard
Higgs boson. These models include the SM extensions
with a SUð2ÞL triplet scalar field [13] or vectorlike fer-
mions [14–16], the two Higgs-doublet model [17–21] and
its extensions with an additional real or complex singlet
scalar [6,22–33], Radion model [34], Georgi-Machacek
model [35], and the SM extensions within the framework
of supersymmetry (SUSY) [9,12,25,36–48]. In addition,
there were discussions about possible connections of the
observed excesses to extra dimensions [49], B-anomalies
[50], dark matter (DM) [51], and neutrino mass generation
mechanisms [52,53]. Among these models, the next-to-
minimal supersymmetric Standard Model (NMSSM) [54]
has attracted significant attention in recent years since it is the
most economical supersymmetric theory to account for the
diphoton and bb̄ excesses [9,12,38,44]. It augments the
popular minimal supersymmetric Standard Model (MSSM)
with one gauge-singlet Higgs field Ŝ. Like the MSSM, it
provides an elegant solution to the hierarchy problem and
realizes the unification of gauge interactions at a high energy
scale. It is distinct in naturally solving the μ-problem of the
MSSM2 and predicting more feasible DM candidates [63–
65]. As a result, the model’s phenomenology is significantly
enriched [66–70]. In addition, concerning the light CP-even
Higgs scenario of the model suited to explain the excesses,
themass of the SM-likeHiggs bosonmay be sizably lifted by
both an additional tree-level contribution and the singlet-
doublet mixing effect [71–73], which mitigates the signifi-
cant radiative corrections from top/stop loops needed to
predict the SM-like Higgs boson mass at 125 GeV.
We once studied the capability of the NMSSM with a Z3

discrete symmetry (Z3-NMSSM) to explain the excesses
[9], assuming the singlet-dominated CP-even Higgs boson

1Additional hints for the existence of a scalar particle with a
mass around 95 GeV include the di-τ excess observed by the
CMS collaboration [10], as discussed below, and theWW excess
reported in Ref. [11].

2In the MSSM, the direct detection of DM by the LUX-
ZEPLIN (LZ) experiment [55] alone has required the higgsino
mass to be significantly higher than the electroweak scale,
namely, μ≳ 380 GeV [56]. Although such a large μ may be
generated by the well-known Giudice-Masiero mechanism in the
gravity-mediated SUSY breaking scenario [57], it induces severe
fine-tuning problems in the light of the LHC Higgs discovery and
the absence of any discovery of supersymmetry when the MSSM
runs down from an infrared high energy scale to the electroweak
scale [58–60]. The NMSSM dynamically generates the μ param-
eter of the MSSM after the scalar component field of Ŝ develops a
vacuum expectation value (VEV) of Oð1 TeVÞ, firstly proposed
by P. Fayet [61,62]. In this sense, the NMSSM is a self-contained
supersymmetric theory at the electroweak scale.
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to be responsible for the diphoton and bb̄ excesses. One
distinct feature of the Z3 NMSSM was that there were six
input parameters for each of the Higgs sector and the
neutralino sector, and four of them, namely λ, κ, tan β, and
μ, were shared by these two sectors. Consequently, the
theory’s Higgs and DM physics were entangled. This
correlation limited the maximum reach of the diphoton
signal rate after including the restrictions from DM experi-
ments and the 125 GeV Higgs data collected at the LHC, so
the theory hardly explained the diphoton excess at the 1σ
level [9]. Noting that the diphoton rate inferred from the
excesses has been reduced significantly, and simultane-
ously the sensitivities of DM direct detection experiments
have been improved by more than 1 order compared with
the previous study, we recently renewed the research in
Ref. [9]. With the same advanced research strategy as that
of this work and the latest relevant experimental results, we
found that without finely tuning the model’s parameters,
the conclusion remained valid, implying the necessity to
loosen the correlation to explain the excesses. This situation
could be changed by improving the theory in two direc-
tions. One was to augment the Z3 NMSSM with the Type-I
or inverse seesaw mechanism to generate neutrino masses
and take the gauge-singlet sneutrino as the DM candidate
[41]. In this framework, the DM physics was mainly
determined by the neutrino Yukawa couplings instead of
the parameters in the Higgs sector. As a result, a wide range
of parameter spaces in the Higgs sector were resurrected to
be experimentally allowed and thus enabled the theory to
explain the excesses. The other was, motivated by solving
the domain wall and tadpole problems of the Z3 NMSSM,
to neglect the ad hocZ3 symmetry and consider the general
form of the NMSSM, abbreviated as GNMSSM in this
work [54]. In the GNMSSM, although the number of the
shared parameters in the Higgs and neutralino sectors
remained four, the Higgs physics was determined by ten
parameters. It thus became more flexible and might account
for the excesses. Notably, this characteristic might, in
return, enrich the DM properties since the Higgs bosons
usually played a role in DM physics.
The excesses in the general NMSSM were analyzed in

Ref. [44] by both compact analytic formulas and numerical
results. It concluded that there were parameter spaces that
could explain the excesses without conflicting with the LHC
Higgs data. However, such a study did not specify the
singlet self-interactions, which could affect Higgs boson
masses, and considered the old results of the diphoton
excess. More crucially, it neglected the tight restrictions
from the DM physics and the LHC search for super-
symmetric particles (sparticles), especially those from the
LZ experiment which has reached an unprecedented sensi-
tivity to the cross sections of spin-independent (SI) and
spin-dependent (SD) DM-nucleon scatterings, at the level of
10−48cm2 and 10−42cm2, respectively [55]. Given that the
NMSSM is one of the most popular supersymmetric

theories, such impacts should be included in a comprehen-
sive study of the excesses. This paper will focus on the
feasibility of explaining the combined excess in the
GNMSSM and its interplay with the latest DM experimental
results.
This paper is organized as follows. In Sec. II, we briefly

introduce the basic skeleton of the GNMSSM and discuss
the signal rates of the γγ and bb̄ events. In Sec. III, we
perform a comprehensive scan over the model parameter
space and present the numerical results by both figures and
tables. In Sec. IV, we discuss the implications of the
excesses. Finally, the conclusion and comments are made
in Sec. V.

II. THEORETICAL PRELIMINARIES

A. The basics of GNMSSM

The GNMSSM includes the most general renormalizable
couplings in its superpotential, given by [54]

WGNMSSM ¼ WYukawa þ λŜ Ĥu ·Ĥd þ
κ

3
Ŝ3 þ μĤu

· Ĥd þ
1

2
μ0Ŝ2 þ ξŜ; ð2:1Þ

whereWYukawa contains the quark and lepton Yukawa terms
in the MSSM superpotential, Ĥu ¼ ðĤþ

u ; Ĥ
0
uÞT and Ĥd ¼

ðĤ0
d; Ĥ

−
d ÞT are the SUð2ÞL doublet Higgs superfields, and Ŝ

is the singlet Higgs superfield. λ and κ are the dimension-
less coefficients parametrizing the interactions among the
Higgs fields, the same as in the Z3 NMSSM. The bilinear
mass parameters μ and μ0 and the singlet tadpole parameter
ξ describe the Z3-symmetry violating effects. They are
advantageous to solve the tadpole problem [54,74] and the
cosmological domain-wall problem of the Z3 NMSSM
[75–77]. Noting that one of these parameters can be
eliminated by shifting the Ŝ field and redefining the other
parameters [78], we set ξ to be zero without losing the
generality of this study. In this case, the bilinear parameters
could stem from an underlying discrete R symmetry, ZR

4 or
ZR
8 , after the SUSY breaking and might be naturally at the

electroweak scale [75,78–81]. They can significantly
change the Higgs and DM physics of the Z3 NMSSM,
which is the focus of this study.
The soft SUSY-breaking Lagrangian for the Higgs fields

in the GNMSSM is given by

−Lsoft ¼
�
λAλSHu ·Hd þ

1

3
κAκS3

þm2
3Hu ·Hd þ

1

2
m02

S S
2 þ H:c:

�

þm2
Hu
jHuj2 þm2

Hd
jHdj2 þm2

SjSj2; ð2:2Þ
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where Hu, Hd, and S denote the scalar components of the
Higgs superfields, and m2

Hu
, m2

Hd
, and m2

S are their soft-
breaking masses. After these parameters are fixed by
solving the conditional equations to minimize the scalar
potential and expressed in terms of the vacuum expectation
values of the Higgs fields, hH0

ui ¼ vu=
ffiffiffi
2

p
, hH0

di ¼ vd=
ffiffiffi
2

p
,

and hSi ¼ vs=
ffiffiffi
2

p
with v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2d

q
≃ 246 GeV, the

Higgs sector is described by the following ten free
parameters: tan β≡ vu=vd, vs, the Yukawa couplings λ
and κ, the soft-breaking trilinear coefficients Aλ and Aκ, the

bilinear mass parameters μ and μ0, and their soft-breaking
parameters m2

3 and m02
S .

In revealing the characteristics of Higgs physics, it is
customary to introduce the field combinations of HSM≡
sin βReðH0

uÞ þ cos βReðH0
dÞ, HNSM ≡ cos βReðH0

uÞ−
sin βReðH0

dÞ, and ANSM ≡ cos βImðH0
uÞ − sin βImðH0

dÞ,
where HSM stands for the SM Higgs field, and HNSM
and ANSM represent the extra doublet fields [73]. The
elements of CP-even Higgs boson mass matrix M2

S in the
bases ðHNSM; HSM;Re½S�Þ are written as [54,82]

M2
S;11 ¼

λvsð
ffiffiffi
2

p
Aλ þ κvs þ

ffiffiffi
2

p
μ0Þ þ 2m2

3

sin 2β
þ 1

2
ð2m2

Z − λ2v2Þsin22β;

M2
S;12 ¼ −

1

4
ð2m2

Z − λ2v2Þ sin 4β; M2
S;13 ¼ −

λvffiffiffi
2

p ðAλ þ
ffiffiffi
2

p
κvs þ μ0Þ cos 2β;

M2
S;22 ¼ m2

Zcos
22β þ 1

2
λ2v2sin22β;

M2
S;23 ¼

λvffiffiffi
2

p
h
ð

ffiffiffi
2

p
λvs þ 2μÞ − ðAλ þ

ffiffiffi
2

p
κvs þ μ0Þ sin 2β

i
;

M2
S;33 ¼

ðAλ þ μ0Þ sin 2β
2

ffiffiffi
2

p
vs

λv2 þ κvsffiffiffi
2

p ðAκ þ 2
ffiffiffi
2

p
κvs þ 3μ0Þ − μffiffiffi

2
p

vs
λv2; ð2:3Þ

and those for CP-odd Higgs fields in the bases ðANSM; ImðSÞÞ take the following forms:

M2
P;11 ¼

λvsð
ffiffiffi
2

p
Aλ þ κvs þ

ffiffiffi
2

p
μ0Þ þ 2m2

3

sin 2β
; M2

P;12 ¼
λvffiffiffi
2

p ðAλ −
ffiffiffi
2

p
κvs − μ0Þ;

M2
P;22 ¼

ðAλ þ 2
ffiffiffi
2

p
κvs þ μ0Þ sin 2β
2

ffiffiffi
2

p
vs

λv2 −
κvsffiffiffi
2

p ð3Aκ þ μ0Þ − μffiffiffi
2

p
vs

λv2 − 2m02
S : ð2:4Þ

After diagonalizing M2
S and M2

P with unitary matrices V
and U, respectively, three CP-even and two CP-odd Higgs
mass eigenstates, denoted as hi ¼ fh;H; hsg and
aj ¼ fAH; Asg, respectively, are obtained:

hi ¼ VNSM
hi

HNSM þ VSM
hi

HSM þ VS
hi
Re½S�;

aj ¼ UNSM
aj ANSM þ US

ajIm½S�; ð2:5Þ

where h means the SM-like Higgs boson discovered at the
LHC, H and AH represent heavy doublet-dominated Higgs
bosons, and hs and As are singlet-dominated scalars. The
model also predicts a pair of charged Higgs, H� ¼
cos βH�

u þ sin βH�
d , and its squared mass is

m2
H� ¼ λvsð

ffiffiffi
2

p
Aλ þ κvs þ

ffiffiffi
2

p
μ0Þ þ 2m2

3

sin2β
þm2

W −
1

2
λ2v2:

ð2:6Þ

The Higgs sector of the GNMSSM has the following
features:
(1) The experimental data have restricted the HNSM and

Re½S� components in h to be less than 10% [83,84],

i.e.,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðVNSM

h Þ2 þ ðVS
hÞ2

q
≲ 0.1 and jVSM

h j ∼ 1. In the

limit of tan β ≫ 1, h is mainly composed of the field
Re½H0

u�, and H has the most significant component
from Re½H0

d�.
(2) The CP-even doublet scalar H almost degenerates

with the CP-odd scalar AH and the charged Higgs
bosons H� in mass. The LHC searches for extra
Higgs bosons combined with the indirect constraints
from B physics prefer these bosons to be massive,
e.g., mH ≳ 0.5 TeV [10,85].

(3) Current collider data allow the singlet-dominated
scalars to be moderately light and contain sizable
doublet components [66], which is the starting point
of this study.
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The neutralino sector in the GNMSSM consists of the bino field B̃, the wino field W̃, the higgsino fields H̃0
d and H̃0

u,
and the singlino field S̃. In the bases ψ ≡ ðB̃; W̃; H̃0

d; H̃
0
u; S̃Þ, the symmetric neutralino mass matrix takes the following

form [54]:

M ¼

0
BBBBBBB@

M1 0 −mZ sin θW cos β mZ sin θW sin β 0

M2 mZ cos θW cos β −mZ cos θW sin β 0

0 −μtot − 1ffiffi
2

p λv sin β

0 − 1ffiffi
2

p λv cos β

mN

1
CCCCCCCA
; ð2:7Þ

where θW is the weak mixing angle, andM1 andM2 are the
soft-breaking masses of the bino and wino fields, respec-
tively. The higgsino mass μtot and the singlino mass mN are
given by μtot ≡ λvs=

ffiffiffi
2

p þ μ and mN ≡ ffiffiffi
2

p
κvs þ μ0.

Diagonalizing M by a rotation matrix N then yields five
mass eigenstates:

χ̃0i ¼ Ni1ψ
0
1 þ Ni2ψ

0
2 þ Ni3ψ

0
3 þ Ni4ψ

0
4 þ Ni5ψ

0
5; ð2:8Þ

where χ̃0i (i ¼ 1, 2, 3, 4, 5) are labeled in a mass-ascending
order, and the matrix element Nij parametrizes the com-
ponent of the field ψ0

j in χ̃0i . The lightest neutralino χ̃01
usually acts as a viable DM candidate, and it may be bino
dominated (B̃ dominated) or singlino dominated (S̃ domi-
nated) to acquire the measured DM relic density [67]. One
distinct feature of the GNMSSM is that the singlet-

dominated scalars may play crucial roles in DM physics
if χ̃01 is the S̃ dominated [64,67]. Specifically, owing to the
singlet-doublet coupling and the self-interaction term in the
superpotential, these scalars may mediate the DM annihi-
lation and the DM-nucleon scattering. They may also
present themselves as the final state of the annihilation.
Notably, so far the physical implications of Aκ, μ, μ0, m2

3,
andm02

S are vague, which motivated us to replace them with
the masses of the heavy doublet Higgs fields, the CP-even
and -odd singlet Higgs fields, and the higgsino and singlino

fields, denoted as mA ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

P;11

q
, mB ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

S;33

q
,

mC ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

P;22

q
, μtot, and mN , respectively. With this

new set of inputs, the following identities give Aκ, μ, μ0,
m2

3, and m02
S :

μ ¼ μtot −
λffiffiffi
2

p vs; μ0 ¼ mN −
ffiffiffi
2

p
κvs; m2

3 ¼
m2

A sin 2β
2

− λvs

�
κvs
2

þ μ0ffiffiffi
2

p þ Aλffiffiffi
2

p
�
;

κAκ ¼
ffiffiffi
2

p
m2

B

vs
þ λμv2

v2s
−
λðAλ þ μ0Þv2 sin 2β

2v2s
− 2

ffiffiffi
2

p
κ2vs − 3κμ0;

m02
S ¼ −

1

2

�
m2

C þ λμv2ffiffiffi
2

p
vs

þ κvsð3Aκ þ μ0Þffiffiffi
2

p −
λðAλ þ 2

ffiffiffi
2

p
κvs þ μ0Þv2 sin 2β
2

ffiffiffi
2

p
vs

�
: ð2:9Þ

Equations (2.3), (2.4), and (2.6) are rewritten as

M2
S;11 ¼ m2

A þ 1

2
ð2m2

Z − λ2v2Þsin22β; M2
S;12 ¼ −

1

4
ð2m2

Z − λ2v2Þ sin 4β;

M2
S;13 ¼ −

λvffiffiffi
2

p ðAλ þmNÞ cos 2β; M2
S;22 ¼ m2

Zcos
22β þ 1

2
λ2v2sin22β;

M2
S;23 ¼

λvffiffiffi
2

p ½2μtot − ðAλ þmNÞ sin 2β�; M2
S;33 ¼ m2

B;M
2
P;11 ¼ m2

A;

M2
P;22 ¼ m2

C; M2
P;12 ¼

λvffiffiffi
2

p ðAλ −mNÞ; m2
H� ¼ m2

A þm2
W −

1

2
λ2v2: ð2:10Þ

In the limit of λ → 0, the singlet field will decouple from the doublet Higgs fields, and the field masses can be regarded as
physical particle masses to a good approximation. Although this situation cannot be directly applied to this study, we
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verified that adopting the new set of parameters as inputs could significantly boost the process of acquiring the solutions to
the excesses compared with the old set of inputs.

B. Formula for the γγ and bb signals

This work assumes hs to be responsible for the excesses. In the narrow width approximation, the diphoton signal strength
normalized to its SM prediction is given by

μγγjmhs¼95.4 GeV ¼ σSUSYðpp → hsÞ
σSMðpp → hsÞ

×
BrSUSYðhs → γγÞ
BrSMðhs → γγÞ

≃
σSUSY;ggFðpp → hsÞ
σSM;ggFðpp → hsÞ

×
ΓSUSYðhs → γγÞ
ΓSMðhs → γγÞ ×

Γtot
SM

Γtot
SUSY

≃
ΓSUSYðhs → ggÞ
ΓSMðhs → ggÞ ×

ΓSUSYðhs → γγÞ
ΓSMðhs → γγÞ ×

1

RWidth
;

≃ jChsggj2 × jChsγγj2 ×
1

RWidth
; ð2:11Þ

where the mass of hs is fixed at 95.4 GeV, the production rate σðpp → hsÞ, the decay branching ratio Brðhs → γγÞ, and
the width Γ, all labeled with the subscript “SUSY,” refer to the predictions of the GNMSSM, and those with the subscript
“SM” are acquired by assuming hs to have SM couplings. Since the gluon fusion (ggF) process is the primary contribution
to the Higgs production [3,5], we take σSUSYðpp → hsÞ=σSMðpp → hsÞ ≃ σSUSY;ggFðpp → hsÞ=σSM;ggFðpp → hsÞ≃
ΓSUSYðhs → ggÞ=ΓSMðhs → ggÞ ≃ jChsggj2, where Chsgg is the ratio of the hs-gluon-gluon coupling strengths,

Chsgg ≡Ahsgg
SUSY=A

hsgg
SM . The normalized coupling strength of hs to photons, Chsγγ , is similarly defined. Besides, the width

Γtot
SUSY and the ratio RWidth ≡ Γtot

SUSY=Γtot
SM are acquired by

Γtot
SUSY ¼ ΓSUSYðhs → bb̄Þ þ ΓSUSYðhs → ττ̄Þ þ ΓSUSYðhs → cc̄Þ þ ΓSUSYðhs → ggÞ þ � � �

¼ jChsbb̄j2 × ΓSMðhs → bb̄Þ þ jChsττ̄j2 × ΓSMðhs → ττ̄Þ þ jChscc̄j2 × ΓSMðhs → cc̄Þ
þ jChsggj2 × ΓSMðhs → ggÞ þ � � � ;

RWidth ¼ jChsbb̄j2 × BrSMðhs → bb̄Þ þ jChsττ̄j2 × BrSMðhs → ττ̄Þ þ jChscc̄j2 × BrSMðhs → cc̄Þ
þ jChsggj2 × BrSMðhs → ggÞ þ � � � ;

≃ 0.801 × jChsbb̄j2 þ 0.083 × jChsττ̄j2 þ 0.041 × jChscc̄j2 þ 0.067 × jChsggj2; ð2:12Þ

respectively, where Chsff̄ (f ¼ b, τ, c) are the normalized
couplings of hs to the fermion pair ff̄ defined by

Chsff̄ ≡Ahsff̄
SUSY=A

hsff̄
SM , and the branching ratios in the

SM were obtained by the LHC Higgs Cross Section
Working Group, which included all known higher-order
QCD corrections [86].
Similarly, the normalized signal strength of the bb̄ excess

follows from

μbb̄jmhs¼95.4 GeV ¼ σSUSYðeþe− → ZhsÞ
σSMðeþe− → ZhsÞ

×
BrSUSYðhs → bb̄Þ
BrSMðhs → bb̄Þ

¼ jChsVV j2 × jChsbb̄j2 ×
1

RWidth
: ð2:13Þ

Note that the produced Higgs boson must be CP-even to
explain the bb̄ excess, since a CP-odd one does not couple

to Z boson and thus gives no contributions. By contrast, the
scalar may be either CP-even or CP-odd to account for the
diphoton excess.
In the GNMSSM, Ahsgg

SUSY is contributed by the loops
mediated by quarks and squarks [87]. The code SPheno-4.0.5

[88,89] calculates it by the following formula:

Ahsgg
SUSY ¼

X
q

Ahsgg;q
SUSY þ

X
q̃

Ahsgg;q̃
SUSY

¼
X
q

Ctree
hsqq̄

×
mqðQÞ
mqðpoleÞ

×Ahsgg;q
SM þ

X
q̃

Ahsgg;q̃
SUSY

ð2:14Þ

where Ahsgg;q
SUSY and Ahsgg;q̃

SUSY represent the quark and squark
contributions, respectively, to the hsgg coupling in the
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GNMSSM [90], Ahsgg;q
SM denotes the quark contribution in

the SM with its one-loop expression given in Ref. [91],
Ctree
hsqq̄

is the tree-level prediction of Chsqq̄, and mqðQÞ and
mqðpoleÞ are the quark running mass at the scale Q ≃mhs
and the pole mass, respectively. Note that the code has
incorporated the higher-order QCD corrections to Ahsgg;q

SM

by the formulas in Ref. [92,93]. Ahsγγ
SUSYðQÞ is similarly

obtained, except that it receives additional contributions
from the W boson, charged Higgs boson, and chargino-
mediated loops [87]. We add that the supersymmetric
contributions to Chsgg and Chsγγ are not crucial in this
study. Specifically, given the massiveness of the squarks,
their contributions to the couplings are typically a few
thousandths. The charginos’ contribution to Chsγγ only
reaches 1% in an optimum case since λ is minor [94], and
the charged Higgs’s contribution is at the level of 0.001%.
In this study, we acquired the normalized couplings of hs

to fermions, WW, and ZZ by their tree-level expressions.3

After neglecting the difference of the running mass and the
pole mass and the supersymmetric contributions, we had
the following relations [54]:

Chstt̄ ¼ VSM
hs

þ VNSM
hs

cot β ≃ VSM
hs

;

Chsbb̄ ¼ VSM
hs

− VNSM
hs

tan β; ChsVV ¼ VSM
hs

;

Chscc̄ ¼ Chstt̄; Chsττ̄ ¼ Chsbb̄;

Chsgg ≃ Chstt̄; Chsγγ ≃ VSM
hs

; ð2:15Þ

where the rotation matrix elements Vi
j are defined in

Eq. (2.5). We also concluded VSM
hs

≃ 0.36 and ðVSM
hs

−
VNSM
hs

tan βÞ ≃ 0.70 × VSM
hs

≃ 0.25 (or equivalently,

VNSM
hs

tan β ≃ 0.11) to acquire the central values of μγγ
and μbb̄ and the preferred branching ratios to be
BrSUSYðhs→ γγÞ≃1.86×BrSMðhs→ γγÞ≃2.58×10−3 and
BrSUSYðhs → bb̄Þ ≃ 0.90 × BrSMðhs → bb̄Þ ≃ 72.6%. Alt-
ernatively, if we obtained Chsgg and Chsγγ by the exact
formulas, as we always did in this study, these couplings
might deviate from Chstt̄ by 4% and 11%, respectively.
In this case, we found the central values of μγγ and
μbb̄ corresponded to VSM

hs
≃ 0.35, ðVSM

hs
− VNSM

hs
tan βÞ≃

0.81 × VSM
hs

≃ 0.28, or equivalently, VNSM
hs

tan β ≃ 0.07,

BrSUSYðhs → γγÞ ≃ 1.77 × BrSMðhs → γγÞ ≃ 2.5 × 10−3,
and BrSUSYðhs → bb̄Þ ≃ 0.95 × BrSMðhs → bb̄Þ ≃ 76.1%.
These results reveal that explaining the excesses requires
an appropriate Chstt̄ and simultaneously a relatively sup-
pressed Chsbb̄, which are mainly decided by the Higgs

mixings Vj
i . Particularly, the small deviations of Chsgg and

Chsγγ from Chstt̄ can significantly reduce V
NSM
hs

tan β needed
to predict the central values of the excesses, but hardly
change VSM

hs
. In addition, the approximations also indicate

that any reduction of VNSM
hs

tan β can enhanceChsbb̄, leading
to the increase of μbb̄ and the decrease of μγγ if Chsgg, Chsγγ ,
and ChsVV are fixed.4 It explains the prediction of μbb̄ >
0.117 for μγγ ¼ 0.24, frequently encountered in this study
and shown in Fig. 11.
Furthermore, we point out that explaining the diphoton

and bb̄ excesses nontrivially restricts the parameters in the
Higgs sector. Specifically, after neglecting the renormali-
zation group running of the input parameters and the
radiative corrections to M2

S in Eq. (2.10), one can express
the eigenstate equations of hs as follows:

X
j¼NSM;SM;S

½M2
S�ijVj

hs
¼ m2

hs
Vi
hs
: ð2:16Þ

Noting mhs; mh ≪ mA, implying that the mixings of HNSM

with HSM and Re½S� are small, we acquire the following
approximations:

VNSM
hs

≃ −
VS
hsffiffiffi
2

p ×
λðAλ þmNÞv

m2
A

;

λμtot ≃
VSM
hs

VS
hsffiffiffi

2
p ×

m2
hs
−m2

h

v
;

m2
B ≃m2

hs
jVS

hs
j2 þm2

hjVSM
hs

j2;
M2

S;22 ≃m2
hjVS

hs
j2 þm2

hs
jVSM

hs
j2; ð2:17Þ

in the large tan β limit. These expressions indicate that the
observed excesses have restricted mB and MS;22 within
narrow ranges. They also suggest

λ ≃ 0.06 ×

�
VSM
hs

0.35

�
×

�
μtot

100 Gev

�
−1
; ð2:18Þ

and

λ≳ 0.014 ×

�
tan β
30

�
−1

×

�
Aλ þmN

1 TeV

�
−1

×

�
mA

1 TeV

�
2

;

ð2:19Þ

to predict VNSM
hs

tan β ≳ 0.07. Given that the LHC searches
for electroweakinos have established μtot ≳ 200 GeV [96],
it can be inferred that elucidating the observed excesses
favors λ≲ 0.03. Consequently for mA ¼ 1 TeV, one can
deduce tan β=30 × ðAλ þmNÞ≳ 2 TeV.

3The potentially large SUSY-QCD and SUSY-electroweak
corrections to the bottom quark Yukawa coupling are minor in
this study since gluino and squarks are very massive [95].

4This assumption is plausible since Chsgg and Chsγγ are
insensitive to Chsbb̄, and ChsVV is independent of Chsbb̄.
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III. EXPLANATION OF THE EXCESSES

This section introduces our sampling strategy and
explains the excesses based on numerical results. We
utilized the package SARAH-4.14.3 [97–100] to build the
model routines of the GNMSSM and the codes SPheno-4.0.5

[88,89] and FlavorKit [101] to generate particle spectrum and
compute low energy flavor observables, respectively. We
calculated the DM physics observables with the package
MicrOMEGAs-5.0.4 [102–111]. We analyzed the acquired

samples using the posterior probability density function
(PDF) in Bayesian inference and the profile likelihood (PL)
in Frequentist statistics [112].

A. Research strategy

We performed a sophisticated scan over the parameter
space in Table I, using the MultiNest algorithm with nlive ¼
16000 [113].5 We constructed the following likelihood
function to guide the scan6:

L≡ Lγγþbb̄ × LRes ¼ exp

�
−
χ2
γγþbb̄

2

�
× LRes

¼ exp

�
−
1

2

��
μγγ − 0.24

0.08

�
2

þ
�
μbb̄ − 0.117

0.057

�
2
��

mhs≃95 GeV
× LRes; ð3:1Þ

where LRes represented the restrictions from pertinent
experiments on the theory: LRes ¼ 1 by our definition if
the limitations were satisfied, and otherwise, LRes ¼
exp ½−100�. These restrictions included

(1) A proper hs mass range to explain the excesses:
94.4 GeV ≤ mhs ≤ 96.4 GeV, where we assumed
1 GeV theoretical and experimental uncertainties in
determining mhs .

(2) Higgs data fit. Given that h corresponded to
the LHC-discovered Higgs boson, its properties
should be consistent with the Higgs measurements
by the ATLAS and CMS Collaborations at the
95% confidence level. A p value larger than 0.05
was essential, which was tested by the code
HiggsSignal-2.3.2 [116–119].

(3) Direct searches for extra Higgs bosons at
LEP, Tevatron, and LHC. This requirement was
implemented by the code HIGGSBOUNDS-5.10.2

[120–124].
(4) Pertinent DM relic density, 0.096 ≤ Ωh2 ≤ 0.144.

We took the central value of Ωh2 ¼ 0.120 from the
Planck-2018 data [125] and assumed theoretical
uncertainties of 20% in the density calculation.

TABLE I. The parameter space explored in this study, assuming all the inputs were flatly distributed in prior since
they have clear physical meanings. Considering that the soft trilinear coefficients for the third-generation squarks, At
and Ab, could significantly affect the SM-like Higgs boson mass by radiative corrections, we took At ¼ Ab and
varied them. The unmentioned dimensional SUSY parameters were not crucial to this study, so we fixed
M3 ¼ 3 TeV, mC ¼ 800 GeV, and a shared value of 2 TeV for the others to be consistent with the LHC search for
new physics. We defined all these parameters at the renormalization scale Qinp ¼ 1 TeV and acquired the space by
several trial scans over much broader parameter spaces.

Parameter Prior Range Parameter Prior Range

λ Flat 0–0.03 κ Flat −0.2–0.2
tan β Flat 5–60 vs=TeV Flat 0.1–1.0
At=TeV Flat 1.0–3.0 Aλ=TeV Flat 0–2.0
mA=TeV Flat 0.6–2.0 mB=GeV Flat 90–120
μtot=TeV Flat 0.4–1.0 mN=TeV Flat −1.0–1.0
M1=TeV Flat −1.0– − 0.2 M2=TeV Flat 0.3–1.0

6In deriving the likelihood function, we made the assumption
of abundant production of the diphoton and bb̄ events at colliders,
which was unrealistic. Additionally, we overestimated the impact
of the restrictions in excluding SUSY parameter space. As a
result, the posterior PDF and PL depicted in Figs. 1, 2, 6, and 7
lack robust statistical significance; however, they do provide
insights into the underlying physics behind the excesses. It is
worth noting that a more realistic approach to formulating the
likelihood function was introduced in Ref. [115] when globally
fitting grand unified theory scale SUSY models to experimental
observations.

5Nlive in the MultiNest method signifies the number of active or
live points determining the isolikelihood contour in each iteration
[113,114]. The larger it is, the more detailed the scan process will
be in surveying the parameter space.
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(5) DM direct detection bounds from the LZ experi-
ments on both the SI DM-nucleon scattering cross
section, σSIp , and the SD one, σSDn [55]. The DM
indirect searches from the observation of dwarf
galaxies by the Fermi-LAT Collaboration were not
included since they had no restrictions on the
GNMSSM when jmχ̃0

1
j≳ 100 GeV [126].

(6) B-physics observables. The branching ratios of
Bs → μþμ− and B → Xsγ should be consistent
with their experimental measurements at the 2σ
level [127].

(7) Vacuum stability. The vacuum state of the
Higgs potential should be either stable or long
lived. This condition was tested by the code VEVA-

CIOUS [128].
In this study, we were particularly interested in the

samples that could explain the diphoton and bb̄ excesses
at the 2σ level and be consistent with all the restrictions.
We decided whether they passed the limitations from the
LHC search for the electroweakinos by the program
SModelS– 2.1.1, which encoded various event-selection effi-
ciencies by the topologies of SUSY signals [129].
Moreover, noting that the exclusion capability of this
program on the samples was limited by its database and
strict working prerequisites, we further surveyed some cases
by simulating the analyses listed in Tables 1 of Ref. [70]
and the research in Ref. [130],7 adopting the strategy
of Ref. [70]. We concluded that the LHC restriction had
no impact on the results. We will explain this phenome-
non later.

B. Numerical results

We acquired about 64000 samples that were consistent
with the experimental restrictions. Analyzing the proper-
ties of the samples indicated that the DM might be B̃
dominated or S̃ dominated if one attempted to explain the
excesses at the 2σ level, and they contributed to the total
Bayesian evidence by 47% and 53%, respectively. In the
following, we studied these two types of samples sepa-
rately. We began with the popular B̃-dominated DM case,
but we would show that the S̃-dominated DM case was
superior to it in predicting a smaller χ2

γγþbb̄
for the

best point.

1. Bino-dominated DM case

We first studied the distributions of various theoretical
parameters, including the one-dimensional PL and

posterior PDF8 of λ, κ, tan β, vs, At, and Aλ shown in
Fig. 1; those ofmA,mB, μtot,mN ,M1, andM2 in Fig. 2; and
the scattering plots of the samples projected onto M2 −
jmχ̃0

1
j and μtot − jmχ̃0

1
j planes, respectively, in Fig. 3. The PL

distributions indicate that the GNMSSM can explain the
diphoton and bb̄ excesses at the 2σ level in broad parameter
space except that mB and λ are restricted within narrow
ranges. As noted in the approximations in Eqs. (2.17) and
(2.18), the underlying reasons are as follows:
(1) Since the signal rates of the excesses have deter-

mined VS
hs

and VSM
hs

, mB is fixed by the relation
m2

B ≃m2
hs
jVS

hs
j2 þm2

hjVSM
hs

j2, leading to 90 GeV≲
mB ≲ 118 GeV;

(2) Barring no fine tunings, only the case characterized
by a small λ and a sufficiently large μtot can predict
an appropriate VSM

hs
to explain the excesses and

simultaneously coincide with the results of the DM
direct detection experiments and the LHC search for
electroweakinos. We will discuss the LHC con-
straints later.

We emphasize that this small λ significantly suppresses
VNSM
hs

. Consequently a sufficiently large ðAλ þmNÞmust be

present to enhance VNSM
hs

, trying to satisfy the condition of

VNSM
hs

tan β ≃ 0.10 needed to acquire the central values of
the excesses. This feature explains why the PL of Aλ

monotonously increases as Aλ becomes large. Besides,
mA is restricted from about 1 TeV to 2 TeV, where the
lower bound mainly originates from the LHC searches for
extra Higgs bosons and B physics, and the upper bound

7ATLAS searched the electroweakino productions by fully
hadronic final states [130], acquiring the hitherto tightest bounds
on electroweakino masses. We encoded this analysis into package
CheckMATE-2.0.26 [131–133] and validated our implementation
in a manner similar to that described in Ref. [134].

8The frequentist PL is the most significant likelihood value in a
specific parameter space [112]. Given a set of input parameters
Θ≡ ðΘ1;Θ2; � � �Þ, one can acquire the one-dimensional PL by
changing the other parameters to maximize the likelihood
function, i.e.,

LðΘAÞ ¼ max
Θ1;…;ΘA−1;ΘAþ1;���

LðΘÞ:

The PL reflects the preference of a theory on the parameter space.
For a given point ΘA, it represents the capability of the point in
the theory to account for experimental data. By contrast, the one-
dimensional posterior PDF is obtained by integrating the pos-
terior PDF from the Bayesian theorem, PðΘÞ, over the rest of the
model inputs:

PðΘAÞ ¼
Z

PðΘÞdΘ1dΘ2 � � � dΘA−1dΘAþ1 � � � � � �:

It reflects the preference for the samples acquired in the scan.
We emphasize that these definitions can be extended to high-
dimensional distributions without changing their meanings. We
also emphasize that these statistical measures depend on the
studied parameter space, and the posterior PDF also depends on
the prior distributions of the input parameters. The intrinsic
physics of the considered theory determine all these quantities.

95 GEV DIPHOTON AND bb̄ EXCESSES IN THE … PHYS. REV. D 109, 075001 (2024)

075001-9



arises from the boundary of the explored parameter space in
Table I.
The posterior PDFs and the scattering plots reveal the

following physics:
(1) The DM physics shown in Fig. 3 prefers relatively

small jM1j and M2, jMN j > jM1j, and simultane-
ously a large μtot. It also prefers a negative M1 to

suppress the SI DM-nucleon scattering by canceling
different contributions [65]. Furthermore, since the
B̃-dominated DM case is featured by a small λ and
heavy higgsinos, the charginos’ contribution to Chsγγ
is always less than 1% [94].

(2) Although VNSM
hs

depends on Aλ and mA, the con-
straint VNSM

hs
tan β ≳ 10−2 favored for elucidating the

FIG. 1. One-dimensional profile likelihoods (dashed line) and posterior probability density functions (solid line) of the input
parameters λ, κ, tan β, vs, At, and Aλ for the B̃-dominated DM case. The violet and orange bands show the 1σ and 2σ confidence
intervals, respectively, and the green dot marks the best point corresponding to χ2

γγþbb̄
¼ 0.27. The yellow and golden bands denote the

1σ and 2σ credible regions, and the black dot denotes the mode of the posterior probability density function. All these statistical
measures have been briefly introduced in Ref. [112]. Since we focus on the regions where both the profile likelihoods and the posterior
distributions are large, the plotted ranges of the inputs are usually narrower than those listed in Table I.
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observed excesses at the 2σ confidence level does
not impose stringent limitations on the parameters
Aλ, mA, and tan β. This condition can be readily
satisfied through various avenues, particularly con-
sidering that the observed excess rates are not
exceptionally high, and their theoretical predictions
exhibit coherent relationships. One may understand
this point by considering the extreme case wheremA
in Eq. (2.17) is tremendously large or ðAλ þmNÞ
vanishes, leading to VNSM

hs
≃ 0, and consequently

Chsbb̄ ≃ Chstt̄ ≃ Chsgg ≃ Chsγγ, and μbb̄ ≃ μγγ . Then,
the theoretical predictions of μγγ ¼ μbb̄ ¼ 0.117 and

μbb̄ ¼ μγγ ¼ 0.24, easily achieved in the GNMSSM,
correspond to χ2

γγþbb̄
¼ 2.4 and 4.7, respectively,

implying that this case explains well the excesses.
In addition, it is noticeable that mN tends to be of

the same sign as Aλ to avoid a significant cancelation
in contributing to VNSM

hs
. It is beneficial to acquire the

central values of the excesses.
(3) The trilinear coefficient At significantly affects the

SM-like Higgs boson massmh, the mixing VSM
hs

, and
the hsgg and hsγγ coupling strengths via t̃-mediated
loops. Given that we have fixed the soft-breaking

FIG. 2. Same as Fig. 1, but for the inputs mA, mB, μtot, mN , M1, and M2.
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masses of the squarks at 2 TeV, At’s around 1.7 TeV
are preferred to make the theory accessible to
explain the excesses.

(4) Equations (2.9) and (2.10) indicate that κ and vs
have no direct impacts on the observables involved
in this study except that they enter the scalar
potential of the singlet field and thus affect the
electroweak symmetry breaking. Consequently, only
the naturalness in realizing the symmetry breaking
determines their posterior PDFs [135].

The scattering plots also reveal that the samples are
hardly excluded by the LHC searches for electroweakinos.
Specifically, the strategy of the LHC experiments in
searching for SUSY relied on the mass splitting between
the heavy sparticle produced at the LHC and the DM. It
was categorized into the compressed spectrum case
(Strategy I) and the significant mass splitting situation
(Strategy II). Strategy I could test the bino-wino coanni-
hilation samples by the wino-pair productions and Strategy
II by the higgsino-pair productions. However, the former
way was less efficient in this study because there were no
restrictions on the coannihilation case if mχ̃0

1
≳ 220 GeV,

as shown in Fig. 16 of Ref. [96]. The latter way was also
inefficient because both the higgsinos and the DM were
heavy after comparing the right panel in Fig. 3 with Fig. 12
in Ref. [130]. Numerically speaking, we chose some points
expected to have remarkable signals at the LHC and
simulated the electroweakino productions with the pack-
age CheckMATE-2.0.26 [131–133]. We concluded that the

acquired R values9 were always less than 0.4. The
fundamental reason for the weak restrictions is that
explaining the excesses heavily relies on the Higgs
mixings instead of sizable supersymmetric contributions
to Chsgg and Chsγγ , which need the presence of light
sparticles. The GNMSSM predicts broad parameter space
to tune these mixings freely.
Next, we studied the properties of the Higgs bosons. In

Fig. 4, we plotted the two-dimensional PL maps on the
jChsVV j − jChsggj, jChsbb̄j − jChstt̄j, jChsγγj − jChsggj, and
Brðhs → bb̄Þ − Brðhs → γγÞ planes. This figure reveals
jChsVV j ≃ jChstt̄j, that jChsggj and jChsγγj are slightly larger
than jChstt̄j, and that explaining the excesses at the 2σ level
prefers the region characterized by 0.20≲ jChstt̄j≲ 0.50,
0.20≲ jChsbb̄j≲ 0.50 with the correlation of jChstt̄j=
jChsbb̄j≃1.1, 1.85×10−3≲BrSUSYðhs→ γγÞ≲2.40×10−3,
and 81%≲ BrSUSYðhs → bb̄Þ≲ 83%. One can under-
stand these features by the formulas of μγγ and μbb̄ in
Sec. II B. Besides, the best point predicts jChstt̄j≃
0.37, jChsbb̄j ≃ 0.34, BrSUSYðhs → γγÞ ≃ 2.4 × 10−3, and
BrSUSYðhs → bb̄Þ ≃ 81%, which significantly deviate from

FIG. 3. Scattering plots of the samples predicting the B̃-dominated DM, projected onto M2 − jmχ̃0
1
j and μtot − jmχ̃0

1
j planes,

respectively. The left panel reveals that the DM achieved the measured relic abundance by coannihilating with the winolike
electroweakinos. The largest contribution to the abundance comes from the channels χ̃02χ̃

−
1 → diūi (i ¼ 1; 2; 3 denote the quark

generations) for the black samples and the channel χ̃02χ̃
0
2 → WþW− for the blue samples. The right panel indicates that the LZ results

have set a lower bound of 520 GeV on μtot for jmχ̃0
1
j ¼ 300 GeV, given that the DM-nucleon scattering cross sections for the

B̃-dominated DM are inversely proportional to μ2tot [65]. This bound monotonously increases as the DM becomes heavier.

9The R value is defined by R≡maxfSi=S95i;obsg, where Si
denotes the simulated event number of the ith signal region in the
analyses listed in Tables 1 of Ref. [70] and the research in
Ref. [130]. S95i;obs represents its 95% confidence level upper limit.
R < 1 implies that the sample is consistent with the LHC search
for SUSY.
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the expectations in Sec. II B. The fundamental reason is it
predicts μγγ ¼ 0.206 and μbb̄ ¼ 0.135, sizeably away from
their experimental central values. By contrast, we will show
in Fig. 9 the best point for the S̃-dominated DM case, which
predicts χ2

γγþbb̄
≃ 0 and its other properties consistent with

the expectations. We also studied the couplings of the SM-
like Higgs boson in Fig. 5. This figure shows that the
normalized couplings jChVV j, jChtt̄j, jChbb̄j, jChggj, and
jChγγj are centered around 0.93, 0.93, 0.95, 0.93, and
1.04, respectively, in interpreting the excesses at the 2σ
level. They agree with the SM predictions within 10%
uncertainties. Brðh → bb̄Þ varies from 55.5% to 58.2%,
coinciding with its SM prediction of ð57.7� 1.8Þ% [86]. In
addition, although Brðh → γγÞ changes from 3.07 × 10−3 to
3.16 × 10−3, significantly larger than its SM prediction of
ð2.28� 0.11Þ × 10−3 [86], the diphoton signal of h is
comparable with its SM prediction.
We verified that the mass of the charged Higgs boson

varied from 930 GeV to 3 TeV, where the lower bound
came from the restrictions of the LHC searches for extra
Higgs bosons and the upper bound relied on the explored
parameter space.

2. Singlino-dominated DM case

We studied the S̃-dominated DM case similarly. We
showed the distributions of various parameters in Figs. 6–8
and illustrated the Higgs properties in Figs. 9 and 10. We
learned the following differences after comparing these
figures with their corresponding ones for the B̃-dominated
DM case:
(1) The S̃-dominated DM achieved the measured abun-

dance mainly by coannihilating with higgsinolike (in
most cases) or winolike electroweakinos. Since the
cross sections for the scattering of the S̃-dominated
DM with nucleons were different from those for the
B̃-dominated DM, as indicated by Eq. (2.30) of
Ref. [64], the LZ experiment allowed a moderately
small μtot even in the singlino-higgsino coannihila-
tion case. Consequently, the posterior PDF preferred
the spectrum pattern characterized by relatively small
jmN j and μtot together with larger jM1j and M2, as
shown in Fig. 7. It also preferred a larger λ than the
prediction of the B̃-dominated DM case and sub-
sequently a larger VNSM

hs
, as indicated in Eqs. (2.17)

and (2.18). This feature was crucial for the case to

FIG. 4. Two-dimensional profile likelihood map of Lγγþbb̄ in Eq. (3.1), projected onto jChsVV j − jChsggj, jChsbb̄j − jChstt̄j,
jChsγγ j − jChsggj, and Brðhs → γγÞ − Brðhs → bb̄Þ planes, respectively. The best point is marked with a star symbol. Its χ2

γγþbb̄
is

equal to 0.27, and its other information is presented in Table II as the P1 point. The boundaries for 1σ and 2σ confidence intervals
correspond to χ2

γγþbb̄
¼ 2.3 and χ2

γγþbb̄
¼ 6.18, respectively, which are labeled as solid and dashed lines.
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acquire the experimental values of μγγ and μbb̄. In
addition, given that the t-channel hs-mediated con-
tribution to the SI DM-nucleon scattering might be
crucial with its amplitude proportional to κVSM

hs
in the

leading-order approximation [64], the LZ results
preferred a small κ. Figure 6 exhibits this feature.
Notably, the S̃-dominated DM can permanently

annihilate into the hshs state. It may also annihilate
into the hsAs state if the kinematics is accessible.
However, these annihilation channels are never
dominant since κ is not significant [64]. Besides,
the DM may achieve the measured density by the
As-mediated resonant annihilation. This case con-
tributes to the total Bayesian evidence by about
0.2%, very small because it needs the tuning of
mN and mAs

to satisfy mN ≃mAs
=2.

(2) Since the S̃-dominated DM had very weak cou-
plings to the other sparticles, the heavy ones, except
for the next-to-lightest sparticle (NLSP), were
unlikely to directly decay into the DM. As a result,
their decay chains were usually lengthened, which
complicated the SUSY search. Concerning the
coannihilation cases, however, one might simplify
the situation. Specifically, the particle X in the
decay NLSP → DMþ X was too soft to be de-
tected by Strategy II, and thus, the NLSP behaves as

the missing momentum at the LHC, the same as the
DM signal. Consequently, the LHC search for
SUSY had no exclusion capability on the samples
after comparing the sparticle spectrum in Fig. 8
with the last two panels in Fig. 14 of Ref. [130],
given that the DM and its coannihilation partners
were massive, i.e., mχ̃0

1;2
, mχ̃�

1
≳ 300 GeV with

mχ̃0
2
≃mχ̃�

1
≃mχ̃0

1
for the singlino-wino coannihila-

tion case and mχ̃0
1;2;3

, mχ̃�
1
≳ 400 GeV with mχ̃0

2
≃

mχ̃0
3
≃mχ̃�

1
≃mχ̃0

1
for the singlino-higgsino coanni-

hilation case. We added that Strategy I also failed to
exclude the compressed mass spectrum of the
S̃-dominated DM case, again because the DM
was massive. Furthermore, we studied some
samples expected to leave remarkable signals
at the LHC. Our simulation with the package
CheckMATE-2.0.26 revealed that the R values were
usually less than 0.5.

(3) Comparing Figs. 4 and 9 indicated that the 2σ
confidence intervals for the S̃-dominated DM case
were slightly larger than those for the B̃-dominated
DM case, and the χ2

γγþbb̄
for the best point of the

former case was significantly smaller than that of
the latter case. These observations revealed that the

FIG. 5. Same as Fig. 4, but projected onto jChVV j − jChggj, jChbb̄j − jChtt̄j, jChγγj − jChggj, and Brðh → bb̄Þ − Brðh → γγÞ planes.
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S̃-dominated DM case was more suited to explain
the excesses. One primary reason was that the
S̃-dominated DM case allowed a larger λ and a
smaller μtot. It could predict a significant VNSM

hs
and

slightly enhance the supersymmetric contribution to
Chsγγ . Both could mitigate the substantial suppression
of Chsbb̄ and weaken the correlation between μγγ and
μbb̄. They make the case more accessible to explain
the excess.

3. Status of the excesses

We summarize the status of the excesses in the
GNMSSM. In Fig. 11, we projected all the samples
obtained from the scan and adhered to experimental
constraints onto the μbb̄ − μγγ planes. The left and right
panels are for the B̃- and S̃-dominated DM cases, respec-
tively, and the colors distinguish the dominant annihilation
channels. This figure reveals that μγγ and μbb̄ can reach 0.39
and 0.25, respectively, and their ratio, expressed as

FIG. 6. Same as Fig. 1, but for the S̃-dominated DM case and χ2
γγþbb̄

≃ 0 for the best point.
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μγγ
μbb̄

≡ jChsggj2
jChsVV j2

×
jChsγγj2
jChsbb̄j2

≃
jChsγγj2
jChsbb̄j2

; ð3:2Þ

varies from 1.2 to 1.7 for the B̃-dominated DM case and 1.2
to 2.5 for the S̃-dominated DM case. These conclusions
indicate that the GNMSSM can easily explain the diphoton
and bb̄ excesses at the 1σ level. In particular, the
S̃-dominated DM case can predict the central values of
the signal strengths for the excesses. We verified that
allowing Aλ to vary within a broader range than that in
Table I could enhance the maximum reach of the ratio and
improve the GNMSSM’s capability to explain the excesses.

To further illuminate the physics underlying the excesses,
we presented in Table II the details of two benchmark
points, which corresponded to the best points of the two
types of DM cases, respectively. Both explain the diphoton
and bb̄ excesses at the 1σ level and agree well with the other
experimental restrictions. Particularly, their R values are not
much below 1, implying that they will be explored at the
LHC by the electroweakino productions in future.

IV. IMPLICATIONS OF THE EXCESSES

The GNMSSM interpretation of the excesses will be
tested at future linear colliders, either by searching for hs

FIG. 7. Same as Fig. 2, but for the S̃-dominated DM case.
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via the process eþe− → Zhs and determining its properties
or by precisely measuring the couplings of h [22]. It may
also be explored by searching for the doublet-dominated
Higgs bosons, H, AH, and H�, or the electroweakinos,
assuming these particles are moderately light [24,33]. In

this section, we briefly discuss the other signals of hs at
the LHC.
In Ref. [136], the CMS collaboration searched for the

resonant production of a scalar X by the channel pp →
X → hY → ðγγÞðbb̄Þ with an integrated luminosity of

FIG. 8. Same as Fig. 3, but for the S̃-dominated DM case. It shows that the DMmay be coannihilated with higgsinolike (in most cases)
or winolike electroweakinos to acquire the measured density. The colors distinguish the dominant annihilation channels.

FIG. 9. Same as Fig. 4, but for the S̃-dominated DM case with χ2
γγþbb̄

≃ 0 for the best point.
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FIG. 10. Same as Fig. 5, but for the S̃-dominated DM case.

FIG. 11. Projection of the samples surviving the experimental restrictions onto the μbb̄ − μγγ planes. The left and right panels depict the
pieces predicting B̃- and S̃-dominated DMs, respectively. The black and blue points represent the samples with χ̃02χ̃

−
1 → diūi (i ¼ 1; 2; 3

denote the quark generations) and χ̃02χ̃
0
2 → WþW− acting as the dominant annihilation channels in the bino-wino coannihilation case

(left panel) and the singlino-wino coannihilation case (right panel), and the gray ones correspond to χ̃02χ̃
−
1 → diūi (i=1,2,3) as the

dominant annihilation channel in the singlino-higgsino coannihilation case. Samples in the region enclosed by the red dashed and red
dotted lines satisfy χ2

γγþbb̄
≤ 2.30 and χ2

γγþbb̄
≤ 6.18, respectively, indicating that they can explain the diphoton and bb̄ excesses at the 1σ

and 2σ levels.
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ū i
=Z

W
−
=ν

l
il

− i
=A

sW
−

2
9
.3
=6

.5
=1

0
.2
=1

.7
χ̃0 2
χ̃− 1

→
d i
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138 fb−1 at
ffiffiffi
s

p ¼ 13 TeV, where Y denoted another scalar
satisfying mY < mX −mh. They acquired the 95% confi-
dence level upper limits on the γγbb̄ signal rate, ranging
from 0.04 fb to 0.90 fb. Taking X ¼ H and Y ¼ hs in the
GNMSSM, the cross section of the γγbb̄ signal is given by

σγγbb̄ ¼ ðσggHSM jCHggj2 þ σbb̄HSM jCHbb̄j2Þ × BrðH → hhsÞ
× Brðh → γγÞ × Brðhs → bb̄Þ

≃ ðσggHSM ×m2
b=m

2
t þ σbb̄HSM Þ × tan2 β × BrðH → hhsÞ

× 0.228% × 76%; ð4:1Þ

in the large tan β case, where σggHSM and σbb̄HSM are the SM
prediction of the H production rate via gluon-gluon and
bb̄ fusions, respectively, and Brðhs → bb̄Þ ≃ 76% as dis-
cussed in Sec. II B. If the decays of H into sparticles are
kinematically forbidden, H → bb̄ will be the dominant
decay channel, and thus BrðH → hhsÞ ≃ ΓðH → hhsÞ=
ΓðH → bb̄Þ. Since jVNSM

H j ≃ 1, jVSM
h j ≃ 1, and jVS

hs
j ≃ 1,

the Hhhs coupling normalized by a factor of −m2
Z=v [90]

can be acquired from Eq. (A.15) of Ref. [54]. It is
λHhhs ≃ λðAλ þmNÞv=m2

Z ≃ −m2
AV

NSM
hs

=m2
Z, where we

used the first approximation in Eq. (2.17) in the last step.
Given mH ≫ mh, we concluded that BrðH → hhsÞ ≃
m2

HjVNSM
hs

j2=ð12m2
b tan

2 βÞ by the width formulas in
Ref. [90] and

σγγbb̄ ≃ 7.1 × 10−11 × ð5.8σggHSM þ 104σbb̄HSM Þ

×

�
mH

mb tan β

�
2

×

�
VNSM
hs

tan β

0.07

�2

: ð4:2Þ

These formulas indicate that on the premise of explaining
the diphoton and bb̄ excesses, σγγbb̄ ≃ 0.026=tan2β fb for
mH ¼ 650 GeV and σγγbb̄ ≃ 0.014=tan2β fb for mH ¼
800 GeV.10 These cross sections are consistent with
corresponding experimental bounds of 0.36 fb and
0.31 fb, respectively. Alternatively, the formulas imply
that the GNMSSM fails to explain the diphoton and
bb̄ excesses and the 650 GeV excess reported in
Ref. [136], which corresponds to σγγbb̄ ¼ 0.35þ0.17

−0.13 fb
[48], simultaneously.
In Ref. [10], the CMS Collaboration presented the search

for a new boson ϕ in ττ̄ final states, using the data samples
collected in the full Run 2 phase of the LHC. It acquired
95% confidence level bounds on the signal cross section,
which was 12.2 pb for mϕ ¼ 95 GeV, corresponding to
μexpττ̄ ¼ 2.15. As discussed in Sec. II B, the GNMSSM

prediction of μττ̄ is around 0.11 if one intends to explain the
diphoton and bb̄ excesses. It is much smaller than the
bound. It is also significantly lower than the signal rate
needed to explain the ττ̄ excess observed in [10], which is
μττ̄ ¼ 1.38þ0.69

−0.55 [48].

V. CONCLUSION

The CMS and ATLAS Collaborations recently published
their results searching for light Higgs bosons, using the
complete Run 2 data of the LHC. Both reported an excess
in the diphoton invariant mass distribution at mγγ ≃
95.4 GeV with compatible signal strengths. These obser-
vations confirmed the excess previously reported by CMS,
which was based on the analyses of the Run 1 data of the
LHC and the first year of the Run 2 data. The combined
result increased the local significance to 3.1σ. Besides, the
invariant mass of the diphoton signal coincided with that of
the bb̄ excess observed at the LEP. Although these excesses
might originate from fluctuating much more extensive
backgrounds, it is inspiring to speculate that they arise
from a CP-even Higgs boson with its mass around
95.4 GeV. If this thought proves true, it will be the first
sign of new physics in the Higgs sector.
Given the remarkable theoretical advantages of the

GNMSSM, we explained the excesses by the resonant
productions of the singlet-dominated scalar, hs, predicted
by the theory. We proposed a new set of input parameters to
acquire simple approximations of the signal strengths in a
large tan β limit. With the help of these formulas, we
learned the dependence of the excesses on the model
parameters such as λ, μtot, mA, mB, and Aλ. We also
concluded that the central values of the signal strengths
for the excesses corresponded to a moderately large SM
Higgs field component in hs and a suppressed hsbb̄
coupling compared with the hstt̄ coupling, i.e.,
VSM
hs

≃ 0.36, Chstt̄ ≃ 0.36, and Chsbb̄ ≃ 0.25. In particular,
we showed that the small deviations of Chsgg and Chsγγ from
Chstt̄ could alleviate the suppression of the hsbb̄ couplings
by significantly reducing the HNSM component in hs and
thus make the theory more accessible to explain the
excesses. These observations guided us to find the param-
eter space responsible for the excesses.
We performed a sophisticated scan over the broad

parameter space of the GNMSSM to investigate the impacts
of various experimental restrictions, including those from
the 125 GeV Higgs data, the DM relic abundance and direct
detection experiments, and the collider searches for SUSY
and extra Higgs bosons, on the explanations. After analyz-
ing the distributions of different parameters, we had the
following conclusions:
(1) Present 125 GeV Higgs data, and the collider

searches for extra Higgs bosons were compatible
with the existence of the light singlet-dominated
Higgs boson responsible for the excesses. They

10In selecting these benchmark values of mH , we do not
consider the restrictions from the LHC searches for extra Higgs
bosons by ττ̄ signal, which have set a bound ofmH ≳ 930 GeV in
this study.
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influenced the Higgs physics only by setting lower
bounds on the mass of charged Higgs bosons.

(2) The DM physics could affect the explanations by
determining the PLs and posterior PDFs of some
parameters crucial for the excesses, such as λ and
μtot. Specifically, the DM candidate might be B̃ or S̃
dominated χ̃01. The B̃-dominated DM achieved the
measured relic abundance mainly by coannihilating
with the winolike electroweakinos. A small λ and a
sufficiently large μtot characterized this case in
accounting for the excesses and simultaneously
satisfying the restrictions from the DM direct de-
tection experiments. Consequently, VNSM

hs
was mi-

nor, and the chargino’s contribution to Chsγγ was
never significant. By contrast, the S̃-dominated DM
could obtain the correct abundance by coannihilat-
ing with the higgsinolike or winolike electroweaki-
nos. This case allowed a larger λ and a smaller μtot to
provide a significant VNSM

hs
and also enhance the

supersymmetric contributions to Chsγγ . As a result,
the S̃-dominated DM case is slightly more suited to
explain the excesses.

(3) The GNMSSM primarily relied on the Higgs mix-
ings instead of significant supersymmetric contri-
butions to Chsgg and Chsγγ to explain the excesses.
Given that this mechanism could be realized even for
massive sparticles, the explanation possessed broad
parameter space consistent with the LHC searches
for SUSY by either Strategy I or II. We verified this

point by simulating some samples expected to have
distinguished signals at the LHC.

(4) Given the parameter space of the GNMSSM in
Table I, the signal strengths μγγ and μbb̄ could reach
0.36 and 0.25 without conflicting the experimental
restrictions. Their ratio varied from 1.2 to 1.7 for
the B̃-dominated DM case and 1.2 to 2.5 for the
S̃-dominated DM case. Consequently, the GNMSSM
could simultaneously explain the diphoton and bb̄
excesses at the 1σ level. In particular, the S̃-dominated
DM case could predict the central values of the signal
strengths for the excesses.

We add that our explanation predicts the cross sections of
the γγbb̄ signal from process pp → H → hsh at the LHC
and the ττ̄ signal from the production pp → hs → ττ̄ in
simple forms that are consistent with corresponding exper-
imental bounds. We look forward to seeing that the run 3
results from ATLAS and CMS and future runs of the high
luminosity LHC could illuminate whether the excesses
persist and arise from a BSM particle. We expect that future
linear colliders could provide definite conclusions on these
excesses.
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