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Status of the Z3;-NMSSM featuring a light bino-dominated LSP
and a light singletlike scalar under the LZ experiment
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In the presence of a light singletlike scalar, the bino-dominated dark matter (DM) candidate in the
Z5-symmetric next-to-minimal supersymmetric standard model (Z;-NMSSM) exhibits notable deviations
from its counterpart in the minimal supersymmetric standard model, both in terms of its inherent properties
and the mechanisms determining its relic abundance and detection prospects. Motivated by recent progress
in experimental particle physics, this study systematically investigates the implications for the Z;-NMSSM
framework featuring a light bino-dominated DM particle and a light singletlike scalar, ensuring theoretical
consistency with empirical observations. Of particular significance are the latest results from the
LUX-ZEPLIN (LZ) direct detection experiment, supersymmetry searches at the Large Hadron Collider
(LHC), and precision measurements of the Muon g-2 anomaly at Fermilab, which collectively impose
complementary constraints on the model’s viable parameter space. A comprehensive parameter scan was
conducted using the MultiNest algorithm, incorporating constraints from LZ-2022 data, LHC Higgs
analyses, Muon g-2 measurements, and B-physics observables. The analysis reveals that current
experimental limits—particularly those on spin-independent and spin-dependent DM-nucleon scattering
cross sections and LHC constraints on electroweakinos—severely restrict the model. Nevertheless, the
framework remains capable of naturally accommodating the observed Z boson and standard-model-like
Higgs boson masses, accounting for the Muon g-2 anomaly, and inducing sizable corrections to the W
boson mass. These results are distinctive to the NMSSM and emerge from the interplay of bino-dominated

DM and singlino components, with essential contributions from higgsino.

DOI: 10.1103/5n75-wbcj

I. INTRODUCTION

The discovery of the Higgs boson in 2012 by the ATLAS
and CMS experiments at the Large Hadron Collider (LHC)
[1,2] validated the Higgs mechanism as the origin of
subatomic particle masses. In the decade since this dis-
covery, precision measurements of the Higgs boson’s
production cross sections, decay channels, and couplings
have been conducted by both collaborations, showing
agreement with standard model (SM) predictions within
approximately 2¢ confidence levels [3,4]. Nevertheless,
a range of theoretical and experimental indications—
including the hierarchy problem, absence of gauge
coupling unification, nonzero neutrino masses, and the
matter-antimatter asymmetry—suggest that SM is an
effective low-energy approximation of a more fundamental
theory yet to be uncovered.
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To address these limitations, various theories beyond
the SM have been proposed, many of which extend the
scalar sector while retaining the 125 GeV scalar as a key
component. Among the most studied are supersymmetry
(SUSY) models that conserve R-parity, notably the min-
imal supersymmetric standard model (MSSM) [5,6] and
the next-to-minimal supersymmetric standard model
(NMSSM) [7-10]. These frameworks offer an elegant
resolution to the hierarchy problem by incorporating
quantum corrections from superpartners to stabilize the
Higgs mass. Furthermore, R-parity conservation guaran-
tees the stability of the lightest neutralino when it is the
lightest supersymmetric particle (LSP), positioning it
as a promising dark matter (DM) candidate. While the
MSSM stands out for its minimalistic structure and
theoretical appeal, it faces persistent challenges, such
as the “u-problem” [11] and the “little hierarchy prob-
lem” [12], both of which have become more pronounced
in light of results from LHC Run I. A key tension arises
from the unexpectedly large mass of the discovered
Higgs boson my ~ 125 GeV [13-21]. By contrast, the
NMSSM addresses the p-problem by introducing a gauge

singlet chiral superfield S), extending the MSSM super-
potential to
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where the effective p-term arises dynamically as
Ueir = Av, after electroweak symmetry breaking. Here,

v, represents the vacuum expectation value (VEV) of S,
and the magnitude of u.y is naturally stabilized at the
electroweak scale via the dimensionless Yukawa cou-
plings 4 and x [8,9]. In the decoupling limit (4, x — O,
and v; - o) [8], the NMSSM phenomenologically
reduces to an MSSM-like framework.

The Higgs sector of the NMSSM includes two additional
singletlike scalar states—one CP-even (h,) and one
CP-odd (ay)—beyond those present in the MSSM.
Moreover, the MSSM neutralino sector is extended through
the introduction of a singlet Majorana fermion, commonly
referred to as the singlino. As in the MSSM, the lightest
neutralino in the NMSSM remains a viable cold DM
candidate, typically in the form of a weakly interacting
massive particle (WIMP).! The physical masses and com-
positions of the neutralinos are determined by the mixing
between various gauge and singlet components, signifi-
cantly affecting both DM phenomenology and collider
signatures.

Given the increasingly stringent upper limits on SI and
SD DM-nucleon scattering cross sections, the DM candi-
date in the MSSM is typically bino-dominated and achieves
the observed relic abundance via coannihilation with
winolike electroweakinos [34]. In this scenario, the SD
scattering cross section, ¢°”, depends solely on the
higgsino mass parameter u and scales as 1/u*, leading
to significant suppression for large . Constraints from the
LZ-2022 experiment alone impose a lower bound on u,
requiring u 2 380 GeV [35,36]. This bound may be further
increased by several tens of GeV when radiative corrections
to the scattering processes are accounted for [37,38].
Although such large p values can naturally arise through
the Giudice-Masiero mechanism within gravity-mediated
SUSY-breaking frameworks [39], they simultaneously
exacerbate the fine-tuning problem associated with

'As a WIMP candidate, DM may be detected through its
scattering interactions with nucleons. In the nonrelativistic
regime, only two primary interaction types are relevant [22]:
spin-dependent (SD), wherein the WIMP couples to the nucleon’s
spin, and spin-independent (SI), wherein it couples to the
nucleon’s mass. Theoretically, WIMPs are expected to interact
with SM particles via weak interactions, yielding SI and SD
scattering cross sections on the order of 107 and 107 cm?,
respectively [23]. This has prompted extensive experimental
efforts for detection, encompassing direct [24-28], indirect
[29-31], and collider-based approaches [32,33]. Notably, recent
results from direct detection experiments, such as LUX-ZEPLIN
(LZ), have placed the most stringent upper bounds to date on SI
and SD DM-nucleon interactions, limiting them to below 10747
and 107> ¢cm?, respectively [27,28], with no definitive detection
observed. These null results suggest that DM-nucleon inter-
actions, if they exist, are exceedingly weak.

accurately predicting the mass of the Z boson. This issue
becomes more pronounced when considering the implica-
tions of the LHC Higgs boson discovery, along with the
absence of signals for DM or supersymmetric particles, as
the theory has evolved from the ultraviolet scale down to
the electroweak scale [40-42].

Due to the distinct configurations of the electroweakinos
(EWinos) and Higgs sectors, the LSP in the NMSSM can
exhibit properties that differ significantly from those in the
MSSM, both in its intrinsic nature and in the mechanisms
responsible for its relic abundance and detection prospects.
In the NMSSM, both the bino-dominated and singlino-
dominated neutralinos emerge as potential DM candidates.
In particular, singlino-dominated DM has received exten-
sive attention since the formulation of the NMSSM
[43-62]. The phenomenological behavior of singlino-
dominated DM is predominantly governed by four param-
eters: A, tanfs, mp, and pqp [43]. In the limit where the

singlet Higgs bosons are sufficiently heavy, both the SI and
SD scattering cross sections of DM with nucleons scale as
A*. Consequently, data from the LZ experiment typically
constrain 4 < 0.1, leading to two primary mechanisms
consistent with the observed relic density [44]: (1) coanni-
hilation with higgsino-dominated EWinos, or (2) resonant
annihilations mediated by singlet-dominated CP-even or
CP-odd Higgs bosons. The coannihilation scenario is only
viable within a narrow region of parameter space charac-
terized by 2|k|/A~1, 1 < 0.1, and p <400 GeV [43],
while the resonant annihilation scenario requires 2|m)??|

to be close to the relevant scalar mass. Taken together, these
DM constraints impose stringent restrictions on the allowed
NMSSM parameter space.

In contrast, systematic investigations focused on bino-
dominated DM in the NMSSM remain relatively limited.
This is likely due to the absence of direct tree-level
interactions between the bino and the additional singlet
states, rendering the corresponding configurations largely
analogous to those in the MSSM involving bino, higgsinos,
and wino [57]. However, the phenomenology becomes
distinctly NMSSM-specific in scenarios featuring a light
singletlike scalar—typically accompanied by a relatively
light singlinolike neutralino [58—65]. Notably, such effects
become prominent when the soft singlino mass, defined as
mg = % Uer» 18 comparable in magnitude to both M and p.g;.
While singlino-higgsino mixing is directly governed by the
coupling “A,” the bino does not couple to the singlino at tree
level. Consequently, mixing between the bino and singlino
arises only indirectly via the higgsino portal, although this
mixing can be enhanced in regions where |M;| < |mg| ~
|ete|. Furthermore, the relative hierarchy between |m|
and |uey| determines the nature of the next-to-LSP
(NLSP): singlinolike when |mg| < |uer|, or higgsinolike
for |mg| > |pe|- In the latter case, the neutralino sector
simplifies to a bino-higgsino system analogous to that of the
MSSM when the singlino also gets decoupled.
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The viability of a highly binolike DM candidate with a
mass below 200 GeV—particularly below 100 GeV—within
the Z5-NMSSM has been thoroughly examined in Ref. [65].
While such a scenario is strongly constrained in the MSSM
due to stringent bounds from collider and cosmological data,
it remains viable in the NMSSM. This is largely attributable
to the appearance of new “blind spots” in the ST and SD DM-
nucleon scattering amplitudes, which allow the scenario to
evade current direct detection limits [65]. Achieving this
viability necessitates a precise tuning of the bino-higgsino in
the lightest neutralino. Such tuning can be realized by
appropriately adjusting the value of y.: it must be increased
to suppress the scattering cross sections sufficiently, but not
to the extent that it significantly reduces the DM annihilation
rate, which would otherwise result in an excessive relic
density. The prospects for observing signals from relatively
light EWinos and singletlike scalar states within the Z;-
NMSSM, particularly in top squark decay channels at the
LHC, have been explored in Ref. [66]. The spectra discussed
in Refs. [65,66] not only provide phenomenologically
interesting configurations but are also theoretically moti-
vated, as they can facilitate a strong first-order electroweak
phase transition in the early Universe [67]. Such a phase
transition is a necessary condition for successful electroweak
baryogenesis, which could account for the observed baryon
asymmetry of the Universe, and may also give rise to a
stochastic background of gravitational waves potentially
detectable by future experiments [68]. Additionally, there
has been sustained interest in developing efficient search
strategies for light scalar states, independent of the identity of
the LSP [69-88]. Correspondingly, LHC searches targeting
these states constitute a focused and active experimental
program [89—124].2

In this work, we conduct a detailed investigation of the
current status of the Z;-NMSSM featuring a bino-domi-
nated DM candidate, with a bino fraction exceeding 50%,
and a light singletlike scalar. The analysis is performed in
light of both theoretical considerations and current exper-
imental constraints, with particular emphasis on the latest
results from the LZ direct detection experiment. To realize
an additional light scalar state, we consider a Higgs sector
configuration in which the next-to-lightest CP-even Higgs

*The current nonobservation of additional Higgs bosons at the
LHC imposes significant constraints: these states must either
possess masses above 2m, ~ 350 GeV, or predominantly consist
of singlet components, thereby suppressing their production cross
sections. The NMSSM permits exotic decay modes of the SM-
like Higgs boson through light singlet scalars, pseudoscalars, or
fermionic states. Recent results from ATLAS and CMS have not
excluded non-SM decay channels, instead placing upper limits on
their branching ratios (BRs)—12% for ATLAS [3] and 16% for
CMS [4]. These bounds are expected to improve to the 5%—10%
level via indirect constraints from Higgs coupling measurements
[125,126]. Consequently, precision Higgs measurements at the
LHC remain a powerful tool for testing beyond the Standard
Model (BSM) scenarios that predict such exotic decay modes.

boson corresponds to the observed SM-like Higgs. In this
setup, the lightest CP-even (odd) scalar is predominantly
singletlike. The remainder of this paper is structured as
follows. In Sec. II, we present a concise overview of the key
features of the Z;-NMSSM, with a particular emphasis on
the Higgs and neutralino sectors. We also provide analytical
expressions relevant to DM annihilation and DM-nucleon
scattering cross sections. Section III details our scanning
strategy and discusses the characteristics and viability of
the model’s parameter space in light of current particle
physics constraints. Finally, Sec. IV summarizes the main
conclusions of this study.

II. NEXT-TO-MINIMAL SUPERSYMMETRIC
STANDARD MODEL

A. Fundamental NMSSM properties

The NMSSM represents the simplest extension of the
MSSM through the addition of a gauge-singlet Higgs super-

field, S. The corresponding superpotential is given by [8—10]
ano~ 1

Wamssm = Wussm + ASH , H; + EKSS, (2.1)

where Wygqm denotes MSSM superpotential excluding the

p-term, A and x are dimensionless parameters, and H,andH,

are the Higgs superfields. This superpotential is the most

general form consistent with R-parity conservation and a Z5
discrete symmetry, given the specified field content.

Assuming CP conservation, the Higgs sector of the

Z3-NMSSM is characterized at the tree level by six
parameters [8,10],

ﬂ, K,AA,AK,ueff,tanﬂ, (22)

where A; and A, are soft trilinear coefficients, as defined in
Eq. (2.5) of Ref. [8]. In the CP-even scalar basis defined as
Hgy = sinfRe[HY)] + cos fRe[HY], Hysy = cos fRe[HY] —
sinpRe[HY], and Hg = RelS], and in the CP-odd basis
defined as Angy = cos SIm[HY] + sin fIm[HY] and Ag =
Im[S],’ the three CP-even Higgs mass eigenstates h; =
{h,H, h,} and two CP-odd mass eigenstates a; = {ay, a,}
can be expressed as

h; = ViMHgsy + V)M Hysm + Vi, Hs,

a; = Vi™MAxsm + Vi As, (2.3)
where V and V' denote the unitary matrices that diagonalize
the CP-even and CP-odd Higgs mass-squared matrices,
respectively. In this work, we define the physical Higgs
state with the largest Hgy; component as /, and refer to it as
the SM-like Higgs boson. The Higgs states with dominant
Hysyv and Hg components are labeled as H and Ay,
respectively. For convenience, we denote the CP-even

*HO and HY denote the neutral components of the Higgs
doublets H,, and H ;, respectively.
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mass eigenstates by &y, h,, and h3, ordered such that
my, < my, < my,. Current LHC measurements constrain
the couplings of the observed Higgs boson to within
approximately 10% of their SM values [127,128], implying

that \/(VI,YSM)2 + (V3$)? £0.1 and |V3M| ~ 1. Moreover, in

the limit of heavy-charged Higgs bosons, the following
approximations hold [23]:

SM + \ySM
VH thx NO,

VI}\IISM 29-1/2
VitMx Vi~ [1+ ( Vs ) } ~1. (2.4)
hs

The singlet masses are independent and may take small
values, as they are weakly constrained by current exper-
imental data.

In the Z;-NMSSM, mixtures of bino (B%), wino (W?),
higgsino (Flg,u), and singlino (8% fields form neutralinos.
Assuming a basis of y® = (=iB,—iW°, HY, HY,S), the
neutralino mass matrix is given by [8]

M, 0 —mgzcpsy  mzspsw 0
M, mzcpey  —mgspey 0
Mopewt = 0 —Hett  —AUSp |,
0 —Aveg
%Heff
(2.5)
|
2
Xi
—(M, - mxo)[(m%] — Hagr
N, = \/IC_, —(Mysiy + My ¢y — myp)[(m

§— mi?)(ml«l_)c/; +psg) + /lzvzc/j}mz

where M, My, piegr, and mg = % o are the soft SUSY-
breaking mass parameters for the bino, wino, higgsinos,
and singlino, respectively, m is the Z boson mass, 6, is the
Weinberg angle (cy =cosfy and sy =sinfy), and
tanf = sy3/cp = v,/v, is the ratio of the VEVs of the
two Higgs doublets (cs=cosf and s3=sinf) and
v? = v2 + 13 = (174 GeV)?. Diagonalizing M., with a
5 x 5 unitary matrix N yields the masses of the physical
neutralino states )Z? (ordered by mass),

N*MneutN‘1 = diag{mﬂ), Mg, Mg, My, mfg}
with
B =NyB" + NoW° + N3H + Ny HY
+N15§ (i:1,2,3,4,5),

where m; is the root to the characteristic equation,

(x = M) (x = M) [(x% = udig) (mg = x) + 220% (x = Syphtesr)]
—mZ(x— M c, — Mysyy)[(usap + x) (ms — x)

2207 =0. (2.6)

The eigenvector of my is the column vector consisting of
N;; (j=1,2,3,4,5), which is given by

(Mys3, + M ¢y, — my)[(mg —mgp)(mpss + pcp) + A2v?sglmy

(Mys¥, + M3, — mi?)/ivﬂeffczﬂmz

The specific form of the normalization factor C; is given by

Ci = [(ms - m;g?)(mf;? — Hege) — W20 (Sappterr — mfg)]z

X [(My = map sy + (My = mp)*cy] + my(Masiy + M, cjy — mp)?

X [(mg — mp)? (ug + mf;? + dpesmpnspcy) + 22707 (mg — mp) (HetrSap + map) + P20 gy + 2404,

Therefore, the diagonalizing matrix is N = {N, N,, N3,
N4, Ns}, where i = 1, 2, 3, 4, 5 denotes the ith neutralino.

This work focuses on the lightest neutralino, ;Z(l), which
serves as the DM candidate. N3,, N3,, N3, + N3,, and N3,
are the bino, wino, higgsino, and singlino components in
the physical state ;Z‘l), respectively, and satisfy N %1 + N %2 +
N3+ N3, + N =1.1f N3, > 0.5 (N}, > 0.5, or N3; +
N3, > 0.5, or N3; > 0.5), we classify 7 as a bino-, wino-,

X

(2.8)

|
higgsino-, or singlino-dominant DM, respectively. In
the following discussion, we focus on the case of a
bino-dominant 79 (i.e., mp & M)).

The couplings of DM candidates to the scalar Higgs and
the Z boson play a crucial role in the calculation of both
DM-nucleon scattering cross sections and DM annihilation
rates. These interactions are described by the following
Lagrangian [8]:
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Lymssm D iC;g?;;?GOGOJZ?}’SJZ? + C,g?;;?hihzﬁ?(f)?? + iC;;?;g?aiai)?(l)Ys)?? + C;g?;g?zzy)?(fi/”}’s)??,
where the coefficients of these couplings are given by [8,23]

Copn = Vi}w[\lelle(NBS/f + Niscp) + (1N11 = 92N 12) (N13¢s — Niasp)]
+ VI}II,SM{\/Q/INB(NB% —Nussp) = (91N11 = 92N 12)(N 1355 + Niscy)]

+ V3 [V2(AN 3N 14 = kN 15N)s)], (2.9)
Cpioa, = —PESM[\/Eﬂle(NBCﬁ + Nissg) = (91N — 2N 12) (N385 — Nyscy)]
+ PS, [V2(AN 3N 14 — kN 5N ys)], (2.10)
_ Mz \n 2
C; =— (N7 — N7,), 2.11
Nz \/§v< 13 14) ( )
Cpmco = —V2N5(N1355 = N1acg) = (91N11 = 92N12) (N 13¢5 + Nyasp). (2.12)

It is evident that the interactions critical for DM phenom-
enology heavily depend on the higgsino and singlino
admixtures in the LSP, which is considered bino-dominant
in our study. As will be demonstrated later, these admix-
tures also influence collider phenomenology in a significant
manner. Additionally, it is important to note that these
admixtures exhibit complex variations across the NMSSM
parameter space. According to Eq. (2.5), the variations with
tan f# and A are especially significant. Moreover, the signs of
the various mass parameters present in Eq. (2.5) also play a
crucial role in determining these admixtures.

B. Dark matter sector

When the squark mass m; exceeds 2 TeV, the t-channel Z
boson exchange diagram becomes the dominant contri-
bution to the SD scattering cross section at the tree level.
|

2
2
m5c ms  Mp\?2
2 2 Mz 2.4 4 N X
N13—Nl4~—c (Mz—mf?) sw/"eff|:< 1> (

1 Heft  Heff

A condition for an MSSM-like SD blind spot naturally
arises when tanf =1, where cos2f vanishes [133].
Additionally, significant suppression of the SD cross
section can be achieved when cancellations occur among
the terms in Eq. (2.14), a scenario particularly relevant
for a bino-dominated LSP coexisting with light singlino-
like states [133]. The algebraic structure reveals two key
features for a bino-dominated ;Z‘l): (i) the first term is
negative definite, while the last term is positive definite.
(i1) The sign of the second term depends on the relative
sign between mg and M being positive (negative) for
identical (opposite) signs. When the signs coincide, the

[
This contribution can be parametrized approximately as

[129,130]
Canz\®
X ’
0.01

with N = p(n) denoting protons (neutrons), and C, =~
29x 107 em? (C,~23x107* cm?)  [131,132].
Equation (2.11) implies that Cyz, & Ni; — N7, [65].
This interaction influences both the DM annihilation cross
section through the Z-funnel channel and the SD scattering
cross section. Notably, a destructive interference effect,
commonly termed a “blind spot,” occurs when N7, ~ N7,.
Through explicit substitution of N3 and N4 defined in
Eq. (2.7), it can be determined that

:“eff /‘eff :Ueff :Ueff /‘teff
[

first term must counterbalance the combined contribu-
tions of the latter two terms. Conversely, when the signs
are opposite, cancellation requires mutual annihilation
between the first two terms and the final term, which is
theoretically less natural. Importantly, neither mgs nor g
can significantly exceed the mass of the binolike LSP to
maintain an overall cancellation in the presence of the
first term.

Another relevant quantity in the context is N7y + N7,
which measures the total higgsino admixture in the LSP
and controls scalar (Higgs boson) couplings to a pair of
binolike LSPs. Using Eq. (2.7), one finds

(2.13)
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m
Nis +Nj, = CZ (Mysiy + My — mﬁ)zﬂgff

§ mm 2 m)(«) 2 mfo
1 + L + ! S2ﬂ
/"eff ﬂeff Heff Hetf
+2( o) G (-2
Hett Heft Heft  Heff
()
+ .
Hetf
A closer examination shows that Egs. (2.14) and (2.15)

exhibit symmetry under simultaneous sign flips of each of
the parameters: fiegr, 7y (M), and mg.

(2.15)

In contrast, the SI scattering cross section in the heavy
squark limit is dominated by a #-channel exchange of
CP-even Higgs bosons £; and is given by [134-137]

oSl m12V My : 1 4|f(N) |2
AN T 270? \my + mgp 125 GeV '

3 125 GeV
=2 T “Can Crpn

Cj.ny 1s given by [131]

(2.16)

Chwy = (VM = VM tan g)F1Y)

L) FY. (2.17)

VSM | yNSM
+< e TV, tan 3

We define

3
Z (125 GeV> o (VM VNSMang),  (2.18)

i=1

3
125 GeV 1
> ( . > Capon <V§IM+V1,jiSMtanﬂ),

i=1

(2.19)
then, f™) in Eq. (2.16) can be rewritten as
™ =B, BL,FE,N), (2.20)
Where My denotes the nucleon mass F f d —|— f s
ﬁfc and FV) = ¢V ﬁfc , with fq —le

(N|m,qg|N) (¢ =u, d, s) representing the normalized
light quark contribution to the nucleon mass. Additionally,

fg\]) =1- Eq:u,d,s fSIN)
other heavy quark mass fractions in nucleons [136,137].
For the respective form factors for u, d, s, we use the default
parameters implemented in micrOMEGAs 5.2 [135],

accounts for the influence of

= {0.0153,0.0191,0.0447};
= {0.011,0.0273,0.0447},

P
q=u.d,s

Z:u,d.s (221)

~0152F ~0147 andF ~0132

Eﬂ ~(.140. Therefore, the SI cross sections for DM-
proton and DM-neutron scattering are generally nearly
equal (i.e., oS’ o~ 0-0 ) [138]. However, when B, and B,

inEq. (2.20) have opposne signs and comparable magnitudes
(i.e., a strong cancellation effect), the SI cross sections for
protons and neutrons diverge significantly. In such cases, the
effective cross section for coherent scattering of DM with
xenon nuclei can be computed via [139]

resulting in F

SI_SI
o0y,

oo = 0.16965 + 0.3470," + 0.484 (2.22)
where the three coefficients on the right side are derived from
the average abundances of different xenon isotopes in nature.
This equivalence clearly demonstrates that the effective cross
section reduces to 0 ! when 0 =ol.

Current LHC experlmental constraints require the non-
SM doublet Higgs boson H to have masses greater than
several hundred GeV. Under these conditions, its contribu-
tion to the SI cross section is exponentially suppressed by
(125 GeV/my)*. Consequently, the dominant SI scattering
mechanisms are primarily driven by t-channel exchanges of
both the SM-like Higgs % and the singlet Higgs h,. The h,-
mediated process becomes particularly significant when a
substantial mass hierarchy exists (m;, < m,,), whichisakey
feature of this study. For sufficiently large values of my, our
analysis focuses on these two contributions, leading to the
reformulation of Egs. (2.18) and (2.19),

125 GeV
By~ <7e> Cppn V3

my, X0

125 GeV
- <—e) Covon ViMtan . (2.23)
mhs
125 GeV'\ 2
B, ~ (T) Conpon V3N, (2.24)

where we implement the approximations of VM, VISM,
VﬁM and VI,:IJSM in the Higgs sector, as described above, and
consider the effect of a sufficiently large tan  [131]. Under
these approximations, when wino decouples by eliminating
the wino-related term proportional to g,N,, the generic
CP-even scalar-neutralino-neutralino couplings in Eq. (2.9)
reduce to the simplified expression

Cpon~ [V2AN15(N 1355 + Nyscp)

X
+ g1N11 (N 13¢5 — Nygsg)]., (2.25)

Cazn, ~ ~[V2(AN ;3N —kNisNis)). (2.26)
Substituting N;;, N3, Nys, and N5 of Eq. (2.7) into

Egs. (2.25) and (2.26), one finds
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ms T

2
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V2mgstypudy (My — myp)? [ (
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Substituting Egs. (2.23), (2.24), (2.27), and (2.28) into Eq. (2.20), one finds

~ FN\2mZs3,(My — mp)?

f(N)

~
~

2
+2<ﬂ_v>2(m_%> <%_ 1) N (ﬂ_v
Heft Heft  Meff /’tgff Heff

L (125 Gev)zvl}fSMtanﬂ Av <ms _’%g(;)z{(mj?
mpy * eff \Heff  Heff Hesr

N </1_”)2m%ﬁ N (ﬂ_v>3 (ﬁ _ ’”_x> (’”ﬁ
Heft Heff Heft  Heff Heff

where the assumption F £1N> ~ F" ~ F) is applied. Given

Mo # M, plegr, mg, and C # 0 for a bino-dominated LSP, a
blind spot for the SI cross section arises when the quantity
within the curly brackets on the right-hand side of Eq. (2.29)
vanishes. This condition signifies the possibility of signifi-
cant cancellation between the 4- and i -mediated contribu-
tions. Such cancellation mechanisms become effective only
under a substantial mass hierarchy between m;, and m, (i.e.,
when m;, << m,,). Furthermore, when a blind spot for the 4
contribution in Eq. (2.29) occurs, the h, contribution
becomes significant regardless of other factors.

The measured DM relic density is Qpyh? =~ 0.12 [34],
where h = H,/(100 km/s/Mpc) denotes the normalized
Hubble constant, and Qpy = ppm/p. is the DM density in
units of the critical density. As a viable DM candidate, the
relic density of #V, which we denote as Q;f,’ =Py /Pes
should match the observed value Qpy;. For DM produced
via standard thermal freeze-out (FO), the relic density and
the effective (thermally averaged) annihilation cross section
at FO, (ov)po, are approximately related as

3x 1072 cm?/s

Q.oh?~0.1 x
4 {ov)ro

(2.30)

Since at the time of FO (parametrized by the temperature
Xp = mp /T) the DM candidate is usually nonrelativistic

(typically, xO ~ 20), one often expands (6v)ro as

)" o [ (125 GeV\2 o[ (ms ™n\2 ’”f}o My
C Py \—— ) 2V |- >~ 1 T 52
vl mpy Heft  Heft Metr Heff

ﬁy 4 mfo
-1 +<—> ( f-s )] 2.27
) Het Heft i ( )
(e 5
— + 1 )sgcp + +-|—c
Heft Mo PP ) 2 \per) 7
(2.28)
) (o))
y)
Hett /
2 mso
1 )s4c5 + X']
> e Heft
Ao\ 5
Sop + 1> + (—D> sﬁcﬁ] }, (2.29)
Heft
(ov),, = a+6b/xp+ O(xp7?). (2.31)

In scenarios featuring relatively light singletlike scalar
or pseudoscalar states, a bino-dominated DM candidate
can attain the observed relic density either through
resonant annihilation via scalar funnels or through coan-
nihilation with a singlino-dominated neutralino [65]. If
the LSP possesses a sizable higgsino admixture, efficient
annihilation channels into electroweak gauge bosons,
and doubletlike Higgs bosons become accessible via
s-channel Z or Higgs exchange, as well as through
t-channel neutralino and chargino exchange. For heavier
LSPs (m;r? > m,), annihilation into top-quark pairs

through Higgs exchange can provide a significant con-
tribution. In the large tanf regime, where Higgs cou-
plings to bb and 777~ are significantly enhanced, bb and
777~ final states are possible via s-channel Higgs
exchange (not necessarily resonant). Additionally, when
extra scalar or pseudoscalar particles are sufficiently light,
further annihilation channels—Zh,, hh,, h,a,, and
a,a,—may become kinematically accessible. These proc-
esses, mediated through s-channel exchange of Z, &, and
a,, or via t-channel exchange of heavier neutralinos, can
play a critical role in reducing the neutralino relic density.
The corresponding annihilation rates are sensitive to the
NMSSM-specific couplings 4 and k, which govern the
interactions of the singlet sector.
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III. NUMERICAL RESULTS

A. Research strategy

We use the NMSSMTools-6.0.0 package [140,141] to perform a comprehensive scan over the following parameter space:

0.0 <1<0.75, k| <0.75, 1 <tanp < 60,
0.1 TeV < |u| < 1.5 TeV,  |A,| <5 TeV, A < 1.5 Tev,
IM,| < 1.5 TeV, 0.1 TeV <M, < 1.5 TeV,

A, = |4, <5 TeV, 0.1 TeV < M; , M;, <15 TeV,

where all parameters are defined at the scale Q =1 TeV.
To obtain an SM-like Higgs boson mass (m;, ~ 125 GeV),
the soft trilinear coefficients A, and A, are treated as free
and equal to adjust the Higgs mass spectrum. The masses of
the left (right) three-generation sleptons take a common
value M; (M; ), which serve as free parameters to help
explain the muon g-2 anomaly, and to relax LHC con-
straints. Other less relevant parameters are fixed at 3 TeV,
including the gluino mass M3, all three generations of
squark masses, and the soft trilinear couplings apart from
A, and A,. We also impose the condition N3, > 0.5 to
ensure a bino-dominated lightest neutralino 79.

In order to ensure the conclusions drawn in this work are
as comprehensive and robust as possible, we employ the
MultiNest algorithm presented in [142,143] during the
parameter scan, with nlive = 5000.% The result of the scan
includes the Bayesian evidence, which is defined as

Z(D|M) = / P(D|o(M,©))P(0]M) [] de;.

Here, P(®|M) represents the prior probability density
function (PDF) for the parameters ® = (0, ©,, - - ) within
the model M, and P(D|O(M,®)) = L(©) denotes the
likelihood function for the theoretical predictions on
observables O compared to their experimentally measured
values D. From a computational standpoint, the Bayesian
evidence acts as an average likelihood, with its value
determined by the priors of the model parameters. For
various scenarios under a given theoretical framework, a
larger Z indicates better agreement between the scenario
and the data. The output further includes weighted and
unweighted parameter samples, whose distributions are
governed by the posterior PDF P(®|M, D), expressed as

(DlO(M, ©))P(6|M)
- :

P
P(®|M,D) = (3.1)
This equation represents our current understanding of
the parameters ® based on the experimental data D, or

“The nlive parameter defines the number of live points
sampled for determining the iso-likelihood contour in each
iteration of the scan.

|

equivalently, the updated prior PDF following the incor-
poration of the experimental data. While this quantity may
exhibit sensitivity to the prior’s shape, such sensitivity
can be mitigated by adequate data, rendering it negligible
under specific circumstances [144]. Consequently, one can
deduce the inherent physics of the model through the
distribution of the samples. The likelihood function con-
structed in this study comprises

L= ‘Cm,, S Lh,coupling X ‘CB X ‘CQhZ X ‘CDM S ‘CAaﬂv (32)

where:

() Ly, and L coupiing correspond to the likelihoods
for the measured Higgs boson mass and couplings,
respectively. The Higgs mass m,; is computed
including leading electroweak corrections, two-
loop effects, and propagator corrections, following
Ref. [145], with a central experimental value
my, = 125.09 GeV [21], and an assumed total
(experimental + theoretical) uncertainty of 3 GeV.
L}, coupling 18 constructed using a seven-parameter x
framework, incorporating experimental central val-
ues, uncertainties, and correlations from ATLAS
Run-II results (80 fb~!) [127], with statistical meth-
ods informed by Ref. [146].

(i) Lp represents the likelihood function for the
measured branching ratio of the B — Xy and
B, —» ptu~. These ratios are calculated by the
methods in Refs. [147,148] and are constrained
within the 2¢ experimental bounds [146].

(iii) Lgy and Lpy describe constraints from the DM
relic density and direct detection cross sections.
The relic density likelihood is based on the Planck
2018 result, QA% = 0.120 [34], with a 20% theo-
retical uncertainty (0.096 < Qh? < 0.144). For di-
rect detection, a Gaussian likelihood centered at zero
is used, with uncertainty defined as 62 = ULos?/
1.64> + (0.26)2, where UL denotes the 90% C.L.
upper limits from the LZ-2022 experiment [27], and
0.20 accounts for theoretical uncertainties [149].
These observables are computed using the micrOMEGAs
package [150-153].
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Violin plots showing mass distributions of Higgs bosons, EWinos, and sleptons for the refined samples. The violins are scaled

by count. The thick vertical bar at the center indicates the interquartile range, with the white dot representing the median, and the long

vertical line shows the 95% confidence interval.

@iv) LAay accounts for the likelihood function of the
muon g-2 anomaly, and is given by

2
Xia
Laq, = exp [— Az"]
1 (a5 —2.49 x 107\ 2
- [_E ( 48 % 10710 - (33)

E .
where Aa, = a,"" — a;™ denotes the deviation be-

tween the experimental central value of a, and
its SM prediction. Incorporating the most recent
measurement by the Fermilab Muon g-2 experi-

ment [154], the combined experimental average

aEXp exhibits a 5.1¢ discrepancy from the SM

prediction a3™, as reported by the muon g-2 theory
initiative [155],

Aa, = a® — aM = (2.49 +£0.48) x 107°,  (3.4)

which implies the presence of potential new physics
effects. While it is important to recognize that
uncertainties in the calculation of leading-order
hadronic contributions may account for part of the
observed deviation [156,157],5 significant attention
has been directed toward investigating potential
BSM explanations for this anomaly [165,166].

The potential underestimation of theoretical uncertainties
remains a topic of ongoing debate, thereby complicating a
definitive comparison between the experimental measurement
of the muon g-2 and theoretical predictions [158—160]. Notably,
Budapest-Marseille-Wuppertal collaboration performed lattice
calculations of the leading-order hadronic vacuum polarization
contribution with subpercent precision [161], reducing the
observed discrepancy to approximately 1.5¢ [162]. Furthermore,
a dispersive analysis based on the latest eTe™ — ntz~ cross
section measurements by the CMD-3 experiment demonstrates
good agreement with the combined Fermilab-BNL result,
although it remains in tension with all previous measurements
[163,164].

The acquired samples are further refined according to the
following criteria: first, the SM-like Higgs boson mass is
required to lie within the range of 122-128 GeV.
Additionally, the p-value obtained using the HiggsSignals-
2.6.2 code [167-170] has to be greater than 0.05, ensuring
compatibility of the SM-like Higgs properties with mea-
surements reported by ATLAS and CMS collaborations at
the 95% confidence level. Constraints from searches for
additional Higgs bosons are also imposed using HiggsBounds-

5.10.2 [171-175]. Furthermore, the condition x> + 1> < 0.5
is applied to ensure perturbativity of the theory up to the
scale of 10'° GeV [176]. Finally, the DM relic abundance
is required to fall within 10% of the Planck 2018 central
value QA% = 0.12 (i.e., 0.108 < QA? < 0.132) [34].

For the refined samples, the mass distributions of the
Higgs and SUSY particles are shown in Fig. 1 using violin
plots.6 From Fig. 1, it can be observed that 4, corresponds
to the SM-like Higgs boson (%), and m;, < m;, < my,,
indicating the presence of a light singletlike scalar state
(hg = h;). In this scenario, as discussed in Sec. IIB on
DM-nucleon cross sections, the contribution from the
non-SM doublet Higgs boson (H = h3) to the SI cross
section is suppressed by a factor of (125/my)*.
Furthermore, the contribution to the SI cross section from
the h,-mediated process may become particularly signifi-
cant due to the large mass hierarchy between m;, and m;,.
Regarding the masses of the EWinos, the parameter ranges
are as follows: M € (—291,-35) GeV U (36,293) GeV,
Hetr € (—311,-101) GeV U (102,305) GeV, mg e (—687,
—125) GeV U (112,564) GeV, M, e (114,1500) GeV,
|pete/ M| € (1.2,4.53), [mg/pere| € (1.0,3.9), |mp/M,|€
(0.71,0.98), |mfg/yeff|e(0.7, 1.13), |mfg/,ueff|e(1.0, 1.33),
imgp/mg| € (0.7,1.5), and |mg:/pere| € (0.7,1.0). These
results indicate the presence of one light chargino and

®A violin plot combines the features of a box plot and a
probability density distribution plot [177].
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FIG. 2. Left: components of )?(1) for the refined samples. Right: projection of the refined samples onto the 0;({_[7—6;.{ _, plane, with colors
1 1

representing the values of Nis.

four relatively light neutralinos, with the lightest of them
(the LSP) being bino-dominant.

The composition of 7| is illustrated in the left panel of
Fig. 2. The data points can be categorized into two systems
based on the singlino component of #V: a bino-higgsino
system (N%5 < 0.05) and a bino-higgsino-singlino system
(N3s > 0.05). From the right panel of Figs. 2 and 3, it is
evident that the DM-nucleon cross sections exhibit signifi-
cant differences between the two DM systems.

In the next section, we will explore the specific chal-
lenges related to the direct detection, indirect detection, and
relic density constraints of DM for the refined samples.

B. Dark matter phenomenology

As illustrated in Fig. 3, the bino-higgsino system is
significantly constrained by the LZ experiment through the

SD cross section limits. This is because o5 is proportional

10*44
10*43
10*46
&
8 100
=9
-
A10-48
10*“)
To.04
1075“ "
TR [V A 1 1T T T AL
SI 2
T (cm?)

to |[N%; — N3,, and the considered samples exhibit large
values of this quantity. Additionally, we examined the
composition of other neutralinos and found that 79 ; and 77
are higgsino-dominated, and ;22 is singlino-dominated.
Consequently, the DM phenomenology at the LHC largely
resembles that of the MSSM with a higgsinolike NLSP
[76]. In this context, o5? is suppressed by 1/u, and the
LZ-2022 experiment places a lower bound of pu. >
380 GeV [35]. In contrast, within the bino-higgsino-sin-
glino system, the values of |N%, — N3,| approach zero,
satisfying the blind spot condition described in Eq. (2.14).
This results in extremely small SD cross sections, with

0;(?_ , reaching as low as 107°° cm?. A moderate to large
1

value of “A” (0.3 <1< 0.7) plays a critical role in
facilitating sufficient mixing of a bino LSP with higgsino
(and consequently singlino) components. We carefully
analyze this scenario and find that for 1 < mg/my <3,

400

10730 L

300
yd 200
100
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sD
 (GeV)

° L 1|~100

4200

4-300

0.16 020400

0.08 0.12

Ny — N
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FIG. 3. Left: projection of the refined samples onto the 3! —a§§_n plane, with colors representing the values |[N2; — N2,|. Right:
projection onto the o-%{)_ -INT; = N1,| plane, with colors denoting values of .
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limits on SI and SD cross sections. Orange and green samples are excluded by either the SI or SD constraints, respectively, while blue
samples remain viable under all constraints. In the right panel, the surviving blue samples from the left panel are projected onto the
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where mg and m share the same sign and the cancellation
in Eq. (2.14) occurs between the first term and the sum of
the remaining two terms, the singlino mass is not much
larger than the LSP mass. However, this induces a
significant bino-singlino mixing in 7, which may conflict
with SI cross section constraints, as shown in the (7)‘;(]{_17 Vs

aég_n panels of Figs. 2 and 3. This represents a distinct
1

feature of the NMSSM, where the bino-dominated LSP is
tempered by singlino mixing that necessarily involves the
higgsinos.

It is worth noting that when considering the LZ-2022
limits on both SI and SD cross sections, the SI cross
sections for protons and neutrons at the survival points
often show that when one value is signiﬁcantly higher, its
counterpart may be relatively lower. Thus, 655 in Eq. (2.22)
is calculated and the refined samples are plotted onto the

St , banel of Fig. 4. Gray points are excluded by both

aeff'g 4)

the LZ 2022 SI and SD limits. Orange and green samples

x Cy 2 X Cyni plane. The color bar indicates the values of ¢5.

are excluded by one of the two limits, while blue samples
remain viable under all constraints. However, these blue
samples are ruled out by the recent WIMP search results
from LZ (2024) [28], which appear to exclude thermally
produced natural SUSY WIMPs.

For the remaining samples, the contributions to the SI
cross section from #-channel exchange of the SM-like
Higgs boson & and the singlet Higgs boson 4, are shown
in the right panel of Fig. 4, with the color bar indicating the
values of 65} One can see that the 7-channel exchange of
the singlet Higgs boson 4, is the dominant contribution.

125 GeV :
Large values of |(12.9V)2 x Copn, X Cnnn, | can result in

an enhanced o3 Table I summarizes the parameter ranges
of the samples that satisfy the LZ limits on the SI and SD
cross sections. Since /i, is significantly lighter than 4, the
primary contribution to the SI scattering cross section may
originate from the 7-channel exchange of 4.

Any DM candidate is also subject to constraints from
indirect detection experiments. In this study, we briefly

TABLE 1. Parameter ranges for the samples that satisfy the LZ-2022 limits on both SI and SD cross sections. All quantities with mass
dimension are in units of GeV.

Para Range Para Range Para Range

tan 9~34 A, —2650 ~ 2250 M (=212~ =70) U (93 ~ 160)

K (-0.39 ~—0.18) U (0.16 ~ 0.43) my, 33~75 My (=270 ~ —130) U (118 ~221)
A 0.31 ~0.63 mp, 125 ~ 126 M (=255~ —146) U (144 ~298)
U (=283 ~ —128) U (144 ~ 254) mp, 1640 ~ 5190 M (=387 ~ =201) U (219 ~ 329)
M, (=236 ~-91) U (115 ~ 184) my, 251 ~ 569 M (=337 ~ =238) U (245 ~ 1535)
M, 142 ~ 1490 my, 1640 ~ 5190 M 113 ~291

A (=5000 ~ —1500) U (2070 ~ 5000) My 1640 ~ 5209 M (—1493 ~ —220) U (244 ~ 1535)
A, (=593 ~ —418) U (271 ~ 810) mj, 119 ~ 1490 mj 100 ~ 1500
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FIG. 5. The surviving samples that comply with the LZ-2022

limits are projected onto the (GU)XF-mf? plane. Blue dots
represent the total annihilation cross section (left axis), while
pink, green, orange, red, purple, and cyan dots represent the
fraction of the annihilation channels P27 — WHtw-,ZZ,
hihy, hyhy, Zhy or Zh,, and 7777, respectively (right axis).

examine the indirect detection limits on the surviving
parameter points satisfying the LZ-2022 limits. Due to
substantial astrophysical uncertainties in the production of
charged particles, our analysis primarily focuses on con-
straints from photon emissions.

As illustrated in Fig. 5, we analyze the thermally
averaged annihilation cross section at FO, (ov), , for the
surviving samples. The dominant contribution arises from
the 797 - WTW~ annihilation channel, which mixes
sizably with other annihilation channels, including
PN = ZZ, hihy, hyhy, Zh,, and Zh,, to account for
the DM relic density. These processes occur in the mass
range 95 GeV < m < 200 GeV. Additionally, for a few

parameter points with 70 GeV < My <95 GeV, the

77) — 777~ annihilation channel provides the dominant
contribution.

The most stringent current limits on WIMP annihilation
cross sections stem from Fermi-LAT and MAGIC obser-
vations of gamma rays from Milky Way satellite galaxies.
These studies exclude the canonical thermal relic value
{ov) ~2x 10726 cm? s~! for DM masses below approx-
imately 100 GeV when annihilation predominantly pro-
duces b-quark or z-lepton final states [178—180]. For DM

masses 1m0 > 100 GeV, these constraints become weaker,
1

constraining thermal annihilation cross sections larger
than the canonical thermal relic value consistent with an
acceptable relic density. Additional indirect detection
bounds may arise from solar neutrino observations. DM
particles captured by the Sun through elastic scattering can
annihilate, producing neutrinos detectable at the Earth. In
scenarios where annihilation primarily results in W+ W~
final states—relevant to our model—current limits on the
SD DM-proton scattering cross section are particularly
stringent [181-183]. These analyses exclude o5° >
1074° ¢cm? for DM masses up to ~1 TeV.

In the viable regions of our model that are consistent with
direct detection limits (both SI and SD) and +10% of the
observed relic abundance, the dominant annihilation into
W+ W~ mixes sizably with other channels. Consequently,
current indirect detections impose relatively weak limits on
our parameter space.

C. Collider constraints

The findings from the previous section indicate that light
neutralino DM exhibits a limited yet viable survival
potential under the constraints of the LZ-2022 experiment.
Building upon this, we examine the collider phenomenol-
ogy associated with these viable scenarios.

Firstly, we examine the constraints imposed by the
invisible decay modes of the SM-like Higgs boson. As
shown in Table I, the mass range of the lightest Higgs
boson (h;) lies within the range (30, 75) GeV. For
30 GeV < my,, <m,/2~63 GeV, the decay channel
h, — hh; becomes kinematically accessible. This mass
range can be further extended up to about 75 GeV when
three-body decays are taken into account. As m,, increases,

TABLE II. The existing experimental searches for exotic Higgs decays h — ss — XXYY at the 13 TeV LHC.
Modified from Table 1 of Ref. [85].
Final state Production mode my range [GeV] L [fb1] Collaboration
U gg fusion [4,8] U [11.5,60] 137 CMS [112]
[1.2,2] U [4.4,8] U [12,60] 139 ATLAS [110]
HUTT gg fusion [15, 62.5] 35.9 CMS [100]
bbuy gg fusion [18, 60] 139 ATLAS [113]
[20, 62.5] 35.9 CMS [114]
bbtt gg fusion [15, 60] 35.9 CMS [105]
bbbb Wh/Zh [20, 60] 36.1 ATLAS [122]
YYYY gg fusion [15, 60] 132 CMS [123]
vYJjj VBF [20, 60] 36.7 ATLAS [111]
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FIG. 6. The left figure shows the BRs for 7, — hyh; as well as the BRs of /; into SM particles. The right figure illustrates the BRs for
hy, = h h; - XXYY, current experimental bounds (solid lines), and corresponding projections at the high-luminosity LHC (HL-LHC)

(dashed lines). All points comply with the LZ-2022 limits.

the decay mode becomes progressively off-shell, thereby
reducing its overall contribution. The decay h, — h;hy
leads to a variety of final states, depending on the
subsequent decays of h;. These can be generically repre-
sented as XXYY, where X and Y denote SM particles.
For m;, > 2m;, ~ 10 GeV, the dominant decay channel is
hy = hihy — bbbb, whereas for m;, < 10 GeV, the final
states include gggg, ggrz, and 777 [86-88]. Table II sum-
marizes relevant LHC searches targeting 7 — ss — XXYY,
where the intermediate scalar particle s has a mass in the
range 30-63 GeV. The table outlines the final states
investigated, the production mechanisms, integrated lumi-
nosities, and the scalar s mass ranges considered. Notably,
for all final states apart from bbbb, the LHC analyses
require at least one pair of nonhadronic final-state particles,
such as photons, muons, or 7 leptons.

All points complying with the LZ-2022 limits are
projected in Fig. 6. The left panel of Fig. 6 shows the
BRs for the exotic decay h, — hh; as well as the BRs of
the CP-even singlet Higgs £, into SM particles. The right
panel displays the combined BRs for &, — hih; - XXYY,
superimposed with current experimental exclusion limits
(solid lines) and projected HL-LHC sensitivities (dashed
lines). The HL-LHC sensitivities are derived by assuming

all uncertainties scale with 1/+/L [85]. Regions above the
exclusion curves are ruled out by present experimental data.
All XXYY channels corresponding to the surviving samples
remain consistent with current bounds. Even under HL-
LHC projections, channels such as bbbb, bbrr, and bbupu
continue to exhibit viable parameter space. In addition,
final states including purz, pupp, ggyy, and yyyy fully
satisfy all existing constraints.

Next, we assess whether the surviving parameter sam-
ples comply with the constraints from LHC EWinos
searches using the SModelS-3.0.0 program [184], which
includes the experimental selection efficiencies listed in

Table III. Our analysis shows that the most stringent
constraints arise from the direct EWino searches in the
WZ-mediated 21+ E™ channel [185] and the Wh,s-
mediated 1/ 4 2b + E“%"SS channel [186] implemented in
SModelS-3.0.0. The parameter samples that pass the LHC
EWinos search constraints fall within the mass range
140 GeV < )~ 7f <260 GeV and mass splitting
45 GeV < Am = ) — 7% < 65 GeV. After applying con-
straints from the LHC supersymmetry search, the sample
size decreased from 2924 to 401, highlighting the sub-
stantial impact of LHC constraints on this type of spectrum.

Finally, we map the results onto the Aa,-My, plane in
Fig. 7, where the green, blue, and red points indicate all the
refined samples, the samples that comply with the LZ-2022
limits, and the samples that satisfy both the LZ-2022 limits
and the limits from direct EWinos searches in the SModelS-
3.0.0 program, respectively. The vertical gray lines denote
the central value of Aa,, as given in Eq. (3.4) (solid line),
along with its +1¢ range (dashed lines). The horizontal
gray lines represent the current central value for the

world average of the W boson mass M ];fp (solid line),
and its =16 uncertainties (dashed lines), excluding CDF II
data [146,207].” Interestingly, the particle spectra obtained
through scanning effectively describe both My, and a,,. It is

’A recent combination of W boson mass measurements
performed by the ATLAS, LHCb, CDF, and DO experiments,
using precise calibration of simulation tools and PDFs, has
produced the world average, My = 80.3946 £ 0.0115 GeV
[207]. However, the probability of compatibility is 0.5% or less,
depending on the selected PDF set, largely due to the W mass
measurement by CDF from Run II at the Tevatron [207], My, =
80.432 +0.016 GeV (adjusted to the common PDF set CT18
[208] in Ref. [207]). This value differs by almost 3.6 from the
other measurements of My, while the latter agree well among
themselves, with the average excluding CDF II being My, =
80.3692 £ 0.0133 GeV [207].
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TABLE III. Experimental analyses included in the package SModels-3.0.0.

Luminosity
Name Scenario Final State (fb=1)
ATLAS-1402-7029 [187] 759  Zu2¢(iv), €0 ¢ £ (v) — vt ()7 3¢ + Emiss 20.3
TP = wit(v), i 1(ov) — wilre(w)F)
T = WRZE — Qe e
78 = WL — e eq) |
CMS-SUS-16-034 [188] s - WRAZWA nZ(n >=2) +nj(n >= 1) + Emiss 359
CMS-SUS-16-039 [189] B - ot ne(n > 0)(c) + Em 359
Pt - wee
s - it
0 = Wi
At~ WHE |
CMS-SUS-16-045 [190] e - WERRR 1£2b + Episs 35.9
CMS-SUS-16-048 [191] )Zg)ﬁt — Z)’(’?W}Z(l) 20 + E?iss 35.9
B0 = 20 |
CMS-SUS-17-004 [192] P = Wh(Z)PA nf(n >= 0) + nj(n >= 0) + BN 359
CMS-SUS-17-009 [193] 77 = 07 20+ BB 359
CMS-SUS-17-010 [194] FERT = WEAWT 26 + ENs 35.9
;Zli)ﬁ: - vl
ATLAS-1803-02762 [195] P = WZRR ne (n >=2) + Emis 36.1
PIE = vl
)ﬁ)ﬁ - vtvt
Ct — eReR) .
ATLAS-1806-02293 [196] e - Wz nZ(n >=2) + nj(n >= 0) + Epis 36.1
ATLAS-1812-09432 [197] e - Whg nZ (n >= 0) + nj(n >=0) 36.1
+nb(n >=0) + ny(n >= 0) + Exiss
CMS-SUS-20-001 [185] 7 = ZOWR 20+ B 137
£t ¢ e
CMS-SUS-20-004 [198] A - bk 4b+ B 137
Byt = WARZ(A
I8 = 20 _
ATLAS-1908-08215 [200] 00— PR 20 + Eis 139
s+
XX
ATLAS-1909-09226 [186] 27 > Whilp 17 + h(—bb) + Emis 139
ATLAS-1911-12606 [201] e = AW 26 42 + EWS 139
B0 = Zhn
I = Waw R
£ — e _
ATLAS-2106-01676 [203] T = W(= v Z(— 0N 3¢ + EmsS 139
77 = W= vh(= CORN
i = WZ(hAL _
ATLAS-2204-13072 [205] 7t = W= q@)i°Z(= )7 26 +2j + ER 139
ATLAS-2209-13935 [206] 20+ BB 139

07— AP
T = W= tn)W(= o)t
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FIG. 7. Results for the surviving scenarios in the Aa,-My
plane. Green points represent all the refined samples, blue points
denote the samples satisfying the LZ-2022 limits, and red points
correspond to those that comply with both the LZ-2022 limits and
the constraints from direct EWinos searches, as implemented in
SModels-3.0.0. The vertical gray lines indicate the central value of
Aa,, as given in Eq. (3.4) (solid line), and its 16 range (dashed
lines). The horizontal gray lines show the current central value for
the world average without CDF II data of the W boson mass My,”
(solid line), and its +1¢ uncertainties (dashed lines).

evident that the predicted values of My, for the majority of
the refined samples lie within the 1o confidence interval of

Mﬁfp. A small fraction of the samples shows predicted
values exceeding the upper bound of this confidence
interval. This result can be attributed to the presence of
light EWinos in the 100 GeV-1 TeV range, where electro-
weakly interacting SUSY particles contribute significantly
to My. Additionally, for lower Aa, values, the reduced
MYMSSM values suggest heavier electroweak supersym-
metric particle masses. Therefore, the relatively light SUSY
particles necessary for larger Aq, give rise to a slight
increase in the prediction for My, which is independent of
the variation of the other parameters in the scan. These
conclusions are similar to the studies in Refs. [209-211].

IV. CONCLUSION

In light of recent advancements in particle physics
experiments, we have explored the implications of these
developments on the Z3-NMSSM featuring a light bino-
dominated LSP and a light singletlike scalar. Our study
specifically examined the impact of the muon g-2 meas-
urement at Fermilab, the LHC SUSY search, and the DM
direct detection by the LZ-2022 experiment, as these
experiments are sensitive to different parameters and
provide complementary insights into the Z5-NMSSM.

We began our analysis by utilizing the MultiNest
algorithm to scan a broad parameter space, guided by
LZ-2022 experiment data, constraints from the LHC Higgs
data, the muon g-2 observable, and B-physics measure-
ments. Based on the composition of 7, the surviving
samples were categorized into two groups: bino-higgsino
(N?5 < 0.05) and bino-higgsino-singlino (N%s > 0.05).
These systems exhibit annihilation channels into WHW~,
ZZ, hihy, hyhy,, Zh;, and Zh, to satisfy relic density
requirements, facilitated by both a non-negligible higgsino
component in the LSP and the presence of a light singlet-
like scalar. However, their viability is challenged by
stringent DM direct detection constraints. The bino-
higgsino system’s 6% can be below the LZ-2022 exper-
imental limit, as well as the neutrino floor under blind spot
conditions. However, its 657 is significantly constrained by
the LZ experiment due to large |N?; — N7,| values, which
resembles the MSSM scenario with a higgsinolike NLSP
[76]. This results in the requirement of a larger p.¢ under
the L.Z-2022 experiment [35,36]. In contrast, for the bino-
higgsino-singlino system, the values of |N%; — N3,
approach zero corresponding to the blind spot condition

for the SD scattering cross section, which results in 63 as

X
low as 107% cm?. However, this leads to a significant bino-
singlino mixing in the LSP, which may be disfavored by
constraints on the SI cross section. A moderate to large
value of “A” (0.3 <1 <0.7) plays a crucial role in
adequately tempering the bino LSP with higgsino (and
hence singlino) admixture. It is important to note that in the
bino-higgsino-singlino system, the SI cross sections for
protons and neutrons are abnormal below the order of
1074 c¢m?, that is, when one value is significantly higher,
its counterpart may be relatively lower. This may be related

to the small difference between F ép:)u‘ gand F (q":)MY 4+ In this
case, we utilized the effective cross section when consid-
ering the restriction of DM direct detection constraints on
the SI cross section.

Exotic Higgs decays are a key aspect of discovery
programs at both current and future colliders [212-217].
For the surviving samples that comply with the LZ-2022
limits, the mass range for the lightest Higgs boson (/) is
between (30,75) GeV. When 30 GeV < m;, <m;,/2~
63 GeV, the decay channel h, — hih; is kinematically
possible. Therefore, we explored the constraints imposed
by the invisible decay of the SM-like Higgs boson. A
dedicated search for exotic Higgs decays could effectively
probe this framework at the LHC, while future exotic Higgs
decay searches at the high-luminosity LHC and upcoming
Higgs factories will be critical for thoroughly investigating
this scenario. At the HL-LHC, detector upgrades, new
trigger and analysis strategies, and larger datasets will
progressively enhance sensitivity to small BRs, particularly
in cleaner, subdominant final states (e.g., h — ss — bbrr,
h — invisible) [218,219]. Meanwhile, proposed eTe”
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colliders offer lower integrated luminosity but much lower
backgrounds, providing excellent sensitivity to challenging
all-hadronic modes, such as h — ss — bbbb [220].
Additionally, the surviving scenario is characterized by
M, € (-291,-35) GeV U (36,293) GeV, pu € (=311,
—101) GeV U (102,305) GeV, mze (—687,—125) GeV U
(112,564) GeV, M, e (114,1500) GeV, |pes/M,| €
(1.2,4.53), |mg/pe| €(1.0,3.9), |mj<]>/M1| €(0.71,0.98),
M/ Hese| €(0.7,1.13), [myo /per| € (1.0,1.33), [y /mg| €
(0.7,1.5), and |mﬁ /Heir] € (0.7,1.0). These parameters
are tightly constrained by the direct searches of EWinos
at the LHC in the modes pp — myimz — my W+®) and

W
mx«l)Z(*) /hgy but can simultaneously explain the My, and

a, anomalies.

In conclusion, the Z;-NMSSM, featuring a light bino-
dominated LSP and a light singletlike scalar, faces signifi-
cant challenges due to increasingly stringent upper limits
on both SI and SD DM-nucleus elastic scattering cross
sections, along with constraints from LHC EWino searches.
However, this scenario still has the potential to naturally

accommodate the observed Z boson mass, reproduce the
SM-like Higgs boson mass, account for the muon anoma-
lous magnetic moment, and contribute to the W boson
mass. These phenomena are characteristic of the NMSSM,
wherein the bino-dominated LSP is tempered by the
singlino, with assistance from the higgsinos.
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