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I. New light particles in the NMSSM

The next to Minimal Supersymmetric Standard

Model (NMSSM) offers the possibility of light singlet-

like scalar (h1) and/or pseudoscalar (a1) Higgs bosons

below 122 GeV (and as small as ∼ O(1) GeV) while

also satisfying the current collider, astrophysical and

cosmological constraints with the singlino as a thermal

dark matter (DM). Being dominantly singlet in nature,

the coupling of these light Higgs states to SM parti-

cles are considerably suppressed. In the absence of co-

annihilation, the NMSSM with a light neutralino dark

matter, Mχ̃0
1
. MZ/2, requires the presence of light

a1/h1 at roughly ∼ 2Mχ̃0
1

in order to satisfy the mea-

sured upper limit on the thermal DM relic density.

A. Light Higgs phenomenology

The currently allowed light neutralino NMSSM pa-

rameter space can be probed via direct electroweakino

searches at the future LHC, future dark matter detec-

tion experiments and Higgs invisible measurements at
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the future e+– e− colliders. In addition to these, the

search for light Higgs bosons can also provide comple-

mentary probes for discovering/excluding the currently

allowed NMSSM parameter region or other BSM sce-

narios involving light Higgs states at the future collid-

ers. The projected reach of light Higgs searches at the

HL-LHC and the HE-LHC in various SM final states,

viz. 2b2τ, 2b2µ, 4µ, has been studied in Ref. [1]. How-

ever, the projected sensitivities have been derived, in

many of the channels, through a scaling of luminosi-

ties. On translating these future projections on to the

allowed parameter space, it was observed that their dis-

covery potential is not very strong [2].1 In this regard,

dedicated collider analyses and combination of search

results in various final states might help in improving

the potential reach of light Higgs searches for various

benchmark scenarios. One such final state which can

have interesting implications at small a1/h1 masses is

4τ (ma1/h1
. 10 GeV). While these collider searches for

very light a1/h1 bosons are independent of the nature of

dark matter, we note that even future direct detection

experiments, e.g. XENON-nT are not expected to have

much sensitivity at these small masses even if the DM

attains its (thermal) relic density through resonant anni-

1 Note that the projected sensitivity of light Higgs boson searches

at the future lepton colliders is stronger than their HL-LHC coun-

terpart by around ∼ 1− 2 orders of magnitude [3, 4].
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hilation via a1/h1 bosons. The list of studies where the

full future potential of light Higgs boson searches (pro-

duced from the direct decay of h125 or in association with

other SM bosons through cascade decay) at the HL/HE-

LHC have been explored is rather small. Including the

non-traditional a1/h1 search modes might open new pos-

sibilities for probing the allowed parameter space. We

must note that a light a1/h1 (ma1,h1
. 122 GeV) can

be also realized in the scenario where the relic density of

χ̃0
1, computed assuming thermal freeze-out with a stan-

dard cosmology, is above the observed DM relic den-

sity, and non-thermal mechanisms need to be invoked.

Therefore, the searches for the light Higgs bosons may be

used to probe the NMSSM parameter space correspond-

ing to such non-standard scenarios as well as the thermal

relic scenario. Additionally, our impetus would be to

study the complementarity between the future potential

of light Higgs boson searches in the traditional and non-

traditional final states, projected reach of direct and in-

direct detection experiments, and the discovery potential

of direct electroweakino searches. We also plan to investi-

gate prospects for probing the NMSSM parameter space

via searches at BELLE-II for a1/h1 (in the ma1,h1
. 2mb

region) produced from the decay: Υ(1s) → a1/h1γ, and

a1/h1 dominantly decays to τ+τ− via mixing with the

doublet Higgs boson. If the singlet fraction in a1/h1 is

∼ 90%, then Br(Υ(1s)→ a1/h1γ)×Br(a1/h1 → τ+τ−)

is constrained roughly below 5× 10−5 at 90% CL [5].

B. Direct electroweak ino searches

The work in Ref. [2] shows that the non-standard

and non-traditional final states produced from the cas-

cade decay of directly produced electroweakino pairs can

have a considerable yield for various allowed parameter

space points. In addition to the traditional direct elec-

troweakino search modes, viz. WZ or Wh125 mediated

3l + E/T [6–9], complementary probes can be obtained

from search channels like V h125 + E/T or V V + E/T (see

for example Ref. [10]) final states. For example, param-

eter space points with a light bino or singlino-like χ̃0
1,

and, M2 (∼ 200−300 GeV) < µ (∼ 400−500 GeV), will

have a wino-like χ̃0
2, χ̃±1 and higgsino-like χ̃0

3, χ̃0
4, χ̃±2 . In

such cases, the production cross-section of χ̃0
3χ̃
±
2 pair at√

s = 14 TeV can be roughly of O(10) fb. The χ̃±2 can

decay into W±χ̃0
2/χ̃

0
1 pair while the χ̃0

3 can undergo cas-

cade decay into Zh125 + E/T final state, with appreciable

branching ratios, resulting in a multi-boson final state.

For a cascade branching fraction of ∼ 20%, the expected

number of events in the 3l + 2b + E/T final state at the

L = 3000 fb−1 HL-LHC would be around ∼ 102. Ob-

viously, a significantly larger event rate will be expected

at the proposed high energy LHC where an integrated

luminosity of 15 ab−1 is projected. While a 5σ discovery

is guaranteed via both the WZ and the Wh125 mediated

trilepton signal at the HE-LHC, signals may be observ-

able also via V h125+E/T or V V +E/T channels. The pres-

ence of these complementary direct search modes may

serve to pin down the origin of the new physics.
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