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Abstract: We analyze the scenario within the Next to Minimal Supersymmetric Standard Model

(NMSSM), where the lightest supersymmetric particle (LSP) is singlino-like neutralino. By sys-

tematically considering various possible admixtures in the electroweakino sector, we classify regions

of parameter space where the next to lightest supersymmetric particle (NLSP) is a long-lived elec-

troweakino while remaining consistent with constraints from flavor physics, dark matter direct

detection, and collider data. We identify viable cascade decay modes featuring the long-lived NLSP

for directly produced chargino-neutralino pairs, thus, leading to displaced vertex signatures at the

high luminosity LHC (HL-LHC). We construct track-based analysis in order to uncover such sce-

narios at the HL-LHC and analyze their discovery potential. We show that through such focused

searches for the long-lived particles at the HL-LHC, one can probe regions of the electroweakino

parameter space that are otherwise challenging.
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1 Introduction

Observations of the existence and measurements of dark matter (DM) [1, 2], of matter-antimatter

asymmetry and non-zero neutrino masses, [2] as well as theoretical considerations such as the hier-

archy problem [3–5], point to the existence of new physics beyond that in the Standard Model(SM).

Among the extensions of the SM, those involving supersymmetry (SUSY) still remain one of the

most appealing because they address multiple shortcomings of the SM at once [6–10]. Depending on

the exact realization, SUSY can present numerous DM candidates such as the lightest neutralino,

sneutrino, or gravitino [9, 11–13]. The SUSY DM candidate, viz. the Lightest Supersymmetric
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Particle (LSP), is stabilized by means of an external symmetry, such as R-parity; see, for example,

[9, 10].

The interactions of the DM with the particles in the SM or those within the dark sector

affect its exact evolution and hence subsequently, the prediction for the amount remaining today,

dubbed as relic density. This has been now accurately measured to be Ωh2 = 0.120 ± 0.001 [1]

where h is Hubble constant in units of 100 km s−1Mpc−1. In case of the neutralino LSP, the

relic density is often generated utilizing the popular thermal freeze-out process [14–16], while for

gravitino, the suppressed couplings with the SM necessitate a non-thermal relic density generation

mechanism [17, 18]. Apart from the particle physics aspect, the relic density also depends on the

details of the early Universe evolution. For example, late-time entropy production can substantially

dilute the relic density while keeping the particle physics details unchanged. In the absence of

precise knowledge of DM interactions and the evolution of the early Universe, it is thus important

to consider both over-abundant and under-abundant (viz. with predicted relic density has a value

above (below) the measured value) regions of SUSY DM parameter space [13, 19–24].

Dark matter can be searched for in several experiments. Due to model-independent search

strategies, the results are applicable to SUSY and a variety of other beyond the SM scenarios.

The primary detection strategies are via detection of missing energy at the LHC, via scattering

off nuclei at underground direct detection experiments, or via detection of decay or annihilation

products through cosmic rays in the Universe today at indirect detection experiments. Among

these, the direct detection experiments already rule out left-handed sneutrino DM arising in the

minimal supersymmetric Standard Model [25]. Out of the thermal candidates, this leaves the

lightest neutralino – a linear combination of the bino, wino, and higgsino – as a viable DM candidate,

whose compatibility with the experimental searches needs to be checked in detail.

In the MSSM, the lightest neutralino is a part of the system of electroweakinos, which consists of

four neutralinos and two charginos. The electroweakino sector, and in particular, light neutralinos,

have been a topic of intense phenomenological and experimental investigations in the past decade.

Some of the latest LHC results for electroweakino searches are summarized below. A CMS search

for electroweakinos through chargino-neutralino production (χ̃±
1 χ̃

0
2) with on-shell decays to Wh

final state rules out wino-like chargino masses up to 700 GeV, for bino-like LSP mass Mχ̃0
1
< 350

GeV [26]. This search was performed at the centre-of-mass energy of 13 TeV with an integrated

luminosity of 137 fb−1. Another search from the ATLAS collaboration considers pair production of

neutralinos at 13 TeV with 139 fb−1 integrated luminosity in fully hadronic final states mediated by

WW,WZ or Zh [27]. This search excludes wino (higgsino) mass up to 1060 (900) GeV for bino-like

LSP up to 400 (200) GeV. These searches imply a relatively heavier electroweakino sector. It should,

however, be noted that these results assume a simplified model framework with 100% branching

ratios, which should be reinterpreted in the context of specific SUSY models, e.g., pMSSM or

NMSSM. As a result, lighter electroweakinos can still be allowed despite the stringent LHC limits,

and the exact limits are model dependent.

Some generic conclusions about the MSSM neutralino dark matter in light of recent collider

and astrophysical constraints are available now. For example, the neutralino masses in phenomeno-

logical MSSM (pMSSM) have a lower limit of Mχ̃0
1
> 34 GeV in order to avoid over-abundant relic

density [24, 28–31]. In the general-MSSM scenario, higgsinos are favoured to have mass ∼ 1 TeV to

obtain the correct DM abundance for a single component thermal DM [32–34]. Within the MSSM,
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relic density compliant regions require either heavy DM or rely on a co-annihilation mechanism,

which demands a small mass splitting between DM and its co-annihilating partner. Such small

mass gaps can lead to long-lived particles (LLP), which can then be investigated, for example, by

looking for displaced vertices or heavy stable charged particles. It is worth noting that relaxing the

DM relic density requirement does not necessarily lead to additional LLP parameter space within

the MSSM. This is because the only way to obtain LLPs is through small mass splitting, as the

SUSY couplings are related to those of SM and hence can not be suppressed.

Although the MSSM can successfully provide a DM candidate, a drawback of this most com-

monly used SUSY realization is the “µ-problem” which arises as an artifact of the common mass

term for two Higgs doublets. This introduces a fine-tuning, which requires an electroweak scale µ

parameter rather than the expected Planck scale [35]. An alternative can be considered as a singlet

extension of the MSSM, the next-to-minimal supersymmetric standard model (NMSSM) [36–38]

with a singlet Higgs field in addition to two Higgs doublets of the MSSM. For this additional scalar,

the effective µ term can be generated dynamically, alleviating the fine-tuning of µ. The fermionic

component of the singlet superfield provides an additional neutralino without violating the existing

constraints. In such cases, the LSP can be pure singlino dominated or a mixture of higgsino-singlino.

Such LSP can be lighter than the corresponding MSSM counterpart [39–43].

The phenomenology of such extended sectors can open up interesting new avenues for DM

phenomenology as well as experimental searches. In this work, we revisit the neutralino sector of

the NMSSM, focusing on the LSP with a significant singlino fraction [44–47]. Such singlino has

suppressed couplings with the rest of the SUSY spectrum and thus can lead to a long-lived NLSP

neutralino. We investigate this possibility and suggest a displaced vertex search relying on tracks

originating through NLSP decays. It should be noted that the region of the LLP parameter space

in the NMSSM has two distinct features. First, the LLPs are a result of suppressed couplings and

not small mass differences, and second, a large part of the LLP parameter space corresponds to

over-abundant relic density.

The LLPs themselves are intriguing since they lead to characteristic signatures at the colliders.

The charge and color-neutral LLPs travel a macroscopic distance before decaying into SM particles

at a secondary vertex, resulting in a displaced vertex signature. The LLPs can be realized either

with scenarios involving suppressed couplings or small mass splittings. Depending on the LLP

lifetime, its decay may take place either in the tracker, in calorimeters and muon system, or even

outside the detector. The pivotal advantage is having an almost negligible background, thanks to

the existence of displaced vertices. A variety of theory scenarios, including SUSY, little Higgs [48],

twin Higgs [49], dark sector models [50–54] etc, predict LLPs. In SUSY, LLPs are usually featured

in R-parity violating models [55]. Besides, in many R-parity conserving (RPC) scenarios gauge-

mediated SUSY (GMSB) [56, 57], anomaly mediated SUSY (AMSB) [58], particles with long lifetime

can appear.

The long-lived NLSP neutralino within the NMSSM is thus an exciting prospect, and a potential

discovery could lead to a renewed understanding of the behaviour of dark matter in the early

Universe. We, therefore, present a detailed search strategy for such parameter space in this work.

The rest of the paper is organized as follows. In Sec. 2 we briefly review the NMSSM framework

and motivation for the relevant parameters to single out the region of interest. Sec. 3 describes

the pertinent range of parameters for numerical scan, along with the current phenomenological
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constraints. The characteristic features of the parameters to achieve long-lived neutralinos are

discussed in Sec. 4. In Sec. 5 we present a signal-to-background study via searches of displaced

vertices from decays of long-lived neutralinos and explore the reach of such searches for direct

production of electroweakinos at the HL-LHC. Finally, we conclude in Sec. 6.

2 The NMSSM framework

2.1 Higgs sector

In this section, we discuss the Higgs and electroweakino sectors in the NMSSM. The NMSSM

Higgs sector consists of a singlet superfield Ŝ and two doublet Higgs superfields, Ĥu and Ĥd. The

dimensionful couplings of Ŝ can be forbidden through a discrete Z3 symmetry leading to scale-

invariant NMSSM superpotential [59]

WNMSSM = WMSSM (µ = 0) + λŜĤu · Ĥd +
1

3
κŜ3. (2.1)

Here, WMSSM (µ = 0) is the MSSM superpotential without the µ-term, while λ and κ are dimen-

sionless couplings. The λŜĤu.Ĥd term generates an effective MSSM-like µ-term when Ŝ develops

a vacuum expectation value (vev) vs, µ = λvs. Thus, the µ-term in NMSSM is generated ‘dynam-

ically’, providing a solution to the MSSM µ-problem [35] when vs is at the electroweak scale [60].

The soft SUSY breaking terms containing the singlet and doublet Higgs fields have the form

Vsoft = m2
Hu

|Hu|2 +m2
Hd

|Hd|2 +m2
S |S|2

+

(
λAλSHu ·Hd +

1

3
κAkS

3 + h.c.

)
,

(2.2)

where, mHu
, mHd

, mS are the soft breaking Higgs masses, and Aλ, Aκ are the trilinear couplings.

The Higgs scalar potential V is also augmented by F- and D-terms,

VF = |λHu ·Hd + κS2|2 + λ2|S|2
(
H†

uHu +H†
dHd

)
,

VD =
g21 + g22

8

(
H†

uHu −H†
dHd

)2
+

g22
2
|H†

dHu|2,
(2.3)

respectively. In Eq. (2.3) g1 and g2 are the SM U(1)Y and SU(2)L gauge couplings, respectively.

The physical Higgs states {H0
u, H

0
d , S} can be obtained by expanding the Higgs scalar potential in

Eq. (2.2) - (2.3), Vsoft+VD+VF , around real neutral vevs vu, vd and vs, and following the notation

of [61], are given by,

H0
u =

vu +HR
u + iHI

u√
2

,

H0
d =

vd +HR
d + iHI

d√
2

, S =
vs +HS + iAS

√
2

.

(2.4)

Here, {HR
u , HR

d , HS} are the real components while {HI
u, H

I
d , A

S} are the imaginary components.

The three real components lead to three neutral CP-even Higgs bosons. One neutral pseudoscalar

Higgs boson stems from the imaginary components {HI
u, H

I
d}, while {AS} leads to another neutral

pseudoscalar Higgs boson. The mass matrix elements of CP-even Higgs can be computed in a rotated

CP-even Higgs interaction basis {HSM , HNSM , HS} where HSM , HNSM and HS corresponds to
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SM-like, MSSM-like heavy Higgs and singlet scalar Higgs eigenstates, respectively. The elements of

the 3× 3 symmetric mass-squared matrix M2
S in this basis are given by [60–62],

M2
S,11 =

(
m2

Z − 1

2
λ2

)
sin 2β2 +

µ

sinβ cosβ

(
Aλ +

κµ

λ

)
,

M2
S,22 = m2

Z cos 2β2 +
1

2
λ2v2 sin 2β2,

M2
S,33 =

1

4
λ2v2 sin 2β

(
Aλ

µ

)
+

κµ

λ

(
Aκ +

4κµ

λ

)
,

M2
S,12 =

(
1

2
λ2v2 −m2

Z

)
sin 2β cos 2β,

M2
S,13 = − 1√

2
λv cos 2β

(
2κµ

λ
+Aλ

)
,

M2
S,23 =

√
2λvµ

(
1− Aλ

2µ
sin 2β − κ

λ
sin 2β

)
,

(2.5)

Here, β = tan−1 vu
vd

with
√
v2u + v2d = v ≃ 246 GeV and mZ represents the Z boson mass. The

CP-even Higgs mass eigenstates Hi (i = 1, 2, 3) can be obtained by diagonalizing M2
S through an

orthogonal rotation matrix V ; Hi =
3∑

j=1

Vi,jϕjR, where ϕR = {HSM , HNSM , HS}, and mH1
<

mH2
< mH3

. In the present study, we require H1 to be consistent with the properties of the

observed 125 GeV Higgs boson. Introducing

M2
A =

µ

sinβ cosβ

(
Aλ +

κµ

λ

)
(2.6)

the elements of the 2× 2 symmetric mass-squared matrix M2
P after dropping the Goldstone modes

in the pseudoscalar Higgs interaction basis ϕI = {ANSM , AS} can be written as,

M2
P,11 = M2

A,

M2
P,22 =

1

2
λ2v2 sin 2β

(
M2

A

4µ2
sin 2β +

3κ

2λ

)
− 3κAκµ

λ
,

M2
P,12 = − 1√

2
λv

(
3κµ

λ
− M2

A

2µ
sin 2β

) (2.7)

Here again, following a similar recipe, the CP-odd Higgs mass eigenstates {Am = A1, A2} (mA1 <

mA2) can be written as Am =
2∑

n=1
Pm,nϕnI , where m = 1, 2 and Pm,n is an orthogonal rotation

matrix.

In addition to the three CP-even and the two CP-odd neutral Higgs states, the NMSSM frame-

work also predicts a pair of charged Higgs bosons H±. At the tree level, their masses are given

by,

M2
H± = M2

A +m2
W − 1

2
λ2v2 (2.8)

where mW is the mass of W boson. Overall, the tree-level Higgs sector of NMSSM can be

parametrized by the following 6 parameters:

λ, κ,Aλ, Aκ, tanβ, µ (2.9)
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2.2 Electroweakino sector

The NMSSM electroweakino sector consists of bino B̃0, neutral wino W̃ 0
3 , higgsinos H̃0

d , H̃
0
u, and

singlino S̃ leading to 5 neutralinos, and 2 chargino mass eigenstates from admixture of charged

wino and charged higgsinos. In the {B̃, W̃ 0
3 , H̃

0
d , H̃

0
u, S̃} basis, the symmetric 5×5 neutralino mass

matrix MÑ can be written as,

MÑ =


M1 0 −mZ sin θW cosβ mZ sin θW sinβ 0

0 M2 mZ cos θW cosβ −mZ cos θW sinβ 0

−mZ sin θW cosβ mZ cos θW cosβ 0 −µ −λv sinβ

mZ sin θW sinβ −mZ cos θW sinβ −µ 0 −λv cosβ

0 0 −λv sinβ −λv cosβ 2κvs

 (2.10)

Here, M1 is the bino mass parameter, M2 is the wino mass parameter, and θW is the Weinberg

angle. Diagonalizing MÑ through an 5 × 5 orthogonal rotation matrix N̂ leads to the neutralino

mass eigenstates χ̃0
i ,

χ̃0
i = N̂i1B̃

0 + N̂i2W̃
0
3 + N̂i3H̃

0
d + N̂i4H̃

0
u + N̂i5S̃ (2.11)

Similarly, the charged winos and higgsinos mix to generate the two charginos χ̃±
i (i = 1, 2). The

input parameters that regulate the electroweakino sector at the tree level are as follows:

M1,M2, µ, tanβ, λ, κ (2.12)

The lightest neutralino χ̃0
1 naturally provides a DM candidate in R-parity conserving NMSSM.

A priori, the LSP χ̃0
1 can be pure gaugino, higgsino, singlino, or an admixture of these states.

Such an LSP can lead to the correct DM relic density either if it is purely higgsino or wino-like

with masses up to 2.8 TeV [63, 64] or if it is bino or singlino like which can annihilate through

co-annihilation or resonant annihilation through Higgs or Z boson. Such resonant annihilation

conditions can only be realized for mχ̃0
1
∼ mH/Z/2, subject to non-negligible χ̃0

1χ̃
0
1Z/H couplings.

In this work, however, we do not impose any relic density requirements and consider both under-

abundant and over-abundant regions of parameter space. For these scenarios, the relic density can

be fulfilled either by requiring additional DM candidates or by requiring non-standard evolution of

the Universe, as argued in Sec 1.

3 Parameter space scan and constraints

Our primary focus is the region in the parameter space of the RPC NMSSM, featuring a long-lived

neutralino while being consistent with the current collider and direct/indirect detection constraints.

To this end, we consider a dominantly singlino-like LSP χ̃0
1 and bino-like NLSP χ̃0

2. Since there

are no tree-level couplings between the bino and singlino, the bino-like NLSP χ̃0
2 decays to the

singlino-like LSP χ̃0
1 only through their mutual higgsino admixtures. This leads to a suppressed

coupling between LSP and NLSP states. An additional phase space suppression can be achieved

if the mass difference between the two states is smaller than the Z mass. In such scenarios, the

bino-like χ̃0
2 can be LLP. The heavier neutralinos χ̃0

3, χ̃
0
4, χ̃

0
5, and charginos χ̃±

1 , χ̃
±
2 can be either

higgsino-like, wino-like, or admixtures of both and decay promptly. In this analysis, we consider
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a moderately mixed scenario with µ < M2, which implies a relatively large higgsino admixture in

χ̃0
3, χ̃

0
4, and χ̃±

1 .

Our choice for µ < M2 is motivated by three factors. First, LHC constraints for higgsinos are

weaker compared to winos [26, 27]. Second, higgsinos have tree-level couplings with both singlino

and bino, while no such interactions exist for wino-bino or wino-singlino. Therefore, winos can

decay into bino or singlino only by virtue of its mixing with higgsinos. Third, both bino-like χ̃0
2 and

singlino-like χ̃0
1 are required to have non-zero higgsino admixtures in order to generate a tractable

decay width for χ̃0
2 such that they can be probed at the LHC through track-based LLP searches.

Concretely, we choose 500 GeV ≲ µ ≲ 1000 GeV,M2 ≥ 2 TeV such that χ̃0
3, χ̃

0
4, and χ̃±

1 have

a dominant higgsino admixture with appreciable production rates at HL-LHC, compatible with

existing LHC constraints from direct electroweakino searches, discussed in Sec. 3.2.

In the NMSSM superpotential as given in Eq. (2.1), we observe that interactions between

the singlet superfield Ŝ and the MSSM Higgs superfields Ĥu, Ĥd is controlled by λ. In the limit,

λ → 0 (for a fixed µ = λvS), the singlet-like scalar, singlet-like pseudoscalar, and the singlino can

no longer interact with the MSSM sector. This consideration leads to the possibility of a pure

singlino-like neutralino LSP with a tree level mass ∼ 2κvS . In this case, the NLSPs would be

composed of bino/wino/higgsinos, similar to that in MSSM. Furthermore, in the λ → 0 limit, the

LSP has no interaction with NLSPs, however, keeping a finite but small λ leads to suppressed

interactions between singlino LSP and MSSM-like neutralino NLSPs. This suppression leads to

long-lived NLSPs, which is the focus of this work. In particular, we consider bino-like χ̃0
2. In the

limit, µ ≫ 2κvS , the mass of the singlino-like neutralino mχ̃0
1
can be approximated as:

mχ̃0
1
∼ 2κvS ≃ 2

κ

λ
µ. (3.1)

We, therefore, observe that a singlino-like LSP with a typical mass of O(100) GeV and µ ∼
O(500) GeV leads to κ/λ ∼ O(0.1). In order to maintain a similar mass hierarchy between

Figure 1. Neutralino spectrum mass hierarchy

the higgsino-like neutralinos and the singlino-like χ̃0
1, we restrict ourselves to κ/λ ≤ 0.15 with

10−5 ≤ λ ≤ 10−1. Correspondingly, for the sake of simplicity, we restrict ourselves to the pa-

rameter space where singlino-like LSP mass is O(100) GeV. We are thus left with the bino mass

parameter, M1 the only remaining parameter in the electroweakino mass spectrum, which is not

fixed. Since we are interested in a bino-like χ̃0
2, it must fall between the singlino- and higgsino-like
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neutralinos. Correspondingly, we vary M1 over the range 150 GeV ≤ M1 ≤ 550 GeV. The other

input parameters that are relevant to the present study are: Aλ, Aκ, the gluino mass parameter M3,

squark mass parameters M i
UR,DR

, M i
QL

(i=1,2,3), the tri-linear couplings At, Ab, Aτ , the slepton

mass parameters M i
E , M

i
L. We set Ab, Aτ , squark and slepton mass parameters to 2 TeV. In order

to maximize the one-loop top/stop contributions to the lightest CP-even Higgs mass, the tri-linear

soft coupling At is varied over a wide range [-10,10] TeV. To respect the charge and color breaking

minima [65, 66], we exploit the maximum mixing scenario (c.f. Ref. [67]) and require that the ratio

of stop mixing parameter |Xt| (= At − µ cotβ) to average stop mass MT (M2
T = mt̃1

mt̃2
, where

mt̃1,t̃2
are the stop masses) to satisfy |Xt/MT | < 2.5 [66, 68].

3.1 Scan range

We utilize the NMSSMTools-5.5.3 [69, 70] package to perform a random scan over the parameter

space. The particle masses, couplings, branching ratios, and decay widths are also computed using

NMSSMTools-5.5.3. We perform a flat random scan over 108 points. The efficiency for obtaining

allowed parameter space consistent with the current collider and astrophysical data (discussed in

Sec. 3.2) is 0.001 %. The scan is performed over the following range of input parameters:

10−5 < λ < 0.1,
∣∣∣κ
λ

∣∣∣ ≤ 0.15, M1 = (150, 550) GeV,

M2 = (2000, 3000) GeV, M3 = (3000, 10000) GeV,

µ = (500, 1000) GeV, tanβ = (1, 40),

Aλ = (−100, 10000) GeV, Aκ = (−1000, 100) GeV,

At = (−10000, 10000) GeV

(3.2)

3.2 Constraints

As discussed previously, the lightest CP-even Higgs boson H1 plays the role of the observed SM-like

Higgs boson. In this regard, H1 is required to be consistent with the Higgs mass constraints and

Higgs signal strength constraints coming from the LHC. The heavier CP-even Higgs bosons H2, H3

and the CP-odd Higgs bosons A1, A2 can be an admixture of singlet and doublet components and

can be constrained by heavy Higgs searches at the LHC. The constraints from heavy Higgs searches

are subject to the doublet content and get weaker with increasing singlet admixture. Furthermore,

the NMSSM parameter space of our interest is also constrained by limits from LEP searches, flavor

physics, direct and indirect detection experiments, and direct electroweakino searches at the LHC.

We discuss various constraints below.

• Mass of SM-like Higgs boson: The mass of the observed Higgs boson has been measured to

be within 124.4-125.8 GeV at 3σ uncertainty [71]. Acknowledging the theoretical uncertainties

in Higgs mass computation [72–74], and adopting a conservative approach, we allow mH1
to

lie within the range 122 GeV ≤ mH1
≤ 128 GeV.

• Limits from LEP: We impose a lower limit on the chargino mass Mχ̃±
1
> 103.5 GeV which

implies a lower bound of µ,M2 ≳ 100 GeV [75]. Searches at LEP have also derived an
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upper limit of 0.1 pb on the production cross-section of e+e− → (χ̃0
2 → qq̃χ̃0

1)χ̃
0
1 for |mχ̃0

2
−

mχ̃0
1
| > 5 GeV [76]. We also require ΓZinv

< 2 MeV [77], where ΓZinv
is the invisible decay

width for the Z boson excluding neutrinos. These constraints have been imposed using the

NMSSMTools-5.5.3 package.

• Constraints from Higgs signal strength measurements: Measurements by the ATLAS

and CMS collaborations of the couplings of the 125 GeV Higgs boson with SM particles are

encoded via signal strength parameters µf
i defined as,

µf
i =

σi × BRf

(σi)SM × (BRf )SM
. (3.3)

Here, i represents the various production modes of the Higgs boson viz gluon fusion (ggF ),

vector boson fusion (V BF ), associated production with vector bosons (V H (V = W±, Z)),

while f denotes the various decay modes of the Higgs viz bb̄, γγ, τ+τ−, ZZ∗,W+W ∗−. In the

present analysis, signal strength measurements for {i = ggF, f = γγ,W+W−, bb̄, ττ, ZZ},
{i = V BF, f = γγ, ττ}, and {i = V H, f = W+W−, bb̄} [78–83], have been implemented

through a global χ2 fit assuming 2σ uncertainty following the strategy in Ref. [84].

• Constraints from flavor physics: The flavor physics constraints are imposed through

bounds on the branching ratios of relevant rare processes viz Br(b → sγ), Br(Bs → µ+µ−)

and Br(B+ → τ+ντ ), which are sensitive to SUSY contributions. For example, the loop-

mediated b → sγ process is sensitive to modifications from loops involving charged Higgs-top,

neutral Higgs-bottom, and electroweakino-squark. Contributions from the latter decouple

since the squark masses have been fixed at a rather high value ∼ 2 TeV. The Bs → µ+µ−

process is mediated through penguin and box diagrams at one loop. Both contributions

are sensitive to a loop containing scalar or pseudoscalar heavy Higgs and a down quark.

The contributions from the penguin diagram are also sensitive to modifications from loops

containing charged Higgs-up quark, higgsino-up quark, and gaugino-up quark, while loops

from up quark-charged Higgs-neutrino, up squark-charged higgsino-sneutrino and up squark-

charged wino-sneutrino can induce modifications to the box diagram contributions. Recent

measurements are: Br(B → Xsγ) = (3.32±0.15)×10−4 [85], Br(Bs → µ+µ−) = (2.69+0.37
−0.35)×

10−9 [86, 87], Br(B+ → τ+ν) = (1.06±0.19)×10−4 [85]. We use micrOMEGAs-5.0.8 [88–90]

to compute the corresponding branching ratios for points in our allowed parameter space, and

require them to fall within 2σ uncertainty of the current best-fit values. We also include a

theoretical uncertainty of 10% while computing the 1σ ranges. Constraints on ∆MD, ∆MS ,

the mass differences between B0
d, B̄

0
d and B0

s , B̄
0
s respectively, are also imposed through the

NMSSMTools-5.5.3 package.

• Constraints from LHC searches: The composition of heavy Higgs bosons H2 and A1 in

the parameter space of interest are presented in Fig. 2 (left) and (right), respectively. In

Fig. 2, S2
21 + S2

22 and S2
23 represents the doublet and singlet content in H2. Similarly, the

doublet and singlet admixture in A1 is denoted by P 2
11 and P 2

12, respectively. We observe that

both H2 and A1 have a dominant singlino composition (≳ 90%), leading to immunity from

heavy Higgs search limits. We would like to note that the heaviest neutral Higgses H3 and

A2 have a dominant doublet composition and have masses above ≳ 2 TeV, thereby remaining

outside the direct reach of current LHC.
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Figure 2. Singlet and doublet admixtures in H2 (left panel) and A1 (right panel) for parameter space

allowed by light Higgs mass constraints, LEP limits, Higgs signal strength constraints and bounds from

flavor physics. S2
21 + S2

22 and S2
23 corresponds to the doublet and singlet admixtures, respectively, in H2.

P 2
11 and P 2

12 represent the doublet and singlet admixture, respectively, in A1.

Searches for pair-produced electroweakinos in the hadronic final state by the ATLAS collab-

oration using LHC Run-II data collected at L = 139 fb−1 have excluded winos (higgsinos)

up to a mass of 1060 GeV (900 GeV) given mχ̃0
1
≤ 400 GeV (240 GeV) and the mass differ-

ence between the decaying wino (higgsino) and the LSP is larger than 400 GeV (450 GeV)

at 95% CL [27]. However, these searches assume a simplified framework where the heav-

ier wino/higgsino-like electroweakinos χ̃0
i directly decays into the LSP χ̃0

1 with Br(χ̃0
i →

χ̃0
1 + Z) + Br(χ̃0

i → χ̃0
1 + h125) = 100%. Let us analyze the implications of these constraints

on the parameter space considered in this work. Within the parameter space of our interest,

χ̃0
3, χ̃

0
4 and χ̃±

1 have dominant higgsino composition with masses ranging from ∼500 GeV to

2 TeV, while the wino-like χ̃0
5 and χ̃±

2 are decoupled mχ̃0
5/χ̃

±
2

≳ 2 TeV. In principle, χ̃0
3, χ̃

0
4

and χ̃±
1 have two potential pathways for decay, either through the intermediate bino-like χ̃0

2

or directly into the singlino-like χ̃0
1. The partial decay width for χ̃0

3/χ̃
0
4 → χ̃0

1Z
∗ is deter-

mined by the higgsino admixture in χ̃0
1, which is directly proportional to λ. The partial

decay width for χ̃0
3/χ̃

0
4 → χ̃0

1H also has a similar λ-dependence by virtue of the second term

in the NMSSM superpotential in Eq. (2.1). Therefore, the partial decay widths for both

channels through which χ̃0
3/χ̃

0
4 can directly decay into χ̃0

1 are O(λ2) [91]. Thus, they are far

smaller relative to the partial decay widths for χ̃0
3/χ̃

0
4 decaying into the bino-like χ̃0

2. Sim-

ilar arguments can also be extended to the higgsino-like χ̃±
1 . Consequently, in the present

scenario, directly produced pp → χ̃0
3χ̃

±
1 + χ̃0

4χ̃
±
1 will dominantly undergo cascade decay via

(χ̃0
3/χ̃

0
4 → (χ̃0

2 → χ̃0
1Z

(∗)/H(∗))Z/H)(χ̃±
1 → (χ̃0

2 → χ̃0
1Z

(∗)/H(∗))W±) leading to final states

that are markedly different from those considered in the ATLAS search [27]. Furthermore,

the allowed points in the parameter space with mχ̃0
3,χ̃

0
4,χ̃

±
1
≲ 1 TeV and a dominant higgsino

admixture in χ̃0
3, χ̃

0
4 and χ̃±

1 (≳ 90%), correspond to mass differences between {χ̃0
3/χ̃

0
4/χ̃

±
1 }

and χ̃0
2, which are very close to the ATLAS search threshold ∼ 400 GeV [27], leading to low

efficiencies. Overall, the parameter space of our interest is rather weakly constrained by all

the direct electroweakino searches at the LHC.

• Constraints from direct detection: We apply the most recent upper limits on SI WIMP-
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Figure 3. Singlino content N2
11 in χ̃0

1, bino content N2
21 in χ̃0

2, higgsino content (N3
33 + N2

34) in χ̃0
3 &

higgsino content (N2
43 +N2

44) in χ̃0
4 is shown for currently allowed parameter space.

nucleon interaction cross-section σSI from Xenon-1T [92] and PandaX [93], on SD WIMP-

proton interaction cross-section σSDp
from PICO-60 [94] and SD WIMP-neutron interaction

cross-section σSDn from Xenon-1T [95]. We impose these direct detection (DD) limits after

all the constraints discussed till now and find that these direct detection searches do not

lead to any additional constraints on the parameter space. In fact, the predicted SI DD

cross-sections fall below the neutrino floor for the entirety of the currently allowed points in

the scanned parameter space. Hence, these would be inaccessible to future DD experiments

based on σSI measurements. We also examine the projected sensitivity at the future σSD

based experiments. For the range of mχ̃0
1
in the parameter space of our interest, the most

stringent projected sensitivities for σSDp and σSDn are furnished by PICO-250 [96] and LZ [97],

respectively. However, we observe that neither of them would be sensitive to any of the

currently allowed points in the parameter space.

Having discussed the implications of the relevant current constraints, we move on to discuss

the features of the currently allowed parameter space in the next section.

4 Features of the allowed parameter space

In this section, we examine the features of the allowed parameter space. We would like to emphasize

again that our objective is to delineate the NMSSM parameter space that contains a long-lived bino-

– 11 –



Figure 4. Left panel: Allowed parameter space points in the plane of κ/λ vs. µ. The color palette

represents the mass of the singlino-like LSP neutralino. Right panel: Allowed parameter space in the k vs.

Aκ plane. The color palette represents the higgsino mass parameter µ.

like χ̃0
2 with mass ∼ O(100) GeV and is also allowed by the current experimental constraints. In

Fig. 3, we present the fraction of singlino content in χ̃0
1 (upper-left), bino content in χ̃0

2 (upper-right)

and higgsino contents in χ̃0
3 (lower-left) and χ̃0

4 (lower-right) for the allowed points. We observe

that the singlino admixture in χ̃0
1 is ≳ 99% while χ̃0

2 has a dominant bino content. Similarly, the

heavier neutralinos χ̃0
3 and χ̃0

4 have a dominant higgsino composition.

As noted in Eq. (3.2), we consider |κ|/λ < 0.15 besides 500 GeV ≤ µ ≤ 1 TeV and 2 TeV ≤
M2 ≤ 3 TeV in order to obtain a dominantly singlino-like LSP. We illustrate the allowed points

in the k/λ vs. µ plane in the left panel of Fig. 4. The color palette represents the mass of χ̃0
1.

We observe that mχ̃0
1
increases moderately with µ for a fixed value of κ/λ. At a given κ/λ, κ also

increases with µ since µ ∼ λvS . This leads to an increment in the mass of singlino-like χ̃0
1 since

mχ̃0
1
∼ 2κvS . For a fixed µ, the points with the smallest values of |κ|/λ correspond to lowest, mχ̃0

1

as implied from Eq. (3.1)1. Considering µ ∼ 1 TeV and our assumption of |κ|/λ < 0.15, mχ̃0
1
is

restricted to mχ̃0
1
≲ 300 GeV, which is consistent with the observations in Fig. 4 (left). Similarly,

at µ ∼ 1 TeV, the lowest value of mχ̃0
1
, mχ̃0

1
∼ 125 GeV, implies a lower limit of |κ|/λ ≳ 0.063.

As we move towards smaller values of µ, the lower limit on |κ|/λ gets stronger, for instance at

µ ∼ 500 GeV, we obtain |κ|/λ ≳ 0.125 for mχ̃0
1
∼ 125 GeV, as also observed in Fig. 4 (left). We

also present the allowed points in the κ vs Aκ plane in the right panel of Fig. 4. While both κ

and Aκ can take positive or negative values, their product is required to be ≲ 0. This requirement

is implied by Eq. (2.7) where a positive value of M2
P,22 at small λ is guaranteed only if κAκ < 0.

One of the most exciting aspects of the parameter space is the presence of a long-lived neutralino.

In Fig. 5, we present the decay width of χ̃0
2 (Γχ̃0

2
) as a function of the mass difference between χ̃0

2

and χ̃0
1, ∆m(χ̃0

2 − χ̃0
1). We concentrate on the region highlighted by pink with Γχ̃0

2
≤ 10−13. A

decay width of Γ ∼ 10−13 GeV roughly translates to cτ ∼ O(0.1) mm. We observe that Γχ̃0
2
can

be smaller than ≲ 10−13 GeV when ∆m(χ̃0
2 − χ̃0

1) < mZ . In this region, only three body decays

of χ̃0
2 are viable [98]. We observe that Γχ̃0

2
can be as small as ∼ 10−19 GeV for relatively smaller

mass differences ∆m(χ̃0
2 − χ̃0

1) ≲ 40 GeV. Most notably, this mass difference is still large enough

1Eq. (3.1) can be adapted to |κ|/λ ∼ 0.5×mχ̃0
1
/µ, which shows a direct correlation between mχ̃0

1
and |κ|/λ at a

given µ.
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Figure 5. Allowed parameter space are presented in the plane of mass difference between χ̃0
2 and χ̃0

1

∆m(χ̃0
2 − χ̃0

1) vs. the decay width of χ̃0
2 Γχ̃0

2
. The vertical black dashed lines represent the Z and H125

on-shell conditions. Parameter space with Γχ̃0
2
≤ 10−13 GeV and Γχ̃0

2
> 10−13 GeV are illustrated in pink

and cyan colors, respectively.

to produce energetic final states as χ̃0
2 decays. Such configurations are not possible in MSSM with

neutralino LSP and are a unique feature of the NMSSM scenario we consider.

Thus, the allowed points can have long-lived bino-like χ̃0
2 with decay widths up to ∼ 10−19 GeV.

Furthermore, the heavier neutralinos χ̃0
3, χ̃

0
4 and the lightest chargino χ̃±

1 have a dominant hig-

gsino admixture while χ̃0
5 and χ̃±

2 are wino-like. We have set M2 to be above ≳ 2 TeV, thus,

decoupling χ̃0
5 and χ̃±

2 from the rest of the electroweakinos. Since the LSP χ̃0
1 has a dominant

singlino content, the higgsino-like χ̃0
3, χ̃

0
4 mostly decays through the intermediate bino-like χ̃0

2,

χ̃0
3/χ̃

0
4 → χ̃0

2 + H1/Z, instead of decaying directly into χ̃0
1 + X states. In Fig. 6, we present the

branching ratios Br(χ̃0
3 → χ̃0

2 +H1/Z) (upper-left panel) and Br(χ̃0
4 → χ̃0

2 +H1/Z) (upper-right

panel) for the allowed parameter space. We observe that χ̃0
3 (χ̃0

4) can decay via χ̃0
2 +H1 (χ̃0

2 + Z)

with branching fractions as large as ∼ 0.9. The χ̃0
2’s can eventually undergo three-body decay into

χ̃0
1+X (X = bb̄, τ±τ∓, ℓ±ℓ∓, jj), mediated through off-shell Z or Higgs boson if ∆(χ̃0

2− χ̃0
1) < mZ .

The correlations between the three-body branching ratios of χ̃0
2 for the allowed parameter space

points are shown in Fig. 6 (lower panel). Points with κ > 0 and κ < 0 are represented in blue and

red colors, respectively. In the κ < 0 scenario, the three-body decays of χ̃0
2 are dominantly mediated

through Z∗, resulting in generation universal branching fractions in leptonic decay modes. The Z

mediated coupling gZχ̃0
i χ̃

0
j
is governed by the higgsino admixtures gZχ̃0

i χ̃
0
j
∼ (Ni3Nj3 − Nj4Nk4),

which depend on the sign of κ. For example, the higgsino admixture in χ̃0
1 is N13 ∼ 10−4 for

κ ∼ 2.5× 10−3, which increases by around an order of magnitude to ∼ 10−3 for κ ∼ −2.5× 10−3.

In the parameter space of our interest, we observe that the higgsino fractions in χ̃0
1 are typically

larger by 1−3 orders of magnitude in the κ < 0 scenario compared to that in the κ > 0 case, giving

more precedence to Z over h mediated decays.
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Figure 6. Upper panel: Branching fractions for the dominant decay modes of χ̃0
3 (left) and χ̃0

4 (right) are

shown for allowed parameter space. The green and purple colored points represent the branching ratio of

χ̃0
3/χ̃

0
4 into χ̃0

2+Z and χ̃0
2+H1, respectively. Lower panel: Correlations among the branching fractions for χ̃0

2,

{BR(χ̃0
2 → χ̃0

1+bb̄), BR(χ̃0
2 → χ̃0

1+ττ)} (left) and {BR(χ̃0
2 → χ̃0

1+jets), BR(χ̃0
2 → χ̃0

1+ℓ±ℓ∓/νν̄)} (right),

are shown for the allowed parameter space points with κ > 0 (blue) and κ < 0 (red).

5 Discovery potential of LLP decays at the HL-LHC

5.1 Electroweakino pair production rates at the HL-LHC

As discussed previously, directly produced chargino-neutralino pairs at the HL-LHC can lead to

interesting final state topologies involving long-lived χ̃0
2 in addition to several promptly decaying

candidates. One such typical cascade decay chain can be written as follows,

pp →χ̃±
1 χ̃

0
3 + χ̃±

1 χ̃
0
4,

χ̃±
1 → χ̃0

2 +W±, χ̃0
2 → χ̃0

1 + bb̄,

χ̃0
3/χ̃

0
4 → χ̃0

2 + Z/H1, χ̃
0
2 → χ̃0

1 + bb̄.

(5.1)

Since the χ̃0
2 is long-lived, the final states contain displaced b-jets along with W + Z/H1 + E/T. In

principle, a final state with displaced τ jets, light jets, or a combination of them can also be realized.

For the sake of demonstration, we restrict ourselves to the scenario where the LLP χ̃0
2 decays into

χ̃0
1 + bb̄ (see Eq. (5.1)). For illustration, we show a typical leading order (LO) Feynman diagram in

Fig. 7 (left).

The direct production of a chargino-neutralino pair is a pure electroweak process and is con-

trolled by the W±χ̃±
i χ̃

0
j coupling. We obtain the production cross-sections σ(pp → χ̃±

1 χ̃
0
3 + χ̃±

1 χ̃
0
4)
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Figure 7. Left panel: Feynman diagram at leading order for the signal process χ̃±
1 χ̃

0
3/χ̃

0
4 → &(χ̃±

1 →
χ̃0
2+W±, χ̃0

2 → χ̃0
1+bb̄)(χ̃0

3/χ̃
0
4 → χ̃0

2+Z/H1, χ̃
0
2 → χ̃0

1+bb̄). Right panel: Leading order cross-section for the

process pp → χ̃±
1 χ̃

0
3/χ̃

0
4 → (χ̃±

1 → χ̃0
2+W±, χ̃0

2 → χ̃0
1+bb̄)(χ̃0

3/χ̃
0
4 → χ̃0

2+H1, χ̃
0
2 → χ̃0

1+bb̄) → 4b+WH1+E/T
at

√
s = 14 TeV for the allowed parameter space with Γχ̃0

2
< 10−13 GeV.

for configurations of our interest by rescaling the NLO MSSM production cross-sections computed

using Prospino [99] for a pure higgsino-like χ̃±
i χ̃

0
j as follows,

C2
Wχ̃±

1 χ̃0
j

∣∣∣
j=3,4

=

{(
Nj3V12 −

√
2Nj2V11

)2
+
(
Nj4U12 +

√
2Nj2U11

)2}
.

(5.2)

Here, Nj3/j4 represents the higgsino component while Nj2 denotes the wino component in the

jth neutralino. The higgsino and wino admixtures in χ̃±
1 are represented by V12/U12 and V11/U11,

respectively. The NMSSM parameter space considered in the present study characterizes a dominant

higgsino composition in χ̃0
3/χ̃

0
4 and χ̃±

1 . Correspondingly, both N2
33 + N2

34 and N2
43 + N2

44 ∼ 1.

Similarly, U12 and V12 are ∼ 1. On the other hand, N32, N42, V11 and U11 are ≪ 1. Therefore, from

Eq. (5.2) (Nj3V12)
2 and (Nj4U12)

2 are the only relevant terms to compute σ(pp → χ̃±
1 χ̃

0
3 + χ̃±

1 χ̃
0
4).

The scaled production cross-section is then multiplied by the relevant branching ratios for χ̃0
2, H1/Z

and W±. In Fig. 7 (right), for all the allowed points featuring a long-lived χ̃0
2 (Fig. 5, pink points)

we present cross-section (σ(pp → χ̃±
1 χ̃

0
3+ χ̃±

1 χ̃
0
4)×Br(χ̃±

1 → χ̃0
2+W±, χ̃0

2 → χ̃0
1+bb̄)×Br(χ̃0

3/χ̃
0
4 →

χ̃0
2 +H1, χ̃

0
2 → χ̃0

1 + bb̄)) at
√
s = 14 TeV as a function of mχ̃0

3
indicating mχ̃0

4
values by different

colors. Two bands in the figure with larger (smaller) values are related to two sets of points with

different branching fraction to bb̄, > 0.2(< 0.2) discussed in the previous section. This cross-section

of the entire cascade chain can be as large as O(1) fb and O(0.1) fb at mχ̃0
3
∼ 500 GeV and ∼ 1 TeV,

respectively. Considering the large production rates at the HL-LHC, we perform a detailed collider

study to explore the projected sensitivity for some benchmark scenarios selected from the allowed

parameter space. We focus on direct electroweakino production with the final state containing

WZ/H1 and displaced b jets with E/T. Before moving to a discussion of the details of the collider

analysis, let us examine some generic features of long-lived particles that are relevant for the present

study.
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Figure 8. Left panel: Decay length of the LLP as a function of its mass. The top and bottom red horizontal

lines corresponds to a decay length of 10 m and, 1 m respectively. This shows that the SM decay products

of LLP can reach ECAL and can also traverse a few meters in HCAL. For lengths ≥ O(10) m they can even

reach the muon-detectors. Right panel: Acceptance probability of an LLP P vs. decay length of that LLP

χ̃0
2, cτ

0
χ̃0
2
for three choices of {L1, L2}: {0.1 m, 1 m}, {1 m, 5 m}, and {5 m, 10 m}, assuming a hypothetical

scenario with βγ = 2 and 1.5. Here, L1 and L2 are the inner and outer radii of the LLP sensitive detector

volume.

5.2 Kinematic features of LLP decays

In Fig. 8 (left), we illustrate allowed parameter space with Γχ̃0
2
≤ 10−13 GeV (Fig. 5, pink points) in

the plane of mean proper decay length, cτ0
χ̃0
2
vs. mass of the LLP χ̃0

2. Here, τχ̃0
2
represents the mean

proper lifetime of χ̃0
2 and c is the speed of light. For convenience, we refer to the mean proper decay

lifetime (τ0) as just “lifetime” and the mean proper decay length (cτ0) “decay length”, unless stated

otherwise. The decay length for χ̃0
2 is relatively large, cτ0

χ̃0
2
≳ 10 cm, for a considerable fraction of

the allowed parameter space. The decay length of χ̃0
2 in the laboratory frame is given by

lχ̃0
2
= βγcτ0χ̃0

2
(5.3)

where, γ = (1 − β2)−1/2 is the relativistic factor, β = |p⃗|/E = v/c is the boost, v is the velocity,

E is the energy and |p⃗| is the momentum of the particle in the laboratory frame. The acceptance

probability of a single LLP χ̃0
2 decaying within distance L1 < L < L2 inside the detector can be

then expressed as,

P =

∫ L2

L1

1

lχ̃0
2

e
−L/l

χ̃0
2 dL

⇒ P(L1, L2) ≃
∫

db

[
exp

(
−L1

bcτ0
χ̃0
2

)
− exp

(
−L2

bcτ0
χ̃0
2

)]
,

(5.4)

where b = βγ, L1 and L2 are the inner and outer radii of the detector volume that are sensitive

to the LLP decay. For the two χ̃0
2s the probability that one decay with (L1, L2) and other within

(L3, L4) is given by [100]

P(L1, L2, L3, L4) = 2

∫
db1db2

[
exp

(
−L1

b1cτ0χ̃0
2

)
− exp

(
−L2

b1cτ0χ̃0
2

)][
exp

(
−L3

b2cτ0χ̃0
2

)
− exp

(
−L4

b2cτ0χ̃0
2

)]
(5.5)
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Correspondingly, the number of observed LLP decays is given by,

NLLP = L × σsignal ×Br2 × P(L1, L2, L3, L4)× ϵ2reco, (5.6)

where, L represents the integrated luminosity, σsignal × Br2 represents the event production rate

and ϵ2reco corresponds to the signal efficiency. From Eq. (5.4) it is clear that the acceptance prob-

ability decreases for relatively large decay lengths cτ0
χ̃0
2
> L2. We illustrate the variation of accep-

tance probability with cτ0
χ̃0
2
in Fig. 8 (right), for three different choices of {L1, L2}: {0.1 m, 1 m},

{1 m, 5 m}, and {5 m, 10 m}, assuming βγ = 2 and 1.5. For {L1 = 0.1 m, L2 = 1 m}, the highest

acceptance probability is observed for cτ0
χ̃0
2
∼ 0.2 m. Similarly, detector volumes at larger radii

illustrate maximal acceptance probability at larger decay lengths.

The momentum resolution at the tracker is better than the energy resolution at the calorimeters

for charged tracks [101]. Hence, the tracker enables more efficient identification of the charged tracks

from LLP decays and reconstruction of the displaced secondary vertex (DSV). Keeping this in mind,

in the present work, we restrict our analysis in the tracker region using single/di-lepton triggers

and missing energy. In both CMS and ATLAS detectors, the tracker region extends to a radius of

L2 ∼ 1 m. Therefore, we consider only such signal benchmark points where the decay length of χ̃0
2,

cτ0
χ̃0
2
≲ 1 m, such that the majority of χ̃0

2 decays occur inside the tracker region (c.f. Fig. 8 (right)).

Considering these observations, we identify 3 benchmark points with Γχ̃0
2
(in GeV) ∼ 10−14 (BP1),

∼ 10−15 (BP2) and ∼ 10−16 (BP3). In Table 1, we present the input parameters, along with masses,

decay widths, and branching rates of the relevant electroweakinos and Higgs bosons, for BP1, BP2,

and BP3.

(Comment: Since the equation of radiative decay is not used in our write up and well known,

we can delete this. As the referee mentioned before 5.4 eq this would make more sense.)

It is worth noting that the χ̃0
2’s in our signal benchmarks can undergo decays in different

segments of the detector depending on the boost (β) and decay length (τ0
χ̃0
2
) where the latter

is inversely correlated to Γχ̃0
2
. For illustration, we present the distributions for lχ̃0

2
, where χ̃0

2 is

produced via pp → (χ̃0
3 → χ̃0

2H1)χ̃
±
1 , for BP1 (blue solid) and BP2 (green solid), in Fig. 9. These

benchmarks have cτ0
χ̃0
2
= 17.5 mm (BP1) and 26 mm (BP2), respectively, thereby furnishing a

relatively large acceptance probability in the tracker volume. We would like to note that particles

with larger decay lengths can also undergo decay within the tracker region. However, the fraction

of such decays would be small and warrants a separate study of its own (c.f. [102]), which is beyond

the scope of the present work.

As discussed previously, the decay of χ̃0
2 → χ̃0

1bb̄ within the tracker region leads to charged

tracks that originate from displaced secondary vertex (DSV) corresponding to the LLP χ̃0
2. An

important parameter relevant for the reconstruction of DSV is the transverse impact parameter

|d0|,

|d0| =
∣∣xtrack

d ptracky − ytrackd ptrackx

∣∣
ptrackT

, (5.7)

where, {xtrack
d , ytrackd } are the track coordinates in the transverse plane passing through the primary

interaction vertex (PIV), ptrackx and ptracky are the x- and y-components of the track momentum and

ptrackT =
√

ptrackx
2
+ ptracky

2
. In the present scenario, the displaced charged tracks from χ̃0

2 → χ̃0
1bb̄

in BP1, BP2 and BP3 can feature a typically large |d0| ≳ O(1) cm, which is indicative of a DSV.
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Figure 9. Distributions for decay length of one of the LLPs χ̃0
2 produced via pp → (χ̃0

3 → χ̃0
2h)χ̃

±
1

at
√
s = 14 TeV for signal benchmark BP1{mχ̃0

3
= 760 GeV,mχ̃0

2
= 217 GeV, cτ0

χ̃0
2
= 17.5 mm} and

BP2{mχ̃0
3
= 791 GeV,mχ̃0

2
= 193 GeV, cτ0

χ̃0
2
= 26 mm} are shown as blue and green solid lines, respectively.

Note that the analysis strategy considered in this work requires separate tackling of the prompt

and long-lived objects. Motivated from studies by the ATLAS and CMS collaboration in Refs. [103,

104], we consider final state objects with transverse impact parameter d0 ≳ 2 mm to be long-lived

while those with d0 ≲ 2 mm as prompt.

5.3 Benchmark points and analysis setup

Having discussed the generic features of the LLP χ̃0
2 in a collider environment, we will move on to

study the projected capability of the HL-LHC to probe the NMSSM parameter space of interest

through LLP searches in direct electroweakino production of Eq. (5.1). As discussed previously,

to this end, we perform a detailed collider study of three different benchmark points BP1, BP2,

and BP3 (Table 1) chosen from the current allowed parameter space. We use PYTHIA8 [105, 106]

to simulate the signal process in Eq. (5.1). The signal process is mediated through a promptly de-

caying WZ/WH1 in addition to the late decaying χ̃0
2’s, leading to a variety of prompt SM objects

in the final state which could be potentially triggered upon. The list of dominant backgrounds

would vary according to the trigger choice. The different viable triggers and the associated back-

grounds will be discussed in details in Section 5.4. We use the Madgraph5-aMC@NLO-2.7.3 [107]

framework to simulate the background events at the parton-level, with subsequent showering and

hadronization being performed using PYTHIA8. The HL-LHC detector response is simulated using

Delphes-3.5.0 [101] using the default HL-LHC detector card [108].

As our analysis relies on tracks originating from the LLP, we do not cluster jets but rather

use Delphes collections both for generator and reconstructed level objects within our analysis. We

separate out the prompt objects like leptons, which are primarily used for event selection. The main

analysis deals with displaced ‘particle-flow’ tracks. The generator-level charged particles, estimated

with a good resolution, have a finite probability to be reconstructed as tracks. comment from

SK. At the stage of particle propagation, only smearing on the norm of the transverse momentum

vector is applied, assuming a perfect angular resolution on tracks. In the mentioned updated

Delphes module, a dedicated filter is used [109] to enhance the tracking performance along with

momentum resolution. This tackles inefficiencies in boosted, dense environments. We ensure that
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there is no overlap between candidate tracks for reconstructed leptons and displaced objects by

optimizing isolation criteria and impact parameters.We would like to note that displaced vertex

selection efficiencies for HL-LHC are not available yet and, hence, could not be applied to our

analysis. Therefore, our results are optimistic estimates and should be treated as such.

BP1 BP2 BP3

λ 5.15× 10−3 5.85× 10−3 1.67× 10−4

κ 6.12× 10−4 5.854× 10−4 2.07× 10−5

Aλ [GeV] 5279 2110 9705

Aκ [GeV] -32 -510 -21

µ [GeV] 743.05 775.05 688.05

tanβ 25.098 36.32 44.67

M1 [GeV] 218.39 194.4 238.8

M2 [GeV] 3909 3709 2789

M3 [GeV] 4219 4371 5465

mχ̃0
1
[GeV] 180.17 158.08 173.76

mχ̃0
2
[GeV] 216.76 193.00 236.93

mχ̃0
3
[GeV] 759.62 790.67 703.55

mχ̃0
4
[GeV] 760.42 791.80 704.94

mχ̃±
1
[GeV] 758.43 789.72 702.37

mH1
[GeV] 126.31 122.52 124.54

mH2
[GeV] 168.43 143.11 164.7

mA1 [GeV] 92.0 108.90 73.19

Γχ̃0
2
[GeV] 1.11× 10−14 7.69× 10−15 3.85× 10−16

Γχ̃0
3
[GeV] 0.4847 0.5002 0.4367

Γχ̃0
4
[GeV] 0.4571 0.4755 0.4088

σNLO [pb] 1.56 1.15 2.15

BR(χ̃0
2 → χ̃0

1bb̄) 0.528 0.63 0.34

BR(χ̃0
2 → χ̃0

1jj̄) 0.1834 0.074 0.3602

BR(χ̃0
2 → χ̃0

1τ
+τ−) 0.12 0.177 0.0969

BR(χ̃0
2 → χ̃0

1l
+l−) 0.085 0.014 0.176

BR(χ̃0
3 → χ̃0

2H1) 0.79 0.704 0.816

BR(χ̃0
3 → χ̃0

2Z) 0.204 0.24 0.184

BR(χ̃0
4 → χ̃0

2Z) 0.7834 0.74 0.811

BR(χ̃0
4 → χ̃0

2H1) 0.215 0.24 0.189

BR(χ̃∓
1 → χ̃0

2W ) 0.994 0.995 0.999

Table 1. The input parameters, Higgs boson and electroweakino mass spectrum, branching ratios of

electroweakinos, decay width and decay length of the LLP χ̃0
2, and the production cross-section for the

process pp → χ̃0
3χ̃

±
1 + χ̃0

4χ̃
±
1 at

√
s = 14 TeV, for BP1, BP2, and BP3.

5.4 Signal trigger

Before moving on to discuss the strategy to reconstruct the DSV’s associated with χ̃0
2, let us

examine the prompt components in the signal process. The WZ/WH1 pair produced through
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Figure 10. Distribution for lepton multiplicity nℓ (ℓ = e, µ) from promptly decaying WZ/WH1 pair

produced in the process pp → (χ̃±
1 → W±χ̃0

2)(χ̃
0
3/χ̃

0
4 → Z/H1χ̃

0
2) at the HL-LHC. The truth level and

detector-level distributions are shown in red solid and blue solid, respectively.

pp → (χ̃±
1 → W±χ̃0

2)(χ̃
0
3/χ̃

0
4 → Z/H1χ̃

0
2) decay promptly and can lead to various different SM final

states which could be triggered upon. In Fig. 10, we present the multiplicity nℓ of isolated prompt

leptons ℓ (= e, µ) that can originate from the decay of WZ/WH1 pair in the signal process in

Eq. (5.1) at truth level (red, dotted line) and detector level (blue solid line). At the detector-level,

an isolated lepton is required to satisfy,∑
i ̸=l

pT(i)
∆R<0.3

pT,l
< 0.1, l = e, µ (5.8)

where,
∑
i̸=l

pT(i)
∆R<0.3

represents the sum of transverse momenta of all objects (excluding the lepton

candidate) with pT > 2 GeV within a cone of radius ∆R < 0.3 centred around the candidate lepton,

∆R =
√

∆η2 +∆ϕ2 where ∆η and ∆ϕ are the pseudorapidity and azimuthal angle differences and

pT,l is the transverse momentum of the candidate lepton. We would like to note that these isolated

leptons are also required to satisfy d0 < 2 mm.

The single prompt lepton final state in Fig. 10 can originate when the W decays leptonically,

W → ℓ′ν (ℓ′ = e, µ, τ) while the Z/H1 decays hadronically. Similarly, the final state with two

prompt leptons can arise when W decays hadronically (W → jj) while the Z/H1 decays via leptonic

modes. The scenario with nℓ = 3 can arise when (a) W → ℓ′ν, Z → ℓ′ℓ′ (b) W → ℓ′ν,H1 → ℓ′ℓ′ (c)

W → ℓ′ν,H1 → (W → ℓ′ν)(W ∗ → ℓ′ν) (d) W → ℓ′ν,H1 → (Z → ℓ′ℓ′)(Z∗ → jj) etc. Accordingly,

we consider two different analysis categories corresponding to different signal triggers, nℓ = 1 and

nℓ = 2. The nℓ = 3 signal category is ignored due to smaller production rates relative to the other

two. For nℓ = 1, we require the isolated prompt lepton to satisfy pT,ℓ > 30 GeV. Recall that the

signal final state contains two long-lived χ̃0
2 each decaying into χ̃0

2 → χ̃0
1+ bb̄. Therefore, in addition

to prompt leptons, we will have b jets + E/T. The dominant backgrounds in this signal category

are semileptonic tt̄ and W + jets. In the nℓ = 2 signal category, we impose pT,ℓ1 > 30 GeV and

pT,ℓ2 > 20 GeV where pT,ℓ1 > pT,ℓ2 . The dominant backgrounds are dileptonic tt̄ and 2ℓ + jets,

where jets mainly include b and c jets. We also require the isolated leptons to lie within |η| < 4.0

and impose a lower threshold on the missing transverse energy E/T > 50 GeV at the event selection

stage. Alternatively, jet triggers can be used instead of lepton triggers since the WZ/WH1 pair in
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the signal can predominantly decay via hadronic modes. Choosing an optimized event triggering

criteria for the online trigger systems viz the Level-1 (L1) trigger and the HLT is among the most

critical steps in any analysis (c.f. Refs. [110, 111] and references therein). The choice of efficient

triggers is more pertinent for the L1 to ensure that the events of interest (viz the LLPs in the

present analysis) are not lost forever. The event selection rates at the HLT are, on average, an

order of magnitude smaller than at the L1 system. Therefore, typically stronger thresholds are

applied to the HLT system to ensure consistent event rates. In this regard, triggering on leptons

is advantageous due to similar thresholds at the L1 trigger and the HLT, inclusiveness, and less

susceptibility to pile-up effects. For the case of a single isolated muon (electron), the values of L1

trigger seed of pT > 22 GeV (28 GeV) and |η| < 2.4, are pretty similar to the threshold at the HLT

viz. pT > 24 GeV (32 GeV) [112, 113]. On the other hand, HLT thresholds on pT and the sum

of transverse momenta HT for the jet(s) are harder compared to their L1 counterparts. Therefore,

jet-triggered events are vulnerable to considerable efficiency loss at the HLT. Furthermore, the jet

thresholds are also strongly sensitive to the level of pile-up and the high pile-up environment at the

HL-LHC can degrade jet energy resolution leading to depleted trigger efficiencies [112]. Optimal

jet trigger rates require the implementation of dedicated pile-up mitigation techniques, which is

beyond the scope of our work. Therefore, for simplicity, we adhere to lepton triggers only. The

signal triggers and the corresponding selection cuts are summarized in Table 2.

Signal triggers

|d0| < 2 mm

nℓ = 1 nℓ = 2

pT,ℓ1 > 30 GeV pT,ℓ1 > 30 GeV

pT,ℓ2 > 20 GeV

E/T > 50 GeV

Table 2. Summary of signal triggers and the basic selection cuts. These triggers are only applied to prompt

objects. Tracks with |d0| < 2 mm are classified within the prompt category.

5.5 Reconstructing the displaced secondary vertex from LLP χ̃0
2

As discussed earlier, the cascade decay channel for the directly produced χ̃0
3χ̃

±
1 /χ̃

0
4χ̃

±
1 pair results

into two χ̃0
2’s in addition to other prompt SM candidates. The two LLP candidates can in principle

lead to two displaced secondary vertices. In the signal, the tracks with larger transverse impact

parameters are expected to originate from these two displaced secondary vertices. To reconstruct

the final DSVs, we retrace the tracks with d0 ≥ 2 mm.

In Fig. 11 (left), we present the distributions for d0 for the signal benchmarks BP1, BP2, and

BP3. Here, we include all tracks with pT > 1 GeV and |η| < 4.0 in events that pass the selection

cuts corresponding to the signal trigger nℓ = 1. The corresponding distributions for the dominant

semileptonic tt̄ background are also illustrated in the same figure. We observe from Fig. 11 (left)

that the tail of the distributions for the signal process shifts to larger |d0| values with decreasing

Γχ̃0
2
. For BP3 the fraction of events (nfrac) above |d0| > 10 cm, nfrac ∼ 0.02. In this range of |d0|

the fraction is considerably low for BP1 (nfrac ∼ 0.001) and BP2 (nfrac ∼ 0.005). Interestingly, the

|d0| distributions for the semileptonic tt̄ background extends all the way up to |d0| ∼ 10 cm. This

happens due to long-lived mesons like K0
s , Λ, D etc. produced from b hadrons. Therefore, it is
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Figure 11. Distribution of transverse impact parameter |d0| for all tracks with pT > 1 GeV and |η| < 4

corresponding to BP1 (blue), BP2 (green) and BP3 (brown), at the HL-LHC. Left panel: Events pass the

trigger choice nℓ = 1. The corresponding distributions for the semileptonic tt̄ background is shown in red

color. Right panel: Events pass the trigger choice nℓ = 1 and have at least one displaced secondary vertex.

The distributions for the semileptonic tt̄ background is shown in red color in the figure inset.

essential to explore other features of the LLP-specific topology which can reduce the backgrounds.

One such entity that is largely exclusive to the phenomenology of long-lived decays is the displaced

secondary vertex. As such, our next objective is to reconstruct the secondary vertices associated

with the LLP χ̃0
2. We will also explore various observables that are contingent on the reconstructed

DSVs, optimizing the selection cuts on them, and revisit the |d0| distributions afterward.

In an ideal scenario, tracks that arise from the same secondary vertex are expected to share a

common point of origin {x0, y0, z0}. Correspondingly, we allocate tracks with d0 ≥ 2 mm whose

point of origin are within {|∆x| < 1 mm, |∆y| < 1 mm, |∆z| < 1 mm} of each other, to a

reconstructed vertex. Among them, the ones that contain at least 3 tracks are classified as a DSV.

Having reconstructed the DSVs, let us revisit the distributions for |d0|. We redraw the distributions

for |d0| in Fig. 11 (right), similar to that in Fig. 11 (left), except now with only those events which

have at least one reconstructed DSV.

Let us also note the following important fact about the tt̄ background. Imposing the requirement

for a reconstructed DSV leads to a major depletion in the d0 distributions for the semileptonic tt̄

background. It falls sharply before it reaches |d0| ∼ 2 cm and suffers from substantial statistical

uncertainty in the tail. Therefore, we extrapolate the shape of |d0| for semileptonic tt̄ background

using 5M tt̄ events in Fig. 11 (right) and is shown by the solid black line. To ensure consistency,

we generate additional 6.5 M tt̄ events, and the extrapolated function derived in the previous step

matches with the |d0| distributions drawn for this new sample. Note that the long tail for the |d0|
distribution in case of the tt̄ background, is an artifact of rarity of events with large decay length

in SM.

5.6 LLP-specific observables at the detector level

With an enhanced tracking algorithm, ATLAS shows a good reconstruction efficiency even for

displaced tracks produced at a large radius within 30 cm from the primary interaction vertex [114].
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In order to reconstruct a displaced vertex, first, its tracks from that vertex need to be successfully

reconstructed. Tracks originating far from the center of the detector tend to have higher values

of d0. Standard track reconstruction have low efficiency for large d0 values. In the following, we

construct a few variables without solely relying on d0 to eliminate the background.

We refer to DSVs with the highest and 2nd highest track multiplicity as V1 and V2, respectively.

For illustration, we show the track multiplicity of V1, referred to as NV1

trk, for BP1, BP2, and BP3,

in Fig. 12 (upper-left). These distributions are presented for the nℓ = 1 signal trigger region,

summarized in Table 2. We observe that NV1

trk can reach up to ∼ 5 − 6 for a considerable fraction

of signal events in all three benchmark points. On the other hand, NV1

trk reaches only up to ∼ 3 in

the semileptonic tt̄ process, which is the dominant background when the signal trigger is nℓ = 1.

Accordingly, we optimize NV1

trk to improve signal-to-background discrimination. Another parameter

Figure 12. Distributions for track multiplicity of DSV V1, NV1
trk (upper-left panel), radial distance of

V1 from the primary interaction vertex, rV1 (upper-right panel), and sum of transverse momentum of all

tracks in V1,
∑

ptrk
T (lower panel), in the pp → χ̃±

1 χ̃
0
3/χ̃

0
4 → (χ̃±

1 → χ̃0
2 + W±, χ̃0

2 → χ̃0
1 + X)(χ̃0

3/χ̃
0
4 →

χ̃0
2 + Z/H1, χ̃

0
2 → χ̃0

1 + X) channel corresponding to BP1 (blue), BP2 (green) and BP3 (brown) at the

HL-LHC. Here X signifies all possible decay modes of χ̃0
2. Distributions for the semileptonic tt̄ background

are shown in red.

of interest is rV1
, which represents the radial distance of V1 from the PIV. rV1

is computed as

rV1
=
√
X2

V1
+ Y 2

V1
+ Z2

V1
, where {XV1

, YV1
, ZV1

} are the coordinates of the reconstructed DSV V1

in a reference frame centered at PIV = {0, 0, 0}. In Fig. 12 (center), we illustrate rV1 for the signal

benchmarks and semileptonic tt̄ background, considering the nℓ = 1 signal trigger. The radial

distance of the DSV from PIV is inversely proportional to the decay width of LLP in addition to
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the effect of Lorentz factor βγ. This behaviour is illustrated in Fig. 12 (upper-right) where the

distributions for rV1
get flattened and the tail shifts to larger values as the decay length of χ̃0

2 is

increased. In the case of BP1, where Γχ̃0
2
∼ 10−14 GeV, rV1

peaks roughly at 2 cm. As we move to

BP2, where Γχ̃0
2
is smaller by an order of magnitude, the peak position shifts noticeably, however,

the overall distributions get flatter. At further lower values of Γχ̃0
2
∼ 10−16 GeV corresponding to

BP3, we observe a considerable alteration in the distribution. The corresponding distribution for

the semileptonic tt̄ background peaks at a much lower value rV1
∼ 3 cm. Overall, this observable

demonstrates potential not only as a background discriminator but also as an excellent identifier

of variations in the decay width of the LLP. Consequently, we optimize the selection cuts on rV1

such that the signal significance S/
√
B is maximized, where S and B are the signal and background

yields at the HL-LHC. In addition to NV1

trk and rV1 , we also optimize the selection cut on the sum

of transverse momentum of all tracks associated with V1, represented as
∑

ptrkT . We present the

distributions for
∑

ptrkT in Fig. 12 (bottom). The
∑

ptrkT distributions for both signal and the tt̄

background peaks in the same region of 15 GeV, however, the background falls sharply compared

to the signal. While the backgrounds become negligible at
∑

ptrkT ≳ 40 GeV, the signal tail extends

far beyond. Correspondingly, we optimize the upper limit on
∑

ptrkT in our cut-based analysis.

5.7 Optimized signal regions and cut flow

We present the optimized selection cuts on pT,ℓ1,(2) and E/T for the nℓ = 1 (2) signal category, along

with the corresponding signal and background rates for BP1, BP2, BP3 and the tt̄ semileptonic

(thtℓ) and fully leptonic (tℓtℓ) backgrounds at the HL-LHC in Table 3. These cuts are applied on

prompt objects |d0| < 2 mm. Selection cuts on |d0|, NV1

trk,
∑

ptrkT , rV1 and NV2

trk (Number of tracks

from vertex V2) are optimized for the long-lived objects in SR1.

Prompt sector SR1 SR2 SR3

|d0| < 2 mm |d0| > 2 mm |d0| > 4 mm |d0| > 8 mm

Dℓ
0,D

ℓ
Z

< 2 mm

p
ℓ1,2
T >

30, 20 GeV

E/T
> 50 GeV

NV1
trk

> 3

NV1
trk

> 5

∑
ptrkT

< 30 GeV

rV1

> 4 cm

NV2
trk

> 5

NV1
trk

> 3

NV1
trk

> 5

NV1
trk

> 3

NV1
trk

> 5

1ℓ

BP1 2590 2150 2088 1348 635 428 226 27 1087 459 741 271

BP2 2004 1683 1638 1204 569 389 272 38 1047 447 809 301

BP3 3646 3073 2975 1198 770 430 390 40 1154 723 1078 648

thtℓ 2× 108 1.31× 108 1× 108 99936 1914 1367 684 0 2187 0 137 0

2ℓ

BP1 399 280 273 174 82 55 30 4 140 59 96 35

BP2 300 215 210 152 71 49 35 5 132 56 102 38

BP3 519 379 368 147 93 52 47 5 142 87 132 78

tℓtℓ 6.02× 107 4.5× 107 3.5× 107 35712 624 406 281 0 812 0 62 0

Table 3. Selection cuts on lepton pT (i=1,2) and E/T for prompt candidates |d0| < 2 mm, and on |d0|,
NV1

trk,
∑

ptrk
T , rV1 ,m

v1
≥5trk and NV2

trk, for displaced objects |d0| > 2 mm are applied successively. Three Signal

Regions have been specified based on the |d0| limits of 2, 4, 8 mm viz SR1, SR2, SR3. Selection cuts

tabulated under the prompt sector in each signal category are common to all corresponding signal regions.

From the background rates, the displaced object NV1
trk is sufficient to optimize SR2 & SR3. Signal and

background rates are presented for
√
s = 14 TeV LHC assuming L = 3000 fb−1.

The S/B ratio, where S and B are the signal and background yields at the HL-LHC, is

∼ O(10−6) after the application of prompt category cuts for all signal benchmarks and signal

categories. Imposing the requirement for at least one DSV with NV1

trk ≥ 3 using long-lived objects

|d0| > 2 mm improves S/B to ∼ O(10−3). Furthermore, this requirement leads to negligible event

rates for W + jets and Z + jets in the nℓ = 1 and nℓ = 2 signal regions, respectively, and can be
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safely ignored. The successive imposition of NV1

trk ≥ 5 in SR1 reduces the background rates further

by a factor of ∼ 50 while the signal rates for the three benchmarks reduces only by a factor of ∼ 2.

We eventually arrive at a negligible background scenario in SR1 on imposing
∑

ptrkT < 30 GeV,

rV1
> 4 cm and NV2

trk ≥ 5. We analyze two additional cases where the long-lived objects are re-

quired to satisfy a more stringent |d0| criteria viz |d0| ≥ 4 mm (SR2) and |d0| ≥ 8 mm (SR3). In

both cases, we observe that backgrounds can be suppressed with NV1

trk ≥ 5. Thus, the set of cuts

{SR1, SR2, SR3} can effectively remove the backgrounds facilitating the exclusion/observation of

BP1/BP2/BP3 at the HL-LHC in the nℓ = 1 and 2 signal category, respectively.

5.7.1 Instrumental Background and signal sensitivity

Though SM background is negligible in a typical LLP search, a major source of background can come

from the interactions involving various parts of the detector and reconstruction procedure [115].

Such as various hadronic interactions with material-enriched regions of the detector, combination

of vertices from short-lived decay, unrelated track association with low mass DSVs, fake lepton

identification etc. These interactions can affect the kinematics of DSV tracks and invariant mass

of the tracks can be a good discriminator against majority of these instrumental backgrounds. In

this regard, we have shown the variation of invariant mass of the tracks (mtrk ) from DSVs with its

track multiplicity (Ntrk) in Fig.13. The effect of this background can be mitigated to a great extent

by forcing the requirement of DSVs to be relatively massive with a large multiplicity of tracks. We

choose a signal region with Ntrk ≥ 5 and mtrk ≥ of 10 or 15 GeV, which reduces the signal yields

by orders of magnitude, still having significant signal events 156, 93, and 439 corresponding to

BP1, BP2, and BP3 (for mtrk > 10 GeV) in SR1 with 1ℓ channel. This suppress the instrumental

background ensuring no irreducible background from SM processes.

Figure 13. 2D distribution of mtrk vs Ntrk for events with at least one DSV for BP1. The red and green

dotted line corresponds to the boundary in signal region SR1 with mtrk > 10, 15 GeV. The signal yield for

both regions is shown for HL-LHC.

Finally, we estimate the signal significance as σ = S√
B

where S, B are the total number of

signal and background events after all the cuts. From the cut flow in Table 3, for SR1 the signal
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yields corresponding to 0 background with 1ℓ mode corresposding to BP1/BP2/BP3 are 27/38/40.

Hence, it will be pertinent to extrapolate the background yields due to instrumental effects. It is

not possible to simulate these effects in a toy detector simulator. So we estimate background yields

for our case by looking at existing LLP analyses of CMS and ATLAS for Run 2 with luminosity

∼ 137 fb−1. Corresponding to different cuts in parameter space the order of the background

events for analyses in references [115–117] are ∼ 4, 2, 2 respectively. We make a conservative choice

here and check the sensitivity of SR1 for three different choices of background events 6,8, and 10

for 137 fb−1. The signal significances for BP1 at L = 3000 fb−1 in 1ℓ channel are respectively

(13.6, 11.8, 10.5)σ with respect to the three different background yields mentioned. Note that the

number of signal events in the significance calculation are from Fig.13 with at least a DSV having

≥ 5 tracks and mtrk ≥ 10 GeV, keeping in mind the estimated backgrounds are subjected to this

specific cut. Similarly, in the same channel for {BP2 and BP3} with the mentioned background

yields, the significances read as {8.11, 7.02, 6.28 and 38.3, 33.17, 29.67}σ. The 5σ level is where

one could expect to probe these long-lived decays and since the significance roughly scales as
√
L,

one could expect discovery level sensitivity at much lower integrated luminosity.

6 Outlook and conclusion

In this work, we focus on the case of singlino-like light neutralino DM in the NMSSM frame-

work. Implications from current collider and astrophysical constraints have been analyzed, and

the allowed parameter space has been scrutinized in light of projected sensitivities in the future

direct detection experiments. We consider an electroweakino mass spectrum where χ̃0
2 has a dom-

inant bino admixture, χ̃0
3, χ̃

0
4, χ̃

±
1 have a dominant higgsino composition, and χ̃0

5, χ̃
±
2 are wino-

like. In the allowed region of parameter space, there exists long-lived bino-like NLSP χ̃0
2. The

small decay width of this χ̃0
2 being caused for, ∆M = mχ̃0

2
− mχ̃0

1
< mZ which allows only 3

body decay for χ̃0
2. Within the scope of the allowed parameter space of interest, the long-lived

χ̃0
2 can decay through χ̃0

2 → χ̃0
1bb̄, χ̃0

2 → χ̃0
1τ

+τ−, χ̃0
2 → χ̃0

1jj or χ̃0
2 → χ̃0

1γ. The χ̃0
2’s can

appear in direct electroweakino searches at the LHC via cascade decays of heavier electroweaki-

nos, and lead to displaced secondary vertices, which can be reconstructed in the tracker region

of the LHC. In this work, we study the projected sensitivity for direct electroweakino production

pp → χ̃0
3/χ̃

0
4χ̃

±
1 → (χ̃0

3/χ̃
0
4 → Z/H1χ̃

0
2)(χ̃

±
1 → W±χ̃0

2) with χ̃0
2 → χ̃0

1jj/l
+l− at the HL-LHC. We

choose three different signal benchmarks BP1, BP2, and BP3, from the currently allowed parameter

space that features a long-lived χ̃0
2. We perform a detailed collider analysis using the cut-and-count

methodology while including signal and relevant backgrounds at the detector level.

We consider two different signal categories, nℓ = 1, 2 as discussed in Sec. 5. To separate the

signal from the background effectively, we use selection cuts on separate sets of observables in case

of prompt and long-lived objects. Objects with transverse impact parameter |d0| < 2 mm are

classified as prompt, while those with |d0| ≥ 2 mm are categorized as long-lived. Prompt objects

are used to trigger the events, while the displaced objects play the major role in discriminating

against the backgrounds. We identify the signal regions SR1 with optimized selection cuts on NV1

trk,

the track multiplicity of V1,
∑

ptrkT , sum of transverse momentum of all tracks associated with V1,

rV1
, radial distance between V1 and PIV, and NV2

trk, track multiplicity for the second DSV. SR2

and SR3 are defined by optimizing the cuts on |d0|, the minimum transverse impact parameter,

and NV1

trk. We show that with the choice of the three signal regions SR1, SR2, ans SR3, on e
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can completely suppress the background, and the signal benchmarks BP1, BP2, and BP3, can be

probed at the HL-LHC. We exhibit the sensitivity comparison of the 14 TeV HL-LHC for the three

benchmark points for luminosity of 3000 fb−1 projecting possible background contamination due

to instrumental effects. Similar analysis can be extended to other points in the allowed parameter

space of our interest to evaluate their exclusion/discovery at the high luminosity LHC.
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DELPHES 3, A modular framework for fast simulation of a generic collider experiment. JHEP,

02:057, 2014. arXiv:1307.6346, doi:10.1007/JHEP02(2014)057.

[102] Shankha Banerjee, Biplob Bhattacherjee, Andreas Goudelis, Björn Herrmann, Dipan Sengupta, and

Rhitaja Sengupta. Determining the lifetime of long-lived particles at the HL-LHC. Eur. Phys. J. C,

81(2):172, 2021. arXiv:1912.06669, doi:10.1140/epjc/s10052-021-08945-9.

[103] Serguei Chatrchyan et al. Search in Leptonic Channels for Heavy Resonances Decaying to

Long-Lived Neutral Particles. JHEP, 02:085, 2013. arXiv:1211.2472,

doi:10.1007/JHEP02(2013)085.

[104] Georges Aad et al. Search for displaced muonic lepton jets from light Higgs boson decay in

proton-proton collisions at
√
s = 7 TeV with the ATLAS detector. Phys. Lett. B, 721:32–50, 2013.

arXiv:1210.0435, doi:10.1016/j.physletb.2013.02.058.

[105] Torbjorn Sjostrand, Stephen Mrenna, and Peter Z. Skands. PYTHIA 6.4 Physics and Manual.

JHEP, 05:026, 2006. arXiv:hep-ph/0603175, doi:10.1088/1126-6708/2006/05/026.

[106] Torbjorn Sjostrand, Stephen Mrenna, and Peter Z. Skands. A Brief Introduction to PYTHIA 8.1.

Comput. Phys. Commun., 178:852–867, 2008. arXiv:0710.3820, doi:10.1016/j.cpc.2008.01.036.

[107] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H. S. Shao, T. Stelzer,

P. Torrielli, and M. Zaro. The automated computation of tree-level and next-to-leading order

differential cross sections, and their matching to parton shower simulations. JHEP, 07:079, 2014.

arXiv:1405.0301, doi:10.1007/JHEP07(2014)079.

[108] Michele Selvaggi et al. Beta card for HL-LHC and HE-LHC studies, December 2017.

https://github.com/delphes/delphes/blob/master/cards/delphes_card_HLLHC.tcl.

[109] Michele Selvaggi, Pavel Demin, Christophe Delaere, Kevin Pedro, Joschka Lingemann, simonspa,

Philip Harris, Sho Iwamoto, Geonmo Ryu, Joshua Ellis, Chase, and Adarsh Pyarelal.

delphes/delphes: Delphes-3.4.2pre11. 2017.

[110] Biplob Bhattacherjee, Swagata Mukherjee, Rhitaja Sengupta, and Prabhat Solanki. Triggering

long-lived particles in HL-LHC and the challenges in the rst stage of the trigger system. JHEP,

08:141, 2020. arXiv:2003.03943, doi:10.1007/JHEP08(2020)141.

[111] Biplob Bhattacherjee, Tapasi Ghosh, Rhitaja Sengupta, and Prabhat Solanki. Dedicated Triggers

for Displaced Jets using Timing Information from Electromagnetic Calorimeter at HL-LHC. 12

2021. arXiv:2112.04518.

[112] The Phase-2 Upgrade of the CMS Level-1 Trigger. Technical report, CERN, Geneva, Apr 2020.

Final version. URL: https://cds.cern.ch/record/2714892.

[113] CMS Collaboration. The Phase-2 Upgrade of the CMS Data Acquisition and High Level Trigger.

Technical report, CERN, Geneva, Mar 2021. This is the final version of the document, approved by

the LHCC. URL: https://cds.cern.ch/record/2759072.

[114] M. Aaboud et al. Performance of the ATLAS Track Reconstruction Algorithms in Dense

Environments in LHC Run 2. Eur. Phys. J. C, 77(10):673, 2017. arXiv:1704.07983,

doi:10.1140/epjc/s10052-017-5225-7.

– 34 –

http://arxiv.org/abs/2203.06114
https://doi.org/10.1140/epjc/s10052-022-10819-7
http://arxiv.org/abs/1307.6346
https://doi.org/10.1007/JHEP02(2014)057
http://arxiv.org/abs/1912.06669
https://doi.org/10.1140/epjc/s10052-021-08945-9
http://arxiv.org/abs/1211.2472
https://doi.org/10.1007/JHEP02(2013)085
http://arxiv.org/abs/1210.0435
https://doi.org/10.1016/j.physletb.2013.02.058
http://arxiv.org/abs/hep-ph/0603175
https://doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/0710.3820
https://doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/1405.0301
https://doi.org/10.1007/JHEP07(2014)079
https://github.com/delphes/delphes/blob/master/cards/delphes_card_HLLHC.tcl
http://arxiv.org/abs/2003.03943
https://doi.org/10.1007/JHEP08(2020)141
http://arxiv.org/abs/2112.04518
https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2759072
http://arxiv.org/abs/1704.07983
https://doi.org/10.1140/epjc/s10052-017-5225-7


[115] Morad Aaboud et al. Search for long-lived, massive particles in events with displaced vertices and

missing transverse momentum in
√
s = 13 TeV pp collisions with the ATLAS detector. Phys. Rev.

D, 97(5):052012, 2018. arXiv:1710.04901, doi:10.1103/PhysRevD.97.052012.

[116] Georges Aad et al. Search for exotic decays of the Higgs boson into long-lived particles in pp

collisions at
√
s = 13 TeV using displaced vertices in the ATLAS inner detector. JHEP, 11:229,

2021. arXiv:2107.06092, doi:10.1007/JHEP11(2021)229.

[117] Albert M Sirunyan et al. Search for long-lived particles using nonprompt jets and missing

transverse momentum with proton-proton collisions at
√
s = 13 TeV. Phys. Lett. B, 797:134876,

2019. arXiv:1906.06441, doi:10.1016/j.physletb.2019.134876.

– 35 –

http://arxiv.org/abs/1710.04901
https://doi.org/10.1103/PhysRevD.97.052012
http://arxiv.org/abs/2107.06092
https://doi.org/10.1007/JHEP11(2021)229
http://arxiv.org/abs/1906.06441
https://doi.org/10.1016/j.physletb.2019.134876

	Introduction
	The NMSSM framework
	Higgs sector
	Electroweakino sector

	Parameter space scan and constraints
	Scan range
	Constraints

	Features of the allowed parameter space
	 Discovery potential of LLP decays at the HL-LHC
	Electroweakino pair production rates at the HL-LHC
	Kinematic features of LLP decays
	Benchmark points and analysis setup
	Signal trigger
	Reconstructing the displaced secondary vertex from LLP "036520
	LLP-specific observables at the detector level
	Optimized signal regions and cut flow
	Instrumental Background and signal sensitivity


	Outlook and conclusion

