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LAPTh, Université Savoie Mont Blanc, CNRS, B.P. 110, F-74941 Annecy Cedex, France

3
Centre for High Energy Physics, Indian Institute of Science, Bangalore 560012, India

4
Department of Physics and Astronomy, University of California, San Diego, 9500 Gilman Drive, La Jolla, USA

5
Department of Physics and Astronomy, University of Hawaii, Honolulu, HI 96822, USA

Thematic areas:

X⇤ EF08: BSM: Model specific explorations

X⇤ EF10: BSM: Dark Matter at colliders

I. New light particles in the NMSSM

The next to Minimal Supersymmetric Standard

Model (NMSSM) o↵ers 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, Me�0
1

. MZ/2, requires the presence of light

a1/h1 at roughly ⇠ 2Me�0
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. 2b2⌧, 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

4⌧ (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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THE SALES PITCH

• NMSSM  light neutralino sector is  different from MSSM 
• An expanded Higgs and neutralino sector. 
• Phenomenologically richer and well motivated. 
• Offers scope for exploration in complementary experiments 
• The light neutralino DM in NMSSM will largely remain unexplored without future colliders 
 and next generation DD experiments 

• A pitch for measuring the Invisible decay of the Higgs



NMSSM Higgses

Why NMSSM?

Why NMSSM?

1 The next-to-Minimal Supersymmetric Standard Model (NMSSM) o�ers an
elegant solution to the µ-problem in MSSM through the introduction of an
additional singlet superfield (Ŝ).

WMSSM = y
ij
u ûi Q̂j · Ĥu ≠ y

ij
d d̂i Q̂j · Ĥd ≠ y

ij
e Êi L̂j · Ĥd + µĤu · Ĥd

WNMSSM = WMSSM(µ = 0) + ⁄ŜĤu · Ĥd + k

3 Ŝ
3

2 The NMSSM naturally generates an e�ective µ term (µ ≥ ⁄ < S >) when
S develops a non-zero vev < S >. ⁄ and Ÿ are dimensionless parameters.
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An accidental weak scale parameter

• Instead generate a weak scale parameter by a SUSY breaking term 
•  Additional quartic Higgs doublet with self coupling  
• Additional contribution  to SM Higgs  
• Lower fine tuning

– Since charged higgsinos ΨHu,ΨHd
have not been observed at LEP (must

have masses >
∼ 100 GeV), a supersymmetric mass term “µ” for the

Higgs superfields is necessary which contributes also to the scalar Higgs

potential; should NOT be much larger than the weak scale

→ How can a supersymmetric mass term accidentially be of the order of

the weak scale (∼ the scale of Susy breaking mass terms)? “µ-problem”

NMSSM: An additional gauge singlet superfield S

— with Yukawa coupling λSΨHuΨHd
and a VEV vs generated by Susy

breaking terms;

→ an effective µ-term λvsΨHuΨHd
which has automatically the required

order of magnitude;

→ generates automatically an additional quartic Higgs doublet

self coupling proportional to λ2

→ additional contributions to the mass of the SM-like Higgs boson!

→ The NMSSM is more “natural”, less fine-tuning of its parameters is

required

Why NMSSM?

Why NMSSM?

1 A phenomenologically richer Higgs sector compared to MSSM:
7 Higgs bosons: 3 CP-even states (h1, h2 and h3), 2 CP-odd states (a1 and
a2) and 2 charged Higgses (H±).

2 Possibility to have light singlet-dominated a1 and/or h1 below
125 GeV (Ref. [12, 11, 22, 21, 23, 16]).

3 The tree level Higgs sector is driven by:

⁄, Ÿ, A⁄, AŸ, tan —, µ

A⁄ and AŸ are the trilinear soft-breaking parameters.
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Here, � is defined as tan�1 vu
vd
, mZ represents the Z boson mass and v =

q
v2u + v

2
d. Defining

M
2
A =

µ

sin� cos�

⇣
A� +

µ

�

⌘
, (7)

the elements of the symmetric 2⇥2 pseudoscalar Higgs squared mass matrix (M2
p ) in the interaction

basis {ANSM
, A

S}2 can be written as follows [60–62]:

0

@
M

2
A � 1p

2
�v

⇣
3µ
� � M2

A
2µ sin 2�

⌘

� 1p
2
�v

⇣
3µ
� � M2

A
2µ sin 2�

⌘
1
2�

2
v
2 sin 2�

⇣
M2

A
4µ2 sin 2� + 3

2�

⌘
� 3Aµ

�

1

A (8)

The Higgs mass eigenstates are defined in terms of the the Higgs interaction basis

Hi = si1H
NSM + si2H

SM + si3H
S
, i = 1, 2, 3 (9)

Aj = pj1A
NSM + pj2A

S
, j = 1, 2 (10)

where, sik and pjk are obtained by diagonalizing the corresponding mass squared matrices.

In addition to the 3 CP-even neutral Higgs states, H1, H2, H3, one of which is identified with

H125 (H1 being the lightest and H3 being the heaviest), and, 2 CP-odd neutral Higgs bosons,

A1, A2 (A1 being the lighter one), the NMSSM Higgs spectrum also contains two charged Higgs

boson. The tree-level mass of the charged Higgs bosons is given by

M
2
H± = M

2
A +M

2
W � 1

2
�
2
v
2 (11)

where, MW represents the mass of W boson.

It can be observed from Eq. (6-11) that the tree-level Higgs sector of the NMSSM can be

parametrized by 6 input parameters:

�, , A�, A, tan�, µ (12)

Compared with the MSSM, the electroweakino sector of the NMSSM is phenomenologically
richer and contains 5 neutralinos and 2 charginos. The neutralino mass matrix, in the basis of
{B̃, W̃3, H̃

0
d , H̃

0
u, S̃} (B̃: bino, W̃ 3: neutral wino, H̃0

d and H̃0
u: neutral Higgsinos, S̃: singlino) is

given by (following the notation of [61])

Me�0
i
=

0

BBBBBBBB@

M1 0 �mZ sin ✓W cos� mZ sin ✓W sin� 0

0 M2 mZ cos ✓W cos� �mZ cos ✓W sin� 0

�mZ sin ✓W cos� mZ cos ✓W cos� 0 �µ ��v sin�

mZ sin ✓W sin� �mZ cos ✓W sin� �µ 0 ��v cos�

0 0 ��v sin� ��v cos� 2vs

1

CCCCCCCCA

(13)

2
Here, A

NSM
refers to the pseudoscalar eigenstate with couplings similar to the MSSM pseudoscalar Higgs boson

and A
S
refers to the singlet-like pseudoscalar eigenstate.
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NMSSM neutralinos

Why NMSSM?

Why NMSSM?

1 Compared to MSSM, the neutral electroweak ino sector also has an
additional neutralino:

The neutralino mass matrix:

M‰0
i

=

Q

ccca

M1 0 ≠MZ sin ◊W cos — MZ sin ◊W sin — 0
0 M2 MZ cos ◊W cos — ≠MZ cos ◊W sin — 0

≠MZ sin ◊W cos — MZ cos ◊W cos — 0 ≠µ ≠⁄v sin —

MZ sin ◊W sin — ≠MZ cos ◊W sin — ≠µ 0 ≠⁄v cos —

0 0 ≠⁄v sin — ≠⁄v cos — 2Ÿvs

R

dddb

Here, M1: bino mass parameter, M2: wino mass parameter, tan —: ratio of
vev of the Higgs doublets.

2 The charginos are composed of winos and higgsinos.
3 The neutralinos can be admixtures of singlino , bino, wino and higgsinos.
4 At the tree level, the EW ino sector is controlled by: M1, M2, µ, tan —, ⁄, Ÿ
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MSSM light neutralinos

Light Neutralinos mostly Bino, 
 some admixture  with Higgsinos

• Light neutralino can be dominantly singlet, as light as a few GeV 
• Small direct detection cross section 
• Relic via s channel pseudo-scalar and CP even scalar

Constrained by a combination  
of DD, relic and and chargino constraints  

NMSSM Higgses

we remain confined to the region where the decay of SM-like Higgs boson into a pair of LSP neu-

tralinos is kinematically feasible, and, correspondingly, we impose an upper bound on the mass

of e�0
1, Me�0

1
 62.5 GeV. In addition, the parameter space is also subjected to the collider and

astrophysical constraints discussed in Sec. IV.

In the MSSM parameter space considered in our previous work [22], it was observed that the

imposition of the relic density constraint resulted in a lower bound (Me�0
1
& 34 GeV) on the mass of

the LSP neutralino. The lower bound on Me�0
1
was implied by the presence of only the Z boson and

the Higgs boson as mediators for e�cient e�0
1e�0

1 annihilation. Correspondingly, the MSSM parameter

space points were confined to the Z funnel (⇠ MZ/2) and Higgs-funnel (MH125/2) regions only.

The NMSSM framework, on the other hand, features additional light Higgses (H1 and A1) with

mass below MZ , which can potentially mediate the annihilation of lighter LSP neutralinos with

mass below the Z funnel region. Correspondingly, we obtain allowed parameter space points with

Me�0
1
as low as ⇠ 1 GeV, which are consistent with the upper bound on relic abundance.

FIG. 3. Correlation between the mass of the LSP neutralino (Me�0
1
) and the mass of the light pseudoscalar

Higgs (MA1) in the Me�0
1
and MA1 plane. The mass of lightest scalar Higgs (MH1) is represented along the

color axis. The black dashed line corresponds to MA1 = 2Me�0
1
. The parameter space points shown here are

allowed by all the constraints listed in Sec. IV.

In order to emphasize upon the mass correlations between the LSP neutralino and light Higgs

boson states, we plot the allowed parameter space points from Fig. 2 in the Me�0
1
-MA1 plane shown

in Fig. 3. The color palette in Fig. 3 represents the mass of lightest scalar Higgs boson, MH1 . It is

evident from Fig. 3 that the allowed points below the Z funnel region are mostly populated along

the line MA1 ⇠ 2Me�0
1
, those that lie below this line actually satisfy the condition MH1 ⇠ 2Me�0

1
.

Accord with the relic density constraint is then attained by e�cient annihilation via the A1/H1

resonance. We also exhibit the currently allowed parameter space points in the Me�0
1
�Me�±

1
plane

in Fig. 4. The color palette in Fig. 4 corresponds to the singlino content of the LSP.

14
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Analyzing the space 

• Standard Cosmology with 
• Constraints and prospects from Invisible Higgs decays 
• Collider, astrophysical and cosmological constraints. 

Outline of this work

Outline of this work

• We assume a standard cosmological scenario, considering parameter space
points with �h

2 Æ 0.120 and focus on the MÂ‰0
1

Æ 62.5 GeV region that can
potentially contribute to invisible decays of the SM-like Higgs boson.

• The parameter region thus obtained is subjected to current collider,
cosmological and astrophysical constraints.

• The allowed parameter space is investigated along the following future
directions:

1 future multi-ton direct detection experiments.
2 invisible Higgs decay width measurement at the future LHC, FCC, ILC and

CEPC.
3 direct light Higgs searches and direct electroweakino searches at the HL-LHC

and the HE-LHC.
• We choose the parameter space with h1 and a1 below 122 GeV.
• h2 is identified with the SM-like Higgs boson.
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Light States in NMSSM
Analyzing current constraints for light DM in NMSSM 

It is however possible for the singlino-like neutralino to be the LSP with mass ⇠ 2hsi. In order

to allow the interaction between the singlet sector and the MSSM sector, it is essential to have a

non-zero �. For the case of a singlino-like LSP and � << 1, the MSSM-like NLSPs would undergo

cascade decay into singlino-like LSP + SM particles with a long lifetime which could also lead to

potential LLP (long-lived particles) signatures, the study of which is beyond the scope of this work.

Therefore, in this article, we focus on the regions of parameter space where � and  are not ⇡ 0

or << 1.

The NMSSMTools-5.3.1 [43, 63–67] package is used to generate the particle spectrum, and

to compute the couplings and branching fraction of the Higgses and the branching ratios of the

SUSY particles. The presence of a large number of input parameters makes it di�cult to find

parameter space points in the Me�0
1
. 62.5 GeV region and it becomes essential to choose an

optimized scan range for the input parameters. Initially, a random scan of the parameter space

is performed using the NMSSMTools-5.3.1 package, for a wide range of input parameters. In the

next step, the parameter space points, thus generated, are checked against the theoretical, collider

and astrophysical constraints, implemented within NMSSMTools-5.3.1. Parameter space points

are then chosen from the previous step to be used as seeds for the Markov Chain Monte Carlo

(mcmc) scanning technique implemented in the NMSSMTools-5.3.1 package. The parameter space

points generated from the mcmc scan are distributed over the following range of input parameters:

0.01 < � < 0.7, 10�5
<  < 0.05, 3 < tan� < 40

100 GeV < µ < 1 TeV, 1.5 TeV < M3 < 10 TeV

2 TeV < A� < 10.5 TeV, � 150 GeV < A < 100 GeV (16)

M1 = 2 TeV, 70 GeV < M2 < 2 TeV

At = 2 TeV, Ab,⌧̃ = 0, MU3
R
,MD3

R
,MQ3

L
= 2 TeV, Me3L

,Me3R
= 3 TeV

The collider and astrophysical observables that constrain the points generated from this scan

are detailed in the next section.

IV. CONSTRAINTS

As we have just mentioned, our demand that the singlino is lighter than 62.5 GeV, along with the

chosen range of input parameters, leads to H1 and A1 lighter than 125 GeV, so that H2 then plays

the role of the observed SM-like Higgs boson. The SM-like Higgs boson is required to lie within

the mass range allowed by the measurements at the LHC and its couplings must be compatible

with those measured at the LHC. The NMSSM parameter space considered in our study is further

constrained by the low-energy flavor physics limits, LEP limits, searches of directly produced light

Higgs bosons and measurements of the Higgs boson signal strengths at the LHC, gluino searches,

8

Scan Parameters



Light States in NMSSM : Constraints Light States in NMSSM : constraints 

• An SM like Higgs, the heavier CP even, a lighter CP odd. 

• LEP limit on chargino < 103.5 GeV 

• LEP limit :  

• Upper bound on relic  

• Flavor constraints :  

• Higgs signal strengths 

• Invisible decays of the Higgs : VBF < 13  % 

• Light Higgs searches at the LHC 

• Electroweakino searches at the LHC.  

• Direct Detection bounds from Xenon 1T

direct searches of electroweakinos in the 3l+E/T and the l+l�+E/T final state as well as from direct

and indirect DM searches. These constraints are discussed in more detail below.

• Mass of SM-like Higgs boson: The combined measurement by the ATLAS and CMS

collaborations has determined the Higgs boson mass to lie within 124.4�125.8 GeV (3�) [1].

Adopting a conservative approach, we require H2 (we will henceforth also refer to this as

H125) to be within the interval 122 � 128 GeV, to allow for theoretical uncertainties in the

Higgs boson mass computation [68–70].

• Limits from LEP:Measurements at LEP have excluded a chargino with mass belowMe�±
1
.

103.5 GeV [71]. This constraint, together with our choice M1 = 2 TeV (see Eq. (17)) requires

that the LSP below 62.5 GeV is dominantly singlino, with only small higgsino, wino and

bino admixture. We also impose the upper limit on the production cross section of e�0
1e�0

2

pair at 95% C.L.(�e�0
1e�0

2
. 0.1 pb [71]) for |Me�0

2
�Me�0

1
| > 5 GeV as well as upper limits on

e
+
e
� ! ZHj and e

+
e
� ! AiHj processes in various final states. The NMSSMTools-5.3.1

framework was used to implement these constraints.

• Upper bound on relic density: Results from the PLANCK Collaboration have put

the DM relic density at ⌦obs.
DMh

2 = 0.120 ± 0.001 [72], and assuming a 2� window, the

relic density can fall within an interval of 0.118 � 0.122. MicrOMEGAs [73, 74] is used to

compute the relic density of the LSP neutralino in the standard cosmological scenario, and

adopting a conservative approach, we only exclude over-abundant DM, that is we require

⌦obs.
DM(e�0

1)
h
2  0.122. This constraint would not apply if DM production entails non-standard

cosmology [75–77]. In this work, the scenario of non-standard cosmology has not been

considered.

• Flavor physics constraints: Constraints from the measurement of flavor physics observ-

ables o↵er sensitive probes of new physics scenarios. We impose the flavor physics constraints

through bounds on the branching fraction of the rare decay modes B ! Xs�, Bs ! µ
+
µ
�

and B
+ ! ⌧

+
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• Invisible decay width of the Higgs boson: The CMS Collaboration has derived an

upper limit on the total decay width of the observed 125 GeV Higgs boson, using the dataset

collected at 5.1 fb�1 and 19.7 fb�1, for
p
s = 7 TeV and

p
s = 8 TeV, respectively. At 95%

C.L., the upper limit stands at �H125 < 22 MeV [82]. Correspondingly, in the current

analysis, we require the total decay width of H125 to lie below 22 MeV.

The total invisible branching fraction of the SM like Higgs can also be probed by directly

searching for the invisibly decaying Higgs boson through its production in association with

a vector boson [83, 84] and jets [85] or vector boson fusion [86]. We have imposed upper

limits obtained from such studies. The ATLAS Collaboration has also used LHC Run-II data

(L ⇠ 140 fb�1) to probe the invisibly decaying Higgs, produced via V BF mode, and have

set an upper limit of 13% [87]. We must note that Ref. [87] is a preprint and the published

result from the ATLAS collaboration used LHC Run-I data, considered Higgs production via

WH125, ZH125 and V BF modes, and have set an upper limit of 25% [88]. Similar search by

the CMS Collaboration, using the entire Run-I data and 35.9 fb�1 of the Run-II data, have

derived an upper limit at 19% [89]. The prospects of probing the invisibly decaying Higgs

boson at the future LHC has also been studied, see for example Refs. [59, 90]. In the context

of our analysis, the invisible decay modes of the SM-like Higgs (H125) are: H125 ! e�0
1e�0

1,

H125 ! H1H1 ! 4e�0
1 and H125 ! A1A1 ! 4e�0

1. We impose an upper limit of 13% on the

sum of these branching fractions. We note that the Higgs signal strength constraints also

impose an indirect upper limit on the invisible branching fraction of the Higgs boson. The

indirect limit can be comparable or, at times, even stronger than the direct upper limit, viz.

see Ref. [22]. In our case, we find the indirect upper limit to be nearly comparable with the

latest direct upper limit from ATLAS [87] and our results do not change upon increasing the

direct upper limit on the invisible branching fraction of the Higgs boson from 13% to the

published limit of 19%.

• Gluino searches at the LHC: Searches by the ATLAS and CMS collaborations using

the LHC Run-II data collected at ⇠ 36 fb�1 and ⇠ 139 fb�1 of integrated luminosity has

excluded gluinos up to 2 TeV [91] and 2.2 TeV [92], respectively, at 95% C.L. for a bino-like

LSP with mass up to ⇠ 600 GeV. Correspondingly, we impose a lower limit of 2.2 TeV on

the gluino mass.

• Direct search of light Higgs bosons at the LHC: The ATLAS Collaboration has

searched for a Higgs boson decaying into a pair of light spin-zero particles (A1 or H1), one

of which further decay into bb̄ and the other decays into a pair of muons [93]. This search

probed the mass range of 20 GeV < MH1,A1 < 60 GeV using the LHC dataset collected at
p
s = 13 TeV corresponding to an integrated luminosity of 36.1 fb�1 and derived upper limits

on the production cross-section of the SM-like Higgs (H125) normalized with its SM value

(�H125/�HSM ) times the branching fraction of H125 ! A1A1 ! 2b2µ. We have computed

the value of �H125/�HSM ⇥Br(H125 ! A1A1 ! 2b2µ) at
p
s = 13 TeV for each point in the

parameter scape and exclude points which exceed the upper limit.
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The CMS collaboration has also searched for the exotic decay of a Higgs boson into two

pseudoscalar Higgses in the 2b2⌧ final state [47] and 2µ2⌧ final state [48]. From the
p
s =

13 TeV dataset collected with L ⇠ 36 fb
�1, upper limits were derived on �H125/�HSM ⇥

BR(H125 ! A1A1 ! bb̄⌧
+
⌧
�) and �H125/�HSM ⇥ BR(H125 ! A1A1 ! µ

+
µ
�
⌧
+
⌧
�) over

the mass range of 15 GeV < MA1 < 60 GeV. We have excluded points which exceed these

upper limits as well.

• Direct electroweakino searches at the LHC: Numerous searches have been performed

by both ATLAS and CMS, to probe the neutralinos and charginos, and limits have been

derived on the mass of electroweakinos within simplified model scenarios [94]. The most

stringent limits are o↵ered by the search channel pp ! (e�0
i ! Z/H125e�0

1)(e�
±
1 ! W

±e�0
1)

resulting in a 3l + E/T final state. A recent study by CMS which looked into the 3l + E/T
final state, originating from the cascade decay of directly produced mass degenerate wino-

like e�0
2e�

±
1 pair (e�0

2 ! Ze�0
1, e�±

1 ! W
±e�0

1), has excluded wino-like e�0
2, e�

±
1 up to ⇠ 600 GeV

for Me�0
1
. 60 GeV (Fig. 7 in [56]). It must be noted that this search assumes a 100%

branching ratio for Br(e�0
2 ! Ze�0

1) and Br(e�±
1 ! W

±e�0
1). In regards to the parameter space

considered in this study, e�0
2 has additional decay modes namely e�0

2 ! H1e�0
1, e�0

2 ! A1e�0
1

and e�0
2 ! H2e�0

1, and, therefore, the assumption of Br(e�0
2 ! e�0

1Z) ⇠ 100% does not always

hold true. As a result, the wino exclusion limit derived in [56] cannot be directly applied to

the parameter space of interest. The limits derived in [56] have been translated to the case

of higgsino-like NLSP’s (M2 > µ) in [42], where the direct production of mass-degenerate

higgsino-like e�0
2e�

±
1 and e�0

3e�
±
1 , is considered. This translation procedure enables recasting of

the electroweakino search limits derived within a simplified model framework to any generic

parameter space point. This translation scheme is implemented in the NMSSMTools-5.3.1

package, and has been used to evaluate the impact of direct electroweakino search limits in

the 3l+E/T final state, performed using LHC
p
s = 13 TeV dataset collected at ⇠ 36 fb�1 [56],

on the parameter space under study.

The ATLAS Collaboration has also probed the electroweakino sector via direct chargino pair-

production in the WW -mediated opposite-sign di-lepton + E/T final state within a simplified

model framework with wino-like e�±
1 [95]. This search was performed using the LHC Run-II

data collected with L ⇠ 139 fb�1. The limits obtained from this search exclude a wino-

like chargino up to Me�±
1

⇠ 400 GeV for a bino-like e�0
1 with mass up to Me�0

1
⇠ 90 GeV

assuming 100% branching ratio in the e�±
1 ! W

±e�0
1 channel. This condition holds true for

the parameter space considered in this study since the only possible two body decay mode

for e�±
1 is into a W

±e�0
1 pair. Therefore these search limits can directly be translated in the

current analysis by excluding dominantly wino-like charginos (wino-content in e�±
1 & 90%)

with mass Me�±
1
. 400 GeV.

• Direct detection constraints: The spin-independent (SI) and spin-dependent (SD) DM-

nucleon scattering cross sections form the basis of DM direct detection experiments.

In this work, we remain confined to the µ > 0 regime where the spin-independent WIMP-
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FIG. 1. Parameter space points are shown in the µ-M2 plane. The grey colored points are excluded by the

LEP limits, LHC signal strength constraints, B physics constraints, direct light Higgs searches at the LHC

and sparticle searches at the LHC. The green colored points are excluded by the latest limits on �SI at

90% C.L. from Xenon-1T [57] while the orange colored points are excluded by the current 95% C.L. limits

from direct electroweakino searches in 3l+E/T and 2l+E/T channels. The blue colored points represent the

currently allowed parameter space.

nucleon cross section (�SI) limits are more sensitive than the spin-dependent cross sections

(�SD), and impose the latest upper limits on �SI derived at 90% C.L. by the Xenon-1T

Collaboration [57] .

We illustrate in Fig. 1 the impact of current constraints in the M2-µ plane. The grey points

are excluded by either the LEP limits, LHC signal strength constraints, B physics constraints

or direct light Higgs searches and sparticle searches at the LHC. In particular, the points

generated in the large M2 region are excluded by constraints on the Higgs sector including

the requirement of having a Higgs around 125 GeV as well as the constraints on the Higgs

signal strengths and from the LEP searches for light Higgses. Indeed in this region, the

one-loop corrections to the Higgs masses from charginos can be large [60], thus impacting

both the mass spectrum of the scalars and their singlet/doublet content. Note also that the

Higgs sector depends strongly on the third generation squark sector, hence the impact of

the Higgs constraints could be relaxed in a more general framework where parameters of

the squark sector are allowed to vary, and not kept fixed as we have in Eq. (17). We also

indicate those points (green) that are excluded by the latest upper limits on spin-independent

WIMP-nucleon cross-section from the Xenon-1T experiment [57] and those (orange) that

are excluded by the current direct electroweakino searches limits discussed in Sec. IV. The

blue colored points represent the set of currently allowed parameter space points with light

neutralinos that we will use to study the impact of current indirect detection constraints and
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Excluded by LEP, LHC signal strengths,  
B physics, light Higgs,  LHC sparticles searches

Allowed region

Ruled out by  
LHC electroweakino

Ruled out by  
DD experiments

FIG. 4. The allowed parameter space points are shown in the Me�0
1
�Me�±

1
plane. The color palette represents

the fraction of singlino content in the LSP e�0
1.

The LEP limit on the chargino mass (Me�±
1
> 103.5 GeV) implies a lower limit on the doublet

higgsino and wino mass parameters and restricts them to values roughly above ⇠ 100 GeV. Since

our region of interest concerns Me�0
1
 MHSM /2, the e�0

1 has to be either bino-like or singlino-like.

However, a bino or singlino dominated e�0
1 can only satisfy the relic density upper bound if it

undergoes co-annihilation or pair annihilates via a resonance at roughly twice its mass. Within the

NMSSM parameter space considered in the present analysis, co-annihilation is not feasible since

there is a large mass splitting between the LSP and all other sparticles. Thus e�0
1e�0

1 annihilation

through an intermediate resonance remains the only feasible option with either a light scalar

and pseudoscalar Higgs states at mass ⇠ 2Me�0
1
. In the present analysis, M1 has been fixed at

⇠ 2 TeV. Therefore, the possibility of obtaining a bino-dominated e�0
1 is eliminated. Moreover, a

bino-dominated e�0
1 requires a non-zero doublet higgsino admixture in order to couple with a Higgs

state and since the chargino mass limits constrains the amount of higgsino fraction in e�0
1, the relic

density limit disfavors a bino-like LSP neutralino below the Z funnel region3. The singlino-like

neutralino, on the other hand, can couple with either a singlet scalar or pseudoscalar Higgs with

the coupling being proportional to N
2
15. Therefore the only possibility to obtain a LSP neutralino

below . 34 GeV that satisifes the relic density constraint, is to have a singlino-like e�0
1 and at least

one singlet Higgs states at roughly twice its mass.

A study of the composition of light pseudoscalar and scalar Higgses within the allowed parameter

space points show that A1 and H1 are dominantly singlet in nature4, with singlet fraction & 90%.

Similarly, in accordance with the previous discussion, the LSP neutralinos are also found to be

3
The possibility of Z funnel annihilation of a bino-like LSP also occurs in the MSSM and has been examined in

detail in Ref. [22]. Since our goal was to study new possibilities in the MSSM, we have taken the bino to be very

heavy in our study.

4
Similar features have also been reported in a recent work (see Ref. [49]).

15



the reach of future experiments.

• Indirect detection constraints: The indirect detection of DM aims at identifying the

visible signatures originating from interactions between the dark matter already present in

the universe. The FERMI-LAT Collaboration has derived constraints on the thermally av-

FIG. 2. The ⇠
2 scaled thermally averaged DM annihilation cross section times velocity (< �v >) in the

e�0
1e�0

1 ! bb̄ (left) and e�0
1e�0

1 ! ⌧
+
⌧
� (right) channels has been shown in the y-axis against Me�0

1
in the x-axis.

The parameter space points shown here are allowed by all the current constraints discussed till now in the

present section. The black dashed line represents the 95% C.L. upper limits on the < �v > from search for

excess �-ray emission in dwarf galaxies by the FERMI-LAT Collaboration [58]. The orange colored points

are excluded by the current indirect limits, while the blue colored points are still allowed.

eraged DM annihilation cross section times the relative velocity between the DM candidates

(h�vi) in e�0
1e�0

1 ! bb̄, ⌧
+
⌧
� channels [58]. In the current study, we use micrOMEGAs-5.0.6 to

compute h�vi. Recall that the annihilation rate scales as the square of the local dark matter

density. Assuming thermal DM, this then is scaled by a factor ⇠ = ⌦thermal
e�0
1

/0.12. This then

means that the detection rate will scale by ⇠
2. After this scaling, we find that only a few

points are constrained by current FERMI-LAT limits, see Fig. 2. Moreover values of h�vi
can lie several orders of magnitude below current upper limits.

The parameter space points from Fig. 2 which are allowed by all constraints discussed above

will be referred to as the allowed parameter space points in the remainder of this paper.

V. THE THERMAL NEUTRALINO

Having discussed the relevant experimental constraints, we will move on to discuss the char-

acteristic features of the NMSSM parameter space under study. At this point, we re-iterate that
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Light States in NMSSM : Relic 

MSSM light neutralinos Lower bound 

we remain confined to the region where the decay of SM-like Higgs boson into a pair of LSP neu-

tralinos is kinematically feasible, and, correspondingly, we impose an upper bound on the mass

of e�0
1, Me�0

1
 62.5 GeV. In addition, the parameter space is also subjected to the collider and

astrophysical constraints discussed in Sec. IV.

In the MSSM parameter space considered in our previous work [22], it was observed that the

imposition of the relic density constraint resulted in a lower bound (Me�0
1
& 34 GeV) on the mass of

the LSP neutralino. The lower bound on Me�0
1
was implied by the presence of only the Z boson and

the Higgs boson as mediators for e�cient e�0
1e�0

1 annihilation. Correspondingly, the MSSM parameter

space points were confined to the Z funnel (⇠ MZ/2) and Higgs-funnel (MH125/2) regions only.

The NMSSM framework, on the other hand, features additional light Higgses (H1 and A1) with

mass below MZ , which can potentially mediate the annihilation of lighter LSP neutralinos with

mass below the Z funnel region. Correspondingly, we obtain allowed parameter space points with

Me�0
1
as low as ⇠ 1 GeV, which are consistent with the upper bound on relic abundance.

FIG. 3. Correlation between the mass of the LSP neutralino (Me�0
1
) and the mass of the light pseudoscalar

Higgs (MA1) in the Me�0
1
and MA1 plane. The mass of lightest scalar Higgs (MH1) is represented along the

color axis. The black dashed line corresponds to MA1 = 2Me�0
1
. The parameter space points shown here are

allowed by all the constraints listed in Sec. IV.

In order to emphasize upon the mass correlations between the LSP neutralino and light Higgs

boson states, we plot the allowed parameter space points from Fig. 2 in the Me�0
1
-MA1 plane shown

in Fig. 3. The color palette in Fig. 3 represents the mass of lightest scalar Higgs boson, MH1 . It is

evident from Fig. 3 that the allowed points below the Z funnel region are mostly populated along

the line MA1 ⇠ 2Me�0
1
, those that lie below this line actually satisfy the condition MH1 ⇠ 2Me�0

1
.

Accord with the relic density constraint is then attained by e�cient annihilation via the A1/H1

resonance. We also exhibit the currently allowed parameter space points in the Me�0
1
�Me�±

1
plane

in Fig. 4. The color palette in Fig. 4 corresponds to the singlino content of the LSP.
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resonance. We also exhibit the currently allowed parameter space points in the Me�0
1
�Me�±

1
plane

in Fig. 4. The color palette in Fig. 4 corresponds to the singlino content of the LSP.

14

Outline of this work

The allowed parameter space

• The Â‰0
1 has to be bino or singlino

dominated.
• In such cases, �h

2 Æ 0.122 can be
satisfied only through co-annihilat-
ion or annihilation via resonance.

• For our parameter space,
co-annihilation ≠æ not feasible

• Only possibility æ annihilation via
resonance.

• We fix M1 at 2 TeV æ Â‰0
1 is always

singlino dominated.
• a1 and h1 is always singlet

dominated.

• Below the Z funnel region:
1 the allowed points are mostly

populated along Ma1 ≥ 2MÂ‰0
1
.

2 points away from the above
correlation have Mh1 ≥ 2MÂ‰0

1
.
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Light States in NMSSM : Invisible Higgs constraints 

An important observation to be made from the left frame of Fig. 5 is that CEPC will be able to

probe a small fraction of parameter space points in the Me�0
1
. 10 GeV region which may be forever

outside the reach of DM detectors unless directional detection technologies become available.

FIG. 5. Left: The currently allowed parameter space points from Fig. 2 are shown in the ⇠�SI �Me�0
1
plane.

The color palette represents the value of Br(H125 ! invisible) computed by summing over all invisible

decay modes of H125. The black colored points have Br(H125 ! invisible)  0.24%, and therefore, are

outside the projected reach of Higgs invisible width measurement capability of CEPC. The solid black,

dashed blue and red dashed lines represent the current upper limits on �SI from Xenon-1T, the projected

upper limits on �SI from Xenon-nT and the coherent neutrino scattering floor, respectively. Right: Allowed

parameter space points are shown in the Br(H125 ! invisible)�Me�0
1
plane. The black dashed lines represent

the projected capability of measuring the Higgs invisible branching fraction at(from top to bottom): HL-

LHC [98], FCC-ee [99], ILC [100], CEPC [97] and FCC-hh [101]. The orange colored points fall below the

coherent neutrino scattering floor, while the green colored points are outside Xenon-nT’s projected reach

and above the coherent neutrino scattering floor. The blue colored points are within the projected reach of

Xenon-nT.

The complementarity between direct detection experiments and Higgs boson invisible width

measurements at the future electron-positron colliders is further explored in Fig. 5 (right), where

the allowed parameter space points are displayed in the Br(H125 ! invisible) - Me�0
1
plane together

with the future reach of HL-LHC (& 2.8%) [98], FCC-ee (& 0.63%) [99], ILC (& 0.4%) [100], CEPC

(& 0.24%) [97] and FCC-hh (& 0.01%) [101]. The color code illustrates whether points are within

(blue) or outside (green and orange) the projected reach of Xenon-nT. The orange colored points

also lie below the coherent neutrino scattering floor. It can be observed from Fig. 5 (right) that a

majority of the points in the Me�0
1
& 10 GeV region would be accessible via invisible Higgs boson

branching fraction measurements at future e
+
e
� colliders, except when the invisible decay of H125

is kinematically suppressed.
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dominantly singlino in nature, as illustrated in Fig. 4.

VI. PROSPECTS AT FUTURE EXPERIMENTS

This section is subdivided into two parts. In the first part, we study the projected reach of

Xenon-nT (via bounds on the SI neutralino-nucleon scattering) and at the FCC, ILC and CEPC

(through the measurement of the invisible width of H125). The second part investigates the scope

of direct light Higgs boson searches in the 2b2µ, 2b2⌧ and 2µ2⌧ channels at the future upgrades

of LHC. This is, of course, in addition to continuing searches for signals from direct production of

superpartners at the LHC, some of which are discussed in Sec. VII.

A. Reach of Xenon-nT, FCC-hh and the future electron-positron colliders

The projected reach of Xenon-nT [96] in probing SI WIMP-nucleon cross-sections extends up to

a factor of ⇠ 50 beyond the current limits from Xenon-1T [57] in the DM mass range of ⇠ 15 GeV

to 62.5 GeV. Correspondingly, a considerable region of the currently allowed parameter space is

expected to lie within its future reach. We show the projected reach of Xenon-nT (represented

as blue dashed line) in the ⇠�SI - Me�0
1
plane in Fig. 5 (left). The points shown in Fig. 5 (left)

correspond to the currently allowed parameter space points. A significant fraction of those points

fall within the projected reach of Xenon-nT while another large fraction remain out of reach.

Moreover an important fraction of those points, especially at low masses, lie below the coherent

neutrino scattering floor and thus will remain out of reach of even larger detectors. In the same

figure, the black points represent those parameter space points for which the invisible branching

fraction of the SM-like Higgs boson, Br(H125 ! invisible) < 0.24%, and thereby, are outside the

projected reach of even the CEPC invisible Higgs boson branching fraction measurements [97].

The color palette represents the value of Br(H125 ! invisible) for those allowed parameter space

points which have Br(H125 ! invisible) > 0.24% and hence fall within the CEPC’s projected

capability of Higgs invisible branching fraction measurements. The invisible branching fraction

has been computed by adding the contributions from the following decay modes:

• H125 ! e�0
1e�0

1

• H125 ! A1A1 ! 4e�0
1

• H125 ! H1H1 ! 4e�0
1

• H125 ! e�0
2e�0

1 ! (e�0
2 ! H1e�0

1)e�0
1 ! (H1 ! e�0

1e�0
1)2e�0

1 ! 4e�0
1

• H125 ! e�0
2e�0

1 ! (e�0
2 ! A1e�0

1)e�0
1 ! (A1 ! e�0

1e�0
1)2e�0

1 ! 4e�0
1
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Outside the 
reach of CEPC

Below Neutrino 
Floor 

Within 
XenonNT

Prospects at future DD experiments and e+-e≠ colliders

Complementarity between future direct detection and invisible Higgs
measurements

Here, › is �h
2/0.122.

Black colored points
Br(H125 æ invisible) < 0.24% æ outside the
projected Higgs invisible measurement capability
of CEPC.

• CEPC will be able to probe the
green colored points in the
MÂ‰0

1
. 10 GeV region which may

be forever outside the reach of DM
detectors.

• CEPC will also be able to probe
points which are outside
Xenon-nT’s future reach and which
fall below the neutrino scattering
floor, over the entire mass range.
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Prospects at future DD experiments and e+-e≠ colliders

Higgs invisible measurement at future experiments
• Projected capability of future experiments to probe invisibly decaying Higgs

boson:

HL-LHC (& 2.8%) [CMS-PAS-FTR-16-002],
FCC-ee (& 0.63%) [1605.00100],
ILC (& 0.4%) [1310.0763],
CEPC (& 0.24%) [1811.10545],
FCC-hh (& 0.01%) [CERN-ACC-2018-045].
The CEPC projections are subjected to a global fit of the projected Higgs coupling
measurements. In this work, while evaluating the future capability of CEPC in probing the
allowed parameter space, the CEPC projection has been used as model-independent. A
more cautious study is needed.

In the present case, Br(H125 æ invisible) is composed of:

• H125 æ Â‰0
1 Â‰0

1

• H125 æ A1A1 æ 4Â‰0
1

• H125 æ H1H1 æ 4Â‰0
1

• H125 æ Â‰0
2 Â‰0

1 æ (Â‰0
2 æ H1 Â‰0

1)Â‰0
1 æ (H1 æ Â‰0

1 Â‰0
1)2Â‰0

1 æ 4Â‰0
1

• H125 æ Â‰0
2 Â‰0

1 æ (Â‰0
2 æ A1 Â‰0

1)Â‰0
1 æ (A1 æ Â‰0

1 Â‰0
1)2Â‰0

1 æ 4Â‰0
1
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Light States in NMSSM : constraints 
B. Direct searches for the light Higgs bosons at LHC luminosity and energy upgrades

FIG. 6. The allowed parameter space points (allowed by all constraints listed in Sec. IV) are shown in

the Br(H125 ! A1A1 ! 2b2µ) - MA1 plane. The orange and green colored points fall within the potential

reach of direct light Higgs searches in the 2b2µ channel, at HL-LHC and HE-LHC [59], respectively. The

blue colored points fall outside the projected reach of light Higgs searches in 2b2µ channel at HE-LHC.

The projected sensitivity of HL-LHC and HE-LHC in probing light A1 via direct searches in

the H125 ! A1A1 ! 2b2µ channel has been discussed in [59], where the corresponding 95% C.L.

projection contours on �H125/�HSM ⇥Br(H125 ! A1A1 ! 2b2µ) have also been derived, however,

under the assumption that �H125/�HSM = 1. We have translated these projection limits on to the

currently allowed NMSSM parameter space of our interest and the projected reach has been shown

in Fig. 6, where, the horizontal and vertical axes represent MA1 and Br(H125 ! A1A1 ! 2b2µ),

respectively. The orange colored points in Fig. 6 are within the projected reach of HL-LHC at

95% C.L. while the green colored points fall within the projected reach of HE-LHC at 95% C.L.

The blue colored parameter space points would be undetectable at HE-LHC via direct light Higgs

searches in the 2b2µ final state. These projections show that the discovery potential of light Higgs

bosons produced via direct decays of H125 is not very strong. Indeed no points are observable with

5� sensitivity. We note though that we have made no attempt to optimize the analysis (which was

based on an ATLAS analysis for ⇠ 36 fb�1) for either the increased luminosity or increased energy

of the HE-LHC. Our conclusion should be viewed with caution.

Projected limits from direct light Higgs searches in the 2b2µ channel, at the HL-LHC and the

HE-LHC, has the potential to probe the MA1 & 15 GeV region (as shown in Fig. 6), however, it

could be observed that a major region of the currently allowed parameter space lies outside its

reach. It is to be noted that, along with light scalars and pseudoscalars, the particle spectrum

of the parameter space under study also features light electroweakinos. Therefore, the question

18

Not optimized, room for improvement 
Dedicated simulation required 

Prospects at future DD experiments and e+-e≠ colliders

Projected reach of future light Higgs searches

The future projections have been taken from 1902.00134 (Report from WG 2: Higgs Physics at the HL-LHC
and HE-LHC, M. Cepeda et. al.) and translated to our allowed parameter space.

• The results indicate that the discovery potential of light Higgs bosons produced via direct
decays of H125 is not very strong.

• We made no attempt to optimize the analysis for increased luminosity or increased energy.
So, our conclusion must be viewed with caution.

• Light Higgs searches in the future lepton colliders have an improved projected reach
Rahool Snowmass EF BSM joint sessions July 7, 2020 13 / 36



Light States in NMSSM : Projections 

Collider reach of HE-LHC and HL-LHC 

• Simple cut based optimized analysis 
• Target WZ and WH mediated 3l + MET channel for Higgsino production 
• Projections translated to allowed NMSSM parameter space 
• Map out Efficiency grids in the Higgsino-LSP mass plane



Projected reach of electroweakino searches at the HL-LHC and HE-LHC

WZ -mediated 3l + E/T at the HL-LHC

The following signal regions (SR) are used. We choose SRs optimized for large (BPB1, BPD1,
BPG1), intermediate (BPE1, BPF1, BPH1) and small (BPA1, BPC1, BPF1) mass di�erence
between NLSPs and the LSP.

Benchmark points
BPA1 BPB1 BPC1 BPD1 BPE1 BPF1 BPG1 BPH1

MÂ‰0
2,Â‰0

3,Â‰±
1

[GeV]
130 310 310 610 610 610 1000 1000

MÂ‰0
1

[GeV] 30 0 210 0 300 510 0 420
Kinematic Signal regions
variables SRA1 SRB1 SRC1 SRD1 SRE1 SRF1 SRG1 SRH1
��lW E/T

Æ 0.2 - Æ 1.5 - - - - -
��SFOS≠E/T

- [2.7 : fi] [1.8 : fi] [1.5 : fi] [1.8 : fi] - [1.6 : fi] [1.5 : fi]
�RSFOS [1.4 : 3.8] [0.3 : 2.1] - [0.1 : 1.3] [0.1 : 1.3] [1.6 : 4.0] [0.1 : 1.0] [0.1 : 1.3]

E/T [GeV] [50 : 290] Ø 220 [100 :
380] Ø 200 Ø 250 - Ø 200 Ø 200

M
lW
T [GeV] - Ø 100 [100 :

225] Ø 300 Ø 150 [150 :
350] Ø 150 Ø 200

M
lW
CT [GeV] - Ø 100 - Ø 100 Ø 150 [100 :

400] Ø 200 Ø 200

p
l1
T [GeV] [50 : 150] Ø 120 [60 : 110] Ø 150 Ø 150 [60 : 150] Ø 210 Ø 200

p
l2
T [GeV] [50 : 110] Ø 60 Ø 30 Ø 100 Ø 100 [50 : 80] Ø 150 Ø 100

p
l3
T [GeV] Ø 30 Ø 30 Ø 30 Ø 50 Ø 50 [30 : 60] Ø 50 Ø 50

Background generation (at LO) done using MadGraph5 aMC@NLO. Signal
generated using Pythia-6 and detector e�ects simulated with Delphes-3.4.2.
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Projected reach of electroweakino searches at the HL-LHC and HE-LHC

WZ -mediated 3l + E/T at the HL-LHC

Projected reach of wino searches in the
WZ mediated 3l + E/T final state at the

HL-LHC.

Our projection results are comparable with the
ATLAS projections in ATL-PHYS-PUB-2018-

048 (discovery (exclusion) upto
≥950 (≥ 1110) GeV for massless LSP at 95%

C.L.).

E�ciency maps:

Rahool Snowmass EF BSM joint sessions July 7, 2020 17 / 36



Projected reach of electroweakino searches at the HL-LHC and HE-LHC

WZ -mediated 3l + E/T at the HL-LHC

Projected reach of wino searches in the
WZ mediated 3l + E/T final state at the

HL-LHC.

Our projection results are comparable with the
ATLAS projections in ATL-PHYS-PUB-2018-

048 (discovery (exclusion) upto
≥950 (≥ 1110) GeV for massless LSP at 95%

C.L.).

Projected reach of higgsino searches in
the WZ mediated 3l + E/T final state at

the HL-LHC.

A systematic uncertainty of 5% has been
assumed in these analyses.
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Projected reach of electroweakino searches at the HL-LHC and HE-LHC

Impact on allowed NMSSM parameter space

• In our allowed parameter region, Â‰0
2, Â‰0

3, Â‰0
4, Â‰±

1 , Â‰±
2 are either higgsino-like,

wino-like or wino-higgsino admixtures.
• Direct chargino-neutralino pair production modes which can potentially

contribute to WZ mediated 3l + E/T: Â‰0
2 Â‰±

1 , Â‰0
2 Â‰±

2 , Â‰0
3 Â‰±

1 , Â‰0
3 Â‰±

2 , Â‰0
4 Â‰±

1 and
Â‰0

4 Â‰±
2

• The direct production cross-section (‡Â‰0
i Â‰±

j
) is computed by scaling the pure

higgsino cross-section with the respective reduced squared W Â‰0
i Â‰±

j couplings:

C
2
W Â‰0

i Â‰±
j

=
;1

Ni3 Vj2 ≠ Ni2 Vj1
Ô

2
22

+
1

Ni4 Uj2 + Ni2 Uj1
Ô

2
22

<

U/V are the chargino mixing matrices while N represents the neutralino mixing matrix.
• The signal yield for a particular parameter space point is computed for all the

signal regions through:
S = ‡Â‰0

i Â‰±
j

◊ (Relevant Br ratios) ◊ (L = 3000 fb≠1) ◊ Signal e�ciency (1)

• The signal e�ciency is obtained from the e�ciency maps shown earlier.
• The signal significance (S‡) is computed as: S/

Ò
B + (B · sys un)2, by

adopting the signal region that yields the highest S‡. Here, B stands for
background.
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Projected reach of electroweakino searches at the HL-LHC and HE-LHC

Impact on allowed NMSSM parameter space

Color code: Green: S‡ > 5, light blue: 2 < S‡ < 5, dark blue: S‡ < 2

• The observation of a signal is an
interplay between the production
cross-section and signal
e�ciency.

• At large values of M2, µ (near
BPA) æ large e�ciency but
smaller production cross-section
æ kinematically suppressed
signal.

• At smaller values of M2, µ, æ larger production cross-section but signal e�ciencies reduce.
• The dark blue points near BPC have S‡ marginally less than 2‡ on account of smaller

e�ciency from SRB1 and suppressed Â‰0
2 æ ZÂ‰0

1.

• In BPB and BPC , the dominant production mode is Â‰0
2Â‰±

1 , and Â‰0
2 dominantly decays into

H125 + Â‰0
1 with branching rates of 82% and 92%, respectively æ reduced sensitivity in WZ

mediated channels.
• Direct searches in WH125 mediated channels could be more e�ective for these benchmarks.
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BPC (403 GeV, 200 GeV)



Projected reach of electroweakino searches at the HL-LHC and HE-LHC

WH125-mediated 3l + E/T at the HL-LHC

• Here, we use the optimized signal region
cuts from ATL-PHYS-PUB-2014-010.

The figure at the bottom shows the projected
reach on the currently allowed region æ direct
searches in the WH125 mediated 3l + E/T
channel are more e�ective in probing the
M2 . µ region of parameter space.

• BPB and BPC : outside the reach of direct
searches in WZ mediated 3l + E/T, but fall
within the discovery reach of direct
searches in the WH125 mediated channel.

• Similarly, the M2 . 150 GeV region in this
figure shows 5‡ sensitivity via the WZ
mediated 3l + E/T search channel.

• We observe a striking complementarity in
the search power via WZ and WH125
mediated 3l + E/T search channels..
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Projected reach of electroweakino searches at the HL-LHC and HE-LHC

Projected reach of doublet higgsino searches at the HE-LHC

Color code: Grey: projected discovery region, light blue: projected exclusion region

• We optimize 7 di�erent signal regions to
perform this search.

• Projected exclusion reach at the HL-LHC
was only up to ≥ 600 GeV.

• We perform our own collider analysis and
10 optimized signal regions are considered.

• Considerable improvement over its
HL-LHC counterpart. Projected exclusion
reach at the HL-LHC was only up to
≥ 1000 GeV for massless Â‰0

1.
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Projected reach of electroweakino searches at the HL-LHC and HE-LHC

Scope of other complementary search channels in BPB

Â‰0
1 Â‰0

2 Â‰0
3 Â‰0

4 Â‰±
1 Â‰±

2
Mass [GeV] 60.4 421 734 742 421 741

wino % 10≠5 0.96 2 ◊ 10≠3 0.04 0.94 0.06
higgsino % 10≠4 0.04 0.99 0.96 0.06 0.94

Singlino fraction in Â‰0
1: 0.99 MH1 = 97.2 GeV, MA1 = 99 GeV

Cross-section (fb) Â‰0
2 Â‰±

1 Â‰0
2 Â‰±

2 Â‰0
3 Â‰±

1 Â‰0
3 Â‰±

2 Â‰0
4 Â‰±

1 Â‰0
4 Â‰±

2Ô
s = 14 TeV 104 0.27 0.28 2.1 0.25 2.3Ô
s = 27 TeV 363 1.1 1.1 10.2 1.0 11.2

Branching ratio

Â‰0
2 æ Â‰0

1Z (0.04), Â‰0
1H125 (0.82), Â‰0

1H1 (0.14)
Â‰0

3 æ Â‰0
1Z (0.13), Â‰0

1H125 (0.10), Â‰0
1H1 (0.01), Â‰±

1 W
û (0.51), Â‰0

2Z (0.23), Â‰0
2H125 (0.01)

Â‰0
4 æ Â‰0

1Z (0.12), Â‰0
1H125 (0.11), Â‰±

1 W
û (0.53)

Â‰0
4 æ Â‰0

2Z (0.02), Â‰0
2H125 (0.21)

Significance at HL-LHC: WZ mediated 3l + E/T: 1.5, WH125 mediated 3l + E/T: 5.3
Significance at HE-LHC: WZ mediated 3l + E/T: 4.4, WH125 mediated 3l + E/T: 34

• Notice the presence of other cascade decay modes:
1 Â‰0

3 can decay into Â‰0
2Z , while Â‰0

2 can decay into Â‰0
1H1 or Â‰0

1H125.
2 Â‰0

3 is dominantly produced in association with Â‰±
2 , which can decay into

Z/H125 + Â‰±
1 or W

± + Â‰0
2/Â‰0

1 with appreciable rates.
3 Â‰0

3 Â‰±
2 can eventually lead to rich final states including VV + E/T or

V /Z/H1 + E/T. Although, ‡(Â‰0
3 Â‰±

2 ) is small for BPB , but one obtain points
with relatively larger ‡(Â‰0

3 Â‰±
2 ), for. eg. BPC with ‡(Â‰0

3 Â‰±
2 ) ≥ 24.8 fb.

• 3l + E/T channels might not be most the e�cient ones in the presence of these cascade
decay channels.

• Dedicated searches beyond the scope of this work will be needed to explore these novel
signals.
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Projected reach of electroweakino searches at the HL-LHC and HE-LHC

Projected reach of EW ino searches at the HE-LHC on the allowed parameter space

Color code: Green: S‡ > 5, light blue: 2 < S‡ < 5, dark blue: S‡ < 2

The HE-LHC provides a larger
discovery opportunity than the
HL-LHC for the detection of NMSSM
inos with light LSP.

Combination of EW ino searches in
the WZ and WH125 mediated 3l + E/T

channel will probe all the currently
allowed parameter space points at

discovery potential.
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Projected reach of electroweakino searches at the HL-LHC and HE-LHC

Future directions
Light Higgs phenomenology

• Benchmark studies focused on exploring the parameter region with light H1/A1 at the
future high-energy colliders through dedicated searches in various final states, viz. the 4·
final state.

• Study of complementarity between the direct light Higgs search projections and the
invisible Higgs width measurement capability of the linear colliders.

The alternate probes for electroweakino searches

• Benchmark points BPB and BPC indicated towards the possibility of having cascade decays
which culminate in final states which are di�erent from the traditional search channels.

• These novel search modes might provide complementary probes for benchmark points with
cascade decays and could increase the discovery reach at the future colliders.

A comprehensive study of the light singlino region of parameter space

• We find light singlino-like LSPs with mass as small as ≥1 GeV compatible with the current
collider, astrophysical and cosmological constraints.

• Despite having a pseudoscalar Higgs as the mediator, the annihilation cross-section of these
light singlinos is found to be small enough to avoid any implications from the current
indirect constraints while also generating an under-abundant relic.

• This sector would require a more careful study.
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Projected reach of electroweakino searches at the HL-LHC and HE-LHC

Benchmark points

Benchmark points Input parameters

BPA
⁄ = 0.3, Ÿ = 0.01, tan — = 9.5, A⁄ = 6687 GeV, AŸ = 5.2 GeV,

µ = 717 GeV, M2 = 1244 GeV, M3 = 2301 GeV

BPB
⁄ = 0.44, Ÿ = 0.02, tan — = 11.8, A⁄ = 8894 GeV, AŸ = -57 GeV,

µ = 717 GeV, M2 = 400 GeV, M3 = 4323 GeV

BPC
⁄ = 0.08, Ÿ = 3 ◊ 10≠4, tan — = 18, A⁄ = 6563 GeV, AŸ = -7.9 GeV,

µ = 403 GeV, M2 = 200 GeV M3 = 3080 GeV

BPD
⁄ = 0.44, Ÿ = 0.02, tan — = 15.6, A⁄ = 585 GeV, AŸ = 9501 GeV,

µ = 585 GeV, M2 = 952 GeV, M3 = 4457 GeV

BPE
⁄ = 0.27, Ÿ = 0.02, tan — = 11.6, A⁄ = 5875 GeV, AŸ = 12 GeV,

µ = 518 GeV, M2 = 696 GeV, M3 = 3634 GeV

BPF
⁄ = 0.30, Ÿ = 0.01, tan — = 11.2, A⁄ = 6319 GeV, AŸ = 17 GeV,

µ = 571 GeV, M2 = 555 GeV, M3 = 2687 GeV

BPG
⁄ = 0.42, Ÿ = 0.02, tan — = 15.9, A⁄ = 8638 GeV, AŸ = 43.4 GeV,

µ = 515 GeV, M2 = 396 GeV, M3 = 2903 GeV

BPH
⁄ = 0.02, Ÿ = 7 ◊ 10≠5, tan — = 25.5, A⁄ = 7348 GeV, AŸ = -7.3 GeV,

µ = 302 GeV, M2 = 204 GeV, M3 = 2239 GeV

BPI
⁄ = 0.02, Ÿ = 6 ◊ 10≠5, tan — = 27.6, A⁄ = 6924 GeV, AŸ = -5.7 GeV,

µ = 262 GeV, M2 = 210 GeV, M3 = 2217 GeV
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