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1 Introduction

Despite considerable efforts the ATLAS and CMS collaborations have not (yet?) discovered

supersymmetric particles at the LHC [1, 2]. The most stringent limits are on the masses of

squarks and gluinos with strong interactions, but electroweakly interacting supersymmetric

particles (charginos χ±i and neutralinos χ0
i ) can and have also been searched for.

Among the electroweakly interacting supersymmetric particles are the higgsinos, the

fermionic superpartners of the two scalar Higgs doublets Hu and Hd required in super-

symmetry (Susy). The higgsinos include a chargino with a Dirac mass µ, and two neutral

Majorana fermions which are part of the neutralinos. Charginos have been searched for

at LEP, and masses below ∼ 100 GeV have been ruled out [3, 4] implying a corresponding

lower bound on |µ|.
µ is a supersymmetric mass term and generates a positive mass squared term µ2 in the

scalar potential for both SU(2) doublets Hu and Hd, both of which must have non-vanishing

vacuum expectation values (vevs) in order to generate up- and down-type quark masses.

At least for Hu, the positive mass squared term µ2 must be cancelled by a negative soft

SUSY breaking mass term m2
Hu

such that µ2 + m2
Hu

< 0 leading to −µ2 −m2
Hu
≈ M2

Z/2.

Such a cancellation becomes unnatural if each of these terms were much larger than M2
Z ,

i.e. >∼ (300GeV)2. This argument applies both in the MSSM [5–7] (see e.g. [8–11]) and in

the NMSSM [12, 13] (see e.g. [14, 15]), where µ ≡ λ 〈S〉 is generated by the vev 〈S〉 of a

scalar singlet S and λ is a higgsino-S Yukawa coupling.

The lightest neutralino, stable if R-parity is conserved and if it is the lightest super-

symmetric particle (LSP), is a candidate for dark matter. Besides the higgsinos, addi-

tional neutralinos are neutral electroweak gauginos (bino and the neutral wino) and, in the

NMSSM, the singlino, the supersymmetric partner of the scalar S. If one assumes Grand

Unification of the gaugino masses lower bounds on the gluino mass M3 imply also lower

bounds on the bino and wino masses M1 and M2, respectively. This assumption implies

M1 : M2 : M3 ≈ 1 : 2 : 6 depending somewhat on threshold corrections to the running

masses and radiative corrections to pole masses. Then, if M3 >∼ 2 TeV (or more) is con-

firmed in the future, it is natural for the wino and bino masses M2,M1 to be larger than

the higgsino mass parameter µ.
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In the MSSM, the neutral higgsinos (nearly mass degenerate with the higgsino-like

charginos) would then play the rôle of the LSP. However, a nearly pure higgsino LSP is

known to be an imperfect candidate for dark matter: unless very heavy with a mass beyond

1 TeV, it annihilates too fast in the early universe implying a too small relic density [16].

(The situation might be remedied introducing additional axions as the dominant component

of dark matter in the MSSM [9, 11]. Alternatively, a non-thermal higgsino production in

the early universe can be invoked; this scenario is severly constrained by limits from direct

dark matter detection experiments [17].)

In the NMSSM it is natural for the singlino to be quite light; the singlino (Majorana)

mass parameter 2κ 〈S〉 (where κ is a singlino-Singlet Yukawa coupling) might even vanish

for κ → 0 in which case a small singlino mass results only from mixing with the neutral

higgsinos. Still, such a mostly singlino-like LSP is good dark matter candidate [18] since its

relic density can be reduced to the observed value via various processes like a mostly singlet-

like pseudoscalar in the s-channel, chargino exchange in the t-channel or co-annihilation.

Furthermore a mostly singlino-like LSP can easily satisfy limits from direct and indirect

dark matter detection experiments; its spin-independent direct detection cross section can

even fall below the neutrino floor [19, 20].

It is the purpose of the present paper to investigate in how far this attractive scenario

within the NMSSM is tested by the most recent direct dark matter detection experiments

PICO-2L [21], LUX [22, 23] and PandaX-II [24, 25], in combination with searches at the

LHC for electroweakinos at run I and, in the future, by the high luminosity (HL) LHC.

At the LHC, charginos (higgsino-like or wino-like) can be pair produced, or in asso-

ciation with neutralinos χ0
i . The lightest chargino can decay via possibly virtual W±(∗)

bosons or, if kinematically possible, via sleptons. The search channels are typically miss-

ing transverse energy Emiss
T plus two leptons (from leptonic decays of two W± bosons in

the case of chargino pair production), or three leptons from pp → W (∗) → χ±1 + χ0
2 with

χ±1 → W (∗) + χ0
1, χ0

2 → Z(∗) + χ0
1 and leptonic decays of both W (∗) and Z(∗). This Emiss

T

+ three lepton channel has typically the farthest reach in mass. Another search channel is

WH (where H is the Higgs boson of the Standard Model), where one assumes a χ0
2 decay

of the form χ0
2 → H + χ0

1, still concentrating on the leptonic W (∗) decay.

Previous studies of constraints on, phenomenological aspects and future prospects of

the light singlino scenario in the NMSSM have been performed in [15, 20, 26–58]. Here we

proceed as follows: in the plane defined by the chargino (charged higgsino) mass Mχ±
1
<

300 GeV and the (mostly singlino-like) LSP mass Mχ0
1
< Mχ±

1
we look for regions which

are or will be definitely excluded by present dark matter searches and/or searches at the

LHC. To this end we use the code NMSSMTools 5.0.1 [59, 60] with NMSDECAY [61] to

compute the spectrum, couplings and branching fractions, and fix the less relevant soft

Susy breaking parameters to quite pessimistic values: the squark masses of the first two

generations to 3 TeV, the slepton masses to 1 TeV (disregarding a possible contribution to

the muon anomalous magnetic moment), the gaugino masses M3, M2 and M1 to 2.1 TeV,

700 GeV and 350 GeV, respectively, only Atop and the stop masses are varied to ensure a

Standard Model-like Higgs scalar with a mass of about 125 GeV. The NMSSM specific

Yukawa couplings λ and κ, the soft Susy breaking terms Aλ and Aκ, µ and tanβ are varied

– 2 –
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for given points in the Mχ±
1
−Mχ0

1
plane. Actually Mχ±

1
defines essentially µ, and Mχ0

1
the

ratio κ/λ.

The remaining parameters are still varied in order to find the strict boundaries in the

above defined plane. These originate from a dark matter relic density consistent with the

WMAP/Planck value ΩDMh
2 = 0.1187 [62, 63], allowing for a 10% theory error, and from

upper limits on spin-dependent and spin-independent direct detection cross sections from

PICO-2L [21], LUX [22, 23] and PandaX-II [24, 25]. The dark matter relic density and

the spin-dependent and spin-independent direct detection cross sections are computed with

help of micrOMEGAS 3 [64].

In addition various other phenomenological constraints are required to be satisfied.

These are notably constraints from LEP on the invisible Z width, from searches for

charginos and associate production of neutralinos by DELPHI [65] and OPAL [66], and

from searches for MSSM Higgs bosons [67] (which are relevant for a lighter mostly singlet-

like scalar). Relevant constraints from the LHC stem from the ATLAS and CMS combina-

tions of Standard Model-like Higgs boson production and decay rates [68], which constrain

possible exotic decays into pairs of NMSSM-like scalars, pseudoscalars or singlinos with

masses below ∼ 60 GeV. The lower limit on the combined signal rates into the WW/ZZ

channels is actually more relevant than the direct searches for exotic decays. All these

constraints are implemented in NMSSMTools 5.0.1.

In the next section we describe the model and, in more detail, the constraints from

dark matter in the various regions of the Mχ0
1
− Mχ±

1
plane. In section 3 we describe

our simulations of signals at the LHC, their comparisons with constraints from run I and

prospects for the High Luminosity LHC (based essentially on CheckMATE [69–71]). We

conclude in section 4 with a summary and outlook.

2 The NMSSM and the singlino relic density

We consider the NMSSM with the scale invariant superpotential

WNMSSM = λŜĤu · Ĥd +
κ

3
Ŝ3 + . . . (2.1)

where the dots denote the Yukawa couplings of the superfields Ĥu and Ĥd to the quarks

and leptons as in the MSSM. Once the scalar component of the superfield Ŝ develops a

vev 〈S〉 ≡ s, the first term in WNMSSM generates an effective µ-term with

µeff = λ s . (2.2)

Subsequently the index eff of µ will be omitted for simplicity. µ generates a Dirac mass

term for the charged and neutral SU(2) doublet higgsinos ψu and ψd. Additional charginos

are the charged winos with a mass term M2. As stated in the introduction we assume

M2 = 700 GeV which leads to little mixing <∼ 3% between the charged higgsinos and winos.

– 3 –
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Of particular importance will be the neutralino sector. Altogether the symmetric 5×5

mass matrix M0 in the basis ψ0 = (−iB̃,−iW̃ 3, ψ0
d, ψ

0
u, ψS) is given by [13]

M0 =



M1 0 −g1vd√
2

g1vu√
2

0

M2
g2vd√

2
−g2vu√

2
0

0 −µ −λvu
0 −λvd

2κs


(2.3)

where v2
u + v2

d = v2 ' (174 GeV)2 and vu
vd

= tanβ. The eigenstates of M0 are denoted by

χ0
i , i = 1 . . . 5 ordered in mass. Henceforth the LSP is identified with χ0

1.

Another important rôle will be played by the singlet-like scalar and pseudoscalar Higgs

masses. The CP-even sector comprises three physical states which are linear combinations

of the real components (HdR, HuR, SR). The (3,3) element of the 3 × 3 CP-even mass

matrix M2
S reads in this basis

M2
S,33 ≡M2

SR,SR
= λAλ

vuvd
s

+ κs(Aκ + 4κs) ; (2.4)

it corresponds essentially to the mass squared of the mostly singlet-like eigenstate. Another

eigenstate must correspond to a Standard Model-like Higgs boson H125 with its mass ∼
125 GeV, and nearly Standard Model-like couplings to quarks, leptons and gauge bosons. A

third MSSM-like eigenstate has a mass of about 2µ(Aλ+κs)
sin 2β . In the regions of the parameter

space of interest here we always find that the mostly singlet-like eigenstate is the lightest

CP-even scalar H1, the Standard-Model-like Higgs boson H125 is the second lightest CP-

even scalar H2, and the MSSM-like state is the third CP-even scalar H3.

The CP-odd sector consists in the linear combinations of the imaginary components

(HdI , HuI , SI). The (3,3) element of the 3× 3 CP-odd mass matrixM2
P reads in this basis

M2
P,33 ≡M2

SI ,SI
= λ(Aλ + 4κs)

vuvd
s
− 3κAκs ; (2.5)

again it corresponds essentially to the mass squared of the mostly singlet-like eigenstate.

Other eigenstates are the electroweak Goldstone boson, and an MSSM-like eigenstate again

with a mass of about 2µ(Aλ+κs)
sin 2β . The masses of the MSSM-like Higgs bosons are bounded

from below to >∼ 300−400 GeV due to constraints from b→ sγ on the charged Higgs boson

whose mass is similar to the ones of the CP-even and CP-odd neutral scalars. Subsequently

the lightest mostly singlet-like CP-odd eigenstate will be denoted by A1.

From eqs. (2.3)–(2.5) one can derive the sum rule [31]

M2
ψS ,ψS

≡ 4κ2s2 = M2
SR,SR

+
1

3
M2
SI ,SI

− 4

3
vuvd

(
λ2Aλ

µ
+ κ

)
(2.6)

which relates, up to modifications by mixing, the singlet-like neutralino, CP-even and CP-

odd Higgs masses. Notably for sizeable tan β (i.e. small vd) and not too large Aλ and

Yukawa couplings λ and κ the last term in eq. (2.6) is negligible.
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In the following we consider, for reasons of naturalness as discussed in the introduction,

a µ parameter <∼ 300 GeV - below the bino and wino masses - and hence a dominantly

singlino-like LSP χ0
1 (singlino for short). Assuming a standard thermal history of the

universe with a singlino in thermal equilibrium at temperatures above its mass, its anni-

hilation rate must be sufficiently large such that its relic density today complies with the

WMAP/Planck value ΩDMh
2 = 0.1187 [62, 63]. Various processes can give a large enough

annihilation cross section:

• Annihilation via a pseudoscalar in the s-channel. For singlino masses Mχ0
1

below

µ as assumed here this pseudoscalar is the singlet-like A1 with its mass given in

eq. (2.5) (up to a small shift through mixing). For Mχ0
1

below ≈ 100 GeV, MA1

should be about 2×Mχ0
1

such that the annihilation cross section is enhanced by the

s-channel pole (depending on κ and the mixing of A1 with the MSSM-like SU(2)-

doublet pseudoscalar which induces its couplings to quarks and leptons). For Mχ0
1

above ≈ 100 GeV MA1 can be smaller than 2×Mχ0
1

allowing for the LSP annihilation

via A∗1 → A1 + H1 provided MH1 is small enough. For Mχ0
1

above ≈ mtop the

annihilation via A∗1 → tt̄ becomes possible.

• Annihilation into a pair of W bosons via (higgsino-like) chargino exchange in the

t-channel. This t-channel process is strong enough to be dominant only for singlino

masses above ∼ 100 GeV.

• Annihilation via the Z boson in the s-channel if the singlino mass is about half the

Z mass.

• Annihilation via the Standard Model-like Higgs boson H125 in the s-channel if the

singlino mass is about half the Higgs mass.

• Coannihilation with higgsinos is possible in principle, but strongly limited by the

constraints discussed in the introduction and below.

Annihilation via A1 ∼ SI in the s-channel with a pseudoscalar mass about twice the

mass of the singlino is constrained by eq. (2.6): replacing M2
SI ,SI

by ∼ 4M2
ψS ,ψS

eq. (2.6)

becomes
1

3
M2
ψS ,ψS

= −M2
SR,SR

+
4

3
vuvd

(
λ2Aλ

µ
+ κ

)
(2.7)

leading to a negative CP-even scalar mass squared if the terms ∼ vuvd are neglected.

This conclusion is avoided if one takes into account that the physical masses are obtained

through diagonalization of the mass matrices and shifted by mixing. In the cases of the

scalars this effect would be contraproductive: for small M2
SR,SR

below (125 GeV)2, mixing

with the Standard-Model-like or MSSM-like Higgs bosons would decrease the eigenvalue

of M2
S corresponding to M2

H1
even further. Likewise, mixing in the CP-odd sector among

the singlet-like and the heavier MSSM-like states reduces the physical mass of the mostly

singlet-like state A1, aggravating the consequences of the sum rule (2.6) if MA1 is required

to be about twice as large as the singlino mass.

– 5 –
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In the neutralino sector, on the other hand, mixing reduces the mass of the singlino

and allows it to be about half of the pseudoscalar mass for positive (albeit small) CP-even

masses squared. Such mixing requires the term −λvu in the mass matrix (2.6) to be not

too small. Altogether the scenario where annihilation via A1 with MA1 ∼ 2Mχ0
1

leads to a

satisfactory relic density is characterized by

— a light singlet-like CP-even scalar H1,

— a non-negligible higgsino component of the dominantly singlino-like LSP χ0
1,

— the latter requires a non-negligible value of λ ∼ 0.1 − 0.4 (larger for larger higgsino

masses ∼ µ relative to Mχ0
1
).

Correspondingly this scenario is subject to the following constraints:

— H1 must satisfy constraints from Higgs searches at LEP,

— theBR(H125 → H1H1) must remain below ∼ 10% in order not to reduce the Standard

Model-like signal rates of H125 below its present limits,

— the spin-independent direct detection rate mediated by H1 in the t-channel must

satisfy the (Mχ0
1

dependent) bounds from LUX [23] and PandaX-II [24],

— for Mχ0
1

+ µ below ∼ 200 GeV limits from DELPHI [65] and OPAL [66] on Z∗ →
χ0

1 + χ0
2,3 must be satisfied,

— and, of course, the relic density must coincide with the WMAP/Planck value ΩDM =

0.1187± 10%.

As stated in the introduction, the NMSSM specific Yukawa couplings λ and κ, the soft

Susy breaking terms Aλ and Aκ, µ and tanβ are varied in order to satisfy all constraints

if possible. Still, the combination of these constraints rules out regions in the Mχ0
1
−Mχ±

1

plane characterized by Mχ±
1
∼ µ <∼ 240 GeV and Mχ0

1
<∼ 100 GeV (for Mχ0

1
>∼ 100 GeV,

annihilation via A∗1 → A1 + H1 dominates). These forbidden regions are indicated in

blue in figure 1. The dominant constraints inside these blue regions are indicated by

“relic density too large or σSI too large”, where σSI indicates the spin independent direct

detection cross section. The limits of LUX and PandaX-II become weaker for smaller Mχ0
1
;

for Mχ0
1
<∼ 10 GeV the constraints from LEP become dominant, but for Mχ0

1
<∼ 5 GeV

all constraints can be satisfied for any value of Mχ±
1

. Of course, for Mχ0
1
∼ MZ/2 or

Mχ0
1
∼MH125/2 annihilation via these bosons in the s-channel is possible, and some of the

above constraints are relaxed.

Another forbidden region appears for Mχ0
1

too close toMχ±
1
∼ µ ∼Mχ0

2,3
. There mixing

between χ0
1 and the higgsinos χ0

2,3 cannot be avoided, and the higgsino component of χ0
1

implies a spin-dependent direct detection rate via Z exchange in conflict with constraints

from LUX [22] and PandaX-II [25]. (The importance of recent constraints from spin-

dependent direct detection experiments on the viable parameter space of the NMSSM has

recently been underlined in [58].) Also the relic density tends to be too small if χ0
1 has a

– 6 –
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Figure 1. In the blue regions it is impossible to satisfy simultaneously all constraints from a good

dark matter relic density, direct dark matter detection cross sections, LEP searches for lighter Higgs

bosons and neutralinos, and Higgs signal rates (i.e. the absence of exotic decays) as measured at the

LHC. In the viable white regions the dominant processes are indicated which lead to an acceptable

relic density.

large higgsino component. This region is indicated by “relic density too small and/or σSI
too large” in figure 1.

In the remaining white (allowed) regions in figure 1 we have indicated the dominant

processes which allow for a satisfactory relic density of the singlino-like χ0
1. Of course, not

all parameter values leading to Mχ0
1

and Mχ±
1

in the white regions are allowed, but at least

one particular choice of parameter values gives a conflict-free good relic density.

Actually, due to the presence of the additional lighter mostly singlet-like Higgs boson

H1 in this scenario, the upper bounds on the spin-independent dark matter cross section

mentioned above constrain the parameters everywhere: often the t-channel contribution

of H1 to the scattering amplitude has to be compensated at least partially by a t-channel

contribution of H125 of opposite sign. Furthermore, for MH1
<∼ 60 GeV, the coupling

H125 − H1 − H1 must be small enough in order to suppress H125 → H1 + H1 decays as

stated above, and LEP bounds from searches for a light Higgs boson must be respected.

These constraints can become relevant all over the white regions.

Additional constraints depend on the dominant processes for the reduction of the

relic density:

— A1 → bb: here MA1 has to be in the range MA1 ∼ 2 . . . 2.3 ×Mχ0
1

for a relic den-

sity below the WMAP/Planck value. Of course, fine tuning would be required in

order to obtain a relic density within the present ∼ 2% accuracy of the combined

WMAP/Planck measurements, but this cannot be blamed to the theory.
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— Z or H125 in the s-channel: here Mχ0
1

has to be in the range Mχ0
1
∼ 39 . . . 49 GeV (in

the Z case) or Mχ0
1
∼ 59 . . . 64 GeV (in the H125 case) for a relic density below the

WMAP/Planck value. The couplings of χ0
1 to Z or H125 are proportional to its hig-

gsino component, and hence bounded by the limits on the spin-dependent dark matter

cross section. For Mχ±
1
∼Mχ0

2,3
<∼ (200 GeV−Mχ0

1
), constraints from DELPHI [65]

and OPAL [66] on Z∗ → χ0
1 + χ0

2,3 production require that the higgsino component

of χ0
1 is very small, which implies small couplings to Z and H125. Accordingly 2Mχ0

1

has to be very close to the corresponding poles for Mχ±
1

<∼ 130 GeV.

— χ±1 in the t-channel: as stated above, here Mχ0
1

is close to Mχ±
1
∼ µ ∼Mχ0

2,3
leading

to mixing between χ0
1 and the higgsinos χ0

2,3 inducing potentially a too large spin-

dependent direct detection cross section. The reduction of the mixing requires the

more tuning the more one approaches the corresponding forbidden blue region.

The satisfaction of all of these constraints requires to tune the dimensionless parameters

λ, κ and tan β with a precision of ∼ 1 − 2% relative to each other nearly everywhere in

the white regions, the required tuning of the dimensionful parameters µ, Aλ and Aκ of

∼ 10 − 30% is weaker. A notable exception is the case of a light χ0
1 with a mass below

5 GeV where the present constraints on the dark matter detection cross sections become

weak or fade away: the remaining constraints from the relic density and from Z∗ → χ0
1+χ0

2,3

production require only a relative tuning of ≈ 30%. However, near the boundaries to the

blue regions the parameters have to be tuned more severely in order to satisfy the more

and more stringent combinations of constraints (which become impossible to satisfy within

the blue regions), hence NMSSM points near these boundaries are necessarily fine tuned.

3 Present and future constraints from the LHC

Searches for charginos and neutralinos at the LHC have been performed by the ATLAS

collaboration at run I [72–79] and run II [80–82] and the CMS collaboration at run I [83–90]

and run II [91–93]. We recall that the dominant search channels for charginos/neutralinos

at the LHC are searches for 2− 3 leptons and EmissT . The absence of significant excesses in

these channels is typically interpreted by the ATLAS and CMS collaborations in terms of

simplified models. These mostly assume, however, wino-like charginos χ±1 (and wino-like

neutralinos χ0
2) which have significantly larger production cross sections than higgsinos.

Specific searches for higgsinos have been performed by ATLAS [72, 76, 78] and CMS [85]

assuming a lightest SUSY particle (LSP) in the form of a massless gravitino [85], or the pres-

ence of a light stau [76, 78] or light sleptons [78]. Apart from these specific scenarios, light

higgsinos are thus hardly constrained by searches at the run I of the LHC, see the analyses

within phenomenologically viable versions of the MSSM or NMSSM in [33, 94–109].

The discovery potential for wino-like χ±1 /χ
0
2 production at the future and high lumi-

nosity LHC has been estimated by ATLAS [110, 111] and CMS [112] in the trilepton and

WH channels, and seems quite promising at first sight with 95% CL exclusion contours

reaching up to a wino mass of about 800 GeV for a light LSP at 300 fb−1 [110–112].
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First we have recast the run I analyses from [73–75, 79] for the light higgsino-singlino

scenario of the NMSSM. (The exclusion reach of these analyses in the Mχ0
1
−Mχ±

1
plane

is not superseeded by others.) As in the previous section we varied the NMSSM param-

eters for many values of Mχ0
1

and Mχ±
1

. For the analyses we employed private codes,

CheckMATE [69, 70] and CheckMATE 2 [71]. The starting point was always the simula-

tion of events using MadGraph5 aMC@NLO [113]. The output was given to the detector

simulation Delphes 3 [114] or analysed directly inside CheckMATE 2 [71].

The result of this recasting was that no region in the Mχ0
1
−Mχ±

1
plane is conclusively

excluded at the 95% level by the available 3-lepton + EmissT (and 1-lepton + H125 +EmissT )

searches at run I, and this not only marginally. The reasons for this result are

— the smaller production cross section for higgsinos compared to winos;

— a further reduction of the higgsino production cross section due to mixing of the

neutral higgsinos with the singlino;

— sizeable branching fractions of the neutral higgsinos into the singlino-like LSP + the

light singlet-like scalar H1 (and, less prominently, the light singlet-like pseudoscalar

A1) notably if decays via Z and/or H125 are kinematically forbidden. These de-

cays escape detection in the WH final state due to the much smaller singlet-like

Higgs mass.

Next we recast the prospects for chargino-neutralino searches at the HL-LHC at

3000 fb−1 into the higgsino-singlino scenario of the NMSSM. The analyses from [110]

(which have similar exclusion/detection reaches as the ones in [111, 112]) are implemented

in CheckMATE 2 [71].

The relevant signal regions are again the ones dedicated to WZ and WH125 final

states, with Z or H125 originating from χ0
2 → χ0

1 + Z/H125 decays. Since the search for

WZ requires two same-flavour opposite-sign leptons with an invariant mass close to MZ , it

becomes sensitive to the light higgsino-singlino scenario of the NMSSM for Mχ0
2
∼Mχ0

3
(∼

Mχ±
1

) > Mχ0
1
+MZ which is indicated in figure 2 as a black line (below which the inequality

is satisfied). Discovery of NMSSM points below this line is thus possible for selected points,

since the production cross sections and branching fractions can be large enough for higgsino

masses below 300 GeV despite their reduced couplings.

However, even a “3 σ discovery” is not necessarily guaranteed, amongst others for

the same reasons as for the run I. Another reason are large cuts on the lepton pT and

EmissT , which are required to cope with the larger instantaneous luminosity (and the larger

background), see the corresponding cuts in [110–112]. So we ask again whether, varying

all parameters within the imposed constraints, any region in the Mχ0
1
−Mχ±

1
plane can

be conclusively excluded at the 95% level at the HL-LHC. The cuts lead to large enough

acceptances only for mass differences Mχ±
1
−Mχ0

1
>∼ 150 . . . 200 GeV (after suffering from the

same reductions of the production cross sections and variations of the branching fractions

as at the run I). There the decay χ0
2,3 → χ0

1 +H125 becomes also possible with a sufficiently

large acceptance.

– 9 –
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Figure 2. The red region can be excluded at 95% CL at the HL-LHC at 3000 fb−1 using a recast of

the prospects for chargino-neutralino searches by ATLAS [110]. The yellow region can be excluded

according to a search proposed in CheckMATE 2 [71] including hadronic W decays. The blue region

is the same as in figure 1.

The region in the Mχ0
1
−Mχ±

1
plane which can be excluded at the 95% CL level is shown

in red in figure 2. In CheckMATE 2 [71] an additional search region is proposed, which is

based on 2 leptons + EmissT +Whad, the hadronic decays of W from the χ±1 → χ0
1 + W±

decays. Due to the larger branching fraction of Whad this search may cover a slightly larger

region in the Mχ0
1
−Mχ±

1
plane, which is indicated in yellow in figure 2. The viability of

this search channel remains to be confirmed by the experimental collaborations, however.

In any case, even the HL-LHC at 3000 fb−1 seems unable to test the full Mχ0
1
−Mχ±

1
plane

in the light higgsino-singlino scenario of the NMSSM.

In figure 2 we have indicated again in blue the regions which are excluded by the

combination of constraints notably from the dark matter relic density, and the present

constraints from direct dark matter detection. In the absence of signals in the future these

latter constraints would become stronger, but we have checked that the boundaries would

hardly move. The reason is that the LSP can remain dominantly singlino-like in most

regions except for a singlino mass very close to the higgsino (chargino) masses; hence the

conclusions would hardly change.

Although one observes a certain complementarity between the constraints from dark

matter and the possible future limits at the LHC it is obvious that large regions in the

Mχ0
1
− Mχ±

1
plane will remain unexplored. This concerns in particular well motivated

and natural regions where Mχ±
1

<∼ 150 GeV and Mχ0
1
<∼ 5 GeV; such light dark matter

candidates are difficult to discover via direct detection and the hope was that they are

easier to discover at the LHC.
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4 Summary and conclusions

The light higgsino-singlino scenario of the NMSSM is probably the most attractive scenario

for supersymmetric dark matter, since it allows to combine a small µ parameter with a

good relic density and alleviated constraints from dark matter searches. First we have

shown that this remains so after the updated constraints on spin-independent and spin-

dependent cross sections in 2016. Then we have studied present and future constraints on

this scenario from the LHC, and found that even the HL-LHC seems not able to test all

possible realizations of this scenario. Possible ways to improve this situation could be:

• To rely on the larger production cross sections of wino-like charginos and neutralinos,

and the discovery of lighter higgsinos/singlino via cascade decays. Of course this

depends on additional parameters like the wino- (and possibly slepton-) masses and

branching fractions. Moreover the transverse momenta of the leptons and EmissT

would again be reduced through multiple cascades.

• To try to become sensitive to smaller transverse momenta of the leptons and EmissT

even at 14 TeV and large instantaneous luminosity by recording and analysing only

a fraction of the events.

If such attempts turn out to be fruitless, this attractive scenario could be tested only at

an electron-positron collider [115].
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Phenomenological viability of neutralino dark matter in the NMSSM, JCAP 06 (2007) 008

[hep-ph/0701271] [INSPIRE].

[28] V. Barger, P. Langacker, I. Lewis, M. McCaskey, G. Shaughnessy and B. Yencho, Recoil

detection of the lightest neutralino in MSSM singlet extensions, Phys. Rev. D 75 (2007)

115002 [hep-ph/0702036] [INSPIRE].

[29] G. Bélanger, C. Hugonie and A. Pukhov, Precision measurements, dark matter direct

detection and LHC Higgs searches in a constrained NMSSM, JCAP 01 (2009) 023

[arXiv:0811.3224] [INSPIRE].

[30] D. Albornoz Vasquez, G. Bélanger, C. Boehm, A. Pukhov and J. Silk, Can neutralinos in

the MSSM and NMSSM scenarios still be light?, Phys. Rev. D 82 (2010) 115027

[arXiv:1009.4380] [INSPIRE].

[31] D. Das, U. Ellwanger and A.M. Teixeira, Modified signals for supersymmetry in the

NMSSM with a singlino-like LSP, JHEP 04 (2012) 067 [arXiv:1202.5244] [INSPIRE].

[32] N.D. Christensen, T. Han, Z. Liu and S. Su, Low-mass Higgs bosons in the NMSSM and

their LHC implications, JHEP 08 (2013) 019 [arXiv:1303.2113] [INSPIRE].

[33] U. Ellwanger, Testing the higgsino-singlino sector of the NMSSM with trileptons at the

LHC, JHEP 11 (2013) 108 [arXiv:1309.1665] [INSPIRE].

[34] J. Kozaczuk and S. Profumo, Light NMSSM neutralino dark matter in the wake of CDMS II

and a 126 GeV Higgs boson, Phys. Rev. D 89 (2014) 095012 [arXiv:1308.5705] [INSPIRE].

[35] J. Cao, C. Han, L. Wu, P. Wu and J.M. Yang, A light SUSY dark matter after CDMS-II,

LUX and LHC Higgs data, JHEP 05 (2014) 056 [arXiv:1311.0678] [INSPIRE].

[36] J. Da Silva, Supersymmetric dark matter candidates in light of constraints from collider and

astroparticle observables, arXiv:1312.0257 [INSPIRE].

[37] J.S. Kim and T.S. Ray, The higgsino-singlino world at the large hadron collider, Eur. Phys.

J. C 75 (2015) 40 [arXiv:1405.3700] [INSPIRE].

[38] T. Han, Z. Liu and S. Su, Light neutralino dark matter: direct/indirect detection and

collider searches, JHEP 08 (2014) 093 [arXiv:1406.1181] [INSPIRE].

[39] C. Cheung, M. Papucci, D. Sanford, N.R. Shah and K.M. Zurek, NMSSM interpretation of

the Galactic Center excess, Phys. Rev. D 90 (2014) 075011 [arXiv:1406.6372] [INSPIRE].

[40] U. Ellwanger and A.M. Teixeira, NMSSM with a singlino LSP: possible challenges for

searches for supersymmetry at the LHC, JHEP 10 (2014) 113 [arXiv:1406.7221] [INSPIRE].

[41] J. Huang, T. Liu, L.-T. Wang and F. Yu, Supersymmetric subelectroweak scale dark matter,

the Galactic Center gamma-ray excess and exotic decays of the 125 GeV Higgs boson, Phys.

Rev. D 90 (2014) 115006 [arXiv:1407.0038] [INSPIRE].

– 13 –

http://dx.doi.org/10.1103/PhysRevLett.117.121303
https://arxiv.org/abs/1607.07400
http://inspirehep.net/search?p=find+EPRINT+arXiv:1607.07400
https://arxiv.org/abs/1611.06553
http://inspirehep.net/search?p=find+EPRINT+arXiv:1611.06553
http://dx.doi.org/10.1088/1126-6708/2004/12/048
http://dx.doi.org/10.1088/1126-6708/2004/12/048
https://arxiv.org/abs/hep-ph/0408102
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0408102
http://dx.doi.org/10.1088/1475-7516/2007/06/008
https://arxiv.org/abs/hep-ph/0701271
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0701271
http://dx.doi.org/10.1103/PhysRevD.75.115002
http://dx.doi.org/10.1103/PhysRevD.75.115002
https://arxiv.org/abs/hep-ph/0702036
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0702036
http://dx.doi.org/10.1088/1475-7516/2009/01/023
https://arxiv.org/abs/0811.3224
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.3224
http://dx.doi.org/10.1103/PhysRevD.82.115027
https://arxiv.org/abs/1009.4380
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.4380
http://dx.doi.org/10.1007/JHEP04(2012)067
https://arxiv.org/abs/1202.5244
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.5244
http://dx.doi.org/10.1007/JHEP08(2013)019
https://arxiv.org/abs/1303.2113
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.2113
http://dx.doi.org/10.1007/JHEP11(2013)108
https://arxiv.org/abs/1309.1665
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.1665
http://dx.doi.org/10.1103/PhysRevD.89.095012
https://arxiv.org/abs/1308.5705
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.5705
http://dx.doi.org/10.1007/JHEP05(2014)056
https://arxiv.org/abs/1311.0678
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.0678
https://arxiv.org/abs/1312.0257
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.0257
http://dx.doi.org/10.1140/epjc/s10052-015-3281-4
http://dx.doi.org/10.1140/epjc/s10052-015-3281-4
https://arxiv.org/abs/1405.3700
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.3700
http://dx.doi.org/10.1007/JHEP08(2014)093
https://arxiv.org/abs/1406.1181
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.1181
http://dx.doi.org/10.1103/PhysRevD.90.075011
https://arxiv.org/abs/1406.6372
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.6372
http://dx.doi.org/10.1007/JHEP10(2014)113
https://arxiv.org/abs/1406.7221
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.7221
http://dx.doi.org/10.1103/PhysRevD.90.115006
http://dx.doi.org/10.1103/PhysRevD.90.115006
https://arxiv.org/abs/1407.0038
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.0038


J
H
E
P
0
2
(
2
0
1
7
)
0
5
1

[42] M. Cahill-Rowley, J. Gainer, J. Hewett and T. Rizzo, Towards a supersymmetric description

of the Fermi Galactic Center excess, JHEP 02 (2015) 057 [arXiv:1409.1573] [INSPIRE].

[43] J. Guo, J. Li, T. Li and A.G. Williams, NMSSM explanations of the Galactic Center

gamma ray excess and promising LHC searches, Phys. Rev. D 91 (2015) 095003

[arXiv:1409.7864] [INSPIRE].

[44] J. Cao, L. Shang, P. Wu, J.M. Yang and Y. Zhang, Supersymmetry explanation of the

Fermi Galactic Center excess and its test at LHC run II, Phys. Rev. D 91 (2015) 055005

[arXiv:1410.3239] [INSPIRE].

[45] B. Dutta, Y. Gao and B. Shakya, Light higgsino decays as a probe of the NMSSM, Phys.

Rev. D 91 (2015) 035016 [arXiv:1412.2774] [INSPIRE].

[46] B. Allanach, M. Badziak, C. Hugonie and R. Ziegler, Light sparticles from a light singlet in

gauge mediation, Phys. Rev. D 92 (2015) 015006 [arXiv:1502.05836] [INSPIRE].

[47] T. Gherghetta, B. von Harling, A.D. Medina, M.A. Schmidt and T. Trott, SUSY

implications from WIMP annihilation into scalars at the Galactic Center, Phys. Rev. D 91

(2015) 105004 [arXiv:1502.07173] [INSPIRE].

[48] X.-J. Bi, L. Bian, W. Huang, J. Shu and P.-F. Yin, Interpretation of the Galactic Center

excess and electroweak phase transition in the NMSSM, Phys. Rev. D 92 (2015) 023507

[arXiv:1503.03749] [INSPIRE].

[49] C. Han, D. Kim, S. Munir and M. Park, O(1) GeV dark matter in SUSY and a very light

pseudoscalar at the LHC, JHEP 07 (2015) 002 [arXiv:1504.05085] [INSPIRE].

[50] C.T. Potter, Natural NMSSM with a light singlet Higgs and singlino LSP, Eur. Phys. J. C

76 (2016) 44 [arXiv:1505.05554] [INSPIRE].
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