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Abstract: Supersymmetry (SUSY) is an attractive extension of the Standard Model (SM)

which solves the SM hierarchy problem. Motivated by the theoretical µ-term problem of the

Minimal Supersymmetric Model (MSSM), the Next-to MSSM (NMSSM) can also account

for experimental deviations from the SM like the anomalous muon magnetic moment and

the dark matter relic density. Natural SUSY, motivated by naturalness considerations, ex-

hibits a characteristic phenomenology with light Higgsinos, stops and gluinos. We describe

a scan in NMSSM parameter space motivated by Natural SUSY and identify two sce-

narios which survive experimental constraints, each containing a light pseudoscalar Higgs

boson and a singlino lightest SUSY particle. We then discuss how these scenarios are not

presently excluded by the Large Hadron Collider (LHC) and which channels are promising

for discovery at the LHC and International Linear Collider.
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1 Introduction

With the discovery of the 125 GeV Higgs boson h125 by ATLAS [1] and CMS [2] at the

Large Hadron Collider (LHC), particle physics enters a new era. In the Standard Model

(SM), the properties of the single Higgs boson are determined by theory once the mass

is known [3]. At present, measurements of these properties are consistent with the SM

prediction [4–7].

But the SM is not complete. Experimentally, it does not account for Dark Matter

(DM), the anomalous muon magnetic moment or the baryon asymmetry, among other

things. Theoretically, it suffers from the hierarchy problem. Supersymmetry (SUSY)

solves the hierarchy problem by introducing a fermionic partner for each SM boson and a

bosonic partner for each SM fermion [8]. SUSY with conserved R parity provides a natural

candidate for dark matter, the Lightest Supersymmetric Partner (LSP), and can account

for the anomalous muon magnetic moment by introducing new particles in loops.

The principle of naturalness in physics maintains that an effective physical theory

approximately valid below some characteristic scale should not be very sensitive to the

correct theory above that scale [9]. Applied to electroweak symmetry breaking in SUSY,

this implies that the success of the SM Higgs mechanism disallows SUSY too far above the

electroweak scale [10]. In particular, the characteristic mass spectrum of Natural SUSY

includes light superpartners of the Higgs bosons, top quark and gluon near the electroweak

scale.

The Minimal SUSY Model (MSSM) contains only the SM particles and their super-

partners, together with a richer Higgs sector: one neutral pseudoscalar, two neutral scalars

and two charged scalars which arise from the two Higgs doublets Ĥu and Ĥd necessary

for the Higgs mechanism in SUSY [3]. But the MSSM suffers from the so-called µ-term

problem, which prevents the term µĤuĤd in the MSSM superpotential from reaching the

electroweak scale without fine tuning [8, 11, 12].
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The Next-to MSSM (NMSSM) solves the µ-term problem by introducing a singlet Ŝ

and replacing µĤuĤd with λŜĤuĤd. The Z3 invariant NMSSM superpotential is [11]

W = λŜĤuĤd +
κ

3
Ŝ3 (1.1)

where λ and κ are free parameters. An effective µ-term is generated as the vacuum expec-

tation value of Ŝ, µeff = λ〈Ŝ〉, reaching a natural scale without fine tuning [11, 12].

In addition to the Higgs content of the MSSM, the NMSSM adds an additional pseu-

doscalar and an additional scalar so that the NMSSM Higgs sector consists of two neutral

pseudoscalars (a1, a2), three neutral scalars (h1, h2, h3) and two charged scalars (H+,H−)

[13, 14]. The NMSSM Higgs sector is fully determined at tree level by λ and κ, Aλ and Aκ

(soft trilinear couplings), µeff and tan β (ratio of Hu,Hd vacuum expectation values) [13].

Scenarios with a light pseudoscalar Higgs, motivated variously by naturalness, min-

imization of fine tuning, the ηb mass spectrum, the anomalous muon magnetic moment

and the similarity of the baryon density to the dark matter density have been discussed

in the literature [15–21]. In this study we assume a light NMSSM pseudoscalar a1 with

2mτ < ma1
< 2mB . We further identify the h125 as the second lightest neutral scalar h2 of

the NMSSM. Motivated by the LEP features near 60 GeV and 100 GeV [22], we identify

these as h1 candidates.

2 Parameter Scan

The parameter scan was performed with NMSSMTools4.4.0 [23–28], probing nine param-

eters with 2 × 109 random points assuming a uniform prior. We trade the soft trilinear

parameters Aλ, Aκ, At for mP ,mA,Xt, defined by [13]

m2
A ≡ λvs

sin 2β

(√
2Aλ + κvs

)

(2.1)

m2
P ≡ − 3√

2
κvsAκ (2.2)

Xt ≡ At − µeff/ tan β (2.3)

where vs ≡
√

2µeff/λ. Here mA is the diagonal component of the CP odd doublet, mP is

the diagonal component of the CP odd singlet, and Xt is the stop mixing parameter.

The parameters scanned are tan β, λ, κ,mA,mP , µeff ,M2,Xt and mQ3
. We fix M1

and M3 with the unification constraints M1 = 1

2
M2 and M3 = 3M2. We further assume

mQ3
= mU3

. All other squark and soft trilinear parameters are fixed to 1500 GeV, and the

slepton mass parameters are fixed to 200 GeV. See Table 1 for scan parameter ranges.

Since the h125 signal strength constraints are applied in the scan, mA is allowed to go

into the decoupling limit to accommodate the SM-like couplings of the h125. The lower

range bound of mP (9.9 GeV) is informed by the anomalous muon magnetic moment study

[18], while the upper bound (10.5 GeV) is informed by the ηb mass spectrum study [19].
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Symbol Parameter Scan Range/Value h60 h90

tan β Doublet VEV Ratio [1,30] 11.94 15.10
λ SHuHd Yukawa Coupling (0,0.02] 0.01235 0.001354
κ S3 Yukawa Coupling (0,0.01] 0.002549 -0.004765

mA Diag. Doublet CP-Odd Mass [150,1500] GeV 1046. GeV 1426. GeV
mP Diag. Singlet CP-Odd Mass [9.9,10.5] GeV 10.36 GeV 10.24 GeV
µeff Higgsino Mass [100,200] GeV 146.3 GeV 136.6 GeV

M1 Gaugino 1 Mass 1

2
M2 82.28 GeV 138.5 GeV

M2 Gaugino 2 Mass [100,300] GeV 164.6 GeV 276.9 GeV
M3 Gaugino 3 Mass 3M2 493.7 GeV 830.8 GeV

Xt Stop Mixing Parameter [0.8Xmax
t , 1.8Xmax

t ] 1216. GeV 1419. GeV
mQ̃3L

LH 3rd Gen. Squark [450,650] GeV 524.7 GeV 589.3 GeV

mŨ3R
RH Top Squark mQ3 524.7 GeV 589.3 GeV

Table 1: NMSSM parameters and their scan ranges. All remaining parameters in the
squark (slepton) sector are fixed to 1500 GeV (200 GeV), and the soft trilinear couplings
Ab, Aτ , Aµ are fixed to 1500 GeV. The points h60 and h90 are taken from those surviving
the scan and are described in Section 4. Xmax

t is calculated with tree level stop masses.

In the NMSSM, the superpartners of the neutral gauge and Higgs particles mix to

form five neutralinos (χ1, χ2, χ3, χ4, χ5), while the superpartners of the charged gauge and

Higgs particles mix to form four charginos (χ+
1
, χ−

1
, χ+

2
, χ−

2
). Similarly, the lefthanded

partners of the quarks mix with the righthanded partners of the same flavor quark to form

mixed states (q̃1, q̃2). The masses of the Higgs, stop and chargino/neutralino sectors are

closely connected [13, 29]. The higgsino masses are largely determined by µeff which, from

naturalness considerations is bounded above in the scan by 200 GeV [10]. At tree level,

the stop masses are m2

t̃1,t̃2
= m2

Q3
+ m2

t ± mtXt for mQ3
= mU3

[13]. Naturalness informs

the mQ3
range.

The tree level Higgs mass in the NMSSM is bounded above by m2
h < m2

Z cos2 2β,

requiring a large correction for the h125. In the NMSSM the upper bound on m2
h has an

additional O(λ2v2) term, making it easier to reach 125 GeV. The stop mixing parameter

Xt partly determines the one loop correction to the h mass [10]:

δm2
h =

3GF√
2π2

m4
t

(

log

(

m2

t̃

m2
t

)

+
X2

t

m2

t̃

(

1 − X2
t

12m2

t̃

))

(2.4)

where the parameter mt̃ is defined by m2

t̃
≡ 1

2
(m2

t̃1
+ m2

t̃2
). Therefore to allow the large

correction required by the h125, but with small mt̃ required by Natural SUSY, the stop

mixing Xt is allowed to contribute up to its maximal possible correction at Xmax
t =

√
6mt̃.

This allows the h125 to reach 125 GeV without additional assumptions, as discussed, for

example, in [30]. NMSSMTools calculates the Higgs mass spectrum to two loop level [31],

but to expedite the scan the pole masses are omitted at one loop level.
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Figure 1: Constraints applied to the anomalous muon magnetic moment ∆aµ vs. the
dark matter relic density ΩDM~

2 (left) and the mass of the second lightest scalar h2 vs.
the mass of the lightest pseudoscalar a1 (right). The central value of ∆aµ is plotted unless
it exceeds the upper bound but the uncertainty does not; in this case the upper bound is
plotted.

3 Surviving Points

The suite of constraints imposed by NMSSMTools while scanning includes experimental

results from a wide variety of sources, including:

• Anomalous muon magnetic moment ∆aµ measured by BNL E821 [32]

• DM relic density ΩDM~
2 measured by Planck [33], direct DM exclusion by LUX [34]

• B Physics. b → sγ, B → Xsµ
+µ−, B+ → τ+ν, Bs → µ+µ−, Υ(1s) → aγ, ηb(1s)

• Higgs. LHC h125 , LEP e+e− → Zh, Tevatron/LHC t → bH+, NMSSM searches

• SUSY. Tevatron/LHC χ+, q̃, g̃, ẽ, µ̃, τ̃ mass constraints, t̃ → bℓν̃, χ0c and b̃ → χ0b

Loose constraints imposed during the scan require either mh1
≈ 125 GeV or mh2

≈ 125 GeV

within 3 GeV and impose an upper bound on each h125 signal strength χ2. Approximately

2.3 × 103 points survive the constraints imposed during the scan.

Constraints are tightened after the scan. The low mass Higgs sector must satisfy:

9.9 < ma1
< 10.5 GeV

50 < mh1
< 70 GeV or 80 < mh1

< 100 GeV

124.37 < mh2
< 125.81 GeV

Finally, the sum of h125 → WW,ZZ, bb̄, τ+τ−, γγ signal strength χ2 are required to satisfy
∑

i χ2
i < 7.78, corresponding to a χ2 probability of approximately 10%. See Figure 1 for
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Figure 2: Masses of SUSY particles for the points surviving the scan constraints. Above,
the h1 mass vs. the heavy Higgs mass scale mA (left) and the t̃1 mass vs. the t̃2 mass
(right). The horizontal dotted lines indicate the h1 mass requirements. In the middle, the
χ+

2
mass vs. the χ+

1
mass (left) and the χ1 mass vs. the tree-level singlino S̃ mass (right).

Below, the χ3 mass vs. the χ2 mass (left) and the χ5 mass vs. the χ4 mass (right).
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Figure 3: Masses and decays of the Higgs, slepton, chargino/neutralino and third gener-
ation squark sectors for the h60 scenario (left) and h90 scenario (right). Larger branching
ratios are indicated with thicker lines.

the constraints on ∆aµ, ΩDM~
2, ma1

and mh2
. Of the original 2 × 109 points in the scan,

102 points survive all constraints. See the Higgs, stop, chargino and neutralino masses for

surviving points in Figure 2.

4 Benchmark

We now consider the NMSSM benchmark with a light pseudoscalar Higgs a1 and a singlino

LSP χ1. Two points, h60 and h90, are taken from the set of points surviving the scan,

namely the points with the lowest t̃1 mass for each h1 mass choice. See the last column of

Table 1 for the numerical values of the parameters which define h60 and h90. In the h60

scenario the LSP χ1 is a singlino with mass near 60 GeV, while in the h90 scenario the LSP

is a singlino with mass near 90 GeV. In both scenarios the χ1 mixing with higgsinos and

gauginos is at or below the 10−2 level, while there is strong gaugino-higgsino and higgsino-

higgsino mixing. The phenomenology of a singlino LSP at the LHC has been considered

in [35–40].

Selecting the low mass stop is motivated by Natural SUSY. The phenomenology of

light stops in the NMSSM, and how they avoid exclusion at the LHC, has been recently

considered in [41]. The two benchmark scenarios also feature a low mass gluino, low

mass sbottom and low mass Higgsinos, all characteristic of Natural SUSY. See Figure 3,

generated with PySLHA [42], for the mass spectra and decays for each scenario. For the

numerical values of the masses, widths, and dominant branchings of the low mass spectrum

of the h60 scenario, see Table 2.

The a1 and h1 of the two scenarios avoid the LHC search exclusion for straightforward

reasons. Both ATLAS and CMS have searched for gluon fusion gg → a → µ+µ− [43, 44]

but critically omit the Υ region and therefore cannot exclude ma1
≈ 10 GeV. ATLAS has
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Particle Mass [GeV] Width [GeV] Decay 1 (%) Decay 2 (%) Decay 3 (%)

a1 10.3 3.80 × 10−9 τ+τ− (80.3) gg (16.2) cc̄ (1.8)
h1 60.0 8.22 × 10−6 a1a1 (92.5) bb̄ (6.0) cc̄ (0.6)
h2 124.4 4.05 × 10−3 bb̄ (63.9) WW ⋆ (19.4) gg (4.4)

χ1 60.7 0 - - -
χ2 66.5 1.02 × 10−11 χ1qq̄ (57.8) χ1ℓ

+ℓ− (37.5) χ1νν̄ (3.3)
χ3 115.4 9.38 × 10−6 χ2qq̄ (66.1) χ2a1 (14.9) χ2νν̄ (9.5)
χ4 159.3 2.58 × 10−3 χ2Z (52.6) χ1Z (18.6) χ+

1
qq′ (16.4)

χ5 230.7 8.62 × 10−1 χ+

1
W− (66.2) ν̃ν (24.8) ℓ̃+ℓ− (6.9)

χ+
1

105.4 3.64 × 10−5 χ2qq
′ (61.2) χ2ℓν (32.0) χ1qq

′ (4.4)

χ+
2

230.8 6.36 × 10−1 χ+
1
Z (24.9) ν̃ℓ (21.3) ℓ̃ν (14.7)

t̃1 342.8 1.85 × 100 χ+

2
b (69.3) χ3t (19.2) χ+

1
b (6.1)

g̃ 620.5 1.24 × 101 t̃1t (90.0) b̃1b (10.0) -

Table 2: Masses, widths and three dominant decays of the lighter part of the h60 scenario
spectrum. Here ℓ = e, µ, τ .

searched for gluon fusion gg → h → aa for 2mτ < ma < 2mB in [45] but does not report

limits for mh < 100 GeV. CMS has searched for the same channel [46], but only reports

limits for mh > 90 GeV with ma < 2mτ .

We now consider how the h60 scenario evades the current LHC SUSY exclusion limits

outside the Higgs sector [47, 48]. The h90 case is similar and won’t be considered in

detail here. In most cases, the searches assume dominant branchings to χ1 with no other

intermediate SUSY particles, but in the benchmark the singlino χ1 couples very weakly to

the rest of SUSY so that the resulting final states are more complex and have less missing

energy than the simplified scenarios assume. This severely mitigates the mass exclusion.

In the neutralino and chargino sector, both ATLAS and CMS have studied χ2χ
+
1

production. The searches assume decays to sleptons or to bosons. In both cases, the

searches assume that mχ+

1

= mχ2
, motivated by “SUSY models with a bino-like χ1 and

wino-like χ2 and χ+
1
” [49, 50]. But in the h60 scenario the χ1 is singlino, and manifestly

mχ+

1

6= mχ2
.

The χ2χ
+
1

searches which assume dominant decays to sleptons cannot exclude the h60

scenario where mℓ > m
χ+

1

,mχ2
. Such searches might be sensitive to χ5χ

+
2

events, but here

the cross section is reduced and the final states are more complex. Of the searches which

assume dominant decays to bosons, only the Wχ1Zχ1 final state case applies. In this case

both W and Z are very far off mass shell in the h60 scenario, a situation echoed in a notable

gap in the CMS and ATLAS exclusion region.

In the slepton sector, the experiments report exclusion for direct slepton pair pro-

duction ℓ̃ℓ̃. But both assume direct decay ℓ̃ → ℓχ1 with 100% branching ratio. In the

h60 scenario the branching ratio for this decay is at the 10−3 (10−2) level for lefthanded

(righthanded) sleptons. Again, complex decay chains reduce the missing energy so that

such events could easily fail a high missing transverse energy requirement.
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In the stop sector, both ATLAS and CMS report exclusion in the mt̃ − mχ1
plane.

The analyses which assume t̃ → tχ1 with 100% branching ratio cannot exclude the h60

scenario, for which this branching ratio is at the 10−3 level. The h60 scenario does contain

t̃ → tχ3 with a branching at the 10−1 level, but the subsequent χ3 decay produces a much

more complex final state with less missing energy than the one assumed by the searches.

The t̃t̃ searches which assume t̃ → bχ+
1

with 100% branching ratio assume very specific

cases of mass relationships between stops, neutralino and charginos which do not hold in

the h60 scenario. Moreover they assume χ+
1
→ Wχ1, which occurs at the 10−2 level in the

h60 scenario. The dominant branching in the h60 scenario is χ+

1
→ W ⋆χ2 with χ2 → Z⋆χ1,

producing more complex final states, less missing energy, and two gauge bosons which are

very far off mass shell in comparison to the search assumptions.

The experiments have also searched for gluino pair production, but both critically

consider only the g̃ → tt̄χ1 decay. This decay proceeds at a very low branching in the h60

scenario, again due to the low t̃ → tχ1 branching.

5 Collider Signature

At the LHC, the most promising channel for discovery of either h60 or h90 is not gluon

fusion. In these scenarios the reduced tth1 (tta1) coupling, which appears in the gluon

fusion top loop, is of order 10−2 (10−5) relative to the SM ttHSM coupling.

Since the stop and gluino masses are relatively light in both scenarios, the cross sections

for pair production are large and make these processes accessible at the LHC. From Table 2

it is evident that in h60, χ3 → χ2a1 and t̃1 → χ3t proceed with branching ratios of 14.9%

and 19.2% respectively. The former process is enhanced in h60 by strong wino-higgsino and

higgsino-higgsino mixing. This makes stop pair production with t̃1 → χ3t and χ3 → χ2a1 a

promising channel for discovery if the a1 can be successfully reconstructed, for example in

the a1 → µ+µ− channel. This also applies to stop pairs produced in gluino pair production

with g̃ → t̃1t, which proceeds with 90% branching ratio in h60.

In stop pair production in h60 and h90, the cascade dominantly contains two top quarks.

In gluino pair production it dominantly contains four top quarks. These are strong handles

on any potential background, though top pair tt̄ background may be irreducible. See Table 3

for leading order Pythia8 [51, 52] cross sections and event yields for these processes at the

LHC.

In the h60 and h90 scenarios the χ+
1

and χ3 are light, yielding a relatively high cross

section for χ+
1
χ3 production. But the chargino decays via χ+

1
→ χ1W

⋆, with the W very

far off mass shell, and similarly for the Z in the χ2 → χ1Z
⋆ decay. The dominant final

state for these events is the a1, two χ1 and three weak bosons very far off mass shell whose

decay products may have low pT . Such a final state may prove challenging at the LHC.

See Table 3 for χ+
1
χ3 event yields obtained with Pythia8.

It should be remarked that there is a class of points h′
60 near h60 which survive the scan

constraints and open up another possibly fruitful search channel: χ3 → χ1h1 → χ1a1a1.

For points which meet the threshold criterion mχ3
> mχ1

+ mh1
(h60 fails it) the partial

width for χ3 → χ1h1 can be large for strong bino-higgsino and higgsino-higgsino mixing,
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Process BR(a1X) (%) Run 1: L = 20 fb−1 Run 2: L = 200 fb−1

σ8TeV [pb] Nevents σ14TeV [pb] Nevents

g̃g̃ 5.1 0.55 5.6 × 102 5.8 5.9 × 104

t̃1t̃1 5.7 0.56 6.4 × 102 3.2 3.6 × 104

χ+
1
χ3 14.9 1.3 3.9 × 102 2.8 8.3 × 104

Table 3: Pythia8 cross sections and event yields for g̃g̃, t̃1t̃1, and χ±

1
χ3 production at

the LHC in Runs 1 and 2, assuming the h60 scenario. The branching ratio to inclusive a1

events is calculated from Table 2.

greatly enhancing the branching ratio of the χ3 to states which contain an a1. In stop and

gluino pair production events with two χ3 produced in cascades, there can be as many as

four a1. The LHC sensitivity to the h60 and h′
60 scenarios will be evaluated in a forthcoming

companion study.

At the International Linear Collider (ILC), the standard Higgs production channel

e+e− → Zh1 is highly suppressed in the NMSSM due to the measured SM-like h125 → ZZ⋆

signal strength and the NMSSM coupling sum rule
∑

3

1=1
ξ2
ZZhi

= 1 [12]. Instead, in h60

the possibility of resonant production e+e− → a1h1 at a GigaZ factory is realized. For√
s = 500 GeV, pair production of all neutralinos and all charginos is accessible, as well as

a1h1 and Zh2 production.

6 Conclusion

We have reviewed the motivation for a Natural NMSSM featuring a light pseudoscalar a1

and a light singlino LSP χ1. A random parameter space scan is performed subject to a full

suite of experimental constraints, including the anomalous muon magnetic moment, the

DM relic density and collider searches. A light stop from the surviving points identifies the

scenarios h60 and h90. In addition to light pseudoscalar a1 and a light singlino χ1, these

scenarios feature light stops, light Higgsinos and a light gluino, all characteristic of Natural

SUSY.

The scenarios avoid the current LHC exclusion limits for a variety of reasons. For the

a1 and h1, this is due to the reduced gluon fusion cross sections. For other SUSY searches,

this is primarily due to the search assumption that stops, neutralinos and charginos will

decay directly to the LSP χ1 with no intermediate SUSY particles in the decay chain. But

in the h60 and h90 scenarios the χ1 is singlino and couples weakly to the rest of SUSY.

Thus due to the light mass spectrum the decay chains can contain many intermediate

SUSY particles, making the final states more complex with less missing energy than in the

simplified search scenarios.

Finally, we report that the potentially fruitful discovery channels at the LHC for the

scenarios considered are stop and gluino pair production with t̃1 → χ3t and either χ3 →
a1χ2 or χ3 → χ1h1 → χ1a1a1. We have also pointed out the possibility to observe at

the ILC resonant e+e− → a1h1 at
√

s = mZ and pair production of all neutralinos and

9



charginos at
√

s = 500 GeV. Expected sensitivities will be evaluated in a forthcoming

study.
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