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• LHC data suggest an excess in H-> γγ at 125 GeV
• Signal strength  larger than expected in SM (but consistent)
• Compatible with Higgs in MSSM (but fine-tuning) 
• In the NMSSM additional corrections to Higgs mass makes it 

easier to reach 125GeV even without very large stop 
corrections
– Ellwanger et al JHEP1109,105; Hall et al 1112.2703

• Furthermore possible to increase branching ratios in two 
photons.
– Ellwanger, 1012.1201,1112.3548

• In general NMSSM with input parameters at EW scale, what 
are implication of Higgs results after taking into account B 
physics, DM and LHC SUSY searches?
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• NMSSM with light neutralinos

• NMSSM with weak scale input parameters

• UMSSM with light dark matter
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Higgs sector of NMSSM
• 3 CP-even, 2 CP-odd + charged Higgs

• Increase in Higgs mass    mh2  <

• Doublet singlet mixing - light Higgs can be very light escape 
LEP bounds

• Mixing can lead to reduce hbb, reduced total width, increased 
branching ratios

• Rggγγ>1  when λ large (determines singlet-doublet mixing), 
tanβ small or as in the MSSM 4

mass parameter. Obviously, the larger tan! or MS is, the heavier h becomes, and for given

MS, mh reaches its maximum when Xt/MS =
!
6, which corresponds to the so-called mmax

h

scenario.

About Eq.(3), three points should be noted [18]. The first is this equation is only valid

for small splitting between mt̃1 and mt̃2 . In case of large splitting, generally Xt/MS >
!
6

is needed to maximize mh. The second is m2
h in Eq.(3) is symmetric with respect to the

sign of Xt. This behavior will be spoiled once higher order corrections are considered, and

usually a larger mh is achieved for positive AtM3 with M3 being gluino soft breaking mass.

And the last is in Eq.(3), we do not include the contributions from the sbottom and slepton

sectors. Such contributions are negative and become significant only for large tan!.

Compared with the MSSM, the Higgs sector in the NMSSM is rather complex, which can

be seen from its superpotential and the corresponding soft-breaking terms given by [12]

WNMSSM = WF + "Ĥu · ĤdŜ +
1

3
#Ŝ3, (4)

V NMSSM
soft = m̃2

u|Hu|2 + m̃2
d|Hd|2 + m̃2

S |S|2 + (A!"SHu ·Hd +
A"

3
#S3 + h.c.). (5)

Here WF is the superpotential of the MSSM without the µ term, the dimensionless param-

eters " and # are the coe!cients of the Higgs self couplings, and m̃u, m̃d, m̃S, A! and A"

are the soft-breaking parameters.

After the electroweak symmetry breaking, the three soft breaking masses squared for

Hu, Hd and S can be expressed in terms of their VEVs (i.e. vu, vd and s) through the

minimization conditions of the scalar potential. So in contrast to the MSSM where there

are only two parameters in the Higgs sector, the Higgs sector of the NMSSM is described

by six parameters [12]:

", #, M2
A =

2µ(A! + #s)

sin 2!
, A", tan! =

vu
vd

, µ = "s. (6)

The Higgs fields can be written in the following form:

H1 =

!

"

H+

S1+iP1!
2

#

$ , H2 =

!

"

G+

v + S2+iG0
!
2

#

$ , H3 = s+
1!
2
(S3 + iP2) , (7)

where H1 = cos !Hu " $ sin !H"
d , H2 = sin !Hu + $ cos!H"

d with $12 = $21 = "1 and

$11 = $22 = 0, G+ and G0 are Goldstone bosons and v =
%

v2u + v2d. In the CP-conserving

NMSSM, the fields S1, S2 and S3 mix to form three physical CP-even Higgs bosons, and P1
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2.3 Collider constraints

Since performing the parameter space exploration, new limits from the LHC were announced.
The important limits on the Higgs sector are the ones for h → ττ which constrain the low MA-
large tanβ region of parameter space. Furthermore the new upper limit on BR(Bs → µ+µ−) <
1.08 × 10−8 [66] also constrains the low MA region. We have imposed both these constraints
a posteriori. The impact of the additional constraints from LHC is displayed in Fig. 1 in the
tanβ − MA plane and in the BR(Bs → µ+µ−) − MA plane. The points excluded by either
the Higgs search or BR(Bs → µ+µ−) are coloured in yellow (light grey). One can see that
BR(Bs → µ+µ−) excludes points at lower values of tanβ than the Higgs searches (yellow points
that are below the Higgs exclusion line in Fig. 1 (left panel) while some points that satisfy the
BR(Bs → µ+µ−) limit are constrained by Higgs searches (Fig. 1, right panel). In this plot and
all the following we will use the same color code: the points excluded by collider constraints
are yellow, those excluded by either XENON100 or Fermi-LAT are red and allowed points are
green (dark grey). Note that the scan extends to unnaturally large values of tanβ, however the
special features in the observables we will discuss do not require a very large value of tanβ.

Figure 1: Left: Allowed points in the tanβ vs. MA plane in green (dark grey). The exclusion
limit from CMS [3] (full line) is also displayed. Right: Allowed points in the BR(Bs → µ+µ−)
vs. MA plane. The exclusion limit from CMS and LHCb [66] (dotted line) is also displayed.
In yellow, points excluded by collider constraints (Higgs and BR(Bs → µ+µ−)), in red those
excluded by astrophysical constraints (XENON100 and Fermi-LAT).

3 Higgs observables

The mass of the light Higgs in the MSSM scenarios that we consider is always below 130GeV
thus the most important detection channel is in the two-photon channel. In this mass range, the
light Higgs is predominantly produced in gluon fusion, thus we define the ratio of the production
times branching ratio of the MSSM to the SM,

Rggγγ =
σ(gg → h)MSSMBR(h → γγ)MSSM

σ(gg → h)SMBR(h → γγ)SM
(1)

Note that σ(gg → h) is taken to be proportional to Γ(h → gg) even though QCD corrections
are different for the two processes. We assume that the effect of QCD corrections cancels out
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An approximate formula for the mass MSM of the SM-like Higgs scalar in the NMSSM
in the limit !s ! |A!|, |A"| (corresponding to a heavy singlet-like scalar), including the
dominant top/stop radiative corrections, is given by

M2
SM " M2

Z cos2 2" + #2v2 sin2 2" #
#2

!2
v2(## ! sin 2")2

+
3m4

t

4$2v2

!
ln

!
m2

T

m2
t

"
+

A2
t

m2
T

!
1#

A2
t

12m2
T

""
(3.2)

where v is defined in (2.12), the soft SUSY breaking stop masses squared in (2.36) are
assumed to satisfy m2

T $ m2
Q3

! m2
t , At is the stop trilinear coupling assumed to satisfy

|At| ! mt, µe!; the terms $ #2 are specific to the NMSSM, and the last term in the first
line originates from the mixing with the singlet-like scalar. In the MSSM, where # = 0,
the LEP bound on MSM implies that tan " has to be large such that cos 2" $ 1, mT above
$ 300 GeV for maximal mixing (A2

t $ 6m2
T , maximising the second line in (3.2)), or

>$ 1 TeV otherwise.
In order to maximise MSM in the NMSSM, # should be as large as possible, and tan"

should be small in order to avoid a suppression from sin2 2". (As discussed before, # is
bounded from above by # <$ 0.7 # 0.8 if one requires the absence of a Landau singularity
below the GUT scale.) However, the negative contribution from the mixing with the singlet-
like scalar should vanish; without neglecting A", the relevant mixing term is proportional
to (## sin 2"(! + A"/(2s)))2 [104]. If this expression is not small, a larger value of # can
even generate a decrease of the mass of the Higgs scalar with SM-like couplings to the Z
boson in the NMSSM.

The resulting upper bound on the lightest CP-even Higgs mass in the NMSSM has been
studied in the leading log approximation in [82–84,103,105–109]. Full one-loop calculations
of the corresponding upper bound involving top/bottom quark/squark loops have been
carried out in [72, 85, 86, 110–117]. (Analyses at large values of tan " have been performed
in [118–120], and upper bounds for more general supersymmetric Higgs sectors have been
considered in [121–123].)

At present, additional known radiative corrections to the Higgs mass matrices in the
NMSSM include MSSM-like electroweak together with the NMSSM-specific Higgs one-loop
contributions [124, 125] and dominant two-loop terms [73, 87, 125–127]. In order to discuss
these in detail, it is convenient to separate the quantum corrections involving scales Q2

with Q2 >$ M2
SUSY from those with scales Q2 <$ M2

SUSY.
The result of the quantum corrections with Q2 >$ M2

SUSY is still a supersymmetric
e!ective Lagrangian (including soft SUSY breaking terms), where all running parameters
(couplings and masses) are defined, within a given subtraction scheme, at the scale Q2 $
M2

SUSY. (If desired, the parameters at the scale Q2 can be obtained in terms of parameters
at a higher scale with the help of the RGEs.) Subsequently, the quantum corrections with
Q2 <$ M2

SUSY (i. e. with an ultraviolet cuto! M2
SUSY) have to be evaluated, generating a non-

supersymmetric e!ective action including an e!ective Higgs potential, e!ective couplings
of fermions and wave function normalisation constants. From the e!ective potential and
couplings one can derive the so-called running masses, which still di!er somewhat from the
physical pole masses (the poles of the propagators).
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Neutralino sector 

• µ=λs  related to vev of singlet
• 5 neutralinos

• LSP can be dominantly singlino 
• Leads to new features in SUSY decays -e.g. 

– squark ->q+(χ2  -> χ1 +f f) 
• Singlino : handle to differentiate NMSSM from MSSM

5
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NMSSM with light neutralino
• A closer look at the light neutralino (<mZ/2)
• Possibility of invisible Higgs - is it ruled out? specific 

signatures?
• Light neutralino  motivated by hints in direct detection

• Case m<15 GeV
– D. Albornoz Vasquez, et al.
– 1107.1614,1201.6150, 1203.3446
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Direct detection data and possible hints for low-mass WIMPs Thomas Schwetz
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Figure 4: Upper left: compilation of data on Leff and three representative fits to part of the data. Lower left:
the acceptance window in XENON100 for the three examples of Leff compared to the signal expected from
a 10 GeV WIMP. Right: exclusion curves from XENON10 (dashed) and XENON100 (solid) for the three
examples of Leff. The color of the curves in the three panels indicate the corresponding choice for Leff. In
the right panel also the constraint from an S2-only analysis of XENON10 data [16] is shown.

if Leff is not too low in the low energy region XENON10/100 results provide severe constraints
on the CoGeNT/DAMA region. A recent work [15] exploring the correlation of scintillation and
ionization signals in xenon suggests Leff values somewhere between the black and the blue curves
in Fig. 4, enforcing the xenon constraints.

At this conference a preliminary analysis of XENON10 data has been presented, based only
on the S2 (ionization) signal [16]. With this method background rejection is less efficient, giving a
significantly weaker limit for m! ! 20 GeV. However, due to the larger signal in S2 compared to S1
the threshold can be lowered, allowing to put stronger constraints on low-mass WIMPs independent
of the Leff ambiguities. As illustrated in Fig. 4 this analysis clearly excludes the region relevant for
CoGeNT/DAMA.

Given this situation it seems difficult to obtain a consistent interpretation of all data in terms
of SI interactions. This would require (i) a major problem in the Na and/or Ge quenching factor
determinations to make DAMA and CoGeNT consistent, (ii) a major calibration error in CDMS
(for Ge [11] and Si [9] data), (iii) a major problem with the XENON S2-only analysis [16], (iv)
very low values of Leff in Xenon in the Enr ! few keV region.

Can a modified dark matter halo reconcile the data? The results obtained in [17] on pre-
vious data suggest that only quite extreem (possibly unrealistic) assumptions on the dark matter
velocity distribution may lead to a slight improvement of the consistency of the data, for example a
highly anisotropic velocity distribution. In Fig. 5 we illustrate—as two examples—effects related
to the galactic escape velocity. The left panel shows the effect of changing the value of the escape
velocity. Decreasing vesc from 700 to 550 km/s can slightly improve the consistency, since the al-
lowed regions are practially unchanged whereas the limits move slightly to larger m! . In contrast,
when vesc is lowered even further also the DAMA/CoGeNT regions start to move to the right, and
hence compatibility cannot be improved much further. The default assumption adopted in all other
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NMSSM parameter space

• MCMC with 11 free parameters  :      
–  M1,M2=M3/3,µ,tanβ, Ml,Mq,At, 
λ,κ, Aλ,Aκ

• Constraints : B, g-2, relic density...
• NMSSMTools (Higgs)
• a posteriori: 

– HiggsBounds3.6.1
– LHC jets+missing ET(1fb-1), 
– direct detection (Xenon100), 
– FermiLAT (photons from dwarf Spheroidals)
– LHCb (Bs->µ+µ-)
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all constraints and yet predict a direct detection signal in the
region preferred by recent experiments.
In section II, we describe the method used for exploring the
parameter space. We analyse scenarios with light neutralinos
in the MSSM assuming different priors in section III while the
results for the NMSSM are presented in section IV.

II. METHOD

To efficiently explore the multi-dimensional parameter space,
we have performed a Markov Chain Monte Carlo analysis
(based on the Metropolis-Hastings algorithm). We have used
micrOMEGAs2.4 [? ? ] to compute all observables. This
code relies in turn on SuSpect [? ] for calculating the par-
ticle spectrum in the MSSM and on NMSSMTools [? ] for
calculating the particle spectrum and the various collider and
B-physics constraints in the NMSSM.
We use the method of burn-in chains, i.e. we first explore the
parameter space till we find a point with a non-vanishing like-
lihood. When such a point is found, we continue the chains,
keeping all the points that are retained by the MCMC. How-
ever, since it is difficult and time-consuming to find a good
starting point, we require to speed up the process that the like-
lihood times the prior (hereafter referred to as Q) associated
with the starting point exceeds the value Q > 10−12, and use
an exponential prior on mχ to make sure that the starting point
is within close proximity of the low neutralino mass region.
However, when this point is found, we replace the exponen-
tial prior on mχ by a flat prior. Since low mass neutralinos
are quite unlikely with respect to heavier ones (and since find-
ing them also requires a certain amount of fine-tuning), we
have decided to perform two independent scans. One aims
at exploring the mass region ranging from 0 to 15 GeV (this
range of mass is particularly relevant for the CoGeNT and
DAMA/LIBRA interpretation) and the second one aims at
exploring the range from 0 to 50 GeV (to include the pre-
ferred region of the two WIMP recoil-like events reported by
CDMS-II). A proper exploration of the parameter space is ob-
tained after generating approximately 50 chains of 105 points
each.
The total likelihood function for each point is the product of
the likelihood functions evaluating the goodness-of-fit to all
the data set that are displayed in Table. ??. These include B
physics observables, the anomalous magnetic moment of the
muon, (g−2)µ, the Higgs and sparticles masses obtained from
LEP and the corrections to the ρ parameter. For the MSSM
case, only LEP mass limits on new particles were taken as a
sharp discriminating criterion with L = 0 or 1. Other crite-
ria had some tolerance. For the NMSSM, limits on the Higgs
sector, on the Z partial width and on neutralino production as
computed by NMSSMTools were also taken as a sharp dis-
criminating criterion.
We use a Gaussian distribution for all observables with a pre-
ferred value µ±σ,

F2 (x,µ,σ) = e
− (x−µ)2

2σ2 (1)

and

F3 (x,µ,σ) =
1

1+ e
− x−µ

σ
. (2)

for observables which only have lower or upper bounds. The
tolerance, σ, is negative (positive) when one deals with an
upper (lower) bound.

TABLE I: List of constraints, from Ref. [? ] unless noted otherwise

constraint value/range tolerance applied

Smasses - none both
ΩWMAPh

2 0.01131 - 0.1131 0.0034 both
(g−2)µ 25.5 10−10 stat: 6.3 10−10 both

sys: 4.9 10−10

∆ρ ≤ 0.002 0.0001 MSSM
b → sγ 3.52 10−4 [? ? ] th: 0.24 10−4 both

exp: 0.23 10−4

Bs → µ
+

µ
− ≤ 4.7 10−8 4.7 10−10 both

R(B → τν) 1.28 [? ] 0.38 both
mH ≥ 114.4 1% MSSM

Z → χ1χ1 ≤ 1.7 MeV 0.3 MeV MSSM
none NMSSM

e
+

e
− → χ1χ2,3 ≤ 0.1 pb [? ] 0.001 pb MSSM

none NMSSM
∆Ms 117.0 10−13 GeV th: 21.1 10−13 GeV NMSSM

exp: 0.8 10−13 GeV
∆Md 3.337 10−13 GeV th: 1.251 10−13 GeV NMSSM

exp: 0.033 10−13 GeV

Finally we also require that the neutralino relic density satis-
fies

100% ΩWMAPh
2 > Ωχh

2 > 10% ΩWMAPh
2, (3)

with ΩWMAPh
2 = 0.1131±0.0034 [? ]. The cases where Ωχ <

ΩWMAP should correspond to scenarios in which there is either
another (if not several) type of dark matter particles in the
galactic halo [? ] or a modification of gravity (cf e.g. [? ]). In
case of a multi component dark matter scenario, there could
be either very light e.g.[? ? ? ? ] or very heavy particles
(including very heavy neutralinos), depending on the findings
of direct detection experiments.

III. MSSM SCENARIOS

In what follows, we consider the MSSM with input parame-
ters defined at the weak scale. We assume minimal flavour
violation and equality of the soft masses between sfermion
generations. We further assume a common mass m

l̃
for all

sleptons, and for all squarks mq̃ (but we have checked that we
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NMSSM with light neutralino
• To satisfy DM constraints (Relic density) need an efficient 

annihilation mechanism for light neutralino
– H1 or A1 ~2MLSP

– H1 or H2 in 122-128GeV range

8
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Finally, it is interesting to note that the relative accep-
tance into different search channels can help to distinguish
a bino-like LSP from a singlino-like LSP: the latter produces
a higher average number of jets in the cascade. Fig. 1 illus-
trates this: we plot the signal cross sections in the two- and
three-jets channels of the jets + missing ET search, showing
both bino- and singlino-like LSP points from the analysis with
mχ0

1
< 15 GeV. The graph also shows the low level of ex-

clusion – singlino-like LSP points for the reasons discussed
above, bino-like LSP points simply because the squarks are
heavier and out of reach.

IV. HIGGS SIGNAL STRENGTH IN SCENARIOS WITH
NEUTRALINOS LIGHTER THAN 15 GEV

For a model to be compatible with the data, it is required
that the SM-like Higgs be in the observed mass range (say
[122-128] GeV) and the signal strength be consistent with the
data. As a criteria for Rggγγ, we choose a 2σ error bar around
the central value determined by ATLAS, thus 0.4 < Rggγγ <
3.6. This is also compatible with CMS results and SM expec-
tations (where R

SM

ggγγ ≡ 1).

A. Loose constraint on the neutralino relic density

In this subsection, we present the results for the Higgs sec-
tor when the neutralino mass satisfies mχ̃0

1
< 15 GeV and one

applies only an upper limit on the relic density. Imposing the
condition of a light neutralino leads the MCMC to select mod-
els containing a light Higgs (mH,A � 30 GeV) which is mostly
a singlet. As mentioned earlier, this could be either a scalar H1
or a pseudoscalar A1. As illustrated in Fig. 2, we found that
H1 is typically much below the electroweak scale (thus with
a large singlet component) when H2 is SM-like. When H2 is
much heavier than 125 GeV, H1 is SM-like (reaching at most
up to ∼122 GeV) and the pseudoscalar A1 is basically a light
singlet, see Fig. 2. It is nevertheless possible for both scalars
to be heavily mixed and have a mass around 100-130 GeV (in
this case A1 has to be light). In Fig. 2 blue and black points
show the scenarios with at least one of the scalars within the
range preferred by ATLAS and CMS. As one can see, this is
generally H2 since MH1 barely exceeds 122 GeV.

The predictions for Rggγγ as a function of the H2 mass are
displayed in Fig. 3 (bottom panel). We only display the region
where this channel is relevant, that is when mH2 < 150 GeV.
As one can see, all the configurations that were selected by
the MCMC (and which were compatible with the constraints
that we imposed for the scans) have Rggγγ < 1. An explanation
is that, although H2 couplings are usually SM-like, large sup-
pressions in Rggγγ are possible because the width of the Higgs
is enhanced by many new non-standard decay channels. In
particular, H2 can decay into two neutralinos, two light scalar
Higgses (H1) or two light pseudoscalar Higgses (A1) which
reduces significantly the branching ratio into two-photons.

In Fig. 3, all the points which do not satisfy either the
newest HiggsBounds limits or the SUSY searches in jets plus

FIG. 2: Masses of the Higgs scalars H1,H2 and pseudoscalar A1.
Red points are ruled out either by HiggsBounds constraints or the
ATLAS 1fb−1 jets and missing ET SUSY search. Green points have
no Higgs with a mass in 122− 128 GeV, blue points have a Higgs
(H1 and/or H2) within this mass range, and black points have such a
Higgs with Rggγγ > 0.4.

missing ET are colored in red. As mentioned above very few
of these points are excluded by SUSY searches. The points
which fall within the Higgs observed mass range are high-
lighted in blue. Scenarios where the strength of the signal in
γγ is also compatible with the 2σ range reported by ATLAS
(Rggγγ > 0.4) are represented by black squares.

We have also computed Rggγγ for H1 and found that it is
usually much below unity because H1 has a large singlet com-
ponent. Only a few points have Rggγγ ≈ 1 and they correspond
to either a SM-like H1 with a mass near 122 GeV or to a very

R>0.4
R<0.4

7

FIG. 10: Correlation between the gamma ray flux and spin inde-
pendent cross section of NMSSM neutralinos. Top: all points are
included. The yellow points correspond to scenarios with a too large
spin independent cross section. The dashed line corresponds to the
Fermi limit for the Draco dSph. Bottom: all points overpredicting
the gamma ray flux or with a too large spin independent cross sec-
tion and which do not completely explain the dark matter today have
been removed.

periments) may also weaken the analysis.

D. Implication for particle physics

In the previous subsections, we have demonstrated that
the Fermi dSph limits were setting stringent limits on the
NMSSM parameter space and were complementary to dark
matter direct detection searches. We can now examine the
impact of these limits on the Higgs sector and on B-physics
observables.

Efficient neutralino annihilation in the Early Universe re-
quires at least one light Higgs (mH1 ,mA1 < 30 GeV for mχ̃ <
15 GeV) as illustrated in Fig. 11. Astrophysical limits then

FIG. 11: Correlation in the (mA1 ,mH1 ) plane. All the safe configura-
tions (green) as well as the excluded points by XENON100 (yellow)
and dSph (red) are displayed.

apply in two distinct regions of the mA1 − mH1 plane. The
first region corresponds to a light H1 (mH1 ∈ [1,10] GeV) and
to heavier A1 (with mA1 ∈ [10,1000] GeV). In this region the
spin-independent cross section can become very large, which
is in conflict with XENON100 data (in yellow in Fig. 11). In-
deed, as can be seen in Fig. 12, larger spin independent cross
section are found for light H1. This is because the scalar ex-
change contribution to the cross section goes as 1/m

4
H1

. Note
that because sufficiently large couplings of the light Higgs to
the LSP and to quarks in the nucleon are necessary to have
a large SI cross section [4], many points with light H1 are
not excluded. The second region corresponds to a relatively
light A1 (mA1 ∈ [10,30] GeV) and mH1 ∈ [20,100] GeV. Here
the neutralino pair annihilations (which proceed through the
exchange of an A1 in the s-channel) become singular when
vdm → 0 and 1−mA1/2mχ << 1 and thus can produce too
many gamma rays in dwarf galaxies (see points in red in
Fig. 12).

The observables in the B-sector have been used to constrain
the parameter space. The LHCb experiment, which is now
taking data, will measure these observables with increased
precision, it is therefore interesting to examine whether this
will probe further our scenarios. For example the branch-
ing ratio for Bs → µ

+
µ
− is expected to be powerful in prob-

ing scenarios with a light doublet Higgs and large values of
tanβ. Only a fraction of our scenarios have such charac-
teristics. The predictions for B(Bs → µ

+
µ
−) are displayed

in Fig. 13 together with the expected limit of LHCb with
L = 1 f b

−1 [45]. A signal is expected only for a small fraction
of the scenarios while in some cases the predictions are sup-
pressed as compared to the SM expectation (B(Bs → µ

+
µ
−) =

3.6±0.4×10−9) [46]. This implies that light neutralino sce-
narios cannot be probed entirely with this observable.

Yellow: Direct detection

Red : gamma-ray Fermi
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LHC -SUSY searches
• Jets + missing ET    ATLAS 1fb-1

• MCMC+micrOMEGAs+NMSSMTools-> SLHA file
• Event generator Herwig++2.5.1
• Rivet 1.5.2 (Grellscheid et al 1111.3365)
• Limits on squarks can be weaker than in MSSM when LSP is 

singlino

9

(a) msquark vs. ≥ 2-jet channel for bino-like LSP. (b) msquark vs. ≥ 2-jet channel for singlino-like LSP.

Figure 12: msquark and LSP nature implications on signal regions.

This description of squark decay in the case of singlino-like χ0
1 doesn’t apply to all

singlino-like LSP points. Cases for which χ0
2 bino-like is much more heavier than the

lightest pseudoscalar Higgs give mainly χ0
2 decay into singlino LSP plus a1. This pseu-

doscalar Higgs decays mainly into heavy Standard Model particles (b and τ), except if

its mass is below the heavy Standard Model particles pair threshold. It’s the case for the

excluded point with singlino-like LSP and especially ma1 = 3 GeV (see Figures 13b and

14a).

(a) Not-excluded point. (b) Excluded point.

Figure 13: Decay branching ratios and masses of supersymmetric particles in the case of

(not-)excluded points with singlino-like LSP.

Therefore, to be able to exclude singlino-like LSP points in this set of low relic density

points, two main conditions have to be combined : relatively light squarks and high

invisible branching for the NLSP (see Figure 14b), with :

Br(χ0
2 → invisible) = Br(χ0

2 → χ0
1a1)Br(a1 → χ0

1χ
0
1) +

�

i=e,µ,τ

Br(χ0
2 → χ0

1νiν̄i). (3)

9
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LHC -SUSY searches
• Squarks decay through intermediate 

step (q+χ2 )    

• Reduced acceptance into jets
+missing ET

• Higher number of jets and or leptons 
(complementary search with leptons)

• Reduce missing ET 
• Decay through Higgs: alignment 

between missing pT and one jet, fail 
angular separation trigger

• Note: squarks are generally heavy 
10
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• The jets+missing ET involve more jets when LSP singlino 

• Weaker limits on squarks also obtained  in analysis in 
CNMSSM both with jets+missing ET and jets+leptons
+missing ET

– Das et al 1202.5244
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3

Tools [34] for the computation of the NMSSM spectrum and
particle physics constraints. For the case of the heavy neu-
tralino we extended our previous analysis in order to explore
more precisely the region outlined in [34] where the light Hig-
gses have a large singlet component and are heavily mixed.
For this we started some MCMC chains in the region with
λ > 0.5 and tanβ < 5.

In these scans, computing the relic density provides an im-
portant constraint on the Higgs sector. The latter was re-
quired to satisfy ΩWMAP h

2 > Ωχ h
2 > 10%ΩWMAP h

2 with
ΩWMAP h

2 = 0.1131± 0.0034 [42]. This sets a constraint on
the neutralino pair annihilation cross section in the primordial
Universe. Since neutralinos lighter than 15 GeV can either
be binos (as in the MSSM) or singlinos, the easiest way to
ensure significant annihilations is through resonant exchange
of a light scalar or pseudoscalar Higgs [32]. Hence light
A1 or H1 (mH1,A1 < 30 GeV) are preferred. However, when
the neutralino mass is large enough, annihilation mechanisms
through Z-exchange or light sleptons can also be efficient and
a very light Higgs singlet is no longer important.

III. HIGGS AND SUSY SEARCHES AT LHC USED FOR
THIS ANALYSIS

For a Higgs lighter than 140 GeV as preferred by the LHC
results, the main search channel is gg → H → γγ, while the
channel gg → H → VV also contributes (V denoting either
a W or a Z). Therefore we compute Rggγγ, RggZZ as well as
RggWW , see section I, where the decays also include the vir-
tual W/Z. Note that σ(gg → H) is taken to be proportional
to Γ(H → gg) even though QCD corrections are different for
the two processes. One can reasonably assume that the effect
of QCD corrections cancels out when taking the ratio of the
NMSSM to the SM value. In what follows, we impose up-to-
date LHC constraints on the Higgs sector using HiggsBounds

3.6.1beta [43, 44] 1. In particular, the recent results in the
two-photon mode are taken into account as well as the limits
from the search for H → ττ̄ which impact the heavy Higgs
doublet sector of supersymmetric models [45, 46].

To find Higgs candidates compatible with the latest LHC
data, we impose (on top of all the particle physics and as-
troparticle constraints set in [32, 33]) LHC limits on sparti-
cles. In particular, we take into account the exclusion limit
coming from the ATLAS 1.04 fb−1 search for squarks and
gluinos via jets and missing ET [47]. For each SUSY point,
signal events were generated2 using Herwig++ 2.5.1 [48, 49].

1 Scripts for interfacing NMSSMTools with HiggsBounds are available at
http://www.ippp.dur.ac.uk/∼SUSY.

2 Note that the matrix elements used by all event generators for the hard
production of two SUSY particles are accurate only to leading order in
perturbative QCD. It is therefore desirable to supplement the resulting sig-
nal cross-section with an NLO K-factor for the production process, ob-
tained in a separate calculation. In the MSSM, Prospino is commonly
used; unfortunately for the NMSSM there is no automated calculation of
NLO cross-sections publicly available. Exclusion calculated without the

FIG. 1: Signal cross sections in the two- and three-jets channels of
the jets + missing ET search, for points in the light neutralino MCMC
scan. Red points have a bino-like LSP, blue points a singlino-like
LSP. The exclusion zone (σ2 j > 22fb, σ3 j > 25fb) is shaded.

Experimental cuts of each search channel were then applied
using RIVET 1.5.2 [50]. For the ATLAS jets and missing ET

searches, these are included [51] in the RIVET package.
In general these limits exclude the first and second genera-

tion squarks lighter than 0.6−1 TeV and gluinos lighter than
∼ 0.5 TeV. However they rely on the fact that, in the con-
strained MSSM, there are large branching ratios of the gluinos
and squarks into jets and the neutralino LSP (for the RH
squarks this branching ratio is nearly 100%). In the NMSSM,
this is not always the case: when the LSP is purely singlino,
the squarks and gluinos cannot decay to this LSP directly but
must do via an intermediate particle, frequently the second-
lightest neutralino. As noted in [52] this reduces the accep-
tance into jets + missing ET search channels, as the extra step
reduces the missing ET and may result in leptons. (SUSY
searches with leptons would have in fact greater sensitivity
but they do not compensate for the loss of sensitivity in the
0-lepton search [52]). If the intermediate state decays into the
LSP and a jet, there will also be greater alignment between the
missing pT and one of the jets – failing the angular separation
trigger ∆φ(jet,pmiss

T
).

In the analysis where we require sub-15GeV neutralinos,
whenever the coloured sparticles are light enough to be within
reach of the LHC they are associated with a singlino-like χ̃0

1.
Here the jets + missing ET search is observed to be less sen-
sitive for all of the aforementioned reasons and excludes very
few of the points3. In the analysis with unconstrained neu-
tralino mass, however, the singlet sector particles are gener-
ally much heavier, so that the LSP is not singlino-like. Thus
the usual q̃ → qχ̃0

1 and g̃ → qqχ̃0
1 decays take place and the fa-

miliar jets + missing ET exclusion is observed: mq̃ � 0.6− 1
TeV, mg̃ � 0.5 TeV.

K-factor (O(1-3) in the MSSM) is therefore slightly conservative.
3 An interesting (rare) exception seen is the case of the intermediate particle

decaying to the LSP and a light Higgs that decays fully invisibly – giving
large missing ET .
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• SUSY sector: main difference with NMSSM: singlino 
LSP
– bino -> singlino + soft leptons (Kraml, Raklev, Whilte, 

0811.0011)
– Neutralino very boosted, missing pT points in 

between 2 b-jets 

12

8

FIG. 8: Rggγγ as a function of the mass of H1 (the more usual can-
didate) for points with a relic density within the WMAP range. A
handful of points are also seen at masses lower than those shown,
with reduced signal strength. Same colour code as Fig. 2.

a signal strength in excess of the SM expectations, it would be
a clear indication of BSM physics, while if the signal strength
is compatible with SM expectations, it might be necessary to
search for light pseudoscalar or scalar Higgs in order to de-
termine whether one has discovered the SM Higgs or BSM
physics.

When insisting on a light neutralino, we found that the most
promising configurations favour a SM-like H2 rather than a
H1 SM-like Higgs and therefore predict the existence of a
light Higgs dominantly singlet. The possibility of observ-
ing a second light Higgs provides a distinct signature of the
NMSSM Higgs sector. This could be done directly, e.g. via
the diphoton search for an SM-like Higgs with higher lumi-
nosities; or indirectly via the decay of the heavier Higgs, e.g.
H2 → (2H1 or 2A1)→ ττ̄.

Furthermore we note that the traditional jets + missing ET

signature of squarks and gluinos in the MSSM can be modi-
fied in a very interesting way in the NMSSM, when the LSP is
singlino-like and the second-lightest neutralino χ̃0

2 can decay
to a Higgs. The χ̃0

2 is expected to be boosted (generically be-
ing much lighter than the squarks and gluinos), and the lighter
Higgs which it decays to (H1 or A1) is expected to further de-
cay into bb̄

4. This extra step in this cascade compared to the
MSSM 2q̃ → 2q+ 2χ̃0

2 adds jets and halves the missing ET ,
dimming discovery prospects. However a distinctive topol-
ogy results: the boosted nature of the intermediate χ̃0

2 means
the missing pT vector will point in between the two doubly-
tagged b-jets. We illustrate this scenario in Fig. 9 for disquark

4 Higgs → ττ̄ would be dominant for mH,A < 2mb

q

q

!̃0
2

!̃0
2

A orH

A orH

!̃0
1

!̃0
1

bb̄

bb̄

q̃q̃

p
miss
T

FIG. 9: The modified jets + missing ET signal in the NMSSM with
a singlino-like LSP, when a decay χ̃0

2 → χ̃0
1 +Higgs is kinematically

accessible. Because the χ̃0
2 are boosted, the missing pT vector will

point in between the two b-jets.

production. Gluinos tend to decay to a neutralino plus two
jets rather than one, as is well known; otherwise the signal
remains the same as for squarks. Calculation of the Standard
Model background and estimation of the systematic error in
measuring such a signal are clearly vital, but beyond the scope
of this work.

The NMSSM Higgs sector can however be very similar
to the MSSM, or even the SM, with only a light SM-like
scalar and much heavier scalars and pseudoscalars. In this
case searches for the superpartners, and in particular pecu-
liar signatures associated with the singlino LSP (e.g. bino →
singlino + soft ll̄ [59]), offer the only possibility to identify
the NMSSM.
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Higgs signal strength 

• H1 or usually H2 MSSM-like Rggγγ<1
• invisible modes - possible strong suppression
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FIG. 3: Rggγγ as a function of the mass of H1 (top panel) and of H2

(the more usual candidate; bottom panel) in the light neutralino LSP

model. Same colour code as Fig. 2.

light singlet.

Let us now examine the predictions for RggVV (with V =W

or V = Z) as a function of the H2 mass. Again the maximum

value is unity. RggVV can be much suppressed especially be-

cause of a large branching ratio into invisibles, hence a cor-

relation between the large suppression in the VV channel and

in the γγ channel. The results for RggVV are very similar to

those for Rggγγ shown in Fig. 3. It is interesting to note that

for all the scenarios where the H2 mass is above 130 GeV (i.e.

where the WW/ZZ modes are the dominant decay channels),

the signal strength RggVV is suppressed by at least a factor 3

and even often suppressed by one order of magnitude. Hence,

a non SM-like H2 Higgs with a mass of about 140 GeV (corre-
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FIG. 4: Showing the reduction in diphoton signal strength from H →
γγ competing with new BSM decays. Here only points with a Higgs

mass between 122-128 GeV and with Rggγγ > 0.4 are included.

sponding to a scenario similar to the MSSM) is still allowed.

Interestingly enough, these NMSSM scenarios could not

be distinguished from the MSSM based on the two-photon

channel (and/or the WW channel) since both have a maxi-

mum signal strength of about unity. However a search for

the singlet Higgs would give a distinctive NMSSM signature.

As we have mentioned, these light neutralino models must

also have a light singlet Higgs and thus non-standard decays

occur. The effect of these decays on the signal strength is

shown in Fig. 4 and the distribution of the decays in Fig. 5

for the points compatible with the observed excess. Clearly,

too large branching ratios into non standard modes (such as

χ̃0

1
χ̃0

i
,H1H1,A1A1) would render the two-photon mode invisi-

ble or suppressed with respect to the SM prediction. In fact,

in order for the signal strength Rggγγ to be compatible with

Rggγγ > 0.4, the branching ratio BRH2→invisible must be lower

than ∼ 60%.

The existence of decay modes such as H2 → H1H1 or A1A1,

with the singlet Higgs further decaying into Standard Model

particles remains nevertheless interesting because such modes

give a distinctive signature which could be searched for at

LHC and would constitute evidence for new physics if they

are found. Extraction of this signal from background via jet

substructure techniques has been studied for H → 2A → 4τ
in [53], H → 2A → τ τ̄µµ̄ in [54], and H → 2A → 4 g (less

relevant for SUSY due to tanβ supression) in [55, 56]. These

decays with an intermediate scalar (H1) instead of an interme-

diate pseudoscalar (A1) give the same signal.

A reduced two-photon signal could also be due to a sizeable

branching ratio of the Higgs into χ̃0

1
χ̃0

1
and χ̃0

1
χ̃0

2
. Indeed this

generally dominates over the decay to lighter Higgses in this

sample. H → χ̃0

1
χ̃0

2
occurs mainly when the LSP is singlino:

the bino/higgsino/singlino NLSP can be significantly lighter
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light singlet.

Let us now examine the predictions for RggVV (with V =W

or V = Z) as a function of the H2 mass. Again the maximum

value is unity. RggVV can be much suppressed especially be-

cause of a large branching ratio into invisibles, hence a cor-

relation between the large suppression in the VV channel and

in the γγ channel. The results for RggVV are very similar to

those for Rggγγ shown in Fig. 3. It is interesting to note that

for all the scenarios where the H2 mass is above 130 GeV (i.e.

where the WW/ZZ modes are the dominant decay channels),

the signal strength RggVV is suppressed by at least a factor 3

and even often suppressed by one order of magnitude. Hence,
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sponding to a scenario similar to the MSSM) is still allowed.

Interestingly enough, these NMSSM scenarios could not

be distinguished from the MSSM based on the two-photon

channel (and/or the WW channel) since both have a maxi-

mum signal strength of about unity. However a search for

the singlet Higgs would give a distinctive NMSSM signature.

As we have mentioned, these light neutralino models must

also have a light singlet Higgs and thus non-standard decays

occur. The effect of these decays on the signal strength is

shown in Fig. 4 and the distribution of the decays in Fig. 5

for the points compatible with the observed excess. Clearly,

too large branching ratios into non standard modes (such as

χ̃0

1
χ̃0

i
,H1H1,A1A1) would render the two-photon mode invisi-

ble or suppressed with respect to the SM prediction. In fact,

in order for the signal strength Rggγγ to be compatible with

Rggγγ > 0.4, the branching ratio BRH2→invisible must be lower

than ∼ 60%.

The existence of decay modes such as H2 → H1H1 or A1A1,

with the singlet Higgs further decaying into Standard Model

particles remains nevertheless interesting because such modes

give a distinctive signature which could be searched for at

LHC and would constitute evidence for new physics if they

are found. Extraction of this signal from background via jet

substructure techniques has been studied for H → 2A → 4τ
in [53], H → 2A → τ τ̄µµ̄ in [54], and H → 2A → 4 g (less

relevant for SUSY due to tanβ supression) in [55, 56]. These

decays with an intermediate scalar (H1) instead of an interme-

diate pseudoscalar (A1) give the same signal.

A reduced two-photon signal could also be due to a sizeable

branching ratio of the Higgs into χ̃0

1
χ̃0

1
and χ̃0

1
χ̃0

2
. Indeed this

generally dominates over the decay to lighter Higgses in this

sample. H → χ̃0

1
χ̃0

2
occurs mainly when the LSP is singlino:

the bino/higgsino/singlino NLSP can be significantly lighter
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• If NLSP partly singlino  -> can be lighter than 100GeV
• Non standard H decays: 
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FIG. 3: Rggγγ as a function of the mass of H1 (top panel) and of H2

(the more usual candidate; bottom panel) in the light neutralino LSP

model. Same colour code as Fig. 2.

light singlet.

Let us now examine the predictions for RggVV (with V =W

or V = Z) as a function of the H2 mass. Again the maximum

value is unity. RggVV can be much suppressed especially be-

cause of a large branching ratio into invisibles, hence a cor-

relation between the large suppression in the VV channel and

in the γγ channel. The results for RggVV are very similar to

those for Rggγγ shown in Fig. 3. It is interesting to note that

for all the scenarios where the H2 mass is above 130 GeV (i.e.

where the WW/ZZ modes are the dominant decay channels),

the signal strength RggVV is suppressed by at least a factor 3

and even often suppressed by one order of magnitude. Hence,

a non SM-like H2 Higgs with a mass of about 140 GeV (corre-
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sponding to a scenario similar to the MSSM) is still allowed.

Interestingly enough, these NMSSM scenarios could not

be distinguished from the MSSM based on the two-photon

channel (and/or the WW channel) since both have a maxi-

mum signal strength of about unity. However a search for

the singlet Higgs would give a distinctive NMSSM signature.

As we have mentioned, these light neutralino models must

also have a light singlet Higgs and thus non-standard decays

occur. The effect of these decays on the signal strength is

shown in Fig. 4 and the distribution of the decays in Fig. 5

for the points compatible with the observed excess. Clearly,

too large branching ratios into non standard modes (such as

χ̃0

1
χ̃0

i
,H1H1,A1A1) would render the two-photon mode invisi-

ble or suppressed with respect to the SM prediction. In fact,

in order for the signal strength Rggγγ to be compatible with

Rggγγ > 0.4, the branching ratio BRH2→invisible must be lower

than ∼ 60%.

The existence of decay modes such as H2 → H1H1 or A1A1,

with the singlet Higgs further decaying into Standard Model

particles remains nevertheless interesting because such modes

give a distinctive signature which could be searched for at

LHC and would constitute evidence for new physics if they

are found. Extraction of this signal from background via jet

substructure techniques has been studied for H → 2A → 4τ
in [53], H → 2A → τ τ̄µµ̄ in [54], and H → 2A → 4 g (less

relevant for SUSY due to tanβ supression) in [55, 56]. These

decays with an intermediate scalar (H1) instead of an interme-

diate pseudoscalar (A1) give the same signal.

A reduced two-photon signal could also be due to a sizeable

branching ratio of the Higgs into χ̃0

1
χ̃0

1
and χ̃0

1
χ̃0

2
. Indeed this

generally dominates over the decay to lighter Higgses in this

sample. H → χ̃0

1
χ̃0

2
occurs mainly when the LSP is singlino:

the bino/higgsino/singlino NLSP can be significantly lighter
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FIG. 5: The distribution of the different BSM decay channels for

the same points as in Fig. 4 (where H2 → χ̃0

2
χ̃0

2
is negligible). His-

tograms have unit area.

than 100 GeV thus allowing sufficient phase space for the de-

cay. This mode is also possible for a bino LSP and a higgsino

NLSP but the phase space is quite limited. Note that the NLSP

χ̃0

2
can also have decay modes into light Higgses which further

decay in fermion pairs.

Another distinctive feature of the NMSSM Higgs sector

would be the direct search for H1. We have seen that the

gg → H1 → γγ channel is suppressed. This is also true for

other channels; indeed the couplings of H1 to SM particles is

suppressed by the singlet component. For the bb̄ production

mode, the suppression can be in part compensated by a tanβ
enhancement. However in our scans we found that the H1bb

coupling could reach at most its SM value. Thus the produc-

tion of H1 in association with b-quarks followed by the decay

of the Higgs into tau pairs does not benefit from an enhance-

ment over the SM expectations.

B. Upper and lower limit on the neutralino relic density

If we now select only the points which predict a relic den-

sity at the WMAP observed value (more precisely we impose

Ωmax

WMAP
h

2 > Ωh
2 > 0.999 Ωmin

WMAP
h

2
where Ωmax,min

WMAP
is ±1σ

from the central measured value of WMAP), we find strong

constraints on the parameter space as light Higgses in the s-

channel or in the final states may reduce the relic density too

much. However, the results for the Higgs sector which are

compatible with the latest LHC data are similar to the ones

that were discussed in the previous subsection. For complete-

ness we show the expectations for Rggγγ for these points in

Fig. 6.
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FIG. 6: Rggγγ as a function of MH2
in the light neutralino LSP model

when the relic density is compatible with WMAP. Same colour code

as Fig. 2.

V. SIGNAL STRENGTH IN SCENARIOS WITH HEAVY
NEUTRALINOS

We repeated the analysis for the MCMC scan in which there

is no mχ0

1

< 15 GeV requirement. We first consider the impact

of Higgs searches at LHC. The effect of also imposing the

relic density condition and SUSY searches will be discussed

in section V B.

A. No lower limit on the relic density

As opposed to the previous case with a light neutralino we

find that in general the Higgs in the mass region preferred by

the LHC is a SM-like H1. Indeed, without very light neutrali-

nos, a very light singlet sector is not needed for resonant anni-

hilations. Thus the associated values for Rggγγ are naturally of

order unity (see the black squares in Fig. 7, top panel). Nev-

ertheless we found cases where Rggγγ < 0.4, when invisible

decay modes (such as H1 → χ̃0

1
χ̃0

1
or H1 → A1A1) are kine-

matically accessible.

We also found points with Rggγγ > 1; these were mostly as-

sociated with a Higgs mass below the LHC preferred range.

Indeed, the light Higgs has a large singlet component, which

leads to suppressed couplings to SM particles, in particular to

bb̄. The suppression of the partial decay width for H1 → bb̄,

and thus of the total width, leads to a larger branching ratio

in the H1 → γγ [26, 27]. For mH1
> 122 GeV, the increase in

Rggγγ is generally modest (below 20%) except for a few points

where both Higgses are heavily mixed and have a large singlet

component. An enhancement with respect to the SM expecta-

tions is found for large values of λ and small values of µ (be-
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NMSSM Higgs signatures

• Higgs ( in addition to standard channels):   
–  H2->2A1(H1)->ττττ,µµττ

• Englert et al, PRD84 075026(2011) Lisanti, Wacker PRD79 115006(2009)

– Higgs->χ2χ1,   χ2->χ1 f f  or χ2->χ1 H/A

• Also search for light Higgs but couplings of H1 to SM 
suppressed because singlet component

• H1bb at most SM-like (even though coupling can be tanβ 
enhanced )

• Higgs production in SUSY decays
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“general” NMSSM  
• No constraint on light neutralino
• MCMC with 14 free parameters  :        λ,κ, Aλ,Aκ

• Constraints : as before (B,g-2, relic, Higgs)
• a posteriori: 

– HiggsBounds3.6.1,
– LHC jets+missing ET(1fb-1), 
– direct +indirect detection
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FIG. 3: Left (resp. Right) panel present the constraints in the constructive (resp. destructive) case, for a 20 GeV WIMP. The

light grey area is the region already excluded by the most constraining experiments (COUPP-2010 [11] and XENON10 [12]).

For a 30 kg.year CF4 directional detector, the dark grey area is the 3σ discovery region, while the solid light curve labelled

“exclusion” is the background-free projected limit. Dashed light curve presents the same result for the alternative
19F spin

content values [88].

rameters. Thus we consider MSSM scenarios with the 11

following free parameters
1

M1, M2, M3, µ, tanβ, MA,Ml̃L
, M

l̃R
, Mq̃1, 2 , Mq̃3 , At.

The NMSSM is a simple extension of the MSSM with

an additional gauge singlet superfield, S, that provides a

solution to the naturalness problem. Indeed the param-

eter µ = λ�S� is determined by the VEV of the scalar

singlet and is thus naturally of the EW scale [27]. In

the NMSSM there are additional parameters related to

the extended Higgs sector. Note that we will use µ rather

than �S� as a free parameter to remain close to the MSSM

parametrization. The part of the superpotential involv-

ing Higgs fields reads

W = λSHuHd +
1

3
κS3

and the soft Lagrangian is

Lsoft = m
2
Hu

|Hu|2 +m
2
Hd

|Hd|2 +m
2
S
|S|2

+(λAλHuHdS +
1

3
κAκS

3
+ h.c.).

1 We do not perform a thorough exploration of the much stud-
ied CMSSM because it is only a particular case of the MSSM.
Furthermore in that model the LSP mass is above 50 GeV be-
cause of the LEP limit on charginos and the relation between the
chargino and the neutralino masses. This leaves little possibili-
ties for parameter determination.

After using the minimization conditions of the Higgs po-

tential, the Higgs sector, which consists of three neutral

scalar fields, H1, H2, H3 and two pseudoscalar neutral

fields, A1, A2 as well as a charged Higgs, H
±
is described

by six free parameters, µ, tanβ as well as λ, κ, Aλ and

Aκ. The list of free parameters therefore contains the

ones of the MSSM with the pseudoscalar mass, MA, re-

placed by

λ,κ, Aλ, Aκ,

for a total of 14 free parameters.

These simplified models reproduce the salient fea-

tures of neutralino DM. Indeed, apart from the mass of

the LSP, the most important parameters are the gaug-

ino/higgsino content of the LSP, determined by µ and

M1, M2, tanβ, as well as the mass of the Higgses

which can enhance significantly neutralino annihilations.

Sfermion exchange, and in particular slepton exchange,

can also play a role for light neutralinos.

There are many similarities between the MSSM and

the NMSSM, as will be seen in the following analysis.

However one characteristic feature of the NMSSM is that

the singlet fields, which mostly decouple from the SM

fields, can be very light and yet escape LEP bounds [27].

Therefore it is much easier to have light neutralinos be-

cause they can annihilate into or through the exchange

of light singlet Higgses [96].
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is described

by six free parameters, µ, tanβ as well as λ, κ, Aλ and

Aκ. The list of free parameters therefore contains the

ones of the MSSM with the pseudoscalar mass, MA, re-

placed by

λ,κ, Aλ, Aκ,

for a total of 14 free parameters.

These simplified models reproduce the salient fea-

tures of neutralino DM. Indeed, apart from the mass of

the LSP, the most important parameters are the gaug-

ino/higgsino content of the LSP, determined by µ and

M1, M2, tanβ, as well as the mass of the Higgses

which can enhance significantly neutralino annihilations.

Sfermion exchange, and in particular slepton exchange,

can also play a role for light neutralinos.

There are many similarities between the MSSM and

the NMSSM, as will be seen in the following analysis.

However one characteristic feature of the NMSSM is that

the singlet fields, which mostly decouple from the SM

fields, can be very light and yet escape LEP bounds [27].

Therefore it is much easier to have light neutralinos be-

cause they can annihilate into or through the exchange

of light singlet Higgses [96].
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Higgs signal strength

• Both H1 and H2 can be in 122-128GeV range
• MCMC+HiggsBounds3.6.1
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low ≈ 200 GeV). Under these conditions the mixing between

the singlet and doublet Higgs is large and the singlet Higgs is

light. Recall that the mass of the singlet Higgs depends on µ

with m
2

S
= κµ/λ(Aκ +4κµ/λ) [24, 57].

Note that in Fig. 7 top panel, we found scenarios where H2

is in the observed range while H1 is lighter and has Rggγγ � 1.

This means that even though H1 has evaded present con-

straints from LHC, these points offer good prospects for dis-

covery of a second Higgs scalar in the next run of the LHC.

Such a signal would allow to distinguish the NMSSM Higgs

sector from the MSSM one.

H2 masses extend over a wide range (all the way to several

TeV’s) and include some points in the mass region preferred

by the LHC. The values of Rggγγ for H2 are displayed in Fig. 7

(bottom panel) for the range of masses where the two-photon

search mode is relevant. We found that the signal strength

reaches values as high as Rggγγ = 2. This enhancement with

respect to the SM expectations is found when H2 has some

singlet component and a suppressed partial width to bb̄. (H1,

conversely, has an enhanced bb̄ partial width and a reduced

signal strength Rggγγ. )

As mentioned above, when 0.4 < Rggγγ < 1 for H2, the

signal strength for the lighter Higgs can be enhanced. We

have also found points where Rggγγ < 1 for both H1 and H2.

This can be due to the presence of invisible modes or to the

presence of a singlet component for which the suppression in

the Higgs coupling to gg compensates the increase of the γγ
branching ratio.

B. With a lower limit on the relic density

Finally we analyse the impact of requiring the relic density

condition. Imposing a strict lower limit on the relic density

strongly constrains the scenarios where the singlet component

of the light Higgs leads to Rggγγ > 1. As mentioned above,

these points were found for µ< 200 GeV. Hence the LSP has a

non-negligible higgsino component, usually leading to a relic

density below the preferred WMAP range. After imposing

the strict lower bound on the relic density, we found that H1

was in general within the LHC preferred range, while H2 was

heavy, its mass extending above the TeV scale. Rggγγ for H1 is

displayed in Fig. 8: the relic density constraint has removed

most of the points where the signal strength was enhanced (the

maximum value is now 1.06).

We also considered the constraint from the jets and miss-

ing ET SUSY search for those points with a Higgs of mass

122 − 128 GeV. Exclusion is observed in this mass range

for any signal strength, showing as expected that there is

no direct correlation between the first and second generation

squarks and the Higgs sector. Finally we have checked that

these points were compatible with the latest upper limit on

Br(Bs → µ
+

µ
−)< 4.5×10

−9
from LHCb [58].

FIG. 7: Rggγγ as a function of the mass of H1 (top panel) and of

H2 (bottom panel) in the arbitrary neutralino LSP model. In the top

panel most points are on top of one another at high mass and high

Rggγγ. Same colour code as Fig. 2.

VI. PROSPECTS AND CONCLUSION

In this paper, we have investigated the Higgs signal strength

expected in scans of the NMSSM scenarios in which we have

applied particle physics as well as astroparticle physics con-

straints. In particular we have imposed that the neutralino relic

density does not exceed the WMAP observed value nor the

limit imposed by direct detection experiments and does not

overproduce gamma rays and radio waves in the galaxy. We

also took into account limits from B- physics, (g−2)µ, as well

as LEP, Tevatron and LHC limits on the Higgs and SUSY par-

ticles.

We found many scenarios where either H1 or H2 had a mass

in the range [122-128] GeV and a signal strength compatible

with the Standard Model. We also found scenarios where the

signal strength in the two-photon mode was as large as the

excess reported by ATLAS and CMS. However for most of

these points the neutralino would form only a fraction of the

observed dark matter. If a Higgs is confirmed at the LHC with
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In this paper, we have investigated the Higgs signal strength

expected in scans of the NMSSM scenarios in which we have

applied particle physics as well as astroparticle physics con-
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density does not exceed the WMAP observed value nor the

limit imposed by direct detection experiments and does not

overproduce gamma rays and radio waves in the galaxy. We
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We found many scenarios where either H1 or H2 had a mass

in the range [122-128] GeV and a signal strength compatible

with the Standard Model. We also found scenarios where the

signal strength in the two-photon mode was as large as the

excess reported by ATLAS and CMS. However for most of

these points the neutralino would form only a fraction of the

observed dark matter. If a Higgs is confirmed at the LHC with
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• Correlation between signal strength Rggγγ and 
RWWγγ   

• For H2    (similar results for H1)
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• With WMAP lower/upper limit + LHC jet+missing ET

• Insisting on WMAP - most points with Rggγγ>1 disappear
• Few points with H2 ~125GeV
• Rggγγ>1- associated with small  µ, light charginos because 

singlet mass light

• Studies  concentrating on Rggγγ>1 (in NUHNMSSM- Ellwanger, 
Hugonie, 1203.5048) and/or on large λ (NMSSM- Chang etal,1202.0054) 
also find µ<250 GeV 
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FIG. 8: Rggγγ as a function of the mass of H1 (the more usual can-
didate) for points with a relic density within the WMAP range. A
handful of points are also seen at masses lower than those shown,
with reduced signal strength. Same colour code as Fig. 2.

a signal strength in excess of the SM expectations, it would be
a clear indication of BSM physics, while if the signal strength
is compatible with SM expectations, it might be necessary to
search for light pseudoscalar or scalar Higgs in order to de-
termine whether one has discovered the SM Higgs or BSM
physics.

When insisting on a light neutralino, we found that the most
promising configurations favour a SM-like H2 rather than a
H1 SM-like Higgs and therefore predict the existence of a
light Higgs dominantly singlet. The possibility of observ-
ing a second light Higgs provides a distinct signature of the
NMSSM Higgs sector. This could be done directly, e.g. via
the diphoton search for an SM-like Higgs with higher lumi-
nosities; or indirectly via the decay of the heavier Higgs, e.g.
H2 → (2H1 or 2A1)→ ττ̄.

Furthermore we note that the traditional jets + missing ET

signature of squarks and gluinos in the MSSM can be modi-
fied in a very interesting way in the NMSSM, when the LSP is
singlino-like and the second-lightest neutralino χ̃0

2 can decay
to a Higgs. The χ̃0

2 is expected to be boosted (generically be-
ing much lighter than the squarks and gluinos), and the lighter
Higgs which it decays to (H1 or A1) is expected to further de-
cay into bb̄

4. This extra step in this cascade compared to the
MSSM 2q̃ → 2q+ 2χ̃0

2 adds jets and halves the missing ET ,
dimming discovery prospects. However a distinctive topol-
ogy results: the boosted nature of the intermediate χ̃0

2 means
the missing pT vector will point in between the two doubly-
tagged b-jets. We illustrate this scenario in Fig. 9 for disquark

4 Higgs → ττ̄ would be dominant for mH,A < 2mb

q

q

!̃0
2

!̃0
2

A orH

A orH

!̃0
1

!̃0
1

bb̄

bb̄

q̃q̃

p
miss
T

FIG. 9: The modified jets + missing ET signal in the NMSSM with
a singlino-like LSP, when a decay χ̃0

2 → χ̃0
1 +Higgs is kinematically

accessible. Because the χ̃0
2 are boosted, the missing pT vector will

point in between the two b-jets.

production. Gluinos tend to decay to a neutralino plus two
jets rather than one, as is well known; otherwise the signal
remains the same as for squarks. Calculation of the Standard
Model background and estimation of the systematic error in
measuring such a signal are clearly vital, but beyond the scope
of this work.

The NMSSM Higgs sector can however be very similar
to the MSSM, or even the SM, with only a light SM-like
scalar and much heavier scalars and pseudoscalars. In this
case searches for the superpartners, and in particular pecu-
liar signatures associated with the singlino LSP (e.g. bino →
singlino + soft ll̄ [59]), offer the only possibility to identify
the NMSSM.
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light. Recall that the mass of the singlet Higgs depends on µ

with m
2

S
= κµ/λ(Aκ +4κµ/λ) [24, 57].

Note that in Fig. 7 top panel, we found scenarios where H2
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This means that even though H1 has evaded present con-

straints from LHC, these points offer good prospects for dis-

covery of a second Higgs scalar in the next run of the LHC.

Such a signal would allow to distinguish the NMSSM Higgs

sector from the MSSM one.
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by the LHC. The values of Rggγγ for H2 are displayed in Fig. 7
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search mode is relevant. We found that the signal strength

reaches values as high as Rggγγ = 2. This enhancement with

respect to the SM expectations is found when H2 has some

singlet component and a suppressed partial width to bb̄. (H1,

conversely, has an enhanced bb̄ partial width and a reduced

signal strength Rggγγ. )

As mentioned above, when 0.4 < Rggγγ < 1 for H2, the

signal strength for the lighter Higgs can be enhanced. We

have also found points where Rggγγ < 1 for both H1 and H2.

This can be due to the presence of invisible modes or to the

presence of a singlet component for which the suppression in

the Higgs coupling to gg compensates the increase of the γγ
branching ratio.

B. With a lower limit on the relic density

Finally we analyse the impact of requiring the relic density

condition. Imposing a strict lower limit on the relic density

strongly constrains the scenarios where the singlet component

of the light Higgs leads to Rggγγ > 1. As mentioned above,

these points were found for µ< 200 GeV. Hence the LSP has a

non-negligible higgsino component, usually leading to a relic

density below the preferred WMAP range. After imposing

the strict lower bound on the relic density, we found that H1

was in general within the LHC preferred range, while H2 was

heavy, its mass extending above the TeV scale. Rggγγ for H1 is

displayed in Fig. 8: the relic density constraint has removed

most of the points where the signal strength was enhanced (the

maximum value is now 1.06).

We also considered the constraint from the jets and miss-

ing ET SUSY search for those points with a Higgs of mass

122 − 128 GeV. Exclusion is observed in this mass range

for any signal strength, showing as expected that there is

no direct correlation between the first and second generation

squarks and the Higgs sector. Finally we have checked that

these points were compatible with the latest upper limit on

Br(Bs → µ
+

µ
−)< 4.5×10

−9
from LHCb [58].

FIG. 7: Rggγγ as a function of the mass of H1 (top panel) and of

H2 (bottom panel) in the arbitrary neutralino LSP model. In the top

panel most points are on top of one another at high mass and high

Rggγγ. Same colour code as Fig. 2.

VI. PROSPECTS AND CONCLUSION

In this paper, we have investigated the Higgs signal strength

expected in scans of the NMSSM scenarios in which we have

applied particle physics as well as astroparticle physics con-

straints. In particular we have imposed that the neutralino relic

density does not exceed the WMAP observed value nor the

limit imposed by direct detection experiments and does not

overproduce gamma rays and radio waves in the galaxy. We

also took into account limits from B- physics, (g−2)µ, as well

as LEP, Tevatron and LHC limits on the Higgs and SUSY par-

ticles.

We found many scenarios where either H1 or H2 had a mass

in the range [122-128] GeV and a signal strength compatible

with the Standard Model. We also found scenarios where the

signal strength in the two-photon mode was as large as the

excess reported by ATLAS and CMS. However for most of

these points the neutralino would form only a fraction of the

observed dark matter. If a Higgs is confirmed at the LHC with
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UMSSM
• MSSM+U(1) symmetry  

– see also W. Porod’s talk 

• Vector superfield B’ + Singlet superfield S
• as in NMSSM, µ=λv generated from vev S
• new particles:  Z’, RH neutrino+ new fermions
• Neutralino sector: 6 neutralinos
• Higgs sector: 3 CP-even, CP-odd+charged Higgs
• Higgs mass

– new contributions from superpotential (as in NMSSM)
– U(1)’ D-term  (Q1, Q2 are E6 charges of doublets)

– natural to have light Higgs mass ~125GeV
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including also radiative correction is diagonalized by the transformation MD = ZhMZ−1
h

and the mass eigenstates (ordered in mass)





h1

h2

h3



 = Zh





φd

φu

σ



 (9)

(10)

There is only one pseudoscalar Higgs with the tree-level mass

m2
A =

√
2λAλ

sin2φ
v (11)

(write phi angle)

At colliders the Higgs sector would look very much alike that of the MSSM, indeed

the additional scalar singlet is rather heavy. its mass is close to that of the Z’, thus above

the TeV scale. with one light SM-like Higgs, The lightest Higgs is usually standard model

like but can be significantly heavier than in the MSSM. Indeed the upper bound [?] on
the Higgs receives two types of additional contributions as compared to the MSSM,

m2
h ≤ M2

Z cos
2
2β +

1

2
λ2v2 sin2

2β + g�21 v
2
�
Q2 cos

2 β +Q1 sin
2 β

�
(12)

one proportional to λ that is also found in the NMSSM, and one from the additional

gauge coupling g�1. The upper bound on the lightest Higgs mass is thus raised to ≈
170 GeV. Typically the Higgs spectrum will consist of a standard model like light Higgs,

a heavy mostly doublet scalar which is almost degenerate with the pseudoscalar and the

charged Higgs, and the heaviest state will be predominantly singlet. When the Higgs

mixing is large, that is for large values of λ (and therefore µ), the mass of the heavy Higgs

doublet increases and the lightest Higgs mass decreases. Its mass can drop below the LEP

bound, note however that this bound is relaxed if the light state has an important singlet

component [?]. In this case the heaviest Higgs is the doublet and the second Higgs is

dominantly singlet.

The upper limit on the mixing between the Z-Z’, for a given choice of U(1)’ charges,

restricts the allowed values of tan β and therefore also have an impact on the value of the

light Higgs mass.

sinαZ ≈ g1g
�
1

v2

M2
Z�

Q1 tan β2 −Q2

1 + tan β2
(13)

When Q1 and Q2 have the same sign small mixings are found for tanβ2 � Q2/Q1. for

example for model ψ that means tan β � 1. The upper bound on the Higgs mass (before

taking into account loop corrections ) is then

m2
h ≤ M2

Z(c
2
β − s2β) + 2λ2v2 sin2 β cos

2 β + g�21 v
2Q2 (14)

It is dominated by the pure U(1)’ contribution.

When Q1 and Q2 have opposite signs, the Z-Z’ mixing is not so strongly dependent on

tan β, one can find solutions with acceptably small mixing angles for a much larger range

of values of tan β.

4
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• mass of singlet Higgs near that of Z’
• Constraints on Z’ from LHC(MZ’~1.8- 2TeV for Z ψ )
• light Higgs is typically SM-like
• Possible contributions to invisible Higgs decays 

(neutralino or RH sneutrino can be dark matter)
• DM constraints

– WMAP, direct detection
– GB, DaSilva, Pukhov,JCAP1112(2011)014

21

!"#

Limits with dimuons, dielectrons 

 : 5 fb-1 

Winter 2012 

 : 1 fb-1 

Summer 2011 
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• Even with light DM, can easily have small 
invisible width--> SM-like Higgs, R~1

• U(1)ψ of E6
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CONCLUSION

• In NMSSM and UMSSM natural extensions of MSSM 
that provide a Higgs 125 GeV which satisfies all 
constraints including DM ones

• In NMSSM: constraints on squarks/gluinos weaker than 
in MSSM

• Specific signatures especially if singlino LSP and/or light 
Higgses 
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FIG. 11: Free parameter frequency distribution normalized to
Qmax in the MSSM run. In pink the points in the discovery
region of directional detectors and in cyan in the exclusion
region.

section. In particular, for masses below 200 GeV, a large
fraction of the supersymmetric configurations fall in the
discovery region. For neutralinos to satisfy mχ0

1
≤ 200

GeV, the mass term of at least one of its components
has to satisfy the same condition. This can be either the
bino component determined by M1, the higgsino com-
ponent given by µ, the wino component given by M2

or the singlino component in the NMSSM (which de-
pends on a combination of λ, κ and µ). Note however
that when the neutralino LSP is wino-dominated, which
implies M2 ≤ M1, µ, the relic density tends to be very
small, those configurations are therefore excluded by the
condition Ωχ0

1
h2 ≥ 10%ΩWMAPh2. The neutralino LSP

main component is therefore determined by the lighter of
M1, µ. The strength of the SD interactions, strongly de-
pend on the µ value, determining the neutralino mixing

FIG. 12: Free parameter frequency distribution normalized to
Qmax in the NMSSM run. In pink the points in the discovery
region of directional detectors and in cyan in the exclusion
region.

elements N13 and N14, thus the Zχ0
1χ

0
1 coupling. Since

the lighter the µ the larger | N13 | and | N14 |, the
lighter the neutralino (although depending on M1, and
the singlino component in the NMSSM), we expect small
µ values to be generally in the reach of directional detec-
tors.

In Fig. 10 we present the correlation between µ and
M1, using the same color tag for points in or out the
discovery and exclusion regions. The general trend just
discussed is indeed met: a discovery is mostly linked with
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