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The MSSM and NMSSM
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Choice of parameters

NMSSMTools 4.6.0 

micrOMEGAs3.1 

U. Ellwanger et al,

A. Pukhov et al.

To fulfill all constraints including:

• For both scenarios one can have either H_1=H_SM or H_2=H_SM
• In both scenarios the turning point for either a singlino or 

higgsino-dominated LSP is around 2κ/λ = 1

Full set of parameters m0,m1/2, A0, tan�,�,, A�, A, µeff(9)

Reduced set of parameters (3) mH1or mH2 ,mA1 ,mA2 ⇡ mH3 ⇡ mH±

One gets Two scenarios: 
I Large lambda and kappa and small tan beta 
II Small lambda and kappa and larger tan beta

• The light Higgs mass of 125 GeV with correct couplings,  
• Dark Matter abundance,  
• LHC limits, etc 
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Dark Matter Content

tral components of the SU(2) Higgs doublets, i.e. tan � ⌘ vu/vd. For the
NMSSM one has to add the coupling � between the singlet and the doublets
from the term �SHu ·Hd and , the self-coupling of the singlet from the term
S3/3; A� and A are the corresponding trilinear soft breaking terms; µeff

represents an e↵ective Higgs mixing parameter.
So in total the semi-constrained NMSSM has nine free parameters:

m0, m1/2, A0, tan �, �, , A�, A, µeff . (1)

The e↵ective Higgs mixing parameter is related to the vev of the singlet
s via the coupling �, i.e. µeff ⌘ �s. Being proportional to a vev, µeff is
naturally of the order of the electroweak scale, thus avoiding the µ-problem
[15]. The supersymmetric partner of the singlet leads to an additional Higgs-
ino, thus extending the neutralino sector from 4 to 5 neutralinos. This leads
to modifications of the SI and SD cross sections, which are discussed in the
following subsections.

2.1. The NMSSM neutralino sector

Within the NMSSM the singlino, the superpartner of the Higgs singlet,
mixes with the gauginos and Higgsinos, leading to an additional fifth neu-
tralino. The resulting mixing matrix reads [15, 42]:
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with the gaugino masses M1, M2, the gauge couplings g1, g2 and the Higgs
mixing parameter µeff as parameters. Furthermore, the vacuum expectation
values of the two Higgs doublets vd,vu, the singlet s and the Higgs couplings
��  enter the neutralino mass matrix.

The upper left 4 ⇥ 4 submatrix of the neutralino mixing matrix corre-
sponds to the MSSM neutralino mass matrix, see e.g. Ref. [4].

The neutralino mass eigenstates are obtained from the diagonalization of
M0 in Eq. 2 and are linear combinations of the gaugino and Higgsino states:
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Neutralino mass matrix
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LSP Content in NMSSM
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Figure 2: The Higgsino (left) and singlino (right) content of the lightest neutralino is plotted versus
2/� for scenario I/II in the top/bottom row. The horizontal line corresponds to 0.8 which we define as
the separation between a Higgsino/singlino-dominated LSP, so points within the colored region fulfill this
definition. In both scenarios the nature of the LSP switches for values of 2/� ⇡ 1. The plot is made for
mH2 = 125 GeV, but the results are similar for mH1 = 125 GeV.

co-annihilation channels can contribute, because the lightest neutralinos all
have masses of the order of µeff . If co-annihilation is not possible large relic
densities are obtained, because the singlinos hardly couple to SM particles,
leading to small annihilation cross sections. Such points over-close the Uni-
verse and are rejected for further analyses. The correct relic density can also
be fulfilled for resonant annihilation via Z0 or H boson leading to narrow
allowed regions around m�̃1

0
⇡ 45 and m�̃1

0
⇡ 60.

3.1. Reach of direct DM searches

The sampled points from the parameter space spanned by the Higgs
masses for scenario I and II with the lowest �2 are assumed be represen-
tative for the NMSSM, so these points are compared with the relic density

11
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Figure 1: SI and SD cross section as function of the parameter A�. The red line corresponds to the
current LUX limit. Cross sections above this limit are excluded at 90% C.L.. The variation of A� at the
EW scale leads to a variation of the Higgs masses. The SI cross section has a minimum below the LUX
limit, if the masses of the two lightest Higgs bosons are close while the SD cross section stays constant.

section. The current best limit on the SD cross section is given by LUX for
the WIMP-neutron interaction [9], while PICO-2L gives the best limit on the
SD WIMP-proton cross section [51]. Translating the limit from the proton
cross section to WIMP-neutron interaction using the previous approxima-
tion �n ⇡ 0.77�p, the LUX limit is better compared to PICO-2L experiment.
The experimental limits result from assumptions about the local DM density,
which can be determined from the rotation curve of the Milky Way and takes
values between 0.3 and 1.3 GeV/cm3, see e.g. [52]. This uncertainty leads to
a variation of the limit of about a factor of 4. The limits given by di↵erent
experiments are calculated for a local DM density of 0.3 GeV/cm3, which
leads to the most conservative limit.

3. Analysis

The additional particles and their interactions within the NMSSM lead
to a large parameter space, even in the well-motivated subspace with unified
masses and couplings at the GUT scale. We focus on the semi-constrained
NMSSM and use the corresponding code NMSSMTools 4.6.0 [53] to calculate
the SUSY mass spectrum from the NMSSM parameters. This program has

8

SI versus SD X-sections

Negative interference of two Higgses for SI x-section �SI / N2
13 �N2

14

�SD / N2
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Relic Density Abundance
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Figure 3: Top row: The relic density versus 2/� for scenario I and mH2 = 125 GeV for the Higgsino
(left) and singlino-dominated points (right). Bottom row: as top row, but for scenario II. The experi-
mental value is represented by the black solid line. The colored band corresponds to the 95% C.L. region
resulting from the linear addition of the experimental and theoretical error. The dark blue points represent
Higgsino/singlino-type neutralinos shown in Fig. 2, while the light blue points saturate the relic density
at 95% C.L.. The correct value of the relic density is easily fulfilled for the singlino-dominated LSPs,
while for the Higgsino-type LSPs the predicted relic density is usually below the measured value due to
the large coupling to Higgs bosons.

and DM scattering cross section limits.
As shown in Fig. 3, many sampled points have an expected relic den-

sity ⌦theo below the observed relic density, which is allowed if the DM has
additional contributions from other particles, like axions. In this case the sen-
sitivity of direct DM experiments will be reduced by the factor ⇣ = ⌦theo/⌦obs

[35]. If ⌦theo > ⌦obs the points are excluded, so ⇣ cannot be above 1. In or-
der to calculate the reach of direct DM search experiments we multiply the
expected cross section with min(1, ⇣) to obtain, what we call the reduced
cross section. The sampled points can be projected into the WIMP mass -
reduced cross section plane as shown in Fig. 4/5 for scenario I/II for the SI

12

Exp. relic abundance
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Direct  Detection of Dark Matter
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Scenario I (large �,, small tan �) [mHi + ⇣⌦h2
, ⇣ < 1 ⇣ = 1 ]
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Figure 4: Plots of the reduced scattering cross sections (SI and SD, as indicated) versus the WIMP mass
for Scenario I. The first/last four plots represent the case where mH2/mH1 = 125 GeV. The left/right
plots represent the Higgsino/singlino-dominated LSPs. The dark blue points fulfill the SM Higgs con-
straint while the light blue points also yield the correct relic density. The dark blue points have a cross
section multiplied by the sensitivity factor ⇣ = ⌦theo/⌦obs. The red solid/dotted lines represent the
current/future sensitivities for various experiments. The orange area is below the neutrino coherent scat-
tering cross section from solar, atmospheric and di↵use supernova neutrinos on nuclei, which provides a
high background for future searches. In this region discovery of WIMP scattering is practically excluded.
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Scenario I (large �,, small tan �) [mHi + ⇣⌦h2
, ⇣ < 1 ⇣ = 1 ]
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Figure 4: Plots of the reduced scattering cross sections (SI and SD, as indicated) versus the WIMP mass
for Scenario I. The first/last four plots represent the case where mH2/mH1 = 125 GeV. The left/right
plots represent the Higgsino/singlino-dominated LSPs. The dark blue points fulfill the SM Higgs con-
straint while the light blue points also yield the correct relic density. The dark blue points have a cross
section multiplied by the sensitivity factor ⇣ = ⌦theo/⌦obs. The red solid/dotted lines represent the
current/future sensitivities for various experiments. The orange area is below the neutrino coherent scat-
tering cross section from solar, atmospheric and di↵use supernova neutrinos on nuclei, which provides a
high background for future searches. In this region discovery of WIMP scattering is practically excluded.
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Scenario I (large �,, small tan �) [mHi + ⇣⌦h2
, ⇣ < 1 ⇣ = 1 ]
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Figure 4: Plots of the reduced scattering cross sections (SI and SD, as indicated) versus the WIMP mass
for Scenario I. The first/last four plots represent the case where mH2/mH1 = 125 GeV. The left/right
plots represent the Higgsino/singlino-dominated LSPs. The dark blue points fulfill the SM Higgs con-
straint while the light blue points also yield the correct relic density. The dark blue points have a cross
section multiplied by the sensitivity factor ⇣ = ⌦theo/⌦obs. The red solid/dotted lines represent the
current/future sensitivities for various experiments. The orange area is below the neutrino coherent scat-
tering cross section from solar, atmospheric and di↵use supernova neutrinos on nuclei, which provides a
high background for future searches. In this region discovery of WIMP scattering is practically excluded.
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Scenario II (small �,, large tan�) [mHi + ⇣⌦h2
, ⇣ < 1 ⇣ = 1 ]
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Figure 5: As in Fig. 4 but for Scenario II. Note the di↵erent scales for the singlino cross section which
have been adjusted to the lowest possible values for the corresponding cross sections. The points below
the coherent neutrino background are outside the reach of the future experiments, because of a too high
background.
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Scenario II (small �,, large tan�) [mHi + ⇣⌦h2
, ⇣ < 1 ⇣ = 1 ]
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Figure 5: As in Fig. 4 but for Scenario II. Note the di↵erent scales for the singlino cross section which
have been adjusted to the lowest possible values for the corresponding cross sections. The points below
the coherent neutrino background are outside the reach of the future experiments, because of a too high
background.
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Figure 5: As in Fig. 4 but for Scenario II. Note the di↵erent scales for the singlino cross section which
have been adjusted to the lowest possible values for the corresponding cross sections. The points below
the coherent neutrino background are outside the reach of the future experiments, because of a too high
background.
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Figure 6: Sampled points for the singlino-dominated points for scenario I/II (left/right) for either mH1 =
125 GeV ormH2 = 125 GeV in the SI-SDn cross section plane. The color coding corresponds to the singlino
content of the lightest neutralino. The vertical and horizontal dashed line show the lower limit on the SI
and SD cross section from the future experiment DARWIN for a averaged neutralino mass of about 100
GeV. Future limits will be able to constrain the singlino content of the lightest neutrino. Only points in
the lower left quadrant are within the ”neutrino floor” and will escape future direct dark matter seraches.
Such points are only possible within scenario II (right-hand side), since they require a large singlino purity
of about 99%. Such pure singlinos are possible only for small values of �/ below ⇠0.03/0.01.

purity above 0.99, are outside the reach of the future experiments. In this
case the lightest neutralino is decoupled and interacts weakly with the SM
particles, which is needed to get a small elastic cross section. At the same
time, the annihilation cross section for the correct relic density is still fulfilled
by the sum of many coannihilation channels. Such pure singlinos are possible
only for small values of � and  below ⇠0.03 and 0.01, respectively. Those
points are often missed in Markov Chain sampling techniques, like in Ref.
[36], where the whole range of � and  from 0 to 0.8 is sampled. This is
prevented in our analysis, since we first identify the relevant regions in the
parameter space by defining scenarios I and II leading to the correct Higgs
mass but corresponding to di↵erent regions in the NMSSM parameter space.

4. Conclusion

We surveyed the cross section for the SI and SD dark matter searches
in the semi-constrained NMSSM. In order to limit the parameter space we
restricted ourselves to the well-motivated common GUT scale masses for the
SUSY partners. In addition, we considered the space spanned by the 6 Higgs
masses, which reduces to a 3D space, if one takes into account that one Higgs
mass has to be equal to the observed Higgs mass of 125 GeV and the heavy
Higgs bosons are practically mass-degenerate. By projecting on the 3D space
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Experiment Reach in the Nearest Future

Scenario I Scenario II

Will not be covered by experiment Will not be covered by experiment Almost pure singlino

Conclusion: in the framework of the  NMSSM  
• for Scenario I future experiments will cover all allowed range 
• for Scenarion II future experiments will cover almost all allowed 

range  except for small part of pure singlino LSP 14
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Conclusion: in the framework of the  MSSM  
the SI searches  will cover all allowed region, 

the SD searches will not be essential

LSP ≈ Bino
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Conclusions

• In case of MSSM the future direct searches for DM 
will cover all allowed region of x-sections up to 
neutrino floor.  

• In case of  NMSSM and higgsino dominated LSP 
the future searches will also cover the whole range. 

• In case of NMSSM and singlino dominated LSP the 
future searches for scenario I will cover the whole 
range and for scenarios II the small domain might 
remain which corresponds to almost >90% singlino 
DM. 

• The SD dependent searches do not add significant 
information to SI searches in all cases.
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