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Direct dark matter detection in the next-to-minimal supersymmetric standard model

V. A. Bednyakov* and H. V. Klapdor-Kleingrothaus
Max-Planck-Institut fu¨r Kernphysik, Postfach 103980, D-69029 Heidelberg, Germany

~Received 27 February 1998; published 21 December 1998!

Direct dark matter detection is considered in the next-to-minimal supersymmetric standard model
~NMSSM!. The effective neutralino-quark Lagrangian is obtained and event rates are calculated for the73Ge
isotope. Accelerator and cosmological constraints on the NMSSM parameter space are included. By means of
scanning the parameter space at the Fermi scale we show that the lightest neutralino could be detected in dark
matter experiments with a sizable event rate.
@S0556-2821~98!07724-8#

PACS number~s!: 95.35.1d, 12.60.Jv, 14.80.Ly, 98.80.Cq
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I. INTRODUCTION

In not too far in the future new very sensitive dark mat
~DM! detectors@1–3# may start to operate, and one expe
new, very important data from these experiments. The fu
experimental progress forces investigators to better un
stand the variety and property of the dark matter partic
The lightest supersymmetric particle~LSP!, the neutralino, is
considered now as a most promising candidate, which m
compose the main fraction of the so-called cold dark mat
The prospects of direct and indirect detection of the L
have comprehensively been investigated@4# in the various
versions of the minimal supersymmetric standard mo
~MSSM! @5#.

In this paper we consider direct detection of this relic L
in the next-to-minimal supersymmetric standard mo
~NMSSM! @6,7#. The Higgs sector of the NMSSM contain
five physical neutral Higgs bosons, three Higgs scalars,
pseudoscalars, and two degenerate physical charged H
particlesC6. The neutralino sector is extended to five ne
tralinos instead of four in the MSSM. The remaining partic
content is identical with that of the MSSM.

The NMSSM is mainly motivated by its potential t
eliminate the so-calledm problem of the MSSM@8#, where
the origin of them parameter in the superpotentialWMSSM

5mH1H2 is not understood. For phenomenological reas
it has to be of the order of the electroweak scale, while
‘‘natural’’ mass scale would be of the order of the gra
unified theory ~GUT! or Planck scale. This problem i
evaded in the NMSSM where them term in the superpoten
tial is dynamically generated throughm5lx with a dimen-
sionless couplingl and the vacuum expectation valuex of
the Higgs singlet. Another essential feature of the NMSS
is the fact that the mass bounds for the Higgs bosons
neutralinos are weakened. While in the MSSM experimen
data imply a lower mass bound of about 20 GeV for the L
@9#, very light or massless neutralinos and Higgs bosons
not excluded in the NMSSM@10,11#. Furthermore the uppe
tree level mass bound for the lightest Higgs scalar of
MSSM
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2<mZ

2 cos22b ~1!

is increased tomS1

2 <mZ
2cos22b1l2(v1

21v2
2)sin22b. Taking

into account the weak coupling of the Higgs singlet t
NMSSM may still remain a viable model when the MSS
can be ruled out due to Eq.~1!.

The above arguments make an intensive study of
NMSSM phenomenology very desirable. Previously t
Higgs and neutralino sectors of the NMSSM were carefu
studied in@10–15#. The calculation of the LSP relic abun
dance in the NMSSM was performed for the first time in@16#
and recently in@17#.

The outline of this paper is as follows. In Sec. II w
describe the Lagrangian of the NMSSM. Since the additio
singlet superfield of the NMSSM leads to extended Hig
and neutralino sectors, we present the Higgs and neutra
mixings. Section III collects formulas relevant for calcul
tion of the event rate for direct dark matter detection in t
framework of the NMSSM. In Sec. IV we discuss the co
straints on the NMSSM parameter space which are use
our analysis. In Sec. V we shortly describe our numeri
procedure and discuss the results obtained. Section VI c
tains a conclusion.

II. THE LAGRANGIAN OF THE NMSSM

The NMSSM superpotential is@12# («1252«2151)

W5l« i j H1
i H2

j N2
1

3
kN31hu« i j Q̃

i ŨH2
j 2hd« i j Q̃

i D̃H1
j

2he« i j L̃
i R̃H1

j , ~2!

where H15(H1
0 ,H2) and H25(H1,H2

0) are the SU~2!
Higgs doublets with hypercharge21/2 and 1/2 andN is the
Higgs singlet with hypercharge 0. The notation of the fe
mion doublets and singlets is conventional, generation in
ces are omitted. Contrary to the MSSM, the superpotentia
the NMSSM consists only of trilinear terms with dimensio
less couplings.

The electroweak gauge-symmetry SU~2!I3U(1)Y is
spontaneously broken to the electromagnetic gau
symmetry U(1)em by the Higgs VEVs ^Hi

0&5v i with i
51,2 and ^N&5x, where v5Av1

21v2
25174 GeV, tanb

5v2 /v1 .
ti-
ia.
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The most general supersymmetry breaking potential
be written as@12#

Vsoft5m1
2uH1u21m2

2uH2u21m3
2uNu2

1mQ
2 uQ̃u21mU

2 uŨu21mD
2 uD̃u21mL

2uL̃u21mE
2 uR̃u2

2~lAl« i j H1
i H2

j N1H.c.!2S 1

3
kAkN

31H.c.D
1~huAU« i j Q̃

i ŨH2
j 2hdAD« i j Q̃

i D̃H1
j

2heAE« i j L̃
i R̃H1

j 1H.c.!1
1

2
Mlala1

1

2
M 8l8l8.

~3!

As free parameters appear the ratio of the doublet vacu
expectation values, tanb, the singlet vacuum expectatio
value x, the couplings in the superpotentiall and k, the
parametersAl , Ak , as well asAU , AD , AE ~for three gen-
erations! in the supersymmetry breaking potential, t
gaugino mass parametersM and M 8, and the scalar mas
parameters for the Higgs bosonsm1,2,3, squarksmQ,U,D and
sleptonsmL,E .

The minimization conditions for the scalar potent
]V/]v1,250, ]V/]x50 eliminate three parameters of th
Higgs sector which are normally chosen to bem1

2 , m2
2, and

m3
2 . Then at the tree level the elements of the symme

CP-even mass squared matrixM S
25(Mi j

S2
) become, in the

basis (H1 ,H2 ,N),

M11
S2

5
1

2
v1

2~g821g2!1lx tanb~Al1kx!,

M12
S2

52lx~Al1kx!1v1v2S 2l22
1

2
g822

1

2
g2D

M13
S2

52l2v1x22lkxv22lAlv2 ,

M22
S2

5
1

2
v2

2~g821g2!1lx cotb~Al1kx!,

M23
S2

52l2v2x22lkxv12lAlv1 ,

M33
S2

54k2x22kAkx1
lAlv1v2

x
.

02351
n

m

ic

In the same way one finds, for the elements of theCP-odd
matrixM P

2 ,

M11
P2

5lx~Al1kx!tanb, M12
P2

5lx~Al1kx!,

M13
P2

5lv2~Al22kx!, M22
P2

5lx~Al1kx!cotb,

M23
P2

5lv1~Al22kx!,

M33
P2

5lAl

v1v2

x
14lkv1v213kAkx,

and for the charged Higgs matrix one obtains

M c
25XlAlx1lkx22v1v2S l22

g2

2 D CS tanb 1

1 cotb D .

In our numerical analysis we have included 1-loop radiat
corrections to Higgs mass matrices following@14,18#.

AssumingCP conservation in the Higgs sector, the Higg
matrices are diagonalized by the real orthogonal 333 matri-
cesUS andUP, respectively,

Diag~mS1

2 ,mS2

2 ,mS3

2 !5USTM S
2US,

Diag~mP1

2 ,mP2

2 ,0!5UPTM P
2UP,

where mS1
,mS2

,mS3
and mP1

,mP2
denote the masse

of the mass eigenstates of the neutral scalar Higgs bo
Sa (a51,2,3) and neutral pseudoscalar Higgs bosonsPa
(a51,2) @12#.

With fixed parameters of the Higgs sector the masses
mixings of the neutralinos are determined by the two furth
parametersM andM 8 of the Lagrangian

L52
1

2
CTMC1H.c.,

CT5~2 il1 ,2 il2
3 ,CH1

0 ,CH2

0 ,CN!.

In this basis the symmetric mass matrixM of the neutralinos
has the form
S M 8 0 2mZ sinuW cosb mZ sinuW sinb 0

0 M mZ cosuW cosb 2mZ cosuW sinb 0

2mZ sinuW cosb mZ cosuW cosb 0 l x l v2

mZ sinuW sinb 2mZ cosuW sinb lx 0 lv1

0 0 lv2 lv1 22kx

D .
4-2
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The mass of the neutralinos is obtained by diagonaliz
the mass matrixM with the orthogonal matrixN:

L52
1

2
mi x̃ i

0̄x̃ i
0 , x̃ i

05S x i
0

x̄ i
0D

with x i
05Ni j C j and Mdiag5NMNT.

The neutralinosx̃ i
0 ( i 51 –5) are ordered with increasin

mass umi u, thus x[x̃1
0 is the LSP neutralino. The matri

elementsNi j ( i , j 51 –5) describe the composition of th
neutralinox̃ i

0 in the basisC j . For example the bino fraction
of the lightest neutralino is given byN 11

2 and the singlino
fraction of this neutralino byN 15

2 .

III. NEUTRALINO-NUCLEUS ELASTIC SCATTERING

A dark matter event is elastic scattering of a DM ne
tralino from a target nucleus producing a nuclear rec
02351
g

-
il

which can be detected by a suitable detector. The co
sponding event rate depends on the distribution of the D
neutralinos in the solar vicinity and the cross section
neutralino-nucleus elastic scattering.

The relevant low-energy effective neutralino-quark L
grangian can be written in a general form as@4,19–21#

Le f f5(
q

SAq•x̄gmg5x•q̄gmg5q1
mq

MW

•Cq•x̄x•q̄qD
1OS 1

mq̃
4D , ~4!

where terms with vector and pseudoscalar quark currents
omitted being negligible in the case of non-relativistic D
neutralinos with typical velocitiesv'1023c.

The coefficients in the effective Lagrangian~4! have the
form
Aq52
g2

2

4MW
2 FN 14

2 2N 13
2

2
T32

MW
2

mq̃1
2

2~mx1mq!2
~cos2uqfqL

2 1sin2uqfqR
2 !2

MW
2

mq̃2
2

2~mx1mq!2
~sin2uqfqL

2 1cos2uqfqR
2 !

2
mq

2

4
Pq

2S 1

mq̃1
2

2~mx1mq!2
1

1

mq̃2
2

2~mx1mq!2D 2
mq

2
MWPqsin 2uqT3~N122tanuWN11!

3S 1

mq̃1
2

2~mx1mq!2
2

1

mq̃2
2

2~mx1mq!2D G ~5!

Cq52
g2

2

4 F2 (
a51,2,3

Qa11
L9

1

ma
2
Vaq1PqS cos2uqfqL2sin2uqfqR

mq̃1
2

2~mx1mq!2
2

cos2uqfqR2sin2uqfqL

mq̃2
2

2~mx1mq!2 D
1sin 2uqS mq

4MW
Pq

22
MW

mq
fqLfqRD3S 1

mq̃1
2

2~mx1mq!2
2

1

mq̃2
2

2~mx1mq!2D G . ~6!

Here

Vaq5F S 1

2
1T3qD Ua2

S

sinb
1S 1

2
2T3qD Ua1

S

cosbG ,
Qa11

L9 5~N122tanuWN11!@Ua1
S N132Ua2

S N14#1A2lN15@Ua1
S N141Ua2

S N13#22A2kUa3
S N 15

2 ,

fqL5N12T31N11~Q2T3!tanuW ,

fqR5tanuWQN11,

Pq5S 1

2
1T3D N14

sinb
1S 1

2
2T3D N13

cosb
.

4-3
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V. A. BEDNYAKOV AND H. V. KLAPDOR-KLEINGROTHAUS PHYSICAL REVIEW D 59 023514
The coefficientsAq andCq take into account squark mixin
q̃L2q̃R and the contributions of allCP-even Higgs bosons
Under the assumptionl5k50 these formulas coincide with
the relevant formulas in the MSSM@19#.

A general representation of the differential cross sect
of neutralino-nucleus scattering can be given in terms
three spin-dependentFi j (q

2) and one spin-independen
FS(q2) form factors as follows@22#:

ds

dq2
~v,q2!5

8GF

v2
„a0

2
•F 00

2 ~q2!1a0a1•F 10
2 ~q2!

1a1
2
•F 11

2 ~q2!1c0
2
•A2F S

2~q2!…. ~7!

The last term corresponding to the spin-independent sc
interaction gains coherent enhancementA2 (A is the atomic
weight of the nucleus in the reaction!. The coefficients
a0,1,c0 do not depend on nuclear structure and relate to
parametersAq ,Cq of the effective Lagrangian~4! and to pa-
rameters characterizing the nucleon structure. In what
lows we use notations and definitions of our paper@23#.

An experimentally observable quantity is the different
event rate per unit mass of the target material

dR

dEr
5FN

rx

mx
G E

vmin

vmax
dv f ~v !v

ds

dq2
~v,Er !, q252MAEr .

Here f (v) is the velocity distribution of neutralinos in th
earth’s frame which is usually assumed to be a Maxwell
distribution in the galactic frame.N is the number density o
the target nuclei. vmax5vesc'600 km/s and rx

50.3 GeV cm23 are the escape velocity and the mass d
sity of the relic neutralinos in the solar vicinity;vmin

5(MAEr /2Mred
2 )1/2 with MA and Mred being the mass o

nucleusA and the reduced mass of the neutralino-nucl
system, respectively.

The differential event rate is the most appropriate quan
for comparing with the observed recoil spectrum and allo
one to take properly into account spectral characteristics
specific detector and to separate the background. Howe
in many cases the total event rateR integrated over the whole
kinematic domain of the recoil energy is sufficient. It
widely employed in theoretical papers for estimating t
prospects for DM detection, ignoring experimental comp
cations which may occur on the way. In the present paper
are going to perform a general analysis aimed at searc
for domains with large values of the event rateR like those
reported in@24#. This is the reason why we use in the ana
sis the total event rateR.

IV. CONSTRAINTS ON THE NMSSM
PARAMETER SPACE

Assuming that the neutralinos form a dominant part of
DM in the universe one obtains a cosmological constraint
the neutralino relic density. The present lifetime of the u
verse is at least 1010 years, which implies an upper limit o
the expansion rate and correspondingly on the total r
02351
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abundance. Assumingh0.0.4 one finds that the contributio
of each relic particle speciesx has to obey@25# Vxh0

2,1,
where the relic density parameterVx5rx /rc is the ratio of
the relic neutralino mass densityrx to the critical onerc

51.88310229h0
2g cm23.

We calculateVxh0
2 following the standard procedure o

the basis of the approximate formula@26,27#

Vxh0
252.13310211S Tx

Tg
D 3S Tg

2.7KoD 3

3NF
1/2S GeV22

axF1bxF
2/2

D .

~8!

HereTg is the present day photon temperature,Tx /Tg is the
reheating factor,xF5TF /mx'1/20, TF is the neutralino
freeze-out temperature, andNF is the total number of de-
grees of freedom atTF . The coefficientsa,b are determined
from the non-relativistic expansion̂sann.v&'a1bx of the
thermally averaged cross section of neutralino annihilation
the NMSSM. We adopt an approximate treatment not tak
into account complications, which occur when the expans
fails @28#. We take into account all possible channels of t
x-x annihilation. The complete list of the relevant formul
in the NMSSM can be found in@17#.

Since the neutralinos are mixtures of gauginos, higgsin
and singlino the annihilation can occur both, via s-chan
exchange of theZ0 and Higgs bosons and t-channel e
change of a scalar particle, like a selectron. This constra
the parameter space, as discussed by many gro
@27,29,30#.

In the analysis we ignore possible rescaling of the lo
neutralino densityr which may occur in the region of the
NMSSM parameter space whereVxh0

2,0.025 @31–33#. If
the neutralino is accepted as a dominant part of the DM
density has to exceed the quoted limiting value 0.025. O
erwise the presence of additional DM components should
taken into account, for instance, by the mentioned resca
ansatz. However, the halo density is known to be very
certain. Therefore, one can expect that the rescaling ta
place in a small domain of the parameter space. Anot
point is that the SUSY solution of the DM problem with suc
low neutralino density becomes questionable. We assu
neutralinos to be a dominant component of the DM halo
our galaxy with a densityrx50.3 GeV cm23 in the solar
vicinity and disregard in the analysis points withVxh0

2

,0.025.
The parameter space of the NMSSM and the masse

the supersymmetric particles are constrained by the res
from the high energy colliders LEP at CERN and Tevatron
Fermilab @10,11#. A key role for the production of Higgs
bosons ate1e2 colliders plays the Higgs coupling toZ
bosons, while neutralino production at LEP crucially d
pends on theZx̃0x̃0 coupling which is formally identical in
NMSSM and MSSM and differs only by the neutralino mi
ing. All those couplings are suppressed in the NMSSM if t
respective neutralinos or Higgs bosons have significant
glet components. Therefore NMSSM neutralino and Hig
mass bounds are much weaker than in the minimal mo
@12#. The consequences from the negative neutralino se
4-4
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DIRECT DARK MATTER DETECTION IN THE NEXT- . . . PHYSICAL REVIEW D 59 023514
at the CERNe1e2 collider LEP for the parameter space a
the neutralino masses have been studied in@10#. In @12# it is
shown that a very light NMSSM neutralino cannot even
ruled out at LEP2.

We used the following constraints from LEP. For ne
physics contributing to the totalZ width DG(Z→x̃1x̃21Z

→x̃ i
0x̃ j

0),23 MeV. For new physics contributing to the in

visible Z width DG(Z→x̃ i
0x̃ j

0),8 MeV. From the direct

neutralino searchB(Z→x̃1
0x̃ j

0),231025 for j 52, . . . ,5,

and B(Z→x̃ i
0x̃ j

0),531025, for i , j 52, . . . ,5. Theresults
of LEP searches forSaZ and SaZ* productions@9#, which
impose restrictions on theSaZZ couplings were included in
our analysis. We have also included the experimental bou
from the direct search for pseudoscalar Higgs bosons
duced together with a Higgs scalar at LEP@9#, but this in
accordance with@12# does not significantly affect the ex
cluded parameter domain.

In our numerical analysis we use the following expe
mental restrictions for the SUSY particle spectrum in t
NMSSM: mx̃

1
1>90 GeV for charginos,mñ>80 GeV for

sneutrinos,mẽR
>80 GeV for selectrons,mq̃>150 GeV for

squarks, mt̃ 1
>60 GeV for light top squark, mH1

>65 GeV for charged Higgs bosons andmS1
>1 GeV for

the light scalar neutral Higgs boson. In fact, it appeared
all above-mentioned constraints do not allowmS1

to be
smaller than 20 GeV.

V. NUMERICAL ANALYSIS

Randomly scanned parameters of the NMSSM at
Fermi scale are the following: the gaugino mass parame
M 8 andM, the ratio of the doublet vacuum expectation v
ues, tanb, the singlet vacuum expectation valuex, the cou-
plings in the superpotentiall and k, squared squark mas
parametersmQ1,2

2 for the first two generations andmQ3

2 for the

third one, the parametersAl , Ak , as well asAt for the third
generation. The parameters are varied in the intervals g
below:

21000 GeV,M 8,1000 GeV

22000 GeV,M,2000 GeV

1,tanb,50

0 GeV,x,10000 GeV

20.87,l,0.87

20.63,k,0.63

100 GeV2,mQ1,2

2 ,1 000 000 GeV2

100 GeV2,mQ3

2 ,1 000 000 GeV2

22000 GeV,At,2000 GeV

22000 GeV,Al,2000 GeV
02351
e
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22000 GeV,Ak,2000 GeV.

For simplicity the other sfermion mass parametersmU1,2

2 ,

mD1,2

2 , mL1,2

2 , mE1,2

2 , andmT
2 , mB

2 , mL3

2 , mE3

2 are chosen to be

equal tomQ2

2 andmQ3

2 , respectively. Therefore masses of t

sfermions in the same generation differ only due to
D-term contribution. Other parameters~exceptAt) of the su-
persymmetry breaking potentialAU , AD , AE ~for all three
generations! are fixed to be zero.

The main results of our scan are presented in Fig. 1 in
form of scatter plots. Given in Fig. 1 are the total event ra
R for 73Ge, and the LSP gaugino fraction (N 11

2 1N 12
2 ), sin-

glino fraction (N 15
2 ), and finally relic density paramete

Vxh0
2 versus the LSP mass. The left panel in Fig. 1 prese

the above-mentioned observables obtained without tak
into account the cosmological relic density constraint.

In this case the total expected event rateR reaches values
up to about 50 events per day and per 1 kg of the73Ge
isotope. As on can see from Fig. 1 the small-mass LSP~less
than about 100 GeV! is mostly gauginos, with a very sma
admixture of the singlino component. Large masses of
LSP ~larger than 100 GeV! correspond to sizable gaugin
and singlino components together perhaps with so
higgsino fraction.

The results of implementation of the cosmological co
straint

0.025,Vxh0
2,1

can be seen in the right panel of Fig. 1. There is appro
mately a 5-fold reduction of the number of the points whi
fulfill all restrictions in this case. Nevertheless quite lar
values of event rateR ~above 1 event/day/kg! still survive the
cosmological constraint. The lower bound for the mass of
LSP now becomes about 3–5 GeV. The gaugino compon
becomes more significant, but the singlino fraction cannot
completely ruled out especially for large masses of the L
The higgsino component of the LSP remains still possi
only for LSP masses in the vicinity ofMZ .

For illustration in Fig. 2 we present the calculated eve
rate R as function of the mass of the lightest scalar Hig
boson,mS1

. The largest values ofR are concentrated mostl

in the region of quite large massesmS1
, where LEP con-

straints are not very significant. The upper bound formS1
is

also clearly seen.

VI. CONCLUSION

In the paper we address the question whether the nex
minimal supersymmetric standard model can be attrac
from the point of view of the direct detection of neutralino
provided the neutralino is the stable LSP.

To answer the question we derived the effective low e
ergy neutralino-quark Lagrangian, which takes into acco
the contributions of extra scalar Higgs bosons and extra n
tralinos. On this basis we calculated the total direct-da
matter-detection event rate in73Ge as a representative iso
tope which is interesting for construction of a realistic da
4-5
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FIG. 1. Total event rateR for 73Ge, the LSP gaugino fraction (N 11
2 1N 12

2 ), singlino fraction (N 15
2 ), and the relic abundance paramet

Vxh0
2 versus the LSP mass~from up to down!. The left ~right! panel presents results obtained without~with! taking into account the

cosmological relic density constraint.
ac
in
a
ic

ace
ium

n,
matter detector. We analyzed the NMSSM taking into
count the available accelerator and cosmological constra
by means of a random scan of the NMSSM parameter sp
at the Fermi scale. We demonstrated that the cosmolog
02351
-
ts
ce
al

constraint does not rule out domains in the parameter sp
which correspond to quite sizable event rates in a german
detector.

Due to relaxation of the gaugino unification conditio
4-6
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contrary to previous consideration@17# we found domains in
the parameter space where the lightest neutralinos have
small masses~about 3 GeV!, acceptable relic abundance an
a sufficiently large expected event rate for direct detect
with a 73Ge-detector.

FIG. 2. Total event rateR for 73Ge as function of the mass o
the lightest scalar Higgs bosonmS1

.
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Therefore the NMSSM looks no worse than the MSS
from the point of view of direct dark matter detection. Th
question arises: Is it possible to distinguish MSSM a
NMSSM by means of direct dark matter detection of LSP?
is a problem to be solved in the future. The question c
disappear by itself if a negative search for light Higgs bos
with the CERN Large Hadron Collider~LHC! rules out the
MSSM. As already mentioned in the Introduction th
NMSSM can bypass the most crucial constraint for t
MSSM with the upper bound for the light Higgs boson~1!.
Therefore the NMSSM might remain a viable theoretic
background for direct dark matter search for relic neutralin
in the post-MSSM epoch.
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