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Update of the direct detection of dark matter and the role of the nuclear spin
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We update our exploration of the minimal supersymmetric standard model~MSSM! parameter space at the
weak scale where new accelerator and cosmological constraints are respected. The dependence of weakly
interacting massive particle nucleon cross sections on parameters of the MSSM, uncertainties of the nucleon
structure and other theoretical assumptions such as universality and coannihilation are considered. In particular,
we find that the coannihilation does not have a significant effect on our analysis in certain regions which are
allowed even with coannihilation. The new cosmological constraint on the relic neutralino density used in the
form 0.1,Vxh0

2,0.3 also does not significantly affect the regions of allowed neutralino-nucleon cross sec-
tions. We notice that for nuclear targets with spin the spin-dependent interaction may determine the lower
bound for the direct detection rate when the cross section of the scalar interaction drops below about 10212 pb.
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I. INTRODUCTION

It is well known~see, for example, Ref.@1#! that the mini-
mal supersymmetric standard model~MSSM!, being the
most promising extension of the standard model, offer
solution of the hierarchy problem, possesses gauge coup
unification, and naturally proposes a dark matter candidat
the lightest supersymmetric particle~LSP!. In the framework
of low-energy supersymmetry~SUSY!, when SUSY break-
ing masses lie below a few TeV, sparticles will be copiou
produced~and detected! at future colliders such as the Larg
Hadron Collider~LHC! at CERN. On the other hand, the
are several on-going and future projects searching for
LSP as a dark matter particle. One of them even claim
positive signal@2#, although the situation remains rather co
tradictory @3#. The present experimental upper limit on th
spin-independent part of the elastic scattering of the LSP
a nucleon is around 1025 pb for 50 GeV&mx&100 GeV. In
any case, it seems very plausible that both SUSY colli
signals and LSP dark matter will be found in the future. Su
dark matter searches offer interesting prospects for bea
accelerators in the discovery of SUSY, particularly duri
the coming years before the LHC enters operation@4#. In this
situation naturally arose the question of how small the ev
rate of the LSP direct detection can be, provided the LSP
a cold dark matter particle. Searching for the answer diff
ent SUSY models were considered~see, for example, Refs
@5–9#!.

Recently exciting evidence for a flat and accelerating u
verse was obtained@10,11#. The position of the first acousti
peak of the angular power spectrum strongly suggests a
universe with density parameterV051 while the shape of
the peak is consistent with the density perturbations p
dicted by models of inflation. The density parameterV0
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5r0 /rc is the ratio of the current mass densityr0 to the
critical densityrc51.88310229 h0

2 g cm23, with h0 being
the dimensionless Hubble parameter. Data support
straight lineV05VM1VL51 @12–15#, where VM is the
matter density in the universe andVL is the contribution of
the nonzero cosmological constant~the energy density of the
vacuum!. At the same time one determinesVM50.460.1,
which implies VL50.8560.2, a value that has been su
ported from high-redshifted Supernova data@16#. Since the
baryonic matter density is small,VB50.0560.005, the val-
ues for matter densityVM give a cold dark matter~CDM!
densityVCDM.0.3560.1, which combined with recent mea
surements of the Hubble parameterh050.6560.05, result in
smaller CDM relic densitiesVCDMh0

2.0.1560.07 @12–15#.
Previously we have restricted our analyses to the cos

logical constraint for the relic density of the LSP in the ran
0.025,Vxh0

2,1 @17–20#, where the neutralino relic densit
parameterVx5rx /rc and rx is the relic neutralino mass
density. In this paper adopting the above-mentioned n
cosmological data and going to compare our estimation w
literature@4,9,21,22# we constrain the allowed region for th
neutralino relic density in the form 0.1,Vxh0

2,0.3. It is
possible that there is more than one component in the c
dark matter, so thatVx,VCDM , and thereforeVx,0.1. Al-
though, in general, a decrease ofV is associated with large
elastic scattering cross sections, the detection rate also
be reduced because of the corresponding reduction in
density of LSP’s in the Galactic halo. Here we neglect t
possibility and assume that all the cold dark matter is co
posed of LSP’s, so thatVx>0.1 @4#.

There are two main approaches to evaluate the d
matter-neutralino nucleon cross section and the expe
event rate in a detector. The basis of the first approach is
minimal supergravity~MSUGRA! model @23#. This model
assumes the minimal supersymmetric standard model to
valid at all energy scales fromMweak up to MGUT.231016

GeV. The MSUGRA model arises as the low-energy limit
©2001 The American Physical Society05-1



th

ob
o

ea

e
ss
c-
he
ec
th

ar

rg
ll
r

le
a
d
S
n
p
te

g

t
ar
t
a
le
o
t

-li
os

t
?
s

lte
e
nd
er
.
ls

deed

und

ed.
els
ral-
the
s
ere
ca-
i-

sal-

al-

the

nck
he
rsal

ark

the
n-
hin

de-
, in
c-

tes
the
ter
wn

of

V. A. BEDNYAKOV AND H. V. KLAPDOR-KLEINGROTHAUS PHYSICAL REVIEW D 63 095005
a supergravity theory, where supersymmetry is broken in
hidden sector of the model at an energy scale ofM;1010

GeV. Supersymmetry breaking is communicated to the
servable sector via gravitational interactions, leading to s
SUSY breaking mass terms of the order of the electrow
scale. At the grand unified theory~GUT! scale this leads to a
common mass for all scalarsm0 and a common trilinear
couplingA0 . Motivated by the apparent unification of gaug
coupling constants, it is also assumed that all gaugino ma
are unified tom1/2 at MGUT. The weak scale sparticle spe
trum is derived from renormalization group running of t
SUSY soft breaking parameters. Requiring radiative el
troweak symmetry breaking allows the determination of
superpotential Higgsino mass squaredm2, and allows the
expression of the soft SUSY breaking bilinear termB in
terms of tanb. Thus all sparticle masses and couplings
derived in terms of the minimal parameter setm0 , m1/2, A0 ,
tan b, and sign(m) @23–25#. From a practical point of view
this approach as much as possible relies on theoretical a
ments like unification, naturalness, etc. aiming to maxima
reduce the set of free parameters and obtain maximally
stricted predictions. In this approach@4# the quantum stabil-
ity of the gauge hierarchy suggests that sparticles weigh
than about 1 TeV@26#, which is also the range favored for
cold dark matter particle, and there are indeed generic
mains of the MSSM parameter space in which the relic L
density falls within the range favored by astrophysics a
cosmology. The unsuccessful laboratory searches for s
ticles impose nontrivial constraints on the MSSM parame
space, suggesting that the LSP neutralino is mainly a U~1!
gaugino (B-ino) @27#. In the MSSM the lightest neutralino
x[x̃1

0 is a mixture of four superpartners of gauge and Hig
bosons (B-ino, W-ino, and two Higgsinos!:

x5N11B̃
01N12W̃

01N13H̃1
01N14H̃2

0. ~1!

It is commonly accepted thatx is mostly gauginolike ifP
[N11

2 1N12
2 .0.9 and Higgsino-like ifP,0.1, or mixed oth-

erwise.
It is due to theB-ino-likeness of the relic neutralinos tha

the calculated neutralino-nucleon cross sections appe
very small and one usually arrived at the conclusion tha
was hardly possible to reach the MSUGRA space by me
of direct and indirect searches for dark matter partic
@4,5,8,17,24,28–30#. The other side of this conclusion is als
well known: whenumu decreases, the Higgsino componen
N13 andN14 of x increase (P decreases! and as a result the
spin-independent cross section increases. So Higgsino
~and mixed! neutralino on the other hand increases the pr
pect for its detection as a dark matter particle@7,22,31,32#.
Therefore it seems a crucial question here, to what exten
the neutralino mostly gauginolike, Higgsino-like, or mixed

A way to look for any possibility of higher cross section
and higher expected rates of detection is to investigate a
nate models. The basis of it is a departure from the string
MSUGRA by means of a relaxation of some unification a
other theoretical assumptions aiming to obtain as gen
predictions for the expected detection rate as possible
remarkable shift from MSUGRA to more relaxed mode
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was made by Refs.@20#, @1#, and @9#. It mostly included
relaxation of unification of soft scalar mass parameters~so
called nonuniversal soft symmetry breaking! as well as
gaugino mass nonuniversality. The large tanb regime was
also considered as a source of higher cross sections. In
in canonical MSUGRA it was pointed out@33–35# that the
large tanb regime allows regions wheresxp'1026 pb. Be-
sides, with nonuniversal soft scalar masses, it was also fo
that sxp'1026 pb for small values of tanb. In particular,
this was obtained for tanb*25 (tanb*4) working with
universal~nonuniversal! soft terms in Ref.@35#. These analy-
ses were performed assuming~non!universality of the soft
breaking terms at the unification scale,MGUT'1016 GeV,
which can be obtained within superstring theories@36,37#
and heteroticM theory @36,38#.

Completely new possibilities have also been discuss
For example, it is found that in supersymmetry mod
multi-TeV scalar masses can exist consistent with natu
ness on a certain branch of the radiative breaking of
electroweak symmetry@39#. A similar phenomenon appear
in the so-called focus point supersymmetry models wh
one also avoids naturalness constraints with multi-TeV s
lars @31,40,41# and in models with moving intermediate un
fication scale@32#.

It was noticed that the assumptions concerning univer
ity of the scalar massesmi(MGUT)[m0 , and the trilinear
scalar couplingsAl ,u,d(MGUT)[A0 , are not very solid, at
least from phenomenological point of view, since, univers
ity might occur at a scale higher thanMGUT;1016 GeV @42#,
or according to string models at a scaleMI smaller than
MGUT;1016 GeV @32,43#. It was realized that the string
scale may be anywhere between the weak scale and
Planck scale. For instance,D-brane configurations allow
these possibilities in type-I strings@44–47#. Similar results
can also be obtained in type-II strings@48# and weakly and
strongly coupled heterotic strings@49,50#. Moreover theMI
might be anywhere between the weak scale and the Pla
scale@32#, with significant consequences for the size of t
neutralino-nucleon cross section. The case of nonunive
gaugino masses was analyzed in Refs.@6#, @7#, @51#, and@35#
and with respect to direct detection of the superlight d
matter neutralinos in Ref.@19#. Schemes with CP violating
phases one can find in Ref.@52#.

Therefore due to the large uncertainties involved in
choice of the scaleMI and going to obtain as much as ge
eral predictions it appeared more convenient to work wit
a phenomenological SUSY model whose parameters are
fined directly at the electroweak scale as, for example
Refs.@6#, @8#, and@53–56# and which is denoted as an effe
tive scheme of MSSM~effMSSM! in Ref. @22#.

Obviously, this way much larger expected event ra
were obtained and optimistic conclusions concerning
possibility to constrain significantly the SUSY parame
space with dark matter experiments were dra
@8,22,31,32,53,57#.

In our previous calculations in effMSSM@6,18,19,58# we
have adopted an~effective! scheme~with nonuniversal scalar
masses and with nonuniversal gaugino soft masses! which
has supplied us with large relatively direct detection rates
5-2
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UPDATE OF THE DIRECT DETECTION OF DARK . . . PHYSICAL REVIEW D63 095005
dark matter neutralinos, practically independent of wha
the neutralino composition. In most of the MSSM parame
space we, in agreement with others, have obtained at
detectable level mostly gauginolike neutralinos, but alwa
existed small Higgsino admixtures~at a level less than
1–5 %! which managed to produce large enough cross s
tions and rates.

In 1994 we claimed that nuclear spin is not important
detection of dark matter particles, provided the detection s
sitivity does not exceed 0.01 events/day/kg, which was c
sidered that time as unreachable@58#. Now the situation has
changed and we would like to notice that for targets w
spin-nonzero nuclei it might be the spin-dependent inter
tion that determines the lower bound for the direct detect
rate when the cross section of the scalar interaction, whic
usually assumed to be the dominant part, drops be
10212– 13 pb @6#.

New updated parameters of the nucleon structure
volved in the evaluation of the elastic neutralino nucle
scattering have become available@4# and one expects tha
they will affect the cross sections of neutralino nucleon sc
tering. At least significant cancellations may occur for so
values of tanb for scalar- and spin-dependent cross secti
~at least for tanb,10 @4#!.

The above considerations stimulated us to perform a
calculation of our previous analysis.

II. APPROACH

A dark matter event is elastic scattering of a relic ne
tralino from a target nucleus producing a nuclear rec
which can be detected by a suitable detector@59#. The dif-
ferential event rate in respect to the recoil energy is the s
ject of experimental measurements. The rate depends o
distribution of the relic neutralinos in the solar vicinity an
the cross section of neutralino-nucleus elastic scattering
our analysis we use the total event rateR which is integrated
over recoil energies and useful for searching for doma
with extreme rates. We follow our papers@18,19#, where one
can find all relevant formulas and astrophysical paramet
We consider only a simple spherically symmetric isotherm
distribution and do not go into details of any possible unc
tainties ~and/or modulation effects! of the Galactic halo
weakly interacting massive particle~WIMP! distribution
@60–66#.

To calculate the event rate we use for the relic neutra
mass density and for the escape neutralino velocity c
monly accepted values 0.3 GeV/cm3 and 600 km/s, respec
tively. Their experimental variations can slightly changeR
but leave the dependence ofR on the MSSM parameter
unaffected. To compare our results with other calculatio
and sensitivities of different dark matter experiments we c
culate also the total cross section for relic neutralino ela
scattering on the nucleon. The scalar~spin-independent! part
of the elastic neutralino-proton~neutron! cross section a
zero momentum transferq50 is

sSI
p,n~0!54

m2

p
@Cp,n#2,
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where

Cp,n5 (
q5u,d,s

f Tq

~p,n!Cq1
2

27
f TG

~p,n! (
c,b,t

Cq .

The spin-dependent part of the elasticx-nucleon cross sec
tion can be written as

sSD
p,n~0!54

m2

p
3@Ap,n#2,

where

Ap,n5 (
u,d,s

AqDq~p,n!

and

m5
mxM p,n

mx1M p,n

.

The effective couplingsAq and Cq of the neutralino-quark
Lagrangian

Leff5Aq•x̄gmg5x•q̄gmg5q1Cqx̄x•q̄q1O~1/mq̄
4!

which enter the cross sections one can find in Ref.@58#. The
parametersf Tq

(p,n) and f TG
(p,n) are defined by

mpf Tq
~p![^pumqq̄qup&, f TG

~p,n!512 (
q5u,d,s

f Tq
~p,n! .

Following Ref.@4# we use the updated parameters

f Tu
~p!50.02060.004, f Td

~p!50.02660.005,

f Ts
~p!50.11860.062, ~2!

f Tu
~n!50.01460.003, f Td

~n!50.03660.008,

f Ts
~n!50.11860.062. ~3!

Our estimations of the effect of the inaccuracy in the det
mination of f Ts on the total event rate agree with those o
tained before in Ref.@58# and in Refs.@9#, @31#, @67#, and
@68#. For a different determination using an analytic analys
see Ref.@7#. The two corridors do overlap. The inaccura
maximally changes the proton-neutralino cross sect
~event rate! within about one order of magnitude. The valu
chosen in this work gives probably a more pessimistic vi
of the cross sections. The inaccuracy of other parameters
a smaller effect on the cross sections.

The factorsD i
(p,n) parametrize the quark spin content

the nucleon. A global QCD analysis for theg1 structure
functions@69#, including O(as

3) corrections, corresponds t
the values@4#

Du
~p!5Dd

~n!50.7860.02, Dd
~p!5Du

~n!520.4860.02,
5-3
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V. A. BEDNYAKOV AND H. V. KLAPDOR-KLEINGROTHAUS PHYSICAL REVIEW D 63 095005
Ds
~p!5Ds

~n!520.1560.02. ~4!

We calculateVxh0
2 following the standard procedure o

the basis of the approximate formula@70,71#. We take into
account all channels of thex2x annihilation. Since the neu
tralinos are mixtures of gauginos and higgsinos, the ann
lation can occur both, vias-channel exchange of theZ0 and
Higgs bosons andt-channel exchange of a scalar partic
This constrains the parameter space@28,70#. As mentioned in
the Introduction we require 0.1,Vxh0

2,0.3, for comparison
we also present our results when 0.025,Vxh0

2,1.
Another stringent constraint is imposed by the branch

ratio of b→sg decay, measured by the CLEO Collaborati
to be 1.031024,B(b→sg),4.231024. In the MSSM this
flavor-changing neutral current process receives contr
tions fromH62t, x̃62 t̃, andg̃2q̃ loops in addition to the
standard modelW2t loop. This also restricts the SUSY pa
rameter space@72#.

The masses of the supersymmetric particles are c
strained by the results from the high energy colliders. T
imposes relevant constraints on the parameter space o
MSSM. In Ref.@6# we used the following lower bounds fo
the SUSY particles@73#: M x̃

2
1>65 GeV for the light

chargino, M x̃
1
1>99 GeV for the heavy chargino,M x̃

1,2,3
0

>45, 76, 127 GeV for non-LSP neutralinos, respective
M ñ>43 GeV for sneutrinos,MẽR

>70 GeV for selectrons

Mq̃>210 GeV for squarks,M t̃ 1
>85 GeV for light top

squarks,MH0>79 GeV for neutral Higgs bosons,MCH>70
GeV for the charged Higgs boson. On the basis of last L
results @74# we use now new longer limits for chargino
M x̃

1,2
6 >100 GeV, and neutral Higgs bosons:mH0.100 GeV.

As previously@6#, we explore the MSSM parameter spa
at the weak scale relaxing completely constraints follow
from any unification assumption. Nevertheless, we resp
other available restrictions from cosmology, accelera
SUSY searches, rate flavor changing neutral current~FCNC!
b→sg decay, etc.@20,5,28#.

The MSSM parameter space is determined by entrie
the mass matrices of neutralinos, charginos, Higgs bos
sleptons, and squarks. The relevant definitions one can
in Ref. @6#. The list of free parameters includes: tanb is the
ratio of neutral Higgs boson vacuum expectation values,m is
the bilinear Higgs parameter of the superpotential,M1,2 are
soft gaugino masses,MA is the CP-odd Higgs boson mas
m

Q̃

2
, m

Ũ

2
, m

D̃

2
(m

L̃

2
, m

Ẽ

2
) are squared squark~slepton! mass

parameters for the first and second generation,m
Q̃3

2
, m

T̃

2
, m

B̃

2

(m
L̃3

2
, mt̃

2) are squared squark~slepton! mass parameters fo

third generation andAt , Ab , At are soft trilinear couplings
for the third generation. In our numerical analysis the para
eters of the MSSM are randomly varied in the followin
intervals:

21,M1,1 TeV, 22 M2 ,m,At,2 TeV,

1,tan b,50, 60,MA,1000 GeV, ~5!
09500
i-

.

g
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n-
s
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10,mQ
2 ,mL

2,mQ3

2 ,mL3

2 ,106 GeV2.

Following Refs.@1#, @9#, and@67# we assume that squarks a
basically degenerate. Bounds on flavor-changing neutral
rents imply that squarks with equal gauge quantum numb
must be close in mass. With the possible exception of th
generation squarks the assumed degeneracy therefore
almost model independently@1#. Therefore for other sfer-
mion mass parameters we used the relationsm

Ũ

2
5m

D̃

2

5m
Q̃

2
, m

Ẽ

2
5mL

2, m
T̃

2
5m

B̃

2
5mQ3

2 , m
Ẽ3

2
5mL3

2 . The parameters

Ab andAt are fixed to be zero. We consider the domain
the MSSM parameter space, in which we perform our sca
as quite spread and natural. Any extra expansion of it li
for example, using210,M2,10 TeV, etc., of course, can
be possible, but should be considered, contrary to Refs.@31#,
@40#, and@41#, as quite unnatural.

III. RESULTS AND DISCUSSION

A. Coannihilation

The effects of coannihilation may become importa
when the next to the lowest super-symmetric particle~NLSP!
has a mass which lies close to the LSP mass@75#. The size of
the effects is exponentially damped by the factore2D i x

where D i5(mi /mx21), x5mx /kT, and wheremx is the
LSP mass. Because of this damping the coannihilation
fects are typically important only for regions of the param
eter space where the constraintD i,0.1 is satisfied. Some o
the possible candidates for NLSP are the light staut̃1 , ẽR ,
the next to the lightest neutralinox2

0, and the light chargino
x1

1 . It was found that in MSUGRA the upper limit on th
neutralino mass consistent with the current experime
constraints on the relic density is extended from 200 to 6
GeV @76# when the effects ofx2 t̃ coannihilation are in-
cluded.

By means of excluding points which can give no
negligible contribution to relic neutralino annihilation vi
coannihilations with other SUSY particles we simply ha
estimates of the influence of the coannihilation to our pre
ous results. We used the constraint: (mi2mLSP)/(mLSP)
,0.2, wherei runs over next-to-LSP neutralino, chargino
staus, stops, etc. In accordance with previous estimate
Refs. @35#, @67#, @32#, and @21# we found that the coannihi
lation does not significantly change our main results. In fa
less than 20% of the models were denied by this coannih
tion constraint, which in the case of 0.025,Vxh0

2,1 ex-
cludes points with simultaneously smallumu (umu,500 GeV!
and largeuM1u (uM1u.600 GeV!, allowing for a substantial
nongaugino fraction of the LSP only in the region of rel
tively small umu If the relic abundance of neutralinos is lo
cated in the range 0.1,Vxh0

2,0.3, the coannihilation con
straint appears less restrictive.

B. Cross sections

Our calculations with the updated nucleon structure@4#
for the WIMP-nucleon cross section of both spin and sca
5-4
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interactions as function of the WIMP mass are depicted
low as scatter plots~Figs. 1–6!.

The use of the updated parameters~2!–~4! does not
change significantly the general distribution of points ov
the scatter plots as compared with calculations with ear
nucleon parameters@77–79# used in Refs.@6#, @18#, @19#, and
@58#.

Scatter plots with individual cross sections of sp
dependent and spin-independent interactions of WIM
with proton and neutron are given in Fig. 1 as function of t
LSP mass. In the figure light circles correspond to cross s
tions calculated under the old assumption that 0.0
,Vxh0

2,1. Filled triangles give the same cross sections
the constraint on the flat and accelerating universe is
posed by 0.1,Vxh0

2,0.3. One can see that the reduction
the allowed domain for the relic density does not sign
cantly affect spin-dependent and the spin-independ
WIMP-nucleon cross sections, i.e., restriction to a flat a
accelerating universe weakly affects these cross section

The different behavior of these cross sections with m
of the LSP can be seen from the plots. There is a m
stringent lower bound for the spin-dependent cross sectio
is at a level of 1027 pb, which is about an order of magnitud
larger than the one presented in Ref.@68#, where for small
tan b (tan b53, m,0, and smallmx) the effect of a can-
cellation induced by the difference in signs betweenDu and
Dd,s @Eq. ~4!# was reported. Aside from the cancellation, t
spin-dependent cross section peaks at about 1024 pb and
drops rapidly asmx increases down to 1027 –28 pb at mx

'600 GeV@68#. We have checked that special considerat
of the low tanb regime supplies us also with smaller cro
section values for spin-dependent interactions, which do
enter in contradictions with Ref.@68#.

FIG. 1. Cross sections of spin-dependent and spin-indepen
interactions of WIMP’s with proton and neutron. Filled triangl
~light circles! correspond to relic neutralino density 0.1,Vxh0

2

,0.3 (0.025,Vxh0
2,1).
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Such a cancellation was found also in scalar cross s
tions for tanb510 andm,0 @68#. In this case Higgs ex-
change is dominant. The cancellation in the MSUGRA is d
to the cancellation between the up-type contribution~which
is negative! and the down-type contribution, which is in
tially positive but decreasing, eventually becoming negat
as we increasemx .

In Fig. 2 filled circles present our calculations when co
straints due to an accelerating universe are not applied an
in Refs. @6# and @8# we hold 0.025,Vxh0

2,1. Filled tri-
angles give the same cross section, but using
@4,35,31,67,68,32,21,22# the boundary 0.1,Vxh0

2,0.3. The
contours for allowed scalar WIMP-proton cross sectio
from Refs. @4# and @68# are also given together with som
current ~DAMA @2#, CDMS @84#, HEIDELBERG-
MOSCOW@80#, HDMS prototype@81#! and future-expected
experimental exclusion curves~HDMS @81#, GENIUS-TF
@82#, GENIUS@83#, and CDMS@84#!. This figure allows one
to see the influence of the flat and accelerating universe
the distribution of WIMP-proton scalar cross section. T
reduction left only 25% of points but nevertheless the dis
bution of the remaining points differs only slightly from th
one obtained with 0.025,Vxh0

2,1. The models with very
small cross sections as well as models with very large cr

nt
FIG. 2. WIMP-nucleon cross section limits in pb for scalar i

teractions as function of the WIMP mass in GeV. Filled circl
present our calculations with updated nucleon structure~Ref. @4#! in
‘‘nonaccelerating universe’’ with 0.025,Vxh0

2,1. Filled triangles
give the same cross section but when 0.1,Vxh0

2,0.3. The con-
tours ~shaded area enclosed with solid curve! for allowed scalar
WIMP-proton cross sections from Refs.@4# and@68# are also given
together with some current@DAMA ~Ref. @2#!, HEIDELBERG-
MOSCOW ~Ref. @80#!, CDMS ~Ref. @84#!, and HDMS prototype
~Ref. @81#!# and future experimental exclusion curves@HDMS pro-
jection ~Ref. @81#!, GENIUS-TF ~Ref. @82#!, GENIUS ~Ref. @83#!,
and CDMS~Ref. @84#!#.
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sections~in fact, experimentally excluded! still persist.
One also can conclude that there is no contradiction

tween the result of Refs.@4# and @68# obtained in the
MSUGRA with minimal number of free parameters and o
phenomenological scan, which also allows models with v
small cross sections.

While we have 1,tan b,50, the contour from Refs.@4#
and @68# was obtained under the assumption that tanb<10
to avoid some uncertainties in the treatment of radiative c
rections in the renormalization-group evolution of t
MSSM parameters which affect the relic density calculatio
@68#. As noticed by many groups@58,24,6,35,32,21,22#, the
scalar cross section of elastic WIMP-nucleon scattering
creases with tanb. As can be seen from Fig. 1 of Ref.@6#,
tan b seems to be the only SUSY parameter with which
lower bound of the direct detection rate has the tendenc
increase. The majority of the points at the scatter plots in F
3 are shifted to the domain of larger cross section with
crease of tanb.

In general the increase of tanb effectively relaxes them
constraint in MSUGRA~it allows m to be smaller! and re-
sults in a non-negligible Higgsino component followed
significantly larger scalar cross section~see, for example
Ref. @6#!.

We also report as before@58,19,6# nonuniversality of soft
supersymmetry-breaking masses in the scalar and
gaugino sectors@see list of free parameters in Eq.~5!#, re-
sulting in larger cross sections, as noted in Refs.@67# and
@68#.

The spin-dependent and spin-independent WIMP-pro
cross sections as functions of input parametersm, mQ

2 , MA ,
and tanb are depicted in Figs. 4 and 5.

FIG. 3. The same as in Fig. 2, but filled circles give cross s
tions for 0.1,Vxh0

2,0.3 and tanb.20. Filled triangles give the
same cross section, but when tanb.40. The contour from~ob-
tained from tanb,10) @4,68# is also given.
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There is no noticeable dependence of these scatter p
on the other free parameters from Eq.~5!, for which we
therefore do not show scatter plots. One can see from Fi
the similarity of the scatter plots for spin-dependent and s
lar cross sections as functions ofm andmQ

2 . Decrease of both
lower bounds of the cross sections withmQ

2 occur due to
increase of masses of squarks, which enter thes-channel in-

-

FIG. 4. Cross sections of WIMP-proton spin-dependent a
spin-independent interactions as function of input parametersm ~up-
per panel! andmQ

2 ~lower panel! obtained with 0.1,Vxh0
2,0.3.

FIG. 5. Cross sections of WIMP-proton spin-dependent a
spin-independent interactions as function of input parametersMA

~upper panel! and tanb ~lower panel! obtained with 0.1,Vxh0
2

,0.3.
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termediate states. The only visible difference concerns m
sharp lower bounds for the spin-dependent cross sec
Both spin-dependent and spin-independent cross section
crease whenumu decreases, in agreement with Refs.@6#, @31#,
@8#, and @35#. It is not easy to trace the tendency
MSUGRA models because the parameterm there is strongly
constrained by the electroweak symmetry breaking condi
~see, for example, Ref.@68#!.

The increase of the scalar cross sections generally is
nected with an increase of the Higgsino admixture of
LSP and increase of Higgsino-gaugino interference wh
enters this cross section@31,32,35#. The reason of the
Higgsino growth can be nonuniversality of scalar soft mas
@35#, variation of intermediate unification scale@32#, or new
focus point regime of supersymmetry@31#.

For example, as given in Ref.@32#, the smaller the inter-
mediate scaleMI is, the larger the Higgsino componen
become. In particular, forMI51016 GeV the LSP is mainly
B-ino, the Higgs-neutralino-neutralino couplings are su
pressed and therefore the cross sections are small. How
for MI51011 GeV the Higgsino contributions become im
portant and even dominant with the consequence of la
cross sections. It is also worth noting that, for any fixed va
of MI , the larger tanb is, the larger the Higgsino contribu
tions become.

Also it is claimed@31# that in the specific context of mini
mal supergravity~focus point regime!, a cosmologically
stable mixed gaugino-Higgsino state emerges as an ex
lent, robust dark matter candidate. The claim relies on rec
arguments, that all squark and slepton masses can be t
well above 1 TeV with no loss of naturalness on the basis
a seemingly reasonable objective definition of naturaln
@40#. The mathematical basis of this result is the existence
focus points in renormalization group trajectories, which re
der the weak scale~i.e., the Higgs potential! largely insensi-
tive to variations in unknown super-symmetry paramete1

While in these models the squark and slepton masses
unusually large, the electroweak gaugino and Higgsino p
ticle masses are generically well below 1 TeV. The incre
of the common soft scalar massm0 far beyond 1 TeV asso
ciated with decrease ofumu below the gaugino masses,M1 ,
M2 , leads to significant mixing between Higgsino a
gaugino states accompanied by Higgs boson diagrams
hancement. A net result is again large scalar cross secti

The arguments presented above do not work in SUG
@68#. The LSP as Higgsino-like is almost excluded by LE
constraints@27# even if the assumptions of universal so
supersymmetry breaking are relaxed, and Higgsino dark m
ter is certainly excluded if universality is assumed, as is
case here. In addition to the LEP constraints, this is beca
the value ofm is predicted as a function ofm1/2 and m0 ,

1The background of the approach can be questioned~Ref. @85#!
due to a possibility to shift the focus point for the Higgs ma
parameter right to the GUT scale by means of the appropr
choice of the initial condition for the top Yukawa coupling~Ref.
@86#!. Anyway, from a phenomenological point of view the a
proach is interesting.
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placing the LSP firmly in theB-ino-like region. The same
considerations exclude an LSP with mixed Higgsino/gaug
content.

In the SUGRA framework of Ref.@68# the elastic scatter-
ing cross sections, which are predicted for the LSP massmx

lie in a comparatively narrow band. This is essentially b
cause the LSP is always mainlyB-ino-like, so its couplings
do not depend greatly on other MSSM parameters such
m0 . The principal causes of broadening are the uncertain
in the hadronic inputs and the possibilities of cancellatio
that may reduce the cross sections for some specific value
the unconstrained MSSM parameters@68#.

Figure 5 shows that while the spin cross section displ
almost full insensitivity tom and MA ~Higgs bosons do no
contribute! the scalar cross section possesses remarkable
pendence on these parameters. The cross section r
quickly drops with growth of the CP-odd Higgs massMA
and increases with tanb in accordance with results of Refs
@58#, @24#, @6#, @35#, @32#, @21#, and@22#.

The different tanb and MA dependence of spin
dependent and spin-independent cross section as well as
eral about-four-order-of-magnitude excess of spin-depend
cross section over spin-independent cross sections ma
important for observations@87,88#.

C. Role of the spin

To be more definite with the statement claimed above
Fig. 6 we present a comparison of total spin-dependent
sus total spin-independent event rates in72Ge ~spin59

2!—as

te

FIG. 6. Ratio of spin-dependent event rate to the sp
independent event rate in73Ge isotope as function of LSP mas
~upper left!, total ~spin-dependent plus spin-independent! event rate
~lower left!, and scalar cross section of neutralino-proton interact
~lower right! obtained with 0.1,Vxh0

2,0.3. The vertical line gives
the expected sensitivity of GENIUS~Ref. @83#!. In the region above
the horizontal line the spin contribution dominates. The total ev
rate versus gaugino fraction of LSPP also given~upper right!.
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representative and one of the most promising isotopes
future construction of high-sensitivity detectors.

Figure 6 shows the weak dependence of the ratio on m
of the LSP with the mean value being approximately 0.0
0.1. There are very large and very small values for the r
practically for any given mass of the LSP. The sp
independent~scalar! contribution obviously dominates in th
domain of large expected rates in the Germanium dete
(R.0.1 events/day/kg! as was obtained before~see, for
example, Ref.@58#!. But as soon as the total rate dro
down to R,0.01 events/day/kg or, equivalently, the sca
neutralino-proton cross section becomes smaller t
1029– 10210 pb, the spin-dependent interaction may produ
a rather non-negligible contribution to the total event ra
Moreover, if the scalar cross section decreases furthers
,10212 pb!, it becomes obvious that the spin contributio
alone saturates the total rate and protects it~see lower bounds
in Figs. 4 and 5! from decreasing belowR'1026– 1027

events/day/kg@6#.
This observation could be quite important for experime

actually looking for directdetectionof dark matter, but not
only for exclusion plots. Indeed, while scalar cross secti
governed mostly by Higgs exchange can be rather sm
~when Higgs boson masses remain large enough, for
ample, in the next-to-minimal supersymmetric stand
model@55#! the spin cross section cannot be arbitrarily sm
because the mass of theZ boson, which gives the dominan
contribution, is well defined, provided one ignores any p
sible fine-tuning cancellations@68#.

Therefore if an experiment with sensitivity 1025– 1026

events/day/kg fails to detect a dark matter signal, an exp
ment with higher sensitivity~and nonzero spin target! will be
able to detect dark matter particles only due to the s
neutralino-quark interaction.

IV. CONCLUSION

Recent measurements in modern cosmology h
changed the expected fraction of the cold dark matter in
universe, new results for the nucleon structure were obtai
a new generation of high-sensitivity experimental detect
are under consideration. All these changes stimulated u
recalculate our previous analysis concerning detection
cold dark matter.

To this end we explored the MSSM parameter space
the weak scale where new accelerator and cosmological
straints are respected. We restrict the relic neutralino den
to be in the range 0.1<Vxh2<0.3. We considered the varia
tion of the spin-independent and spin-dependent WIM
nucleon cross sections and of the expected event rat
73Ge, with parameters of the MSSM, uncertainties of
nucleon structure and other theoretical assumptions like
versality and coannihilation.

The main results of the exploration can be summarized
follows.

~1! The results of our updated calculations fall in gene
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agreement with calculations performed in MSUGRA as w
as with other less restrictive approaches, which allow
larger variation of the cross sections and detection rates

~2! The use of the updated parameters of the nucl
structure does not change significantly the general distr
tion of points over the scatter plots as compared with cal
lations with earlier nucleon parameters.

~3! In accordance with previous estimations we found t
the coannihilation does not significantly change our m
conclusions. We understand that our estimation of the co
nihilation effect is somewhat indirect, but in the effMSS
approach there is no stringent correlation between par
eters, which sometimes makes the coannihilation chan
inexcitable.

~4! The new cosmological constraint on the relic ne
tralino density~due to flat and accelerating universe! which
is numerically used in the form 0.1,Vxh0

2,0.3 in our ap-
proach does not significantly affect the resulting scatter p
for neutralino-nucleon elastic cross sections.

~5! To single out~mostly in the MSUGRA! theoretically a
dominant contribution to the cross section or event rate
usually relies on the knowledge of the LSP composition. F
example, as discussed through this paper, if theB-ino frac-
tion is large, then the cross section is small. Nevertheless
situation is less transparent. As seen from Fig. 6~upper
right!, the overwhelming majority of points~the region of
highest point density! hasP'1, or very small Higgsino ad-
mixture and one should expect negligible event rate. Nev
theless this is not the case. There are a lot of points w
sizable event rate forP'1. Therefore qualitative estimation
of the dominance of the given contribution on the basis,
example, of large gaugino fraction of the LSP (P.0.9) can
be quantitatively not always correct.

~6! We notice that for targets with spin-nonzero nuclei
would be thespin-dependent interactionthat determines the
lower bound for the direct detection rate when the cross s
tion of the scalar interaction drops below about 10212 pb. If
this occurs the spin nuclear detectors would have nota
advantage comparing with spinless detectors, or may bec
the only way to observe SUSY via direct dark matter det
tion.

Finally we would like to stress again the fact, clearly se
from Figs. 2 and 3, that to reliably investigate the SUS
parameter space and therefore to have a chance to bea
celerator experiments in searching for~or discovery of! the
new physics~supersymmetry! one needs a GENIUS-like de
tector.
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