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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 nibl&SM) 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 O.1<QXh§< 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 akfopt.10
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I. INTRODUCTION =polp. is the ratio of the current mass densjty to the
critical densityp,=1.88<1072° h3 g cm 3, with hy being
It is well known (see, for example, Reff1]) that the mini-  the dimensionless Hubble parameter. Data support the
mal supersymmetric standard mod@!SSM), being the straight lineQo=Qy+Q,=1 [12-19, whereQ,, is the
most promising extension of the standard model, offers anatter density in the universe afili, is the contribution of
solution of the hierarchy problem, possesses gauge couplinie nonzero cosmological constdtite energy density of the
unification, and naturally proposes a dark matter candidate—yacyun). At the same time one determin€k,=0.4+0.1,
the lightest supersymmetric partiqleSP). In the framework  \\hich implies Q,=0.85+0.2, a value that has been sup-
of low-energy supersymmetfSUSY), when SUSY break- orted from high-redshifted Supernova dats). Since the
ing masses lie below a few TeV, sparticles will be COp'OUSbearyonic matter density is small)=0.05*0.005, the val-
producedand detectedat future colliders such as the Large ues for matter densitf2,, give a cold dark matt;afCDM)

Hadron CoIhder(LHC) at CERN. On t'he other haf‘d’ there densityQ -py=0.35+0.1, which combined with recent mea-
are several on-going and future projects searching for the . 0.05 Iti
LSP as a dark matter particle. One of them even claims gurements of thg Hubblle.paramelt?lt 0.65+0.05, resuilt in
positive signa[2], although the situation remains rather con-Smaller CDM relic densitie$) cpyho=0.15+0.07[12-185.
tradictory [3]. The present experimental upper limit on the ~ Previously we have restricted our analyses to the cosmo-
spin-independent part of the elastic scattering of the LSP ofgical constraint for the relic density of the LSP in the range
a nucleon is around 18 pb for 50 Ge\s m, =100 GeV. In 0.025<QXh§<1 [17-20, where the neutralino relic density
any case, it seems very plausible that both SUSY collideparameter(}, =p, /p. and p, is the relic neutralino mass
signals and LSP dark matter will be found in the future. Suctdensity. In this paper adopting the above-mentioned new
dark matter searches offer interesting prospects for beatingosmological data and going to compare our estimation with
accelerators in the discovery of SUSY, particularly duringliterature[4,9,21,22 we constrain the allowed region for the
the coming years before the LHC enters operaftinin this  neutralino relic density in the form O<LQXhS<O.3. It is
situation naturally arose the question of how small the evenpossible that there is more than one component in the cold
rate of the LSP direct detection can be, provided the LSP islark matter, so tha , <Qcpy, and therefored, <0.1. Al-
a cold dark matter particle. Searching for the answer differthough, in general, a decrease(®fis associated with larger
ent SUSY models were consideréske, for example, Refs. elastic scattering cross sections, the detection rate also must
[5-9)). be reduced because of the corresponding reduction in the
Recently exciting evidence for a flat and accelerating uni-density of LSP’s in the Galactic halo. Here we neglect this
verse was obtaingd 0,11. The position of the first acoustic possibility and assume that all the cold dark matter is com-
peak of the angular power spectrum strongly suggests a flafosed of LSP’s, so thd®,=0.1[4].
universe with density paramet€r,=1 while the shape of There are two main approaches to evaluate the dark-
the peak is consistent with the density perturbations prematter-neutralino nucleon cross section and the expected
dicted by models of inflation. The density paramefes  event rate in a detector. The basis of the first approach is the
minimal supergravity(MSUGRA) model [23]. This model
assumes the minimal supersymmetric standard model to be
*Email address: bedny@nusun.jinr.ru valid at all energy scales fromil,eq Up 10 Mg r=2X 10
"Email address: klapdor@gustav.mpi-hd.mpg.de GeV. The MSUGRA model arises as the low-energy limit of
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a supergravity theory, where supersymmetry is broken in the&vas made by Refd.20], [1], and [9]. It mostly included
hidden sector of the model at an energy scaléMof 10'°  relaxation of unification of soft scalar mass parametsts
GeV. Supersymmetry breaking is communicated to the obealled nonuniversal soft symmetry breakings well as
servable sector via gravitational interactions, leading to sofaugino mass nonuniversality. The large fimegime was
SUSY breaking mass terms of the order of the electroweal§iso considered as a source of higher cross sections. Indeed
scale. At the grand unified theof@UT) scale this leads to a in canonical MSUGRA it was pointed o(iB3—35 that the
common mass for all scalars, and a common trilinear |arge tang regime allows regions where, ,~ 106 pb. Be-
couplingA,. Motivated by the apparent unification of gauge sides, with nonuniversal soft scalar masses, it was also found
coupling constants, it is also assumed that all gaugino mass@sat prwlo—ﬁ pb for small values of tag8. In particular,

are unified tom,, at Mgyr. The weak scale sparticle spec- this was obtained for tag=25 (tanB=4) working with
trum is derived from renormalization group running of the yniversal(nonuniversalsoft terms in Ref[35]. These analy-
SUSY soft breaking parameters. Requiring radiative elecses were performed assumifigonuniversality of the soft
troweak symmetry breaking allows the determination of thepreaking terms at the unification scal,g ~ 10 GeV,
superpotential Higgsino mass squared, and allows the which can be obtained within superstring theori&s,37]
expression of the soft SUSY breaking bilinear teBnin and heterotid theory[36,38.

terms of tang. Thus all sparticle masses and couplings are  Completely new possibilities have also been discussed.
derived in terms of the minimal parameter 8&{, my;,, Ag,  For example, it is found that in supersymmetry models
tan B, and signf:) [23—25. From a practical point of view multi-TeV scalar masses can exist consistent with natural-
this approach as much as possible relies on theoretical argiess on a certain branch of the radiative breaking of the
ments like unification, naturalness, etc. aiming to maximallyelectroweak symmetr§39]. A similar phenomenon appears
reduce the set of free parameters and obtain maximally rén the so-called focus point supersymmetry models where
stricted predictions. In this approafh] the quantum stabil- one also avoids naturalness constraints with multi-TeV sca-
ity of the gauge hierarchy suggests that sparticles weigh legars[31,40,47 and in models with moving intermediate uni-
than about 1 Te\[26], which is also the range favored for a fication scalg32].

cold dark matter particle, and there are indeed generic do- |t was noticed that the assumptions concerning universal-
mains of the MSSM parameter space in which the relic LSRty of the scalar massesy,(Mgyr)=mg, and the trilinear
density falls within the range favored by astrophysics andscalar couplingsA'"“:4(M gy 1)=A,, are not very solid, at
cosmology. The unsuccessful laboratory searches for spajeast from phenomenological point of view, since, universal-
ticles impose nontrivial constraints on the MSSM parametefty might occur at a scale higher thahg 1~ 10'° GeV[42],
space, suggesting that the LSP neutralino is mainly(8 U or according to string models at a scaly smaller than
gaugino @-ino) [27]. In the MSSM the lightest neutralino M ~10' GeV [32,43. It was realized that the string
X=X} is a mixture of four superpartners of gauge and Higgsscale may be anywhere between the weak scale and the

bosons B-ino, W-ino, and two Higgsinos Planck scale. For instancd-brane configurations allow
- - - - these possibilities in type-1 strind44—47. Similar results
x=N11B%+ N WO+ Ny gHI+ Ny HY. (1)  can also be obtained in type-II strinf8] and weakly and

strongly coupled heterotic string49,50. Moreover theM,
It is commonly accepted that is mostly gauginolike if  might be anywhere between the weak scale and the Planck
=N+ NZ%,>0.9 and Higgsino-like iP<0.1, or mixed oth-  scale[32], with significant consequences for the size of the
erwise. neutralino-nucleon cross section. The case of nonuniversal
It is due to theB-ino-likeness of the relic neutralinos that gaugino masses was analyzed in RE8$.[7], [51], and[35]
the calculated neutralino-nucleon cross sections appearethd with respect to direct detection of the superlight dark
very small and one usually arrived at the conclusion that itmatter neutralinos in Ref19]. Schemes with CP violating
was hardly possible to reach the MSUGRA space by meanghases one can find in R¢b2].
of direct and indirect searches for dark matter particles Therefore due to the large uncertainties involved in the
[4,5,8,17,24,28—-30The other side of this conclusion is also choice of the scal®, and going to obtain as much as gen-
well known: when|u| decreases, the Higgsino componentseral predictions it appeared more convenient to work within
N,3 andNy, of y increase P decreasesand as a result the a phenomenological SUSY model whose parameters are de-
spin-independent cross section increases. So Higgsino-likined directly at the electroweak scale as, for example, in
(and mixed neutralino on the other hand increases the prosRefs.[6], [8], and[53—56 and which is denoted as an effec-
pect for its detection as a dark matter particle22,31,32  tive scheme of MSSMeffMSSM) in Ref.[22].
Therefore it seems a crucial question here, to what extent is Obviously, this way much larger expected event rates
the neutralino mostly gauginolike, Higgsino-like, or mixed? were obtained and optimistic conclusions concerning the
A way to look for any possibility of higher cross sections possibility to constrain significantly the SUSY parameter
and higher expected rates of detection is to investigate altespace with dark matter experiments were drawn
nate models. The basis of it is a departure from the stringeri8,22,31,32,53,5[
MSUGRA by means of a relaxation of some unification and In our previous calculations in effMSSM,18,19,58 we
other theoretical assumptions aiming to obtain as generdlave adopted afeffective schemewith nonuniversal scalar
predictions for the expected detection rate as possible. Anasses and with nonuniversal gaugino soft masadsch
remarkable shift from MSUGRA to more relaxed modelshas supplied us with large relatively direct detection rates of
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dark matter neutralinos, practically independent of what isvhere
the neutralino composition. In most of the MSSM parameter
space we, in agreement with others, have obtained at the .= 3 g +£f(P'”)2 c
detectable level mostly gauginolike neutralinos, but always PN Sas a9 27 TC &9
existed small Higgsino admixtureg@t a level less than
1-599 which managed to produce large enough cross secFhe spin-dependent part of the elasticiucleon cross sec-
tions and rates. tion can be written as

In 1994 we claimed that nuclear spin is not important for
detection of dark matter particles, provided the detection sen- w2
sitivity does not exceed 0.01 events/day/kg, which was con- 020(0)=4—3[ A, %,
sidered that time as unreachabfs8]. Now the situation has ™
changed and we would like to notice that for targets with
spin-nonzero nuclei it might be the spin-dependent interac-
tion that determines the lower bound for the direct detection
rate when the cross section of the scalar interaction, which is Apn= > A,AgPm

here

usually assumed to be the dominant part, drops below u.d.s
10 2-Bpb[6]. and
New updated parameters of the nucleon structure in-
volved in the evaluation of the elastic neutralino nucleon m-M
xV'p,n

scattering have become availalj] and one expects that = )
they will affect the cross sections of neutralino nucleon scat- m,+Mp

tering. At least significant cancellations may occur for some

values of tang for scalar- and spin-dependent cross sectiond he effective couplings4, and C; of the neutralino-quark

(at least for tan3< 10 [4]). Lagrangian
The above considerations stimulated us to perform a re- — — — — 4
calculation of our previous analysis. Let=Aq- X 7. ¥sXx- A7 ¥sa+ Coxx-aq+ O(1img)
Il APPROACH which enter the cross sections one can find in R&3]. The

parameterg %" and f{" are defined by

A dark matter event is elastic scattering of a relic neu-
tralino from a target nucleus producing a nuclear recoil _ — n_ n
which can be dete%ted by a suiFt)abIe de?e@ﬁﬁ]. The dif- mpf1y=(pImgaalp),  f1ig >—1—q:§d’3 AR
ferential event rate in respect to the recoil energy is the sub-
ject of experimental measurements. The rate depends on tif®llowing Ref.[4] we use the updated parameters
distribution of the relic neutralinos in the solar vicinity and

the cross section of neutralino-nucleus elastic scattering. In f{?)=0.020+0.004, f(T%)=0.026t 0.005,

our analysis we use the total event rR®hich is integrated

over recoil energies and useful for searching for domains f(TpS>=O.118t 0.062, 2
with extreme rates. We follow our papds8,19, where one

can find all relevant formulas and astrophysical parameters. f<T”J:o_014i 0.003, f%):o_o3et 0.008,

We consider only a simple spherically symmetric isothermal

distribution and do not go into details of any possible uncer- f(N=0.118+0.062. 3

tainties (and/or modulation effectsof the Galactic halo

weakly interacting massive particleVIMP) distribution  Our estimations of the effect of the inaccuracy in the deter-
[60-66. mination of fr5 on the total event rate agree with those ob-

To calculate the event rate we use for the relic neutralin@ained before in Ref[58] and in Refs[9], [31], [67], and

mass density and for the escape neutralino velocity comfgg]. For a different determination using an analytic analysis,
monly accepted values 0.3 GeV/trand 600 km/s, respec- see Ref[7]. The two corridors do overlap. The inaccuracy
tively. Their experimental variations can slightly chari@e maximally changes the proton-neutralino cross section
but leave the dependence Bf on the MSSM parameters (event ratg within about one order of magnitude. The value
unaffected. To compare our results with other Ca'CU'atiOﬂ%hosen in this work gives probably a more pessimistic view

and sensitivities of different dark matter experiments we calof the cross sections. The inaccuracy of other parameters has
culate also the total cross section for relic neutralino elasti¢y smaller effect on the cross sections.

scattering on the nucleon. The scalgpin-independenipart The factorsA(P'™ parametrize the quark spin content of
of the elastic neutralino-protofneutron cross section at ihe pucleon. A global QCD analysis for thg structure
zero momentum transfer=0 is functions[69], including O(«?) corrections, corresponds to

the valueq4]

2

7’
PN ) — 2
osi (0)=4—1Cpnl", AP=A{"=0.78+0.02, AP'=A"=-0.48+0.02,
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2 2 2 2
AP=A"=-0.15+0.02. (4) 10<mg,mg,mg,_,m¢ < 10° Ge\”

We c_alculate()xhg following the standard procedure on rojiowing Refs[1], [9], and[67] we assume that squarks are
the basis of the approximate formula0,71. We take into  pasically degenerate. Bounds on flavor-changing neutral cur-
account all channels of the— x annihilation. Since the neu- rents imply that squarks with equal gauge quantum numbers
tralinos are mixtures of gauginos and higgsinos, the annihimyst be close in mass. With the possible exception of third
lation can occur both, vis-channel exchange of t&” and  generation squarks the assumed degeneracy therefore holds
Higgs bosons and-channel exchange of a scalar particle. aimost model independentlyi]. Therefore for other sfer-
This constral_ns the parar_neter sp§223,7q. As mentlone'd N mion mass parameters we used the relaticunzgz m2
the Introduction we require 0<1(), h5<0.3, for comparison 2 2 5, 2 2 5 2 ) b
we also present our results when 0.628 hj<1. =Mg, Mg=MmL, M=mg=mg,, Mg =m_ . The parameters

Another stringent constraint is imposed by the branchingd, and A are fixed to be zero. We consider the domain of
ratio of b— sy decay, measured by the CLEO Collaborationthe MSSM parameter space, in which we perform our scans,
to be 1.0 10 *<B(b—sy)<4.2x10"“. In the MSSM this  as quite spread and natural. Any extra expansion of it like,
flavor-changing neutral current process receives contribufor example, using-10<M,<10 TeV, etc., of course, can
tions fromH=—t, Y™ —1t, andg—7 loops in addition to the be possible, but should be considered, contrary to RRets,
standard modeW—t loop. This also restricts the SUSY pa- [40], and[41], as quite unnatural.
rameter spacg72].

The masses of the supersymmetric particles are con-
strained by the results from the high energy colliders. This
imposes relevant constraints on the parameter space of the A. Coannihilation

MSSM. In Ref.[6] we used the following lower bounds for The effects of coannihilation may become important

the SUSY particles| 73] M7(2+>65 GeV for the light when the next to the lowest super-symmetric partibleSP)
chargino, M3+=99 GeV for the heavy chargindizo _ has a mass which lies close to the LSP nj@&§ The size of
=45, 76, 127 GeV for non-LSP neutralinos, respectivelyithe effects is exponentially damped by the factor®
M3;=43 GeV for sneutrinosMz =70 GeV for selectrons, WwhereA;=(m;/m,—1), x=m, /kT, and wherem, is the

Mz=210 GeV for squarksM; =85 GeV for light top LSP mass. Because of this damping the coannihilation ef-
! fects are typically important only for regions of the param-

IIl. RESULTS AND DISCUSSION

squarks M 0=79 GeV for neutral Higgs boson®) ;=70

. : ter space where the constraint<0.1 is satisfied. Some of
GeV for the charged Higgs boson. On'th'e basis of Ia§t Ll?'fhe possible candidates for NLSP are the light Staueg,
results[74] we use now new longer limits for charginos:

M}fzz 100 GeV, and neutral Higgs bosomsgo>100 GeV. th+e next to the lightest neutrallrwg, and the light chargino

, i X1 - It was found that in MSUGRA the upper limit on the
As previously[6], we explore the MSSM parameter space i i i ;
neutralino mass consistent with the current experimental

at the weak scale relaxing completely constraints followingeqnsiraints on the relic density is extended from 200 to 600
from any gmﬁcaﬂon assumption. Nevertheless, we respeckqy, [76] when the effects ofy—7 coannihilation are in-
other available restrictions from cosmology, accelerator

: cluded.
SUSY searches, rate flavor changing neutral curféétNC) By means of excluding points which can give non-
b— sy decay, etc[20,5,29.

) i ) negligible contribution to relic neutralino annihilation via
The MSSM parameter space is determined by entries ofgannihilations with other SUSY particles we simply have

the mass matrices of neutralinos, charginos, Higgs bosongstimates of the influence of the coannihilation to our previ-
sleptons, and squarks. The relevant definitions one can find s results. We used the constraintn; € m_sp)/(My_sp)
. |

in Ref. [6]. The list of free parameters includes: tgnis the g 5 \yherei runs over next-to-LSP neutralino, charginos,
ratio of neutral Higgs boson vacuum expectation valyels,  gia,5. stops, etc. In accordance with previous estimates of

the bilinear Higgs parameter of the superpotentidj,, are Refs.[35], [67], [32], and[21] we found that the coannihi-

sc>2ft gagginoz maszses/,le is the CP-odd Higgs boson mass, |ation does not significantly change our main results. In fact,
mg, mg, mg (m;, mg) are squared squarklepton) mass  |ess than 20% of the models were denied by this coannihila-

parameters for the first and second generaﬁn%]" m_~2|_' mgB tion constraint, which in the case of 0.0252th<1 ex-
3 ) o

2 2 cludes points with simultaneously smbll| (| x| <500 GeV)
(”‘13’ m?) are squared squafklepton mass parameters for g largelM 4| (|M4]|>600 GeV}, allowing for a substantial
third generation and\;, A,, A, are soft trilinear couplings nongaugino fraction of the LSP only in the region of rela-
for the third generation. In our numerical analysis the paramtively small |«| If the relic abundance of neutralinos is lo-
eters of the MSSM are randomly varied in the following cated in the range 0.<19Xh§<0.3, the coannihilation con-
intervals: straint appears less restrictive.

—1<M<1 TeV, -2 M,,u,A<2 TeV, B. Cross sections

Our calculations with the updated nucleon structi#g
1<tan 8<50, 60<M,<1000 GeV, (5)  for the WIMP-nucleon cross section of both spin and scalar
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FIG. 1. Cross sections of spin-dependent and spin-independent
interactions of WIMP’s with proton and neutron. Filled triangles  FIG. 2. WIMP-nucleon cross section limits in pb for scalar in-
(light circles correspond to relic neutralino density @:Qth teractions as function of the WIMP mass in GeV. Filled circles
<0.3 (0.025<Qxh§< 1). present our calculations with updated nucleon struatRed. [4]) in
) . . . “nonaccelerating universe” with O.O%QXh§< 1. Filled triangles
interactions as funcnpn of the WIMP mass are depicted begive the same cross section but when<0(1,h2<0.3. The con-
low as scatter plotéFigs. 1-6. tours (shaded area enclosed with solid cyrfer allowed scalar

The use of the updated parametd®—(4) does not \ymp-proton cross sections from Refd] and[68] are also given
change significantly the general distribution of points overpgether with some currefDAMA (Ref. [2]), HEIDELBERG-
the scatter plots as compared with calculations with earliemoscow (Ref. [80]), CDMS (Ref. [84]), and HDMS prototype
nucleon parametef37—-79 used in Refs[6], [18], [19], and  (Ref.[81])] and future experimental exclusion cunféDMS pro-

[58]. jection (Ref. [81]), GENIUS-TF (Ref. [82]), GENIUS (Ref. [83]),

Scatter plots with individual cross sections of spin-and CDMS(Ref.[84])].
dependent and spin-independent interactions of WIMP’s
with proton and neutron are given in Fig. 1 as function of the Such a cancellation was found also in scalar cross sec-
LSP mass. In the figure light circles correspond to cross sedions for tang=10 andx <0 [68]. In this case Higgs ex-
tions calculated under the old assumption that 0.02%hange is dominant. The cancellation in the MSUGRA is due
<Q h§<1. Filled triangles give the same cross sections buto the cancellation between the up-type contributiaich
the constraint on the flat and accelerating universe is imis negative and the down-type contribution, which is ini-
posed by 0.£Q,h5<0.3. One can see that the reduction oftially positive but decreasing, eventually becoming negative
the allowed domain for the relic density does not signifi-aS We Increasen, .
cantly affect spin-dependent and the spin-independent N Fig. 2 filled circles present our calculations when con-
WIMP-nucleon cross sections, i.e., restriction to a flat ancbtraints due to an accelerating universe are not applied and as
accelerating universe weakly affects these cross sections. in Refs. [6] and [8] we hold 0.025:Q h3<1. Filled tri-

The different behavior of these cross sections with masgngles give the same cross section, but using as
of the LSP can be seen from the plots. There is a mor¢4,35,31,67,68,32,21,22he boundary 0.<1;QXh?,<0.3. The
stringent lower bound for the spin-dependent cross section. ttontours for allowed scalar WIMP-proton cross sections
is at a level of 107 pb, which is about an order of magnitude from Refs.[4] and [68] are also given together with some
larger than the one presented in Rg#8], where for small current (DAMA [2], CDMS [84], HEIDELBERG-
tan B (tan B=3, ©<0, and smallm,) the effect of a can- MOSCOW[80], HDMS prototype[81]) and future-expected
cellation induced by the difference in signs betweégnand  experimental exclusion curve@iDMS [81], GENIUS-TF
Ag s [Eq. (4)] was reported. Aside from the cancellation, the[82], GENIUS[83], and CDMS[84]). This figure allows one
spin-dependent cross section peaks at about* Jib and to see the influence of the flat and accelerating universe on
drops rapidly asm, increases down to 108 pb at m, the distribution of WIMP-proton scalar cross section. The
~600 GeV[68]. We have checked that special consideration"eduction left only 25% of points but nevertheless the distri-
of the low tang regime supplies us also with smaller crossbution of the remaining points differs only slightly from the
section values for spin-dependent interactions, which do noene obtained with 0.0250th< 1. The models with very
enter in contradictions with Ref68]. small cross sections as well as models with very large cross
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FIG. 4. Cross sections of WIMP-proton spin-dependent and
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tions for 0..0Q,h§<0.3 and tans>20. Filled triangles give the PEr panel andmg, (lower pane) obtained with 0.%(,h5<0.3.

same cross section, but when tdr-40. The contour from(ob-

tained from tanB<10) [4,68] is also given. There is no noticeable dependence of these scatter plots

on the other free parameters from E®), for which we

therefore do not show scatter plots. One can see from Fig. 4

Che similarity of the scatter plots for spin-dependent and sca-

lar cross sections as functions/mfandmé. Decrease of both

ower bounds of the cross sections wimnzg occur due to

increase of masses of squarks, which enterstbbannel in-

sections(in fact, experimentally excludedtill persist.

One also can conclude that there is no contradiction b
tween the result of Refs[4] and [68] obtained in the
MSUGRA with minimal number of free parameters and our
phenomenological scan, which also allows models with ver
small cross sections.

While we have Xtan <50, the contour from Ref$4]
and[68] was obtained under the assumption that ganl0 10° "
to avoid some uncertainties in the treatment of radiative cor- 1o
rections in the renormalization-group evolution of the g °
MSSM parameters which affect the relic density calculations & ',

o, pb

Spin &”, pb
I

[68]. As noticed by many group$8,24,6,35,32,21,32the 1109“’?

scalar cross section of elastic WIMP-nucleon scattering in- -2

creases with tai8. As can be seen from Fig. 1 of RéB], WE

tan 8 seems to be the only SUSY parameter with which the 5"} o e e | R

!ower bound of th_e Qirect detec_tion rate has the tende_ncy_ tc 10 "E T R 1070 A
increase. The majority of the points at the scatter plots in Fig. M, GeV M, GeV

3 are shifted to the domain of larger cross section with in-
crease of targ.

In general the increase of tgh effectively relaxes thew
constraint in MSUGRA(it allows u to be smaller and re-
sults in a non-negligible Higgsino component followed by
significantly larger scalar cross sectigsee, for example,
Ref.[6]).

We also report as befof&8,19,§ nonuniversality of soft
supersymmetry-breaking masses in the scalar and thi
gaugino sectorgsee list of free parameters in E()], re-

Scalar 6°, pb
Spin 6°, pb

sulting in larger cross sections, as noted in RE&S] and taup tenp

[68]. ) o FIG. 5. Cross sections of WIMP-proton spin-dependent and
The spin-dependent and spin-independent WIMP-protoRpin-independent interactions as function of input parameieys

cross sections as functions of input parameﬁermé, Ma, (upper panél and tang (lower panel obtained with 0.%Q h§

and tang are depicted in Figs. 4 and 5. <0.3.
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termediate states. The only visible difference concerns more . 10°¢
sharp lower bounds for the spin-dependent cross section§
Both spin-dependent and spin-independent cross sections irs
crease whefu| decreases, in agreement with Reé6, [31], g
[8], and [35]. It is not easy to trace the tendency in
MSUGRA models because the parameicthere is strongly
constrained by the electroweak symmetry breaking condition £ S
(see, for example, Ref68)). i " .

The increase of the scalar cross sections generally is con 10 -l 10’;6 e e
nected with an increase of the Higgsino admixture of the LSP Mass, GeV ' ' Gaugino fraction
LSP and increase of Higgsino-gaugino interference whichg Y _
enters this cross sectiof81,32,33. The reason of the & 10° '
Higgsino growth can be nonuniversality of scalar soft masses?
[35], variation of intermediate unification scdl&2], or new
focus point regime of supersymmefiyl].

Rate, event/kg/day
I

ot m
7 Ge

Rateson/Ratesum

Ratesen,

For example, as given in Rdf32], the smaller the inter- o
mediate scaleM, is, the larger the Higgsino components B
become. In particular, folk,= 10" GeV the LSP is mainly ®
B-ino, the Higgs-neutralino-neutralino couplings are sup- ¢~ ST VI d , SRR B R R
pressed and therefore the cross sections are small. Howeve ~ '© 107 107 10 10 10710 10 710 = 10 = 10 © 10

. . . . . Rate, event/kg/day Tuwp-piscavwey, PO
for M,=10'" GeV the Higgsino contributions become im- o

portant and even dominant with the consequence of larger FIG. 6. Ratio of spin-dependent event rate to the spin-
cross sections. It is also worth noting that, for any fixed valugndependent event rate ifGe isotope as function of LSP mass
of M,, the larger targ is, the larger the Higgsino contribu- (upper lef}, total (spin-dependent plus spin-independeswent rate
tions become. (lower left), and scalar cross section of neutralino-proton interaction
Also it is claimed[31] that in the specific context of mini- (lower right obtained with 0.1, h§<0.3. The vertical line gives
mal supergravity(focus point regimg a cosmologically the expected sensitivity of GENIURef. [83)]). In the region above
stable mixed gaugino-Higgsino state emerges as an excdfe horizontal line the spin contribution dominates. The total event
lent, robust dark matter candidate. The claim relies on recerité versus gaugino fraction of L3Palso given(upper righi.
arguments, that all squark and slepton masses can be taken . . . L .
W(gll above 1 TeV witrcl1 no loss of naﬁuralness on the basis oPnaC'ng th(_a LSP firmly in theB—lng—Ilke. region. The same
a seemingly reasonable objective definition of naturalnes§nSiderations exclude an LSP with mixed Higgsino/gaugino

. . : . . tent.
[40]. The mathematical basis of this result is the existence of " .
focus points in renormalization group trajectories, which ren- In the SUGRA framework of Re{68] the elastic scatter-

der the weak scaléi.e., the Higgs potentialargely insensi- N9 Cross sections, which are predicted for.the LSP mass
tive to variations in unknown super-symmetry parame]ters."e in a comparatively narrow band. This is essentially be-

While in these models the squark and slepton masses aﬁ?“se the LSP is aIV\I/ays ma:]rﬂfino-like, so its couplingsh
unusually large, the electroweak gaugino and Higgsino pard® Not depend greatly on other MSSM parameters such as

ticle masses are generically well below 1 TeV. The increas&o- The princ.ipa_ll causes of broaden_ing_ are the uncertailnties

of the common soft scalar mass, far beyond 1 TeV asso- the hadronic inputs and the possibilities of cancellations

ciated with decrease of| below the gaugino massel that may reduce the cross sections for some specific values of
o o oo the unconstrained MSSM parametggs).

M,, leads to significant mixing between Higgsino and ) ' . . _

gaugino states accompanied by Higgs boson diagrams en- Figure 5 shows that while the spin cross section displays

hancement. A net result is again large scalar cross sectioné‘.IrnOSt full insensitivity tou andM, (Higgs bosons do not

The arguments presented above do not work in SUGR&ontribute the scalar cross section possesses remarkable de-
[68]. The LSP as Higgsino-like is almost excluded by LEPpe.ndence on these parameters. The cross section rather
constraints[27] even if the assumptions of universal soft qU|cI_<Iy drops W'_th 9f°V_Vth of the CP'Od.d Higgs malsts,
supersymmetry breaking are relaxed, and Higgsino dark ma and increases with ta@ in accordance with results of Refs.
ter is certainly excluded if universality is assumed, as is th 58], [24]’,[6]' [35], [32], [21], and[22]. i
case here. In addition to the LEP constraints, this is because 1he different tan3 and M, dependence of spin-
the value ofy is predicted as a function ahy, and mg, ependent and spln-lndepend_ent cross section as well as gen-

eral about-four-order-of-magnitude excess of spin-dependent
cross section over spin-independent cross sections may be

important for observationg37,88|.
The background of the approach can be questidiRef. [85])

due to a possibility to shift the focus point for the Higgs mass

. . C. Role of the spin
parameter right to the GUT scale by means of the appropriate o

choice of the initial condition for the top Yukawa coupliiBef. To be more definite with the statement claimed above, in
[86]). Anyway, from a phenomenological point of view the ap- Fig. 6 we present a comparison of total spin-dependent ver-
proach is interesting. sus total spin-independent event rates iGe (spin=3)—as
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representative and one of the most promising isotopes faagreement with calculations performed in MSUGRA as well
future construction of high-sensitivity detectors. as with other less restrictive approaches, which allowed

Figure 6 shows the weak dependence of the ratio on madarger variation of the cross sections and detection rates.
of the LSP with the mean value being approximately 0.01— (2) The use of the updated parameters of the nucleon
0.1. There are very large and very small values for the ratistructure does not change significantly the general distribu-
practically for any given mass of the LSP. The spin-tion of points over the scatter plots as compared with calcu-
independentscalaj contribution obviously dominates in the lations with earlier nucleon parameters.
domain of large expected rates in the Germanium detector (3) In accordance with previous estimations we found that
(R>0.1 events/day/Kgas was obtained beforésee, for the coannihilation does not significantly change our main
example, Ref.[58]). But as soon as the total rate drops conclusions. We understand that our estimation of the coan-
down to R<0.01 events/day/kg or, equivalently, the scalarnihilation effect is somewhat indirect, but in the effMSSM
neutralino-proton cross section becomes smaller thaapproach there is no stringent correlation between param-
10 °-10 1% pb, the spin-dependent interaction may produceeters, which sometimes makes the coannihilation channels
a rather non-negligible contribution to the total event rateinexcitable.

Moreover, if the scalar cross section decreases further ( (4) The new cosmological constraint on the relic neu-
<10 *2 pb), it becomes obvious that the spin contribution tralino density(due to flat and accelerating universehich
alone saturates the total rate and protedtseie lower bounds is numerically used in the form O<LQXh§<0.3 in our ap-

in Figs. 4 and 5 from decreasing belowR~10 %-10"" proach does not significantly affect the resulting scatter plots
events/day/kd6]. for neutralino-nucleon elastic cross sections.

This observation could be quite important for experiments  (5) To single outmostly in the MSUGRA theoretically a
actually looking for directdetectionof dark matter, but not dominant contribution to the cross section or event rate one
only for exclusion plots. Indeed, while scalar cross sectionsisually relies on the knowledge of the LSP composition. For
governed mostly by Higgs exchange can be rather smakxample, as discussed through this paper, ifBhao frac-
(when Higgs boson masses remain large enough, for exion is large, then the cross section is small. Nevertheless the
ample, in the next-to-minimal supersymmetric standardsituation is less transparent. As seen from Fig(upper
model[55]) the spin cross section cannot be arbitrarily small,right), the overwhelming majority of point&he region of
because the mass of tiEeboson, which gives the dominant highest point densityhasP~1, or very small Higgsino ad-
contribution, is well defined, provided one ignores any pos-mixture and one should expect negligible event rate. Never-
sible fine-tuning cancellation$8]. theless this is not the case. There are a lot of points with

Therefore if an experiment with sensitivity 19-10 ®  sizable event rate fdP~ 1. Therefore qualitative estimations
events/day/kg fails to detect a dark matter signal, an experief the dominance of the given contribution on the basis, for
ment with higher sensitivityand nonzero spin targewill be  example, of large gaugino fraction of the LSP>0.9) can
able to detect dark matter particles only due to the spirbe quantitatively not always correct.

neutralino-quark interaction. (6) We notice that for targets with spin-nonzero nuclei it
would be thespin-dependent interactioihat determines the
IV. CONCLUSION lower bound for the direct detection rate when the cross sec-

) tion of the scalar interaction drops below about ¥pb. If
Recent measurements in modern cosmology havg,is occurs the spin nuclear detectors would have notable
changed the expected fraction of the cold dark matter in th%ldvantage comparing with spinless detectors, or may become

universe, new results for the nucleon structure were obtainegl,o only way to observe SUSY via direct dark matter detec-
a new generation of high-sensitivity experimental detectors;g,.

are under consideration. All these changes stimulated us to Finally we would like to stress again the fact, clearly seen

recalculate our previous analysis concerning detection Ofyq, Figs. 2 and 3, that to reliably investigate the SUSY
cold dark matter. parameter space and therefore to have a chance to beat ac-
To this end we explored the MSSM parameter space &tg|erator experiments in searching far discovery of the

the weak scale where new accelerator and cosmological CoRgyy physicgsupersymmetiyone needs a GENIUS-like de-
straints are respected. We restrict the relic neutralino densityqior.

to be in the range O§QXh2$ 0.3. We considered the varia-
tion of the spin-independent and spin-dependent WIMP-
ggcleon'cross sections and of the expected 'ev'ent rate in ACKNOWLEDGMENTS
Ge, with parameters of the MSSM, uncertainties of the
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