arXiv:hep-ph/0011233 19 Nov 2000

Update of the direct detection of dark matter and the role of the nuclear spin

V.A. Bednyakov Laboratory of Nuclear Problems, Joint Institute for Nuclear Research, 141980 Dubna, Russia; E-mail: bedny@nusun.jinr.ru and H.V. Klapdor-Kleingrothaus Max-Planck-Institut für Kernphysik, Postfach 103980, D-69029, Heidelberg, Germany;

E-mail: klapdor@gustav.mpi-hd.mpg.de

We update our exploration of the MSSM parameter space at the weak scale where new accelerator and cosmological constraints are respected. The dependence of WIMP-nucleon cross sections on parameters of the MSSM, uncertainties of the nucleon structure and other theoretical assumptions like universality and coannihilation are considered. In particular, we find that the coannihilation does not have a significant effect in 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 < Ωχh^2_0 < 0.3 does also not significantly affect the regions of allowed neutralino-nucleon cross sections. 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

10�12_{pb.}

I. INTRODUCTION

It is well known (see, for example, [1]) that the Minimal Supersymmetric Standard Model (MSSM) being the most promising extension of the Standard Model offers a solution of the hierarchy problem, possesses gauge coupling unification and naturally proposes a Dark Matter candidate — the lightest supersymmetric particle (LSP). In the framework of the low-energy supersymmetry (SUSY), when SUSY breaking masses lie below a few TeV, sparticles will be copiously produced (and detected) at future colliders like the Large Hadron Collider (LHC) at CERN. On the other hand, there are several on-going and future projects searching for the LSP as a Dark Matter particle. One of them even claims a positive signal [2], although the situation remains rather contradictory [3]. The present experimental upper limit on the spin-independent part of the elastic scattering of the LSP on a nucleon is around 10�^5 pb for 50 GeV <∼ m_χ <∼ 100 GeV. In any case, it seems very plausible that both, SUSY collider signals and LSP Dark Matter will be found in future. Such dark matter searches offer interesting prospects for beating accelerators in the discovery of SUSY, particularly during the coming years before the LHC enters operation [4]. In this situation naturally arised the question of how small the event rate of the LSP direct detection can be, provided the LSP is a cold dark matter particle. Searching for the answer different SUSY models were considered (see for example, [5–9]).

Recently exciting evidence for a flat and accelerating universe was obtained [10,11]. The position of the first acoustic peak of the angular power spectrum strongly suggests a flat universe with density parameter Ω_0 = 1 while the shape of the peak is consistent with the density perturbations predicted by models of inflation. The density parameter Ω_0 = ρ_0/ρ_c is the ratio of the current mass density ρ_0 to the critical density ρ_c = 1.88 · 10�^{29} h^2_0 g·cm�^3, with h_0 being the dimensionless Hubble parameter. Data support the straight line Ω_0 = Ω_M + Ω_Λ = 1 [12–15], where Ω_M is the matter density in the universe and Ω_Λ is the contribution of the non-zero cosmological constant (the energy density of the vacuum). At the same time one determines Ω_M = 0.4 ± 0.1, which implies Ω_Λ = 0.85 ± 0.2, a value that has been supported from high-redshifted Supernova data [16]. Since the baryonic matter density is small, Ω_B = 0.05 ± 0.005, the values for matter density Ω_M give a Cold Dark Matter (CDM) density Ω_{CDM} ≃ 0.35 ± 0.1, which combined with recent measurements of the Hubble parameter h_0 = 0.65 ± 0.05, result in smaller CDM relic densities Ω_{CDM} h_0^2 ≃ 0.15 ± 0.07 [12–15].

Previously we have restricted our analyses to the cosmological constraint for the relic density of the LSP in the range 0.025 < Ω_χh^2_0 < 1 [17–20], where the neutralino relic density parameter Ω_χ = ρ_χ/ρ_c and ρ_χ is the relic neutralino mass density. In this paper adopting the above-mentioned new cosmological data and going to compare our estimation with literature [4,9,21,22] we constrain the allowed region for the neutralino relic density in the form 0.1 < Ω_χh^2_0 < 0.3. It is possible that there is more than one component in the cold dark matter, so that Ω_χ < Ω_{CDM}, and therefore Ω_χ < 0.1. Although, in general, a decrease of Ω is associated with larger elastic scattering cross sections, the detection rate also must be reduced because of the corresponding reduction in the density of LSPs in the Galactic halo. Here we neglect this possibility and assume that all the cold dark matter is composed of LSPs, so that Ω_χ ≥ 0.1 [4].

There are two main approaches to evaluate the dark-matter-neutralino nucleon cross section and the expected 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 valid at all energy scales from M_{weak} up to M_{GUT} ≃ 2 × 10^{16} GeV. The mSUGRA model arises as the low-energy limit of a supergravity theory, where supersymmetry is broken in the hidden sector of the model at an energy scale of M ∼ 10^{10} GeV. Supersymmetry breaking is communicated to the observable sector via gravitational interactions, leading to soft SUSY breaking mass terms of the order of the electroweak scale. At the GUT scale this leads to a common mass for all scalars m_0 and a common trilinear coupling A_0. Motivated by the apparent unification of gauge coupling constants, it is also assumed that all gaugino masses are unified to m_{1/2} at M_{GUT}. The weak scale sparticle spectrum is derived from renormalization group running of the SUSY soft breaking parameters. Requiring radiative electroweak symmetry breaking allows the determination of the superpotential Higgsino mass squared μ^2, and allows the expression of the soft SUSY breaking bilinear term B in terms of tan β. Thus, all sparticle masses and couplings are derived in terms of the minimal parameter set m_0, m_{1/2}, A_0, tan β, and sign(μ) [23–25]. From a practical point of view this approach as much as possible relies on theoretical arguments like unification, naturalness etc, aiming to maximally reduce the set of free parameters and obtain maximally restricted predictions. In this approach [4] the quantum stability of the gauge hierarchy suggests that sparticles weigh less than about 1 TeV [26], which is also the range favored for a cold dark matter particle, and there are indeed generic domains of the MSSM parameter space in which the relic LSP density falls within the range favored by astrophysics and cosmology. The unsuccessful laboratory searches for sparticles impose non-trivial constraints on the MSSM parameter space, suggesting that the LSP neutralino is mainly a U (1) gaugino (Bino) [27]. In the MSSM the lightest neutralino χ ≡ χ̃^0_1 is a mixture of four superpartners of gauge and Higgs bosons (Bino, Wino and two Higgsinos):

χ = N_{11} ~B^0 + N_{12}~W^0 + N_{13} ~H^0_1 + N_{14} ~H^0_2 . (1)

It is commonly accepted that χ is mostly gaugino-like if P ≡ N^2_{11} + N^2_{12} > 0.9 and Higgsino-like if P < 0.1, or mixed otherwise.

It is due to the Bino-likeness of the relic neutralinos that the calculated neutralino-nucleon cross sections appeared very small and one usually arrived at the conclusion that it was hardly possible to reach the mSUGRA space by means of direct and indirect searches for dark matter particles [4,5,8,17,24,28–30]. The other side of this conclusion is also well known: when |μ| decreases, the Higgsino components N_{13} and N_{14} of χ increase (P decreases) and as a result the spin-independent cross section increases. So Higgsino-like (and mixed) neutralino on the other hand increases the prospect for its detection as a dark matter particle [7,22,31,32]. Therefore it seems a crucial question here, to what extent the neutralino is mostly gaugino-like, Higgsino-like, or mixed.

A way to look for any possibility of higher cross sections and higher expected rates of detection is to investigate alternate models. The basis of it is a departure from the stringent mSUGRA by means of a relaxation of some unification and other theoretical assumptions aiming to obtain as general predictions for the expected detection rate as possible. A remarkable shift from mSUGRA to more relaxed models was made by [20,1,9]. It mostly included relaxation of unification of soft scalar mass parameters (so called nonuniversal soft symmetry breaking) as well as gaugino mass non-universality. The large tan β regime was also considered as a source of higher cross sections. Indeed in canonical mSUGRA it was pointed out [33–35] that the large tan β regime allows regions where σ_{χ p} ≈ 10�^6 pb. Besides, with non-universal soft scalar masses, it was also found that σ_{χ p} ≈ 10�^6 pb for small values of tan β. In particular, this was obtained for tan β >∼ 25 (tan β >∼ 4) working with universal (non-universal) soft terms in [35]. These analyses were performed assuming (non-)universality of the soft breaking terms at the unification scale, M_{GUT} ≈ 10^{16} GeV, which can be obtained within superstring theories [36,37] and heterotic M-theory [36,38].

Completely new possibilities have also been discussed. For example, it is found that in supersymmetry models muli-TeV scalar masses can exist consistent with naturalness on a certain branch of the radiative breaking of the electroweak symmetry [39]. A similar phenomenon appears in the so-called focus point supersymmetry models where one also avoids naturalness constraints with multi-TeV scalars [31,40,41], and in models with moving intermediate unification scale [32].

It was noticed that the assumptions concerning universality of the scalar masses m_i(M_{GUT}) ≡ m_0, and the trilinear scalar couplings A^{l,u,d}(M_{GUT}) ≡ A_0, are not very solid, at least from phenomenological point of view, since, universality might occur at a scale higher than M_{GUT} ∼ 10^{16} GeV [42], or according to string models at a scale M_I smaller than M_{GUT} ∼ 10^{16} GeV [32,43]. It was realized that the string scale may be anywhere between the weak scale and the 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 the M_I might be anywhere between the weak scale and the Planck scale [32], with significant consequences for the size of the neutralino-nucleon cross section. The case of non-universal gaugino masses was analyzed in [6,7,51,35] and with respect to direct detection of the superlight dark matter neutralinos in [19]. Schemes with CP-violating phases one can find in [52].

Therefore due to the large uncertainties involved in the choice of the scale M_I and going to obtain as much as general predictions it appeared more convenient to work within a phenomenological SUSY model whose parameters are defined directly at the electroweak scale as for example in [6,8,53–56] and which is denoted as an effective scheme of MSSM (effMSSM) in [22].

Obviously, this way much larger expected event rates were obtained and optimistic conclusions concerning the possibility to constrain significantly the SUSY parameter space with dark matter experiments were drawn [8,22,31,32,53,57].

In our previous calculations in effMSSM [6,18,19,58] we have adopted an (effective) scheme (with non-universal scalar masses and with non-universal gaugino soft masses) which has supplied us with large relatively direct detection rates of dark matter neutralinos, practically independently of what is the neutralino composition. In most of the MSSM parameter space we, in agreement with others, have obtained at the detectable level mostly gaugino-like neutralinos, but always existed small Higgsino admixtures (at a level less than 1-5%) which managed to produce large enough cross sections and rates.

In 1994 we claimed that nuclear spin is not important for detection of dark matter particles, provided the detection sensitivity does not exceed 0.01 events/day/kg, which was considered that time as unreachable [58]. Now the situation has changed and we would like to notice that for targets with spin-non-zero nuclei it might be the spin-dependent interaction that determines the lower bound for the direct detection rate when the cross section of the scalar interaction, which is usually assumed to be the dominant part, drops below 10�^{12}�^{13} pb [6].

New updated parameters of the nucleon structure involved in the evaluation of the elastic neutralino nucleon scattering have become available [4] and one expects that they will affect the cross sections of neutralino nucleon scattering. At least significant cancellations may occur for some values of tan β for scalar- and spin-dependent cross sections (at least for tan β < 10 [4]).

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

II. APPROACH

A dark matter event is elastic scattering of a relic neutralino from a target nucleus producing a nuclear recoil which can be detected by a suitable detector [59]. The differential event rate in respect to the recoil energy is the subject of experimental measurements. The rate depends on the distribution of the relic neutralinos in the solar vicinity and the cross section of neutralinonucleus elastic scattering. In our analysis we use the total event rate R which is integrated over recoil energies and useful for searching for domains with extreme rates. We follow our papers [18,19], where one can find all relevant formulas and astrophysical parameters. We consider only a simple spherically symmetric isothermal distribution and do not go into details of any possible uncertainties (and/or modulation effects) of the Galactic halo WIMP distribution [60–66].

To calculate the event rate we use for the relic neutralino mass density and for the escape neutralino velocity commonly accepted values 0.3 GeV/cm^3 and 600 km/s, respectively. Their experimental variations can slightly change R but leave the dependence of R on the MSSM parameters unaffected. To compare our results with other calculations and sensitivities of different dark matter experiments we calculate also the total cross section for relic neutralino elastic scattering on the nucleon. The scalar (spin-independent) part of the elastic neutralino-proton(neutron) cross section at zero momentum transfer q = 0 is

σ^{p,n}_{SI} (0) = 4 μ^2 π [C_{p,n}]^2 , where C_{p,n} = ∑ q=u,d,s f^{(p,n)}_{T q} C_q + 2 27 f^{(p,n)}_{T G} ∑ c,b,t C_q. The spin-dependent part of the elastic χ-nucleon cross section can be written as

σ^{p,n}_{SD} (0) = 4 μ^2 π 3 [ A_{p,n} ]_2 where A_{p,n} = ∑ u,d,s A_q Δq^{(p,n)}, and μ = m_χM_{p,n} m_χ + M_{p,n} . The effective couplings A_q and C_q of the neutralino-quark Lagrangian

L_{eff} = A_q · χ̄γ_μγ_5χ · q̄γ^μγ_5q + C_qχ̄χ · q̄q + O ( 1/m^4_{q̃} )

which enter the cross sections one can find in [58]. The parameters f^{(p,n)}_{T q} and f^{(p,n)}_{T G} are defined by m_pf^{(p)}_{T q} ≡ ⟨p|m_qq̄q|p⟩, f^{(p,n)}_{T G} = 1 − ∑ q=u,d,s f^{(p,n)}_{T q} .

Following [4] we use the updated parameters:

f^{(p)}_{T u} = 0.020 ± 0.004, f^{(p)}_{T d} = 0.026 ± 0.005, f^{(p)}_{T s} = 0.118 ± 0.062; (2)

f^{(n)}_{T u} = 0.014 ± 0.003, f^{(n)}_{T d} = 0.036 ± 0.008, f^{(n)}_{T s} = 0.118 ± 0.062. (3)

Our estimations of the effect of the inaccuracy in the determination of f_{T s} on the total event rate agree with those obtained before in [58] and in [9,31,67,68]. For a different determination using an analytic analysis see [7]. The two corridors do ovelap. The inaccuracy maximally changes the proton-neutralino cross section (event rate) within about one order of magnitude. The value chosen in this work gives probably a more pessimistic view of the cross sections. The inaccuracy of other parameters has a smaller effect on the cross sections.

The factors Δ^{(p,n)}_i parameterize the quark spin content of the nucleon. A global QCD analysis for the g_1 structure functions [69], including O(α^3_s) corrections, corresponds to the values [4]

Δ^{(p)}_u = Δ^{(n)}_d = 0.78 ± 0.02, Δ^{(p)}_d = Δ^{(n)}_u = −0.48 ± 0.02, Δ^{(p)}_s = Δ^{(n)}_s = −0.15 ± 0.02. (4)

We calculate Ω_χh^2_0 following the standard procedure on the basis of the approximate formula [70,71]. We take into account all channels of the χ − χ annihilation. Since the neutralinos are mixtures of gauginos and higgsinos, the annihilation can occur both, via s-channel exchange of the Z^0 and Higgs bosons and t-channel exchange of a scalar particle. This constrains the parameter space [28,70]. As mentioned in the introduction we require 0.1 < Ω_χh^2_0 < 0.3, for comparison we also present our results when 0.025 < Ω_χh^2_0 < 1.

Another stringent constraint is imposed by the branching ratio of b → sγ decay, measured by the CLEO collaboration to be 1.0×10�^4 < B(b → sγ) < 4.2×10�^4. In the MSSM this flavor-changing neutral current process receives contributions from H�–t, χ̃�–t̃ and g̃–q̃ loops in addition to the standard model W –t loop. This also restricts the SUSY parameter space [72].

The masses of the supersymmetric particles are constrained by the results from the high energy colliders. This imposes relevant constraints on the parameter space of the MSSM. In [6] we used the following lower bounds for the SUSY particles [73]: M_{χ̃}+_2 ≥ 65 GeV for the light chargino, M_{χ̃}+_1 ≥ 99 GeV for the heavy chargino, M_{χ̃}0_{1,2,3} ≥ 45, 76, 127 GeV for non-LSP neutralinos, respectively; M_{ν̃} ≥ 43 GeV for sneutrinos, M_{ẽR} ≥ 70 GeV for selectrons, M_{q̃} ≥ 210 GeV for squarks, M_{t̃1} ≥ 85 GeV for light top-squark, M_H0 ≥ 79 GeV for neutral Higgs bosons, M_{CH} ≥ 70 GeV for the charged Higgs boson. On the basis of last LEP results [74] we use now new lower limits for charginos: M_{χ̃}�_{1,2} ≥ 100 GeV, and neutral Higgs bosons: m_{H0} > 100 GeV.

As previously [6] we explore the MSSM parameter space at the weak scale relaxing completely constraints following from any unification assumption. Nevertheless we respect other available restrictions from cosmology, accelerator SUSY searches, rare FCNC b → sγ decay, etc [20,5,28].

The MSSM parameter space is determined by entries of the mass matrices of neutralinos, charginos, Higgs bosons, sleptons and squarks. The relevant definitions one can find in [6]. The list of free parameters includes: tan β is the ratio of neutral Higgs boson vacuum expectation values, μ is the bilinear Higgs parameter of the superpotential, M_{1,2} are soft gaugino masses, M_A is the CP-odd Higgs mass, m^2~_Q, m^2~_U , m^2~_D (m^2~_L, m^2~_E ) are squared squark (slepton) mass parameters for

the 1st and 2nd generation, m^2~_{Q3} , m^2~_T , m^2~_B (m^2~_{L3} , m^2~_τ ) are squared squark (slepton) mass parameters for 3rd generation and A_t, A_b, A_τ are soft trilinear couplings for the 3rd generation. In our numerical analysis the parameters of the MSSM are randomly varied in the following intervals:

− 1 TeV < M_1 < 1 TeV, −2 TeV < M_2, μ, A_t < 2 TeV, 1 < tan β < 50, 60 GeV < M_A < 1000 GeV, (5) 10 GeV^2 < m^2_Q , m^2_L, m^2_{Q3} , m^2_{L3} < 10^6 GeV^2.

Following [1,9,67] we assume that squarks are basically degenerate. Bounds on flavor-changing neutral currents imply that squarks with equal gauge quantum numbers must be close in mass. With the possible exception of third generation squarks the assumed degeneracy therefore holds almost model-independently [1]. Therefore for other sfermion mass parameters we used the relations m^2~_U = m^2~_D = m^2~_Q , m^2~_E = m^2_L, m^2~_T = m^2~_B = m^2_{Q3} , m^2~_{E3} = m^2_{L3} . The parameters A_b and A_τ are fixed to be zero. We consider the domain of the MSSM parameter space, in which we perform our scans, as quite spread and natural. Any extra expansion of it like, for example, using −10 TeV< M_2 < 10 TeV, etc, of course, can be possible, but should be considered, contrary to [31,40,41], as quite unnatural.

III. RESULTS AND DISCUSSION

A. Coannihilation

The effects of coannihilation may become important when the next to the lowest supersymmetric particle (NLSP) has a mass which lies close to the LSP mass [75]. The size of the effects is exponentially damped by the factor e�^{Δix} where Δ_i = (m_i/m_χ − 1), x = m_χ/kT and where m_χ is the LSP mass. Because of this damping the coannihilation effects are typically important only for regions of the parameter space where the constraint Δ_i < 0.1 is satisfied. Some of the possible candidates for NLSP are the light stau τ̃_1, ẽ_R, the next to the lightest neutralino χ^0_2, and the light chargino χ^+_1 . It was found that in mSUGRA the upper limit on the neutralino mass consistent with the current experimental constraints on the relic density is extended from 200 GeV to 600 GeV [76] when the effects of χ − τ̃ coannihilation are included.

By means of excluding points which can give non-negligible contribution to relic neutralino annihilation via coannihilations with other SUSY particles we simply have estimates of the influence of the coannihilation to our previous results. We used the constraint: (m_i − m_{LSP})/(m_{LSP}) < 0.2, where i runs over next-to-LSP neutralino, charginos, staus, stops etc. In accordance with previous estimates of [35,67,32,21] we found that the coannihilation does not significantly change our main results. In fact, less than 20% of the models were denied by this coannihilation constraint, which in the case of 0.025 < Ω_χh^2_0 < 1 excludes points with simultaneously small |μ| (|μ| < 500 GeV) and large |M_1| (|M_1| > 600 GeV), allowing for a substantial non-gaugino fraction of the LSP only in the region of relatively small |μ|. If the relic abundance of neutralinos is located in the range 0.1 < Ω_χh^2_0 < 0.3, the coannihilation constraint appears less restrictive.

B. Cross sections

Our calculations with the updated nucleon structure [4] for the WIMP-nucleon cross section of both spin and scalar interactions as function of the WIMP mass are depicted below as scatter plots (Figs. 1–6).

The use of the updated parameters (2)–(4) does not change significantly the general distribution of points over the scatter plots as compared with calculations with earlier nucleon parameters [77–79] used in [6,18,19,58].

FIG. 1. Cross sections of spin-dependent and spin-independent interactions of WIMPs with proton and neutron. Filled triangles (light circles) correspond to relic neutralino density 0.1 < Ωχh^2_0 < 0.3 (0.025 < Ωχh^2_0 < 1).

Scatter plots with individual cross sections of spin-dependent and spin-independent interactions of WIMPs with proton and neutron are given in fig. 1 as functions of the LSP mass. In the figure light circles correspond to cross sections calculated under the old assumption that 0.025 < Ω_χh^2_0 < 1. Filled triangles give the same cross section but the constraint on the flat and accelerating universe is imposed by 0.1 < Ω_χh^2_0 < 0.3. One can see that the reduction of the allowed domain for the relic density does not significantly affect spin-dependent and the spin-independent WIMPnucleon cross sections, i.e. restriction to a flat and accelerating universe weakly affects these cross sections.

The different behavior of these cross sections with mass of the LSP can be seen from the plots. There is a more stringent lower bound for the spin-dependent cross section. It is at a level of

10�7 pb, which is about an order of magnitude larger then the one presented in [68], where for

small tan β (tan β = 3, μ < 0, and small m_χ) the effect of a cancellation induced by the difference in signs between Δ_u and Δ_{d,s} (4) was reported. Aside from the cancellation, the spin-dependent cross section peaks at about 10�^4 pb and drops rapidly as m_χ increases down to 10�^7�^8 pb at m_χ ≈ 600 GeV [68]. We have checked that special consideration of the low tan β regime supplies us also with smaller cross section values for spin-dependent interactions, which do not enter in contradictions with [68].

Such a cancellation was found also in scalar cross sections for tan β = 10 and μ < 0. [68]. In this case Higgs exchange is dominant. The cancellation in the mSUGRA is due to the cancellation between the up-type contribution (which is negative) and the down-type contribution, which is initially positive but decreasing, eventually becoming negative as we increase m_χ.

FIG. 2. WIMP-nucleon cross section limits in pb for scalar interactions as function of the WIMP mass in GeV. Filled circles present our calculations with updated nucleon structure [4] in “non-accelerating universe” with 0.025 < Ωχh^2_0 < 1. Filled triangles give the same cross section but when 0.1 < Ωχh^2_0 < 0.3. The contours (shaded area enclosed with solid curve) for allowed scalar WIMP-proton cross sections from [4,68] are also given together with some current (DAMA [2], HEIDELBERG-MOSCOW [80], CDMS [84] and HDMS prototype [81]) and future experimental exclusion curves (HDMS projection [81], GENIUS-TF [82], GENIUS [83] and CDMS [84]).

If fig. 2 filled circles present our calculations when constraints due to an accelerating universe are not applied and as in [6,8] we hold 0.025 < Ω_χh^2_0 < 1. Filled triangles give the same cross section, but using as [4,35,31,67,68,32,21,22] the boundary 0.1 < Ω_χh^2_0 < 0.3. The contours for allowed scalar WIMP-proton cross sections from [4,68] are also given together with some 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 on the distribution of WIMP-proton scalar cross section. The reduction left only 25% of points but nevertheless the distribution of the remaining points differs only slightly from the one obtained with 0.025 < Ω_χh^2_0 < 1. The models with very small cross sections as well as models with very large cross sections (in fact experimentally excluded) still persist.

FIG. 3. The same as in fig. 2, but filled circles give cross sections for 0.1 < Ωχh^2_0 < 0.3 and tan β > 20. Filled triangles give the same cross section, but when tan β > 40. The contour from (obtained for tan β < 10) [4,68] also given.

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

While we have 1 < tan β < 50, the contour from [4,68] was obtained under the assumption that tan β ≤ 10 to avoid some uncertainties in the treatment of radiative corrections in the renormalization-group evolution of the MSSM parameters which affect the relic density calculations [68]. As noticed by many groups [58,24,6,35,32,21,22], the scalar cross section of elastic WIMP-nucleon scattering increases with tan β. As can be seen from fig. 1 of [6] tan β seems to be the only SUSY parameter with which the lower bound of the direct detection rate has the tendency to increase. The majority of the points at the scatter plots in fig. 3 are shifted to the domain of larger cross section with increase of tan β.

In general the increase of tan β effectively relaxes the μ constraint in mSUGRA (it allows μ to be smaller) and results in a non-negligible Higgsino component followed by significantly larger scalar cross section (see for example [6]).

We also respect as before [58,19,6] non-universality of soft supersymmetry-breaking masses in the scalar and the gaugino sectors (see list of free parameters in (5)), resulting in larger cross sections, as noted in [67,68].

The spin-dependent and spin-independent WIMP-proton cross sections as functions of input parameters μ, m^2_Q, M_A, tan β are depicted in figs. 4 and 5.

FIG. 4. Cross sections of of WIMP-proton spin-dependent and spin-independent interactions as function of input parameters μ (upper panel) and m^2_Q (lower panel) obtained with 0.1 < Ωχh^2_0 < 0.3.

There is no noticeable dependence of these scatter plots on the other free parameters from (5), for which we therefore do not show scatter plots. One can see from fig. 4 the similarity of the scatter plots for spin-dependent and and scalar cross sections as functions of μ and m^2_Q . Decrease of both lower bounds of the cross sections with m^2_Q occur due to increase of masses of squarks, which enter the s-channel intermediate states. The only visible difference concerns more sharp lower bounds for the spin-dependent cross section. Both spin-dependent and spin-independent cross sections increase when |μ| decreases, in agreement with [6,31,8,35]. It is not easy to trace the tendency in mSUGRA models because the parameter μ there is strongly constrained by the electroweak symmetry breaking condition (see, for example, [68]).

The increase of the scalar cross sections generally is connected with an increase of the Higgsino admixture of the LSP and increase of Higgsino-gaugino interference which enters this cross section [31,32,35]. The reason of the Higgsino growth can be non-universality of scalar soft masses [35], variation of intermediate unification scale [32], or new focus point regime of supersymmetry [31].

FIG. 5. Cross sections of WIMP-proton spin-dependent and spin-independent interactions as function of input parameters MA (upper panel) and tan β (lower panel) obtained with 0.1 < Ωχh^2_0 < 0.3.

For example, as given in [32], the smaller the intermediate scale M_I is, the larger the Higgsino components become. In particular, for M_I = 10^{16} GeV the LSP is mainly Bino, the Higgsneutralino-neutralino couplings are suppressed and therefore the cross sections are small. However for M_I = 10^{11} GeV the Higgsino contributions become important and even dominant with the consequence of larger cross sections. It is also worth noting that, for any fixed value of M_I , the larger tan β is, the larger the Higgsino contributions become.

Also it is claimed [31] that in the specific context of minimal supergravity (focus point regime), a cosmologically stable mixed gaugino-Higgsino state emerges as an excellent, robust dark matter candidate. The claim relies on recent arguments, that all squark and slepton masses can be taken well above 1 TeV with no loss of naturalness on the basis of a seemingly reasonable objective definition of naturalness [40]. The mathematical basis of this result is the existence of focus points in renormalization group trajectories, which render the weak scale (i.e., the Higgs potential) largely insensitive to variations in unknown supersymmetry parameters^1. While in these models the squark

1The background of the approach can be questioned [85] due to a possibility to shift the focus point for the Higgs mass parameter right to the GUT scale by means ofcappropriate choice of the initial condition for the top Yukawa coupling [86]. Anyway from a phenomenological point of view the approach is interesting.

and slepton masses are unusually large, the electroweak gaugino and Higgsino particle masses are generically well below 1 TeV. The increase of the common soft scalar mass m_0 far beyond 1 TeV associated with decrease of |μ| below the gaugino masses, M_1, M_2, leads to significant mixing between Higgsino and gaugino states accompanied by Higgs boson diagrams enhancement. A net result are again large scalar cross sections.

The arguments presented above do not work in SUGRA [68]. The LSP as Higgsino-like is almost excluded by LEP constraints [27] even if the assumptions of universal soft supersymmetry breaking are relaxed, and Higgsino dark matter is certainly excluded if universality is assumed, as is the case here. In addition to the LEP constraints, this is because the value of μ is predicted as a function of m_{1/2} and m_0, placing the LSP firmly in the Bino-like region. The same considerations exclude an LSP with mixed Higgsino/gaugino content.

In the SUGRA framework of [68] the elastic scattering cross sections, which are predicted for the LSP mass m_χ lie in a comparatively narrow band. This is essentially because the LSP is always mainly Bino-like, so its couplings do not depend greatly on other MSSM parameters such as m_0. The principal causes of broadening are the uncertainties in the hadronic inputs and the possibilities of cancellations that may reduce the cross sections for some specific values of the constrained MSSM parameters [68].

Figure 5 shows that while the spin cross section displays almost full insensivity to μ and M_A (Higgs bosons do not contribute) the scalar cross section possesses remarkable dependence on these parameters. The cross section rather quickly drops with growth of the CP-odd Higgs mass M_A and increases with tan β in accordance with results of [58,24,6,35,32,21,22].

The different tan β- and M_A-dependence of spin-dependent and spin-independent cross section as well as general about-4-order-of-magnitude excess of spin-dependent cross section over spinindependent cross sections may be important for observations [87,88].

C. Role of the spin

To be more definite with the statement claimed above, in fig. 6 we present a comparison of total spin-dependent versus total spin-independent event rates in^{73}Ge (spin = 9/2) — as representative and one of the most promising isotopes for future construction of high-sensitivity detectors.

Figure 6 shows the weak dependence of the ratio on mass of the LSP with the mean value being approximately 0.01–0.1. There are very large and very small values for the ratio practically for any given mass of the LSP. The spin-independent (scalar) contribution obviously dominates in the domain of large expected rates in the Germanium detector (R > 0.1 events/day/kg) as was obtained before (see, for example [58]). But as soon as the total rate drops down to R < 0.01 events/day/kg or, equivalently, the scalar neutralino-proton cross section becomes smaller than 10�^9 ÷ 10�^{10} pb, the spin-dependent interaction may produce a rather non-negligible contribution to the total event rate. Moreover if the scalar cross section decreases further (σ < 10�^{12} pb), it becomes obvious that the spin contribution alone saturates the total rate and protects it (see lower bounds in fig. 4 and 5) from decreasing below R ≈ 10�^6 ÷ 10�^7 events/day/kg [6].

This observation could be quite important for experiments actually looking for direct detection of dark matter, but not only for exclusion plots. Indeed, while scalar cross sections governed mostly by Higgs exchange can be rather small (when Higgs masses remain large enough, for example in the Next-to-Minimal Supersymmetric Standard Model [55]) the spin cross section can not be arbitrary small, because the mass of the Z boson, which gives the dominant contribution, is well defined, provided one ignores any possible fine-tuning cancellations [68].

Therefore, if an experiment with sensitivity 10�^5 ÷ 10�^6 events/day/kg fails to detect a dark matter signal, an experiment with higher sensitivity (and non-zero spin target) will be able to detect dark matter particles only due to the spin neutralino-quark interaction.

FIG. 6. Ratio of spin-dependent event rate to the spin-independent event rate in^{73}Ge isotope as function of LSP mass (upper left), total (spin-dependent plus spin-independent) event rate (lower left) and scalar cross section of neutralino-proton interaction (lower right) obtained with 0.1 < Ωχh^2_0 < 0.3. The vertical line gives the expected sensitivity of GENIUS [83]. In the region above the horizontal line the spin contribution dominates. The total event rate versus gaugino fraction of LSP P also given (upper right),

IV. CONCLUSION

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

To this end we explored the MSSM parameter space at the weak scale where new accelerator and cosmological constraints are respected. We restrict the relic neutralino density to be in the range 0.1 ≤ Ω_χh^2 ≤ 0.3. We considered the variation of the spin-independent and spin-dependent WIMP-nucleon cross sections and of the expected event rate in^{73}Ge, with parameters of the MSSM, uncertainties of the nucleon structure and other theoretical assumptions like universality and coannihilation.

The main results of the exploration can be summarized as follows.

1. The results of our updated calculations fall in general agreement with calculations performed in mSUGRA as well as with other less restrictive approaches, which allowed larger variation of the cross sections and detection rates.

2. The use of the updated parameters of the nucleon structure does not change significantly the general distribution of points over the scatter plots as compared with calculations with earlier nucleon parameters.

3. In accordance with previous estimations we found that the coannihilation does not significantly change our main conclusions. We understand that our estimation of the coannihilation effect is somewhat indirect, but in the effMSSM approach there is no stringent correlation between parameters, which sometimes makes the coannihilation channels inevitable.

4. The new cosmological constraint on the relic neutralino density (due to flat and accelerating universe) which is numerically used in the form 0.1 < Ω_χh^2_0 < 0.3 in our approach does not significantly affect the resulting scatter plots 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 one usually relies on the knowledge of the LSP composition. For example, as discussed through this paper, if the Bino fraction is large, then the cross section is small. Numerically the situation is less transparent. As seen from fig. 6 (upper right) the overwhelming majority of points (the region of highest point density) has P ≈ 1, or very small Higgsino admixture and one should expect negligible event rate. Nevertheless this is not the case. There are a lot of points with sizable event rate for P ≈ 1. Therefore qualitative estimations of the dominance of the given contribution on the basis, for 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-non-zero nuclei it might be the spin-dependent interaction that determines the lower bound for the direct detection rate when the cross section of the scalar interaction drops below about 10�^{12} pb. If this occurs the spin nuclear detectors would have notable advantage comparing with spinless detectors, or may become the only way to observe SUSY via direct dark matter detection.

Finally we would like to stress again the fact, clearly seen from figs. 2 and 3, that to reliably investigate the SUSY parameter space and therefore to have a chance to beat accelerator experiments in searching for (or discovery of) the new physics (supersymmetry) one needs a GENIUS-like detector.

Acknowlegment: The authors would like to thank Prof. Pran Nath for useful discussions. One of us (V.B.) thanks the Max Planck Institut fuer Kernphysik for the hospitality extended to him during his stay at Heidelberg. The investigation was supported in part (V.B.) by RFBR Grant 00-02–17587.

[1] M. Drees, et al., hep-ph/0007202 — “Scrutinizing LSP Dark Matter at the LHC”. [2] R. Bernabei et al. (DAMA Collaboration), Phys. Lett. B 480, 23 (2000); R. Bernabei et al. (DAMA Collaboration), in Proc. NEUTRINO 2000, Sudbury, June 2000, eds A. McDonald et al. and P. Belli et al. (DAMA Collaboration), in Proc. DARK 2000, Heidelberg, July 2000, ed. H. V. Klapdor- Kleingrothaus, Springer, Heidelberg (2001).

[3] R. Abusaidi et al. (CDMS Collaboration), Phys. Rev. Lett. 84, 5699 (2000). [4] J. Ellis, A. Ferstl, K. A. Olive, Phys. Lett. B 481, 304 (2000); hep-ph/0001005 — “Re-Evaluation of the Elastic Scattering of Supersymmetric Dark Matter”.

[5] P. Nath and R. Arnowitt, Phys. Rev. D 56, 2820 (1997); hep-ph/9701301 — “Nonuniversal soft SUSY breaking and dark matter”; R. Arnowitt, Phys. Atom. Nucl. 61, 1098 (1998); hep-ph/9710238.

[6] V. A. Bednyakov, H. V. Klapdor-Kleingrothaus, Phys. Rev. D 62, 043524 (2000); hep-ph/9908427 — “SUSY spectrum constraints on direct dark matter detection”.

[7] A. Corsetti and P. Nath, hep-ph/0003186 — “Gaugino Mass Non-Universality and Dark Matter in SUGRA, Strings and D-Brane Models”.

[8] V. Mandic, A. T. Pierce, P. Gondolo, H. Murayama, hep-ph/0008022 — “The Lower Bound on the Neutralino-Nucleon Cross Section”.

[9] R. Arnowitt, B. Dutta, Y. Santoso, hep-ph/0008336 — “Maximum And Minimum Dark Matter Detection Cross Sections”; hep-ph/0008320 — “Dark Matter and Detector Cross Sections”; hep-ph/0005154 — “Neutralino Proton Cross Sections For Dark Matter In SUGRA And D-BRANE Models”.

[10] P. de Bernardis et al., Nature 404, 995 (2000); astro-ph/0004404 — “A flat universe from high resolution maps of the cosmic microwave background radiation”.

[11] A. Balbi et al., astro-ph/0005124 — “Constraints on cosmological parameters from MAXIMA-1”. [12] M. S. Turner, astro-ph/9912211 — “Dark Matter, Dark Energy and Fundamental Physics”; astroph/9904051.

[13] A. H. Jaffe et al., astro-ph/0007333.

[14] M. Tegmark, M. Zaldarriaga, Phys. Rev. Lett., 85, 2240 (2000), astro-ph/0004393 — “New CMB constraints on the cosmic matter budget: trouble for nucleosynthesis?”.

[15] M. Tegmark, M. Zaldarriaga, A. J. S. Hamilton, hep-ph/0008145 — “Latest cosmological constraints on the densities of hot and cold dark matter”; astro-ph/0008167.

[16] S. Perlmutter et al, Nature 391, 51 (1998); A. G. Riess et al, Astron. J. 116, 1009 (1998); M. White, Astrophys. J. 506, 495 (1998).

[17] M. Drees and M. M. Nojiri, Phys. Rev. D 48,3483 (1993); M. Drees, hep-ph/9804231; M. Drees, M.

M. Nojiri, D. P. Roy, Y. Yamada, Phys. Rev. D 56 276 (1997).

[18] V. A. Bednyakov, H. V. Klapdor-Kleingrothaus, S. G. Kovalenko, and Y. Ramachers, Z. Phys. A 357, 339 (1997); hep-ph/9606261 — “Is SUSY accessible by direct dark matter detection?”.

[19] V. A. Bednyakov, H. V. Klapdor-Kleingrothaus, and S. G. Kovalenko, Phys. Rev. D 55, 503 (1997), hep-ph/9608241 — “Superlight neutralino as a dark matter particle candidate”.

[20] P. Nath and R. Arnowitt, Phys. Lett. B 437, 344 (1998); hep-ph/9801246. [21] A. B. Lahanas, D. V. Nanopoulos, V. C. Spanos, hep-ph/0009065 — “Neutralino Dark Matter Elastic Scattering in a Flat and Accelerating Universe”.

[22] A. Bottino, F. Donato, N. Fornengo, S. Scopel, hep-ph/0010203 — “Probing the supersymmetric parameter space by WIMP direct detection”.

[23] A. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. Lett. 49, 970 (1982); R. Barbieri, S. Ferrara and C. Savoy, Phys. Lett. B 119, 343 (1982); L. J. Hall, J. Lykken and S. Weinberg, Phys. Rev. D 27, 2359 (1983); P. Nath, R. Arnowitt and A. H. Chamseddine, Nucl. Phys. B227, 121 (1983).

[24] H. Baer and M. Brhlik, Phys. Rev. D 57, 567 (1998); hep-ph/9706509 — “Neutralino dark matter in minimal supergravity: Direct detection versus collider searches”.

[25] V. Barger, C. E. M. Wagner, et al., hep-ph/0003154 — “Report of the SUGRA Working Group for Run II of the Tevatron”.

[26] E. Witten, Nucl. Phys. B188, 513 (1981); R.K. Kaul, Phys. Lett. B 109, 19 (1982). [27] J. Ellis, T. Falk, K. A. Olive and M. Schmitt, Phys. Lett. B 388, 97 (1996); 413, 355 (1997); J. Ellis, T. Falk, G. Ganis, K. A. Olive and M. Schmitt, Phys. Rev. D 58, 095002 (1998).

[28] G. L. Kane, C. Kolda, L. Roszkowski, and J. D. Wells. Phys. Rev. D 49, 6173 (1994) — “Study of constrained minimal supersymmetry”.

[29] R. Arnowitt and P. Nath, Phys. Rev. D 54 2374, (1996); hep-ph/9509260 — “Predictions of neutralino dark matter event rates in minimal supergravity unification”.

[30] A. Corsetti and P. Nath, Mod. Phys. Journ., hep-ph/9904497.

[31] J. L. Feng, K. T. Matchev, F. Wilczek, Phys. Lett. B 482, 388 (2000); hep-ph/0004043 — “Neutralino Dark Matter in Focus Point Supersymmetry”.

[32] E. Gabrielli, S. Khalil, C. Munoz, E. Torrente-Lujan, hep-ph/0006266 — “Initial Scales, Supersymmetric Dark Matter and Variations of Neutralino-Nucleon Cross Sections”.

[33] A. Bottino, F. Donato, N. Fornengo and S. Scopel, Phys. Rev. D 59, 095004 (1999). V. Berezinsky, et al., Astropart. Phys. 5, 1 (1996); hep-ph/9508249.

[34] R. Arnowitt and P. Nath, Phys. Rev. D 60, 044004 (1999).

[35] E. Accomando, R. Arnowitt, B. Dutta, Y. Santoso, Nucl. Phys. B585, 124 (2000); hep-ph/00010199 — “Neutralino Proton Cross Sections In Supergravity Models”.

[36] E. Witten, Nucl. Phys. B471, 135 (1996).

[37] L. E. Ibanez, C. Muñoz and S. Rigolin, Nucl. Phys. B553, 43 (1999).

[38] T. Banks and M. Dine, Nucl. Phys. B479, 173 (1996); D. G. Cerdeño and C. Muñoz, Phys. Rev. D 61, 016001 (2000).

[39] K. L. Chan, W. Chattopadhyay and P. Nath, Phys. Rev. D 58, 096004 (1998) and hep-ph/0096004, hep-ph/9710473.

[40] J. L. Feng, K. T. Matchev, T. Moroi Phys. Rev. Lett. 84, 2322 (2000), hep-ph/9908309 — “Multi-TeV scalars are natural in minimal supergravity”; J. L. Feng, K. T. Matchev, and T. Moroi, Phys. Rev. D 61, 2000 (1975005), hep-ph/9909334.

[41] J. L. Feng, K. T. Matchev, F. Wilczek, astro-ph/0008115 — “Prospects for Indirect Detection of Neutralino Dark Matter” [42] N. Polonsky and A. Pomarol, Phys. Rev. Lett. 73, 2292 (1994) and Phys. Rev. D 51, 6532 (1995); M.

Olechowski and S. Pokorski, Phys. Lett. B 334, 201 (1995); D. Metalliotakis and H. P. Nilles, Nucl. Phys. B435, 115 (1995); A. Pomarol and S. Dimopoulos, Nucl. Phys. B453, 83 (1995); J. A. Casas, A. Lleyda and C. Muñoz, Phys. Lett. B 389, 305 (1996).

[43] S. A. Abel, B. C. Allanach, F. Quevedo, L. E. Ibáñez and M. Klein, hep-ph/0005260. [44] J. Lykken, Phys. Rev. D 54, 3693 (1996).

[45] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 436, 263 (1998); I.

Antoniadis and C. Bachas, Phys. Lett. B 450, 83 (1999); I. Antoniadis, E. Kiritsis and T.N. Tomaras, hep-ph/0004214.

[46] G. Shiu and S.-H. H. Tye, Phys. Rev. D 58, 106007 (1998); Z. Kakushadze and S.-H. H. Tye, Nucl.

Phys. B548, 180 (1999).

[47] C. Burgess, L. E. Ibañez and F. Quevedo, Phys. Lett. B 447, 257 (1999). [48] I. Antoniadis and B. Pioline, Nucl. Phys. B550, 41 (1999). [49] K. Benakli, Phys. Rev. D 60, 104002 (1999).

[50] K. Benakli and Y. Oz, Phys. Lett. B 472, 83 (2000); A. Gregori, hep-th/0005198. [51] M. Drees and X. Tata, Phys. Rev. D 43, 2971 (1991); K. Griest and L. Roszkowski, Phys. Rev. D 46, 3309 (1992); S. Mizuta, D. Ng and M. Yamaguchi, Phys. Lett. B 300, 96 (1993).

[52] T. Ibrahim and P. Nath, Phys. Lett. B 418, 98 (1998); M. Brhlik and G. L. Kane, Phys. Lett. B 437, 331 (1998); U. Chattopadhyay, T. Ibrahim and P. Nath, Phys. Rev. D 60, 063505 (1999) and hepph/9811362; S. Khalil and Q. Shafi, Nucl. Phys. B564, 19 (1999); T. Falk, A. Ferstl and K. A. Olive, Astrop. Phys. 13, 301 (2000); P. Gondolo and K. Freese, hep-ph/9908390; S. Y. Choi, hep-ph/9908397.

[53] L. Bergström and P. Gondolo, Astrop. Phys. 6, 263 (1996); hep-ph/9510252 — “Limits on direct detection of neutralino dark matter from b ! sγ decays”.

[54] P. Gondolo, hep-ph/0005171 — “Neutralino dark matter vs galaxy formation”. [55] V. A. Bednyakov, H. V. Klapdor-Kleingrothaus, Phys. Rev. D 59, 023514 (1999), hep-ph/9802344 — “About direct Dark Matter detection in Next-to-Minimal Supersymmetric Standard Model”.

[56] L. Bergstrom, Rept. Prog. Phys. 63, 793 (2000), hep-ph/0002126 — “Non-Baryonic Dark Matter - Observational Evidence and Detection Methods”.

[57] J. Ellis and R. Flores, Nucl. Phys. B307, 883 (1988); R. Flores, K. A. Olive and M. Srednicki, Phys.

Lett. B 237, 72 (1990).

[58] V. A. Bednyakov, H. V. Klapdor-Kleingrothaus, S. G. Kovalenko, Phys. Rev. D 50, 7128 (1994) — “Direct detection of supersymmetric dark matter and the role of the target nucleus spin”.

[59] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep., 267, 195 (1996) and references thierin. [60] M. Kamionkowski and A. Kinkhabwala, Phys. Rev. D 57, 3256 (1998) — “Galactic Halo Models and Particle Dark-Matter Detection”.

[61] F. Donato, N. Fornengo and Scopel, Astrop. Phys., 9, 247 (1998). [62] N. W. Evans, C. M. Carollo and P. T. de Zeeuw, astro-ph/0008156. [63] A. M. Green, astro-ph/0008318.

[64] C. J. Copi, L. M. Krauss, astro-ph/0009467 — “Angular Signatures for Galactic Halo WIMP Scattering in Direct Detectors: Prospects and Challenges”.

[65] P. Ullio and M. Kamionkowski, hep-ph/0006183.

[66] J. D. Vergados, Phys. Rev. D 83, 3597 (1998), Phys. Rev. D 62, 023519 (2000); J. D. Vergados, hep-ph/0010151 — “The directional rate and the modulation effect for direct supersymmetric matter detection”.

[67] A. Corsetti, P. Nath, hep-ph/0005234 — “SUSY Dark Matter”.

[68] J. Ellis, A. Ferstl, K. A. Olive, hep-ph/0007113 — “Exploration of Elastic Scattering Rates for Supersymmetric Dark Matter”.

[69] G. Mallot, hep-ex/9912040.

[70] M. Drees and M. M. Nojiri, Phys. Rev. D 47, 376 (1993). [71] J. Ellis, et al., Nucl. Phys. B238, 453 (1984).

[72] S. Bertolini, F. Borzumati, A. Masiero, and G. Ridolfi, Nucl. Phys. B353, 591 (1991) and references therein; N. Oshimo, Nucl. Phys. B404, 20 (1993). F. M. Borzumati, M. Drees, and M. M. Nojiri, Phys. Rev. D 51, 341 (1995). R. Barbieri and G. Giudice, Phys. Lett. B 309, 86 (1993); R. Garisto and J. N. Ng, Phys. Lett. B 315, 372 (1993).

[73] C. Caso et al. (Particle Data Group), Eur. Phys. Journal, C 3, 1 (1998). A. Djouadi and S. Roier-Leer (Conveners of MSSM working group), hep-ph/9901246.

[74] LEP limits on sparticles and Higgs bosons:

http://delphiwww.cern.ch/¸offline/physics links/lepc.html. [75] S. Mizuta and M. Yamaguchi, Phys. Lett. B 298, 120 (1993).

[76] J. Ellis, T. Falk and K. A. Olive, Phys. Lett. B 444, 367 (1998); J. Ellis, T. Falk, K. A. Olive and M. Srednicki, hep-ph/9905481.

[77] T. P. Cheng, Phys. Rev. D 38, 2869 (1988); H.-Y.Cheng, Phys. Lett. B 219, 347 (1989). [78] J. Gasser, H. Leutwyler and M. E. Sainio, Phys. Lett. B 253, 252 (1991).

[79] A. Ashman et al., Phys. Lett. B 206, 364 (1988); R. L. Jaffe and A. Manohar, Nucl. Phys. B337, 509 (1990).

[80] HEIDELBERG-MOSCOW Collaboration, Phys. Rev. D 59, 022001-1 (1998) and hep-ex/9811045, “New limits on dark–matter WIMPs from the Heidelberg–Moscow experiment “.

[81] HEIDELBERG-MOSCOW Collaboration, Phys. Rev. D in press, (2000) and astro-ph/0008339, “First results from the HEIDELBERG Dark Matter Search experiment”.

[82] H. V. Klapdor-Kleingrothaus et al., Internal Report MPI-K (2000) and home page: http://www.mpihd.mpg.de/non acc/ [83] H. V. Klapdor-Kleingrothaus, Proc. Int. Conf, ”Beyond the Desert”, Tegernsee, Germany, June 8–

14, 1997; editors: H. V. Klapdor-Kleingrothaus, H. Paes, IOP, Bristol, 1998, hep-ex/9802007; Proc. Int. Workshop on Non Accelerator New Physics, Dubna, July 7-11, 1997, Phys. Atom. Nucl., 61, 967 (1998), and Int. Journal of Modern Physics A 13, 3953 (1998). H. V. Klapdor-Kleingrothaus and Y. Ramachers. Eur. Phys. J. A 3, 85 (1998); H. V. Klapdor-Kleingrothaus et al., GENIUS: A Supersentive Germanium Detector System for Rare Events, Proposal, MPI-H-V26-1999, August 1999, hep-ph/9910205; H. V. Klapdor-Kleingrothaus, Springer Tracts in Modern Physics, Vol. 163, 69 (2000); H. V. Klapdor-Kleingrothaus, \60 Years of Double Beta Decay { From nuclear physics to beyond standard model physics", World Scientific, Singapore (2000) 1300 pages.

[84] R. Schnee, in Proc. DARK 2000, Heidelberg, July 2000, ed H. V. Klapdor-Kleingrothaus, Springer, Heidelberg (2001) and Talk at “Inner Space/Outer Space II”, FNAL, May 1999; S. R. Golwala et al., Talk at LTD8, Dalfsen, Netherlands, August 15–20, 1999; M. Bravin et al., Astrop. Phys., 12, 107 (1999).

[85] D. I. Kazakov, Private communication.

[86] M. Jurcisin, D. I. Kazakov, Mod. Phys. Lett. A 14, 671 (1999); hep-ph/9902290 — “Infrared Quasi Fixed Points and Mass Predictions in the MSSM II: Large tan(beta) Scenario”; G. K. Yeghiyan, M. Jurcisin, D. I. Kazakov, hep-ph/9807411 — “Infrared Quasi Fixed Points and Mass Predictions in the MSSM”.

[87] D. R. Tovey, R. J. Gaitskell, P. Gondolo, Y. Ramachers, L. Roszkowski, Phys. Lett. B 488, 17 (2000), hep-ph/0005041 — “A New Model-Independent Method for Extracting Spin-Dependent Cross Section Limits from Dark Matter Searches”.

[88] P. Ullio, M. Kamionkowski, P. Vogel, hep-ph/0010036 — “Spin-Dependent WIMPs in DAMA?”.