arXiv:hep-ph/0112033 v1 3 Dec 2001

CERN-TH/2001-345 FTUAM 01/22 IFT-UAM/CSIC-01-38 IPPP/01/57 DCPT/01/112 December 3, 2001

Large dark matter cross sections from supergravity and superstrings

D. G. Cerdeño

Departamento de Física Teórica C-XI, Universidad Autónoma de Madrid, Cantoblanco, 28049 Madrid, Spain.

S. Khalil

IPPP, Physics Department, Durham University, DH1 3LE, Durham, U.K.

Ain Shams University, Faculty of Science, Cairo, 11566, Egypt. and C. Muñoz

Theory Division, CERN, CH-1211 GENEVA 23, Switzerland.

Departamento de Física Teórica C-XI and Instituto de Física Teórica C-XVI, Universidad Autónoma de Madrid, Cantoblanco, 28049 Madrid, Spain.

We study the direct detection of supersymmetric dark matter in the light of recent experimental results. In particular, we show that regions in the parameter space of several scenarios with a neutralino-nucleon cross section of the order of 10^{−6} pb, i.e., where current dark matter detectors are sensitive, can be obtained. These are supergravity scenarios with intermediate unification scale, and superstring scenarios with D-branes.

PRESENTED AT

COSMO-01 Rovaniemi, Finland, August 29 – September 4, 2001

1 Introduction

One of the most interesting candidates for dark matter is a long-lived or stable weaklyinteracting massive particle (WIMP). WIMPs can remain from the earliest moments of the Universe in sufficient number to account for a significant fraction of relic density. These particles would form not only a background density in the Universe, but also would cluster gravitationally with ordinary stars in the galactic halos.

This raises the hope of detecting relic WIMPs directly, by observing their elastic scattering on target nuclei through nuclear recoils. Since WIMPs interact with ordinary matter with very roughly weak strength, and assuming that their masses are of the order of weak scale (i.e., between 10 GeV and a few TeV), it is natural to expect a WIMPnucleus cross section of the same order as that of a weak process, which is around 1 pb. This would imply a WIMP-nucleon cross section around 10^{−8} pb, too low to be detected by current dark matter experiments, which are sensitive to a cross section around 10^{−6} pb. Surprisingly, the DAMA collaboration reported recently [1] data favouring the existence of a WIMP signal in their search for annual modulation. When uncertainties as e.g. the WIMP velocity or possible bulk halo rotation, are included, it was claimed that the preferred range of parameters is (at 4σ C.L.) 10^{−6} pb <∼ σ <∼ 10^{−5} pb for a WIMP mass 30 GeV <∼ m <∼ 200 GeV. However, unlike this spectacular result, the CDMS collaboration claims to have excluded [2] regions of the DAMA parameter space.

Given these intriguing experimental results, it is then crucial to re-analyze the compatibility of WIMPs as dark matter candidates, with the sensitivity of current dark matter detectors. To carry this analysis out we have to assume a particular candidate for WIMP. The leading candidate in this class is the lightest neutralino [3], a particle predicted by the supersymmetric (SUSY) extension of the standard model.

In particular, in the minimal supersymmetric standard model (MSSM) there are four neutralinos, χ̃^0_i (i = 1, 2, 3, 4), since they are the physical superpositions of the fermionic partners of the neutral electroweak gauge bosons, called bino (B̃^0) and wino (W̃^0_3 ), and of the fermionic partners of the neutral Higgs bosons, called Higgsinos (H̃^0_u , H̃^0_d ). Therefore the lightest neutralino, χ̃^0_1, will be the dark matter candidate. We parameterize the gaugino and Higgsino content of the lightest neutralino according to

χ̃^0_1 = N_{11}B̃^0 + N_{12}W̃^0_3 + N_{13}H̃^0_d + N_{14}H̃^0_u . (1)

It is commonly defined that χ̃^0_1 is mostly gaugino-like if P ≡ |N_{11}|^2 + |N_{12}|^2 > 0.9, Higgsino-like if P < 0.1, and mixed otherwise.

The cross section for the elastic scattering of relic neutralinos on protons and neutrons has been examined exhaustively in the literature [4]. This is for example the case in the framework of minimal supergravity (mSUGRA). Let us recall that in this framework one makes several assumptions. In particular, the scalar mass parameters, the gaugino mass parameters, and the trilinear couplings, which are generated once SUSY is broken through gravitational interactions, are universal at the grand unification scale, M_{GU T} ≈ 2 × 10^{16}

GeV. They are denoted by m_0, M_{1/2}, and A_0 respectively. Likewise, radiative electroweak symmetry breaking is imposed, i.e., the Higgsino mass parameter μ is determined by the minimization of the Higgs effective potential. This implies

μ^2 = m^2_{Hd} − m^2_{Hu} tan^2 β tan^2 β − 1 − 1 2 M^2_Z , (2)

where tan β = ⟨H^0_u ⟩/⟨H^0_d ⟩ is the ratio of Higgs vacuum expectation values. With these assumptions, the mSUGRA framework allows four free parameters: m_0, M_{1/2}, A_0, and tan β. In addition, the sign of μ remains also undetermined.

It was observed (for a recent re-evaluation see ref.[5]) that for low and moderate values of tan β the lightest neutralino is mainly bino, and therefore the predicted scalar neutralino-proton cross sections are well below the accessible experimental regions. In particular, σ_{χ̃}0_{1−p} <∼ 10^{−7} pb, and therefore we would have to wait in principle for projected detectors, as e.g. GENIUS [6], to be able to test the neutralino as a dark-matter candidate.

Recently, several proposals have been made in order to modify this result, enhancing the neutralino-nucleon cross section. This is the case of scenarios with large tan β [7]-[9], with non-universal soft SUSY-breaking terms [7, 8, 10], with multi-TeV masses for scalar superpartners known as ‘focus point’ supersymmetry [11], with intermediate unification scale [12], and finally superstring scenarios with D-branes [13, 10, 14, 15, 16]. In these proceedings we will concentrate only on the last two. A recent review where all the above mentioned scenarios are critically reappraised can be found in ref.[17].

2 Scenarios with intermediate unification scale

The analyses of the neutralino-nucleon cross section in mSUGRA, mentioned above, were performed assuming the unification scale M_{GU T} ≈ 10^{16} GeV, as is usually done in the SUSY literature. However, it was recently pointed out [12] that this cross section σ_{χ̃}0_{1−p} is very sensitive to the variation of the initial scale for the running of the soft terms. In particular, intermediate unification scales were considered. For instance, by taking M_I = 10^{10−12} GeV rather than M_{GU T} , regions in the parameter space of mSUGRA have been found where σ_{χ̃}0_{1−p} is in the expected range of sensitivity of present detectors, and this even for moderate values of tan β (tan β >∼ 3). This analysis was performed in the universal scenario for the soft terms. In contrast, in the usual case with initial scale at M_{GU T} , this large cross section is achieved only for tan β >∼ 20.

The fact that smaller initial scales imply a larger neutralino-proton cross section can be understood from the variation in the value of μ with M_I . One observes that, for tan β fixed, the smaller the initial scale for the running is, the smaller the numerator in the first piece of eq.(2) becomes. This can be understood qualitatively from Fig. 1, where the well known evolution of m^2_{Hd} and m^2_{Hu} with the scale is schematically shown. Clearly, the smaller the initial scale is, the shorter the running becomes. As a consequence, also

Figure 1: Running of the soft Higgs masses-squared with energy Q.

the less important the positive(negative) contribution m^2_{Hd} (m^2_{Hu} ) to μ in eq.(2) becomes. Thus |μ| decreases.

Now, since L ∼ μH̃^0_uH̃^0_d + h.c., the Higgsino components of the lightest neutralino, N_{13} and N_{14} in eq.(1), increase. In Fig. 2, for tan β = 10 and m_0 = 150 GeV, we exhibit the gaugino-Higgsino components-squared N^2_{1i} of the lightest neutralino as a function of its mass m_{χ̃}0_1 for two different values of the initial scale, M_I = 10^{16} GeV ≈ M_{GU T} and M_I = 10^{11} GeV. Clearly, the smaller the scale is, the larger the Higgsino components become. For M_I = 10^{11} GeV, e.g. the Higgsino contribution N_{13} becomes important and even dominant for m_{χ̃}0_1 <∼ 140 GeV. Then, the scattering channels through Higgs exchange shown in Fig. 3 are important, and therefore the cross section may be large.

Figure 2: Gaugino-Higgsino components-squared of the lightest neutralino as a function of its mass for the unification scale, M_I = 10^{16} GeV, and for the intermediate scale, M_I = 10^{11} GeV.

Figure 3: Feynman diagrams contributing to neutralino-nucleon cross section.

This is shown in Fig. 4, where the cross section as a function of the lightest neutralino mass m_{χ̃}0_1 is plotted. In particular we are comparing the result for the scale M_I = M_{GU T} with the result for the intermediate scale M_I = 10^{11} GeV. For instance, when m_{χ̃}0_1 = 100 GeV, σ_{χ̃}0_{1−p} for M_I = 10^{11} GeV is two orders of magnitude larger than for M_{GU T} . In particular, for tan β = 3, one finds σ_{χ̃}0_{1−p} <∼ 10^{−7} pb if the initial scale is M_I = 10^{16} GeV. However σ_{χ̃}0_{1−p} <∼ 10^{−6} GeV is possible if M_I decreases.

It is also worth noticing that, for any fixed value of M_I , the larger tan β is, the larger the Higgsino contributions become, and therefore the cross section increases. For tan β = 10 we see in Fig. 4 that the range 70 GeV <∼ m_{χ̃}0_1 <∼ 100 GeV is now consistent with DAMA limits.

Figure 4: Scatter plot of the neutralino-proton cross section as a function of the neutralino mass for two values of the initial scale, M_I = 10^{16} GeV and 10^{11} GeV, and for tan β = 3 and 10. DAMA and CDMS current experimental limits and projected GENIUS limits are shown.

Let us remark that these figures have been obtained [12] taking 30 <∼ m_0 <∼ 550 GeV and A_0 = M_{1/2}. In any case, the cross section is not very sensitive to the specific values of A_0. In particular it was checked that this is so for | A_0/M_{1/2} | <∼ 1.

Let us finally recall that non universality of the soft terms in addition to intermediate scales may introduce more flexibility in the computation. In particular, decreasing |μ| in order to obtain regions in the parameter space giving rise to cross sections compatible with the sensitivity of current detectors, may be easier.

3 Superstring scenarios

In the above section the analyses were performed assuming intermediate unification scales. In fact, this situation can be inspired by superstring theories, since it was recently realized that the string scale may be anywhere between the weak and the Plank scale [18]-[24]. For example, embedding the standard model inside D3-branes in type I strings, the string scale is given by:

M^4_I = αM_{P lanck} √ 2 M^3_c , (3)

where α is the gauge coupling and M_c is the compactification scale. Thus one gets M_I ≈ 10^{10−12} GeV with M_c ≈ 10^{8−10} GeV.

Then, to use the value of the initial scale, say M_I , as a free parameter for the running of the soft terms is particularly interesting. In addition, there are several arguments in favour of SUSY scenarios with scales M_I ≈ 10^{10−14} GeV. These scales were suggested [21, 22] to explain many experimental observations as neutrino masses or the scale for axion physics. With the string scale of the order of 10^{10−12} GeV one is also able to attack the hierarchy problem of unified theories without invoking any hierarchically suppressed nonperturbative effect [21, 22]. In supergravity models supersymmetry can be spontaneously broken in a hidden sector of the theory and the gravitino mass, which sets the overall scale of the soft terms, is given by m_{3/2} ≈^F_{MP lanck} , where F is the auxiliary field whose vacuum expectation value breaks supersymmetry. Since in supergravity one would expect F ≈ M^2_{P lanck} , one obtains m_{3/2} ≈ M_{P lanck} and therefore the hierarchy problem solved in principle by supersymmetry would be re-introduced. However, if the scale of the fundamental theory is M_I ≈ 10^{10−12} GeV instead of M_{P lanck} , then F ≈ M^2_I and one gets m_{3/2} ≈ M_W in a natural way.

There are other arguments in favour of scenarios with initial scales M_I smaller than M_{GU T} . For example, charge and color breaking constraints, which are very strong with the usual scale M_{GU T} [25], become less important [26]. These scales might also explain the observed ultra-high energy (≈ 10^{20} eV) cosmic rays as products of long-lived massive string mode decays. [21, 22] (see ref.[27] for more details about this possibility). Besides, several models of chaotic inflation favour also these scales [28].

Figure 5: A generic D-brane scenario giving rise to the gauge bosons and matter of the standard model. It contains three Dp_3-branes, two Dp_2-branes and one Dp_1-brane, where p_N may be either 9 and 5_i or 3 and 7_i. The presence of extra D-branes, say Dq-branes, is also necessary. For each set the Dp_N -branes are in fact on the top of each other.

D-brane constructions are explicit scenarios where the two situations mentioned above, namely, non-universality and intermediate scales, may occur. Let us then analyse this possibility.

3.1 D-branes

The first attempts to study dark matter within these constructions were carried out in scenarios with the unification scale M_{GU T} ≈ 10^{16} GeV as the initial scale [13, 10, 14] and dilaton-dominated SUSY-breaking scenarios with an intermediate scale as the initial scale [15]. However, the important issue of the D-brane origin of the U(1)_Y gauge group as a combination of other U(1)’s and its influence on the matter distribution in these scenarios was not included in the above analyses. When this is taken into account, interesting results are obtained [16]. In particular, scenarios with the gauge group and particle content of the SUSY standard model lead naturally to intermediate values for the string scale, in order to reproduce the value of gauge couplings deduced from experiments. In addition, the soft terms turn out to be generically non universal. Due to these results, large cross sections in the small tan β regime can be obtained.

Let us consider for example a type I string scenario [16] where the gauge group U(3) × U(2) × U(1), giving rise to SU(3) × SU(2) × U(1)^3, arises from three different types of Dbranes, as shown schematically in Fig. 5. For the sake of visualization each set is depicted at parallel locations, but in fact they are intersecting each other. Other examples with the standard model gauge group embedded in D-branes in a different way can be found in ref.[16]. Here U(1)_Y is a linear combination of the three U(1) gauge groups arising from

Figure 6: Running of the gauge couplings of the MSSM with energy Q embedding the gauge groups within different sets of Dp-branes (solid lines). Due to the D-brane origin of the U(1) gauge groups, relation (5) must be fulfilled. For comparison the running of the MSSM couplings with the usual normalization factor for the hypercharge, 3/5, is also shown with dashed lines.

U(3), U(2) and U(1) within the three different D-branes. This implies Y = − 1 3 Q_3 − 1 2 Q_2 + Q_1 , (4)

and therefore, 1 α_Y (M_I ) = 2 α_1(M_I ) + 1 α_2(M_I ) + 2 3α_3(M_I )

, (5)

where α_k correspond to the gauge couplings of the U(k) branes. Let us remark that since the D-branes are of different types, the gauge couplings are non-universal. Now, using the RGEs for gauge couplings one obtains ln M_I M_s = 2π (_1

α_Y (M_Z ) − 2 α_1(M_I ) − 1 α_2(M_Z ) − 2 3α_3(M_Z ) ) + ( b^{ns}_Y − b^{ns}_2 −^2_3 b^{ns}_3 ) ln^{Ms}_{MZ} (_2

3 b^s_3 + b^s_2 − b^s_Y

) , (6)

where b^s_j (b^{ns}_j ) with j = 2, 3, Y are the coefficients of the supersymmetric (non-supersym-metric) β-functions, and the scale M_s corresponds to the supersymmetric threshold, 200 GeV <∼ M_s <∼ 1000 GeV. For example, choosing the value of the coupling associated to the Dp_1-brane in the range 0.07 <∼ α_1(M_I ) <∼ 0.1, and the experimental values for α_{3,2,Y} , one obtains M_I ≈ 10^{10−12} GeV. This scenario is shown in Fig. 6 for α_1(M_I ) = 0.1 and M_s = 1 TeV. Let us remark that the extra U(1)’s are anomalous and therefore the associated gauge bosons have masses of the order of M_I .

The analysis of the soft terms has been done under the assumption that only the dilaton (S) and moduli (T_i) fields contribute to SUSY breaking and it has been found that these soft terms are generically non-universal. Using the standard parameterization [29]

F^S = √ 3(S + S^∗)m_{3/2} sin θ , F^i = √ 3(T_i + T^∗_i )m_{3/2} cos θ Θ_i , (7)

where i = 1, 2, 3 labels the three complex compact dimensions, and the angle θ and the Θ_i with ∑ i |Θ_i|^2 = 1, just parameterize the direction of the goldstino in the S, T_i field space, one is able to obtain the following soft terms [16]. The gaugino masses associated to the three gauge groups of the standard model are given by

M_3 = √ 3m_{3/2} sin θ , M_2 = √ 3m_{3/2} Θ_1 cos θ ,

M_Y = √ 3m_{3/2} α_Y (M_I ) ( 2 Θ_3 cos θ α_1(M_I ) + Θ_1 cos θ α_2(M_I ) + 2 sin θ 3α_3(M_I ) ) . (8)

The soft scalar masses of the three families are given by

m^2_{QL} = m^2_{3/2} [ 1 − 3 2 ( 1 − Θ^2_1 ) cos^2 θ ] , m^2_{dR} = m^2_{3/2} [ 1 − 3 2 ( 1 − Θ^2 ) cos^2 θ ] , m^2_{uR} = m^2_{3/2} [ 1 − 3 2 ( 1 − Θ^2_3 ) cos^2 θ ] , m^2_{eR} = m^2_{3/2} [ 1 − 3 2 ( sin^2 θ + Θ^2_1 cos^2 θ )] , m^2_{LL} = m^2_{3/2} [ 1 − 3 2 ( sin^2 θ + Θ^2_3 cos^2 θ )] , m^2_{Hu} = m^2_{3/2} [ 1 − 3 2 ( sin^2 θ + Θ^2 cos^2 θ )] , m^2_{Hd} = m^2_{LL} , (9)

where e.g. u_R denotes the three family squarks ũ_R, c̃_R, t̃_R. Finally the trilinear parameters of the three families are

A_u = √ 3 2 m_{3/2} [(Θ_2 − Θ_1 − Θ_3) cos θ − sin θ ] ,

A_d = √ 3 2 m_{3/2} [(Θ_3 − Θ_1 − Θ_2) cos θ − sin θ ] , A_e = 0 . (10)

Figure 7: The same as in Fig. 4 but for the D-brane scenario with the string scale M_I = 10^{12} GeV discussed in the text, and for tan β = 10 and 15.

Although these formulas for the soft terms imply that one has in principle five free parameters, m_{3/2}, θ and Θ_i with i = 1, 2, 3, due to relation ∑ i |Θ_i|^2 = 1 only four of them are independent. In the analysis the parameters θ and Θ_i are varied in the whole allowed range, 0 ≤ θ ≤ 2π, −1 ≤ Θ_i ≤ 1. For the gravitino mass, m_{3/2} ≤ 300 GeV is taken. Concerning Yukawa couplings, their values are fixed imposing the correct fermion mass spectrum at low energies, i.e., one is assuming that Yukawa structures of D-brane scenarios give rise to those values.

Fig. 7 displays a scatter plot of σ_{χ̃}0_{1−p} as a function of the neutralino mass m_{χ̃}0_1 for a scanning of the parameter space discussed above. Two different values of tan β, 10 and 15, are shown. It is worth noticing that for tan β = 10 there are regions of the parameter space consistent with DAMA limits. In fact, one can check that tan β > 5 is enough to obtain compatibility with DAMA. Since the larger tan β is, the larger the cross section becomes, for tan β = 15 these regions increase.

4 Relic neutralino density versus cross section

As discussed in the Introduction, current dark matter detectors are sensitive to a neutralinoproton cross section around 10^{−6} pb. This value is obtained taking into account, basically, that the density of dark matter in our Galaxy, which follows from the observed rotation curves, is ρ_{DM} ≈ 0.3 GeV/cm^3. Thus in this work we were mainly interested in reviewing the possibility of obtaining such large cross sections in the context of mSUGRA and superstring scenarios. In order to compute the cross section only simple field theory techniques are needed, no cosmological assumptions about the early Universe need to be used.

On the other hand, such cosmological assumptions indeed must be taken into account when computing the amount of relic neutralino density arising from the above scenarios. Generically, through thermal production of neutralinos, one obtains [4]

Ω_{χ̃}0_1 h^2 ≃ C < σ^{ann}_{χ̃}0_1 .v > , (11)

where σ^{ann}_{χ̃}0_1 is the cross section for annihilation of a pair of neutralinos into standard model particles, v is the relative velocity between the two neutralinos, and < .. > denotes thermal averaging. The constant C involves factors of Newton’s constant, the temperature of the cosmic background radiation, etc. Then one may compare this result with dark matter observations in the Universe. Let us then discuss briefly the effect of relic neutralino density bounds on cross sections.

The most robust evidence for the existence of dark matter comes from relatively small scales, in particular, from the flat rotation curves of spiral Galaxies. On the opposite side, observations at large scales, have also provided estimates of Ω_{DM} . Taking both kind of observations one is able to obtain a favoured range [3] 0.1 <∼ Ω_{DM} h^2 <∼ 0.3, where h is the reduced Hubble constant. It is worth noticing, however, that more conservative lower limits have also been quoted in the literature (a brief discussion can be found in ref.[17] and references therein).

As is well known, for σ^{ann}_{χ̃}0_1 of the order of a weak-process cross section, Ω_{χ̃}0_1 obtained from eq.(11) is within the favoured range discussed above [4]. This is precisely the generic case when the lightest neutralino is mainly bino. Then, the neutralino-nucleus cross section is of the order of 1 pb, i.e. σ_{χ̃}0_{1−p} ≈ 10^{−8} pb, and therefore it is natural to obtain that neutralinos annihilate with very roughly the weak interaction strength. In fact, for these cross sections, there is always a set of parameters which yield 0.1 < Ω_{χ̃}0_1 h^2 < 0.3. This analysis, including a complete treatment of coannihilations was carried out in refs.[5, 30].

On the other hand, in these proceedings we were interested in larger neutralino-nucleon cross sections in order to be in the range of sensitivity of current dark matter detectors. It is then expected that such high neutralino-proton cross sections σ_{χ̃}0_{1−p} ≈ 10^{−6} pb, as those presented in Sections 2 and 3, will correspond to relatively low relic neutralino densities. This is in fact the general situation [12, 15, 16].

Let us remark, however, that thermal production of neutralinos is not the only possibility, moduli decays can also produce neutralinos. Since the decay width of the moduli is Γ_ϕ ∼^{m3ϕ}_{M 2} , scenarios with intermediate scales might give rise to cosmological results different from the usual ones summarized in eq.(11). Note that if M = M_I the usual moduli problem may be avoided since a reheating temperature T_{RH} small but larger than 1 MeV can be obtained. This is e.g. the case of the twisted moduli fields M_α in type I strings. Recall that n/s ∝ 1/T and since we can have a situation with T_{RH} << T_f ≈ m_χ/20 ∼ O(1 GeV), the relic neutralino density might be larger than in the usual case of thermal production. As a consequence, Ω_{χ̃}0_1 h^2 > 0.1 may be obtained [31].

5 Final comments and outlook

In the present proceedings we have studied the direct detection of supersymmetric dark matter in the light of recent experimental efforts. In particular, DAMA collaboration using a NaI detector has reported recently data favouring the existence of a WIMP signal in their search for annual modulation. They require a large cross section of the order of 10^{−6} pb. We have observed that there are regions in the parameter space of mSUGRA scenarios with intermediate scales and superstring scenarios with D-branes where such a value can be obtained, although it is fair to say that smaller values can also be obtained and even more easily. The latter result may be important since CDMS collaboration using a germanium detector has reported a null result for part of the region explored by DAMA. Clearly, more sensitive detectors producing further data are needed to solve this contradiction. Fortunately, many dark matter detectors are being projected. This is the case e.g. of DAMA 250 kg., CDMS Soudan, GENIUS, etc. where values of the cross section as low as 10^{−9} pb will be accesible.

In summary, underground physics as the one discussed here in order to detect dark matter is crucial. Even if neutralinos are discovered at future particle accelerators such as LHC, only their direct detection due to their presence in our galactic halo will confirm that they are the sought-after dark matter of the Universe.

ACKNOWLEDGEMENTS

We thank E. Gabrielli and E. Torrente-Lujan as co-authors of some of the works reported in this review. D.G. Cerdeño acknowledges the financial support of the Comunidad de Madrid through a FPI grant. The work of S. Khalil was supported by PPARC. The work of C. Muñoz was supported in part by the Ministerio de Ciencia y Tecnología (Spain), and the European Union under contract HPRN-CT-2000-00148.

References

[1] R. Bernabei et al., Phys. Lett. B480 (2000) 23.

[2] R. Abusaidi et al., Phys. Rev. Lett. 84 (2000) 5699.

[3] For a recent review, see, S. Khalil and C. Muñoz, hep-ph/0110122, to appear in Contemporary Physics, and references therein.

[4] For a review, see, e.g., G. Jungman, M. Kamionkowski and K. Griest, Phys. Rept.

267 (1996) 195, and references therein.

[5] J. Ellis, A. Ferstl and K. Olive, Phys. Lett. B481 (2000) 304.

[6] H.V. Klapdor-Kleingrothaus, L. Baudis, G. Heusser, B. Majorovits and H. Paes, hep-ph/9910205.

[7] A. Bottino, F. Donato, N. Fornengo and S. Scopel, Phys. Rev. D59 (1999) 095004. [8] E. Accomando, R. Arnowitt, B. Dutta and Y. Santoso, Nucl. Phys. B585 (2000) 124. [9] M.E. Gómez and J.D. Vergados, Phys. Lett. B512 (2001) 252. [10] A. Corsetti and P. Nath, hep-ph/0003186.

[11] J.L. Feng, K.T. Matchev and F. Wilczek, Phys. Lett. B482 (2000) 388. [12] E. Gabrielli, S. Khalil, C. Muñoz and E. Torrente-Lujan, Phys. Rev. D63 (2001) 025008.

[13] S. Khalil, Phys. Lett. B484 (2000) 98.

[14] R. Arnowitt, B. Dutta and Y. Santoso, hep-ph/0005154. [15] D. Bailin, G.V. Kraniotis and A. Love, Phys. Lett. B491 (2000) 161. [16] D.G. Cerdeño, E. Gabrielli, S. Khalil, C. Muñoz and E. Torrente-Lujan, Nucl. Phys.

B603 (2001) 231.

[17] D.G. Cerdeño, S. Khalil and C. Muñoz, hep-ph/0105180, to appear in the Proceedings of CICHEP Conference (Cairo), Rinton Press.

[18] J. Lykken, Phys. Rev. D54 (1996) 3693.

[19] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Rev. Lett. B249 (1998) 262; I.

Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B436 (1998) 263; I. Antoniadis and C. Bachas, Phys. Lett. B450 (1999) 83.

[20] G. Shiu and S.-H.H. Tye, Phys. Rev. D58 (1998) 106007; Z. Kakushadze and S.-H.H.

Tye, Phys. Rev. D58 (1998) 126001. [21] K. Benakli, Phys. Rev. D60 (1999) 104002.

[22] C. Burgess, L.E. Ibañez and F. Quevedo, Phys. Lett. B447 (1999) 257. [23] I. Antoniadis and B. Pioline, Nucl. Phys. B550 (1999) 41.

[24] K. Benakli and Y. Oz, Phys. Lett. B472 (2000) 83; A. Gregori, hep-th/0005198. [25] For a review, see, e.g., C. Muñoz, hep-ph/9709329, and references therein.

[26] S.A. Abel, B.C. Allanach, F. Quevedo, L.E. Ibáñez and M. Klein, JHEP 0012 (2000) 026.

[27] V.A. Kuzmin and V.A. Rubakov, Phys. Atom. Nucl. 61 (1998) 1028; M. Birkel and S. Sarkar, Astropart. Phys. 9 (1998) 297.

[28] N. Kaloper and A. Linde, Phys. Rev. D59 (1999) 101303.

[29] For a review, see, e.g., A. Brignole, L.E. Ibanez and C. Muñoz, in the book ‘Perspectives on Supersymmetry’, World Scientific Publ. Co. (1998) 125, hep-ph/9707209, and references therein.

[30] J. Ellis, T. Falk, G. Ganis, K.A. Olive and M. Srednicki, Phys. Lett. B510 (2001) 236.

[31] S. Khalil, E. Torrente-Lujan and C. Muñoz, in preparation.