arXiv:astro-ph/0403043 v5 19 May 2004

March 2004 astro-ph/0403043

Exploring the mirror matter interpretation of the DAMA experiment: Has the dark matter problem been solved?

R. Foot^1

School of Physics, University of Melbourne, Victoria 3010 Australia

The self consistency between the impressive DAMA annual modulation signal and the differential energy spectrum is an important test for dark matter candidates. Mirror matter-type dark matter passes this test while other dark matter candidates, including standard (spin-independent) WIMPs and mini-electric charged particle dark matter, do not do so well. We argue that the unique properties of mirror matter-type dark matter seem to be just those required to fully explain the data, suggesting that the dark matter problem has finally been solved.

1E-mail address: foot@physics.unimelb.edu.au

Recently it was pointed out[1] that the impressive DAMA/NaI annual modulation signal[2, 3] can be simply explained if dark matter is identified with mirror matter. The purpose of this article is to explore further this explanation of the DAMA/NaI experiment.

Recall, mirror matter is predicted to exist if nature exhibits an exact unbroken mirror symmetry[5] (for reviews and more complete set of references, see Ref.[6]). For each type of ordinary particle (electron, quark, photon etc) there is a mirror partner (mirror electron, mirror quark, mirror photon etc), of the same mass. The two sets of particles form parallel sectors each with gauge symmetry G (where G = SU(3) ⊗ SU(2)⊗U(1) in the simplest case) so that the full gauge group is G⊗G. The unbroken mirror symmetry maps x → −x as well as ordinary particles into mirror particles. Exact unbroken time reversal symmetry also exists, with standard CPT identified as the product of exact T and exact P[5].

Mirror matter is a rather obvious candidate for the non-baryonic dark matter in the Universe because:

• It is well motivated from fundamental physics since it is required to exist if parity and time reversal symmetries are exact, unbroken symmetries of nature.

• It is necessarily dark and stable. Mirror baryons have the same lifetime as ordinary baryons and couple to mirror photons instead of ordinary photons.

• Mirror matter can provide a suitable framework for which to understand the large scale structure of the Universe[7].

• Recent observations from WMAP[8] and other experiments suggest that the cosmic abundance of non-baryonic dark matter is of the same order of magnitude as ordinary matter Ω_{dark} ∼ Ω_b. A result which can naturally occur if dark matter is identified with mirror matter[9].

Ordinary and mirror particles interact with each other by gravity and via the photon-mirror photon kinetic mixing interaction: L = ϵ 2 F^{μν} F^′_{μν} (1)

where F^{μν} (F^′_{μν} ) is the field strength tensor for electromagnetism (mirror electromagnetism)^2. Photon-mirror photon mixing causes mirror charged particles to couple to ordinary photons with a small effective electric charge, ϵe[5, 11, 12].

Interestingly, the existence of photon-mirror photon kinetic mixing allows mirror matter-type dark matter to explain a number of puzzling observations, including the Pioneer spacecraft anomaly[13, 14], anomalous meteorite events[15, 16] and the unexpectedly low number of small craters on the asteroid 433 Eros[17, 18]. It turns out that these explanations and other experimental constraints[19, 20, 21] suggest that ϵ is in the range

10^{−9 <}∼ |ϵ|^<∼ 5 × 10^{−7}. (2)

2Given the constraints of gauge invariance, renomalizability and mirror symmetry it turns out[5] that the only allowed non-gravitational interactions connecting the ordinary particles with the mirror particles are via photon-mirror photon kinetic mixing and via a Higgs-mirror Higgs quartic coupling, L = λϕ^†ϕϕ^{′†}ϕ^′. If neutrinos have mass, then ordinary - mirror neutrino oscillations may also occur[10].

However, the strongest direct experimental evidence for mirror matter-type dark matter comes from the impressive DAMA/NaI experiment[2, 3]. This experiment, located 1.5 km underground in the Gran Sasso Laboratory, is designed to directly detect dark matter particles using a NaI target. This experiment has been in operation for about a decade and the DAMA collaboration have claimed discovery of dark matter. The approach of the DAMA/NaI experiment is to measure nuclear recoils of Na, I atoms due to the interactions of dark matter particles. Because of the Earth’s motion around the sun, the interaction rate should experience a small annual modulation:

A cos 2π(t − t_0)/T. (3)

According to the DAMA analysis[2], they indeed find such a modulation over 7 annual cycles at more than 6σ C.L. (in the 2-6 keVee energy range):

A = 0.019 ± 0.003 cpd/kg/keV. (4)

Furthermore, their data is beautifully self consistent, because their data fit gives T = 1.00 ± 0.01 years and t_0 = 144 ± 22 days, consistent with the expected values. [The expected value for t_0 is 152 days (2 June), where the Earth’s velocity reaches a maximum with respect to the galaxy]. This self consistency is highly non-trivial: there is simply no reason why their data should contain a periodic modulation or why it should peak near June 2. In fact, the estimated systematic errors are several orders of magnitude too small to account for the signal[3, 4]. It seems that DAMA have indeed discovered dark matter as they have claimed.

It was pointed out in Ref.[1] that the DAMA experiment is sensitive to mirror matter-type dark matter. Halo mirror atoms can elastically scatter off ordinary atoms via the photon-mirror photon kinetic mixing interaction, Eq.(1). The DAMA experiment is not particularly sensitive to very light dark matter particles such as mirror hydrogen and mirror helium. Impacts of these atoms (typically) do not transfer enough energy to give a signal above the detection threshold[1]. The next most abundant element is expected to be mirror oxygen (and nearby elements). A small mirror iron component is also possible. Interpreting the DAMA annual modulation signal in terms of O^′, F e^′, we found that[1]: |ϵ| √ ξ_O′ 0.10 + ξ_{F e}′ 0.026

≃ 4.8^{+1.0}_{−1.3} × 10^{−9} (5)

where the errors denote a 3 sigma allowed range and ξ_A′ ≡ ρ_A′ /(0.3 GeV/cm^3) is the A^′ proportion (by mass) of the halo dark matter.

The value of ϵ suggested by the DAMA experiment, Eq.(5), would also have implications for the orthopositronium system[19]. The current experimental situation, summarized in Ref.[20, 21], implies that |ϵ|^<∼ 5 × 10^{−7}, which is easily consistent with, Eq.(5). Importantly, a new orthopositronium experiment has been proposed[21] which can potentially cover much of the ϵ parameter space suggested by the DAMA experiment. Such an experiment is very important – not just as a check of the mirror matter explanation – but also because dark matter experiments are sensitive to ϵ √ ξ_A′ and an independent measurement of ϵ would allow the extraction of ξ_A′ values.

In Ref.[1] we found that a DAMA/NaI annual modulation signal dominated by the F e^′ component, is experimentally disfavoured for three independent reasons: a) it predicts a differential energy spectrum rate larger than the measured DAMA/NaI rate. b) potentially leads to a significant diurnal effect c) should have been observed in the CDMS experiment. Thus it seems probable that the mirror oxygen component dominates the DAMA annual modulation signal, which from Eq.(5) means that ξ_O′^>∼ 4ξ_{F e}′ . In this case there are no significant problems.

If the DAMA signal is dominated by O^′, then things depend on only one parameter, ϵ √ ξ_O′ . This parameter is fixed from the annual modulation signal, Eq.(5), giving a definite prediction for the differential energy spectrum in the DAMA experiment [up to the 15% 1-sigma experimental uncertainty in the annual modulation amplitude, A, Eq.(4)]. The prediction is shown in Figure 1, along with the DAMA/NaI data (obtained from figure 1 of Ref.[22])^3. Note that for the annual modulation analysis, the DAMA collaboration have cautiously adopted a 2 keV software energy threshold. Nevertheless, for the differential energy spectrum, they have published data going down to 0.8 keVee[22]. In general I support caution, however on this occasion we will be adventurous; we will use the published data without further reservations, with the aim of pushing existing information to the limit.

Figure 1: DAMA/NaI differential energy spectrum prediction for He^′ dominated halo with a small O^′ subcomponent (with v_0(He^′) = 2v_0(O^′) =^{220√}_3 km/s). The value of ϵ √ ξ_O′ is fixed by the annual modulation signal, with A = 0.019 cpd/kg/keV (central value) solid line, A = 0.022 cpd/kg/keV (1-sigma upper limit) upper dashed line, A = 0.016 cpd/kg/keV (1-sigma lower limit) bottom dashed line. Also shown is the DAMA/NaI data[22].

3See Ref.[1] for details of the cross section, form factors and rate equations used (including effects of energy resolution, quenching factors etc).

The fit of the prediction with the experiment is striking for low recoil energies, as shown in Figure 2.

Figure 2: Same as Figure 1, but low recoil energy region magnified.

It suggests a background contribution which is roughly constant above 3 keV and fades to zero below 2 keV, which seems plausible given the dip in the data at ∼ 2 keV.

Our analysis has assumed that the halo has the standard isothermal Maxwellian distribution (see the appendix for details):

f_A′ (v)/k = (πv^2_0)^{−3/2} exp[−v^2/v^2_0]. (6)

In the case of a halo with mass dominated by one component, which we have assumed is He^′ (which is suggested by mirror BBN arguments[7]), then^4

v_0(He^′) ≃ v_{rot} √ 3 ≈ 220 √ 3 km/s. (7)

Even if the mass of the halo is assumed to be dominated by He^′, there are, of course, still important astrophysical uncertainties here. We consider a range for v_0(He^′) of (c.f. Ref.[23]):

170 km/s^<∼ √ 3v_0(He^′)^<∼ 270 km/s. (8)

4In the earlier paper, Ref.[1], we set v_0(He^′) ≃ v_{rot} ≈ 220 km/s. However, this neglects the pressure due to the mirror electrons, which are important since He^′ should be fully ionized in the halo, given that T ∼ keV (see the appendix for details).

Since the mirror ions/electrons are in thermal equilibrium with each other, knowledge of v_0 for He^′ will fix v_0 for the other elements:

v_0(A^′) = v_0(He^′) √ M_{He}′ /M_A′ . (9) We now study the effect of varying v_0 on the mirror matter DAMA prediction, first by retaining the assumption of He^′ dominant mass halo and considering the variation of v_0(He^′) given in Eq.(8). In this case, √ 3v_0(He^′) = 220±50 km/s implies √ 3v_0(O^′) = 110±25 km/s. In going from √ 3v_0(He^′) = 170 km/s to √ 3v_0(He^′) = 270 km/s we find that the central value for ϵ √ ξ_O′ from the annual modulation signal changes by only ∼ 10%. In Figure 3 we examine the effect of varying v_0 on the predicted differential energy spectrum (while keeping ϵ √ ξ_O′ fixed by the annual modulation signal, A = 0.016 cpd/kg/keV). As the figure shows, the effect is very slight, with negligible modification to the predicted rate.

Figure 3: DAMA/NaI differential energy spectrum prediction, assuming that the mass of the halo is dominated by He^′ with a small O^′ subcomponent. The value of ϵ √ ξ_O′ is fixed by the DAMA annual modulation signal (taking the 1-sigma lower value, A = 0.016 cpd/kg/keV), with √ 3v_0(He^′) = 220 km/s (solid line), √ 3v_0(He^′) = 170 km/s (dashed line) and √ 3v_0(He^′) = 270 km/s (dotted line).

A more extreme variation in v_0(O^′) is possible if we vary the dominant halo component. In particular, consider the case where the mass of the halo is dominated by H^′ rather than He^′. This would mean that √ 2v_0(H^′) ≃ v_{rot} ≈ 220 km/s (see appendix) and

v_0(O^′) = v_0(H^′) √ M_H ′ /M_O′ ≈ 55 √ 2 km/s. (10)

This case, along with the extreme case of a pure O^′ halo, with v_0(O^′) = 220 km/s (which we give just for curiousity) is shown in Figure 4.

Figure 4: Examing the effect of varying the dominate halo component. In each case we assume that the halo contains a mirror oxygen subcomponent but the mass of the halo is dominated by a) mirror helium (solid line) b) mirror hydrogen (dashed line) and c) containing only mirror oxygen (dotted line, top). In each case the value of ϵ √ ξ_O′ is fixed by the annual modulation signal (A = 0.016 cpd/kg/keV).

Although the data seems to prefer a dominant He^′ halo, the case of a dominant H^′ halo is certainly still possible, after taking into account possible uncertainties. However, a pure O^′ halo appears to be completely ruled out. It is of course, theoretically highly unlikely too, but it does illustrate that the nice fit of the He^′ case (and to some extent, the H^′ case) with small O^′ subcomponent is quite non-trivial. It relies on the effect of the dominant light elements (He^′ and/or H^′ and the mirror electrons) to make v_0(O^′) ≪ 220 km/s.

So far we have examined mirror matter dark matter because it seems to have the right properties to explain the experimental data. It also seems to be theoretically favoured, since it arises from just one fundamental hypothesis: that is the particle interactions respect an exact, unbroken mirror symmetry. We now briefly examine alternative, but less elegant (from a particle physics point of view!) dark matter candidates. In particular imagine that the non-baryonic dark matter is composed of mini-charged particles (and antiparticles) of electric charge ±ϵe and mass M_X . This case may look superficially similar to the mirror matter case, but with more freedom since the mass, M_X , can be arbitrary. However, since in this case the halo would have only one mass component we would expect v_0(X) ≈ 220 km/s. Again we can fit the DAMA annual modulation signal, but such a model is not consistent with the measured differential energy spectrum. We illustrate this in Figure 5. This clearly demonstrates the necessity of a multi-component halo to explain the data – which naturally occurs in the mirror matter model.

Figure 5: DAMA/NaI differential energy spectrum prediction for mini-electric charged particle dark matter (assuming standard halo with v_0 = 220 km/s), corresponding to the three cases a) M_X = 40 GeV (dotted line), b) M_X = 20 GeV (dashed line) and c) M_X = 12 GeV (solid line). The latter value is actually the best fit to the measured differential energy spectrum [for 5 < M_X /GeV < 100].

Finally in Figure 6 we compare mirror matter dark matter with standard spin independent (SI) WIMP dark matter. Recall WIMP dark matter is quite different from mirror matter dark matter because its cross section is point-like: dσ dE_R = 2πϵ^2α^2Z^2Z^{′2} M_AE^2_Rv^2

F^2_A(E_R)F^2_A′ (E_R) Mirror matter case dσ dE_R = 2G^2_F M_AA^2g^2 πv^2 F^2_A(E_R) WIMP case (11) where M_A is the target nucleus mass (with mass number A), g is the dimensionless coupling constant characterising the WIMP-nucleus interaction, v is the impact velocity (in lab frame) and the F^′s are the form factors.

Figure 6: DAMA/NaI differential energy spectrum prediction assuming standard (SI) WIMP dark matter. Three representative cases are considered a) 30 GeV WIMP mass (solid line) b) 50 GeV WIMP mass (dashed line) and c) 100 GeV WIMP mass (dotted line). In each case the cross section is fixed to the value given by the best fit of the annual modulation signal (A = 0.019 cpd/kg/keV). We have assumed a standard halo with v_0 = 220 km/s.

From Figure 6 we see that after fixing the parameters to the DAMA annual modulation signal the (SI) WIMPs are only marginally consistent with the measured differential energy spectrum and only if they are light^5. Note though that we have assumed a standard halo with v_0 = 220 km/s. Lower values of v_0 and non-standard halo models can improve the situation (see e.g. [3]). Notice that the predicted differential energy spectrum is generally flatter than the mirror matter case (or mini-charged dark matter case). Qualitatively, this can be very easily understood from the E_R dependence of the cross section, Eq.(11). [The reason for this different E_R dependence in the cross section is because of the fundamental interaction: WIMPs are weakly interacting and mirror matter is electromagnetic]. Evidently mirror matter works for two quite different reasons a) the cross section is electromagnetic which gives the differential energy spectrum the right shape and b) the value of v_0(O^′) is much lower than the anticipated

5Of course standard (SI) WIMPs are also disfavoured by several independent dark matter experiments[24, 25, 26] – quite unlike the case of mirror matter-type dark matter[1, 20].

220 km/s due to the effects of the light elements He^′ and/or H^′ (which dominates the mass of the halo) and also the mirror electrons (which contribute to the pressure) – this gives the spectrum the right normalization.

In conclusion, we have further explored the mirror matter dark matter interpretation of the DAMA/NaI experiment. Any proposed explanation of the annual modulation signal must also be consistent with the measured differential energy spectrum. It turns out that this requirement is quite non-trivial, nevertheless the simplest mirror matter interpretation of the DAMA/NaI annual modulation signal – a He^′ and/or H^′ dominated halo with small O^′ subcomponent – passes this test. It is striking that the simplest dark matter candidate coming from fundamental physics has just the right properties to fully explain the DAMA/NaI data. These are strong reasons to believe that the dark matter problem has finally been solved.

Acknowledgments

The author would like to thank D. Cline and R. Volkas for helpful discussions. This work was supported by the Australian Research Council.

Appendix

Mirror matter-type dark matter galactic halo distribution

Assuming a (standard) spherical isothermal dark matter halo, the condition of hydrostatic equilibrium gives: dP dr = −ρg (12)

where P is the pressure (for a dilute gas, the pressure is related to the number density, n, via P = nT ), ρ is the mass density and g(r) is the local acceleration at a radius r. This acceleration can be simply expressed in terms of the energy density, via: g = 1 r^2 ∫_r 0 Gρ4πr^{′2}dr^′ . (13) As is well known, the solution of Eq.(12,13) is n ∝ 1/r^2, which gives the required flat rotation curve.

The local velocity, v_{rot}(R_0) ≃ 220 km/s at our location in our galaxy is related to the mass density via:

v^2_{rot}(R_0) = G R_0 ∫_{R0} 0 ρ4πr^2dr . (14) If the mass of the galaxy is dominated by the halo component, then ρ ∝ 1/r^2. The proportionality coefficient can be obtained from Eq.(14), which gives ρ = v^2_{rot} 4πG 1 r^2

. (15)

The gravitational acceleration at a radius, r, is then g = 1 r v^2_{rot} . (16)

Using this equation, we can solve the hydrostatic equilbrium condition, Eq.(12). Assuming the simplest case of a halo made up of a single particle species of mass m, Eq.(12) yields: T = mv^2_{rot} 2 . (17)

Defining the v_0 parameter such that the Maxwellian distribution function [f(v) = exp ( −^1_2 mv^2/T ) ] has the form f(v) = exp ( − v^2 v^2_0 ) (18)

implies that v^2_0 = 2T/m. Comparing this with Eq.(17) we find that in the simplest case of a single component halo, v_0 = v_{rot} (the standard result).

Repeating this exercise for a spherical isothermal halo composed of several components, H^′, He^′, O^′... at a common temperature T , we find ρ_A′ = M_A′ n_A′ ∝ 1/r^2, with T = μM_pv^2_{rot} 2 (19) and v^2_0(A^′) v^2_{rot} = μM_p M_A′ . (20)

In the above equation, μM_p is the mean mass of the particles comprising the mirror (gas) component of the halo (M_p is the proton mass). In determining the mean mass of the particles in the halo we must include the mirror electron component: at temperatures of order a keV, H^′, He^′ and other light elements are fully ionized.

Let us now consider two illustrative cases: a) the mass of the gas component of the halo is dominated by He^′ and b) the mass of the gas component of the halo is dominated by H^′. In the first case, we have n_e′ = 2n_{He}′ (since He^′ should be fully ionized), which means that μM_p ≃ M_{He}′ /3 and from Eq.(20) we have:

v^2_0(He^′) v^2_{rot} ≃ 1 3 , [Case a) Mass of the halo dominated by He^′] (21)

In the second case, we have n_e′ = n_H ′ , which means that μM_p ≃ M_H ′ /2 and from Eq.(20): v^2_0(H^′) v^2_{rot} ≃ 1 2 , [Case b) Mass of the halo dominated by H^′] (22)

In each case, the value of v_0 for a small O^′ component can be obtained from

v_0(O^′) = v_0(X^′) √ M_X ′ /M_O′ . (23) where X^′ = He^′ (first case) and X^′ = H^′ (second case). [Of course the above equation is valid for any X^′; it assumes only thermal equilibrium].

References

[1] R. Foot, Phys. Rev. D69, 036001 (2004) [hep-ph/0308254].

[2] R. Bernabei et al. (DAMA Collaboration), Phys. Lett. B389, 757 (1996); ibid B424, 195 (1998); ibid B450, 448 (1999); ibid B480, 23 (2000); Eur. Phys. J C18, 283 (2000); ibid C23, 61 (2002); IL Nuovo Cimento A112, 545 (1999); ibid A112, 1541 (1999); Phys. Rev. D61, 023512 (1999); ibid D66, 043503 (2002).

[3] R. Bernabei et al. (DAMA Collaboration), Riv. Nuovo Cimento. 26, 1 (2003) [astro-ph/0307403].

[4] R. Bernabei et al. (DAMA Collaboration), Eur. Phys. J C18, 283 (2000).

[5] R. Foot, H. Lew and R. R. Volkas, Phys. Lett. B272, 67 (1991). The idea was earlier discussed, prior to the advent of the standard model, in: T. D. Lee and C. N. Yang, Phys. Rev. 104, 256 (1956); I. Kobzarev, L. Okun and I. Pomeranchuk, Sov. J. Nucl. Phys. 3, 837 (1966); M. Pavsic, Int. J. Theor. Phys. 9, 229 (1974).

[6] R. Foot, hep-ph/0207175; R. Foot, Acta Phys. Pol B32, 2253 (2001) [astroph/0102294]; A. Yu. Ignatiev and R. R. Volkas, Talk given at the Australian Institute of Physics Congress, July 2002 [hep-ph/0306120]; Z. Silagadze, Acta Phys. Pol. B32, 99 (2001) [hep-ph/0002255]; R. Foot, Shadowlands: Quest for mirror matter in the Universe, Universal Publishers, FL, 2002.

[7] Z. Berezhiani, D. Comelli and F. L. Villante, Phys. Lett. B503, 362 (2001) [hep-ph/0008105]; A. Yu. Ignatiev and R. R. Volkas, Phys. Rev. D68 023518 (2003) [hep-ph/0304260]. For pioneering work, see also S. I. Blinnikov and M. Yu. Khlopov, Sov. J. Nucl. Phys. 36, 472 (1982); Sov. Astron. 27, 371 (1983).

[8] D. N. Spergel et al. (WMAP Collaboration), Ap. J. Suppl. 148, 175 (2003) [astroph/0302209].

[9] R. Foot and R. R. Volkas, Phys. Rev. D68, 021304 (2003) [hep-ph/0304261]; see also L. Bento and Z. Berezhiani, hep-ph/0111116.

[10] R. Foot, H. Lew and R. R. Volkas, Mod. Phys. Lett. A7, 2567 (1992); R. Foot, Mod. Phys. Lett. A9, 169 (1994) [hep-ph/9402241]; R. Foot and R. R. Volkas, Phys. Rev. D52, 6595 (1995) [hep-ph/9505359].

[11] B. Holdom, Phys. Lett. B166, 196 (1986).

[12] R. Foot, A. Yu. Ignatiev and R. R. Volkas, Phys. Lett. B503, 355 (2001) [astroph/0011156].

[13] R. Foot and R. R. Volkas, Phys. Lett. B517, 13 (2001) [hep-ph/0108051].

[14] J. D. Anderson et al., Phys. Rev. D65, 082004 (2002) [gr-qc/0104064].

[15] R. Foot, Acta Phys. Polon. B32, 3133 (2001) [hep-ph/0107132]; R. Foot and T.

L. Yoon, Acta Phys. Polon. 33, 1979 (2002) [astro-ph/0203152].

[16] M. Morawska-Horawska and A. Manechi, Przeglad Geofizyczny 40, 335 (1995); J. A. Docobo et al., Meteoritics & Planetary Science 33, 57 (1998); A. Ol’khovatov, http://olkhov.narod.ru/gr1997.htm. The Jordan event, http://www.jas.org.jo/mett.html; N. V. Vasilyev, Planet. Space Sci. 46, 129 (1998) and references there-in; P. W. Haines, R. J. F. Jenkins and S. P. Kelley, Geology, 29, 899 (2001).

[17] R. Foot and S. Mitra, Astroparticle Phys. 19, 739 (2003) [astro-ph/0211067]. [18] A. F. Cheng et al., Science 292, 484 (2001).

[19] S. L. Glashow, Phys. Lett. B167, 35 (1986); R. Foot and S. N. Gninenko, Phys.

Lett. B480, 171 (2000) [hep-ph/0003278]. [20] R. Foot, astro-ph/0309330.

[21] A. Badertscher et al., hep-ex/0311031.

[22] R. Bernabei et al. (DAMA Collaboration), Phys. Lett. B480, 23 (2000). [23] C. S. Kochanek, Astrophys. J. 457, 228 (1996).

[24] D. S. Akerib et al., CDMS Collaboration, Phys. Rev. D68, 082002 (2003) [hepex/0306001].

[25] A. Benoit et al., EDELWEISS Collaboration, Phys. Lett. B545, 43 (2002) [astroph/0206271].

[26] R. Luscher, for Boulby dark matter Collaboration, astro-ph/0305310.