arXiv:hep-ph/0307303 v1 24 Jul 2003

Light Neutralinos and WIMP direct searches^∗

A. Bottino,^1 F. Donato,^1 N. Fornengo,^1 and S. Scopel^{1, †} 1Dipartimento di Fisica Teorica, Università di Torino Istituto Nazionale di Fisica Nucleare, Sezione di Torino via P. Giuria 1, I–10125 Torino, Italy (Dated: July 24, 2003)

The predictions of our previous analyses about possible low–mass (mχ <∼ 50 GeV) relic neutralinos are discussed in the light of the most recent results from WIMP direct detection experiments.

PACS numbers: 95.35.+d,11.30.Pb,12.60.Jv,95.30.Cq

Searches for neutralinos at colliders have not yet reached the sensitivity required to place a direct lower bound on the neutralino mass m_χ. The commonly quoted and employed bound m_χ >∼ 50 GeV is derived from the lower bound on the chargino mass determined at LEP2 (m^±_χ >∼ 100 GeV) under the assumption that the U (1) and SU (2) gaugino masses M_1 and M_2 satisfy the standard relationship M_1 ≃^1_2 M_2 at the electroweak scale. This hypothesis is a consequence of the assumption that these mass parameters have a common value at the grand unification (GUT) scale.

In supersymmetric models with R-parity conservation and no gaugino–unification assumption at the GUT scale, an absolute lower limit on m_χ cannot be derived from the lower bound on the chargino mass. Instead, it may be established by applying the upper bound on the Cold Dark Matter (CDM) content in the Universe, Ω_{CDM} ≡ ρ_{CDM} /ρ_c, in combination with constraints imposed on the Higgs and supersymmetric parameters by measurements at colliders and other precision experiments (muon g − 2, BR(b → s + γ)). This point was discussed in Refs. [1, 2], where a lower bound on the neutralino mass of about 6 GeV was established as a consequence of the recent 2σ C.L. upper–limit Ω_{CDM} h^2 ≤ 0.131 obtained by the analysis of the WMAP data [3].

In Refs. [1, 2] we also analyzed the properties of light (m_χ <∼ 50 GeV) relic neutralinos from the point of view of their detection rates in WIMP direct search experiments. Two main properties were pointed out: 1) direct detection rates for neutralinos of mass lighter than 50 GeV reach levels within sensitivities of current WIMP direct–detection experiments; 2) in the mass range 6 GeV <∼ m_χ <∼ 25 GeV the detection rates are predicted to fall in a very restricted range (this is at variance with what happens at higher m_χ, where the detection rates in effMSSM vary over decades [4]). As shown in Refs. [1, 2] the property (2) is a consequence the fact that the detection rate has a lower bound induced by the upper limit on Ω_{CDM} h^2.

Recalling that, for neutralino-matter interactions, coherent effects systematically dominate over spin-dependent ones, the aforementioned properties (1)–(2) are conveniently displayed in terms of the quantity ξσ^{(nucleon)}_{scalar} , where σ^{(nucleon)}

scalar is the neutralino–nucleon scalar cross–section and ξ is a rescaling factor between the neutralino local matter

density ρ_χ and the total local dark matter density ρ_0: ξ ≡ ρ_χ/ρ_0. Following a standard assumption, ξ may be taken as ξ = min(1, Ω_χh^2/(Ω_{CDM} h^2)_{min} ).

In Fig.1 we show a scatter plot of the quantity ξσ^{(nucleon)}_{scalar} as a function of m_χ. This scatter plot is obtained in an effective supersymmetric MSSM scheme (effMSSM) at the electroweak scale: for details, see Ref. [2]. For (Ω_{CDM} h^2)_{min} we use here the value (Ω_{CDM} h^2)_{min} = 0.095 [2], derived at the 2σ C.L. from the analyses of Ref. [3]. Fig.1 shows that, in the mass range 6 GeV <∼ m_χ <∼ 25 GeV, the quantity ξσ^{(nucleon)}_{scalar} falls in a narrow funnel (see property (2) above); this funnel is delimited from below by configurations with Ω_χh^2 ∼ (Ω_{CDM} h^2)_{max} = 0.131, and delimited from above by supersymmetric configurations with a very light Higgs boson (close to its lower experimental bound of 90 GeV) and with an Ω_χh^2 below (Ω_{CDM} h^2)_{min}. It is also remarkable that, within the funnel, the size of ξσ^{(nucleon)}

scalar is large enough to make light relic neutralinos explorable by WIMP direct experiments with the current

∗Preprint number: DFTT 16/2003 †Electronic address: bottino@to.infn.it, donato@to.infn.it, fornengo@to.infn.it, scopel@to.infn.it; URL: http://www.to.infn.it/astropart

sensitivities. To illustrate this point, let us turn now to a comparison of our predictions with experimental data [5, 6] which became available after our analyses of Refs. [1, 2] and with those of Ref. [7].

In Refs. [1, 2] we anticipated that a detector with a high exposure and a low threshold such as DAMA [8] might provide significant information, not only for neutralinos with m_χ > 50 GeV, but also for neutralinos in the mass range 6 GeV <∼ m_χ <∼ 50 GeV. In Ref. [2] we could only give an estimate of the expected effects in the measurement of the annual–modulation variation performed by the DAMA Collaboration, since no analysis of the experimental data at low WIMP masses was available at that time.

Now, the recent presentation of new results by the DAMA Collaboration [5] allows us to compare directly our theoretical predictions to actual experimental data. In fact, one has now the results of a much larger exposure than in the past, about 108,000 kg · day and, most important, an analysis of the full set of experimental data in terms of a spin–independent effect over an unconstrained range for the mass of a generic WIMP. The results of this analysis are reported in Fig.1(a), where the contour line (after Fig.28 of Ref. [5]) delimits a region of the m_χ − ξσ^{(nucleon)}_{scalar} plane, where the likelihood-function values are distant more than 4σ from the null (absence of modulation) hypothesis. In deriving this contour line, the DAMA Collaboration has taken into account a rather large class of possible phase–space distribution functions (DF) for WIMPs in the galactic halo. The categories of DFs considered in Ref. [5] are those analyzed in Ref. [9]; the annual–modulation region displayed in Fig.1(a) is the union of the regions obtained by varying over the set of the DFs considered in Ref. [9]. From Fig.1(a) we derive that the entire population of relic neutralinos with m_χ <∼ 25 GeV as well as a significant portion of those with a mass up to about 50 GeV are within the annual–modulation region of the DAMA Collaboration. Thus, this yearly effect could be due to relic neutralinos of light masses, in alternative to the other possibility which we already discussed in Refs. [4] on neutralinos with masses above 50 GeV, and which is reconfirmed by the present analysis.

Another experiment of WIMP direct detection, run by the CDMS Collaboration, has recently published new data [6]. Their results are given in terms of an upper bound^1 on σ^{(nucleon)}_{scalar} for a given DF (an isothermal distribution) and for a single set of the astrophysical parameters: ρ_0 = 0.3 GeV · cm^{−3}, v_0 = 220 km · s^{−1} (v_0 is the local rotational velocity). This upper bound is displayed in Fig.1(b) together with our theoretical scatter plot. Thus, we see that in case of an isothermal DF with the representative values of parameters given above, a sizeable subset of supersymmetric configurations in the mass range 10 GeV <∼ m_χ <∼ 20 GeV would be incompatible with the experimental upper bound (together with some configurations with m_χ >∼ 80 GeV). However, this conclusion cannot be drawn in general. In fact, to set a solid constraint on the theoretical predictions, it is necessary to derive from the experimental data the upper bounds on ξσ^{(nucleon)}_{scalar} for a large variety of DFs and of the corresponding astrophysical parameters (with their own uncertainties); the intersection of these bounds would provide an absolute limit to be used to possibly exclude a subset of supersymmetric population. An investigation by the CDMS Collaboration along these lines would be very interesting.

Among other experiments of WIMP direct detection, the EDELWEISS experiment has published an upper bound which somewhat approaches the region of the low–mass neutralino population. This upper limit, again provided for a single DF (the isothermal sphere with a standard set of astrophysical parameters) is also displayed in Fig.1(b); it turns out to be marginal for the low–mass population, since it is tangent to our supersymmetric scatter plot (at m_χ ∼ 30 GeV). The argument given before applies again in this case; one should vary the analytical forms of the DF, in order to derive a model–independent bound on ξσ^{(nucleon)}_{scalar} . As for the low–mass configurations (m_χ <∼ 50 GeV), since the current upper limit is already marginal for the isothermal DF, one does not expect any model–independent constraint. However, useful constraints could be derived for higher masses.

In conclusion, we have shown that the experimental exploration of the low–mass neutralino population, theoretically analyzed in our papers of Refs. [1, 2], is already under way in case of some experiments of WIMP direct detection and within the reach of further investigation in the near future.

We have compared our predictions with available results of various experiments separately, since the experimental results of different Collaborations are not all derived under the same assumptions on the WIMP phase–space distribution function. A more effective comparison of theoretical results with experimental data will be feasible, only when

1 We consider here only the upper bound derived by the CDMS Collaboration without neutron subtraction. The upper limit obtained by subtracting an estimated neutron background appears too model–dependent; this point will be overcome, when the CDMS experiment is run in an underground location, as foreseen by the Collaboration.

the analysis of different experimental results in terms of m_χ − ξσ^{(nucleon)}_{scalar} is presented for each analytic form of the DF, separately. This is also the unique way of comparing results of different experiments among themselves.

We finally notice that, in direct detection experiments, lighter WIMPs have to be faster, as compared to the heavier ones, in order to deposit a recoil energy above the energy threshold. As a consequence, for light WIMPS the calculation of expected rates and the determination of upper limits on the cross section are very sensitive to the value assigned to the escape velocity and, more generally, to the details of the high–velocity tail of the DF. This introduces an important uncertainty, since for high–velocity WIMPS the assumption of thermalization, which for instance is assumed in all the models considered in the analysis of Ref. [9], is less robust than for the bulk of the distribution: non–thermal components, such as streams, could have a sizeable or even dominant weight, affecting the usual estimates for expected rates.

[1] A. Bottino, N. Fornengo and S. Scopel, Phys. Rev. D 67, 063519 (2003) [arXiv:hep-ph/0212379]. [2] A. Bottino, F. Donato, N. Fornengo and S. Scopel, arXiv:hep-ph/0304080, to appear in Phys. Rev. D. [3] D.N. Spergel et al., arXiv:astro-ph/0302209.

[4] A. Bottino, F. Donato, N. Fornengo, S. Scopel, Phys. Lett. B 423, 109 (1998); Phys. Rev. D 62, 056006 (2000); Phys. Rev.

D 63, 125003 (2001).

[5] R. Bernabei et al., Riv. N. Cim. 26 n. 1 (2003) 1-73 [arXiv:hep-ex/0307403]. [6] D.S. Akerib et al., arXiv:hep-ex/0306001. [7] A. Benoit et al., Phys. Lett. B 545, 43 (2002).

[8] R. Bernabei et al., Phys. Lett. B 480, 23 (2000); Eur. Phys. J. C 18, 283 (2000). [9] P. Belli, R. Cerulli, N. Fornengo and S. Scopel, Phys. Rev. D 66, 043503 (2002).

FIG. 1: Scatter plot of ξσ^{(nucleon)}_{scalar} versus mχ. Crosses (red) and dots (blue) denote neutralino configurations with Ωχh^2 ≥ (ΩCDM h^2)min and Ωχh^2 < (ΩCDM h^2 )min, respectively ((ΩCDM h^2 )min = 0.095) (a) The curves delimit the DAMA region where the likelihood-function values are distant more than 4σ from the null (absence of modulation) hypothesis [5]; this region is the union of the regions obtained by varying the WIMP DF over the set considered in Ref. [9]. (b) The solid and the dashed lines are the experimental upper bounds given by the CDMS [6] and the EDELWEISS [7] Collaborations, respectively, under the hypothesis that the WIMP DF is given by an isothermal distribution with a standard set of astrophysical parameters.