arXiv:0907.3587v1 [hep-ph] 21 Jul 2009

SEARCHING FOR DARK MATTER- THEORETICAL RATES AND EXCLUSION PLOTS DUE TO THE SPIN

J. D. Vergados Theoretical Physics Division, University of Ioannina, Ioannina, Gr 451 10, Greece and University of Tuebingen, Tuebingen, Germany. (Dated: July 22, 2009)

The recent WMAP data have confirmed that exotic dark matter together with the vacuum energy (cosmological constant) dominate in the flat Universe. The nature of the dark matter constituents cannot be determined till they are directly detected. Recent developments in particle physics provide a number of candidates as constituents of dark matter, called Weakly Interacting Massive Particles (WIMPs). Since these interact weakly and are of low energy they cannot excite the target and can only be detected via measuring the recoiling nucleus. For all WIMPs, including the most popular candidate, the lightest supersymmetric particle (LSP), the relevant cross sections arise out of the following mechanisms: i) The coherent mode, due to the scalar interaction. ii) The charge coherent mode, with only proton contribution, as in the recent case of secluded dark matter scenario and iii) The spin contribution arising from the axial current. In this paper we will focus on the spin contribution, which maybe important, especially for light targets.

PACS numbers: 95.35.+d, 12.60.Jv

INTRODUCTION

The combined MAXIMA-1 [1], BOOMERANG [2], DASI [3], COBE/DMR Cosmic Microwave Background (CMB) observations [4], the WMAP data [5] and SDSS [6] imply that the Universe is flat [7] and and that most of the matter in the Universe is dark. Combining the recent WMAP data [8] with other experiments one finds:

Ω_b = 0.0456 ± 0.0015, Ω_{CDM} = 0.228 ± 0.013, Ω_Λ = 0.726 ± 0.015

Since the non exotic component cannot exceed 40% of the CDM [9], there is room for exotic WIMP’s (Weakly Interacting Massive Particles). In fact the DAMA experiment [10] has claimed the observation of one signal in direct detection of a WIMP, which with better statistics has subsequently been interpreted as a modulation signal [11]. These data, however, if they are due to the coherent process, are not consistent with other recent experiments, see e.g. EDELWEISS [12], CDMS [13] and XENON [14]. The DAMA results could still be interpreted as due to the spin cross section, but with a new interpretation of the extracted nucleon cross section.

Supersymmetry naturally provides candidates for the dark matter constituents [15],[16]-[17]. In the most favored scenario of supersymmetry the LSP can be simply described as a Majorana fermion, a linear combination of the neutral components of the gauginos and higgsinos [15],[16]-[18]. In most calculations the neutralino is assumed to be primarily a gaugino, usually a bino. Models which predict a substantial fraction of higgsino lead to a relatively large spin induced cross section due to the Z-exchange. Such models have been less popular, since they tend to violate the relic abundance constraint. These fairly stringent constrains, however, apply only in the thermal production mechanism. Furthermore they do not affect the LSP density in our vicinity derived from the rotational curves. We thus feel free to explore the consequences of two recent models [19], [20], which are non-universal gaugino mass models and give rise to large higgsino components. Sizable spin cross sections also arise in the context of other models, which have appeared recently [21], [22]-[23] (see also Ellis et al [24] for a update of such calculations). Spin induced cross sections also arize in the case Kaluza-Klein (K-K) WIMPS in models with Universal Extra Dimensions (UED) [25]. This occurs regardless of whether the WIMP is a K-K boson or a K-K neutrino. They can also arize in technicolor theories [26, 27, 28] etc.

Knowledge of the spin induced nucleon cross section is very important since it may lead to transitions to excited states, which provide the attractive signature of detecting the de-excitation γ rays in or without coincidence with the recoiling nucleus [29]-[30]. Furthermore it may dominate in light systems like^3He and^{19}F, which offer some attractive advantages [31],[32].

THE ESSENTIAL THEORETICAL INGREDIENTS OF DIRECT DETECTION.

Even though there exists firm indirect evidence for a halo of dark matter in galaxies from the observed rotational curves, it is essential to directly detect [15],[16]-[33] such matter. Such a direct detection, among other things, may also unravel the nature of the constituent of cold dark matter, namely the Weakly Interacting Massive Particle (WIMP). The possibility of such detection, however, depends on the nature of its constituents. Here we will assume that such a constituent is the lightest supersymmetric particle or LSP, but our main conclusions apply to other heavy WIMPs. Since the WIMP is expected to be very massive, m_χ ≥ 30GeV , and extremely non relativistic with average kinetic energy T ≈ 50KeV (m_χ/100GeV ), it can be directly detected [15]-[33] mainly via the recoiling of a nucleus (A,Z) in elastic scattering. The event rate for such a process can be computed from the following ingredients:

1. An effective Lagrangian at the elementary particle (quark) level obtained in the framework of supersymmetry as described , e.g., in Refs [18, 34]. In the case of K-K WIMPs in UED models the analogous procedure can be found in elsewhere [25].

2. A well defined procedure for transforming the amplitude obtained using the above mentioned effective Lagrangian from the quark to the nucleon level, i.e.

L_{ef f} = − G_F √ 2 (χ̄_1γ^λγ^5χ_1)J_λ(Z) (1)

where

J_λ(Z) = N̄γ_λ[f^0_V (Z) + f^1_V (Z)τ_3 + f^0_A(Z)γ_5 + f^1_A(Z)γ_5τ_3]N (2)

The superscripts 0(1) refer to the isoscalar (isovector) components of the current. This form depends, of course, on the quark model for the nucleon. This step is not trivial, since the obtained results depend crucially on the content of the nucleon in quarks other than u and d. This is particularly true for the scalar couplings, which are proportional to the quark masses [35, 35, 36],[37] as well as the isoscalar axial coupling.

3. Nuclear matrix elements. [38]−[39] obtained with as reliable as possible many body nuclear wave functions.

Fortunately in the most studied case of the scalar coupling the situation is quite simple, since then one needs only the nuclear form factor. Some progress has also been made in obtaining reliable static spin matrix elements and spin response functions [38]−[39].

Since the obtained rates are very low, one would like to be able to exploit the modulation of the event rates due to the earth’s revolution around the sun [40, 41] [42]−[43]. In order to accomplish this one adopts a folding procedure, i.e one has to assume some velocity distribution [40, 44], [43, 45],[46]-[47] for the WIMP. In addition one would like to exploit the signatures expected to show up in directional experiments, by observing the nucleus in a certain direction. Since the sun is moving with relatively high velocity with respect to the center of the galaxy, one expects strong correlation of such observations with the motion of the sun [48, 49]. On top of this one expects to see a more interesting pattern of modulation as well.

RATES

The differential non directional rate can be written as dR_{undir} = ρ(0) m_χ m Am_N dσ(u, υ)|υ| (3) where dσ(u, υ) was given above, ρ(0) = 0.3GeV/cm^3 is the LSP density in our vicinity, m is the detector mass and m_χ is the LSP mass

The directional differential rate, in the direction ê of the recoiling nucleus, is [21]: dR_{dir} = ρ(0) m_χ m Am_N |υ|υ̂.ê Θ(υ̂.ê) 1 2π dσ(u, υ δ( √ u μ_rυ √ 2 − υ̂.ê) (4) where Θ(x) is the Heaviside function and: dσ(u, υ) == du 2(μ_rbυ)^2

[(Σ̄_S F (u)^2 + Σ̄_{spin}F_{11}(u)] (5)

Q → keV

FIG. 1: The spin response functions F_{11}(Q), F_{01}(Q) and F_{00}(Q) in the case of the target^{19}F as a function of the energy transfer. In the region of interest for dark matter searches they are not distinguishable.

where u the energy transfer Q in dimensionless units given by u = Q Q_0

, Q_0 = [m_pAb]^{−2} = 40A^{−4/3} MeV (6)

with b is the nuclear (harmonic oscillator) size parameter. F (u) is the nuclear form factor and F_{11}(u) is the spin response function associated with the isovector channel.

The scalar cross section is given by:

Σ̄_S = ( μ^r μ_r(p) )^2σ^S_{p,χ}0 A^2

1 +^{f 1S}_{f 0S}^{2Z−A}_A

1 +^{f 1S}_{f 0S} 2 ≈ σ^S_{N,χ}0 ( μ_r μ_r(p) )^2A^2 (7)

(since the heavy quarks dominate the isovector contribution is negligible). σ^S_{N,χ0} is the LSP-nucleon scalar cross section. The spin Cross section is given by:

Σ̄_{spin} = ( μ^r μ_r(p) )^2σ^{spin}_{p,χ0} ζ_{spin}, ζ_{spin} = 1 3(1 +^{f 0A}_{f 1A} )^2

S(u) (8)

S(u) = [( f^0_A f^1_A

Ω_0(0))^2

F_{00}(u) F_{11}(u) + 2 f^0_A f^1_A

Ω_0(0)Ω_1(0

F_{01}(u) F_{11}(u)

) + Ω_1(0))^2 ] (9)

The spin response functions, properly normalized to unity at momentum transfer zero, are almost the same for all isospin channels for the energy transfers of interest. As a matter of fact in the case of^{19}F we get:

F_{11}(u) = e^{−u} ( 0.0119u^4 − 0.1450u^3 + 0.662u^2 − 4u 3 + 1 ) (10)

F_{01} = e^{−u} ( 0.0124u^4 − 0.1487u^3 + 0.6677u^2 − 4u 3 + 1 ) (11)

F_{00} = e^{−u} ( 0.0131u^4 − 0.1525u^3 + 0.6733u^2 − 4u 3 + 1 ) (12)

Thus they are indistinguishable (see Fig. 1) for the energy transfers of interest. Hence

S(u) ≈ S(0) = [( f^0_A f^1_A

Ω_0(0))^2 + 2 f^0_A f^1_A

Ω_0(0)Ω_1(0) + Ω_1(0))^2 ] (13)

The couplings f^1_A (f^0_A) and the nuclear matrix elements Ω_1(0) (Ω_0(0)) associated with the isovector (isoscalar) components are normalized so that, in the case of the proton at u = 0, they yield ζ_{spin} = 1. The proton cross section given by:

σ^{spin}_{p,χ0} = 3σ_0|f^0_A + f^1_A|^2 = 3σ_0|a_p|^2 , σ_0 = 1 2π (G_F m_p)^2 = 0.77 × 10^{−38}cm^2 = 0.77 × 10^{−2}pb (14)

wile for the neutron σ^{spin}_{n,χ0} = 3σ_0|f^0_A − f^1_A|^2 = 3σ_0|a_n|^2. Here a_p and a_n are the usual proton and neutron spin amplitudes [50].

With these definitions in the proton neutron representation we get: ζ_{spin} = 1 3 S^′ (0) (15)

S^′ (0) = [ ( a_n a_p Ω_n(0))^2 + 2 a_n a_p Ω_n(0)Ω_p(0) + Ω^2_p(0) ] (16)

where Ω_p(0) and Ω_n(0) are the proton and neutron components of the static spin nuclear matrix elements. In extracting limits on the nucleon cross sections from the data we will find it convenient to write: σ^{spin}_{nuc} = σ^{spin}_{p,χ0} ζ_{spin} = 1 3 |Ω_p √ σ_p + Ω_n √ σ_ne^{iδ} |^2 (17)

In Eq. (17) δ the relative phase between the two amplitudes defined by

a_N = ∑ q=u,d,s d_q Δq_N (18)

2s_μΔq_N = ⟨N|q̄γ_μγ_5q|N⟩ (19) where s_μ is the nucleon spin and d_q the relevant spin amplitudes at the quark level obtained in a given SUSY model. The isoscalar and the isovector axial current couplings at the nucleon level, f^0_A, f^1_A, are obtained from the corresponding ones given by the SUSY models at the quark level, f^0_A(q), f^1_A(q), via renormalization coefficients g^0_A, g^1_A, i.e. f^0_A = g^0_Af^0_A(q), f^1_A = g^1_Af^1_A(q). The renormalization coefficients are given terms of Δq defined above [50], via the relations

g^0_A = Δu + Δd + Δs = 0.77 − 0.49 − 0.15 = 0.13 , g^1_A = Δu − Δd = 1.26

We see that, barring very unusual circumstances at the quark level, the isoscalar contribution is negligible. It is for this reason that one might prefer to work in the isospin basis. The static spin matrix elements are obtained in the context of a given nuclear model. Some such matrix elements of interest to the planned experiments are given in table I. The shown results are obtained from DIVARI [39], Ressel et al (*) [38], the Finish group (**) [51] and the Ioannina team (+) [48], [33].

The spin ME are defined as follows:

Ω_p(0) = √ J + 1 J ≺ J J|σ_z (p)|J J ≻ , Ω_n(0) = √ J + 1 J ≺ J J|σ_z(n)|J J ≻ (20) where J is the total angular momentum of the nucleus and σ_z = 2S_z. The spin operator is defined by S_z(p) = ∑_Z i=1 S_z(i), i.e. a sum over all protons in the nucleus, and S_z(n) = ∑_N i=1 S_z(i), i.e. a sum over all neutrons.

Furthermore

Ω_0(0) = Ω_p(0) + Ω_n(0) , Ω_1(0) = Ω_p(0) − Ω_n(0) (21)

Before concluding this section we should emphasize that from the spin matrix elements of Table I those associated with^{19}F are the most reliable for the following reasons [39]:

• The light s-d nuclei are very well described within the interacting shell model.

• The magnetic moment of the ground state is dominated by the spin (the orbital part is negligible).

• The calculated magnetic moment is quite large and in good agreement with experiment.

TABLE I: The static spin matrix elements for various nuclei. For^3He see Moulin, Mayet and Santos [52]. For the other light nuclei the calculations are from DIVARI [39]. For^{73}Ge and^{127}I the results presented are from Ressel et al [38] (*) and the Finish group et al [51] (**). For^{207}Pb they were obtained by the Ioannina team (+). [48], [33].

3 He^{19}F^{29}Si^{23}Na^{73}Ge^{127}I^{∗ 127}I^{∗∗ 207}Pb^+

Ω0(0) 1.244 1.616 0.455 0.691 1.075 1.815 1.220 0.552 Ω1(0) -1.527 1.675 -0.461 0.588 -1.003 1.105 1.230 -0.480 Ωp(0) -0.141 1.646 -0.003 0.640 0.036 1.460 1.225 0.036 Ωn(0) 1.386 -0.030 0.459 0.051 1.040 0.355 -0.005 0.516 μ_{th} 2.91 -0.50 2.22 μexp 2.62 -0.56 2.22 μth (spin) μexp 0.91 0.99 0.57

EXPRESSIONS FOR THE RATES

To obtain the total rates one must fold with LSP velocity and integrate the above expressions over the energy transfer from Q_{min} determined by the detector energy cutoff to Q_{max} determined by the maximum LSP velocity (escape velocity, put in by hand in the Maxwellian distribution), i.e. υ_{esc} = 2.84 υ_0 with υ_0 the velocity of the sun around the center of the galaxy(229 Km/s).

Ignoring the motion of the Earth the total (non directional) rate is given by R = R̄ t(a, Q_{min}) (22) R̄ = ρ(0) m_χ0 m Am_p ( μ_r μ_r(p) )^2 √ ⟨v^2⟩[σ^S_{p,χ}0 A^2 + σ^{spin}_{nuc} ] The SUSY parameters have been absorbed in R̄. The parameter t takes care of the nuclear form factor and the folding with LSP velocity distribution [21, 43, 53] (see table II). It depends on Q_{min}, i.e. the energy transfer cutoff imposed by the detector and a = [μ_rbυ_0 √ 2]^{−1}.

In the present work we find it convenient to re-write it as:^{σspinnuc}_{σ1}^σ S p,χ0 σ_1 R = K̄ [ c_{coh}(A, μ_r(A)) σ^S_{p,χ0} σ_1 + c_{spin}(A, μ_r (A)) σ^{spin}_{nuc} σ_1 ] (23)

with σ_1 = 10^{−5}pb and

K̄ = ρ(0) 100 GeV m m_p √ ⟨v^2⟩ σ_1 ≃ 1.60 10^{−2} y^{−1} ρ(0) 0.3GeV cm^{−3} m 1Kg √ ⟨v^2⟩ 280kms^{−1} (24) and c_{coh}(A, μ_r(A)) = 100 GeV m_χ0 [ μ_r(A) μ_r(p) ]_2 A t_{coh}(A) , c_{spin}(A, μ_r (A)) = 100GeV m_χ0 [ μ_r(A) μ_r(p) ]_2 t_{spin}(A) A (25)

The parameters c_{coh}(A, μ_r(A)), c_{spin}(A, μ_r(A)), which give the relative merit for the coherent and the spin contributions in the case of a nuclear target compared to those of the proton, are tabulated in table II for energy cutoff Q_{min} = 0, 10 keV.

Via Eq. (23) we can extract the nucleon cross section from the data. We distinguish the following cases:

• If the nuclear contribution comes predominantly from protons: σ^{spin}_{nuc} = Ω^2_p 3 σ^{spin}_{p,χ0} (26)

TABLE II: The factors c19 = c_{coh}(19, μ_r(19)), s19 = c_{spin}(19, μ_r(19)), c19 = c_{coh}(73, μ_r(73)), s73 = c_{spin}(73, μ_r(73)) and c127 = c_{coh}(127, μ_r(127)), s127 = c_{spin}(127, μ_r(127)) for two values of Q_{min}. Also given are the factors s3 = c_{spin}(3, μ_r(3)) for Q_{min} = 0. Qmin mχ (GeV) keV 20 30 40 50 60 80 100 200 0 t(3,s) 1.166 1.166 1.166 1.166 1.166 1.166 1.166 1.166 0 c3 131 92.6 71.6 58.3 49.2 37.5 30.3 15.4 0 s3 14.6 10.3 7.95 6.48 5.47 4.16 3.36 1.71 0 t(19,c) 1.153 1.145 1.138 1.134 1.130 1.124 1.121 1.112 0 t(19,s) 1.132 1.117 1.105 1.096 1.089 1.079 1.072 1.056 0 c19 11500 10500 9420 8500 7700 6450 5540 3210 0 s19 31.2 28.3 25.4 22.8 20.6 17.2 14.6 8.40 0 t(23,c) 1.107 1.099 1.092 1.089 1.085 1.079 1.076 1.068 0 t(23,s) 1.075 1.061 1.050 1.041 1.035 1.025 1.018 1.003 0 c23 16100 15200 14100 1300 11900 10200 8830 5280 0 s23 29.5 27.8 25.6 23.4 21.4 18.2 13.8 9.45 0 t(73,c) 1.119 1.083 1.047 1.014 0.984 0.933 0.893 0.780 0 t(73,s) 1.135 1.112 1.088 1.064 1.043 1.006 0.976 0.886 0 c73 113000 131000 139000 143000 142000 187000 130000 935000 0 s73 20.8 23.9 25.2 25.5 25.2 23.9 22.2 15.4 0 t(127,c) 0.984 0.844 0.721 0.621 0.542 0.430 0.358 0.213 0 t(127,s) 0.948 0.796 0.671 0.574 0.501 0.401 0.340 0.220 0 c127 206000 225000 223000 211000 197000 169000 145000 82400 0 s127 12.3 13.1 12.8 12.1 11.3 9.7 8.5 5.3 10 t(19,c) 0.352 0.511 0.592 0.639 0.667 0.710 0.720 0.773 10 t(19,s) 0.340 0.489 0.563 0.606 0.631 0.669 0.676 0.720 10 c19 3500 4676 4902 4789 4546 4075 3557 2233 10 s19 9.3 12.4 12.9 12.6 11.9 10.6 9.3 5.8 10 t(73,c) 0 0.020 0.119 0.246 0.363 0.539 0.651 0.847 10 t(73,s) 0 0.0175 0.105 0.213 0.311 0.453 0.539 0.677 10 c73) 0 2310 15300 32900 49600 73400 86300 89300 10 s73 0 0.39 2.5 5.3 7.9 11.6 13.4 13.4 10 t(127,c) 0.000 0.156 0.205 0.222 0.216 0.191 0.175 0.109 10 t(127,s) 0.000 0.135 0.177 0.192 0.190 0.174 0.165 0.121 10 c127 0 41500 63200 75500 78500 74900 71000 42200 10 s127 0. 2.2 3.4 4.0 4.3 4.2 4.1 2.9

So knowing the nuclear matrix element one can extract from the data the proton cross section. One such example with negligible neutron contribution is^{19}F (see table I)

• If the nuclear contribution comes predominantly from neutrons one can similarly extract the neutron cross section from the data: σ^{spin}_{nuc} = Ω^2_n 3 σ^{spin}_{n,χ0} (27) • In many cases, however, the nuclear structure is such that one can have contributions from both protons and neutrons. The situation is then complicated and will be discussed below (see exclusion plots below). We have seen, however, that in going from the quark to the nucleon level we encounter the renormalization factors g^0_A = 0.1 , g^1_A = 1.2. Thus the isoscalar contribution is suppressed and

S(0) ≈ Ω^2_1 , ζ_{spin} =

Ω^2_1 3 , σ^{spin}_{nuc} = Ω^2_1 3 σ^{spin}_{N,χ0} Then the proton and the neutron spin cross sections are the same (σ^{spin}_{p,χ0} = σ^{spin}_{n,χ0} = σ^{spin}_{N,χ0} ).

The quantity c_{spin}(A, μ_r(A)) ζ_{spin}, when the isoscalar contribution is neglected and employing Ω^2_1 = 1.22 (2.81) for^{127}I (^{19}F ), is shown in Fig 2. In the case of the spin induced cross section the light nucleus^{19}F has certainly

FIG. 2: On the left the quantity c_{spin}(A, μ_r(A)) ζ_{spin} for the A=19 system is shown for two cut off values Q_{min} = 0, continuous curve, and Q_{min} = 10 keV, dotted curve. On the right the same quantity is shown for the A=127 system. The advantages of the lighter target, especially for light LSP, are obvious.

TABLE III: The experimental sensitivity ratios (ESR) for various targets assuming a WIMP mass of 50 GeV. p, n and iv correspond to the elementary proton, neutron and isovector dominance respectively.

3 He^{19}F^{23}Na^{73}Ge^{127} I

p 1.2×10^3 4.1×10^2 2.7×10^3 1.3×10^7 2.5×10^4 n 1.4×10 1.2×10^6 4.3×10^5 1.6×10^4 4.2×10^5 iv 1.1×10 4.0×10^2 3.2×10^3 1.7×10^4 4.3×10^4

an advantage over the heavier nucleus^{127}I (see Fig. 2). For the coherent process, however, the light nucleus is disfavoured. (see Table II).

The experimental sensitivity ratios (ESR), i.e. the extracted from experiment nucleon cross section ratios satisfy: ESR = σ^{spin}_{k,χ0} σ^S_{p,χ0} = [ c_{coh}(A, μ_r(A)) c_{spin}(A, μ_r(A)) ] 3 Ω^2_k

, k = p, n, iv, for proton, neutrom, isovector respectively (28)

The quantity ESR for a WIMP mass of 50 GeV is shown in table III. It is clear from this table why the limits on the spin cross section extracted from all targets is much bigger compared to that extracted for the coherent mode. We should emphasize that the elementary cross sections do not depend on the target. It is only the values extracted from experiment that do so, giving a measure of the sensitivity of the various experiments. The elementary cross sections only depend on the particle model and the structure of the nucleon. Thus, e.g., in the case of K-K WIMPs the coherent cross section dominates, if the WIMP is a K-K gauge boson, but the spin cross section is bigger, when the WIMP is a K-K neutrino [25].

If the effects of the motion of the Earth around the sun are included, the total non directional rate is given by R = K̄ [ c_{coh}(A, μ_r(A)) σ^S_{p,χ0} σ_1 (1 + h(a, Q_{min})cosα) ] (29)

R = K̄ [ c_{spin}(A, μ_r(A)) σ^{spin}_{nuc} σ_1 (1 + h_{spin}(a, Q_{min})cosα) ] (30)

where h (h_{spin}) are the modulation amplitudes and α is the phase of the Earth, which is zero around June 2nd. We are not going to elaborate further on the modulation amplitudes h since they depend only on the LSP mass and are independent of the other particle parameters.

mχ → GeV mχ → GeV FIG. 3: The event rate (kg-y) for the target^{19}F assuming a nucleon cross section of 10^{−5} pb as a function of the WIMP mass in GeV. In the left panel the continuous curve takes into account only the proton component. The dotted curve results when the proton and neutron cross sections are the same, but the corresponding amplitudes are opposite (the isoscalar amplitude is assumed to vanish). The difference is small. In the right panel we consider the case that the elementary proton cross section vanishes. In this case the nuclear structure suppresses the rate.

RESULTS FOR THE SPIN CONTRIBUTION-EXCLUSION PLOTS IN THE (σp, σn) PLANE

One amplitude is dominant

This occurs in cases when the nuclear structure leads to a dominant spin ME, like^{19}F with a dominant proton component. In this case, barring unusual circumstances at the quark level favouring the component not favoured by nuclear physics, the analysis is simple. Thus, e.g., in the case of^{19}F (Ω_p = 1.645, Ω_n = −0.030 the event rate for an elementary cross section of 10^{−5}pb is exhibited as a function of the WIMP mass in Fig. 3. From these plots, for a given WIMP mass, one may extract limits on the relevant nucleon cross section from the experimental limits. Using the event rate of 13.75 Kg-d or 5020 Kg-y of PICASSO [32] and the most favourable WIMP mass of 30 GeV, from Fig. 3 we extract a proton spin cross section of 0.1 pb compare with the value of 0.16 pb extracted there [32]. From Eq. 28 we extract a coherent cross section of 2.5 × 10^{−4}pb for this system, which is poor compared to the limits of CDMS [13] and XENON [14]. The PICASSO people are fighting with their new detector against the α background, with a flat plateau in the region of their signal, and their limit will soon substantially improve .

Exclusion plots

From the data one can extract a restricted region in the σ_p, σ_n plane, which depends on the event rate and the LSP mass. Some such exclusion plots have already appeared [54]-[55]. One can plot the constraint imposed on the quantities |Ω_pa_p + Ω_na_n| or better Ω_p√σ_p + Ω_n √ σ_ne^{iδ}|^2 where δ is the relative phase between the two amplitudes.

These can be derived from the experimental limits on the event rates and the data of Table II. The results for zero threshold are as follows:

Spin matrix elements of opposite sign and |Ωn| > |Ωp|

This is the case of the A=3 system. The exclusion plots are shown in Fig. 5

Spin matrix elements of opposite sign and |Ωp| ≫ |Ωn|

This is the case of the^{19}F target. This case has been analyzed above. Just in case the elementary proton cross section is suppressed we present the relevant exclusion plots in Fig. 6.

Spin matrix elements of same sign and |Ωn| ≫ |Ωp|

This is the case of the^{73}Ge target. The relevant exclusion plots are shown in Fig. 7

FIG. 4: The labelling of the the figures 5-8:The intermediate thickness continuous curve, the dotted, the dashed, the fine continuous, the dotted- dashed, the dottted-long dashed -dotted and the thick continuous curve correspond to δ = 0, π/6, π/3, π/2, 2 π/3, 5 π/6 and π respectively.

√ σn → √ σ1^{3R}_{K̃s3}

√ σp → √ σ1^{3R}_{K̃s3} (a)

√ σn → √ 1.3 × 10^{−4}pb

√ σp → √ 1.3 × 10^{−4} pb (b) FIG. 5: The exclusion plot in the (√σ_p, √ σ_n) plane in the case of the target^3He for various values of the phase δ in units determined by the parameters of table II, the experimental rate R as well as K̃ = 1.6 × 10^2y^{−1} and σ_1 = 10^{−5}pb (a). The same exclusion plot in the case of a WIMP with a mass 20 GeV (b) normalized to 1 event per kg target per year. In both panels the labelling is the one shown in Fig. 4. When the two amplitudes are relatively real, they are not bounded except when they are of the same sign.

√ σn → √ σ1^{3R}_{K̃s19}

√ σp → √ σ1^{3R}_{K̃s19} (a)

√ σn → √ 6.0 × 10^{−5}pb

√ σp → √ 6.0 × 10^{−5}pb (b) FIG. 6: The same as in Fig. 5 in the case of^{19}F target.

√ σn → √ σ1^{3R}_{K̃s73}

√ σp → √ σ1^{3R}_{K̃s73} (a)

√ σn → √ 7.4 × 10^{−5}pb

√ σp → √ 7.4 × 10^{−5} pb (b) FIG. 7: The same as in Fig. 5 in the case of^{73}Ge target. Now in panel (b) we exhibit the most sensitive case of a WIMP mass of 50 GeV.

Both spin matrix elements are significant

This may be the case of the^{127} target (Ω_p = 1.127, Ω_n = 0.315). The resulting exclusion plots are shown in Fig. 8.

We also show the exclusion plots exhibited by another proton favouring nucleus,^{23}Na, which is present together with 127I in the target NaI (see Fig. 9. We notice that, since one has the same number of nuclei of each component in a given mass of the target,^{23}Na competes well with the^{127}I in the spin induced event rate. We finally in Fig. 10 we exhibit the qualitative features of two neutron favouring targets,^{29}Si and^{207}Pb

√ σn → √ σ1^{3R}_{K̃s127}

√ σp → √ σ1^{3R}_{K̃s127} (a)

√ σn → √ 1.4 × 10^{−4}pb

√ σp → √ 1.4 × 10^{−4}pb (b) FIG. 8: The same as in Fig. 5 in the case of^{127}I target. Now in panel (b) we exhibit the most sensitive case of a WIMP mass of 30 GeV.

In the case of the target^3He the quantities t and h are essentially independent of the LSP mass, since the LSP is expected to be much heavier than the nuclear mass. We find t = 1.166 and the modulation amplitude is and h = h_{spin} = 0.045. The latter is a bit larger than in heavier nuclei. From table II we see that the coherent rate is quite small for this light system, but the spin induced rate is only a factor of two smaller than that for^{19}F. As we have already mentioned this nucleus, has definite experimental advantages [52]. Since t and h(h_{spin}) are indepedent of the WIMP mass, the differential has the same dependence on the WIMP mass as the total rate. Thus it can simply be exhibited in the form: dR dQ = K̄ Q_{max} c_{spin}(A, μ_r(A)) σ^{spin}_{nuc} σ_1

[1 + 0.045 cos α] (31)

with Q_{max} the maximum energy transfer, around 50 KeV.

CONCLUDING REMARKS

We have analyzed the spin induced WIMP nucleus elastic cross section. This cross section depends rather sensitively on the spin structure of the nucleus. Barring unusual circumstances at the elementary level, the spin mode has no chance to compete with the coherent WIMP nucleus scattering in the case of heavy targets. It could, however, compete with it in the case of light targets, since there exist models such that spin nucleon cross section is comparable to the corresponding one for the coherent mode. For light targets, and in particular for^3He and^{19}F, we believe the nuclear matrix elements are very accurate to allow the extraction of the nucleon cross section from the data, if and when they become available. In the cases considered here the nuclear structure tends to favour the proton or the neutron component to allow the extraction of the corresponding nucleon cross section. Even if, however, both components are present, we have reason to believe that, barring very unusual circumstances at the quark level, the isoscalar amplitude at the nucleon level is very small. This allows one to extract more accurately the elementary cross section from the

√ σn → √ σ1^{3R}_{K̃s23}

√ σp → √ σ1^{3R}_{K̃s23} (a)

√ σn → √ 6.4 × 10^{−5} pb

√ σp → √ 6.4 × 10^{−5} pb (b) FIG. 9: The same as in Fig. 5 in the case of^{23}Na target. Now in panel (b) we exhibit the most sensitive case of a WIMP mass of 20 GeV.

data. Finally, even if both the proton and the neutron amplitudes are important, we have shown that knowledge of the nuclear matrix elements allows one to draw suitable exclusion plots. So, for nuclei with spin different from zero, these exclusion plots should be drawn as more experimental data become available. Unfortunately the situation is technically a bit complicated by the fact that the exclusion plots depend on the WIMP mass.

ACKNOWLEDGMENTS

The final stages of this work were completed while the author visited Tuebingen under a Humboldt Research Award. The Author is indebted for this opportunity to Alexander von Humboldt Foundation and Professor Amand Faessler.

[1] S. Hanary et al: Astrophys. J. 545, L5 (2000);

J.H.P Wu et al: Phys. Rev. Lett. 87, 251303 (2001); M.G. Santos et al: Phys. Rev. Lett. 88, 241302 (2002).

[2] P. D. Mauskopf et al: Astrophys. J. 536, L59 (2002);

S. Mosi et al: Prog. Nuc.Part. Phys. 48, 243 (2002); S. B. Ruhl al, astro-ph/0212229 and references therein.

[3] N. W. Halverson et al: Astrophys. J. 568, 38 (2002)

L. S. Sievers et al: astro-ph/0205287 and references therein.

[4] G. F. Smoot and et al (COBE Collaboration), Astrophys. J. 396, L1 (1992). [5] D. N. Spergel and et al, Astrophys. J. Suppl. 148, 175 (2003). [6] M. Tegmark and et al, Phys.Rev. D 69, 103501 (2004). [7] A. H. Jaffe and et al, Phys. Rev. Lett. 86, 3475 (2001).

√ σn → arbitrary scale

√ σp → arbitrary scale (a)

√ σn → arbitrary scale

√ σp → arbitrary scale (b) FIG. 10: The same as in Fig. 5 in the case of^{29}Si target in the left panel and^{207}Pb on the right. Now the scale is arbitrary, but the same for protons and neutrons.

[8] E. Komatsu, J. Dunkley, M. R. Nolta, C. L. Bennett, B. Gold, G. Hinshaw, N. Jarosik, D. Larson, M. Limon, L. Page, et al., arXiv: p. 0803.0547 (2008).

[9] D. P. Bennett and et al, Phys. Rev. Lett. 74, 2867 (1995). [10] R. Bernabei and et al, Phys. Lett. B 389, 757 (1996). [11] R. Bernabei et al, Phys. Lett. B 424, 195 (1998).

[12] A. Benoit et al, [EDELWEISS collaboration]: Phys. Lett. B 545, 43 (2002);

V. Sanglar,[EDELWEISS collaboration] arXiv:astro-ph/0306233;

D. S. Akerib et al,[CDMS Collaboration]: Phys. Rev D 68, 082002 (2003); arXiv:astro-ph/0405033. [13] J. Yoo [CDMS Collaboration], arXiv:0810.3527 [hep-ex]. [14] J. Angle and et al, Phys. Rev. Lett. 100, 021303 (2008), arXiv:0706.0039. [15] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep. 267, 195 (1996). [16] M. W. Goodman and E. Witten, Phys. Rev. D 31, 3059 (1985). [17] J. Ellis and L. Roszkowski, Phys. Lett. B 283, 252 (1992). [18] A. Bottino et al., Phys. Lett B 402, 113 (1997).

R. Arnowitt. and P. Nath, Phys. Rev. Lett. 74, 4592 (1995); Phys. Rev. D 54, 2374 (1996); hep-ph/9902237; V. A. Bednyakov, H.V. Klapdor-Kleingrothaus and S.G. Kovalenko, Phys. Lett. B 329, 5 (1994).

[19] U. Chattopadhyay and D. Roy, Phys. Rev. D 68, 033010 (2003), hep-ph/0304108. [20] B. Murakami and J. Wells, Phys. Rev. D p. 015001 (2001), hep-ph/0011082. [21] J. D. Vergados, J.Phys. G 30, 1127 (2004), 0406134.

[22] J. Ellis, K. A. Olive, Y. Santoso, and V. C. Spanos, Phys.Rev. D 70, 055005 (2004). [23] J. Hisano, S. Matsumoto, M. M. Nojiri, and O. Saito, Phys.Rev. D 71, 015007 (2005). [24] J. Ellis, K. A. Olive, Y. Santoso, and V. C. Spanos, Phys.Rev. D 71, 095007 (2005), ;hep-ph/0502001. [25] V. Oikonomou, J. Vergados, and C. C. Moustakidis, Nuc. Phys. B 773, 19 (2007). [26] S. B. Gudnason and C. Kouvaris, Phys. Rev. D 74, 095008 (2006), arXiv:hep-ph/0608055. [27] M.Yu.Khlopov and C. Kouvaris, Pys. Rev. D 78, 065040 (2008), arXiv: 0806.1191 [astro-ph]. [28] C. Kouvaris, Phys. Rev. D 76, 015011 (2007), ;arXiv:hep-ph/0703266. [29] H. Ejiri, K. Fushimi, and H. Ohsumi, Phys. Lett. B 317, 14 (1993). [30] J. D. Vergados, P. Quentin, and D. Strottman, IJMPE 14, 751 (2005), hep-ph/0310365.

[31] D. Santos et al, The MIMAC-He3 Collaboration, A New^3He Detector for non Baryonic Dark Matter Search, Invited talk in idm2004 (to appear in the proceedings).

[32] Dark Matter Spin-Dependent Limits for WIMP Interactions on 19-F by PICASSO Archambault, F. Aubin, M. Auger, E.

Behnke, B. Beltran, K. Clark, X. Dai, A. Davour, J. Farine, R. Faust, M.-H. Genest, G. Giroux, R. Gornea, C. Krauss, S. Kumaratunga, I. Lawson, C. Leroy, L. Lessard, C. Levy, I. Levine, R. MacDonald, J.-P. Martin, P. Nadeau, A. Noble, M.-C. Piro, S. Pospisil, T. Shepherd, N. Starinski, I. Stekl, C. Storey, U. Wichoski, V. Zacek ; arXiv:0907.0307[hep-ex].

[33] T. S. Kosmas and J. D. Vergados, Phys. Rev. D 55, 1752 (1997). [34] J. D. Vergados, J. of Phys. G 22, 253 (1996).

[35] M. Drees and M. M. Nojiri, Phys. Rev. D 48, 3843 (1993); Phys. Rev. D 47, 4226 (1993).

[36] A. Djouadi and M. K. Drees, Phys. Lett. B 484, 183 (2000); S. Dawson, Nucl. Phys. B 359, 283 (1991); M. Spira it et al, Nucl. Phys. B453, 17 (1995).

[37] T. P. Cheng, Phys. Rev. D 38, 2869 (1988); H-Y. Cheng, Phys. Lett. B 219, 347 (1989). [38] M. T. Ressell et al., Phys. Rev. D 48, 5519 (1993); M.T. Ressell and D. J. Dean, Phys. Rev. C 56, 535 (1997). [39] P. C. Divari, T. S. Kosmas, J. D. Vergados, and L. D. Skouras, Phys. Rev. C 61, 054612 (2000). [40] K. F. A. K. Drukier and D. N. Spergel, Phys. Rev. D 33, 3495 (1986). [41] K. Frese, J. A. Friedman, and A. Gould, Phys. Rev. D 37, 3388 (1988). [42] J. D. Vergados, Phys. Rev. D 58, 103001 (1998). [43] J. D. Vergados, Phys. Rev. D 63, 06351 (2001). [44] J. I. Collar, Phys. Lett. B 275, 181 (1982). [45] J. D. Vergados, Phys. Rev. Lett. 83, 3597 (1999). [46] P. Ullio and M. Kamioknowski, JHEP 0103, 049 (2001). [47] A. M. Green, Phys. Rev. D 66, 083003 (2002).

[48] J. D. Vergados, Part. Nucl. Lett. 106, 74 (2001), hep-ph/0010151.

[49] K. N. Buckland, M. J. Lehner and G. E. Masek, in Proc. 3nd Int. Conf. on Dark Matter in Astro- and part. Phys.

(Dark2000), Ed. H.V. Klapdor-Kleingrothaus, Springer Verlag (2000). [50] The Strange Spin of the Nucleon, J. Ellis and M. Karliner, hep-ph/9501280.

[51] E. Homlund and M. Kortelainen and T. S. Kosmas and J. Suhonen and J. Toivanen, Phys. Lett B, 584,31 (2004); Phys.

Atom. Nucl. 67, 1198 (2004).

[52] E. Moulin, F. Mayet, and D. Santos, Phys. Lett. B 614, 143 (2005). [53] J. D. Vergados, Phys. Rev. D 62, 023519 (2000).

[54] C. Savage, P. Gondolo, and K. Freese, Phys. Rev. D 70, 123513 (2004). [55] F. Giuliani and T. A. Girard, Phys.Lett. B 588, 151 (2004).