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SPIN IN DARK MATTER PROBLEM
V. A. Bednyakov∗

Joint Institute for Nuclear Research, Dubna

The Weakly Interacting Massive Particles (WIMPs) are among the main candidates for the relic
Dark Matter (DM). The idea of the direct DM detection relies on elastic Spin-Dependent (SD) and
Spin-Independent (SI) interaction of WIMPs with target nuclei. In this review formulas for the DM
event rate calculations are collected. The importance of the SD WIMPÄnucleus interaction for reliable
DM detection is argued and the relevant to DM search spin nuclear structure functions are discussed.
The effective low-energy minimal supersymmetric standard model (MSSM) is used for calculation of
the DM cross sections, provided the lightest neutralino is the WIMP. It is shown that the absolute
lower bound for the rate of direct DM detection is due to the SD WIMPÄnucleon interaction, and a
new-generation experiment aimed at detecting DM with sensitivity higher than 10−5 event/(kg · day)
should have a nonzero-spin target to avoid missing of the DM signal. The mixed spinÄscalar couplings
approach is argued. Prospects of DM experiments with high-spin Ge-73 are discussed in the mixed
coupling scheme. The DAMA experiment has claimed observation of the WIMPs due to the annual
signal modulation. Some important consequences of the DAMA claim for the other DM searches as
well as for collider physics are considered.

Š ± ¨§¢¥¸É´μ, ³ ¸¸¨¢´Ò¥ ¸² ¡μ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨¥ Î ¸É¨ÍÒ (WIMPs) Ö¢²ÖÕÉ¸Ö μ¤´¨³¨ ¨§
μ¸´μ¢´ÒÌ ± ´¤¨¤ Éμ¢ ´  ·μ²Ó ·¥²¨±Éμ¢μ° É¥³´μ° ³ É¥·¨¨ (DM). ˆ¤¥Ö ¨Ì ¶·Ö³μ£μ ¤¥É¥±É¨·μ-
¢ ´¨Ö ¡ §¨·Ê¥É¸Ö ´  ¸¶¨´-§ ¢¨¸¨³μ³ (SD) ¨ ¸¶¨´-´¥§ ¢¨¸¨³μ³ (SI) Ì · ±É¥·¥ ¨Ì Ê¶·Ê£μ£μ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¸ Ö¤· ³¨ ³¨Ï¥´¥° · ¸¶μ²μ¦¥´´ÒÌ ´  ‡¥³²¥ ¤¥É¥±Éμ·μ¢. ‚ ¤ ´´μ³ μ¡§μ·¥ ¸μ¡· ´Ò
¢¸¥ ´¥μ¡Ìμ¤¨³Ò¥ Ëμ·³Ê²Ò ¨ ¸μμÉ´μÏ¥´¨Ö ¤²Ö ¢ÒÎ¨¸²¥´¨Ö μ¦¨¤ ¥³μ° ¸±μ·μ¸É¨ ¸Î¥É  ¸μ¡ÒÉ¨°
¶·Ö³μ£μ ¤¥É¥±É¨·μ¢ ´¨Ö Î ¸É¨Í DM. Š·μ³¥ ÔÉμ£μ, μ¡¸Ê¦¤ ¥É¸Ö ¢ ¦´μ¸ÉÓ SD WIMP-Ö¤¥·´μ£μ ¢§ -
¨³μ¤¥°¸É¢¨Ö ¤²Ö ¤¥É¥±É¨·μ¢ ´¨Ö É¥³´μ° ³ É¥·¨¨,   É ±¦¥ ¤ ¥É¸Ö μ¡§μ· ¢¸¥Ì ¨³¥ÕÐ¨Ì μÉ´μÏ¥´¨¥
± ¶·μ¡²¥³¥ DM ¸¶¨´μ¢ÒÌ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° Ö¤· . „²Ö ¢ÒÎ¨¸²¥´¨Ö ¸¥Î¥´¨° ¢§ ¨³μ¤¥°¸É¢¨Ö
²¥£Î °Ï¨Ì ´¥°É· ²¨´μ (¢ ·μ²¨ Î ¸É¨Í DM) ¸ ´Ê±²μ´ ³¨ ¨¸¶μ²Ó§Ê¥É¸Ö ÔËË¥±É¨¢´ Ö ´¨§±μÔ´¥·-
£¥É¨Î¥¸± Ö ¢¥·¸¨Ö ³¨´¨³ ²Ó´μ£μ ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ · ¸Ï¨·¥´¨Ö ¸É ´¤ ·É´μ° ³μ¤¥²¨ (MSSM).
�μ± § ´μ, ÎÉμ ´ ²¨Î¨¥ ´¨¦´¥° £· ´¨ÍÒ ¤²Ö ¸±μ·μ¸É¨ ¸Î¥É  ¸μ¡ÒÉ¨° ¶·Ö³μ£μ ¤¥É¥±É¨·μ¢ ´¨Ö DM
μ¡Ê¸²μ¢²¥´μ, £² ¢´Ò³ μ¡· §μ³, SD WIMP-´Ê±²μ´´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³. �μ ÔÉμ° ¶·¨Î¨´¥, ÎÉμ¡Ò
´¥ ¶·μ¶Ê¸É¨ÉÓ DM-¸¨£´ ², Ô±¸¶¥·¨³¥´ÉÒ, ´ Í¥²¥´´Ò¥ ´  ¤¥É¥±É¨·μ¢ ´¨¥ Î ¸É¨Í DM ¸ ·¥±μ·¤-
´μ° ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓÕ ´  Ê·μ¢´¥ 10−5 ¸μ¡ÒÉ¨°/(±£ · ¸ÊÉ), ¤μ²¦´Ò μ¡Ö§ É¥²Ó´μ ¨³¥ÉÓ ¢ ± Î¥¸É¢¥
³¨Ï¥´¨ Ö¤·  ¸ μÉ²¨Î´Ò³¨ μÉ ´Ê²Ö ¸¶¨´ ³¨. ‚ μ¡§μ·¥ É ±¦¥  ·£Ê³¥´É¨·Ê¥É¸Ö ¶·¥¤¶μÎÉ¨É¥²Ó-
´μ¥ ¨¸¶μ²Ó§μ¢ ´¨¥ ´μ¢μ£μ ¶μ¤Ìμ¤  ±  ´ ²¨§Ê DM-¤ ´´ÒÌ, ÊÎ¨ÉÒ¢ ÕÐ¥£μ ´¥´Ê²¥¢Ò¥ §´ Î¥´¨Ö
¸± ²Ö·´μ° ¨ ¸¶¨´μ¢μ° ±μ´¸É ´É ¸¢Ö§¨ WIMP ¸ ´Ê±²μ´ ³¨. ‚ · ³± Ì ÔÉμ£μ ¶μ¤Ìμ¤  μ¡¸Ê¦¤ -
ÕÉ¸Ö ¶¥·¸¶¥±É¨¢Ò Ô±¸¶¥·¨³¥´Éμ¢ ¸ ¢Ò¸μ±μ¸¶¨´μ¢Ò³ Ö¤·μ³ Ge-73. Š ± ¨§¢¥¸É´μ, ¶μ±  Éμ²Ó±μ
¢ Ô±¸¶¥·¨³¥´É¥ DAMA Ê¤ ²μ¸Ó ¶μ²ÊÎ¨ÉÓ ¶¥·¢Ò¥ ¸¢¨¤¥É¥²Ó¸É¢  ¸ÊÐ¥¸É¢μ¢ ´¨Ö Î ¸É¨Í DM ¶Ê-
É¥³ ¨§³¥·¥´¨Ö μ¦¨¤ ¥³μ° £μ¤μ¢μ° ³μ¤Ê²ÖÍ¨¨ ¸¨£´ ² . ‚ μ¡§μ·¥ · ¸¸³μÉ·¥´Ò ´¥±μÉμ·Ò¥ ¢ ¦´Ò¥
¸²¥¤¸É¢¨Ö ÔÉμ£μ ´ ¡²Õ¤¥´¨Ö, ±μÉμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ ¶·μ¢¥·¥´Ò ± ± ¢ ¤·Ê£¨Ì DM-Ô±¸¶¥·¨³¥´É Ì,
É ± ¨ ´  ±μ²² °¤¥· Ì ¶·¨ ¸¢¥·Ì¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ.
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INTRODUCTION

By deˇnition, galactic Dark Matter (DM) does not emit detectable amounts of
electromagnetic radiation and only gravitationally affects other, visible, celestial
bodies. The best (and historically one of the ˇrst) evidence of this kind comes
from the study of galactic rotation curves, when one measures the velocity with
which globular stellar clusters, gas clouds, or dwarf galaxies orbit around their
centers. If the mass of these galaxies were concentrated in their visible parts,
the orbital velocity at large radii r should decrease as 1/

√
r (Fig. 1). Instead, it

remains approximately constant to the largest radius where it can be measured.
This implies that the total mass M(r) felt by an object at a radius r must increase
linearly with r (Fig. 2). Studies of this type imply that 90% or more of the mass
of large galaxies is dark.

Fig. 1. Rotation curve of the solar system
which falls off as v =

√
GNM/r in ac-

cordance with Kepler's law. a.u. is the
EarthÄSun distance of 1.5 · 1013 cm

Fig. 2. Rotation curve of the spiral galaxy
NGC 6503 as established from radio ob-
servations of hydrogen gas in the disk

The mass density averaged over the entire Universe is usually expressed in
units of critical density ρc≈10−29 g/cm3, the dimensionless ratio Ω ≡ ρ/ρc=1
corresponds to a 	at Universe. Analyses of galactic rotation curves imply Ω �
0.1. Studies of clusters and superclusters of galaxies through gravitational lensing
or through measurements of their X-ray temperature, as well as studies of the
large-scale streaming of galaxies favor larger values of the total mass density of
the Universe Ω � 0.3 (see, for example, [3]). Finally, naturalness arguments
and in	ationary models prefer Ω = 1.0 to a high accuracy. The requirement
that the Universe be at least 10 billion years old implies Ωh2 � 1, where h is
the present Hubble parameter in units of 100 km/(s ·Mpc). The total density of
luminous matter only amounts to less than 1% of the critical density. Analyses
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of Big Bang nucleosynthesis determine the total baryonic density to lie in the
range 0.01 � Ωbarh

2 � 0.015. The upper bound implies Ωbar � 0.06, in obvious
con	ict with the lower bound Ω � 0.3. Most dark matter must therefore be
nonbaryonic. Some sort of ®new physics¯ is required to describe this exotic
matter, beyond the particles described by the Standard Model of particle physics.

Exciting evidence for a 	at and accelerating Universe was obtained [4, 5].
The position of the ˇrst acoustic peak (in Fig. 3) of the angular power spectrum
strongly suggests a 	at universe with density parameter Ω0 = 1 while the shape
of the peak is consistent with the density perturbations predicted by models of
in	ation. Data support the straight line Ω0 = ΩM + ΩΛ = 1, where ΩM is
the matter density in the Universe and ΩΛ is the contribution of the nonzero
cosmological constant (the energy density of the vacuum). At the same time one
determines ΩM = 0.4 ± 0.1, which implies ΩΛ = 0.85 ± 0.2, a value that has
been supported from high-redshifted supernova data. Since the baryonic matter
density is small, ΩB = 0.05 ± 0.005, the values for matter density ΩM give a
Cold Dark Matter (CDM) density ΩCDM � 0.35 ± 0.1 [3].

Fig. 3. The best ˇt power law ΛCDM model versus the WMAP temperature angular power
spectrum [1,2]

Recent Wilkinson Microwave Anisotropy Probe (WMAP) investigations [1,
2] of the cosmic microwave background and measurements of its temperature
anisotropy (Fig. 3) supplied us with the most precise values for cosmological
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parameters (Table 1). The parameters unambiguously conˇrm the existence of a
big amount of the dark matter. Here we omit discussion of the dark energy Å
another mysterious substance in the Universe, which ˇlls the gap between 	at
Universe and measured amount of dark matter (ΩDM + ΩDE = Ωtot = 1).

Table 1. Some basic and derived cosmological parameters

Hubble constant h 0.71+0.04
−0.03

Baryon density Ωbh
2 0.0224 ± 0.0009

Matter density Ωmh2 0.135+0.008
−0.009

Neutrino density Ωνh2 < 0.0076

Baryon/critical density Ωb 0.044 ± 0.004
Matter/critical density Ωm 0.27 ± 0.04
Total/critical density Ωtot 1.02 ± 0.02
Age of the Universe t0, Gy 13.7 ± 0.2
Density of baryons nb, cm−3 (2.5 ± 0.1) · 10−7

Baryon/photon ratio η (6.1+0.3
−0.2) · 10−10

According to the best estimate, the local density of this invisible matter
amounts to about ρDM

local � 0.3 GeV/cm3 � 5 · 10−25 g/cm3. It is assumed to
have a Maxwellian velocity distribution with mean v̄ � 300 km/s. The local
	ux of DM particles χ is thus ΦDM

local � 100 GeV/mχ · 105 cm−2 · s−1. This
not-small-enough value is considered as a basis for a direct search for dark matter
particles.

Weakly Interacting Massive Particles (WIMPs) are among the most popular
candidates for the relic cold dark matter. The main efforts and expectations in
the direct dark matter searches are concentrated in the ˇeld of the so-called spin-
independent (or scalar) interaction of a dark matter WIMP with a target nucleus.
The lightest supersymmetric (SUSY) particle (LSP), neutralino, is assumed to be
the best WIMP dark matter candidate. It is believed that for heavy enough nuclei
this spin-independent (SI) interaction of DM particles with nuclei usually gives
the dominant contribution to the expected event rate of its detection. The reason
is the strong (proportional to the squared mass of the target nucleus) enhancement
of SI WIMPÄnucleus interaction. These results currently obtained in the ˇeld are
usually presented in the form of exclusion curves due to nonobservation of the
WIMPs (Fig. 4). For a ˇxed mass of the WIMP the cross sections of SI elastic
WIMPÄnucleon interaction located above these curves are excluded.

Only the DAMA (DArk MAtter) collaboration claims observation of the ˇrst
evidence for the dark matter signal, due to registration of the annual modulation
effect [6Ä8]. The DAMA results are shown in the middle of Fig. 4 as two contours
together with some set of other exclusion curves already obtained (solid lines) and
expected in the future (dashed lines). Aimed since more than one decade at the
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Fig. 4. WIMPÄnucleon cross section limits in pb for scalar (spin-independent) interactions
as a function of the WIMP mass in GeV. Shown are contour lines for some of the present
experimental limits (solid lines) and some of projected experiments (dashed lines). The
closed DAMA/NaI contour corresponds to a complete neglection of spin-dependent WIMPÄ
nucleon interaction (σSD = 0), while the open contour is obtained with the assumption
that σSD = 0.08 pb [7]. Our theoretical expectations are shown by scatter plots for a
relic neutralino density 0.1 < Ωχh2

0 < 0.3 (grey squares) and to WMAP relic density
0.094 < Ωχh2

0 < 0.129 (black triangles). One can ˇnd similar estimations, for example,
in [9Ä11]

DM-particle direct detection, the DAMA experiment (DAMA/NaI) with 100 kg of
highly radiopure NaI(Tl) scintillator detectors successfully operated till July 2002
at the Gran Sasso National Laboratory of the INFN. On the basis of the results
obtained over 7 annual cycles (107731 kg · day total exposure) the presence of
a WIMP model-independent annual modulation signature was demonstrated, and
the WIMP presence in the galactic halo is strongly supported at 6.3 σ C.L. [7].
The main result of the DAMA observation of the annual modulation signature is
the low-mass region of the WIMPs (40 < mχ < 150 GeV) and relatively high
allowed SI or/and SD cross sections (for example, 1·10−7 < σp

SI(0) < 3·10−5 pb),
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provided these WIMPs are cold dark matter particles. Although there are very
good other experiments like EDELWEISS, CDMS, etc., which give sensitive
exclusion curves, no one of them at present has the sensitivity to look for the
modulation effect. Due to the small target masses and short running times the
CDMS and EDELWEISS are unable to see positive annual modulation signature
of the WIMP interactions. Often the results of these and DAMA experiments have
been compared not on the basis of complete analysis including simultaneously
SI and SD WIMPÄnucleus interaction (see below). This sometimes gives rise to
quite some confusion in literature. There are also other attempts to reconcile the
DAMA con	ict with the other experiments [12Ä16].

It is obvious that such a serious claim should be veriˇed at least by one other
completely independent experiment. To conˇrm this DAMA result one should
perform a new experiment which would have (in reasonable time) the same or bet-
ter sensitivity to the annual modulation signal (and also it would be better to locate
this new setup in another low-background underground laboratory). This mission,
in particular, could be executed by new-generation experiments with large enough
mass of germanium high purity (HP) detectors both with spin (73Ge) and spinless
(natural Ge). Due to kinematic reasons (Mtarg ≈ MWIMP) these germanium
isotopes with their masses being almost equal to the mass of the DAMA WIMP
(about 70 GeV) have the best efˇciency for such WIMP detection. For exam-
ple, a new setup with ®naked¯ Ge detectors in liquid nitrogen (GENIUS-TF) is
already installed and worked over months under the low-background conditions
of the Gran Sasso Laboratory [17]. The GENIUS-TF experiment is planned to
be sensitive to the annual modulation signal with data taking over about 5 years
with a large enough mass of the Ge detectors [18]. Future EDELWEISS setup
with 40-kg bolometric Ge detectors promises also to be sensitive to the annual
modulation. In this paper, in particular, we start from the ˇnal results of the
DAMA collaboration based on the 7-year-long measurements of the annual mod-
ulation [7] and consider their possible consequences for the dark matter search
with high-spin 73Ge detectors like HDMS [19] and some other heavy target de-
tectors [20]. We also brie	y consider some aspects of the spin-dependent (or
axial-vector) interaction of the DM WIMPs with nuclei.

Historically, the spin-1/2 weakly interacting massive particles (WIMP) were
considered as the ˇrst cold dark matter candidates. They interact with ordinary
matter predominantly by means of axial vector (spin-dependent) and vector (spin-
independent) couplings.

There is some revival of interest in the WIMPÄnucleus spin-dependent in-
teraction from both theoretical (see, e.g., [9, 21Ä27]) and experimental (see,
e.g., [28Ä38]) points of view. There are some proposals aimed at direct DM
detection with relatively low-mass isotope targets [28,29,34Ä37] as well as some
attempts to design and construct a DM detector which is sensitive to the nuclear
recoil direction [39Ä45]. Low-mass targets make preference for the low-mass
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WIMPs and are more sensitive to the spin-dependent WIMPÄnucleus interaction
as well [9, 21, 23, 26, 46Ä48]. On the other hand, WIMPs with masses about
100 GeV/c2 follow also from the results of the DAMA experiment.

In 1994, we claimed that nuclear spin is not important for detection of dark
matter particles, provided the detection sensitivity does not exceed
0.01 events/(kg · day), which was considered that time as unreachable [49]. Now
the situation has changed and we would like to notice that for targets with spin-
nonzero nuclei it might be the spin-dependent interaction that determines the lower
bound for the direct detection rate when the cross section of the scalar interaction,
which is usually assumed to be the dominant part, drops below 10−12÷13 pb [50].

There are at least three reasons to think that SD (or axial-vector) interaction
of the DM WIMPs with nuclei could be very important. First, contrary to
the only one constraint for SUSY models available from the scalar WIMPÄ
nucleus interaction, the spin WIMPÄnucleus interaction supplies us with two
such constraints (see, for example, [23] and formulas below). Second, one can
notice [9,24] that even with a very sensitive DM detector (say, with a sensitivity
of 10−5 events/(kg · day)) which is sensitive only to the WIMPÄnucleus scalar
interaction (with spinless target nuclei) one can, in principle, miss a DM signal.
To safely avoid such a situation one should have a spin-sensitive DM detector,
i.e., a detector with spin-nonzero target nuclei. Finally, there is a complicated
nuclear spin structure, which, for example, possesses the so-called long q-tail
form-factor behavior. Therefore for heavy mass target nuclei and heavy WIMP
masses the SD efˇciency to detect a DM signal is much higher than the SI
efˇciency [21]. However, simultaneous study of both spin-dependent and spin-
independent interactions of the DM particles with nuclei signiˇcantly increases
the chance to observe the DM signal.

In Sec. 1 all formulas for event rate calculations are collected. In Sec. 2 the
relevant to dark matter search spin nuclear structures are collected and discussed
brie	y. In Sec. 3 the effective low-energy minimal supersymmetric standard
model (effMSSM) is used for calculation of the cross sections. It is also shown
here that the low bound for the rate of direct dark matter detection is due to
the spin-dependent WIMPÄnucleon interaction and therefore one has to construct
new-generation detectors with the nonzero spin target to avoid missing of the
dark matter signal. In Sec. 4 the two experimental constraints from dark matter
search with nonzero spin targets are discussed and two sets of exclusion curves
for WIMPÄproton and WIMPÄneutron spin couplings are presented. In Sec. 5
the mixed spinÄscalar couplings approach is argued, the DAMA-inspired exclu-
sion domains for both the above-mentioned couplings are given and compared
with SUSY calculations. The prospects for high-spin Ge-73 DM experiment are
discussed in the mixed spinÄscalar coupling scheme. In Sec. 6 some other conse-
quences of the DAMA experiment are considered. Conclusion summarizes main
results of the paper. Useful formulas are collected in Appendix.
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1. EVENT RATE AND CROSS SECTIONS

One believes to detect directly a relic DM WIMP (or neutralino) χ with
mass mχ via its elastic scattering on a target nucleus (A, Z). The nuclear recoil
energy ER is measured by a proper detector deeply underground (Fig. 5). The
differential event rate in respect to the recoil energy is the subject of experimental
measurements. The rate depends on the velocity distribution of the relic WIMPs
in the solar vicinity f(v) and the cross section of WIMPÄnucleus elastic scat-
tering [46, 48, 49, 51Ä55]. The differential event rate per unit mass of the target
material has the form

dR

dER
= NT

ρχ

mχ

vmax∫
vmin

dvf(v)v
dσA

dq2
(v, q2). (1)

Fig. 5. Due to the expected annual modulation signature of the event rate (1) only the
SunÄEarth system is a proper setup for the successful direct DM detection

We assume WIMPs (neutralinos) to be a dominant component of the DM halo
of our Galaxy with a density ρχ = 0.3 GeV/cm3 in the solar vicinity. The
nuclear recoil energy ER = q2/(2MA) is typically about 10−6mχ, and NT is
the number density of a target nuclei with mass MA, vmax = vesc ≈ 600 km/s,

vmin =
(
MAER/2μ2

A

)1/2
.
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The WIMPÄnucleus differential elastic scattering cross section for spin-
nonzero (J �= 0) nuclei contains coherent (spin-independent, or SI) and axial
(spin-dependent, or SD) terms [21,56,57]:

dσA

dq2
(v, q2) =

∑
|M|2

π v2(2J + 1)
=

dσA
SD

dq2
(v, q2) +

dσA
SI

dq2
(v, q2) = (2)

=
SA

SD(q2)
v2(2J + 1)

+
SA

SI(q
2)

v2(2J + 1)
=

SA
SD(q2)

v2(2J + 1)
+

σA
SI(0)

4μ2
Av2

F 2
SI(q

2) =

(3)

=
σA

SD(0)
4μ2

Av2
F 2

SD(q2) +
σA

SI(0)
4μ2

Av2
F 2

SI(q
2). (4)

The normalized-to-unity (F 2
SD,SI(0) = 1) ˇnite-momentum-transfer nuclear form

factors

F 2
SD,SI(q

2) =
SA

SD,SI(q
2)

SA
SD,SI(0)

(5)

can be expressed through the nuclear structure functions as follows [21,56,57]:

SA
SI(q) =

∑
L even

|〈J ||CL(q)||J〉|2 � |〈J ||C0(q)||J〉|2,

SA
SD(q) =

∑
L odd

(
|〈N ||T el5

L (q)||N〉|2 + |〈N ||L5
L(q)||N〉|2

)
.

(6)

Here, the double vertical lines denote the reduced matrix element. The explicit
form of the transverse electric T el5(q) and longitudinal L5(q) multipole projec-
tions of the axial vector current operator, scalar function CL(q), and SA

SI, SD(q) at
zero-momentum transfer can be found in Appendix. The spin-dependent structure
functions are discussed in Sec. 2.

For the zero-momentum transfer, q = 0, the nuclear SD and SI cross sections
(in (4)) can be presented as follows:

σA
SI(0) =

4μ2
A SSI(0)

(2J + 1)
=

μ2
A

μ2
p

A2σp
SI(0), (7)

σA
SD(0) =

4μ2
ASSD(0)

(2J + 1)
=

4μ2
A

π

(J + 1)
J

{
ap〈SA

p 〉 + an〈SA
n 〉
}2

, (8)

=
μ2

A

μ2
p

(J + 1)
3 J

{√
σp

SD(0)〈SA
p 〉 + sign(ap an)

√
σn

SD(0)〈SA
n 〉
}2

, (9)

=
μ2

A

μ2
p

4
3

J + 1
J

σpn
SD(0)

{
〈SA

p 〉 cos θ + 〈SA
n 〉 sin θ

}2
. (10)
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Following Bernabei et al. [7, 58] the effective spin WIMPÄnucleon cross section
σpn

SD(0) and the coupling mixing angle θ were introduced

σpn
SD(0) =

μ2
p

π

4
3

[
a2

p + a2
n

]
, tan θ =

an

ap
; (11)

σp
SD = σpn

SD cos2 θ, σn
SD = σpn

SD sin2 θ. (12)

Here, μA =
mχMA

mχ + MA
is the reduced mass of the neutralino and the nucleus and

it is assumed that μ2
n = μ2

p. The dependence on effective WIMPÄquark (in SUSY
neutralino-quark) couplings Cq and Aq in the underlying theory (see Appendix)

Leff =
∑

q

(Aqχ̄γμγ5χq̄γμγ5q + Cqχ̄χq̄q) + . . . (13)

and on the spin (Δ(p,n)
q ) and the mass (f (p)

q ≈ f
(n)
q ) structure of the proton and

neutron enter into these formulas via the zero-momentum-transfer WIMPÄproton
and WIMPÄneutron SI and SD cross sections:

σp
SI(0) = 4

μ2
p

π
c2
0, c0 = cp,n

0 =
∑

q

Cqf
(p,n)
q ; (14)

σp,n
SD (0) = 12

μ2
p,n

π
a2

p,n, ap =
∑

q

AqΔ(p)
q , an =

∑
q

AqΔ(n)
q . (15)

The factors Δ(p,n)
q , which parameterize the quark-spin content of the nucleon, are

deˇned as 2Δ(n,p)
q sμ ≡ 〈p, s|ψ̄qγ

μγ5ψq|p, s〉(p,n).
The 〈SA

p(n)〉 is the total spin of protons (neutrons) averaged over all A nu-

cleons of the nucleus (A, Z):

〈SA
p(n)〉 ≡ 〈A|SA

p(n)|A〉 =

〈
A

∣∣∣∣∣
A∑
i

si
p(n)|A

〉
. (16)

The expectation values of the spin and angular operators are evaluated, as a rule,
in their z projection by assuming the state with the maximal value of the angular
momentum projection MJ = J :

〈S〉 ≡ 〈A|S|A〉 ≡ 〈J, MJ = J |Sz|J, MJ = J〉. (17)

The mean velocity 〈v〉 of the relic neutralinos of our Galaxy is about 300 km/s =
10−3c. Assuming qmaxR 	 1, where R is the nuclear radius and qmax = 2μAv
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is the maximum of the momentum transfer in the process of the χA scattering,
the spin-dependent matrix element takes a simple form (zero-momentum transfer
limit) [59,60]:

M = C〈A|apSp + anSn|A〉sχ = CΛ〈A|J|A〉sχ. (18)

Here, sχ denotes the spin of the neutralino, and

Λ =
〈N |apSp + anSn|N〉

〈N |J|N〉 =
〈N |(apSp + anSn)J|N〉

J(J + 1)
=

=
ap〈Sp〉

J
+

an〈Sn〉
J

. (19)

Note a coupling of the spin of χ to the spin carried by the protons and the
neutrons. The uncertainties arising from the electroweak and QCD scale physics
are incorporated in the factors ap and an. The normalization factor C involves the
coupling constants, the masses of the exchanged bosons and the mixing parameters
relevant to the lightest supersymmetric particle (LSP), i.e., it is not related to the
associated nuclear matrix elements [61]. The above conclusions concerning the
spin-dependent part of the neutralinoÄnucleus scattering amplitude are also valid
for the amplitude of any Majorana WIMPÄnucleus scattering process. In the limit
of zero-momentum transfer q = 0 the spin structure function in Eq. (6) reduces
to the form

SA(0) =
1
4π

∣∣∣∣∣〈A|
∣∣∣∣∣∑

i

1
2
(a0 + a1τ

i
3)σi

∣∣∣∣∣|A〉
∣∣∣∣∣
2

=
2J + 1

π
J(J + 1)Λ2.

The nuclear matrix element M in Eq. (18) is often related to the matrix element
of the nuclear magnetic moment, which also consists of the matrix elements of
the total proton and neutron spin operators:

μ = 〈A|gs
nSn + gl

nLn + gs
pSp + gl

pLp|A〉. (20)

The free particle g factors (gyromagnetic ratios) are (in nuclear magnetons):
gs

n = −3.826, gl
n = 0, gs

p = 5.586, gl
p = 1. The nuclear magnetic moment

μ is often used as a benchmark for the accuracy of the calculation of Sp and
Sn [57, 60]. For the most interesting isotopes either 〈SA

p 〉 or 〈SA
n 〉 dominates

(〈SA
n(p)〉 	 〈SA

p(n)〉). See, for example, Table 2.

As mχ increases, R ≈ 1/q (the product qR starts to become non-negligible)
and the ˇnite-momentum transfer limit must be considered. The formalism is a
straight forward extension of that developed for the study of weak and electromag-
netic semileptonic interactions in nuclei [57,60]. With the isoscalar spin coupling
constant a0 = an + ap and the isovector spin coupling constant a1 = ap − an one
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Table 2. Zero-momentum spin structure of nuclei in different models. The measured
magnetic moments used as input are enclosed in parentheses [26]

Model, authors and references 〈Sp〉 〈Sn〉 μ (in μN )

19F (LJ = S1/2)

ISPSM, EllisÄFlores [62, 63] 1/2 0 2.793
OGM, EngelÄVogel [64] 0.46 0 (2.629)exp
EOGM (gA/gV = 1), EngelÄVogel [64] 0.415 −0.047 (2.629)exp
EOGM (gA/gV = 1.25), EngelÄVogel [64] 0.368 −0.001 (2.629)exp
SM, PachecoÄStrottman [65] 0.441 −0.109
SM, Divari et al. [47] 0.4751 −0.0087 2.91

23Na (LJ = P3/2)

ISPSM 1/2 0 3.793
SM, RessellÄDean [60] 0.2477 0.0198 2.2196
OGM, RessellÄDean [60] 0.1566 0.0 (2.218)exp
SM, Divari et al. [47] 0.2477 0.0199 2.22

27Al (LJ = D5/2)

ISPSM, EllisÄFlores [62, 63] 1/2 0 4.793
OGM, EngelÄVogel [64] 0.25 0 (3.642)exp
EOGM (gA/gV = 1), EngelÄVogel [64] 0.333 0.043 (3.642)exp
EOGM (gA/gV = 1.25), EngelÄVogel [64] 0.304 0.072 (3.642)exp
SM, Engel et al. [59] 0.3430 0.0296 3.584

73Ge (LJ = G9/2)

ISPSM, EllisÄFlores [62, 63] 0 0.5 −1.913
OGM, EngelÄVogel [64] 0 0.23 (−0.879)exp
IBFM, Iachello et al. [66] and [57] −0.009 0.469 −1.785
IBFM (quenched), Iachello et al. [66] and [57] −0.005 0.245 (−0.879)exp
TFFS, NikolaevÄKlapdor-Kleingrothaus, [67] 0 0.34 Å
SM (small), Ressell et al. [57] 0.005 0.496 −1.468
SM (large), Ressell et al. [57] 0.011 0.468 −1.239
SM (large, quenched), Ressell et al. [57] 0.009 0.372 (−0.879)exp
®Hybrid¯ SM, Dimitrov et al. [68] 0.030 0.378 −0.920

127I (LJ = D5/2)

ISPSM, EllisÄFlores [63, 69] 1/2 0 4.793
OGM, EngelÄVogel [64] 0.07 0 (2.813)exp
IBFM, Iachello et al. [66] 0.464 0.010 (2.813)exp
IBFM (quenched), Iachello et al. [66] 0.154 0.003 (2.813)exp
TFFS, NikolaevÄKlapdor-Kleingrothaus, [67] 0.15 0 Å
SM (Bonn A), RessellÄDean [60] 0.309 0.075 2.775 {2.470}eff
SM (Nijmegen II), RessellÄDean [60] 0.354 0.064 3.150 {2.7930}eff

131Xe (LJ = D3/2)

ISPSM, EllisÄFlores [62, 63] 0 −0.3 1.148
OGM, EngelÄVogel [64] 0.0 −0.18 (0.692)exp
IBFM, Iachello et al. [66] 0.000 −0.280 (0.692)exp
IBFM (quenched), Iachello et al. [66] 0.000 −0.168 (0.692)exp
TFFS, NikolaevÄKlapdor-Kleingrothaus, [67] −0.186 Å
SM (Bonn A), RessellÄDean [60] −0.009 −0.227 0.980 {0.637}eff
SM (Nijmegen II), RessellÄDean [60] −0.012 −0.217 0.979 {0.347}eff
QTDA, Engel [21] −0.041 −0.236 0.70
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can split the nuclear structure function SA(q) into a pure isoscalar term, SA
00(q),

a pure isovector term, SA
11(q), and an interference term, SA

01(q), in the following
way:

SA(q) = a2
0S

A
00(q) + a2

1S
A
11(q) + a0a1S

A
01(q). (21)

These three partial structure functions contain expectation values of operators of
the form jL(qr)[YLσ]L±1, which depend on spatial coordinates and nucleon spins.
The relations

SA
00(0) = C(J)(〈Sp〉 + 〈Sn〉)2, SA

11(0) = C(J)(〈Sp〉 − 〈Sn〉)2,
(22)

SA
01(0) = 2C(J)(〈S2

p〉 − 〈S2
n〉) with C(J) =

2J + 1
4π

J + 1
J

connect the nuclear spin structure function SA(q) at q = 0 with proton 〈Sp〉
and neutron 〈Sn〉 spin contributions averaged over the nucleus. In relations (22)
the normalization coefˇcient C(J) > 0 and therefore S00(0) � 0 and S11(0) �
0. These three partial structure functions SA

ij(q) (see the next Section) allow
calculation of spin-dependent cross sections for any heavy Majorana particle as
well as for the neutralino with arbitrary composition [59].

The differential event rate per unit mass of the target material (1) can be
given also in the form [7,70]:

dR(ER)
dER

= κSI(ER, mχ)σSI + κSD(ER, mχ)σSD. (23)

κSI(ER, mχ) = NT
ρχMA

2mχμ2
p

BSI(ER)
[
M2

A

]
,

κSD(ER, mχ) =

= NT
ρχMA

2mχμ2
p

BSD(ER)
[
4
3

J + 1
J

(〈Sp〉 cos θ + 〈Sn〉 sin θ)2
]

, (24)

BSI,SD(ER) =
〈v〉
〈v2〉F

2
SI,SD(ER)I(ER).

The dimensionless integral I(ER) is dark-matter-particle velocity distribution
correction:

I(ER) =
〈v2〉
〈v〉

∫
xmin

f(x)
v

dx =

=
√

π

2
3 + 2η2

√
π(1 + 2η2)erf (η) + 2η e−η2 [erf (xmin + η) − erf (xmin − η)],
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where we assume that in our Galaxy rest frame WIMPs have the MaxwellÄ
Boltzmann velocity distribution and use the dimensionless Earth speed with re-

spect to the halo η = 1, x2
min =

3
4

MAER

μ2
Av̄2

. The error function is erf (x) =

2√
π

x∫
0

dt e−t2 . The velocity variable is the dispersion v̄ � 270 km/s. The mean

WIMP velocity 〈v〉 =

√
5
3
v̄. We also assume both form factors F 2

SI,SD(ER) in

the simplest Gaussian form following [62, 63]. In particular, this allows rather
simple formulas (24) to be used, which are suitable for our comparative consid-
eration. Integrating the differential rate (1) from the recoil energy threshold ε to
some maximal energy ε one obtains the total detection rate R(ε, ε) as a sum of
the SD and SI terms:

R(ε, ε) = RSI(ε, ε) + RSD(ε, ε) =

ε∫
ε

dERκSI(ER, mχ)σSI+

+

ε∫
ε

dERκSD(ER, mχ)σSD = α(ε, ε, mχ)σp
SI + β(ε, ε, mχ)σpn

SD; (25)

α(ε, ε, mχ) = NT
ρχMA

2mχμ2
p

A2ASI(ε, ε),

β(ε, ε, mχ) = NT
ρχMA

2mχμ2
p

4
3

J + 1
J

(
〈SA

p 〉 cos θ + 〈SA
n 〉 sin θ

)2
ASD(ε, ε);

ASI,SD(ε, ε) =
〈v〉
〈v2〉

ε∫
ε

dERF 2
SI,SD(ER)I(ER). (26)

To accurately estimate the event rate R(ε, ε) one needs to know a number of
quite uncertain astrophysical and nuclear structure parameters as well as the very
speciˇc characteristics of an experimental setup (see, for example, discussions
in [7, 71]).

2. NUCLEAR SPIN STRUCTURE AT FINITE-MOMENTUM TRANSFER

The modern nuclear spin structure calculations involved into the problem of
the direct dark matter search are reviewed in [26,72]. Both these reviews together
can be considered as some guide over currently available nuclear spin structure
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results involved in the problem. The calculations of the proton and neutron spins
〈Sp(n)〉 averaged over all nucleons in the nucleus A, which are relevant to the
zero-momentum neutralinoÄnucleon spin cross sections, are considered in [26].
The cross sections at zero-momentum transfer show strong dependence on the
nuclear structure of the ground state [47]. The calculations of the spin structure
functions in the ˇnite-momentum transfer approximation are discussed in [72].
All available sets of the spin structure functions are collected in [72] either in the
form of explicit functions or as useful analytical parameterizations of the accurate
numerical results, or only graphically (as pictures from original papers). These
functions describe recoil energy dependence of the differential event rate due
to spin-dependent neutralinoÄnucleon interaction, provided neutralino is a dark-
matter particle. To the best of our knowledge, the ˇnite, nonzero-momentum
transfer calculations of the spin nuclear structure functions SA(q) have been
performed for the isotopes given in Table 3.

Table 3. List of isotopes with available spin structure functions, SA(q), at q > 0

A Isotope Authors and reference(s)

19 Fluorine, 19F Vergados et al. [45, 47, 73]

23 Sodium, 23Na Ressell and Dean [60]
Vergados et al. [47, 60]

27 Aluminium, 27Al Engel et al. [59]

29 Silicon, 29Si Ressell et al. [57]
Vergados et al. [45, 47]

39 Potassium, 39K Engel et al. [59]

73 Germanium, 73Ge Ressell et al. [57]
Demitrov et al. [68]

93 Niobium, 93Nd Engel et al. [74]

123 Tellurium, 123Te Nikolaev and Klapdor-Kleingrothaus [75]

125 Tellurium, 125Te Ressell and Dean [60]

127 Iodine, 127I Ressell and Dean [60]

129 Xenon, 129Xe Ressell and Dean [60]

131 Xenon, 131Xe Engel [21]
Ressell and Dean [60]
Nikolaev and Klapdor-Kleingrothaus [75]

207 Lead, 207Pb Vergados and Kosmos [73, 76]
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As already noted for quite heavy WIMPs and sufˇciently heavy nuclei, the
dependence of the nuclear matrix elements on the momentum transfer cannot
be ignored even if the WIMP has energies as low as 100 keV. For example, if
mχ 
 mA, the reduced mass μA almost reaches mA (μA → mA). It is rather
popular (and the simplest) assumption that the WIMPs have a Maxwellian velocity
distribution in the halo of our Galaxy. Some WIMPs will possess velocities
signiˇcantly greater than 〈v〉 � 10−3c. A maximum velocity of vmax � 700 km/s
(slightly greater than the Galactic escape velocity and more than twice the mean
WIMP velocity) implies maximum momentum transfers of qmax � 550 MeV for
nuclei with atomic weight A ∼ 127. This q value is not small compared to
the inverse nuclear size [60] and one has to use the ˇnite-momentum transfer
approximation for heavier nuclei.

The ˇrst model to estimate the spin content in the nucleus for the dark matter
search was the independent single-particle shell model (ISPSM) used originally by
Goodman and Witten [77] and later in [52,62,78]. Here the ground-state value of
the nuclear total spin J can be described by that of one extra nucleon interacting
with the effective potential of the nuclear core. There are nuclear structure
calculations (including nonzero-momentum approximation) for spin-dependent
neutralino interaction with helium 3He [73]; 	uorine 19F [45, 47, 73]; sodium
23Na [45, 47, 60, 73]; aluminum 27Al [59]; silicon 29Si [45, 47, 57]; chlorine
35Cl [57]; potassium 39K [59]; germanium 73Ge [57, 68]; niobium 93Nd [74];
iodine 127I [60]; xenon 129Xe [60] and 131Xe [21, 60, 75]; tellurium 123Te [75]
and 125Te [60]; lead 208Pb [73, 76]. The zero-momentum transfer limit (mostly
quenching) is also investigated for Cd, Cs, Ba, and La [65,66,75], for hydrogen,
1H [62,63], helium, 3He [73], chlorine, 35Cl [57], and calcium, 43Ca [51].

There are several approaches to more accurate calculations of the nuclear
structure effects relevant to the dark-matter detection. The list of the models
includes the Odd Group Model (OGM) of Engel and Vogel [64] and their ex-
tended OGM (EOGM) [56, 64]; Interacting Boson Fermion Model (IBFM) of
Iachello, Krauss, and Maino [66]; Theory of Finite Fermi Systems (TFFS) of
Nikolaev and Klapdor-Kleingrothaus [67]; Quasi TammÄDancoff Approximation
(QTDA) of Engel [21]; different shell model treatments (SM) by Pacheco and
Strottman [65]; by Engel, Pittel, Ormand, and Vogel [74] and Engel, Ressell,
Towner, and Ormand, [59], by Ressell et al. [57] and Ressell and Dean [60];
by Kosmas, Vergados et al. [47, 73, 76]; the so-called ®hybrid¯ model of Dim-
itrov, Engel, and Pittel [68] and perturbation theory based on calculations of
Engel et al. [59].

The full momentum dependence of the form factors must be calculated from
detailed nuclear models, and the results are especially important for heavier nu-
clei [46]. Unfortunately, the simple phenomenological analysis in the OGM (odd
group model) and EOGM (extended OGM) of [64] cannot be extended to the
ˇnite-momentum transfer case, because the experimental data directly related to
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the neutralinoÄnucleus elastic scattering is not available [21]. Quite a number
of high multipoles can now contribute, some of them getting contributions from
components of the wave function which do not contribute in the static limit (i.e.,
at q = 0). Thus, in general, sophisticated shell model calculations are needed to
account both for the observed retardation of the static spin matrix element and its
correct dependence on transfer momentum, q. For the experimentally interesting
nuclear systems 29Si and 73Ge, very elaborate calculations have been performed
by Ressell et al. [57]. In the case of 73Ge a further improved calculation by
Dimitrov, Engel, and Pittel was carried out [68] by suitably mixing variationally
determined triaxial Slatter determinants. Indeed, for this complex nucleus many
multipoles contribute and the needed calculations involve techniques which are
extremely sophisticated [76]. Now the necessity for more detailed calculations
especially for the spin-dependent component of the cross sections for heavy nuclei
is well motivated.

To perform modern data analysis in the ˇnite-momentum transfer approxima-
tion it looks reasonable to use formulas for differential event rate (1) schematically
given below:

dR(ε, ε)
dER

=
ρ

mχ̃mA

∫
vdvf(v)

8G2
F

(2J + 1)v2
SA

SD(q) =

= N (ε, ε, ER, mχ)
[
ηSI(ER, mχ)σp

SI + η′
SD(ER, mχ, ω)a2

0

]
; (27)

N (ε, ε, ER, mχ) =
[
NT

cρχ

2mχ

MA

μ2
p

]
4μ2

A

〈q2
max〉

〈v

c

〉
I(ER)θ(ER − ε)θ(ε − ER);

ηSI(ER, mχ) =
{
A2F 2

SI(ER)
}

;

η′
SD(ER, mχ, ω) = μ2

p

{
4

2J + 1
(
S00(q) + ω2 S11(q) + ω S01(q)

)}
;

I(ER) =

∞∫
0

〈v2〉
〈v〉

dv

v
f(v)θ(4μ2

Av2 − 2MAER).

Here the isovector-to-isoscalar nucleon couplings ratio is ω = a1/a0. In expres-
sions (27) are introduced the detector threshold recoil energy ε and the maximal
available recoil energy ε (ε � ER � ε). In practice, for example, with an ion-
ization or scintillation signal, one has to take into account the quenching of the
recoil energy, when visible recoil energy is smaller than the real recoil energy
transmitted by the WIMP to the target nucleus. Formulas (27) allow experimen-
tal recoil spectra to be directly described in terms of only three [23] independent
parameters (σp

SI, a2
0, and ω) for any ˇxed WIMP mass mχ (and any neutralino
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composition). Note, that today it is rather reasonable to assume σp
SI(0) ≈ σn

SI(0).
Comparing this formula with the observed recoil spectra for different targets (Ge,
Xe, F, NaI, etc.) one can directly and simultaneously restrict both isoscalar
and isovector neutralinoÄnucleon effective couplings a0,1. These constraints will
impose the most model-independent restrictions on the MSSM parameter space.
Contrary to some other possibilities (see, for example, this procedure is direct and
uses as much as possible the results of the most accurate nuclear spin structure
calculations.

Long-Tail q Behavior due to the Spin. An attractive feature of the SD
WIMPÄnucleus interaction is the q dependence of SD structure function (21). The
ratio of SD to SI rate in the 73Ge detector grows with the WIMP mass [9, 24].
The growth is much greater for heavy target isotopes like xenon. The reason is
the different behavior of the spin and scalar structure functions with increasing
momentum transfer. For example, the xenon SI structure function vanishes at
recoil energy 80 keV, but the SD xenon structure functions (given in Fig. 6) are
still nonzero in the region.

Fig. 6. Partial structure functions S131
00 (q) (dashed line), S131

01 (q) (dash-dotted line) and
S131

11 (q) (dotted line) in 131Xe as a function of the recoil energy. a) Results of Engel [21];
b) the parameterizations of Ressell and Dean [60]. For 131Xe, when the maximal WIMP
velocity vmax = 600 km/s, one has qmax ≈ 487 MeV/c and Emax ≈ 963 keV

For comparison, Fig. 7 shows the recoil energy dependence of the partial
structure functions S73

00 , S73
11 , and S73

01 for 73Ge calculated by Ressell et al. [57]
(Fig. 7, a) and by Dimitrov, Engel, and Pittel [68] (Fig. 7, b). The structure func-
tions completely determine the spin-dependent cross sections of elastic neutralino
scattering off 73Ge.

As noted by Engel in [21], the relatively long tail of the SD structure function
is caused by nucleons near the Fermi surface, which do the bulk of the scattering.
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Fig. 7. Spin structure functions S73
00 (dashed line), S73

11 (dotted line), and S73
01 (dash-dotted

line) for 73Ge as a function of the recoil energy. a) Results of Ressell et al. [57]; b) the
same structure functions, but from the ®hybrid¯ method of Dimitrov, Engel, and Pittel [68].
With vmax ≈ 600 km/s, for the 73Ge target one has Emax ≈ 537 keV

The core nucleons, which dominate the SI nuclear coupling, contribute much less
at large q. Therefore the SD efˇciency for detection of a DM signal is higher
than the SI efˇciency, especially for very heavy neutralinos.

3. CROSS SECTIONS IN THE EFFECTIVE LOW-ENERGY MSSM

To estimate the expected direct DM detection rates (with formulas (1), (25)
or (27)) one should calculate cross sections σSI and σSD (or more precisely
WIMPÄnucleon couplings ap,n) within the framework of some SUSY-based the-
ory or take them from experimental data.

To obtain as much as general SUSY predictions it appeared more convenient
to work within a phenomenological SUSY model whose parameters are deˇned
directly at the electroweak scale, relaxing completely constraints following from
any uniˇcation assumption (see, for example, [3, 9, 24, 25, 48Ä50, 55, 80Ä85]).
This effective scheme of the MSSM is called the effMSSM in [86], and later
the low-energy effective supersymmetric theory (LEEST) in [10, 11]. In our
previous calculations in effMSSM [9, 24, 25, 48Ä50, 55, 83Ä85] we have adopted
some effective scheme (with nonuniversal scalar masses and with nonuniversal
gaugino soft masses) which leads to rather large values for direct detection rates
of DM neutralinos.

The effMSSM parameter space is determined by entries of the mass matrices
of neutralinos, charginos, Higgs bosons, sleptons and squarks (see Appendix).
The list of free parameters includes: tan β Å the ratio of neutral Higgs boson
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vacuum expectation values; μ Å the bilinear Higgs parameter of the superpo-
tential; M1,2 Å soft gaugino masses; MA Å the CP -odd Higgs mass; m2

˜Q
,

m2
˜U
, m2

˜D
(m2
˜L
, m2

˜E
) Å squark (slepton) mass parameters squared for the 1st and

2nd generations; m2
˜Q3

, m2
˜T
, m2

˜B
(m2
˜L3

, m2
τ̃ ) Å squark (slepton) mass parameters

squared for the 3rd generation; At, Ab, Aτ Å soft trilinear couplings for the 3rd
generation. The third gaugino mass parameter M3 deˇnes the mass of the gluino
in the model and is determined by means of the GUT assumption M2 = 0.3M3.
In the MSSM the lightest neutralino χ ≡ χ̃0

1 is a mixture of four superpartners of
gauge and Higgs bosons (Bino, Wino, and two Higgsinos):

χ = N11B̃
0 + N12W̃

0 + N13H̃
0
1 + N14H̃

0
2 . (28)

It is commonly accepted that χ is mostly gaugino-like if P ≡ N2
11 + N2

12 > 0.9
and Higgsino-like if P < 0.1, or mixed otherwise.

We have included the current experimental upper limits on sparticle and Higgs
masses from the Particle Data Group [87]. For example, we use as previously the
following lower bounds for the SUSY particles: Mχ̃±

1,2
� 100 GeV for charginos,

Mχ̃0
1,2,3

� 45, 76, 127 GeV for non-LSP neutralinos, respectively; Mν̃ � 43 GeV
for sneutrinos, MẽR � 70 GeV for selectrons, Mq̃ � 210 GeV for squarks,
Mt̃1 � 85 GeV for light top-squark, MH0 � 100 GeV for neutral Higgs bosons,
MH+ � 70 GeV for the charged Higgs boson. Also the limits on the rare b → sγ
decay [88,89] following [90Ä93] have been imposed.

For each point in the MSSM parameter space (MSSM model) the relic density
of the light neutralinos Ωχh2 was evaluated with the code [83Ä85] based on
DarkSUSY [94] with the allowance for all coannihilation channels with two-body
ˇnal states that can occur between neutralinos, charginos, sleptons, stops, and
sbottoms as long as their masses are mi < 2mχ.

Two cosmologically interesting regions were considered. One is 0.1 <
Ωχh2 < 0.3 and the other is the WMAP-inspired region 0.094 < Ωχh2 <
0.129 [1, 2]. A possibility the LSP to be not a unique DM candidate with much
smaller relic density 0.002 < Ωh2 < 0.1 is also taken into account. Further
details can be found in [70].

In numerical studies of [9, 83Ä85, 95], the parameters of the MSSM are
randomly varied in the following intervals:

−1 < M1 < 1 TeV, −2 < M2, μ, At < 2 TeV,

1 < tan β < 50, 60 < MA < 1000 GeV, (29)

10 < m2
Q , m2

L, m2
Q3

, m2
L3

< 106 GeV2.

Bounds on 	avor-changing neutral currents imply that squarks with equal gauge
quantum numbers must be close in mass [96Ä98]. With the possible exception
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of the third generation squarks the assumed degeneracy holds almost model-
independently [96]. Therefore for other sfermion mass parameters as before
in [9, 24, 25, 50, 83Ä85] we used the relations m2

˜U
= m2

˜D
= m2

˜Q
, m2

˜E
= m2

˜L
,

m2
˜T

= m2
˜B

= m2
˜Q3

, m2
˜E3

= m2
˜L3

. The parameters Ab and Aτ are ˇxed to

be zero. We consider the domain of the MSSM parameter space, in which we
perform our scans, as quite spread and natural.

Our calculations for the WIMPÄnucleon cross section of both spin and scalar
interactions as a function of the WIMP mass for parameters (29) are depicted
as scatter plots (Figs. 8Ä12). Scatter plots with individual cross sections of spin-
dependent and spin-independent interactions of WIMPs with proton and neutron
are given in Fig. 8 as functions of the LSP mass. In the ˇgure light circles
correspond to cross sections calculated under the old assumption that 0.025 <
Ωχh2

0 < 1. Filled triangles give the same cross section but the constraint on the
	at and accelerating Universe is imposed by 0.1 < Ωχh2

0 < 0.3. One can see that
the reduction of the allowed domain for the relic density does not signiˇcantly
affect spin-dependent and spin-independent WIMPÄnucleon cross sections, i.e.,

Fig. 8. Cross sections of spin-dependent and spin-independent interactions of WIMPs with
proton (b, d) and neutron (a, c). Filled triangles (light circles) correspond to relic neutralino
density 0.1 < Ωχh2

0 < 0.3 (0.025 < Ωχh2
0 < 1)
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restriction to a 	at and accelerating Universe weakly affects these cross sections.
The different behavior of these cross sections with mass of the LSP can be seen
from the plots. There is a more stringent lower bound for the spin-dependent
cross section. It is at a level of 10−7 pb.

As was noticed by many groups the scalar cross section of elastic WIMPÄ
nucleon scattering increases with tan β. The parameter tan β seems to be the
only SUSY parameter with which the lower bound of the direct detection rate
has the tendency to increase. The spin-dependent and spin-independent WIMPÄ
proton cross sections as functions of input parameters μ, m2

Q, MA, tan β are
depicted in Figs. 9 and 10.

Fig. 9. Cross sections of WIMPÄproton spin-dependent and spin-independent interactions
as a function of input parameters μ (a, b) and m2

Q (c, d) obtained with 0.1 < Ωχh2
0 < 0.3

There is no noticeable dependence of these scatter plots on the other free
parameters from (29), for which we therefore do not show scatter plots. One can
see from Fig. 9 the similarity of the scatter plots for spin-dependent and scalar
cross sections as functions of μ and m2

Q . The decrease of both lower bounds of
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Fig. 10. Cross sections of WIMPÄproton spin-dependent and spin-independent interactions
as function of input parameters MA (a, b) and tan β (c, d) obtained with 0.1 < Ωχh2

0 < 0.3

the cross sections with m2
Q occurs due to the increase of masses of squarks, which

enter the s-channel intermediate states. The only visible difference concerns more
sharp lower bounds for the spin-dependent cross section. Both spin-dependent
and spin-independent cross sections increase when |μ| decreases.

The increase of the scalar cross sections generally is connected with the
increase of the Higgsino admixture of the LSP and increase of HiggsinoÄgaugino
interference which enters this cross section.

3.1. Cross Sections in the effMSSM for mχ < 200 GeV. For more accurate
investigation of the DAMA-inspired domain of the lower masses of the LSP
(mχ < 200 GeV) in [70], both σSD and σSI have also been calculated within the
effMSSM. To this end the intervals of the randomly scanned MSSM parameter
space in [70] were narrowed:

−200 < M1 < 200 GeV, − 1 < M2, μ < 1 TeV, − 2 < At < 2 TeV,
(30)

10 < tan β < 50, 50 < MA < 500 GeV.
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The results of our evaluations of the zero-momentum-transfer proton and neutron
SI (14) and SD (15) cross sections in the effMSSM approach within the DAMA-
inspired parameter space of (30) are shown as scatter plots in Fig. 11. The ˇgure
is the WIMP low-mass updated analog of Fig. 8, which has been obtained in the
full effMSSM parameter space (see (29)).

In Fig. 11 circles correspond to cross sections calculated when the neutralino
relic density should just not overclose the Universe (0.0 < Ωχh2

0 < 1.0). Squares
show the same cross sections when one assumes the relic neutralinos to be not
the only DM particles and give only subdominant contribution to the relic density
0.002 < Ωχh2

0 < 0.1. In Fig. 11, a, c these cross sections are shown with the

Fig. 11. Cross sections of the spin-dependent (spin) and the spin-independent (scalar)
interactions of WIMPs with the proton and the neutron. Circles correspond to the relic
neutralino density 0 < Ωχh2

0 < 1, squares correspond to the subdominant relic neutralino
contribution 0.002 < Ωχh2

0 < 0.1 and black triangles correspond to the relic neutralino
density 0.1 < Ωχh2

0 < 0.3 (a, c) and to the WMAP relic density 0.094 < Ωχh2
0 <

0.129 (b, d)
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black triangles corresponding to the case when the relic neutralino density is in
the bounds previously associated with the so-called 	at and accelerating Universe
0.1 < Ωχh2

0 < 0.3. The black triangles in Fig. 11, b, d correspond to imposing the
WMAP [1, 2] constraint on matter relic density 0.094 < Ωχh2

0 < 0.129. Despite
a visible reduction of the allowed domain for the relic density due to the WMAP
result, the upper bounds for the spin-dependent and spin-independent WIMPÄ
nucleon cross sections are not signiˇcantly affected. From the comparison of
circle and square distributions, as expected, follows that the largest cross-section
values correspond to the smallest values of the Ωχ, especially for smaller LSP
masses. It is seen that the LSP as a subdominant DM particle favors the large
SD and SI cross sections. Furthermore, the maximal SD and SI cross sections in
Fig. 11 come for very small relic density values 0.0 < Ωχh2 < 0.002.

One can see also that in our effMSSM with parameters from (30) the lower
bound value in the relic density constraints (as, for example, 0.094 in the case of
WMAP) restricts from below the allowed masses of the LSP in accordance with
the previous considerations [22,48].

The spin-dependent and spin-independent WIMPÄproton cross sections as
functions of input MSSM parameters μ, MA, tan β, and m2

˜Q
from the WIMP

low-mass set (30) one can ˇnd in [70]. They are relevant WIMP low-mass
updated modiˇcations of scatter plots given in Figs. 9 and 10.

From these ˇgures one can see the similarity of the scatter plots for spin-
dependent and and scalar cross sections as functions of μ and m2

˜Q
. The de-

crease of both lower bounds of the cross sections with m2
˜Q

occurs due to the

increase of masses of squarks, which enter the s-channel intermediate states. Both
spin-dependent and spin-independent cross sections increase when |μ| decreases,
in agreement with literature [80, 99, 100] and our previous calculations [9, 50].
As before, the increase of the scalar cross sections generally is connected with
the increase of the Higgsino admixture of the LSP and increase of HiggsinoÄ
gaugino interference which enters this cross section [99Ä101]. The reason of the
Higgsino growth can be nonuniversality of scalar soft masses [100], variation
of intermediate uniˇcation scale [101], or focus point regime of the supersym-
metry [99]. There is no any visible sensitivity of the SD cross sections to
tan β and MA (Higgs bosons do not contribute) but the SI cross section pos-
sesses remarkable dependence on these parameters. The SI cross sections rather
quickly drop with the growth of the CP -odd Higgs mass MA and increase with
tan β [49, 50, 86, 100Ä103]. The different tan β and MA dependence of the SD
and SI cross sections as well as the general about-2-order-of-magnitude excess
of the spin-dependent cross sections over spin-independent cross sections may
be important for observations [9, 24, 25, 79, 104]. It is interesting to note, that
maximal values for the LSP-proton SD cross section one can obtain in the pure
Higgsino case (when only Z exchange contributes) at a level of 5 · 10−2 pb.
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Finally, it is perhaps the right place to comment the following. Unfortu-
nately, the MSSM parameter space is huge and to obtain some reliable feeling,
concerning, for example, the expected rate of dark matter detection when all rel-
evant experimental and cosmological constraints are taken into account, one has
nothing but this statistical numerical method (see, for example, [46,48,53Ä55,86,
105,106]). This method allows lower and upper bounds for any observable to be
estimated, and to make conclusions about the prospects for dark matter detection
with modern or near-future high-accuracy dark matter detectors. The larger the
amount of points which conˇrms such a conclusion the better. The conclusions
we made here are based on hundreds of thousand of points which passed all
constraints. Of course, we have no proved protection against peculiar choices
of parameters which could lead to some cancellation and to small cross sections
even if Higgs masses are small. Nevertheless, the probability of these choices is
very small (about 1/100000), otherwise we should already meet them with our
random scanning. On the other side, if these peculiar choices exist and one-day
would manifest themselves, this would be a very interesting puzzle, because it
would be some kind of ˇne tuning of parameters, which requires strong further
development of our understanding of the theory [50].

3.2. One Does not Miss a DM Signal Due to the Spin. The above-mentioned
difference in tan β and MA dependence of the SD and SI cross sections as
well as the visible low bound for the SD cross sections indeed have important
consequences for observations. To be more deˇnite with the statement we present
in Fig. 12 a comparison of total spin-dependent versus total spin-independent
event rates in 73Ge Å as representative and one of the most promising high-spin
isotopes for future construction of high-sensitivity detectors. The spin of 73Ge is
equal to 9/2.

Figure 12 shows the weak dependence (increase) of the ratio
R(0, inf)SD/R(0, inf)SI on mass of the LSP with the mean value being ap-
proximately 0.01Ä0.1. There are very large and very small values for the ratio
practically for any given mass of the LSP. The spin-independent (scalar) contri-
bution obviously dominates in the domain of large expected rates in the Germa-
nium detector (R > 0.1 events/(kg · day)) as was obtained before (see, for exam-
ple, [49]). But as soon as the total rate drops down to R < 0.01 events/(kg · day),
or, equivalently, the scalar neutralinoÄproton cross section becomes smaller than
10−9−10−10 pb, the spin-dependent interaction may produce a rather non-negli-
gible contribution to the total event rate. Moreover, if the scalar cross section
decreases further (σ < 10−12 pb), it becomes obvious that the spin contribu-
tion alone saturates the total rate and protects it (see lower bounds in Figs. 9,
10 and 11) from decreasing below R ≈ 10−6−10−7 events/(kg · day) [50]. This
observation could be quite important for experiments actually looking for direct
detection of dark matter, but not only for exclusion plots. Indeed, while scalar
cross sections governed mostly by Higgs exchange can be rather small (when
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Fig. 12. Ratio of spin-dependent event rate to the spin-independent event rate in 73Ge
isotope as a function of LSP mass (a), total (spin-dependent plus spin-independent)
event rate (c) and scalar cross section of neutralinoÄproton interaction (d) obtained with
0.1 < Ωχh2

0 < 0.3. The vertical line gives the best expected sensitivity of the GENIUS
project [107Ä110]. In the region above the horizontal line, the spin contribution dominates.
The total event rate versus gaugino fraction of LSP P is also given (b). For total rate
deˇnitions see (25)

Higgs masses remain large enough, for example, in the Next-to-Minimal Super-
symmetric Standard Model [111]) the spin cross section cannot be arbitrary small,
because the mass of the Z boson, which gives the dominant contribution, is well
deˇned, provided one ignores any possible ˇne-tuning cancellations [112].

Therefore, if an experiment with sensitivity 10−5Ä10−6 event/(kg · day) fails
to detect a dark matter signal, an experiment with higher sensitivity should have
a nonzero-spin target and will be able to detect dark matter particles only due to
the spin neutralinoÄquark interaction.
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4. TWO CONSTRAINTS FOR SUSY DUE TO THE SPIN

From general deˇnitions of SD and SI WIMPÄnucleus and WIMPÄnucleon
cross sections (Eqs. (7)Ä(12), (14) and (15)) one can conclude that the spin
observables in DM search give us two independent constraints on a SUSY model
via σp

SD(0) and σn
SD(0), or, equivalently, via ap and an. These constraints are

usually presented in the form of exclusion curves obtained with different target
nuclei and recalculated in terms of σp

SD(0) (Fig. 13) and σn
SD(0) (Fig.14). This

presentation is a bit obsolete [7,58,70], but it allows one to compare sensitivities

Fig. 13. Exclusion curves for the SD WIMPÄproton cross section (σp
SD versus WIMP mass).

The curves are obtained from [113Ä136]. DAMA/NaI-7a(f) contours for WIMPÄproton
SD interaction in 127I are obtained on the basis of the positive and model-independent
signature of annual signal modulation in the framework of a mixed scalar-spin coupling
approach [7, 58]. The scatter plots correspond to our calculations given in Fig. 11. The
scattered points are calculations of [70]. The small triangle-like shaded area in the bottom
is taken from [137]. Note that the closed DAMA contour is above the upper limit for
σp

SD ≈ 5 · 10−2 pb
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Fig. 14. Exclusion curves for the SD WIMPÄneutron cross section (σn
SD versus WIMP

mass). The curves are taken from [19, 136, 138Ä142]. DAMA/NaI-7a(f) contours for
WIMPÄneutron SD interaction (subdominating in 127I) are obtained by us from the relevant
ˇgures of [7, 58]. The scatter plots correspond to our calculations given in Fig. 11. Note
that the NAIAD curve here corresponds to the subdominant for 127I WIMPÄneutron SD
interaction. The curve was extracted from the nucleus 127I (which has dominating WIMPÄ
proton SD interaction) in the approach of [79]. It is much weaker in comparison with the
relevant NAIAD curve for the WIMPÄproton SD interaction in Fig. 13

of different experiments. At the current level of accuracy (when f
(p)
q ≈ f

(n)
q and

σp
SI(0) ≈ σn

SI(0), see Fig. 8) there is only one similar constraint (given in Fig. 4)
from spin-independent DM search experiments (see Eq. (7)).

Indeed, for the spin-zero nuclear target the experimentally measured event
rate (1) of direct DM particle detection, via formula (4) is connected with the
zero-momentum WIMPÄproton(neutron) cross section (7). The zero-momentum
scalar WIMPÄproton(neutron) cross section σp

SI(0) can be expressed through ef-
fective neutralinoÄquark couplings Cq (13) by means of expression (14). These
couplings Cq (as well as Aq) can be directly connected with the fundamental
parameters of a SUSY model such as tan β, M1,2, μ, masses of sfermions and
Higgs bosons, etc. Therefore experimental limitations on the spin-independent
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neutralinoÄnucleon cross section supply us with a constraint on the fundamental
parameters of an underlying SUSY model. In the case of the spin-dependent
WIMPÄnucleus interaction from a measured differential rate (1) one ˇrst extracts
a limitation for σA

SD(0), and therefore has in principle two constraints [23] for
the neutralinoÄproton ap and neutralinoÄneutron an effective spin couplings, as
follows from relation (8). From (8) one can also see that contrary to the spin-
independent case (7) there is no, in general, factorization of the nuclear structure
for σA

SD(0). Both proton 〈SA
p 〉 and neutron 〈SA

n 〉 spin contributions simultaneously
enter into formula (8) for the SD WIMPÄnucleus cross section σA

SD(0).
In the earlier considerations based on the OGM [56,64] one assumed that the

nuclear spin is carried by the ®odd¯ unpaired group of protons or neutrons and
only one of either 〈SA

n 〉 or 〈SA
p 〉 is nonzero (the same is true in the ISPSM [52,

62,77,78]). In this case all possible target nuclei can naturally be classiˇed into
neutron-odd and proton-odd groups.

Following this classiˇcation, the experimental situation in the form of the
exclusion curves for the spin-dependent WIMPÄproton cross section is given
in Fig. 13. The data are taken from experiments BRS (NaI, 1992) [113, 114],
BPRS (CaF2, 1993) [115], EDELWEISS (sapphire, 1996) [116], DAMA (NAI,
1996) [117], DAMA (CaF2, 1999) [118, 119], UKDMS (NaI, 1996) [120Ä123],
ELEGANT (CaF2, 1998) [124], ELEGANT (NaI, 1999) [125, 126],
Tokio (LiF, 1999, 2002) [127Ä131], SIMPLE (C2ClF5, 2001) [132], CRESST
(Al2O3, 2002) [133], PICASSO (CnFm, 2002) [134], ANAIS (NaI, 2002) [135]
and NAIAD (NaI, 2003) [136]. Although the DAMA/NaI-7 (2003) contours [7]
are obtained on the basis of the positive and model-independent signature of
the annual signal modulation (closed contour) as well as in the mixed coupling
framework (open contour) [58] the contours for the WIMPÄproton SD interaction
are also presented in the ˇgure.

The exclusion curves for the spin-dependent WIMPÄneutron cross sections
are given in Fig. 14. The data are taken from the ˇrst experiments with natural
Ge (1988, 1991) [138, 139], xenon (DAMA/Xe-0,2) [140Ä142], sodium iodide
(NAIAD) [136], and from the HDMS experiment with a 73Ge target [19].
Similar to Fig. 13, the DAMA/NaI-7 (2003) [7] contours for the WIMPÄneutron
SD interaction (subdominant in 127I) are placed in the ˇgure. In the nearest
future one can also expect some exclusion curves for the SD cross section, for
example, from the CDMS [143] and EDELWEISS [144] experiments with natural
germanium bolometric detectors.

For comparison in Figs. 13 and 14 are also given scatter plots for SD proton
and neutron cross sections which correspond to the results of our calculations
shown in Fig. 11. From Figs. 13 and 14 one can, in general, conclude that
an about two-orders-of-magnitude improvement of the current DM experimental
sensitivities (in the form of these exclusion curves) is needed to reach the SUSY
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predictions for the σp,n
SD , provided the SUSY lightest neutralino is the best WIMP

particle candidate.
It is worthing to note that the calculated scatter plots for σp

SD (Fig. 13) are
obtained without any assumption about σn

SD = 0, but the experimental exclusion
curves for σp

SD traditionally were extracted from the data under the full ignoring
of the spin-neutron contribution, i.e., under the assumption σn

SD = 0. This
one-spin-coupling dominance scheme (always used before a new approach was
proposed in [79]) gave a bit too pessimistic exclusion curves, but allowed on the
same ground the direct comparison of exclusion curves from different nuclear
target experiments. More stringent constraints on σp

SD one obtains following [79]
and [6Ä8] assuming both σp

SD �= 0 and σn
SD �= 0, although usually for the proton-

odd-like nuclei the contribution of the neutron spin is very small (〈SA
n 〉 	 〈SA

p 〉).
Therefore the direct comparison of old-fashioned exclusion curves with new ones
is misleading in general. The same conclusion concerns [7, 8] direct comparison
of the SI exclusion curves (obtained without any SD contribution) with new
SI exclusion curves (obtained with nonzero SD contribution) as well as with
the results of the SUSY calculations (Fig. 4). In principle, this observation can
resolve the con	ict between the DAMA evidence and the results of other DM
experiments.

5. MIXED SPINÄSCALAR WIMPÄNUCLEON INTERACTIONS

Further more accurate calculations of spin nuclear structure [21, 47, 57, 59,
60, 65, 66, 68, 73, 74, 76] demonstrate that contrary to the simpliˇed odd-group
approach both 〈SA

p 〉 and 〈SA
n 〉 differ from zero, but nevertheless one of these spin

quantities always dominates (〈SA
p 〉 	 〈SA

n 〉, or 〈SA
n 〉 	 〈SA

p 〉). If together with
the dominance like 〈SA

p(n)〉 	 〈SA
n(p)〉 one would have the WIMPÄproton and

WIMPÄneutron couplings of the same order of magnitude (not an(p) 	 ap(n)),
the situation could look like that in the odd-group model and one could safely (at
the current level of accuracy) neglect subdominant spin contribution in the data
analysis (see Eq. (8)).

Following an analogy between neutrinos and neutralinos, one can assume
that neutralino couplings with the neutron and proton should not be very differ-
ent [145] and one could expect preferably |an|/|ap| ≈ O(1). The assumption
has been checked in effMSSM approach for large LSP masses in [25,83] and for
relatively low LSP masses mχ < 200 GeV/c2 in [70]. Figure 15 shows that for
the ratio of an to ap we have the bounds

0.55 < |an/ap| < 0.8. (31)

The scatter plots in Fig. 15 as previously (see Fig. 11) were obtained with the relic
neutralino density 0.0 < Ωχh2

0 < 1.0 (circles), with subdominant relic neutralino
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Fig. 15. The scatter plots (circles, squares, and triangles) give the ratio of the neutralinoÄ
neutron spin coupling an to the neutralinoÄproton spin coupling ap in the effMSSM under
the notations as in Fig. 11. The ratio is restricted to the range between 0.55 and 0.8

contribution 0.002 < Ωχh2
0 < 0.1 (squares) and with a WMAP-inspired relic

neutralino density of 0.094 < Ωχh2
0 < 0.129 (black triangles). Therefore in the

model the couplings are almost the same and one can safely neglect, for example,
the 〈SA

p 〉-spin contribution in the analysis of the DM data for a nuclear target
with 〈SA

p 〉 	 〈SA
n 〉.

Furthermore, when one compares in the same ˇgure an exclusion curve for
SD WIMPÄproton coupling obtained without subdominant SD WIMPÄneutron
contribution and without SI contribution (all curves in Fig. 13 except the one for
NAIAD [136] and one for Tokyo-LiF [131]) with a curve from the approach
of [79], when the subdominant contribution is included (the NAIAD and Tokyo-
LiF curves in Fig. 13), one ®artiˇcially¯ improves the sensitivity of the latter
curves (NAIAD or Tokyo-LiF) in comparison with the former ones. To be
consistent and for reliable comparisons, one should coherently recalculate all
previous curves in the new manner. This message is also stressed in [7]. The
same arguments are true for the last results of the SIMPLE experiment [146]
and search for DM with NaF bolometers [147] where the SI contribution seems
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also completely ignored. Although 19F has the best properties for investigation
of WIMPÄnucleon spin-dependent interactions (see, for example, [47]) it is not
obvious that one should completely ignore spin-independent WIMP coupling with
the 	uorine. At least, for isotopes with atomic number A > 50 [46, 49] the
ignoring of the SI contribution would be a larger mistake than the neglection of
the subdominant SD WIMPÄneutron contribution, when the SD WIMPÄproton
interaction dominates. Therefore we would like to note that the ®old¯ odd-group-
based approach in analyzing the SD data from experiments with heavy enough
targets (for example, germanium) is still quite suitable. Especially when it is not
obvious that (both) spin couplings dominate over the scalar one.

From measurements with 73Ge one can extract, in principle, not only the dom-
inant constraint for WIMPÄnucleon coupling an (or σn

SD) but also the constraint
for the subdominant WIMPÄproton coupling ap (or σp

SD) using the approach
of [79]. Nevertheless, the latter constraint will be much weaker in comparison
with the constraints from p-odd group nuclear targets, like 19F or I. This fact is
illustrated by the NAIAD (NaI, 2003) curve in Fig. 14, which corresponds to the
subdominant WIMPÄneutron spin contribution extracted from the p-odd nucleus I.

Another approach of Bernabei et al. [58] looks in a more appropriate way for
the mixed spinÄscalar coupling data presentation, and is based on an introduction
of the so-called effective SD nucleon cross section σpn

SD(0) (originally σSD in [7,
58]) and coupling mixing angle θ (11) instead of σp

SD(0) and σn
SD(0). With these

deˇnitions the SD WIMPÄproton and WIMPÄneutron cross sections are given by
relations (12).

In Fig. 16 the WIMPÄnucleon spin and scalar mixed couplings allowed by the
annual modulation signature from the 100-kg DAMA/NaI experiment are shown
inside the shaded regions. The regions from [7, 58] in the (ξσSI, ξσSD) space
for 40 < mWIMP < 110 GeV cover spinÄscalar mixing coupling for the proton
(θ = 0 case of [7,58], Fig. 16, a) and spinÄscalar mixing coupling for the neutron
(θ = π/2, Fig. 16, b). From nuclear physics one has for the proton spin dominated
23Na and 127I 〈Sn〉/〈Sp〉 < 0.1 and 〈Sn〉/〈Sp〉 < 0.02−0.23, respectively. For
the θ = 0 due to the p-oddness of the I target, the DAMA WIMPÄproton spin
constraint is the most severe one (see Fig. 13).

In the right panel of Fig. 16 we present the exclusion curve (dashed line)
for the WIMPÄproton spin coupling from the proton-odd isotope 129Xe obtained
under the mixed coupling assumptions [58] from the DAMA-LiXe (1998) ex-
periment [142, 148, 149]. For the DAMA NaI detector the θ = π/2 means no
〈Sp〉 contribution at all. Therefore, in this case DAMA gives the subdominant
〈Sn〉 contribution only, which could be compared further with the dominant 〈Sn〉
contribution in 73Ge.

The scatter plots in Fig. 16 give σp
SI as a function of σp

SD (a) and σn
SD (b)

calculated in [70] with parameters from (30) under the same constraints on the
relic neutralino density as in Fig. 11. Filled circles correspond to relic neutralino
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Fig. 16. The DAMA-NaI region from the WIMP annual modulation signature in the (ξσSI,
ξσSD) space for 40 < mWIMP < 110 GeV [7, 58]. Figure a corresponds to dominating
(in 127I) SD proton coupling only (θ = 0) and Fig. b corresponds to subdominating SD
neutron coupling only (θ = π/2). The scatter plots give correlations between σp

SI and σSD

in the effMSSM (ξ = 1 is assumed) for mχ < 200 GeV under the same notations as in
Fig. 11. In Fig. b the DAMA liquid xenon exclusion curve from [58] is given (dashed line)

density 0.0 < Ωχh2
0 < 1.0, squares correspond to subdominant relic neutralino

contribution 0.002 < Ωχh2
0 < 0.1, and black triangles correspond to WMAP

density constraint 0.094 < Ωχh2
0 < 0.129.

The constraints on the SUSY parameter space in the mixed coupling frame-
work in Fig. 16 are, in general, much stronger in comparison with the traditional
approach based on the one-coupling dominance (Figs. 4, 13 and 14).

It follows from Fig. 16, that when the LSP is the subdominant DM particle
(squares in the ˇgure), SD WIMPÄproton and WIMPÄneutron cross sections at
a level of (3−5) · 10−3 pb are allowed, but the WMAP relic density constraint
(triangles) together with the DAMA restrictions leaves only σp,n

SD < 3 · 10−5 pb
without any visible reduction of allowed values for σp

SI. In general, according
to the DAMA restrictions, small SI cross sections are completely excluded, only
σp

SI > (3−5) ·10−7 pb are allowed. Concerning the SD cross section the situation
is not clear, because for the allowed values of the SI contribution, the SD DAMA
sensitivity did not yet reach the calculated upper bound for the SD LSP-proton
cross section of 5 · 10−2 pb.

In general, the famous DAMA con	ict with other (negative) DM results from
CDMS and EDELWEISS experiments can be safely bypassed on the basis of the
above-mentioned mixed spinÄscalar coupling approach, where both SD and SI
couplings are considered simultaneously non-negligible.
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5.1. The Mixed Couplings Case for the High-Spin 73Ge. Comparing the
number of exclusion curves in Figs. 13 and 14 one can see that there are many
measurements with p-odd nuclei and there is a lack of data for n-odd nuclei, i.e.,
for σn

SD. Therefore measurements with n-odd nuclei are needed. From our point
of view, this lack of σn

SD measurements can be ˇlled with new data expected from
the HDMS experiment with the high-spin isotope 73Ge [19]. This isotope looks
with a good accuracy like an almost pure n-odd group nucleus with 〈Sn〉 
 〈Sp〉
(Table 2). The variation of the 〈Sp〉 and 〈Sn〉 in Table 2 re	ects the level of
inaccuracy and complexity of the current nuclear structure calculations.

In the mixed spinÄscalar coupling approach to estimate the direct detection
rate for 73Ge one can use formulas (25). The subdominant contribution from
WIMPÄproton spin coupling proportional to 〈SA

p 〉 can be safely neglected for
73Ge. We consider only a simple spherically symmetric isothermal WIMP ve-
locity distribution [78, 150] and do not go into details of any possible and in
principle important uncertainties (and/or modulation effects) of the Galactic halo
WIMP distribution [44,151Ä156]. For simplicity we use the Gaussian scalar and
spin nuclear form factors from [63, 157]. We perform below a simple estima-
tion of prospects for DM search and SUSY constraints with the high-spin 73Ge
detector HDMS assuming mixing of WIMPÄneutron spin and WIMPÄnucleon
scalar couplings together with available results from the DAMA-NaI and LiXe
experiments [6Ä8,142,148,149].

The Heidelberg Dark Matter Search (HDMS) experiment uses a special con-
ˇguration of two Ge detectors to efˇciently reduce the background [19,158]. From
the ˇrst preliminary results of the HDMS experiment with inner HPGe crystal
of enriched 73Ge [19] we can estimate the current background event rate R(ε, ε)
integrated here from the ®threshold¯ energy ε = 15 keV to ®maximal¯ energy
ε = 50 keV. We obtain R(15, 50) ≈ 10 events/(kg · day). A substantial improve-
ment of the background (up to an order of magnitude) is further expected for the
setup in the Gran Sasso Underground Laboratory. In Fig. 17, solid lines for the in-
tegrated rate R(15, 50) marked with numbers 10, 1.0 and 0.1 (in events/(kg · day))
present for mWIMP = 70 GeV our exclusion curves expected from the HDMS
setup with 73Ge in the framework of mixed SD WIMPÄneutron and SI WIMPÄ
nucleon couplings. Unfortunately, the current background index for HDMS is not
yet optimized, and the relevant exclusion curve (marked with 10 events/(kg · day))
has almost the same strength to reduce σn

SD as the dashed curve from the DAMA
experiment with liquid Xe [58] obtained for mWIMP = 50 GeV (better sensitivity
is expected with HDMS for mWIMP < 40 GeV). However, both experiments lead
already to some sharper restriction for σn

SD than obtained by DAMA (see Fig. 17).
One-order-of-magnitude improvement of the HDMS sensitivity (curve marked
with 1.0) will supply us with the best exclusion curve for SD WIMPÄneutron
coupling, but this sensitivity is not yet enough to reach the calculated upper
bound for σn

SD. This sensitivity also could reduce the upper bound for SI
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Fig. 17. The solid lines (marked with numbers of R(15, 50) in events/(kg · day) show the
sensitivities of the HDMS setup with 73Ge in the framework of mixed SD WIMPÄneutron
and SI WIMPÄnucleon couplings. The DAMA-NaI region for subdominant SD WIMPÄ
neutron coupling (θ = π/2) is from Fig. 16. Scatter plots give correlations between σp

SI

and σn
SD in the effMSSM for mχ < 200 GeV. The squares correspond to subdominant relic

neutralino contribution 0.002 < Ωχh2
0 < 0.1 and black triangles correspond to WMAP

relic neutralino density 0.094 < Ωχh2
0 < 0.129. The dashed line from [58] shows the

DAMA-LiXe (1998) exclusion curve for mWIMP = 50 GeV

WIMPÄproton coupling σp
SI to a level of 10−5 pb. Nevertheless, only an ad-

ditional about-one-order-of-magnitude HDMS sensitivity improvement is needed
to obtain decisive constraints on σp

SI as well as on σn
SD. In this case only quite

narrow bounds for these cross sections will be allowed (below the curve marked
by 0.1 and above the lower bound of DAMA-NaI mixed region).

6. SOME OTHER CONSEQUENCES OF THE DAMA RESULTS

It follows from Figs. 4, 13, 14, and 16 that the main results of the DAMA
experiment one could summarize in the limitations of the WIMP mass, and the
restrictions on the cross section of the scalar WIMPÄproton interaction. Quite
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approximately (having in mind all possible uncertainties of [7, 8]) one can write
them in the form:

40 < mWIMP < 150 GeV, 1 · 10−7 < σp
SI(0) < 3 · 10−5 pb. (32)

The limitations of (32) should have some consequence for observables. Taking
them into account we have obtained the reduction of our scatter plots for the total
expected event rate of direct WIMP detection in a 73Ge detector (Fig. 18) and the

Fig. 18. Event rate for direct neutralino detection in a 73Ge detector as a function of
the LSP neutralino mass. Crosses present our calculations with relic density constraint
0.1 < Ωχh2

0 < 0.3 only. Open boxes correspond to implementation of the SI cross-sec-
tion limit 1 · 10−7 < σp

SI(0) < 3 · 10−5 pb only, and closed boxes show results with the
additional WIMP-mass constraint 40 < mWIMP < 150 GeV (see (32))

Fig. 19. Indirect detection rate for upgoing muons from DM particles (neutralinos) annihi-
lation in the Earth (a) and the Sun (b) as a function of the LSP neutralino mass. Crosses
present our calculations with relic density constraint 0.1 < Ωχh2

0 < 0.3 only. Open boxes
correspond to implementation of the SI cross-section limits of (32) only and closed boxes
depict results with both limitations of (32)
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indirect detection rate for upgoing muons from dark matter particles annihilation in
the Earth and the Sun (Fig. 19). The calculations of indirect detection rates follow
the description given in [46, 95]. There is also a reduction of allowed masses
of some SUSY particles (Fig. 20). In total from these ˇgures one can see that
the DAMA evidence favors the light Higgs sector of the MSSM, relatively high
event rate in Ge detectors, as well as relatively high upgoing muon 	uxes from
the Earth and from the Sun for indirect detection of the relic neutralino. It is also

Fig. 20. Masses in GeV of light (mh) (a), heavy (mH ) (b), and charged Higgs bosons
(mH+ ) (c), as well as masses of chargino (mχ+ ) (d), stop (mstop) (e), and second
neutralino (mχ2 ) ( f ), versus the mass (mχ) of the LSP neutralino under the same DAMA-
inspired restrictions as in Figs. 18, 19
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almost insensitive to the sfermion and neutralinoÄchargino particle masses. As
noted before in [50,95], the relatively light Higgs masses (smaller than 200 GeV)
are very interesting from the point of accelerator SUSY searches.

In [70], the estimations of the ideal total expected rate R(0, inf) for WIMPs
with MWIMP < 200 GeV/c2 in a 73Ge detector are obtained within the effMSSM.
In [20], with σSD and σSI already calculated in [70], new estimates of the inte-
grated event rate R(ε, ε) for WIMP masses smaller than 200 GeV/c2 are obtained
for a number of other DM targets. For deˇniteness, the recoil energy threshold
ε = 5 keV (and sometimes ε = 10 keV) with the maximal energy ε = 50 keV
are used. The calculated event rates R(5, 50) and the rate ratios for different tar-
gets are depicted as scatter plots in Figs. 21Ä24. For example, in Fig. 21 one can
see total, R(5, 50), spin-independent, R(5, 50)SI, and spin-dependent, R(5, 50)SD,
event rates expected in 73Ge target together with their ratio R(5, 50)SD/R(5, 50)SI

as functions of the WIMP mass. It is always interesting to trace some interplay
between SD and SI contributions to the total event rate. To this end, correla-
tions between the total rate R(5, 50) and its SD fraction as well as correlations
between the total rate R(5, 50) and the SD-to-SI ratio R(5, 50)SD/R(5, 50)SI are

Fig. 21. Expected in 73Ge total R(5, 50), SI and SD event rates R(5, 50)SI and R(5, 50)SD

(aÄc) as well as the ratio R(5, 50)SD/R(5, 50)SI (d) as functions of WIMP mass. Correla-
tions between the total rate R(5, 50) and the SD fraction in R(5, 50) are given in the plot e.
Correlations between the total rate R(5, 50) and the ratio R(5, 50)SD/R(5, 50)SI are given
in the plot f. Open symbols correspond to the WMAP constraint 0.094 < Ωχh2 < 0.129;
closed symbols give rates with an extra DAMA constraint 1 · 10−7 < σp

SI < 3 · 10−5 pb
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also given in Fig. 21. All open symbols in the ˇgures correspond to the case when
the WMAP constraint on the relic neutralino density 0.094 < Ωχh2 < 0.129 is
taken into account. The relevant ˇlled symbols show the rates which one would
expect if an extra DAMA constraint, 1 · 10−7 < σp

SI < 3 · 10−5 pb, is imposed
on SI cross sections. It is seen that in the last case (ˇlled symbols) the SI rates
are at least two orders of magnitude larger than the SD one and the large total
rate values (R > 0.01 events/(kg · day)) are saturated only by the SI interactions.
If one ignores these ˇlled symbols (i.e., the DAMA-inspired extra constraint
1 · 10−7 < σp

SI < 3 · 10−5 pb), then the SD contribution does not look very sup-
pressed and the SD contribution alone can saturate the total event rate, but only
when the rate itself is rather small (R ≈ 0.001 events/(kg · day)). These features
take place for all heavy enough targets, therefore the corresponding ˇgures for
NaI, CsI, and Xe target are not given.

It is well known that a 	uorine-containing target is the best one for detection
and measurement of the spin-dependent WIMPÄnucleus interaction (see, e.g., [46,
47]). Figure 22 shows that the SD rate in CF4 is indeed the biggest one and
for a large number of points (MSSM models) the SD contribution dominates.
Nevertheless, it is also seen that it is not correct to completely ignore the SI
contribution to the total expected rate in the 	uorine target [27, 70] because the
SI rate is almost the same as the SD one. Furthermore, at a current level of the
DM detector sensitivity, when the DAMA-inspired large SI contributions are not

Fig. 22. The same as in Fig. 21, but for CF4
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yet completely excluded (ˇlled symbols in Fig. 22), the SD contribution in CF4,
R(5, 50)SD, is smaller than the SI one, R(5, 50)SI. The ratios of the total, SI and
SD rates in the CF4 and 73Ge targets are presented in Fig. 23 as a function of
WIMP mass.

Fig. 23. Ratios R(5, 50)CF4/R(5, 50)73Ge of the total (a, b), SI (c, d) and SD (e, f) rates as
functions of WIMP mass. No relic density constraint is imposed in a, c, e. Open symbols
in b, d, f correspond to the WMAP constraint 0.094 < Ωχh2 < 0.129. Filled symbols give
these ratios for the rates obtained with an extra DAMA SI constraint, 1 · 10−7 < σp

SI <
3 · 10−5 pb

The ratios in Fig. 23, a, c, e correspond to the rates calculated without any
constraint on the relic density of neutralinos in the effMSSM. The increase of
these ratios at very low WIMP masses re	ects better sensitivity of 	uorine to
smaller WIMP masses than that of germanium. Open symbols in Fig. 23, b, d, f
depict these ratios when the WMAP constraint 0.094 < Ωχh2 < 0.129 is imposed
on the calculated neutralino relic density. Filled symbols give these ratios for the
rates obtained with an extra DAMA SI constraint, 1 · 10−7 < σp

SI < 3 · 10−5 pb.
The sensitivity of CF4 to the SD WIMP interaction is about ten times as large as
the SD sensitivity of 73Ge. At the same time, the CF4 sensitivity to the SI WIMP
interaction is less than 0.1Ä0.05 of the SI sensitivity of 73Ge. As a result, the
total expected rate in 73Ge is a bit larger than in a very spin-sensitive CF4 target.
Figure 23, b, d, f shows that the relic density WMAP and extra DAMA constraints
make this conclusion stricter. The expected total rate in a heavy enough 73Ge
target is about ten times as large as the total expected rate in the CF4 target.
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Absolute values of the total, SD, and SI rates in light-mass targets like
CH4 and 3He are considerably smaller than in the 	uorine-containing CF4 and
germanium targets, especially when the extra WMAP (a, c, e) and DAMA (ˇlled
symbols) constraints are imposed. More details one can ˇnd in [20].

Fig. 24. The same as in Fig. 23, but for NaI and 73Ge

For all detectors with heavy enough target mass (NaI, CsI, Xe, etc.) the
absolute values of the total, SI and SD rates look very similar with the only
possible exception in the domain of very low-mass WIMPs (when a target contains
some light isotope like, for example, Na in the NaI target). In Figure 24 a set of
NaI-to-73Ge rate ratios, R(5, 50)NaI/R(5, 50)73Ge, is given for illustration of the
behavior. All depicted ratios are of the order of unity. Only for very low WIMP
masses (less than 10 GeV/c2) and with the WMAP constraint neglected, the
rates in NaI start to clearly dominate over the rates in 73Ge due to kinematically
preferable WIMP interaction with Na. This low-WIMP-mass growth of the ratios
is absent in the CsI and Xe targets. Furthermore, for these materials the rates in
73Ge dominate in the low-mass WIMP region.

The WIMPÄnucleon σSD and σSI cross sections which enter event rate (25)
were taken above from theoretical calculations in the effMSSM [70]. Another
source of these cross sections is, for example, the DAMA experiment [7]. With
formulas (1)Ä(25) the DAMA(NaI) constraints on σSD and σSI from [7] can be
phenomenologically transformed into the allowed regions for the detection rates



680 BEDNYAKOV V.A.

with other targets. The results of these recalculations are given in Figs. 25Ä27
for the total, SI and SD expected rates R(10, 50) in a number of representative
materials for a DM detector. Here the threshold of 10 keV is used. The values
of the expected rate can vary within the columns without any con	ict with the
DAMA-allowed σSD and σSI regions. The left (right) parts of these ˇgures
contain rate restrictions for the odd-neutron (odd-proton) group model nonzero-
spin nuclei (see, e.g., [26]). Some of the highest rate values, for example in 73Ge,
are already excluded by measurements [38]. In particular, from Figs. 25Ä27 one
can see that all 	uorine-containing targets (LiF, CF4, C2F6, and CaF2, etc.) have
almost the same sensitivity to both the SD and SI WIMPÄnucleus interactions.
Among all materials considered a detector with a 73Ge, 129Xe, or NaI target has
better prospects to conˇrm or to reject the DAMA result due to the largest values
of the lower bounds for the total rate (R(10, 50) > 0.06−0.08 events/(kg · day).
If, for example, one ignores the SI WIMP interaction (Fig. 26), then all materials
have almost the same prospects to detect DM particles with the only exception
of CH4.

The results obtained are based on previous evaluations of the neutralinoÄ
proton (neutron) spin and scalar cross sections for the neutralino masses mχ <
200 GeV/c2 [70].

Fig. 25. Variations of expected event rates, R(5, 50), for a number of targets followed
from the DAMA-allowed cross sections σSD and σSI. Targets with nonzero-spin nuclei
from the odd-neutron (odd-proton) group model are given in the left (right) part of the
ˇgure



SPIN IN DARK MATTER PROBLEM 681

Fig. 26. Variations of expected spin-independent contributions to the event rate, R(5, 50)SI,
in a number of targets followed from the DAMA-allowed cross sections σSD and σSI

Fig. 27. The same as in Fig. 26, but for the spin-dependent contributions R(5, 50)SD
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It is worth noting, that to get very accurate predictions for the event rate one
has to take into account a number of quite uncertain astrophysical and nuclear
parameters and speciˇc features of a real setup. We considered only a simple
spherically symmetric isothermal WIMP velocity distribution [78, 150] and do
not go into detail of any possible and in principle important uncertainties (and/or
modulation effects) of the Galactic halo WIMP distribution [44, 151Ä156]. For
simplicity we use the Gaussian scalar and spin nuclear form factors from [63,157].
We believe it is relevant for our comparative study because the very in	uence of
the factors is suppressed in the rate ratios.

CONCLUSION

There is continuous theoretical and experimental interest in existence of the
cold dark matter of the Universe in the form of the weakly interacting massive
particles (WIMPs). One of the best motivated nonbaryonic WIMP dark matter
candidates is the neutralino, the lightest supersymmetric particle. The motivation
for supersymmetry arises naturally in modern theories of particle physics.

To estimate the expected direct detection rate for these WIMPs, an effective
low-energy minimal supersymmetric extension of the Standard Model (effMSSM)
is used. The WIMPÄproton and WIMPÄneutron spin and scalar cross sections
at zero-momentum transfer (σp,n

SD (0) and σp,n
SI (0)) were calculated for the rather

large WIMP masses as well as in the low WIMP mass regime, which follows
from the DAMA dark matter evidence.

There are some reasons to think that spin-dependent interaction of the DM
WIMPs with nuclei could be very important. First, contrary to the only one
constraint for SUSY models available from the spin-independent WIMPÄnucleus
interaction, the SD WIMPÄnucleus interaction supplies us with two such con-
straints. Second, for heavy target nuclei and heavy WIMP masses the SD ef-
ˇciency to detect a DM signal is much higher than the SI efˇciency. Third,
the absolute lower bound for the DM detection rate can naturally be due to
SD interaction. An experiment aimed at detecting DM with sensitivity higher
than 10−5 event/(kg · day) should have a nonzero-spin target. Finally, due to the
spin, the DAMA con	ict with other DM results can be bypassed in the mixed
spinÄscalar coupling approach, where both SD and SI couplings are considered
simultaneously non-negligible.

We noted a possible incorrectness in the direct comparison of exclusion
curves for WIMPÄproton(neutron) spin-dependent cross section obtained with
and without nonzero WIMPÄneutron(proton) spin-dependent contribution. On
the other hand, nuclear spin structure calculations show that usually one, WIMPÄ
proton 〈SA

p 〉, or WIMPÄneutron 〈SA
n 〉, nuclear spin dominates and in the effMSSM

we have the WIMPÄproton and WIMPÄneutron effective couplings an and ap of
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the same order of magnitude (Fig. 15). Therefore at the current level of accuracy
it looks reasonable to safely neglect subdominant WIMPÄnucleon contributions
analyzing the data from spin-nonzero targets. Furthermore the above-mentioned
incorrectness concerns also the direct comparison of spin-dependent exclusion
curves obtained with and without nonzero spin-independent contributions [7, 8].
To be consistent, for this comparison one has to use a mixed spinÄscalar coupling
approach (Figs. 16 and 17), as for the ˇrst time proposed by the DAMA collab-
oration [6Ä8]. We applied such spinÄscalar coupling approach to estimate future
prospects of the HDMS experiment with the neutron-odd group high-spin isotope
73Ge. Although the odd-neutron nuclei 73Ge, 129Xe already with the present accu-
racy lead to some sharper restrictions for σn

SD than obtained by DAMA, we found
that the current accuracy of measurements with 73Ge (as well as with 129Xe and
NaI) did not yet reach a level which allows us to obtain new decisive constraints
on the SUSY parameters. Future about two-orders-of-magnitude improvement of
the background index in the HDMS experiment [19] can in principle supply us
with new constraints for the SUSY models. We also noticed that the DAMA
evidence favors the light Higgs sector in the effMSSM (which could be reached
at LHC), a high event rate in a 73Ge detector and relatively high upgoing muon
	uxes from relic neutralino annihilations in the Earth and the Sun.

The performed calculations allow direct comparison of sensitivities of dif-
ferent dark matter setups to the WIMPs expected from the measurements of the
DAMA experiment. In particular, it is shown that detectors with a 73Ge, 129Xe,
and NaI target have better prospects to conˇrm or to reject the DAMA result.

Now those spin structure functions are available for almost all experimentally
interesting nuclei, they could be coherently used by all experimental groups. This
will make easier and more reliable comparisons between results of different dark
matter search experiments and put it on the equal footing [60]. It will also allow
one to reduce signiˇcantly the nuclear physics systematic uncertainties in the
analysis of the data.

This work was supported in part by JINRÄSlovak Republic programme and
the Russian Foundation for Basic Research (grant 06-02-04003). Author thanks
Dr. F. Simkovic and Prof. H.V.Klapdor-Kleingrothaus for permanent and very
fruitful collaboration and Dr. V.A.Kuzmin (JINR) for useful discussions.

Appendix

A. ELEMENTS OF NUCLEAR STRUCTURE CALCULATIONS

For completeness we collect in this appendix some formulas which allow one
to connect the WIMPÄnucleon scattering with the WIMPÄnuclear scattering. We
follow directly Engel et al. [21, 56]. The low-energy effective WIMPÄnucleon
Lagrangian is Leff = χ̄γμγ5χ · Jμ(x), where Jμ(x) ∝ Nγμγ5N is the nucleon
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current. The one-nucleon matrix element of the current at ˇnite q takes the
approximate form

〈p, s|Jμ(x)|p′, s′〉 =

= ŪN (p, s)
(

a0 + a1τ3

2
γμγ5 +

mNa1τ3

q2 + m2
π

qμγ5

)
UN(p′, s′) eiqν xμ . (33)

Here qμ = pμ − p′μ, UN(p, s) is the nucleon 4-component spinor and the energy
transfer q0 was assumed to be very small. In the nonrelativistic limit the time com-
ponent of current (33) is proportional to v/c ≈ 10−3 and can be safely neglected.
For the spatial component of the current one has the following expression:

〈p, s|J μ(x)|p′, s′〉 =

〈
s

∣∣∣∣∣a0 + a1τ3

2
σ − (σ · q) a1τ3

2(q2 + m2
π)

q

∣∣∣∣∣s′
〉

eiqνxμ , (34)

where |s〉 and |s′〉 are two-component spinors. To obtain the cross section for
scattering of the WIMP from nuclei one must evaluate the matrix element of the
nucleon current between many-nucleon states. In the impulse approximation the
cross section is

dσA

dq2
(v, q2) =

|M|2
v2(2J + 1)π

,

(35)

M = 〈s|σχ|s′〉
∫

d3x〈J, M |J (x)|J, M ′〉 eiq·x,

where |M|2 is summed over s, s′M, M ′. Here J is the angular momentum of the
ground state and the nuclear current J (x) is given by the sum over all nucleons
with current matrix elements from (34). Expanding the current in vector spherical
harmonics one obtains the form given in (2) and (6):

dσA
SD

dq2
(v, q2) =

SA
SD(q2)

v2(2J + 1)
,

SA
SD(q) =

∑
L odd

(
|〈N ||T el5

L (q)||N〉|2 + |〈N ||L5
L(q)||N〉|2

)
.

The transverse electric T el5(q) and longitudinal L5(q) multipole projections of
the axial vector current operator as well as the scalar function CL(q) are given
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by [21,56,57]:

T el5
L (q) =

1√
2L + 1

∑
i

a0 + a1τ
i
3

2

[
−
√

LML,L+1(qri) +
√

L + 1ML,L−1(qri)
]
,

L5
L(q) =

1√
2L + 1

∑
i

(
a0

2
+

a1m
2
πτ i

3

2(q2 + m2
π)

)
×

×
[√

L + 1ML,L+1(qri) +
√

LML,L−1(qri)
]
,

CL(q) =
∑

i, nucleons

CE
0 jL(qri)YL(r̂i), C0(q) =

∑
i

CE
0 j0(qri)Y0(r̂i), (36)

where ML,L′(qri) = jL′(qri)[YL′(r̂i)σi]L, mπ is the pion mass and a0(1) is the
isoscalar (isovector) effective spin-dependent WIMPÄnucleon coupling. In the
limit of zero-momentum transfer SA

SD(q) reduces to

SA
SD(0) =

1
4π

∣∣∣∣〈N |
∣∣∣∣∑

i

1
2
(a0 + a1τ

i
3)σi

∣∣∣∣|N〉
∣∣∣∣2 =

=
1
4π

|(a0 + a1)〈N ||Sp||N〉 + (a0 − a1)〈N ||Sn||N〉|2 = (37)

=
1
π

(2J + 1)(J + 1)
J

|ap〈N |Sp|N〉 + an〈N |Sn|N〉|2 =

=
2J + 1

π
J(J + 1)Λ2, (38)

with Λ =
〈N |apSp + anSn|N〉

J
=

ap〈Sp〉
J

+
an〈Sn〉

J
.

In accordance with convention, the Z components of the angular momentum
and spin operators are evaluated in the maximal MJ state, e.g., 〈S〉 ≡ 〈N |S|N〉 =
〈J, MJ = J |Sz|J, MJ = J〉.

In the ISPSM only the last odd nucleon contributes to the spin and the angular
momentum of the nucleus. In this limit

〈SA
n 〉 =

JA(JA + 1) − LA(LA + 1) + 3/4
2JA + 2

, (39)

where JA and LA are the single-particle total and angular momenta. They are
deduced from the measured nuclear angular momentum and the parity.

B. NUCLEON SPIN STRUCTURE

To evaluate the spin content of the nucleon one needs the matrix element of
the effective quark axial-vector current Jμ = q̄γμγ5q in the nucleon [46]. These
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matrix elements
〈(p, n)|q̄γμγ5q|(p, n)〉 = 2s(p,n)

μ Δq(p,n) (40)

are proportional to the spin of the neutron (proton or neutron), s
(p,n)
μ . The

quantities Δq(p,n) are usually extracted from the data obtained in polarized leptonÄ
nucleon deep inelastic scattering. Uncertainties in the experimentally determined
values for the quantities Δq can lead to signiˇcant variations in the WIMPÄ
nucleon axial-vector coupling, and therefore to the predicted rates for detection of
WIMPs which have primarily spin couplings to nuclei [46]. With deˇnition (40)
the effective spin-dependent interaction of neutralinos with the nucleon has the
form

Lspin = 2χ̄γμγ5χ n̄sμn
∑

q=u,d,s

Aq Δq(n). (41)

Recent global QCD analysis for the g1 structure functions [159], including
O(α3

s) corrections, corresponds to the following values of spin nucleon parame-
ters [137]:

Δ(p)
u = Δ(n)

d = 0.78 ± 0.02, Δ(p)
d = Δ(n)

u = −0.48 ± 0.02,

Δ(p)
s = Δ(n)

s = −0.15 ± 0.02.

It is also more accurate

cp,n
0 =

∑
q=u,d,s

f
(p,n)
Tq Cq +

2
27

f
(p,n)
TG

∑
c,b,t

Cq.

The parameters f
(p,n)
Tq and f

(p,n)
TG are deˇned by

mpf
(p)
Tq ≡ 〈p|mq q̄q|p〉, f

(p,n)
TG = 1 −

∑
q=u,d,s

f
(p,n)
Tq .

Following [137] we use the updated parameters:

f
(p)
Tu = 0.020± 0.004, f

(p)
Td = 0.026± 0.005, f

(p)
Ts = 0.118 ± 0.062; (42)

f
(n)
Tu = 0.014± 0.003, f

(n)
Td = 0.036± 0.008, f

(n)
Ts = 0.118± 0.062. (43)

Our estimations of the effect of the inaccuracy in the determination of fTs on
the total event rate agree with those obtained before in [49] and in [97,99,112].
The inaccuracy maximally changes the protonÄneutralino cross section (event
rate) within about one order of magnitude. The value chosen in this work gives
probably a more pessimistic view of the cross sections. The inaccuracy of other
parameters has a smaller effect on the cross sections.



SPIN IN DARK MATTER PROBLEM 687

C. EFFECTIVE NEUTRALINOÄQUARK LAGRANGIAN

The axial-vector and scalar interaction of a neutralino with a quark q is
given by

Leff = Aqχ̄γμγ5χq̄γμγ5q + Cqχ̄χq̄qO(1/m4
q̃).

The terms with vector and pseudoscalar quark currents are omitted being negli-
gible in the case of nonrelativistic DM neutralinos with typical velocities vχ ≈
10−3c. The Feynman diagrams which give rise to the effective neutralinoÄquark
axial-vector couplings

Aq = − g2

4M2
W

[
N 2

14 −N 2
13

2
T3 −

M2
W

m2
q̃1 − (mχ + mq)2

×

×(cos2 θqφ
2
qL + sin2 θqφ

2
qR) − M2

W

m2
q̃2 − (mχ + mq)2

(sin2 θqφ
2
qL + cos2 θqφ

2
qR)−

−
m2

q

4
P 2

q

(
1

m2
q̃1 − (mχ + mq)2

+
1

m2
q̃2 − (mχ + mq)2

)
−

− mq

2
MW Pq sin 2θqT3(N12 − tan θWN11)×

×
(

1
m2

q̃1 − (mχ + mq)2
− 1

m2
q̃2 − (mχ + mq)2

)]

Fig. 28. Spin-dependent elastic scat-
tering of neutralinos from quarks

are shown in Fig. 28. The ˇrst term in Aq comes from Z0 exchange, and the
other terms come from squark exchanges. The Feynman diagrams which give
rise to the effective neutralinoÄquark scalar couplings

Cq = − mq

MW

g2

4

[
Fh

m2
h

hq +
FH

m2
H

Hq +
(

mq

4MW
P 2

q − MW

mq
φqLφqR

)
×

×
(

sin 2θq

m2
q̃1 − (mχ + mq)2

− sin 2θq

m2
q̃2 − (mχ + mq)2

)
+

+ Pq

(
cos2 θqφqL − sin2 θqφqR

m2
q̃1 − (mχ + mq)2

− cos2 θqφqR − sin2 θqφqL

m2
q̃2 − (mχ + mq)2

)]
,
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where

Fh = (N12 −N11 tan θW )(N14 cos αH + N13 sin αH),
FH = (N12 −N11 tan θW )(N14 sin αH −N13 cos αH),

hq =
(

1
2

+ T3

)
cos αH

sin β
−
(

1
2
− T3

)
sin αH

cos β
,

Hq =
(

1
2

+ T3

)
sin αH

sin β
+
(

1
2
− T3

)
cos αH

cos β
,

φqL = N12T3 + N11(Q − T3) tan θW , φqR = tan θW QN11,

Pq =
(

1
2

+ T3

)
N14

sin β
+
(

1
2
− T3

)
N13

cos β
,

Fig. 29. Spin-independent or scalar
(tree level) elastic scattering of neu-
tralinos from quarks

are shown in Fig. 29. The importance of these scalar spin-independent contribu-
tion was found by K.Griest in [160].

D. SUSY PARTICLE SPECTRUM

For completeness, we collect here formulas for masses of the SUSY particles
in the MSSM. There are four Higgs bosons Å neutral CP -odd (A), CP -even
(H, h), charged (H±). The CP -even Higgs boson mass matrix has the form:(

H11 H12

H12 H22

)
=

1
2

(
tan β −1
−1 cot β

)
M2

A sin 2β+

+
1
2

(
cot β −1
−1 tan β

)
m2

Z sin 2β + ω

(
Δ11 Δ12

Δ12 Δ22

)
,

H11 =
sin 2β

2

(
m2

Z

tan β
+ M2

A tan β

)
+ ωΔ11,

H22 =
sin 2β

2

(
m2

Z tan β +
M2

A

tan β

)
+ ωΔ22,

H12 = H2
21 = − sin 2β

2
(m2

Z + M2
A) + ωΔ12.
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For example, Δ11 which includes loop corrections is

Δ11 =
m4

b

c2
β

(
ln

m2
b̃1

m2
b̃2

m4
b

+
2Ab(Ab − μ tan β)

m2
b̃1

− m2
b̃2

ln
m2

b̃1

m2
b̃2

)
+

+
m4

b

c2
β

(
Ab(Ab − μ tan β)

m2
b̃1

− m2
b̃2

)2

g(m2
b̃1

, m2
b̃2

)+

+
m4

t

s2
β

⎛⎜⎜⎝μ

(
At −

μ

tan β

)
m2

t̃1
− m2

t̃2

⎞⎟⎟⎠
2

g(m2
t̃1

, m2
t̃2

).

ω =
3g2

2

16π2m2
W

c2
β = cos2 β, s2

β = sin2 β, g(m2
1, m

2
2) = 2 − m2

1 + m2
2

m2
1 − m2

2

ln
m2

1

m2
2

.

The diagonalization of the above matrix gives the Higgs boson masses mH,h.

m2
H,h =

1
2

{
H11 + H22 ±

√
(H11 + H22)2 − 4(H11H22 − H2

12)
}

,

m2
H± = m2

W + M2
A + ωΔch.

Here mH± is the charged Higgs boson mass in the one-loop approximation. The
mixing angle αH is obtained from

sin 2αH =
2H2

12

m2
H0

1
− m2

H0
2

, cos 2αH =
H2

11 − H2
22

m2
H0

1
− m2

H0
2

.

The neutralino mass matrix in the basis (B̃, W̃ 3, H̃0
1 , H̃0

2 ) has the form:

Mχ =

=

⎛
⎜⎜⎝

M1 0 −MZ cos β sin θW MZ sin β sin θW

0 M2 MZ cos β cos θW −MZ sin β cos θW

−MZ cos β sin θW MZ cos β cos θW 0 −μ
MZ sin β sin θW −MZ sin β cos θW −μ 0

⎞
⎟⎟⎠ .

The diagonalization gives mass eigenstates (4 neutralinos):

χi(mχi) = Ni1B̃ + Ni2W̃
3 + Ni3H̃

0
1 + Ni4H̃

0
2 .

The lightest (LSP) χ = χ1 is the best DM candidate. The chargino mass term is(
W̃−, H̃−

1

)( M2

√
2MW sin β√

2MW cos β μ

)(
W̃+

H̃+
2

)
+ h.c.



690 BEDNYAKOV V.A.

The diagonalization U∗Mχ̃±V † = diag (Mχ̃±
1
, Mχ̃±

2
) gives charged mass eigen-

states
χ̃− = Ui1W̃

− + Ui2H̃
−, χ̃+ = Vi1W̃

+ + Vi2H̃
+

with masses

M2
χ̃±

1,2
=

1
2

[
M2

2 + μ2 + 2M2
W∓

∓
√

(M2
2 − μ2)2 + 4M4

W cos2 2β + 4M2
W (M2

2 + μ2 + 2M2μ sin 2β)
]
.

The sfermion mass matrices M2
t̃
, M2

b̃
, and M2

τ̃ have the form:

M2
t̃ =

⎡
⎣m2

Q̃
+ m2

t +
1

6
(4M2

W − M2
Z) cos 2β mt(At − μ cot β)

mt(At − μ cot β) m2
Ũ

+ m2
t − 2

3
(M2

W − M2
Z) cos 2β

⎤
⎦ ,

M2
b̃ =

⎡
⎣m2

Q̃
+ m2

b − 1

6
(2M2

W + M2
Z) cos 2β mb(Ab − μ tan β)

mb(Ab − μ tanβ) m2
D̃

+ m2
b +

1

3
(M2

W − M2
Z) cos 2β

⎤
⎦ ,

M2
τ̃ =

[
m2

L̃
+ m2

τ − 1

2
(2M2

W − M2
Z) cos 2β mτ (Aτ − μ tan β)

mτ (Aτ − μ tanβ) m2
Ẽ

+ m2
τ + (M2

W − M2
Z) cos 2β

]
.

It is worth noting that these masses as well as the above-mentioned couplings
of neutralinoÄquark interactions Aq and Cq are functions of the common set of
SUSY parameters like, for example, tan β, MA, μ, Aq , etc. The set of parameters
allows one to describe observables at the highest and lowest energies coherently
and simultaneously.
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