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Exotic dark matter together with vacuum enefggsmological constapnseem to dominate in a flat universe.
Thus direct dark matter detection is central to particle physics and cosmology. Supersymmetry provides a
natural dark matter candidate, the lightest supersymmetric particle. It is possible to obtain detectable rates, but
realistically they are expected to be much lower than the present experimental goals. So one should exploit two
characteristic signatures of the reaction: namely, the modulation effect and the correlation with the Sun’s
motion in directional experiments. In standard nondirectional experiments the modulation is small, less than
2%. In the case of directional experiments, the main subject of this paper, we find two novel features, which are
essentially independent of the supersymmetry model employed; naelye forward-backward asymmetry,
with respect to the Sun’s direction of motion, is very large d8gthe modulation observed in a plane
perpendicular to the Sun’s motion can be higher than 20% and is direction dependent.
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I. INTRODUCTION

The combined MAXIMA-1 [1], BOOMERANG [2],
DASI [3], and Cosmic Background ExplorefCOBE)/
Differential Microwave Radiomete(DMR) cosmic micro-
wave backgroundCMB) observationg 4] imply that the
Universe is flaf5], = 1.11+0.07, while the baryonic com-
ponent is very smallQ2,h?=0.03Z 0x°. Furthermore, ex-

otic dark matter has become necessary in order to close %

Universe. In fact, about a decade ago the COBE dl4ta
suggested that CDMcold dark matter dominates the Uni-

verse,(Qcpu being at least 60%46]. Subsequent evidence
from two different teams, the High-Supernova Search

Team [7] and the Supernova Cosmology Projd@&,9]
changed this view, suggesting that the Universe may
dominated by the cosmological constanbr dark energy. In
other words one roughly finds a baryonic componéry
=0.1 along with the exotic componenfd py=0.3 and
Q,=0.6. In a more detailed recent CDM analysis by Pri-
mack[10] (see also the analysis by Einasfid]) we find h
=0.72+0.08, 0,=0.040+0.002, and Q.,=Qcpu=0.33
+0.035(from cluster baryons, ef6.0.4+ 0.2 (from the clus-
ter evolution), and 0.34:0.1 [from the Ly« forest P(k)],
while Q,py=0.05 andQ,=0.73+0.08. In other words,

PACS nunf®er95.35:+d, 12.60.Jv

Higgsinos[15—-22. The main ingredients of the supersym-
metry (SUSY) input are summarized in the next section. The
essential features of the LSP-nucleus cross section are dis-
cussed in Sec. lll. The basic formulas for the event rates, in
the case of Gaussian models as well as those due to caustic
rings, are given in Sec. IV. The results obtained for both the
nondirectional as well as the directional experiments are dis-
cussed in Sec. V. Finally, in Sec. VI we present our conclu-
ons.

Il. THE ESSENTIAL THEORETICAL INGREDIENTS
OF DIRECT DETECTION

It is well known that there exists indirect evidence for a
halo of dark matter from the observed rotational curves. It is,

flowever, essential to directly detgd5-26 such matter,

since this, among other things, will also unravel the nature of
the constituents of dark matter. The possibility of detection
depends on the nature of such constituents. Here we will
assume that such a constituent is the LSP. Since this particle
is expected to be very massive, =30 GeV, and extremely
nonrelativistic ~ with  average kinetic  energy T

~50 keV (m,/100 GeV), it can be directly detect¢d5—

26] mainly via the recoil of a nucleus’(Z) in elastic scat-
tering. The event rate for such a process can be computed

QO ,=~3/4Q, . Since the nonexotic component cannot exceedrom the following ingredients.

40% of the CDM[12], there is room for the exotic WIMP'’s
(weakly interacting massive particjedn fact the DAMA

(1) An effective Lagrangian at the elementary particle
(quark level obtained in the framework of supersymmetry as

experimen{13] has claimed the observation of one signal indescribed, e.g., in Ref§22,23.

direct detection of a WIMP, which with better statistics has

subsequently been interpreted as a modulation sigg!

(2) A well defined procedure for transforming the ampli-
tude obtained from the previous effective Lagrangian from

Supersymmetry naturally provides candidates for the darkhe quark to the nucleon level, i.e., a quark model for the
matter constituentgl5—18. In the most favored scenario of nucleon. This step is not trivial since the results obtained

supersymmetry the lightest supersymmetric parti¢cl&P)

depend crucially on the content of the nucleon in quarks

can be simply described as a Majorana fermion, a lineaother thanu and d. This is particularly true for the scalar
combination of the neutral components of the gauginos andouplings, which are proportional to the quark maggds-
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30] as well as the isoscalar axial coupling.
(3) Computation of the relevant nuclear matrix elements
[31-33 using as reliable as possible many-body nuclear
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wave functions. Fortunately, in the case of the scalar cou- lll. THE LSP-NUCLEUS DIFFERENTIAL
pling, which is viewed as the most important, the situation is CROSS SECTION
a bit simpler, since then one needs only the nuclear form

The expressions for this cross section are well known. We
factor. will, however, summarize the main ingredients here for the
Since the rates obtained are very low, one would like to be readers convenience and in order to establish notation.
able to exploit the modulation of the event rates due to the
To begin with, the effective Lagrangian describing the

Earth's revolution around the Sug4-39. In order to ac- SP-nucleus cross section can be conveniently put in a form
complish this one adopts a folding procedure, i.e., one has tg~_. . ; . i yp
amiliar from weak interaction§23]:

assume some velocity distributiof84,37,39—43 for the
LSP. One also would like to exploit the signatures expected G
to show up in directional experiments, by observing the Lof=— _F{(;L,),)\,),SX:L)J)\_}_(;:LX:L)J}' (3
nucleus in a certain direction. Since the Sun is moving with V2

relatively high velocity with respect to the center of the gal-

axy, one expects strong correlation of such observations witwhere

the motion of the Sufl9,44]. On top of this one expects in

N~ (0 £l 0 1
addition to see a more interesting pattern of modulation. Hh=Ny(fytfyrs+fays+faysma)N,
The calculation of this cross section has become pretty _
standard. One starts with representative input in the restricted J=N(f2+flr)N. (4

SUSY parameter space as described in the literd20¢22 ) )
(see also Arnowitt and Dutt24]). We have adopted a simi- We have neglected the uninteresting pseudoscalar and tensor
lar procedure which has been prev|0us|y descrm and currents. Note that due to the Majorana nature of the LSP,
will not be repeated here. In the above procedure the mosgly x1=0 (identically).
important constraints on the SUSY parameter space come With the above ingredients the differential cross section
from [20,24]. can be cast in the forfi9,36,37

(1) The LSP relic abundance, which must satisfy the cos-

mological constraint:
do(u,v)=

u - —_ 'U2 2 —
2apor| | 5TV AW SeF (W),
0.09<0, sph?<0.22. )
(5)

(2) The Higgs boson mass bound. The bound is obtained . w(A))2 A—27

from the recent CDF experimet5] and, especially, CERN S5= 0'0( : ) [A (fo— fs—) }

e*e” collider the LEP2 signa[46,47] m,=115"3,GeV, r(N) A

which in SUSY cannot be unambiguously attributed to a s o Me(A)

definite mass eigenstate. Furthermore, in the LSP-nucleus =0, 0A 1 (N))

scattering both physical scalar eigenstates contrilgtite '

surviving pseudoscalar does not lead to cohererceorrect - [ (A) w, (N)]2

prediction for the Higgs boson mass, however, is essential, 3 ;=0 Sp'“ P olspine Lspin™ T ),

since it imposes important constraints on the allowed param- 3(1+ fA/fA)2

eter spacé48,49. (7)
(3) The b—sy limit and the bound on the anomalous

magnetic moment of the muon; see, e.g., recent work and oo(U)

references thereif25]. S(u)= Fiy(U)
(4) The need to restrict ourselves to LSP-nucleon cross

sections for the scalar coupling that give detectable rates

(6

A
—10()
A

f 1200205 E ;+Ql(0)2 ®

0
fA
1
A

4x1077 pb=glisleon<2x 1075 pb. 2)

scalar

gvzﬂ'\g,xogv’ (€)
2/ 10\
3

(10

This is because above this range the direct observation of the

LSP should have occurred in the experimental searches so [ e (A e (N)]? fi A-2Z

far, and below this it is unobservable. We should remember, s e G I 0 A

however, that the event rate does not depend only on the (1+1/fV) fv

nucleon cross section, but on other parameters also, mainly 1 2p+1 (2u)

on the LSP mass and the nucleus used in target. The condi- x| 1— 7 _
(2ub)? (1+7)? (%)

tion on the nucleon cross section imposes the most severe
constraints on the acceptable parameter space. In particular,

in our model[20] as well as in other model51,52,23 it  Here, 0' L0 1s the proton cross section=S,spinV, given
restricts targ to values tarB=50. by

103003-2



THEORETICAL DIRECTIONAL AND MODULATED RATES . .. PHYSICAL REVIEW D 67, 103003 (2003

pr(N)\ 2 p(0) m
O';XOZO'O(ng(—;nN ) (scalay dRZanondier—XA—mNdO'(U,U)|v|, (14

(the isovector scalar is negligible, mainly since the heavyyheredo(u,v) was given above
. . S_ S L . R
quarks dominat¢27-30, i.e., o= o), The directional differential ratf19,39 in the directione

_ N\ 2 is given by
O"SJ”J)I(nOZO'O:'B(fg'i‘fi)Z(—Mr( ))

(spin),
p(0) m

“ ~ 1
m, Amy v-eH(v- e)zda'(u,v) (15

dRyjr =

2
UX’X():oO(f?,—i—f\l,)z(w) (vectop,
M whereH the Heaviside step function. The factor of 4/2s
introduced, since the differential cross section of the last
equation is the same as that entering the nondirectional rate,
i.e., after integration over the azimuthal angle around the
nuclear momentum has been performed. In other words,
1 crudely speaking, 1/2 is the suppression factor we expect in
UOZE(GFmN)ZZOj?X 10°% cnv, (1) the directional rate compared to the usual one. The precise
suppression factor depends, of course, on the direction of
observation. The mean value of the nondirectional event rate
—4.1X10°A %8 keV, (12 of Eg. (14) is obtained by convoluting the above expressions
Amyb? with the LSP velocity distributiorf (v, vg) with respect to
the Earth, which moves with velocity: relative to the Sun
whereQ is the energy transfer to the nuclelgu) is the (see below, i.e., is given by
nuclear form factor, and-{;(u) is the isovector spin re-
sponse factorS(u) is essentially independent of It de- dR\ p(0) m
pends crucially on the static spin matrix elements and the <ﬁ> =T
ratio of the elementary isoscalar to isovector amplity&as.
In the present paper we will consider both the coherent‘-
mode as well as the spin mode, but we will not focus on the
nucleon cross section. For the scalar interaction we will use a <dR> p(0) m < 2><d2>

wheremy is the nucleon massy=m,/myA, u.(A) is the
LSP-nucleus reduced masg,(N) is the LSP-nucleon re-
duced mass, and

Q=QouuU, Qo=

do(u,v)
u

. JO5Y s
m, Ame f(v,ve)| v g d*v. (16

he above expression can be more conveniently written as
form factor obtained as discussed in our earlier work. We

will also consider the spin contribution, which is expected to
be more important in the case of light targets. For a discus-

du/  m, Amy du

sion of the spin matrix elements we refer the reader to the as | ] do(u,v) 5
literature (see Divariet al. [33,50). We mention here only au =f \/<—vr>f("’ UE)Td v. 7

that the spin matrix elements are the largest and the most
accurately calculated for th&=19 system. The static spin . , )
= Now we perform the needed integrations, first over the ve-

values, however, affect the quantii,,, which affects the locity distribution ranging from avg\u, where a

expected rate, but it is not the main subject of the present:[\/imu,bvob]*l andb is the nucleatharmonic oscillator

work. What is most relevant here is the spin response funcl-ength parameter, to the maximum escape velogiy and

tion F14(u). For the light nuclei it was taken from our earlier second over the energy transteranging fromu, dictated
127 P H min
work [33] and for the *“l target it was obtained from the by the detector energy cutoff .= [vm/(voa) |2. Thus

calculation of Ressedt al. [31].

The vector contribution, which, due to the Majorana na-"'¢ get
ture of the LSP, is only a relativistic correction and, at _
present, below the level of the planned experiments, can R=Rt[1+h(a,Qmin)cOS ], (18)

safely be neglected.
wheret is the total rate in the absence of modulatians the

IV. EXPRESSIONS FOR THE RATES phase of the Eartha(=0 around June 2r)dandein is the
energy transfer cutoff imposed by the detector. In the above
The nondirectional event rate is given by expressionR is the rate obtained in the conventional ap-
AN p(0) m proach[23] by neglecting the folding with the LSP v_elocity_
R=Ryondir=——= LA —o(u,v)|Y, (13y  and the momentum transfer dependence of the differential
dt  m, Amy cross section, i.e., from
wherep(0)=0.3 GeV/cni is the LSP density in our vicinity 9
and m is the detector mass The differential nondirectional R= p(0) M =5 .5 ﬂ_
H R (U > ES+ESp|n+ EV ’ (19)
rate can be written as m, Amy c?
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where 3; ,i=S,V,spin, contains all the parameters of the With y~m/6 and« the phase of the Earth. After that one
SUSY models. The modulation is described by the parametdfust do the folding with the above velocity distribution.

h. However, the integration of Eq20) is quite difficult due to
The total directional event rates can be obtained in a simithe presence of the Heaviside function. So for the purpose of
lar fashion by suitably modifying Eq16): integration we found it convenient to go to a coordinate sys-
tem in which the polar axis is in the direction of observation
- - e, which in the above coordinate system is specified by the
<d—R> :p(O) m f f(v, v v-eH(v-¢) do(u,v) 3 polar angle® and the azimuthal ang®. In this new coor-
duf g, my Amy 2 du dinate system the polar angle specifying the velocity vector

(200 is simply restricted to be € 6=, while the azimuthal
angle ¢ is unrestricted. Thus the unit vectors along the new

The role played by the velocity distribution is very clear. oo ginate axeX,¥,Z are expressed in terms of the old ones
What is the proper velocity distribution to use? It seems bestc fol1ows:

to apply the Eddington approa¢h3]. In this approach, one
starts from a given density as a function of space and one
solves Poisson’s equation to obtain the potential. Then from
the functional dependence of the density on the potential one
can construct, at least numerically, the density distribution in
phase space, as a function of the potendgr) and the - A -
velocity [41,42,53,54 Evaluating this distribution in our vi- Y= —sin®x+cosdy. (25
cinity yields the desired velocity distribution. Since this pro- o . .
cedure can be implemented only numerically it is very harg! Nus the LSP velocity is expressed in the new coordinate
to incorporate in the calculation of the directional rates. WeSYStem as

thus follow the conventional approach and use two phenom-
enological velocity distributionsi) a Gaussian distribution,
which can be either spherically symmetric or only axially
symmetric and(ii) a velocity distribution prescribed by the
assumption of a late infall in the form of caustic rings.

Z=sin® cos®X+sin® sindy+ cosOz, (23)

X=c0s0 cosPX+cosO sindy—sinOX, (24)

v,=sin® cos® vy +sin® sin®vy+cosOv,, (26)
vy =00 cosd vy +cosO sin®vy—sinBuv,, (27)
v,= —sin® vy +cosP vy, (28

A. Gaussian distribution with vy=wv sinfcos¢, w=vsindsing, v,=vcosh. It is
1thus straightforward to go to polar coordinates in velocity

space and get
dR p(0) m (vm 1
, 1 <—> = J' v3dvf dé
f(v J\)=N(?\)(v0—\/;)3 duf .. my AmyJaw@ 0

eX[{ ()\‘f‘1)[(U§)2+(U£)2]+(U;)2] Xf27d¢f(®,®,U,UEy§a¢) dO'(U,U) (29)
- y 0

The Gaussian distribution, with respect to the center o
the galaxy, is of the form

2 du
v
(22) with £=cosé. Now the orientation paramete&s and® ap-
pear explicitly in the distribution function and not implicitly

whereuy is equal to the velocity of the Sun around the centervia the limits of integration. The functioh can be obtained
of the galaxy,\ is the asymmetry parameter, assumed to pdrom the velocity distributiqn, but it will not be explicitly
in the range A <1, andN()\) is a normalization constant, Shown here. Thus we obtain

N(0)=1. One must, of course, transform the above distribu- _

tion into the local coordinate system, taking into account Rair = R(tgir/2m)[ 1+ hpy cofa— apm)] (30)
both the motion of the Sun as well as that of the Earth. In ) ) )
writing the above velocity distribution we have chosen a setvhere the quantityty;, provides the nonmodulated ampli-

of axes as follows. tude, whileh,,, describes the modulation amplitude amg is
The z axis is along the Sun’s direction of motion. the shift in phasein units of 7), giving the phase of the
The x axis is the radial direction outward. Earth in which the maximum modulation occurs. Clearly,
They axis is perpendicular to the galactic plane, so thathese parameters are functions@fand ® as well as the

the system is a right-handed one. Then parameterss and Qn,;i,. The dependence om comes from

the nuclear form factor and the folding with the LSP velocity.

The other SUSY parameters have all been absorbé&l in
Instead ofty;, itself it is more convenient to present the
~ R R reduction factor of the nonmodulated directional rate com-

Vg = vg[ Sina@X— COSa COSyYy + COSa Sin yz] (22 pared to the usual nondirectional one, i.e.,

v' = vt+yyz+ v,
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TABLE |I. The quarﬂtiesan,y,;=un/vo, Ynz="Ung/v0, Yny rings needed for our purpose, which, for the reader’s conve-
=00/, Yox=vni /v, pn=0dn/[22°,d,], and y,=[(yn,—1)>  nience, we have included in Table I.

+yﬁy+yﬁx]1’2 (for the other definitions, see tgxt The above expressions simplify significantly in the case
of caustic rings where the velocity distribution is discrete.

n a, (kpe) yr,1 Ynz Yny Ynx Yn E Thus ECI(].?) takes the form

1 38.0 2818 0.636+2.750 0.000 2773 0.0120 /gs 20 J=— (A — _ o

2 19.0 2568 1.159+2.295 0.000 2.301 0.0301 <E> =502 ESFO(u)+?2VF1(u)+2smespm(u) :

3 13.0 2409 1591+1.773 0.000 1.869 0.0601

4 9.7 2.273 2.000 £1.091 0.000 1.480 0.1895

5 7.8 2.182 2.000 0.000 £0.863 1.321 0.2767 (33

6 6.5 2.091 1.614 0.000 £1.341 1.475 0.0872

7 5.6 2.023 1318 0.000 £1.500 1.533 0.0571 \ye remind the reader tha_)twas obtained for each type of

8 49 195 1136 0000 £1.591 1597 0.0421 fjow (+ or —), which explains the factor of 2. In the Sikivie

9 4.4 1.886 0.977 0.000 =1.614 1.614 0.0331

model [55] we have 2/p(0)=1.25. The quantities

10 4.0 1.818 0.864 0.000 +1.614 1.619 0.0300 E-E.E btained f h ding f ;
11 36 1723 0773 0000 1614 1630 0.0271 O L "sn are Ot. ained from the corrésponding form fac-
12 33 1723 0682 0000 +1.591 1.622 00241 0" Vianeequations
13 3.1 1.619 0.614 0.000 +1.568 1.615 0.0211 (1K)
14 2.9 1.636 0.545 0.000 +1.545 1.611 0.0180 Fu(U)=F2(W)W (u) . k=01, (34)
15 2.7 1.591 0.500 0.000 +1.500 1.581 0.0180 2k+1
16 2.5 1.545 0.454 0.000 +1.477 1.575 0.0165
17 2.4 1.500 0.409 0.000 +1.454 1.570 0.0150 — e
18 22 1455 0.386 0.000 +1.409 1.537 0.0150 Fapir( 1) =Faa(W)Wo(W), (35
19 2.1 1.432 0.364 0.000 +1.386 1.525 0.0135 )
20 20 1409 0341 0.000 +1.364 1515 00135 With
2 N y2
= - — an
Ry W (W)=/2> payk 1@(——u), (36)
fref%=tdi,/(2m)=,</(2w). (31) 3=y Foan a2
It turns out that the parametet being the ratio of two rates, With
is less dependent on the parameters of the theory. The direc-
tional rate can be cast in an even better form as follows: S 2 ) 2
Yan= ynz—l—ESIn)/COSa + yny+§c057005a

— K
RdirZRtZ[l-i- hncoda—anm)]. (32 1/2

+ (37)

S 2
Yox— Esina)
Another quantity, that may be of experimental interest is the

asymmetry  As-|Ryir(—) = Rair (+)I/[Rair( =)+ Rair(F)] o 5=2(velv). Integrating Eq(33) numerically we ob-

in some given directiori+) and its opposité€—). The most . L .
relevant direction for the asymmetry is that of the velocity oftaln the total u_ndlrectlonal (ate asa f“”C“O’? of the phase of
gwe Earth. Unlike our previous work we did not make an

the Sun. As is almost independent of all other parameter L . .

except the direction of observation and the velocity distripy-£XPansion in terms 05 n orde_r to better dea.I.W|th thresh-
tion. The directional rates exhibit interesting pattern of0k.j effects. By making a Fourier decomoposmon of the ob-
modulation. From the functions, (a,Q,;) and ay, ob- tained rate to an accuracy better than 1% we find

tained in the present work, it is trivial to plot the expression

(32 as a function of the phase of the Earth Hence, this

— 2p
will not be done here. R= Rtm[“‘ h(a,Qpmin)CoSa]. (39

B. Caustic rings In other words the modulation is again described by a pa-

One would like to examine a nonisothermal model to seeeameterh, which, of course, takes different numerical values
what effect, if any, it may have on the directional rate. Thecompared to those of the Gaussian distribution. Note that,
model of caustic rings proposed by Sikivéeal. [55] comes  unlike our earlier work39], the modulatiorh in this work is
to mind[39,56. Admittedly, however, this scenario for dark defined with a+ sign. So our present value bfin the case
matter distribution in the galaxy is not broadly accedtgd, of caustic rings is expected to have a phase difference of
since it has not been supported by galaxy evaluation simulacompared to that of the usual Gaussian distribution.
tions. From previous work39] we take the data for caustic Similarly integrating Eq(20), we get
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d2> 2; a2 . <U2>— 140 T T T
T Ty 5| ZsFo(u) 52 yF(u)
<du air P(O) 27 c? 120
3 il spir U) | (39 100
80
The quantitiedq,F,,Fg, are obtained from the equations é
, (1+K) - e0
Fr(u)=F (U)‘I’k(u)m, k=0,1, (40)
40
Fepir(U) =F1(u)Wo(u), (41) 20
N <
_23 — 2(k-1)
Wy (u) \/—nzl pnYan  XH(X) (42 %30 150 170 190 210

with H(X) the usual Heavisid&heta function andX given
FIG. 1. The total detection rate per kg of target per yr vs the LSP

by mass in GeV for a typical solution of the parameter space, as de-
S scribed in our previous worksee text, in the case of*?l. The
X= ( Ynz—1-— ESin YCOSa |€;-€ results shown by thick lines correspond to model B, and those by a
thin line to model C. In the upper curve no detector cutoff was
S S employed, while in the lower curve we used a detector energy cut-
+| Yoyt ECOSy COSa) €€t | Ynx— Esina) SV =2 off of Qnin=10 keV. Such effects introduce variations in the rates

by factors of about 2.
(43)

. _— ; . . The experimentally determined quenching facieee Si-
Note that inX only certain rings contribute for a given di mon etal. and Graichenet al. [58,59 and references

rection of observatior (as dictated by the Heaviside func- yherein defined as the ratio of the signal induced by nuclear
tion). Note further that the other Heaviside function for  recoil to that of an electron of the same energy, have not

given ring n restricts the contribution of the form factor as \oan included in calculating the total rates in the present

follows: work. These factors, which are functions of the energy, de-
- pend mainly on the detector material. For Nal they have been
Y(Yan) = fya”/a F2(u)du, (44)  measured58,60 down to about 10 keV and they are con-
Umin stant, about 0.25. For our calculations employi@g,i,

and an analogous expression for the spin response function, 10 keV this amounts to a reduction of the parameter
Y Xp pIn réspo bout 25% of its value presented here. We cannot estimate
Once again we did not make an expansion in powers o

. X . what the effect of quenching is ongoing below 10 keV. The
delta. We Fourier decomposed the final expression and WE odulation amplitl?de and t%le redSctio?\ factar however

foun_d _that Fourier components higher than un_mP(Z_) are being relative parameters, are not expected to be influenced
negligible. In other words, our results for the directional rate

can be cast in the form of E432). very much by such effects.

V. RESULTS AND DISCUSSION A. Isothermal models

The three basic ingredients for the event rate for the LSP- For the reader’s convenience we will begin by presenting
nucleus scattering are the input SUSY parameters, a quarksults for the unmodulated nondirectional event rétesf
model for the nucleon, and the velocity distribution com-the symmetric isothermal model for a favorable SUSY pa-
bined with the structure of the nuclei involved. In the presentameter choice with large tagj, described previousl20],
work we will present our results for the coherent scatteringand shown in Fig. 1 as a function of the LSP mass in GeV.
and make comparisons with the spin contribution, wheneveClearly, depending on the SUSY parameter space and in par-
possible. We will focus our discussion on light targé#sy.,  ticular the LSP mass, the rates can change by many orders of

A=19,23,29 and the more popular targét’. magnitude. What we really want to exhibit is the role of the
We utilized, two nucleon models indicated by B and Cnucleon model employed and the effect of the energy cutoff.
(for their description, see our previous wofkQ]), which The two relative parameters, i.e., the quantitieend h,

take into account the presence of heavy quarks in théor 2/ are shown in Figs. 2 and 3, respectively, in the case
nucleon. We also considered the effects on the rates of thef a Gaussian distribution. For light systems these quantities
energy cut off imposed by the detector, by considering twcare essentially constant independent of the LSP nfes
typical case€,i,=0,10 keV. reduced mass does not change as the LSP mass ingreases
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t t
0.8 0.8
0.6 0.6
0.4 0.4
0.2//_\ 0.2/\
25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200
mlsp-> mlsp->

FIG. 2. The dependence of the quantityn the LSP mass for the symmetric cage=(0) on the left as well as for the maximum axial
asymmetry L =1) on the right in the case of the intermediate mass talget For orientation purposes two detection cutoff energies are
exhibited,Q.,in= 0 (thick solid line andQ.,;,=10 keV (thin solid ling. As expectedt decreases as the cutoff energy and/or the LSP mass
increase. We see that the parametdras little effect on the nonmodulated rate.

They are shown in Table II. In the case of the directionalinstructive to consider directions of observation in the plane
rates we calculated the reduction factors and the asymmetperpendicular to the Sun’s direction of motiof € 7/2).
parameters as well as the modulation amplitude as functiong/e see from Table Il that now the modulation is quite a bit
of the direction of observation, focusing our attention alonglarger, giving rise to a difference between the maximum and
the three axe$38], i.e., along+z, —z, +y, —y, +X, and  the minimum rates of about 50%.

—X. In the case of the directional rates we calculated the For heavier nuclei the pattern changes slightly. Our results
reduction factors and the asymmetry parameters as well age presented in Figs. 4—7, in which we adopted the follow-
the modulation amplitude as functions of the direction Ofing convention: The thick solid line corresponds -+ (©
observation, focusing our attention along the three 28k =0), and the thin line to—z (®=). In the case of®

Le., along+z, —z, +y, -y, +X, and—x. = /2 we encounter four cases. The intermediate thickness
Sincef,¢q is the ratio of two parameters, its dependenceIine corresponds tarx, the dotted line to+y, and the

on Qmin and the LSP mass is mild. In the case of light ;o0 jine to-y. In some cases two or more lines may
nuclear systemsA=19, 23, and 2§ these parameters are . . ' e
coincide. In the case of one can distinguish only the curves

shown in Table Il. Note that in the favorable directierz .

(opposite to the velocity of the Suthe modulation is about correspondlng'to the thre@ values. o _

a factor of 2 bigger than in the non-directional case, but itis 1 "€ guantitiesk and hy,, show some variation with the

still quite small 1=0.06). The reduction factor i=0.7. In  -SP masdsee Figs. 4 and)gsince in this case the reduced

the Sun’s direction of motion the process is unobservable. II1ass changes. o

the plane perpendicular to the Sun’s velocity the rate is fur- The quantities As andyy, do not show any significant

ther reduced by a factor of about 3. changes compared to those of the light systésee Figs. 5
The modulation shows a very interesting pattern. If thednd 7. We see that, in the absence of modulation, the asym-

observation is done in the direction opposite to the Sun’snetry is nonzero only ife is in the direction of the Sun’s

direction of motion, the modulation amplituthg, behaves in  motion. In the other directions the asymmetry depends on the

the same way as the nondirectional one, nantellt,is more  phase of the Earth and is the same as the modulation, i.e.,

h h

0.12

0.06 0.1

0.04 0.08

0.06

0.02 0.04

0.02

0

0

-0.02 -0.02
25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200

mlsp-> mlsp->

FIG. 3. The same as in Fig. 2 for the modulated amplitude. We see that the modulation is small and decreases with increasing LSP mass.
It even changes sign for large LSP mass. The introduction of a o@tgff increases the modulatiqat the expense of the total number of
counts. It also increases with the parameker
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TABLE Il. The quantitiesk, h,,, @, and As for the light nuclear systemé&£19, 23, and 29 are
almost identical. The difference between the coherent and the spin modes is less than 1%. They are also
essentially independent of the LSP mass and the SUSY parameters. Note that the phase of the modulation in
the directions—z,+y is the same as in the nondirectional case. The phase of the modulation tnythe
direction is reverse@minimum on June 3nd The phase in the: x directions leads to a maximum in between.
When the range of a variable is given, it depends somewhat on the LSRtirasgass increases to the right

A=0
Quantity Direction Qmin=0.0 Qmin=10.0 keV Qmin=0.0 Qmin=10.0 keV
t All 1.0 0.6 1.0 0.6
h All 0.02 0.04-0.06 0.04 0.05-0.08
+z 0.018 0.010 0.003 0.000
X 0.190 0.177 0.211 0.145-0.186
y 0.190 0.177-0.180 0.150 0.087-0.125
-z 0.690 0.758-0.760 0.752 0.519-0.672
hpy, +z 0.211 0.242-0.226 0.361 0.380
+X 0.235 0.292-0.255 0.237 0.325-0.261
+y 0.199 0.299-0.233 0.290 0.456-0.347
—X 0.235 0.292-0.255 0.237 0.325-0.261
-y 0.199 0.199-0.208 0.290 0.243-0.280
-z 0.060 0.100-0.068 0.063 0.158-0.092
an +z 1 1 1 1
+X 1/2 0.445-0.484 1/2 0.432-0.467
+y 0 0 0 0
—X 3/2 1.555-1.586 3/2 1.587-1.533
—y 1 1 1 1
-z 0 0 0 0
As z 0.945 0.989-0.970 0.991 1.000
X hmlSin gl hy|sing| hylsing| hplsine]
y hmlcosq] hp|cosal hp|cosal hplcosa]

hmlcosal,hylsinal in the y direction (perpendicular to the we yviII expand our discu;gion further. I{]ﬂthe case of npndi-
plane of the galaxyandx direction(in the radial direction in ~ rectional rates, the quantiti¢sand h for ~<'I are shown in

the galaxy, respectively. The results for the light systems areFig. 8. We see that as far &ss concerned there is no essen-
presented in Table II. tial difference between caustic rings and a Gaussian distribu-

tion. Notice, however, that the modulation is now smaller
and of opposite sign. In the case of directional rates the quan-
tities « and h,,, for 27 are shown in Figs. 9 and 10 for
The case of nonisothermal models, e.g., caustic rings, ha®,;,= 0,10 keV, respectively. The results obtained for the
previously been discuss¢89] in some special cases. Here light systems are shown in Table Ill. One clearly sees that the

B. Caustic rings

i 0. 5"
0.8 0.4
0.6 0.3
0.4 0. 2 e s
0.2 0l TTTT————
25 50 75 100 125 150 175 20015P" 25 50 75 100 125 150 175 20015P"

FIG. 4. On the left figure one sees the quaniitand on the right the quantity,, for A =0 andQ,,;;=0. The results are almost identical
for the coherent and the spin modes. They change very littl®fqr= 10 keV. For the identification of the curves see text. Note that in the
case of the modulation the curves correspondingt zoand =y coincide. The large modulation seen in the direction is essentially useless
since the event rate is very small.
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As am
il 1.6
1.4
0.8 L
0.6 1
0.8
0.4 0.6
05 0. AL T

0.2

- l -

25 50 75 100 125 150 175 208+°P 55 50 75 100 125 150 175 200°°F

FIG. 5. The quantities As and,, for \=0 andQ,,;,=0. The asymmetry As, shown on the left, takes only two values A8 in the
direction of the Sun’s motion and zero in all other directions. These asymmetry plots do not contain the contribution due to modulation,
since, then, the asymmetry would depend on the time of observ@gantexXt On the right we show the shifin units of 7) in the position
of the maximum of the modulated amplitude. This shift is almost zero inthety directions, close ter in the +z,—y directions, close
to 7/2 in the +x direction, and almost 3/2 in the —x direction. The notation is the same as in Fig. 4.

maximum rate is now in the direction of the Sun’s motion, for the Gaussian models. For caustic rings they are shown in
+z, and the minimum in the- z direction, i.e., in the oppo- Fig. 8. We must emphasize that the two graphs of Figs. 2 and
site sense compared with the Gaussian distribution. In the do not contain the entire dependence on the LSP mass.
other directions the rates fall in between. Naturally, the raterhis is due to the fact that there is the extra faa[;ri in Eq.
is reduced in the presence of an energy cutoff, butin the casgg) and a factor ofu? arising froms;, i=S,spinV [see

of caustic rings the reduction manifests itself mainly for Egs. (6), (7), and (10)]. All these factors combined lead to

small LSP masses. For such masses it is not easy 10 haygqenially a constant. There remains, however, a LSP mass
energy above threshold transferred to the nucleus. The asyrH'ependence, which is due to the fact that the nucleon cross

metry is smaller than that of the Gaussian distribution (Asaction itself dramatically depends on the LSP mass.
=0.75 and As= 0.68 forQpn=0 and 10 keV, respectively Figures 2, 3, and 8 were obtained for the scalar interac-
In the other directions the asymmetry is governed by th&jon byt similar behavior is found for the spin contribution.

modulation. From the point of view of the static spin matrix elements the
most favored system i&=19 (see our previous work33)).
VI. CONCLUSIONS The scale of the total spin contribution coming from the

In the present paper we have discussed the paramete®)SY dependent paramet®g, which was not discussed in
that describe the event rates for direct detection of SUSYhis work, may be very different from the contribution cor-
dark matter. Only in a small segment of the allowed param¥esponding to the scalar amplitude quantity. We should also
eter space are the rates above the present experimental goglgntion that in the nondirectional experiments the modula-
[20,22,24. We thus looked for characteristic experimentaltion 2h is small, i.e., forA=0, less than 4% foQ,i,=0
signatures for background reduction, i.@) correlation of and increasing to 12% fdD,;,=10 keV (at the expense of
the event rates with the motion of the Eartimodulation the total number of countsFor A =1 there is no change for
effech and (b) directional rateqtheir correlation with both Q.,;,=0, but it can go as high as 24% fQ,;,=10 keV. In

the velocity of the Sun and that of the Earth the case of caustic rings the modulation is smaller and of
A typical graph for the total nonmodulated rate is shownopposite sign.
in Fig. 1. The relative parametetsand h in the case of For the directional rates it is instructive to examine the

nondirectional experiments are exhibited in Fig. 2 and Fig. Jeduction factorsc if the observation is made in a specific

0.8 o
06& T
0.4 - e
0.2 .-
55 50 75 100 125 150 175 200 °P" e G LRI BV EBE T Lk

FIG. 6. The same as in Fig. 4 far=1.
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As am
1 .6
4
0.8 10
0.6 1
0.8
0.4 0.6
0.2 0. AL T
0.2
- l -
25 50 75 100 125 150 175 20075P 25 50 75 100 125 150 175 200°°P
FIG. 7. The same as in Fig. 5 far=1.
t
1
0.02
__56—75 %00 125 150 175 200 °°
0.6
-0.02
0.4
-0.04
0.2
-0.06
50 75 100 125 150 175 20015P”
FIG. 8. The same as in Figs.(ft figure) and 3(right figure in the case of caustic rings.
k hm
1 0.5
0.8 0.4
0.6 0.3
0.4 0.2f TTTme—ee
0.2 0.1
— \
1sp- 1sp-
25 50 75 100 125 150 175 200~ °F 25 50 75 100 125 150 175 200" °F
FIG. 9. The same as in Fig. 4 for caustic rings w@h,;,=0 (\ is irrelevanj.
k
1 0.
0.8 0
0.6 0
0.414:,__——— 0
0.2 0

1 "l
50 75 100 125 150 175 200 °F 50 75 100 125 150 175 200°°F
FIG. 10. The same as in Fig. 9 for caustic rings wiih,;,= 10.
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TABLE lIl. The same as in Table Il in the case of caustic rings for light nuclear systamd49, 23, and
29). Note the difference in the phases between the modulations of the two tables.

Coherent Spin
Quantity Direction Qmin=0.0 Qmin=10.0 keV Qmin=0.0 Qmin=10.0 keV
t All 1.23-1.20 0.547-0.893 1.29-1.14 0.520-0.845
h Al -0.015 —0.057—(0.026) ~0.015 —0.057—(0.025)
+z 0.381 0.310-0.364 0.383 0.310-0.363
X 0.297 0.281-0.293 0.297 0.281-0.293
y 0.150 0.182-0.159 0.149 0.183-0.159
-z 0.060 0.067-0.062 0.060 0.068-0.062
hm +z 0.086 0.208-0.112 0.083 0.310-0.113
+X 0.143 0.351-0.195 0.139 0.351-0.195
+y 0.249 0.239-0.246 0.249 0.239-0.246
—X 0.144 0.351-0.195 0.137 0.351-0.195
-y 0.247 0.315-0.267 0.245 0.281-0.267
-z 0.178 0.209-0.187 0.178 0.209-0.187
am +z 1 1 1 1
+X 3/2 3/2 3/2 3/2
+y 0 0 0 0
—X 1/2 1/2 1/2 1/2
—y 1 1 1 1
-z 0 0 0 0
As z 0.726 0.667 0.728 0.667
X hmlSin ¢ hylsing| hy|sina hylsing|
y hmlcosq hy|cosa] hn|cosal hp,lcosa]

direction, e.g., along the three axes, i.e., aletg —z, +v, rates we expect unambiguous correlation with the motion of
-y, +X, and—x. These depend on the nuclear parametersthe Sun, which can be explored by the experimentalists. If
the reduced mass, the energy cu®ff;,, and\ [38]. Since  one concentrates in a given direction a reduction factor ap-
f.eq is the ratio of two parameters, its dependenceQpp,  pears. The reduction factor in the most favored direction, i.e.,
and the LSP mass is mild. So we present results'fdrin ~ in the line of motion of the Sun, is approximately only
Figs. 4 and 6see also Figs. 9 and 10 for caustic rings 1/(47) relative to the nondirectional experiments. In the
the case of light systems our results are presented in Tablesplane perpendicular to the motion of the Sun we expect in-
and 1. As expected, the maximum rate is along the Sun’'deresting modulation signals, but the reduction factor be-
direction of motion, i.e., opposite to its velocity-¢) in the  comes worse. These reduction factors do not appear to be an
Gaussian distribution anét z in the case of caustic rings. In obstacle to the experiments, since the time projection
fact we find that(— z) is around 0.5X=0) and around 0.6 counters(TPC) to be used in the planned experiments can
(A=1.0). It is not very different from the naively make observations in almost all directions simultaneously
expectedf,.q=1/(27), k=1. The asymmetry along the [61]. Once some candidate events are seen, one can analyze
Sun’s direction of motion, As|Rgi(—)— Rgir(+)|/ them further in the way we propose here by selecting those
[Rgir(—) + Ryir(+)] is quite characteristic, i.e., almost unity corresponding to a given direction of observation.

for Gaussian models and a bit smaller in the case of caustic

rings. The rate in the other directions is quite a bit smaller ACKNOWLEDGMENTS
(see Tables Il and IJland the asymmetry is equal to the
absolute value of the modulation. This work was supported by the European Union under

The disadvantage of smaller rates in the plane perpendicuhe contracts RTN No. HPRN-CT-2000-00148 and TMR No.
lar to the Sun’s velocity may be compensated by the bonus dERBFMRX-CT96-0090. The author is indebted to Professor
very large and characteristic modulation. Faessler for hospitality and to the Alexander von Humboldt
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