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The detection of the theoretically expected dark matter is central to particle physics and cosmology. Current
fashionable supersymmetric models provide a natural dark matter candidate, which is the lightest supersym-
metric particle(LSP). The allowed parameter space of such models combined with fairly well understood
physics(quark substructure of the nucleon and nuclear strucjpeemit the evaluation of the event rate for
LSP-nucleus elastic scattering. The thus obtained event rates, which sensitively depend on the allowed param-
eter space parameters, are usually very low or even undetectable. So, for background reduction, one would like
to exploit two nice features of the reaction: the directional rate, which depends on the Sun’s direction of
motion, and the modulation effect, i.e., the dependence of the event rate on the Earth’s annual motion. In the
present paper we study these phenomena in a specific class of nonisothermal models, which take into account
the late in-fall of dark matter into our galaxy, producing flows of caustic rings. We find that the modulation
effect arising from such models is smaller than that found previously with isothermal symmetric velocity
distributions and much smaller compared to that obtained using a realistic asymmetric distribution with en-
hanced dispersion in the galactocentric direction. The directional rate shows a strong correlation with the Sun’s
direction of motion.
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[. INTRODUCTION Since this particle is expected to be very massivg,
=30 GeV, and extremely nonrelativistic with average kinetic
In recent years the consideration of exotic dark matter hasnergy T<100 KeV, it can be directly detectefl?2,13
become necessary in order to close the Univgisg. Fur-  mainly via the recoiling of a nucleusA(Z) in the elastic
thermore, in order to understand the large scale structure @‘cattering process:
the universe it has become necessary to consider matter
made up of particles which were nonrelativistic at the time of x+(A,Z)—x+(AZ)* (1)
freeze out. This is the cold dark matt@DM) component.
The Cosmic Background ExploréCOBE) data[3] suggest (y denotes the LSP In order to compute the event rate
that CDM is at least 609%4]. On the other hand, during the needs the following ingredient$l) an effective Lagrangian
last few years evidence has appeared from two differenat the quark level in the context of supersymmetry as de-
teams, the Higtz Supernova Search Teaf§] and the Su- scribed in Refs[2], Bottino et al.[18,21]; (2) a quark model
pernova Cosmology Proje¢6,7], which suggests that the for the nucleon, needed in going from the quark to the
Universe may be dominated by the cosmological constant nucleon level, since the obtained results are sensitive to the
As a matter of fact, recent data show that the situation can bgresence of quarks other thamandd [14,22,23; (3) com-
adequately described by a baryonic compon@y=0.1 pute the differential cross sections using as reliable as pos-
along with exotic componentQ py=0.3 and(),=0.6. In  sible many body nuclear wave functiof4—27.
another analysis Turnel8] gives Qp=Qcpu+ Qg=0.4. The obtained rates sensitively depend on the input from
Since the nonexotic component cannot exceed 40% of thihe allowed SUSY parameter space. Since the expected rates
CDM [2,9], there is room for the exotic weakly interacting are extremely low or even undetectable with present tech-
massive particle$WIMP’s). In fact, the DAMA experiment niques, one would like to exploit the characteristic signatures
[10] has claimed the observation of one signal in direct deprovided by the reaction. Such ar@ The modulation ef-
tection of a WIMP, which with better statistics has subse-fect, i.e., the dependence of the event rate on the velocity of
quently been interpreted as a modulation sigAdl. the Earth andb) the directional event rate, which depends
The above developments are in line with particle physicon the velocity of the Sun around the galaxy as well as the
considerations. Thus, in the currently favored supersymmetvrelocity of the Earth. The latter effect, recognized sometime
ric (SUSY) extensions of the standard model, the most natuago[ 28] has recently begun to appear feasible by the planned
ral WIMP candidate is the LSP, i.e., the lightest supersymUKDMC experiment[29]. We will study both of these ef-
metric particle. In the most favored scenarios the LSP can bgects in the present work.
simply described as a Majorana fermion, a linear combina- In our previous lettef16] and its subsequent expanded
tion of the neutral components of the gauginos and Higgsiversion[17] we found enhanced modulation, if one uses an
nos[2,12-21. appropriate asymmetric velocity distribution with enhanced
dispersion in the galactocentric directif80].
The isolated galaxies are, however, surrounded by cold
*Email address: Vergados@cc.uoi.gr dark matter, which, due to gravity, keeps falling continu-
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ously on them from all directiong31]. As a result one has universal masses have already been computed in some mod-
caustic rings with matter density, which depends on spacels[12,36 and effects resulting from deviations from univer-
and velocity. sality will be found elsewherésee Arnowittet al. in Ref.

It is the purpose of our present paper to exploit the result§20] and Bottinoet al. in Ref.[18]). For some choices in the
of such a scenario and calculate quantitavely the resultingllowed parameter space the obtained couplings can be
modulation effect in the usudtlifferential and totglrate for  found in a previous papgB6].
LSP-nucleus elastic scattering. We will also study the direc- With the above ingredients the differential cross section
tional rates in the spirit of the recent work of Cagtial.[32]. can be cast in the form
For the reader’'s convenience we will give a very brief de-
scription of the basic ingredients on how to calculate LSP-
nucleus scattering cross section. We will not, however, do(u,v)=
elaborate on how one gets the needed parameters from su-
persymmetry. The calculation of these parameters has be- o
come pretty standard. One starts with representative input in +EspinF11(u)]v (5)
the restricted SUSY parameter space as described in the lit-
erature, e.g. Bottin@t al. [18], Kane et al,, Castancet al,

and Arnowittet al. [19]. Sy ( ey )Z(AZ[(fO flA_ZZ)T
s— 00| s s A

254- EV@> FZ(U)

2(urbv)?

After this we will specialize our study in the case of the A

127|
L

nucleus which is one of the most popular targets

[10,33,34. We will present our results a function of the LSP s a2 Mr 2 ©)
mass,m, , in a way which can be easily understood by the T Tpx0 wr(N))
experimentalists.
Espin: U;p)l(nogspiny )
Il. THE BASIC INGREDIENTS FOR LSP NUCLEUS ’
SCATTERING 2
(el (N)?[ [ TR FodU)
Because of lack of space we are not going to elaborate Lspin= £0)2 fTQO(O) S
here further on the construction of the effective Lagrangian 3l 14+ -2 A
derived from supersymmetry, but refer the reader to the lit- f}\
eraturg/12,13,15,18,35,36 For the reader’s convenience we 0 5
will summarize our previougl7] formulas related to the A Foa(u)
LSP-nucleus cross section and the event rates. The effective +2f—190(0)91(0)F11(u) +2,(0)] ®
Lagrangian can be obtained in first order via Higgs ex- A
change,s-quark exchange and exchange. In a formalism — v
familiar from the theory of weak interactions we write Sy= T 08V ©)
2
G — — (1! e(N))? fy A=2Z\ ()
=—_ A o i p— Aa
L et ﬁ{()mf Ysx) It (x1x)J} 2 {v= 2 © A 2
1+
where v
H=Ny (1Y + Fyms+fRys+ Faysa)N ) x| 1— ! - 2n+t 12 <2l2J> 7 (10)
(2p0)° (1+7)° (v%)
and
i . . . S
= 0. .1 o, 0= Pproton cross section,= S,spinV given by T p\0
J=N(fs+f57a)N. 4) =0o(f2)? (scalay, (the isovector scalar is negligible, i.e.,

S_ S spin __ 0 142 R v _ 0 1y2
We have neglected the uninteresting pseudoscalar and tendBr— 0 Tp,0=003(Fat ) (spin, oy, 0=0o(fy+1y)

currents. Note that, due to the Majorana nature of the LSP(]\']’eCtO')' wherem, is the proton massy=m,/myA, s, is
Y17 x1=0 (identically). The parametersﬁ{’,,f\l,,f,‘i,f,ﬁ,fo, the LSP-nucleus reduced mags,(N) is the LSP-nucleon

fé depend on the SUSY model employed. In SUSY modelsreduce<j mass and

derived from minimal SUGRA the allowed parameter space 1

is characterized at the grand unified the6BUT) scale by 00=2—(GFmN)220.77>< 1038 cn? (11
five parameters, two universal mass parameters, one for the ™

scalars,mg, and one for the fermionsy,,,, as well as the with

parameters tafi, one ofA, (or mP®®) and the sign of [19].
Deviations from universality at the GUT scale have also

been considered and found usdf20]. We will not elaborate u=g2b2/2 or Q=Quu, Qu=——, (12)
further on this point since the above parameters involving Amyb?
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whereb is (the harmonic oscillatorsize parameter is the TABLE I. The velocity parametersy,=u,/vo, Yn,=Yn;

momentum transfer, an@ is the energy transfer to the =vng/vo, Yny=Yny=tnz/Vo, Yax=Yax=Uni/vo, and y,=[(¥n,

nucleus. In the above expressidhgu) is the nuclear form  —1)2+y2 +y7 12 Also shown are the quantities;, , the caustic

factor and rind radii, and p,=d,/[22%,d,]. (For the other definitions see
text,

0w 5w
Fpp’(u)ZE £ £

N QP(O) Qp,(o) v PP =01 (13) n a,(Kpc) yr,1 Ynz Yny Ynx Yn E

38.0 2.818 0.636 *=2.750 0.000 2.773 0.0120
19.0 2568 1.159 *2.295 0.000 2.301 0.0301
13.0 2409 1591 *1.773 0.000 1.869 0.0601
9.7 2273 2.000 *=1.091 0.000 1.480 0.1895

are the spin form factofsl 3] (p,p’ are isospin indicesBoth ;
3
4
5 7.8 2.182 2.000 0.000 =0.863 1.321 0.2767
6
7
8
9

form factors are normalized to onewst=0. Q4 (4) are the
static isoscalaftisovectoj spin matrix elements.
The nondirectional event rate is given by

6.5 2.091 1.614 0.000 £1.341 1.475 0.0872
5.6 2.023 1.318 0.000 =1.500 1.533 0.0571
4.9 1.955 1.136 0.000 £1.591 1.597 0.0421
wherep(0)=0.3 GeV/cni is the LSP density in our vicinity 44 1.886 0977  0.000 =1.614 1.614 0.0331
andm is the detector mass. 10 4.0 1.818 0.864 0.000 +£1.614 1.619 0.0300
The differential nondirectional rate can be written as 11 3.6 1723 0.773 0.000 =1.614 1.630 0.0271
12 3.3 1.723 0.682 0.000 +£1.591 1.622 0.0241

p(0) m 13 31 1619 0.614  0.000 +1.568 1.615 0.0211

dN@m

R= Rnondirzaz m, Amy

o(u,v) |, (14

OIR_O'Rnond"_m_x A_nmd”(“'””“" 19 14 29 1636 0545 0000 +1545 1611 0.0180
15 2.7 1591 0500  0.000 +1.500 1.581 0.0180
wheredo(u,v) was given above. 16 25 1545 0.454  0.000 =1.477 1575 0.0165
The directional differential ratg32] in the directione is 17 2.4  1.500 0.409 0.000 =1.454 1.570 0.0150
given by 18 2.2 1455 0.386  0.000 £1.409 1.537 0.0150
© . 19 2.1 1432 0364  0.000 £1.386 1.525 0.0135

m ~ ~
de":pm_X Ava.eH(v.e)ﬁdU(u,v)' (16 20 20 1409 0341 0000 *1364 1515 00135

fect are the subject of this work. Before proceeding further
e should mention that after our manuscript had been pre-
ared another approach has been suggested, which links the
istribution to the density profile via Eddigton’s formula

whereH the Heaviside step function. The factor of 4/2s
introduced, since the differential cross section of the las
equation is the same with that entering the nondirectional
rate, i.e., after an integration over the azimuthal angle aroun
the nuclear momentum has been performed. In other words, F.ollowing Sikivie we will consider XN caustic rings
prudely_spegking, 1/(2) is the suppression factor we expec_t in),i=(+.—),andn=1,2, ... N (N=20 in the model of
in the directional rate compared to the usual one. The prGCIS%ikivie et al), each of which contributes to the local density

2%22:323?: factor depends, of course, on the direction 061{ fractionE, of the of the summed densiﬂof each of the

i=+,—. It contains WIMP like particles with velocity;,
=(Ynx»Yny Ynz) in units of essentially the sun’s velocity
lll. CONVOLUTION OF THE EVENT RATE (vo=220 Km/9, with respect to the galactic center. The

We have seen that the event rate for LSP-nucleus scatte?—XiS is chosen in the direction of the disc’s rotation, i.e., in
ing depends on the relative LSP-target velocity. In this sect€ direction of the motion of the Sun, tlyeaxis is perpen-

tion we will examine the consequences of the Earth's revodicular to the plane of the galaxy and theaxis is in the

lution around the Surithe effect of its rotation around its radial direction. We caution the readeAr trlat Athese axes are
axis is expected to be negligiblee., the modulation effect. traditionally indicated by astronomers eg,e, ,e,, respec-

In the past this has been accomplished by assuming a cofively. The needed quantities are taken from the work of
sistent LSP velocity dispersion, such as a Maxwell distribuSikivie et al. [31] (see in Table ), via the definitionsy,,

tion [2] or asymmetric velocity distribution with enhanced =uv,/v, y,’]Z:vn(,,/vo:ynZ,y,’mzvnrlq,zynx,y,’,yzvnzlquyny, Pn
dispersion in the galactocentric dwet_:tnﬁﬁO,lG,lZ. More  =d /pp=3N_.,d, and yn:[(ynz_1)2+yﬁy+ y2 Y2 (for
recently, other very interesting nonisothermal approachegach flow+.—). This leads to a velocity distribution of the
have been proposed, which consider the in-fall of dark matggrm
ter into the galaxy producing flows of caustic rings. In par-
ticular, the predictions of a self-similar model have been put ,
forward as a possible scenario for dark matter density- f(v’)=n§1 o(v' —voYp). (17)
velocity distribution, see, e.g., Sikiviet al. [31]. The impli-

cations of such distributions on the direct detection rates andsince the axis of the ecliptil3] lies very close to they,z

in particular, on the directional ones and the modulation efplane the velocity of the Earth around the Sun is given by

N
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suppressed by a factor ofs2relative to the nondirectional
rate. We will specialize our results in the case of caustic
(18) rings.

Vg= v+ v = v+ v1(SinaX— COSa COSyYy+ COS« Sinyz),

where a is the phase of the Earth’s orbital motiom,
=2m(t—t,)/Tg, wheret, is around second of June and
TE::I. yr.

One can now express the above distribution in the labo- Equation(21) takes the form
ratory frame[17] by writing v’ = v+ vg

A. The nondirectional differential event rate
in the case of caustic rings

<d2> 2 o2 S+ 2>2F< )+ gpiF spir U) |-
— )= u u u
IV. EXPRESSIONS FOR THE DIFFERENTIAL du/ = poy® | o Vit SpiT spi
EVENT RATE
(25
The mean value of the nondirectional event rate of Eq. o

(15) is given by We remind the reader thatwas obtain for each type of flow
(+ or-), WhichEprains the factor of 2. In the Sikivie model
<dR> _p(0) m Y UE)|v|d‘7(u'v) d®v. (19 [31we have (2/p(0)=1.0, i.e., the whole dark matter den-
du/  m, Amy ' du sity lies in the form of caustic rings. In hybrid models, which

contain in addition an isothermal component, it is only a
The above expression can be more conveniently written asgraction, since the sum of all densities shouldd{®).

dR\ p(0) m ds The quant|t|e_§|;|—_S,V,sp|n are given by Eqs6)—(9).
<ﬁ> = V 2><m>. (200 The quantitiesFg,Fy,Fp, are obtained from the corre-
sponding form factors via the equations

F(u)=F2(u)¥, (U)( .
<d2> || do(uv) “ 2kt

qul= \/_f v, Vg) a4 3. (21

There are now experiments under way aiming at measuring

directional rateg29] using TPC counters which permit the The functlonS\Ifk(u) depend on the model. Introducing the
observation of the recoiling nucleus in a certain direction.parameter

From a theoretical point of view the directional rates have

m, Amy

where
k=0,1, (26)

Fopi(U)=F13(U)Wo(u). 27)

been previously discussed by Sper{@8] and Copiet al. 5= ﬂ_o 57 28)
[32]. The mean value of the directional differential event rate Sy U
of Eq. (16) is defined by
we find in the case of Sikivie model
<dR> p(0) m 1 ff( Jo-3H(v-8)
ﬁ = m._ Am Z v, vg)v-en(v-€e 5
xR Wi(u)= 2 Py ”0 —uly, (29
do(u,v)
X d3v, 22
du " @2 itn
wheree is the unit vector in the direction of observation. It 1
can also be more conveniently expressed as a=-—=—— (30
\/—Mrbvo
dR p(0) m 5/ A%
) = / and
<du>d m, Amy (%) du 23
ir dlr
~ 5 2 ) 2
where yn=[ ynz—l—zsinycom | Yoyt 5 Cosy cosa
o A S 27172
<g> :i L(ve) v,vE)Mdsv. Vix— sma) (31
du gr 2T ,/<U2> du
(24)

The above expressiori25)—(27) depend not only om, but

It is clear that the rate will depend on the direction of obser-On the phase of the Earth as well as in the angten/6. If,
vation, showing a strong correlation with the direction of thehowever, in the®-function we approxmatg,, by y, given
Sun’s motion. In a favorable situation the rate will merely beby
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Vo=[(Yn,— 1)2+yﬁy+ yﬁx]lla (32 (spin} dependence on u is the same, as seems to be Fhe case
for light systems[38,39, or (ii) only one mechanism

i.e., neglect threshold effects originating from the motion Of(S,V,spin) dominates, the paramet§ contains the depen-

the Eal’th, the Obtgined eXpreSSionS can be Slmpllfled In facaence on all SUSY parametersl The parametmd T(u)

if we then expand¥(u) in the small parametef and keep depend on the LSP mass and the nuclear parameters, while
terms up to linear in it, the dependence on the phase of thithe H(u) depends only on the parameter

Earth can be seperated from the dependenca. drhus, to
an approximation which is valid to no worse than 10% for all B. Expressions for the directional differential event rate
u, the nondirectional differential rate takes the form - =XP

The model of Sikivieet al.[31], which is not spherically

drR\ —2p symmetric, offers itself as a perfect example for the study of
dul ™ Rp(O) tT(u)[1-cosaH(u)], (33 the directional rates. Working as in the previous section we
get[17]

whereT(u) andH(u) are now functions of the variable

The last expression must be compared to that of isother- d _ 2; a%| — (V) —
mal models: aul =00 27 ESFO(U)+?EVF1(U)
dir
dR| _—p'(0) B
<@>—Rp(o) tT(W[1+cosaH(W)]  (34) +Esmespm(u)]' -

with p'(0) being the density associated with the isothermal
mode. In hybrid models it is less tha{0). In the above

expressionsR is the rate obtained in the conventional ap-
proach[12] by neglecting the folding with the LSP velocity
and the momentum transfer dependence of the differential

where thegi ,i=S,V,spin are given by Eqs6)—(9). The
quantitiesF,F1,Fgi, are obtained from the equations

o secion ke Fk<u)=F2(u>wk(u>—(21kik1) k=01, (40
— 0 . 2y
= prg] ) % <U > 2S"'Efspin"'@zv , (35
) " ¢ FSpin(u):Fll(U)qfo(U). (41)

wheregi,izs,v,spin have been defined above, see Egs.
(6)—(9). In the Sikivie model we find

The factorT(u) takes care of ther-dependence of the
unmodulated differential rate. It is defined so that

2 N . y2
Wy (u)= \[gnil pnyf(k‘”(a—z—u)

é
Ynz—1— Esin v COSa

f () =1, (36)

X g€

i.e., it is the relative differential rateu,,, is determined by
the energy cutoff due to the performance of the detector, i.e.,

_ Qmin
Unmin= QO ) (37)

o

+| Ynyt 5 cOSy COSa) e-e

+ . (42

o .
— =sin -€
while u,,4 is determined the via the relations: Ynx™ 3 a)e"

2 2
Umax=min( yizsc,max( y_fz‘) n=12, ... N)- (39) In the_ moqlel considered here the_nomponent of the ITSP _
a velocity, with respect to the galactic center, for some rings is
smaller than the Sun’s velocity, while for some others it is
On the other handii(u) gives the energy transfer dependentjarger. The components in the and thex directions are
modulation amplitude(relative to the unmodulated ampli- opposite for thet and — flows. So we will distinguish the
tude. The quantityt takes care of the modification of the {o)16\ing cases(a) & has a component in the Sun’s direction
total rate due to the nuclear form factor and the fcidlng with ¢ motion, i.e., < 9< /2, labeled byu (up). (b) Detection
the LSP velocity distribution. Since the functiof(u),  in the direction specified bym/2<g<r, labeled byd
Fi(u), andF,{(u) have a different dependence anthe  (down). The differential directional rate takes a different
functionsT(u) andH(u) andt, in principle, depend some- form depending on which quadrant the observation is made.
what on the SUSY parameters. If, however, we ignore thelhus, keeping terms up to linear & we find the following:
small vector contribution and assurigthe scalar and axial (1) In the first quadrantazimuthal angle & ¢< =/2),
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dR\ —2p t
T R/TO) 5 T(u) (Ry(u)—cosaH}(u))|e, €

R' +cosaHb5(u) +

(|cosal+ COSa))

x|, €+ | R, —sinaHj(u)

s(u) :
> (|S|na|—sma))|ex-e|.

(43

(2) In the second quadra@zimuthal angler/2< ¢=< )

<?E>

_2p
p(0) 2

T(u)| (Ry(u)—cosaH}(u))le, ¢

| H (
R +c05aH2(u)+

) (|cosal— COSa))

X|e,- €+ | Ri+sinaHj(u)

)(|sina|+sina))|ex.e|}. (44)

(3) In the third quadrantazimuthal angler< ¢=<37/2)

drR\ _2p i i
aul = ;WZT(U) (Ry(u)—cosaHj(u))|e,- €
+ R'—COSaHz(u)+ ———(|cosal|— COSa'))

X|e,- €+ | Ri+sinaHj(u)

+

(|sina|+sina) ||e;€|. (45)

s
2

(4) In the fourth quadrantazimuthal angle 3/2< ¢<2m)

drR\ _2p
rm —Rm 5 T(u)| (Ry(u)—cosaH!(u))|e, ¢
+ R —cosaHb(u)+ ———(|cosa| — COSa))

x|, € +| R,—sinaHj(u)
i
+ 52 (|sina|—sina))|ex~e|, (46)
wherei=u,d.

PHYSICAL REVIEW D 63 063511

directionsu and d depend only onu, anda. They are all
independent of the other SUSY parameters.

V. THE TOTAL EVENT RATES

We will distinguish two possibilities, namely the direc-
tional and the nondirectional case. Integrating &3) in the
case of caustic rings we obtain for the total nondirectional
rate

R= (0) ——[1—h(a,Qmin)cosSa)] (47)

to be compared with the corresponding one for isothermal
models:

R= Rt%[l‘i‘ h(a,Qmin)cosa)]. (48

In the above expressior@,,, is the energy transfer cutoff
imposed by the detector. The modulation is described by the
parameteh only.

The effect of folding with LSP velocity on the total rate is
taken into account via the quantityThe SUSY parameters

have been absorbed i From our discussion in the case of
differential rate it is clear that strictly speaking the quantities
t and h also depend on the SUSY parameters. They do not
depend on them, however, if one considers the scalar, spin,
etc., modes separately.

Let us now examine the directional rate. Integrating Eqs.
(43)—(46) we obtain the following:

(1) In the first quadrantazimuthal angle & ¢< /2)

—2p t i
Rdll’ (0)2 [( COSah1)|ez'e|

) ~h
+ r},+cosah),+ EC(|COSCV| -‘rCOSa')) e, €

+{ry—sin ah'3+

(Isina| - sina)) lec- el |.
(49)

(2) In the second quadra@zimuthal angler/2< ¢<)

—2p t[ . . _
Riir= (g)z [(r'z—cosah'l)lez~e|+ r},+cosah(u)
i
+?°(|c05a|—c05a)>|ey-e|+ ri+sinahl
hy
+?(|sma|+sma) le,-€]. (50)

By the reasoning given above, if one mechanism is domi-

nant, the paramete, ,R,,R,,Hq,H;,H3,H,H, for both

(3) In the third quadrantazimuthal angler< ¢p<37/2)

063511-6
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S 2; t _ _ _ _ TABLE II. The quantitiest and h entering the total nondirec-
Ry,=R—=— _[(r'z_ cosah))|e, €+ ry,—cosahy(u) tional rate in the case of the targeg *?7 for various LSP masses
p(0) 2m Y and Qp, in KeV. Also shown are the quantities,h; i=u,d and
hic(u) i=X,y,z,c,s, entering the directional rate for no energy cutoff. For

rix_,_ sin aHi3 definitions see text.

5 (|c03a|—003a)> ley- e+

LSP mass in GeV
' (51) Quantity Qunin 10 30 50 80 100 125 250

+§(|sina|+sina)>|ex-e|

t 00 1451 1.072 0.751 0.477 0.379 0.303 0.173
(4) In the fourth quadrantazimuthal angle 3/2< ¢<2m) h 0.0 0.022 0.023 0.024 0.025 0.026 0.026 0.026
_ rY 0.0 0726 0.737 0.747 0.757 0.760 0.761 0.761

L =20 t] | i i i Y 0.0 0246 0231 0219 0211 0.209 0.208 0.208
Rar=R70) 27| (T2~ cosahi)|e; el +| r,—cosah; Y 00 0335 0.351 0.366 0.377 0.380 0.381 0.381

hy 0.0 0.026 0.027 0.028 0.029 0.029 0.030 0.030

r —sinah! h; 0.0 0.021 0.021 0.020 0.020 0.019 0.019 0.019
X 3 hy 0.0 0.041 0.044 0.046 0.048 0.048 0.049 0.049
he 0.0 0.036 0.038 0.040 0.041 0.042 0.042 0.042

) (52 h¢ 0.0 0.036 0.024 0.024 0.023 0.023 0.022 0.022
0.0 0.274 0.263 0.253 0.243 0.240 0.239 0.239
0.0 0.019 0.011 0.008 0.007 0.007 0.007 0.007
0.0 0.245 0.243 0.236 0.227 0.225 0.223 0.223
0.0 0.004 0.004 0.004 0.004 0.004 0.004 0.004
0.0 0.001 0.000 0.000 0.000 0.000 0.000 0.000
0.0 0.022 0.021 0.021 0.020 0.020 0.020 0.020
0.0 0.019 0.018 0.018 0.017 0.017 0.017 0.017
0.0 0.001 0.001 0.000 0.000 0.000 0.000 0.000
10.0 0.000 0.226 0.356 0.265 0.224 0.172 0.098
10.0 0.000 0.013 0.023 0.025 0.025 0.026 0.026
t 20.0 0.000 0.013 0.126 0.139 0.116 0.095 0.054
h 20.0 0.000 0.005 0.017 0.024 0.025 0.026 0.026

i
Cc
+ ?(|cos(1|—cos(1)) le, €+

hS . .
+ E(|sma|—sma) le - €

VI. DISCUSSION OF THE RESULTS r

event rategdirectional and nondirectionafor elastic LSP-

nucleus scattering using realistic nuclear form factors. We
focused our attention on those aspects of the problem, which
do not depend on the parameters of supersymmetry other h

than the LSP mass. The paramed®mormally calculated in
SUSY theories, was not calculated in this work. The inter-
ested reader is referred to the literat(ité,2Q and, in our
notation, to our previous workl2,13,34.
We specialized our results for the targéfl. We consid-
ered the effects of the detector energy cutoffs, by studying
two typical casesQ,,=10, 20 KeV. Only the coherent hand, the quantity decreases afte&@,,, is introduced, since
mode due to the scalar interaction was considered. The span important part of the phase space is excluded.
contribution will appear elsewhere. We notice that, unlike the isothermal models, the maxi-
Special attention was paid to the modulation effect due tanum of modulation occurs around the 2nd of December,
the annual motion of the Earth. We assumed that the LSBomething already noticed by Sikivé al. [31].
density in our vicinity and the velocity spectrum is that of  |et us now examine the differential rates. We will begin
caustic rings resulting from the self-similar model of Sikivie with nondirectional one, which is described in terms of the
etal.[31). _ functionsT(u) andH(u). These are shown for various LSP
Wg will prlmarlly concentrate on thei toital irates, which are nasses an®,,, in Fig. 1(a) for T(u) and Fig. 1b) for
described in terms of the quantitieg,,ry,r; for the un- ). we remind the reader that the dimensionless quantity
modulated amplitude and,h,h;,hs,he,hg for the modu-  u is related to the energy transfér via Eq. (14) with Q,
lated one. In Table Il we show how these quantities vary=60 KeV for 127. Note that, due to our normalization &f
with the detector energy cutoff and the LSP mass. Of thehe area under the corresponding curve is unity. This normal-
above list only the quantitie'sandh enter the nondirectional ization was adopted to bring the various graphs on scale,
rate. We notice that the usual modulation amplitddés  since the absolute values may vary substantially as a function
small. The main reason is that there are cancelations among the reduced mass. We observe that the funcTitum) dif-
the various rings, since some rings are characterizegl,py fers somewhat from the predictions of the isothermal models
>1, while for some othery,,<1 (see Table)l Such can- models. Here the function begins with a maximum uat
celations are less pronounced in the isothermal models. As 0.0, while in the isothermal models the maximum occurs at
expected, the parametgrwhich contains the effect of the u=0.1. Furthermore, this function shows less of a reduction
nuclear form factor and the LSP velocity dependence, deas the reduced mass increagsse Fig. 1a)]. The functions

d
z
d
4
X
d
We have calculated the differential as well as the total |}
d
X
d
(o4
d
S

creases as the reduced mass increases. H(u) exhibit step behavior in some regions. This is not un-
We observe that the quantitidrsr} ,h} , i=u,d and j expected, since the LSP velocity spectrum was assumed to

=X,Y,z,c,sS, being the ratio of two amplitudes, are here es-be discreet in the Sikivie model.

sentially independent of the energy cut®f,;,. On the other The directional differential rate, which is now beginning
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o.oz5H ; FIG. 1. The quantitie§ (u) andH(u) enter-
0.02 ing the differential amplitude. Thick solid line
0.015 .

5. 01 B corresponds tang,;=30 GeV the intermediate

0.005 thickness line tom, =80 GeV, the fine line to
=l - =100 GeV. The rest correspond to larger LSP
To. W0 302008 7 My
-0.005 ! \ ‘ Wh.s 0 1,5,L masses and fall on top of each other.

0.1 0.2 0.3 0.4 0.5

to look like a feasible experimental possibilif29], is de-  form factor and the convolution with the velocity distribution

scribed by the functions are taken into account. Also, if one attempts to extract the
LSP-nucleon cross section from the data, in order to compare

Rx:Ry.Rz,H1,Ho Ha He Hs with the predictions of SUSY models, one must takato

account, since, for large reduced masss different from

(for both directionsu andd). Due to lack of space we are not unity
going to show the relevant curves here. We only mention In the case of the nondirectional total event rates we find

that thgy were dgflneq as ratios of functions, vﬂi(lm)_mthg that the maximum no longer occurs around June 2nd, but
denominator. With this definition they are essentially inde-5, ¢ sjx months later. The difference between the maximum
pendent. ofu, with values appro>gmate|y equal to their cor- and the minimum is about 4%, a bit smaller than that pre-
responding total values shown in Table Il. dicted by the symmetric isothermal models. It is, however,
substantially less than=0.46 predicted by asymmetric iso-
VIl. CONCLUSIONS thermal velocity distributiori16,17.

In the present paper we have calculated the parameters, In the case of_ the_directional rate we found_ that the rates
which describe the event rates for the direct detection offePend on the direction of observation. The biggest rates are
supersymmetric dark matter. We studied, in particular, th&btained, if thg observat!on is made close to the direction of
directional variation of the rates and the modulation effect. the Sun’s motion. The directional rates are suppressed com-

The needed local density and velocity spectrum of thé*@réd to the usual nondlregtlonal rates by the fadigy
LSP were taken from the work of Sikiviet al. [31], viewed =~ = «/(27). We find thatx=r;=0.7, if the observation is
as a late in-fall of dark matter into our galaxy. They wereMade in the Sun’s direction of motion, while=0.3 in the
derived in the context of a self-similar model, which yields OPPosite direction, i.e., a large change. Note also the pres-
40 caustic rings. ence in Eqs(43)—(46) and Eqgs.(49—(52) of the cosine of

We presented our results in a suitable fashion, i.e., byhe angle between the direction of observation and the Sun’s

separating the rates into two factors. One fad@rwhich direction of motion. The modulation is a bit larger than in the

carries the dependence on the SUSY parameters, not the St{!gndlrectlonal case, bl,Jt th'e Iargest value., 8%, is not ob-
ject of the present work, and another, which is essentiall alr_led _along the Sun; d_|rect_|on of motion, but in the
independent of all SUSY parameters except the LSP maséjdwectlon(galactocentrlc direction
The latter depends mainly on the properties of the LSP ve-
locity distribution, the nuclear parameters, and the kinemat-
ics. The nuclear form factor was taken into account and the
effects of the detector energy cutoff were also considered. The author would like to thank Professor Pierre Sikivie
Strictly speaking the obtained results describe the cohereifibr bringing to his attention the idea of caustic rings and
process in the case of?/l, but we do not expect large velocity peaks. He would like to acknowledge partial support
changes, if the axial current is considered. of this work by TMR No. ERB FMAX-CT96-0090 of the
Our results, in particular the parameteyssee Table 1l, European Union. He would also like to thank the Humboldt
indicate that for large reduced mass, the kinematical advaroundation for their support during the final stages of this
tage ofu, [see Eqs(6)—(10)] is partly lost when the nuclear work and Professor Faessler for his hospitality in Tuebingen.
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