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Cold dark matter in SUSY theories: The role of nuclear form factors and the folding
with the LSP velocity
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The momentum transfer dependence of the total cross section for elastic scattering of cold dark matter
candidates, i.e., lightest supersymmetric parti€ledP’s), with nuclei is examined. The presented calculations
of the event rates refer to a number of representative nuclear targets throughout the periodic table and have
been obtained in a relatively wide phenomenologically allowed SUSY parameter space. For the coherent cross
sections it is shown that, since the momentum transfer can be quite big for a large mass of the LSP and heavy
nuclei even though the energy transfer is smalllQ0 keV), the total cross section can in such instances be
reduced by a factor of about 5. For the spin-induced cross section of gddlear targets, as is the case of
20’pp studied in this work, we found that the reduction is less pronounced, since the high multipoles tend to
enhance the cross section as the momentum transfer incfé@sa$ SP mass<200 Ge\j and partially cancel
the momentum retardation. The effect of the Earth’s revolution around the Sun on these event rates is also
studied by folding with a Maxwellian LSP-velocity distribution which is consistent with its density in the
halos. We thus find that the convoluted event rates do not appreciably change compared to those obtained with
an average velocity. The event rates increase #itind, in the SUSY parameter space considered, they can
reach values up to 140 yikg~* for Pb. The modulation effect, however, was found to be siftedis than
+5%).[S0556-282(97)00904-1

PACS numbgs): 95.35:+d, 14.80.Ly, 21.60.Cs, 98.62.Gq

[. INTRODUCTION In recent years, the phenomenological implications of su-
persymmetry are being taken very serioughy6]. More or

There is ample evidence that about 90% of the matter ofess, accurate predictions at low energies are now feasible in
the Universe is dark1-3]. There are also numerous argu- terms of few input parameters in the context of SUSY mod-
ments indicating that our galaxy is immersed in a dark halcels[5—8]. Such predictions do not appear to depend on arbi-
which outweighs the luminous component by a factor oftrary choices of the relevant parameters or untested assump-
about 10. Furthermore, the large scale structure of the Unitions. In any case the SUSY parameter space is somewhat
verse may be accommodated supposing two kinds of dartestricted[5-7].
matter[3]. One kind is composed of particles which were In such theories derived from supergravity the LSP is ex-
relativistic at the time of the structure formation. This is pected to be a neutral Majorana fermion with mass in the
called hot dark matte(HDM). The other kind is composed 10-500 GeW? region traveling with nonrelativistic veloci-
of particles which were nonrelativistic at the time of struc-ties (8)~102), i.e., with energies in the keV region. In
ture formation. These constitute the cold dark mai@PM)  practice, however, one expects a velocity distribution which
component of the Universe. In any case, the CDM compois supposed to be Maxwelliaisee Sec. Y. In the absence
nent of the Universe is at least 60%. Obviously, the galactiof R-parity-violating interactions this particle is absolutely
halo is composed of dark matter, since HDM particles will stable. But even in the presenceRyparity violation, it may
be moving too fast to be trapped in the galaxy. There are twdive long enough to be a CDM candidate.
candidates for CDM. The first is massive compact halo ob- The detection of the LSP, which is going to be denoted by
jects(MACHO's), i.e., white dwarfs, Jupiter-like objects etc. y,, is extremely difficult, since this particle interacts with
and the other is more exotic, i.e., weak interacting massivenatter extremely weakly. One possibility is the detection of
particles(WIMP’s). Recent preliminary experimené] sug-  secondary high energy neutrinos which are produced by pair
gest that about one-half of the mass of the halo is made adnnihilation in the Sun where this particle is trapped. Such
WIMP’s. The most appealing possibility linked with super- high energy neutrinos can be detected via neutrino tele-
symmetry (SUSY) of a WIMP candidate is the lightest su- scopes.
persymmetric particléLSP) [5—7] (see Ref[7] for a recent The other possibility, to be examined in the present work,
review). is the detection of the energy of the recoiling nucleus

(A,Z) in the reaction
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This energy can be converted into phonon energy and dehe static limit(i.e., atq=0, see Sec. )l Thus, in general,
tected by a temperature rise in a cryostatic detector wittsophisticated shell model calculations are needed to account
sufficiently high Debye temperatui&,9,10. The detector for both the observed retardation of the static spin matrix
should be large enough to allow a sufficient number ofelement and its correct dependence. For the experimentally
counts but not too large to permit anticoincidence shieldingnteresting nuclear system&Si and 53Ge, very elaborate
to reduce background. A compromise of about 1 kg iscalculations have been performed by Ressell. [32]. In
achieved. the case ofi3Ge a further improved calculation by Dimitrov,
Another possibility is the use of superconducting granule€Engel, and Pittel has recently been perfornj@d] by suit-
suspended in a magnetic field. The heat produced will deably mixing variationally determined triaxial Slatter determi-
stroy the superconductor and one can detect the resultingants. Indeed, for this complex nucleus many multipoles

magnetic flux. Again, a target of about 1 kg is favored. contribute and the needed calculations involve techniques
There are many targets which can be employed. The mosthich are extremely sophisticated.

popular ones contain the nuclgHe, 3%, 3INa, $3Si, 53Ca, From the above discussion the necessity for more detailed

73*§‘Z‘Ge, SAS é§7|, éﬁ"Xe, and g;ﬂpb, calculations, especially for the spin component of the cross
In order to be able to calculate the event rate for thesections for heavy nuclei, is motivated. The aim of the

process(1) the following ingredients are necessary. present paper is to calculate LSP-nucleus-scattering cross

(1) One must be able to construct the effective Lagrangiarfection using some representative input in the restricted
at the elementary particle level in the framework of super-SUSY parameter space as outlined above. The coherent ma-
symmetry[11—17. We will follow the procedure adopted in trix elements are computed throughout the periodic table
Ref.[17]. For the readers’ convenience we will provide the (Sec. Il). The necessary form factors were obtained using
important elements in Sec. Il. the method of Ref[34], which are in good agreement with

(2) One must make the transition from the quark to theexperiment. For the spin matrix elements we have chosen
nucleon level[18—24. This is not straightforward for the a5 Pb as target. This target, in addition to its experimental
scalar couplings, which dominate the coherent part of théualifications, has the advantage of a rather simple nuclear
cross section, and the isoscalar axial current which is imporstructure[35,36 (see Sec. I)l. Thus, only two multipoles
tant for the incoherent cross section for odd targets. can contribute.

(3) One must properly treat the nucleus. Admittedly, the Finally, the counting rates are folded with a reasonable
uncertainties here are smaller than those of even the mokSP-velocity distribution[7] (see Sec. Y in order to esti-
restricted SUSY parameter space. One, however, would likgrate the modulation due to the Earth’s velocity. Convoluted
to put as accurate nuclear physics input as possible in ordéates are obtainesec. 1V) in the framework of models dis-
to constrain the SUSY parameters as much as possible whenissed in the Introduction and Sec. II.
the data become available.

For the coherent production, if one ignores the momen- Il. BRIEE DESCRIPTION OF THE OPERATORS
tum transfer dependence, the procedure is straightforward.

The spin matrix element, however, is another story. For its It has recently been shown that procéss can be de-
evaluation, practically every known nuclear model has beefcribed by a four-fermion interactioji1-16 of the type
employed. [17]

At first, the independent single particle shell model
(ISPSM had been employed.1,13,25,26 Subsequent cal-
culations using the odd group meth6@GM) and the ex-
tended odd group methd@OGM), utilizing magnetic mo-
ments and mirror3 decays, by Engel and VoggR7], where
showed that the ISPSM was inadequéee also Refl13]). _
Eventually, however, by performing shell model calculations =Ny [+ L+ (F0+Fh73) y5IN 3)

[28], this model was also found lackiigee Ref[29]). lach-

ello, Krauss, and Mainf30] employed the interacting boson and

fermion model (IBFM) and Nikolaev and Klapdor- _

Kleingrothaus[14,31] the finite fermion theory in order to J=N(f2+fir)N. (4)
reliably evaluate the spin matrix elements.

One additional complication arises from the fact that theWe have neglected the uninteresting pseudoscalar and tensor
LSP appears to be quite massive, perhaps heavier than 160rrents. Note that, because of the Majorana nature of the
GeV. For such heavy LSP and sufficiently heavy nuclei, thd-SP, X1 x1=0 (identically). The vector and axial vector
dependence of the nuclear matrix elements on the momeffierm factors can arise out & exchange and-quark ex-
tum transfer cannot be ignored even if the LSP has energieghange[11-17 (s quarks are the SUSY partners of quarks
as low as 100 keV12,25,24. This affects both the coherent with spin zerg. They have uncertainties in theffor three
and the spin matrix elements. For the coherent mode thehoices in the allowed parameter space of Ref.see Ref.
essential new features can be absorbed in the nuclear forf@7]). In our choice of the parameters the LSP is mostly a
factor. The evaluation of the spin matrix elements is quite agaugino. Thus, th& contribution is small. It may become
bit more complicated. Quite a number of high multipoles candominant in models in which the LSP happens to be prima-
now contribute, some of them getting contributions fromrily a Higgsino. Such a possibility will be examined else-
components of the wave function which do not contribute inwhere. The transition from the quark to the nucleon level is

__Cr . — s -
Lef= — E[an Y’x1+Ix1x1ls 2
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TABLE I. The parametergf),, f2, S, f andfi/f3, f/f2forthree SUSY solutionésee Ref[17]).
The value ofﬁ=10’3 was used. For the definition cbﬂ andfé (models A, B, and Csee Ref[17] and for

the values of tag, m,,, my, andm, employed see Ref5].

Quantity Solution No. 1 Solution No. 2 Solution No. 3
Bt(2) 0.475x10°® 1.916x10°° 0.966<10°°
fL(2)/19(2) —1.153 —1.153 —-1.153
Bt9(a) 1.271x10°° 0.798<10°° 1.898<10°°
f1(9)/£3(q) 0.222 2.727 0.217
2(0)/8f2(q) (model A 6.3x1073 3.6x1073 2.4x 1073
2(G)/8fY(q) (model B 0.140 3.5¢1072 5.8x 1072
BtY 1.746<10°° 2.617x10°° 2.864x10°°
ALY -0.153 -0.113 —-0.251
LSP masgGeV) 126.0 27.0 102.0
tang 10.0 15 5.0
tan2a 0.245 6.265 0.528
My, My ,Ma 116, 346, 345 110, 327, 305 113, 326, 324
f2(H) (model A 1.31x10°° 1.30x 10 * 1.38x10°°
f3/f2 (model A —0.275 -0.107 —0.246
f3(H) (model B 5.29x10 4 7.84x10°° 6.28x 1074
f3(H) (model Q 7.57x10°* 7.44x10°3 7.94x10°*
fa(2) - - -
f2(2) 1.27x1072 5.17x 10?2 2.58x107?
f2(9) (NQM) 0.510x 10 2 3.55x10°2 0.704x 1072
2(9) (EMC) 0.612<10°3 0.426x1072 0.844x10°3
G) 0.277x 102 0.144x 1072 0.423x 1072
2 (NQM) 0.510x 10 2 3.55x 102 0.704x 102
9 (EMC) 0.612x1073 0.426x1072 0.844x10°3
fx 1.55x 102 5.31x 102 3.00x 102

quite straightforward in this case. This is, in general, the casquark level due to the uncertainties in the Higgs sector. The
of vector current contribution. We will see later that, becauseother is in going from the quark to the nucleon lej/&b,16|.
of the Majorana nature of the LSP, the contribution of theSuch couplings are proportional to the quark masses, and
vector current, which can lead to a coherent effect of allhence sensitive to the small admixturesoaf (q other than
nucleons, is suppressgtO—16. The vector current is effec- u andd) present in the nucleon. Again, values i and
tively multiplied by a factor of=v/c, v is the velocity of {1 in the allowed SUSY parameter space are considgréf
LSP (see Table)l Thus, the axial current, especially in the  The actual values of the parametéfsand f used here,
case of light and medium mass nuclei, cannot be ignored. gyising mainly from Higgs exchange, were obtained by con-
For the isovector axial current one is confident about hOV‘éidering one-loop corrections in the Higgs sector. As a result,
to go from the quark to the nucleon level. We know from the jightest Higgs boson mass is now a bit higher, i.e., more
ordinary weak decays that the coupling merely ggts réNOmassive than the value of thi@ boson[21,27. Thus the
malized fromg,=1 tog,=1.24. For the isoscalar axial cur- gptained values of the parametéfsand f$ are smaller than
rent the situation is nqt completely cl_ear_. The naive quarkthose of Ref[17] (see Table ) The next source of ambigu-
model (NQM) would give a renormalization parameter of jas inyolves the step of going from the quark to the nucleon
unity (the same as the isovector vector cureihis point of 66| for the scalar and isoscalar couplings. Here, we adopt

view has, however, changed in recent years due 10 the Sre procedure described in REL7] as a result of the analy-
called spin crisis, i.e., the fact that in the EMC dai#] it sis of Refs[15,23,24.

appears that only a small fraction of the proton spin arises
from the quarks. Thus, one may have to renormai&eby
9%=0.28, foru andd quarks, anad)2= — 0.16 for the strange
quarks[19], i.e., a total factor of 0.12. These two possibili-
ties, labeled as NQM and EMC, are listed in Table I. One The invariant amplitude in the case of nonrelativistic
cannot completely rule out the possibility that the actualLSP’s takes the formil7]
value may be anywhere in the above-mentioned ref26h

The scalar form factors arise out of the Higgs exchange or

Ill. TOTAL CROSS SECTION

via s-quark exchange when there is a mixing betwesen 5 E(E;—m2+ Pi-Pr 5 )
quarksq, andGg [11-13 (the partners of the left-handed [m*= -~ |30l *+ 3%+

and right-handed quarksThey have two types of uncertain-

ties in them. One, which is the most important, is at the = B2|3o|?+|3|7+]J]?, )
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TABLE Il. The quantity g, (forward momentum transfgiin
units of fm~* for three values ofn; and three typical nuclei. In
determiningqo the value (3?)=10"% was employedsee Eq.

12)].

Go (fm™%)
Nucleus =30.0 GeV m;=100.0 GeV m;=150.0 GeV
Ca 0.174 0.290 0.321
Ge 0.215 0.425 0.494
Pb 0.267 0.685 0.885

wherem; is the LSP masdJ,| and|J| indicate the matrix

elements of the time and space components of the current

J, of Eq. (2), respectively, and represents the matrix ele-
ment of the scalar currerd of Eq. (3). Notice that|Jo|? is
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clear from Eq.(12) that the momentum transfer can be siz-
able for largem; and heavy nuclei £ small.
The total cross section can be cast in the form

m\? 1 o] ol o 1 A—2Z)2
o= “0( FEL (A( B(fv VA
A—27\2 B? 2p+1
0_¢1° "~ =7 y_~+= =7 =
+| fs—fs A ) }'o(%) 2 (1+7)?

A-27)\?
x fS—f%T) ll<q%>]+[fﬁﬂo<0>]2|oo<qé>

+2f2f%\no<oml<0>l01<q5>+[fml<0>]2|11<q3>).

(13

multiplied by 82 (the suppression due to the Majorana nature

of LSP’s mentioned aboyelt is straightforward to show that

A—27\?
|Jo|2=A2|F<q2>|2(f3—f$T , (6)
A-27
3= A2|F<q2>|2(f° fs—— ) (7
2__ 2
9] 2J+1|<Jll[f Qo(q)+FaQ(]I[INZ ®
with F(g?) the nuclear form factor, and
A A
Qo(@)=2, olh)e ™, Qu@)=2 o()rali)e ",
©)

wherea(j), 73(j), X; are the spin, third component of iso-
spin (r3|p)=|p)), and coordinate of thith nucleon andj is
the momentum transferred to the nucleus.

The differential cross section in the laboratory frame takes

the form[17]

1

m1
mp (1+ )2§

do
aa -

2n+1
X[["Z'JO'Z[l_(lz g

+[3[2+ 912,

& (10

wherem, is the proton massy=m, /myA, é=p;-q=0 (for-
ward scattering and

1
UO=Z(GFmp)2:o.77>< 1038 cn?. (11
The momentum transfar is given by
_ B 2m;c 17
L (12

Some values ofy, (forward momentum transfefor some
characteristic values afh; and representative nuclear sys-
tems(light, medium, and heayyare given in Table Il. It is

The quantities entering EQL3) are explained in Secs. Il A
and Il B.

A. The coherent matrix element

The terms in the square brackets of Et@) describe the
coherent cross section, the momentum dependence of which
is involved in the integralﬂ;p(q(z,), wherep =0 for the iso-
scalar angp=1 for the isovector component. These integrals
are given by

1
() =2(p+1) fogmqp(qggmzdg, =0.1.
(14

The integrald , are normalized so thaf,(0)=1 [follow-
ing the normalizatiorF(0)=1] and they can be calculated
by using Ref.[34] where we have shown that the nuclear
form factor F(g?) can be adequately described within the
harmonic oscillator model as

Z N
F(a%)=| 3 @(ab.2)+ z (abN)[e” "™ (15)

(N=A-2Z) whereb~1.0AY® fm and ® is a polynomial of
the form

Nmax @)

®(gb,a)= ;O 6\“(gb)>*, a=ZN. (16

Nmax(Z) andNp,.{N) depend on the major harmonic oscil-
lator shell occupied by protons and neutrd4], respec-
tively. The integrald p(qé) can be written as

u

|p(q§):|p(u):(1+p)u—<1+ﬂ>f X1 P F(2x/b?)|2dx,
0
17)
where
u=qjb%2. (18)

With the use of Eqs(15) and(16) we obtain
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12 QPY=0,(95¢?)

A
:(2‘]i+1)_1/2< Ji ,Zl Jo(%ffj)wp(i)o(i)‘ ‘Ji> ;

p=0,1, (22)

with wg(j)=1 andws(j) = 73(j). In general,

0.3
4 \\.\\Pb A
s Q 9’“>=<2Ji+1>—1’2m<af‘E[WF,-)@U(J')M
0 50 100 150 200 250 300 =1

m; ( GeV)

X (Qoérj)wp(])

Ji>, p=0,1. (23
FIG. 1. The integral$, [see Eq(17)], which describe the domi-

nant scalar contributiofcoherent pajtof the total cross section as
a function of the LSP mass;), for three typical nuclei: Ca, Ge, With the above expressions we have managed to separate the
and Pb. The valug/{8%)=10"3 was used. elementary parametes and f3 from the nuclear param-
eters.
1., ) ) 21 (p) We warn the reader that the integrals of E2fl) are nor-
Lp(u) = 22127177 (1) + 2NZIZ(W) + NTI(WE, (19 malized to unity ag—0, i.e.,l ,,/(qo=0)=1. This normal-
ization is different from that found in the previous literature.
where In the above Iimit 6o=0) the spin matrix element takes the
simple expression

17}(u)=(1+p)

|31=[£2020(0) + FA024(0) >
Nmax @) NmayB) 05\4) 05}5) 2)\+V+p()\+ V+p)!

X }\ZO ~ a B utte The spin matrix elements, unfortunately, depend in gen-
eral rather sensitively on the details of the nuclear structure,

AAATE which is included in the integrals,, (q3) [see Eq(21)]. As
X|1-e™" 20 (200 we mentioned in the Introduction, the first attempt for quan-

titative description was based on the odd group mefa@d
Subsequent shell model calculations demonstrated that the
OGM was not adequate and showed that more elaborate cal-
The i I - for th ical nuclei £4Ca, 72 q culations were needd@2,33. Furthermore, since the matrix
i integrald o for three typical nuclei{,Ca, 336€, and  glements ag=0 are often quenched, the momentum depen-
55 Pb) are presented as a functionrof in Fig. 1. The values  gence of the matrix elements was more important than it was
of the harmonic oscillator parameteused areb=1.849fm  najvely expected. As a matter of fact, one has to include
for Ca,b=2.039 fm for Ge, anth=2.434 fm for Pb. We see many configurations to accommodate all multipoles, which
that for I|ght nuclei the modification of the cross section by|n Comp|ex nuclei such a%gS| and 73Ge’ result in very |arge
the inclusion of the form factor is small. For heavy nuclei Hjlpert spaces. It will be, therefore, a very difficult task to
and massiven; the form factor has a dramatic effect on the substantially improve the calculations of Reff32,33.
cross section and may decrease it by a factor of about 5. The Among the targets which have been considered for LSP
integral |, is even more suppressed but it is less importangetection, 2°Pb stands out as an important candidate. The
(see Ref[35]). spin matrix element of this nucleus has not been evaluated,
since one expects the relative importance of the spin versus
B. The spin matrix element the coherent mode to be more important on light nuclei. But,
as we have mentioned, the spin matrix element in the light
systems is quenched. On the other hand, the spin matrix
glement of?%"Pb, especially the isoscalar one, does not suffer
from unusually large quenching, as is known from the study
of the magnetic moment. Thus, we view it as a good theo-

(a,8=N,Z). The coefficient®{*) are given in Ref[34] for
light and medium nuclei, and in R€i35] for heavy nuclei.

The other terms in Eq13) describe the spin dependence
of the cross section in terms of the,,, with p,p"=0,1. The
latter integrals result by following the standard procedure o
the multipole expansion of the '?" in Eq. (9) and are de-

fined by retical laboratory sinc€) it is believed to have simple struc-
1 Q“"”(qggz) Q(>>,K)(q(2)§2) ture, or;(g Dip neutron hole qutside the doubly magic
IPP'(qg):ZJ &de p P , nucleus?*®b and(ii) because of its low angular momentum,
0 e 0,00 Q,(0) only two multipoles\=0 andA=2 with aJ rank of k=1
can contribute even at large momentum transfers. One can
p,p'=0,1, (21 thus view the information obtained from this simple nucleus

as complementary to that 8fGe, which has a very complex
where we have made the identification nuclear structure.
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To a good approximatiof36] the ground state of the In this case, in addition to the leading{g,) ~* configu-
g;ﬂPb nucleus can be described aspg,2neutron hole in the ration, the first leading correction to the nuclear matrix ele-
2%pb closed shell. Then, for=0 one finds ment is linear in the mixing coefficients; ;, appearing in

the expression
Qo(0)= = (1N3)F2(4?), nl<q>=<1/@)F2p<q2>(,24)

and 1(3) ™1 =Co{ [(2py) " 1(n))

1
|00:|01:|11:2J0 E[F2p(9?)]17dE. (25 + 2 Ci,i,l (2P X1 Y2 3= 13)
J1l2

Even though the probability of finding a pureg, neutron (32
hole in the(3)~ ground state ofa'Pb is greater than 95%,

the ground-state magnetic moment is quenched due to the

1" p-h excitation involving the spin orbit partners. Hence, €.,

we expect a similar suppression of the isovector spin matrix

elements. Thus, we write 2

C
Q2Y=—2_12> C | G(j1.i2,
[(3))ge=Col(2p10) 3 a2, CBlda)
X[1+Cy|[0i13AN)(0i13) 1(n)]1*) X(nqlqj2(qoér)|naly)
71 + “ e
+ C,|[0hg(p)(Ohyy0) " H(p)]17)+ ]-(26) +(_1)p<(2p1/2)—1||Tk||(2pl/2)—1> . (33

Because of angular momentum and parity selection rules, we
have k=1 and\=0,2. Retaining terms which are at most whereG(j,,j,,p) are isospin-dependent geometrical factors

linear in the coefficient€,, C, we obtain the following: which can be evaluated by standard techniques. The radial
@iy x=0. integrals(n,l4|j»(dqoér)|n,l,) can be cast in the form of Eq.
(29), but they depend on two single-particle quantum num-
Qo(q) = C3{F 2(a?)//3—8[(7/13V7C,F(g?) bers (see Appendix The relevant coefficients used in the
present work are given in Rdf35].
+(5/1)°C,F on(9%) 1}, (27) Notice, however, that unlike the=0 case, many ampli-
tudes can contribute if the quadrupole modes coupled to the
Q1(9) = — CH{F,(a?)/\/3—8[(7/13V%C,F i (?) single-hole wave function are admixed in the ground state of
the system.
= (5/11)*2CoFon(9*)1}, (28) In the simple model of Ref.36], in addition to theC,,

C, encountered above, one needs the amplitudes of the two
additional configurations, jQ5,0j11An) and G11,0099,2(pP),
Nimax which are C3=0.000239 andC,= —0.000642. Obviously,
Fnl(q2)2e7q2b2/42 YD (qb)2-. (29) this is a simplification, since one should consider the spin
p=0 * giant quadrupole resonan@@QR), which may have a small
admixture in the ground state of the nucleus but a very large
The coefficientsy" are given in Ref[35] and the coeffi- ~ transition matrix element. Such a detailed calculation includ-
cientsCy, C4, and C, were obtained by diagonalizing the ing all 24w excitations is in progress and it will be reported
Kuo-Brown G matrix [37,3§ in a model space of I21p  elsewhere.

where

configurations. They are given by Using Eqgs.(2), (27), (28), and(33), we can evaluate the
integralsl oo, 195, andlqg for 2°/Pb. The results fot,; are
Cy=0.973350, C;=0.005295, C,=-—0.006984. presented in Fig. Zthe other two are practically indistin-
guishable, see Ref35]). In Fig. Aa) |14, is plotted as a
We also find function of the LSP mass while in Fig.(® it is plotted
(together withl 5) as a function of the parametargiven in
Qu(0)=— (1/\/5)(0.95659 (small quenching Eq. (18). We see that for a heavy nucleus and high LSP mass

(300 the momentum transfer dependence of the spin monopole
(A=0) matrix elements is quite large. It is, however, to a
0,(0)=(1/1/3)(0.83296 (sizable quenching (31) large extent, neutralized by the spin quadrupale=@). So,
the overall effect is not dramatic for LSP mass less than 100
The amount of retardation of the total matrix element de-GeV. As a matter of fact, from Fig.(B) we see that the
pends on the values df andfy. retardation of the spin matrix element is quite a bit less than
(i) x=2. that of the coherent mode for almost all valuesuof
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12 vo=1(2/3)(v?)=220 km/s. (36)

For our purposes it is convenient to express the above distri-
bution in the laboratory frame; i.e.,

f(v,vg) = (Vo) ~2e~ (Ve g, 37)

where vg is the velocity of the Earth with respect to the
center of the distribution. Choosing a coordinate system in
which x, is the axis of the galaxyx; is along the Sun's
direction of motion (), andX;=X,X X3, we find that the
position of the axis of the ecliptic is determined by the angle
v=~29.80 (galactic latitudg¢ and the azimuthal angle
w=186.3° measured on the galactic plane from xhexis
39].

: '%’hus, the axis of the ecliptic lies very close to thexs;
plane and the velocity of the Earth is

VE=Vo+ V1=V + v (SinaX; — COSrCOSyX,+ COSSiNyX3)
(38)

and

cosy
VoViT ool
V1+cofycoSw

----------------------------- wherev,, is the velocity of the Sun around the center of the

~vgvSinycosy, (39)

e R galaxy,v, is the speed of the Earth’s revolution around the
u Sun, « is the phase of the Earth’s orbital motion,
a=2m(t—t,)/Teg, wheret, is around the second of June
(b) andTg=1 yr.
The mean value of the event rate of E84) is defined by
FIG. 2. (a) Plot of the integral$,, as a function of the LSP mass
m,. This integral gives the spin contribution to the LSP-nucleus d_N — @ i 3
total cross section fofy'Pb [for the definition see E¢(21)] in the dt m; Am,

model described in Sec. lll. The integrédlp andl o, are similar.(b) ) ]
Plot of the integrald 1,(u) andlo(u) for Pb, whereu is given by ~ Then, we can write the counting rate as

Eq. (18). Note thatl 44 is quite a bit less retarded compared §o

<d—N>— p(O) m — (W23, (42)

V. CONVOLUTION OF THE CROSS SECTION dt m; Am,

WITH THE VELOCITY DISTRIBUTION
where

The cross sections which would be given from an LSP

detector participating in the revolution of the Earth around v,

the Sun would appear retarded. In this section we are going (2)= f f(V ve)a(|v])dv. (42
to study this effect by using the method of folding. To this
aim let us assume that the LSP is moving with velocity
with respect to the detecting apparatus. Then, the detect|0n
rate for a target with mag® is given by

Thus, taking the polar axis in the directi#p, we get

4 0 1 2.2 2
2 — f 3d j d e*(v +vg+2vvgd)lvg
dN p(O) m <> \/Evg OU % 71|§| & o(v)

at . m, Am v o(v), (34) (43)

or
wherep(0)=0.3 GeV/cn? is the LSP density in our vicin-

ity. This density has to be consistent with the LSP velocity 2 o 2vvg s 22
distribution. Such a consistent choice can be a Maxwell dis- (3)= —zf vdv Fo( > )e<” Toelvog(v),
tribution Vémvg /o Vo

(44)
f(v')=(mo) e "0’ 35 with

provided thaf 30] Fo(x)= xsinhy—coshy+ 1. (45
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One can also write Eq44) as e\ ,
12 (N ug) = ﬁ -~ z,b e "Fo(20)1 (Ui dy,
“v
EH=|3 f —fi(v)o(v)do, (46) (53
3 0o Vo
22
with (\,u )——e J ye 4= o 2N )1, (Ugy?)dy,
po' 0 \/— pa\H0
) 2vv (54
fi(v)=—= %Fo(jﬁ) e TR ()
\/; VE Vo Ve
A= —=[1+ Scosusiny+ (8/2)?]*2 (55)
In the case in which the first term in E@L5) becomes domi- Vo
nant, we get . . .
The parameters,, |,, have been discussed in the previous
(v—vg)? (v+vg)? section. The above integrals are functionsnoandu,. The
fi(v)=— [ XF{— zE —exr{— —ZE ] latter depends om, the nuclear parameters, and the LSP
\/— UOUEl Vo Vo mass. These integrals can only be done numerically. Since,

(48  however,\ is close to unity, we can expand in powers of

_ ) 6 and make explicit the dependence of these integrals on the
in agreement with Eq(8.15 of Ref. [7]. In Eq. (44) the  Earth’s motion. Thus,

nuclear parameters are implicit in the cross sectid)
given from Eg.(13). The nuclear physics dependence of 2

(3 could be disentangled by taking note of the extra veloc-  Jy(\,ug) = B1[K{(ug) + SsinycosaK i (ug) ],

ity dependence of the coherent vector contributioro{w) V6
and introducing the parameters (56)
5= 007, y=2, umupr (49 3,00tg) = ——B,[KO(ug) + si KD (ug)
Yo 2l o' oY, p(NUg) = o 2[ K, (Ug) + SsinycosaK ' (Up) ],

(57)

where the quantity, is the one entering the nuclear form
factors of Eq.(17) for v =v, which in this case is given by

2
Jpo(NUg) = —Bl[K (u0)+5smyc05aK<1)( o).

_1 Zﬁomlcz b 2 _UO 50 \/6
Uo=75 i+ Ac) Bo=7 - (50) (58)
. The integrals<, K>, andK?, are normalized so that they
Afterwards, we can write Eq44) as become unity atip= 0 (neghzﬂble momentum transferWe
find
2 oy A-27
2 AZ[ 2 fo—fl )
=] T A8 n T s
B,=— e Y Fy(2 =—+2v~1.860, (59
2t fflAZ 1=5 ), Ve VFo2pdy=g oy (59
X[ Jo— T 21172 Ji|+| fg JO
1 2 (= 3 2 2(3
+1£200(0)12300+ 2f8F206(0)Q1(0)Jg; Bzzﬁjo yle v |:0(2¢)d¢=§ ST 7v|~4.220,
1 5 (60)
FFaQ1(0) ] 1a¢ (51)
with

If we assume thalyy=Jg;=Jq1, a@s seems to be the case for 1
207pp, the spin-dependent part of H47) is reduced to the V:f e ’dt~0.747. (61)
familiar expression[fAQO(0)+f,ﬁQl(O)]lel, where the 0
qguantity in the square brackets represents the spin matrix
element ag=0. Furthermore,
The parametersy, J,, J,, describe the scalar, vector,

and spin part of the counting rate, respectively, and they are 7 :ifm e 2 _
given by Ko eB, Jo eV Fi(2¢)lo(ugy)dy, 1=0,1, (62

Jo(\,Ug) = -~ zﬁe “’Fo(ZW)I o(Ur®)dy, K'=i w(/f3e"f’2F|(2</;)l (ugy®)dy, 1=0,1,
\/_77 A »3eB,)o p\Uo
(52 (63
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Kl 2 (e PF 20 2ydy, 1=0,1
pa'_eBl 0 l//e I( W) pa(uolﬂ) lﬁ- — Y,
(64)
with Fy(x) given in Eqg.(45) and

2

X
2|5+
Fi(x)=2 2 1

coshy— xsinhy— 1}. (65

The counting rate can thus be cast in the form

)

where(dN/dt), is the rate obtained from tHe=0 multipole
and h the amplitude of the oscillation, i.e., the ratio of the
component of the multipolé=1 to that of the multipole
I=0. Below (see also Tables Ill and IMve compute sepa-

dN
dt

dN

T (66)

> (1+hcosx),
0

rately the amplitude of oscillation for the scalar, vector, and

spin parts of the event rate, i.e., the quantity
h= &sinyK*(ug)/K°(u,). Note the presence of the geomet-
ric factor siny=1/2, which reduces the modulation effect.

In order to get some idea of the dependence of the coun

ing rate on the Earth’s motion, we will evaluate the above

expressions atiy=0. We get

KS=KS,~K%=1, (67)
Ki=k! =—" _~0.402 (69)
0= oo T et 2y OO
L 3l(2e)+(11/2)v/2 0736 o
P 3le+7v D (69
Thus, for siny=0.5
Jo~J 2 1.86Q 1+ 0.054co%)
~] =——1. .054cow
o \ 6
—0.8571+0.054cos8), (70)
32 4.220 1+ 0.099cos) = 1.944 1+ 0.099co%)
=—A4. . Co®)=1. . COo%®).
N

(71

We see that the modulation of the detection rate due to th
Earth’s motion is quite smallh(=0.05). The corresponding
amplitude of oscillation in the coherent vector contribution,
Eq. (70), is a bit bigger bi=0.10). However, this contribu-

J. D. VERGADOS

150 | 200 = 250

m; ( GeV)

(a)

100 300

t-

250

200
m; (GeV )

(c)

300

e

FIG. 3. Contributions oK integrals(for | =0 andl = 1) defined
in Egs.(62)—(64) and entering the event rate due to Earth’s revo-
lution around the SurK}, in (a), K} in (b), andK; in (c). The other

tion is suppressed due to the Majorana nature of LSpntegralsKy,andKp, are similar toK;.

(through the factoB?). The modulation due to the Earth’s
rotation is expected to be even smaller.

The exactK' integrals, for thd =0 andl=1, are shown
in Figs. 3a—3(c). The most important of these integrals,
those of Eq.(62) associated with the scalar interaction, are
shown in Fig. 8a). In Fig. 3b) we present the integrals of
Eq. (63 for p=0 associated with the vector interacti@the
integral forp=1 is analogous but it is less importanEi-
nally, in Fig. 3c) the integrals of Eq(64) for p=1 and

o=1 are shown. The others are practically indistinquishable
from these and are not showsee Ref[35]).

Before closing this section we should mention that the
folding procedure can also be applied in the differential rate
in order to obtain the corresponding convoluted expression
for do/dQ), i.e., before doing the angular integration in Eg.
(10) and obtaining the total cross section equati®8. The
resulting expressions are, however, a bit more complicated
and they will not be given here.
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V. RESULTS AND DISCUSSION ranges from 1 in the naive quark mod®&QM) to 0.12 if

The main goal of the present work was the calculation 0lgextracted from the EMC data. In our c_alculations we consid-
the cross sections for the scattering of LSP, a cold dark ma(f’.red b.Oth .Of these extremes. AI.SO’ since the dominant con-
ter candidate, with nuclei. The coherent sca:[tering was evalulgl“'rmIon Is of th'e neutron vane.t Y, the isoscalar t.e n'ds to
ated for threé typical nuclei, Ca, Ge, and Pb, and the Spiﬁubtraqt from the |sovecto_r, but this is not so dramatic in our

. o7 o ' ' case since the isoscalar is smaller in absolute value, espe-
matrix element forr°’Pb. The momentum dependence of the .
matrix elements was taken into account. Special attention hacs!agy n the EMC. calse. -0
been paid to evaluating the modulation of the event rates due ur spin matrix elements @=0 are

to the Earth’s motion. Our results are summarized as follows. [Q4,(0)]2=0.231 and[Q,(0)]?=0.301.

. These are a bit larger than the values
A. Coherent scattering
As we have seen in Sec. lll, the coherent scattering de- [Q1(0)]12~[Q0(0)]?=0.2 (3" 2%Si),
pends on the isoscalar scat@ and vectorf?, parameters.
The latter is effectively multiplied by the average velocity extracted from Fig. 3 of Ref[32]. They are, however,
(B?)Y2 of the LSP due to its Majorana nature. These paramsmaller than the values
eters depend on the SUSY model considered. They were
evaluated in the allowed SUSY parameter space of Kane [(:(0)]?°=1.00 and[Q4(0)]?°=1.03 (3 "°Ge),
et al.[5]. The construction of the dominant scalar parameters
suffers from additional uncertainties, which involve the stepextracted from Fig. 3 of Ref32].
of going from the quark to the nucleon level. In other words, As it has been found in Eq13), the momentum depen-
the results are very sensitive to the presence of quarks othéence of the spin part can be described in terms of three
thanu andd in the nucleon. Three such choices indicated byintegralsloo, lo1, 11, Where the subscripts indicate the iso-
A, B, C are presented in Table I. spin channels. In our case, these integrals receive contribu-
From a nuclear structure input point of view, the coherentions from two multipolesh =0 (spin monopolgand\ =2
scattering does not depend on the details of the nuclear wavépin quadrupole They were judiciously normalized to
function. It does, however, depend on the nuclear densitynity atq=0. When so normalized these integrals are ap-
i.e., the assumed form factor, for fairly massive LSP’s andoroximately equalsee Fig. 3 and also R€f35]). We notice
correspondingly heavy nuclei. This is because the momerihat the monopole contribution falls with momentum trans-
tum transfer in such cases can be quite hiblt nuclear fer, as expected, quite fast, in fact, for a large LSP mass. On
standards even though the energy transfer is small. Thethe contrary, the quadrupole contribution starts out at zero
form factors used were as realistic as possiBi#. The in- and keeps increasing up to about 90 GeV. As a result, its
clusion of the form factor results in sizable retardation of thecontribution in this mass regime is crucial, since it tends to
cross section which, for case No. 1, can be a factor of 3 fopartly compensate for the suppression of the monopole term.
Ge, and a factor of 14 for Pb. This conclusion is in agree\We expect these trends to persist even in the most elaborate
ment with previous estimates although they do not includesalculations which include the giant quadrupole resonance

detailed calculations for heavy nuclear targég]. (GQR) and are currently under way.
As a consequence, the momentum transfer suppression is
B. Spin contribution small (a factor of about 4 form;=100 Ge\j. Thus, the

. . . . above two matrix elements take the values 0.120 and 0.153
As we have mentioned in the Introduction, the relativeso, ihe purely isovector and isoscalar channels. From Table

importance of the spin matrix element is expected to deyy of Ref. [32] one extracts ag=0.174 the values 0.335 and
crease as one goes to the heavier systems-vis-the CO- 4 402 Thuys, the spin matrix element in 2°’Pb is less than

herent scattering. We have seen, however, that the increaﬁﬁaree times smaller compared to that of R&?] for 3Ge.
due fo th_e mass number in the coherent scattering is ‘?ff5¢t Bn the other hand, the corresponding matrix elements for the
the decline due to form factor. Thus, the spin contributiona _ o9 andA=207 are similar. When it comes to the cross
may not be completely negligible. 07 , . section the spin contribution in the case of e 207 and

For the spin matrix contribution of*’Pb, we find that its A=73 may be similar due to the presencespin Eq. (13)

ground statda ; - statd, in a 1h and 2h-'1p mpdel space, is which favors theA=207 system by a factor of about 2.6 for
more than 95% a R, neutron configuration. We have m, =100 GeV

evaluated the spin matrix elements up to terms linear in the
small amplitudes. Out of the 250 components, only two of
them contribute to tha =0 multipole while two more con-
tribute to thex =2 multipole. Thus, we find that the isoscalar ~ For the coherent cross section in Table Ill we present
static matrix element suffers from very little retardation, results for the parametefsiN/dt), andh for three typical
while the isovector matrix element is reduced by 17%. Sinceand experimentally interesting nuclei, Ca, Ge, and Ph. From
in the SUSY parameter space we have used, the isovecttiis table we see that the event rate is highest when the
coupling f} is larger, this results in a similar retardation of intermediate particles and the LSP'’s are lightest, €27

the total matrix element. The isoscalar matrix element ha&eV, case No. 2 We notice that even within the allowed
other uncertainties. In passing from the quark to the nucleoparameter space, the event rate may vary by two orders of
level the amplitude must be multiplied by a facty which ~ magnitude. We also notice that, with the possible exception

C. Convoluted rates
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TABLE Ill. The quantity (dN/dt)q in yr-tkg™! and the parameten (oscillation due to the Earth’s

motion around the Surfor the coherent vector and scalar contributions. For the definition of A, B, C, see

text. NFF and WNFF stand for nuclear form factor and without nuclear form factor, respectively.

Vector contribution Scalar contribution

dN dN
- | —_ “lkg?
< it >O(yr kg™ ) h < ot >O(yr kg™ ") h
Solution Model A Model B Model C
No. 1 (NFF) 0.264x 1073 0.029 0.15%x10°° 0.220 0.450 —0.002
No. 1 (WNFF) 0.378x 102 0.102 0.21% 102 3.087 6.322 0.054
No. 2 (NFF) 0.162x 1073 0.039 0.41x10' 142.860 128.660 0.026
Pb  No. 2(WNFF) 0.332x10°3 0.102 0.87x10 ' 303.390 273.220 0.054
No. 3 (NFF) 0.895< 1073 0.038 0.20x10°° 0.377 0.602 —0.001
No. 3 (WNFF) 0.970x 102 0.102 0.22x 102 4.114 6.576 0.054
No. 1 (NFF) 0.151x 1073 0.043 0.77%10°* 0.120 0.245 0.017
No. 1 (WNFF) 0.518< 1073 0.102 0.2310°° 0.353 0.723 0.054
Ge No. 2(NFP 0.527x 10 % 0.057 0.14&10°' 51.724 46.580 0.041
No. 2 (WNEF) 0.708<10°* 0.102 0.19&10'  69.506 62.595 0.054
No. 3 (NFF) 0.481x 1073 0.045 0.10x10°° 0.198 0.316 0.020
No. 3 (WNFF) 0.144x 1072 0.102 0.26k10°° 0.525 0.839 0.054
No. 1 (NFF) 0.790<10°* 0.053 0.34x10°* 0.055 0.114 0.037
No. 1 (WNFF) 0.135x 1073 0.102 0.52x 104 0.085 0.174 0.054
Ca No. 2(NFP 0.264x 1073 0.060 0.61x102 22271 20.056 0.048
No. 2 (WNFF) 0.307x 1073 0.102 0.70%10 2  25.601 23.055 0.054
No. 3(NFP) 0.241x 1073 0.053 0.43%10 4 0.090 0.144 0.038
No. 3 (WNFF) 0.388x 1073 0.102 0.64x10°4 0.133 0.212 0.054

of the not so realistic model A, the Higgs contribution be-LSP turns out to be massive, the benefit of going to heavier
comes dominant. This is even more so in models whergargets is somewhat diminished.
quarks other tham andd are present in the nucleus with  The detection rates obtained, after folding the spin-
appreciable probabilities, due to their large masses. In thixduced cross section, f6°’Pb are shown in Table IV. The
most favorable cases, one may have more than 140 everf§iding makes the spin dependence even less sensitive on the
per year per kilogram of Pb target. We notice that the ammomentum transfer. The event rate, however, remains much
plitude due to the Earth’s annual motion dependsrarand  smaller than the coherent scattering for models B and C and
A.In Pb it is less than=5%. even for model A in the case No. 2. These results may sug-
Flnall_y, we should mention that, for cases No. 1 and No-gest that, in the SUSY parameter space given in E&fthe

3 (massive LSP’s the rate due to the nuclear form factor can gpin-induced LSP-nucleus scattering may not be detectable.
be reduced by a factor of approximately 6. Because the formye spin contribution, however, may be somewhat enhanced
factor dependence is more pronounced in heavy nuclei, if thg, models in which the LSP is primarily a Higgsifia0].

In order to estimate the total effect of the nuclear density

_ TABLE V. The spin contribution in the LSP-nucleus scattering on the event rates, in Tables Ill and IV the results ignoring
in <°'Pb for.two cases: EMC data and NQM modete Sec. )l For the nuclear form factofWNFF) are shown.
other notations see caption of Table IIl.

EMC Data VI. SUMMARY AND CONCLUSIONS

(o,

NQM Model
dN In the present work we have performed calculations of the
dt o event rate for LSP-nucleus scattering for three typical experi-

Solution (yr kg b h (yr1kg }) h mer_ltal_ly inte_resting nuclei, i.e., C_ta, Ge, and P_b. The three
basic ingredients of our calculation were the input SUSY
No. 1 (NFF) 0.285<10°2 0.014 0.13X10°2 0.015 parameters, a quark model for the nucleon, and the structure
No. 1(WNFF)  0.130x10°! 0.054 0.55K10°2 0.054 of the nuclei involved.
No. 2 (NFF) 0.041 0.046 0.384102 0.056 The input SUSY parameters were calculated in a phenom-
No. 2 (WNFF) 0.062 0.054 0.40810°2 0.054 enologically allowed parameter spa@eses No. 1, No. 2,
No. 3 (NFP) 0.012 0.016 0.76410°2 0.017 No. 3 of Table ) as explained in the text. In going from the
No. 3 (WNFF) 0.047 0.054 0.26210°! 0.054 quark to the nucleon level, the quark structure of the nucleon

was essential, in particular its content in quarks other than
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u andd. For the scalar interaction we considered three mod-

els (labeled A, B, C in Table)las described in the text. For |W;)=Colj ~(n))
the isovector axial coupling one encounters the so-called

nucleon spin crisis. Again, we considered two possibilities ) 4

depending on the assumed portion of the nucleon spin which +2 Cji lis(p)is (p)K>] (A2)
is due to the quarkéndicated by EMC and NQM in Tablg | Iala
as described in the text.

As regards nuclear structure, we employed as detailed
feasible nuclear wave functions. For the coherent (saalar
and vectoy, we used realistic nuclear form factors. For the
207pp system we also computed the spin matrix element. The |W||T*||¥;)= CS[ (=) G T+ 2
ground-state wave function was obtained by diagonalizing
the nuclear Hamiltonian in at21p space which is standard
for this doubly magic nucleus. The momentum dependence X
of the matrix elements was taken into account and all rel-
evant multipoles were retaingth this system one encoun-
ters only two\ =0 and\ =2, due to selection rulgs +> Cii (sl T lia

From our discussion in the previous section we conclude 13la
that, even though the spin matrix elemefit$ are a factor of . ) _ _
3 smaller than those fof3Ge obtained in Ref[32], their The + sign is for isoscalar anq the for |s_ovecto.r matrix
contribution to the cross section is almost the sdatdeast €léments. The reduced matrix elemenils||T“||j,) are
for LSP masses around 100 GeV given in Ref. [41]. The rele_vant _rad|al ma_trlx elemen_ts

Finally, the obtained results were convoluted with a suit-(M1!1/11(qr)[n2lz) for harmonic oscillator basis can be wit-
able Maxwell-Boltzmann velocity distribution of the LSP’s. €N In @ compact way:
This convolution was necessary to partially neutralize the Ko
form factor retardation, but mainly to compute the modula- : . k+1/2 _ 2
tion of the event rate due to the E)zilrth’s moF':ion. We find that (nilafii(anin;lz)=e XKZ‘O 2 X" x=(ab)74,
in almost all cases the event rate due to the Earth’s revolu- (A4)
tion around the Sun is very small, less tha’n% around its
average value. The event rates thus obtaiisee Tables Il where
and IV) are, unfortunately, sensitive to the input parameters.

The inclusion of the nuclear form factor significantly re- Kmax=N1tNztm,  m=(l+1,-1)/2,
tards the event rates for heavy nucléiX100) and fairly
massive LSP’s r;>100 Ge\j. However, this retardation 1=l <I<I{+15.
does not outweigh completely the advantages of using a
heavy target. For the spin matrix elements the form factorThe coefficients  (n,l1,n,l,1) are given by
retardation of the usual =0 multipole is partially neutral-

1+J,Ej Cii,lia(mjz (n)«)
1J2

for the proton component and for the neutron compo-
nt, or(to the first order the matrix elements

2j+1)\12

2k+1

+ 2 Cy (il T2
Jil2

] . (A3)

ized by the enhancement of the=2 multipole. _ mny!ny! v

From the data of Tables Il and IV we see that it is pos- Eu™ AT (ny+1,+ HT(Ny+ 1+ 2)
sible to have detectable rates 20 yr kg™?) only for case
No. 2 and the realistic nucleon models B and C, associated N M2
with the scalar Higgs exchange term. In all other cases, in- X 2 2 A (i) A (nalo) A (nl),
cluding the spin contribution, the calculated event rates are K= k=0
too small. (A5)
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APPENDIX p (0, k—mM—n,=<0,
For the spin contribution of°’Pb, we have to calculate K—=M—=Ny, Kk—mM—n>0,

the matrix elements of the operator
{ 0, k—m—k;=0,

T*=Vamj\(an[YNQeo]*, (A1) K=M=—ky, Kk=mM=xy>0.

where k=1 and\=0,2 for the stateg§see Eqs.26) and For the coefficients, used in the present work see Ref.
(32)] [35].
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