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Shell model calculations for light supersymmetric particle scattering off light nuclei

P. C. Divari, T. S. Kosmas, and J. D. Vergados
Department of Physics, University of loannina, GR-45110 loannina, Greece

L. D. Skouras
Institute of Nuclear Physics, NCSR Demokritos, GR-15310 Aghia Paraskevi, Greece
(Received 7 September 1999; published 12 April 2000

We investigate the elastic scattering cross section of cold dark matter candidates, i.e., lightest supersymmet-
ric particles (LSP), with light nuclei ¢°F, ?*Na, and ?°Si). These nuclei are promising targets of direct
detection for such cold dark matter. We pay special attention to the spin dependence of the differential event
rate. Our calculations are performed in thel shell model space with the Wilthental interaction. We also
examine the momentum transfer dependence of the differential cross section.

PACS numbgs): 23.40.Hc, 23.40.Bw, 21.60.Cs, 21.60.Jz

I. INTRODUCTION energy less than 100 keV. In practice, however, one expects
the LSP to have a velocity distribution which is supposed to
It is known that dark matter is needed to close the Uni-be Maxwellian[2].

verse[1,2]. It is customary to define the paramefergiven The detection of the LSP, which in the following is de-
by noted byy, is quite difficult, since this particle interacts ex-
tremely weakly with matter. The most interesting possibility
p 3H2 for a direct detection of the LSP is via the recoiling of the

Q=—, (1) nucleus A,Z) in the process

pc’ P 8TGy
x+(A,Z)—x+(A,2)*.
wherep is the density of the Universg, the critical density, ) ) )
H the Hubble constant, an@, the Newton’s gravitational !n the abo_ve process only the elastic chfannel is of practl_cal
constant. Then, one theoretically expe€ls=1, while the interest, since either the energy qf LSP is too low to excite
usual (baryonio matter givesQg=<0.1. In order to accom- the nucleus or the cross section is too low to be measured.
modateQ2 =1, nonluminous(dark matter is needed. Two Among the most popular detector nucléb(() are the follow-
types of such matter have been considered. The first is coning isotopes:3He, 3F, $3Na, {341, 3Si, 5Ca, $5Ge, 3As,
posed of particles which were relativistic at the time of struc-£3, &3*Xe, and 25¢Pb.
ture formation and constitutes the hot dark matter component The theoretical expression for the LSP-nucleus cross sec-
(HDM). The other type is made up of particles which weretion includes basically two parts: the coherent part, coming
nonrelativistic at the time of freeze out and constitutes theamainly from the scalar interaction, and the spin contribution
cold dark matter componer{fCDM). The COBE datd 3] coming from the axial current. The coherent contribution is
suggest that CDM is at least 60%4]. On the other hand expected to dominate in the case of heavy targets, but the
recent data from the Supernova Cosmology Project suggespin matrix elementME) may be more important in the case
[5,6] that there is no need for HDM and the situation can beof light nuclear systems.

adequately described b -py=0.3 andQ,=0.6 (2, is The coherent matrix elements can easily be described in
associated with the cosmological consfain any case the terms of the nuclear form factor and computed approxi-
presence of CDM seems unavoidable. mately throughout the periodic tadl&3], but the evaluation

Since the nonexotic component cannot exceed 40% of thef the spin matrix elements is more complicated. The cross
CDM [2,7], there is room for the exotic weakly interacting sections at zero momentum transfey=<(|gq|=0) show a
massive particlesWIMP’s). The direct detection of such strong dependence on the nuclear structure of the ground
particles is thus of profound importance. Recently, thestate.

DAMA experiment[8] has claimed the observation of one It is the purpose of this paper to present results of calcu-
signal in direct detection of a WIMP, which with better sta- lations for the static spin matrix elements and at the same
tistics has subsequently been interpreted as a modulation sitime to explore their momentum transfer dependence.

nal [9]. Initial investigations into the spin-dependegtnucleus

In the currently favored supersymmeti8USY) exten-  scattering made use of the independent single particle shell
sions of the standard model the most natural WIMP candimodel (ISPSM [14-17. Engel and Voge[18], employing
date is the LSP, i.e., the lightest supersymmetric particlehe extended odd group mod@OGM), evaluated the spin
whose nature can be described in most SUSY models to beME using data from magnetic moments and mirror pair
Majorana fermion, a linear combination of the neutral com-decays. They showed that the ISPSM was inadequate, when
ponents of the gauginos and Higgsind®-12 with mass nuclei are far from the closed shellsee also Ref[19]).
greater than 30 Ge\¢f. It is nonrelativistic with an average Pacheco and Strottmaf20] reached the same conclu-
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sion by performing detailed nuclear shell model calculations, =0, The parameters), fy, £, f3, 2, f, depend
for several light nuclei. The odd group mod@GM) and  ¢n the specific SUSY model employ&t0].
shell model treatments obtain good agreement for light nu- The corresponding-nucleus differential cross section in
clei but as the atomic mass increases, there is a significafe |aporatory frame takes the foffh0]
amount of configuration mixing which is not considered in
the OGM. The authors of Reffi21] employed the interaction do
boson fermion modellIBFM), in order to evaluate the spin
matrix elements. While the IBFM can incorporate the domi-
nant collective effects, it has some difficulty in including the
spin polarization which plays a crucial role in axial vector With the spin contribution given by
scattering. In addition it cannot be readily applied at nonzero
momentum transfer.

It is evident from the above discussion that there is need
for more detailed calculations going beyond the IPSM, espe-

cially for the spin component of the cross section. The ma"}and the coherentscalaj one (neglecting the small compo-

aim of the present paper is to evaluate Fhe spin response Ub@lnt associated with the time component of the vector cur-
the cross section iny-nucleus scattering making a shell rend is given by

model calculation restricted to the light nucléF, °Na, and
29sj, which are among the popular nuclei as detector candi-
dates. A similar calculation fof°Si and "*Ge was performed |J|2:A2( £0— L
by Ressellet al. [22]. The advantages of our approach will
be exhibited in Secs. IIB and IV B.

While phenomenological models, like the OGM and F(g?) is the nuclear form factor and
IBFM which have been used in thege=0 limit, cannot be
easily extended to finite momentum transfer, in a nuclear A . A .
shell model calculation the incorporation of finite momentum Qo(q)= >, o(j)e 9%,  Q(q)= 2, o(j)rs(j)e 9%,
transfer is straightforward. In fact it can be described as a =1 =1
low degree polynomial im? times a Gaussiafsee Sec. ) (8)

o~

2
o Mr
m—N) £(312+ 917, (5)

132=

53,71 [T+ F32u(@113)*  (©

Z 2
| IR, U

o(j), 73(j), x; are the spin, third component of isospin
(73|p)=|p)), and the coordinate of thigh nucleon.
In Eq. (5) g is given by

Il. THE BASIC INGREDIENTS FOR LSP NUCLEUS
SCATTERING

In this section we shall state in brief the main steps fol-
lowed for the construction of they-nucleus interaction 5 g
Hamiltonian in the context of supersymmetry. Then, we will 00=5—(Gemy)“=0.77x10 cn?, 9
describe the formalism employed for the evaluation of the

Spin matrix element.and the spin form factors which are Ofwhile . is the reduced mass of the LSP-nucleus system and
primary importance in our study.

my is the proton mass. Furthermorg=p;-q=0 (forward

A. Effective operators at the nucleon level scattering with the momentum transfeg given by

The x-nucleus scattering can be described by a four- lal=q0é, qo=2Bcu,, B=vlc. (10)
fermion interaction of the typglQ]

G For the evaluation of the differential rate it is more con-
L= — _F{(;?,AYSX)JPL(;X)J}, (2)  Venient to use the variablesl,¢) instead of the variables
V2 (&,v) whereu is defined by

where u=(qb)?/2 (13)
I =Ny (F9+ 73+ 10y + 4 N 3
NNV TS+ Tayst Tiysma) ® with b being the oscillator size parameter. The above defined
and quantityu is related to the energy transfer to the nucl@uss
- follows:
J=N(f2+fgzrs)N (4)
(N=nucleon spinor The effective Lagrangian can be ob- Q=QoU, Qo=——. (12
tained in first order via Higgs exchangequark exchange, Amyb

andZ exchange. In the above expressions we have neglected
the uninteresting pseudoscalar and tensor currents. We men- Thus, integrating the differential cross section of E5),
tion that, due to the Majorana nature of the LSP, we havevith respect to the azimuthal angle we obtain
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2
i 1
dU(U,U):UO(m_;> (fi)zFll(u)S(u) Spp(q):(2J|+1)E[Qp(o)]zl:pp(u)! p:01l
2 (18
A-2Z
+A2(f°—f1—) F(u 2}—,
s—fs—% [F(u] 2 bo)? and
(13 1

Soa(q) =(23;+ 1)5[90(0)91(0)]':01(11)- (19

where

fQ 2|:00(u) . O Foy(u) B. Expressions for the spin matrix element
S(W)= E F1a(u) (Qo(0)) +2E Fll(u)QO(o)Ql(o) The determination of the spin matrix elemédi® of Eq.
(6), relies on the calculation of the multiparticle reduced ma-
+(0Q4(0))? (14)  trix elements of the operator
and O Dk=QMR = (£ 4 f75) T, (20)
Q9 yy Q&) where
Fpp’(u)zz - £ p,p,:O,l (15)

Ve 00,0 TOO— [, (ALY, (F) X o (21)

?Gamow-TeIIer—type operatgrssandwiched between the
many-body wave functions for the initialJ)) and final
(|35)) nuclear states. In the multiparticle basis the reduced
matrix elements of the operat@™* contain isoscalar and
iesovector components as

are the spin form factors, associated with isospin indice
p.p’, which take values 0 and 1. The quantiti@$**(u)
will be discussed below Q,(0)=0P"(0) is the static
value of the spin ME

In Eqg. (14) we have introduced the quantig§(u), which
contains most of the nuclear structure information, becaus

we expect it to be essentially independentuofsee below (34|00 3,y
Sec. I B), i.e., nearly static quantitg(u)~S(0). It will also f—m'zfggg”vk)(q)+f/§9(l"'k)(q), (22)
depend less strongly on the SUSY parameters, since it is [23;+1]

expressed in terms of the ratf/f% and therefore the de-
pendence of each one of them on the not so well knowwhereQ{(q) represent the isoscalas € 0) and isovector
SUSY mass scale will tend to cancel in the ratio. (p=1) contributions, respectively, expressed as

The parametef}\ in Eq. (13), which, among other things,

depends on the inverse of the second power of the mass of QMR =S X4 )<Jl||To"k)||Jz> 01

the intermediate particles, is not going to be discussed fur- P ot [23+1]%2 P

ther in this work(see, e.g., Ref.10]). The momentum trans- (23
fer dependent quantiti,,(u) is extensively discussed be-

low. Note the presence of (2+1) Y2 in the definition of the

We will demonstrate in the present paper that it is advanabove matrix elements in terms of the reduced matrix ele-
tageous to separate the static values from the “spin fornments. In other words the matrix elements are written in
factors.” Before concluding this section, however, for theterms of the the quantitiea['j(jlj »), which carry all the in-
reader's convenience we mention that sometimes, see, e.gormation about the interaction and the single-particle re-
Resselet al. [22], the first term of Eq(13) of the spin con-  duced matrix elements ™). The indicesj, andj, run
tribution can be written in the form over the single-particle orbits of the chosen model space.
The quantitieSaE(jlj ,), which are essentially products of
the one body coefficients of fractional parentdGé&P), are
sometimes called one-body transition amplitui26]. For
elastic scattering we need consider only the ddse=|J;)
whereh(q) is the spin structure function, which may be split =/9s), where|gs) is the nuclear ground state which f&iF
into a pure isoscalar piecgy, a pure isovector piecs,;,  and ?°Siis aJ7=1/2" while for *Na is aJ"=3/2" state.
and an interference ter®y,, in the following way: The values ofa!(j,j,), which depend, of course, on the

specific interaction and the model space used, are given in
1 00 142 0el Table | for each of the studied nucleus and for the necessary
h(q): Z[(fA) SOO(Q)+(fA) Sll(q)+fAfA801(Q)]- values ofk.
(17) The momentum dependence of the matrix elements Eq.
(23) can be simply obtained by using the convenient expres-
If we combine the first term of Eq13) with Eq.(16) we can  sions for the single-particle reduced matrix elements of the
take the following relations betwees),, (q) andF ,,(u): operatorT™ X evaluated in the harmonic oscillator bagse

2
E

=——h(q)dd? 16
o (2351007 (g)dq (16)
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TABLE I. The one-body transition amplltudeéj(jlj ,) of Eq. (23) for ordered pairsj(;j2) calculated in
the s-d shell model space with the Wildenthal interaction of Ré¢R3]. Note that « (]112)

=(=)1" 2" ag(ja)y).

19F 29Si
i1iz ag Y(jai2) a§ Y (jai2) ag M(jai2) a§ (jai2)
dsjo— dg)p 0.122791 0.240873 0.115158 —0.111104
dajp— dgpn —0.054308 —0.012108 —0.080300 0.087330
S1o—S112 0.445327 0.408141 0.572650 —0.552962
dsjo— dgpp —0.121695 —0.105475 0.196288  —0.185400
dso—S1p2
dap—S1m —0.011985 0.012797 0.024895 —0.014197
23Na
“5:1(j1j2) H‘I:l(jlj 2) aézz(iljz) a'i:z(jljz) aézs(hjz) a'{:3(j1jz)
0.498455 0.291611 —0.549368 0.116516 —0.526623 —0.538119
0.101504 0.030846 —0.031558 —0.014947 0.059510 0.085382
—0.107601 —0.096975
—0.057835 —0.099517 —0.289246 0.073162 0.055927 0.081597
—0.586684 —0.098876 0.042913 0.057059
—0.017184 —0.072502 0.163744 —0.046236

Appendi¥. Thus, replacing the corresponding expressions of F, /(u):[P(Ovl)(u)l:)((?rl)(u)+p(zvl)(u)P(Z/rl)(u)
(j1]|[TOM]]j,) for thes-d shell in Eq.(23) we find P ? P ?
+ P3P () + Py P u)Je .
O )= (0.1) —u/2
QL) =0,(0)PPH(uye (24 31
2K (11 — 2K - — . . .

QW =0,(0PF(we "% k=123 (25  since F,,/(u) are normalized to unity at zero momentum
transfer 1=0), they have a behavior similar in all isospin

924,3)(11):Qp(o)pg“rﬁ)(u)e*u/{ (26) channels, that i,/ (u)/Fq;(u)=1, forp,p’ =0,1. Itis thus
WherePO‘"‘)(u) polynomials inu given by TABLE II.'The basic ingredients required for the evaluation of
P the spin matrix elemenf{see Eqs(27)—(29)], as well as the param-
1 5 eters{, B.sm, andd entering the nuclear form factor, E@L2).
(0,1) T 2+
Pp (u) ( 15 )\ u 3 u 11 (27) 19F 29Si 23Na
N 0.0477 0.2176 —0.0190
(2.0)/, 1\ — 2 (2.2)/ 1\ — 0
Py (u)=D,u"+Cou, P %(u)=0.0, A\ 0.0421 0.2043 —0.0202
(28 D, —0.0026 ~0.0567 ~0.0177
PZ3(u)=F, u?+E,u, D, 0.0006 —0.0621 —0.0349
Co 0.0100 0.4566 0.1048
Pff‘s)(u) _ Apuz. (29 C, 0.0041 0.4680 0.1494
Fo -0.0767
_ F —0.0894
The values of the coefficients,, D,, C,, E,, F,, andA !
: ; L Zp0 S mp e P Eg 0.6092
are given in Table Il. Using Eq$24)—(29) the spin matrix E 0.7405
2 1 .
element|J|* of Eq. (6) takes the form A 0.0221
Ar 0.0287
2_ pgp’
|J] E, f2F2 Q,(0)Q,/(0)F,, (u). (30) . 3_8 2
pP:p 19 87 69
We see that, the momentum dependence of the spin form,g, 0 2= 0
factor is contained in the structure functidfg, (u). For the
nuclear systems we examine in the present paper these fung- 0.0170 ~0.0241 0.0250

tions take the general form
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convenient to express (1)ur results of the dlffere'ntlal rate in T*=\/Ej}\(qr)Y)\(r).
terms of the quantitie$,, F1,(u), and Su). Notice that,
since the ratio§ ./ (u)/F,(u) are almost unity the quantity The multipolex =0 is the only one that contributes toF
S(u) is essentially static, i.eS(u)~S(0). Forthis reason it and ?°Si and is the dominant one foNa. The matrix ele-
has been defined as in Ed4). It is, thus, advantageous to ments of the above operator are calculated in a similar man-
use our functionsF,,(u) as opposed to the functions ner to that followed for the Gamow-Teller operateee Sec.
S,,(y) used in Ref[22] [see Eqgs(18) and(19)], in which  1IB), using our shell model wave functions in teal shell.
this seperation is not made. The contribution of the closed core, which in our calculation
Before closing this section we should mention a veryis considered to bé®0, will be taken from[13]. Thus the
subtle point. It is fairly well known that at relatively high nuclear form factoF(u) entering Eq(7) is given by
momentum transfer the nucleonic axial current, due to par-

tially conserved axial currentPCAC) considerations, gets _ E E
modified in the following way: F(u)= AFZ(U)+ A Fr(u), (34)
(o-q)q where
O— |0~ 5 2|
q + m7r Cc ZC
Fz(u)=5F3(u)+ 1——)F"a'u, 35
wherem_. is the pion mass. Thus, the above results are modi- z(U) Z 2(u) zZ) ? () (39

fied in two ways:(i) There is now interference between the
various operators of the sarkéout different orbital ranks..

(i) The diagonal matrix elements get quenched for relatively
high momentum transfer. These modifications will be dis-
cussed in detail elsewhere, when we are going to study théhe superscripts ¢ and val denote the contribution coming
differential event rate as a function of For the reader's from the core and the valence particles of thd shell, re-
convenience, however, we give here a summary of the respectively. The functionE%N, which describe the core con-
sults only for thel™=1/2" nuclei, that is for the isotopeSF tribution, are given in Ref.13]. The quantities=¥%,, are the
and 2°Si. In this case it is easy to show that the structurevalence form factors for proton&) and neutrongN) and
functionsF,,,(u) are given by the expression they are calculated using our shell model wave functions.
Their analytic expressions are found to be

c

F(u)= 1y FR(u) +

C

N val
1= PN (36)

Fopr (W) ={PODWPEYU)[ 1+ Bo(u)]

1 2
+PEIW P W1+ Bo()] = BoU) FRiw=|| g +A7u*-Zu+lle™® 37
X[PODW) P )+ PEIW PO W ke, 4ng
(32) 1 2
with Falu)= (1—5+AK,""')U2—§U+1 e v2, (38)
1 U, 2_1 2| ug 2_1 The coefficientsA?®, a=Z,N are calculated in a manner
Po(W)=73 utu, » BW)=3 utu, : quite similar to the one used for the spin matrix element
(33  discussed above. _
V2 u(u+2u,) We note that the nuclear matrix element relevant for the
Boz(u coherenty-nucleus scattering is given by

R (u+u,)? "’
M=FYZF(u)+NF\(u)]+ fFZF,(u)—NFy(u

where u,=(1/2)(bm,)?. Note that, in the limit when the sL2F2(U) NI+ ZF2(u) n )](39)

pion mass can be considered infinite, we find that fae

B», and By, go to zero and we recover the results of Eq.or

(3D).

Z[Fz(u)+Fy(u)]—AFy(u)
— 0 1
/\/l—A:ferfS AF(U) F(u).

As we have emphasized, our main goal in the present (40
work is the investigation of the spin differential cross sec-Assuming now thaF ,(u)~F(u)~F(u), as is the case for
tion. Although the coherent contribution is expected to belight nuclei whereN~Z, we obtain
less important compared to the spin contribution especially

C. The coherent matrix elements

for light nuclei, however, we find it interesting to evaluate 0. 12Z—A

the form factor= (u) [see Eq(13)] for the three light nuclear M=A f5+fST F(u) (42)
isotopes 1%, 2°Na, and ?°Si. The coherent process is de-

scribed by the Fermi operator which has been used in expressiah.
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Using Eqgs.(34)—(38) for the contribution of the valence 5.0 ——n
nucleons and the closed core contribution we find the follow- 1
ing analytic expression for the nuclear form factor: 4.0
19
F(W)=[(Besnrt OUZ—ut1]e ™2 (42 o] )
: —9/2
The parameter, is independent of the interaction used and 1"
depends only on the bulk parameters describing the nucleus, 2.0
ie., 1 s — 32
AL A— 4 107
= 43 ]
g 3A ( ) 0.0 5/2 1/2. ——— 5/2
where A refers to the valence nucleons of thal shell. 5.0
Besm arises by approximating the contribution of the nucle- ]
ons outside the closed shell to that of a suitable fraction 4.0 *Na
A;/(2j+1) of thej-shell contribution as given in Reff13], .
whereA| is the number of nucleons occupying the unfilled E, 3.0 o/
j shell. § is the needed correction resulting from the present . Z: va
exacts-d shell model calculation. These parameters will be (MeV) 204 72 — 72
discussed in Sec. IV B. i
. THE SHELL MODEL NUCLEAR WAVE FUNCTIONS 1'0_ 52 52
The evaluation of the needed matrix elements in the scat- 0.0 32
tering cross section of E@5) requires reliable nuclear wave 5.0
functions, the construction of which is accomplished in the . 20g;
framework of shell model. Specifically, in our calculation we 4.0 !
considered as model space the shell and utilized as ef- 4 — 52
fective interaction the universatd shell interaction of Wil- aod 52
denthal [23] which has meticulously been developed and 1 s — 32
tested over many years. This interaction is known to accu- ool s — 5
rately reproduce many nuclear observablesstor shell nu- '
clei. The Wildenthal two-body matrix elements as well as the Y — 32
single particle energies are determined by least square fits to 1.0
experimental data in nuclei frold=17 to A=39. ]
To test the wave functions of the nuclei under consider- 0.0 1/2

ation we compute their energy spectra and ground state mag-
netic moments. In Fig. 1 we present the calculated and mea- X L . 1% 23
sured[24] energy spectra for the lowest eigenstateé“iﬁf, gg;ctra for the five lowest positive parity statesd, 2*Na, and
23Na, and 2Si. We see that in general good agreement is

achieved both with experiment and previous calculationsand similarly for theL operator. We note that neutrons con-
[22]. tribute almost negligibly to the relevant magnetic moments

Since in our calculation we are primarily interested in theof '°F and 2°Na, in contrast t0?°Si where the main contri-

spin matrix element, it is important to compare the predictecbution to the magnetic moment comes from the neutrons. In

and the measured ground state magnetic moment of the cogeneral we see that there is a very satisfactory agreement

FIG. 1. The calculatedright) and measuredeft) [24] energy

sidered nuclei. The magnetic moment is defined by between the theoretical predictions and the experimental re-
sults.
_ | [
#=(3JGrS T Onlnt9pSot GplplIDun, (44 From the definition ofw it is apparent that we cannot

where theS are the totalz projection of the spin operators make a direct comparison between _the experlmentally -Ob'
: served magnetic moment and the spin matrix element since
andL; the a”.a"’gous orbital a.ngular Momentum Operatorsy,q first involves also the orbital matrix element. For this
The free particleg factors are given by reason, in the last column of Table Il we quote the contri-
gs=—3.826, g'n:0.0, 95=5.586, gl =1.0. bution of the spin component into the tqtal valuewafAs i'F
P P can be seen, the spin component dominate&fnand 2°Si
The obtained results for the ground state magnetic monuclei, but in the case of®Na the calculated contribution of
ment are presented in Table IIl for each nucleus using th@rbital angular momentum is found to be about 43% of the
convention total value. From the above discussion we may infer that the
calculated static value of the spin matrix element is reliable
(9)=(J|93)=(IM;=1J|S,|]IM;=1) (45)  for the case of'°F and 2°Si. Such a conclusion cannot be
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TABLE IlI. Calculated (u) and measuredue,,) magnetic moments. The nuclear spin and orbital angular
momentum matrix elements for protons and neutrons are also presented. In the last column we quote the
portion of the spin component into the total valuegof

Nucleus (Sw) (Sp> (L) <Lp> H Hexp
9k —0.0087 0.4751 -0.1899  0.2235 2.91 +2.6288668) 91%
295 0.1334 —0.0019 0.3498 0.0183 —0.50 —0.55529(3) 99%
2Na 0.0199 0.2477 0.3207 0.9115 2.22 +2.2175202) 57%
reached for’®Na due to the large contribution of the orbital oy | L
angular momentum. [20r1 =fao(0) +1204(0). (47)

A further test is provided by the magnitude of the mag-
netic moment. If it is not quenched compared to some Catq compare the above definition with that of Ed5) we
nonical value, e.g., the magnitude of its reduced matrix elepgte that
ment in Weisskopf units, one can be more confident that it
will be quite stable against the variation of the parameters of 0,(0) 12
the nuclear model. The calculated values are 3.344 W.u for > =(<JJ|Sp|JJ>+<JJ|31|JJ>)[T} (48)
19F, 1.079 W.u for®®Na, and 0.099 W.u fof°Si. From these
results we see that the magnetic dipole transition is not supgnd
pressed compared to the single-particle Weisskopf value in
the case of% and?*Na. Thus we are very confident that our Q4(0) 12
wave functions for these two nuclei are quite reliable. On the 2 :(<JJ|Sp|JJ>_<JJ|Sn|‘]J>)[T} . (49
other hand, in the case 6PSi, the suppression is quite pro-
nounced. This gives us less confidence in the reliability ofguantities of Table 1V.
the wave function since a very small change in the ground As can be seen from Table IV, both the isoscalar
state wave function of°Si could, in principle, destroy the [©Q4(0)]? and isovectof (2;(0)]? channels as well as the
satisfactory agreement between theory and experiment, iproduct,(0)Q,(0) have almost the same magnitude for
spite of the fact that our results are in excellent agreemendach nuclear system. We also note that the static values of
with those of the previous calculatidi22], which, in our  poth channels are much quenched in the case¥%ifand

notation, are ZNa as compared to those of°F. Thus the quantity
[©4(0)]? for °F is a factor of about 8 and 13 greater than
[Q,(0)]2=0.205, [Q,(0)]?=0.218, and that of 2Na and 2°Si, respectively. In Table IV we also

quote the static values of two heavy nuclear systéf@Ge

[22] and ?°/Pb [11], which are also promising cold dark
21(0)Q4(0)=-0.212. matter detection targets. An overall survey of the results
shows that'®F has the largest static value of all, while siz-
able quenching appears f1Si and 2°’Pb. This shows that
19F is quite favorable LSP detection target sitiethe spin

The presentation and analysis of our results is going to b&atrix element can be reliably obtainéske Sec. Il and(ii)

done in two steps. First we discuss the static values enteringecause the static value of the spin matrix element in this
the differential cross section, i.e., tie-0 limit of the spin  case is much larger compared to those’#a and*°Si.
structure functionsee Sec. IV A and then we examine the ~ As we have already mentioned in Sec. Il, the functions
behavior of both the structure function and the nuclear fornf,,(u) are, up to term linear i (quadratic in the momen-
factor in terms of the momentum transfer. tum transferq), independent of the isospin channel. We thus
expect the quantitys(u) to be independent df, i.e., S(u)
~$S(0). In addition, since in Eq(13) we have factored out
(f,ﬁ)z, we expectS(0) to be less dependent on SUSY param-

IV. RESULTS AND DISCUSSION

A. Static values of the cross section

For light nuclei the static value of the spin matrix element
Eq. (30), obtained in the limit,g—0 (u—0), depends TABLE IV. The static spin matrix elements for the light nuclei
strongly on the nuclear structure. We exhibit these values igonsidered here. For comparison we also quote the ;eSUltS for the
Table IV. In this limit the operator defined in E(RO) takes  medium heavy nucleu§Ge[22] and the heavy nuclet®Pb[11].

the simple form 190 29g; 2Na 3Ge 207ppy

[Q0(0)]? 2610 0.208 0478  1.157 0.305
[Q4(0)]? 2.807 0.220 0.346  1.005 0.231
According to Eq.(22) the reduced matrix elements of Eq. 0,0)Q,(0) 2.707 -0.214 0.406 —1.078 —0.266
(46) for the nuclear ground statgs)=|J) are

0ON=(f+fams) 0. (46)
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8 BNa:  a1;=0.092, ago=0.127, ag;=0.108. (52

As expected, the above parameters do not show any canoni-
cal behavior. In fact they are different for the two nuctéfr
and ?°Sj even though they have the same spin/2.

From the above discussion it is clear that, in the case of
the spin dependent contribution, for small LSP mass the tar-
get 1°F is very favored. This advantage may be lost for large
LSP mass since the total cross section is proportional to the
square of the reduced masee Ref[12]). It is partly lost if
both the isoscalar and isovector elementary couplings are
equal. It is, however, completely lost if one isospin channel
becomes dominant. Thus, if we consider the special case
fﬁzo, which is not unreasonable due to the suppression of
T the isoscalar mode coming from the EMC effect in going

0.8 from the quark to the nucleon level, we find that the spin
£2/£% induced cross section fof*Ge and?°’Pb are, respectively,
four and three times larger compared to that'%.

FIG. 2. The spin structure functid(u=0) versusf%/f for the
three isotoped®, 2°Na, and?°Si. _
B. Momentum dependence of the cross section
eters, at least as far as the dependence of the fitig on Since the mass of the LSP is not known but it is expected
the overall mass scales is concerned. In Fig. 2 we plot théo be larger than 30 GeV, the momentum trangfbecomes
quantity S(0) as a function oifg/f}\ over a range of values comparable to the inverse of the nuclear size. Therefore, fi-
which we expect to be representativ®] in the SUSY al- nite momentum transfer must also be considered in the
lowed parameter space. In going from the quark to they-nucleus scattering.
nucleon level, there is some ambiguity in the case of the The momentum dependence of the differential cross sec-
isoscalar matrix elemeitnucleon spin crisis’). So we used tion in the present work is realized in two steps. At first step
two rather extreme cases in estimating the r&fitfs, i.e., ~ we examine the momentum dependence of each multipole
the EMC (European Muon Collaboratipmesults and the na- by considering the rati®*©(u)=Q % (u)/Q,(0). In the
ive quark model(NQM) [25] prediction. The isovector is second step we investigate the behavior of the structure func-
renormalized in the usual waygf=1.24). Thus we find that tions F,,.(u) with p,p’=0,1 as well as the square of the
the ratio f3/f} lies between the values{/f})min=0.0134  nuclear form factotF(u)|2.
and (/) ma=0.6685. Before discussing the results let us first find the upper
From Fig. 2 we see th&(0) is being a decreasing func- limit of thg momentum transfer corresponding to the nuqlei
tion of fg/f}A for 2%Sj in contrast to the corresponding func- W& examine in the present paper. There are two regtrlctlons
tions of 1°F and23Na. This is due to the fact that the product for the maximum allowed momentum transfer. The first one
Q,Q, is negative for?®si and positive for'°F and2Na. On 1S the mass of LSAn, , and the second is its velocity. As
the other hand, the isoscalar and isovector coupling constanf8y Pecomes much greater than the nuclear mfesg, the
f0 and % take the same sigfpositive in all the above educed masg, asymptotes tq, —Amy . As we have said,

SUSY models. The values &0) lie in the regions it is expected that the LSP will obey Maxwell-Boltzmann
' distribution. Since, however, the LSP is trapped in the gravi-

2.866<S(0)<7.461 (%), tational field of the galaxy, we have velocities less than the
velocity vesc=625 km/s which is almost &(v)?, where

0.026<S(0)=<0.204 (*°Sj), (v)?=10"3c. Therefore, the maximum value Ofis Upyax
=2(vescity D)% For the nuclei considered here the maximum

0.347<S(0)<1.068 (**Na). values ofu for m >Amy are correspondingly

Particle physicists and astrophysicists tend to write the Umax( F)~0.17,  Upnay(*Na)~0.30,  Upaf *°Si)~0.50,
ground state spin matrix element ag,(J+1)J. There is, i ) i
of course, no reason to expect this form for the spin matrixvhere the oscillator parametbln/g determined from the phe-
element, but one can always do this provided that the tru8omenolical equatiob=1.00A"", which yields
nuclear structure effects are absorbed in the paramgjger 19 23
To satisfy this convention we give the corresponding values b(**F)=1.63 fm, b(“Na)=1.69 fm, and
of «,,, for each isospin channel:
b(?°Si)=1.75 fm. (53
19F: a11=3.742, a00=3.480, 0[0123.609, (50)
Another more sophisticated formu[27] commonly used
29Si:  @1;=0.292, agy=0.276, ag;=—0.284, (51) yields
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b(**F)=1.71 fm, b(®*Na)=1.16 fm, and 1.2]

b(?°Si)=1.85 fm (54) 1'°Ew

(for other formulas see Lalazisis and Pah28]). We should
also mention that there is a minimum value wfwhich
comes from the detector energy cut@ff,, [see Eqs(12)]. .
In the present work we will considéd ;=10 keV. Then ]
19F
Umin(1°F)~0.011, u,,i(**Na)~0.015,

Umin(2Si)~0.021. 001

It is thus clear that, for light systems, the detection rate is 12
greatly suppressed in the presence of cutoff. Fouttepen- ] 01 e
dence of the differential rate we note that te 0 multipole O A —
in F14(u), falls asu increases. Can this be partly counteracted RM@) 1 e
by the multipoles with\ # 0 which initially increase as func- -
tions ofu?

Let us begin our discussion in the limit of infinite pion
mass(usual axial current In Fig. 3 we present the functions
RMK(u) versusu. We mention that the ground state tF . 23Na
and 2%Si is the 1/2 and in >>Na the 3/2". Therefore, in the 05]
case of °F and 2°Sj only two multipolesA=0 and\=2 ]
with k=1, contribute, while ir*®Na we have additional con- 00
tributions from the multipolea = 2,4 withk=3. o0 ' ' o1 T T oz ' T T o3

As can be seen from Fig. &ZY(u) is negligible for *°F. 12
Therefore, it cannot affect the momentum dependence of the ]
spin response function. We note, however, that this function
decreases very little taking the value 0>82.82=0.67 for
the highesu (see Fig. 3 The same is true fof°Na as far as
the R2Y(u) is concerned, but in this case one has a sizable
positive contribution due to thR?®)(u). This will tend to
somewhat counteract the decrease of the usual), spin
contribution asu increases. The net effect, however, is not
significant since the various multipoles do not interf@heir
squares add Therefore, near the end point the cross section
drops significantly.

In the case of%Si, R®Y(u) increases a bit faster than in
the previous two nuclei but we see that again this is not u
enough to offset the reduction of the leading usual spin con-
tribution at the highest possible=0.5. The above effects
explain the behavior of the structure functién,(u) as a
function of u; see Fig. 4 for the three nuclei considered in
this work (the u dependence of the other isospin structure
functionsF ,,, is simila). One can see that, for LSP heavier
than the nuclei considered, near the end point the suppres-
sion of the differential rate arising from the energy transfertaining the total from the differential rate, one must combine
dependence of spin contribution is not negligible. In otherthe spin form factors with functions like those of E¢39)—
words, in the limit of infinite pion mass, the differential rate (41) of Ref.[12]. Thus, handling exponentials is not substan-
can be decreased up to about 33%uat0.17 for 1%, 48% tially simpler, especially for numerical purposes.
atu=0.30 for 2*Na and 64% ati=0.5 for 2°Si. Let us now briefly discuss the effect of the finite pion

Following Ref.[22] we could, of course, have also at- mass(PCAC effecj. From our discussion in Sec. IIB it is
tempted a parametrization of the spin form factbrs, us-  clear that the spin response function will drop a bit faster as
ing only exponential® *e»'Y in a given range ofi. We did  a function ofu. In general, one can have interference of the
not do this for two reasongi) As the authors of Ref.22]  differentA-multipoles associated with the sarken the ex-
warn, the fit would be valid only in that interval af For this ~ amples considered here, we find that the interference be-
reason a comparison of the momentum dependence of otwween thex =0 and\ =2 multipoles is negligible. The drop
results with previous ones will not be attemptéd) In ob-  observed in the spin cross section is mainly due to the reduc-

FIG. 3. Behavior of the rati®R®¥(u)=0Q{¥(u)/Q,(0) as a
function of u: (i) *°F contributions forx=0,2 andk=1, (i) *Na
contributions forA =0,2, withk=1 and forA =2,4 withk=3, and
(iii ) 2°Si contributions\ =0,2 andk=1. These are the only possible
multipoles contributing for each isotope.
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) FIG. 5. The square of the nuclear form factBi(u)|? versusu,
FIG. 4. Isovector nuclear spin form factbr,(u) versusu, for for the isotopesF, 2Na, and°Si.

the isotopes*F (0.01:=u<0.17), ®Na (0.015<u<0.30), and
2%5j (0.021=u=<0.50). The behavior of the other isospin structure
functionsF ,,, with p,p’=0,1 is similar. In this figure we also plot
the functionF 1;(u) for *°F and ?°Si when PCAC effect is consid-
ered.u is related to the energy transf@rvia Eq. (12).

(r512=2.90, 2.94, 3.09 for'%F, >Na, 2°Si, (57)

respectively. The small discrepancy is not troublesome since

the differential event rate is less sensitive to such parameters.
Using the results of our calculation, in Fig. 5 we plot the

quare of the nuclear form factdF (u)|?, as a function ofi

or the above three isotopes. As can be seen, the dependence

f|F(u)|? onuis less dramatic compared to that of the spin

tion of the dominant\ =0 multipole. For comparison this
modified momentum dependence of the isovector channel i
also given in Fig. 4 for the isotope$F and ?°Si. The effect

of PCAC s to further reduce the rate near the end point b structure function{Fig. 4). This is attributed to the fact th4t

13% for 1°F and by 40% for®°Si. : .
Finally, as we gave mentioned in Sec. IIC. the coherenPf Eq. (42) is approximately a factor of two smaller than the
' . ! corresponding term of the spin function.

contribution is described in terms of the nuclear form factor
F(u). This is described in terms of the gross properttes
mass numbeA and the number of valence nucleoA¥ in V. SUMMARY AND CONCLUSIONS

the s-d shel) and the parametefS s, and 6. For the nuclei In the present paper our main effort has focused on the

considered in this work the latter two parameters are given ig|cylation of the spin contribution to the differential cross
Table II. From this table we see thatis quite small, which  gection for supersymmetric dark matter detection in the case
means that the approximation of R¢1L3], which puts the 4 ihree light experimentally interesting target¥, °Na
nucleons of the three isotope$F, **Na, and *Si in the  j,q29g;. ' ’
lowest orbits allowed by the Pauli principle, is quite ad-  oyr nyclear wave functions were obtained by shell model
equate. o calculations in thes-d shell using the Wildenthal interaction.
As a test of the reliability of the above form factor, EQ. These wave functions accurately describe the relevant ex-
(42), one can calcglate the expgrlmentally measured Meaferimental datalow energy spectra and ground state mag-
square radiug29] (r°)=—6dF/dq” evaluated ag=0. One  nhetic moments So, we view the obtained spin matrix ele-

finds that within th_e $-0d _model space this qua_nti_ty iS'iIN- ments as sufficiently accurate.
dependent of the interaction employed. In fact it is €asy t0  The nuclear structure dependence of the differential cross
show, using Eqs(11) and(42), that section is adequately described by a funct&m), u being
0 2 proportional to the energy transfer. This quantlgu), was
(r9)=(3¢+1.5b% (55) judiciously defined so that it is essentially static and depends
Thus Eq.(54) and the values of from Table Il yield (in miIdIy on th_e parameters of supersymmetry. From Fhis_point
fm’s) of view we find that the most favorable target'& which is
due to the fact that its spin matrix element is not quenched.
(r2>1’2:2.55, 2.74, 2.93 for*F,%Na,?°si, (56) Furthermore, the various isospin channels add coherently.
For the other two nuclei?®Na and 2°Si, the spin matrix
respectively, which compares well with the experimentallyelement is suppressed but not unusually small.
determined valueg29] (in fm’s) We discussed in addition the dependence of the cross

054612-10



SHELL MODEL CALCULATIONS FOR LIGHT ... PHYSICAL REVIEW C 61 054612
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We found that its sensitivity to the energy transfer to the '
nucleus is milder than in the case of heavier nuclei. Near the
end point, however, it can be decreased by about 50%, which APPENDIX
becomes about 60%, when PCAC effect is taken into ac- The reduced matrix elements,||T"97||j,) both for the
count. We made no attempt to study the third ingredient of;oherentS=0 and spinS=1 operators in the harmonic os-
the spin contribution, namely the factbt, which of course  illator basis can be written as
carries the bulk of the dependence on the parameters of su-
persymmetry and is very sensitive to them. . Kmax
Finally we studied the dependence of the coherent scat-  (jo||T('"9||j)=e"*> 65 "2, x=(qb)%/4,
tering cross section on the nuclear structure, i.e., the nuclear x=0
form factor. This scales witlA and, as a result, the coherent
process is going to be more important for heavy nuclei, esyith
pecially if the dark matter particles are light so that the ef-
fects of the form factor are rather mild. The drop of the
square of the form factor as a function wis less dramatic P
compared to that of the spin structure function. This also .
tends to favor the coherent mode for higler 0%(j1i2;3) =]1)2d(S+1)Y(S+2)172
The detection rate for the coherent process depends criti-
cally on the parametef2, which is also sensitive to the not |
so well known input parameters of supersymmetry. We did
not address such issues in this work. Thus, we cannot say X{1,||[NamY'||l1)e, (A2)
whether this process is detectable or even how the coherent
contribution compares with the spin contribution. and
In conclusion, we have demonstrated that the dependence
on the nuclear structure of the LSP-nucleus elastic scattering Kmax=N1+HNz+m,  m=(ly+1,—1)/2. (A3)
cross section can be reliably calculated, both for the coherent o )
as well as the spin mode, especially for light nuclei. Using! € coefficientss, (nyly,nl5,1) are simple numbergll].
realistic shell model wave functions one can obtain both thérQ'S compact formula provides the advantage of computing
static values as well as the energy transfer dependence. T » Which are independent of the momentapronce for our
obtain the event rates one must combine our results witIﬁnOdAe| space. Then the necessary matrix elements
realistic calculations in the allowed supersymmetric param{j,||T”||j,) are easily evaluated for every value of the mo-
eter space. The latter will be considered elsewhere. mentum transfeq or equivalently the variable.
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