


Many physicists at present belleve that more than 90% of the total universe
mass should be in the form of non- lumlnous non- baryonlc dark’ matter (DM)
Most of our galaxy ‘mass should be’in a dark halo as well. Accordlng to the
commonly accepted” halo’ model - the DM particles have a Maxwelllan velocrty
distribution in the galactlc frame, a mass den51ty in the Solar system of about
p =03 GeV-cm™3 and come to the Earth with’mean veloc1t1es v R 1320 km/sec,
producing a substantial flux = p-v/M (& > 107 crn‘2 sec™! for a partlcle
mass M ~ 1 GeV). Thus the idea of detectmg DM partrcles drrectly, for mstance
through the’elastic scattermg oﬂ' nucle1 in detector target materlal looks reallstlc

‘Dark ‘Matter in the universe cons1sts of two main components,’ which play,
different cosmological roles. These are "hot” (HDM) and "cold” (CDM) DM
components which decoupled from the thermal equilibrium in the early universe
at relativistic and non-relativistic temperatures respectively. The analysis of the
COBE satellite data [1] on anisotropy in'the cosmic background radiation and
the theory of the formation of large-scale structure in‘the universe lead to the
following DM composition DM = 0.7(CDM) + 0.3(HDM) {2],[3]. It is commonly
believed that the. CDM'is represented by weakly interacting massive particles
(WIMP) and 'the-axion, while the HDM consists of light neutrinos. We ' do ot
discuss:the axion as'a'DM candldate concentratmg on the pure WIMP varrant
of the CDM.: K

The neutrahno (x) isa SUSY-model version of WIMP Presently 1t is the ' most
favorable CDM candidate. - x is a Majorana (x¢ = x) particle w1th spin % andl
usually assumed to be the lightest-SUSY-particle (LSP). - ’

-The problem of direct detection of the DM neutralino x via elastic scattenng
off nuclei-has been considered by ‘many authors -and remalns a ﬁeld of great\
experimental and theoretical activity [4] - [13]. ' ' -

_'One can meet in the literature the statement that the neutralino prefers to
scatter off spin-non-zero (J#0) nuclei due to its Majorana nature. However, we
have shown [13] that for sufficiently heavy nuclei nuclear spin is a non-dominant’
factor in the neutralino-nucleus scattering. Thus, one has equal chances to detect”
the DM signal using either spin-zero or sprn non-zero target nuclei with atomic
weight A > 50.

However, J#0 and J=0 - nuclei provide different information about SUSY-
model parameters. Therefore experiments with J#0 and with J=0 - nuclei are.
both important from the point of view of SUSY-phenomenology.

* In the present paper we envisage the question of how many independent con-
straints on fundamental SUSY-model parameters can be extracted from.direct
DM nettralino searches. On the.basis of conventional assumptlons we shall prove,
that there are just three independent constraints for spec1a1 groups of parameters '
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In this respect we can d1st1ngu1sh three types of DM detectors with dlfferent
sen31t1v1ty to the groups of fundamental parameters These are detectors with
non-zero-spin nuclei of neutron like (*He, ?Si, ™Ge,...) and proton-like. (19F
35(], 205T1,.. .) shell- model structure,-and spin-zero nuclei (6Ce,...). B

The DM event is elastrc neutrahno nucleus scattermg causing a nuclear recoil
detected by detector. The event rate per unit mass of target material depends on
the den31ty and velocity of DMi in the solar vicinity and the cross sectlon ael(xA) of
the neutralino-nucleus (yA) elastlc scattering. One can calculate ae,(xA) starting
from the neutrahno quark effective Lagranglan It can be written in the general
form as Cot
Less = ZAq THtsx - 37750 + o M S XX d (1)

q
where terms w1th the vector and pseudoscalar quark currents are omitted being
neghglble in the case of non- relat1v1st1c DM neutralinos w1th typical velocities
vy = 1073¢. . N : R .

The _coeflicients Aq,S are effectlve phenomenologlcal parameters completely
parametrlzrng low- -energy neutralino-quark interactions, They.can be calculated
in a specific SUSY-model. Furtheron we will consider the most general properties -
of the x-A scattermg starting from the effective Lagrangian (1) without; ‘referring
to specific SUSY-models.:- To calculate the elastic neutralino-nucleus cross sec-
' t]OIl ae,(xA) we follow the standard procedure of sequentially averaging the x q
interactions over the nucleon ‘and then the nuclear structure. '

. The first and the second terms in L.ss (1) averaged over the nucleon states give
spin- dependent and spin-independent matrix elements M,; and M,;, respectively. -
For the spin-dependent matrix element we have [4],[5]: : o

M =48, 8,00 e O ¢

where S and S,,(,,) are the neutralino and :proton (neutron) spin-operators. The'’
factor: Woin) dependlng on the parameters of the effective Lagranglan (1) has the
form

o ' g€p(n)
Aq are ‘the fractlons of the nucleon spm carrred by the quark q The deﬁnltlon IS

) )A’I '_ . SRR (4)

where Sp(") = (0, Sp(")) is the 4- spm of the nucleon The parameters Aq for the

proton can be extracted from the EMC [14] and hyperon data [15]:
Au~077i008 Ad = —0.49 £0.08, As=—0.15+0.08. (5)

< p(m)ay 1sqlp(n) >= 2

The relevant values for tire neutron can be found from (5) by isospin symmetry
substitution « — d,d — u, s
The sprn-mdependent matrix element M,; has the form [7],[8]:

M, §
M, = A;‘y’ w-vv.y. “(6)

Again as in the spin-dependent matrix element (2) we separate the factor

Sty Sn (™
q
where the parameters f, are defined as follows:

<p(n)lmg - galp(n) > = fo- Mym¥¥. S ®
The values extracted from the data are [16],[17]:

fu=10022, f4=0.034, f,=0.38,

= h=fim (= fum L= ).

The next step is the calculatlon of nuclear matrix elements of scalar and ax1al-
vector nucIeon operators .- ¥ and Py, respectively for the nuclear state
|A >. The axial-vector operator corresponding. in a non-relativistic limit' to-the
nucleon spin-operator appears in-eqn. (2). We can parametrize these nuclear

matrix elements in the most general form as follows
< AMp)V¥|A> = MAF,,(qz)AA (9)
C < AlS, mlA> = Aoy FE (@) < ALJ]A >

Here J is the nuclear spm The form factors Fiy.i(q?) take mto account effects
of finlte momentum transfer g and obey the normalization conditions: )

Fsdsi(O)_l '. : o , (10)

For nucle1 w1th atomic weight A > 50 nuclear structure is essential since g, >
1/Ry (R4 is-the nuclear radius) [18]. In this case the form factors strongly deviate
from the normalization value. o

When this paper had'been completed we received a paper ref.[11] with.more reﬁned treat-
ment of the spin-independent matrix element.



The phenomenological parameter “)\p(,.) measures the contribution of the pro-
ton (neutron) group to the nuclear spin (See [18] for these nomenclature.). Ac-

~ cording to the conventional shell model picture, the odd-group contribution dom-.

inates for even-odd nuclei. For odd-proton group nuclei (“Li, '°F, 2°3Tl....)
Ap >> A, and for odd-neutron group nuclei (*He, #°Si, 3Ge,...) A, >> A,.
.- In the case of odd-odd nuclei’(*°B, *N,...) proton and neutron groups give
comparable contributions to a nuclear spin and A, ~ .
The X- -parameters should be calculated in some nuclear model. In the semi-
empirical odd-group shell Inodel [18] they can be related to the nuclear magnetic
moment, g, as follows

_ 4l
M o=t=9Y (11)
9 ~g'
‘where ¢ = 1(0) and g° = 5. 586( -3. 826) are orbital and spin proton (neutron)
. g-factors.

Then one can extract A-values from the experimental data on nuclear magnetic
moments?, :

For our purpose the numerical values of these parameters are 1rrelevant but
for completeness we give them in the Appendix for nuclei of interest in the DM
search. ‘ _ : ‘
Making standard transformations of the above-written matrix elements and
averaging over the Maxwellian distribution of neutralino velocities, we finally
arrive at the formula for the event rate of the elastic neutralino-nucleus scattering
in the detector per day per unit mass of the target material:

events

kg-day

R=[ay- Wi+ an- Wit ao- V7] (12)
The parameters a; depend on properties of the target nucleus as well as on the
mass density and the average velocity of DM particles in the solar vicinity. In
the Appendix we give the values of these parameters for different nuclei within
specific model assumptions. : The above-defined quantities W and V contain all
dependence on the parameters of the effective Lagrangian (1) and do not depend
on nuclear properties.: This factorization is a central point of the present paper.

" It follows from eqn. (12) that measuring the event rate R we can study just
three special combinations of fundamental parameters W, ., and V defined in
eqn. (3) (7). This.is the only information about fundamental parameters ac-

~cessible in DM search experiments. R is a linear combination of the quantities

2Another approach based on the theory of finite Fermi systems is described in [19]. -

W2, . and V2, To extract exper1mental limitations for each of them one should
search for DM with different target nuclei. We can distinguish three types of DM
detectors by their sensitivity to W,,» and V. These are detectors built of:

1 spin-non-zero target nuclei w1th an ’odd-proton group’ probing a lmear
combination :
ap- W2t ag-V? < R

eTp

and giving an experlmental limit Re,p,

2. spin-non-zero target-nuclei with an 'odd-neutron group’ probing another
linear combination. . ’

. W2 . 2 R(2)

an RS + Qo v eTp

and giving -an experirnental linljt Rﬁi’p;

3. spm zero target nuclei. sensitive only to the scalar part of the neutralino-

nuCleuS lntera.ct]on
’ V2 < RO

gwmg an exper1mental l1m1t Rgl,

In conclusion we would- llke to stress the following. To extract all information
about SUSY-model parameters possible from direct DM search one should have

- three established types of DM detectors. No other information can be obtained

from the direct DM search exper1ments Different detectors can only.i improve the
data on the three above-defined groups of SUSY-model parameters.

A detailed discussion on the extractable information about :SUSY model pa-
rameters w1ll be g1ven elsewhere. Vo :

Appen‘d'ix;f: 3

Below we give complete formulae for calculation of the nucleat structure para.m-
eters entering in the definition of the event rate R in eqn. ( 12) w1th1n comrnonly
accepted model assumpt1ons .

Assuming a gauss1an parametrlzatlon [10] for the form factors Fad si(¢%) in

eqns. (9) and averaglng over the Maxwellian d1str1butlon of DM partlcle velocities

we get S ) :
=" 58 1010 Ap(n)-](.]‘l‘l) C(rapm) D, (13)

) C(rcharge) D

" Gp(n)
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where the DM factor is

4M, My

R p .

<|vg| >

b = [(MX+MA)2] [.3G’eV~qm‘3] [32ka/_s] N (15)

Table: Parameters for event rate calculations
[IsotopeL JT A2 I)\i Léﬁ.ﬂlsotopel J ‘/\22, i/\;‘: Jr::a:e_l
Hi1/2 0 1.00 YRu[5/2[0 0.0045 | 1.19
..°He [ 1/2 0‘ 1.2373 | '1.00 | ™Ru[5/2 (0 0.0056 | 1.19
"Li [ 3/20.1096 | 0 1.17 || ™7Ag|1/2]0.0720 [0 "1.06
Be|3/2 |0 0.0768 | 1.12 || ™Ag|1/2[0.0760 | 0 1.06
1B 13/2]0.0299 | 0 1.09 |[ JUCd[1/2 (0 -0.0960-| 1.17
N 11/210.1160 | 0 1.06 || ™Cd|1/2]0 0.1053 | 1.17
IO {5/2.40 . ]0.0391 | 1.25 Sn|1/210 0.2307 | 1.16
SR 11/2.10.8627.[ 0 “r2tff S| 1/2 F0- 0.2733 | 1.16
Na {3/210.0109 [0 -~ [|.1.16 {f:-*'Sb |{5/2 | 0.0057 | 0 “1.15
AL 5/20.0099 [0+ | 1.13:-{ Sb[7/210.0035(0 1.15
C ®Si|1/2]0 - [0.0840 | '1.12 127115/2710.0026 [0 1.15 -
3P 11/270.0760 | 0 LI [ 1PXe [ 1720 0.1653 | 1.14
3C1]3/210.0096 | 0 1.10 181Xe |73/2 10 0.0147 [ 1.14°
TTi15/210 - |0.0067 | 1.20 33Cs | 7/20.0033 | 0 1.14
Bril7/210 ]0.0068 | 1.20 9La | 7/2]0.0020 |0 .. [°1.13
sty 17/210.0106 [0 119 || ™Gd[3/2]0 0.0021 | 1.22
SMn | 5/2 | 0.0069 [0 L7 | %7Gd | 3/2.] 0 0.0035 { 1.22.
Co |7/210.0049 [0 [ 115 [ ™W-[1/2]0 0.0040 | 1.19
57n | 5/2 10 0.0083 | 1.13 ™I [ 3/20.0387 [0 | 1.08.
®Ga | 3/210.0056 | 0 1.13- . .™Ir | 3/210.0379.{ 0. .. |:1.08
- 1Ga | 3/2 1002370 1.13 SHg 1 1/2.].0 0.0693.1.:1.17 ..
“Gel9/210 0.0026 | 1.25 || M'Hg[3/2]0 0.0096 | 1.17
“Br | 3/210.0077 {0 L1 2371 [ 1/2 1 0.2400 | O 1.07
- 81Br [ 3/210.01251 0 rie-ff 2571 [ 17277 0.2467 | 0 1.07
7r [ 5/2 10 0.0186 | 1.21 [~ ®Pb [1/2]0 0.0960 | 1.17
9Nb [ 9/2 [0.0065 | 0 1.20 [ 2Bi [ 9/2 [ 0.0002 [ 0 1.16

loss factor [20] is defined by

Here M, M, are the DM uéutrqlino and target nucleus masses. The coherence

((r) = 258 ) ) erf(\/‘_l_")) e
W =—="\\T T Axs ed() ) s
where )
= 8 22 MIM]
(M + M,)?

Here o? is the dispersion of the Maxwellian neutralino velocity dlstrlbutlon o=,
0:9-1073. 7gyin and 7 cparge are the rms spin and charge radius of .the nucleus A"

To estimate Teparge ONE can use the parametrlzatlon [21):
Tchar_qe = (0. 3 +0. 891\11/3) fm : \ . (17) -

The values of the ratio 15,,,,,/1'6,1”53 can be estlmated in the harmonlc osc111ator

shell model [9].

Numerical values of the above-defined parameters for nuclei of 1nterest in
direct DM searches are given in the Table. ' - '
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Benuskos B.A., Knangop-Knsiturporxays X.B., Kosanenxo C.I.  E2-93-447
O BO3MOXHHIX OrpaHHUYeHHgX Ha napamerpnt SUSY-moneneit
M3 JKCIEPHMEHTOB IO NPIMOMY AETEKTHPOBAHMIO TEMHOH MATEPUH

IToka3aHo, YTO HKCIIEPUMEHTHI 10 IPIMOMY XETCKTHPOBAHHUIO TEMHOMN Ma-
Tepuu (OCPEACTBOM YIIPYIoOro paccesiHus YacTHi Ha SApaxX MMIIEHU AETEKTO-
pa) HE CMOTYT AaTh 6oJIeEe TPEX OrpPaHMYEHHH Ha PyHAaMEHTATbHEIE 1aPAMET-
PH, XapaKTEPU3YIOWME CBOWCTBA MAMODAHOBCKOW YACTHUE! IaJaKTHYECKOH
TeMHOH Matepun. Mcxoms us 3roro, 6b10 yKa3aHO TPH NPHHIHMITHAILHO Pas-
JINYHBIX THUIA AETEKTOPOB TEMHOH MATEPHH, PA3JIMUYAIOIIMXCH CHOCOOHOCTbIO
HOJYYEHUS OXHOIO U3 TPEX YKa3aHHbIX orpaHuuenuit. [Ipenaioxen xpurepuit
BRIOOPA SXEp MUIIEHH A AETEKTOPOB TEMHOM MATEPHH 110 IPUHLAIY H36upa-
TebHON 4YBCTBUTENIBHOCTH K PA3TMUHBIM TpyrinaM dyHIaMeHTanbHEIX Iapa-
METPOB.

Pa6ora sunontena B JlaGopatopuu auepumx npobaem OUIU.
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Bednyakov V.A., Klapdor-Kleingrothaus H.V., Kovalenko S.G. - E2-93-447
Possible Constraints on SUSY-Model Parameters

from Direct Dark Matter Search

We consider the SUSY-model neutralino as a domimant Dark Matter

| particle in the galactic halo and investigate some general issues of direct DM

searches via elastic neutralino-nucleus scattering. On the basis of conventional
assumptions about the nuclear and nucleon structure, without referring to a
specific SUSY-modcl, we prove that it is impossible in principle to extract more
than three constraints on fundamental SUSY-model parameters from the direct
Dark Matter scarches. Three types of Dark Matter detector probing different
groups of paramecters are recognized.

The investigation has been performed at the Laboratory of Nuclear
Problems, JINR.
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