PHYSICAL REVIEW D 69, 063503 (2004
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We perform a generalized analysis of data from WIMP search experiments for pointlike WIMPs of arbitrary
spin and general Lorenz-invariant WIMP-nucleus interaction. We explicitly show that in the nonrelativistic
limit only spin-independentSI) and spin-dependeriSD) WIMP-nucleon interactions survive, which can be
parametrized by only five independent parameters. We explore this five-dimensional parameter space to deter-
mine whether the annual modulation observed in the DAMA experiment can be consistent with all other
experiments which reported null results. The pure Sl interaction is ruled out except for a very small region of
parameter space with the WIMP mass close to 50 GeV and the ratio of the WIMP-neutron to WIMP-proton Sl
couplings—0.77<f,/f,<—0.75. For the predominantly SD interaction, we find an upper limit on the WIMP
mass of about 18 GeV, which can only be weakened if the constraint stemming from null searches for energetic
neutrinos from WIMP annihilation the Sun is evaded. None of the regions of the parameter space that can
reconcile all WIMP search results can be easily accommodated in the minimal supersymmetric standard model.
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I. INTRODUCTION CDMS [3] and subsequently EDELWEISS4] and
ZEPLIN-I [5] Collaborations. Interpretation of the DAMA
The existence of dark matter that accounts for roughly desult in terms of a purely SD WIMP-nucleon interaction has
third of the energy density of the Universe is strongly sup-Peen studied in Ref6]. It has been shown there that such an

ported by existing astrophysical observations. The origin of 1erpPretation is inconsistent with the constraints set by the
dark matter is as of yet unknown, and suggested candidattgé(pe”ment with an enriched liquid Xe detec(dj and with

. . : : indirect constraints coming from nonobservation of high en-
mcIude massive compact halp Objeé.MACHOS){ massive ergy upward muons reported by the Super-Kamiokd&#
neutrinos, axions, weakly interacting massive particle

. o SCollaboratior[8]. In the latter case, the muons are created in
(WIMPs), Kaluza-Klein excitations of standard model par- i8] i

: i . the Earth by th tri duced in WIMP ihilation i
ticles, etc(see Ref[1] for a brief review. Out of the above, thg 8‘3:1. y the neutrinos produced in annihiiation in

the WIMP is one of the most natural candidates since for |, this work we perform a model-independent analysis of

such a particle with a mass of about 100 GeV one easilyjata from the above direct search experiments. We show that
obtains the required present energy density without mucke interaction of a heavy partidlavith a nucleon can in

fine-tuning. . . _ general be described by only five parameters: its nss
WIMPs can be detected directly via observation ofjts S| and SD cross sections on the protrjjj) andgipD, and

nuclear recoils in low background detectors and indirectlythe ratios of the S| and SD couplings to the proton and neu-
via observati_on of their annihilation prodL_JCts, such as highyon, f,/f, anda,/a,. We vary all five parameters without
energy neutrinos or charged leptons, coming from the Sun Odiny constraints that may appear in specific mofisleh as
Earth. The latter method is much more model dependent an]dn%fp in the minimal supersymmetric standard model
requires either that the WIMP be a self-charged-conjugatenssiy [9]]. We also allow for the possibility that the
particle or that there be both WIMPs and anti-WIMPs avail-yy|\vp is not self-conjugate, in which case the SK constraint
able at present with sufficient abundances. might be evaded.

In direct searches a WIMP is assumed to scatter from a \ye find several regions in the five-parameter space where
nucleus via some combination of spin-independ@it and  the results in Refs[2—4,7 can be reconciled.If the SK
spin-dependentSD) interactions. In the former case, the constraint does not apply, it is easy to bring all data in agree-
scattering amplitude scales with the mass of the nucleugnent with the predominantly SD WIMP-proton interaction.
whereas in the latter it exists only for nuclei with spin and iSjere  the SD WIMP-neutron interaction and SI WIMP-
often dominated by the WIMP SD interaction with the un- nycleon interactions are also allowed. If the SK constraint
paired nucleon. Part of the nuclear recoil energy is spent ogges apply, then a substantial SD WIMP-neutron coupling is

ionizing the detector medium and light emitted during re-required, with an upper limit on the WIMP mass of about 18
combination is used as a signal. Using such a technique, the

DAMA Collaboration has reported an annual modulation sig

nal in their Nal detectof2] compatible with the variation in 166 we for simplicity always refer to such a particle as a
the flux of WIMPs incident on the detector due to the motionyyup.

of Earth through the galactic halo. When interpreted in terms 2yncertainties in astrophysical inputs should in principle be con-
of the SI WIMP-nucleon interaction, the DAMA measure- sidered in determining precise shapes of the regises, e.g., Ref.
ments resulted in the preferred region in the WIMP crosg10] and references therein for discussioBuch a detailed study,
section versus WIMP mass plane. This region was, howeveiyhich would require access to DAMA data, is beyond the scope of
almost entirely excluded by the results reported by thehis work.
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GeV. These results are similar to the findings reported in Ref.» _ (g L p (G NN+ G.NveN)+ (V*+ A*
[6]. The upper limit on the WIMP mass is slightly improved, =~ * (St P(Gs pNYsN)+ (V3 + AY)

however, with the inclusion of ZEPLIN-I results. We also _ — a, —

find another solution for the predominantly SI interaction X| GNy.N+G, N7u75N+2MNm2_q2N75N
with M y~50 GeV and—0.76<f,/f,<—0.74. However, i

Itznfrr:g case the agreement is marginal and requires fine- +(T;"+D§(’“V)(GNUWN+GdﬁawysN). 2

Although the above solutions are allowed from a p“re_lyHereSX andP, are linear combinations of scalar and pseu-
phenomenological point of view, none of them is natural iNgoscalar operators built from thefield, V* and A* are the
. L - VY Y
the MSSM. For Instance, the existing lower _I|m.|t on the corresponding vector and axial-vector operators, &dfd
WIMP mass within the MSSM is 37 Gell]. This limit is e X
andD/” are the tensor and pseudotensor operators. In Weyl

not completely general but evading it, if at all possible, will tation. the Di fruct ing in(
require substantial fine-tuning of the MSSM parameters. Th epresentation, the Lirac structurés appearing in Exjare
Latin indices indicate spatial components

difficulties in obtaining the required parameters for each so-
lution within the MSSM are discussed in detail in the text. i
Note, however, that if the DAMA result is removed from the O:(O 1) i:< 0 _ U) :( -1 O)
analysis, the MSSM can account for all other experiments 1 0 Y l-¢ o) o 1)’
and still produce a sufficient abundance of WIMPs to ac-
count for all dark mattefsee Ref[1]). i

This paper is organized as follows. After briefly reviewing %"= {y*y"=y"7"}, ()
the theoretical aspects of WIMP-nucleus elastic scattering in
Sec. Il we describe the procedures we used to analyze vari-
ous data sets in Sec. IV and present our analysis in Sec.
We conclude in Sec. VI.

hereo' are Pauli matrices. In order to use the above inter-
’ction to calculate matrix elements for WIMP-nucleus scat-
tering one must sum over all nucleons in the target nucleus.
The WIMP-nucleon interaction is determined by the un-
Il. GENERALIZED WIMP-NUCLEON INTERACTION derlying WIMP-quark interaction, and to obtain Eg) from
the underlying interaction one must take its matrix elements

WIMP searches have usually been interpreted within th o=
y P etween one-nucleon states. In the lifgit< My one can do

framework of the MSSM because it contains an excellen his by Simpl laci h K fields with th |
WIMP candidate, the lightest neutralino. Interactions of thef. 'ﬁj y S|dmpy relp au?lg the quar dl'e s wit I't € nucieon
neutralino with quarksiand ultimately with nucleons and lelds and rescaling the corresponding coupling f:onstants.
nucle) have been extensively studied in the literatgee, For examplegi(N|qy,d|N)=Gjuyy,un, whereuy is the
e.g.,[9,11]). In the nonrelativistic limit and as a result of the nucleon spinor. This procedure holds for all operators except
Majorana nature of the neutralino, the neutralino-nucleon infor quark axial-vector current whose matrix element has a

teraction has only two terms pole:
L= XV YsX T () + XxS(X), (NI3%|N)=N(gay*»*+9p(a*)a*¥5)N,
_ _ 2My
ji(x)=\/EG,:(appy#ySp+annyﬂy5n), gp(qz):gAmi_qz, (4
S(x)= fpﬁp+ fnﬁn, (1)  where the second line implements the partial conservation of

axial-vector currenfPCAC) hypothesis andn,. is the pion
where G is the Fermi constant, anal, , and f, , are, re- mass. This argument justifies the appearance of the particular
’ p,n p,n ’

spectively, the proton and neutron coupling constants givedtructure multiplyingG, in Eg. (2). The second term in the

in Ref. [9].° The term containingS(x) gives rise to the SI first line of Eq.(4) becomes important ifq|=m,, [11]. For

interaction, whereas thg’,(x) term is responsible for the simplicity, we do not explicitly keep the pion pole term in the

SD interaction. following. However, it should be understood that this term
Although Eq.(1) was derived assuming that WIMPs are always appears in the form given by the last term in the

heavy Majorana spin-1/2 fermions within the MSSM, it canS€cond line of Eq(2). '

be generalized to particles of arbitrary spin, independent of Except for the pion pole term, E¢2) does not contain

whether they are self-conjugate. Consider a general Lorent2Perators with explicit factors of momentum transjeSuch
invariant interaction for the WIMP-nucleon coupling: terms are considered subleading. As will be shown below,

such operators are suppressed by powexy bf, or g/M .
It is easy to show that in the frame where the nucleus is

*We absorbed the coupling constants into the definitions7pf initially at rest the_ components ofy are related by
and S to make this simple notation consistent with the convention2doM nuc+0%=0, which also shows thaf,<|q|. Therefore,
adopted in Ref[9]. we find
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q GoMpuc_ [doA whereV,, ,Vy are scalar constants. Hem,z(Mnuc,ﬁ) _and
N e M—SO-Ol\/KSO-l, (®)  pi=q+p;. Just like forPy, we may conclude on dimen-
P P P sional grounds tha¥/y ,Vy~1/M,. Then the time compo-

whereA=100 is the atomic number of the nucleus apds nent of V) is of order unity, Where_as the spatial c%mponents

the recoil energy, which we assume not to significantly ex2'® Suppressed?y~q'/M,. The time componenyy mul-

ceed 100 keV. tiplies V, o and A,  in Eq. (2), which transform, respec-
Let us look at each of the one-nucleon operators appealVely, @s a scalar and a pseudoscalar under the extended

ing in Eq.(2) and determine which of them have nonVamsh__rotatlonal group. Therefore, the_y can be effectively absorbed

ing nuclear matrix elements in the nonrelativistic limit. into S, and P, in the nonrelativistic case.

- . Al LS NI
Scalar operatorsThe scalar operatdiN simply counts ~_ FOr the axial-vector operator ys==¢Nky“ysNy the
nucleons; it obviously survives in the nonrelativistic limit. Situation is reversed. The time component transforms as a

On the other hand, nuclear matrix elements of the pseudd?Seudoscalar under the extended rotational group and its ma-
- trix elements are suppressed for the same reason as those of
scalar operatorPy== Ny (x+r,) ysNi(x+r,) are sup-

) Pn - The spatial components transform like a pseudovector
pressed{f|Pyli)~|ql/M,. Here,x andr, correspond, re- leading to

spectively, to the center of mass of the nucleus and to the
ppsmon of thekth _nuclgon relative to the center of mass. <f|A'N5|i)=AN<f|fJ'N|i), (10)
Since our discussion is not affected by the fact that the

nucleus has a finite size, we can consider it a point particlgyhere Ay, is a dimensionless constant, which can in general
and set allr, to zero. In a more accurate treatment one carhe of order unity.

account for f.in_ite sizeR by_ introducing a form factor Tensor operatorsLet us first consider the operataFs”
If(|q|R). Defining an “e.1X|aI-vect.0r current” ope.rator :_EkﬁkU"”Nk- Nonzero components af** are o and
AE(X) = [*Pny(x)dx* as an intermediate step we obtain o', 1,j=1,2,3. Under the extended rotational grou

transforms as a polar vector. Therefore, in analogy to(gq.

(F1PuO0li) = (Fla, ALY =i, FAL(0)]i) | o |
TR=TR(pr+p) + Tu(Pi—p), (1)
~iq. aldX i i 2 )
19PN+ O(a), © which is suppressed similarly t9), in Eq. (9). To analyze
whereJy, is the nuclear spin operator. In the last step we used N consider its dual T = €Ty k=2 Nce M oy
the fact that spin is the only axial vector describing a state 022N, a'N,, where €' is the three-dimensional Levi-
the nucleus that does not vanishcas 0. The scalar constant Civita tensor. In the last step, we used the property
P has the dimension of inverse mass. The largest quantity €'a, which can be derived from E¢3). We obtain
that has this property and is not singular in the lignt:0 is
the inverse mass of the nucleon. Therefdee; 1/M,, and
matrix elements ofPy are suppressed according to Eg).
Another way to see th&®~1/M, (and, e.g., not M) is o
to first consider the one-nucleon operalysN using free =Tne ™ (f|Inuli), (12)
Dirac spinors for the nucleon fields. Using free spinors is a ) ) ) .
good approximation because the binding energy of a nucleohere Ty is a dimensionless constant. Therefofey sur-
in a nucleus is much smaller than the nucleon mass, whicMives in the nonrelativistic limit.
means that nucleons are only slightly off shell. A direct cal- The operatorD{”=ZNo*"ysN, can be expressed as
culation yields (i/2)e“”P*TN,pA, which follows from the identityc*"ys
=(i/2)e“”""om. Since only7}, survives in the nonrelativ-
istic limit, we conclude thaD ¥ are the only nonvanishing
components oD {"” in this limit:

. 1. N —
(T = 3% T = S NN

N(p+0)ysN(p) = ,\j—LnT'Uin, @

wheren,n’ are Weyl spinors characterizing the states of the oi 1 ik i ik DTN
nucleon with the initial momenturp and o is the vector of Dy=5¢€ ! Injk=7¢€ . fjk|7m=7<f|JN|'>- (13
Pauli matrices. In a nucleus one obtains
The antisymmetric tensoej; in Eq. (12) is contracted
i(ﬂz o' o nk|i>~i<f|jiN|i>' (8)  With spatial components of {/” and D}” in Eq. (2). The
My k My corresponding quantitie@"; €k and D')ifijk transform, re-
spectively, as an axial and a polar vector under the extended

in agreement with Eq(6). rotational group. Therefore, in the nonrelativistic limit

Vector operatorsFor V= 3,N,y*N, we must have 7' € can be absorbed intol, and DYe; into V.
_ . - Similarly, taking Levi-Civitastructuree®’* ¢, from Eq.(13)
(FVRID = VN (ps+pi)*+ Vi (pr—pi)*, 9 we conclude thaf,, ;%X ;= — 27, 4 transforms as a po-
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lar vector andD, 4 eOijk.ejHE—ZDX’q as an axial vector. = (pL k)3T,
They can be absorbed into, respectivély, and.A, ;. With
the above considerations in mind E&) can be effectively

_ 3 : IND
rewritten as follows in the nonrelativistic limit: JE= (TR —2Qusin? )N y*N, .

— | I
L= (S HPICNN+(V, +A)CNyiysN, - (14 wherep? ,p‘* are the initial and final momenta of T and
b Qu are the isospin and the electric charge of the nucleon, and
Oy is the Weinberg angle. For a slow-moving Dirac fermion
of massM the leading terms in the/c expansion of theu
andv spinors argin Weyl representation

o
1+ oM )17

whereS, , P, V', and A, have been redefined to absor
the contributions from the vector and tensor interactions
Moreover, since the general arguments usedAgrand V)

also apply toP, and V| (with the suppressiodﬁ|/Mx
~10"2 in this casg we can safely neglect the latter.

The scalar densitys,(x) in Eq. (14) can be written as
X' x. For a WIMP of spind,, x is a (2, +1)-component u(p) = p
nonrelativistic spinor(e.g., in the MSSM,y is a two- 3o
component Weyl spingr The spatial components of the (1——
axial-vector densityA'X(x) in the nonrelativistic limit are

proportional to the spin density'S, x. Finally, we arrive at
the following form of the WIMP-nucleon interaction wherep is the fermion momentum ang is a Weyl spinor.

Lagrangian in the nonrelativistic limit: Using the above expressions one can explicitly verify that
only the time component of the nucleon vector current sur-
L= 4t yxIxsmlimn+ 16v2Granx 'S, x Sy vives in the limitq—0. Therefore, one is left with a purely
Sl interaction, which is a special case of Ef5) with fy
+0 q ) , (15) = \/EGF(T,%‘_ ZQNSIHZQ) and an= 0.
Mbp.x
Spin 12

where 7y is the two-component Weyl spinor for the nucleon | theories with extra dimensions Kaluza-KIgiKK ) ex-

(initial and final state spinors may be differenN=n.p,  citations of the SM particles can produce viable dark matter
Sy=07/2, and the notation for the couplings has been adcandidates. As an example, consider a Dirac KK neutrino,
justed to match that of Eq1). In this form, Eq.(15) is valid  which interacts with nucleons via° exchangd13]:
for nonrelativistic pointlike WIMPs of arbitrary spin.

The operators neglected in E@L5) are suppressed by a - 3_ i - N~
factor of 0.04/A relative to the leading order ternisee Eq. £,= = V2Ge(Ty = 2QuSIP ) v VuriacN ¥ N. (18)
(5)]. Strictly speaking, in neglecting such terms we made an
implicit assumption that the couplings- fy and Gray in Just like in the previous example, only time components of
Eq. (15 are not suppressed relative to the other couplings iturrents remain in the nonrelativistic limit, and we again
Eq.(2), such aszp. If it turned out thaG p=100,/Af,, then obtain [Eq. (15)] fy=— \/EGF(Tﬁ—ZQNSirF@w) and ay
one would have to consider tidysN operator even though =0.
it is formally suppressed in the nonrelativistic limit. In this
paper we ignore this possibility, and modulo the aforemen- Spin-1

tioned assumption our analysis is model-independent. Kaluza-Klein excitations of the SM gauge bosons could

constitute cold dark mattéd 4]. If, for example, dark matter
Some examples is composed of excitations of the hypercharge gauge boson

Below we consider some examples theories that havB1: the WIMP-quark interaction has the form
WIMPS with spin 0, spin 1/ZDirac particlg, and spin 1 and _ _
explicitly show that in each case the WIMP-nucleon interac- £g=—(Bq+ Vq)BI”“Bluqq—ianIMBlyfo”"pqyﬂsql
tion reduces to Eq15).

(19
Spin 0 o2 YngBl
It is possible that in a supersymmetric theory the lightest %q= 5524 . —m2 +(L—=R) |,
supersymmetri¢SUSY) particle is the scalar partner of the qt By
neutrino,». In the nonrelativistic limit, such a particle inter-
acts with a nucleon as followd2]: o2 m231+ m,
L
Bq=Eq Y2, +(L—R) |,
2cog0| I mZ _m2 )2
L;=—2Gp3 4y, (Mg —mg,)
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Yg=M ez 1 (20) S| _Mrzed(Mnuc) fn 2 S|
q q4cogﬁaﬁ’ O-XN_ M2 (M ) Z+(A—Z)f_ O-Xp’
red\Vip p
whereY|, is the hypercharge of the quark with masg and 2
q , e : MZ (Mo 4(3+1) ay|?
energyE,, mq1 is the mass of the quark’s first KK excita- sp_ _redtnuc (S >+<Sn>_n oS0, (24)
tion, andmy, is the Higgs boson mass. The first term in Eq. N Mrzed(Mp) 3J P a,] P

(19) corresponds to the Sl interaction in EG5):
Here A and Z are the mass number and the charge of the

— NN — N nucleus with spird, andf ,(f,,) anda,(a,) are the Sl and SD
<N|qq|N>=m—qf$‘qNN=2m—qf.'}‘an N WIMP-proton (-neutron F():ouplings,prespectively. The quan-
tities (S,) and(S,) are the average spins of the proton and
1 My the neutron in the nucleus. At finite momentum transfer one
fn= > 2 (Bqt yq)m—f$' , must average the one-nucleon operators from (Ey.over
udss, . .. a the given nucleus using some nuclear structure model. In-

(21) cluding the WIMP velocity distributior(see Ref[9]), one

then obtains, for the elastic scattering rate of WIMPs on the

where f¥ for various quark flavors can be found, e.g., in .
T d g nucleus(per unit detector mags

q
Refs.[9,11] andfy is normalized to reproduce E(L5). The

second term produces a SD WIMP-nucleon interaction: dR Py f(vmm+vE
—_— r‘
, — - — 2
| OBy (N[qyicysalN) = —4A (B  Spl BNSWN, IE 40eMyMreg Moo v
Umint VE Sa(E)
S Y ) ( v ) | TRFSB oS G
a = 1
NT 426, vds... fat

(22 EM
Umin— 2M2uc1 (25

where §5);;=i€”V is the matrix of the spin operator for red

N . . . .
B1, Aq is @ dimensionless constant of order unity, aRds wherep,, is the local Galactic halo densityE is the recoil
norma!:zed to reproduce EncﬂS). A recent analysis gl\ges energy of the nucleus with masé,,., andvg anduv, are,
Af=A§=0.78+0.02, Af=Aj=—0.48+0.02, andAf=AJ  respectively, velocities of Earth and the Sun in the Galactic

The form factord=g,(E) andSA(E) in Eq. (25) depend on
ll. WIMP-NUCLEUS CROSS SECTION the nuclear structure. The Sl form factor can be well approxi-

. mated by[11]
The Sl and SD WIMP-proton cross sections at low mo-

mentum transfers are easily calculated from A i
y B Fo(E)= 3j1(aRy) e (@92
4f2 !
sl P2
oo, =—M7 (M),
P m e e g=v2MycE,
o 1283X<JX+1>Jp<Jp+1>G.%a§M2 " R,=1.44A7°-5% fm,
Oxp ™ 37 red( p)‘
s~1 fm, (26)
M eq(M)= —% (23)  where j; is the spherical Bessel function. Unfortunately,

My+M there is no such universal expression 8(E). It can be

. arametrized in terms of three nucleus-dependent functions:
whereM, andJ, are the WIMP mass and spin. In our con- P P

vention, the nonrelativistic spinogg for both the WIMP and 1

nucleon are normalized as follows? i, ,=M, ;. The SI Sa(E)=Zl(ap+ an)*Soo( E) + (ap—an)*Spy(E)

and SD WIMP-nucleus cross sections at asymptotically

small energiesgyy and oty can be expressed in terms of +(a2—ap)Sp(E)], (27)

the corresponding WIMP-proton cross sections
whereS;;(E) for most nuclei used in WIMP searches can be
found in Ref.[16].

4For a non-self-conjugate WIMP, such as the heavy Dirac neu-
trino, the WIMP-proton cross section must be multiplied by an extra
factor of 1/4. This modification does not affect Eg4). Swe takep,=0.3 GeV/cn [9].
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It is apparent from Eqs24) and (25) that the detection 107
rate for nonrelativistic WIMPs depends on only five param-
eters (in addition to nucleus-dependent constantgve
choose these parameters todsg, , o5, fo/f,, a,/a,, and
M, . Various extensions of the SM generally reduce the
number of parameter®.g., in the MSSM one normally has
fn/fp=1[9]). In our analysis we do not impose such restric- 3

tions.

SI

]
bx

IV. EXPERIMENTAL DATA
A. DAMA Nal

In utilizing the data published by the DAMA Collabora-
tion in Ref.[2] we adopt the same approach as in Ré¥. In

103°

i
10" 10

particular, we define the quantity 10° - 1o°( o 2
S, P
X P
th _ qexpy2 th _ qexp2
K= (S0i =~ S/ + (Sm, ~ S, , (28) FIG. 1. Region in theor$(pb) vs o5y (pb) plane allowed by
i (AS5}P)? (ASHP)2 various direct WIMP searches provided that the energetic neutrino

constraint is not included. In this plof,,/f,=1, a,/a,=0, and
M, =50 GeV. Shaded region. DAMA/Nal. Dashed line: DAMA/
where S ©*P and S are, respectively, the theoretical Xe129. Dotted line: EDELWEISS. Dash-dotted line: ZEPLIN-I.
(experimentglaverage value and the annual-modulation am-The region below the dotted line is allowed by all data.
plitude of the detection rate in théh energy bin. Theoretical
predictions for these quantities as functionshaf,, o3), C. EDELWEISS
ofg, f,/f,, anda,/a, can be obtained using EQ5). In We used Ref{4] to incorporate the latest results from the
this work, we used the experimental vaIues$@§‘§f) . given EDELWEISS experiment that used a heat-and-ionization
in the first two columns of Table 1 in Reff2]. The DAMA  cryogenic Ge detector. In order to extract the 90% C.L. limit
preferred region, shown in Fig.(@ of Ref.[2], is well re- 0N the average expected number of eveNtsrom the null
produced fork~ 100. experimental result we used the Bayesian approach described
in Ref. [1]. For our analysis, we adopt the following prior
distribution forN:
B. DAMA Xe

The latest results on WIMP searches with a liquid xenon 7-r(N)=[
target by the DAMA Collaboration have appeared in Ref.

[7]. We take the limits on counts per detector per unit masgyhich leads(after normalizationto a pair distribution func-
per day|detector rate unitdru)] for various energy bins from ion (PDF) for N of the form po(N)=e~N. Therefore, the
Fig. 4 and Table | of this reference. In calculating the limits yropapility for N to be below some valu, is

on the WIMP cross sections we follow the approach of Ref.

[17]. We take the central values for the dru’s in all energy No N

bins to be zero and the 90% C.L. upper limits on the dru’s to Po(N<Ng)= JO Po(N)dN=1—e""o. 31
be equal to 1.3 times the total error bar on the dru's. We

verified that the 90% C.L. upper limits appearing in the lastequating the above probability to the confidence level of the

column of Table | in Ref[7] are reproduced in this way with  EDELWEISS constraint90%), we obtainNy=In 10~2.3.

the error bars from the second column of the same table. The predicted number of events in the EDELWEISS de-
In this approach, the 90% C.L. upper limits on the dru intector for fixed values of WIMP parameters can be related to

each energy bin result in an upper limit on the WIMP- the detection rate by integrating E@®5) over the range of

nulceon cross sectiamy;"(k) with the help of Eq(25). The  energies accepted by EDELWEI$30—64 ke\f and multi-

combined upper limit from all energy bins is obtained usingplying by the total effective exposure of 11.7 -ktays[4]. In

0 for N<O,

1 for N=0, (30

Eq. (15 of Ref. [17], order to properly normalize the detection rate we multiply it
by a factorCg . This factor is adjusted such that the follow-
1 _2 1 29 ing predictions given in Ref.4] for numbers of events are
(o722 X Lo (29 reproduced for the pure Sl case: for, =44 GeV ando?,

=5.4x10"° pb one haiN=6.2, and forM, =52 GeV and
o5p=7.2<10"° pb one had\=9.8. Note that since there is
We verified that our calculation reproduces the exclusioronly one coefficient to determine, the second data point is
curves shown in Figs.(6) and &b) of Ref.[7] for both the  redundant, and can thus be used for a consistency check. We
Sl and SD cases. find that forCg~0.76 both test points and the EDELWEISS
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FIG. 2. Region in ther$ (pb) vsM,, (GeV) plane allowed by FIG. 3. Region in theo$(pb) vs o5y (pb) plane allowed by

various direct WIMP searches provided that the energetic neutringarious direct WIMP searches provided that the energetic neutrino

constraint is included. We toak,/a,=0 (pure WIMP-neutron in-  constraint is included. We took,/f,=—0.76. The meaning of
teraction). The meaning of various lines is as in Fig. 1. various lines is as in Fig. 1.

exclusion curve given in Fig. 5 of Ref4] are well repro- E. Energetic neutrino searches
duced. In all the figures shown below, the constraints from promising method for indirect detection of WIMPs is
EDELWEISS data are obtained by setting the predicted Numge search for neutrinos from WIMP annihilation in the Sun
ber of events in the detector equalltig=1In 10. and/or Earth. Such neutrinos produce upward muons in Earth
via charged current interaction. Measurement(of con-
D. ZEPLIN-1 straint on the flux of such muons indirectly constrains the
. - annihilation rate of WIMPs, which is related to the WIMP
The ZEPLIN-1 experimentsee Ref[5]) used liquid xe- capture rate by the Sun and/or Earth. A detailed review of
non as a medium and relied on pulse-shape discriminatio

. . NalioR,,ch indirect WIMP detection with an extensive list of ref-
analysis. Unfortunately, at present there is no publicatio

iiabl taining detailed . tal its. Th "brences on the subject can be found in Rf. In this work,
available containing detailed expenmental results. 1€ abgq, \\se the Jimits on the fluxes of neutrino-induced upward

. Wi
sence of such data prevented us from treating ZEPLIN-Jmuons near the surface of Earth obtained by Super-
results in the same manner as those from the DAMA eXperikamiokande[S]'

ment with liquid Xe (see above Instead, we chose an ap-
proach similar to the one we used for the EDELWEISS ex- I ,(Sun~T ,(Earth=<10"2 m 2.yr 2 (32
periment. We deduced the parameters necessary for the . .

calculation from Ref[5]. In particular, we chose the visible Limits from other experiments, such as IMB, Baksan,
energy to be between 4 keV and 30 keV, with quenchingACRO, AMANDA, etc., are very simila(see Refs[6,9]
factor gye¢(Zeplin)=0.2. These parameters correspond to re-and references therginThe upward muon flux is related to
coil energies between 20 keV and 150 keV. In order calibratehe WIMP-proton cross section as

our calculation we introduced the effective statistics factor
C,. We found that the SI 90% CL ZEPLIN-1 limit shown

t
in Ref. [5] is exceptionally well reproduced folC, T

T

I'S'=1.96<10" 2dtantf| —| &M )" (M)

~8 kg-days.

As a result of the absence of published results, the M, 2 U)S(F')
ZEPLIN-1 limit is the most uncertain input in our calcula- *| Gev 10740 e/’
tion. However, the results of our analysis are robust and are
unlikely to change when the full data are properly included. t
Indeed, no change in the position of the ZEPLIN-1 curve in I‘iD(Sun)= 1.6X 10 %tantt _) &M,)
Fig. 2 will move the upper limit on the WIMP mass above T

about 25 GeV, which is still in conflict with the present lower

SD
limit on the MSSM lightest-neutralino mass of 37 GeV. XS(M . /M )( MX) Txp (33)
Similarly, even if the ZEPLIN-1 constraint is entirely re- XU GeVI 10749 e/’

moved from the analysis, one would still requfrg/f ,<0 to

achieve even marginal agreement among all data for the prevhere d=3.3x10® m2.yr~2 for the Sun andd=1.7
dominantly S| casésee caption to Fig.)3As shown below x10® m~2.yr~2 for Earth, andr is the time scale for equili-
f,/f,<<0 would be very unusual in the MSSM. bration between WIMP capture and WIMP annihilation. For
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the Sun, we can take tarth§~1, whereas for Earth it is smaller than estimated in R¢®], which weakens the con-
likely substantially smaller than unity9]. The function  straints ono3;°P. In the second case, the WIMP is not iden-
&(M) is given by Eq.(9.54 andS(x) by Eq.(9.21) in Ref. tical to the anti-WIMP, and only WIMP—anti-WIMP annihi-
[9]. The functionf’ (M) is the generalization of the function lation is allowed. Although direct annihilation into neutrinos

f(M) given by Eq.(9.29 of the same reference: may be possibléleading to stronger energetic neutrino sig-

nalg, the annihilation rate may still be significantly sup-

E i |v|'nu3c|v| pressed in the presence of significant WIMP—anti-WIMP
f'"(M)= fidiS(M /M, ,JF/(M)) asymmetry.
- |¢| X nuc/ i X ME(MX“‘Mnud)z Y Y.

7 Z\f ]2 1. WIMPs only decay into light fermions
1 | n
A E+(1—E>f—p : (34) As pointed out in Ref[6] the energetic neutrino con-

_ straint could be evaded if the WIMPs annihilateduto, dd,
where the sum runs over the nuclei with maas, ., charge ss ete”, andloru* u” pairs but notcc, bb, or 77 pairs.
Z;, and atomic numbeA;. The quantitiesf; and ¢; are  sych a situation can in principle be achieved in the MSSM

given in Tables 8 and 9 of Refi9]. The form-factor suppres-  py fine-tuning the sfermion masses and WIMP composition.
sionF;(M ) is only important for iron in the Earth, where it | et us write the lightest-neutralino field as

is given by Eq.(9.23 of Ref.[9].
One can check that fo ,>M the muon fluxI'S is X=Z.B+Z,Ws+ ZaF,+ 24, (37)
independent oM, which leads to the constraint;;)<1.2

X10"%¢ pb. In the MSSM one generally has=0. 03 [9] whereZz; are constants subject B|Z;|2=1, B and W, are

and we obtainoy;<4x107% pb. The constraints ooy superpartners of th& and W; gauge bosons, anid, , are
from energetic solar neutrinos and ofj(3.n from terrestrial  syperpartners of the neutral Higgs bosons. Examination of
neutrinos are too Weak to be Interestlng On the other hanqhe genera| express|ons for the axial-vector and scalar
the constraint OMTXp from energetic neutrinos originating in neutralino-fermion couplingBEq. (3.6) in Ref.[11]] shows

the Earth is potentially nontrivial. For the cadg/f,  thatif|Z;|=|Z,] andZ,=tan6Z;, the scalar coupling van-
~—0.75 andM ,~50 GeV (see Sec. V Bone obtains ishes and the axial coupliray is inversly proportional to the
fermion superpartner mass squared:
s 36x10 ° -
Txp 1
As shown below, one needr%',~0.0035 pb for this case. In f
addition, one can deduce, from R¢t8], where M5 is the mass of the superpartner of the fermion
5 si Choosing the superpartner mass to be very large for the
L —2.4x 1% (50 GeV) oAU Txp charm and bottom quarks, as well as for thiepton, one can
To ' 10 26¢cmP-s71 1 pb’ force the neutralinos to annihilate into light quarks and lep-

(36)  tons only. However, choosing such flavor nonuniversal
masses for the scalars may be problematic in the MSSM.
wherea, is the WIMP annihilation cross section in the limit Indeed, one must obey the existing stringent constraints on
of zero relative WIMP velocityw. In order to have WIMP the size of the flavor-changing neutral currefRCNC)
relic density of order 1 we must haver,v~10 28 (see, e.g., Ref.19] for a review of FCNC constraints on the
cm?-s ! [18], and for f,/f,=—0.76 one had’(50 GeV) MSSM spectrum Since evading energetic neutrino con-

=0.85. Therefore, tq7®)2~2>< 163 (US'/l pb)=8 or straintsin a way we just described requires significant flavor
tantf(t/7.,)~1. Now, Eq.(35) can be S|mply rewritten as a nonuniversality among certain entries of the squark mass
constraint oné: ¢<0.001 forf,/f,=—0.76. matrices, whereas the smallness of the FCNC prefers the

Can the constraints coming from the nonobservation oPPPOSite, one may expect that fine-tuning would be required
upward muons from energetic solar neutrinos be evadedt® make any such scenario phenomenologically viable. We
Below we consider two possibilities. In the first case, thenote that even for non-MSSM WIMPs flavor nonuniversality
MSSM WIMPs predominantly decay into light fermions. Be- of the WIMP couplings is needed to evade the energetic neu-
cause the annihilation raﬂé(XX_>f f~) is proportional to ~ trino constraint in the described manner, and experimental
the fermion mass squarenh?, direct annihilation into neu- limits on FCNC are likely to present complications in for any
trinos is virtually impossible, and energetic neutrinos appeatV!MP candidate.
in the decay chain of the initial annihilation products. The ) ) )
total flux of the neutrinos originating from the branch 2. WIMPs are not identical to anti-WIMPs
I'(xx—f"f7) inherits the suppression by?, and in the Another way to evade the energetic neutrino constraint is
case where only light fermions appear during annihilationto consider WIMPs that are not identical to their antipar-
the flux may be orders of magnitude below the conventionaticles. Indeed, for the total number density of dark matter
estimateg6]. Effectively, in this cas€(M,) is substantially  particles,No, one has
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1-W/Ny<<1, the muon detection rate in the Sun can still be
significantly below the one predicted by E®) in Ref. [6],

— and the energetic neutrino constraint may not apply. In this
No—No=W, (39 work, we first perform the analysis without this constraint
and then add it later on.

No+No=No,

wheren, andn, are the WIMP and anti-WIMP densities in
the vicinity of the Solar System, anW is the “WIMP num-

, . i ) V. ANALYSIS
ber” density, which may be generated in presence of some
T-, C-, andCP-violating physics. Théanti-WIMP densities A. Energetic neutrino constraints are not applicable
n andn inside the solar core obey the equati$26] Let us first consider the constraints on the WIMP param-
) o eter space without the energetic neutrino bounds. In this case
n=Any—Bnn—Tg, an agreement between all direct search experiments can be

achieved for the predominantly SD WIMP-nucleon interac-
— L= tion for a wide range of WIMP masses and couplings. A
n=Ang—Bnn-Tes, (40 similar conclusion was originally obtained in RE#]. In Fig.

H H Sl SD
where the first and second terms on the right-hand sid% \//\;e_[:)llot;h(/aaa!o(\)/v egn;el\%lofslg tGhee\);p '}'/Eeaéﬁazlsgiefgiron
n— +» An p— Y X .

! . b
(RHS) of both equations represent, respectively, the captur% allowed by all direct search experiments described in Sec.

\r/?/ﬁﬂggvgmzsntm?&gﬂ mg ?glgraggr;h?rhae:nr(llcr)]:sattzla%rt]smIV‘ Since a substantial SD interaction is required, the WIMP
) cannot be a scalar particle in this case.

and A are proportional, respectively, to the WIMP-proton
and anti-WIMP—proton scattering cross sections. The last

terms represent the losses of WIMPs due to evaporésies, _ _ _ _ .
e.g., Ref[21]). We now include the energetic neutrino constraint. As is

well known, for the usual cask,/f,~1 the results from all
- T — direct search experiments cannot be reconciled for the pure
n=0, and we have for the annihilation rdfg,,=An,. We g case at 3 level. With the WIMP-proton SD cross section
make a reasonable assumption that annihilation is the domjsnited from above by the energetic neutrino searches, a rela-
nant mechanism for anti-WIMP loss ii<n because the tively large WIMP-neutron SD cross section is needed to
evaporation rate is suppressed by a small Boltzman-like facaccommodate the DAMA/Nal result. The situation is similar
tor e Ee’kTw, Here, E, is the escape energy afgy is the  to the one described in R€f6] for the pure WIMP-neutron
effective WIMP temperature. On the other hand, for neutraliinteraction, and the allowed region for this case is shown in
nos in the MSSM we havel{,s. can be neglected here as Fig. 2. For this figure, we kept the WIMP-proton SD cross
well) section close to its upper limit set by the Super-Kamiokande
search; reducing this cross section increases the required SD
N:AMSSNNO_BMSSNNZ_ (41 WIMP-neutron cross section and, therefore, strengthens the
upper limit on the WIMP mass.
In the stationary state this would give for the annihilation ~The strongest upper limit, about 18 GeV, will likely be
rateFE';"nSr,S“":AMSS"’NO. We find that prqwded by the_ ZEPLIN—l experiment. We found that this
limit does not significantly change even if some Sl interac-
— = — tion is allowed. If the ZEPLIN-1 result is not included, the
- A Mo MSSM:L MSSN( 1— ﬂ) upper limit on the WIMP mass increases to about 25 GeV.
A AMSSMNG - 811 o AMSSMT ann No/’ It is interesting to note that MSSM neutralinos with mass
(42 below 37 GeV are excluded by direct collider searchigs
Although the analysis of such searches is not completely

We generally expecA~A, and since the WIMP-proton general, since it assumes gaugino and sfermion mass unifi-

cross section is constrained by DAMA, we expeat cation at the grand unified theof@UT) scale[1], evading

~AMSSM - Therefore, we conclude tharannNFQAnis this limit, if at all possible, would require fine-tuning of the

—WI/Ny). The flux of upward muons in the Super Kamio- MSSM parameters.

kande detector is proportional to the WIMP annihilation rate:  UP 10 this point, we always maintained the condition
I',~&(M )T ann. Therefore, we obtain f,/f,=1. It turns out that relaxing this constraint allows one

to achieve marginal agreement among all dataMgqyrin the
£M) W vicinity of 50 GeV. However, with the ZEPLIN-1 result in-

~ —X( — —|pMssm (43) cluded this occurs for only a very narrow rangefgff,,.
fEMSSMm ) No/ # Specifically, we need-0.77<f,/f,<—0.75. If ZEPLIN-1

is not considered, the allowed range is increased but the

Since the WIMP is not identical to its anti-WIMP, direct agreement is still marginal. The situation fiyy/f,=—0.76
WIMP annihilation into neutrinos may be possible, whichis shown in Fig. 3. The small region allowed by all data is
may yield £(M )/&MSSMM,)>1. On the other hand, for centered around-,~0.0035 pb. Note that, as a result of a

B. Energetic neutrino constraints are applicable

Consider the case wher@»ﬁo. In the stationary state
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significant cancellation between the WIMP-neutron and
WIMP-proton scattering amplitudes, the individual WIMP-
nucleon cross sections are about fitnes larger than in the
case wherd ,/f,=1.

The inverse of this number, 0.01, reflects the amount of ~
fine-tuning required for this solution to work. Marginal
agreement is possible to achieve because the proton to neu- .
tr?)n ratio varigs only slightly from one nucleuspto another,In most models of SUSY breaking, 4~15, and although

and it is possible to choodg/f, such that all constraints are the above range is nothmg more than an estimate, it at _Ieast
satisfied. shows thatf,/fy|=1 (which would lead to a negative ratio

From standpoint of the MSSM, this solution is in fact f“/fp_) Is Qe”eficﬁ”y disfayored in the MSSM. However, it is_
“doubly fine-tuned.” In addition to making sure thég/f, is possible in principle to fine-tune the parameters to obtain

carefully selected to fit all data one has to tune the model okfl/fokl' O_ne spenano arises whefy| <|f, g|. This can

SUSY breaking to even obtaify,/f,<0 (normally, one has be achieved iMg is very large for all squarks except far

f,~f, in the MSSM[9]). It is interesting to ask, therefore, andd, all physical Higgs bosons, except the lightest one, are

whether a significant deviation from the approximate equalvery heavy, and the coupling between the WIMP and lightest

ity f,/f,~1 is at all possible within the MSSM. In general, Higgs boson is tuned to zero. In this case, one fifvas use

we have the MSSM Feynman rules given in R¢R22] and bring the
notation in correspondence with R¢t1])

fa

1 fu(f'ﬁ"u_f?u)'l'fd(f‘?d_ f[Ild) ‘
fo

2 rof o (1B F1) + fo(120+ 17|
—0.014 ,+0.025

. (47)
fo+0.15f,+0.27 4|

<

fu="fo+fi7s, (44)
g2

fu=———5—2Z4Z,—tanbyZ,),
whereN=p,n and ;3 is the usual Pauli matrix in the strong AMyMgsing
isospin space. The Feynman diagrams and detailed expres-
sions forf,, , can be found in Re{9]. Since only the up and
down quarks have nonzero strong isospin, the isovector part
of fy is entirely due to coupling of the neutralino bilinear to
isovector operators built from the up and down quarks. The f~0 (48)
isoscalar part arises due to coupling to various isoscalar op- s

erators built from the up and down quarks, the str_ange a”ﬂiereg is the SU(2) gauge coupling and tahis the ratio of
all heavy quarks, and the gluons. The scalar coupling of thg,e expectation values for the two Higgs boson doublets in

2
fo= ——F——Z3(Z,—tanbwZy),
4AMwM7 cospB

neutralino to a quark has the fo?rfo] the MSSM. We find
2 2 2
Mg— — My My u
L,q=Grrr Aj—9 +By—g——— 0.014+0.25taRB—
S VI R T VI VSTV . M2
K 1~ > (49)
0 ~
o _ u
+0| <3| ~mqtoxxaa, (45) 0.15+0.27 taﬁﬁ—M%
q

If M3/M7~1.3tang, then one can havid,/fy|>1, which

whereGe is the Fermi constanty, and B, are dimension- May lead tof,/f,<0. At present, tag=3 is favored by
less constantsn, is the quark massdVi; is the mass of the ~precision datd 1]. Therefore, one needs a mild hierarchy
superpartner of;, My, is the lightest Higgs-boson mass, and between the up- and down-squark masses to olftgif,
M, is the neutralino mass. We can now write the couplings<0: M5=3.9Mg.
fon in the form[9] There might be other scenarios yieldifg substantially
different fromf,. However, they will all have to share the
same property: the first generation of squarks must be
fon=Mp ol PRI fu+ TR Tg+ FRI s+ ], (46)  singled out from the rest to enhance the up- and down-quark
contributions tofy;. Reconciling such significant flavor
P . nonuniversality of the squark flavors with stringent con-
Wheze + 7 stands fgr. bOth the isovector _ternjs of Order g aints from FCNC will generally require fine-tuning. In this
UME and aII_remalmng isoscalar contributions. Herevsense, having significantly different values fgrand f,, is
me$‘q:(N|mqqq|N). Ignoring the remaining terms we ob- unnatural, although potentially possible, in the MSSM. There
tain (see Table 6 in Ref.9]) is an additional complication, however. For this scenario to
work, the WIMP-proton scattering cross section must be
roughly 100 times larger than for the cake~f,. On the
bWe assume that the squark mass matrices are diagonal in tfgher hand, one must hawe<0.001 in this casérequiring
flavor space. Z,—tanbyZ,;<1; see Sec. IV EJl which suppresse$, 4
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according to Eq(48). Partly as a result of this suppression, inconsistent with present lower limit on the lightest-
we have found no scenario where sufficient enhancement afeutralino mass within most models of SUSY breakif
fp,n Would occur in the MSSM foM,~50 GeV together (i) A heavier WIMP (about 50 GeV is allowed for a
with f,/f,~—0.75. narrow range-0.77<f,/f,=—0.75 with essentially no SD
We point out thatf,/f,~—0.75 does not hold for any of interaction present. In addition, one must have),
the dark-matter canqlidates we gonsidered. For scalar neutric g go35 pb. None of the WIMP candidates we considered
nos. ang KK neutrinos one findgsee Sec. ) f,/fy,  couid satisfy both requirements at the same time.
:Tn/(Tp__ZQpS'nZGW)”_lo- A detailed study of this ratio e see that although it is possible to reconcile the direct
for KK excitation of the hypercharge gauge boson shows thagq indirect dark-matter search experiments listed in Sec. IV,
it is at most few percent away from unity. In summary, al-yhe resuiting parameters are in general unnatural for the
though there exists a small phenomenologically allowed '®f1SSM with most used models of SUSY breaking. Either
gion of parameter space where predominantly SI WIMP-

. ) ; significant flavor nonuniversality among the SUSY breaking
nucleon interactions can marginally account for all data

available on WIMP searches, this region appears to be out cﬁ? rggnrﬁéeg;'igétéo ri\llz:}[?oen;uie gn;rrggrt]lc ?ﬁ;rglr;?/é:iznf::mt
reach for all of the WIMP candidates we considered. . . PS 9
lower limit on the lightest neutralino masappear necessary.

Generating the WIMP parameters in any of the allowed re-
gions may be problematic in a theory with non-MSSM

In this work we performed a generalized analysis of theWIMPs as well. For instance, evading the energetic neutrino
dark-matter detection experiments listed in Sec. IV. Ourconstraint in a theory with non-self-charge-conjugate WIMPs
analysis is formulated in terms of the WIMP mads,, the  may require a significant amount 6f violation to generate
Sl and SD WIMP-proton cross section$,;°°, and coupling a fractional WIMP number close to 1. Sug@P-violating
ratios f,/f, and a,/a,. We found several regions in this interactions may be strongly constrained by existing limits
parameter space that allow for agreement among all data. on, e.g., neutron and atomic electric dipole moméiis If

(i) If the energetic neutrino constraint does not apply, itthe energetic neutrino constraint is adopted, one would have
is possible to reconcile all data with a predominantly SDto explain how very light WIMPs 1 <18 GeV) with sig-
WIMP-proton interaction. Evading the constraint is prOb'em-niﬁcant W||\/|P_quark Coup]ings have so far escaped detec-
atic in the MSSM because it requires highly flavor nonuni-tjon.
versal squark masses. Another possibility is a non-self- On the other hand, if the DAMA result is removed from
conjugate WIMP, which would indicate physics other thanthe analysis, the MSSM neutralifas well as other WIMP
the MSSM. In order for this possibility to be realistic, such candidates will be compatible with the remaining experi-
physics must accommodate WIMP-number-violating operaments and still be capable of being produced with sufficient
tors and possess a sufficient amoun€aindCP violation to  abundance to account for all dark mattét. In view of this
generate a fractional WIMP asymmetry near unity. situation, one can hope that forthcoming direct dark-matter

(i) If the energetic neutrino constraint applies, then thesearch experiments, potentially capable of improving the
SD WIMP-proton cross section is constrained to &g present sensitivity by several orders of magnitude, will be
<4x10 2 pb in the MSSM, and for a wide range fif/f,,  able to conclusively confirm or exclude the results published
a SD WIMP-neutron cross sectioﬂir?ESO pb is required. by DAMA based on their observation of annual modulation
In addition,M , is constrained to be below 18 GeV, which is of the event detection rate.
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