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We explore the possible cross sections for the elastic scattering of neutrglioosnucleonsp,n in the
minimal supersymmetric extension of the standard moME&SM). Universality of the soft supersymmetry-
breaking scalar masses for the Higgs multiplets is not assumed, but the MSSM parameters are nevertheless
required to lead consistently to an electroweak vacuum. We explore systematically the region of MSSM
parameter space where CERN LEP and other accelerator constraints are respected, and the relic neutralino
density lies in the range Oﬁﬂxhzsos preferred by cosmology. We also discuss models ﬂg;h2< 0.1,in
which case we scale the density of supersymmetric dark matter in our galactic r@@%&o.l, allowing for
the possible existence of some complementary form of cold dark matter. We restrict our attentiof to tan
<10, for which reliable relic-density calculations are available. Within this range @f, tae find values of the
cross sections that are considerably lower than the present experimental sensitivities. At low neutralino masses,
m, =100 GeV, the cross sections may be somewhat higher than in the constrained MSSM with universal soft
Higgs boson masses, though they are generally lower. In the case ofargie cross sections we find may
be considerably larger than in the constrained model, but still well below the present experimental sensitivity.
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[. INTRODUCTION hadronic matrix elements. Our calculations fell considerably
below the present experimental sensitivitjé8], as well as
One of the key issues at the frontier between particlehe highest theoretical estimates available in the literature
physics and cosmology is the nature of the non-baryoni¢14], some of which used less restrictive assumptions. There
dark matter that apparently dominates the matter density adre, however, some other recent lower estimates: &g
the Universe. This is probably dominated by cold dark matfor example, which is in good agreement with our previous
ter, with a density that probably falls within the range 0.2work [6].
<Qcpw<0.5[1], and may be in the form of massive weakly  Shortly after our paper appeared, the DAMA Collabora-
interacting particles. It is therefore particularly important totion confirmed[16] their previous evidence for the annual
search for such dark matter partic[&3, and one of the most modulation of energy deposits in their scintillation detector,
direct strategies is the search for relic particle scattering omwhich they interpret as due to the scattering of some cold
nuclei in a laboratory detect8]. Many experiments around dark matter particle with mass between about 50 and 100
the world are engaged in this search, largely motivated byseV, and spin-independent cross section on a proton be-
the cross sections calculated assuming that the cold datween about 10° and 10°° pb. This cross section range is
matter is dominated by the lightest neutraligd4] of the  considerably larger than we found previougly], though
minimal supersymmetric extension of the standard modetonsistent with the range allowed by some previous cross
(MSSM) [5]. section estimates. Subsequent to the DAMA paper, the
We recently re-evaluatd®] the spin-dependent and spin- CDMS Collaboration has report¢d7] negative results from
independent cross sections for neutralino scattering on praheir experiment, establishing an upper limit on the spin-
tons and neutrons for t@=<10[7,8], assuming universality independent cross section that excludes most, but not all, of
for all of the soft supersymmetry-breaking mass parameterthe range suggested by DAMA.
of the MSSM including the Higgs multiplets, incorporating  This unresolved situation motivates us to explore more
the latest available CERN" e~ collider LEP constraints on widely the possible neutralino-proton cross sections in the
the MSSM parameter space, and assuming that the cosmmMSSM, including both the spin-dependent and spin-
logical density of the relic neutralino falls within the range independentscalay contributions. As before, we impose the
O.1<QXh2<O.3, corresponding to the favored range oflatest constraints on the MSSM parameter space imposed by
Qcpm and a Hubble expansion rate &6<0.8 in units the LEP and other experimenf48,19, such as measure-
Ho=100x h km/s/Mpc. We used the latest information from ments ofb—sy decay. We again restrict our attention to
chiral symmetry[9,10], low-energy=—p,n scattering[11]  tans<10, for which reliable relic-density calculations in-
and deep-inelastic lepton-nucleon scatterfig] to fix the  cluding coannihilation are available. It is important to note
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that the LEP limits we use hef&9] have been updated sig- mum value we found for the spin-independant p elastic
nificantly compared to what we used [6]. Notably, the scattering cross section for<tan8<10 was~10 ' pb,
chargino and particularly the Higgs boson mass limits we us@gain attained fom,~60 GeV. The corresponding experi-
here are stronger. The latter has a substantial effect gt tanmental sensitivities are-1 pb and~3x10"° pb, respec-

=3: in addition to the consequent direct reduction in thetively. At higher neutralino masses, the predicted cross sec-
Higgs-exchange contribution to the scalar cross section, thgons were significantly smaller still.

improved lower limit on the Higgs boson mass further re- | the constrained version of the MSSM. when all soft
strictsmg andmy, from below, because of their contribution ¢.515r masses, including the Higgs boson masses, are set
to my, via radiative corrections. Also, previously we did not equal at the unification scal@/HM), there are four indepen-

use theb— sy constraint, which we implement here by re- dent parameters, the soft scalar masseg, the gaugino

quiring my>300 GeV foru<0. All of these effects tend to massesm,,, the soft trilinear mass termé, (assumed to be

rémove some of the higher cross sections that we found pr%'niversa], and tagB. In addition, there is the freedom to
viously, particularly at lowm, .

The main thrust of this paper, however, is to relax two OfChOOSGC;{h?] S'gEOf the Higgs mixing ma}ss P}rev:jously :\L/\(/)e
the theoretical assumptions made in our previous work. scanned them,—m,, parameter space for fixed {ar:

The absence of large flavor-changing neutral interaction@nd Sgnk). Our results were not very sensitive Ao
suggests that the soft supersymmetry-breaking scalar mass Now that we relax the universal Higgs-boson-mass as-
parametersn, of the MSSM may be universal for different sumption (UHM), we find much broader ranges of elastic
quark and lepton flavors. However, there is no strong phefatte”ng r? ross sections for any If|xed valt;esm;(f, tans
nomenological or theoretical reason why ting should be =10 and the sign of. As previously, we perform a system-

. . atic scan of the region of thay,m,,, parameter space of the
the same for the Higgs multiplets as for squarks and slepton SSM that is consistent with accelerator constraints. Here
and we relax this universality assumption in this work. It is ' '

known that, in this case, the lightest neutralipanight be m, refers only to a common squark and slepton mass, and

mainly a Higgsino, but this particular option is greatly re- the two Higgs boson soft masse andm, are fixeq by the
stricted by LEP dat&18,19). conditions of electroweak symmetry breaking, since we al-

low u and the Higgs pseudoscalar masg to be free pa-

Neutralinos might not constitute all the cold dark matter,
meters. Thus, we scan ovap, My, w, My, andA for

but might be complemented by other particles such as axion: . .
g D y P ixed tarB. The details of these scans are given below, where

or superheavy relics. In this cas@, <Qcpy, and QXh2 . ; ' .
< 0.1 becomes a possibility. For any given neutralino mass'© document which parameter choices fail which LEP con-

0, may be decreased by increasing fhannihilation cross Straint e}nd/or the cosmol_ogical reI.ic density reqqirement.
sections, which is often correlated with an enhanced elastic We f;\n? lthat th(tahelastlc ?cattgrll;\gf Cross ?ECUSE'SMmay be
Xx-proton scattering cross section. Before concluding tha?ontw_evvl al ]:argler an Wﬁi oun ;ehoreblnl te | case,
cold dark matter detection becomes easier in this case, hofdrtictiarly forlargem, . Fowever, the absolute values are
ever, one must consider what fraction of our galactic hal ptill well below the present expenmengal sensitivitis), at
density pnhalo could be composed of neutralinos. Since the east for the canonical range €:1),h"<0.3 for the relic

process of halo formation is essentially independent of th elﬁczrillgol (i)elzsny. Tlhlfh rer:n(leunj tru_:a whzn W?b cdonf;der
nature of the cold dark matter, as long as it is non-relativistic “x -4, but rescale the halo densily as described above.

; ; We cannot exclude the possibility that there might be
and weakly interacting, one should expect that some variant of the MSSM that could accommodate the cold

dark matter scattering interpretation of the DAMA data, but
0 ) this would requi tensi f the f k di d
_ (1) quire an extension of the framework discusse
Qcom here. One possibility might be to adopt a larger value oBtan
[20]: we restrict our attention to t#h<10 to avoid uncer-
In an effort to be as optimistic as is reasonable, we assumiainties in the relic density calculations. To be complete,
that p,=ppao If QXh2>0.1, and rescale: p,  these should include coannihilation effects, which are not
=pha|0X(QXh2/0.l) if Qxhzgo.l. currently available. We plan to return in a future publication
In our previous worK6], in which we assumed universal- to the necessary careful calculation of these and
ity for the Higgs boson masséslHM) at the conventional renormalization-group evolution effects in the context of a
supersymmetric grand unified theofBUT) scale ~10'®  more complete study of MSSM phenomenology at large
GeV, and the canonical range &0 h?<0.3, we found tang.
that the possible ranges of elastic scattering cross sections Another possibility might be to relax further the univer-
were very narrow for any fixed values of,, tan3<10 and sality assumptions for soft supersymmetry-breaking masses,
the sign ofu, even allowing for plausible uncertainties in the either in the scalar or the gaugino sector. In particular, mod-
hadronic input§9-12], and that they were always orders of els in whichmg/my is smaller than in the models discussed
magnitude below the present sensitivitjd$], even for the here might be able to accommodate larger elagtfroton
smallest allowed values ah,~50 GeV[18,19. Specifi- rates for any given value of),. Another way to reduce
cally, the maximum value we found for the spin-dependenimg/my, with a similar effect, could be to postulate univer-
x—p elastic scattering cross section fos8n3<10 was sality at a lower, intermediate renormalization scale, below
well below 10 2 pb, attained fom,~60 GeV, and the maxi- the conventional supersymmetric GUT scg24].

Px= PhaloX
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Il. THEORETICAL AND PHENOMENOLOGICAL

1
BACKGROUND ay=————[|Yi|?+|X|?]+

o 4(mi;—my) 4(m3;—my)
We review in this section relevant aspects of the MSSM

[5]. The neutralino LSP is the lowest-mass eigenstate com- 92

. . . ~ . ~ . . ~ X |V |2+ |W |2 _
bination of theB-ino B, W-ino W and HiggsinosH », Vi il"]
whose mass matriXN is diagonalized by a matrixz:
diagm, . ... )=Z*NZ"1. The composition of the lightest (4)
neutralino may be written as

— = Tz 12—z, |21
4mz cog HWH ol 1205

and

X=Z:B+Z ,W+Z H,+Z H,. (2 1 1
— *

As previously, we negled® P violation in this paper, so that @3 z(m%_mf{)RG[(x')(Y') ] z(mgi_mi)

there are ndC P-violating phases in the neutralino mass ma-

trix and mixing. For the effects o€ P-violating phases on gmqI

the neutralino scattering cross section §22-25. We as- XRe(W)(V))*]—

sume universality at the supersymmetric GUT scale for the

U(1) andSU(2) gaugino massed; ,=m;;, so thatM;
=3tarfyM, at the electroweak scale. XDiCi| ——— +i
We also assume GUT-scale universality for the soft ! 2

supersymmetry-breaking scalar massag of the squarks

Re(61i[9Z,,—9'Z,1])

+RE(5,i[9Z,,—9'Z1])

m
Hy Hy

and sleptons, buiot for the Higgs bosons, in contrast[i]. DZ C?

We further assume GUT-scale universality for the soft XN\t &)

supersymmetry-breaking trilinear terms Our treatment of My, My,

the sfermion mass matricé4 follows those in[22], and we

refer the interested reader [i6] for further details and nota- Where

tion. It suffices here to recall thaf; P being conserved, the

sfermion mass-squared matrix for each flafés diagonal- 9my, ZX5 i * o 7*

ized by a rotation through an angls. We treat as free =7 2my,B; T nEg fn

parametersn,,, (we actually useM, which is equal tom,,

at the unification sca)e the soft supersymmetry-breaking gMg Z 5

scalar mass scalm, (which in the present context refers Yi= 7711( 59 'Z,,+9T5Z Xz) + lew

only to the universal sfermion masses at the unification

scalg, A and tarB. In addition, we treaju and the pseudo-

scalar Higgs boson mass, as independ gmq Zx5 !

N pendent parameters, and W= 7%

thus the two Higgs boson soft masseg andm,, are speci- 2L 2myB; 2myB;

fied by the electroweak vacuum conditions, which we calcu-

late usingm,=175 GeV* gMg Zys5- i Vi

The MSSM Lagrangian leads to the following low-energy ~ Vi= szw 7721( 9'Z1+9T3Z, ) (6)
effective four-fermion Lagrangian suitable for describing
elastic y-nucleon scattering22]: wherey, , T4, denote hypercharge and isospin, and
L= XYY x 0y, (1i+ azi¥°) Qi+ azixxdid; 51=2,5(Zya)y  Su=Zyu(—Zy),
+ a4iX'Y5XQi 75qi + a5 x x4 ')’SQi + aGiX75XQiqi . B;= sinB(cosB), A,= cosB(— sing),

()

Ci= sina(cosa), D;= cosa(— sina)
This Lagrangian is to be summed over the quark generations, 7
and the subscript labels up-type quarksi €1) and down-
type quarks (=2). The terms with coefficients for up(down) type quarks. We denote b, <my the two
a1, a4, as and agi make contributions to the elastic scalar Higgs boson masses, andlenotes the Higgs mixing
scattering cross section that are velocity-dependent, and mangle?

be neglected for our purposes. In fact, if tGd-violating As discussed if6], the elastic cross section for scattering
phases are absent as assumed heye,ag=0 [23,24. The off a nucleus can be decomposed into a scdkpin-
coefficients relevant for our discussion are independentpart obtained from the,; term in Eq.(3), and

we have checked that varying, by =5 GeV has a negligible 2We note that Eq(5) is taken fron[23] and that Eqs(4),(5) agree
effect on our results. with [2,7,24.

065016-3



JOHN ELLIS, ANDREW FERSTL, AND KEITH A. OLIVE PHYSICAL REVIEW D63 065016

a spin-dependent part obtained from g term. Each of The upper limit onQ-py can be translated directly into the
these can be written in terms of the cross sections for elasticorresponding upper limit ofi), . However, it is possible
scattering for scattering off individual nucleons. We re-that there is more than one component in the cold dark mat-
evaluated the relevant matrix elementd@}. Here we limit  ter, for example axions and/or superheavy relics as well as
ourselves to recalling that: the lightest supersymmetric partidleSP) y, opening up the
'I;here are .ur;cgrtqit?]titehs in ttma:‘atrh p"’I‘_rtﬁtf the kcross possibility that(),<0.1. For a given value ah,, values of
section associated wi e ratios of the light-quark masse ;
which we take fronfo]: ghtq T:\f MSSM parameters which lead €,<0.1 tend to have
ger xy annihilation cross sections, and hence larger elastic
scattering cross sections. Note, however, that the upper
bound,QXh2<0.3, is a firm upper bound relying only on the
lower limit to the age of the Universé,>1.2x 10'° years
(with Qtotalsl)-
and information from chiral symmetry applied to baryons. However, in such a “shared” cold dark matter scenario,
Here the principal uncertainty is associated with the experithe packing fraction of neutralinos in the galactic halo must
mental value of ther-nucleono term and the corresponding pe reduced. As discussed [i88], for example, dark matter
values of the ratios of thB,=(p|qq|p). Following[10], we  particles are taken into the halo in “sheets” in phase space,
use whose thicknesses are determined by their initiaerma)
velocity. The “sheets” of cold dark matter particles are of

mU mS
—=0.553+0.043, —=18.9+0.8 (8)
My My

B,—Bs negligible thickness, so the ratios of their densities in the
=g _g. 149 (9 halo are identical with their cosmological densities, and
a s therefore
with a negligible experimental error, afti1]
2B p Q
y= =0.2£0.1, (10) - X 13
Byt By pcom  com (
which yields
B On the other hand, the “sheets” of hot dark matter particles
—9_073+0.02. (11)  are of finite thickness related to their thermal velocities at the
B, onset of structure formation, which limits the possible phase-

space density of hot dark matter particles, so that

The difference between the scalar parts of the cross sectio .
P Prom/Pcom<Qupm/Qcpwm In general[28]. Moreover, a

for scattering off protons and neutrons are rather small.

The spin-dependent part of the elasjienucleus cross 'ar%‘;-‘] raigg'aDM/QCDM IS cn:rrently n%t ex;()jecteg. q
section can be written in terms of axial-current matrix ele-, e etection rate also must be reduced correspona-

mentsAi(p'”) that parametrize the quark spin content of theIngly to Eq. (13). Accordingly, when we consider MSSM

i 2
nucleon. We extract from a recent global analyig] the ~Parameter choices that haflyh”<0.1, we rescale the cal-
culated scattering rate by a factOr,h</0.1. This rescaling

values e 2> . ;
by the minimal acceptable value éi.pyh® is relatively
AP=0.78-0.04, AP =-0.48+0.04, optimistic. _ _ _ _
For the calculation of the relic LSP density, we have in-
AP = _0.15+0.04 (12) cluded radiative correctiof4.8] to the neutralino mass ma-
d . .

trix and include all possible annihilation channfg28]. In the

where the errors are essentially 100% correlated for the thrddSSM, it is well known that there are large regions of the
quark flavors. In the case of the neutron, we ha&/ﬁ) M, ,u parameter plane for which the LSP and the next light-
—AP AM_A® and A= AP ’ est neutralindNLSP) and/or chargino are nearly degenerate,
=AR47,8¢ a0 s TRAg

namely in the Higgsino portion of the plane whigly> w. It

was showr] 30,31 that, in these regions, coannihilations be-

IIl. COSMOLOGICAL AND EXPERIMENTAL tween the LSP, NLSP, and charginos are of particular impor-
CONSTRAINTS tance in determining the final relic density of LSPs, and these

As noted in[6], several convergent measures of cosmohave been included in the present calculation. Inclusion of

logical parameterL] have suggested that the cold dark mat-these coannihilation channels has the important consequence
ter densityQ.cpy=0.3+0.1 and that the Hubble expansion that, in the Higgsino regions where one expects larger elastic
rateH=hx 100 km/s/Mpc:h=0.7=0.1, leading to our pre- scattering cross sections, the relic abundance is substantially

ferred range 0§QCDMh2$O 3 The recent data on the reduced. On the other hand, we do not include here coanni-

spectrum of cosmic microwave background fluctuationdhilations between the LSP and the sleptbn82], in particu-
from BOOMERANG([26] and MAXIMA [27] are consistent lar the lighter staur;, which were shown to play an impor-
with this range, but do not significantly constrain it further. tant role in models with scalar mass universality also for
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the Higgs multipletsUHM).2 These are known, in particu- tal constraints enumerated in the previous section and imple-
lar, to be important for determining the maximum possiblementing the MSSM vacuum conditions for the representative
generic value o, in the UHM case, but are of less generic choices tag=3 and 10. As discussed [19], lower values
importance thany— x’'—x~ coannihilations in the non- of tang are almost entirely excluded by LEP. Our parameter
universal(NUHM) case considered here. For the same reascan was over the following ranges of parameters:

son, we have also not implementgett coannihilation33].

The neglect of sucly—f coannihilation processes is gener- 0<my<1000, (14)
ally conservative as far as the elastic scattering rates are con-

cerned, since any reduction they causélg;’nz is unlikely to 80<| <2000, (19
be compensated by a corresponding enhancement in the elas-

tic scattering cross section. We also do not pay any particular 80<M;<1000, (16)
attention to the narrow parameter slice of mixed gaugino or

Higgsino dark matter whergu|<m,,, andm, may become 0<m, <1000, 17
large[34], because this requires an adjustment of parameters

at the % level, and is hence not generic. However, these are —1000<A<1000. (18
sampled, with the appropriate weighting, in our general ran- ) .

The lower limit onm, depends on the sparticle searchMa>300 GeV, was supplemented with smaller but signifi-
limits provided by LEP and other experiments8,19. The  cant subscans, to cover the smaller values of these four pa-
most essential of these for our current purposes are thogameters as described below. The valuesngfwe use are
provided by the experimental lower limits on the lighter fixed at the unification scale 10'® GeV, while the values of
chargino massn, - and the lighter scalar Higgs boson massthe remaining parameterg, M,, m,, andA are evaluated
my,. As discussed in19], here we assume a lower limit at the electroweak scale. The lower cut off on bisthandu
m,==101 GeV. The impact of the recently-improved lower is due to the lower limit on the chargino mass.
limit on the Higgs boson mag85] is potentially more sig- As indicated above, we impose a lower linmt,>300
nificant[19], particularly for tag=3, as displayed in Figs. 6 GeV for ©<0 to avoid problems witth—sy. As can be
of [19]. The present experimental lower limit for {83  seen from Fig. 4 of19], there are regions i <0 which are
approachesn, ,>107 GeV[35]. In implementing this con- also excluded byb—sy when m,>300 GeV. Similarly,
straint, we allow a safety margin of3 GeV in the MSSM  even foru>0, where we impose no cut off an,, we have
calculations ofmy,, [36], and hence require the MSSM cal- included some points which should be excluded on the basis

culation to yieldm,_>104 GeV for taB=3. In the case of of b—sy [19]' There_,-fore, our cr_ude treatment Of. tr_ba
2 — Sy constraint is quite conservative. A more sophisticated

tan3=10, the LEP constraint on the MSSM Higgs bosoneatment would thin out the population of points in the
mass is weakefsee Fig. 6 of(19]), and we require only ange of cross sections that we find, not exparfd it.

my,>86 GeV, which includes agaia 3 GeV margin of As can be seen in Table I, the overall scan was divided
uncertainty. The corresponding limit any andm,, in this  into three(four) specific regions for each value of grand
case may be ignorgd9]. The other two constraints that we ,, negative(positive, each with the number of points listed.
implement are on sfermion masses, which we require to bgor each scan, we used a linear measure, which is reflected
(i) larger than 92 GeV, andi) larger than that of the lightest in the densities of points in the subsequent figures. The sub-
neutralino. We recall also the importance of the-sy con-  scans with lower thresholds were designed to scour carefully
straint[37], which we implement in an approximate way, by the regions of MSSM parameter space close to the LEP ex-
requiringm,>300 GeV foru<0 [19]. As also discussed in  clusions, with the aim of ensuring that we sampled points
[19], requiring our present electroweak vacuum to be stablelose to their boundaries. For each subscan, we show the
against transitions to a lower-energy state in which electronumber of points which survive all the LEP experimental
magnetic charge and color are brok@@CB) [38] would  constraints discussed above, and we see that lower fractions
remove a large part of the cosmologically favored domain obf the low-threshold subscans survive them, in particular be-
MSSM parameter space. We have not implemented this ozause they tend to yield excluded values of the chargino
tional requirement in the present study. In the next sectionmass. Figure 1 provides some insight into the impacts of the
we will show the effect of the various experimental con-different LEP constraints for the case g&na3 and u>0.

straints on our scan of the parameter plane. We plot in Fig. 1 the points scanned in thi,— . parameter
plane. In making this scatter plot, we show a randomly cho-
IV. MSSM PARAMETER SCAN sen subset of 5000 of the 90000 points samplsice it is

We have scanned systematically the MSSM parameter
space, taking into account the cosmological and experimen-
“The existing theoretical calculations lof->sy are not accurate at
large tarB (private communication from P. Gambino, via G. Ganis

3Since we consider that complete relic density calculations includVich is another reason why we do not yet study this case.
ing these coannihilation effects are not available for larg® tave *We have checked that there is no qualitative difference between
restrict our attention to tg#=10. this plot and the much denser plot with all points shown.
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TABLE |. Details of MSSM parameter scans, including the numbers of points that survive the LEP
constraints and have a relic density in the favored range.

Scan Total points Survived LEP 6s10h?<0.3
M, u,my=100, my=300
tan3=3, u>0 30000 17 817 1552
tan3=3, u<0 30000 17 210 901
tan3=10, u>0 30000 26 498 2588
tan3=10, w<0 30000 26507 2337
100=M,, u=80, my=100, m,=300
tan3=3, u>0 20000 75 0
tan3=3, u<0 20000 4410 30
tan3=10, u>0 20000 1632 14
tan3=10, u<0 20000 4480 58
M,, =80, my=<100, m,=300
tan3=3, u>0 20000 2669 663
tan3=3, u<0 20000 2247 487
tan3=10, u>0 20000 5394 2436
tan3=10, u<0 20000 5140 2377
My, u=80, my=0, m,<300
tan3=3, u>0 20000 2208 164
tan3=10, u>0 20000 12096 1170

much easier to pick out the relevant physical effects of thesurvived the LEP cuts. We see that, among the points that
cuts in such a subset of points, the full plot being extremelysurvived the previous LEP constraints, those with a small
dense. ratio of u/M, generally have too small a relic density, de-
We see that the chargino cut removes points at low valuesoted by(green pluses, as a result of over-efficiept- x’
of u andM,, denoted by(green pluses, that the Higgs cut —y™ coannihilation, whereas points wita/M,~1 to 5
then removes many more points with ldw,, denoted by tend to have too large a relic density, denoted (bgd)
(red) crosses, that the sfermion cut removes still more pointgrosses, particularly ift andM, are individually large. The
with low M,, denoted by(violet) triangles (this occurs at points with a relic density in the preferred range 0.1
high A and/oru when there is a sizable off-diagonal compo- sQXh2$0.3, denoted byblue) squares, tend to accumulate
nent in the sfermion mass matypand that the LSP cut tends aroundu/M,~1/2 or low M,. The former points are in the
to remove points at higheM, denoted by(golden dia- transition region between over-efficiegt- y' — x= coanni-
monds. The survivingblue) squares are spread over the hilation and under-efficient annihilation at largeand M,
m,M, plane, except for small values. Note that some pointsvhereas the latter are in the region of Idw, where careful
may fail to survive more than one of the above cuts. Thesémplementation of the LEP constraints is essential. However,
are only denoted by the first cut tested and failed in the ordeit is apparent from Fig. 2 that there are exceptions to these
listed above. The scans for the opposite signuoéind for  general trends. We do not discuss them in detail, but remark
tanB=10 exhibit similar features, and are omitted here. Thethat we have made an attempt to understand at least those
only noticeable difference whepn>0 is that not so many exceptions that lead to “unusual” elastic scattering cross
were points eliminated by the Higgs cut at large values ofections.
M, for ©<0, because we imposed the linit,>300 GeV:
for >0, many more points were run with lom, and
hence lowm,,. Also, for tar3=10, more points survive at
low w and/orM, due to the relaxed constraint on the Higgs We now discuss the values of the elastic scattering cross
boson mass. sections that are attainable, bearing in mind the LEP and
The last column of Table | shows how many of the pointscosmological relic density constraints. Figure 3 illustrates the
that survive the LEP constraints and have relic densities imllowed ranges of elastic scattering cross sections for the
the cosmologically preferred range &0 h?<0.3. Itis ap-  points included in our scan for the particular caseptan
parent that most of the preferred points emerge from the first 3, ©>0, as it was described in the previous section. Plot-
scan withM,,u>100, as the lower values which were ex- ted is a subset of 3000 of the 90000 points scanned, indicat-
plored thoroughly in the second subscan generally failed théng which points survive all the LEP cuts, and which other
chargino cut. More details of the scan over cosmologicapoints fail which LEP cut. We find similar results for {&n
relic densities for tai=3 andu>0 are shown in Fig. 2. As =10 and/or the opposite sign @f, with the exception that
in Fig. 1, we show only a randomly selected subset of 5008vhen ©<0 we find some points trickling down below the
points out of the total of approximately 22000 points whichapparent boundary at 10 1° pb in Fig. 3b), because of

V. ELASTIC SCATTERING CROSS SECTIONS

065016-6



EXPLORATION OF ELASTIC SCATTERING RATES FR. .. PHYSICAL REVIEW D 63 065016

wn =3, p =0 an =% =0
0 y . 0K

O : = PPE Brtgey : £ %)

a0 & ‘ I T Hix) e i il

2

i : e 0]

il e B a0

M - Y B LA

LA :II‘I:I: 200000 wil (] 2
i g “ z
LEP ct
FIG. 2. (Color). Results of the scan of MSSM parameter space

LER% for tanB=3 and x>0 summarized in Table |, illustrating the im-
pact of the cosmological relic density constraint on the points that
survived the LEP constraints illustrated in Fig. 1. We denote by
(green pluses the points that have too small a relic densﬂlyh2
<0.1, by(red) crosses the points that have too high a relic density:
{)Xh2>0 3, and by(blue) squares the good points for which 0.1

FIG. 1. (Color. Results of the scan of MSSM parameter space
for tanB=3 andu>0 summarized in Table |, illustrating the im-
pacts of the various LEP constraints. We denotgdngen pluses
the points that fail the chargino cumm,==>101 GeV, by (red
crosses the remaining points that survnve the chargino cut but fa
the Higgs cutm,, =104 GeV, by(violet) triangles the points sur-
viving the previous cuts that fail the sfermion cot;=92 GeV, and

by (golden diamonds the points surviving the previous cuts thatdo . . .
not have the lightest neutralino as the LSP. Th&ie) squares points scanned, there are even a few points which surpass

denote scan points that survive all these LEP cuts. 1072 pb. Howeverall of these points have been excluded
by LEP (primarily by the Higgs boson mass ¢utThe
cancellations similar to those discussed 6 largest surviving cross section is slightly over*iOpb, in

We note, in particular, that the LEP chargino and Higgsboth the randomly selected subset and the full scan. For
cuts remove many points with lom, and/or large elastic «<0, the upper boundary in the scalar cross section is
scattering cross sections. The sfermion mass cut is legpout an order of magnitude lower, as was the case in the
important. The constraint that be the LSP removes quite a model with universal Higgs boson mas$é Note also that,
large number of points, populated more or less evenly iffor ©<0, the limit m,>300 GeV we impose removes the
these cross section plots. The somewhat sparse set DﬂlntS with large cross section@n this case Withrgcqpa
points with very small cross sections give some measure o&10 ° pb).
how low the cross section may fall in some special cases. The next step is to implement the cosmological relic den-
These reflect instances where particular cancellations tak&ty constraints. We show in Fig. 4 the cross sections ob-
place, examples of which were discussed6h and should tained for a representative subsample of points with3tan
not be regarded as generic. The lower boundary of the=3, u>0 that survive the LEP cuts, sorted according to the
densely occupied region in Fig. 3 offers an answer to thecalculated values (:(fl)(h2 Spin-dependent cross sections are
question how low the elastic scatterlng cross sections maplotted in panel¢a) and(c), and spin-independent cross sec-
reasonably fall, roughlyr~10~° pb for the spin-dependent tions are plotted in panel®) and(d). We include in panels
cross section ane- 10 1° pb for the spin-independent cross (&) and(b) the cross sections calculated for unrealistic mod-
section. els with QXh2>0 3, and without making any rescaling cor-

We would like to draw particular attention to the rection for points WIthQXh2<0 1. The over-dense points
spin-independent cross section shown in Fifp).3Notice  with QXh2>03 denoted by(red crosses, have been re-
that there are parameter choices with very large scatteringioved in panel$c) and(d), and the cross sections for under-
cross sections. In this random selection, the cross-sectioense points WithQXh2<0.1, denoted by(green pluses,
may be as high as a few 10 # pb, and could even be larger have been rescaled by the appropriate halo density fraction
than that claimed by DAMA. Indeed, in the full set of 90000 (1). As could be expected, the over-dense points tend to have
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tan =3, =0 smaller cross sections, and the under-dense points larger
E RS cross sections before applying the rescaling correction. After
107 e rescaling, the under-dense points yield cross sections in the
10 o e e range found for the favored points with @snxhzso.& de-

; s : noted by(blue) boxes. For ta@=10 andu >0, the scalar
cross section is about an order of magnitude higher for points
10°%] ol " ; which survive all cuts. Relative to the cases wijith-0, the
07 ; a5 T T B ek ; ©<0 cases have a scalar cross section which is 1-2 orders of

. 2t Rl o i : magnitude smaller, because of thessy-motivated cutmp
- bk o e ¥ 33,7 S >300 GeV foru<O0.
107 : s, . A comparison with Fig. 2 shows that the largest cross
0] ' sections displayed in Figs. (&b, are almost all for
1 Higgsino-like states whose elastic cross section is mediated
] ] by Z exchange. These are cosmologically under-dense, due
107" ] to a combination of large annihilation and coannihilation
; cross sections. The cosmologically over-dense regions with
relatively low elastic cross sections are mainly for gaugino-
10 — like states, and are for the most part more massive than 300
Y 200 LY 400 500 GeV, which is the oft-quoted upper bound on the bino mass
(a) m. (GeV) in the MSSM[39].
Our resulting predictions for the spin-dependent elastic
neutralino-proton cross section for a1 3 andu>0, after
=3, p=0 taking into account the LEP and cosmological constraints,
are shown in Fig. &), where a comparison with the UHM
] case is also madeThe raggedness of the upper and lower
10" ] ] boundaries of the darkblue) shaded allowed region reflect
] ] the coarseness of our parameter scan, and the relatively low
density of parameter choices that yield cross sections close to
these boundaries. We see that, at lowy close to the LEP
. ; limit, the spin-dependent cross section may be as much as an
E L wt L T ! ] order of magnitude greater than in the UHM case considered
10 B g R - . previously [6], shown by the concavé&ed and turquoise
o R TR, R strip. However, even for lown, , the attainable range is far
] below the present experimental sensitivity, which is to
] Tspin~1 pb, and could be many orders of magnitude lower.
' As m, increases, the maximum allowed value af;;, de-
creases, though not as rapidly as in the previous UHM case
3 ] [6]. The hadronic uncertainties are basically negligible for
0 this spin-dependent cross section, as seen from the(light
'S . ; low) shading. Turning now to the option {83 and u
100 200 300 | 500 <0 shown in Fig. Bo), we see that the allowed range of the
m. (GeV) i spin-dependent cross section is similar to that in thggtan
£ =3, u>0 option. This is in contrast to the situation in the
UHM [6], where the spin-dependent cross section atrigw
is much smaller fop. <0 than foru>0. However, the cross
LBz section is still three or more orders of magnitude away from
the present experimental upper limit. In the option gan
=10 andu>0 shown in Fig. §c), we see that the attainable
range of the spin-dependent cross section is again similar to
) ) the previous option. This again contrasts with the UHM case,
_ FIG. 3. (Color)._Scatter plots ofa) the spln—dependent arfd) the spin- where the narrow allowed band for Iargg(~500 GeV was
independent elastic scattering cross sections fo84a®, u>0 for a rep- . .
resentative subsample of 3000 points, illustrating the impacts of the LEI§OmeWhat hlgher than for the option A3 andu>0. As
constraints. Thégreen plus signs denote points that fail the chargino mass Shown in Fig. %d), our results for tag=10 andu <0 are
constraint, which usually have smatl, and sometimes large cross sections. very similar to those fop.>0.
The (red) crosses denote surviving points that fail the Higgs boson mass
constraint, some of which have large spin-independent cross sections. The————
(violet) triangles denote surviving points that fail o(approximatg sfer- 6 )
mion mass cut. Thégolden diamonds denote points whegeis not the In contrast to[6], here we have taken into account the updated
LSP, and theblue) squares denote points that survive all the LEP cuts. LEP constraints.
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FIG. 4. (Color). Scatter plots(a),(c) of the spin-dependent an(),(d) of the spin-independent elastic scattering cross sections for
tan3=3, wu>0, after implementing the LEP constraints, exhibiting the impacts of the cosmological relic density constraintge€he
pluses havé) h?<0.1, the favoredblue) boxes have 0£0,h?<0.3, and théred crosses hav&,h?>0.3. Note in panel¢c) and(d) the
impacts of removing the over-dense points, which tend to have lower cross sections, and rescaling the under-dense pointélas in Eq.
suppressing some high cross section points.

The analogous results for the spin-independent elasticase, shown by thged and turquoisediagonal strip, while
neutralino-proton cross section, after taking into account thé could be much smaller. For larg®, , the cross section
LEP and cosmological constraints, are shown in Fig. 6may be rather larger than in the UHM case, but it is always
where comparisons with the UHM case are also made. Wéar below the present sensitivity. The case shown in pénel
see in panel Fig. @) for tan3=3 andu>0 a pattern thatis of tan3=3 and <0 is somewhat different: the cross sec-
similar to the spin-dependent case. For sma]l, the spin-  tion never gets to be significantly larger than the UHM value
independent scalar cross section, shown by the dae at smallm, . The reason for the anomalous extension of the
shaded region, may be somewhat higher than in the UHMJHM band outside the more general range is that the newer
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FIG. 5. (Color). Allowed ranges of the spin-dependent elastic neutralino-proton cross secti@htim3=3 andu>0, (b) tan3=3 and
n<0, (c) tanB=10 andu>0 and(d) tan3=10 andu<0. The main(blue) shaded regions summarize the envelopes of possible values
found in our scan, for points respecting the LEP constraints, discarding pointsﬂyhﬁ>0.3, and rescaling points witmxh2<0.1
according to Eq(1). The small light(yellow) shaded extensions of this region reflect the hadronic matrix element uncertainties discussed in
Sec. Il. The concavéed and turquoisestrips are those found previously assuming universal Higgs scalar ma#siss) [6].

analysis reflected in théblue and yellow shaded region in- note that the hadronic uncertainties, denoted by the light
corporates updated LEP constraiff®], that are signifi- (yellow) bands, are somewhat larger in the spin-independent
cantly stronger for small tg;rand smalim, than those used case than in the spin-dependent case.

in [6]. This “anomaly” is absent in pandk) for tan3=10

and <0, which closely resembles par(@), and also panel V1. SUMMARY AND PROSPECTS

(d) for tanB=10 andu>0. We note in paneld) a lesser

reappearance of the “anomalous” outdated UHM region at In this paper we have extended the analysigdto con-
smallm, . The dip in the(red and turquoiseUHM band for ~ sider a more general sampling of supersymmetric models,
m,~230 GeV in paneld) reflects rather special cancella- relaxing the UHM assumption we made previously. For each
tions[6] that are absent in the more general case. Overall, wef two choices of taf and x negative(positive), we have
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FIG. 6. (Color). Allowed ranges of the spin-independent elastic neutralino-proton cross sectié® tand=3 and x>0, (b) tang
=3 andu<0, (c) tanB=10 andu>0 and(d) tan8=10 andu<0. The main(blue) shaded regions summarize the envelopes of possible
values found in our scan, for points respecting the LEP constraints, discarding point@yﬁffyo.& and rescaling points witﬁxh2
<0.1 according to Eq(1). The small light(yellow) shaded extensions of this region reflect the hadronic matrix element uncertainties
discussed in Sec. Il. Th@ed and turquoisediagonal strips are the results found assuming universal Higgs scalar niidstds [6].

sampled 7000090000 sets of MSSM parameters, 30000 in the predicted cross sections for under-dense points with
general scans and 20000 each in fifwee special subscans QXh2< 0.1 as in Eq(1).

over lower values oM,,u,my (andm,). We have imple- The cross sections we predict for spin-dependent and
mented the current LEP constraints on MSSM parameterspin-independent elastic neutralino-proton scattering for dif-
[19], discussing in detail which scan points survive which offerent values of taf and the sign ofu are shown in Figs. 5
these constraints. We have further discussed which of thend 6, respectively. We provide in Fig a compilation of
remaining scan points yield a cosmological relic density inour results, compared with the present experimental upper
the allowed rangé),h?<0.3, and which of these are in the limits on the cross sectiond3] and the detection of spin-
preferred rang@xhgz 0.1. We exclude from further consid- independent scattering reported by the DAMA Collaboration
eration the over-dense points wimxh2>0.3, and rescale [16]. The light(yellow) shaded regions correspond to the full
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FIG. 7. (Color. Compilations of our allowed ranges féa) the spin-dependent elastic neutralino-proton cross sectiontanithe
spin-independent elastic neutralino-proton cross section for both the valuesBodnarthe signs of. studied. These ranges are shown by
the light (yellow) shaded regions. The datklue) shaded regions correspond to the allowed ranges when the parameters are restricted by
assuming universal Higgs scalar mas@gidM) [6]. Our results are compared in pait@l with the available experimental upper limjts3],
and in panelb) with the detection reported by the DAMA Collaboratifit6], as well as with upper limits from other experimefts].

range of cross sections we find for the values ofgtand ~ conventional supersymmetric GUT scRd]. _

signs of u studied. These are contrasted with our previous _ N the future, we plan to improve the available relic den-
results[6], when universal Higgs scalar masgesiM) are  Sity calculations by extending them to larger farincorpo-
assumed, which are shown by the déskue) shaded regions rating consistently all coannihilation processes, in the con-
in Fig. 7. We see that our predicted cross sections are welfXt of & general study of MSSM phenomenology at large
below the experimental upper limits for both the spin-t&@n3. On the experimental side, we expect that other Col-
dependent and -independent cases. We are unable to fitgPorations will soon be able to confirm or exclude defini-
MSSM parameter sets consistent with our relaxed universafively the DAMA interpretation of their annual modulation
ity assumptions that come close to explaining the DAMA Signal as bglng due to neutralino scattering. Look_lng fu'rth_er
measurements. Our assumptions would need to be que@head, we interpret our results as indicating a high priority
tioned if the neutralino scattering interpretation of thefor @ new generation of direct dark matter detection experi-
DAMA data is confirmed. We emphasize that we have re-ments[40] with a much higher sensitivity.

stricted our attention to models with {as10. We expect
that larger values of tgh could lead to somewhat larger
cross sections. Alternatively, we emphasize that the DAMA
data might favor models with smaller valuesrof /my, ob- We thank Toby Falk and Gerardo Ganis for many related
tained either by relaxing the input universality assumptiondiscussions. The work of K.A.O. was supported in part by
or by imposing it at some renormalization scale below theDOE grant DE-FG02-94ER-40823.
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