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We analyze the annual-modulation effect, measured by the DAMA Collaboration with the new implemen-
tation of a further two-years running, in the context of a possible interpretation in terms of relic neutralinos. We
impose over the set of supersymmetric configurations, selected by the annual-modulation data, the constraints
derived from WIMP indirect measurements, and discuss the features of the ensuing relic neutralinos. We
critically discuss the sources of the main theoretical uncertainties in the analysis of event rates for direct and
indirect WIMP searches.

PACS numbeps): 11.30.Pb, 12.60.Jv, 95.36d

[. INTRODUCTION scalar elastic cross section, aéé p, /p, is the WIMP frac-
tional amount of local non-baryonic dark-matter dengity
The effect of annual modulation measured by the DAMAthe DAMA Collaboration presents ao3 C.L. annual-
Collaboration in its weakly interacting massive particle modulation region, in the plarma,-¢ o{1u¢*", whose actual
(WIMP) direct search experiment with a Nal) detector size depends on whether or not the upper-bound constraints
and reported in Ref.1] was analyzed in terms of relic neu- previously obtained by the same Collaboratigfj are in-
tralinos in Refs{2—4]. In these papers, we proved that this cluded, and on the values assigned to the galactic astrophysi-
interpretation is compatible with the DAMA data, and entailscal velocities. For the purpose of the analysis carried out in
a relic neutralino which might have the role of a major com-the present paper, we consider the region obtained by the
ponent of dark matter in the Universe, especially when thdinal DAMA global analysigdenoted by a solid curve in Fig.
uncertainties affecting the evaluation of the neutralino-4b of Ref.[6]), i.e. the region which is obtained from the
nucleon cross section are taken into accddit. We have  annual-modulation data, by including the upper-bound con-
also presented in detail other physical properties of such gtraints of Ref[7], by settingp, at the standard reference
neutralino, both in a minimal supersymmetric extension Ofvalue:p|=0.3 GeV cm 2, and by taking into account uncer-
the standard modg¢PR—4] and in supergravity schem¢2],  tainties in the astrophysical velocities of the usual galactic
and we have outlined how indirect measurements of WIMPS$/axwellian distribution (170 km Sl<py=<270 kms?;
(low-energy antiprotons in cosmic rays and up-going muon, . =450-650 kms !, wherev, is the rotational velocity
fluxes from the center of the Earth and from the Bomay  of the local system at the position of the solar system and
bring further information2], by way of constraints on the .. is the galactic escape velocityThis region is the one
supersymmetric configurations derived from the DAMA shown in Fig. 1 by a solid linéshould one include also a
annual-modulation resul{$]. bulk rotation of the dark matter hal®,3], this region would
New data, collected by the DAMA Collaboration in a elongate along the horizontal axis uprtg,~ 230 GeV([6]).
further two-year running of the N@ll) experiment for an In this figure we also show the contour lines for the three
exposure of 38 475 kg day, and now presented in Rdf.  valuesv,=170,220,270 km's!, separately9]. In the com-
confirm their previous finding of an annual-modulation ef- parison of the experimental data with the theoretical evalua-
fect, which does not appear to be related to any possibl@ons one has to further consider the uncertaintypin
source of random systematics. Taking together(@tl and 0.1 GeVcm3<p;<0.7 GeVem® [10,11. Figure 2 dis-
new) samples of data for a total exposure of 57 986 kg dayplays how the DAMA annual-modulation region shifts along
the effect turns out to be at as4C.L. Performing a maxi- the vertical axis, as the value pf is varied within its uncer-
mum likelihood analysis in terms af, and £ olec®,  tainty range. The four panels correspond to the representative
wherem,, is the WIMP massg{lanc°"is the WIMP-nucleon  values:p;=0.1, 0.3, 0.5, 0.7 GeV cfiv. In Fig. 2, as well as
in all subsequent figures, where experimental results of direct
and indirect WIMP measurements are compared with theo-
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specified by two independent parameters: the mass of one of
the physical Higgs fields, which we choose to be the mass
m, of the neutral pseudoscalar boson, and the ratio of the
two vacuum expectation values, defined as Aan
=(H,)/(H4). Once radiative corrections are introduced, the
Higgs sector depends also on the squark masses through loop
diagrams. The radiative corrections to the neutral and
charged Higgs bosons, employed in the present paper, are
taken from Refs[14].

The other parameters of the model are defined in the su-
perpotential, which contains all the Yukawa interactions and
the Higgs-mixing termuwHH,, and in the soft-breaking La-
grangian, which contains the trilinear and bilinear breaking
parameters and the soft gaugino and scalar mass terms.

To cast the MSSM, which originally contains a large
number of parameters, into a form adequate for phenomenol-
ogy, we follow the common procedure of introducing a set of
restrictive assumptions at the electroweak sdaeall trilin-
ear parameters are set to zero except those of the third fam-
ily, which are unified to a common valu& (b) all squarks
FIG. 1. Plot of¢ o (i versusm, . The solid line delimits the  and sleptons soft-mass parameters are taken as degenerate:

30 CL annuql-modulation region, obtained by the DAMA NI_'d) my = N, =my, (c) the gaugino masses are assumed to unify
experiment with a total exposure of 57 986 kg d&Y This region : :

was obtained by including the upper-bound constraints of Hef. atMgyr, and this implies that the/(1) andSU(2) gaugino

by settingp, at the standard reference valyg=0.3 Gevcm?3,  Mmasses are related at the electroweak scale Nby

and by taking into account uncertainties in the astrophysical veloci= (5/3)taf? OwM .

ties of the usual galactic Maxwellian distribution. Also showninthe ~ Once these conditions are implemented in the model, the
present figure are the contour lines for the three valugs supersymmetric parameter space consists of six independent
=170 kms* [short-dashed ling vo=220 kms* [long-dash- parameters. We choose them to Mg, u,tanB,ma,mg, A
short-dashed linevo=270 kms* [long-dashed link separately.  and vary these parameters in the following ranges: 10 GeV
Notice that th_elshort-dashed line, denoting th_e cpntour for the 9aS%M2$l TeV, 10 Ge\§|,u|$1 TeV, 80 Ge\km,
vo=170 kms -, is superimposed to the solid line except in its <1 TeVv, 100 Ge\emy<1 TeV, —3<A<+3, 1

lower-left part. The scatter plot is calculated in the MSSM with the
scan described in Sec. I; the points of the scatter plot are code?tanﬁgso' We remark that the values taken here as upper

according to the value of the relic abundar@g(hz, of the relevant limits of the ranges_ for the dimensional pargmeters,
SUSY configuration: dots denot€ h?<0.01, crosses denote Mz, p,Mp, My, are inspired b.y.the.upper bounds which may
0.01<Q, h?<0.1 and empty circles denofe, h>>0.1. be derived for these quantities in supergraiUGRA)
theories, when one requires that the electroweak symmetry
terms of relic neutralinos, along the lines previously devel-breaking, radiatively induced by the soft supersymmetry
oped in Refs[2—-4]. We single out the set of the supersym- breaking, does not occur with excessive fine tur(isee Ref.
metric configurations compatible with the DAMA data, and[15] and references quoted thergin
then apply to this set, denoted as Sethe constraints de- We have further constrained our parameter space, by tak-
rived from experimental indirect searches for WIMRS-  ing into account all the new experimental limits obtained
going muons at neutrino telescopes and antiprotons in Co$rom accelerators on supersymmetric and Higgs boson
mic rays. In this analysis we incorporate recent, and quitesearche§CERNe e collider LEP2[16], Collider Detector
significant, theoretical and experimental developments. 4t Fermilab(CDF) [17]]. Notice that the new bounds from
The supersymmetric theoretical framework adopted her¢ eps> and CDF constrain now rather severely the SUSY

is the minimal supersymmetric extension of the standardpace, especially in the region of interest for direct detection
model (MSSM) [12], which conveniently describes the su- (smallm,, and, partially, large tag [17)).

persymmetric phenomenology at the electroweak scale, with- \1oreover, the constraints due to thes+y process
out too strong theoretical assumptions. This model has be 8] have been taken into account. In our analysis, the inclu-
extensively_ used_by a number of authors _for evall_Jations OLive decay rate BRE—X.y) is calculated with corrections
the neutralino relic abundance and detection réaest of ;5 the leading order. Next-to-leading order corrections
references may be found, for instance,[¥8]). The neu- 1] are included only when they can be applied in a consis-
tralino is defined as the lowest-mass linear superposition of,¢ way, i.e. both to standard-model and to SUSY diagrams.
photino (y), zino (Z) and the two Higgsino statedH(®,  We require that our theoretical evaluation for BR{ Xgy)
H,°): x=a,y+a,Z+agH;°+a,H,°. The MSSM contains is within the range 1.9810 *<BR(B— Xsy)<4.32
three neutral Higgs fields: two of therh,(H) are scalar and %10 *. This range is obtained by combining the experimen-
one(A) is pseudoscalar. At the tree level the Higgs sector idal data of Refs[20,21] at 95% C.L. and by adding a theo-

(nucleon)
S Uscalar

10-®

10-10

056006-2



FURTHER INVESTIGATION OF A RELIC NEUTRALINO . .. PHYSICAL REVIEW D62 056006

].0_7 = T T T T T T T T ‘ T 1 T T | Ii T T T |7 T T 71 5 - T T T T T T T T ‘ T T T T | |7 T T |7| T T T B
- p, = 0.1 GeV cm™3 1 F p, = 0.3 GeV cm™3 1
=)
-8 [— — — ]
S(G 10 = = = .
Q C 1 ]
5 L - L =
- L 4 L i
8 5 r 10T 7
oL
58 100 L 4 L i
& 107% ¢ 1 F E
W C 1 ]
10—10 | | | | l | 111 ‘ L1 11 | 11 | | | | 1 | 11 | 11 | | ‘ | | 11 | L1 | | 11 |
50 100 150 200 250 0 50 100 150 200 250
m, (GeV) m,, (GeV)
10_7 = T T T T T T T T ‘ T T T T | T T T T I T T T T = E T T T T T T T T ‘ T T T T | T T T T | T T T T ]
C p, =05 GeVem3 1 ¢ p, = 0.7 GeV cm™3 4
)
-8 | I I |
s((-j‘ 10 c g c g
Q C 1 ]
\5 L - L =
- L 4 L _
8 B 100 7
°8
8% 100 L 4 L _
& 1072 ¢ i E 3
W C 1 ]
10—10 1 | | | l | | - ‘ L1 11 | | | | | | 1 | 11 | 11 | | ‘ | | 11 | | 1 | | |
50 100 150 200 250 0 50 100 150 200 250
m, (GeV) m, (GeV)

FIG. 2. Location of the DAMA annual-modulation region for four representative valugs:op;=0.1, 0.3, 0.5, 0.7 GeV cn?. The
scatter plots show only the configurations which lie inside the relevant annual-modulation region. A grey-level code is used depending on the
value ofv, employed in the extraction of the annual-modulation region: medium grey denotes points which lie in the annual-modulation
region extracted by settingo=170 Kms !, dark grey denotes points which lie in the annual-modulation region extracted by sgjting
=220 Kms 1, light grey denotes points which lie in the annual-modulation region extracted by seftir@70 Kms*. The three sets are
superimposed in that sequential order.

retical uncertainty of 25%, whenever the still incompletein terms of the present-day vall&, of the Hubble constant
next-to-leading order SUSY corrections cannot be applied. ash=H,/(100 kms® Mpc™1)], on the basis of the most
Our parameter space has been further constrained by tliecent cosmological daf@2]. However, for the sake of pre-
request that the lightest supersymmetric partit/eP) is the  sentation of the results of the present analysis, which, any-
neutralino, rather than the gluino or squarks or sleptons. Thevay, never entail values cﬂiXh2 in excess of 0.Gsee last
current upper bound for cold dark matter may be establishedection, we do not impose the bourfd.pyh?<0.3 in our
asQcpyh?<0.3[h is the usual Hubble parameter, defined selection of SUSY configurations. The neutralino relic abun-
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FIG. 3. Scatter plot for the up-going muon flux from the center of the Earth for a standard Maxwellian distribdilﬁﬁf‘f?)*‘(‘d, versus
m, . The grey-level code is the same as in Fig. 2. The solid line denotes the 99.7% C.L. upper b®JAd}T, derived from the data of
the MACRO experimenf45].

dance is calculated here as illustrated in R28]. We have event ratesmanageable. The few independent parameters of
checked that SUSY configurations which could potentiallythis simplified MSSM have the role of relevant scales for
lead to coannihilation effectf24] are marginal in our se- some fundamental quantities, such as scalar masses and
lected supersymmetric parameter space. gaugino masses, which in turn determine the size of the nu-
A few comments are in order here. The restrictive as{merical outputs. This version of MSSM is obviously the sim-
sumptions(a)—(c) adopted above in the framework of the plest scheme for a SUSY model, and the most natural one to
MSSM are instrumental in reducing the otherwise largestart with. However, one has to be aware of the fact that new
number of independent parameters to a handful set of themxperimental data could eventually force one to adopt more
(six in our schemg and in making the calculations of a involved versions of supersymmetric models, for instance by
number of crucial observablésuch as relic abundances and relaxing some grand unified theof@GUT) inspired relation
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FIG. 4. Enhancement effect in the up-going muon flux from the center of the Earth in case of a solar-bound population in the manner of
Damour-Kraus$27]. The grey-level code is the same as in Fig. 2.

(such as M;=0.5M,) Ref. [25], or by including [27,28. These different instances are examined in Sec. lIl.
CP-violating phase$26]. Data on antiprotons in space, combined with recent evalu-
As regards the distribution of relic neutralinos in our Gal- ations of the secondary antiproton component in cosmic rays
axy, to start with we have assumed a standard halo populalue to spallation processes, are employed in Sec. IV to put
tion with a Maxwellian velocity distribution, whose disper- further constraints on the original s8tof SUSY configura-
sion speed is centered around 270 Kkms(i.e., v, tions, singled out by the DAMA data.
=220 kms''). However, in the implementation of con-  We give the results of our combination of the annual-
straints from up-going muons at neutrino telescopes, we hav@odulation data with indirect measurement constraints in
also considered recent theoretical developments which magec. V, where we also discuss the cosmological properties
have quite contrasting effects on the expected signalfor our set of relic neutralinos and present our conclusions.
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FIG. 5. Suppression effect in the up-going muon flux from the center of the Earth in case of the Gould-Alam cofsjturee

grey-level code is the same as in Fig. 2.

Il. SET OF SUPERSYMMETRIC CONFIGURATIONS
SINGLED OUT BY THE ANNUAL-MODULATION DATA

current limits from acceleratofd.6,17).

In deriving the scatter plot shown in Fig. 1 we have used
the scan of the SUSY parameter space defined in the previ-
annual-modulation region of Ref1] is widely compatible ous section. The neutralino-nucleon cross section has been

with an interpretation in terms of relic neutralinos, by show-c@lculated with the formulas reported in R¢2]. As dis-

ing that a sizeable portion of that region is covered by supercussed in Refl4], this cross section suffers from significant
symmetric configurations, satisfying all accelerator boundsuncertainties in the size of Higgs-quark-quark and squark-
Now we show in Fig. 1 that the new, more constrainedduark-neutralino couplings. In fact, these couplings depend
annual-modulation region of Rdi6] is still largely compat- N quark masses, and quark scalar densities in the nucleon
ible with the relic neutralino interpretation, though the super<qq), which are still rather poorly determined. To be spe-
symmetric space is now more severely constrained by theific, we refer to the following quantities: the fractional

In our papers of Refd.2—4] we proved that the DAMA
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FIG. 6. Scatter plot for the up-going muon flux from the Sun for a standard Maxwellian distrib@tﬁi‘ﬂ, versusm, . The grey-level
code is the same as in Fig. 2. The solid line denotes the 99.7% C.L. upper bounds, derived from the data of the MACRO ejigriment

strange-quark content of the nucleoy=2(ss)/({uu m{11)=23 MeV, myss)=215 MeV,
+dd)), the ﬂuark mass ratio=2mg/(m,+my), and the
productsmg(qq)’s. In our analysis we have taken into ac- mh(ﬁh):50 MeV.

count the uncertainties in these quantities. Thus, our scatter

plots comprise representative points which have been de-

rived by using both of the two following sets of values, cu- Set2: y=0.50, r=29, @
mulatively:

m{l1)=30 MeV, myss)=435 MeV,

Set1: y=0.33, r=29, (1) mu(hh)=33 MeV.
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In Egs. (1), (2) | stands for light quarkss is the strange modulation regions, which is anyway poorly populated by
guark andh=c,b,t denotes heavy quarks. For the light SUSY configurations; thus, they are currently marginal in
quarks, we have define(11)=21[m,(uu)+mgy(dd)]. Set constraining the seb The upper left corner of the annual-
1 and set 2 bracket, at least partially, the present uncertaiffiodulation regions is also partially disallowed by indepen-
ties. In Sec. V B, in connection with neutralino cosmologicaldent constraints due to indirect measuremésée Sec. Y.

properties we will also mention the consequences of using Now we turn to the constraints .Wh'Ch may be ap|_ol|ed o
. e setS using data from WIMP indirect search experiments.
more extreme set of valudset 3 of Ref[4]). For the deri- I . :
. . : We set the limits for exclusion at the same C.L. to which the
vation of the values of the various sets see R4f. It is

worth noticing that a new derivation of the pion-nucleon DAMA region is currently set, i.e. 99.7% C.L.
sigma term, o, n, points to rather high valuess . y

=73.5£9 MeV [29]. By itself, this new result would in- |1 CONSTRAINTS FROM NEUTRALINO-NEUTRALINO
crease the value of the quantity(ss) given in Eq.(2) by ANNIHILATION INSIDE EARTH AND SUN

~30%. We recall that the quantity(ss) is crucial in es- Indirect evidence for WIMPs in our halo may be obtained

tablishing the size of{a5®" (301 at neutrino telescopes by measurements of the up-going
As for the values to be assigned to the quaniity muons, which would be generated by neutrinos produced by
=pyl/p) we have adopted a standard rescaling recipe. FOpajr annihilation of neutralinos captured and accumulated in-
each point of the parameter space, we take into account thgde the Earth and the S(iB2—34. The size of the expected
relevant value of the cosmological neutralino relic density.myon fluxes strongly depends on how these relic particles
WhenQ,h? is larger than a minimal valueXh®)nin, COM-  are distributed in the phase space and on the intrinsic effi-
patible with observational data and with large-scale structurejency of the celestial body in capturing the surrounding
calculations, we simply puf=1. WhenQXh2 turns out to  \WIMPs.
be less than h?)p,, and then the neutralino may only  |n the case of the Sun the capture rate is essentially de-
provide a fractional contribution to dark matter, we take termined by its strong gravitational field and by the size of
=0,h%(Qh?) . The value to be assigned t60%) in i the cross section of neutralino scattering off single protons.
somewhat arbitrary, in the range 0:8(Qh?);,<0.3. We |nstead, in the case of the Earth the capture process may
use here the value(Xh?),;,=0.01, which is conservatively quite significantly be enhanced by coherent neutralino-
derived from the estimat® y;ja¢i¢~ 0.03. nucleus cross sections, whose size depends on mass-
As we mentioned above, Fig. 1 shows that the annualmatching condition betweem, and the nuclear mass of the
modulation regior(here depicted fop;=0.3 GeVcni3) is  dominant chemical constituents of the Ea@ Si, Mg, Fe
largely covered by the scatter plot. This turns out to be th¢35].
case also for the other representative valuegof as is As for the phase-space neutralino distribution in our
shown in Fig. 2. In each panel of this figure we only displayneighborhood, together with the usual one based on the stan-
the portion of the SUSY scatter plot which is contained indard Maxwellian velocity distribution, whose dispersion
each of the relevant experimental regions. In going from thepeed is centered around 270 kitswe also consider two
generic scanning used for Fig. 1 to the one employed for Figintriguing and conflicting models which have been recently
2, although keeping the overall range of variation of thediscussed in the literature.
SUSY parameter space, we have optimized the numerical Damour and Krausg27] have proposed the existence of a
scanning in order to have a number of configurations, largeolar-bound population, with velocities restricted to rather
enough for our subsequent analyses. The covering by thew values,y<50 kms'* (for other papers on hypothetical
scatter plots of the annual-modulation regions pertaining t&olar-bound WIMP populations, see Ref86—39). The
different values ofp, is more extended for large values@f  Damour-Krauss solar-bound population would have been
than for the small ones, as expected from the features of theroduced by WIMPs which scattered off the Sun surface and
generic plot of Fig. 1. were set(by perturbations from other plangtmto orbits
We define as se$ of SUSY configurations the set com- which cross the Earth orbit, but not the Sun. The ensuing
prised of the configurations whose representative points ifelocities would be distributed in the range 25 knisv
the planem,—o1uc®® Jie inside the annual-modulation <50 kms ®. This population, although totally irrelevant for
regions displayed in Fig. 2. Only configurations of st the direct measurements by the DAMA Nal detector, whose
are retained in the analyses presented hereafter. We remaglectron-equivalent threshold energy is 2 keV, has been
that setSis the union of all the subsets of SUSY configura- shown to be potentially important in making the capture of
tions which refer to each of the following representativerelic neutralinos by the Earth particularly efficient, with a
values forp, and vy: p;=0.1, 0.3, 0.5, 0.7 GeVcn?, consequent enhancement of the expected output of up-going
vo=170,220,270 km's', separately. At any stage, our re- muons from the Earth, as compared to the standard4®ie
sults will be analyzed and presented in our figures in terms ofFor simple kinematical reasons, the lower-speed cutoff im-
the chosen representative valuesppindv, separately. plies that this enhancement is limited to WIMPs of masses
Another experiment of WIMP direct detection, the CDMS lower than~ 150 GeV.
experiment31], is now entering the DAMA sensitivity re- On the other side, Gould and Alaf8], using arguments
gion. The current CDMS upper boungsther with or with-  based on calculations of asteroids trajectorid], have
out subtractionsconcern the upper left corner of the annual- pointed out that solar-bound WIMPs could evolve in a way
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FIG. 7. Scatter plot for the reduce@i’s in a comparison of the calculated cosmic-ray antiprotons fluxes with the combined experimental
data of BESS95 and BESS9%4]. The horizontal line denotes the vaIN§=2.44, which for 13 DOF corresponds to a 99.7% C.L., above
which we disallow SUSY configurations. The grey-level code is the same as in Fig. 2.

quite different from the one derived in R4R7], with an  populated27] or de-populatedi28], as compared to the stan-
ensuing suppression of the up-going muon flux usually exdard one.
pected from the center of the Earth for a standard halo popu- The neutrino spectrum and the ensuing up-going muon
lation. This suppression would be significant for WIMP flux @, are calculated as explained in Reff83,34]. Their
masses above 65 GeV. normalization is set by the annihilation ralfg, of the neu-

In the present paper we take into consideration all of thesé&alinos inside the celestial bod¥arth or Suh, andI’, de-
possible instances. First we consider the standard situation pends, in turn, on the capture rafeof the relic neutralinos
a Maxwellian velocity distribution over the whole speedby the celestial body through the formulal,
range, then we proceed to a critical examination of the other= (C/2)tantf(t/75) [42], wheret is the age of the macro-
two cases, in which the low-speed interval is either overscopic body {(=4.5 Gyr for Sun, Earth and 7,
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FIG. 8. As in Fig. 2, once the constraints from the up-going muon fluxes from the center of the Earth are applied, assuming a Maxwellian
halo distribution for relic neutralinos. The grey-level code is the same as in Fig. 2.

=(CCy) Y2, C, is the annihilation rate proportional to the Refs.[33,34, and the ensuing muon flux is denoted by
neutralino-neutralino annihilation cross section abdde- (¢Ea't55td. For the Damour-Krauss population the quantities
notes the capture rate. In a given macroscopic body the equé andI', are evaluated according to the formulas of Ref.
librium between capture and annihilatigie., T'x~C/2) is  [40] [the relevant muon flux is denoted bg£*™)PK]. For
established only whet=r,. Whereas, in the case of the the model conjectured by Gould and Alg®8], we have
Sun, the capture-annihilation equilibrium is usually reachedapplied to the standard capture rate a suppression factor,
due to the much more efficient capture rate due to the stronwhich we have re-calculatesb initio in the scheme denoted
ger gravitational field; for the Earth, the equilibrium condi- as ultra-conservativen Ref.[28], to cover the whole range
tion is not easily realized. of masses involved in the present paper. For many SUSY
For the case of the standard halo population with a Maxconfigurations the suppression factor in the ensuing up-going
wellian velocity distribution,C andI', are calculated as in  muon fluxes from the center of the Earth is stronger than the
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FIG. 9. Covering of the annual-modulation regions, if the constrairﬁa(') D"S(CIJE"‘”*)'”‘1 were applied. The grey-level code is the same
as in Fig. 2.

reduction factor in the capture rate alone, due to the relation Some of our results are presented in Figs. 3—-6, where we
betweerl, andC, previously mentioned. For these configu- report various muon fluxe®r ratios of themversusm, , for
rations a reduction in the capture rate induces in the muothe four representative values@f. The solid lines, depicted
flux an extra suppression due to a critical increase in the tima Fig. 3 and Fig. 6, denote the 99.7% C.L. upper bounds,
required for reaching equilibrium. The muon flux calculated(®52™)"™, derived from the data of the MACRO experi-
in the Gould-Alam model is denoted here aBE(””)GA. ment [45] from the center of the Earth and from the Sun,
All our neutrino fluxes include neutrino oscillations and respectively(for similar limits from the Baksan experiment
use the procedure outlined in Ré#3]. Here we assume see Ref[46]).
v,— v, oscillations, with values for the oscillation param-  The scatter plots of Fig. 3 display some expected charac-
eters which are taken from the best fit performed in R&f]  teristic features, such as the peakgt-50—60 GeV, due to
over the whole set of experimental data on atmospheric neihe mass-matching between, and mg.. We notice that a
trinos: A m?=3x102 eV?, sinf=1. number of configurations induce up-going muon fluxes in
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FIG. 10. Scatter plot for séft in the planem,,—tanB. The grey-level code is the same as in Fig. 2. For each panel, the lower dashed line
denotes the frontier of the complete scatter plot; the upper dashed line denotes the frontier, when only set 1 for the hadronic quantities of Sec.
Il is employed. The hatched region on the right is excluded by theory. The hatched region on the left is excluded by present data from LEP
[16] and CDF[17]. The solid line represents the 95% C.L. bound reachable at LEP2, in case of nondiscovery of a neutral Higgs boson.

excess of the experimental bounds. Figures 4 and 5 sho®USY configurations appears larger here than in R&d];
what would be the enhancement or the reduction effect inhis is due to configurationéot considered if40]) where
(I)ﬁa”hin the case of the Damour-Krauss population or in therescaling inp, is effective. In Fig. 6 we display the scatter
Gould-Alam conjecture, respectively. The size of these efplots for the up-going muon flux from the Sun, expected for
fects agree with the evaluations in Refd0,28. For the the standard halo population. The current experimental
Damour-Krauss population, the enhancement effect for someound[45] sets quite marginal constraints.
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In Sec. V we use the results of this section to constrain thelescribes the flattening of the halo. Here we take the values:
SUSY configurations of se& The question, as of which a=3.5 kpc,ro=8 kpc. In the case of a spherical hald (
model for the low-speed WIMP population among the two=1), we use the valug,=0.3 GeVcm 3. Whenf<1 (ob-
extremes of Refdl27,28 is applicable, is still open. Thus, late spheroidal distributionp, is taken ag57,1q
we implement here the experimental bounds on the standard

qu>_< of up-going ré]utons;_ ngmely, we exclude those configu- [1—¢2

rations, WhoseCIJ/f‘”)Std is in excess of the 99.7% C.L. up- p(H)=p(f=1) ————. (4)
per bound derived from the MACRO data. farcsinyl-—f

IV. CONSTRAINTS FROM COSMIC-RAY ANTIPROTONS For each value ofp; and of the relevant value of:

p1(GeVem 3)=0.1 (f=1), 0.3 (f=1), 0.5 (f=0.50), 0.7

The possibility that annihilation of relic particles in the (f=0.33), we have evaluated the top-of-atmospH@@A)
galactic halo might distort the spectrum of cosmic-ray anti-antiproton fluxes, as the sum of the secondary flux and of the
protons at low-kinetic energieS'g=1 GeV) has been con- primary flux due to neutralino annihilation for the various
sidered by many authors47-50. Indeed, in this energy supersymmetric configurations of s8f pertaining to that
range, the production of secondary antiprotons by interacspecific value op, . The secondary flux has been taken from
tions of primary cosmic-ray protons with the interstellar hy- Ref. [55]. Re-acceleration effects in the cosmic rays propa-
drogen has a kinematical drop 4f1], which primaryp’s, gation, which might also be relevant for the features of the
created by relic neutralinos of appropriate mass and compaecondary antiproton spectrum at low enerdt8,56, are
sition, might fill in, at least partially. The effectiveness of not included here. Solar modulation has been evaluated ac-
this argument to disentangle ordinary spallation contributiorcording to the procedure discussed in Ref]. We have
from a possible exotic component due to relic particles deecompared our theoretical results with the combined experi-
pends dramatically on how accurately the secondary specnental data of BESS95 and BESSE], over the whole
trum is calculated52,49,50Q. experimental energy rang6.18 GeV<=T,<3.56 GeV, by

This point was addressed in R¢#9]. In that paper we a y? calculation.
improved the evaluation of the energy losses undergone by The results are reported in Fig. 7. In the evaluation of the
secondary antiprotons during their diffusion inside the Gal-y?, in addition to the experimental errors, we have also taken
axy, we noticed that the as-yet most recent experimental daiato account the theoretical uncertainties, estimated accord-
(BESS95[53]) were fitted reasonably well by the secondarying to the results in Ref§49,50, with their appropriate en-
spectrum alone, and we examined critically how much roonmergy dependence. Orientatively, they are in the following
was still available, in the low-energy spectrum, for a contri-ranges:=+ (45—55)% for the primary fluxes;- (60— 75)%
bution from an exotic component. Now, new experimentalfor the secondaries, depending on the energy bin.
data(BESS97[54]) and improved evaluations of the second-  In the following, we adopt the selection criterion of ex-
ary spectrun50,55,58 further constrain the room left for cluding from setS the configuration whose reduced is
primary sources. These instances, instrumental in making thgbove the Va|u@(r2:2,44, which corresponds to a 99.7%
separation between primary and secondary antiprotons moe@.L. for the 13 DOF of the BESS 9597 data. From Fig. 7
difficult, nevertheless confer to the cosmic-ray antiprotonwe notice that, especially at large values @f this con-
measurements a potentially more important role in establishstraint disallows a number of SUSY configurations. The rea-
ing stringent constraints for relic neutralinos of relatively son Why the Cosmic_ray antiprotons constraint is not more
low mass in our halo, once some of the sizeable, still persisteffective in constraining s&is to be attributed mainly to the
ing, uncertainties are reduced. current large uncertainties affecting the evaluation of anti-

In the present work we have evaluated the primary antiproton propagation in the galactic halo and in the helio-
proton flux, expected from neutralino annihilation, as in Ref.sphere.

[49], restricting the supersymmetric configurations to those
of setS We refer to[49] for all the details concerning the
evaluation of the production of these primary antiprotons as V. RESULTS AND CONCLUSIONS

well as for the properties related to their propagation in the Now we apply the experimental bounds from indirect

halo and in the heliosphere. Here we only recall the featuregearches discussed in Secs. 11—V to constrain the supersym-
of the neutralino mass distribution function adopted 48] metric configurations of ses

as well as here. This mass distribution function is taken sphe-

roidal and parametrized as a functipp(r,z) of the radial o o

distancer from the galactic center in the galactic plane and A. Combining direct and indirect measurements

of the vertical distance from the galactic plane in the form Figure 8 displays the extent of the covering of the annual-

. o modulation regiongone for each value gf,) by the SUSY

as+ro 3) configurations, when the MACRO upper bounds are applied

a2+r2+22/§2 to (@52 A comparison of this figure with Fig. 2 shows

that the implementation of these limits somewhat de-
wherea is the core radius of the halog, is the distance of populates the covering regions, with a marked effect for the
the Sun from the galactic center ah@s a parameter which value of the neutralino mass which matches the mass of iron,

P (1,2)=p,
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FIG. 11. Scatter plot for séf in the planemy—m, . The grey-level code is the same as in Fig. 2. For each panel, the upper dashed line
denotes the frontier of the complete scatter plot; the lower dashed line denotes the frontier, when only set 1 for the hadronic quantities of Sec.
Il is employed.

as expected. Apart from this, the extent of the regions cov- Now, we return to the case where the experimental
ered by the scatter plots does not significantly change.  bounds (5*")"™ are applied on @3> When, on top
Figure 9 depicts what would be the effect for a solar-of these constralnts we also |mplement the constraints due to
bound WIMP population in the manner of Damour-Krauss.cosmic-ray antiprotons, we obtain that the scatter plots of
Especially at low values gf, there would be some shrinking Fig. 8 become somewhat de-populated, but without any ap-
of the original regions of the scatter plots in their upper partspreciable modification in the contours of the covering re-
but still the annual-modulation regions would be widely cov-gions, except for a quite marginal downward shift in their
ered by physical SUSY configurations. At variance with thisupper-left parts. Therefore Fig. 8 may be considered as the
case, the Gould-Alam conjecture would relax the consefinal situation of our analysis, once also the implementation
quences of the constraints applied in obtaining the plots 0bf the antiprotons constraints has been applied. We denote as
Fig. 8. setT the subset ofs which comprises the SUSY configura-
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FIG. 12. Neutralino relic abundancﬁe)(h2 versusm, , once the constraints from up-going muon fluxes and cosmic-ray antiprotons are
applied. The hatched region is disallowed by the upper limit on cold dark nfaggf,h?< 0.3[22].

tions not disallowed by bounds on the standard up-goingepresentative points of in the plot of Fig. 10 is simply
muon fluxes and on cosmic-ray antiprotons. explained by the fact that the values of the scalar neutralino-
We have analyzed the main properties of the configuranucleon cross section at the level of the DAMA data require
tions of setT; some of them are displayed in Figs. 10, 11.either a large ta or a smallm, (or both of these two
We recall that the scatter plots of these figures are derived, a®nditiong. This constraint is stronger when the values of
all previous ones, by using for the hadronic quantities, disthe hadronic quantities are restricted to set 1, alone. Figure
cussed in Sec. Il, set 1 and set 2, cumulatively. In Fig. 10 wel1 displays a correlation amomg, andmg which is mainly
note that the configurations of s&tcover only a specific due to the interplay of these two quantities in generating a
region of the SUSY parameter space not yet disallowed byight m;,. Again, restricting the scatter plot to points belong-
accelerator constraints. The shape of the distribution of théng to set 1, this correlation becomes more pronounced. We
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recall that, at variance with constrained SUGRA-muons from the Earth and the Sun, and cosmic-ray antipro-
supersymmetric models, in the MSSM we are using hege, tons.

andm, are treated as independent parameters. The set of supersymmetric configurations, selected by the
annual-modulation data and not disallowed by the indirect
B. Cosmological properties measurements, comprise configurations of relevant cosmo-

We turn now to an analysis of the cosmological propertieéogi,cal interest, with relip neutralinos playing the role of a
of relic neutralinos of the SUSY configurations of Seffhe ~ Major dark matter constituent. o
relevant plotsQ h? vs m, are displayed in Fig. 12. It is  The phenomenological analysis presented in this paper
remarkable that the region of main cosmological interestd0€s beyond the discussion of the experimental data specifi-
QXhZZo_og[gz] turns out to be widely populated, with val- cally discussed here. We have tried to pin down the most
ues onXh2 which approach, and even exceed, what may béelevant theoretical points, which are still at the origin of
considered as the current upper bound for cold dark mattefarge uncertainties, and then require additional investigation.
Qcpuh?<0.3 [22]. This means that the DAMA annual- These are(i) the size of the Higgs-quark-quark and the
modulation data are compatible with a neutralino as a majogquark-quark-neutralino coupling@i) the properties of the
component of dark matter. We stress that the scatter pldfVIMP distribution at low velocitiegwith the possible exis-
would even shift upward, should we use for the hadronicdence of a solar-bound WIMP populatiprand (i) the ac-
guantities discussed in Sec. Il the following sgt: 0.50, r curate determination of the propagation in the galactic halo

=36, m|(ﬂ)=33 MeV, ms<§5>:585 MeV, mh<Fh>=21 and in the heliosphere for cosmic-ray antiprotons.

MeV. This set of values, denoted as set 3 in R4f, is more Note addedAfter submission of this paper for publica-
extreme as compared to set 1 and set 2, but still compatibigon, the CDMS Collaboration presented new res{88,60Q,
with the current uncertainties. with a reported number of nuclear recoils compatible with

Finally, we notice that a rather strong de-population in thethe DAMA effect. The experiment is performed in a high-
plots of Fig. 12 is present arourﬁlxhzz0.0l and for large  background environment; the subtraction criteria applied in
values ofp,. This effect is induced by the cosmic-ray anti- the analysigwhich also makes use of Monte Carlo simula-
proton constraint, since the calculatedfluxes have their tions) bring the CDMS Collaboration to conclude that all of
maximal values fof) _h? close to the value below which we the nuclear recoils are due to neutrons and to claim a sub-

apply the rescalingX of the local density, i.eQl?),, Stantial exclusion of the DAMA annual-modulation region

=0.01. This property is quite general in this class of calcu-(notice, however, that the region considered58,60 is not
lations, and it was already commented upon, for instance, ifh€ annual-modulation region obtained by the final DAMA
Ref. [2]. global analysid 6], which we considered in this paper, but
the one which does not include the upper bound of R&j.
However, intrinsic difficulties in the identification of low-
_ o energy eventsalso implied by the low collected statistjcs

In the present paper we have examined the possibility thaind in neutron Monte Carlo modeling make it very problem-
the annual-modulation effect, measured by the DAMA Col-atic to establish the actual strength of a reliable constraint to
laboration at a 4 confidence level6], may be interpreted in  pe associated to the present CDMS data. A safe identification
terms Of I‘e|IC neutralanS. We haVe eXam|ned th|S problemof the rea| nature Of the CDMS events W|" require a running

by employing the minimal supersymmetric extension of theof the CDMS detector in a deep-underground installation, as
standard model, as a model which does not impose togjanned by the Collaboration.

strong theoretical prejudices on the phenomenological analy-

C. Conclusions
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