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Indirect signals from light neutralinos in supersymmetric models without gaugino mass unification
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We examine indirect signals produced by neutralino self-annihilations, in the galactic halo or inside celestial
bodies, in the frame of an effective minimal supersymmetric standard model without gaugino-mass unification
at a grand unification scale. We compare our theoretical predictions with current experimental data of gamma
rays and antiprotons in space and of upgoing muons at neutrino telescopes. Results are presented for a wide
range of the neutralino mass, although our discussions are focused on light neutralinos. We find that only the
antiproton signal is potentially able to set constraints on very low-mass neutralinos, below 20 GeV. The
gamma-ray signal, both from the galactic center and from high galactic latitudes, requires significantly steep
profiles or substantial clumpiness in order to reach detectable levels. The upgoing muon signal is largely below
experimental sensitivities for the neutrino flux coming from the Sun; for the flux from the Earth an improve-
ment of about one order of magnitude in experimental sensitivitiéh a low energy threshojdcan make
accessible neutralino masses close to O, Si and Mg nuclei masses, for which resonant capture is operative.
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[. INTRODUCTION these are not usually considered in the current literdidife
The structure of the paper is the following. In Sec. Il we

In supersymmetric models without gaugino-mass unificabriefly summarize the gaugino nonuniversal supersymmetric
tion at the grand unification scale, neutralinos can be lightemodel and the properties of light neutralinos that arise in this
than the current lower bound of 50 GeV, which instead ocframework. In Sec. lll we discuss the dark matter density
curs in the case of gaugino-universal models. In Rgf®]  distribution in the galactic halo, which is relevant to indirect
we discussed the properties of these light neutralinos as relidetection signals, especially to the gamma-ray flux. In Sec.
particles R-parity conservation is assumeahd showed that 1V we present the calculation and comparison with data of
an absolute lower limit of 6 GeV on the neutralino mass  the gamma-ray flux: we consider both the signal coming
can be placed by applying the most recent determinations gfom the galactic center and that from high galactic latitudes.
the upper bound on the cold dark mat(@DM) content in  In Sec. V we discuss the antiproton signal, whereas in Sec.
the Universe, in combination with constraints imposed on the/l we show our results for the indirect signals at neutrino
Higgs boson and supersymmetric parameters by measurtelescopes. Our conclusions are drawn in Sec. VII.
ments at colliders and other precision experiments, like the

muon anomalous magnetic moment and the rare décay | syPERSYMMETRIC MODELS WITHOUT GAUGINO-

— S+ . In Refs.[_l,Z] we a_lso showed that direc_t detection MASS UNIEICATION
rates for light relic neutralinos make these particles detect- _ _ _ _
able with weakly interacting massive parti¢&/IMP) direct A typical assumption of supersymmetric models is the

search experiments with current technologies. A comparisonnification condition for the three gaugino massés ; at

of our predictions with intervening experimental results wasthe grand unification theoryGUT) scale:M;=M,=Mj.

presented in Ref3]. This hypothesis implies that at the electroweak sddie

In the present paper we examine light neutralinos in con=0.5 M,. Under this unification condition the bound on the

nection with the indirect signals which can be produced byneutralino mass is determined to bg=50 GeV. This is

neutralino self-annihilations in the galactic halo or inside ce-derived from the lower bound on the chargino méaskich

lestial bodies. We compare our theoretical predictions withdepends orM, but not onM,) determined at LEP2m, -

current experimental data on measurements of gamma rays100 GeV. By allowing a deviation from gaugino univer-

and antiprotons in space and of upgoing muons at neutrinsality, the neutralino can be lighter than in the gaugino-

telescopes. Results are presented for a wide range of theniversal models whell;=RM,, with R<0.5. In this case

neutralino mass, from the established lower bound of 6 Ge\¢urrent data from accelerators do not set an absolute lower

up to 500 GeV. However, our discussions are focused oound onm, .

light neutralinos(i.e. neutralinos withm, <50 GeV), since We consider here an extension of the minimal supersym-
metric standard modéMSSM) which allows for a deviation
from gaugino-mass universality by the introduction of the
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mainly due to a mixture oB with ﬁg [1-3]. Notice that our ~analysis of Ref[11], we obtain a restricted range for the relic
range ofR includes also the usual model with gaugino-massde”Sity of a cold species like the neutralinos. The density
universality. parameter of cold dark matter is bounded at tlsel@vel by

We therefore employ an effective MSSM scheme at thdhe values Q.cpvh?)min=0.095 and cpuh?) max=0.131.
electroweak scale, defined in terms of a minimal number off his is the range for CDM that we consider in the present
parameters, only those necessary to shape the essentialsPgPer- An independent determination for the content of cold
the theoretical structure of the MSSM and of its particle con-dark matter in the Universe is provided by the Sloan Digital
tent, supplemented by the gaugino nonuniversality parameté&ky Survey Collaboration12]; these new data agree with
R. The assumptions that we impose at the electroweak scatbe results of Refl11].
are as follows(a) all squark soft-mass parameters are degen- We recall that the relic abundande)(h2 is essentially
erate,mg =g ; (b) all slepton soft-mass parameters are de-given by Qxhzocwamp)i;tl, where (o )ine IS the ther-
generatem; =n;; (c) all trilinear parameters vanish except mally averaged neutralino annihilation cross section times
those of the third family, which are defined in terms of athe average velocity, integrated from the freeze-out tempera-
common dimensionless parameferAp=A;=An, and A; tureT; to the present on&,. The quantityo,,,enters also in
=Am;. As a consequence, the supersymmetric parametdfe calculation of the indirect signals that will be discussed

space consists of the following independent parameterdn the following sections. In the evaluation ot,,, we have
My, u,tanB,ma,m;,mj A andR. In the previous list of pa- considered the full set of available final states: fermion-
rameters we have denoted hy the Higgs boson mixing antifermion pairs, gluon pairs, pairs of charged Higgs
mass parameter, by tghthe ratio of the two Higgs boson bosons, one Higgs boson and one gauge boson, pairs of
vacuum expectation values and by the mass of the&CP- gauge boson§l3]. We have not included coannihilation in
odd neutral Higgs boson. our evaluation of the neutralino relic abundance, since, at
In the numerical random scanning of the supersymmetrizariance from a constrained supergravity scheme, in our ef-
parameter space we have used the following ranges: fective supersymmetric model a matching of the neutralino
<tanp=<50, 100 Gelk|u|, M,<1000 GeV, 100 GeV mass with other masses is accidental, i.e. not induced by
=mg,m;<1000 GeV,  sgnk)=-1,1, 90 Geem,  some intrinsic relationship among different parameters. In-
<1000 GeV, —3<A=3, in addition to the above men- troducing coannihilation would produce only an insignificant
tioned range 0.0&£R<0.5. We impose the following experi- reshuffle in the representative points of the scatter plots dis-
mental constraints: accelerator data on supersymmetric arfjayed in the present paper, without a modification of their
Higgs boson searches and on the invisible width of Zhe porders, which are the only feature of physical significance.
boson, measurements of the branching ratio of thes The relic abundanc€ h? of neutralinos lighter than 50
+y decay and of the upper bound on the branching ratio oev which arise in our class of gaugino nonuniversal mod-
Bs—u"+u, and measurements of the muon anomalousg|s has a relatively simple structure in terms of dominant
magnetic momené,=(g,—2)/2. The range used here for diagrams in the annihilation cross sect{dn2]. Here we just
the b—s+ y branching ratio is 2.18 10" *<BR(b—s+7y)  recall that combining our calculation of the relic abundance
<4.28x 10 [5]. For the branching ratio d,—u"+ux~  of light neutralinos with the value of({cpyh?) max, an ab-
we employ the upper lImiBR(Bs—u*+u7)<7.5X10°"  solute lower bound on the neutralino mass of 6 GeV can be
(95% C.L) [6]; for the theoretical evaluation we have usedset[1,2]. We note that within our present scanning of the
the results of 7] with inclusion of the QCD radiative correc- supersymmetric parameter space, the lower limit on the neu-
tions to theb Yukawa coupling 8]. For the deviation of the tralino mass shifts to about 7 GeV, when the upper bound on
current experimental world average af from the theoreti- BR(B—u®+u)<7.5x10 7 is implemented(this con-
cal evaluation within the standard model we use the 2 straint was not included ifi1,2]). It is remarkable that a
range: — 142<Aa, X 10'=474; this interval takes into ac- lower limit on m, is set not by searches at accelerators, but
count the recent evaluations of Ref8,10]. We notice that instead by cosmological arguments.
gluinos do not enter directly into our loop contributions to
BR(b—s+7y) and BR(Bs—u"+u~), since we assume
flavor-diagonal sfermion mass matrices. Thus, gluinos ap- IIl. DARK MATTER IN THE GALAXY
pear only in the QCD radiative corrections to th&ukawa
coupling; in the evaluation of these effects the value of the Signals due to neutralino self-annihilation in the halo de-
relevant mass paramethft; is taken at the standard unifica- pend quadratically on the dark matter density distribution
tion value M3=M,a3(M,)/ ay(M;), where a3z(M;) and p(F), and are therefore very sensitive to the features of this
ay(My) are the SUB) and SU2) coupling constants evalu- physical quantity. Two properties are of special relevance:
ated at the scal# ;. (1) the behavior of the density distribution in the galactic
The new data on the cosmic microwave background frontenter(GC); (2) the extent of the density contra@lumpi-
the Wilkinson Microwave Anisotropy Probgll], used in nes$, which represents the deviation of the actual density
combination with other cosmological observations, mainlydistribution from a smooth distribution.
galaxy surveys and Lymaan-forest data, are sharpening our  The most commonly used density distributions can be pa-
knowledge of the cosmological parameters, and in particularametrized by the following spherically averaged density
of the amount of dark matter in the Universe. From theprofile [14]:
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(B=7a A key parameter for all the density distributions is the
, (1)  value for the total local dark matter densjty. This param-
eter can be determined for each density profile assuming
compatibility with the measurements of rotational curves and

wherer =|r|, ro=8 kpc[15] is the distance of the Sun from the total mass of the Galaxj20]. For instance, a simple
the galactic centea is a scale length angi is the total local Modeling of the visible and dark components of the Galaxy
(solar neighborhooddark matter density. In particular, the Showed that p; can range from 0.18 Geveni to
isothermal density profile corresponds toa,B,y) 0-71 GeVem® for an isothermal sphere profile, from
—(2,2,0), the Navarro, Frenk and WhitsFW) profile[16] ~ 0-20 GeV cm? to 1.11 GeVcm? for a NFW distribution
14y ) ) ~3 ~3

corresponds tod, 3,7)=(1,3,1) and the Mooret al. pro- and from 0.22 GeVcm to 0.98 Gevcm® for a Moore
file [17] to (a,B,7)=(1.5,3,1.5). The two latter profiles, et al. shape[20]. For defl_r13|teness, our resylts W|I_I be pre-
both derived from numerical simulations of structure forma-Sénted forp;=0.3 GeV cm * for all the density profiles em-
tion, differ noticeably in their behavior at small distancesPloyed in the present analysis. The parameieenters as a
from the GC 1 for the NFW and ~ 15 for the Mooreet al.  mere scaling factor in the signal fluxes: the effect of varying
profile, with ensuing large differences in the size of the ex-1 iS therefore easily taken into account.
pected signals for WIMP annihilation from the central region ~ Once the density profile that describes the total dark mat-
of the Galaxy. ter density in the galactic halo is chosen, the actual neu-

Recent results of extensive numerical simulations, aimedalino density distribution is taken to be
at an analysis of the inner structure of halos in cold dark B 3
matter models with a cosmological constant CDM mod- px(1)=¢p(r), @)
ely), strongly disfavor a behavior as singular ms*®, but
also indicate that a NFW profile is likely not to be adequat

at small distances from the G[18]. It turns out that the istic is linked to the actual relic abundance of neutralinos and

density_profile i? not des_cribe_d by a singular power law aﬁs accounted for by using the standard rescaling prescription:
small distances; rather, in this asymptotic regime, the nu'gzmin[lﬂ h2/(Q conh?) ]
=&y mind -

merical results are well fitted by a profile whose logarithmic
slope 8(r)=—d[In p(r)])/d(Inr) is given by s(r)~r~ < with
a=0.17. This leads to a nonsingular dark matter densit
distribution function of the fornj18]

N1+(rgl/a)®

p(r)=p 1+ (r/a)"

T

where¢ accounts for the fact that neutralinos could be only a
Craction of the total cold dark matteg€1). This character-

As was noticed in Ref§21-23 an effect of density con-
trast in the dark matter distribution could produce a strong
Yenhancement effect in signals dueytgy annihilations in the
halo. This property was subsequently considered in connec-
tion with various signal§gamma rays, positrons, antipro-

20 r\“ tong [24,25, sometimes under the assumption of a strong

p(r) =p_2exp[ - Z[(:) - 1“ 2) clumpiness effect, at the level of a few orders of magnitude.
However, according to a recent analytical investigation on
the production of small-scale dark matter clunjg$], the
clumpiness effect would not be large, with the result that the
ensuing enhancement on the annihilation signals is limited to

current cosmological simulations are anyway not reliable fo? factor of.a few. Similar conc_lusmns aré also reached n Ref.
[27] by using the results of high-resolution numerical simu-

radii smaller than am;,=0.1-1 kpc. We also notice that lations

singular profiles are the subject of debate in the current lit- :

erature, with analyses pointing to inconsistencies with obser-

vational data on rotational curvés9]. IV. GAMMA RAYS
Furthgrmore we recall that othgr dengity profiles are aple The flux of gamma ray® (E.,, ) originated from neu-

to describe the dark matter halo, including for instance difsinq pair annihilation in the galactic ha[@1,24,28 and

ferent classes of logarithmic and power-law potentials, aX|-Coming from the angular directios is given by

symmetric distributions or even triaxial distributiof0]. In

wherer _, is the radius where the logarithmic slopeds
—2, andp_,=p(r_5). These various distributions mainly
differ in their behavior at smal. We wish to stress here that

the following we will concentrate on the standard isotropic 1 (o) dN, 1
density profiles of Eq(1) and on the new profile of Ed2) e (E, )= . > d_Ey El(zp), (4)
deduced from numerical simulations. For definiteness, we my 4

use as a reference model the NFW density distribution, and ) o ) )

discuss the deviation from this reference case when othé¥here(aanp) is the annihilaton cross section times the rela-
density profiles are considered. Most signals do not depen@ve yelocny mediated over the galactic velocity distribution
or are only mildly dependent on the critical behavior of thefunction anddN,/dE, is the energy spectrum of rays
dark matter density around the GC: this occurs for the neuoriginating from a single neutralino pair annihilation. The
trino fluxes from the Earth and the Sun, for antiprotons andluantity!(¢) is the integral of the squared dark matter den-
for gamma rays coming from large galactic latitudes. On theSity distribution performed along the line of sightOS):
contrary, gamma rays coming from the GC are very sensitive

to thg inner parts of the Ga!axy and t.hc.a dlﬁgrences between |(¢):f p2(r (N, )N (), (5)

the different halo profiles will be explicitly discussed. LOS
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and ¢ is the angle between the line of sight and the line We have therefore evaluated the pion yield per annihila-
pointing toward the GC. The anglgis related to the galac- tion event, dN',:,(mX ,E.)IdE,, for each final stateF

tic longitude | and latitude b by the expression caog =ff,gg, at different neutralino masses, =6, 10, 50, 100,
=cosl cosb. A point at a distance. from us and observed g5gg and 1000 GeV and for pion energies ranging from
under an angley is therefore located at the galactocentric g m, in 100 equal bins in logarithmic scale. In order to
distancer = \\*+r&—2\rcosy. The factor of 1/2 in Eq.  optimize our numerical calculations, we then obtain the pion
(4) is due to the fact that the gamma-ray flux depends on thepectrum at neutralino masses and pion energies different
number of neutralino pairs present in the galactic halo, agrom the ones sampled through a two dimensional numerical
pointed out in Ref[29]. This factor of 1/2 applies as well to interpolation. We have explicitly checked with therTHIA

any other indirect detection signal which depends on the anvionte Carlo results that our interpolation is accurate at the
nihilation of a pair of Majorana fermions in the galactic halo, percent level both on the reconstructed pion yield and on the
like positrons, antiprotons, and antideuterium. In the case ofinal gamma-ray spectrum from® decay, as given by Eq.
dark matter composed of Dirac fermions, the statistical facto(g).

would instead be 1/4, ip(r) describes the total dark matter ~ The contribution to they-ray spectrum from production
distribution ascribed to the given Dirac species. and decay of mesons other than piotmostly 7, %',
charmed and bottom mesoraend of baryons is usually sub-
dominant as compared te° decay. These additional contri-

o ) ) ) butions can be safely neglectéthey typically contribute
As far as the annihilation of light neutralinos is Concerned0n|y up to 10% of the total flux foE.,<1 GeV). A notable
(namely for neutralino masses below the thresholds for Y

gauge bosons, Higgs bosons anduark production the excepti(_)n is given by_ the hadronizgtion lob pairs at low
production Ofy’ rays in the continuum takes contributions production energies, i.e. for neutralino masses between the

mainlv from the hadronization of auarks and aluon airsproduction threshold for e meson and about 10 GeV. In this
y rof . o a 9 PallScase jet flavor conservation leads to the production of a bot-
produced in the neutralino annihilation process. The subse[bm mesonB=B°.B*,B% with 100% probability. In the
0 H 0 H - ] [l .
quer_1t7r produ_ctlo_n and de_cayr —2y usually give the PYTHIA code, 75% of thes time thB meson is in the excited
dominant contribution. In this case theray energy spec- ' % . .
trum is given by state and decays througB*—B+y with mg—mg
=46 MeV. Since thé8* mesons are produced almost at rest
dN, Emax dN,, (mg=5.3 GeV) form, <10 GeV, they generate @lightly
dE, ~ Jgmin P(E;.E)gg dEs, (6)  boosted gamma-ray line that dominates the other contribu-
4 m i tions belowE,=100 MeV. We have thus included this pe-
culiar contribution to our interpolating procedur&l].

A. The source spectrum

where P(E, ,E,)=2(E2—m?2) 2 is the probability per
unit energy to produce & ray with energyE,, out of a pion
with energyE ., while dN_,/dE_, is the pion yield per anni-
hilation event.

We have evaluated the quantiyN_./dE,. by means of a
Monte Carlo simulation with theyTHIA packagg 30]. The

Monte Carlo code has been run by injectigg and gluon

Neutralino annihilation into lepton pairs can also produce
gamma rays from electromagnetic showering of the final
state leptons. This process can be dominant Eby
=100 MeV, when the neutralino annihilation process has a
sizable branching ratio into lepton pairs. In the case of pro-
duction of 7 leptons, their semihadronic decays also produce
neutral pions, which then further contribute to the gamma-

pairs back to back at fixed center-of-mass enekgy, ray flux. Also these additional contributions are included in
=2m, . Since quarks and gluons are confined, they contribour numerical evaluations, again by modeling the gamma-
ute to a complex final-state pattern of outgoing hadronid@y production with theYTHIA Monte Carlo for the same set
strings decaying to physical hadrons through fragmentatior@f neutralino masses quoted above, and by numerically in-
In the Lund string scheme, fragmentation is an intrinsicallyterpolating for other values of, .

scale invariant process. This implies that, in the rest frame of When the neutralino masses are sufficiently large, the an-
the decaying string, the final-state spectrum is invariant imihilation channels into Higgs bosons, gauge bosonstand
the variablex=Eg/mg;ng, WhereEg is the energy of the pairs become kinematically accessible. We compute analyti-
given final state andnging is the total string mass. Were it cally the full decay chain down to the production of a quark,
not for showered gluons, @ pair from neutralino annihila- gluon or a lepton. The ensuing-ray spectrum is then ob-
tion would produce, in the reference frame of the two anni-tained by using the results discussed above for quarks, glu-
hilating neutralinos, a single hadronic string at rest withons and leptons, by properly boosting the differential energy
Mgying= 2M, , Subsequently fragmenting to produ@@mong distribution to the_ rest frame of the ann|h|lat|ng neutralinos
other particlesa pion spectrum which would be scale invari- (see €.g. Appendix | in Ref32] for details.

ant in the variablegy=E/m,. However, due to showering,
this scale invariance is significantly broken, since the pion
energy spectrum is given by the superposition of different
decaying strings boosted at different energies. Therefore the The integral along the line of sight) in Eq. (5) is the

pion spectrum at a given neutralino mass cannot be obtaineglantity that takes into account the shape of the dark matter
from that calculated at a different, . profile. For small values of, 1 () is very sensitive to pos-

B. The geometrical factor
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TABLE |I. Values forl,, in Eq. (7) when different dark matter distributions are assurfiedunits of
GeV? cm ®kpc). The angular region of integratidny is defined by the intervalg\l|<5°, [Ab|<2°. The
first two columns refer to an isothermal distribution with a care3.5 and 2.5 kpc, respectively. The third
and fourth columns refer to singular DM distributions: a NFW profile with a scale leagtB5 kpc and a
Moore et al. profile with a scale lengtla=30 kpc; in both cases, the DM profile has a cutoff radiys
=0.01 pc. The last column refers to the density profile of ywith the parameters of the distribution G1
in Table IIl of Ref.[18]: @=0.142,r_,=26.4 kpc andp_,=0.035 GeV cm?®. For all these profilep,

=0.3 GevVcm?®,
Isothermal Isothermal NFW Mooret al. r-dependent log slope E)
a=3.5 kpc a=2.5 kpc a=25 kpc a=30 kpc a=0.142
r.=0.01 pc r.=0.01 pc r_,=26.4 kpc
p_,=0.035 GeVcm?
18.5 42.5 184.2 10866 600

sible enhancement of the density at the GC and thereforeeanalysis of EGRET data by the authors of R8§], where
large differences for the different density profiles are ex-more stringent limits on the gamma-ray residual intensity

pected. from the galactic poles have been derived. The valuk, gf
When comparing to experimental data, E%).is averaged for region A is 1.66 for a NFW profile, and ranges from 1.61
over the telescope aperture-angle: for the isothermal sphere with=3.5 kpc to 1.80 for the

r-dependent log-slope profile: when pointing away from the
7) critical behavior of the density profiles at galactic center, the
line of sight integral is almost universal. In the case of region
B, 14,=0.67 for the NFW distribution, and ranges from 0.62

The gamma-ray flux is therefore proportionalltg, . for the isothermal sphere.with:3.5 kpc to 0.69 for the
In our analysis on the galactic center emission, we will“d&pendent log-slope profile. In both cases, the Mebral.
employ data from the EGRET experimef3,36, whose profile gives a line-of-sight integral shght_ly smaller than in
angular resolution is given by the longitude-latitude apertureh® case of the-dependent log-siope profile.

|Al|<5°, |Ab|<2°. Table | shows the values bf, for the
density profiles discussed in Sec. lll. The effect of changing
the core radius of an isothermal sphere is not negligible: an
increase of a factor of 2.3 is obtained by reducinfgom 3.5 Data from low galactic latitudegl§| <10°), including the
kpc to 2.5 kpc. In the case of singular distributions a small-galactic center region, have been collected by the EGRET
distance cutoff of ;.=0.01 pc is assume(@nsider the den- telescopd33]. The diffuse gamma-ray flux of the inner gal-
sity is assumed to be constard NFW profile then gives a axy measured by EGRET shows a possible excess over the
flux which is about 10 times larger than an isothermal spherestimated background at energies larger than about 1 GeV.
with a=3.5 kpc. The very steep Moot al. profile would Clearly a firm assessment of an excess requires a good
produce a flux about 60 times larger than a NFW profile. Theknowledge of the standard production of gamma rays in our
Navarro et al. [18] profile with r-dependent log slope sits Galaxy. At the energies of interest for our analysis—namely,
between the NFW and Moot al. cases: though not singu- from about 100 MeV to tens of GeV—the main production
lar, it nevertheless provides a flux which is about 3 timesmechanism ofy rays is the interaction of cosmic rays
larger than a singular NFW halo. The variabilitylqf, in the  (mainly protons and helium nuclewith the interstellar me-
dark matter profile can therefore be as large as a factor adium (atomic and molecular hydrogen, and heljuhm these
600, comparing the very steep Moceeal. profile with an  strong reactionst®’s are produced, and hence rays via
isothermal sphere with a large core radius. However, the repion decay:m°—2y. The ensuing spectrum has a bump
cent critical analysis of numerical simulations of REI8| around 70 MeV, and drops at high energies with an energy
implies that a factor of 30 is likely to be a more plausible power law which follows the progenitor cosmic ray spectrum
interval. (E™¢, with «~2.7). Another source of rays comes from

In the case of high galactic latitudes, the dependence dhverse-Compton scattering of cosmic ray electrons off the
I,y ONn the density profile is much milder. At these high interstellar photons. In particular, energetic electrons may
latitudes, EGRET identifies a residual gamma-ray flux whichscatter off the cosmic microwave background, and off the
is ascribed to a possible extragalactic component, but coulshfrared, optical and ultraviolet radiation arising from stellar
as well be due to dark matter annihilation in the galacticactivity and dust. The third radiation component originates
halo. We will consider in our analysis two different angular from electron bremsstrahlung over the interstellar medium,
regions: |b|>10° with the exclusion ofll|<40° and 10° which may be partially or even totally ionized. Bremsstrah-
<|b|=<30° around the galactic centgd4] (region A and lung y rays are mostly important in the low energy tail. For
|b|=86° (region B. Region B has been considered in thea full calculation of these three main radiation components

1
|A¢=HL¢I(¢)OI¢-

C. Signal from the galactic center
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one needs a good knowledge of the physics of cosmic rayBy increasing the photon energy, the lightest neutralinos do
and of the interstellar medium in the region of interest. Thisnot have enough phase space to produce photons at this en-
is particularly unlikely when dealing with the galactic center ergy (since they annihilate almost at rest in the Ga)axy
area. therefore the gamma-ray flux at very low masses becomes
In the literature, several different results have beerprogressively depressed, Bs increases. AE,=1.5 GeV a
achieved on the subject. First of all, the EGRET Collaboraneutralino with a mass of 6 GeV can produce approximately
tion developed a detailed calculation of theray back- the same flux as a 10-15 GeV neutralino.Af=15 GeV
ground at the energies of interest for the dete¢8%,37: all the neutralinos lighter than 15 GeV obviously do not pro-
this calculation shows a clear deficit pfrays toward the GC  duce any photon: at this energy the maximal fluxes are ob-
with respect to measurements. The excess in the data is agained for neutralinos with masses around 30 GeV.
parent forE,=1 GeV, where the shapes of the spectra of The first conclusion which can be drawn from Fig. 1 is
the estimated background and the data differ significantly. Athat the supersymmetric model considered here is not con-
lower energies the spectral agreement is instead rather goostrained, at present, by EGRET data for a NFW density pro-
Similar conclusions have been drawn in Reff88] with file. An increase in the flux by a factor of 3.3, as would be in
some different procedure in the calculation of the back-the case of the-dependent log-slope profile of EQ), is
ground. In this paper a harder, probably unrealistic, nuclealso not enough to set limits.
onic spectrum is anyway shown not to be sufficient to ex- Larger enhancements in the geometrical fadtgy over
plain the GeV excess. Some modifications toward hardethe NFW case are necessary to set limits. The comparison of
electron and nucleon spectra are studied in 9], but a  the three panels of Fig. 1 shows that the limits come from
satisfactory agreement with data is not achieusatice that  different energie&,, depending on the neutralino mass. For
it is hard anyway to reconcile these hypotheses with galactigery light neutrahnos i.em, =10 GeV, the lowest energy
cosmic ray measuremeitd he results of all these analyses bin is the relevant one. In this case an enhancement of a
favor the interpretation of the EGRET data in terms of anfactor of 6 would allow one to raise the predicted fluxes for
excess over the background, mostly at energies above 1 Gelg,y:o_lz GeV at the level of the EGRET measurement, and
However, different assumptions on accelerafid@] and  therefore to start setting limits. For masses in the range
diffusion [41] of cosmic ray nucleons, and on the spectral10 GeV=m,=<20 GeV the E,=1.5 GeV bin sets more
shape of primary nucleons in the interstellar spa&, have  stringent I|m|ts at least on a fraction of the supersymmetric
been proposed and lead to a quite good agreement with thaodels, but only for a factor of enhancement of at least
EGRET measured flux: almost all the spectral features arg5—20 over the NFW case. These factors are pretty large,
reproduced by these calculations. In this case, the EGRE&ven though not as large as the one which refers to a Moore
data would be explained in terms of the standard galactiet al. profile, which is about 60, as discussed before. For
y-ray production. masses around 30—40 GeV the best limits come from the
At present, it is very difficult to favor one model against highest energy birE, =15 GeV, where a factor of 20-25
the others, on either theoretical or observational basis. Thigould allow the ﬂuxes to reach the EGRET data. In the case
implies that the uncertainty in the calculation of the galacticof the standard MSSM, where the neutralino has masses
v-ray flux, and in particular at the galactic center, is verylarger than 50 GeV the lowest energy bins are always less
difficult to quantify. constraining that the higher energy ones, as can be seen by
Due to these open problems in the determination of th&omparing the different panels of Fig. 1. Instead, the lower
background component, we will develop our analysis alongznergy bins are crucial for the study of the low-mass neu-
two paths. First of all we will discuss whether, and undertralinos. We finally comment that a Mooret al. profile
which conditions, it is possible to set constraints on low-would make all the fluxes fom, =10 GeV incompatible
mass neutralinos from the gamma-ray studies. Then we wilkith the data, but this profile is less likely, as we discussed
comment on the possibility for low-mass neutralinos to ex-above.
plain the putative EGRET excess. Now, let us turn to a brief discussion of the possibility to
The gamma-ray flux from the galactic center inside theexplain the EGRET excess by means of low-mass neutrali-
angular regionfAl|<5°, |[Ab|<2° for a NFW matter den- nos. The analysis made above on the behavior of the gamma-
sity profile is shown in Fig. 1 at three representative photorray fluxes in the three representative energy bins of Fig. 1
energiesE,=0.12, 1.5 and 15 GeV. These energies correshows that neutralinos in the mass range 256
spond to three energy bins of the EGRET detector. The scat 40 GeV are the ones which may have the possibility to fill
ter plots of the top and middle panels display a peculiathe excess in the energy range above 1 GeV, without spoiling
funnel shape at small masses. This is due to the fact that the lower energy behavior of the background which is sup-
neutralino flux is bounded from below by the cosmologicalposed to have an acceptable agreement with the data. We
limit QXh <(Qcomh?) max- This feature is similar to the one  show that indeed the low-mass neutralinos in this mass range
we found in Refs[1-3], in connection with neutralino direct are able to explain the EGRET excess in Fig. 2. In this figure
detection rates. The variation in shape of the scatter plotsye plot the predicted gamma-ray spectra for two representa-
when E, is increased, is easily understood in terms of Eqtive supersymmetric configuration when, for definiteness, the
(4). At E =0.12 GeV them, 2 pehavior is clearly visible. gamma-ray background as calculated in R&f7] is as-
Energies of the order of 100 MeV are very crucial in offering sumed. In the top panel of Fig. 2 we show a supersymmetric
the possibility to set limits on the very light neutralino sector. configuration withm, =30 GeV and a relic abundance in the
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FIG. 1. Gamma-ray flux from the galactic center inside the angular rdditirs5°, |[Ab|<2° for a NFW matter density profile. The
scatter plots are derived by a full scan of the parameter space of the supersymmetric model described in Sec. [reOrasskdotgblue)
denote neutralino configurations with O.Ggﬂxhzs 0.131 andQXh2< 0.095, respectively. Top left: flux calculatedf=0.12 GeV; the
horizontal line shows the gamma-ray flux measured by EGRE3], assumed to be compatible with the estimate of the backgrfsid
Top right: flux calculated & ,=1.5 GeV; the solid horizontal line shows the gamma-ray flux measured by EGEE; Tthe dashed line is
an estimate of the gamma-ray backgro(igg]. Bottom: flux calculated & ,= 15 GeV; the solid horizontal line shows the gamma-ray flux
measured by EGRE[B3], the shaded horizontal band denotes theetror bar on the EGRET data and the dashed line is an estimate of the
gamma-ray backgroun®3].

proper range to explain dark mattél'xhzzo.lz. The domi- nos also have the capability of explaining the putative
nant annihilation channels of these low-mass neutralinos areGRET excess. In both cases, low-mass and standard neu-

yx— 77 and yy—bb [1,2]. Gamma rays coming from an- tralinos, the values of the line-of-sight integralg, which

nihilation into #s qive a harder um mpar hedle at_;le to explain the EGRET excess are much larger than
ation into 7's give a harder spectrum as compared (o t eyevhat is provided by a NFW density profile. However, for

b channel. In this representative point the two channels hav . ;
(approximately the same branching ratio: this gives a siz- neutralinos in the 30—40 GeV mass range the;e enhance_zment
i factors are smaller than in the case of heavier neutralinos,

able contribution to the gamma-ray flux in the whole eNergyy o to them- 2 behavior
N )

range from 1 to 10 GeV, which is where the excess in the . .
X . The bottom panel of Fig. 2 shows a second example, with
EGRET data is more pronounced. By allowing the back- neutralino ofm, =40 GeV andQXh2=O.1l. The back-

ground to fluctuate down by 10% and by using ageometricasround of Ref.[37] is again scaled down by 10%. In this

factorl,, 30 times larger than in the NFW case, we showcage the geometrical factor is 32 times the NFW one. The
that a pretty good agreement between the total flux and thgranching fraction of annihilation into quarks is larger than

data can be obtained. We are not quoting a statistical signifin the previous case. This enhances the contribution to the
cance for this agreement since we are not performing a sygramma-ray flux in the 1-3 GeV range without spoiling the
tematic statistical analysis here: however, we are interesteg}greemem at larger energies.

in showing that, in addition to the standard MSSM neutrali- A detailed analysis of the spectral features of the gamma-
nos with masses larger than 50 GEAB], low-mass neutrali- ray fluxes produced by neutralino annihilation and their com-
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taken over the latitudefb|>10°, and excluding the region
|l|<40° and 10%|b|<30° around the galactic center, has
been performed in Ref.34]. All the identified sources as
well as the components due to the interactions of cosmic rays

with the galactic disk gas have been subtradigd]. The
residual flux, averaged over the considered portion of the
sky, has been shown to be isotropic and well fitted by the
power law ®5RE(E,)=K(E,/Ep)~®, where k=(7.32
N 1 +0.34)x 10 © photonscm?sec *sr1GeVv !, «=2.10
+0.03 andey=451 MeV. This spectrum is often referred to
. as the extragalactic diffuse emission, since no known source
inside the Galaxy seems to be responsible for it. One possi-
bility is that it is due to unresolved gamma-ray-emitting blaz-
ars. Relying on the analysis by EGRET, one can use the
residual flux as an upper bound to any flux due to exotic

104

E? ¢ (E,) (cm™ s7! sr-! GeV)

10—5O N i "“'i — "'“1'0 S ””1‘00 sources, including annihilation of relic neutralinos. Recently,
’ E. (Gev) a re-analysis of EGRET data has been performed in Ref.
Y [35], taking particular care of the spatial dependence of the
observed photons. Working on the integrated flux and taking
R A0 I into account contributions from several galactic tracers, the
B Qxflz — 011 i authors of Ref[35] show that the high-latitude-ray sky

exhibits strong galactic features and could be well accommo-
dated by simple galactic models. Conservative constraints
i have been set on the flux integrated above 100 MeV and
| averaged over different sectors of the sky far from the galac-
. tic plane. In this scenario, the room left to an unexplained
] diffuse flux—often considered as an extragalactic back-
ground, but also possibly due to exotic galactic sources—is
much smaller(by a factor of three, at legsthan the one
reported in Ref[34]. Here we consider the upper limit of
Ref. [35] on this possible residual, isotropic flux in the
polar region {b|>86°): 1,<0.6x10 > ysec 'cm ?sr %,

and compare it to our estimates for theray flux due to

I, = 32 I§v
BR(77,bb) = (30%,67%)

E2 ¢ (E,) (cm™ st sr-t GeV)

. N Rt neutralino annihilation averaged in the same spatial region.
10 0.1 1 10 100 The results for both estimates are shown in Fig. 3 for a
E, (GeV) NFW profile. As in the case of the galactic center emission,

P

for high latitudes also we do not have constraints on the
supersymmetric parameter space. Contrary to the case of the
the galactic center inside the angular rediah|<5°, |[Ab|<2°, as galactlc_ center_ region, for high latitudes the georr_]etrlcal fac'
functions of the photon energy. Top panel: the dotted line is thef©" 1y Is practically independent of the halo profile, as dis-
spectrum for a neutralino with mass, =30 GeV, calculated for a cussed' before. We,therefore, Con,CIUde that at prgsent the
density profile with a factor of 30 enhancement with respect to the¥-ray Signals from high galactic latitudes do not provide any
NFW case; the dashed line is the gamma ray background calculat&Pnstraint on the supersymmetric parameter space. The situ-
in Ref.[33], reduced by 10%; the solid line is the total flux, sum of ation could change if further studies will show that a much
the supersymmetric signal and the background; the experiment®igger fraction of the EGRET measured flux at high latitudes
points are the EGRET daf83]. Bottom panel: the same, fon, is due to galactic foreground or when next-generation experi-
=40 GeV and for a density profile with a factor of 32 enhancementments will provide further information.

with respect to the NFW case. Both supersymmetric configurations
have been selected from the points shown in Fig. 1. The numbers
quoted in the legend inside parentheses denote the values of the
neutralino annihilation branching ratios indd and 77.

FIG. 2. Gamma-ray spectr& (E,), multiplied by E2, from

V. ANTIPROTONS IN COSMIC RAYS

As in the case of the gamma-ray flux, the production of
antiprotons from neutralino annihilation results from the had-
_ ) ) ronization of quarks and gluons created in the annihilation
parison with the EGRET data is beyond the scope of thyocesq32,44—47. The differential rate per single annihila-
present paper and will be presented elsewhere. tion, unit volume and time is defined as

D. Signal from high galactic latitude q
. . . Np 1
Data from high galactic latitudes have been collected by qSUSY(r,Tg)=<aan,p>—p—<

P)(( r ) 2 %)
the EGRET telescopi34]. An analysis of the measurements P dTy 2 '

My
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fuse and propagate throughout the Galaxy. To describe these
processes, we follow the treatment of R&2], to which we
refer for details. Here we recall only that the propagation of
antiprotons has been considered in a two-zone diffusion
model [48-50, defined in terms of six free parameters
whose role is to take into account the main physical pro-
cesses which affect the propagation of cosmic rays in the
Galaxy: acceleration of primary nuclei, diffusion, convective
wind, reacceleration processes and interaction with the inter-
stellar medium. These free parameters are constrained by
comparing the fluxes of various cosmic ray species calcu-
lated in our diffusion model with observations. In this regard,
the most important observable is the measured boron/carbon
ratio (B/C), whose analysis within our diffusion model is
presented in Ref[49]. The parameters constrained by the
B/C measurements have been shown to be compatible with a
series of other observed spec[d®,51,53, further support-
ing the employed model. Therefore, in the calculation of the
primary antiproton flux we use only those values for the
propagation parameters which provide a good statistical
agreement with the B/C data. One of the main results ob-
tained in Ref[32] is that the supersymmetric antiproton flux,
when calculated with the selected propagation parameters, is
affected by a large uncertainty. At low energy this uncer-
tainty reaches almost two orders of magnitude, while it di-
NFW fil minishes to a factor of thirty at higher energies. Only better
profile .
high Teblinde and_ more complete dgta on cosmic rayoth _stable and
(region B) radioactive could help in reducing this uncertainty.

At variance with the gamma ray signal, the supersymmet-
ric antiproton flux measured at the Earth is almost insensitive
to the specific form of the dark matter distribution function,
among those discussed in Sec. Ill. Indeed, these various dis-
tributions differ mainly at the galactic center, while in the
solar neighborhood differences are very mild. Since charged
: particles, such as antiprotons, suffer enormous energy redis-

10-10 Lol L R : - tributions, gains and losses, it is almost impossible for an
10 100 antiproton produced around the galactic center to reach the
m, (GeV) Earth. This property was shown in R¢&3], and quantified
in Ref.[32] for the case of a NFW distribution and an iso-

FIG. 3. Gamma-ray flux from galactic high latitudes for a NFW thermal one.
matter density profile. The scatter plots are derived by a full scan of In the present work, we use directly the results reached in
the parameter space of the supersymmetric model described in SeRef. [32], where the function
Il. Crosses(red) and dots(blue) denote neutralino configurations
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with 0.095<0,h?<0.131 and,h?<0.095, respectively. Top d(ro,To)
panel: flux calculated & ,=0.12 GeV in the high-latitude regions cRoR TH):M 9
defined by|b|>10° with the exclusion ofl|<40° and 10%<|b| Yg(Tp)

=<30° around the galactic center; the horizontal line shows the

gamma-ray residual flux identified by EGREE34]. Bottom panel: ~ Was calculated. In this equatio®;(ro ,Tp) is the interstel-
integrated flux for energies abof,= 0.1 GeV in the polar regions lar antiproton flux after propagation and is the supersym-
defined by|b|=86°; the dashed horizontal line shows the uppermetric flux factor:

limit on a possible residual flux in the polar regions, obtained in

Ref.[35]. 1 a
Y= 552—< an:v)_ (10
where T,y denotes the antiproton kinetic energyN,;/d T, my

[indicated agy(T}) in Refs.[32,46] is the differential anti- o prop .
proton spectrum per annihilation event, and the factor 1/ "€ quantityCsys(Ty) may be considered as a measure of

accounts for the number of annihilating neutralino pairs. Thdow the source ﬂU)quSY(f,T?) is modified by the propa-

spectrumdN,/dT, is evaluated by means of the Monte gation of antiprotons in the Galaxy before reaching the he-

Carlo simulations we already used in Sec. IV A. liosphere. In the results presented in the following, we have
Once antiprotons are produced in the dark halo, they difcalculated the antiproton flusby(r ,T;) according to Eq.
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(9), where theCgj8(T,) function has been taken directly
from Ref.[32] for a few representative combinations of the
propagation parameters and source spegtiig,). We have
calculated the quantities entering the factoas described in
Sec. Il.

0.1 LI T T T T oy T T T

solar minimum

Lo

102

T T TTTT
&

Lol

A. Secondary antiprotons

Antiprotons in the Galaxy are also produced via standard
interactions. Proton and helium cosmic rays interact with the
interstellar hydrogen and helium nuclei, producing quarks
and gluons that subsequently can hadronize into antiprotons.
A calculation of this secondary antiproton flux has been done
in Ref.[51], to which we refer for details. Here we empha-
size only the main results obtained in that wotk: The
antiproton flux has been evaluated consistently by employing
the propagation parameters as derived from a full and sys-
tematic analysis on stable nuc|dig]; (ii) this secondary an-
tiproton flux is in very good agreement with the data taken
from the experiments BES%4,55, AMS [56], CAPRICE
[57] (see Fig. 14 in Ref[32]); (iii) the uncertainty on the
final flux due to propagation is about 20%, with a slight
dependence on the energy. Another important source of un-
certainty of order 20%—-25% resides in the nuclear produc-
tion cross sections, in particular when considering the inter-
actions over the interstellar helium.
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B. Constraints on a primary antiproton source?

As discussed above, the secondary antiproton flux already
provides a satisfactory agreement with current experimental
data, and then not much room is left for primary contribu-
tions. This situation suggests that antiproton data could be
used to place significant constraints on supersymmetric pa-
rameters. However, one has to notice that, as shoyjadh
the supersymmetric primary flux is affected by uncertainties ’
much larger than those related to the secondary flux. This is 10-s Loiiiil il :
due to the fact that the sources of the latter are located in the 10 100
galactic disk. On the contrary, the relic neutralinos are ex- m, (GeV)
pected to be distributed in the whole galactic halo and then
produce an antiproton flux much more sensitive to the astro- F|G. 4. Antiproton flux atT,=0.23 GeV as a function of the
physical parameters. neutralino mass, calculated at solar minimum. The scatter plots are

To show quantitatively how the experimental data couldderived by a full scan of the parameter space of the supersymmetric
constrain the supersymmetric parameters, in Fig. 4 we disnodel described in Sec. II. A spherical isothermal dark matter den-
play the antiproton flux evaluated &=0.23 GeV for a full  sity profile has been used. The solar modulation is calculated at the
scan of our supersymmetric model described in Sec. Il. Aphase of solar minimum. Crosseed and dots(blug) denote neu-
expected, the scatter plot is prominent at small masses. Futralino configurations with 0.095Q,h?<0.131 and Q h?
thermore, it is remarkable that f(me 25 GeV the scatter <0.095, respectively. The shaded region denotes the amount of
plot is funnel shaped. The reason is the same as the orgimary antiprotons which can be accommodated B
given above in connection with Fig. 1. The two panels of=0.23 GeV without entering in copfllct with the _experlmental
Fig. 4 correspond to two different sets of the propagatiorPESS datd54,58 and secondary antiproton calculatidd]. Top
parameters. One, used in the top panel, is the set giving th@mel: the best fit set for the astrophysical par_ameters_ is used. Bot-
best fit to the B/C ratio, while the other, hereby denoted ad®™ Panel: the astrophysical parameters which provide the most
the conservative set and used in the bottom panel, providecs:o nservative antiproton fluxes are used.
the lowest(secondary and primaryantiproton fluxes. A
spherical cored isothermal distribution for dark matter hasonflict with the BESS experimental daftg4,55 and sec-
been used. However, as mentioned before, a different choicgndary antiproton calculatiori&1].
does not significantly modify the scatter plots. The shaded From the bottom panel of Fig. 4 we conclude that, within
region denotes the amount of primary antiprotons which caithe current astrophysical uncertainties, one cannot derive any
be accommodated af;=0.23 GeV without entering into constraint on the supersymmetric parameters, if one assumes

T T Ty

10+

T T T
col

104 (T2 = 0.23 GeV) (m=2 s sr! GeV-)
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a very conservative attitude in the selection of the propagamass is close to the nuclear mass of one of the main chemical
tion parameters. It is worth noticing that even within this components of the Earth: oxygen, magnesium, silicon in the
choice, some supersymmetric configurations at very smalinantle and iron in the corg61]. We have neglected the
masses are close to the level of detectability. As a furthecontributions of the light quarks directly produced in the
comment on the top panel of Fig. 4, we wish to stress thaannihilation process or in the hadronization of heavy quarks
any further breakthrough in the knowledge of the astrophysiand gluons, because these light particles stop inside the me-
cal parameters would allow a significant exploration of smalldium (Sun or Earth before their decay. For the case of the
mass configurations, if the conservative set of parameters Sun we have also considered the energy loss of the heavy
excluded. Should the effect of antiproton propagation turrhadrons in the solar medium.

out to be equivalent to the one obtained with the best fit set,

the analysis of cosmic z_intiprotons _vvould prove quit_e impor- A. Neutrinos from the center of the Earth

tant for exploring very light neutralinos. This is particularly ] )
true for neutralino masses below15 GeV, in view of the In the top panel of Fig. 5 we show the expected upgoing
typical funnel shape displayed in the scatter plots. muon flux integrated foE,>1 GeV, as a function o, ,

and compared to the present experimental upper bounds on
the same quantity from the experiments SuperKamiokande
[63], MACRO [64], and AMANDA [65]. For m, <40 GeV
Indirect evidence for WIMPs in our halo may be obtainedthe signal from the Earth presents several peaks due to reso-
at neutrino telescopes by measurements of the upgoingant capture on oxygen, silicon and magnesigme recall
muons, which would be generated by neutrinos produced bthat the process of capture on Earth is driven by the coherent
pair annihilation of neutralinos captured and accumulated inneutralino-nucleus cross sectjoifhese elements are almost
side the Earth and the S{i68,59. The process goes through as abundant in the Earth as iron, which is the most important
the following steps: capture by the celestial body of the relictarget nucleus for neutralino capture at higher masses. The
neutralinos through a slow-down process due essentially tdip atm, =M /2 is due to the rescaling prescription of Eq.
neutralino elastic scattering off the nuclei of the macroscopig3), since the resonance in tieexchange annihilation cross
body; accumulation of the captured neutralinos in the centradection reduces the relic abundap@;hz. Moreover, for
part of the celestial body; neutralino-neutralino annihilationmxs 25 GeV, the branching ratiB{") to the 77 final state,

with emission of neutrinos; propagation of neutrin@ee \yhich is the one with the highest neutrino yield per annihi-
have mcIudezd thezﬂ-riTsvaczuum oscillation effect with pa- |ation, is suppressed. This last property is due to the fact that,
rametersAm“=3X 10 ° eV4, sing=1) and conversion of . . . ' —. I
their v, component into muons in the rock surrounding the'" this range O.me' the final state tdb n the ann|h_|lat|on

m cross section is required to be the dominant one in order to

detector; propagation and detection of the ensuing upgoingeep the relic abundand®, h? below its cosmological upper
X

muons in the detector. : .
The various quantities relevant for the previous steps argound[Z]. This, together W'.th the fact that Iowefr masses
mply softer » spectra which produce fewen’s above

calculated here according to the method described in Ref hreshold, explains why the upgoing muon signal expected
[59], to which we refer for further details. We just recall that or light neutralinos (n, <50 GeV) turns out to be below the

the neutrino flux due to the annihilation processes takini

place in a distant source like the Sun, as a function of th evel _reached at hlgher masses. L
heutrino energ\E, , is given by It is worth noting that substantial modifications to the

standard Maxwellian velocity distribution in the solar neigh-
dN I dN borhood have been considered in recent years, with two con-
v A fv i~ H
v B(Ff) , (11  flicting models. Damour and Krau$66] proposed the exis-
dE, 4792t X dE, tence of a solar-bound population, generated by WIMPs
which scattered off the Sun surface and were then set, by
where I', is the annihilation rate inside the macroscopic perturbations from other planets, into orbits crossing the
body [60], d is the distance from the sourck,denotes the Earth, but not the Sun. The existence of this low-speed popu-
x-x annihilation final states3{ denotes the branching ra- lation would make the capture of WIMPs by the Earth very
tios into heavy quarks; leptons and gluons in the chanrkel  efficient with an ensuing dramatic enhancement of the upgo-
dN;, /dE, is the differential distribution of the neutrinos ing muon flux as compared to the standard ¢&§¢ On the
generated by the hadronization of quarks and gluons and theontrary, Gould and Alari68] used arguments based on cal-
subsequent hadronic semileptonic decays. The annihilatioculations of asteroid trajectories to conclude that solar-bound
rate is given byl'y=C/2tant(to/7,) [60], wheret, is the  WIMPs could evolve quite differently, inducing a significant
age of the macroscopic body,=(CC,) 2 C, is the an-  suppression in the upgoing muon flux from the Earth, as
nihilation rate proportional to the neutralino-neutralino anni-compared to the standard Maxwellian case, for WIMP
hilation cross section an@ denotes the capture rate per ef- masses larger than 150 GeV. A very recent reanalysis of this
fective volume of the body. The capture r&as calculated problem[69] supports the conclusions of Gould and Alam,
here as in Refd.61,62, the WIMP velocity distribution in  though with a less dramatic suppression effect. Our results
the galactic inertial frame being described by a Maxwellianhave been derived using the standard Maxwellian distribu-
function with a dispersion velocity of 270 kms. We recall  tion. The results of Ref69] would not significantly alter our
that the capture rate by the Earth is favored when the WIMRonclusion on the detectability of light neutralinos. The

VI. UPGOING MUONS AT NEUTRINO TELESCOPES
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10713 g — —— — tralino configurations for masses above 50 GeV. For lighter
] neutralinos, explorations by neutrino telescopes would re-

quire a substantial increase in sensitivity while keeping a low

energy thresholdclose to 1 GeV. This in turn would imply

a sizable extension of the telescope and a dense array of

photomultipliers, which is certainly feasible, but very expen-

sive.
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B. Neutrinos from the Sun

T

In the bottom panel of Fig. 5 we show the upgoing muon
flux expected from the Sun, integrated ©;>1 GeV, as a
function of m, . The signal is compared to the present ex-
perimental upper bounds on this flux coming from the ex-
periments SuperKamiokandié3], MACRO [64], AMANDA
[65] and Baksari70]. In this case also the signal level turns
out to be suppressed for, <50 GeV as compared to what is
obtained at higher masses, the reasons for this behavior be-
ing the same as in the case of the Earth. On the other hand,
the enhancement of the signalnaj~m,y is due to a peculiar
behavior of the neutralino-nucleon spin-dependent cross sec-
tion, which drives the neutralino capture in the Suminly
on hydrogen This cross section reaches its maximum when-
ever theZ-exchange channel dominates, and this requirement
is verified when the neutraling-coupling, proportional to
the combinatiora3— a3, is maximal[71]. By numerical in-
spection we have verified that this last quantity is signifi-
cantly peaked fom,~M,y. In this range of masses the an-
nihilation channel toW*W~ opens up and dominates the
annihilation cross section. We conclude here that investiga-
tions of light neutralinos by upgoing muons from the Sun do
not provide favorable prospects.
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VIl. CONCLUSIONS AND PERSPECTIVES

10-10 We have considered the most relevant indirect strategies

m, (GeV) for detecting the presence of relic neutralinos in our Galaxy
through the products of their self-annihilation. This includes

FIG. 5. Flux of upgoing muons as a function of the neutralino apnihilatioqs takin_g place directly in the galaCti_C halo_ or in-
mass. The scatter plots are derived by a full scan of the paramet&ide celestial bodiegthe Earth and the SunOur investiga-
space of the supersymmetric model described in Sec. II. Crossdion has been performed in the frame of an effective super-
(red) and dots(blue) denote neutralino configurations with 0.095 Symmetric model at the electroweak scale with no
<0 ,h?<0.131 and),h?<0.095, respectively. Top panel: signal assumption on the gaugino mass universality at the GUT
from the Earth; the solid, dashed and dotted lines denote the experscale. The range of the neutralino mass taken into consider-
mental upper limits from SuperKamiokand&3], MACRO [64] ation brackets a wide interval, from 6 GeV up to 500 GeV.
and AMANDA [65], respectively. Bottom panel: signal from the While the low extreme is decided by the lower bound of 6
Sun; the solid, dashed, dot-dashed and dotted lines denote the e®eV established in Refdl,2], the upper extreme of 500
perimental upper limits from SuperKamiokand3], MACRO  GeV is chosen only for convenience. Actually, no model-
[64], Baksan[70] and AMANDA [65], respectively. independent upper limit for the neutralino mass is available,

apart for a generic value of order of 1 TeV, beyond which the
maximal fluxes are obtained for resonant capture on O, Siaison d'é¢re of supersymmetry fades away. Though our cal-
and Mg nuclei in the mantle: in this situation no suppressiorculations span over the wide range of the neutralino masses
occurs. For neutralino masses away from the resonant comecalled above, our discussions were focused on light neu-
dition, a reduction factor up to 0.8 fonp=m <mg.and up tralinos, i.e. neutralinos with masses below 50 GeV: this
to 2-3 form, =10 GeV is possibl¢69]: however, in these value corresponds to the lower boundrof when gaugino-
cases, the upgoing muon flux is already very depressed, asntass unification is assumed. Indeed, light neutralinos are
is shown in Fig. 5, top panel. In conclusion, using the stantarely considered in the literature, although their properties
dard Maxwellian distribution, the present measurements oére quite interesting, as we already proved in connection
upgoing muons from the Earth put some constraints on newwith their cosmological properties and their detectability by
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current experiments of direct WIMP searh-3]. Thus the  tion of small mass configurations. This is particularly true for
present paper is the natural continuation of our previous inneutralino masses below about 15 GeV, in view of the typical
vestigations on neutralinos of small mass. Different galactidunnel shape displayed in the scatter plots.
dark matter distributions have been considered, from the The present measurements of upgoing muons from the
cored isothermal one to the profiles obtained by numericatenter of the Earth put some constraints on neutralino con-
cosmological simulations in Refgl6,17], including also the figurations for masses above 50 GeV. For lighter neutralinos,
most recent ones of Ref18]. explorations by neutrino telescopes require a substantial in-

Now we summarize the main results of the present papecrease in sensitivity with an energy threshold close to 1 GeV.

For they rays we have considered separately fluxes fromnvestigations of light neutralinos by upgoing muons from
the galactic center and from high latitude regions, and comthe Sun are very disfavored.
pared our predictions with the EGRET data. Our numerical We wish to recall that, according to the measurements of
results have been provided employing as a reference DNhe HEAT Collaboratior{72], the spectrum of the positron
distribution the NFW profile. We have shown that in this component of cosmic rays shows some enhancement be-
case the EGRET data at all angles do not put any constraintezeen 7 and 20 GeV. This is only a mild effect which, as
on the supersymmetric flux. The minimum gap between theshown in Ref[72], could be explained in terms of conven-
theoretical predictions and the data occurs at light massd®nal secondary production mechanisms. Alternatively,
and is of almost one order of magnitude. We have discussesbme authors have interpreted this effect as a deviation from
by how much this gap changes in terms of the dark mattea pure secondary flux, which could be generated by neu-
distribution. This variation is relevant only for signals com- tralino self-annihilatio{73,74. This hypothesis, to be a vi-
ing from the galactic center. For this sector, we have showmble one, requires that the neutralino flux is enhanced by a
that, using ther-dependent log-slope distribution of Ref. sizable factor. Since the measured positrons must be created
[18], the gap between data and supersymmetric fluxes is réa a region around the Earth of a radius of a few k8], an
duced by a factor of 3 with respect to the NFW profile. Only enhancement would imply a significant dark matter overden-
profiles as steep as the Moageal. one, disfavored by recent sity in that region, with implications for the signal. This
Simulations, could exclude some ||ght neutralino Conﬁgura'scenario appears Strong|y model dependent’ and as such not
tions. We have also shown that neutralinos of masses arourglitable for setting constraints to supersymmetric parameters.
30—-40 GeV could explain the EGRET excess in case of a Antideuterons in space as a signal of neutralino self-
significant enhancement effect as compared to the NFW disgnnihilation, which were shown in Ref75] to be a very
tribution. A general word of caution concerns the fact that thegromising means of investigation, will be considered in a
background due to conventional cosmic ray productiorforthcoming paper.
mechanisms still suffers from sizable uncertainties.

We have shown that in the case of cosmic antiprotons, no ACKNOWLEDGMENTS
constraint on the supersymmetric parameters can be derived,
if one assumes a very conservative attitude in the selection of We acknowledge research grants funded jointly by the
the propagation parameters. However, it is remarkable thdtalian Ministero dell'lstruzione, dell’'Universitae della
indeed the signal at very small masses is close to the level dRicerca(MIUR), by the University of Torino, and by the
detectability. Some breakthrough in the knowledge of thdstituto Nazionale di Fisica Nucleaf&€NFN) within the “As-
astrophysical parameters could allow a significant exploratroparticle Physics Project.”
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