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We investigate the possibility to detect neutralino dark matter in a scenario in which the galactic dark halo
is clumpy. We find that under customary assumptions on various astrophysical parameters, the antiproton and
continuumvy-ray signals from neutralino annihilation in the halo put the strongest limits on the clumpiness of
a neutralino halo. We argue that indirect detection through neutrinos from the Earth and the Sun should not be
affected much by clumpiness. We identify situations in parameter space whegerétyeline, positron and
diffuse neutrino signals from annihilations in the halo may provide interesting signals in upcoming detectors.
[S0556-282(199)00802-4

PACS numbes): 95.35+d, 12.60.Jv, 14.80.Ly

I. INTRODUCTION rates, in particular those of antiprotons and photons gener-
ated by neutralino annihilations in the galactic halo, increase
The mystery of the dark matter in the Universe remainssubstantially compared to the case of a smooth dark matter
unsolved. Among the more plausible candidafest only  distribution. For a given set of parameters of the supersym-
needed to solve the dark matter probjecan be found the Mmetric models(such as mass and couplings of the neutrali-
neutralino, the lightest supersymmetric particle in the mini-n0S we can then use present experimental limits on these
mal supersymmetric standard modMSSM) (for a review, fluxgs to bound the degree of clumplness _allowed in Fhat
see Ref.[1]). Another candidate is for instance the axion partlcylar dark .matter model. Altgrnat_lvely, given a positive
which is still a viable option for a narrow range of axion €XPerimental signature, we can identify regions in the com-
masse$2]. Irrespective of the exact nature of the dark mat-Pined parameter space of halo dark matter distribution and
ter, there are reasons to believe that its distribution in théUPersymmetric models to identify candidates consistent
dark halos of galaxies need not be perfectly smdaths). ywth the da}ta. Thls approach was used recent!y by three of us
For instance, early fluctuations in the dark matter may gdn connection with new data from the Energetic Gamma Ray
nonlinear long before photon decoupling, evading the arguEXPeriment TelescopéEGRET) gamma ray detectol1].
ment of slow, linear growth after recombination. Also, if Some of our resullts may b(_e of interest also in t_he standard
cosmic strings or other defects exist, they may seed the fof?onclumpy scenario, which is of course included in our treat-
mation of density-enhanced dark matter clumps. ment and is easily recovered by putting the fraction of the
Since very little is known about the inherently nonlinear Nalo in the form of clumps equal to zero.
problem of generating dark matter clumps, in this paper we
will use a phenomenological approach where we simply as-
sume the existence of clumps with a given density profile,
making up a certain fraction of the total mass of the Milky  Present observational data give very poor constraints on
Way halo. We investigate the effect of this clumpiness on thehe distribution of dark matter in the galaxy. The dynamics
various proposed detection methods for neutralino dark mawf the outer satellites of the galaxy clearly indicates that lu-
ter. Implications of a clumpy halo on dark matter signalsminous matter provides just a fraction of the total mass of the
have previously been studied in Refd—10]. Milky Way and that the major contribution must come from
Detection rates depend crucially on the neutralino distri-a dark matter halo whose size is larger than the radius of the
bution in momentum and position space. Some detectiodisk. Nevertheless it is not possible to extract from present
kinematic information any accurate knowledge of the density
profile of the dark matter halo. It is, however, natural to

Il. CLUMPINESS IN THE MILKY WAY HALO
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matter cosmologies, fitting the normalization parameters tgeverg; such massive bodies could in principle be identified
known dynamical constraints. This approach has been folfrom the analysis of the rotation curves of the galaxy, they
lowed in Ref.[12]: among the general family of spherical may, however, have escaped observation so far because their
density profiles, detection in this way may be difficult if the fraction of dark
matter in clumps is small, saf~1%. A second possibility
is that clumps are much lighter, witM, less than 16-
(1) 10°M, in which case larger fractions of the halo mass
might be in clumpgin the extreme scenario all of)itin the
the case of the profile of Kravtsat al.was considered13] ~ many small clumps scenario, on which we mainly focus, we
which is mildly singular towards the galactic center with can define a probability density distribution of the clumps in
y~0.2-0.4, of the profile Navarret al.[14], which is more  the galaxy which in the limit of largé to satisfy dynamical
cuspy (y=1), and, for comparison the modified isothermal constraints, has to follow the mass distribution in the halo.
distribution, (@,,7)=(2,2,0), extensively used in dark  Consider a Cartesian coordinate system with origin in the
matter detection computations. galactic center. Then the probability for a given clump being
The dark matter density profile inferred in this way shouldin the volume element®x at positioni is
be regarded as the function that describes the average distri-
bution of dark matter in the galactic halo; the standard as-
sumption which is generally made at this stage is that dark
matter particles in the halo form a perfectly smooth “gas.”
This approach is in some way arbitrary: although the darkvhich has the correct normalizatigipy(x)d3x=1.
matter particle distribution has to be regarded as smooth on |t is convenient to introduce the dimensionless parameter
intermediate length scales, probably around 0.01-1 kpcs
there are reasons to question whether this is true on smaller
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scales. We here entertain the possibility that at least a frac- 4 — 5

tion of the dark matter in the halo is clustered in substruc- 1 Felpaira)]

tures with high matter density, “clumps” of dark matter. o=— 4
. . . Po 3 -

Several authors have introduced clumpiness as a generic fea- f d°r g pa(re)

ture of cold dark matter cosmologies. Silk and Steblpitis

have considered clump formation in cosmic string, texturgynich gives the effective contrast between the dark matter
and inflationary models, giving also predictions for survival gensity in clumps and the local halo density. For a dark

to tidal disruption(see also Ref.3]). Kolb and Tkache\¥5]  matter density inside the clumps which is roughly constant
have studied isothermal fluctuations giving very high-density, it reduces to the form

dark matter clumps.

Simulations of structure formation in the early Universe Pl
do not yet have the dynamical range to give predictions for o=—.
the size and density distribution of small mass clunps

focus here mainly on clumps of less than arounfl 86lar  \we show in Sec. IV that in the many-clumps scenario it is
masses which avoid the problem of unacceptably heating thigist the productfs which determines the increase of the
disk[4]). The formation of clumps on all scales is, however, signal compared to a smooth halo in most indirect detection
a generic feature of cold dark matter models which havenethods. The produdts is directly related to the ratio of the

power on all length scales. If self-similarity is a guide, gal-total dark mass in clumps to the volume of a typical clump.
axy halos may form hierarchically in a similar way to that of

cluster halogsee, e.g., Ref.15)).

Rather than examining the different scenarios for clump
formation, we take a more phenomenological approach and Although it is possible that the halo dark matter may be
perform a detailed discussion on the implications of clumpi-composed of particles not yet predicted by particle physics
ness on neutralino dark matter searches. We thus simply pomiodels, it is very attractive to assume that they are weakly
tulate that a fractioffi of the total dark matter is concentrated interacting massive particle6VIMPs). Massive particles
in clumps, which are assumed to be spherical bodies of typiwith weak interactions give a relic density which is of the

cal massM, and matter density pfOfi|©c|(f_c)|)- The total right order of magnitude to explain the dark matter on all

®
Po

IIl. SUPERSYMMETRIC MODELS FOR DARK MATTER

number of clumps inside the halo is given by scales from dwarf galaxies and upwards. We will consider a
specific class of such particles, supersymmetric particles,
f-Mp which is general enough to illustrate the effects of clumpi-
¢ M 2) ness. Our results should be of more general validity, how-
ever.

where My, is the total mass of the halo. Two opposite sce- We work in the minimal supersymmetric standard model
narios seem to be plausible. There might be few heavyMSSM) as defined in Refd.16,1]. For details on our nota-

clumps, with masses up to maybk,~10°-1FM (above tion, see Ref[17]. The lightest stable supersymmetric par-
which the local gravitational distortion effects would be tooticle is in most models the neutralino, which is a superposi-
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TABLE I. The ranges of parameter values used in our scans oAlso, in Ref.[10] it was noted that the antiproton flux could
the MSSM parameter space. Note that several special scans aimpé enhanced. In Ref26], it was investigated whether en-
at interesting regions of the parameter space have been performegbunters with dark matter clumps on geophysical time scales
could have left imprints in ancient mica. As we show in this

Parameter  u Mz tang ma Mo Ay/mo A/Mo  section, indirect detection through cosmic antiprotons and

Unit Gev  Gev 1 Gev Gev 1 1 gamma rays set the most stringent limits on clumpy neu-

Min 50000 —50000 1.0 0 100 -3 -3 tralino dark matter, therefore we investigate these cases first.
Max 50000 50000 60.0 10000 30000 3 3

A. Gamma rays

tion of the superpartners of the gauge and Higgs fields Since gamma rays _produced in neutr_alino e_mnihilations in

the halo travel in straight paths essentially without any ab-

X0 =NyB + Ny W3+ NygH O+ Ny Y. (6)  sorption, and since the annihilation rate and hence the flux

would be enhanced by clumps along a particular line-of-
It is convenient to define the gaugino fraction of the lightestsight, the effects of clumpiness are easy to understand. Neu-
neutralino, tralino annihilation in the galactic halo may produce both a
v-ray flux with a continuum energy spectrum and monochro-
Zy=|Nyy|*+[Ngg* (1) matic y-ray lines.
The continuum contributioisee Ref[1], and references
For the masses of the neutralinos and charginos we use thgereir) is mainly due to the decay of° mesons produced in
one-loop corrections as given in R¢L8] and for the Higgs  jets from neutralino annihilations. To model the fragmenta-
boson masses we use the leading log two-loop radiative Cotion process and extract information on the number and en-
rections, calculated within the effective potential approachergy spectrum of the/'s produced we have used the Lund
given in Ref.[19]. _ ~ Monte Carlo progran®YTHIA 6.115[27]. We have performed
_The MSSM has many free parameters, but with some simhe simulation for 18 neutralino masses between 10 and 5000
plifying assumptions, we are left with seven parametersGeV and for thecc.bb,tt, W W~ 2070, andgg annihila-

which we vary between_generous bounds. The ranges for ﬂ}? n states. For each final state and for each neutralino mass
parameters are shown in Table I. In total we have generate e have simulated 2:510° events which are tabulated loga-

about 85000 models that are not excluded by acceleratcH

. : thmically in energy. For any given MSSM model, we then
searches. For the detection rates of neutralino dark matter w 20 : .
have used the rates as calculated in REif$,12,22—2% Sum over the annihilation channels and interpolate in these

i ables. For the annihilation channels not included in the
We check each model to see if it is excluded by the moi&imulations, like the ones with one gauge and one Higgs

recent accelerator constraints, of which the most importal oson as well as those with two Higgs bosons the flux is

. )
I('mr?t?e atrihtge gg?nr: e collider LEP bound$20] on the calculated in terms of the flux from the simulated channels.
Ightes rgl SS, We include all two-body final states at the tree lefatcept

91 GeV, |m +—mo>4 GeV light quarks and leptonsand the one-loop processy and
m > ' AE T ’ @®  99. For final states with Higgs bosons, we let the Higgs
X1 185 GeV, otherwise, bosons decay in flight by summing the contributions to the

gamma flux from the Higgs decay products in the Higgs rest
and on the lightest Higgs boson masgo [which range from  system and then boost the spectrum averaging over decay

72.2-88.0 GeV depending on sia) with « being the angles. Given the annihilation branching ratios we then get
Higgs mixing anglé and the constrains from— sy [21]. the spectrum for any given MSSM model. The continuum
We will throughout this paper assume that the neutralino$ignal lacks distinctive features and it might be difficult to

make up most of the dark matter in our galaxy. We onlydiscriminate from other possible sources. It will, however, be
consider therefore MSSM models which are cosmologically2 Powerful tool to put constraints on the clumpiness param-
interesting, i.e., where the neutralinos can make up a majd#ters. _ _ -

fraction of the dark matter in the Universe without overclos- A much better signature than the continuum contribution
ing it. We will choose this range to be 0.025) h?><0.5. IS given by monochromatig-ray lines which arise from the

For the relic density calculations we have used the detailefPOp-inducedSwave neutralino annihilations into they2
calculations performed in Ref17]. and Zv final states and which have no conceivable back-

ground from known astrophysical sources. The amplitude of
these two processes in the MSSM was computed only re-
cently at full one loop leve[28,29. Large deviations from
previous partial resultésee Ref[1], and references thergin
Some observational consequences of a clumpy dark mawere found, in particular it was pointed out that a pure heavy
ter halo have been pointed out previously, such as the obvHiggsino has a remarkably high annihilation branching ratio
ous gain in gamma ray signal from annihilation in the haloboth into 2y andZvy, adding at least a factor of 10 to previ-
since the flux from a particular volume element is propor-ous estimates of thej2line. A detailed phenomenological
tional to the square of the dark matter density there9). study is given in Ref{12] where a smooth halo scenario was

IV. DETECTION METHODS CONSTRAINING
CLUMPINESS
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considered and it was shown that the monochromatic lines % B I I ' '
could be detected by the new generation of space- and < 1 04:_(3) Navarro et al.: (b) Isothermal sphere: |
ground-based-ray experiments, provided that a sensible en- - g 2= kpo a=35 kpo E
hancement of the dark matter density is present towards the & oo = 0.3 GeV om® ps =03 GeV cm® ]
galactic center. We examine here the perspectives of detect- §10 34 Rz=8_5 kpe R:=s.5 kpe 3
ing the continuum and the line signals in a given clumpy = R 5220 5220 3
scenario. TN, 1
Consider a detector with an angular acceptahfepoint- g10°: ™, | E
ing in a direction of galactic longitude and latitude’,p). 2 r . 3
The gamma ray flux from neutralino annihilations at a given 10 B ) i
energyE is given by
B (EAQ,/\b) =187 106 0 (3(/,b 1L T
/ ~ — 4 E — sum R b
y( y 10 ) . dE< ( ’ )> E --- smooth 3
[ oo clumps ]

X(AQ) ecm 2 st sl (9) 10" ! ! | |
0 30 60 90|10 30 60 90
latitude b (deg)

In this formula we have defined a factdS/dE which de-
pends on the nature of relic WIMPs. For the continuum FIG. 1. The value ofJ())(AQ) for two different halo pro-
v-ray signal, the 7 line and theZy line signal, respectively, files. The contribution from the smooth and clumpy component are

it is given by also given.
ds 10 GeW? dN® J(P))AQ —;if do’
(_) 2( e\/) D var r QA =g% kpcAQ J a0
dE conty My F |10°% cnPs ) dE 5
L,y
xf_ | dL( p( ¢/>rﬁ |
(dS) (10 Ge\/)z 200, e line of sight 0.3 GeV/c
dE/, | M, 10% cmPs ! X (1D
HereL is the distance from the detector along the line of
ds 10 GeVi2 sight, ¢ is the angle between the direction of observation and
(_) 2( e\/) VIzy that of the galactic center, related to”,p) by cosy
dE Zy M, 10?6 cmPs ! =cos/ cosb. The integration oved()’ is performed over
) the solid angleAQ) centered ony.
5 M7 We shall now examine the consequences of introducing
X0\ E=M,| 1~ AM?2 (10 clumps in the halo. The continuumrray signal in the few

X clumps scenario has as mentioned been examined in some
detail in the literature. Following the approach of R¢&7]
HereM , is the neutralino mass; are the allowed final states and estimating the most probable distance for the nearest
which contribute to the continuum signal as specified above¢lump, we find in terms of the quantities introduced above
For each of these; o is the annihilation rat“eanddN';/dE that(J) in the direction of the nearest clump is of the order

is the differential energy distribution of produced photons. s
M
=

, (12)

o 1

The product of relative velocity and cross sectian, , is the 428 1
3 8.5 kpcAQ

annihilation rate into the 2 final state(as given in Ref.
[28]). Similarly, voz, is the rate into theZy final state(as
given in Ref.[29]). In Eq. (9) the dependence of the flux on where the density profile inside the clump was considered
the dark matter distribution, the direction of observationroughly constant and the angular acceptance of the detector
(#,b) and the angular acceptance of the detedtfris con-  A() was supposed to be greater or equal to the field of view
tained in the factotJ(/,b))(AQ). If we assume a spherical of the clumpAQ .~ (f/5)%3. We consider as an example the
dark matter halo in the form of a perfectly smooth distribu-same choice of parameters as in R@f]: f~0.01, My
tion of neutralinos, it is equal to ~10°My, 6~10°. In this case we findAQy~4
X 10~ % sr, and takingAQ =103 sr, we obtain(J(y))
~3x10* which we can compare with the analogous quantity
IBecause the relative speed of neutralinos in the halo is of ordéin @ Smooth halo scenario. In Fig. 7 of REE2] the values of
10°2 of the speed of light and the annihilation occurs mainly (J)(AQ =102 sr) for a detector with Q=102 sr point-
through Swave, the thermally averaged annihilation rate is verying towards the galactic center are displayede also our
well approximated by the annihilation rate at zero relative speed. Fig. 1); the value of(J(i)) is about one half of the value

(I(ga))(AQ)=
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for the most singular Navarret al. profile, which gives de- Comparing Eq.(15 with Eqg. (11), we realize that in a

tectabley-ray lines for a relevant portion of MSSM models. scenario with many small clumps the angular dependence of
The clump in our example might therefore be a verythe signal is different from the one in the smooth halo sce-

bright dark matter source, and a signal from neutralino anninario. This is illustrated in Fig. 1 for two different halo mod-

hilation into monochromatic photons in its direction could els, picking as an examples=20: a Navarroet al. profile

potentially be detected with an Air Cherenkov TelescopdEq. (1) with («,8,7)=(1,2,1) and, in our exampley,

(ACT). In practice, the probability is small of detecting such =0.3 GeV/ci, a=9 kpc] and a modified isothermal

a signal randomly pointing an instrument with a small angusphere [Eq. (1) with (a,8,v)=(2,2,0), pg

lar acceptance. It might be of some help to combine ground=0.3 GeV/cri, a=3.5 kpd. The parametef § mainly

and satellite-based observations. A satellite detector, whicletermines the relative importance of the smooth and clumpy

has a wide field of view but also a much smaller effectivecomponents. An interesting feature, shown in the figure for

area with respect to an ACT, may search in the continuunthe Navarroet al. profile, is a possible break in the angular

y-ray spectrum for brighter spots in the sky which have nospectrum. This could be a possible signature to discriminate

luminous counterpart. Such signals might then be identifiedhe signal from neutralino annihilations into continuumn

as clumps of dark matter if one would detect with an ACT rays from the galactig-ray background, and may be indeed

the y-ray lines from neutralino annihilations. For such asuggested by a recent analysis of EGRET dlafd.

method to be practical, higher overdensitié&smay be We are now ready to give predictions for theray flux

needed. It should also be kept in mind that Ep) gives just  from neutralino annihilations. To minimize the impact of the

a qualitative feature of the possible result; the possibility fornalo model and of experimental uncertainties, we concen-

the nearest clump of being much further away or a morerate on the flux at high latitudey>60° and 0%/

realistic density profile may change that result by orders 0k360°(A2=0.84 sr), rather than considering the flux to-

magnitude. wards the galactic center which as shown in Fig. 1 is maxi-
Much firmer predictions may be formulated in the manymal. The modified isothermal profile of Fig. 1 gives

small clumps scenario; in this case we assume that most of

the clumps cannot be resolved even by a detector with 43(90°))S™°°0.84 sj+(J(90°))MP{0.84 s

rather small angular acceptance, say abb~10 3 sr.

There might still be some clumps which are resolvable just =0.931+1.81). (16)

because they happen to be nearby and these should be treated = .

as in the previous case. For simplicity we have made the reasonable assumption that

From Eq.(3), the probability for a clump of being at a line 1S 2sma|l. If that is not true we have to replace 1 by (1
of sight distance I(,L +dL), a viewing angle defined by —f)*in the above equatiofas well as Eq(21) below]. The
(cosy, cosy+dcosy) and at some azimuthal angle with re- analogous estimates with any of the halo models considered

spect to the direction of the galactic centef, (-+dd) is in Ref.[12] are within a factor of 2 of the value given in Eq.
gR/en by g @ (¢+dg) (16). There is therefore a very weak halo model dependence

in these results. In Fig.(&ft) we plot the integrated/-ray
1 flux above the energy thresholg,=1 GeV for our set of
Pa(L,¢)dLdcosydp= M—P(L,l/f)l-zd Ldcosydé. MSSM models in the smooth halo scenario. Also shown in
n (13 the figure is the correspondingray flux measured by the
energetic gamma ray experiment telescép&RET) as in-
Assuming that the clumps can be regarded as pointlikéerred from the analysis in Ref30]:
sources, we can derive the analog of Ef) (as in the latter

we factorize out 1/4): ¢ (E>1 GeV)=(1.0+0.2x10 ° cm 2 st srt.
17
(J())(AQ)
1 N We can compare with this value to obtain a constraint on the
-~ C'f rf dLpy(L,y") allowed values of the paramet&é. It is, however, useful to
8.5 kpcAQ Jaq line of sight ¢ analyze this together with the analogous constraint we can

derive in the scenario of many small clumps from neutralino

pare) annihilations into cosmic ray antiprotons.

x— | d¥ry| —" | 14
L2 °'<o.3 GeVient (19

. . . . B. Antiprotons
Taking Egs.(2) and(13) into account, this can be rewritten

as Neutralino annihilations of relic neutralinos in the galaxy

may produce cosmic ray antiprotofsee Ref[1], and refer-
f ences therein, and Refd.0,31)) mainly from jets, in a pro-
AQ

cess which is analogous to the case of continyurays. To

model the fragmentation process and extract information on

the number and energy spectrum of the antiprotons produced
. (15  we have again used the Lund Monte Carlo programHiA

6.115 and applied the same tabulation technique as for the

1 fo Po
) (AD)~o— kpcAQ| 0.3 Gev/end

X f dL
line of sight

p(L,¢")
0.3 GeV/cm
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FIG. 2. The signal of(left) continuum gamma angight) antiprotons versus the neutralino mass. Only models with @:@2;112
< 0.5 have been included in this and the following figures.

production of photons. Including the same set of final statetow value of the kinetic energy, where the “trivial” antipro-
and treating the Higgs bosons in the same way, for any giveton flux generated by cosmic-ray reactions in the interstellar
MSSM model we can then obtain the energy spectrum ofmedium is believed to be less dominant. B=400 MeV

antiproton dark matter sources. the result found by BESS is
If we assume a smooth distribution of weakly interacting

massive particle§WIMPs) in the galaxy, the production rate ®,(T=400 MeV)= 1.4f8:2

of antiprotons in the volume elemedtx at the galactic po- = . L

sition X is given by X107%p cm™“ s7° st GeV' . (20)
AR (X 21\ 2 dNE In Fig. 2(b) we compare this value with the predictions for

sm(X) 3 p(X) P 43 . . s . .
a1 9% ™ v(rpﬁd X, (18 antiprotons from neutralino annihilations in a smooth halo
x/ F scenarigi.e., the source given as in E¢L8)] at the same

. I . : energy, using for the diffusion model the same set of param-
whereT is the kinetic energy of the antiprotons. We will not eters as in Ref{31], considering appropriate values of the

discuss here the few-clumps scenario as those predictions aBlar modulation parameters and picking as halo profile the

extremely sensitive to the parameters which define tr."la*nodified isothermal distribution. It is indeed tempting to

modgl. We fpcu; instead on the many small clumps SCeNanQ.,nclude that some of our models are already excluded by
treating again single clumps as pointlike sources. In this Cas§ . BESS measurement. However. one has to keep in mind

we find the big uncertainties involved, mainly in the antiproton
- dNE propagation; for instance it is not clear how large a fraction
dRa(x) d3x=N (;)j d3r 2(7)2 voe—Pd3x of antiprotons generated in the halo can penetrate the wind of
dT of Pel olPelllell o VIFTGT cosmic rays leaving the digid2]. We introduce in the flux

. predictions a rescaling fact@rwhich contains the uncertain-
pop(X) D 3 ties deriving from the choice of the parameters which define
:mvg LOF ﬁd X. 19 the propagation model considered and from possible devia-
X tions from this simple approach.

It is not straightforward to simulate the propagation of & consider now the many small clumps scenario. The
charged particles in the galaxy. Different models have beeRroduction rate of antiprotons in this case is given by Eq.
proposed, and no consensus has been established yet. W& the strength of the signal compared to the smooth case
present results in the limit in which the propagation is mod-'S @gdain mainly determined by the produts. At T
eled by pure diffusion, using the analytic solution derived in=400 MeV and for the same halo profile considered above,
Ref.[31] to which we refer for further details. we find

The BESS Collaboratiof33] has in a recent measure- smooth
ment of cosmic ray antiprotons found that the spectrum for Pp=k(1+0.75 5P (21)
the antiproton flux versus the kinetic energyis consistent
with being flat forT in the range between 180 MeV and 1.4 We have checked that the coefficient 0.75 depends very
GeV. We consider the value of the measured flux at somaveakly on the halo profile considered and BrA conserva-

F
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FIG. 3. The maximal rescaling allowed by the present limits on the antiproton flux and the continuum gamma ray flux.

tive limit on the clumpiness parametéb can be obtained clumpiness parametdss, in the next section we analyze the
choosing the uncertainty factéras

ke[0.2,5].

(22

We consider a value of§ excluded if the whole range of
possible antiproton fluxes given by Eq21) and (22) ex-
ceeds the measured value, E20).

C. Determining the clumpiness factorf &

consequences of this result for other indirect detection meth-
ods of neutralino dark matter.

V. OTHER DETECTION METHODS

In this section we consider the many small clumps sce-
nario with the highest possible value 66 as given in the
previous section and investigate what effect that has on other
dark matter searches. We fix again as smooth halo distribu-
tion to compare with the modified isothermal distribution,

We have shown that in the many small clumps scenari€d. (1) with (a,8,%)=(2,2,0), po=0.3 GeVcm?, a

=3.5 kpc, andRy=8.5 kpc.

the signals from dark matter annihilations injorays and
antiprotons depend critically on the clumpiness parameter
f 8. Focusing on the MSSM, we use the rescalings derived in
Egs. (16) and (21) to determine for each supersymmetric

A. Monochromatic y-ray lines

model the maximal value of§ for which the experimental

constraints on the fluxes of continuum photons and antipro-

tons are not violated. This is shown in FidleSt), where the

maximal rescaling is given versus the neutralino mass, and S
where we use different symbols to indicate which of the two & 10 6
bounds is more restrictive. As can be seen, the antiproton =,
flux puts the highest constraints on the clumpiness at low -

As we have seen, the same scaling applies to the con-
tinuum and the liney-ray signals, it is therefore straightfor-

masses, whereas the continuum gammas put better con-
straints at higher masses. We see that the present experimen-
tal limits constrainf §<10° for all masses.

As shown in Fig. 4, the two signals are strongly correlated
since they are both produced from jets. In this sense the
information we get from the two experimental limits is not
entirely complementary. At higher masses, both fluxes go
down since they are both proportional thIi/, but the cor-
relation also decreases since the antiproton fluxes are only
given in a small energy interval while the gamma ray fluxes
are integrated above a threshold. Hence the antiproton flux in
a given low energy interval decreases more than the gamma

-5
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ray flux as we go to higher neutralino masses. In Figg8t)
we analyze how restrictive one detection method is com-

pared to the other. Having derived for each of the MSSM FIG. 4. The antiproton flux versus the continuwnflux for a

models in our sample the maximal allowed value for thesmooth halo.
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FIG. 5. The number of expected photons in 0.84 sr towhrd90° collected in 4 years frortieft) the 2y and(right) the Zy final states.
The expected & limit from the GLAST detector is also shown.

ward to derive the maximal fluxes of monochromatic pho-neutrino with a hard neutrino spectrum, which may facilitate
tons from neutralino annihilations. We perform this analysisdetection in neutrino telescopes.

in light of the potential of the next generation of satellite- This flux would scale in exactly the same way as the
based y-ray detectors, and in particular of the proposedgamma flux in the presence of clumps and with future
gamma-ray large area space telescoBeAST) [34]. To O (km®) neutrino telescopes, the diffuse neutrinos might
prevent uncertainties due to the choice of the dark matteprove more constraining than antiprotons and continytsn
halo profile to play any role in the following discussion, we at high massegseveral hundred GeV — TeV regiowhere

fix again as field of view a 0.84 sr cone in the direction e rescaling can be high 6> 10°).

=90°. In the actual experiment the detector will collect data  The flux has been calculated in essentially the same way
with a 4w sr angular acceptance; as for most halo profileS,g ¢4 neytralino annihilation in the Sun or Eafgg] with

the ratio signal to squared root of the background is greath{he help of the Lund Monte Carlo progra»eTHIA 6.115 The

enhanced towards the galactic center, the predictions W8n|y difference is that some annihilation products will decay

show are an underestimate of the possible results. nd produce neutrinos in the halo, whereas they are stopped
Taking into account the screening of the earth, the usef gnd p . ' y bp
efore they decay in the Sun or Earth.

geometrical acceptance of GLAST towards a fixed point o The neutrino-induced muon flux from neutralino annihi-

the sky in a 0.84 sr cone is 0.212nsr [35]; the energy o . R
resolution is assumed to be 1.5%. We display in Fig. 5 théag'o\';ls 'lnog SGm?/OIE hr";lo ';5 a&?Utv}i?r;Jih kmtm yr h fir back
number of expecteds in 4 years of exposure time when the groour?d of agoﬁt 35(%" Er‘nz ?/r‘l sr‘? ?/ertci):;gllye ;ndac )
fluxes have been maximally rescaled according to Fig. 330 000 km2 yr-1 sr! horizontally [36] for this thresh-

Also shown is the curve giving the minimum number of T .
events needed to observe gn ef?ect at thdével. where. in old. To be able to distinguish the signal from the background
' ' e have to rescale the fluxes by the allowed clumpiness fac-

lack of data, we have assumed above 1 GeV a 2.7 power la ; . - ;
or derived in the previous section and we also have to make

falloff for the diffuse y-ray background and inferred its nor- use of the fact that the signal is enhanced towards the center

malization from Ref[30]. As can be seen, a fair fraction of 9 the galaxy. Note that we cannot avoid the halo profile
our set of supersymmetric models can be probed under the(fependence by looking at high latitudés for the gamma

circumstances. Remember that the number of photons give ; ,
in Fig. 5 is towardsh=90° and, depending on halo profile, rays since we have to beat the atmospheric background. We

we expect more events towards the galactic center, with ghus haV(_a to compare the flux in 'ghe d_|rect|on of the ga!actlc
center with that in some other directide.g., the opposite

L?rrg];édportlon of the MSSM parameter space which might bedirectior’b and look for an enhancement. The atmospheric

' background has a zenith angle dependence, but since the
Earth rotates, it is possible to view both the galactic center
and other directions with the same zenith anglaith re-

A possibility to get a detectable neutrino flux from WIMP spect to the Earth’s atmosphef@nd hence keeping the at-

annihilations which has rarely been considered in the literamospheric background constant
ture is neutrinos from annihilation in the galactic halo. Of The best prospects are probably given by large-area neu-
particular importance igcy—W* W™, since theW bosons trino telescopes with relatively high detection thresholds. We

decay in 10 % of the cases directly to a muon plus a muorgan imagine measuring the flux in a solid angl® towards

B. Diffuse neutrinos
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FIG. 6. The difference of the diffuse neutrino flux towards the |G, 7. The positron fluxes rescaled maximally as allowed by
galactic center to that to the antigalactic center. The fluxes are a\ne antiproton and continuum fluxes. The 1994 HEAT measure-

eraged over 2.5 sr which maximizes signal to noise and they argent at 10 GeV[38] is shown together with the Strore al. [41]
rescaled maximally as allowed by the antiproton and contingum Prediction for the background at this energy.

fluxes. The limits are for a neutrino telescope with an exposure o

10 kn? yr. remove the backgrounds but keep the signal enhancement

high should be possible.

the galactic center and compare with the flux in the same
solid angle in the opposite direction. The limit we can put on )
the flux is at the & level approximately given by C. Positrons

S From neutralino annihilation in the halo we would also
oy 01 [ Ppkg get a flux of positrons which might be detected by satellite
[©,(0%) =P, (1807 Jimit=3 EAQY @3 [37] or high-flying balloon experiment38]. The propaga-
tion of positrons is a more difficult issue than for antiprotons
since positrons are so easily deflected and destroyed. We
have calculated the positron fluxes usimgrHIA 6.115 [27]

and have used the propagation model in R8€] with an

o . . : energy dependent escape tif@emore detailed investigation
=1.09. In Fig. 6 we show the difference of the diffuse neu-ic in preparatiori40]). In Fig. 7 we show the positron fluxes

trjno ﬂux towards the galactic center to that in the OppOSite\/ersus the neutralino mass when they have been rescaled
direction for a muon energy threshold of 100 GeV. Also

- . ith the maximalf 6 allowed by the antiproton and the con-
shown are the limits that can be reached with an exposure C\E?{nuum gamma fluxes. We compare with the measurement by

10 kn? yr. For different exposures, t_he limits change aSthe HEAT experimen{38] at 10 GeV. Also shown is the
the square root of the exposure. If we Increase the.thr.eShOI&ediction of the background at this energy as given in Ref.
Lrprrr: 100 GeV, \g/e cI:an gan a sma:::! factor in sensitivity at[49] "1t would seem that the positrons put more stringent
Igher Masses, .Ut ose at mterme. |at_e masses. - bounds onfé than the antiprotons and continuugis at
An ideal neutrino detector for this signal would view the higher masses. The positron fluxes are, however, even more

galactic i:en'ger thro_ugh the center of the Ee(rtda., it should ._uncertain than the antiproton fluxes and can easily be wrong
be at 29° latitudg since then the atmospheric background 'Sby a factor of 10. Hence we cannot use the positrons to

minimal. The strength of the signal of course depends on th'(?onstrainfé further, but we see that we might be able to get
halo profile, but it is more likely that the halo profile is measurable quxes’

steeper towards the galactic center than the isothermal sphere
and hence the signal is even bigger then envisioned here. We
might have to worry about other sources of high-energy neu-
trinos at the galactic center, such as neutrinos from the black For the direct rates, we have used the procedures in Ref.
hole believed to exist in the center or the flux of neutrinos[22]. Since these rates only depend on the local halo density
from cosmic ray interactions with the interstellar medium.at present, they will as expected not put any severe con-
These other sources can probably be removed by not lookingfraints on the clumpiness of the halo as a whole. They will
at the very center of the galaxy or at very low galactic lati-of course be much enhanced if we happen to be inside a
tudes. The extension of the dark halo is believed to be biggetlump at present. As with the neutrinos from neutralino an-
than the extension of these possible backgrounds so a cut tohilation in the Sun or Earth we can, however, have corre-

wheref is the exposure. For the modified isothermal sphere
it turns out the best limits are obtained wik{)=2.5 sr, for
which we obtain(J(0°))(AQ)=4.16 and(J(180°))(AQ)

D. Direct detection
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lations between these signals and the signals giving jpigh We have also investigated what the detection prospects

y fluxes. These correlations are not very strong, however. Would be for other dark matter searches in this clumpy sce-
nario, where the maximal rescaling is given by the limits on

the antiproton and continuum fluxes. We have found that
) . o the fluxes of monochromatig lines from halo annihilation
Neutrinos are produced in the annihilations through thgnio theZy and 2y final states can be enhanced enough to be
decays of quarks, leptons, and gauge bosons produced in thgep, by upcoming experiments such as GLAST. We have
primary annihilation process. During the several billion yearsy|so found that the flux of positrons from neutralino annihi-
the Earth and Sun have existed, there may have been a sytion in the halo gets high enough to even exceed the current
stantial accumulation of neutralinos due to capture, i.e., scafimits from the HEAT experiment. The uncertainties for the
tering and subsequent gravitational trapping. _ positron flux are particularly large, however, and at present
The fluxes of neutrino-induced muons from neutralino anye can merely conclude that it is possible to obtain measur-
nihilation in the Earth or Sun are mostly determined by thegpe fluxes of positrons. The rarely mentioned diffuse neu-
capture rates, which in turn depend on the local halo densitying flux from neutralino annihilation in the halo can, for
They are thus insensitive to different halo profiles; if the ha|0heavy neutralinos, be boosted enough to show a detectable
is clumped, there can, however, be fluctuations in the capturgifference in flux towards the galactic center and the galactic
rates by time, but on the average we will capture the samgnticenter.
amount of neutralinos as without clumps. The amount of i ig reassuring that new detectors, such as GLAST for
these fluctuations in capture rate and consequently in annih'gamma rays and AMS for antiprotons, will obtain more
lation rate depends on the time between encounters, the Sié?ringent bounds on the clumpiness of the Milky Way halo.
of the clumpsr and their overdensitys. For the small-  of course, finding evidence for neutralino annihilations in

clumps scenario these fluctuations are expected to be smajhe halo would be one of the most important scientific dis-
Since these rates do not depend strongly on the clumpinggyeries of our time.

they will not put better constraints on the clumpiness than
the antiproton fluxes or the continuumis. ACKNOWLEDGMENTS
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