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Indirect detection of dark matter in km-size neutrino telescopes
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Neutrino telescopes of kilometer size are currently being planned. They will be two or three orders of
magnitude bigger than presently operating detectors, but they will have a much higher muon energy threshold.
We discuss the trade-off between area and energy threshold for indirect detection of neutralino dark matter
captured in the Sun and in the Earth and annihilating into high energy neutrinos. We also study the effect of a
higher threshold on the complementarity of different searches for supersymmetric dark matter.
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PACS numbgs): 95.35:+d, 14.60.Lm, 14.80.Ly

[. INTRODUCTION or the Earth where they annihilate into ordinary particles:
leptons, quarks, gluons and—depending on their mass—
Neutrino astrophysics will soon enter a new experimentaHiggs and gauge bosons. Because of absorption in the solar
era. With the demonstration by the Antarctic Muon and Neu-Or terrestrial medium, only neutrinos are capable of escaping
trino Detector Array(AMANDA ) Collaboration[1] of the  to the surface. Neutralinos do not annihilate into neutrinos
possibility to instrument and successfully deploy kilometer-directly, but energetic neutrinos may be produced via had-
long strings with optical modules to 2300 m depth in the iceronization and/or decay of the direct annihilation products.
cap at the Amundsen-Scott South Pole station, the road to Bhese energetic neutrinos may be discovered by terrestrial
km® detector lies open. At the same time, endeavors are urfleutrino detectors. . .
derway [2—4] to prove the possibility of also deploying a !N a previous wqu{g], we considered neutrino telescopes
large neutrino detector in the deep ocdasa, a couple of Of the presently existing typesuch as Baksan, MACRO and
years after the termination of the heroic, but not successfuSuper-Kamiokande They have a densely instrumented sen-
attempt by the Deep Underground Muon and Neutrino DeSitive volume, which means that the energy threshold for
tector (DUMAND) Collaboration[5]. neutrino-induced muons is quite low, on the order of a GeV
Given the fact that such large detectors are likely to bedr even lessa low threshold was also assumed 10]). On
built in the not too distant future, it appears timely to inves-the other hand their effective area is small, no more than
tigate various sources of neutrino signals. Here we will onlyabout 1000 i The new detectors will have much larger
discuss one very special source, neutrino-induced higharea but also higher energy threshold, which motivates a sec-
energy muons pointing back towards the center of the EartRnd look at this problem. o .
or the Sun. If seen, such a signal would most likely constitute We have improved our analysis in several important ways
the indirect detection of weakly interacting massive darksince[9]: we have an order of magnitude larger sample of

matter particles(WIMPs), of which supersymmetric par- allowed supersymmetric models; we have updated the ex-
ticles, neutralinos are theoretically the most motivafeda  Perimental and other bounds which define which models are

thorough review, sef6] and references thergin allowed; in the calculation of relic density of neutralinos we
Supersymmetric neutralinos with masses in the GeV_Te\have incorporatEd the effects of coannihilations as recently

range are among the leading non-baryonic candidates for tf@mputed in11,12.

dark matter in our galactic halo. One of the most promising

methods for the discovery of neutralinos in the halo is via

observation of energetic neutrinos from their annihilation in

the Sun[7] and/or the Eartii8]. Through elastic scattering

with the atomic nuclei in the Sun or the Earth, a neutralino The new generation of much larger neutrino telescopes,

from the halo can lose enough energy to become gravitationitilizing large volumes of natural watdice), will have a

ally trapped. Trapped neutralinos sink to the core of the Sumuch more sparse instrumentation, with of the order of 100
meters between the individual strings of optical modules and
some 20 m spacing between the modules on a string. To get

. MUON ENERGY THRESHOLD OF LARGE
DETECTORS

*Email address: |be@physto.se a useful trigger for upgoing events, needed to suppress the
"Email address: edsjo@cfpa.berkeley.edu background from downward-going muons generated by cos-
*Email address: gondolo@mppmu.mpg.de mic rays in the atmosphere, several modules on several
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TABLE I. The overall ranges of parameter values in our scans of the MSSM parameter space. Note that
we perform several special scans aimed at interesting regions of the parameter space. In total we generate
about 82000 models that are not excluded by accelerator searches.

Parameter i M, tang Mgy my A,mg A, /my
unit (GeV) (GeV) 1 (GeV) (GeV) 1 1
Min —50000 —50000 1.0 0 100 -3 -3
Max 50000 50000 60.0 10000 30000 3 3

strings need to register Cherenkov photons within somenating the trade-off between energy threshold and signal
specified time window. From the relative timing of the sig- strength in situations like this, by combining our results for
nals in the modules hit, the trajectory of the muon can beates with detector-specific effective reconstructed areas for
reconstructed within a few degreéfepending, among other various thresholds.
things, on the energy We will focus on the fluxes of neutrino-induced muons in
Since a minimum-ionizing muon loses on the order of 2.6units of km 2yr~*. The conversion to an event rate by mul-
MeV per centimeter traveledn water or icg, a horizontal tiplying by an effective area is only correct for a thin detec-
track between two strings can only be generated by a muotor. With detectors of a volumé&(km®), the thin approxi-
of energy 25 GeV or higher. Of course, the reconstructiomrmation is only valid for muon energies above a few hundred
efficiency as a function of energy has to be computed for &eV. Below that, the contained event rate will be higher than
specific detector through a detailed Monte Carlo simulationthe event rate of impinging muons. To take this into account
Results based on a very preliminary analysis of AMANDA in detail requires a full detector simulation, which is outside
4-string data[13] indicate, however, that below a certain the scope of this paper. We will thus focus on the muon flux
energy the efficiency drops very rapidly and can for our purimpinging on the detector and show an example of how the
poses be replaced by a step function in muon energy. In thisvent rate changes for contained events.
paper, we will consider thresholds of 1, 10, 25, 50 and 100
GeV. Hopefully, the new detectors will be designed such that
the threshold does not go too much above 25 GeV, but for
completeness we also treat higher values. As we will show, We work in the same minimal supersymmetric standard
for the dark matter detection capability a low threshold is anmodel with seven parameters used in Rgf%,9,11,16, 1¥
important design criterion to be kept in mind when planningln particular, we keep a very general set of models imposing
the new neutrino telescopes. no restrictions from supergravity other than gaugino mass
If the neutralino mass is above the threshold energy by anification. The minimal supersymmetric standard model
fair amount, not too many events are lost by increasing théMSSM) parameters we use are the Higgsino mass parameter
energy threshold. This is because the detection rate is deteg; the gaugino mass paramefdr,, the ratio of the Higgs
mined by the second moment of the neutrino endigye  vacuum expectation values t@nthe mass of theC P-odd
power of energy because of the rise of the neutrino croskliggs boson,m,, the scalar mass parameter, and the
section, and one power because of the increasing muon patlilinear soft SUSY-breaking parametefg and A, for the
length. So the most energetic muons dominate the rate. Ahird generation. For a more detailed definition of the param-
higher threshold may even be more advantageous than thisters and a full set of Feynman rules, $&8,12.
because it also reduces the background from atmospheric We make extensive scans of the model parameter space,
neutrinos. Thus, a detailed analysis needs a full simulation afome general and some specialized to interesting regions. In
both the signal and the background, including the angulatotal we make 18 different scans of the parameter space.
acceptance window and angular resolution, as done in RelMost scans are logarithmic in the mass parameters and in
[14] for a low threshold. We will, however, mainly be con- tang; some are logarithmic in the more physical parameters
cerned with the effects on the signal of an increased threshm andZ,/(1—Z,) (wherem, is the neutralino mass a
old, postponing a more detailed analysis to the future, whels the gaugino fraction of the neutralindrable | lists the
more details are known about actual detectors. overall sampled range of the seven MSSM parameters, all
It should be noted that to some extent the threshold enscans combined.
ergy can be lowered at the expense of decreasing the effec- For each generated model, we check if it is excluded by
tive reconstructed area of the type of neutrino detectors preshe most recent accelerator constraints. The most important
ently being discussed. For instance, when searching fasnes are the CERe*e™ collider LEP boundg18] on the
vertically upward-going tracks from the center of the Earth,lightest chargino mass,
it may be enough to demand 3 consecutive close (aits

lll. SET OF SUPERSYMMETRIC MODELS

defined by signal strengtton a single string. This selects 91 GeV |mX+—mXo|>4 GeV,
tracks that move almost vertically near one string with an m,+> o (1)
energy threshold of not much more than 10 GeV. However, '[85 GeV otherwise

this obviously brings down the effective area by a substantial
amount. We hope that our analysis will be useful when estiand the lightest Higgs boson MasE;0 [which range from
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72.2-88.0 GeV depending on sBia) with « being the obtain the neutrino-induced muon flux for any given MSSM

Higgs mixing anglé and the constrains from— sy [19]. model.
For each model allowed by current accelerator constraint
we calculate the relic density of neutralinGgh?, whereQ), A. Backgrounds and signal extraction

is the density in units of the critical density and the present
Hubble parameter is 1060km s * Mpc™t. We use the for-
malism of Ref.[20] for resonant annihilations and threshold
effects, keeping finite widths of unstable particles, including
all two-body tree-level annihilation channels of neutralinos.
A major new improvement compared 18] is that coannihi-
lations are included in the relic density calculations accord
ing to the analysis of Edsjand Gondold11].

Present observations favore= 0.6+ 0.1, and a total matter

The most severe background when looking for neutrinos
from neutralino annihilation in the Sun or Earth is the atmo-
spheric background produced by cosmic rays hitting the
Earth’s atmospherg24]. For the Sun, there is also a back-
ground from cosmic ray interactions in the J@%] which is
small but irreduciblgat least as long as energy is not mea-
sured.

Even though the energy and angular dependence of the
density 0,,=0.3+0.1, of which baryons may contribute atmospheric bz_ickground and of the signal are very differe_nt,

we can essentially only make use of the angular information

0.02 to 0.08[21]. Not to be overly restrictive, we accept with present designs of neutrino telescopes, which have very
2 1 1
Q,h% in the range 0.025 to 0.5. The lower bound is some-

what arbitrary as there may be several different component%Oor energy resolution. One way to search for an excess of
neutrinos from the Sun or Earth is to compare the measured

of non-baryonic dark matter, but we require that neutralinosﬂux in an angular cone with half-aperture anglgowards

are at Iegst as abundant as to make up most of the dark hal se center of the Sun or Earth with the expected background
of galaxies. f

For each allowed model, we compute the different direct rom atmospheric neutrinos in this cone. The angjtean be

and indirect detection rates. Figures 1 to 8 show our resultgetermlnecj as optllmally as possible to maximize the signal
0 background ratio. We can, however, use the knowledge

we have of the actual shape of the signal, which can be

IV. MUON FLUXES FROM NEUTRALINO parametrized as
ANNIHILATIONS o2
The capture rate in the Earth is dominated by scalar inter-dE—dsa(E, 0)= ¢ afnad M, ,E,0) +(1—-a)fsoq(m, ,E,0)],

actions, and presents kinematic enhancements whenever the )

mass of the neutralino almost matches one of the heavy ele-

ments in t.hﬁ Ezzrth. For caépturelln t.he Sun, both .ar)]('il Ny here a is a model-dependent parameter describing the

actions with hydrogen and scalar interactions with heaviet, . 4 cco of the neutrino-induced muon SPECtUffly g

elements are important. For both the Sun and the Earth WE 45 are generic hard and soft muon spectra &@dls the
use the convenient approximations availabl¢Gh soft g P

The prediction of muon rates is quite involved: we Com_normalization of the flux. A typical hard spectrum is given

pute neutralino capture rates in the Sun and the Eartl*?y th? an.nlhllatlon channéfN.*V\./ and a typical soft SPeC'
branching ratios for different annihilation channels, fragmenirum is given by the annihilation channbb. Integrating
tation functions in basic annihilation processes, interactiong§oove a given detector’s threshold, we only have three un-
of the annihilation products with the surrounding mediumknown parameterg?, a andm, . We can either fit for these
(where appropriade propagation through the solar or terres- three simultaneously or assume thaandm, are known if
trial medium, charged current cross sections and muoie have a given set of MSSM models we want to test for.
propagation in the rock, ice or water surrounding the detecWith this more detailed analysis, we can put limits that are
tor. This has been performed in the same way as in[Rf. up to a factor of two better than just using an optimal cut
Recently, Chen and Kamionkowsd2] calculated the anni- 6max. This is described in more detail in R¢fl4] and we
hilation cross section including three-body final states juswill compare our predicted fluxes with the expected discov-
below two-body final state thresholds. They concluded thagry potential for a neutrino telescope with an exposure of
in these specific regions of the parameter space, the fluxdd) knf yr (or 10 kn? yr for contained events We will for

can increase by a factor of a few when three-body final statelis purpose use theo3imits that can be obtained under the
are included. We have not included these three-body finassumption that onlys? is unknown and that the energy
states in our calculation since they do not change the overadipectrum is hard. If we loosen these assumptions the limits
picture presented here. will be up to a factor of 2—3 higher.

We simulate the hadronization and/or decay of the anni- For very high exposurest 10 kn? yr) towards the Sun,
hilation products, the neutrino interactions on the way out ofthe above limits will be too optimistic due to the background
the Sun and the neutrino interactions close to or in a detectdrom cosmic ray interactions in the Sun’s corona. This back-
with PYTHIA 6.115[23]. We treat the interactions of the ground will have about the same angular distribution as the
heavy hadrons in the center of the Sun and the Earth in aneutralino signal from the Sun, but quite different energy
approximate manner as given in R¢fl2]. We simulate distribution. With a neutrino telescope without energy reso-
1.25x 1P events for each annihilation channel and for eacHution, this background will put a lower limit on how small
of a set of 18 different neutralino masses. We then interpofluxes we can probe from the Sun. The background fluxes are
late in these tables and let Higgs bosons decay in flight tabout 20, 13, 11, 8.6 and 6.6 muons¥nyr—* for muon
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FIG. 1. The muon fluxes versus the neutralino mass for annihilation in the Earth. The muon energy thregdlddsV and(b) 25
GeV. The horizontal line is iifa) the current limit from Baksafi26] and in(b) the best limit that can be reached with a neutrino telescope
with an exposure of 10 kfryr. Models already excluded by direct detection experiments are shown with circles and models that will be
explored with a factor of 10 increase in sensitivity are shown with plus signs. Models not reachable with a factor of 10 increase in sensitivity
are shown with crosses.

energy thresholds of 1, 10, 25, 50 and 100 GeV respectivelycorresponding result from the Sun. The present bounds from
For contained events the corresponding numbers are 724, 7fhe Baksan detect26] are indicated by the almost horizon-
31, 16 and 8.0 muons kmyr—*. We will show these back- tal lines. The limits from the MACR(27] detector are simi-

ground fluxes in the figures for the Sun.

B. Dependence on energy threshold

We start by giving the results for a threshold of 1 GeV, to

make contact with our previous analydi8]. (Of course,

these results are highly relevant for present and planned ne

trino detectors with low energy thresholdrigure 1a) shows

the Earth as a function of neutralino mass, and Fig) the
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lar and not shown in the figure. Some models giving the
highest rates are excluded under our assumptions, but we
prefer to keep them in the plots, since the bounds are not

completely watertight. For instance, they depend on the local
halo density which may be uncertain by at least a factor of 2
&qlepending, among other things, on the degree of flattening

of the Milky Way halo[28]). In these figures we also show

the muon flux above 1 GeV from neutralino annihilation in With different symbols which models that are presently ex-
cluded by direct detection experiments, as well as those that

Muon flux from the Sun (km? yr™)
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FIG. 2. The same as Fig. 1, but for neutralino annihilation in the Sutb)lthe best limits with an exposure of 10 kyr are given for
horizontal and vertical background respectively. The expected background from cosmic ray interactions in the Sun is also shown. Models
already excluded by direct detection experiments are shown with circles and models that will be explored with a factor of 10 increase in
sensitivity are shown with plus signs. Models not reachable with a factor of 10 increase in sensitivity are shown with crosses.
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FIG. 3. The ratio of the muon fluxes with a thresholdli)j‘ to those with a threshold of 1 GeV @) the Earth andb) the Sun versus
the neutralino mass. For each given threshold, a band of allowed ratios is given.

can be explored with a factor of 10 increase in sensitivity ofwe would expect the event rates for contained evéings

the direct detection experimentsee next subsection for a tracks starting inside the deteckdo be high also for masses
below a few hundred GeV. In Fig. 4 we show the contained

discussion of this
Many of the main features displayed in Figga)land event rates for a muon energy threshold of 25 GeV. We
2(a), valid for a muon detection threshold of 1 GeV, remainclearly see that we can gain at least an order of magnitude at

essentially unchanged when increasing the muon detectidow masses. We should however keep in mind that the back-
threshold. As an example of a probably realistic threshold ofjround rate also increases and in the figure we show the best
a km-size neutrino telescope, we choose 25 GeV. In Figs3o- limits that can be obtained with an exposure of
1(b) and 2b) we show the muon fluxes versus the neutralino10 knt yr. Comparing with Figs. (b) and 2b), we see that
mass for a threshold of 25 GeV. We also show the best limitbelow about 300 GeV, the contained events are expected to
obtainable with an exposure of 10 kyr, and for the Sun, be better than the impinging fluxes. With fully contained
the background from cosmic ray interactions in the Sun’svents(i.e. tracks both starting and ending inside the detec-
corona. Note that for high masses, there is no need to gtr) it would be possible to get some information on the
above an exposure of about 10 kym towards the Surfun-  muon energy from the track length which would make it
less the detector has good energy resolutéire to the irre-  possible to gain up to a factor of two in sensitivity. A de-
ducible background from the Sun’s corona. For lowertailed study of this requires a detailed detector simulation.

masses, the corresponding exposure would Bek yr.
In Fig. 3 we show the ratio of the muon flux with different V. COMPARISON WITH OTHER SIGNALS

thresholdaEZ1 to those with a threshold of 1 GeV. The width ) ) ) ,
of the bands reflects the different degrees of softness of the We dlsquss here if the complementarity between high en-

neutrino spectra for a given neutralino mass. The softer thE"9Y neutrino searches from the S_un or E"mh and other neu-
neutrino spectrum, the more we lose by increasing thdralino dark matter searches persists at high energy thresh-

threshold. In the case of the Sun, we see that there is alwaﬂds'

a loss even at the highest masses. This is due to the absorp-
tion of neutrinos in the interior of the Sun, which softens the . .
A. Direct detection

neutrino spectra. When the threshold exceeds 100 GeV, at
least half of the signal from the Sun is lost whatever the The uncertainties in the capture rates governing the muon
neutralino mass. flux enter in a similar way in the calculation of the rates of
As an example, if the neutralino mass were 200 GeVdirect detectior(in particular, the local halo density plays the
increasing the threshold from 1 to 100 GeV could decreassame rolg Therefore, it is meaningful to make a comparison
the signal by a factor of between 10 and 1000. Figure $etween indirect and direct detectif@9]. To illustrate this
includes spectra from all MSSM models we generdtedis  point, we show in Figs. 1, 2 with circles which models are
not a soft or hard approximatignOn the other hand, if the presently ruled out by the most sensitive direct detection
threshold can be kept at 25 GeV or below, we see that on thexperiments, the DAMA dark matter searfB0] and the
average only a factor of 2—3 is lost for a 200 GeV neutralinoGotthard Ge experimenit31]. With plus signs we show
from either the Sun or the Earth. It is thus highly desirable towvhich models it should be possible to probe with a factor of
keep the threshold as low as possible to keep the signal highO increase in sensitivity of the direct detection experiments
The above discussion is true for fluxes impinging on aand with crosses the models that cannot be probed by a fac-

thin detector. However, fof)(1 km® neutrino telescopes, tor of 10 increase in sensitivity. Most of the models ex-

103519-5



LARS BERGSTR®, JOAKIM EDSJQ AND PAOLO GONDOLO PHYSICAL REVIEW D58 103519

'y
(=]
~

107

—_— E — T T T — T T —T T TTTTE — E T T T L B | T T TTTTH
- E E E 3
T E th 3 D F 3
- F E =25GeV 3 = F 3 im 3
5 6[ o G > gl [ 1 s 106__ 3o limlts, 10 km® yr °°s|>°s| 3
E 'SI SI E| E i fim lim | §
® B E © E horizontal ° + og'> 0g >0.10g" | 3
5 Sl Sl Sl el 51 " e} lim A
£ 10°%F| < odotpsog o ° E 1% - vertical oop | 0TofYoy |
E E xX o 0 3
e E et E XXXX 0000 & 0BHO+ 3
F r XXXXXXBOD+OB++8+++ th A
£ 10 ar 2980998 © c 10 ar XXKXXXBRLA LT LI+ + E =25GeV _]
T E o0 0o O+ +80 = E XXUXXBEKK+++++++++ E|
E + + 0 “odet+ + + 7] E XXXBXHEKKNKEHK T Kt +++ 3
(] £ + & +0 o @ E K X B K KKK KKK KK KKK K X XK |
w 3 * + + +++ +Oo+@++ 3 xxxm«x*xxm«xxxxxxxxxxxxx
10° Xk it T4 e e o 10°: XHKK KK KF XX XXX XK X XXX K -
o E XK+ o+ r= E fotdebidelndaiolaodiligolaoiid Biiot 3
E KXX++++ bt -— F KKK OO XX XXX XX 3
= 2F XXX KA+ +++++ bbbttt 25 KK XX XXX KX X XXX XX XXX X 4
- 10 - XXKAK + + E 10 e HKEXKX XXX KHKXK KK XXX XK XEX XX XXX —
E . LK SXrxt E Sun OSRRR KA % E
E E SERERSE 3o limit <) E.oun___ . ERAREXY o =
E XX KK XKHK KK XK K+ + + K bt F bkg RXX
o jiodgtoieldsiaveiidomaiidod T ey - XXX
> 10 AXKXK KR KA ASHKR A XXX EX KRN X 10 km® 10 = XX %X
. E fehicoiceiolidsoldndoliia i m"yr Q E %
E XXXXXXXX XXX KX XX K LK X — E x
Q F XXX RKXXKX XKL X XK XK XKXXX KX © r
- 1 L XXXXXKXXXXELXLXRKXKRK XX b 1 e
© E XXXXXXKXXXHKLXRRKIXRK KX E
g E XXX XX XXX XRXXKAKKKXAK XNAAX c 1E
1E XXXXX KX XX KAKKXXXHK K XX x -1F
c XXXXXXKXXKXK XK XRXXXKXH XXX X =]
10 = XEXXXKX XXXRXHXIXXIXHIN X =1 10 E
<] E XXAXXXKXXXKK KX KX KXIXAIKAIXR KN E x% X
=1 oE XHXXHXXXXXHXXXKXXXKXKKAN X % = HDE X
F XXEXEXAXXXAIXXXXAXIXAXKKHR XX KX F X%
= 10 L XRAREHHXEX XKL X XHXHE XXX KKK XKLL 10 - XX
E XX L XE XXX XXHXXXXKKKXHXXKS K K AR E xx
E XXXEAXKXXXXRX XA XXX XXX KEXKKLK X E x
-3F XAXKIKHXHXXXXX XX XXX XHXHXXKLX X =3 XX X
(a) XHXXHXHIX XXX X AKX XXX KA KKK LK %X (b) x
10 e XXX XKL XEXNXX XXX XXX KX ARAKLAXK X 10 E XX
E XXX KEHKXXX KKK XXX K KKK LXK E x
4F XXXX HXHXXKXKAXHKXRAKXKH KKK X 4F X% X
F X RHXRAH KA XX UX KL XXX AKX XXX AKX XX XK F XXX ¢
10 L1 X6 SRS XAXKANKRRKINN K | 1 111 10 L el L ||xxxxxxxxx KXKX K111
Neutralino Mass (GeV) Neutralino Mass (GeV)

FIG. 4. The contained event rates(& the Earth andb) the Sun with a muon energy threshold of 25 GeV. The bedirits with an
exposure of 10 kihyr are also shown as well as the background from the Sun’s corona. Models already excluded by direct detection
experiments are shown with circles and models that will be explored with a factor of 10 increase in sensitivity are shown with plus signs.
Models not reachable with a factor of 10 increase in sensitivity are shown with crosses.

cluded by Baksan are also excluded by the direct detection Even if one would manage to build a large spin-dependent
experiments under the same set of assumptions. The expldetector, the correlation between the signal in such a detector
nation of this is that the spin-independent cross section o&nd a muon signal from the Sun would not be as strong as in
halo neutralinos which cause capture in the Earth is alsthe case of spin-independent detection versus muons from
responsible for the signal in the DAMA detector. the center of the Earth. This is apparent by comparing Figs.
For the case of muons from the Sun, the situation is quité&(a) and 3b). Figure %a) shows the muon flux from the
different, however. Since the Solar medium is dominated byEarth versus the spin-independepnucleon cross section,
protons, which have spin, it is the spin-dependent cross seéig. 5(b) shows the muon flux from the Sun versus the spin-
tion which is crucial. As the present experimental limits ondependenty-nucleon cross section. A strong correlation is
spin-dependent cross sections are several orders of magmiresent in the first, a very weak correlation in the second.
tude less restrictive than the spin-independent ones, neutri@he correlation between the muon rate from the Sun and the
telescopes provide more stringent bounds at the momerspin-independent cross section, which we do not show, is
through the absence of a neutrino-induced muon signal froreven weakey.We also show the approximateeglecting the
the direction of the Sun. neutralino mass dependen@r limits that can be obtained
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FIG. 6. The muon fluxes ifa) the Earth andb) the Sun versus the flux of continuups above 1 GeV from neutralino annihilations in
the galactic halo. Also shown is the EGRET high altitude measuref88hbf the gamma ray background. Models where the neutralino
composition is gaugino-like are shown with crosses, where it is mixed with circles and where it is Higgsino-like with plus signs.

with an exposure of 10 kfyr. the solid angle over which we integrate the flux. For an iso-
In these figures we also show the composition of the rethermal sphere with a core radius of 3.5 kpc, our galactocen-
spective neutralinos, where we define a neutralino as beingic distance of 85 kpc andAQ=1ded, we get
gaugino-like if the summed fraction of photino and zino J(I,b,AQ)=30 in the direction of the galactic center and
components is larger than 0.99, as Higgsino-like if the frac=0.38 in the opposite direction. For steeper halo profiles,
tion is less than 0.01, and as mixed if it lies between thesd(l,b,AQ) in the direction of the galactic center may be
limits. As can be seen, in both the case of the Earth and therders of magnitude larger. In the figures we set
Sun, mixed neutralinos give the largest rates, both for muong(l,b,AQ)=1.3 which is the average over sr towardsb
and direct detection. It is also obvious that the correlation=90° for the isothermal sphere.
between the two types of detection is very strong for the The other factor in Eq(3),
Earth. For the Sun, however, there are several models which )
give large muon rates but have small spin-dependent cross @(E)z(lo Ge\/) ( gv )
sections. dE m, 10 %% cnst
The correlation between large muon rates from the Earth i ) , )
and direct rates due to spin-independent scattering is evefPntains the dependence on neutralino properties. bleris
stronger at a threshold of 25 Gdee Fig. 1b)]. Neutrino the ann_|h|lat|on rate andN, /dE _|s_th<_a energy dlstrlbu_tlon_
telescopes may still have an edge at the highest mégews of continuum gammas per z_innlhllanon. The hadronlzatl(_)n
rangd, where the atmospheric neutrino background is als@nd/or decay of the qnnlh_llauon products are simulated with
smaller. The situation for the Sun is more favorable for neuPYTHIA 6.115[23] letting pions and kaons decay. _
trino telescopes, as can be seen in Figp) 2Heavy models . To illustrate thg complementarity of methods, we show in
giving more than 19 events per ki per year may have Fig. 6(a) the predicted muon flux from the Earth versus the

spin-dependent cross sections down to 1pb (and spin-  flux Of continuum gamma rays above 1 GeVeoy, ,, from
independent cross sections even smaller annihilations in the halo and ifb) the corresponding results

for the Sun. As can be seen, these two methods are truly
complementary, in particular for the case of the Edehd
therefore also when comparing continuum gammas to direct
detection. One should note, however, that the predictions for
actual y ray detectors are much more uncertain than the
muon rates due to uncertainties in the average halo density
profile versus viewing angl¢16] and the possibility of
clumps of dark matter in the hala7,32. Also shown in Fig.

6 is the high-latitude Energetic Gamma Ray Experiment
Telescopg EGRET) limit [33].

dN,
dE’

4

B. Continuum v-rays from annihilation in the halo

We write the flux of continuum gammas as

® (E,l,b,AQ)
_,dS, I
=1.87x10 8E(E)J(I,b,AQ)cm 257 lsrl

()
J(1,b,AQ) contains the integration of the emission along C. Antiprotons from annihilation in the halo
the line of sight, and depends on the halo mobdehdb are
the galactic longitude and latitude respectively, axd is

For antiprotons, the procedure is very similar, but we now
also let antineutrons decay in tmTHIA simulations. We
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FIG. 7. The muon fluxes i) the Earth andb) the Sun versus the flux of antiprotons from neutralino annihilations in the galactic halo.
The BESS measurement at 400 ME36] is shown as the grey band. Models where the neutralino composition is gaugino-like are shown
with crosses, where it is mixed with circles and where it is Higgsino-like with plus signs.

then use the leaky box propagation model with the energy E. Accelerator searches

dependent escape time given in REB4] and the solar We finally discuss complementarity with respect to accel-
modulation model of Ref.35]. _ _ erator searches. One of the earliest precursors of the MSSM
Astrophysical uncertainties also pertain to antlprotonsmay be the discovery of the Higgs boson, where the lightest

from annihilations in the halo. Using standard estimates . 0 - ) S
i A neutral Higgs scalad’ in supersymmetric models is limited
4,17 of the antiproton flux at 400 MeV kinetic ener 2
[34,17 of the antiproton flux at 400 Me etic energy, from above by thez® mass at tree level, and hardly can be

where the new BESS measurements ejd@&l, we find the . .
results shown in Figs.(@ and 7b) where the antiproton flux "€@vier than 130 GeV after loop correctidd®] have been

at 400 MeV is compared to muons from the Earth and thdncluded. We find rgodels with high muon rates all the way
Sun, respectively. As can be seen, the BESS experiment WP to the heaviestl; allowed in the MSSM, as exemplified
probing some models which cannot easily be probed in neun Fig. 8. The situation is very similar for other thresholds.
trino telescopes in the foreseeable future, neither througAn MSSM Higgs boson of mass near the 130 GeV limit will
muons from the Earth nor from the Sun. One should again bgot be detectable by LEP I, and may require several years of
reminded, however, about the large uncertainties in the antthe CERN Large Hadron Collidét. HC) running for its dis-
proton flux(related, e.g., to the propagation properties in thecovery. Also shown in the figure is the reach of current direct
disk and the halp Also, since antiprotons do not give as detection experiments as well as the reach with a factor of 10
clear-cut signature as muons from the Earth and the(8un increase in sensitivity of those experiments.

instance, there is no directional informatjpand since the

experiments are already close to the background level pre- VI. CONCLUSIONS

dicted by cosmic ray production of antiprotons, it is not clear

by how large a factor the antiproton limits on neutralinos can In this paper we have presented extensive calculations of

be improved. the indirect detection rates of neutrino-induced muons from
the center of the Earth and the Sun, originating from the
D. Positrons from annihilation in the halo annihilation of gravitationally trapped neutralinos. In particu-

We have also calculated the flux of positrons from neu-lar’ we have investigated the role of the higher muon energy

tralino annihilation in the halo. The simulation procedurethreshold thgt the next generation of kilometer—scalg neutrino
with PYTHIA is very similar to the continuuny and antipro-  (e/escopes is likely to have. As expected, the increased
ton cases. The propagation is more difficult though sincdhreshold gives reduc_ed _rates for the Iow-mass neutralinos
positrons lose energy. We have used the propagation modéfhereas the suppression is less severe for high-mass models.
in Ref. [37] with an energy dependent escape tifaemore ~ For muons from the Earth, the suppression means that neu-
detailed analysis is in preparati$88]). Comparing with the trino telescopes will have some difficulties to compete with
HEAT measurement at 10 Ge\89], we find that our fluxes direct detection methods. For the Sun the situation is differ-
are an order of magnitude or more smaller than the measureght as the spin-dependent cross section has a larger spread,
flux. Given the large uncertainties in the propagation, it isand there do not yet exist direct detectors of large sensitivity.
certainly possible to obtain fluxes that would give rise to anFrom the point of view of neutralino search, the optimum
observable effect. design of a neutrino telescope would yield a low muon en-
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FIG. 8. The muon fluxes fronfa) the Earth andb) the Sun versus the lightest Higgs boson magsy. Models already excluded by

direct detection experiments are shown with circles and models that will be explored with a factor of 10 increase in sensitivity are shown
with plus signs. Models not reachable with a factor of 10 increase in sensitivity are shown with crosses.
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