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Abstract

Neutrino telescops of kilometea size are currently being planned They will be two or three orders of mag-
nitude larger than presenty operatiry detectors but they will have a mudch highe muan enegy threshold.
We discus the trade-df betwea area and enagy threshodl for indired detectiom of neutraliro dak matter
capture in the Sun ard in the Earth ard annihilatirg into high eneggy neutrinos We als study the effect of a
highe threshotl on the complementarit of differert searchefor supersymmetc dak matte.

1 Introduction

Neutrirno astrophysis will som ente a new experimenta era With the demonstratio by the AMAN DA
collaboration (see e.g Halzen 1999 of the possibility to instrumen and successfuil depby kilometea-long
strings with opticd modules in the ice cap at the Souh Pole station the road to a km? detecto lies open.
At the same time, endewvours are underwg (NESTOR, ANTARES, BAIKA L) to prove the possibility of also
depbying alarge neutriro detecto in adee lake or ocean.

This new generatio of neutriro telescops will have a larger effective area than earlie detectorsbut the
enagy threshodl will be highea. A typicd enegy threshotl for thes larger detectos is of the orde of 25—-100
GeV, ard we will here conside threshold of 1, 10, 25, 50 and 100 GeV. Aswe will show, for the daik matter
detectio capabiliy, a low threshotl is an importart desig criterion to be ket in mind when plannirg new
neutriro telescopes.

AsaWIMP candida¢ we will use the neutraling tha naturaly arises in supersymmetci extensiors of the
standad modé (see e.g Jungma et al., 1997).

2 Sd of supersymmetric models

We work in the minimd supersymmetcd standad modd with seven phenomenologidaparametes and
have generatd about10° modek by scannimy this paramete spae (for details see Bergstom et al., 1998).
For eat generatd mode| we ched if it is excluded by recen accelerato constraing of which the most
importart ones are the LEP bound (Car, 1998 on the lighteg chagino mas (abou 85-9 GeV), ard the
lighted Higgs bosa massn HY (which range from 72.2—880 GeV) ard the constraing from b — sy (Ammar
etal., 198 ard Alam et al. 1995).

For eadr modé allowed by currert acceleratoconstrai we calculae the relic densiy of neutralinos2, h?
whete the relic densiy calculation is dore as describé in Edg6 and Gondob (1997) i.e. including so called
coannihilations We will only be intereste in modek where neutralin@ can be amaja pat of the dak matter
in the Universe so we restrid ourseVes to relic densities in the range0.025 < Q, A% < 0.5.

3 Muon fluxes from neutralino annihilations

The predicticn of muan rates is quite involved we compug neutraliro captue rates in the Sun and the
Earth (using the convenient approximatios in Jungma et al. (1997)) branchimy ratios for differert annihi-
lation channelsfragmentation functiors in basc annihilation processesnteractiors of the annihilation prod-
ucts with the surroundiig mediun (where appropriate) propagatio through the sola or terrestrid medium,
chaged current cross sectiors and muan propagatia in the rock, ice or wate surroundirg the detectao.

We simulatk the hadronizatia and/a deca of the annihilatian products the neutriro interactiors on the
way out of the Sun and the neutriro interactiors close to or in the detecto with PyTHIA 6.115 (Sjostrand,
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Figure 1: The neutrino-induced muon flux from neutralino annihilations in a) the Earth and b) the Sun. The
expected limits that can be obtained with an exposure of 1Dymare also shown. The models that can be
probed by present direct dark matter searches (Bernabei et al., 1996), those that can be probed with a factor of
10 increased sensitivity and those that cannot be probed with direct searches are shown with different symbols.

1994). We treat the interactions of the heavy hadrons in the centre of the Sun and the Earth in an approximate
manner as given in Eds(1997).

3.1 Backgrounds and signal extraction. The most severe background is the atmospheric background
produced by cosmic rays hitting the Earth’s atmosphere (see e.g. Honda et al., 1995). For the Sun, there is also
a background from cosmic ray interactions in the Sun (Seckel et al., 1991 and Ingelman & Thunman, 1996)
which is small but irreducible (at least as long as energy is not measured).

To investigate the possible limits that can be obtained, we will follow the analysis of Bamgstral. (1997)
and parameterize the neutrino-induced muon flux by

b
dEdo

(E7 9) = ¢2 [afha.rd(m)(7 E7 9) + (]- - a)fsoft(mxa E7 9)] ) (1)

whereq is a model-dependent parameter describing the ‘hardness’ of the neutrino-induced muon spectrum,
fhnara @nd fsog; are generic hard and soft muon spectra afés the normalization of the flux. A typical hard
spectrum is given by the annihilation chanhél" &~ and a typical soft spectrum is given by the annihilation
channebb. We now assume that the annihilation spectrum is hard andgtiathe only unknown. If we relax
these assumptions the limits will be up to a factor of 2—3 higher.

For very high exposures£(> 10 km? yr) towards the Sun, the above limits will be too optimistic due
to the background from cosmic ray interactions in the Sun’s corona. This background will have about the
same angular distribution as the neutralino signal from the Sun, but quite different energy distribution. With a
neutrino telescope without energy resolution, this background will put a lower limit on how small fluxes we
can probe from the Sun. The background fluxes are about 20, 13, 11, 8.6 and 6.6 mudns khfor muon
energy thresholds of 1, 10, 25, 50 and 100 GeV respectively.

3.2 Dependence on energy threshold. As an example of a probably realistic threshold of a km-size
neutrino telescope, we choose 25 GeV and in Fig. 1 (a) and (b) we show the muon fluxes versus the neutralino
mass. We also show the best limits obtainable with an exposure of 1@ik@nd for the Sun, the background

from cosmic ray interactions in the Sun’s corona. Note that for high masses, there is no need to go above



N BRRRRAR T T N BRRRRAR T T
8 1 E (a) Earth " (& «Q«&&«E 8 1 ? (b) Sun RN /«\’\)/’\/}))/; E
LA 1 q P =
w1 N\ | W \ |
g0 ¢ /\\\ \ E g0 £ &\ < E
= E % \ 272 % = 10 Gev E = E % \ 222 % = 10 Gev E
%1 ol §/§ &\\ E:Ejzseev 1 T'I‘Ja Wl §/§ &\\ E:Ejzseev ]
10 = §/§ 7ZJE\=506ev & 10 ¢ §/§ 7ZJE\=506ev
E §/§ IV EY) = 100 Gev E F §%§ IV EY) = 100 Gev E
3 §% § | -3 §% § i
10 ¢ %/ § E 10 ¢ §/ § E
- §/ N ] - §/ N ]
i % \ ] i %% \ ]

10'4 ‘f%mi Hmms el 10'4 Hg‘%m% Hmms el

10 10 10 10 10 10 10 10
Neutralino Mass (GeV)

Neutralino Mass (GeV)

Figure 2: The ratio of the muon fluxes for different thresholds to those with a threshold of 1 GeV.

an exposure of about 10 Knyr towards the Sun (unless the detector has good energy resolution) due to the
irreducible background from the Sun’s corona. For lower masses, the corresponding exposure wogld be

km? yr.
In Fig. 2 we show the ratio of the muon flux with different thresholﬁfﬁ to those with a threshold of

1 GeV. The width of the bands reflects the different degrees of softness of the neutrino spectra for a given
neutralino mass. The softer the neutrino spectrum, the more we lose by increasing the threshold.

We see that if the neutralino mass is above the threshold energy by a fair amount, not too many events
are lost by increasing the energy threshold. This is because the detection rate is determined by the second
moment of the neutrino energy (one power of energy because of the rise of the neutrino cross section, and
one power because of the increasing muon path length). So the most energetic muons dominate the rate. A
higher threshold may even be more advantageous than a low one, because it also reduces the background from
atmospheric neutrinos.

For the Sun, we see that there is always a loss even at the highest masses. This is due to the absorption of
neutrinos in the interior of the Sun, which softens the neutrino spectra. When the threshold exceeds 100 GeV,
at least half of the signal from the Sun is lost whatever the neutralino mass is.

As an example, if the neutralino mass were 200 GeV, increasing the threshold from 1 to 100 GeV could
decrease the signal by a factor of between 10 and 1000. On the other hand, if the threshold can be kept at 25
GeV or below, we see that on the average only a factor of 2—3 is lost for a 200 GeV neutralino, from either the
Sun or the Earth. It is thus highly desirable to keep the threshold as low as possible to keep the signal high.

The above discussion is true for muons traversing a thin detector. Howevér fdw?*) neutrino tele-
scopes, we would expect the event rates for contained events (i.e. tracks starting or stopping inside the detector)
to be high also for masses below a few hundred GeV. This can be expressed by an effective area that increases
for low-mass neutralinos. If this would be taken into account, the limits shown in Fig. 1 would go down by

up to a factor of 10 at low masses. We also note that for fully contained events (i.e. events both starting and
stopping in the detector) it would be possible to get an energy estimate from the track length and in this case

about another factor of 2 can be gained in sensitivity.

4 Comparison with other signals
The uncertainty in the capture rates governing the muon flux enter in a similar way in the calculation of

the rates of direct detection. In Fig. 1 we show with different symbols models that can be probed with current



direct detection experiments and what could be obtained with a factor of 10 increase in sensitivity. In the
Earth, the correlation is fairly strong, whereas it is weaker in the Sun. The reason is that the capture rate in the
Sun depends on the spin-dependent scattering cross section as well as the spin-independent one.

We can also look for neutralinos by searching for their annihilation products from annihilation in the
halo. The most interesting sources are gamma lines, continuum gammas, antiprotons and positrons. The
correlation with these signals is fairly weak and they thus represent fairly complementary methods of searching
for neutralino dark matter. We do get higher uncertainties from the halo profile and propagation (for charged
particles) though.

One of the earliest precursors of the MSSM may be the discovery of the Higgs boson at accelerators, where
the lightest neutral Higgs scal&fg in supersymmetric models hardly can be heavier than 130 GeV after loop
corrections (Carena et al., 1995) have been included. We find models with high muon rates (regardless of the
threshold) all the way up to the heavidgf allowed in the MSSM. An MSSM Higgs boson of mass near
the 130 GeV limit will not be detectable by LEP I, and may require several years of LHC running for its
discovery.

5 Conclusions

We have seen that the higher threshold of the new generation of neutrino telescopes reduces the rates for
low-mass neutralinos whereas the suppression is less severe for high-mass models. For muons from the Earth,
the suppression means that neutrino telescopes will have some difficulties to compete with direct detection
methods. For the Sun the situation is different as the spin-dependent cross section has a larger spread, and
there do not yet exist direct detectors of large sensitivity. From the point of view of neutralino search, the
optimum design of a neutrino telescope would have a low muon energy threshold and a good sensitivity to
search for a signal from the direction of the Sun.

Various methods of detecting supersymmetric dark matter probe complementary regions of parameter
space, and are therefore all worth pursuing experimentally. The dark matter problem remains one of the
outstanding problems of basic science. Maybe the first clues to its solution will come from the large new
neutrino telescopes presently being planned.
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