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e Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium

f Vrije Universiteit Brussel, Dienst ELEM, B-1050 Brussels, Belgium
g Department of Physics, Chiba University, Chiba 263-8522, Japan

h Department of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand
i Department of Physics, University of Maryland, College Park, MD 20742, USA

j Department of Physics, Universität Dortmund, D-44221 Dortmund, Germany
k Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA
l Department of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA

m Blackett Laboratory, Imperial College, London SW7 2BW, UK
n Department of Astronomy, University of Wisconsin, Madison, WI 53706, USA

o Department of Physics, University of Wisconsin, Madison, WI 53706, USA
p Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany

q University of Mons-Hainaut, 7000 Mons, Belgium
r Bartol Research Institute, University of Delaware, Newark, DE 19716, USA

s Institute for Advanced Study, Princeton, NJ 08540, USA
t Department of Physics, University of Wisconsin, River Falls, WI 54022, USA
u Department of Physics, Stockholm University, SE-10691 Stockholm, Sweden

v Department of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16802, USA
w Department of Physics, Pennsylvania State University, University Park, PA 16802, USA

x Division of High Energy Physics, Uppsala University, S-75121 Uppsala, Sweden
y Department of Physics and Astronomy, Utrecht University/SRON, NL-3584 CC Utrecht, The Netherlands

z Department of Physics, University of Wuppertal, D-42119 Wuppertal, Germany
aa DESY, D-15735, Zeuthen, Germany

Received 24 January 2006; received in revised form 27 April 2006; accepted 24 May 2006
Available online 5 July 2006
Abstract

A search has been performed for nearly vertically upgoing neutrino-induced muons with the Antarctic Muon And Neutrino Detector
Array (AMANDA), using data taken over the three year period 1997–99. No excess above the expected atmospheric neutrino back-
ground has been found. Upper limits at 90% confidence level have been set on the annihilation rate of neutralinos at the center of
the Earth, as well as on the muon flux at AMANDA induced by neutrinos created by the annihilation products.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most challenging problems in cosmology
today is that of dark matter, the presence of which has been
4 Affiliated with IFIC (CSIC-Universitat de València), AC 22085, 46071
Valencia, Spain.
inferred from observations of the mass distributions of gal-
axies and clusters of galaxies. This led to the concordance
model, which stipulates that 23% of the Universe is made
up of non-baryonic cold dark matter (CDM). This model
has been supported by observations of the cosmic micro-
wave background radiation [1].

There are a number of theoretical candidates for the
CDM, the favored one is a weakly interacting massive par-
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ticle (WIMP). WIMPs are postulated to be non-relativistic
relic particles with masses in the range from tens of GeV to
a few TeV, which decoupled from the thermal equilibrium
in the early universe. Among several plausible WIMP sce-
narios, the lightest supersymmetric particle (LSP) in super-
symmetric extensions to the standard model of particle
physics is the most widely studied. Such a particle would
be stable if R-parity is conserved. If the LSP is a Majorana
particle, as in the case of the neutralino, then such particles
could annihilate pairwise. Such WIMPs could be detected
either directly through elastic scattering on nuclei in an
instrumented target volume, or indirectly, by detecting
the products of the annihilation process or secondaries
from their decays.

The present paper concerns a search for neutrino-
induced muons from neutralino annihilations at the center
of the Earth. The data are compared to the minimal super-
symmetric extension of the standard model (MSSM)
detailed in [2], which provides the neutralino as the WIMP
dark matter candidate. Within the MSSM, the neutralino is
the lightest, stable particle. It is a linear combination of the
neutral gauginos eB, eW 3 and the neutral Higgsinos eH 0

1, eH 0
2.

Neutralinos can scatter off nuclei in the Earth, and if
enough energy is lost in the interaction they will become
gravitationally trapped. The captured neutralinos will
accumulate at the center of the Earth after additional scat-
terings, where they can annihilate and generate neutrinos.
These neutrinos can subsequently produce muons through
charged current interactions. The dominant background to
this neutrino signal from the center of the Earth is caused
by cosmic rays interacting in the atmosphere above the
detector, with atmospheric muons being created in the
resulting air showers. A secondary, but almost irreducible,
background is muons induced by atmospheric neutrinos
originating in cosmic ray showers on the opposite side of
the Earth. The neutralino signal needs to be distinguished
from these two backgrounds.

Buried deep in the Antarctic glacial ice beneath the
Amundsen–Scott South Pole Station, the Antarctic Muon
And Neutrino Detector Array (AMANDA) consists of
677 optical modules (OMs). The OMs are made of 8 in.
photomultiplier tubes (PMTs) encased in glass spheres that
act as pressure vessels. The OMs that are mounted on the
lowest five to seven hundred meters of two-and-a-half-kilo-
meter long cables. These are used for supplying the high
voltage to the PMTs as well as for retrieving the PMT sig-
nals. During the data taking period discussed in this paper
10–13 strings were instrumented. In 2000 the detector was
complete, with a total of 19 strings, arranged on two con-
centric circles with diameters of 120 and 200 m. More
details on the detector can be found in Ref. [3]. The multi-
plicity trigger condition in 1997 required hits in at least 16
OMs within a time window of 2 ls, in 1998 the requirement
was at least 12 OMs and in 1999 at least 18 OMs.

A dark matter search has been performed with
AMANDA using data collected during 1997–1999. This
improved analysis [4] yields results which supersede the ear-
lier limits given by AMANDA in Ref. [5]. The signal and
background simulations performed for the new analysis
are discussed in Section 2. In Section 3, the data sets as well
as the improved analysis methods are presented. As a cross
check, an independent analysis of data taken in 1999 [6] is
presented in Section 4; the results are compared to those of
the full three year analysis. The steps involved in the calcu-
lation of the muon flux limits are summarized in Section 5,
and the final results and a comparison to other experiments
are discussed in Sections 5 and 6. The AMANDA collabo-
ration has also recently published a dark matter search for
neutralino annihilation in the centre of the Sun [7].

2. Simulation of signal and backgrounds

The event simulation is performed in three separate
steps. Muon samples are created with various generation
programs, and are subsequently propagated to the vicinity
of the detector with muon propagation software. The
detector response to the light emitted by the muons is then
simulated to produce events that trigger the AMANDA
detector.

2.1. Neutralino annihilations at the center of the Earth

The high energy muon neutrinos created in neutralino
annihilations at the center of the Earth are generated with
the WIMPSIMP code [8]. Signal event samples were cre-
ated for seven hypothetical neutralino masses ranging from
50 to 5000 GeV/c2, and for two different annihilation chan-
nels at each mass: the W+W� channel (in the case 50 GeV/
c2 the s+s� channel) is used for the hard annihilation spec-
trum and the b�b channel for the soft spectrum. This choice
follows earlier work [5,9] and represents two extreme cases
of the neutrino energy spectrum.

In the calculation of the neutralino capture rates, the
local dark matter energy density is assumed to be
0.3 GeV/cm3. The input to the WIMPSIMP code are tables
with 1.25 · 106 events produced through Monte Carlo sim-
ulations of the annihilation process with an approximate
treatment of the hadronization [9].

PYTHIA [10] (version 6.215) is used for the detailed
simulation of the neutrino-nucleon interaction. The aver-
age momentum direction and the total energy of all the
other particles created in the hadronic shower, besides
the muon, were calculated for use in the detector simula-
tion. The hadronic shower is particularly important for
the detection of events with low energy muons, as the extra
light from the shower allows events to pass the trigger mul-
tiplicity threshold where the light from the muon alone
would not have sufficed. These low energy muons are cen-
tral in the analysis of low neutralino mass scenarios.

2.2. Atmospheric neutrinos

The atmospheric neutrino generation is performed
with the NUSIM Monte Carlo code [11]. Neutrinos and
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anti-neutrinos are treated separately using the correspond-
ing cross sections. The neutrino-nucleon interaction cross
sections are calculated using the MRS-G parton distribu-
tions [12].

Muons with energies in the range from 10 to 108 GeV
and with zenith angles between 80� and 180� are considered
in the background simulation. A total of 1.2 · 108 atmo-
spheric neutrino events have been simulated for this work,
divided equally over the three years due to the slightly dif-
ferent detector configurations.

2.3. Atmospheric muons

The air showers – in which the atmospheric muons are
generated – are simulated with CORSIKA [13,14] (version
6.020). The input is a cosmic ray spectrum with spectral
index c = 2.7 and the measured particle composition as
described in [15]. For the high energy hadronic interac-
tions, the QGSJET model [16] has been used. The prima-
ries are simulated with energies between 600 and
1011 GeV, with a low energy cutoff for the primaries which
is proportional to the atomic weight of the primary parti-
cle. In the simulation, the Earth’s curvature is taken into
account along with the atmospheric profile and magnetic
field at the South Pole. The muons are generated on a sur-
face just below the ground level, at a depth of 35 m, in
order to compensate for the low-density firn layer on top
of the ice. Every muon event is oversampled 10 times
through random redistribution at this surface level. In this
work a total of 1.42 · 1013 showers was generated, corre-
sponding to a livetime of 649.6 days. Roughly following
the livetime distribution of the collected data, this sample
is divided over the three years such that 128.5 days were
simulated for the 1997 detector configuration, 246.8 days
for 1998 and 274.2 days for 1999.

2.4. Muon propagation and detector response

The propagation of the generated muons is performed
by the MMC (Muon Monte Carlo) program [17], which
accounts for ionization of the ice, bremsstrahlung, produc-
tion of d-electrons, muon–nucleus interactions, and e+e� or
l+l� pair production. The energy loss due to the Cheren-
kov light is negligible. MMC calculations of the energy
losses of muons with energies upto 1011 GeV are valid to
within 1%.

The light deposited by muon energy loss processes is
propagated through the ice to the optical modules by the
PTD photon simulation [18]. Instead of tracking individual
photons, the detector simulation uses lookup tables storing
the mean number of photo-electrons and their arrival time
distribution, as a function of OM location relative to the
light source. These tables take into account the Cherenkov
light distribution as well as the specific features of the OMs,
e.g. glass and optical gel transparency. The depth depen-
dence of the ice properties – several horizontal dust layers
are present in the glacial ice around the detector [19] – is
taken into account by using several tables with different
ice properties.

The detector response to light emitted by cascades or
muons that propagate through or near the array is simu-
lated with the AMASIM program [20]. AMASIM models
the PMT response to the light, the cable transport of the
PMT signals to the surface and the way these are processed
by the data aquisition electronics.

Dark noise has been included in the simulation, with the
noise rate of each channel taken from data.

3. Data analysis

The data sample analyzed corresponds to a total live-
time of 536.3 days, after removal of runs with abnormal
detector behavior. Collected over the three year period
1997–99 it consists of 5.0 · 109 AMANDA triggers. In
order to reduce the risk of biasing the analysis a blindness
approach has been implemented. Since the search is for
neutrino induced muons from the direction of the center
of the Earth, which is fixed, the only way to blind the anal-
ysis is by sampling the data. The subsample of the data
used for establishing the cuts was about 20 percent for each
year. A sample of 114.4 days has therefore been used for
the selection optimization and is not included in the final
results. The remaining sample had a livetime of 421.9 days.
Similarly, two sets of simulated events have been produced:
the first for use in the selection optimization and the second
for the selection efficiency estimations. The analysis con-
sists of six levels of filtering, where each filter level is com-
prised of cuts on variables derived either directly from the
hit pattern in the events or from the event reconstructions
[21].

3.1. Filter level 1+2

The recorded events were cleaned of OM signals or ‘hits’
resulting from noise, unphysically narrow pulses induced
by cross talk and OMs that were not operating normally,
before the events were reconstructed with maximum likeli-
hood algorithms. As these require a few tenths of a CPU-
second per event and as there are of the order of 109 events
in the data set of each year this means that a full recon-
struction of every event would be very time consuming.

To reduce the number of data events to reconstruct, fil-
ter level 1 applies a cut on zenith angle approximated by a
very fast line fit to the muon track. The line fit uses the time
and position of the hit OMs with the assumption that the
photons are traversing the detector along a straight line.
This fast filtering rejects around 80–90% of the events
accepted by the trigger.

The events that pass filter level 1 are then reconstructed
with a maximum likelihood algorithm using the line fit as a
seed for minimization. At filter level 2 it was required that
the reconstructed muon zenith angle be greater than 80�

and that the track solution must contain at least three hits
with time residuals in the interval from �10 to 25 ns. The



Table 1
The number of events in 421.9 days of data for the simulated atmospheric
neutrino (421.9 days equivalent) and atmospheric muon (483.2 days
renormalized to 421.9 days) backgrounds as well as the 250 GeV/c2 hard
annihilation channel signal sample that pass the filtering from the trigger
level up to filter level 6

Filter
level

Data Atm.
neutrinos

Atm. muons v�v! W þW �

Mv = 250 GeV/c2

0 3.9 · 109 1.7 · 104 2.7 · 109 1.5 · 105

1+2 3.9 · 107 5.8 · 103 2.5 · 107 8.7 · 104

3 3.1 · 106 3.1 · 103 2.0 · 106 7.4 · 104

4 5.6 · 103 2.9 · 102 7.3 · 103 6.6 · 104

5 1.2 · 102 1.7 · 102 7.9 4.0 · 104

6 9 9.6 0 3.2 · 104

Table 2
The set of variables used as input to the neural networks in filter level 4.
See [4] and [21] for more details on the variables and reconstruction
methods

• The zenith angle of the reconstructed muon trajectory
• The difference in the number of hits with time residuals in the

interval from �15 to 75 ns between the reconstruction with a
muon hypothesis and the one with a cascade hypothesis

• The sphericity (shape) of the hits in the event
• The velocity obtained with the line fit
• The greatest distance of one-photo-electron hits from the

reconstructed muon trajectory
• The number of strings with hits that have time residuals in the

interval from �15 to 75 ns, with respect to the cascade
reconstruction

• The smoothness of the distribution of hits that have time residuals
in the interval from �15 to 75 ns, with respect to the reconstructed
muon trajectory

• The z-coordinate of the ‘center of gravity’ of the hits
• The absolute difference between the zenith angle of the

reconstructed muon trajectory and that of the line fit
• The number of track candidates divided by the number of track

hits for the direct walk reconstruction
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time residual of a hit is defined as the difference between the
actual time of the hit and the expected arrival time of an
unscattered Cherenkov photon emitted from the recon-
structed track. After filter level 1 + 2 the data were reduced
by about a factor of one hundred with respect to the trig-
gered events while 51–59% of the signal events remains,
see Table 1 for the case of the Mv = 250 GeV/c2 hard anni-
hilation channel.

3.2. Filter level 3

At filter level 3 an ‘event cleaning’ procedure is applied
which removes instrumental artifacts that are not included
in the simulation. A more elaborate cleaning of hits
induced by cross-talk was also implemented in this filter.
The events were cleaned of noise hits through exclusion
of those hits that were isolated in time or space. Hits from
unstable OMs were removed on a run-to-run basis.

At filter level 3 a special technique – direct walk recon-
struction – was first used as the initial guess for a Bayesian
maximum likelihood algorithm reconstructing a muon tra-
jectory. The zenith dependence corresponding to the atmo-
spheric muon background was used as a prior to weight the
likelihood to be maximized. This one-dimensional prior
function helps with suppressing the misreconstructions of
downgoing muons as upgoing, useful since the flux of
downgoing muons is several orders of magnitude larger
than that of the upgoing muons. The zenith angle cut at
this filter level required that a muon originates below the
horizon (90�). A cascade reconstruction was also per-
formed for each event as a secondary hypothesis.

More details on cross-talk cleaning and the reconstruc-
tion of AMANDA events can be found in Ref. [21].

3.3. Filter level 4

The aim of filter level 4 is to reduce the downgoing
muon background as much as possible while retaining
most of the nearly vertically upgoing muons. In order to
achieve this a neural network classification scheme is uti-
lized. Individual networks were trained with samples of
data (assumed to be pure background) against the signal
events for six neutralino masses and two annihilation chan-
nels for each of the three years individually making a total
of 36 different classifications. The statistics of the signal
simulation in the case of the 50 GeV/c2 channels was too
low to allow proper training of the neural networks.
Instead, the network and the subsequent cuts developed
for the 100 GeV/c2 hard (soft) annihilation channel were
directly applied to the 50 GeV/c2 hard (soft) channel.

The neural networks used are of the feed-forward multi-
layer perceptron type [22], typically with 200 adjustable
weights, and with eight to ten input nodes. They were cho-
sen from a set of potentially suitable variables through a
process of step-wise ranking, and the combinations were
systematically tested using a fixed network structure. The
zenith angle of the reconstructed muon trajectory – the best
discriminator by eye – was chosen as the first input vari-
able. All of the others were tested in combination with
the zenith angle in the case of the Mv = 250 GeV/c2 hard
annihilation channel analysis for 1997 data. The best pair
turned out to be the zenith angle and the difference in the
number of hits with time residuals in the interval from
�15 to 75 ns between the reconstruction with a muon
hypothesis and the one with a cascade hypothesis. The
other variables were then checked one-by-one together
with this pair in the three variable case. The tests continued
with combinations of larger number of variables until the
improvement in the neural network performance ceased.

The ten input variables chosen for the network optimi-
zation procedure are track variables as well as event topo-
logical variables, and are listed in Table 2. The number of
input variables to use was determined individually for each
signal sample by adding or removing one input at the same
time as the number of nodes in the hidden layer was opti-
mized by testing every configuration possible. The final
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number of inputs used in the neural networks ranged from
eight to ten.

As an example, the output of the neural network trained
with the 250 GeV/c2 hard annihilation channel WIMP signal
and 1999 data is shown in Fig. 1 for the selection optimiza-
tion samples of the 1999 data, WIMP signal, atmospheric
neutrino and atmospheric muon background. A clear sepa-
ration can be seen for the vast majority of the downgoing
atmospheric muons from the WIMP signal events. The fewer
atmospheric neutrino events are divided into either signal-
like or background-like, illustrating the irreducibility of
the atmospheric neutrino background.

3.4. Filter level 5

Although the neural networks are very good at separat-
ing signal from background they are limited by the quality
of the input variables. In particular, the muon reconstruc-
tion at filter level 3 is not perfect and most of the data events
that pass the neural network cut are misreconstructed
downgoing atmospheric muons that mimic upgoing signal.
However, these events have certain characteristics that can
be exploited by further filters. The goal of filter level 5 is to
remove these ‘fakes’ so as to obtain a sample which is com-
pletely dominated by neutrino-induced upgoing muons.

Some misreconstructions are caused by noise hits that
were not cleaned away by the time isolation cut applied
in filter level 3 since they consist of pairs or triplets of hits.
A new time isolation cut was implemented for level 5 to
ignore these hits if they occured more than 500 ns before
or after the bulk of hits in the event. A new Bayesian muon
reconstruction was performed on the events with this
slightly stricter hit cleaning and a zenith cut of 140� applied
to the new muon reconstruction.

This is followed by a set of ‘quality cuts’ designed to
remove the other misreconstructed downgoing events in
the data. The question of what value of the neural network
output to cut on at filter level 4 was addressed through an
optimization against the quality cuts in filter level 5. A
strong cut on the neural network output value removes
the misreconstructed background but also much of the sig-
nal sample. Lowering the cut value increases the signal effi-
ciency as well as the background contamination. However,
background events of similar nature passed some or all the
different neural networks. Different classes of events could
be removed by common cuts which increased the signal
efficiency as compared to simply applying strong level 4
cuts.

The likelihoods maximized for muons and cascades were
ranked lower as neural network variables than the variable
‘‘number of hits with time residuals in the interval from
�15 to 75 ns’’, and appeared to be somewhat correlated
to it as the combination did not improve the network per-
formance. However, the ‘fakes’ that pass the level 4 cut
often have better cascade than muon likelihoods and are
outliers in other distributions as well.

One class of ‘fakes’ is downgoing muons or muon bun-
dles that either stop just outside the detector or pass by
without entering the instrumented volume. Although the
resulting light output gives rise to an upward reconstructed
muon track, the cascade fit is usually a better solution and
the direct walk reconstruction cannot find many track can-
didates. Another category of misreconstructed events have
a good cascade fit, relatively poor muon fit and low line fit
velocity.

Most of the well reconstructed events show fair agree-
ment between the solution of the initial fit and the more
sophisticated track reconstruction. The space angular dif-
ference is therefore a good cut variable. Three variations
are used, both between the Bayesian muon likelihood
reconstruction and the two different initial fits – the level
1 line fit and the level 3 direct walk fit – as well as between
the two initial fits themselves.

The number of late hits – with time residuals greater
than 75 ns – can also be correlated with low reconstruction
quality. It indicates that the solution did not take into
account the topology of the event well enough.

There is also a class of events in data, consisting of
uncorrelated sets of hits at the top and bottom of the detec-
tor. Neither of the two sets of hits is consistent with an
upgoing hypothesis on its own, but coincidentally give an
upward going track solution together. The estimation of
how the measured light is distributed along the recon-
structed track is useful for rejecting these events. The
smoothness parameter is an indicator of how constant the
light emission is along the track and these events can be
removed by considering either the smoothness along the
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track of the amplitude of the hits, or the smoothness of hits
with time residual in the interval from�10 to 15 ns together
with the likelihood of the Bayesian muon trajectory.

3.5. Filter level 6

The reconstructed zenith angle of the events, in the 421.9
days of data as well as in the equivalent of 421.9 days of
simulated atmospheric neutrinos and atmospheric muons
(renormalized from 483.2 days), that pass all the cuts is
shown in Fig. 2. As there is no apparent excess of nearly
vertically upgoing muons, we use the method of model
rejection potential [23] in order to set the best limit on
any potential WIMP signal. Assuming no signal, this is
an unbiased way to select the final cut applied in an anal-
ysis by using Monte Carlo simulations of the experiment
to calculate what the average upper limit would be if the
measurement were repeated a large number of times. The
natural variable for the optimization is the difference in
the zenith angle of the reconstructed muon track between
the neutralino signal events and the atmospheric neutrino
background. The neutralino signal distribution has a sharp
peak near the vertical while the distribution of the atmo-
spheric neutrino events falls off towards the vertical.

The result is final zenith angle cuts for the various
WIMP masses and annihilation channels ranging from
174.0� to 177.5�. The method of Feldman and Cousins
[24] was used to calculate the 90% confidence level upper
limits.
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The efficiency of each analysis can be represented by the
effective volume for the signal

V eff ¼ V gen � NL6=N gen; ð1Þ
where NL6 is the number of WIMP signal events that pass
the final cut and Ngen is the number of events originally
generated in the volume Vgen around the detector. The
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after the different filter levels in the Mv = 250 GeV/c2 hard annihilation
channel analysis. The atmospheric neutrinos have been normalized to the
effective livetime of the experimental data.
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effective volumes after the final zenith angle cut are shown
in Fig. 3. The combined 1997–99 results are compared with
those of the previous 1997 analysis [5]. For low masses
there is a clear improvement in efficiency which mainly
comes from the individual cut optimization for different
masses and annihilation channels. The old 1997 analysis
optimized the cuts for all masses using the 250 GeV/c2 hard
annihilation channel. Also shown in Fig. 3 is a comparison
of the 1999 part of the current analysis with an independent
analysis of the 1999 data presented in Section 4.

The passing rates for the various filter levels in the case
of the 250 GeV/c2 hard annihilation channel WIMP signal
are presented in Table 1 as well as in Fig. 4.

4. Crosscheck

An independent analysis was performed using the data
taken with the AMANDA detector during the austral win-
ter of 1999. The effective livetime of the analyzed 1999 data
set after rejection of runs with lower data quality was 221.4
days, corresponding to 1.3 · 109 triggers. This effective live-
time was further reduced to 187.0 days or 1.1 · 109 triggers,
because the subsample of 34.4 days that was used to tune
the analysis cuts was not used in the final analysis to assure
blindness.

In this analysis the downgoing atmospheric muon events
and upgoing atmospheric neutrino events – of which
20 · 106 and 1.9 · 106 passed the trigger requirements,
respectively – were simulated separately from the analysis
described above. The simulated WIMP signal sample con-
sisted of 14 subsamples of 5 · 105 events each. As before,
two different annihilation channels were generated:
v�v! W þW � as a reference hard neutrino spectrum and
v�v! b�b as a reference soft neutrino spectrum with WIMP-
SIMP [8]. These two channels were simulated for seven dif-
ferent neutralino masses from 50 GeV/c2 (in this case, the
hard channel is v�v! sþs� and the soft channel is
v�v! c�c) to 5000 GeV/c2, and the analysis was optimized
independently for each of the 14 simulated signal samples.

The first part of the analysis focused on the rejection of
the simulated downgoing muon events. A procedure was
developed which selects the most sensitive variable to cut
on (among a chosen set of 32 variables which parametrize
the quality of an event, e.g. number of hit optical modules)
and also determines the most optimal cut value. The fol-
lowing product is evaluated

�signalðx; xcutÞð1 � �backgroundðx; xcutÞÞ;
where �signal (�background) is the fraction of signal (back-
ground) events which passes the cut xcut in the variable x.

The calculation of �signal(1 � �background) as a function of
xcut results in a curve that peaks at cut values specific to the
variables used. This cut value is taken as our optimal cut
on the studied variable. The corresponding value of
�signal(1 � �background) is used as a weight, estimating the
efficiency of this variable with respect to others. The vari-
able with the highest weight is taken for the first selection
step and a cut is performed at the optimal cut value. After
this, the same procedure is executed for all the remaining
variables. Consecutive cuts are chosen using this method
until all the simulated downgoing atmospheric muon
events have been rejected, see Ref. [6] for more details on
the selection procedure.

After several cuts the data consists only of upgoing
atmospheric neutrinos and a possible WIMP signal. This
is illustrated in Fig. 5. As we see no evidence for a WIMP
signal, an upper limit on the muon flux coming from the
annihilation of the neutralinos at the center of the Earth
can be calculated. The method of model rejection potential
was applied, as in Section 3.5. Several variables were tried
for the last cut, and the zenith angle was selected as it gave
the best rejection factor. The effective volume for the sim-
ulated signal samples after all cuts is shown in Fig. 3.
The two separate analyses of the 1999 data achieve about
the same efficiency, except for the 50 GeV/c2 neutralino
mass where the individual optimisation in this analysis
proves fruitful.

5. Results

5.1. Systematic uncertainties

The inclusion of systematic uncertainties in the signal
and background estimate in the limit calculations is done
using the POLE program [25,26] which is a generalisation
of the method proposed in Ref. [27]. The calculation takes
into account the uncertainty in the signal detection effi-



Table 3
The 90% confidence level upper limits on the annihilation rate CA and the
muon flux /l calculated with the inclusion of systematic uncertainties for
the combined 1997–99 data analyses

Channel Mv

(GeV/c2)
Ndata Natm.m l90 CA

(s�1)
/l

(km�2 year�1)

Hard 50 11 13.7 8.5 3.7 · 1015 1.4 · 104

100 11 13.7 8.5 8.1 · 1013 1.8 · 103

250 9 9.6 8.9 5.9 · 1012 9.4 · 102

500 4 5.0 5.3 9.1 · 1011 5.6 · 102

1000 2 4.0 2.9 1.3 · 1011 3.0 · 102

3000 2 3.0 3.5 2.3 · 1010 3.4 · 102

5000 2 3.1 3.5 9.4 · 1009 3.2 · 102

Soft 50 10 13.1 8.1 2.7 · 1017 2.0 · 105

100 10 13.1 8.1 2.1 · 1015 6.6 · 103

250 12 10.6 12.7 1.4 · 1014 2.5 · 103

500 6 7.2 6.5 1.4 · 1013 8.8 · 102

1000 4 5.1 5.3 3.2 · 1012 6.3 · 102

3000 3 4.7 3.9 3.8 · 1011 3.9 · 102

5000 2 4.1 2.9 1.5 · 1011 3.0 · 102
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ciency as well as both the theoretical uncertainty and the
uncertainty in detection efficiency for the background.

The theoretical uncertainty in the atmospheric neutrino
flux calculation is estimated to be �20% [28,29] and a con-
servative assumption of ±25% is used.

The systematic uncertainty in the detection efficiency is
dominated by three contributions: OM sensitivity, muon
energy loss and the implementation of the ice properties
in the detector simulation.

The uncertainty in the OM sensitivity has been esti-
mated to be around 20%. It is due to a combination of
effects like the properties of the refrozen ice close to the
OM, the quantum efficiency and the transmissivity of the
glass and the optical gel. Monte Carlo simulation studies
of atmospheric neutrinos have shown that this translates
into an uncertainty in the muon rate of about 30% for
muons in the energy range 102–103 GeV.

The simulation of the muon propagation to the detector
has an uncertainty in the muon range which is less than
10%. The muon flux at the detector is proportional to the
range of the muon [9] and therefore a systematic uncer-
tainty of 10% on the number of muons is used.

The uncertainty in the detection efficiency due to the
implementation of the ice properties in the detector simula-
tion has been estimated by using two different ice models in
the simulation of the neutralino signal as well as in the
atmospheric neutrino background. The signal has a fairly
uniform uncertainty of 8–10% independent of the neutra-
lino mass and annihilation channel, although the
100 GeV/c2 hard and soft annihilation channels have the
highest values of 12% and 20%, respectively. In contrast
the atmospheric neutrino background have the lowest
uncertainty for the 100 GeV/c2 channels – 8% (hard) and
11% (soft) – while it ranges between 15% and 25% in the
other cases.

Neutrino oscillations of the type ml! ms would reduce
the sensitivity to WIMP annihilations. Because of the rela-
tively high neutrino energy threshold of AMANDA
(�35 GeV), this effect is completely negligible, however,
for all considered WIMP masses.

Added in quadrature this yields systematic uncertainties
between 33% and 40% depending on the WIMP analysis
considered.

5.2. Flux limits and comparisons

The 90% confidence level upper limit l90 on the number
of muons with energies above Ethr coming from annihilat-
ing neutralinos together with the effective volume Veff and
the experimental livetime Teff limits the conversion rate of
neutrinos into muons per unit volume and time around
the detector

Clm 6
l90

V eff � T eff

: ð2Þ

This rate is directly proportional to the annihilation rate
CA [5] through
Clm ¼ CA �
1

4pR2
�

Z
dEmrmN ðEmÞqNBRv�v!X

dN
dEm

� �
X

; ð3Þ

where R� is the radius of the Earth, rmN is the neutrino–
nucleon cross section, qN is the nucleon density in the ice
around the detector and BRv�v!X is the branching ratio
for the neutralino annihilation with associated neutrino
spectrum (dN/dEm)X.

Since the detector thresholds and efficiencies are taken
into account in the calculation of the annihilation rate lim-
its these are directly comparable to those of other
experiments.

The neutralino annihilation rate at the center of the
Earth is then used to calculate the 90% confidence level
upper limit on the muon flux /l for any given energy
threshold Ethr [5]

/lðEl P EthrÞ ¼
CA

4pR2
�

Z 1

Ethr

dEl
dN
dEl

; ð4Þ

where the differential term dN/dEl includes all the assump-
tions necessary to account for the production of muons
from neutrinos created by neutralino annihilations as well
as the propagation of those muons to the detector. In order
to compare the results in this paper with published results
of other experiments, a threshold of 1 GeV is used. The
conversion factors used with Eqs. (3) and (4) for converting
l90! CA! /l have been calculated with code based on
simulations presented in [8].

The 90% confidence level upper limits on the muon flux
from neutralino annihilations at the center of the Earth for
the 421.9 day data set obtained during the three year period
1997–99 as well as the upper limits on the annihilation rate
of neutralinos are presented in Table 3. In Fig. 6 the upper
limits on the muon flux for the seven different neutralino
masses and the two annihilation channels are plotted.
The corresponding limits calculated without the inclusion
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of systematic uncertainties are shown as dotted lines for
comparison.

A comparison of the AMANDA upper limits on the
muon flux from neutralino annihilations at the center of
the Earth with earlier results [5] as well as four other collab-
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Fig. 7. The AMANDA limits on the muon flux from the hard neutralino
annihilation channels at the center of the Earth for the three year 1997–99
combined data set compared with earlier results [5] and those of Baksan
[30], Macro [31], Super-Kamiokande [32], and Baikal [33]. MSSM model
predictions with new estimates on the WIMP diffusion in the solar system
[35] are also shown, with the dots indicating models that are disfavored by
CDMS [34]. The plus signs mark those not probed by CDMS.
orations (Baksan [30], Macro [31], Super-Kamiokande [32],
and Baikal [33]) is shown in Fig. 7. In that figure the pre-
dictions of theoretical models are also presented, which
include new estimates on the WIMP diffusion in the solar
system [35]. The MSSM models disfavored by the recent
measurement of the CDMS collaboration [34] in the Sou-
dan Underground Laboratory are indicated by dots.

6. Conclusions

A search has been performed for nearly vertically
upward going muons with AMANDA data from the three
years 1997–99. Such muons could be a signature of dark
matter in the form of neutralinos accumulating and annihi-
lating at the center of the Earth. The number of muons
found, as well as their angular distribution, is compatible
with the expected background induced by atmospheric
neutrinos. The results have been used to derive limits as a
function of neutralino mass on the neutralino annihilation
rate and the neutrino-induced muon flux.

The limits obtained in this analysis are the best so far for
indirect neutralino searches at high masses, even though
the livetime of 421.9 days is lower than that of the pub-
lished results of other collaborations. Direct detection
experiments which set limits on the spin-independent neu-
tralino–nucleon cross section are sensitive to high velocity
particles. Indirect experiments, like AMANDA, require
low velocity neutralinos being trapped by the gravitational
field of the Earth or the Sun. In this sense the two methods
are complementary, since they would sample different pop-
ulations of dark matter. Although taking into account
WIMP diffusion in the solar system has lowered the
expected theoretical muon flux significantly [35], the indi-
rect searches have now begun to probe regions allowed
by theoretical models with supersymmetric dark matter
candidates as is shown in Fig. 7.

The data analyzed here are of particular interest in the
search for low energy neutrino-induced muons because of
the low multiplicity trigger thresholds used during the
1997–1999 seasons.
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