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Abstract.
We describethe analysisof atmosphericneutrinosmea-

suredwith theAMANDA-B10detectorduringtheyear1997.
Two independentanalyseshave beenperformed.Both find
about200neutrinoevents.Thisyieldsa total numberof 325
neutrinoeventsabove a thresholdof about65 GeV for 130
daysof detectorlive-time.

Thecharacteristicpropertiesof theseeventsagreewith the
expectationfrom atmosphericneutrinoswithin theassumed
systematicuncertainties.Differentmethodsto estimatethe
backgroundleadto an estimationof about10% in the final
sample.Thecelestialdistributionof eventsis consistentwith
a randomdistribution.

1 Introduction

TheAMANDA neutrinotelescope(Andresetal.,2000)aims
for theobservationof highenergy neutrinosfrom astrophys-
ical sources(seee.g.Gaisseret al. (1995)and Learnedand
Mannheim (2000)). The detectionof high energy atmo-
sphericneutrinosis a crucial testof the performanceof the
detectorandcanbeconsidereda proof of methodof thede-
tectiontechniquesaswell asacalibrationof its sensitivity to
neutrinosin general.

Theexperimentis locatedat thegeographicalSouthPole.
Photomultiplier-tubes(PMTs),deployeddeepin theantarc-
tic glacier in depthsbetween1,500and2,000m,detectthe
Čerenkov light fromchargedrelativisticparticles,whichtravel
throughthe ice. An unambiguoussignaturefor a neutrino
event is an up-ward going muon— the resultof a charged
currentmuon-neutrinonucleoninteractionbelow the detec-
tor.

Main challengeis the proof of backgroundrejection: the
identificationof up-goingmuonsfrom the ����� times larger
backgroundof down-going muons,which are producedin
theEarth’satmosphere.Anotherimportantaspectis thever-
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Fig. 1. The AMANDA-B10 detectorasof 1997. Eachdot repre-
sentsanopticalmodule.Themodulesareseparatedby 20mon the
innerstrings(1-4), andby 10mon theouterstrings(5-10). Shown
is anexperimentalneutrinoevent. Thesizeof thecirclesindicates
the amplitudeof eachdetectedsignal the color indicatesthe time
of thephoton’s arrival. Earlier timesarein red, later in blue. The
arrow indicatesthereconstructedtrackof theup-goingmuon.

ificationof a sufficiently high signalefficiency. Theanalysis
of atmosphericneutrinoshelpsto understandthesystematic
uncertaintiese.g. due to the optical propertiesof the deep
Antarcticice andtheirverticalstructures.

The installationof the AMANDA-B10 detectorwasfin-
ishedin the australsummer1996/97. The detectorconsists
out of 302 8-inch PMTs, which are attachedto 10 cable-
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strings,by which thePMT signalsaretransmittedto thesur-
face(Fig.1). The instrumentedvolumeis a cylinder of ap-
proximately120min diameterand500min height.

2 Data Analysis

2.1 Experimentaldata

TheAMANDA-B10 detectoroperatedin theyear1997from
early April to early November. The main trigger readsout
eventswith morethan16 optical modulesshowing a signal
within 2 � s. About 1.4 billion eventswererecordedin to-
tal — thedead-timecorrectedtriggerratewasabout100Hz.
Theseeventsarealmostentirely dueto atmosphericmuons
or muonbundles.They areproducedin theair showersabove
thesurfaceandpropagatedown to thedepthof 1.5km. Mis-
reconstructedatmosphericmuonsare the main background
for thedetectionof atmosphericneutrinos.

During theoff-line analysistheexperimentaldatawasin-
spectedfor detectorstability. Rejectionof unstablePMTs
andbadrun periodsleadto a datasetof stabledetectorper-
formance.In Bouchtaet al. (1999)it wasshown that varia-
tionsin the“cleaned”triggerratecanbecorrelatedwith sea-
sonalvariationsof theatmospheredown to thepercentlevel.

After the selectionof stablerun periodsandPMTsabout
1.1billion eventsareusedfor thephysicsanalysis.Typically
260outof theinitially deployed302PMTsentertheanalysis.
Thedead-timecorrectedlive-timecorrespondsto 130.1days.

2.2 MonteCarloData

Despiteof the simplicity of the genericneutrinosignature:
anup-wardmuontrack,performingtheexperimentnotunder
fully controlledlaboratoryconditionsbut in thedeepantarc-
tic ice,requiresdetailedMonteCarlo(MC) simulations.

An overview on theAMANDA offline softwarewith fur-
therreferences.relevantfor thefollowingdiscussionsisgiven
in (JacobsenandWiebusch, 1999). Most notablyis thede-
tectorsimulation(Hundertmark, 1999),whichcalculatesthe
detectorresponsewith a detailedmodelingof the detector
hardware.It includesthetabulatedresultsfrom asinglepho-
ton propagationsimulation(Karle , 1999). The model in-
cludesdefectsof the re-frozenhole ice locally aroundthe
PMT and is doneaccordingto the measureddepthdepen-
denceof opticalice-properties(Woschnagget al., 1999).

Onemajoreffort in this analysisis a high statisticsback-
groundsimulationof atmosphericmuons. Aim is a quan-
titative understandingof even rarebackgrounds.A total of
about15 daysequivalentlive-timehasbeensimulated.This
correspondsto the simulationof more than ���	��
������ trig-
gers,which againcorrespondsto more than ����
 simulated
air showers. Importancesamplingtechniquesimprove the
statisticalsignificanceof thesimulation.Theachievedstatis-
tics is sufficient to verify, that our experimentallyobserved
backgroundcontaminationsare consistentwith the predic-
tions from theMC. However thesesimulationsarenot only
limited by statisticsbut also by the systematicallylimited

precisionwhensimulatingrareexperimentalprocessesdown
to thelevel of a rejectionof ������� .

Air showers are simulatedwith the fast air shower pro-
gram basiev. We verified the resultswith simulations,us-
ing the more precisecorsika program. Generatedmuons
arepropagatedto andthroughthe detectordepthincluding
full stochasticenergy lossesusingthemudedx code. Atmo-
sphericneutrinoshavebeensimulatedin asimilarwayusing
theprogramnusim. In particularwe have variedvariousin-
putparameters,e.g. opticaliceproperties,within their range
of assumedsystematicuncertainties.More discussionson
thesystematicsaregivenin section3.

2.3 Reconstructionandfiltering

The AMANDA collaborationhasperformedtwo indepen-
dentanalysischains.Bothaimfor aclearseparationof arel-
atively pureandlargesampleof atmosphericneutrinoevents
but usedifferentanalysistechniques.

Commonto bothis a fastfirst level filter, with only small
differencesin the treatmentof data. They typically reduce
thedatasampleby abouta factor10. Thisalgorithmis based
onasimpletrackapproximation(Stenger, 1990).Despiteof
neglectingthegeometryof Čerenkov light andscatteringof
photonsduringtheirpropagationthroughiceit givesarobust
estimatefrom which hemispherethetrackoriginatesfrom.

This filter is followed by a maximumlikelihood recon-
struction,which modelsthe probability densitiesof photon
arrival times as function of the distanceand orientationof
thePMT relative to themuontrack(Wiebusch, 1999). The
track parametersare varied until the most probabletrack,
which correspondsto a maximumlikelihood— theproduct
of all probabilities,is found. In orderto avoid findingwrong
maxima,thereconstructionsareiteratedby searchingfor the
mostprobabletrack hypothesisafter startingfrom different
initial trackparameters.

After this filter stagethe datais reducedby morethana
factor100.Herethetwo analysismethodsdiverge.

Analysis-A usesa Bayesianinferencemotivatedrecon-
struction(Hill , 2001) in which the likelihoodis multiplied
by azenithdependentprior function.This functionenhances
theprobabilitiesof down-wardtrackhypothesisesuptoafac-
tor ����� .Thisreflectsthea priori knowledgeof thezenithdis-
tribution of down-goingmuons. This resultsin large back-
groundrejectionat thereconstructionlevel andthusa small,
simplifiedfinal cut set.

Analysis-Busesanimprovedlikelihooddescriptionfor the
photonresponse(Wiebusch, 1999). It involves the prob-
abilities of PMTs being hit or not hit anda more accurate
modelfor thephotonarrival time, if thePMT measuresmore
thanonephoton. In comparisonto analysisA, this method
is lessefficient in therejectionof backgroundbut moreeffi-
cient for signal. It is thusfollowed by further cuts. In par-
ticular cascade-likeevents,dueto muonbremsstrahlung,are
suppressedby rejectingeventswith a goodcascaderecon-
struction(Taboadaetal., 2001).

In additionto theMC simulatedbackgroundwe have ob-
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servedrarebackgroundsdueto instrumentaleffectssuchas
cross-talkbetweensignalcablessometimesenhancedby un-
stableandhigh voltagesupplies.Again both analysishave
developeddifferentbut similarly efficient techniquesto treat
this background.Analysis-A inspectsthe signalpatternof
eacheventfor characteristiccorrelationsin signalamplitudes
andtimes. Suspicioussignalsareexcludedfrom the recon-
struction. In analysis-Bthe event topology is inspected.If
thespatialpatternof hit PMTsis inconsistentwith therecon-
structedmuontrajectory, theeventis rejected.

After this level of cuts the datasetsare reducedto well
manageablesizesof a few ����� events.At this stagethedata
is still backgrounddominated— theassumednumberof neu-
trino inducedeventsis lessthan500.

2.4 Final neutrinocuts

For the final selectionof a puresampleof neutrino-induced
events,cutson characteristicobservablesaretighteneduntil
the remainingbackgrounddisappears— however this also
involvesasubstantiallossin signalevents.Thetwo analyses
proceedin slightly differentways.

In analysis-A,observableswhich arefoundbeingcapable
in the rejectionof background,areparameterizedaccording
to thedensityof signalevents,aspredictedby MC. A quality
scalecanbeachievedby requiringacertainfractionof signal
eventspassingeachcriterion(DeYoung, 2001).

In analysis-Bthe final set of cuts are selectedand opti-
mized via a newly developedmethod: CUTEVAL (Gaug,
2000). This algorithm takes into accountthat cut parame-
tersarenot independentandhave individual but correlated
efficiencies. The principle of the CUTEVAL methodis to
numericallyoptimizethesignalto backgroundefficiency by
a variation of the cut valueswithin the allowed parameter
boundaries.The explicit usageof partsof the experimen-
tal dataaswell asdifferentMC simulationswithin theopti-
mizationprocedureallows for a detectionof systematicdif-
ferencesbetweenMC andexperimentfor the usedcut pa-
rameters. As first stepa small set optimum parametersis
derived.Thefinal cut valuesarethencalculatedfor different
levelsof backgroundrejectionandparameterizedasfunction
of the backgroundparameter����� . This parameteris only
a roughestimateof theexpectedbackgroundcontamination
— the true amountof backgroundin the final experimental
sampleis measuredwith differentmethods.In this analysis
aqualityscaleis definedby theamountof backgroundin the
datasample:�������! #"�$%� �&�(' ��)�*,+ , with ��)�* thenumber
of eventsat triggerlevel.

In bothanalysesthefinalneutrinocutsarederivedby tight-
eningthequality requirementsuntil thebackgroundis suffi-
ciently rejectedand a clear separationof neutrino-induced
eventsis achieved.

Figure2 shows the numberof events,which survive the
graduallytightenedquality cuts.Onecanseethat theexper-
imentalpassingratefirst follows the backgroundprediction
from triggerlevel (TL) oversix ordersof magnitudeuntil the
point, whereneutrinosareexpectedto dominatethe exper-
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Fig. 2. Numberof eventsversusthebackgroundparameter<>=�? for
analysis-B.Shown areresultsfor the experiment,two simulations
of atmosphericneutrinosandthebackgroundMC. Thebackground
parameter< =�? is equivalentto a certainstrengthof cuts. Smaller
valuescorrespondto tightercuts. Thefinal neutrinocutsarethose
for < =�?A@CBED . Note that < =�? is only a roughestimateof the
backgroundcontamination. The actualamountof backgroundis
determinedwith dedicatedmethods.Theplot coversthefull range
of the analysisshowing resultsfrom the trigger level (TL) andin-
termediatecut levels(L1-L4a)up to cutsastight aspossible.

imentalsample. Here the experimentalshapechangesand
turnsover to follow the signalpredictionup to the highest
possiblequality requirements.The total numberof experi-
mentaleventsis smallerthantheMC prediction,but agrees
within thesystematicuncertainties.

3 Results

Analysis-A leadsto 204, analysis-Bto 223 events— 102
eventsarecommonto bothanalysis.Thetotalnumberof the
combinedsampleis 325events.Thenumberof overlapping
eventsis consistentwith theexpectationfrom thesimulation.
Howeverthetotalnumberof foundeventsis smallerthanthe
expectationin eachA: �>�	F % B: �HGI� % andthe combined
sample:�JF�K %. Whenconsideringalsothebackgroundfrom
atmosphericmuons,thedeficitsbecomeslightly larger.

90%of theMC signaleventshave muon[neutrino]ener-
giesbetween50[65] GeVand1.8[3.4] TeV. Weestimatethe
effective area[volume]of this analysisfor muonsof 1 TeV
to beaboutFMLN����� mO [ KMLN����� m� ].

The backgroundsin the event samplesare estimatedby
severalmethods:Themoststraight-forward is the MC esti-
mate. Visual inspectionof the final samplewasdoneafter
testingthe efficiencieswith blind tests. An importantex-
perimentaltechniqueis the attemptto identify event prop-
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Fig. 3. Distribution of thecosineof thereconstructedzenithangle
for analysis-B.Shown aretheexperimentaldatapointswith theMC
expectationsfor theatm.Y -backgroundandtheatm.neutrinosimu-
lation. TheMC includeseffectsfrom neutrinooscillationsandlocal
holeicedefects.NotethattheBG simulationis limited by statistics.

erties,which are characteristicfor backgroundin the final
eventsample.Typical featuresherearea non-smoothdepth
dependenceof thelocationof theeventsor pathologicalPMT
signalfeaturesfrom malfunctionsin theDAQ or cablecross-
talk. Anotherpowerful techniqueis to measurethe exper-
imental BG by removing eachof the final cuts separately.
TheBG in thefinal sampleis thendeterminedby correcting
thebackgroundMC for this experimentallymeasuredback-
ground.Wefoundall thesemethodsto bequantitatively con-
sistent.They agreeto a contaminationof about5% to 10%
backgroundeventsin thefinal samples.

The absoluteevent deficit is mostprobablyexplainedby
our systematicuncertainties.Importantuncertaintiesarethe
absoluteflux predictionfrom atmosphericneutrinos:Z 30%,
uncertaintiesin themuonrangeandthuseffective volumes:
Z 20% anddueto uncertaintiesin the optical parametersof
the ice: Z 15%. Anothermajor uncertaintyis the absolute
sensitivity of PMTs. MC simulationsshow, that the total
event numberis almostproportionalto the PMT efficiency.
The genericvalueis known to about10% precision,but is
modifieddueto localbubblesaroundthePMT in therefrozen
hole ice. This effect canlead,dependingon theangleof in-
cident light, to a 40% changedefficiency. Figures2 and3
show resultsof simulations(ang.sens.),which try to model
theseeffectsmoreprecisely.

Dueto a relatively high energy thresholdof about[#\ GeV,
effects from atmosphericneutrinooscillationsareexpected
to be relatively small. For typical oscillation parameters,]_^a` O �cbed�� and feghOidjFk
#�����l� , we expecta 10%reduced
eventrate— aneffectsmallerthantheotheruncertainties.

The distribution of zenith angles(figure 3) is consistent

Fig. 4. Celestialdistributionof neutrinodirectionsin equatorialco-
ordinatesfor all eventsfrom analysis-AandB. Themedianangular
pointingresolution,estimatedby MC, is about m�n –ocn .

with theexpectationfrom thesimulationsof atmosphericneu-
trinos. Thedetectorachievesthe largestefficiency for verti-
calevents.Thisis favoredby thegeometryof theAMANDA-
B10detector, whichextendsaboutfour timesmorein vertical
than in horizontaldirections. The distributionsof celestial
coordinatesareshown in figure 4. The distribution is con-
sistentwith theassumptionof beingrandom.No significant
clusteringof eventsis seen.

4 Conclusions

The herepresentedresultsfrom the first year of data tak-
ing with AMANDA-B10 demonstratethat a large neutrino
detectorcanbe built andoperatedin the antarcticice. The
achievedperformanceis asexpectedfrom simulations.

Sincethen,ninestringswereaddedin a concentriccircle
aroundAMANDA-B10. This largerdetector, AMANDA-II,
consistsof 677PMTs. We observe a significantlyimproved
efficiency (Wischnewski etal.,2001),especiallyfor horizon-
tal events.Plansaremadefor a muchlargerdetector:ICE-
CUBE,which is describedin Goldschmidtet al. (2001).
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