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Abstract.

We describethe analysisof atmosphericneutrinosmea-
suredwith theAMAND A-B10 detectoduringtheyear1997.
Two independengainalyseshave beenperformed. Both find
about200neutrinoevents.This yields atotal numberof 325
neutrinoeventsabove a thresholdof about65 GeV for 130
daysof detectofive-time.

Thecharacteristipropertief theseeventsagreewith the
expectationfrom atmospherimeutrinoswithin the assumed
systematiauncertainties.Differentmethodsto estimatethe
backgroundeadto an estimationof about10%in the final
sample.Thecelestialdistribution of eventsis consistentvith
arandomdistribution.

1 Introduction

The AMAND A neutrinotelescopgAndresetal., 2000)aims
for the obsenationof high enegy neutrinosfrom astrophys-
ical sourcegseee.g.Gaissert al. (1995)and Learnedand
Mannheim (2000)). The detectionof high enegy atmo-
sphericneutrinosis a crucial testof the performanceof the
detectorandcanbe considereda proof of methodof the de-
tectiontechniquesswell asa calibrationof its sensitvity to
neutrinosin general.

The experimentis locatedat the geographicaBouthPole.
Photomultipliertubes(PMTSs), deployed deepin the antarc-
tic glacierin depthsbetweenl,500and 2,000m,detectthe
Cerenlov light from chagedrelativistic particleswhichtravel
throughthe ice. An unambiguoussignaturefor a neutrino
eventis an up-ward going muon— the resultof a chaged
currentmuon-neutrinanucleoninteractionbelow the detec-
tor.

Main challengeis the proof of backgroundejection: the
identificationof up-goingmuonsfrom the 108 timeslarger
backgroundof down-going muons,which are producedin
the Earth's atmosphereAnotherimportantaspecis thever
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Fig. 1. The AMAND A-B10 detectorasof 1997. Eachdot repre-
sentsanopticalmodule. The modulesareseparatedy 20monthe
innerstrings(1-4), andby 10mon the outerstrings(5-10). Shavn
is an experimentalneutrinoevent. The size of the circlesindicates
the amplitudeof eachdetectedsignalthe color indicatesthe time
of the photons arrival. Earliertimesarein red, laterin blue. The
arraw indicateshereconstructedrack of theup-goingmuon.

ification of a sufficiently high signalefficiency. Theanalysis
of atmospherineutrinoshelpsto understandhe systematis
uncertaintiese.g. due to the optical propertiesof the deef
Antarcticice andtheirvertical structures.

The installationof the AMAND A-B10 detectorwas fin-
ishedin the australsummer1996/97. The detectorconsists
out of 302 8-inch PMTs, which are attachedto 10 cable-
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strings,by whichthe PMT signalsaretransmittedo the sur
face(Fig.1). The instrumentedsolumeis a cylinder of ap-
proximatelyl120min diameterand500min height.

2 DataAnalysis
2.1 Experimentatata

The AMAND A-B10 detectoroperatedn theyear1997from
early April to early November The maintrigger readsout
eventswith morethan 16 optical modulesshoving a signal
within 2 us. About 1.4 billion eventswererecordedin to-
tal — the dead-timecorrectedriggerratewasabout100Hz.
Theseeventsarealmostentirely dueto atmospherianuons
or muonbundles.They areproducedn theair shaversabove
the surfaceandpropagatelown to the depthof 1.5km. Mis-
reconstructec&tmospherianuonsare the main background
for the detectionof atmospherimeutrinos.

During the off-line analysisthe experimentaldatawasin-
spectedfor detectorstability. Rejectionof unstablePMTs
andbadrun periodsleadto a datasetof stabledetectomper
formance.In Bouchtaet al. (1999)it wasshown thatvaria-
tionsin the“cleaned”triggerratecanbecorrelatedvith sea-
sonalvariationsof theatmosphereown to the percentevel.

After the selectionof stablerun periodsand PMTs about
1.1billion eventsareusedfor thephysicsanalysis.Typically
260outof theinitially deployed302PMTsentertheanalysis.
Thedead-timecorrectedive-timecorrespondo 130.1days.

2.2 MonteCarloData

Despiteof the simplicity of the genericneutrinosignature:
anup-wardmuontrack,performingtheexperimeninotunder
fully controlledlaboratoryconditionsbut in the deepantarc-
tic ice, requiresdetailedMonte Carlo (MC) simulations.

An overview onthe AMAND A offline softwarewith fur-
therreferencestelevantfor thefollowing discussionss given
in (JacobsemndWiebusch, 1999). Most notablyis the de-
tectorsimulation(Hundertmark 1999),which calculateghe
detectorresponsevith a detailedmodeling of the detector
hardware. It includesthetakulatedresultsfrom asinglepho-
ton propagationsimulation (Karle , 1999). The modelin-
cludesdefectsof the re-frozenhole ice locally aroundthe
PMT andis doneaccordingto the measurediepthdepen-
denceof opticalice-propertiegWoschnaggetal., 1999).

Onemajoreffort in this analysisis a high statisticsback-
groundsimulationof atmospherianuons. Aim is a quan-
titative understandingf evenrarebackgrounds.A total of
aboutl5 daysequialentlive-timehasbeensimulated.This
correspondgo the simulationof more than120 - 10° trig-
gers,which againcorrespondso morethan10° simulated
air shavers. Importancesamplingtechniquesmprove the
statisticalsignificanceof thesimulation.Theachiesedstatis-
tics is sufficient to verify, that our experimentallyobsened
backgroundcontaminationsare consistentwith the predic-
tions from the MC. However thesesimulationsarenot only
limited by statisticsbut also by the systematicallylimited

precisiorwhensimulatingrareexperimentaprocessedown
to thelevel of arejectionof 10~8.

Air shavers are simulatedwith the fastair shaver pro-
grambasiev. We verified the resultswith simulations,us-
ing the more precisecorsika program. Generatedmuons
are propagatedo andthroughthe detectordepthincluding
full stochastienepgy lossesusingthe mudedx code. Atmo-
sphericneutrinoshave beensimulatedn a similar way using
the programnusim. In particularwe have variedvariousin-
putparametersg.g. opticalice propertieswithin theirrange
of assumedsystematicuncertainties. More discussionn
thesystematicaregivenin section3.

2.3 Reconstructiorandfiltering

The AMAND A collaborationhas performedtwo indepen:
dentanalysischains.Both aim for a clearseparatiorof arel-
atively pureandlargesampleof atmospherimeutrinoevents
but usedifferentanalysigechniques.

Commonto bothis afastfirst level filter, with only small
differencedn the treatmentof data. They typically reduce
thedatasampleby aboutafactor10. This algorithmis basec
onasimpletrackapproximatior(Stenger, 1990). Despiteof
neglectingthe geometryof Cerenlov light andscatteringof
photonsduringtheir propagatiorthroughiceit givesarobust
estimatefrom which hemispherghe track originatesfrom.

This filter is followed by a maximum likelihood recon-
struction,which modelsthe probability densitiesof photon
arrival times as function of the distanceand orientationof
the PMT relative to the muontrack (Wiebusch, 1999). The
track parametersare varied until the most probabletrack,
which correspondso a maximumlikelihood— the produci
of all probabilities,is found. In orderto avoid finding wrong
maxima,thereconstructiongareiteratedby searchingor the
mostprobabletrack hypothesisafter startingfrom different
initial track parameters.

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

Analysis-A usesa Bayesianinferencemotivated recon-
struction(Hill , 2001)in which the likelihoodis multiplied
by a zenithdependenprior function. This functionenhance
theprobabilitiesof down-wardtrackhypothesiseaptoafac-
tor 10%. Thisreflectsthea priori knowledgeof the zenithdis-
tribution of down-going muons. This resultsin large back-
groundrejectionatthereconstructiorievel andthusa small,
simplifiedfinal cut set.

Analysis-Busesanimprovedlik elihooddescriptiorfor the
photonresponsgWiebusch, 1999). It involvesthe prob-
abilities of PMTs being hit or not hit and a more accurate
modelfor the photonarrival time, if thePMT measuresnore
thanone photon. In comparisorto analysisA, this methoc
is lessefficientin therejectionof backgroundut moreeffi-
cientfor signal. It is thusfollowed by further cuts. In par
ticular cascade-lik events,dueto muonbremsstrahlungare
suppressety rejectingeventswith a good cascadeecon-
struction(Taboadaetal., 2001).

In additionto the MC simulatedbackgroundwve have ob-



senedrarebackgroundsiueto instrumentakeffectssuchas
cross-talkbetweersignalcablessometime&nhancedby un-
stableand high voltage supplies. Again both analysishave
developeddifferentbut similarly efficienttechniquego treat
this background. Analysis-A inspectsthe signal patternof
eacheventfor characteristicorrelationsn signalamplitudes
andtimes. Suspicioussignalsare excludedfrom the recon-
struction. In analysis-Bthe eventtopologyis inspected.If
thespatialpatternof hit PMTsis inconsistentwith therecon-
structedmuontrajectory the eventis rejected.

After this level of cutsthe datasetsare reducedto well
manageablsizesof afew 103 events. At this stagethe data
is still backgroundlominated— theassumeaumberof neu-
trino inducedeventsis lessthan500.

2.4 Final neutrinocuts

For the final selectionof a pure sampleof neutrino-induced
events,cutson characteristiobsenablesaretighteneduntil
the remainingbackgrounddisappears— however this also
involvesa substantialossin signalevents. Thetwo analyses
proceedn slightly differentways.

In analysis-A,obsenableswhich arefoundbeingcapable
in the rejectionof backgroundareparameterize@ccording
to thedensityof signalevents,aspredictedoy MC. A quality
scalecanbeachiezedby requiringacertainfractionof signal
eventspassingeachcriterion(DeYoung, 2001).

In analysis-Bthe final setof cuts are selectedand opti-
mized via a newly developedmethod: CUTEvVAL (Gaug,
2000). This algorithmtakesinto accountthat cut parame-
tersare not independenand have individual but correlated
efficiencies. The principle of the CUTEVAL methodis to
numericallyoptimizethe signalto backgrouncefficiency by
a variation of the cut valueswithin the allowed parameter
boundaries. The explicit usageof partsof the experimen-
tal dataaswell asdifferentMC simulationswithin the opti-
mizationprocedureallows for a detectionof systematiaif-
ferencesbetweenMC and experimentfor the usedcut pa-
rameters. As first stepa small set optimum parameterss
derived. Thefinal cutvaluesarethencalculatedor different
levelsof backgroundejectionandparameterizedsfunction
of the backgroundparametetNgg. This parameteis only
aroughestimateof the expectedbackgroundcontamination
— the true amountof backgroundn the final experimental
sampleis measuredvith differentmethods.In this analysis
aquality scaleis definedby theamountof backgroundn the
datasample:Q = —log(Np¢/Nrr,), with Nrr, thenumber
of eventsattriggerlevel.

In bothanalyseshefinal neutrinocutsarederivedby tight-
eningthe quality requirementsintil the backgrounds suffi-
ciently rejectedand a clear separatiorof neutrino-induced
eventsis achieved.

Figure 2 shawvs the numberof events,which survive the
graduallytightenedquality cuts. Onecanseethatthe exper
imental passingratefirst follows the backgroundprediction
from triggerlevel (TL) oversix ordersof magnitudeuntil the
point, whereneutrinosare expectedto dominatethe exper

1111

A nusim atmmv MC
nusim atmv MC -ang.sens.

v Experiment

= Background MC

1070 ]

E vl v vl vl vl vl id el vl vl vl vl 3

10°10%10" 1 10 10° 10% 10* 10° 10° 10" 10® 10°
Ngg (130.1 days)

Fig. 2. Numberof eventsversughebackgroungarameteNg¢ for
analysis-B.Shavn areresultsfor the experiment,two simulations
of atmospherimeutrinosandthe backgroundVC. The backgrounc
parametetN g is equivalentto a certainstrengthof cuts. Smaller
valuescorrespondo tighter cuts. The final neutrinocutsarethose
for Ne¢ = 10. Notethat Ng¢ is only a rough estimateof the
backgroundcontamination. The actualamountof backgroundis
determinedvith dedicatednethods.The plot coversthefull range
of the analysisshaving resultsfrom the trigger level (TL) andin-
termediatecut levels (L1-L4a) up to cutsastight aspossible.

imental sample. Here the experimentalshapechangesand
turnsover to follow the signal predictionup to the highes:
possiblequality requirements.The total numberof experi-
mentaleventsis smallerthanthe MC prediction,but agree:
within the systematiaincertainties.

3 Reaults

Analysis-A leadsto 204, analysis-Bto 223 events— 102
eventsarecommonto bothanalysis.Thetotal numberof the
combinedsampleis 325 events. The numberof overlapping
eventsis consistentvith theexpectatiorfrom the simulation.
Howeverthetotal numberof foundeventsis smallerthanthe
expectationin eachA: —23% B: —41% andthe combinec
sample:—38%. Whenconsideringalsothebackgroundrom
atmospherienuons the deficitsbecomeslightly larger.

90% of the MC signaleventshave muon[neutrino]ener
giesbetweerb0[65] GeVand1.8[3.4] TeV. We estimatethe
effective area[volume]of this analysisfor muonsof 1 TeV
to beabout3 x 10% m? [8 x 10% m3].

The backgroundsn the event samplesare estimatedby
several methods:The moststraight-forvardis the MC esti-
mate. Visual inspectionof the final samplewas doneafter
testingthe efficiencieswith blind tests. An importantex-
perimentaltechniqueis the attemptto identify event prop-
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Fig. 3. Distribution of the cosineof the reconstructedenithangle
for analysis-BShavn aretheexperimentaldatapointswith theMC
expectationdor the atmu-backgroundandthe atm. neutrinosimu-
lation. TheMC includeseffectsfrom neutrinooscillationsandlocal
holeice defects.Notethatthe BG simulationis limited by statistics.

erties, which are characteristidor backgroundin the final

eventsample.Typical featuresherearea non-smoothdepth
dependencef thelocationof theeventsor pathologicaPMT

signalfeaturesrom malfunctionsn the DAQ or cablecross-
talk. Anotherpowerful techniqueis to measurethe exper

imental BG by remaoving eachof the final cuts separately
TheBG in thefinal sampleis thendetermineddy correcting
the backgroundMC for this experimentallymeasuredack-
ground.We foundall thesemethodgo bequantitatively con-
sistent. They agreeto a contaminatiorof about5% to 10%
backgroundaventsin thefinal samples.

The absoluteevent deficit is most probablyexplainedby
our systematiauncertaintiesImportantuncertaintiesarethe
absolutdlux predictionfrom atmospherimeutrinos:i~30%,
uncertaintiesn the muonrangeandthuseffective volumes:
~20% anddueto uncertaintiesn the optical parametersf
theice: ~15%. Another major uncertaintyis the absolute
sensitvity of PMTs. MC simulationsshaw, that the total
eventnumberis almostproportionalto the PMT efficiency.
The genericvalueis known to about10% precision,but is
modifieddueto localbubblesaroundhe PMT in therefrozen
holeice. This effect canlead,dependingn the angleof in-
cidentlight, to a 40% changedefficiengy. Figures2 and3
shaw resultsof simulations(ang.sens.)which try to model
theseeffectsmoreprecisely

Dueto arelatively high enegy thresholdof about65GeV,
effectsfrom atmospherimeutrinooscillationsare expected
to be relatively small. For typical oscillation parameters,
sin? 260 = 1 andAm? = 3 - 103, we expecta 10%reduced
eventrate— aneffect smallerthanthe otheruncertainties.

The distribution of zenith angles(figure 3) is consistent
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Fig. 4. Celestialdistribution of neutrinodirectionsin equatoriako-
ordinatedor all eventsfrom analysis-AandB. The medianangular
pointingresolutionestimatedy MC, is about3°—4°.

with theexpectatiorfrom thesimulationsof atmosphericeu-
trinos. The detectorachievesthe largestefficiency for verti-

calevents.Thisis favoredby thegeometryof theAMAND A-

B10detectorwhichextendsaboutfour timesmorein vertical
thanin horizontaldirections. The distributions of celestial
coordinatesare shawvn in figure 4. The distribution is con-
sistentwith the assumptiorof beingrandom.No significant
clusteringof eventsis seen.

4 Conclusions

The here presentedesultsfrom the first year of datatak-
ing with AMAND A-B10 demonstratehat a large neutrino
detectorcanbe built andoperatedn the antarcticice. The
achieredperformances asexpectedrom simulations.
Sincethen,nine stringswereaddedin a concentriccircle
aroundAMAND A-B10. This largerdetectof AMAND A-Il,
consistsof 677 PMTs. We obsenre a significantlyimproved
efficiengy (Wischnevski etal., 2001),especiallyfor horizon-
tal events. Plansare madefor a muchlarger detector:ICE-
CUBE, whichis describedn Goldschmidtetal. (2001).
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