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Abstract
TheAMAND A neutrinotelescopedetectsneutrinosby observingCherenkov
light from secondaryleptonsproducedin charged currentneutrino interac-
tions. At lower energies,a backgroundof penetratingmuonsapproximately�����

timesasnumerousasneutrino-inducedmuoneventsis rejectedby looking
for muonstravelling upward throughthe earth. Becausethe detectoris de-
signedto maximizeeffective volumeratherthanfor precisionmeasurements,
incorporatingthis information into the muon track reconstructionalgorithm
via Bayes’ theoremleadsto a substantialreductionin the misreconstruction
rate.

1 THE AMANDA DETECTOR

TheAntarcticMuon andNeutrinoDetectorArray (AMANDA) is designedto detectsecondaryleptons
producedin highenergy neutrinocharged-currentinteractionswith theSouthPolaricecapor thebedrock
below. TheleptonsaredetectedthroughtheCherenkov light emittedasthey passthroughtheice,which
is extremely transparent.The detectorpresentlyconsistsof a three-dimensionalarray of 677 optical
modules(OMs — essentiallyphotomultipliertubesinsideglasspressurevessels)burieddeepin ice cap,
asshown in Fig. 1.

Becausethe high energy neutrinosthe instrumentis intendedto detectarerareandthe neutrino
interactioncrosssectionis low, AMAND A wasdesignedto maximizeeffectivevolumeat theexpenseof
precisionreconstructionof events.Thelimiting scaleof theOM spacingis setby theopticalparameters
of the ice, which hasa typical absorptionlengthof around95 m andan effective scatteringlengthof
20–30m [1, 2]. Thetypical spacingof OMs is therefore10–20m verticallyand20–50m horizontally.

Most AMAND A triggersareproducedby muonsof relatively low energy (10’s to 100’s of GeV
at the detector),nearlyall of which areproducedin air showers above the SouthPole andpenetrate
to the detector. However, muonsthat decayin flight beforereachingthe surfaceproducehigh energy
neutrinos,which will occasionallyinteractnearthe detectorto regeneratethe muons. For air showers
aboveAntarcticatheseneutrino-inducedmuonsareburiedin thedirectmuonflux, but regeneratedmuons
canbe observed from air showers in the NorthernHemisphereas well. The angulardistributions of
penetratingandregeneratedmuonsareshown in Fig. 2.

2 TRACK RECONSTRUCTION

The sparsityof the detectorarraymeansthat most low energy muonsproducesignals(“hits”) in rela-
tively few OMs. Typicaleventsconsistof 15–30hitsover theseveralhundredmetersof containedtrack.
Furthermore,the low absorptionof ice relative to thescatteringlengthmeansthatmany of thephotons
collectedarehighly scattered,arriving well after the Cherenkov time (i.e., the time at which photons
emittedat theCherenkov angleandtravelling in a straightline would have beenobserved). Therelative
fractionof “direct” (unscattered)photonsdecreaseswith distancefrom thetrack,asshown in Fig. 3. Be-
causethearrival time distributionsarehighly asymmetric,AMAND A hashistoricallyuseda maximum
likelihoodmethodto reconstructthemuontrackparametersfrom theobservedtimedelaysof thehits.
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Fig. 1: ThepresentAMANDA detector, with theEiffel Tower shown to illustratethescale.This paperdescribesdatatakenin

1997,usingtheteninnerstringslabeledAMANDA-B10, shown in expandedview in thecenter.

Fig. 2: Zenithangledistributionof simulatedAMANDA muonevents.Thesolid line representspenetratingdowngoingmuons

from cosmicray air showers[3] over Antarctica,simulatedby CORSIKA [4] andpropagatedby mudedx[5, 6]. Thedashed

line indicatesmuonsregeneratedfrom neutrinosproducedin air showers[7], simulatedby nusim[8, 9].
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Fig. 3: Cartoonsketch of time residual(delay)distributionsof photonsarriving at an optical modulenearthe muontrack,

comparedto adistantOM. Timesarerelativeto thearrival timeexpectedfor photonsin theCherenkov cone;negativetimesare

possiblebecausethedistributionsaresmearedby theapproximatelyGaussianjitter in theresponseof thePMT andelectronics.

As thedistancefrom themuontrackincreases,scatteringbecomesmoreimportant.

The time delaypdf’s illustratedin Fig. 3 arecalculatedby simulatingthe propagationof pho-
ton fields producedby muonsin ice, including theeffectsof scatteringandabsorption[10] andof the
hardwareresponse[11]. A timing likelihood

	�
 ��
�� ����� ��������� ��� �!#"%$'& � ���(*),+ � ���-  �.�/ (1)

is thenconstructed,where�  �!#" is thetimeresidualof thefirstphoton(multiplephotonsin rapidsuccession
aretypically not resolved), and & ( and + -  �. arethe distanceandorientationof the OM relative to the
muontrack,which aredependenton theparameters��0 )213),45),+5)76 / of themuontrack. For computational
simplicity theprobabilitythatanOM behit is normallynot included,nor is any correctionmadefor the
biastowardearliertimesintroducedif multiple photonsarrive,but only thetime of thefirst is recorded.
The track is reconstructedby varying the muontrack parametersuntil the minimum of the likelihood
functionis found.Fig. 4 shows a reconstructedmuontrackfrom the1997data.This event,with 41hits,
is slightly brighterthanthetypicalmuonevent.

3 BACKGROUND REJECTION

Examiningthe eventsreconstructedwith the likelihood methoddescribedabove, about 8:9 ����; times
too many upgoingeventsare found. Clearly, a large fraction of the apparentlyupgoingtracksare in
fact misreconstructeddowngoingmuons. Thesemisreconstructedeventsconstitutea backgroundthat
mustbe removed beforeneutrinoeventscanbe identified. Becauseof the complexity of the task,and
to increasetherobustnessof theresults,two separateanalysesof thedatausingdifferentmethodswere
undertaken by the AMAND A collaboration. The analyseswill be only sketchedout here;detailsare
availablein [12].

3.1 Improved Maximum Likelihood

In thefirst analysis,cutswereappliedin severalparametersindicative of accuratelyreconstructedmuon
tracks,reducingthedatasetby a factorof approximately

�����
. At this point,amorecompletelikelihood

function 	=<?>A@B
C	=<?>D@E .GFH! 9 	JI . E (2)
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Fig. 4: An upgoingmuontrackrecordedin 1997. ThedotsindicateOMs in the10-stringAMANDA detector;largercolored

circlesshow OMsthatdetectedlight from themuontrack.Thesizeof thecirclesindicatestheamplitudeof thePMT signal,and

theshadingindicatestherelativetiming,earlyhitsat thebottomleft andlateronesat topright. Theline marksthereconstructed

muontrack.

wasconstructedandusedto refit thesurviving tracks.Here
	 <?>D@E .GFH! is thetiming likelihoodof Eq.1, save

thattheprobabilityfunctionis correctedfor samplingbiasin thecaseof multiplephotoelectrons:

�K���  L!M" $'& ( ),+ -  �. /BNPO Q 9 �����  �!#" $'& ( ),+ -  �. / 9SRDTVUW�XZYL[ �K���'\ $'& ( ),+ -  �. / & �]\Z^ � �`_ � �
whereQ is thetotalnumberof photoelectronsdetected.Thehit likelihood	JI . E 
 � 
'� ����� �Kab� & � ���( ),+ � ���c]d � / 9 �Segf�������
�� �ih ��j � N ab� & � ���( ),+ � ���c'd � /'k
is just theprobability that thehit tubesbehit, andthatquiet tubesnot behit (regardlessof time delay),
in the given event [13]. This improved likelihoodfit further reducedthe numberof misreconstructed
tracks,andwith theapplicationof someadditionaltrack-qualitycutsanearlypuresampleof atmospheric
neutrinoeventswasobtained,asseenin Fig. 5 [12, 14].

3.2 Bayesian Reconstruction

ThesecondanalysisusedBayes’theoremto incorporateprior knowledgeof themuonflux into therecon-
structionalgorithm[15, 16]. This prior knowledgeis basedon observationsof downgoingatmospheric
muons,which comprisethevastmajority of AMAND A triggers,andon simulationsof AMAND A re-
sponseto theatmosphericneutrinoflux measuredby previousexperiments.For a particularmuontrack
hypothesisl 
 l ��0 )21m),4�),+5)76 / , Bayes’theoremstatesthat

ab� l $'nPoqp,o / 
C	 � n�oqp,or$ l /Ks � l / )
ignoring a normalizationfactor ab� nPoqp,o / , which is a constantfor the observed event. Here

	
is the

likelihood of Eq. 1 (or, better, Eq. 2), and ab� l / representsour prior knowledgeof the muonflux to

238



10
-1

1

10

102

103

104

105

106

107

108

109

1010109 108 107 106 105 104 103 102 101 100 10-1 10-210-3

atm ν MC
Experiment
Background MC

Ι→ cuteval
→L4

→L3

→L2

→L1

← TL

N
BG

 (130.1 days)

N
ev

en
ts
 p

as
sin

g

Fig. 5: Thenumberof eventssurviving thefirst analysis,for progressively tightersetsof cuts.NotethatthebackgroundMonte

Carlo(simulatedmisreconstructeddowngoingmuons)andthedataarein goodagreementatall levels,until thebackgroundare

reducedbelow thelevel of thesignalata rejectionlevel of t2uwv�x .
which AMAND A is exposed.Themostimportantfeatureof that flux is its zenithdependence,shown
in Fig. 2, so for this analysiswe refit the data,multiplying the timing likelihoodfrom Eq. 1 by a one-
dimensionalprior ab� + / which is essentiallya piecewise polynomialfit to thesumof thecurvesshown
in Fig. 2. Including this prior informationreducedthe rateof misreconstructionsin the 1997dataset
by a factorof approximately410comparedto thetiming likelihoodfit. At this point, track-qualitycuts
wereimposedon parameterssimilar to thoseusedin theotheranalysis,althoughasshown in Fig. 6 the
backgroundrejectionfactorrequiredwasmuchlower, allowing fewer andloosercutsto beapplied.

Subsequentto this analysis,the authorshave learnedthat thesametechniquewasdevelopedby
theNEVOD experiment,whowerethusableto separateasingleatmosphericneutrinocandidatefrom a
backgroundof

��� �My
atmosphericmuonsin a z|{}z~{V�D����� ; surfacedetector[17].

4 DISCUSSION

AMAND A is a ratherunusualinstrumentin that it wasdesignedto barelywork; in theinterestof max-
imizing effective volume,the amountof informationcollectedfor eachevent is purposelykept to the
minimumlevel atwhich reconstructionis possible.At thesametimewearesearchingfor asmallsignal
in arelatively very largebackground;misreconstructionsarethusbothcommonandcritically important.
In this regime it is absolutelyessentialto make gooduseof the relatively sparseinformationcollected
by thedetector, andthis hasresultedin a greatdealof work on reconstructionandbackgroundrejection
techniques.

Thetwo analysesdescribedhereachievedcomparableresults,identifyingsimilarnumbersof neu-
trino muoneventswith similar levels of backgroundcontamination.Neitherapproachis thusclearly
superior, andin futurework a combinationof thetwo approachesshouldproduceevenbetterresults.It
is noteworthy, however, that the additionof very simpleprior information,a polynomialfunction of a
singlevariable,yieldedimprovementthat in themoretraditionallikelihoodanalysisrequiredthedevel-
opmentof several cutsandmajor improvementsof the likelihoodfunction. The sametechniquecould
alsobeusedin AMAND A for reconstructingleptonenergy, for example,andit seemslikely thatit could
be appliedprofitably in otherexperimentswhenreconstructingparametersthat follow a non-uniform
distribution.
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Fig. 6: The numberof eventssurviving the secondanalysisascutsare tightened,analogousto Fig. 5. Quality of ����u
correspondsto eventsreconstructedas upgoingafter crosstalk andother instrumentaleffectswere removed from the data

stream;without suchcleaningapproximately10 timesasmany eventswouldbereconstructedasupgoingbeforecuts.

Another interestingfact is that the most tenaciousbackgroundsin the two analyseswere very
different. With the Bayesiananalysis,“normal” downgoingmuonswererejectedvery effectively, and
thevastmajority (90%)of themisreconstructedmuonswerecontaminatedwith crosstalk betweenOM
channels[16]. Crosstalk in AMAND A canresultin apparentlyupgoingtimesequencesbetweenthereal
andinducedhits,andthereconstructionalgorithmbasedon thesimpletiming likelihoodwasmisledby
thecrosstalk. It wasprimarily to remove thesecontaminatedeventsthatquality cutshadto beapplied.

In thetraditionalanalysis,by contrast,thedominantcomponentof thebackgroundat every stage
of datareductionwasregularmisreconstructeddowngoingmuons,in particularnearlyhorizontalmuons
for whichthelikelihoodmaximumwasverybroadandextendedacrossthehorizon.For thesemuons,the
bestmaximum-likelihoodfit is highly dependenton thestochasticsof photonpropagationanddetection,
andthe misreconstructionrateis large. Quality cutsimposedto rejecttheseeventshadthe sideeffect
of removing mostof theeventscontaminatedby crosstalk, asthecutsweremuchlesssensitive to cross
talk thanthelikelihood.

Finally, thereis amoretheoreticalpoint to address.Thesecondanalysishasbeenreferredto here
as‘Bayesian,’ andits developmentwasguidedby Bayesianstatisticaltheory. It is not quitea properly
Bayesianreconstruction,however: to keepthecomputationalloadto a reasonablelevel, marginalization
of thetrackpositionparameters��0 )21m),4 / wasnotperformed;theposteriorwassimplymaximized.Never-
theless,it is a reasonableapproximationto aBayesianreconstruction,subjectto operationalconstraints,
andtheauthorsgenerallypreferto think aboutthealgorithmin theframework of Bayesianstatistics.

On theotherhand,Bayes’theoremholdsalsoin frequentiststatistics.Fromthefrequentiststand-
point, all of the prior information usedin the ‘Bayesian’ reconstructionis perfectlyacceptable:it is
derivedfrom prior measurements,anddoesnotcontainany subjective element(or at least,nomorethan
doesany scientificresult). It is thereforeperfectlyvalid to seethis algorithmasa casein which Bayes’
theoremcanbefruitfully appliedin thecontext of frequentiststatistics.
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