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Abstract

The AMAND A neutrinotelescopealetectsneutrinosby observingCherenkv
light from secondaryleptonsproducedin chaged currentneutrinointerac-
tions. At lower enegies, a backgroundof penetratingnuonsapproximately
10° timesasnumerousasneutrino-inducednuoneventsis rejectedoy looking
for muonstravelling upward throughthe earth. Becausehe detectoris de-
signedto maximizeeffective volumeratherthanfor precisionmeasurements,
incorporatingthis informationinto the muon track reconstructioralgorithm
via Bayes'theoremleadsto a substantiareductionin the misreconstruction
rate.

1 THE AMANDA DETECTOR

The Antarctic Muon andNeutrinoDetectorArray (AMAND A) is designedo detectsecondaryeptons
producedn highenegy neutrinochaged-curreninteractionswith the SouthPolarice capor thebedrock
belon. Theleptonsaredetectedhroughthe Cherenkv light emittedasthey passthroughtheice, which
is extremely transparent.The detectorpresentlyconsistsof a three-dimensionarray of 677 optical
moduleg OMs — essentiallyphotomultipliertubesinsideglasspressurevesselshuried deepin ice cap,
asshavnin Fig. 1.

Becauseéhe high enegy neutrinosthe instrumentis intendedto detectarerare andthe neutrino
interactioncrosssectionis low, AMAND A wasdesignedo maximizeeffective volumeatthe expenseof
precisionreconstructiorof events. Thelimiting scaleof the OM spacings setby the opticalparameters
of theice, which hasa typical absorptionengthof around95 m andan effective scatteringength of
20-30m[1, 2]. Thetypical spacingof OMs s thereforel0—20m vertically and20-50m horizontally

Most AMAND A triggersareproducedoy muonsof relatvely low enegy (10's to 100’s of GeV
at the detector),nearly all of which are producedin air shavers above the SouthPole and penetrate
to the detector However, muonsthat decayin flight beforereachingthe surface producehigh enegy
neutrinos,which will occasionallyinteractnearthe detectorto regeneratehe muons. For air shavers
abore Antarcticatheseneutrino-inducednuonsareburiedin thedirectmuonflux, but regeneratednuons
canbe obsered from air shaversin the NorthernHemisphereaswell. The angulardistributions of
penetratingandregenerateanuonsareshavn in Fig. 2.

2 TRACK RECONSTRUCTION

The sparsityof the detectorarray meansthat mostlow enegy muonsproducesignals(“hits”) in rela-

tively few OMs. Typical eventsconsistof 15-30hits over the severalhundredmetersof containedrack.

Furthermorethe low absorptionof ice relative to the scatteringengthmeanshatmary of the photons
collectedare highly scatteredarriving well after the Cherenkv time (i.e., the time at which photons
emittedat the Cherenkv angleandtravelling in a straightline would have beenobsered). Therelative

fractionof “direct” (unscatteredphotonsdecreasewith distancdrom thetrack,asshavn in Fig. 3. Be-

causethearrival time distributionsare highly asymmetricAMAND A hashistorically useda maximum
likelihoodmethodto reconstructhe muontrack parameterérom the obsered time delaysof the hits.
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Fig. 1: ThepresenAMAND A detectoywith the Eiffel Tower shavn to illustratethe scale.This paperdescribeslatatakenin
1997,usingtheteninnerstringslabeledAMAND A-B10, shavn in expandedview in thecenter
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Fig. 2: Zenithangledistribution of simulatedAMAND A muonevents.Thesolid line representpenetratinglovngoingmuons
from cosmicray air shavers[3] over Antarctica,simulatedby CORSIKA [4] andpropagatedy mudedx5, 6]. The dashed
line indicatesmuonsregeneratedrom neutrinosproducedn air shavers[7], simulatedby nusim([8, 9].
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Fig. 3: Cartoonsketch of time residual(delay) distributions of photonsarriving at an optical module nearthe muontrack,
comparedo adistantOM. Timesarerelative to thearrival time expectedor photonsn the Cherenkv cone;negative timesare
possiblebecaus¢hedistributionsaresmearedy theapproximatelyGaussiarjitter in theresponsef the PMT andelectronics.
As thedistancdrom the muontrackincreasesscatteringoecomesnoreimportant.

The time delay pdf's illustratedin Fig. 3 are calculatedby simulatingthe propagationof pho-
ton fields producedby muonsin ice, including the effects of scatteringandabsorption10] and of the
hardwareresponsg¢ll]. A timing likelihood

Nhig ) .
£ =] p(t1d?, 6% (1)
=1

is thenconstructedwheret,s is thetimeresidualof thefirst photon(multiple photonsn rapidsuccession
aretypically not resohed), andd, andé,,; arethe distanceand orientationof the OM relative to the
muontrack,which aredependenon the parametersz, y, z, 8, ¢) of themuontrack. For computational
simplicity the probabilitythatan OM be hit is normallynotincluded,nor is ary correctionmadefor the
biastowardearliertimesintroducedf multiple photonsarrive, but only thetime of thefirstis recorded.
The track is reconstructedby varying the muontrack parametersintil the minimum of the likelihood
functionis found. Fig. 4 shavs areconstructednuontrackfrom the 1997data.This event,with 41 hits,
is slightly brighterthanthetypical muonevent.

3 BACKGROUND REJECTION

Examiningthe eventsreconstructedvith the likelihood methoddescribedabore, about?2 - 10 times
too mary upgoingeventsarefound. Clearly a large fraction of the apparentlyupgoingtracksarein
fact misreconstructedowvngoing muons. Thesemisreconstructedventsconstitutea backgroundhat
mustbe removed beforeneutrinoeventscan be identified. Becauseof the compleity of the task,and
to increasdherobustnesf the results two separatanalyseof the datausingdifferentmethodswvere
undertakn by the AMAND A collaboration. The analyseswill be only sketchedout here;detailsare
availablein [12].

3.1 Improved Maximum Likelihood

In thefirst analysis cutswereappliedin severalparametersdicative of accuratelyreconstructednuon
tracks,reducingthe datasetby afactorof approximatelyl03. At this point,amorecompletelikelihood
function

EMPE — EMPE . Ehit (2)

time
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Fig. 4: An upgoingmuontrackrecordedn 1997. ThedotsindicateOMs in the 10-stringAMAND A detector;largercolored
circlesshav OMsthatdetectedight from themuontrack. Thesizeof thecirclesindicategheamplitudeof thePMT signal,and
theshadingndicatesherelative timing, earlyhits atthebottomleft andlateronesattopright. Theline marksthereconstructed
muontrack.

wasconstructedindusedto refit the surviving tracks.Here LYIPE is thetiming likelihoodof Eq. 1, save

time

thatthe probability functionis correctedor samplingbiasin the caseof multiple photoelectrons:

o ! / (N-1)
p(tres | dJ_a gori) — N - p(tres ‘ dJ_a eori) . <~/t p(t | db eori) dt )

res

whereN is thetotal numberof photoelectronsletectedThehit likelihood

Nhig . . Nowm . .
o= [[ P60 - TI (1- P o)
i=1 i=Npig+1

is just the probability thatthe hit tubesbe hit, andthat quiettubesnot be hit (regardleswf 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’theoremnto incorporateprior knowledgeof themuonflux into therecon-

structionalgorithm[15, 16]. This prior knowvledgeis basedon obserationsof dowvngoingatmospheric
muons,which comprisethe vastmajority of AMAND A triggers,andon simulationsof AMAND A re-

sponseo the atmosphericeutrinoflux measuredby previous experiments.For a particularmuontrack

hypothesis: = u(z,v, 2, 0, ¢), Bayes'theoremstateghat

P(p|data) = L(data | p) P(u),

ignoring a normalizationfactor P(data), which is a constantfor the obsered event. Here L is the
likelihood of Eq. 1 (or, better Eq. 2), and P(u) represent®ur prior knowledge of the muonflux to

238



109 L ~ TL

10%L

§ s atmv MC ]
v Experment 3
= Background MC E

Ne\/erts passng
= e

QU

T

10

1810 1‘09 1‘08 1‘07 1‘06 1‘05 1‘0‘1 1‘03 foz 10 1‘d) 161 16215'3
N BG (130.1 days)

Fig. 5: Thenumberof eventssurviving thefirst analysisfor progressiely tightersetsof cuts. Notethatthe backgroundMonte
Carlo(simulatedmisreconstructedovngoingmuons)andthedataarein goodagreemenatall levels,until thebackgroundare
reducedoelow thelevel of thesignalatarejectionlevel of 107°.

which AMAND A is exposed. The mostimportantfeatureof thatflux is its zenithdependenceshavn
in Fig. 2, sofor this analysiswe refit the data, multiplying the timing likelihoodfrom Eqg. 1 by a one-
dimensionalprior P(#) which is essentiallya piecevise polynomialfit to the sumof the curvesshavn
in Fig. 2. Including this prior informationreducedthe rate of misreconstructiong the 1997 dataset
by a factorof approximatelyd10 comparedo thetiming likelihoodfit. At this point, track-qualitycuts
wereimposedon parametersimilar to thoseusedin the otheranalysisalthoughasshavn in Fig. 6 the
backgroundejectionfactorrequiredwasmuchlower, allowing fewer andloosercutsto be applied.

Subsequentp this analysis the authorshave learnedthat the sametechniquewasdevelopedby
the NEVOD experimentwho werethusableto separate singleatmosphericmeutrinocandidatdrom a
backgrouncf 10'° atmospherienuonsin a6 x 6 x 7.5 m® surfacedetectof17].

4 DISCUSSION

AMAND A is aratherunusualinstrumentn thatit wasdesignedo barelywork; in theinterestof max-
imizing effective volume, the amountof information collectedfor eacheventis purposelykeptto the
minimum/level atwhich reconstructioris possible At the sametime we aresearchingor a smallsignal
in arelatively very large backgroundmisreconstructionarethusbothcommonandcritically important.
In this regimeit is absolutelyessentiato make gooduseof the relatively sparsenformationcollected
by the detectorandthis hasresultedn a greatdealof work on reconstructiorandbackgroundejection
techniques.

Thetwo analyseslescribehereachieved comparableesults jidentifying similar numbersof neu-
trino muon eventswith similar levels of backgroundcontamination. Neither approachis thusclearly
superior andin futurework a combinationof the two approacheshouldproduceeven betterresults. It
is notavorthy, however, thatthe additionof very simple prior information, a polynomialfunction of a
singlevariable,yieldedimprovementthatin the moretraditionallikelihoodanalysisrequiredthe devel-
opmentof several cutsandmajorimprovementsof the likelihoodfunction. The sametechniquecould
alsobeusedin AMAND A for reconstructindeptonenenpy, for example,andit seemgikely thatit could
be appliedprofitably in other experimentswhen reconstructingparametershat follow a non-uniform
distribution.
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Fig. 6: The numberof eventssurviing the secondanalysisas cuts are tightened,analogougo Fig. 5. Quality of @ = 0
corresponddo eventsreconstructeas upgoingafter crosstalk and other instrumentaleffects were removed from the data
streamwithout suchcleaningapproximatelyl0 timesasmary eventswould be reconstructe@dsupgoingbeforecuts.

Anotherinterestingfact is that the most tenaciousbackgroundsn the two analyseswere very
different. With the Bayesiananalysis,“normal” downgoing muonswererejectedvery effectively, and
thevastmajority (90%) of the misreconstructechuonswerecontaminatedvith crosstalk betweenrOM
channelg16]. Crosstalkin AMAND A canresultin apparentlyupgoingtime sequencebketweerthereal
andinducedhits, andthereconstructioralgorithmbasedon the simpletiming likelihoodwasmisledby
thecrosstalk. It wasprimarily to remove thesecontaminateaventsthatquality cutshadto beapplied.

In the traditionalanalysis by contrastthe dominantcomponenbf the backgroundat every stage
of datareductionwasregular misreconstructedowngoingmuons,in particularnearlyhorizontalmuons
for whichthelikelihoodmaximumwasvery broadandextendedacrosghehorizon.For thesemuonsthe
bestmaximum-likelihoodfit is highly dependentn thestochastic®f photonpropagatioranddetection,
andthe misreconstructiomateis large. Quality cutsimposedto rejecttheseeventshadthe side effect
of removing mostof the eventscontaminatedby crosstalk, asthe cutsweremuchlesssensitve to cross
talk thanthelikelihood.

Finally, thereis amoretheoreticalpointto addressThe secondanalysishasbeenreferredto here
as‘Bayesian, andits developmentwasguidedby Bayesianstatisticaltheory It is not quite a properly
Bayesiarreconstructionhowever: to keepthe computationaloadto areasonabléevel, maginalization
of thetrackpositionparameterge, y, z) wasnotperformedtheposteriowassimply maximized.Never-
thelessijt is areasonablapproximatiorto a Bayesiarreconstructionsubjectto operationatonstraints,
andthe authorsgenerallypreferto think aboutthe algorithmin theframewvork of Bayesiarstatistics.

Ontheotherhand,Bayes’theoremholdsalsoin frequentiststatistics.Fromthefrequentisistand-
point, all of the prior information usedin the ‘Bayesian’reconstructions perfectly acceptable:it is
derivedfrom prior measurementsinddoesnot containary subjectve element(or atleast,no morethan
doesary scientificresult). It is thereforeperfectlyvalid to seethis algorithmasa casein which Bayes’
theoremcanbefruitfully appliedin the contet of frequentiststatistics.
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