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ABSTRACT

Interestin cosmicsourcesof high enegy neutrinosdatesbackto the
late 19505. This paperoutlinesthe interdisciplinaryscientific agenda,
whichspanthefieldsof astronomyparticlephysicsandcosmicray physics.
While the generaldetectionprinciplesbasedon optical Cherenkv radia-
tion have beenunderstoodor mary years,the unusualgeographidoca-
tionsof suitabledetectorsiteshave challengedheingenuityof experimen-
talists. Two high enegy neutrinoprogramsarenow operating(NT200in
Lake Baikalandthe AMAND A detector)with theexpectatiorof ushering
in the eraof multi-messengeastronomy Two Mediterranean-baseato-
gramshave madeimpressve progress. Thesedetectorsare optimizedto
detectneutrinoswith enegiesof the orderof 1-10TeV, althoughthey are
capableof detectingneutrinosover a muchbroaderrangeof enegies. For
E, > 10% eV, severalnew ideasarebeingexploitedto expandthe effec-
tive volume of the detector Thesetechniquesare basedon the detection
of neutrino-initiatedcascadesWe describethe ongoingworldwide efforts
to developexpandabldechniquesandoffer anassessmemf their relative
capabilities.

*Supportedy NSFGrantsPHY-9722641andOPP-9512196 L ecturegpresentectthe SLAC Summer
Institute.

(© 2000by Steve Barwick.



Astronomical Messengers
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Fig. 1. Relevantenegy scalesfor variouscosmicmessengersDue to the weakinteraction
strength the neutrinocanpropagatehroughouthe Universewithout attenuation.The diffuse
infraredbackgroundattenuatephotonswith enegiesaborve 10 TeV. Cosmicrayspointbackto
the sourcesf they have sufiiciently high enegy, but interactionswith the cosmicmicrovave
backgrounghotondimit the propagatiodengthto lessthan50 Mpc.

1 Introduction

The Universeis opaqueto photonsabore severaltensof TeV, soinformationmustbe
carriedby differentmessengerssoonafterthe discovery of the neutrinoin the 19505,
ReinesGreisenMarkov andothers immediatelyrecognizedhetremendougpotential
of the neutrinomessengeior astronomyAt high enegies,only neutrinoscandirectly
corvey astrophysicahformationfrom themostdistantreache®f the Universe(Fig. 1)
or from deepinsidethe mostbreathtakinglypowerful regionsof the sky we know.
Neutrinosprovide a uniqueview of how natureaccelerateparticles.In particular
they clarify therole of stronglyinteractingparticlesin the astrophysicaimilieu. Once
producedneutrinosareunafectedby interveningmatteror photons.Beingunchaged,
they propagatehroughtheuniverseundisturbedy magnetidields. Theneutrinomes-
sengemay provide the only clearrouteto the sourcesof extremelyenegetic cosmic
rays. The greatversatility of the neutrinomessengers revealedby the richnessof
the sciencegoalsproposedor neutrinoastronomywhich spanthe fields of cosmol-
ogy, particlephysics,andastrophysicsAt the highestenegiesyet measuredyeutrinos
may be the only experimentalprobeof the critical physicsmechanismsaffecting the



evolution of theearlyUniverse.

Approximatelyfifty yearsafterthe neutrinowasfirst suggesteeésa powerful new
messengedetectorsn Lake Baikal andthe SouthPolewerecommissionedo provide
thefirst exploratoryviews of theneutrinosky at~ TeV enegies. Theirsuccessandthe
rapidprogresdy similareffortsin theMediterraneamsuggesthathighenegy neutrino
telescopearereadyto inauguratahefield of multi-messengeastronomy This paper
attemptd¢o summarizehe sciencanotivationandexperimentaprogressachievedthus
far, andto describevariousideason how to improve the sensitvity of neutrinodetec-
tion. Thehighestenegy frontier holdsgreatpromisefor dramaticadvances.

Theoristshave identifieda variety of potentialsitesof high enegy (HE) neutrino
production,and several extensve reviews of this topic have appearedecentlyin the
literature?>* For example,Protheroehassummarizedhe astrophysicapredictionsof
diffuseneutrinointensitiesbetweernil TeV andthe GUT scale.During the mid-1980s,
theoreticalwork concentratesn galacticsourcessuchas X-ray binariesor pulsars.
This work wasinspiredby encouragingeportsfrom undegroundmuondetectorsand
air shaverarrayssensitveto ~PeVgammaays. Unfortunatelymoresensitve devices
did not confirm thoseobsenations,and consequentlythe early optimism hasfaded.
However, the field of extra-galacticgammaray astronomyhasrapidly grown during
the pastdecade.Recently GammaRay Bursts(GRBs) have occupiedthe theoretical
spotlightwith thediscoverythatthey aredistantextragalactigphenomenandtherefore
the most enegetic transientphenomenorobsered in the Universe. On time scales
of 0.1- 100 secondstheseburstscanreleaseof order10°? ergs at x-ray/softgamma-
ray wavelengths WaxmanandBahcal? have aguedthat GRBsarethe sourcesof the
extremelyhigh enegy (EHE: for the purposef this lecture,the EHE regime occurs
at particleenepiesin excessof 10*® eV) cosmicraysandprodigioussourcesof high
enegy neutrinos. The predictedflux is tied to the measuregower densityof EHE
cosmicrays,which alsohasbeenusedto constrainthe neutrinoflux in protonblazar
modelsof AGN.® Thoughthis procedures still generatingsignificantdebate’;® there
Is no doubtthatmodelsshouldnot over-producecosmicrays.

Justas multi-wavelengthstudieshave provided unparallelednsight on mary as-
tronomicalsourcesmulti-messengestudiesby neutrino,gammaray, andgravity wave
detectorsnaybetheRosettastoneof cosmicaccelerators-or example theAMAND A
neutrinofacility, locatedat the SouthPole,contemporaneouslybseresthe samesky
asnew, powverfulgammaaytelescopes thenorthernrhemisphereCoincidencexper
imentscanalsobecontemplatedavith space-basegammaray obsenatoriesandgravi-



tationalwave detectorsuchasLIGO or VIRGO. At thevery highestenepies,chaged
cosmicraysareexpectedo deviateonly slightly from line-of-sighttrajectories Should
the HiResand Auger Obsenatoriesidentify sourcesof extremelyenegetic particles,
thenconcurrenbbsenationsby neutrinotelescopesanprovide additionalinformation
onthelocal environmentof theaccelerator

Dueto theinterdisciplinarynatureof thisfield, it is not practicalto fully review all
relatedscienceassuessono attemptis madeto cover low enegy neutrinophenomena
andthosedetectorsvhichaddresshesdssuege.g.MACRO, Soudan-I1) A largewater
Cherenkv experimentalledSuperKamiokandeasprovidedwonderfulresultsonlow
enegy neutrinophysics. It wasthe subjectof several spealersat this schoolandwill
not be discussedn greatdetail here. Also, this paperwill not discussrecentideasto
uselarge arraysof photomultipliertubesin long baselineoscillationexperiments.Out
of necessitywe provide a ratherincompletesummaryof cosmicray physicsandonly
outline recentadwancesin our understandingf dark matter but fortunately several
excellentreviews have recentlyappearedn the literature?'® Finally, the readerwill
noticethatthe discussions biasedtowardthe AMAND A detectoy sincethe authoris
mostfamiliar with the strengthsandweaknessesf this program.In ary case,in this
shortlectureseriesijt is impossibleto provide a satisactoryaccountof theremarkable
achiezementdoy the currentgeneratiorof the HE neutrinoprojects.

2 Science Overview

With very few exceptionsthe majority of modelsof particleacceleratiorpredictthat
the flux decreasewith enegy. Currentlyknown technologiedor neutrinodetection
cannoffully compensatéor this expecteddependencen enegy. In addition,theEarth
attenuateshe flux of neutrinoswith enegies abare ~ 10'° eV (or 1 PeV), which

mitigateshesubstantiahdvantage®f usingthemuonmodeof neutrinodetection.This
leadsto a strat@y to developexperimentatechniquedestsuitedfor neutrinoenegies
betweenl TeV andl1 PeV At theseenegies,neutrinosactassurrogatenessengerfor

the extremelyenepgetic, but far rarer cosmicrays. Recently the potentialof neutrino
telescopeso obsere v, atenegies> 10 (>1 EeV) hasbeenemphasized*'? At

theseenegies, backgroundirom cosmicray muonsis not significant. The authors
arguethatit may be possibleto extractsignaleventsfrom the enormoudlux of lower
enegy backgroundgarticles.
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Fig. 2. Neutrinoscanbe detectecbver an enormousntenal of enegies, spanningmary or-
dersof magnitude. However, if the enegy distribution obeys an inversepower law, as ex-
pectedfrom shockacceleratiormechanismsthenthe technologymustchangeto compensate
for thedecreasindlux. We illustratethe techniqueghathave beenimplementecr suggested
by sketchingthe effective volumeof thetechnologyasa functionof theneutrinoenegy. Water
andice Cherenkv techniqueslominatethe lower enegies, but cascadendshaver techiques
becomemoreattractve at extremeenegies. The signalto noiseratio for cascadeventsis sig-
nificantly improved by the relatively localizeddepositionof macroscopicuantitiesof enegy.
Consequentlynuchsparseandcheapesystemsanbe usedto detecttheseevents.



2.1 Astrophysical Sources

The primary motivation to constructvery large neutrinotelescopess driven by the
dreamto identify galacticor extragalacticsourcesyhich maybe point-like or diffuse.
Thehigh enegy frontier holdsthe mostpromiseto achieve this scientificpriority. The
atmosphericeutrinoandmuonbackgroundslecreas&vith enegy, theeffective areaof
thedetectorincreasesvith enegy, andangularesolutionis likely to improve with en-
ergy. Detectionof diffusesourcesequireggyoodenegy resolutiorwith well understood
tails, but only maiginal angulamresolution.

Theoreticabctvity hascenterecbn modelingtwo classe®f objects:galaxieswith
activenuclei,or AGN, andgammaray bursts(GRBs). Theseobjectsareknown to emit
high enegy photons,and may also be the accelerator®f the highestenegy cosmic
rays. At TeV enegies, the luminositiesof someAGN are obsered to flare by an
orderof magnituden abouta day, suggestingery compacicentralenginesModelsof
the acceleratiormechanisnwithin AGN differ ingeniously Theintensityof neutrino
emissionrangesfrom negligible in modelsthat rely solely on electronacceleration
to detectablen the mostoptimistic modelsbasedon hadronacceleration.Neutrino
obsenatoriesarelikely to play akey rolein settlingthedebate.

If hadronicacceleratioms presentn AGN, thenadiffuseglow of neutrinoemission
shouldbe obsenreduniformly over the sky, originatingfrom distant(andmore power-
ful) AGN. Fig. 3 shaws the enegy spectrumfor a representate sampleof neutrino
models.

Figure4, takenfrom Prothero€, cornvertsthe neutrinointensitypredictionsinto an
eventrate for a detectorwith an effective areaof 0.1 km?. The calculationsinclude
absorptionby the Earth, which becomesmportantfor enegies >100 TeV (Ref. ?).
Severalmodelspredictmoreoptimisticratesshavnin Fig. 4. For example quasarcore
models® predict340 eventsper yearwhich could be obsened by AMAND A-ll, but
this rate violatesthe Waxman-Bahcallimit. As Fig. 3 shaws, presentexperimental
limits from Frejus?® Baikal NT-200 (Ref. 107),and AMAND A?° rule out oneof the
earliestmodelsfor neutrinoemissionfrom the coreof AGN, andthey arebeginningto
constrainothercoremodelsfor AGN.

Diffusesourcesanbedistinguishedrom theatmosphericmeutrinobackgroundy
a flatteningenegy spectrumabove ~100-1000TeV. Somemodelscanbe differenti-
atedby the their cutoff at the highestenegiesandspectralshape.The lower enegy
atmospherioeutrinobackgroundanbeeliminatedby enegy-dependergelectioncri-
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Fig. 3. Figureadaptedrom LearnedandMannheim! Representate surey of modelspre-
dicting v, + 7, emissiorfrom sourcesliffuselydistributedin thesky. Thefluxesof v, + 7, are
similarin mostmodels.In the absencef neutrinooscillations,v arehighly suppressedThe
atmospherimeutrinofluxesarefrom Agrawal et al.,'? for both vertical (lower boundary)and
horizontal(upperboundary)luxes. The curvesincludepromptneutrinosfrom charmproduc-
tion,'* but this contritutionis notwell known atthehigherenegies.Numberedines: (1) Model
of Nellenetal.!® for the core emissionfrom 3C273dueto p+p interactions;(2) model® for

p+y interactionsn the coreof AGN; (3) modelfor p+y interactionsn extragalacticsources;

(4) representate modelfor blazarjets accordingto Mannheimetal.'”; (5) modelof neutrino
productionby GZK mechanisrif; (6) low enegy extention of blazarjet modeldueto p+p
interactionsn hostgalaxiesof blazarjets'”; (7) GRB modelby WaxmanandBahcalf; (8) rep-
resentatie predictiot® of a classof topologicaldefect(TD) models.Experimentalimits: The
enegy boundson the AMAND A-B10 limit?° arerestrictedto the approximateregion of sen-
sitivity of the detectorfor anassumedpectrunof E—2. Fly’s Eye?! limit from upward going
events.RadioCherenkv techniquesvereappliedto obtainedthe RICE?? limit. Dottedcurves
areexpectedsensitvity from operating' andplanneddetector®?* assumingseveral yearsof
operation.



teriaonly if thenon-gaussiatails of the enegy responsdéunctionareunderstoodvith
excellentprecision. It remainsto be seenif the muonresponsdunctioncanbe deter
minedwith sufficient precision.The “obsened” enegy correspond$o thelocal muon
enepy, nottheenepy attheinteractionpointwhich maybekilometersdistantfrom the
centerof thedetectornorthe enepy of the neutrino.Muonswith enegy above several
TeV will radiatea few burstsperkilometerwhich deposit~ 10% of the enegy. The
highly stochasticmatureof the enegy depositionmay be a useful signaturein water
detectorsbutit is mitigatedby scatteringn ice detectorsFortunatelyenegy informa-
tion gatheredy HE neutrinotelescopesloesnot needto be extremelyprecise.As the
representate modelsin Fig. 4 shaw, thereis little reductionin signaluntil the enegy
thresholdexceedsl0-100TeV.

At the mostextremeenegiesshavn in Fig. 3, EHE neutrinosare producedwith
nearcertaintyby interactiondetweertheultra-highenegy cosmicrays(UHECR)and
microwave photons?® Theflux predictionsvary by an orderof magnitudedepending
on somevhatuncertainassumptionselatedto the cosmologicevolution of sourcesof
UHECR productionandthe assumeadxtrapolationof the chaged-curren{CC) cross
section. The mostoptimistic predictionsmay be testableby the currentgeneration
of HE neutrinodetectorssuchas AMAND A-Il. The absenceof signal can be used
to constrainthe neutrinocrosssection,which can approachstronginteractioncross
sectionsn somemodels?™ %

More speculatre mechanismef EHE neutrinoproductionincludetopologicalde-
fectscreatedduring grandunified phasetransitionsor superheay relic particles.The
decayspectrunmof topologicaldefectsis consistentvith all presenbbsenrationalcon-
straints®® Thedecayof superheay relic particles(SHP)hasbeena subjectof intense
activity. The flux of SHPscanbe normalizedunderthe Z-burst scenariowherethe
obseredtrans-GZKeventsareproducedocally by theinteractionof ultra highenegy
relic neutrinoswith the cosmicneutrinobackgroundadiation3!:32 In othermodels,
SHPsdecaydirectly to EHE neutrinos®

Theobsenationof EHE cosmicraysor neutrinosmay bethe moststraightforvard
pathto verify theseremnanfphenomenarl hereforethe searcifor EHE neutrinospro-
vides a beautiful exampleof how HE neutrinotelescopean be usedto probethe
structureand physicsof the early Universe,and perhapghe bestopportunityfor dis-
coverywith thepotentialto alterour“world view”. Sinceneutrinoslonotpenetrate¢he
Earth,neutrinoobsenatoriesmustrely on specializedsignaturesnducedby downgo-
ing neutrinosin the atmospherer limited columndensityabove the buried detectors.
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Fig. 4. Ratedfor diffusely distributed neutrinosources Atmosphericneutrino-induceanuons
(thick blacklines); GRBs(dottedcurwes); py protonblazar(shortdashedurves); topological
defectmodel(thin solid curve), cosmicray on CMBR (long dashectures).Uppercurvesshav
horizontalsignalsand lower cunes shav upward vertical signals. For details,seeProtheroe
review.?

Thistopicwill becoveredin the“DetectionModes”chapter

A few caveatsshouldbe keptin mind wheninterpretingfiguresof differentialdif-
fuseflux. (1) Theonly “background”’shavn in Fig. 4 is dueto upgoingatmospheric
neutrinos put the rejectionof down-goingatmospheriegnuonsrepresents non-trivial
hurdle that mustbe surmounted.Sinceatmospherianuonscompletelydominatethe
neutrino-inducednuonsin the downgoingdirection, the atmosphericmeutrinoback-
groundis only relevantfor 27 steradian®f the upgoinghemisphere(2) Pointsources
canbe locatedto within a smallfraction of a steradianandthe atmosphericmeutrino
backgroundlecreaseaccordingly Signalsignificanceincreasesis~ /AA.;;/6(0),
whered () is theangularextentof thesource(or if consideringa pointsource propor
tional to the angularresolutionof the detector)and A A, is the relatve increasen
effective areadueto therelaxedrejectioncriteria. (3) Correlatedohotonobsenations
of GRBsby BATSE provide aspecialopportunity Eventsratesaredeterminedy inte-



gratingover all GRB events,andpredictedo be~ 50 /year> However, thebackground
livetimeis only integratedover the durationof the bursts,whichis ~ 10~° years. In
addition,the searchfor neutrinoemissionfrom GRBsis greatlysimplifiedby the con-
temporaneousdirectionmeasurementsy satellites. Assuminga directionalaccurag
of 6 degrees the backgrounds reducedby a factordQ/(2w) =5 x 103. Combining
directionalandtemporainformationleadsto abackgroundaeductionof ~ 5 x 1078 rel-
ative to a searchfor steadydiffusesources.Therelaxedrejectioncriteriaincreaseshe
effective areaof thedetector Theincreasen effective areais constrainegrimarily by
the requiremento maintainsufiicient angularresolution. Alternatively, by raisingthe
enegy thresholdof the events,angularcorrelationmay not be necessaryo reducethe
backgroundo manageabléevels. It is apparenthatsearchesor transienfphenomena
enjoy mary experimentaladwvantagesiueto the reducedbackgroundandconsequent
improvementn sensitvity).

2.1.1 Physicsat the Extreme

The origin of the cosmicraysremainsone of the mostenduringmysteriesin astro-
physics.It is generallybelievedthatthe sourcesf the highestenegy cosmicraysare
extragalactic,or at the very least,not confinedto the planeof the galaxydueto the
isotropicdistribution of the detectedevents. Thereis someevidencethata new com-
ponentbecomesmportantat enegiesabove E > 10'8 eV, primarily the hardeningof
the spectrumand changesn the averagedepthof shaver maximum. The enegy at
which the extragalacticcomponentiominateshe cosmicray spectrais critical to the
calculationof thetotal power requiredby a putatie classof sources.

Many “beamdump” modelsof neutrinoproductionpostulatehadronicacceleration
to very high enegies. A surwey of enegeticobjectsrevealsseveralclassege.g. AGN,
quasarsGRBs)of sourceghatsupplythe necessarpowerto createthehighestenegy
cosmicrays. Several calculationsassumea transitionenepgy of ~ 3 x 10'8 eV and
normalizethe extragalacticcomponeniat an enegy thatis relatively well measured.
However, the uncertaintyin valuefor the transitionenegy may be anorderof magni-
tudeor more. Equally, importantis the extrapolationto lower enegieswheregalactic
contributionsdominate Evenif theextragalactidluxesaresmallerthangalacticfluxes,
mostof the enegy contentis at lower enegiesif the spectralindex, I', is largerthan
2.0 (for simplepawer law approximationdN/dE ~ E-T). Recentmeasurementsf
cosmicparticlesthatexceed10?° eV, thesocalledtrans-GZKevents requirerelatively



nearbysourcesThesetoo may contribute power at lower enegies,andthereforemust
be subtractedrom the measure@osmicray spectrum.

We presenta simpleargumentbasedon enepgeticsto setthe scalefor eventrates
from putative neutrinosourcegwhich follows thetreatmenof Ref.50). It is generally
assumedhatthesource®f thehighestenegy cosmicraysgeneratan E 2 differential
spectrumaspredictedapproximatelyby shockacceleratiomodels.Normalizingthe
total integratedenegy densityfor a steeplyfalling enegy spectrumis fraughtwith
uncertaintybut severalauthorsobtainpzc ~ 2 x 10~ emg/cm?® using

pp =" [ Bo(E)IE (1)

and¢(E) = dN/dE. In thesourceregion, theaverageenegy densityin cosmicraysis
relatedto the averageproductionrateperunit volume,q(E), by

pE = q(E) X Tese(E) = q(E) x 7—diff(E) =q(E) X 14, (2)

wherer,,.(E) is thetime spentin the acceleratingegion, which we replacewith the
Hubbletime, 75 in this estimate. Assuminga cosmologicaldistribution of sources,
Eqgn.2 leadsto anestimateof ¢z ~ 103" eg/Mpci/s. Severalclasse®f extragalactic
sourcesatisfythisnumericakelationship For example thedensityof active galaxies®

is ~ 10~ "/Mpc? andthetypical emittedpoweris 10** erg/s. Gammaray burstsflashat
arateof 1000peryear If theaverageenepgy perburst3 is 3 x 10°? emys,thenGRBs
becomesuitablecandidatesourcesof EHE cosmicrays. In termsof enegetics,both

GRBsandAGNsareplausiblesourcesof EHE cosmicraysif they acceleratgarticles
to sufficiently high enegies,which alsois plausible.

Theresultfor ¢ assumeshatthe extragalacticspectrumncludesparticleswith
enegiesdown to ~1 GeV andis exponentiallycut off atenegiesabore 5 x 10*° eV (to
allow for yet anothersourceof trans-GZKevents). Theinjectedpower densitycanbe
estimatedoy assuminghatthe extragalacticcosmicraysdiffusethroughthe Universe
with a diffusion time scalecomparableo the Hubbletime, 7z ~ 10'° years. The
diffusionvelocityis assumedo becloseto thespeedf light. Thisassumptiomeglects
evolution at large redshiftand possibleeffectsdueto intergalacticmagneticfields (so
particlescantravel asmuchasoneHubbledistancen the ageof the Universe). The
possibility of large intergalacticmagnetidieldsandlocal concentratiorof sourceas
beenconsideredn morethoroughtreatment®f this issue!?36

TheconnectiorbetweerEHE cosmicraysandneutrinofluxesis givenby

0. (E) = f x qec(E) = f x 30events/kni/yr, (3)



wheref istheefficiengy for neutrinoproductionn cosmicrayinteractionsitherwithin

the sourceor intergalacticmedium. The last expressionwas generatedy assuming
that the spectralindex is 2.0 for both the neutrinoand cosmicray enegy spectrum.
The Waxman-Bahcalupperbound® which appliesto sourceghat aretransparento

neutronsjs obtainedby settingf = 1. If evolutionis included,the estimateproduced
in Egn.3 may be increasedy a factorof five if the cosmicray sourcesevolve in the

sameway as star formation. The boundis wealenedbecausehotoproductiorand
pair productionattenuateultra-highenepgy protonsfrom large redshift, but neutrinos
propagatevithout attenuation.

Thetrans-GZKeventsmotivatedWeiler’! to proposea nev mechanisnfor cosmic
ray production. If therewasan abundantsourceof ultra high enegy neutrinosfrom
the early universe,they would annihilatewith relic neutrinosto producehigh enegy
cosmicrayslocally. TheabsorptiorcrosssectionattheZ resonances verylarge,sothe
eventratescanbe madeconsistentvith obsenation. The requiredenegy to produce
theresonaninteractionis greatlyreducedf therelic neutrinoshave massassuggested
by recentatmospheri@andsolardata,

EE = MZ/2m, = 4 x 10*! (eV/m,) eV. (4)

Neutrinoswith therequisiteenegy arethoughtto be producedn theearlyuniverse.If
they annihilatewithin the GZK cutoff distanceof 50 Mpc to producea Z-boson,then
thedecayproductq~ 30+, 3 nucleons28e*+e~ pairs,and80 ) canpropagateo the
Earth.Therateof “Z-bursts”’maybeenhancetby localaccumulatiorof relic neutrinos,
but phasespaceconstraintsetan upperbound. Of course the sourceof the high flux
of neutrinoss unknavn. To explainthetrans-GZKevents,theflux of v attheresonant
enepgy mustbeapproximatelythesameasthe GZK flux at102° eV, aratherdiscomfort-
ing requirementNeverthelessyusingonly standardnodelphysics,the Weiler process
simultaneouslgolvesthe GZK mysteryandprovidesthefirst obsenationof relic neu-
trinos.

Horizontal air shaver techniguesanbe emplo/edto explore the neutrinosky at
extremely high enegies?” Concevably, with ~ 10 km? of water equivalenttarget
volumefor E, > 109 eV, theAugerair shaverarraywill have thesensitvity to search
for neutrinosfrom cosmicray interactionswvith the cosmicmicrowave backgroundand
morespeculatre signalsfrom topologicaldefects.



2.2 Point Sources

The term “point sources’refersto thoseobjectsthat have sufficient intensityto gen-
eratea statisticallysignificantenhancemerdf v,-inducedmuoneventsfrom the same
directionin thesky. Theangulardirectionof themuoncanbe measuredavith 0.5 — 3.0
degreeprecision(dependingn the detectorarchitecturemuonenengy at the detectoy
and propagatiornparameters).The angularcorrelationbetweenthe neutrinoand the
outgoingleptonproducedn chage currentinteractionis similar to the experimental
precision(df ~ 1.5/+/E,, whered is in degreesand E,, hasunitsof TeV). In this sec-
tion, we describehetheoreticaimotivationfor bothgalacticandextragalacticsources
of pointemission.Obviously, sucha surney cannotcover all of theinterestingdeasin
theliterature.

Theproductiormechanisnfior cosmicraysis notyetfully understoodShocksrom
galacticsupernea arewidely believedto accelerateosmicraysto ~ 10'° eV, while
the sourcesf cosmicraysat the mostextremeenepiesare producedoy accelerators
outsideour galaxy Plausiblemodelsof particleacceleratiorexist for bothgalacticand
extra-galacticsites,but supportingevidenceis largely circumstantial. The obsenation
of high-enegy (HE) neutrinosfrom point sourceswould unequvocally confirm the
hadronicnatureof thoseacceleratorsOncethebasicmechanisnis establishednodels
can evolve quickly in detail and predictve power. Unfortunately the neutrinoflux
from galacticand extra-galacticpoint sourcessuchasactive galacticnuclei (AGN),
is predictedto be very low, althoughthe uncertaintiesn the model parametersead
to considerablevariationin the flux predictions.An independenéstimateof neutrino
flux canbederivedby naively scalingthe obsenedgammaspectrunof sourceof TeV
photongassuminghatthey areproducedy hadronianteractions)but we cautionthat
this scenarigproducesan optimistic valuefor the neutrinoflux if protonsynchrotron
radiationis responsibldor a sizeabldractionof theobsered TeV photons?®

It appearshatsupernsaremnantgSNR)areoneof thefew classe®f galacticsites
thathave the capabilityto supplythe power to acceleratéhe galacticcosmicrays, but
even thesesitesmust corvert the enegy of the shockwave into relatwistic particles
with suspiciouslyhigh efficiengy (10-30%). The diffusive shockmechanismaturally
producesa power law spectrumof dN/dE ~ E~2!, which is consistentwith the
deducedspectraindex of cosmicrays. [The measuredpectraindex is E~27, but the
localmeasurementaustbecorrectedor nucleaiinteractionsascosmicrayspropagate
in thegalaxy]. Recenbbsenrationsof TeV gammaraysfrom plerionssuchasthe Crab



Nelulaandsuperngaremnantge.g.,SN1006)provide directevidencefor particleac-
celerationto TeV enegies. However, theseobsenationsdo not provide compelling
evidencefor hadronicacceleratiomdueto anunfortunateambiguity:it is possible(and
evenprobable}hatelectronsaresolelyresponsibléor theseobsenrations.In particular
HE gammaaysfrom SNRmaybegeneratetby electronsacceleratethy the SN shock.
Butif SNRsarethesource®f cosmicrays,they mustacceleratéiadronsanda classof
modelsexploits thisidea. They suggesthatbothprotonsandelectronsareaccelerated
by the supernea shock. High enegy photonsaregeneratedby protoncollisionswith
ambientmaterialin the acceleratingegion. Pions,both neutralandchaged, arepro-
ducedin the nuclearcollisions,whichin turn decayto HE gammaraysandneutrinos.

While the notion of particleacceleratiorby supern@a shocksprovidesa credible
andlargely consistenpicture, not all obsenationsneatlyfit this scheme.For exam-
ple, the site(s)of cosmicray acceleratiorare expectedto generatesignificantfluxes
of gammaraysvia 7° decay?® but only oneof the nearbySNR, SN1006%° generates
anobsenationalflux of high enegy photons.Moreover, theinferredenegy spectrum
for photonshetweenGeV andTeV enegiesdoesnot supportan £—2 distribution. For
mostof the SNR, upperlimits by the Whipple collaboratioi! imply a spectralbreak
betweerMeV andTeV enegies,whichis notexpectedf they werethesitesof galactic
cosmicrays. This moderatelydisconcertingstate-of-affairs hasmotivatedat leastone
authof? to suggesthat mostcosmicrays originatefrom extragalacticsources. The
closeconnectionbetweemeutrinoproductionand hadronacceleratiorreducessome
of the speculatre uncertaintyassociatedavith theinformationprovidedby the studyof
sourcef high enegy gammarays. Alternative sitesfor cosmicray acceleratioomay
emegefrom adetailedstudyof the neutrinosky.

Eventhoughthecosmicray puzzleprovidespowerful motivationto explorethesky
for neutrinoemissionnotall sourceof highenegy neutrinoseedto contributeto the
cosmicray flux. In particular a powerful galacticacceleratomay be surroundedy
too muchmaterialto emithigh enegy photonsor cosmicrays(they would interactand
cascadalown to lower enepgies), but the high enegy natureof this acceleratocould
be discoreredby exploiting the neutrinomessengerFor example,a one solarmass
blackhole accretingat the Eddingtonlimit releases- 10%® emgs. If 10%of this enegy
is corvertedinto neutrinoemissionwith an E—2 spectrum,a sourceat a distanceof
10 kpc would produceof order1 neutrinoevent peryearin AMAND A-B10. A more
massve black hole in the galacticcentercould concevably producea much bigger
signal, but this galacticlocationis not visible to neutrinotelescopesn the southern



hemisphere.

Turningto extra-galacticsourcesactive galacticnuclei(AGNs)areamonghemost
luminousobjectsin the Universeand promisingsourcesof neutrinos.Presenimodels
constructa centralenginethat consistsof a supermasse black hole surroundedoy
an accretiondisk. In thesemodels,high enegy neutrinofluxes are generatechear
the centralengineor in the jets of radio-loudAGNSs (e.g., Blazars,a classof objects
wherethejet intersectgheline of sightof theobsenrer). Neutrinoenegiesmayextend
to ~ 10'° GeV. The fact that gammaray emissionhasbeendetectet® from nearby
blazarsMarkarian421 and501* providesstrongevidencefor particleacceleratiorto
high enegies. The time averagedenegy spectrumfrom Mk501 during 1997 is con-
sistentwith an unbrolen power law up to 20 TeV.** In generalhigh-enegy photons
at TeV scalesmay interactwith materialor photonfields in the source,or interact
with the diffuseinfraredbackgroundohotonsduring their flight, losing enegy by the
mechanismy + v — e* + e~. Dueto thisreprocessingthe measuregphotonenegy
spectrummay not tracethe enegy spectrumof the source. Recentmeasurementsf
the diffuseinfraredbackgroundaremuchlargerthantheoreticallyexpected:* Conse-
guently the attenuatioriengthfor photonsin excessof 10 TeV is muchshorterthan
thedistanceo Mk501. After correctionfor absorptiorby theinfraredbackgroundthe
enepgy spectrumat the sourcerisesdramaticallyabove 10 TeV.* If the enegy spec-
trum of neutrinosis similar in shape thenrelatvely modestsizeddetectorssuchas
AMAND A-B10 andNT-200possessufficient sensitvity to testthisassumption.

Recently it hasbeenamued® that the rapid time variability of the high enegy
photonemissionfrom AGN Blazarsandthe correlatedvariation betweenX-ray and
TeV regimesdisfavorshadronicacceleratioomodelsfor this particularclassof objects,
but othershave shavn that rapid and correlatedvariability canbe accommodatedly
modesextensiondo theexisting hadronicacceleratioomodels?”*® At leastonemodel
for blazaremissiort? canproducecomparabldluxesfor » and~. High enegy photons
andneutrinosareproduceddy the decayof pions. The pionsaregeneratediuringthe
collision betweercloudsof gaswith relatiistic velocitiesandtheinterstellarmedium
of the hostgalaxynearthe centralengineof the AGN. In ary casethevigorousdebate
suggestshathigh enegy neutrinodetectorcanplay a centralrole in decipheringhe
acceleratiormechanismput the challengeis not easy In generalthe sensitvity of
kilometerscaledetectorsshouldimprove linearly with A, but the enegy response

*Seethe recentreview by Catanesend Weeles'® for a completelist of detectedvHE gamma-ray
sources.



mustimprove commensuratelio take full advantageof this capability To illustratethe
generabifficulty, Fig. 5 (from Ref.50) shavsthedifferentialsignalof neutrino-induced
muonsfrom a sourcewith ¢, = ¢, where¢, is the measuredlux from Markarian
501 during a period of maximumintensity For this particularsource the period of
maximumintensitywasaboutsix monthsduringthelast3 yearinterval, butit is always
possiblethat this situationcan changeto more favorable conditions. Also shavn is
the steeplyfalling backgroundfrom atmospherimeutrinos. The integral underthe
dottedcurve givesa small, but measurabletate of 30 eventsper yearin a kilometer
scaledetector However, the curvesdo not includethe dispersionintroducedby the
convolution of the finite enegy resolution. It is clearthat non-gaussiamails on the
enegy responsenustbe controlledwith (perhapsaunrealistically)high precisionand
this remainsan openquestion. The signaleventsare assumedo be fully contained
within a circular patchon the sky with aradiusof 1 degree. This may berealisticfor
waterdetectorswvhich expectto achiare angularresolutionsubstantiallybetterthan1
degree butit is probablyoptimisticby afactorof afew for kilometerscaleice detectors
for muonenegiesof 1 TeV.

Figure6 providesa summaryof modelpredictionsfor the flux of high enegy neu-
trinos. It alsocontainsthe flux limit reportedoy the AMAND A collaborationfor sky
binswith declinationgyreaterthan30 degrees.As mentionedmosttheoreticaimodels
of potentialastrophysicasourcef neutrinospredictthatthe enegy spectrums very
hard, approximatelyE—2.5! Due to the hardenepgy spectrumandthe enegy depen-
denceof o, the crosssectionfor the weakinteraction the rangeof the muon,andthe
effective areaof the detectorthe mostprobableenegy of the detectedheutrinois well
abore 1 TeV (typically 10—-30TeV for hardspectra).

2.3 Physics Potential

Obviously, the desireto understandhe optical and physical propertiesof the local
ervironmentcreatemary interdisciplinaryopportunities.Underwater neutrinoobser
vatoriesprovide the facilitiesto monitor the time variability of bioluminescenceem-
perature salinity, watercurrents biofouling, etc. The NESTOR collaborationhasse-
curedfundingto deploy anoptical cablefrom shoreto the site off Pylosinstrumented
with sensor®f interestto oceanographe@ndneutrinophysicists’® Multidisciplinary
opportunitiesencouragenteractionsbetweenseismologist&ndneutrinophysiciststo
constructa large seismicarray for tomographicstudiesof the Earth’s interior. The
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Fig. 6. Suney of v + i flux predictionsfrom cosmicaccelerator®f high enegy neutrinos
(adaptedrom therecentreview by LearnedandMannheint). Theatmospherimeutrinofluxes
arefrom Agrawal etal.,'? for bothvertical (1) andhorizontal(2) fluxeswithin acircle defined
by ahalf angleof 4 degreeq labeled‘4 deg bin”). Thecurvesdo notincludethenormalization
uncertainty possibly20% in magnitude.Numberedines: (3) AMAND A-B10 limit reported
here.(4) Model of Nellen,etal.'® for the coreemissionfrom 3C273dueto pp interactions.It
alsorepresentseutrinoemissiorfrom the AGN BlazarMk501 during1997if it emitshalf of its
TeV gammaray flux in neutrinos(5) CrabNekula, Model | from Bednareketal..? (6) Coma
clusteraccordingo Cola,etal..?® (7) Coreemissiorfrom 3C273dueto p-y interactiong (8)
ModeP* for therelatvistic jet of 3C273includingp-p andp-y interactions Supernwa remnant
gamma-Cygn{9) andIC 444 (10) accordingto Gaisseretal..®> The enegy boundson the
AMAND A limit arerestrictedto the approximateaegion of sensitvity of thedetector
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In the next few subsectionswe briefly commenton the potentialof HE neutrino
arraysto contributeto questionsn particlephysics.

2.3.1 GRB-related science

It is now known that most GammaRay Burstsoccur at cosmologicaldistanceswith

redshiftnearunity®® (althoughdifferentGRB scenariosio exist’®). Evidenceis accu-
mulatingthat photonemissionis producedby a relatistically expandingfireball 50 If

particlesareacceleratedo ultrahighenegies,thenHE neutrinosmay be producedby
the decayof pionsgeneratedn photonucleainteractions.The neutrinosfrom GRBs
would arrive atthe Earthin a burstcoincidentwith the photons WaxmanandBahcalf

point out thatobsenrationsof HE neutrinosfrom GRBscantestspecialrelativity and
the weak equialenceprinciple with unmatchedrecisionby measuringhe time de-
lay betweerphotonandneutrinosignals. It is concevablethatthe neutrinomasscan
be extractedfrom the time delaybetweerthe photonandneutrinosignals. Assuming
photongravel atthe speedf light, thetime delayis givenby:

E, \72/ L m,
At~ 10ms(5 GeV) (Gpc)(l eV) ’ ®)

where L is the distanceto the GRB. The durationtime for HE neutrinoemissionis
unknavn, but modelspredictvaluesof the orderof ms. Thetime delaybetweenGeV
v emissionand MeV ~ emissionis also not known. If the enegy thresholdof HE

neutrinoarrayscanbe reducedio ~5 GeV for taggedGRB events,andthe v fluxes
arelarge enoughto producesignals thenthe massof the heariestneutrinospeciesan
be determinedvith reasonabl@ccurag. At theseenegies,the detectionprobabilities
and event topologiesof all neutrinoflavor interactionsare similar, so the maximum
time delayis relatedto the largestmass. GRBsoffer the exciting possibility to study
neutrinooscillationover cosmologicabaselinesAs in ary astrophysicaénvironment
which produceseutrinosfrom p + p or p + v interactions the direct productionof
v, is expected' to be~ 107°®(v,). Scenariowhich transformy,, into v, provide a
reasonablenechanisnto dramaticallyboosttheflux of v, to alevel comparablé¢o the
otherneutrinoflavors. Therefore the appearancef v, providesstrongevidencefor
oscillationover baseline®f a Gigaparseor more.

Unfortunately unambiguousletectionof v, is very difficult in HE neutrinodetec-
tors, asdiscussedn section3.1.3. Several potentialsignatureshave beenproposed,



but all faceratherlong oddsfor succesainlesscurrentHE v detectorssoonobsene
anastrophysicasource.This is beautifullyillustratedby Alvarez-Muniz Halzen,and
Hooper!? They shav thatthe probabilityto obsere the DoubleBangsignatures very
low; typically afew percenbof the probabilityto detectv,-inducedmuonswith similar
enepies. Unlesscurrentgeneratiordetectorssoondiscover v, emissionfrom GRBs,
thelimited effective volumefor DoubleBangeventsstronglydisfavorstheir detection
in kilometerscalearrays.Without adequatestatisticsjt will bedifficult to useangular
or enegy dependenihandlego confirmy, detection.

HalzenandSaltzbeg® have proposedanothemechanisnfor v, detectionput the
backgroundsiresevereif acomparabldlux of v, exist. They point out thatthe Earth
is not opaqueto v, at ary enegy becausehaged currentand neutralcurrentinter-
actionsproducea 7 in thefinal state,which in turn decaysbackto a v, beforelosing
a significantfraction of its enegy. Eventually the enegy of the v, decrease$o the
point wherethe Earthis no longeropaque. The characteristi¢transpareng” enegy
is ~1 PeV\, dependingveakly on the columndepththroughthe Earth. At theseener
gies,theshowver separatiorbetweertheinitial interactionandsubsequerdecayof the
tauleptonis too shortto beidentifiedin HE neutrinoarrays.However, a smallexcess
(or pile-up) of eventsis expectedat the transparencenegy. The angulardistribution
of theseeventsis somavhatflatterthanexpectedfrom the otherneutrinoflavors. The
Halzen-Saltzbeysignaturanustbe extractedfrom abackgroundyeneratedy chaged
currenty,, interactions. (Obviously, at the characteristidransparenc enegy, v, can
propagatehroughthe Earthwithout attenuation.)Sincethe detectionprobability for
muonsfrom v, decaysbelawv the detectoris only 17% of the probabilityfrom v, due
to the branchingratio of the 7 to i channelthe backgroundateis substantialn the
distantfuture,theslight differencebetweerangulardistributionsof »,- andv,-induced
muonsmay be exploitedif theacquiredstatisticss very high.

Canv, from GRB berevealedby measuringascadevents?The superiorenegy
resolutionof the cascadenode may be sufficient to shawv the pile-up featureat the
transparencenegy. Unfortunatelythereconstructedngulamresolutionis poor, sothe
subtledifferencan theangulardistributionscannotbeexploited. Thebackgroundrom
NC interactionsandr, CCinteractioncompoundshe problem.



232 WIMP searches

Neutrinosmay be emittedfrom the centerof the Sunor Earthasa consequencef the
annihilationof weakly-interactingold dark matterparticles(WIMPs) thataccumulate
atthe centersof theseobjects.GalacticWIMPs, scatteringoff nuclei,loseenegy and
may becomegravitationally trapped.Oneinterestingclassof WIMP candidatesrise
from minimal supersymmetri¢SUSY) theory Within this framework, Bergstromet
al.%® andrecently Feng,etal.® have calculatedhediscovery potentialfor neutrinoob-
senatoriesandbeautifullyillustratetheir power to complemenbthersearchmethods.
Apparently the parameterizedgnoranceof SUSY modelsis too vastto be completely
constrainedby asinglesearchechniqueBergstrometal. have attacledthisworrisome
deficiengy by combiningthelimits from cosmicray antiprotoninstrumentswith thean-
ticipatedsensitvity of gammaray satellitesandneutrinoobsenatories.A comprehen-
sive searchstratgy for SUSY particlesbenefitsenormouslyfrom the complementary
informationprovided by neutrinotelescopesCombiningastrophysicatiatafrom spe-
cial purposeand multipurposesurwey instrumentscreatesan intriguing blueprintfor
futuresearchstrateies.

The AMAND A andBaikal collaborationsestricttheiratmospherimeutrinoanaly-
sisto thenearlyverticaldirectionto searchor high enegy neutrinosrom the decayof
weaklyinteractingmassve particles(WIMPS) from the centerof the Earth(seeFig. 7
for oneexample). The detectorsare very efficient for cos@,..) < —0.9. Therefore,
the effective areais somavhatlargerthanachiezed by the all sky measuremerf at-
mospherineutrinos. Fromthe lack of excessof eventsin the nearlyverticalangular
bins, flux limits canbe obtained.Figure8 comparethe AMAND A limits with exist-
ing limits for a broadclassof supersymmetrienodels,illustratingthe potentialof the
technique.

2.3.3 Relativistic Monopoles

A magneticmonopolewith Dirac chage g = (137/2)e emits Cherenbv radiation
if its velocity exceeds0.7% in wateror ice. The particle would emit more photons
than a single chaged particle by a factor of ~ 10*, andthe linear variationin the
photonemissiorrateis quite smallcomparedo anequvalentlybright muon. Figure9
summarizeshe currentstatusof experimentalimits. The AMAND A andBaikal limits
wereobtainedby searchindor upwardgoingparticles®” A ratherlarge lower limit on
themassof themonopoléds requiredto have therequisitekinetic enepgy to traversethe
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spectralts masswvastakento be 250 GeV.

Earth.

2.3.4 Supernova Detection

A transienburstof low enegy neutrinoemissiorfrom superngaexplosionsor Gamma
RayBursts(GRBs)canbedetectedy AMAND A-1l1 by summingherandomnoisesig-
nalsfromthephotomultipliertubesn theopticalmoduleswithin thearray A supernea
burstwould manifestitself asa statisticallysignificantincreasen the summedsignal
dueto theexcesphotongyeneratedyy thelow enegy neutrinointeractions Sensitvity
to transieneventsis improvedby embeddindghearrayin anernvironmentsuchaspolar
ice, wherethe randomnoiselevel is low becausédhe internally generatedoiseof a
photomultipliertubeis reducedat cold temperatureandthe externallygeneratedback-
groundlight from radioactve impuritiesis negligible. The AMANDA collaboration
agreedo join theSuperneaEarly Alert Network®® to confirmgalacticsuperneaeand
determinghe directionby triangulationof the neutrinowavefront, which canprecede
the photonsignalby severalhoursor more. The polarlocationof AMAND A simpli-
fiesthetaskof triangulation put theangularesolutionof elasticallyscatterealectrons
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in the SuperKamiokandexperiment’ may be superior Futureneutrinoobsenratories
could searchfor nearbyextragalacticburstsby increasingthe collectionefficiency of
theopticalsensorglarger PMTs,useof wavelengthshifters) implementingechniques
to reducetheintrinsic noise,andincreasinghe numberof sensorsn thearraybeyond
severaltensof thousand.

The low rateof intrinsic noisegeneratedy photomultipliertubesin Antarcticice
is a uniquefeatureof the AMAND A detector It resultsfrom two effects. First, the
concentratiorof radioactve contaminant#n theiceis verylow comparedo sea-vater
Secondthermionicemissionfrom the photocathodés minimizeddueto the low am-
bienttemperaturesAMAND A-1l hassufficient sensitvity to seeto the centerof our
galaxy’! whereadceCubeis expectedo extendthereachby afactorof 2.5in distance
to cover the mostof galaxy Therathermodestmprovementin sensitvity is a conse-
quenceof the «/Nous scaling’? where N, is the numberof optical modulesin the
array

2.3.5 Neutrino Oscillation

The growing evidencefor neutrinooscillatiorf? in the atmospherimeutrinodatahas
triggeredthe neutrinotelescopecommunityto investigatethe physicscapabilitiesof
theirdetectorgor thisparticularsciencenbjectve. Theenegy spectrunof atmospheric
neutrinos(hashedoox, figure taken from Protheroes review papet) is a steeppower
law, suggestinghatthe detectedeventswill be predominantlynediumenegy andthe
ratewill beinfluencedoy theenepgy threshold.Thereforeusingatmosphericeutrinos
to searchfor neutrinooscillationrequiresenegy thresholdsof 5-20GeV. Detectors,
suchasBaikal NT-200andNESTOR, or the insertionof high densitystringsinto the
AMAND A-1l array aredesignedo achiese this goal.

Atmospherimeutrinosrevealoscillationphysicsin severalways.A deviationfrom
the expectedangulardistribution would be strongevidencefor oscillations. HE neu-
trino detectorcancontrikuteto this scienceby virtue of their large detectionareaand
consequenincreasdn statisticalsignificance.Unfortunately theseare difficult mea-
surement$or neutrinoarrays.For thesimplestcaseof two oscillatingneutrinospecies,
the probabilitythata neutrinov of flavor i (e, 1, 7) will oscillateinto a differentflavor
z is givenby

P(v; = v;) = sin® 26 sin2(1.27Am2%), (6)
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whered is the mixing angle,Am? is the differencein masssquaredn eV? of thetwo
masseigenstated, is the pathlengttbetweergeneratingertex anddetectorandE,, is
theenepy of theneutrino.

Unlessthe neutrino-induceanuoneventis completelycontainedwithin the detec-
tor, the neutrinoenegy is not well measured.For the currentgeneratiorof neutrino
detectorsthrough-goingupward muonsare the mostlikely detectionmode, but this
only establishes lower limit on the neutrinoenegy. Moreover, the enegy threshold
for muonswhich traversethe arrayis relatvely high, soas E,, increasesangularde-
viationsbecomevery subtle. For parameteref Am? = 2.5 x 1072 eV? andmaximal
mixing, theangularandenegy dependencef the detectorareamustbe determinedo
5% or better It remaingo be seenf thisaccurag canbeachieredin practice.Also v,
eventsmustbedifferentiatedrom v, events,which hasyetto be shavn conclusvely.

A seconddeatakesadwantageof the particularstrengthsof the existing neutrino
arrays. Thelinear symmetryof string-basedlesignsresultsin excellentsensitvity to
nearlyverticaltracks.Thelonglengthsof instrumentatiorrancontainneutrino-induced
eventsover a large interval of enegies. By concentratingon nearly vertical tracks,
backgroundsre easierto reject. The small vertical spacingof optical sensor§com-
paredto thehorizontalspacingof the strings)reducetheenepgy thresholdo interesting
levels. The detectionefficiency asa function of enegy canbe calculatedmoreaccu-
rately thanfor the entire hemisphere.In addition,the AMAND A arraycancalibrate
its vertical sensitvity with a well definedmuonbeamusing coincidenceeventsthat
simultaneouslytrigger anotherarray at 900 meters. If the vertex is containedwithin
the centralpart of the array thenthe light from the interactionvertex and outgoing
muoncanbe modeledto establisnthe enegy of the neutrinowith sufficientaccurag.
Obviously, the eventratesaremuchlower for arestrictedsolid angle,but thelarge de-
tectionarearesultsin sufficient statistics. However, the sameconcermaboutbeingable
to differentiater, andv,, eventsappliesto thistechnique For kilometerscaledetectors,
a significantfractionof neutrino-induceétmospherieanuonswill be containedwithin
the actively instrumentedsolume, so a calorimetricmeasurementf the neutrinoen-
ergy is possible.However, the larger spacingbetweersensorgesultsin higherenegy
thresholdsvhich maybeabove theenegiesof interest. Mediumenepgy physicsobjec-
tivescanberetainedif the kilometerscalearraysurroundsa first generatiomeutrino
array The compositedetectorcanidentify and rejectatmospherianuons,reducing
backgroundejectionrequirements thedenseicentralregion of the compositearray

A third methodto searchfor neutrinooscillationover long pathlengthgor base-



lines)utilize acceleratoro directabeamof v, particleswith aknown enegy spectrum
towardthedetector

Perhapshebestmethodto studyr,, oscillationparametersmvolvesdedicatedong
baselineexperimentswith high intensity and well-characterizegheutrinobeamsand
large volumedetectorplacedat greatdistanceslong-baselingprogramssuchask2K
and Minos are currentlyinvestigatingoscillation parametersleducedoy atmospheric
neutrinostudies. Next generatiorlong baselineexperimentsare consideringseveral
enepgy rangesfor neutrinobeams. At large distancer at low enepgies, the meager
eventratesdictateboth large intensitybeamsandlarge volumefor the enddetectors.
It hasbeensuggestedhat HE neutrinotelescopesocatedat distanceetween1000
and 10000km could play a role While mostdiscussiorhasinvolved CERN and
plannedneutrinotelescopesn the Mediterraneanthe idea works the samefor ary
acceleratoandneutrinoobsenatory aslong asa neutrinobeamcanbe pointedin the
right direction. Evenwithoutflavor or chagesignID, cornventionalwide bandneutrino
beamsdirectedat HE neutrinotelescopesould measurehe sign and magnitudeof
Am?,, andf3, Oa3.

Severalnew ideasfor theenddetectorareunderdiscussiorwith performancehar
acteristicanoresuitablefor long baselingphysicsthanareavailablefrom HE neutrino
arrays,suchaslow enegy thresholdyeliablediscriminationbetween: — e, andchage
sign identificationof the lepton. The UNO detectof® extendsthe water Cherenkv
technique,usedin SuperKamiokandand otherlarge nucleondecayexperimentsto
avery large fiducial mass. Theinitial designervisionsa fiducial massof ~ 10° tons,
makingit anattractvetargetfor high-intensityneutrinobeamgrom anywhereon Earth.
Two scenariogor long-baselinghysicsarebeingexplored’® Usingabeamfrom a30—
50 GeV muonstorageing (or “neutrinofactory”) severalthousandckm away, hundreds
of thousand®f neutrinointeractionswould be recordedfor eachyearof running. In
additionto avery precisemeasuremerdf v, disappearanceyrong-signmuonappear
ancecouldbeobsenedby placinglarge magnetdbetweersub-sgmentsof thedetector
to measurghe chage of enegetic muons. A differencein ratebetweerv, — v, and
v, — v, transitionswould be clearevidenceof CP violationin theleptonicsector At
theotherendof theenepy scalea100-500MeV v, beamcouldbe exploitedto detect
v, appearancwith negligible backgroundapartfrom v, contaminatiorpresenin the
initial beam. The crosssectionfor neutrinointeractionsat suchenegiesis small, but
theverylargetargetmassof UNO would allow ameasurablsignalto beobsenedeven
2000km from the source.At thatdistancethe ém? region correspondingdo thelarge-



mixing anglesolutionto the solarneutrinoproblemwould be accessible.At shorter
distanceswheremattereffectsin the EarthareunimportantCPviolation couldalsobe
probed.

3 Detection Principles

The essentiakharacteristic®f a neutrinotelescopehave beenknown for morethan
two decades.”” Markov suggestednh 1960thatthe ocearwould be a suitablesite for
constructinga large neutrinodetectorbasedon the detectionof Cherenkv light, and
mostimportantfeaturesverediscusse@ndspecifiedduringa seriesof workshopsle-
votedto developingthe DUMAND concept.HalzenandLearned introduceda twist
on the generalschemeby promotingpolar ice asa suitablemedium. Until recently
workableimplementation®f thesesensiblddeashave beenthwartedby unusuatech-
nical andlogistical challengesassociateavith the remotedeploymentof hardwarein
mediathatdiffer from ordinarypurifiedwaterin severalimportantdetails.All current
architecturegor high enegy neutrinofacilities bury a sparsearray of optical sensors
within deepice, ocearor lake waters.Theopticalsensorsespondo theUV dominated
Cherenbkv radiationemittedby neutrino-induceanuonsor neutrino-inducedhadronic
andelectromagneticascadesLarge detectorvolumesare requiredbecausdhe pre-
dictedflux of cosmicneutrinosandthe known interactionprobabilitiesat the enegies
of interestarerelatively small. The detectionprobability, definedasthe ratio between
the rangeof the muonto the interactionmeanfree pathof the neutrino,is only 10°
for a v, with anenegy of 1 TeV. Moreover, the raresignaleventsmustbe extracted
from alargeflux of atmospherienuonbackgroundFor example,at sealevel the num-
ber of backgroundnuonsper unit areaexceedsthe expectedneutrino-induceanuon
signalby ~ 10'!, so neutrinodetectorsare constructecht large depthsto reducethis
unwantedsignal. Evenat depthsof 2 km of waterequivalent,down-goingbackground
exceed9redictedsignalby afactorof ~ 10°. The combinatiornof largevolume,large
overkurden,anddesireto minimize materialcostsleavesexperimentalistsvith few op-
tionsotherthanto constructa detectomwithin aremote naturallyoccurring transparent
mediumsuchasice or water (no excavatedcaves or minesare large enough). The
formidabletechnicalchallengeof remoteoperationdistinguishesigh enegy neutrino
facilities from existing solarandacceleratebasedneutrinodetectors.It is onefactor
which hasspurredthe continuingdiscussiorof surfacedetectorge.g.,GRANDE and
HANUL ) despitethe dauntingbackgroundlifficulties.



Fig. 11. Schematiof detectionmethodfor chaged currenty, signature.Muon trajectories
canbereconstructedby timing the passagef the Cherenkv wavefront.



Cherenkv techniquesare now well understoodand areillustratedin Fig. 11. A
high enegy neutrinocanbe detectedonly if it corvertsto a chagedlepton, suchas
a muon,or inducesa cascade.Astronomyis possiblebecause¢he muondirectionis
alignedwith theincidentneutrinoto within adegree if theenegy is greatethanl TeV.
The angularcorrelationbetweenchaged leptonandneutrinoimprovesasthe 1/VE,
so eventuallymultiple Coulombscatteringpecomeghe dominantfactorin the angu-
lar resolution. Concevably, neutrinodirectionscanbe determinedo ~ 0.1° in some
designs® Sourcelocalizationcan be improved by the detectionof multiple events,
but unlessthe eventrateis unexpectedlylarge, the angularresolutionis not competi-
tive with corventionalastronomy Thereforesourcesnustbe identified statistically-
by searchingor a classof objectsthatlie within the angularerror boxes. Confidence
will bebolsteredf theoreticalmodelsof thatclassof objectsareconsistentvith high
enegy neutrinoproduction. The relatively limited numberof potentialsitesof high
enegy neutrinoproductionsuggestshatsourceconfusionis unlikely to beaproblem.

Themuonis detectedy distributingphotonsensorglargediametephotomultiplier
tubes— PMTs)over thelargestpossiblevolumeof transparentediumandrecording
the arrival times andintensity of the Cherenkv wavefront. Accuratereconstruction
relieson actively trackingeventsover linear dimensionsxceedingtensof metersand
measuringhearrival of the Cherenkv wavefrontto tensof nanosecondsr better Ge-
ometriesof the arraysareoptimizedaccordingto the optical propertiesof the detector
media— thosemediathat generatdessprecisionin the arrival time of the Cherenkv
wavefrontcanbe compensately largerdetectorsvith greateraveragepathlengthThe
instrumented/olumecanbeincreasedy utilizing amediumwith alargeopticalatten-
uationlength. Naturally volumesincreasewith with additionalsensorsso per unit
costsbhecomeanimportantdesignfactor

Muonsfrom neutrinointeractionsaredistinguishedrom thevastlymorenumerous
atmospherianuonsby direction; upward-traveling muons(throughthe detector)can
only originatefrom nearbyneutrinointeractions.The Earthfilters out all otherknown
particles.Greatcaremustbe takento rejectthe “down-going” atmospheriegnuons.In
practice,muonsareproperlyreconstructedf they traversetypically ~ 100 m of path-
lengthwithin the boundariesof the array definedby the outermoststrings,although
densearrayshave demonstrategoodreconstructionvith shortertracks.Complications
arisefrom the lack of fixed fiducial volume, the presencef eventscontainingmulti-
ple muons,decayingmuonsin flight, andfluctuationsin the generatiorof Cherenkv
photongesultingfrom high enegy physicsprocessesMiuon trajectoriescanpassnear



enoughto triggerthe array but too far outsidethe detectoboundaryfor properrecon-
struction.

Reconstructions tied to specificassumptionaboutthe eventtopology For exam-
ple,it is usualto assumehatthe characteristicfor aneutrino-induceanuoneventare:
1) oneandonly one particle traversingthe array 2) continuous,uniform production
of photonsfrom a minimally ionizing chagedparticle,3) propagatiorat the speedof
light, and4) traversalof theentireinstrumentedolumeof thedetector Deviationfrom
theseassumptionssuchasstoppingmuonsor decays-in-flightmultiple-muonevents,
or enegetic muon-bremsstrahlungesultin poorerreconstructiorof the eventtrajec-
tory andenegy. Oncethe eventis reconstructedselectioncriteriaareappliedto reject
eventsthatarelikely to be poorly reconstructedlt is obviously desirableto develop
selectiorcriteriathatmaintaingoodefficiency for signalevents.

As mentionedthedominantsourceof backgroundn highenegy neutrinodetectors
is downwardmuontracksgeneratedby cosmicray interactionsn theatmosphereThis
backgrounadtanbeavoidedby constructinga detectorat >10 kmwe (kilometersof wa-
terequialent)depthsput suchdepthsarelogisticallyimpossibldo attain.Ratherlarge
volumedetectorsare constructedat intermediatedepths,andthe backgroundnustbe
removedby othermethodsn principle,theangulardirectiondistinguishesstrophys-
ical neutrinosignalsfrom the backgroundf atmospherienuons— muonsoriginating
from below thehorizonmustoriginatefrom neutrinointeraction.However, errorsin the
reconstructedirectionof themuontrajectorycanresultin misinterpretinglown-going
muonsasupwardgoingmuons.For detectositesat depthsetweerl and4 kmwe,and
enegy thresholdf ~ 10 GeV, therateof dowvn-goingmuonsexceedgotentialsignal
ratesby factorsof 10® — 10° (assumingatmospherimeutrinosarethe baselinesignal).
Therefore,animportantdesignspecificationinvolvesthe rejectionfactor R, defined
asR = A.ss(signal)/Aepr(mis), whereA.rr(mis) = F, X Aerr(tatm), Aesr(Hatm)
is the effective areafor the detectionof down-goingmuons,and F;,, is the fraction of
down-goingmuonsmisidentifiedasupwardgoing. Therejectionfactormustbegreater
than10? for thebestcaseconditions andtypically 10¢ for detectordocatedat depthsof
2 kilometerswvaterequivalent(kmwe). In thesimplestdescription F;,, is aconstantbut
it maybetreatedasanangulardependenscatteringorobability P(#, 6') in morecom-
plex descriptions.As the enegy thresholdof the detectoris increasedo ~ 10'° eV,
theratio of downgoingatmospherienuonsto expectedsignaldecreasesgachingunity
in the vicinity of 1 PeV Sincethe requiredlevel of rejectionis lessat higherenegy
thresholdsgvent selectioncriteria canbe optimizedto achieze muchlarger effective



areasthan could be achiezed with larger rejectionrequirements.Detectionmethods
with sufficientenegy resolutionto identify PeVeventscanbeusedto searcttheentire
sky. Simulationsshonv®#2 that the enegy of v,-inducedcascadesnay be measured
with sufficient accurag, assumingthe vertex is containedwithin the volume of the
array Thequotedvaluesin theliteraturefor effective detectiorareacausenuchconfu-
sionbecausehey area function of leptonenepy, zenithangle,andrequiredrejection
factorwhich differsbetweerphysicsobjectves. The effective volumebecomesiseful
whenthe rangeof the muonis comparablédo the largestdimensionof the array For
muondetectionat mediumenepgies (andfor all cascadevents),the effective volume
becomesa corvenientparametenf detectorsensitvity, but it too dependn enegy
andrejectionfactor

Atmosphericneutrinosform anirreduciblebackgroundn the sensehatthey can-
not be differentiatedrom non-terrestriaheutrinosignalson an eventby event basis.
Sincethe enepgy spectraandangulardistributionsof atmosphericeutrinosarereason-
ablywell known from measuremergndcalculation statisticatechniquesisingenegy
spectraspatialandtemporalcorrelation.etc. canconfirmor rejecta hypothesisnvolv-
ing atmospherimeutrinos.

3.1 E, < 1PeV: Detection Modes of Optical Cherenkov Arrays

In this section we discusghe mostcommondetectiorsignaturegor HE neutrinotele-
scopes.The neutrinosignaturedependsn flavor andwhetherthe neutrinoinitiatesa
chagedcurrentor a neutralcurrentinteraction.

1. Chagedcurrent(CC) interactionsnitiatedby v,. For E,, > 1 TeV, therangeof
the muonexceedsseveral kilometersandthe effective volume cangreatly exceedthe
instrumentedrolume,whichis thereasorwhy this modehasbeenthe primaryfocusof
recentdetectordesignautilizing optical Cherenkv radiation.

2. Cascadesnitiated by neutralcurrent(NC) interactions,v, and ~ 80% of v,
chagedcurrentinteractions.

3. DoubleBangeventsaregeneratedy v,. For E, > 10'® eV, the decaylength
of thetauleptonis comparabldo the scaleof the instrumented/olumeof high enegy
neutrinoarrays. Theinitial interactionproducesa large hadroniccascadeasdoesthe
eventualdecayof the tau lepton. The distinct separatiorof two large cascadevents
provides a unique signature. However, sincethe verticesof both cascadesnustbe
containedthe effective volumeof this modeis afew percenbof the CC v, signature.



Table 1 summarizeghe primary backgroundsadwantagesand disadwantagedor
themostcommondetectiormodes.

Tablel. Primarymodesof detectioravailableto HE neutrinotelescopes.

Mode Background Advantages Disadwantages
vy atm.v,,, downgoingatm y BestVe sy
v cascades p-brem YO BG systematics ~ 0.1V€‘}f
Ep > 10 TeV poorangularesolution
vy DoubleBang little cleandowngoingsignature mustbecontainede~ 0.01\/5‘}f
longbaselineoscillation  E, =1-10PeV only downgoing
v, by excesse Ve anduftvc low enegy v, very challengingsignature

Thefollowing sectiongyive moredetailon eachdetectiormode.

3.1.1 Muon Detection

The largesteffective detectorvolumesareachieved by measuringhe flux of high en-
ergy muons. For enegies between0.1 TeV and 1000 TeV, the enormoudlux of at-
mospherianuons,generatedosmicray collisionsin the atmospheregverwhelmsthe
meagersignal expectedfrom neutrinos. Restrictingthe obserationsto upgoingdi-
rectionscaneliminatethis background.The Earthfilters out the atmospherieanuons,
leaving only muonsinducedby neutrinoghathapperto interactneartheactive volume
of the detector Assumingthatthe rangeof the muonis larger thanthe characteristic
dimensionof the active volumeof the detectoythe signalrateis the corvolution

Signal ~ Agsr @ R, @ 0,(E,y) Q ¢y, (7)
v—Ey

whereR,, isthemuonrangein g/cn?, y = EE— isthemeaninelasticitysol —y isthe
fractionof enepy transferredo the muon,and A, is theenegy dependeneffective
areaof the detector The rangeand crosssectionboth increasdinearly with enegy
into the TeV region. Stochastigprocessedegin to dominateover continuousioniza-
tion lossesatenegiesabove 0.5 TeV, andthereforethe enegy lossperunit lengthalso
increasesAssumingalinearscalingbetweerCherenkv emissiorandd E'/dz, highen-
ergy muonsbecome'brighter” andmorereadilydetected The effective areaincreases
with enegy becauséhe muoncanbe detectedrom greaterdistances.Sincemuons
canbe detectedbeyond the instrumentedsolume, it is possiblefor the effective area
to belargerthanthe instrumentectross-sectionadreaof the arrayof photomulitplier
tubes.In practice strongbackgroundejectionrequirementsisuallyresultin effective
areaghataresmallerthanthegeometricarea.Theenegy dependencef A, mustbe

includedin the calculation®f theeventrate.



The usualprocedurdor calculatingthe flux involves several simplifying approx-
imationsto estimatethe eventrate (andavoid the corvolution calculation). First, the
chaged-currentrosssectionis usuallyaveragedverthey-distribution,andsmalldif-
ferencesn theaveragebetween andv areignored.Thisapproximations excellentfor
E, > 10% eV. Themeanvalueof y corvergesto 0.2 for the neutrinoandanti-neutrino,
andonly weaklydepend®nenepgy. Secondtheenegy dependencef thedetectorcan
be factoredout of the convolution by calculatingthe neutrinoinducedmuonspectrum
atthedetectordN,/dE. Theflux of muonswith enegy E, inducedby neutrinoswith
enegy E, is

d’N,
dE,dE,

do dN,
dE dE,

:/ dX dE 9(X, By, E) Na~rr 8)
0 E,

wherethe lasttwo factorsare,respectrely, the chaged currentcrosssectionandthe

differentialenegy spectrumof the neutrinos. The factor g, is the differentialproba-

bility thata muonproducedwith enegy Eu travelsadistanceX andretainsanenegy

E,. By ignoringrangestragglingjL of themuon,g canbewritten:
(X — Xp)

a(l + ﬂE;t/a)

wheretheconstantsn rockarea =2 MeV/(g/cn?) ande = a/3 =510GeV. Thesepa-

rameters/ary by lessthan20%from 10'2—1( eV. Lipari andStane®® have discussed

amoreaccuratdreatmenof muonpropagatiorat high enegy. If the smallvariations

in theseparameterareignored,then X, is determinedy

I

g(X, EM’E;IL) (9)

g

Xn =
A Xo nEu—l-e

(10)

Usingtheseapproximationsye seethatthe differentialmuonenegy spectrumat the
detectoris relatedto thedifferentialneutrinospectrume,=dN, /dE,,, by

&N,  dN,dP, _dN, N4 B do (1)
dE.dE, ~ dE,dE,  dE,a(1+ E,/a) /s, dE, "

wherethe probabilitythata neutrinoof enegy E, directedtowarda detectoproduces
adetectablenuonis P,. Theeventratecannow becalculatedrom Equationl1:

. ~ &N,
Signal = /E ) / 15, i, et (Bu) 4B dF, (12)

JfRangestraggIingrefersto thevariationin rangedueto fluctuationgn enegy lossesThereforeabeam
of particleswith identicalenegy will nottravel the samedistanceor thesameenengy loss.



dN, dP,
- /E‘th / dE, dE eff(Eu) dE, dEﬂ (13)

dN, dP,
- / /Eh dE, dE, Aess(Ey) dE, dE,. (14)

Accordingto Eqgn. 14, theintegratedprobabilityof detectiormustbeweightedaccord-
ing to the effective areaof detection. If the enegy dependencef A, is assumed
small,thenA.;; canberemovedfrom theintegral:

: dN, dP,
Signal = eff/ /Eth iE, dE, (15)
< dN,
A, —P,dE,, 16
1}y dE, (16)

WhereE;h is the minimum detectablenuonenepy for a givendetectorwhichin gen-
eraldependon the zenithangleandthe rejectionrequirement®f the analysis(i.e, it
is analysisspecific). Note thatthe probability P,(E,) = onzh %dEN only depends
on the minimum detectablenuonenegy, not theinitial neutrinospectrum.Graphical
illustration$* and analyticalexpressiondor P, canbe foundin literaturefor several
valuesfor Ef]l, with theassumptiorof constaneffective area.Theseanalyticalexpres-
sionsare usefulfor orderof-magnitudeestimatesbut it is importantto keepin mind
therestrictions.

Fortheenegyinterval 10~% < E, < 1 TeV, theprobabilityis averagedor identical
fluxesof neutrinosandanti-neutrinos

P, ~ 1.3 x 107% (E/TeV)*?. (17)

The scalingwith enegy directly reflectsthe enegy dependencef the neutrinocross
sectionandthe averagerangeof the muon. The crosssectionis proportionalto enegy
belov 1 TeV, but thenchangedo a wealer enegy dependencdueto the effect of the
W propagatarA similar changen the enegy dependenceccursfor the rangeof the
muon,sofor 1 < E, < 102 TeV, theprobabilitybecomes

P, ~13x107°(E/TeV)"®. (18)

For enegiesgreaterthan 10 PeV, the effect of the W propagatobecomesnore pro-
nouncedandthe crosssection® scalewith enegy approximatelyas E%-*¢. Unfortu-
nately the crosssectionsarenot well determinedecauselifferentassumptionabout
the partondistribution functionsat very small z leadto uncertaintiesof a factorof 2



Muon Effective Area versus Zenith Angle
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Fig. 12. Theeffective areafor muondetectiorasafunctionof zenithanglefor E,, betweer0.1
TeV and100TeV (180° is vertically upin local detectorcoordinates).

at 1020 eV. Keepingtheselimitations in mind, the probability for muon detectionis
approximateds:

P, ~107%(E/EeV)’4, (19)

whereF is now in unitsof EeV (10'8 eV).

The currentgeneratiorof HE neutrinodetectorsareconstructedvith approximate
cylindrical symmetry andorientedvertically. This leadsto angulardependence the
effectivearea,A.;;(#), wheref is thezenithangle.As figure 12 shawvs, thisis certainly
thecasewith AMAND A. Moreover, theenepy dependencef A, cannotbeignored.
To allow for theseeffects,we canwrite Eqn. 12 moregenerallyas

Signal = /th / dE dE Aess(E,,0) dE, dE,. (20)



Neutrinoswith £, < 100 TeV arenotstronglyattenuatedby the Earth,andmuchof the

solid anglenearthe horizonremainsaccessibléo enegiesaslargeas1 PeV Although

the Earthis transparento low enegy neutrinos,an Earthdiameter(1.1 x 10°> kmwe)

exceedgheinteractionlengthof neutrinoswith enegy higherthanabout40 TeV. It is

cornvenientto introduceanexponentialfactorto accounfor theabsorptiorof neutrinos
asthey travel alongthe chordof the Earth, X (#),

dN,
E — v _Utot(EU)NAX(g) 21
f(E,,0) dE, e : (21)

whichassumethatthereactionproductgyenerat@odetectablesignal. Theattenuation
factorcanbe averagedover azimuthanglé® to producea “dif ferentialshadev factor”
thatis equialentto the effective solid anglefor upward traveling muons. Uncertain-
tiesin the densityprofile of the Earthandthe neutrinocrosssectioncontribute to the
errorin this calculation. For neutrinoenegiesabove 10%° eV, horizontalandslightly
downgoingneutrinosencountesufiicient materialto attenuatehe flux (keepin mind
thatwe arediscussingindegrounddetectorsvith overturdensof severalkilometersof
waterequialentor more). Thereis onenotableexceptionto theseconclusions.Tau
neutrinoswill regeneratehemselesbecausdoththe chagedandneutralcurrentin-
teractiongproduceatauneutrinoin thefinal state.Regeneratiorcauseshetauneutrino
to loseenepy until ~ 10'° eV, the enegy at which the Earthbecomesransparento
all neutrinoflavors. In practice,this signatureis difficult to useto identify v, if the
cosmologicakourcegproducenearlyequalfluxesof v, andv, with powerlaw spectra.
Undertheseassumptionghe high enepgy v, signalwill be overwhelmeddy thesignal
from lower enegy v,. At this point, statisticaldiscriminantsmustbe emplo/edbased
onangulardependencef thesignalor ararehigh enegy eventtraveling vertically up-
ward. Unfortunately the statisticsof high enegy eventsby currentor next generation
detectorss unlikely to be high enoughto utilize this discriminanteffectively.

The calculationsabove ignorerangestragglingand other detailsof muonenegy
loss. They arevalid only if the rangeof the muonis lessthanthe columndensityof
mattersurroundinghe detector For upgoingneutrinospenetratinghe Earth,this con-
ditionis valid, but doesnot hold for detectorsat relatively shallov depthsfor neutrino-
inducedmuonsin thedownwarddirection.As aconsequenc&owngoingsignalsfrom
neutrinosare concentratechearthe horizontaldirection,wherethe columndensityis
greatest.



3.1.2 Cascade Detection

Thereareseveralimportantprocessethatgeneratecascadesf high enepgy particles,
whicharesummarizedelow:

ve(ve) + N — e (e") + hadrons (22)
v+ N — y(y) + hadrons (23)
v.+e — W — X. (24)

Neutrino-inducee@lectrongproduceelectromagneticascadethatgenerateerybright,
localizedburstsof Cherenkv photons.Thelongitudinaldevelopmenif hadronicand
mixed cascadess somavhatlesslocalizedon average andthey occasionallyproduce
muonsthattravel for 50m. Thenarrav resonanceeactionindicatedby thethird line®
canbeusedto calibratethe enegy respons®f the detectoyrbut theeventratesinduced
by atmospherimeutrinods negligible for kilometerscaledetectors. However, if astro-
physicalsourcesf 6.4 PeV neutrinosexist, thenthis reactionmay becomemportant
in kilometerscaledetectorsWhile theenepgy resolutionfor cascadeventsis expected
to be muchbetterthanthatfor muontracks,whetherit is sufficientto extractresonant
eventsfrom the continuuminducedby chagedcurrentreactionson nucleiremainsan
openissue. Initial studiesof the IceCubedetectorperformanc® shaws that this re-
guirementepresentanon-triial challenge.

Althoughthe directionalinformationis poor comparedo muontracks,the enegy
resolutionis far superior In mediawith moderatescatteringthe sensorsearesthe
cascaderertex provide the directionalinformation,while distantsensorsamplefrom
a expandingdiffusive wavefrontto provide a calorimetricmeasuremeniThe spherical
topologyof thecascadeventsreadilydistinguisheshemfrom themostcommonatmo-
spheriomuonbackgroundskor example,atmospherie, arehighly suppressedtthese
enegiesbecausehe muonsproducedn the air shaver arefar morelikely to interact
thandecay At enegiesabore 1 TeV, theirreducibleflux of atmospherie, is lessthan
v, becausdewer atmospherianuonsdecaybeforereachingthe detectorasthe muon
enepy increasesThereforeneutralcurrentinteractionsoy v, -inducedoremsstrahlung
and pair productionare the dominantbackgroundapartfrom instrumentalenhance-
mentof themorealundantjower-enegy phenomenaRecentwork hasshovn thatthe
latter two physicsbackgroundsanbe eliminatedwhile retaininggood efficiencgy for
signalevents. Oncethesebackgroundsrerejected neutralcurrentinteractionshy at-
mospheria/, form anirreduciblebackgroundIn thissensethetechniquesf detecting



v, andv, arecomplementary The goodangularprecisionandsuperiorsensitvity of
muondetectionis tradedfor improved enegy resolutionandlower backgroundates.
For kilometerscaledetectorsthe large spacingbetweenstringsleadsto a ratherlarge
enegy thresholdor simpletriggerschemesyut fractionalenegy resolutionof ~ 25%
is expected?

Onecommonpracticeseenin the literatureis to presenintegral limits in plots of
differentialspectrayhichis acceptablé theenegy resolutionof thedetectots rather
poor. However, this practicemalesit difficult to interprettheresultsandgivesanoverly
optimistic impressionof the sensitvity of the detector Given the enegy resolution
expectedfor cascadesvents,it is more informative to plot differential sensitvity as
a function of neutrinoenegy. This point s illustratedin Fig. 13, which was taken
from Ref. 82. Thefigure shavs thatseveralmodelscanbe probedby currentandnext
generatiorHE neutrinodetectors. In general,differential limits corvey information
more transparentlybut in practice,eachmodelmustbe comparedon a case-by-case
basisby calculatingthe expectedevent rate for eachuniqueflux predictionandthen
comparingto backgroundatesto obtainflux limits.

Dueto the suppressiowf the atmospherie, flux at high enepgies(relatve to v,),
hadroniccascadesducedby neutralcurrentinteractionsof atmospheria/, generate
anirreduciblebackgroundor astrophysicasourcesunlesst becomegossibleto dis-
tinguishNC interactiondrom v,-initiated cascadesThe backgroungshown in Fig. 13
hassereralimportantconsequences.irst, it is possibleto searcHor adiffuseflux of v,
by integratingover the completesky (47 sr) by imposinga softwareenegy threshold
of 100 TeV. Sensitvity to downgoingneutrinosis particularlyimportantfor enepies
above 10*° eV becausehe columndepthsaretoo smallto significantly attenuatethe
neutrinosignal. It will be very difficult to usethe muon modeto searchfor down-
going muonswith comparableenegies, so cascadesay be the only mechanisnfor
a single detectorto integratesignal from the completesky. Second Wu#? estimated
the effective volumefor v, in atypical kilometerscaledetectorafter the application
of backgroundejectioncriteria. It is comparableo the effective volumefor the v,
modein AMAND A-Il. Sincethe beststudiedmechanismgor high enegy neutrino
productionpredictcomparabldluxesof v, andr,, mostmodelsaccessibl¢o studyby
therv, modein kilometerscaledetectorswill betestedby the currentgeneratiorof HE
neutrinodetectorsDiscoveryby currentgeneratiordetectorsill provide strongincen-
tive to optimizethe next generatiordetectorfor flavor compositionstudiesof neutrino
emission.
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Fig. 13. Diffuseflux predictionsandexperimentalimits for cascadeventsinitiatedby v.. The
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cune labelediceCubev,(2) is theminimumdetectablaifferentialflux, takinginto accounthe
irreduciblebackgroundrom NC interaction. The atmospherimeutrinoflux,®® GRB flux® and
AGN flux®® areshavn for comparison.



3.1.3 v, detection using Double Bang mode

The stronginterestin neutrinooscillationandflavor compositionof the neutrinoflux
from astrophysicasourcesstronglymotivatesexperimentalistgo find a mechanisnio
identify tau neutrinos.Learnedand Pakvas&? suggestedhatthe tau neutrinomay be
identifiedby observingan eventcharacterizedby pair of enegetic cascadeseparated
by the flight distanceof the tau lepton. The signatureis known asthe “Double Bang”
mechanism.

Theflight distance L, of thetauleptonproducedn CCinteractionds givenby

e = (12) ()

Theflight distanceis approximatelylOOm for E, = 2 Pe\, which is large enoughto
obsere with a HE neutrinofacility. Theinitial cascadérom the chagedcurrentinter-
actioncontains~ 30%of E,. Theenegy lost by the tauleptonis largely ionization,
sincethe heary masssuppresseBremsstrahlungndpair production. The subsequent
decayof the tau lepton producesan even more spectaculacascadecontaining70%
of the neutrinoenegy. The simultaneou®bsenation of two cascadeseparatedy a
minimally ionizing trackwould be unambiguousndprofound.

Thebackgrounds$or the DoubleBangsignatureareexpectedo be very small, but
the effective volumein opticalarraysis greatlyreducedoy the requiremento contain
both shavers®!:'2 The lack of reconstructiortools for this unusualtopology makes
it difficult to estimatethe minimum and maximumseparationshat producesuficient
enepy resolutionand backgroundrejection, but first passestimatesof the effective
volumeis only a few percentof the volumefor v,. Apparently event rateswill be
very smallcomparedo othermodesaccessibléo currentHE neutrinodetectorsAlso,
therequirementor well-separatedhaversconstrainghelower enegy limit to several
PeV\/ At this enegy, attenuatiorby the Earthbecomesserere so only half the sky is
accessibleDespitetheseobstaclesthediscovery of oneor moreastrophysicasources
by currentgeneratiordetectorswill motivatethe developmentof analysistools tuned
for the DoubleBangsignature.

At EeV enegies,the DoubleBangsignatures morereadily detectedoy facilities
emplgying theair fluorescencéechniquesuchasHiRes,Auger, andEUSO/QNL. In
this casethedetectiorstratgy utilizesa variantof the horizontalair shover method.




3.2 E, > 1PeV: Optical Cherenkov

The AMAND A collaboration! hasrecentlysuggestedhat presentgeneratioroptical
arrayscanbe usedto detectv, with enegiesabore 10'® eV. Themuonis ejectedwith
80%of theneutrinoenegy andpropagatefor tensof kilometers.Exceptnearthehori-
zon, the limited columnthicknessabove the detectorsuggestghat the enegy losses
aremodest. Sincethe muonsare detectedwvith enegiesclosethe productionenegy,
the effective areaof AMANDA is very large. Simulationsshav that muonswith E,
= 10'® eV canbe detectednorethan500m from the centerof the array The arrival
time distribution of photonscharacterizethe distancewhile the quantityandtopology
characterizethe enegy. Atmosphericnuonbackgroundsresmallattheseeneqies,
but instrumentahrtifacts(from cross-talkin the electronicsfor example)mustbe un-
derstood Theresponsef theopticalsensorso largelight levelscanbecalibratedoy in
situ light sourcesAn early stageof analysiswhichincludesbackgroundejectioncri-
teria, shavs thatthe apertureof AMAND A is ~ 5-10km?sr, comparableo the Auger
sensitvity from horizontalair shavers. Theexpectedsensitvity for AMAND A atEHE
enegiesis indicatedby the dottedcurvesin Fig. 3 andcomparedo Auger, OWL, and
RICE.

Most of the EHE eventsaredetectedwvell outsidethe instrumentedsolumeso an-
gularreconstructiorandenegy resolutionarenotlikely to be very good. Sincesignal
eventstendto arrive from the horizonwhile backgroundeventsclusternearzenith,the
lack of angularreconstructioreliminatesthis powerful statisticaltest. Fortunately it
Is probablethat IceCubecanreconstructhe angularparameter®f EHE muonswith
muchbetteraccurag. Theenegy thresholdcouldbereducedelatve to AMAND A-II
becausdackgroundopologiesareeasierto recognize Eventhoughthe overall sensi-
tivity of lceCubewill be comparabléo AMAND A andAuger, it canverify discovery
claimswith improved performancegrelative to AMAND A) or with independensys-
tematicerrors(relative to Auger).

3.3 FE, > 1PeV: Alternative Techniques

Above ~ 10 PeV, the predictedeventratesfor optical arraysarerathermeagef® Al-
ternatve techniquedor 10° GeV neutrinosare beingconsidered¢hroughcoherenta-
dio®® 92 or acousti®® pulses At EHE enepies,acousticandice-basedadiotechniques
run out of rateunlessanenormousextrapolationin sizeis assumedlnstead new tech-
niqueswhich utilize theenormoufnegy depositiorby EHE v’sinteractionsareunder



developmentWe briefly discusshorizontalair shavermeasurementsith corventional
array$?® or with fluorescentight eitherfrom the ground* or from orbiting detectorg:

3.3.1 Radioand Acoustic Techniques

Nearly 40 yearsago,Askaryar® predictedthatthe developmentof high enepgy elec-
tromagneticcascadesn normal mattershouldproducea chage excess. Photonand
electronscattering)rocesse"Lsthatpull electrondrom thesurroundingnaterialinto the
cascadereateanexcesmegyative chageof 20-30%.This effecthasbeenconfirmedoy
abeautifulmeasuremerdt SLAC Final FocusTestBeamFacility.?
Techniguebasednthedetectiorof coherentadioemissiorfrom neutrino-induced
electromagneticascadesre being pursuedin severalways. The RICE experiment
exploits the dielectric propertiesof cold Antarcticice. At radio wavelengthsthe at-
tenuationlengthin ice is approximatelyl km, nearly an order of magnitudelarger
thanopticalabsorptionengths,suggestinghatmuchlargervolumesof ice canbein-
strumentedor a given numberof sensors.Relatvely little of the neutrinoenegy is
transformednto radio power, sothe enegy thresholdof this techniques ratherhigh.
However, thelargeattenuatiorlengthsatradiowavelengthsassureshatoncethesignal
to noiseexceedsunity for a givenrecever, it will remaindetectabldo large distances
betweencascadeandrecever. At the moment,morethana dozenradioreceversare
buriedin the sameholesusedby the AMAND A collaboration.The sensorsareplaced
at depthsof severalhundredmeterswhich stemsfrom two competingconditions. At
increasingdepthsthe ice temperaturéncreasegso attenuationengthis reducedand
thetransmissiorof high frequeng signalsbecomesnoredifficult. At shallov depths,
theindex of refractionchangesapidly dueto the changingdensityof thefirn ice layer.
The primary aim of the RICE collaborationis to studyreliability, backgroundscali-
bration,andthe positionresolutionof vertex reconstructiort? Presentinalysisshowvs
thatthe vertex of the cascadeanbe determinedvith aresolutionof 10m. The RICE
collaborationis developing higher gain antennasand new transmissiortechnologies
basedn opticalfibersto increasehe bandwidth.D. Seclel’” hasspeculatedhatradio
techniquesnay be the besttechniquewith the capabilityto achieve an effective vol-
umeof 100km3. Long termissuessuchaspower, signaltransmissionservicing,and
triggeringover vastdistance®n the Antarcticplateauremainto be solved.
Theinteractionof EHE neutrinosearthesurfaceof thelunarregolith mayproduce

ipositive chageis removedby in-flight annihilationof positronsn thecascade



radio frequeny pulses’? The large target masscompensatefor the small solid an-
gle andlimited exposuretime on large telescopesThe acceptancef this techniquds

~ 103 km?srfor E, > 10?° eV, whichis afactorof 100largerthanexpectedor optical
arrays. However, the exposuretime for optical arraysis typically yearswhereadime
allocationon radiotelescopess typically a few days. Backgroundgsrom high enegy

cosmicraysmay posea problem. Recentwork scannedhe limb of the moon. It was
thoughtthattotalinternalreflectionwould suppressadioemissiorby cascademitiated
by cosmicrays. However, recentwork which hasincludedthe LPM effect hasshavn

the detectionprobabilitiesfor cosmicray eventsdominatenearthe limb.”® Imperfec-
tionsfrom sphericityon the lunar surlacemay createbackgroundhot spots”’aswell.

Fortunatelytheneutrinodetectiorprobabilitiesdominatecosmicray probabilitiesnear
the centerof themoon,but refractionreduceghe acceptance.

Both waterandice mediacanbe usedto detectacousticpulseswhich aregener
atedby cascadesvhenionizationenegy lossesare corvertedinto heat. While heatis
depositednto the mediumvery quickly (afew nanosecondsit, dissipatevery slowly.
Theapproximatestepfunctionexpansiorcreates coherenbipolarpressuravave. The
signalstrengthscaledinearly with enepy, asgivenby

KFE

P x CRd’ (26)
whereP is theamplitudeof thepressurevave, K is theexpansiorcoeficient,C isthe
heatcapacity d is the diameterof the cascadelevelopment,R is the distancebetween
the cascadeand detectoy and E is the enegy of the neutrino. Note thatthe “seeing
distance’is linearly proportionalto depositedenegy for a fixed recever sensitvity.
Thisexplainswhy acoustidechniquedecomeattractveat >PeVenegies.Onecritical
parameters the bulk coeficient of thermalexpansion K, which increasesvith water
temperaturewhich makestherelatively warmwaterof the Mediterraneaman excellent
site.

The pressureamplitudefrom backgroundnoise (which is highly variabledue to
surfacewaves)decreaseas1/ f, whereaghermalnoisein thereceversscaledinearly
with frequeng. Thermalnoisedominatesabove 20 KHz, which setsan upperbound
for the optimalfrequeng of operation.Therecentreview by LearnedandMannheint

summarizeshe currentexperimentakfforts to developthis technique.



3.3.2 Horizontal Air Shower Technique

Giventhegenerapowerlaw dependencef theneutrinoflux expectedrom mostmod-

els, the lowestenegiesare bestexplored by optical Cherenkv detectors.Radioand
acoustidechniquedave the potentialto extendthe searcho the enegy interval 10'°—

108 eV because¢hey candetectdowngoingneutrinoswith greatersensitvity thanop-

tical methods.Theupperlimit is approximatedeterminedy eventrate,eventhough
the effective volume for thesetechniquess potentially several ordersof magnitude
greaterthankilometerscalearrays.At the highestenegies,large areasparsearraysof

particledetectorsaresensitve to the macroscopiguantitiesof enegy depositedn the

atmosphereluring the developmentof extensve air shovers(EAS). We usethe word

“shower” insteadof “cascade’to remindusthatthe eventextenddaterallyover several

kilometers. At theseenepgies,impressvely large areasarerequiredto obsenre a few

eventsperyear For example the Augerproject” is now constructinga 3000km? array
in Argentina,andplansto duplicatethateffort in thenorthernhemisphere.

The previous methodrequires‘contained”eventsin the sensethat particlesmust
strike the detectordn the active volume, necessitatingarge areasof instrumentation.
Alternatiely, pixellatedoptical telescopedave the sensitvity to detectoptical pho-
tonsgeneratedh theair shaver dueto nitrogenfluorescencandCherenkv radiation.
The de-e&citation of the nitrogenatomsis isotropic,while Cherenkv radiationis co-
alignedwith the directionof the shaver. Therefore telescopeslesignedo searchfor
~ TeV patrticlesrely on Cherenkv radiation,whereasigherenegiesarebestprobed
by fluorescenceechniquedecausedhe particletrajectoryneednot point at the tele-
scope.Comparedo surfacearrays far fewer opticaltelescopearerequiredto achieve
thesameapertureput they aremuchmoresophisticateéndoperateonly on moonless
nights(~ 10%duty cycle). The Augerprojectemploys bothtechniques.

Horizontal air shover techniguesanbe emplo/edto explore the neutrinosky at
extremelyhigh enegies3™2?3 In the vertical direction, the atmospherés about10 in-
teractionlengthsthick, but the columnthicknessgrows with zenithangle. No shaver
initiated by a stronglyinteractingparticle can penetratdo the detectorfrom nearthe
horizon. Therefore horizontalair shoverscanonly be createdoy deeplypenetrating
particles,suchasneutrinosandmuon-inducedremsstrahlungascadestEvenat EHE
enegies,theinteractioniengthof weaklyinteractingparticlesis verylong comparedo
the columnthicknessso cascadeverticeswill be uniformly distributedthroughouthe
atmosphereln particular alargefractionof neutrinointeractionccuratlargedepths.



Neutrino shavers can be differentiatedfrom electromagnetichovers by exploiting
differencesn the shapeandtiming parametersf the shaver front, but systematidif-
ficultiesinvolvedin boththe detectionandanalysisof inclined shavershashampered
effortsin the past?® Concevably, with anacceptance- 20 km3sr of waterequialent
targetvolumefor £, > 10 eV, the Auger air shaver arraywill have the sensitvity
to searchHor neutrinosfrom cosmicray interactionswith the cosmicmicrowave back-
ground,andfor morespeculatre signalsfrom topologicaldefects.

Fluorescenceechniquesneasurehe longitudinaldevelopmentof the shawver, so
enegy determinatiorand backgroundejectionare straightforvard given an accurate
trajectory andthe EUSO/QNL project? is designedo take advantageof this. Initially,
alargefield-of-view mirror with pixellatedlight sensorss installedonthelnternational
SpaceStation.Flying at altitudesof ~ 400km, downward-orientednirrors canscana
very large volumeof the Earth's atmospherePreliminarysimulationsof performance
show thatthe neutrinoapertures sufficient to detectof order10 eventsperyearfrom
GZK or from the more optimistic parameterizationsf topologicaldefectand Z-burst
models. The effective volume of the detectorsystemcanbe increasedy eventually
launchingsereral mirrors on free-flying satellitesto higheraltitudes. Potentially this
systemincreaseshe sensitvity to HE particlesby severalordersof magnitudebeyond
Auger if the technicalhurdlesare overcome. The “Double Bang” signaturefor tau
neutrinosis quite striking at EHE enegies. For £, = 10'? eV, the shaver pairsare
separatedby 500km. In additionto fluorescenc@hotonsfrom horizontalair showvers,
Cherenkv photonsfrom upward traveling vertical eventscan be usedto identify tau
neutrinos. As mentionedin section 2.3.1,the Earthfilters all known particleswith
enepgiesabove 1 PeV exceptr,. At thetransparencenepy, tauleptonsproducedn
CCv;, interactionswill travel adistanceycr of approximatelybOm (or ~50 mwesince
mostof theseinteractionsoccurin the ocean).For interactiondessthan50m beneath
the surface,thetauleptonwill emege anddecayto generatean extensve air showver.
This procesyyields a taget massof 10'* metrictonsat a transparencenegy of 10*°
eV for abaselingamgetareaof 10¢ km?.

Sincethe Cherenkv photonsarestronglypealedin the forward direction,the en-
ergy thresholds greatlyreducedor thoseeventsthattravel towardtheinstrument.The
verticaltrajectorysuggestshatfew pixels detectlight, sobackgroundsndtriggering
will be challenging.For example,the eventrate of upward traveling muonsfrom CC
v, will dominatethe v, flux dueto the muchlongerrange.A fractionof thesemuons
may radiatehigh enegy photonghatmay confuseflavor indentification.



3 HESTOR

Fig. 14. Geographicalocationof operatingor plannechigh enegy neutrinofacilities.

4 High Energy Neutrino Detectors

41 General Considerations

Thevisionarydecisionby the DUMAND collaborationover 25 yearsagoto construct
a large telescopenearly5000m underthe oceanand40 km from shorelaunchedhe

experimentaleffort to constructa neutrinoobsenratory The designgoalsthenwere
muchthe sameasthey arenow: thresholdenegy of ~ 10 — 100 GeV, optimizedfor

muonenepiesof 1-10TeV, effective detectionarea= 20,000m?, numberof optical

sensors= 200. Unfortunately this pioneeringeffort fell victim to expensve logistical

difficultiesandwasde-funded.

At presentfour groupsarecompetingin the constructiorof high enegy neutrino
obsenatories:two in the Mediterranear— NESTOR!%%56 andANTARES ®'— onein
Lake Baikal, Siberia,calledNT-200'2 — andonein deepice at the SouthPolecalled
AMAND A.103-105 Bajkal's NT-200 and AMAND A-Il aretaking data,and feasibility
studiesarebeingcarriedout at the Mediterranearsites. The geographicalocationis
shovnin Fig. 4.1.

AMAND A anchorgheeffort in the southerrhemispherandcomplementshe sky
coverageof the SiberianandplannedMediterraneambsenatoriesasshovnin fig. 15.
Several new conceptdor surfaceneutrinoobsenatoriesare beingdiscussed? anda
new effort to studyunderseaitesnearSicily andPonzaslandin Italy (NEMO),'% but
I will notcoverthoseideashere.



Fig. 15. Comparsiorof sky coverageby northernhemisphereletectorgtop) andAMAND A
(bottom). Thetop scaleindicatesthe fraction of time observinga givenregion of thesky. The
darlestpatcheshaw theregionsof greatesefficieng. Thefigureshavs thatbothnorthernand
southerrhemisphereletectorsarerequiredfor uniform sky coverage.



Therelatve meritsof eachsite andtechnologicaimplementationgresuficiently
attractve to warrantsereral on-goingefforts becausehe decisiontreeis not yet ma-
ture. Many factorscontritute to a complex matrix of projectcost. Theseincludeop-
tical propertiestemporalandspatialvariability of the medium,deploymentcomple-
ity, logistical support,physicsemphasissensordensityandoverall geometryin situ
componenteliability, systemarchitecturesignaltransportsophisticatiorof front end
electronicsand dataacquisitionsystem,repair maintenanceetc. Photonscattering
concernsstronglyfavor water but absorptionengthsarelargestin ice. Thereis little
doubtthattrack reconstructions easierin watet but AMAND A hasshown thatthey
cancopewith the scatteringpropertiesof ice. Intrinsic noiseratesin the photomulti-
plier tubesare higherin sea-vater but local coincidenceechniquegrovide a robust
solution. Larger depthsreducebackgroundout strainmechanicahndpenetratorcon-
nections.In addition,the Baikal NT-200andAMAND A have shavn thatbackground
rejectionis possiblefor the shallover depths,so greatdepthsarenot necessaryShort
distancedo the surfaceoffer greaterfreedomin the choiceof architectureso avoid
singlepoint failures,but standarcengineeringpracticegrovide redundanteliableso-
lutionsfor long distancecommunication Givensufficient time andresourcesthereis
no reasoro doubteventualsuccesgor ary of the programsdiscussedn the next few
sections. At the end of the day, what mattersmostis reliable operationof deployed
sensors.

4.2 NT-200 at L ake Baikal

The Baikal collaborationhasbeenaccumulatingexperiencewith the constructiorand
operationof waterbasedneutrinoobsenatoriessince 1993, the longesttrack record
of any group. Thoseinitial efforts werefollowed by intermediatestagesof construc-
tion thatincludedconfigurationswith 96 and144 optical sensorsandculminatedwith
NT-200,whichwascompletedn April 1998(seefigure 16). It consistsof 192 optical
sensorgositionedat a depthof 1.1 km below the surfaceof thelake. Thesensorsare
arrangedn pairsandoperatedn coincidencdo suppressinrelatedsignalsfrom biolu-
minescencandinternally generatedandomnoise. Deployment,the “Achilles Heel”
of remotelylocatedneutrinoobsenatories,hasbeensolved by utilizing the seasonal
ice cover on Lake Baikal. The solid platformcanbeaccessetbr significantperiodsof
time, enablingreliabledetectorassemblyandrepairof detectorelements.

An umbrella-like framemaintainseightvertical stringsof optical sensorsg¢onsist-
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Fig. 16. Schematidiagramof the NT-200neutrinoarraylocatedin Lake Baikal. Thesmaller
arrayontheright is aview of the partialdetectordeplo/edin 1996.



ing of aglasspressureresselanda photomultipliertube (PMT) with a diameterof 37
cm. The operationand performanceof the Baikal detectons understood.They have
shown thattheopticalpropertieof thewatermediumandl.1km depthareadequatéo
measurdhe angularspectrumof atmospherienuonswith goodaccurag andto iden-
tify atmospherimeutrinogFig. 17). Thisresultbodeswell for the Mediterranearsites
becausdhey are deeper(so lessbackgroundrom atmospherianuons)andthe opti-
cal propertiesare better Neutrinoeventswere extractedfrom 234 daysof livetime.
After reconstructionneutrinoeventswere selectedby imposinga restrictionon the
chi-squaredf the fit and requiring consisteng betweenthe reconstructedrajectory
andthe locationsof sensorgegisteringphotons. In this contet, sensordhat do not
register photonscarry importantinformationaswell. Finally, the non-gaussianmails
of the angulardistribution were reducedby imposingthe conditionthat eventsmust
traversemorethan35m within thearray

The high PMT densityof the NT-200 designresultsin a low enegy threshold—
advantageou$or medium-enagy sciencegoals— but limits the effective areaat high
enegiesto ~ 5 x 10> m?, presumablyoo smallto detectneutrinosrom non-terrestrial
sourcesA stravmandesignfor a 2000sensoiarrayhasbeenpresentedThe effective
areawouldbe~ 10°> m?, while retaininga 10-20GeV enegy threshold It couldfill the
niche betweenthe currentgeneratiorof neutrinodetectorsandfuture kilometerscale
arrayswith, presumablymuchhigherenegy thresholds.

4.3 ANTARES

A flurry of researclanddevelopment@ctvities have occupiedhe ANTARES (Astron-
omy with a Neutrino Telescopeand Abyss environmentalRESearch— hopefully it
soundsbetterin French)collaborationasthey assesshe relevant physicalandoptical
parametersf their site. Deploymentmethodsarebeingdevelopedandrefinedthrough
a seriesof operationausingbages,researcrandmilitary vessels.The NESTOR and
ANTARESgroupservisionquitedifferentdeploymentschemesarraydesignsandsig-
nal processingTechnologicakolutionsarebeingsoughtwhichareaffordable reliable,
andexpandable.

Overthepastfew yearsithe ANTARESc collaborationrhasmethodicallydetermined
thecritical opticalparametersf a2400m deepsiteoff thecoastof Toulon,France Sig-
nificantR&D hasconcentratedn stringdeploymentandretrieval. They have reported
thatonestringhasbeeninstalledat the siteandrecoveredafteroneyearof flawlessop-
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Fig. 17. Angular distribution of atmospherimeutrinosignalby NT-200 experiment®” The
shadedistogramis the distribution expectedrom Monte Carlosimulations.
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Fig. 18. Downgoing angulardistribution of cosmicray muonsfrom the ANTARES single
string prototype'®® The figure shavs good agreemenbetweenthe expectedand measured
distributions.



eration.This succespavesthe way for morecomplex anddifficult operationssuchas
the deploymentof a fully functionalstring of sensorsdeploymentof multiple strings,
or theinsertionof a stringwithin anexisting array

Precisionattenuatiorand scatteringnmeasurementsat a wavelengthof 450nm are
extremely encouraging.The collaborationhasreportedan absorptionlength greater
than 50m and scatteringlength greaterthan 200m for blue wavelengths?»!1% En-
vironmentalstudiesat the Toulon site shav that upward facingPMTs lose sensitvity
over time dueto theaccumulatiorof organicdebris,sothe ANTARES designconsists
of only downwardlooking PMTs. Deepseacurrentshave beenmeasuredver aperiod
of a yearand shav no unusualexcursionsfrom expectedvalues. The collaboration
concludedhatthe optical andervironmentalpropertiesat the selectedsite satisfythe
requirement®f theirtelescopelesign.

Simulationsof an arrayconsistingof 15 triadsof strings(~ 1000 PMTs) indicate
that neutrinoeventscan be cleanlyidentified. Randomnoise exceeding50 kHz per
opticalsensohasbeenmeasuredyut canbeeliminatedby straightforvardcoincidence
requirement®etweemeighboringelementsn thearray Bioluminescentlasheslonot
affectlocal coincidenceaatesdueto therelatvely weakintensityof the outputandthe
relatively long durationof the burst. Muon directionsshouldbe identifiedwith sub-
degreeangulamresolution.

To gain experiencewith the complex deploymentproceduresa demonstratoline
wasdeployed. This 350m line consistf two vertical cablessupportingl 6 framesof
a pair of optical modules. It wasequippedwith appropriatesensorgor preciseposi-
tioning of the detectorelementsandmeasuringervironmentalparametersA seriesof
deploymentoperationgn 1998 demonstratedeliable solutionsfor deployment, posi-
tioning, andrecovery of stringsin thedeepsea!!’ Thestringwasthenequippedvith 8
opticalmodulesandsignaltransmissiorelectronicsanddeployedto a depthof 1100m
for longtermoperation.Signalsweretransmittedo shoreusinganelectro-opticatable
37 km in length. Figure 18 shaws the angulardistribution of downgoingatmospheric
muonsthatwerereconstructedrom a subsebf datacollectedsinceNovembey 1999.
Theexcellentagreemenbetweerthemeasure@ndpredictedangulardistributionsrep-
resentanimportantmilestoné® for undersealetectors.



Fig. 19. Reconstructedowngoingmuonevent!% Datacollectedoy thesinglestringprototype
installedby the ANTARES collaboratiorin Mediterranean.



4.4 NESTOR

NESTOR!%:!! plansto deploy anarrayof 168opticalsensorsitadepthof 3.5—-4.0km.
Thesiteis located7.5milesoff thecoastof Pylos,Greece Thelargedepthsignificantly
reduceghebackgrounaf down-goingatmospherienuons but placegyreateistreson
the penetratorconnections.Hexagonalfloors, ratherthan strings,comprisethe basic
unit. Thearrayconsistsof 12 floors, fixedin placewith anextensve network of wire
guides,and assembledo form a 200m tall tower. Horizontal separationdbetween
opticalmoduleson a givenfloor areslightly largerthan34 meters.At eachcornerof
the hexagonalfloor is a pair of two photomultipliertubes,15 inchesin diameter(one
facingup andthe otherfacingdown). The NESTOR collaborationplansto deploy the
completearrayin 2001.

The NESTOR collaborationhasbeenactive since1991. The flux andangulardis-
tribution of atmospheriecnuonswasmeasure@tdepthsasgreatas4200m. Sitetesting
is complete shaving excellentoptical properties.For example,the attenuatiorlength
at blue wavelengthss 55m. Like the Baikal design,a symmetricup-dovn arrange-
mentof PMT orientationswill insurebetteruniformity in its angularacceptanceAt
theNESTOR site, it is believedthatupwardfacingPMTswill notsuffer from obscura-
tion dueto sedimentatiomr biologicalgrowth. Thearraydesignis expectedo achiere
alow enegy thresholddueto therelatively high densityof opticalsensors.

Recently the NESTOR collaborationhasperformedmechanicatestsby success-
fully towing asinglefloor outto seaanddeplgying it to adepthof ~ 2600m. In thenear
future,they have afar moreambitiousplanto deploy two, fully instrumentedfloorsto
depth.It is hopedthatthesetestswill establisitheelectro-mechanicalurability of the
signalprocessing@ndtransmissiorsystems Assumingoperationakucces®f thefirst
tower, the collaborationanticipatesseekingfunding for six additionaltowers. They
would bedeployedin a hexagonalpatternaroundthefirst tower, at a radial distanceof
150m. This arraywould have aneffective detectionareaof 10> m? for 1 TeV muons,
andprovide 1 degreepointingresolution.

45 AMANDA

The AMAND A-B10 high enegy neutrino detectorwas constructedoetweenl1500—
2000m belaw thesurfaceof the Antarcticice sheetvheretheopticalpropertiesaresuit-
ablefor trackreconstructioff (seeFig. 20). Theinstrumentedolumeformsacylinder
with outerdiameterof 120 m. The surfaceelectronicsarelocatedwithin a kilometer
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Fig. 20. Schematiaepresentatioof the AMAND A detector AMAND A-A consistsof 80

optical modules(OMs) deplo/ed to a depthbetween800-1000meters. It wasthe first array
deplg/edin Antarctica. AMAND A-B10is thecentrall0 stringsof 3020Ms deployedbetween
1500-2000meters. An explodedview of AMAND A-A and AMAND A-B10 appeardn the
centercolumn. The first phaseof AMAND A-ll constructionbegan with the deployment of

threestringsbetweenl150—2350n. Datawas collectedwith the 13-stringarrayduring 1998
and1999. AMAND A-Il wascompletedn January2000. It consistsf 19 strings(677 OMs),

but doesnotincludeAMAND A-A.

of the Amundsen-ScotResearclStationat the geographicSouthPole. The detector
wascommissionedn Februaryl997!1213 andinitial scientificresultswerepresented
at the XXIVth InternationalCosmicRay Conferencé! Reconstructioomethodsand
detectorcalibrationtechniquesvereintroducedn a previouspublication!%4

AMAND A-B10 consistsof 302 optical modules(OMs) that containan 8 inch di-
ameterphotomultipliertube controlledby passve electronicsand housedin a glass
pressurevessel.They areconnectedo the surfaceby an electricalcablethatprovides
high voltageandtransmitsghe signalsfrom the OM. Thesimple,reliablesystemarchi-
tectureis responsibldor thelow fractionof OM failure (< 10% after severalyearsof



operationalthoughmostof the failuresoccurwithin aweekof deployment).

In January 2000, AMAND A-ll was completed. It consistsof 19 stringswith a
total of 677 OMs arrangedn concentriccircles,with theten stringsfrom AMAND A-
B10formingthecentralcoreof the new detector New surfaceelectronicsonsolidates
several triggering functionsand addsfunctionality New scalerswere installedthat
providesmillisecondresolution— importantfor supernea studies.Severaltechnolo-
giesweredeploedto evaluatetheir utility andreadinesgor future expansionto larger
systems.The analysisprocedureutilizes two essentiatharacteristicef the signalto
simplify theanalysisrelative to atmosphericeutrinomeasurements:irst, the sources
areassumedo be point sourcesn the sky, so only eventswithin a selectedangular
region areconsidered Secondlywe usethetopologicalcharacteristicef a spectrally
hardneutrinosignalto rejectpoorly reconstructedtmospherienuonsandatmospheric
neutrinospothof which have softerspectra.Topologicalvariablesncludeanestimate
of muonenegy andanassessmermlf the spatialfluctuationof the detectedignalsin a
givenevent. Thecompletesuiteof variablesvasableto differentiatesignaleventsfrom
severalclasse®f backgroundopologies.Sereralimportantresultsfrom thesimulation
programsveretestedoy comparinghebackgroungimulationto theexperimentatiata
atvariousstepsalongtheanalysischain.

Monte Carlo basedsimulation programsdeterminedthe effective areafor back-
groundand neutrino-inducednuons. Simulationsfor upgoingsignalsof several en-
emgies are shovn in Fig. 21. AMAND A-B achiezed an importantmilestoneby be-
comingthefirst 10,000m?-classdetectoywhile AMAND A-1l is expectedo breakthe
30,000m? barrierfor 1 TeV muons.The spaceangleresolutionshouldimprove to 1-2
degreesandthefractionalenepgy resolutionfor muoneventsis expectedo improveto
afactorof 2-3.

The searchfor point sourcesof HE neutrinoemissionusedan iterative analysis
procedurgo maximizetheS/v/ , wherethesignal,S, wascomputedvith anenegy
spectrumproportionalto £~2 for the source. is backgroundrom atmospheric
muons. After optimizing the analysisparametersthe sensitvity was evaluatedfor
power law spectrawith indicesbetweer2.0and3.0.

The spaceangleresolutionis determinedrom simulation. The upperpanelof Fig-
ure22 shavsthatthemedianresolutionis 3 degreesandthelower panelindicateshat
this value only weakly depend=n neutrinoenegy. Two studieswere usedto check
theangularresolutionandabsoluteoffset. First, eventsthatsimultaneouslyriggerthe
GASP ACT!'* and AMAND A provide a “test beam” containingsingle muonswith



AMANDA M uon Effective Area (m?)

80000 , | , ‘
e L B10- 1 TeV
70000 - — — =B10-100 TeV
- Amll- 100 TeV
60000 -
50000 f \ /
40000 ; - AMANDA-II
: =
30000 - S
B ~
L ~ ~
20000 - -l AMANDA-BI0 > N
N (Pt. Source Analysis) ~
10000 -  TTeeell S
B “ea ~
e R ~.
O C I | I | I | I oo -\- “rea
-1 -0.8 -0.6 -0.4 -0.2
Vertical Up COS@

Fig. 21. The effective areaof AMANDA Il asa function of zenithangle, . The areais
computedor neutrino-inducednuonswith eitherl TeV or 100TeV of enegy attheinteraction
vertex. Selectioncriteriafrom the point sourceanalysisn AMAND A-B10 wereapplied. The
differentcurvescorrespondo muonenegiesof 1 TeV and100TeV atthe detector



-6
x 10

207 F | 'Mean ' ' 4.024
c r -0 ]
206 - o * RMS 3.305-
8 05 ;* e Median 3.078
5 04 © * E
< C s 7
03 - . .

|- ,., -

02 e A =
01 T, 5
0 :(\ \)\ [ T T [ ﬁ‘\*\*ﬂ\*ﬁﬂm

0 2 4 6 8 10 12 14 16

AW (Degrees)

@ 6 :\ T T T T T T T T T T T T T 7T \\\\‘\\\\‘\\\\:
B o ;
= 4 [ g
8 - —
E 3 = e o e ——  * =
> C ]
9 2 - E
1 - 3

- (B) :

0 7\ | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | \7

2 25 3 35 4 45 5 55 6

log(E,/GeV)

Fig. 22. (Plot taken from talk presentedy the authorat Neutrino2000.) Error in the space
anglefor simultedsignaleventswith enegy spectrgproportionalto . Top: distribution of
erroraveragecover declination.Bottom: Spaceangleerrorasafunctionof neutrinoenegy.

directionalinformationprovided by GASP To improve the statisticalaccurag of the
investigationa secondstudyinvolved eventswhich simultaneouslyriggerthe SFASE
air shover array and AMAND A. The geometricrelationshipbetweenSFASE and
AMANDA is shavnin Fig. 23. Althoughthe interpretatiorof thesespecialeventsis
complicatedby the presencef multiple muons,which tendto reconstructvith worse
angulamprecisionthansinglemuonevents,theresponsef the detectorto theseevents
appearso becorrectlymodeled.

The point sourceanalysisyields an event sampleof 1097 eventswhich are dis-



Fig. 23. Sideview of the geometricrelationshipbetweersurfaceair shaver arrays(SRFASE1
andSPASE2)andAMAND A. Eventsthathave simultaneouslyriggeredboththe SFASE and
AMAND A detectoravereusedto confirmthatthe angularresponsef the AMAND A arrayis

well describedy the detectorsimulationprograms.



Fig. 24. Sky distribution of 1097 eventsin point sourceanalysis.Coordinatesare Right As-
censionRA) anddeclination(dec).

tributedonthesky asshavnin Fig. 24.

Guidedby the estimateof angularresolution,the sky wasdividedinto 319 non-
overlappingangularbins. The distribution of countsper sky bin is consistentwith
randonmfluctuationswhichweredeterminedy selectingll eventswithin adeclination
bandandrandomlyredistrituting themin Right Ascension.

The neutrinolimits werecomputedaccordingto

- (27)

where s the neutrinoeffective areaweightedby the assumecheutrinoenegy
spectrum.This quantityis relatedto the muoneffective areashown in Figure12. The
factor isthelivetime,and istheefficiengy dueto finite angularesolutionrandalso
accountdor non-centrasourceplacementvithin anangularbin. Theterm
generatethe 90%CL accordingo FeldmarandCousins for signaleventsgiventhe
measuresiumberof eventsin thebin,  andtheexpectedbackground determined
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Fig. 25. Preliminaryneutrinoflux limit (90% CL) on point sourcef high enegy neutrinos
asafunctionof declinationaveragedover RA. Thelimit is computedor alower enegy
thresholdof 10 GeV. Notethatthe power law exponentrefersto the neutrinoenegy spectrum.
Also, neutrinoabsorptiorby the Earthis takeninto account.

from the eventsin the declinationbandcontainingthe sourcebin. The resultsof this
calculationareshown in Figure25 for variousassumedpectraindices.
Oneexampleof particularinterestis the searchfor neutrinosfrom Markarian501
(seeFig. 26). The limit clearly contradictsa modelwherethe neutrinospectrumat
the sourceis identicalto a photonspectrumnferredby ProtheroeandMeyer. If the
resultsof Protheroeand Meyer are confirmed,the neutrinolimit providesadditional
evidencethatnonstandarghysicsis involvedin eitherthe productionor transitof the
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Fig. 26. (Plottakenfrom talk presentedy the authorat Neutrino2000.) Time averagedspec-
trum of gammaraysfrom Markarian501 obseredin 1997 andcorrectedor absorptionn
theinfraredbackground. Severalmodelsof neutrinoflux from Markarian501arecomparedo
the AMAND A limit assuminganenegy dependencproportionalto . Themodelsassume
thatthetime averagedheutrinoflux is identicalto the gammaray flux obseredin 1997. A
secondnodelassumeshatthe neutrinoflux is identicalto the gammaray flux aftercorrection
for absorptiorby theinfraredbackground.

gammarays.

Theinferredlimits onneutrinoflux applyto pointsourcesith continuousgmission
(or episodicemissionaveragedover a time interval of approximately0.6 years)and
power law enegy spectrawith afixedspectraindex above the enegy thresholdof the
detector Thelimits for sourcesat large positive declinationarecomparableo the best
publishedimits in the Southerrsky.

The known sourceof atmospherimeutrinoscan be usedto confirm the absolute
sensitvity of the AMAND A detectoy to within a systematicerror of . Ina
recentpaper, the AMANDA collaborationprovided evidencefor the detectionof
atmospherimeutrinos. The absoluterateand angulardistribution of eventsis consis-
tentwith predictionggeneratedy computersimulation.Thedistributionsof simulated



backgroundeventsagreewith dataat low rejectionlevels, but disagreeafter stronger
rejectioncriteria are applied. A large numberof “event quality” distributionswere
comparedt the strongesselectioncriteria, andthey agreewith atmosphericmeutrino
simulations,ncluding the distribution of the numberof optical modulesparticipating
in anevent, . This parameteis crudelyrelatedto the enegy depositechearthe
array Thefinal eventsamplen the searcHor point sourcesontainsbothatmospheric
neutrinosandpoorly reconstructedlowngoingmuons. The fraction of atmospheric
in thesamplecanbeenhanceattheexpenseof sensitvity. Experimentatiatais domi-
natedinitially by backgroundevents— typically dowvnwardgoingatmospherienuons
with poorly known directions.This canbeseenn figure27, asindicatedoy theflat be-
havior for lessrestrictve selectiorcriteria(quality ). As selectiorcriteriabecome
progressiely morerestrictive (increasingvaluesalongthe -axis),theasymptotidlat-
teningof theratio (experimentaldata)/(SignaMC Atm. ) indicatesthatthe evolution
of the experimentaldatabecomesonsistentith signalexpectationin the vicinity of
theplotwherethe (BG MC)/Expratio approachegero.Fromthis evidence(andvisual
inspectionon theindividual events),they concludethatthe contaminationn the atmo-
sphericneutrinosamplefrom known physicseffectsis small ( %) for valuesof the
eventquality parametegreaterthanfive. Backgroundsimulationswith muchgreater
statisticalprecisionareundervay.

Figure 28 shows thatthe angulardistribution of 188 eventsis alsoconsistentvith
the simulateddistribution of atmospheric events. Due to the elongatedcylindrical
geometryof AMAND A-B10, theacceptancehaws strongdependencen zenithangle.

Thus, the angulardependencef the atmospherimeutrino sampleis consistent
with expectationandbackgroundimulationsndicatethatcontaminatiorfrom known
physicsbackgroundss small. Finally, the distribution of the numberof OMs in an
eventis alsoconsistentvith expectation(seefigure 29).

Unlike detectorswith well-definedtriggersthatinsurethat particlestravel within a
fixedgeometrythe effective areafor high-enegy neutrinodetectorslepend®n muon
enegy andzenithangle.Also, theenegy thresholdof the detectomustbe understood
in greatdetailfor thosephysicsobjectvesthatinvolve steeplyfalling power law spec-
tra, sincethe detectednuonsignalsaremostly from the lowestenegy neutrinos.This
is particularlytrue for the measuremenf atmospherimeutrinos. Sincethe designs
for high enegy neutrinodetectorsinvolve no obvious fiducial volume, the effective
areagnustbe estimatedy detectorsimulationprograms.The predictionsof the pro-
gramscanbe confirmedby studyingknown physicssignalssuchasdowvngoingatmo-
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sphericmuonsandatmospheriteutrinosalthoughthe systematiancertaintiesn flux

areratherlarge at the enepgiesof interest. T. Gaisser hasestimatedhe uncertainty
in the absoluteneutrinoflux to be , Which is dominatedoy two componentsthe

uncertaintyin theflux of the primary cosmicraysanduncertaintyin the kaonproduc-
tion crosssection AMAND A capturesieutrino-inducednuonswith enegiesbetween
50 GeV and someavhat larger than 2 TeV (seefig. 30). The enegy of the primary
cosmicray particles(which are85% protonsat theseenegies)responsibldor the pro-

ductionof theseneutrinosspansrom 1 TeV to 10 TeV. Unfortunately relatvely few

measurementsf the cosmicray spectrumexist for enegies abose 100 GeV, so the

systematiauncertaintyis , If estimatedrom the variationin the absoluteflux

measurements.

The primary cosmicray spectrumis not the only sourceof uncertaintyin the flux
calculations. Several sourcesof theoreticaluncertaintyare introduceddue to inade-
gquateunderstandingf the proton-nucleusnteractioncrosssection. In particular the
differentialkaonproductioncrosssectionsarenot well measuredrethe relevantval-
uesof Feynman , andtheoreticaluncertaintieslueto modelvariationsarerelatively
large. Thislimitation becomesmportantfor HE neutrinodetectordecauséaondecay
(not pion decay!) is the dominantsourceof atmosphericeutrinosfor enegiesabove
200GeV, It appearghatuncertaintiesntroducedoy muontrackingprogramgsuchas
Mupropor Mudedx)arerelatively smallexceptnearthe horizon.

Additional systematicerrorsaregeneratedy uncertaintiesn descriptionandim-
plementatiorof detectorresponse Althoughtheseuncertaintiesare detectorspecific,
in generaljt may beinstructive to discussheissuedor oneof the architecturesFor
AMAND A, the spatialandwavelengthvariationof the optical parameter®sf the bulk
ice createsdistinct calibrationchallenges. Additional complicationarisesfrom the
modificationof the local optical propertiesassociatedavith the re-frozenhole. Water
baseddetectorshave a distinct advantagedue to the uniformity of the optical prop-
erties. All detectorsmustcontendwith uncertaintyfrom obscurationby cablesand
harnesshardware, wavelength-dependemfuantumefficienoy andabsorptionby glass
andopticalcouplingmaterials.Thecollectionefficiengy (thefractionof photoelectrons
producedat the cathodethat strike the first dynodein the photomultipliertube)is not
easyto measuran practice andit may be affectedby ambientmagneticfields. The
efficiengy is correlatedwith the directionof the magneticfield relative to the dynode
structure but this informationis not easily obtainedfor remotelydeployed stringsof
sensorsNor is it easyto controlthe azimuthangleduring deploymentof long strings
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Fig. 30. Enegy spectrumof the neutrinosresponsiblgor the muonsignalin the AMAND A
detector Figuretakenfrom Gaisser.

of cables,andno effort was madeby the AMAND A collaborationto control the az-
imuthal orientation. Underwater detectoramay be able to reducethis systematidoy
placingmagnetometerat severallocationsalongeachstring or floor. Experiencehas
shown thatthe uncertaintyin the detectionefficiencyof 1 photoelectrorsignals and
uncertaintiesn thein situ geometryof the arrayandtransittime calibrationaresmall
comparedo theotheruncertaintiesThecombinedletectoirelateduncertaintyis lik ely
to becomparablédo theflux uncertaintiesbut thesedetailsrequireadditionalstudy

Detectionefficiency is definedasthe fraction of 1 photoelectrorsignalsfrom the PMT thatexceeda
minimumdiscriminatorthreshold.Typically, this efficiency is greatethan85%.



5 New techniques

5.1 Kilometer scalearrays

It maynotbestrictly accidentathatdeploymentmethodsasedn solid surfaceshave
enjoyed greatersuccessat this moment,but thereis no reasonto doubtthat present
off-shore deep-vatereffortswill developappropriateleploymentmethodsin thelong
term, they will be challengedo demonstratéhatreliability andbudgetissuesremain
competitve with AMAND A and NT-200. While the currentgenerationof neutrino
obsenatoriesrepresentemarkableachiezementsthey areonly a fraction of the size
ultimately requiredto probethe hadronicsky. In fact, all currentprogramshave the
potentialfor expansiornto kilometerscales— it is oneof theimportantdesignrequire-
mentsof thecurrentgeneratiorof neutrinodetectorsSeveralargumenthave beenused
to coalescarounda detectowith kilometerdimensionsA surwey of theoreticaimod-
elsof neutrinoemissionfrom GRBsandAGN producefluxesthatcould be detectable
with kilometerscaledetectors— with ordersof magnitudebracleting the maximum
andminimum flux predictions. Giventhe currentstateof theoreticaluncertainty the
biggerthedetectorthebetterthechancesalthoughtheimprovementcanbemodestor
several objectves. More persuasiely, the symmetricshapeand larger volumesoffer
significantexperimentaladvantagesparticletrajectoriesarereconstructeavith much
higherefficiengy, down-goingatmospherienuonbackgroundwill be simplerto reject,
and enepy resolutionwill be improved, perhapsdramatically The simulatedevent
topologiesshavn in Fig. 31 andFig. 32 illustratethe point thatit may be possibleto
distinguisheachof thethreeknown neutrinoflavors.

Severalworkshopshave beenheldworldwideto discussdeasfor future expansion
of the neutrinoobsenatories.Scientificgoalsandprioritieswereactively debatedand
thesensitvity of severalstravmandesignaverestudied.Therelatively maturelceCube
conceptwasoptimizedwithin the roughconstraintof 5000 0Ms distributedon fewer
than80 strings. A reasonabl@stimateof cost, scalingfrom the default analog-based
technologyis $7000per optical sensor Systemswith superiortechnicalcapabilities
are being evaluatedduring the conceptstudy and designphasesof the project. De-
ployment,logistics,quality assurancejatamanagementataprocessingdataacqui-
sition, andprojectmanagemertasksintroducenon-trivial extrapolationdrom present
systems. Remotelylocatedsystems by their very nature,tend to be manpaver in-
tensve. After engineeringandtechnicalreviews which evaluateddesign,construction,



Fig. 31. Schematiof a 1 PeV electronneutrinoeventin IceCube. The enegy is contained
within the volume,resultingin excellentenegy resolution.The effective detectionvolumefor
this signaturds 10 perceniof thevolumefor

personnelinflation, risk andcontingeny issuesthelceCubeprojectis expectedo cost

$250M. This figurerepresents reasonabléower limit for the baselinecostfor ary
future kilometerscalearray unlesssystemdesignsrequirelittle R&D. The construc-
tion of IceCubeshouldbe completedbeforethe endof the decadegivenareasonable
projectionof thedrilling capacityandstandardccontingeng estimategor construction
delays. The Baikal collaborationernvisionsan expansionto 20000Ms. Similarly, the
NESTOR andANTARES groupsanticipatesignificantexpansionafter successfubp-
erationof thefirst generatiordetectors.

We summarizehe performanceindsensitvity of kilometerscaledetectorgo var-
ious astrophysicsand physicsgoals. If the scalingis linear, thenlimits shouldim-
prove by an orderof magnitudeor moreif the systemis operatedor 5-10years. If
the presentlyoperatingarraysare capableof “backgroundimited” operationthenthe
minimum detectabldlux of future arraysscalesasthe squareroot of the productof
exposuretime and . Of course therearecaveatsthat may improve
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Fig. 32. Schematiof a 10 PeVtauneutrinoeventin lceCube Theenegy is containedwithin
the volume, resultingin excellentenegy resolution. The effective detectionvolumefor this
signaturds afew perceniof the volumefor



thescalingrelationship.

A few commentsarein order Fromtable 2, it is clearthat transientand point
sourcephysicsprovidesthe main experimentalmotivation for kilometerscalearrays.
The backgroundcan be reducedto negligible levels for transientsourceswith exter-
nal tagsfrom satellitesor surfacemonitors,so sensitvity shouldimprove linearly for
kilometerscaleandlarger arrays. The promiseof flavor ID dependsn the resultsof
presengeneratiorof neutrinotelescopesAssumingapproximatelyequalfluxes,then
detectabldluxesof or shouldberevealedbythe modein thenearfuturewith
presentarrays. On the otherhand,the lack of signalin currentand next generation
detectorswvould begin to constrainmodelsthat predictdissimilarflavor composition.
Clearly, discovery by presentgeneratiordetectorss preferred.If so,the next gener
ation detectorsshouldmeasureesnegy andangularparametersvith much betterres-
olution. Finally, the sensitvity to cascadesducedby interactionds listed with a

becaus@ext generatiordetectorgacea backgroundrom NC interactiondy atmo-
spheric

Table 2. Summaryof scalingrelationshipsfor various physicsobjectives proposedfor kilometer
scaledetectorgelative to presengeneratiordetectorge.g., AMAND A-ll, ANTARES).The symbol
indicatesthatthe minimumdetectabldlux improvesasthe squareroot of the productof exposuretime
andeffective volume.

PhysicsGoal
GRB

PeVdiffuse

PeVpoint

WIMP from Earth
WIMP from Sun

SNa

EHE diffuse

Scalingof Sensitvity
linear

linear

linear

oscillation(atm.)
oscillation(Long Baseline)

, cacades
-ray astronomywith muons
Glashav
exotica(PBH, monopolesetc.)

requiredow enegy threshold
notoptimal
few % of
% of

6 Conclusions

The late Fred Reines fatherof neutrinophysics,wasfond of sayingthat one should
chooseto work on physicstopicsworthy of alifetime’s study The broaddiversity of




scientificcapabilitiesandenormougotentialof high enegy neutrinoastrophysicser
tainly qualifies.In view of thelarge numberof possiblesourcedliscussedby theorists
andevenlargervariationin their predictedntensityof neutrinoemissionjt is plausible
thatsomewill be detectedy current,or soon-to-baupgradedneutrinodetectorsuch
asAMAND A-Il. If historyis aguide,therewill besurprisesaswell, asthesedetectors
begin to sunwey thegreatcarvasof theunknowvn.

High enegy neutrinofacilities are developingduring an eraof exciting discover
lesin relatedareasof particleastrophysicsthe detectionof rapidly varyingmulti-TeV
gammaray signalsfrom AGN, the discovery that GRBsareextremelydistant,there-
portsof cosmicraysexceeding eV — beyondthe Greisen-Zatsepin-izminlimit
— andstrongevidencefor neutrinooscillationfrom atmosphericeutrinodata. At the
closeof themillennium,thehadronicsky is beingprobedwith first generatiomeutrino
detectors.They constitutebold, essentialfirst stepstoward the realizationof multi-
messengeastronomy

TherecentlycommissionedAMAND A-11 detectoshouldachiese severalimportant
milestones.For diffusely distributedsourcesand WIMP searcheg$rom the Earth, its
sensitvity afterseveralyearsof operationwill belimited by the atmosphericeutrino
backgroundup to enegiesof 1 PeV Futurearrayscanonly improve asthe square
root of theexposurewhichis proportionalto livetime. At EHE enepies,the
sensitvity of AMAND A-1l will becomparableéo Auger(now underconstructionand
to future kilometerscalearrays,becauseéhe muoncanbe detectedat greatdistances
from theinstrumented/olumeof the detector Opticaltelescope# spacesuchasthe
EUSO/QNL conceptrepresenthe next realleapin sensitvity attheseenegies. The
effective volumeof AMAND A-Il for  is comparabler largerthanthe effective vol-
umeof cubickilometerarraysforthe or detectiormodes.Therefore AMAND A-
II (or ANTARES or NESTOR, whencompleted)mustdetectastrophysicasourcesof
neutrinosin orderfor the next generatiordetectorto determinethe flavor composition
of neutrinoemissionunlessareasonablenodelcanbe constructedo produce with
significantly greaterefficiengy thanthe otherflavors. Justasimportantly the lack of
signalin AMAND A-I11 offers critical guidancefor the designof the next generation
kilometerscaledetector Cubic architecturesnay needto be re-evaluatedif the hor-
izontal modebecomedhe mosteffective tool to extendthe sensitvity. However,
thesensitvity for GRBs,WIMPs from the Sun,andpoint sourceshouldgrow linearly
with exposureand becausdghesescienceobjectvesare not backgroundimited
at the enegiesof interest. In somescenariosthe factorof ten or soimprovementin



sensitvity canbeachiezedontime scalesnuchshortethansuggestetdy the7—10year
constructiorscheduleFor example placing20%of the stringservisionedfor IceCube
aroundAMAND A-Il createsa compositesystemwith an effective areaof km .
Consideratiorof “backgroundfree” scienceobjectvesarguesfor optimizedsensity-
ity for  betweerll0—100TeV, andfortunately theseobjectvescanbeattacledin the
shorttermby modesextensiongo existingarraysor detectorsinderconstructionThis
fortuitousconditionis a consequencef the slow growth of , approximatelyasthe
squareroot of the numberof optical sensordor fixed lengthstrings,andthe presence
of powerful arraysof 200-7000Ms. Not surprisingly it is concevablethattheresults
from the currentgeneratiorof HE neutrinodetectorswill stronglyimpactthe optimal
architecturedor the next generatiorarray However, this prudencenustbe balanced
by the competingdesireto develop the next generatiordevice asquickly aspossible.
Fortunatelythe multi-yearconstructiorscheduleanticipatedor kilometerscalearrays
provides an opportunityfor significantmodificationduring the latter phasesof con-
struction,if consistentvith standardengineeringpractices Givena carefullydesigned
architecturdor the next generatiordetectoy it is not unreasonabl® imaginethatthe
insightsrevealedby theneutrinomessengewill soonrival thosededucedy observing
theelectromagnetisky. Thisis the challengédor this millennium.
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